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Abstract

Catharanthus roseus (L.) G. Don (Apocynaceae) is a well-studied herb renowned for its in vitro culture as a source of
the anti-cancer alkaloid, vincristine. However, despite the recognized advantages of triploid cells over diploid cells in
terms of productivity, the triploid endosperm tissue of this important medicinal plant has not been utilized for in vitro
culture initiation. In this investigation, zygotic embryos and endosperm tissues were cultured on Murashige and Skoog
(MS) medium supplemented with various combinations of auxins and cytokinins. The medium containing 2.50 uM
6-Benzyladenine (BA) and 1.25 pM 2,4-Dichlorophenoxyacetic acid (2,4-D) proved to be the most effective for callus
and cell culture formation. Ploidy analysis using ploidy analyzer confirmed that the endosperm-derived callus exhibited
mixoploid, while the embryo-derived callus remained diploid. Liquid Chromatography Mass Spectrometry (LC-MS)
analysis of callus and cell cultures grown on MS media with different combinations of auxins, cytokinins, elicitors, and
precursors (both biotic and abiotic) revealed the accumulation of vincristine. Notably, treatment with a biotic elicitor
derived from Aspergillus niger (300 mg/l) demonstrated superior efficacy in promoting the maximum accumulation of
vincristine in endosperm-derived callus and cell biomass. These findings hold promise for the sustainable production of
the anti-cancer alkaloid vincristine from endosperm-derived callus and cell cultures of Catharanthus roseus.
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LC-MS  Liquid Chromatography Mass Spectrometry
MS Murashige and Skoog
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NAA  a-Naphthaleneacetic acid
PEG Polyethylene glycol
TDZ Thidiazuron

1 Introduction

In recent decades, the global population has seen exponential growth leading to increased reliance on plants for
sustenance, medication, and textile production. One crucial defense against various perilous diseases worldwide lies
in the therapeutic properties of plants [1]. Globally, over 85% of traditional medicinal treatments rely on plants or their
extracts [2, 3]. However, the intricate structures and high cost of bioactive compounds found in plants pose challenges
for chemical synthesis [4, 5]. Several factors contribute to the complexity of synthesizing bioactive compounds in plants,
including cultivation duration, seasonal variations, variability in medicinal content, insufficient techniques for extraction
and standardization, and a limited understanding of plant physiology [6, 7.

The demand for raw materials to extract phytochemicals has risen steadily in response to the growing global need for
plant-derived medicines and formulations [6]. To address the persistent issue of availability of medicinal plants, alternative
approaches are needed to ensure a steady supply of high-quality raw materials from sustainable sources. Plant cell and
tissue culture technology offer promising avenues for producing these phytochemicals in vitro, essentially functioning as
living chemical resource factories [8, 9]. Micro-propagated plants provide uniform, sterile, and compatible plant material
for identifying and characterizing active constituents [9-11]. Moreover, compounds produced from tissue cultures may
be easier to purify through simple extraction methods due to the absence of significant pigment content, potentially
reducing production and processing costs [12, 13]. In plant tissue culture technology, various methods such as callus
cultures, cell cultures, hairy root cultures, and genetic modifications can be employed to extract potentially beneficial
metabolic components [14]. The cell culture technique provides a straightforward means to produce haploid and triploid
cells, which are crucial systems for enhancing the in vitro production of medicinal components [15].

Consequently, in the current study, we focused on the triploid nature of the explant to enhance the production of
secondary metabolites. Compared to their diploid counterparts, triploid plants and triploid cell biomass exhibit faster
growth rates and accumulate more metabolites [16]. Triploid plants and triploid cell biomass have more vigorous growth
and accumulation of metabolites than their diploid counterparts [16, 17]. Traditionally, triploids are produced by crossing-
induced superior tetraploids and diploids. This approach is tedious and lengthy (especially for tree species). In contrast,
the regeneration of plants from the endosperm (a naturally occurring triploid tissue) offers a direct, single-step approach
to triploid production [18].

Catharanthus roseus (L.) G. Don (Family: Apocynaceae) (2n=16) commonly called as Madagascar Periwinkle native
to Madagascar. The plant is mainly considered as the rich source of various alkaloids, which are distributed in all parts
of the plant. Total of about 130 alkaloids are reported from Catharanthus roseus, of which, 25 alkaloids belong to the
indole group [19]. All the alkaloids showed diverse array of activities against large number of diseases. Of the 25 indole
alkaloids, two namely vinblastine and vincristine are mainly present in the aerial parts. These alkaloids are reported to
have found extensive application in the treatment of human neoplasma. Vincristine sulphate is very effective for treating
acute leukaemia in children and lymphocytic leukemia [20]. It is also effective against Hodgkin’s disease, Wilkins's tumor,
neuroblastoma and reticulum cell sarcoma [21]. Our current efforts aimed to enhance the production of anti-cancer
indole alkaloid vincristine by cultivating Catharanthus roseus endosperm and embryo cultures in vitro.

