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Abstract The effect of culture medium nutrients on
growth and alkaloid production by plant cell cultures of
Nothapodytes nimmoniana (J. Grah.) Mabberley (Icacina-
ceae) was studied with a view to increasing the production
of the alkaloid camptothecin, a key therapeutic drug used
for its anticancer properties. Amongst the various sugars
tested with Murashige and Skoog (MS) medium, such as
glucose, fructose, maltose, and sucrose, maximum accu-
mulation of camptothecin was observed with sucrose. High
nitrate in the media supports the biomass, while high
ammonium enhances the camptothecin content. Selective
feeding of 60 mM total nitrogen with a NH,"/NOz~ bal-
ance of 5/1 on day 15 of the culture cycle results in a 2.4-
fold enhancement in the camptothecin content over the
control culture (28.5 pg/g DW). Furthermore, the sucrose
feeding strategy greatly stimulated cell biomass and cam-
ptothecin production. A modified MS medium was devel-
oped in the present study, which contained 0.5 mM
phosphate, a nitrogen source feeding ratio of 50/10 mM
NH,"/NO;~ and 3 % sucrose with additional 2 % sucrose
feeding (added on day 12 of the cell culture cycle) with
10.74 M naphthaleneacetic acid and 0.93 uM kinetin.
Finally, the selective medium has 1.7- and 2.3-fold higher
intracellular and extracellular camptothecin content over
the control culture (29.2 and 8.2 pg/g DW), respectively.
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Introduction

Camptothecin (CPT), a modified monoterpene indole
alkaloid, was isolated for the first time from Camptotheca
acuminata (Nyssaceae) by Wall et al. (1966), and was
further detected in Nothapodytes nimmoniana (Icacina-
ceae) (Govindachari and Viswanathan 1972), some species
of the genus Ophiorrhiza (Rubiaceae), Ervatamia heyne-
ana (Apocynaceae), and Merrilliodendron megacarpum
(Icacinaceae) (Gunasekera et al. 1979; Arisawa et al.
1981). The CPT derivatives, irinotecan and topotecan, are
used throughout the world for the treatment of various
cancers (Takimoto et al. 1998). Foetidine, one of the CPT
analogues, has been shown to exhibit potent anti-HIV
activity (Priel et al. 1991). Nothapodytes nimmoniana (Syn:
Nothapodytes foetida, Mappia foetida) is an endangered
species (Kumar and Ved 2000), which is native to the
western ghats of India and a rich source of CPT and
9-methoxycamptothecin (9-MCPT). It represents the most
convenient source for large-scale isolation of CPT, and has
been reported to contain 0.06-0.1 % of CPT and
0.001-0.02 % of 9-MCPT (Govindachari and Viswanathan
1972). Fulzele and Satdive (2005) examined various mor-
phological parts of N. foetida, and noted maximum alkaloid
concentration in bark (0.27 % CPT and 0.11 % 9-MCPT).

Earlier, CPT was isolated from C. acuminata (0.005 %)
(Wall et al. 1966). However, its bark accumulates a lower
concentration of CPT, but young leaves produce 50 and
250 % higher CPT (up to 0.40 % DW) than fruits and bark,
respectively (Lopez-Meyer et al. 1994). Weidenfeld et al.
(1997) reported CPT content in different parts of C. acu-
minata, 1i.e. bark (0.012 %), roots (0.02 %), wood
(0.05 %), and fruits (0.02 %). Puri et al. (1999) demon-
strated that N. foetida trees cultivated in the north-western
area of Jammu (India) accumulated 0.1 % DW CPT in
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roots and seeds, whereas the bark produced lower con-
centrations of CPT. Among the various tissues of N. nim-
moniana analyzed, the root bark (0.33 % DW) yielded the
highest CPT content followed by the stem bark (0.24 %
DW). The root wood and the stem wood had 0.18 and
0.14 % CPT, respectively. The leaves yielded the lowest
CPT content of 0.08 % (Padmanabha et al. 2006).

In spite of the fast growth of the pharmaceutical market,
CPT is still obtained by extraction from intact plants of
both C. acuminata and N. nimmoniana. In the last decade,
due to overexploitation and habitat destruction, over
50-80 % of the population of N. nimmoniana has been lost
from the western ghats of India (Anonymous 2001). To
sustain a stable production of CPT, a number of attempts
have been made for the production of CPT by dedifferen-
tiated cell cultures of N. foetida (Roja and Heble 1994;
Ciddi and Shuler 2000; Fulzele et al. 2001; Thengane et al.
2003; Namdeo et al. 2010), C. acuminata (Weidenfeld
et al. 1997), Ophiorrhiza sp. (Saito et al. 2001; Ya-ut et al.
2011), and Chonemorpha grandiflora (Kulkarni et al.
2010). Fulzele et al. (2001) established the suspension
cultures of N. foetida, and found the maximum concen-
trations of CPT (0.035 mg/ml) and 9-MCPT (0.026 mg/ml)
in the medium. The untransformed root cultures developed
from immature zygotic embryos on Murashige and Skoog
(MS) medium had maximum 0.01 % CPT and 0.0016 %
9-MCPT content (Fulzele et al. 2002). Fulzele and Satdive
(2003) also reported somatic embryogenesis and plant
regeneration in N. foetida, and both CPT and 9-MCPT
were detected in somatic embryos. Two-year-old plantlets
germinated from somatic embryos had higher alkaloid
content in roots followed by stem and leaves. Recently,
Namdeo et al. (2010) reported the comparative analysis of
CPT content from different morphological parts and callus
culture of N. foetida by HPTLC.

