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Chapter 7   
Engineering of Secondary Metabolites 
in Tissue and Cell Culture of Medicinal 
Plants: An Alternative to Produce Beneficial 
Compounds Using Bioreactor Technologies        

Mortaza Ebrahimi and Arash Mokhtari

7.1  Introduction

More than 50,000 of plant species all around the world are used for medicinal pur-
poses (http://www.fao.org) and it is believed that one-third of the flora on earth have 
therapeutic properties (Maitra and Satya 2014). Each of these plants has the potential 
of producing 5000–25,000 different metabolites (Trethewey 2004). Plant secondary 
metabolites comprise a wide variety of organic compounds such as terpenes, pheno-
lics, and alkaloids that show different biological activities. Their uses include phar-
maceuticals (Atropa belladonna, Digitalis lanata, Taxus sp., Hypericum perforatum), 
agrochemicals (Calceolaria andina), colors (Lythospermum erithroryzum), flavors 
(Mentha spp., Camellia sinensis and Vanilla planifolia), fragrances (Lavandula 
spp.), biopesticides (Chrysanthemum cinenariaefolium), and food and food additives 
(Coffea arabiga, Vanilla tahitiensis and Piper spp.). Until now, the FDA has approved 
several plant-derived active metabolites such as taxol/paclitaxel (Taxus spp.), topote-
can and irinotecan (Camptotheca acuminata), etoposide and teniposide (Podophyllum 
peltatum), and vinblastine and vincristine (Catharanthus roseus) as anticancer com-
pounds. These chemicals are structurally too complex to be developed by semi- or 
total-chemical synthesis. So, the only feasible choice was extraction of these com-
pounds from their natural sources (Gomez-Galera et  al. 2007). Herbal remedy is 
increasing throughout the world. Around 25% of the new pharmaceutical drugs in 
the market are based on plant originated molecules (Raskin et al. 2002; Terryn and 
Van Montagu 2006). The 16.50 billion USD worth of worldwide plant-derived 
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secondary metabolite industries in the 1990s extended to about 70 billion USD in 
2010 (Chatterjee 2010). It is estimated that plant-derived medicines hit around 35.4 
billion USD between 2013–2020 (Giri and Zaheer 2016) and that the global market 
of medicinal plants will reach to five trillion USD by the end of 2050 (Kalia 2005). 
The demand for medicinal herbs, even in developed countries, was fascinating. Since 
2010, the yearly growth rate of phyto-pharmaceuticals in European and North 
American market were 15–20% and 25–30%, respectively (Chatterjee 2010).

Because of global warming, the calamitous environmental conditions worsen 
throughout the world. This situation resulted in more biotic and abiotic stresses and 
destruction of natural areas for most of the economically valuable plant species. 
Besides, over-harvesting of plants with economically valuable active compounds 
from natural resources is one of the main reasons for plant extinction. Populations of 
medicinal plants on their natural habitats are dwindling because of indiscriminate 
harvesting for medicinal uses and food, overgrazing, landslides and degradation, cli-
mate changes, and the other anthropogenic activities. Between 4000 and 10,000 spe-
cies of medicinal plants are categorized as endangered (Canter et  al. 2005) and 
unfortunately the number is increasing. For example, Panax ginseng has nearly dis-
appeared in their natural growing area. It is reported that Dioscorea balcanica, 
Podophyllum hexandrum, and Pilocarpus jaborandis are now regarded as extinct 
species (Nosov 2012). Up to 80–90% of commercial supply of medicinal plants are 
collected from natural resources (Nosov 2012). Cultivation of most of medicinal 
plants is unprofitable. Only 10% of 1200–1300 conventional medicinal and aromatic 
plant species in Europe are cultivated on approximately 70,000 hectares (Nosov 
2012). Slow growth rate, low yields, difficulties in growing many of these medicinal 
plants in commercial scale, and fluctuations of metabolite concentrations due to vari-
etal, physiological, developmental stage, geographical and seasonal differences are 
examples of problems to produce secondary metabolites via field cultivation of 
medicinal plants (Rao and Ravishankar 2002; Gomez-Galera et al. 2007). Production 
of 1 kg of taxol, an anticancer drug, needs to collect around 10,000 kg of dry bark of 
Taxus sp. (Vidensek et al. 1990). These reasons and additional concerns regarding the 
instability of secondary metabolites related to species and environmental conditions 
are motivating factors for those searching for an efficient alternative method.

Plant cell and tissue culture introduced as new sources of plant originated chemi-
cals (Rao and Ravishankar 2002). This approach has been attempted since the late 
1950s to produce beneficial secondary metabolites. The following results stimulated 
new studies to develop efficient in vitro systems in many countries. But, many barri-
ers and problems still exist and need to be overcome for commercialization of the 
products. Production of active metabolites using in vitro systems is influenced by the 
fact that most of the secondary metabolites are produced in low quantities. In addi-
tion, the slow growth rate of plant cells and tissues, and differences between the 
metabolomes of the original tissue in the whole plant with the tissue cultured cells 
and tissues are major considerations. These can lead to a high product price or unsuc-
cessful production of the metabolites. Different techniques have been attempted to 
increase the efficiency of secondary metabolite production using in vitro methods, 
and further elucidation of metabolic pathways and dedicated molecular mechanisms 
is going to facilitate manipulation of plant cells as green factories.
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There are several reports indicating elevated level of terpenoid indole alkaloids 
(TIAs) in tissue culture of genetically modified periwinkle cells, tissue, and plants. 
Because of the two important anti-tumor compounds, vinblastine and vincristine 
obtained from Madagascar Periwinkle (Catharanthus roseus (L.)), it is one of the 
most extensively studied medicinal plants. But these bisindole alkaloids accumulated 
in small quantities (0.001%) in the plant leaves (O’Keefe et al. 1997). The researchers 
are seeking to increase these metabolite using tissue culture techniques as an alterna-
tive, alongside genetic manipulation for enhanced concentrations of vinblastine and 
vincristine. Overexpression of the strictosidine synthase (Str) gene in cell lines of 
periwinkle resulted in tenfold STR activity with higher level of strictosidine, ajmali-
cine, catharanthine, serpentine, and tabersonine than wild type (Canel et al. 1998). In 
another experiment, the cell suspension culture of transgenic cell lines in periwinkle 
overexpressing tryptophan decarboxylase (Tdc) gene accumulated more TIAs (ser-
pentine, catharanthine, strictosidine) compared to wild type (Whitmer et al. 2002).

7.2  Secondary Metabolisms and Economically Active 
Metabolites of Interest

Schematic representation of the primary and secondary metabolisms in plants is dem-
onstrated in Fig. 7.1. Plants are able to synthesize the primary complex molecules like 
carbohydrates using sunlight, CO2 and H2O in a process known as photosynthesis. 
Primary metabolism is the generator of chemical energy in the form of ATP for the 
ongoing cellular processes. Secondary metabolites are by-products of primary metab-
olism. The biochemist Albrecht Kossel was the first person who used the term “sec-
ondary metabolites” to describe the cellular chemical components that originated 
from “primary metabolites” (Talapatra and Talapatra 2015). These substances serve as 
defense compounds, repellants, and attractants in planta, and display several biologi-
cal activities to be used by human (Table 7.1). Plant secondary metabolites have been 
classified structurally into several major groups. Also, these compounds can be cate-
gorized according to their precursors or the metabolic pathways. Bourgaud et  al. 
(2001) subdivided these compounds into three groups termed terpenes and steroids, 
phenolics, and alkaloids (Bourgaud et al. 2001). Complexity of the secondary metabo-
lites makes it difficult to place them under these three groups. In another classification, 
they have been divided into the following five groups: phenylpropanoids, alkaloids, 
polyketides, isoprenoids, and flavonoids (Verpoorte et al. 2000). Some of secondary 
metabolites are present in all plants, while the others are synthesized in specific spe-
cies or tissues and sometimes in response to external stimuli.

The mevalonic acid (MVA), shikimic acid, 1-deoxy-D-xylulose phosphate 
(DXP), and polyketide pathways are examples of the well-known secondary meta-
bolic pathways. The biosynthesis of terpenoids, steroids, and related natural mole-
cules are related to MVA and DXP pathways, while shikimic acid pathway is 
correlated with the biosynthesis of various aromatic amino acids and structural car-
bon containing metabolites. Biosynthesis of secondary metabolites in higher plants 
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Table 7.1 Examples of plants derived biologically active compounds

Active 
compound(s) Type Application Plant References

Reserpine Alkaloids Anti-hypertensive, 
psychotropic

Rauwolfia 
serpentine L.

