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Abstract Five cell suspension lines of Catharanthus roseus
resistant to 5-methyl tryptophan (5-MT; an analogue of
tryptophan) were selected and characterized for growth, free
tryptophan content and terpenoid indole alkaloid accumula-
tion. These lines showed differential tolerance to analogue-
induced growth inhibition by 30 to 70 mg/l 5-MT supple-
mentation (LD5007–15 mg/l). Lines P40, D40, N30, D50
and P70 recorded growth indices (i.e. percent increment
over the initial inoculum weight) of 840.9, 765.0, 643.9,
585.7 and 356.5 in the absence and, 656.7, 573.9, 705.8,
489.0 and 236.0 in the presence of 5-MT after 40 days of

culture, respectively. A corresponding increment in the free
tryptophan level ranging from 46.7 to 160.0 μg/g dry weight
in the absence and 168.0 to 468.0 μg/g dry weight in the
presence was noted in the variant lines. Higher tryptophan
accumulation of 368.0 and 468.0 g/g dry weight in lines
N30 and P40 in 5-MT presence also resulted in higher
alkaloid accumulation (0.65 to 0.90 % dry weight) in them.
High-performance liquid chromatography (HPLC) analysis
of the crude alkaloid extracts of the selected lines did not
show the presence of any pharmaceutically important mo-
nomeric or dimeric alkaloids except catharanthine in traces
in the N30 line that was also unique in terms of a chloro-
phyllous green phenotype. The N30 line under optimized
up-scaling conditions in a 7-l stirred tank bioreactor using
Murashige and Skoog medium containing 2 mg/l α-
naphthalene acetic acid and 0.2 mg/l kinetin attained 18-
folds biomass accumulation within 8 weeks. Interestingly,
the cell biomass yield was enhanced to 30-folds if 30 mg/
l 5-MTwas added in the bioreactor vessel one week prior to
harvest. Crude alkaloid extract of the cells grown in shake
flask and this bioreactor batch also showed the formation of
yellow-coloured crystals which upon 1HNMR and ESI-MS
analysis indicated a phenolic identity. This crude alkaloid
extract of bioreactor-harvested cells containing this com-
pound at 50 μg/ml concentration registered 65.21, 17.75,
97.0, 100 % more total antioxidant capacity, reducing pow-
er, total phenolic content, and ferric-reducing antioxidant
power, respectively, when compared with that of extracts
of cells grown in shake flask cultures. The latter, however,
showed 57.47 % better radical scavenging activity (DPPH)
than the bioreactor-harvested cells.
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Introduction

Catharanthus roseus (L.) G. Don is an important medicinal
herb, primarily valued for its two anti-neoplastic bisindole
alkaloids—vincristine and vinblastine and two anti-
hypertensive monomeric alkaloids ajmalicine and serpentine.
Agri-based production of these drug molecules for pharma
industry is highly expensive because of their extremely low in
planta accumulation (Verma et al. 2012). Biotechnological
interventions to improve their production in plant or in cell/
tissue cultures of C. roseus are, therefore, being rigorously
explored (Pietrosuik et al. 2007; Zarate and Verpoorte 2007;
Zhao and Verpoorte 2007; Verma et al. 2011, 2012). Com-
mercial success in this direction has still been elusive because
of several technological gaps such as non-availability of cell/
tissue types with ideal physiological, biochemical and genetic
backgrounds to push the metabolic flux towards the synthesis
of target molecules and limited efforts to optimize the design
and performance of existing bioreactors to suit industrial up-
scaling ofC. roseus cells/tissues (tenHoopen et al. 1994; Zhao
and Verpoorte 2007; Facchini and De Luca 2008). Current
experimental strategies to engineer terpenoid indole alkaloids
(TIAs) pathway in C. roseus are, therefore, revolving around
the generation of cell and tissue types characterized by suffi-
cient precursor availability, over-expression of limiting path-
way enzymes, activation of regulatory transcription factors,
silencing of competitive pathways to flux the pathway inter-
mediates in desired direction and optimization of growth
parameters for bioreactor based cultivation (Canel et al.
1998; Zhao et al. 2001; Hughes et al. 2004; Seth and Mathur
2005; Zarate and Verpoorte 2007; Zhao and Verpoorte 2007;
Murata et al. 2008; van der Fits and Memelink 2000). Based
on the knowledge so far gathered on spatial and temporal
complexities associated with TIAs pathway in C. roseus, the
involvement of at least 30 coordinately regulated enzymatic
steps occurring in four different cell types (epidermis, internal
phloem-associated parenchyma, laticifers and idioblast) and
five intracellular compartments (chloroplast, vacuole, nucleus,
endoplasmic reticulum and cytosol) has been implicated (van
der Heijden et al. 2004; Facchini and De Luca 2008;
Guirimand et al. 2010; Verma et al. 2012). Since biosynthesis
of all TIAs proceeds from a common precursor molecule—
strictosidine—which is a condensation product of tryptophan-
derived indole ring donor tryptamine and a terpenoid moiety
donor secologanin, limited availability of these precursor
molecules from the primary shikimate and secoiridoid pools
has often been documented as the most serious problem
associated with low TIAs productivity in C. roseus (Goddijn
et al. 1995; Canel et al. 1998; Whitmer et al. 2002; Seth and
Mathur 2005). Since tryptamine is a decarboxylated product
of amino acid tryptophan bulk of which is also required for
auxin synthesis, efforts in these studies were made to over-
express the enzyme tryptophan decarboxylase coded by

