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Abstract Artemisinin is effective against both chloro-
quine-resistant and -sensitive strains of Plasmodium species.
However, the low yield of artemisinin from cultivated and
wild plants is a serious limitation to the commercialization of
this drug. Optimization of artemisinin yield either in vivo or
in vitro is therefore highly desirable. To this end, we have
overexpressed the 3-hydroxy-3-methyl-glutaryl-coenzyme
A reductase (HMGR) gene (hmgr) from Catharanthus
roseus L. in Artemisia annua L. and analyzed its influence on
artemisinin content. PCR and Southern blot analyses
revealed that the transgenic plants showed stable integration
of the foreign hmgr gene. The reverse transcriptase-PCR
results suggested that the hmgr was expressed at the tran-
scriptional level in transgenic lines of Artemisia annua L.,
while the high-performance liquid chromatography analysis
showed that artemisinin content was significantly increased
in a number of the transgenic lines. Artemisinin content in
one of the A. annua transgenic lines was 38.9% higher than
that in non-transgenic plants, and HMGR enzyme activity in
transgenic A. annua L. was also higher than that in the non-
transgenic lines.
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Abbreviations

6-BA Benzylaminopurine

HMGR 3-Hydroxy-3-methyl-glutaryl coenzyme A
reductase

MVA Mevalonate

NAA Naphthaleneacetic acid

NOS Nopaline opine synthase

NPT Neomycin phosphotransferase

SISM Shoot-induction selection medium

SQS Squalene synthase

Introduction

Artemisinin, a sesquiterpene-lactone isolated from the aer-
ial parts of Artemisia annua L. plants, is currently the best
therapeutic agent against both drug-resistant and cerebral
malaria-causing strains of Plasmodium sp. (Newton and
White 1999). It is also effective against other infectious
diseases, such as schistosomiasis, human immunodefi-
ciency virus (HIV), hepatitis B, and leishmaniasis (Jung and
Schinazi 1994; Borrmann et al. 2001; Utzinger et al. 2001;
Romero et al. 2005; Sen et al. 2007), and has recently been
shown to be effective against a variety of cancer cell lines,
including breast cancer, human leukemia, colon cancer, and
small cell-lung carcinomas (Efferth et al. 2001; Singh and
Lai 2001). Due to its current use in artemisinin based-
combination therapy (ACT), the global demand of arte-
misinin is continuously increasing, but the relatively low
yield of artemisinin from the A. annua L. plant (0.01-1.1%)
is a serious limitation to its commercialization (Laughlin
1994; Van Agtmael et al. 1999). This has led to worldwide
efforts to enhance its biosynthesis through biochemical and
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molecular approaches (Abdin et al. 2003; Weathers et al.
2005). Genetic engineering is thought to be one of the most
reasonable approaches to enhance the production of arte-
misinin. By applying this technology, the enzymes cata-
lyzing the rate-limiting steps of artemisinin biosynthesis can
be overexpressed or the enzymes involved in other pathways
competing for its precursors can be inhibited, resulting in
transgenic A. annua L. plants that can accumulated high
concentrations of artemisinin.

Mevalonate (MVA) is the primary building block for
isoprenoid biosynthesis in higher plants. The final step
in MVA production is catalyzed by the branch point
enzyme, 3-hydroxy-3-methyl-glutaryl coenzyme A reduc-
tase (HMGR, EC 1.1.1.34), which shunts HMG-CoA into
the isoprenoid pathway, leading to the synthesis of various
intermediates. These intermediates are ultimately used for
the biosynthesis of various terpenes, such as mono, di-, tri-,
and sesquiterpenes, including artemisinin (Akhila et al.
1987; Kudakasseril et al. 1987; Towler and Weathers 2007).
Hence, there is a strong competition among the various
pathways of terpene synthesis for MVA, the product of the
HMGR-catalyzed reaction. Previous studies showing con-
stitutive overexpression of the HMGR gene (hmgr) and high
HMGR activity in plants have also reported an increased
accumulation of phytoalexins, sterols, shikonin, and lyco-
pene, suggesting that the MV A pathway contributes C5 units
to the synthesis of these terpenoids (Stermer and Bostock
1987; Gondet et al. 1992; Lange et al. 1998; Concepcion and
Gruissem, 1999). The validity of this proposed mechanism
has been further strengthened by the results of studies carried
out recently by our group, in which we have shown that the
MVA pathway is the major contributor of carbon (approx.
80%) to artemisinin biosynthesis; consequently, the MVA
pathway limits the accumulation of artemisinin in A. annua
L. plants.

