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Abstract

Camptothecin - derived compounds are widely used for clinical treatment of human cancer. They are
synthesized from natural camptothecin, which is obtained by extraction from intact plants. For the
feasible production of camptothecin, tissue cultures of Ophiorrhiza liukiuensis and O. kuroiwai, an
interspecies hybrid of O. liukiuensis and O. pumila, have been investigated. The aseptic plants and hairy
roots of O. liukiuensis and O. kuroiwai were established in addition to the previously - established
O. pumila. The camptothecin production by O. kuroiwai was better than that by O. liukiuensis. 10~
Methoxycamptothecin was accumulated in tissue cultures of O. liukiuensis and O. kuroiwai but not in
O. pumila. Methyl jasmonic acid slightly enhanced the production of camptothecin in the O. liukiuensis
hairy roots. These results indicate that the tissue cultures of O. liukiuensis and O. kuroiwai would be the
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feasible ways for production of camptothecin and related alkaloids.
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Introduction

Camptothecin (1) (Fig. 1) is a water-insoluble
monoterpenoid indole alkaloid isolated from ex-
tracts of Camptotheca acuminata, and it was re-
marked as a potential drug with anti-tumor activity
by the National Cancer Institute (NCI) in the United
States (Wall et al., 1966). The interest in campto-
thecin was stimulated by the characterization of
camptothecin as a specific topoisomerase I inhibitor
(Hsiang et al., 1985). At present, semi-synthetic
water -soluble camptothecin derivatives, topotecan
(2) and irinotecan (3), are used throughout the world
as clinical anti-tumor agents against cancers of
lung, cervix, ovaries (Takeuchi ef al., 1991), colon
(Giovanella er al, 1989), and other organs
(Pizzolato and Saltz, 2003). The worldwide market
of irinotecan and topotecan has currently reached

one thousand million US dollars per year, which
represents approximately one ton of camptothecin
in terms of raw material. In addition, water insol-
uble analogues 9-aminocamptothecin and 9-nitro-
camptothecin (rubitecan), both of which were
reported to possess activity sufficient to merit clin-
ical evaluation (Thomas et al, 2004). Rubitecan
serves as a metabolic precursor to 9-aminocamp-
tothecin and was submitted to the Food and Drug
Administration (FDA) in the United States and the
European Agency for the Evaluation of Medicinal
Products (EMEA) as an orally active camptothecin
for the treatment of pancreatic cancer. Consequently
the demand of camptothecin will be more expand-
ing in the future. Despite its increasing demand,
camptothecin is still supplied exclusively from the
intact plants, mainly C. acuminata and Nothapodytes
foetida (Govindachari and Viswanathan, 1972).
Camptothecin is produced also in some species of
the genus Ophiorrhiza (Rubiaceae), e.g., O. mungos
(Tafur et al., 1976), O. pumila (Aimi et al., 1989),
O. liukiuensis (Kitajima et al, unpublished) and
O. kuroiwai (Kitajima et al, unpublished). 10-
Methoxycamptothecin (5) was also isolated in
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O. liukiuensis and O. kuroiwai. Camptothecin deriv-
atives with C- 10 substitution have been reported to
inhibit the growth of cancer cells more effectively
than camptothecin (Viadu et al,, 2000). Since only
few plants accumulate 10-methoxycamptothecin
(Tafur et al., 1976; Lorence et al., 2004) and no
report is available for production of 10-methoxy-
camptothecin by tissue cultures, it is intriguing to
establish cell cultures that produce not only campto-
thecin but also 10-methoxycamptothecin. We have
investigated the production of camptothecin and
chemical constituents in the hairy roots of O. pumila
(Saito et al., 2001; Sudo et al., 2002; Kitajima et al.,
2002; Yamazaki et al, 2003a). The expression
study of several biosynthetic genes (Yamazaki et
al,, 2003b) and the tracer experiments using '°C
(Yamazaki et al., 2004) were also conducted by the
O. pumila hairy roots. Recently, we have shown that
O. kuroiwai is an interspecies hybrid of O. pumila
and O. liukiuensis (Sudo et al., in preparation).

