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Abstract Medicinal plants are rich source of bioactive

compounds which are important for human healthcare. The

production of bioactive compounds such as artemisinin is

limited in plants. Novel antimalarial drug artemisinin was

obtained from leaves of Artemisia annua L. plants. The

content of artemisinin in the natural plant is 0.01–1.1 % on

dry weight basis. Due to its low content, the drug could not be

commercialized in the global market to explore the artemi-

sinin-based combined therapies in the world. The economic

limitations of chemical synthesis is unfeasible due to its

complexity and cost effectiveness. In this article, we have

studied the effect of rate limiting enzymes/genes expression,

HMG-Co A reductase and amorpha-4,11-diene synthase on

physiochemical changes in terms of total biomass, chloro-

phyll, total protein, artemisinin content and yield in trans-

genic lines ofA. annuaL. plants. The shoot length (42.00 %),

number of leaves (86.89 %), the number of root (39.82 %)

root length (83.61 %), total biomass accumulation (100 %),

total chlorophyll level (138.14 %), total protein level

(73.36 %) in TR4 at in vitro level while artemisinin

(93.54 %) and its yield (237.26 %) were maximum in TR5 at

polyhouse conditions, followed by TR1, TR2, TR3, TR7 and

TR9 as compared to non-transgenic Artemisia annua L.

plants. A similar trend in leaf biomass, stem biomass and

leaf:stem ratio was also recorded in polyhouse condition.

Keywords Artemisia annua L. � Artemisinin � HMGR �
ADS � Biomass � Protein � Chlorophyll

1 Introduction

Artemisinin is biosynthesized mainly in the leaves of A.

annua L., a novel antimalarial drug used in artemisinin-

based combination therapies (ACTs) recommended by

WHO. The low yield of artemisinin (0.1–1.1 %) is a serious

impediment in the commercialization of this drug in the

global market. The chemical synthesis of artemisinin is also

very complicated and economically non-feasible due to

poor yields (Abdin et al. 2003; Ravindranathan et al. 1990).

The biosynthetic pathway of artemisinin belongs to the

isoprenoid metabolite pathway, the key rate limiting

enzymes involved in the biosynthesis of artemisinin

include: 3-hydroxy-3-methylglutaryl-CoA reductase (first

rate limiting enzymes from mevalonate pathway), and

amorpha-4,11-diene synthase catalyzes the important steps

of the artemisinin pathway leading to the highly specific
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olefinic sesquiterpene skeletons and have been postulated

as the regulatory step in the biosynthesis of artemisinin.

Various studies have also been conducted in different lab-

oratories to reveal the biosynthetic pathway of artemisinin

and its regulation by using the molecular stresses (biotic,

abiotic stresses) and genetic engineering approaches

involved in the improvement of artemisinin concentration

in the Artemisia annua L. plants (Abdin and Alam 2015;

Alam et al. 2014; Alam and Abdin 2011; Nafis et al. 2010;

Jha et al. 2010; Zhang et al. 2009; Sa et al. 2001; Avery et al.

1992; Akhila et al. 1990; Xu et al. 1986).

Significant efforts such as chemical synthesis, plant cell

suspension cultures, hairy root system and fermentation of

the engineered microorganism have been made to enhance

the production of artemisinin. However, none of these

methods are commercially feasible to fill the gap between

supply and demand (Sharaf-Eldin and Elkholy 2009; Alam

and Abdin 2011; Liu et al. 2010). In recent past, researchers

tried to improve artemisinin concentration by targeting the

rate limiting enzymes of biosynthetic pathway and enhance

the level of artemisinin inA. annuaL. plants. In this prospect,

we have study the relation of rate limiting enzymes, biomass,

protein and physiological changes in transgenic Artemisia

annua L. plants for enhanced production of artemisinin.

2 Materials and methods

2.1 Plant material and culture conditions

Previously developed transgenic lines harboring HMG-CoA

reductase gene (hmgr) isolated from C. roseus (L) G. Don

(Acc. No. AY623812) and amorpha-4,11-diene synthase

(ads) gene (Acc. No. 432667), isolated fromArtemisia annua

L. plants were over-expressed in A. annua L. plants in our

laboratory (Alam and Abdin 2011) and were maintained in

rooting medium (MS ? 0.5 mg/L NAA) supplemented with

0.8 % agar. The pH of the medium was adjusted to 5.8 before

the addition of agar and the medium was autoclaved at 1 bar

for 20 min. The cultures were maintained at 25 ± 2 �C
under 16-h photoperiods. The high artemisinin yielding lines

(TR1, TR2, TR3, TR4, TR5, TR7 and TR9) and non-trans-

genic A. annua L. were used in the present study in vitro and

polyhouse condition for their growth and development.