Vergauwe et al. (1996) developed the first transgenic
plant of A. annua L. with the aim of optimizing the com-
mercial production and clinical utilization of artemisinin.
Several transgenic plants of Artemisia annua L. have since
been developed in which overexpression of enzymes in the
early steps of terpene biosynthesis lead to a slightly higher
production of artemisinin. These include plants that over-
express isopentenyl diphosphate (Sa et al. 2001) and far-
nesyl diphosphate (Chen et al. 2000; Han et al. 2006).
Zhang et al. (2009) reported an increase in the artemisinin
content of A. annua following suppression the expression
of squalene synthase (SQS), a key enzyme of the sterol
pathway (a competitive pathway of the artemisinin bio-
synthetic pathway) through loop-mediated RNAI, indicat-
ing that the sterol pathway can be manipulated to obtain
higher production of artemisinin.

Here, we report the transformation of a high artemisinin-
yielding strain of A. annua L (approx. 1.0% artemisinin in
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plants grown under field conditions) with Catharanthus
roseous (L.) G. Don hmgr (accession No. AY623812)
tagged with the 35S promoter using Agrobacterium tum-
efaciens strain LBA4404 and its impact on the artemisinin
content.

Materials and methods
Chemicals and plant material

The radioactive chemicals and artemisinin used in this
study were procured from Perkin Elmer (Life Science
(Boston, MA) and Sigma-Aldrich (St. Louis, MO). All
other chemicals were of analytical and molecular grades
and procured from other companies, such as SD-Fine,
Himedia laboratories, India, and Merck, India. The seeds of
a high-yielding strain of A. annua were procured from the
IPCA laboratory (Ratlam, MP, India) and sown in the
experimental field of Jamia Hamdard, New Delhi, India.

Genetic transformation of A. annua L.

Agrobacterium tumefaciens strain LBA4404 harboring the
binary vector pBinAR was used for transformation. The
plasmid construct contains the HMG-CoA reductase gene
linked to the cauliflower mosaic virus (CaMV) 35S pro-
moter and nopaline opine synthase (NOS) terminator and to
the neomycin phosphotransferase II (nptll) gene under the
control of a NOS promoter and terminator that was used
as the selectable marker (Fig. 1). A. annua plants were
regenerated and transformed according to Han et al. (2005)
with few modifications. The leaves from 4-week-old
regenerating shoot cultures were used as the source of
explants. Fresh cultures of A. fumefaciens (1-5 ml) grown
in liquid YEM medium (25 ml) with kanamycin (50 mg/1)
and rifampicin (10 mg/l) were centrifuged at 5000 rpm for
10 min to obtain a pellet, which was then resuspended in
25 ml fresh MS (Murashige and Skoog 1962) liquid med-
ium. This bacterial suspension (from fresh cultures of
Agrobacterium) and leaf explants was used for co-cultiva-
tion. Leaf explants were immersed the Agrobacterium sus-
pension in petri plates and gently shaken for 30 min at room
temperature. Agrobacteriul suspension-treated explants
were blot dried on sterile filter paper and transferred onto
MS solid medium in the dark at 25°C for 72 h for co-cul-
tivation. The controls consisted of explants on MS medium
that had not been treated with Agrobacterium suspension.