Cell suspension cultures of higher plants may provide a
viable option for the production of high-value secondary
metabolites in vitro (Weathers et al. 2010). The biosyn-
thetic potential of cultured cells has been exploited for
production of a number of metabolites but with limited
commercial success. When plant cell cultures are devel-
oped in vitro as suspension cultures, the yield of metabo-
lites is generally low, as secondary metabolite production is
often associated with tissue differentiation. Other factors,
such as a poor understanding of the controlling factors of
the underlying biosynthetic pathways and genetic insta-
bility of the cell lines, contributed to low product yield.
Various approaches have been used to increase the yield of
metabolites from cell cultures (Ramachandra and Ravi-
shankar 2002) including manipulation of the nutrient
medium (Satdive et al. 2007; Zha et al. 2007; Karwasara
and Dixit 2011), application of exogenous growth stimu-
lators (Pasqua et al. 2005; Karwasara et al. 2011a),
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chemical treatment (Zhao et al. 2001; Jain and Dixit 2010),
precursor feeding, elicitation (Karwasara et al. 2010;
Bhambhani et al. 2011), transformed cultures (Sharma and
Dixit 2006; Karwasara et al. 2011b), metabolic engineer-
ing, micropropagation, and bioreactor cultures (Sarin
2005), etc. The development of favorable culture condi-
tions is of prime significance to the growth and biosyn-
thetic capacity of the in vitro-cultured cells. Slight changes
in culture conditions including carbon source, nitrogen
source, nitrate-to-ammonia ratio, phosphorus, micronutri-
ents, growth regulators, precursors, etc. causes great vari-
ations in biological and biosynthetic behavior (Merillon
et al. 1984; Trejo-Tapia et al. 2003).

As the effect of concentrations of individual nutrients
for better cell growth and CPT accumulation has not been
studied in earlier work, the objective of present work was
to establish in vitro shake flask cultures of N. nimmoniana
and to check the different concentrations of essential
nutrients for better biomass accumulation and CPT
production.

Materials and methods
Plant material

Young plantlets (2-month-old) of N. nimmoniana were
collected from Kolhapur, Maharashtra (India) during
November—December and maintained at medicinal plant
garden, Department of Pharmaceutical Sciences, Dr. H.S.
Gour University, Sagar, Madhya Pradesh (India), for the
experimental work. The plant specimen was authenticated
from the Agharkar Research Institute, Pune (Authentifica-
tion letter no. 9-14/3-386/2009) and a herbarium specimen
no. VSK/NF/1504 was submitted to the Department of
Pharmaceutical Sciences, Dr. H.S. Gour University, Sagar.

N. nimmoniana cell culture establishment

The leaf and stem explants of N. nimmoniana were first
washed with running tap water and mild liquid detergent.
The explants were soaked in 1 % fungicide solution
(Danzole; Cheminova, Denmark) for 3 min. Further sur-
face disinfestation was undertaken by treatment of the
explants with 4 % (v/v) sodium hypochlorite for 10 min
followed by dipping in 70 % ethanol for 30 s. After
washing with sterile distilled water several times, the
explants were incised into small pieces of 8—10 mm and
aseptically cultured on MS medium (Murashige and Skoog
1962) supplemented with 10.74 uM a-naphthaleneacetic
acid (NAA), 0.93 uM kinetin (Kn), and 3.0 % (w/v)
sucrose. The pH of the medium was adjusted to 5.8 & 0.2
and 8 g/l of agar (HiMedia, Mumbai, India) was added. It
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was than autoclaved at 1.2 kg/cm? for 20 min. The cultures
were kept in an incubator at 26 £ 2 °C under a 16-h
photoperiod. The callus cultures were maintained on the
medium of same composition under conditions as stated
above by subculturing every 4 weeks and used as base
cultures for the initiation of suspension cultures.

