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Abstract Chalcone isomerase (CHI, EC 5.5.1.6) is one of
the key enzymes in the flavonoid biosynthesis pathway
catalyzing the stereospecific isomerization of chalcones
into their corresponding (2S)-flavanones. In this investi-
gation, both the cDNA sequence and the genomic sequence
encoding the chalcone isomerase from Ginkgo biloba L.
(designated as GbCHI) were isolated from the leaves. The
GbCHI gene contained two introns and three extrons and
encoded a peptide of 244 amino acids with a predicted
molecular mass of 26.29 kDa and a pl of 7.76. RQPCR
showed that GhCHI was expressed in a tissue-specific
manner in G. biloba. Expression of GhCHI was also up-
regulated by UV-B irradiation or treatment with 5-amino-
levulinic acid or three plant growth regulator—ethylene,
abscisic acid, and chlormequat—and these effects were
consistent with analysis of the GbCHI promoter region.
The recombinant protein was successfully expressed in an
E.coli strain with the pET-28a vector. In vitro enzyme
activity, assayed by HPLC, indicated that recombinant
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GbCHI protein could catalyze the formation of naringenin
from 6'-hydroxychalcone. RQPCR analysis showed that
CHI activity correlated with changes in transcription level
of the CHI gene, GbCHI activity was also positively
correlated with total flavonoid levels in ginkgo leaves,
suggesting CHI as a key gene regulating flavonoid accu-
mulation in ginkgo leaves.
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Abbreviations

bp Base pair

HPLC High performance liquid chromatography

IPTG Isopropyl f-p-thiogalactoside, CoH1gO5sS

PCR Polymerase chain reaction

RACE Rapid amplification of cDNA ends

RQPCR Real-time quantitative PCR

RT-PCR Reverse transcriptase polymerase chain
reaction

S.D. Standard deviation

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

uv Ultraviolet

Introduction

Flavonoids are ubiquitous plant secondary products that
have diverse functions in plant physiology and ecology
(Mol et al. 1998; Winkel-Shirley 2002), including protec-
tion against UV-B radiation and pathogen attack, attraction
of pollinating insects, regulation of male fertility, cell cycle
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regulation, and auxin transport. Flavonoids also have many
pharmaceutical uses in human health, with pharmacologi-
cal properties that have been especially valuable in the
treatment of early-stage Alzheimer’s disease, vascular
dementia, and many other diseases (Diamond et al. 2000;
Oken et al. 1998; Smith and Luo 2004). Flavonoids are
synthesized by the well-studied phenylpropanoid pathway
(Koes et al. 2005) and most of the enzymes and genes
involved in flavonoid biosynthesis have been characterized
(Li et al. 2006).

Chalcone isomerase (also called chalcone flavanone
isomerase) is one of the key enzymes in the flavonoid
biosynthesis pathway and catalyzes conversion of chal-
cones to (2S)-naringenin. Although this step can occur
spontaneously, CHI catalyzes it 10’-fold more efficiently
(Bednar and Hadcock 1988). CHIs can be classified into
two types of isozymes: one is an elicitor-inducible form
that acts on both 6'-hydroxychalcone and 6'-deoxychalcone
and presumably is involved in the legume-specific 5-de-
oxyflavonoid pathway. The second form acts on only
6'-hydroxychalcone and is generally found in non-legumes
(Kimura et al. 2001; Shimada et al. 2003). At present, CHI
genes have been cloned from several plants: Callistephus
chinensis, Medicago sativa, Petunia hybrida, Oryza sativa,
Hordeum vulgare, and Saussurea medusa (Druka et al.
2003; Kuhn et al. 1978; Li et al. 2006; McKhann and
Hirsch 1994; Van Tunen et al. 1988). One previous report
has suggested that chalcone isomerase may be a regulatory
enzyme in the biosynthesis of flavonoids (Mehdy and
Lamb 1987). In Glycyrrhiza uralensis, the enhanced
accumulation of flavonoids was correlated with the ele-
vated levels of CHI transcripts and CHI activity (Zhang
et al. 2009). Overexpression of petunia CHI gene in tomato
results in an increase of up to 78-fold in fruit peel flavo-
nols, mainly due to an accumulation of rutin (Muir et al.
2001). Therefore, efforts to study the induction and
developmental or tissue-specific regulation of flavonoids
biosynthetic activity have been focused mainly on the
mechanisms controlling CHI gene expression.

Ginkgo biloba is often called “a living fossil” of the
plant kingdom, and has been well studied owing to the
many active ingredients, such as flavonoids, contained in
its leaves. At present, about 38 different flavonoids, espe-
cially, multiform glycosides of flavonols, have been iso-
lated from G. biloba (van Beek 2002; van Beek and
Montoro 2009). However, the concentrations of these
economically important compounds are often insufficient
to justify commercial exploitation of ginkgo leaves. In
recent years, a number of investigations have focused on
the biological mechanism of flavonoid formation, the in
vitro chemical synthesis of flavonoids, and the use of tissue
culture for producing flavonoids, among others aspects
(Cheng et al. 2004b; Xu 2008; Xu et al. 2008a, b). Few
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studies have yet focused on synergistic effects of genetic
modification and the production of flavonoids in Ginkgo
biloba leaves. In the present study, a gene, designated as
GbCHI, and shown previously to encode a putative CHI
enzyme, was isolated from the leaves of Ginkgo biloba as a
useful tool for studying the regulation of flavonoid bio-
synthesis. Based on the catalytic function of CHI at the
branch point of (2S)-naringenin metabolism, the expression
profile, and the correlation between GbCHI expression and
flavonoid content in Ginkgo biloba, we suggest that GhCHI
might be a specific key gene in the regulation of flavonoid
accumulation in ginkgo leaves, as well as being a crucial in
vivo factor in responses to UV stress, hormones, or plant
growth regulator.