tryptophan decarboxylase (TDC) gene to push its flux towards
TIAs synthesis. Tryptophan otherwise is the least abundant
amino acid in a plant cell and its concentration is strongly
regulated by feedback inhibition of the enzyme anthranilate
synthase (Radwanski and Last 1995). To enhance the level of
free tryptophan in the cellular metabolic pool of the cells, the
strategy to select 5-methyltryptophan (5-MT)-resistant
mutants has been followed because such mutants are
known to acquire resistance to this anti-metabolite by
over-producing tryptophan via coding for a new form of
anthranilate synthase that is less sensitive to feedback
inhibition (Li and Last 1996; Cho et al. 2000; Tozawa
et al. 2001; Hughes et al. 2004; Seth and Mathur 2005).
Recent studies in C. roseus have also suggested that
besides TIAs the plant is also a rich source of a wide
spectrum of phenolic compounds such as 2, 3-
dihydroxybenzoic acid, flavonoids, anthocyanins and
cinnamic acid derivatives (Mustafa and Verpoorte
2007). These phenolics are derived from the amino acid
phenylalanine and hence also compete with the indole
alkaloid biosynthesis for common precursor chorismate.
Majority of these phenolics are characterized by at least
one aromatic ring (C6) bearing one or more hydroxyl
groups and are known for their antioxidant activity due
to their redox properties (Zheng and Wang 2001;
Ndhlala et al. 2010). We report here the selection and
characterization of 5-methyl tryptophan resistant cell
lines of C. roseus and recovery of a phenolic compound
with strong antioxidant potential from them under shake
flask and bioreactor based cultivation.

Material and methods

Establishment of cell suspension in shake flask cultures

5-Methyltryptophan (5-MT)-resistant callus lines were se-
lected in three cultivars of C. roseus (cv. Nirmal, Prabal and
Dhawal; CIMAP National Gene Bank Accession nos. 0865,
0862 and 0859, respectively) according to the procedure
described earlier from our laboratory (Seth and Mathur
2005). The selected lines were stably maintained and mul-
tiplied in the presence of 5-MT for 20 subculture cycles on a
Murashige and Skoog (1962) medium supplemented with
1.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D) and
0.5 mg/l 6-benzylaminopurine (BAP). Cell suspensions of
five selected lines (Table 1) were initiated by transferring 5 g
of callus into 50 ml of a MS liquid medium consisting of
2 mg/l α- naphthalene acetic acid (NAA) and 0.2 mg/l kine-
tin (Kn). Cultures were incubated on a rotary shaker
(120 rpm) at 24±2 °C under 1,000-lux intensity illumina-
tion. Repeated sieving and frequent sub culturing every 15th
day resulted in establishment of fine suspensions within 65–
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70 days. The growth kinetics of these lines in shake flask
cultures was studied at 20th and 40th day both in the presence
and the absence of the analogue. Growth index (GI) of
cultured cells was measured as percent increment over
the initial inoculum weight. All growth assays were
made with three replicates per treatment and experiment
was repeated four times.

Bioreactor up scaling

The suspension culture of N30 line was up-scaled in a 7-
l stirred tank bioreactor (Model ADI-1010; Applikon Biotech-
nology Holland). Seven independent batches were run under
different sets of conditions. Variables examined and optimized
for up-scaling included the type of impeller (marine vs.
rushton blade), batch cycle duration (6–20 weeks), in-
oculum density (30–40 g) and medium volume (2–3 l).
The cultures were aerated through a sintered steel sparg-
er at an air flow rate of 2 l per min equivalent to 20 %
dissolved oxygen (DO) level. Rotation speed was main-
tained at 100–120 rpm and the incubation was carried
out at 25±3 °C under high illumination (3,000 lux)
provided by a specially fabricated LCD light source
kept around the glass vessel (Fig. 1a). Biomass accu-
mulation was monitored by measuring cell pack volume,
medium consumed and fresh and dry weight determina-
tions. Effect of 5-MT on the growth and TIA yield in
bioreactor was studied by adding 30 mg/l of analogue
1 week prior to harvesting. All process parameters during
bioreactor cultivation were monitored and recorded using
Bioexpert Ferm Software.

Chemical analysis

Tryptophan estimation in the free amino acid pool was done
by using a modified procedure of Bieleski and Turner

(1966) for sample preparation and Dalby and Tsai (1975)
for colorimetric estimation. For estimating the total TIAs
content in cultured cells, 1 g lyophilized dried cells were
extracted with HPLC grade methanol (3×30 ml; 12 h
each) at room temperature. The MeOH extracts were
pooled and dried in vacuum to 10 ml, mixed with
10 ml dH2O acidified using 10 ml of 3 % HCl and
washed thrice with n-hexane (3×30 ml). The aqueous
portion was extracted with chloroform (3×30 ml),
washed with dH2O, dried over anhydrous sodium sul-
phate, concentrated in vacuum and weighed. HPLC
analysis of the crude alkaloid extract was performed
using a modular HPLC apparatus (Waters Corp., Mil-
ford, MA, USA) equipped with a 600E multi-solvent
delivery system and a 2,996 photodiode array detector.
An RP-18e reversed-phase chromolith Performance
HPLC column (100×4.6 mm i.d.) was employed in all
the analysis. An optimum mobile phase (flow rate of
1.2 ml/ min) composition was achieved by using 21:79
(v/v) acetonitrile: 0.1 M phosphate buffer containing
0.5 % glacial acetic acid (Gupta et al. 2005). Data
obtained were processed using Empower Pro (Waters
Corp.) chromatographic software.

