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Artemisinin is frequently used in the artemisinin-based combination therapy to cure drug-resistant malaria in Asian
subcontinent and large swath of Africa. The hairy root system, using the Agrobacterium rhizogenes LBA 9402 strain to
enhance the production of artemisinin in Artemisia annua L., is developed in our laboratory. The transgenic nature of
hairy root lines and the copy number of transgene (70! B) were confirmed using polymerase chain reaction and Southern
Blot analyses, respectively. The effect of different concentrations of methyl jasmonate (MeJA), fungal elicitors
(Alternaria alternate, Curvularia limata, Fusarium solani, and Piriformospora indica), farnesyl pyrophosphate, and
miconazole on artemisinin production in hairy root cultures were evaluated. Among all the factors used individually for
their effect on artemisinin production in hairy root culture system, the maximum enhancement was achieved with
P. indica (1.97 times). Increment of 2.44 times in artemisinin concentration by this system was, however, obtained by
combined addition of MeJA and cell homogenate of P. indica in the culture medium. The effects of these factors on
artemisinin production were positively correlated with regulatory genes of MVA, MEP, and artemisinin biosynthetic
pathways, viz. hmgr, ads, cyp7lavl, aldhl, dxs, dxr, and dbr2 in hairy root cultures of 4. annua L.

Keywords: malaria; A. annua L.; artemisinin; hairy root cultures

Abbreviations: ACT, artemisinin-based combination therapy; ADS, amorpha-4,11-diene synthase; ALDHI, aldehyde
dehydrogenase 1; BS, Gamborg’s medium; CYP71AV1, cytochrome P450 monooxygenase; DBR2, artemisinic aldehyde
double bond reductase; DW, dry weight; DXS, 1-deoxy-d-xylulose 5-phosphate synthase; DXR, 1-deoxy-d-xylulose 5-
phosphate reductoisomerase; HMGR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; HPLC, high-performance

liquid chromatography; MS, Murashige and Skoog; qPCR, quantitative polymerase chain reaction

Introduction

Artemisinin is currently used for the production of
artemisinin-based combination therapy (ACT) to treat
drug-resistant and cerebral malaria (White 2008). It has
also been found effective against various infectious
diseases such as schistosomiasis, HIV, hepatitis-B, and
leishmaniasis (Borrmann et al. 2001; Romero et al. 2005;
Sen et al. 2007). Artemisinin has shown effectiveness
against a variety of cancer cell lines including breast
cancer, human leukemia, colon cancer, and small cell lung
carcinomas (Efferth et al. 2001). The current production
of artemisinin is 232-262 metric tons (MT) and global
demand is 289 MT (Source: A2S2 market intelligence,
2012) for its use in the manufacturing of ACT. The
diversification of its use in other diseases, however, may
increase its demand further in near future. At present,
the sole source of commercial artemisinin is Artemisia
annua L. plants, where the artemisinin production is
subjected to seasonal and environmental changes (Luo &
Shen 1987). Moreover, the artemisinin concentration in
the plant is very low (0.01-1.1% dry weight [DW]). Due
to these limitations, the commercialization of drug in the
regions of the world with prevalence of drug-resistant
malaria is a serious problem (Liu et al. 2006). To
overcome these problems, efforts are being made world-
wide to enhance its biosynthesis employing biochemical

and molecular approaches (MaujiRam et al. 2010; Aftab
etal. 2010, 2011; Alam & Abdin 2011; Alam et al. 2014;
Tang et al. 2014). The chemical synthesis of artemisinin
is complicated and economically unviable due to the
poor yields (Haynes 2006). The biotechnological approaches
such as metabolic engineering of microbes and plants are
alternative methods to produce artemisinin (Ro et al. 2000).
These strategies are, however, still at developmental phase
and economically not viable. In vitro culture of 4. annua L.
is used as an alternative source for the production of artemisi-
nin throughout the year, as the production of artemisinin
employing this system is independent of geographical,
seasonal, and environmental factors (Rao & Ravishankar
2002). Among in vitro culture methods, hairy roots provide
better advantage over cell suspension such as high growth
rate, genetic stability, and growth in hormone-free media
(Guillon et al. 2006). They can also be used as an
experimental system to study secondary metabolism (Bais
et al. 2001). The efforts have been made in past on large-
scale production of artemisinin through optimization of hairy
root system (Giri et al. 2001; Xie et al. 2001; Liu et al. 2002;
Putalun et al. 2007), but the yield was very poor. There have
been reports, where variations in secondary metabolite
contents among the hairy root lines, induced from same
plant or different parts of the same plant, were also observed
(Kim et al. 2002).
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Enhancement of secondary metabolites by elicitation
is also now used in commercial production. The use of
biotic or abiotic stress on tissue cultures has been shown
to have an effect on the secondary metabolite accumu-
lation. Elicitors are mainly of microbial origin or non-
biological origin, which upon contact with higher plant
cells trigger the increased production of pigments,
flavones, phytoalexins, and other defense-related com-
pounds (Jaleel et al. 2009). Methyl jasmonate (MeJA) is
a well-known signal molecule that induces reprogram-
ming of gene expression and elicits the pathway of
secondary metabolism in plant cells (Pauwels et al.
2008). Effect of various treatments like MeJA on hairy
root culture (Patra et al. 2013) and miconazole on cell
suspension culture (Caretto et al. 2011) of A. annua
L. has been reported earlier. Effect of an oligosaccharide
elicitor (OE) induced nitric oxide (NO) from Fusarium
oxysporum mycelium was observed on 4. annua L. roots
(Zheng et al. 2008). Stimulation of artemisinin produc-
tion in hairy roots was also done by the OE from an
endophytic fungus Colletotrichum gloeosporioides of
A. annua L. (Wang et al. 2002, 2006). A significant
enhancement in artemisinin content has been achieved in
A. annua L. shoots by co-cultivating with Piriformos-
pora indica (Sharma & Agrawal 2013). Effect of
Aspergillus oryza and Penicillium chysogenum 3446
strain (Liu et al. 1999) on artemisinin production was
also observed on hairy root cultures of 4. annua L. Liu
et al. (2009) reported that jasmonic acid increases the
density of glandular trichomes on A. annua leaves and
enhances artemisinin production. P. indica, a root
endophytic fungus functions as a plant growth promoter
and biofertilizer in nutrient-depleted soils. It also acts as
a bioprotector against a variety of pathogens and insect
invaders (Oelmuller et al. 2009). The fungus has shown
growth-promoting and yield enhancement activities on a
variety of host plants such as maize, tobacco, and
Bacopa monnieri (Varma et al. 1999, 2001). Precursors
and inhibitors of secondary plant metabolic pathways
have also proved to be an effective way to enhance
secondary metabolites in hairy root cultures. Miconazole
is an antifungal compound, known to inhibit sterol bio-
synthesis and to redirect carbon flux toward the terpe-
noid pathway (Kudakasseril et al. 1987; Zarn et al.
2003). Effect of farnesyl pyrophosphate (FPP) was
observed on Centella asiatica and Ginkgo biloba cell
cultures (Kiong et al. 2005; Kang et al. 20006).

