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Malaria, one of the most serious infectious diseases,
results in almost 1 million deaths in 107 countries and re�
gions every year [1]. In the 1970s, researchers from China
separated and purified an anti�malaria compound, arte�
misinin, from Artemisia annua L. Artemisinin was re�
corded in The International Pharmacopoeia, published by
the World Health Organization, no later than 1995 [2].
With the peroxide lactone group in its structure, artemisi�
nin is effective against anti�chloroquine and cerebral ma�
laria. In contrast to traditional anti�malarial drugs, such
as quinine, artemisinin acts quickly and causes minimal
adverse side effects. Presently, the curative effects of arte�
misinin are widely recognized, and the artemisinin fami�
ly is known for producing the most effective anti�malarial
drugs. The World Health Organization recommends ar�
temisinin�based combination therapies (ACTs) as the

first choice for medical treatment of malaria [3]. The ar�
temisinin industry is expanding to meet the huge world�
wide demand for this drug.

At present, artemisinin comes mainly from harvest�
ing of the above�ground part of A. annua L., which con�
tains the compound at very low level (0.01–1% DW).
Synthesis of artemisinin by partial chemical methods
has previously been reported; however, all published
syntheses require complex steps and result in yields of
less than 10%. It is more practical and reliable to in�
crease the artemisinin yield through plant genetic and
microbial engineering or through a mixed system of the
two methods, in which biosynthesis provides precursors
for chemical synthesis.

The precursor of artemisinin, isopentenyl pyrophos�
phate, produced from both mevalonic acid and methyl�
erythritol phosphate pathways, can react with geranyl py�
rophosphate to form farnesyl pyrophosphate [4, 5]. The
transformation from farnesyl pyrophosphate to amor�
pha�4,11�diene is catalyzed by amorpha�4,11�diene syn�
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Artemisinin, a sesquiterpene lactone endoperoxide derived from Artemisia annua L. (Asteraceae), is the most
effective antimalarial drug. We used two methods: genome walking and thermal asymmetric interlaced poly�
merase chain reaction, to isolate the unknown 5'�flanking sequence of the cyp71av1 gene. The subsequent se�
quence analysis using bioinformatics software revealed that there are several cis�acting elements inside the
cyp71av1 promoter. The 5'�rapid amplification of the cDNA ends method was used to determine the transcrip�
tion start site of the cyp71av1 gene. We then mapped it at the 18 base upstream of the ATG initiation codon. For
simple functional characterization, we built fusion vectors between the 5'�deletion promoter and the gus report�
er gene. The expression levels of the transferred vectors into A. annua L. were analyzed by the transient expres�
sion way. The β�glucuronidase assay results indicated that deletion of the region to –1551 bp did not lead to
much damage in the GUS activity, whereas further deletion, to –1155 bp, resulted in a 5.5�fold reduction of
GUS activity. In stabilized transgenic A. annua L. seedlings we observed that GUS expression was restricted
to trichomes, which means that the promoter of the cyp71av1 gene is trichome�specific. Compared with the
constitutive CaMV 35S promoter, which can express genes throughout the plant, influence on the trichome sys�
tem through the trichome�specific expression promoter merely imperils plant growth. In addition, the promoter
of the cyp71av1 gene contains several binding sites for transcription factors, which implies that the cyp71av1
promoter responds to more than one form of stimulation.
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thase. In 2006, the cytochrome�coding gene, cyp71av1,
was isolated from specific A. annua L. trichome cDNA
suppression subtractive hybridization library. CYP71AV1
catalyzes the oxidation reactions of amorpha�4,11�di�
ene, artemisinic alcohol, and artemisinic aldehyde [6].
Transferring cyp71av1 and cpr along with some upstream
genes in the artemisinin biosynthesis path into yeast, al�
lowed yeast successfully produce artemisinic acid [7],
which further proved that CYP71AV1 actually catalyzes
the three oxidation reactions from amorpha�4,11�diene
to artemisinic acid. It is still not clear if a similarity, such
as hormone responsiveness, exists among the enzymes of
the artemisinin biosynthesis pathway. Previous experi�
ments used the real�time polymerase chain reaction
(PCR) method to investigate the changes in expression of
reporter genes upon stimulation with different hor�
mones. The results suggested that the cyp71av1 gene was
greatly upregulated after being induced with abscisic acid
(ABA), while the other genes were not [8]. These obser�
vations implied that cyp71av1 promoter may contain
ABA�responsive elements. 

