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Abstract This paper provides evidence that salicylic acid

(SA) can activate artemisinin biosynthesis in Artemisia

annua L. Exogenous application of SA to A. annua leaves

was followed by a burst of reactive oxygen species (ROS)

and the conversion of dihydroartemisinic acid into arte-

misinin. In the 24 h after application, SA application led to

a gradual increase in the expression of the 3-hydroxy-3-

methylglutaryl coenzyme A reductase (HMGR) gene and a

temporary peak in the expression of the amorpha-4,11-

diene synthase (ADS) gene. However, the expression of the

farnesyl diphosphate synthase (FDS) gene and the cyto-

chrome P450 monooxygenase (CYP71AV1) gene showed

little change. At 96 h after SA (1.0 mM) treatment, the

concentration of artemisinin, artemisinic acid and dihyd-

roartemisinic acid were 54, 127 and 72% higher than that

of the control, respectively. Taken together, these results

suggest that SA induces artemisinin biosynthesis in at least

two ways: by increasing the conversion of dihydroartem-

isinic acid into artemisinin caused by the burst of ROS, and

by up-regulating the expression of genes involved in arte-

misinin biosynthesis.
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Abbreviations

ADS Amorpha-4,11-diene synthase

CYP71AV1 Cytochrome P450 monooxygenase

DW Dry weight

FDP Farnesyl diphosphate

FDS Farnesyl diphosphate synthase

FW Fresh weight

HMGR 3-Hydroxy-3-methylglutaryl coenzyme A

reductase

MEP Methylerythritol phosphate

MVA Mevalonate

ROS Reactive oxygen species

SA Salicylic acid

SAG SA-glucoside

Introduction

Malaria is a serious infectious disease in many parts of the

world, affecting more than one-third of the global popu-

lation and killing approximately 2 million people annually

(Korenromp et al. 2005). Artemisinin, a sesquiterpene

lactone originally extracted from the medicinal plant

Artemisia annua L., is an effective antimalarial agent,

particularly for multi-drug resistant and cerebral malaria.

By February 2005, 43 countries had adopted artemisinin-

based combination therapies (ACTs) as first- or second-line

malaria treatment: most of these countries are in sub-

Saharan Africa. However, the low concentrations of artemisi-

nin in A. annua, which range from less than 0.1 to 1% of

the plant dry weight (DW), make artemisinin relatively

expensive and difficult to meet the demand of over

100 million courses of ACTs each year (Mutabingwa

2005). Moreover, the chemical synthesis of artemisinin has
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not been shown to be commercially feasible at present.

Therefore, it is necessary to increase the concentration of

artemisinin in A. annua to reduce the cost of artemisinin-

based antimalarial drugs.

Artemisinin is biosynthesized through the terpenoid

pathway (Fig. 1). The C5 building blocks from both the

conventional mevalonate (MVA) pathway and the newly

found plastid methylerythritol phosphate (MEP) pathway

are involved in the formation of farnesyl diphosphate (FDP)

in A. annua (Akhila et al. 1987; Towler and Weathers

2007). The cyclization of FDP to generate amorpha-4,11-

diene catalyzed by amorpha-4,11-diene synthase (ADS) has

been suggested as the first committed step in artemisinin

biosynthesis (Bouwmeester et al. 1999). Recently, a cyto-

chrome P450 monooxygenase cDNA (CYP71AV1) has been

independently cloned by both the Covello group (Teoh et al.

2006) and the Keasling group (Ro et al. 2006). CYP71AV1

encodes a multifunctional enzyme capable of oxidizing

amorpha-4,11-diene to generate artemisinic acid via

artemisinic alcohol and artemisinic aldehyde intermediates.

The pathway beyond artemisinic alcohol is somewhat less

well established (Covello et al. 2007; Li et al. 2006; Zeng

et al. 2008). However, there is biochemical (Bertea et al.

2005) and molecular (Zhang et al. 2008) evidence sup-

porting a route to dihydroartemisinic acid via artemisinic

aldehyde and dihydroartemisinic aldehyde.

Salicylic acid (SA) is a phenolic phytohormone with

roles in plant growth and development, photosynthesis,

transpiration, ion uptake and transport (Hayat and Ahmad

2007). It also has a role in plant responses to different

abiotic stresses such as UV radiation and ozone exposure

(Rao and Davis 1999; Senaratna et al. 2000), different

developmental conditions or various biological stimuli such

as those that occur during nodulation (Stacey et al. 2006). In

recent years, SA has received particular attention because it

plays an important signaling role in the activation of various

plant defense responses such as the induction of the

expression of pathogenesis-related genes (PR genes) and

the biosynthesis of special secondary metabolites, which

function as phytoalexins in plants (Bulgakov et al. 2002;

Kang et al. 2004; Sirvent and Gibson 2002). The induction

mechanism of plant defense is generally thought to be

related to the elevation of H2O2 and other reactive oxygen

species (ROS) levels, which can then serve as second

messengers in the defense signaling pathway (Lamb and

Dixon 1997; Ebel and Mithofer 1998; Qian et al. 2006).

