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Growth Characteristics and Catalpol Production in Chinese Foxglove 
(Rehmannia glutinosa Liboschitz) Hairy Roots Transformed with 

Agrobacterium rhizogenes ATCC15834 
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Hairy root clones of Rehmannia glutinosa were established via transformation with Agrobacterium rhizogenes 
ATCC15834. To optimize the culturing conditions for both root growth and catalpol production, effects of various 
combinations of seven basal media, pH, and carbon sources were examined under darkness. The fastest root growth 
was obtained in an SH medium containing 4% sucrose (pH 5.8); the highest catalpol content (0.54% of dry weight) 
was achieved in a WPM medium supplemented with 4% sucrose (pH 5.8). Effects of plant growth regulators and chi- 
tosan were also investigated. IAA at 2 mg L 1 significantly increased root lengths and the frequency of lateral roots. 
Chitosan (50 mg L -1) and GA3 (0.5 mg L 1) induced catalpol production, with contents calculated at 0.7% dry weight 
and 0.65% dry weight, respectively. 
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Chinese foxglove (Rehmannia glutinosa Libos- 
chitz) is a perennial herb usually distributed in cen- 
tral China. It is the major ingredient in Chinese 
medicine for treating thirst disease, and is also pre- 
scribed as an anti-bacterial and anti-inflammatory 
agent. Chinese apothecaries use either fresh or dried 
roots. The major metabolites isolated from this plant 
are sterol, campesterol, catalpo[, rehmannia, and 
some alkaloids (Takeatsu et al., 1996; Zhu, 1998). 
Iridoid glycoside exists in plants of many families 
and possesses a wide variety of biological properties, 
including purgative, liver-protective, anti-microbial, 
analgesic, anti-tumor, sedative, and anti-inflamma- 
tory activities (Ismailoglu et al., 2002). One example 
is catalpol, extracted from the foxglove roots. 

Plant cell culture for the production of useful se- 
condary metabo[ites has a number of advantages 
over conventional procedures, e.g., the assurance of 
a continuous supply of uniform-quality, highly spe- 
cialized, natural components that cannot be pro- 
duced in equal quality or specificity through 
biological means. Cell cultures also offer reliable 
quality control and availability independent of envi- 
ronmental changes. However, commercialization of 
the chemicals obtained depends mainly on identify- 
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ing appropriate techniques for increasing producti- 
vity. For most plant species, the synthesis of second- 
ary products can be enhanced by allowing the plant 
tissue to differentiate morphologically and form 
organs (Lindsey and Yeomann, 1983; Enders, 1994; 
Balandrin and Klock, 1998). 

Studies on the ca[li from R. glutinosa have been 
published (Park et al., 1999) but an Agrobacterium 
rhizogenes-mediated transformation protocol for R. 
glutinosa has not previously been reported. Hairy root 
cultures represent an interesting alternative to de-dif- 
ferentiated cell cultures for the production of second- 
ary metabolites. Because hairy roots originate from a 
single plant cell via infection with A. rhizogenes, they 
are usually considered genetically more stable than 
callus lines. Moreover, in contrast to de-differentiated 
cells, metabotite production from hairy roots is not 
repressed during the growth phase of the culture. 
Therefore, hairy roots usually produce secondary 
plant products without the loss of concentration that 
is frequently observed from callus or cell suspension 
cultures (Rhodes eta[., 1990; Toivonen, 1993; Kitti- 
pongpatana et al., 1998). 

Here, the establishment of transformed root cul- 
tures of R. glutinosa will be reported, and the effects 
of media type, pH, carbon source, plant growth regu- 
lators (PGRs), and chitosan on the development of 
hairy roots and the production of catalpol will be also 
reported. 
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MATERIALS AND METHODS 

Plant Materials 

Seeds of R. glutinosa were surface-sterilized with 
70% (v/v) ethanol for 5 rain and 1% (v/v) sodium 
hypochlorite for 10 min. They were then rinsed four 
times in sterile distilled water and placed on a half- 
strength Murashige and Skoog (1962) medium (1/2 
MS) in 110 x 20 mm Petri dishes. After the seeds 
were germinated under darkness at 25 _+ 1~ the 
plantlets were transferred to a solid MS medium con- 
taining 2% sucrose. They were maintained at 25~ 
under a light intensity of 54 ~mol m -2 s 1 from cool 
white fluorescent lamps (16-h photoperiod). 

