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Abstract Malaria is a worldwide disease caused by Plas-
modium parasites. A sesquiterpene endoperoxide artemisi-
nin isolated from Artemisia annua was discovered and has
been accepted for its use in artemisinin-based combinato-
rial therapies, as the most effective current antimalarial
treatment. However, the quantity of this compound pro-
duced from the A. annua plant is very low, and the avail-
ability of artemisinin is insufficient to treat all infected
patients. In addition, the emergence of artemisinin-resistant
Plasmodium has been reported recently. Several techniques
have been applied to enhance artemisinin availability, and
studies related to its mode of action and the mechanism of
resistance of malaria-causing parasites are ongoing. In this
review, we summarize the application of modern tech-
nologies to improve the production of artemisinin,
including our ongoing research on artemisinin biosynthetic
genes in other Artemisia species. The current understand-
ing of the mode of action of artemisinin as well as the
mechanism of resistance against this compound in Plas-
modium parasites is also presented. Finally, the current
situation of malaria infection and the future direction of
antimalarial drug development are discussed.
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Introduction

As a worldwide disease, malaria has been one of the main
cause of illness and death in humans for over a century,
especially in sub-Saharan Africa and Southeast Asia. More
than 200 million cases of malaria are reported every year;
in 2015, there were 214 million cases and 438,000 related
deaths [1]. This disease is caused by five species of Plas-
modium parasites: P. falciparum, P. vivax, P. malariae,
P. ovale, and P. knowlesi. Among these, P. falciparum is
the major cause of malaria infection in Africa, and P. vivax
is the most widely distributed malaria-causing parasite
globally [1]. Several antimalarial drugs have been devel-
oped since the seventeenth century. However, malaria-
causing parasites have developed resistance to these con-
ventional drugs, leading to treatment failure.

In response to the urgent need for new antimalarial
drugs, Chinese scientists Professor Youyou Tu and her
research group discovered artemisinin, the most effective
antimalarial drug derived from Artemisia annua in 1971
[2]. Artemisinin is a sesquiterpene lactone with an
endoperoxide bridge, which is necessary for antimalarial
activity during multiple stages of parasite development
[3-7]. Owing to its rapid action and high effectiveness
against malaria, the combination of artemisinin derivatives
and other antimalarial drugs, so-called artemisinin-based
combination therapies (ACTs), has been recommended as
the first-line treatments against malaria since 2006 [8].
ACTs have become the most powerful strategy to prevent
malaria and related deaths. Professor Tu was then awarded
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the Nobel Prize in Physiology or Medicine in 2015 for the
discovery of this effective antimalarial compound.

The demand for ACTs increases dramatically each year;
yet, the production yield of artemisinin from A. annua s very
low and varies widely from 0.01 to 2 % dry weight [9].
Alternative approaches, including plant breeding technolo-
gies, synthetic biology, and total and semi-syntheses of
artemisinin, have been investigated to enhance the produc-
tion and reduce the cost of this compound. In addition, the
recent emergence of artemisinin-resistant Plasmodium par-
asites has also become a new challenge to scientists in the
elucidation of the mechanism of resistance and identification
of the new strategies for malaria treatment.

In this review, we summarize recent studies on the
enhancement of artemisinin production and on artemisinin
biosynthetic genes in other Artemisia species, conducted in
our laboratory. In addition, the current understanding of the
mode of action of artemisinin against malaria-causing
parasites and, in turn, the mechanism of resistance of the
parasites to this compound are also presented. Finally, the
current situation of malaria infection and future directions,
including ongoing studies on antimalarial drug develop-
ment, are discussed.

Discovery of artemisinin

Before the discovery of artemisinin, powder derived from
cinchona tree bark had been used to treat malaria since the
seventeenth century. The active compound from this plant,
quinine, was first isolated in 1820 and was used as the only
effective antimalarial compound until the 1920s. The qui-
nine derivative chloroquine was developed as a new
effective antimalarial drug once quinine-resistant Plas-
modium strains appeared. During that time, the insecticide
DDT was widely used to control the spread of infected
mosquitoes as well. However, in the 1960s, increasing of
chloroquine-resistant Plasmodium strains and DDT-resis-
tant mosquitoes became a critical sign of the failure of
malaria prevention and treatment [10].

In response to the urgent need for new antimalarial
drugs, the Chinese government launched a national project
against malaria called Project 523 in 1967 [2]. The group,
led by Professor Youyou Tu, investigated more than 2000
Chinese herbs used as traditional Chinese medicines to
treat fever. Among these herbs, an extract from A. annua
showed highly effective inhibition against growth of
malaria-causing parasites. The active antimalarial compo-
nents were then extracted from the leaves of mature plants
in 1971 [2, 10-12]. After purification, the active anti-
malarial compound, named qinghaosu or artemisinin, was
obtained as colorless needle-like crystals. Its stereochem-
istry and chemical and X-ray crystal structures were

determined and reported several years later [2, 10, 11, 13].
Clinical trials involving either a non-toxic A. annua extract
or pure artemisinin have been conducted since 1972 by
several groups, and all patients in these trials quickly
recovered from the disease [11, 12]. These results clearly
indicated that artemisinin is an effective antimalarial
compound with rapid action and low toxicity.

Despite showing effective antimalarial activity, the low
solubility of artemisinin in both oil and water becomes a
therapeutic limitation of this compound. To address this
problem, many scientists have developed semi-synthetic
drugs and synthesized artemisinin derivatives with higher
solubility. Some of these artemisinin derivatives, which
have been wused until the present, include dihy-
droartemisinin, artemether, and artesunate [14]. In addi-
tion, the combination of artemisinin or its derivatives with
other conventional antimalarial drugs greatly increased the
parasite clearance rate in patients and was first recom-
mended as a new strategy for malaria treatment in 1984
[15]. This strategy, known as ACT, has been recommended
by the World Health Organization (WHO) as a first-line
treatment for malaria to prevent recurrence and develop-
ment of resistance in malaria-causing parasites, whereas
the monotherapy is considered as an inappropriate treat-
ment [2, 8, 13, 14, 16].

Biosynthesis of artemisinin and expression pattern
of artemisinin biosynthetic genes in A. annua

A precursor of artemisinin, farnesyl pyrophosphate (FPP,
Cis), is synthesized from two C-5 isoprenoid units derived
from the cytosolic mevalonate (MVA) pathway and one
isoprenoid unit derived from the non-mevalonate (MEP or
DXP) pathway [17, 18]. FPP is cyclized to amorpha-4,11-
diene by amorpha-4,11-diene synthase (ADS) [19-21] via
the generation of bisabolyl and 4-amorphenyl cation inter-
mediates [22, 23] (Fig. 1). The following step is the oxida-
tion of amorpha-4,11-diene to artemisinic alcohol by
amorpha-4,11-diene  12-monooxygenase (CYP71AV1)
[24]. This enzyme also catalyzes the oxidation of artemisinic
alcohol to artemisinic aldehyde and artemisinic acid. In
addition, alcohol dehydrogenase 1 (ADH1) and aldehyde
dehydrogenase 1 (ALDHI1) also show specific oxidation
activity on artemisinic alcohol into artemisinic aldehyde and
on artemisinic aldehyde into artemisinic acid, respectively
[25,26]. Artemisinic acid was thought to be the last precursor
of artemisinin. However, it has been revealed that this
compound is converted non-enzymatically into arteann-
uin B and related compounds, rather than artemisinin [27].
The next step of artemisinin biosynthesis is the reduction of
artemisinic aldehyde into dihydroartemisinic aldehyde by
artemisinic aldehyde A11(13) reductase (DBR2) [28]. Then,
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«Fig. 1 Summary of artemisinin biosynthesis, transgenic approaches
to enhance artemisinin production, and artemisinin mode of action.
The enzymes responsible for each reaction are indicated next to the
arrows. Suppression of competing pathways and artemisinin activity
and its targets are shown in bold. Transgenic approaches regulating
artemisinin production are shown in black boxes. Cyclization
mechanism of FPP to generate amorpha-4,11-diene is highlighted in
gray. Full names of intermediates and enzymes involved in the
pathway are as follows: HMG-CoA 3-hydroxy-3-methylglutaryl-
coenzyme A, G3P glycerol-3-phosphate, DXP 1-deoxy-p-xylulose
5-phosphate, MEP 2C-methyl-p-erythritol 4-phosphate, CDP-ME
4-diphosphocytidyl-2C-methyl p-erythritol, CDP-MEP CDP-ME
2-phosphate, MEC-PP 2C-methyl-p-erythritol 2,4-cyclodiphosphate,
HMB-PP (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate, IPP
isopentenyl pyrophosphate, DMAPP dimethylallyl pyrophosphate,
atoB (ERG10) acetoacetyl-CoA thiolase, HMGS (ERG13) HMG-CoA
synthase, HMGR HMG-CoA reductase, MK (EGRI2) mevalonate
kinase, PMK (ERGS8) phosphomevalonate kinase, MVDI (ERG19)
mevalonate pyrophosphate decarboxylase, dxs DXP synthase, dxr
DXP reductase, ispD CDP-ME synthase, ispE CDP-ME kinase, ispF
MEC-PP synthase, ispG HMB-PP synthase, ispH HMB-PP reductase,
IDI TPP isomerase, FPS (ispA) farnesyl pyrophosphate (FPP)
synthase, SOS (ERGY) squalene synthase, ADS amorpha-4,11-diene
synthase, CYP71AVI amorpha-4,11-diene 12-monooxygenase, CPR
cytochrome P450 reductase, ADHI alcohol dehydrogenase 1, ALDHI
aldehyde dehydrogenase 1, DBR2 artemisinic aldehyde A11(13)
reductase, REDI dihydroartemisinic aldehyde reductase 1 (color
figure online)