2 Materials and methods
2.1 Plant materials, surface sterilization, and culture conditions

Pods of the Catharanthus roseus (L.) G. Don plant (1-year-old) were collected from Botanical Garden, Department of
Botany, Savitribai Phule Pune University, Pune at immature, mature, and fully mature stages. The collection of the plants
used in study complies with local or national guidelines. The pods were washed in running tap water and sterile distilled
water for 10 min followed by surface sterilization using 0.1% HgCl, solution for 7 min. Then the endosperm and embryo
were excised from the seeds (Fig. 1A-C) and were cultured in test tubes (25 x 150 cm) each containing 10 ml MS medium
[22]. The pH of the MS medium was adjusted to 5.7+ 0.1 prior to autoclaving at 121 °C for 15 min containing 0.8%
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(w/v) of agar (Hi Media, Mumbai). The cultures were maintained at 25+2 °C under an 8 h dark/16 h light photoperiod
(30 umol m™2 s7") at 60-70% relative humidity.

2.2 Callus induction and cell culture

White or milky endosperm and green shiny embryos were dissected out from surface sterilized pods and were cultured
separately on MS medium with 3% sucrose, coconut milk (10, 15, 20, 25%), casein hydrolysate (100 mg/l), and auxins
(NAA, 1AA, and 2,4-D; 0.5-2.5 pM) and cytokinins (BA, Kin, and TDZ; 2.5-15.0 uM) alone and in combinations. The embryo-
derived calli began to proliferate on eighth day of inoculation, while the endosperm explants induced callus on fifteenth
day of inoculation. After 21 days, both cultures were maintained on the parental MS media. Fresh and dry weights were
used to calculate the growth rate of callus.

Two g of 8-week-old endosperm and embryo-derived callus were chopped and inoculated in 250 ml conical flasks
with 40 ml MS liquid medium supplemented with combinations of cytokinins and auxins. Cultures were maintained
on a rotary shaker at 80 rpm in controlled conditions for 21 days. The growth of cultures was measured based on fresh
weight and dry weight.

Fig. 1 Excision of embryo
and endosperm from
Catharanthus roseus seeds
and callus induction. A:

Seed excised from pod; B:
Endosperm excised from
seed; C: Embryo excised from
seed; D: Endosperm derived
callus on MS+1.25 uM
2,4-D+2.50 uM BA; E: Embryo
derived callus on MS+1.25 uM
2,4-D+2.50 uM Kin; F: Cell
culture on MS+1.25 uM
BA+2.50 uM 2,4-D
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2.3 Ploidy level analysis

About 56-day-old callus, obtained from embryo and endosperm explants were subjected to ploidy analysis using a
ploidy analyzer (Partec PA-Il, GmbH, Minster, Germany). The endosperm and embryo-derived callus (0.5 g) were chopped
separately in triplicates. To this cell biomass, 0.2 ml of nuclei extraction buffer (CyStain Pl Absolute P) was added and
allowed to stand for 1 min. Then 0.8 ml of Precise P staining buffer (CyStain UV) was added to make the final volume
1.0 ml. Then this one ml solution with cell biomass was filtered through a 0.22 u membrane filter and placed in a cuvette
for ploidy analysis using a Ploidy analyzer.

2.4 Elicitors and precursors feeding

Pure cultures of Aspergillus niger (NCIM 545), Helminthosporium sp. (NCIM 1280), and Alternaria sp. (NCIM 1079) were
procured from The National Collection of Industrial Microorganisms (NCIM), National Chemical Laboratory (NCL), Pune,
India. Fungal strains obtained were cultivated for 28 days on a liquid potato-dextrose medium and were autoclaved for
20 min at 121 °C. Then the mycelial mats were collected and dried for 48 h in a hot air oven at 60 °C and ground to fine
powder employed as biotic elicitors. Yeast extract powder (Type I) and chitin [poly (N-acetyl-1,4-D-glucopyranosamine)]
were obtained from Hi Media, Mumbai, India. The concentrations of all the biotic elicitors were added at 100, 200, 300,
400, and 500 mg/l in the medium.

Potassium chloride (KCl); polyethylene glycol-6000 (PEG-6000), mannitol, sorbitol, and signaling agent salicylic acid
were used as abiotic elicitors. The callus and cell cultures were exposed to different concentrations of salicylic acid
(0-250 pM); mannitol and sorbitol (0-500 mM); PEG-6000 (0-5 mM) and KCI (0-200 mM) in the respective medium.
Callus and cell cultures were exposed to precursors like pyruvic acid, tryptophan, and a-Keto-glutaric acid (0-500 mg/I)
in liquid MS medium fortified with 1.25 uM BA in conjunction with 2.50 uM 2,4-D.

