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Preface

Plant cells have been effectively utilized over the past few decades to produce
valuable natural bioactive compounds under artificial conditions. Nutraceutical
compounds, which encompass nutrients and pharmaceuticals, are gaining higher
market demands due to their health-promoting properties, added value to food
products, and mitigation potential of various diseases. Considering their high
demand and the limitations of natural resources, biotechnological tools based on
cell culture techniques provide effective means of scaling up the production of these
natural products. However, considering the complexity of cell types, genetic factors,
and targeted nutraceutical compounds, the optimum cell culture conditions vary and
hence require empirical determination.

The purpose of this book is to highlight the in vitro techniques, current status, and
challenges of producing nutraceutical compounds. In addition, it provides an over-
view of different biosynthesis pathways and their modulation through cell culture
technique for the production of nutraceutical compounds in high quantity and
quality. The book also emphasizes assessment of the factors influencing production
and advances in cell culture techniques, including scale-up approach using
bioreactors. Overall, this book will provide the current status, methods, research,
advances, and challenges of in vitro production of nutraceutical compounds along
with recommendations for future research.

The book comprises different parts, namely theory and technology, in vitro
production of nutraceutical compounds, and strategic advances and challenges.
The theory and technology part covers the general description of nutraceutical
compounds, plant cell culture technology, bioreactors, and factors affecting
in vitro production of nutraceuticals. The in vitro production of nutraceutical
compounds part mainly deals with the in vitro production of important nutraceutical
compounds, namely polyphenols, alkaloids, coumarins, terpenoids, anthocyanins,
carotenoids, saponins, steroids, tocopherols, phytosterols, and quinones. The last
part of the book covers the strategic advances and challenges, comprises chapters
dealing with optimization strategies for in vitro nutraceutical production, genetic
engineering, and microbial cell factory for nutraceutical production, and highlights
the challenges of in vitro nutraceutical production.

The book is an excellent reference source for researchers working in the area of
in vitro biosynthesis of nutraceutical compounds, food science, plant biotechnology,
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nutraceutical research, and pharmacological activities. Also, it will be useful for
industries working on plant biotechnology, especially the in vitro biosynthesis of
nutraceutical compounds.

The editors appreciate chapter authors for their contributions towards the success
and quality of this book, which represents the efforts of 56 scientists from five
countries. We are also grateful to Springer for giving us an opportunity to compile
this book.

Hangzhou, China Tarun Belwal
Plovdiv, Bulgaria Milen I. Georgiev
Al-Ahsa, Saudi Arabia Jameel M. Al-Khayri
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Theory and Technology



Nutraceutical Compounds, Classification,
Biosynthesis, and Function 1
Hari Prasad Devkota

Abstract

In recent years, there is an increasing interest on the plant-based nutraceuticals,
functional foods, and food supplements as potential agents for the maintenance of
good health and the prevention and treatment of diseases. Phytochemicals,
especially the polyphenols including flavonoids, phenolic acids, curcuminoids,
and stilbinoids, are widely studied for their health beneficial properties. Among
many other issues, one important issue is the continuous supply of active
components in nutraceuticals to meet the market demand. As many
phytochemicals present in nutraceuticals are specific to certain plant species,
the conservation, cultivation, and sustainable utilization are equally important.
Newer biotechnological tools such as tissue and cell culture have potential to
provide the necessary amount of the specific nutraceutical compounds in future.
For wider application, understanding their chemical classification, biosynthetic
routes, potential health beneficial activities, and market trends must be well
understood. This chapter focuses mainly on the classification of these
compounds, their biosynthesis in plants and role in human health.

Keywords

Nutraceuticals · Functional foods · Phytochemicals · Polyphenols · Classification ·
Bioactivity
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1.1 Introduction

Medicinal plants have been used in primary healthcare by more than 80% of the
world’s population (Fitzgerald et al. 2019; Devkota and Watanabe 2020), and plant-
derived natural products have also played an important role in the discovery and
development of modern drugs (Atanasov et al. 2015; Newman and Cragg 2020).
Besides that, medicinal plants are also widely used as foods, spices, food
supplements, food preservatives, food colorants, and sweeteners and also in
cosmetics, aroma, and perfumes (Pawar et al. 2013; Sarkic and Stappen 2018;
Negi 2012; Voon et al. 2012). In recent years, there is an ever-increasing interest
on plant-based nutraceuticals, functional foods, and food supplements as potential
agents in the maintenance of good health and the prevention and treatment of
diseases (Gul et al. 2016; Martin et al. 2011; Tsao 2010). Phytochemicals, especially
the polyphenols including flavonoids, phenolic acids, curcuminoids, and stilbinoids,
are widely studied for their health beneficial properties (Tsao 2010; Lin et al. 2018;
Shahidi and Ambigaipalan 2015; Yeung et al. 2019).

Various epidemiological studies have shown the important role of diet in the
maintenance of healthy state of body and mind (Shahidi 2004). Foods rich in plant-
based products including fruits and vegetables are well known for their health
benefits. Evidences show that their high intake reduces the risk of metabolic
diseases, cardiovascular problems, and cancers, which has contributed to the
increased scientific and public interest in diet and their impact on health and diseases
(Shahidi 2004; Day et al. 2009). Foods, nowadays, are consumed not only to satisfy
hunger and to get nutrients but also to maintain and protect physical and mental
health. Growing public awareness toward healthy lifestyle, expensive healthcare
cost, increasing life expectancy, and the desire for improved health and better
lifestyle by older people, all these factors have increased the market demand for
health beneficial foods such as nutraceuticals and functional foods (Bigliardi and
Galati 2013). Considering the already known evidences about the relationship
between food and human health, researchers including food and nutrition scientists,
health professionals, and food manufacturing companies are now focusing on the
development of nutraceuticals that can fulfill the market demand (Bigliardi and
Galati 2013).

In recent years, there are many nutraceuticals and related products available in the
market, which are intended to use for the improvement of the health; however, the
long-term goal of these products is the prevention of chronic diseases and hence
increasing the healthy life span. Nutraceuticals are the food or food-derived products
with health beneficial properties and are often formulated as capsules, tablet, pow-
der, and solution. The term “nutraceutical” was defined by Stephen DeFelice, in
1989, and consists of two words “nutrition” and “pharmaceutical.” Hence, nutraceu-
tical can be defined as the products obtained from food or food itself which can be
used for the treatment as well as for the prevention of diseases (Shahidi 2004;
Andrew and Izzo 2017; Tapas et al. 2008). Nutraceuticals cover a wide range of
natural products such as fortified products, functional foods, food supplements, etc.
(Andrew and Izzo 2017). On the other hand, functional foods are defined as foods
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with additional health promoting functions and provide health beneficial effects
beside nutrition and calories only (Day et al. 2009). The term “functional food”
was first used in Japan in the 1980s to define the food products fortified with special
constituents that contain advantageous physiological effects (Siró et al. 2008). There
are now hundreds of functional foods in market that can be categorized under
different groups, such as food to promote gut health, food to promote tooth and
gum health, food to facilitate mineral absorption, food to promote bone strength,
food for those who are concerned about hypertension, food for those who are
concerned about blood sugar level, food for those who are concerned about blood
cholesterol level, food for those who are concerned about body fat accumulation, etc.
Most of the functional foods available in the market are probiotics, prebiotics,
functional drinks, functional cereals, oat bran fiber, bakery products, spreads, func-
tional meat, soy protein, fish oil fatty acids, and functional eggs (Day et al. 2009;
Bigliardi and Galati 2013; Siró et al. 2008). Some examples of emerging
nutraceuticals and functional foods from plants source are tea, flaxseed, tomato,
soybean, citrus fruits, berries, garlic, grapes and wines, cruciferous vegetables, and
their active constituents. Phytochemicals and other functional components from
plant source are the potential candidates in the field of nutraceuticals. They provide
high opportunity of minimizing the borderline between the food and medicine.

There is continuous rise in the development and launching of nutraceuticals in the
market; however, there are many challenges to overcome. One of the most important
issues is the scientific evidences for the claimed health benefits of these products,
where the actual pharmacokinetic and pharmacodynamics properties of the active
compounds in nutraceuticals are not well defined in many cases. Other important
issues are the consumers’ acceptance, the changing market trend, and the increasing
trend of aging population. The long-term effects of these nutraceuticals are not
always well studied. As nutraceuticals incorporate various bioactive ingredients,
the processing and stability of the formulations is very important (Day et al. 2009).
Among many other issues for raw materials, one important issue is the continuous
supply of active components in nutraceuticals to meet the market demand. As many
phytochemicals present in nutraceuticals are specific to certain plant species, the
conservation, cultivation, and sustainable utilization are equally important. Newer
biotechnological tools such as tissue and cell culture have the potential to provide the
necessary amount of specific nutraceutical compounds in the future. For wider
application, understanding their chemical classification, biosynthetic routes, poten-
tial health beneficial activities, and market trends is necessary. This chapter focuses
mainly on the classification of these compounds, their biosynthesis in plants, and
their role in human health.

1 Nutraceutical Compounds, Classification, Biosynthesis, and Function 5



1.2 Current Trend of Nutraceutical Research and Nutraceutical
Market

Nutritional supplement provides adequate amounts of essential nutrients vital for the
proper functioning of human bodies. They include vitamins, proteins, herbs, meal
supplements, sports nutrition, and other related products. They are consumed to
maintain health and provide support to the immune system and to reduce the risk of
illness. The global nutritional supplement market is expected to expand at a CAGR
of 10.01%, leading to global revenue of USD 245.43 Bn by 2023. Asia-Pacific is the
fastest growing region for the nutritional supplement market due to the growing
demand in China, Japan, and India (Research and Markets 2018). Another research
showed that the global nutraceuticals market was valued at 252,535.4 million USD
in 2018 and is projected to grow to 465,709.8 million USD by 2027 having CAGR
of 7.1% (Nutraceuticals Market 2019). North America was reported to be the largest
market which was mainly driven due to increased prevalence of lifestyle-related
diseases (Nutraceuticals Market 2019). Similarly, the global market of raw or
processed foods rich in bioactive phytochemicals such as dried fruit was valued at
USD 8.94 billion in 2019 and is expected to witness significant growth in the
forthcoming years. There is growing market for nutritious packaged food and wide
application of dried fruit in the dairy, bakery, snack, and confectionery industries
(Market Research 2020). With increasing life expectancy, aging population, and
change in lifestyles, the market of nutraceuticals will grow more in the future.

1.3 Classification of Plant-derived Nutraceuticals

Most of the nutraceutical components in the market are derived from plants and their
active constituents such as polyphenols, amino acids, peptides and derivatives,
carotenoids, alkaloids, phytosteroids, triterpenoids and related compounds,
non-starchy carbohydrates, etc. (Abuajah et al. 2015). In many cases, these
compounds are present in various forms such as glycosylated, esterified, thiolated,
and hydroxylated derivatives. They can be classified into various classes based on its
chemical structure and functional activities. Some of the major classes of nutraceu-
tical compounds are explained in following sections.

1.3.1 Polyphenols

Polyphenolic compounds are among the largest groups of plant secondary
metabolites that are made of one or more aromatic rings with one or more hydroxyl
groups. They are also among the most widely studied phytochemicals for their
various pharmacological activities. Polyphenolic compounds can be classified into
different groups such as phenolic acids, flavonoids, tannins, coumarins, stilbenes,
curcuminoids, xanthones, and lignans, among others, based on their structures. The
basic classification of polyphenolic compounds is represented in Fig. 1.1.
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1.3.1.1 Phenolic Acids
Phenolic acids belong to the class of polyphenolic compounds and are commonly
found in various plant species and abundant in vegetables, berries, fruits, and
beverages (Zadernowski et al. 2005; Barros et al. 2009; Mattila et al. 2006; Nile
and Park 2014). Phenolic acids are synthesized in plants during normal growth and
development, as well as in response to stress conditions and against adverse factors
such as drought, infections or physical damage, UV radiation, wounding, etc.
(Dietrich 2004; Carl 2000). Based on their chemical structures, phenolic acids can
be broadly divided into two groups, i.e., benzoic acid derivatives and
hydroxycinnamic acid derivatives. The most common benzoic acid derivatives are
gallic acid, protocatechuic acid, vanillic acid, and syringic acid (Fig. 1.2). These
compounds mainly occur in plants either as free or as conjugated (bound) forms such
as hydrolyzable tannins and lignins. Some of these hydroxybenzoic acid derivatives
are also bound to flavonoid aglycones or flavonoid glycosides such as in case of
epigallocatechin gallate (EGCG) or galloyl derivatives of flavonoid glycosides. The
most common hydroxybenzoic acid derivatives are p-coumaric acid, caffeic acid,
ferulic acid, sinapic acid, etc. (Fig. 1.2) (Barros et al. 2009; Mattila et al. 2006).

Fig. 1.1 Basic classification of polyphenols based on their structures
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Hydroxycinnamic acids are usually found in bound form with quinic acid, tartaric
acid, or sugars. The most common examples are mono-caffeoylquinic acid,
dicaffeoylquinic acids, and tricaffeoylquinic acid. Due to their common natural
abundance, phenolic acids are widely studied for their antioxidant, anticancer,
anti-inflammatory, and other pharmacological activities.

1.3.1.2 Flavonoids
Flavonoids are another class of polyphenolic compounds widely studied for their
abundance and biological activities. Flavonoids contain two aromatic rings
connected by a three-carbon bridge (C6-C3-C6), and they are further divided into
different classes based on the presence of double bond between 2 and 3 position
carbons and the presence of hydroxyl group in position 3 and ketone in position
4. These classes are like flavans, flavanols, flavanones, flavanonols, flavones,
flavonols, anthocyanidins, isoflavones, and chalcones (Fig. 1.1). Flavonoids are
widely found in fruits, vegetables, legumes, wine, tea, and other beverages. These
flavonoids usually present either in free form or their methylated, acylated, or
glycosylated forms. The number of hydroxylation of the flavonoids is what makes
them a diverse group of polyphenolic compounds.

Flavans (Fig. 1.3) do not have double bond in between carbon position 2 and
3 and also do not possess the hydroxyl or carbonyl group in position 3 and 4. They
exist either in free form or glycosylated forms.

Fig. 1.2 Structures of common phenolic acids
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Flavan-3-ols, also known as catechins, are one of the main constituents in tea and
other common functional food materials (Carloni et al. 2013). They belong to one of
the most widely studied plant natural products for chemical and pharmacological
aspects such as antioxidant, cancer chemopreventive, anti-inflammatory, immuno-
modulatory activities (Khan et al. 2019; Wai et al. 2018). Structures of most
common flavan-3-ols are given in Fig. 1.4.

Flavanones, such as hesperetin, naringenin, and their glycosylated derivatives
such as hesperidin, naringin, and neohesperidin (Fig. 1.5), are commonly found in
Citrus plants and commonly known as potent antioxidant and anti-inflammatory
compounds (Adhikari-Devkota et al. 2019). Most of the flavanones are hydroxylated
in B-ring; however, some B-ring non-hydroxylated flavanones such as pinocembrin
and pinostrobin are also found in different plant families (Rasul et al. 2013).

Flavanonols, also known as dihydroflavones, are found in many plants. Structures
of common members of this group are represented in Fig. 1.6. Silibinin, a
flavanolignan derivative isolated from milk thistle (Silybum marianum (L.) Gaertn.),
is another common derivative of this group.

Fig. 1.4 Structures of common flavan-3-ols

Fig. 1.3 Structures of
common flavans
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Flavones are another class of common flavonoids such as apigenin, luteolin, and
their derivatives. Other derivatives, widely found in Citrus plants, are
polymethoxyflavones such as nobiletin, tangeretin (Fig. 1.7), and their derivatives
which are potent anti-inflammatory agents.

Flavanols such as quercetin, kaempferol, myricetin, and their derivatives such as
rutin, nicotiflorin, quercitrin, myricitrin (Fig. 1.8) are common in many leafy
vegetables and flowers having potent bioactivities (Li et al. 2016; Wang et al.
2016; Boots et al. 2008).

Anthocyanidins (e.g., cyaniding, pelargonidin, delphinidin) (Fig. 1.9) are
aglycones of anthocyanins, which are responsible for the beautiful colors of many
colorful flowers, fruits, and vegetables (Iwashina 2015).

Isoflavones differ from other common flavonoids having the B-ring linked in C-3
position. Genistein, daidzein, puerarin, and their glycosylated derivatives (Fig. 1.10)
are commonly found in soybean and many other plants such as fava bean, lupine,
kudzu and psoralea, etc. (Odegaard et al. 2011).

Chalcones, are another class of flavonoids having open C-ring (Fig. 1.11). Vari-
ous chalcones are reported from nature having diverse chemical characteristics and

Fig. 1.6 Structures of common flavanonols

Fig. 1.5 Structures of common flavanones and their glycosides
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Fig. 1.7 Structures of common flavones

Fig. 1.8 Structures of common flavonols

Fig. 1.9 Structures of common anthocyanidins
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pharmacological activities. They usually exist as glycosides or prenylated
derivatives.

1.3.1.3 Tannins
Tannins are another class of polyphenolic compounds. They are mainly divided into
two groups, i.e., hydrolyzable tannins and non-hydrolyzable tannins or condensed
tannins (procyanidins). Hydrolyzable tannins are usually the glucosyl ester of gallic
acids, and condensed tannins are polymers of catechins (Fig. 1.12). They are
abundant in many plants and fruits.

1.3.1.4 Coumarins
Coumarins are another class of polyphenolic compounds having benzopyran-2-one
or chromen-2-one rings (Fig. 1.13). As in the case of flavonoids, they also exist as
their dimers or methylated, acylated, or glucosylated derivatives.

1.3.1.5 Stilbenes
Stilbenes or stilbinoids are another class of widely studied polyphenols mostly
present in blueberries, grapes, raspberries, mulberries, pistachios, and peanuts.
Resveratrol, oxyresveratrol, and pterostilbene (Fig. 1.14) are common monomers;
however, they also exist as dimers, trimers, tetramers, or their respective
glycosylated derivatives.

1.3.1.6 Curcuminoids
Curcuminoids are a group of phenolic compounds present in the rhizomes of
turmeric (Curcuma longa L.) and other plants of Zingiberaceae family. The most
common member of this group, curcumin, also known as diferuloylmethane, is a
member of the diarylheptanoid class of chemical compounds having two aryl

Fig. 1.11 Structures of common chalcones

Fig. 1.10 Structures of common isoflavones
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Fig. 1.12 Structures of common tannins

Fig. 1.13 Structures of common coumarins

Fig. 1.14 Structures of common stilbenes
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(phenyl) rings attached to heptane derivative. Demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC) (Fig. 1.15) are other two common natural
curcuminoids. The content of curcuminoids in dried turmeric rhizomes is reported
to be around 1–5% and is also responsible for the yellow color of the rhizome
(Li et al. 2019; Prasad et al. 2014; The Ministry of Health Labor and Welfare of
Japan 2016).

1.3.1.7 Xanthones
Various xanthones are also reported as nutraceutical compounds. The most common
example is mangostin (Fig. 1.16) obtained from mangosteen (Garcinia mangostana
L.). Xanthones are widely reported as antioxidant and anticancer compounds.

1.3.1.8 Lignans
Lignans are another class of polyphenolic compounds formed by the conjugation of
two phenylpropanoid units. Sesamin and sesaminol (Fig. 1.17) found in sesame oil
are widely reported as potent antioxidant, anti-inflammatory, and anticancer lignans.
Based on the chemical structures, lignans are further classified into neolignans,
lignan glucosides, and other derivatives.

Fig. 1.15 Structures of common curcuminoids

Fig. 1.16 Structures of
mangostin
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1.3.2 Carotenoids

Carotenoids are another class of common nutraceuticals which are responsible for
various health beneficial effects in humans as potent antioxidants, anticancer
compounds, and precursors of vitamin A (Khoo et al. 2011; Sereno et al. 2018).
They are derivatives of isoprenoids usually having 40 carbons with polyene chains
(Tanaka et al. 2008). They play an essential role in plant physiology such as
photoprotection during photosynthesis, providing substrates for biosynthesis of
plant hormones, etc. They are also responsible for providing colors to many fruits
and flowers (Tanaka et al. 2008). Various acylated and glycosylated derivatives are
also abundant in nature. Carotenoids such as α-carotene, β-carotene, and lycopene
(Fig. 1.18) are widely used as nutraceuticals along with their plant sources such as
tomatoes and carrots. Many carotenoids are also used as food colorants. Crocin, a
glycoside of carotenoid, crocetin, found in saffron and gardenia is widely used as
nutraceutical compound and food colorant.

1.3.3 Amino Acids and Related Compounds

Various branch chain amino acids such as isoleucine, leucine, and valine are also
used as nutraceuticals. Many short chain peptides obtained from the hydrolysis of
food proteins obtained from soybeans, wheat, vegetables, etc. are also marketed as
nutraceuticals (Andrew and Izzo 2017).

1.3.4 Alkaloids

Alkaloids are another group of phytochemicals that contain nitrogen atom in ring
structure and are found in various plants where they play an important role in plant
protection from various insects and other organisms. Alkaloids are divided into
several groups: pyrrolidine, pyrrolizidine, pyridine, quinoline, isoquinoline, imidaz-
ole, etc. Various plant-derived alkaloids such as vinblastine, vincristine, taxol, etc.
are further developed as drugs in anticancer therapy. Many plant-derived alkaloids
are also used as nutraceutical agents. Structures of some of the common alkaloids
used in nutraceutical market are represented in Fig. 1.19. Berberine, a yellow-

Fig. 1.17 Structures of common lignans
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colored isoquinolone alkaloid present in many medicinal plants such as Berberis
spp., Coptidis spp., Hydrastis spp., Mahonia spp., Phellodendron amurense,
Tinospora cordifolia, and many others (Belwal et al. 2020a; Yeung et al. 2020a;
Mandal et al. 2020), is used widely as a nutraceutical compound. Berberine and
palmatine-rich extracts from Berberis plants (Belwal et al. 2020a), berberine and
hydrastine-rich goldenseal (Hydrastis canadensis L.) (Mandal et al. 2020), and
rhynchophylline and uncarine F-rich extracts of cat’s claw (Uncaria tomentosa
(Willd. ex Schult.) DC.) (Batiha et al. 2020) are widely marketed as potent
nutraceuticals.

Fig. 1.18 Structures of common carotenoids

Fig. 1.19 Structures of common alkaloids
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1.3.5 Steroids, Triterpenoids, and Saponins

Phytosterols and triterpenoids and their glycosides (saponins) are among the most
abundant chemical compounds in plants (Mozos et al. 2018; Piironen et al. 2003).
Various phytosteroids, triterpenoids, and their glycosides (saponins) are marketed as
cancer chemopreventive and cholesterol-lowering agents. Some examples of these
compounds are presented in Fig. 1.20.

1.4 Biosynthesis of Nutraceuticals

Biosynthetic pathways of several phytochemicals have received attention in recent
years as biotechnological targets for the production of leads for drug discovery and
nutraceuticals. In this section, the biosynthesis of polyphenols is discussed in brief.

In plants, polyphenols such as phenolic acids and flavonoids play an important
role in plant physiology as antioxidants, defense regulators, and signaling molecules

Fig. 1.20 Structures of common steroid and triterpenoid derivatives
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(Agati et al. 2012; Brown et al. 2001; Harborne and Williams 2000; Khalid et al.
2019; Liu and Murray 2016; Nakabayashi and Saito 2015; Weston and Mathesius
2013); thus, many plants synthesize these compounds.

The schematic representation of synthesis of flavonoids and other polyphenolic
compounds is provided in Fig. 1.21 (Tanaka et al. 2008; Forkmann 1991). It is one of

Fig. 1.21 Biosynthesis of flavonoids including anthocyanidins and anthocyanins. PAL: phenylala-
nine ammonia lyase, CFH: cinnamate-4-hydroxylase, FCL: 4-coumarate CoA ligase, CHS: chalcone
synthase, CHI: chalcone isomerase, FNS: flavone synthase, F30H: flavonoid 30-hydroxylase, F3050H:
flavonoid 30,50-hydroxylase, DFR: dihydroflavonol-4-reductase, ANS: anthocyanidin synthase, GT:
glucosyltransferase, MT: malonyltransferase, AT: acyltransferase (Tanaka et al. 2008)
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the most widely studied phytochemical synthesis pathway. Flavonoids are
synthesized in cytosol where various enzyme interactions occur. Formation of 4-
0-coumaroyl coenzyme A (CoA) from phenylalanine through multistep enzymatic
catalysis is the initial step in the synthesis of various phenolic compounds such as
phenolic acids, lignins, stilbenes, and flavonoids. Chalcone synthase converts 4-
0-coumaroyl CoA to tetrahydroxychalcone (THC) using three molecules of malonyl
CoA (Tanaka et al. 2008). Thus, formed THC is then isomerized to naringenin which
further is converted to dihydrokaempferol, a flavanonol, or dihydroflavonol. Differ-
ent specific hydroxylation enzymes convert dihydrokaempferol to dihydroquercetin
and dihydromyricetin. These dihydroflavonols are converted to respective
leucocyanidins by dihydroflavonol-4-reductase. These leucocyanidins are then
converted to anthocyanidins by anthocyanidin synthase. Various
UDP-glucosyltransferases then conjugate glucose and other sugars to
anthocyanidins resulting in the synthesis of anthocyanins.

1.5 Biological Functions and Pharmaceutical Activities
of Nutraceuticals

Many epidemiological studies in vivo and clinical studies have demonstrated that
these nutraceutical phytochemicals can be effective for the prevention of various
chronic diseases. Most of the research related to the health-promoting activities of
nutraceuticals were conducted after 2000, and there is a vast growth in these studies
after 2010. Nutraceuticals have been widely studied for their antioxidant activities or
anticancer and antiaging activities in general. A simple Scopus search (www.
Scopus.com, December 25, 2020) with the keyword “nutraceutical OR
nutraceuticals AND immunomodulatory” and similar activity words (as given in
Fig. 1.22) showed that antioxidant and cancer-activities are two of the most widely
studied activity areas in nutraceutical bioactivity. As shown in Fig. 1.22, antioxidant
and cancer-related activities are most studied ones.

Tea catechins are among the widely studied nutraceuticals well studied for their
health beneficial activities such as antioxidant, antihyperlipidemic, antiagenins,
antidiabetic, antiobesity, and cancer chemopreventive activities (Zaveri 2006). Tea
is not only used as a beverage but also in various forms as functional food (Kurauchi
et al. 2019; Namal Senanayake 2013; Hara 2011; Sanna et al. 2015). Many review
articles are also published in these aspects of tea catechins (Khan and Mukhtar 2010;
Yang and Wang 2016; Boehm et al. 2009). Various review articles have been
already published which extensively cover these activities such as antioxidant
activity (Gramza and Korczak 2005; Higdon and Frei 2003); potential use for
prevention and treatment of obesity, diabetes, and other metabolic diseases (Zaveri
2006; Gramza and Korczak 2005; Higdon and Frei 2003; Park et al. 2009;
Masterjohn and Bruno 2012; Kao et al. 2006; Legeay et al. 2015); cardiovascular
diseases (Hodgson and Croft 2010); cognitive functions (Weinreb et al. 2004; Da
Silva 2013; Pervin et al. 2018); and antimicrobial activities (Reygaert 2014; Taylor
et al. 2005).
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Naringenin, hesperidin, nobiletin, and other flavonoids obtained mainly from
Citrus fruits are highly bioactive and multifunctional compounds with potent anti-
inflammatory, antioxidant, anti-adipogenic, and cardioprotective activities (Salehi
et al. 2019; Tapas et al. 2008; Zaidun et al. 2018; Yang et al. 2011; Adhikari-
Devkota et al. 2019). Nobiletin and other polymethoxyflavonoids have received
great attention as a potent antioxidanst (Wang et al. 2018), anticancer (Chen et al.
2014), and anti-inflammatory agents (Zhang et al. 2016) and as potential compounds
to prevent neurodegenerative diseases (Nakajima et al. 2014). Many epidemiological
studies have also reported the potential health beneficial and disease preventive and
therapeutic effects of the dietary intake of these flavonoids (Pan et al. 2010). Some
studies have also reported that the intake of flavonoids may help in delaying the
progression of Alzheimer’s disease (AD) and other neurodegenerative disorders
(Williams and Spencer 2012; Ayaz et al. 2019).

Silibinin, a derivative of flavanonol moiety, is also known for its hepatoprotective
activities. Mixture of silibinin with other stereoisomers (known as silymarin) has
been widely used in treatment of liver diseases and also reported to be a potent
cancer chemopreventive agent (Zhao and Agarwal 1999; Bosch-Barrera and
Menendez 2015; Tyagi et al. 2002; Lu et al. 2012).

Flavonols such as quercetin, kaempferol, and fisetin found in many fruits and
vegetables are reported as potent anti-inflammatory, antioxidant, cancer
chemopreventive, and neuroprotective agents (Li et al. 2016; Wang et al. 2016;
Boots et al. 2008; Khan et al. 2013; Donado et al. 2011; Park et al. 2007; Ahmad
et al. 2017).

Genistein, a isoflavone, is linked to various pharmacological activities, and the
high consumption of genistein-rich soy products by Asians has been linked with
lower incidences of diabetes mellitus (Odegaard et al. 2011).

Resveratrol, a stilbenoid, is well known for its antioxidant, anti-inflammatory,
and anticancer activities (Yeung et al. 2020b) along with potential benefits in
modulation of lung inflammatory diseases (Vargas et al. 2016).

Fig. 1.22 No. of studies related to different biological activities of nutraceuticals
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Similarly, curcumin and other curcuminoids are reported as potent antioxidant,
anti-inflammatory, anti-cancer, antimicrobial, hepatoprotective, and neuroprotective
agent (Li et al. 2019; Prasad et al. 2014; Anand et al. 2008; Gupta et al. 2012; Lee
et al. 2013; Maheshwari et al. 2006; Singh and Khar 2008; Ohori et al. 2006; Weber
et al. 2005; Basnet and Skalko-Basnet 2011).

Berberine, an alkaloid found in various plant species, is reported for its potent
anti-inflammatory activity, anti-diabetic activity, and cardioprotective and immuno-
modulatory activities (Belwal et al. 2020a; Neag et al. 2018).

1.6 Pharmacokinetics and Advanced Drug Delivery Systems
Related to Nutraceuticals

Plant-derived phytonutrients have shown various pharmacological activities in
in vitro systems; however, the poor water solubility, low bioavailability, and exten-
sive metabolism have been one of the main limiting factors for the therapeutic use of
these phytochemicals (Selby-Pham et al. 2017; Aqil et al. 2013; Karaś et al. 2017).
Studies in animals and humans have shown that the most of the ingested polyphenols
are absorbed in the intestines in very low quantity (about 5%), and the remaining
portion is passed unchanged to the large intestine.

For example, although EGCG has shown promising bioactivities in in vitro
systems, poor bioavailability is of great concern for clinical effectiveness (Cai
et al. 2018) as less than 1% of EGCG was measured in blood after oral administra-
tion in rats (Chen et al. 1997). Similar reports of low bioavailability and extensive
metabolism of nutraceuticals are commonly reported for curcumin (Anand et al.
2008; Basnet and Skalko-Basnet 2011), resveratrol, and many other compounds.

In recent years, various novel drug delivery systems including nano-formulations
such as liposomes, micelles, solid-liquid nanoparticles, nanoemulsions, etc. have
been designed, developed, and evaluated for the effective delivery of these
phytochemicals (Wang et al. 2014; Li et al. 2015a,b; Mangal et al. 2017; Bonferoni
et al. 2017). These nanoparticles and advanced drug delivery formulations are aimed
to increase the pharmaceutical properties of phytochemicals such as solubility and
improve the bioavailability and targeted delivery (Davatgaran-Taghipour et al.
2017). High-quality research in the coming years in these areas can greatly improve
the issues related to the bioavailability and bioactivity of nutraceuticals.

1.7 Research Trends, Natural Abundance, Sustainable
Utilization, and New Technologies for the Production
of Nutraceuticals

In recent years, there is a growing interest in the area of nutraceuticals research due
to high market and industrial demand which need development of novel technologies
in identification, estimation, and bioactivity evaluation of nutraceuticals. A simple
Scopus search (www.Scopus.com, December 25, 2020) with the keyword “nutra-
ceutical OR nutraceuticals” resulted into a total of 17,189 documents (search filed:
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Abstract, Title, and Keywords). Based on author’s affiliations, the United States,
Italy, India, China, Canada, Spain, South Korea, the United Kingdom, Brazil, and
Mexico were the leading countries on nutraceutical research. More than half of these
studies are reported after 2010 (Fig. 1.23).

In recent years, there are many advanced techniques for the extraction and
purification of phytochemicals that can be used as nutraceuticals (Belwal et al.
2018, 2020b). Similarly, many techniques related to harvesting and their processing
have been developed and introduced in various fields. However, current cultivation
practices may not fulfill the increasing demand of plant-based nutraceuticals, and
extensive use of natural resources may result in extension of important plant species.
Thus, sustainable methods for the natural resources use are very important. Tissue
culture and cell culture methods have high potential to fulfill these demands as these
methods can be easily manipulated to biosynthesize and produce target
nutraceutical.

1.8 Conclusions and Future Recommendations

Nutraceuticals are the products that are consumed for their potential health beneficial
effects which makes them different from normal food products. The market of
nutraceuticals and related functional foods is growing worldwide, and there is an
increasing demand. Most of these nutraceuticals are derived from plants such as
polyphenols, alkaloids, carotenoids, etc. and are widely studied for their chemistry
and pharmacological activities. However, in many cases, there are not much strong
scientific evidences, and some reports also raise the concern of no benefits from the
consumption of these products (Aronson 2017). Polypharmacy, drug interaction,
side effects, and adulteration are also some other challenges in nutraceutical
products. Future research studies should try to fulfill these research gaps by

Fig. 1.23 Number of publications related to nutraceuticals
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providing sufficient sources for production of these nutraceuticals. Further-
more, extensive studies related to their clinical efficacy and possible toxicity are
necessary.
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Abstract

Secondary metabolites (SMs) are bioactive compounds widely used in various
industries as pharmaceutical agents and food additives and serve as precursor
substances for the synthesis of commercially important products. These natural
bioactive metabolites are quickly replacing chemicals as efficient coloring,
flavoring, texturizing, and preservative agents. Productions of these SMs are
hampered due to physiological and technological parameters. Although SMs do
not have any significant role in the growth and development of the organisms
where they are found, they have commercial importance. Humankind has
harnessed its application in every walk of their life. In the medical field, SMs
are used as antibiotics, antifungal, antiviral, metabolic inhibitors, anticancer
agents, and many more. The biological and pharmacological benefits of medici-
nal plants are attributed to SM produced by subsidiary pathways that are highly
specific to target molecules. Most pharmaceuticals are either directly or indirectly
derived from plant sources. Production of SMs from field plants suffers from
various limitations like seasonal production, choosing specific plant organs for
specific metabolites, low yield, cost of purification, and seasonal variations.
Biotechnological approaches such as plant cell, tissue, and organ cultures are
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the best alternative methods for commercial production. The current chapter
focuses on establishment of plant cell culture system for the production of SMs,
strategies to improve biomass yield and metabolite content, and biosynthetic
pathways. The chapter also emphasizes elicitation strategies, application of
CRISPR Cas9 in metabolite synthesis, large-scale production, and commercial
aspects of SMs.

Keywords

Plant cell culture · Plant secondary metabolites · CRISPR Cas9 · Elicitation ·
Metabolic engineering · Biosynthesis

2.1 Introduction

Since time immemorial, plants have served as the primary source of carbohydrates,
fats, and proteins for humankind. Furthermore, plants produce a broad range of
valuable phytochemicals such as primary and secondary metabolites (SMs)
(Hassanpour et al. 2011). Primary metabolites are involved in the growth, develop-
ment, and reproduction of the plant. On the contrary, SMs do not take part in the
growth and development of plants. However, they serve as a defense against biotic
and abiotic stress as the plants are sessile organisms. The change in climatic
conditions such as carbon dioxide and global warming influence SM production.
The carbon dioxide increases the phenolic compounds and decreases terpenoids in
foliage. On the contrary, global warming reduces phenolic compounds and increases
terpenoids (Holopainen et al. 2018). Besides this, the SMs attract pollinators, aids in
establishing symbiosis, and provide structural components (Guerriero et al. 2018).
The study of SMs has gained a special interest in recent years as they possess various
biological activities known to alleviate several human ailments. Albrecht Kossel, the
winner of the Nobel Prize in physiology or medicine in 1910, first described the
notion of the SMs. The biosynthesis of secondary metabolites is a multistep reaction
that occurs through amino acid, acetate-malonate, glucose, 2-C-methyl-d-erythritol-
4-phosphate, mevalonate pathway, phenylpropanoid pathways, or combined
pathways (Gonçalves and Romano 2018). More than 2,140,000 secondary
metabolites are known so far (Thirumurugan et al. 2018). Plant secondary
metabolites are broadly classified as alkaloids, phenolic compounds, sulfur-
containing compounds, and terpenoids based on structure function and its biosyn-
thetic pathway (Guerriero et al. 2018).

Secondary metabolites have been extensively used in cancer treatment and
modern medicine. SMs such as alkaloids, phenolic acids, flavonoids, and
tocopherols significantly impact the global market (Marchev and Georgiev 2020).
Over 60% of anticancer drugs and about 25–28% of modern medicines are derived
from plants. The global herbal medicine market is expected to reach USD 129.7
billion by 2023. BBC reports that by 2022, plant-derived drugs will reach USD 39.2
billion (Gonçalves and Romano 2018). The increasing market demand for plant
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secondary metabolites has resulted in the overharvesting of these medicinal plants.
This extensive harvesting of these medicinal plants has led to serious threats like
habitat loss and habitat degradation. The chemical synthesis of some simple SMs is
possible. However, the chemical synthesis method is time-consuming and economi-
cally infeasible. Besides this, the complex SM synthesis is either tedious or impos-
sible. Thus, an alternative strategy for SM production has to be adopted. Plant tissue
culture offers an alternative method for the conservation of plant species and also for
production of bioactive molecules. Research work on different plant tissue culture
techniques such as micropropagation, indirect and direct organogenesis, and hairy
root culture has been adopted to enhance SM production. Over the past decade, the
structure, biological significance, and biosynthesis of the secondary metabolites are
extensively studied (Bourgaud et al. 2001). Additionally, the genes involved in the
biosynthesis of plant secondary metabolites are manipulated through genetic engi-
neering for enhanced SM production (Rastegari et al. 2019).

Plant tissue culture is an in vitro culture of cells, tissues, organs, or whole plants
under controlled aseptic conditions. Gottlieb Haberlandt first established plant tissue
culture in 1902, and it was patented in 1950 by Pfizer Inc. (Smetanska 2008). Plant
cell and tissue culture is an eco-friendly technique for the enhanced production of
secondary metabolites in a controlled environment. Moreover, the plant tissue
culture helps in the mass propagation of plants in a short period independent of
the seasonal constraints and place of cultivation. It aids in easier isolation or
extraction of secondary metabolites in a short duration. Another advantage of
plant tissue culture is the production of SMs not produced in the native plant
(Gonçalves and Romano 2018).

Undifferentiated calli, or differentiated structures like shoots, roots, or somatic
embryos, can be used as explants to produce SMs through in vitro culture. In some
instances, SM production demands differentiated organ culture as specific organs
produce particular SMs. Plant tissue culture techniques are of different types,
which include seed culture where the seed is used as an explant; embryo culture,
which involves the use of mature or immature embryo as an explant; organ culture,
which uses shoot, root, or leaf as the explant; and callus culture, which is the
development of an undifferentiated mass of cells from differentiated plant material.
The callus then undergoes organ differentiation (Gonçalves and Romano 2018). Cell
suspension culture is also one of the tissue culture techniques involving liquid
medium where cells or tissues are suspended and is extensively used for SMs
production (Bourgaud et al. 2001; Naik and Al-Khayri 2020).

Plant cell culture can enhance SM production through various strategies. The first
strategy deals with selecting a high metabolite-producing plant genotype and high
SM-producing cell line. However, after a few subcultures, they might lose their
producing ability due to somaclonal variations. Thus, alternative strategies have to
be adopted. The other approaches involve optimizing culture conditions, such as the
temperature, pH, light intensity, agitation speed, aeration, selection and optimization
of different culture media, inoculum density, medium strength, carbon source, and
optimization of plant growth regulators (PGR) by subjecting the explant to various
combinations of PGRs in varying concentrations. It is known that SMs are produced
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as a defense mechanism against stress conditions. In this regard, the nutrient medium
is supplied with stress-inducing compounds known as elicitors, such as jasmonic
acid and salicylic acid, which induce the upregulation of genes that are involved in
secondary metabolite production. The nutrient medium is also fed with precursors
utilized by the enzyme systems to produce the desired SM products. Immobilization
of plant cell tissue is another strategy that protects the tissue from shear stress
(Gonçalves and Romano 2018). The present chapter deals with establishing a plant
cell culture system for the production of SMs, strategies employed for improving the
yield of biomass and metabolite content, and biosynthetic pathway leading to
metabolite production. Also, the chapter discusses different elicitation strategies
used in SM production, application of CRISPR Cas9 in metabolite synthesis,
large-scale production of SMs using bioreactors, and commercial aspects.

2.2 Production and Optimization of Bioactive Molecules Using
Cell Cultures

Plants are the primary source of naturally derived modern drugs and anticancer
agents. The SMs provide the scientific foundation for the pharmaceutical properties
of these medicinal herbs. The demand for these natural plant-derived products has
spiked in recent times due to their safety and reasonable cost. Thus, the medicinal
plants are overexploited to extract SM, which has resulted in their depletion. On the
other hand, the chemical synthesis of complex SMs is tedious. Growing medicinal
plants in their natural habitat is time-consuming, and some medicinal plants do not
extend outside their local habitat. This has led biotechnologists to develop and adopt
a new strategy by culturing plant cells and tissues in vitro under controlled
conditions for bioactive compound production (Bourgaud et al. 2001; Naik and
Al-Khayri 2018, 2020). Some of the most important strategies that ameliorate
bioactive compounds in cell cultures have been respresented in Table 2.1 and
discussed below.

2.2.1 Selection of Cell Lines

The in vitro SMs production occurs in two stages: accumulation of biomass and
biosynthesis of SMs—both of these need to be optimized by employing multiple
tissue culture strategies (Chandran et al. 2020). The primary strategy for enhancing
the SM is screening high SM yielding cultivar and selecting high-yielding cell lines.
The genetic makeup of the parent plant is one of the significant determinants of the
SM production potential. Different members of the same species show varied genetic
potential for secondary metabolite production (Smetanska 2008). The variation in
glucosinolate profiles has been reported in the members of the family Brassicaceae.
After selecting the plant genotype, a callus is induced in different parts of the parent
plant, such as leaves, roots, flowers, seeds, and other plants. This is followed by
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developing fast-growing, high-producing cell lines by suspending the callus in a
suitable liquid media under controlled conditions (Schreiner 2005).

The parent plant used as the explant would show heterogeneous metabolic
productivity. This heterogeneity would increase due to genetic variations when the
plants are grown in controlled culture conditions. These genetic variations, in turn,
would result in decreased SMs production. These undesirable variations can be
prevented or reduced by selecting cell populations with high-yielding potential
from heterogeneous cultures (Smetanska 2008). Cell cloning of high-metabolite
yielding cell lines is a beneficial technique for enhancing SMs (Bhojwani and
Razdan 1996). In the study conducted by Yamamoto et al. (1982), the Euphorbia
milii Des Moul. plant leaves were used as explants from which the callus was
developed and subcultured in regular intervals. It has been reported that the high-
yielding cell lines of E. milii selected after 24 rounds of subculturing produced
sevenfold levels of anthocyanin. In Coptis japonica (Thunb.) Makino, it has been
observed that there was sixfold higher production of berberine after subjecting the
leaf and petiole segments to callus culture for four weeks (Yamada and Sato 1981).
The cell lines of Vitis vinifera L. derived from the callus cultures derived from
Dr. Francois Cormier’s group cell lines have reported a 2.3 to 4-fold increase in
anthocyanin production (Curtin et al. 2003). In suspension cultures of high-yielding
cell lines of Lithospermum erythrorhizon Siebold & Zucc., a 13 to 20-fold increase
in shikonin production was observed after repeated subculturing at intervals (Kim
and Chang 1990). Lavandula vera L. cells cultured under light conditions showed a
ninefold accumulation of free biotin (Watanabe et al. 1982). Cell lines of Nicotiana
tabacum L. BY-2, showed 15-fold increase in ubiquinone-10 content after
subjecting the parent cell line to 13 rounds of subculturing (Matsumoto et al.
1971). The increased production of capsaicin has been reported in PEP cell lines
of Capsicum annuum L. developed from callus culture, derived from hypocotyl
explants (Salgado-Garciglia and Ochoa-Alejo 1990). In Phoenix dactylifera L. cell
suspension culture, results showed that cell line 2 induced a higher quantity of
polyphenols (catechin, caffeic acid, kaempferol, and apigenin) when compared to
cell line 1, and high-yielding cell line is used for further polyphenol production
(Naik and Al-Khayri 2018).

Screening methods of high-yielding cell lines are different in different plant
species depending upon the type of SM produced. Cell lines producing colored
SMs such as berberine, betanin, and shikonin can be easily selected from the cell
mass by separating the colored areas from the rest of the cell mass. Cell lines
producing fluorescent SMs can be identified by fluorescent microscope or flow
cytometry, thus helping in its rapid identification and separation. In some other
cases, the colorless high-yielding cell lines can be screened by immunological
methods. The next challenge is the relative stability of the screened high-yielding
cell line, as they are susceptible to genetic variations over generations. These altered
variations might affect the SM biosynthesis. Thus, it is essential to maintain stable
cell lines, which can be achieved by repeated selection of stable cell lines. A study on
the choice of stable cell lines has been conducted in E. milii, by subjecting the cell
lines to 30 successive subcloning (Yamamoto et al. 1982). Sato and Yamada (1984),
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in another study on cell lines of Cjaponica, have subjected the cell lines to recurrent
subcloning for maintaining the stability and for enhanced production of berberine.
With the recent advancements in plant biotechnology, cell lines are now treated with
mutagens to overproduce SMs. These mutagens alter the cell permeability and help
release the intracellular accumulated SMs to the exterior. Studies on induction of a
mutagen p-fluorophenylalanine in N. tabacum have been studied by Berlin et al.
(1981). It has been reported that p-fluorophenylalanine-resistant cell lines of Nicoti-
ana tabacum produced six- to tenfolds higher cinnamoyl putrescine. Despite
selecting and maintaining highly productive cell lines, the production efficiency
will be lost after long periods of culture. Thus, alternative strategies, including
traditional and metabolic engineering strategies, are employed for enhanced SM
production (Gonçalves and Romano 2018).

2.2.2 Optimization of Culture Media and Culture Conditions

The plant’s growth, biomass accumulation, and SM production depend on the
physicochemical factors. The composition of media in which the explant is cultured
influences the physiology and metabolism of the explant. Gamborg’s (B5) (Gamborg
et al. 1968) media, Murashige and Skoog media (Murashige and Skoog 1962),
Linsmaier and Skoog media (Linsmaier and Skoog 1965), and Schenk and
Hildebrandt media (Schenk and Hildebrandt 1972) are some of the most commonly
used media in plant tissue culture. Selecting a suitable culture medium is critical in
enhancing SMs as the plant growth and development vary in different plants based
on their nutritional requirements. The carbon, nitrogen, and phosphate levels and the
concentration of plant growth regulators in the culture medium can influence
biomass accumulation. Thus, optimization of culture medium plays a significant
role in SM enhancement (Dörnenburg and Knorr 1995; Nagella and Murthy 2010,
2011; Naik and Al-Khayri 2020).

The growing demand for SMs in today’s market world has paved the way for
employing traditional and metabolic strategies for consistent high-yield production
of SMs (Chandran et al. 2020; Hussain et al. 2012). SMs are biosynthesized from
substrates of primary metabolism that are deflected to secondary biosynthetic
pathways. The biosynthesis of SMs depends on both abiotic and biotic factors like
temperature, pH, humidity, and light intensity. The optimization for SM production
in in vitro cultures can be done in two stages: biomass accumulation stage and SM
biosynthesis stage. Optimization of culture media components like carbohydrate,
nitrogen, phosphate, and various combinations of plant growth regulators and
optimization of culture conditions like pH, temperature, light intensity, agitation,
and aeration can be done during the biomass accumulation stage. In the biosynthetic
stage, elicitation, precursor feeding, permeabilization, and immobilization can be
employed for enhancing the secondary metabolite production (Murthy et al. 2014).
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2.2.2.1 Different Media
Bioactive compounds accumulation in the cell culture may vary dramatically.
Different media compositions/nutrients are responsible for such variation in the
SMs accumulation in cell cultures (Rao and Ravishankar 2002). In cell culture of
Withania somnifera L. dunal among the various media studied (MS, B5, NN, and
N6), MS medium emerged as a promising medium composition for the production of
withanolide A (Nagella and Murthy 2010). From the various media tested (MS, B5,
N6, and NN) in cell suspension culture of P. dactylifera, MS medium-treated culture
showed optimum accumulation of phenolic and flavonoid content (Naik and
Al-Khayri 2020).

2.2.2.2 Medium Strength
The choice of suitable media and the appropriate strength of media are vital for the
growth of in vitro cultures. In cell suspension cultures ofW. somnifera, full strength
(1.0X) MS nutrient medium showed the highest biomass accumulation and
withanolide A production (Nagella and Murthy 2010). Similarly, among various
strengths of MS media ranging from 0.25 to 2.0X, the highest biomass and
gymnemic acid production were achieved with full strength (1.0X) MS media
(Nagella et al. 2011a). Naik and Al-Khayri (2020) reported that in cell suspension
culture of P. dactylifera, MS media with 2.0X induced maximum phenolic content
compared to other media strengths.

2.2.2.3 Inoculum Density
The inoculum density is also an important parameter affecting plant cells, tissues,
and organ cultures. Plant cell suspensions are initiated from callus using relatively
high cell concentrations as there is a minimum inoculation density below which
growth does not occur or is preceded by a long lag phase. Medium conditioning can
be used to reduce the minimum inoculum density; however, the chemical basis of the
conditioning effect has not been fully defined, and it is primarily empirical (Lee and
Shuler 2000). Nagella and Murthy (2010) reported that 10 g/L inoculum density
induced optimum level of production of withanolide A in cell culture of
W. somnifera. Similarly, in the cell culture of Gymnema sylvestre R. Br., gymnemic
acid production was achieved maximum at culture treated with 10 g/L inoculum
density (Nagella et al. 2011a). Among the various cell inoculum density tested (1, 2,
5, 10, and 20 g/L) in cell suspension culture of P. dactylifera, MS medium with
20 g/L-treated culture yielded maximum phenolic content (Naik and Al-Khayri
2020).