Several SA-binding proteins in the SA-signaling path-

way have been identified, including (1) the H2O2-scav-

enging enzymes catalase (SABP) (Chen and Klessig 1991;

Chen et al. 1993) and ascorbate peroxidase (Durner and

Klessig 1995), (2) methyl salicylate (MeSA) esterase

(SABP2), which converts MeSA into SA (Song et al.

2008), (3) chloroplast carbonic anhydrase (SABP3)

(Slaymaker et al. 2002), and (4) aconitase (Ruffer et al.

1995). Interestingly, three of these proteins (catalase,

ascorbate peroxidase, and carbonic anhydrase) exhibit

antioxidant activity. It is possible that increase in H2O2 and

other ROS levels by SA results from the inhibition of

antioxidant enzyme activity.

Since SA might increase antioxidant levels and strongly

induce secondary metabolite biosynthesis in some plants, it

would be interesting to know its effects on artemisinin

biosynthesis. Here, we report evidence that exogenously

applied SA can activate artemisinin biosynthesis in A.

annua. The possible mechanisms are also discussed.

Materials and methods

Plant growth and SA treatment

An Artemisia annua plant from the high artemisinin yielding

strain 001 (Han et al. 2005) was used in this study. On

1 March 2007, plant cuttings were rooted in a growth chamber

and were illuminated using fluorescent lamps (100 lmol

photons m-2 s-1) for 16 h a day at 23�C. After 20 days, the

plantlets were transplanted into individual pots (1 L, PVC)

with growth medium (Voltilon Agriculture Technology,

Inc., Beijing, China). Water was slowly added to each pot

until field moisture capacity was reached. The pots were kept

in an experimental greenhouse at Beijing, WV (39�5902300N
and 116�1203600E, 74 m altitude). The daily photoperiod was

14 h (8:00–22:00) with controlled temperature (25�C/18�C,

day/night), and 70% relative humidity all day.

On 1 May 2007 (20 days after transplanting), uniform

plants (25–30 cm in height) were selected for the experi-

ments. The pots were organized in a randomized complete

block design with three blocks. Pots were spaced at a den-

sity of 5 pots per square meter. Each block was surrounded

with the same A. annua plants to guarantee the coherence of

the experimental plants. Eighty plants were combined in

each block. On 5 May 2007, SA solution (1.0 mM, adjusted

to pH 7.0 with NaOH) was sprayed using an atomizer onto

the leaves until it ran off. The control plants were sprayed

with distilled water, also adjusted to pH 7.0 with NaOH.

Sampling was carried out: at 8:00, 12:00, 16:00 and 24:00

on 5 May, 8:00 on 6 May, 8:00 on 7 May and 8:00 on 8 May

for internal SA, ROS, artemisinic acid, dihydroartemisinic

acid and artemisinin analysis; at 8:00, 10:00, 12:00, 16:00

and 24:00 on 5 May and 8:00 on 6 May for RNA analysis.

The first sample (t = 0) was taken before spraying. For

internal SA, ROS and RNA analysis, tagging was done to

recognize leaves of similar age before spraying. Five leaves

under the third visible leaf from the apex of the tagged

branch were harvested and mixed, frozen in liquid nitrogen

and stored at -80�C immediately after fresh weight
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determination. There were about 50, 50 and 5 leaves in each

sample for SA, ROS and RNA analysis, respectively. For

the quantification of artemisinic acid, dihydroartemisinic

acid and artemisinin concentrations, plants were cut 3 cm

above the soil level and dried in a forced-air oven at 40–

45�C for 24–48 h. One plant was used for one sample.

Leaves were separated from the stems and stored at -20�C

until high-performance liquid chromatography (HPLC)

Fig. 1 An integrative

artemisinin biosynthetic

pathway in A. annua, adopted

from Lommen et al. (2006) with

modifications. DMAPP
dimethylallyl diphosphate,

HMGR 3-hydroxy-3-

methylglutaryl coenzyme A

reductase, IPP isopentenyl

diphosphate, FDS farnesyl

diphosphate synthase, ADS
amophadiene synthase,

CYP71AV1 cytochrome P450

monooxygenase, Dbr2
artemisinic aldehyde reductase.

