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Preface

Medicinal and aromatic plants are the most important source of life-saving drugs for 
the majority of the world’s population. The biotechnological tools are important to 
select, multiply and conserve the critical genotypes of medicinal plants. In vitro 
regeneration holds tremendous potential for the production of high-quality plant- 
based medicine. Plant tissue culture and traditional methods provide an opportunity 
for conservation of endangered medicinal and aromatic plants. In vitro production 
of secondary metabolites in plant cell suspension cultures has been reported from 
various medicinal plants. Genetic transformation may be a powerful tool for enhanc-
ing the productivity of novel secondary metabolites, especially by Agrobacterium 
rhizogenes-induced hairy roots.

Biotechnological Approaches for Medicinal and Aromatic Plants-Conservation, 
Genetic Improvement and Utilization discusses the applications of plant biotechnol-
ogy for enhancement of secondary metabolite production in vitro from medicinal 
and aromatic plants. This book contains 29 chapters divided into 3 parts.

Part I: In vitro production of secondary metabolite
Part II: In vitro propagation, genetic transformation and germplasm conservation
Part III: Conventional and molecular approach

Gaya, Bihar, India Nitish Kumar 
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Chapter 1
Production of Plant Secondary Metabolites: 
Current Status and Future Prospects

P. Silpa, K. Roopa, and T. Dennis Thomas

Abstract Plants are the prime life-supporting system on earth. Despite its use as 
food, it is also utilized as a source of life-saving drugs for majority of the population 
in the world. Many plants yield phytochemicals known as secondary metabolites, 
which are pharmaceutically important and are extracted directly from the plants 
collected from natural habitat. Regardless of conventional methods, biotechnologi-
cal approaches especially plant tissue culture techniques play a unique role in pro-
ducing and extracting secondary metabolites at industrial level. This book chapter 
discusses the various strategies adopted for secondary metabolite production in 
plants.

Keywords Secondary metabolites · Tissue culture · Metabolic engineering · 
Abiotic stress

1.1  Introduction

Plants have been the go-to resource for most of man’s needs from aboriginal times. 
Recently, there is an increased interest in medicinal plants due to the rise in the use 
of herbal medicine and its therapeutic effects. Plants being a great source of bioac-
tive secondary metabolites play a vital role in the field of drug development (Jose 
and Thomas 2014). Thus, the alternation of these active components through tissue 
culture and other biotechnical methods acts as a pillar in drug research. However, 
the requirement of high quantity of raw material is the main hurdle in using plant 
material as a key resource in drug development. Modifying the genetic makeup 
through metabolic engineering and high biomass production through tissue culture 
of these plants would lead to quality and quantity efficient production of bioactive 
compounds required for drug research.

P. Silpa · K. Roopa · T. Dennis Thomas (*) 
Department of Plant Science, Riverside Transit Campus, Central University of Kerala, 
Kasaragod, Kerala, India
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1.1.1  Plant Secondary Metabolites

Plants synthesize a variety of organic compounds, mainly classified as primary and 
secondary metabolites. Primary metabolites are required for essential biochemical 
processes such as growth, development, photosynthesis and respiration. Secondary 
metabolites are mainly involved in defence and protect against environmental 
stresses and also give specific colour, odour and tastes to the plants. Bioactive com-
pounds are also used in agriculture field to protect crops from pests and also in 
signal transduction to attract seed dispersal and pollination (Wink 2003). Plant sec-
ondary metabolites have no key role in maintenance of the life processes in plants. 
It forms a significant source for pharmaceuticals, insecticides, flavouring agents, 
drugs (morphine, codeine, cocaine, quinine, etc.) and many other important bio-
chemicals. In addition to this, certain plant secondary metabolites like phenolics, 
terpenoids, flavonoids and sulphur and nitrogen derivatives play a critical role to 
prevent many human diseases (Leicach and Chludil 2014). Biotic and abiotic 
stresses have a pivotal role in accumulation of secondary metabolites in various 
plant species (Pavarini et al. 2012). Plant secondary metabolites have been divided 
into three classes, namely, terpenes, phenolic and nitrogen-containing compounds 
(Taiz and Zeiger 2004).

1.1.2  Terpenes

Terpenes are one of the largest classes of secondary metabolites, and it is built up 
from isoprene units. Terpene is derived from the word “turpentine”. Terpenes are 
further divided into monoterpenes (e.g. carvone, perillyl alcohol, geraniol, limo-
nene), sesquiterpene, diterpene (retinoic acid and retinol), triterpene (lupeol, betu-
linic acid, olealonic acid) and tetraterpene (lycopene, β-carotene, α-carotene, lutein) 
based on the number of isoprene units (Thoppil and Bishayee 2011). In higher 
plants, terpene biosynthesis occurs through two pathways, namely, mevalonic acid 
pathway and MEP pathway. Minor changes in the enzyme terpene synthases can 
trigger new catalytic properties easily and thereby induce terpene production 
(Keeling et al. 2008). Terpenes provide a number of esteemed functions, to attract 
pollinators, signalling compounds in metabolic pathway, plant-pathogen interac-
tions, environmental stresses and other plant defences (Chen et al. 2011). Certain 
reports have shown that an endophytic fungus Hypericum perforatum helps in the 
production of terpenes in some plants (Zwenger 2008).

P. Silpa et al.
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1.1.3  Phenolic Compounds

Tannins, flavonoids, stilbenes, lignans, quinines, phenolic acids, coumarins, etc. are 
the major phenolic compounds from medicinal herbs. Phenolic compounds form an 
aromatic ring and contain one or more hydroxyl groups. It possesses various bioac-
tivities like anti-inflammatory, antioxidant, anti-carcinogenic and anti-mutagenic 
effects (Huang et al. 2010). Phenolics are responsible for the colour of red fruits, 
wines, and juices and also act as flavouring agents (Cheynier 2012). It can be divided 
into simple and complex phenolic compounds. These biologically active com-
pounds mainly involved in plant defences during stressed conditions. Flavones and 
flavanols, isoflavonoids, tannins, anthocyanins, and lignin are included in the com-
plex phenolic compounds. These compounds have significant role in many physio-
logical events like flower and root differentiation, characterization of developmental 
stages, gene activity determination and growth vigour (Akillioglu 1994).

1.1.4  Nitrogen-Containing Compounds

Alkaloids are heterogenous group of secondary metabolites, and in an estimate, 
about 12,000 alkaloids are isolated from various plants (Ziegler and Facchini 2008). 
The three major alkaloids, cyanogenic glycosides and glucosinolates and nonpro-
tein amino acids, are the three groups of nitrogen-containing compounds. They 
mainly act as growth regulators, provide protection from predators and also main-
tain ionic balance. Cyanogenic glycosides and glucosinolates send out volatile poi-
sons and also play a key role in defence mechanisms (Taiz and Zeiger 2004).

