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Abstract Plant genomes appear to exploit the process of
gene duplication as a primary means of acquiring bio-
chemical and developmental flexibility. The best example
is the gene encoding chalcone synthase (CHS, EC2.3.1.74),
the first committed step in flavonoid biosynthesis. In this
study, we examined the molecular evolution of three CHS
family members of Phalaenopsis including a novel chs
gene (phchs5), which is slowly evolved. The inferred
phylogeny of the chs genes of Phalaenopsis with other two
orchid plants, Bromoheadia finlaysoniana and Dendrobium
hybrid, suggested that gene duplication and divergence
have occurred before divergence of these three genera.
Relatively quantitative RT-PCR analysis identified
expression patterns of these three chs genes in different
floral tissues at different developmental stages. Phchs5 was
the most abundantly expressed chs gene in floral organs
and it was specifically transcribed in petal and lip at the
stages when anthocyanin accumulated (stagel—4). Phchs3
and phchs4 were expressed at much lower levels than
phchs5. Phchs3 was expressed in pigmented tissue
(including lip, petal and sepal) at middle stages (stages 2—
4) and in colorless reproductive tissue at late stage (stage
5). Phchs4 was only expressed in petal at earlier stages
(stage 1-3) and in lip at middle stage (stage 4). These
results present new data on differentiation of gene
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Introduction

Phalaenopsis is an important orchid plant. They come in
various colors except blue. Chalcone synthase (CHS,
EC2.3.1.74) is the key enzyme in flavonoid biosynthesis
pathway which catalyses the condensation of three acetate
residues from malonyl-CoA with 4-coumaroyl-CoA to
form naringenin chalcone (Heller and Hahlbrock 1980).
Flavonoids are the major flower pigments in plants and,
hence act as attractants to the pollinators. They also play
important roles in many other biological functions,
including UV protection (Schmelzer et al. 1988), plant—
microbe interaction (Dixon 1986) and male fertility (Taylor
and Jorgensen 1992).

Genetic redundancy is a prime feature of plant genomes.
Virtually all plant genes so far examined are represented
within most plant genomes as small gene families
that originate through duplication. Chalcone synthase is
encoded by a small family of genes in many plant species,
such as Petunia (Koes et al. 1989), Ipomoea (Durbin et al.
1995), Gerbera (Helariutta et al. 1996), and leguminous
plants (Ito et al. 1997; Ryder et al. 1987; Wingerder et al.
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1989). The new duplications must be positively selected to
persist over long periods of evolutionary time; otherwise
the relentless accumulation of mutations would ultimately
convert the duplicate copies to a pseudogene. Newly
duplicated genes may be of adaptive value to plant in three
ways, such are increasing production of product, encoding
newly functional protein, or enhancing specialization in
developmental expression (Durbin et al. 2000).

In this study, the expression specialization with respect
to the Phalaenopsis genes that encode chalcone synthase is
explored. We presented data on the specialization of three
duplicate CHS genes of Phalaenopsis in developmental
and spatial expression so as to demonstrate the positive
selection on gene duplications.

Materials and methods
Plant material

Phalaenopsis hybrida plants were grown under standard
conditions (L/D, 16/8 h; at 25-28°C). Samples were col-
lected from green house of Institute of Horticulture,
Agricultural Science College of Shanghai, China.

