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Abstract Artemisinin isolated from the aerial parts of
Artemisia annua L. is a promising and potent antimalarial
drug which has a remarkable activity against chloroquine-
resistant and chloroquine-sensitive strains of Plasmodium
falciparum, and is useful in treatment of cerebral malaria.
Because the low content (0.01–1 %) of artemisinin in A.
annua is a limitation to the commercial production of the
drug, many research groups have been focusing their
researches on enhancing the production of artemisinin in
tissue culture or in the whole plant of A. annua. This review
mainly focuses on the progresses made in the production of
artemisinin from A. annua by biotechnological strategies
including in vitro tissue culture, metabolic regulation of
artemisinin biosynthesis, genetic engineering, and bio-
reactor technology.

Introduction

Being the world’s most severe parasitic infection, malaria
caused more than a million deaths and 500 million cases
annually. Despite tremendous efforts for the control of
malaria, the global morbidity and mortality have not been
significantly changed in the last 50 years (Riley 1995). The
key problem is the failure to find effective medicines
against malaria. Obtained from a Chinese medicinal plant
Artemisia annua L., artemisinin, a sesquiterpene lactone
containing an endoperoxide bridge (Fig. 1), has become

increasingly popular as an effective and safe alternative
therapy against malaria (Luo and Shen 1987). Artemisinin
and its derivatives are effective against multidrug-resistant
Plasmodium falciparum strains mainly in Southeast Asia
and more recently in Africa, without any reported cases of
resistance (Krishna et al. 2004). In the treatment of severe
malaria, intravenous artesunate is more rapidly acting than
intravenous quinine in terms of parasite clearance, and it
can reduce mortality (Dondorp et al. 2006). Artemisinin is
acting rapidly to the asexual stages of P. falciparum, the
most malignant form of malaria. Because of the emerging
resistance of P. falciparum to conventional antimalarial
drugs (quinine and chloroquine), artesunate plus amodi-
aquine (ASAQ) and artemether–lumefantrine (AL) are the
main artemisinin-based combination therapy (ACT) candi-
dates for the treatment of drug-resistant malaria in Africa
(Mårtensson et al. 2005). Meanwhile, a clear understanding
of the mechanism of artemisinin action is an ongoing
pursuit. Specific reaction of artemisinin with TCTP
(translationally controlled tumor protein), inhibition of
the SERCA (sarco/endoplasmic reticulum Ca2+-ATPase)
orthologue (PfATP6) of P. falciparum, and inhibition of P.
falciparum cysteine proteases have been proposed to
contribute to its drug activity (Kannan et al. 2005).
PfATP6 is thought to be the real molecular target of
artemisinin in spite of some disagreements (Eskstein-
Ludwig et al. 2003). Jung et al. (2005) reported the three-
dimensional structure of PfATP6 by using homology
modeling. A single amino acid (Leu263) in transmembrane
segment 3 of SERCAs is proposed to determine suscep-
tibility to artemisinin (Uhlemann et al. 2005). Artemisinin
has been shown to selectively kill cancer cells and human
cancer. In the recent study, the efficacy of a combined
treatment of dihydroartemisinin (DHA artemisinin analog)
and butyric acid at low doses in killing cancer cells offered
a less toxic, inexpensive, and effective cancer chemother-
apy (Singh and Lai 2005). Because artemisinin is a
complex molecule and its synthesis is not economic, many
efforts have been made to prepare simpler antimalarial
molecules based on the trioxane ring of artemisinin. The
most promising compounds up to date, OZ 277, consist of a
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trioxane ring attached to an adamantine ring (Vennerstrom
et al. 2004; Dong et al. 2005).