Materials and methods
Plant materials and treatments

Twelve-year old of grafted G. biloba seedlings were
growing in a greenhouse in Jingzhou (E, 111°54'-112°19/,
N, 30°6'-30°39’, Hubei province, central of China) were
sampled as plant materials. For gene cloning and tissue
expression, diverse tissues including young leaves, mature
leaves, ovules, stamens, albumen, gynoecia, stems, and
roots were collected for DNA and RNA extraction as
described by Xu et al.(2008a). Tissues were immediately
frozen in liquid nitrogen and kept at —80°C prior to total
RNA extraction.

One year old cuttings from the same genotypic strain
of G. biloba were subjected to treatments with UV-B,
chlormequat chloride (CCC), 5-aminolevulinic acid
(ALA), abscisic acid (ABA), gibberellin (GA), and ethe-
phon (ETH). For UV-B treatment, seedlings were exposed
to 1500 wJ/m?* UV-B irradiation in a closed chamber, and
the control cuttings were placed in a dark closed chamber.
The CCC (10 mM), ALA (100 uM), ABA (10 mM), GA
(15 mM), and ETH (20 mM) were dissolved in 0.01%
Tween 20 and sprayed onto young leaves. The control
leaves were sprayed with an equivalent volume of 0.01%
(v/v) Tween 20.

Cloning of the full-length cDNA and genomic DNA
of GbCHI

Given species conservation of the functional domain of the
CHI protein, a pair of degenerate primers, CHIDF and
CHIDR, was designed according to the conserved peptide
sequences, LGGAGYR and PGSSILFT, to amplify a con-
servative fragment of the GhCHI gene. The purified PCR
product was cloned into the pMDI18-T vector (TaKaRa,
Dalian China), and the positive clone was confirmed by a
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BLASTN query of the NCBI Database to verify the
homology of this cloned fragment with CHI sequences
from other species.

Based on the sequence of cloned GbCHI fragments, the
specific primer pairs (CHISR and CHI3R) and the nested
primer pairs (CHISN and CHI3N) were designed to
amplify the 5" and 3’ end of GhCHI using the SMART™
RACE c¢DNA Amplification Kit (Clontech, USA). The
PCR products were purified and cloned into the pMD18-T
vector for sequencing. After comparing and aligning the
sequence of 5’RACE, 3'RACE, and the internal fragment,
the full-length cDNA sequence of GbCHI was obtained.
Two gene-specific primers, CHIGF and CHIGR, designed
based on the cDNA sequence, were used to amplify the
genomic sequence of GbCHI.

Amplification of the 5'-promoter region of GhCHI

The promoter region was isolated by genomic walk strat-
egy using a Universal Genomewalker'™ kit (Clontech,
USA) according to the manufacturer’s instructions. The
first turn of PCR was carried out using AP1 and CHISR as
primers, and constructed libraries as a template using the
following protocol: 94°C for 4 min; 30cycles (98°C for
10 s, 68°C for 3 min) and 68°C for 10 min. The products
were 20-fold-diluted and used for nested PCR, which was
performed using AP2 and CHISN as primers under the
following conditions: 94°C for 4 min; 32 cycles (94°C
for 30 s, 56°C for 50 s, and 72°C for 3 min); and 72°C for
10 min. The PCR products were cloned into pMD18-T for
sequencing (Sangon, China).

Bioinformatics analysis and molecular evolution
analyses

The obtained sequences were analyzed using bioinformat-
ics tools at websites (http://www.ncbi.nlm.nih.gov and
http://www.xpasy.org). Vector NTI Suite 10 was used for
sequence alignment and analysis. The cis acting element
in the promoter region was predicted using PlantCARE
(Lescot et al. 2002). Phylogenetic tree analysis of GbCHI
and known CHIs from other plant species retrieved from
GenBank were aligned with Mega 4.0 (Tamura et al. 2007).
The phylogenetic tree was constructed by a neighbor-
joining (NJ) method and measured by bootstrap analysis
with 1000 replicates. SPSS 16 was used for statistical
analysis and graphing.

Southern blot analysis
Genomic DNA (20 pg/sample) was digested overnight at

37°C with Sma 1, Sac 1, and Hind 1II. The digested DNA
was fractionated by 0.9% agarose gel electrophoresis and

transferred onto a PVDF membrane (Roche Applied Sci-
ence, Germany). At total of 50 ng purified GbCHI was
used as a template in a total volume of 20 pl for probe
labeling. Probe labeling (DIG), hybridization, and signal
detection were performed following the manufacturer’s
instruction for the DIG High Primer DNA Labeling and
Detection Starter Kit II (Roche Applied Science,
Germany).

Relative quantification by RQPCR

The transcription levels of GCHI were determined in dif-
ferent G. biloba tissues, as well as in young seedling leaf
samples collected at different time points after stress and
hormone treatments. RQPCR was carried out using an ABI
PRISM 7500 Sequence Detection System (Applied Bio-
systems, American) with SYBR Green PCR Master Mix
(Applied Biosystems, American) according to the manu-
facturer’s protocol. The G. biloba glyceraldehydes-3-
phosphate dehydrogenase gene (GbPGAPDH, 1.26924)
(Jansson et al. 1994), was used as the reference gene as
described by Xu (2008b).

The gene-specific primers (CHIF, CHIR) and reference
primers (GAPF, GAPR) for RQPCR were listed in Table 1.
The RQPCR conditions were: 10 min at 95°C, and 40
cycles (95°C for 15 s, 60°C for 1 min). Before performing
RQPCR, primer efficiency was evaluated using both
GbCHI and GbGAPDH at 100, 150, 200, 250, and 300 nM
combinations. A 150 nM concentration was chosen as most
suitable combination for both genes. For each plant sample,
aliquots of 150 ng total RNA was analyzed for each gene
and the two genes (GbCHI and GbGAPDH) were always
analyzed simultaneously. Each sample was amplified three
times and all reactions were performed on ABI PRISM
7500 Sequence Detection System. With a housekeeping
gene GbGAPDH, the relative amount of the GbCHI tran-
script is presented as 2%V according to the Cr method
(dCt = Ctsampte — Cteonror) described in the RQPCR
Application Guide (Applied Biosystems). When comparing
the expression of GbCHI in different tissues, the relative
expression of GbCHI was achieved by calibrating its
transcription level to that of the reference gene,
GbGAPDH.

