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Abstract

From aseptically grown Artemisia annua plantlets, shoot cultures were initiated. Using different
concentrations of auxine, cytokinine and sucrose, a suitable culture medium was developed, with
respect to the growth of the shoots and their artemisinin accumulation. Nitrate concentration and
conductivity appeared to be suitable growth parameters. The artemisinin content was measured gas
chromatographically. The shoot cultures were maintained in the developed standard medium, consisting
of a half concentration of MS-salts with vitamins, 0.2 mg 1"' BAP, 0.05 mg1~' NAA and 1% sucrose.
The growth of the shoots and the artemisinin content remained stable for a longer period. They showed
considerable photosynthetic activity and generally contained ca. 0.08% artemisinin on a dry weight
basis. The highest artemisinin content found was 0.16% in the above mentioned standard medium, but
also on the same medium with 0.5% sucrose. Attempts were made to further improve the artemisinin
production by varying the medium composition through addition of gibberellic acid or casein hydroly-
sate; by omitting plant growth regulators; by precursor feeding, i.e. mevalonic acid; by influencing the
biosynthesis routing through inhibition of the sterol synthesis by miconazole, naftifine or terbinafine; by
changing gene expression with 5-azacytidine or colchicine; and by elicitation, using cellulase, chitosan,
glutathione or nigeran. Enhanced artemisinin production was found with 10 mg 1™ gibberellic acid. 0.5
g 17! casein hydrolysate, 10 mg 1™ or 20 mg 1~ naftifine. Relative increases of 154%, 169%, 140% and
120% were found, respectively. Other additions caused the growth to cease and the artemisinin
contents to drop.

Abbreviations: BAP — benzylaminopurine, DW —dry weight, FW - fresh weight, GA, — gibberellic
acid, MS — Murashige & Skoog basal medium, NAA - naphthaleneacetic acid

Introduction

Malaria is an infectious disease, mainly caused
by Plasmodium falciparum, and affects over 200
million people annually. Due to the remorseless
rise in the resistance of P. falciparum to com-
monly used antimalarial drugs, this disease is a

serious threat to the tropical world. Especially in
South East Asia and in West Africa this drug
resistance forms a huge problem in public health
care and is a major cause of death. Therefore,
new drugs to which the resistant parasites are
sensitive, are urgently needed (Anonymous
1992).
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Since the isolation of the endoperoxide ses-
quiterpene lactone artemisinin (Fig. 1) from
aerial parts of Artemisia annua L., a traditionally
used medicinal plant from China, and the de-
termination of its antimalarial activity (Qingha-
osu Antimalarial Coordinating Research Group
1979; Li et al. 1982), much effort is being made
to develop a new class of antimalarials, based on
this compound (Klayman 1985; Woerdenbag et
al. 1990; Woerdenbag & Pras 1991). Extensive
clinical studies with artemisinin and a series of
semisynthetic derivatives (artemether, arteether,
artelinic acid and sodium artesunate) have been
conducted in China, Burma, Vietnam, Thailand
and Gambia during the last decade, proving
these drugs to be rapidly effective in severe
falciparum malaria (WHO 1986; Anonymous
1992; White et al. 1992).

However, on a global scale artemisinin is hard-
ly available, and drug registration requirements
are not yet met (Anonymous 1992). The total
organic synthesis has been established, but is
very complicated, and low vyields, that are
economically unattractive, are obtained (Schmid
& Hofheinz 1983; Xu et al. 1986; Avery et al.
1987; Ravindranathan et al. 1990; Avery et al.
1992). Therefore, the plant remains the only
valid source of artemisinin. Next to selection
procedures of A. annua plants (Singh et al. 1988;
ElSohly et al. 1990; Simon et al. 1990; Pras et al.
1991; Elhag et al. 1992), a biotechnological ap-
proach has been considered to be an alternative
for the production of artemisinin. However, re-
sults from experiments with undifferentiated cal-
lus and cell suspension cultures of A. annua are

o)