A. annua, belonging to Compositae family, is an annual
herb native to China and grows naturally as a part of steppe
vegetation in northern parts of China at 1,000–1,500 m
above the sea level (Wang 1961). It is single stemmed with
alternate branches reaching more than 2 m in height. Its
leaves are deeply dissected and range from 2–5 cm in
length. The earliest report on the use of A. annua was in the
Recipes for 52 kinds of diseases found in the Mawangdui
Han Dynasty Tomb dating from 168 B.C. Later, a
decoction of A. annua was suggested in the Wenbing
Tiaobian in 1798 as a treatment for malaria (Abdin et al.
2003). The isolation and characterization of artemisinin
from A. annua are considered as one of the most novel
discoveries in recent medicinal plant research (Charles et
al. 1990). Qinghaosu Antimalaria Coordinating Research
Group (1979) reported that they treated 2,099 cases of
malaria with different dosage forms of artemisinin, leading
to the clinical cure of all patients. In addition, 143 cases of
chloroquine-resistant falciparum malaria and 141 cases of
cerebral malaria were treated with good results. Nowadays,
artemisinin and its derivatives are considered as part of the
treatment for malaria in Africa by WHO (Shetty 2004).
Because artemisinin production by organic synthesis is
complicated with low yields and high cost (Liu et al. 2005),
many researchers focus their studies on enhancing the
production of artemisinin in cell/tissue culture or whole
plants of A. annua. Most recently, efforts to produce
artemisinin in recombinant bacteria by fermentation have
also been explored.

Biosynthesis of artemisinin

Artemisinin has been reported to accumulate in the leaves,
small green stems, buds, flowers, and seeds of A. annua. Its
content varies with the plant developmental stages. There
are mainly two suggestions on the stage of the highest
content of artemisinin in plant development (Abdin et al.
2003): one is that the highest content of artemisinin is
reached before plant flowering, while the other is that it is
reached in the full flowering period. Wang et al. (2004)
studied on the effects of fpf1 gene (flowering promoting
factor1) on A. annua flowering time and the linkage
between flowering and artemisinin biosynthesis. They
found that flowering was not a necessary factor for
increasing the artemisinin content, and the best harvest

time was the period between the later vegetative growth
stage and the occurrence of flowering bud.

Artemisinin is an endoperoxide sesquiterpene lactone
which belongs to isoprenoid group of compounds. The
isoprenoid pathway is one of the most important biosyn-
thetic pathways in plants (Fig. 2). Terpenoids are derived
from two common precursors, isopentenyl diphosphate
(IPP) and its isomer, dimethylallyl diphosphate (DMAPP).
It has been established that higher plants have two
independent biosynthetic pathways leading to the forma-
tion of IPP: the cytosolic mevalonate pathway and the
plastid-localized mevalonate-independent pathway (Liu et
al. 2005). Recently, two gene clones encoding for deoxy-D-
xylulose-5-phosphate synthase (DXPS) and deoxy-D-xylu-
lose-5-phosphate reductoisomerase (DXPR) isolated from
transformed hairy roots of A. annua demonstrated the
plastid-localized terpenoid biosynthetic pathway (Krushkal
et al. 2003; Souret et al. 2002). As a result, the mevalonate
pathway is not thought to be the sole route to the synthesis
of artemisinin in A. annua. In the mevalonate pathway,
three molecules of acetyl-coenzyme A couple together to
yield 3-hydroxy-3-methylglutaryl CoA(HMG-CoA),
which is subsequently reduced by the enzyme HMG-
CoA reductase (HMGR) to yield mevalonic acid (MVA).
Then, under the catalysis of mevalonate kinase, mevalonate
5-diphosphate is subsequently decarboxylated to yield IPP
(Newman and Chappell 1999). Upon the synthesis of IPP
and DMAPP by either MVA or DXP pathways, the next
step is chain elongation. The carbonium ion is a potent
alkylating agent that can react with IPP, giving geranyl
diphosphate (GPP). GPP has the active allylic phosphate
group and can further react with IPP to produce farnesyl
diphosphate (FPP). FPP takes part in a cyclization reaction
catalyzed by cyclases to produce various isoprenoid final
products such as artemisinin (Barkovich and Liao 2001).
After FPP synthesis, the biochemical reactions and
enzymes involved have not been fully understood and
well characterized. Akhila et al. (1987) proposed a
complete biosynthetic pathway for artemisinin, starting
from mevalonic acid and IPP. The following biosynthetic
pathway was suggested: farnesyl pyrophosphate (FPP),
germacrane skeleton, dihydrocostunolide, cadinanolide,
arteannuin B, and artemisinin. The content of artemisinic
acid is eight to ten times of artemisinin content in A. annua.
Therefore, it has been suggested that artemisinic acid is a
possible biosynthesis precursor for both artemisinin B and
artemisinin. Sangwan et al. (1993) reported the transfor-
mation of artemisinic acid to artemisinin B and artemisinin
both in vivo and in a cell free system. EI-Feraly et al.
(1986) converted artemisinic acid to artemisinin B by
single oxygen generated through sensitized photo-oxygen-
ation. Artemisinin B has been considered as another
precursor for artemisinin because it was converted to
artemisinin using crude and semipurified cell-free extracts
of the leaf homogenate of A. annua (Nair and Basile 1993;
Martinez and Staba 1988). Wallaart et al. (1999a,b) isolated
dihydroartemisinic acid and dihydroartemisinic acid hy-
droperoxide in A. annua with yields of 66 and 29 %,
respectively. Dihydroartemisinic acid could be chemically