Expression of CHI recombinant proteins
in Escherichia coli

To clone GbCHI into an expression vector, a pair of
primers, CHIZF and CHIZR, were designed and synthe-
sized to amplify the coding region by RT-PCR with the
incorporation of a restriction enzyme site and a protective
base to simplify later vector construction. After confirma-
tion by sequencing, the resulting recombinant plasmid was
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Table 1 Primers for GhCHI Primer  Sequence (5'-3') Description
CHIDF GRIAAVTTYRTIAARTTYAC Degenerate primer, forward
CHIDR ACCKTTRGGCRAAMCTGTHAA Degenerate primer, reverse
CHISR  CTCGCTTACTTTTTCAGAGTATTGGGT Reverse primer for 5 RACE, outer
CHISN GGACAAGTAACAGCATCCATAA Reverse primer for 5 RACE, nested
CHI3R GGCAATCATTCCCCATCTCGCTCTCAA Forward primer for 3’ RACE, outer
CHI3N TGGGAATCTGCAGGTATATATGGT Forward primer for 3’ RACE, nested
CHIZF ACAGAGCTCATGGGCAAAAATGGCGTTTCTC Gene-specific primer, forward
CHIZR CAACTCGAGTTACATCATAGTGGAAAGCCGCTCA Gene-specific primer, reverse
CHIGF ATGGGCAAAAATGGCGTTTCTC Gene-specific primer, forward
CHIGR ACATCATAGTGGAAAGCCGCTCA Gene-specific primer, reverse
CHITF CTGGAATAGAAGTTGAAGGCGTC Primer for probe forward
CHITR AATCACTGCCTCTTCCTTCTCTG Primer for probe reverse
CHIF GAAAAAGTAAGCGAGGGGTG Primer for RQPCR, forward
CHIR  TGGGCGAAACTGTAAAGAGA Primer for RQPCR, reverse

Note: Restriction site sequences GAPF  TGTCACGGTTTTCGGTTGTAG Primer for RQPCR, forward

are indicated in italic letters and 5\ pp  ACCTTTTTGGCACCTCCCTTA Primer for RQPCR, reverse

underlined

introduced into BL21 (DE3) by the heat shock method. A
single colony of E.coli BL21 cells harboring the expression
plasmid pET28a-GbCHI was inoculated at 37°C in Luria—
Bertani medium containing kanamycin (50 mg 1~") and
were grown with shaking (150 rpm) at 37°C until the
optical density (OD600) reached about 0.6. For induction,
IPTG was added at a final concentration of 1 mM and the
cells were further cultured at 30°C for 2 h. The cells were
lysed by sonication for 10 s at 4°C, and centrifuged at
7000x g for 15 min. Supernatants and pellets were ana-
lyzed by SDS-PAGE and Coomassie Brilliant Blue R250
staining. The recombinant GbCHI protein from induced
cells was purified using Nickel-CL agarose affinity chro-
matography (Bangalore Genei) and used for in vitro
enzyme assays.

Western blotting was carried out to verify expression of
a GbCHI protein having a His-tag in the N-terminus. After
electrophoresis, the proteins were electrotransferred onto a
PVDF membrane and detected with antimouse RGS-His
antibody (Santa Cruz, American), and a secondary anti-
body (goat anti-mouse IgG), conjugated to alkaline phos-
phatase (AP). Western Blue Stabilized Color Substrate for
AP (Promega, USA) was used for the color reaction.

Assay of GbCHI activity

For assay of GbCHI activity, 6'-hydroxychalcone or
6'-deoxychalcone (10 pg each in 10 ul of ethanol) was
incubated at 30°C for 5 min with 0.49 ml of 50 mM potas-
sium phosphate (pH 7.5) containing 10 pl of crude enzyme
(total 0.5 ml). 6’-hydroxychalcone or 6’-deoxychalcone was
purchased from Advanced Technology and Industrial Cor-
poration (Hong Kong, China). The reaction mixture was then
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extracted with ethyl acetate and the products were analyzed
by HPLC on a Shim-pack CLC-O DS column (6.0 x
150 mm; Shimadzu, Kyoto, Japan). The chromatography
conditions were a mobile phase of 40% (v/v) methanol
and 4% (v/v) acetic acid in water at a flow rate of
0.8 ml min~' at 40°C, and the eluate was monitored at
304 nm. To analyze the stereochemistry of CHI reaction
products, 6'-hydroxychalcone and a crude extract from
E. coli expressing CHI isozymes were incubated at 30°C
for 3 h. An extract of E. coli transformed by the vector
without insert was used for the control under the same
reaction conditions. The reaction product was developed
on a silica-gel thin-layer chromatography plate (Merck,
Darmstadt, Germany) with the solvent toluene:ethyl ace-
tate:methanol:light petroleum (6:3:1:3 [v/v]), and the
naringenin spot (Rg = 0.44) was recovered. The sample
was then analyzed by HPLC on a Chiracel OD-RH col-
umn (4.6 x 150 mm; Daicel, Tokyo) with 35% (v/v)
aqueous acetonitrile at a flow rate of 0.6 ml min~' at
30°C, and the eluate was monitored at 290 nm.