Fig. 1. Chemical structure of artemisinin.

rather disappointing with respect to the ar-
temisinin production, as most traces of this com-
pound have been found (He et al. 1983; Nair et
al. 1986; Kudakasseril et al. 1987; Jha et al.
1988; Martinez & Staba 1988; Tawfiq et al. 1989;
Fulzele et al. 1991; Woerdenbag et al. 1992).
Apparently, a certain degree of differentiation of
the cultures is a prerequisite (Martinez & Staba
1988; Fulzele et al. 1991). In this communication
we wish to report on the establishment of well-
growing A. annua shoot cultures, accumulating
significant amounts of artemisinin.

Materials and methods
Shoot cultures of A. annua

Seeds of Artemisia annua L. (Asteraceae) of
Vietnamese origin (obtained from ACF Beheer
BV, Maarssen, The Netherlands) were surface
sterilised by immersion in 70% ethanol, followed
by stirring for 20 min in a 3% w/v sodium
hypochlorite solution. The seeds were rinsed
three times with sterile, deionised water and
gently dried on tissue paper. Seeds were plated
on Petri-dishes, containing medium with a quar-
ter concentration of MS-salts (Murashige &
Skoog 1962) without vitamins and plant growth
regulators, 2% w/v sucrose, solidified with 0.8%
w/v agar, pH 5.9. They were incubated at 25 °C
at a 16 h light (ca. 2,500 lux) and 8 h dark cycle.
Germination started within 2-3 days.

Of 1-2 week-old plantlets, the green parts
were cut off and cultured further in 100 ml
Erlenmeyer flasks, in ca. 30 ml medium com-
posed of a half concentration of MS-salts with
vitamins, 3% w/v sucrose, different concen-
trations of naphthaleneacetic acid (NAA) (0-0.5
mg 17') and benzylaminopurine (BAP) (0-2.0
mg 17"). The cultures were incubated on a rotary
shaker at ca. 40 rpm, at 25°C at 16 h light (ca.
2,500 lux) and 8 h dark cycle. Subsequently,
shoot and root formation, callus formation, col-
our and growth of the cultures were judged
visually. After 6 weeks their artemisinin content
was measured.

The sucrose percentage of the medium with
the NAA and BAP concentration in which good
growth was accompanied with a significant ar-



temisinin production, was then varied from 0.5-
8% w/v. After 2 growth cycles of 14 days each,
the cultures were judged visually for their green
colour and growth, analysed for their artemisinin
content, and the ratio fresh weight/dry weight
(FW/DW) was determined.

For maintainance of the cultures, a medium
composed of a half concentration of MS-salts
with vitamins, 0.2 mg I”' BAP, 0.05 mg 1~' NAA
and 1% sucrose, was considered to be optimal,
and further designated as the ‘standard medium’.
The cultures were maintained by subculturing
every two weeks, by transferring 2-3 g shoots
(FW) into ca. 30 ml of fresh medium.

Determination of the growth

The growth of cultures, maintained on the stan-
dard medium with different sucrose concentra-
tions, was determined by measuring the follow-
ing parameters in the culture medium during and
after a growth cycle of 14 days: the conductivity,
the nitrate concentration using a test-combina-
tion for the enzymatic determination of nitrate in
foodstuffs and other materials (Boehringer
Mannheim, Almere, The Netherlands; cat. no.
905 658) and the sucrose concentration using the
testcombination for the enzymatic determination
of sucrose/p-glucose in foodstuffs and other ma-
terials (Boehringer Mannheim; cat. no. 139 041).
During the growth cycle, small samples of cul-
ture medium (ca. 0.3 ml) were taken aseptically
at regular intervals.

