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ABSTRACT 

Artemisia annua L. produces small amounts of the sesquiterpenoid artemisinin, which is used for treatment of malaria. 
A worldwide shortage of the drug has led to intense research to increase the yield of artemisinin in the plant. In order 
to study the regulation of expression of a key enzyme of artemisinin biosynthesis, the promoter region of the key enzyme 
amorpha-4,11-diene synthase (ADS) was cloned and fused with the β-glucuronidase (GUS) reporter gene. Transgenic 
plants of A. annua expressing this fusion were generated and studied. Transgenic plants expressing the GUS gene were 
used to establish the activity of the cloned promoter by a GUS activity staining procedure. GUS under the control of the 
ADS promoter showed specific expression in glandular trichomes. The activity of the ADS promoter varies temporally 
and in old tissues essentially no GUS staining could be observed. The expression pattern of GUS and ADS in aerial 
parts of the transgenic plant was essentially the same indicating that the cis-elements controlling glandular trichome 
specific expression are included in the cloned promoter. However, some cis-element(s) that control expression in root 
and old leaf appears to be missing in the cloned promoter. Furthermore, qPCR was used to compare the activity of the 
wild-type ADS promoter with that of the cloned ADS promoter. The latter promoter showed a considerably lower activ-
ity than the wild-type promoter as judged from the levels of GUS and ADS transcripts, respectively, which may be due 
to the removal of an enhancing cis-element from the ADS promoter. The ADS gene is specifically expressed in stalk and 
secretory cells of glandular trichomes of A. annua. 
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1. Introduction 

Artemisinin is an effective anti-malarial drug, which has 
become an important component of artemisinin-based 
combination therapies (ACTs) [1]. The content of ar- 
temisinin in Artemisia annua is, however, very low and 
ranges between 0.1% and 0.8% of dry weight [2]. Selec- 
tion of high-producing varieties of A. annua has met lim- 
ited success but hybrids producing increased amounts of 
artemisinin have been produced [3]. However, there is 
still a shortage in the supply of artemisinin [4]. Different 
methods have been tried to improve the artemisinin pro- 
duction such as treatment with abscisic acid [5], gibbere- 
lic acid [6-8] and elicitors [9-11]. Various transgenic A. 
annua plants have been produced to increase the yield of  

artemisinin. These attempts include down-regulation of 
squalene synthase [12,13] or up-regulation of farnesyl 
diphosphate synthase (FDS) [14]. 

Cyclization of farnesyl diphosphate (FDP) to amor- 
pha-4,11-diene by amorpha-4,11-diene synthase (ADS) 
is the initial step of the artemisinin biosynthetic pathway 
[15] and amorpha-4,11-diene is the committed precursor 
[16]. Tissue specificity of ADS expression has been 
shown by GUS expression in Arabidopsis thaliana using 
a fusion of the ADS promoter and the reporter gene [17]. 
In the following step of the artemisinin biosynthesis, 
amorpha-4,11-diene is hydroxylated to yield artemisinic 
alcohol. This reaction is catalyzed by a cytochrome P450 
dependent amorpha-4,11-diene 12-hydroxylase (CYP71AV1) 
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[18]. This enzyme is multifunctional and can also oxidize 
the alcohol to artemisinic aldehyde and then further on to 
artemisinic acid [19]. However, artemisinic acid is a di- 
rect precursor of arteannuin B biosynthesis. For artemisi- 
nin biosynthesis the artemisinic aldehyde must be re- 
duced to dihydroartemisinic aldehyde, which subse- 
quently is oxidized to dihydroartemisinic acid and then 
converted to artemisinin [20]. These two steps are cata- 
lyzed by artemisinic aldehyde 11 (13) reductase [21] 
and aldehyde dehydrogenase 1 [22], respectively. Glan- 
dular trichome specific expression of ADS and CYP71- 
AV1 [17,18] strongly supported the notion that artemisi- 
nin is sequestered and localized to glandular trichomes of 
A. annua [23,24]. 