2.2.2.4 Carbon Source
The in vitro plant cell, tissue, and organ cultures are not fully autotrophic. Hence,
they require carbon sources for energy production, maintenance of osmotic potential,
and the plant’s growth and development. Carbon sources take part in cell growth,
root and shoot induction, embryogenesis, and organogenesis. The effect of a wide
range of carbon sources, which include sugars (reducing and non-reducing) and
sugar alcohol, has been extensively studied in different plants (Yaseen et al. 2013).
One of the most used carbon sources is sucrose, at a concentration of 2–5%.
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However, various other carbon sources such as glucose, lactose, galactose, maltose,
and starch are used. Glucose is also found to have the same effect as sucrose.
Fructose is also an effective carbon source. However, it is less effective than glucose
(Saad and Elshahed 2012). Among the tested carbon sources (sucrose, glucose,
fructose, and maltose) in the cell suspension culture of P. dactylifera, glucose
treatment emerged as best over other carbon sources in the accumulation of phenolic
content flavonoids (Naik and Al-Khayri 2020). The effect of different sucrose
concentrations ranging from 1 to 8% on biomass accumulation and gymnemic
acid production has been studied in G. sylvestre; 3% and 4% of sucrose are optimal
for enhanced biomass and gymnemic acid (10.1 mg g �1 DW) production, respec-
tively (Nagella et al. 2011a). A similar report was observed in cell suspension culture
of W. somnifera, where, among the tested carbohydrates, 3% sucrose produced an
optimum level of withanolide A content (Nagella and Murthy 2014). Studies on
sucrose concentration on biomass accumulation and metabolite production in
Ginkgo biloba L. have been conducted by Park et al. (2004). It has been found
that 3%, 5%, and 7% sucrose are the optimal concentrations for biomass accumula-
tion, ginkgolide, and bilobalide production, respectively. Sucrose, a carbon source,
is an effective osmoprotectant in V. vinifera (Do and Cormier 1990). In Panax
ginseng C.A.Meyer. cell suspension cultures, 3% (w/v) sucrose favored the produc-
tion of ginsenosides when compared with other ranges of 1 to 7% (w/v) (Lian et al.
2002). Ali et al. (2016) investigated various sucrose concentrations in cell suspen-
sion culture of Artemisia absinthium L. and found that 5% sucrose concentration
favored the accumulation of phenolic content and 7% sucrose induced flavonoids. In
cell suspension culture of P. dactylifera, the accumulation of optimum flavonoid and
phenolic content was observed in 2% and 4% sucrose-treated media, respectively
(Naik and Al-Khayri 2020).

2.2.2.5 Nitrogen Source
Nitrogen is a vital element in synthesizing amino acids, nitrogenous bases, lipids,
and organic compounds. It helps in growth, vegetative development, reproduction,
and, most importantly, its involvement in metabolite production. Thus, it is an
essential element in biomass accumulation and biosynthesis stages of the in vitro
cultures. The selection of an appropriate nitrogen source with a proper concentration
is another key for SM enhancement. Nitrogen is supplemented as an organic or
inorganic source (Radušienė et al. 2019). The effect of decreased levels and defi-
ciency of nitrogen on metabolite production has been studied. Ravishankar et al.
(1988) reported the increased capsaicin levels were achieved in the cell cultures of
C. annum. In another investigation, the complete elimination of nitrogen enhanced
the pyrethrin production by two-fold in Chrysanthemum cinerariaefolium
(Rajasekaran et al. 1991). In cell suspension culture of W. somnifera, the optimum
level of biomass was accumulated at NH4

+/NO3
� ratio of 7.19/18.80 and

withanolide A content at NH4
+/NO3

� ratio of 14.38/37.60 mM (Nagella and Murthy
2011). Similarly, in cell culture of G. sylvestre, cell accumulation and gymnemic
acid content were influenced by NH4

+/NO3
� ratio; optimum biomass growth and

gymnemic acid was found at NH4
+/NO3

� ratio of 7.19/18.80 (Nagella et al. 2011b).
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2.2.2.6 Phosphate Levels
Phosphorus is one of the components that are required in large amounts for plant
metabolism. The phosphorus forms the principal constituent of nucleic acids and
phospholipids. They play an essential role in primary and SM production and take
part in energy metabolism. Phosphate levels in the media have shown varied
responses by the in vitro culture of different plant species. In some plants, the
increased phosphate levels have shown better SM yield, while in some other
cases, the limitation of phosphate has shown better yield. Enhanced digitoxin
production, i.e., 180 mg/kg FW, has been observed in the callus cultures of Digitalis
purpurea L. when treated with increased phosphate levels (Hagimori et al. 1982).
Studies on the effect of different concentrations of phosphate on Panax
quinquefolius L. (960 mg/L) and P. ginseng (643 mg/L) have shown the highest
saponin production when supplied with 1.25 mM and 1.04 mM of phosphate,
respectively (Liu and Zhong 1998). On the contrary, SM enhancement has been
observed in a culture medium deprived of phosphate; the callus cultures of Coffea
arabica L. were subjected to phosphate concentrations of 0.0, 0.35, and 0.70 mM;
the highest caffeine content of 0.7 mg/g was achieved in the media without phos-
phate (Bramble et al. 1991). In Vitis hybrid grapes, the anthocyanin production was
highest (350 ng/mol) in media supplemented with the least phosphate level of
0.008 mM (Dedaldechamp et al. 1995).

2.2.2.7 Plant Growth Regulators
Growth regulators are the phytohormones that regulate the growth, proliferation of
biomass, and metabolites accumulation in a cell, adventitious shoot, and hairy root
cultures. They are the crucial factors in the induction of callus and roots in
non-transformed cells. Auxins, cytokinins, gibberellins, and abscisic acid are some
of the most commonly used phytohormones in plant tissue/cell culture (Murthy et al.
2014). The concentration and the combination of auxin and cytokinins regulate the
product formation type (callus/cell/adventitious root/shoot). Thus, choosing the
appropriate growth regulators in optimal concentrations is very important (Murthy
et al. 2014). Auxins are growth regulators that induce callus formation at higher
concentrations. They induce rooting and somatic embryogenesis and, in some cases,
enhance SM production at lower concentrations. Indole-3-acetic acid (IAA), Indole-
3-butyric acid (IBA), 2,4-Dichlorophenoxyacetic acid (2,4-D), and Napthaleneacetic
acid (NAA) are the most commonly used auxins (Saad and Elshahed 2012). Among
2,4-D ranging from 0.5 to 32 mM, the highest anthocyanin production was achieved
in the callus cultures of Oxalis linearis var. β. latior supplemented with 2 mM 2,4-D
(Meyer and Van Staden 1995). On the contrary, the limitation of 2,4-D and its
replacement with NAA triggered berberine’s enhanced production (0.66 mg/mL) in
Thalictrum minus L. (Suzuki et al. 1987). In P. ginseng cell suspension culture, the
cytokinin did not affect the biomass accumulation. However, a lower concentration
of benzyl adenine (BA) or Kinetin (KN) and higher concentrations of auxin (IBA)
showed the highest production of ginsenosides (Lian et al. 2002). Among the tested
auxins, NAA was found more effective than 2,4-D for the growth of Papaver
bracteatum Lindl. cell suspension cultures (Farjaminezhad et al. 2013). In the
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suspension culture ofW. somnifera, the highest content of withanolide A (2.26 mg/g
DW) has been observed with the cultures supplemented with 2.0 mg/L
2,4-D + 0.5 mg/L KN (Nagella and Murthy 2010).

Cytokinins are phytohormones that stimulate cell division and induce shoot
formation and its proliferation. BA, 6-(γ,γ-dimethylallylamino)purine (2iP), kinetin,
zeatin, and Thidiazuron (TDZ) are the most commonly used cytokinins. Each
cytokinin has a different effect on the type of plant species. In the study conducted
by Constabel et al. (1971), cytokinins like BA and KN have improved the production
of anthocyanin accumulation in cell cultures of Haplopappus gracilis (Nutt.)
A. Gray However, in another study by Matsumoto et al. (1973), anthocyanin
production decreased in Populus cell suspension cultures when treated with
KN. Gibberellins are growth regulators that enhance the callus growth and take
part in shoot elongation. The most commonly used gibberellin is gibberellic acid. It
has been reported by Fett-Neto and DiCosmo (1996) that the addition of gibberellic
acid enhanced the callus growth of Taxus cuspidata Siebold & Zucc. Gibberellin
was found to enhance artemisinin production in Artemisia annua L. (Liu et al. 1997).
On the contrary, the application of gibberellin inhibited the production of hyoscya-
mine in Hyoscyamus muticus L. (Vanhala et al. 1998).

2.2.2.8 Temperature
Temperature is one of the physical factors that influence plant growth. Temperature
ranging from 17 to 25 �C is optimal for callus and suspension cultures. However, the
temperature is plant-specific; it varies from species to species. The effect of temper-
ature on biomass accumulation and metabolite production has been studied by
Morris (1986), and it has been found that maximum biomass yield (0.47 g/g) and
maximum production of ajmalicine and serpentine have been reported at 35 �C,
16 �C, and 25 �C, respectively.

2.2.2.9 pH
The hydrogen ion concentration in the media influences plant growth. The pH
concentration changes during nutrient uptake and biomass accumulation. Several
studies on the effect of pH on biomass and metabolite accumulation have been
carried out. Fragaria ananassa Duchesne cell suspension cultures grew well.
Apparently, the biomass was not affected by the pH levels of 3.7 to 8.7, but the
highest anthocyanin production was observed at the high pH 8.7 compared to the
normal pH 5.7 and lower than this (Zhang and Furusaki 1997). In cell suspension
culture of W. somnifera among the various pH studied (4–6.5), MS medium with
pH 5.8 influenced the accumulation of cell biomass and withanolide A (Nagella and
Murthy 2010). Naik and Al-Khayri (2020) showed that in cell suspension culture of
P. dactylifera, MS media at pH 6.0 favored the accumulation of phenolic content and
at pH 5.0 induced the accumulation of flavonoids.

2.2.2.10 Light Irradiation
Light is a predominant regulatory factor in the biosynthesis of SMs. Light influences
the expression of genes that take part in biosynthetic pathways of alkaloids,
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flavonoids, cardenolides, and betacyanins [14]. Light quality, intensity, and expo-
sure time are factors that elicit SM production. The effect of light intensity, quality,
and duration of irradiation on anthocyanin production by Perilla frutescens (L.)
Britton has been studied by Zhong et al. (1991). It was observed that the highest
anthocyanin production of 3.0 g/L was observed in the suspended culture when
irradiated with 27.2 W/m2 light irradiation. The effect of different light intensities
and irradiance on anthocyanin pigment production has been studied in Melastoma
malabathricum L. by Chan et al. (2010). The highest anthocyanin production was
observed in cultures exposed to continuous light for ten days, and the least was
observed in cultures exposed to 10 days of constant darkness. Various light sources
like red, blue, blue with red, fluorescent, and metal halide affect biomass accumula-
tion. Inhibitory effects of light are also reported for shikonin production in
L. erythrorhizon (Tabata et al. 1974).

2.2.3 Precursor Feeding

The biosynthesis of SMs is multiple reactions that involve the conversion of primary
to SMs. Precursors are chemicals that serve as the starting material or intermediate
for the biosynthetic pathway of SMs. The purpose of using precursors in a plant
tissue culture media is to facilitate the induction and enhancement of SMs synthesis
by utilizing subsisting enzyme systems. Thus, precursor feeding is a promising
approach for enhancing SM production (Arias et al. 2021). Experiments on SM
induction by feeding with various precursors have been conducted. The type,
concentration, and time of addition of the precursor should be taken into consider-
ation. The vanillin accumulation increased by 1.7-fold in Vanilla planifolia Jacks. ex
Andrews by addition of precursor ferulic acid at the concentration of 1 mM
(Romagnoli and Knorr 1988). The use of amino acids as inexpensive precursors
has been reported. Amino acids like phenylalanine have been fed as a precursor in
the cultures of Taxus cuspidata, and they have shown improved paclitaxel accumu-
lation (Fett-Neto and DiCosmo 1996). The effect of isocaproic acid, a near precur-
sor, and phenylalanine, a distant precursor, on capsaicin enhancement in cell cultures
of Capsicum frutescens L. has been reported (Sudhakar and Ravishankar 1996).
Plant cells are known to produce SMs in the stationary phase towards the late log
phase. Thus, the treatment of elicitors and precursors in later log phases increases
biomass and SM production. During the early log phase, the therapy might just
enhance SM production but not the biomass, thus causing overall low productivity
(Shilpa et al. 2010).

2.2.4 Permeabilization

The secondary plant metabolites formed are generally stored in vacuole, which
might inhibit the further accumulation of SMs. Thus, the cell membranes have to
be made permeable to exudate the metabolites synthesized. This can be done by
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membrane permeabilization by the formation of pores in the plant membrane. This
promotes the production of secondary metabolites, and most importantly, it helps in
continuous recovery and easier purification process. Permeabilization, however,
causes the loss of cell viability due to pore formation. The product recovery by
permeabilization can be achieved by chemical method and physical method. The
chemical treatments like high salt concentration solutions, organic solvents like
DMSO, chitosan, and physical treatment like ultrasonic vibrations, high pressure,
and high electric fields can be applied for membrane permeabilization. 0.7 mM
Triton X-100 when used as a chemical treatment for permeabilization in Beta
vulgaris L. cell culture for 15 minutes, 30% release of betacyanins was reported
(Trejo-Tapia et al. 2007). The cells of Chenopodium rubrum were subjected to
chitosan permeabilization for a long duration in the study by Dörnenburg and
Knorr (1997). It was subjected to 250 MPa pressure in the study by Knorr et al.
(1993). Both the treatments enhanced the release of amaranthine.

2.3 Biosynthesis of Secondary Metabolites

The biosynthesis of secondary metabolites is a multistep reaction that involves
converting primary metabolites to the end product by a series of enzymes. Under-
standing the biosynthetic pathway of secondary metabolites is very important for its
enhancement. The study on biosynthetic pathways deals with identifying the pri-
mary metabolites’ elementary units, identifying and elucidating intermediates, and
recognizing the genes that take part in biosynthesis, regulatory factors, and enzymes
that influence the biosynthetic pathway. The biosynthetic reactions are categorized
into three classes:

• Class I: Biosynthetic reactions involve the transformation of primary metabolites
to intermediates.

• Class II: Biosynthetic reactions involve the polymerization of similar small
molecules to large molecules.

• Class III: Biosynthetic reactions involve the modification of the essential assem-
bled molecule.

The biosynthesis of secondary metabolites is carried out through the acetate-
malonate pathway for alkaloids and phenol; pentose for glycosides and
polysaccharides; shikimic acid for tannins, aromatic alkaloids, and phenols; and
mevalonic acid for terpenes, steroids, and alkaloids (Dewick 2009) (Fig. 2.1).

Phenolic compounds are a diverse group of biosynthesized compounds, and
having two basic pathways: the shikimate pathway and the malonate pathway. The
shikimate pathway is a seven-step metabolic pathway that serves as an intermediate
for the synthesis of phenylpropanoids from carbohydrates. The simple carbohydrates
through glycolysis or pentose phosphate pathway form carbohydrate precursors,
entering the shikimic acid pathway to form aromatic amino acids such as phenylala-
nine, tyrosine, and tryptophan. These aromatic amino acids serve as precursors for
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the biosynthesis of phenylpropanoids catalyzed by phenylalanine ammonia lyase
(PAL). The phenylpropanoids, in turn, are used to produce phenolic compounds
such as coumarins, flavonoids, etc. The malonate pathway serves as an intermediate
pathway for simple phenols and is less significant in higher plants (Lincoln et al.
2015).

Alkaloids are a large family of nitrogen-containing compounds generally
derived from amino acids such as lysine, tyrosine, and tryptophan. Alkaloids are
biosynthesized in four steps. The first step involves the accumulation of an amine
precursor. The amines such as lysine, arginine, and ornithine and aromatic amines
such as tryptophan and tyrosine serve as amine precursors. The amine accumulation
is followed by aldehyde accumulation as alkaloid biosynthesis requires aldehyde
precursors. The aldehyde and amine precursors condense to form iminium
intermediates which then enable general alkaloid biosynthesis by Mannich-like

Fig. 2.1 General biosynthetic pathway of secondary metabolites (polyphenols, prostaglandins,
macrocyclic antibiotics) (Modified from Parsaeimehr et al. 2011)
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reaction. This serves as a scaffold forming step to establish the heterocyclic struc-
ture, the basic structure of alkaloids (Lichman 2021).

Terpenes, also referred to as isoprenoids, are the largest group of compounds
that are the constituents of essential oils. They are made up of isoprene units that are
the building blocks of terpenes. Terpenes are biosynthesized primarily by the
mevalonic acid pathway wherein three acetyl CoA molecules are combined to
form a six-carbon mevalonic acid in a sequential manner catalyzed by acetyl
CoA acetyltransferase, HMG CoA synthase, and reductase. Mevalonic acid is
phosphorylated by phosphomevalonate kinase to form mevalonic acid pyrophos-
phate (MVA-PP), which then undergoes decarboxylation and dehydration to form
isopentenyl pyrophosphate (IPP) in the presence of diphosphomevalonate decarbox-
ylase. The IPP undergoes isomerization to form dimethylallyl pyrophosphate
(DMAPP) in the presence of the IPP isomerase enzyme. Both these isomers con-
dense to form 10-C geranyl pyrophosphate (GPP), which is then converted to 15-C
farnesyl pyrophosphate (FPP). The IPP and derivatives of IPP like GGPP and FPP
polymerize to form polyterpenes (Manfredi 2007).

2.4 Metabolomics of Plant Secondary Metabolites

For the increase in the production of the phytocompounds, exploiting the plants
in vitro machinery has significantly increased during these decades. Metabolic
pathways have been targeted for direct manipulation at the genome level by
modifying the cell’s enzymatic and regulatory functions (Sinha et al. 2019). Meta-
bolic engineering (ME) facilitates the overexpression or upregulation of the genes,
which intensifies the metabolic reflux in specific pathways and produces novel
compounds. ME has proven to be an essential tool for scalable, selective, and
cost-effective secondary metabolite development (Alper and Avalos 2018). ME
was stringently used to increase the development of pharmaceutically useful SMs
in plants and in vitro systems by transformation with Agrobacterium species
accompanied by modulation of the plant metabolic signaling pathway (Hidalgo
et al. 2017). This approach uses Agrobacterium’s natural ability to infect and transfer
genes to the cells of plants. The effectiveness of this approach depends on several
variables, such as the nature of target cells or tissues and their ability to regenerate
and transform the efficacy of DNA distribution, the strictness of the system used to
pick transformed cells, and the time to retrieve fertile transgenic plants (Hwang et al.
2017). Secondary metabolite stilbene was produced by Agrobacterium transforma-
tion in the hairy root of tobacco after inserting stilbene synthase (STS) encoding
gene in tobacco (Hidalgo et al. 2017). Polyacetylenes, an alkaloid, were produced in
hairy root cultures of Campanula medium L. by Agrobacterium transformation
(Tada et al. 1996). Furthermore, glycoside, iridoids, polyphenols, naphthoquinones,
anthraquinones, and several essential oils can be yielded with this metabolic engi-
neering method. Secondary metabolites can also be produced by transferring the
complete metabolic pathway into heterologous hosts to create a novel string of
metabolic circuits. This can overcome several endogenous barriers and controls of
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the native host. Additionally, it is cheap and cost-effective and requires less time.
Two primary hosts used for SM production are E. coli and S. cerevisiae (Razdan
2018). One such potent anticancer compound, paclitaxel (taxol), was produced in
E. coli, an appropriate host for producing necessary precursor, i.e., taxadiene; its
hydroxylation leads to the formation of paclitaxel (Ajikumar et al. 2010). A group of
SM phenylpropanoids such as naringenin and resveratrol were yielded up to 7 mg/L
and 300 μg/L, respectively, in S. cerevisiae as a host (Razdan 2018). Another way of
gene modification at its expression level is RNA interference (RNAi), which is done
by silencing the gene at the post-transcriptional level in plants. Thus, this modifica-
tion technique targets and specifically degrades mRNA associated with double-
stranded DNA (Sinha et al. 2019). However, being a potent tool for gene silencing
is not much used to produce secondary metabolites in plants (Ossowski et al. 2008).
This method can be used to silence one pathway of metabolism to increase the level
of required metabolite. One such approach was made to produce non-narcotic
alkaloids named reticuline in opium poppy. Here in this plant, the biosynthetic
pathway for morphine production was silenced by targeting the enzyme Codeinone
Reductase (COR) encoding for morphine. Thus, increased reticuline levels were
observed due to feedback mechanisms (Wijekoon and Facchini 2011). Another
example of the downregulation of the cinnamate-4-hydroxylase gene increased the
biosynthesis of artemisinin in A. annua, a SM used to treat fever (Kumar et al. 2016).
Using this modification method, many genetic manipulations were done in several
plants to enhance metabolite production or reduce degrading pathways. Another way
of increasing SM production is the “push-pull” effect involving overexpression of
several genes concurrently. One such example is by co-introduction of 2 genes in
A. acutangulus hairy roots that leads to an increase in alkaloid accumulation up to
8.7-fold higher than usual (Kai et al. 2011). This approach of overexpressing the
targeted genes has led to an increase in the yield of SMs. Another method would be
downregulating genes that take part in competitive pathways.

2.4.1 Upregulation (Overexpression)

The expression of genes that take part in the biosynthetic pathway of secondary
metabolite production can be upregulated utilizing transcription factors that bind to
the gene’s promoter or enhancer regions. The overexpression of transcription
elements ORCA2 or ORCA3 in C. roseus cell suspension culture has enhanced
the production of metabolites like ajmalicine, serpentine, tryptamine, and
catharanthine (Sun et al. 2017. The overexpression of transcription factor proteins
(AaERF1 and AaERF2) has improved artemisinin and artemisinic acid accumulation
(Yu et al. 2012). The other strategy to enhance secondary metabolite production is
the upregulation of precursor genes. Overexpression of the GrDXS precursor gene
has enhanced terpenoid secondary metabolites’ accumulation (Jadaun et al. 2017).
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2.4.2 Downregulation (Silencing)

The genes that code for enzymes that take part in competitive pathways have to be
silenced to impede unwanted metabolites’ enzymes. These undesirable metabolites
can be ruled out through antisense RNA and RNA interference (RNAi). The
enhanced production of codeine and morphine in the opium poppy by manipulating
the phenylpropanoid pathway using RNAi has been reported by Wagner and
Kroumova 2008.

2.5 Role of CRISPR-Cas9 in Secondary Metabolite Synthesis

In recent years, genome editing has become a defined tailored strategy for altering an
organism’s genetic composition. The primary tool utilized (since 2001 and 2011,
respectively) in the editing technology is the site-specific nuclease (SSN), a multi-
function nuclease that concisely targets specific gene sequences. In order to precisely
remove, insert, and substitute a particular gene sequence, the use of these engineered
nucleases highlights the boundaries of the site-oriented mutagenesis method. It,
therefore, favors random mutagenesis techniques (Zaidi and Mansoor 2017). Some
of the genomic approaches include customized homing nucleases (meganucleases),
zinc-finger nucleases, transcriptions like activators, and the effectors (TALEN),
which depend on protein-based systems with tailored DNA binding specifications
to target the gene series (Sander and Joung 2014; Voytas and Gao 2014). Later on,
GE’s development began in 2013 when CRISPR (clustered frequently interspersed
short palindromic repeats)/Cas system editing technology was introduced. In gen-
eral, the CRISPR/Cas method is one of the most flexible, less expensive, and easy-
to-use methods for plant genome editing since it relies on DNA-RNA interaction
instead of DNA-protein interaction for target DNA sequence recognition (Miao et al.
2013; Schaeffer and Nakata 2015). The main idea behind genetic modification is the
location, identification, and division of foreign DNA sequences into small guide
RNA (gRNA) through associated DNA endonuclease (Cas9) (Fig. 2.2). There are
mainly three classes of CRISPR/Cas systems Types I, II, and III; Cas9 belongs to the
Type II class because the Cas9 system is characterized by comparative construction
simplicity and relative high efficacy in human, animal, and plant cells. The genome
editing using Cas9 is majorly determined by two types of gRNAs, defined as
CRISPR RNA (crRNA or the “protospacer”) and trans-activating crispr RNA
(tracrRNA) (Hanania et al. 2017; Nemudryi et al. 2014). The two different gRNA
sequences are combined into one single guide RNA molecule (sgRNA) to improve
this method’s functionality, particularly with eukaryotic genome variants. The
sgRNA loop structure binds to the target sequence and constructs a Cas9 complex
which fixes the double-stranded DNA and forms a double-strand DNA (DSB) break
at the destination locus that is further restructured by the host cell repair system
(non-homologous end junction (NHEJ) or homology-directed repair (HDR))
(Nishimasu et al. 2018). Following the successful demonstration as a programmable
RNA-driven gene-editing method, CRISPR-Cas9 was used by the scientist in plant
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breeding, manipulation of secondary metabolism (SM), and the development of
recombinant protein (Jinek et al. 2012). However, the use of CRISPR/Cas9 for the
modulation of SM biosynthesis is still at an early stage. It has recently been
successfully used to knock out the SmCPS1 gene in S. miltiorrhiza, resulting in
the blocking of metabolic flux by geranylgeranyl diphosphate (GGPP) and disrup-
tion of tanshinone biosynthesis. This plant is commonly used for different pharma-
cological properties, such as vasorelaxation, antiarrhythmic, and ischemia
prevention, in the traditional Chinese medicine method. In theory, GGPP is consid-
ered to serve as a source for another useful biosynthesis of diterpenes, i.e., taxol,
since tanshinone and taxol have a common precursor (GGPP) (Li et al. 2017a).
Furthermore, the knockout of 4’OMT2 in the opium poppy, a gene that controls the
biosynthesis of benzylisoquinoline alkaloids (BIAs), showed a substantial decrease
in BIA biosynthesis (e.g., morphine, thebaine), suggesting that the use of CRISPR/
Cas9 in Papaver species, opium poppy, and related species can simply be
transformed into biofactories for the mass development of BIAs through introducing
breaks in related gene sequences (Alagoz et al. 2016). The active mutation of the

Fig. 2.2 Plant genome editing by CRISPR/Cas9 system (Modified from Marchev et al. 2020)
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fatty acid desaturase 2 (FAD2) genes, OsFAD2–1 and FAD2, respectively, through
the CRISPR-Cas9 system, has also resulted in a significant increase in the oleic acid
content of rice seeds (Abe et al. 2018) and oilseed rape (Brassica napus L.) Okuzaki
et al. 2018). This genome editing platform was also used to develop lycopene-
enriched tomato (Solanum lycopersicum) by simultaneously altering the genes
involved in lycopene biosynthesis (Li et al. 2018).

In the same way, a pYLCRISPR/Cas9 system with one or two single-site guide
RNAs targeted the slyPDS gene involved in GABA shunt in tomato cultivar
Solanum lycopersicum, which resulted in 19-fold higher accumulation of
y-aminobutyric acid (GABA) than in wild plants (Li et al. 2017b). Despite the
promising advances made by CRISPR/Cas9 genome editing, there are still many
discrepancies in its plant genome off-target effects and how the mutation transmis-
sion rate can be eliminated and successful in future generations. Apart from all these
concerns, the CRISPR framework benefits from conventional methods of genetic
engineering.

2.6 Large-Scale Production of Plant Secondary Metabolites
(Bioreactor Scale)

A diverse group of plant-derived products can be produced at a low cost using
in vitro systems. It is initially produced at flask scale (small scale). However, to meet
the increased market demands of these biologically active metabolites, they have to
be produced in large scale using bioreactors. The large-scale production of these
SMs is challenged with barriers like low metabolite yield, cell heterogeneity, genetic
instability, sensitivity to shear stress, exquisite mixing, aeration, cell aggregation,
foaming, and adhesion of the cells. To promote cell growth and enhance SM
production cultivation, the culture parameters include the inoculum concentration,
media composition, aeration, agitation speed, temperature, light irradiation, and bio-
reactor design. The design of the bioreactor in industries depends on the type and the
biological significance of the SMs that have to be produced. To ensure high SM
yield, the selection of economically feasible bioreactors with optimal design and
operating conditions is essential. The optimization of media composition enhanced
anthocyanins production (387 mg/L) in V. vinifera cultured in a 2-L Rushton turbine
stirred bioreactor at 75 rpm (Aumont et al. 2004). In the study conducted by Rani
et al. (2018), the production of squalene (5.5 mg/g DW) in Santalum album
L. cultured in a 7-L stirred tank bioreactor was enhanced by optimizing the nutrient
medium with 5% sucrose and 1.5 mg/L 2.4-D. An enhanced accumulation of
53.80 mg/L of Resveratrol was achieved in cell suspension cultures of Vitis
amurensis Rupr. cultured in a 3-L balloon-type bioreactor optimized with 30 g/L
sucrose and 500 mg/L casein (Sun et al. 2016). Rosmarinic acid production of
17.90 mg/g DW in Dracocephalum forrestii W.W.Sm. shoots was enhanced when
cultured in a 10/L nutrient sprinkle bioreactor with 25 s pump operating time
(Weremczuk-Jeżyna et al. 2019). About 30 mg/g DW of rosmarinic acid was
accumulated in the cell suspension cultures of Ocimum basilicum L. cultured in
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stirred tank bioreactor operated at 100 rpm (Pandey et al. 2019). In large-scale
bioreactor cultures, the supply of gases (carbon dioxide and oxygen) is an essential
criterion in producing secondary metabolites. The process of aeration maintains
aerobic conditions, prevents excessive heating, and helps release volatile
compounds. Studies on different concentrations of oxygen ranging from 20% to
50% and carbon dioxide ranging from 0.03 to 5.0% on biomass accumulation in
P. ginseng cultures have been conducted, and 40% oxygen and 1% carbon dioxide
were found to be optimal for biomass accumulation (Thanh et al. 2006a, b). The
supply of oxygen has enhanced serpentine production in C. roseus in the study
conducted by Leckie et al. (1991). In shake flask and large-scale bioreactors of plant
cell cultures, agitation is an essential factor that must be maintained for the uniform
distribution of nutrients and dispersion of bubbles for aeration. Agitation helps in the
uptake of nutrients and promotes plant growth. Agitation is usually held at low
speeds in plant cell cultures. Studies on agitation speed on growth and metabolism of
Thevetia peruviana (L.) Lippold have been studied, and the highest biomass accu-
mulation of 11.92 � 0.25 g DW/L was achieved at 550 rpm (Arias et al. 2021).

2.7 Elicitation for Production of Secondary Metabolites

Plants produce SMs when exposed to biotic and abiotic stress factors like infection
by pathogens, attack by herbivorous, high salinity, temperature, drought, radiations,
and so on. In the course of their defense and adaptation to these stress agents, plants
produce novel SMs that accumulate in cells. Thus, SM production in the in vitro cell
or tissue culture can be enhanced by mimicking the stress by elicitation. Elicitors are
substances that elicit a morphological or physiological response in plants or improve
SMs biosynthesis. The eliciting stress factors can be categorized into biotic and
abiotic elicitors. Biotic elicitors include enzymes, cell wall fragments of bacteria,
virus, fungus, phytochemicals produced in response to damage, and products of a
microbial attack like jasmonic acid and salicylic acid; and abiotic elicitors include
chemicals such as heavy metals and inorganic salts, physical factors like UV
radiation, high temperature, and mechanical wounding (Al-Khayri and Naik 2020;
Naik and Al-Khayri 2016a, b). The choice of elicitor, the concentration, the exposure
time, and the age of the culture are some of the factors that influence the elicitation.

2.7.1 Abiotic Elicitor

Substances that are not of biological origin, such as physical, chemical, and hor-
monal factors, are termed abiotic elicitors. Different environmental stresses like
high, low temperature, salinity, drought, and radiation have a prominent impact on
plants’ bioactive metabolite production (Naik and Al-Khayri 2016a, b).
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2.7.1.1 Light as Physical Elicitor
Studies have proved that by choosing the optimal light intensity and a specific
wavelength of light for the plant in vitro culture, cells had significantly improved
their ability to produce metabolites. Thus, standardizing the quality and quantity of
light exposure can be a promising means to elicit plants for SM’s commercial
production. Light can have both beneficial and inhibitory effects on plant cells for
the production of SMs. The blue light had a strong inhibitory effect on cell suspen-
sion cultures of L. erythrorhizon for shikonin production (Yazaki 2017). Light
serves as one of the prime factors influencing plants’ primary and secondary
metabolism (Tariq et al. 2014). Table 2.2 presents few examples that emphasize
the significance of light as an elicitor in metabolite production.

2.7.1.2 Salinity Stress as Elicitor
Studies have emphasized environmental factors to greatly influence plant SMs, such
as temperature, water availability, soil fertility, and salinity. Human activities have
resulted in soil salinization due to improper irrigation practices and extensive use of
pesticides and fertilizers. This kind of increase in high salinized landmass has
induced stress response in plants resulting in a change in their metabolic pathway

Table 2.2 Light as an elicitor in metabolite production

Elicitor Plant species
Type of
culture Compound Reference

Blue and
red light

Stevia
rebaudiana (bertoni)

Callus Phenolic and flavonoids Ahmad
et al. 2016

Blue light Eclipta alba (L.)
Hassk.

Callus Stigmasterol Khurshid
et al. 2020

Light
irradiation

Perilla frutescens
(L.) Britton

Cell
suspension
culture

Anthocyanin Zhong
et al. 1991

Light Artemisia
absinthium L.

Cell
suspension
culture

Total phenol Ali and
Abbasi
2014

Red light Eclipta alba (L.)
Hassk.

Callus Eclalbatin, wedelolactone,
and dimethyl wedelolactone

Khurshid
et al. 2020

UV-B
radiation

Camellia
sinensis (L.) Kuntze

Callus Phenolic and flavans Zagoskina
et al. 2003

UV rays Passiflora
quadrangularis L.

Callus Isoorientin, orientin,
isovitexin, and vitexin

Antognoni
et al. 2007

UV C Vitis vinifera
L. Öküzgözü

Callus α-Tocopherol, catechin Cetin 2014

White and
green light

Artemisia
absinthium L.

Callus Chlorophyll and carotenoid Tariq et.al.
2014

Yellow
light

Artemisia
absinthium L.

Callus MDA Tariq et.al.
2014
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that facilitates their survival in these harsh conditions with increased production and
accumulation of secondary metabolites (Yang et al. 2018). Salinity induced stress
results in variation in physiological, biochemical processes in plant cells. Plant cells
lose their membrane stability and homeostasis and disrupt nutrition balance in cells,
affecting primary metabolism. Plants produce precursors for SM production under
this kind of stress conditions (Gupta and Huang 2014). Safflower callus culture
showed a better response to two elicitors, salicylic acid (SA) and chitosan (CHT),
with increasing salinity stress (1.5%, W/V) of sodium chloride. The culture pro-
duced elevated levels of total phenolics, total flavonoids, total flavonols, anthocya-
nin, and antioxidant activity (Golkar et al. 2019). Solanum nigrum L. callus, when
cultured in media with 150 mM NaCl, produced an enhanced yield of solasodine, a
steroidal alkaloid, and an alternative to diosgenin, a precursor for steroid drugs (Bhat
et al. 2008). Carthamus tinctorius L. hypocotyl-derived callus was subjected to
varying concentrations of NaCl (0–300 mM) proline, MDA, TPC, and TFD content
increased with an increase in salinity stress (Golkar and Taghizadeh 2018).

2.7.1.3 Heavy Metal as Elicitors
Generally, plants need essential nutrients such as Cu2+, Ca2+, Mn2+, Fe2+ in trace
amount as a cofactor for enzyme activity, nucleic acid metabolism, growth, and
differentiation of plant cells, but these metal ions, when present at higher concentra-
tion in the medium, have an inhibitor effect on plant cells and serve as stress factor
inducing SM production (Saba et al. 2000). Certain unusual earth element ions such
as cerium (as CeO2), yttrium (as Y2O3), neodymium (as NdCl3), and lanthanum
(as La2O3) can also be supplemented in media, which can induce secondary produc-
tion and accumulation of secondary metabolites. Furthermore, heavy metals such as
Co2+, Zn2+, and Fe2+, when added to media, can be a potent elicitor for SM
production (Chen et al. 2000; Ouyang et al. 2003; Zhao et al. 2000) (Table 2.3).

2.7.1.4 Thermal Stress as Elicitor
The biosynthesis of SM is highly regulated and exhibits tissue-specific expression.
Expressions of genes associated with specific biosynthetic pathways for SM are
modulated based on various environmental stimuli such as temperature (Rai et al.

Table 2.3 Heavy metal as an elicitor for metabolite production

Elicitor Plant species Type of culture Compound Reference

Cadmium
chloride

Gymnema
sylvestre R. Br.

Callus Gymnemic acids Ch et al. 2011

Copper ions Agave
amanuensis

Cell suspension Hecogenin Kartosentono
et al. 2002

NaCl and
MgSO4

Carthamus
tinctorius L.

Cell suspension α-Tocopherol Chavan et al.
2010

La Cistanche
deserticola Ma

Cell suspension
culture

Phenylethanoid
glycosides

Ouyang et al.
2003

Zinc and
copper ions

Lepidium
sativum L.

Callus Lepidine Saba et al. 2000
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2017). Plants, when grown at extreme temperatures, have an adverse effect on plant
physiology and metabolism. In response to this thermal shift, plants produce certain
SMs that can protect the plants from these unusual conditions (Naik and Al-Khayri
2016a) (Table 2.4).

2.7.1.5 Signaling Molecules as Elicitors
Plant hormones can serve as signal molecules that can bind to specific receptors on
the plant cell surface, leading to cascade reactions in the signal transduction path-
way, ultimately expressing the genes involved in the biosynthesis of SM (Table 2.5).

2.7.2 Biotic Elicitors

Biotic elicitors are mostly biomolecules derived from plant pathogens and the plant
itself (Radman et al. 2003). Mostly, complex biological preparations such as
proteins, glycoproteins, oligosaccharides, and fatty acids from pathogenic organisms
are widely used as elicitors. Different types of biotic elicitors are tabulated as an
example (Table 2.6).

2.8 Commercial Aspects

Consumers are increasingly conscious of lifestyle choices that have boosted demand
for organic and natural products. Due to their health benefits in terms of protection
and cost relative to conventional medicines, interest in medicinal plants has grown in
the past two decades (Anand et al. 2019; Thomford et al. 2018). Currently, many
companies are working to propagate plant cell cultures to develop bioprocesses
delivering SMs for the pharmaceutical, food, and cosmetics industries more eco-
nomically and sustainably. Different commercial SMs (e.g., arbutin, vanillin,
artemisinin, rishitin, pyrethrins, and vincristine) which are manufactured based on
plant cell cultures have been established and have a remarkable place in the global
market (Deno et al. 1987; Hibino and Ushiyama 1999; Sato and Yamada 1984). To
name a few, Mibelle Biochemistry in 2008 laid the foundation for the successful

Table 2.4 Temperature as an elicitor for metabolite production

Elicitor/
temperature Plant species

Type of
culture Compound Reference

4 �C Galega officinalis Callus Luteolin, genistein,
p-coumaric, naringenin

Karakas and
Bozat 2020

13 �C Cyclopia
subternata Vogel

Callus Bioflavonoid Kokotkiewicz
et al. 2014

29 �C Taxus chinensis (Rehder
& E.H.Wilson) Rehder

Cell
suspension

Paclitaxel Choi et al.
2000

30 �C Fragaria
ananassa Duchesne

Cell
suspension

Anthocyanin Zhang et al.
1997
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course of plant stem cell culture extracts into the cosmetics industry, which is used
by leading cosmetics brands such as Dior, Lancôme, Guerlain, and La Prairie in their
cosmetic formulations (Schmid et al. 2013; Schürch et al. 2007). A further milestone
in plant cell culture technology is represented by the FDA (Food and Drug Admin-
istration) approval of the anticancer compound paclitaxel in early 2000 (Imseng et al.
2014). In Europe, Toeside 10 was the first plant cell culture-based food supplement
approved officially for commercial production (Eibl et al. 2018). Table 2.7 contains a
selection of plant cell culture-based products that are commercially produced and
approved.

2.9 Conclusion and Recommendations

The plant tissue culture technique is a potent and promising tool for mass production
of industrial, medically, and commercially significant SMs over decades. Optimizing
the culture medium, optimizing the culture conditions, feeding the culture with

Table 2.5 Signaling molecules as an elicitor for metabolite production

Elicitor Plant species
Type of
culture Compound Reference

Methyl jasmonate Nicotiana tabacum L. Cell
suspension

Scopoletin
and scopolin

Sharan et al.
1998

Methyl jasmonate Medicago
truncatula Gaertn.

Cell
suspension

Triterpene Suzuki et al.
2004

Methyl jasmonate
and jasmonic acid

Mentha piperita L. Cell
suspension

Rosmarinic
acid

Krzyzanowska
et al. 2011

Methyl jasmonate Solenostemon
scutellarioides (L.)
Benth.

Cell
suspension

Rosmarinic
acid

Sahu et al. 2012

Methyl jasmonate V. vinifera cv. Barbera Cell
suspension

Trans- and
cis-resveratrol

Tassoni et al.
2005

Methyl jasmonate Gymnema sylvestre R.
Br.

Cell
suspension

Gymnemic
acid

Chodisetti et al.
2014

Salicylic acid Fagonia indica L. Callus Phenolic and
flavonoid

Khan et al. 2019

Salicylic acid Taxus chinensis var.
mairei

Cell
suspension

Taxol Wang et al.
2004

Salicylic acid Garcinia
brasiliensis Mart.

Callus Phenolic
content

Teixeira et al.
2019

Salicylic acid and
jasmonic acid

Azadirachta indica A.
Juss.

Cell
suspension

Azadirachtin Prakash and
Srivastava 2008

Salicylic acid Taxus baccata L. Cell
suspension

Taxol Rezaei et al.
2011

Salicylic acid and
methyl jasmonate

Vitis vinifera
cv. Cabernet sauvignon

Cell
suspension

Stilbene Xu et al. 2015
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Table 2.6 Biotic elicitors for metabolite production in cell suspension culture

Elicitor Plant species
Type of
culture Compound Reference

Aspergillus Niger Psoralea
corylifolia L.

Cell
suspension

Psoralen Ahmed and
Baig 2014

Aspergillus flavus
(mycelial extract)

Hypericum
perforatum L.

Cell
suspension

Phenylpropanoids
Hypericin

Gadzovska-
Simic et al.
2012

Aspergillus Niger
and Rhizopus
oryzae

Plumbago
rosea L.

Cell
suspension

Plumbagin Komaraiah
et al. 2002

Aspergillus Niger
and Penicillium
expansum

Andrographis
paniculata (Burm.f.)
Nees

Cell
suspension

Andrographolide Vakil and
Mendhulkar
2013

Aspergillus Niger Gymnema
sylvestre R. Br.

Cell
suspension

Gymnemic acid Chodisetti
et al. 2013

Aspergillus
Niger

Hypericum
triquetrifolium Turra

Cell
suspension

Rutin, hypersoid
and quercetin

Azeez and
Kadhim 2013

Aspergillus flavus Daucus carota L Callus Anthocyanin Rajendran
et al. 1994

Aspergillus
Niger

Psoralea
corylifolia L.

Cell
suspension

Psoralen Ahmed and
Baig 2014

A. niger Coleus
forskohlii (Andrews)
Benth. ex G.Don

Cell
suspension

Forskolin Swaroopa
et al. 2013

Bacillus subtilis Gymnema
sylvestre R. Br.

Cell
suspension

Gymnemic acids Chodisetti
et al. 2013

Candida albicans
KCTC 7121

Gingko biloba L. Cell
suspension

Bilobalide,
ginkgolide A and
ginkgolide B

Kang et al.
2009

Chitosan Fagonia indica L. Callus Phenolic and
flavonoid content

Khan et al.
2019

Chitosan Carthamus
tinctorius L.

Callus Total Phenolics,
flavonoids,
anthocyanin

Golkar et al.
2019

Chitosan Cistanche
deserticola Ma

Cell
suspension

Phenylethanoid
glycosides

Cheng et al.
2006

Chitosan Vitis vinifera L. Cell
suspension

Anthocyanin and
phenolic acid

Cai et al. 2011

Chitosan Withania
somnifera L. dunal

Callus Withanolides Sivanandhan
et al. 2012

Chitosan Rubia tinctorum L. Cell
suspension

Anthraquinone Vasconsuelo
2003

Chitosan Taxus
chinensis (Rehder &
E.H.Wilson) Rehder

Cell
suspension

Paclitaxel Zhang et al.
2007

(continued)
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precursors for the production of desired metabolites is a common strategy employed
for an enhanced product yield. Elicitation is another means of stimulating the culture
for increased yield of metabolites. Just choosing the biotic or abiotic elicitors does
not serve the purpose; it is necessary to standardize other parameters associated with
elicitation and precursor feeding for best performance, such as the dose, duration of
treatment, age, and type of culture. Extensive research is carried out in this field as
one can easily and economically scale up for mass production of a wide range of
SMs. Further, the SM production can be enhanced by scaling up by means of
bioreactors which serve as biotechnological tools for large-scale metabolite produc-
tion. Optimization of culture conditions and the designing of the bioreactors are
essential for successful large-scale production. Metabolomics is an emerging field of
science mainly focusing on the metabolic pathways in which the SMs are
biosynthesized. Metabolic engineering deals with the study of biosynthetic pro-
cesses at the gene, transcriptomic, and protein levels and allows gene manipulation
by upregulating the genes involved in biosynthetic pathways or by downregulating
the genes that are involved in the competitive pathway of SMs to enhance the SM
production.

Table 2.6 (continued)

Elicitor Plant species
Type of
culture Compound Reference

Chitosan Scrophularia
striata L.

Cell
suspension

Aromatic amino
acids
Echinacoside

Kamalipour
Azad et al.
2016

Chitosan Linum album L. Cell
suspension

Podophyllotoxin,
lariciresinol

Esmaeilzadeh
Bahabadi et al.
2014

Chitosan Betula
platyphylla Sukaczev

Cell
suspension

Triterpenoid Fan et al. 2010

Chitosan Petroselinum
crispum (Mill.) Nym

Cell
suspension

Callose
Coumarin

Conrath et al.
1989

Chitosan Calendula
officinalis L.

Cell
suspension

Oleanolic acid Wiktorowska
et al. 2010

Escherichia coli Gymnema
sylvestre R. Br.

Cell
suspension

Gymnemic acids Chodisetti
et al. 2013

Penicillium
Citrinum

Catharanthus
roseus (L.) G.Don

Suspension Catharanthine Xu and Dong
2004

Trichoderma
Viride

Catharanthus
roseus (L.) G.Don

Cell
suspension

Ajmalicine Namdeo et al.
2002

Yeast extract Gymnema
sylvestre R. Br.

Cell
suspension

Gymnemic acid Veerashree
et al. 2011
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Table 2.7 Products manufactured from plant cell cultures of commercial importance (Modified
from Eibl et al. 2018)

Product Species Manufacturer Use and notes Reference

Acteos 10P Lippia
citriodora Kunth

Active
Botanicals
Research
(ABR),
Brendola, Italy

Food
supplementary
ingredient

Fremont 2017

Anthocyanins Aralia cordata Thunb. Nippon Paint
Co., Ltd.,
Osaka, Japan

Textile dyes Kolewe et al.
2008, Obembe
et al. 2011

Arbutin Catharanthus
roseus (L.) G.Don

Mitsui
Chemicals, Inc.,
Tokyo, Japan

Pigment
antiseptic

Berberines Coptis japonica Kunth Mitsui
Chemicals, Inc.,
Tokyo, Japan

Anticancer,
antibiotic, anti-
inflammatory

Thalictrum minus L.

Betacyanins Beta vulgaris L. Nippon
Shinyaku Co.,
Kyoto, Japan

Red to
red-violet
pigment

Celtosome Crithmum
maritimum L.

BiotechMarine
by Seppic,
Pontrieux
France

Cosmetics for
skin
rejuvenation
And care

SEPPIC n.d.

Cocovanol Theobroma cacao L. Diana Plant
Sciences,
Portland, USA

Food
supplementary
ingredient

Linda 2021

Ginseng Panax ginseng C.A.
Mey.

Nitto Denko
Corporation,
Osaki, Tokyo

Dietary
supplement

Kolewe et al.
2008, Obembe
et al. 2011

Paclitaxel Taxus spp. Phyton Biotech,
Inc. Genexol—
Samyang
Genex,
Ahrensburg,
Germany

Anticancer
FDA approved
for the
treatment of
ovarian, breast,
and lung
cancers

RootBioTec
HO

Ocimum basilicum L. Mibelle
Biochemistry
Group,
Bolimattstrasse,
Buchs

Treatment of
hair loss

Belser 2015

Scopolamine Duboisia spp. Sumitomo
Chemical Co.,
Tokyo, Japan

Anticholinergic Kolewe et al.
2008, Obembe
et al. 2011

Shikonin Lithospermum
erythrorhizon Siebold
& Zucc.

Mitsui
Chemicals,
Tokyo, Japan

Red pigment,
antibiotic

(continued)
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Scale-Up Production of Bioactive
Compounds Using Bioreactors 3
M. R. Rohini and P. E. Rajasekharan

Abstract

The increased demand for plant secondary metabolites by the pharmaceutical,
food, flavor, beverage, and cosmetic industries has necessitated the rapid and
mass production of these metabolites using in vitro plant culture systems.
Bioreactors provided a suitable alternative to conventional plant culture by
facilitating large-scale propagation of plants and production of secondary
metabolites. Bioreactors proved to be effective plant culture systems which are
genetically stable, low cost, easy to operate, and fully automated. Bioreactors
play a very important role in medicinal plant industry and have evolved over time.
At present, a variety of bioreactor configurations are available each customized
for specific plant cell/tissue so that a stable optimum yield of bioactives is
obtained. The chapter discusses briefly about the use of bioreactors in scaling
up the production of secondary metabolites, different categories and designs of
bioreactors available, factors on which bioreactor function depends, and the
different crops in which bioreactor scaling up is attempted.

Keywords

Bioreactor · Secondary metabolites · Plant cell cultures

3.1 Introduction

Plants have been the only source of medicine available to human beings from time
immemorial until the modern medical research and drug synthesis emerged. With the
realization of the innumerable side effects that modern medicines impose on the
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health conditions, there has been a gradual readoption of the plant-based medicines.
As per the reports of WHO, 80% of the global population relies on medicinal herbs
for their healthcare needs. Many of the modern-day drugs contain plant extracts or
active ingredients as their integral part. The very famous analgesic drug, aspirin, was
derived from the plant species Salix and Spiraea, and anticancer drugs like paclitaxel
is derived from Taxus species, while antimalarial drug quinine is obtained from
Cinchona species. It is roughly estimated that one-fourth of the modern-day drugs
contain active ingredients or bioactive compounds from plants. The active
ingredients or bioactive compounds are the high-value compounds which are
responsible for the pharmacological activities of the plant. Plant extracts provide a
vast scope of applications by virtue of the chemical diversity present in them.
Bioactives have numerous industrial applications in different sectors like pharma-
ceutical industry, cosmetic industry, food and beverage industry, etc. The global
plant extract market for phytomedicines and herbal extracts segment is the largest as
well as fastest-growing and is experiencing high demand from functional food and
beverages which require ingredients for preventing chronic diseases. The plant
extract market is estimated to be valued at USD 23.7 billion in 2019 and is projected
to reach USD 59.4 billion by 2025 (http://www.marketsandmarkets.com, 2019).