1.2  Production of Plant Secondary Metabolites

Plant secondary metabolites are antibiotic, antifungal or antiviral agents that have 
the primary function of protecting the plants from disease-causing organisms or 
pathogens. Plants are mainly exploited for pharmaceuticals, food colours, flavours, 
fragrances and sweeteners. In this high-tech era, man mainly depends on plant bio-
active components for the development of drugs and plant-derived drugs, and inter-
mediates constitute about 25% of the total prescription drugs. Biotechnological 
approaches such as plant tissue culture techniques have great potential as an alterna-
tive for production of useful medicinal compounds like alkaloids, terpenoids, ste-
roids, saponins, phenolics, flavonoids and amino acids. Some commercially 
available secondary metabolites which are available in the market include shikonin 
and taxol. In natural conditions, uniform availability of secondary metabolites is not 
possible due to several reasons. However, cultivation of plant cells or tissues in 

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects
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aseptic conditions in a bioreactor often leads to consistent production of secondary 
metabolites with improved quality and yield (Fowler 1985).

For improving the production of secondary metabolites, a number of strategies 
like screening and selection of high-yielding cell lines; culture of cells from various 
organs such as shoots, roots, leaves, callus, etc.; suspension culture; induction by 
elicitors; metabolic engineering; and optimization of media and plant growth regu-
lators were adopted (Anand 2010).

Plant cell and tissue culture holds great potential for controlled production of 
numerous secondary metabolites which could be useful for various purposes. 
Secondary metabolite production under controlled condition is devoid of any envi-
ronmental fluctuations and is cost-effective (Rao and Ravishankar 2002). Plant cell 
and tissue culture helps to produce important bioactive compounds, and advances in 
this area may enhance the production of these compounds. The secondary metabo-
lites produced by plant tissue and organ culture are similar to secondary metabolites 
produced by intact plants. Commercially produced shikonin and taxol are now 
available in markets. About 20 recombinant proteins like enzymes, antibodies, 
growth factors and edible vaccines have been produced from tissue culture tech-
niques. Large-scale production of secondary metabolites can be achieved through 
cell suspension culture by transferring friable callus to suitable medium. The advan-
tage of using cell suspension culture for secondary metabolite production over field- 
grown plant is that it is devoid of production interfering compounds (Filova 2014).

Production of secondary metabolites in higher plants can be achieved through 
different explants under sterile condition. Plant cell and tissue culture technique is 
routinely employed to extract secondary metabolites from various plant species 
(Table 1.1). Many secondary metabolites are synthesized from primary metabolites 
in higher plants. About 100,000 secondary metabolites have been isolated from 
higher plants (Jeong and Park 2006). Its production is usually in lesser quantities, 
and it is determined by developmental stage and physiology of plants. Medium 
optimization is required to enhance the production. In many cases, suspension cul-
ture, organ culture, embryo culture and callus culture have been successful in 
increasing the yield of secondary metabolites. The interested metabolites may 
sometimes synthesize in plant from specialized tissue or organs. For example, sapo-
nin is produced from the root of Panax ginseng, and hence for large scale, in vitro 
production of saponin from P. ginseng requires root culture. At present several 
medicinal plants have been utilized to establish various culture systems like callus 
culture, organ culture, hairy root culture and suspension culture. There are many 
biotechnological approaches to produce bioactive components and are briefly 
described below.

P. Silpa et al.
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Table 1.1 Recent studies on secondary metabolites production by using plant cell/tissue cultures

Plant Compound/s References

Anoectochilus roxburghii Kinsenoside Jin et al. (2017)
Withania somnifera Withanolides Ahlawat and Abdin (2017)
Stevia rebaudiana Antioxidants Ahmad et al. (2016)
Vitis species Monoterpene and sesquiterpene Alonso et al. (2015)
Dysoxylum 
binectariferum

Rohitukine Mahajan et al. (2015)

Prunella vulgaris Antioxidants Fazal et al. (2014)
Withania somnifera Withanolide Sabir et al. (2013)
Vitis species Nerolidol Escoriaza et al. (2013)
Solanum tuberosum Chlorogenic acid (phenolics) Navarre et al. (2013)
Humulus lupulus Prenylflavonoid Matousek et al. (2012)
Ruta graveolens Umbelliferone Vialart et al. (2012)
Nicotiana tabacum Anthocyanins Huang et al. (2012)
Senecio species Pyrrolizidine alkaloid Karam et al. (2011)
Medicago sativa Saponins Szakiel et al. (2011)
Brachiaria species Protodioscin Barbosa-Ferreria et al. 

(2011)
Lavandula officinalis Tetrahydrofurate (THF) acetate 

derivative
Patel et al. (2011)

Malus species Anthocyanins Lin-Wang et al. (2011)
Eugenia uniflora Tannins and flavonoids Santos et al. (2011)
Crotalaria retusa Monocrotaline and pyrrolizidine Anjos et al. (2010)
Echium plantagineum Pyrrolizidine (alkaloid) Lucena et al. (2010)
Vernonia species Lactones and flavonoids Keles et al. (2010)
Lychnophora species Lactones and flavonoids Gobbo-Neto et al. (2010)
Angelica gigas Decursin, decursinol angelate Rhee et al. (2010)
Lavandula officinalis Deoxyartemisinin Patel et al. (2010)
Lavandula pedunculata Essential oils Zuzarte et al. (2010)
Lavandula vera Volatiles Georgiev et al. (2010)
Lithospermum 
erythrorhizon

Shikonin Zhang et al. (2010)

Argemone mexicana Sanguinarine Trujillo – Villanueva et al. 
(2010)

Picrorhiza kurroa Picoside –I Sood and Chauhan (2010)
Thevetia peruviana Peruvoside Zabala et al. (2010)
Abrus precatorius Glycyrrhizin Karwasara et al. (2010)
Silybum marianum Silymarin Khalili et al. (2010)
Artemisia species Artemisin Brown (2010)
Lavandula pedunculata Camphor and 1,8- cineole Zuzarte et al. (2010)

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects
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1.2.1  Callus Culture

Callus is the mass of undifferentiated cells containing meristematic loci (Bhojwani 
and Dantu 2013). For induction of calli from explants, 2, 4-D is the most preferred 
auxin. However, a combination of auxin and cytokinin or high concentration of 
auxin alone may be used by various workers for callus induction (Filova 2014). For 
secondary metabolite production, usually non-embryogenic calli were selected 
which have homogenous mass of dedifferentiated cells. For callus growth and mul-
tiplication, auxin is generally preferred, whereas it is omitted for secondary metabo-
lite production. Screening and selection of high-yielding cell lines and standardization 
of media for optimum secondary metabolite production are some important strate-
gies to improve secondary metabolite production. Suspension culture is an alterna-
tive strategy to obtain high level of secondary metabolite production. Small clumps 
of calli are transferred to liquid medium in flasks, and this will be followed by 
continuous agitation on an orbital shaker. Agitation often exerts a pressure on the 
cell clumps resulting in the breaking of larger clumps into smaller aggregates. 
Agitation also helps in the uniform distribution of cells and better aeration of cells 
inside medium. High rate of cell division can be achieved in suspension culture than 
normal callus culture.

