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Abstract Artemisinin is a promising and potent antimalarial
drug naturally produced by the plant Artemisia annua L. but in
very low yield. Its artemisinin content is known to be greatly
affected by both genotype and environmental factors. In this
study, the production of artemisinin and leaf biomass in
Artemisia annua L. was significantly increased by exoge-
nous GAj treatment. The effect of GAj; application on
expression of proposed key enzymes involved in artemisinin
yield was examined in both wild type (007) and FPS-over-
expression (253-2) lines of A. annua. In the wild type (007) at
6 h post GAj application there was an abrupt rise in FPS,
ADS and CYP71AV1 expression and at 24 h a temporary and
significant peak in artemisinin (1.45-fold higher than the
control). After GAj3 application in line 253-2, there was a
dramatic rise in expression of FPS at 3 h, CYP7IAVI at9 h
and ADS at 72 h and accumulation of artemisinin after
7 days, which was a delay when compared with the wild type
plant. Thus, increased artemisinin content from exogenous
GA; treatment was associated with increased expression of
key enzymes in the artemisinin biosynthesis pathway.
Interestingly, exogenous GAj continuously enhanced arte-
misinin content from the vegetative stage to flower initiation
in both plant lines and gave significantly higher leaf biomass
than in control plants. Consequently, the artemisinin yield in
GA;-treated plants was much higher than in control plants.
Although the maximum artemisinin content was found at the
full blooming stage [2.1% dry weight (DW) in 007 and 2.4%
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DW in 253-2], the highest artemisinin yield in GAj-treated
plants was obtained during the flower initiation stage
(2.4 mg/plant in 007 and 2.3 mg/plant in 235-2). This was
26.3 and 27.8% higher, respectively, than in non-treated
plants 007 and 253-2. This study showed that exogenous
GA; treatment enhanced artemisinin production in pot
experiments and should be suitable for field application.

Keywords Artemisia annua - GA3z - Artemisinin - Gene
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Abbreviations
ADS Amorpha-4,11-diene synthase

CYP71AV1 Cytochrome P450 monooxygenase
DW Dry weight

EF1-« Elongation factor 1 alpha

FPS Farnesyl pyrophosphate synthase
FW Fresh weight

GA Gibberellic acid

gPCR Quantitative Real-time PCR
Introduction

Artemisinin comprises a group of sesquiterpene lactones
that have an endoperoxide group in their structures. Arte-
misinin and its derivatives are promising and potent anti-
malarial drugs that can meet the dual challenge posed by
the appearance of drug-resistant parasites and the rapid
progression of malaria. They are at the top of the list of
new antimalarial drugs in terms of efficacy, low toxicity,
resistance, cost, rapidity of action and first order pharma-
cokinetics (White 2008; Krishna et al. 2008). Artemisinin
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is commonly extracted from field-grown leaves of Arte-
misia annua L. which is native in some parts of China,
Japan, Korea and Vietnam (Klayman 1985). However, the
amount of artemisinin that exists in crude extracts of the
natural plants is very low. Artemisinin content was previ-
ously reported to vary greatly from 0.003 to 0.21% in
various plant preparations and from 0.01 to 0.8% of DW in
individual plants, depending on clones and different culti-
vation conditions (Ferreira et al. 1995; Abdin et al. 2003).
In addition, it was revealed that there is a dramatic increase
of artemisinin content during the plant reproductive stage
(Pras et al. 1991; Morales et al. 1993; Baraldi et al. 2008).
Total organic synthesis is very complicated and gives low
yields, making it economically unattractive (Avery et al.
1992). Consequently, the use of artemisinin-based combi-
nation therapies (ACTs) is more expensive by up to 20
times when compared to currently used monotherapies and
alternative non-artemisinin-based combinations because of
the imbalance between demand and supply (Mutabingwa
2005). In order to break through this obstacle, strategies
have been developed to enhance artemisinin accumulation
in plants and boost the yield per unit cultivation area. This
would make plant production more efficient and sustain-
able than simply increasing the cultivation area. It has been
demonstrated that plant growth behavior and production of
artemisinin in plant parts of A. annua are affected not only
by genotype but also by environmental factors (Ferreira
et al. 1995). Irradiation (Wang et al. 2007), salinity stress
(Qureshi et al. 2005; Qian et al. 2007), chilling stress (Feng
et al. 2009) and DMSO elicitation (Mannan et al. 2010)
have been reported to affect artemisinin production. In
addition, phytohormones involved in the plant defense
response [e.g., abscisic acid (Jing et al. 2009) and salicylic
acid (Pu et al. 2009)] have also been shown to play
important roles in artemisinin accumulation.

