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Chloroplasts offer high-level transgene expression and transgene containment due to maternal inheritance, and are
ideal hosts for biopharmaceutical biosynthesis via multigene engineering. To exploit these advantages, we have
expressed 12 enzymes in chloroplasts for the biosynthesis of artemisinic acid (precursor of artemisinin, antimalarial
drug) in an alternative plant system. Integration of transgenes into the tobacco chloroplast genome via homologous
recombination was confirmed by molecular analysis, and biosynthesis of artemisinic acid in plant leaf tissues was
detected with the help of 13C NMR and ESI-mass spectrometry. The excess metabolic flux of isopentenyl pyrophosphate generated by an engineered mevalonate pathway was diverted for the biosynthesis of artemisinic acid. However,
expression of megatransgenes impacted the growth of the transplastomic plantlets. By combining two exogenous
pathways, artemisinic acid was produced in transplastomic plants, which can be improved further using better
metabolic engineering strategies for commercially viable yield of desirable isoprenoid products.
[Saxena B, Subramaniyan M, Malhotra K, Bhavesh NS, Potlakayala SD and Kumar S 2014 Metabolic engineering of chloroplasts for artemisinic
acid biosynthesis and impact on plant growth. J. Biosci. 39 33–41] DOI 10.1007/s12038-013-9402-z

1.

Introduction

Artemisinin, a derivative of artemisinic acid (AA), has proven to
be incredibly effective in the treatment of malaria, even against
different forms of the disease that have developed resistance to
previously successful therapies. To maintain artemisinin’s
effectiveness against this pathogen, the World Health Organization (WHO 2010) strongly recommends its use only in combination with other anti-malarials, known as artemisinin
combination therapies (ACTs) (WHO 2001; Davis et al.
2005). The high cost of artemisinin-based therapies combined
with the low yields of artemisinin from Artemisia annua (sweet
wormwood), however, have severely limited its large-scale
commercialization (Mutabingwa 2005) and, hence, its affordability to the poor (Enserink 2005), who are often the most in
need of treatment. The ability to semi-synthetically produce

artemisinin would significantly reduce the cost of artemisininbased therapies, thereby increasing the affordability of ACTs.
Scientific efforts were made to enhance artemisinin production via plant breeding (White, 2008) as well as through
genetic engineering approaches in A. annua (Chen et al.
2000; Zhang et al. 2008), none of which have been successful
due to poor plant regeneration and transformation frequency
(Vergauwe et al. 1996, 1998; Chen et al. 2000). Chemical
synthesis of artemisinin is even more difficult due to its complex chemical structure (Xu et al. 1986; Avery et al. 1992).
A less complex molecule than artemisinin, AA can be used
as a starting point for obtaining semi-synthetic artemisinin
(figure 1). Artemisinic acid is a key substrate for the production of dihydroartemisinic acid (DHAA), which can be converted to artemisinin in the presence of oxygen and light with
the help of a photo-bioreactor (Wallaart et al. 2000a; Levesque
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and Seeberger 2012) or plants (Farhi et al. 2011). Artemisinic
acid was successfully produced by engineered yeast (Ro et al.
2006) and transformed tobacco plants (Van Herpen et al.
2010). However, use of nuclear transformation of tobacco
plants yielded a very low amount of artemisinin (Farhi et al.
2011). To enhance the yield, Farhi et al. (2011) suggested
using an alternative expression system like chloroplast transformation, which offers a number of unique advantages including high levels of transgene expression (up to 46.1% total
leaf protein), multi-gene expression in a single transformation
event, and transgene containment due to maternal inheritance.
The ability of chloroplasts to fold proteins correctly for the
formation of the proper disulfide bridges, along with the presence of chaperones, are the attractive features for the production of therapeutic proteins in transformed chloroplasts
(Kumar et al. 2004; Kumar and Daniell 2004; Daniell et al.
2005). In this investigation, an exogenous cytosolic mevalonate
(MEV) pathway (Kumar et al. 2012), along with an AA biosynthesis pathway (figure 1) containing isopentenyl diphosphate isomerase, modified amorpha-4,11-diene synthase, A.
annua-amorpha-4,11-diene C-12 oxidase and A. annuacytochrome P450 reductase genes, was introduced into tobacco
chloroplasts to generate a flux of carbon towards the formation
of isopentenyl-diphosphate (IPP), leading to AA biosynthesis.
2.
2.1