1.2.2  Hairy Root Culture

Plant hairy root culture is the most promising technique among root culture for the 
production of secondary metabolites. Fast hormone-independent growth, genetic 
stability, lateral branching and lack of geotropism are the major characteristics of 
hairy roots. Inoculation of Agrobacterium rhizogenes helps to synthesize secondary 
metabolites in hairy roots (Karuppusamy 2009; Palazon et al. 1997).

A. rhizogenes have root-inducing plasmid (Ri plasmid) which contain a T-DNA; 
during the time of infection, T-DNA is further divided into TL and TR region in 
some strains (strain A4) of A. rhizogenes in induction processes. Two sets of PRi 
genes, aux genes (in TR region) and rol genes (in TL region) are involved (Jouanin 
1984). Elicitation of hairy root promotes secondary metabolite production and also 
arrests feedback inhibition, preventing degradation of metabolites in the culture 
medium (Chandra and Chandra 2011).

In many plants, hairy root become green by culturing in continuous exposure of 
light. It generates photo-oxidative stress in hairy roots (Mukherjee et  al. 2014). It 
produces excess H2O2 in the root (Behnke et al. 2010). Phenolics to volatile terpenoids 
shift occur in green hairy roots of carrot, due to the redirection of primary metabolites 
towards synthesis of volatile isoprenoid synthesis (Mukherjee et al. 2016).

P. Silpa et al.
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1.2.3  Organ Culture

Organ culture techniques help the rapid propagation of plants. It also gets a high 
quantity of bioactive compounds and higher growth compared to plants grown in 
natural habitats. In Fritillaria unibracteata, rapid propagation is achieved through 
small bulb, and the content of alkaloids is higher in this bulb culture (Gao et  al. 
1999). Tropane alkaloids hyoscyamine and scopolamine were produced in high 
quantity in root culture (Fazilatun et al. 2004). Many valuable medicinal compounds 
were obtained from root culture (Pence 2011; Li et al. 2002). Secondary metabolites 
produced in plant aerial parts are produced from root culture (Bourgaud et al. 2001; 
Nogueira and Romano 2002; Smith et al. 2002; Kaimoyo et al. 2008). Organ culture 
exhibits less sensitivity of shear stress, but in biomass production, they show a high 
degree of spatial heterogeneity. Ginseng roots are the only example for commercially 
production of secondary metabolites by organ culture (Hibino and Ushiyama 1999).

1.2.4  Elicitation

Elicitors are substances which produce signals against pathogenic attack resulting 
in the accumulation of secondary metabolites in plants. Further it can improve the 
biosynthesis of specific compounds when introduced into a living cell system 
(Radman et  al. 2003). Elicitation is the process in which the living cells will be 
treated with biotic or abiotic elicitors to obtain enhanced rate of secondary metabo-
lites (Rao and Ravishankar 2002). The most commonly employed biotic elicitors 
include polysaccharides, glycoproteins, yeast extract and some fungi like Fusarium 
oxysporum, Aspergillus niger and Rhizopus oryzae (Dornenburg and Knorr 1995). 
The abiotic elicitors are non-biological origin and are mostly inorganic salts, jas-
monic acid, salicylic acid, high pH and environmental stress conditions such as 
heavy metals, UV radiation, osmotic shock, etc. (Naik and Al-Khayri 2015). High 
stilbenes accumulation in root cultures of Cayratia trifolia was observed by Arora 
et al. (2009). The addition of alar (N-dimethylamino succinamic acid) along with 
the elicitor salicylic acid enhanced the stilbenes content up to 12-folds (Arora et al. 
2009). In Centella asiatica, the presence of triterpenes in callus suspension culture 
derived from leaves showed an increase after incorporating amino acids (Kim et al. 
2004). Adding the amino acid isoleucine at 2 mM in the medium enhanced the pro-
duction of hyperforin in Hypericum perforatum (Karppinen et  al. 2007). Hence 
elicitation is considered as one of the most effective methods for enhancing the 
secondary metabolite production in cultures (Oksman-Caldentey and Inze 2004). 
Heavy metals and increasing temperature affect the production of secondary metab-
olites. In Robinia pseudoacacia seedlings exposed to elevated carbon dioxide, high 
temperature and heavy metals (Pb-Cd) enhanced the production of secondary 
metabolites (Zhao et al. 2016).

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects
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1.2.5  Endophytes

Microbes, such as bacteria or fungus which lives inside the plant without making 
any indication of disease, are called endophytes. Many useful compounds were 
obtained from the plants with endosymbionts. For example, taxol, an anticancer 
agent, is obtained from Taxus brevifolia when infected with a fungi Taxomyces 
andreanae (Strobel et al. 1993). Accumulation of several valuable metabolites in 
plants is due to the synergistic effect of both plants and endophytes (Engels et al. 
2008). The endophytic fungi of Pinus sylvestris and Rhododendron tomentosum 
produce useful secondary metabolites having various antibacterial and antioxidant 
activities (Kajula et al. 2010). It is reported that some endophytic fungi produce a 
number of beneficial phytochemicals in Leguminosae family (Wink 2013). In some 
plants, due to the presence of endophytic fungi, an alkaloid called indolizidine is 
produced (Ralphs et al. 2008). The endophytic fungus Phoma medicaginis produces 
a compound, hydroxy-6-methylbenzoic acid, which shows a noticeable antimicro-
bial activity (Yang et  al. 1994). Phenylpropanoids, lignins, phenol and phenolic 
compounds, alkaloids, steroids, etc. are isolated from many mycoendophytes (Herre 
et al. 2007). Novel metabolites from the endophytes have a vital role in the treat-
ment of many infectious diseases (Rai et al. 2012). It is reported that several genes 
and protein present in plants were seen in fungi and bacteria. This suggests that 
horizontal gene transfer may take place from endosymbiotic bacteria and fungi 
(Wink and Schimmer 2010).