Gibberellic acid (GA3) is a plant hormone that regulates
seed germination, stem elongation, leaf expansion, fruit
development and plant flowering (Gomi and Matsuoka
2003). Application of exogenous GAj; can beneficially
change the plant metabolic pathways. For example, high
accumulation of antioxidant and ajmalicine occurred in
Catharanthus roseus after GA5 treatment (Jaleel et al. 2007).
There is also evidence that GA3 can significantly relieve
NaCl-induced growth inhibition in rice (Wen et al. 2010).
Interestingly, exogenous treatment with GA3 or a GA-like
substance (triacontanol) was reported to induce significant
increases in biomass and artemisinin content in hairy root
cultures (Shukla et al. 1992; Smith et al. 1997). In 2005,
Zhang et al. (2005) showed that the endogenous GA3 and
artemisinin content both increased in leaves with the onset of
flower bud development. They found that application of
exogenous GAj; could increase artemisinin content to 0.64%
DW which was threefold higher than in control plants.
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However, they did not study any associated changes in plant
growth characteristics or in the expression of genes that
might be associated with key enzymes in the artemisinin
biosynthesis pathway. In the present study, the roles of GA3
on artemisinin production and biosynthesis were examined.
The proposed key enzymes targeted for expression analysis
were farnesyl pyrophosphate synthase (FPS), amorpha-
4,11-diene synthase (ADS) and cytochrome P450 monoox-
yvgenase (CYP71AVI).

GAj3 is diterpenoid compound synthesized from the
terpenoid pathway, the same pathway used for artemisinin
biosynthesis. Artemisinin is synthesized through the first
intermediate FPP (C;5) whereas GA; is generated from
GGPP (C,p), which is the product of GPP and IPP con-
densation (Hedden and Phillips 2000; Liu et al. 2005;
Bertea et al. 2005) as shown in Fig. 1. The overproduction
of artemisinin and leaf biomass by the introduction of FPS
gene was previously demonstrated in transgenic lines of
A. annua that over-expressed FPS (Banyai et al. 2010).
Thus, the effect of exogenous GA; treatment was investi-
gated in both wild type plants and plants that over-
expressed FPS. The objective was to study the effect of
GA; on artemisinin production in both the low- and high-
yield lines and in terms of gene expression patterns and
plant growth behavior up to the reproductive stage.

Materials and methods
Plant cultivation and transplantation
Two lines of in vitro plants of Artemisia annua L., wild type

code no. 007 and transgenic FPS-over-expressed line code
no. 253-2 (Banyai et al. 2010), were maintained on 0.7%
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Fig. 1 Proposed isoprenoid and artemisinin biosynthesis pathway of
Artemisia annua. HMGR, HMG-CoA reductase; FPS, Farnesyl
pyrophosphate synthase; ADS, Amorpha-4,11-diene synthase;
CYP71AV1, Cytochrome P450 monooxygenase (Hedden and Phillips
2000; Liu et al. 2005; Bertea et al. 2005)
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agar-solidified MS medium (Murashige and Skoog 1962)
supplemented with 3% (w/v) sucrose and incubated under
25 £ 2°C, 60 £ 5% relative humidity and 16 h photope-
riod with photosynthetic photon flux density of 60 £
5 umol m~? s~'. Shoot segments were excised from
30 day-old plantlets and sub-cultured for multiplication by
transferring regularly onto the same medium every 30 days.
The in vitro plantlets (~5-cm height) were acclimated by
transferring to photoautotrophic conditions. Under aseptic
photoautotrophic culture, vermiculite filled with liquid MS
medium (PGR-free and sugar free) was used as the sup-
porting material. Air ventilation and CO, exchange into
cultured vessels were promoted through 45 pm-filter
membranes (J = 1 cm) that were applied to each vessel
cap. The cultures were acclimated for 2 weeks prior to
transplantation to pots containing mixed soil (Klasman®,
UK) and then incubated in plant growth chamber (model
GS1700CH, Giant Star Ltd., Korea) under 25 + 2°C,
60 + 5% RH, 16 h photoperiod with 80 + 5 pmol m™>
s~! PPF, to observe growth and morphological characters.