For TLC analysis of the total alkaloid extract, silica plates
(MERCK, 60F254 aluminium/ glass sheets; 20×20 cm) were
activated at 55 °C for 30 min prior to use. Solvent system
(10 % methanol in chloroform with two to three drops of
ammonia) was freshly prepared. The prominent spot of
compound other than that of known reference standards
was isolated by means of preparative TLC. The tentative
authentication of the compound was performed through
NMR spectroscopy (1HNMR) and mass analysis (ESI-
MS). For NMR analysis, 20 mg of compound was dissolved
and evaporated two to three times in CCl4 to remove the
solvent protons and finally dissolved in CDCl3. Similarly,
1–2 mg of isolated compound (dried) was used in the mass

Table 1 Characteristics of five selected 5-MT-tolerant cell lines used in the present study

Line no. Parentage Morphology of suspension Threshold 5-MT tolerance limit (mg/l)a (approximately)

Callus Cell suspension

NW Nirmal (wild type) Pale white, fine 18 (LD50010–12) 12 (LD5008–10)

N30 Nirmal Chlorophyllous, light green, fine 35 30

DW Dhawal (wild type) Creamish, fine 22(LD50012–15) 18(LD50012–15)

D40 Dhawal Creamish, fine 40 40

D50 Dhawal Creamish, fine 50 50

PW Prabal (wild type) Pale white, coarse 12 (LD5007–10) 10(LD5007–12)

P40 Prabal Pale white, coarse 40 40

P70 Prabal Pale white, clumpy 70 65

a Threshold tolerance limit is defined as 5-MT concentration in which the survival and growth of the selected line is either comparable, better or at
least >50 % of the growth of the corresponding wild-type line grown on 5-MT free control medium
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analysis. NMR analyses were done on a Bruker avance
300 MHz instrument with TMS as an internal standard.

ESI mass spectra were recorded on Applied Biosystem’s
API-300.

f

d ecb

a

(hours) 

Fig. 1 Up-scaling of N30 cell line of C roseus in bioreactor. a
Bioreactor set up with high illumination (arrow shows the LCD light
source). b Cells after 20 days of growth. c Bioreactor vessel with full
grown biomass after 8 weeks of growth. d Freshly harvested cell

biomass from batch 6 of bioreactor run. e Photo-micrograph of the
crystals obtained in the crude alkaloid extract. f Various process
parameters recorded during bioreactor cultivation in batch 6 with
rushton-type impellers and 8-week cycle
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In vitro antioxidant assays

Crude alkaloid extracts of bioreactor harvested tissue and
shake flask grown suspension were dissolved in dimethy
sulphoxide and with final concentration of 0.01 %. Ferric-
reducing antioxidant power (FRAP) and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical scavenging activity was car-
ried out by the method described by Pulido et al. (2000) and
Chung et al. (2002), respectively. Total phenolic content of
extracts was determined in terms of gallic acid equivalence
(GAE) by Folin-Ciocalteu reagent method (Singleton and
Rossi 1965). The total antioxidant capacity of extracts was
measured using ascorbic acid as standards (Prieto et al.
1999).The reducing power of the extracts was determined
by the procedure of Yen and Chen (1995). The results are
given as mean ± SD of three independent experiments in
replicate. Correlation among the antioxidant parameters was
done by determining Pearson’s coefficient using software
SYSTAT11 (Luqman et al. 2009).

Results and discussion

Five variant cell lines showing differential threshold toler-
ance to growth inhibition by 30–70 mg/l 5-methyl-
tryptophan were isolated from callus cultures of three gen-
otypes of C. roseus (Table 1). The sensitivity of the wild-
type callus lines of the three genotypes towards analogue
(LD5007–15 mg/l) was found to be genotype-specific (cv.
Dhawal>Nirmal>Prabal). The direct selection scheme de-
veloped by our group earlier (Seth and Mathur 2005)
allowed the recovery of lethal-to-supra-lethal-to gradually-
add on variants. The selected lines grew well in the presence
of 5-MT whereas the survival or growth of all the
corresponding wild type lines was completely checked at
25 mg/l level of 5-MT supplementation. The acquired trait
was stably maintained through sustained selection pressure
for over 20 biomass doubling cycles and was retained even
when the variants were grown for four continuous passages
in the absence of the analogue. For initiating cell suspen-
sions, the callus lines were initially transferred to a liquid
MS medium containing 1.0 mg/l 2, 4-D and 0.5 mg/l BAP
but this medium did not support the formation of a fine
suspension even after four to five subcultures. Fine cell
suspensions were however obtained when a MS liquid me-
dium supplemented with 2 mg/l NAA and 0.2 mg/l Kn was
employed (Fig. 1b). Morphologically, all cell suspension
lines grew as yellow to creamish cell mass except N30 line
which had a chlorophyllous appearance. The selected callus
and cell suspension lines showed a steady and comparable
biomass accumulation both in the presence and absence of
the analogue (Table 2). Growth measurement data obtained
after 20 and 40 days of incubation indicated that wild-type