Inoculation of arbuscular mycorrhizal fungi (AMF) increases the production of 
secondary metabolites in economically important plants (Maier et al. 1995). The 
presence of AMF can considerably enhance the growth and biomass of a plant 
(Silva et al. 2004). It can also improve the capability to absorb the micronutrients 
and macronutrients (Chu et al. 2001; Matsubara et al. 2009). Recently, there is an 
increase in research about the efficiency of AMF in improving the secondary metab-
olite production (Table 1.2). There is a qualitative and quantitative increase in sec-
ondary metabolite production in many plants due to the presence of AMF (Ponce 
et al. 2004; Ceccarelli et al. 2010). In addition to these, there is an increasing edible 
vegetable quality triggered by AMF (Baslam et al. 2013).

1.2.6  Nitric Oxide

Nitric oxide plays a crucial role in the production of some important phytochemi-
cals. By the induction of some stresses, accumulation of nitric oxide takes place. 
Several studies showed that nitric oxide plays a significant role in the development, 
growth and defence responses of the plant (Flores et al. 2008; Hong et al. 2008). 
Pharmaceutically important secondary metabolites can be produced by elicitor- 
induced nitric oxide response (Xu and Dong 2008). Therefore, the significance of 
nitric oxide can be applied in various biotechnological processes resulting in the 
production of target secondary metabolites.

P. Silpa et al.
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1.2.7  Abiotic Stress

Abiotic stresses are important for the production of secondary metabolites. Water 
stress is one of the prominent abiotic stresses which can influence secondary metab-
olite production. Light has a crucial role in the induction of both primary and sec-
ondary metabolites. Light-grown suspension culture displays an increase in phenolic 
production, in antioxidant activity and also in the total plant metabolite production 
(Ali and Abbasi 2014). It is reported that there is a link between antioxidant activity 
and total phenolic content in the suspension culture of Artemisia absinthium (Ali 
and Abbasi 2014). High blue light ratio increases all phenolic acids and flavonoids 
in some plants (Ouzounis et al. 2014).

1.2.8  Bioreactor

Bioreactors were designed for the commercial production of secondary metabolites. 
Bubble column bioreactor (Huang and McDonald 2009) and stirred tanks (Su 2006) 
are the widely used bioreactors for the culture of plant cell. Plants like Eurycoma 
longifolia grow well in bioreactor, and it has a rapid growth compared to that of 
flask cultures (Lulu et al. 2015). Exposure to UV light brings out secondary metabo-
lite production in bioreactor and also in flask cultures. In Lavandula vera cells, 
rosmarinic acid production showed a 32-fold increase in bioreactors as compared to 
normal shake flask cultures (Pavlov et al. 2005). Production of secondary metabo-
lites from cells of Digitalis lantana, Catharanthus roseus, Hypericum perforatum, 

Table 1.2 Recent report on influence of inoculation of arbuscular mycorrhizal fungi (AMF) on 
secondary metabolite production

Host plant
Plant 
organ

Evaluated 
phytochemicals AMF Effects References

Moringa 
oleifera

Leaves Glucosinolates Rhizophagus 
intraradices

+ ve Cosme et al. 
(2014)

Funneliformis mosseae + ve
Helianthus 
annuus

Seeds Fixed oil Funneliformis mosseae +ve Heidari and 
Karami 
(2014)

Passiflora alata Leaves Total phenols and 
total flavonoids

Gigaspora albida + ve Oliveira 
et al. (2015)

Stevia 
rebaudiana

Leaves Stevioside and 
rebaudioside A

Rhizophagus 
fasciculatus

+ ve Mandal et al. 
(2013)

Anadenanthera 
colubrina

Leaves Total phenols, total 
flavonoids and total 
tannins

Acaulospora 
longula + Gigaspora 
albida

+ ve Pedone- 
Bonfim et al. 
(2013)

Cucumis sativus Leaves Phenols, flavonoids 
and lignin

Funneliformis mosseae + ve Chen et al. 
(2013)

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects
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Panax ginseng, Sophora flavescens, etc. has been cultured in various bioreactors 
(Filova 2014). Sharma et al. (2011) studied the puerarin accumulation in Pueraria 
tuberosa during shoot cultures in static and liquid medium with or without aeration. 
Shoots were grown in growtek bioreactor with different aeration, and the maximum 
puerarin content was 1484 μg/g dry weight, which was about 2.3-fold higher than 
puerarin content recorded in control cultures (Sharma et al. 2011). The genes involv-
ing in withanolides production in Withania somnifera were upregulated in bioreac-
tor. About 1.5-folds increase in the production of withanolides was found in 
bioreactor as compared to shake flask (Ahlawat and Abdin 2017). Different bioreac-
tors like continuous immersion bioreactor with net (CIB-N), continuous immersion 
bioreactor (CIB), temporary immersion bioreactor (TIB) and temporary immersion 
bioreactor with net (TIB-N) were used for the production of bioactive compounds 
(Jang et al. 2016). Of these, CIB system was found to be the most efficient bioreac-
tor for the large-scale production of metabolites (Jang et al. 2016). Bioreactor cul-
ture of Anoectochilus roxburghii accumulated highest level of kinsenoside and other 
polysaccharides (Jin et al. 2017).

1.2.9  Metabolic Engineering

Metabolic engineering has proven to be a valuable tool for large-scale production of 
several biomedically as well as industrially relevant secondary metabolites from 
plants. Current studies employing transgenic and/or recombinant technologies have 
opened up opportunities for metabolic engineering/metabolomics, leading to the 
manufacturing of high-value secondary metabolites, even at the commercial level. 
Metabolic engineering mainly aims at the increase in the production of desired 
products, brings down the production of unwanted compounds and scales up the 
yield of novel compounds (Ludwing-Muller et al. 2014). Many of the medicinally 
and economically important terpenoids are produced through metabolic engineer-
ing (Elgar 2017). Patel et  al. (2016) reported that the incorporation of squalene 
synthase gene in isoprenoid pathway of Withania somnifera increased the produc-
tion of bioactive compounds.

1.2.10  Immobilization

Immobilization enhances the secondary metabolite production by entrapping plant 
cells in suitable matrix, which can protect cells from liquid shear forces and allow 
better cell-to-cell contacts. The viability of immobilized cells extended over a pro-
longed period of time (Brodelius 1985). The benefit of immobilized plant cell is that 
it can extend its production time, making the cells catalyse the same reaction almost 
indefinitely. The immobilized cells can overcome the task of isolating the com-
pounds from the biomass; rather the products will be delivered in the medium itself. 
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It can also perform multienzyme operations, and by using high-yielding cell lines, 
the productivity can be enhanced significantly (Smetanska 2008).

