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Abstract Artemisinin a natural sesquiterpenoid isolated from
Artemisia annua , is of great interest in the treatment of ma-
laria. In this study important artemisinin and related metabo-
lites were profiled throughout the defined developmental pe-
riod by utilizing efficient reversed-phase HPLC method with
UV detection in two elite varieties CIM-Arogya and Jeevan
raksha of Artemisa annua L. Further to gain insight in to the
regulation of artemisinin biosynthesis and accumulation dur-
ing plant ontogeny, expression profiling of eight genes of
artemisinin biosynthetic pathway were performed in both the
varieties. We found higher expression of all transcripts of
artemisinin biosynthetic pathway during plant ontogeny. High
level of up regulation of these genes during plant ontogeny
was associated with higher level of secondary metabolite
content. Relative dynamics of artemisinin metabolites follow-
ed an increasing pattern till the month of November. A. annua
CIM-Arogya variety had higher accumulationmainly in upper
leaves. Interestingly, dihydroartemisinic acid accumulation
was at variance with that of artemisinin and arteannuin B,
suggesting later months of development preferred equilibrium
towards artemisinin accumulation mediated through
uncharacterized catalytic transformation. This behavioural dy-
namics might have some eco-physiological role to play for the
plant.
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Abbreviations
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Introduction

Artemisinin is a naturally occurring anti-malarial sesquiter-
pene lactone endoperoxide which is isolated from Artemisia
annua L. belonging to family Asteraceae. The biosynthesis of
sesquiterpenoid artemisinin is almost completely elucidated
(Fig. 1). There is extensive development in the information
regarding biosynthesis, genomics and pathway understanding
in A. annua (Towlers and Weathers 2007; Schramek et al.
2010; Singh et al. 1990; Sangwan et al. 1993, 1998, 2010).
The isopentenyl pyrophosphate for artemisinin originates
from both cytosolic and plastidic isoprenogenesis. Briefly,
farnesyl diphosphate synthase catalyzes the synthesis of
farnesyl diphosphate from two units of IPP and one unit of
dimethyl allyl pyrophosphate (DMAPP), as for all
sequiterpenoids and triterpenoids. Catalytic conversion of
farnesyl diphosphate into amorpha-4,11-diene through
amorpha diene synthase activity constitutes the committed
step for biosynthesis of artemisinin and congener metabolites
of the pathway artemisinic acid and arteannuin B. In metabolic
sequence, amorpha-4,11-diene is sequentially oxidized to
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generate artemisinic acid involving a single cytochrome P450
enzyme, CYP71AV1, (Teoh et al. 2006). Recently a double bond
reductase (DBR2; Zhang et al. 2008) and an aldehyde dehydro-
genase (Teoh et al. 2006) involved in the biosynthesis were also
isolated. These enzymes are involved in conversion of
artemisinic aldehyde to its dihydro form and then to
dihydroartemisinic acid, respectively. Aldh1 also convert
artemisinic aldehyde to artemisinic acid, an activity ascribed to
CYP (Zhang et al. 2008). Dihydro derivative may be converted
to artemisinin as shown in Fig. 1 (Brown 2010).
Dihydroartemisinic acid is late precursor of artemisinin (Brown
2010) while artemisinic acid is converted to arteannuin B. These
conversions may involve non enzymatic or photooxidation/
singlet oxygen reaction steps as well (Brown 2010; Sangwan
et al. 1993).

Because of the chemical properties of artemisinin, mainly
its low extinction coefficient, various detectors other than UV
detection have been employed for quantification, including
high-pressure liquid chromatography–evaporative light scat-
tering detection (HPLC–ELSD) (Peng et al. 2006; Liu et al.
2007; Yadav et al. 2013), thin layer chromatography
(Marchand et al. 2008) with chemical visualisation, liquid
chromatography–mass spectroscopy (LC-MS) (Van
Nieuwerburgh et al. 2006) and nuclear magnetic resonance
(NMR) (Castilho et al. 2008). Quantification with gas chro-
matography (GC) is also known (Ferreira and Gonzalez 2008;
Peng et al. 2006), but due to the thermal instability of
artemisinin, this technique measures the breakdown products
of artemisinin and is therefore an indirect technique for mak-
ing quantitative measurements. Therefore, we utilized a

Fig. 1 Artemisinin biosynthetic
pathway
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modified HPLC-PDA method that can be used in the efficient
quantitative analysis of artemisinin (AN), dihydroartemisinic
acid (DHAA) and arteannuin B (AAB) (Yadav et al. 2013). In
the present work, the profiling of AN, DHAA andAAB in two
elite and released varieties of A. annua (cv. CIM-Arogya and
cv. Jeevanraksha) was performed and dynamics of these me-
tabolites with pathway gene expression was studied. Gene-
expression profiling of eight-selected target genes, which are
involved in artemisinin biosynthesis during developmental
stages vis-a-vis metabolites revealed a direct co-relation of
gene-to-metabolite link in two cultivar of A. annua through-
out developmental period.

