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Abstract
Artemisinin and its derivatives are phytochemical constituents of genus Artemisia. Demand of these plant secondary
metabolitesis increasing due to their immense therapeutic significance. Besides their established antimalarial role, recent
studies have also disclosed their anticancer potentials. It has made imperative to develop new and efficient sources of these
compounds. Inherent synthetic challenges give biological sources preference over chemical synthesis of artemisinin and its
derivatives. Therefore, genetic improvement of plants and, rather less preferentially, microbes is focus of current research to
gain increase productivity of these valuable drugs. This study has analyzed A. dubiaas potential source of artemisinin and its
derivatives. Transformation of Artemisia dubia was carried out using A. tumefaciens strain LBA 4404 containing rolA gene
constructed on pRB 29. Healthy and acclimatizable transgenic plants were produced using optimized concentrations of BAP
and NAA. Previously acclimatized rol ABC transgenic plants were also In vitro regenerated for comparative analysis of
artemisinin and its derivatives. PCR amplification of rolA gene was done to confirm the integration of T-DNA in transgenic
plants.TLC analysis was performed to evaluate comparative production of artemisinin and derivatives in rolA and rol ABC
transgenic A. dubia. It revealed that rolA transgenic plants contain comparable amounts of these metabolites. Both type
oftransgenic plants manifested the enhancement of other uncharacterized compounds as well. Besides systematic
optimization of In vitro regenerative protocol for Artemisia dubia, relative regeneration ability of rol transgenic and control
plants was also assessed at four regenerative stages. It was observed that unlike control, rol transgenic plants showed best
root induction only on combination of auxins and cytokines. It was concluded that rol genes transformation of plants is an
efficient tool to enhance their secondary metabolites production. RolA transgenic A. dubiaare cultivable, viable and efficient
source of artemisinin and its derivatives to meet their ever-growing demands.
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Introduction
Artemisia dubia belongs to family Asteraceae and
contains secondary metabolites of medicinal interest.
Production of these valuable compounds in large
quantities has been focus of recent research to combat
lethal diseases like malaria and cancer. Genetic
transformation is an effective molecular tool that has been
employed to achieve this end. It is long maintained that
rol genes transgenic plants contain increased secondary
metabolites content. These genes are strong activators of
secondary metabolism (Shkryl et al., 2007). It has been
observed that rolB and rolC (probably rolA as well) act
antagonistic to each other (Maurel et al., 1991).
Therefore, use of one rol gene at a time has been
described by Christophe et al., 1991 to be a worthy choice
to increase plant secondary metabolites productivity.Plant
transgenic studies involving rolA gene have shown that it
possesses huge potential to enhance the secondary
metabolites production in various plants. For instance, in
case of Tobacco and Rubia cordifolia, it incredibly
increased nicotine and anthraquinone production,
respectively (Bulgakov et al., 2002). Previous studies also
support rol genes enhancement of secondary metabolites
in Artemisia dubia. Mannan et al. (2008) transformed
Artemisia dubia with rol genes using LBA 9402 and 8196
strains of Agrobacterium rhizogenes and observed
increased fresh weight of hairy roots and artemisinin
contents. Kiani et al. (2012) carried out A. rhizogenes and
A. tumefaciens-mediated transformation of Artemisia
dubia with rol ABCgenes and observed increased