Broken arrows indicate more

than one step
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analysis (within 2 days). The experiment was repeated in

2008 from 1 March to 10 May, to ensure that the data

obtained were reliable.

Measurement of internal SA after exogenous SA

treatment

The SA concentration was measured using the method of

Meuwly and Metraux (1993) with some modifications. As

much as 1 g (fresh weight, FW) of A. annua leaves was

ground in liquid nitrogen with a mortar and pestle. The

tissue was transferred to a centrifugation tube and mixed

with 1.5 ml 90% methanol. The mixture was sonicated for

10 min and centrifuged at 12,000g for 10 min. The pellet

was resuspended in 1.5 ml 100% methanol, vortexed, res-

onicated and recentrifuged as above. Supernatants from

both extractions were combined, added to 20 ll of 2 M

HCl and evaporated at room temperature under vacuum.

After drying, the residue was resuspended in 500 ll of 5%

(w/v) trichloroacetic acid (TCA), and the mixture was

centrifuged at 12,000g for 10 min. The supernatant was

gently partitioned twice with 1.5 ml of a 1:1 (v/v) mixture

of ethyl acetate/cyclohexane. The organic phase was dried

using an SPD 111 V speedvac concentrator (Thermo Fisher

Scientific, USA) and then redissolved in 120 ll of 0.2 M

acetate buffer (pH 5.5). The pellets were resuspended with

500 ll mobile phase for the HPLC analyses of free SA.

SAG was analyzed by hydrolysis of the TCA phase. To the

TCA phase, 500 ll of 8 M HCl was added, incubated at

80�C for 1 h, and partitioned twice with 1.5 ml of a 1:1 (v/v)

mixture of ethyl acetate/cyclohexane. The organic phase

was dried using a Speedvac concentrator with the addition

of 120 ll of 0.2 M acetate buffer (pH 5.5). The pellets

were resuspended with 500 ll mobile phase for the HPLC

analyses. The mobile phase consisted of 90% 0.2 M

sodium acetate, pH 5.5 and 10% methanol with a flow rate

of 0.8 ml min-1. SA was quantified fluorimetrically (W474

scanning fluorescence detector, Waters, USA), with exci-

tation at 305 nm and emission at 407 nm.

Determination of artemisinic acid, dihydroartemisinic

acid and artemisinin concentrations

Samples of approximately 100 mg of dried leaves were

extracted once in 20 ml of petroleum ether in an ultrasonic

bath for 30 min. The supernatant was transferred to 50-ml

glass beakers and evaporated to dryness in a hood. The

residue was redissolved with 5 ml acetonitrile and filtered

through a nylon filter (0.45 lm) attached to a 5-ml syringe.

The samples were transferred to HPLC flasks and analyzed

on the same day. Artemisinin, artemisinic acid and di-

hydroartemisinic acid were quantified using an Agilent

(Agilent Technologies, Inc., Pickerington, OH, USA)

HPLC (1100 Series) system according to the method of

Ferreira (2007). A PL-ELSD 2100 (Polymer Laboratory,

Amherst, MA, USA) with the evaporator at 40�C, nebulizer

at 30�C, and a nitrogen flow of 1.2 L min-1 was used for

artemisinin quantification. Artemisinic acid and dihyd-

roartemisinic acid were detected using a C-18 column

coupled to a G1315B diode array detector set at 194 nm.

The mobile phase consisted of 60% acetonitrile and 40%

water (acidified with acetic acid to pH 3.2) with a flow rate

of 0.8 ml min-1. Artemisinin, artemisinic acid and dihyd-

roartemisinic acid were calculated from a 10-point standard

curve varying from 0.05 to 0.5 mg ml-1 for artemisinin

and artemisinic acid and from 0.04 to 0.4 mg ml-1 for

dihydroartemisinic acid, with an injection volume of 10 ll.

Determination of H2O2 and O2
- concentrations

The concentration of H2O2 in the leaves was determined

according to the method of Mukherjee and Choudhuri

(1983). A. annua leaves (0.5 g, FW) were homogenized in a

cold mortar with a pestle in pre-cooled acetone (5 ml) and

the homogenate was centrifuged at 12,000g for 5 min. A

volume of 1 ml of the supernatant was mixed with 0.1 ml of

5% Ti(SO4)2 and 0.2 ml 19% ammonia. After a precipitate

was formed, the reaction mixture was centrifuged at

12,000g for 5 min. The resulting pellet was dissolved in

3 ml 2 M H2SO4 and the absorbance was quantified at

415 nm using a spectrophotometer (UV-1700, SHIMA-

DZU, Japan). The H2O2 level was calculated according to a

standard curve of H2O2 ranging from 0 to 10 lM.