CHI activity in G. biloba leaves was measured by the
methods of Jez et al. (2000) and Fouché and Dubery (1994),
with minor modifications. The standard CHI assay reaction
mixture contained the following components in a final vol-
ume of 1 ml: 50 mM Tris—HCI buffer (pH 7.6) containing
1% ethanol, 100 uM narigenin chalcone in 2-ethoxy-ethanol
(18.5 pM), and an appropriate amount of protein extract. The
rate of spontaneous cyclization of the substrate was deter-
mined beforehand and was subtracted from the rate in the
presence of enzyme. Naringenin chalcone was synthesized
from naringenin according to the procedure of Moustafa and
Wong (1967) and authentic naringenin was purchased from
Herbfine (Nanchang, China).
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Extraction and determination of flavonoid content

Flavonoids were extracted identified and quantified as
previously described by Xu et al. (2008a) with some
modifications. Briefly, 100 mg of dried leaf powder was
dissolved in 40 ml of acidified methanol. The samples
solutions were then suitably diluted with methanol and
filtered through 0.45 pm filter membranes (Millipore,
Nylon) for high performance liquid chromatography anal-
ysis. Selected samples were analyzed by HPLC (model LC-
10, Shimadzu, Kyoto, Japan) with a SPD-10AVP UV-Vis
detector. Flavonoids were analyzed on a Shim-pack
VP-ODS column (250 ml x 4.6 mm), using a mobile phase
of methanol: 0.4% (v/v) phosphoric acid (60:40) for elution.
The flow rate was 1.0 ml min~"' and injection volume was
20 pl. The UV detector was set at A = 370 nm. Three
extraction samples were prepared for HPLC analysis and
each sample was injected three times. A standard mixture
of quercetin, kaempferol, and isorhamnetin was selected
because the many different flavonol glycosides that occur
in ginkgo leaves are predominantly derivatives of these
three flavonol aglycones (van Beek 2002). Based on the
methods used to determine flavonoids concentrations
described by van Beek (2002), flavonoid contents were
calculated by multiplication of the total content of quer-
cetin, kaempferol, and isorhamnetin by a factor 2.51 and
were expressed as percentages.

Results

Characterization of the full-length cDNA, genomic
DNA, and promoter region of the GbCHI gene

A full-length cDNA of the CHI gene was obtained from
G. biloba leaf tissue by degenerate PCR and RACE methods.
The cDNA sequence was 926 bp with a poly A tail, and
contained a 732 bp open reading frame(ORF) encoding a
244 amino acid protein. A 20 bp 5’ untranslated region was
upstream of the start codon, and the coding region was
followed by a 160 bp 3’ untranslated region downstream
from the stop codon (Fig. 1). A phylogenetic tree generated
by the neighbor-joining method based on the putative amino
acid sequences of CHIs showed that all members of the CHI
family could be sorted into three monophyletic group. The
G. biloba CHI was included in a polyphyletic group with
other CHIs from various non-leguminous plants (Fig. 2).
The genomic GbCHI gene was isolated from a pair of
specific primers derived from the start and stop condon
regions of the cDNA. The full-length genomic DNA of
GbCHI gene was 1290 bp long and had 100% identity with
the coding region of the full-length cDNA sequence. Exon
1 (351 bp), exon 2 (225 bp), and exon 3 (156 bp) were

separated by intron 1 (97 bp) and intron 2 (59 bp). The
putative splicing site also obeyed the GU/AG rule (Fig. 1).
By genome walking, we isolated a 1011 bp fragment up
stream of the ATG codon which corresponded to the
putative promoter region. The 5’ upstream region of
GbCHI possessed the typically high A + T content
(65.6%), commonly found in other plant promoters.
Computational analysis revealed six potential TATA box
sequences within the upstream region of GbCHI, at posi-
tions —140, —206, —224, —346, —639, and —963. Several
conserved eukaryotic promoter elements, including a
CAAT box, were also observed at positions —58, —143,
—299, —424, —570, —956, and —968. A number of phe-
nylpropanoid regulation sequences were also noted. Two
putative E-boxes were identified: the first one located at
positions —950 to —956, and one near the transcription
initiation site at position —418 to —424 (Fig. 1). Two
MYB-binding sites (EEC) with a consensus sequence
GANTTNC were identified on the GbHCHI 5'-upstream
sequence (Solano et al. 1995; Yoshioka et al. 2004).
Sequence analysis of the 5'-upstream region of CHI with
PLACE revealed two pollen-expression-related sequence
motifs (POLRE) (Bate and Twell 1998) at positions —739
and —859. Two putative SEBF-like elements with the
central YTGTCWC core (Boyle and Brisson 2001;
Yamagata et al. 2002) were present in the promoter region.
Four GATA box elements with the core sequence GATA
were found at positions —23, —157, —181, and —911 these
showed a tissue specific expression-related sequence.
Several LHC-related (CAANNNNATCOC)
(Piechulla et al. 1998) known to play important roles in the
tomato circadian rhythms, were also identified in the 5’
upstream region of GbCHI (Fig. 1).

A core motif (GARE), described as a dehydration and
GA-response expression element (Sutoh and Yamauchi
2003), was identified at position —237 to —230. The
GDbCHI contained a conserved 5'UTR sequence AC-
GTGCGC similar to the well known ABRE or G-Box
elements found in ABA responsive genes such as the wheat
Em (Guiltinan et al. 1990), rice rab16 (Mundy et al. 1990),
and barley Hval genes (Straub et al. 1994). A DPBF
binding core element (ACACNNG) was also found at
position —554, which functions as an ABA-responsive cis-
element in Arabidopsis (Lopez-Molina and Chua 2000).
Four GT-1 motifs (GRWAAW) were observed at positions
—157, —181, —699, and —769 and one SA-IN transcription
factor binding site (GGAAAA) was identified at position
—699. Both of these are involved in induction of genes
by salicylic acid (SA) (Park et al. 2004; Zhou 1999), an
important component of the signal transduction cascades
that activate plants defense responses against pathogen
attack. Four GATA boxes with tissue specific expression-
related sequences and an ethylene-responsive element

cis-elements
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Fig. 1 The full-length GbCHI sequence, promoter region sequence,
intron sequence and deduced amino acid sequence of GbCHI gene.
The exons are indicated in capital letter and the introns are indicated

(ERE) motif (Itzhaki et al. 1994; Rawat et al. 2005) were
found at positions —23, —157, —181, —911, and —710.
To examine if the GbCHI gene belongs to a multigene
family, aliquots of 20 pg genomic DNA were digested with
Sma 1, Hind 111, and Sac I, which did not cut within the
coding region. These fragments were then hybridized with
the coding sequence of GbCHI under high stringency
conditions. In total, 5-7 specific hybridization bands
ranging from 0.5 to 10 kb were recovered in each of the
restriction enzyme-digested lanes (Supplementary Fig. 1S),
this indicated that GhCHI belonged to a multigene family.