Materials and methods

Plant materials

Both the elite varieties of A. annua cv Jeevanraksha and A.
annua cv. CIM-Arogya were grown under glasshouse condi-
tions with temperature ranging from 20 to 35 °C, from start of
May to end of November under natural light. Plant leaf
samples were collected throughout entire developmental peri-
od with one month interval for metabolite and gene expression
analysis.

Preparation of extract for HPLC

Artemisinin (AN), dihydroartemisinic acid (DHAA) and
arteannuin B (AAB) were extracted by using hexane. Extrac-
tion was conducted by refluxing 1 g of oven-dried (40–45 °C)
leaves of different ages of greenhouse plants in 50 ml hexane
for 12 h at 25 °C. Then the n-hexane phase were filtered and
evaporated to dryness in a fume hood. The dried extract was
reconstituted in 1ml of HPLC grade methanol and centrifuged
at 12,000 g to remove the impurities. The supernatant was
filtered through the 0.2 μ filter for HPLC analysis. The anal-
ysis was performed on Waters HPLC system equipped with a
515 programmable pump, in-line degasser AV, 717plus
autosampler, and 2996 photodiode array detector and reversed
phase column (Nova Pack, C18, 4 μm, 150 mm×3.9 mm).
The system was controlled and data analysis was performed
with Empower software.

Calibration

The linear detection range for each compound was established
by preparing individual standard stock solutions in HPLC
grade methanol. Aliquots of these solutions were diluted and
analysed to determine the linearity range of the method. Limit
of quantification (LOQ) values were estimated from serial
dilution and analyzed for each sample. Triplicate 10 μL injec-
tions were made for each standard solution to see the

reproducibility of the detector response at each concentration
level. The peak area of each drug was plotted against the
concentration to obtain the calibration graph. The five con-
centrations of each compound were subjected to regression
analysis to calculate calibration equation and correlation
coefficients.

HPLC analysis

HPLC analysis was performed as described earlier (Yadav
et al. 2013). AN was first derivatized to Q260 for detection
and quantification while its precursor’s DHAA and other end
product AAB were detected and quantified in intact form
without modification. The artemisinin detection and quantifi-
cation was done by the method of Zhao and Zeng (1985) with
modifications. Zhao and Zeng used 55/45 (by volume)
methanol/0.01 M phosphate buffer as the mobile phase to
determine artemisinin content in crude plant extracts.
Artemisinin which lacks any chromophors was first
derivatized to Q260 by chemical modification using 0.2 %
NaOH and 0.08 M glacial acetic acid. The mobile phase
consisted of methanol and water with 0.1 % glacial acetic acid
each in ratio of 30:70. Isocratic elution was chosen to achieve
maximum separation and sensitivity. Flow rate was 0.8 ml/
min. The samples were detected at 260 nm using photodiode
array detector. Column condition was same as for artemisinin.
The mobile phase consisting of methanol and water with
0.1 % glacial acetic acid each in ratio of 30:70 by isocratic
elution was chosen to achieve maximum separation and
sensitivity.

Linearity

Ten different concentrations of AN, DHAA, AAB were ana-
lyzed and their calibration curve was constructed in the spec-
ified concentration range (0.01–0.10 mg/mL). The calibration
plots were generated by replicate analysis (n =3) at all con-
centration levels and the linear relationship was evaluated
using the least square method within Microsoft Excel
®program.

Limit of detection and quantification

The limit of detection (LOD) and limit of quantification
(LOQ) were calculated from the calibration curves as kσ/S,
where k =3.3 for LOD, and k =10 for LOQ, σ is the
standard deviation of the Y-intercept of regression line
and S is the slope of the calibration curve. Both LOD and
LOQ were expressed by the detection quantity (μg) of AN,
DHAA, AAB. LOD and LOQ were experimentally veri-
fied by six injections of each metabolite at the LOD and
LOQ concentrations.
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RNA isolation, cDNA synthesis and quantitative real-time
PCR analysis

