[bookmark: _Toc88426417]1. Natural sources of alkaloids with potential anticancer effects

[bookmark: _Toc88426410]1.1. Colchicine plant source: Colchicum autumnale
Colchicum autumnale (Family Liliaceae) is a polycarpic perennial hysteranthous geophyte and is commonly known as the autumn crocus. The whole plant is poisonous and contains alkaloid colchicine, and corm or underground bulb is a major source of colchicine (0.35%) (Brnèiæ et al., 2001).
Synonym and common name: Autumn crocus; Crocus (autumn); Meadow saffron
Morphological description: Colchicum autumnale is a tiny herbaceous perennial plant (10-40 cm high) that flowers in the autumn after the leaves have dropped off (Jung et al., 2011).
(i) Fruit: an oblong to ovoid green then a brown capsule containing 180-200 seeds.  
(ii) Flower: The flowers are pink, purple, and white, and they come in groupings of one to six. The petal is small (3-4.5 cm) and fused below into a pale stalk-like tube (5-20 cm).
(iii) Leaves: leaves are shiny dark green. These leaves appear in the spring and usually perish before the flowers bloom (Huxley, 1992).
Geographical distribution: C. autumnale is a native plant of the South, West, and central Europe. The geographical distribution includes occurrence in Austria, Belgium, Bulgaria, Croatia, Czechia, France, Germany; Greece, Hungary, Ireland, Italy, Netherlands, Poland, Romania, Slovenia, Spain, Switzerland, Ukraine, United Kingdom.
Habitat: The species is found in damp meadows, open woods, and river banks. It grows moderately in nutrient-rich and deep soils with pH values of 4-8. The altitudinal range of distribution is from near sea level to 1,700 m (Chadburn, 2014).
1.2.  Vinca alkaloids plant source: Catharanthus roseus
Synonym and common name: Madagascar periwinkle, Bright eyes, Cape periwinkle, Graveyard plant
Morphological description: It is a perennial subshrub that is woody at the base and up to 1 m tall. The detailed morphological features are as follows:
(i) Fruit: It is green in color and composed of two cylindrical follicles (2-4.5 cm long) encompassing 10-20 seeds. It is shortly hairy to glabrous and striate (Grubben and Denton, 2015).
(ii) Inflorescence: It is terminal and 1-2 flowered. 
(iii) Flowers: the flower is bisexual, regular, and 5-merous. The sepals are 3-5 mm long, erect, green, and slightly fused at the base.  The corolla tube is 2-3 cm cylindrical in shape and shortly hairy to the glabrous outside. The stamens are included and very short filaments, are incorporated and positioned beneath the corolla throat. The ovary is superior, with two narrowly oblong carpels and a thin, 15–23 mm long style.
(iii) Leaves: leaves are decussately opposite, simple, and entire. The leaf is 2.5–8.5 cm long and elliptical to obovate to narrowly obovate.  
(iv) Stems: narrowly winged, green or red, and hairy to glabrous in appearance. 
Geographical distribution: Madagascar is home to the C. roseus.
The plant has been naturalized and cultivated as an ornamental in tropical and subtropical climates after being introduced to numerous regions in Asia, Africa, America, southern Europe, and Oceania. (http://www.hear.org/pier/)
Habitat: Coastal habitats and sandy sites all along beaches, inland on riverbanks, savanna vegetation, dry waste places, roadsides, open forest, and scrubland are all examples of the general habitat. The plants normally thrive in sandy soils, but they can also grow in rocky soils.
Trade availability: Oncovin® and Velban®, two anticancer drugs produced from C. roseus, are sold for a total of US$100 million per year (Grubben and Denton, 2015).

1.3 Vincamine plant source: Vinca minor, Vinca major, Vinca erecta, Vinca herbacea
[bookmark: _Toc88409287][bookmark: _Toc88426443]1.3.1 Vinca minor
Vinca minor is a member of the Apocynaceae family and comprises a large number of alkaloids like Vincamine and vincarubine. 
Synonym and common name	
The common periwinkle, Lesser Periwinkle, Periwinkle
Morphological description	
(i) Fruits: the fruits are cylindrical pods and 3-5 cm long. 
(ii) Flowers: the flower is single (1 per stem) and pinwheel-like 20-30 mm wide. The color is blue-purple, but sometimes it is white or violet. The flower blooms in late spring or early summer. 
(iii) Leaves: leaves are dark green with a thick and glossy appearance. The leaves are oval-shaped, 3-9 cm long and are usually narrow at the base
 (iv) Stems: the stem is 10-60 cm long evergreen slender. It is branched out to form a trailing and spreading groundcover.
