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explored. These include native biosynthesis, genetic modification of Artemisia annua and other plants,
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1. Sourcing artemisinin (1)

In the late 1960s, Chinese scientists began a search for new anti-
malarial drugs. Part of the motivation for this was the development
of resistance by the malaria parasite to existing antimalarial drugs.
Plants used in traditional Chinese medicine were tested, including
Artemisia annua and extracts from this plant showed good antima-
larial activity in mice. What ensued, over the decades since, was
the isolation and characterization of the active sesquiterpenoid
artemisinin (1), the development of artemisinin-derived semisyn-
thetic drugs, the recommendation by the World Health Organiza-
tion that artemisinin-based combination therapies (ACTs) be the
treatment of choice for falciparum-type malaria in many countries,
and the current annual worldwide demand for approximately 100
million ACT treatments (Haynes, 2006; Li et al.,, 2006; Weina,
2008).

The demand for ACTs has led to recent shortages of 1. While
such shortages can and have been alleviated by increased cultiva-
tion of A. annua, from a developing world perspective, plant-de-
rived 1 remains relatively expensive. Recent prices for 1 have
fluctuated in the US$150-1,600 range. A reliable supply at
US$100/kg or less is desirable. Given the need for artemisinin (1)
at the lowest possible cost for the developing world, this article ex-
plores the existing and potential methods for its production. The
general possibilities for large scale production of 1 range from
the purely biological to the purely chemical, with combinations
of biological and chemical synthesis “in between” (see Table 1).
At one extreme, total biosynthesis in the plant occurs from the
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ubiquitous isoprenoid intermediate farnesyl diphosphate (Fig. 1,
solid arrows). On the other hand, schemes for total chemical syn-
theses typically start with monoterpenes (Fig. 1, open arrows). In
this article, aspects of biosynthesis and chemical synthesis relating
to 1 are explored. This leads to a discussion of the optimal combi-
nation of biological and chemical synthesis for large scale
production.

2. Artemisinin (1) from plants

Initially, the only commercially viable source of 1 was plants.
Three species in the genus Artemisia have been reported to contain
1, A. annua, Artemisia apiacea and Artemisia lanceolata (Willcox
et al., 2004). Most of the artemisinin-related interest has focused
on A. annua. The cultivation of this plant is currently centered in
Asia, with significant production in Africa (Kindermans et al.,
2007). The simplest method for recovery of 1 from A. annua is its
crystallization from extracts of dried plant material (Haynes and
Vonwiller, 1994). Yields up to about 1.5% dry weight are typically
reported. Indeed, the first attempts at improved production in-
volved selection of high artemisinin genotypes (Delabays et al.,
2001). Conventional breeding of A. annua continues and a program
for developing high-artemisinin A. annua using advanced molecu-
lar breeding techniques is in progress at the University of York in
the United Kingdom.

As with other plant metabolites of commercial interest, at-
tempts have been made to produce 1 in cell and tissue cultures.
Considerable effort has been put into the development of trans-
formed root cultures (hairy roots) for artemisinin (1) production,
for example. However, given the costs of tissue culture, the re-
ported yields do not appear to be economical (Towler et al.,
2007).

0031-9422/$ - see front matter Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2008.10.001


mailto:Patrick.Covello@nrc-cnrc.gc.ca
http://www.sciencedirect.com/science/journal/00319422
http://www.elsevier.com/locate/phytochem

2882 P.S. Covello/ Phytochemistry 69 (2008) 2881-2885

Table 1
Possibilities for production of artemisinin (1) in decreasing order of chemical synthesis requirements.
Biological host Starting material or intermediate for chemical Reference Comments
synthesis
None Monoterpenes Schmid and Hofheinz, 1983  Expensive; low yields in >8 steps
E. coli Amorphadiene (4) Martin et al., 2003 High biosynthetic yields; >3 chemical steps
Tobacco Amorphadiene (4) Wau et al., 2006 Low yield
E. coli Artemisinic acid (2) Chang et al., 2007 Efficient cytochrome P450 expression is a challenge
Yeast Artemisinic acid (2) Ro et al.,, 2006 High yields
Yeast Dihydroartemisinic acid (3a) Zhang et al., 2008 Yields not optimized, simple chemistry
Chicory Artemisinic acid (2)/dihydroartemisinic acid (3a) http://www.dafra.be In progress
A. annua hairy roots None Towler et al., 2007 Low yields
A. annua None Delabays et al., 2001 US$150-1600/kg; expensive compared to other malaria
drugs

3. Biosynthesis and plant genetic engineering
3.1. Biosynthesis

Genetic engineering of plants is also a possibility for improving
artemisinin production. This engineering could involve A. annua or

a
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7a Ry=H, Rp=H
7b Ry =H, R, CHy
7¢ Ry = CHy, Ry = CH,