Materials and methods

Construction of the chloroplast transformation vector

The complete AA biosynthesis vector ‘pMEV-Arte’ was
designed in silico; and synthesized with the help of Biobasic
Inc. (Canada). The vector contains the operon encoding the
MEV pathway, including the yeast open reading frames
(orfs) encoding phosphomevalonate kinase (PMK, ERG8),
mevalonate kinase (MVK, ERG12), mevalonate diphosphate
decarboxylase (MDD, ERG19), acetoacetyl CoA thiolase
(AACT, ERG10), 3-hydroxy-3-methylglutaryl-CoA (HMGCoA) synthase (HMGS, ERG13), and a C-terminal truncated
HMGCoA reductase (HMGRt), as described (Kumar
et al. 2012). The AA biosynthesis pathway comprised of
isopentenyl diphosphate isomerase genes (IPP; gi|4633512)
and farnesyl diphosphate synthase (FPP; gi|216582) genes
from Escherichia coli; modified amorpha-4,11-diene synthase (SynADS; Anthony et al. 2009), A. annua amorpha4,11-diene C-12 oxidase (CYP71AV1, gi|82548247) and A.
annua cytochrome P450 reductase (AACPR, gi|83854016).
All the genes, along with DNA sequences for artemisinic
acid biosynthesis, were kindly provided by Prof Jay
Keasling, University of California, Berkeley, USA. The
pMEV-Arte vector (23 kb) contained a total of 12 genes;
each gene was engineered with a ribosome-binding site at 5′end. The 16S-ribosomal rRNA promoter drove the first six
genes of the MEV pathway. The remaining six genes of the
J. Biosci. 39(1), March 2014

AA biosynthesis (including an antibiotic selection marker
aadA) were driven by psbA promoter. The multigene cassette was introduced in between two flanking regions designated as 16S-trnI and trnA-23S (figure 2A).
2.2

Chloroplast transformation and selection

The leaf tissues of Nicotiana tabacum cv. Petit Havana SR1
were transformed as described by Kumar and Daniell (2004),
using S550d gold particles following the manufacturer’s
instructions (SeaShell Technology Inc., San Diego, California). Transgenic shoots were recovered on RMOP medium
containing 500 mg/L spectinomycin.
2.3

Analysis of transgene integration into chloroplast
genome

2.3.1 PCR analysis: The integration of transgene cassette
into transplastomic shoots namely, T1, T2 and T3 was tested
by PCR and oligo pair Spec-mF, CGACATTGATCTG
GCTATCTTGCTGACA, and 23S-R, ATTACTACG
CCCTTCCTCGTCTCTGGG (Sigma Life Science, Bangalore, India). The Spec-mF was designed to bind to the
internal region of the aadA transgene while 23S-R binds to
the native chloroplast genome (23S-rRNA), beyond the homologous recombination site of right flank (trnA) (figure 2A–B).
2.3.2 Southern blot analysis: For the confirmation of stable
transgene integration into transplastomic shoots T1 and T3,
about 2 μg genomic DNA of transgenics and wild-type
tissues (isolated by DNeasy Plant Mini Kit, Qiagen) were
digested with SphI and electrophoresed on a 0.8% agarose
gel. DNA from the gel was transferred to nitrocellulose
membrane and probed with P32-radiolabelled aadA gene
fragment (0.84 kb, obtained from pMEV-Arte vector with
SphI and SalI digestion; as indicated in figure 2A), and
Southern blot was developed following the protocol of
Kumar and Daniell (2004).
2.4

Analysis of artemisinic acid biosynthesis
in transgenics

2.4.1 Extraction of AA from transgenics: The transplastomic
leaf tissues (stored in −80°C) were used for the extraction of
AA. Transgenic leaf tissue (1.0 g) was ground in liquid
nitrogen. 5 mL of ethyl acetate was added to the ground
tissue and vigorously mixed before centrifugation at 5000g
at 4°C for 15 min. The ethyl-acetate was evaporated and
methanol was added to the crude extract. This mixture was
incubated overnight on a rotatory shaker at 37°C at a speed
of 160 rpm. After centrifugation, the supernatant was transferred to a fresh tube and analyzed by electrospray ionization