O2
- production was measured as described by Able et al.

(1998) with some modifications. The reduction of XTT (2,3-

bis(2-methoxy-4-nitro-5-sulfophenyl)-2H- tetrazolium-5-

carbo-xanilide) in the presence of O2
- was monitored. A.

annua leaves (0.5 g, FW) were homogenized with 1 ml of

50 mM Tris–HCl buffer (pH 7.5) and centrifuged at 12,000g

for 15 min. The reaction mixture contained 50 mM Tris–HCl

buffer (pH 7.5), 100 ll supernatant and 0.5 mM XTT. The

reduction of XTT was determined by measuring the absor-

bance at 470 nm in a spectrophotometer (UV-1700, SHI-

MADZU, Japan). The quantity of O2
- was determined using

the molar extinction coefficient (e) 2.16 9 104 M-1 cm-1.

RNA gel blot analysis

The cDNAs of HMGR, FDS, ADS and CYP71AV1 were

synthesized using RT-PCR based on the A. annua nucleotide

sequences published in GenBank (GenBank accession nos.

AF142473, AF112881, AF138959 and DQ315671, respec-

tively). The full-length cDNA was used as the hybridization

probe. Total RNA was extracted using the RNApure

Kits (Bioteke, China) according to the manufacturer’s

instructions. The concentration and quality of each RNA
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sample was examined by measuring A260 and A280. The

integrity of RNA samples was also assessed by agarose gel

electrophoresis. To study the expression of these genes, total

RNA (10 lg) was separated on MOPS-formaldehyde

(6.2%) agarose gels (1.0%) and transferred to Hybond N?

nylon membrane (Amersham, Sweden) by capillary trans-

fer. Labeling, hybridization and detection followed the

instructions of the DIG-High Prime DNA Labeling and

Detection Starter Kit II (Roche Applied Science, Germany).

Prehybridization was carried out at 42�C for 2 h and

hybridization was performed for 16 h at 42�C. Blots were

washed with 29 SSC (saline-sodium citrate buffer) and

0.1% SDS (sodium dodecyl sulfate) twice for 5 min at 25�C,

followed by 0.59 SSC and 0.1% SDS twice for 15 min at

65�C, and chemiluminescence detection was carried out

according to the protocol supplied by Roche. The density of

the signal was measured using the NIH Image Program

(http://rsb.info.nih. gov/nih-image/).

Statistical analysis

Except RNA gel blot, all parameters are expressed as the mean

of three blocks. Significant differences between the control

and SA treatment were analyzed using the Student’s t test.

Results

Changes in SA concentration in A. annua leaves

after exogenous SA treatment

The free SA concentration was rapidly and significantly

(P \ 0.01) increased to more than 350% of the control, 4 h

after treatment (Fig. 2a). At 16 h, the free SA concentra-

tion increased to a maximum. Following this abrupt

increase, free SA concentration declined to the concentra-

tion of the control during the next 80 h. The SAG con-

centration also increased significantly (P \ 0.01) after

treatment, but declined more slowly than the free SA

concentration (Fig. 2b).

Effects of exogenous SA on the concentration

of artemisinin and related precursors

The concentration of artemisinin increased slowly during

the first 8 h, and increased rapidly between 8 and 96 h after

treatment (Fig. 3A). The artemisinin concentration was

21.7 and 75.8% higher than the control at 8 and 96 h,

respectively. The concentration of artemisinic acid was

unchanged up to 16 h after treatment, but increased

thereafter to 4.98 mg g-1 DW at 96 h, which was 127%

higher than that in the control plant (Fig. 3b). The dihyd-

roartemisinic acid concentration decreased during the first

8 h, then increased gradually from 16 to 96 h (Fig. 3c).

Treatment with SA also increased the total yield of arte-

misinin and the putative precursors, artemisinic acid and

dihydroartemisinic acid in A. annua leaves by 1.3-, 1.5-

and 1.8-fold compared with the controls on days 1, 2 and 4

after treatment, respectively (data not shown).

Exogenous SA treatment activates artemisinin

biosynthesis genes

RNA gel blot analysis was performed to determine the

transcription level of putative genes in the artemisinin

biosynthetic pathway. The accumulation of HMGR tran-

scripts increased gradually, and was 130% higher than the

control at 24 h after treatment (Fig. 4a). During the period

of sampling, few changes in FDS and CYP71AV1 tran-

scription levels were observed (Fig. 4b, d). Accumulation

of the ADS transcript increased to a maximum at 8 h after

treatment and then gradually decreased (Fig. 4c).