Cloning of phchs5 gene by PCR amplifications

Total RNA of flower (just before open) was extracted
using Trizol kit (Sangon Biological Company, Shanghai,
China). Revert Aid™M-MuLV Reverse Transcriptase kit
(Fermentas, MBI) was used for the first-strand cDNA
synthesis. RT-PCR was performed using two primers: 5’-
CCK TCH YTG GAY GCN MGR CAR GAC-3” and 5'-
GG BCC RAA NAR MAC ACC-3" (Wang et al. 2000).
Genomic DNA was extracted and then digested with
HindIll and self-ligated to generate circular molecules.
The molecules were used as templates for nested ampli-
fications. According to the sequence of the RT-PCR
product, nested primers were designed for inverse PCR:
IN1F: 5-GCC ACT CGG TGT GCT TGA TTG-3’, INIR:
5’-GTT GAC GGA GGG GCG GAG A-3’; IN2F: 5-GAG
TAG AAA TGT GCT CGC TGA-3’, IN2R: 5-CGG GTG
AGT TGG TAG TCG G-3’; IN3F: 5-GGC GAG GGT
TTG GAG T-3’, IN3R: 5-TGA GTT ATG CGT GAT
TTG G-3’. The following amplification conditions were
set: 1 min at 94°C, 30x(20 s at 98°C, 15 min at 65°C)
and 10 min at 72°C. First round of PCR was performed
with IN1F and INIR and the product was diluted 50-fold
for a second round of amplification with IN2F and IN2R
as primers. The third round of amplification was carried
out using 50-fold diluted products from second round of
PCR as template and IN3F and IN3R as primers. The
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final PCR product was purified and cloned into T-vector
for sequencing.

Sequence comparisons

Sequence comparisons were made between members of
CHS superfamily from several species including five chs
sequences from Phalaenopsis for phylogenetic analysis
(Table 1). Homology and sequence identity were con-
firmed using Clustalxverl.8 (Thompson et al. 1994). The
protruding ends of sequences were truncated if necessary.
The MEGA2 program (Kumar et al. 2001) was used to
estimate the number of nucleotide substitutions per syn-
onymous and nonsynonymous site between groups of
sequences (Nei and Gojobori 1986). Neighbor-joining
method (Saitou and Nei 1987) was used for phylogenetic
analysis. The robustness of the tree tropology was

Table 1 Source of CHS sequences

Taxon Sequence Genebank accession no.

Orchid

Phalaenopsis hybrida PHCHS3* AY954515
PHCHS4?* AY825502
PHCHS5* DQ089652
PHCHS1 U88077
PHCHS2 AY282575

Bromheadia finlaysoniana ~ BFCHS1 BFI131830
BFCHS2 AF007097

Dendrobium hybrid DHCHS AY741319

Liliaceae

Lilium hybrid LHCHSI1 AF169798
LHCHS2 AF169799
LHCHS3 AF169800

Araceae

Anthurium andraeanum AACHS AY?232492

Gramineae

Hordeum vulgare HVCHS1 Y09233
HVCHS2 X58339

Zea mays ZMC2 X60205
ZMWHP1 X60204

Oryza sativa OSCHS1 X89859
OSCHS2 XM_477391
OSCHS3 AB058397

Solanaceae

Petunia hybrida PeHCHSA  S80857
PeHCHSB  X14592
PeHCHSD  X14593
PeHCHSF  X14594
PeHCHSJ X14597

Convolvulaceae

Ipomoea purpurea IPCHSA P48397
IPCHSB P48398
IPCHSD 022045
IPCHSE 022047

# indicates sequences determined in this study
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assessed by bootstrap analysis with 1000 resampling
replicates.

The method of Muse and Gaut (1994) implemented in
RRTree (Robinson-Rechavi and Huchon 2000) was used
for relative rate test with oschs2 as reference sequence. The
test was applied to synonymous and nonsynonymous rate
separately, with the method of Li (1993) being used for rate
estimation.

Expression analysis of chs genes in Phalaenopsis
by relative quantitative RT-PCR

Total RNA from various tissues at different developmental
stages was isolated using Trizol kit (Sangon Biological
Company, Shanghai, China). Revert Aid"™M-MuLV Re-
verse Transcriptase kit (Fermentas, MBI) was used for the
first-strand cDNA synthesis. A pair of primers were de-
signed according sequence of phchs3 (gene bank accession
number: AY954515), RT-F3: 5-CAG TTA TAG TTG
GGG TGG AC-3’ RT-R3: 5-GCT TCT TTT GCT GAT
TTT TT-3"; Primers were designed according to sequence
of phchs4 (gene bank accession number: AY825502), RT-
F4: 5’-CGC ATC TGT GAG AAG-3’ and RT-R4: 5-CCA
CCT GGT CAA GAA TCG CT-3"; Primers for phchs5
amplification: RT-F5: 5-GCG TGC TCG TCG TTT-3’,
RT-R5: 5-TTG AGT AGG AAG GTG A-3’. The follow-

ing amplification conditions were used, 3 min at 94°C,
28%(1 min at 94°C, 1 min at 50°C, 2 min at 72°C), 10 min
at 72°C. The amounts of actin gene transcripts were used
as the internal control.