Genetic Transformation and Selection of Root 
Clones 

To induce hairy roots, leaves from in vitro grown 
seedlings were cut into small pieces and co-cultured 
with A. rhizogenes strain ATCC15834 for 36 h in the 
dark. The induced adventitious roots were excised 
and cultured on a 1/2 MS medium containing 300 
mg L 1 cefotaxime to eliminate the bacteria. Five 
transformed root clones obtained after the excision of 
single roots were maintained and propagated in the 
dark on a hormone-free MS medium supplemented 
with 3% sucrose. 

Culture of Hairy Root Clones 

Seven different media were tested for their effects 
on biomass yield and catalpol production: 1/2 MS, 
full-strength MS, B5 (Gamborg et al., 1968), LS (Lins- 
maier and Skoog, 1965), SH (Schenk and Hilden- 
brandt, 1972), WPM (Lloyd and McCown, 1980), and 
NN (Nitsch and Nitsch, 1969). After autoclaving, the 
media pH was adjusted with 1 N NaOH to a value of 
4.8, 5.8, or 6.8. All experiments were carried out in 
100-mL Erlenmeyer flasks containing 40 mL of the li- 
quid medium, inoculated with ca. 0.05 g (fresh 
weight) tissue. Sub-culturing was done at three-week 
intervals. The flasks were incubated on a rotary shaker 
at 100 rpm at 25 _+ 1~'C under darkness. After 12 
weeks of culture, biomass dry weights and catalpol 
contents were determined. 

Treatment with Plant Growth Regulators 

To select the optimal combination that supported 
hairy root growth and stimulated catalpol synthesis, 

effects of supplemental PGRs in basal media containing 
4% sucrose were tested. PGRs were added after the 
media were sterilized with a 0.45 ~m membrane filter. 

Chitosan Treatment 

Chitosan (Sigma, USA) was dissolved in 6% (w/v) 
acetic acid, and the insoluble materials were removed 
by centrifugation. The dissolved chitosan was precipi- 
tated by the addition of 5N NaOH, then recovered 
by centrifugation. This procedure was repeated twice. 
The chitosan residue was washed three times with 
distilled water and freeze-dried (Merkli et al., 1997). 
The final chitosan concentrations in the hairy root cul- 
tures ranged from 5 to 500 mg L -1. Besides being a 
simple elicitor, chitosan permeabilizes plant cell and 
tissue cultures. Therefore, the chitosamdependent 
change in catalpol concentration in the liquid media 
was also determined. 

Sample Preparation and Analytical Methods 

The content of cataIpo[, the predominant secon- 
dary metabolite from R. glutinosa, was determined 
according to the method of Park et al. (1990). Hairy 
roots were harvested and lyophilized to measure 
metabolite contents. Lyophilized samples (ca. 1 g dry 
weight) were crushed and extracted with 80% metha- 
nol. Following filtration through a 0.45 I~m Millipore 
filter, the root extracts were subjected to HPLC analy- 
sis. The chromatographic separation was carried out 
on a Capcel[ pack C18 reverse-phase column; UV lev- 
els were detected at 218 nm. The mobile phase con- 
tained 1:100 (v:v) acetonitrile:water, at a flow rate of 
1.2 ml min 1. Catalpo[ concentrations were quanti- 
fied with an external standard of catalpol (Wako, 
Japan). For fresh-weight determinations, the roots 
were gently pressed on filter papers to remove excess 
water and weighed. They were then freeze-dried for 
a minimum of 48 h at 10-1 mbar (-42~C) before their 
dry weights were recorded. 