Muller 
et al. (1952)

Stevioside, 
rebaudioside

Terpenes Natural sweeteners Stevia rebaudiana 
Bertoni

Ishima and 
Katayama 
(1976)

Codeine, 
morphine

Alkaloids Analgesic, antitussive Papaver 
somniferum

Erdelsky 
(1978)

Ajmalicine Alkaloids Antihypertensive Catharanthus 
roseus

Kurz et al. 
(1981)

Atropine Alkaloids Anti-cholinergic Atropa belladonna Yamada 
and 
Hashimoto 
(1982), 
Rajput 
(2013)

Atropine, 
Hyoscyamine, 
scopolamine

Alkaloids Anti-cholinergic Datura spp. Yamada 
and 
Hashimoto 
(1982)

Cocaine Alkaloids Local analgesic Erytrhoxylum coca 
and Erythroxylum 
novogranatense

Plowman 
and Rivier 
(1983)

Capsaicine Phenolic Analgesic Capsicum spp. Tominack 
and Spyker 
(1987), 
Anand and 
Bley (2011)

Vinblastine, 
vincristine

Alkaloids Antineoplastic Catharantus roseus 
L.

Schiel Om 
Berlin 
(1987)

Psoralen, 
Xhanothotoxin

Coumarins Anticoagulant Apium graveolens Zobel et al. 
(1991)

Shikonin Terpenoids Anticancer Lithospermum 
erythrorhizon

Shimomura 
et al. (1991)

Ajmaline, 
Ajmalicine

Alkaloids Antihypertensive Rauwolfia spp. Wink and 
Roberts 
(1998)

Hyperforin Phloroglucinol Anti-depressant Hypericum 
perforatum

Wentworth 
et al. (2000)

Glycyrrhizic acid Terpenoids Natural sweeteners Glycyrrhiza spp. Kitagawa 
(2002)

Trans-resveratrol Phenolics Anticancer, 
Antidiabetes

Polygonum 
cuspidatum

Burns et al. 
(2002), 
Counet 
et al. (2006)

(continued)
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take places in separate compartments under the influence of the conventional 
acetate- mevalonic acid and non-mevalonic acid pathways. The biosynthesis of ste-
rols, sesquiterpenes, and ubiquinones is related to acetate-mevalonic acid pathway 
that operates mainly in the cytosol and mitochondria, while the non-mevalonic acid 
pathway takes place in the plastid, operates the biosynthesis of carotenoids, hemi-
terpenes (C5), monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20) 
(Singh and Sharma 2014). Biosynthesis of most of the chemicals is not dedicated to 
a single route. For example, C6 from polyketide pathway and C3–C6 from shikimic 
acid pathway come together to form flavonoids.

7.2.1  Terpenes and Steroids

Terpenes and steroids constitute the largest groups of secondary metabolites in the 
plant kingdom with cyclic structure and cyclopentane perhydrophenanthrene back-
bone, respectively. Terpenes are metabolites of interest because of their roles in plant 

Table 7.1 (continued)

Active 
compound(s) Type Application Plant References

Taxol Diterpene alkaloid Antineoplasic Taxus spp. Croteau 
et al. (2006)

Artemisinin Sesquiterpene Anti-malarial Artemisia anua Weathers 
et al. (2011)

Digoxin, digitoxin Steroids Cardiotonic Digitalis spp. Calderón- 
Montaño 
et al. (2013)

Pilocarpine Alkaloids Cholinergic Pilocarpus 
jaborandi L.

Santos and 
Moreno 
(2013)

Diosgenin Steroids Contraceptive Dioscorea spp. Talapatra 
and 
Talapatra 
(2015)

Genistein Flavonoids Anticancer Glycine max Talapatra 
and 
Talapatra 
(2015)

Quinine Alkaloids Anti-malarial Cinchona spp. Talapatra 
and 
Talapatra 
(2015)

Nicotine Alkaloids Neuroactive, 
insecticide

Nicotiana spp. Talapatra 
and 
Talapatra 
(2015)
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defense system under biotic and abiotic stresses, and their beneficial biological 
activities in the medical and industrial sectors as scent, flavours, fragrances, spices, 
sweetener, anti-inflammatory, anti-parasitic, and anti-tumor. These active metabo-
lites show diversity in the number of C5-units: hemiterpenes (C5), monoterpenes 
(C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), tetraterpenes 
(C40), and polyterpenes (>C40) (Ashour et al. 2010; Alvarez 2014). The mevalonate 
and methylerythritol phosphate (MEP) pathways are two compartmentalized path-
ways involved in the first step of the terpenoids biosynthesis. Brassinosteroids, carot-
enoids, and saponins are groups of plant steroidal compounds. Ergosterol, 
stigmasterol, β-sitosterol, campesterol, and stigmasterol are examples of plant ste-
roids with health-promoting properties as anti-atherosclerotic, anti-inflammatory, 
cholesterol lowering, and anti-oxidative activities (Alvarez 2014). The terpenes such 
as amarogentin (Swertia japonica), hernandulcin (Lippia dulcis), shikonin 
(Lithospermum erythrorhizon), digitoxin (Digitalis purpurea), ginsenosode (Panax 
ginseng), and astragaloside (Astragalus membranaceus) have received much atten-
tion for production using transformed root culture (Bajaj and Ishimaru 1999).

7.2.2  Phenolics

The aromatic compounds like lignin, coumarins, isoflavonoids, stilbenes, proantho-
cyanidines, and condensed tannins are phenolic secondary metabolites involved in 
several aspects of plant growth and developments. As indicated in Fig. 7.1, most of 
phenolic compounds originated from phenylpropanoid pathway. Other alternative 
pathways also drive the biosynthesis of some phenolics. It is believed that the 
polyketide pathway mediates the synthesis of several phenolic compounds. 
Tetrahydrocannabinoids is catalyzed from terpenoids (Alvarez 2014). The flavo-
noids and stilbenes are the two main subgroups of phenolics. Most of the fruits and 
vegetables contain flavonoids. There are several substances categorized as flavo-
noids: anthocyanidins, flavanones, naringen, silymarin, hesperitin, pelargonidins, 
cyanidins, delphinidins, rutin, and kaempferol (Gibbs 2007; Alvarez 2014). These 
compounds are very beneficial as anticancer, natural anti-inflammatory, potent anti-
oxidant, scavenger of free radicals, and plant UV-protectants. These compounds are 
subjected to degradation during storage and cooking and it is believed that only 9% 
of the people receive enough flavonoids through consuming fruits and vegetables 
(Gibbs 2007). Stilbenes are another small group of phenolics that participate in 
plant defense system and display multiple beneficial function as medicine. A num-
ber of plant families like Liliaceae, Fagaceae, Vitaceae, and Mirtaceae produce 
stilbenes (Giorcelli et al. 2004). The 3,5,4′-trihydoxystilbene, also known as resve-
ratrol, is the most common stilbene and its trans isomer has beneficial effects on 
some of the serious human diseases (Bradamante et al. 2004; Halls and Yu 2008). It 
is desirable to manipulate for resveratrol in plants, because of its potential nutraceu-
tical property and as a cosmetic ingredient or for enhancing plant resistance against 
diseases. Engineering for enhanced level of resveratrol in plant is simply achievable 
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by ectopic expression of stilbene synthase (STS). It has been demonstrated that 
introduction of STS gene can result in increased level of resveratrol in several plant 
species (Fischer et al. 1997; Liu et al. 2006; Nicoletti et al. 2007; Hanhineva et al. 
2009). The Anthraquinone (Rubia tinctorum), Xanthone (Swertia japonica), Lignan 
(Linum flavum), Rosmarinic acid (Ocimum basilicum), Anthocyanin (Lobelia chi-
nensis), and Rutin (Fagopyrum esculentum) are examples of phenolic compounds in 
medicinal plants that have been tested for production from transformed root culture 
(Bajaj and Ishimaru 1999).