Metabolic engineering of chloroplasts

35

Sugar
O
G3P+ pyruvate

DXS

Acetoacetyl-CoA

MVP
PMK
MVPP
PMD
IPP

MEP

CMS
CDP-ME

CMK
CDP-MEP

MCS
ME-cPP

HDS

Yeast mevalonate Pathway

MVA
MVK

DXR
MEP/DXR Native Pathway

Mevalonic Acid Pathway

HMGS
HMG-CoA
HMGR

AACT
Acetoacetyl-CoA

DXP

HMBPP

IPP

AACPR +
CYP71AV1

HMGS
HMG-CoA
HMGRt

Amorpha4,11-diene

Acetyl-CoA
AACT

Artemisinic
Acid

C
H3C
SCoA
Acetyl-CoA

CYTOSOL

MVA
MVK
MVP
PMK

ADS

FPP

MVPP
PMD

FPP synthase

IPP

DMAPP
IDI

Figure 1. Overview of artemisinic acid (AA) biosynthesis in tobacco chloroplasts via multigene engineering. The up-regulated six
mevalonate (MEV) pathway enzymes engineered from Saccharomyces cerevisiae (shown in red font, in a dotted box) were used to generate
excess IPP pool for AA biosynthesis. Two enzymes (in purple font) isopentenyl diphosphate isomerase (IDI) and farnesyl diphosphate (FPP
or ispA) synthase, were cloned from Escherichia coli. Three transgenes (marked with blue color) encoding amorpha-4, 11-diene, and AA
biosynthesis were cloned from Artemisia annua L. A green arrow indicates the biochemical pathway leading from farnesyl pyrophosphate
(FPP) to amorpha-4,11-diene biosynthesis. The three overlapping green arrows indicate the three-steps of oxidation of amorpha-4,11-diene
to AA biosynthesis, which is catalyzed by the multifunctional cytochrome P450 enzyme, CYP71AV1 (also known as amorphadiene
oxidase or AMO), in association of reductase, AACPR (A. annua cytochrome P450 reductase). Enzymes shown in colored fonts (red,
purple and blue) are the only transgenes engineered into tobacco chloroplast genome for the biosynthesis of AA.

(ESI) mass spectrometry. Methanol was evaporated using
rotary evaporator (vaccuo) and deuterated methanol was
added for 13C nuclear magnetic resonance (NMR) analysis.

were identified and marked in the spectrum (Misra et al.
1993; Van Herpen et al. 2010). (Atom numbers are referred
to in supplementary figure 2 and supplementary table 1).

2.4.2 NMR analysis: One-dimensional 13C NMR spectra were
measured at 25°C on a Bruker Avance III spectrometer
equipped with a cryogenic triple-resonance TCI probe head,
operating at a field strength of 500.13 MHz. The structural
identification of AA as a reference compound was based on
1D 13C spectra. Crude extracts from wild-type and transformed tissues were extracted through ethyl acetate extraction
method and subjected to 13C NMR spectroscopy. All the
spectra were measured by dissolving the standard pure AA
(Apin Chemicals, UK) and extracts in d 4 -Methanol
(figure 3A–B). All the 13C resonances of AA were observed
in the 1D 13C spectra of crude extract. Using the earlier
reported assignments of standard pure AA; 13C resonances

