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Abstract

Artemisinin, a potent antimalarial sesquiterpene lactone, is produced in
low quantities by the plant Artemisia annua L. We used inhibitors of both
the mevalonate and nonmevalonate terpenoid pathways to study in both
seedlings and hairy root cultures the source of isopentenyl diphosphate
(IPP), the channeling of carbon from sterols to sesquiterpenes, and the role
that sugars may play in controlling artemisinin biosynthesis. Together, our
results indicated that artemisinin is likely biosynthesized from IPP pools
originating in both the plastid and the cytosol and that channeling of car-
bon can be directed away from competing sterol pathways and toward
sesquiterpenes. Although glucose stimulated artemisinin production, the
response is very complex with ratios of glucose to fructose involved;
artemisinin levels increased proportionate to increasing amounts of glu-
cose. Disaccharides mainly inhibited artemisinin production, but the
response was less definitive. Glucose also increased expression of some of
the genes in the artemisinin biosynthetic pathway, thereby suggesting that
this sugar is acting not only as a carbon source but also as a signal. As we
develop a better understanding of the regulation of the artemisinin biosyn-
thetic pathway, results suggest that many factors can possibly be harnessed
to increase artemisinin production in A. annua.
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Fig.8.1 Structure of artemisinin

development of resistant forms of the infecting
parasite. Besides malaria, artemisinin also has
been shown to be effective against other infec-
tious agents including human cytomegaloviruses,
herpes simplex, hepatitis B and C (Efferth et al.
2002; Romero et al. 2005), Toxoplasma gondii
(Jones-Brando et al. 2006; D’ Angelo et al. 2009),
Schistosoma (Utzinger et al. 2001), and
Pneumocystis carinii (Merali and Meshnick
1991). Artemisinin derivatives have also shown
efficacy against numerous cancers (Singh and
Lai 2004; Nam et al. 2007; de Vries and Dien
1996). Thus, there is an urgent need for consider-
able quantities of the drug. Unfortunately, there is
currently not even enough artemisinin produced
to treat malaria, let alone any of these other
diseases.

Field-grown plants of Artemisia annua L. still
remain the main source of the drug. After
4-6 months of growth, the plant produces <1.8%
artemisinin of its total shoot dry weight, and this
amount varies depending on environmental con-
ditions. Much is still not known about the control
of its biosynthesis in planta, and not all of the
biosynthetic steps are confirmed. Here, we
describe some of our recent efforts to enhance
our general understanding of artemisinin biosyn-
thesis and its regulation.

8.2 Where Does Artemisinin IPP

Originate?

Terpenes in plants are produced by the successive
condensation of multiple subunits of isopentenyl
diphosphate (IPP), which can originate from
one of two sources: either from the cytosolic
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mevalonic acid pathway (MVA) or from the
plastidic nonmevalonic acid independent path-
way (MEP) (Fig. 8.2a). IPP can shuttle between
these two cellular compartments depending on
the plant species and the product being synthe-
sized (Laule et al. 2003; Hampel et al. 2005;
Dudareva et al. 2005). For example, in monocots
(Maier et al. 1998) and bryophytes (Adam et al.
1998), all the IPP for sesquiterpenes derives from
the MEP pathway. In contrast, dicots from the
Compositae, plants closely related to A. annua,
derive their IPP in sesquiterpenes from both the
MEP and the MVA pathways (Adam and Zapp
1998; Steliopoulos et al. 2002). Until recently
(Towler and Weathers 2007), the source of IPP
leading to artemisinin biosynthesis in A. annua
was not known.