ALDHI1 oxidizes dihydroartemisinic aldehyde into dihy-
droartemisinic acid, which is converted non-enzymatically
into artemisinin [26, 29], as shown in Fig. 1.Rydénetal. [30]
discovered dihydroartemisinic aldehyde reductase 1
(RED1), which reduces dihydroartemisinic aldehyde into
dihydroartemisinic alcohol. Although the role of REDI1 in
artemisinin biosynthesis is still unclear, it has been suggested
that the silencing of REDI might increase the production of
artemisinin in A. annua.

Artemisinin is produced mainly in glandular secretory
trichomes (GSTs) and its accumulation level declines as
plants mature. Olofsson et al. [31] showed that GSTs of
A. annua are found in all aerial tissues of plants, but not in
roots or hairy roots. The density of GSTs is highest in
flower buds and young leaves and decreases as leaves age.

The expression pattern of genes involved in the arte-
misinin biosynthetic pathway has been investigated
extensively for over a decade. The expression of genes in
the upstream pathway shows no correlation with the den-
sity of GSTs or the accumulation levels of artemisinin
intermediates [32]. In contrast, the expression of genes in
the downstream pathway is consistent with the density of
GSTs in each tissue. The expression of ADS is highest in
GSTs, high in flower buds and young leaves, low in stems,
negligible in old leaves and hairy roots, and not detected in
roots [31, 33-37]. CYP71AVI, DBR2, and ALDHI showed
similar expression patterns: highest in GSTs and very low
in stems and roots. In hairy roots, the expression levels of

CYP71AVI and DBR?2 are relatively low, but the expres-
sion of ALDH] is negligible [24, 26, 28, 31]. The expres-
sion levels of CYP71AVI and DBR?2 in leaves and flowers
show similar patterns, as they are high in leaf primordia
and flower buds but decrease as leaves and flowers develop
[38—40]. The expression pattern of ALDHI in leaves at
different stages is similar to those of CYP71AVI and DBR?2
[31]. Although there is no report on the expression level of
ALDH]I during different stages of flowering, this gene
shows higher expression in flowers than in leaves [26, 31].
The expression of REDI is relatively low in flower buds,
young leaves, and stems. In contrast, the expression of this
gene is much higher in old leaves and roots than in young
leaves [30, 31]. Interestingly, the expression of REDI is
approximately 50-fold higher in hairy roots compared with
old leaves. Nevertheless, the function of REDI1 in hairy
roots has not been established [31].

The expression levels of ADS and ALDHI, as well as
their enzymatic activities in high-artemisinin-producing
and low-artemisinin-producing A. annua cultivars, show
no differences. Even though the expression levels of
CYP71AV] in these two cultivars are similar, CYP71AV1
in a high-artemisinin-producing cultivar shows lower
enzyme activity, which is suitable for the change in
metabolic flux to dihydro-analogues and artemisinin pro-
duction [41]. In contrast, the activity of DBR2 in both
cultivars shows no significant difference, but the gene
encoding this enzyme shows considerably higher expres-
sion levels in high-artemisinin-producing cultivars than in
low-artemisinin-producing cultivars [42].

Mode of action of artemisinin

Before artemisinin can exert its action, the endoperoxide
bridge has to be activated to generate the free radical
species. Two activation pathways of artemisinin have been
suggested, namely the mitochondrial and heme-mediated
degradation pathways [43]. Mitochondria-activated arte-
misinin is involved in lipid peroxidation inducing cyto-
toxicity via the generation of reactive oxygen species
(ROS) and depolarization of the parasite mitochondrial and
plasma membranes [43-47]. In the heme-mediated path-
way, two activation models (i.e., a reductive scission model
and an open peroxide model) have been proposed, both of
which lead to the generation of an active carbon-centered
radical [48]. Even though the non-heme Fe*t ion was
suggested to bind and activate artemisinin [7], recent
studies showed that heme plays a predominant role in
artemisinin activation rather than the Fe?' ion [5]. In
Plasmodium spp., heme is produced via endogenous heme
biosynthesis at the early ring stage and via hemoglobin
digestion at the trophozoite stage. However, the level of
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heme biosynthesized endogenously in the parasites is much
lower than its production via hemoglobin digestion, sug-
gesting that hemoglobin-derived heme plays a major role in
artemisinin activation [5, 49]. Recently, Xie et al. [50]
reported that falcipains FP2a and FP3 (two main cysteine
protease hemoglobinases) are also involved in the potential
activation of artemisinin at an early ring stage.

After hemoglobin digestion, the heme detoxification
protein (HDP) can trigger the conversion of free heme to
hemozoin, which is essential for parasite survival [4, 51].
However, the formation of the artemisinin-free heme
complex shows an inhibitory effect on this conversion [51].
A translationally controlled tumor protein (PfTCTP) was
also reported as a potential target of artemisinin, as it could
form a covalent bond with this protein, resulting in protein
malfunction [52, 53]. Eckstein-Ludwig et al. [54] showed
that artemisinin specifically mediated the inhibition of
PfATP6, an orthologous sarco/endoplasmic reticulum
Ca’"-ATPase (SERCA), outside the food vacuole.
Recently, five enzymes involved in the key metabolic
pathways of the parasite were also reported as potential
targets of artemisinin, namely ornithine aminotransferase
(OAT), pyruvate kinase (PyrK), rL-lactate dehydrogenase
(LDH), spermidine synthase (SpdSyn), and S-adenosyl-
methionine synthetase (SAMS). All of them are covalently
modified by the interaction with artemisinin, resulting in
the irreversible malfunction of enzyme activities [5].

Enhancement of artemisinin production

The demand for artemisinin increases every year. Even
though total synthesis of artemisinin from commercially
available chemicals or semi-synthesis from its intermedi-
ates have been reported, all of those methods are costly and
require several synthesis steps [55, 56]. In this review, we
summarize recent studies regarding four approaches to
enhance the production of artemisinin: (1) plant breeding
technologies, (2) overexpression of genes involved in the
artemisinin biosynthetic pathway, (3) direct or indirect
upregulation of artemisinin biosynthesis, and (4) heterol-
ogous production.

Plant breeding technologies

Conventional plant breeding techniques to select high-
artemisinin-producing cultivars have been used for dec-
ades. These techniques include cultivation of A. annua and
collection of cultivars with the desired properties. At pre-
sent, a robust hybrid A. annua is generated from the
combination of high-artemisinin-producing and vigorous
cultivars to increase the production yield of artemisinin to
more than 2 % dry weight [57-59]. Recently, an alternative

@ Springer

approach to increase the production of artemisinin from the
cultivation of high-artemisinic acid or dihydroartemisinic
acid-producing cultivars was proposed, since a method for
the semi-synthesis of artemisinin from these two precursors
has been developed [56, 60].