2.4.3 ESI-mass spectrometry and GC-MS analysis: About 2
mL pure AA standard (Apin Chemicals, UK) prepared in
methanol solvent (1 mg/ml) was injected into a Synapt GZ
high-definition mass spectrophotometer (Waters Corporation, US) using a spray needle. The voltage was set to 2.5
KV while the ion transfer capillary temperature was set at
220°C. The ion trap contained helium as a damping gas and
the auxiliary gas flow rate was set to five arbitrary units. The
full scan spectrum was obtained in the range of m/z 150 to
800. The data was acquired in negative ion mode and strongest peak was observed at m/z 233.02 due to AA
(C15H22O2; molecular weight as 234.33) with [M-H]−.
Using the same parameters, a full scan of the wild-type
J. Biosci. 39(1), March 2014
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Figure 2. Analysis of transgenes integration of isoprenoid and AA biosynthesis pathways into tobacco chloroplast genome and impact of
these transgenes on plant growth. (A) Physical map of the chloroplast specific transformation vector ‘pMEV-Arte’ (not to scale) containing
right (trnI) and left (trnA) flanks, used for the homologous recombination transgene cassette into the chloroplast genome. The transgene
cassette containing cytosolic MEV (8167 bp) and AA biosynthesis (6848 bp) pathways was positioned in between the left and right flanks.
The black line over the vector-map denotes the location of Southern hybridization for confirming integration of transgenes into the
chloroplast genome. The blue dotted line represents the PCR amplification of integrated transgenes and corresponding vertical double lines
indicate the annealing sites of the internal and external primers (B) The PCR amplicon ~2.2 kb is produced in transgenics T1 and T3 with
primer set Spec-m-F (binds to aadA transgene) and 23S-R (binds outside the homologous recombination site of native chloroplast genome).
No PCR amplification was observed in transgenic T2 (mutant line) and wild-type plant. (C) For Southern blot analysis, genomic DNA (~2
μg) from wild-type and transgenic plant (T1 and T3) samples was digested with Sph1. DNA transferred to nitrocellulose membrane was
hybridized with p32-labelled aadA probe (0.84 kb) and 6.1 kb fragment was observed on an autoradiogram, confirming the transgene
integration into the chloroplast genome of T1 and T3. (Note: a faint band in wild-type (WT) is due to DNA leakage from T1 well). (D)
Morphological phenotypes of wild-type compared to transplastomic plantlets. (E) Transplastomic T1 and (F) Transplastomic T3 plantlets,
undersized in growth, compared to in vitro grown wild-type plant after 6 weeks.

samples was obtained with and without the addition of 0.1
mg/mL of AA as a control, and the spectra were compared
with transgenic samples.
The fresh transplastomic leaf tissue (1.0 g) of T1 transgenic
plant was ground in liquid nitrogen, mixed in 2 mL ethyl
acetate and sonicated for 10 min. After 15 min of centrifugation at 5000 rpm, the supernatant was transferred to a new vial,
where the solvent was evaporated using rotary evaporator, and
the final residue was dissolved in 1 mL of methanol. Samples
were analysed by GC-MS using the vendor’s facility
(Shimadzu QP-1020 Gas Chromatograph Mass Spectrometer
at AIRF, JNU, New Delhi). For quantification, 1 μL was
injected into the column and the temperature was increased
J. Biosci. 39(1), March 2014

as reported (Van Herpen et al. 2010). Standard AA
(Apin Chemicals, U.K.) was used as reference.
3.
3.1

Results

Chloroplast transformation

The chloroplast transformation vector pMEV-Arte
(figure 2A), containing multigenes of the cytosolic
mevalonate pathway (Kumar et al. 2012) and the AA biosynthesis pathway (Martin et al. 2003; Withers et al. 2007),
was inserted at the trnI and trnA chloroplast regions via
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Figure 3. One-dimensional 13C NMR Spectra of (A) The spectrum of pure AA (Apin Chemicals, UK) was used as control (B) The
spectrum of AA metabolite; isolated from the transplastomic tissues (T1) was observed similar to the profile of pure AA. Structure of AA
and atom numbers are referred to in this figure can be found in supplementary table 1 and supplementary figure 2. All spectra were
measured using d4-methanol as solvent.

homologous recombination. The transgenic tissues were
selected using antibiotic resistant gene aadA (Svab and
Maliga 1993) driven by light regulated promoter psbA.
After 7 weeks of bombardment of the tobacco leaf explants,
three independent transgenic shoots, namely, T1, T2 and
T3, were recovered on RMOP medium supplemented with
500 mg/L spectinomycin.

3.2

Transgenes integration into the tobacco plastomes of T1
and T3 shoots was further confirmed by Southern blot analysis. The expected integration of ~6.1 kb was spotted on the
autoradiogram when transplastomic genomic DNA was
hybridized with a P32-radiolabelled probe (aadA gene), as
indicated by a double-line black arrow in figure 2A. Therefore, the true integration of pMEV-Arte cassette into the
plastomes of T1 and T3 transgenics was confirmed
(figure 2C).

