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Abstract Pyrenacantha volubilis, an important medicinal

plant, is reported to contain camptothecin (CPT), a high

value anticancer compound with a global demand of USD

2.2 billion in 2008. Isolated root cultures of P. volubilis

could be established using radicle-developed roots from the

seeds cultured in 0.3 mg L-1 kinetin. The tap roots isolated

from the germinated seeds were transferred to half-strength

MS liquid media supplemented with 0.3 mg L-1 indole-3-

acetic acid and 0.2 mg L-1 indole-3-butyric acid to

establish isolated root cultures and were further subcul-

tured into the same media to study the growth and CPT

production over a period of 60 days at an interval of

10 days. Maximum biomass (3.34 ± 0.19 g) was obtained

from roots cultured in MS liquid media augmented with

0.3 mg L-1 IAA and 0.2 mg L-1 IBA with alternating salt

strength over a period of 45 (17 ? 28) days. The concen-

tration of CPT in the in vitro root-derived culture sample

was estimated through HPLC and recorded as 0.135% (on

g DW basis, 30th day) which is comparable to that of field

grown roots (0.13%). The overall results obtained with the

present experiment demonstrated the use of in vitro

seedlings as a dynamic explant source for root culture

establishment and the feasibility of the system for further

use in the production of CPT.
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Introduction

Plant secondary metabolites are a diverse group of organic

compounds which facilitate the interaction of plants with

the environment and also in the establishment of a defence

mechanism. Among the important plant-derived com-

pounds prescribed for cancer therapy, camptothecin (CPT),

a water insoluble cytotoxic monoterpene-derived indole

alkaloid, has been recognized as a very potent anticancer

compound for its amazing inhibitory action against tumour

cells by blocking the eukaryotic topoisomerase-I. Over a

dozen derivatives of CPT are currently under clinical trials.

Derivatives such as Hycamtin (topotecan) and Camptosar

(irinotecan or CPT 11) are currently used widely for the

treatment of ovarian, small lung and refractory ovarian

cancers.

Due to the escalating demand (USD 2.2 billion in 2008)

[1] for CPT coupled with limited availability of plant

source, alternative methods need to be developed to cir-

cumvent the issue. In spite of the rapid growth of market

demand, CPT raw material is still harvested by extraction

from bark and seeds of Camptotheca acuminata and

Nothapodytes nimmoniana, since its chemical synthesis is

not cost-effective. Though many attempts have already

been made to produce CPT from in vitro cultures of several

plants, the yield of CPT was found to be comparatively low
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from natural sources. The optimization of culture param-

eters, the supply of biosynthetic precursors, and genetic

engineering are among the strategies that can be adopted to

increase its yield.

Recently, Pyrenacantha volubilis Hook., a woody

climber (Icacinaceae), was reported to contain CPT and its

derivatives and is one of the richest sources of CPT [2].

Maximum concentration of CPT was found in the cotyle-

dons (1.35%) followed by ripened whole fruit and roots

(0.13%, g DW) [2]. P. volubilis is a monoecious plant with

low seed set. Its distribution in Kerala has been reported in

certain evergreen patches and sacred grooves along the

western coast of India [3]. Biotechnological methods

including plant tissue culture and establishment of different

in vitro culture system(s) have immense scope for mass

production of plants along with enhanced compound yield.

In this regard, the authors are reporting for the first time the

in vitro production of CPT from normal root cultures of P.

volubilis using in vitro-derived seedling explants.

Material and Methods

Pyrenacantha volubilis seeds were collected from a sacred

groove of Thiruvananthapuram district, Kerala, India, and

the voucher specimen (TBGT 79916) has been deposited at

JNTBGRI herbarium, Palode, Thiruvananthapuram.

Culture Initiation

The fruits of the plants were collected during September–

December. Fresh fruits were de-pulped and washed thor-

oughly in tap water with 5% teepol (commercial detergent)

for 10 min. The seeds were again washed thoroughly in

running tap water for 15 min and then surface sterilized with

0.1% HgCl2 (w/v) for 3 min. Later on, these seeds were

washed with sterile distilled water for 2–4 times and the hard

seed coat was removed before inoculating the embryos into

half-strength Murashige and Skoog (MS) [4] solid medium

containing 3% sucrose and supplemented with varied con-

centrations of plant growth regulators (PGRs) such as

6-benzylaminopurine (BAP) (0.5–4.0 mg L-1), naph-

thalene acetic acid (NAA) (0.2–0.8 mg L-1), indole-3-

acetic acid (IAA) (0.1–0.4 mg L-1) and kinetin (Kn)