callus and cell suspension lines of Nirmal, Prabal and
Dhawal genotype attained a growth index (GI; percent bio-
mass increase over the initial inoculum) of 575.8 and 109.1,
732.0 and 105.7 and 651.8 and 321.2 after 40 days of
incubation, respectively. However, when these cultures were
grown in the presence of 5-MT, none of them survived.
Amongst the five selected analogue-tolerant cell suspension
lines, highest GI on 5-MT free control medium was
achieved by P40 (840.9) followed by D40 (765.0), N30
(643.9), D50 (585.7) and P70 (356.5) after 40 days of
growth cycle. In the presence of corresponding threshold
5-MT, N30 and P40 with a GI of 705.8 and 656.7, respec-
tively, grew better than the rest of the selected lines. P70 line
with a clumpy tendency remained slow growing both in the
presence or absence of 5-MT. All the 5-MT-tolerant cell
lines in suspension showed more initial growth depression
in presence of analogue till 20th day of cultures in compar-
ison to corresponding callus phase that might be a conse-
quence of more direct and uniform exposure of cells to the
analogue in the liquid phase. When wild-type line and
selected 5-MT-tolerant lines were analysed for their free
tryptophan content it was observed that three wild type
callus and cell suspension lines had either traces or very
low level of tryptophan in them when maintained in the 5-
MT free control medium (i.e. 34.0–122.0 μg/g dry weight in
callus and >50.0 μg/g dry weight in suspension phase). In
comparison, the tryptophan accumulation in the selected cell
lines varied from 46.7 to 160.0 μg/g dry weight under
analogue-free and, 168.0 to 468.0 μg/g dry weight under
analogue supplemented conditions. Higher tryptophan accu-
mulation of 368.0 and 468.0 μg/g dry weight in lines N30
and P40 under 5-MT also resulted in higher total TIAs
accumulation (0.65 to 0.90 % dry weight) in them. In
general, the alkaloid productivity level in cell suspensions
was found lower than in corresponding callus due to lack of
requisite cellular differentiation and sink capacity of the
latter as has been suggested in earlier reports (Verma et al.
2012). HPLC analysis of the crude alkaloid extract of these
lines did not show the presence of major TIAs except a faint
peak of catharanthine in case of N30. This line because of its
consistent growth behaviour, higher tryptophan content and
better alkaloid profile was subsequently used for optimizing
the cultural parameters for its bioreactor up-scaling.

Seven individual batches of up scaling of N30 line were
run in a 7-l stirred tank bioreactor fitted with a steel sparger
(Fig. 1a). Parameters namely impeller type, medium to
inoculum ratio, volume of the medium consumed and cell
pack volume (CPV) measurement were studied (Table 3).
All runs were initiated using 30–40 g of cells from 30-day-
old early stationary-phased shake flask cultures. In batch 1
wherein no impeller was used, the cells did not grow well,
consumed only 240 ml out of the 2 l medium and yielded
just 6-fold more biomass than the initial inoculum weight
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after 20 weeks with a CPVof 10.0 ml/100 ml suspension. A
three-blade marine impeller also could not support cell
growth due to excessive damage of the cells. The cell
biomass obtained after 10 weeks in batch 2 run was >2.0-
folds of the initial inoculum weight. The growth and bio-
mass accumulation was significantly improved when six-
blade rushton-type impellers were employed (batch 3) and
the best results were obtained when two such impellers were
placed at a height of 10 and 18 cm from the base of a 30-cm-

long central shaft. The culture grew by over 16 times from
its initial 2.0 % inoculum density within 18 weeks after
consuming almost half of the 2.0 l medium. The biomass
accumulation was further improved (batch 4) when volume
of the initial medium was increased from 2.0 to 3.0 l and the
harvesting was done after 6 weeks of bioreactor cultivation.
Subsequently an inoculum weight of 40 g/3 l of medium and
a culture cycle of 8 weeks (batch 5) were optimized for
growth and alkaloid production. Maximum biomass

Table 2 Growth, tryptophan and alkaloid profile of selected 5-MT tolerant lines of C. roseus in static and shake flask cultures under presence and
absence of 5-MT

Line
number

5-MT in medium
(mg/l)

Culture age
(days)

Parameters studied at static /shake flask level

Growth index (% increment over
the initial inoculum weight)

Tryptophan content in free amino
acid pool (μg/g.dry weight)

Crude alkaloid content
(% dry weight)

