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Abstract A transformed root clone of Datura candida x
D. aurea was established following infection with Agro-
bacterium rhizogenes strain A4. This clone was examined
for its growth and hyoscyamine and scopolamine content
under various culture conditions. Among the three basal
culture mediatested, half-strength Gamborg’'s B5 medium
supplemented with 5% sucrosewasthe best for root growth
(288 mg dry weight/flask) and full-strength B5 medium for
hyoscyamine and scopolamine content (0.36 and 0.17%
dry weight, respectively). Experiments with exogenous ni-
trate added to the medium revealed that the biomass in-
creased (353 mg dry weight/flask) and the hyoscyamine
content improved remarkably (0.54% dry weight), but that
the scopolamine content wassignificantly reduced. Thead-
dition of various precursorsat two different concentrations
did not significantly modify root growth. Feeding (R,S)-
phenyllactic acid stimulated the biosynthesis of both alka-
loids, whereas the addition of ornithine specificaly re-
duced the scopolamine content.

Key words Datura candida x D. aurea - Transformed
roots - Hyoscyamine - Scopolamine - Medium
optimization

Abbreviations MS Murashige and Skoog medium -
N/A nitrate/ammonium - WP McCown’s woody plant me-
dium

Introduction

Several species belonging to the genus Datura are culti-
vated for their tropane alkal oid content. Recently, there has
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been considerable interest in the production of this class
of compounds by genetically transformed root cultures. In
addition, hybridization offers a means to develop new
chemical varieties of plants, possibly superior to either of
the parents. The genus Datura has received some attention
with respect to alkaloid production with the research work
of Evans (1979). The hybrid possibility has been investi-
gated by crossing Datura candida, a white-flowered tree
datura, with D. aurea, a closely related yellow-flowered
form (El-Dabbas and Evans 1982, El-Imam and Evans
1990). The alkaloid content in the aerial parts of the F;
generation of D. candida x D. aurea reached 0.68-0.72%
(dry weight) scopolamine and 0.17-0.19% (dry weight)
hyoscyamine. The combination of traditional breeding
methods with modern plant biotechnology may thus find
application in the improvement of medicinal plants.

Transformed root cultures of D. candida x D. aurea
have already been reported by Robins et a. (1990). With
GC-MS they identified 36 tropane akaloids and deriva-
tives, among which hyoscyamine and scopolamine were
the main compounds: 0.046% (fresh weight) and 0.030%
(fresh weight), respectively. The activities of six enzymes
were also investigated to determine the probable factors
limiting metabolic flux in the biosynthetic pathway. How-
ever, the culture medium had not been optimized.

Aspart of our investigationsinto the production of hyos-
cyamine and scopolamine by tissue cultures (Christen
et al. 1989, 1992; Dupraz et a. 1994), we report here on
the establishment of hairy roots of D. candida x D. aurea
by inoculation with Agrobacterium rhizogenes strain A4
and the examination of culture conditions. Factors influ-
encing root growth and hyoscyamine and scopol aminepro-
duction are evaluated and discussed.

Materials and methods
Bacteria and plant material

A. rhizogenes strain A4 (pRiA4) was kindly provided by Dr. Kama-
da of Tsukuba University, Ibaraki, Japan. The bacteria were grown



406

on solid yeast mannitol broth (Ooms et al. 1985) medium and sub-
cultured at 1-month intervals. Seeds (F; generation) of D. candida x
D. aurea were a generous gift of Dr. Evans from the University of
Nottingham, UK.

Establishment of hairy root cultures

Seedswere surface sterilized for 12 minin a2% (wt/vol) sodium hy-
pochlorite solution supplemented with two drops of Triton X-100
(Fluka, Switzerland), thoroughly rinsed with sterile distilled water
and sown on wet filter paper in Petri dishesin darkness at 26°C. One
week after germination, the plantlets were transferred to solid hor-
mone-free Murashige and Skoog (1962) (M S) medium (Sigma, USA)
containing 2% sucrose and adjusted to pH 5.8 before autoclaving,
and cultivated at 26°C with a daily 16 h photoperiod (light source:
Sylvania Gro-Lux, 700 lux).

The stems of 17-day-old sterile plantlets were infected with
A. rhizogenes and 11 days after inoculation, the first hairy roots ap-
peared at theinfection sites. Root segments 10-15 mm long were cut
off and transferred into hormone-free half-strength Gamborg (1970)
B5 liquid medium (Sigma, USA) containing 3% sucrose (1/2 B5-3)
and 0.25 g/l cefotaxime and 1 g/l ampicillin (Sigma, USA). After
elimination of the bacteria, the hairy roots were inoculated in
1/2 B5-3 (50 ml in 250-ml conical flasks), cultured in darkness at
26°C on gyratory shakersat 80 rpm and subcultured at 4-week inter-
vals.