1.3  Production of Valuable Pharmaceutical Compounds 
Through In Vitro Culture Techniques

Most of the new therapeutics was evolved from secondary metabolites from plants. 
Advancement in the plant cell and tissue culture enhanced the production of several 
pharmaceutically active compounds, and some of such key compounds are described 
below.

1.3.1  Taxol

Taxol (Fig. 1.1) is a compound extracted from the bark of the Pacific yew tree (Taxus 
brevifolia) which possesses anticancer properties (Oksman-Caldentey and Inze 
2004). In polymerized form of microtubules, taxol stabilizes it and thereby causes 
the death of cells. Due to the huge commercial use of taxol, Taxus species have been 
massively explored. In some studies, it was found that addition of certain amino 
acids like phenylalanine in the medium yielded maximum taxol in T. cuspidata 
(Long and Croteau 2005). The effect of both biotic and abiotic elicitors positively 
influenced the yield and accumulation of taxol in some species (Pavarini et al. 2012).

1.3.2  Morphine and Codeine

Morphine and codeine (Fig. 1.2a, b) are the pain-relieving drugs obtained from the 
members of the family Papaveraceae. Both these compounds occur naturally in 
Poppy plant (Papaver somniferum). Both morphine and codeine were commercially 
produced in cultures using callus and suspension culture (Yoshikawa and Furuya 
1985). The optimum quantity of codeine and morphine was observed in cultures 
devoid of exogenous hormone (Furuya et al. 1972).
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Fig. 1.1 Chemical 
structure of taxol
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1.3.3  Ginsenosides

The active component of the plant Panax ginseng is referred to as ginsenosides 
which are essential for various physiological activities. Chemically ginsenosides are 
a group of triterpene saponins (Fig. 1.3). The addition of spermidine in the medium 
enhanced the production of ginsenosides in cultures (Marsik et al. 2014). Further, an 
elicitor, casein hydrolyzate enhanced ginsenosides production without suppressing 
the biomass (Marsik et al. 2014). In root culture of Panax ginseng, jasmonic acid 
improves the ginsenosides production (Lambert et al. 2011).

1.3.4  L-DOPA

A nonprotein amino acid, L-DOPA (L-3, 4-dihydroxy phenylalanine; Fig. 1.4), is a 
potent drug obtained from the plant (Mucuna hassjoo) and is mainly used to cure 
Parkinson’s disease (Brain and Lockwood 1976). It is the precursor of many sec-
ondary metabolites like alkaloids, melanin and betalain (Daxenbichler et al. 1971). 
The requirement of large quantities of L- DOPA led to the development of cell 

Fig. 1.2 Chemical 
structure of morphine (a) 
and codeine (b)
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Fig. 1.3 Chemical 
structure of ginsenoside
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culture techniques to obtain optimum production of this compound. Mucuna hass-
joo cells were cultured in MS medium supplemented with kinetin for obtaining 
optimum quantity of L-DOPA (Vanisree et al. 2004).

1.3.5  Diosgenin

Diosgenin (Fig. 1.5) is a biologically active metabolite, intermediate to various ste-
roid drugs (Tal et al. 1984). Due to its high demand in the market, the production of 
diosgenin was enhanced by the application of in vitro techniques, and thereby it is 
beneficial to modern system of medicine. The optimum accumulation of diosgenin 
in culture was greatly influenced by the carbon and nitrogen level in the medium 
(Tal et al. 1984).

1.3.6  Capsaicin

The alkaloid, capsaicin (Fig. 1.6), is obtained from Capsicum species and mainly 
serves as a food additive (Ravishankar et al. 2003). The quantity of capsaicin differs 
significantly in suspension culture and immobilization technique. The amount of 
capsaicin was comparatively low in suspension culture, whereas it was increased 
substantially to about 100-fold in immobilization technique (Lindsey 1995). Further, 
the addition of isocaproic acid in the medium enhanced the production of capsaicin 
(Lindsey 1995).

Fig. 1.4 Chemical 
structure of L-DOPA

HO

H

H

H

H

H

O

O
Fig. 1.5 Chemical 
structure of diosgenin

Fig. 1.6 Chemical 
structure of capsaicin
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1.3.7  Berberine

The isoquinoline alkaloid berberine (Fig. 1.7) is obtained from the cell culture of 
Coptis japonica (Vanisree et al. 2004), Thalictrum species (Nakagawa et al. 1986) 
and Berberis species (Morimoto et al. 1988). In order to increase the berberine yield 
in cultures, several elicitors were employed by Funk et al. (1987). Further, Nakagawa 
et al. (1984) and Morimoto et al. (1988) standardized the nutrient medium for opti-
mum berberine production.

1.3.8  Camptothecin

Camptothecin (Fig.  1.8), a potent antitumor alkaloid, is isolated from the plant 
Camptotheca acuminate (Padmanabha et al. 2006). The production of camptothecin 
from C. acuminata cells in cultures was optimum on MS medium supplemented 
with 4.0 mg/l NAA (Thengane et al. 2003).

1.3.9  Vincristine and Vinblastine

The plant Catharanthus roseus (also known as Vinca rosea) contains the vinblastine 
and vincristine (Fig. 1.9a, b) which are used in chemotherapy (Noble 1990). Due to 
its irreplaceable medicinal properties, application of biotechnological tools 
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Fig. 1.7 Chemical 
structure of berberine

Fig. 1.8 Chemical 
structure of camptothecin
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especially plant tissue culture techniques was employed to produce large quantity of 
these compounds (Oksman-Caldentey and Inze 2004). Several chemicals such as 
oxalate, maleate, ferric chloride and sodium borohydride were added in the medium 
to increase the production of vinblastine (Verma et  al. 2007). The other factors 
which influenced the production of these alkaloids include various stresses such as 
salinity, drought, heavy metals (Pandey 2017), UV stress (Binder et al. 2009) and 
presence of elicitors and addition of bioregulators (Zhao et al. 2001).

1.4  Conclusions

Plants are potent source of various useful phytochemicals. The secondary metabo-
lites can be extracted from various parts of the plant. In recent years, there is an 
increased use of biotechnological tools to obtain continuous and reliable source of 
secondary metabolites. Among the various techniques, plant cell and tissue culture 
technology plays a crucial role in secondary metabolite production. The major 
advantage of using this technology is that it can provide bioactive secondary metab-
olites in controlled conditions irrespective of season and soil conditions. However, 
many challenges like difficulties in scaling-up, sustainability of culture and phyto-
chemical recovery, etc. still remain to be challenging factors in this area. Continuous 
refinements of these techniques are necessary to overcome these limitations.
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Fig. 1.9 Chemical structure of vinblastine (a) and vincristine (b)

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects



18

References

Ahlawat, S., & Abdin, M. Z. (2017). Comparative study of withanolide production and the related 
transcriptional responses of biosynthetic genes in fungi elicited cell suspension culture of 
Withania somnifera in shake flask and bioreactor. Plant Physiology and Biochemistry, 114, 
19–28.