2.5 Extraction and estimation of vincristine

The dried, powdered sample (1000 mg) was placed in a test tube and extracted three times over 12 h with 20 ml of
methanol each time. After that, the test tube was placed in a DL-60D ultrasonic bath running at 80 W for 60 min. Using
a rotary evaporator, the extracted mixture was concentrated to 2 ml. The concentrate was then filtered through a sterile
0.22 uM membrane filter and the filtrate was stored at -80 °C for further use.

Quantitative analysis of vincristine in the samples was done using the LC-MS model Agilent 1290 Infinity Series
RRLC-MS interfaced to an Agilent 6538 LC/MS Q-TOF (Agilent Technologies, USA). A volume of 20 pl of each sample was
injected into ZORBAX Eclipse plus reversed-phase column (C18, 2.1 mm x50 mm) of 1.8 um particle size. The column
temperature was maintained at 40 °C. The mobile phase comprised solvent A [Water: 0.1% Trifluoroacetic acid (TFA)]
and Solvent B acetonitrile: TFA (ACN: 0.1% TFA). The vincristine (Fig. 2A) content was quantified by comparing them with
standard vincristine (Fig. 2B) expressed in terms of ng g~' DW.

2.6 Statistical analysis
Each experiment had a minimum of three repetitions and was conducted using a completely randomized design. To
find significant differences between means, analysis of variance (ANOVA) was used to evaluate the data. The software

package SPSS (version 9.1) was used to compare means that differed significantly using Duncan’s Multiple Range Test
(DMRT) at the 5% probability level. Data variation is represented as mean + SE.

3 Results
3.1 Callus induction and ploidy analysis

Various permutations and combinations of auxins and cytokinins were tried for callus induction. Endosperm derived from
immature and fully mature seeds when treated with auxins and cytokinins did not respond to callus induction. Among
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Fig.2 LCMS chromatogram. A Mass spectrum of vincristine, B peak area of standard vincristine

the different concentrations of auxins and cytokinins, MS medium fortified with 2.50 uM Kin +1.25 uM 2,4-D was found
superior for callus induction and growth from endosperm and embryo explants (Fig. 1D, E; Supplementary Table 1). The
ploidy analysis showed that the endosperm-derived callus was found to be mixoploid and the embryo-derived callus
was diploid.

3.2 Effect of plant growth regulators on growth and alkaloid accumulation in callus cultures

The addition of cytokinins (BA, Kin, and TDZ) enhanced the proliferation and growth of the endosperm as well as the
embryo-derived callus (Supplementary Table 2). Among the different types and concentrations of cytokinins, 5.0 uM
BA was found to be optimum for the growth of callus. The growth of an embryo and endosperm-derived callus varies
among the types and concentrations of auxins used in the MS medium (Supplementary Table 3). Among the different
concentrations of auxins, the maximum dry weight (0.27£0.1 gm DW) of endosperm-derived callus was obtained on
MS medium fortified with 7.5 uM 2,4-D. The addition of cytokinins in combination with auxins resulted in a declined
growth of the embryo and endosperm-derived callus (Supplementary Table 4). Among the different treatments, Kin in
combination with IAA was found to be better for the growth of callus derived from both types of explants.
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Callus cultured on medium without plant growth regulator did not show accumulation of vincristine (Supplementary
Table 2). Increasing concentration of BA and Kin in the medium resulted in increased accumulation of vincristine
content in both the calli. Among the different types and concentrations of cytokinins, MS medium fortified with 10 uM
Kin was found to be superior for accumulation of vincristine in the embryo (44.4+0.6 ng g~' DW) and endosperm
(55.3+1.7 ng g~ DW) derived callus (Supplementary Table 2; Fig. 3). Supplementation of TDZ was found to be inhibitory
for the accumulation of vincristine.

Increasing concentration of auxins resulted in increased accumulation of vincristine up to 7.5 UM concentrations.
Further higher concentrations of auxin-containing medium resulted in a lower accumulation of vincristine in the callus.
Among the different auxins, the addition of 7.5 uM NAA greatly enhanced the production of vincristine in the endosperm
(87.7+0.7 ng g~ DW) and embryo (57.1+2.3 ng g~' DW) derived callus as compared to control (Supplementary Table 3).
Medium fortified with NAA showed lower biomass accumulation but the accumulation of vincristine was more as
compared to IAA and 2,4-D containing medium.

