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Abstract

Saussurea involucrata is a medicinal plant well known for its flavonoids, including apigenin, which has been shown to significantly
inhibit tumorigenesis. Since naturally occurring apigenin is in very low abundance, we took a transgenic approach to increase apigenin
production by engineering the flavonoid pathway. A construct was made to contain the complete cDNA sequence of the Saussurea

medusa chalcone isomerase (CHI) gene under the control of the cauliflower mosaic virus (CaMV) 35S promoter. Using an Agrobacterium

rhizogenes-mediated transformation system, the chi overexpression cassette was incorporated into the genome of S. involucrata, and
transgenic hairy root lines were established. CHI converts naringenin chalcone into naringenin that is the precursor of apigenin. We
observed that transgenic hairy root lines grew faster and produced higher levels of apigenin and total flavonoids than wild-type hairy
roots did. Over a culture period of 5 weeks, the best-performing line (C46) accumulated 32.1 mg L�1 apigenin and 647.8 mg L�1 total
flavonoids, or 12 and 4 times, respectively, higher than wild-type hairy roots did. The enhanced productivity corresponded to elevated
CHI activity, confirming the key role that CHI played for total flavonoids and apigenin synthesis and the efficiency of the current met-
abolic engineering strategy.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Saussurea involucrata Kar. et Kir. ex Maxim. has been
widely used in Chinese medicine because of its effect in pro-
moting blood circulation and anti-inflammation, and its
analgesic functions (Li et al., 1980). The main bioactive
chemical constituents of this plant are syringin, S. involuc-
rata polysaccharides, umbelliferone, and flavonoids (Wang
et al., 1986; Zheng et al., 1993; Han, 1995; Zhao and Wang,
2003). The content of total flavonoids has been established
as the criterion for quality control (Wang et al., 1996).
Among the flavonoids investigated (such as apigenin (5),
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jaceoside, hispidulin, quercetin and rutin), apigenin (5)
(5,7,4 0-trihydroxyflavone) is of particular interest (Fig. 1).
Studies on apigenin (5) have demonstrated that it can inhi-
bit the development of several types of cancers (Yin et al.,
1999; McVean et al., 2000; Wang et al., 2000) as well as its
anti-inflammatory effects (Liang et al., 1999; Gupta et al.,
2001). These properties are responsible for a growing
demand for S. involucrata and its flavonoid extracts. Sup-
ply of this medicinal plant is presently only from the wild
populations, since field cultivation of this plant remains
unsuccessful. In the wild, S. involucrata grows only on
snowy mountains at altitudes of 4000–5000 m, and now
this valuable plant species is under enormous pressure for
survival. Production of the desired flavonoids by means
of chemical synthesis could be an alternative source, only
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Fig. 1. The flavonoid pathway.
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it will be too costly for commercial application. Still
another option is to produce the bioactive compounds by
in vitro culture systems (Kieran et al., 1997), but cell lines
tend to accumulate only low levels of secondary metabo-
lites and are genetically unstable (Rhodes et al., 1990).
Our goal has been to establish an in vitro system for S.

involucrata with satisfactory efficiency of flavonoids accu-
mulation in general and apigenin biosynthesis in particular.

Hairy roots systems have attracted much attention by
their great potential for producing important pharmaceu-
ticals (Hamill et al., 1987; Yoshikawa and Furuya, 1987).
Hairy roots are normally formed when the T-DNA of the
root-inducing plasmid (pRi) resided in Agrobacterium

rhizogenes is integrated into the genome of a plant (White
and Nester, 1980). Hairy root cultures are characterized
by rapid growth, frequent branching and, more impor-
tantly, the ability to synthesize the same compounds as
the intact plants. However, in most cases the yields of spe-
cific metabolites are so low that commercial exploitation
is not possible. Metabolic engineering could be a useful
approach to boost accumulation of targeted metabolites.
We have chosen chalcone isomerase (CHI; EC 5.5.1.6)
to start our investigation in this direction. CHI is one
of the key enzymes of the flavonoid pathway (Fig. 1).
Specifically, CHI naringenin converts chalcone (3) into
(2S)-naringenin (4). Although this conversion can occur
spontaneously, CHI catalyzes this conversion by 107-fold
faster (Bednar and Hadcock, 1988). In addition, CHI con-
trols the preferred formation of biologically active (2S)-
flavanones as well (Jez et al., 2000; Jez and Noel, 2002).
In support of the notion that CHI plays critical roles in
flavonoid metabolism, Reuber et al. (1997) reported that
a barley mutant of CHI defection showed a dramatic
reduction of flavonoid levels in the primary leaf. In a
more recent study, Kim et al. (2004) described that inac-
tivation of CHI in onion resulted in a significantly
reduced amount of quercetin. Alternatively, Muir et al.
(2001) documented that overexpression of petunia chi in
tomato, was responsible for up to 78-fold increases in
fruit peel flavonols, mainly in the form of quercetinglyco-
sides. These examples suggest that CHI is a very good
candidate for genetic manipulation.