Ahmad, N., Rab, A., & Ahmad, N. (2016). Light-induced biochemical variations in secondary 
metabolite production and antioxidant activity in callus cultures of Stevia rebaudiana (Bert). 
Journal of Photochemistry and Photobiology. B, 154, 51–56.

Akillioglu M (1994) Zeytin agaclarinda dogel fenolik bilesiklerin mevsimsel degisimi  
Cizerinde arastirmalar [Investigations on the seasonal changes of natural phenolic compounds 
in olive tree]. PhD thesis, Ege Univ. Fen Bilimleri Enst. Bahce Bitkileri Anabilim Dali, 
Izmir.

Ali, M., & Abbasi, B. H. (2014). Light-induced fluctuations in biomass accumulation, secondary 
metabolites production and antioxidant activity in cell suspension cultures of Artemisia absin-
thium L. Journal of Photochemistry and Photobiology B: Biology, 140, 223–227.

Alonso, R., Berli, F. J., Bottini, R., & Piccoli, P. (2015). Acclimation mechanisms elicited by 
sprayed abscisic acid, solar UV-B and water deficit in leaf tissues of field-grown grapevines. 
Plant Physiology and Biochemistry, 91, 56–60.

Anand. (2010). Various approaches for the secondary metabolite production through plant tissue 
culture. Pharmacia, 1, 1–7.

Anjos, B. L., Nobre, V. M., Dantas, A. F., Medeiros, R. M., Neto, T. S. O., Molyneux, R. J., & 
RietCorrea, F. (2010). Poisoning of sheep by seeds of Crotalaria retusa: Acquired resistance 
by continuous administration of low doses. Toxicon, 55, 28–32.

Arora, J., Roat, C., Goyal, S., & Ramawat, K. G. (2009). High stilbenes accumulation in root 
cultures of Cayratia trifolia (L.) Domin grown in shake flasks. Acta Physiologiae Plantarum, 
31, 1307–1312.

Barbosa-Ferreria, M., Brum, K. B., Oliveira, N. M., do Valle, C. B., Ferreira, V. B., Garcez, V. S., 
Riet-Correa, F., & de Lemos, R. A. (2011). Steroidal saponin protodioscin concentration in dif-
ferent species and cultivars of Brachiaria spp. Veterinaria e Zootecnia, 18, 98–103.

Baslam, M., Esteban, R., García-Plazaola, J. I., & Goicoechea, N. (2013). Effectiveness of arbus-
cular mycorrhizal fungi (AMF) for inducing the accumulation of major carotenoids, chloro-
phylls and tocopherol in green and red leaf lettuces. Applied Microbiology and Biotechnology, 
97, 3119–3128.

Behnke, K., Kaiser, A., Zimmer, I., Bru¨ggemann, N., Janz, D., Polle, A., Hampp, R., Ha¨nsch, R., 
Popko, J., Schmitt-Kopplin, P., Ehlting, B., Rennenberg, H., Barta, C., Loreto, F., & Schnitzler, 
J.  (2010). RNAi-mediated suppression of isoprene emission in poplar transiently impacts 
phenolic metabolism under high temperature and highlight intensities: A transcriptomic and 
metabolomic analysis. Plant Molecular Biology, 74, 61–75.

Bhojwani, S. S., & Dantu, P. K. (2013). Micropropagation. In Plant tissue culture: An introductory 
text (pp. 245–274). London: Springer.

Binder, B. Y., Peebles, C. A., Shanks, J. V., & San, K. Y. (2009). The effects of UV-B stress on 
the production of terpenoid indole alkaloids in Catharanthus roseus hairy roots. Biotechnology 
Progress, 25, 861–865.

Bourgaud, F., Gravot, A., Milesi, S., & Gontier, E. (2001). Production of plant secondary metaboli-
ties: A historical perspective. Plant Science, 161, 839–851.

Brain, K. R., & Lockwood, G. B. (1976). Hormonal control of steroid levels in tissue cultures from 
Trigonella foenumgraecum. Phytochemistry, 15, 1651–1654.

Brodelius, P. (1985). The potential role of immobilization in plant cell biotechnology. Trends in 
Biotechnology, 3, 280–285.

Brown, G.  D. (2010). The biosynthesis of artemisinin (Qinghaosu) and the phytochemistry of 
Artemisia annua L.(Qinghao). Molecules, 15, 7603–7698.

P. Silpa et al.



19

Ceccarelli, N., Curadi, M., Martelloni, L., Sbrana, C., Picciarelli, P., & Giovannetti, M. (2010). 
Mycorrhizal colonization impacts on phenolic content and antioxidant properties of artichoke 
leaves and flower heads two years after field transplant. Plant and Soil, 335, 311–323.

Chandra, S., & Chandra, R. (2011). Engineering secondary metabolite production in hairy roots. 
Phytochemistry Reviews, 10, 371–395.

Chen, F., Tholl, D., Bohlmann, J., & Pichersky, E. (2011). The family of terpene synthase in plants: 
A mid-size family of genes for specialised metabolism that is highly diversified throughout the 
kingdom. The Plant Journal, 66, 212–229.

Chen, S., Jin, W., Liu, A., Zhang, S., Liu, D., Wang, F., Lin, X., & He, C. (2013). Arbuscular 
mycorrhizal fungi (AMF) increase growth and secondary metabolism in cucumber subjected 
to low temperature stress. Scientia Horticulturae, 160, 222–229.

Cheynier, V. (2012). Phenolic compounds: From plants to foods. Phytochemistry Reviews, 11, 
153–177.

Chu, E. Y., Möller, M. D., & Carvalho, J. G. (2001). Effects of mycorrhizal inoculation on sour-
sop seedlings in fumigated and not fumigated soil. Pesquisa Agropecuária Brasileira, 36, 
671–680.

Cosme, M., Franken, P., Mewis, I., Baldermann, S., & Wurst, S. (2014). Arbuscular mycorrhizal 
fungi affect glucosinolate and mineral element composition in leaves of Moringa oleifera. 
Mycorrhiza, 24, 565–570.

Daxenbichler, M. E., VanEtten, C. H., Hallinan, E. A., Earle, F. R., & Barclay, A. S. (1971). Seeds 
as sources of L-DOPA. Journal of Medicinal Chemistry, 14, 463–465.