Selection and regeneration of transformants

After co-cultivation, the leaf explants were washed with
milliQ water twice (5 min each) and then washed with
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Fig. 1 The 3-hydroxy-3-
methyl-glutaryl coenzyme A
reductase (HMGR) gene
construct. The hmgr is tagged
with the CaMV 35S promoter
(P CaMV35S) in the pBinAR
binary vector harboring
neomycin phosphotransferase 11
(Npt 1) as the selection marker.
LB, RB Left, right border,
respectively, Pnos nopaline
opine synthase promoter, OCS
octopine synthase gene, BamHI,
EcoRlI, Sall, HindlIII restriction
enzymes LB

BamHIL

EcoRI

P camv35S
(0.8 kb)

autoclaved milliQ water containing cefotaxime (500 mg/l)
for 20 min. The explants were then blot dried and cultured
in shoot-induction selection medium (SISM) containing
MS salts + vitamins + 0.05 mg/l «-naphthalene acetic
acid (NAA) + 1.5 mg/l 6-benzylaminopurine (6-BA) + 20
mg/l kanamycin, pH 5.8, with 500 mg/1 cefotaxime added to
inhibit further agro-bacterial growth. The explants were
transferred to fresh medium at weekly intervals for 4 weeks.
The induced shoots were transferred onto the same medium
with a reduced concentration of cefotaxime (200 mg/1 after
8 weeks; at 12 weeks, cefotaxime was completely removed
from the medium. The shoots were then subcultured on
shoot elongation medium (MS salts 4+ vitamins + 3%
sucrose) with kanamycin for 4 weeks. After attaining an
acceptable shoot length, the shoots were transferred onto
rooting medium containing MS salts + vitamins + 0.5
mg/l NAA + 3% (w/v) sucrose and 0.8% (w/v) agar, pH
5.8. All cultures were kept in a culture room at 25°C under a
16/8-h (light/dark) photoperiod with light suppled at an
intensity of 50-60 pE m~% s~

PCR and Southern blot analysis of putative
transformants

Genomic DNA from kanamycin-resistant and untrans-
formed shoots of A. annua. L was isolated by the cetyl
trimethylammonium bromide (CTAB) method (Doyle and
Doyle 1990). Integration of the transgene into the plant
genome was screened by PCR using an nptll-specific pri-
mer pair: 5-CAATCGGCTGCTCTGATGCCG-3' (for-
ward primer) and 5-AGGCGATAGAAGGCGATGCG
C-3’ (reverse primer). Each reaction was performed in a
50-pl reaction mixture (final volume) consisting of 10x
reaction buffer, 10 mM dNTPs, 0.5 pg/pl concentration of
each of sequence-specific oligonucleotide primers, 0.1 pg
templates DNA, and 3 U/ul Tag DNA polymerase. The
reaction was heated at 94°C for 4 min, followed by 32
cycles of 94°C for 1 min (denaturation), 55°C for 1 min

Sall

EcoRI,
HindIIl

>|‘<—| NptII (0.75 kb) H

0cs
{0.2 kb)

NOS
terminator

Pnos RB

(annealing), and 72°C for 2 min ( extension), with a final
extension step for 4 min to extend any premature synthesis
of DNA. Plasmid DNA containing the npfIl gene was used
as the positive control, and DNA from nontransgenic
shoots of A. annua L. was used as the negative control. The
PCR fragments were then fractioned on a 0.8% agarose gel.

For the Southern blot analysis, genomic DNA (10 pg)
was digested with Sall, resolved on a 0.7% agarose gel,
and blotted onto a nylon membrane (Roche Diagnostics,
Indianapolis, IN). For hybridization of the DNA, a probe
was prepared using the hmgr gene. The probe was labeled
with digoxigenin (DIG High-Prime DNA labeling and
Detection Starter kit (Roche Diagnostics), and the blot
was probed with the labeled hmgr gene probe at 44°C.
After 16 h of hybridization, the membrane was washed
and the probe detected following the manufacturer’s
instructions.