7.2.3  Alkaloids

Alkaloids are nitrogen-containing compounds (tropane-, morphinan-, indole-, pyr-
rolidine-, piperidine-, pyrrolizidine-, quinoline-, isoquinoline-, aporphine-, imidaz-
ole-, diazocin-, purine-, steroidal-, amino-, and terpenoid indole alkaloids) capable 
to form complex with metal ions and salts with acids (Alvarez 2014). Biosynthesis 
of alkaloids is performed mainly in mevalonic acid (MVA)/deoxy-D-xylulose P 
(DXP) and shikimic acid pathways (Talapatra and Talapatra 2015). While the nitro-
gen atoms in alkaloids are provided from L-amino acids.

People of 1200–1400 B.C. took advantage of opium as medicine. The latex of 
Papaver somniferum or opium is a rich source of codeine and morphine. These 
compounds are alkaloids. Alkaloids that are biosynthesized in different organs pro-
vide protective advantages for plants. Ruminants keep off browsing the herbs con-
taining alkaloids. Alkaloids can cause severe damage to liver. Pyrrolizidine alkaloids 
have been recognized as the main cause of the cirrhosis and failure of the liver. 
These compounds are hepatotoxic, mutagenic, and carcinogenic. Some of the 
Crotalaria spp. (Leguminosae) and Heliotropium spp. (Boraginaceae) contain pyr-
rolizidine alkaloids. The calabash-curare alkaloids have strong paralysis properties 
and was used as dart poisons for hunting. With more than 21,000 structures, alka-
loids comprise the biggest group of secondary metabolites. The purine alkaloids are 
synthesized from small molecules such as amino acids L-aspartic acid, L-glutamine, 
and L-glycine. The tea (Camellia sinensis), coffee (Coffea spp.), cacao (Theobroma 
cacao), guarana (Ilex paraguariensis), and cola (Cola nitida) are the rich source of 
purine alkaloids (Springob and Kutchan 2009). Caffeine is one of the major purine 
alkaloids that we receive daily by drinking coffee. This drink originated from 
1000 A.D. in Ethiopia. Caffeine is an analgesic and defensive agent against herbi-
vores in plants (Hollingsworth et al. 2002) and as inhibitor of germination of coffee 
seedling (Friedmann and Waller 1985). The alkaloids (S)-hyoscyamine and 
(S)-scopolamine are tropane alkaloids occurring only in Solanaceae family. These 
alkaloids originated from the amino acids ornithine and/or arginine. The Solanaceae, 
Brassicaceae, Erythroxylaceae, Euphorbiaceae, Rhizophoraceae, and Proteaeceae 
families are well known for having tropane alkaloids. Some of the alkaloids with 
medicinal properties are given in Table  7.1. These compounds are of interest to 
human societies because of their prominent role in human health care. For example, 
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atropine is an anti-cholinergic agent and has an antidote activity against intoxication. 
Besides, before surgery the patient will receive atropine to decrease salivation and 
respiratory secretion (Springob and Kutchan 2009). Hyoscyamine and scopolamine 
have been used as analgesic and sleeping poisons, aphrodisiacs and psychoactive 
drugs. Some of the plant species like Atropa belladonna, Datura species, 
Hyoscyamus niger, and Mandragora officinarum are recognized as lethal plants 
because of these toxic alkaloids.

7.3  Tissue Culture of Medicinal Plants

The levels of secondary metabolite found in plants are subjected to variation due to 
unfavorable environmental conditions. Production of active metabolites in some 
medicinal plants is usually a time-consuming process, which sometimes take around 
20 years. In ginseng, the root growth rate in the plantation is around 1 gram/year, 
while the rate for tissue cultured roots was reported to be up to 2 gram dry weight/
liter/day (Nosov 2012). Besides, the quantity and quality of the medicinal plant 
active metabolites are influenced by climate and growing conditions in the field or 
natural habitats. It has been shown that composition of ginsenoside in ginseng roots 
harvested from plantation is different from wild ginseng (Li and Mazza 1999). 
Tissue culture of some plants exhibits an advantage over field grown materials. For 
example, the rhizomes of the field grown mountain arnica lack the smell and taste 
which are present in tissue cultured plants (Ellenberger 1998). One alternative 
method to produce the economically bioactive compounds is the cell and hairy root 
culture system. Plant cell and tissue cultures hold great promise for controlled pro-
duction of myriad of useful secondary metabolites on demand. Transgenic hairy 
root cultures have revolutionized the role of plant tissue culture in secondary metab-
olite production. They are unique in their genetic and biosynthetic stability, faster in 
growth, and more easily maintained. Using this methodology, a wide range of 
chemical compounds has been synthesized. Theoretically, in vitro grown plant cells 
and tissues have the potential to serve as a renewable source of economically valu-
able bioactive compounds. The following are some of the potential advantages of 
cell and tissue cultures compared to extraction of useful metabolites from field 
grown herbs:

• Continuous production of active metabolites independent of the environmental 
variations

• Production of uniform and pure metabolites by Good Manufacturing Practice 
(GMP) in a predictable system that guarantee a product free of agrochemicals 
throughout the cultivation process

• The possibility for enrichment of target metabolites and an increase in biomass 
production

• Easier and simple extraction procedures that can help to reduce aggressive 
solvents

7 Engineering of Secondary Metabolites in Tissue and Cell Culture…
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• Authoritative and reliable identity of particular species of medicinal plant
• Simplicity to monitor genotype variability
• Easy to handle the cell lines to produce new compounds

Feasibility of in vitro techniques for production of the pharmaceuticals falls in 
doubt by the failure of Charles Pfizer Co. first attempts in the 1950s. The first suc-
cessful strive for production of substances through tissue culture technique was 
reported in 1956 (Chandra and Chandra 2011). Later on in 1978, additional pro-
gresses were made in other countries particularly in Germany and Japan which led 
to the use of tissue culture as a sustainable source for production of secondary 
metabolites. Despite the significant progress, plant cell culture is still a complex 
process with relatively long period compared to bacterial culture and it is sensitive 
to mechanical damage. All these factors are influencing production of bioactive 
metabolites in in vitro condition. The difficulty of in vitro techniques is not the only 
limiting factor for commercialization of products. Sometimes, the products from 
this technology failed because of regulatory reasons. This was the reason that curbed 
the production of sanguinarine and vanilla in the USA, despite the successful 
achievement of in vitro production of these compounds.

In addition to the bioactive secondary metabolites, production of foreign proteins 
such as antibodies, vaccines, enzymes, and therapeutics medicinal proteins have been 
achieved using plant tissue culture techniques. The plant systems provide a less expen-
sive and often clean source for these groups of chemicals. This is a low contamination 
system with reduced risk of mammalian pathogens and viruses. But significant chal-
lenges related to plant-based expression systems still remain to be overcome.

Production of plant metabolites via tissue culture system has been used for a lim-
ited number of medicinal plants mainly due to insufficient production of metabolites 
and high culture cost to meet economic production. Nosov (2012) provided a table 
indicating some of the successful examples of metabolites produced from medicinal 
plants by in vitro techniques in commercial scale. For example, Mitsui Petrochemical 
Industries in Japan applied a submerged fermentation processes to produce the bio-
active metabolites berberine, arbutin, ginseng, and shikonin. These chemicals are 
produced in bioreactors with 4000–20,000 L capacity. Ginsenosides has been pro-
duced from tissue culture of Panax ginseng in bioreactor. It was reported that 27% of 
in  vitro-derived cell dry weight contained Ginsenosides compared with 4.5% in 
whole plants (Chandra and Chandra 2011). In Japan, the Mitsui Petrochemical 
Industries Group started to produce berberine in bioreactor. They obtained a high 
yielding line with more than 0.1 g/L/day berberine. Selection of high yielding cell 
lines of Coptis japonica resulted in accumulation of 7 g/L of the alkaloid berberine 
in suspension cell culture. Until now, several metabolites of different groups have 
been synthesized using in vitro culture of plant cells. Production of phenolic com-
pounds (hydroxycinnamic acids, coumarins, lignans, stilbenes, flavonoids, tannins, 
isoflavonoids, anthraquinones, benzoquinones, naphthaquinones), alkaloids (acri-
dine, quinolizidine, pyridine), isoprenoids (sesquiterpenes, mono-, di-, tri-, and tetra-
terpenes), and some other minor groups (betalains, polyacetylenes, thiophenes, 
alliin, pyrethrins, nonproteinogenic amino acids) have been reported (Nosov 2012).
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Several factors are affecting production of plant-derived compounds using tissue 
culture systems. The cell line, medium, temperature, pH, light, inoculum, gas com-
position, mixing technique, elicitors, bioreactor type, and growing mode are the 
main elements determining the level of secondary metabolites and cell biomass. 
Tissue culture-mediated secondary metabolite production is affected by several lim-
iting factors such as slow growth rate and doubling time (approx. 30–40 h), low 
specific production rates, instability of cell lines, shear sensitivity, high cost of bio-
reactors, and accumulation of the active metabolites in the cells. All these factors 
should be overcome by applying appropriate strategies.

