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Abstract . Arfemisia annua contains the antimalarial principle, artemisinin. The possibility
of the production of this compound through tissue culture technique was studied. The
optimum combinations of hormones for the induction of callus were p-chlorophenoxyacetic
acid(pcPA) and 6-benzylaminopurine(BAP) or pcPA and N-isopentenylaminopurine(2/P) in
0.05 mg/! each. For the growth of callus, the same combination of pcPA and BAP was
optimum in concentrations of 1.0 uM and 0.5 uM, respectively, and the optimal concentration
of sucrose was also found to be 2%(w/v). Tissue culture from the crown gall grew faster
than normal callus. In the suspension culture broth and the cells of normal callus or Agro-
bacterium-transformed tumors, arteannuic acid and 11,12-dihydroarteannuic acid were found
together with common phy"fosterols, whereas artemisinin was not found(Received February

20, 1992, accepted March 31, 1922).

Although synthetic organic chemistry advanced
considerably in the recent years, plants still serve
as the prinicipal source of medicine, flavor, fragra-
nce, and pigments.” The glohal search for useful
secondary products of plants for such purposes is
ongoisig.”? Artemisinin or ginghaosu(QHS, 1), a ses-
quiterpene lactone containing a peroxide bridge
from Artemisia annua L. is an exemplary result
of the efforts.

The herb A. annua L., a member of the Composi-
tae family, has been described in Chinese medical
classics since 168 B.C® In 1972, an antimalarial
prinicple, subsequently named as artemisinin{l},
was isolated from the plant,” and its structure was
determined in 1979.”” The compound has been
since used by the Chinese to treat patients infected
with Plasmodium vivax and P. falciparum, resistant
to quinine and its analogs. In spite of the several

- syntheses of this compound reported so far,*® its

complex structure makes economical synthesis im-
practical, thus the production of the sesquiterpenes
by tissue culture technique has become a viable
possibility.

Studies on the production of artemisinin{l} th-
rough plant cell and tissue culture have been recen-
tly conducted by a few groups.®*? Nair et al. found
the concentration of artemisinin{l} in the suspen-
sion culture of A. annua to be as low as 8 ug/ml.
However, the compound was not detected in calli

Key words : Arfemisia annua L., tissue culture, secondary metabolites, arteannuic acid, 11,12-dihydroarteannuic acid
artemisinin, Agrobacterium tumefaciens, Agrobacterium rhizogens

Corresponding author : S, U. Kim



—100—

55slehs| A A 357(1992)

or regenerated plantlet except in rooted ones. While
these experiments did not verify the above method
as being cost-effective, they did show the potential
of the culture method for the production of the
compound. In this report, the production of the se-
condary metabolites using cell and tissue cultures
of A annua was studied.

Materials and Methods

Chemicals

Chemicals for the cell and tissue cultures were
the “plant cell culture tested grade” from Sigma.
The solvents were GR grade of redistilled EP
grade. Other chemicals were GR grade.

Induction of callus

A. annua was maintained in the garden of the
College of Agriculture and Life Sciences, Seoul Na-
tional University, Suwon. The leaves of the plant
were severed and washed under tap water with
a house detergent(Ponpon, Lucky Co.). They were
sterilized for 15 min with 0.8% NaOCI solution con-
taining 1% Triton X-100, and then washed with ste-
rilized water. Explants were trimmed to 5mmX5
mm segments and cultured on the Murashige and
Skoog(MS) medium without glycine containing 2%
of agar. Cultures were maintained at 27 C at light
regiments ranging from 1,500 to 2,000 Lux at a 16~
8 hours light-dark cycle. Calli were subcultured
every 4~5 weeks.