Dörnenburg, H., & Knorr, D. (1995). Strategies for the improvement of secondary metabolite pro-
duction in plant cell cultures. Enzyme and Microbial Technology, 17, 674–684.

Elgar, S. M. (2017). Metabolic engineering for the production of functionalized terpenoids in het-
erologous hosts. Doctoral dissertation, Massachusetts Institute of Technology, USA.

Engels, B., Dahm, P., & Jennewein, S. (2008). Metabolic engineering of taxadiene biosynthe-
sis in yeast as a first step towards Taxol (Paclitaxel) production. Metabolic Engineering, 10, 
201–206.

Escoriaza, G., Sansberro, P., Garcia-Lampasona, S., Gatica, M., Bottini, R., & Piccoli, P. (2013). 
In vitro cultures of Vitis vinifera L. cv. Chardonnay synthesize the phytoalexin nerolidol upon 
infection by Phaeoacremonium parasiticum. Phytopathologia Mediterranea, 52, 289–297.

Fazal, H., Abbasi, B. H., & Ahmad, N. (2014). Optimization of adventitious root culture for pro-
duction of biomass and secondary metabolites in Prunella vulgaris L. Applied Biochemistry 
and Biotechnology, 74, 2086–2095.

Fazilatun, N., Nornisah, M., & Zhari, I. (2004). Superoxide radical scavenging properties of 
extracts and flavonoids isolated from the leaves of Blumea balsamifera. Pharmaceutical 
Biology, 42, 404–408.

Filová, A. (2014). Production of secondary metabolities in plant tissue cultures. Research Journal 
of Agricultural Science, 46, 236–245.

Flores, T., Todd, C. D., Tovar-Mendez, A., Dhanoa, P. K., Correa-Aragunde, N., Hoyos, M. E., & 
Polacco, J. C. (2008). Arginase-negative mutants of Arabidopsis exhibit increased nitric oxide 
signaling in root development. Plant Physiology, 147, 1936–1946.

Fowler, M.  W. (1985). Problems in commercial exploitation of plant tissue cultures. In K.  H. 
Neumann, W. Barz, & E. Reinhardt (Eds.), Primary and secondary metabolism of plant cell 
cultures (pp. 362–378). Berlin: Springer.

Funk, C., Gügler, K., & Brodelius, P. (1987). Increased secondary product formation in plant 
cell suspension cultures after treatment with a yeast carbohydrate preparation (elicitor). 
Phytochemistry, 26, 401–405.

Furuya, T., Ikuta, A., & Syono, K. (1972). Alkaloids from callus cultures of Papaver somniferum. 
Phytochemistry, 11, 3041–3044.

Gao, S. L., Zhu, D. N., Cai, Z. H., Jiang, Y., & Xu, D. R. (1999). Organ culture of a precious 
Chinese medicinal plant – Fritillaria unibracteata. Plant Cell, Tissue and Organ Culture, 59, 
197–201.

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects



20

Georgiev, M., Georgiev, V., Penchev, P., Antonova, D., Pavlov, A., Ilieva, M., & Popov, S. (2010). 
Volatile metabolic profiles of cell suspension cultures of Lavandula vera, Nicotiana tabacum 
and Helianthus annuus, cultivated under different regimes. Engineering in Life Sciences, 10, 
148–157.

Gobbo-Neto, L., Guaratini, T., Pessoa, C., Moraes, M. O. D., Costa-Lotufo, L. V., Vieira, R. F., & 
Lopes, N. P. (2010). Differential metabolic and biological profiles of Lychnophora ericoides 
mart.(Asteraceae) from different localities in the Brazilian“ campos rupestres”. Journal of the 
Brazilian Chemical Society, 21, 750–759.

Heidari, M., & Karami, V. (2014). Effects of different mycorrhiza species on grain yield, nutri-
ent uptake and oil content of sunflower under water stress. Journal of the Saudi Society of 
Agricultural Sciences, 13, 9–13.

Herre, E. A., Mejia, l C., Kyllo, D. A., Rojas, E., Maynard, Z., Butler, L., & Van bael, S. A. (2007). 
Ecological implications of anti-pathogen effects of tropical fungal endophytes and mycorrhi-
zae. Ecology, 88, 550–558.

Hibino, K., & Ushiyama, K. (1999). Commercial production of ginseng by plant tissue culture 
technology. In T.-J. Fu, G. Singh, & W. R. Curtis (Eds.), Plant cell and tissue culture for the pro-
duction of food ingredients (Vol. 30, pp. 215–224). Dordrecht: Kluwer Academic Publishers.

Hong, J. K., Yun, B. W., Kang, J. G., Raja, M. U., Kwon, E., Sorhagen, K., Chu, C., Wang, Y., & 
Loake, G. J. (2008). Nitric oxide function and signalling in plant disease resistance. Journal of 
Experimental Botany, 59, 147–154.

Huang, T. K., & McDonald, K. A. (2009). Bioreactor engineering for recombinant protein produc-
tion in plant cell suspension cultures. Biochemical Engineering Journal, 45, 168–184.

Huang, W. Y., Cai, Y. Z., & Zhang, Y. (2010). Natural phenolic compounds from medicinal herbs 
and dietary plants: Potential use for cancer prevention. Nutrition and Cancer, 62, 1–20.

Huang, Z. A., Zhao, T., Fan, H. J., Wang, N., Zheng, S. S., & Ling, H. Q. (2012). The upregulation 
of NtAN2 expression at low temperature is required for anthocyanin accumulation in juvenile 
leaves of Lc-transgenic tobacco (Nicotiana tabacum L.). Journal of Genetics and Genomics, 
39, 149–156.

Jang, H. R., Lee, H. J., Shohael, A. M., Park, B. J., Paek, K. Y., & Park, S. Y. (2016). Production 
of biomass and bioactive compounds from shoot cultures of Rosa rugosa using a bioreactor 
culture system. Horticulture, Environment and Biotechnology, 57, 79–87.

Jeong, G. T., & Park, D. H. (2006). Enhanced secondary metabolite biosynthesis by elicitation in 
transformed plant root system. In M. M. JD, W. S. Adney, J. R. Mielenz, & T. Klasson (Eds.), 
Applied biochemistry and biotechnology (pp. 436–446). New York: Humana Press.

Jin, M. Y., Han, L., Li, H., Wang, H. Q., Piao, X. C., & Lian, M. L. (2017). Kinsenoside and 
polysaccharide production by rhizome culture of Anoectochilus roxburghii in continuous 
immersion bioreactor systems. Plant Cell, Tissue and Organ Culture, 131, 527. https://doi.
org/10.1007/s11240-017-1302-8 (online first).