RESULTS AND DISCUSSION 

Hairy root cultures of R. glutinosa were established 
by co-cultivating sterile leaf segments with A. rhizo- 
genes. These roots were easily identified by their 
rapid, highly branching, plagiotropic pattern of 
growth, and usually covered the surface of the solid 
medium within 3 to 4 weeks (Fig. 1A and B-l). Hairy 
root clones, derived from a single hairy root mer- 
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Figure 1. (A) Transformed roots induced from leaf explants by co-cultivating with A. rhizogenes. (B) Hairy root cultures on solid 
1/2 medium (B-l) and SH medium (B-2) containing 4% sucrose. (C) Hairy roots cultivated in liquid WPM medium containing 
4% sucrose, pH 5.8, after 12 weeks. 

istem, may show variability in their branching fre- 
quency, growth rate, and production level (Mano et 
al., 1989; Bhadra et al., 1993). Here, 15 adventitious 
root clones based on the phenotypic characteristics of 
their roots on a solid medium with 2% sucrose were 
selected. The most actively growing strain RH 105 
was isolated and used for determining the optima[ 
culturing conditions. 

Effects of Media, Carbon Source, and pH on Root 
Growth and Catalpol Biosynthesis 

Manipulation of media components is an important 
strategy for improving the yield of useful secondary 
metabolites through cell and tissue culture (Ikeda et 
al., 1976; Mizukami et al., 1977; Wysokinska and 
Chmiel, 1997; Yamamoto and Kamura, 1997). Merkli 
et al. (1997) have reported that, for Trigonella foe- 
num-graecum hairy root cultures, the fastest growth is 
obtained in a WPM medium, with the highest con- 
tent of diosgenin being observed in a half-strength 
WPM medium. However, Ikenaga et a[. (1995) have 
achieved optimal growth and steroidal saponin pro- 
duction in 5olanum aculeatissimum hairy root cultures 
using a B5 medium containing 3% sucrose. On the 
growth of R. glutinosa hairy roots, the optimal peffor- 

mance, expressed as root dry weight per flask, was 
attained in the hormone-free SH medium (Fig. 1B-2 
and 2). In contrast, neither RCM nor B5 medium 
were suitable for promoting the growth of hairy roots. 
Catalpol production, quantitared as % of dry weight, 
was also affected by media choice, with a high con- 
tent being measured from tissues cultured in the hor- 
mone-free WPM medium (Fig. 1C, 2). Therefore, fur- 
ther experiments will be required to investigate the 
relationship between tissue growth and metabolite 
production as a function of media composition. 

The effects of sucrose concentration on growth and 
the yield of secondary products have been examined 
in a number of plant tissue culture systems (Ikeda et 
a[., 1976; Amorim et a[., 1977; Sato et al., 1991). 
Transformed roots are sensitive to the combination of 
media components, especially mineral ions and car- 
bon source, with regard to both growth and produc- 
tivity (Wysokinska and Chmiel, 1997). Here, it was 
found that both growth and catalpol content were 
highest when the media were supplemented with 4% 
sucrose. These results are similar to those in hairy root 
cultures from other medicinal herbs (Bakkali et al., 
1997; Giri et al., 1997; Liu et al., 1997). A high 
sucrose concentration is also necessary for promoting 
the high yield of shikonin derivatives in Lithospermum 



Catalpol Production in Rehmannia Hairy Root Cultures 383 

Figure 2. Effects of basal media on growth and catalpol con- 
tent in hairy root cultures of R. glutinosa. 

erythrorhizon, so[asodine in Solanum aviculare, arte- 
misinin in Artemisia annua, and diosgenin in Dioscorea 
deltoides (Mizukami et a[., 1977; Battat et al., 1989; Liu 
et al., 1997; Kittipongpatana et al., 1998). In contrast, 
when the sucrose concentration exceeds 3%, growth 
can be inhibited and morphologies modified, with 
roots appearing callused and lacking lateral branching, 
probably due to osmotic stress (Hami[I et al., 1986; 
Nguyen et al., 1992). In the present experiments, 
sucrose concentration over 10% retarded early devel- 
opment and caused prolonged root growth. Although 
both sucrose and glucose are widely used in plant tis- 
sue culture as carbon sources, transformed roots may 
show different growth rates in response to the available 
carbon, depending on their genotype. Jung et a[. 