Callus Suspension Callus Suspension Callus Suspension

NWa 0 20 120.7±22.3 75.6±11.4 tr tr tr tr

40 575.8±45.3 109.1±15.8 34.0±6.6 tr 0.34±0.03 0.016±0.001

30 20 28.1±5.6 ns tr – nd –

40 16.1±9.7 tr tr

N30 0 20 280.4±34.3 446.8±75.6 81.0±8.7 32.0±7.4 nd nd

40 620.7±83.6 643.9±78.9 285.0±17.6 159.0±34.5 0.31±0.02 0.09±0.002

30 20 310.6±45.6 324.7±45.6 485.0±23.5 247.0±25.4 nd nd

40 632.6±32.5 705.8±54.3 700.0±45.7 368.0±24.6 0.50±0.03 0.65±0.02

PWa 0 20 427.0±67.4 65.8±20.2 nd nd nd nd

40 732.0±59.4 105.7±19.7 122.0±23.4 46.0±14.6 0.04±0.01 tr

40 20 65.5±9.5 ns nd – nd –

40 10.6±2.4 tr tr

P40 0 20 464.5±45.8 450.5±67.8 39.0±8.9 40.9±8.6 tr 0.07±0.003

40 1,058.5±89.7 840.9±88.6 291.1±17.8 160.0±15.6 0.14±0.05 0.17±0.05

40 20 874.3±56.7 245.7±45.6 298.0±20.3 79.0±11.2 0.18±0.06 tr

40 1,219.7±98.6 656.7±67.8 946.0±68.7 468.0±19.6 1.49±0.09 0.9±0.004

P70 0 20 437.6±56.6 211.8±44.5 tr 18.9±3.5 0.10±0.01 tr

40 735.5±87.9 356.5±65.4 90.1±7.8 57.6±9.2 0.91±0.07 tr

70 20 250.3±36.5 105.1±30.5 30.8±7.8 40.3±8.2 0.19±0.01 0.08±0.002

40 637.5±79.8 236.0±35.6 247.2±16.8 168.0±17.9 1.24±0.09 0.23±0.04

DWa 0 20 328.4±66.7 276.8±24.8 29.8±9.8 tr nd nd

40 651.8±54.8 321.2±54.5 80.5±11.4 tr 0.05±0.01 nd

40 20 98.5±16.7 ns tr – nd –

40 17.6±5.4 nd tr

D40 0 20 218.0±28.2 450.1±45.6 21.0±6.5 nd 0.09±0.01 tr

40 948.3±89.5 765.0±36.5 71.1±13.2 98.9±8.7 0.35±0.04 0.11±0.01

40 20 164.2±47.8 214.7±33.5 36.7±5.9 24.5±3.9 tr tr

40 350.0±67.5 573.9±64.5 323.3±48.5 215.6±20.4 0.48±0.03 0.25±0.09

D50 0 20 370.1±36.7 356.0±55.5 28.6±9.5 tr nd nd

40 654.9±66.4 585.7±90.7 84.1±8.9 46.7±12.1 0.46±0.02 nd

50 20 365.2±46.2 256.9±35.6 30.1±7.8 19.0±2.9 Nd tr

40 854.9±87.5 489.0±59.8 372.0±18.9 198.7±19.3 1.65±0.08 tr

ns no survival, tr traces, nd not detected
a Parent wild-type line
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accumulation attained under these standardized operational
conditions was 18-folds more than the initial inoculum
weight with a concurrent increase in the CPV value of
50.0 ml/100 ml cell suspension. The rapid biomass incre-
ment was also evident through a steep fall in DO level
between 30 to 55 days under such culture conditions
(Fig. 1c–f). Influence of appropriate impeller types and
inoculum density in bioreactor-based cultivation of C.
roseus cells has been frequently cited in published literature
(Fulzele and Heble 1994; Huang and Mc Donald 2009).
These studies have indicated that reducing shear force while
increasing the mechanical mixing efficacy for optimal mass
transfer needs to be fine-tuned when cultured cells are
scaled up from shake flask to bioreactor. Use of an improper
impeller type can exert undesirable hydrodynamic forces
leading to poor cell viability and metabolite production
due to shear mechanical shocks (Huang and Mc Donald
2009). The rushton-type impellers used in the present study
are often preferred for plant cells because they follow a
radial flow pattern for dispersion of cells in the medium
with sufficient oxygen mass transfer and minimum shear
stress (Zhao and Verpoorte 2007). Batches 6 and 7 were
repeat runs wherein the influence of 5-MT was studied by
adding 30 mg/l of the tryptophan analogue in the bioreactor
vessel one week prior to harvesting (i.e. after 7 weeks of
growth under analogue-free environment). N30 cells not
only tolerate this inhibitory level of 5-MT but also had more
than 1.5-fold biomass yield (i.e. 30 times more than the
initial inoculum weight) than the non-5MT-treated cultures
when harvested after 8 weeks. The total alkaloid content
(0.26–0.27 % dry weight) was also doubled in these 5-MT-
treated cells (Table 2). The free tryptophan level in cells up-
scaled in bioreactor batches 4, 5 and 6 was found to be
142.45, 164.0 and 388.3 μg/g dry weight, respectively, and
corroborated well with the tryptophan content of N30 cells
grown in shake flask cultures. Like shake flask suspension
cultures, the HPLC analysis of the total alkaloids extract of

cells up-scaled in bioreactor also did not show the presence
of any known pharmaceutically alkaloid except a faint peak
of catharanthine highlighting again the necessity of requisite
tissue differentiation for advancement of complete TIAs
pathway in C. roseus. Interestingly, it was also observed
that crude alkaloid extract of bioreactor up-scaled suspen-
sion showed the formation of yellow needle-like crystals in
it (Fig. 1e) in comparison to transparent non crystalline
extract of shake flask cultures. These crystals up on TLC
analysis showed one non-alkaloidal spot of unknown com-
pound under UV (Rf00.44 at 254 nm; silica gel, solvent
10 % MeOH in CHCl3).