GA; treatment and sample collection

In the preliminary experiment, 10, 20, 40, 80 and
160 mg 17" GA; (GoldenGib®, S&P Formulator Co., TH)
were applied to uniform 45 day-old wild type plants to
determine the optimum concentration for artemisinin pro-
duction. Since both 20 and 40 mg I~' GAj; significantly
increased artemisinin content at the same level, 20 mg 1!
concentration was used to investigate the effect of GA; on
plant growth, expression of proposed key enzyme genes
and artemisinin production in A. annua. After transplan-
tation, each pot containing a 45 day-old plant of either 007
or 253-2 was individually treated with 20 mg 1™ of GA;
by soil drenching. Water was applied in the same manner
as a in the control experiment. The treated plants were
incubated in a plant growth chamber (model GS1700CH,
Giant Star Ltd., Korea) under 25 4 2°C, 60 &= 5% RH, and
14 h photoperiod (6:00-20:00) with 80 & 5 pmolm > s~
PPF. They were fertilized with half-strength MS medium
once a week and watered every other day. The expanded
leaves at the positions of 5th to 15th from the shoot apex

Table 1 Primer sequences of qPCR amplification

were collected at 1 (10:00), 3 (12:00), 6 (15:00), 9 (18:00),
12 (21:00), 24 (9:00), 48 (9:00), and 72 (9:00) h after
treatment. Triplicate samples (0.1 g each) were kept in
1.5 ml microtubes prior to freezing in liquid nitrogen and
storage at —80°C until used for gene expression analysis.
For artemisinin evaluation, a similar sampling procedure
was carried out at 12 (21:00), 24 (9:00), 48 (9:00), 72
(9:00) h and 7 (9:00), 14 (9:00), 28 (9:00) day after treat-
ment. The harvested leaves (1.0 g each) were kept in alu-
minum foil, frozen in liquid nitrogen and stored at —80°C.
Moreover, plant growth parameters in terms of shoot
height, branching, no. of leaves, and leaf fresh weight were
also recorded. A short photoperiod (8 h/days) was applied
to plants in order to induce flowering. Leaves were col-
lected for artemisinin analysis at the vegetative stage
(28 days after treatment), the flower initiation stage (>50%
of the plants showing signs of flower initiation) and the
flower blooming stage (>70% of the flowers already open).

RNA extraction and gene expression analysis
by real-time PCR

Total RNA was extracted using a modified guanidine
thiocyanate method. DNase treatment (2 units, Promega) at
37°C for 30 min was applied to 2 png of total RNA to
eliminate any contaminating DNA in the samples. The
reaction was stopped and then incubated at 65°C for
10 min. The treated RNA was then used as a template for
cDNA synthesis. The cDNA was generated using an
ImpromlII kit (Promega) according to the manufacturer’s
instructions. For qPCR amplification, the concentrated
cDNA was diluted 1:5 and then 2 pl was used as a tem-
plate. The internal reference gene in this experiment was
Elongation factor I-alpha (EFI-0), which was previously
reported to be the stable housekeeping gene under biotic
and abiotic stresses (Nicot et al. 2005). The specific
primers for objective genes; farnesyl pyrophosphate syn-
thase (FPS), amorpha-4, 11-diene synthase (ADS) and
cytochrome P450 monooxygenase (CYP71AV1) are shown
in Table 1. The 15 pl of qPCR amplification mix contained
7.5 ul of SYBR master mix (KAPA SYBR® FAST qPCR
kit, USA), 10 uM of each primer and 2 pl of template.

Name Forward primer (5'-3') Reward primer (5'-3) Length
(bp)

Amorpha-4, 11-diene synthase (ADS) GTCGAATGGGCTGTCTCTGC TTCTTTCTTGCTCGGCCTTG 100

Cytochrome P450 monooxygenase TGGTTCTGCCAA GAGAGTGC GGTCCCTATTTATCGCAAAGACG 102

(CYP71AV1)

Farnesyl pyrophosphate synthase (FPS) GGGTACCTATTTTCAAGTTCAGGACG
CCAACCTTGACTGGTACAAGGGACC

Elongation factor-1 alpha (EF1-o)