In this study, the aseptic plants and hairy roots of
O. liukiuensis and O. kuroiwai were established in
addition to the previously-established O. pumila.
We have investigated the accumulation patterns of
camptothecin and other secondary metabolites in
these tissue cultures, and effects of elicitors on
growth and camptothecin production in these tissue
cultures.

Materials and Methods

Plant materials

The seeds of O. liukiuensis (Hayata, 1912) were
collected in Ishigaki-Island, Okinawa, Japan. The
plants of O. kuroiwai (Makino, 1906) were col-
lected in Iriomote-Island, Okinawa, Japan and
grown in a green house.

Culture of aseptic plants

The seeds of O. liukiuensis were sterilized and
germinated on half-strength Murashige and Skoog
(1962) (MS) medium containing 1% sucrose and
0.2% gellan gum in a test tube. The young leaves of
O. kuroiwai were sterilized by 1% sodium hypoch-
lorite solution and cultured on 1/2 MS medium
containing 1% sucrose, 0.2% gellan gum, 0.5 yM
1-naphthaleneacetic acid and 5 #M kinetin. After
40 days, regenerated shoots were excised and sub-
cultured on 1/2 MS medium containing 1% sucrose
and 0.2% gellan gom in a test tube. The aseptic
plant of O. pumila was cultured as described pre-
viously (Kitajima et al, 1997). All aseptic plants
were maintained at 25°C with a photoperiod of 18 h
light (2000 lux.) / 6 h dark.

Induction and culture of hairy roots
Agrobacterium rhizogenes strain 15834 was in-
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Fig. 2 Established tissue cultures of Ophiorrhiza liukiuensis, O. kuroiwai and O.
pumila. (A) Aseptic plants cultured for 5 weeks on 1/2 MS medium containing
19 sucrose and 0.2% gellan gum in test tubes. (B) Hairy roots cultured for 4
weeks in B5 liquid medium containing 29 sucrose.



oculated onto the sections of the stems excised from
the aseptic plants of O. liukiuensis and O. kuroiwai
according to the procedure as described previously
(Saito ef al., 2001). After several weeks, the hairy
roots which emerged from stem fragment were
excised and cultured on BS medium (Gamborg et
al., 1968) containing 2% sucrose and 0.2% gellan
gum supplemented with 200 mg 17! cefotaxime
(Claforan®) at 25°C under dark condition. Trans-
genic states of hairy roots were checked by the
detection of the rolB gene in genomic DNA by
polymerase chain reaction analysis as described
previously (Watase et al,, in press). The established
hairy root cultures were subcultured every 3-4
weeks in B5 liquid mediom containing 2% sucrose
at 25°C on rotary shaker (80 rpm) under dark
condition. For time course experiments, the culture
was prolonged up to 7 weeks.

Elicitor treatments

The hairy roots were transferred into 50 ml BS
liqnid medium containing 2% sucrose in 100-ml
Erlenmeyer flask. Methyl jasmonic acid (MI)
(Sigma- Aldrich, St. Louis, MO, U. S. A) and
salicylic acid (SA) (Kanto, Tokyo, Japan) were
dissolved in dimethylsulfoxide to the concentration
of 0.5 M and added to be a final concentration of
100 pM. Yeast extract (YE) (Difco, Becton
Dickinson, Franklin Lakes, NJ, U. S. A.)) was
dissolved in water, autoclaved and added to culture
medium at a final concentration of 500 g ml™.
One week after the addition of elicitors, the hairy
roots and the media were collected and extracted for
alkaloid analysis.