Measurement of the photosynthetic activity

The photosynthetic oxygen evolution was mea-
sured at 25°C with an oxygen electrode (Schott
Gerite, Hofheim a. Ts., Germany, Digital O,
Meter CG 867). Ca. 2 g fresh shoots of A.
annua, grown in the standard medium with dif-
ferent sucrose concentrations (0-3%) for two
weeks, were cut into small pieces and suspended
in 5§ mM sodium phosphate buffer, pH 7.8, in a
23 ml incubation vessel and illuminated with a
slide projector at a light intensity of ca. 100,000
lux. The oxygen consumption rate of the stirred
mixture was monitored until it was constant. As
a source of carbon dioxide, 1 ml of a 0.1 M stock
solution of sodium hydrogen carbonate was
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added, yielding a final concentration of ca. 5
mM. The decrease in oxygen consumption rate
after this addition was used as a criterion for
photosynthetic oxygen evolution. By switching
off the light, the nett oxygen consumption could
be calculated. The photosynthetic activity was
defined as the difference between oxygen prod-
uction (in light) and oxygen consumption (in the
dark) and expressed in mg O, g' FW h™".

Analysis of artemisinin

Lyophilised shoots were powdered in a mortar.
Ca. 100 mg, accurately weighed, was extracted
for 30 min with 3.0 ml toluene in an ultrasonic
bath. After centrifugation, 1.0 ml of the toluene
extract was taken and evaporated to dryness.
The residue was dissolved in 100 pl methanol,
containing 10 ng docosane (CH,(CH,),,CH;;
Fluka, Buchs, Switzerland) as the internal stan-
dard. Then, 2 pl was submitted to gas chromato-
graphic analysis, under conditions as described
earlier (Woerdenbag et al. 1991). A calibration
curve was obtained using pure reference ar-
temisinin (ACF Beheer BV).

Improvement of the artemisinin production

In order to improve the artemisinin production
in shoot cultures, growing in the standard
medium, the following additions or changes were
made. All changes were introduced at the time
of subculturing (day 0). unless otherwise stated.

Gibberellic acid (GA;; Serva, Heidelberg,
Germany) 10 mg 1 ', 20 mg I™'; casein hydroly-
sate (United States Biochemical Corporation,
Cleveland, USA) 0.5 g 175 1.0 g 17"; mevalonic
acid lactone (Sigma, St. Louis, USA) 0.25 g 17/,
05g1", 1 g1, 2gl";5 azacytidine (Jans-
sen, Beerse, Belgium) 1 mg 17", 2 mg1 ' on day
2, 4 and 7; colchicine (Fluka) 0.2 g17, 2 ¢g17";
miconazole (Sigma) 10 mg 17", 20 mg 1 ', 50 mg
17!, 100 mg 1'; naftifine (Sandoz, Basle, Swit-
zerland) 10 mg 17, 20 mg 17", 50 mg 17!, 100 mg
I"'; terbinafine (Sandoz) 10 mg 1™, 20 mg 1" ";
cellulase (BDH Chemicals, Poole, UK) 20 mg
17, 50 mg 17", 100 mg 1™ on day 10; chitosan
(Sigma) 0.5 g 17", 1 g 1”! on day 10; glutathione
(Sigma) 0.3 g 17, 0.6 g 17" on day 10; nigeran
(Sigma) 0.2 g17,0.5¢17, 1 g1 ' onday 10. An
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additional variation was made by the total omitt-
ance of plant growth regulators from the
medium.

Casein hydrolysate, colchicine, and micon-
azole were autoclaved together with the
medium; GA,, mevalonic acid lactone, 5-
azacytidine, naftifine, terbinafine, cellulase, and
glutathione were aseptically added from concen-
trated stock solutions, by passing them through a
0.2 pm filter. Chitosan and nigeran were added
from an autoclaved stock suspension.