Though a lot of work has been done on elicitation in
hairy root cultures, the effect of FPP and miconazole has
not been reported earlier. Synergistic effect of MeJA and
P indica has not yielded very much enhancement in
artemisinin content in hairy roots of 4. annua L. till now.
Similarly, no correlation has been established between
the effect of these treatments and gene expression of
mevalonate (MVA), methylerythritol phosphate (MEP)
pathway and artemisinin biosynthetic genes in case of
hairy roots yet. In the present study, we, however, report
higher biomass and artemisinin production in hairy root
lines of 4. annua L. with the combined application of
both abiotic and biotic elicitors (MeJA and cell

homogenate [CH] of P. indica) with the effect of FPP as
precursor and miconazole as inhibitor. Simultaneously,
we have also established correlation between the effect
of these treatments on artemisinin production and
expression of MVA, MEP, and artemisinin biosynthetic
genes (hmgr, ads, cyp7lavl, aldhl, dxs, dxr, and dbr2)
using real-time polymerase chain reaction (PCR).

Materials and methods

Plant material

The seeds of 4. annua L. (0.6-0.8% artemisinin), obtained
from Centre for Transgenic Plant Development, Jamia
Hamdard, New Delhi 110062, India, were washed in 1%
Savlon, surface sterilized with 70% ethanol for 1 min and
rinsed thrice using sterile water. This was followed by
treatment with 0.01% w/v mercuric chloride for 2 min and
washed again with sterile water for 4-5 times. For
germination, sterilized seeds were then placed on Mura-
shige and Skoog (1962) medium containing 3% sucrose
and 1% agar at 25 = 1°C under 16/8 hours light/dark
regime. After seed germination, the seedlings were grown
in culture room for a period of 45 days prior to harvesting
for explants.

Hairy root culture development and maintenance

Hairy roots of A. annua L. were initiated by infecting
leaf discs with Agrobacterium rhizogenes (LBA9402)
(Ahlawat et al. 2012) and maintained by transferring
1.8 g of fresh root every 20th day in 250 ml Erlenmeyer
flask filled with 40 ml liquid BS (Gamborg et al. 1968)
medium supplemented with 30 g 17" sucrose for 3 weeks
on a gyratory shaker at 80 rpm and 25 £+ 1°C under 16/8
hours light/dark photoperiod. The fresh weight used for
inoculation was calculated from the ratio of the fresh
weight to DW, which was equal to 12.

PCR and Southern blot analyses of transformed hairy
root lines

Integration of the TL-DNA (rol B gene) region of the
pRi plasmid was confirmed by PCR analysis in trans-
formed hairy root lines of A. annua L., where plasmid
DNA was used as positive control and wild-type root as
negative control. The rol B-specific primers used to
amplify gene were: forward primer, 5 CAGAATGG
AATTAGCCGGACTA 3’ and the reverse primer,
5" CGTATTAATCCCGTAGGTTTGTTT 3'. PCR condi-
tions for amplification of ro/ B gene included denatura-
tion at 94°C for 1 min, 2 min annealing at 55°C followed
by a 3 min extension at 72°C, and a final extension at
72°C for 7 min. The PCR products were analyzed
through agarose gel electrophoresis.

After PCR analysis, Southern blot was performed to
check the copy number of rol B gene. Genomic DNA
samples (conc. 10 pg), isolated from hairy root lines and
wild-type root, were digested with EcoRI, resolved on
0.7% agarose gel and blotted on a nylon membrane
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(Roche Diagnostic). For hybridization, o/ B gene (750
bp)-specific probe was prepared. The probe was labeled
with digoxigenin using the DIG High Prime DNA
labeling and detection starter kit (Roche Diagnostics,
USA). The blot was probed with the labeled ro/ B gene
at 42°C. After 16 hours of hybridization, the membrane
was checked for hybridization signals to confirm the
stable integration and copy number of transgene by
following the standard protocol (Hamill & Lidgett 1997).

Artemisinin production enhancement strategies in
transformed hairy root cultures

The following experiments were carried out in a 250 ml
Erlenmeyer flask on an orbital shaker running at 80 rpm
and at 25 + 1°C in 16/8 hours light/dark regime.

Elicitation by addition of elicitors

Effect of MeJA was evaluated on biomass (g 1”") and
artemisinin production (mg 17") in hairy root cultures of
A. annua L. MeJA was dissolved in 95% v/v ethanol.
MeJA and equivalent volumes of 95% ethanol were
aseptically added to the cultivation medium at 0, 50,
100, and 250 uM concentrations on 15th day (day of
addition optimized, data not shown) of hairy root
cultivation.

The fungal cultures of Alternaria alternate, Curvu-
laria limata, and Fusarium solani (AA, CL, and FS) were
obtained from the Institute of Microbial Technology,
Chandigarh, India and P. indica (PI) culture was taken
from Dr. Ajit Varma, Amity University, UP, India. All
fungal cultures except P. indica were grown on a liquid
potato dextrose growth medium for 2 weeks under static
conditions at 25 + 1°C in dark by transferring 1 cm? piece
of grown fungi on the solid potato dextrose medium.

P indica cultures were maintained on Kaefer agar
medium (Kaefer 1977) supplemented with 15 g 17" agar
at pH 6.5 and 30 £ 1°C. From these Petri plates, 8-mm
agar discs were punched out with a sterilized cork-borer
and used as such with hairy root culture grown in B5
medium supplemented with 7 g 17! agar (Singh et al.
2013). Discs were kept on 5th, 10th, 15th, and 18th day
to the growing hairy root cultures of A. annua L.