Analysis of camptothecin-related alkaloids

For alkaloid extraction, the plant tissues were
homogenized in a mortar with pestle, and 1 ml
methanol per 100 mg tissue was added and mixed.
After sonication for 15 min, the homogenates were
centrifuged at 10,000g for 10 min. The supernatants
were applied on reverse-phase HPLC. For the
separation in HPLC, a TSK gel ODS-80TM (4.6
mm x 150 mm) column with a solvent system of
methanol : H,O (1 : 1) were used. Camptothecin and
related alkaloids exhibiting fluorescence were mon-
itored by their characteristic fluorescence (exci-
tation at 365 nm and emission at 428 nm). As
standards for quantification, camptothecin (1) was
purchased from Sigma- Aldrich (St. Louis, MO, U.
S. A)) and 10-methoxycamptothecin (5) was puri-
fied from intact plants of O. liukiuensis in our group
(Kitajima et al., unpublished).
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Non-targeted metabolite profiling

The methanol extracts were analyzed by HPLC-
photodiode array detection-electrospray ionization
mass spectrometer (Agilent 1100 series, Palo Alto,
CA; Finnigan L.C-DECA, Thermo Quest, San Jose,
CA). The peaks were identified by the combination
of their retention times, UV spectra and mass spec-
tra comparing with those of the standard compounds
as described previously (Yamazaki et al., 2003a).

Results

Establishment of tissue cultures

The aseptic plants of O. liukiuensis were initially
obtained from plants germinated from sterilized
seeds. The aseptic plants of O. kuroiwai were
obtained from the excised tissues from the leaves of
plants grown in pots. The shoots were regenerated
from the excised leave tissues and subcultured. The
established aseptic plants (Fig. 2A) were subcul-
tured by transferring the shoots on the solid medium
under a photoperiod of 18 h light / 6h dark.

For induction of hairy roots, the aseptic plants of
O. liukiuensis and O. kuroiwai were infected with 4.
rhizogenes 15834 by scratching the stems. After 70
days for O. liukiuensis and 15 days for O. kuroiwai,
rapidly growing roots were emerged and subcul-
tured. After the several times of subcultures, 11
lines for O. liukiuensis and 7 lines for O. kuroiwai
were survived and grew rapidly. The transgenic
states of these rapidly-growing hairy root lines
were confirmed by the detection of the rol B gene in
the genomic DNA by polymerase-chain-reaction
analysis (data not shown). The established hairy
roots (Fig. 2B) were cultured in the liquid medium
under the dark.

Camptothecin production in aseptic plants

The camptothecin contents in shoots and roots of
5-week old aseptic plants of O. liukiuensis, O.
kuroiwai and O. pumila were analyzed by HPLC.
As shown in Fig. 3, the highest level of campto-
thecin production per tissue weight was observed in
roots of O. pumila. However, the production per
tube was the highest by O. kuroiwai because of the
highest growth rate over other two species. The
concentration and total amount of camptothecin in
O. liukivensis were lower than those of O. kuroiwai
and O. pumila.

Metabolite profiles of aseptic plants

The accumulation patterns of secondary products
in the aseptic plants of Ophiorrhiza species were
profiled by HPLC/DAD/ESI/MS (Fig. 4 A-F). The
metabolite patterns of O. liukiuensis and
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Fig. 3. Growth of aseptic Ophiorrhiza plants and
camptothecin production for 5 weeks. (A) Dry
weight of shoot and root of a plant. (B)
Camptothecin concentration per dry weight. (C)
Camptothecin content in a whole plant.

O. kuroiwai were similar both in shoot and root,
being distinct from that of O. pumila regarding a
few compounds. 10- Methoxycamptothecin (5) was
detected in the roots of O. liukiuensis and
O. kuroiwai, but not in O. pumila. Lyalosidic acid
(6) was accumulated in the shoots of O. liukiuensis
and O. kuroiwai, but not in O. pumila. 3(S)- and
3(R)- Deoxypumilosides (9, 10) were only detected
in O. pumila. In contrast, camptothecin (1), 9-
methoxycamptothecin (4), strictosamide (7), pumi-
loside (&), strictosidinic acid (11) and 3-0O-caf-
feoylquinic acid (13) were detected in all three
species.