The expression of the GhCHI gene and accumulation
of flavonoids in different tissues

The transcription level of GbCHI and accumulation of
flavonoids varies according to tissues, growth conditions,
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in italic letter. The start condon (ATG), the stop (TAG), and putative
polyadenylation signals are underlined. TBFs and cis-elements of the
GbCHI promoter region are shown in black box

and tissue developmental stage. The expression pattern of
the GbCHI gene was examined in different tissues of
grafted plants by extracting total RNA from young leaves
(buds), mature leaves (130 days after budding), ovules,
fruit albumen, gynoecia, stamens, stems, and roots. The
results of RQPCR analysis are shown in Fig. 3a. The
transcription of GhCHI was clearly tissue specific and
development-dependent. The highest level of GbCHI
mRNA was observed in mature leaves, with moderate
levels in stamens, gynoecia, and stems, but GbCHI was
only weakly expressed in ovules and young leaves, and
expression was lowest in albumen. No GbCHI transcripts
were detected in the roots. These results agreed with the
pattern of flavonoids accumulation in G. biloba (Fig. 3b).
As seen in Fig. 3b, flavonoids were detected abundantly in
mature leaves, and to a lesser extent in the stamens and
gynoecia, but was not detected in roots. Thus, expression of
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Fig. 2 A phylogenetic tree based on deduced amino acid sequences
of various CHIs. Amino acid sequences were analyzed using the
Mega 4.0 program. The numbers at each node represented the
bootstrap value, with 1000 replicates. Monocotyledons and most other
species are classified into the type I CHI group. Known typell CHIs
form a subgroup, and legumes CHIs belong to this group. GbCHI
does not belong to any group. The CHI-like protein of Pasteurella
multocida is introduced as an external frame of reference. The relative
evolutionary time is displayed under the tree. GenBank accession

the GbCHI gene appears to be one of the critical factors
determining the flavanone accumulation pattern in
G. biloba.

Effect of UV-B, GA, CCC, ABA, ETH, and ALA
on GbCHI expression

RQPCR of ginkgo seeding following diverse chemical and
stress treatments showed that GbCHI was inducibly
expressed. Following a UV-B treatment, the amount of
GbCHI mRNA was quickly increased during the 0-12 h of
treatment and then declined thereafter, returning to a sim-
ilar level to that of control at 96 h (Fig. 4a). Exogenous
application of CCC caused a rapid and durable induction of
the GbCHI gene at 12 h, and that level was maintained
until 24 h, when the transcript level began to increase
slowly, reaching a maximal level at 96 h that was 9.6-fold
higher than the control (Fig. 4b).

As shown in Fig. 4c, d, and f, the expression of GbCHI
was apparently up-regulated by ALA, ABA, and ETH.
Transcription levels of GbCHI increased along with the
treatment time and reached the highest level at the end of
24 or 48 h, at 9.2-fold, 8.2-fold, and 2.8-fold, respectively,
compared with the controls. The GbCHI transcription was
down-regulated by GA and the mRNA transcript showed a
quick decrease within the first 24 h, followed by a slow rise

0.2 0.0

number are as follows: Hordeum vulgare, AF474923; Oryza sativa,
AF474922; Zea mays, QO08704; Vitis vinifera, P51117; Citrus
sinensis, BAA36552; Gossypium hirsutum, ABM64798; Camellia
sinensis, AAZ17563; Saussurea medusa, AF509335; Pyrus commu-
nis, ABQO8639; Lotus japonicus chi2, CAD69022; Ipomoea purpu-
rea, ABW69677; Lotus japonicus chi4, BAC53984; Medicago sativa,
P28012; Phaseolus vulgaris, CAA78763; Glycine max, ABA86740;
Glycyrrhiza uralensis, ABM66533; Pasteurella multocida, NP245761
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Fig. 3 Comparison among different tissues in G. biloba regarding
relative amount of GbCHI mRNA and accumulation of flavonoids.
a Expression pattern of GbCHI gene in different tissues with GAPDH
gene as control. b Accumulation pattern of flavonoids in different
tissues. Data are mean values of triplicate tests &= SD

(Fig. 4e). Exogenous GA, therefore, appeared to decrease
the transcription level of GhCHI. Overall, all five tested
abiotic stresses appeared to cause significant accumulation
of GbCHI mRNA.
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Fig. 4 Relative quantities of GbCHI mRNA at various time points
post-treatment with UV-B (a), CCC (b), ALA (c), ABA (d), GA (e),
and ETH (f). Each sample was individually assayed in triplicate.

Characterization of the deduced GbCHI protein

The deduced GbCHI protein sequence of GbCHI consisted
of 244 amino acids residues, with an isoelectric point of
7.76. The amino acid sequence of the GbCHI shared 62.7%
identity with that of Camellia sinensis, 64.4% with Gos-
sypium hirsutum, 65.0% with Pyrus communis, 52.5% with
Phaseolus vulgaris, 50.3% with Medicago sativa, 52.5%
with Glycyrrhiza uralensis, and 61.0% with Lotus japoni-
cus. Similar to other non-legume plants, the four conserved
amino acid residues essential for GbCHI active sites were
Thr80, Tyr138, Glyl45, and Ser221. This was unlike the
case in Saussurea medusa, where the corresponding resi-
dues are Thr50, Tyrl08, Metll5, and Serl92, or in
Medicago sativa (legume), where the corresponding resi-
dues are Thr48, Tyr106, Asn113, and Thr190 (Gensheimer
and Mushegian 2004; Jez et al. 2000; Li et al. 2006).
A GenBank CDD search and function analysis revealed
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Values shown represent the mean reading from three treated plants
and the error bars indicated the standard errors of the mean

that GbCHI belongs to the chalcone superfamily (Supple-
mentary Fig. 25).

