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A s early as 500 BC, ancient Chinese
scripts reported the use of the an-
nual herb, Artemisia annua, for treatment
of “fever” (Klayman, 1985). Much later,
Qinghaosu, artemisinin, a sesquiterpene
lactone, was isolated in pure form from
the aerial parts of Artemisia annua L. (an-
nual wormwood) plants, and its structure
was determined in 1979 (Klayman, 1985).
Artemisinin is currently the best therapeu-
tic against both drug-resistant and cerebral
malaria-causing strains of Plasmodium
falciparum. It has since become popular
throughout Southeast Asia and Africa,
where malaria has become resistant to
nearly all anti-malarial drugs, including
chloroquine, quinine, mefloquine, and
Fansidar (Newton et al., 1999).

Artemisinin is an important thera-
peutic that, along with its derivatives, is a
proven treatment for a number of diseases
besides malaria (Dhingra et al., 2000),
other parasites like schistosomiasis (Utz-
inger et al., 2001; Borrmann et al., 2001),
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and more recently cancer and Hepatitis B
(Romero et al., 2005). Artemisinin has
also been shown to be effective against a
variety of cancer cell lines including
breast cancer, human leukemia, colon, and
small-cell lung carcinomas (Efferth et al.,
2001; Singh and Lai 2001). Furthermore,
artemisinin may be especially effective in
treating drug resistant cancers (Sadava et
al., 2002; Efferth et al., 2002). However,
the drug is in short supply as its complex
structure still requires that it be extracted
from plants. Although others are working
on a synthetic trioxolane (Vennerstrom et
al., 2004) and bacterial produced artemis-
inin precursors (Martin et al., 2003) that
may replace artemisinin as an inexpensive
therapeutic, A. annua plants are still the

only current source of the drug.

In the whole plant artemisinin has
been reported to accumulate in leaves,
small green stems, buds, flowers and
seeds (Liersch et al., 1986; Ferreira et al.,
1995) with highest levels in leaves and
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flowers. Neither artemisinin nor its pre-
cursors, however, were detected in roots
(Charles et al., 1990). Artemisinin content
in full bloom flowers was 4-5 times higher
than in leaves (Ferreira et al., 1995). Both
leaves and flowers of A. annua have
trichomes. Duke et al. (1994) showed that
artemisinin is sequestered in the glandular
trichomes of A. annua, and that glandless
types produce no artemisinin (Ferreira et
al., 1995). Some researchers reported that
artemisinin content is highest just prior to
flowering (Liersch et al., 1986; Woerden-
bag et al., 1994) while others found an
artemisinin peak at full flowering stage
(Morales et al., 1993, Pras et al., 1991;
Singh et al., 1988).

The concentration of artemisinin in
A. annua is very low, in the range of 0.01-
0.8 % (Van Geldre et al., 2000), although
some strains may be as high as 1.5% (J.
Simon, personal communication). Al-
though chemical synthesis is possible, it is
complicated and economically not viable
due to very poor yields (Abdin et al.,
2003). Thus, the plant remains the only
commercial source of the drug, and the
relatively low yield of artemisinin in A.
annua is a serious limitation to the com-
mercialization of the drug (Laughlin,
1995; Bertea et al., 2005). The enhanced
production of artemisinin either in
cell/tissue culture or in whole plants of A.
annua is therefore, highly desirable and
should be achievable by a better under-
standing of the biosynthetic pathway and
its regulation by both exogenous and en-