Resuits and discussion
Establishment of A. annua shoot cultures

First experiments were directed to initiate A.
annua shoot cultures and to develop a standard
medium in which a good growth was exhibited,
accompanied with significant artemisinin con-
tents. Based on the few available literature data
on the cultivation of more or less organized
tissue cultures of Artemisia species (Kudakasseril
et al. 1987; Martinez & Staba 1988; Benjamin et
al. 1990; Simon et al. 1990; Fulzele et al. 1991),
combinations of the auxine NAA and the cyto-
kinine BAP were chosen, in a medium supple-
mented with 3% sucrose. This series of cultures
was judged visually on their general appearance
(shoot, root, or callus formation), as well as on
their growth and colour. The results of these
experiments are listed in Table 1.

Over a period of 6 weeks, it generally ap-
peared that the cultures on a low BAP concen-
tration (I-V) grew better than those on a high
BAP concentration (VI-X). The latter cultures
became yellow-green first and finally turned
brown. In cultures IX and X, this process pro-
ceeded slightly slower. Cultures I-1V kept a
dark-green colour. They initially changed into a
callus-like structure, but after 4-5 weeks, 5-10
mm long shoots appeared. Only culture V turned
brown. Culture XI, grown without growth reg-
ulators, abundantly developed roots. Shoot for-
mation did not occur however, and no ar-
temisinin could be detected.

Based on these results, cultures I-1V were
grown further on their respective BAP and NAA
concentrations with 3% sucrose, and for com-

Table 1. Growth and artemisinin content of 6-week-old A.
annua shoot cultures, in media with 3% sucrose and different
BAP and NAA concentrations.

Culutre BAP NAA Artemisinin  Growth®
(mgl™) (mgl™') (%DW)

I 0.2 0 0.029 +
11 0.2 0.05 0.051 +
111 0.2 0.1 0.039 +
v 0.2 0.2 0.061 +
\Y 0.2 0.5 nd® -
VI 2.0 0 nd® -
viI 2.0 0.05 nd® -
Vi 2.0 0.1 nd" -
X 2.0 0.2 0.027 +
X 2.0 0.5 0.046 +
XI 0 0 nd® root formation

"growth was judged visually;+ = good; * =moderate;
~=bad; "nd = not detectable

parison also with the lower sucrose concentration
of 2%. The effect on the artemisinin content is
depicted in Fig. 2. As can be seen from this
figure, the artemisinin content varies, depending
on both the NAA and sucrose concentration.
The shoot cultures showed a better growth and
produced more artemisinin on 2% sucrose. Be-
cause of the better growth, as compared with 0.1

0.06
0.05
0.04
0.03|

0.02

artemisinin content (% DW)

001}

0 i I j - i

0 0.05 0.1 0.15 0.2
NAA concentration (mg )

Fig. 2. Influence of the NAA and sucrose concentration on
the artemisinin content in A. annua shoot cultures. Sucrose
concentrations: 2% (@); 3% (W). The BAP concentration
was 0.2 mg 17", Culture period: 2 weeks.



mg 17" NAA, a concentration of 0.05 mg 1
NAA was found to be optimal.

Subsequently, the influence of the sucrose con-
centration was studied, in a broad range from 0
10 8%, using a culture medium with 0.05 mg 17"
NAA and 0.2 mg 1”' BAP. After 2 passages the
artemisinin content and the ratio FW/DW were
determined. The results are reflected in Fig. 3.
At sucrose contents <2%, both the artemisinin
content and the FW/DW ratio increased. As can
be seen from Fig. 3, high FW/DW ratio co-
occurred with a high artemisinin content. Cul-
tures growing on 0.5 and 1% sucrose were
darkgreen and generally consisted of shoots with
a length of 1-2 cm, whereas cultures growing in
a medium with sucrose concentrations = 2% for
a culture period of 2 weeks were light-green and
tended to callus formation.