Analysis of transgene integration

The integration of all transgenes was initially screened using
different sets of gene specific primers. The oligo ‘Spec-mF’
(which anneals to the coding region of aadA) and ‘23S-R’
(which binds to native chloroplast genome, beyond the homologous recombination site of trnA) were used to ensure
transgenes integration specifically into the plastome at trnI
and trnA sites, as indicated by the dotted blue line in
figure 2A. Three independent transplastomic shoots surviving
on spectinomycin selection medium were tested for PCR
and two of them (T1 and T3) were PCR positive as represented
by the expected ~2.2 kb amplicon (figure 2B). No
PCR amplification observed in the T2 putative transformant,
in spite of the plant growing well on spectinomycin supplemented growth medium.

3.3

Analysis of artemisinic acid biosynthesis
in transgenics

The overview of multigene engineering of MEV and AA
biosynthesis pathway into tobacco chloroplasts is shown in
figure 1. Six enzymes of MEV pathway from the Saccharomyces cerevisiae (in red font) were engineered into tobacco
chloroplasts to generate excess IPP pool. Transgenes
isopentenyl diphosphate isomerase (IDI) and farnesyl diphosphate (FPP or ispA) synthase (in purple font) from Escherichia
coli were introduced to convert IPP into dimethylallyl pyrophosphate (DMAPP) and Farnesyl pyrophosphate (FPP) intermediates respectively. Last three key enzymes, encoding
amorpha-4,11-diene synthase (ADS), cytochrome P450
J. Biosci. 39(1), March 2014
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monooxygenase (CYP71AV1) A. annua cytochrome P450
reductase (AACPR) from A. annua were engineered into chloroplasts for AA biosynthesis (marked with blue font). A green
single arrow indicates the conversion of FPP to amorpha-4,11diene, and group of three arrows symbolized three-steps of
oxidation of amorpha-4,11-diene to AA, catalyzed by the
multifunctional cytochrome P450 enzyme, CYP71AV1, in
association with AACPR (A. annua cytochrome P450 reductase). The transgenes, which are denoted with colored fonts,
were introduced into the tobacco chloroplast genome for AA
(precursor to artemisinin) biosynthesis (figure 1).
The AA biosynthesis in transplastomic leaf tissues was
analyzed via 13C NMR and ESI mass spectrometry. For
NMR analysis, extracted samples of wild-type and
transplastomic tissues were subjected to one-dimensional 13C
NMR analysis. A 13C chemical shift was observed in the
region of 7–180 ppm in the extracted mixture. Comparison
to an original standard of AA, with data available in literature
(Misra et al. 1993; Van Herpen et al. 2010), was used to
assign resonances to AA extracted from transplastomic
cultures. The overlap of the observed resonances of AA
extracted from the transplastomic samples was very similar to the reference AA profile, with only minor differences due to the presence of native plant metabolites
(figure 3A–B).
For ESI-mass spectrometry, a full scan of pure AA was
obtained to compare with the wild-type and transgenic samples. A strong AA peak was observed at m/z 233.02 in the
wild-type samples, only when spiked in with pure AA
(figure 4A). A similar peak was also observed at m/z
233.02 in transgenic samples (figure 4B). The full scan
pattern of pure AA standard (Apin Chemicals, U.K.) is
provided in the supplementary material for reference (supplementary figure 1A). No peak for AA biosynthesis was
observed in untransformed control plants (supplementary
figure 1B). Thus, AA biosynthesis was confirmed with negative ESI-mass spectrometric (MS) m/z spectra in
transplastomics. The expression of the MEV and AA pathways in tobacco chloroplasts produced about 0.1 mg/g-FW
AA, quantified using GC-MS and standard AA.

3.4

Influence of megagene on transgenic phenotype

Out of 50 bombardment events, two positive transplastomic
shoots (T1 and T3) were recovered under low light conditions (~100 lux) using chloroplast specific megagene vector
‘pMEV-Arte’. The transplastomic cultures grew at a slower
rate than wild-type in vitro control plants (figure 2D–F).
Morphologically, they were stunted in growth and failed to
induce proper root fibres after three repetitive cycles of
regeneration, which were performed to induce the
homoplasmic state in transplastomic plants.
J. Biosci. 39(1), March 2014

4.