Results
Cloning of phchs5 sequence

The sequence of phchs5 was obtained by two procedures.
Firstly, the exon2 sequence of phchs5 (about 800 bp) was
cloned by RT-PCR amplification. According to the
sequence of exon2, inverse PCR was then performed to
obtain the other regions of coding sequence and intron
sequence. The total sequence of phchs5 was 1855 bp (gene
bank accession number: DQO089652). Phchs5 showed
higher identities (>80% on nucleotide level) with Bromo-
headia chs2 (AF007097), Ipomoea CHSD (022045) and
CHSE (022047), and Lilium CHSs (AF169798, AF16799
and AF16800) than with reported Phalaenopsis chs genes
(U88077, AY282575, AY825502, etc). It is inspiring for us
to further investigate the evolution of chs genes in Pha-
laenopsis. Cloning of phchs5 is essential for the following
sequence analysis and the research on differential expres-
sion regulation of duplicate Phalaenopsis chs genes.

Fig. 1 Alignment of intron
sequences of three identified
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Sequence divergence among Phalaenopsis chs genes

Intron sequence comparison among
Phalaenopsis chs genes

To date, we have cloned three chs genes together with
the novel phchs5 gene identified in this study (GeneBank
accession number of the other two chs genes are
AY954515 (Han et al. 2005) and AY825502 (Han et al.
2006), respectively). Sequence comparison revealed that
each gene contained one intron, which interrupted the
codon for cysteine at the same location as reported in all
chalcone synthase and chalcone synthase like genes
(Feinbaum and Ausubel 1988; Sommer and Saedler
1986). The introns are all bordered by 5’-GT and 3’-AG
consensus sequences (Brown 1986). The intron
sequences of three genes were compared (Fig. 1), which

Duplication and sequence divergence of Phalaenopsis
(Orchid) chs genes

Based on the amino acid sequences, the phylogenetic
relationships among Orchid CHSs were inferred by NIJ
analysis (Fig. 2). It highlighted two important features.
First, Phalaenopsis CHSs formed two subfamilies.
PHCHSI, 2, 3 and 4 clustered together in one branch and
PHCHSS was distributed in another branch. In PHCHSI,
2, 3, 4 families, PHCHS4 was closely related to PHCHS1

Table 2 Absolutely synonymous and nonsynonymous substitution
rate (Nei and Gojobori 1986) between Phalaenopsis hybrid and the
presumed Bromheadia finlaysoniana orthologues (bfchs2 for phchs5;
bfchsl for phchsl,2,3 and 4)

Gene

Synonymous
substitutions
rate

Nonsynonymous
substitution
rate

showed that many insertion/deletion events have . ,.5. 4bepc 0.12589+0.02391 0.15798+0.01375

occurred and their original appearance was completely  pnchsi to bfchsi 0.13907+0.02290 0.22625+0.01807

lost nowadays. The sequence identity between the intron phchs2 to bfchsl 0.13867+0.02283 0.22675+0.01807

sequences of any two chs genes is very low when the  Phchs3 to bfchsI 0.11190:£0.02062 0.24675£0.01807
. phchs4 to bfchsl 0.13942+0.02190 0.23036+0.01831

E-value is set as 10.

Fig. 2 Neighbor joining tree OSCHS1

for chs genes from _'OSCHS3

Phalaenopsis and other genera HVCHS? Gramineae

of orchid family. Sequences are
identified both by species and
the clone number. See Table 1
for abbreviations. The bootstrap
is 1000

HVCHS1
LHCHS2 ’

Liliaceae
LHCHS1
LHCHS3

DHCHS
BFCHS2 ‘ Orchid CHS1 group
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BFCHS2
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DHCHS

PHCHS3
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BFCHS1

BFCHS2
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PHCHS4
BFCHS1

BFCHS2
PHCHS5
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PHCHS3
PHCHS4
BFCHS1