Suspension cultures were initiated by transferring high
yielding 4-week-old friable fractions of leaf-derived callus
(ca. 3 g/l DW) into 250-ml Erlenmeyer flasks containing
50 ml of liquid MS medium supplemented with 2 mg/l
ascorbic acid and 1 mg/l polyvinyl pyrrolidone (PVP). The
plant growth regulator and sucrose concentrations were
the same as in the callus maintenance media. The pH of the
medium was adjusted to 5.8 £ 0.2 before autoclaving.
Cultures were incubated on a gyratory shaker (REMI,
Mumbai, India) at 110 rpm at 26 £ 2 °C under a 16-h
photoperiod and subcultured after every 3 weeks. Suspen-
sion cultures were harvested from shake flasks every 4th
day to determine the packed cell volume (PCV), dry weight
(DW), residual sugar concentration, and CPT content. For
studying the influence of media constituents, independent
experiments were conducted by manipulating carbohy-
drate, nitrogen, and phosphate levels.

Determination of culture parameters

Details on the determination of cell dry weight have been
described by Karwasara et al. (2010). PCV was determined
by centrifuging 10 ml of the culture medium in a 15-ml
graduated conical centrifuge tube at 2,500 rpm for 5 min.
It was expressed as per cent of the pellet to the entire
culture volume. Residual sucrose was estimated by the
phenol sulfuric acid method (Dubois et al. 1956). All
the experiments were carried out in triplicate to check the
reproducibility of the results.

Manipulation of culture medium constituents

The growth and CPT production in cell suspension cultures
of N. nimmoniana was studied with different standard
culture media (HiMedia) viz., MS (Murashige and Skoog
1962), Nitsch (Nitsch and Nitsch 1969), B5 (Gamborg
et al. 1968), and White (White 1963). MS medium was
found to be the best in this experiment and, therefore, it
was taken up for the optimization of the constituents in the
culture media. The culture growth and secondary metabo-
lite production were observed initially by adding 3 % of
either of the filter sterilized solutions of sucrose, glucose,
fructose, and maltose (HiMedia) to the MS medium. In
later experiments, different concentrations of the best car-
bon source (sucrose), i.e. 2, 3, 5, and 7 % (w/v) were added
to the MS media. Sucrose feeding on the 12th day of the
culture cycle was also studied and 1, 2, and 3 % (w/v)

solutions of sucrose (filter-sterilized) were added. Cultures
were incubated for 28 days and harvested at an interval of
3 days (after sucrose feeding) to monitor growth and
production.

The effect of nitrogen source was studied by altering the
concentration balance of NO;~ and NH," as well as the
total amount of initial nitrogen in the culture medium.
NH,CI and KNO; (CDH, New Delhi, India) were used to
provide sufficient concentrations of ammonia and nitrate.
Different NO;/NH,™ balances, such as 60/0, 50/10, 40/20,
30/30, 20/40, 10/50, and 00/60 mM were tested. The best
NH,/NO;~ (50/10) balance was used for the nitrogen
feeding experiment; it was supplemented on day 15 of the
culture cycle and the culture were harvested 3 days after
nitrogen feeding, while the control culture was devoid of
nitrogen feeding. The phosphate effect was studied by
supplementing 0.25, 0.50, 1.25, and 2.5 mM KH,PO,
(CDH) in the MS medium, with 1.25 mM KH,PO, as a
control. Finally, all the best results were tested to check
their combined effect on the biomass and CPT production
in N. nimmoniana cell cultures.

All the experiments were carried out in 250-ml Erlen-
meyer flasks containing 50 ml MS medium. About 25 %
(v/v) of fresh cells were transferred to each flask, and all
experiments were performed in triplicate. Culture sampling
was done at an interval of 5 days except the feeding
(sucrose and nitrogen) experiments, and the cell dry weight
(DW) and CPT content were determined.

Extraction and analysis of camptothecin

N. nimmoniana suspension cells and culture media were
separated through filtration and used for chemical analysis.
Approximately 100 mg DW of cells were oven-dried at
50 °C for 4 h and powdered by pestle and mortar. The
dried homogenized cells were sonicated (Soniweld; Imeco
Ultrasonics, Mumbai, India) with 5 ml of methanol
(Spectrochem, Mumbai, India) for 10 min and further
extracted in 5 ml methanol for 12 h at room temperature
with intermittent shaking. The same process was repeated
twice with fresh 5 ml methanol. The methanolic extract
was combined and evaporated to dryness at 50 °C under
reduced pressure to yield the residue. The residue was
mixed with HPLC-grade methanol (1 ml), vortexed (Spi-
nix, India) for 20 s and centrifuged (Remi, Mumbai, India)
at 6,000 rpm for 5 min. The clear supernatants obtained
were filtered through 0.22 pum injection filter (Millipore,
Billerica, MA, USA) and applied directly to HPLC anal-
ysis. The filtrate from the culture medium (20 ml) was
extracted twice with 20 ml of chloroform, which was
separated and evaporated to obtain a concentrate. For
HPLC analysis, the concentrate was treated as described
above.
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Quantitative estimation of CPT was carried out on a
Schimadzu liquid chromatograph (Model SPD-M20A,
Japan) equipped with a Schimadzu LC-20AT dual pump
with a 25-pl loop and a photodiode array detector (Model
SPD-M20A, Japan). Data collection and integration were
accomplished using LC-Schimadzu software. Separations
were performed on a Luna 5 um RP-C18 100 A LC
(250 x 4.6 mm i.d.; Phenomenex, USA) column. The CPT
content was determined by using isocratic solvent aceto-
nitrile/water (45:55 v/v) as a mobile phase, at a flow rate of
0.8 ml/min. CPT was detected at 254 nm with a retention
time of 5.6 £+ 0.14 min. Quantitative method was validated
with analysis of five samples and the analytical operation
could be completed in a period of 10 min. A standard curve
was drawn using authentic samples of CPT. Quantitation
was achieved by the correlation between concentrations of
CPT and respective peak area. A linear dependence of peak
area on concentration was observed over the entire con-
centration range tested (0.001-0.050 mg/ml). Data was
analyzed by one-way analysis of variance using the sta-
tistical software GraphPad Instat software (La Jolla, CA,
USA).