Fig. 1 Chemical structure of
artemisinin
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converted to artemisinin under conditions that may also be
present in the living plant. The presence of dihydroartemi-
sinic acid hydroperoxide and dihydroartemisinic acid in the
plant and the conditions under which dihydroartemisinic
acid can be converted into dihydroartemisinic acid
hydroperoxide that can very easily be oxidized to
artemisinin provide an evidence for a nonenzymatic,
photochemical conversion of dihydroartemisinic acid into
artemisinin.

Bertea et al. (2005) identified intermediates and enzymes
involved in the biosynthesis of artemisinin in A. annua.
They hypothesized that the early steps in artemisinin
biosynthesis involved amorpha-4,11-diene hydroxylation
to artemisinic alcohol, followed by oxidation to artemisinic
aldehyde, and reduction of the C11–C13 double bond to
dihydroartemisinic aldehyde and oxidation to dihydroarte-
misinic acid. A cDNA clone encoding a cytochrome P450
designated CYP71AV1 was characterized to catalyze the
oxidation of the biosynthetic intermediates amorpha-4,11-
diene, artemisinic alcohol, and artemisinic aldehyde in
2006 (Teoh et al. 2006). Several key enzymes involved in
the biosynthesis of artemisinin have been discovered (Liu
et al. 2006), such as 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGR), farnesyl diphosphate synthase
(FPPS), and sesquiterpene synthase (SES). HMGR cata-
lyzed HMG-CoA to yield MVA. Because mevalonate
synthesis is an irreversible reaction, the step catalyzed by
HMGR is usually considered to be rate limiting in both
plant and animal. There have been many reports on the
correlation of synthesis of sesquiterpene and the activity of
HMGR which determines the direction of carbon flow
(Chappell et al. 1995). The genes coding for HMGR have
also been cloned (Kang et al., Genbank Accession No.
U14624, U1465). FPPS is another key enzyme which
belongs to 1,4-isoprenoid-transforming enzyme. It cata-
lyzes geranyl diphosphate and isopentenyl diphosphate to
yield farnesyl diphosphate. The gene for FPPS was cloned
in 1996 which encodes for 343 amino acids (39.42 kDa;
Matsushita et al. 1996). SES is a key branch point enzyme
in the biosynthesis of sesquiterpenes from isoprenoid
intermediate farnesyl diphosphate. In A. annua, there is a
gene family coding for sesquiterpene cyclases. FPP is
cyclized by the action of sesquiterpene cyclase to amorpha-
4,11-diene, a possible biosynthetic route from FPP to
artemisinin. Bouwmeester et al. (1999) first isolated
amorpha-4,11-diene synthetase from pentane extract of A.
annua leaves. This partially purified enzyme shows the
typical characteristics of SES, such as a broad pH optimum
around 6.5–7.0 and a molecular mass of 56 kDa. In 2000,
the gene for amorpha-4,11-diene synthetase was cloned
and expressed in Escherichia coli (Mercke et al. 2000).
Dhingra and Narasu (2001) partially purified and char-
acterized the enzyme which carried out the peroxidation
reaction involved in artemisinin biosynthesis of arteannuin
B to artemisinin. The enzyme has a Km of 0.5 mM for
arteannuin B and a pH optima between 7.0 and 7.2.