Medium fortified with cytokinins and auxins showed an accumulation of vincristine in both the calli. Among the
different combinations, MS medium with 1.25 uM BA and 2.50 uM 2,4-D was found to be superior for accumulation of
vincristine content (90.0+2.9 ng g~' DW) in the endosperm-derived callus and 81.3+ 1.6 ng g~' DW in embryo-derived
callus culture (Supplementary Table 4).

3.3 Cell culture
3.3.1 Production of cell cultures

MS+1.25 uM BA +2.50 uM 2,4-D was found to be optimum for the accumulation of vincristine in the callus obtained
from endosperm and embryo explants (Fig. 1F; Supplementary Table 4). Therefore, this medium was used as a parental
medium to produce cell culture and for further treatments using cell culture.

3.3.2 Effect of plant growth regulators on growth and alkaloid accumulation in cell cultures

Among the different types and concentrations of cytokinins, 7.5 uM Kin was found to be optimum for cell culture growth.
The DW of endosperm-derived cell biomass on MS basal medium was 0.45 +0.02 g. Similarly, embryo-derived cell culture
showed about 0.41+0.01 gm DW per culture (Supplementary Table 5). The addition of BA in the medium supported
the growth of cell cultures but the response was found to be less than that of Kin, whereas the TDZ-containing medium
showed an inhibitory effect (Supplementary Table 5). Cell culture grown on medium without plant growth regulator
did not show accumulation of alkaloids. Among the different concentrations of cytokinins, MS medium fortified with
7.5 uM BA was found superior for accumulation of vincristine in the embryo (67.4+1.2 ng g~' DW) and endosperm
(86.3+2.9ng g‘1 DW) derived cell biomass (Supplementary Table 5). Kin (7.5 uM) was also found beneficial in enhancing
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Fig.3 LCMS chromatogram of alkaloid fraction obtained from endosperm-derived callus of C. roseus
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the accumulation of vincristine in endosperm-derived cell suspension culture (63.7+1.2 ng g~' DW) and in embryo-
derived cell biomass (58.4+ 1.1 ng g*1 DW).

Among the different concentrations of auxins, the maximum biomass (0.79+0.01 g) was obtained on MS medium
fortified with 7.5 uM 2,4-D in endosperm-derived cell culture. Similarly, embryo-derived cell culture showed maximum
biomass accumulation on the same medium. Among auxin-supplemented medium, the IAA-containing medium
(7.5 uM) showed maximum accumulation of vincristine in endosperm-derived cell suspension culture (75.1+1.2ng g™’
DW) and embryo-derived cell biomass (70.7 + 1.6 ng g~' DW). The addition of 7.5 pM NAA was also found effective for
enhancing the production of vincristine in the cell biomass derived from the endosperm (74.2+0.5 ng g~' DW) and
embryo (72.3+1.2ng g~' DW). Addition of 2,4-D in the medium promotes the biomass production but failed to enhance
the vincristine synthesis (Supplementary Table 6).

The application of cytokinins in combination with auxins resulted in a decline in the growth of the cell culture derived
from both explants (Supplementary Table 7). Among the different treatments, BA in combination with 2,4-D was found
to be better for the growth of cell cultures derived from both types of explants (Supplementary Table 7). Among the
different combinations, MS+1.25 uM BA + 2.50 uM 2,4-D was found to be superior for the accumulation of vincristine in
the cell suspension culture of endosperm-derived cell biomass (98.1+ 1.3 ng g~' DW) and embryo-derived cell biomass
(93.4+1.2 ng g~' DW) (Supplementary Table 7). Among the different combinations, BA in conjunction with 2,4-D was
found to be effective for the growth of endosperm as well as embryo-derived cell suspension culture.

3.3.3 Effect of abiotic elicitors

The effect of abiotic elicitors on growth of cell culture and alkaloid accumulation is depicted in Table 1. The results
revealed that the addition of abiotic elicitors (supplementary Fig. 1) such as different concentrations of salicylic acid (50
- 250 uM), mannitol and sorbitol (100 - 500 mM), and KCI (40 - 200 mM) resulted in a decline in the growth of cell culture
with increased concentrations. The addition of increasing PEG-6000 (1—5 mM), increased the growth of cell culture as
compared to the other treatments. Among the different concentrations of salicylic acid, medium fortified with 150 mM
showed a higher accumulation of vincristine (106.3+ 1.3 ng g~' DW). Among the different abiotic elicitors addition of
salicylic acid was found to be more effective for the promotion of vincristine accumulation followed by the addition of
300 mg/l mannitol in the medium.