Determination of the growth

For the development of a standard medium, on
which A. annua shoots exhibited an optimal
growth, measurement of the growth was neces-
sary. Moreover, when several factors, possibly
improving the artemisinin production, are ex-
amined, the growth has to be determined more
accurately. Unlike suspension-grown cells, from
which samples can easily be taken during the

ratio FW / DW

artemisinin content (%)

T T T T T T 0

0 1 2 3 4 5 6 7 8
sucrose concentration (% W/v)
Fig. 3. Influence of the sucrose percentage in the culture
medium containing 0.2 mg 1~' BAP and 0.05 mg | ' NAA on

the artemisinin content (@) and the ratio FW/DW (@) of A.
annua shoot cultures. Culture period: 2 weeks.
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growth cycle for the determination of biomass
production in order to check growth, shoot cul-
tures do not form such a dispersed system.
Therefore, other parameters than packed cell
volume or weight have to be used. The weight
increase of the tissue during the growth or the
mitotic index may be determined, but these pa-
rameters are inconvenient for routine determina-
tion. By determining certain parameters in the
culture medium, it should also be possible to
obtain an estimation of the growth of the shoots.
As nutrients are absorbed from the medium
during the growth, resuiting in a decline in con-
ductivity and a decrease of nitrate and sucrose
concentrations, measuring this may render good
growth parameters. Estimation of the growth of
A. annua plantlets cultured in a bioreactor, using
the nutrient consumption as a measure, has ear-
lier been reported to be suitable (Park et al.
1989).

The three parameters mentioned were mea-
sured regularly in an A. annua shoot culture on
standard medium (1% sucrose) during one
growth cycle of 14 days. Figure 4 shows the time
course of nutrient absorption and decline of the
conductivity. The decrease of these three growth
parameters corresponded well with each other.
As soon as on day 7, halfway the growth cycle,
all nutrients had vanished from the medium.
This did not implicate that the growth stopped at
this stage. Apparently, it took time before ab-

conductivity (mS)

sucrose concentration (% W/v)
nitrate concentration (g I'*)

0 2 4 6 8 10 12 14

culture period (days)

Fig. 4. Time course of the sucrose (@) and nitrate (H)
concentration, and conductivity (@) of the medium of an A.
annua shoot culture in standard medium (1% sucrose) during
one growth cycle of 14 days.
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sorbed nutrients were used for the growth. This
was confirmed by the observation that, visually,
the growth clearly proceeded between day 7 and
14. The formation of secondary metabolites is
often expressed towards the end of a growth
cycle, at the time primary nutrients become lim-
ited. Based on these results, a cycle of 14 days
was judged to be appropnate for A. annua shoot
cultures, with respect to the artemisinin prod-
uction.

The growth parameters conductivity, nitrate
and sucrose concentration were then checked
routinely at the end of a cycle of 14 days in the
spent medium. This method was applied to the
A. annua shoot cultures, grown with various
sucrose concentrations (0-8%). Figure 5 shows
the conductivity, the sucrose and the nitrate
concentration of the spent medium of these
shoot cultures on day 14. A good correlation was
found between the decrease of sucrose and ni-
trate, and the decline of the conductivity. The
amount of nutrients that had vanished from the
medium on day 14 was highest with an initial
sucrose concentration of 1%, indicating the best
growth (compare Fig. 4). Also, from the media
with 0.5, 2 and 3% sucrose large amounts of
nutrients were taken up by the shoots. At suc-
rose concentrations of 4% and higher, the shoots
hardly absorbed any nitrate or sucrose, and the
conductivity became hardly lowered. However,

120
100
80

60

conductivity (mS)

40

remaining sucrose and nitrate
(% of initial concentration)

20

initial sucrose concentration (% W/v)

Fig. 5. Sucrose (@) and nitrate () concentration and con-
ductivity (®) on day 14 of the growth cycle of A. annua
shoot cultures, grown on 0-8% sucrose. The remaining
amounts of sucrose and nitrate are calculated as the percen-
tage their initial concentration (day 0, 100%).

from the experiments directed to further im-
provement of the artemisinin production (see
below), sucrose appeared to be an unreliable
parameter here to check growth, because it was
also consumed to some extent by poorly growing
shoot cultures. This was accompanied with very
slow growth, observed visually. Apparently, high
sucrose levels were toxic for the shoots. At lower
sucrose concentrations, chlorophyll synthesis
may be stimulated, resulting in more photo-
synthetic activity and better growth of the
shoots.