Biotechnological production of artemisinin

The commercial sources of most artemisinin are from field-
grown leaves and flowering tops of A. annua, which are
subjected to seasonal and somatic variation and infestation
of bacteria, fungi, and insects that can affect the functional
medicinal content of this plant (Klayman 1985; Luo and
Shen 1987). The total organic synthesis is very complicated
with low yields, and economically unattractive (Avery et al.
1992; Xu et al. 1986). In view of these problems,
artemisinin production from in vitro plant tissue culture
has been considered as an attractive alternative. The
biosynthesis of artemisinin was studied in the calli,
suspension cells, shoots, and hairy roots of A. annua
during their cultivation in vitro (He et al. 1983; Tawfiq et
al. 1989; Weathers et al. 1994; Paniego and Giulietti 1996;
Liu et al. 1997; Nair et al. 1986; Teo et al. 1995).

A certain degree of differentiation of A. annua tissue
cultures is a prerequisite for the synthesis of artemisinin.
Paniego and Giuletti (1994) reported that no artemisinin
was found in cell suspension cultures of A. annua, whereas
trace amounts were found in the multiple shoot cultures.
Woerdenbag et al. (1993) reported a high percentage of
artemisinin content in A. annua shoots cultured on 1/2 MS
medium supplemented with 0.05 mg/l naphthaleneacetic
acid, 0.2 mg/l benzyladenine (BA), and 2 % sucrose. The
flowering of A. annua was observed in vitro by
supplementing with gibberellic acid (GA3) where artemi-
sinin content reached 0.1 % in A. annua plantlets, and the
highest artemisinin content in the plantlets was observed in
full bloom (Gulati et al. 1996). Most groups did not find
artemisinin in root part of A. annua plant. However,
artemisinin content in the shoot part of cultured plantlet
was higher than that in the cultured shoots without roots
(Ferreira and Janick 1996; Martinez and Staba 1988).

Attempts were also made to improve the artemisinin
production by optimizing chemical and physical environ-
mental factors. Wang and Tan (2002) reported the influence
of the ratio of NO3/NH4 and total initial nitrogen concen-
tration on the artemisinin yield in hairy roots. With the ratio
of NO3/NH4 at 5:1(w/w), the optimum concentration of
total nitrogen for artemisinin production was 20 mM.
Under this concentration, artemisinin production was 57 %
higher than that in the standard MS medium. Weathers’
research group investigated the effects of media steriliza-
tion method and types of sugar on growth and artemisinin
accumulation of A. annua hairy roots. They found that
biomass from filter-sterilized medium was greater than that
from autoclaved medium, but artemisinin accumulation
from filter-sterilized medium was less than that from
autoclaved medium. Growth of hairy roots in the medium
with sucrose (3.99 g DW/l) was equivalent to the growth in
the medium with fructose (3.75 g DW/l) and significantly
better than in the medium with glucose (2.16 g DW/l),
while the roots that grew in glucose showed a dramatic
stimulation in artemisinin content which is three- and
twofold higher than that in medium with sucrose and
fructose (Weathers et al. 2004). Casein hydrolysate, a
source of amino acids and oligopeptides, at low concen-
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Fig. 2 Proposed pathway of artemisinin biosynthesis (Liu et al.
2005; Bertea et al. 2005). CMK 4-(Cytidine 5′-diphospho)-2-C-
methyl-D-erythritol kinase, CMS 2-C-methyl-D-erythritol 4-phos-
phate cytidyl transferase, DXR 1-deoxy-D-xylulose 5-phosphate
reductoisomerase, DXS 1-deoxy-D-xylulose 5-phosphate synthase,
FPPS farnesyl diphosphate synthetase, GPPS geranyl diphosphate