(1992) have proposed that catharanthine production in 
hairy root cultures of Catharanthus roseus can double 
when fructose is supplemented. However, the use of 
fructose also results in an approximately 40% decrease 
in root growth compared with the effect of sucrose. In 
the present study, growth and catalpol production 
were the highest when sucrose was supplied as the 
sole carbon source. All other sources, i.e., fructose, glu- 
cose, and lactose, had no positive effects on catalpol 
content (data not shown). These experimental results 
are in agreement with those reported by Zenk et al. 
(1975) for Morinda citrifolia cultures. 

Although hairy root development was similar at pH 
5.7 or 5.8, catalpol production was higher (0.54% of 
dry weight) at pH 5.8 (Fig. 4). Root growth was 
slightly inh ibited below pH 5.2 and above pH 6.2. In 
addition, it is noteworthy that in all cases, the media 
pH remained stable from the beginning to the end of 
the culture period. For Z foenum-graecum trans- 
formed root cultures, the effect of media pH is more 
pronounced for diosgenin content, but it does not 
influence root growth (Merkli et al., 1997). Liu et al. 
(1998) have also reported that the dry weights of 
hairy root cultures are almost constant for pH 
between 5,0 and 6.5, but the optimum for artemisi- 
nin accumulation was at pH between 5.7 and 5.8. 

Effect of Exogenous PGRs on Growth and Catalpol 
Biosynthesis 

The media for hairy root cultures normally do not 
require supplemental PGRs because the genes that 

Figure 3. Effects of sucrose on growth and catalpol content in hairy root cultures of R. glutinosa. 
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Figure 4. Effects of medium pH on growth and catalpol content in hairy root cultures of R. glutinosa. 

increase sensitivity to auxin are present in the Ri plas- 
mid. However, exogenous auxins or cytokinins can 
affect root growth and the formation of secondary 
products. This response might be related to insuffi- 
cient synthesis of endogenous plant hormones in the 
transformed roots as well as the expression of rol 
genes (Wysokinska and Chmiel, 1997). In the present 
study, growth was most rapid in hairy root cultures of 
R. glutinosa when the basal medium contained 2 mg 
L 1 IAA (Table 1); IBA and NAA were less effective. 
However, the addition of cytokinin decreased hairy 
root growth and stimulated callus formation; 2,4-D 
and ABA also reduced biomass and catalpol produc- 
tion. The cytokinin-enhanced increase in root growth 
was the result of greater branching and root elonga- 
tion rates. Similarly, Sato et al. (1991) have demon- 
strated with Rubia tinctorum that hairy roots cultured 
in the presence of IAA have maximal growth rates 
and the highest level of alkaloid production. 

It has been reported that IAA and GA3 supplemen- 
tation to hairy root cultures of Panax ginseng improves 
growth ratios and metabolite contents, respectively 
(Hwang et al., 1999). Yamamoto and Kamura (1997) 
have also noted a five-fold increment in hairy root 
growth for Bupleurum falcatum within 8 weeks when 
propagated in an MS medium containing 5 ~M IBA. 
Moreover, they have observed the formation of many 
lateral roots of normal appearance. However, Liu et 
al. (1997) have reported that root cultures of Artemi- 
sia annua have strongly inhibited root-tip elongation 
and a corresponding reduction in biomass. Rhodes et 
al. (1994) have shown that growing hairy root cultures 

Table 1. Effects of PGRs on growth of R. glutinosa hairy root 
cultures. 