Exogenous SA treatment activates the accumulation

of ROS

The H2O2 concentration was significantly increased

(P \ 0.01) by more than 2.1-fold compared with the

Fig. 2 The concentration of free SA (a) and SAG (b) in A. annua
leaves treated with 1.0 mM SA. Average values are given. Error bars
represent 29 SE (n = 3). Asterisks indicate significant differences

from controls (*0.01 B P \ 0.05; **,P \ 0.01). FW fresh weight, SA
salicylic acid, SAG SA glucoside
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control level at 4 h after treatment (Fig. 5a). Following this

abrupt increase, H2O2 declined to the control level during

the next 92 h. This elicitation also led to the induction of

O2
- accumulation with a similar trend to that of H2O2

(Fig. 5b). The levels of H2O2 and O2
- remained signifi-

cantly higher than that of the control (P \ 0.05) at 16 h

after treatment.

Discussion

Our results indicated that SA regulates gene transcription

in the artemisinin biosynthetic pathway and increases

artemisinin concentration in A. annua. Half of the genes

studied were up-regulated by SA (Fig. 4), which might

explain the increased accumulation of artemisinin. The up-

regulated gene HMGR catalyzes the first step in the bio-

synthesis of isoprenoids by converting 3-hydroxy-3-

methylglutaryl-CoA to mevalonate. It is generally believed

that the C5 building blocks of sesquiterpenoids are mainly

provided by the MVA pathway, although there are some

reports that the C5 units from the MEP pathway are also

involved in the biosynthesis of sesquiterpenoids (Dudareva

et al. 2005; Laule et al. 2003; Schuhr et al. 2003). Our

results suggest that up-regulation of HMGR can supply

more building blocks for artemisinin biosynthesis. This

finding is similar to that of Stermer and Bostock (1987),

who also reported the importance of HMGR in the regu-

lation of sesquiterpenoid phytoalexin accumulation in

potato.

ADS catalyzes the first branch step in the separation of

artemisinin from other sesquiterpenoids in the artemisinin

biosynthetic pathway. The transcriptional level of ADS was

very low in control plant tissues (Fig. 4c). This is consis-

tent with the characteristics of terpene synthases, which are

known to occur in very low intracellular concentrations

(Croteau et al. 1985). The increase in ADS transcripts

following SA treatment may account for the increase in

artemisinin concentration. Therefore, this might be an

important regulatory step in the biosynthesis of artemisinin.

Evidence that the regulation of terpenoid metabolism is

located at the first dedicated step (terpene cyclase) of the

pathway has been shown in several other species, including

linalool synthase in Clarkia breweri (Pichersky et al. 1994)

and limonene synthase in Carum carvi (Bouwmeester et al.

1998).

It is interesting to note that FDS and CYP71AV1 tran-

scriptional levels showed little change after SA treatment.

One possible reason for this might be that the catalytic

efficiency of these enzymes is high and it is not necessary

to increase the amount of these enzymes to enhance the

conversion of substrates to products.

In the present study, the concentrations of H2O2 and

O2
- instantaneously increased after SA treatment and

then gradually declined (Fig. 5). The increase in ROS was

followed by an early (8 h after treatment), temporary

decrease in dihydroartemisinic acid concentration and an

increase in artemisinin concentration (Fig. 3). Wallaart

et al. (1999) hypothesized that dihydroartemisinic acid

may act as a scavenger of singlet oxygen, which is often

released from plant cells when they are exposed to oxi-

dative stress, to generate dihydroartemisinic acid hydro-

peroxide and then yield artemisinin as a final product.

Given that dihydroartemisinic acid spontaneously converts

to artemisinin by reacting with ambient oxygen, it is

reasonable to assume that exogenous SA treatment led to

the conversion of dihydroartemisinic acid into artemisinin,

Fig. 3 The effects of 1.0 mM SA on the concentration of artemisinin

(a), artemisinic acid (b) and dihydroartemisinic acid (c) in A. annua
leaves. Average values are given. Error bars represent 29 SE

(n = 3). Asterisks indicate significant differences from controls

(*0.01 B P \ 0.05; **,P \ 0.01). DW dry weight; SA salicylic acid
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which was mediated by generating ROS. This conjecture

correlates with the observation that night frost (Wallaart

et al. 2000) and K deficiency (Ferreira 2007) triggered

the conversion of dihydroartemisinic acid to artemisi-

nin, during which relatively high levels of ROS were

formed.