synthase, HMGR 3-hydroxy-3-methylglutaryl coenzyme A(HMG-
CoA) reductase; HMGS HMG-CoA synthase; IDS isopentenyl
diphosphate synthase, MCS 2-C-methyl-D-erythritol 2,4-cyclodipho-
sphate synthase, MDD mevalonate diphosphate decarboxylase, MK
mevalonate kinase, MPK mevalonate-5-phosphate kinase, SES
sesquiterpene synthase
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tration enhances artemisinin production in A. annua shoot
cultures (Woerdenbag et al. 1993). A combination of BA
and kinetin increased the yields of artemisinin in cultured
shoots by 3.6 and 2.6 fold (Whipkey et al. 1992). GA3, a
plant hormone that can induce blooming, has been reported
to improve growth and artemisinin biosynthesis in shoot
cultures, root cultures, and plantlets of A. annua (Fulzele et
al. 1995; Charles et al. 1990; Smith et al. 1997; Weathers et
al. 2005). The effects of light irradiation on growth and
production of artemisinin were studied in hairy root
cultures of A. annua L. by Liu et al. (2002). They found
that when the hairy roots were cultured under illumination
of 3,000 lx for 16 h using several cool-white fluorescent
lamps, the dry weight and artemisinin concentration
reached 13.8 g/l and 244.5 mg/l, respectively (Liu et al.
2002). Wang et al. (2001) investigated the dependence of
biomass of hairy roots and artemisinin content on the light
spectrum. They found that the highest biomass (5.73 g
DW/l) and artemisinin content (31 mg/g) were obtained
under red light at 660 nm which were 17 and 67 % higher
than those obtained under white light, respectively. Tem-
perature in the range of 15–35 °C also affected growth and
artemisinin biosynthesis in the cultured A. annua hairy
roots. The maximum hairy root growth was found at 25 °C.
However, the highest artemisinin content in the root
cultures was observed at 30 °C (Guo et al. 2004).

Enhancing the artemisinin production by precursor
feeding was also investigated. Addition of artemisinin
precursors to the medium used for tissue cultures of A.
annua resulted in a fourfold increase of artemisinin in the
tissue and an 11-fold increase of artemisinin in the spent
medium (Weathers et al. 1994). The feeding of mevalonic
acid alone, however, did not induce an enhancement of
artemisinin production Woerdenbag et al. 1993. But the
addition of some compounds such as naphtiphine (an
inhibitor of the enzyme squalene epoxidase) to the med-
ium improved the artemisinin production. Other additions,
such as 5-azacytidine (a gene regulator), colchicine (a
gene regulator), miconazole (an inhibitor of sterol demeth-
ylase), and terbinaphine (an inhibitor of the enzyme
squalene epoxidase), were too toxic for the cultures to
induce an enhancement of the artemisinin production
(Woerdenbag et al. 1993). Kudakasseril et al. (1987), how-
ever, reported a concentration-dependent increase in the
levels of artemisinin and growth of shoot cultures with mico-
nazole. Other sterol inhibitors, such as chlorocholine
chloride, 2-isopropyl-4-(trimethylammonium chloride)-5-
methylphenylpiperidinecarboxylate, and 4-chloro-2-(2-
diethylaminoethoxyphenyl)-2-(4-methyl-phenyl)-benzene-
ethanol, increased both the incorporation of 14C-IPP into
artemisinin by cell-free extracts and the production of
artemisinin in shoot culture of A. annua. Sterol inhibitors
inhibited the enzyme in the mevalonate pathway, resulting
in increased terpenoid production rather than sterol
production.

To develop more potent antimalarial agents with
improved in vivo stability, tremendous efforts have been
made toward structure modification of artemisinin and
analogue synthesis. Due to the difficulties of structural

modification by conventional chemical methods, micro-
bial transformation serves as a valuable tool that comes to
play an important role in the modification. To date, a
number of oxidating products of artemisinin at different
positions of artemisinin structure have been reported.
These transformations include conversion to 3α-hydroxy-
deoxyartemisinin and deoxyartemisinin, conversion to 9β-
hydroxy-artemisinin and 3α-hydroxy-artemisinin, and
conversion to 10-hydroxy-artemisinin and 9β-hydroxy-
11α-artemisinin. In addition, microbial transformations on
some artemisinin analogue, such as artemether, arteether,
artemisitene, and 12-deoxoartemisinin, have been reported
to produce oxidative products by different microorgan-
isms (Liu et al. 2006).