Discussion

A shrub Artemisia annua produces artemisinin, which is a
potent antimalarial drug. Due to shortage of plant-derived
artemisinin and high prices, an alternative source of affordable artemisinin is required (Paddon et al. 2013). The plantbased systems potentially provide a low-cost alternative for
the production of biopharmaceuticals. Therefore, for the
biosynthesis of AA (precursor to artemisinin), we have explored the chloroplast engineering that has demonstrated
successful production of pharmaceuticals and biomaterials
(Daniell et al. 2005). In previous studies, IPP derived from
native 2-C-methyl-D-erythritol-4-phosphate (MEP) pathways (of chloroplasts) failed to yield enough amorpha4,11-diene (precursor to AA) in plants (Wu et al. 2006).
Further, without generating an extra pool of IPP, Farhi
et al. (2011) also reported a low quantity of artemisinin
biosynthesis in transformed tobacco plants. Previously,
using chloroplast engineering, we have reported a proficient
expression of an exogenous MEV pathway involving six
enzymes and yielding high IPP levels into chloroplasts that
has not perturbed the growth of transplastomic tobacco
plants (Kumar et al. 2012). To extend this research further
in a fruitful way, we generated the transplastomic plants
expressing both cytosolic MEV and AA biosynthesis pathway, so that excess metabolic flux of IPP generated due to
expression of MEV pathway can be utilized for AA biosynthesis (figure 1). The successful production of AA can be
chemically synthesized into artemisinin (Paddon et al. 2013).
Transformation frequency using megagene vector ‘pMEVArte’ (figure 2A), however, was significantly poor. Out of 50
bombardment events, only two transgenics were recovered,
both with stunted growth in comparison to wild-type plants
(figure 2D–F). Nevertheless, transgenes integration into
plastome via homologous recombination is highly sitespecific, devoid of illegitimate recombination. This is contrary
to nuclear genome transformation that leads to transgene silencing and variable levels of transgene expression. Therefore, all
the transplastomic lines provide a similar level of transgene
expression (Dufourmantel et al. 2005). Using a biolistic approach for gene delivery, incorrect transgene integration may
also occur in the nuclear genome instead of the chloroplast
genome. Since chloroplastic promoters are not functional in
the nuclear genome (Eckardt 2006), such transgenics should
not produce the desired metabolite, i.e. AA, which was confirmed by NMR and mass spectrometry.
The use of a specific set of primers (Spec-mF and 23S-R
bind DNA region beyond the homologous recombination
site of right flank) confirmed the true integration of
transgenes in the plastome at the specific site of trnI and
trnA and omitted the possibility of a self-replicating vector
into chloroplasts. A putative transformant number T2 did not
amplify any PCR product (figure 2B), although it grew well
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Figure 4. TOF-Negative Electrospray Ionization (ESI) Mass spectrometric (MS) m/z spectra for AA in wild-type and transplastomic (T1)
samples, marked with blue arrows. (A) An AA peak was observed in wild-type control samples when pure AA was spiked in with minor
quantity. (B) A dominant mass peak at m/z 233.02 of AA was observed in extract of transplastomic (T1) tissues. The full scan of pure AA
and wild-type control extract is shown in supplementary figure 1.

on spectinomycin containing medium, which indicates that
specific point mutations in the 16S-rRNA gene, might have
allowed the T2 plantlets to confer resistance to spectinomycin (Harris et al. 1989). Chloroplasts are highly polyploid in
nature. To produce higher amounts of the desired product,
transgene integration in the plastome should be in a
homoplasmic state, which is persuaded by additional rounds
of regeneration and selection (4–8 times) of tissues on a
stringent, antibiotic-supplemented medium. This indicates
that our transplastomic shoots (T1 and T3) were not in a
homoplasmic state; their growth was further subdued after
the second and third rounds of selection. The hetroplasmic
state of the transformed plastome may be a reason for the
low yield of AA biosynthesis in transplastomic plant cells.
By combining the two exogenous pathways, about 0.1 mg/gFW of AA was produced in transplastomic leaf tissues. This
yield was low compared to genetically modified yeast (Ro
et al. 2006), but observed equivalent to the average levels as
observed in the yields of A. annua (Gupta et al. 1996;
Wallaart et al. 2000b). However, there is a huge variation
of AA production in A. annua (~0.01–0.2 mg/g-FW), and
this is known to be dependent on seasonal changes, geographic origins and stress conditions (Gupta et al. 1996;
Wallaart et al. 2000b). The low yield of AA in our
transplastomic plantlets may also be attributed to an insufficient pool of the available acetyl-CoA precursor needed for
the IPP biosynthesis. Insufficient levels of acetyl-CoA can
impact plant growth and photosynthesis rate (Lössl et al.
2003). Previously, Lössl et al. (2003) had reported stunted