Camptothecin production and metabolite profiles of
hairy roots

Higher amount of camptothecin was accumulated
in the different hairy root lines of O. kuroiwai than
in those of O. liukiuensis (Table 1). For further

analysis, the best lines of O. liukiuensis and
O. kuroiwai were selected from a viewpoint of
growth and camptothecin productivity, and subcul-
tured in the liquid medium (Fig. 2B). The metab-
olite patterns in the hairy roots (Fig. 4 G-1I) of
O. liukiuensis and O. kuroiwai were not identical to
those of aseptic plants. In addition to camptothecin-
related compounds, several unidentified anthra-
quinones deduced from their UV spectra were
present in the hairy roots of O. liukiuensis and
O. kuroiwai as reported for O. pumila (Yamazaki et
al., 2003a).

Time-course study of hairy root cultures

The hairy roots were cultured in 50 ml liquid
medium in a 100 ml flask up to 7 weeks. As shown
in Fig. 5, the fresh weight of hairy roots of
O. liukiuensis and O. kuroiwai increased to 7.1 g
and 8.5 g respectively per flask after 6 weeks. After
7 weeks, the hairy roots and medium color turned
brown, and the roots were moribund. The guanti-
tative analysis of alkaloids in hairy roots was
carried out about camptothecin and 10-methoxy-
camptothecin, which is detected in O. liukiuensis
and O. kuroiwai but not in O. pumila. The maxi-
mum accumulation of camptothecin per flask
reached 230 ug in 6-week-old hairy roots of
O. liukiuensis and 471 pg in 7-week-old hairy
roots of O. kuroiwai, respectively. This campto-
thecin production by O. kuroiwai was almost the
same as that by O. pumila (Saito et al., 2001). The
level of 10- methoxycamptothecin per flask reached
25 ng in 6-week-old hairy roots of O. liukiuensis
and 15u4g in 5-week-old hairy roots of
O. kuroiwai, respectively. Thus, O. kuroiwai was
better than O. liukiuensis for camptothecin produc-
tion; however, regarding 10-methoxycamptothecin
production, oppositely O. liukiuensis was a better
producer than O. kuroiwai.

As reported for O. pumila hairy roots (Saito et al.,
2001), the hairy roots of O. liukiuensis and
O. kuroiwai excreted camptothecin and 10-methox-
ycamptothecin to the culture medium. The excreted
rates to the medium by O. Ulukiuensis and
O. kuroiwai, respectively, were 32% and 23% for
camptothecin and 14% and 13% for 10-methoxy
camptothecin after 7 weeks.

Effects of elicitors for the hairy roots

The effects of MJ, SA and YE on growth and
accumulation of two alkaloids, camptothecin (1)
and 10-methoxycamptothecin (5), were inves-
tigated (Fig. 6). In O. liukiuensis hairy roots, MJ
enhanced the alkaloid production about 1.3-fold,;
however SA and YE slightly decreased the produc-



0.30

(D)

0.25~

A)

.20
0.6

6.10

Abserbance (254 nm)

279

P

b4 23

30
Retention time {min)

0.30"

0.25

Absurbance (254 nm)

20

0 % n
Retention time (min)

2% 30 %

T
3¢
Retention time (min)

ey i v
15 2 i
0.50"

0.25

Absorbance (254 nm)

FTET
20

% ®

Retention time {mio)

1%

Retention time (min}

50 % B

Retention time (min)

% k]