For liquid culture, these discs were inoculated in
500 ml Erlenmeyer flasks containing 100 ml Kaefer
medium without agar at 30 + 1°C on a gyratory shaker at
200 rpm. The 5-day-old cultures were used as inoculum
to grow the fungi. After growth, the fungal suspension
cultures were autoclaved at 15 Ib in~2 and 121°C for 15
min. The autoclaved cultures were filtered, and the
filtrate was denoted as culture filtrate (CF). The cell
residues were washed thrice with sterile water and
homogenized in a mortar and pestle with 20 ml sterile
water under aseptic conditions. The volume was then
made up to 50 ml with sterile water. This preparation
was denoted as the CH. These CFs and CHs of different
fungi were kept in refrigerator at 4—-6°C until further use.
All the biotic elicitors (CH and CF of AA, CL, FS, and
PI) were added at different concentrations (0.5, 1.0, 2.0,

3.0, and 5.0% v/v) on 5th, 10th, 15th, and 18th day to
the growing hairy root cultures of 4. annua L.

MeJA and optimized fungal elicitor were integrated
in order to develop a bioprocess for synergistic enhance-
ment of artemisinin productivity in hairy root cultures of
A. annua L.

Feeding of FPP

FPP was procured from Sigma, USA and filtered. It was
added to the B5 medium at different concentrations (0.0,
0.1, 0.5, and 1.0 mg 1™") on 10th day of cultivation (day
of addition optimized, data not shown). Methanol:
NH4O0H (7:3) solution was prepared for control. Control
samples were treated with equivalent volumes of this
solvent.

Addition of miconazole

Miconazole was procured from Sigma, USA and dis-
solved in dimethyl sulfoxide (DMSO, Sigma). After
filter sterilization, it was added to the B5 medium at
varying concentrations (0, 4, 20, and 40 mg 1™") on 10th
day of inoculation (day of addition optimized, data not
shown). Control samples were treated with equivalent
volumes of DMSO.

Cultures were harvested on 20th day and experi-
ments were performed in triplicate. The hairy root
samples were analyzed for biomass and artemisinin
content.

Estimation of artemisinin

One gram of dried hairy roots was used for the estimation
of artemisinin content using the high-performance liquid
chromatography (HPLC) method (Zhao & Zeng 1986).
The derivatized artemisinin was analyzed and quantified
using reverse phase column (C18, 5 um, 4.6 x 250 mm)
with premix methanol: 100 mM K-phosphate buffer (pH
6.5) in the ratio of 60:40 as mobile phase at a constant
flow rate of 1 ml min~" with the UV detector set at 260
nm. The artemisinin was quantified with the help of
standard curve prepared by HPLC from pure artemisinin
standard solutions with varying concentrations of artemi-
sinin (10-100 pg ml™").

Isolation of total RNA and quantitative PCR analysis
Tissue preparation

Five treatments (1) hairy root culture with MeJA and P,
indica together, (2) hairy root culture with P. indica, (3)
hairy root culture with MeJA, (4) hairy root culture with
miconazole, and (5) hairy root culture with FPP and C
(hairy root without any treatment) were taken for gene
expression studies.
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Table 1. Nucleotide sequences of primers used in qPCR.

Gene Forward primer

Reverse primer

B-actin
3-Hydroxy-3-methylglutaryl
coenzyme A reductase

AGCTCCTGCTCATAGTCAAG
GGGGATCATGGACTCTCGCCGGCGATC GGGTCGACTCATCACTCTCTAACTGAGAG

CCTATCTACGAAGGGTATGC

Amorpha-4,11-diene synthase AAAAGAGGAGGTGCAGAGAC CATACCAACCACTGAAGAGC

Cytochrome P450 GCTCAGCTACAAGGTTATCG GAGATACTGAGGCAAACTGG
monooxygenase

Aldehyde dehydrogenase 1 CTGTAAGGGGAGTATGTTCG TCGGAGTAGTTGGTCACATC

Artemisinic aldehyde reductase GAGCCACAGCTTGTAACC GGAAGTGAGGAGGAAACTAGC

1-Deoxy-d-xylulose 5-phosphate =~ CTTGATCTGTTCCGCAAG CACTGGTTCTATTGGGACTC
reductoisomerase

1-Deoxy-d-xylulose 5-phosphate =~ CTTTCTCAGCGTAGGGGTAT GCTCGTGGTATGATTAGTGG
synthase

RNA extraction

Total RNA was extracted from 100 mg of hairy roots and
normal roots using RNeasy plant mini kit (Qiagen, USA)
according to the manufacturer’s instructions. The RNA
was treated with DNase I (Fermentas, St Leo-Roth,
Germany) to get rid of the genomic DNA. The genomic
DNA contamination was checked by performing qualit-
ative PCR using f-actin as housekeeping gene taking
RNA as a template.

cDNA synthesis

Two micrograms of isolated RNA were reverse tran-
scribed using Long-range reverse transcriptase (Qiagen)
primed with 0.5 pg oligo (dT) 18 primer. The RNA
was removed from the first strand cDNA by RNase
treatment using RNase H (Qiagen) according to the
manufacturer’s instructions. Isolated cDNA was used for
further experiments.

Again endpoint PCR was done using primers for
housekeeping gene (f-actin) to check the cDNA quality
in terms of amplification.

Quantitative PCR

Real-time PCR was performed to check the quantitative
expression of seven genes (hmgr, ads, cyp7lavl, aldhl,
dxs, dxr, and dbr2) of artemisinin biosynthetic pathway
using gene-specific primers (Table 1) and f-actin as the
reference gene on a Mx 5000P quantitative PCR (qPCR)
equipment (Stratagene, India). Dye-based chemistry was
used for the study. cDNA was used as template (1 pl) in
25 pl reactions taking 12.5 ul Power SYBR®Green 2X
PCR Master Mix (Roche), 0.3 umol of each primer
(Sigma), and 9.5 pl of nuclease-free water. The qPCR
cycling was performed at 95°C (10 min) for 1 cycle, 40
cycles at 95°C (15 s), and annealing/extension at 60°C
(1 min). A melt curve analysis was done to check the
primer dimer and other contamination at 95°C (15 s),
60°C (20 s), and 95°C (15 s) for 40 cycles. Samples
were run in triplicate using a no template control in each
of the assays. MxPro analysis software was used for the
cycle threshold (Ct) values. Relative expression analysis
was done using AACT method.