Measurement of the photosynthesis

Expression of photosynthetic activity may be
considered essential for the artemisinin produc-
tion, as the biosynthesis of sesquiterpenoids pro-
ceeds via mevalonic acid, that is linked with the
photosynthesis by acetyl-coenzyme A (Akhila et
al. 1987). Therefore, shoots growing on 0-3%
sucrose, combined with 0.05 mg 17" and 0.2 mg
17! BAP, were checked for their photosynthetic
capacity.

In Table 2 the photosynthetic activities of the
shoot cultures are listed and compared with
leaves of an intact plant. Considerable photo-
synthetic activity was measured at the sucrose
concentrations used and, as could be expected,
in all cases artemisinin was accumulated endo-
genously. As with 1% sucrose relatively high
artemisinin contents were found combined with a
good growth, this medium composition was
chosen for further work, and designated as the
standard medium. It was a prerequisite for good
growth that the shoots were not fully submerged
in the growth medium.

Further improvement of the artemisinin
production

The highest artemisinin content found in our
shoot cultures was 0.16% (DW) in the standard
medium, supplemented with 1% as well as with
0.5% sucrose. The cultures with 0.5% sucrose,
however, exhibited a slow growth, with slow
biomass production. The average artemisinin
content of shoots growing on the standard
medium was 0.088 + 0.041% (DW) (n=11),
and was accompanied with a good growth. No
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Table 2. Photosynthetic activity of A. annua shoots and of leaves from the intact plant.

Sucrose (%) Photosynthetic activity ratio Artemisinin content
(mgO,g 'FWh™') FW/DW (% DW)

0 0.305 26.7 0.067

0.5 0.153 31.7 0.105

1.0 0.150 26.7 0.088

2.0 0.117 14.0 0.025

3.0 0.131 10.0 0.022

leaves 0.162 4.5 0.30

artemisinin was ever detected in the spent
medium. In Fig. 6 the morphology of these shoot
cultures is shown. Root formation did not occur
under these conditions.

The artemisinin contents that have been found
so far in A. annua shoot cultures were lower
than in the intact plant. In shoot tips, Fulzele et
al. (1991) found 0.012% (DW) and Simon et al.
(1990) reported concentrations ranging from
0.03 to 0.05% (DW). Other studies on more
differentiated tissue cultures revealed at most a
few thousands of percents (He et al. 1983; Nair
et al. 1986; Kudakasseril et al. 1987; Martinez &
Staba 1988). It can be concluded that the ar-
temisinin contents in A. annua shoot cultures, as
presented in the current study, are superior to
earlier published results. In intact plants usually
concentrations around 0.1% (DW) have been
found, although 0.5-0.8% has been reported for

Fig. 6. Petri dish with A. annua shoot cultures.

Chinese and Vietnamese plants (Klayman 1985;
Martinez & Staba 1988; Dung & Loi 1991).

Attempts were made to improve the ar-
temisinin production by omittance or addition of
medium components (plant growth regulators,
casein hydrolysate), by precursor feeding
(mevalonic acid), by influencing the artemisinin
biosynthesis routing (addition of sterol synthesis
inhibitors, mutagenic compounds) or by elicita-
tion. In Table 3 the results from these experi-
ments are listed.

GA, is a plant growth regulator, capable of
inducing blooming (Evans 1989). As the ar-
temisinin contents in intact plants are maximal
just before or at the time of flowering (Liersch et
al. 1986; Sing et al. 1988; Woerdenbag et al.
1991), we added this regulator to the shoot
cultures. With 10 mg 1~ an enhancement of the
artemisinin production was found, whereas the
growth remained unaffected. At higher concen-
trations, growth and production were negatively
influenced. The shoots became very light-green
and transluscent by the addition of GA;, and a
high FW/DW ratio of 35 was found. When the
cultures were maintained in the presence of GA,
for more than one growth cycle, the artemisinin
production ceased again, whereas the growth
remained unaffected. Earlier, the addition of
GA; has been reported not to affect the ar-
temisinin content of A. annua shoot cultures
(Martinez & Staba 1988).