Scientists at the University of York used advanced
breeding techniques to evaluate the distribution of traits
that contribute to artemisinin yield [61]. From the screen-
ing of 23,000 strains, they succeeded in identifying genes
and molecular markers for fast-track breeding, enabling the
construction of a detailed genetic map of A. annua with
nine linkage groups. The established quantitative trait loci
(QTL) map is also applicable for rapid identification of
A. annua parental lines with useful traits for plant breed-
ing. Two hybrids, called Hybrid 1209r Shennong and
Hybrid 8001r Zenith, were developed with high artemisinin
productivity of up to 36.3 and 54.5 kg/ha, respectively. The
diallel cross approach to determine the combining ability of
the robust parental lines for the production of artemisinin
high-yielding A. annua hybrids was also developed by the
same group and showed consistent results with the QTL-
based molecular breeding approach [62].

Hairy root culture is another method to enhance the
production of secondary (specialized) metabolites, owing
to its rapid growth capabilities [63]. Transformation pro-
tocols to obtain hairy roots containing artemisinin from this
plant have been reported [64, 65]. In our laboratory, we
also attempted to establish the conditions for A. annua
hairy root cultivation. However, we still could not detect
even trace amounts of artemisinin or its intermediates from
the extract of hairy root cultures by GC-MS (unpublished
data). Artemisinin biosynthetic genes are highly expressed
in trichomes but almost negligible in root tissue
[31, 33-40], suggesting that the production of this com-
pound by hairy root cultures could be somewhat difficult.
Therefore, the most suitable conditions for hairy root cul-
tures to enhance production of artemisinin must be inves-
tigated. In addition, the identification of artemisinin
production from root extracts requires extreme care, and
NMR spectroscopic and mass spectrometric analyses are
required.

Overexpression of genes involved in artemisinin
biosynthetic pathway

Metabolic engineering of A. annua by overexpressing
genes involved in artemisinin biosynthesis has been given
more attention during the last 20 years. To obtain suc-
cessful transformants, several parameters for Agrobac-
terium tumefaciens-mediated transformation, such as the
concentration of antibiotics, method and duration of co-
cultivation, and phytohormones supplied for plant regen-
eration, have been optimized [66-71]. Among various
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explants available for transformation, stem internodes and
young inflorescence seem to be the most appropriate
[70-72]. Phytohormones o-naphthaleneacetic acid and
6-benzylaminopurine are crucial for GST development in
young leaves, and root generation also affects GST size
[73]. Recently, Kiani et al. [72] developed miniprep
methods using A. tumefaciens- and Agrobacterium rhizo-
genes-mediated transformation. This method exhibits
higher transformation rates with faster development of
transformants within 3-4 weeks compared with other
methods.

The overexpression of several genes involved in artemi-
sinin biosynthesis in A. annua has been evaluated. Overex-
pression of farnesyl pyrophosphate synthase (FPS) increased
artemisinin production up to 2- to 3.6-fold higher than that in
the control [74, 75]. Overexpressing CYP7IAVI and its
redox partner cytochrome P450 reductase (CPR) in artemi-
sinin biosynthesis could increase artemisinin content in
planta by 38 % [76]. Xiang et al. [77] generated dxr- and
CYP71AV1/CPR-overexpressing A. annua and found that
both transformants increased the production of artemisinin.
The overexpression of DBR2 increased the production of
artemisinin as well as its precursor dihydroartemisinic acid,
up to twofold, compared with non-transgenic plants. It also
increased production of artemisinic acid up to 5.48- to 9.06-
fold and arteannuin B up to twofold [78]. The reason why
overexpression of DBR2 enhanced biosynthesis of artemi-
sinic acid and arteannuin B has not been revealed. However,
Yuan et al. [78] hypothesized that excess dihydroartemisinic
acid might be converted into artemisinic acid in planta.

Overexpression of multiple genes involved in artemisi-
nin biosynthesis could greatly increase the production of
artemisinin in planta. Chen et al. [79] showed that the co-
overexpression of FPS, CYP71AVI, and CPR increased
artemisinin levels in A. annua up to 3.6-fold. The co-
overexpression of HMGR and FPS increased production of
artemisinin up to 1.8-fold higher than that in the control
[80]. Alam et al. [81, 82] co-overexpressed HMGR and
ADS in A. annua and found greatly increased artemisinin
levels, up to 7.65-fold, in this transgenic line.

Suppressing the expression of genes involved in the
pathways competing with artemisinin biosynthesis is
another approach to enhance artemisinin content in planta.
Zhang et al. [83] used RNAIi techniques to suppress the
expression of SQOS, the first committed gene in sterol
biosynthesis. The suppression of this gene enhanced the
production of artemisinin up to 3.14-fold.

Direct or indirect upregulation of artemisinin
biosynthesis

The effect of several stresses on production of artemisinin
in A. annua has been analyzed since the 1990s. These

stresses usually lead to the generation of ROS (required for
the last non-enzymatic step in artemisinin biosynthesis) or
upregulate the expression of artemisinin biosynthetic genes
[84-87]. Details of the stresses placed on artemisinin pro-
duction have been summarized previously [88, 89], and the
appropriate cultivation conditions of A. annua were sug-
gested [9].

Some transcription factors upregulated the expression of
artemisinin biosynthetic genes and promoted production of
artemisinin in A. annua. The WRKY1 transcription factor
is thought to bind to the W-box cis-acting elements of
promoters to promote gene expression. It is also involved
in the regulation of plant defense responses and develop-
mental and physiological processes. Ma et al. [33] showed
that the transcript levels of HMGR, ADS, CYP71AV1, and
DBR?2 were induced in transient AaWRKYI-overexpressing
leaves. Furthermore, the specific overexpression of this
transcription factor in GSTs increased transcript levels of
CYP71AVI up to 33-fold, compared with the wild type
[90]. AaORA, one of the APETALA2/ethylene response
factor (AP2/ERF) transcription factor involved in plant
responses to biotic and abiotic stresses, showed a similar
expression pattern to those of ADS, CYP71AV1I, and DBR2.
The overexpression of this transcription factor led to the
upregulation of the expression levels of ADS, CYP7IAVI,
and DBR2 in planta and promoted artemisinin production
[91]. Yu et al. [92] also reported the enhancement of
artemisinin production via overexpression of two tran-
scription factors from the same family, AaERFI and
AaERF2, which bind to the promoter regions of ADS and
CYP71AVI. Another transcription factor that positively
regulates the biosynthesis of artemisinin is a basic helix-
loop-helix (bHLH) transcription factor, involved in meta-
bolic regulation of various hormones, developmental pro-
cesses, and regulation of light signaling, iron and
phosphate homeostasis, and various abiotic stresses [93].
Recently, Zhang et al. [94] reported that a basic leucine
zipper transcription factor (AabZIP1) binds to the ABA-
responsive elements (ABRE) of ADS and CYP71AVI
promoters and upregulates the expression of ADS,
CYP71AVI, DBR2, and ALDH].

Several phytohormones upregulating artemisinin
biosynthesis have been reported. Treatment with salicylic
acid upregulates the expression of HMGR and ADS, as well
as induces ROS generation, driving the conversion of
dihydroartemisinic acid into artemisinin [95]. Methyl jas-
monate (MeJA) promotes the formation of GSTs and
enhances the expression of several genes involved in the
artemisinin biosynthetic pathway and related transcription
factors (ORA and ERF), leading to the enhancement of
artemisinin production [96-98]. This phytohormone also
regulates trichome-specific fatty acyl-CoA reductase 1
(TFARI), ABCG transporter unigenes (AaABCG6 and
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AaABCG7), and allene oxide cyclase (AaAOC)
[96, 99, 100]. TFARI1 is involved in the formation of
cuticular wax during GST expansion in A. annua.
AaABCG6 and AaABCG?7 are ATP-binding cassette trans-
porter G, involved in the development of trichome cuticle
and may share a common regulatory system with ADS and
CYP71AVI. AaAOC is involved in JA biosynthesis. The
expression of this gene may be upregulated by treatment
with not only MeJA but also ABA and ethylene [100]. The
overexpression of the ABA receptor, AaPYL9, also
improves the sensitivity of ABA and promotes artemisinin
biosynthesis after ABA treatment [99, 101].