Owing to all these factors, the demand for plant extracts has increased, but the
supply is scanty; the reason is because nearly 72% of the species in high demand is
continued to be sourced from the wild. The unscrupulous collection from the forest
resources has threatened the survival of many important medicinal species. Apart
from this, the destruction of forest resources due to increased anthropogenic
activities and climate change scenario has also been responsible for the dwindling
of populations of many economically important species. In such a scenario, it
becomes essential to find the alternate sources for the supply of plant extracts or
bioactives on a large scale for meeting the commercial demands. Traditionally,
secondary metabolites were obtained through different extraction procedure using
whole plants and tissues which again depend on the type of species, age of plant,
plant part used, etc. Later on, with the advent of biotechnological methods like tissue
culture techniques, large-scale in vitro plant cultures were used for the production of
secondary metabolites. Findings from a study that anthraquinone synthesis occurred
from undifferentiated cells of Morinda citrifolia, it was proved that both
differentiated as well as undifferentiated cells can be used for production of second-
ary metabolites in plant cell cultures. Thus, the in vitro cultures for bioactive
synthesis may be either callus cultures, cell suspension cultures, and/or organ
cultures. Organ cultures such as root and shoot cultures were found to be better for
the production of secondary metabolites as compared to undifferentiated cultures
like callus and suspension cultures. In vitro culture of whole plant organs, viz., root
and shoot cultures, was attempted in many medicinal plants for the production of
secondary metabolites (Biondi et al. 2002). Analysis of secondary metabolites in
organ cultures and intact plants showed that there was no difference with respect to
quality and quantity of metabolites obtained. The added advantage of organ cultures
is that they are less sensitive to shear stress and relatively more stable in the
production of bioactives as compared to undifferentiated cells (Bais et al. 2002).
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Plant roots are also active sites of secondary metabolite synthesis and hence contrib-
ute as a potent explant for bioactive production in tissue culture. Hairy roots induced
by Agrobacterium rhizogenes shows a high productivity of secondary metabolites
and are yet another valuable source of phytochemicals used in pharmaceuticals.

Plant cell cultures are routinely used for the production of valuable bioactives by
the pharmaceutical, flavoring, as well as fragrance industry. Around 20,000 chemi-
cal metabolites are produced in plants including both primary and secondary
chemicals, and it is reported that every year about 1600 new plant chemicals are
discovered (Sajc et al. 2000). Paek et al. (2005) described that in vitro cultures for
secondary metabolite production were advantageous in terms of different
factors like:

• Mass production of metabolites in short period of time.
• Ensures regular availability of bioactives independent of season and plant

availability.
• Controlled and sterile environments with well-defined production system ensur-

ing high yield with consistent quality.
• Prevention of abiotic and biotic stresses.

Considering the benefits of in vitro cultures, researchers implemented the auto-
mation of in vitro propagation using bioreactor system, thereby reducing the cost and
labor for mass production of secondary metabolites. Bioreactor systems are particu-
larly useful for species:

• Which is difficult to cultivate.
• Which has a long cultivation period.
• Produces commercially important metabolite which cannot be synthesized

chemically.
• Which naturally produces only small quantity of metabolite of interest.

Bioreactor system is more advanced and efficient as compared to conventional
tissue culture system as the bioreactor process is completely automated and allows
for the manipulation of culture condition such as temperature, pH and dissolved
oxygen, carbon dioxide, and nutrients at any point of time. The process of continu-
ous aeration, mixing, and circulation of media also enhances the nutrient uptake by
the cells and increases their proliferation (Ibrahim 2015).

3.2 Bioreactors

Bioreactors refer to large vessels with controlled and sterile environments containing
liquid medium for culturing cells, tissues, or organs intensively with the purpose of
mass multiplication or mass production of certain bioactives produced by these cells.
Bioreactor systems mostly use liquid culture mediums for mass production of
various plant cells and tissues. These systems were developed initially for mass
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multiplication of microbes, but now it’s applied to plants for rapid mass propagation
of plant species which are difficult to propagate by conventional means and also for
production of secondary metabolites. The objective of bioreactor system is to
provide the optimum physical and chemical conditions for obtaining maximum
yield and quality of explants and at the same time to keep minimum production
cost by integrating automated facilities and simple low-cost devices (Preil 2005).

Three types of cultures are used in the bioreactor system as below:

• Cultures for mass propagation of planting material.
• Cultures for mass production of secondary metabolites and enzymes.
• Cultures used for biotransformation of exogenously added metabolites (which

may be precursors in a metabolic pathway).

Bioreactor systems ensure optimal growth and biochemical functions of plant cell
to synthesize bioactive compounds. The advantages of bioreactor system involve:

• It allows scaling up of bioactive production in suspension cultures under con-
trolled conditions.

• It reduces manual handling of cultures, thus saving labor, time, and energy.
• Regulation and manipulation of culture conditions can be done at different stages

of bioreactor.
• The system is easy for accessibility like inoculation or harvesting of cultures.
• Submerged culture conditions will enhance the nutrient absorption by the cells

and thereby increases the secondary metabolite production. Large numbers of
plantlets are easily produced and can be scaled up.

Bioreactor technology is already in place for mass propagation of many medicinal
species like Rauwolfia serpentina, Chlorophytum borivilianum, Bacopa monnieri,
Swertia chirayita, etc. However, with respect to bioactive production from medicinal
plants, in spite of the enormous advantages, commercial scale production is achieved
only in Japan in few species like Lithospermum erythrorhizon (for shikonin), Panax
ginseng (for ginsenosides), and Berberis aristata (for berberine) (Bourgaud et al.
2001).

3.3 Bioreactor Design

First bioreactor system for plant propagation was developed for in vitro mass
propagation of Begonia � hiemalis (Takayama and Misawa 1981). Since then lot
of bioreactor systems have been developed for different types of plant species.
Standardizing a bioreactor system for plant propagation or secondary metabolite
production is an interdisciplinary research which includes study of plant biotechnol-
ogy, plant physiology, biochemistry, molecular biology, pharmacology, and engi-
neering. Understanding all the complex processes involved is important to assess the
tissue morphology, bioreactor conditions in terms of oxygen availability, heat
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transfusion, agitation, mixing, kinetics of cell growth and metabolite production,
control of culture environment, and the potential for process scale-up. The overall
objective of bioreactor system is to develop an optimum protocol to achieve high
productivity. The design and development of bioreactors depend on the purpose as
well as the different engineering parameters like oxygen requirement, shear resis-
tance, controlled physical and chemical environment, and amenability for scaling
up. The factors affecting the metabolite production in bioreactors include: the
gaseous atmosphere, oxygen supply and CO2 exchange, pH, minerals,
carbohydrates, growth regulators, the liquid medium rheology, and cell density.

The basic requirements of bioreactor system are as follows:

• Provision for cell-to-cell contact.
• Provision for homogenous mixing with minimal shearing and sufficient aeration.
• Provision for effective heat transfer.
• Provision for adequate dispersion of air and gas.
• Should avoid segregation of substrates.
• Provision for measuring various growth and yield parameters.
• Provision for scaling up of bioactive production.
• Provision for sterile and stable environment.
• Provision for easy handling and maintenance.
• Should minimize all possibilities of contamination.

Bioreactors are classified into different categories based on certain criteria; one
among them is based on agitation method. Based on agitation, bioreactors are
fundamentally classified as mechanically agitated, pneumatically agitated, and
non-agitated types. Mechanically agitated bioreactors include stirred tank bioreactor,
rotating drum bioreactor, and spin filter bioreactor. Pneumatically agitated
bioreactors comprise of simple aeration bioreactor, bubble column bioreactor, airlift
bioreactor, and balloon-type bioreactor. Non-agitated bioreactors include gaseous
phase bioreactors, oxygen permeable membrane aerator bioreactors, and overlay
aeration bioreactors.

Mechanically agitated bioreactors use impellers or magnetic stirrers or vibrating
perforated boards for aeration, mixing, and circulation; on the other hand, in
pneumatically agitated bioreactors like airlift bioreactors, aeration and mixing are
done by the inserted gas which is entering though the side or basal inlets via airlift
pumps. The entering air will lift the plant biomass and provide sufficient oxygen (Ziv
2005). Mechanically agitated bioreactors have higher energy consumption, and tall
bioreactors have sealing issues and are more prone to cell damage and shearing,
whereas airlift bioreactors are advantageous in terms of its simple design, low
shearing, high gas and nutrient transfer rates, low electricity consumption, and
relatively high yields (Denchev et al. 1992). Since airlift bioreactors don’t have
any moving parts, the maintenance time and cost is also less. The disadvantages of
this system include excessive foam formation and growth of cells at the top which
can be avoided by using antifoams and wide top bioreactors or bubble bioreactors
(Paek et al. 2001).
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Recently, novel bioreactor systems based on the extent and period of immersion
of explants or cells in culture media have emerged which have been categorized as
continuous immersion and temporary immersion bioreactors. In continuous immer-
sion system (CIS), the explant material is continuously in contact with the liquid
medium. Stirred tank, airlift, and balloon bioreactors are examples of continuous
immersion system. The limitations associated with this system are that continuous
immersion causes hyperhydricity and malformations because of insufficient oxygen
availability for the submerged tissues. The deficiency in oxygen availability induces
oxidative stress producing reactive oxygen species causing injury to the plant tissue.
To avoid this problem, oxygen should be provided either by agitation or by aeration
or by exposing a part of the explant to air. This has led to the development of
temporary immersion system (TIS) in which there is only temporary contact between
the plants and the liquid medium, thus avoiding continuous immersion and
providing adequate oxygen transfer to the cultures. The working principle of TIS
system is to prevent complete immersion using different ways like using separate
sides of culture vessels or keeping the explant above a platform. The medium comes
in contact with the plant material for specific period of time and then the medium
gets back to the storage tank. The whole process is controlled by electronic system.
Bioreactors employing TIS system involve different types like:

• RITA®, Plantform™, and Rocker bioreactors: Explant material is kept separate
from the liquid medium in the same culture vessel but in different zone or
different compartments. Explant material is kept above the medium using differ-
ent support materials like nets, glass beads, etc. The medium comes in contact
with the material by the force of filtered air pumped at specific intervals in RITA®

and Plantform™ systems and by mechanical movement of the vessel in the case
of rocker bioreactors. Plantform™ systems are especially useful for plants that are
more prone to hyperhydricity. The optimization of protocols in terms of immer-
sion duration and frequency needs to be standardized for the species of interest.

• Two flask system: Explant material is kept in one vessel and medium is present in
a separate vessel. Here also the explant material comes in contact with the
medium by the driven force of filtered air pumped at specific intervals.

Plants cultured by TIS generally show increased vigor and better quality than
those grown completely submerged in liquid medium or conventionally in semisolid
medium.

Based on the nature of continuous phase used, bioreactors are classified as liquid-
phase bioreactors, gas-phase bioreactors, and hybrid bioreactors.

Liquid-Phase Bioreactors In this bioreactor system, plant cells will be immersed
in the liquid medium continuously, and oxygen will be given by passing air through
the culture medium. Mechanically driven bioreactor, pneumatically driven bioreac-
tor, and hydraulically driven bioreactor belong to this category. The limitation of
liquid-phase bioreactors includes low solubility of gases, reduced availability of
nutrients, growth inhibition, etc.
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Gas-Phase Bioreactors Gas-phase bioreactors were introduced for very sensitive
plant tissues like hairy roots which get damaged by other bioreactor system like
stirred tank system. Gas-phase bioreactors include mist or spray technology in which
the roots are exposed to nutrient mist/spray as in aeroponics. In these bioreactors,
oxygen availability is not limited even at high culture density and also resistant to
shearing. Studies also showed that the production of secondary metabolites is often
greater in mist bioreactors than in liquid-phase reactors.

Hybrid Bioreactors These bioreactors are a combination of liquid-phase and
gas-phase bioreactors. In this system, there occurs a shift from liquid to gaseous
phase after the inoculation, distribution, attachment to immobilization points, and
short growth phase of the cells. An example is the Wilson bioreactor for hairy root
cultures.

Table 3.1 and 3.2 depicts the different types of bioreactors used in different
medicinal species for secondary metabolite production and hairy root cultures.

3.4 Factors Affecting Bioactive Production in Bioreactors

3.4.1 Ventilation and Availability of Dissolved Oxygen

Regeneration capacity as well as viability of plant tissues in the culture mostly
depends on the ventilation as well as availability of oxygen in the liquid medium.
Bioreactor conditions have to be optimized with respect to agitation speed and
aeration rate, gas mixing, etc. so that effective oxygen diffusion occurs from the
gaseous to the liquid phase. The presence of sufficient oxygen in the liquid media is
important for the growth as well as mass production of cells or tissues.

3.4.2 Mixing of Liquid Medium

In order to facilitate uniform distribution of nutrients to all the cells in the liquid
media, there should be proper mixing of the medium. The mixing can be done either
mechanically or pneumatically depending on the type of the bioreactor, but care
should be taken to ensure that there is no cell or tissue damage happening during
mixing and at the same time cells are getting enough nutrients.

3.4.3 Medium pH

The pH of the liquid media determines the mass production of cells, tissues, and
thereby bioactive production in bioreactor systems. Studies have shown that liquid
medium of pH 5 inhibits embryogenesis of cultures. pH of the medium also affects
the availability of nutrients to the plant tissues.
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3.4.4 Availability of Nutrients

Nutrients are the major chemical factors which determine the productivity of tissue
culture systems in bioreactors. Nutrients have to be provided regularly at periodic
intervals based on the amount of nutrient removed by the cultures in order to get
sustained yields from bioreactors.

Table 3.1 Different types of bioreactors used in different plant species for secondary metabolite
production

Bioreactor
type

Secondary
metabolite Plant species Explant type References

Shake flask
system

Hypericin Hypericum
perforatum L.

Adventitious
root

Cui et al. 2011

Airlift
bioreactor
system

Caftaric acid,
chlorogenic acid,
cichoric acid

Echinacea
purpurea (L.)
Moench.

Adventitious
roots

Jeong et al.
2009

Airlift
bioreactor
system

Anthraquinones,
phenolics,
flavonoids

Morinda citrifolia
L.

Leaf cells Ahmed et al.
2008

Shake flask
system

Anthocyanin dyes Melastoma
malabathricum L.

Callus cell
cultures

Chan et al.
2010

Balloon-type
bubble
bioreactors

Ginsenosides Panax ginseng
Meyer

Adventitious
roots

Smolenskaya
et al. 2007

Shake flask
system

Human serum
albumin

Oryza sativa L. Transgenic
rice seeds

He et al. 2011

Shake flask
system

Ginsenoside Panax japonicus
C.A. Mey. Var.
repens

Callus cell
cultures

Smolenskaya
et al. 2007

Nutrient
sprinkle
bioreactor

Rosmarinic acid Dracocephalum
forrestii W. W.
Smith

Shoot
cultures

Weremczuk-
Jeźyna et al.
2019

Stirred tank
bioreactor

Resveratrol Vitis labrusca L Suspension
culture

Chastang et al.
2018

Stirred tank
bioreactor

Anthocyanin Vitis vinifera (L.)
cv
Gamay Fréaux
var. Teinturier

Suspension
culture

Aumont et al.
2004

Nutrient
sprinkle
bioreactor

Caffeic acid Dracocephalum
forrestii
W.W. smith

Shoot
cultures

Weremczuk-
Jeźyna et al.
2019

Nutrient
sprinkle
Bioreactor

Verbascoside Scutellaria alpina Shoots Grzegorczyk-
Karolak et al.
2017
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3.5 Case Studies of Medicinal Plants

3.5.1 Catharanthus roseus

This plant produces a very important compound—ajmalicine—in its leaves which
has got antihypertensive property and also is used in the treatment of circulatory
diseases. The low availability of the compound in the plant necessitated alternative
production systems for the rapid and mass production of ajmalicine. The bacterium-
induced hairy roots were considered as a better alternative for in vitro production of
ajmalicine. Mass cultivation of hairy roots was carried out in different bioreactor
systems like bubble column, rotating drum, modified bubble column, etc. Bioreactor
conditions in terms of inoculum size and density, aeration rate, agitation speed, etc.
were standardized. The yield of ajmalicine was only 4.6 � 0.4 mg/l in rotating drum
bioreactor, whereas it gave 34 � 2.3 mg/l ajmalicine in shake flask bioreactor. The
yield was still higher in a modified bioreactor where the hairy roots were anchored to
a polyurethane foam (Thakore et al. 2017).

Table 3.2 Bioreactors used for hairy root cultures

Bioreactor type
Volume
(l) Plant species

Secondary
metabolite References

Stirred tank
bioreactor

12 Datura
stramonium

Tropane
alkaloids

Hilton and Rhodes 1990

Stirred tank
bioreactor

25 Atropa
belladonna

Tropane
alkaloids

Lee et al. 1999

Stirred tank
bioreactor

2.0 Panax ginseng Saponins Inomata et al. 1993

Bubble column
bioreactor

2.0 Hyoscyamus
muticus

Tropane
alkaloids

Cuello et al. 1991

Airlift bioreactor 1.0 Catharanthus
roseus

Indole
alkaloids

Toivonen et al. 1989

Nutrient sprinkle
bioreactor

Salvia
officinalis L

Rosmarinic
acid

Grzegorczyk and
Wysokinska 2011

Airlift bioreactor 2.0 Duboisia
leichhardtii

Scopolamine Muranaka et al. 1992

Airlift bioreactor 1 Coleus blumei
L.

Rosmarinic
acid

Bauer et al. 2015

Airlift bioreactor 1.5 Nicotiana
rustica

Nicotine Rhodes et al. 1986

Trickle bed
bioreactor

2.0 Hyoscyamus
muticus

Tropane
alkaloids

Flores and Curtis 1992

Nutrient mist
bioreactor

9 Mucuna
pruriens

L-DOPA Huang et al. 2004

Nutrient sprinkle
bioreactor

5 Leonurus
sibiricus L.

Caffeic acid Sitarek et al. 2018
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3.5.2 Panax ginseng

Panax ginseng is valued for the saponins—ginsenosides—present in its roots which
is responsible for the pharmacological activity. Cultivation of this plant being time
consuming and laborious needed some alternate sources of ginsenosides. Large-
scale biomass production of ginseng was achieved on industrial scale by Nitto
Denko Corporation (Ibaraki, Osaka, Japan) in big dimension stirred tank bioreactors.
Stirred tank and airlift bioreactors were commonly used for the suspension cultures.
In stirred tank bioreactor system for ginseng, it was found that cell growth and
ginsenoside production was affected by agitator design and the agitation rate (Furuya
et al. 1984). Hairy root cultures were also tried by many workers for rapid saponin
(Yoshikawa and Furuya 1987; Yu et al. 2000), but these hairy roots were observed to
be lethal to mammalian cells. Therefore, adventitious root production was attempted
for the production of secondary metabolite, and it was found successful (Yu et al.
2001), and ultimately balloon bubble bioreactor system was used for the scaling up
of adventitious root production (Yu et al. 2000, 2001).

3.5.3 Artemisia annua L

Artemisinin obtained from the leaves of Artemisia annua is used for the treatment of
cerebral malaria along with quinine and chloroquine. The availability of this bioac-
tive is very limited in the plant accounting to only 0.01–0.5%; as a result only 6 kg of
artemisinin can be obtained from 1000 kg dry plant leaves. This necessitated the
in vitro production of artemisinin using plant cell and hairy root cultures. Different
bioreactor systems have been tried in Artemisia annua for artemisinin production. It
was found that artemisinin production was highest in mist bioreactors as compared
to other systems (Patra and Srivastava 2014). The yield of artemisinin was 0.025 mg/
l (Kim et al. 2003) and 0.088 mg/l (Xie et al. 2000), respectively, in bubble column
type and shake flask bioreactors, whereas a higher artemisinin content of 0.031 mg/l
was observed in nutrient mist bioreactors. It was also found that the genes responsi-
ble for artemisinin synthesis are overexpressed during scale-up of the cultures in
bioreactor (Souret et al. 2003).

3.5.4 Bacopa monnieri

Bacopa monnieri yields the saponin bacoside which has got the pharmacological
memory boosting property. In vitro production of bacoside has been reported by
several workers from differentiated as well as undifferentiated tissues. Liquid
medium for culturing B. monnieri is standardized by Ahuja et al. (2016). Shake
flask bioreactor, Growtek®, and modified bench top air agitated bioreactors were
used for shoot cultures of Bacopa monnieri. Air agitated bioreactor produced more
biomass (169.67 g) as compared to Growtek® (23.17 g) and shake flask (15.70 g)
bioreactors. Bacoside production was three times higher in the air agitated bioreactor
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than shake flask system. These findings suggested that bioreactor system is advanta-
geous for B. monnieri shoot proliferation and bacoside production. Figure 3.1 shows
high value compound which are commercially produced from few of the medicinal
crops.

3.6 Conclusions and Recommendations

Plant bioreactors have turned out to be the most suitable system for the industrial
production of plant secondary metabolites on a large scale. Most of the bioreactors
utilize liquid culture media for the optimum growth of cultures and production of
secondary metabolites. An efficient bioreactor system should provide a better control
of the contact of the plant tissue with the culture medium and optimal nutrient and
growth regulator supply, as well as aeration, medium circulation, the filtration of the
medium, and the scaling up of the cultures. Better understanding of different
metabolic pathways governing the biosynthesis of bioactive compounds is essential
for developing a successful bioreactor system. Efforts should be made in the
direction of shifting the bioreactor research from the laboratories to the commercial
level so as to meet the trade demands of plant extracts in the international market
worldwide.
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Factors Affecting In Vitro Production
of Nutraceuticals 4
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Abstract

In vitro culture techniques have emerged as a promising source for production of
various nutraceutical compounds and are employed in a variety of industries,
including agrochemicals, pharmaceuticals, flavours, fragrances, food colouring,
etc. Recognizing the importance of nutraceutical compounds, different strategies
have been extensively studied on in vitro cultures with the objective of improving
the production of nutraceutical compound in the plants. However, success for
obtaining the desired output is yet to be achieved. There are many factors which
are responsible in hindering the in vitro production of nutraceuticals. The review
thus focuses on the study of various biotic and abiotic factors and their impact on
three prime groups of nutraceutical compounds, i.e. phenolics, terpenes and
nitrogen-containing compounds. Based on the review of literature, various
strategies for improving yield of nutraceuticals in in vitro conditions are
discussed, and factors responsible for in vitro production of nutraceuticals are
highlighted.
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4.1 Introduction

Nutraceutical compounds are naturally derived bioactive compounds and are being
used in different traditional medicine by various cultures around the world (Yuan
et al. 2016); the therapeutical effects of these compounds are well recognised since
ancient times. Plants are rich source of three prime groups of nutraceutical
compounds, i.e. phenolics, terpenes and nitrogen- and sulphur-containing
compounds. Although phenolics and terpenes are primarily generated by the
shikimic and mevalonate system, respectively, the third major group of nitrogen-
and sulphur-containing compounds are generally generated by common amino acids
(Van Etten et al. 2001). These compounds are often present in plant species or a
taxonomically related group of species whose principal ecological activity is to
biosynthesise molecules to strengthen the plant’s ability to adapt to the wild envi-
ronment, significantly in relation of defence and signalling (Wink 2003). As a result,
these molecules have a variety of biological properties, including antioxidant,
antibacterial, anti-inflammatory, hypocholesterolemic, anti-diabetic and cytotoxic
capabilities. Considering these facts, the demands of nutraceutical compounds are
increasing many folds. This can be judged from the fact that the business of
nutraceutical compounds is estimated to be around $373 billion in 2025 at the rate
of 7.5% compound annual growth rate (PMMI Business Intelligence on Nutraceuti-
cal Market Assessment 2019). The high demand for nutraceutical compounds
directly depends upon the large-scale exploitation/extraction from the selected
wild plant species. This has a negative influence on the availability of raw materials
and, as a result, on the supply chain. In this context, there is a need to develop some
alternative approaches, which may help in addressing the increasing demands of
natural nutraceuticals.

In recent years, besides production of large-scale quality plant material, in vitro
culture methods are rapidly being employed for the synthesis of diverse nutraceutical
components since they offer a great way to control nutraceutical synthesis under
diverse culture conditions including nutrient medium, plant growth regulators
(PGRs) and their concentration, elicitor types, pH variations, etc. Hairy root culture
technology, in addition to in vitro cultures, is regarded as one of the most promising
methods for large-scale synthesis of nutraceutical chemicals (Halder et al. 2018).
However, all these approaches are affected by various biotic and abiotic factors. This
review focuses on understanding the role of different factors and their effect on
in vitro production of nutraceuticals.

4.2 Factors Affecting the Production of Nutraceutical
Compounds

Available literatures on indicate that there are a number of factors responsible for
altering the in vitro production of nutraceutical compounds (Fig. 4.1). However,
their specific roles and mechanism are poorly known. Considering the above, the
present review focused on understanding the possible factors that affect the in vitro
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production of three most important groups of nutraceutical compounds,
i.e. phenolics, terpenes and nitrogen- and sulphur-containing compounds. Details
of each factors is described in following sections:

4.2.1 Optimization of Cultural Conditions

Culture medium is required for the in vitro cell or tissue cultures of plants, as well as
the subsequent production of nutraceutical compounds. Gamborg (B5 1968),
Linsmaier and Skoog (LS 1965), Murashige and Skoog (MS 1962), and Schenk
and Hildebrandt are just few of the many mediums that have been used to establish
plant cell and organ cultures. The most fundamental technique for optimizing the
synthesis of specific nutraceuticals in in vitro culture is to vary the quantity of micro-
and macronutrients with a supply of nitrogen, sugar and plant growth regulators
(PGRs). Various studies have been carried out on the accumulation of nutraceutical
compounds like phenol, flavonoid, anthocyanin, etc., considering nutritional stress
by changing the concentrations of nutrients in the medium (Schiozer and Barata
2007). For example, in Arabidopsis thaliana, Cleome rosea and Rosa hybrida,
changing the ratio of NH4+ and NO3� in the MS medium greatly enhanced
anthocyanin and phenol contents (Simões et al. 2009; Shi and Xie 2010; Ram
et al. 2011; Liu et al. 2014). Furthermore, anthocyanin synthesis in Vitis vinifera
cell suspension cultures was reported to be regulated by osmotic stress caused by
sucrose and other osmotic agents (Do and Cormier 1990). Reports indicate that sugar
is a signalling molecule that affects the growth, development and metabolism of
cultured cells (Wang and Weathers 2007; Praveen and Murthy 2012). Therefore,
optimization of culture medium is essential whilst designing experiments for in vitro
production of nutraceutical compounds.

The condition of solid and liquid medium is also a key role in increasing the
concentration of various nutraceutical substances in vitro. For example, liquid media
clearly enhanced alkaloid content in Brugmansia suaveolens (Zayed and Wink
2004), Ophiorrhiza pumila (Saito et al. 2001) and Nothapodytes foetida (Fulzele
et al. 2001). Meanwhile, literatures also indicate solid media also enhanced

In-vitro
production of
nutraceutical
compounds

Nutrient Medium

Plant Growth
Regulators (PGRs)

Elicitors

Light and
Temperature

Genetic
Transformation

Fig. 4.1 Factors affecting in vitro production of nutraceutical compounds
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alkaloid production in many plants like Hyoscyamus muticus (Dehghan et al. 2012),
Leucojum aestivum (Ivanov et al. 2010) and Narcissus pseudonarcissus (Ferdausi
et al. 2020).

4.2.2 Plant Growth Regulators (PGRs)

Among plant growth regulators, auxins and cytokinins are major plant growth
regulators used individually and in combinations for producing nutraceutical
compounds (Pullman et al. 2005). Cell division and growth are promoted by
auxins and cytokinins. The most common auxin is 2,4-dichlorophenoxyacetic acid
(2,4-D), but auxins like 2,4-5-trichlorophenoxyacetic acid (2,4,5-T) and indoleacetic
acid (IAA) are also commonly used in in vitro production of nutraceutical
compounds; however, in case of cytokinin, zeatin and benzylaminopurine (BAP)
are commonly used (Hiraoka et al. 2004; Slater et al. 2008). The auxin to cytokinins
ratio has a significant impact on plant development, since a high auxin to cytokinins
ratio promotes shoot production, whilst a higher cytokinins to auxins ratio promotes
root growth (Slater et al. 2008). A number of studies have found that PGRs have a
direct influence on the production of nutraceutical substances in in vitro cells
(Table 4.1). Auxin or cytokinin concentrations, or the ratio of auxin and cytokinin
in cultured cells of various plant species, affected biomass growth and nutraceutical
compound production (Mantell and Smith 1984). In case of anthocyanin, exogenous
cytokinins stimulate the transcription level of key regulatory genes (PAL1, CHS,
CHI, DFR), which is responsible for the biosynthesis of anthocyanin compounds
(Deikman and Hammer 1995).

4.2.3 Light and Temperature

Light is a physical factor which influences plant nutraceutical production
(Table 4.1). Different light intensity influence the production of phenol, flavonoid
and anthocyanin in in vitro culture of Cleome rosea, Centella asiatica and Vitis
vinifera (Simões et al. 2009; Rao et al. 2015; Zhang et al. 2002; Kapoor et al. 2018).
Illumination was used for anthocyanin production in many publications on cell
culture systems (Blando et al. 2005); however, anthocyanin synthesis has also
been reported in the dark (Konczak-Islam et al. 2000). According to studies, the
intensity of light is directly proportional to anthocyanin synthesis. In Vitis vinifera
cells, for example, maximum anthocyanin synthesis was attained with 8000 lux light
(Zhang et al. 2002), but Cleome rosea cells required 3478 lux light (Simões et al.
2009). The light increases the expression of regulatory factors and structural genes
involved in nutraceutical chemical biosynthesis (Zhang et al. 2018). Temperature is
one of the factors which influence the production of plant nutraceutical compounds
in various plant species in in vitro culture. Generally, extreme temperature causes the
adverse impact on plant growth including synthesis and degradation of primary
metabolites (Al-Khayri and Ibraheem 2014). For the development of callus tissues
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Table 4.1 Nutraceutical compounds produced by in vitro culture techniques

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

A. Phenolics

1 Arabidopsis
thaliana

Anthocyanin In vitro germinated seed-derived
leaves/MS (1/2 strength of
NH4NO3 and KN03)/
50μmol m�2 s�1 of light
intensity

Shi and Xie
2010

2 Arabidopsis
thaliana

Anthocyanin In vitro germinated seed-derived
leaves/modified MS (removed
NH4NO3 and reduced
concentration of KNO3 to
9.4 mM/L)/9μM NAA

Liu et al. 2014

3 Artemisia
absinthium

Phenol and
flavonoid

Leaf/MS (1.0 mg/L MeJA,
jasmonic acid and GA3) liquid/
gyratory shaker 25 �C, 120 rpm,
25 � 1 �C

Ali et al. 2015

4 Azadirachta
indica

Anthocyanin Leaf/MS/TDZ (0.2 mg/L) Ashokhan et al.
2020

5 Beta vulgaris Phenol Roots/A. rhizogenes strain
(ATCC 15834)/liquid MS
medium supplemented with
30 g/L sucrose/25 �C (light/dark
cycle of 16/8 h) on a shaker at
11 rad/s

Georgiev et al.
2010

6 Brassica rapa
ssp. rapa

Phenol Leaf explants/A. rhizogenes
strain (KCTC 2703)/MS medium
with 4% sucrose/25 � 1 �C in
dark condition

Chung et al.
2016

7 Cajanus cajan Flavonoid Leaf/A. rhizogenes strain
(LBA9402)/MS liquid
supplemented with 3.0%
sucrose/25 �C in the dark
condition

Jiao et al. 2020

8 Camellia
sinensis

Phenol Shoot/cobalt metal ions
(0.006 ppm)/MS/24 � 2 �C dark
condition

Sutini et al.
2019

9 Centella
asiatica

Phenol and
flavonoid

Leaf, stem/MeJA (100μM),
salicylic acid (100μM)/MS/light
intensity of 3000 lux

Rao et al. 2015

10 Cleome rosea Anthocyanin Stem/1/2 MS (1:4 ratio of NH4
+

to NO3
�)/2,4-D (0.9μM)/sucrose

(70 g/L)/light intensity (2478
lux)

Simões et al.
2009

11 Cleome rosea Anthocyanin Seedling/MS/IAA (2 mg/L)/kin
(0.2 mg/L)

Sudha and
Ravishankar
2003

12 Cleome rosea Anthocyanin Leaves/MS/11.41μM IAA and
0.93μM kin

Saad et al. 2018
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Table 4.1 (continued)

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

13 Daucus carota
L. ssp. sativus
var.
atrorubens

Anthocyanins Taproot/A. rhizogenes strain
(A4)/1/2 MS + 200 mg L�1

ethephon/20 �C/18 �C (light/
dark cycle of 12/12 h) on an
oscillatory shaker at 100 rpm

Barba-Espín
et al. 2020

14 Echinacea
purpurea

Phenol Leaf/A. rhizogenes strain (ATCC
43,057)/MS + 50 g/l sucrose
+1.0 mg/l (24-eBL)
24-Epibrassinolide/25 �C in a
growth chamber under the dark
condition

Demirci et al.
2020

15 Fagopyrum
tataricum

Anthocyanins
and phenolic
compounds

Seeds/A. rhizogenes strain
(R1000)/1/2 MS/25 � 2 �C
incubated under dark conditions

Thwe et al. 2016

16 Ficus carica Phenol and
flavonoid

Shoot/A. rhizogenes strain (A7)/
1/2 MS liquid +100μmol L�1

MeJA elicitation/25 � 2 �C
(light/dark cycle of 16/8 h)

Amani et al.
2020

17 Habenaria
edgeworthii

Phenolic Seed/MS/BA (0.0–3.0μM)
methyl jasmonate (10,000 μM/)
liquid/16 h 40 E m�2 s�1 light
cool white fluorescent tubes

Giri et al. 2012

18 Hypericum
perforatum L.

Flavonoid Shoot, root/BA (1.2 mg/L), NAA
(0.02 mg/L)/liquid
MS/25 � 2 �C, photoperiod
16/8 h light/dark photoperiod

Mohammed
et al. 2019

19 Knautia
sarajevensis

Flavonoid Shoot/MS/salicylic acid
(100 mm)/liquid/dark, humidity
(70%), photoperiod 50 mmol/m2

s; light/dark 16:8

Karalija et al.
2020

20 Melastomam
alabathricum

Anthocyanin Cells (suspension culture)/MS/
0.25 mg/L BA and 0.5 mg/L
NAA/45 gL�1 sucrose/
3.5 mgL�1 MeJA

Suan-See et al.
2011

21 Melastomam
alabathricum

Anthocyanin Cells (suspension culture)/MS/
0.25 mg/L BA and 0.5 mg/L
NAA/45 g/L sucrose/3.5 mg/L
MeJA/pH 5.75/light intensity
(301–600 lux), temperature
(20 � 2 �C)

Chan et al. 2010

22 Melissa
officinalis

Anthocyanin Apical part/MS/0.5 mg/L BA/O3

fumigation (200 ppb, 3 h)
Tonelli et al.
2015

23 Ocimum
basilicum

Phenol Shoots/A. rhizogenes strain
(R1000)/1/2 MS liquid medium/
25 � 2 �C in dark conditions for
2 days

Kwon et al.
2020
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Table 4.1 (continued)

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

24 Panax
sikkimensis

Anthocyanin Root/MS/5.4μM NAA Biswas et al.
2015

25 Panax
sikkimensis

Anthocyanin Root/MS/4.5μM 2,4-D and
1.2μM kin with 3.0% sucrose
0.01% myo-inositol/0.33μM
thiamine hydrochloride, 2.5μM
Pyridoxine hydrochloride
4.0μM nicotinic acid

Mathur et al.
2010

26 Phoenix
dactylifera

Phenol and
flavonoid

Leaf/salicylic acid (50 mg/L),
cadmium chloride and silver
nitrate (50–200 mg/L)/solid/
rotary shaker (150 rpm) light
intensity (40 mol/m2/s) 16 h,
temperature (25 � 2 �C)

Al-Khayri and
Naik 2020

27 Plumbago
europaea

Phenol Stem/A. rhizogenes (MSU440)/
1/2 MS-B5 liquid medium
containing 30 g L�1 sucrose/
25 � 1 �C in dark condition for
48 h

Beigmohamadi
et al. 2020

28 Polygonum
multiflorum

Phenol Leaf/A. rhizogenes strain (KCTC
2703)/MS liquid medium
supplemented with 30 g/l
sucrose/25 � 2 �C (light/dark
cycle of 16/8 h) on shaker with
the speed of 100 rpm

Thiruvengadam
et al. 2014

29 Raphanus
sativus

Anthocyanin Root tip/1/2 MS/0.5 mg/L
IBA/25 �C under the 14 h/day
light at 100

Betsui et al.
2004

30 Rhodiola
imbricata

Phenol and
flavonoid

Leaves/MS/5 mg/L NAA and
5 mg/L BAP/blue light

Kapoor et al.
2018

31 Rosa hybrida Anthocyanin Leaf/modified EM/2.45μM IBA
and 2.33μM kin/0.5μM MeJA

Ram et al. 2013

32 Rosa hybrida
cv. ‘Pusa Ajay’

Anthocyanin Leaf disc/EM/4.0 mg/L
2,4-D/70 g/L sucrose/NH4

+ and
NO3

+ (low: High)

Ram et al. 2011

33 Salvia
bulleyana

Phenolic
compounds

Leaves/A. rhizogenes strain
(A4)/MS + 0.1 mg/l
IAA + 0.5 mg/l BAP/26 �C in
dark condition

Wojciechowska
et al. 2020

34 Salvia
miltiorrhiza

Flavonoid Leaves/A. tumefaciens strain
C58C1 (pRiA4)/1/
2 MS/25 � 2 �C in dark
condition on a shaker with the
speed of 100 rpm for 60 days

Shi et al.
2020a, b

35 Salvia
officinalis

Flavonoid Shoot/sodium salicylate
(500μM)/solid/25 � 2 �C,
photoperiod 16 h light/8 dark
h cycle

Kolarevic et al.
2015
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Table 4.1 (continued)

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

36 Scutellaria
lateriflora

Phenol Internode/A. rhizogenes strain
(ATCC 15834)/MS medium
+0.5 mg/l IBA/25 �C in the dark
condition

Marsh et al.
2014

37 Silybum
marianum

Flavonoid Cotyledons/A. rhizogenes strain
(A4 strain)/MS medium +
0.2 mg/l NAA/25 � 2 �C (light/
dark cycle of 16/8 h)

Gabr et al. 2016

38 Thevetia
peruviana

Phenol and
flavonoid

Leaf/salicylic acid (300μM)
methyl jasmonate (3μM)/MS
liquid/25 �C, photoperiod 12 h
light/12 h darkness

Mendozaa et al.
2018

39 Vitis vinifera Anthocyanin Cell suspension line/B5/
0.1 mg L�1 NAA and
0.2 mg L�1 kin/30 g L�1

sucrose, 250 mg L�1 casein
hydrolysate/20μM MeJA and
8000 lux light

Zhang et al.
2002

40 Vitis vinifera Anthocyanin Berries/B5/0.1 mg L�1 NAA and
0.2 mg L�1 kin/20 g L�1

sucrose, 250 mg�L1 casein
hydrolysate, 10–4 M ABA

Gagné et al.
2011

41 Vitis vinifera Anthocyanin Pulp fragments/B5/0.54μM
NAA/0.93μM kin/88 mM
sucrose combined with 165 mM
mannitol/250 mg L�1

Do and Cormier
1990

42 Vitis vinifera
L. cv. Gamay
Fréaux

Anthocyanin Berries/B5/0.1 mg L�1 NAA,
0.2 mg L�1 kin/30 g L�1

sucrose, 250 mg�L1 casein
hydrolysate/50 mg L�1 MeJA
and 1 mg L�1 dextran

Qu et al. 2011

B. Terpenes

43 Artemisia
annua

Monoterpenes Plant cells/MS (liquid medium)/
3% (w/v) sucrose/0.1 mg/l NAA
and 0.1 mg/l Kn/20 mg/l acetyl
salicylic acid

Baldi and Dixit
2008

44 Artemisia
annua

Monoterpenes Leaves/A. rhizogenes strain
(LBA9402)/MS/liquid
supplemented with 3.0%
sucrose/25 �C in the dark
condition

Rao et al. 1998

45 Ambrosia
tenuifolia

Monoterpenes Calls/MS/10μMkn and 1μM2–4
D/10μM ascorbic acid and
cysteine

Goleniowski
and Tirppi 1999

46 Taxus baccata Monoterpenes Callus line/B5 medium/0.05 mM
VSO4

Cusidó et al.
1999
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Table 4.1 (continued)

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

47 Coleus
forskohlii

Diterpenes Leaves/A. rhizogenes strain
(MAFF 03-01724)/B5 medium/
liquid supplemented with 3.0%
sucrose/100 rpm/25 �C in the
dark condition

Sasaki et al.
1998

48 Citrullus
colocynthis

Diterpenes Stem-derived callus/MS/2 mg/l
2,4-D and 4 mg/l kin

Hegazy et al.
2010

49 Azadirachta
indica

Diterpenes Calls/liquid MS medium with
altered nitrate: Ammonium ratios
(4:1)/sucrose 15 g/l

Sujanya et al.
2008

50 Astragalus
mongholicus

Diterpenes Sterile grown seedlings/
A. rhizogenes strain (LBA9402/
MS without nitrate/the cultures
were kept in the dark at 25 �C

Ionkova et al.
1997

51 Panax ginseng Diterpenes Callus/MS liquid/2.0 mg l �1

NAA, 0.1 mg l�1 kin/105 rpm/
dark at 25 �C

Thanh et al.
2005;

52 Centella
asiatica

Diterpenes Calls/MS liquid medium/
supplemented with 2 mg l�1

2,4-D and 0.1 mg l�1

BA/100 rpm/dark at 25 �C

Bonfill et al.
2010

C. Alkaloids

53 Ophiorrhiza
pumila

Alkaloids Stem/A. tumefaciens strain
(C58C1)/B5 medium

Shi et al.
2020a, b

54 Brugmansia
suaveolens

Alkaloids Root tips/WP liquid/200μm
methyl jasmonate + quercetin

Zayed and Wink
2004

55 Bupleurum
falcatum

Alkaloids Root/B5/8 mgL�1 IBA Kusakari et al.
2000

56 Catharanthus
roseus

Alkaloids Seeds/half strength MS
supplemented with 0.5 mg/L
2, 4-D + 1.0 mgL�1 BA

Verma et al.
2012

57 Capsicum
annuum

Alkaloids Fruits/MS medium
supplemented with 9.04μM
2,4-D + 2.32μM kinetin
(17.11 mM NaCl and 14.71μM
AgNO3)

Gammoudi et al.
2019

58 Cassia
acutifolia

Alkaloids Root/MS liquid medium
supplemented with 1.0 mg/L
2,4-D + 0.1 mg/L kinetin

Nazif et al. 2000

59 Cereus
peruvianus

Alkaloids Shoots/MS/4.0 mgL�1 2,4-D,
4.0 mgL�1 kinetin and
125 mgL�1 tyrosine

De Oliveira and
da Silva
Machado 2003

60 Ephedra
foliata

Alkaloids Axillary buds/MS/0.5 mgL�1

2, 4-D and kinetin, 100 mgL�1,
L-phenylalanine and 5 mgL�1

IBA

Lodha et al.
2014
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and the proliferation of cultured cells, temperatures of 17–25 �C are widely adopted
(Rao and Ravishankar 2002). However, the phenol, flavonoid and anthocyanin
yields are maximised at the optimum temperature (25�C2oC) (Table 4.1).

4.2.4 Elicitors

In response to numerous biotic (e.g. pathogens or insects) and abiotic
(e.g. temperature, salinity, water, radiation, heavy metals and mineral) stresses,
plant neutralities develop in plant cells (Ramakrishna and Ravishankar 2011).
These biotic and abiotic stress conditions have been named as ‘elicitors’
(Dornenburg and Knorr 1995). This elicitation method is widely utilised in in vitro
plant culture to produce a variety of plant nutraceutical compounds (Dornenburg and
Knorr 1995; Ramakrishna and Ravishankar 2011). Fungal, bacterial and yeast
elicitors (e.g. polysaccharides, glycoproteins, inactivated enzymes, purified xanthan,
crudlan and chitosan) have been reported to induce the overproduction of various
nutraceutical compounds, whereas abiotic elicitors (e.g. heavy metal salts) have been
reported to induce the overproduction of various nutraceutical compounds. Some
chemical elicitors commonly used in the in vitro production of nutraceuticals include
jasmonic acid (JA), methyl jasmonate (MeJA), 2-hydroxyl ethyl jasmonate, salicylic
acid (SA), acetyl salicylic acid (ASA), trifluoromethylsalicylic acid, ethylene (ET),

Table 4.1 (continued)

SN Plant species
Nutraceutical
compounds

Explant used/culture medium/
conditions References

61 Eriobotrya
japonica

Alkaloids Leaf/LS medium/10μM BA Taniguchi et al.
2002

62 Erythrina
americana

Alkaloids Seeds/MS liquid/3 mgL�1 NAA
and 2 mgL�1 kin

Miguel-Chávez
et al. 2003

63 Ginkgo biloba Alkaloids Leaf/MS liquid medium/
1 mgL�1 NAA and 0.1 mgL�1

kin

Carrier et al.
1990

64 Leucojum
aestivum

Alkaloids Shoot/MS/1.15 mgL�1 NAA
and 2.0 mgL�1 BA

Ivanov et al.
2010

65 Nothapodytes
foetida

Alkaloids Stem/MS liquid/10.74 mM
2,4-D and 10.74 NAA and
2.22 mM BA

Fulzele et al.
2001

66 Stemona sp. Alkaloids Shoot tips/MS liquid/100μM SA Chaichana et al.
2012

67 Torreya
nucifera

Alkaloids Leaves/MS liquid medium/
10 mgL�1 2,4-D and 1 gL�1

casamino acid

Orihara et al.
2002

68 Withania
somnifera

Alkaloids Shoot/MS/1 mgL�1 BA/sucrose
(3%)

Ray and Jha
2001

69 Withania
somnifera

Alkaloids Shoot tips/MS/0.4μM IAA and
0.4μM BAP

Sharada et al.
2007
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nitric oxide (NO) and sodium nitroprusside (SNP) (Giri and Zaheer 2016). SA
regulates resistance to pathogens like bacterial, fungal and viral. On the other hand
MeJA regulates the production of proteins by the octadecanoid pathway. Therefore,
hormonal MeJA and SA have been widely used to increase the yield of different
nutraceutical compounds in the cell cultures. For example, methyl jasmonate (Ali
et al. 2015; Rao et al. 2015; Giri et al. 2012; Ram et al. 2013; Mendozaa et al. 2018;
Zhang et al. 2002; Suan-See et al. 2011) and salicylic acid (Karalija et al. 2020;
Kolarevic et al. 2015; Al-Khayri and Naik 2020) have been efficiently used for the
production of phenol, flavonoid and anthocyanin in in vitro cell or tissue culture of
various plant species (Table 4.1). The concentration and duration of exposure of
elicitor concentrations are also important factors that influence the production of
biomass and nutraceutical compounds. For example, Giri et al. (2012) studied the
effect of methyl jasmonate (i.e. at concentrations of 0, 1.0, 2.0, 5.0 and 10.0 mg L-1)
on callus culture of Habenaria edgeworthii. Results indicated that an increase in
concentration resulted in a decrease in both fresh and dry biomass. However,
phenolic compounds were reported significantly higher than control. Further, the
time duration of subculture also affects the production of nutraceutical compounds.
For example, Wang et al. (2015) obtained higher amounts of flavonoids in 15–20
exposure days after the use of MJ elicitor in the Hypericum perforatum. Similar
findings were found in suspension cultures of Bacopa monnieri, with salicylic
elicitor-treated cultures showing an increase in biomass and bacoside production
around the sixth–ninth day (Koul and Mallubhotla 2020). Bota and Deliu (2011)
recorded a considerable enhancement in the production of flavonoids on Digitalis
lanata by the use of copper sulphate about 24 hrs. JA and SA along with light
irradiation in cell suspension cultures resulted the significant increase in phenol,
flavonoid and anthocyanin concentration, showing the synergistic effect of
integrated processes under in vitro conditions (Zhang et al. 2002; Rao et al. 2015).
Reports indicates that suspension culture is the best method for the elicitation and
production of nutraceuticals in in vitro (Gadzovska et al. 2013; Ramírez-Mosqueda
and Iglesias-Andreu 2017).

4.2.5 Genetic Transformation or Hairy Root Culture

Genetic information or hairy root culture is one of the advanced technologies of plant
biotechnology for producing various nutraceutical compounds (Hansen and Wright
1999; Sheludko 2010). The use of transformed bacterial strain of Agrobacterium
tumefaciens and Agrobacterium rhizogenes are reported to have its effect on in vitro
production of nutraceutical compounds (Halder et al. 2018). These bacterial strains
have been shown to be efficient and promising vehicles for introducing genes into
plant genomes, resulting in the transfer and integration of genes from plasmids from
bacteria into plant DNA, transformed neoplastic tissues, crown galls and hairy roots
(Saito 1993). Hairy root culture techniques emerged as an ideal biotechnological tool
for the uniform production of bioactive compounds, independent of geographical,
climatic or environmental constraints (Chung et al. 2016) It has several advantages
over field-raised plants like high yield, fast growth cycles, high genetic uniformity
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and stability in quality of bioactive molecule production (Boobalan and
Kamalanathan 2020). Several strategies, such as medium optimization and selection
of high-yielding lines, precursor feeding, growth simulation and modelling,
upscaling in bioreactors, elicitation and metabolic engineering of metabolite biosyn-
thetic pathways, have been developed to achieve continuous extraction of bioactive
molecules (Mehrotra et al. 2015; Srivastava et al. 2017). Hairy root culture is used
for more than just plant-based bioactive compounds; it is also used for biotransfor-
mation, phytoremediation, molecular pharming and transgenic plant development
(Georgiev et al. 2012). To date more than 50 families representing over 150 genera
of angiosperms have been exploited for their hairy roots and associated secondary
metabolite production (Mehrotra et al. 2015). Metabolites of the class alkaloids,
phenolics, carbonyl compounds, coumarins and terpenes and several subclasses are
currently exploited for scale-up production using this technique (Table 4.1). Some
examples of specialised metabolites already produced are rosmarinic acid (Kwon
et al. 2020), azadirachtin (Thakore and Srivastava 2017), camptothecin (Shi et al.
2020a, b; Xu et al. 2020), betalain (Pavlov et al. 2005), umckalin (Yousefian et al.
2020), ginsenoside (Zhang et al. 2015), taxol (Exposito et al. 2010), nicotine (Zhao
et al. 2013), plumbagin (Beigmohamadi et al. 2020), morphine (Hashemi and
Naghavi 2016), daidzin (Zaheer et al. 2016), withanolide A (Shajahan et al. 2017)
and catharanthine (Hu and Du 2006). Available literatures indicate that A. rhizogenes
strains are most suitable for large-scale in vitro production of nutraceutical
compounds as compared to A. tumefaciens (Table 4.1).

4.3 Challenges Faced in in Vitro Culture Technique

The increasing demands of nutraceutical compounds, mainly due to increasing
consumer preferences towards natural food additives and nutraceutical and healthy
foods, is one of the challenges to fulfil the demand. Further, nutraceutical
compounds are also popular due to their safety and potential applications in medi-
cine, cosmetics and food products, and therefore the wide use of new technologies is
the need of the hour. For instance, the extraction of nutraceutical compounds through
in vitro culture is more preferable than direct extraction because it is sustainable and
effective ways of commercial and large-scale production. However, various
challenges and limitations of these technologies are noticed. These include:

• The basic approaches that should be defined with reference to individual plant
species in the first stage of the in vitro cultivation process include improving
medium type and chemical ingredients, as well as numerous environmental
conditions.

• For large-scale production, parameters such as inoculum density, elicitation/PGR
type and concentration, agitation/aeration, nutrition feeding precursor feeding and
so on should be determined.

• The cost-effectiveness for industrial production of plant nutraceutical compounds
is a big concern, and adopting some of the recommendations that can minimize
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the cost, such as (1) thorough knowledge of the regulatory mechanisms that
influence the commencement and flow of the pathways during in vitro production
of plant nutraceutical compounds, (2) using metabolic engineering approaches to
manipulate regulatory enzymes to increase cellular activities, (3) designing of
low-cost techniques with minimum resources, and (4) the advancement of
bioprocessing technology for continuous metabolite accumulation and release.