In order to understand the mechanisms behind the in- 
crease in artemisinin biosynthesis after treatment with 
hormones [5-8] or biotic elicitors [9-11], a detailed 
knowledge about the regulation of expression of different 
enzymes involved in artemisinin biosynthesis will be 
essential. To our knowledge, there is no data available on 
the regulation of expression of biosynthetic genes in A. 
annua using promoter-reporter gene fusions in transgenic 
plants of A. annua. We have initiated studies on the 
regulation of terpene metabolism in different tissues of A. 
annua [25] and here we report on results from transgenic 
A. annua expressing a fusion of the reporter gene (GUS) 
and the promoter of the key enzyme ADS.  

2. Materials and Methods 

2.1. Plant Materials 

Plants of A. annua were grown under 16 h days and 8 h 
nights at 22˚C to a height of approximately 1 m followed 
by induction of flowering at 8 h days and 16 h nights at 
22˚C. Flower buds, young leaves, old leaves, stems and 
roots were collected for GUS staining. Samples of these 
tissues were also frozen in liquid nitrogen, ground and 
used for RNA extraction. 

2.2. Promoter Cloning 

Genomic DNA was extracted from fresh young leaves of 
A. annua using the CTAB method [26]. The promoter 
sequence of ADS was available in the GenBank (acces- 
sion number AY528931). The sequence was used to de-
sign primers for PCR amplification (primers 1 and 2 in 
Table 1) of a 1929 bp fragment of the ADS promoter 
using Pfu polymerase (Fermentas). Primers 1 and 2 car- 
ried XmaI and NcoI restriction site, respectively, used for 
cloning the fragment into the plant transformation vector. 

2.3. Construction of Transformation Vector 

The pCAMBIA 1381Z vector (CambiaLabs, Brisbane,  

Table 1. Nucleotide sequence of primers used. Restriction 
sites are underlined; f = forward; r = reverse. 

Primer Name Primer Sequence 

1 pADSf TCCCCCGGGAAAGTTAATTGCACATAT 

2 pADSr CATGCCATGGATTTTCAAAACTTTGAATAT

3 GUSf AACCGTTCTACTTTACTGGCTTTGG 

4 GUSr GCATCTCTTCAGCGTAAGGGTAAT 

5 ADSf GGGAGATCAGTTTCTCATCTATGAA 

6 ADSr CTTTTAGTAGTTGCCGCACTTCTT 

7 β-actinf CCAGGCTGTTCAGTCTCTGTAT 

8 β-actinr CGCTCGGTAAGGATCTTCATCA 

 
Australia) carrying the GUS-gene was used for the trans- 
formation of A. annua. However, the vector was modi- 
fied in that the plant resistance gene was changed from 
hygromycin to kanamycin. An XhoI fragment (0.88 kb) 
carrying the NPTII gene was cut out from pCAMBIA 
2301 and ligated into pCAMBIA 1381Z digested with 
XhoI. Restriction analysis was used to determine that the 
XhoI fragment had been ligated in the right direction.  

The ADS promoter was double-digested with NcoI/ 
XmaI and inserted into the modified pCAMBIA 1381Z 
vector digested with the same restriction enzymes. The 
plant transformation vector obtained (pCAMBIA1381Z- 
pADS-GUS) was introduced into E. coli BL21, which 
was grown on LB medium containing kanamycin (50 
mg/L). The vector was purified using the GeneJet Plas- 
mid Miniprep Kit (Fermentas) and used for transforma- 
tion of Agrobacetrium tumefaciens EHA105.  

The plant transformation vector was introduced into A. 
tumefaciens EHA105 by the freeze and thaw method. A. 
tumefaciens EHA105 carrying the plant transformation 
vector was grown on YEP medium containing kanamy- 
cin (100 mg/L), rifampicin (40 mg/L) and streptomycin 
(25 mg/L) at 28˚C to an OD600 = 0.8 – 1. The cells were 
collected by centrifugation and resuspended in MSMO 
liquid medium to an OD600 = 0.3 – 0.5.  

