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Artemisinin is an effective anti-malarial drug extracted from Artemisia annua L. Due to the low content
of artemisinin in A. annua, great efforts have been devoted to improve artemisinin production. Here we
report a simple and efficient procedure to enhance artemisinin content in A. annua by seeding to
salinity stress. Our result shows that artemisinin content in the plant treated with 4 - 6 g/l NaCl could be
significantly enhanced (up to 2 - 3% dry weight) compared to that in control plant (1% dry weight).
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INTRODUCTION

As one of the world’s most serious parasitic diseases,
malaria, caused by Plasmodium, causes at least 500
million cases globally every year, resulting in more than
one million deaths (Snow et al., 1999; Ro et al., 2006).
The biggest challenge facing in the fighting against mala-
ria is the multi-drug resistance of Plasmodium strains to
the widely used antimalarials such as chloroquine,
mefloquine and sulfadoxine-pyrimethamine (Greenwood
and Mutabingwa, 2002; Liu et al., 2006).

Artemisinin, an endoperoxide-containing sesquiterpene
isolated from Artemisia annua L., an annual herb native
to China, is becoming more and more popular in treating
malaria. Nowadays, the toxin-free, artemisinin-based
combination therapy (ACT) is recommended by World
Health Organization (WHO) as the most effective against
the drug-resistant malaria (Olliaro and Taylor, 2004;
Shetty et al., 2004; Davis et al., 2005).

Artemisinin content in A. annua is very low (0.01 - 1%
dry weight, DW), and the demand for artemisinin is
increasing along with the increasing number of people
suffering from malaria. Various approaches have been
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attempted to increase artemisinin production including
chemical synthesis (Xu et al., 1986; Avery et al., 1992)
and genetic engineering of the pathway genes involved in
artemisinin biosynthesis in A. annua (Vergauwe et al.,
1996; Chen et al., 2000; Xie et al., 2001; Martin et al.,
2003; Ro DK et al., 2006), but not much success has
been recorded because of the high cost or complex
nature of the gene regulation and expression in artemi-
sinin biosynthesis. New approaches, cheaper and more
convenient, are needed for improving artemisinin
production.

Since artemisinin is a kind of secondary metabolites
(Aharoni et al., 2005; Jorgensen et al., 2005), climatic
condition together with the way and time of planting and
harvesting of A. annua can influence artemisinin produc-
tion in A. annua (Wallaart et al., 2000; Ram et al., 1997).
Plant hormone such as GAjz;, BA and kinetin may also
influence artemisinin production (Whipkey et al., 1992;
Fulzele et al. 1995; Gulati et al., 1996; Smith et al., 1997;
Weathers et al., 2005). In addition, stress conditions such
as light, temperature and watering may have effects on
artemisinin production too (Wang et al., 2001; Liu et al.,,
2002; Wang et al., 2002; Guo et al., 2004; Wallaart et al.,
2000).

In this study, we tried to investigate if salinity, one of
the commonest stresses, could influence artemisinin pro-



duction in A. annua and our result demonstrated that by
simply treating A. annua with NaCl, the content of
artemisinin in the plant could be significantly enhanced.

MATERIALS AND METHODS

Plant material, growth condition and salinity treatments

A. annua L. was collected from Sichuan Province, China. Seeds of
A. annua were surface sterilized with 20% (v/v) sodium hypochlorite
(NaOCil) for 20 min, sown onto germination medium (Murashige and
Skoog, 1962) basal medium with the addendum of sucrose (30 g/l)
and phytagel (Sigma) (2.6 g/l) in a growth chamber with a
photoperiod of 16 h light\8 h dark and light intensity of 80,000 Lux
(metal halide source) at 26°C and grown for 4 weeks.