Fig. 1. Biosynthesis and chemical synthesis of artemisinin. Biosynthetic steps are
shown as solid arrows; chemical synthetic steps are shown as open arrows. a,
amorpha-4,11-diene synthase; b, amorpha-4,11-diene oxidase (CYP71AV1); c,
artemisinic acid A11(13) reductase and a dehydrogenase.

other plant species. Clearly, such metabolic engineering requires a
fairly complete understanding of artemisinin biosynthesis. In the
last decade, and especially, in the last 4 years, excellent progress
has been made in elucidating the biosynthetic pathway to this ses-
quiterpene lactone 1 (Bertea et al., 2005; Covello et al., 2007;
Zhang et al., 2008; see Fig. 1). There has been a certain amount
of confusion in the literature regarding artemisinin biosynthesis
(Li et al., 2006). This has centered around the possible roles of
artemisinic acid (2) and dihydroartemisinic acid (3a) as precursors
of 1 (Brown and Sy, 2007; Dhingra and Narasu, 2001). However, as
recent data have emerged the pathway is beginning to “solidify”.
As indicated in Fig. 1, artemisinin (1) biosynthesis is thought to
proceed via the cyclization of FDP to amorphadiene (4; by amorph-
adiene synthase), oxidation to artemisinic aldehyde (5; by amorph-
adiene oxidase; CYP71AV1), reduction to dihydroartemisinic
aldehyde [by artemisinic aldehyde A11(13) reductase], oxidation
to dihydroartemisinic acid (3a), possibly by a trichome-specific
aldehyde dehydrogenase (Teoh et al., 2007) and, finally, a possibly
non-enzymatic conversion to 1.

In a “dehydro” branch of the pathway, artemisinic acid (2) is
formed from artemisinic aldehyde (5), a reaction catalyzed by
amorphadiene oxidase (Ro et al., 2006; Teoh et al., 2006; Zhang
et al., 2008). Artemisinic acid is thought to be transformed, possi-
bly nonenzymatically, into a number of compounds including arte-
annuin B (6; Brown and Sy, 2007). It is worth noting that A. annua
leaf extracts have been reported to catalyze the conversion of 6 to 1
(Dhingra and Narasu, 2001). However, given the measured K, of
0.5 mM for the enzyme activity and the complexity of the transfor-
mation, it is not clear whether this is relevant in vivo.

Of course, genetic engineering requires knowledge of the genes
involved in artemisinin (1) biosynthesis and very good progress
has been made in isolating cDNAs encoding the relevant enzymes.
Three groups reported the molecular cloning of amorphadiene syn-
thase around the turn of the century (Chang et al., 2000; Mercke
et al., 2000; Wallaart et al., 2001) and two groups isolated clones
for amorphadiene oxidase (CYP71AV1; Ro et al, 2006; Teoh
et al., 2006). The latter cytochrome P450 not only hydroxylates
amorphadiene (4) to artemisinic alcohol, but it is also capable of
oxidizing the alcohol to the corresponding aldehyde 5 and acid 2.
The recent cloning of artemisinic aldehyde A11(13) reductase pro-
vides strong support for the position of dihydroartemisinic acid
(3a) as a true biosynthetic precursor to 1; artemisinic acid (2) ap-
pears to be in the “dehydro” branch based at 5 (Zhang et al., 2008).
Indeed, given its chemistry (see below), 3a may be the last artemis-
inin intermediate in A. annua that is formed with enzyme involve-
ment (Brown and Sy, 2004). From a genetic engineering point of
view, it is also notable that artemisinic aldehyde reductase may
be very important in determining artemisinin (1) content in A. an-
nua. High artemisinin chemotypes of A. annua typically have high
ratios of 3a to 2 (Wallaart et al., 2000), suggesting that double bond
reduction may limit artemisinin (1) accumulation.
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3.2. Oxidation of dihydroartemisinic acid - is there an enzyme?

A discussion of the chemistry of dihydroartemisinic acid (3a) is
relevant to both the biosynthesis and chemical synthesis of 1. At
first glance, the formation of the polycyclic peroxide lactone struc-
ture of artemisinin (1) from 3a appears complicated. However, this
can be broken down into individual reactions which appear to be
reasonably straightforward. In this regard, it may be useful to think
of 1 as a pair of linked modified acetals, in which one acetal group
includes a lactone and one acetal includes a peroxide group. With
this in mind, Brown and others have developed the scheme shown
in Fig. 2 for the oxygen-dependent conversion of 3a to 1 (Brown
and Sy, 2004). The keto-enol 7a can be formed from 3a in the pres-
ence of singlet (excited state molecular) oxygen formed by UV
absorption or visible light in the presence of photosensitizers, or
from hydrogen peroxide. The tertiary allylic hydroperoxide inter-
mediate 8 is formed in a singlet oxygen ene reaction (Frimer,
1984; Wasserman and Ives, 1981) followed by Hock cleavage to
give 7a (Frimer, 1984; Hock and Schrader, 1936). A second hydro-
peroxide 9 forms in the presence of triplet (ground state) oxygen
under mild conditions. What follows is the formation of the acetal
peroxide and the acetal lactone groups. Thus, biosynthetically, 1 is
thought to be formed from 3a in what may be a set of spontaneous
rather than enzyme-catalyzed reactions. It turns out that equiva-
lents of 7a are also important from a chemical synthesis point of
view (see below; Sy and Brown, 2002).