male sterile plants when three polyester synthesis genes were
overexpressed in tobacco chloroplasts. The stunted growth
signifies that chloroplasts may be intolerant to excess load of
transgenes or due to their nature, which could impact plant
growth (figure 2D–F). In evolutionary trends, chloroplast
organelles have been observed to either lose unwanted genes
or move them into the nuclear genome (Fuentes et al. 2012).
However, chloroplast transformation is now well established
with the time, and this process has been successfully used for
expressing multigene MEV pathway (Kumar et al. 2012),
vitamin E biosynthesis pathway (Lu et al. 2013) and production of proinsulin (Boyhan and Daniell 2011), due to
higher expression of enzymes when compared to nuclear
transformation, and transgenes are largely excluded from
pollen transmission (Kumar et al. 2004).
In this study, two pathways (MEV from yeast and AA from
A. annua), whose enzymes are listed in the materials and
methods section and in figures 1 and 2, were engineered into
tobacco chloroplasts. This combination of pathways has facilitated the biosynthesis of AA in an alternative plants system.
Previously, we had reported the RNA expression of individual
transgenes related to MEV-pathway expression in tobacco chloroplast using RT-PCR (Kumar, et al. 2012). However, we were
not able to carry the RNA-based RT-PCR for an additionally
engineered AA-pathway due to shortage of leaf material produced from the stunted transplastomics; therefore, our 13C
NMR and ESI-MS studies were focused on the quantification
of the final product (AA). Furthermore, quantification of RNA
expression levels may not be necessary; that protein will also be
J. Biosci. 39(1), March 2014
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produced/expressed in the same proportion. The weak correlations may be due to various post-transcriptional processes that
can complicate attempts to obtain accurate estimates of quantities of corresponding mRNAs destined for translation (Gry et al.
2009; Vogel and Marcotte 2012). It may be difficult to decipher
an individual expression of metabolites expressed in chloroplasts using the proteomic approach, as native MEV/MEPpathways already exist in plant systems. Further, in order to test
the expression levels by Western blot analysis, our study would
have been elaborate and expensive to raise antibodies against all
individual transgenes. Also, existence of enzymes as a result of
native pathway would have interfered with the prediction of
accurate expression levels of individual transgenes.
From an economic point of view, having a high yield of
desired product in plant cells is essential. Optimizing pathway
flux and balancing intermediates of metabolic pathways in a cell
are important factors that need to be addressed to get maximal
yields. Further, to make our study more cost-effective, we are
interested in engineering tobacco plants with artemisinin biosynthesis pathway using lesser number of transgenes in order to
reduce the gene load on plant. Our approach would be to
employ transformation of both nuclear and chloroplast genomes
using the essential genes for artemisinin production but still
making sure to obtain normal plants with no physiological
aberrations. The production of isoprenoid-based medicines
should be possible through the use of better metabolic engineering strategies and modulation of transgene expression. Strategies, like synthetic biology and modulation of transgenes
expression in bacterial and yeast systems, have been very productive (Paddon et al. 2013). However, plants are more complex; the genome sequences and networking of all metabolic
pathways are not fully deciphered, therefore in-silico-based
modeling of transgenes regulation in plant system may not
provide complete coherence with in vivo studies. With an
advancement of research, such approaches in future may lead
to successful, commercially viable yields of desirable isoprenoid products and provide a consistent, reliable and low-cost
supplementary source of drugs for ACTs that are needed for
antimalarial treatment. The abundant production of high quality
artemisinin from transgenic plants will have a greater impact on
malaria mortality along with other benefits, including low
startup costs, high flexibility in terms of scale and storage, and
the potential to produce high product volumes at a relatively
lower cost.
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