Here we report the isolation and characterization of
the A. annua L. cyp71av1 gene promoter. Our results
show that the promoter contains a wide group of cis�act�

ing elements, and is trichome specific. These findings
may help to increase the artemisinin output and to inves�
tigate the role of this gene in other contexts. In addition,
this study also provides a trichome�specific promoter for
plant transgenic engineering, which will not imperil nor�
mal plant growth by expressing throughout the plant.

EXPERIMENTAL

TAIL�PCR and cyp71av1 5′�flanking sequence isola�
tion. The cyp71av1 5′�flanking sequence was isolated us�
ing thermal asymmetric interlaced polymerase chain re�
action (TAIL�PCR). We designed three gene�specific
primers and four arbitrary degenerated (AD) primers (ta�
ble 1). The primary PCR was carried out with CYPGSP1
as the reverse primer and the four ADs as forward prim�
ers. The second PCR was carried out using the 50�fold
diluted primary PCR products as a template, with
CYPGSP2 as the reverse primer and the four ADs as for�
ward primers. The final PCR was carried out using the
20�fold diluted secondary PCR product as the template,
with CYPGSP3 as reverse primer, and four ADs as for�
ward primers. The full reaction programs are listed in ta�
ble 2. The third�step�TAIL�PCR products were gel puri�
fied and cloned into the pMD18�T vector (“TaKaRa”,
Japan) for sequencing. 

Further isolation of the flanking sequence by genome
walking. Since the 5' flanking sequence isolated by TAIL�
PCR was not long enough, we used the GenomeWalk�
erTM Universal Kit (“Clontech”, USA) to obtain longer
sequences. The available genomic DNA was isolated
from A. annua L. by the cetyltrimethylammonium bro�
mide (CTAB) method. Three blunt end restriction en�
zymes, DraI, EcoRV, and StuI, were used to digest the
genomic DNA. Each digestion product was purified and
ligated to the GenomeWalker adapter sequence. Nested
PCR (Advantage II Kit, “Clontech”) was used to im�
prove production specificity. The primary PCR was car�

Table 1. Primers for TAIL�PCR

Primer  Primer sequence 5'�3'

CYPGSP1 GGAAGGCTTTTTTTGGTGGATTTG

CYPGSP2 CGAGTAGCGAACTTGTAAACGAAC

CYPGSP3 CAAGAGCAATGGAAGTGGTCAGT

AD1 TGWGNAGSANCASAGA

AD2 AGWGNAGWANCAWAGG

AD3 NTCGASTWTSGWGTT

AD4 WGTGNAGWANCANAGA

Table 2. PCR programs for TAIL�PCR

Reaction Thermal condition No. of cycles

Primary 94°C (3 min) 1

94°C (30 s), 62°C (1 min), 72°C (2 min 30 s) 4

94°C (30 s), 25°C (3 min), ramp to 72°C at 0.2°C/s, 72°C (2 min 30 s) 1

94°C (10 s), 68°C (1 min), 72°C (2 min 30 s); 94°C (10 s) 68°C (1 min), 
72°C (2 min 30 s); 94°C (10 s), 44°C (1 min), 72°C (2 min 30 s)

14

72°C (5 min) 1

Secondary 94°C (3 min) 1

94°C (10 s), 64°C (1 min), 72°C (2 min); 94°C (10 s), 64°C (1 min), 72°C (2 min); 
94°C (10 s), 44°C (1 min), 72°C (2 min);

11

72°C (5 min) 1

Tertiary 94°C (3 min) 1

94°C (10 s), 44°C (1 min),72°C (2 min) 20

72°C (5 min) 1
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Table 4. Primers used for amplifying different fragments of the cyp71v1 promoter

Primer  Primer sequence 5'�3'