Previous studies have indicated that H2O2 and SA can

induce each other and thus form a feed-forward loop (Bi

et al. 1995; Rao et al. 1997). We also found a continuous

increase in SA from 4 to 16 h after treatment (Fig. 2). This

SA may have come from A. annua itself and is thought to

be associated with the H2O2 burst (Fig. 5a). SAG is the

major metabolite of exogenous and endogenous SA (Enyedi

et al. 1992; Malamy et al. 1992). The enzyme, SA-

glucosyltransferase, which catalyzes SA conjugation is

strongly and specifically induced by SA in Arabidopsis

thaliana (Song 2006). In our study, maximum SAG con-

centration was noted 8 h after the maximum of SA con-

centration was achieved, and the SAG concentration

declined slower than the free SA concentration (Fig. 2),

which possibly indicates the removal of free SA by

conjugation.

From these findings, we conclude that SA increased

artemisinin concentration in A. annua in two ways: by

converting dihydroartemisinic acid to artemisinin using the

burst of ROS, and by positive regulation of the genes

involved in artemisinin biosynthesis. In addition, these

results can be applied to increase field artemisinin pro-

duction in the short term.
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Fig. 4 RNA gel blot analysis of

the genes HMGR (a), FDS (b),

ADS (c) and CYP71AV1 (d)

after 1.0 mM SA treatment. The

experimental values were

plotted relative to the

corresponding control value that

was set at 100. ADS
amophadiene synthase;

CYP71AV1 cytochrome P450

monooxygenase, FDS farnesyl

diphosphate synthase, HMGR 3-

hydroxy-3-methylglutaryl

coenzyme A reductase, SA
salicylic acid

Fig. 5 The effects of 1.0 mM SA on H2O2 (a) and O2
- (b)

concentration in A annua leaves. Average values are given. Error
bars represent 29 SE (n = 3). Asterisks indicate significant differ-

ences from controls (*0.01 B P \ 0.05; **,P \ 0.01). FW fresh

weight, SA salicylic acid

Plant Cell Rep (2009) 28:1127–1135 1133

123



References

Able AJ, Guest DI, Sutherland MW (1998) Use of a new tetrazolium-

based assay to study the production of superoxide radicals by

tobacco cell cultures challenged with avirulent zoospores of

Phytophthora parasitica var nicotianae. Plant Physiol 117:491–

499

Akhila A, Thakur RS, Popli SP (1987) Biosynthesis of artemisinin in

Artemisia annua. Phytochemistry 26:1927–1930

Bertea CM, Freije JR, van der Woude H, Verstappen FW, Perk L,

Marquez V, De Kraker JW, Posthumus MA, Jansen BJ, de Groot

A, Franssen MC, Bouwmeester HJ (2005) Identification of

intermediates and enzymes involved in the early steps of

artemisinin biosynthesis in Artemisia annua. Planta Med

71:40–47

Bi YM, Kenton P, Mur L, Darby R, Draper J (1995) Hydrogen

peroxide does not function downstream of salicylic acid in the

induction of PR protein expression. Plant J 8:235–245

Bouwmeester HJ, Gershenzon J, Konings MC, Croteau R (1998)

Biosynthesis of the monoterpenes limonene and carvone in the

fruit of caraway. I. Demonstration of enzyme activities and their

changes with development. Plant Physiol 117:901–912

Bouwmeester HJ, Wallaart TE, Janssen MH, van Loo B, Jansen BJ,

Posthumus MA, Schmidt CO, De Kraker JW, Konig WA,

Franssen MC (1999) Amorpha-4, 11-diene synthase catalyses the

first probable step in artemisinin biosynthesis. Phytochemistry

52:843–854

Bulgakov VP, Tchernoded GK, Mischenko NP, Khodakovskaya MV,

Glazunov VP, Radchenko SV, Zvereva EV, Fedoreyev SA,

Zhuravlev YN (2002) Effect of salicylic acid, methyl jasmonate,

ethephon and cantharidin on anthraquinone production by Rubia
cordifolia callus cultures transformed with the rolB and rolC
genes. J Biotechnol 97:213–221

Chen Z, Klessig DF (1991) Identification of a soluble salicylic acid-

binding protein that may function in signal transduction in the

plant disease-resistance response. Proc Natl Acad Sci USA

88:8179–8183

Chen Z, Ricigliano JW, Klessig DF (1993) Purification and charac-

terization of a soluble salicylic acid-binding protein from

tobacco. Proc Natl Acad Sci USA 90:9533–9537

Covello PS, Teoh KH, Polichuk DR, Reed DW, Nowak G (2007)