RNA extraction and reverse transcriptase-PCR analysis

Total RNA was isolated from transgenic and nontrans-
genic shoots of A. annua L. using the RNeasy Plant Mini
kit according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). It was subjected to reverse transcrip-
tase (RT)-PCR using the One-Step RT-PCR kit (Qiagen)
with hmgr gene-specific primers. The PCR conditions
were 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min
(35 cycles). Amplified PCR products were separated on a
1.2% agarose gel, stained with ethidium bromide, and
visualized in a gel documentation system (UVltech,
Cambridge, UK).

HMG-CoA reductase assay
The HMGR assay developed by Russell (1985) and mod-
ified in our laboratory was used to determine HMG-CoA

reductase activity in the leaves of A. annua L. plants (Mauji
Ram et al. 2010). This assay is based on the conversion of
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RS 3-[4C]—HMG-C0A to [14C]mevalonate, which was
separated from HMG-CoA on the thin layer chromatogra-
phy plate. HMG-CoA reductase activity was expressed as
nanomoles MVA formed per hour per milligram protein
(nmol h! mg_l).

Preparation of microsomal enzyme suspension

Fresh leaves (2 g) were washed and chopped into small
pieces (1-2 mm), homogenized in 5 volumes of ice-cold
homogenizing buffer (100 mM K-phosphate, pH 7.2,
30 mM EDTA, 0.35 mM sucrose, 20 mM f-mercap-
toethanol, and 0.3% bovine serum albumin). The crude
homogenate was then squeezed through two layers of
muslin cloth, and the filtered homogenate was centrifuged
at 5000 g for 15 min at 4°C. The pellet was discarded, and
the supernatant was again centrifuged at 16000 g for
20 min at 4°C; the resulting supernatant was subsequently
centrifuged at 105000 g for 1 h at 4°C. The pellet that was
obtained from the centrifugation at 105000 g was resus-
pended in 500 pl of suspension buffer (100 mM K-phos-
phate, pH 7.2 and 25 mM DTT). A 20-pl sample of
enzyme suspension was taken for protein estimation by the
method of Bradford (1976). Bovine serum albumin was
used as the standard.

Assay procedure

The reaction mixture [100 pl; 42 pl 10 uM phosphate buf-
fer, pH 7.2, 10 I 10 pM DTT, 10 pl 0.40 uM NADPH,,
10 pl microsomal enzyme suspension (0.05-0.3 mg pro-
tein)] was prepared and stored on ice. The reaction mixture
was kept for 5 min at room temperature and the reaction
started by adding 10 nmol of 3-["*CJHMG-CoA (120
990 dpm/nmol). The blank reaction was prepared by inac-
tivating the enzyme by heat treatment before starting the
reaction. The tubes were then capped with Parafilm and
incubated for 20 min at 30°C in a shaking water bath; the
reaction was stopped by adding 10 ul 2 M MVA and 10 pl
6 M HCI with immediate mixing. After standing at room
temperature for at least 15 min (for maximum lactonization
of mevalonic acid), the mixture was centrifuged at 5000 rpm
for 5 min to pellet the protein. The pellet was discarded and
60 pl of supernatant was streaked on a TLC plate. The plate
was developed with benzene/acetone (2:3 v/v) and then
visualized with iodine vapors using standard MVA as ref-
erence. The MV A lactone (R; = 0.9) was then scrapped into
a scintillation vial for counting. A similar area of silica gel in
a low background region was also scrapped into the vial for
background counts; 10 ml of Triton-toluene scintillation
fluid was poured into the vial and swirled to disperse the
silica gel and dissolve the product. Counting was performed
in a f-scintillation counter.
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Detection of artemisinin

Arteisinin was estimated in 1 g dry leaf material using the
method described by Zhao and Zeng (1986). Derivatized
artemisinin was analyzed and quantified through reverse
phase column (C18, 5 um, 4.6 x 250 mm) using premix
methanol:100 mM K-phosphate buffer (pH 6.5) in the ratio
of 60:40 as the mobile phase at a constant flow rate of
1 ml min_l, with the detector set at 260 nm. Artemisinin
was quantified using a standard curve prepared by high-
performance liquid chromatography (HPLC). Artemisinin
content was expressed as percentage and as well as in
micrograms per gram dry weight (mg g~' DW) of leaves.