Results and discussion
Establishment of N. nimmoniana cell cultures

The callus initiated from leaf explants of N. nimmoniana
was cream to light yellow colored, after 5 subcultures,
yellowish friable callus was obtained which was used for
initiation of suspension cultures (Fig. 1). The growth curve
for suspension culture with sucrose consumption and CPT
production profiles were established (Fig. 2). A lag phase
of 8 days was observed in batch kinetics. Maximum bio-
mass (14.6 g/l DW) with 62.6 % PCV was obtained on the
20th day of cell suspension culture. Maximum intracellular
CPT accumulation (29.8 ng/g DW) was also noted on day
20 of the growth cycle, which was the onset of stationary
phase. These results showed that the production of CPT
was well linked with the cell growth. Trace amounts of
CPT were leached in culture medium with the onset of
stationary growth phase and attained its maximum on day
28 (8.8 pg/ml) (Fig. 2). The first detection of CPT in cul-
ture medium was noticed on day 10 £ 2. A speedy decline
in sugar concentration (about 80 %) was observed between

Fig. 1 Field-grown N. nimmoniana plant (a), callus initiation (b) from leaf explant of N. nimmoniana on MS medium with 2.0 mg 1™*
NAA + 0.5 mg 17" Kn and 1.0 % agar, light yellow to cream colored friable callus culture (c, d) after II and V subculture, respectively
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Fig. 2 N. nimmoniana cell
suspension culture growth curve
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8th to 16th day of cell growth cycle, which represented the
logarithmic growth phase of cell culture system. Only
10 % of sucrose remained unutilized on 20th day of cycle,
suggesting stationary phase of growth cycle. It may be
deduced that sucrose was the limiting substrate for biomass
production because decreased sucrose concentration
resulted in the start of stationary phase in suspension cul-
tures. The browning of culture medium, possibly due to
phenolics that cause cell death, was efficiently checked by
the addition of 2.0 mg/l ascorbic acid and 1.0 mg/l PVP to
the suspension culture medium.

Effect of culture media composition

To determine the effect of specific nutrients on CPT bio-
synthesis, N. nimmoniana cells were cultivated in four
standard media commonly used in plant cell culture, viz.,
MS, Nitsch, B5, and White’s media. These four media
were chosen because of the difference in concentration and
nature of major nutrients. All the media were supplemented
with the same concentrations of growth regulators, i.e.
2.0 mg/l NAA and 0.5 mg/l Kn and the media were har-
vested on 20th day of cell cycle to determine the biomass
and CPT content. As shown in Fig. 3, there were consid-
erable differences in cell dry weight and CPT content
between these media. On the basis of the nature and con-
centration of nutrients present in these media, high NH4/
NO3 ratio, in combination with low phosphate concentra-
tion seemed to be favorable for CPT biosynthesis in N.
nimmoniana cell culture. The MS medium supported better
biomass production as well as CPT production; the B5
medium fostered comparable biomass production, but
induced less CPT (Fig. 3). However, the present studies

Culture day

were restricted to the effect of major nutrients on cell
cultures. Since cell growth and CPT production were the
best in the MS medium, it was used in subsequent studies
dealing with the optimization of the major medium con-
stituents for improved CPT production.

Effect of carbohydrate source and concentration

Among the different carbohydrate sources tried, sucrose
was the best, followed by maltose in promoting N. nim-
moniana cell growth. Figure 4a, b shows the time course of
cultivation of suspension cultures containing different
carbon sources at 3 % (w/v) as initial concentration. The
highest cell biomass (11.2 g/l DW) was recorded with
sucrose. However, up-to day 10, the glucose and maltose
addition showed higher biomass production but biomass
production with sucrose was better from day 15 onwards
until the end of growth cycle in N. nimmoniana cell culture
(Fig. 4a).