We used inhibitors specific to either the MVA
or the MEP pathway to determine the effect of
each on the routing of IPP for artemisinin pro-
duction in 14-day axenic seedlings of A. annua
(YU strain) (Towler and Weathers 2007).
Fosmidomycin (FOS) inhibits the first enzyme,
DXR (1-deoxy-D-xylulose 5-phosphate reductoi-
somerase), in the MEP pathway (Rodriguez-
Concepcion et al. 2004), while mevinolin (MEV)
inhibits the enzyme HMG-CoA reductase in the
MVA pathway (Bach and Lichtenthaler 1983).
After 14 days of incubation and growth in the
inhibitors, shoots were harvested, weighed, and
extracted for artemisinin analysis by HPLC.
Growth was inhibited from 30% to 40% when
seedlings were grown in either FOS or MEV, but
when both inhibitors were added, growth inhibi-
tion was effectively doubled, indicating an addi-
tive effect (Table 8.1). Inhibition of growth was
about the same for roots and shoots; however, in
FOS shoots also became chlorotic, probably
because of the inhibition of chlorophyll synthesis
(Towler and Weathers 2007). Each inhibitor also
significantly inhibited artemisinin production
about 70-80%; in the presence of both FOS and
MEV, no artemisinin was detected in the
seedlings (Table 8.1). Together, these data show
that artemisinin is likely synthesized using IPP
originating from both the MEP and the MVA
pathways.
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Fig. 8.2 Terpene and artemisinin metabolism showing
(a) IPP compartmentalization and points of inhibition for
metabolic studies. (b) Artemisinin biosynthesis post FPP
(latter adapted from a graphic courtesy of KH Teoh).
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Table 8.1 Both FOS and MEV inhibit growth and
artemisinin production in 14-day seedlings of A. annua

Organ CON FOS MEV FOS+MEV
Growth after 14 days (mg FW/plantlet)

Roots 61.1a 42.0b  40.6b 16.7b

Shoots 56.0a 43.0b 35.7b 17.7¢

Total 117.1a  85.0b  76.3b 34.4c
Artemisinin levels in shoots (relative %)

100 20 32 Nd
Letters after numbers indicate statistical difference at
p=<0.05

Nd not detectable, CON control, FOS fosmidomycin,
MEYV mevinolin

8.3  Channeling Carbon Toward

Artemisinin Biosynthesis

The complex terpenoid pathway offers several
points whereby carbon can be rerouted, and for
artemisinin, one especially attractive point is at
farnesyl diphosphate (FDP) where sesquiterpenes
and sterols diverge into separate branches
(Fig. 8.2a). Shunting carbon from sterol biosyn-
thesis to sesquiterpenes has been demonstrated in
both yeast and plants through either genetic engi-
neering or inhibition of specific enzymes
(Asadollahi et al. 2008; Ro et al. 2006). These
two pathways have shown evidence of coordinate
control; conditions that stimulate sesquiterpene
production also cause a decrease in sterols
(Vogeli and Chappell 1988). Using similar rea-
soning, miconazole (MIC), an inhibitor of sterol
14a-demethylases (Zarn et al. 2003), was fed to
A. annua shoot cultures (Woerdenbag et al. 1993;
Kudakasseril et al. 1987) to inhibit sterol biosyn-
thesis and to shunt carbon instead toward sesqui-
terpenes, and artemisinin increased. We further
showed in A. annua seedlings that in the presence
of MIC, artemisinin concentrations rose
significantly (Table 8.2) compared to uninhibited
controls, demonstrating that indeed carbon flux
was likely rerouted from sterol biosynthesis
toward sesquiterpenes and artemisinin produc-
tion (Towler and Weathers 2007). Together, these
results show that inducible shunting of carbon is
a reasonable strategy for engineering increased
levels of artemisinin in planta.

P. Weathers et al.

Table 8.2 Artemisinin production is stimulated by both
inhibition of sterol biosynthesis and addition of DMSO in
A. annua seedlings

Tissue No treatment Miconazole in DMSO DMSO
Growth after 14 days (mg DW/seedling)
Shoots  5.45a 5.23a 4.70a
Roots  6.34a 5.87a 7.81a
Total 11.80a 11.10a 12.51a
Artemisinin levels in shoots (relative %)
100 575 1,160