GACAACTAACCAGGAGCACTTAAAGTC 112
CCACCAATCTTGTAAACATCC 120
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Sterile distilled water added to reach the 15 pl total vol-
ume. The quantitative assay was conducted by using an
ABI7500 machine under the following conditions: 95°C for
60 s followed by 40 cycles of 95°C for 3 s and 56°C for
32 s. The standard curve of each gene was plotted between
C, and Log C,. Recombinant plasmids were constructed to
contain the following individual genes of interest: pGEM-
ADS, pGEM-CYP, pGEM-EF1 and pCAMBIAFPS. The
plasmid DNA was extracted and digested with Ps¢I prior to
dilution at 10, 10%, 10°, 10*, 10° and 10° copies/5 pl to plot
standard curves. The copy number of interested gene was
evaluated from individual standard curves. The relative
expression level of each gene was normalized with the
internal reference gene, EFI-a. The percentage of relative
expression was calculated using the equation:

% relative expression

= (quantity of interested gene/quantity of EF'1 —a) x 100.
Artemisinin evaluation by HPLC

Detached leaves were immediately dipped into liquid
nitrogen prior to storage at —80°C until used. Crude
artemisinin was extracted according to the protocol modified
from Van Nieuwerburgh et al. (2006). One gram of sample
was dipped into 10 ml chloroform and immediately vortexed
for 1 min. The solvent was evaporated in a fume hood at
room temperature until absolutely dried prior to use as a
crude extract. The artemisinin content was evaluated
according to the procedure of Vandenberghe et al. (1995)
with some modifications. Briefly, the crude extract was
dissolved with 1 ml of methanol and then 200 pl of crude
extract solution was separated into a new reaction tube.
Exactly 800 plof 0.2% (w/v) sodium hydroxide solution was
added to the tube and mixed with a vortex mixer before
incubation in a water bath at 50°C for 30 min. After cooling,
200 pl of methanol and 800 pl of 0.05 M acetic acid
were added. The mixture was filtrated through a 0.45 pm

Table 2 Growth characteristics of A. annua after treatment for 28 days

Sartorious® membrane and then 10 pl of filtrate was sub-
jected to HPLC (Water 717, USA) using a Luna 5 pm C18
100A column (150 mm x 4.6 mm2, Phenomenex, USA)
with 1 ml min~' flow rate. A mixture of 55% (v/v) aceto-
nitrile in water containing 0.05% (v/v) formic acid was used
as the mobile phase. The UV signal at 260 nm was monitored
with a photodiode array detector. Authentic artemisinin
(Khunming Pharmaceutical Corporation, China) was puri-
fied by re-crystallization in hexane and chloroform to be used
as the standard in this experiment.

Results
Effect of GA3 on plant growth and flowering

After cultivation for 28 days in a growth chamber, a dif-
ference of plant growth was observed between 007 and
253-2 lines under both control and GA5 treatment (Table 2).
In the control treatment, 007 showed a higher number of
leaves than 253-2, but the fresh weight (FW) of upper part
and leaves of 007 line was lower. GA3 marginally improved
plant growth in both plant lines. Among five evaluated
parameters, plant height and leaf FW were significantly
increased in 007 after GA3 treatment whereas only the
number of leaves was significantly enhanced in 253-2
(Table 2; Fig. 2a, b). All of the plants successfully produced
flowers after exposure to a short photoperiod (8 h/days)
(Fig. 2¢, d). There was no significant difference in plant
flowering period between control and GA;-treated plants in
both lines. However, the transgenic line 253-2 was more
sensitive to short day than the wild type 007, as shown in
Table 3. Flower initiation occurred at 46 days (control) and
44 days (GA;) after treatment for 253-2 while it occurred at
72 days (control) and 73 days (GAj3) for line 007. In all the
plants, full blooming occurred 21-24 days later (Table 3).
Leaf senescence was clearly observed when flower bloom-
ing began (Fig. 2e, f).

Plant line GA; treatment® Plant height (cm) No. of leaves No. of lateral shoots Fresh weight (g)
Upper part Leaves
007 - 717 £35b 445+ 17a 510 £23a 223 £37b 8.6 £ 1.3 be
+ 764+ 25a 430+ 35a 525+ 29a 233+£020b 9.8+ 03a
253-2 — 740 £ 1.2 ab 380+ 18b 489 £ 1.1 ab 272+ 12a 9.2 £ 0.7 ab
+ 734 £ 0.5 ab 428 £25a 497+ 17a 260+ 02a 9.4 + 0.7 ab

The plants were treated with GAj3 at 20 mg 17" or water (as control experiment)