artemisinin contents in transgenic plants and hairy roots.
Other studies reveal that A. dubiaexhibits huge
proliferative potential (Kryzeviciene et al., 2010 and
manifests anticancer (Huang et al., 2010), Brine-shrimp
cytotoxic, antimicrobial (Haq et al., 2012) and
allelopathic activities (Pudel et al., 2005). Hence rolA
gene transformation of A. dubia possessing medicinal
values is essentially plausible scientific venture.
Natural plant pathogens have long been exploited to
produce genetically superior plants. Studies, especially,
using A. tumefaciens, have now culminated into
remarkable systems. As for example, A. tumefaciensmediated TMV-based viral vectors transfer has enhanced
the production of green fluorescent proteins (GFP) upto
103 and more than106 folds in Nicotiana benthamiana and
Nicotiana tabacum, respectively, literally turn the plants
into factory of these secondary metabolites (Marillonnet
et al., 2005). It suggests that optimization of A.
tumefacienes-mediated transformation system can help
scale up the production of artemisinin derivatives.
Artemisinin and its derivatives manifest diverse
potentials of immense value.Lateclinical trials showed that
antimalarial artemisinin is also effective for treatment of a
variety of cancers, including leukemia, breast, colon,
prostate and brain cancers (Maria et al., 2003). It
selectively kills cancer cells by making use of their
rapacious appetite for iron (Narendra & Henry, 2001).
Semisynthetic derivatives of artemisinin exhibit great
anticancer potentials (Thomas et al., 2005). WHO has
recommended their use in ACTsas well to combat malaria
(Anon., 2006). Artemether/lumefantrine, artesunate-
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amodiaquine and dihydroartemisinin-piperaquine are
artemisinin derivatives-based drugs commonly in vogue
today (Issaka et al., 2007). Artemether, arteether, artesunate
and dihydroartemisinin are notable artemisinin derivatives
of therapeutic importance.Cytotoxic, anti-proliferative,
anti-angiogenic(Maria et al., 2003), anti-cytomegalo
(Suzanne et al., 2006) and hepatitis B virus(Marta et al.,
2005)and anti-tuberculosis (Marvin et al., 2011) are
remarkable activitiesshown by these compounds.These
drugs inhibit proliferation of human lymphoblastic,
xenografted Kaposi’s sarcoma and cancer cells(Efferth &
Thomas, 2006). Artemisinin conjugates induce apoptosis in
breast cancer cell lines (Woong et al., 2007). Additionally,
these compounds inhibit brain glioma growth and arrest
thecell cycle at G2phase in ovarian and human pancreatic
cancer cell lines (Yang et al., 2007). Nuclear receptor
modulation, interference with cell migration (Gary &
Shyam 2009) and disruption of iron hemostasis (Narendra
and Henry, 2001) are oxidative damage independent routes
of action for artemisinin and its derivatives.
Research has been accelerated to discover and improve
sources of these valuable compounds. Inherent challenges
associated with synthetic means of production, limit the
generation of artemisinin diversity. Therefore, Njuguna et al.
(2012) emphasized on developing biotransformation systems
for artemisinin derivatives. Azerad and Robert in 2012
attempted on microbes to generate molecular diversity and
overexpression of these drugs. However, in planta
production of these compounds from transgenic plants with
improved secondary metabolism are intriguing for various
reasons (Kirsi et al., 2004). Moreover, development of
improved and stable transgenic systems can be useful for
their further agrotechnological exploitations.
The aim of this project was to develop Agrobacterium
tumefaciens-mediated genetic transformation of Artemisia
dubia with rolA gene and evaluation of different rol genes
transgenic plants for artemisinin and derivatives.
Micropropagation and transformation conditions of A.
dubia were reported by Kiani et al. (2012) during
transformation of the same plant with rol ABC genes. The
same method was followed to regenerate explants and
induction of roots and shoots except where conditions were
optimized to conform to present study.
Materials and Methods
Plant material: Plants used in this research work were
growing in green house of Plant Molecular Biology
Laboratory, Quaid-i-Azam University, Islamabad, under
natural conditions for last six months before work. They
were at juvenile lush green stage, bearing profuse leaves
and fast growing tips.
Explant sterilization and culturing: Sterilization of
explants taken from A. dubia was achieved by following
the protocol described by Kiani et al., 2012. Stem
explants of A. dubia containing node (s) were washed
under running tape water for 10 minutes. Five subsequent
washes with double distilled water were given before
blotting. Explants treated with 15% bleach, 80% ethanol
and 0.1% mercuric chloride for 6 minutes, 3 minutes and
10 seconds, respectively, showed maximum regeneration
and reduced contamination.