(0.3–0.5 mg L-1). MS solid media devoid of PGRs were

used as control. The pH of the media was adjusted to 5.8

before adding 0.15% CleriGel (w/v) (Himedia). Ten mL of

the prepared media was poured into borosilicate culture

tubes (150 mm 9 25 mm) and autoclaved at 121 �C under

15 lbs pressure for 18 min. The cultures were kept under

proper culture conditions (18/6 h photoperiod, 24 ± 2 �C).

Establishment of Isolated Root Culture

In order to establish isolated root culture, radicle-derived

roots from the cultured seeds were dissected, either as

intact 3-cm-long pieces (Fresh weight, 0.358 ± 0.008 g) or

as chopped roots (0.356 ± 0.009 g FW) and transferred

separately to both MS solid and liquid media supplemented

with IAA (0.2–0.5 mg L-1) and IBA (0.2–0.3 mg L-1)

either alone or in combination. The cultures were kept on a

gyratory shaker at 80 rpm and also kept without shaking

under complete darkness. Growth of roots and CPT pro-

duction were studied up to 60 days at an interval of

10 days, and the growth index was determined by the

following formula.

Growth Index GIð Þ ¼ Final FW gð Þ � Initial FW gð Þ½ �=
Initial FW gð Þ

Optimization of Root Culture Protocol

In order to optimize the culture parameters, influence of

media salt strength, varying concentrations of ammonium

nitrate and sucrose were studied individually. Roots were

inoculated on full strength, half-strength and quarter-

strength MS liquid media containing same combinations of

PGRs to find out suitable media for good growth of root

samples. Root segments with an initial inoculum of

0.357 ± 0.006 g FW were inoculated onto 50 mL of

nutrient media and studied the growth up to 30 days, since

maximum biomass production was recorded for the

30th day and also estimated the concentration of CPT.

In another set of experiments, different concentrations

of ammonium nitrate (NH4NO3) (1.650 g L-1,

1.2375 g L-1, 0.4125 g L-1 and 0 g L-1) as per the con-

centrations in full, �, and quarter-strength MS media,

respectively, were also tested to optimize the root growth

in half-strength media supplemented with same PGR

combinations (0.3 mg L-1 IAA and 0.2 mg L-1IBA).

Similarly, influence of different sucrose concentrations

(1–6% w/v) on the root growth was also studied. In all

experiments, root biomass level was estimated. Half-

strength MS media (3% sucrose) supplemented with

0.3 mg L-1 IAA and 0.2 mg L-1 IBA were used as the

control. Data were recorded at 10 days interval over a

period of 30 days.

Further, the cultures were first subcultured in quarter-

strength MS supplemented with 0.3 mg L-1 IAA and

0.2 mg L-1 IBA for 17 days and followed by subculture in

half-strength MS media supplemented with 0.3 mg L-1

IAA and 0.2 mg L-1 IBA for 28 days to study the influ-

ence of alternating salt strength on increased biomass

production.
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Extraction and Quantification of Camptothecin

Old root cultures of 28 days were harvested, dried up to

constant final dry weight, ground to fine powder and

extracted with methanol in Soxhlet apparatus for 4 h [5].

The extract was concentrated under vacuum using a rota-

vapour (Heidolph, Germany) at 50 �C and used for sepa-

ration of the compound through TLC. TLC was performed

on a pre-coated silica gel 60 F254 TLC plate (Merck,

Germany). The samples were loaded onto the plate using a

capillary tube. The mobile phase was chloroform and

methanol (24:1 v/v). The authentic sample of CPT pro-

cured from Sigma Co., USA, was also loaded along with

the extracted sample. After the compounds got separated,

the plates were observed under UV light, and the Rf value

of the separated compound was determined.

The methanolic extract of root culture was analysed

using high-performance liquid chromatography (HPLC)

attached with UV/VIS detector (Prominance SPD M20 A

diode array detector) using a modified method as described

by Roja and Heble [6]. Shimadzu Lab solution version 5.73

is used for data acquisition and instrumental control.

Separation of the compounds was performed on a general

purpose Shimadzu C-18 column (250 9 4.6 mm, 5 lm
particle size, 5 lm), and the isocratic mobile phase con-

sisted of 100% methanol (HPLC grade, Merck, Germany).