Functional genomics and the biosynthesis of artemisinin. Phy-

tochemistry 68:1864–1871

Croteau RB, Shaskus JJ, Renstrom B, Felton NM, Cane DE, Saito A,

Chang C (1985) Mechanism of the pyrophosphate migration in

the enzymatic cyclization of geranyl and linalyl pyrophosphates

to (?)- and (-)-bornyl pyrophosphates. Biochemistry 24:7077–

7085

Dudareva N, Andersson S, Orlova I, Gatto N, Reichelt M, Rhodes D,

Boland W, Gershenzon J (2005) The nonmevalonate pathway

supports both monoterpene and sesquiterpene formation in

snapdragon flowers. Proc Natl Acad Sci USA 102:933–938

Durner J, Klessig DF (1995) Inhibition of ascorbate peroxidase by

salicylic acid and 2, 6-dichloroisonicotinic acid, two inducers of

plant defense responses. Proc Natl Acad Sci USA 92:11312–

11316

Ebel J, Mithofer A (1998) Early events in the elicitation of plant

defence. Planta 206:335–348

Enyedi AJ, Yalpani N, Silverman P, Raskin I (1992) Localization,

conjugation, and function of salicylic acid in tobacco during the

hypersensitive reaction to tobacco mosaic virus. Proc Natl Acad

Sci USA 89:2480–2484

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

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 tumefac-
iens-mediated procedure. Plant Sci 168:73–80

Hayat S, Ahmad A (2007). Salicylic acid: a plant hormone. Springer,

Netherlands. ISBN 1402051832

Kang SM, Jung HY, Kang YM, Yun DJ, Bahk JD, Yang JK, Choi MS

(2004) Effects of methyl jasmonate and salicylic acid on the

production of tropane alkaloids and the expression of PMT and

H6H in adventitious root cultures of Scopolia parviflora. Plant

Sci 166:745–751

Korenromp E, Miller J, Nahlen B, Wardlaw T, Young M (2005)

World Malaria Report 2005. World Health Organization (WHO),

Roll Back Malaria Partnership, Geneva

Lamb C, Dixon RA (1997) The oxidative burst in plant disease

resistance. Annu Rev Plant Physiol Plant Mol Biol 48:251–275

Laule O, Furholz A, Chang HS, Zhu T, Wang X, Heifetz PB,

Gruissem W, Lange BM (2003) Crosstalk between cytosolic and

plastidial pathways of isoprenoid biosynthesis in Arabidopsis
thaliana. Proc Natl Acad Sci USA 100:6866–6871

Li R, Reed DW, Liu E, Nowak J, Pelcher LE, Page JE, Covello PS

(2006) Functional genomic analysis of alkaloid biosynthesis in

Hyoscyamus niger reveals a cytochrome P450 involved in

littorine rearrangement. Chem Biol 13:513–520

Lommen WJ, Schenk E, Bouwmeester HJ, Verstappen FW (2006)

Trichome dynamics and artemisinin accumulation during devel-

opment and senescence of Artemisia annua leaves. Planta Med

72:336–345

Malamy J, Hennig J, Klessig DF (1992) Temperature-dependent

induction of salicylic acid and its conjugates during the

resistance response to tobacco mosaic virus infection. Plant Cell

4:359–366

Meuwly P, Metraux JP (1993) Ortho-anisic acid as internal standard

for the simultaneous quantitation of salicylic acid and its putative

biosynthetic precursors in cucumber leaves. Anal Biochem

214:500–505

Mukherjee SP, Choudhuri MA (1983) Implications of water stress-

induced changes in the levels of endogenous ascorbate acid and

hydrogen peroxide in vigna seedlings. Physiol Plantarum

58:166–170

Mutabingwa TK (2005) Artemisinin-based combination therapies

(ACTs): best hope for malaria treatment but inaccessible to the

needy!. Acta Trop 95:305–315

Pichersky E, Raguso RA, Lewinsohn E, Croteau R (1994) Floral scent

production in Clarkia (Onagraceae) (I. Localization and devel-

opmental modulation of monoterpene emission and linalool

synthase activity). Plant Physiol 106:1533–1540

Qian ZG, Zhao ZJ, Xu YF, Qian XH, Zhong JJ (2006) Novel

chemically synthesized salicylate derivative as an effective

elicitor for inducing the biosynthesis of plant secondary metab-

olites. Biotechnol Progr 22:331–333

Rao MV, Davis KR (1999) Ozone-induced cell death occurs via two

distinct mechanisms in Arabidopsis: the role of salicylic acid.

Plant J 17:603–614

Rao MV, Paliyath G, Ormrod DP, Murr DP, Watkins CB (1997)

Influence of salicylic acid on H2O2 production, oxidative stress,

and H2O2-metabolizing enzymes: salicylic acid-mediated oxida-

tive damage requires H2O2. Plant Physiol 115:137–149

Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL, Ndungu

JM, Ho KA, Eachus RA, Ham TS, Kirby J, Chang MC, Withers

ST, Shiba Y, Sarpong R, Keasling JD (2006) Production of the

antimalarial drug precursor artemisinic acid in engineered yeast.