Genetic engineering of A. annua

It is attractive to produce transgenic plants of A. annua,
which ensures a constant high production of artemisinin by
overexpressing the enzymes in the terpene biosynthetic
pathway or by inhibiting an enzyme of another pathway
competing for artemisinin precursors. In recent years, there
is remarkable progress in the molecular regulation of
artemisinin biosynthesis (Bouwmeester et al. 1999). The
genes of the key enzymes involved in the biosynthesis of
artemisinin, such as farnesyl diphosphate synthase (FPS),
amorpha-4,11-diene synthase (AMS), and the genes of the
enzymes relevant to the biosynthesis of artemisinin
including squalene synthase (SQS), have been cloned
from A. annua (Matsushita et al. 1996; Mercke et al. 2000;
Wallaart et al. 2001; Liu et al. 2003b). The enzyme
involved in biochemical transformation of arteannuin B to
artemisinin was purified by Dhingra and Narasu (2001). By
genetic engineering, the key enzymes involved in biosyn-
thesis of artemisinin, such as FPS and AMS, can be
overexpressed, and artemisinin production was signifi-
cantly enhanced in the transgenic high-yield A. annua.

In 1994, Weathers et al. (1994) and Qin et al. (1994)
induced hairy root from A. annua with Agrobacterium
rhizogenes; furthermore, the factors influencing A. rhizo-
genes were explored to optimize the transformation system
by Liu et al. (1998a). Xie et al. (2001) induced hairy root
from A. annua leaf blade pieces and petiole segments
infected with A. rhizogenes strain 1601. A clone with high
content of 1.195 mg/g DW was obtained. In 1996,
Vergauwe et al. (1996) developed an Agrobacterium
tumefaciens-mediated transformation system for A. annua
L. plants with high transformation rates (75 % regenerants
harboring foreign gene). Artemisinin content in the leaves
of regenerated plant was 0.17 % DW, a little bit higher than
that presented in the leaves of normally cultured plants
(0.11 % DW). In 1998, they investigated the factors
influencing A. tumefaciens-mediated transformation of A.
annua, which included the age of the explant, A.
tumefaciens strain, and plant genotype (Vergauwe et al.
1998). Han et al. (2005) established a system of high
efficiency of genetic transformation and regeneration of A.
annua via A. tumefaciens. They investigated the factors,
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such as composition of infection bacterium suspension,
methods of co-cultivation, and co-cultivation period, to
optimize the transformation system. Transgenic frequency
of fascicled shoots reached 4–10 %. In 1999, Chen et al.
(1999) reported transferring green fluorescent protein
(GFP) reporter gene into A. annua with A. tumefaciens
and regenerating transgenic plants. They induced fascicled
shoot from the leaves, buds, and flowers. They found that
artemisinin production with the shoot cultures induced
from flower organ explants was two times of that from the
leaves (Geng et al. 2001a).

Artemisinic acid is one of the precursors of artemisinin,
which has the cadinene structure. Chen et al. (1998)
transformed a cotton cadinene synthase cDNA into the leaf
explants of A. annua using A. rhizogenes. The enhanced
artemisinin accumulation was observed in the transgenic
plantlets. In the isoprenoid biosynthesis pathway, farnesyl
diphosphate synthase (FDS) catalyzes condensation of IPP
with DMAPP (Cane 1990). Recently, cDNAs encoding
FDS have been isolated from a number of plant species,
including Arabidopsis thaliana (Delourme et al. 1994) and
Lupinu albus (Attucci et al. 1995). Because 15-carbon FPP
can be catalyzed by sesquiterpene cyclases to form cyclic
sesquiterpenoids, overexpressing FDS by introducing a
foreign gene into A. annua holds the possibility of affecting
accumulation of artemisinin. A cDNA encoding cotton
FPPS placed under a CaMV 35S promoter was transferred
into A. annua via A. tumefaciens strain LBA 4404 or A.
rhizogenes strain ATCC 15834 by Chen et al. (1999, 2000).
In the transgenic plants, the concentration of artemisinin is
approximately 8–10 mg/g DW, which is two- to threefold
higher than that in the control.