The effect of change of carbon source on CPT content is
shown in Fig. 4b. Maltose showed significant changes in
CPT production at early stages of culture with highest
production (25.4 pg/g DW) on the day 20 of the culture
cycle followed by gradual reduction with further cultiva-
tion. In contrast, a steady increase in CPT production was
obtained in cell cultures supplemented with sucrose and
maximum of 28.6 ng/g of CPT was recorded on day 20.
Medium made with fructose or glucose did not support the
CPT accumulation and showed low production rate over
the entire cultivation period. HPLC analysis showed that
CPT was released in medium in small amounts with
sucrose treatment only (described under the sucrose
treatment).
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Fig. 3 Effect of different
culture medium on growth and
camptothecin content in N.
nimmoniana cell cultures. The
cultures were harvested on 20th
day. The data shown are means
of three replicates, and +=SD
values are presented as error
bars

Fig. 4 Effect of different
carbon source (3 %, w/v) on cell
growth (a) and CPT production
(b) by cell suspension cultures
of N. nimmoniana. Values
labeled single asterisk) and
double asterisks were
significant at p < 0.05 and

p < 0.01, respectively, when
compared with sucrose. Data
were analyzed by one-way
ANOVA followed by Dunnett’s
test. The data shown are mean
of three replicates and £SD
values presented as error bars
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Fig. 5 Effect of different a 180-
sucrose concentrations (%, w/v) 02.0% M3.0%
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The present results show that medium enriched with
sucrose is efficient in inducing high growth as well as CPT
production as compared to other carbon sources tested
(Fig. 4a, b). It might be because sucrose provides a bal-
anced carbon source for the cell growth. Sucrose was thus,
selected as a carbon source to carry out further studies in
cell suspension cultures. A sucrose concentration above
2 % (w/v) has been found to enhance the yield of sec-
ondary metabolites by not only stimulating growth but also
increasing the rate of product synthesis (Merillon et al.
1984). A direct correlation in sugar concentration and
biomass accumulation was shown in cultures grown on
different concentrations of sucrose (Fig. 5a). Medium
supplemented with high sucrose concentration of 7.0 %
showed long linear growth phases until day 30, while in
3 % sucrose it lasts up to 20 days, followed by a stationary
phase. The present results show that the linear growth
phase was extended with increased concentrations of
sucrose. In contrast, medium supplemented with lower

IC (ng/9) | EC (pg/ml)

IC (ng/9) | EC (ng/ml)
5.0%

IC (ug/g) | EC (ug/ml)
3.0%

Sucrose concentration (% w/v)

concentration of sucrose (2 %) had an extended lag phase
and reduced cell growth. Increased concentrations of
sucrose (5.0 %) enhanced the growth rate of suspension
cell cultures and achieved 15.91 g/l DW cell biomass
which was nearly 1.2-fold greater than the control (3 %,
w/v sucrose) on 20th day of culture cycle.

The alteration of sucrose (2-7 %, w/v) concentration has
noteworthy effect on the production of CPT and culture
biomass in the suspension cultures of N. nimmoniana
(Fig. 5a, b). A rapid increase in CPT accumulation
occurred after 20 days of culture, in medium with high
concentrations of sucrose (5.0 and 7.0 %). Maximum
accumulation of intracellular CPT 47.4 pg/g DW was
achieved at 5.0 % concentration of sucrose on 20th day of
culture cycle (Fig. 5b). The present results show that 5 %
of sucrose is optimal for CPT production. Suppression of
cell growth as well as CPT synthesis at high sucrose con-
centrations (7 %) could be due to osmotic shock or
repression of biosynthetic pathways. Leaching of CPT in
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culture media was noted at 7 % sucrose concentration and
maximum of 15.7 pg/ml concentration reached on day 20
of culture cycle (Fig. 5b).

Effect of sucrose feeding

The experimental data obtained shows that a steady growth
and CPT production was achieved with sucrose at 3 %
(w/v) initial concentration and CPT production augments
with higher sucrose concentration. Intermittent sucrose
feeding experiment was thus designed in which additional
quantities of 1, 2, and 3 % sucrose were added on day 12 of
N. nimmoniana cell culture grown on MS medium with
3 % sucrose. This additional sucrose feeding had marked
influence on cell growth. Culture fed with 2 % sucrose had
a maximum biomass accumulation of 17.85 g/l DW on day
21 of cultivation (Fig. 6a). Similarly, the highest CPT
content of 35.3, 42.5, and 39.1 pg/g DW were noted on 1,
2, and 3 % sucrose feeding on day 21, respectively

(Fig. 6b). It is interesting to note that 2 % feeding of
sucrose has favored CPT production more than 3 %
sucrose suggesting that 2 % feeding is best for CPT pro-
duction. Chromatographic analysis demonstrated that
sucrose feeding at higher concentration leached little
amount of CPT into culture medium which might be due to
the cellular lysis.