The bioreactor culture system is the promising way of commercial production of 
secondary metabolites. The engineering of adventitious and hairy roots represents 
one of today’s fastest growing areas in pharmaceutical and nutraceutical economy 
of the world. Efficient nutrients supply to the cells, possibly combined with the 
application of mechanical stimulation to direct cellular activity as well as differen-
tiation and function of adventitious and hairy roots in the bioreactor, are the signifi-
cant steps towards development of high-tech products (Sivakumar 2006). Currently, 
metabolic engineering in hairy roots opened a new opportunity to improve the meta-
bolic pathway of desired molecules in bioreactors. Most of the bioactive molecules, 
such as camptothecin, vinblastine, and ginsenosides, are of root origin. Harvesting 
roots is destructive for the plants and hence there has been increasing interest in 
developing in vitro cultures of adventitious and hairy roots from various medicinal 
plant species. The gap between discovery and commercialization can be bridged 
when biotechnologists and bioengineers join forces and integrate their research dis-
ciplines to develop bioreactor technology for the production of bioactive compounds 
(Sivakumar 2006). For example, constitutive expression of hyoscyamine 
6β-hydroxylase from Hyoscyamus niger into hyoscyamine-rich Atropa belladonna 
plants using A. rhizogenes resulted in induction of hairy roots with enhanced levels 
of hydroxylase activity and up to fivefold higher concentrations of scopolamine 
than control (Hashimoto et al. 1993).

7.4  Enhance Metabolic Output of Cellular Lines Using 
Conventional Approaches

Several methods have been used to increase metabolic output and levels of valuable 
molecules using in vitro culture of medicinal plants. The biomass growth rate and 
level of bioactive compounds are the two main determinants for economical produc-
tion of secondary metabolites in in vitro condition. Different factors are impacting 
these parameters. Generally, the majority of cell lines in callus or suspension cul-
tures do not fully differentiate, and yield low amounts of secondary metabolites. 
Strain improvement is often carried out which include selection of a mother plant 
with high contents of desired bioactive products for callus induction to obtain high- 
producing cell lines. Appropriate techniques must be adopted for selecting those 
cell lines with higher yield.

7 Engineering of Secondary Metabolites in Tissue and Cell Culture…
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Various physicochemical aspects including media composition, plant growth 
regulators (PGRs), temperature, light, pH, and aeration influence the culture pro-
ductivity of plant cells. The type and concentration of the carbon source have impor-
tant effects on cell growth and yield of secondary metabolites. Available 
concentration of nitrogen was also found to affect the contents of proteinaceous or 
amino acid products in cell suspension cultures. General plant tissue culture medium 
including MS, LS, or B5 usually have both NO3− and NH4+ ions as sources of nitro-
gen. The ratio of the NH4+/NO3− and the total content of nitrogen are significantly 
affective for successful plant tissue culture systems. Phosphate level in the medium 
may have a major impact on the production of secondary metabolites in plant cell 
cultures. Higher concentrations of phosphate ion can enhance the cell growth with 
negative influence on secondary product accumulation. The effects of PGRs on sec-
ondary metabolite production are variable. Important biochemical changes are 
induced by some PGRs. The PGRs have remarkable consequences on physiological 
and biochemical processes and gene regulation as well as plant growth and develop-
ment. Secondary metabolite production was strongly affected by the presence of 
6-benzylaminopurine (BA), kinetin (Kin), or other cytokinines such as 4-chloro- 2-
diphenylurea in the medium (Karuppusamy 2009). Production of secondary metab-
olites in in vitro culture of Mentha piperita was monitored only by the addition of 
cytokinin, which resulted in about 40% increase in the total production of essential 
oils (Santoro et al. 2013). Gibberellic acid is also effective on plant cell cultures. 
Gibberellic acid increases secondary metabolite production in Echinacea purpurea 
hairy roots (Abbasi et al. 2012). A considerable rise in the contents of phenols and 
flavonoids in culture of Stevia rebaudiana was proven in response to a combination 
of BA either with gibberellic acid (GA3) or indol-3-acetic acid (IAA) compared to 
singly applied of PGRs indicating synergistic effects of PGRs (Radić et al. 2016).

The biosynthetic pathway is also controlled by physical conditions of cell culture 
like temperature and pH. Each plant species may favor a specific temperature for 
optimum in vitro metabolic activity usually in the range of 17–25 ° C. In the case of 
Eleutherococcus senticosus, the low (12 and 18 °C) and high (30 °C) temperatures 
resulted in significant reduction in fresh weight, dry weight, total phenolics, 
 flavonoids, and total eleutheroside accumulation, while low temperature increased 
eleutheroside E accumulation in somatic embryos (Abdullah et  al. 2006). It has 
been shown that the pH value of Stevia rebaudiana’s nod culture is a determinant of 
leaf metabolite, polyphenolics levels, and their distribution between different tis-
sues (Radić et al. 2016). The inoculum density is another determinant for plant cell 
growth and accumulation of secondary metabolites. The flavonoid accumulation in 
cell suspension cultures of Glycyrrhizin inflata was shown to be correlated with the 
inoculum density as well as sucrose and nitrogen concentrations (Yang et al. 2009).

Elicitation is one of the most useful strategies for elevating the in vitro production 
of secondary metabolites. Elicitors can be categorized into biotic or abiotic factors. 
Endophytes are microbes that may stimulate host plant growth, improve nutrient sup-
ply, and protect host plants from biotic and abiotic stresses. There are several reports 
of endophyte-induced biosynthesis of secondary metabolites in host plants. Two fun-
gal endophytes, Curvularia sp. CATDLF5 and Choanephora infundibulifera 
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CATDLF6 isolated from the leaves of Catharanthus roseus were found to elevate 
vindoline content by 229–403% (Pandey et al. 2016). Abiotic elicitors have various 
effects on the production of secondary metabolites and can be divided into three types 
on the basis of physical (light, ultrasound, UV, thermal stress, salt stress, drought, and 
osmotic stress), chemical (heavy metals, nanoparticles mineral salts, amino acids, and 
gaseous toxins), and hormonal (salicylic acid and jasmonates). Elicitation effects of 
1,2,4,5-tetraoxane and 2,5-diphenylthiophene in shoot cultures of two Nepeta species 
have been studied (Dmitrović et  al. 2016). Addition of 150  mg/L of tryptophan 
resulted in elevated level of thymol to 390%, compared to mother plant (Abedaljasim 
et al. 2016). The other strategy such as permeabilization (Hussain et al. 2012), immo-
bilization (Rao and Ravishankar 2002; Hussain et al. 2012), addition of precursors 
(Masoumian et al. 2011; Dheeranupattana and Natthiya 2013; Paek et al. 2014), bio-
transformation (Sabir et al. 2011; Banerjee et al. 2012), and hairy root and organ cul-
ture (Srivastava and Srivastava 2008; Hussain et al. 2012; Paek et al. 2014) have been 
studied extensively for production of different bioactive compounds from alkaloids, 
phenolics, and terpenoids.

7.5  Metabolome Differences Between Whole Plant 
and Tissue Cultured Materials

The properties of major metabolites found in the whole (organized) plants are gen-
erally similar to those in cell, tissue, and organ culture systems. The in vitro cultured 
cells often exhibit the same features of primary metabolic processes as those found 
in the whole plant cells. Differences that occur between the two systems can lead to 
altered secondary metabolite profiles. A cell suspension culture is submersed in a 
liquid medium containing the necessary nutrient factors. The different kinds of 
nutrients can enter the cells either through diffusion or by active uptake. Plant 
growth regulators (PGRs)  which are incorporated exogenously to most plant cell 
cultures cause a special metabolic and cell differentiation changes in the in vitro 
cultured cells.