The nature of dihydroartemisinic acid chemistry raises the
question of enzyme involvement in the last steps of artemisinin
biosynthesis. While it has been suggested that no enzymes are in-
volved in conversion of 3a to 1 (Brown and Sy, 2004), the possibil-
ity certainly exists. In this regard, it is notable that perhaps the
least spontaneous step in 3a oxidation, first !0,-dependent hydro-
peroxidation and resulting ring cleavage is very reminiscent of
other enzyme reactions. In particular, carotenoid cleavage dioxy-
genases come to mind (Bugg, 2003). Similar to the ring cleavage
of 3a, these enzymes catalyze the cleavage of double bonds, includ-
ing trisubstituted double bonds, to give two carbonyl compounds.
Thus, the possibility for dioxygenase involvement in artemisinin
biosynthesis remains an open question, one with technological rel-
evance. However, there doesn’t appear to be any positive evidence
for enzyme involvement in oxidation of 3a. In fact, there is circum-
stantial evidence against enzyme involvement in 3a oxidation. This
is based on the fact that 3a typically accumulates to high levels in
A. annua and its level is correlated with high artemisinin (1) levels
(Wallaart et al., 2000). This suggests that the conversion of the
intermediate 3a is relatively slow. From a more technological point

Fig. 2. Non-enzymatic oxidation of dihydroartemisinic acid (3a) to yield artemis-
inin (1).

of view, even if no enzyme exists for this transformation in A. an-
nua, it may be possible to find or develop an enzyme capable of
oxidative ring cleavage of 3a.

3.3. Plant genetic engineering

Some attempts have been made to genetically-modify A. annua
per se for the purpose of increasing artemisinin (1) content. This
has included the overexpression of farnesyl diphosphate synthase
(Chen et al., 2000) and the suppression of squalene synthase
(Zhang et al., 2008). However, the results of these efforts have
not been dramatic. Efforts in this area are hampered by the lack
of efficient protocols for genetic transformation of A. annua.

Other plants also represent hosts for possible artemisinin pro-
duction. Bouwmeester and coworkers investigated the biochemis-
try of chicory, a sesquiterpene lactone-producer in the same family
(Cichorium intybus, Asteraceae). They found that wild type chicory
extracts showed amorphadiene oxidase activity (De Kraker et al.,
2003). Thus, expression of amorphadiene synthase in chicory
would be predicted to give rise to artemisinic acid (2). This concept
appears to form the basis for a commercial approach to artemisinin
(1) production based on genetically-modified chicory. If 2 can be
produced, it can be converted chemically to 1 (see below). Along
similar lines, lettuce was engineered to overexpress amorphadiene
synthase; no artemisinin (1) was detected, although the presence
of related precursors doesn’t appear to have been investigated
(Cho et al., 2005).

Chappell and coworkers have engineered amorphadiene (4)
production in tobacco (Wu et al., 2006). Interestingly, it was found
that expression of FDP synthase and amorphadiene synthase tar-
geted to plastids gave much better yields than cytosolic (untargett-
ed) enzymes. The tobacco platform offers the basis for additional
engineering. Alternatively, 1 could be obtained from plant-derived
4 by semisynthesis (Reiling et al., 2006; see below).

Given the biosynthetic pathway and the known relevant genes,
in principle, it should be possible to engineer any plant, or almost
any other organism for that matter, to produce 3a using 3-4 genes
encoding amorphadiene synthase, amorphadiene oxidase (CY-
P71AV1), artemisinic aldehyde reductase and possibly a dihydroar-
temisinic aldehyde dehydrogenase (Teoh et al., 2007). In practice,
the real challenge of such engineering endeavours is typically the
optimization of yield and it will be interesting to see what is pos-
sible in plants in the future.

4. Microbial engineering

In recent years, the production of 1 via microbial engineering
has been investigated (Keasling, 2008). Metabolic engineering, par-
ticularly in microbes, has advanced to such a point that new termi-
nology has been applied to it — synthetic biology. Artemisinin (1)
production has become a prime example of the capabilities of this
parts-list-and-systems-design approach to microbial genetic engi-
neering. For 1, emphasis has been on the engineering of E. coli and
yeast. Initially, the production of the FDP precursor was optimized
and the enzyme catalyzing the first committed step in the artemis-
inin pathway, amorphadiene synthase, was expressed in E. coli
(Martin et al., 2003). This gave rise to good yields of amorphadiene
(4). In parallel, a scheme for chemical conversion of 4 to 1 was
developed (Reiling et al., 2006).