Concentration of each auxin was fixed at 0.05
mg// and that of cytokinins were 0.05 and 0.5 mg/!
for the initial callus induction. Media other than
MS employed for the growth of the calli were Lins-
maier-Skoog(LS)'? and B5.%

Infection with Agrobacterium

Agrobacterium rhizogens(ATCC 15834) and A. tu-
mefaciens(ATCC 15955) were cultured on Luria-Be-
rtani(LB) medium' containing 2% of agar for about
2 days. Suspension of the A. rhizqgens and A. tume-
faciens was cultured on LB mediym without agar

until the absorbance reached at 1.0. Agrobacte-

rium suspension was inoculated with a needle to
the stem of the one-month-old plant grown asepti-
cally and further grown for about 3 months to ob-
tain tumor or hairy root.™® The tumor-like crown
gall or hairy root was removed from the plant and
subcultured in the dark on MS medium stripped
of phytohormones and with carbenicillin at the con-
centration of 500 pg/m/.

Suspension culture of A annua Cell

Callus clumps, 30~40 days old, subcultured for
several generations in the dark on a MS medium
supplemented with 0.1% casein hydrolyzate, were
used to initiate the suspension cultures. The cul-
ture were incubated in 500 m/ Erlenmeyer flasks
containing 125m/ of the liquid MS medium on a
rotary shaker operating at 100 rpm and were sub-
cultured every 2 to 3 weeks until harvest.

Extraction of compounds of from culture pro-
duct

Suspension culture broth was filtered, and the
filtrate was mixed with equal volume of 10% Na,CO;
solution. The filtrate was then extracted with petro-
leum ether or n-hexane. The organic phase was
dried with MgSO, and concentrated in vacuo(Frac-
tion I). The ‘concentrate was then converted into
Q260 as described by Zhao and Zeng'” and subjec-
ted to the artemisinin{l} analysis. The remaining
basic culture broth was acidified to pH 2~3 with
10% HCI and again extracted with petroleum ether
or n-hexane. The organic acidic extract(Fraction IT)
was purified on TLC plate to obtain a crude acidic
fraction with authentic arteannuic acid as a stan-
dard.

The cells from the suspension culture, callus, and
tumor were homogenized with MeCN in a mortar
and sonicated for 30 min. The mixture was shaken
at 100 rpm overnight. The homogenate was filtered
and evaporated. The residue was dissolved with
alcohol, and the aliquot was used for the artemisi-
nin{1} analysis. The remaining extraction procedure
used to obtain the fractions was the same as that
for the broth filtrate extraction procedure.
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Instruments and Chromatography

GC/MS conditions were as follows; Hewlett-Pac-
kard 5980 II GC equipped with 25 mX0.33 um 0.2
mm HP-5 capillary column, columm temperature
programmed from 170 to 280 C(temperature prog-
ram, 8 C/min; isothermal at 280 C), helium as the
carrier gas at a flow rate of 1 m//min, Hewlett-Pac-
kard 5988 EI-MS with an ionizing energy of 70 eV.
For mass spectrometry, VG 70-SEQ operating at
70 eV was employed. The identification was establi-
shed through computer-aided mass,_spectral library
search.

HPLC conditions for artemisinin{1} analysis were
as follows . mobile phase, 0.01 M phosphate buffer
(pH 7.9), water . MeOH(55 : 45, v/v); flow rate, 0.5
ml/min; wavelength, 260 nm; detector sensitivity,
0.08 V; temperature, ambient temperature; quanti-
tative data processing. The HPLC system consisted
of a PU4010 pump, a PU4020 detector, and a 4 mm
1.d.X 25 cm stainless steel column packed with Li-
Chrosorb C-18(5 um) from E. Merck(Germany).

For thin layer chromatography, precoated TLC

0.3
0.25 -
!
@ i
= 0.2 + _
B1
-
c
= 015+ -
=
k]
3
5
= 0.1+
i
|
0.05 =

3.0

Cytokinins (uM)

plate(Silica gel, 250 um, E. Merck) was used. Deve-
loping solvent was cyclohexane . ether, 5. 1(v/v).