2.2 Acclimatization and hardening of plantlets

The survival and establishment of plantlets were evaluated

after transplanting them in pots containing vermiculite,

perlite and soilrite (1:1:1) and kept in a transgenic con-

tainment facility at 25 ± 2 �C under 5000 Lux light

intensity (using fluorescent lamps and 16/8 h light/dark

period of further growth).

2.3 Data observation of in vitro developed

transgenic and non-transgenic lines of A. annua

L. plants

2.3.1 Shoot and root length

At every sampling, five replicates were taken from each

transgenic and non-transgenic (control plantlets) lines. The

length of roots and shoots were measured and expressed in cm.

2.3.2 Biomass accumulation

To record the dry weight, the plantlets were cut at the root–

shoot junction and the separated parts of transgenic and

non-transgenic lines were dried separately in hot air oven at

50 �C for 48 h. Thereafter, the dry weight (g) was deter-

mined to digital balance by unitary method.

2.3.3 Estimation of chlorophyll content

The total chlorophyll content of the leaves was estimated

according to the method of Hiscox and Israelstam (1979). The

chlorophyll was extracted from 100 mg of leaf sample using

7 ml dimethyl sulfoxide (DMSO) in the test tube and kept in

the oven at 65 �C for 2.30 h, so as to complete the leaching of

the pigments. The reaction mixture was transferred to a

graduated tube and final volume was made up to 10.0 ml by

adding DMSO. The chlorophyll content was then measured

immediately. The absorbance of the reaction mixture was

recorded at 645 and 660 nm by UV–Vis spectrophotometer

(Spectroscan 80 DV, USA). Total chlorophyll content was

calculated according to the method of Arnon (1949).

2.3.4 Estimation of total soluble protein

The total soluble protein content of the leaves of transgenic

and non-transgenic lines was determined using the Brad-

ford’s (1976) method.

2.4 Data observation of polyhouse-grown transgenic

and non-transgenic lines of A. annua L. plants

The polyhouse-grown transgenic and non-transgenic lines

of Artemisia annua L. were harvested at pre-flowering stage

to observe the plant height, leaves biomass, stem biomass

and leaf:stem ratio. Dried samples were kept in plastic bags

at room temperature for analysis of artemisinin.

2.4.1 Biochemical analysis of A. annua L. plants grown

in polyhouse

Artemisia annua L. leaves (5 g) used for enzyme essay from

transgenic and non-transgenic lines were quickly frozen in
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liquid nitrogen and homogenized in a pre-cooled mortar

containing 50 mM Mopso (pH 7.0), 20 % (v/v) glycerol,

50 mM sodium ascorbate, 50 mM NaHSO3, 10 mM MgCl2,

5 mM DTT, 1 g polyvinylpolypyrrolidone (PVPP) with a

spatula tip of purified sea sand and 5 g of polystyrene resin

Amberlite XAD-4. Similarly, HMGR assay, leaves, (2 g)

from transgenic and non-transgenic lines ofA. annuaL. were

washed and chopped into small pieces (1–2 mm). Each

sample was homogenized in 5 volumes of ice-cold buffer

(100 mM K-Phosphate, pH 7.2, 30 mM EDTA, 0.35 mM

sucrose, 20 mM b-mercaptoethanol and 0.3 % BSA) and

homogenate was squeezed through two layers of muslin

cloth and filtered. The enzyme activities of amorpha-4,11-

diene synthase (ADS) and HMGR were determined by using

the method of Alam and Abdin (2011).

2.4.2 Estimation of artemisinin

1 g dry leaf material of A. annua L. plants was used for the

estimation of artemisinin content using the method as

described by Zhao and Zeng (1986). The derivatized artemi-

sinin was analyzed and quantified using reverse phase column

(C18, 5 lm, 4.6 9 250 mm) with mobile phase methanol:

100 mM K-Phosphate buffer (pH 6.5) in the ratio of 60:40.

The artemisinin was quantified with the help of HPLC.