Statistical analysis

All experiments were conducted with three replicates.
Statistical analysis was performed using one-way ana-
lysis of variance followed by Duncan’s multiple range
test. The values are mean + SE for three samples in
each group. P values equal to 0.05 were considered
significant.

Results and discussion

Total 380 hairy root lines were studied and screened for
specific growth rate (day™') and artemisinin content
(mg g~ "). Nine hairy root lines (Al, A2, A3, A4, A5,
A6, A7, A8, and A9) were selected on the basis of
higher specific growth rate (day™") and artemisinin con-
tent (mg g~') among all the induced hairy root lines.
There was a clear-cut difference from one clone to
another in terms of growth rate as well as artemisinin
content (Table 2). These differences may be attributed to
the variation in the location of T-DNA insertion and its
copy number into the plant genome (Tenea et al. 2008).

Confirmation of transformation of hairy roots lines of
A. annua L.

Integration of TL-DNA into plant genome was con-
firmed by the presence of rol B gene employing PCR
and Southern blot analyses of hairy root lines as shown
in Figures 1 and 2, respectively. These hairy root lines

Table 2. Specific growth rate and artemisinin content of hairy
root lines of 4. annua L.

Specific growth  Artemisinin content

S. No. Root line rate (d71) (mg g~ 'DW)
1 Al 0.07 £ 0.001 0.66 £ 0.01
2 A2 0.0005 £ 0.00001 0.20 + 0.01
3 A3 0.0005 £ 0.00001 0.10 £ 0.02
4 A4 0.003 + 0.0001 0.10 £ 0.04
5 A5 0.001 £ 0.0001 0.19 £ 0.02
6 A6 0.002 + 0.0001 0.21 £0.01
7 A7 0.001 £ 0.0001 0.25 £ 0.02
8 A8 0.0001 + 0.00001 0.35+0.03
9 A9 0.001 £ 0.0001 0.25 £ 0.001
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M P N A1 A2 A3 A4 A5 AG AT A8 A9 m

10Kb

1kb
750 bp 750 bp
500 bp

200bp

Figure 1. PCR analysis of 4. annua L. hairy root lines for the
presence of the rol B gene. Lanes: M, 1 kb ladder; P, positive
control (Agrobacterium rhizogenes plasmid harboring ro/ B
gene); N, negative control (normal roots of 4. annua L.), Al-
A9, hairy root lines of 4. annua L. plants; m, 100 bp ladder.

were found to contain either single (A1 A4, A8, and A9)
or multiple copies (A2 A3, A5, A6, and A7) of the
rol B confirming their transgenic nature (Figure 2). It is
interesting to note that all the selected hairy root lines
with higher artemisinin content as compared to normal
roots evidenced ro/ B gene integration (Figure 2). The

PN A1 A2 A3 A4 A5 A6 A7 A8 A9

800 bp

Figure 2. Southern blot analysis of transformed A. annua L.
hairy root lines.

Southern blot analysis of genomic DNA digested with EcoRI
and hybridization with ro/ B-specific gene probe of non-
transformed and transformed hairy root lines from 4. annua
L. plant. Lanes: P, positive control (Agrobacterium rhizogenes
plasmid); N, negative control (wild-type roots); A1-A9, hairy
root lines of A. annua L. plants.

hairy root line Al with single copy of rol B was,
however, found to have higher artemisinin content
(0.66 + 0.01 mg g~") followed by other hairy root lines
(0.10 £ 0.02 — 0.35 = 0.03 mg g~ ') of 4. annua L.
(Figure 2). Higher the number of T-DNA copies means
harboring more number of transgenes involved in the
synthesis of indole acetic acid (IAA; Camilleri &
Jouanin 1991). Under such conditions, one can expect
altered growth and metabolic pattern in root clones. In
the present study, Southern analysis of different clones
showed at least one copy of the T-DNA insert in Al A4,
A8, and A9 and two T-DNA inserts in A2 A3, A5, A6,
and A7 lines; however, there was no correlation
established between the T-DNA copy number and
artemisinin content. This observation clearly indicates
that mere presence of higher number of T-DNA copy
inserts would not cause any increase in growth and
production of secondary metabolites. It was reported
earlier that copy number of T-DNA insertions is not an
important factor of the manifestation of transformed
phenotypes. A single copy transformation is the best
choice to produce stable transgene effect (Lacroix
et al. 2006).

Out of these hairy root lines (A1-A9), Al root line
was selected for the following experiments on the basis
of its maximum specific growth rate (0.07 + 0.001
days™") and artemisinin content (0.66 = 0.01 mg g™ ") for
further experiments.

Effect of elicitors on artemisinin production

Exponentially growing 4. annua L. hairy root cultures
were subjected to different concentrations of MelJA
before sample collection. Hairy root growth was max-
imally increased by 1.14 times (13.4 + 0.56 g I”") in
comparison to ethanol-treated control hairy root cultures
(11.7 £ 0.49 g 1™") upon addition of 100 pM MeJA
(Figure 3a), while 1.64 times artemisinin production
(13.3 £ 0.52 mg 1™") in comparison to ethanol-treated
control hairy root cultures (8.1 + 0.31 mg I7") was
recorded in the present study (Figure 3b). No significant
differences in artemisinin content were observed
between untreated and ethanol-treated cells (Figure 3b).
MeJA is thought to be the precursor of the jasmonic acid
which is one of the intermediates involved in the signal
transduction. Jasmonic acid and its derivatives have been
shown to play an integral role in the cascade of events
that occur in the elicitation process leading to activation
of genes coding for secondary metabolism (Gundlach
et al. 1992). Application of jasmonates to the plant cell
culture or intact plant is known to stimulate the biosyn-
thesis of secondary metabolites (Suresh et al. 2004).
Wang et al. (2009) indicated that besides artemisinin,
artemisinic acid, dihydroartemisinic acid, and other
sesquiterpenoids as well as triterpenoids in A. annua
L. were also increased by exogenous application of
MeJA. In the present study, the observed significant
increase in artemisinin levels after the addition of MeJA
indicated a rapid response of these cells to MeJA, as well
as the ability of MeJA to stimulate artemisinin
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Figure 3. Effect of MeJA (50, 100, and 250 pM) on
(a) biomass production and (b) artemisinin production by hairy
root cultures of A. annua L. Values are the means of three
independent experiments + SE.

biosynthesis. The effect of dose of an elicitor on
secondary metabolites biosynthesis was also observed
in  MeJA-induced taxol biosynthesis (Ketchum
et al. 1999).