DPR(+31) CTAGCCATGGGAGCAATGGAAGTGGTCAGT

DEL1(–1551) CGGAATTCTTGGGTTTTGGTTACCGACA

DEL2(–1155) CGGAATTCTCGTAAAAAGCAGAAGGTCA

DEL3(–727) CGGAATTCAAAGTCAAGAGTGGACTGCG

DEL4(–138) CGGAATTCTGACCGATTATGACCAAGGT

Table 3. Primers for the Genome WalkerTM Universal Kit

Primer  Primer sequence 5'�3'

AP1  GTAATACGACTCACTATAGGGC

AP2  ACTATAGGGCACGCGTGGT

CYPPR1  CCATCTTCGTTGGTCTTCAGTCTTCACAG

CYPPR2  CAAGCCACGCAAAACACAGAGAAAAT

ried out using the gene�specific primer CYPPR1 and the
adapter�specific primer AP1. In the second PCR the
nested gene�specific primer CYPPR2 and the adapter�
specific primer AP2 were used (table 3). The targeted se�
quence was gel purified and cloned into the pMD18�T
vector (“TaKaRa”) for sequencing.

Determination of the cyp71av1 gene transcription
start site by 5'�RACE. 5'�Rapid Amplification of cDNA
Ends (5'�RACE) was used to determine the transcription
start site (TSS) of the cyp71av1 gene. Total RNA was ex�
tracted from A. annua L. seedlings using the RNA plant
full RNA Isolation Kit (“Tiangen”, Beijing, China).
5'�RACE was carried out using the SMARTTM RACE
cDNA Amplification Kit (“Clontech”). The Univer�
sal Primer A Mix (long primer: 5'�CTAATACGACT�
CACTATAGGGCAAGCAGTGGTATCAA�CGCA�
GAGT�3' and short primer: 5'�CTAATACGACTCAC�
TA�TAGGGC�3') and two gene�specific primers
(GSP1: 5'�CTG�GTCCTTGATCCCTTTCCCAAA�
TG�3' and GSP2: 5'�TCGGA�GATGACACCACGA�
TTGTTG�3') were used for subsequent PCR amplifica�
tion (Advantage II Kit, “Clontech”). The 5'�RACE
products were gel purified and ligated into the pMD18�T
vector for sequencing.

Fusion of the 5'�deletion promoter and the gus reporter
gene. Four 5'�deletion promoters (–1551 nt to +31 nt,
⎯1155 nt to +31 nt, –727 nt to +31 nt, and –138 nt to
+31 nt) were joined with the gus reporter gene. Five for�
ward primers with EcoRI digestion sites (DEL1–DEL4)
and one reverse primer DPR with an NcoI digestion site
were designed (table 4). Fragments of different lengths
from the cyp71av1 promoter were PCR amplified and di�
gested by EcoRI and NcoI. These fragments were gel pu�
rified and inserted into pCAMBIA1301 vectors to gener�
ate pCAMBIA CYP (DEL1–DEL4). Each vector was
verified by sequencing. A freeze�thawing method was
used to transfer the newly built pCAMBIA CYP vectors

into Agrobacterium tumefaciens EHA105 for further
transformation into plant cells.

Transient transformation of Artemisia leaves. After the
introduction of constructed expression vectors pCAM�
BIA CYP (DEL1�DEL4) into competent A. tumefaciens
EHA105, positive clones were selected by PCR and kept
for transformation. The clones were cultivated in liquid
LB medium with kanamycin, rifampicin and streptomy�
cin (triple antibiotic combination) till their OD600

reached 0.8, then 200 ul of bacteria liquid was transferred
into 200 ml of new liquid LB medium (triple antibiotic
combination) till their OD600 reached 2.0. After that, bac�
teria was centrifuged at 4000 rpm and suspended in
400 ml liquid MS medium (pH 5.8, 200 μM AS). Arte�
misia leaves 30 days of age were immerged into the bacte�
ria liquid under vacuum condition at 0.007 MPa for
20 min. Solid MS0 (200 μM AS) was used for infected
leaves co�culture. The co�culture was set inside dark con�
dition for 5 days.