4.4 Conclusion

Nutraceutical compounds have been extracted from diverse medicinal and wild
edible plant species across the globe for medical purposes since the ancient time.
The demands are gradually escalating which can be fulfilled by using the advanced
techniques such as in vitro culture. The current state of knowledge on in vitro
synthesis, problems and prospects for these nutraceutical chemicals could aid in
the development of a novel method for investigating high-value medicinal plant
species. The scientific community will benefit greatly from comprehensive informa-
tion on these compounds in order to conduct intensive research in this field.
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In Vitro Production of Phenolic Compound 5
Lalit Giri, Laxman Singh, and Indra D. Bhatt

Abstract

The in vitro production of phenolic compounds in different plant culture
techniques offers an attractive substitute rather than separation from plant
materials. The variability and instability of phenolic compound composition
hinders the standardization and quality assurance of crude materials. Therefore,
in vitro studies offer several allied advantages, such as little or no seasonal
variability, the use of high metabolite yielding cell lines for scaling-up produc-
tion, and reduced production time. Despite the fact that various strategies have
been used to increase phenolic compound content, elicitation, along with hairy
root culture, is one of the most feasible strategies currently in use. The present
work intends to provide an illustrative understanding of the factors having
conspicuous impacts on phenolic compound production in in vitro culture
conditions. In addition, emphasis was placed on highlighting important phenolic
compounds with broad implications for human health and contrasting metabolic
pathways involved. In conclusion, we further postulate in-depth research on
specific compound/compounds and their optimal extraction techniques rather
than studies encircling the phenolic extract as a whole and their corresponding
bioactivities. Such a strategy finds wide acceptability and application, consider-
ing the needs of the pharmaceutical industry or for encapsulation in
functional food.
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5.1 Introduction

Plant secondary metabolites are a group of organic compounds produced to facilitate
interaction with the biotic environment and the establishment of a defense mecha-
nism against various stresses (Wink 1988; Verpoorte et al. 2000). Secondary
metabolites have a far lower occurrence in plants than primary metabolites; a
compound may only be present in a few species or perhaps a few variants within a
species. The synthesis of these compounds is often minimal (less than 1% DW) and
is highly dependent on plant species, physiological and developmental stages, and
plant stage (Namdeo 2007). Secondary metabolites are frequently found in specific
cells or organs of plants. Secondary metabolites like phenolics, alkaloids, terpenes,
etc. are classified by their biosynthetic origin, have a variety of biological functions,
and are employed as medications, agrochemicals, tastes, perfumes, colors,
biopesticides, and food additives. In traditional medicine, several plants with large
amounts of certain secondary metabolites, such as alkaloids or phenolics, are
utilized. About 75% of the world’s population, particularly in underdeveloped
nations, relies on herbal medicine to prevent and cure ailments, while medicinal
plants account for about 25% of synthetic pharmaceuticals (Raskin et al. 2002;
Alfermann and Petersen 1995).

Among the secondary metabolites of plants, phenolic compounds are an essential
components of the human diet due to their high antioxidant activity (Vamanu and
Nita 2013) and ability to reduce oxidative stress and thereby prevent the develop-
ment of chronic diseases (Bulgakov et al. 2018) or cancer (Raskin et al. 2002). The
addition of phenolic compounds into food material is an essential job for food
producers due to increasing consumer demand for food supplemented with natural
health-promoting ingredients. Environmental factors, political and labor instability
in the producing countries, unpredictable changes in crop quality, authorities’ failure
to prevent crop adulteration, and losses in storage and handling are all issues in
extracting various phenolic chemicals from plants (Georgiev et al. 2009). Chemical
production from some plants is generally either highly difficult or economically
unfeasible (Namdeo 2007). Plant in vitro cultures can be employed as natural
sources of phenolic compounds in the long run. In contrast to plant tissues, plant
in vitro cells may manage the concentration and individual profile of phenolic
compounds, resulting in a uniform product (Murthy et al. 2014; Moreno et al. 1995).

The aim of this review article is to highlight the key advantages of adopting plant
tissue culture to produce high-value bioactive compounds, with an emphasis on
phenolic compounds and their bioactive properties. As a result, the production of
these secondary metabolites in plant tissues, as well as the biochemical pathways
involved, will be explained.
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5.2 Biological Activities (Major) and Biosynthesis Pathway
of Phenolic Compounds

Phenolic compounds are secondary metabolites produced by phenylpropanoid
metabolization in plant shikimic acid and pentose phosphate pathway (Randhir
et al. 2004). From simple phenolic molecules to highly polymerized compounds,
they all comprise benzene rings with one or more hydroxyl substituents (Velderrain-
Rodríguez et al. 2014) (Fig. 5.1). The commitment of glucose to the pentose
phosphate pathway (PPP) and irreversible transformation of glucose-6-phosphate
to ribulose-5-phosphate is the initial step in the synthesis of phenolic chemicals.
Glucose-6-phosphate dehydrogenase initiates the first committed process in the
conversion to ribulose-5-phosphate (G6PDH). On the one hand, converting
ribulose-5-phosphate to reducing equivalents of nicotinamide adenine dinucleotide
phosphate (NADPH) for cellular anabolic activities results in reducing equivalents
of NADPH. PPP, on the other hand, produces erythrose-4-phosphate and phospho-
enolpyruvate from glycolysis, which is then used to make phenolic compounds via
the phenylpropanoid route before being directed to the shikimic acid pathway to
produce phenylalanine (Vattem et al. 2005; Lin et al. 2010) (Fig. 5.2). Phenolics are
the most prominent secondary metabolites in plants, and their distribution can be
seen throughout the metabolic process. Polyphenols, or phenolic compounds, con-
tain a wide variety of molecules, including simple flavonoids, phenolic acids,
complex flavonoids, and pigmented anthocyanins (Babbar et al. 2014) (Fig. 5.1).

These phenolic chemicals are frequently linked to plant defensive responses.
Other mechanisms involving phenolic metabolites include adding appealing
chemicals to speed pollination, coloration for camouflage and protection against
herbivores, and antibacterial and antifungal actions (Alasalvar et al. 2001; Acamovic
and Brooker 2005; Edreva et al. 2008). Phenolic substances, especially stress-related
phytochemicals, have been linked to positive effects induced by fruit and vegetable

Fig. 5.1 Examples of some individual phenolic compounds produced by in vitro culture
techniques
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diet, owing to their antioxidant activity (Heim et al. 2002). The antioxidant activity,
occurrence, and possible uses of phenolic compounds in plants and agri-industrial
by-products were reviewed by Balasundram et al. (2006). According to the studies,
the main sources of phenolic compounds in the human diet are fruits, vegetables, and
beverages. Plant polyphenols as dietary antioxidants in human health and disease
could provide some protection from oxidative stress. In the prevention of carbohy-
drate absorption, such as diabetes, chemical compounds taken from plants, phenolic
compounds, can inhibit amylase absorption (Sales et al. 2012). Anti-aging, anti-
inflammatory, antioxidant, and antiproliferative properties of phenolic compounds
have been demonstrated in numerous research. In addition to the aforementioned
adjustments, antioxidant enzymes are important in the fight against oxidants

Fig. 5.2 Biosynthesis of phenol compounds in the pentose phosphate, shikimate, and
phenylpropanoid pathways in plants (modified from Vattem et al. 2005; Lin et al. 2010)
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(Shukitt-Hale et al. 2008; Moo-Huchin et al. 2015) Polyphenols, particularly
flavonoids, phenolic acids, and tannins, have the crucial virtue of suppressing
glucosidase and amylase, which are key enzymes involved in the digestion of
carbohydrates to glucose in the diet.

5.3 In Vitro Cultures as Source for Phenolic Compounds

Plant in vitro culture techniques facilitate scientists to employ cells, tissues, or
organs from commercially important plants to grow them in vitro and/or genetically
alter them to produce high-value compounds. As a result, a corresponded plant cell
culture provides an attractive alternative source of secondary metabolites including
phenolic compounds that can overcome the limitations of extracting useful
metabolites from limited natural resources. There are various studies on the produc-
tion of phenolic compounds by using in vitro culture (Table 5.1). The production of
polyphenol is the main goal of the vast majority of those studies; however, maximum
of those studies are also focused specifically on phenolic compounds, i.e., gallic
acid, chlorogenic acid, caffeic acid, and rosmarinic acid. The in vitro production of
phenolic compounds and other compounds requires a number of systematic steps,
including the development of explants, the formation of calli and cell suspensions,
and their induction for metabolite biosynthesis. To ensure the optimum production
of phenolic compounds, many abiotic parameters (such as medium composition,
growth hormones, precursors, elicitors, pH, light, and temperature) are studied.
These abiotic variables or factors have an impact on the in vitro production of cell
biomass and, as a result, phenolic compounds, which have been thoroughly exam-
ined in order to build present and future research strategies. Details of each factor are
explained in the following sections:

5.3.1 Medium Optimization

A number of chemical and physical factors have been identified as having an impact
on biomass growth and secondary metabolite synthesis in plant cell and organ
cultures. The type of culture medium, the appropriate salt strength of the medium,
the types and levels of carbohydrates, nitrate levels, phosphate levels, and growth
regulator levels are all important components (Dörnenburg and Knorr 1995; Rao and
Ravishankar 2002; Stafford et al. 1986).

The media formulations of Gamborg (B5—1968), Linsmaier and Skoog (LS—
1965), Murashige and Skoog (MS—1962), and Schenk and Hildebrandt (SH—
1972) have widely been used for establishing plant cell and organ cultures.
Establishing in vitro culture requires the selection of an appropriate medium and
concentration. Furthermore, the amounts of certain salts are important in both plant
culture in vitro and phenolic chemical formation. For instance, among 1/2 and full-
strength MS media tested, the 1/2 strength medium for Habenaria edgeworthii cell
suspension cultures was found to yield greater biomass accumulation and phenolic
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compound production (Giri et al. 2012a, b). Plant cell cultures are usually grown by
using a single simple sugar or a combination of simple sugars such as glucose,
fructose, maltose, and sucrose. In case of phenolic compounds, maximum reports
indicate that sucrose was used as a main carbon source. Nitrogen concentration was
found to affect biomass growth and metabolite accumulation in cell and organ
suspension cultures. The plant-tissue culture media such as MS, LS, SH, and B5
contain both nitrate and ammonium as nitrogen sources. The results showed that the
highest production of coumarins (4137.00 μg/L), sphaeralcic acid (1441.00 μg/L),
and scopoletin (999.00 μg/L) was obtained in Sphaeralcea angustifolia with
2.74 mM total nitrate (Perez-Hernandez et al. 2019). Many plant cell cultures have
also been used to convert precursors into products by utilizing preexisting enzyme
systems. For example, the addition of L-phenylalanine in the media enhances the
production of 4-O-caffeoylquinic acid and feruloylquinic acid in Agastache rugosa
(Zielińska et al. 2019).

5.3.2 Plant Growth Regulators

Exogenous plant growth regulators (PGRs) are required for the growth and prolifer-
ation of biomass and metabolite accumulation in in vitro cell, adventitious root, or
shoot cultures. In general, PGRs play a significant role in cell and organ growth,
proliferation, and metabolite production (DiCosmo and Towers 1984). Among the
PGRs, auxins, i.e., indole acetic acid (IAA), and naphthalene acetic acid (NAA) have
been shown to enhance the production of hydroxybenzoic acid, gallic acid,
rosmarinic acid, betalains, caffeic acid, catechol, and anthraquinones in various
plant species (Yang et al. 2019a, b; Yesil-Celiktasa et al. 2007; Reyes-Martínez
et al. 2019; Pandey et al. 2019; Kannan et al. 2020; Reyes-Martínez et al. 2019). In
addition, 2,4-dichlorophenoxyacetic acid (2,4-D) has also been shown to exhibit a
stimulatory effect on the accumulation of betalains, quinic acid, aconitic acid and
isorhamentin in Mammillaria candida (Reyes-Martínez et al. 2019), and rutin and
quercetin inMoringa oleifera (Mustafa et al. 2020). Among the cytokinins and auxin
concentration, benzyladenine (BA) with a combination of auxin has been shown to
improve the production of 3-O-caffeoylquinic acid and caffeoylquinic acid in
Cynara scolymus, chlorogenic acid in Dracocephalum forrestii (Weremczuk-Jeżyna
et al. 2019), and gallic acid, 4-hydroxybenzoic acid, and chlorogenic acid in
Dracocephalum polychaetum (Taghizadeh et al. 2020).

5.3.3 Permeabilization

Plant secondary metabolites are normally stored in the vacuoles; thus, extracting the
products into the culture medium in a way that makes the purifying step easier is
ideal. Releasing secondary metabolites from the cell’s vacuoles would also help to
reduce product inhibition and boost productivity. Many attempts have been made to
use organic solvents to permeabilize plant cell membranes in a reversible manner.
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Several studies have employed organic solvents such as isopropanol,
dimethylsulfoxide (DMSO), and polysaccharides (e.g., chitosan) as permeabilizing
agents (Beaumont and Knorr 1987; Knorr and Teutonico 1986; Brodelius et al.
1988). In case of phenolic compounds, the chitosan is used for daidzein, psoralen,
and genistein permeabilization in Cullen corylifolium (Singh et al. 2020). Moreover,
other phenolic compounds like gallic acid, caffeic acid, myricetin, catechin,
betalains, quinic acid and anthraquinones work similarly in other species
like Fagonia indica (Khan et al. 2019), Turbinicarpus laui (Reyes-Martínez et al.
2019),Morinda coreia (Kannan et al. 2020),Mammillaria candida (Reyes-Martínez
et al. 2019), and Linum album (Samari et al. 2019).

5.3.4 Elicitation

In in vitro plant culture, the elicitation method is commonly utilized to produce a
variety of secondary metabolites (Dörnenburg and Knorr 1995; Akula and
Ravishankar 2011). Abiotic elicitors (e.g., heavy metal salts) have been reported to
induce the overproduction of various nutraceutical compounds, whereas fungal,
bacterial, and yeast elicitors (e.g., polysaccharides, glycoproteins, inactivated
enzymes, purified xanthan, and crudlan) have been reported to induce the overpro-
duction of various nutraceutical compounds. Various chemical elicitors like
jasmonic acid (JA), methyl jasmonate (MeJA), 2-hydroxyl ethyl jasmonate, salicylic
acid (SA), acetyl salicylic acid (ASA), trifluoromethyl salicylic acid, ethylene (ET),
nitric oxide (NO), and sodium nitroprusside (SNP) are being used (Giri and Zaheer
2016). Among the elicitors, MeJA (Ghimire et al. 2019; Farag et al. 2016; Giri et al.
2012b; Rawat et al. 2019; Kim et al. 2020; Mendoza et al. 2018) and SA (Singh et al.
2020; Karalija et al. 2019) have been efficiently used for the production of phenol,
flavonoid, and anthocyanin in in vitro cell or tissue culture of various plant species
(Table 5.1). The exposure of elicitor concentrations, as well as duration, are also
important factors that influence the production of biomass and nutraceutical
compounds. For example, Giri et al. (2012a, b) studied the effect of methyl
jasmonate (i.e., at concentrations of 0, 1.0, 2.0, 5.0, and 10.0 mg L�1) on callus
culture ofHabenaria edgeworthii. Results indicated that an increase in concentration
resulted in a decrease in both fresh and dry biomass. However, phenolic compounds
were reported significantly higher than control. Further, the time duration of subcul-
ture also has effects on the production of nutraceutical compounds; for example,
Wang et al. (2015) obtained higher amounts of flavonoids in 15–20 exposure days
after the use of MJ elicitor in the Hypericum perforatum.

5.3.5 Hairy Root Culture

The lack of cell differentiation can be attributed for the low output of secondary
metabolites in cell cultures. The structured culture of roots is an alternative to cell
culture. The lack of cell differentiation can be attributed to the low output of
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secondary metabolites in cell cultures. The structured culture of roots or shoots is an
alternative to cell culture (Verpoorte et al. 2000; Kolewe et al. 2008). Hairy root
culture is an excellent demonstration; it is caused by infecting the roots with
Agrobacterium rhizogenes and then transferring the Ri plasmid, which results in
abundant growth of neoplastic roots that may be maintained in vitro (Ron et al.
2014). Hairy root cultures provide a number of advantages over cell suspension
cultures, including rapid growth rates without the use of plant growth regulators,
genetically and biochemically stable cultures, and a similar capability for secondary
metabolite production (Guillon et al. 2006; Georgiev et al. 2012; Mora-Pale et al.
2014). Table 5.2 lists phenolic extracts and compounds produced by hairy root
culture in various plant species. The hairy roots had a high production capacity,
and withanolide A levels were 2.7 times greater than in nontransformed roots. Many
medicinal plants have had natural adventitious roots produced in flask scale to
bioreactor growth for the synthesis of diverse bioactive chemicals (Baque et al.
2012; Murthy et al. 2014). When compared to field-grown or greenhouse-grown
plants, adventitious root cultures of Morinda citrifolia produced in bioreactors
revealed a several-fold increase in anthraquinone concentration (Baque et al. 2012).

5.4 Extraction and Detection Techniques

Bioactive molecules from plant extract are an attractive value-added product with
wide bioactivity spectrum. The distributions of plant’s secondary metabolites inside
specialized cells or organs are known to affect the extraction process. Selection of
suitable extraction procedure/tools for the recovery of bioactive compounds mostly
depends on efficiency of the extraction methods. In fact, it is a critical process used
for isolation and quantification of compounds of interest at industrial level. Compo-
sition of the bioactive compounds isolated by these methods constitutes a reliable
source that has a profound effect on various biological activities (Viera et al. 2017).
Various factors such as solvent type (organic and inorganic), sample to solvent ratio
(g/ml), extraction temperature (�C), time (min), power (W), solvent concentrations,
pH, etc. are known to influence the extraction process of polyphenols (Pandey et al.
2018; Chakraborty et al. 2020). Traditionally, methods like percolation, maceration
decoctions or infusion, hydrodistillation, heated reflux, and Soxhlet extraction under
solid–liquid extraction technique was quite familiar that involves solvent application
and leaching out of bioactive constituent (Belwal et al. 2018 and 2020; Singh et al.
2022). These techniques are categorized as conventional extraction flaws and
have several drawbacks at industrial level being cost-ineffective, labor and time
intense, high solvent consumption, and low yield (Wen et al. 2019). These funda-
mental drawbacks have triggered for more efficient, cost-effective, sustainable, and
greener techniques as preferred in recent years. Considering these various sophisti-
cated analytical techniques, i.e., microwave-assisted extraction, ultrasound/ultra-
sound enzyme-assisted extraction, supercritical fluids extraction, etc. are being
actively utilized (Belwal et al. 2018). Owing to their fast and efficient extraction;
least solvent consumption, or no solvent; and higher yield with leaves, physico-
chemical properties intact is the most preferred scale-up tools.
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Bioactive constituent, once extracted, further needs to be identified and the
amount present in defined concentration. For this, various strategies are adopted
for preliminary identification of phenolics, the simplest one being UV–VIS spectro-
photometry. In this two widely accepted and adopted methods to measure total
phenolics are Folin-Ciocalteu and Folin-Denis methods. The methods described
involve chemical reduction of molybdenum and tungsten having absorption spec-
trum at 760 nm (Stalikas 2007). Over the year’s novel approaches, TLC, high-
performance liquid chromatography (HPLC), gas chromatography (GC), ultra-high
pressure chromatography (UHPLC), high-performance thin-layer chromatography
(HPTLC), etc. have been used as separation, identification, and quantification of
phenolic compounds (Table 5.1). These find wide applicability based on adsorption,
partition; size exclusion, filtration rate, etc. are used, depending on the physicochem-
ical nature of the compound to be purified. Other than this, several hyphenated tools
and techniques are currently in use. Mass spectrometric (MS) detectors are attached
to high-performance liquid chromatography (HPLC–MS), GC MS, electrospray
ionization mass spectrometry (ESI-MS), matrix-assisted laser desorption/ionization
mass spectrometry (MALDI–MS), LC-MS-ESI+, LC/DAD/MS ESI+, 1HNMR, and
13CNMR (Chun et al. 2020; Wen et al. 2019).

5.5 Commercial Utilization and Prospects

Plant in vitro culture is an important method for producing important metabolites
efficiently. Several techniques, such as suspension cultures and hairy roots, currently
allow for large-scale plant metabolite production (Xu et al. 2012). However, as
previously stated, the high costs of this technology render it uncompetitive when
compared to less priced but environmentally unsustainable procedures like wild
plant gathering or chemical synthesis. Because these culture methods still require
bioreactors, their scale-up potential is limited (Nogueira et al. 2018; Buyel et al.
2017). New molecular technologies have opened up new avenues for the production
of important metabolites using plant systems. Gene editing could be used to intro-
duce new alleles, replace promoters, or create new pathways, all of which could lead
to the development of plant-based systems capable of novel expression of useful
bioactive chemicals (Nogueira et al. 2018). Once the plant has been designed, it can
be utilized to produce the desired metabolites on a massive scale, including plant-
made medications. Some plants, such as medicinal plants, benefit from in vitro
conditions (higher growth rates) and should be kept in those conditions (Rao and
Ravishankar 2002). With this in mind, a variety of activities can be taken to boost the
production of secondary metabolites by plant cells, some of which have already been
highlighted, such as the usage of precursors and elicitors. The manipulation of
environmental factors, including high/low temperature, drought, UV, alkalinity,
salinity, exposure to heavy metals, and others, is now emphasized. In plant in vitro
cultures, these stress conditions often improve the capacity for production or even
trigger de novo synthesis of phenolic compounds (Korkina et al. 2017; Lajayer et al.
2017; Moon et al. 2017; Puente-Garza et al. 2017).
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5.6 Conclusions

The use of in vitro culture for the production of secondary metabolites including
phenolic compounds remains a viable method, especially if the plant source material
is an overexploited (or endangered), slow-growing, or low-yielding plant. However,
because of the higher expense, it is necessary to conduct a cost-benefit analysis of
in vitro culture before implementing the approach. Similarly, the production of
pharmaceuticals using plant culture systems can provide significant benefits, such
as cost savings, speed, low human pathogen burden, and scalability; all of these
benefits are plant product specific and are dependent on production efficiencies
compared to those offered by alternative sources.

References

Acamovic T, Brooker JD (2005) Biochemistry of plant secondary metabolites and their effects in
animals. Proc Nutr Soc 64(3):403–412

Açıkgöz MA (2020) Effects of sorbitol on the production of phenolic compounds and terpenoids in
the cell suspension cultures ofOcimum basilicum L. Biologia 76(1):395–409. https://doi.org/10.
2478/s11756-020-00581-0

Alasalvar C, Grigor JM, Zhang D, Quantick PC, Shahidi F (2001) Comparison of volatiles,
phenolics, sugars, antioxidant vitamins, and sensory quality of different colored carrot varieties.
J Agric Food Chem 49(3):1410–1416

Alfermann AW, Petersen M (1995) Natural product formation by plant cell biotechnology. Plant
Cell Tissue Org Cult 43(2):199–205

Akula R, Ravishankar GA (2011) Influence of abiotic stress signals on secondary metabolites in
plants. Plant Signal Behav 6(11):1720–1731

Amani S, Mohebodini M, Khademvatan S, Jafari M (2020) Agrobacterium rhizogenes mediated
transformation of Ficuscarica L. for the efficient production of secondary metabolites. J Sci
Food Agric 100(5):2185–2197

Babbar N, Oberoi HS, Sandhu SK, Bhargav VK (2014) Influence of different solvents in extraction
of phenolic compounds from vegetable residues and their evaluation as natural sources of
antioxidants. J Food Sci Technol 51(10):2568–2575

Balasundram N, Sundram K, Samman S (2006) Phenolic compounds in plants and Agri-industrial
by-products: antioxidant activity, occurrence, and potential uses. Food Chem 99(1):191–203

Baek S, Ho TT, Lee H, Jung G, Kim YE, Jeong CS, Park SY (2020) Enhanced biosynthesis of
triterpenoids in Centella asiatica hairy root culture by precursor feeding and elicitation. Plant
Biotechnol Rep 14(1):45–53

Barba-Espín G, Chen ST, Agnolet S, Hegelund JN, Stanstrup J, Christensen JH, Lütken H (2020)
Ethephoninduced changes in antioxidants and phenolic compounds in anthocyanin-producing
black carrot hairy root cultures. J Exp Bot 71(22):7030–7045

Baque MD, Elgirban A, Lee EJ, Paek KY (2012) Sucrose regulated enhanced induction of
anthraquinone, phenolics, flavonoids biosynthesis and activities of antioxidant enzymes in
adventitious root suspension cultures of Morinda citrifolia (L.). Acta Physiol Plant 34
(2):405–415

Beaumont MD, Knorr D (1987) Effects of immobilizing agents and procedures on viability of
cultured celery (Pium graveolens) cells. Biotechnol Lett 9(6):377–382

Belwal T, Ezzat SM, Rastrelli L, Bhatt ID, Daglia M, Baldi A, Devkota HP, Orhan IE, Patra JK, Das
G, Anandharamakrishnan C (2018) A critical analysis of extraction techniques used for
botanicals: trends, priorities, industrial uses and optimization strategies. TrAC Trends Anal
Chem 100:82–102

5 In Vitro Production of Phenolic Compound 135

https://doi.org/10.2478/s11756-020-00581-0
https://doi.org/10.2478/s11756-020-00581-0


Belwal T, Chemat F, Venskutonis PR, Cravotto G et al (2020) Recent advances in scaling-up of
non-conventional extraction techniques: learning from successes and failures. Trends
Anal Chem:115895. https://doi.org/10.1016/j.trac.2020.115895

Beigmohamadi M, Movafeghi A, Jafari S, Sharafi A (2021) Efficient in vitro organogenesis,
micropropagation, and plumbagin production in Plumbago europaea L. In Vitro Cell Dev
Biol Plant 57(5):820–830

Boobalan S, Kamalanathan D (2020) Tailoring enhanced production of aervine in Aerva lanata (L.)
Juss. Ex Schult by Agrobacterium rhizogenes-mediated hairy root cultures. Ind Crop Prod
155:112814

Brodelius PE, Funk C, Shillito RD (1988) Permeabilization of cultivated plant cells by electropora-
tion for release of intracellularly stored secondary products. Plant Cell Rep 7(3):186–188

Bulgakov VP, Vereshchagina YV, Veremeichik GN (2018) Anticancer polyphenols from cultured
plant cells: production and new bioengineering strategies. Curr Med Chem 25(36):4671–4692.
https://doi.org/10.2174/0929867324666170609080357

Buyel JF, Twyman RM, Fischer R (2017) Very-large-scale production of antibodies in plants: the
biologization of manufacturing. Biotechnol Adv 35:458–465

Chakraborty S, Uppaluri R, Das C (2020) Optimization of ultrasound-assisted extraction (UAE)
process for the recovery of bioactive compounds from bitter gourd using response surface
methodology (RSM). Food Bioprod Process 120:114–122. https://doi.org/10.1016/j.fbp.2020.
01.003

Chun SC, Gopal J, Iyyakannu S, Muthu M (2020) An analytical retrospection of mass spectrometric
tools established for plant tissue culture: current endeavours and future perspectives. Trends
Anal Chem 126:115843. https://doi.org/10.1016/j.trac.2020.115843

Chung IM, Rekha K, Rajakumar G, Thiruvengadam M (2016) Production of glucosinolates,
phenolic compounds and associated gene expression profiles of hairy root cultures in turnip
(Brassica rapa ssp. rapa). 3 Biotech 6(2):1–16

Cisneros-Torres D, Cruz-Sosa F, Gonzalez-Cortazar M, Martinez-Trujillo A et al (2019) Enhancing
the production of scopoletin and quercetin 3-O-β-d-glucoside from cell suspension cultures of
Tilia americana var. mexicana by modulating the copper and nitrate concentrations. Plant Cell
Tissue Organ Cult 139:305–316. https://doi.org/10.1007/s11240-019-01683-7

Coskun Y, Duran RE, Kilic S (2019) Striking effects of melatonin on secondary metabolites
produced by callus culture of rosemary (Rosmarinus officinalis L.). Plant Cell Tissue Organ
Cult 138:89–95. https://doi.org/10.1007/s11240-019-01605-7

Demirci T, ÇelikkolAkçay U, GöktürkBaydar N (2020) Effects of 24-epibrassinolide and l-phenyl-
alanine on growth and caffeic acid derivative production in hairy root culture of Echinacea
purpurea L. Moench. Acta Physiol Plant 42(4):1–11

DiCosmo F, Towers GHN (1984) Stress and secondary metabolism in cultured plant cells. In:
Timmermann BN, Steelink C, Loewus FA (eds) Phytochemical adaptations to stress. Recent
advances in phytochemistry (proceedings of the Phytochemical Society of North America), vol
18. Springer, Boston, MA, pp 97–175. https://doi.org/10.1007/978-1-4684-1206-2_5

Dörnenburg H, Knorr D (1995) Strategies for the improvement of secondary metabolite production
in plant cell cultures. Enzyme Microb Technol 17(8):674–684

Duran RE, Kilic S, Coskun Y (2019) Melatonin influence on in vitro callus induction and phenolic
compound production in sweet basil (Ocimum basilicum L.). In Vitro Cell Dev Biol Plant 55(4):
468–475. https://doi.org/10.1007/s11627-019-10006-6

Edreva A, Velikova V, Tsonev T, Dagnon S, Gürel A, Aktaş L, Gesheva E (2008) Stress-protective
role of secondary metabolites: diversity of functions and mechanisms. Gen Appl Plant Physiol
34(1–2):67–78

Farag MA, Mekky H, El-Masry S (2016) Metabolomics driven analysis of Erythrina lysistemon cell
suspension culture in response to methyl jasmonate elicitation. J Adv Res 7:681–689. https://
doi.org/10.1016/j.jare.2016.07.002

Farjaminezhad R, Garoosi G (2020) Establishment of green analytical method for ultrasound-
assisted extraction of azadirachtin, mevalonic acid and squalene from cell suspension culture

136 L. Giri et al.

https://doi.org/10.1016/j.trac.2020.115895
https://doi.org/10.2174/0929867324666170609080357
https://doi.org/10.1016/j.fbp.2020.01.003
https://doi.org/10.1016/j.fbp.2020.01.003
https://doi.org/10.1016/j.trac.2020.115843
https://doi.org/10.1007/s11240-019-01683-7
https://doi.org/10.1007/s11240-019-01605-7
https://doi.org/10.1007/978-1-4684-1206-2_5
https://doi.org/10.1007/s11627-019-10006-6
https://doi.org/10.1016/j.jare.2016.07.002
https://doi.org/10.1016/j.jare.2016.07.002


of Azadirachta indica using response surface methodology. Ind Crop Prod 144:111946. https://
doi.org/10.1016/j.indcrop.2019.111946

Gabr AM, Ghareeb H, El Shabrawi HM, Smetanska I, Bekheet SA (2016) Enhancement of
silymarin and phenolic compound accumulation in tissue culture of Milk thistle using elicitor
feeding and hairy root cultures. J Genet Eng Biotechnol 14(2):327–333

Gabr AM, Mabrok HB, Abdel-Rahim EA, El-Bahr MK, Smetanska I (2018) Determination of
lignans, phenolic acids and antioxidant capacity in transformed hairy root culture of Linum
usitatissimum. Nat Prod Res 32(15):1867–1871

Georgiev MI, Agostini E, Ludwig-Muller J, Xu J (2012) Genetically transformed roots: from plant
disease to biotechnological resource. Trends Biotechnol 30:528–537. https://doi.org/10.1016/j.
tibtech.2012.07.001

Georgiev MI, Weber J, Maciuk A (2009) Bioprocessing of plant cell cultures for mass production of
targeted compounds. Appl Microbiol Biotechnol 83(5):809–823

Georgiev VG, Weber J, Kneschke EM, Denev PN, Bley T, Pavlov AI (2010) Antioxidant activity
and phenolic content of betalain extracts from intact plants and hairy root cultures of the red
beetroot Beta vulgaris cv. Detroit dark red. Plant Foods Hum Nutr 65(2):105–111

Ghimire BK, Thiruvengadam M, Chung IM (2019) Identification of elicitors enhances the poly-
phenolic compounds and pharmacological potential in hairy root cultures of Aster scaber. S Afr
J Bot 125:92–101. https://doi.org/10.1016/j.sajb.2019.07.006

Giri L, Dhyani P, Rawat S, Bhatt ID et al (2012a) In vitro production of phenolic compounds and
antioxidant activity in callus suspension cultures of Habenaria edgeworthii: a rare Himalayan
medicinal orchid. Ind Crops Prod 39:1–6. https://doi.org/10.1016/j.indcrop.2012.01.024

Giri L, Jugran A, Rawat S, Dhyani P et al (2012b) In vitro propagation, genetic and phytochemical
assessment of Habenaria edgeworthii: an important Astavarga plant. Acta Physiol Plant 34:
869–875. https://doi.org/10.1007/s11738-011-0884-8

Giri CC, Zaheer M (2016) Chemical elicitors versus secondary metabolite production in vitro using
plant cell, tissue and organ cultures: recent trends and a sky eye view appraisal. Plant Cell Tissue
Organ Cult 126(1):1–18

Goncalves S, Mansinhos I, Rodriguez-Solana R, Perez-Santin E et al (2019) Elicitation improves
rosmarinic acid content and antioxidant activity in Thymus lotocephalus shoot cultures. Ind
Crop Prod 137:214–220. https://doi.org/10.1016/j.indcrop.2019.04.071

Guillon S, Trémouillaux-Guiller J, Pati PK, Rideau M, Gantet P (2006) Hairy root research: recent
scenario and exciting prospects. Curr Opin Plant Biol 9(3):341–346

Haida Z, Syahida A, Ariff SM, Maziah M et al (2019) Factors affecting cell biomass and flavonoid
production of Ficus deltoidea var. kunstleri in cell suspension culture system. Sci Rep 9:9533.
https://doi.org/10.1038/s41598-019-46042-w

Heim KE, Tagliaferro AR, Bobilya DJ (2002) Flavonoid antioxidants: chemistry, metabolism and
structure-activity relationships. J Nutr Biochem 13(10):572–584

Heydari HR, Chamani E, Esmaielpour B (2020) Cell line selection through gamma irradiation
combined with multi-walled carbon nanotubes elicitation enhanced phenolic compounds accu-
mulation in Salvia nemorosa cell culture. Plant Cell Tissue Organ Cult 142:353–367. https://doi.
org/10.1007/s11240-020-01867-6

Hu M, Hu Z, Du L, Du J et al (2019) Establishment of cell suspension culture of Lonicera japonica
Thunb and analysis its major secondary metabolites. Ind Crop Prod 137:98–104. https://doi.org/
10.1016/j.indcrop.2019.05.024

Jiao J, Gai QY, Wang X, Liu J, Lu Y, Wang ZY, Fu YJ (2020) Effective production of phenolic
compounds with health benefits in pigeon pea [Cajanuscajan (L.) Millsp.] hairy root cultures. J
Agric Food Chem 68(31):8350–8361

Kannan N, Manokari M, Shekhawat MS (2020) Enhanced production of anthraquinones and
phenolic compounds using chitosan from the adventitious roots of Morinda coreia Buck. and
Ham. Ind Crops Prod 148:112321. https://doi.org/10.1016/j.indcrop.2020.112321

Karakas FP (2020) Efficient plant regeneration and callus induction from nodal and hypocotyls
explants of goji berry (Lycium barbarum L.) and comparison of phenolic profiles in calli formed

5 In Vitro Production of Phenolic Compound 137

https://doi.org/10.1016/j.indcrop.2019.111946
https://doi.org/10.1016/j.indcrop.2019.111946
https://doi.org/10.1016/j.tibtech.2012.07.001
https://doi.org/10.1016/j.tibtech.2012.07.001
https://doi.org/10.1016/j.sajb.2019.07.006
https://doi.org/10.1016/j.indcrop.2012.01.024
https://doi.org/10.1007/s11738-011-0884-8
https://doi.org/10.1016/j.indcrop.2019.04.071
https://doi.org/10.1038/s41598-019-46042-w
https://doi.org/10.1007/s11240-020-01867-6
https://doi.org/10.1007/s11240-020-01867-6
https://doi.org/10.1016/j.indcrop.2019.05.024
https://doi.org/10.1016/j.indcrop.2019.05.024
https://doi.org/10.1016/j.indcrop.2020.112321


under different combinations of plant growth regulators. Plant Physiol Biochem 146:384–391.
https://doi.org/10.1016/j.plaphy.2019.11.009

Karakas FP, Turker AU (2013) An efficient in vitro regeneration system for Bellis perennis L. and
comparison of phenolic contents of field-grown and in vitro-grown leaves by LC-MS/MS. Ind
Crops Prod 48:162–170. https://doi.org/10.1016/j.indcrop.2013.04.008

Karalija E, Zeljković SC, Parić A (2019) Harvest time–related changes in biomass, phenolics and
antioxidant potential in Knautia sarajevensis shoot cultures after elicitation with salicylic acid
and yeast. In Vitro Cell Dev Biol Plant:1–7. https://doi.org/10.1007/s11627-019-10028-0

Khan T, Khan T, Hano C, Abbasi BH (2019) Effects of chitosan and salicylic acid on the production
of pharmacologically attractive secondary metabolites in callus cultures of Fagonia indica. Ind
Crop Prod 129:525–535. https://doi.org/10.1016/j.indcrop.2018.12.048

Khanam MN, Anis M (2018) Organogenesis and efficient in vitro plantlet regeneration from nodal
segments of Allamanda cathartica L. using TDZ and ultrasound assisted extraction of quercetin.
Plant Cell Tissue Organ Cult 134(2):241–250. https://doi.org/10.1007/s11240-018-1416-7

Kikowska M, Thiem B, Szopa A, Ekiert H (2020) Accumulation of valuable secondary metabolites:
phenolic acids and flavonoids in different in vitro systems of shoot cultures of the endangered
plant species—Eryngium alpinum L. Plant Cell Tissue Organ Cult 141:381–391. https://doi.org/
10.1007/s11240-020-01795-5

Kim S, Jeong J, Park SH, Park SC et al (2020) The synergistic effect of co-treatment of methyl
jasmonate and cyclodextrins on pterocarpan production in Sophora flavescens cell cultures. Int J
Mol Sci 21:3944. https://doi.org/10.3390/ijms21113944

Knorr D, Teutonico RA (1986) Chitosan immobilization and permeabilization of Amaranthus
tricolor cells. J Agric Food Chem 34(1):96–97

Kolewe ME, Gaurav V, Roberts SC (2008) Pharmaceutically active natural product synthesis and
supply via plant cell culture technology. Mol Pharm 5:243–256

Korkina LG, Mayer W, de Luca C (2017) Meristem plant cells as a sustainable source of redox
actives for skin rejuvenation. Biomol Ther 7:1–22

Kwon DY, Kim YB, Kim JK, Park SU (2021) Production of rosmarinic acid and correlated gene
expression in hairy root cultures of green and purple basil (Ocimum basilicum L.). Prep
Biochem Biotechnol 51(1):35–43

Lajayer BA, Ghorbanpour M, Nikabadi S (2017) Heavy metals in contaminated environment:
destiny of secondary metabolite biosynthesis, oxidative status and phytoextraction in medicinal
plants. Ecotoxicol Environ Saf 145:377–390

Lin D, Hu L, You H, Sarkar D, Xing B, Shetty K (2010) Initial screening studies on potential of
high phenolic-linked plant clonal systems for nitrate removal in cold latitudes. J Soil Sediment
10(5):923–932

Marsh Z, Yang T, Nopo-Olazabal L, Wu S, Ingle T, Joshee N, Medina-Bolivar F (2014) Effect of
light, methyl jasmonate and cyclodextrin on production of phenolic compounds in hairy root
cultures of Scutellaria lateriflora. Phytochemistry 107:50–60

Mendoza D, Cuaspud O, Arias JP, Ruiz O et al (2018) Effect of salicylic acid and methyl jasmonate
in the production of phenolic compounds in plant cell suspension cultures of Thevetia
peruviana. Biotechnol Rep 19:e00273. https://doi.org/10.1016/j.btre.2018.e00273

Moo-Huchin VM, Moo-Huchin MI, Estrada-León RJ, Cuevas-Glory L, Estrada-Mota IA, Ortiz-
Vázquez E, Betancur-Anconad D, Sauri-Duch E (2015) Antioxidant compounds, antioxidant
activity and phenolic content in peel from three tropical fruits from Yucatan, Mexico. Food
Chem 166:17–22

Moon SH, Mistry B, Kim HD, Pandurangan M (2017) Antioxidant and anticancer potential of
bioactive compounds following UV-C light-induced plant cambium meristematic cell cultures.
Ind Crop Prod 109:762–772

Mora-Pale M, Sanchez-Rodriguez SP, Linhardt RJ, Dordick JS et al (2014) Biochemical strategies
for enhancing the in vitro production of natural products with pharmaceutical potential. Curr
Opin Biotechnol 25:86–94

Moreno PR, van der Heijden R, Verpoorte R (1995) Cell and tissue cultures of Catharanthus
roseus: a literature survey. Plant Cell Tissue Organ Cult 42(1):1–25

138 L. Giri et al.

https://doi.org/10.1016/j.plaphy.2019.11.009
https://doi.org/10.1016/j.indcrop.2013.04.008
https://doi.org/10.1007/s11627-019-10028-0
https://doi.org/10.1016/j.indcrop.2018.12.048
https://doi.org/10.1007/s11240-018-1416-7
https://doi.org/10.1007/s11240-020-01795-5
https://doi.org/10.1007/s11240-020-01795-5
https://doi.org/10.3390/ijms21113944
https://doi.org/10.1016/j.btre.2018.e00273


Murthy HN, Dandin VS, Zhong JJ, Paek KY (2014) Strategies for enhanced production of plant
secondary metabolites from cell and organ cultures. In: Production of biomass and bioactive
compounds using bioreactor technology. Springer, Dordrecht, pp 471–508. https://doi.org/10.
1007/978-94-017-9223-3_2011

Mustafa R, El-Naggar EMB, Svajdlenka E, Omran G et al (2020) Enhancement of phenolic content,
antioxidant and cytotoxic activities ofMoringa oleifera leaf and seed by suspension culture. Nat
Prod Res:1–5. https://doi.org/10.1080/14786419.2020.1744137

Namdeo AG (2007) Plant cell elicitation for production of secondary metabolites. Pharmacogn Rev
1(1):69–79

Nogueira M, Enfissi EM, Almeida J, Fraser PD (2018) Creating plant molecular factories for
industrial and nutritional isoprenoid production. Curr Opin Biotechnol 40:80–87

Nourozi E, Hosseini B, Maleki R, Mandoulakani BA (2019) Pharmaceutical important phenolic
compounds overproduction and gene expression analysis in Dracocephalum kotschyi hairy
roots elicited by SiO2 nanoparticles. Ind Crop Prod 133:435–446. https://doi.org/10.1016/j.
indcrop.2019.03.053

Pandey A, Belwal T, Sekar KC, Bhatt ID et al (2018) Optimization of ultrasonic-assisted extraction
(UAE) of phenolics and antioxidant compounds from rhizomes of Rheum moorcroftianum using
response surface methodology (RSM). Ind Crop Prod 119:218–225. https://doi.org/10.1016/j.
indcrop.2018.04.019

Pandey A, Belwal T, Tamta S, Bhatt ID et al (2019) Phenolic compounds, antioxidant capacity and
antimutagenic activity in different growth stages of in vitro raised plants of Origanum vulgare
L. Mol Biol Rep 46:2231–2241. https://doi.org/10.1007/s11033-019-04678-x

Pandino G, Meneghini M, Tavazza R, Lombardo S et al (2016) Phytochemicals accumulation and
antioxidant activity in callus and suspension cultures of Cynara scolymus L. Plant Cell Tissue
Organ Cult 128(1):223–230. https://doi.org/10.1007/s11240-016-1102-6

Perez-Hernandez J, Martinez-Trujillo A, Nicasio-Torres P (2019) Optimization of active
compounds production by interaction between nitrate and copper in Sphaeralcea angustifolia
cell suspension using response surface methodology. Plant Cell Tissue Organ Cult 136:407–
413. https://doi.org/10.1007/s11240-018-1516-4

Puente-Garza CA, Meza-Miranda C, Ochoa-Martínez D, García-Lara S (2017) Effect of in vitro
drought stress on phenolic acids, flavonols, saponins and antioxidant activity in Agave
salmiana. Plant Physiol Biochem 115:400–407

Rainha N, Koci K, Coelho AV, Lima E et al (2012) HPLC–UV–ESI-MS analysis of phenolic
compounds and antioxidant properties of Hypericum undulatum shoot cultures and wild-
growing plants. Phytochemistry 86:83–91. https://doi.org/10.1016/j.phytochem.2012.10.006

Randhir R, Lin YT, Shetty K (2004) Stimulation of phenolics, antioxidant and antimicrobial
activities in dark germinated mung bean sprouts in response to peptide and phytochemical
elicitors. Process Biochem 39(5):637–646

Rao SR, Ravishankar GA (2002) Plant cell cultures: chemical factories of secondary metabolites.
Biotechnol Adv 20(2):101–153

Raskin I, Ribnicky DM, Komarnytsky S, Ilic N, Poulev A, Borisjuk N, Brinker A, Moreno DA,
Ripoll C, Yakoby N, O'Neal JM (2002) Plants and human health in the twenty-first century.
Trends Biotechnol 20(12):522–531

Rattan S, Sood A, Kumar P, Kumar A et al (2020) Phenylethanoids, phenylpropanoids, and
phenolic acids quantification vis-à-vis gene expression profiling in leaf and root derived callus
lines of Rhodiola imbricata (Edgew.). Ind Crops Prod 154:112708. https://doi.org/10.1016/j.
indcrop.2020.112708

Rawat V, Ghildiyal A, Singh L, Jugran AK et al (2019) Methyl jasmonate induced polyphenols and
antioxidant production in callus suspension culture of Nardostachys jatamansi. Plant Biosyst
154(6):851–859. https://doi.org/10.1080/11263504.2019.1701124

Reyes-Martínez A, Antunes-Ricardo M, Gutiérrez-Uribe J, Santos-Díaz MS (2019) Enhanced
production and identification of antioxidants in in vitro cultures of the cacti Mammillaria

5 In Vitro Production of Phenolic Compound 139

https://doi.org/10.1007/978-94-017-9223-3_2011
https://doi.org/10.1007/978-94-017-9223-3_2011
https://doi.org/10.1080/14786419.2020.1744137
https://doi.org/10.1016/j.indcrop.2019.03.053
https://doi.org/10.1016/j.indcrop.2019.03.053
https://doi.org/10.1016/j.indcrop.2018.04.019
https://doi.org/10.1016/j.indcrop.2018.04.019
https://doi.org/10.1007/s11033-019-04678-x
https://doi.org/10.1007/s11240-016-1102-6
https://doi.org/10.1007/s11240-018-1516-4
https://doi.org/10.1016/j.phytochem.2012.10.006
https://doi.org/10.1016/j.indcrop.2020.112708
https://doi.org/10.1016/j.indcrop.2020.112708
https://doi.org/10.1080/11263504.2019.1701124


candida and Turbinicarpus laui. Appl Microbiol Biotechnol 103(6):2583–2595. https://doi.org/
10.1007/s00253-019-09656-8

Ron M, Kajala K, Pauluzzi G, Wang D et al (2014) Hary root transformation using agrobacterium
rhizogenes as a tool for exploring cell type-specific gene expression and function using tomato
as a model. Plant Physiol 166:455–469

Sales PM, Souza PM, Simeoni LA, Magalhães PO, Silveira D (2012) α-Amylase inhibitors: a
review of raw material and isolated compounds from plant source. J Pharm Pharm Sci 15(1):
141–183

Samari E, Sharifi M, Ghanati F, Fuss E et al (2019) Chitosan-induced phenolics production is
mediated by nitrogenous regulatory molecules: NO and PAs in Linum album hairy roots. Plant
Cell Tissue Organ Cult 140:563–576. https://doi.org/10.1007/s11240-019-01753-w

Shukitt-Hale B, Lau FC, Joseph JA (2008) Berry fruit supplementation and the aging brain. J Agric
Food Chem 56(3):636–641

Singh T, Yadav R, Agrawal V (2020) Effective protocol for isolation and marked enhancement of
psoralen, daidzein and genistein in the cotyledon callus cultures of Cullen corylifolium (L.)
Medik. Ind Crop Prod 143:111905

Singh L, Singh B, Kewlani P, BelwalT BID, Nandi SK, Bisht AK (2022) Process optimization and
bioactive compounds quantification from Dactylorhiza hatagirea tuber for alleviating glycemic
and oxidative stress. J Appl Res Med Aromat Plants 26:100352

Solis-Castañeda GJ, Zamilpa A, Cabañas-García E, Bahena SM, Pérez-Molphe-Balch E, Gómez-
Aguirre YA (2020) Identification and quantitative determination of feruloyl-glucoside from
hairy root cultures of Turbinicarpus lophophoroides (Werderm.) Buxb. & Backeb. (Cactaceae).
In Vitro Cell Dev Biol Plant 56(1):8–17

Stafford A, Morris P, Fowler MW (1986) Plant cell biotechnology: a perspective. Enzym Microb
Technol 8(10):578–587

Stalikas CD (2007) Review: extraction, separation, and detection methods for phenolic acids and
flavonoids. J Sep Sci 30:3268–3295

Staszków A, Swarcewicz B, Banasiak J, Muth D, Jasiński M, Stobiecki M (2011) LC/MS profiling
of flavonoid glycoconjugates isolated from hairy roots, suspension root cell cultures and
seedling roots of Medica gotruncatula. Metabolomics 7(4):604–613

Taghizadeh M, Nasibi F, Kalantari KM, Benakashani F (2020) Callogenesis optimization and cell
suspension culture establishment of Dracocephalum polychaetum Bornm. and Dracocephalum
kotschyi Boiss.: an in vitro approach for secondary metabolite production. S Afr J Bot 132:79–
86

Thiruvengadam M, Praveen N, Kim EH, Kim SH, Chung IM (2014) Production of anthraquinones,
phenolic compounds and biological activities from hairy root cultures of Polygonum
multiflorum Thunb. Protoplasma 251(3):555–566

Thwe A, ValanArasu M, Li X, Park CH, Kim SJ, Al-Dhabi NA, Park SU (2016) Effect of differentA
grobacterium rhizogenes strains on hairy root induction and phenylpropanoid biosynthesis in
tartary buckwheat (Fagopyrum tataricum Gaertn). Front Microbiol 7:318

Vamanu E, Nita S (2013) Antioxidant capacity and the correlation with major phenolic compounds,
anthocyanin, and tocopherol content in various extracts from the wild edible boletus edulis
mushroom. Biomed Res Int 2013:313905

Vaccaro MC, Alfieri M, De Tommasi N, Moses T, Goossens A, Leone A (2020) Boosting the
synthesis of pharmaceutically active abietanediterpenes in S. sclarea hairy roots by engineering
the GGPPS and CPPS genes. Front Plant Sci 11:924

Vattem DA, Randhir R, Shetty K (2005) Cranberry phenolics-mediated antioxidant enzyme
response in oxidatively stressed porcine muscle. Process Biochem 40(6):2225–2238

Velderrain-Rodríguez GR, Palafox-Carlos H, Wall-Medrano A, Ayala-Zavala JF, Chen CO,
Robles-Sánchez M, Astiazaran-García H, Alvarez-Parrilla E, González-Aguilar GA (2014)
Phenolic compounds: their journey after intake. Food Funct 5(2):189–197

Verpoorte R, van der Heijden R, Memelink J (2000) Engineering the plant cell factory for
secondary metabolite production. Transgenic Res 9:323–343

140 L. Giri et al.

https://doi.org/10.1007/s00253-019-09656-8
https://doi.org/10.1007/s00253-019-09656-8
https://doi.org/10.1007/s11240-019-01753-w


Viera VB, Piovesan N, Rodrigues JB, Mello R et al (2017) Extraction of phenolic compounds and
evaluation of the antioxidant and antimicrobial capacity of red onion skin Allium cepa L. Int
Food Res J 24(3):990–999

Wang J, Qian J, Yao L, Lu Y (2015) Enhanced production of flavonoids by methyl jasmonate
elicitation in cell suspension culture of Hypericum perforatum. Bioresour Bioprocess 2(1):1–9

Wen L, Zhang Z, Sun DW, Sivagnanam SP et al (2019) Combination of emerging technologies for
the extraction of bioactive compounds. Crit Rev Food Sci Nutr 60(11):1826–1841. https://doi.
org/10.1080/10408398.2019.1602823

Weremczuk-Jeżyna I, Skała E, Kuźma L, Kiss AK et al (2019) The effect of purine-type cytokinin
on the proliferation and production of phenolic compounds in transformed shoots of
Dracocephalum forrestii. J Biotechnol 306:125–133. https://doi.org/10.1016/j.jbiotec.2019.
09.014

Wink M (1988) Plant breeding: importance of plant secondary metabolites for protection against
pathogens and herbivores. Theor Appl Genet 75(2):225–233

Wojciechowska M, Owczarek A, Kiss AK, Grąbkowska R, Olszewska MA, Grzegorczyk-Karolak I
(2020) Establishment of hairy root cultures of Salvia bulleyana Diels for production of poly-
phenolic compounds. J Biotechnol 318:10–19

Xu JF, Dolan MC, Medrano G, Cramer CL et al (2012) Green factory: plants as bioproduction
platforms for recombinant proteins. Biotechnol Adv 30:1171–1184

Yang X, Lei Z, Yu Y, Xiao L et al (2019a) Phytochemical characteristics of callus suspension
culture of Helicteres angustifolia L. and its in vitro antioxidant, antidiabetic and immunomodu-
latory activities. S Afr J Bot 121:178–185. https://doi.org/10.1016/j.sajb.2018.11.006

Yang X, Zhang J, Lei Z, Yan X et al (2019b) Adventitious root cultures from leaf explants of
Helicteres angustifolia L. as a novel source for production of natural bioactive compounds. Acta
Physiol Plant 41:171. https://doi.org/10.1007/s11738-019-2964-0

Yesil-Celiktas O, Nartop P, Gurel A, Bedir E, Vardar-Sukan F (2007) Determination of phenolic
content and antioxidant activity of extracts obtained from Rosmarinus officinalis’ calli. J Plant
Physiol 164(11):1536–1542

Yildirim AB, Turker AU (2014) Effects of regeneration enhancers on micropropagation of
Fragaria vesca L. and phenolic content comparison of field-grown and in vitro-grown plant
materials by liquid chromatographyelectrospray tandem mass spectrometry (LC–ESI-MS/MS).
Sci Hortic 169:169–178

Zielińska S, Dryś A, Piątczak E, Kolniak-Ostek J et al (2019) Effect of LED illumination and amino
acid supplementation on phenolic compounds profile in Agastache rugosa in vitro cultures.
Phytochem Lett 31:12–19. https://doi.org/10.1016/j.phytol.2019.02.029

5 In Vitro Production of Phenolic Compound 141

https://doi.org/10.1080/10408398.2019.1602823
https://doi.org/10.1080/10408398.2019.1602823
https://doi.org/10.1016/j.jbiotec.2019.09.014
https://doi.org/10.1016/j.jbiotec.2019.09.014
https://doi.org/10.1016/j.sajb.2018.11.006
https://doi.org/10.1007/s11738-019-2964-0
https://doi.org/10.1016/j.phytol.2019.02.029


In Vitro Production of Alkaloids 6
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Abstract

Plants are considered as a potent source of a wide variety of bioactive molecules
that can be used for the development of the various pharmaceutical drugs.
Alkaloids are the important class of secondary metabolites, known to exhibit
therapeutic properties including anti-tumor, anti-viral, anti-inflammatory, and
anti-malarial activities. Alkaloids are able to prevent various degenerative
diseases by binding with the oxidative reaction catalyst or free radicals. The
commercial extraction of alkaloids is reported from some major families like
Apocynaceae, Papaveraceae, Rubiaceae, and Solanaceae. By this system, the
yield of alkaloids is inconsistent due to genetic and geographical variations.
Chemical synthesis is still not feasible system due to complex molecular structure
of various metabolites. Therefore, in vitro system for production of alkaloids has
become a promising biotechnological approach from a range of medicinal plants.
Some of the medicinal plants such as Nicotiana tobaccum (nicotine),
Erythroxylum coca (cocaine), Cinchona officinalis (quinine and quinidine), Rau-
wolfia serpentina (reserpine), and Pilocarpine microphyllus (pilocarpine) have
been explored for in vitro production of their respective alkaloids. The present
chapter provides brief information on various in vitro production systems and
scale-up techniques used for alkaloid production.
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6.1 Introduction

Plants have always been the major source for the traditional medicine systems, and
they have provided various remedies in therapeutic application for thousands of
years (Ramawat et al. 2009). Generally, plants are under selection pressure to protect
themselves from pathogenic microbes and insects, whereas these pathogens struggle
for their survival from plant defense to obtain food and reproduction site. Therefore,
both plants and pathogens need to develop tactics to adapt or adjust with each other
and the changing environment. Then the co-evolution of secondary metabolites is a
consequence of the biological processes in plants that regulate defense mechanism
(Ramawat and Goyal 2019). Alkaloids are one of the major secondary metabolites
obtained from plants. Ubiquitous distribution of alkaloids is found in the plant
kingdom mainly in higher plants, such as those belonging to Ranunculaceae,
Leguminosae, Papaveraceae, Menispermaceae, and Loganiaceae (Ramawat and
Mérillon 2013; Kandar 2021).