2.4. Plant Transformation 

A. annua seeds (variety Chongqin) were immersed in 
75% ethanol for 1 min, surfaced sterilized with 5% so- 
dium hypochlorite (NaOCl) for 20 min, washed 3 - 4 
times with sterile distilled water. The sterilized seeds 
were germinated on solid MSMO medium (Sigma) 
(MSMO powder 4.4 g/L, sucrose 30 g/L, agar 8 - 9 g/L, 
pH = 5.8) at 28˚C for 20 - 25 days. The leaflets of 20 - 25 
days old seedlings were used as explants for transforma- 
tion. The explants were immersed into a suspension of A. 
tumefaciens EHA105 carrying the pCAMBIA1381Z- 
pADS-GUS transformation vector. After 30 min the ex- 
plants were transferred to co-cultivation medium (MSMO 
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medium containing 6-BA (0.5 mg/L), NAA (0.05 mg/L)) 
and the A. tumefaciens EHA105. Co-cultivation was car- 
ried out in darkness at 28˚C for 48 h. Subsequently, the 
explants were transferred to selection and germination 
medium (MSMO medium containing 6-BA (0.5 mg/L), 
NAA (0.05 mg/L), kanamycin (100 mg/L) and carbeni- 
cillin (250 mg/L)). The explants were transferred to new 
medium every second week. Shoots started to grow out 
after around two weeks. The shoots were transferred to 
root inducing medium (half strength MSMO medium 
containing kanamycin (100 mg/L) and carbenicillin (100 
mg/L)). After rooting the plantlets were left 4 weeks be- 
fore they were transferred to soil.  

2.5. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was carried out on 
unfixed tissues from wild-type and transgenic A. annua 
plants using a relatively low energy beam (5 kV) on a 
LEO 435VP scanning electron microscope.  

2.6. GUS Assay 

Leaf primordia at the apex and expanded leaves at dif- 
ferent nodes, stems, roots from shoots and flowering 
plants, and flower buds were sampled from transgenic A. 
annua plants to perform GUS analysis. GUS histo- 
chemical staining of the various plant tissues was carried 
out as previously described [27]. GUS stained tissues 
were studied under a microscope (Nikon ECLIPSE E400) 
and photographs were taken using a digital camera 
(Nikon DP11).  

2.7. qPCR 

Different tissues of transgenic A. annua plants were 
sampled to analyze the relative expression pattern of 
pADS-GUS and pADS-ADS using β-actin as the reference 
gene. RNA was extracted using PurelinkTM Plant RNA 
Reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s instruction. Genomic DNA was re- 
moved by treatment with DNase I (Fermentas, St Leo- 
Roth, Germany). RNA (1 μg) was reverse transcribed 
using RevertAidTM H Minus-MuLV reverse transcriptase 
(Fermentas) primed with 0.5 μg oligo (dT)18 primer. 
RNA was removed from the cDNA obtained by treat- 
ment with RNase H (Fermentas).  

The qPCR was performed on a 7500 qPCR thermocy- 
cler (Applied Biosystems, Foster City, USA) using prim-
ers listed in Table 1 for GUS (primers 3 and 4), ADS 
(primers 5 and 6) or actin (primers 7 and 8). First single- 
stranded cDNA was used as template in a 20 μl reaction 
mixture containing 10 μl Power SYBR® Green PCR 
Master Mix (Applied Biosystems) and 2 pmol of each 
primer. The qPCR thermal cycling was performed at 

50˚C (2 min), 95˚C (10 min), 40 cycles at 95˚C (15 sec), 
60˚C (1 min) and finally a dissociation state at 95˚C (15 
sec), 60˚C (1 min) and 95˚C (15 sec). Triplet samples 
were run for each cDNA sample.  

2.8. Statistical Methods 

Grubbs test (G = |Suspect value-xmean|/s) was used to test 
for outliers. The outliers were rejected if Gcalculated >  
Gcritical at P = 0.05. The critical value of G is 1.155 when 
the sample size is three [19].  

3. Results and Discussion 

3.1. Cloning of Promoter of ADS 

Based on the sequence of the promoter region of ADS 
(GenBank accession number AY528931), a promoter 
region of 1929 bp upstream of the translation initial 
codon (ATG) as shown in Figure 1 was isolated from A. 
annua genomic DNA by PCR using high fidelity poly- 
merase and primers 1 and 2 as listed in Table 1.  