The effect of addition of CH and CF of the fungal
elicitors on artemisinin production is summarized in
Table 3. Addition of CH at 3% v/v E solani, C. limata,
and A. alternate resulted in 1.01 (13.1 £0.54 g17"), 1.07
(12.4 £ 0.52 g I""), and 1.07 times (12.9 + 0.52 g 1)
increase in biomass and 1.44 (12.4 £ 0.52 mg 17"), 1.13
(8.2 £ 0.33 mg I™"), and 1.27 times (9.8 = 0.45 mg I™")
increase in artemisinin production, respectively, in com-
parison to their respective control cultures. Addition of
CF of fungal elicitors has not shown any increase in
biomass or artemisinin production. 9.3 £ 0.32, 8.9 +
0.39,and 8.8 £0.33 g 17! biomass and 5.2 + 0.25, 5.4 +
0.26, and 6.2 + 0.38 mg I™" artemisinin production was
achieved by addition of CF at 3% v/v C. limata, F.
solani, and A. alternate, respectively. The possible
hypothesis for enhanced production by CH of fungal
elicitors might be due to the fact that the extracellular
enzymes from 4. annua L. hairy root cultures hydrolyze
the walls of autoclaved fungi to generate the real elicitor
moieties. The variation in response due to the addition of
different fungal preparations might be the difference of
elicitor moieties generated in quantity and quality,
depending on the fungal species employed. The addition
of elicitor preparations of Verticillium species had also
found to increase the accumulation of tessaric acid
production in Tessaria absinthioides cell suspension
cultures (Sanz et al. 2000). The significant enhancement
in various production of plant secondary metabolites by
the addition of fungal preparations as biotic elicitors had
been already reported by Savitha et al. (2000).

Table 3. Effect of CH and CF of fungal elicitors on growth and artemisinin content of hairy roots.

Artemisinin

Elicitor Concentration (% v/v) Biomass (g 17") (mg g™ (mg 171
A. alternate 0.00 12.1 £ 0.49 0.64 + 0.03 7.7 +£0.23
1.00 CH 11.9 + 0.31 0.65 = 0.03 7.7 +£0.34
CF 7.9 +£0.35 0.61 = 0.02 4.8+0.23
3.00 CH 12.9 £0.52 0.76 = 0.03 9.8 £0.45
CF 8.8 £0.33 0.71 £ 0.03 6.2 +£0.38
5.00 CH 10.7 £ 0.43 0.42 £ 0.02 4.5+0.21
CF 7.5 +0.35 0.55 +0.02 4.1+0.25
F. solani 0.00 12.9 £ 0.49 0.66 + 0.03 8.5 +0.31
1.00 CH 12.2 £0.51 0.65 £ 0.04 7.9 +0.47
CF 8.1 +0.29 0.54 £ 0.02 44 £0.21
3.00 CH 13.1 £0.54 0.95 +0.04 12.4 £ 0.52
CF 8.9 +0.39 0.61 = 0.02 54 +£0.26
5.00 CH 11.7 £ 0.49 0.69 + 0.05 8.1+0.54
CF 7.7 +£0.33 0.51 £ 0.02 39+0.18
C. limata 0.00 11.6 £ 0.55 0.62 +0.03 7.2 +0.31
1.00 CH 11.6 + 0.44 0.63 = 0.03 7.3 +£0.32
CF 8.6 +0.31 0.48 = 0.02 4.1+0.29
3.00 CH 124 £0.52 0.66 = 0.03 8.2 +0.33
CF 9.3 +0.32 0.56 = 0.02 52+0.25
5.00 CH 10.9 £ 0.43 0.62 = 0.03 6.8 £0.25

CF 8.3 +0.29 0.43 +£0.03 36+0.2
S. rolfsii 0.00 12.5 +£0.39 0.65 = 0.02 8.1 +£0.31
1.00 CH 12.1 £0.52 0.36 = 0.02 43+0.19
CF 7.8 £0.37 0.24 £ 0.01 1.9 £0.13
3.00 CH 12.3 £ 0.61 0.66 = 0.03 8.1+0.25
CF 8.2 +0.28 0.31 £0.01 2.5+0.16
5.00 CH 8.5+0.26 0.76 = 0.03 6.5+0.22

CF 74 +£0.35 0.23 £ 0.01 1.7 £0.11
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Ajmalicine accumulation in Catharanthus roseus sus-
pension cultures was evaluated on exposure to different
concentrations of fungal extracts of Trichoderma viride,
Aspergillus niger, and Fusarium moniliforme. 1t was
found that the ajmalicine content in cells treated with an
optimum concentration (5.0%) of elicitor extracts was
higher as compared to lower or higher concentrations
(Namdeo et al. 2002). High dosage of elicitor has been
reported to induce hypersensitive response leading to
cell death, whereas an optimum level was required for
induction (Roewer et al. 1992). Similarly, when the hairy
roots of A. annua L. were exposed to fungal extracts of
Sclerotium rolfsii, F. solani, and C. limata at various
concentrations, artemisinin production in hairy roots
treated with an optimum concentration (3.0%) of elicitor
extracts was higher as compared to their lower or higher
concentrations (Table 3).

P indica was reported to be involved in high salt
tolerance, disease resistance, and strong growth-promot-
ing activities leading to enhancement of host plant yield
(Waller et al. 2005). P. indica discs were kept on 5th,
10th, 15th, and 18th day to the growing hairy root
cultures of 4. annua L (Table 4). 1.57 times increase in
artemisinin production (13.2 + 0.41 mg 17') was
achieved in comparison to the control cultures (8.4 +
0.41 mg 1™"), when disc was kept on 10th day of
cultivation. No effect of P. indica disc was observed on
18th day of inoculation (8.1 + 0.43 mg 17"), while 1.05
and 1.13 times increase in artemisinin content (8.9 +
0.38 and 9.5 + 0.39 mg 1I™") was achieved in comparison
to the control cultures on 5th and 15th day of inocula-
tion. The concentration and the exposure time of an
elicitor to the plant cell/tissue cultures are important
factors in maximizing its elicitation potential (Rijhwani &
Shanks 1998; Ketchum et al. 1999).