Letters after numbers indicate statistical difference at
p<0.05

8.4  Elicitation Effects on
Artemisinin Production
More traditional approaches for increasing

artemisinin production in culture have focused on
use of nutrients (Wang and Tan 2002) and other
cues including phytohormones (Weathers et al.
2005; Woerdenbag et al. 1993), chitosan (Putalun
et al. 2007), light (Wang et al. 2001; Souret et al.
2003), or other abiotic elicitors (Ferreira et al.
1995; Baldi and Dixit 2008). Success, however,
has been limited. For example, although Putalun
et al. (2007) showed that chitosan increased
artemisinin yields in A. annua hairy roots sixfold
to a final concentration of about 1.8 mg/g DW,
we could not confirm their work and also did not
see any significant stimulation of artemisinin
production in the presence of abiotic elicitors or
methyl jasmonate in hairy roots (Ryan 1996) or
seedlings (Fig. 8.3). Early experiments appeared
to show that methyl jasmonate had some effect
(Fig. 8.3). That experiment, however, required
dissolving methyl jasmonate in DMSO, and when
compared to the DMSO-only controls, the
artemisinin production in the presence of methyl
jasmonate was not statistically significant
(Fig. 8.3).

Although none of the standard elicitors seemed
to have increased production of artemisinin, we
observed on numerous occasions that DMSO did.
Indeed, both our studies with miconazole
(Table 8.2; Towler and Weathers 2007) and with
methyl jasmonate (Fig. 8.3) showed that the
DMSO controls produced significant increases
in artemisinin beyond the untreated control.
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This stimulatory effect on artemisinin or any
other secondary metabolite production has not to
our knowledge been previously reported. In
A. annua, DMSO is detected only by the roots,
not the shoots, and was shown to increase perox-
ide levels in the plant resulting in enhanced dihy-
droartemisinic acid and artemisinin production in
the leaves (Mannan et al. 2010).

8.5  Sugars Affect Artemisinin

Production

A number of years ago, we serendipitously
observed that when filter-sterilized medium was
used to culture hairy roots of A. annua, the yield
of artemisinin was more consistent. During auto-
claving, sucrose is partially hydrolyzed to glu-
cose and fructose (Schenk et al. 1991) as well as
to small amounts of toxic products including
furfurals (Rédei 1974), so autoclaving of sucrose
produces an undefined medium with differing
ratios of glucose, fructose, and sucrose (Weathers
et al. 2004). We observed that both growth and
artemisinin levels of A. annua hairy roots were
further affected by the type of sugar provided in
the culture medium. Glucose inhibited root
growth, while sucrose and fructose stimulated it
(Weathers et al. 2004). Production of artemisinin,
however, was increased 300% and 200% by glu-
cose and fructose, respectively, when compared
to sucrose (Weathers et al. 2004). Sugars have

0.2 mM Meda

1 mM Meja DMSO

been known for some time to play key regulatory
roles in plant growth and development (Jang and
Sheen 1994; Rolland et al. 2006), but our results
suggested they may also be affecting the produc-
tion of the secondary metabolite, artemisinin.

Others had reported that sugars had some
effects on secondary metabolites, including in
Vitis vinifera, where Larronde et al. (1998)
showed that sucrose dramatically stimulated the
production of anthocyanins. In an effort to
provide clues to the mechanism of this sugar
effect, they also used several glucose analogs.
Mannose, which can be transported into plants
and phosphorylated by hexokinase, mimicked
the effect of sucrose in the production of antho-
cyanins, while another glucose analog,
3-O-methylglucose (30MG), which can be
taken up into plant cells but only slowly phos-
phorylated by hexokinase (HXK), did not.
Mannoheptulose is a specific inhibitor of HXK,
and when it was added, anthocyanin production
by sucrose was inhibited. It was later suggested
that HXK appeared to be involved in a sugar sig-
nal transduction pathway related to anthocyanin
production (Vitrac et al. 2000).