Geographical distribution	
It is native to central and southern Europe. From Portugal and France north through the Netherlands and the Baltic States, east to the Caucasus, and southwestern Asia in Turkey, the geographical spread is extensive.
Habitat	
It grows in moist sites in forested areas and along watercourses. It is shade tolerant and extremely adaptable to many growing conditions.
[bookmark: _Toc88409288][bookmark: _Toc88426444]3.2.2 Vinca pubescens=Vinca major
Synonym and common name	
Bigleaf periwinkle, big periwinkle, greater periwinkle, large periwinkle, periwinkle vinca
Morphological description	
It is a spreading evergreen herbaceous. The stem is dark green, hairless (to 1.5 m long) that can develop roots. The stems have a milky sap. 
Geographical distribution	
It is native to Mediterranean Europe, Asia Minor, and northern Africa. The geographical distribution includes its occurrence in Albania, France, Italy, Spain (Witt and Luke, 2017).
Habitat
V. major grows in deep shade and poor soils along roads, lawns, and forest understory.	
[bookmark: _Toc88409289][bookmark: _Toc88426445]3.2.3 Vinca erecta
Morphological description	
It is a perennial, rootstock ligneous, horizontal, and covered with scales.  
(i) Flowers: the flowers are large and pale azure. The calyx segments are 7.5–10 mm long and linear-lanceolate with thick oblong teeth at the base. The corolla tube is obovate, narrow, abruptly enlarged about the middle and 15-20 cm long. 
(ii) Leaves: leaves are elliptical, acute, glabrous, and narrow at both ends. 
(iii) Stems:  the stem is erect, simple and 30–40 cm long. They can be two too many from the common rootstock.
(iv) Roots: the roots are ﬁrm, stringy
Geographical distribution	
It is a native to Afghanistan, Kirgizstan, Tadzhikistan, and Uzbekistan. 
Habitat	
[bookmark: _GoBack]From the plains to the mid-mountain belt, it flourishes on coarse-skeletal soils, less frequently on stony-rubble, sandy elevations, and occasionally in Juniperus thickets (Bussmann et al., 2020).
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Synonym and common name
Herbal periwinkle	
Morphological description	
It is an herbaceous perennial vascular plant. It spreads over the ground and roots along the stems to produce clonal colonies like a trailing vine.
(i) Flowers:  The flowers bloom in the spring. These are blue-violet or white and are evenly distributed throughout the stems. The calyx lobes are 4–8 mm long and narrowly triangular, with smooth, ciliate, or scabrid edges. The corolla has a deep blue colour and is 10–15 mm in diameter (Waldstein and Kitaibel, 1802). 
(ii) Leaves: The leaves are large, glossy green, and have a complete margin. These are 1-5 cm long and narrowly lanceolate or narrowly elliptical. The lowermost leaves are obovate, cuneate at the base, and have minutely ciliate edges. Pedicels are shorter than the leaves that surround them (Stearn, 1978).
(iii) Stem:  It is procumbent or ascending and length up to 80 cm. 
Geographical distribution	
The native range is Central & South East Europe to Western Asia. The plant can be found in Austria, Bulgaria, Germany, Hungary, Iran, Iraq, Krym, Lebanon-Syria, North Caucasus, Palestine, Romania, South European Russi, Transcaucasus, Turkey, Turkey-in-Europe, Ukraine, and Yugoslavia. 
Habitat	
Occurs mainly in steppe habitats
2. Biotechnological studies on in-vitro culture of Alkaloids 

1. Colchicine
Apart from being medicinally used, it is also used to induce polyploidy in plant cells for producing improved varieties and cultivars. Also, within the Liliales, colchicine has been used as a chemical identifier for recognizing the Colchicaceae family (Nguyen et al., 2015).
Traditionally colchicines have been sourced for industrial use by field cultivation of various species of Colchicum and Gloriosa. However, the technique is time-consuming and costly as it is dependent on season, availability of raw seed and rhizome, limitations of cultivation practices, availability of ultra-pure colchicines (Sivakumar, 2018), which results in a hampered pharmaceutical-grade colchicines recovery. Given the importance of colchicines, the production of colchicines by plant tissue culture was first investigated in Colchicum autumnale suspension cultures by (Hayashi et al., 1988, Yoshida et al., 1988). 