Stable transformation of Artemisia leaves. After the
introduction of constructed expression vectors
pCAMBIA CYP–DEL1 into competent A. tumefaciens
EHA105, positive clones were selected by PCR and kept
for transformation. According to the methods of Ver�
gauwe [9], germinated seedlings were collected when
they had grown to 5 cm in length; the leaves were cut into
0.5 cm diameter segments and used as the explants in
the cocultivation medium (1/2 MS + 100 μM AS).
The 1/2 MS suspension, with the activated A. tumefa�
ciens – engineered bacteria, was dripped down until it
satisfactorily covered the explants, which were then
cultured at 28°C in the dark for 3 days. After kanamy�
cin selection in the selective shooting medium MS1

(MS0 + 0.5 mg/l 6�BA + 0.05 mg/l NAA + 50 mg/l kan�
amycin + 500 mg/l carbenicillin) with a photoperiod of
16 h light/8 h dark at 25°C, the kanamycin�resistant
plantlets were subcultured 2 or 3 times every two weeks.
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They were then transferred into the rooting medium MS2

(1/2 MS0 + 125 mg/l carbenicillin) in order to obtain the
kanamycin�resistant regenerated plantlets.

β�Glucuronidase assay. Using the method of Jeffer�
son [10], the leaves were immersed into the GUS�strain
solution and then incubated at 37°C. The reaction was
stopped after 2 days; the leaves were incubated with 70%
ethanol at 37°C till the uncolored parts of leaves be�
came pale. Five random GUS�positive leaves were
picked up from each plantlet, with a different length of

the 5'�deletion promoter, as material for the β�glucu�
ronidase assay. The procedures were done following
the Cote’s method [11]. 

RESULTS AND DISCUSSION

Clone of cyp71av1 5'�flanking sequence

Four ADs were respectively amplified through the
three step PCR with three gene�specific primers. Only
AD1 (table 1) amplified the specific strap of 650 bp in gel
electrophoresis (fig. 1). Sequencing revealed that the
fragment had an 8 bp overlapping sequence with the
product of cyp71av1 transcription. A forward primer de�
signed according to the 650 bp fragment with a reverse
primer CYPGSP1 (table 1), was able to amplify frag�
ments of the expected size, from which the AD1 produc�
tion was confirmed to be specific and corresponds to the
cyp71av1 5'�flanking region. 

Using the GenomeWalkerTM Universal Kit, the DNA
digested by three restriction enzymes and ligated with the
GenomeWalker Adapter was used as a template for two
step nested PCR amplification. The genomic DNA
walking electrophoresis results showed that the products
from the second PCR varied in length from 300 bp to over
2 kb (fig. 2). The sequencing results demonstrated that
fragments of approximately 1.6 kb potentially were on the
cyp71av1 5'�flanking region. The TAIL�PCR�amplified
sequence, together with the 1.6 kb fragment, suggests that
an approximately 2 kb upstream sequence of the
cyp71av1 gene was obtained. 

Determination of TSS

5'�RACE was used to determine the TSS of the
cyp71av1 gene. GSP1 and GSP2 were used for PCR am�
plification with the Universal Primer A Mix after first
strand of cDNA was synthesized. Electrophoresis results
(fig. 3) revealed that a fragment of approximately 600 bp
was amplified with GSP1, and a fragment of approxi�
mately 300 bp was amplified with GSP2. Since there are
approximately 300 bp between GSP1 and GSP2, this
variation in the size of PCR products is expected, and
suggests that two fragments may be specific. The 600 bp
fragment was ligated into the pMD18�T vector, and five
individual clones were picked up for sequencing. Se�
quence comparison suggested that the TSS of cyp71av1 is
located at the 18th bp upstream before the initiation
codon ATG. The 18th base is A, which conforms to the
commonly held view that A is the base, located at the
transcription initiation site. 

Analysis of cyp71av1 promoter sequence

The PLANTCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html) [12] and the PLACE
Web Signal Scan (http://www.dna.affrc.go.jp/
PLACE/signalscan.html) [13] software were used to an�
alyze the cyp71av1 promoter in order to search for cis�act�
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bp