Each experiment was performed with 6 replications (1 plant = 1 replication). Different letters within the column indicate significant difference
of mean (£SD) tested by Duncan’s Multiple Range Test (DMRT) at P < 0.01

2100 ml of 20 mg 1=' GA; solution or water (as a control) was applied for each plant
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Fig. 2 Morphology of A. annua
plant code line 007 (wild type)
compared with 253-2
(FPS-overexpressed line) at
vegetative (a, b), flower
initiation (c, d) and flower
blooming (e, f) stages. The
difference of plant height with
or without GA; treatment was 007
clear after treatment of 007 for
28 days (a) but there was no
significant difference with
253-2 (b). GAj-treated plants in
both lines could produce flowers
(c—f) after induction by short
day period (8 h/days)

253-2

Vegetative

(28 days after treatment)

Table 3 Effect of GA; treatment on flowering of A. annua

Plant line GAj; treatment® Days after treatment (days)h
Flower initiation Full blooming
007 — 72+2b 93+4b
+ 73£5b 95 +6b
253-2 - 46 t£4a 70+£5a
+ 44+4a 65+ 6a

%100 ml of 20 mg 17! GA; solution or water (as a control) was
applied for each plant

b Days required for flower initiation and full bloom were recorded
after cultivation of the treated plants at 25 4+ 2°C with relative
humidity 60 £ 5% and photosynthetic photon flux (PPF) density of
60 + 5 umol m—2 s™" at 8 h days™' photoperiod

GA; enhanced expression of proposed key enzyme
genes

When mRNA expression of three proposed key enzyme
genes, FPS, ADS and CYP71AVI was determined by real-
time PCR, it was higher in 253-2 than in 007 for all genes
(Fig. 3). Among the three genes examined, the expression of
ADS gene was lowest and FPS was highest in both plant

Full blooming

Flower initiation

lines. The changes in expression pattern after treatment
differed between the two plant types. In 007, the increase in
transcriptional levels occurred for all genes abruptly at 6 h
after treatment (Fig. 3a—c). FPS and ADS declined thereafter
but CYP71AVI dropped sharply. At 6 h post GAs-treatment,
the relative expression percentage for FPS, ADS and
CYP71AVI was 5-, 4- and 18-fold higher, respectively, than
in the control plants. Although FPS and ADS expression
decreased up to 48 h, it rose again at 72 h, but not to the
previous high level. In 253-2, the expression of FPS
increased significantly at 1 h post GAj-treatment and
reached its highest level 3 h (twofold higher than the con-
trol). The level then decreased from 6 to 48 h (Fig. 3d).
Without GAj; application, ADS expression was very low
(less than 0.1%) while in GAj; treated plants it was 8-, 21-,
18.5-, 32- and 12-fold higher at 3, 6, 9, 12 and 24 h,
respectively (Fig. 3e). The maximum ADS expression level
with GAj treatment was 247-fold higher than that of the
control at 72 h post treatment. For CYP71AVI, a similar
expression pattern was detected in both plant lines (Fig. 3c,
f). The transcriptional levels post GAj application suddenly
increased and then suddenly dropped beginning at 6 h for
007 and 9 h for 253-2.
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Fig. 3 The percent relative expression of FPS (a, d), ADS (b, e) and
CYP71AVI (c, f) genes in the 007 and 253-2 lines of A. annua plants.
The expression levels were compared between the control and 20 mg/
1 GA5 treatment at 0, 1, 3, 6, 9, 12, 24, 48 and 72 h after treatment.
The data were averaged from 3 replicates containing three samples

Improvement of artemisinin production after GA3
treatment

GA;-treated plants showed higher artemisinin levels than
did control plants in both plant lines (Figs. 4, 5), but the
significant increases for the two types were observed at
different times after treatment. In 007-treated plants, the
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each and analyzed using a T-test for significant differences between
GA; treatments and the control. Error bar means + SD. The single
asterisk (*) represent a significant difference at P < 0.05 and a double
asterisk (**) represents a highly significant difference at P < 0.01
between the control and GAjs-treated group

increase in artemisinin level was biphasic. The first rise was
observed from 12 to 24 h followed by a slow decrease up to
7 days followed by an additional increase up to 28 days.
The highest artemisinin content (0.96% DW) during the first
peak was obtained at 24 h after treatment. The second peak
was detected from 14 to 28 days after treatment. The
application of exogenous GAj significantly increased the
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Fig. 4 The artemisinin content 2.50