dogenous factors. Furthermore, once the

pathway genes and their regulatory con-
trols have been elucidated, metabolic en-
gineering can be employed to overexpress
gene(s) coding for enzyme(s) associated
with the rate limiting step(s) of artemisi-
nin biosynthesis or to inhibit the en-
zyme(s) of other pathways competing for
its precursors. In the biosynthesis of ar-
temisinin, very little is known about en-
zymes responsible for the production of
the different intermediates. At one of the
important branchpoints farnesylpyrophos-
phate (FPP) is cyclised by the action of a
sesquiterpene cyclase to amorpha 4,11-
diene (ADS), which leads sequentially to
artemisinic acid, dihydroartemisinic acid
and artemisinin by a series of oxidation
steps and nonenzymatic conversions
(Back et al., 1996; Bouwmeester et al.,
1999) and (Fig. 1). Thus, the cyclase reac-
tion establishes an important stereochemi-
cal framework upon which all other
chemical modifications take place (Back
et al., 1996). Several publications report
on the fact that this cyclisation step is a
putative regulatory point, probably rate
limiting (Voegeli et al., 1988). The accu-
mulation of artemisinic acid and dihy-
droartemisinic acid in absence of any in-
termediates en route from FPP also sup-
ports this hypothesis (Bouwmeester et al.,
1999). Farnesyl diphosphate synthase,
which produces FPP, has already been
cloned from A. annua (Matsushita et al.,
1996), but this enzymatic reaction is
probably not rate limiting for the produc-
tion of artemisinin. In this study we com-
pare the expression level of the two key
genes of AN biosynthesis (ADS and EPS)
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in the transformed hairy roots as a source

of artemisinin production.
MATERIALS AND METHODS
Plant materials

A. annua L. Plants were grown in
an experimental greenhouse using Hg- and
Na vapor lamps 16 h/day and at a tem-
perature of 22°C and a relative humidity
of 40%.

Establishment of hairy root cultures

Agrobacterium rhizogenes ATCC
15834 was grown on YMB medium (in
1g, K,HPO,, 0.5, MgS04,-H,0, 2.0, NaCl,
0.1, mannitol, 10.0, yeast extract, 0.4, and
agar, 15.0), pH 7.0 at 25-28°C. Fresh (2-3
d) cultures, subcultured directly from the
original stock, were used. An aliquot of
0.4 ml of 200 pmol acetosyringone (Sigma
Chemical) solution was added to 10 ml of
bacterial stock suspended in 30 ml of
YMB to induce virulence. Prior to infec-
tion, the bacterial suspension was incu-
bated on a shaker (100 RPM) at 25-28°C
for 48-72 hours. Artemisia annua seeds
were surface sterilized by swirling in 10%
(v/v) Clorox for 15 min, and then in 70%
ethanol (v/v) for 5 min, followed by three
rinses with sterile distilled water, each for
5 min. The seeds were germinated on
0.8% (w/v) agar at 25°C under 16 hours
light for 5-7 days. Germinated sterile
seeds were transferred to hormone-free
White’s media (White, 1963) supple-
mented with 3% (w/v) sucrose and 2.0 g I-
> gelrite and grown at room temperature in
Plant Cons with a 16 hour photoperiod.

Hairy root cultures were established by
infecting the stems of 4-5 week old sterile
seedlings in Plant Cons with A.
rhizogenes via injection of 25 pl of bacte-
rial suspension into a shoot tip or leaf
stalk with prior wounding. Hairy roots
were formed at the site of infection after
10 days. Hairy roots were excised from
the plantlets and cultured on solid White’s
medium with 30% (w/v) sucrose and 250
g 1-1 carbenicillin and incubated at 25°C
in darkness. Roots growing up off the gel-
rite surface were excised and incubated on
fresh medium with carbenicillin. After 2
weeks, the roots were transferred to 50 ml
fresh liquid White’s medium as shown in
Fig. (2) with carbenicillin and incubated at
25°C on a rotary shaker (100 RPM) for
two more weeks with subsequent subcul-
ture to Gamborg’s B5 medium (Gamborg
et al., 1968) with 3% (w/v) sucrose.

Isolation of nucleic acids

Genomic DNA was isolated from
plant leaves according to the extraction
procedure from Stacey and Isaac (1994).
Plasmid DNA samples were prepared by
an alkaline lysis method with the Wizard
DNA Purification System (Promega) ac-
cording to the manufacturer’s instructions.
Total RNA was isolated with the Trizol
reagent according the procedures of Life
Technologies.