Bacterial strains: Agrobacterium tumefaciens strain LBA
4404 carrying rolA gene constructed on pLBR29 was used
for transformation. Bacterial cultures (50µl) were grown in
50ml LB medium (Tryptone; 1 g/l, Yeast extract; 0.5 g/l,
Sodium chloride; 1 g/l) and incubated at 28oC at 120
rpm/minute overnight in orbital shaker incubator. Cultures
were streaked on Luria Agar andsingle colony was added in
fresh LB medium containing 0.05 mg/l kanamycin. Double
selection was also given to assert the growth of genuine
cultures. These cultures ofA. tumefaciens were used after
PCR confirmation.
Agrobacterium tumefaciens- mediated transformation
of A. dubia: Stem explants were regenerated on MS
medium containing 0.05 mg/l BAP. Plantlets were
precultured on MS medium supplemented with 1 mg/l
BAP. Co-cultivation medium was comprised of MS added
with 0.1 mg/l BAP and 0.02 mg/l acetosyringone.
Explants were washed with liquid half MS containing
0.05 mg/l cefotaxime and shifted on selection medium.
Selection medium was same as mature shoot induction
containing 0.1 mg/l cefotaxime and 0.25 mg/l kanamycin
respectively. Shoots were subcultured on either mature
shoot or multiple shoot induction medium. Roots were
induced by different hormonal concentrationsfor
transgenic and control plants in half strength MS medium.
Molecular Analysis
Polymerase chain reaction: Genomic DNA from rolA,
rol ABC transgenic and control A. dubiawas isolated by
using method described by (Ahmed et al., 2009) to
perform molecular analysis.Plasmid (pLBR29) DNA was
also isolated using alkaline lysis method from LBA 4404
stain of A. tumefaciens.A programmed DNA thermal
cycler (Biometra, USA) was used for PCR analysis.
Forward (5’-AGAATGGAATTAGCCGGACTA-3’) and
reverse primer (5’-GTATTAATCCCGTAGG TTTGTT3’) ofrolA gene were used. PCR reaction was carried out
in 25 µl final reaction volume containing 50 ng DNA
templates.Thermal cycling conditions were adjusted to 35
cycles for 5 minutes at 94ºC, 1 minute at 53- 55°C and 1
minute at 72ºC. An aliquot of 10 ul PCR product was run
on 2% w/v agarose gel for molecular analysis of plants.
Thin layer chromatographic analysis of transgenic and
control A. dubia
Extraction of artemisinin and derivatives: Dried leaves
and stems of rolA, rol ABC transgenic and control A.
dubia were micronized separately and mixed with HPLC
grade toluene, acetonitrile and methanol in a ratio of 6: 7:
7 or 1: 1 acetonitrile and methanol solvent mixture.
Further uniformity was achieved with the help of
homogenizer. Cell walls disruption percentage was
supposed to increase in homogenizer. Mixture was
sonicated and vigorously shaken with intervals of 5
minutes for 1 hour. Disrupted cell debris was centrifuged
for 10 minutes at 13000 rpm. Supernatant was taken and
used to mark spot on TLC plate to run against standards.
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Preparation of standard solutions: Initial stock
solutions of artemisinin, artemether and artesunate were
prepared at the concentration of 10mg/ml. Final
concentration of 1mg/ml of standards was achieved to be
used for TLC analysis. Samples were sonicated a little
for complete dissolution and kept at -20oC immediately
for further use.
Mobile phase for TLC analysis: Methanol and
acetonitrile were used in 2: 1 ratio as mobile phase.
Mobile phase was optimized on the basis of spot
separation.
TLC analysis of artemisinin, artemether and
artesunate: Reverse phase TLC (2.5× 6.5cm was cut
and spots were marked on the line drawn 1cm above the
edge with lead pencil equidistance apart. Standards (0.7

701

µl) were marked alongside the plants samples. Extracts
ofrolA, rol ABC transgenic and control A. dubiawere
employed to analyze the presence of artemisinin,
artemether and artesunate against the standards.
Results
In vitro regeneration of Artemisia dubia: Stem explants
of Artemisia dubia bearing node(s) were cultured. A small
bunch of tender leaves, sharing a common origin,
appeared at the node that was excised off and shifted to
for mature shoot induction. Mature shoots were cultured
for induction of multiple shoot. Shoots were grown on
half MS containing NAA for roots induction. Unaided
NAA produced thin and a few number of roots in
transgenic plants. Use of BAP in combination with NAA
improved the roots induction (Fig. 1).

a) Stem explants of A. dubia

b) Regenerating explants

c) Excised explants

d) Mature shoot induction

e) Multiple shoot induction

f) Root induction

Fig. 1. In vitro regeneration scheme of Artemisia dubia.