The enhancement of artemisinin production can be
achieved by increased GST density. Singh et al. [102]
reported that the expression of bgll, encoding B-glucosi-
dase from Trichoderma reesei, in A. annua improved the
density of GSTs in flowers up to 66 % and increased the
production of artemisinin up to five-fold compared with the
control. The expression of rolB and rolC of A. rhizogenes
also increases GST density and upregulates the expression
of ADS, CYP71AVI, ALDHI, and TFARI. Artemisinin
content is then increased 2- to 9-fold and 4-fold in rolB-
and rolC-expressing plants, respectively [103].

Co-cultivation of an endophytic fungus Piriformospora
indica and a nitrogen-fixing bacterium Azotobacter
chroococcum with A. annua increases artemisinin content
up to 70 % [104]. This dual symbiosis also shows a posi-
tive effect on plant height, dry weight, and leaf yield.
Another example of using symbiosis to increase the pro-
duction of artemisinin was reported using Glomus mosseae
and Bacillus subtilis [105]. Although clear evidence for the
effect of this symbiosis on the enhancement of artemisinin
production is still unknown, Arora et al. [104] suggested
that it might be due to improved growth and nutrient status
of the plant.

Heterologous production

Metabolic engineering of several platforms, such as Nico-
tiana benthamiana or chloroplasts, has been conducted.
Although ADS and CYP7IAVI were introduced into
N. benthamiana, the production of artemisinic acid 12-B-
diglucoside, instead of artemisinic acid, was detected at
39.5 mg/kg fresh weight (FW) [106]. The production yield
of artemisinic acid in tobacco chloroplasts was also very
low (0.1 mg/g FW) [107].

The production of plant natural compounds in
microorganisms is an alternative approach with several
advantages. The metabolic pathways in microorganisms
could be modified to produce various types of natural
compounds, including isoprenoids, alkaloids, and phenyl-
propanoids. Microorganisms can grow rapidly, allowing
shorter production time compared with the biosynthesis of
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desired natural compounds in plants. Scaling up production
to industrial scale is also possible [108].

The production of artemisinin precursors in microor-
ganisms was first reported in 2003. Martin et al. [109]
expressed entire genes encoding the MVA pathway from
yeast Saccharomyces cerevisiae in Escherichia coli to
increase the intracellular concentration of FPP. To prevent
the rapid loss of highly volatile amorpha-4,11-diene during
culturing, the culture media was overlaid with dodecane to
trap amorpha-4,11-diene, referred to as a two-phase parti-
tioning bioreactor. As a result, they recovered the volati-
lized amorpha-4,11-diene, improving production titers
from 24 mg/L to approximately 500 mg/L in a fed-batch
bioreactor [110].

The coexpression of MevT operon with extra copies of
HMGR reduced the accumulation of toxic HMG-CoA and
increased production of mevalonate by threefold [111]. The
replacement of lac by lacUV5 promoter with a codon-op-
timized MevT and an additional copy of MK also led to the
increase in artemisinin production [112]. Tsuruta et al.
[113] succeeded in enhancing amorpha-4,11-diene pro-
duction in E. coli up to 27.4 g/L by replacing yeast HMGS
and HMGR with the equivalent enzymes from gram-posi-
tive bacteria Staphylococcus aureus.

Engineering of the MEP pathway and membrane efflux
transporters to improve the production of amorpha-4,11-
diene in E. coli has been reported as well [114-117].
However, there are many issues regarding the expression of
membrane-bound cytochrome P450s in this bacterium
posing a limitation on the production of the subsequent
oxidized compounds. To overcome these problems, Chang
et al. [118] engineered the N-terminal transmembrane do-
main of the codon-optimized CYP71AVI and coexpressed
it with CPR from A. annua. As a result, production of
artemisinic acid (105 mg/L) in this E. coli strain was
obtained. Two years later, the same group replaced
CYP71AVI by engineered P450 from gram-positive bac-
teria Bacillus megaterium (P450gy3) and could produce
artemisinic-11S,12-epoxide at higher than 250 mg/L suc-
cessfully [119]. From this finding, a novel semi-biosyn-
thetic route for the production of artemisinin stemming
from the cleavage of this epoxide followed by several
oxidation steps was proposed.

Yeast is another attractive host for the production of
artemisinin precursors as it produces FPP for sterol
biosynthesis via the MVA pathway. Since the MVA
pathway in S. cerevisiae has been characterized, ADS was
introduced into this yeast, and an amorpha-4,11-diene-
producing yeast strain was generated successfully [120].
While there are many issues concerning the expression of
cytochrome P450s in E. coli, the expression of this gene in
yeast is much more feasible. Therefore, CYP7IAVI and
CPR were coexpressed, and all genes involved in the MVA
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pathway were upregulated either directly or indirectly. The
competing pathway (sterol biosynthetic pathway) was also
downregulated using a methionine-repressible promoter to
improve the production of artemisinic acid in the yeast
expression system. As a result, this transgenic yeast strain
produced artemisinic acid at up to 100 mg/L [121, 122].
Several factors were further optimized for the production
of artemisinic acid in an industrial fermenter. For example,
the carbon source for growing yeast in a fermenter was
switched from glucose to galactose, and the oxygen
transfer rate was controlled. With this development, called
the galactose fed-batch process controlled by the DO-stat
algorithm, the artemisinic acid titer increased to 2.5 g/L
[123].

Despite conferring a higher production yield of artemi-
sinic acid, the use of galactose is costly and not applicable,
especially in developing countries. Thus, lower-cost
chemicals are needed as carbon sources. Yeast with GALI,
GAL7, GALIO, and GALSO deletions was generated to
exclude the use of galactose, and ethanol was alternatively
used as a carbon source. Two additional copies of truncated
HMGR (tHMG1) were integrated into this yeast strain. As a
result, the production of amorpha-4,11-diene was increased
up to more than 40 g/L [124]. Further development was
performed by the introduction of artemisinin biosynthetic
genes, CYP71AVI, CPR, ADHI, and ALDHI, to oxidize
amorpha-4,11-diene into artemisinic acid. Cytochrome b5
(CYB5) was also introduced into this strain as it can
accelerate cytochrome P450 reactions [125]. High-level
production of artemisinic acid, at 25 g/L, was thereby
achieved. The semi-synthesis of artemisinin from artemi-
sinic acid was also optimized, and the overall yield after
purification increased to 4045 % [126, 127]. A potent
coupled chromatography—crystallization method to purify
artemisinin was then developed, and the recovery yield of
this antimalarial compound from the reaction mixture
increased to 61.5 %, with 99 % purity [128]. All of the
transgenes and modifications to several heterologous hosts
mentioned here are summarized in Table 1.

Artemisinin biosynthetic genes in non-artemisinin-
producing Artemisia species

Some studies reported that artemisinin is produced in other
Artemisia species [129-134]. However, we attempted to
isolate artemisinin from other Artemisia species but failed
to detect any trace amounts of artemisinin or its interme-
diates (unpublished data). Thus, we analyzed the expres-
sion of genes highly homologous to artemisinin
biosynthetic genes in these species. Firstly, we selected
A. afra and A. absinthium as they are widely cultivated in
Africa and exhibit anti-plasmodial activity [135-138].

Putative ADS orthologs were not expressed in either
A. afra or A. absinthium [139]. However, we detected the
expression of putative CYP7IAVI orthologs in both spe-
cies. Functional analysis revealed that these orthologous
enzymes show similar catalytic activities to their corre-
spondent in A. annua on the oxidation of amorpha-4,11-
diene into artemisinic acid [139]. We also detected the
expression of DBR2 ortholog in A. absinthium, and the
encoded enzyme showed comparable activity to that of
A. annua DBR2 [140]. In addition, we showed that this
plant can convert the fed artemisinin intermediates into the
following products along the biosynthetic pathway of
artemisinin [140]. Our findings suggest that ADS might be
a limiting factor for the production of artemisinin in planta,
and A. absinthium could be an alternative host for arte-
misinin production. The introduction of ADS into A. ab-
sinthium might lead to the generation of artemisinin-
producing A. absinthium, which could be used as an
alternative approach to produce artemisinin in other Arte-
misia species. To prove this hypothesis, this research is
now ongoing in our laboratory.