3.3.4 Effect of biotic elicitors

The growth of the cell suspension culture was negatively impacted by the addition of various biotic elicitors (Table 2,
Supplementary Fig. 2). When compared to the control, a sharp decrease in the dry biomass formation was seen for
all types and concentrations of biotic elicitor used. Among the different biotic elicitors used in the present study, the
elicitor derived from Aspergillus niger showed maximum accumulation of vincristine (108.7+ 1.0 ng g~' DW) at 300 mg/I
as compared with the control. Yeast extract also showed a significant increase (107.9+ 1.3 ng g~' DW) in vincristine
content in the cell biomass. Supplementation of elicitor derived from Alternaria sp. negatively affects the vincristine
accumulation in the cell biomass because as the concentration of the elicitor increased in the medium, vincristine
accumulation decreased.

3.3.5 Effect of precursor feeding

Precursors feeding in the medium showed a negative effect on cell biomass production. The biomass production was
decreased with the addition of an increased concentration of precursors in the medium (Table 3). About a 1.75-fold
decrease in cell biomass production was observed with the addition of precursors in the medium. The addition of
tryptophan was found beneficial for the accumulation of vincristine in the cell suspension cultures of Catharanthus roseus.
Vincristine content increased with increasing concentration of tryptophan in the medium up to 300 mg/I concentration
and decreased thereafter. Maximum vincristine (106.5+ 1.7 ng g‘1 DW) accumulation was observed in the medium
fortified with 300 mg/I tryptophan. In the present study, supplementation of pyruvic acid improves the accumulation of
vincristine (Table 3). The addition of 300 mg/| pyruvic acid resulted in about 1.1-fold increased accumulation of vincristine
in the cell biomass of Catharanthus roseus. The addition of a-Keto-glutaric acid was not found suitable for promoting
vincristine content in the cell suspension culture. In the present study, supplementation of different concentrations of
abiotic elicitors, biotic elicitors, and precursors was not found to be promotive for the accumulation of indole alkaloids.
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Ta.b!e 1 Effect of abiotic Abiotic elicitors FW (gm) DW (gm) Moisture % Vincristine
ellc!tors on endosperm- (ng/g DW)
derived cell culture for
production of indole alkaloids  control 19.0+1.0bc 0.67+0.05a 96.5 098.1+1.3 cd
of C. roseus Salicylic acid (uM)
50 15.0+0.3efg 0.57+0.01e 96.2 095.5+1.5ef
100 13.5+0.3ghij 0.48+0.01h 96.4 097.7+19cd
150 12.4+0.8ijk 0.39+0.011 96.9 106.3+1.3a
200 11.3+0.6klm 0.35+0.01 mn 96.9 093.9+1.7fgh
250 10.1+£0.3mno 0.28+0.01p 97.2 088.2+1.2j
KCl (mM)
40 16.7+0.6de 0.61+0.00c 96.3 092.3+0.6hi
80 15.2+0.5efg 0.59+0.01d 96.1 095.6+1.2ef
120 14.5+0.5fgh 0.50+0.01¢g 96.6 098.8+1.3c
160 12.0+0.6jkl 0.45+0.02i 96.3 094.2+1.7 fg
200 10.4+0.5imn 0.38+0.001 96.3 089.3+1.0j
Sorbitol (mM)
100 15.8+0.5def 0.58+0.01de 96.3 082.1+£1.91
200 14.0 £ 0.6fghi 0.49+0.00gh 96.5 093.6+1.6gh
300 12.5+0.6ijk 0.43+£0.01j 96.6 098.3+1.5cd
400 10.9+0.9kimn 0.39+0.021 96.4 092.8+1.3ghi
500 08.4+0.20 0.36+0.01m 95.6 088.4+1.0j
Mannitol (mM)
100 15.5+0.8ef 0.59+0.00d 96.2 085.2+0.9 k
200 14.1 £0.5fghi 0.48+0.01h 96.6 096.7 £0.9de
300 12.7 £0.3hijk 0.41+£0.01k 96.8 101.3+1.8b
400 11.1£0.6kimn 0.34+0.01n 96.9 088.7+1.5j
500 09.3+0.6no 0.31+0.020 96.7 084.4+1.7 k
PEG-6000 (mM)
1 13.5+0.7ghij 0.41+0.00 k 97.0 089.2+0.8]
2 15.2+0.5efg 0.46+0.01i 97.0 093.8+0.9fgh
3 174+0.8cd 0.52+0.01f 97.0 099.3+1.6¢
4 19.2+0.6b 0.59+0.00d 96.9 091.8+1.1i
5 21.6+0.6a 0.64+0.01b 97.0 085.5+0.9 k

The values represent the mean+SE calculated on three independent experiments, each based on a
minimum of 3 replicates. Means followed by the same letters within columns are not significantly different
at the 5% level (DMRT)

4 Discussion

In modern medicine, plants play multiple roles. They not only form the basis for therapeutic agents and serve as
taxonomic markers for discovering new compounds but also preserve the traditional herbal medicine culture of human
civilization [23, 24]. In vitro propagated plants provide a convenient source of homogeneous, sterile, and suitable plant
material for biochemical analysis and identification of active ingredients [10, 12, 25]. Calluses or cells can be used to
cultivate on a large scale, from which active compounds can be extracted [26]. In vitro cultures of Catharanthus roseus
have been extensively studied as alternatives for producing therapeutically important alkaloids [27-29].