Cytokinins are a group of plant hormones that regulate
many aspects of plant growth and development, including
cell division, cell enlargement, chloroplast development,
senescence, and cell differentiation (Binns 1994; Mok and
Mok 1994). The A. tumefaciens cytokinin biosynthetic
gene codes for the enzyme isopentenyl transferase (ipt),
and this enzyme catalyzes the condensation of isopentenyl
pyrophosphate and adenosine monophosphate (AMP)
giving isopentenyl AMP (Akiyoshi et al. 1984). Isopente-
nyl transferase may represent the rate-limiting step in
cytokinin biosynthesis in tumorous plant tissue (Akiyoshi
et al. 1983). Many reports have shown that the overex-
pression of ipt gene was a feasible way to elevate cytokinin
levels in transgenic plants (Mckenzie et al. 1998). Previous
studies indicated that capitate glands on the leaf surface
(Duke et al. 1994) and specialized chloroplasts of the
capitate gland appeared to play very important roles in
artemisinin biosynthesis (Duke and Paul 1993). The effect
of isopentenyl transferase gene expression on the physio-
logical and biochemical characteristics of A. annua L. was
studied by Geng et al. (2001b). It was found, in the ipt gene
expression, that cytokinins, chlorophyll, and artemisinin
contents increased by different degrees. Content of
cytokinins was elevated two- to threefold, chlorophyll
20–60 %, and artemisinin 30–70 % compared with the
control plants. A direct correlation was found between the
content of cytokinins, chlorophyll, and artemisinin.

Because plant tissue extractions typically yield low
terpenoid concentrations, many researchers sought an
alternative method to produce terpenoid compounds in a
microbial host. Several research groups have described the
engineering of the DXP pathway to increase the supply of
isoprenoid precursors needed for high-level production of
carotenoids in E. coli (Farmer and Liao 2001; Kajiwara et
al. 1997; Kim and Keasling 2001). Balancing the pool of
glyceraldehyde-3-phosphate and pyruvate, or increasing
the expression of 1-deoxy-D-xylulose 5-phosphate syn-
thase (DXS; encoded by the gene dxs) and IPP isomerase
(encoded by idi), resulted in increased carotenoid buildup
in the cell. Martin et al. (2003) engineered the expression of
a synthetic amorpha-4,11-diene synthase gene and the
mevalonate isoprenoid pathway from Saccharomyces cer-
evisiae in E. coli. Concentrations of amorphadiene, the
sesquiterpene olefin precursor to artemisinin, reached
24 μg caryophyllene equivalent/ml. Although total bio-
synthesis of artemisinin was not achieved in their study, the
engineered biochemical pathway could be extended to
produce artemisinic acid which can then be converted
easily to artemisinin by the method of chemical synthesis.
The simultaneous expression of a synthetic amorphadiene
synthase gene in their engineered strain resulted in high-
level production of amorphadiene and alleviated growth
inhibition. Because IPP and DMAPP are the universal
precursors to all isoprenoids, the strains they reported can
serve as platform hosts for the production of any terpenoid
compound for which the biosynthetic genes are available.

Artemisinin production in bioreactor

Hairy roots, the result of genetic transformation by A.
rhizogenes, have attractive properties for secondary me-
tabolite production. Hairy root cultures provide a promis-
ing alternative to the biotechnological exploitation of plant
cell cultures. Their characteristic biosynthetic capacity for
secondary metabolite production, inherent genetic stability
reflected in stable productivity, and the possibility of
genetic manipulation to increase biosynthetic capacity have
attracted considerable attentions, both as a fundamental
research tool and as a source of valuable products (Kim et
al. 2002). Conversely, one of the most important limitations
for the commercial exploitation of hairy roots is the
development of technologies for large-scale culture,
specifically the design of bioreactors that permit the
growth of interconnected and nonhomogeneous root
cultures which are unevenly distributed throughout the
vessel.

In 1998, our research group developed different types of
bioreactors to produce artemisinin from A. annua L. hairy
roots and compared the root growth and artemisinin
accumulation in the bubble column, modified bubble
column, and modified inner-loop airlift bioreactor with
three stainless steel meshes with 2-mm pore size fixed
along the height of the column (Liu et al. 1998b,c).
Experimental results showed that the hairy root cultures in
the modified inner-loop airlift bioreactor grew more
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homogeneously between the two meshes than those in
other bioreactors. The growth rate of the hairy roots and the
productivity of artemisinin were higher than those in flasks.
Recently, Weathers’ research group developed nutrient
mist bioreactor using ultrasonic transducers to produce
nearly three times as much artemisinin as the hairy roots
grown in bubble column bioreactors (Kim et al. 2001,
2002). To improve the content of artemisinin, mist cycle,
carrier gas, and nutrient compositions were optimized
(Wyslouzil et al. 2000). In 2003, Souret et al. (2003)
investigated the expression levels of four key terpenoid
biosynthetic genes: HMGR, DXs, DXR, and FPS in a mist
reactor while a combination of multiple factors were
involved.