Agrobacterium tumefaciens- mediated rolA gene
transformation of A. dubia: Plantlets growing at nodes
of stem explants were excised and directly used as
explants for transformation of Artemisia dubia. Average
size of the explants ranged from 2-3cm. Explants were
pre-cultured for three days on mature shoot induction
medium. Petri plates were kept at growth room at 26°C
± 2 with 16/ 8 hours light dark cycle and light intensity
maintained at 1000 lux. Pre-cultured explants were cocultivated for two days. Co-cultivation involved the
infection of explants regaining their lost vigor and

manifesting swollen appearance prepared with A.
tumefactions strain LBA 4404 for 3 minutes. Optical
density of culture of A. tumefactions used for infection
was found optimum in the range of 0.6-0.8. After cocultivation, explants were washed and shifted on
selection medium. They were transferred on new
medium every week with reduced concentration of
antibiotics each time. Transferto fresh selection medium
was made weekly during the first month as described by
Kiani et al., 2012. Explants growing into mature shoots
were cultured on multiple shoot induction medium.
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Mature shoots were cultured on rooting medium.
Percentage induction of roots, shoots and multiple
shoots was calculated for rolA and rol ABC transgenic
A. dubia along with control plants.
Effect of infection time on explants survival and
regeneration: Time of infection was optimized on the
basis of explants survival rate and bacterial overgrowth
during co-cultivation. Explants were subjected to
infection for 2, 4, 6, and 8 minutes and put on cocultivation medium for 2 days. Greatest survival and
regeneration response was observed among the explants
that were incubated for 2 minutes (Fig. 2). Further
increase in infection timing decreased the efficiency of
regeneration. Infection of explants for 2 minutes produced
64% explants survival efficiency whereas explants
infected for 4 minutes with A. tumefaciens, only produced
52% efficiency.

Fig. 2. Effect of incubation period on survival and regeneration
of explants.

Molecular analysis of transgenic plants: Molecular
analysis of putative transformed plants was performed by
amplifying rolA gene by polymerase chain reaction to
confirm the transformation of Artemisia dubia. PCR
products of both plasmid and genomic DNAs were
resolved on agarose gel. Amplified products of five
transgenic lines of putative rolA along with rol ABC
genes transformants and positive control were
systematically loaded in the wells. PCR product of
pLBR29 plasmid served as positive control. Gel
electrophoresis resolved a band of 308 bp in each well,
which is the PCR product size of rolA gene (Fig. 3). It
confirmed the presence of rolA gene in all the samples,
endorsing the successful transformation.
Biochemical analysis of transgenic A. dubia by thin
layer chromatography: TLC analysis of artemisinin and
its derivatives was optimized using two different
extraction systems and mobile phases. Plants transformed
with rolA, rol ABC genes construct and untransformed
plants were crushed to extract artemisinin, artesunate and
artemether. Samples were spotted against standards for
qualitative analysis. It was evident from the TLC analysis
that untransformed plants show lighter spots than rol
genes transgenic A. dubia (Fig. 4). Transgenic plant spots
appeared invariably denser under same conditions and
concentrations. A. dubia transformed with rolA and rol
ABC genes manifested comparable spots. Moreover, there
were other spots that were observed prominently
expressed in transgenic plants.

Fig. 3. Polymerase Chain Reaction (PCR) amplified rolA
transgene of 308bp PCR product size (against 1kb ladder, L). First
five bands (1, 2, 3, 4 and 5) represent five rolA transgenic lines of
A. dubia (T1, T2, T3, T4, T5); 6th and 7th band represent rol ABC
transgenic A. dubia; 8th and 9th bands show positive control.