Opine detection

Agropine, agropinic acid, mannopine, and mannopinic acid were an-
alyzed by paper electrophoresis essentially according to Petit et al.
(1983).

Analysis of alkaloids

The hairy roots were harvested and the fresh and dry weights after
lyophilization were determined. Typically, about 40 mg (dry
weight) were extracted with a 50-ml mixture of CH,Cl,:Me-
OH:25% NH,OH (15:5:1) for 20 min. After centrifugation, theres-
idue was washed successively with 5 ml MeOH and 5 ml CH,Cl,
and the combined filtrates were evaporated, redissolved in 5 ml
CH,Cl,, mixed with 2 ml 5% NH,OH and concentrated to a vol-
ume of 2 ml. The solution was applied onto an Extrelut-3 column
(Merck, Germany) and eluted with 25 ml CH,Cl,. The organic el-
uate was evaporated to dryness and the residue was dissolved in
1 ml MeOH. Half of the solution was evaporated under nitrogen
and theresidue was dissolved in 1.0 ml CH3CN containing 0.005%
(m/V) benzylamine (Fluka, Switzerland) as internal standard. The
content of hyoscyamine and scopolamine was analyzed by HPLC
onaNucleosil 100-5 CN stainlesssteel column [25 cm longx4 mm
internal diameter (i.d.)] fitted with a Nucleosil 100 CN
(11 mmx4 mm i.d.) precolumn (Macherey-Nagel, Germany). Af-
ter injection of 20 pl of sample solution, the columnwas eluted i so-
cratically at 30°C with a mixture of CH;CN:acetate buffer (95:5)
at aflow rate of 1 ml/min. The buffer containing 0.06 m ammoni-
um acetate and 0.03 m acetic acid was adjusted to pH 4.0 with hy-
drochloric acid. Hyoscyamine and scopolamine were detected at
210 nm. For quantitative analysis, the system was calibrated with
reference alkaloids obtained commercially (Sigma). Standard
curveswerefitted with linear regression andtheir linearity wastest-
ed (Geigy Scientific Tables 1982). Controls containing known
amounts of alkaloids were also set up to determine the efficiency
of the extraction process. The mean extraction rates were 95.5%
for hyoscamine and 98.5% for scopolamine. Specificity of the
method was verified by thermospray liquid chromatography-mass
spectrometry (Nussbaumer 1996). Liquid medium (50 ml) was bas-
ified to pH 12 with 25% NH,OH and extracted with 8 ml CH,Cl,
(threetimes) asdescribed above and analyzed using the sasme HPLC
conditions.
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Fig. 1 Growth and alkaloid content in Datura candida x D. aurea
hairy roots cultured in different liquid media for 4 weeks. Values
with different |lower-caselettersare significantly different at P<0.05

Statistical analysis and presentation of the results

Statistical analysis (P=0.05) was carried out according to Bartlett's
test (homogeneity of the variance) and the results were classified ac-
cording to Duncan’s multiple-range test (Geigy Scientific Tables
1982). Means followed by the same letter on the histograms are not
significantly different from each other. In all cases, values represent
the means of five replicate flasks for each treatment, each flask as-
sayed in triplicate.