BFCHS2
PHCHS5
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PHCHS3
PHCHS4
BFCHS1
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PHCHS3
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PHCHS3
PHCHS4
BFCHS1

BFCHS2
PHCHS5
DHCHS

PHCHS3
PHCHS4

BFCHS1

Fig. 3 Alignment of the amino acid sequences of CHSs from orchid
family. The conserved residues were framed (Ferrer et al. 1999).
They were T132, S133, C164, 1254, G256, H303, N336, S338, P375.

and PHCHS2, both of which are cloned by other
researchers. Secondly, Orhcid CHS (including Phalaen-
opsis hybrid, Bromoheadia finlaysoniana and Dendrobium
hybrid) did not form genus-specific clusters. Instead, all
the examined Orchid CHS fell into two subfamilies.
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AKATTGEGLEWGVLFGFGPGLTVETVVLHSVPI————
GKATTGEGLEWGVLFGFGPGLTVETVVLRSVPL———
GKATTGEGLEWGVLFGFGPGLTIETVVLRSVSIS——
skl skekockokockokokokok sk slekskek

Orchid CHS1

Orchid CHS2

Orchid CHS1

Orchid CHS2

Orchid CHS1

Orchid CHS2

‘ Orchid CHS1

‘ Orchid CHS2

Orchid CHS1

Orchid CHS2

Orchid CHS1

Orchid CHS2

Orchid CHS1

Orchid CHS2

The active residues M137, T197 and F265 were absent from
sequences of Orchid CHS2 group. The stars below each line of
alignment indicate conserved sites

PHCHSS was more closely related to Bromoheadia CHS2
and Dendrobium CHS (designated as Orchid CHSI
group). However, PHCHSI, 2, 3 and 4 clustered with
Bromoheadia CHS1 (designated as Orhcid CHS2 group)
(Fig. 2). The phylogenetic analysis thus suggests that
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Orhcid chs genes have diverged into two subfamilies
before the divergence of these genera. According to
Fig. 2, orchid CHS2 group have long-branch length
within the phylogeny, suggesting accelerated rates of
nucleotide substitution. However, Orchid CHS1 group
have shorter branch length and slower rates of nucleotide
substitution.

Absolute rates of synonymous and nonsynonymous
substitution were calculated between Phalaenopsis chs
genes and the presumed Bromoheadia orthologues
(Table 2). The results showed that synonymous rates
were homogeneous for phchs1,2,3,4 and 5. At the non-
synonymous sites, the calculation revealed that
phchsl,2,3,4 subfamily is evolving one and a half times
faster than phchs5 after the divergence of these two
genera.

Alignment of the amino acid sequences of the orchid
CHSs revealed that these CHSs contained most of the
active sites including T132, C164, E192, T194, F215,
H303, N336, P375 (Ferrer et al. 1999). But several active
amino acids including F265, M137, T197 were absent
from protein sequences of Orchs2 group (Fig. 3). T197
constitutes the binding pocket for coumaroyl-CoA with
other amino acid residues. F265 and M137 are part of
pocket, which serves for cyclization reaction (Ferrer
et al. 1999).

Molecular clocks and evolutionary rate of Orchid CHS
groups

To examine the rate variation between the two lineages of
the chs genes in orhcid family, the relative rate test of
Muse and Gaut was performed (1994). Codon models
were used to test whether the two lineages followed either
a nonsynonymous or a synonymous clock. The outgroup
sequence in all comparison was chs2 of Oryza sativa
(oschs2). Rate tests show that neither of the lineages
differs significantly in rates of synonymous substitution,
although at distant levels of comparison this result may be
confounded by saturation of synonymous positions. The rate
of nonsynonymous substitution is, however, significantly
faster in genes of Orchid CHS2 group than the more con-
served Orchid CHS1 group genes with P <0.0001, df=1. The
nonsynymous rates do not differ significantly among
phchs5, dhchs and bfchs2, or among phchsl,2,3,4 and
bfchsl.