Fresh weight Dry weight 
PGRs (rag L 1) (g/flask) (g/flask) 

IAA 0.5 14 .3_+0 .2  0.33_+0.02 
1 14.7_+0.2 0.38_+0.03 
2 15.4_+0.3 0.43_+0.02 

IBA 0.5 14.2_+0.3 0.31 _+0.02 
1 14.1 _+0.4 0.26_+0.03 
2 13.7_+0.4 0.27_+0.03 

NAA 0.5 14.1 _+0.1 0.26_+0.02 
1 14.3+0.3 0.31 +0.03 
2 14.0_+0.3 0.21 _+0.02 

2,4-D 0.5 13 .1_+0 .3  0.15+0.03 
1 12.6+0.4 0.13+0.04 
2 12.1 _+0.4 0.17_+0.03 

Experiment was done in duplicate. Mean_+SD. 

of Nicotiana rustica in a basal medium containing 
auxin and low-level kinetin results in disorganized 
roots and a decrease in nicotin biosynthesis. 

Hairy roots of R. glutinosa in the present study accu- 
mulated higher levels of catalpol when 0.5 mg U 1 GA~ 
was added to the WPM medium (Table 2). These 
results are similar to those obtained for hyosyamine 
production in Datura stramonium and artemisinin 
production in Artemisia annua (Robins et al., 1991; 
Liu et a[., 1997). However, in hairy root cultures of 
that latter species, GA greatly stimulates increase in 
fresh weight, mainly due to enhanced branching, 
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Table 2. Effects of PGRs on catalpol production in hairy 
root cultures of R. glutinosa. 

Catalpol contents 
PGRs (mg L -~) (% dry weight) 

IAA 0.5 0.43+0.02 
1 0.48_+0.02 
2 0.53_+0.03 

IBA 0.5 0.41 +0.02 
1 0.36~-0.02 
2 0.37• 

GA3 0.5 0.65+0.02 
1 0.41 _+0.03 
2 0.32_+0.03 

BA 0.5 0.25_+0.03 
1 0.21 _+0.03 
2 0.1 7_+0.04 

Experiment was done in duplicate. Mean-SD. 

with 3% sucrose. After 12 weeks of culture, the addi- 
tional chitosan had little effect on growth, but did 
cause increased catalpol production (Fig. 5). The 
medium supplemented with 50 mg L 1 chitosan 
showed the highest catalpol content (0.70% of dry 
weight), 1.3-fold greater than that measured in the 
control. However, this higher chitosan concentration 
also inhibited hairy root growth and, subsequently, 
led to reduced catalpol production. These results 
agree with those of Merkli et al. (1997), who demon- 
strated that culturing hairy roots of T. foenum-graecum 
in a medium containing 40 mg L 1 chitosan have little 
effect on growth when compared with the control, 
but significantly increase the diosgenin content. 
When the effect of various chitosan concentrations 
on the release of compounds was assayed, no ca- 
talpol was detected in any of the media. 
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Figure 5. Effects of chitosan on growth and catalpol produc- 
tion in hairy root cultures of R. glutinosa. 

while simultaneously inhibiting the production of total 
alkaloids (Liu et al., 1997). Therefore, the differing 
effects of PGRs on growth and secondary metabolite 
production are probably related to the genotype and 
physico-chemical characteristics of the explants. 

Effects of Chitosan on Growth and Catalpol Bio- 
synthesis 

Chitosan, a polymer of beta-l,4-D-glucosamine, is 
obtained by alkaline hydrolysis of shellfish chitin. It is 
well known as an inducer of plant secondary metabo- 
lites (Funk and Brodelius, 1990). To test whether sup- 
plemental chitosan influences hairy root growth and 
catalpol accumulation, different concentrations of 
chitosan were added to basal media supplemented 

LITERATURE CITED 

Amorim HV, Dougall DK, Sharp WR (1977) The effect of 
carbohydrate and nitrogen concentration on phenol 
synthesis in Paul's Scarlet Rose cells grown in tissue cul- 
ture. Physiol Plant 39:91-94 

Bakkali AT, Jaziri M, Ishimaru K, Tanaka N, Shimomura K, 
Yoshimatsu K, Homes J, Vanhaelen M (1997) Tannin 
production in hairy root cultures of Lawsonia inermis. J 
Plant Physiol 151 : 505-508 

