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Abstract The potent antimalarial sesquiterpene lactone,
artemisinin, is produced in low quantities by the plant
Artemisia annua L. The source and regulation of the iso-
pentenyl diphosphate (IPP) used in the biosynthesis of
artemisinin has not been completely characterized. Terpe-
noid biosynthesis occurs in plants via two IPP-generating
pathways: the mevalonate pathway in the cytosol, and the
non-mevalonate pathway in plastids. Using inhibitors spe-
cific to each pathway, it is possible to resolve which
supplies the IPP precursor to the end product. Here, we
show the effects of inhibition on the two pathways leading
to IPP for artemisinin production in plants. We grew young
(7-14 days post cotyledon) plants in liquid culture, and
added mevinolin to the medium to inhibit the mevalonate
pathway, or fosmidomycin to inhibit the non-mevalonate
pathway. Artemisinin levels were measured after 7-
14 days incubation, and production was significantly
reduced by each inhibitor compared to controls, thus, it
appears that IPP from both pathways is used in artemisinin
production. Also when grown in miconazole, an inhibitor
of sterol biosynthesis, there was a significant increase in
artemisinin compared to controls suggesting that carbon
was shifted from sterols into sesquiterpenes. Collectively
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these results indicate that artemisinin is probably biosyn-
thesized from IPP pools from both the plastid and the
cytosol, and that carbon from competing pathways can be
channeled toward sesquiterpenes. This information will
help advance our understanding of the regulation of in
planta production of artemisinin.
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Introduction

Overexploitation of natural sources for high-valued
chemicals has increased interest in finding alternative
production platforms to facilitate preservation of endan-
gered species and the environment (Wu et al. 2006). Low
concentrations of products in plants and expensive
extraction processes motivate a deeper understanding of
their complex synthesis. Terpenoids constitute the largest
family of natural plant products with over 30,000 members
(Sacchettini and Poulter 1997; Dewick 2002).

Until the discovery of an alternative non-mevalonate
pathway (MEP) (Fig. 1), it was widely accepted that the
formation of isopentenyl diphosphate (IPP), the 5-carbon
isoprene precursor to terpenoids, occurred via the meval-
onate pathway (MVA). Some of the earliest data in plants
came from the study of ['*C]-labeled glucose incorporation
into ginkgolides (diterpenes) in Ginkgo biloba (Schwarz
1994), which showed that the resulting labeling pattern was
incompatible with the mevalonate route of synthesis. Prior
to such labeling studies, Bach and Lichtenthaler (1983)
used mevinolin, a known 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGR) inhibitor, to study plant growth, sterol
formation, and pigment accumulation. They suggested that
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Fig. 1 Generalized terpenoid pathway showing routes to IPP,
artemisinin, and points of inhibition for the three inhibitors used in
this study. Inhibitors are shown in black boxes and the enzymes
affected are shown in bold. Dotted lines indicate exchange of
precursors between cellular compartments. HMG-CoA hydroxymeth-
ylglutaryl CoA, MEV mevinolin, HMGR HMG-CoA reductase, MVA
mevalonic acid, DMAPP dimethylallyl diphosphate, /PP isopentenyl

there was a separate mevalonate-producing pathway and
HMGR in plastids. The other studies demonstrating me-
vinolin’s lack of inhibition on plastidic terpenoids raised
questions on the involvement of the mevalonate pathway in
their biosynthesis. While there is some debate over the
existence of a plastidic HMGR (Dubey et al. 2003), the
“alternative” production of IPP via the non-mevalonate
pathway in plants was definitively elucidated by Rohmer
et al. (1996). It is now known that in higher plants, two
independent pathways located in separate intracellular
compartments are involved in the biosynthesis of IPP: the
cytosolic mevalonate pathway (MVA) and the plastidic
non-mevalonate pathway (MEP).

Studies by Adam and Zapp (1998) and Steliopoulis et al.
(2002) showed that sesquiterpene-directed IPP carbon
comes from both the MEP and the MVA pathways in
members of the dicot angiosperms, e.g., chamomile and
goldenrod, which are members of the Compositae and
closely related to Artemisia annua. In contrast, in the
monocot angiosperms (Maier et al. 1998) and the more
primitive bryophytes (Adam et al. 1998), sesquiterpenes
derive all their IPP carbon from the MEP pathway. Thus, in
the dicots, labeling studies suggested the mixing of IPP
produced by the two pathways that are located in different
subcellular compartments.
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To date it is not known if one (or both) of the pathways
provides IPP for the biosynthesis of the important anti-
malarial therapeutic, artemisinin, in A. annua. Here we
present evidence showing that like other members of the
Compositae, A. annua also appears to use IPP from
both the MEP and the MVA pathways in artemisinin
production.