Next challenge: artemisinin-resistant Plasmodium
parasites

Artemisinin is the most effective antimalarial drug and has
been used as an ACT to treat malaria for over a decade.
However, the emergence of artemisinin-resistant Plas-
modium parasites in Southeast Asia, prolonging the para-
site clearance rate in patients, has been reported recently
and has become a critical issue [141-144]. No correlation
between resistance and other previously proposed candi-
date targets of artemisinin (PfATP6 and PfTCTP) was
detected [145]. However, it has been suggested that the
resistance occurs predominantly during the early ring stage
of parasite development as a result of the multiple forms of
mutations in the PF3D7_1343700 kelch propeller domain
(K13-propeller) on chromosome 13 [146-155]. K13-pro-
peller mutations lead to the increase of phosphatidylinosi-
tol-3-kinase (PfPI3K), which is required for the mediation
of cell signaling and survival [156, 157], and prolong
parasite development at the ring stage when the activation
level of artemisinin is rather low [5, 7, 158]. The B sub-
family of ABC transporters, known as multidrug resistance
proteins (MDR), also promotes artemisinin resistance. In
artemether—lumefantrine post-treatment infections, alleles
of Pfimdrl tended to have 86N, 184F, and 1246D, rather
than the common YYY haplotype, and increased the
number of treatment failures [159]. The deletion of Pfindr5
induced greater sensitivity to artemisinin treatment, sug-
gesting that this gene might contribute to artemisinin
resistance as well [160].
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Table 1 Heterologous production of artemisinin intermediates

Host No.

Transgenes or modifications

Product Yield References

N. 1
benthamiana

Tobacco 2

chloroplasts
E. coli 3

10
11
12

13

S. cerevisiae 14
15

16
17

18

P;5s-tHMGR-FPS-ADS, Psss-CYP7IAVI

Pyyniss-atoB-HMGS-HMGR-MK-PMK-MVDI, Pg4-E. coli IDI-FPS-

ADS-CYP71AVI-AaCPR
P-MevT®, P,,.-MBIS®, P,,.-ADS

Same as 3 but overlaid with dodecane
PBAD-MEVT, PBAD-IHMGRI

P.cuvs-MevT (codon opt.)-MBIS, P,,.-ERG12 (codon opt.)-ADS

P.cuvs-MevT (codon opt.) with HMGS and HMGR from S. aureus,

P.e-MBIS, P,-ADS
Pgap-dxs-IDI-ispDF, ADS with Apts and optimized medium

Pruz-galP-glk, Prr-dxs-IDI-ispA-ADS

AcrB, TolC (x2), ADS (codon opt.)

PBAD-dXS-IDI-iSpDF, ParnBAD'ADSa PTM]-maCAB-TOZC

Same as 3 with CYP71AVI (codon opt., engineered N-terminal
transmembrane)-AaCPR

Same as 12 but replaced CYP71AVI with P450g),3

PGALI-IHMGR PGALI'”PCZ'] erg9.':PMETg-ERG9 PGAL]-tHMGR
PGar-ERG20, PGayp-ADS Pgar10-CYP71AVI Pgar-AaCPR

Same as 15 with optimized culture condition

gal804::nat” MAT a erg94::kan” Pypr3-ERGY, leu2-3,112::HIS
PGALJ-MVD] PGAL]O-ERGS his3A1::HIS PGAL1-ER612 PGAL]O_

ERGI10adel A::Pgar;-tHMGI1 Pgap0-IDI1 ADEI ura3-52::Pgar ;-

tHMG1 PGAL]()-ERGIj’ URA3trp]—289:.'PGAL]—tHMG] PGAL]O_
ERG20 TRP1 [pAM322]

Same as 17. but replaced gal80A::nat” with gallA gal7A
gall0A::hphA

gallA,gall0A,gal7A::Pgar3-CPRInatA, erg9A::dsdAPcrr3- ERGY,

leu2—3,]]2::kanAPGAL7—AaCYB5PGAL]—ERG]9PGAL]0— ERGS,
ade]A:.'PGAU-IHMGIPGALID-IDI]_ADE], his34 ].','hp]’lAPGAl]-
AGALDH]PGALJ-ERG]ZPGALI()—ERGIO, ura3-52:: PGALI_
l‘HMG]PGAL]()-ERG]j’hl.SG, trp]—289 PGAL]' ZHMG]P(;AL](}‘
ERG20TRPI, ndt80A::Pypy-HEMIHIS3PPGKI-CTT],

8al80A::URA3P G AaADHI, [pAMS552: 2u-LEU2d Pgay,-ADS

Piario-CYP7IAVI]

Artemisinic acid  39.5 mg/kg [106]
12-B- FW
diglucoside

Artemisinic acid 0.1 mg/g FW [107]

Amorpha-4,11- 24 mg/L [109]
diene

Amorpha-4,11- 500 mg/L [110]
diene

Mevalonate Threefold from [111]

CT®

Amorpha-4,11- 293 mg/L [112]
diene

Amorpha-4,11- 27.4 g/L [113]
diene

Amorpha-4,11- 182 mg/L [114]
diene

Amorpha-4,11- 201.2 mg/L [115]
diene

Amorpha-4,11- 404.83 mg/L [116]
diene

Amorpha-4,11- ~30 mg/L/OD [117]
diene

Artemisinic acid 105 mg/L [118]

Artemisinic- 250 mg/L [119]
118,12-
epoxide

Amorpha-4,11- 600 pg/L [120]
diene

Artemisinic acid 100 mg/L [121, 122]

Artemisinic acid 2.5 g/L [123]

Amorpha-4,11- 41 g/L [124]
diene

Amorpha-4,11- 37 g/L [124]
diene

Artemisinic acid 25 g/LL [126, 127]

* MevT operon consists of atoB-HMGS-tHMGR
> MBIS operon consists of ERG12-ERGS-MVDI-IDI-ispA
¢ Production yield as compared to control (CT)
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Current situation of malaria infection and ongoing
studies on antimalarial drug development

Since ACTs have become the major treatment for malaria
and strict preventive measures against parasite-infected
mosquitoes have been implemented, the malaria-related
mortality rate and case incidence have decreased gradually
during the past 10 years [1]. Although artemisinin-resistant
Plasmodium parasites have emerged and show a significant
delay in clearance rate, the response of dihydroartemisinin
against either wild-type parasites or mutants exhibits sim-
ilar K, values suggesting that dihydroartemisinin does not
lose its activity against the mutants [161]. Extending the
treatment courses could be an effective strategy to clear
resistant parasite infection. However, the parasites can still
develop complete resistance against artemisinin-based
treatment at any point in the future. In addition, the pro-
portion of malaria-infected patients is concentrated in
countries with low national income levels. Among these,
more than 68 million infected children do not receive any
ACTs [1]. Therefore, large amounts of low-cost artemisinin
for ACTs, by either increasing the cultivation of high-
artemisinin-producing A. annua plants or developing
cheaper synthetic biological processes in the long term, are
required to prevent any further development of parasites
and meet the demand of ACTs worldwide. Moreover, novel
effective antimalarial treatments must be developed con-
tinually. Recently, low-cost plant-based artemisinin com-
bination therapy (pACT) has driven attention on the
production of no semi-synthetic artemisinin in planta as
this treatment showed higher antimalarial activity, and the
synergistic effect of artemisinin and the plant matrix
overcame resistance to artemisinin [162—-169]. Several
scientists have also focused on the investigation of novel
potential drug targets [170-180] and on the synthesis of
novel antimalarial compounds including artemisinin
hybrids [181-186]. Still, further studies on these avenues
are required.