These compounds have been classified into various categories which include
indole, piperidine, tropane, purine, pyrrolizidine, imidazole, quinolizidine,
isoquinoline, and pyrrolidine alkaloids on the basis of their biosynthetic precursor
and heterocyclic ring system (Waller 2012). In vitro cell, tissue, or organ culture has
been employed as a probabilistic alternative to produce such industrial compounds.
Tissue culture techniques can be used for the large-scale culture that provide
continuous, reliable, and renewable source of valuable plant pharmaceuticals to
extend commercial importance of plants to emerge or identify their biological
activities which includes anti-tumor, anti-viral, anti-inflammatory, anti-malarial
activities (Debnath et al. 2018). There are up to 80% of people in developing
countries who are totally dependent on herbal drugs for their primary healthcare,
and over 25% of prescribed medicines in developed countries are derived from wild
plant species (Hamilton 2004). As there is an increasing demand of medicinal plants
for herbal drugs, natural health products, and secondary metabolites, the use of
medicinal plants is growing rapidly throughout the world. Consequently, some of
them are increasingly being threatened even in their natural habitats, and some also
face natural extinction (Chen et al. 2016). Therefore, in the production of desirable
medicinal compounds from plants in search for alternatives, cell and tissue culture
technologies were emerged as a possible tool for studying, and producing plant
secondary metabolites as in vitro regeneration holds enormous potential for the
synthesis of high-quality plant-based medicines (Rohini 2020). Techniques like
somaclonal variations and genetic manipulations may be utilized to improve the
production of alkaloids. The in vitro cell culture system is more beneficial than the
conventional in vivo cultivation of whole plants in context of production of desirable
compounds under controlled conditions independent to climatic factors or soil
compositions and reduces labor costs and improves productivity as automated
control of cell growth and rational regulation of metabolite processes. These cultured
cells would be free of microbes and insects. Another benefit of cell culture is that the
cells of any plants, tropical or alpine, could be easily multiplied to yield their specific
metabolites in any artificial conditions. In vitro production of alkaloids is an
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impactful technique to develop the large-scale scenario in pharmaceutical industries.
Callus culture assisted the optimization of alkaloid production. Media composition is
significant for the callus induction to enhance the alkaloid content and conservation
of threatened genotype (Hussain et al. 2012).

6.2 Biosynthetic Pathway

According to Ramawat and Mérillon (2013), alkaloids are classified into three major
categories on the basis of their origin and structure:

1. True-alkaloids: These are derived from amino acids and containing nitrogen
moiety in their heterocyclic ring and found to be basic in nature. These alkaloids
are highly reactive molecules with biological activity even in low doses.
Examples: Nicotine, morphine, ergotamine, quinine, atropine, etc.

2. Proto-alkaloids: These are also derived from amino acids, but nitrogen is
absent in their heterocyclic ring.
Examples: Ephedrine, mescaline, etc.

3. Pseudo-alkaloids: Alkaloid-like compounds that do not originate from amino
acids. It includes mainly terpenoid, steroid, and purine-like alkaloids. So they are
also called as steroidal alkaloids.
Examples: caffeine, pinidine, coniceine, etc.

The precursors of alkaloids biosynthesis are mainly amino acids (Fig. 6.1).
Furthermore, the diversity of alkaloids depends on their precursor molecule and
their structure. Alkaloid biosynthesis is a sequenced process in context of plant
development, controlling the expression of genes in pathways, inside specific cells
or organelles. Their biosynthesis and accumulation depends on developmental stage
and environmental conditions and also have cell or tissue specific regulations. The
degree of expression of the genes involved in the biosynthetic pathway of a particu-
lar alkaloid affects the accumulation of that metabolite (Ziegler and Facchini 2008).
Alkaloid biosynthesis and accumulation is increasing with the number of genes
involved in it. Generally, biosynthesis starts from the fixation of atmospheric CO2 in
primary carbon metabolism. The erythrose-4-phosphate (PPP pathway intermediate)
and phosphoenolpyruvate (glycolysis intermediate) go through the shikimic acid
pathway (Fig. 6.2) to form aromatic amino acids and pyruvate (end product of
glycolysis) followed by acetyl coA and then go through TCA cycle to form aliphatic
amino acids. These two types of amino acid constitute for synthesis of a range of
N-containing compounds (alkaloids). This is followed by a series of reactions such
as bond formations, breakages, rearrangements, addition, and modification of func-
tional groups, yielding a vast range of various alkaloids. The pathway begins with
two substrates, phosphoenolpyruvate and erythrose-4-phosphate, and ends with
chorismate (substrate for the three aromatic amino acids – Tyr, Phe, Trp). This
pathway includes seven steps regulated by seven enzymes: DAHP (3-deoxy-D-
arabino-heptulosonic acid-7-phosphate) synthase, 3-dehydroquinate synthase,
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3-hydratase, shikimate dehydrogenase, shikimate kinase, EPSP
(3-enolpyruvylshikimate-5-phosphate) synthase, and chorismate synthase (Pathak
et al. 2019). After that, a particular group of alkaloid followed a different pathway to
complete its biosynthesis. Here are some examples of complete biosynthesis of
alkaloid category.

1. Amaryllidaceae alkaloids use L-tyrosine and L-phenylalanine as precursors.
From phenylalanine, the phenylpropanoid pathway leads the formation of
3, 4-dihydroxybenzaldehyde (3, 4-DHBA) to synthesize aldehyde (-CHO) moi-
ety of Amaryllidaceae alkaloid. The other pathway to synthesize tyramine (the
amine –NH2 moiety of Amaryllidaceae alkaloid) is from tyrosine and its concre-
tion with 3, 4-DHBA to form the central precursor norbelladine as well as its
pursuant O-methylation occurs. The phenol coupling of the 4-O-
methylnorbelladine in intermediate pathway ensued by a reduction step will
progress in a series of unstable intermediates. The pathway(s) for the different
Amaryllidaceae alkaloid’s biosynthesis found in different plant species and their
pathways remain still uncharacterized (Desgagné-Penix 2020).

2. The biosynthesis of quinolizidine alkaloids (QAs) starts with the formation of
cadaverine as intermediate by the decarboxylation of L-lysine. The cadaverine
then undergoes oxidative deamination, by a copper amine oxidase enzyme to
yield 5-aminopentanal which is then spontaneously cyclized to 11-piperidine
Schiff base. In addition to these reactions, a chain of reactions including Schiff

Fig. 6.1 Precursors of some true alkaloids for biosynthesis

146 S. Meena et al.



base formations, aldol-type reactions, hydrolysis, oxidative deamination, and
coupling generates the major structural QAs. The alkaloidal group can be further
modified by dehydrogenation, oxygenation, hydroxylation, glycosylation, or
esterification to form a wide range of structurally related QAs (Frick et al. 2017).

3. The biosynthesis of benzylisoquinoline alkaloids (BIAs) initiates the formation
of dopamine and 4-hydroxyphenylacetaldehyde by using L-lysine as precursor
amino acid, which are then condensed to (S)-norcoclaurine by (S)-norcoclaurine
synthase (NCS). One cytochrome P450 [(S)-N-methylcoclaurine
30-hydroxylase] and three methyltransferases [(S)-norcoclaurine/
norlaudanosoline 6-Omethyltransferase, (S)-coclaurine-N-methyltransferase,
and (S)-30-hydroxy-N-methylcoclaurine-40-omethyltransferase] are involved in

Fig. 6.2 Shikimic acid pathway
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catalyzing the conversion of (S)-norcoclaurine to a central intermediate, (S)-
reticuline, for the production of different BIAs, i.e., protoberberine,
benzophenanthridine, and morphinan alkaloids (Beaudoin and Facchini 2014;
Yamada et al. 2017). BIA biosynthesis consists of several steps (describes
above), followed by multistep transformations that yield structurally different
end products (Beaudoin and Facchini 2014; He et al. 2018).

In spite of these, biosynthetic pathway(s) of tropane and granatane alkaloids have
also been reported. They belong to the pyrroline and piperidine classes of plant
alkaloids, respectively (Kim et al. 2016).

6.3 In Vitro Production Methodology

Many plant secondary metabolites have been commercially produced by extraction
and purification from plant materials either they are naturally present or field
cultivated. It is known that the amount of produced alkaloid in naturally growing
plant is very low, due to environmental or seasonal variations, nutrient availability,
and stress conditions, and it is often restricted to a genus or species and might be
activated only during a particular growth or developmental stage, which hinders the
biological study of the compounds (Bagnères and Hossaert-McKey 2016). On the
other hand, using wild plant materials has considerable risk related to extinction of
many valuable and even endemic species. Hereupon, to increase the production of
various alkaloids for remedial applications, two approaches have been proposed.
The primary one is a total chemical synthesis that is complex and not much effective.
The second is in vitro culture by using different plant parts (explants) to enhance the
secondary metabolites content (Fig. 6.3). So, plant cell and tissue culture techniques
have been investigated extensively as an alternative method for production of
secondary metabolites of commercial interest since the end of the 1950s (Davies
and Deroles 2014; Ramawat 2021). Plant secondary metabolites can be produced by
two major groups of in vitro cultures: organized cultures of differentiated tissues
(i.e., organ cultures as root, shoot, and embryo cultures) and unorganized cultures of
undifferentiated cells (i.e., cell suspension and callus cultures) (Fig. 6.4).
Investigations have showed that differentiated plant tissues produce the identical
product as the plant produce itself, and they were relatively more stable in the
production of secondary metabolites than the undifferentiated cells (Nielsen et al.
2019). Shoot cultures are used for many medicinal plants, which accumulate sec-
ondary metabolites much greater than that of natural plants. Besides, many of the
valuable secondary metabolites like tropane alkaloids, hyoscyamine, and scopol-
amine are produced quite well in the root cultures (Filova 2014). However, plant
roots in cultures generally grow slower than undifferentiated plant cells, and their
harvesting is difficult. Therefore, plant hairy root cultures have been applied as an
alternative method for the production of compounds synthesized in the plant roots.
Hairy roots obtained by Agrobacterium rhizogenes-mediated transformation
exhibits higher growth rates than cell suspension cultures and produce secondary
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metabolites over successive generations without losing genetic or biosynthesis
stability (Mehrotra et al. 2015a, b). Huang et al. (2018) reported a sanguinarine
alkaloid from Macleaya cordata hairy root cultures by co-cultivating leaf and stem
explants with A. rhizogenes. Furthermore, production of two different secondary

Fig. 6.3 Schematic presentation of in vitro alkaloids production

Fig. 6.4 Types of in vitro cultures used in alkaloids production from certain medicinal plants
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metabolites is feasible by simultaneously co-culturing of adventitious roots. Natural
adventitious roots are induced in many medicinal plants via flask scale to large-scale
bioreactor cultivation for the production of several bioactive compounds (Baque
et al. 2012). Non-embryogenic plant callus cultures, consisting of more or less
homogeneous clumps of dedifferentiated cells, are used for production of secondary
metabolites. During the past decades, plant cell suspension cultures initiated from
callus cultures have been extensively studied and have emerged as attractive
alternatives for production of the range of valuable compounds found in the whole
plant. However, production of many of the pharmaceuticals is just too low or may be
zero in cultured cells due to controlling their production by a tissue-specific manner
and loss of production capacity resulting from dedifferentiation.

In recent years, various strategies have been developed for enhanced biomass
accumulation and regulation of biosynthesis of secondary metabolites, such as
selection of cell lines, optimization of medium and culture conditions, elicitation,
immobilization, nutrient and precursor feeding, permeabilization, and biotransfor-
mation techniques (Filova 2014; Bagnères and Hossaert-McKey 2016). Secondary
metabolite accumulation in plants is genotype- and tissue-specific, so explants
should be selected from elite parent plants and tissues, which have higher contents
of desired compound, to initiate cell and organ cultures. Levels and types of various
chemical components, such as carbohydrates, nitrate, phosphate, and growth
regulators which could affect biomass accumulation and biosynthesis of secondary
metabolites in plant cell and organ cultures, have been taken into consideration to
optimize the medium. Agitation and aeration are also important factors that ought to
be controlled in flask-scale to large-scale bioreactor cultures for optimization of
biomass growth and secondary metabolite production (Murty et al. 2014). Secondary
metabolites are being synthesized in plant cells to retort various abiotic (e.g.,
temperature, salinity, water, heavy metal, etc.) and biotic (e.g., pathogen or insects)
stresses. Therefore, these stress factors have been designated as “elicitors” to induce
biosynthesis of secondary metabolites. The number of parameters, such as concen-
tration of elicitors, types, exposure duration, cell line, nutrient composition, and
culture age or stage, is also crucial factors influencing the successful production of
biomass and alkaloid accumulation (Naik and Al-Khayri 2016). Unfortunately,
elicitation does not always result in product of interest because it activates certain
plant species in the specific pathway. By utilizing preexisting enzyme systems, many
plant cell cultures have also been used to convert precursors into products. Biotrans-
formation is another technique which can be utilized for the high production of
selected metabolites using plant cell and organ cultures (Bhatia and Bera 2015). In
spite of this, the yield of secondary metabolites continues to be economically
insufficient and expensive in many cases. Therefore, metabolic and genetic engi-
neering techniques have also been incorporated into plant cell cultures to boost the
production of secondary metabolites via regulation of their biosynthesis (Wilson and
Roberts 2012). Some alkaloidal plant sources that have been used for in vitro
cultures are mentioned in Table 6.1.
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6.4 Scale-Up Techniques and Bioreactors

The extraction method of alkaloids from the plant sources merely depends upon the
objective and scale of the operation (pilot-scale or laboratory scale). It is also based
on the quantum and bulk of stuff to be employed in the operation. For using
commercially, it is required to develop the sufficient amount of alkaloids. A scale-
up technique must be needed to obtain the plant’s by-products, which is accom-
plished with no reduction in alkaloid productivity and bioactivity. A bioreactor
(Figs. 6.5 and 6.6) is a device that supports a biologically active environment

Fig. 6.5 Bioreactor processing
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(aerobic or anaerobic) and allowing continuous extraction of alkaloids by using
tissue culture techniques, i.e., hairy roots, suspension culture, etc. Various capacity
and designs of bioreactors (Table 6.2) have been widely used for growing cell
cultures of different plants, but growth of organized cultures should be started
from a smaller capacity bioreactor (shake flasks). Cell cultures have been grown in
both static and liquid cultures. These cell cultures are exposed to biotic and abiotic
elicitors to increase alkaloid production. The biotransformation of added precursors
and exploitation of variant cell strains can surely improve the employment of cell
cultures for the production of desired compounds. The two facets of the examined
bioreactor are upstream (elicitation, scale-up experiments) and downstream
processing which involves permeabilization and in situ extraction (Ruffoni et al.
2010). In upstream processing, the raw material of alkaloidal source becomes more
suitable for the processing which involves chemical hydrolysis, preparation of liquid
medium, particulate separation, air purification, and lots of other preparatory
operations. After that, the resulting feed is transferred to multiple bioreaction stages
(Rosser and Thomas 2018). Three operations, production of biomass, metabolite
biosynthesis and biotransformation, are included in the bioreaction step. Finally, the
produced material must be further processed in the downstream section to transform
it into a more beneficial form. The downstream process mainly comprises of physical
separation operations such as solid-liquid separation, adsorption, distillation, liquid-
liquid extraction, drying, etc. (Hatti-Kaul 2010).

A research study on production of tropane alkaloids by transformed hairy root
cultures of Atropa belladonna in stirred bioreactors is reported. In this, the
transformed roots of A. belladonna conserved the ability of growth and tropane
alkaloid biosynthesis after a random cut treatment. Cut roots were inoculated and
immobilized on a stainless-steel mesh, which resulted in the good distribution in the
modified stirred bioreactor for a scale-up culture. This sort of bioreactor would help
provide a sufficient supply of oxygen and nutrition for root growth and alkaloid
production (Lee et al. 1999). Hairy root cultures of Hyoscyamus niger (black

Fig. 6.6 Scale-up techniques
for enhanced production of
secondary metabolites
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henbane) were cultivated in shake flasks, a bubble-column bioreactor, and a hybrid
bubble-column/spray bioreactor for anisodamine, scopolamine, hyoscyamine, and
cuscohygrine alkaloids production (Jaremicz et al. 2014). Brugmansia candida
produces tropane alkaloids (hyoscyamine, 6β-hydroxyhyoscyamine (anisodamine),
and scopolamine) that have been widely applied in medicines (Cardillo et al. 2016).
The chemical synthesis of alkaloids is complex and expensive; thereby the in vitro
production of alkaloids by hairy roots cultures in bioreactor presents certain
advantages over the natural source and chemical synthesis. Besides, the scaling-up
of hairy root cultures makes this technology an attractive tool for industrial or
commercial scale. The production of alkaloids in bioreactor guarantees that the
process has been done under defined and controlled conditions, thus preventing or
reducing the variations in the quality and yield of alkaloid compounds.

6.5 Extraction and Detection Techniques

Due to the high value of alkaloids, the worldwide researchers have tried to search out
new and reliable methods for the extraction and detection of those compounds.
Special methods have been developed for isolating commercially useful alkaloids.

In most cases, plant tissue is processed to get aqueous solutions of the alkaloids.
The alkaloids are then recovered from the solution by a process called extraction,
which involves dissolving some components of the mixture with compatible or
suitable solvents/reagents that may be polar or nonpolar. This process requires either
an acidic or alkaline/basic environment. Extraction techniques (Fig. 6.7), such as
solid-liquid extraction (SLE), supercritical fluid extraction (SFE), microwave-
assisted extraction (MAE), pressurized liquid extraction (PLE), solid-phase
microextraction (SPME), supercritical carbon dioxide extraction method, and
ultrasound-assisted method, have been used. Then, different alkaloids can be
separated and purified from the mixture. A range of chromatographic techniques
may be used for the efficient quantitative and qualitative analysis of alkaloids.
Alkaloids in crystalline form are also obtained using certain solvents (Gupta et al.
2012; Zhu et al. 2018). Extraction of pure alkaloids from crude extract needs to be
performed with multi-step chromatographic techniques.

It can be started with paper chromatography that is the easier way for the
quantification of alkaloids. This method is rapid and cheaper. Further thin-layer
chromatography is used. It is a reproducible method and has a low detection limit as
compared to paper chromatography. After that, highly efficient chromatographic
techniques can be employed, i.e., gas chromatography (GC), high-performance
liquid chromatography (HPLC), capillary electrophoresis (CE), etc. (Maciel et al.
2019). These techniques are chosen accordingly to the nature of the alkaloidal
sources.

Detection/analysis of the particular alkaloid with some specifications, mass
spectrometry techniques can be used. MS (mass spectrometry) technique now
plays a valuable role in the analysis of biomolecules, i.e., alkaloids, flavonoids,
terpenes, etc. This revolution is realized by ESI-MS (electrospray ionization mass
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spectrometry) and MALDI-MS (matrix-assisted laser desorption ionization mass
spectrometry) in the analysis of bio-polymeric products (Sasidharan et al. 2011). A
completely unique method was developed for extraction and enrichment of the four
alkaloids (nuciferine, O-nornuciferine, armepavine, and N-nornuciferine) from lotus
leaf by coupling microwave-assisted extraction (MAE) with solid-phase
microextraction (SPME) before ultra-high-performance liquid chromatography
(UHPLC) analysis (Zou et al. 2020). In this recent report, the newly MAE-SPME
is concluded as an efficient method for the extraction and enrichment for alkaloids
from herbs (Zou et al. 2020). A two-dimensional analysis method endorsed high-
performance liquid chromatography (HPLC) separation and electrospray ionization-
ion mobility spectrometry (ESI-IMS) detection was developed for the evaluation of
alkaloid compounds from Peganum harmala L. seeds. Their results reveal that this
method is recognized to be advantageous over traditional absorbance detection
methods for resolving complex mixtures due to complementary separation steps,
elevated peak capacity, and better sensitivity (Wang et al. 2018). A simple, cost-
effective salting-out assisted liquid-liquid extraction-based method for HPLC–DAD
determination of khat (Catha edulis) alkaloids has been found to endow cleaner
chromatogram with good selectivity and reproducibility. The salting-out assisted
liquid-liquid extraction (SALLE)-based protocol provided good results as the

Fig. 6.7 Methods of extraction, purification, and detection of alkaloids
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conventional extraction method (ultrasonic-assisted extraction followed by solid-
phase extraction, UAE–SPE), and hence the method can be applied in forensic and
biomedical sectors (Atlabachew et al. 2017).

6.6 Biological Activities

The medicinal properties of alkaloids are quite diverse. Alkaloids generally exert
biological activities particularly in humans (Koleva et al. 2012). Even today, many
of the used drugs are natural alkaloids or made by them, and new alkaloidal drugs are
still being developed for clinical uses. The activity of alkaloids against herbivores,
cytotoxic activity, the molecular targets of alkaloids, mutagenic or carcinogenic
activity, antibacterial, antifungal, and antiviral properties and their possible roles
as phytoalexins have been evaluated (Debnath et al. 2018). Some alkaloids, i.e.,
morphine, codeine, nicotine, cocaine, etc., can be extremely harmful to animals/
humans to cause death due to their dose-dependent toxicity if taken orally (Matsuura
and Fett-Neto 2015).

6.6.1 Biological Activities of Pyridine Alkaloids Group

Nicotine obtained from the tobacco plant (Nicotiana tabacum) is the principal
alkaloid and main ingredient of the tobacco smoked in cigarettes, cigars, and
pipes. Nicotine binds to nicotinic cholinergic receptors. It facilitates neurotransmitter
release and is liable for behavior modifying effects in individual. Stimulation of
central nAChRs (nicotinic acetylcholine receptor) by nicotine leads to the release of
a range of neurotransmitters in the brain. Nicotine-containing product is obtainable
in the market to interrupt the habit of smoking. Nasal mucosa irritation, arthralgia,
nausea, vomiting, and mild headache are most common adverse effect of nicotine
(Benowitz 2009; Pang et al. 2016). Cytisine could be a selective nicotinic choliner-
gic agonist obtained from the seeds of Laburnum anagyroides of Leguminosae
family. It also acts as nicotine for smoking cessation (Perez et al. 2012).

6.6.2 Biological Activities of Tropane Alkaloids Group

Many tropane alkaloids possess local anesthetic properties.Atropine (obtained from
Atropa belladonna) is anticholinergic (Çaksen et al. 2003). It reduces the secretion
such as sweat, saliva, and gastric juice. It competitively inhibits muscarinic acetyl-
choline receptor. The most prominent effect of atropine is tachycardia due to
blockade of the M2 receptor present on SA node through which vagal tone decreases
(Tripathi 2013). Scopolamine is available in the leaves of plant Hyoscyamus niger
(Solanaceae). It is also known as hyoscine. It competitively inhibits muscarinic
receptors and acts as a nonselective muscarinic antagonist. It produces both periph-
eral anti-muscarinic properties and also sedative, antiemetic, and amnestic effects
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(Ullrich et al. 2017). Cocaine is isolated from the dried leaves of Erythroxylum coca
and Erythroxylon truxillense, belonging to the family Erythroxylaceae, a very potent
local anesthetic. The central action of cocaine is sympathetic and works as a CNS
stimulant agent. Loss of sense in taste and smell (after given in the nose or mouth)
are the most common side effects of cocaine (Manna et al. 2020). Catuabine is a
tropane alkaloid obtained from the bark of Trichilia catigua belonging to the family
Meliaceae. A pure catuabine found antidepressant-like effects on forced swim model
of depression in mice and rats (Campos et al. 2005).

6.6.3 Biological Activities of Quinoline Alkaloids Group

Quinine and quinidine are obtained from the bark of Cinchona officinalis belonging
to the family Rubiaceae. Quinine is used to treat malaria. It was the first anti-malarial
drug used in the early 1600s (Achan et al. 2011). It has rapid schizonticidal action
against intra-erythrocytic malaria parasites. Quinidine is the dextro isomer of the
quinine alkaloid. It blocks myocardial Naþ channels and acts as antiarrhythmic drug
to treat irregular rhythms of the heartbeat. It is effective antimalarial drug against
Plasmodium falciparum. Reported adverse reactions of quinidine are diarrhea,
nausea, and vomiting (Diaz et al. 2015). Dihydroquinine is a natural impure
compound found in commercial pharmaceutical formulations of quinine.
Dihydroquinidine also have similar bioactivity (antimalarial). Both alkaloids
inhibit the actions of parasympathetic nervous system. Therefore, biological source
of dihydroquinine and dihydroquinidine are same with quinine as these are obtained
from the bark of Cinchona officinalis (Mehrotra et al. 2018).

6.6.4 Biological Activities of Isoquinoline Alkaloids Group

Papaverine is a benzylisoquinoline alkaloid that occurs in the plant Papaver
somniferum belonging to family Papaveraceae. It acts on smooth muscle throughout
the body and causes vasodilation and relaxation of smooth muscle tone (Shimizu
et al. 2000). Berberine occurs in roots and stem bark of different species of Berberis
belonging to the family Berberidaceae. Berberis aristata, B. lyceum, B. petiolaris,
and B. tinctoria are the main sources of berberine (Srivastava et al. 2015). The most
important biological activity of berberine is its anti-diabetic effect. It activates
AMPK and improves insulin sensitivity in rodent models of insulin resistance
(Turner et al. 2008). Berberine-induced apoptosis is associated with upregulated
expressions of p53, and decreased vimentin expression. These results suggest that
berberine can suppress cell growth (Han and Qi 2012). Other important pharmaco-
logical activities are anti-hypertensive, anti-inflammatory, antioxidant, antidepres-
sant, and hepatoprotective activities (Amritpal et al. 2010).
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6.6.5 Biological Activities of Phenanthrene Alkaloids Group

Codeine and morphine are present in dried latex of unripe capsules of Papaver
somniferum. These are used as opioid analgesic. Morphine (10%) and codeine
(0.5%) are present in opium. Morphine and codeine depress respiratory center in a
dose-dependent manner. Morphine is an egregious narcotic used for the pain relief,
though its addictive properties limit its usefulness. Codeine is a wonderful analgesic
that is relatively nonaddictive. Death may occur due to respiratory failure at its high
doses (Dehghan et al. 2010).

6.6.6 Biological Activities of Phenylethylamine Alkaloids Group

Ephedrine is obtained naturally from the plants Ephedra vulgaris, E. sinica,
E. major, E. gerardiana, etc. of genus ephedra (Family: Ephedraceae). It is a
sympathetic stimulant that directly acts on α- and β-receptor. It can be used to
prevent low blood pressure during spinal anesthesia. It is also used as bronchodilator
in asthmatic condition. Allergic condition like hay fever can be treated with ephed-
rine (Ma et al. 2007). Hordenine is a natural phenethylamine compound that occurs
in barley grass (Hordeum vulgare), a cereal crop belonging to the family Poaceae. It
is a nootropic (non-pharmaceutical cognitive enhancers) compound that enhances
cognitive ability. It is an effective MAO-B inhibitor. Since it helps to increase the
level of norepinephrine, it is considered as norepinephrine and noradrenaline uptake
inhibitor (Debnath et al. 2018).

6.6.7 Biological Activities of Indole Alkaloids Group

Reserpine is isolated mostly from the root of Rauwolfia serpentina and Rauvolfia
vomitoria. It is known as antipsychotic and antihypertensive (Bunkar 2017). Ergot-
amine and ergometrine are obtained from the rye fungus Claviceps purpurea. It can
be used for uterine contraction, uterine bleeding, and postpartum hemorrhage after
delivery, incomplete recovery of uterus, retrogression, etc. It causes constriction of
peripheral and cranial blood vessels to control extra blood flow and produces
depression of central vasomotor centers (Ma et al. 2018). Yohimbine is isolated
from the bark of Pausinystalia yohimbe belonging to the family Rubiaceae. It is
chemically identical to reserpine. It increases parasympathetic (cholinergic) activity
and decreases sympathetic (adrenergic) activity by acting on peripheral autonomic
nervous system. It has a mild anti-diuretic action and has effect on blood pressure.
Headache and excessive sweating are common side effects of yohimbine (Cohen
et al. 2016). Vinblastine and vincristine are extracted from the pink periwinkle
plant, Catharanthus roseus, belonging to the family Apocynaceae (Das and
Sharangi 2017). Vinblastine is an antineoplastic agent, and it inhibits mitosis at
metaphase by interacting with tubulin (Alam et al. 2017). It also has immunosup-
pressant effect. Major side effects of vinblastine are cough, fever, and painful
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urination. Vincristine is employed for the treatment of some types of cancer like
breast cancer, Hodgkin’s disease, Kaposi’s sarcoma, and testicular cancer. The
antitumor activity of vincristine is same to vinblastine. Most common side effects
of vincristine are blurred or double vision, constipation, difficulty in walking,
drooping eyelids, headache, jaw pain, joint pain, lower back or side pain, and
stomach cramps (Alam et al. 2017). Ergine is a D-lysergic acid amide (LSA)
found in various species of vines belonging to the family Convolvulaceae and
Argyreia nervosa. It is also isolated from rye fungus Claviceps purpurea. Ergine
has psychedelic effects (Paulke et al. 2013).

6.6.8 Biological Activities of Purine Alkaloids Group

Caffeine is a purine alkaloid. It is found naturally in the seeds and leaves of the plants
Theobroma cacao (Malvaceae) and Thea sinensis (Theaceae), respectively (Rusconi
and Conti 2010). Caffeine is the most widely consumed stimulant drug in the world.
It is also consumed in cold medications, analgesics, and anorectants and in CNS
stimulant. CNS stimulation is the main pharmacological action of caffeine because it
can also act on the peripheral adenosine receptor (A1) on adipocyte that suppresses
lipolysis by inhibition of adenylate cyclase activity (Cappelletti et al. 2015).

6.6.9 Biological Activities of Imidazole Alkaloids Group

Pilocarpine is the main alkaloid of imidazole group, and L-histidine is the biosyn-
thetic precursor of the imidazole moiety. Pilocarpine is isolated from the leaves of
Pilocarpus microphyllus that belongs to the family Rutaceae. It has cholinergic
properties to stimulate the parasympathetic system (bladder, tear ducts, sudoriferous,
and salivary glands). This alkaloid is an elected drug for glaucoma treatment. It has
been exploited to treat the xerostomy (dry mouth) of throat cancer caused by the
chemotherapy. Small doses of pilocarpine generally cause fall in blood pressure but
in higher doses elicit rise in blood pressure (Santos and Moreno 2004).

6.6.10 Biological Activities of Terpenoid Alkaloids Group

Capsaicin is a unique alkaloid found primarily in the fruit of the Capsicum genus
like Capsicum annum and Capsicum frutescens belonging to the family Solanaceae.
Capsaicin can be bonded to TRPV1, which is mainly expressed in the sensory
neurons. It also acts in the gastrointestinal tract, for weight loss and as an analgesic.
The common side effects of capsaicin are burning, itching, dryness, pain, redness,
swelling, or soreness (Reyes-Escogido et al. 2011).Choline is found in diverse plant
foods in small amounts. It is a constituent of cell and mitochondrial membranes and
of the synaptical neurotransmitter acetylcholine. Hence, this supplement impacts
different cycles, for example, lipid metabolism, signaling through secondary
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messengers, and methylation-dependent biosynthesis of molecules. Major side
effects of choline are constipation, diarrhea, dizziness, drowsiness, and migraine
(Corbin and Zeisel 2012).

6.7 Commercial Utilization and Prospects

Plant biotechnology techniques provide valuable tools to synthesize a wide range of
alkaloids as obtained from plants, as well as novel compounds are also synthesized
via biotransformation and genetic engineering tools. These alkaloids have been used
in the various commercial products. The in vitro cultures (shoot, callus, suspension,
and hairy root cultures) are found to be used as sustainable system for the production
of various secondary metabolites. Over the past twenty years, the concept of plant-
based production of high-quality pharmaceutical alkaloids has increased the research
interest and offered critical advantages over traditional extraction systems. In this
chapter, some approaches (techniques) discussed have proven that medicinal plants
can be used efficiently to produce various pharmaceutical alkaloids for remedial
applications.

6.8 Conclusions and Recommendations

This chapter gives an insight to the different aspects of tissue culture for the
production of alkaloids under in vitro conditions and their biosynthesis scenario.
The extended use of plant cell culture systems in recent years is probably due to a
benignant understanding of the alkaloid pathway in economically important plants.
Advancement in plant cell culture system could provide the cost-effective, commer-
cial production of rare, endangered, or even exotic plants, their cells, and the
bioactive molecules that they will produce. These discussed alkaloids are found
beneficial for certain life-threatening disease and will serve to extend and enhance
the continued usefulness of higher plants as renewable sources of chemicals, espe-
cially alkaloids.
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In Vitro Production of Coumarins 7
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Abstract

Coumarin is a multitudinous nutraceutical compound naturally presented in
various part of the plant and can be also produced by microorganisms. Addition-
ally, coumarin can be produced at large-scale through in vitro plant cell culture
systems. Coumarins can be found in simple, linear, and angular form, and the
biosynthesis pathway of coumarins involves hydroxylation, glycolysis, and cycli-
zation. The extraction process of coumarins requires using polar and nonpolar
solvents, and the identification and quantification of coumarins can be performed
by chromatographic techniques. Coumarins have attracted considerable attention
in recent years due to their potential biological and pharmaceutical properties
such as anticancer, anti-inflammatory, antimicrobial, antioxidant, and anticonvul-
sant properties. These medicinal properties of coumarin and its derivatives
demonstrate their significance as promising nutraceutical for multifunctional
applications. This chapter mainly discusses biosynthesis, in vitro production,
different extractions, and detection methods of coumarins. In addition, the
biological activities and the commercial applications of coumarins are also
discussed.
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Abbreviations

bw Body weight
DAD Diode array detector
FTIR Fourier transform mid-infrared
GC-MS Chromatography-mass spectrometry
HPLC High-performance liquid chromatography
HPLC-MS/MS High-performance liquid chromatography-mass spectrometry
UHPLC Ultra-high-performance liquid chromatography
UHPLC-DAD Ultra-high-performance liquid chromatography-diode array

detector
UV Ultraviolet
V Volt
W Watt

7.1 Introduction

Coumarin is an essentially neutral molecule and characterized with its pleasant
sweet-bitter taste (Venugopala et al. 2013; Arn and Acree 1998). It is an organic
compound from a family of benzopyrones known as 1,2-benzopyrone (2H-1-
benzopyran-2-one). Coumarin was first isolated from the tonka bean (Dipteryx
odorata) in which the name coumarin comes from (Borges et al. 2005; Arn and
Acree 1998).

Coumarins are formed of merged benzene and α-pyrone rings. Therefore, the
prototypical compound of coumarin is known as 1,2-benzopyrone (Venugopala
et al. 2013).

Coumarins naturally occur in a variety of higher plants such as cinnamon,
Angelica archangelica, Cinnamomum cassia Blume, Mikania laevigata, Lavandula
angustifolia, and Melilotus officinalis (Passari et al. 2014; Bourgaud et al. 2006;
Miller et al. 1996). Coumarins are distributed throughout all parts of the plant
including the roots, leaves, seeds, and fruits. The highest levels of coumarins have
been isolated from fruits followed by seeds (Venugopala et al. 2013). It is evident
that the accumulation of coumarins in plants can be triggered by various abiotic and
biotic stresses (Bourgaud et al. 2006). Research on the effect of coumarin in plants
have demonstrated that coumarin may possess a hormonal property (Bourgaud et al.
2006). Additionally, coumarins have been identified from fungi and bacteria
(Venugopala et al. 2013; Arn and Acree 1998).

170 M. Q. Al-Mssallem and F. M. Alissa



Coumarins can be subcategorized into simple coumarins, pyranocoumarins,
phenylcoumarins, and 7-oxygenated coumarin (Bourgaud et al. 2006). The most
common hydroxylated coumarins are umbelliferone, herniarin and scoparone,
isofraxidin, esculetin, fraxetin, isoscopoletin, daphnetin, and their corresponding
glucosides (Bourgaud et al. 2006). However, the most common derivatives of
coumarins are simple coumarins, lineal furocoumarins and pyranocoumarins, angu-
lar furocoumarins, and pyranocoumarins (Borges et al. 2005, 2009; Bourgaud et al.
2006; Dewick 2002). Simple coumarins are regarded as the most widespread in
plants (Fig. 7.1).

Coumarins can bind to glycone by a glycosidic bond to form coumarin derivative
called coumarin glycosides. This occurs when anthocyanin is converted to carbinol
then into chalcone and finally cleaved into a coumarin derivative. Moreover, cou-
marin 3,5-diglycoside is also a common derivative that is produced from the
degradation of anthocyanins (Rodriguez-Amaya 2019).

Fig. 7.1 Most common coumarin derivatives

7 In Vitro Production of Coumarins 171



The dominant coumarin derivatives are isoimperatorin, oxypeucedanin,
imperatorin, ostruthol, angelicin, bergapten, scopoletin, isopimpinellin, and
xanthotoxin (Harmala and Vuorela 1990; Kumar et al. 2013).

In terms of health benefits of coumarins, they have exhibited multitudinous
pharmacological activities such as anticancer, anti-inflammatory, antimicrobial,
antihypertensive, anticoagulant, antioxidant, and anticonvulsant properties. How-
ever, isolated coumarin from cassia leaf exhibited cytotoxic effect (Venugopala et al.
2013).

7.2 Biosynthesis Pathway

Coumarins have been synthesized by a number of reactions such as Perkin,
Knoevenagel, Reformatsky, and Pechmann reactions. The most popular example
of Perkin reaction is that between acetic anhydride and salicylaldehyde (Venugopala
et al. 2013; Dippy and Evans 1950). However, Knoevenagel reaction includes
synthesis of coumarins by a solvent-free reaction under microwave irradiation and
in the presence of piperidine through the condensation of salicylaldehyde or its
derivatives with different derivatives of ethyl acetate (Bogdal 1998). The synthesis
of coumarins by Pechmann reaction involves a condensation of a phenol and a
carboxylic acid or ester group under acidic condition (Daru and Stirling 2011). It has
been reported that the required conditions for these reactions include high tempera-
ture and strong basic or acidic reaction (Venugopala et al. 2013).

On the other hand, the biosynthesis pathway of coumarins consists of hydroxyl-
ation, glycolysis, and cyclization (Bourgaud et al. 2006; Dewick 2002).
Hydroxylated coumarins are commonly stress induced in higher plant species
(Bourgaud et al. 2006). In fact, coumarins biosynthesis is mostly triggered by
various abiotic and biotic stresses in many plants. Additionally, coumarins and
their derivative biosynthesis require specific enzymes and genes to be implicated
in the biosynthesis process. It has been revealed that lactonization requires ortho-
hydroxylation which is preceded by the para-hydroxylation (Bourgaud et al. 2006).
The most common hydroxylated coumarins are umbelliferone, herniarin and
scoparone, isofraxidin, esculetin, fraxetin, isoscopoletin, daphnetin, and their
corresponding glucosides. Umbelliferone is obtained from cis-p-coumaric acid,
while coumarin is derived from cis-coumaric acid (Bourgaud et al. 2006). In
addition, complex coumarins could be also biosynthesized from prenylated simple
coumarin (Bourgaud et al. 2006; Dewick 2002).

The key step of coumarin biosynthesis is ortho-hydroxylation. Nevertheless,
coumarins, furocoumarins, and pyranocoumarins are genetically biosynthesized
from cinnamic acid. Furanocoumarins can be found as linear furocoumarins and
angular furocoumarins. Similarly, linear pyranocoumarins and angular
pyranocoumarins have been distinguished as well. The classification is based on
the location where the isopentenyl pyrophosphate is condensed to form the hetero-
cycle. In linear type, the dihydrofuran ring is attached at C6 and C7, while it is linked
at C7 and C8 in angular furocoumarins (Venugopala et al. 2013).
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7.3 In Vitro Production Methodology

Several techniques have been applied for in vitro production of coumarins. In vitro
plant cell culture techniques are commonly employed for production of coumarins.
Conventional micropropagation approach is applied in vitro plant culture protocols.
This approach involves a series of phases (Fig. 7.2). First phase is the selection of an
appropriate plant when it is preferable to select insect- and disease-free plant. This
first step is called pre-propagation. The second step is known as initiation of the
in vitro plant culture. Explants or seeds are selected and their surface sterilization
with chemicals. An appropriate culture media was used for the explants which were
shortly incubated and any contaminated ones are disposed of, while the rest was used
for the next step. The next step is the propagation phase when the shoot, root, or
callus is proliferated. Then, the bioreactors are used for scaling up root and callus
cultures. The micropropagation phase is used when the propagated shoots are
transferred to culture media. Final step is called hardening when the

INITIATION

PRE-
PROPAGATION

PROPAGATION

ACCLIMATION

Fig. 7.2 Phases of in vitro production of coumarins
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micropropagated plants are gradually hardened to allow the plants to acclimate to ex
vitro conditions. In this last phase, the plants are moved from low to high light
intensity and from high to low humidity (Espinosa-Leal et al. 2018).

In the unconventional micropropagation techniques, autotrophy of the explants is
permitted to be developed in the last phase. An improvement in the quality of the
multiplied shoots can be achieved through this autotrophic growth which in turn
facilitates the acclimatization of the plantlets (Lucchesini and Mensuali-Sodi 2010).

The best in vitro plant cell culture technique for in vitro production of secondary
metabolites including coumarins is cell suspension cultures which offer the most
reliable and productive technique to generate phytochemical compounds (Ochoa-
Villarreal et al. 2016). In this technique, the calli are first enhanced in a solid
medium, and then all cells are transferred to a liquid medium allowing them for
growing in shaking flasks and later transferred to a large-scale liquid-phase bioreac-
tor (Furusaki and Takeda 2017). The in vitro production of coumarins can be
enhanced by applying elicitors. Abiotic and biotic elicitors are available. Biotic
elicitors can be extracted from plant cell wall molecules, plant immune signaling
constituents, and microorganisms (Namdeo 2007; Ochoa-Villarreal et al. 2016).
Abiotic elicitors include high pressure, high salinity, heavy metals, inorganic salts,
and UV irradiation (Ochoa-Villarreal et al. 2016; Luo and He 2004). The selection of
the appropriate elicitor will rely upon the metabolite being produced and the plant
culture employed (Espinosa-Leal et al. 2018).

There are some factors that play an essential role on the in vitro plants production
of coumarins such as the availability of nutrients, type and concentration of the
growth regulators, and the type of culture media applied (Espinosa-Leal et al. 2018;
Murthy et al. 2014; Fargoso Monfort et al. 2018).

Hairy root cultures are an important alternative strategy for in vitro production
with high value of secondary metabolites (Ochoa-Villarreal et al. 2016). This
technique is generated by transferring Agrobacterium rhizogenes T-DNA into the
infected plant genome. To some extent, hairy root systems are genetically stable and
easy to manage. A successful evidence in the production of a wide range of
secondary metabolites has been achieved through hairy root cultures (Guillon
et al. 2006; Ochoa-Villarreal et al. 2016). However, hairy root technique requires
that the target molecule has to be synthesized within the given source plant roots.
This is an essential limitation in the production of secondary metabolites by hairy
root cultures (Guillon et al. 2006; Ochoa-Villarreal et al. 2016).

There is also a major limitation facing the selection of a suitable cell line because
cell line is usually loose in its ability to produce the desired secondary metabolites
due to genetic instability resulting from somaclonal variation (Ochoa-Villarreal et al.
2016).
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7.4 Scale-Up Techniques and Bioreactors

In vitro plant production systems through applying biotechnologies are considered
as an attractive approach for scaling up the production of coumarins. During the
in vitro productions of coumarins, the propagated cells are scaled up using
bioreactors (Ahloowalia et al., 2003; Furusaki and Takeda 2017). Scaling up plant
cell cultures from laboratories to industrial large scales is an essential step for
commercialization of coumarins production. Indeed, scaling up from laboratories
to bioreactors is generally not straightforward as a result of modifications in the cell
growth conditions in terms of rheological properties and hydrodynamic shear
stresses (Sajc et al. 2000; Ochoa-Villarreal et al. 2016).

Several bioreactors have been successfully adapted for growing plant cells
in vitro such as stirred tank bioreactor which is considered as the most widely
exploited bioreactor. Recently, there are more improved bioreactor designs such as
membrane bioreactors, wave bioreactors, and rotating drum bioreactors (Furusaki
and Takeda 2017; Huang and McDonald 2012; Ochoa-Villarreal et al. 2016).

7.5 Extraction and Detection Techniques

Beside their existence in roots, leaves, seeds, and fruits of the plants, coumarins are
also found in fungi and bacteria (Venugopala et al. 2013; Arn and Acree 1998).
Therefore, extraction of coumarins from their natural sources requires different
techniques including ultrasound-facilitated extraction, kinetic maceration, and
microwaves-facilitated extraction. Three styles for these techniques are applied
including serial ascendingly and descendingly ordered in polarity and non-serial.
The solvents used in the extraction include n-hexane, chloroform, methanol, and
water (Khalil and Mustafa 2020).

Coumarins are purified and isolated from the selected extract, and the isolated
coumarins are chemically characterized to determine their biological activities
(Khalil and Mustafa 2020; Mohammed and Mustafa 2020).