Results and Discussion

Induction of callus

Ten days after the initiation of the calli, the calli
were induced in all hormonal conditions on MS
medium. The medium with indolacetic acid(IAA)
and 1-naphthaleneacetic acid(NAA) were slow to in-
duce the calli and could not maintained the calli
growth further. The best hormonal conditions for
calli induction were the combinations of p-chloro-
phenoxyacetic acid(pcPA) with 6-benzylaminopurine
(BAP) and pcPA with 2-isopentenylaminopurine(2
iP). The optimal concentration of these hormones
was 0.05 mg/l. When NAA or pcPA was used alone,
the calli were also induced. Chlorophyll was gene-
rated in the light condition.

Organogenesis into shoot was observed in the
condition of 0.035mg/l of NAA with 0.3mg// of
BAP. Root was generated when NAA was used
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Fig. 1. Effect of varying concentrations of growth regulators, cytokinins(A) and pcPA(B) on the growth of

A. annua calli.

(A) Concentration of pcPA was fixed at 0.3 uM, and the column with slashes denotes BAP and dots 2/P. (B)
The column with slashed line represents 0.3 uM of BAP and dots 0.3 uM 2:P.
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alone. Organogenesis did not occur with either

pcPA, B-naphthoxyacetic acid(NOA), or indol-3-but-

yric acid(IBA) alone. In all conditions, calli were

not induced from stems. From these results, the
combination of pcPA and BAP was used in the en-

Growth of calli

LS and B5 mediums were not suitable for the
growth of the calli. The best hormonal conditions
matically changing the concentration of ‘the- growth
pcPA -and cytokinin. BAP. Thé optimal concentra-
tions of pcPA and BAP were determined as being

for the growth of callus were determined by syste-
regulators. Auxins used. in this experiment were

suing induction and growth of calli.

1.0uM and 0.5 uM, respectively(Fig. 1).
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The best growth of the calli were observed with

Sucrose (%)

2% sucrose(w/v) as a carbon source(Fig. 2). Optimal

Fig. 2. Effect of varying concentrations of sucrose

on the growth of A. annua calli.

phosphate(potassium phosphate . monobasic) and

inorganic nitrogen concentration(ammonium nitrate
and potassium nitrate) were 0.344 mg/m/, and 1.652

Concentration of pcPA was at 1.0uM and 2/P at 0.5

uM.
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Fig. 3. Effect of varying concentrations of nitrogen(A) and phosphate(B) sources on the growth of A annua

calli.

In plate A, numbers denote multiples of concentration of original MS medium(1.652 mg/m/ in ammonium nitrate
and 1.900 mg/m/ in potassium nitrate). Concentratiions of pcPA and BAP were 1yM and 0.3 uM, respectively.
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mg/m/ and 1.900 mg/mi(Fig. 3). The optimal conce-
ntration of the inorganic phosphate found for A.
annua was somewhat higher than the original MS
medium. However, the nitrogen concentration was
the same as the MS medium. Light rendered the
calli non-friable. Calli became suitably soft and fria-
ble for the suspension culture when the casein hy-
drolysate at the concentration of 0.1% was supple-
mented and the calli were grown in the dark.

Transformation with Agrobacteria

Part of the stem of the plant inoculated with A.
tumefaciens bulged in 2~3 months(Fig. 4A). When
this enlarged stem was cut off and cultured on MS
medium without phytohormones, the tissue grew

Fig. 4. The crown gall(A) emerged in parts of the
stem of Artemisia annua incculated with Agrobacte-
rium tumefaciens(arrow), and tumor derived from
the crown gall(B).

rapidly, suggesting it to be a crown gall(Fig. 4B).
Hairy root emerged from the plant inoculated with
A. rhizogens, but the induced root did not maintain
growth on the hormone-free MS medium and could
not be used for further experiments. Tumor deri-
ved from crown gall grew more vigorously and was
more friable than normal callus, which rendered
the tumor suitable for the suspension culture.