Conclusion

Several approaches to enhance the production of artemi-
sinin have been investigated for over a decade. As a result,
the availability of artemisinin for ACTs is increasing, and
the number of malaria-related deaths is decreasing gradu-
ally. Although artemisinin is still effective against malaria-
causing parasites, the emergence of artemisinin-resistant
strains has posed a new challenge to scientists worldwide.
Therefore, elucidating the mode of action of artemisinin
and the mechanism of resistance against this compound in
Plasmodium parasites is important for further development

of antimalarial drugs. We hope that the current under-
standing of artemisinin as summarized in this review will
provide clues for further investigation and development of
antimalarial treatments to overcome artemisinin resistance
in Plasmodium parasites in the future.

Acknowledgments This work was supported by a Grant-in-Aid for
Scientific Research (23780104) and a research grant from the Shorai
Foundation for Science and Technology to H.S.; Frontier Research
Base for Global Young Researcher, Osaka University from the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan (MEXT) to E.O.F.; and the Monbukagakusho Scholarship to
P.M.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. World Health Organization (2015) World malaria report 2015.
World Health Organization, Geneva
2. Tu Y (2011) The discovery of artemisinin (qinghaosu) and gifts
from Chinese medicine. Nat Med 17:1217-1220
3. de Ridder S, van der Kooy F, Verpoorte R (2008) Artemisia
annua as a self-reliant treatment for malaria in developing
countries. J Ethnopharmacol 120:302-314
4. van Agtmael MA, Eggelte TA, van Boxtel CJ (1999) Artemi-
sinin drugs in the treatment of malaria: from medicinal herb to
registered medication. Trends Pharmacol Sci 20:199-205
5. Wang J, Zhang CJ, Chia WN, Loh CCY, Li Z, Lee YM, He Y,
Yuan LX, Lim TK, Liu M, Liew CX, Lee YQ, Zhang J, Lu N,
Lim CT, Hua ZC, Liu B, Shen HM, Tan KSW, Lin Q (2015)
Haem-activated promiscuous targeting of artemisinin in Plas-
modium falciparum. Nat Commun 6:10111
6. Willcox M (2009) Artemisia species: from traditional medicines
to modern antimalarials—and back again. J Altern Complement
Med 15:101-109
7. Klonis N, Creek DJ, Tilley L (2013) Iron and heme metabolism
in Plasmodium falciparum and the mechanism of action of
artemisinins. Curr Opin Microbiol 16:722-727
8. World Health Organization (2006) Guidelines for the treatment
of malaria, 1st edn. World Health Organization, Geneva
9. Ferreira JFS, Laughlin JC, Delabays N, de Magalhdes PM
(2005) Cultivation and genetics of Artemisia annua L. for
increased production of the antimalarial artemisinin. Plant Genet
Resour 3:206-229
10. Chang Z (2015) The discovery of ginghaosu (artemisinin) as an
effective anti-malaria drug: a unique China story. Sci China Life
Sci 59:1-8
11. Miller LH, Su X (2011) Artemisinin: discovery from the Chi-
nese herbal garden. Cell 146:855-858
12. Su XZ, Miller LH (2015) The discovery of artemisinin and the
Nobel Prize in Physiology or Medicine. Sci China Life Sci
58:1175-1179

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

328

J Nat Med (2016) 70:318-334

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Liao F (2009) Discovery of artemisinin (qinghaosu). Molecules
14:5362-5366

World Health Organization (2015) Guidelines for the treatment
of malaria, 3rd edn. World Health Organization, Geneva

Li G, Amold K, Guo X, Jian H, Fu L (1984) Randomised
comparative study of mefloquine, qinghaosu, and pyr-
imethamine—sulfadoxine in patients with falciparum malaria.
Lancet 2:1360-1361

Brown GD (2010) The biosynthesis of artemisinin (qinghaosu)
and the phytochemistry of Artemisia annua L. (qinghao).
Molecules 15:7603-7698

Towler MJ, Weathers PJ (2007) Evidence of artemisinin pro-
duction from IPP stemming from both the mevalonate and the
nonmevalonate pathways. Plant Cell Rep 26:2129-2136
Schramek N, Wang H, Romisch-Margl W, Keil B, Radykewicz
T, Winzenhorlein B, Beerhues L, Bacher A, Rohdich F, Ger-
shenzon J, Liu B, Eisenreich W (2010) Artemisinin biosynthesis
in growing plants of Artemisia annua. A *CO, study. Phyto-
chemistry 71:179-187

Bouwmeester HJ, Wallaart TE, Janssen MHA, van Loo B,
Jansen BJM, Posthumus MA, Schmidt CO, De Kraker JW,
Konig WA, Franssen MCR (1999) Amorpha-4,11-diene syn-
thase catalyses the first probable step in artemisinin biosynthe-
sis. Phytochemistry 52:843-854

Chang YJ, Song SH, Park SH, Kim SU (2000) Amorpha-4,11-
diene synthase of Artemisia annua: cDNA isolation and bacte-
rial expression of a terpene synthase involved in artemisinin
biosynthesis. Arch Biochem Biophys 383:178-184

Mercke P, Bengtsson M, Bouwmeester HJ, Posthumus MA,
Brodelius PE (2000) Molecular cloning, expression and char-
acterization of amorpha-4,11-diene synthase, a key enzyme of
artemisinin biosynthesis in Artemisia annua L. Arch Biochem
Biophys 381:173-180

Kim SH, Heo K, Chang YJ, Park SH, Rhee SK, Kim SU (2006)
Cyclization mechanism of amorpha-4,11-diene synthase, a key
enzyme in artemisinin biosynthesis. J Nat Prod 69:758-762
Picaud S, Mercke P, He X, Sterner O, Brodelius M, Cane DE,
Brodelius PE (2006) Amorpha-4,11-diene synthase: mechanism
and stereochemistry of the enzymatic cyclization of farnesyl
diphosphate. Arch Biochem Biophys 448:150-155

Teoh KH, Polichuk DR, Reed DW, Nowak G, Covello PS
(2006) Artemisia annua L. (Asteraceae) trichome-specific
cDNAs reveal CYP71AV1, a cytochrome P450 with a key role
in the biosynthesis of the antimalarial sesquiterpene lactone
artemisinin. FEBS Lett 580:1411-1416

Polichuk D, Teoh KH, Zhang Y, Ellens KW, Reed DW, Covello
PS (2010) Nucleotide sequence encoding an alcohol dehydro-
genase from Artemisia annua and uses thereof. Patent No.
W02010/012074

Teoh KH, Polichuk DR, Reed DW, Covello PS (2009) Molec-
ular cloning of an aldehyde dehydrogenase implicated in arte-
misinin biosynthesis in Artemisia annua. Botany 87:635-642
Brown GD, Sy LK (2007) In vivo transformations of artemisinic
acid in Artemisia annua plants. Tetrahedron 63:9548-9566
Zhang Y, Teoh KH, Reed DW, Maes L, Goossens A, Olson
DJH, Ross ARS, Covello PS (2008) The molecular cloning of
artemisinic aldehyde A11(13) reductase and its role in glandular
trichome-dependent biosynthesis of artemisinin in Artemisia
annua. J Biol Chem 283:21501-21508

Brown GD, Sy LK (2004) In vivo transformations of dihy-
droartemisinic acid in Artemisia annua plants. Tetrahedron
60:1139-1159

Rydén AM, Ruyter-Spira C, Quax WIJ, Osada H, Muranaka T,
Kayser O, Bouwmeester H (2010) The molecular cloning of
dihydroartemisinic aldehyde reductase and its implication in

@ Springer

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

artemisinin biosynthesis in Artemisia annua. Planta Med
76:1778-1783

Olofsson L, Engstrom A, Lundgren A, Brodelius PE (2011)
Relative expression of genes of terpene metabolism in different
tissues of Artemisia annua L. BMC Plant Biol 11:45

Arsenault PR, Vail D, Wobbe KK, Erickson K, Weathers PJ
(2010) Reproductive development modulates gene expression
and metabolite levels with possible feedback inhibition of
artemisinin in Artemisia annua. Plant Physiol 154:958-968
Ma D, Pu G, Lei C, Ma L, Wang H, Guo Y, Chen J, Du Z, Wang
H, Li G, Ye H, Liu B (2009) Isolation and characterization of
AaWRKY1, an Artemisia annua transcription factor that regu-
lates the amorpha-4,11-diene synthase gene, a key gene of
artemisinin biosynthesis. Plant Cell Physiol 50:2146-2161
LiZQ, Liu Y, Liu BY, Wang H, Ye HC, Li GF (2006) Cloning,
E. coli expression and molecular analysis of amorpha-4,11-diene
synthase from a high-yield strain of Artemisia annua L. J Integr
Plant Biol 48:1486-1492