3.2. Prediction of Transcription Start Site and 
Core Promoter Elements 

The transcription start site (TSS) of the cloned promoter 
was predicted using the TSSP software (http://linux1. 
softberry.com/berry.phtml). A putative TSS of ADS (la- 
beled +1 in Figure 1) was predicted 51 bp upstream of 
the translation initiation ATG-codon.  

The TATA-box is a cis-regulatory element found in 
the promoter region of many genes in eukaryotes with 
the core sequence or a variant, which is usually followed 
by three or more adenine bases. It is considered to be the 
core promoter sequence and the binding site of either 
general transcription factors or histones (the binding of a 
transcription factor blocks the binding of a histone and 
vice versa). It is involved in the process of transcription 
by RNA polymerase and is usually located around 25 bp 
upstream of the TSS. A putative TATA-box was found at 
positions –29 to –24 (TATAAA) in the ADS promoter 
(Figure 1) upstream of the putative TSS.  

The CAAT-box signal is the binding site for the RNA 
transcription factor, and is typically accompanied by a 
conserved consensus sequence (GGCCAATCT). Genes 
that have this element seem to require it for the gene to 
be transcribed in sufficient quantities. This box along 
with the GC-box is known for binding general transcrip- 
tion factors. CAAT- and GC-boxes are primarily located 
in the region from 100 - 150 bp upstream from the 
TATA-box. Binding of specific protein is required for 
the CAAT-box activation. These proteins are known as 
CAAT-box binding proteins/CAAT-box binding factors. 

e could not find any CAAT-box with the consensus  W    
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Figure 1. Nucleotide sequence of the cloned ADS promoter with putative cis-elements shown. 

sequence GGCCAATCT. However, CAAT-box sequ- 
ences may differ considerably from the consensus se- 
quence as exemplified by the promoters of the EAS3 and 
EAS4 genes encoding the sesquiterpene synthase epi- 
aristolochene synthase in Nicotiana tabacum [28], which 
were determined to be GATCAATTA for both promoters. 

Two putative CAAT- boxes were identified within 150 
bp upstream of the TATA-box of the ADS promoter as 
shown in Figure 1 (e.g. AATCAATTG orATTCAATTG 
at positions –145 to –137 and –77 to –69 upstream of the 
TSS, respectively). It may be pointed out that by in- 
specting the promoter sequences for TATA- and CAAT- 
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boxes a number of alternative putative TSSs may be 
found.  

3.3. Prediction of Cis-Elements of Promoter  
Region of ADS 

Putative cis-elements of the promoter were predicted by 
using the PLANTCARE software (http://bioinformatics. 
psb.ugent.be/webtools/plantcare/html/).  

The py-rich sequence TTTCTTCTC is a cis-acting 
element conferring high transcription levels. Such an 
element was found at position –1204 to –1212 as shown 
in Figure 1.  

Yang and Poovaiah (2000) reported that the tobacco 
ethylene-responsive gene NtER1 encodes a calmodulin- 
binding protein [29] and demonstrated later that there is 
one NtER1 homolog as well as five related genes in 
Arabidopsis [30]. These six Arabidopsis genes are rap- 
idly and differentially induced by environmental signals 
such as extreme temperatures, UV-B, salt, wounding, 
hormones such as ethylene and abscisic acid (ABA), and 
signal molecules such as methyl jasmonate (MeJA), 
H2O2, and salicylic acid (SA). Hence, they were design- 
nated as AtSR1 to 6 (Arabidopsis thaliana signal-re- 
sponsive genes). AtSR1 targets the nucleus and specifi- 
cally recognizes a 6-bp CGCG-box (A/C/G)CGCG(G/T/ 
C). Multiple CGCG cis-elements are found in promoters 
of genes involved in ethylene, ABA and SA signaling, 
and light signal perception. A putative CGCG-box at 
positions –240 to –235 was found in the ADS promoter 
(Figure 1).  