The flow rate was 1.0 mL min-1, and the injection volume

was 10 lL. The analysis was performed at room temper-

ature (25 �C), and the compound was detected at 254 nm.

Standard camptothecin (Sigma Co., USA) was used for the

estimation of CPT in the root extract of P. volubilis.

Standard CPT in the concentration range of 1–500 ppm

was run in HPLC column for developing a calibration

curve. The crude methanolic extract of plant sample was

injected separately. The peak area of the crude extract was

measured and compared with that of the standard and

quantified equation from the calibration curve, f(x) =

22.294x ? 7.4857. The results are expressed in

mean ± standard deviation.

Statistical Analysis

The experiment was conducted twice in four replicates in a

completely randomized design. Data were recorded in

10 days interval, if not specified otherwise. Statistical

analysis was done using SPSS software (IBM SPSS

Statistics 21) using Duncan’s multiple range test (DMRT)

at a probability of 5%.

Results and Discussion

Culture Initiation

An average of 80% seeds was contamination free. The

seeds inoculated on to different media have shown varied

response to germination depending on the type and con-

centration of PGRs used in the media, and the best results

(80%) were obtained in media supplemented with

0.3 mg L-1 Kn alone and a combination of BAP

(1.0 mg L-1) and NAA (0.2 mg L-1). Emergence of roots

(Fig. 1a, b) was observed within 5–15 days of culturing,

and emergence of shoot was delayed by up to 35 days

irrespective of the media combinations tried. Seeds cul-

tured in all media combinations tested exhibited callus

formation except the combinations of Kn (0.3 mg L-1)

alone and a combination of BAP (1.0 mg L-1) and IAA

(0.2 mg L-1).

The seed development, dormancy and germination are

controlled by specific endogenous growth promoting and

inhibiting compounds [7]. The activation of metabolic

machinery of embryo for seed germination is achieved

through the application of various PGRs. The combined

effect of hormones supplied along with the appropriate

environmental conditions helps to achieve fast germination

rate. In the experiments conducted, seed germination in

media with a combination of BAP and IAA exhibited the

lowest percentage of germination (0–40%) while media

supplemented with a combination of BAP and NAA

exhibited a germination percentage of 50–70%. The pres-

ence of IAA may have negative effect on seed germination

possibly due to lack of hormonal receptors during the ini-

tial stages of seed germination or due to an intoxication

process caused by IAA as evident from the studies on

in vitro seed germination of Comparettia falcata [8]. The

use of kinetin has shown a positive response in germination

rate (60–80%) within 20 days of culture initiation.

Establishment of Isolated Root Culture

Roots transferred to liquid media showed very slow growth

in early days of subculture. Profuse lateral branching was

observed after 12 days. Roots kept without agitation did

not exhibit any growth but had slight callusing. Root

growth was observed only in intact roots and initiated with

elongation of root tips. No growth was noticed in cultures

initiated from chopped root pieces. Root growth was

prominent in liquid media than solid culture. Roots of

approximately 3 cm length having root tips(meristematic

zones) only were found to grow up to a length of

15.4 ± 2.4 cm during the culture period of 30 days with

12.8 ± 3.4 lateral roots generated per root segment
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inoculated (Fig. 1c). Growth performance of roots was also

recorded with the growth index of 4.95 in 30 days (Fig. 2).

Maximum biomass production as well as CPT

concentration (0.135%, g DW) was also recorded for the

30th day (Fig. 3).

In the experiment conducted, roots having meristematic

cells were only found to achieve further growth after

Fig. 1 a Seed germinated in �
MS solid with 0.3 mg L-1 Kn,

b germinated seed after 30 days

of incubation, c lateral root

formation in 25 days of

subculture in � strength MS

media supplemented with

0.3 mg L-1 IAA and

0.2 mg L-1 IBA and

d established normal root

culture in half-strength MS

media supplemented with

0.3 mg L-1 IAA and

0.2 mg L-1 IBA after 45 days

of incubation
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Fig. 2 Effect of different culture conditions on biomass production in

root cultures of P. volubilis grown in nutrient media supplemented

with 0.3 mg L-1 IAA and 0.2 mg L-1 IBA, a gyrated/ dark

conditions, b non-gyrated/dark conditions. Data were recorded at

10 day interval over a period of 60 days
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subsequent subcultures. The observation was in accordance