Expression and purification of GbCHI

In order to express GbCHI in E.coli, we cloned the coding
sequence of GbCHI into pET-28a, an expression vector
with the T7 promoter and a His-tag, yielding pET28a-
GbCHI. The expression construct was checked for in-frame
fusion by DNA sequencing (Sangon, China). Upon induc-
tion by IPTG, GbCHI was expressed as a major soluble
protein product (Supplementary Fig. 3S, lanes 2-5). Sup-
plementary Fig. 3S Lane 6 shows the insoluble proteins
after IPTG induction for 2.0 h. The molecular weight of the
expressed recombinant protein was estimated as a 27 kDa
band with a His-tag: this size was in agreement with that
predicted by bioinformatics methods. The recombinant
GbCHI protein was purified using Nickel-NTA agarose
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affinity chromatography and the purified protein showed
the expected size (Supplementary Fig. 3S, lane 7). Western
blotting of purified recombinant GbCHI protein confirmed
its specific immune reactivity to anti-His antibodies
(Supplementary Fig. 3S, lane western blot).

The activity of GbCHI in vitro

GbCHI activities were assayed using extracts of the
recombinant expressing CHI cDNA. The reaction product of
recombinant GbCHI was detected by HPLC monitored
at 304 nm and its identity confirmed as naringenin and
naringenin chalcone by comparison to known standards
(Supplementary Fig. 4S, a). The elution profiles of ethyl-
acetate-extracted reaction products showed that CHI yielded
5-hydroxyflavanone (naringenin) from the incubation with
6'-hydroxychalcone (naringenin chalcone) as substrates
(Supplementary Fig. 45, b). On the other hand, the control
added with crude enzyme extract from E.coli + pET28a
vector had more residual substrate and less spontaneous
product (Supplementary Fig. 4S, c). To confirm the enzy-
matic cyclization by GbCHI proteins, the stereochemistry of
naringenin at the C-2 position was estimated by HPLC on a
chiral column. As shown in Supplementary Fig. 5S a and b,
(2S)-naringenin was the predominant product compared
with (2R)-naringenin in the presence of CHI protein,
whereas only a racemic mixture of naringenin was found in
the control reaction (Supplementary Fig. 5S, c¢). Compared
with a standard sample (Supplementary Fig. 6S, a), the

reaction with 6’-deoxychalcone (isoliquiritigenin) as sub-
strate showed no product resulting from GbCHI activity
(Supplementary Fig. 6S, b) and control (Supplemen-
tary Fig. 6S, c). Thus, our data suggest that GbCHI is a
type I CHI, which only accepts 6'-hydroxychalcone as a
substrate.

The relationship between GbCHI expression, GbCHI
activity, and flavonoid accumulation during ginkgo leaf
growth

To determine the temporal expression pattern of the CHI
gene in ginkgo leaves, we examined CHI gene transcrip-
tion, flavonoid content, and CHI activities at different leaf
developmental stages. RQPCR of leaves at 15 develop-
mental stages (Fig. 5) showed curves for changes in CHI
expression that paralleled the curves for relative GbCHI
activities at different developmental stages. The CHI gene
mRNA was detected at all stages, with a gradual increase
occurring from stage 1 to stage 4 and a peak at stage 4.
After a brief decline in July 18, the transcript level con-
tinued to rise to an annual peak by August 30; the highest
transcript level was 45.1107. A third peak (40.8804)
appeared on September 29, followed by a subsequent slow
decline.

The GbCHI activity showed a similar pattern during
annual leaf growth, again indicating three peaks. CHI
activity began to increase upon emergence of the leaf bud.
The first peak of activity occurred around June 13
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activity during growth of ginkgo ) o VONONS y III 2
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Table 2 Relationship between flavonoid content and CHI activity

Model summary

Model Unstandardized coefficients® Linear regression
Regression Standard Significance Multiple correlation The coefficient of Adjusted coefficient of
coefficient error coefficient determination determination
Constant 0.459 0.032 0.000 0.614 0.377 0.373
CHI activity 0.014 0.002 0.000

? Dependent variable: Flavonoid

Table 3 Relationship between CHI expression level and CHI activity

Model summary

Model Unstandardized coefficients® Linear regression
Regression Standard Significance Multiple correlation The coefficient of Adjusted coefficient of
coefficient Error coefficient determination determination
Constant 5.352 1.463 0.000 0.649 0.421 0.417
mRNA 0.467 0.047 0.000

* Dependent variable: CHI activity

(14.6167 U/min mg protein) and CHI activity declined
thereafter to a minimum by July 4 (12.0816 U/min mg
protein). A second peak and the highest yearly activity
occurred on September 11 (29.7331 U/min mg protein). A
decline followed with minimal activity on September 29. A
third peak (28.7272 U/min mg protein) was followed by a
rapid decline. The peaks of annual activity showed slight
lags behind the peak transcript levels.