Results

Artemisia annua transformation was performed essentially
according to the method described by Han et al. (2005).
The composition of the shoot-induction medium was
optimized to obtain a high frequency of shoot-induction,
with the combination of 0.05 mg/l NAA and 1.5 mg/l
6-BA resulting in the highest shoot-induction frequency
(88%). A. annua shoot induction was very sensitive to
kanamycin. When the leaf explants were cultured on shoot-
induction medium supplemented with 20 mg/l kanamycin,
the non-transgenic explants did not generate shoot clusters;
instead, they withered, became yellow, and ultimately died.
The putative transgenic leaf explants, however, regenerated
into shoots, which were further elongated during a 3- to
4-week culture on shoot elongation medium devoid of
kanamycin. Roots appeared within 2 weeks after the shoots
were transferred onto rooting medium. A total of 350
explants were co-cultivated with A. tumefaciens, out of
which only 12 produced shoots on shoot-induction selec-
tion medium (transformation frequency 3.42%). The
transgenic status of kanamycin-resistant shoots was sub-
sequently confirmed by PCR and Southern blot analyses.
Of the 12 putative transgenic plants, seven transgenic lines
showed 0.75-kb amplification products when amplified
with nptll gene-specific primers, (Fig. 2a). No amplifica-
tion was detected in the non-transgenic shoot lines of
A. annua L. plants. The effective frequency of transformed
shoots (T0O) was therefore 2%. In the Southern hybridiza-
tion, a digoxigenin (DIG)-labeled hmgr probe hybridized
to Sall-digested genomic DNA of putative transformed
A. annua plants. Single-cut plasmid DNA of pBinAR was
used as the positive control; the DNA sample from the
untransformed shoot served as the negative control and did
not show any hybridization (Fig. 2b). The copy numbers of
the HMGR gene varied among the different transgenic
lines, and three transgenic lines (T4, T6, and T7) were
found to contain single copies of the transgene. The bands
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Fig. 2 Molecular analysis of

- . A
transgenic lines of Artemisia
annua L. plants. a PCR analysis
for the presence of the nprll
gene in kanamycin-resistant
A. annua L. transgenic lines.
Lanes: M 1-kb ladder, +ve
control pBinAR plasmid, —ve
control non-transgenic control
plant, T/-T12 kanamycin-
resistant A. annua L. plants.
b Southern blot analysis
following digestion of genomic
DNA with Sall and
hybridization with an hmgr-
specific gene probe. Lanes:
P Single-cut plasmid DNA, B
W non-transgenic control plant,
T1-T9 transgenic plants

0.75bp

in the seven transgenic lines were of various sizes, indi-
cating that transgene integration occurred at different loci
in the genome (Fig. 2b).

To confirm whether the HMG-CoA reductase gene was
expressed at the mRNA level as a result of gene integra-
tion, RT-PCR analysis was performed using total RNA
isolated from leaves of transgenic and untransformed shoot
lines of A. annua. RT-PCR analysis of the seven transgenic
shoot lines suggested that the foreign gene in five lines was
expressed at the transcriptional level (Fig. 3). The ampli-
fication was higher in the T4, T6, and T7 lines, indicating a
higher expression level in these transformed shoot lines.