The endosperm, with its unique genesis, development, and ploidy level, holds special significance [30]. In our
results, endosperm exhibited an adverse response in medium lacking plant growth regulators. This finding is
consistent with Kiong et al. [31], who observed brownish discoloration and death of Cycas revoluta endosperm.
Similar outcomes were reported earlier in Catharanthus roseus by Smith et al. [32] and in C. albus [33, 34]. Sustaining
callus culture often requires various combinations of auxin with cytokinin in many medicinal plants, where the auxin-
to-cytokinin ratio plays a crucial role in determining the type of culture established [35].
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Table 2 Effect of biotic

. Biotic elicitors FW (gm) DW (gm) Moisture % Vincristine
ellc!tors on endosperm- (mg/l) (ng/g DW)
derived cell culture for
production of indole alkaloids  control 19.0+1.0a 0.67+0.05a 96.5 098.1+1.3de
of C. roseus .

Chitin
100 18.2+0.5ab 0.55+0.01de 96.8 098.8+1.3d
200 16.7+0.4b 0.49+0.01¢g 97.0 101.3+1.7bc
300 14.3+0.3de 0.41+£0.01j 97.1 0926+19¢g
400 12.0+£0.5fg 0.36+0.010 97.0 089.4+1.2h
500 11.5+0.6fg 0.32+0.02p 97.2 083.2+1.6j
Yeast extract
100 17.5+0.9ab 0.56+0.02 cd 96.8 0925+16¢9
200 16.8+0.7b 0.51+0.01f 97.0 098.3+1.0de
300 14.6+0.2cde 0.46+0.01i 96.8 1079+1.3a
400 12.9+0.5ef 0.41+0.02j 96.8 098.9+1.2d
500 10.8+£0.79g 0.37+0.02 mn 96.6 083.1+£1.5j
Aspergillus niger
100 18.8+0.1a 0.58+0.01b 96.9 096.8+1.9ef
200 16.4+0.6bc 0.49+0.029 97.0 102.7+1.8b
300 148+1.0cd 0.41+£0.01j 97.2 108.7+1.0a
400 12.5+0.3fg 0.38+0.02 Im 97.0 095.6+1.3f
500 10.9+0.649 0.31+£0.02p 97.2 089.5+1.2h
Helminthosporium sp.
100 17.5+0.3ab 0.57+0.01bc 96.7 088.9+19h
200 16.3+0.4bc 0.52+0.01f 96.8 098.6+1.5d
300 14.8+0.4 cd 0.47+0.01hi 96.8 099.7+19cd
400 12.1+£0.5fg 0.40+0.02jk 96.7 093.2+06¢9
500 11.0£05¢9 0.36+0.000 96.7 085.5+1.3i
Alternaria sp.
100 18.1+0.4ab 0.54+0.02e 97.0 096.4 +1.6f
200 16.4+0.2bc 0.48+0.02gh 97.1 085.8+1.3i
300 14.8+0.6 cd 0.39+0.02kl 97.4 083.4+1.2j
400 124+0.3fg 0.31+£0.01p 97.5 078.6+1.5k
500 11.8+0.7 fg 0.28+0.02q 97.6 066.9+1.21

The values represent the mean+SE calculated on three independent experiments, each based on a
minimum of 3 replicates. Means followed by the same letters within columns are not significantly different
at the 5% level (DMRT)

In our investigation, combination treatments (MS + 1.25 uM BA +2.50 uM 2,4-D) produced superior outcomes in
terms of callus induction and growth. These findings highlight the specific growth regulator requirements of plants
and their endogenous availability. While embryo explants exhibited callus formation with several other combinations,
the rate of callus induction and growth was notably faster with MS+1.25 uM BA + 2.50 uM 2,4-D. Callus cultivated on
MS basal medium did not demonstrate alkaloid accumulation. Different plant growth regulator regimes resulted in
distinct effects on alkaloid biosynthesis. Prior studies demonstrate that replacing 2,4-D with IAA promoted callus to
synthesize more ajmalicine and serpentine but no detectable vindoline and catharanthine [36]. Non-embryogenic
callus obtained on MS +1 mg/I NAA +0.5 mg/l BA from nodal explants exhibited late (after 20 weeks) synthesis of
vinblastine content in Catharanthus roseus [19].