As the molecular clock assumption appears to hold at
synonymous sites, synonymous rates was used to calculate
rough estimates of the gene duplication times. The absolute
rate of synonymous substitutions per site between Orchid
CHSI1 group and Orchid CHS2 group was 0.3171. The
average synonymous substitution rate for plant nuclear
genes was about 5x10™° substitutions per site per year (Li
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1997, p 193). Thus the times of duplications was estimated
to be more than 31 million years ago.

Expression divergence among Phalaenopsis chs
genes in floral organs

Figure 4 shows the expression of different CHS genes in
various tissues and stages of development in Phalaen-
opsis as determined by relative quantitative RT-PCR
using gene specific primers. Development of Phalaen-
opsis flower was divided into five stages (Fig. 5). Tissue
was dissected from flower bud (in mauve color) at stages
3, 4 and 5.

It is evident from RT-PCR results that the timing and
tissue specificity of expression of the various chs genes in
Phalaenopsis are quite variable, suggesting that there is
considerable divergence in the developmental regulation of
individual members of the gene family. RT-PCR revealed
that none of these three chs gene was transcribed in leaves
and roots of intact plant growth and developmental stage
(data not shown).

Phchs5 was by far the most abundantly expressed chs
gene in petals. It was only expressed in petal and lip tissue
(in Phalaenopsis, lip is transformed petal). The peak level
of phchs5 mRNA expression was in petal tissue at stages
3—4 when the anthocyanin was accumulated at the highest
rate. Phchs5 stopped to be transcribed at stage 5 in petal
when the flower was fully open. Phchs4 was another chs
gene, which was specially expressed in petals and lips. It
was expressed at a low level compared with phchs5.
Phchs4 was weakly transcribed in petal of stage 3 and so
was phchs3, another weakly expressed chs gene in floral
organs. In the lip of flower, phchs3 was expressed at higher
level than either phchs4 or phchs5. It was moderately
transcribed in lip of stage 3 while phchs5 was expressed
weakly at the same stage. The transcripts of phchs4 could
be weakly detected in lip at stage 4.

Phchs3 was moderately expressed in sepals at stage 4
and weakly expressed in column at stage 5. It was the sole
chs gene, which was expressed in sepal and column in this
study. Phchs3 was the sole chs gene expressed in repro-
ductive organs and it may encode CHS protein, which is
responsible for fertility.

As far as the developmental stage was concerned, the
peak of expression of phchs3 in floral organs occurred
earlier than phchs5. The highest expression of phchs3 oc-
curred at stage 2 while phchs5 was expressed at the highest
at stages 3 and 4. The expression of phchs5 apparently
corresponds to the pigmentation of petals and it may be
responsible for anthocyanin biosynthesis in petals. Con-
sidering the low expression level of phchs3 and phchs4 in
floral tissue, these two genes may not be the major chs gene
for anthocyanin biosynthesis.
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Fig. 4 Expression of different chs genes in various organs and stages of development in Phalaenopsis hybrid (in mauve color) by RT-PCR. The
amounts of actin transcripts were used as internal control. Primers used for the amplification are positioned at the non-conservative regions

Expression of phchs5 in different Phalaenopsis

cultivars

To investigate the correlation between expression of
phchs5 and the pigmentation of flower, we performed
RT-PCR (Fig. 6) using the samples from three Pha-

laenopsis cultivars that show different flower color type

(Fig. 7). Yel cultivar has yellow sepal and petal and
mauve-dotted lip; Wht has white sepal and petal and

yellow lip; and Mau has mauve sepal and petal and
purple lip. The column is white in all the cultivars. Data
revealed that phchs5 was not expressed in sepal and
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Fig. 5 Developmental stages of the flower in Phalaenopsis hybrida.
Stage 1 is ca. 0.5 cm and the flower organs slightly pigmented. Stage
2 is ca.1.0 cm and the anthocyanin goes on being accumulated. Stage
3 is ca. 2 cm. In this stage, anthocyanin is accumulated at fast rate. In
stage4, the flower is just open and the anthocyanin accumulation