Percentage efficiency of rolA gene transformation of A.
dubia: Transformation of Artemisia dubia with rolA gene
appeared sensitive to many factors. Time of infection,
optical density of cultures and texture of explants had
great impact. Percentage transformation efficiency was
calculated to be 64% by using formula:
Number of PCR – Positive plants survived
Total number of explants

1 23456
X 100
Fig. 4. TLC analysis of rol transgenic and control A. dubia.
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produced long and abundant roots. On contrary to
controls, rolA and acclimatized rol ABC genes transgenic
A. dubia produced improved roots on combination of
NAA and BAP. At early stages of development, the color
of the leaves of the transgenic plants was observed light
green with delicate texture which reverted to dark green
color during successive progression. It was observed that
while control plants developed inflorescence, rolA
transgenic plants were still short of maturity.
Inflorescence was tightly packed in case of transgenic
plants. In the beginning, overall size of transgenic plants
always lacked behind the controls with gradual
improvement in dwarf morphology. Acclimatized rol
ABC transgenic A. dubia showed rol gene transgenic
characteristics but they were hardly distinguishable at the
later stages of development from control plants.
Fig. 5. Graphical representation of In vitro regeneration of rolA,
rol ABC and control A. dubia

Two spots on extreme left (1 and 2) and first spot on
extreme right (6) represent standards i.e. artemisinin,
artemether and artesunate, respectively. 3, 4 and 5 show
TLC separation of extracts of rol A, rol ABC transgenic
and untransformed A. dubia, respectively.
In vitro regenerative analysis of transgenic and
untransformed A. dubia: Four parameters i.e. explants
regeneration, mature shoot, multiple shoot and root
induction were observed during the micropropagation and
regeneration of transgenic and untransformed A.
dubia.RolA, Rol ABC genes transformed and controlA.
dubia showed different percentage inductions for these
parameters (Fig. 5). It can be seen that untransformed
plants show better regeneration than transgenic plants.
Comparative analysis of rolA and rol ABC transgenic
plants showed that acclimatized rol ABC transgenic plants
regenerate rather better compared to In vitro regenerated
rolA transgenic plants.
Roots induction of rol transgenic Artemisia dubia: For
root induction, 7-8 cm long mature shoots of rolA
transgenic A. dubia were cultured on rooting medium i.e.
half strength MS (Murashige & Skoog, 1962) medium
containing combination of NAA and BAP. Like
acclimatized rol ABC transgenic plants, rolA transformed
plants showed better rooting on 0.5 mg/l NAA along with
the supplementation of 0.1 mg/l BAP. Comparatively,
roots induction in afresh rolA transgenic mature shoots
was rather less efficient and irregular than
micropropagated acclimatized rol ABC transgenic plants.
Morphological analysis of rolA transgenic and
untransformed plants: RolA gene transgenic A. dubia
showed characteristic wrinkled leaves which were curled
towards the stem. Surface area of the leaves was reduced
compared to control plants. At mature shoot induction
stage, the distance between the two nodes was much
shorter in transgenic plants. RolA transgenic A. dubia
exhibited irregular pattern of root induction.
Underdeveloped delayed, relatively stunted and thin roots
were observed in case of transgenic plants when grown on
NAA alone whereas untransformed plants invariably