Total RNA was isolated from the tissues by TRIZOL re-
agent (Invitrogen) according to manufacturer’s instruc-
tions. RNA was quantified by NanoDrop ND-1000
(Nanodrop Technologies), and verified for integrity by
electrophoresis on a 0.8 % (w/v) agarose gel. A 5 μg
aliquot of total RNA was reverse-transcribed into cDNA
using the high-capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real time PCR was performed in
triplicate on an Applied Biosystem Step One™ Real-Time
PCR system using TaqMan primer and probe as described
earlier (Yadav et al. 2013). The relative gene expression
was determined based on the 2-ΔΔCT method. 18 s rRNA
was used as an endogenous control gene.
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Fig. 2 Comparative profiles of
artemisinin (a),
dihydroartemisinic acid (b), and
arteannuin B (c) content (mg g−1

DW) in two cultivars of A annua
(cv Jeevanraksha and cv. CIM-
Arogya) during plant ontogeny
from early vegetative stage (May)
to full bloom stage (November).
d and e represent the comparative
analysis of artemisinin in upper
leaf (upper 1/3 of plant) and lower
leaf (lower 2/3 of plant) for
cultivar CIM-Arogya and Jeevan
Raksha respectively. Mean values
are compared. Standard deviation
is represented as error bar (n =3).
Asterisk indicates the significant
difference at level p <0.05

Table 1 The content of artemisinin in leaf, flower, side shoot, main stem
and root in two cultivar (Jeevanraksha and CIM-Arogya) of A. annua at
flowering stage. Standard deviation is represented as ± value. AN
artemisinin

cv. Jeevan Raksha cv. CIM-Arogya

AN (mg g−1DW) SD AN (mg g−1DW) SD

Leaf 10.87a 0.73 12.32a 0.59

Flower 8.97b 0.71 10.01b 0.63

Side shoot 0.0043c 0.00005 0.0049c 0.00008

Main stem 0.0008d 0.000002 0.0009d 0.000003

Root – – – –

Values are means of three replicates ± SD. Values followed by different
superscript letters were significantly different at p <0.05 (Duncan’s mul-
tiple range test)
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Statistical analysis

Student’s t and one way ANOVA test was conducted for
statistical analysis of the data performed. Mean values were
compared and standard deviation was indicated except where
it was too small to be visible in the graphical representations.
Asterisks indicate a significant difference at *P <0.05.

Results and discussion

Artemisinin absorbs at the lower end of the UV spectrum,
between 210 and 220 nm, the extinction coefficient is rela-
tively small and detection at lower wavelengths usually results
in poor selectivity (Chen et al. 2002). Although a method was
developed for the quantification of AN using HPLC with UV
detection at 210–220 nm (Ferreira and Gonzalez 2008), this
detection at the low wavelength region has its obvious draw-
backs, especially with plant extracts. Zeng et al. (1983) re-
ported that treating artemisinin with sodium hydroxide solu-
tion gave a resultant compound, called Q292, having a maxi-
mum absorbance at 292 nm. Q292 could be further converted
into another compound, called Q260, having a maximum
absorbance at 260 nm, by acidifying its solution. Although
Q292 has an absorbance maximum at 292 nm with ɛ value of
19400 in alkaline medium (Zeng et al. 1983) it is not very
stable so as not to be determined by conventional chromato-
graphic methods. Consequently various HPLC methods with
either pre- or post-column derivatization have been developed
to convert artemisinin into Q260 owing to its stability around
neutral toward slightly acidic pH (Chen et al. 2002). However
Q260 (with ɛ value of 11200 in acidic medium) is less sensitive
than that of Q292. Therefore Q260 could be used to determine
the artemisinin content. In the present work AN was first
derivatized to Q260 for detection and quantification while its
precursors DHAA and other end product AAB were detected
and quantified in intact form without derivatization. DHAA
and AAB absorbs at low end of the UV spectrum around
210 nm. Good linearity for AN (r2=0.9977), DHAA (r2=1),
and AAB (r2=0.9997) was found between 0.01 mg/ml to
0.1 mg/ml. The LOD was calculated to be 2.06 μg/ mL; the
LOQ was calculated to be 6.89 μg/mL for artemisinin, for
AAB LOD was 1.6 μg/mL and LOQ was 5.51 μg/mL and for
dihydroartemisinic acid LOD was 0.13 μg/mL and LOQ was
0.455 μg/mL.