Results and discussion
Effects of basal medium

The selected hairy root clone of D. candida x D. aureawas
cultured in different growth media supplemented with 5%
sucrosefor 4weeks, and examined for growth andfor hyos-
cyamine and scopolamine content. The mediatested were
B5, MS and McCown’s woody plant medium (Lloyd and
McCown 1980) (WP) at half and full strengths. As shown
in Fig. 1, root growth was not strongly affected by the dif-
ferent culture media. Maxi mum growth was obtai ned when
the roots were cultured in half-strength B5 medium
(288 mg dry weight) whereas the biomass was signifi-
cantly lower in half-strength WP-5 (234 mg dry weight).
Inthefour other media, intermediate growth was observed.
In contrast, the culture media had a significant impact on
the alkaloid content. In all cases, hyoscyamine was the
main alkaloid. The highest concentrations of hyoscyamine
and scopolamine were observed in B5-5 medium and
reached 0.36 and 0.17% dry weight, respectively. Further-
more, this medium allowed a reasonable growth of the
transformed roots (273 mg dry weight). Consequently, the
akaloid yield reached in this medium was 0.98 and
0.47 mg/flask for hyoscyamine and scopolamine, respec-
tively. This medium also yielded the highest scopolamine
levels, and the hyoscyamine/scopolamine ratio reached
2.22. In the other media, the hyoscyamine level fluctuated
between 0.20% (dry weight) in 1/2 B5-5 and 0.26% (dry
weight) in WP-5. The scopol amine content wasmorestable
and fluctuated between 0.07 and 0.09% (dry weight), ex-
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Fig. 2 Growth and alkaloid content in D. candida x D. aurea hairy
roots cultured in B5 liquid medium with different sucrose concen-
trations for 4 weeks. Values for different lower-case letters are sig-
nificantly different at P<0.05
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Fig. 3 Growth, akaloid content and hyoscyamine/scopolamine
(H/S) ratioin D. candida x D. aurea hairy roots cultured in B5 me-
dium containing 5% sucrose and supplemented with various concen-
trationsof NH; and NO3 for 4 weeks. Val uesin square brackets show
the dry weight per flask (mg). Results with different lower-case let-
ters are significantly different at P<0.05

cept in 1/2 MS-5, in which it dropped to 0.04%. In these
media, the hyoscyamine/scopolamineratio varied between
2.81(1/2B5-5) and 4.40 (1/2 M S-5) and thuswere not sulit-
able conditions for high scopolamine content.

The culture media were also examined for alkaloid re-
lease. In all cases, no alkaloid was detected in the culture
media. This result is in good agreement with those previ-
ously reported with hairy root cultures of other Datura spe-
cies (Robins et al. 1990, Dupraz et al. 1994)

Effects of sucrose concentration

The hairy roots cultured in Gamborg B5 medium with su-
crose concentrations between 3 and 8% were examined.
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Results for biomass and alkaloid content after 28 days are
shown in Fig. 2. Root growth was fastest in medium sup-
plemented with 5% sucrose (273 mg dry weight). Thisis
about two times higher than in medium containing 3% su-
crose, for which the root growth was slowest (131 mg dry
weight). On the other hand, the alkaloid content was not
strongly affected by the different sucrose concentrations.
There was no significant difference in the hyoscyamine
content between media supplemented with 4—7% sucrose
(0.37% dry weight), whereas the level was 0.32% (dry
weight) in 3% sucrose and 0.34% (dry weight) in 8% su-
crose. The scopolamine content wasfoundto bevery stable
independently of the sucrose concentration and fluctuated
between 0.14% (dry weight) in B5-3 and 0.17% (dry
weight) in B5-5. Therefore, there is no direct influence of
sucrose on the biosynthetic capacity or the hyoscya-
mine/scopolamine ratio of the root cultures. On the basis
of theseresults, B5 medium supplemented with 5% sucrose
was selected for further investigations.

Effects of NO3 /NH ratio

Muranaka et al (1992) reported that hairy roots of Duboi-
sialeichhardtii cultured in modified Heller’s medium con-
taining 37 mm nitrate and no ammonium released scopol-
amine into the growth medium. Since B5-5 medium was
suited for growth and alkaloid production, hyoscyamine
and scopol amine rel ease were examined in media contain-
ing fivedifferent nitrate/ammonium (N/A) ratios and com-
pared with unmodified B5-5 medium (N/A ratio: 25/2), as
shown in Fig. 3.

Transformed roots (50 mg fresh weight) were cultured
in B5-5 medium for 4 weeks and then the alkal oid content
in both roots and media were determined. Preliminary re-
sults (data not shown) demonstrated that in B5-5 medium
prepared without NH, (N/A ratio: 25/0), the roots did not
grow at all. Moreover, in the same medium supplemented
with ammonium ions [(NH,),HPO,] at a concentration
greater than 10 mm (N/A ratio: <25/10), the hairy root
growth was strongly inhibited. In comparison to the con-
trol, increasing the NH,; concentration (N/A ratio: 25/5)
decreased the alkal oid biosynthesiswithout modifying the
hyoscyamine/scopolamine ratio. On the other hand, in-
creasing the NO3 (KNO3) concentration from 25 to
100 mm and keeping the NH, concentration constant dra-
matically enhanced the hyoscyamine content from 0.36%
(dry weight) in the control to 0.54% (dry wt) in the me-
dium with a N/A ratio of 100/2, but led to a nitrate-con-
centration-dependent inhibition of scopolamine. Thus, the
hyoscyamine/scopolamine ratio increased significantly
from 2.1 in the control medium to reach 4.8 in the modi-
fied B5-5 medium with a N/A ratio of 100/2. The addition
of KNO; to the culture medium enhanced the hairy root
growth remarkably. In medium supplemented with 75 mm
KNOg, 353 mg (dry weight) were obtained after 4 weeks
of culture. More KNO3 (100 mm) strongly reduced theroot
growth which dropped to 198 mg (dry weight). As already
reported by Muranaka et al. (1992), a high concentration
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Table1 Effect of feeding vari-