Balandrin MJ, Klock JA (1998) Medicinal, aromatic and 
industrial materials from plants,/n IY Bajaj, ed, Biotech- 
nology in Agriculture and Forestry, 4. Medicinal and 
Aromatic Plants. Springer-Verlag, Berlin, pp 1-36 

Battat E, Rokem JS, Goldgerg I (1989) Growth of Dioscorea 
deltoides at high sugar concentrations. Plant Cell Rep 7: 
652-654 

Bhadra R, Vani S, Shank JV (1993) Production of indole 
alkaloids by selected hairy root lines of Catharanthus 
roseus. Biotechnol Bioeng 41:581-592 

Enders R (1994) Plant Cell Biotechnology. Springer-Verlag, 
Berlin, pp 149-163 

Funk C, Brodelius P (1990) Influence of growth regulators 
and an elicitor on phenylpropanoid metabolism in sus- 
pension cultures of Vanilla plantifolia. Phytochem 29: 
845-848 

Gamborg OL, Miller RA, Ojima K (1968) Nutrient require- 
ments of suspension cultures of soybean root cells. Exp 
Cell Res 50:151-158 

Giri A, Banerjee S, Ahuja PS, Giri CC (1997) Production of 
hairy roots in Aconitum heterophyllum Wall. using Agro- 
bacterium rhizogenes. In Vitro Ceil Dev Biol Plant 33: 
280-284 

Hamill JD, Parr AJ, Robins RJ, Rhodes MJC (1986) Second- 
ary product formation by cultures of Beta vulgaris and 



386 Hwang J. Plant Biol. Vol. 48, No. 4, 2005 

Nicotiana rustica transformed with Agrobacterium rhizo- 
genes. Plant Cell Rep 5:111-114 

Hwang SJ, Kim KS, Pyo BS, Hwang B (1999) Saponin pro- 
duction by hairy root cultures of Panax ginseng CA 
Meyer. Biotechnol Bioprocess Eng 4:309-312 

Ikeda T, Matsumoto T, Noguchi M (1976) Effects of nutri- 
tional fact(~{rs on the formation of ubiquinone by 
tobacco plant cells in suspension cultures. Agric Biol 
Chem 40:1 765-1770 

Ikenaga T, Oyama T, Muranaka T (1995) Growth and ste- 
roidal saponin production in hairy root cultures of 
Solanum aculeatissimum. Plant Cell Rep 14:413-41 7 

Ismailoglu UB, Saracoglu I, Harput US, Sahin-Erdemli I 
(2002) Effects of phenylpropanoid and iridoid glycosides 
on free radical-induced impairment of endothelium- 
dependent relaxation in rat aortic rings. J Ethnopharma- 
col 79:193-197 

Jung KH, Kwak SS, Kim SW, Lee H, Choi CY, Liu JR (1992) 
Improvement of the catharanthine productivity in hairy 
root cultures of Catharanthus roseus by using monosac- 
charides as a carbon source. Biotechnol Lett 14: 695- 
700 

Kittipongpatana N, Hock RS, Porter JR (1998) Production 
of solasodine by hairy root, callus, and cell suspension 
cultures of Solanum aviculare Forst. Plant Cell Tiss Org 
Cult 52:133-143 

Lindsey K, Yeomann MM (1983) The relation between 
growth rate, differentiation and alkaloid accumulation 
in cell cultures. J Exp Bot 34:1055-1065 

Linsmaier EM, Skoog F (1965) Organic growth factor 
requirements of tobacco tissue cultures. Physiol Plant 
18:100-127 

Liu C, Wang Y, Guo C, Ouyang F, Ye H, Li G (1998) 
Enhanced production of artemisinin by Artemisia annua 
L. hairy root cultures in a modified inner-loop airlift 
bioreactor. Bioprocess Eng 19:389-392 