with a study in Datura stramonium, suggesting that the

growth rate in culture system varied with that of hairy root

cultures mainly because of the presence of active inter-

calary meristematic zones as well on development of lat-

eral roots rather than differences in cell division rate and

the presence of larger meristem [9]. In the experiments

conducted, it was observed that despite of a marked dif-

ference in the number of lateral root production, the final

biomass was found to be higher in media with half the salt

strength of MS compared to quarter strength. This suggests

that the divided cells undergo cell proliferation by

absorbing more water and nutrients in the second stage of

development in half-strength media leading to cell elon-

gation rather than fast meristematic division during the first

stage as evident from previous reports [9].

Optimization of Root Culture Protocol

Among the various media salt strengths tested, best result

was obtained with half-strength media containing

0.3 mg L-1 IAA and 0.2 mg L-1 IBA. The results are

presented in Table 1. The media supplemented with

0.3 mg L-1 IBA also yielded almost similar results. Media

containing very low concentration of IAA did not support

growth but favoured chlorophyll development in roots. The

major aim of the experiment was to identify the feasibility

of establishing a novel culture system for the in vitro

production of CPT from seedling-derived root cultures of

P. volubilis. Experimental strategies were adopted for the

enhancement of biomass production in various combina-

tions tried, since enhanced biomass production directly

correlates with compound production. Basic knowledge

about the biosynthesis of a particular secondary metabolite

and the factors influencing the productivity of the cultured

cells like manipulating media components, PGR augmen-

tation, varying concentrations of carbon sources, nitrogen

sources, phosphates, nitrate to ammonia ratio and

micronutrients is imperative in standardizing culture con-

ditions for optimized production [10]. Lateral root forma-

tion was observed to be more in MS quarter-strength media

(Fig. 1c) supplemented with 0.3 mg L-1 IAA and

0.2 mg L-1 IBA (data not furnished), but higher biomass

production was obtained in half-strength media containing

0.3 mg L-1 IAA and 0.2 mg L-1 IBA. Hence, this influ-

ence of alternate media strength is utilized for enhanced

root production as evidenced from previous reports on

shoot cultures of Ophiorrhiza trichocarpos [11]. Similar

reports by Kumar et al. [12] on micropropagation of Rosa

damascena showed that the increase in the number of

shoots on transfer to lower concentration may be because

of the attainment of juvenility by cells through various

biochemical changes occurring under the specific culture

condition. The roots were first subcultured in quarter

strength for a period of 17 days for increased lateral root

formation followed by subsequent subculture in half-

strength media (28 days) attaining an increased biomass

production of 3.34 ± 0.19 g FW in 45 days (Fig. 1d). The

study on the effect of varying concentrations of ammonium

nitrate and sucrose was also studied. The results revealed

that modified level of ammonium nitrate and sucrose in MS

media did not favour biomass production. Though lower

and higher concentrations of ammonium nitrate supported

increase in biomass at the initial period of growth and later

showed negative response. Nitrogen and sucrose are

reported to play a vital role in the root system for effective

growth of plants. Ammonium nitrate is reported to play an

important role in the root induction [13] and growth as well

as maintaining the pH of the culture media [14]. However,

there are reports of varied responses also [15]. Studies

conducted on the effect of ammonium nitrate concentration

revealed that both increasing and decreasing concentrations

of ammonium nitrate had a negative impact on root growth.

This is in agreement with the findings of Woo et al. [16]

and Roycewicz and Malamy [17] in experiments conducted

with normal root cultures of Hyoscyamus niger and Ara-

bidopsis thaliana seedlings, respectively.

Results on influence of varied concentrations of sucrose

also indicated that 3% (w/v) sucrose was optimum for

maximum biomass production (2.082 ± 0.333 g) for a

period of 30 days. But, the roots grown in 6% sucrose also

yielded considerable biomass and lateral root formation.

Low concentrations of sucrose had a negative impact in

biomass accumulation (Table 2). Sucrose is reported to act

as a stimulant in lateral root formation. The sugar-induced

lateral root formation is in concurrence with the amount of

sugar in roots [18]. Hence, increased sucrose concentration
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interval for 60 days
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can stimulate lateral root formation regardless of whether it

is supplied exogenously or produced within the roots itself

[18, 19]. Reports regarding varied sucrose concentration

reveal that 2–3% (w/v) sucrose concentration is optimal for

biomass production in suspension cultures and higher

sucrose concentration resulted repressed growth [20]. But

in the present experiments, it was observed that 3% (w/v)

sucrose was optimum for maximum biomass production,

whereas higher concentration of sucrose (5–6%) also

favoured biomass production than lower concentration

(1–2%), indicating the sucrose tolerant nature of the roots.