Fig. 1. Isolation of the 5'�flanking region of the cyp71av1
gene. M – DL2000 (“Takara”, Japan). 1–3 – Products of
the primary, secondary, and tertiary TAIL�PCR using the
AD1 primer; 4–6 – products of the primary, secondary,
and tertiary TAIL�PCR using the AD2 primer; 7–9 – prod�
ucts of the primary, secondary, and tertiary TAIL�PCR using
the AD3 primer; 10–12 – products of the primary, secondary,
and tertiary TAIL�PCR using the AD4 primer. 
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Fig. 2. Products of the primary and secondary PCR using
genomic DNA digested with DraI (1, 2); StuI (3, 4);
EcoRV (5, 6); M – DL2000.
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Fig. 3. PCR with GSP1 (1) and with GSP2 (2). M – DL2000.
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ing elements of this promoter. A TATA�box�like sequence
(ATATAA) was found starting at position –25 nt to –30 nt,
and CAAT�box�like sequence is present 23 bp upstream
of the TATA�box�like sequence, which matches the traits
of a prokaryotic promoter [14]. The results support the

idea that the TSS is located 18 bp upstream of the initia�
tion codon ATG.

The G�box (–126 nt to –131 nt: CACGTT; –233 nt
to ⎯228 nt: CACGTA), ACE (–281 nt to –290 nt:
GCTACGTACC), ABRE (–503 nt to –508 nt: TACGTG;

–1972
–1912
–1852
–1792
–1732
–1672
–1612

–1552

–1492
–1432
–1372
–1312
–1252

–1192
–1132
–1072
–1012

–952
–892
–832
–772
–712
–652

–592
–532

–472
–412
–352

–292

–232

–172

–112

–52

+9

+69

Fig. 4. Putative cis�elements on the cyp71av1 promoter region. Numbers indicate the positions relatively to the transcription start
site +1, which is in boldface. The translation initiation codon ATG is in bold. The putative TATA box, CAAT box, and other im�
portant putative cis�elements are boxed and in bold with a name label below. The WRKY�domain TGAC is only in bold. The un�
derlined sequences are the possible motifs for interactions with the ABRE motif from –503 to –508 nt. 
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–1202 nt to ⎯1211 nt: AGTACGAGGC), TGACG mo�
tif (–604 nt to ⎯608 nt: TGACG), LTRE (–1465 nt to
⎯1469 nt: CCGAC), TGA�element (–1123 nt to –1128 nt:
AACGAC) and several W�box sites, which bind to the
WRKY transcription factors, were also found inside the
cyp71av1 promoter (fig. 4). 

The G�box is a hexameric and highly conserved motif
in many promoters of plant genes [15]. It was first char�
acterized as essential cis�element involved in the expres�
sion regulation of light�responsive genes, which can in�
teract specifically with a family of bZIP proteins [16]. In
Arabidopsis, bZIP proteins, such as the G�box binding
factors, are called GBFs. The specificity of GBFs binding
to a certain G�box depends on the DNA sequence close
to this G�box element. In Arabidopsis, GBFs bound to a
G�box might respond to a signal indirectly, as the signal is
initially perceived by a factor bound to an adjacent motif
such as an I�box. The G�box has been reported to re�
spond to stimuli such as light, oxygen�free conditions,
and several plant hormones [17]. The ACE/ACE motif,
an ACGT�containing element, responds to UV stimula�
tion. The ACGT sequence is common to many plant reg�
ulatory elements; many cis�acting elements containing
this sequence contribute to the response to light stimula�
tion [18], because many ACGT�binding proteins in the
bZIP family are light induced. The existence of both ele�
ments – the G�box and the ACE/ACE–may be helpful
in explaining the fact that the artemisinin output of Arte�
misia varies greatly and depends on daytime.

ABRE binds with ABA�responsive element binding
protein 1 (AREB1). The core sequence of ABRE is part
of more than two ABRE motifs in the promoter. Overex�
pression of AREB1 brings enhanced drought tolerance
and makes the gene greatly up�regulated [19]. Another
study suggested that the ABRE motif is functional when
a CE3 motif is present at an approximate distance of
50 bp. In other instances, ACGT�containing ABREs and
other elements are clustered and appear to function in a
complex. Hobo and Asada demonstrated that a common
sequence structure CGTG(G/T)C is considered impor�
tant for both ABRE and CE3 function [20]. In our study,
there was a cluster of elements formed by the ABRE
(⎯503 nt to –508 nt) and three possible CGTG�motifs.

According to the location, it is possible that the sequence
AGTGTG is the motif that interacts with the upstream
ABRE�motif.