In the present work, the chi gene from S. medusa was
overexpressed in hairy roots of S. involucrata under the
control of the cauliflower mosaic virus (CaMV) 35S pro-
moter. The growth rates, as well as apigenin (5) and total
flavonoid production capacity, of the engineered hairy root
lines were compared with those of wild-type hairy roots.
2. Results and discussion

2.1. Root transformation and establishment of hairy root

lines

A. rhizogenes strain R1601 carrying pRiA4 and the bin-
ary vector pCHI (Fig. 2(a)) was able to transform S. invo-

lucrata roots. Hairy roots were formed 2–3 weeks of



Fig. 2. The pCHI plasmid used in transformation and PCR analysis of transgenic hairy root lines: (a) schematic representation of the pCHI construct.
P35S, CaMV 35S promoter; TEV, tobacco etch virus translational enhancer sequence; chi, S. medusa chalcone isomerase gene; T35S, CaMV 35S
terminator; hpt, hygromycin phosphotransferase gene; (b) representative PCR analyses for the chi, rolB and virG genes in transgenic hairy root lines. W,
wild-type hairy root induced by A. rhizogenes strain R1601; Cn, transgenic hairy root lines induced by A. rhizogenes strain R1601 with the binary vector
pCHI (‘‘n’’ indicates the line number); A, pRi from A. rhizogenes strain R1601; M, DNA marker (DGL-2000).
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inoculation on over 80% of the root explants to constitu-
tively express the Saussurea medusa chi gene. Such a high
transformation efficiency with A. rhizogenes strain R1601
was unusual, as in our previous experiments on S. medusa

with strains R1000, A4 and LBA9402 transformation rates
never exceeded 5% (Zhao et al., 2004).

About 10–15 d after hairy roots’ emergence, individual
root clones were pre-selected in 1/2 MS medium supple-
mented with 20 mg L�1 hygromycin for at least five gener-
ations. Cefotaxime was added to the medium at
300 mg L�1 until the bacteria were eliminated. The resul-
tant hairy root lines were then subcultured for 5–6 weeks
in hormone-free, 1/2 MS medium. In all cases, some trans-
genic roots turned brown and aged considerably faster than
wild-type root cultures (transformed by wild-type A. rhiz-

ogenes strain R1601 carrying only pRiA4). These brown
roots were discarded and only those that showed a good
growth capacity were maintained for further characteriza-
tion. Altogether, 15 chi-transformed lines were maintained;
they were designated C1, C7, C12, C17, C18, C20, C27,
C29, C31, C35, C41, C46, C52, C57, and C60.

The presence of chi, rolB and virG genes in the hairy
roots’ genomes was confirmed by PCR (Fig. 2(b)). All
selected transgenic lines gave two bands, one at 994 bp
and another at 862 bp. The former corresponded to the
S. medusa chi fragment and the latter to the rolB fragment.
The coexistence of the chi and rolB genes confirmed that
our root transformation was achieved as desired, by both
the pCHI and pRiA4 plasmids. Wild-type hairy roots gave
only one band corresponding to the rolB gene, which is a
proof of transformation by the pRiA4 only. Hairy root
lines obtained through transformation with A. rhizogenes

strain R1601 carrying an empty pCAMBIA1301 vector
(without chi), which were used as a second control, also
gave a band corresponding to rolB. Neither chi-trans-
formed root lines nor control hairy roots carried the virG
gene, which is present outside the T-DNA region of the
Ri-plasmid; thus the possibility of A. rhizogenes R1601
contamination of hairy root cultures was ruled out.

Considerable variations in growth capacity among indi-
vidual lines were observed after the 5-week cultivation
(Fig. 3). For example, line C46 achieved twofold higher
fresh weight than line C52. Such variations were also
observed in both groups of control hairy root lines. As pre-
viously reported for a few other hairy root systems (Jouhi-
kainen et al., 1999; Moyano et al., 2003; Palazón et al.,
2003; Zhang et al., 2004), differences in growth capacity
were quite common, since each clone arised from an inde-
pendent transformation event, depending on the presence
of certain T-DNA genes of the Ri-plasmid, mainly the
aux1 gene, in the genome of the root line obtained, growth
could be very different.