Maes et al. (2011), and Arsenault et al. (2010) also reported
the HPLC-ELSD technique for detection and quantification of
artemisinic acid, DHAA, and arteannuin B from A. annua
samples. Mannan et al. (2010) used LC/MS for AA detection
and quantification. The report of artemisinic acid detection
and quantification by HPLC–ELSD was also available in
literature (Ferreira et al. 1994; Ferreira and Gonzale 2008).
In the present study we quantified all the three metabolites in

two cultivar of A. annua (cv. CIM-Arogya and cv.
Jeevanraksha) during entire plant ontogeny and among differ-
ent plant tissues such as leaf, flower, shoot and root using
efficient protocol (Yadav et al 2013). AN content was higher
for cv. CIM-Arogya as compared to cv. Jeevanraksha although
the difference is not statistically significant at p <0.05 level.
AN content was obtained at lowest at early vegetative stage
(May) and reached its peak at late vegetative state (September)
and reproductive stage (October, November) for both cultivars
of A. annua (Figs. 1 and 2a). Similarly, AAB content was
lowest at early vegetative stage (May) and maximum at late
vegetative stage (September) and reproductive stage (October,
November) for both cultivars of A. annua (Fig. 2c, Table 1).
Several reports are available on the developmental profile of
metabolites in different accession of A. annua with the obser-
vation that AN concentration peaked just before flowering
(Laughlin 1995; Sangwan et al 1999, 2010; Yadav et al.
2013). Nevertheless, observations of some investigation
(Ferreira and Janick 1996) suggest it to reach maximum at
full flowering. This difference could be attributable to the
climatic conditions, ecotype, cultural practices or a combina-
tion of all these factors. DHAA is the immediate precursor of
artemisinin. The distribution pattern of DHAA during plant
ontogeny was different from both AN and AAB. DHAA
content in plant was lowest at early vegetative stage (May)
and full bloom stage (November) and highest at mid vegeta-
tive stage (July). This distribution pattern is attributable for
both cultivar of A. annua (Fig. 2b, Table 1). Peng et al. (2006)
reported that the AN content of the sixteen seed-generated
lines of the cultivar A. annua ranged from 0.2 % to 0.9 % by
both GC-FID and HPLC-ELSD. ElSohly et al. (1987) work
stated that artemisinin (0.138 %, 0.140 %, and 0.153 %) in A.
annua cultivars analyzed by HPLC analysis reached to its
maximum amounts prior to flowering period. In an earlier
study, artemisinin content in the herb of A. annua was found
0.65 % using RP-HPLC (Qian et al. 2005). Our present study
shows that artemisinin percentage varies during plant

Table 2 Detail of genes used for real time PCR analysis

S. No. Accession No. Gene description

3 AF182286.2 1-deoxy-D-xylulose-5-phosphate synthase
(DXS)

4 AF182287 1-deoxy-D-xylulose-5-phosphate
reductoisomerase (DXR)

5 AF142473 HMG-CoA reductase (HMGR)

6 DQ666334.1 Isopenteyl diphosphate isomerase
(IPP isomerase)

7 AF112881 Farnesyl diphosphate synthase (FDS)

8 FJ613423 Amorpha-4,11-diene synthase (ADS)

9 DQ453967 Amorpha-4,11-diene monooxygenase (ADMO)

10 EF197889 Amorpha-4,11-diene C-12 oxydase (ADCO)
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ontogeny and reached maximum from late vegetative stage
(September) to reproductive stage (October, November). The
highest artemisinin percentage for A. annua cv. Jeevan
Raksha was 1.1 % and for cv. CIM-Arogya was 1.3 % on
dry weight basis. Artemisinin distribution estimation was also
done in upper leaf (upper 1/3 of plant canopy) and lower leaf
(lower 2/3 of plant canopy) and among the plant different
tissues (leaf, flower, shoot and root). Upper leaf of plant
exhibited around 10–20 % higher artemisinin content com-
pared with lower leaf canopy and the pattern is reflected for
both cultivar of A. annua (Fig. 2d and e). The variation of