column at any developmental stages in Yel and Wht like
in Mau (data not shown). In Yel, phchs5 was expressed
in similarly tissue-specific way with Mau, i.e. it was
transcribed in petal and lip, but the expression level was
much lower than in Mau. Phchs5 was not expressed until
stage 3 in Yel while was transcribed from stage 1 in
Mau. Maybe it results from the fact that floral organ of
Yel is wholly white at stages 1 and 2, and the petal,
sepal and lip begin to be pigmented from stage 3. Al-
though petal is wholly white in wht, phchs5 was mod-
erately transcribed in petal of stage 4. This color
phenotype probably is caused by the mutations in other
downstream genes. Maybe the lower expression level of
phchs5 is caused by feedback inhibition of some flavo-
noids. Above data indicated that phchs5 was specially
expressed in petal tissue and its expression level is
apparently consistent with anthocyanin accumulation in
this organ. Although lip of Wht is in yellow color,
phchs5 was not expressed in this tissue as in other
cultivars. Probably its expression in lip is dependent on
the pigmented degree of this tissue. If the lip is pig-
mented lightly (for example, in yellow color), phchs5 is
not expressed (Fig. 6, line of Lwht). If the lip is pig-
mented in darker color (for example, in mauve or purple
color), phchs5 is expressed weakly (Fig. 6, lines of Lyel
and Lmau). Although sepal and petal are in identical
color as far as each cultivar is concerned, phchs5 was
not transcribed in sepal in any cultivar.

Fig. 7 Phenotype of three -
different Phalaenopsis cultivars ‘
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comes to the highest level. In stage 5, the flower is fully open and
each parts of perianth are fully expanded and the pollen is dehiscing.
At this stage, anthocyanin biosynthesis is expected to be fulfilled or
have been finished yet. Flower tepal includes lip, sepal and petal

Lyel

Lwht

Linau
Tyel Pyel
Twht Pwht
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Fig. 6 Expression of pchs5 in lip and petal tissue in three cultivars of
different color phynotype (yel, wht and mau). The division of
developmental stage is similar with that of Fig. 4. Relatively equal
amounts of first strand cDNA are used in each reaction. This is
determined by amounts of actin transcripts. L, lip; T, tepal; P, petal

5 (stages)

Discussion

In this study, we successfully got to several achievements
in exploring molecular evolution of Phalaenopsis and
Orchid chs genes as well as expression regulation of
Phalaenopsis chs genes.
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One novel Phalaenopsis chs gene was obtained, which
is far diverged from Phalaenopsis CHSs previously pub-
lished and showed higher identities with CHS of other
orchid plants. It extends the knowledge about Phalaen-
opsis and plant CHS genes and will contribute much to
the research on the molecular evolution of this gene
family.

Based on the cloning and sequencing of this novel gene,
we obtain the information that chs genes of orchid plants
have been diverged into two subfamilies before the diver-
gence of genera including Phalaenopsis, Bromheadia and
Dendrobium. One branch (Orchid CHS1 group) evolved
slowly and appears to be under greater selective con-
straints. Genes of this branch may be responsible for
anthocyanin biosynthesis. The other branch is rapidly
evolving with higher rate of accumulation of amino acid
change. It is unclear whether this is also the way in other
genera of orchid family.

However, this evolutionary split is also mirrored in such
plant species as Petunia, Ipomoea (Durbin et al. 2000), and
Asteraceae plant family including Dendranthema (Yang
et al. 2002) and Gerbera (Helariutta et al. 1995). Probably
this is a general law in evolution of botanic chs genes.
What should be further investigated is whether it is a
common phenomenon that divergence of CHS occurred
before divergence of all the genera of one plant family.

Sequence divergence is often in conjunction with
divergence in expression regulation. In Ipomoea, expres-
sion of the slowly evolved CHSD gene is consistent with
the pigmentation of flower limb, while there is no distinct
correlation between flower pigmentation and expression of
the rapidly evolved CHSA, B, C genes (Habu et al. 1998;
Durbin et al. 2000). In Petunia, the distantly evolved
CHSB is not expressed in floral organs but can be induced
by UV irradiation (Koes et al. 1989). In this study,
expression analysis by RT-PCR exhibited that there has
been shifts in developmental expression among CHS gene
family members in Phalaenopsis. RT-PCR showed that
phchs5 is expressed at the highest level in floral organs
among these three examined genes, which apparently
corresponds to the appearance of pigments. Phchs5 is
evidently the sole chs gene responsible for the accumula-
tion of pigment in petal. Phchs3 and phchs4 were ex-
pressed at much lower level than phchs5 in floral organs
and they are not the major chs genes for anthocyanin
biosynthesis according their low transcription level (Durbin
et al. 2000).