The TCA-element with the sequence GAGAAGAATA 
is involved in responsiveness of genes to SA [31]. One 
such element with the sequence GAGAAGAAAA (–1212 
to –1203) was found in the ADS promoter (Figure 1). A 
putative ethylene responsiveness ERE-element (ATTTC- 
AAA) was localized to –256 to –268. Furthermore, a 
putative gibberellin (GA)-responsive element (the 
GARE-motif AAACAGA) is present in the ADS pro- 
moter at position –1354 to –1348 and a modified GARE- 
motif (TAACAAG) at position –348 to –342. A TC-rich 
repeat, which is involved in defense and stress response, 
was localized to position –387 to –396 (ATTGTCTTCA). 
Finally, an AU-RR core sequence (GGTCCAT), which is 
involved in auxin responsiveness, was found at position 
–1116 to –1122.  

The elements described above may be involved in the 
response of A. annua to plant hormones (ABA, SA, eth- 
ylene, MeJA and GA). In fact, treatment of A. annua 
plants with ABA (10 μM) resulted in the induction of a 
number of genes encoding enzymes involved in artemis- 
inin biosynthesis [5]. The expression levels of 3-hy- 
droxy-3-methylglutaryl coenzyme A reductase (HMGR), 

farnesyl diphosphate synthase (FDS), CYP71AV1 and 
cytochrome P450 reductase (CPR) were significantly 
induced while ADS only showed a slight increase. The 
treatment with ABA resulted in a 65% increase in ar- 
temisinin content in A. annua plants [5].  

Treatment of A. annua plants with 1 mM SA resulted 
in a gradual increase in the expression of the HMGR 
gene and a temporary peak in the expression of the ADS 
gene [32]. The expression of the FDS and CYP71AV1 
genes showed little change. At 96 h after SA treatment, 
the concentration of artemisinin, artemisinic acid and 
dihydroartemisinic acid were 54%, 127% and 72% 
higher than that of the control, respectively [32].  

In a study on the production of artemisinin in cell sus- 
pension cultures of A. annua, acetyl-SA (20 mg/L), JA (5 
mg/L) or GA (10 mg/L) were efficient elicitors and gave 
around 2-, 4- and 2.5-fold increased yield of artemisinin, 
respectively [10], indicating an increased expression of 
the key regulatory enzyme ADS. The beneficial effect of 
GA3 on artemisinin accumulation is also supported by 
the findings that treatment of A. annua plants with half- 
strength Hoagland’s solution containing 14 mM GA3 
increased artemisinin content from 0.14% to 0.64% (w/w) 
when applied to 74-day-old plants [8]. No studies on the 
effects of GA on the expression level of enzymes in- 
volved in artemisinin biosynthesis have been reported.  

Two W1-boxes ((C/T)TGAC(C/T)), defined as elicit- 
tor-responsive elements, have been identified at positions 
–255 to –250 and –926 to –931 (Figure 1). The tran- 
scription factor WRKY binds to these elements trigger- 
ing the transcription of the gene. Transient expression of 
the A. annua transcription factor AaWRKY in agroinfil- 
trated leaves of A. annua resulted in increased levels of 
HMGR, ADS, CYP71AV1 and DBR2 indicating that 
several of the genes encoding enzymes involved in ar- 
temisinin biosynthesis are induced by binding of 
AaWRKY to the W-boxes [33]. In cotton, the GaWRKY1 
is regulating the activity of cadinene synthase 1 (CAD1) 
involved in the biosynthesis of sesquiterpene phytoalex- 
ins [34]. The CAD1 promoter carries two W-boxes to 
which the GaWRKY1 binds. A recent study showed that 
foliar application of an elicitor (chitosan) resulted in in- 
crease of dihydroartemisinic acid and artemisinin by 72% 
and 53%, respectively, in A. annua [11]. Furthermore, 
semi-quantitative RT-PCR showed an increased level of 
ADS transcripts 2 h after application of chitosan.  