When about 5 cm in height, the geminated seedlings were
transplanted into plastic pots containing peat-moss and perlite at
the ratio of 1:1. To adjust to the new surrounding, the plants were
watered by normal nutrient solution (33 mg/l NHsNOsz, 38 mg/l
KNOs;, 8.8 mg/l CaCl2H.O, 7.4 mg/l MgSO,7H.0O, 3.4 mg/l
KH2PO,4 ) in the first two weeks, then treated with the normal
nutrient solution containing different concentrations of NaCl (0 as
the control, 2, 4, 6 and 8 g/l) respectively. The plants were watered
with nutrient solution containing NaCl every 2 d. Five individual
plants in each level of salinity treatment were selected randomly for
artemisinin quantification from 26-35 plants treated for each level.
The experiments were replicated 2 times. The contents of artemisi-
nin in the treated plants together with the un-treated control plants
were measured by High Performance Liquid Chromatography
(HPLC) before the flowering of the plants.

Sample preparation

Artemisinin in the plants was extracted based on the method of Van
Nieuwerburgh et al. (2006). Fresh leaves of A. annua (1-2 g fresh
weight) were immersed in 10 ml chloroform in 50 ml eppendorf tube
and mixed by gentle shaking for 1 min. Then the solution was
moved to another fresh tube to volatilize chloroform, and then 3 ml
ethanol was added into the tube to dissolve the extract. The leaf
material after the extraction was weighed (to measure the dry
weight) after dried at 60°C for 4 h.

Samples were pre-column derivatised for HPLC. The extract
dissolved in ethanol (100 pl) was mixed with 400 pl 0.05M NaOH,
and then heated at 50°C for 30 min. After cooling, 500 pl 0.08 M
HAc was added for quantification with HPLC.

Quantification of artemisinin with HPLC

The samples were analyzed by Waters Alliance 2695 HPLC
system. The mobile phase (pump A, methanol; pump B, 0.01M
HAc/NaAc buffer adjusted to pH 5.8 with acetic acid ) for gradient
elution was eluted at a flow rate of 1 ml/min. The initial composition
of 50%:50% (v/v) was maintained for 2 min, then, the methanol
content was increased linearly to 70% over a period of 4 min and
maintained for 2 min. The column was re-equilibrated for 10 min
between runs. The injection volume was 10 pl for all samples, and
the results were analyzed using Waters 2996 PDA wavelength
detector and Empower data system with UV detection of peaks at
260 nm. The artemisinin purchased from Sigma was used as the
standard control in the measurement.

RESULTS AND DISCUSSION

The content of artemisinin in A. annua under salinity
stress

We determined the artemisinin contents in A. annua L.
plants seeding to 5 levels of NaCl salinity stresses with
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HPLC. For each level we treated 26 - 35 individual plants
and repeated the experiment twice. We found that the
plants seeding to salinity stress had higher contents of
artemisinin (2 - 3% DW) compared to those without
treatment (1.0 - 1.5% DW) (Figure 1). The result
analyzed with two-side T test suggested that the
enhancement of artemisinin content caused by 2 g/| NaCl
stress was not significant compared to the control, but the
enhancement caused by 4 and 6 g/l NaCl stresses was
extremely significant (P<0.01) compared to the control
(Figure 1).

Various approaches have been previously tried to
enhance artemisinin production (Vergauwe et al., 1996;
Chen et al., 2000; Wang et al., 2001; Xie et al., 2001; Liu
et al., 2002). Wang et al. (2001) found that light spectrum
would influence biomass and artemisinin content of
transformed hairy roots. The highest biomass (5.73 ¢
DW/I) and artemisinin content (31 mg/g) were obtained
under red light at 660 nm which were 17 and 67% higher
than those obtained under white light, respectively. Liu et
al. (2002) found that light irradiation influenced the growth
and production of artemisinin in transformed hairy root
cultures of A. annua too. When hairy roots were cultured
under illumination of 3,000 Lux for 16 h using several
cool-white fluorescent lamps, the dry weight and
artemisinin concentration reached 13.8 and 244.5 mg/l,
respectively. Wang et al. (2002) regulated the ratio of
NOs/NH, and total initial nitrogen concentration in the
culture of hairy roots, and successfully increased
artemisinin concentration by 57% compared to the
control.