Jose, S., & Thomas, T. D. (2014). Comparative phytochemical and antibacterial studies of two 
indigenous medicinal plants Curcuma caesia Roxb. and Curcuma aeruginosa. International 
Journal of Green Pharmacy, 8, 65–71.

Jouanin, L. (1984). Restriction map of an agropine-type Ri plasmid and its homologies with Ti 
plasmids. Plasmid, 12, 91–102.

Kaimoyo, E., Farag, M. A., Sumner, L. W., Wasmann, C., Cuello, J. L., & VanEtten, H. (2008). 
Sub-lethal levels of electric current elicit the biosynthesis of plant secondary metabolites. 
Biotechnology Progress, 24, 377–384.

Kajula, M., Tejesvi, M. V., Kolehmainen, S., Mäkinen, A., Hokkanen, J., Mattila, S., & Pirttilä, 
A. M. (2010). The siderophore ferricrocin produced by specific foliar endophytic fungi in vitro. 
Fungal Biology, 114, 248–254.

Karam, F. S., Haraguchi, M., & Gardner, D. (2011). Seasonal variation in pyrrolizidine alkaloid 
concentration and plant development in Senecio madagascariensis Poir.(Asteraceae) in Brazil. 
In F.  Riet-Correa (Ed.), Poisoning by plants, mycotoxins and related toxins (pp.  179–185). 
Wallingford: CAB International.

P. Silpa et al.

https://doi.org/10.1007/s11240-017-1302-8
https://doi.org/10.1007/s11240-017-1302-8


21

Karppinen, K., Hokkanen, J., Tolonen, A., Mattila, S., & Hohtola, A. (2007). Biosynthesis of 
hyperforin and adhyperforin from amino acid precursors in shoot cultures of Hypericum perfo-
ratum. Phytochemistry, 68, 1038–1045.

Karuppusamy, S. (2009). A review on trends in production of secondary metabolites from higher 
plants by in  vitro tissue, organ and cell cultures. Journal of Medicinal Plant Research, 3, 
1222–1239.

Karwasara, V. S., Jain, R., Tomar, P., & Dixit, V. K. (2010). Elicitation as yield enhancement strat-
egy for glycyrrhizin production by cell cultures of Abrus precatorius Linn. In Vitro Cellular 
and Development Biology – Plant, 46, 354–362.

Keeling, C. I., Weisshar, S., Lin, R. P., & Bohlmann, J.  (2008). Functional plasticity of paralo-
gous diterpene synthases involved in conifer defense. Proceedings of the National Academy of 
Sciences of the United States of America, 105, 1085–1090.

Keles, L. C., Melo, N. I. D., Aguiar, G. D. P., Wakabayashi, K. A. L., Carvalho, C. E. D., Cunha, 
W. R., & Lopes, N. P. (2010). Lychnophorinae (Asteraceae): A survey of its chemical constitu-
ents and biological activities. Quim Nova, 33, 2245–2260.

Khalili, M., Hasanloo, T., & Kazemi Tabar, S. K. (2010). Ag {+} enhanced silymarin production in 
hairy root cultures of‘ Silybum marianum’(L.) gaertn. Plant Omics, 3, 109.

Kim, O. T., Kim, M. Y., Hong, M. H., Ahn, J. C., & Hwang, B. (2004). Stimulation of asiaticoside 
accumulation in the whole plant cultures of Centella asiatica (L.) Urban by elicitors. Plant Cell 
Reports, 23, 339–344.

Lambert, E., Faizal, A., & Geelen, D. (2011). Modulation of triterpene saponin production: In vitro 
cultures, elicitation, and metabolic engineering. Applied Biochemistry and Biotechnology, 164, 
220–237.

Leicach, S. R., & Chludil, H. D. (2014). Plant secondary metabolites: Structure–activity relation-
ships in human health prevention and treatment of common diseases. In Atta-ur-Rahman (Ed.), 
Studies in natural products chemistry (pp. 267–270). Amsterdam: Elsevier.

Li, W., Koike, K., Asada, Y., Hirotani, M., Rui, H., Yoshikawa, T., & Nikaido, T. (2002). Flavonoids 
from Glycyrrhiza pallidiflora hairy root cultures. Phytochemistry, 60, 351–355.

Lindsey, K. (1995). Manipulation by nutrient limitation of the biosynthetic activity of immobilized 
cells of Capsicum frutescens Mill. ev. annum. Planta, 165, 126–133.

LIN-WANG, K. U., Micheletti, D., Palmer, J., Volz, R., Lozano, L., Espley, R., & Iglesias. (2011). 
High temperature reduces apple fruit colour via modulation of the anthocyanin regulatory com-
plex. Plant, Cell & Environment, 34, 1176–1190.

Long, R. M., & Croteau, R. (2005). Preliminary assessment of the C13-side chain 2′- hydroxylase 
involved in Taxol biosynthesis. Biochemical and Biophysical Research Communications, 338, 
410–417.

Lucena, R. B., Rissi, D. R., Maia, L. A., Flores, M. M., Dantas, A. F. M., Nobre, V. M. D. T., & 
Barros, C. S. (2010). Poisoning by pyrrolizidine alkaloids in ruminants and horses in Brazil. 
Pesquisa Veterinaria Brasileira, 30, 447–452.

Ludwing-Muller, J., Jahn, L., Lippert, A., Puschel, J., & Walter, A. (2014). Improvement of hairy 
root cultures and plants by changing biosynthetic pathways leading to pharmaceutical metabo-
lites: Strategies and applications. Biotechnology Advances, 32, 1168–1179.

Lulu, T., Park, S.  Y., Ibrahim, R., & Paek, K.  Y. (2015). Production of biomass and bioactive 
compounds from adventitious roots by optimization of culturing conditions of Eurycoma lon-
gifolia in balloon-type bubble bioreactor system. Journal of Bioscience and Bioengineering, 
119, 712–717.

Mahajan, V., Sharma, N., Kumar, S., Bhardwaj, V., Ali, A., Khajuria, R.  K., Bedi, Y.  S., 
Vishwakarma, R. A., & Gandhi, S. G. (2015). Production of rohitukine in leaves and seeds 
of Dysoxylum binectariferum: An alternate renewable resource. Pharmaceutical Biology, 53, 
446–450.

Maier, W., Peipp, H., Schimidt, J., Wray, V., & Strack, D. (1995). Levels ofterpenoid glycoside 
(blumenin) and cell wall-bound phenolics in some cereal mycorrhizas. Plant Physiology, 109, 
465–470.

1 Production of Plant Secondary Metabolites: Current Status and Future Prospects