Although the plants have all the genetic information for the synthesis of PGRs, 
but in the whole plant not all the cells synthesize the PGRs. Growth and develop-
mental processes are regulated by PGR gradient across the plant organs. The cell 
cultures mostly need exogenous PGR. A comparison study of the metabolome for 
primary metabolites extracted from the leaves of Arabidopsis thaliana and 
Arabidopsis’s T87 cell suspension culture indicated that some metabolites that were 
produced in the leaves were missing in the T87 cell culture and vice versa (Fukusakia 
et al. 2006). Primary metabolites are essential for the biosynthesis of the secondary; 
it is therefore expected that each variation in primary metabolites would be reflected 
in the secondary metabolite profiles. In fact, whole plant secondary metabolism 
exhibits much more variation compared to the plant organ or undifferentiated cul-
tures. Production of secondary metabolities in cell suspension cultures have been 
widely published and it was proposed as a technology to overcome problems of 
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variable product quantity and quality from whole plants due to the effects of different 
environmental factors, such as climate, diseases, and pests. Despite the differences, 
the in vitro systems using cell culture were successful in producing bioactive sec-
ondary metabolites using cell culture.

In the cell suspension culture of Anthriscus sylvestris, trace amounts of deoxy-
podophyllotoxin could be detected. Koulman et  al. (2003) carried out feeding 
experiments using deoxy-podophyllotoxin, yatein, and anhydropodorhizol. Their 
results showed that only deoxypodophyllotoxin was converted into podophyllotixin, 
yielding significantly higher concentration than measured in whole plants. Another 
research indicated that the roots of A. sylvestris produced a diverse range of lignins, 
but cell suspension cultures have a hydroxylating activity specific for deoxypodo-
phyllotoxin. Hence suspension culture is a useful bioconversion catalyst for the 
synthesis of podophyllotoxin from deoxypodophyllotoxin (Koulman et al. 2003). 
Induction of these properties in plant cells would result in an interesting new source 
for podophyllotoxin. The presence of total phenols, leucocyanidins and (−)-epicat-
echin was compared between the mature plants, seedling and callus cultures of 
Theobroma cacao by Jalal and Collin (1979). They reported some compounds were 
found in both callus and intact plants and some were dedicated to callus, only. For 
example, the callus was found to contain two new flavonoid glycosides, phenolic 
acid complexes, p-coumaric and caffeic acids (Jalal and Collin 1979). In Papaver 
bracteatum, 2–3 seasons is necessary to accumulate thebaine (Razdan 2003). Novel 
synthetic pathways can be recovered from deviant and mutant cell lines which can 
lead to the production of new compounds, not previously found in whole plants. In 
some examples the cultured cell produces novel secondary metabolites that are not 
found in the whole plant. The Lithospermum erythrorhizon cell culture synthesized 
the rosmarinic acid which has not been detected in intact plant (Fukui et al. 1984). 
This shows that a novel unexpected compound can sometimes be observed after 
modifications of a metabolic pathway. Breitenbach et  al. (2014) investigated the 
carotenoids contents of engineered rice callus. Manipulation of carotenoid pathway 
resulted in formation of a novel carotenoid 4-keto-α-carotene in rice callus. In 
 further assessment, they applied a bacterial ketolase gene in callus. The transgenic 
callus was able to produce astaxanthin, a non-plant carotenoid. The authors sug-
gested that astaxanthin could have been produced from the combination of ketolase 
gene products and the native endogenous enzymes (Breitenbach et al. 2014).

Generally, cultured plant cells produce lower quantities and different features of 
secondary metabolites when compared with the whole plant. Also, the quantitative 
and qualitative profiles may change over the time. Inadequate production of second-
ary metabolites in cell culture systems is often caused by the lack of cell differentia-
tion. Regardless of the disappointing statements, there are several examples 
indicating the potential of tissue culture over whole plant biosynthesis of some bio-
active compounds. In the cell suspension culture of Lithospermum erythrorizon, 
20% of the cell’s dry weight contained shikonin compared to 1.5% in the whole 
plant (Takahashi and Fujita 1991). The same results have been reported for a few 
compounds such as Ginsenoside (Panax ginseg), Anthraquinones (Morindaci trifo-
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lia, Galiumverum, Galiumaparine), Ajmalicine (Catharanthus roseus), Rosmarinic 
acid (Coleus blumeii), Ubiquinone-10 (Nicotiana tabacum) (Zhong 2001), 
Diosgenin (Dioscorea deltoids) (Rokem et  al. 1984), Anthocyanin (Vitis sp., 
Euphorbia milli, Perilla frutescens), Benzyl isoquinolone alkaloids (Coptis japon-
ica), Berberine (Thalictrum minor, Coptis japonica), Nicotine (Nicotiana tabacum), 
Bisoclaurine (Stephania cepharantha), and Tripdiolide (Triptreyqium wilfordii) 
(Ulbrich et al. 1985; Zhong 2001) in which the tissue cultured cells accumulated 
more metabolites compared to the whole plant.

7.6  Genetic Transformation and Manipulation of Metabolic 
Pathway

The in vitro techniques can serve as one of the alternative tools to produce valuable 
active metabolites, but the yield and stability of the product in in vitro condition are 
the main concern. Examples of successful production of economically valuable sec-
ondary metabolites are limited to 16 plant species for production of 13 bioactive 
compounds of interest (Nosov 2012). It seems that our failure to set up in vitro- 
mediated production of valuable metabolites in other medicinal plants could be 
partly due to the shortage or lack of our knowledge on the molecular mechanisms of 
different metabolic pathways. Manipulation of the metabolic pathway can be 
achieved after elucidation of the functional and regulatory proteins involved in the 
biosynthesis of the specific compound and even the related pathways. The quality, 
yield, stability, and the processing steps of a specific metabolite are subjected to 
change through metabolite engineering. Suppression of unwanted metabolite (e.g., 
toxic compounds) or introduction of a new pathway for de novo synthesis of dedi-
cated metabolite (e.g., biofuel) are the other advantages of genetic engineering. The 
traditional limitations on in vitro culture-mediated production of plant secondary 
metabolites can be overcome using genetic engineering.

Besides our understanding on plant metabolome, availability of in vitro regenera-
tion methods and genetic manipulation systems are prerequisites to engineer meta-
bolic pathways of secondary products in plants. Several plant transformation methods 
have been grouped into two main categories: (a) direct gene delivery such as biolis-
tics, protoplast fusion, microinjection, and electroporation; and (b) indirect transfor-
mation system using natural genetic engineers mainly A. tumefaciens and A. 
rhizogenes (Zarate and Verpoorte 2007). Alongside limitations and attractive appli-
cations provided from all these methods, transformation procedure using natural 
genetic engineers is most preferred due to the simplicity, inexpensive handling, abil-
ity for transformation of long DNA fragments, low frequency of transgene rearrange-
ment, preferential integration of DNA segments into transcriptionally active sites, 
low rate of transgene silencing, and integration of several single copy of transgene. 
These factors make the Agrobacterium as attractive engineers (Kumar et al. 2013).
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Extensive attempts have been made to manipulate for production of secondary 
metabolites using tissue culture several years ago (Bajaj and Ishimaru 1999). 
Production of nicotine from transgenic roots of Nicotiana rustica expressing orni-
thine decarboxylase gene was reported by Hamill et al. (1990). Overexpression of 
hyoscyamine 6β-hydroxylase (H6H) from Hyoscyamus niger in hairy roots of 
Atropa belladonna resulted in an enhanced level of scopolamine (Hashimoto et al. 
1993). The transgenic hairy roots showed fivefold concentration of this tropane 
alkaloid in genetically engineered root cultures. In another attempt, Kang et  al. 
(2011) reported elevated level of hyoscyamine and scopolamine in Scopolia parvi-
flora root culture. Co-expression of two key enzymes putrescine N-methyl transfer-
ase (PMT) and H6H in hairy roots not only increased the level of tropane alkaloids, 
but also showed a potential role in root development (Kang et al. 2011). Tanshinones 
produced in Salvia miltiorrhiza are health-promoting diterpenoids with many 
important applications. According to Shi et al. (2016) two genes including geranyl-
geranyl diphosphate synthase (SmGGPPS) and 1-deoxy-d-xylulose-5-phosphate 
synthase (SmDXSII) were introduced into hairy roots of S. miltiorrhiza. 
Overexpression of SmGGPPS and SmDXSII in hairy roots produced higher content 
of tanshinone than control and single-gene transformed lines. Tanshinone produc-
tion in the double-gene transformed line GDII10 reached 12.93 mg/g dry weight, 
which is the highest tanshinone content that has been achieved through genetic 
engineering. Furthermore, transgenic hairy root lines showed higher antioxidant 
and antitumor activities than control lines. Also, contents of chlorophylls, carot-
enoids, indole acetic acid, and gibberellins were significantly increased in the trans-
genic Arabidopsis thaliana plants (Shi et al. 2016).