Pu GB, Ma DM, Wang H, Ye HC, Liu BY (2013) Expression
and localization of amorpha-4,11-diene synthase in Artemisia
annua L. Plant Mol Biol Rep 31:32-37

Kim SH, Chang YJ, Kim SU (2008) Tissue specificity and
development pattern of amorpha-4,11-diene synthase (ADS)
proved by ADS promoter-driven GUS expression in the
heterologous plant, Arabidopsis thaliana. Planta Med
74:188-193

Wang H, Olofsson L, Lundgren A, Brodelius PE (2011) Tri-
chome-specific expression of amorpha-4,11-diene synthase, a
key enzyme of artemisinin biosynthesis in Artemisia annua L.,
as reported by a promoter-GUS fusion. Am J Plant Sci
2:619-628

Wang Y, Yang K, Jing F, Li M, Deng T, Huang R, Wang B,
Wang G, Sun X, Tang KX (2011) Cloning and characterization
of trichome-specific promoter of cpr7lavl gene involved in
artemisinin biosynthesis in Artemisia annua L. Mol Biol
45:751-758

Wang H, Han J, Kanagarajan S, Lundgren A, Brodelius PE
(2013) Trichome-specific expression of the amorpha-4,11-diene
12-hydroxylase (cyp7lavl) gene, encoding a key enzyme of
artemisinin biosynthesis in Artemisia annua, as reported by a
promoter-GUS fusion. Plant Mol Biol 81:119-138

Jiang W, Lu X, Qiu B, Zhang F, Shen Q, Lv Z, Fu X, Yan
T, Gao E, Zhu M, Chen L, Zhang L, Wang G, Sun X, Tang
K (2014) Molecular cloning and characterization of a tri-
chome-specific promoter of artemisinic aldehyde A11(13)
reductase (DBR2) in Artemisia annua. Plant Mol Biol Rep
32:82-91

Ting HM, Wang B, Rydén AM, Woittiez L, van Herpen T,
Verstappen FWA, Ruyter-Spira C, Beekwilder J, Bouwmeester
HJ, van der Krol A (2013) The metabolite chemotype of Nico-
tiana benthamiana transiently expressing artemisinin biosyn-
thetic pathway genes is a function of CYP7IAVI type and
relative gene dosage. New Phytol 199:352-366

Yang K, Monafared RS, Wang H, Lundgren A, Brodelius PE
(2015) The activity of the artemisinic aldehyde A11(13)
reductase promoter is important for artemisinin yield in different
chemotypes of Artemisia annua L. Plant Mol Biol 88:325-340
Sun C, Li J, CaoY Long G, Zhou B (2015) Two distinct and
competitive pathways confer the cellcidal actions of artemisi-
nins. Microb Cell 2:14-25

Wang J, Huang L, Li J, Fan Q, Long Y, Li Y, Zhou B (2010)
Artemisinin directly targets malarial mitochondria through its
specific mitochondrial activation. PLoS One 5:¢9582

Mercer AE, Copple IM, Maggs JL, O’Neill PM, Park BK (2011)
The role of heme and the mitochondrion in the chemical and



J Nat Med (2016) 70:318-334

329

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

molecular mechanisms of mammalian cell death induced by the
artemisinin antimalarials. J Biol Chem 286:987-996

Hartwig CL, Rosenthal AS, Angelo JD, Griffin CE, Posner GH,
Cooper RA (2009) Accumulation of artemisinin trioxane
derivatives within neutral lipids of Plasmodium falciparum
malaria parasites is endoperoxide-dependent. Biochem Phar-
macol 77:322-336

Antoine T, Fisher N, Amewu R, O’Neill PM, Ward SA, Biagini
GA (2014) Rapid kill of malaria parasites by artemisinin and
semi-synthetic endoperoxides involves ROS-dependent depo-
larization of the membrane potential. J Antimicrob Chemother
69:1005-1016

O’Neill PM, Barton VE, Ward SA (2010) The molecular
mechanism of action of artemisinin—the debate continues.
Molecules 15:1705-1721

Klonis N, Crespo-Ortiz MP, Bottova I, Abu-Bakar N, Kenny S,
Rosenthal PJ, Tilley L (2011) Artemisinin activity against
Plasmodium falciparum required hemoglobin uptake and
digestion. Proc Natl Acad Sci USA 108:11405-11410

Xie SC, Dogovski C, Hanssen E, Chiu F, Yang T, Crespo MP,
Stafford C, Batinovic S, Teguh S, Charman S, Klonis N, Tilley
L (2016) Haemoglobin degradation underpins the sensitivity of
early ring stage Plasmodium falciparum to artemisinins. J Cell
Sci 129:406-416

Chugh M, Sundararaman V, Kumar S, Reddy VS, Siddiqui WA,
Stuart KD, Malhotra P (2013) Protein complex directs hemo-
globin-to-hemozoin formation in Plasmodium falciparum. Proc
Natl Acad Sci USA 110:5392-5397

Bhisutthibhan J, Pan XQ, Hossler PA, Walker DJ, Yowell CA,
Carlton J, Dame JB, Meshnick SR (1998) The Plasmodium
falciparum translationally controlled tumor protein homolog and
its reaction with the antimalarial drug artemisinin. J Biol Chem
273:16192-16198

Eichhorn T, Winter D, Biichele B, Dirdjaja N, Frank M, Leh-
mann WD, Mertens R, Krauth-Siegel RL, Simmet T, Granzin J,
Efferth T (2013) Molecular interaction of artemisinin with
translationally controlled tumor protein (TCTP) of Plasmodium
falciparum. Biochem Pharmacol 85:38-45

Eckstein-Ludwig U, Webb RJ, van Goethem IDA, East JM, Lee
AG, Kimura M, O’Neill PM, Bray PG, Ward SA, Krishna S
(2003) Artemisinin target the SERCA of Plasmodium falci-
parum. Nature 424:957-961

Covello PS (2008) Making artemisinin.
69:2881-2885

Wang Z, Yang L, Yang X, Zhang X (2014) Advances in the
chemical synthesis of artemisinin. Synth Commun
44:1987-2003

Jain DC, Mathur AK, Gupta MM, Singh AK, Verma RK, Gupta
AP, Kumar S (1996) Isolation of high artemisinin-yielding
clones of Artemisia annua. Phytochemistry 43:993-1001
Delabays N, Simonnet X, Gaudin M (2001) The genetics of
artemisinin content in Artemisia annua L. and the breeding of
high yielding cultivars. Curr Med Chem 8:1795-1801
Cockram J, Hill C, Burns C, Arro RRJ, Woolley JG, Flockart I,
Robinson T, Atkinson CJ, Davies MJ, Dungey N, Greenland AJ,
Smith LLMJ, Bentley S (2012) Screening a diverse collection of
Artemisia annua germplasm accessions for the antimalarial
compound, artemisinin. Plant Gen Res 10:152-154

Larson TR, Branigan C, Harvey D, Penfield T, Bowles D,
Graham IA (2013) A survey of artemisinic and dihy-
droartemisinic acid contents in glasshouse and global field-
grown populations of the artemisinin-producing plant Artemisia
annua L. Ind Crops Prod 45:1-6

Phytochemistry

. Graham IA, Besser K, Blumer S, Branigan CA, Czechowski T,

Elias L, Guterman I, Harvey D, Isaac PG, Khan AM, Larson TR,
Li Y, Pawson T, Penfield T, Rae AM, Rathbone DA, Reid S,

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Ross J, Smallwood MF, Segura V, Townsend T, Vyas D, Winzer
T, Bowles D (2010) The genetic map of Artemisia annua L.
identifies loci affecting yield of the antimalarial drug artemisi-
nin. Science 327:328-331

Townsend T, Segura V, Chigeza G, Penfield T, Rae A, Harvey
D, Bowles D, Graham IA (2013) The use of combining ability
analysis to identify elite parents for Artemisia annua F1 hybrid
production. PLoS One 8:¢61989