When serial style is applied, the coumarins are extracted from the powder of
selected plant with water, methanol, chloroform, and n-hexane solvents in order. The
residues are extracted by the next solvent in order, and the same methods are applied
with the other solvents. Then, the three techniques of extractions were applied.
Firstly, kinetic maceration extraction technique is conducted using a shaker water
bath of the extracted mixture at 30 �C for 72 h. Secondly, ultrasound extraction
technique is applied using ultrasonic water bath to sonicate the extracted mixture for
30 min at 30 �C (Fiorito et al. 2019; Khalil and Mustafa 2020; Mohammed and
Mustafa 2020). Thirdly, microwaves-facilitated extraction technique is performed
using a domestic microwave oven to irradiate the extracted mixture at 100 W for
5 min (Fiorito et al. 2019; Khalil and Mustafa 2020; Mohammed and Mustafa 2020).
Finally, all the extracts from the three techniques are filtered through filter paper,
concentrated by a rotary vacuum evaporator at 40 �C, and kept at 4 �C until further
analysis. It has been reported that the use of the reduced pressure vacuum generated
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about 2.53%, 2.81%, 6.03%, 3.89%, and 8.27% of n-hexane, chloroform, acetone,
ethyl acetate, and methanol extracts, respectively (Alagesan et al. 2019). It is
important to note that polar solvents are more efficient than nonpolar solvents.
Methanol possesses efficient extraction yield among other solvents and low toxicity;
therefore, it can be used in food and pharmaceutical industry (Fiorito et al. 2019).

Chromatographic methods are recently considered as the most effective and rapid
techniques used to detect and quantify coumarins. For example, gas
chromatography-mass spectrometry (GC-MS) system was used to analyze
coumarins (Alagesan et al. 2019). In addition, high-performance liquid chromatog-
raphy (HPLC) technique was applied to quantify coumarins in Cinnamomum cassia
Blume (Solaiman and Al-Zehouri 2017). It is important to note that simple
coumarins have similar chemical structures and polarity, and it is hard to be
separated precisely. Therefore, ultra-HPLC (UHPLC) method has been developed,
and it applies a less organic solvent, runs rapidly, and gives a good peak separation.
Furthermore, UHPLC-DAD method can be used for coumarin detection rapidly and
routinely (Lončar et al. 2020). Moreover, HPLC-MS/MS has been applied for
characterization and identification of coumarins (Li et al. 2019). The HPLC
conditions with C 18 column include mobile phase: 0.1% aqueous formic acid
(A) and 0.1% formic acid in acetonitrile (B). The MS triple quad was operated at
3500 V positive mode. MS has a selective detector to resolve the bioactive
components and shorten employed gradient. However, the MS’s purchase and
maintenance are very expensive and unavailable for daily use (Li et al. 2019;
Lončar et al. 2020). Since some of coumarins’ structures include fluorophore, UV,
fluorescence, and DAD detectors can be combined with HPLC for coumarins’
detections. These kinds of detectors are widely available, can be devoted routinely,
and are inexpensive. Proper monitoring of wavelengths is required to achieve high
sensitivity and selectivity of the detection. Suitable wavelength is 320 nm for
coumarins such as esculin, daphnetin, fraxetin, umbelliferone,
4-methylumbelliferone, and herniarin, while 280 nm was proven to be proper for
coumarins such as 4-hydroxycoumarin, coumarin, and scoparone (Lončar et al.
2020; Li et al. 2019).

In addition, coumarins can be analyzed using Fourier transform mid-infrared
spectroscopy (MID-FITR) combined with chemometric analysis (Moreno-Ley
et al. 2019; Lončar et al. 2020). This method is simple and fast and had no need
for reagents or pretreatments; however, it is more expensive than HPLC and
unaffordable for commercial treatments. Therefore, analyzing coumarins by com-
bining MID-FTIR spectroscopy and the HPLC-DAD is affordable for chimerical
samples (Moreno-Ley et al. 2019). Scientists have been attentive in developing new,
fast, non-expensive, and less use of organic solvents technique.

All mentioned above methods have been applied for their efficacy to detect and
quantify coumarins, demonstrating their benefits and boundaries including cost, time
of preparation and detection, availability, and use of organic solvents. The suitable
method for quantification and detection must be proper for various sample of
coumarins since they have diverse structures and polarity. In addition, highly
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sensitive technique is required to detect very low concentrations, selective, repro-
ducible, accurate, non-expensive, and able to devote routinely.

7.6 Biological Activities

From chemical standpoint, coumarins are chemically represented by benzo-α-pyrone
(2H-1-benzopiran-2-one), and they are organic heterocycle. Based on the chemical
diversity and complexity of coumarins, they subdivided to multiple classes including
simple coumarins, isocoumarins, furanocoumarins and pyranocoumarins,
biscoumarins, and phenyl coumarins (Annunziata et al. 2020). Coumarins have
been attracting scientists due to their simple structure, low molecular weight, and
bioavailability. Moreover, they are highly soluble in polar and nonpolar organic
solvents such as ethanol, methanol, water, chloroform, and n-hexane with low
toxicity (Annunziata et al. 2020; Khalil and Mustafa 2020). Along with their
numerous biological activities, they exhibit pharmacological and industrial potential
including anticancer, antimicrobial, antioxidants, antidiabetic, anticonvulsant, anti-
coagulant, anti-inflammatory, neuroprotective, antiproliferative, anti-algal activity,
luminescent properties, and fungicide properties (Pereira et al. 2018; Stefanachi et al.
2018; Zhu and Jiang 2018; Mark et al. 2019; Santra and Banerjee 2020; Annunziata
et al. 2020).

It is well documented that human body cells are exposed to oxidative stresses
through the accumulation of free radicals and highly reactive species including ions,
oxygen, carbon, nitrogen, and sulfur species, which can lead to various pathologies
such as inflammation, cardiovascular diseases, cancer, diabetes, and neurodegenera-
tive disorders. It is important to maintain the radical’s concentration, reduce the
production of free radicals, and potentially inhibit the oxidative stress. Therefore, the
natural exogenous antioxidants such as synthetic coumarins (polyhydroxy or pheno-
lic coumarins) have been demonstrated as a potential antioxidant (Galano et al. 2016;
Wahy et al. 2017; Annunziata et al. 2020). New series of coumarinyl pyrazolinyl
thioamide derivatives have been designed to act as free radical scavengers and
inhibitors of jack beam urease (Singh et al. 2019).

The applications of coumarin and its derivatives as anticancer agent are
summarized underneath. It is well known that cancer is a term which includes
various types of diseases, which can be caused by a multistep process involving
different factors resulting in increasing genetic mutation and accumulation chance.
Annually, it causes about nine million mortalities, and it is considered the second
cause of death around the world (Zhang and Xu 2019). The effect of synthesized
O-prenylated coumarin derivatives on HeLa cervical cancer has been studied, and
the results showed that the substitutes 6-geranyloxycoumarin and
8-geranyloxycoumarin were the most effective anticancer activities (Maleki et al.
2020). Coumarin derivatives are highly promising anticancer drug due to their
antiproliferative mechanisms of action, biodiversity, and versatility. Irosustat is a
promising anticancer drug under clinical trials. Moreover, the synergic effect of
combination coumarin motive with other available anticancer drugs can be a
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significant approach to decrease the side effect of drugs and the emergence of drug-
resistant (Zhang and Xu 2019). A series of novel isatin-coumarin hybrid molecules
are synthesized and designed through triazole ring. All isatin-coumarin hybrid
exhibited anti-cancer activities against various cell cancer including leukemia cancer
cells and colon cancer cells (COLO-205 and HCT-116). The reason behind this
significant effect might be because of the structural feature of the isatin motility
substitution and the linker between isatin and triazole length (Singh et al. 2017;
Singh et al. 2019).

Coumarin and its derivatives can be also applied as a drug for preventing or
alleviating degenerative diseases such as Alzheimer. The main causes of
Alzheimer’s disease can be β-amyloids aggregation, tau proteins formation, brain’s
neurotransmitter (Acetylcholine) degradation, and free radicals leading to oxidative
stress (Singh et al. 2019). A novel series of coumarin-N-benzyl pyridinium hybrids
were designed, and it demonstrated potential effect against Alzheimer’s disease by
inhibiting the acetylcholinesterase (AChE) enzyme, which is responsible for acetyl-
choline breaking down in the brain and MAO-B enzyme (Lan et al. 2017). It has
been reported that there was an effect of synthesized and organized acrine-coumarin
hybrids linked to 1,2,3-triazole on Alzheimer’s disease (Najafi et al. 2019).

Moreover, coumarin and its derivatives exhibit antimicrobial activity. In fact, the
emergence of microbial resistant has led the scientists to develop and investigate a
novel of new antimicrobial drug to protect the future of human life and health (Singh
et al. 2019). For example, a series of coumarins (dithioacetals derivatives) are
characterized, synthesized, and investigated (Zhao et al. 2019). These compounds
have a potential role against anti-tobacco mosaic virus biological activities. Also,
coumarin-pargyline hybrids and multi-target tacrine-coumarin hybrids inhibited
AChE, MAO-B enzymes, and aggregation of β-amyloid (Yang et al. 2017; Xie
et al. 2015). Additionally, coumarin-based antimicrobial hybrid molecules exhibited
antimicrobial effect against gram-positive S. aureus (Chavan et al. 2018). Coumarin-
theophylline hybrid series exhibited antimicrobial effect against gram-positive bac-
teria (S. aureus) and gram-negative bacteria (E. coli, S. Typhi) and fungi
(C. albicans) (Mangasuli et al. 2018). Scaffolds containing conjugates of
4-hydroxy coumarin and phenyl glyoxal series were generated and reported for
their potential role as antimicrobial agents (Gupta et al. 2016). In addition,
coumarins can be a great alternative among available conventional antibiotic drugs
(Reen et al. 2018) because it has been proven to block the cell-to-cell communica-
tion, which is known as quorum sensing (QS), and inhibited biofilm formation.
Biofilm formation presents the most antibiotic resistance, and it is hard to control.
Coumarins have been reported to have potential effect not only on human infections
but also can govern plant’s pathogens, aquaculture infections, preventing food
spoilage, and biofilm formation (Reen et al. 2018). Coumarin derivative
7-hydroxy-6-nitro-2H-1-benzopyran-2-one have been investigated for its ability as
antifungal agents of various taxonomies of fungi such as Phycomycetes,
Ascomycetes, Basidiomycetes, mycelial growth and development, and conidia
formation in Aspergillus spp. (Dietrich and Valio 1973; Guerra et al. 2015; Prusty
and Kumar 2019).
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Coumarin and its derivatives also play an important role in some chronic diseases
such as diabetes mellitus. It is well known that diabetes mellitus is known as a
metabolic disorder, which presents due to the resistance or deficiency of insulin, and
this can cause severe damages to body’ organs. There are some enzymes that play a
significant role in hyperglycemia such as α-glucosidase, α-amylase, and aldose
reductase (Singh et al. 2019). It has been identified a novel hybrid molecule
of natural flavonoids and coumarin for their antidiabetic effect including hybrids
of apigenin, chrysin, quercetin, and luteolin (Pan et al. 2016). Also, a new series of
3-thiazolylcoumarin hybrids were designed by incorporating three pharmacophores
(coumarin, thiazole, hydrazide) into a single entity due to their potential role in
reducing α-glucosidase activity (Salar et al. 2016).

Beside their mentioned activities, coumarin and its derivatives exhibit anti-
inflammatory property. Steroidal anti-inflammatory drugs (NSAIDs) are the major
anti-inflammatory agent due to their effect in preventing prostaglandins release. The
existent anti-inflammatory agents are primly targeting cyclooxygenase (COX)
enzyme, which presents into forms of isoforms (Singh et al. 2019). The active
pharmacophores of COX-2 inhibitors (celecoxib and valdecoxib) and 5-LOX
enzyme inhibitor coumarin derivatives were combined and incorporated by
hybridization method into single molecule, and it demonstrated a great effect as
anti- inflammatory agents by inhibiting the COX and 5-LOX enzymes (Shen et al.
2010).

Coumarin hybridization with different active pharmacophores has demonstrated a
potential role in enhancing potency of the novel molecules and general pharmaco-
logical profile.

These hybrid molecules have multi-target effects, which can increase the devel-
opment of small therapeutics molecule, and can act as anticancer, antioxidant,
antidiabetic, antimicrobial, and anti-inflammatory effects.

7.7 Commercial Utilization and Prospects

Coumarins and its derivatives are significantly used in diverse marketing sectors
including food and pharmaceutical industries due to their multifunctional pharma-
ceutical and biological activities including antimicrobial, antiviral, antidiabetic,
anticoagulant, estrogenic, dermal photosensitizing, vasodilator, molluscicidal,
antithelmintic, sedative and hypnotic, analgesic, hypothermic, anticancer, antioxi-
dant, antiparasitic, antihelmintic, antiproliferative, anticonvulsant, anti-
inflammatory, and antihypertensive activities (Hussain et al. 2019; Sharma and
Katiyar 2019). New products of coumarin and its derivatives with therapeutic
efficacy against metabolic disorders and various kinds of human infections have
been introduced (Nadeem and Ahmad 2019; Hussain et al. 2019), and there is a huge
demand on accepted extraction methods to elicit most of coumarin and its
derivatives (Nadeem and Ahmad 2019). They can be extracted from their natural
sources such as different parts of plants, fungi, and microorganisms in addition to the
in vitro production of coumarins (Hussain et al. 2019). Recently, coumarins hybrid
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molecules were newly designed and synthesized with different available
pharmacophores. This strategy enhanced the biological activities because they are
synergically acting through multiple modes of actions, which is more beneficial than
single molecule (Peters et al. 2009; Solomon et al. 2009; Hussain et al. 2019). For
example, the combination of stilbene and coumarin compound excreted significant
anti-cancer properties through different mechanism of actions such as telomerase
enzyme, protein kinase inhibition activities, and oncogene expression
downregulating (Wu et al. 2014; Bronikowska et al. 2012; Hussain et al. 2019).

There is a potential effort to efficiently incorporate coumarins and its derivatives
into dietary human intake as natural flavoring agent such as Cinnamomum cassia,
Anthoxanthum odoratum, and Dipteryx odorata (Hussain et al. 2019; Sharma and
Katiyar 2019). However, coumarins can be added only to food as naturally extracted
flavoring agent from raw materials such as cinnamon, or it is naturally found in the
food based on European regulations (Lončar et al. 2020). Therefore, the most
exposure of coumarins in human diet comes from cinnamon since it’s highly used
in dessert such as cakes, cookies, and beverages. Cinnamon has been used widely in
food, beverages, and pharmaceutical industry because of its culinary and medicinal
characteristics. Because a great quantity of coumarins might be hepatotoxic, it is
prohibited to supplement food with a pure coumarin. Due to the fact that great
quantity of coumarins might be hepatotoxic, supplement of pure coumarin is
prohibited. Therefore, the daily intake of coumarins from diet should not be
exceeded 0.07 mg/kg bw day (Lončar et al. 2020).

7.8 Conclusions and Recommendations

Coumarins are polar heterocyclic secondary metabolites extracted from their natural
sources of plants and microorganism. Additionally, coumarins can be produced
in vitro through several approaches including in vitro cell suspension and hairy
root cultures. However, scaling up plant cell cultures from laboratories to bioreactors
is generally not straightforward due to modifications in the cell growth conditions.
Several bioreactors have been successfully adapted for growing plant cells in vitro
including membrane bioreactors and wave bioreactors. The extraction of coumarins
from their natural sources requires different techniques including kinetic maceration
and ultrasound-facilitated extraction. The most rapid and effective techniques for
characterization and identification of coumarins are chromatographic approaches
such as GC-MS, ultra-HPLC, HPLC-MS/MS, and MID-FITR technologies. Besides
their benefit to plants as antipathogenic compounds, coumarin and its derivatives
also play a crucial role as antioxidant, anticancer, anti-inflammatory, antimicrobial,
antidiabetic, and anti-Alzheimer. The multifunctional bioactive compounds of
coumarins and its derivatives are promising applications in food and pharmaceutical
industries.
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In Vitro Production of Terpenoids 8
Sandeep Ramchandra Pai

Abstract

Plants produce diverse groups of secondary metabolites (SMs); terpenoids are
one such large group of SMs. Terpenoids are found commonly in related and
unrelated plant taxa; however, some specific terpenoids are also reported in lower
and higher taxa. The pharmacological importance and commercial utilization of
terpenoids are on the top among the plant SMs. A number of reviews on
biosynthesis of terpenoids have been published suggesting 2-C-methyl-D-
erythritol-4-phosphate (MEP) and the mevalonate (MVA) as common pathways.
Today, researchers are working on target-specific production of terpenoids by
altering metabolic pathways and expressing genes in microsystems. Recent high-
throughput analytical techniques coupled to functional genomics approach has
geared up biosynthesis and overproduction of terpenoids. In this chapter,
terpenoids have been reviewed in detail for their sources, biosynthetic pathways,
in vitro production technologies, scale-up techniques, and biological activities.
The ecological and environmental perspectives for function of terpenoids have
also been discussed. Considering commercial implications of terpenoids in thera-
peutic, perfumery, food, flavor, and fuel industries, a comprehensive account on
their prospective future has been concentrated upon. Extraction and detection
methodologies for terpenoids have been focused. Attention has also been drawn
toward the need for designing possible roadmap for its sustainable utilization.
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8.1 Introduction

Interest in medicinal plants has increased in past few decades due to their low cost
and safety. Herbal drug is a quick growing sector worldwide; it is estimated that the
world trade in medicinal plants will reach US$ 5 trillion by 2050 (Anonymous
2000). Terpenoids are naturally occurring hydrocarbons of plant origin with general
formula (C5H8)n. The C5H8 unit is called isoprene unit (2-methyl-1,3-butadiene).
Terpenoids constitute about 30,000 identified compounds (Dzubak et al. 2006;
Mufflera et al. 2011). It is reported that terpenoids are probably the largest group
of phytochemicals. They include essential oils phytohormones (cytokinin and
gibberellins), resins, steroids, carotenoids, and others (Lohr et al. 2012). Terpenoids
or isoprenoids are a group of structurally diverse phytochemicals known for their
wide range of pharmacological activities. The term terpene is used for compounds
with C5 (isoprene) units. Terpenoids are classified on the basis of number of isoprene
units (Table 8.1).

The isoprene units have a branched and an unbranched ends, earlier termed as
head and the later as tail. Although head-tail arrangements of the isoprene units are
the commonest type of linking, e.g., in mono-, sesqui-, di-, and sesterterpenoids, tail-
tail arrangements are at center of tri- and tetraterpene molecules. Polyisoprenoids
like rubber and gutta are two of the many other naturally occurring compounds in
which non-terpenoid structural parts are linked to terpenoids. Structure and
examples of terpenoids are depicted in Table 8.2.

Apart from this, lower plants like bryophytes are also reviewed for the presence of
terpenoids. It is estimated that in the past 40 years, around 1600 terpenoids have been
reported from this plant group (Asakawa 1982, 1995; Asakawa et al. 2013).
Ludwiczuk and Asakawa (2019), in their review on bryophytes, have enlisted over
128 studied pharmacologically active terpenoids from liverworts and mosses. Many
of them are species specific like dumortane type (Dumortiera hirsute),
hodgsonoxanes (Lepidolaena hodgsoniae), bergamotanes, and clavigerins
(L. clavigera) (Chen et al. 2018). A mini review by Pai and Joshi (2014) have
enlisted about 56 plant species producing triterpenoid betulinic acid. Very recently,
7 undescribed terpenoids, alongside 26 known compounds with isolated from aerial
parts of Elsholtzia rugulosa (Yang et al. 2021). In a separate study, Yu et al. (2020)
reported six new terpenoids from Eclipta prostrata, thus indicating continuation of

Table 8.1 Classification
of terpenoids

Classification Isoprene unit/s Carbon atoms

Hemiterpenoids 1 C5

Monoterpenoids 2 C10

Sesquiterpenoids 3 C15

Diterpenoids 4 C20

Sesterterpenoids 5 C25

Triterpenoids 6 C30

Tetraterpenoids 8 C40

Polyterpenoids >8 (C5)n
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adding new terpenoids to the family. Below is the list of some plants, parts, and
terpenoids reported (Table 8.3).

Isoprenoids have reported to be having functionalities in plant cells. They serve as
starting material in the formation of various plant hormones. Differential expression
of pathway isozymes; metabolic regulation and network, alongside regulation to
light, external stimuli; and metabolic exchanges across the subcellular compartments
have been well documented by Tholl (2015). Terpenoids like sterols function in

Table 8.2 Few examples and structures of terpenoids with molecular weight and compound
identity (CID) from PubChem (National Center for Biotechnology Information 2021a, b, c, d, e,
f, g, h, i, j, k, l, m, n, o, p)

Group Monoterpenoids

Structure

Example Linalool Menthol Lavandulol Secologanin

MW 154.25 156.26 154.25 388.4

CID 6549 1254 5,464,156 161,276

Group Sesquiterpenoids Diterpenoids

Structure

Example Artemisinin Zingiberene Taxol Gibberellin 1

MW 262.3 204.35 853.9 348.4

CID 65,030 92,776 36,314 3,509,874

Group Triterpenoids

Structure

Example Betulinic acid Stigmasterol Diosgenin Ursolic acid

MW 456.7 412.7 414.6 456.7

CID 64,971 5,280,794 99,474 64,945

Group Tetraterpenoids Polyprenols Dolichols

Structure

Example Abscisic acid Deoxystrigol Farnesol Dolichol-20

MW 264.32 330.4 222.37 1382.4

CID 5,280,896 15,102,684 445,070 6,433,320
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Table 8.3 Various terpenoids of plant origin

Plant name Part Terpenoids Reference

Origanum majorana, Rosmarinus officinalis,
Ocimum basilicum, Juniperus communis, Piper
nigrum, Laurus nobilis, Lavandula latifolia,
Mentha spicata, Zingiber officinale

WP a-Terpinene Ercioglua
et al. (2018)g-Terpinene

Limonene

r-cymene

Myrcene

!-Pinene

b-Pinene

Sabinene

Carene

Camphene

Terpineol

Linalool

Linalyl acetate

Borneol

Methyl eugenol

Carvone

Camphor

Ar-Curcumene

Eucalyptol

Thymol

Carvacrol

Perovskia atriplicifolia WP Biperovskatone B Liu et al.
(2018)1α- hydroxyl

demethylsalvicanol
quinine

Heteroscyphus coalitus WP Heteroscyphsic acid
A - I

Wang et al.
(2020)

Heteroscyphin A - E

Lactuca orientalis S Leucodin Stojakowska
et al. (2018)

Achyranthes aspera L Betulinic acid, Pai et al.
(2014)Oleanolic acid

Achyranthes coynei L,
St, I

Betulinic acid Upadhya
et al. (2014)Oleanolic acid

Ursolic acid

Swertia minor, S. densifolia, S. lawii,
S. corymbosa, S. angustifolia var. pulchella

WP Betulinic acid Kshirsagar
et al. (2015)Oleanolic acid

Ursolic acid

Ocimum basilicum, O. gratissimum,
O. kilimandscharicum, O. tenuiflorum

L,
St, I

Betulinic acid Pai and Joshi
(2016)Oleanolic acid

Ursolic acid

Mentha longifolia L,
St

1,8-cineole Bertoli et al.
(2011)

L 4-Terpineol

(continued)
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fluidity of plasma membrane; polyprenyl dolichol is and sugar carrier lipid used in
protein glycosylation; phytol is a part of chlorophyll, tocopherols, phylloquinones,
carotenoids thus functioning in photosynthesis, and polyprenyl plastoquinone in
electron transport chain (Lohr et al. 2012).

A number of genes coding enzymes and regulators in biosynthesis of terpene
were studied with respect to their location, genome, and expression (Chen et al.
2011). Though much is understood about the terpene metabolism, recent findings are
revealing new substrates and enzymatic reactions in its biosynthesis (Zhou and
Pichersky 2020). On other hand, alternative strategies like chemical synthesis are
impractical due to the complex nature of these compounds (Misawa 2011; Oksman-
Caldentey and Inzé 2004). With limited commercial success, biotechnological
methods give an attractive alternative to obtain these drugs. Comprehensive reviews
have already been published on microbial transformation and its production using
tissue culture methods (Parra et al. 2009; Malinowska et al. 2013). This chapter
concentrates on in vitro production of terpenoids.

8.2 Biosynthesis Pathway

It is one of the large groups of phytochemicals in plant kingdom. They include
representations in large number of plant molecules such as vitamins and hormones.
Isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) are the
two precursors which significantly contribute into the biosynthesis of terpenoids.
Classical studies by a number of workers have elucidated biosynthesis of terpenoids
via acetyl-CoA and mevalonate (Qureshi and Porter 1981; Bloch 1992; Bach 1995;
Bochar et al. 1999). Thus, mevalonate is the best studied pathway for terpenoid
biosynthesis which includes mevalonic acid as an intermediate. Recent studies have
revealed variations in biosynthesis of terpenoids production from the common 2-C-
methyl-D-erythritol 4-phosphate (MEP) and the mevalonate (MVA) pathways. The
earlier (MEP) being working in plastids and later one (MVA) in cytoplasm, endo-
plasmic reticulum and peroxisomes (Vranová et al. 2013).

Table 8.3 (continued)

Plant name Part Terpenoids Reference

L,
St

Menthol

AP Longifene

L Borneol Mkaddem
et al. (2009)

AP Dihydrocarvone Motamed and
Naghibi
(2010)

Withania coagulans AP,
R

Withanolides Gupta et al.
(2021)

L leaves, WP whole plant, S seeds, St stem, I inflorescence, AP aerial parts
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As reported by Habtemariam (2019), acetyl-CoA a primary metabolite undergoes
a series of reaction to produce a six carbon molecule mevalonic acid (Fig. 8.1). This
further produces DMAPP and IPP an interchangeable 5 carbon (C) building blocks.
Isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) con-
dense to produce geranyl diphosphate (GPP), which is considered as the intermedi-
ate precursor for all monoterpenes. The GPP serves precursor to monoterpene
production, and further addition of a 5 carbon unit (IPP/DMAPP) produces farnesyl
pyrophosphate (FPP) a precursor of sesquiterpenes (15 C) and its dimer to give
triterpenes (30 carbon). The addition of another 5 carbon unit to FPP gives
geranylgeranyl diphosphate (GGPP) as an originator of diterpenes (20 C). Dimer-
ization of GGPP gives tetraterpenes (40 C). Mostly, head-to-tail arrangements by
addition of 5 carbon units are observed, exceptionally head to head in tri- and
tetraterpenes. Though we consider 5 carbon unit (IPP and DMAPP) for biosynthesis
terpenoids, monoterpenes (10 C) are considered to be the smallest unit.

Studies also reveal that enzymes such as Nudix hydrolases and isopentenyl
phosphate kinase (IPK) affect biosynthesis of terpene in cytosol as well as plastids
by regulating IPP and DMAPP ratios (Zhou and Pichersky 2020).

Fig. 8.1 An overview of terpenoid biosynthesis (source: Habtemariam 2019)
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8.3 In Vitro Production Methodology

Plants are looked as inexhaustible sources of new drugs. In vitro methods as
alternative strategies are applied in two ways for secondary metabolite production:
(1) biomass and (2) synthesis. Biomass aggregation would rely on in vitro culturing
of shoot, root, callus, etc. (Guerriero et al. 2018; Hussain et al. 2012). Terpenoids are
no different, and they play vital role in the organism. Apart from pharmacological
properties of terpenoids, their cosmeceuticals, antioxidant, and nutraceutical
properties of terpenoids are studied vastly (Bonfill et al. 2013). In vitro culture
techniques coupled with bioengineering has demonstrated great applications.
Artemisinin a sesquiterpene lactone drug from Artemisia annua is known for its
antimalarial property. Rationally, overexpression of farnesyl diphosphate synthase
(FDS) enzyme which condenses IPP with DMAPP to form (FPP) farnesyl diphos-
phate yields higher artemisinin. The same was achieved by placing a 35S CaMV
promoter with FPS gene using Agrobacterium mediated transformation. This study
showed about fourfold increase in the content (Exposito et al. 2010). Farzaei et al.
(2017) included 55 mono- and sesquiterpenoids alongside other compounds in their
review on pharmacological and phytochemical properties of Mentha longifolia.
They also tabulated plant part used and the extraction method. Few of the plants
alongside their in vitro methods studied and terpenoids identified are enlisted below
(Table 8.4).

8.4 Scale-up Techniques and Bioreactors

Commercially important secondary metabolites (SMs) need scale-up using
bioreactors, as the traditional way of production may not suffice the need. It takes
help of modern methods like genomics, proteomics, metabolomics etc. to modify the
metabolic routes in an organism for scaled-up production of SMs (DellaPenna
2001). Shikimate, polyketide, and terpenoids pathways are the main routes for
production of secondary metabolites. Terpenoids comprise around one-third of the
total secondary metabolites (Verpoorte 2000). Scaling-up may include metabolic
engineering, up- and downregulating pathways, redirecting common precursors, and
targeting metabolites to specific cell compartments (Chandran et al. 2020).

Overexpressing of FaNES1 (Fragaria ananassa nerolidol synthase 1) a protein
identified as sensor for production of both mono and sesquiterpene precursors. High
levels of monoterpene linalool was achieved by CaMV 35S-driven promoter and
engineered with wild strawberry FvNES1 (Fragaria vesca nerolidol synthase 1)
plastid targeting region (Aharoni et al. 2006). It was also reported that, compared to
the monoterpenes, sesquiterpene engineering in plants is difficult as precursor pool
required is less. In another study, Rodríguez et al. (2014) observed that
downregulating production of terpene D-limonene is inversely correlated by lower-
ing fungal infection in transgenic oranges. Redirecting common precursor, viz.,
prenyl pyrophosphate (C5), to provide an adequate flux of IPP and DMAPP can
be achieved by manipulation of genes regulating MVA pathway or by inserting MEP
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pathway in organisms having only MVA pathway (Vavitsas et al. 2018; Yang et al.
2016). Escherichia coli and Saccharomyces cerevisiae are termed as industrial
workhorses and are used to produce high-valued terpenoids in bioreactors. Zhang
and Hong (2020) in their mini review have well documented a list of strategies for
production of terpenoids by targeting it to specific cell compartments.

Gupta et al. (2021), in an overview on pharmaceutical properties and biotechno-
logical advancements of Withania coagulans, have reported that the plant is on the
verge of extinction. Withanolides are a group of steroidal lactone triterpenoids which
can also be synthesized by terpenoids forming mevalonate pathway (Kreis and
Muller-Uri 2010). Seven different methods have been highlighted for increased
production of bioactive compounds from the plant; they include Agrobacterium-
mediated transformation, metabolic engineering, plant tissue culture, germination by
seeding, abiotic/biotic elicitors, gene transfer, and nanoparticle synthesis. To infer
the work of Gupta et al. (2021), in vitro system is suggested to be the attractive
option to achieve the goal.

Apart from the above, Zhang et al. (2019) used Agrobacterium-mediated trans-
formation studies to functionally expedite terpenoids biosynthesis in Tripterygium
wilfordii. In a separate study, pharmaceutically important metabolites were enhanced

Table 8.4 Terpenoids with method of in vitro production

Plant name In vitro method Terpenoid Reference

Lavandula angustifolia CSC Humulene Banthorpe et al. (1995)

Caryophyllene

Ocimum basilicum SC Linalool Monfort et al. (2018)

Achyranthes aspera CC Betulinic acid Pai et al. (2018)

Oleanolic acid

Ursolic acid

Mentha longifolia IVP, CC 1,8-cineole Bertoli et al. (2011)

β-Pinene
γ-Terpinene
Limonene

Linalool

Myrcene

Piperitenone oxide

α-Pinene
IVP Piperitone

CC α-Thujene
CC Bicyclogermacrene

CC Germacrene D

CC α-Humulene

CC β-Caryophyllene
Withania coagulans RC Withaferin A Gupta et al. (2021)

Withanolides

CSC cell suspension culture, SC shoot cultures, CC callus cultures, IVP in vitro plantlets, RC root
cultures
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by adding silver nitrate (linalool, estragole) and yeast extract (rutin, isoquercetin) in
Ocimum basilicum suspension cultures (Açıkgöz 2020). Polzin and Rorrer (2018)
reported selective production of β-myrcene (monoterpene) from Octodes
secundiramea on nutrient perfusion cultivation with bromide-free medium. High
levels of amorphadiene a precursor of artemisinin were produced by using Bacillus
subtilis as terpenoids cell factory (Pramastya et al. 2021). Finding of new genes and
computational biology has boosted production of new terpenoids using microbial
methods. Expression of plant enzymes in microorganisms has helped biosynthesis of
diverse class of complex terpenoid derivatives (Belcher et al. 2020).

8.5 Extraction and Detection Techniques

A number of extraction and detection methods are employed for determining the
contents of phytochemicals from plants (Fig. 8.2). Range of methods from conven-
tional, simple maceration to recent ultra-sonication and microwave-assisted
extractions are deployed for extracting terpenoids. In a study, phenolic and
terpenoids were identified using reversed-phase high-performance liquid chroma-
tography (RP-HPLC) and head space solid phase microextraction gas

Extraction 
methods 

Soxhlet

Ulrasonic 

Microwave

RefulxMaceration

Super 
Critical 
Fluid

Contineous 
Shaking

Fig. 8.2 Various extraction methods reported
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chromatography coupled with mass spectrometry (HS-SPME-GC/MS), respectively
(Açıkgöz 2020; Muñoz-Redondo et al. 2020)

More recently, Vaníčková et al. (2020) have identified species-specific terpenoid
markers to chemo-taxonomically distinguish four species and one subspecies of
Dracaena using solid-phase microextraction – coupled to a gas chromatography –

ion trap tandem mass spectrometry (SPME-GC � GC-MS). Percolation and macer-
ation extraction methods have been reported for extraction of terpenoids from stem
and root material of Eurycoma longifolia. Supercritical fluid extraction and
microwave-assisted extraction are some of the non-conventional methods utilized
and reported for extraction in many plants including Andrographis paniculata for
terpenoids andrographolide, deoxyandrographolide, and its variants (Aziz et al.
2021). Plants reported with different extraction and detection methods alongside
terpenoids identified is tabulated in Table 8.5.

Table 8.5 Method of extraction and detection used in various plant terpenoids

Plant

Method of

Terpenoid ReferenceExtraction Detection

Ancistrocladus
heyneanus

SE, CSE,
UE, MAE

RP-
HPLC

Betulinic acid Pai et al. (2011)

Pine M GC α- and β-pinene,
camphene, and
δ-carene

Harman-Ware
et al. (2016)

Achyranthes coynei RE RP-
UFLC

Betulinic acid, Upadhya et al.
(2014)Oleanolic acid,

Ursolic acid

Swertia minor M RP-
HPLC

Betulinic acid,
oleanolic acid, ursolic
acid

Kshirsagar
et al. (2015)S. densifolia

S. lawii

S. corymbosa

S. angustifolia var.
pulchella

Ocimum basilicum ME RP-
HPLC,
HPTLC

Betulinic acid,
oleanolic acid, ursolic
acid

Pai and Joshi
(2016)O. gratissimum

O. kilimandscharicum

O. tenuiflorum

Achyranthes aspera CSE,
MAE, UE

RP-
UFLC-
DAD

Betulinic acid, Pai et al. (2016)

Oleanolic acid,

Ursolic acid

Vitex negundo M HPTLC Betulinic acid, Pai and Joshi
(2018)Oleanolic acid

Sparkling wines HSME GC-MS α-Terpineol, (�)-β-
citronellol, β-
cyclocitral

Muñoz-
Redondo et al.
(2020)

SE Soxhlet extraction, CSE continuous extraction, UE ultrasonic extraction, MAE microwave
extraction; RE reflux extraction, M maceration, ME microextraction, HSME head-space
microextraction
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8.6 Biological Activities

The significance of terpenoids is because of their anticancer, anti-inflammatory,
antiplatelet, antibacterial, hypocholesterolemic, immune adjuvant, anti-viral,
antibacterial, fungicidal, and antileishmanial agents like pharmacological properties
(Abdelrahman and Jogaiah 2020). Anticancer and antimicrobial properties are some
of the largely studied activities of terpenoids. Apart from cancer treatment and life
style disorders, withanolides as bioactive terpenoid derivative from Withania has
proved antianxiety activity in albino mice model (Gupta et al. 2021). On other hand,
a range of biological activities may be attributed to terpenoids from cucurbit family
Cucurbitacin, and its derivatives from Cucurbitaceae have been reviewed against
inflammation, cancer, and many other properties (Montesano et al. 2018). The
terpenoids are not only studied from plant system but are reported from marine
bacteria and fungi with similar properties. Altemicidin, marinocyanins A-F,
azamerone, and napyradiomycins were some of the potent monoterpenoids
identified from bacteria (Gozari et al. 2021). Chen et al. (2012) reviewed Sinularia
soft coral as a source of terpenoids for potential bioactivities such as antimicrobial,
anti-inflammatory, and cytotoxic activities. Terpenoids like andrographolide,
glycyrrhetinic acid, ursolic acid, costunolide, β-elemene, glaucocalyxin A, and
cucurbitacin B have been reviewed and reported to show anti-liver fibrosis by Ma
et al. (2020).

Plant essential oils are a media of communication within and between the plants.
These are chemical terpenes containing repeated units of isoprenes. Depending on
the occurrence in plant parts, they may be for attracting pollinators or to repel
predators. They are generally present on leaves in secretary glands (e.g., mint,
sage, basil, pine), in flowers (e.g., orange, chamomile, clove), in wood (e.g.,
sandalwood, balsam, camphor), in fruits (e.g., star anise, fennel, apple), in rhizomes
(ginger, turmeric), and in seeds (cardamom, nutmeg, pepper). Geraniol (geranium),
linalool (mint), myrcene (thyme), and ß-ocimene (basil) are some of the important
essential oils (and plant name) having terpenes (Böttger et al. 2018). They are termed
biopesticides due to their repellent and insecticidal properties.

The sequence of outbreaks of viral infection particularly corona, starting from the
year 2003, SARS-CoV; 2012, MERS-CoV; and 2019, SARS-CoV-2, raised global
health concerns. Conventional drug limitations forced researchers to look into plant-
based bioactive compounds. Bhattacharya et al. (2021), in their review, updated on
antiviral drugs of plant origin which are potential players in counteracting these
viruses. Rajan et al. (2021) in a recent commentary on promising antivirals from
ayurvedic herbs against COVID-19 have mentioned 26 natural compounds along
with terpenoids as a potential candidate based on in silico approach. Table 8.6 enlists
some important bioactivities of terpenoids or terpenoid-derived compounds majorly
reviewed by Martin-Smith and Sneader (1969).

8 In Vitro Production of Terpenoids 195



8.7 Commercial Utilization and Prospects

Commercial utilization and prospects should include lucrative applications of
terpenes in various industries. For example, rubber, a polyterpene with repeating
units of isoprene, is extensively studied, known and one of the largest industries.
Still, it is important to find and concentrate on such targets which are of real concern
in the coming years. Industries like therapeutics, food, flavor, perfumery, or even
fuel are highly commercially utilized, in relation to environment. However, without
better environment and sustainable resources, all other industries will have poor
prospects. Thus, environment and ecology being one of the three such points will be
explored in this section.

8.7.1 Environment and Ecology

Terpenes are the most abundantly found and studied natural product. Out of the three
main categories of natural products, it is estimated that terpenoid accounts for 55%,
alkaloid 27%, and phenolic 18% (Croteau et al. 2000), thus overstating their
importance in nature and for mankind. Cheng et al. (2007) have discussed the role
of terpene in ecological point of view. Terpenes are assumed to have a role in earth’s
atmosphere by interacting with solar radiations. The 500 teragrams of isoprene

Table 8.6 Important
bioactivities of terpenoids

Bioactivity Terpenoid

Antibiotic Fusidic acid

Polyporenic acid A, C

Pristimerin

Antibacterial Eunicin

Antituberculosis Pristimerin

Vincristine Anticancer

Vinblastine

Reserpine Cytostatic activity

β-Thujaplicin
Glycyrrhizin Anti-inflammatory

Arjunolic acid Anticold stress

β-Glycyrrhetinic acid Antitussive agent

Alloferin Muscle relaxant

Chamazulene In periodontal infections

Methysergide Migraine

Toxaphene Pesticides

Ryanodine, Insecticide

Trichothecin Antifungal for plants

Nepetalactone Insect repellent

(+)- cis-Verbenol Insect attractant
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emission annually is being estimated which influence formation of ozone (Zwenger
and Basu 2008). Beyond plant-insect interaction, terpenes also act as messengers in
plant defense mechanism, which can be further utilized commercially for their insect
repellent or even attractants.

8.7.2 Therapeutic, Perfumery, Food, Flavor

Advent of bioinformatics and progressions in molecular databases have contributed
in understanding the synthesis and pathways much better. Commercially, they have
contributed largely to therapeutics, perfumery, food, and flavor industries. Also their
role in essential oils and cosmetics can’t be underestimated. Developing agronomic
traits in medicinal plants is an important area of research explored in the past few
decades. A combination of engineering to use “omics” technologies and computa-
tional and systems biology, along with synthetic chemistry, shows an imperative
prospect in commercialization. Artemisinin, squalane, sandalwood, and patchouli
oils are few of the examples discussed by Leavell et al. (2016) as potential terpenes
in pharma and fine chemicals. The volatility of terpenoid supplies and prices has
been attributed to smaller market size and the dependency on the plant source for its
production. Thus, alternative strategies for stable production using fermentation are
an attractive option. Amyris Inc. is a synthetic biotechnology company making its
presence in all the four sectors for terpenoids, artemisinin (pharma), squalane,
numerous fragrance oils (fine), isoprene, farnesene for lubricants, polymers
(as commodity chemicals), and farnesene for diesel and jet fuel (fuels).
Antimicrobial-resistant (AMR) bacteria or even superbug issues in present-day list
of drugs can be updated by addition of phytocompounds chiefly terpenes (Mahizan
et al. 2019; Zwenger and Basu 2008). Terpenes may reduce the rate of antibiotic
resistance via livestock feed by substituting orthodox antibiotics.

8.7.3 Fuel

“Biofuel” a renewable source particularly from plant origin is another prospective
application of terpenes in commercialization. Countries such as the USA, Brazil, and
European Union are expressing interest and supporting research based on such
alternative sources. Diesel obtained from Copaifera langsdorffii a natural biofuel
largely contains terpenes. In a study, Mewalal et al. (2017) have summarized specific
terpenes as appropriate standby or composite for present-day fuels. They have also
made a comparison of such biofuels with much known fuels. It has been reported
that terpenes could assist as standalone or blended up to 65% in diesel engines. There
are more than a few challenges to leverage plant terpenes as a commercially viable
source for replacing diesel or gasoline. A roadmap has been proposed by Mewalal
et al. (2017) for commercial recovery of terpenes synthesized. Its tremendous
potential as sustainable biofuel has been swotted and described.
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The above-discussed points will raise concerns in the coming years. Thus, it was
important to highlight the area of future research on terpenoids.

8.8 Conclusions

Terpenes are still being fully realized for their applications. Discovery of more and
more number of terpenes will surely add to the ever-growing list of its utilization.
Like most other bioactives, terpenoids from nature are supply limited. However,
production at commercial level is driven by recent annotated technologies. Few
important such terpenes are reviewed and discussed above. Differences in the
challenges to produce terpenoids vary from one to another, thus making it non-
comprehensive. It means that a method developed for one terpene cannot be applied
to another. On the other hand, predictive engineering along with in vitro culture
techniques can lead to selective production of terpenoids. With this, it is also
projected that wide understanding of structure and activity liaisons of terpenes will
open avenue for medicinally important phytocompounds. Further study on their
activity as well as mechanism will be of great importance. Furthermore, work related
to cost-effective and more contemporary way for production of biodiesels rather than
the now conventional ethanol conversion from sugarcane or corn would be essential.
Conclusively, owing to the ever-increasing number of terpenoids, a lot of study still
can be undertaken for in vitro sustainable production, fundamental understanding of
their role in biological processes, and commercial utilization.
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In Vitro Production of Anthocyanins
and Carotenoids 9
Randah M. Al-Qurashi and Muneera Q. Al-Mssallem

Abstract

There is increasing attention on anthocyanins (ACs) and carotenoids as signifi-
cant sources of antioxidants with biological activity regarding human health.
However, the roles of these compounds in human health depend on their avail-
ability in food, extraction methods, and stability. The results of this chapter
indicate the structures, extraction and analytical methods, stability, bioavailabil-
ity, biological activity, and finally commercial utilization of ACs and carotenoids.
The effect of these compounds in the food industry is significantly attributed.
Finally, with their high-level content of antioxidants, these bioactive compounds
can be very attractive in biotechnology, used as fortified and natural additives to
foods delivering special benefits in both health and the wider economy.
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CoA Coenzyme A
CVD Cardiovascular disease
DFR Dihydroflavonol 4-reductase
DMAPP Dimethylallyl pyrophosphate
DNA Deoxyribonucleic acid
F3050H Flavonoid 30,50-hydroxylase
F30H Flavonoid 30-hydroxylase
FPP Farnesyl pyrophosphate
GGPP Geranylgeranyl pyrophosphate
GPP Geranyl pyrophosphate
HMG-CoA 3-Hydroxy-3-methylglutaryl-CoA
IPP Isopentenyl pyrophosphate
LC Liquid chromatography
LDL Low-density lipoproteins
MAE Microwave-assisted extractions
MeOH Methanol
MS Mass spectrometry
PLE Pressurized liquid extraction
RNS Reactive nitrogen species
ROS Reactive oxygen species
SFE Supercritical fluid extraction
SLE Solid-liquid extraction
UAE Ultrasound-assisted extraction
UFGT Flavonoid 3-O-glucosyltransferase
UV Ultraviolet

9.1 Introduction

Anthocyanins (ACs) are one of the six subclasses of flavonoids and a water-soluble
plant pigment responsible for the blue, purple, and red colors in many fruits and
vegetables, generally found in the form of glycosides (Karakaya 2004; Pandey and
Rizvi 2009). ACs are an important class of flavonoids that represent a large group of
plant secondary metabolites (Liu et al. 2018a). The backbone of anthocyanins is
anthocyanidin, and the basic core of anthocyanidin is called flavylium which is
composed of two aromatic benzene rings (Fig. 9.1). The most common
anthocyanidins in nature are pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidin (Liu et al. 2018a; Zhao et al. 2014).

It is evident that the ACs are known to vary in their number and position of
hydroxyl and methoxy1 groups regarding their basic antioxidant skeleton, the
identified number and position at which sugars are attached (Wu et al. 2006).
Some common foods that are high in ACs include cherries, strawberries, raspberries,
blackberries, blackcurrants, blueberries, and grapes, and the concentration of ACs
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varies widely between fruit. AC intake has a wide range of health-related benefits
including cardiovascular disease risk reduction (Pandey and Rizvi 2009; Schewe
et al. 2008).

It has been reported there are more than 600 different compounds characterized in
plants. One of these are carotenoids, which are natural oil pigments that can be found
in many fruits and vegetables and have an essential physiological function as a
vitamin A precursor (Ngamwonglumlert and Devahastin 2018). Carotenoids are
responsible for many red, orange, and yellow colors found in plant leaves, fruits,
vegetables, and flowers (Amorim-Carrilho et al. 2014). The chemical structure of
carotenoids is unique due to their 40-carbon basal structure which includes a system
of bonds (Yabuzaki 2017). Carotenoids are divided into two classes. First, there are
oxygen-containing xanthophylls, where the oxygen atom can be present in the form
of alcohol, such as lutein and zeaxanthin (Dutta et al. 2005). Second, there are
non-oxygenated carotenes, which include alpha-carotene, beta-carotene, and lyco-
pene (see Fig. 9.2) (Ngamwonglumlert and Devahastin 2018). Fruits and vegetables
are important sources of carotenoids such as apricots, cantaloupe, carrots, pumpkin,
and sweet potato; all contain alpha-carotene and beta-carotene. However, grapefruit,
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Fig. 9.1 Structure of anthocyanidin backbone and the most common of anthocyanidins. Source:
Liu et al. (2018a) and Zhao et al. (2014)
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Fig. 9.2 Chemical structure of carotenoids
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tomatoes, and watermelon are sources of lycopene, zeta-carotene, beta-carotene,
phytofluene, and phytoene. Additionally, green vegetables and fruits including
broccoli, cabbage, spinach, lettuce, kale, and kiwi all contain lutein, zeaxanthin,
alpha-carotene, and beta-carotene (Zakynthinos and Varzakas 2016). The concen-
tration of carotenoids varies between different types of fruits and vegetables and are
also influenced by their time of harvest and storage conditions (Ngamwonglumlert
and Devahastin 2018).

Carotenoids play an important roles in human health due to their antioxidant
properties (Eggersdorfer andWyss 2018). A number of epidemiological studies have
reported that a diet high in carotenoids correlates with a decreased risk of many
diseases including cancer and cardiovascular disease (Rao and Rao 2007; Wang
2012). Their mechanism of effect is associated with their antioxidant activity in
protecting cells and tissues from damage (Lucini et al. 2012). This chapter provides
an overview of the in vitro production of ACs and carotenoids with a particular focus
on the stability, extraction, bioavailability, biological activity, and commercial
utilization of these compounds.

9.2 Biosynthesis Pathway

Anthocyanins biosynthesis is an essential part of the general flavonoid pathway. The
flavan skeleton consists of two aromatic rings A and B which are obtained from
acetate and phenylpropanoid precursors, respectively. It is well documented that the
regulation of anthocyanins biosynthesis is achieved on the levels of enzymes and
genes (Zhang and Furusaki 1999).

Several enzymes are involved in the biosynthesis pathway of anthocyanins
including chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid 3-
0-hydroxylase (F30H), flavonoid 30,50-hydroxylase (F3050H), dihydroflavonol
4-reductase (DFR), anthocyanidin synthase (ANS), and flavonoid 3-O-
glucosyltransferase (UFGT). CHS enzyme is regarded as the main enzyme of
flavonoid biosynthesis; F30H and F3050H enzymes are the primary enzymes respon-
sible for the diversification of anthocyanins by determining their B-ring hydroxyl-
ation and consequently their color. DFR enzymes play a role in influence
anthocyanin composition and pigmentation (Liu et al. 2018a; Tanaka and Brugliera
2013).

The biosynthesis of anthocyanins involves three condensation steps, hydroxyl-
ation, glycosylation, and acylation. Initially, there are two active precursors involved
in the biosynthesis of anthocyanins (4-coumaryl and malonyl-CoA). A condensation
occurred between three molecules of malonyl-CoA and one molecule of 4-coumaryl
to synthesize naringenin chalcone by the action of CHS enzyme. This step is
considered as the central reaction of anthocyanins biosynthesis. Next, naringenin
is formed through isomerizing naringenin chalcone by CHI enzyme. Then,
naringenin is converted into dihydrokaempferol. Further hydroxylation occurred
on F3H to create dihydroflavonols, dihydroquercetin, or dihydromyricetin by F30H
or F3050H enzyme, respectively. Colorless leucoanthocyanidins are formed from
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three molecules of dihydroflavonols by the enzyme DFR. Then, colored
anthocyanidins are formed by ANS. The final step includes a glycosylation of
anthocyanidins which is considered as an essential step of anthocyanins biosynthe-
sis. In this step, sugar molecules are joined to anthocyanidins by the action of UFGT
enzyme (Liu et al. 2018a; Tanaka and Brugliera 2013; Zhang and Furusaki 1999;
Zhao et al. 2014).

There are environmental and genetic factors that influence the biosynthesis of
anthocyanins such as temperature, light intensity, and UV light. It has been found
that production of anthocyanins can be increased at low temperature and high light
intensity (Wang et al. 2016). Genetic modification also plays a role in increasing the
production anthocyanins and reducing their degradation (Liu et al. 2018a).

In terms of carotenoids biosynthesis, they are synthesized through isoprenoid
pathway. Firstly, acetyl-coenzyme A (CoA) is converted to isopentenyl pyrophos-
phate (IPP). This IPP is considered as a precursor for generation of geranyl pyro-
phosphate (GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl pyrophosphate
(GGPP) using various enzymes of prenyl transferases. These intermediates may self-
condense, and cyclization is performed to create the basic skeletons of the
terpenoids. Initially, three molecules of acetyl-CoA are fused to produce
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by using acetyl-CoA
acetyltransferase and HMG-CoA synthase enzymes in both animals and yeast. In
plants, however, these reactions are activated in the presence of Fe2+ and quinone
cofactors by using a single enzyme (McGarvey and Croteau 1995; Weber and Bach
1994).