Oligonucleotide primer design

Two sesquiterpene cyclases (SQC),
previously identified as key genes in two
separate sesquiterpenoid paths in A. an-
nua, are EPS, epicedrol synthase and
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ADS, amorpha-4, ll-diene synthase that
catalyze the first committed step in the
biosynthesis of Artemisinin (Van Geldre
et al., 2000). Forward and reverse primers
were designed to amplify both ADS and
EPS fragments from the untranslated re-
gion (3 'UTR) that shows no homology
with the two genes. Forward primer of
ADS (5 ATG AGG AGT ATG CCC
AAA CC 3’) and its reverse primer (5’
TGC GTC TGA TTT ATT ATT GCC 3°),
forwrad primer of EPS (5° CTA GCG
AGC AAC AAG CCT ACG 3’) and its
reverse primer (5° CTC GAA GAT GGA
AAC ATC ATC G 3’) were thus selected
with respective annealing temperatures of
55°C  and 57°C

[2°%(A+T)+4°*(C+G)].

calculated  with

Polymerase chain reactions

The primers were subsequently
used in a Hot Start polymerase chain reac-
tion (PCR) on genomic DNA from A. an-
nua. (10 mM Tris—HCI (pH 8.3), 50 mM
KCL 200 mM dNTP, 1.2 U Taq poly-
merase and 20 pmol of each primer in a
total volume of 50 ml; concentrations of
MgCI2 ranged from 1.5 to 4.5 mM). Cy-
cling conditions were set as follows: 94°C
for 1 min, 55°C for 1 min and 72°C for 2
min for a total of 40 cycles. This PCR
resulted in two products of 350 (ADS) and
563 (EPS) as detected by agarose gel elec-
trophoresis and ethidium bromide stain-
ing. Those products were sequenced after
TA-cloning in pGem-T-Easy Vector Sys-
tem (Promega) according to the manufac-
turer’s instructions. Recombinant plas-

mids were isolated after amplification in

E. coli JM109 and analysed for insert by
blue/white screening.

RNA analysis with RT-PCR

In order to isolate corresponding
cDNA sequences, Dnase-treated RNA
isolated from leaves and hairy root cul-
tures harvested in different intervals of
culture ages (5, 10 and 14 days culture
age) was denatured for 10 min at 70°C
and directly chilled on ice then subse-
quently transcribed to cDNA with AMV
Reverse Transcriptase and oligo dT primer
during 60 min at 42°C. This reaction
could be used immediately for PCR with
20 pmol of both specific primers and 2.5
U Taq in 10 mM Tris—HCI (pH 8.3), 50
mM KCI and 200 mM dNTP. The reaction
conditions were 94°C during 1 min, 55°C
during 1 min and 72°C during 2 min for a
total of 40 cycles. The experiment was
repeated using an indigenous constitu-
tively expressed control (3 actin) as shown
in Fig. (5).

RESULTS AND DISCUSSION

Isolation and cloning of both ADS and
EPS genes

Two sesquiterpene cyclases (SQC),
previously identified as key genes in two
separate sesquiterpenoid pathways in A.
annua, are EPS, epicedrol synthase and
ADS, amorpha-4, ll-diene synthase that
catalyze the first committed step in the
biosynthesis of Artemisinin (Van Geldre
et al., 2000). Forward and reverse primers
were designed to amplify both ADS and
EPS fragments from the untranslated re-
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gion (3 'UTR) that shows no homology
with the two genes. The ADS fragment of
interest had 350 base pairs (bp) while the
EPS fragment had 563 base pairs (bp) as
shown in Fig. (3). Both ADS and EPS
fragments were successfully amplified
from the total genome of Artemisia annua
by Polymerase Chain Reaction (PCR).
The 2 PCR products were sequenced then
cloned by TA-cloning in pGem-T-Easy
Vector System (Promega) according to the
manufacturer’s instructions. Recombinant
plasmids were isolated after amplification
in E. coli JM109 and analyzed for insert
by restriction digestion using ECORI that
flanking the (EPS) insert and HindIII and
XHOI that flanking the ADS insert as
shown in Fig. (4 a,b).

Agrobacterium  rhizogenes  mediated
transformation of A. annua explants.