Xie et al. (2001) infected A. annua leaf pieces and
petiole segments with A. rhizogenes and obtained a
clone of hairy root with artemisinin content of 0.12% DW.
Vergauwe et al. (1996) transformed A. annua plants
mediated by Agrobacterium tumefaciens and slightly
higher artemisinin content (0.17% DW) in the leaves of
regenerated plant than normally cultured plant (0.11%
DW) was achieved. Chen et al. (2000) transformed a
cDNA encoding cotton FDS (farnesyl diphosphate
synthase) under the control of CaMV 35S promoter into
A. annua via A. tumefaciens or A. rhizogenes. By over-
expressing FDS, a key enzyme in the biosynthesis of
artemisinin, in transgenic plants, the con-tent of
artemisinin reached approximately 0.8 - 1% DW.

In this study, the artemisinin content in A. annua plants
could reach 2 - 3% DW, the highest artemisinin content in
A. annua reported so far, by the procedure of treating
plants with suitable concentrations of NaCl.

The influence of salinity stress on the growth of A.
annua plants

To investigate if the salinity treating procedure which
could elevate the arteminsinin content in A. annua could
influence the growth of A. annua, we measured the
growth of the plants treated with different NaCl concen-
trations (2, 4, 6 g/L) and compared to that of the normal
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Figure 1. Contents of artemisinin in A. annua plants under salinity
treatments. The results were analyzed with a two-side T test on the
artemisinin contents in the plants under salinity stress compared to
the control (ns: P>0.05; **: P<0.01). Data represent the means + SE
(standard errors, vertical bars) of 5 randomly selected individual
plants from each NaCl treatment after 1 month. The dark columns
with 0, 2 and 4 g/L NaCl were average artemisinin contents of the
plants in the repeated experiment; another 5 randomly individual
plants were selected from each NaCl treatment. The data were
obtained after 3 months of NaCl treatment. The plants could not
survive after 3 months of 6 or 8 g/L NaCl treatment, so there were
no artemisinin data.
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Figure 3. The height (h) of A. annua plants seeding to
different t levels of salinity stress (0: 0 g/l NaCl; 2: 2 g/l
NaCl; 4: 4 g/l NaCl; 6: 6 g/l NaCl; 8: 8 g/l). Data
represent the means + SE (standard errors, vertical
bars) of 26 to 35 individual plants.

untreated ones (0 g/l NaCl). The result showed that low
levels of salinity stress (2 and 4 g/l NaCl) did not
influence much the growth of A. annua plants at first 2
months of the treatment (Figure 2A-C), but slowed down
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Figure 2. The distribution for the height (cm) of individual plants of
A. annua under the different levels of salinity stress (0: 0 g/l NaCl;
2: 2 g/l NaCl; 4: 4 g/l NaCl; 6: 6 g/l NaCl) in four growth stages (A:
0.5 month; B: 1 month; C: 2 months; D: 3.5 months).

the growth of the plants later on (Figure 2D). Higher level
of salinity stress (6 g/L NaCl) slowed down the growth of
the plants from the beginning of the treatment (Figure 2A-
C). Similar result was also obtained when summarizing
the average height of plants seeding to different salinity
stresses (Figure 3).

Conclusion

From the present study, it is obvious that salinity stress at
current NaCl concentrations inhibit the development of A.
annua plants, and influences the contents of artemisinin
in plants. It is important to find a more proper salinity
stress and treating occasion and time which do not
hamper much the growth of the plants but enhance the
accumulation of artemisinin in plants to high level. It was
reported earlier that the contents of artemisinin in A.
annua plants varied in different plant developmental
stages, and reached to the apex before flowering or in
the full flowering period (Abdin et al., 2003). Based on the



previous observations and the results from the present
study, it is speculated that it is possible to get the
maximal artemisinin accumulation in A. annua plants via
treating the plants with a salinity stress of 2 - 4 g/L NaCl
for about one or two months just before flowering of the
plants. By doing this, the influence of salinity stress to the
growth of the plants may be greatly reduced but the
accumulation of artemisinin in plants could be signifi-
cantly enhanced. This study will be carried out in the
future.
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