The effect of addition of CH and CF on biomass and
artemisinin production is summarized in Tables 5 and 6,
respectively. The addition of CH of P. indica resulted in
plant growth-promoting effect on hairy roots in liquid
cultures. Hairy root growth was maximally increased by
1.27 times (15.6 + 0.66 g 17') in comparison to control
cultures (11.9 + 0.49 g 17"), when CH of P. indica was
added at a concentration of 3.0% (v/v) on 15th day of
cultivation. Similarly, the maximum enhancement of
1.09 times (13.4+0.53 g 17") was obtained in comparison
to control cultures (12.2 + 0.59 g 1™") on addition of CF
under the same conditions. This plant growth-promoting
effect of P, indica, in the present study, might be due to the

Table 4. Effect of P. indica disc on artemisinin production in
hairy root cultures of 4. annua L.

Day of Biomass Artemisinin concentration
addition g™ (mg 17"

0.0 12.9 £ 0.49 8.4 +£0.41

5 13.1 £0.64 8.9 +0.38

10 152 +£0.58 13.2 £0.41

15 13.9 £ 0.62 9.5+0.39

18 12.7 £ 0.65 8.1 +£0.43

presence of some metabolite released in the medium
during the growth of fungal cells (Kumar et al. 2012).
Optimized exposure time and the CH concentration were 5
days and 3.0% (v/v), respectively, for maximum biomass
and artemisinin production. Comparatively, lesser incre-
ment in growth of the hairy roots was observed upon
addition of CH for a shorter period, i.e. 2 days. This might
be due to non-availability of sufficient time to the growth-
promoting compounds present in the CH to exert their
effect on hairy roots. In most of the studies, the growth-
promoting effects of P. indica have been reported on pot-/
field-grown or tissue culture-raised plants (Varma et al.
1999,2001). Effect of P. indica on cell suspension cultures
of Linum album was also observed (Baldi et al. 2008),
where an increment in podophyllotoxin and 6-methox-
ypodophyllotoxin production by about four- and eight-
fold, respectively, along with a 20% increase in biomass
compared to the control cultures was recorded.

Addition of CH of P. indica at 3.0% (v/v) for an
exposure time of 5 days resulted in maximum artemisi-
nin production (15.6 + 0.75 mg 17"), while 11.6 + 0.45
mg 17! artemisinin was achieved by addition of CF under
same conditions. However, the CH exhibited greater
elicitation potential for artemisinin (1.97 times; Table 5)
in comparison to CF (1.41 times; Table 6) in comparison
to their control cultures, respectively.

The increase in the artemisinin content could be due
to the extracellular products of the fungal cells, which
activated defense pathway of the hairy roots. It has been
reported that the activation of plant defense pathways
may be due to the secretion of some hydrolytic enzymes
which are believed to have a role in defense (Pozo et al.

Table 5. Effect of CH of P. indica on growth and artemisinin
production in hairy root cultures of A. annua L.

(CH) conc. Biomass Artemisinin concentration
(v/v) 1™ (mg 17
0.0 11.9 + 0.49 7.9 + 0.41
Day of addition — Sth

0.5 12.9 + 0.64 6.5 +0.38
1.0 13.2 £ 0.58 7.2 +0.41
2.0 13.9 £ 0.62 8.5 +0.39
3.0 14.7 £ 0.75 9.1 +0.43
5.0 11.8 £ 0.56 7.0+ 0.38
Day of addition — 10th

0.5 12.6 £ 0.58 9.2 +0.39
1.0 13.3 £ 0.61 94 + 042
2.0 13.4 +£ 0.59 9.7 £ 0.31
3.0 13.6 £ 0.72 10.1 £ 0.55
5.0 10.8 £ 0.46 7.1 +£0.36
Day of addition — 15th

0.5 12.4 +£ 0.55 10.5 +£ 0.54
1.0 12.9 £ 0.58 11.2 £ 0.52
2.0 13.2 £ 0.61 145 £ 0.71
3.0 15.2 £ 0.66 15.6 £ 0.55
5.0 11.8 £0.42 8.1+042
Day of addition — 18th

0.5 12.4 +£ 0.55 9.5+ 0.34
1.0 12.9 +£0.58 10.2 £ 0.42
2.0 13.0 £ 0.59 10.5 £ 041
3.0 13.2 £ 0.62 11.1 £ 0.55
5.0 12.8 £ 043 8.1+042
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Table 6. Effect of CF of P, indica on growth and artemisinin
production in hairy root cultures of 4. annua L.

CF conc. Hairy root biomass  Artemisinin concentration
v/v) 1™ (mg 17
0.0 12.2 £ 0.59 82+ 041
Day of addition — 5th

0.5 10.8 £ 0.47 6.1 £0.38
1.0 10.3 £ 0.57 6.9 +0.31
2.0 10.8 £ 0.59 8.1 £0.33
3.0 10.7 £ 0.53 8.6 + 0.36
5.0 10.8 £ 0.54 7.2 +£0.38
Day of addition — 10th

0.5 9.7 +0.44 7.5+0.38
1.0 10.6 = 0.51 8.4 +£0.29
2.0 11.2 £0.62 9.1 £0.43
3.0 10.8 £+ 0.69 9.7 £0.52
5.0 10.8 £ 0.56 6.9 +0.61
Day of addition — 15th

0.5 10.5 £ 0.62 8.5+0.41
1.0 11.7 £ 0.49 9.2 +0.32
2.0 11.9 £ 0.46 10.5 £ 0.61
3.0 13.4 £0.53 11.6 +£0.45
5.0 10.8 £ 0.42 9.1 £0.43
Day of addition — 18th

0.5 9.5+ 0.38 92+04
1.0 11.0 £ 0.44 9.9 +£0.52
2.0 11.1 £ 0.51 10.1 £ 0.65
3.0 11.4 £ 0.59 114+0.5
5.0 10.9 £+ 0.39 8.3 +0.26

2002), or may be due to altered levels of plant growth
hormones known to act as long-distance signals (Mur-
phy et al. 2000). The addition of CF of Phytopthora
parasitica at 0.1% (v/v) to the hairy root cultures of
Cichorium intybus resulted in a 4.1-fold and 3.7-fold
increase in the esculin and esculetin content, respectively
(Bais et al. 2000).

In the present study, the enhancement of artemisinin
was also found to be strongly dependent on the
concentration of CH and the time of its addition.
Irrespective of the biotic elicitor preparation added, an
exposure time of 5 days and concentration of 3.0% (v/v)
were found to be optimum for significant enhancement
of artemisinin production.