Materials and methods
Cultures and their maintenance

Seeds of A. annua (YU strain; Weathers et al. 1994) were
sterilized as described by Wang and Weathers (2007). Ten
young seedlings (two-cotyledon stage) were transferred to
50 mL Erlenmeyer flasks containing 5 mL autoclaved BS5
medium (Gamborg et al. 1968) pH 5.7 with 3% w/v
sucrose. Flasks were incubated on a rotary shaker at
100 rpm, 23 4+ 2°C, under continuous cool white fluores-
cent light (~40 pEm s~ ') for 7 or 14 days post
cotyledon emergence (dpc) prior to transfer to experi-
mental medium containing inhibitors. All experimental
medium was filter-sterilized (0.22 pm) to eliminate varia-
tion in initial sugar profiles due to thermal degradation of
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sucrose and the resulting monosaccharides during auto-
claving (Weathers et al. 2004).

Inhibitors

Mevinolin (MEV) is a highly specific inhibitor of HMGR
responsible for the conversion of HMG-CoA to mevalonic
acid (MVA), the first intermediate specific to the mevalonate
pathway (Bach and Lichtenthaler 1983). Fosmidomycin
(FOS) inhibits production of 2-C-methyl-p-erythritol-4-
phosphate (MEP) from 1-deoxy-p-xylulose-5-P (DXP),
catalyzed by the enzyme DXR (DXP reductoisomerase)
(Rodrigues-Concepcion et al. 2004). MEP is the first inter-
mediate specific to the non-mevalonate pathway. While
MEV also strongly inhibits sterol biosynthesis in higher
plants, the biosynthesis of chlorophyll, carotenoids, and
plastoquinones remains unaffected (Fig. 1). Miconazole
(MIC) interferes with sterol biosynthesis by inhibiting sterol
14a-demethylases (Zarn et al. 2003).

Stock solutions of inhibitors and relevant solvents were
filter sterilized (0.22 um) into sterile containers and stored
at 4°C. FOS (10 mM; a kind gift from Jomaa Pharmaka,
GmbH, Giessen Germany) was dissolved in diH,0. To
ensure solubility MEV (10 mM; Sigma M-2147 or its
equivalent lovastatin, Axxora ALX-430-103-M050) was
hydrolyzed to mevinolin salt using the method of Rodri-
gues-Concepcion and Gruissem (1999). MIC (40 mM;
Sigma M-3512) was dissolved in DMSO (Sigma D-8779).
Aliquots of stock solutions were added to experimental
medium (filter sterilized B5 medium with 3% (w/v)
sucrose) to yield the desired final concentrations and placed
on a rotary shaker for 1 day prior to transfer of plants.
Plants were incubated in medium containing inhibitors or
corresponding control solvents for 7 or 14 days. The con-
centrations used and incubation times were based on data
from preliminary experiments that enabled us to obtain
statistically significant results.

Biomass measurements

Plants were harvested and gently blotted on paper towels
before separation into shoots and roots. Any tissue below
the cotyledons was considered to be root tissue. After
blotted fresh weights (FW) were recorded, tissue was
placed into pre-weighed aluminum pans in a 60°C oven for
approximately 1 week to determine dry weights (DW).

Artemisinin analysis

At least 20 mg of dry shoot tissue was homogenized in
glass test tubes and extracted three times with 2 mL

toluene for 30 min in an ultrasonic water bath. Although
roots enhance artemisinin levels in shoots, roots of the
native plant do not contain artemisinin (Ferreira and Janick
1996), so they were not extracted. Pooled extracts for each
replicate were dried in test tubes in a 30°C water bath
under a nitrogen stream. The Q260 derivative of artemis-
inin was analyzed via HPLC according to the method of
Smith et al. (1997) using a C18 column and a mobile phase
of 40% (v/v) methanol and 60% 0.01 M sodium phosphate
buffer, pH 7.0. Artemisinin levels varied considerably
between experiments and seed batch used, so all artemis-
inin results were subsequently normalized and then
compared against untreated controls.

Data analyses

Data were analyzed using ANOVA followed by Tukey
HSD post hoc tests. There was a minimum of three repli-
cates for each condition, and experiments were repeated at
least twice unless noted otherwise.