There was some indication that chi-transformed hairy
roots senesced faster than control hairy roots. Maximum
biomasses (dry weight) were achieved at 24–28 days and
30–35 days in chi-transformed and control hairy root lines
(data not shown), respectively.

2.2. Apigenin (5) production

The chi-transformed hairy roots of S. involucrata dis-
played a flavonoid spectrum similar to that of control hairy
roots, as judged from HPLC analyses (Fig. 4). As men-
tioned in earlier reports, the profiles of secondary products
are often conserved while, sometimes, concentrations of
some compounds may alter (Park and Facchini, 2000; Pal-
azón et al., 2003). In our system, there was a wide range of
apigenin (5) content among the chi-transformed root lines,
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Fig. 3. Fresh and dry weights (g L�1) of chi-transformed hairy root lines at the end of the culture period (35 d). The value for each line is the mean of three
to five determinations ±SD, and the value for control represents the mean of five individual wild-type hairy root lines ±SD.
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from 3.2 mg L�1(line C31) to 32.1 mg L�1 (line C46). These
lines were divided into three groups according to their per-
formance in apigenin production: best- (lines C17 and
C46), moderate- (lines C1, C12, C18, C20, C27, C29,
C35, C41, C52, C57 and C60), and low-performing (lines
C7 and C31). It was exciting that the majority of these lines
accumulated higher amounts of apigenin (5) than even the
best apigenin-producing wild-type lines did (p < 0.05),
except for the low-performance lines (lines C7 and C31)
(Fig. 5(a)). Furthermore, a comparison on total flavonoids
production indicated that, in spite of the considerable vari-
ations observed, the majority of the chi-transformed lines
had significantly higher flavonoids than the control lines
(p < 0.05) (Fig. 5(b)). Essentially same results were
obtained from empty vector lines as wild-type lines (not
shown). These observations strongly suggest that CHI is
a key enzyme in the flavonoid pathway, and up-regulating
CHI leads to enhanced biosynthesis of flavonoids. This
conclusion is in agreement with an earlier report for
tomato overexpressing petunia chi (Muir et al., 2001).

2.3. Expression of chi and enzyme activity

To establish a possible relationship between the consti-
tutive chi overexpression and the capacity of the hairy root
lines to synthesize apigenin, chi gene transcript levels and
CHI activity were studied in both control and chi-trans-
formed hairy roots. Two lines from each of the three cate-
gories, best-, moderate-, and low-performing, were chosen
from chi-transformed hairy roots for RT-PCR. Wild-type
hairy roots and empty vector hairy roots were also exam-
ined. It was shown that the S. medusa chi gene was tran-
scribed in all transformed hairy root lines of S.

involucrata tested, but the transcripts were detected as dif-
ferent richness (Fig. 6 (a)). No detectable difference was
found between wild-type hairy roots and empty vector
hairy roots and, thus, only results for wild-type hairy roots
were presented. In addition, the CHI enzymatic activity in
these root lines was measured simultaneously, and a good
correlation was observed between chi transcript levels and
enzymatic activities. The strongest chi expression and high
CHI activity were observed in the best-performing lines
(C17 and C46), intermediate expression and activity in
moderate-performing lines (C20 and C41), and low expres-
sion and activity in the low-producing lines (C7 and C31)
(Fig. 6). Combining results on apigenin production (above)
and CHI activity, it becomes clear that the two are posi-
tively correlated, confirming the pivotal role of chi in the
regulation of apigenin synthesis.

In summary, the present study provides an effective
approach to efficiently increase the end products of second-
ary metabolic pathways by appropriate genetic engineering
strategies. With the S. medusa chi in particular, which is an
important gene in the flavonoid pathway, its overexpres-
sion in S. involucrata hairy roots did lead to enhanced api-
genin biosynthesis.
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3. Experimental

3.1. Construction of the chi binary expression vector

The chi gene from S. medusa was amplified from the
plasmid pTripIEx2. The latter contained the complete chi

cDNA that was cloned from the Red callus line of S.

medusa in our laboratory (Jin et al., 2004). The chi gene
coding sequence thus obtained was digested with Sac I
and BamH I, and then subcloned into pRTL2 between
the CaMV 35S promoter linked to translational enhance-
ment TEV leader sequence and the CaMV 35S terminator.
The resultant construct, designated pRTL2-chi, was
digested by Pst I and a 2236-bp fragment containing the
complete chi expression cassette was obtained. This latter
cassette was cloned into the pCAMBIA1301 vector (Cam-
bia, Australia) carrying the hygromycin phosphotransfer-
ase gene (hpt) driven by the CaMV 35S promoter. The
new binary vector was referred to as pCHI (Fig. 2(a)).