The simplest terpenoids is isoprene which is synthesized directly from
dimethylallyl pyrophosphate (DMAPP). This reaction requires isoprene synthase
enzyme and the presence of Mn2+ or Mg2+ (McGarvey and Croteau 1995). However,
for the production of higher terpenoids, multistep reactions are performed starting
with DMAPP and IPP using GPP synthase enzyme to form the C10 intermediate
(GPP). Then, the C15 intermediate (FPP) is formed via FPP synthase in two separate
steps; GPP is firstly formed from DMAPP and IPP; then another IPP is combined to
produce FPP. Three condensation steps are carried out to form the C20 intermediate
by using GCPP synthase enzyme and activated with either Mn2+ or MG2+ (Delgado-
Vargas et al. 2000; McGarvey and Croteau 1995).

Modern biotechnological approaches have been applied to increase anthocyanin
and carotenoids synthesis and the pigmentation of tissues that are not normally
pigmented. These great efforts have contributed very well to meet industrial and
academic interests (Zhang and Furusaki 1999).

9.3 In Vitro Production Methodology

In vitro plant cell and tissue cultures are regarded as an efficient approach for
production of valuable natural products of both anthocyanins and carotenoids
(Fischer et al. 2015). Most of the in vitro production techniques of anthocyanins
and carotenoids are based on callogenesis and organogenesis approaches including
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callus and cell suspension cultures. Cell suspension culture is recognized as a
potential source for production of anthocyanins and carotenoids. Different media
conditions are required in most in vitro plant cultures to induce an alteration from the
growth situation to the metabolite production condition. Therefore, biotechnological
methods have been applied to increase the productivity of these secondary
metabolites (Meyer and Van Staden 1995; Simões et al. 2012).

In organogenesis approach, callus cultures are initiated from an appropriate stem
or leaf of chosen plant after sterilization, and then cell lines are generated under
in vitro conditions (Lazăr et al. 2010; Meyer and Van Staden 1995; Sakamoto et al.
1994). In vitro conditions include physical and chemical factors. The explants are
incubated and then transferred to culture media for propagation. Finally, plants are
gradually hardened under ex vitro circumstances (Debnath 2009; Espinosa-Leal
et al. 2018; Simões et al. 2012).

The productivity can be changed over time due to inherent genetic and epigenetic
instability of plant cell cultures (Phillips et al. 1994; Yuan et al. 2009). There are
several factors that modulate the in vitro production such as physical and chemical
factors. Physical factors include light, temperature, and medium pH. Light can
enhance the production of anthocyanins and carotenoids through increasing the
accumulation due to the effect of light in activating different biosynthesis enzymes.
Additionally, another important environmental factor is temperature which plays a
role in increasing the pigment production. However, high temperature can cause
changing in the color of the callus and inhibition of pigment biosynthesis (Lai et al.
2011; Nakatsuka et al. 2009; Wang et al. 2016). There are also chemical factors such
as nutrients composition, and elicitors including biotic and abiotic stresses (Simões
et al. 2012).

In addition, an improved yield of these products has been achieved through
applying new biotechnologies such as gene cloning (Zhang and Furusaki 1999).

Undoubtedly, in vitro plant cell and tissue cultures are an effective system for
in vitro productions of both anthocyanins and carotenoids. However, new approach
based on biotechnological techniques is effectively applied for obtaining improved
yields for these natural colorants in order to be used instead of artificial food colors.

9.4 Scale-Up Techniques and Bioreactors

In vitro plant cell and tissue cultures strategies, for the production of carotenoids and
anthocyanins at large scale for commercial purposes, remain as one of the consider-
able challenges for scientists (Simões et al. 2012). It is well known that scaling up the
plant cell and tissue cultures is usually accomplished through using bioreactors.
Therefore, well-designed bioreactor is required for the maintenance of a constant and
high production of these valuable pigments. This procedure can optimize the in vitro
conditions for effective cell growth and reduce variations in product quality and
yield (Eibl and Eibl 2008).

Several bioreactors are being used successfully for in vitro plant cell and tissue
culture systems. They are bubble column reactors, stainless steel stirred bioreactors,
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drum reactors, and airlift reactors. Practically, the bioreactors are applied for scaling
up in vitro production of secondary metabolites including anthocyanins and
carotenoids (Furusaki and Takeda 2017; Zhong et al. 1993). However, in vitro
production in bioreactor at commercial level encountered some technological
limitations such as the heterogeneity of media of plant cell suspensions which
produce large aggregates causing oxygen diffusion and reduced growth rates
(Delgado-Vargas et al. 2000). The exploitation of modern biotechnological tools
to enhance the production of secondary metabolites may contribute to the scale-up
and commercialization of plant cell cultures. Further scientific efforts are success-
fully carried out for developing improved cell lines not just for sustaining and
enhancing high productivity of the secondary metabolite but also for economic
purposes such as reducing process costs (Eibl and Eibl 2008). It is evident that the
utilization of automation and large-scale liquid cultures significantly reduced the
production costs (Simões et al. 2012).

9.5 Stability of Anthocyanins and Carotenoids

Many factors play a role in the stability of anthocyanin in foods, including the type of
anthocyanin pigment present; its exposure to light, heat, different pH levels, metal
ions, enzymes, and oxygen; the B-ring in the AC’s structure; and its hydroxyl or
methomyl groups. Furthermore, depending on their structure, some types of ACs are
inherently more stable than others. For example, malvidin glycosides, found in high
levels in grapefruit, are more stable due to its dimethyl oxylation structure (Laleh
et al. 2006; Morais et al. 2002). Temperature is one important factor affecting AC’s
stability in foods; high temperatures can increase the degradation of ACs which can
lead to the hydrolyzation of 3-glycoside (Laleh et al. 2006). One previous study
assessed the impact of heat on foods containing high levels of anthocyanin, such as
blueberries, and reported that the total anthocyanin level decreased rapidly at 60 �C
(Liu et al. 2018b). However, research has addressed the optimum temperature and
time condition to preserve anthocyanin stability during hibiscus extraction; the
study, completed by Maciel et al. (Maciel et al. 2018), indicated that the anthocyanin
present inHibiscus sabdariffawas highest at a temperature of 60 �C for an extraction
time of 20 min.

A number of techniques have been used to increase the stability of anthocyanin
when processing it as a natural pigment to be added to food. Some of these
techniques include encapsulation, spray drying, and freeze-drying enzymatic
methods (de Moura et al. 2019; De Souza et al. 2015). Encapsulation is used to
decrease the degradation of compounds by reducing their reactivity with environ-
mental influences such as oxygen, light, and temperature (da Fonseca Machado et al.
2018). The advantage of encapsulation when using natural compounds such as ACs
is in maintaining their stability for longer periods (Santos et al. 2013). Some of the
materials used to encapsulate ACs include carbohydrates (starch, maltodextrins, and
cyclodextrins), cellulose (methyl cellulose, carboxymethyl cellulose), gum (gum
acacia, gum arabic), lipids (wax, paraffin), and finally proteins (gluten, casein)
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(Rai et al. 2009; Robert and Fredes 2015). The most effective methods used to
encapsulate ACs are spray drying (SD) and freeze-drying (FD). A study carried out
by de Fonseca Machado et al. on the stability of ACs and their antioxidant activity as
a result of encapsulation, using blackberries, compared the content of ACs across
three methods: spray drying, freeze-drying, and supercritical antisolvent (da Fonseca
Machado et al. 2018).

9.6 Extraction and Detection Techniques

The extraction of ACs and carotenoids should garner attention from food and
nutrition sciences. There are several methods to extract ACs and carotenoids from
plants, including ultrasound-assisted extraction, microwave-assisted extraction,
enzyme-assisted extraction, pressurized liquid extraction, supercritical fluid extrac-
tion, and using high hydrostatic pressure (Altemimi et al. 2017; Azmir et al. 2013).

9.6.1 Extraction of Anthocyanin

Many factors play a role in extracting samples of AC, including the type of solvent
used, temperature, extraction time, and pH level (Chandrasekhar et al. 2012).
Among these factors, the type of solvent used is one of the most important affecting
extractions, and selecting the type of solvent to be used depends on the chemical
structure and polarity of the compounds to be extracted. A numbers of solvents can
be used to extract anthocyanin compounds such as water, ethanol, methanol, and
acetone (Khalifa et al. 2018; Silva et al. 2017). However, the most effective
technique to extract anthocyanin pigments from plants is using acidified water at
0.01% HCL with a pH ~2.3 and using high temperatures between 120 to 160 �C
under a constant pressure of 40 bars (Khoo et al. 2017). Furthermore, AC pigments
can also be extracted by adding sulfur dioxide to water which can help stabilize the
AC’s structure and enhance the diffusion coefficient of AC molecules throughout
their solid state, which can in turn increase the stability of the AC pigments (Maciel
et al. 2018). Other authors have suggested that to increase AC yield, several
extraction steps should be performed to make sure maximum extraction is completed
(Javier David Vega et al. 2017).

9.6.2 Extraction of Carotenoids

Carotenoids are lipid-soluble compounds that can be found in a wide variety of foods
and plants (Eggersdorfer and Wyss 2018). There are no specific or standard methods
for carotenoid extraction (Saini and Keum 2018). However, the most common
methods use an organic solvent which can allow for the extraction of the compounds
from the matrix. The most common solvents used to extract carotenoids from plants
use a mixture of hexane with ethanol, methanol, and acetone or a mixture of ethyl
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acetate with ethanol, methanol, and acetone (Saini and Keum 2018). Hexane, a
nonpolar solvent, is usually used with nonpolar carotenes or esterified carotenoids,
whereas a polar solvent such as ethanol and acetone can be used for carotenes and
xanthophylls. After extracting the carotenoids using the solution, extra care should
be taken because the extraction becomes very sensitive to heat, oxygen, acids, and
light (Butnariu 2016). Extraction of carotenoids can be done using a mixture of
extraction solutions such as methanol (MeOH) and diethyl ether (1:1 v/v), MeOH
and chloroform, MeOH and acetone, MeOH and acetone-hexane, or MeOH and
hexane-acetone-toluene. These solvents can also be used in the extraction of
carotenoids from human samples (Amorim-Carrilho et al. 2014). Furthermore, one
recent study found that hexane is more effective in the extraction of carotenoid
samples when mixed with other solvents such as methanol and ethanol (Mäki-Arvela
et al. 2014).

Similarly, Ranveer et al. (Ranveer et al. 2013) reported that extracting lycopene
from tomato waste using a combination of hexane, acetone, and ethanol (50:25:25,
v/v/v) solution produced better results than other solvents used individually. Another
study done by Kamffer et al. (Kamffer et al. 2010) attempted to develop a method to
extract carotenoids and chlorophylls from grape berries, reporting diethyl ether and
hexane as a more stable alternative to using acetone. A further study published by
Lucini et al. (Lucini et al. 2012) examined the most effective extraction method for
carotenoids using tomatoes and observed that the best solvent for extracting
b-carotene was ethyl acetate, whereas dichloromethane was preferred for other
types of carotenoids. Moreover, extraction from tomato waste using a combination
of ethyl acetate and hexane (55:45, v/v) yielded high concentrations of carotenoids
(Strati and Oreopoulou 2011). Finally, there are a number of other carotenoid
extraction techniques that can be applied in both human and food samples; of
these, liquid-liquid and solid-liquid extraction is the most frequently used technique.

Further extraction methods exist for carotenoids and other bioactive compounds,
including solid-liquid extraction (SLE), supercritical fluid extraction (SFE),
ultrasound-assisted extraction (UAE), pressurized liquid extraction (PLE), and
microwave-assisted extraction (MAE) (Jaime et al. 2010; Mustafa et al. 2012;
Stout et al. 2018; Sun et al. 2012). SLE is used to separate compounds from food
mixtures, and it is widely used in the extraction of polyphenols from foods such as
carbohydrates, protein, and aromas (Garcia-Salas et al. 2010). This method is very
expensive and requires a long time to process and extract samples; however, the high
temperatures used in SLE may destroy some bioactive compounds including ACs
(Naviglio et al. 2019). SFE is an alternative method for extracting from food samples
which can greatly reduce the amount of solvent used as well as the processing time.
Furthermore, this method uses carbon dioxide which may increase the yield of
phenolic compounds such as ACs. This method is used to extract compounds from
anthocyanin-rich foods such as blueberries (Paes et al. 2014). UAE uses sound
waves beyond human hearing and is an effective technique in obtaining the highest
extraction yields of bioactive compounds from plants (Chemat et al. 2017). Bubble
formation is based on the principle of this technique, using temperatures of 5000 K,
pressures of 1000 atm, and heating and cooling rates above 1010 K/s (Khan et al.
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2010). Studies have shown that UAE is effective in extracting isoflavones,
anthocyanins, and other bioactive compounds. Advantages of this methodology
include reduced extraction time and the use of a solvent, which helps to reduce the
degradation of different bioactive compounds and their antioxidant activity (Saini
and Keum 2018). Factors such as moisture content, solvent type, particle size,
temperature, pressure used, and time taken are all very important in achieving a
high extraction yield with this method (Chemat et al. 2016). PLE, also known as
accelerated solvent extraction (ASE), allows for the rapid extraction of the desired
compounds and uses only a small amount of solvent. This technique is combined
with temperature and pressure to increase the solubility of the sample and therefore
improve extraction efficiency. This method can be used to extract bioactive
compounds by using high pressures to ensure the solvents remain as liquids at
high temperatures, which improves the solubility of the samples and in turn increases
their concentration. MAE uses microwave technology as a rapid extraction method
which can be effective in the extraction of active ingredients from plants. The main
advantages of using this method are the reduction in extraction time and the ability to
use a less organic solvent (Liazid et al. 2011). Duan et al. (2015) reported that MAE
was a highly efficient extraction technique in extracting anthocyanins from Chinese
bayberry. The factors influencing MAE performance include solvent type, extraction
time, microwave power, temperature, sample characteristics, and food maturity
(Chan et al. 2011).

9.7 Analytical Methods

9.7.1 Liquid Chromatography (LC)

LC is the most commonly use method for the separation of bioactive compounds,
including anthocyanins and carotenoids. This technique uses liquid as mobile phases
to separate different compounds. The type of mobile phases used typically consists
of water, methanol, and acetonitrile and are activated with acidic compounds such as
formic acid or hydrochloric acid (HCl). Using different types of columns depends on
the compounds identified in foods. The most commonly used columns to identify
anthocyanins and carotenoids are C18 and XBridge Amide. The basic principle of
LC is that samples are injected into the LC and carried through a column packed with
a tiny particle 3 to 5 μm in diameter called the stationary phase (see Fig. 9.3.)
(McCreedy 2003). Individual components of the sample move down the column
carried by a liquid interaction with the stationary phase that creates different
constituents within the mixture and different retention times. These separated chem-
ical compounds are detected at the exit of the column by a flow-through fluorescence
detector, where fluorescent stimuli are translated into a visual chromatogram for
interpretation (Meyer 2006; Talcott 2013). There are several factors that affect the
retention times and peaks including temperature and concentration of the acid.
Studies have reported that increasing the concentration of formic acid used to
identify anthocyanins results in the peak area of cyanidin-3-O-diglucoside and the
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retention times being increased; this may be due to the increased polarity of the
mobile phases (Ongkowijoyo et al. 2018; Sang et al. 2017). High-performance liquid
chromatography (HPLC) is the most popular separation technique using liquids as
mobile phases to analyze compounds in plant foods such as anthocyanins and
carotenoids (Anderson 1999). HPLC is also used to analyze the metabolites of
anthocyanins in blood samples in legal situations such as urine drug analysis and
for both quantitative and qualitative analysis of a compound. HPLC can be often be
identified on the basis of retention time and either UV-visible or mass spectra
(Stauffer 2013). The most widely used tool in the identification and quantification
of anthocyanin profiles is reversed phase HPLC coupled with photodiode array
detection. Analyzing different types of anthocyanin depends on their polarity
which causes elution at different times. Provisos studies have reported that the
measured anthocyanin content in food matrixes can be influenced by the method
used, which can also affect the quantity of the anthocyanins (Lee et al. 2008;
McCreedy 2003) (Kamffer et al. 2010; Kong 2003; Lee et al. 2008).

9.7.2 Mass Spectrometry (MS)

MS measurements are carried out in the gas phase on ionized analytes. The MS
method is high resolution and sensitive and can be used to analyze the separation of
multi-food mixtures such as essential oils and bioactive compounds. Moreover, MS
can be used to identify and qualify unknown compounds which are determent by
molecular weight. Gas chromatography-mass spectrometry (GC-MS) is widely used
to separate compounds such as anthocyanins and carotenoids which can be analyzed
in food mixtures (Technologies 2010). Flame ionization detects any electron capture
in GC, which make the technique highly sensitive (Al-Rubaye et al. 2017). This
method can detect low concentrations of compounds in foods or plants. GC can also

Fig. 9.3 The fundamentals of high-performance liquid chromatography (HPLC)

216 R. M. Al-Qurashi and M. Q. Al-Mssallem



be used to identify and quantitatively analyze food mixtures and the purity of
compounds and is able to determine the thermochemical constants of solutions
such as heat and vapor pressure (Eiceman 2006). Recently, GC-MS studies have
been increasingly used in the analysis of plants and bioactive compounds, as well as
nonpolar compounds such as lipids and alkaloids (Al-Rubaye et al. 2017; Stashenko
and Martínez 2012).

9.8 Bioavailability and Biological Activities

9.8.1 Anthocyanins

The beneficial health effects of polyphenols are dependent upon both intake and
bioavailability. The bioavailability and bioaccessibility of polyphenols such as
anthocyanins are largely influenced by their chemical structure, and they may be
absorbed to varying degrees throughout the gastrointestinal tract (Haminiuk et al.
2012; Pandey and Rizvi 2009). Aglycones can be absorbed in the small intestine;
however, most polyphenols are present in food in the form of esters, glycosides, or
polymers that cannot be absorbed in their native form (Mertens-Talcott et al. 2008).
These substances must be hydrolyzed by intestinal enzymes or by colonic microflora
before they can be absorbed (Alqurashi et al. 2017; de Pascual-Teresa et al. 2010;
Johnson et al. 2013; Spencer 2003). Following absorption, polyphenols are conju-
gated, either in the small intestinal epithelial cells or later in the liver (Kay 2006).
This process mainly includes methylation, sulfation, and glucuronidation (Dall’Asta
et al. 2012). The conjugation process is highly efficient, and aglycones are generally
either absent in blood or present in low concentrations after consumption (Kay et al.
2004). Generally, non-anthocyanin flavonoids are better absorbed than ACs and
proanthocyanidins, although absorption may be influenced by various factors such
as the food matrix in which these compounds are distributed and consumed; the
heterogeneity of sugars or other functional groups on the flavan nucleus; gender and
genetic differences; dietary habits; dosage; and intestinal microflora (González-
Barrio et al. 2010). Previous research into bioactive compounds has reported that
anthocyanins appear in the blood in micromolar concentrations (Spencer 2003). ACs
are recovered in urine as glycosides; however, they are very unstable in the pH range
of the intestinal tract and may be mostly degraded before absorption can take place
(Bermúdez-Soto et al. 2007; Castañeda-Ovando et al. 2009). One study in rats
reported that ACs were rapidly absorbed in the stomach and small intestine
(He et al. 2009). In humans, the level of ACs in plasma after cranberry consumption
is very low, when measured between 1 to 3 h following consumption (Milbury et al.
2010). Elsewhere, after volunteers consumed 300 g of raspberries, ACs were
excreted in urine after 4 h in quantities accounting for <0.1% of the ACs present
in the consumed raspberries (González-Barrio et al. 2010). ACs are detected in
plasma at concentrations between 1 and 120 nM after consumption (Kay et al. 2009;
Nielsen et al. 2003). One study of pharmacokinetics in humans, whereby participants
consumed ACs from acai pulp and juice, estimated the Cmax of ACs in plasma to be
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between 2321 and 1138 ng/L between 2 and 2.2 h (Mertens-Talcott et al. 2008).
AC-rich foods are often presented as functional foods or superfoods due to
associations between their consumption and the prevention of diseases. Fruits such
as berries are associated with the reduced risk of cardiovascular disease (CVD),
certain cancers, type II diabetes, and cerebrovascular diseases (Alqurashi et al. 2016;
Mazza 2007; Schantz et al. 2010). The mechanisms of protection may be due to their
antioxidant properties, anti-inflammatory effects, or uncertain effects on other
pathways (Nijveldt et al. 2001). The biological system’s reactive oxygen species
(ROS) and reactive nitrogen species (RNS), such as nitric oxide radicals and
superoxide, can damage the deoxyribonucleic acid (DNA) and lead to oxidation of
both lipid and proteins in human cells. Antioxidant activity can prevent the human
body from free radical scavengers by helping to maintain low levels of oxidation and
antioxidation (Luis-Villaroya et al. 2015).

9.8.2 Carotenoids

Carotenoids from fruits, vegetables, and animal products are fat-soluble, which are
associated with lipid in human tissues, cells, and membranes (Yabuzaki 2017).
Carotenoids may be attached or esterified to proteins and during the digestion
process released from the proteins and aggregate with lipid in the human body.
The bioavailability of carotenoids in the human body has been investigated in many
studies, which have reported that 5% of carotenoids are absorbed by the intestine,
whereas 50% or more carotenoids are absorbed from micellar solutions (Saini et al.
2015; Zakynthinos and Varzakas 2016). Other factors affecting the absorption of
carotenoids in humans include dietary intake of fat and protein; dietary fat intake is
important for the effective absorption of carotenoids (Saini et al. 2015). The type of
carotenoids in the diet can also affect human absorption; for example, lutein and
other xanthophylls are known for their improved absorption and bioavailability over
beta-carotene or lycopene (Desmarchelier and Borel 2017). Food mixture
interactions, vitamin E intake, fiber intake, and nutrient status can also affect
carotenoid bioavailability in the human body (Van Het Hof et al. 2000).

The biological activity of carotenoid intake in the human body has been studied.
Intake of carotenoids have been found to reduce free radical scavengers, reduce lipid
oxidation, prevent CVD, reduce the risk of certain cancers, and protect against
low-density lipoproteins (LDL) from oxidation; this may be due to the antioxidant
properties contained in carotenoids (Rao and Rao 2007; Stahl and Sies 2003).
Moreover, the mechanisms governing these compounds that are specifically respon-
sible for these health benefits are not understood but could be due to antioxidant
activities contained within the compounds (Dutta et al. 2005). One recent study
reported that red cherries contain high levels of carotenoids that can deliver health-
promoting and protective antioxidant and antiproliferative effects (Campestrini et al.
2019).

218 R. M. Al-Qurashi and M. Q. Al-Mssallem



9.9 Commercial Utilization and Prospects

The number of products including natural food pigments continues to grow world-
wide. Global food and beverage markets have dramatically increased in recent years
including the trend of using food colors as natural food pigments in many foods and
beverages (Rodriguez-Amaya 2019). This may be due to increased public awareness
of using artificial colorants in foods which can have potential side effects on human
health. There are a number of natural food pigments very commonly used in the food
industry which include anthocyanins, carotenoids, betalains, and chlorophylls,
among many others (Delgado-Vargas et al. 2000).

9.9.1 Anthocyanins

Anthocyanin extracted from foods and plants is used in the food industry in many
ways such as food additives and natural food colorants. Anthocyanins are a group of
naturally phenolic compounds responsible for the red, blue, and purple colors in
many fruits and vegetables. One of the most frequently used food additives from
anthocyanins is E163 which is derived from fruits such as grapes and the skin of
berries. E163 is used in the production of the purple color in beverages and other
foods (Cortez et al. 2017; Sampaio et al. 2021). Several studies have reported that
artificial food colorings have created public concern regarding human safety, as it
has been suggested that artificial colorants may significantly increase hyperactivity
in children (McCann et al. 2007; Pollock and Warner 1990). The same results can be
achieved through natural food colorants from plants such as anthocyanin. Further-
more, autolysins extracted from food and plants have been used in food and drinks
such as yogurt, milk, fruit juice, and jam (Galaffu et al. 2015; Solymosi et al. 2015).
However, there are a number of factors influencing anthocyanin pigment stability
including pH level, temperature, level of ascorbic acid, sugar content, and metal ion
content (Laleh et al. 2006). Therefore, the biggest challenge in using anthocyanins as
natural pigments is their stability.

9.9.2 Carotenoids

Carotenoids are beneficial to human health since they provide antioxidant activity to
the human body. Carotenoids can be used as ingredients in functional foods and also
as natural pigments. As previously mentioned in this chapter, carotenoids can
prevent diseases, therefore making them useful bioactive compounds in functional
foods (Eggersdorfer and Wyss 2018). There is strong evidence that carotenoids are
more bioavailable compared to other bioactive compounds (Schweiggert and Carle
2017). Generally, carotenoids in foods are stable and can be used as food additives.
However, during storage or during the food process, carotenoids can be degraded
due to light and oxygen exposure (Van Het Hof et al. 2000). For these reasons,
encapsulation of carotenoids can be done to reduce loss of these compounds.
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Encapsulation of the beta-carotene form of carotenoids was developed for supple-
mentation and food fortification (Gul et al. 2015). Encapsulation techniques offer the
potential to improve the bioavailability and suitability of carotenoid compounds that
are used as functional ingredients in the food industry (Coronel-Aguilera and San
Martín-González 2015). In the food industry, different types of carotenoids such as
α-carotene, β-carotene, lutein, and zeaxanthin are used in nutraceuticals,
pharmaceuticals, animal feed additives, and food pigmentation (Zakynthinos and
Varzakas 2016).

9.10 Conclusions and Recommendations

This chapter has highlighted anthocyanins and carotenoids as bioactive compounds.
They are the phytochemicals that impart the distinctive orange, red, and purple
colors in many fruits and vegetables. Anthocyanins and carotenoids are reported to
contain high sources of active antioxidants that have a positive biological effect on
human health. The consensus among scientific opinions is that a high fruit consump-
tion of plant foods rich in polyphenols is beneficial to human health and that these
foods protect against CVD, cancer, and other chronic diseases. There is a pressing
need to further understand the mechanism effects and roles of these compounds as
beneficial sources of antioxidants. However, the biological benefits are intimately
related to their structures, extraction methods, factors that affect their stability in
food processing, and finally the bioavailability of these compounds in the human
body. Foods with a high level of bioactive compounds including anthocyanins and
carotenoids are increasingly popular as superfoods found in food markets and
marketed as having high antioxidant levels with generally unsubstantiated messages
regarding their health benefits. Moreover, anthocyanins and carotenoids as natural
pigments are used as food additives and colorants in cosmetics and special foods.
This chapter is therefore timely in its contribution to addressing the knowledge gap
around the bioavailability and biological effect of anthocyanins and carotenoids in
human health. Further research is clearly needed to fully justify the stability,
bioavailability, and biological effect of anthocyanins and carotenoids in order to
achieve a wider consensus in using these compounds in food markets and the
human diet.
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Abstract

Plants have been utilized as food, feed, and fodder since the dawn of civilization.
Plants are also thought to be a rich source of bioactive compounds with a variety
of pharmacological actions. Saponins are one such group of molecules which are
present in various plant species. As triterpenoid glycosides, they have a 30C
oxidosqualene precursor aglycone moiety (sapogenin), which is then linked with
glycosyl residues to form saponin. These saponins have a unique platform in the
field of pharmaceutical and nutraceutical industries. Saponins are used for the
treatment of various diseases which include cancer, diabetic, cardiac, hepatic, and
nervous disorders. The production of saponins through conventional approaches
is time-consuming and hard to extract pure compounds, and thus to achieve this,
in vitro methods have been developed and enhanced the production and extrac-
tion of the metabolites. The present chapter focuses on the in vitro production of
saponins through various tissue culture techniques such as shoot, callus, cell
suspension, adventitious root, hairy root culture, and applications of bioreactors
at commercial level. The chapter also focuses on biosynthetic pathway, extraction
methods, and biological activities of saponins.
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10.1 Introduction

Saponins are plant secondary metabolites derived from mevalonic acid pathway
which are amphipathic glycosides of triterpenes and steroids, often also called as
steroidal glycoalkaloids. ‘Sapo’ in Latin refers to soap as these compounds produce
foams when shaken with aqueous solutions (Mugford and Osbourn 2012). Saponins
are large molecules containing a hydrophilic sugar moiety at one end separated from
hydrophobic (lipophilic) non-sugar triterpene or steroid moiety. This property
enables them to form a micelle and act as a detergent (Mishra et al. 2017). The
non-sugar component is called aglycone (sapogenin) and composed of triterpenoid
or steroidal backbone and the sugar component is called glycone and composed of
molecules like arabinose, xylose, glucose, galactose, fructose, rhamnose, and
glucuronic acid (Moghimipour and Handali 2015) Fig. 10.1. Based on their molecu-
lar and chemical nature, they are divided into triterpenoid (30 carbon atoms) and
steroidal saponins (27 carbon atoms with 6-ringed spirostane or 5-ringed furostane
skeleton). Dammaranes, tirucallanes, lupanes, hopanes, oleananes, taraxasteranes,
ursanes, cycloartanes, lanostanes, cucurbitanes, and steroids are among the 11 sapo-
nin classes. In the plant kingdom, oleananes are found more often (Kregiel et al.
2017) Fig. 10.2.

Triterpenoid saponins play a vital role in plant physiology during the external
stress conditions. Apart from these due to their pharmacological properties, they are
extensively used in various fields of medicine (Yao et al. 2020). The antiviral
properties of saponins inhibit the replication of Herpes simplex virus type-1 and

Fig. 10.1 Structure of Saponin. (Source: Moghimipour and Handali 2015)
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Polio virus type-2 (Amoros et al. 1987). Plants extracts with saponins are used as
animal feed for dairy and beef cattle as they inhibit rumen ciliate protozoans
(Holtshausen et al. 2009), also suppress methane emission and change the fermenta-
tion patterns (Hu et al. 2005). Saponins in plants act as ‘phytoprotectants’ or
‘phytoanticipins’ as they act as a defence molecule against microbes and pest attack.
They also play an important role in cell membrane permeability. Apart from these,
they possess anti-inflammatory, anti-microbial, hyperlipidemic, and hypoglycemic
activity (Desai et al. 2009). The triterpenoids play a major role in preventive and
curative healthcare, perfume industries, cosmetics, flavouring, food, and beverage
industries. (Biswas and Dwivedi 2019).

Depending on its growth phase and development, as well as seasonal variations,
various plant species synthesize and accumulate varying quantities of saponins in
different plant regions (Table 10.1). Saponin production may also be stimulated in
response to external biotic stress, such as herbivores and disease attacks. Abiotic
stresses such as light, temperature, and nutritional deficiency can all have an impact
on both the quality and amount of saponin content. It has been revealed that at the
molecular level, their synthesis is assisted by the transcriptional activation of their
respective biosynthetic genes via a complicated signalling cascade including the

Fig. 10.2 Structure of triterpenoid and steroidal saponins. (Source: Moghimipour and Handali
2015)
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jasmonate and salicylate hormones. Exogenous effect of stress-causative factors
(elicitors) on secondary metabolite synthesis is frequently used to upregulate pro-
duction of these essential bioactive metabolites (Lambert et al. 2011; Biswas and
Dwivedi 2019).

However, the synthesis of this therapeutically significant class of bioactive
compounds in the plant system in vivo is exceedingly low, leading to massive
overuse of wild plant populations for their procurement by the pharmaceutical
companies. Furthermore, with little or no planned re-cultivation, these techniques
frequently endanger the plant populations. Plant tissue culture techniques like cell
and organ cultures serve as an alternative for sustained and quality synthesis of these
metabolites. The possibility of scaling up these cultures to the commercial level
contributes to the industrial potential of metabolite synthesis using tissue cultures
(Namdeo 2007; Biswas and Dwivedi 2019).

Table 10.1 Saponin content of some selected plant materials

Sl.
No. Name of the plant Source Saponin content Reference

1 Chenopodium quinoa
Willd

Seed 7.51–12.12 mg
OAE/g

Han et al. (2019)

2 Sapindus mukorossi
Gaertn.

Pericarp 280.55 � 6.81mg/
g

Deng et al. (2019)

3 Aloe vera (L.) Burm. f. Leaves 65.89 mg OAE/g Akbari et al. (2021)

4 Aesculus hippocastanum
L.

Seed 3–6% Güçlü-Ustündağ and
Mazza 2007)

5 Primula grandis L. Roots 15–20% Włodarczyk et al.
(2020)

6 Glycyrrhiza glabra L. Roots 3.6 g/200 g Hajimohammadi et al.
(2017)

7 Yucca schidigera Roezl. Truck 10 Oleszek et al. (2001)

8 Trigonella foenum-
graecum L.

Seed 0.98% Chaudhary et al. (2018)

9 Panax notoginseng
(Burkill) F.H.Chen

Root 9.26–46.52 mg/g Cui et al. (2019)

10 Glycine max (L.) Merr. Seed 1173.5 to
3582.3 mg/100 g

Lee et al. (2020)

11 Avena sativa L. Seed
bran

4.6% Ralla et al. (2018)

12 Medicago sativa L. Aerial
parts

6.5–9.5 mg/g DW Zhang et al. (2021)

13 Bacopa monnieri (L.)
Pennell

Leaves 13–38.12 mg/g
DW

Bhardwaj et al. (2019)

14 Centella asiatica (L.)
Urban

Leaves 1.2–2 mg/g DW Mangas et al. (2008)

15 Gymnema sylvestre R. Br. Leaves 397.9 mg/g DW Sheoran et al. (2015)

16 Ziziphus joazeiro Bark 2–10% Ribeiro et al. (2014)
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The present chapter deals with the production of saponins from cell and organ
cultures and engineering strategies for enhanced metabolite content. Also, emphasis
has been given for the biosynthesis of saponins and the key genes involved in the
biosynthetic pathway have been mentioned. Furthermore, the different extraction
and quantification methods employed for saponins and their potential biological
activities have been discussed.

10.2 Biosynthesis of Saponins

Saponins are broadly classified as steroidal saponins or triterpenoid saponins based
on the type of aglycone backbone from which it is derived. While triterpenoid
saponins are synthesized majorly by dicotyledonous plants and are the most abun-
dant class of saponins, steroidal saponins are mainly synthesized by monocotyle-
donous plants. Both triterpenoid and steroidal saponins are synthesized from the
same oxidosqualene precursor which is 30 carbon long and linear. While the
triterpenoid aglycone backbone contains all 30 carbons of oxidosqualene, the steroi-
dal aglycone backbone retains only 27 carbons and loses 3 methyl groups. If
additional nitrogen is incorporated to the steroidal aglycone backbone, it functions
as a precursor for the biosynthesis of steroidal glycoalkaloids which may also be
sometimes considered as saponins (Augustin et al. 2011; Friedman 2006; Ginzberg
et al. 2009; Itkin et al. 2013).

The steroidal aglycone and triterpenoid aglycone being isoprenoids are
synthesized using Isopentenyl pyrophosphate (IPP) as precursors that are converted
from Acetyl CoA through the Mevalonate (MVA) pathway which is also known as
3-Hydroxy-3-methylglutaryl-CoA-reductase (HMGR) pathway. Further,
Isopentenyl diphosphate isomerase (IDI) isomerizes IPP to allylic form
dimethylallyl pyrophosphate (DMAPP). One molecule of the 5 carbon DMAPP
then condenses with two molecules of 5 carbon IPP to give a 15-carbon immediate
prenylated precursor of saponins, called Farnesyl pyrophosphate (FPP). Squalene
synthase is a key enzyme in saponin biosynthesis. It catalyses the formation of a
30-carbon precursor, squalene, by the condensation of two molecules of FPP.
Squalene is then epoxidized by the action of squalene epoxidase to form
2,3-oxidosqualene. A variety of cyclizing enzymes of the class oxidosqualene
cyclase carry out the cyclization of 2,3-Oxidosqualene to form polycyclic structures.
This reaction is the branching point between the metabolism of primary and
specialized triterpene in higher plants.

The 2,3-Oxidosqualene cyclization results in one of the earliest inherent
diversities to the triterpenoid saponins aglycones, accounting for its tendency to
give rise to a vast array of triterpenoid scaffolds arising from a single substrate due to
several carbocation rearrangements in the cyclization process. Majorly, there are
9 classes of triterpene backbones in plants synthesized by either specific or multi-
functional Oxidosqualene cyclase to produce either single or multiple products
through a single cyclization reaction of 2,3-Oxidosqualene (Vincken et al. 2007).
One such cyclized structure, namely Cycloartenol, is a tetracyclic precursor of
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primary terpene formed by 2,3-Oxidosqualine cyclization catalysed by Cycloartenol
synthase. Cycloartenol is a precursor for numerous phytosterols in angiosperms
including carbon sitosterol, while all other cyclization products get involved as
precursors for specialized triterpenes synthesis. The cholesterol backbone of these
Cycloartenol derivatives undergoes several glycosylations and oxygenations to give
rise to Spirostanol or Furostanol derivatives containing an oxygen heteroatom in
their aglycone structure that further forms steroidal saponins (Thakur et al. 2011).
Aglycones such as Solanidine, Solasodine, Tomatidine, and Demissidine are formed
by cholesterol precursors that are utilized by steroidal glycoalkaloids, where an
amine group is incorporated as a heteroatom instead of oxygen, through a series of
side-chain modifications (Itkin et al. 2013; Ginzberg et al. 2009).

These triterpene aglycones are, although, majorly oxidized by multiple Cyto-
chrome P450-dependent monooxygenases (P450s), several other modifications are
also carried out that contribute to the extended diversity in the structure of the
aglycone backbone by adding a second level of complexity. Various transferases
including UDP-dependent glycosyltransferases (UGTs) and acyltransferases
catalyses the modification of reactive functional groups and normalize the polarity
of scaffolds that were introduced as a consequence of repeated oxidations on the
triterpene backbone in order to enhance its structural diversity.

Throughout this biosynthesis process of triterpenoid, steroidal saponins, and
steroidal glycoalkaloids, the key classes of enzymes are oxidosqualenecyclase,
P450-dependent monooxygenase, and UDP-dependent glycosyltransferases. Addi-
tionally, numerous transferases and other tailoring enzymes also play a significant
role. The saponins’ biosynthesis pathway is illustrated in Fig. 10.3.

10.3 In Vitro Production of Saponins

In vitro technique is unique approach for the production of plant secondary
metabolites. There are various reports regarding the production of secondary
metabolites from plants through in vitro culture of plant tissues/explants (Verpoorte
et al. 2002; Murthy et al. 2014a). Saponins are one of the major pharmaceutically
important compounds found in various parts of the plant spp. and various in vitro
cultures such as shoot, callus, cell, and root cultures reported the presence of
saponins (Murthy et al. 2014a; Biswas and Dwivedi 2019). This section is
concentrating on the production of saponins via shoot culture, callus culture, cell
suspension culture, adventitious root culture, and hairy root culture (Table 10.2).

10.3.1 Shoot Culture

In vitro shoot culture is one of the best-known tissue culture methods to isolate
saponins. Some important plant spp. producing saponins via shoot cultures have
been presented. Praveen et al. (2009) established Bacopa monnieri shoot culture in
both semisolid and liquid medium and evaluated the bacoside A content and found
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Fig. 10.3 Biosynthetic pathway of Saponins. (Source: Reproduced from Kumar et al. 2016)
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Table 10.2 List of various explants and culture system used for the production of saponins

Sl.
No. Plant source Explants

Culture
system Saponins Reference

1 Agave salmiana
Otto ex Salm-
Dyck

Axillary
shoot

In vitro
plants

Tigogenin
glycoside

Puente-Garza
et al. (2017)

2 Astragalus
glycyphyllos L.

Shoot Callus, shoot,
and
suspension
cultures

Cycloartane
saponin

Shkondrov
et al. (2019)

3 Bacopa monnieri
(L.) Pennell

Leaf and stem Shoot culture Bacoside A Sharma et al.
(2013)

Sharma et al.
(2015)

Aerial part Shoot culture Triterpenoid
saponin
glycosides

Watcharatanon
et al. (2019)

Leaf Cell
suspension
culture

Bacosides Koul and
Mallubhotla
(2020)

4 Calendula
officinalis L.

Seedlings and
Young leaf

Cell
suspension
culture

Oleanolic
acid

Wiktorowska
et al. (2010)

Mature
embryo

Hairy root
culture

Alsoufi et al.
(2019a)

Alsoufi et al.
(2019b)

5 Centella asiatica
(L.) Urban

Node Shoot culture Asiaticoside Prasad et al.
(2013)

Leaf Callus
culture

Centellosides Mangas et al.
(2008)

Leaf Cell
suspension
culture

Bonfill et al.
(2011)

Leaf Hairy root
culture

Kim et al.
(2010)

6 Chlorophytum
borivilianum
Santapau and R.
R.Fern

Leaf sheath Callus
culture

Stigmasterol
and
Hecogenin

Bathoju and
Giri (2012)

7 Codonopsis
pilosula Franch.

Seedling Hairy root
culture

Total
saponins

Yang et al.
(2020)

8 Eryngium
campestre L.

Epicotyl Shoot culture Triterpenoid
saponins

Kikowska et al.
(2016)

9 Eryngium
maritimum L.

Apical and
axillary buds

Adventitious
root cultures

Triterpenoid
saponins

Kikowska et al.
(2014)

10 Eryngium planum
L.

Axillary buds Shoot/callus/
cell
suspension

Triterpenoid
saponins

Kikowska et al.
(2019)

(continued)
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maximum in shoots cultured in liquid medium (2.2-fold) when compared to shoots
grown on semisolid medium. Effect of various concentrations of sucrose and pH on
in vitro shoot culture and bacoside A production in Bacopa monnieri was examined
by Naik et al. (2010) and reported lower concentrations of sucrose and that pH
treatments enhance the production of bacoside A. Continuation of earlier work, Naik

Table 10.2 (continued)

Sl.
No. Plant source Explants

Culture
system Saponins Reference

11 Gymnema
sylvestre R. Br.

Leaves and
stalks

Cell
suspension
culture

Gymnemic
acids

Chodisetti et al.
2015,
Chodisetti et al.
(2013)

Cotyledons
and young
leaves

Hairy root
culture

Nagella et al.
(2013),
Praveen et al.
(2014)

12 Helicteres
angustifolia

Young leaves Callus
suspension
cultures

Total
saponins

Yang et al.
(2019)

13 Panax ginseng
C.A. Meyer

Stem Cell
suspension
culture

Ginsenoside Huang et al.
(2013)

Huang and
Zhong (2013)

Root Adventitious
root cultures

Wang et al.
(2013)

Hairy root
cultures

Liang et al.
(2009)

14 Panax
quinquefolium L.

Seedlings Hairy root
cultures

Ginsenoside Kochan et al.
(2018)

15 Panax
vietnamensis Ha
& Grushv.

Leaf
segments

Callus
culture/
in vitro plants

Ginsenoside Nhut et al.
(2015)

Shoot Hairy root
culture

Majonoside
R2,
dammarane

Ha et al. (2016)

16 Ruscus aculeatus
L.

Phylloclades,
rhizomes, and
seeds

Root-
rhizome
culture

Ruscogenin Khojasteh et al.
(2019)

17 Silene vulgaris
(Moench) Garcke

Leaf Hairy root
culture

Segetalic
acid and
gypsogenic
acid

Kim et al.
(2015)

18 Zingiber
montanum (J.
König) Link ex
A. Dietr.

Rhizome
buds

Callus/cell
suspension

Total
saponins

Rajkumari and
Sanatombi
(2020)
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et al. (2011) studied the effect of macroelements and nitrogen source, and an
increased amount of bacoside A content was reported in the shoot cultures grown
in the higher concentration of nitrogen. Heavy metals such as manganese, zinc, and
copper also affect the production of bacoside A in the shoot culture of Bacopa
monnieri (Naik et al. 2015). Various media, medium strength, and carbon source
alter the accumulation of bacoside A content in the shoot culture of Bacopa monnieri
and found maximum in the treatments with full-strength MS medium, 2% sucrose
and carbon source in combination with glucose and fructose (Naik et al. 2017).
Prasad et al. (2013) worked on the accumulation of biomass and asiaticoside in
Centella asiatica multiple shoot culture using fungal elicitors at different doses and
culture age. Treatment with 3% v/v culture filtrates of Trichoderma harzianum in a
culture medium on the tenth day influenced the biomass and asiaticoside accumula-
tion by 2.53 and 2.35-fold when compared to untreated shoots in the culture cycle of
35 days. Interestingly, Nhut et al. (2015) showed that light-emitting diodes influence
the accumulation of ginsenosides in the in vitro plant culture of Panax vietnamensis.
Shkondrov et al. (2019) found in vitro shoot culture of Astragalus glycyphyllos
yields double the amount of cycloartane saponins when compared to wild grown
plants.

10.3.2 Callus Culture

In tissue culture, callus is an undifferentiated mass of cells that serves as the basic
structure and the most important stage for development of embryos, shoots/roots,
and friable cells by modifying the cultural conditions. The callus is also a source of
secondary metabolites of particular plant spp. from which it has originated.
Researchers have induced the callus culture of Centella asiatica for the production
of centellosides and also studied the genes responsible for the biosynthesis of
centellosides and found expression of the 5.8S rRNA gene (Mangas et al. 2008).
In a callus culture of Eryngium planum, the application of methyl jasmonate elicitor
in Murashige and Skoog (MS) medium fortified with 3% sucrose accumulated 1.2-
fold triterpenoid saponins when compared to untreated callus culture (Kikowska
et al. 2019). Yang et al. (2019) investigated the Helicteres angustifolia callus
suspension culture for the estimation of phytochemical contents and found the
potential source of total saponins in the culture.

10.3.3 Cell Suspension Culture

Cell suspension culture creates the avenue to obtain plant-based metabolites. It has
the advantage over other culture method as it gets even/sufficient quantities of
nutrients and cultural conditions, which induces the cells to grow faster and to
maintain stability. Bacopa monnieri cell suspension cultures were tested with vari-
ous elicitors (salicylic acid and jasmonic acid) and precursors (sodium nitroprusside,
calcium pantothenate, and cholesterol) at different concentrations for the induction

238 P. M. Naik et al.



of bacoside content, and in elicitor treated cultures, elevated biomass and bacoside
content was observed on 6th–9th day (Koul and Mallubhotla 2020) and salicylic acid
found to be the best suitable for the induction of bacoside content among the tested
elicitors and precursors. Shkondrov et al. (2019) determined the cycloartane
saponins’ accumulation in suspension culture of Astragalus glycyphyllos.
Wiktorowska et al. (2010) studied the effect of various elicitors (Jasmonic acid,
chitosan, yeast extract, pectin, and fungal strain Trichoderma viride) on the produc-
tion of oleanolic acid using cell suspension cultures of Calendula officinalis. Cell
suspension cultures treated with jasmonic acid after 72 h found to be the most
efficient elicitors used and accumulated 9.4-fold oleanolic acid when compared to
untreated culture. In another study, biotic elicitors (extracts of Agrobacterium
rhizogenes, Aspergillus niger, Bacillus subtilis, Escherichia coli, and Saccharomy-
ces cerevisiae) were used to induce gymnemic acids from the cell suspension culture
of Gymnema sylvestre and all the elicitors treated cultures showed positive response
on the accumulation of gymnemic acids (Chodisetti et al. 2013). In continuation of
earlier study, researchers applied methyl jasmonate and salicylic acid in cell suspen-
sion culture and yielded optimum gymnemic acid content at 72 h after methyl
jasmonate treatment (Chodisetti et al. 2015).

10.3.4 Adventitious Root Culture

Adventitious root culture as a differentiated organ culture serves as an excellent
system for the production of secondary metabolites as it grows relatively fast and
stably without any harmful molecules (Murthy et al. 2014b). Kikowska et al. (2014)
performed an experiment with adventitious root cultures of Eryngium maritimum to
test the nutritional factor and plant growth regulators on the production of saponins.
Results found that elevated accumulation of triterpenoid saponins of about 3.2-fold
in in vitro-derived roots was observed compared to field grown plant roots. Adven-
titious root cultures grow continuously in the liquid media and presence or absence
of exogenous auxins does not affect. Wang et al. (2013) studied the effect of methyl
jasmonate in adventitious root cultures of Panax ginseng for the production of
ginsenoside content, and 10 mg/L methyl jasmonate for 24 h treatment increased
the accumulation of ginsenoside with 4.76-fold higher than control.

10.3.5 Hairy Root Culture

Transformed hairy roots are induced by infecting the explants with Agrobacterium
rhizogenes, which has the higher capacity biosynthesis of secondary metabolite
compared to non-transformed roots (Chandra and Chandra 2011). Kim et al.
(2015) induced hairy root culture using leaf explants of Silene vulgaris, and analysed
the triterpenoid saponins like segetalic acid and gypsogenic acid accumulation was
found to be 5 and 2-fold higher after the treatment of methyl jasmonate respectively
when compared to the control roots. Panax vietnamensis is an important plant
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considering its peculiar pharmacological active saponins, namely majonoside R2
and dammarane. Hairy root culture of P. vietnamensis contains ginsenosides and
majonoside R2, and dammarane saponins (Ha et al. 2016). Ginsenosides were
induced in hairy root cultures Panax quinquefolium using trans-anethole elicitor,
and trans-anethole activates the synthesis of saponins irrespective of exposure time
(Kochan et al. 2018). Hairy root culture of Calendula officinalis is subjected to
elicitor treatment (jasmonic acid and chitosan) for the stimulation of triterpenoid
biosynthesis (Alsoufi et al. 2019a). Elicitor such as jasmonic acid, was very effective
with respect to the accumulation of 20-fold oleanolic acid saponins in the hairy root
tissue and 113-fold in the medium. Alsoufi et al. (2019b) selected abiotic elicitors
(cadmium and silver ions, UV-C irradiation, and ultrasound) to induce triterpenoid
biosynthesis from hairy root culture of Calendula officinalis. Heavy metals, UV-C
irradiation, and ultrasound stimulated 12-fold, 8.5-fold, and 11-fold of triterpenoid
biosynthesis, respectively. Recently, Yang et al. (2020) established the hairy root
culture of Codonopsis pilosula and determined the total saponins’ content from the
grown hairy roots.

10.4 Bioreactors: Scale-up Techniques

The secondary metabolites production requires the optimum cell growth in the cell/
organ culture. Adequate nutrients, balanced mixing, and oxygen supply minimize
the plant cell damage which also depends on the species and cell lines selected
(Georgiev et al. 2013). Other parameters such as temperature, pH, oxygen concen-
tration, carbon dioxide, and substrate concentrations also control the production of
secondary metabolites. Bioreactors in general possess the basic function which
provides low shear stress, sufficient oxygen supply, and better mixing system of
cells to maintain their optimum physiological conditions and regulate the metabo-
lism of different environmental factors (Murthy et al. 2014b). Bioreactors are the
important tools in the field of bioprocessing industry, which allow the optimum rate
of multiplication of quality grade metabolites in a short duration of time with lesser
cost. Various kinds of bioreactors are utilized for the production of secondary
metabolites/saponins among stirred tank bioreactor (STB) which is most common.
The advantage of these bioreactors is that they provide enough space for the cells to
accumulate in different stages and also have the capacity to scale up nutrients
because of their huge sizes (Gantait et al. 2020). For large-scale production of
secondary metabolites/saponins, airlift bioreactors (ALB’s) are also selected as one
of most favourite bioreactors by researchers and industrialists as they provide
maximum oxygen transfer and reduced cell shearing, which in turn give maximum
yield (Gantait et al. 2020). For the reference purpose, some of the bioreactor types,
culture system, and saponins are listed in the Table 10.3.