GATA-factors, involved in light-mediated regulation, 
are a class of transcriptional regulators present in plants 
that normally recognize the consensus sequence (T/A) 
GATA(G/A) [35]. Twelve putative GATA-boxes were 
found in the promoter region of ADS as shown in Figure 
1. Other elements putatively involved in light-mediated 
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3.4. Activity of the ADS Promoter regulation are the ACE-motif (AAACCGGTTA; position 
–982 to –973), the AE-box (AGAAACAA; position 
–1350 to –1343), the Box 1 (TTTCAAA; position –257 
to –263 and +47 to +41), the Box 4 (ATTAAT; positions 
–784 to –779 and –1455 to –1450), the G-box (CACGT 
(T/C); position –1529 to –1524, –1418 to – 1413 and 
–472 to –467), the GT1-motif (AATCCACA; position 
–1266 to –1259), the Sp1-motif (CC(G/A)CCC; position 
–1063 to –1068) and the TCT-motif (TCTTAC; position 
–274 to –279).  

In order to study the temporal and spatial expression of 
ADS, the cloned ADS promoter was inserted into the 
modified (kanamycin) pCAMBIA 1381Z plant transfor- 
mation vector carrying the GUS reporter gene. Trans- 
genic A. annua plants carrying the fusion of the ADS 
promoter and the GUS gene were produced using Agro- 
bacterium tumefaciens. Twenty-seven positive T0 trans- 
genic lines were selected by PCR. Fifteen of these T0 
transgenic lines showed similar GUS staining pattern 
while the other twelve lines did not show any obvious 
GUS staining, which may be due to silencing of the in- 
troduced GUS gene.  

Two putative MYB binding sites (MBS) (TAACNG) 
at positions –697 to –692 and –1499 to –1504 were 
found in the ADS promoter. In Arabidopsis, they are the 
binding site for the myb proteins ATMYB1 and AT- 
MYB2 involved in regulation of genes that are respon- 
sive to water stress [36] and in Petunia hybrida for 
MYB.Ph3 involved in regulation of flavonoid biosynthe- 
sis [37]. Twenty-eight MYB transcription factors have 
been identified in A. annua according to the plant tran- 
scription factor database (http://planttfdb.cbi.pku.edu.cn/ 
index.php? sp=Aan). To our knowledge, no study on the 
effects of MYB transcription factors on metabolism in A. 
annua has been reported.  

There are two kinds of trichomes on aerial organs of A. 
annua, i.e. glandular secretory trichomes (GSTs) and 
non-glandular T-shaped trichomes (TST) (Figure 2). GUS 
staining was observed in GSTs of leaves (Figure 3(a)), 
stems of one-week old plantlets after root initiation (Fig-
ure 3(b)), leaf primordia (Figure 3(d)) and flower buds 
(Figure 3(e) and (f)). No GUS staining was observed in 
roots of plantlets (Figure 3(c)) but GUS staining was ob-
served in roots at the reproductive stage. Furthermore, no 
GUS staining was observed in TSTs on leaves (Figure 
3(g)). Based on data from the promoter/reporter fusion 
studies, it appears that ADS, the key enzyme of artemisi-
nin biosynthesis, is almost exclusively expressed in 
GSTs and consequently the biosynthesis of artemisinin 
precursors is localized to this type of trichomes.We have 
previously reported that ADS only is expressed in apical 
cells of glandular trichomes [40]. However, the results 
obtained here clearly shows that the ADS promoter also is 
active in sub-apical cells (Figure 3(h)). This difference 
may be due to fixation of the tissue with formaldehyde 
before isolation of the apical cells by laser microdissec-
tion [40]. In a recent study, we have shown that isolation 
of RNA from formaldehyde-fixed cells is problematic 
and difficult to do in a reproducible way [L. Olofsson et 
al., unpublished]. However, isolation of RNA from un-
fixed cells with subsequent amplification is a good  

A number of amorphane sesquiterpenes have been iso- 
lated from seeds of A. annua including artemisinic acid, 
dihydroartemisinic acid and arteannuin B indicating that 
enzymes of artemisinin biosynthesis are expressed in 
seeds [38]. These results have been questioned since 
there are no trichomes on seeds [39]. However, the ADS 
promoter contains a number of putative cis-elements in- 
volved in endosperm expression. These include eight 
Skn-1 (GTCAT) and two GCN4-motifs (TG(T/A)GTCA). 
Consequently, ADS may be expressed and amorphane 
sesquiterpenes produced in seeds of A. annua even 
though no trichomes are present. Finally, two HSE ele- 
ments (AAAAAATTTC), which are involved in response 
to heat, were localized to positions –698 to –706 and –83 
to –74 and one CBFHV element (GTCGAC), involved in 
salt and dehydration stress, at position –1341 to –1336. 