The binary vector pCHI was mobilized by electropora-
tion into the armed A. rhizogenes strain R1601 containing
genes conferring resistance to kanamycin and rifampin
(MozoandHooykaas, 1991).Recombinant clones ofA. rhiz-
ogeneswere selectedwith 100 mg L�1 kanamycin, 50 mg L�1
hygromycin and 50 mg L�1 rifampin. Positive clones as
determined byPCRand enzymatic digestion for the presence
of the chi gene were used to transform S. involucrata roots.

3.2. Root transformation and hairy root culture

Genetic transformation of root explants from S. involuc-

rata was carried out following the method used to
transform S. medusa (Zhao et al., 2004). Briefly, micro-
propagated shoots of S. involucrata were rooted on 1/2
MS solid medium supplemented with 2.7 lM NAA. Root
sections of about 10 mm in length were excised from these
plants and were co-cultivated with the recombinant A. rhiz-
ogenes carrying pCHI at 25 �C for 2 d in the dark. Next,
the roots were incubated on 1/2 MS solid medium supple-
mented with 20 mg L�1 hygromycin and 500 mg L�1 cefo-
taxime for 4 weeks.

Hairy roots developed at cut ends, which normally took
place 2–3 weeks in culture, were excised and selected on 1/2
MS solid or liquid medium supplemented with 20 mg L�1

hygromycin. Cefotaxime was added to the medium at
300 mg L�1 until the bacteria were eliminated. Root cul-
tures were grown at 25 �C on a rotary shaker (90 rpm)
under a 12/12-h (light/dark) photoperiod (45 mmol photo-
ns m�2 s�1, with Osram 40-W fluorescent tubes) and rou-
tinely subcultured every 35–42 d. After a minimum of five
generations in liquid culture, rapidly growing roots were
used to establish hairy root lines. To generate a hairy root
line, about 80 mg (fr. wt) root sections of 20 mm were
transferred to 30 ml 1/2 MS liquid medium in a 100-ml
Erlenmeyer flask. As a control, hairy root lines were estab-
lished by transforming roots with wild-type A. rhizogenes

strain R1601 (wild-type control lines). A second control
was also included by transforming roots with A. rhizogenes

strain R1601 carrying a pCAMBIA1301 vector (empty vec-
tor control lines). Culture conditions were the same as for
chi-engineered hairy root lines described above.

3.3. Transgene confirmation by PCR

The S. medusa chi gene and the A. rhizogenes rolB gene
in chi-transformed hairy roots were examined by PCR.
Genomic DNA samples were obtained from both chi-engi-
neered hairy root lines and wild-type hairy roots using the
cetyl trimethyl ammonium bromide (CTAB) method
(Doyle and Doyle, 1990). A primer pair of 5 0-CCCAC-
TATCCTTCG-3 0 and 5 0-GCATGAGAGCTCTGGGCA-
CACAGATGATTT-3 0 was designed to amplify a 994-bp
fragment for the S. medusa chi gene (GenBank accession
no. AF509335). A second pair of primers, 5 0-TACT-
GCAGCAGGCTTCATGCA-3 0 and 5 0-GCTTTCCCGA-
CCAGAGACTG-3 0, would amplify an 862-bp fragment
of the rolB gene (Slightom et al., 1986). The rolB gene is
located in the T-DNA region of pRiA4 plasmid, and thus
canbeused as amarker for transformationwith this plasmid.
In addition, primers (5 0-GGCTTCGCCAACCAAT-
TTGGAGAT-3 0 and 5 0-TTTTGCTCCTTCAAGGGAG-
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Fig. 6. Analysis of chi gene expression and CHI activity: (a) RT-PCR
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GTGCC-3 0) for detecting the virG gene outside the T-
DNA of pRiA4 were also tested to eliminate the possibility
of A. rhizogenes contamination of the hairy root cultures.
Each PCR mixture contained 200 ng plant genomic DNA
(or 100 pg Ri plasmid DNA), 400 lM each primer,
200 lM dNTPs, 1.0 unit Taq DNA polymerase (TaKaRa)
and 2.5 ll 10· buffer in a total volume of 25 ll. Conditions
for the chi amplification were as follows: initial denatur-
ation at 94 �C for 4 min, followed by 30 cycles of amplifi-
cation (94 �C 1 min, 56 �C 1 min and 72 �C 45 s) and
10 min at 72�C. For rolB and virG, PCR was carried out
in the following conditions: initial denaturation at 94 �C
for 4 min, 30 cycles of amplification (94 �C 1 min, 53 �C
1 min, and 72 �C for 1 min), and 72 �C for 10 min. PCR
products were analyzed on 1.0% agarose gels.