Each of the transgenic lines was subsequently grown
and analyzed for HMGR activity and its potential effect on
levels of artemisinin. The enzyme assay showed that
HMGR activity was higher in transgenic A. annua plants
than in non-transgenic shoot lines. The enzyme activity
was higher in transgenic line T4, T6, and T7 (Fig. 4).
Whether the higher enzyme activity would result in a
corresponding increase in the artemisinin content in
transgenic A. annua was determined by analyzing arte-
misinin content by HPLC. The artemisinin peak was
detected at 5.2 min (retention time) using 100 mM phos-
phate buffer in methanol (4:6) as the solvent system. The
results indicated that there was a maximum enhancement
of artemisinin content in transgenic line T4 (followed
by T6 and T7) of 38.9% (0.6 mg/g DW) relative to the

M +4ve -ve T1 T2 T3 T4 15 T6

M +ve -ve T7 T8 T9 TI10 T11 TI12

0.75hp

P WTI T2 T3 T4 T5 T6 T7 T8 T9

M W TL T2 T4 T5 T6 T7 T9

1.28kb

Fig. 3 Reverse transcriptase-PCR analysis of total RNA isolated
from transgenic A. annua L. Lanes: M Ladder, W non-transgenic
control plant, 7/-T9 transgenic plants

artemisinin content in non-transgenic (0.37 mg/g DW)
A. annua plants (Fig. 5).

Discussion

Evidence is accumulating that implicates HMGR as an
important control point for MVA biosynthesis in plants
(Bach 1986; Maurey et al. 1986; Stermer and Bostock 1987,
Gondet et al. 1992; Mauji Ram et al. 2010). There are
several studies showing a strong correlation between HMG-
CoA reductase activity and the biosynthesis of isoprenoid
compounds as HMG-CoA reductase regulates the carbon
flux from primary to secondary metabolism, leading to the
synthesis of these compounds (Chappell 1995; Bach 1986).
A strong correlation between HMG-CoA reductase activity
and artemisinin content has been observed, confirming the
involvement of this enzyme in the MVA pathway in
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w

T1 T2 T4 T5 716 T7 T5 W
Transgenic lines

Fig. 4 HMGR activity in non-transgenic (W) and transgenic lines of
A. annua L. Values in parenthesis are percentage enhancement of
HMGR activity in transgenic shoot lines relative to non-transgenic
shoot lines. MVA Mevalonate

M artemisinin
content{ug/gdw)

700 q

(38.9%)

(26.6%)

600

(14.8%)
(7.69%)
(21.6%)
(22.2%)
(non-transgenic)

(3.1%)

500 A

400 4

300

200 A

100 A

Artemisinin content (ug/gdw)

04

1 7172 T4 T5 T6 T7 T9 W
Transgenic lines

Fig. 5 Level of artemisinin in non-transgenic (W) and transgenic
lines of A. annua L. Values in parenthesis indicate percentage
enhancement of artemisinin content in transgenic shoot lines relative
to non-transgenic shoot lines. dw Dry weight

artemisinin biosynthesis (Abdin et al. 2003; Mauji Ram
et al. 2010). It is most likely, therefore, that overexpression
of the HMG-CoA reductase gene may channel more carbon
towards the synthesis of artemisinin in genetically trans-
formed A. annua L. plants. A considerable body of literature
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also exists on the transgenic alteration of HMGR in plants
and the effects of these alterations on cytosolic isoprenoid
production (sesquiterpene phytoalexins and phytosterols).
As reported by Chappell (1995), overexpression of the
hamster HMG-CoA reductase gene in tobacco led to a
three- to sixfold and three- to tenfold increase in HMG-CoA
reductase activity and sterol content, respectively. Trans-
genic roots of Solanum aviculare Forst. containing extra
copies of an HMGR gene accumulated up to 4.2-fold more
steroidal alkaloid solasodine (Argdlo et al. 2000). Ayora-
Talavera et al. (2002) reported overexpression in Catha-
ranthus roseus L. hairy roots of a truncated hamster HMGR
gene. One transgenic hairy root (clone 19) with a low
hybridization signal had high soluble HMGR activity and
produced high levels of campesterol and five- to sevenfold
more serpentine than the control.