OUS precursors on the growth Precursors t(?gl?gﬁn 8%nova;?$k) Alkaloid concentration (% DW) E?g o]
and hyoscyamine and scopola- . .
mine content of Datura candi- (mm) Hyoscyamine Scopolamine
da x D. aurea hairy root cul-  Nong (control) 0 3.0 0.35 0.18 1.94
tures (FW fresh weight, DWdry (R 5)-phenyllacticacid ~ 0.25 2.9 0.50 0.23 2.17
weight, H/S hyoscyamine/sco- (R S)-Phenyllactic acid 0.50 2.8 0.55 0.25 2.20
polamine ratio) (R,9-Phenyllacticacid/  0.25/0.25 3.1 0.32 0.15 2.13
(R,9)-tropic acid
(R, 9-Phenyllactic acid/ 0.50/0.50 3.1 0.26 0.12 2.17
(R,9)-tropic acid
Ornithine 0.25 31 0.36 0.09 4.00
Ornithine 0.50 29 0.33 0.07 473

of NO3 in the form of KNO3 may have some toxic effects
on the physiological conditions of the root tissue. The in-
crease in NO3 concentration also seems to have a direct
inhibitory effect on the biosynthetic transformation of
hyoscyamine to scopolamine. Furthermore, the roots sub-
mitted to various N/A ratios did not release any detectable
tropane alkaloids into the culture medium, in contrast to
the results of Muranaka et al. (1992) on the scopolamine
release by D. leichhardtii hairy roots.

Effects of feeding metabolic precursors

The biosynthetic pathway for the formation of tropanes
from the amino acids arginine/ornithine and phenylalanine
is well documented (Leete 1990). More recently, it was
demonstrated (Ansarin and Woolley 1993; Robins et al.
1994) that phenyllactic acid is an intermediate in the bio-
synthesis of the tropoyl moiety of hyoscyamine. However,
the effects of feeding a number of potential intermediates
to root cultures remain incompletely understood.

The effect of the addition of ornithine, an early precur-
sor in the biosynthetic pathway, (R,S)-phenyllactic acid
and (R,9)-tropic acid on hairy root growth and the accu-
mulation of hyoscyamine and scopolamine is shown in
Table 1. In all cases, the addition of precursors did not in-
fluence the biomass production which fluctuated between
2.8 and 3.1 g fresh weight/flask. Feeding (R,S)-phenyllac-
tic acid led to a biosynthesis stimulation of both alkaloids.
However, the hyoscyamine content was markedly stimu-
lated whereas for scopolamine the increase was less im-
portant. The simultaneous feeding of (R,S)-phenyllactic
acid and (R,S)-tropic acid at 0.25 mm each did not modify
significantly the alkaloid concentration which is in con-
trast to thefinding of Robinset al. (1994). At ahigher level
(0.50 mm), both hyoscyamine and scopolamine accumu-
lation were severely inhibited to the same extent. When or-
nithinewasfed, scopolamine biosynthesiswasstrongly in-
hibited even at 0.25 mm. On the other hand, there was no
influence on hyoscyamine formation. Thus, the hyoscya-
mine/scopolamine ratio rose from 1.94 in the control to
4.00 and 4.73 in the presence of 0.25 and 0.50 mm orni-
thine, respectively.

Our results and those published in the literature sug-
gest that the production of tropane alkaloids is not regu-

lated in a simple manner and that some enzymatic reac-
tionsmay havelimiting effects. In particular, the enzymes
involved in early steps of the biosynthetic pathway are
rate-limiting. Furthermore, the ratio of (R,S)-phenyllac-
tic acid/(R,S)-tropic acid has some importance in control-
ling hyoscyamine and scopolamine production. Other
studies are in progress to elucidate the rate-controlling
metabolic fluxes and to develop a strategy for the pro-
duction of tropane alkaloids on a larger scale. The kinet-
ics of alkaloid release into the culture medium for con-
tinuous production of hyoscyamine and scopolamine are
under investigation.
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