	(Daradkeh et al., 2012), conducted studies on cell suspension and in-vitro production of Colchicines in Colchicium hierosolymitanum Fieb. and found a maximum concentration of 0.235 mg/g DW and 0.012 mg/g DW in callus and cell suspension. Different studies have studied the effects of precursors, polyamines, plant growth regulators, and elicitors to establish optimal culture conditions for colchicines production through different species such as Gloriosa superb, Iphigenia indica. The studies have found that all precursors (except trans-cinnamic acid) enhance colchicine content of root cultures with the treatment of p-coumaric acid+tyramine (Ghosh et al., 2002); optimal culture conditions for colchicines production are provided by treatments with elicitors such as NiSO4 and Tyr (Mukhopadhyay and Mukhopadhyay, 2008) the polyamines (Spermidine, Spermine, and Putrescine) in combination enhance multiple shoot induction and colchicine content for eg. Polyamines treated leaf sample have 0.005 mg/ml colchicine than in naturally grown leaves in the field (0.0024 mg/ml) (Sivakumar et al., 2019).
Although the colchicines production through callus development, adventitious roots induction, and other in-vitro technique have been attempted, a very low level of concentration could be harvested (Shibli et al., 2010, Ghosh et al., 2015, Bai and Agastian, 2013, Kumar et al., 2015, Sivakumar et al., 2003). (Finnie and Van Staden, 1994) reported Callus and roots in suspension culture have 10-25 times lower Colchicine content than normal filed plants in Sandersonai aurantiaca (commonly called Christmas bells; family Colchicaceae). It may be due to a lack of biosynthetic machinery for functional gene expression, as alkaloid biosynthetic pathway often occurs in various organs, with crosstalk among different pathways (Zhou and Memelink, 2016). 
Apart from conventional in-vitro production of Colchicine, (Yadav et al., 2013) used three Arbuscular mycorrhizal fungi (AMF) strains viz. Glomus mosseae, Acaulospora laevis, and mixed AMF strain for inducing acclimatization, growth, and enhancement of colchicines content in micro propagated Gloriosa superba plantlets. While the A. Laevis gave the highest survival, higher colchicines content was found to be in combination with A. laevis and G. mosseae inoculated plants. Similarly, (Pandey et al., 2014) evaluated the effect of Arbuscular mycorrhiza (Glomus mosseae, Glomus fasciculatum, Gigaspora margarita, and Gigaspora gilmorie) and phosphate fertilizer on plant growth and production of colchicines in Gloriosa superba. The study found that the mycorrhization and/or P-fertilization increases colchicine concentration in In-vitro grown Gloriosa superba. Additionally, (Bai and Agastian, 2013) used Agrobacterium rhizogenes and found that nitrogen, ferric ions, and inoculums significantly affect colchicine production as well as hairy root growth in Gloriosa superba.
The microorganisms have also been used in the synthesis/modification and industrial production of Colchicine and its derivatives, which have the same therapeutic activities and industrial demand. Derivatives such as 3-demethylated colchicine (3-DMC), have been developed in-vitro by demethylation of colchicines with the help of a recombinant strain of E.coli with a Bacillus megaterium ACBTO3 strain (Dubey et al., 2010). The study demonstrated significant biotransformation of colchicines through recombinant E.coli at the bioreactor level for suitable commercialization. The derivatives such as glycoside colchicoside, 3-O-demethylglucoside, 3-demethylcolchicine, and 2-demethylcolchiine have been obtained in plant suspension culture of Astragalus Vesicarius (a plant which does not produce non-heterocyclic alkaloids) and Colchicum Variegatum culture, respectively (Zarev et al., 2019, Poulev et al., 1995). In addition to these in-vitro techniques, an alternative can be biorhizome production in a bioreactor. The meristematic tissue of the biorhizome produces new rhizomes and sprouts while the remaining rhizome can act for the biosynthesis of Colchicine (Sivakumar et al., 2019).


2. Vincristine, Vindoline, Vinblastine
(Aslam et al., 2009) investigated Vincristine production in C. roseus plantlets developed from ex-vitro and in-vitro somatic embryos. The research indicates that in-vitro raised tissues like calluses (embryogenic and non-embryogenic), embryogenic levels (propagated, matured, and germinated embryos), as well as somatic embryo-derived plantlets (leaf, root, and whole plant) could accumulate higher levels of Vincristine than ex vitro developed plantlets and that Vincristine yield was tissue and age-dependent. Consequently,(Kalidass et al., 2009)studied and established the effect of auxin and cytokinin in various combinations (0.5 µM to 3.0 µM) on vincristine production in callus cultures of Catharanthus roseus. Similarly, (Mekky et al., 2018) could successfully increase the biosynthesis of vincristine and vinblastine in callus cultures of Catharanthus roseus by culturing Vinca leaves on MS medium supplemented with Kin/IAA. The study could detect vincristine significantly higher than wild plants and 3.39 fold increase in vinblastine concentration.(Guillon et al., 2008), as an alternate and promising biotechnological process for in vitro production of Vinblastine cultured transgenic, C. roseus hairy root clones supplemented with MeJA treatment and found that Highly differentiated hairy root cultures were able to produce Vinblastine precursors as found in the natural roots of C. roseus. 