Flavonoid content correlated with the seasonal patterns
of GbCHI activity. An obvious peak was noted on July 4
(0.8039), on August 13 (0.7763), on September 29(0.9383),
and on November 1(1.0994), with the annual peak
appearing on November 1. The first peak appearing on July
4 also correlated with a peak in GbCHI transcript level.
The annual peaks of flavonoid content also lagged behind
the peaks of GbCHI activity. From a commercial stand-
point, the best harvest stage for flavonoids appeared to be
from the end of September to early November. Linear
regression indicated that flavonoid content (Y1) and CHI
activity (X1) were linearly correlated (Table 2), with an
F value of 80.622, a correlation coefficient of 0.373, and a
linear equation represented by Y; = (0.014 £+ 0.002)X; +
(0.459 £ 0.032). Linear regression of CHI transcription
levels (X,) and CHI activity (Y,) showed a high correla-
tion coefficient R*> = 0.421; the F value was 96.755,
and the linear equation was represented by Y, =
(0.467 £ 0.047)X, + (5.352 £ 1.463) (Table 3). From
this, we deduced that the CHI activity and accumulation of
flavonoids in Ginkgo biloba leaves would be affected by
CHI gene transcription levels.
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Discussion
Characterization and function analysis of GbCHI

In this study, a G. biloba gene encoding a type I chalcone
isomerase was isolated and characterized. Many genes
encoding CHI from angiosperm plant species have been
isolated and characterized at the genetic, chemical, and
enzymological levels. However, cloning of a CHI gene
from a gymnosperm plant such as G. biloba has not yet
been reported. This work verifies for the first time the
presence of a CHI in a gymnosperm. According to the
analysis and comparison, GbCHI could be classified as a
member of the type I CHI family.

Classification of GbCHI as to type I was not possibly
based only on the phylogenetic tree. Studies of the three-
dimensional structure of the Medicago sativa CHI (Jez
et al. 2000) (a type I CHI) indicated the presence of four
conserved amino acid residues (Supplementary Fig. 2S)
that were essential for its activity. Amino acid analysis and
three-dimensional structural configurations of GbCHI
indicated that this enzyme was similar to a type I CHI.
Previous observations (Dixon et al. 1988; Shimada et al.
2003) have shown that CHI converts both 6'-deoxychal-
cone and 6'-hydroxynchalcone to isoflavonoids and flavo-
noids (referred to as type II CHI), while GbCHI is capable
of converting only 6¢'-hydroxynchalcone to 5-hydroxyflav-
anone (as a type I CHI). In addition, GbCHI controls the
preferred formation of the biologically active (2S)-flava-
nones. Thus, GbCHI was clearly similar to non-leguminous
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types, based on amino acid sequence and type I substrate
specificity. The non-enzymatic conversion of chalcones
yields racemic (2R/S)-flavanones. Since only (2S)-flava-
nones are intermediates of the subsequent flavonoid path-
way, CHI specificity guarantees the efficient formation of
biologically active (2S)-flavanones. Only trace amounts of
flavonoids were detected in the Arabidopsis transparent
testa 5 mutants lacking CHI activity (Shirley et al. 1995).
These results indicate that CHI activity is essential for the
in vivo production of flavonoids.

Effects of UV-B and plant growth regulator on GbCHI
expression

The ultraviolet absorbing characteristics of flavonoids have
been considered as evidence for a role in UV protection. The
induction of GbCHI by UV-B should not be surprising, since
a light-responsive element and homologous MYB/MYC
recognition sites, present in most of the phenylpropanoid
biosynthesis gene promoters studied (Solano et al. 1995;
Yoshioka et al. 2004; Xu et al. 2008b), were identified in the
5’-upstream region of GhCHI. UV exposure could induce the
expression of flavonoid synthesis-related genes allowing
flavonoids to play a role in resistance to UV damage. The
first direct evidence in support of a role for flavonoids in UV
protection came from experiments with Arabidopsis
mutants, which showed that lesions in chalcone synthase or
chalcone isomerase resulted in UV-hypersensitive pheno-
types (Li et al. 1993). A role for flavonoids in UV protection
is further supported by Bieza and Lois’ (2001) isolation of an
Arabidopsis mutant that is tolerant of extremely high UV-B
levels. This mutant shows constitutively high levels of a
number of phenolics, including flavonoids. Interestingly, the
CHI mutants were the most sensitive to UV light and showed
a corresponding decrease in flavonoids and sinapate esters
(Li et al. 1993). Indeed, flavonoids are often present in the
epidermal cell layers of leaves and in tissues that are sus-
ceptible to UV light, such as pollen and the apical meristem.
This may be the reason that the outer leaves of a ginkgo tree
have a higher flavonoid content (Cheng 2001). In response to
UV irradiation, the leaves of Ginkgo biloba showed a rapid
increase in the transcription of GbCHI, this result indicated
that the expression level of GbCHI could improve the
activity of GbCHI, further increasing the accumulation of
flavonoids in the leaves.

Changes in flavonoid levels in response to environ-
mental stimuli and at specific developmental stages were
mediated by regulated CHI expression. The synthesis of
flavonoids compounds in plants is controlled by various
factors, with enzymes and internal phytohormones as the
major regulators (Cheng et al. 2000; Cheng 2001). How-
ever, there have been few studies of exogenous hormone
responses with respect to the regulation of CHI expression.

Plant hormones play roles in flavonoid formation. For
example, ethylene (ETH) has been shown to regulate the
expression of several genes in flavonoid biosynthesis. Kush
et al. (1990) reported that ETH treatment induced transcript
accumulation of CHI, chalcone synthase (CHS), and
phenylalanine ammonia lyase (PAL) in the rubber tree
(Hevea brasiliensis). Ardi et al. (1998) observed that
exogenous ETH led to the activation of transcript accu-
mulation of CHS and flavanone-3-hydroxylase (F3H) in
Persea americana. El-Kereamy et al. (2003) discovered that
exogenous ETH could stimulate the transcription of flavo-
noid biosynthesis gene in grape (Vitis vinifera), including
CHS, F3H, and anthocyanidin synthase (ANS). The in vitro
spraying of ETP (ethephon) promoted ABA and ETH
synthesis to various degrees while it hindered GA synthesis,
but increased flavonoid content when supplied at various
levels (Cheng et al. 2004a). In the present work, transcrip-
tion of GbCHI was induced by ETH, consistent with the
observation of ethylene-responsive elements in promoter
region of GbCHI, These features suggested that GhCHI is
likely to respond to ethylene-responsive signal transduction.