Fig. 4. HPLC chromatograms of the extracts of plant cultures.. (A) O. liukiuensis sterile plant
shoots, (B) O. kuroiwai sterile plant shoots, (C) O. pumila sterile plant shoots, (D)
O. liukiuensis sterile plant roots, (E) O. kuroiwai sterile plant roots, (F) O. pumila sterile
plant roots, (G) O. liukiuensis hairy roots, (H) O. kuroiwai hairy roots, (I) O. pumila hairy
roots. The peak numbers correspond to the compound numbers in Fig. 1. The conditions
of HPLC are as followings: column, Mightysil RP-18 (4.6 x 250 mm); gradient, linear
gradient from solvent A to solvent B (0- 35 min), isocratic at 100% of solvent B (35-40
min), solvent A (20% methanol, 0.2% acetic acid in HzO), solvent B (90% methanol,
0.025% acetic acid in H;O); flow rate, 0.8 ml min™"; column temperature, 37°C.

Table 1 Hairy roots induced from Ophiorrhiza species

Number of .
Plant species established Camptothecin contentl)
-] +
lines (ngg D.W.£ZS.D.7)
O. liukiuensis 11 83.0 £ 274
O. kuroiwai 7 2193 & 314

" dry weight = standard deviation

tion. This decreasing effect of SA and YE was also
observed in O. kuroiwai hairy roots, but MJ had no
effects.

Discussion

In the present study, we have established in vitro
cultures of aseptic plants and hairy roots of
O. liukiuensis and O. kuroiwai in addition to the
previously -reported O. pumila (Saito et al.,, 2001).
Aseptic plants and hairy roots of all these three
species accumulated camptothecin (1) and its plau-
sible biosynthetic intermediate, pumiloside (8)

(Aimi et al, 1989; Carte et al., 1990). The aseptic
plants of O. kuroiwai that is an interspecies hybrid
of O. liukiuensis and O. pumila showed the best
growth rate and subsequently the highest production
of camptothecin in the shoots. This is presumably
due to a heterosis effect of a hybrid species, that has
been described as increased size and yield in
crossbred as compared to the corresponding inbred
lines (Shull, 1948).

Metabolite patterns of O. kuroiwai cultures were
generally more similar to those of O. liukiuensis
than those of O. pumila, accumulating 10-methoxy-
camptothecin (5) and lyalosidic acid (6). 10-Me-
thoxycamptothecin may be a desirable compound as
an efficient synthetic precursor of topotecan and
irinotecan, and also for development of new anti-
tumor compounds with C- 10 substitution (Vladu ez
al, 2000). Thus, O. kuroiwai and O. liukiuensis
would be useful plant resources for production of 10
-methoxycamptothecin for further development of
camptothecin-related medicines.

MI induced alkaloids production, particularly
camptothecin, in the O. liukiuensis hairy roots, not
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Fig. 5. Time course of growth and alkaloid produc-

tion of hairy roots. The hairy roots were inocu-
lated in 50 ml of BS5 liquid medium containing
2% sucrose in a 100 ml Erlenmeyer flask. These
hairy roots were cultured at 25°C on a rotary
shaker (80 rpm). The contents of camptothecin
and 10- methoxycamptothecin were determined
by HPLC as described in Materials and Meth-
ods. (A) O. liukiuensis hairy roots, (B) O.
kuroiwai hairy roots. Bars: Standard deviation (n
= 3 flasks).

remarkably but significantly. This effect was not
observed in O. kuroiwai and O. pumila. The produc-
tion of other camptothecin derivatives was not
affected by the addition of MJ. Thus O. liukiuensis
hairy root system can be suitable for investigation
of inducible production of camptothecin by elici-
tors.

In conclusion, the tissue cultures of O. liukiuensis
and O. kuroiwai would be alternative experimental
systems for study of camptothecin production and
possible resources for developments of anti-cancer
drugs originated from plants.

Acknowledgements

This study was supported in part by the Grants-in-
Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Tech-
nology, Japan, by CREST of Japan Science and
Technology Agency, and by Research for the Future
Program (grant no. 00L01605; “Molecular Mecha-
nisms on Regulation of Morphogenesis and Metab-
olism Leading to Increased Plant Productivity”).