The present work shows that essential nutrient compo-
nents such as carbon influence the growth and production
of CPT. Glucose, maltose, fructose, and sucrose are most
efficacious energy sources studied for plant cell growth and
secondary metabolites production. Sucrose is of special
significance among the nutritional source, in cell growth
and secondary product formation (Tal et al. 1982; Gert-
lowski and Petersen 1993). It is well reported that sugars
are probable acting not only as carbon sources but also as
signaling molecules to directly affect the production
of secondary metabolites (Wang and Weathers 2007).
Our results show that increasing sucrose (2-7 %, w/v)

Fig. 6 Effect of sucrose a 1801 o
feeding (%, w/v) on cell growth control 1%
(a) and CPT (b) production by 16.0 s 2% s 3%
cell suspension cultures of N.
nimmoniana. The sterilized 14.0 7
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data shown are mean of three Q. 0.0 1
replicates and +SD values S
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concentration had beneficial effect on the biomass as well
the CPT content while higher sucrose (7.0 %, w/v) con-
centration suppressed the cell growth as well the CPT
content. This is in agreement with the finding of Thanh
et al. (2007) who reported that sucrose at a concentration of
2-5 % enhances biomass and ginsenoside accumulation in
the suspension culture of Panax vietnamensis and higher
sucrose concentration of 6-7 % inhibits the ginsenoside
accumulation. Similarly, Xu et al. (1999) reported that
media containing 4-5 % sucrose had the highest salidro-
side content and further higher concentrations of sucrose
(more than 5 %) reduced salidroside formation in liquid
cultivated compact callus aggregates of Rhodiola sacha-
linensis. Present results have shown the efficacy of sucrose
as a balanced carbon source for growth and CPT produc-
tion compared to glucose, maltose, and fructose, which
again is in agreement with the finding of Zha et al. (2007).
Stimulatory effect of high sucrose concentration on
anthocyanin production was observed in cell cultures of
C. acuminata cell cultures (Pasqua et al. 2005). The
influence of high sucrose concentration on Perilla frutes-
cens and Panax ginseng secondary metabolite production
has also been reported (Zhong and Yoshida 1995; Akalezi
et al. 1999). Sugars have important functions in signal
transduction, gene regulation, and development (Rolland
et al. 2002; Gibson 2005). A 100- to 200-fold higher
sucrose concentrations than those naturally occurring in
Vitis vinifera berries, promoted polyphenol biosynthesis,
and increased the intracellular accumulation and/or release
in the media of anthocyanins, catechins, and stilbenes in
the V. vinifera suspension culture. It was hypothesized that
high sucrose concentrations could play a role in plant
defense via the induction of secondary metabolites, such as
stilbenes (Ferri et al. 2011).

Komaraiah et al. (2005) achieved a synergistic effect
that increased the anthraquinones production by fourfold in
suspension cultures of Morinda citrifolia by controlled
addition of sucrose. Wang et al. (1999) established efficient
sucrose feeding strategy to improve taxane productivity in
the cell suspension cultures of Taxus chinensis. The present
study shows that sucrose feeding during the start of
exponential phase effectively improved alkaloid (CPT)
production. Similar results on other plant cell cultures
showed the sucrose feeding increased secondary metabolite
production in suspension cultures of Lithospermum eryth-
rorhizon (Shrinivasan and Ryn 1993) and Perilla frutes-
cens (Zhong and Yoshida 1995).

Effect of phosphate
The increased phosphate concentration (provided as

KH,PO,) was related with increased cellular growth and
resulted in highest biomass (11.9 g/l DW) at a 1.25 mM-

concentration (Fig. 7a). It is supposed that reduced phos-
phate level resulted in a delayed onset of log phase which
adversely affected the cellular biomass production. A
reduction in intracellular CPT content (12.5 pg/g DW) was
recorded at higher phosphate levels (2.5 mM) while max-
imum CPT content (31.6 pg/g DW) was recorded with the
0.5 mM phosphate which is 1.1-fold higher over the con-
trol culture. The lower concentration of phosphate nega-
tively affects the cell biomass (Fig. 7a). Trace amounts of
extracellular CPT was detected with altered phosphate
treatment.

There was no profound effect on the CPT production in
N. nimmoniana cell suspension cultures by the varying
concentration of phosphate, whereas high phosphate con-
centrations in suspension cultures impeded the CPT pro-
duction as well as biomass accumulation. No direct link
was established with the phosphate concentrations and CPT
production. Our experimental data are in agreement with
the earlier report by Liu and Zhong (1998), where low
phosphate levels in medium enhanced the alkaloids and
saponins production in P. ginseng and P. quinquefolium,
and higher phosphate concentration suppressed product
biosynthesis.

Effect of nitrogen and nitrogen feeding

Nitrogen is supplied as NH, or NO; ™~ or as a combination
of both in most standard culture media for plant cell cul-
ture. Initially, the effect of increased total nitrogen content
of the medium (with NH,*/NO; ™ ratio of 1:2) on growth
and CPT production was studied. The results in Fig. 7b
show that 60 mM total nitrogen was optimal for maximum
CPT production by the cells, and further increase in the
total nitrogen level favored only cell growth. Furthermore,
the ratio of NH,"/NO;~ was varied over a specific range,
at 60 mM total nitrogen level, and the results are shown in
Fig. 7c. Generally, increased levels of NO;~ favored cell
growth, whereas the increased levels of NH4+ had a
marked effect on CPT biosynthesis. At an NH,"/NO;
concentration balance of 5:1 with 60 mM total nitrogen,
the maximum CPT content of 48.7 ng/g DW was achieved,
the cell mass concentration being 8.62 g/l (Fig. 7¢). This
contrasts with 29.8 ng/g of CPT produced in the control
standard MS medium.