As mentioned earlier, plant natural products are divided into three main catego-
ries known as terpenes and steroids, phenolics, and alkaloids. By far, with around 
40,000 compounds, isoprenoids represent the largest secondary metabolites in 
plants. These valuable terpenoids are produced in low quantities in specialized cells 
such as glandular trichomes and laticifers. The squalene epoxide and several prenyl 
diphosphates, including isopentenyl diphosphate (IDP), dimethyl allyl diphosphate 
(DMADP), geranyl diphosphate (GDP), farnesyl diphosphate (FDP), and 
 geranylgeranyl diphosphate (GGDP), are the precursors that catalyze the produc-
tion of isoprenoids through two different pathways located in the cytosol or plastids. 
The two main precursors, IDP and DMADP together originated from mevalonic 
acid (MVA) pathway, in the cytosol and from pyruvate and a non-mevalonate or 
methylerythritol phosphate (MEP) pathways in the plastids. The process consists of 
a dephosphorylation step and is often followed by cyclization (Staniek et al. 2013). 
The resulted isoprenoid structures are subjected to hydroxylation process catalyzed 
by specialized enzymes termed cytochrome P450. These enzymes have been recog-
nized as candidate gene for enhanced production of triterpenoides using genetic 
engineering (Fukushima et al. 2011). The triterpene glycyrrhizin is a natural sweet-
ener derived from the rhizomes of licorice (Glycyrrhiza spp.) plants. Due to over-
harvesting from its natural resources, licorice is under extinction and has received 
considerable attention for production through in vitro techniques. Several enzymes 
mediate the biosynthesis of glycyrrhizin from 2,3-oxidosqualene, a common 
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precursor of triterpenes and phytosterols (Abe et al. 1993). It has been shown that 
Cytochrome P450s are critical enzymes in the biosynthesis of terpenoids and other 
natural products in plants. Seki et al. (2008) reported that CYP88D6 (a cytochrome 
P450 mono-oxygenase) catalyzes the biosynthesis of 11-oxo-β-amyrin, an interme-
diate between β-amyrin and glycyrrhizin. This group also isolated a second P450 
(CYP72A154) responsible for C-30 oxidation of 11-oxo-β-amyrin in the glycyr-
rhizin pathway to produce glycyrrhetinic acid (Seki et al. 2011). However, tissue 
cultures attempts for production of glycyrrhizin in licorice cell culture were unsuc-
cessful (Hayashi et al. 1988, 1990; Ayabe et al. 1990). Seki et al. (2011) showed that 
β-amyrin synthase (bAS), CYP88D6 and CYP72A154 were expressed in both sto-
lons and roots of licorice with no transcript detection in the leaves. These enzymes 
play critical function on the biosynthesis of glycyrrhizin in the roots and stolons. 
Although the first attempts on establishments of hairy root culture of licorice failed 
to produce glycyrrhizin, the ongoing researches on metabolite engineering of hairy 
roots were promising. Toivonen and Rosenqvist (1995) were not able to report glyc-
yrrhizin production on transformed hairy roots (Toivonen and Rosenqvist 1995). 
They applied A. rhizogenesis to induce hairy roots on explants without engineering 
for any enzymes responsible for glycyrrhizin biosynthetic pathway. Instead, 
Ri-mediated transformation of G. uralensis using A. rhizogenesis harboring a cas-
sette with constitutive expression of Squalene Synthase Gene (GuSQS1) resulted in 
enhanced level of glycyrrhizin (Lu et al. 2008). One of the transgenic lines was able 
to produce 2.5 mg/g dry weight glycyrrhizin which was 2.6-fold higher than con-
trol. Despite the success, the resulted quantity was not high enough to meet the 
prerequisites of an economically valuable amount of glycyrrhizin using hairy root 
culture. By recent gene discovery efforts and characterization, it is now expected 
that engineering for a single gene in biosynthetic pathway of glycyrrhizin should 
not be enough to yield a high-producing line (Seki et al. 2008, 2011). As mentioned 
above, Cytochrome P450s have critical functions in different steps of converting 
2,3-oxidosqualene to glycyrrhizin.

The recent findings using functional genomics revealed several Cytochrome 
P450s. This family consists of specialized enzymes responsible for the biosynthesis 
of terpenoids. Taxol or paclitaxel is another example from diterpenes with high anti-
cancer activity. Extraction of taxol from its natural source faces serious limitations. 
At least 2–4 mature trees must be cut for extraction of adequate amount of the drug 
for treatment of a single patient (Schoendorf et al. 2001; Jennewein et al. 2001). The 
tissue culture has been introduced as an alternative for production of taxol. Elucidation 
of the taxol biosynthetic pathway and the other rate-limiting steps lead to the devel-
opment of high yielding recombinant plant or microbial cells. The taxadiene syn-
thase was the first cloned enzyme that mediates for cyclization of the isoprenoid 
precursor geranylgeranyl diphosphate (GGDP) to taxa-4(5), 11(12)-diene (Wildung 
and Croteau 1996). The following reactions are mainly catalyzed by Cytochrome 
P450 enzymes (Walker and Croteau 2001). Although several attempts have been 
made for ectopic expression of the taxol related biosynthesis genes in microbial host 
like E. coli (Walker and Croteau 2000a, b), but the main conventional source of this 
drug in the market originated from plant cell culture technologies optimized by the 
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companies such as ESCA genetics (United States), Phyton Catalytic (United States/
Germany), Nippon Oil (Japan), and Samyang Genex Co. (Korea) (Nosov 2012). 
Among the enzymes involved in the biosynthesis of terpenoid, cytochrome P450 
hydroxylases are the big challenge for functionalization in microbial systems (Khosla 
and Keasling 2003). They are decorators of the carbon skeleton in terpenoid. Until 
now, about 14 cytochrome P450s genes were reported to be involved in the biosyn-
thesis of taxol (Morant et al. 2003). Difficulties of engineering for plant terpenoid 
biosynthetic pathways related genes in microbial cells motivated the use of the native 
plant species for production of some economically valuable bioactive compounds. 
Several genes have been cloned and identified with potential role in taxol biosynthe-
sis such as Geranylgeranyl diphosphate synthase (Hefner et  al. 1998), Taxadiene 
synthase (Wildung and Croteau 1996), Taxane 5α-hydroxylase (Jennewein et  al. 
2004), Taxa-4(20), 11(12)-dien-5α-ol-O-acetyltransferase (Walker and Croteau 
2000a), Taxane 10β-hydroxylase (Schoendorf et al. 2001), Taxane 13α-hydroxylase 
(Jennewein et  al. 2001), 10-Deacetylbaccatin III-10-O-acetyltransferase (Walker 
and Croteau 2000a), Taxane 2α-O- benzoyltransferase (Walker and Croteau 2000b), 
Phenylalanine aminomutase (Walker et  al. 2004), Baccatin III:3-amino-3-
phenylpropanoyltransferase (Walker et al. 2002), and 3′-N-debenzoyl-2′-deoxytaxol 
N-benzoyltransferase (Walker et al. 2002).

Hypericum perforatum or St John’s wort is another interesting candidate with 
potentials for in vitro-mediated production of economically valuable medicinal com-
pounds through genetic engineering of metabolic pathways. H. perforatum is one of 
the ancient medicinal herbs with two thousand years old history in remedy of human 
being (Zobayed et al. 2005). This plant contains several valuable chemical groups 
such as phenolics, flavonoids, naphthodianthrones, and phloroglucinols with approved 
bioactivity (Barnes et al. 2001). It has been reported that the hypericins content in the 
field grown plants varies and the difference can be up to 50-fold depending on the 
season (Southwell and Bourke 2001). This fluctuation in metabolites is a critical issue 
when the active metabolite is recorded in different phytopharmaceutical preparations. 
It can result in up to 13- to 17-fold differences in hypericin and pseudohypericin 
amounts, respectively (Greeson et al. 2001). So, the cell and tissue cultures of this 
plant have been attempted for stable and large-scale production of pharmaceutically 
important compounds. However, the in vitro system was not successful due to the low 
performance and unreliable yield of both bioactive compounds and the biomass.