MeJA and CH of P, indica gave optimum response in
terms of artemisinin production from hairy root cultures
of A. annua L. Based on these results, an integrated
bioprocess for synergistic enhancement of artemisinin
production was developed and experimentally implemen-
ted. This yield enhancement strategy resulted in artemi-
sinin production of 19.8 = 0.11 mg I™', which was 2.44
times higher upon addition of selected abiotic (MeJA at
100 pM) and biotic (CH of P. indica at 3% v/v) elicitors
together in comparison to the control cultures (8.1 £ 0.31
mg 17") on 20th day of hairy root cultivation. Similarly,
Sharan et al. (1998) have demonstrated that MeJA along
with the fungal elicitor activated the enzyme phenylala-
nine ammonia lyase leading to higher productions of
scopoletin and scopoline in tobacco cell cultures.
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Figure 4. Effect of FPP (0.1, 0.5, and 1.0 mg 1") on (a)
biomass production and (b) artemisinin production by hairy
root cultures of 4. annua L. Values are the means of three
independent experiments + SE.

Effect of FPP

The feeding of FPP to the hairy root cultures increased
the growth of hairy roots of A. annua L. Hairy root
growth was maximally increased by 1.06 times (13.2 +
0.64 g 1) in comparison to Methanol:NH4OH (7:3)
solution treated control hairy root cultures (12.4 £+ 0.59
g 1™ upon addition of 0.5 mg 1" FPP (Figure 4a).
Maximum enhancement in artemisinin production (1.25
times, 10.3 £ 0.16 mg 17") was observed with 0.5 mg 1™
FPP (Figure 4b) in comparison to control cultures (8.2 +
0.43 mg 17"), while its lower and higher concentrations
(0.1 and 1.0 mg 1™") resulted in slight increase in artemi-
sinin production (7.9 + 0.23 and 8.2 + 0.29 mg 17'),
respectively in comparison to their respective controls.
As reported in Figure 4b, slight decrease in artemisinin
content was observed with Methanol:NH40H (7:3)
solution treated hairy roots in comparison to untreated
hairy roots.

The precursor resemblance to endogenous com-
pounds produced by the cells may have resulted in
increased biomass. The artemisinin is biosynthesized
through acetate-MVA pathway (Schramek et al. 2010).
The FPP is one of the key intermediates in acetate-MVA
pathway. Hence, its enhanced effect on bioproduction
may be due to increased availability of precursor for the
biogenesis of artemisinin. This study was also supported
by G. biloba cell cultures where terpenoid biosynthesis-
related precursors greatly influenced the productivity of
bilobalide and ginkgolides (Kang et al. 2006). Bohm and
Mack (2004) have indicated that precursor feeding is not
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negative on growth as endogenous precursors are being
continuously formed during metabolism in plants.

Effect of miconazole

A. annua L. hairy root cultures were also subjected to
treatment with different concentrations of miconazole.
Hairy root growth was maximally increased by 1.1 times
(134+0.51¢g 17!} in comparison to DMSO-treated control
hairy root cultures (12.1 + 0.59 g 17") upon addition of
20 mg 1" miconazole (Figure 5a). Same concentration
of miconazole resulted in 1.32 times (11.4 + 0.41 mg 17"
increase in artemisinin concentration in comparison to
control cultures (8.6 = 0.29 mg 17"), while its lower and
higher concentrations (4 and 40 mg 17") resulted 1.07 and
1.22 times (9.0 + 0.45 and 9.9 + 0.42 mg 1I™') increase in
artemisinin production, respectively, in comparison to their
respective controls (Figure 5b). A slight increase in
artemisinin levels was also observed in hairy root cultures
exposed to 4 and 20 mg 1”! DMSO (as a control).
Miconazole is known to inhibit sterol biosynthesis
by inhibiting sterol 14-a-demethylases and thus channel-
ing carbon flux toward the terpenoid pathway (Kuda-
kasseril et al. 1987; Zarn et al. 2003; Towler & Weathers
2007). Despite the known inhibitory effects of micona-
zole on specific enzymes, its effects on plant gene
expression have not yet been elucidated. In 4. annua
L. hairy root cultures treated with 20 mg 1=! miconazole,
an increase in artemisinin production was observed,
indicating that miconazole could be useful to enhance
artemisinin production. An increase in artemisinin level
induced by DMSO was reported by Towler and
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Figure 5. Effect of miconazole (4, 20, and 40 mg 1™ on (a)
biomass production and (b) artemisinin production by hairy
root cultures of A. annua L. Values are the means of three
independent experiments + SE.

Weathers (2007). This group has also reported a positive
effect on artemisinin production of miconazole treatment
in A. annua L. seedlings, with slight chlorosis as an
adverse effect. Loss of cell viability with increase in
artemisinin production was recently reported in cell
suspension culture of A. annua L. 200 pm miconazole
induced a 2.5 times increase in artemisinin production
from cell suspension culture of A. annua L. (Caretto
et al. 2011).

Relative expression of MVA, MEP, and artmisinin
biosynthetic genes influenced by stressors, precursor,
and inhibitor of MVA and sterol biosynthetic
pathways

The treatments selected to study the relative expression
of MVA, MEP, and artemisinin biosynthetic genes were
chosen on the basis of their effect on growth (biomass)
and artemisinin production in hairy root culture of
A. annua L. This study was done to find the correlation
between the effect of the treatments and expression of
MVA, MEP, and artemisinin biosynthetic genes.

The expression profiles of seven genes encoded
enzymes such as (HMGR, ADS, CYP71AV1, ALDHI,
DXS, DXR, and DBR2) of MVA, MEP, and artemisinin
biosyntheses and one reference transcript by qPCR were
studied using primer pairs listed in Table 1. The expres-
sion of these genes is summarized in Figures 6 and 7.
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Figure 6. Transcript abundance of the hmgr, ads, cyp7lavi,
aldhl, dxs, dxr, and dbr2 genes in comparison to calibrator in
hairy roots of A. annua L. Values are the means of three
independent experiments + SE. Letters indicate statistical
differences at P = 0.05.
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Figure 7. Artemisinin content of samples used for Rt-PCR. (1)
hairy root culture with MeJA and P, indica together, (2) hairy
root culture with P. indica, (3) hairy root culture with MeJA,
(4) hairy root culture with miconazole, and (5) hairy root
culture with FPP. Values are the means of three independent
experiments + SE.



820 S. Ahlawat et al.

Transcripts of all the genes studied could be detected
in all treatments in different amounts using qPCR. In
Figure 6, expression levels in all the treatments were
compared separately taking the cDNA from control hairy
roots (without any treatment) as the reference sample.