Results

In order to assess the role of the two IPP-producing arms of
the terpenoid pathway in the production of artemisinin, we
measured artemisinin production in the presence of three
inhibitors: two, FOS and MEV, that affect regulatory steps
leading to IPP, and one, MIC, that affects carbon allocation
between sesquiterpenes and sterols post FPP. Both the
changes in morphology of A. annua seedlings used in the
experiments as well as their production of artemisinin were
measured.

Plant morphology

After several days only young (7 dpc) A. annua plants that
were exposed to 100 pM FOS became chlorotic (see
comparative composite photo in Fig. 2); this effect, how-
ever, was much less pronounced when older (14 dpc)
plants were used as inocula. The pattern of chlorosis was
interesting in that only leaves that emerged after exposure
to FOS were affected with the yellowing progressing out-
ward while leaf margins remained green (Fig. 3). While
plants exposed to FOS looked healthy besides the chloro-
sis, the shoot and root biomass (DW per plant) did not
significantly change compared to controls until plants were
exposed to inhibitor for 14 days (Fig. 2). After 14 days
overall growth declined by about 25%, and this occurred
equally in both shoots and roots (Fig. 2). In contrast, both
the 7 dpc and 14 dpc plants incubated with 100 uM MEV
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mg DW per plantlet

CON [ FOS MEV ‘ FOS+MEV

Growth in inhibitors for 2 d

Roots 0.75a | 0.98a 1.09a 1.13a
Shoots | 1.14a | 1.27a 1.63a 1.46a
Total 1.89a | 2.25a 2.72a 2.59a
Growth in inhibitors for 7 d
Roots 3.68a | 2.86a 3.95a 1.68a
Shoots | 3.54a | 3.15a 2.80a 2.09a
Total 7.22a | 6.02a 6.75a 3.78a
Growth in inhibitors for 14 d
Roots 6.34a | 4.56a 5.96a 2.48a
Shoots | 5.45a | 4.08b 4.33a,b | 3.06b

Total 11.80a | 8.65b,¢ 10.29q,c | 5.54b
Replicates for each condition are at least 6, except for
FOS+MEYV, whichis 3 ford 2 and d 7, and 2 for d 14.
Letters indicate significant differences at P=0.05.

Fig. 2 Photos of 2l-day-old A. annua seedlings exposed for
7-14 days treatment with 0.1% (v/v) H,O (control (a)), 100 uM
FOS (b), and 100 uM MEYV (c¢) in BS medium with 3% (w/v) sucrose.
Table shows correlating biomass changes, and letters within each row
indicate statistical significance at P = 0.05. Lack of statistically
significant change in FOS + MEV roots at 14 days is due to only
three samples in the data pool

for any length of time had visibly stunted shoots that were
slightly chlorotic, and had short, thick roots (Fig. 2).
However, compared to the controls, the shoot and root
mass per plant were not statistically different (Fig. 2).
Plants exposed to DMSO (0.5% v/v) containing 200 uM
MIC for 14 days exhibited only slight chlorosis. Further,
the MIC-grown plants were only slightly more yellow than
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Fig. 3 Photos of 21-day-old A. annua seedlings exposed for 7-
14 days to 100 uM FOS. Note the pattern of chlorosis

the DMSO controls (Fig. 4). In contrast to the pattern of
chlorosis observed in FOS-grown seedlings, the margins of
older leaves in MIC-grown seedlings turned yellow. Most
plants, including the untreated and DMSO controls showed
some visible degree of yellowing after 14 days. There was
no statistically significant effect of MIC on shoot or root
DW versus either set of controls (H,O or DMSO).

Artemisinin production

Despite many attempts, we were unable to obtain a single
clone of A. annua (YU strain) shoot cultures to use in these
studies; thus, each replicate sample contained groups of 10
seedlings that were pooled for artemisinin analysis in order
to normalize variation in artemisinin production for the
genetic pool. Additionally, data are expressed as amount
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Organ CON DMSO MIC
mg DW per plantlet (after 7 d)
Roots 3.68a 4.03a 5.29a
Shoots | 3.54a 3.60a 3.59a
Total 7.22a 7.63a 8.89a
mg DW per plantlet (after 14 d)
Roots 6.34a 5.87a 7.81a
Shoots | 5.45a 5.23a 4.70a
Total 11.80a | 11.10a | 12.51a

Replicates for each condition are at least 6. Letters
indicate significant differences at P=0.05.

Fig. 4 Photos of 21-day-old A. annua seedlings exposed for 7-
14 days treatment with 0.1% (v/v) H,O (control (a)), 200 pM MIC
(b), and 0.05% (v/v) DMSO (c¢) in B5 medium with 3% (w/v) sucrose.
Table shows correlating biomass changes, and letters within each row
indicate statistical significance at P = 0.05

produced per total shoot DW relative to control plants since
artemisinin content in a batch of seedlings can vary con-
siderably (0.6-8.4 ug g DW™') from experiment to
experiment. Although not understood, this variation in ar-
temisinin content seemed to correlate with the batch of
seeds used in each experiment.