3 Results

3.1 Growth and physicochemical analyses of in vitro

and polyhouse-grown A. annua L. plants

To observe the impact of hmgr and ads transgenes containing

transgenic lines on the shoot growth of transgenic A. annua,

the shoot lengths of both transgenic and non-transgenic

plants were measured with a scale in centimeter and the

number of leaves per plant after 2nd, 4th and 6th week of

culture. The maximum shoot length 9.33 ± 0.088 cm

(42.00 % higher) and maximum number of leaves per plant

52.33 ± 1.76 (86.89 % higher) were recorded in one of the

transgenic lines, TR4, as compared to the non-transgenic

plants (Fig. 1a, b) in 6th week of culture on rooting medium

followed by other transgenic lines (TR1, TR2, TR3, TR5,

TR7, TR8 and TR9). Similarly, the root length and the

number of roots per plant were recorded in both transgenic

and non-transgenic plants after 2nd, 4th and 6th week of

culture on rooting medium. The maximum root length

9.83 ± 0.080 cm (39.82 % higher) and maximum number

of root per plant 28.0 ± 0.943 (83.61 % higher) were

recorded in plants of one of the transgenic lines, TR4 as

compared to the non-transgenic plants in 6th week of culture

on rooting medium (Fig. 2a, b) followed by other transgenic

lines (TR1, TR2, TR3, TR5, TR7, TR8 and TR9). Significant

differences in the biomass accumulation per plant were also

observed in transgenic and non-transgenicA. annuaL. plants

after 2nd, 4th and 6th week of culture. The maximum bio-

mass 0.46 ± 0.006 dry wt. (g DW plant-1; 100 % higher)

was recorded in TR4 transgenic line followed by other

transgenic lines (TR1, TR2, TR3, TR5, TR7, TR8 and TR9)

compared with non-transgenic lines in 6th week of culture

(Fig. 3). Some transgenic A. annua L. lines maintained

higher chlorophyll and soluble protein contents as compared

to the non-transgenic plants. The maximum increase in

chlorophyll (8.43 ± 0.26 mg/g fresh weight basis) and sol-

uble protein (23.56 ± 0.32 mg/g fw) were, however, found

in TR4 (138.13 % and 73.36 % higher, respectively) fol-

lowed by other transgenic lines (TR1, TR2, TR3, TR5, TR7,

TR8 and TR9) as compared to non-transgenic plants on 6th
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Fig. 1 a Shoot length (cm) and b number of leaves per plant in non-transgenic and transgenic plants of A. annua L. on 2nd, 4th and 6th week of

culture on rooting medium. Each value is the mean ± standard error (n = 5)
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week of culture on rooting medium (Figs. 4, 5). In polyhouse

condition the plant height (150.0 ± 1.53–180 ± 1.16 cm),

leaf biomass (30.0 ± 0.71–75.5 ± 0.48 g plant-1 dry

weight basis), stem biomass (64.3 ± 0.57–111.7 ± 1.29 g

plant-1 dry weight basis) and leaf:stem ratio

(0.37 ± 0.21–0.82 ± 0.66) were varied in these transgenic

lines compare with non-transgenic plant height

(140.2 ± 1.07 cm), leaf biomass (25.0 ± 0.21 g plant-1

dry weight basis), stem biomass (62.4 ± 0.42 g plant-1 dry

weight basis) and leaf:stem ratio (0.40 ± 0.22) (Table 1).

The maximum biomass of leaf and stem was observed in TR5

lines of A. annua L. plants in polyhouse conditions.

3.2 Biochemical analysis of A. annua L. plants

grown in polyhouse

The in vitro raised A. annua L. plants were transferred to

polyhouse for hardening and further growth as well as

development. The survival and establishment of plantlets

were evaluated after transplanting them in pots containing

soil, sand and peat moss (3:3:1). The plantlets were watered

and covered with transparent plastic bags to maintain high

relative humidity. The percentage survival of the hardened

plants was recorded after 1 month of transfer. The leaves of

plants were showing yellowing during gradual reduction of
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Fig. 2 a Root length (cm) and b number of roots per plant in non-transgenic and transgenic plants of A. annua L. on 2nd, 4th and 6th week of

culture on rooting medium. Each value is the mean ± standard error (n = 5)

Fig. 3 Biomass accumulation (dw per plant) by transgenic and non-transgenic plants of Artemisia annua L. on 2nd, 4th and 6th week of culture

on rooting medium. Vertical line on each bar represents ± SE (n = 5)
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humidity and plants had 85 % survival rate. This step was

very critical; some plants died during this period due to

desiccation. The data for biochemical parameters were

recorded on pre-flowering stage. The mevalonate content in

the leaves of transgenic line (TR1, TR2, TR3, TR4, TR5,

TR7, TR8 and TR9) and non-transgenic plants ofA. annuaL.