Alkaloids content (ug/ flask)

Alkaloids content {ug/ flask)

30

25

20 +

[Jeamptothecin !
i 10-methoxycamptothecin |

700 -

600

Alkaloids concentration (ug/ g dry weight) Growth rate (fold/ 4 weeks)

Alkaloids content (ug/ flask)

DMSO H,0 DMSO H,0

1 I

0. liukiuensis O. kuroiwai

Fig. 6. Effects of elicitors on growth and alkaloid
production of hairy roots of O. liukiuensis and
O. kuroiwai. Elicitors were added 3-week - old
hairy root cultures in 50 ml of B5 liquid medium
containing 2% sucrose in a 100 ml Erlenmeyer
flask. The final concentrations of elicitors were:
100 ¢ M methyl jasmonic acid (MJ), 100 uM
salicylic acid (SA), 500 ©g ml™' yeast extract
(YE). For control experiments (C), dimethyl-
sulfoxide (DMSO) for MJ and SA or water for
YE were added, respectively. One week after the
addition of elicitors, the hairy roots and the
liquid media were harvested and extracted for
the quantification of camptothecin and 10-
methoxycamptothecin. Bars: Standard deviation
(n = 5 flasks).

References

Aimi,N., Nishimura,M., Miwa,A., Hoshino,H., Sakai,S.,
Haginiwa, J., 1989. Pumiloside and deoxypumiloside;
plausible intermediates of camptothecin biosynthesis.
Tetrahedron Lett., 30: 49914994,

Carte,B.K., DeBrosse,C., Eggleston,D., Hemling,M., Men-
tzer,M., Poehland,B., Troupe,N., Westley,J.W., Hecht,



S.M., 1990. Isolation and characterization of a pre-
sumed biosynthetic precursor of camptothecin from
extracts of Camptotheca acuminata. Tetrahedron, 46:
2747-2760.

Gamborg, O.L., Miller, R.A., Ojima, K., 1968. Nutrient
requirements of suspension cultures of soybean root
cells. Exp. Cell Res., 50: 151-158.

Giovanella, B.C., Stehlin, 1.S., Wall, M.E., Wani, M.C,,
Nicholas, A. W., Liu, L. F., Silber, R., Potmesil, M.,
1989. DNA topoisomerase 1-targeted chemotherapy of
human colon cancer in xenografts. Science, 246: 1046-
1048.

Govindachari, T.R., Viswanathan, N., 1972. Alkaloids of
Mappia foetida. Phytochemistry, 11: 3529-3531.

Hayata, B., 1912. Ophiorrhiza LINN In: Icones of the plants
of Formosa, and materials for a flora of the island,
based on a study of the collections of the botanical
survey of the government of Formosa, Fasc. 2., 85-92.
Bureau of Productive Industries, Taihoku.

Hsiang, Y.H., Hertzberg, R., Hecht, S., Liu, L. F., 1985.
Camptothecin induces protein-linked DNA breaks via
mammalian DNA topoisomerase I. J. Biol. Chem., 260:
14873-14878.

Kitajima, M., Nakamura, M., Takayama, H., Saito, K,
Stockigt, J., Aimi, N., 1997. Constituents of regenerated
plants of Ophiorrhiza pumila; formation of a new
glycocamptothecin and predominant formation of (3R)-
deoxypumiloside over (35)-congener. Tetrahedron
Lett., 38: 8997-9000.

Kitajima, M., Yoshida, S., Yamagata, K., Nakamura, M.,
Takayama, H., Saito, K., Seki, H.,, Aimi N., 2002.
Camptothecin-related alkaloids from hairy roots of
Ophiorrhiza pumila. Tetrahedron, 58: 9169-9178.