Nature 440:940–943

Ruffer M, Steipe B, Zenk MH (1995) Evidence against specific binding

of salicylic acid to plant catalase. FEBS Lett 377:175–180

1134 Plant Cell Rep (2009) 28:1127–1135

123



Schuhr CA, Radykewicz T, Sagner S, Latzel C, Zenk MH, Arigoni D,

Bacher A, Rohdich F, Eisenreich W (2003) Quantitative

assessment of crosstalk between the two isoprenoid biosynthesis

pathways in plants by NMR spectroscopy. Phytochem Rev

2:3–16

Senaratna T, Touchell D, Bunn E, Dixon K (2000) Acetyl salicylic

acid (aspirin) and salicylic acid induce multiple stress tolerance

in bean and tomato plants. Plant Growth Regul 30:157–161

Sirvent T, Gibson D (2002) Induction of hypericins and hyperforin in

Hypericum perforatum L. in response to biotic and chemical

elicitors. Physiol Mol Plant Pathol 60:311–320

Slaymaker DH, Navarre DA, Clark D, del Pozo O, Martin GB,

Klessig DF (2002) The tobacco salicylic acid-binding protein 3

(SABP3) is the chloroplast carbonic anhydrase, which exhibits

antioxidant activity and plays a role in the hypersensitive defense

response. Proc Natl Acad Sci USA 99:11640–11645

Song JT (2006) Induction of a salicylic acid glucosyltransferase,

AtSGT1, is an early disease response in Arabidopsis thaliana.

Mol Cells 22:233–238

Song JT, Koo YJ, Seo HS, Kim MC, Choi YD, Kim JH (2008)

Overexpression of AtSGT1, an Arabidopsis salicylic acid

glucosyltransferase, leads to increased susceptibility to Pseudo-
monas syringae. Phytochemistry 69:1128–1134

Stacey G, McAlvin CB, Kim SY, Olivares J, Soto MJ (2006) Effects

of endogenous salicylic acid on nodulation in the model legumes

Lotus japonicus and Medicago truncatula. Plant Physiol

141:1473–1481

Stermer BA, Bostock RM (1987) Involvement of 3-hydroxy-3-

methylglutaryl coenzyme-a reductase in the regulation of

sesquiterpenoid phytoalexin synthesis in potato. Plant Physiol

84:404–408

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 artemisi-

nin. FEBS Lett 580:1411–1416

Towler MJ, Weathers PJ (2007) Evidence of artemisinin production

from IPP stemming from both the mevalonate and the nonme-

valonate pathways. Plant Cell Rep 26:2129–2136

Wallaart TE, van Uden W, Lubberink HG, Woerdenbag HJ, Pras N,

Quax WJ (1999) Isolation and identification of dihydroartemis-

inic acid from Artemisia annua and its possible role in the

biosynthesis of artemisinin. J Nat Prod 62:430–433

Wallaart TE, Pras N, Beekman AC, Quax WJ (2000) Seasonal

variation of artemisinin and its biosynthetic precursors in plants

of Artemisia annua of different geographical origin: proof for the

existence of chemotypes. Planta Med 66:57–62

Zeng Q, Zhao C, Yin L, Yang R, Zeng X, Huang Y, Feng L, Yang X

(2008) Cloning of artemisinin biosynthetic cDNAs and novel

ESTs and quantification of low temperature-induced gene

overexpression. Sci China C Life Sci 51:232–244

Zhang Y, Teoh KH, Reed DW, Maes L, Goossens A, Olson DJ, Ross

AR, Covello PS (2008) The molecular cloning of artemisinic

aldehyde Delta11(13) reductase and its role in glandular

trichome-dependent biosynthesis of artemisinin in Artemisia
annua. J Biol Chem 283:21501–21508

Plant Cell Rep (2009) 28:1127–1135 1135

123


	Salicylic acid activates artemisinin biosynthesis �in Artemisia annua L.
	Abstract
	Introduction
	Materials and methods
	Plant growth and SA treatment
	Measurement of internal SA after exogenous SA treatment
	Determination of artemisinic acid, dihydroartemisinic acid and artemisinin concentrations
	Determination of H2O2 and O2&minus; concentrations
	RNA gel blot analysis
	Statistical analysis

	Results
	Changes in SA concentration in A. annua leaves �after exogenous SA treatment
	Effects of exogenous SA on the concentration �of artemisinin and related precursors
	Exogenous SA treatment activates artemisinin biosynthesis genes
	Exogenous SA treatment activates the accumulation �of ROS

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