In our investigation, among various permutations and combinations, 5.0 uM BA and 7.5 pM 2,4-D were found
to be optimum for callus growth. Maximum vincristine content was obtained on MS supplemented with 1.25 uM
BA and 2.50 uM 2,4-D. Datta and Srivastava [37] initiated callus cultures from different explants of different ages
of Catharanthus roseus and noted only a detectable quantity of vinblastine compared to in vivo plants. Soleimani
et al. [38] indicated that the maximum concentration of vincristine was produced at 1 mg/l 2,4-D+0.5 mg/I Kin in
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Table 3 Effect of precursor

feeding on endosperm- Precursors FW (gm) DW (gm) Moisture % Vincristine
derived cell culture for (mg/h (ng/g DW)
production of indole alkaloids g g 19.0+1.0a 0.67+0.05a 96.5 098.1+1.3c
of C. roseus S
Pyruvic acid
100 18.5+0.3ab 0.56+0.01d 97.0 089.7 +1.9f
200 164+09cd 0.48+0.01f 97.1 094.5+1.6d
300 14.6+0.9e 0.42+0.01h 97.1 101.4+1.2b
400 13.7 +0.6ef 0.39+0.01i 97.2 098.1+1.8c¢
500 11.0+£0.79 0.31+£0.01j 97.2 082.0+1.3i
Tryptophan
100 17.9+0.2abc 0.62+0.02b 96.5 085.0+1.9h
200 15.2+0.1de 0.59+0.01c 96.1 098.0+1.2c
300 14.1+0.3ef 0.51+0.02e 96.4 106.5+1.7a
400 124+0.5fg 0.46+0.02g 96.3 095.0+1.5d
500 10.9+0349g 0.38+0.01i 96.5 087.0x16¢g
a-Keto-glutaric acid
100 18.5+0.5ab 0.58+0.02c 96.9 087.0x1.7¢g
200 16.8+0.3bcd 0.49+0.02f 97.1 092.0+1.0e
300 14.2+0.7ef 0.41+£0.02h 97.1 099.7+1.6¢
400 12.6+0.6 fg 0.38+0.01i 97.0 084.9+1.6h
500 11.4£03¢9 0.32+0.01j 97.2 079.3+1.8j

The values represent the mean+SE calculated on three independent experiments, each based on a
minimum of 3 replicates. Means followed by the same letters within columns are not significantly different
at the 5% level (DMRT)

Catharanthus roseus. Our results align with these findings. An interesting observation is that vincristine accumulation
was consistently higher in endosperm-derived callus compared to embryo-derived callus.

Among different auxins, 2,4-D was found to be more effective for cell culture growth. Similar results were reported
earlier in Catharanthus roseus [39-41]. Addition of cytokinins in combination with auxins resulted in a decline in cell
culture growth derived from both embryo and endosperm explants. Among different treatments, BA in combination
with 2,4-D was found to be better for cell culture growth established using callus derived from both explant types. Linh
et al. [42] reported maximum callus growth on 2,4-D in combination with Kin from stem explant in Catharanthus roseus
var. Quang Ninh. In contrast, earlier cell culture studies in Catharanthus roseus were conducted using MS medium fortified
with Kin in combination with IAA [43-45].

Suspension cultures grown on MS basal medium did not exhibit alkaloid accumulation. MS medium supplemented
with 7.5 uM Kin proved superior for vincristine accumulation in both endosperm-derived and embryo-derived calli of
Catharanthus roseus. Additionally, MS +1.25 uM BA +2.50 uM 2,4-D demonstrated superior vincristine accumulation
(98.1+1.3ng g ' DW) in endosperm-derived cell suspension culture. The application of growth-limiting conditions has
occasionally resulted in greater secondary metabolite accumulation [46, 47]. Earlier studies achieved growth limitations
and increased alkaloid accumulation through low temperatures in Catharanthus roseus [48, 49], changes in phytohormone
composition [50], or special induction media [51, 52]. Vincristine accumulation was significantly higher in cell culture
compared to callus culture on medium containing cytokinin in combination with auxins as opposed to medium fortified
with cytokinin or auxin alone. These results suggest that the growth and accumulation of alkaloids are influenced by the
combination and concentrations of cytokinins and auxins in the medium.