Sequence divergence is also usually in conjunction with
shifts in enzyme function (Axelsen and Palmgren 1998).
Biochemical analysis of Ipomoea CHS A, B, D and E re-
vealed that only CHSD and E are capable of catalyzing the
condensation reaction that results in naringenin chalcone
(Shiokawa et al. 2000). Detailed sequence comparison

among Orchid CHSs showed that several active sites
(M137, T197 and F265) that are thought to be important in
enzyme specificity were absent in genes of Orchid CHS2
group. These differences may lead to the differences in
substrate specificity and reaction patterns between genes of
these two groups. Phchs4 showed high identity (about 98%
on nucleotide level) with bibenzyl synthase (Preisig-
Miieller et al. 1995), a gene involved in microbe—plant
interactions. It can be inferred that genes of orchid CHS2
group may be mainly responsible for defense reaction in
plants.

It is unclear why there has been no chs genes abundantly
expressed in sepals as in petals although sepal is in same
color with petal. There are two possibilities that can ex-
plain this kind of phenomenon. First, another chs gene that
is far diverged from known chs genes is responsible for its
pigmentation. If this is the truth, CHS might have diverged
into three subfamilies in orchid plants. Second, considering
that sepal and petal are uniformly pigmented as for each
Phalaenopsis cultivar, there may exist an anothocyanin
transport system that can transport anthocyanin from petal
to sepal.

Acknowledgements We would like to thank Professor Yang Zhong
and Dr Yun-Gang He for the instructions about phylogenetic analysis.
We also want to thank Dr Chao-Qun Wu for critical discussion and
reading of the manuscript. Plant material is kindly provided by Mr
Yu-Guang Dong of Institute of Horticulture, Agricultural Science
College of Shanghai. This work have been supported by grants from
Committee of Science and Technology, Shanghai (023112038
and 043919319) and Preparing Agriculture through Science and
Technology (1-1-2).

References

Axelsen KB, Palmgren MG (1998) Evolution of substrate specificities
in the P-type ATPase superfamilies. J Mol Evol 46:84—101
Brown JW (1986) A catalogue of splice junction and putative branch
point sequences from plant introns. Nucleic Acids Res 14:9549—
9559

Dixon RA (1986) The phytoalexins reponse: elicitation, signaling,
and control of host gene expression. Biol Rev 61:239-291

Durbin ML, Learn GHG, Clegg MT (1995) Evolution of the chalcone
synthase gene family in the genus Ipomoea. Proc Natl Acad Sci
USA 92:3338-3342

Durbin ML, McCaig B, Clegg MT (2000) Molecular evolution of the
chalcone synthase multigene family in the morning glory. Plant
Mol Biol 42:79-92

Feinbaum RL, Ausubel FM (1988) Transcriptional regulation of the
Arabidopsis thaliana chalcone sythase gene. Mol Cell Biol
8:985-1992

Ferrer JL, Jez JM, Bowman ME (1999) Structure of chalcone syn-
thase and the molecular basis of plant polyketide biosynthesis.
Nat Struct Biol 6:775-784

Habu Y, Hisatomi Y, lida S (1998) Molecular characterization of the
mutable flaked allele for flower variegation in the common
morning glory. Plant J 16:371-376

Han YY, Ming F, Wang JW, Ye MM, Shen DL (2005) Molecular
characterization and functional analysis of a novel chalcone

@ Springer



438

Genetica (2006) 128:429-438

synthase gene from Phalaenopsis Orchid in transgenic tobacco.
Plant Mol Biol Rep 23:193-193

Han YY, Ming F, Wang JW, Wen JG, Ye MM, Shen DL (2006)
Cloning and characterization of a novel chalcone synthase gene
from Phalaenopsis hybrida Orchid flowers. Russ J Plant Physiol
53:250-258