In a recent study performed in our laboratory, hmgr
from Catharanthus roseus (L) G. Don was overexpressed
in a low artemisinin-yielding variety of A. annua (0.03%
artemisinin; Aquil et al. 2009). There was a 22% increase
in artemisinin content in the shoots of one of the transgenic
lines when compared with the non-transgenic A. annua
plants.

In this study, we transformed a high artemisinin-yielding
variety of A. annua with the hmgr gene from C. roseus
tagged with the 35S promoter and analyzed its transfor-
mation and regeneration potentials. We also studied the
impact of the constitutively overexpressed hmgr gene in
transgenic lines of A. annua L. on HMG-CoA reductase
activity and artemisinin contents. Our results confirmed the
higher transformation and regeneration potentials of the
A. annua L. plants used in our study compared with
the results obtained by Aquil et al. (2009) earlier. Further,
the artemisinin content of different transgenic lines of
A. annua L. was found to be higher than that of the trans-
formed lines of A. annua L. developed by Aquil et al.
(2009). The increment in artemisinin was up to 38.9%
(0.6 mg/g DW) in one of the transgenic shoot lines (T4),
possibly due to higher hmgr expression in the transgenic
lines. This finding was in accordance with a recent study
performed by Mauji Ram et al. (2010), in which they con-
cluded that HMGR activity limits artemisinin biosynthesis
and its accumulation in A. annua plants as HMGR is the key
regulatory enzyme of the MVA pathway and regulates the
flux of carbon to the artemisinin biosynthesis pathway. The
seven different transgenic lines that we developed varied in
their expression of hmgr at the transcriptional level. This
may be due to positional effect or random integration of the
transgene at nonspecific sites in the plant genome (Prols and
Meyer 1992). In our study, transgenic lines T2 and T9 failed
to show any significant increase in artemisinin content,
while transgenic lines T1 and TS5 showed only a little
increase. This may be due to the insertion of multiple copies
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of the HMGR gene at non-specific sites in the plant genome.
Multiple copies of T-DNA insertions result in gene silenc-
ing in transgenic plants often associated with DNA meth-
ylation in many plant species (Tang et al. 2007). In order to
verify the putative hmgr gene that was isolated from the
genomic DNA of C. roseaus (L.) G. Don, we sequenced and
analyzed the DNA for its similarity with a cDNA sequence
reported earlier (Maldonado et al. 1992). The genomic
DNA sequence possesses only a few polymorphic sites in
the coding region that affect the amino acid sequence
reported earlier (Aquil et al. 2009). CLUSTAL W analysis
revealed that there is very little nucleotide similarity
between the C. roseous and A. annua L. hmgr gene; hence,
no band was detected in the non-transgenic shoots of
A. annua L. in the RT-PCR analysis.

The relatively low rate of effective transformation (2%)
in our study, when compared with an earlier report of a
4-10% transformation frequency in fascicled shoots (Han
et al. 2005), could be due to genetic differences in
A. tumefaciens strains, vectors, and the A. annua L. variety
used for transformation in these studies (Vergauwe et al.
1996).

However, our results clearly demonstrate that the
genetic engineering strategy of over-expressing the hmgr
gene in a high-yielding strain of A. annua is an effective
and suitable means of increasing the artemisinin content of
these plants. Consequently, the development of such plants
will contribute to reducing the cost of artemisinin-based
combination therapy, which may in turn ultimately lead to
improved therapeutic programs against drug-resistant
malaria in developing countries of the Indian subcontinent
and Africa. Although the over-expression of hmgr in
A. annua L. was been shown to enhance artemisinin con-
tent, it would be interesting to evaluate the up-regulation of
downstream enzymes of artemisinin biosynthesis in
A. annua L. strains overexpressing hmgr in order to eval-
uate its impact on artemisinin synthesis and accumulation.
This approach could possibly be an effective genetic
engineering strategy to develop new transgenic varieties of
A. annua L. with yet higher artemisinin content.
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