The hypericins and hyperforins are the two main bioactive compounds of H. 
perforatum (Barnes et al. 2001) belonging to naphthodianthrones and phloroglu-
cinols, respectively (Schröder 1997). It has been shown that type III polyketide 
synthases (PKSs) are the key enzymes in the biosynthesis of these compounds 
(Klingauf et al. 2005; Karioti and Bilia 2010). The PKSs multi-gene family medi-
ates the biosynthetic reactions for most of the plant secondary metabolites as well 
as naphthodianthrones, phloroglucinols, xanthones, and flavonoids. In higher 
plants the PKSs are categorized in three groups: chalcone synthase (CHS-type), 
stilbene synthase (STS-type), and coumaroyl triacetic acid synthase (CTAS-type). 
The PKSs responsible for the biosynthesis of hypericins and hyperforins is the 
CHS-type (Flores- Sanchez and Verpoorte 2009).
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Biosynthesis of hypericin is related to the metabolism of anthranoid. The type III 
PKS-mediated cyclization process is performed using one molecule of Acetyl-CoA and 
seven molecules of malonyle-CoA. The resulted octaketide participates in the following 
cyclization and decarboxylation process to produce emodin anthrone as an intermediate 
(Kirakosyan et al. 2004; Zobayed et al. 2005). This compound serves as a substrate for 
the biosynthesis of hypericin. In the following, another key enzyme Hypericum perfora-
tum phenolic oxidative coupling protein (Hyp-1) catalyzes the ongoing reactions to pro-
duce hypericin (Lin-Fang et al. 2014). It is believed that Hyp-1 is not a limiting enzyme. 
In contrast to PKSs with differential expression limited to flowers and leaves (He et al. 
2012), maximum expression of Hyp-1 was reported in all tissues as well as the roots, the 
non-hypericin producing organ in H. perforatum (Kosuth et al. 2011). So, it is axiomatic 
that hypericin should not be detectable in the roots. Despite the contradictory reports 
(Cui et al. 2010), this finding is consistent with Gaid et al. (2016) who indicated that 
hypericin was not detectable in hairy root culture of H. perforatum.

Hyperforin is the other important bioactive compound in H. perforatum. It has been 
shown that expression of HpPKS1 and HpPKS2 are related to the biosynthesis of 
hyperforin and hypericin, respectively (Karppinen and Hohtola 2008). Karppinen and 
Hohtola (2008) showed that the maximum transcript level of HpPKS1 is in the flowers, 
while the HpPKS2 demonstrated high expression level in the flower buds and leaves. 
The minimum expression was detected in the roots, for both of these genes. The 
HpPKS1 mediates the biosynthesis of hyperforin by cyclization of one molecule of 
isobutyryl-CoA with three molecules of malonyl-CoA to form phlorisobutyrophenone. 
Then phlorisobutyrophenone is converted to dimethylallyl- phlorisobutyrophenone in a 
reaction catalyzed by dimethylallyltranstransferase (MAT) and dimethylallyl diphos-
phate (DMAPP). De Novo sequencing of transcriptome indicated that MAT is 
expressed in almost all tissues of H. perforatum (He et al. 2012). These findings cor-
roborate that inadequate production of hyperforin and hypericin in hairy root culture of 
H. perforatum should be partly due to the lack of expression of HpPKS1 and HpPKS2.

As mentioned earlier, metabolite engineering has been introduced as a promising 
tool to overcome low performance, instability, and unreliable yield of secondary 
metabolites using plant cell and tissue cultures. But, implementation of this method for 
manipulation of metabolic pathways in medicinal plants encounters significant diffi-
culties related to the efficiency of transformation and accurate assessment of the conse-
quences on the metabolic pathways following genetic engineering at the cellular and 
subcellular level. Manipulation of H. perforatum for enhanced production of bioactive 
metabolites has so far been hampered due to the lack of an efficient transformation 
system. Until now, there are few reports on establishment of transgenic events in H. 
perforatum (Di Guardo et al. 2003; Vinterhalter et al. 2006; Franklin et al. 2007; Bertoli 
et al. 2008; Santarem et al. 2008, 2010; Tusevski et al. 2013, 2014). Agrobacterium-
mediated transformation of H. perforatum was shown to be affected by factors such as 
early oxidative burst and enhanced level of antimicrobial factors which kills ~99% of 
agrobacteria after 12 h of cocultivation (Pitzschke 2013). Besides, the low level accu-
mulation of foreign proteins and even plant originated secondary metabolites, and 
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silencing and instability of the transgene in engineered lines, are the problems that need 
to be overcome in metabolic pathway engineering of medicinal plants.

7.7  Regulatory Proteins Involved in Secondary Metabolism

Manipulation of secondary metabolites is influenced by the fact that there are compet-
ing pathways with potential intervention effects as they compete for the same substrate 
or intermediates with the pathway of interest. Metabolic engineering using a single 
structural gene can stimulate a contest in accessibility of cofactors and development of 
feedback-inhibition mechanisms by accumulation of end products. The turnover num-
ber (kcat values) of specialized enzymes is significantly lower than their related corre-
sponding enzymes of core metabolism (Bar-Even and Tawfik 2013). Incidentally, the 
other rate-limiting enzymatic steps and compartmentation related issues of pathways 
are the problems that need to be overcome in plant metabolite engineering. A general 
believe is that most of the metabolic enzymes in plant are promiscuous (Bar-Even and 
Tawfik 2013). These enzymes can often function on different substrates. It seems that 
successful engineering for plant secondary metabolites using single structural genes 
should coincide with the manipulation of regulatory proteins located upstream of the 
metabolic pathways. According to Sato et al. (2001), the suggestion was “fortification 
of multiple steps by over-expression of multiple biosynthetic genes, manipulation of 
regulatory genes that control expression of multiple pathway enzymes, or both.”

The enzyme activity and specificity of the substrates are not the only factors affect-
ing biosynthesis of secondary metabolites in plants. Availability of cofactors, negative 
feedback, intracellular chemical flux, source of chemicals, and pH are among the 
parameters influencing secondary metabolism. Although modification of a single 
gene helps in identifying the limiting steps involved in the biosynthesis of certain 
metabolites, but it does not result in an enhanced level of secondary metabolites. As 
the biosynthetic pathways are usually complicated, application of regulatory genes 
seems more helpful than a single gene. General regulation of the biosynthetic pathway 
is more trustable to increase production of bioactive compounds (Verpoorte et  al. 
2000). Manipulation for master transcription factors can lead to the regulation of the 
entire pathway or critical steps in the biosynthesis of dedicated metabolites. The early 
reports on feasibility of metabolite engineering using regulatory genes have been pub-
lished by several researchers including Lloyd et  al. (1992) and Martin (1996) for 
enhanced production of anthocyanins in maize and Arabidopsis. Anthocyanin is the 
end products of the flavonoid biosynthetic pathway. It has been shown that expression 
of the structural genes involved in the biosynthesis of these pigments is directly regu-
lated by a combination of two regulatory proteins with homology to c-MYB and 
bHLH transcription factors (Mol et al. 1998). Ectopic expression of R (a MYB pro-
tein) and C1 (a bHLH protein) resulted in accumulation of anthocyanins in in vitro 
cultured maize cells (Bruce et al. 2000). The biosynthesis of flavonoid as well as ter-
penoid indole alkaloids (TIA) correlated with ethylene- and jasmonate-mediated 
transcriptional machinery in plants (Zhou et al. 2010; Zhu et al. 2015).
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Hormone-elicited transcriptional machinery plays a major role on secondary 
metabolism in plants. Plant hormones are considered as conserved elicitors of 
expression for a wide range of transcription factors. Ethylene serves as a signal to 
trigger specific biological responses. Accumulation of secondary metabolites in 
tomato fruit is partly correlated with ethylene-mediated transcriptional machinery. 
The signals are perceived by a multi-gene family of membrane-localized ethylene 
receptors (ETRs) (Wang et al. 2002) that negatively regulate ethylene responses 
through Constitutive Triple Response1 (CTR1), a putative MAP-kinase kinase 
kinase (MAPKKK) (Kieber et al. 1993; Huang et al. 2003). So far, six members of 
ETRs (SlETR1, SlETR2, SlETR3 or SlNR, SlETR4, SlETR5, and SlETR6) with 
ethylene binding ability (Zhang et  al. 2010) and four CTRs (SlCTR1, SlCTR2, 
SlCTR3, and SlCTR4) with differential expression have been isolated from tomato 
(Lin et al. 2008). There are several positive regulators (EIN2, EIN3, EIN5, EIN6, 
and EIL1) downstream of the CTRs. Existence or absence of ethylene is a deter-
mining factor that mediates the ongoing regulatory events. The ethylene down-
stream responsive signals will be inactivated in the absence of ethylene. This 
process is mediated by binding of ETRs to CTR1 and their interaction with EIN2. 
While presence of ethylene inactivates the ETRs followed by deactivation of 
CTR1, resulting in the EIN2 functioning as a positive regulator of the ethylene 
pathway (Klee 2004; Joo et al. 2007; Li and Guo 2007) through EIN3 and other 
Ethylene Insensitive-Like Proteins (EILs) transcription factors (Roman et  al. 
1995). These transcription factors can bind to the primary ethylene response ele-
ment (PERE) on the promoter of ethylene responsive factors (ERFs) (Solano et al. 
1998). Altered level of the genes with GCC-box and DRE/CRT containing promot-
ers are the consequences of ETRs expression (Joo et al. 2007; Li and Guo 2007). 
This process indicates the  importance of precise choices of regulatory proteins to 
manipulate for secondary metabolism in plants. Here, selection of AP2/ERF related 
proteins could be helpful.