1HNMR spectra of this compound
showed the presence of a –OH group directly attached to an
aromatic ring (δ04.2). The aromatic proton signals appeared
at δ07.51–7.69 (J03.3, 5.7 Hz). The ESI-MS (positive
mode) spectra showed major molecular peak at m/z0471.
These initial characterizations suggested a phenolic identity
of this compound that was co-eluted in the aqueous phase
along with alkaloids during extraction. Keeping in view the
possible phenolic nature of this compound, the crude
extracts of the cells obtained from bioreactor and shake flask
cultures were subjected to concentration- dependent ferric-
reducing, free radical scavenging and total antioxidant
assays (Fig. 2). Total antioxidant capacity (TAC) increased
with increasing concentration of the extract and at 50 μg/ml
concentration it was 65.21 % more in bioreactor harvested
tissue than the cells grown in shake flask. Reducing power
(RP) of both types of the extracts, however, showed almost
equal absorbance at higher concentration (100 μg/ml) with a
linear trend. FRAP at 50 μg/ml concentration was 100 %
more in up-scaled cultures but at 100 and 1,000 μg/ml
concentration the activity was better in cells of shake flask
cultures (Fig. 2e). The free radical scavenging (DPPH)
activity in the extract of shake flask suspensions on the
other hand was consistently better (57.47 %) at all assayed
concentrations when compared with that of bioreactor
grown cells. In terms of total phenolic content (TPC)

Table 3 Performance of N30 line of C. roseus under different sets of processing conditions in a stirred tank bioreactor

Batch
no.

Impeller
typea

Medium
volume (1)

Inoculum
weight (g)

Culture
duration
(weeks)

Final
weight
(g)

Medium
consumed
(ml)

Cell pack volume
(ml/100 ml suspension)

Crude alkaloid content
(% dry weight)

1 No impeller 2.0 30.0 20 180.5 240 10±0.5 0.09±0.008

2 Marine blade 2.0 30.0 10 56.6 200 8±0.3 0.10±0.007

3 Rushton 2.0 30.0 18 500.5 900 24±0.5 0.12±0.011

4 Rushton 3.0 30.0 6 550.3 1,000 25±0.7 0.12±0.009

5 Rushton 3.0 40.0 8 700.5 1,120 50±1.2 0.13±0.012

6 Rushton 3.0 40.0 8 1,200.3b 2,300 87±1.8 0.26±0.044

7 Rushton 3.0 40.0 8 1,150.8b 2,330 82±2.1 0.27±0.035

a Two in number
b 5-MT (30 mg/l) was added in the culture vessel 1 week prior to harvesting

Detection of phenolic compound in C. roseus cells 377



measured as GAE, the extract of bioreactor harvested tissue
was found to be 97 % better (micrograms GAE01.8) than
the extract of shake flask suspension (micrograms GAE0
0.07). Table 4 summarizes the correlations between different
performed assays based on their Pearson’s coefficient. The
data clearly suggested that crude alkaloid extract of biore-
actor harvested cell was having better antioxidant potential
than crude extract of shake flask grown suspension (Pear-
son’s coefficient00.8–0.998). The negative correlations be-
tween DPPH and FRAP, TPC, RP or TAC observed in the
shake flask cell extract with Pearson’s coefficient value
of −0.856, −0.927, −0.856 and −0.994, respectively, can

be ascribed to its higher (57.47 %) free radical scav-
enging power.

The results of the present investigation highlight and
further substantiate three major issues in Catharanthus bio-
technology, i.e. the constrain of the limited availability of
indole precursor molecule tryptophan for TIAs biosynthesis
can be overcome by selecting cell types resistant to growth
inhibition imposed by its analogue 5-methyltrypthan; the
over-synthesised tryptophan can not only push the pathway
flux towards TIAs biosynthesis but can also enhance growth
and biomass accumulation, possibly through its larger avail-
ability for auxin synthesis; the 5-MT-tolerant cell lines can

Fig. 2 Concentration
dependent free radical
scavenging activity (a); total
phenolic content (b); reducing
power (c); total antioxidant
activity (d) and ferric-reducing
antioxidant power (e) of crude
alkaloid extracts of shake flask
grown suspension and bioreac-
tor harvested cell of N30 cell
line of C. roseus. Single asterisk
(*) expressed as gallic acid
equivalence; two asterisks (**)
determined in terms of absor-
bance at 700 nm; three asterisks
(***) expressed as ascorbic acid
equivalence; four asterisks
(****) estimated in terms of
ferrous sulphate equivalence
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be conveniently scaled up in stirred tank bioreactor fitted
with rushton-type impellers and; bioreactor-based cultiva-
tion under improved aeration can enrich the cells with
phenolics having better antioxidant potential. The ability
of plant cells to resist 5-MT induced toxicity has often been
traced to their ability to over synthesize tryptophan via a
relaxed feedback inhibition of the enzyme anthranilate syn-
thase involved in its synthesis from chorismate (Li and Last
1996; Meijer et al. 1993; Scott et al. 1979; Radwanski and
Last 1995; Seth and Mathur 2005). Selection of such 5-MT-
tolerant variants is important because exogenous supple-
mentation of tryptophan normally results in cell death due
to the down regulation of several other metabolic pathways
via activation of enzyme chorismate mutase that strongly
pulls chorismate towards prephenate metabolism (Radwanski
and Last 1995; Galili and Hofgen 2002; Whitmer et al. 2002).
Hughes et al. (2004) have also shown that TIA accumulation
in a transgenic hairy root line ofC. roseuswas favoured by the
larger tryptophan availability achieved via over-expression of
an Arabidopsis feedback-resistant anthranilate synthase gene
in them. Though not yet experimentally validated, our results
also suggested that 5-MT-tolerant variants, like N30 line used
in the present study, can prove better starting material for
ongoing genetic modification efforts in C. roseus revolving
around the over-expression of pathway genes like TDC, stric-
tosidine synthase, geraniol-10-hydroxylase, LAMT and seco-
loganin synthase. Our finding that higher accumulation of free

tryptophan in the 5-MT-tolerant cells can also influence
production of phenolic in them would find notice for
their further value addition.