Using this experimental approach, FOS and MEV each
significantly decreased the production of artemisinin,
whereas application of both inhibitors completely inhibited
production of artemisinin (Fig. 5). Indeed we observed that
complete inhibition of artemisinin production occurred
after only 7 days incubation in both inhibitors. While
exposure to either FOS or MEV decreased artemisinin

1.0

0.9
0.8
0.7
0.6
0.5

0.4 b

0.3

AN ug/g DW as fraction of control

0.2

0.1

0.0 -
control FOS MEV

Fig. 5 Change in artemisinin (AN) content in shoots of 21-day-old A.
annua seedlings exposed for 7-14 days treatment with 0.1% (v/v)
H,O (control), 100 uM FOS, 100 uM MEV, and 100 uM FOS +
MEYV in B5 medium with 3% (w/v) sucrose. Data from FOS + MEV
not shown because artemisinin content was zero. Letters indicate
statistical differences at P = 0.05

production compared to control plants, it was only con-
sistent and statistically significant for young (7 days) plants
exposed to inhibitors for 14 days (Fig. 5). We therefore
hypothesized that the reduced effects on morphology and
artemisinin production in older plants might be due to the
greater amount of biomass present compared to the amount
of inhibitor provided. However, proportionately increasing
the concentration of inhibitors to parallel the increase in
biomass of older plants did not result in statistically sig-
nificant changes in artemisinin production. We can thus
infer that it is likely the developmental stage of the plant
that plays a role in its response to the inhibitors and
younger plants are more susceptible to the stress of inhi-
bition both physiologically and biochemically.

Carbon channeling

Experiments with the sterol inhibitor MIC showed that
when young (7 days) seedlings were exposed to MIC for
14 days they produced up to 11.5 times more artemisinin
than controls (Fig. 6). Since MIC is not water soluble, it
was dissolved in DMSO, and we ran additional control
cultures containing DMSO without MIC. Interestingly, it
appears that DMSO itself stimulates artemisinin production
(up to six times more than controls). As observed for FOS
and MEV-grown seedlings, the age of the plants appears to
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Fig. 6 Change in artemisinin (AN) content in shoots of 21-day-old A.
annua seedlings exposed for 7-14 days treatment with 0.05% (v/v)
H,0 (control), 200 uM MIC, and 0.05% (v/v) DMSO in B5 medium
with 3% (w/v) sucrose. Letters indicate statistical differences at
P =0.05

influence the response. Results from experiments using
older seedlings were not as definitive or reproducible, but
this approach for increasing artemisinin production cer-
tainly bears further investigation, especially since effects
on plant health appeared to be minimal.

Discussion

Clearly the gold standard for asking a question on carbon
distribution between these pathways would be experi-
menting using [1-C] labeled glucose, followed by analysis
of the carbon labeling patterns in isolated artemisinin or its
post FPP precursors. Unfortunately, we were unable to
obtain adequate enrichment of artemisinin or its immediate
precursors despite using many different approaches for
incorporation of a heavy label. Subsequently we resorted to
using inhibitors specific to each pathway.

Plants exposed to FOS exhibited chlorosis, which was
anticipated due to inhibition of the pathway leading to
chlorophylls (Fig. 1). Chlorosis was exceptionally rapid
and severe in young plants, which may explain the slight
decrease in plant biomass versus controls. Since only
newly developing leaves exhibited chlorosis, and the yel-
lowing occurred from the basal to apical direction (Fig. 3),
this suggested that the older tissue was less susceptible to
the negative effects of FOS. Indeed Heintze et al. (1990)
showed that mature chloroplasts had a much higher
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incorporation rate of labeled mevalonate into plastidic
isoprenoids than developing chloroplasts, suggesting that
mature chloroplasts have mechanisms whereby they are
better able to compensate for deficiencies in precursor
levels, specifically the ability to import IPP from the me-
valonate pathway. Similarly Hemmerlin and Bach (1998)
noted that young tobacco cells were more sensitive to MEV
than older ones in terms of cell death. Exposure of A.
annua plants to MEV tended to promote stunted shoots that
were slightly chlorotic and short, thickened roots. These
effects have also been observed by others (Re et al. 1995;
Kasahara et al. 2002; Rodrigues-Concepcion et al. 2004).