Muranaka T, Saito K (2010) Production of pharmaceuticals by
plant tissue cultures. In: Mander L, Lui HW (eds) Comprehen-
sive natural products II: chemistry and biology. Development
and modification of bioactivity, vol 3. Elsevier, Oxford,
pp 615-628

Weathers PJ, Elkholy S, Wobbe KK (2006) Artemisinin: the
biosynthetic pathway and its regulation in Artemisia annua, a
terpenoid-rich species. In Vitro Cell Dev Biol Plant 42:309-317
Liu C, Zhao Y, Wang Y (2006) Artemisinin: current state and
perspectives for biotechnological production of an antimalarial
drug. Appl Microbiol Biotechnol 74:11-20

Vergauwe A, Cammaert R, Vandenberghe D, Genetelo C, Inze
D, Van Montagu M, Van den Eeckhout E (1996) Agrobacterium
tumefaciens-mediated transformation of Artemisia annua L. and
regeneration of transgenic plants. Plant Cell Rep 15:929-933
Vergauwe A, Van Geldre E, Inzé D, Van Montagu M, Van den
Eeckhout E (1998) Factors influencing Agrobacterium tumefa-
ciens-mediated transformation of Artemisia annua L. Plant Cell
Rep 18:105-110

Han JL, Wang H, Ye HC, Liu Y, Li ZQ, Zhang Y, Zhang YS,
Yan F, Li GF (2005) High efficiency of genetic transformation
and regeneration of Artemisia annua L. via Agrobacterium
tumefaciens-mediated procedure. Plant Sci 168:73-80

Lualon W, De-Eknamkul W, Tanaka H, Shoyama Y, Putalun W
(2008) Artemisinin production by shoot regeneration of Arte-
misia annua L. using thidiazuron. Z Naturforsch 63:96-100
Tian N, Liu S, Ting H, Huang J, van der Krol S, Bouwmeester
H, Liu Z (2013) An improved Agrobacterium tumefaciens
mediated transformation of Artemisia annua L. by using stem
internodes as explants. Czech J Genet Plant Breed 49:123-129
Wang J, Nie J, Pattanaik S, Yuan L (2016) Efficient Agrobac-
terium-mediated transformation of Artemisia annua L. using
young inflorescence. In Vitro Cell Dev Biol 52:204-211

Kiani BH, Suberu J, Barker GC, Mirza B (2014) Development
of efficient miniprep transformation methods for Artemisia
annua using Agrobacterium tumefaciens and Agrobacterium
rhizogenes. In Vitro Cell Dev Biol 50:590-600

Nguyen KT, Towler MJ, Weathers PJ (2013) The effect of roots
and media constituents on trichomes and artemisinin production
in Artemisia annua L. Plant Cell Rep 32:207-218

Chen DH, Ye HC, Li GF (2000) Expression of a chimeric far-
nesyl diphosphate synthase gene in Artemisia annua L. trans-
genic plants via Agrobacterium  tumefaciens-mediated
transformation. Plant Sci 155:179-185

Banyai W, Kirdmanee C, Mii M, Supaibulwatana K (2010)
Overexpression of farnesyl pyrophosphate synthase (FPS) gene
affected artemisinin content and growth of Artemisia annua L.
Plant Cell Tissue Organ Cult 103:255-265

Shen Q, Chen YF, Wang T, Wu SY, Lu X, Zhang L, Zhang FY,
Jiang WM, Wang GF, Tang KX (2012) Overexpression of the
cytochrome P450 monooxygenase (cyp7lavl) and cytochrome
P450 reductase (cpr) genes increased artemisinin content in
Artemisia annua (Asteraceae). Gen Mol Res 11:3298-3309
Xiang L, Zeng L, Yuan Y, Chen M, Wang F, Liu X, Zeng L,
Lan X, Liao Z (2012) Enhancement of artemisinin biosynthesis
by overexpressing dxr, cyp7lavi and cpr in the plants of Arte-
misia annua L. Plant Omics J 5:503-507

@ Springer



330

J Nat Med (2016) 70:318-334

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yuan Y, Liu W, Zhang Q, Xiang L, Liu X, Chen M, Lin Z,
Wang Q, Liao Z (2015) Overexpression of artemisinic aldehyde
A11(13) reductase gene-enhanced artemisinin and its relative
metabolite biosynthesis in transgenic Artemisia annua L.
Biotechnol Appl Biochem 62:17-23

Chen Y, Shen Q, Wang Y, Wang T, Wu S, Zhang L, Lu X,
Zhang F, Jiang W, Qiu B, Gao E, Sun X, Tang K (2013) The
stacked over-expression of FPS, CYP71AVI and CPR genes
leads to the increase of artemisinin level in Artemisia annua L.
Plant Biotechnol Rep 7:287-295

Wang Y, Jing F, Yu S, Chen Y, Wang T, Liu P, Wang G, Sun X,
Tang K (2011) Co-overexpression of the HMGR and FPS genes
enhances artemisinin content in Artemisia annua L. J Med Plant
Res 51:3396-3403

Alam P, Abdin MZ (2011) Over-expression of HMG-CoA
reductase and amorpha-4,11-diene synthase genes in Artemisia
annua L. and its influence on artemisinin content. Plant Cell Rep
30:1919-1928

Alam P, Kamaludding Sharaf-Eldin MA, Elkholy SF, Abdin MZ
(2015) The effect of over-expression of rate limiting enzymes on
the yield of artemisinin in Artemisia annua. Rend Fis Acc Lincei
27:311-319

Zhang L, Jin F, Li F, Li M, Wang Y, Wang G, Sun X, Tang K
(2009) Development of transgenic Artemisia annua (Chinese
wormwood) plants with an enhanced content of artemisinin, an
effective anti-malarial drug, by hairpin-RNA-mediated gene
silencing. Biotechnol Appl Biochem 52:199-207

Ferreira JFS (2007) Nutrient deficiency in the production of
artemisinin, dihydroartemisinic acid, and artemisinic acid in
Artemisia annua L. J Agric Food Chem 55:1686—-1694

Wang ML, Jiang YS, Wei JQ, Wei X, Qi XX, Jiang SY, Wang
ZM (2007) Effects of irradiance on growth, photosynthetic
characteristics, and artemisinin content of Artemisia annua L.
Photosynthetica 46:17-20

Pan WS, Zheng LP, Tian H, Li WY, Wan JW (2014) Tran-
scriptome responses involved in artemisinin production in
Artemisia annua L. under UV-B radiation. J Photochem Pho-
tobiol B 140:292-300

Marchese JA, Ferreira JFS, Rehder VLG, Rodrigues O (2010)
Water deficit effect on the accumulation of biomass and arte-
misinin in annual wormwood (Artemisia annua L., Asteraceae).
Braz J Plant Physiol 22:1-9

Nguyen KT, Arsenault PR, Weathers PJ (2011) Tri-
chomes + roots + ROS = artemisinin: regulating artemisinin
biosynthesis in Artemisia annua L. In Vitro Cell Dev Biol Plant
47:329-338

Pandey N, Pandey-Rai S (2016) Updates on artemisinin: an
insight to mode of actions and strategies for enhanced global
production. Protoplasma 253:15-30

Han J, Wang H, Lundgren A, Brodelius PE (2014) Effects of
overexpression of AaWRKYI on artemisinin biosynthesis in
transgenic Artemisia annua plants. Phytochemistry 102:89-96
Lu X, Zhang L, Zhang F, Jiang W, Shen Q, Zhang L, Lv Z,
Wang G, Tang K (2013) AaORA, a trichome-specific AP2/ERF
transcription factor of Artemisia annua, is a positive regulator in
the artemisinin biosynthetic pathway and in disease resistance to
Botrytis cinerea. New Phytol 198:1191-1202

Yu ZX, Li JX, Yang CQ, Hu WL, Wang LJ, Chen XY (2012)
The jasmonate-responsive AP2/ERF transcription factors
AaERF1 and AaERF2 positively regulate artemisinin biosyn-
thesis in Artemisia annua L. Mol Plant 5:353-365

Ji'Y, Xiao J,