It has been suggested in the literature (Fulzele
et al. 1991; Elhag et al. 1992} that differentiation
into shoots, or preferably shoots with roots, is
necessary for significant artemisinin biosynthesis
in A. annua shoot cultures. Furthermore, ar-
temisinin contents increased when shoots de-
veloped into plants with a properly developed
root system (Martinez & Staba 1988). The omitt-
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Table 3. Influence of changes of the medium on the growth and artemisinin production of A. annua shoot cultures. The
artemisinin contents were calculated on their corresponding control value (100%). The average artemisinin content found in
control shoot cultures (standard medium) was 0.088 + 0.041% (DW) (n=11). The growth was quantitated by relating the
decrease in conductivity and nitrate consumption, as measured at the end of the growth cycle, of the controls (100%) to the test
cultures. The initial conductivity of the controls was 2.9 mS; the nitrate concentration 1.3 g 17", Culture period: 2 weeks.

Addition/change Artemisinin content Growth (% of control)
(% of control)
Nitrate Conductivity

Control 100 100 100
Gibberellic acid 10 mg 17" 154 99 98
Gibberellic acid 20 mg 1™ 60 80 75
Casein hydrolysate 0.5 g1 169 101 100
Casein hydrolysate 1.0 g 17" 98 100 101
Mevalonic acid 0.25 g17 54 88 83
Mevalonic acid 0.5 g1 44 81 70
Mevalonic acid 1 g 17! 5 80 75
Mevalonic acid 2 g 17 62 74 63
5-Azacytidine 1 mg 1™ (3x) 61 91 83
5-Azacytidine 2 mg 17' (3x) 69 92 75
Colchicine 0.2 g 17" 85 = 18
Colchicine 2 g17" 76 = 63
Miconazole 10 mg 1™ 65 93 92
Miconazole 20 mg 17" 57 72 65
Miconazole S0 mg 1™ 41 73 52
Miconazole 100 mg 17" 32 74 32
Naftifine 10 mg 1™ 140 97 92
Naftifine 20 mg |~ 120 83 74
Naftifine 50 mg 1 35 71 a1
Naftifine 100 mg 1~ 40 72 25
Terbinafine 10 mg 1 48 74 58
Terbinafine 20 mg 17" 40 72 36
Cellulase 20 mg 1™’ 63 102 101
Celtulase 50 mg 1™’ 60 99 100
Cellulase 100 mg 17~ 45 102 101
Chitosan 0.5 g 17" 54 99 99
Chitosan 1 g1~ 82 101 101
Glutathione 0.3 g 1™ 89 92 89
Glutathione 0.6 g 17 49 88 82
Nigeran 0.2 g 1™’ 77 100 102
Nigeran 0.5g 1™ 85 101 101
Nigeran1g1™' 76 101 102
Omission of growth regulators 53 73 65

*The nitrate concentration could not be measured in the presence of colchicine, as the absorption from the latter compound

interferes in the assay used.

ance of growth regulators from the medium re-
sulted in slight root formation, but the growth of
the shoots was poor, as was their artemisinin
content. In contrast, in our artemisinin-produc-
ing shoot cultures, growing on the standard
medium, roots were completely absent.

Casein hydrolysate is a product, prepared
from cheese proteins. It serves as an additional
source of amino acids and oligopeptides. With
0.5 g 1! an enhancement of the artemisinin
content was found, but the growth of the shoot

cultures and the biomass production became
rapidly impaired upon longer exposure to casein
hydrolysate.

Mevalonic acid is an intermediate in the bio-
synthesis of isoprene units. However, by feeding
of mevalonic acid in the form of its lactone, the
growth and the artemisinin content were nega-
tively influenced. This is in good agreement with
earlier findings (Kudakasseril 1987; Martinez &
Staba 1988).