One common element between the ABA-mediated
pathways and the flavonoid pathway is the role of the MYB
and MYC classes of transcription activators on target gene
expression (Abe et al. 1997). Some ABA-response ele-
ments are also present in the 5’-upstream region of the CHI
genes. Cheng et al. (2004a) reported that treatment with
ABA had significantly increased flavonoid content. In our
present study, the exogenous application of ABA triggered
a significant induction of GbCHI, together with the iden-
tification of homologous MYB/MYC recognition sites.
These results suggested that the increased flavonoid con-
tent in ginkgo leaves might be related to the triggering of
GbCHI transcription by ABA. These correlative data
indicate that ABA may play an important role in the
accumulation of flavonoids.

5-aminolevulinic acid (ALA) is a key precursor in the
biosynthesis of porphyrins such as chlorophyll and heme,
and its formation may be the rate limiting step (Von
Wettstein et al. 1995). Leaf chlorophyll and flavonoid
content are closely related (Awad et al. 2001; Cheng 2001).
Treatment with ALA can promote the biosynthesis of
flavonoids and anthocyanins (Saure 1990; Xu 2008). The
present study showed that the transcription of GbCHI could
be induced by ALA. Therefore, the expression of CHI
played an important role in the promotion of flavonoid
content.

Gibberellin (GA) speeds growth and reduces CHS
activity, lowering the accumulation of flavonoids (Carrier
et al. 1990). GA also reduced the content of flavonoids in
the root of Scutellaria baicalensis (Cai et al. 2008).
Reduced GA levels promote flavonoid accumulation
(Cheng et al. 2004b). In this experiment, exogenous
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gibberellins restrain the gene expression level of GbCHI.
Meanwhile, a primary study reveals that the exogenous GA
process can adjust and control the reduction of accumu-
lated content of ginkgo flavones, which reveals that the
reduction of ginkgo flavones by gibberellic has something
to do with the adjustment and control of the reduction of
GbCHI gene transcription level. Therefore, GA treatment
was not suitable for the cultivation of ginkgo and other
medicinal plants whose leaves are to be used as the
medicinal materials.

Cycocel (CCC) is known to inhibit gibberellins
responses (Saure 1990) and thus might stimulate formation
of flavonoids (Cheng et al. 2004a). Cheng et al. (2004a)
reported that CCC greatly increased flavonoid contents of
G. biloba leaves. In contrast, in Scutellaria baicalensis,
CCC reduced the content of flavonoids in the root while
elevating the content of lignin in the aerial parts (Cai et al.
2008). In our study, CCC greatly induced the transcription
of GbCHI consistent with accumulation of flavonoids
(Cheng et al. 2004a).

The expression patterns of the GhCHI gene
and accumulation of flavonoids in different tissues
and leaf developmental stages

The pattern of GbCHI transcript expression matched the
accumulation pattern of flavonoids (Figs. 3, 5), indicating
that the GbCHI is one of the key enzymes in the flavonoid
biosynthetic pathway in G. biloba, and is responsible for
the formation of flavonoids in different tissues. Two
POLRE cis-elements were found on the 5’ upstream region,
which act as cis factors to direct pollen-specific expression
in dicots (Bate and Twell 1998). Some SEBF-like elements
were also found in the upstream region, some of these
consensus sequences are present in promoters of fruit-
specific expression genes (Boyle and Brisson 2001;
Yamagata et al. 2002). Therefore, it can be speculated that
high levels of expression of GhCHI and enzyme activity
serve to allow accumulation of flavonoids in ovules and
stamens. Thus, control of the expression level of CHI can
be viewed as a potential approach to increase flavonoid
production in ginkgo.

Little is known regarding the expression of CHI genes at
different developmental stages in ginkgo leaves. Previous
work on temporal expression profiles reported that the
transcription of flavonoid synthesis genes was associated
with the accumulation of flavonoids (Xu et al. 2007,
2008a). In the present study, we showed that the qualitative
differences in competence for CHI activity at different
developmental stages are primarily the result of the dif-
ferences in the transcription of CHI in developing leaves.
Significant correlation was found between expression level
of CHI genes and CHI activity at all of the annual cycle
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stages of ginkgo leaves. Transcriptional controls play an
important role in regulating the overall activity of flavonoid
biosynthesis (Jaakola et al. 2002). The same correlation
was seen between CHI activity and flavonoid content
(Tables 2, 3). In early July, plants have more leaves than
they do in November, thus July would be the best time to
harvest ginkgo leaves for highest flavonoid recoveries. Our
study showed that the mRNA levels of the CHI gene and
the accumulation of flavonoids both were correlated with
CHI activity. The CHI activity paralleled the GbCHI
transcription level but not the flavonoid accumulation,
which might be explained by (1) The enzyme activities in
the various branch pathways are highly regulated, the
accumulation of flavonoids is a complex processed or (2)
Flavonoid concentrations in ginkgo leaves are not only
regulated by the involvement of genes, but also by other
factors, such as photosynthesis, tree age, season, quantity
of fertilizer application, etc. (Cheng et al. 2009).

Ginkgo biloba L. is a medicinal plant in China, and its
flavonoids can be found in standardized ginkgo leaf extract
preparations (24% flavonoids). Thus, the flavonoids are
considered to be important for the beneficial pharmaco-
logical effects of this plant (Smith and Luo 2004; van Beek
2002). Ecological factors influence flavonoid accumulation
primarily during the young stages of ginkgo leaf develop-
ment. Among all ecological factors, light, seasonal varia-
tions, and hormones are the most important (Cheng et al.
2009). This study used G. biloba leaves as experimental
material to explore the effects of regulating factors on the
synthesis of flavonoids compounds and on the modulation
of GbCHI expression and activity. The overall aim was to
provide a theoretical and practical basis for increasing the
flavonoid content of G. biloba leaves used in commercial
production. The best time for application of flavonoid-
promoting regulators and the optimum application con-
centrations still need further study. However, with the
development of molecular biology techniques that now
allow the successful cloning of genes encoding some key
enzymes, the prospect for improved synthesis of flavonoids
is optimistic.
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