Identification of compounds from callus, tumor
and culture broth
TLC analysis of the fractions from calli, tumors,
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Fig. 5. Mass spectra(El, 70 eV) of the compounds
in organic fraction | obtained through the extraction
step described in the experimental section, octade-
cenoic acid triglyceride(A), stigmasterol(B), and an
unknown compound(C) with alkyl side chain.
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and their suspension cultures showed no I-, bro-
mocresol green- nor anisaldehyde-positive spots co-
rresponding to the authentic artemisinin and artea-
nnuic acid. However, several I-positive spots were
apparent when fraction [ were chromatographed on
TLC plate. Thus, the organic fractions I from all
the samples(calli, tumors, and the suspension cul-
ture broth and cells derived from normal calli and
crown galls) were separated on a silica gel plate.
The I-positive spots were scrapped, eluted from
the plate, and subjected to mass spectrometry. The
compounds were identified as stigmasterol with
M™* =412, a common phytosterol found in plants,
octadecenoic acid triglycerateM*=860) and an
unidentified compound with alkyl chain, presumab-
ly a wax(Fig. 5). The identification of the unknown
compound was not vigorously established.

It is possible that artemisinin was not detected
on TLC plate due to the low detection sensitivity
of the visualization methods. However, HPLC anal-
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Fig. 6. GC/MS of the compounds separated from
acidic fraction |l through preparative TLC.

The isolated sample was methylated with diazome-
thane before analysis. The electron impact mass spec-
tra of methyl 11,12-dihydroarteannuate(A), reaction
products of arteannuic acid with diazomethane(B, C),
and hexadecanoic acid(D).

ysis of the fractions I failed to detect artemisinin.
The detection sensitivity of artemisinin through the
pre-column modification was reported to be appro-
ximately 3 ng.!” It is thus unlikely that the low sen-
sitivity of the instrument precluded the detection
of artemisinin.

Fraction Il were separated by TLC into two
spots. Through GC/MS analysis, arteannuic acid{2}
and 11,12-dihydroarteannuic acid{3} were found in
one of the spots only from the suspension culture
broths(Fig. 6). Spectrum in Fig. 6A is almost identi-
cal to that of authentic methyl 11,12-dihydroartean-
nuate. M." ion is absent. However, the peak at m/z
251, [M+11.*, has arisen from the intermolecular
reaction. The intermolecular reaction is probably
due to the low amount of 11,12-dihydroarteannuic
acid in the extract as judged from the total ion
chromatogram(not shown here). The peak at m/z
234 is due to [M-CH3;+11.* and the base peak at
m/z 219 to [M-OCH;].". Spectral patterns shown
in Fig.6B and C have originated from the thermol-
ysis products of the cycloaddition adduct formed
between diazomethane and arteannuic acid.'® The
spectrum B is due to methyl 11-methylarteannuate
(M.*=262) and C is due to methyl 12-cyclopropyli-
denearteannuate. The total ion chromatogram sug-
gests that arteannuic acid is the main components
in the fractions II(not shown here). Also found was
hexadecanoic acid(as methyl ester, M.* =270).

This report is the first demonstration of the oc-
curence of arteannuic acid{2} and 11,12-dihydroar-
teannuic aicd{3} in the tissue culture of A. annua.
This result shows the potential of producing the
acids via tissue culture technique. Furthermore, as
the transformed calli grew more vigorously than
normal calli, it would be possible to obtain the ses-
quiterpenes in higher amounts with the appropriate
medium manipulation.