Jasmonate is another master regulator of transcriptional machinery of second-
ary metabolism. This metabolite is an effective elicitors originated from oxidation 
of unsaturated fatty acids in plant cells. Jasmonate is directly correlated with 
stress in plants. Stress can result in subcellular damage followed by impairs elec-
tron transport system. These events lead to enhanced level of reactive oxygen 
species (ROS) (Price et al. 1989). Treatment of the adventitious root culture with 
higher levels of sucrose increased the total phenolics in H. perforatum (Tian and 
Russell 1999). These stress-induced metabolic processes can be partly dictated by 
jasmonate- elicited transcription machinery. It is speculated that the resulted 
osmotic stress of sucrose treatment on adventitious roots was followed by oxida-
tive stress and other subsequent events, including lipid peroxidation and accumu-
lation of secondary metabolite. Expression of Octadecanoid-Responsive 
Catharanthus AP2/ERF- domain (ORCAs) is induced by methyl jasmonate 
(MeJA). These transcription factors regulate the biosynthesis of several TIAs 
(Vom Endt et al. 2002). There is a direct target site (G-box) for MYC2, a basic 
helix-loop-helix (bHLH) factor in ORCA3 gene in Arabidopsis, N. tabaccum, and 
C. roseus (Geyter et al. 2012). MYC2 is a jasmonate-elicited transcription factor 
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that regulates the secondary metabolism. Our knowledge on jasmonate-mediated 
secondary metabolism in Arabidopsis indicates that although an enhanced level of 
jasmonate can promote JA-responsive gene expression by MYC2 transcription 
factors, but overexpression of these transcription factors does not theoretically 
means that expression of JA-responsive gene will be elevated. In this regards, 
several repressor and co- repressor proteins have to be released off from their 
binding to the transactivation domain of MYC protein. JA ZIM domain (JAZ) is a 
repressor protein that directly binds to MYC. The other protein is a Skp-Cullin-F-
box-type E3 ubiquitin ligase complex (SCF  +  COI1(CORONATIVE 
INSENSITIVE 1)). Existence of JA mediates degradation of this complex from 
JAZ protein through 26S proteasome. This release can promote expression of 
JA-responsive gene by MYC protein (Geyter et al. 2012).

Transcriptional reprogramming of secondary metabolism in plants is triggered 
by JA through recruitment of transcription factors from several families. Geyter 
et al. (2012) have published a review that summarizes the jasmonate-elicited regula-
tory proteins involved in metabolism of plant bioactive compound. Several exam-
ples of regulatory genes from AP2/ERF, bHLH, R2R3-MYB, WRKY, NAC, DOF, 
HD-ZIP, and TFIIIA zinc finger were shown to be recruited by JA signaling with 
regulatory role to navigate the metabolism in plants.

7.8  Transporters and Secretion of Secondary Metabolites 
to Culture Medium or Subcellular Compartments

Production of valuable bioactive compounds using cell culture systems or trans-
genic plants overexpressing biosynthetic enzyme genes have been reported 
(Yazaki 2004: Rischer et  al. 2013) with limited successes. Some secondary 
metabolites, especially alkaloids (e.g., berberine and benzylisoquinoline), are 
toxic to prokaryotic and eukaryotic cells. One of the mechanisms in plants to 
escape from such cytotoxicity is excretion of those chemicals from the cytosol 
to the apoplast or the other subcellular compartments such as vacuole (Shitan 
2016). Transporter proteins provide such opportunities. Tissue culture-mediated 
production of metabolites offers the advantages that made it economically com-
petitive for the extraction of chemicals from the whole plant systems. The total 
cost of secondary metabolite purification can be reduced if the desired com-
pound is released into the liquid culture medium. Recovery of chemicals from 
plant biomass requires a series of complicated operations that increases the total 
cost of production greater than secreted one. According to Shitan (2016) the 
secondary metabolites transporter proteins can be roughly classified into 4 fami-
lies: the ABC (ATP-binding cassette) transporter, nitrate-peptide transporter 
(NRT), multidrug and toxic compound extrusion (MATE), and purine permease 
(PUP) families. Some examples of current understanding of these transporters 
are described as follows. CrTPT2 is a plasma membrane- localized G-type ABC 
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transporter responsible for the efflux of catharanthine to the leaf surface, where 
it plays a role in protection of plants against herbivores (Yu and luca 2013). In 
Nicotiana tabacum, nicotine is biosynthesized in roots and translocated to aerial 
parts via the xylem (Shoji and Hashimoto 2013). The MATE transporters jasmo-
nate-inducible alkaloid transporter 1 (JAT1), JAT2, and MATE1 show nicotine 
transport activities, probably acting as nicotine/proton antiporters and localize 
to the vacuolar membrane. JAT1 and JAT2 likely transport nicotine into leaf 
vacuoles (Morita et al. 2009); MATE1 and MATE2 likely transport nicotine into 
root vacuoles (Shoji et al. 2009). Biochemical analysis of VvABCC1 of grape-
vine (Vitis vinifera) proved that this C-type ABC transporter mediates cotrans-
port of glucosylated anthocyanidin, malvidin 3-O-glucoside with glutathione 
(GSH) in an ATP-dependent manner (Francisco et al. 2013). As transporters for 
terpenoids, a G-type ABC transporters have been reported so far. Nicotiana 
plumbaginifolia pleiotropic drug resistance1 (NpPDR1/NpABC1) was first iso-
lated as a plasma membrane-localized protein induced by treatment with sclare-
olide, a close analog of the endogenous antifungal diterpene compound sclareol. 
NpPDR1 is preferentially expressed throughout the root, in the leaf glandular 
trichomes, and in the flower petals and is proposed to transport sclareol (Jasinski 
et al. 2001).

Accumulation of desirable metabolite(s) can be problematic and limiting fac-
tors that have to be overcomed by appropriate strategy. So, targeting of a specific 
metabolite to vacuole, other subcellular compartments or even to the culture 
medium following constitutive expression of specialized enzyme(s) or regulatory 
proteins in a transgenic medicinal plant is often essential for modulation of a par-
ticular pathway.

7.9  Conclusions and Future Prospects

Global warming is going to change the life on earth. Our planet is getting warmer 
and this phenomenon is threatening our resources. How can we provide food and 
the other necessaries for ~9 billion people in the year 2050? Besides food, most of 
the chemicals used in medicine and industries are of plant origin. It is axiomatic that 
most of the plant diversity and suitable lands will be lost because of climate changes. 
With this condition, invention and developments of new tools are promising. The 
bioreactor targeted production of plant secondary metabolites is a modern approach 
that has to be further developed using new strategies as an alternative for whole 
plant harvested in nature. We have witnessed a continuous intensive effort of several 
scientists from different laboratories on this field. The emergence of OMICS as 
state-of-the-art tools in biotechnology is giving indications of future successes in 
precise manipulation of metabolic pathway(s) in medicinal plant. These will lead to 
discovery of key nucleotide targets for modification using powerful genome editing 
clean technologies such as CRISPR/Cas9 system.
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