The TGACG�motif and the TGA elements play im�
portant roles in the methyl jasmonate (MeJA) responses
[21]. Previous researchers demonstrated that the
TGACG�motif is a binding site for bZIP trans�activating
factors. Inserting this region into the constitutive CaMV
35S promoter gives it MeJA�responsive ability. Mutagen�
esis of these motifs abolishes MeJA�responsive expres�
sion. The TGA�motif also responds to SA stimulation. 

LTRE is a low temperature responsive cis�acting ele�
ment, which regulates cold�, drought�, and also ABA�re�
lated gene expression [22].

WRKY proteins are a superfamily of transcription
factors. They are involved in the regulation of various
functions in plants, from pathogen defense to trichome
development, and all the WRKY proteins have highly
conserved binding domains [23]. The presence of the
WRKY core domain (TGAC) in the cyp71av1 promoter
is interesting. We know that the cyp71av1 gene codes for
P450 and that the product of this gene actually catalyzes a
three step oxidation reaction. The WRKY domain inside
the cyp71av1 promoter may imply that the wrky gene may
regulate the artemisinin biosynthesis pathway (fig. 4).

β�Glucuronidase assay

The charts (fig. 5) show the results of the β�glucu�
ronidase assay of transient transgenic Artemisia. Each of
the cyp71av1 5'�deletion promoters (DEL0–DEL4) of
different length contains four repeats. For functional
characterization of the cyp71av1 promoter, fragments of
different lengths of the 5'�sequence were deleted. 1G
contains most of the detected cis�acting elements. 2G’s
TGA�elements and the ABRE located from –1252 nt to
⎯1192 nt were deleted. 3G’s cis�acting elements were al�
most the same as those of 2G’s. The cis�acting elements
of 4G only have the CAAT�box and the TATA�box. Ac�
cording to the quantitative fluorometric GUS assay re�
sults, the expression level of the 1G promoter fragments
was 48.7493 nmol MU/min/mg protein. Since there
were no obvious cis�acting elements from –2048 nt to
⎯1551 nt, we considered that the 1G fragment has full�

0 10 20 30 40 50 60

nmolMU/min/mg

GUS
+31

1G

2G

3G

4G

–1551 to +31
TSS +1

–1155 to +31

–721 to +31

–138 to +31

Fig. 5. The β�glucuronidase assay results. 1G–4G, corresponding to DEL1–DEL4, show the GUS activity record obtained at 0
min up to five points. 
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length promoter activity. Deletion of the region from
⎯1125 nt to +31 nt, in the absence of the TGA�elements
and one ABRE, remarkably reduced promoter strength:
more than 80% of the promoter activity was lost. Dele�
tion of the region from position –727, the 3G fragment,
did not lead to additional promoter activity loss, however,
compared to the 2G deletion, the strength of the promot�
er fragments was lost by more than 60%. The cyp71av1
promoter sequence doesn’t contain any obvious cis�act�
ing elements between –1155 and –727 what contradicts
to the GUS�assay results. Since the cyp71av1 is an induc�
ible promoter, it is worthwhile to use a yeast single�hybrid
system to test whether possible protein responses to stim�
uli of interest interact with this DNA sequence domain.
The 4G minimal promoter fragments, which have only
two necessary cis�regulation elements, did not show
much activity. This may result from the interference of
the sequence 3D�structures from –727 nt to –138 nt.
Though the 590 bp sequence contains several stimuli re�
sponsive elements, such as the ACE, G�box, ABRE, and
Box E, their contribution to promoter strength may be
less than their interference with it. Also it could be caused
by the loss of interaction with the TGA�elements and the
outer ABRE. Our deletion analysis indicates that all of
the cis�elements are necessary for the cyp71av1 promoter
to achieve its maximal activity. Any deletion will definite�
ly cause a reduction in promoter strength. In conclusion,
the TGA�elements and the outer ABRE are critical for
maximal promoter strength. 

The Artemisia leaf�dyeing results (fig. 6) showed that
only the Artemisia trichome cells in this picture were dyed
deep blue and the other tissues were not. This implies that
the cyp71av1 gene is expressed only in glandular tri�

chome cells. These findings are sufficient to support the
conclusion that the cyp71av1 promoter is trichome spe�
cific.
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