In our study, we have found that all treatments
(1) hairy root culture with MeJA and P. indica together,
(2) hairy root culture with P indica, (3) hairy root
culture with MeJA, (4) hairy root culture with micona-
zole, and (5) hairy root culture with FPP have led to
increased expression of almost all the studied genes and
consequently, increased production of artemisinin. Our
results show that Amgr was upregulated in hairy roots
with all treatments in comparison to control hairy root

cultures. 4.62 and 4.79 times increment in the relative
expression of ads gene was observed with treatment 1 (P,
indica with MeJA) and treatment 4 (miconazole),
respectively. Treatment 5 (FPP), treatment 2 (P, indica),
and treatment 3 (MeJA) had shown 6.59, 7.31, and 2.74
times increase in the ads expression levels, respectively.
The expression of dxs was 2.88 and 2.28 times in
treatment 4 and treatment 5, respectively as compared to
control. In treatments 1 and 3, dxs was downregulated,
while 1.58 times upregulation was observed in treatment
2. All the analyzed genes except dxs and dbr2 were
upregulated by treatment 1, whereas all the observed
genes were upregulated by the treatment 2.
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Figure 8. Artemisinin biosynthetic pathway (Liu et al. 1997; Bertea et al. 2005).

CMK, 4-(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase; CMS, 2-C-methyl-Derythritol 4-phosphate cytidyl transferase;
DXR, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase; DXS, 1-Deoxy-D-xylulose 5-phosphate; HDDS, 1-Hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; IDS, isopentenyl diphosphate/Dimethy-
lallyl diphospahte synthase; IPP1i, isopentenyl diphosphate isomerase; MCS, 2-C-Methyl-D-erythritol 2, 4-cyclodiphosphate synthase;
MDD, mevalonate diphosphate decarboxylase; MK, mevalonate kinase; MPK, mevalonate S-phosphate kinase; SQS, Squalene

synthase.
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It has been demonstrated that 4. annua L. has two
independent biosynthetic pathways leading to the forma-
tion of isopentenyl diphosphate (IPP) for artemisinin
production: MVA and MEP pathways (Figure 8), MVA
occurring in the cytosol and the MEP in the plastid
(Srivastava & Akhila 2011). In the MVA pathway,
acetyl-coenzyme A is converted to IPP through MVA,
and the enzymes and genes are well studied (Miziorko
2011). HMGR is a rate-limiting enzyme of the mevalo-
nate pathway (Schaller et al. 1995; MaujiRam et al. 2010)
that supplies carbon for artemisinin biosynthesis, while
the first committed enzyme of artemisinin biosynthesis is
ADS (Bouwmeester et al. 1999). Different abiotic and
biotic factors, precursor, inhibitor of sterol biosynthetic
pathways led to the enhanced production of artemisinin
and increased expression profile of the genes of MVA,
MEP, and artemisinin biosynthetic pathways. The
increased expression of these genes may, therefore, lead
to more expression of enzymes related to artemisinin
biosynthesis ultimately leading to more carbon supply
and its utilization in artemisinin biosynthesis in hairy root
cultures and account for higher artemisinin production.
Our observations are also supported by previous studies
where bioengineered 4. annua L., overexpressing these
genes, had higher level of artemisinin as compared to the
wild-type plant (Alam & Abdin 2011).

Real-time PCR results suggest that the artemisinin
biosynthesis pathway is preferentially favored, indicated
by the significant accumulation of enzyme transcripts
related to this pathway in P indica-treated samples
compared with the control samples, which results in the
upregulation of MVA, MEP, and artemisinin biosynthetic
pathways genes, eventually leading to the enhanced
biosynthesis of artemisinin, as evidenced by HPLC
analysis. Perhaps, the induction of HMGR activity by
pathogen infection and elicitor treatment mainly occurs in
plant species, which resort to the MVA pathway for the
biosynthesis of phytoalexins such as sesquiterpenes. For
example, fungal elicitor-induced HMGR activity has been
observed in potato tuber tissues (Bianchini et al. 1996).

MelJA is considered a key compound in the signal
transduction pathway, involved in the induction of low-
molecular weight compounds that take part in several plant
responses (Creelman & Mullet 1997). Several reports have
shown that exogenous application of MeJA can induce
expression of plant genes for various biosynthetic path-
ways (Gundlach et al. 1992; Pauwels et al. 2008). Similar
stimulatory effects of MeJA were also reported by Putalun
et al. (2007) in A. annua L. hairy root cultures, Baldi and
Dixit (2008) in cell cultures of A. annua L., by Liu et al.
(2009) in 4. annua L. plants treated with jasmonic acid,
and recently by Caretto et al. (2011) in cell suspension
culture of 4. annua L. In our hairy root cultures, along with
the artemisinin increase, expression of the cyp7/avi gene
was also significantly enhanced in response to MeJA
treatment. This gene encodes a monooxygenase enzyme
that catalyses the three-step oxidation of amorpha-4,11-
diene to artemisinic acid (Teoh et al. 2006). However,
expression of dxs gene was not enhanced in the MeJA-
treated samples. This could indicate that the cell culture

mRNA levels were not rate limiting for artemisinin
biosynthesis, but further experiments are needed to draw
definitive conclusions. On the basis of these results,
cyp7lavl, being regulated at the transcriptional level by
MelJA, could be a suitable candidate for metabolic engin-
eering strategies to improve artemisinin production.

Conclusions

Hairy root cultures of A. annua L. offer continuous
production of artemisinin with high growth potential.
MeJA and P. indica, when applied together, show high
efficiency at low concentrations in terms of artemisinin
production by hairy root cultures. The use of MeJA and
other signaling compounds for elicitation of transformed
root cultures is opening new ways for a possibly
profitable in vitro secondary metabolite production. To
the best of our knowledge, this is the first report on the
effect of endophytic fungus for the enhanced production
of artemisinin in hairy root cultures of 4. annua L. Large-
scale culture feasibility and long-term stability make this
biotechnological approach not only a reliable source of
secondary metabolites (Peebles et al. 2007), but also an
effective tool to study the biosynthetic pathways (Robins
1998). However, scaling up hairy roots to industrial
levels poses a great challenge at the moment. The
efficiency of the scaling up systems still needs optimiza-
tion before industrial exploitation becomes viable.
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