Discussion
Plants produce secondary metabolites numerous of
which carry medicinal values (Verpoorte et al., 2002 and
Mannan et al., 2007). Their production can be escalated by
genetic transformation and rapid propagation of transgenic
plants (Vasil, 1998). Transgenic studies have described that
single rol gene transformation may be powerful tool to
manipulate the expression of plant secondary
metabolism(Christophe et al., 1991) because of
antagonistic effects of these genes (Maurel et al.,
1991).This study reports an increase in artemisinin and
derivatives by rolA gene transformation in Artemisia dubia.
Mannan et al. (2008) and Kiani et al. (2012), in their
independent studies, have already informed about increased
secondary metabolite synthesis in rol transgenic A. dubia.
Stem explants of A. dubiawere used for
micropropagation of plant material. Meristematic tissues
at the nodes make them plausible choice as explants.
Uncertainty of availability and germination of
seedsfrequently urges to develop explant based In vitro
regeneration systems.
Besides, direct plantlets
regeneration gives a faster and easier method of tissue
culturing compared to the protocols involving callus
induction. Explants were precultured that allows cells to
elongate and divide actively and renders them prone to
infection and withstand following stresses (Christian et
al., 2006). Healthy and rejuvenated explants were cocultivated for 2 days. Factors like explant texture and
optical density of bacterial culture affect the incubation
period. An explants infection period of 2 minutes
produced 64% explants survival efficiency whereas those
infected for 4 minutes with A. tumefaciens, only produced
52% efficiency and showed delayed rejuvenation. But
former could not survive on medium containing
kanamycin whereas the latter resulted in survival of
almost 85% explants on selection. This fact is also
supported by the results of Kiani et al. (2012) who
infected explants of A. dubia for 5 minutes.Various
factors reduce the transformation efficiency and
transgenic lines generated. Of the surviving putative
transgenic plants, many were not able to make it through
subsequent shifting and subculturing. Polarity and
necrosis affect the survival rate of explants. Upright
position of explants brings about better regeneration
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frequencies (Garcia Luis et al., 1999). Orientation also
defines the nutrient and oxygen provision to explant
(Garcia Luis et al., 2006) and determines morphogenic
pathways as well. Explants necrosis can be related to
delicate texture and virulence of Agrobacterium. Many
studies have used antioxidant agents to overcome this
problem (Marc, 1990).
Our work analyzed artemisinin and derivatives in
leaves and stem extracts of A. dubia. Highest artemisinin
content has been reported by Xiang et al. (2012) in leaves
followed by stems, flowers and roots. In case of
artemisinin and derivatives, it is suspected that
wavelength absorbed by these metabolites is also
absorbed by other compounds in the extracts. Therefore,
TLC method of analysis was optimized that overrules any
such confusion. It may further be used for quantification
of spots by densitometer. Enhancement of secondary
metabolites under consideration was observed as good for
rolA gene asrol ABC construct. However, latter was
revealed exertingal though antagonistic, still somehow
compensatory effects. Nonetheless, onlya marginal
difference in increase of secondary metabolites is reported
for single and combined rol genes. In addition to rol
genes, variable synthesis of secondary metabolites in
transgenic plants can also be attributed to various
components of medium and tissue culture conditions.
Temperature and pH determine the activity of plant
enzymes and exert significant blow on their biosynthesis.
Carbon source, different auxins and cytokines
(Chattopadhyay et al., 2002), phosphate to nitrogen ratio
in medium (Ramachandra & Ravishankar, 2002),
photoperiod (Wenbin et al., 2002) and humidity
(Chiachung Chen, 2004 and Zia et al., 2007a&b) greatly
impact the production of these metabolites. Besides
artemisinin, artemether and artesunate our results have
also shown many other denser spots in case of rol
transgenic A. dubia that were observed just about
detectable in controls. These compounds can be other
derivatives of artemisinin and characterized using
different standards.
Characteristic morphology of rol genes transgenic
plants can be ascribed to ethylene levels. Transgenic
plants produce 40 times more ethylene than wild type.
Studies have proved that increased ethylene production
affects the proportions of morphology and phenotype of
plants (Salisbury and Ross, 1991). During In vitro
regeneration of transgenic plants, growth medium
contents (Jin et al., 1995) and rol genes affect the cellular
differentiation (Kiselev et al., 2007). Differential growth
of leaf and root tissues caused by rol genes can also be the
reason of different morphology (Casanova et al., 2005;
Christensen & Muller 2009). These traits have also been
observed in rol genes transgenic tobacco, potato and
tomato plants (Michael et al., 1998).
Christophe et al. (1991) suggested that some
cellular responses to auxins could be selectively altered
by even a single rol gene. Transgenic plants were
observed sensitive to auxins by factors up to 104.Now it
is well established that rol genes induce auxins
production (Maurel et al., 1991). These genes also cause
hormonal imbalance and modulation of cell growth. It is

also the reason why rol transgenic plants would require
different PGRs concentrations for roots induction as
compared to controls. Comparative In vitro regenerative
and morphological analyses can help further improve the
features of rol transgenic plants for agronomic scale
cultivation. It may be transcended to develop same
systems for geographically and genotypically related
species (Block, 1988; Sung et al., 2003). Our results
show that not only acclimatized rol transgenic plants
manifest almost as good regeneration as controls but
also better micropropagation. Hence, it suggests that rol
transgenic A. dubia can be used to harness artemisinin
and derivatives.
Conclusion
In Artemisia dubia rolA gene significantly
enhanced the production of artemisinin and its
derivatives.RolA gene transformation of A. dubia
proves single rol gene transformation to be exceedingly
effective that can help meet the increasing demand of
artemisinin and derivatives. It can be safely predicted
that transgenic system optimized in this study
canproduce same results for other plant secondary
metabolites of different plant origin.
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