 

Figure 2. Scanning electron microscopy of A. annua. (a) close-up of young leaf; (b) young leaf; (c) old leaf (leaf before senes-
cence). GST: glandular secretory trichome; TST: T-shaped trichome. 
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Figure 3. Gus-staining of transgenic A. annua transformed using the pADS-GUS plasmid. (a) leaf; (b) stem; (c) root of plant-
lets; (d) leaf primordial; (e) and (f) flower bud; (g) close-up of leaf; (h) glandular trichome. GST: glandular secretory 
trichome; TST: T-shaped trichome.  

method to study transcripts in trichome cells by quantita- 
tive real time PCR (qPCR). Using this method, ADS 
transcripts were detected in both apical and sub-apical 
cells of glandular trichomes from A. annua [L. Olofsson 
et al., unpublished].  

The number of GUS-stained GSTs decreased with age 
of the leaves (Figure 4). A high GST density is observed 
in young leaves at the apex (Figure 4(a)) while essen-
tially no GSTs are present on old leaves at lowest node 
(Figure 4(c)). It is quite obvious that the biosynthesis of 
artemisinin precursors take place in young tissues of A. 
annua.  

The activity of the ADS promoter varies temporally 
and in old tissues essentially no GUS staining could be 
observed (Figures 3 and 4). It is difficult to quantita- 
tively analyze the expression levels of ADS and GUS 

controlled by endogenous promoter (pADS-ADS) and the 
recombinant ADS promoter (pADS-GUS), respectively, 
in transgenic plants. In order to establish the expression 
pattern of the two promoters, qPCR was used to analyze 
the relative expression levels of pADS-GUS and pADS- 
ADS in different tissues of transgenic plants setting the 
expression in stem to 1.0 (Figure 5). The expression 
pattern of GUS and ADS in aerial parts of the transgenic 
plant, i.e. flower buds at early or late stages of develop- 
ment and leaf primordia, was essentially the same indi- 
cating that the cis-elements controlling glandular tricho- 
me-specific expression are included in the cloned pro- 
moter. The differences in relative expression levels in 
these tissues reflect the density of GSTs.  

In old leaves and roots at the reproductive stage, the 
cloned promoter shows considerably higher activity than  

 

Figure 4. Gus-staining of transgenic A. annua transformed using the pADS-GUS plasmid. a: leaf at apex; b: leaf at node 2; c: 
ld leaf at node 6. o 
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Figure 5. Expression pattern of pADS-ADS (a) and pADS- 
GUS (b) of different tissues. All activities relative to the 
activity in stem, which was set to 1.0. 

the wild-type promoter (Figure 5). A possible explana- 
tion for this observation is that a silencing cis-element 
controlling ADS expression in these tissues has been 
deleted in the cloned ADS promoter.  

Relative expression levels of pADS-GUS and pADS- 
ADS were estimated using the 2–∆∆Ct method using β- 
actin as reference gene [41]. The wild-type promoter 
showed a considerably higher activity (up to 250-fold) 
than the recombinant promoter (Figure 6). Apparently, 
one or more enhancer cis-elements are not included in 
the cloned ADS promoter. It is possible that such enhan- 
cers are located downstream of the ADS start codon, e.g. 
in an intron as has been reported for other plant genes [42, 
43]. In addition to this, the stability of the two mRNAs 
may differ considerably, i.e. the GUS mRNA is broken 
down much faster than the ADS mRNA.  

The results presented are consistent with ADS being  

 

Figure 6. Ratio of expression level of pADS-ADS to pADS- 
GUS in aerial tissues of transgenic A. annua. For each tissue 
the expression level for pADS-GUS was set to 1.0. 

specifically located to glandular trichomes and the high- 
est concentration of artemisinin precursors being in upper 
leaves of A. annua plants [44].  
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