Lorence, A., Nessler, C.L., 2004. Camptothecin, over four
decades of surprising findings. Phytochemistry, 65:
2735-2749.

Makino, T., 1906. Observations on the flora of Japan. The
Botanical Magazine, 20: 1-156.

Murashige, T., Skoog, F., 1962. A revised medium for rapid
growth and bioassays with tobacco tissue culture.
Physiol. Plant., 15: 473-479.

Pizzolato, J.F., Saltz, L.B., 2003. The camptothecins. Lan-
cet, 361: 2235-2242.

Saito, K., Sudo, H., Yamazaki, M., Koseki-Nakamura, M.,
Kitajima, M., Takayama, H., Aimi, N., 2001. Feasible
production of camptothecin by hairy root culture of
Ophiorrhiza pumila. Plant Cell Rep., 20: 267~ 271.

Shull, G.H., 1948. What is heterosis? Genetics, 33: 439-
446.

281

Sudo, H., Yamakawa, T., Yamazaki, M., Aimi, N., Saito, K.,
2002. Bioreactor production of camptothecin by hairy
root cultures of Ophiorrhiza pumila. Biotech. Lett., 24:
359-363.

Tafur, S., Nelson, J. D., Delong, D. C., Svoboda, G. H,,
1976. Antiviral components of Ophiorrhiza mungos.
Isolation of camptothecin and 10-methoxycamp-
tothecin. Lloydia, 39: 261-262.

Takeuchi, S., Dobashi, K., Fujimoto, S., Tanaka, K., Suzuki,
M., Terashima, Y., Hasumi, K., Akiya, K., Negishi, Y.,
Tayama, T., 1991. A late phase II study of CPT~11 on
uterine cervical cancer and ovarian cancer. Research
groups of CPT-11 in Gynecologic cancers. Gan To
Kagaku Ryoho, 18: 1681 - 1689.

Thomas, C.J., Rahier N.J., Hecht, 8.M., 2004. Camptothecin:
current perspective. Bicorg. Med. Chem., 12: 1585~
1604.

Vladu, B., Woynarowski, .M., Manikumar, G., Wani, M.
C., Wall, M. E., Von Hoff, D. D., Wadkins, R. M.,
2000. 7- and 10-substituted camptothecins: depen-
dence of topoisomerase 1-DNA cleavable complex
formation and stability on the 7- and 10- substituents.
Mol. Pharmacol., 5§7: 243-251.

Wall, M.E., Wani, M. C.,, Cook, C. E., Palmer, K.H.,
McPhail, A. T., Sim, G. A., 1966. Plant antitumor
agents. 1. The isolation and structure of camptothecin, a
novel alkaloidal leukemia and tumor ishibitor from
Camptotheca acuminata. J. Am. Chem. Soc., 88: 3888~
3890.

Watase, 1., Sudo, H., Yamazaki, M., Saito K., in press.
Regeneration of transformed Ophiorrhiza pumila plants
producing camptothecin. Plant Biotech.

Yamazaki, Y., Urano, A., Sudo, H., Kitajima, M., Takay-
ama, H., Yamazaki, M., Aimi, N., Saito, K., 2003a.
Metabolite profiling of alkaloids and strictosidine syn-
thase activity in camptothecin producing plants. Phyto-
chemistry, 62: 461 -470.

Yamazaki, Y., Sudo, H., Yamazaki, M., Aimi, N., Saito, K.,
2003b. Camptothecin biosynthetic genes in hairy roots
of Ophiorrkiza pumila: cloning, characterization and
differential expression in tissues and by stress com-
pounds. Plant Cell Physiol., 44: 395-403.

Yamazaki, Y., Kitajima, M., Arita, M., Takayama, H., Sudo,
H., Yamazaki, M., Aimi, N., Saito, K., 2004. Biosyn-
thesis of camptothecin. In silico and in vivo tracer study
from [1-3C] glucose. Plant Physiol., 134: 161~ 170.