8.5.1 Monosaccharide Effects on

A.annua and Artemisinin

Considering these results, we subsequently used
sugars alone, in combination, or with their
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respective analogs to investigate their role in the
production of artemisinin in A. annua seedlings.
When compared to sucrose, glucose increased
artemisinin in seedling shoots by >200%; in con-
trast, fructose decreased artemisinin production
by about 50% (Wang and Weathers 2007).
Because it appeared in our earlier work that the
plant was sensitive to varying ratios of glucose,
fructose, and sucrose, we fed seedlings differing
ratios of glucose to sucrose, but saw no significant
differences in artemisinin production. When fed
different ratios of glucose to fructose, however,
specific artemisinin levels increased in direct
proportion to increases in the relative glucose
concentration (Fig. 8.4; Wang and Weathers
2007). These results suggested that artemisinin
production was indeed responding to changing
amounts of glucose in the seedling culture media.
This stimulation by glucose was also observed in
A. annua hairy root cultures, but the response
was not as dramatic (Weathers et al. 2004).

We then wused three glucose analogs,
3-0O-methylglucose (30MG), mannose, and man-
nitol, to obtain some clues on the possible mech-
anism of glucose control of artemisinin
production. Although the 30OMG analog can be
transported into the cell and phosphorylated to
3-O-methyl glucose-6-phosphate by HXK, the
rate of phosphorylation is about 5 orders of mag-
nitude slower than for mannose or glucose (Cortes
et al. 2003), and thus this analog is useful to
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determine if HXK is involved in glucose sensing.
Mannose can also be transported into the cell and
phosphorylated to mannose-6-phosphate, but is
thereafter very slowly metabolized (Pego et al.
1999; Baskin et al. 2001). Mannitol alters osmotic
pressure; it does not enter and is not metabolized
by most plant cells (Gibson 2000). Inhibition of a
specific process by 30MG would suggest
involvement of HXK (Gonzali et al. 2002; Cortes
et al. 2003), while inhibition by mannose might
suggest that a step downstream of HXK is
involved (Pego et al. 1999; Baskin et al. 2001).
Any effect by mannitol suggests an osmotic effect
or possible involvement of a monosaccharide
transporter (Gibson 2000).

Each analog at 3 g/L along with glucose at
27 g/l was fed to seedlings for 14 days. Shoots
were then harvested, weighed, and extracted for
assay of artemisinin by HPLC. The analog
30MG decreased artemisinin production >90%.
Mannitol, on the other hand, seemed to stimulate
artemisinin production by 50%, while mannose
showed no significant effect on artemisinin
yield compared to glucose (Fig. 8.5; Wang and
Weathers 2007). Mannitol and 30MG both
decreased overall growth by about 30% (Fig. 8.5).
Although the stimulation of artemisinin produc-
tion by mannitol is interesting, there is no apparent
explanation for this response and, thus, requires
more study. Together, these results suggest that
glucose plays some key role in regulating
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artemisinin production possibly through one of
the glucose signaling pathways involving HXK
because of the strong inhibition by 30MG.

We also used tagatose, a stereoisomer of
D-fructose, and found that when added in small
amounts to fructose, it inhibited both growth and
artemisinin production ~50% compared to
fructose. Tagatose is not metabolized by plant
cells, and its mechanism of inhibition is not yet
understood; however, it has been hypothesized
that if the analog were transported into cells, it
would be phosphorylated by HXK to yield taga-
tose-6-phosphate  (Kim 2004). Together, the
results using tagatose support the results showing
that increasing amounts of fructose relative to
glucose are inhibitory to artemisinin production
and that fructose clearly plays a role in regulating
this sesquiterpene.

8.5.2 Disaccharide Effects on A. annua
and Artemisinin

Disaccharides also seemed to interfere with
artemisinin biosynthesis. We added palatinose,
trehalose, maltose, cellobiose, or lactose as 10%
of total sugars with the remaining 90% as
sucrose. Compared to 100% sucrose, seedlings
fed either palatinose or trehalose in conjunction
with sucrose showed decreased biomass