Liu CZ, Wang YC, Outang F, Ye HC, Li GF (1997) Produc- 
tion of artemisinin by hairy root cultures of Artemisia 
annua L. Biotechnol Lett 19:927-929 

Lloyd G, McCown B (1980) Commercially (easible micro- 
propagation of Mountain laurel, Kalmia latifolia, by use 
of shoot tip culture. Comb Proc tnt Plant Prop Soc 30: 
421-427 

Mano Y, Ohkawa H, Yamada Y (1989) Production of tro- 
pane alkaloids by hairy root cultures of Duboisia leich- 
hardtii transformed by Agrobacterium rhizogenes. Plant 
Sci 59:191-201 

Merkli A, Christen P, Kapetanidis I (1997) Production of 
diosgenin by hairy root cultures of Trigonella foenum- 
graecum L. Plant Cell Rep 16:632-636 

Mizukami H, Konoshima M, Tabata M (1977) Effects of 
nutritional factors on shikonin derivative formation in 

Lithospermum callus cultures. Phytochem 16: 1183- 
1187 

Murashige T, Skoog F (1962) A revised medium for rapid 
growth and bioassay with tobacco tissue culture. Phy- 
siol Plant 15:473-479 

Nguyen C, Bourgaud F, Forlot P, Guckert A (1992) Estab- 
lishment of hairy root cultures of Psoralea species. Plant 
Cell Rep 11 : 424-497 

Nitsch JP, Nitsch C (1969) Haploid plants from pollen 
grains. Science 164:85-87 

Park CH, Seong NS, Kim SK, Paek KY (1999) Characteris- 
tics in tissue cultured plants of Chinese foxglove (Reh- 
mannia glutinosa Libosch.). Kor J Plant Tiss Cult 26: 
205-210 

Rhodes MJ, Parr AJ, Gjulietti A, Aird EL (1994) Influence of 
exogenous hormones on the growth and secondary 
metabolite formation in transformed root cultures. Plant 
Cell Tiss Org Cult 38:143-151 

Rhodes MJ, Robins RJ, Hamill JD, Parr AJ, Hilton MJ, Wal- 
ton NJ (1990) Properties of transformed root cultures, 
/n BV Charlwood, MJ Rhodes, eds, Secondary Products 
from Plant Tissue Culture. Clarendon Press, Oxford, pp 
201-225 

Robins RJ, Bent ES, Rhodes MJC (1991) Studies on the bio- 
synthesis of tropane alkaloids by Datura stramonium L. 
transformed root cultures: 3. The relationship between 
morphological integrity and alkaloid biosynthesis. Planta 
185:385-390 

Sato K, Yamazaki T, Okuyama E, Yoshihira K, Shimomura 
K (1991) Anthroquinone production by transformed 
root culture of Rubia tinctorum. Phytochem 30: 1507- 
1509 

Schenk RU, Hildebrandt AC (1972) Medium and tech- 
niques for induction and growth of monocotyledonous 
and dicotyledonous plant cell cultures. Can J Bot 50: 
199-204 

Takeatsu K, Paul PHB, Guo JX, Chung KS, Han BH (1996) 
International Collection of Traditional and Folk Medicine, 
Vol 1. World Scientific, Singapore, pp 148-150 

Toivonen L (1993) Utilization of hairy root cultures for pro- 
duction of secondary metabolites. Biotechnol Prog 9: 
12-20 

Wysokinska H, Chmiel A (1997) Transformed root cultures 
for biotechnology. Acta Biotechnol 2:131-159 

Yamamoto O, Kamura K (1997) Production of saikosapo- 
nin in cultured roots of Bupleurum falcatum L..Plant Tiss 
Cult Biotech 3:139-147 

Zenk MH, EI-Shagi H, Schutle U (1975) Anthroquinone 
production by cell suspension cultures of Morinda citri- 
folia. Planta Med Suppl 79 

Zhu UP (1998) Tonifying herbs, /n Chinese Materia Me- 
dica. Harwood Academic Pub, Groningen, pp 583-384 