Acknowledgments We gratefully acknowledge the financial support
received from the Council of Scientific and Industrial Research
(CSIR), New Delhi to carry out this work under its Network Project
(COR-002).

Conflict of interest The authors declare that they have no conflict of
interest.

References

Bieleski RL, Turner NA (1966) Separation and estimation of amino
acids in crude plant extracts by thin layer electrophoresis and
chromatography. Ann Biochem 17:278–293

Canel C, Lopes-Cardoso MI, Whitmer S, Van der Fits L, Pasquali G,
Van der Heijden R, Hoge JH, Verpoorte R (1998) Effects of over-
expression of strictosidine synthase and tryptophan decarboxylase
on alkaloid production by cell cultures of Catharanthus roseus.
Planta 205:414–419

Cho HJ, Brotherton JE, Song HS, Widhlm JM (2000) Increasing
tryptophan synthesis in a forage legume Astragalus sinicus by
over expressing the tobacco feedback insensitive anthranilate
synthase(ASA2) gene. Plant Physiol 123:1069–1076

Chung YC, Chang CT, Chao WW, Lin CF, Chou ST (2002) Antiox-
idative activity and safety of the 50 % ethanolic extract from red
bean fermented by Bacillus subtilis IMR-NK1. J Agric Food
Chem 50:2454–2458

Dalby A, Tsai CY (1975) Acetic anhydride requirement in the color-
imetric determination of tryptophan. Anal Biochem 63:283–285

Facchini PJ, De Luca V (2008) Opium poppy and Madagascar peri-
winkle: model non-model system to investigate alkaloid biosyn-
thesis in plants. Plant J 54:763–784

Fulzele DP, Heble MR (1994) Large-scale cultivation of Catharanthus
roseus cells production of ajmalicine in a 20-1-airlift bioreactor. J
Biotechnol 35:1–7

Galili G, Hofgen R (2002) Metabolic engineering of amino acids and
storage proteins in plants. Met Eng 4:3–11

Goddijn OJM, Pennings EJM, Van der Helm P, Schilperoort RA,
Verpoorte R, Hoge JHC (1995) Overexpression of a tryptophan
decarboxylase cDNA in Catharanthus roseus crown gall calluses
results in increased tryptamine levels but not in increased terpenoid
indole alkaloid production. Transgenic Res 4:315–323

Guirimand G, Courdavault V, Lanoue A, Mahroug S, Guihur A, Blanc
N, Giglioli-Guivarch N, St-Pierre B, Burlat V (2010) Strictosidine
activation in Apocynaceae: towards a “ nuclear time bomb”. BMC
Plant Biol 10:182

Gupta MM, Singh DV, Tripathi AK, Pandey R, Verma RK, Singh S,
Shasany AK, Khanuja SPS (2005) Simultaneous determination of
vincristine, vinblastine, catharanthine and vindoline in leaves of
Catharanthus roseus by high performance liquid chromatography.
J Chromatogr Sci 43:450–453

Huang TK, Mc Donald KA (2009) Bioreactor engineering for recom-
binant protein production in plant cell suspension cultures. Biochem
Eng J 45:168–184

Hughes EH, Hong SB, Gibson SI, Shanks JV, San KY (2004) Expression
of a feedback-resistant anthranilate synthase inCatharanthus roseus
hairy roots provides evidence for tight regulation of terpenoid indole
alkaloid levels. Biotechnol Bioeng 86:718–727

Table 4 Pearson coefficients based correlation analysis of the different
in vitro assays of the crude alkaloid extracts of shake flask-grown
suspension and bioreactor harvested biomass of N30 cell line of
C. roseus

Correlation between
the in vitro assays

Crude alkaloid extract of

Shake flask grown
N30 suspension

Bioreactor grown
N30 suspension

FRAPa and TPCb 0.905 0.910

DPPHc and TPC −0.856 0.953

DPPH and FRAP −0.994 0.795

TACd and FRAP 0.942 0.800

TAC and DPPH −0.927 0.998

TAC and TPC 0.937 0.965

RPe and FRAP 0.905 0.949

RP and DPPH −0.856 0.945

RP and TPC 0.990 0.985

RP and TAC 0.937 0.948

a Ferric-reducing antioxidant power
b Total phenolic content
c 1,1-Diphenyl-2-picrylhydrazyl radical scavenging
d Total antioxidant capacity
e Reducing power

Detection of phenolic compound in C. roseus cells 379



Li J, Last RL (1996) The Arabidopsis trp5 mutant has a feedback
resistant anthranilate synthase and elevated soluble tryptophan.
Plant Physiol 110:51–59