Abiotic elicitors, typically represented by inorganic salts and physical conditions, play a critical role in the plant
stress response [53-55]. Plants react to both abiotic and biotic stresses by triggering the accumulation of osmolytes,
antioxidants, and antioxidative enzyme machinery to mitigate further damage [56-58]. Stress acts as an external
constraint on cultured cells, impeding the normal synthesis of secondary metabolites [59, 60]. Our study demonstrates
that abiotic elicitors such as salicylic acid, KCl, mannitol, sorbitol, and PEG-6000 significantly inhibit the growth of cell
suspension cultures in Catharanthus roseus. Particularly noteworthy is the relatively higher growth observed in PEG-6000-
treated cultures, possibly due to cellular absorption of PEG-6000. This suggests that stress factors exert an unfavourable
impact on cell growth.
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In our investigation, the addition of various types and concentrations of abiotic elicitors led to a higher accumulation
of indole alkaloids in the cell culture of Catharanthus roseus. Among the different abiotic elicitors tested, medium
supplemented with 150 mM salicylic acid exhibited the highest vincristine accumulation (106.3+1.3 ng g~' DW).
Similar findings were reported by Vazquez-Flota et al. [61] in cell suspension or hairy root and rootless shoot cultures of
Catharanthus roseus treated with SA. Salicylic acid activates genes in plants involved in the biosynthesis and production
of specific types of secondary metabolites [62]. Acetylsalicylic acid, an analog of SA, has been shown to induce the
production of indole alkaloids in cell cultures of Catharanthus roseus [43]. Additionally, Zhao et al. [36] observed that
compact callus initiated from stem explants, when treated with 250 mM mannitol, demonstrated increased ajmalicine
production (42.3 mg/l) in Catharanthus roseus. However, Gantet et al. [63] found that Catharanthus roseus cell suspension
cultures treated with 2,4-D + Methyl jasmonate produced the highest levels of ajmalicine.

Plants are known to respond to biotic elicitors by increasing the production of secondary metabolites [64, 65]. One
significant approach involves stimulating secondary metabolite production with elicitors produced by microbes, which
can enhance the accumulation of secondary metabolites in plant cell culture [53, 66]. Among the biotic elicitors tested, the
elicitor derived from Aspergillus niger demonstrated the highest accumulation of vincristine (108.7+1.0 ng g~' DW). Yeast
extract also notably increased vincristine content in the cell biomass (107.9+ 1.3 ng g~' DW). Although chitin powder
supplementation slightly induced vincristine content, it was not significantly different from the control. Interestingly,
the elicitor derived from Alternaria sp. had a negative impact on vincristine accumulation in the cell biomass. Ramezani
et al. [67] observed increased vincristine production after treatment with Priformospora fungal extract (250 mg/l) in cell
suspension culture of Catharanthus roseus. However, Alternaria sesami fungal culture extract was utilized in callus culture
to enhance vincristine content (21.72%) after 105 days in Catharanthus roseus [68]. Maqsood and Abdul [69] reported
that treatment with 1.5 mg/l yeast extract effectively induced vinblastine and vincristine content in Catharanthus roseus.
Introducing precursors to differentiated cell cultures, resembling organized tissue in whole plants, provides new avenues
for the development of secondary metabolites. Precursor feeding in plant cell cultures has been widely employed as a
method to boost secondary metabolite synthesis [70, 71]. In the current study, tryptophan was discovered to enhance
vincristine accumulation. Similar findings were reported by Zhao et al. [36], who observed increased vincristine
accumulation in compact callus clusters of Catharanthus roseus when fed with tryptamine or tryptophan.

The addition of precursors such as tryptamine, tryptophan, and loganin to cell suspension cultures has demonstrated
potential in increasing ajmalicine levels by up to six-fold [72]. However, supplementation of transgenic cell line cultures
solely with tryptamine and tryptophan did not lead to any observable production of indole alkaloids in Catharanthus
roseus [44]. Morgan and Shanks [73] investigated the combined impact of elicitors and precursors on the serpentine
and ajmalicine content in the hairy root culture of Catharanthus roseus, but their study did not yield significant results.
Guo et al. [74] discovered that treatment with 30 mg/| of a-Keto-glutaric acid induced tabersonine content, indicating a
complex relationship between precursor supplementation and alkaloid production in Catharanthus roseus.

5 Conclusion

This study marks a significant breakthrough in the field by introducing an innovative method for exclusively producing
vincristine from mixoploid callus and cell cultures of Catharanthus roseus. The enhanced yield of vincristine holds particular
importance for its clinical applications and extraction, as larger quantities are required to meet the demand for natural
products in medical treatments. By concentrating on mixoploid callus and cell cultures originating from the endosperm
of Catharanthus roseus, this research presents a promising approach to optimizing vincristine production. Overall, the
findings of this study pave the way for future research endeavors aimed at enhancing the production efficiency of
vincristine and other valuable secondary metabolites in Catharanthus roseus, thus contributing to advancements in
therapeutic medicine.
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