The results with nitrogen treatment suggest that
increased concentration balance of ammonium to nitrate
source in medium had a positive effect on CPT content. On
the basis of preliminary experiments with nitrogen
(Fig. 7b, c¢) with N. nimmoniana cell culture day 15 was
selected for nitrogen feeding. On day 15 of culture cycle,
the selected ratio of ammonium to nitrate (5:1) at a total
initial nitrogen of 60 mM was fed to the culture medium
and checked for the biomass and CPT accumulation. Cells
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Fig. 7 Effects of different phosphate concentrations (provided as
KH,PO,) on growth and camptothecin (CPT) production in cell
suspension culture of N. nimmoniana (day 20) (a), effect of increased
total nitrogen content at a constant NH,*/NOs ™ ratio (1/2) on growth
and CPT content in N. nimmoniana cell cultures (day 20) (b), effect of
ammonia to nitrate ratio (maintaining total nitrogen at 60 mM level)
on growth and CPT content in N. nimmoniana cell cultures (day 20)

were harvested every 3 days, after nitrogen source feeding.
There was no conspicuous increase in the cell biomass over
the control (12.65 g/l DW). However, the CPT content had
a 2.4-fold increase, over the control culture (28.5 ng/g
DW) (Fig. 7d). Surprisingly, the nitrogen feeding treatment
also induced the leaching of CPT in medium in trace
amounts.

The control of product formation by total nitrogen has
also been shown in L. erythrorhizon for shikonin produc-
tion (Fujita et al. 1981). The enhanced production of
anthocyanin by Vitis sp. and diosgenin by D. deltoidea,
with the use of optimal concentration of both NH,* and
NO;~ (Yamakawa et al. 1983; Tal et al. 1982). Our results
are similar to that of cell suspension cultures of Taxus
yunnanensis to produce taxol (Chen et al. 2003) and pro-
duction of tropane alkaloids from A. belladonna root cul-
ture (Bensaddek et al. 2001). Higher ratio of ammonium to
nitrate source concentration was supportive for CPT bio-
synthesis. Ammonium ions would probably be rapidly
assimilated into glutamate and then into glutamine which
might involved in CPT biosynthesis (Yamazaki et al.
2004). However, low ammonium in medium was supported
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the taxoid production in cell suspension culture of
T. chinensis, the possible reason for the same was intra-
cellular salicylic acid which is involved in signal cascade,
which regulates the taxoid biosynthesis (Zhou and Zhong
2009, 2011).

Selection of optimal nutrient combination

The present studies performed on the effect of sucrose,
phosphate, and nitrogen source concentrations and feeding
of nitrogen and sucrose, on CPT synthesis in N. nimmon-
iana cell cultures gave individually the optimal concen-
trations of these nutrients in the medium for better
production of biomass and CPT. Hence, different combi-
nations of the nutrients were used to investigate their
combined effect on growth as well as alkaloid production.
The cells were cultivated in MS medium containing dif-
ferent combinations of sucrose, nitrogen, phosphate, and
growth regulators. The cultures were harvested on day 20
and analyzed for growth and CPT content (Table 1). The
best combination as shown in Table 1 was as follows: a
nitrogen feeding ratio of NH,* to NO3;~ (5/1) at 60 mM
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Table 1 Cell culture biomass and camptothecin (CPT) content in N. nimmoniana cell suspension cultures in MS medium containing different
combinations of nutrients

Serial ~ Nutrient combination in medium Biomass
no. (g/l DW)

CPT content (ng/g DW)

Nitrogen source Phosphate Carbohydrate source  Sucrose IC_CPT EC_CPT

(60 mM) NH,T/NO;~  source (mM) (% sucrose) feeding® (%)
1P 172 1.25 3 Nil 14.1 £ 0.72 292 £ 15 8.2 £ 0.07
2 5/1 0.5 3 2 8.1 £ 0.55%*  34.4 £ 2.6% 11.6 £+ 0.14%*
3 5/1°¢ 0.5 3 2 10.6 £ 0.51**  51.7 & 2.1*%*  19.1 & 0.13**
4 1/5 0.5 3 2 14.5 + 0.64 221 £ 1.4%* 101 £ 1.7*
5 5/1 0.5 5 2 11.0 £ 0.75** 315+ 25 12.4 £+ 0.22%*
6 1/5 0.5 5 2 142 £ 1.26 20.2 £ 0.9%*  Trace