>

(%DW) affected by GA; 007
treatment in 007 (a) and 253-2

(b) lines. The data were

averaged from 3 replicates 2.00

[J Control
W GA,

containing three samples each

and analyzed using a 7-test for
significant differences between
GA; treatments and the control

treatment. Error bar 1.50

means £ SD. The double
asterisk (**) indicates a highly

ek

Artemisinin content (%DW)

significant difference at e e
P < 0.01 between the control 1.00 _— T
and GAj-treated group s
| - |_I | . ﬂ ] ‘—I
0.00 4 r— - T v . v
0 24h 48h 72h 7 days 14 days 28 days
2.50
253-2
ik
— 2-00 -
=
(a]
§, *k
E ek T
1.50 .
.g <
) 1
u 4
=
£ 1.00
22
£
@
2
0.50
0.00
0 12h 24h 48h 72h 7 days 14 days 28 days

artemisinin production up to 0.99% DW 28 days after the
treatment. It abruptly increased up to 1.8% in DW during
the flower initiation period (Fig. 5a). Although the highest
artemisinin levels (2.1% DW) were detected at the flower
blooming stage, there was no significant difference of
artemisinin content overall between the control and
GA;-treated plants at that time (Fig. 5a). In 253-2, there
was no significant difference of artemisinin content
between GAj-treated and control plants up to 72 h after
treatment (Fig. 4b). The boost in artemisinin production by
GA; first occurred at 7 days. Exogenous GAj significantly

Time after treatment

improved artemisinin contents from 7 days after treatment
until the flower initiation stage (Figs. 4b, 5b). High amounts
of artemisinin were produced in GAs-treated plants 28 days
after the treatment (1.8% in DW) and at the flowering ini-
tiation stage (2.0% in DW). However, the production of
artemisinin in both control (2.2% in DW) and GA3 (2.4% in
DW) treated plants was greatly enhanced at the flower
blooming stage, at which time there was no significant
difference in production between the treated and untreated
plants. Although the maximum artemisinin content was
obtained at full blooming stage in both lines, the biomass of
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Fig. 5 The effect of GA; on artemisinin content, DW of leaves
(a, b) and artemisinin yield (c, d) at different vegetative stages, at
flower initiation and at full blooming in 007 and 253-2. The data were

leaves (gDW/plant) was drastically reduced after the flower
blooming stage (Fig. Sa, b). Consequently, the artemisinin
yield (mg/plant) was highest at the flower initiation stage
(Fig. 5c, d). GA; significantly increased both the artemisi-
nin content and the leaf biomass. Therefore, the improve-
ment of artemisinin yield was 2.38 mg/plant in 007 and
2.34 mg/plant in 253-2 and this was 1.2- and 1.3-fold
higher, respectively, than in control plants.

Discussion

The transgenic FPS over-expressing line 253-2 was pre-
viously shown to give increased production of artemisinin
(Banyai et al. 2010). In the present study, it was confirmed
that expression of FPS in 253-2 was higher than that in the
007 control line. Moreover, the expression of ADS and
CYP71AVI in 253-2 line was also greater than that in the
control with or without GAj treatment (Fig. 3). This
demonstrated that introduction of the FPS gene resulted in
changes in the normal A. annua metabolic pathway leading
to artemisinin. The abrupt increase in expression of FPS,
ADS and CYP71AVI after GAj; treatment also clearly
demonstrated that GAj; up-regulated genes in the same
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biosynthesis pathway. It has been reported (Mansouri et al.
2009) that GAj; can increase the activity of HMG-CoA
reductase (HMGR) that catalyzes an important control
point in the mevalonate pathway (MVA). Although some
sesquiterpenoids were built with C5 from the methyl-
erythritol phosphate (MEP) pathway, most are synthesized
via the MV A pathway (Enfissi et al. 2005; Liu et al. 2005).
For artemisinin synthesis, it has been suggested that IPP
from both MEP and MVA are used (Towler and Weathers
2007). Therefore, up-regulation of HMGR by exogenous
GA; might activate FPS, ADS and CYP7IAVI genes in the
metabolic flow and consequently elevate the level of
building blocks for artemisinin production. A role for
exogenous GAj; in increasing salicylic acid (SA) biosyn-
thesis has recently been reported in Arabidopsis (Alonso-
Ramirez et al. 2009). In A. annua, SA might increase
artemisinin content via a burst of reactive oxygen species
(ROS) that could activate the expression of genes involved
in artemisinin biosynthesis. Obvious enhancement was
detected only for ADS transcription and there was little
change seen for FPS and CYP71AVI (Pu et al. 2009). Thus,
the increase in artemisinin content after exogenous GAj3
treatment may possibly be caused by up-regulation of gene
expression in the biosynthesis pathway via multiple
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mechanisms and by a triggering of the ROS system through
modulation of SA biosynthesis. In this study, dramatic
changes in FPS, ADS and CYP7IAVI expression were
observed 6 h after GA; treatment in the 007 line but not
until later in the 253-2 line (particularly for ADS) gene,
which showed obvious increase 72 h after GA; treatment
(Fig. 3). This phenomenon could explain the late over-
production of artemisinin in 253-2 line that was detected
7 days after treatment when compared with 24 h in 007
line (Fig. 4). It also implies an important regulatory role of
ADS gene in artemisinin biosynthesis.