In further work, the isolation of cDNA encoding amorphadiene
oxidase (CYP71AV1) allowed the engineering of artemisinic acid
(2) in both E. coli (Chang et al., 2007) and yeast (Ro et al., 2006),
with yeast being the better producer. Again, this compound can
be converted chemically to 1. Indeed, Amyris Biotechnologies,
Inc. and the Institute for One World Health have announced an
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arrangement with sanofi-aventis to produce semisynthetic arte-
misinin from a microbial source developed at the University of Cal-
ifornia at Berkeley. In a related development, the recent cloning of
artemisinic aldehyde A11(13) reductase from A. annua has allowed
the production in yeast of 3a (Zhang et al., 2008), which is readily
converted to 1 (see above).

5. Chemical synthesis of artemisinin (1)

The first total syntheses of natural artemisinin (1) from the
monoterpenoids (—)-isopulegol (10; Schmid and Hofheinz
(1983)) and (+)-citronellal (11; Xu et al. (1986)) were reported in
the 1980s. Since then, other total syntheses from (+)-pulegone,
(+)-isolimonene and (—)-B-pinene and partial syntheses have been
reported (Abdin et al., 2003; Webster and Lehnert, 1994). As
pointed out by Brown and Sy (Sy and Brown, 2002), essentially
all syntheses to date involve a late intermediate which is equiva-
lent to 7. For example, 7b is a late intermediate in the synthesis
from 10 (Schmid and Hofheinz, 1983) and synthesis from 11 in-
cludes 7c (Xu et al., 1986). The major difference in the various syn-
thetic schemes is the approach to compound 7. As indicated in
Fig. 1, in a number of cases, the starting point for total synthesis
is a monocyclic monoterpenoid which is elaborated to an equiva-
lent of 7 (Avery et al., 1992; Liu et al., 1993; Ravindranathan
et al., 1990; Schmid and Hofheinz, 1983; Yadav et al., 2003). Alter-
natively, synthesis proceeds first via dihydroartemisinate 3 and
then 7 (Haynes and Vonwiller, 1990; Nowak and Lansbury, 1998;
Roth and Acton, 1989; Xu et al., 1986). This is the case for total syn-
thesis from 11 (Xu et al., 1986), (—)-B-pinene (Liu et al., 1993) and
semi-synthesis from 2 (Roth and Acton, 1989) and from 6 (Nowak
and Lansbury, 1998), for example. Recently, a family of processes
for chemical synthesis of 1 from 4, again via dihydroartemisinate
3 has appeared in the patent literature (Reiling et al., 2006).

While it is difficult to determine the cost of various synthetic
and semisynthetic chemical schemes, the economics suggest that
relatively few chemical steps and losses can be tolerated. All of
the published total syntheses required at least 8 steps and provide
yields of less than 10%. With this in mind, and with starting mate-
rials such as B-pinene, for example, selling for about US$15/kg, it is
not practical to produce 1 from total synthesis at $100/kg.

6. Mixed mode production systems

The above discussion highlights some general possibilities for
the large scale production of a given chemical. Traditionally, such
production has been from natural sources, or from chemical syn-
thesis from readily available starting materials. With advances in
plant genetic engineering and synthetic biology, another option
is a mixture of biological and chemical synthesis. The production
of 1 via 4 is a good example of this. Amorphadiene (4) is not at
all readily available. However, it could be made available through
synthetic biology in E. coli (Chang et al., 2007) and 1 could be pro-
duced from it by chemical synthesis (Reiling et al., 2006). In prin-
ciple, much of the technology to genetically engineer
amorphadiene (4) production has been available for a quarter cen-
tury. However, only recently have the inventory of genetic parts
and the knowledge of microbial genetic and biochemical systems
reached a stage to allow for the design of commercially viable sys-
tems in plants and microbes.

7. Concluding remarks

In the sense that A. annua cultivation is the only current com-
mercial source of 1, it is economical. However, as discussed, there
is a need for greater economy in the production of artemisinin-

based drugs. Certainly any improvements by conventional breed-
ing are likely to lower the cost of artemisinin (1) production.
Depending on regulatory and related costs, genetically modified
plants may also help and it is encouraging to see commercial inter-
est in this area in the form of Dafra Pharma International. For
microbially-derived ACTs, involving semisynthesis from artemisi-
nic acid, Hale et al. (2007) suggest a 30-60% reduction in cost is
possible. It is encouraging to see this approach pursued for large
scale production by sanofi-aventis.
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