Prior to transformation of the dif-
ferent strains of seeds, we analyzed whole
plants for their relative contents of AN.
Preliminary data indicated that the YU
strain had the highest level of artemisinin
and so most of our transformation efforts
were directed at this strain. Transforma-
tion efficiency was highest when sterile
plantlets were wounded prior to injection
of the bacterial suspension into the stems.
Each individual hairy root emanating from
a wound was subcultured onto plates, dis-
infected from residual Agrobacteria and
subcultured through several passages on
plates prior to initiation of liquid cultures.
Although many roots were isolated, only
12 axenic clones were reliably subcultured
into sterile liquid media for RNA analysis

(Fig. 5). The 12 clones were grown in
liquid B5 medium for 22 days and ana-
lyzed for RNA at days 5, 10, and 14 (Fig.
6). Although other in vitro cultures of A.
annua, including shoots, callus, and cell
suspensions have been reported, only re-
cent work by Woerdenbag et al. (1993b)
with shoot cultures has shown significant
levels of AN production. The highest re-
ported levels of AN are found in whole
plants, mainly Chinese (Luo et al., 1980)
and Vietnamese strains (van Phiet et al.,
1992; Woerdenbag et al., 1993 a&b).
These data suggest that whole plants may
be the best means of production. How-
ever, production of AN via whole plants
requires weeks or months to obtain high
yields, whereas hairy root cultures show
potentially higher production rates in a
few days (Weathers et al., 1994). The pu-
rification of AN and the other AX com-
pounds from leafy tissues is relatively
complex because of the presence of oils
and pigments which are lacking in roots.
Thus, roots should provide a cleaner ex-
traction source which has been substanti-
ated in preliminary experiments, that’s
why we used in this study hairy root cul-
tures to detect the expressions of the 2 key
genes in Artemisinin biosynthesis.

Detection of sesquiterpene cyclase tran-
scripts

Reverse Transcription polymerase
chain reaction (RT-PCR) was done to
compare the expression of both ADS and
EPS genes at different time intervals of
hairy roots cultures. mRNA was isolated
from 5, 10 and 14 days old cultures. By
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using oligo dT as an initial primer in the
RT- PCR, it was detected that EPS is
highly expressed and more abundant than
ADS in leaves and hairy roots (Fig. 5
a&b). The experiment was repeated using
an indigenous constitutively expressed
control (B actin) as shown in Fig. (5¢).The
data also reveals a positive correlation
between culture age and the expression of
both ADS and EPS genes (Fig. 6). Semi-
quantitative RT-PCR was also done to test
the quantitative expression of ADS (Fig. 7)
using different no. of PCR cycles 20, 25,
30 and 35). We found that there is direct
relationship between the expression level
of ADS and the no. of cycles as shown in

Fig. (7).

The first committed step of ar-
temisinin biosynthesis is the cyclization of
farnesyl diphosphate (FDP) by a ses-
quiterpene synthase (ADS) to produce the
characteristic 15 carbon ring system
(Bertea et al., 2005). Although the com-
plete biosynthetic pathway for artemisinin
has not yet been established, artemisinic
acid is now considered to be the biogenic
precursor of artemisinin (Wallaart et al.,
1999a, b; Sy et al., 2001; Brown and Sy,
2004). Artemisinic acid and amorpha-
4,11-diene are structurally closely related,
which made the latter the more likely can-
didate for the cyclization product. Detec-
tion and partial purification of amorpha-
4,11-diene synthase from the plant was
first reported by Bouwmeester et al.
(1999). The low level of the volatile
amorpha-4,11-diene in the plant and the
high amorphadiene synthase activity were
considered to be strong evidence that

amorpha-4,11-diene is an intermediate in
the biosynthesis of artemisinin. We aimed
in this study to test the expression level of
both amorpha-4,11-diene synthase (ADS)
and Epicedrol synthase (EPS) in trans-
formed hairy root culture systems while
we know that in the whole plant artemisi-
nin has been reported to accumulate in
leaves, small green stems, buds, flowers
and seeds (Liersch et al., 1986; Ferreira et
al., 1995) with highest levels in leaves and
flowers. Neither artemisinin nor its pre-
cursors, however, were detected in roots
(Charles et al., 1990), that’s explain why
we found an abundant expression of EPS
than ADS in the transformed hairy root
cultures since EPS is not related to Ar-
temisinin biosynhesis as indicated in Fig.
(2). Additionally, we found direct rela-
tionship between cultures ages and the
expression level of EPS as shown in Fig.
(6). This would mean a big step forward in
the overproduction of artemisinin through
genetic manipulation.