was analyzed and expressed as lg g-1 dw (Fig. 6). It was

found 12.40 ± 0.100 lg g-1 dw (58.97 % higher) in TR4

followed by TR1, TR2, TR3, TR4, TR7, TR8 and TR9 when

compared with the non-transgenic (Fig. 7). Further, the

enzymatic analyses of HMGR 13.41 ± 0.220 nmol MVA

formed h-1 mg-1 (55.21 % higher) and ADS lM h-1 mg-1

3.22 ± 0.130 (65.21 % higher) in transgenic (TR5) lines

followed by TR1, TR2, TR3, TR4, TR7, TR8 and TR9 as

compared to the non-transgenic plants (Fig. 7).

3.3 Artemisinin content and yield

The artemisinin content in the leaves of transgenic (TR) as

well as non-transgenic (W) plants of A. annua L. and

artemisinin yield (mg plant-1) was determined in the plants

grown in the polyhouse at pre-flowering stage. These were

found to be 93.54 % (1.258 %, artemisinin content dry wt.

basis) and 237.26 % (12.31 ± 0.208 mg/g, yield) higher in

Table 1 Effect of ADS and

HMGR genes on physiological

parameters (leaf, stem biomass

and leaf:stem ratio) of Artemisia

annua L. genotypes grown in

polyhouse conditions at pre-

flowering stage

Genotypes Plant height (cm) Leaf biomass (g/plant) Stem biomass (g/plant) Leaf:stem ratio

W 140.2 ± 1.07 25.0 ± 0.21 62.4 ± 0.42 0.40 ± 0.22

TR1 154.1 ± 0.34 41.3 ± 0.25 111.7 ± 1.29 0.37 ± 0.21

TR2 153.0 ± 0.73 42.5 ± 0.51 110.0 ± 0.78 0.39 ± 0.42

TR3 150.0 ± 1.53 30.0 ± 0.71 64.3 ± 0.57 0.45 ± 0.23

TR4 160.6 ± 1.24 52.2 ± 0.48 79.5 ± 0.63 0.66 ± 0.62

TR5 180.6 ± 1.16 75.5 ± 0.48 92.5 ± 0.54 0.82 ± 0.66

TR7 154.1 ± 0.62 51.1 ± 0.54 72.5 ± 0.50 0.71 ± 0.56

TR8 150.1 ± 0.70 28.9 ± 0.71 64.4 ± 0.49 0.45 ± 0.36

TR9 151.5 ± 1.55 30.4 ± 0.60 65.8 ± 0.69 0.46 ± 0.24

Each value is the mean ± standard error (n = 3)

W, non-transgenic plant; TR, transgenic plants
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Fig. 6 HMGR activity and mevalonate (MVA) content in the leaves of transgenic (TR) and non-transgenic (W) plants of A. annua L. grown in

polyhouse. Vertical line on each bar represents ± SE (n = 5)
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TR5 followed by other transgenic lines (TR1, TR2, TR3,

TR4, TR7, TR8 and TR9) as compared to the non-trans-

genic (3.65 ± 0.173 mg/g) plants (Fig. 7).

4 Discussion

4.1 Influence of transgenes hmgr and ads on growth

of A. annua L. plants

The impact of hmgr and ads genes on physiological as well

as biochemical parameters were assessed in transgenic and

non-transgenic A. annua L. plants after 2nd, 4th and 6th

weeks of culture. In our study, we have observed that the

shoot length, number of roots, chlorophyll and soluble

protein contents of all transgenic plants of A. annua L.

were higher (Figs. 1, 3). The chlorophyll and protein

content were recorded maximum in TR4 followed by TR1,

TR2, TR3, TR5, TR7 TR8 and TR9 in the 6th week as

compared to non-transgenic plants. The transgenic lines

with higher expression of hmgr and exhibiting increased

activity of HMGR enzyme have also found to have higher

chlorophyll and soluble protein contents and accumulated

more biomass when compared with other transgenic and

non-transgenic A. annua L. plants (Figs. 1a, b, 2). This

could be due to the expression of hmgr only because of the

more HMGR activity led to the higher substrate pool for

the downstream enzymes from MVA pathway such as

isopentenyl transferase (IPT) which involved in cytokinins

biosynthesis (Sa et al. 2001).