The results showed that the nutrients in half-strength MS

media are adequately balanced to provide optimal growth,

Table 1 Effect of media salt strength and PGR combinations on the total biomass obtained

PGR concentration Time intervals Root biomass (g) in full MS Root biomass (g) � MS Root biomass (g) quarter MS

IAA (mg L-1) IBA (mg L-1)

0.2 – 10 0.403 ± 0.015e 0.455 ± 0.0530c 0.478 ± 0.016a

20 0.444 ± 0.011b 0.483 ± 0.036d 0.556 ± 0.036b

30 0.557 ± 0.043d 0.618 ± 0.038f 0.655 ± 0.055d

0.3 – 10 0.399 ± 0.017e 0.4613 ± 0.032c 0.521 ± 0.026a

20 0.426 ± 0.025a 0.531 ± 0.009cd 0.579 ± 0.012b

30 0.545 ± 0.031d 0.647 ± 0.094f 0.722 ± 0.052cd

0.4 – 10 0.434 ± 0.029de 0.501 ± 0.036bc 0.471 ± 0.037a

20 0.496 ± 0.034b 0.542 ± 0.036cd 0.556 ± 0.030b

30 0.664 ± 0.0375cd 0.726 ± 0.050f 0.739 ± 0.104cd

0.5 – 10 0.435 ± 0.018de 0.473 ± 0.008bc 0.491 ± 0.029a

20 0.468 ± 0.026b 0.496 ± 0.170d 0.561 ± 0.046b

30 0.684 ± 0.023bcd 0.597 ± 0.029f 0.934 ± 0.078abcd

– 0.2 10 0.440 ± 0.047de 0.459 ± 0.046c 0.476 ± 0.053a

20 0.508 ± 0.085b 0.62 ± 0.154cd 0.791 ± 0.081a

30 0.860 ± 0.226abc 1.037 ± 0.288def 1.066 ± 0.206ab

– 0.3 10 0.451 ± 0.031de 0.483 ± 0.047bc 0.481 ± 0.040a

20 0.618 ± 0.065b 0.531 ± 0.046cd 0.789 ± 0.146a

30 1.007 ± 0.174abc 0.85 ± 0.147ef 1.198 ± 0.304a

0.3 0.2 10 0.560 ± 0.04abc 0.690 ± 0.098a 0.552 ± 0.104a

20 0.764 ± 0.11b 1.674 ± 0.376a 0.791 ± 0.227a

30 0.979 ± 0.18ab 2.071 ± 0.339a 1.070 ± 0.243ab

0.4 0.2 10 0.54 ± 0.046bc 0.562 ± 0.186bc 0.538 ± 0.052a

20 0.73 ± 0.12b 0.898 ± 0.334bc 0.639 ± 0.136ab

30 1.03 ± 0.09a 1.257 ± 0.530cd 0.935 ± 0.142abcd

0.5 0.2 10 0.523 ± 0.07cd 0.64 ± 0.099a 0.484 ± 0.049a

20 0.61 ± 0.12b 1.539 ± 0.432a 0.663 ± 0.125ab

30 0.788 ± 0.21abcd 1.881 ± 0.478ab 1.014 ± 0.157abc

0.3 0.3 10 0.563 ± 0.080abc 0.596 ± 0.079ab 0.522 ± 0.041a

20 0.784 ± 0.185b 1.075 ± 0.371b 0.68 ± 0.194ab

30 1.020 ± 0.387a 1.515 ± 0.420bc 0.939 ± 0.279abc

0.4 0.3 10 0.621 ± 0.041a 0.566 ± 0.061abc 0.527 ± 0.043a

20 0.818 ± 0.055b 0.71 ± 0.134cd 0.637 ± 0.090b

30 0.894 ± 0.175abc 0.978 ± 0.267def 1.022 ± 0.194abcd

Control 10 0.612 ± 0.073ab 0.600 ± 0.052ab 0.530 ± 0.054a

20 0.702 ± 0.122b 0.716 ± 0.113cd 0.626 ± 0.086ab

30 0.991 ± 0.248ab 1.154 ± 0.319cde 0.861 ± 0.206bcd

Data recorded at 10 day interval for 30 days. Maximum biomass production obtained for � MS media supplemented with 0.3 mg L-1 IAA and

0.2 mg L-1 IBA on 30th day

Data represents mean ± SD. Different letters indicate significant differences (P\ 0.05) within groups using one-way ANOVA
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and metabolism in in vitro roots of P. volubilis as has been

observed in several other tissue culture systems [21].