The effect of MeJA coupled with abiotic elicitors on the production of important medicinal alkaloids is also investigated by (Paeizi et al., 2018). In micro-propagated shoots of C. roseus, the impacts of methyl jasmonate and silver nitrate on the synthesis of vincristine, vinblastine, ajmalicine, vindoline, and catharanthine were examined individually and synergistically. The study found that the maximum yield of mentioned alkaloids was under 100 µM methyl jasmonate in combination with 100 µM of AgNO after seven days. The MeJA and Ag +elicitors upregulated TIA pathway biosynthesis enzymes (e.g. STR, GS, DAT, and CrPRX1) through activation of transcription factors such as ORCA3 with possible crosstalk between silver nitrate and methyl jasmonate signaling pathways, according to the study. Many studies have looked at how methyl jasmonate, as well as abiotic stimuli such as low light, UV-B, drought, and salt, as well as ß cyclodextrin, ethylene, and chromium, affect the elicitation of alkaloids in C. roseus. (Liu et al., 2011, Binder et al., 2009, Jaleel et al., 2007, Jaleel et al., 2008, Osman et al., 2007, Wang et al., 2016, Rai et al., 2014). In continuation, studies have found that Catharanthus alkaloids are growth-specific and can be influenced by abiotic elicitors such as sodium chloride and artemisinic acid.(Fatima et al., 2015), has found that Vinblastine and Vincristine content was maximum in regenerated leaves on 25mM NaCl amended medium as compared to in-vitro raised shoots. (Liu et al., 2014) used Artemisinic acid elicitation to increase Vindoline and Vinblastine synthesis in suspension-cultured Catharanthus roseus cells. According to the findings, vindoline and vinblastine concentrations were raised six-fold and two-fold, respectively. Artemisinic acid was also found to be able to up-regulate the transcription of the TIA pathway enzymes Tryptophan Decarboxylase (TDC), Geraniol 10-hydroxylase (G10H), Tabersonine 16-hydroxylase (T16H), and Deacetoxy vindoline 4-hydroxylase (D4H). Using different elicitors of hydroxylase, peroxidase, acetyltransferase, and inhibitors of oxygenase to a Catharanthus roseus cell culture media, (Guo et al., 2013) investigated the modulation of vinblastine production in cell suspension cultures of Catharanthus roseus. The study found that the Vindoline concentration could be enhanced with incorporating 30 lg/L acetyl CoA into the media. The study also found that most vinblastine may be effectively enhanced with the help of 5 mg/L acetyl CoA, 20 lg/L hydrogen peroxide, 0.5lmol/L benzotriazole, 100 mg/L tryptophan, 100 mg/L loganin, and 30 mg/L cerium chloride. In the study, Simultaneous variations in the activity of Cytochrome P-450 monooxygenases, Deacetyl vindoline-O-acetyltransferase, and Peroxidase enzymes were observed under experimental conditions, indicating that these enzymes are strongly connected to vinblastine production. Although the Vinblastine was produced in all treatment groups, acetyl CoA and tryptophan were the most important factors in vinblastine biosynthesis, according to the research.
To enhance the concentration of Vinblastin and Vincristine by using biotic elicitors in C. roseus callus, (Pliankong et al., 2018) used chitosan from shrimp shells was a successful biotic elicitor to enhance Vinblastin and Vincristine in Catharanthus roseus cell cultures. Similarly, Study conducted by (Birat et al., 2021) used endophyte Alternaria sesame fungal extract to augment the concentration of Vincristine in C. roseus callus in-vitro. The study established that the above treatment enhanced the Vincristine content by 21.717% after 105 days in-vitro culture.