Luqman S, Kumar R, Kaushik S, Srivastava S, Darokar MP, Khanuja
SPS (2009) Antioxidant potential of the root of Vetiveria ziza-
nioides (L.) Nash. Indian J Biochem Biophys 46:122–125

Meijer AH, Verpoorte R, Hoge JHC (1993) Regulation of enzymes and
genes involved in terpenoid indole alkaloid biosynthesis in
Catharanthus roseus. J Plant Res 3:145–164

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473–497

Murata J, Roepke J, Gordon H, De Luca V (2008) The leaf epider-
mome of Catharanthus roseus reveals its biochemical specializa-
tion. Plant Cell 20:524–542

Mustafa NR, Verpoorte R (2007) Phenolic compounds in Catharan-
thus roseus. Phytochem Rev 6:243–258

Ndhlala AR, Moyo M, van Staden J (2010) Natural antioxidants:
fascinating or mythical biomolecules? Molecules 15:6905–6930

Pietrosuik A, Furmanova M, Lata B (2007) Catharanthus roseus: micro-
propagation and in vitro techniques. Phytochem Rev 6:459–473

Prieto P, Pineda M, Aguilar M (1999) Spectrometric quantitation of
antioxidant capacity through the formation of a phosphomolybde-
num complex: specific application to the determination of vitamin
E. Anal Biochem 269:337–341

Pulido R, Bravo L, Saura-Calixto F (2000) Antioxidant activity of
dietary polyphenols as determined by a modified ferric reduc-
ing/antioxidant power assay. J Agric Food Chem 48:3396–3402

Radwanski ER, Last RL (1995) Tryptophan biosynthesis and metabo-
lism: biochemical and molecular genetics. Plant Cell 7:921–934

Scott AI, Mizukami H, Lee S-L (1979) Characterization of a 5-
methyltryptophan resistant strain of Catharanthus roseus cultured
cells. Phytochemistry 18:795–798

Seth R, Mathur AK (2005) Selection of 5-methyltryptophan-resistant
callus lines with improved metabolic flux towards terpenoid indole
alkaloid synthesis in Catharanthus roseus. Curr Sci 89:544–548

Singleton VL, Rossi JA Jr (1965) Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Amer J Enol
Vitic 16:144–158

ten Hoopen HJG, Vangulik WM, Schlatmann JE, Moreno PRH, Vinke
JL, Heijnen JJ, Verpoorte R (1994) Ajmalicine production by cell

cultures of Catharanthus roseus, from shake flask to bioreactor.
Plant Cell Tissue Organ Cult 38:85–91

Tozawa Y, Hasegawa H, Terakawa T, Wasaka K (2001) Characteriza-
tion of rice anthranilate synthase α- subunit genes OASA1 and
OASA2, tryptophan accumulation in transgenic rice expressing
feedback-insensitive mutant of OASA1. Plant Physiol 126:1493–
1506

van der Fits L, Memelink J (2000) ORCA3, a jasmonate responsive
transcriptional regulator of plant primary and secondary metabo-
lism. Science 289:295–297

van der Heijden R, Jabos DJ, Snoeijer W, Hallard D, Verpoorte R
(2004) The Catharanthus alkaloids: pharmacognosy and biotech-
nology. Curr Med Chem 11:1241–1253

Verma P, Mathur AK, Shankar K (2011) Growth, alkaloid production,
rol genes integration, bioreactor up-scaling and plant regeneration
studies in hairy root lines of Catharanthus roseus. Plant Biosyst.
doi:10.1080/11263504.2011.649797

Verma P, Mathur AK, Srivastava A, Mathur A (2012) Emerging trends
in research on spatial and temporal organization of terpenoid
indole alkaloids pathway in Catharanthus roseus: a literature
up-date. Protoplasma 249:255–268

Whitmer S, Van der Heijden R, Verpoorte R (2002) Effect of precursor
feeding on alkaloid accumulation by a tryptophan decarboxylase
over-expressing transgenic cell line T22 of C. roseus. J Biotech-
nol 96:193–203

Yen GC, Chen HY (1995) Antioxidant activity of various tea extracts
in relation to their antimutagenicity. J Agric Food Chem 43:27–32

Zarate R, Verpoorte R (2007) Strategies for the genetic modification of
the medicinal plant Catharanthus roseus (L.) G. Don. Photochem
Rev 6:475–491

Zhao J, Verpoorte R (2007) Manipulating indole alkaloid production
by Catharanthus roseus cell cultures in bioreactors: from bio-
chemical processing to metabolic engineering. Phytochem Rev
6:435–457

Zhao J, Hu Q, Zhu WH (2001) Enhanced catharanthine production in
Catharanthus roseus cell cultures by combined elicitor treatment
in shake flasks and bioreactors. Enzyme Microb Technol 28:673–
681

Zheng W, Wang SY (2001) Antioxidant activity and phenolic com-
pounds in selected herbs. J Agric Food Chem 50:5165–5170

380 P. Verma et al.

http://dx.doi.org/10.1080/11263504.2011.649797

	Tryptophan...
	Abstract
	Introduction
	Material and methods
	Establishment of cell suspension in shake flask cultures
	Bioreactor up scaling
	Chemical analysis
	In vitro antioxidant assays 

	Results and discussion
	References