Both GA; and artemisinin are products of the isoprenoid
biosynthesis pathway and they share the key intermediate
FPP. Thus, the application of exogenous GA; may divert
carbon flow from GAj; to artemisinin. As a growth-
promoting hormone, GAj; significantly enhanced not only
artemisinin content but also total leaf biomass in A. annua
(Fig. 5). Although artemisinin was previously reported to
be overproduced also after treatment with ABA (Jing et al.
2009) and SA (Pu et al. 2009), the issue of any increase in
plant biomass was not addressed. The highest artemisinin
contents in treated plants with ABA and SA were 1.84%
DW and 1.4% DW, which was 65 and 75.8% higher than
the respective controls (Jing et al. 2009; Pu et al. 2009).
The application of salinity stress was claimed to be a
simple and efficient procedure for boosting artemisinin
content (2-3% DW). However, a reduction of plant bio-
mass caused by salt stress was also obtained (Qian et al.
2007).

After GA; treatment in the present study, overproduc-
tion of artemisinin was obtained along with an increase in
leaf biomass (Fig. 5a, b). The effect of GA; on artemisinin
production was investigated up to the reproductive stage to
determine the optimum stage for plant harvesting since
time of harvesting is related to artemisinin yield (Morales
et al. 1993; Baraldi et al. 2008). Moreover, the phytotoxic
activities of artemisinin on seed germination, root growth
and chlorophyll content of A. annua and other monocoty-
ledons and dicotyledons have been found (Bagchi et al.
1997; Dayan et al. 1999). Recently, it was confirmed that
artemisinin is biosynthesized and accumulated in glandular
trichomes of A. annua plants because of its high phyto-
toxicity to the plants themselves (Olsson et al. 2009).
Accordingly, it is possibly that artemisinin is only pro-
duced and stored at limited levels in glandular trichomes
that are mainly located in leaves. The highest artemisinin
content was previously reported at the pre-flowering
(Acton and Klayman 1985; Woerdenbag et al. 1993) or at
full flowering stages (Pras et al. 1991; Morales et al. 1993).
In our plant lines, the highest content was obtained at the
full blooming stage (Fig. 5a, b), but this was accompanied
by greatly decreased leaf biomass because of leaf senes-
cence (Figs. 2, 5a-b). Although the artemisinin contents

between the treatments (control or GAj3) in both plant lines
were different at the vegetative and flower initiation stages,
there was no significant difference between them at the full
blooming (Fig. 5a, b). The amount of artemisinin at the
flower initiation stage in GAj-treated plant was quantified
at up to 2.38 and 2.34 mg/plant in lines 007 and 253-2
and this was 26.3 and 27.8% higher, respectively, than in
control plants (Fig. 5c, d). Therefore, the appropriate
harvesting time for our plant lines was at the flower initi-
ation stage, where the artemisinin yield was highest,
especially when GA3 was applied.

The results above clearly revealed the potential of
exogenous GAj; treatment for improvement of artemisinin
production and leaf biomass, both of which can be further
applied beneficially for field cultivation. Application of
GA; can boost the yield per unit cultivation area and fur-
ther cause a potential reduction of ACTs price. In addition,
more investigation on the relationship between GAj; and
the artemisinin pathway would improve our knowledge of
metabolic flow in the plant isoprenoid biosynthesis path-
way and could possibly lead to further improvement in
artemisinin production.
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