(Fig. 8.6). Palatinose and cellobiose, however,
significantly inhibited artemisinin production up
to 75% compared to plantlets grown in 100%
sucrose. Palatinose is a sucrose analog that can-
not be transported into cells through the sucrose
transporter and is not made by plants. It is used to
identify signals that may be detected external to
the plant or by the sucrose transporter. As an
example, extracellular invertases are induced by
palatinose (Sinha et al. 2002). Although the role
of cellobiose, the smallest subunit of cellulose, is
not well understood, it is likely produced during
cell wall degradation by pathogenic fungi and
may, thus, play a role in pathogen defense. For
example, cellobiose inhibits cellulase (Mandels
and Reese 1965) and when added in conjunction
with a fungal extract, stimulates lignin produc-
tion in peach bark wounds (Biggs 1990). In
A. annua, however, cellobiose inhibition of
artemisinin production does not seem connected
to pathogen defense.

8.5.3 Sugars Affect Artemisinin
Gene Regulation

To determine if glucose, fructose, and sucrose
affect mRNA transcription of the genes in the
artemisinin  biosynthetic ~ pathway, young
seedlings of A. annua were fed one of those
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Fig.8.6 Effect of sucrose
and its analogs on growth
and artemisinin production
in 14-day seedlings of

A. annua. AN artemisinin,
Suc sucrose, Pal palati-
nose, Tre trehalose, Mal
maltose, Cel cellobiose,
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three sugars for 14 days and then harvested. RNA
was extracted from the shoots and real-time PCR
was used to measure mRNA transcription using
probes generated from the highly conserved
regions of genes encoding enzymes that are asso-
ciated with artemisinin biosynthesis including
HMGR, FPS, DXS, DXR, SQS, ADS, and
CYP71AV1. Results showed that compared to
sucrose, glucose significantly upregulated and
fructose downregulated transcription of both ADS
and CYP7IAVI in young seedlings (Fig. 8.7),
providing further evidence that sugars, in particu-
lar glucose and fructose, are acting as signals to
regulate artemisinin production (Arsenault et al.
2010a).
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Fig.8.7 Transciptional response of ADS and CYP71AVI
genes to glucose and fructose relative to sucrose in 7-day
seedlings of A. annua. Black glucose, white fructose
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Overall, these results suggest that both
monosaccharide and disaccharide sugars may
play a role well beyond that of a carbon source in
downstream regulation of secondary metabolites
like artemisinin and that the mechanism of these
responses is complex.

Conclusions and Future
Directions

8.6

In our efforts to provide a better understating
of how artemisinin production is regulated in
A. annua plants, we were the first to have shown
that this sesquiterpene lactone is produced from
IPP produced both in the cytosol via the MVA
pathway and also from IPP stemming from the
MEP pathway in the plastid. Additional inhibitor
studies confirm earlier work with shoot cultures
that indicated carbon can be rerouted from sterol
production toward sesquiterpenes resulting in
increased artemisinin. Although we have not
observed any significant increase in artemisinin
using typical elicitation molecules like methyl
jasmonate or chitosan, we were the first to show
that DMSO increases artemisinin production
significantly, probably by increasing the ROS
peroxide. Furthermore, compared to sucrose,
artemisinin production is enhanced by glucose,
inhibited by fructose, and particularly sensitive
to the ratio of these two monosaccharides.
Disaccharides also affect artemisinin production,
but the response is not well understood. The
increase in artemisinin production by glucose
appears to be the result of the perception by the
plant of glucose as a sugar signal, and this is fur-
ther supported by results showing that at least
two of the enzymes, ADS and CYP71AV1, in the
artemisinin biosynthetic pathway are upregulated
after seedlings are grown 14 days in glucose.
The mechanisms of action of both the DMSO
and sugar stimuli have been further studied to show
modulation of gene expression and metabolite lev-
els during reproductive development of A. annua
(Arsenault et al. 2010b), including at the level of
leaf trichome formation. Although some progress
has been made, as summarized in the review by

Nguyen et al. (2011), the mechanisms of overall
regulation of artemisinin synthesis require more
study, as holds true with optimizing and upscaling
the culture conditions of artemisinin-producing
hairy root cultures (Sivakumar et al. 2010).
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