Helariutta Y, Kotilainen M, Elomaa P, Kalkkinen N, Bremer K, Teeri
TH, Albert VA (1996) Duplication and functional divergence in
the chalcone synthase gene family of Asteraceae: evolution with
substrate change and catalytic simplification. Proc Natl Acad Sci
USA 93:9033-9038

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

Heller W, Hahlbrock B (1980) Highly purified ‘flavanone synthase’
from parsley catalyzes the formation if naringenin chalcone.
Arch Biochem Biophys 200:617-619

Ito M, Ichinose Y, Kato H, Shiraishi T, Yamada T (1997) Molecular
evolution and functional relevance of the chalcone synthase
genes of pea. Mol Gen Genet 255:28-37

Koes RE, Spelt CE, Mol JN (1989) The chalcone synthase multigene
family of Petunia hybrida(V30): differential, light-regulated
expression during flower development and UV light induction.
Plant Mol Biol 12:213-225

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2: molecular
evolutionary genetics analysis software. Arizona State Univer-
sity, Tempe, Ariz

Li WH (1993) Ubiased estimation of the rates of synonymous
and nonsynonymous nucleotide substitution. J Mol Evol
36:96-99

Li WH (1997) Molecular evolution. Sinauer Associate, Inc., Sun-
derland, Mass

Muse SV, Gaut BS (1994) A likelihood approach for comparing
synonymous and nonsynonymous nucleotide substitution rates
with application to the chloroplast genome. Mol Biol Evol
3:418-426

Nei M, Gojobori T (1986) Simple methods for estimating the number
of synonymous and nonsynonymous nucleotide substitutions.
Mol Biol Evol 3:418-426

@ Springer

Preisig-Miilller, Gnau P, Kindl H (1995) The inducible 9,10 dihydr-
ophenanthrene pathway; characterization and expression of
bibenzyl synthase and S-adenosylhomocysteine hydrolase. Arch
Biochem Biophys 317:201-207

Robinson-Rechavi M, Huchon D (2000) RRTree: relative rate tests
between groups of sequence on a phylogenetic tree. Bioinfor-
matics 16:296-297

Ryder TB, Hedrick SA, Bell JN, Liang X, Clouse SD, Lamb CJ
(1987) Orgnization and differential activation of a gene family
encoding the plant defence enzyme chalcone synthase in
Phaseolus vulgaris. Mol Gen Genet 210:219-233

Saitou N, Nei M (1987) The neighbour-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol
4:406-425

Schmelzer E, Jahnen W, Hahlbrock K (1988) In situ localization of
light-induced chalcone synthase mRNA, chalcone synthase and
flavonoid end products in epidermal cells of parsley leaves. Proc
Natl Acad Sci USA 85:2989-2993

Shiokawa K, Inagaki Y, Mor H, Hsu T, lida S, Noguchi H (2000) The
functional expression of the CHS-D and CHS-E genes of the
common morning glory(Ilpomoea purpurea) in Escherichia coli
and characterization of their gene products. Plant Biotechnol
17:203-210

Sommer H, Saedler H (1986) Structure of the chalcone synthase gene
of Antirrhinum majus. Mol Gen Genet 202:429-434

Taylor LP, Jorgensen R (1992) Conditional male fertility in chalcone
synthase-deficient petunia. J Heredity 831:1-17

Thompson JD, Higgins DG, Gibson TJ (1994) Clustal W: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting matrix choice. Nucl Acids Res
22:4673-4680

Wang J, Qu L, Chen J, Gu H, Chen J (2000) Molecular evolution of
the exon2 of CHS genes and the possibility of its application to
plant phylogenetic analysis. Chinese Sci Bull 45:1735-1742

Wingerder R, Rohrig H, Horicke C, Wing D, Schell J (1989) Dif-
ferential regulation of a soybean chalcone synthase genes in
plant defence, symbiosis and upon environmental stimuli. Mol
Gen Genet 218:315-322

Yang J, Huang J, Gu H, Zhong Y, Yang Z (2002) Duplication
and adaptive evolution of the chalcone synthase genes of
Dendranthema (Asteraceae). Mol Biol Evol 19:1752-1759




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