In light of the unpublished result from this labo-
ratory, which demonstrated the formation of arte-
misinin{ 1} via nonenzymatic reaction from 11,12-di-
hydroarteannuic acid{3}, it is quite perplexing that
artemisinin did not occur in suspension culture.
The concentration of the dihydro acid was very low
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compared to that of arteannuic acid, which could Molina, J.: Can. J. Chem.,, 63 : 3070(1985)

be explained by the inefficient conversion of the 7. Blasko, G., Cordell, G. A. and Lankin, D. C.0J.
acid into the dihyro acid and/or the instability of Nat. Prod., 51 : 1273(1988)

the dihydro acid. Further tuning of the culture con- 8. Schmidt, G. and Hofheinz, W.* J. Am. Chem. Soc,

105 : 624(1983)

9. Xu, X, Zhou, J., Huang, D. and Zhou, W. . Tetrahe-
dron, 42 : 818(1986)

10. He, X, Zeng, M,, Li, G. and Liang, Z. : Zhiwu Xue-
bao, 25 : 87(1983)

ditions and the analysis methods, thus, would be
necessary for the demonstration of the artemisinin
{1} production.

Acknowledgement 11. Nair, M. S. R,, Acton, N., Klayman, D. L., Kendrick,
K., Basile, D. V. and Mante, S. J.:]J. Nat. Prod,
The authors wish to thank for support by the 49 1 504(1986)
Ministry of Education(Genetic Engineering Resear- 12. Linsmaier, E. M. and Skoog, F.: Physiol. Plant,
ch, 1989), Republic of Korea. 18 : 100(1965)

13. Gamborg, O. L., Miller, R. A. and Ojima, K. : Exp.
Cell Res., 50 : 151(1968)

References 14. Maniatis, T., Fritsch, E. F. and Sambrook, J. : In
‘Molecular Cloning. A Laboratory Manual’, p. 440,
1. Balandrin, M. F., Klocke, J. A., Wurthele, E. S. and Cold Spring Harbor Laboratory, New York(1982)
Bellinger, W. H. ' Science, 288 : 1154(1985) 15. Kamada, H., Okamura, N., Satake, M., Harada, H.
2. Booth, W.: Science, 237 @ 963(1987) and Shimomura, K. : Plant Cell Rep., 5 : 239(1986)
3. Klayman, D. L. : Science, 228 : 1049(1985) 16. Mugnier, J.: Plant Cell Rep., 7 : 9(1988)
4. Qinghaosu Antimalaria Coordinating Research 17. Zhao, S. and Zeng, M.: Planta Med. 304 :@ 233
Group : Chin. Med. [, 92 : 811(1979) (1985)
5. China Cooperative Research Group on Qinghaosu 18. Choi, J. -H. : Master’s Thesis, Seoul National Uni-
and its Derivatives as Antimalarials . J. Trad. Chin. versity (1992)

Med., 2 : 17(1982)
6. Wang, Z., Nakashima, T. T. Kopecky, K. P. and

Artemisia annua L. =X US 0|3t O|KICHA} AFE L] AHAL
AdE - AT - 28 - dE B - AN TRy ¥ FgAEAEAATA
8, *Zgdsn §-A13F33

EE [ I3l A2 MESArtemisia annua L., FE)os d2etdol &2 artemisi-
nino] frEo] o] E4g =AY WHoR AL & Qv S AFskdTh WA 2
ExAo §718 93 442 548 ZAEE A pcPA9F BAP, Le]3l pcPAS} 2Pl 7+
AAAT A EZ2249) AT IA] pcPAS BAPZF 2tz 1.0 uM 3} 0.5 uM e o}, 283 suc-
rose7t 2% W 7V I ch MSHAE A9st o2 wixse 43S fnEEA %
SRk oe AFERAES J1eY wWx =4S FUBIA ZEch NEFERS Agrobacte-
rium Q2 @A AZEo] crown gall#} hairy rootE® AAAskgrh 2@yt hairy rootyE MS
Hi oA ket g ) o] olAbe] RS Kol &3l crown gallfte]l A4 A& RO
g weE 43 Bych g 243 ¥4 AEE tumors] AN A arteannuic
acid9} dihydroarteannuic acid7} &3] Hol:x A& steroidet &4 ¢ A= 24} artemisining-

s el