Some experimental bioreactors for shoot cultures have
been developed with the aim of reducing production costs
and maximizing plant growth (Woo and Park 1993; Liu et
al. 2004). However, the use of bioreactors for large-scale
cultivation is limited because of the high costs and
abnormal shoot morphogenesis associated with liquid
culture (Aitken-Christie et al. 1995). Most shoot cultures
are sensitive to shearing stress (Liu et al. 2000) and tend
toward vitrification when they are in liquid medium over a
prolonged period of time. Therefore, it is necessary to
select a bioreactor configuration that can satisfy the
biological requirements and engineering needs for the
shoot culture. Liu et al. (2003a) found a significant
difference correlated with reactor type and cultivation
mode in the growth and artemisinin biosynthesis of A.
annua L. shoot cultures. The shoot cultures in both the
nutrient mist bioreactor and the multiplate radius-flow
bioreactor showed excellent growth, but those in the
modified inner-loop airlift bioreactor resulted in hyperhy-
dration due to the poor respiration and severe physical
stress of shoots submerged in liquid media for a long time.

Outlook

In the last 25 years or so, a number of significant advances
have been made to control malaria. The discovery of
artemisinin and its analogues as potent antimalarial agents
is of immense importance (Wright 2005). Numerous
investigations have been carried out to explain the
mechanism of action, determine efficient clinical uses,
and discover new drugs with better pharmacological
properties. Several strategies have been developed for the
design of semisynthetic and synthetic endoperoxides with
greater metabolic and hydrolytic stability than artemisinin
itself (Begue and Bonnet 2005). A better understanding of
mechanisms of (multi-) drug resistance is urgent to
monitor. There are many recent advances in the identifi-
cation of molecular markers that can be employed in
predicting in vitro and in vivo resistance in Southeast Asia
(Uhlemann and Krishna 2005). Artemisinin-based combi-
nation therapies (ACTs) have been long considered more
effective than the existing drugs. ACTs are much more
expensive than other drugs because of the relatively low
yields of artemisinin in A. annua. Therefore, there have

been many efforts to enhance the production of artemisinin
in vivo and in vitro by biotechnology. Even though viable
methods of increasing artemisinin content, e.g., A. annua
organ culture, hormone medium, and metabolic manipu-
lation, have been investigated, and show potential for
future development, the improvements delivered by these
methods have not yet met the demand. To increase the yield
of artemisinin by biotechnology, it is necessary to study the
enzymatic pathway. Enzymes and precursors involved in
the artemisinin biosynthesis have to be isolated and
characterized. In recent years, many researchers have
focused their efforts on investigating the molecular regu-
lation of artemisinin biosynthesis and the genes coding for
the key enzymes involved in the artemisinin biosynthesis.
The high efficiency of genetic transformation and regen-
eration procedure developed by Han et al. (2005) allows
the manipulation of artemisinin biosynthesis by genetic
methods. By genetic engineering, we can overexpress the
key enzymes involved in biosynthesis of artemisinin, or
inhibit the enzymes involved in other pathways competing
for its precursors to obtain transgenic high-yield A. annua.
Although greatly improved yields were obtained by
combining the expression of a synthetic sesquiterpene
synthase with a recombinant mevalonate pathway, the data
suggest that a maximum yield was not attained. Further-
more, in vitro evolution and combinatorial biosynthesis of
sesquiterpene biochemical pathways in microbes may lead
to artemisinin derivatives or even new sesquiterpene
compounds. Appropriate bioreactor technology is essential
to produce artemisinin in large scale. Although different
types of bioreactor have been used to produce artemisinin,
there are relatively few detailed studies relating oxygen and
nutrient transfer, hydrodynamic behavior, and mixing
characteristics in the plant organ and tissue culture. Studies
in both genetic engineering to increase artemisinin content
and novel bioreactors for producing artemisinin in large
scale are urgently needed.
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