3.4. Analyses of apigenin (5) and total flavonoids

For all established root lines, roots were collected at 3, 7,
14, 21, 28, 32, 35 and 42 d after inoculation. Following fil-
tration, roots were washed with 10 ml of distilled water
and then dried at 60 �C to a constant weight. Root samples
(1.5 g dry wt) were ground and extracted with EtOH–H2O
(30 ml, 7:3, v/v) at 25 �C for 24 h. The extracts were cleared
by centrifugation at 13,000g for 20 min. Analysis of total
flavonoids content in the chi-transformed roots of S. invo-
lucrata were performed following the protocol of Guan
et al. (1995). Wild-type hairy roots were examined as a con-
trol. Apigenin (5) levels were determined using an Agilent
1100 system (Agilent, USA) with a Zorbax 300 SB-C18
reversed-phase analytical column (250 · 4.5 mm, particle
size 4 lm). A photodiode array detector (Agilent) was used
to record online spectra (from 190 to 400 nm) of com-
pounds eluted from the column. In each case, 5 ll sample
was separated at constant ambient temperature using a gra-
dient of MeOH in 0.1% orthophosphoric acid, at a flow rate
of 1.0 ml min�1: 5–20% linear in 5 min, 20–30% in 7 min,
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30–45% in 20 min and 45–70% in 10 min, followed by a
10 min washing with MeOH–H2O (7:3) in 0.1% orthophos-
phoric acid. Peak purity, identification, and integration
were carried out on Agilent Chemstations software
A.10.02. Peak was monitored at 337 nm. The detection limit
of this system was 0.05 lg ml�1 extract, corresponding to
�5 mg kg�1 dry wt S. involucrata hairy roots.

3.5. Gene expression analysis by RT-PCR

Total RNA was isolated using Trizol (Invitrogen, USA)
from the hairy root lines after 3 weeks in culture. Reverse
transcription was performed with 1 lg total RNA using a
Promega� reverse transcription kit. An aliquot from the
reaction mixture was subjected to PCR with two pairs of
primers, one pair was used to amplify the internal standard
actin gene for a loading control, the other pair (5 0-GAT-
AAAGCCATTCCGTCAC-3 0 and 5 0-ACTCGATTACT-
GTTTGTGCC-3 0) was used to amplify the S. medusa chi

gene. PCR was carried out in the following conditions: ini-
tial denaturation at 94 �C for 4 min, 30 cycles of 94 �C 45 s,
50 �C 45 s and 72 �C 1 min, and terminated after extension
at 72 �C for 10 min. All products were examined on 1.5%
agarose gels.

3.6. CHI enzyme activity assay

CHI activity in chi-transgenic and control hairy root
lines was measured with the method employed by Fouché
and Dubery (1994) and Jez and Noel (2002). Hairy roots
cultured 3 weeks were used. First, fresh hairy roots (2 g)
were collected from the culture and washed with distilled
water and homogenized in 6 ml 120 mM potassium phos-
phate buffer (pH 8.0), containing 3 mM EDTA, 20 mM
b-mercaptoethanol, 2% hydrated polyclar AT, and
100 lM jodoacetic acid, followed by centrifugation at
12,000g for 30 min. The protein content of samples was
determined by the Bradford method (Bradford, 1976).

The standard CHI assay was performed at 25 �C by
monitoring the isomerization of naringenin chalcone (3)
at 390 nm using a Beckman DU-640 spectrophotometer.
The reaction mixture contained the following in a final vol-
ume of 1 ml: 50 mM Tris–HCl buffer (pH 7.6) containing
1% EtOH, 100 lM narigenin chalcone (3) (4,2 0,4 0,6 0-tetra-
hydroxychalcone), and an appropriate amount of the
enzyme. The rate of spontaneous cyclization of the sub-
strate was determined beforehand and was subtracted from
the rate in the presence of enzyme. Naringenin chalcone (3)
was synthesized from naringenin (4) according to the pro-
cedure of Moustafa and Wong (1967) and naringenin (4)
was purchased from Herbfine (Nanchang, China).
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