It is known that, starting from the C,,-inter-



mediate farnesyl diphosphate, the biosynthesis
routing may follow two different pathways. One
leads to sesquiterpenes and sesquiterpene lac-
tones, the other to sterols. Theoretically, by
blocking the enzymes involved in the sterol syn-
thesis, the C,; pool principally becomes only
available for the synthesis of sesquiterpenoids,
including artemisinin, possibly resulting in an
enhanced production of this compound. An-
tifungal drugs, such as miconazole, naftifine and
terbinafine, are well-known inhibitors of the
sterol biosynthesis in micro-organisms (Budvari
et al. 1989). Miconazole inhibits the enzyme
sterol desmethylase; naftifine and terbinafine in-
hibit the enzyme squalene epoxidase.

Addition of miconazole negatively influenced
the artemisinin production, as well as the growth
of the cultures. This is inconsistent with a report
from Kudakasseril et al. (1987), who found en-
hanced artemisinin production in shoot cultures
of A. annua, even with 100 mg 1~ We found
naftifine to give a concentrationdependent in-
crease in artemisinin  contents, whereas the
growth was hardly affected. Terbinafine, on the
other hand, appeared to be toxic in the concen-
trations used.

The nucleoside analogue S5-azacytidine has
been reported to function as a strong stimulator
of the secondary metabolism in some cases (Arf-
mann et al. 1985). By incorporation of 5-
azacytidine into DNA, unmethylated cytidine
fragments are formed, possibly leading to the
expression of genes, coding for enzymes in the
biosynthesis of artemisinin. The addition of 5-
azacytidine during the exponential phase of the
growth, however, did not enhance the ar-
temisinin production in A. annua shoot cultures.

Colchicine, an inducer of polyploidy in cell
cultures (Chavadej & Becker 1984), strongly
inhibited the growth of the shoot cultures, and
the artemisinin production became impaired.

Elicitation has been reported to induce en-
hancement of the secondary metabolism in cell
suspensions in certain cases (DiCosmo & Misawa
1985). Cellulase elicited the production of cap-
sidiol in Nicotiana tabacum cultures (Watson et
al. 1985; Threlfall et al. 1988). Addition of cel-
lulase to our shoot cultures only resulted in a
reduction of the artemisinin contents. Chitosan,
successfully used to enhance the accumulation of
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acridone epoxides in cultures of Ruta graveolens
(Eilert et al. 1984), also caused a reduction of
the artemisinin contents. Glutathione, an
ubiquitous tripeptide, has also been reported to
possess eliciting properties (Wingate et al. 1988),
but only a negative effect was found with respect
to the artemisinin production in A. annua shoot
cultures. Also nigeran, a polyglucan isolated
from Aspergillus japonicus, negatively influenced
the artemisinin content.

Conclusions

Shoot cultures of A. annua exhibit good growth
as well as a significant artemisinin production in
a medium composed of a half concentration of
MS-salt with vitamins, 0.2 mg 1-' BAP, 0.05 mg
1" NAA and 1% sucrose. The growth of the
cultures may be well-characterized by measuring
the decrease of nitrate concentration and the
conductivity in the medium. During prolonged
maintainance of the A. annua shoot cultures,
they showed stability with respect to their growth
and artemisinin accumulation. This offers per-
spectives to select high-producing shoots for up-
scaling procedures, cloning and regeneration ex-
periments. The addition of GA;, casein hydroly-
sate or naftifine to the medium improved the
artemisinin production. Other additions, viz. of
mevalonic acid, 5-azacytidine, colchicine, micon-
azole, terbinafine, cellulase, chitosan, gluta-
thione and nigeran, were too toxic for the cul-
tures, and did not induce an enhancement of the
artemisinin production. Subtle optimization pro-
cedures, with respect to the basal medium or
other culture conditions, such as light and tem-
perature, are currently in progress.
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