N. nimmoniana cells were cultured with 10.74 uM naphthaleneacetic acid (NAA), 0.93 uM kinetin (Kn), 2 mg/l ascorbic acid, 1 mg/l PVP and
harvested on day 20 of the cell culture cycle to analyze biomass and CPT content (IC and EC corresponds to intracellular and extracellular,
respectively). Values labeled * and ** were significant at p < 0.05 and p < 0.01, respectively, when compared control treatment (serial no. 1),
based on a one-way ANOVA followed by Dunnett’s test. The data shown are means of three replicates, and £SD values are presented as error

bars
* Sucrose feeding was done on day 12

® Control treatment

¢ Nitrogen feeding (NH4+/NOs™; 5/1) on day 15 of the cell culture cycle, initially the medium have nitrogen concentration (NH,*/NO; ™) ratio

of 1/5

total nitrogen concentration on day 15, phosphate at
0.5 mM, initial sucrose at 3 (% w/v), and 2 % sucrose
feeding on day 12 (treatment 3 in Table 1) along with the
phytohormones (as described in “Materials and methods™).
Under these nutrients concentrations, 10.6 g/l culture bio-
mass and 51.7 pg/g DW intracellular CPT were produced
by N. nimmoniana cell culture in 20 days. On the other
hand, the standard MS medium (control) with 3 % of
sucrose resulted in cell mass and alkaloid concentrations of
14.6 g/l and 29.2 ng/g DW, respectively (treatment 1 in
Table 1). Thus, the investigations on media optimization
led to a 1.7-fold increase in CPT concentration in the
modified medium compared to the standard MS medium.
CPT was also leached to the extracellular medium, which
reached to a maximum of 2.3-fold higher over the control
treatment (treatment 3 in Table 1) on day 20. The current
findings are in contrast with the Fulzele et al. (2001), who
found 0.036 mg/ml of CPT in extracellular culture medium
and trace amount of CPT intracellularly. The reason behind
this type of culture behavior might be due to the feedback
restriction posed by the leached CPT in culture medium. As
CPT was found in medium as early as on day 5 compared with
present case (days 10-12). Trace amount of 9-MCPT was
found in suspension cells. However, it is interesting to note
that, although the concentration of the intracellular CPT
present in the suspension culture was lower, the overall pro-
ductivity in terms of CPT content per liter culture medium per
day was higher in the suspension culture (9.2 pg/l/day)
compared to that obtained in the callus culture (5.1 pg/l/day).

The CPT content is variable in different morphological
parts of N. nimmoniana. Maximum CPT content has

been reported in root (1.55 %), followed by bark
(0.27 %), seeds (0.10-0.054 %), stem (0.06 %), and leaves
(0.058-0.081 %) (Puri et al. 1999; Fulzele and Satdive
2005; Padmanabha et al. 2006). In the present study, the
N. nimmoniana leaf, stem, and seed explant have
0.022 £+ 0.013, 0.034 £+ 0.014, and 0.093 £ 0.020 % CPT
content, respectively. The final optimized suspension cul-
ture derived from the N. nimmoniana leaf callus had
0.0051 £ 0.0003 % CPT content. However, the leaf
explant has 0.022 % CPT content. CPT produced by the
optimized in vitro cell culture (0.0051 %) was comparable
with the leaf explant as well as leaf and stem CPT content
reported by the former researchers. Due to the high amount
of CPT present in the N. nimmoniana wood chips/bark and
roots, it is harvested the most to fulfill the commercial
need. Commercially, for getting 1 kg of CPT around
1,000-1,500 kg of N. nimmoniana wood chips is required.
This makes the N. nimmoniana plant an endangered spe-
cies. The N. nimmoniana bark is unfeasible for the initia-
tion of in vitro cell line. However, the leaf, stem, and young
seeds were mostly used to initiate the in vitro cell culture.
The present in vitro cell culture strategy show promising
results to get the CPT and it might reduce the load on the
natural plant stock when properly scale up and thorough
culture medium requirements were established.

Conclusions

Culture medium constituents influenced biomass produc-
tion and secondary metabolite accumulation in cell
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suspension cultures of N. nimmoniana. Sucrose was the
best carbon source, while a combination of NH,' and
NO;~ was favorable. Furthermore, relative high nitrate in
the media supports the biomass, while high ammonium
enhances the CPT content. However, the possible reason
behind the nitrogen (high ammonium to nitrate ratio)
induced CPT production is still to be determined. Phos-
phate at 0.5 mM fostered maximum CPT accumulation.
Selective nutrient (sucrose and nitrogen) feeding strategies
also have CPT augmenting effect. It is evident that medium
manipulation is a well-established and principal way of
enhancing the culture efficiency of plant cells for biomass
and product accumulation. The results of the present study
could be integrated with other yield enhancement strategies
like precursor feeding, permeabilization, in situ product
removal, elicitation for more effective improvement in
CPT production, and such efforts are in progress. This
further finds a way for exploring the possibility of scaling-
up cell suspension cultures.
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