SUMMARY

Artemisia annua L. is the only
source of artemisinin, a new promising
antimalarial drug. The relatively low yield
of artemisinin in A. annua is a serious
limitation to the commercialization of the
drug. The enhanced production of artemis-
inin either in cell/tissue culture or in
whole plants of A. annua is therefore,
highly desirable and should be achievable
by a better understanding of the biosyn-
thetic pathway and its regulation by both
exogenous and endogenous factors. Our

efforts are focused on the overproduction
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of this valuable medicine by genetic engi-
neered A. annua plants. Two sesquiter-
pene cyclases (SQC), previously identified
as key genes in two separate sesquiterpe-
noid paths in Artemisia annua, are EPS,
epicedrol synthase and ADS, amorpha-4,
11-diene synthase that catalyze the first
committed step in the biosynthesis of ar-
temisinin (AN). Forward and reverse
primers were designed to amplify both
ADS and EPS fragments from the untrans-
lated region (3 'UTR) that shows no ho-
mology with the two genes. The ADS
fragment of interest had 350 base pairs
(bp) while the EPS fragment had 463 bp.
Both ADS and EPS fragments were suc-
cessfully amplified from the total genome
of A. annua by Polymerase Chain Reac-
tion (PCR). Reverse Transcription Poly-
merase Chain Reaction (RT-PCR) was
done on transformed hairy roots of A. an-
nua L. to compare the expression of both
ADS and EPS genes under conditions
were the production of AN were thought
to be either high or low. By using oligo dT
as an initial primer in the RT-PCR, it was
detected that EPS is highly expressed in
different transformed hairy root cultures
than ADS, this was expected from previ-
ous literatures and from the AN level pro-

duces by transformed hairy roots.
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Fig. (1): Transformed hairy root cultures of A. annua L by A. rhizogenes: Hairy root cultures
were established by infecting the stems of 4-5 week old sterile seedlings in Plant
Cons with A. rhizogenes via injection of 25 ul of bacterial suspension into a shoot
tip or leaf stalk with prior wounding. Hairy roots were formed at the site of infec-

tion after 10 days.
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Fig. (2): Proposed biosynthetic pathway for biosynthesis of artemisinin from farnesyl
diphosphate adapted from Bertea et al. (2005): The first committed step of
artemisinin biosynthesis is the cyclization of farnesyl diphosphate (FDP) by a
sesquiterpene synthase (Amorphadiene synthase ADS) to produce the charac-
teristic 15 carbon ring system , followed by amorpha-4,11-diene hydroxyla-
tion to artemisinic alcohol, oxidation to artemisinic aldehyde, reduction of
the C11-C13 double bond to dihydroartemisinic aldehyde and oxidation to

dihydroartemisinic acid.

Fig. (3): PCR to amplify both ADS and EPS
fragments from the total DNA genome
of A. anua L: Forward and reverse
primers were designed to amplify ADS
and EPS fragments from the 3° UTR
region. ADS fragment is 350 bp while
EPS fragment is 563 bp.
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Fig. (4): Screening different ADS and EPS clones by ECORI restriction digestion in case of ADS (350
bp) and Hind IIT & Xhol Restriction digestion in case of EPS (563 bp) that flanking the insert
(PCR product).
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Fig. (5): Reverse Transcription polymerase chain reaction (RT-PCR) was used to detect the expression
of both ADS and EPS genes in A: Leaves of A. annua, B: 14 days transformed hairy root cul-
tures and C: Endogenous control with  actin.
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Fig. (6): RT-PCR was done to test the expression of both ADS and EPS genes in
different culture ages. Single stranded cDNA was generated from RNA
extracted from 5, 7 10 and 14 day-old transformed roots, the corre-
sponding reverse primer and the reverse transcriptase. Double stranded
cDNAs were obtained by PCR. The resulting RT-PCR products were
analyzed on an agarose electrophoresis gel (1.5%).
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Fig. (7): Semi-Quantitative RT-PCR was done to test the quantita-
tive expression of ADS using different no. of cycles (20,
25, 30, 35 and 40 cycles). Single stranded cDNA was
generated from RNA extracted from 5, 7, 10 and 14 day-
old transformed roots, the corresponding reverse primer
and the reverse transcriptase. Double stranded cDNAs
were obtained by PCR. The resulting RT-PCR products
were analyzed on an agarose electrophoresis gel (1.5%).
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