An array of studies have focussed to harvest Vinblastine from fungal strains such as Alternaria alternate isolated from Melissa officinalis (El‐Sayed, 2021), Fusarium oxysporum (Kumar et al., 2013), Talaromyces radicus (Palem et al., 2015), and Curvularia verruculosa from Catharanthus roseus (Parthasarathy et al., 2020). (Ramezani et al., 2018) investigated the effects of Priformospora and Trichoderma fungal extracts applied to C. roseus cell suspensions at various concentrations and time durations on vinblastine and vincristine production. The results of the study showed that amount of vinblastine was increased however vincristine amount decreased with treatment. Overall efficacy of these preparations on the expression profiles of vindoline 4-O-acetyltransferase (DAT) and Desaccetoxyvindoline-4-Hydroxylase (D4H) genes was considerable, according to the study, and their expression levels were enhanced in mRNA level. (Maqsood and Abdul, 2017) used yeast extract as a biotic elicitor in C. roseus protoplast-derived tissues and plantlets for Vinblastine and Vincristine. The study established that the treatment of yeast extract significantly increased Vinblastine and Vincristine content. Nonetheless, the activity of yeast extract has been linked to the stimulation of the TIA biosynthetic genes STR and TDC, which encode Strictosidine synthase and tryptophan decarboxylase, respectively, in alkaloid production (Pauw et al., 2004.)
Apart from using various in-vitro approaches using growth hormones, abiotic and biotic elicitors amended cultures, Studies have also focused on metabolic engineering approaches to enhance the content of Vinblastine and Vincristine. Accordingly, (Sharma et al., 2018) investigated the metabolic engineering of vinblastine in C. roseus and found that overexpressing two upstream TIA pathway genes, tryptophan decarboxylase (CrTDC) and Strictosidine synthase, increased the metabolic flux of the TIA system (CrSTR). The study developed plant transgenic using Agrobacterium tumefaciens LBA1119 strain having CrTDC and CrSTR gene. A twofold increase in total alkaloid and nine-fold increase in Vindoline and Catharanthine and a fivefold increase in vinblastine content were observed in the transgenic lines. Later (Sharma et al., 2019) used multiple shoot cultures of Catharanthus roseus along with callus cultures subjected to abiotic elicitors and TIAs (Terpenoid Indole Alkaloids) pathway precursors such as tryptamine and tryptophan to study the complexity and production of Vinblastine. The study established that multiple shoot cultures can provide cellular complexity for completing the TIA pathway, therefore solving the problem associated with Cell suspension, hairy roots, and callus cultures for failing to complete the TIA pathway. It is also established that Vinblastine can also be made semi-synthetically by combining Catharanthine with Vindoline derived from cultured plants (Jacobs et al., 2004)

[bookmark: _Toc88426449]3.6 Potential biotechnological studies on in-vitro culture
Tissue culture, cell suspensions, and hairy roots are being used to make these precious medications without having to cut down entire plants that have lived for decades. The application of elicitors in plants has been proven to boost the synthesis of some secondary metabolites. (Molchan et al., 2012) monitored L-tryptophan decarboxylase (TDC) and tryptamine accumulation in Vinca minor leaf tissue callus cultures. In the study, the Callus of V. minor demonstrated signiﬁcant TDC activity and tryptamine content which can potentially be used for commercial production of tryptamine derivatives, such as Vincamine. (Verma et al., 2012) found that in-vitro selection and maintenance of three stable variant shoot lines of V. minor (V10, V20, and V30) with sensitivity threshold values of 10, 20, and 30 mg/l 5-methyltryptophan (5-MT; analogue of tryptophan), respectively, on shoot multiplication medium supplemented with BA and NAA could result in a maximum 16-fold increase in Vincamine production. Thus highlighting the importance of in-vitro production for Vincamine content.
	(Xu et al., 2020) improved the production of Vincamine in endophytic fungus (Tausonia pullulans strain) isolated from Vinca minor by optimizing and subsequently via the inactivated protoplast fusion method. As compared to the parent strain, two fusants strains were able to show 162.24 and 221.16%, respectively higher content of Vincamine. Utilizing mutagens to immobilize protoplasts resulted in more fusants and high Vincamine synthesis strains, according to the study. A study conducted by (Verma et al., 2014) used four endophytic fungi namely Chaetomium globosum; Aspergillus niveoglaucus; Paecilomyces lilacinus, and Trichoderma harzianum culture filtrate on cell suspension of hairy root clone of Vinca minor at flask culture and bioreactor level. The culture ﬁltrate of T. harzianum enhanced the Vincamine content in hairy roots and cell suspensions. (Verma et al., 2014) investigated the effect of elicitors in Vincamine production, including hydroxylase and acetyltransferase elicitors, as well as precursor availability and cyclooxygenase inhibitors. The authors could fortify the hairy root clone culture with the mentioned factors. Once 20-day-old hairy roots were reinforced with Secologanin, tryptophan, naproxen, hydrogen peroxide, and acetic anhydride, the greatest flow towards Vincamine synthesis was observed. The activities of tryptophan decarboxylase and Strictosidine synthase were found to be 2- and 3-fold higher in the study, respectively.
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