While we can reasonably conclude from our data that
both pathways are probably involved in artemisinin pro-
duction, various tracer studies have shown that the
compartmental separation of the two pathways is not
always absolute (Arigoni et al. 1999; Theil and Adam
2002), so the extent to which each pathway contributes to
the production of artemisinin is not known. Both operate
simultaneously, and several studies have indicated that the
two pathways can cooperate and exchange various pre-
cursors (Hemmerlin et al. 2003; Rodrigues-Concepcion
et al. 2004 and references therein; Dudareva et al. 2005).
Exposing A. annua seedlings to FOS and MEV simulta-
neously severely reduced their growth (Fig. 2). Bartram
et al. (2006) showed that in lima beans grown under similar
conditions all de novo terpenoid biosynthesis was
suppressed.

The possible transport of IPP from one compartment to
the other could pose another interpretation of our data. One
might consider that the decrease in artemisinin in the
presence of inhibitors may be a consequence of the pre-
sumably very low levels of IPP in one compartment or the
other after 2 weeks of inhibition. For example, in the
presence of FOS, IPP in the plastids decreases dramatically
and IPP could thus be transported from cytoplasm to plastid
to compensate for the loss. Imported cytoplasmic IPP might
then be used to make critical plastid components resulting
in a decrease in artemisinin. However, our results do not
support this premise. If in FOS, IPP moved from cytosol to
plastid, then one would expect the plastids to be able to
maintain their pigmentation. They do not. Chlorophyll
bleaches quite noticeably within 48 h, and the plantlets
become pale (Fig. 3). Both chlorophylls and carotenoids are
made in the plastids from IPP/DMAPP — GGPP (Fig. 1).
The bleaching response suggests that any IPP made in the
cytosol is either not adequate to compensate for the loss of
IPP in the plastid, or that IPP is not being moved from
cytosol to plastid. Laule et al. (2003) showed a similar
response to FOS in Arabidopsis, and when they measured
the labeled metabolites of both cytosol and plastids, IPP
compensation ability was much more pronounced going
from plastid to cytosol than from cytosol to plastid.
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Although MIC and its solvent, DMSO, did not affect
plant growth, MIC significantly increased artemisinin
yields compared to either the water or the DMSO controls
(Figs. 4, 6) confirming the earlier work of Kudakasseril
et al. (1987). Many enzymes involved in plant sterol bio-
synthesis are encoded by multiple genes (Bach and
Benveniste 1997) and the CYP5] gene that encodes the
14a-demethylases inhibited by MIC may indeed have
several genes in A. annua. Arabidopsis has two, and rice
has 10 (Kim et al. 2005), some of which show differential
growth and tissue expression patterns. While we did not
analyze the sterol content of MIC-treated plants, the lack of
visible tissue defects due to sterol inhibition may have been
due to multiple genes functioning together.

The stimulatory effect of DMSO on artemisinin pro-
duction was unexpected. Others have reported that DMSO
can promote phage transcription (Chen and Zhang 2005),
and can alter other cellular functions (Santos et al. 2003).
In plants DMSO was reported to modulate Zn uptake,
respiration, and RNA and protein metabolism in bean tis-
sues (Bajaj et al. 1970), and stimulate Hibiscus protoplast
division (Carswell et al. 1989). Other plant species were,
however, either inhibited (Hahne and Hoffman 1984), or
not affected by the chemical (Carswell et al. 1989). Thus,
the effects of DMSO on secondary metabolism in plants
should be further studied in order to determine its mecha-
nism of action and possible utility in overproduction of
valuable secondary metabolites like artemisinin.

In summary, we have shown that both the cytosol-based
mevalonate pathway and the plastid-based non-mevalonate
pathway are likely involved in the production of IPP for
artemisinin biosynthesis. The proportion of IPP supplied by
each pathway, however, is unknown since some metabo-
lites may be exchanged between the two compartments,
making it impossible to track their origin without the
assistance of additional tools such as tracers. Younger
plants were more susceptible to the inhibitors than older
plants, and increasing the concentration of inhibitors pro-
portional to the increase in biomass did not result in a
corresponding inhibitory response. Although not yet
understood, it appears that more mature plants are better
able to compensate against metabolic inhibition. We were
also able to increase artemisinin production by inhibiting
sterol biosynthesis, and these results were again more
striking in younger plants. We also showed that DMSO had
a significant stimulatory effect on artemisinin production.
Taken together these data will be useful in helping us to
understand better the pathways leading to artemisinin
production with a longer term intent of increasing yields of
this important therapeutic in planta.
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