artemisinin concentration down the plant profile varies con-
siderably with origin. Charles et al. (1990), reported about
double AN concentration in top third of plant compared from
the middle and lower third when sampled in the vegetative
phase just before flowering in an accession of A. annua of
Chinese origin. Laughlin (1995) reported increase in AN
concentration from top to bottom quarters. Ferreira and Janick
(1996) reported even distribution of AN in top, middle and
lower third at both vegetative and reproductive stage of plant.
Plant population density, accession, climatic condition, eco-
type and all in combination may be an important factor in
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Fig. 3 Relative quantification
profiles of eight genes (HMGR:
a1, DXS:a2, DXR:a3, IPP
isomerase:a4, FDS:a5, ADS:a6,
ADMO:a7 and ADCO:a8) of
artemisinin biosynthetic pathway
during plant ontogeny (May to
November) for two cultivar of A.
annua (CIM-Arogya and Jeevan
Raksha)
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analysing above results of variation (Laughlin 1995; Charles
et al. 1990; Ferreira et al. 1994; Ferreira and Janick 1996;
Bose et al. 2013). In the present study we have taken tissues
from each quarter of plant height for artemisinin estimation
and found higher AN concentration in leaf tissue from upper
1/3 of plant height compared with remaining 2/3 of plant
height. The statement was also validated by real time quanti-
fication of transcripts of AN biosynthetic pathway. Interest-
ingly, flower tissues have around 9–18 % lower AN content
compared to upper leaf tissues (Table 1). Side shoot branches
contained around 0.04 % AN compared with upper leaf, main
stem had trace amount of AN while root tissue have detected
none (Table 1). Thus the leaf tissues are the main source of AN
in plant A. annua and younger leaves representing upper
canopy of the plant represent elevated biosynthetic machinery
for terpenoid biosynthesis (Singh et al. 1990).

To determine the expression patterns of transcripts of AN
biosynthetic pathway to correlate with those of the metabolite
analyzed, the gene expression of the selected eight enzymes of
metabolism (Table 2) were studied in leaf tissues of A. annua
from May to November (Fig. 3a1–a8). Two of the eight
enzymes of the MEP pathway, DXS and DXR catalyzed
regulatory steps of the pathway (Cordoba et al. 2009). The
higher expression of these two genes, as observed by qPCR,
during plant ontogeny implies an increase in the metabolic
flux through the pathway positively affecting the biogenesis of
artemisinin. Recently, it has been shown that AN biosynthesis
occurs substantially or wholly through MEP pathway
(Schramek et al. 2010). One enzyme of the mevalonate path-
way, hydroxymethyl glutaryl co A reductase that has been
analyzed for its expression is a rate-limiting enzyme of the
mevalonate pathway. The expression of the key pathway gene
HMGR was found up-regulated during the plant ontogeny. It
has been shown that HMGR expression influences artemisinin
formation in A. annua (Ram et al. 2010). Similar to HMGR,
DXS AND DXR, the expression of IPP isomerase and FDS
were found up-regulated during plant ontogeny. IPP isomer-
ase catalyses the inter conversion of IPP and DMAPP, the key
intermediates that are used to produce GPP (precursor of
monoterpenes) and FDP, precursor of artemisinin (Yadav
et al. 2013). FDS plays a central role in catalyzing FDP
synthesis that serves as an anaplerotic metabolite catering to
the needs of these diversified pathways. Over expression of
FDS in A. annua has been shown to result in an increase in
artemisinin production (Ferreira and Janick 1996) indicating
that it holds rate control or flux facilitation role in plant. Our
data on FDS are also in its close agreement. ADS and
CYP71AV1 (ADMO and ADCO) catalyze three steps of
AN biosynthesis from FDP and were up-regulated during
plant ontogeny and reached its plateau at later stages of plant
development. The observed higher expression of ADS and
CYP71AV1 involved in the conversion of FDP to AA and
DHAA (Brown and Sy 2004) provides expression genomics

cue to subdued production of AN and AAB during plant
ontogeny. The relative quantification of selected eight genes
was also conducted for leaf tissues and flower tissues to
correlate the metabolite with transcript dynamics (Fig. 4a
and b). All genes indirectly involved in artemisinin biosyn-
thesis (HMGR, DXS, DXR, IPP isomerise and FDS) were
found 2–5 fold up-regulated in flower tissue while genes of
specific artemisinin biosynthetic (ADS, ADMO and ADCO)
pathway were 1–2 fold down regulated. Thus, in conclusion
the gene expression data are in correlation with the artemisinin
data. Higher expression of HMGR, DXS, DXR, IPP isomer-
ase and FDS in flower tissue indicated higher biosynthesis of
monoterpene and sesquiterpene of essential oil, triterpenes
and sterols (Sangwan et al. 2010; Yadav et al. 2013). The
maximum artemisinin content was obtained at late vegetative
stage and reproductive stage for both cultivars. Relatively
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maximum artemisinin content was higher for cv. CIM-Arogya
(1.3 %) than cv. Jeevanraksha (1.1 %). Artemisinin content is
higher in upper leaves compared with lower leaves in A.
annua suggesting younger and developing leaves to have
elevated levels of biosynthetic potential. The levels of the
artemisinic metabolites correlated with the pathway gene ex-
pression in both the elite varieties.
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