Extraction and Quantification of Camptothecin

The methanolic extract of 28 days old in vitro root sample

was subjected to TLC, and the presence of CPT in the

sample was identified (Rf—0.6) (Fig. 4). Linear regression

revealed to have good correlation between the concentra-

tion of the standard solutions and the samples. The peak

response with a correlation coefficient (r2) of 0.999 ± 0.01

(y = 22.294x ? 7.4857) for CPT was within the concen-

tration range of 1.9–125 ppm which was used to generate

the calibration curve. The HPLC chromatogram of the

standard CPT and sample showed retention time in the

range of 4.1 and 3.7 min (Fig. 5a, b). The concentration of

CPT in the root sample (28th day) was found to be 0.135%

(on g DW basis) which is comparable to that of field root

(0.13%) [19], suggesting the feasibility of the culture sys-

tem for large scale production of the compound. Similar

results were observed in multiple shoot cultures of O.

mungos and O. trichocarpos where the concentrations of

CPT under in vitro samples were found to be more than

that of the field samples [11, 22].

Conclusion

The root culture system established in half-strength MS

liquid media supplemented with 0.3 mg L-1 IAA and

0.2 mg L-1 IBA using the seedling-derived explants was

found to be a viable alternative for establishing root culture

for the production of CPT. The optimization of culture

parameters like media salt strength, plant growth regula-

tors, varying concentrations of ammonium nitrate and

sucrose resulted in significantly enhanced biomass pro-

duction. The optimized media produced a biomass of

3.34 ± 0.19 g FW with a CPT concentration of 0.135%

(on g DW basis, 28 days old roots) which is comparable to

the concentration of CPT in field grown roots. Moreover,

enhanced CPT production can also be achieved through

elicitation and precursor feeding techniques. In conclusion,

the authors are reporting for the first time the establishment

of in vitro root cultures of P. volubilis for the production of

CPT and suggest that the root culture system can be chosen

as an alternative source for CPT. However, further efforts

Table 2 Effect of varying ammonium nitrate and sucrose concentration on root biomass production

Concentration Root biomass, 10th day FW (g) Root biomass, 20th day FW (g) Root biomass, 30th day FW (g)

Ammonium 1.650 g L-1 0.6625 ± 0.108ab 0.933 ± 0.165bc 1.263 ± 0.211b

Nitrate (NH4NO3) 1.2375 g L-1 0.609 ± 0.084abc 1.053 ± 0.267b 1.272 ± 0.219b

0.4125 g L-1 0.537 ± 0.073bc 0.951 ± 0.193bc 1.29 ± 0.084b

0 0.523 ± 0.063e 0.625 ± 0.063cd 0.686 ± 0.043c

Sucrose 1% 0.479 ± 0.031b 0.564 ± 0.625c 0.674 ± 0.116d

2% 0.532 ± 0.073b 0.847 ± 0.180bc 1.084 ± 0.207c

4% 0.536 ± 0.041b 0.714 ± 0.121c 0.886 ± 0.220cd

5% 0.516 ± 0.069a 0.7935 ± 0.168bc 1.081 ± 0.243c

6% 0.680 ± 0.036a 1.078 ± 0.201b 1.674 ± 0.187b

Control 0.69 ± 0.188a 1.684 ± 0.378a 2.082 ± 0.333a

Data recorded at 10 day interval for 30 days. Maximum biomass production was obtained in the control cultures

Data represents mean ± SD. Different letters indicate significant differences (P\ 0.05) within groups using one-way ANOVA

Lane 1 Lane 2

CPT

Fig. 4 TLC profile of methanolic extract of 28-day-old in vitro root

sample showing CPT with an Rf value of 0.6. Lane 1 showing the

CPT standard, and lane 2 showing the in vitro root sample
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towards enhancing the biomass production would be cru-

cial for such endeavours.
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