4.2 HMG-CoA reductase, amorpha-4,11-diene

synthase activities, mevalonate and artemisinin

contents

In the recent past, there is a now strong evidence that

mevalonate biosynthesized from mevalonate pathway have

been utilized in the biosynthesis of not only MVA pathway

but also other isoprenoids such as artemisinin, sterol, etc.

(Zhang et al. 2009; Arsenault et al. 2010; Mauji Ram et al.

2010), which becomes a limiting factor for the artemisinin

biosynthesis. Keeping in view our study, we have

attempted to over-express the hmgr encoding HMGR, the

rate limiting enzyme of the mevalonate pathway led to

enhance the HMG-CoA reductase activity (55.21 %) and

mevalonate content (58.97 %) in one of the transgenic lines

(TR5) followed by another (TR1, TR2, TR3, TR4, TR7

TR8 and TR9) of Artemisia annua L. plants. Similarly, ads,

the gene encoding ADS, the enzyme catalyzing the first

rate limiting step in artemisinin biosynthesis, linking it to

the mevalonate pathway (Arsenault et al. 2010; Koob-

kokkruad et al. 2008) had also been over-expressed
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Fig. 7 ADS activity, artemisinin content and artemisinin yield in the leaves of transgenic (TR) and non-transgenic (W) plants of A. annua L.

grown in polyhouse. Vertical line on each bar represents ± SE (n = 5)
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simultaneously with hmgr led to higher amorpha-4,11-di-

ene synthase activity (65.13 %) in TR5 followed by

another (TR1, TR2, TR3, TR4, TR7 TR8 and TR9)

(Figs. 6, 7) as well as artemisinin content (93.54 %) and

yield (237.26 %) when compared with the non-transgenic

A. annua L. plants and in polyhouse compared to wild-type

plants. A large variation in artemisinin content has been

observed in the leaves of plants from different origins by

different investigators. The high artemisinin yielding

varieties are the product of recurrent and mass selection of

breeding lines as well as transgenic strains of A. annua

(Alam et al. 2014; Paul et al. 2010). Artemisinin produc-

tion by A. annua is usually in the range of 0.01–0.4 %, but

some clones produce over 1 % (Delabays et al. 1993). Thus

we have proved that the yield obtained by us in transgenic

plants of A. annua L. was recorded more than others

(Koobkokkruad et al. 2008; Aquil et al. 2009).

The developmental stage of A. annua plant at which

maximum artemisinin concentration could be found is also

an important aspect. Majority of investigators have repor-

ted the highest artemisinin content at the pre-flowering

stage (Liersch et al. 1986; Jha et al. 2010). In the present

study also, the highest concentration of artemisinin in the

plant was observed at the pre-flowering stage (Fig. 7). It is

due to higher expression of hmgr and ads transcript levels

which led to the increased HMGR and ADS in transgenic

lines of A. annua L. (Alam and Abdin 2011; Nafis et al.

2010; Aquil et al. 2009). It is quite interesting that the

differences in physiological and biochemical parameters of

TR4 and TR5 were more significance with each other. But

when the transgenic plantlets were shifted to a transgenic

containment facility, the activity of the ADS, HMGR and

yield of artemisinin was enhanced in TR5 line. It might be

due to environmental effects regulating any abiotic

responsive genes that promote the increased expression

level of hmgr and ads at this level which was ultimately

responsive for higher artemisinin accumulation in TR5

lines. However, these differences could probably be due to

the genotypic differences in A. annua plants as well as the

differences in environmental conditions.

The higher artemisinin contents in A. annua L. plants

and other organisms like tobacco, yeast, etc., may also be

achieved by simultaneous control of multi-steps in MVA/

MEP and artemisinin biosynthetic pathways using tran-

scriptional regulators, knock down the gene(s) expression,

gene/tissue specific promoters in Artemisia annua L.

plants. This could lead to more artemisinin biosynthesis in

genetically engineered strain of Artemisia annua L. plants

affect the cost of ACTs for malaria caused by multi-drug

resistant P. falciparum sp. in the endemic area of the world.

The higher biomass accumulation of transgenic Artemisia

annua L. in this study is a good sign for Artemisia annua L.

breeders to cultivate and produce more crops for their

economic value. Finally, it is proved that if the other

enzymes from the artemisinin biosynthetic pathway over-

expressed or down regulates, the level of artemisinin might

be improved with transgenic plants and the cost of ACTs

will be reduced for poor people.
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