Applications of bioreactor enhance the multiplication of Bacopa monnieri in
in vitro shoot culture rate and which in turn lead to propagate at commercial level
(Saha et al. 2020). Jain et al. (2012) investigated shoot culture of Bacopa monnieri
using nodal explants and found increased biomass accumulation when 10% aeration
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was applied in Growtek® bioreactor. In another study, two different bioreactors,
Growtek® bioreactor and ALB, were used for bacosides production from Bacopa
monnieri in in vitro shoot cultures, and optimum bacoside content was obtained in
the biomass cultured in ALB system when compared to Growtek® bioreactor
culture. As ALB provides enough aeration, it supplies the maximum oxygen for
the synthesis of bacosides (Sharma et al. 2015).

Embryogenic tissues of Panax ginseng were cultured in two different types of
bioreactors, STB and ALB, using flat-blade turbine and a paddle impeller; interest-
ingly, higher biomass and optimum ginsenoside saponins production was observed
in the ALB compared to STB (Asaka et al. 1993). The use of STB in a two-stage
culture mode of cell suspension culture of Panax quinquefolium yields maximum

Table 10.3 List of various types of bioreactors and culture system used for the production of
saponins

Sl.
No Plant source

Culture
system Bioreactor type Saponins Reference

1 Astralagus
membranaceous
(Fisch.) Bunge

Hairy root
culture

Airlift
bioreactors

Astragalosides Ionkova
et al. (2010)

2 Bacopa
monnieri (L.)
Pennell

Shoot culture Airlift
bioreactors

Bacosides Sharma
et al. (2015)

Saha et al.
(2020)

3 Centella asiatica
(L.) Urban

Cell
suspension
cultures

Bioreactor Centellosides Loc and
Nhat (2013)

4 Glycyrrhiza
glabra L.

Hairy root
culture

Stirred tank
bioreactor

Glyrhizzin Mehrotra
et al. (2008)

5 Panax ginseng
C.A.Mey

Adventitious
root cultures

Bioreactor (with
sparging air)

Ginsenosides Jeong et al.
(2009)

Cell
suspension
and
adventitious
root cultures

Stirred tank
bioreactor, airlift
bioreactors,
bubble bioreactor

Murthy
et al.
(2014a, b)

Murthy
et al. (2017),
Adil and
Jeong
(2018)

Hairy root
cultures

Airlift
bioreactors,
bubble bioreactor

Gantait et al.
(2020)

6 Panax
quinquefolium L.

Cell
suspension
cultures

Stirred tank
bioreactor

Ginsenoside Wang et al.
(2012)

7 Solanum
chrysotrichum
(Schldl.)

Cell
suspension
cultures

Airlift
bioreactors

Antifungal
saponins

Salazar-
Magallón
and de la
Peña (2020)
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ginsenosides (Wang et al. 2012). Using 5-L bioreactor, Loc and Nhat (2013)
standardized the protocol for the production of asiaticoside in cell suspension culture
of Centella asiatica, the parameters included rate of aeration, size of inoculum, and
speed of agitation. Recently, Salazar-Magallón and de la Peña (2020) carried an
experiment for the production of antifungal saponins with a transformed cell line
from cell suspension culture of Solanum chrysotrichum using ALB and found
in vitro and in vivo antifungal activity of saponins against fungal pathogens.

Kim et al. (2004) studied the adventitious root cultures of Panax ginseng using
various vessels (cone, bulb, balloon, and cylinder type) in ALB's and proved the
balloon type of ALB is most appropriate for the accumulation of biomass and
ginsenosides. Kim et al. (2005) worked on the aeration rate and sparger pore size
and diameter and found great influence on the ginsenoside accumulation. Paek et al.
(2009) found that ALB's are most suitable bioreactors for the production of biomass
and ginsenosides from the adventitious root cultures of Panax ginseng. Different
bioreactors, STB’s and bubble column bioreactors (BCB’s) with various capacities,
were applied for the production of ginseng hairy root culture by Jeong et al. (2003)
and maximum yield of hairy roots in 5-L and 19-L BCB's with 38 and 55-folds
increment of biomass was obtained on 40 and 39 days of culture, respectively.
Palazón et al. (2003) carried an experiment for the production of ginsenosides
from ginseng hairy roots; it includes wave bioreactors or spray bioreactors, culture
period, and medium exchange. In this study, wave bioreactor emerged as a
promising system to grow hairy roots and found 28-fold biomass accumulation
and enhanced ginsenoside content at the end of 56 days of culture when medium
exchange was carried for every 14 days. Yu et al. (2003) found ALB's are the most
promising bioreactors for the production of ginsenosides from ginseng hairy root
culture.

10.5 Extraction and Detection Techniques of Saponins

Saponins are being isolated from different plant sources for their diversified eco-
nomic and pharmacological activities. The saponins are distributed all over the plant
body right from aerial parts and root regions. Presence of different functional groups
and sugar units bound to the aglycone component of the saponins makes it very
difficult in extraction technique. There are chances in which saponins may get
hydrolysed and esterified in extractions. So it is bit challenging in the extraction of
saponins (Runner 2006). Quantification of saponins is done similar to that of other
metabolites using spectroscopic and chromatographic methods. For isolating the
pure saponins from the plant source, preparative liquid chromatography is employed
(Kim and Park 2001). But, for the estimation, HPLC (High-performance liquid
chromatography) is the most accepted technique.
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10.5.1 Extraction Techniques of Saponins

Right from initial times, researchers were using conventional methods to isolate the
saponins from different plant sources. Different plant sources show different
efficiencies with respect to the various extraction methods.

10.5.1.1 Conventional Methods
Soxhlet extraction was carried out using various types of solvents suitable for
particular plant sources. There are many reported research articles which used
soxhlet extraction for the isolation of saponins (Bajad et al. 2019). Different
parameters influence the extraction procedure like time taken to extract the
metabolites from the plant sample, nature of solvent, and its boiling point. In this
extraction, the sample will be placed in the porous chamber made out of cheese cloth
and vapours of the desired solvents are sent through it which ultimately takes out the
target metabolites from the tissue. Polar solvents like water, ethanol, and methanol
are suitable for the extraction of saponins through soxhlet extraction (Cheok et al.
2014). Reflux extraction is another method of extraction of metabolites where the
plant sample is always kept in contact with desired polar solvents and subjected to
continuous boiling, and once desired change and time are reached, it can be filtered
and the extracts are used for the quantification of the desired metabolites with
specific techniques (Tao et al. 2013). Maceration is also employed for extracting
saponins and the principle behind it is solid-liquid extraction (Takeuchi et al. 2009).
In this technique, the sample is soaked along with the desired solvents and chemicals
for the required time, temperature, and stirring to aid the extraction of the metabolites
(Verza et al. 2012). Solvent partitioning (liquid-liquid isolation) is also employed to
effectively isolate the saponins (Kim and Park 2001; Cheok et al. 2014). Along with
the above-mentioned conventional methods, there are many advanced techniques
which can help in extraction of desired saponins. These techniques are environment-
friendly and help us to conserve solvents. The main advantage is that the time taken
for the isolation of the metabolites is comparatively less when compared to conven-
tional methods.

10.5.1.2 Advanced Techniques
In ultrasound-assisted extraction, specific frequencies of sound waves are given to
the tissue which helps us to extract the desired metabolites. Conceptually, it is
similar to that of sonication. The time given for the extraction, solvent, and the
frequency are the important parameters. The time taken for the extraction of saponins
and related compounds is relatively less when compared to conventional methods
like soxhlet extraction (Jadhav et al. 2009). Microwave-assisted extraction is most
accepted technique for the isolation of metabolites in the recent times (Deore et al.
2015). The time required for the extraction of desired metabolite is comparatively
less when compared to other techniques, usually the time taken for extraction will be
around few minutes (6–8 min). Microwaves are given for the sample which is
already associated with desired polar solvents like ethanol and methanol where
extraction becomes very easy (Kerem et al. 2005). Accelerated solvent extraction
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is another technique employed to isolate saponins and other metabolites (Zhang et al.
2013). The conventional and advanced techniques employed for extraction studies
have been mentioned in Table 10.4.

10.5.2 Techniques for Detection of Saponins

Detection of saponins from the plant sample is done both qualitatively and quantita-
tively. Qualitatively to detect the saponins from the plant sample, foam test is
conducted. If the foam persists for more than 15 min it confirms, the presence of
saponins (Tadhani and Subhash 2006). Quantitatively, it is detected using chro-
matographic and spectrophotometric techniques.

Chromatographic techniques are employed for the quantification of plant second-
ary metabolites. In the same way, saponins are also quantified using high-
performance liquid chromatography (HPLC) and are most widely accepted. Type
of column used, flow rate, wavelength, and solvents used in the mobile phase are the
important parameters considered for the quantification of saponins. Chromatogram
and the peaks graduated help us to understand the presence of desired metabolites.
Furthermore, these chromatographic techniques are modified by adding different
components like mass spectroscopy, diode array detection, and evaporative light
scattering detector, which help us to study the isolated molecules at atomic level
(Guajardo-flores et al. 2012). Acetonitrile and water are most widely used solvents
for eluting saponins from the samples.

In the spectrometric method, measuring the colour developed upon chemical
reaction between desired metabolite and chemicals is the basic principle. Chemical
standard used and wavelength at which colour measured are the important
parameters in spectrometric methods. Vanillin (8%) along with sulphuric acid
(72%) develops red-purple colour with plant sample which is later measured,
which proves the presence of saponins (Le et al. 2018). The details of some of the
detection methods for saponins are mentioned in Table 10.5.

Since saponins have such diversified economic and pharmacological uses, scien-
tific community should design advanced techniques for the extraction of metabolites
at large scale with minimum expenses. In the same way, the quantifying techniques
can also be revised which can give more information of the desired molecule at less
expenses.

10.6 Biological Activities of Saponins

Among various phytochemicals of the plant kingdom, saponins constitute an impor-
tant class of bioactive molecules; this is attributed to the numerous biological
activities exhibited by different aglycones of saponins, majorly the steroidal and
the triterpenoid saponins (Bruneton 1999). These activities range from antitumor,
gastroprotective, and antihyperlipidemic potential to their ability to regulate blood
glucose and promote bone marrow haematopoiesis.

244 P. M. Naik et al.



Ta
b
le

10
.4

E
xt
ra
ct
io
n
te
ch
ni
qu

es
fo
r
sa
po

ni
ns

S
l.

N
o

P
la
nt

so
ur
ce

P
ar
t

us
ed

S
ap
on

in
ty
pe

E
xt
ra
ct
io
n
m
et
ho

d
R
ea
ge
nt
s

R
ef
er
en
ce

1
B
up

le
ur
um

fa
lc
at
um

L
.

D
ri
ed

ro
ot
s

S
ai
ko

sa
po

ni
n
c,
a,

an
d
d

S
ol
ve
nt

pa
rt
iti
on

in
g

70
%

et
ha
no

l-
fo
r
ex
tr
ac
tio

n
of

th
e

sa
m
pl
e,
di
et
hy

le
th
er
,n

-b
ut
an
ol
,

ac
et
on

e
an
d
m
et
ha
no

l-
fo
r
so
lv
en
t

pa
rt
iti
on

in
g
of

th
e
sa
m
pl
e
an
d
L
C

K
im

an
d
P
ar
k

(2
00

1)

2
P
an

ax
gi
ns
en
g

L
.

R
oo

ts
G
in
se
no

si
de
s

U
ltr
as
ou

nd
-a
ss
is
te
d
ex
tr
ac
tio

n
fo
r

2
h
us
in
g
ul
tr
as
ou

nd
ba
th
(3
8.
5
kH

z)
or

ul
tr
as
on

ic
pr
ob

e
(2
0
kH

z)

M
et
ha
no

l,
aq
ue
ou

s
n-
bu

ta
no

l,
an
d

10
%

m
et
ha
no

l-
fo
r
ex
tr
ac
tio

n,
ac
et
on

itr
ile
-
fo
r
T
L
C
an
d
H
P
L
C

W
u
et
al
.

(2
00

1)

3
C
ic
er

ar
ie
tin

um
L
.

S
ee
d

po
w
de
r

S
oy

as
ap
on

in
B

M
ic
ro
w
av
e-
as
si
st
ed

ex
tr
ac
tio

n
(2
45

0
M
hz
)
fo
r
20

m
in

M
et
ha
no

l,
et
ha
no

l,
bu

ta
no

l
or

aq
ue
ou

s
et
ha
no

l,
an
d
bu

ta
no

l-
fo
r

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,
w
at
er

an
d

m
et
ha
no

l-
fo
r
H
P
L
C

K
er
em

et
al
.

(2
00

5)

4
V
ig
na

ra
di
at
a

L
.

W
ho

le
pl
an
t

S
oy

as
ap
on

in
s

S
ox

hl
et
ex
tr
ac
tio

n
fo
r
24

h
C
hl
or
of
or
m
,8

0%
et
ha
no

l,
bu

ta
no

l-
fo
r
ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

W
al
le
r
et
al
.

(1
99

9)

5
Z
iz
ip
hu

s
m
au

ri
tia

na
L
.

L
ea
ve
s

S
ap
on

in
R
efl
ux

ex
tr
ac
tio

n
fo
r
48

h
70

%
m
et
ha
no

l
an
d
di
st
ill
ed

w
at
er
-

fo
r
ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

D
ub

ey
et
al
.

(2
01

9)

6
G
ly
cy
rr
hi
za

gl
ab

ra
L
.

R
oo

t
po

w
de
r

T
ri
te
rp
en
e
sa
po

ni
ns

R
efl
ux

ex
tr
ac
tio

n
50

%
aq
ue
ou

s
m
et
ha
no

l-
fo
r

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

T
ao

et
al
.

(2
01

3)

G
ly
cy
rr
hi
za

in
fl
at
e
B
at
.

G
ly
cy
rr
hi
za

ur
al
en
si
s
F
is
ch
.

7
M
om

or
di
ca

ch
ar
an

tia
L
.

V
in
e

an
d

le
av
es

T
ri
te
rp
en
e
sa
po

ni
ns

R
efl
ux

ex
tr
ac
tio

n
E
th
an
ol
-f
or

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

C
he
n
et
al
.

(2
00

9)

8
M
om

or
di
ca

ch
ar
an

tia
L
.

R
oo

t
po

w
de
r

T
ri
te
rp
en
e
sa
po

ni
ns

M
ac
er
at
io
n
fo
r
6
h
at
60

� C
M
et
ha
no

l-
fo
r
th
e
fi
rs
t
di
ge
st
io
n,

et
ha
no

l,
n-
bu

ta
no

l-
fo
r
th
e

su
bs
eq
ue
nt

m
ac
er
at
io
n

C
he
n
et
al
.

(2
00

8) (c
on

tin
ue
d)

10 In Vitro Production of Saponins 245



Ta
b
le

10
.4

(c
on

tin
ue
d)

S
l.

N
o

P
la
nt

so
ur
ce

P
ar
t

us
ed

S
ap
on

in
ty
pe

E
xt
ra
ct
io
n
m
et
ho

d
R
ea
ge
nt
s

R
ef
er
en
ce

9
Ip
om

oe
a

ba
ta
ta
s
L
.

T
ub

er
fl
ou

r
T
ri
te
rp
en
e
sa
po

ni
ns

M
ac
er
at
io
n
fo
r
4
h
at
ro
om

te
m
pe
ra
tu
re

80
%
m
et
ha
no

l-
fo
r
th
e
m
ac
er
at
io
n

D
in
ie
t
al
.

(2
00

9)

10
T
ri
bu

lu
s

te
rr
es
tr
is
L
.

W
ho

le
pl
an
t

po
w
de
r

S
te
ro
id

sa
po

ni
ns

M
ac
er
at
io
n
fo
r
1
h
fo
llo

w
ed

by
re
fl
ux

ex
tr
ac
tio

n
fo
r
3
tim

es
ar
ou

nd
1
h

C
hl
or
of
or
m
-
fo
r
m
ac
er
at
io
n,

70
%

et
ha
no

l-
fo
r
re
fl
ux

ex
tr
ac
tio

n
D
in
ch
ev

et
al
.

(2
00

8)

11
B
ac
op

a
m
on

ni
er
i
(L
.)

P
en
ne
ll

P
la
nt

dr
y

po
w
de
r

T
ri
te
rp
en
oi
d

sa
po

ni
ns

U
ltr
as
ou

nd
so
ni
ca
tio

n
fo
r
10

m
in

M
et
ha
no

l-
fo
r
th
e
ex
tr
ac
tio

n
of

th
e

sa
m
pl
e

G
an
ze
ra

et
al
.

(2
00

4)

12
Z
iz
ip
hu

s
ju
ju
ba

M
ill
.

L
ea
ve
s

dr
y

po
w
de
r

Z
iz
yp

hu
ss
ap
on

in
s
I,

II
U
ltr
as
ou

nd
so
ni
ca
tio

n
at
40

kH
z
fo
r

30
m
in

at
ro
om

te
m
pe
ra
tu
re

80
%

et
ha
no

l-
fo
r
th
e
ex
tr
ac
tio

n
of

sa
m
pl
e

G
uo

et
al
.

(2
01

1)

Z
iz
ip
hu

s
ju
ju
ba

va
r.
sp
in
os
a

B
un

ge
.

13
P
an

ax
no

to
gi
ns
en
g

(B
ur
ki
ll)

F
.H
.

C
he
n

D
ri
ed

po
w
de
r

N
ot
og

in
se
ng

sa
po

ni
ns

M
ic
ro
w
av
e-
as
si
st
ed

ex
tr
ac
tio

n
(2
45

0
M
H
z)

fo
r
6
m
in

W
at
er

sa
tu
ra
te
d
n-
bu

ta
no

l-
fo
r
th
e

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

V
on

gs
an
gn

ak
et
al
.(
20

04
)

14
L
itc
hi

ch
in
en
si
s
S
on

n.
S
ee
d

po
w
de
r

L
itc
hi
no

si
de

an
d

S
ap
on

do
si
de

L
iq
ui
d-
ph

as
e
pu

ls
ed

di
sc
ha
rg
e
an
d

ul
tr
as
on

ic
ex
tr
ac
tio

n
(2
76

W
at

47
� C

),
3
m
m

ho
llo

w
el
ec
tr
od

e,
12

3
m
l/m

in
fl
ow

ve
lo
ci
ty
.

30
%

et
ha
no

l-
fo
r
th
e
ex
tr
ac
tio

n
of

th
e
sa
m
pl
e

F
an

et
al
.

(2
02

0)

15
G
ym

ne
m
a

sy
lv
es
tr
e
R
.B

r.
D
ry

le
af

po
w
de
r

O
le
an
ol
ic
ac
id

M
ic
ro
w
av
e-
as
si
st
ed

ex
tr
ac
tio

n
(2
45

0
M
H
z)

fo
r
8
m
in

E
th
an
ol
-
fo
r
th
e
ex
tr
ac
tio

n
of

th
e

sa
m
pl
e

M
an
da
la
nd

M
an
da
l

(2
01

0)

16
G
ly
cy
rr
hi
za

gl
ab

ra
L
.

D
ry

po
w
de
r

T
ri
te
rp
en
oi
d

sa
po

ni
ns

Io
ni
c
liq

ui
d-
ba
se
d
ul
tr
as
on

ic
-

as
si
st
ed

ex
tr
ac
tio

n
al
on

g
w
ith

in
si
tu

Ji
et
al
.(
20

20
)

246 P. M. Naik et al.



al
ka
lin

e
aq
ue
ou

s
bi
ph

as
ic
sy
st
em

fo
r

20
m
in
.

N
aO

H
an
d
[C

4
M
IM

]B
F
4

(i
m
id
az
ol
iu
m

ty
pe
)-
fo
r
al
ka
lin

e
aq
ue
ou

s
bi
ph

as
ic
sy
st
em

17
T
ri
go

ne
lla

fo
en
um

-
gr
ae
cu
m
L
.

S
ee
d

dr
y

po
w
de
r

C
om

m
on

sa
po

ni
ns

M
ic
ro
w
av
e-
as
si
st
ed

ex
tr
ac
te
d

40
–
80

%
et
ha
no

l-
fo
r
th
e
ex
tr
ac
tio

n
A
kb

ar
ie
t
al
.

(2
02

0)

10 In Vitro Production of Saponins 247



Ta
b
le

10
.5

E
st
im

at
io
n
m
et
ho

ds
fo
r
sa
po

ni
ns

S
.N

o
P
la
nt

so
ur
ce

P
ar
tu

se
d

S
ap
on

in
ty
pe

E
st
im

at
io
n
m
et
ho

d
R
ea
ge
nt
s

Y
ie
ld

R
ef
er
en
ce

1
B
up

le
ur
um

fa
lc
at
um

L
.

D
ri
ed

ro
ot
s

S
ai
ko

sa
po

ni
n

c,
a,
an
d
d

H
P
L
C
C
18

co
lu
m
n

fl
ow

ra
te
-
1
m
L
/m

in
w
av
el
en
gt
h-

20
3
nm

70
%

et
ha
no

l-
fo
r

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,

ac
et
on

itr
ile
:
W
at
er
-
fo
r

el
ut
in
g
th
e
sa
m
pl
es

14
4.
25

m
g/
10

0
g
an
d

24
7.
25

m
g/
10

0
g
of

sa
ik
os
ap
on

in
c
an
d
d

(1
45

da
ys
)

P
ar
k
et
al
.

(2
00

0)

2
Il
ex

pa
ra
gu

ar
ie
ns
is

A
.S
t.-
H
il.

A
er
ia
l
pa
rt
s

M
at
es
ap
on

in
1,

2,
3,

4,
5

H
P
L
C
C
18

co
lu
m
n

fl
ow

ra
te
-
1
m
L
/m

in
w
av
el
en
gt
h-

20
3
nm

W
at
er
-
fo
r
ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,
ac
et
on

itr
ile
:

W
at
er
(7
0:
30

)-
fo
r

el
ut
in
g
th
e
sa
m
pl
es

35
2
μg

/m
L
in

sa
po

ni
n
fr
ac
tio

n
G
no

at
to

et
al
.

(2
00

5)

3
B
ry
on

ia
la
ci
ni
os
a
L
.

S
ee
d

po
w
de
r

S
ap
on

in
S
pe
ct
ro
ph

ot
om

et
ri
c

m
et
ho

d
at
53

8
nm

E
th
an
ol
-
fo
r
ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,
va
ni
lli
n

(8
%
)
+
su
lf
ur
ic
ac
id

(7
2%

)-
fo
r
co
lo
ur

de
ve
lo
pm

en
t

15
μg

/m
g
of

ol
ea
no

lic
ac
id

eq
ui
va
le
nt

P
at
el

et
al
.

(2
01

2)

4
P
ha

se
ol
us

vu
lg
ar
is

L
.

D
ry

po
w
de
r

S
oy

a
sa
po

ni
ns

H
P
L
C
-D

A
D
-E
L
S
D

an
d
T
O
F
(d
io
de

ar
ra
y

de
te
ct
io
n-

ev
ap
or
at
iv
e

lig
ht

sc
at
te
ri
ng

de
te
ct
or

an
d
tim

e
of

fl
ig
ht
)
fl
ow

-
0.
5
m
l/

m
in
w
av
el
en
gt
h-

29
5
nm

80
%

m
et
ha
no

l-
fo
r

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,

T
ri
fl
uo

ro
ac
et
ic
ac
id

an
d

H
P
L
C
-g
ra
de

ac
et
on

itr
ile
-
fo
r
el
ut
in
g

th
e
sa
m
pl
es

10
63

.6
2
m
g/
10

0
g
in

(s
oa
ke
d)

an
d

45
5.
95

m
g/
10

0
g
in

(r
aw

)

G
ua
ja
rd
o-

F
lo
re
s

et
al
.

(2
01

2)

5
B
ac
op

a
m
on

ni
er
i

(L
.)
P
en
ne
ll

D
ry

po
w
de
r

B
ac
os
id
e
an
d

B
ac
op

as
id
es

H
P
L
C
co
lu
m
n-

C
-8
(2
)

fl
ow

ra
te
-0
.5

m
l/m

in
,

w
av
el
en
gt
h-

20
5
nm

.

M
et
ha
no

l-
fo
r
th
e

sa
m
pl
e
ex
tr
ac
tio

n
w
at
er

an
d
m
et
ha
no

l-
fo
r
th
e

el
ut
in
g
th
e
sa
m
pl
e

1.
1
to

13
%

of
dr
y

w
ei
gh

t
G
an
ze
ra

et
al
.

(2
00

4)

6
A
sp
ar
ag

us
sp
ec
ie
s

248 P. M. Naik et al.



F
re
ez
e

dr
ie
d

ly
op

hi
liz
ed

po
w
de
rs
of

sp
ea
rs

P
ro
to
di
os
ci
n,

S
ap
on

in
s

H
P
L
C
-D

A
D
�M

S
,

pa
rt
ic
le
si
ze
-5

μm
fl
ow

-
0.
3
m
L
/m

in

80
%

et
ha
no

l-
fo
r
th
e

sa
m
pl
e
ex
tr
ac
tio

n
1%

fo
rm

ic
ac
id

an
d

ac
et
on

itr
ile
-
fo
r
el
ut
in
g

th
e
sa
m
pl
es

1.
09

to
2.
73

m
g/

10
0
g
of

fr
es
h
w
ei
gh

t
V
áz
qu

ez
-

C
as
til
la

et
al
.

(2
01

3)

7
T
ri
bu

lu
s
te
rr
es
tr
is

L
.,
A
ch
yr
an

th
us

as
pa

ra
L
.,
A
lb
iz
ia

le
bb

ec
k
(L
.)
B
en
th
.

S
ee
d
dr
y

po
w
de
r

Q
ui
lla
ja

sa
po

ni
n

S
pe
ct
ro
ph

ot
om

et
ri
c

m
et
ho

d
at
54

4
nm

P
et
ro
le
um

et
he
r
an
d

m
et
ha
no

l-
fo
r
th
e

ex
tr
ac
tio

n
of

th
e
sa
m
pl
e,

va
ni
lli
n
(8
%
)
+
su
lf
ur
ic

ac
id

(7
2%

)-
fo
r
co
lo
ur

de
ve
lo
pm

en
t

25
.6
5,

45
.7
5,

an
d

48
.2
6%

(w
/w
)

G
oe
le
ta
l.

(2
01

2)

8
So

la
nu

m
ni
gr
um

L
.

D
ry

le
af

po
w
de
r

G
en
er
al

sa
po

ge
ni
ns

U
ltr
a-
hi
gh

-
pe
rf
or
m
an
ce

liq
ui
d

ch
ro
m
at
og

ra
ph

y-
M
S

fl
ow

ra
te
-
0.
4
m
L
/m

in

W
at
er

an
d
ac
et
on

itr
ile
,

0.
1%

fo
rm

ic
ac
id
-
fo
r

el
ut
in
g
th
e
sa
m
pl
e

0.
4
to

0.
8%

of
dr
y

m
as
s

Y
ua
n

et
al
.

(2
01

9)

10 In Vitro Production of Saponins 249



Saponins are amphiphilic molecules, consisting of both hydrophilic and hydro-
phobic moiety. The structural complexity, particularly the molecular structure,
enables it to interact with the lipid components of the plasma membrane including
sterols, proteins, and phospholipids and these interactions result in the formation of
aggregates; this property majorly accounts for the wide range of biological activities
that saponins have (Lorent et al. 2014) (Table 10.6). In addition to this, the ability of
saponins to undergo chemical changes during processing or storage and their
glycosylation pattern also determine the biological activities (Augustin et al. 2011;
Güçlü-Ustündağ and Mazza 2007). Antifungal, anti-parasitic, antibacterial, and
antioxidant are few of the minor activities of saponins, in addition to the activities
mentioned below:

10.6.1 Anti-tumor Activity

One of the most important biological activities of saponins include antitumor
activity. This property is exhibited by major saponins like dammarane or oleanane
as well as their derivatives such as theasaponin. The activity is operated by different
mechanisms by different classes of saponins, some of the major ones include
reducing the synthesis of DNA, causing damage to DNA, inhibiting tumour angio-
genesis, altering the host susceptibility to mutations, and by increasing
immunosurveillance and apoptosis (Shibata 2001). Saponins are found to act on
some of the major types of cancers such as breast cancer, lung cancer, liver cancer,
colon cancer, and gastric cancer. The impact of aglycones on the antitumor activities
has been studied and it is concluded that factors such as number of hydroxyl groups
(Wang et al. 2007), site of hydroxyl group, lipophilicity of sugars (Mimaki et al.
2001), and sequence of sugars present (Bang et al. 2005) affect the activity of
saponins. According to a study, spirostanes such as polyphyllin D show strong
anticancer activity by inducing endoplasmic reticulum stress-mediated apoptotic
pathway by the accumulation of unfolded or misfolded proteins, followed by
mitochondria-mediated pathways by the downregulation of anti-apoptotic and
upregulation of pro-apoptotic factors, which eventually leads to the apoptosis of
tumour cells (Siu et al. 2008; Cheung et al. 2005); dioscin shows similar activity in
addition to the antiproliferative activity against cancer cells (Wang et al. 2006). In
contrast to this, dammarane saponins like OSW 1 damage the mitochondria and its
cristae and triggers the calcium-dependent apoptotic pathway (Zhou et al. 2005). The
cytotoxic effect of avicin D has been demonstrated by Haridas et al. (2009) where it
was shown that saponin downregulates some of the major factors involved in
apoptosis such as cyclin D1, c-myc, VEGF, and Bcl-2; this is done by decreasing
the level of IL-6 and dephosphorylation of Stat-3. Platycodon D is another antineo-
plastic agent that operates by generating reactive oxygen species and activating
CASPASE 3, thereby inducing apoptosis (Shin et al. 2009). Few other mechanisms
underlying antitumour activity include inhibition of COX-2/PGE-2 pathway (Han
et al. 2013), upregulation of proapoptotic proteins like Bcl-2 and Bax, generation of
ROS, inhibition of wnt/beta catenin signalling pathway, downregulation of few other
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Table 10.6 Saponins and their pharmacological activities

Sl.
No. Saponins Activity Mechanism Reference

1 Notoginsenoside
R1

Anti-atherosclerosis Inhibition of
plasminogen activator
inhibitor 1

Zhang & Wang
(2006)

2 Ginsenosides Anticoagulant
activity

Increasing the
synthesis of
plasminogen activators
and antagonistic
activity of platelet
activating factors

Jung et al. (1998)
Zhang et al.
(1997)

3 Sea cucumber
saponins

Anti-hyperuricemic
activity

Inhibition of enzymes
xanthine oxidase and
adenosine deaminase

Xu et al. (2011)

4 Platycosides Anti-inflammatory
activity

Inhibition of NF-κB
activation and MAPK
signalling pathways

Jang et al. (2013)

5 Maesa Saponins,
oleanolic saponin

Haemolytic activity Bursting of erythrocyte
membrane due to the
interaction between
sterols of membrane
and saponins

Voutquenne et al.
(2003) Baumann
et al. (2000)
Sindambiwe
et al. (1998)

6 Cucumarioside
A2-2, and
Frondoside A

Immunomodulatory
activity

Stimulation of
cytosolic calcium
concentration,
lysosomal activity,
ROS formation, and
natural cellular defence
barrier

Aminin et al.
(2009)

7 Oleanolic acid Anti-HIV activity Inhibition of in vitro
HIV-1 protease
activity

Mengoni et al.
(2002)

8 Ziyu glycoside Promotion of bone
marrow
hematopoiesis

Reduction of
suppressive cytokines
and activation of FAK
and Erk1/2 pathways

Chen et al.
(2017)

9 Ginsenoside Rg
1

Neuroprotective
activity

Inhibition of
mitochondrial
apoptotic pathway and
increase in activity of
choline
acetyltransferase

Leung et al.
(2007)
Yamaguchi et al.
(1997)

10 Oleanolic acid Molluscicidal
activity

Formation of pores
resulting in leakage of
liquids due to the
interaction between
saponins and
cholesterol of the
membrane

de Paula Barbosa
(2014)
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proteins like cyclin D, cdk-4, and MDM2, and upregulation of caspase 3/9, p21, p53
expression which eventually leads to cell cycle arrest or apoptosis (Wang et al. 2018;
Cui et al. 2018). Furthermore, targeting the three main family members of MAPKs,
namely, p38, JNK, and ERK, and inducing the formation of massive vacuoles
containing lysosomes and autolysosomes that is characteristic of autophagy is
another way of killing the cancer cells which is mainly performed by the saponin
jujuboside B (Xu et al. 2014).

10.6.2 Anti-hyperglycemic Activity

Triterpene saponins such as saponins of Panax ginseng, Charantin, and saponins
from Asparagus officinalis L., have shown the ability to improve the uptake of
glucose and insulin sensitivity in the liver cells (Hu et al. 2014; Kim et al. 2009; Zhu
et al. 2020). Ginsenoside Rb1 acts as a hypoglycemic agent by regulating glycolipid
metabolism and increasing the insulin sensitivity, which are achieved by activation
of the Peroxisome proliferator-activated receptor gamma (PPAR-γ), thereby improv-
ing glucose homeostasis (Kwon et al. 2012). In vitro studies have revealed that
ginsenoside activates insulin signalling pathways such as phosphorylation of insulin
receptor substrate-1 and protein kinase B (PKB) and the activity of
phosphatidylinositol 3-kinase (PI3K); this in turn leads to the increased translocation
of GLUT receptors in the adipose tissue (Shang et al. 2008). In addition to this,
saponins target glucose metabolizing enzymes in order to normalize blood glucose
level. Diosgenin is a steroid saponin which is known to promote glycogenolysis by
increasing the levels of enzymes such as Phosphofructokinase and pyruvate kinase
(Raju and Chinthapally Rao 2012. Lee et al. (2011) have reported that ginsenoside
Rb2 inhibits gluconeogenesis by upregulating SHP (Short heterodimer partner),
which inhibits the mRNA expression of gluconeogenic enzymes such as Glucose-
6-phosphatases and phosphoenolpyruvate carboxykinase. The inhibitory effect of
saponins against carbohydrate hydrolysing enzymes including pancreatic alpha
amylase and alpha glucosidase and their potential to reverse the atrophic pancreatic
beta cells as shown by Oleifera Saponin A1 (Di et al. 2017) further establishes
saponins as an effective antidiabetic agent. Another hypoglycemic mechanism of
saponins involves regulation of AMPK/NF-κB signal pathway, improvement of
lipid metabolism in diabetic subjects, and inhibition of reactive oxygen species
formation resulting in reduced oxidative stress and normal functioning of the
kidneys (El Barky et al. 2016; Wang et al. 2019).

10.6.3 Anti-hyperlipidemic Activity

One of the common lipoprotein abnormalities involves decreased levels of HDL
cholesterol and increased levels of LDL cholesterol and triglycerides (Gupta et al.
1994); these conditions are closely associated with diseases like coronary heart
disease, atherosclerosis, and diabetes. Thus, modulating lipid metabolism or levels
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of TC, TG, HDL, and LDL is one way of functioning as an antihyperlipidemic agent
and this is efficiently carried out by saponins such as soyasaponins, ginsenosides,
and trigonelline. One way of doing this is by influencing the lipid biosynthetic
pathway; this mechanism was demonstrated by Hu et al. (2010), where the dietary
saponins could inhibit the mRNA expression of SREBP-1c; inhibition of this
transcription factor leads to a reduced expression of lipogenic genes like fatty acid
synthase (FAS) and glycerol-3-phosphate acyltransferase (GPAT) (Horton et al.
2002), thereby inhibiting enzymatic activity and eventually decreasing lipid synthe-
sis. Another mechanism is by increasing the activity of carnitine palmitoyl transfer-
ase (CPT), an important enzyme in beta oxidation of fatty acids; increased activity of
CPT results in reduced triglyceride synthesis due to reduced flux of fatty acids.
Hypocholesterolemia is another activity of saponins which is operated either by
inhibiting the enzymes of cholesterol biosynthetic pathway such as 3-hydroxy-3-
methyl-glutaryl-CoA reductase (Elekofehinti et al. 2012) or by increasing the dual
transporters in the liver, namely ABCG55 and ABCG8, which transport free choles-
terol into bile thereby reducing their level in the liver (Ji and Gong 2007). Further,
activation of AMPK/ACC signalling pathway by total saponins (Xu et al. 2018)
increased expression of lipoprotein lipase (Eu et al. 2010) and reduced expression of
fatty acid binding protein 4 (FABP4) (Bhavsar et al. 2009), which are few other
mechanisms involved in hypolipidemic effects of saponins.

10.7 Commercial Utilization and Prospects

Biotechnology makes possible to use the plant-based compounds and their
derivatives in the pharmaceutical/nutraceutical industries. It is necessary to follow
the suitable method of cultivation to achieve enhanced production of secondary
metabolites from plants. Commercial scale bioreactors were manufactured by South
Korean company Kihyung Plant Co., Ltd. The CBN Biotech Company, South
Korea, used a commercial scale bioreactor to produce ginseng adventitious root.
The company produces nearly 35 tons of adventitious roots of ginseng per year,
which are used in industries like food, cosmetics, and pharmaceutical (Murthy et al.
2014b). This is one of the fine examples of application of biotechnological tool to
meet the commercial need. By looking at the biosafety and toxicological evaluation
of ginseng adventitious roots for the human consumption, the United States Food
and Drug Administration (USFDA) and Korean Food and Drug Administration
(KFDA), ISO (9001/2000), have approved (2,030,950, dated: 06/07/2002) products
of ginseng adventitious roots and their commercial production. The ginsenosides are
one of the most important saponins produced from ginseng roots which have the
important medicinal value and high global market. These metabolites achieve the
total revenue of 2 billion American dollars. United States of America, Canada,
China, South Korea, Japan, and European countries are the major producers and
commercial users of ginsenosides (Kim et al. 2013; Gantait et al. 2020). In Japan,
company named NITTO DENKO CO. produces ginseng cell culture using large
scale bioreactors (20,000 and 25,000 L) and markets the food products from ginseng
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which are very healthy and nutritious since 1988 (Adil and Jeong 2018). Hairy roots
are one of important sources of the saponins and other metabolites; the
company named ROOTec Bioactives AG in Witterswil, Switzerland, is one such
company which produces hairy roots at industrial level (Talano et al. 2012). The
company produces high quality compounds using applied biotechnological tool to
meet the consumers’ need and world market, especially pharma and cosmetics. The
compounds are more efficient and production is rapid and is of reasonable cost
compared to chemical synthesis and conventional production. For the production of
optimum/increased level of hairy roots biomass, ROOTec came with a new bioreac-
tor named “ROOTec Mist Bioreactor” (Talano et al. 2012). Some of the saponin
compounds which are used in the pharmaceutical field are Madessol®, Centellase®,

and Blastoestimulina®. These extracts are used in the form of tablets, drops,
ointments, powder, and injections (Gallego et al. 2014).

10.8 Conclusion and Recommendation

Saponins are plant-derived triterpene glycosides that have commercial applications
in the food, pharmaceutical, and cosmetic industry. Saponins being a chief metabo-
lite present in many medicinally important plants, there is a need to prove their
pharmacological ability which in turn helps in formulating the medicines in high
market demand. There is a huge demand for these metabolites (saponins) because of
their pharmacological importance and there is a need for their extensive mass
production using biotechnological applications. There are ample of research reports
on the production of saponins via in vitro method, and their applications at the
industrial/commercial level. With the help of plant tissue culture approaches like
callus and organ cultures, the secondary metabolite production can be enhanced. In
the recent times, bioreactors serve as important biotechnological tools for the
metabolite enhancement at the cellular level. Further, saponins production can be
elevated by the identification and manipulation of genes which encode the key
enzymes and alter the gene expressions, which in turn can be achieved through
metabolomics, proteomics, and transcriptomics. Metabolic engineering strategy can
be applied for the enhanced production of metabolites in less time and space.
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In Vitro Production of Steroids 11
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Abstract

Steroids are a cluster of secondary metabolites owning a range in their structure
and biological activities. Natural products are often linked with harmful effects on
health and have many medicinal applications. Secondary metabolites can poten-
tially drive drug design or discovery. The prime information about such steroids
has risen systematically. Advancement in biotechnological approaches affects the
disciplines of biochemistry, botany, conservation biology, and toxicology. The
genetic markers are a beneficial tool that provides more insight into pathways.
Genetic markers accompanied by PTC can supply more insight into the path of
steroid products. We will here highlight the biological effects of steroids and the
biosynthesis pathways. Studies on steroid extraction and in vitro production will
also be included. Besides, the bioreactor of steroids will be scaled up.
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11.1 Introduction

Steroids exist as a class of cholesterol-derived lipophilic, low-molecular-weight
constituents, small molecules, and are soluble in organic solvents. The basic unit
contains gonane (perhydro-1,2-cyclopentanoperhydrophenanthrene) structure and a
minor diverse in this structure or having functional groups results in various groups.
Steroid group is composed of different natural and synthetic sources (Aav et al.
2005; Stanczyk 2009; Sultan and Rauf Raza 2015). Steroids play a prime role in the
living organisms’ biochemical and physiological characteristics (Aav et al. 2005;
Sultan and Rauf Raza 2015). The family of steroids contains hormones, sterols, and
bile acids (Balandrin and Klocke 1998; Pattenden et al. 2004; De Boeck et al. 2005;
Marion et al. 2006; Lopez et al. 2006; Jovanović-Šanta et al. 2015). A divergence of
synthetic steroids is employed for a broad sense of medicine and pharmacology
(Lopez et al. 2006; Emmanuel et al. 2011; Thao et al. 2015; Jovanović-Šanta et al.
2015). These natural compounds can be convened based on their chemical structure,
biochemical effects, biological function, molecular actions, and biosynthesis tissues
(Morgan and Melinda 1997; Sultan and Rauf Raza 2015). Plant steroids are of two
broad groups: phytosterols (sterols) and brassinosteroids.

11.1.1 Chemical Structure of Steroids

Steroid compounds contain gonane structure (perhydro-1,2-
cyclopentanoperhydrophenanthrene; Fig. 11.1), and a minor diverse in this structure
or owing functional groups causes various classes of steroids. Skeleton of steroids
varies in the number of carbons; C17 in gonanes, C18 in estranes, C19 in
androstanes, C21 in pregnanes and cortisol, and C24 of testosterone. Except for
vitamin D, steroids have a skeleton of cyclopenta (α) phenanthrene or one/more
bond scissions, ring expansions, or contractions. Methyl-side is normal at C10 and
C13, and mostly an alkyl-side chain is at C17 (Abd El-Bahaman 1991).

Modifications in steroid rings are expressed by a prefix: inclusion of methylene
group (e.g., 4a-Homo-7-nor-5α-androstane), addition of a hydrogen atom at terminal
group (e.g., 2,3-seco-5a-cholestane), loss of an unsubstituted methylene group (e.g.,
4-nor-5a-androstane), or addition of a hydrogen atom at junction atom with the
adjacent ring (e.g., des-A-androstane).

Fig. 11.1 The structure of gonane (cyclopentanoperhydrophenanthrene)
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Cardiac glycoside is classified according to the five-membered lactone ring or
six-membered lactone ring. (1) Cardenolides (so-called digitalis, Lanoxin, Digitek,
Lanoxicaps) have a five-membered lactone ring at C17. Cardenolides have C23 and
consist of steroids with methyl groups at C10 and C13. (2) Bufadienolides have the
same assembly except for a six-membered lactone ring and two double bonds
(Laurie et al. 2012). Stereochemistry shows steroids to be a chair form rather than
a boat form through hexagonal C rings. These are oriented in equatorial or axial spot
and bonded in trans-configuration. Steroids are identified generally via their trivial
names (e.g., cortisol, testosterone), which often leads to confusion in some cases,
and through the use of IUPAC, systematic nomenclature is recommended. IUPAC
listed a complete description of steroid nomenclature, including (pregnane,
androstane or estrange, cortisol, testosterone) number, position, and orientation (α
or ß) of all functional groups.

We will here focus on the biological effects of steroids and the pathways of
biosynthesis. Studies on steroid extraction and in vitro production will also be
included. Also, the bioreactor of steroids will be scaled up.

11.2 Biosynthesis Pathway

Steroids are a class of derived lipophilic, low molecular weight, small molecules,
and are soluble in organic solvents. The basic unit is gonane structure (perhydro-1,2-
cyclopentanoperhydrophenanthrene), and a minor diverse in this structure or having
functional groups results in various classes of steroids. Steroidal skeleton varies
based on the number of carbons; C17 in gonanes, C18 in estranes, C19 in
androstanes, C21 in pregnanes and cortisol, and C24 of testosterone. Steroids that
have C17-C29 skeletons are not triterpenes. Nevertheless, steroid compounds come
from the same C30. Squalene comes from the triterpenes. Squalene was isolated first
from shark liver oil and found in almost all organisms (Melcangi et al. 2003). The
squalene skeleton forms the union of two trans-farnesyl units joined in a head-to-
head fashion (St-Onge et al. 2003). The pathway of squalene was mostly found by
(Bucourt et al. 1969). The transform of the squalene sequence to the steroid nucleus
is with an acid-catalyzed ring-opening of the mono-epoxide derivative. These then
involve the formation of carbocationic-mediates series (Abd El-Bahaman 1991; Aav
et al. 2005). The steric structures of steroids could streamline from the folding of
polyprenyl-chain on the enzyme surface (St-Onge et al. 2003; Melcangi et al. 2003).

We will here highlight the synthesis pathway of ecdysterone (Fig. 11.2), a class of
ecdysteroids. Ecdysteroids were discovered first in Podocarpus nakaii Hayata called
ponasterones A, B, and C, and found later in Podocarpus elatus R.Br., Polypodium
vulgare L. and Achyranthes faurieri H. Lev. and Vaniot (Baltaev 2000).
Ecdysteroids exist in a broad sense of angiosperms belonging to the families
Fabaceae, Caryophyllaceae, Amaranthaceae, Chenopodiaceae, Asteraceae,
Lamiaceae Polypodiaceae, Pteridaceae, and Blechneaceae (Cocquyt et al. 2011;
Wu et al. 2010; Vanyolos et al. 2012; Nowak et al. 2012, 2013). Ecdysteroids are
a sort of sterols chemically associated with triterpenoids and have a direct precursor

11 In Vitro Production of Steroids 267



in most pathway stages of cholesterol biosynthesis. Ecdysteroids biosynthesized
(Fig. 11.2) starting from the acetyl-CoA, through the mevalonate pathway,
isoprenoids from pyruvate, and glycerylaldehyde-3-phosphate (via G3P-Pyr or
non-mevalonate pathways).

The pathway passes isopentenyl pyrophosphate (IPP) and dimethylallyl pyro-
phosphate (DMAPP). Ecdysteroids depend on C27 cholest-7-en-6-one backbone,
follow steps of their biosynthesis including conversion to cholesterol, dehydrogena-
tion to 7-dehydrocholesterol, and more molecular modifications, and, most impor-
tantly, hydroxylation at various carbon atoms (Festucci-Buselli et al. 2008; Ikekawa
et al. 2013). The aliphatic side chain, attached to the D ring, as in rubrosterone, is
cleaved. 20-hydroxyecdysone (20E) and polypodine B (polB) are typical to
ecdysteroids. The biosynthesis of ecdysteroids is performed via PTCs (Fujimoto
et al. 2000; Okuzumi et al. 2003).

11.3 In Vitro Production Methodology

Due to the importance of steroid derivatives and profitable biosynthesis pathway,
in vitro cultures offer rich biomass production. Generally, plant tissue culture (PTC)
is highly a biotechnological technique in concern to its utilization of homogeneity
explants, clonal propagation, the possibility of rapid, and the regardless of environ-
mental factors (Rout et al. 2000; Karuppusamy 2009; Thiem et al. 2017). Homoge-
neity of explants also guarantees the integrity of their biometabolite composition.
Plant tissue cultures have become an attractive methodology in the production of

Fig. 11.2 The biosynthesis pathway of ecdysterone (20-E)
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biometabolites of importance. Plant tissue culture is a potentially novel approach to
obtaining various substances, especially those with complicated structures, of rela-
tively high efficiency, and of low cost (Filova 2014). Therefore, it is predominantly
to get a constant source of chemicals with biological activity. Less known
biometabolites produced by rare or endangered species can be obtained from plant
tissue cultures, as well as their effects can be scanned (Karuppusamy 2009).

Various PTC approaches could be utilized increasingly to produce in vitro
bioactive steroids in a plant. The composition of media could be adjusted using
variable ratios of plant growth regulators. Besides, all biotechnological strategies,
including temperature, use of various biotic/abiotic elicitors, precursor feeding, and
photoperiod, must be optimized due to their efficacy having a significant effect on
bioactive metabolites yield. Induction of interest constituent production through
elicitation is one of the few approaches which have been commercially applied
(Smetanska 2008).

Various strategies may enhance steroid production through PCTs. Production of
steroids such as ecdysteroids via PTCs has become of increased interest, though it
makes available a stable source of these derivatives. Steroids may be extremely
variable based upon the origin of tissue, time of excise, and various environmental
factors that cannot be controlled. These methods permit in vitro cultures to yield
safely bioactive metabolites. In vitro proliferation method can be utilized to over-
come natural plant heterogeneity to improve and optimize yielding secondary
metabolites (Smetanska 2008; Karuppusamy 2009; Filova 2014). Nowadays, the
supply of steroids is based commercially on their extraction. It goes without the
obvious obstacles regarding the agriculture, unstable environment, resource con-
sumption, and less in the yield. Various factors, including environmental agents
(e.g., temperature, seasonal variation, and geographic location) and biological agents
(e.g., source of explants, uniformity of explant), may reflect the steroid-rich plant
yields. It makes sure that the steroid-rich plants are an ecological source of biomass
for research and supply commercially on steroids (Filova 2014; Thiem et al. 2017).

In vitro proliferation has been applied (Table 11.1) for various important steroid-
rich species (Ahmad and Anis 2007; Smetanska 2008; Cheng et al. 2008; Parveen
et al. 2008; Flores et al. 2010; Thanonkeo et al. 2011; Ahmad and Anis 2011;
Chamnipa et al. 2012; Gnanaraj et al. 2012; Duan et al. 2012; Wang et al. 2013; Kaul
et al. 2013; Thiem et al. 2013; Ahmad et al. 2013; Maliński et al. 2014; Vasconcelos
et al. 2014; Zand et al. 2014; Wang et al. 2014; Sen et al. 2014; Skała et al. 2015).
This procedure may be an alternative for biomass production. Various physicochem-
ical agents may reflect on the in vitro production of bioactive steroids. This starts
successfully from (1) the choice of a proper explant with a suitable technique,
(2) optimizing tissue culture conditions with the high biomass growth and bioactive
constituents, and (3) the selection of a high-performance line. Some modifications of
the nutrition media composition or application of biotechnological strategies (e.g.,
elicitation or precursor feeding) may accumulate steroids (Karuppusamy 2009;
Thanonkeo et al. 2011; Thiem et al. 2013; Skała et al. 2015; Thiem et al. 2017).

Some reviews showed that the in vitro production of steroids has a significant
effect on future commercial utilization. However, it should recommend that the

11 In Vitro Production of Steroids 269



Table 11.1 Best methods used for in vitro steroid-produced species

Species Treatment Method Reference

Amaranthaceae

Achyranthes bidentate Blume

MS + 1.5 μM NAA + 1.5 μM BAP Cell
suspension

Wang et al. 2013

MS + 5.0 mg l�1 BAP + 1.0 mg l�1 IBA Shoot tips Gnanaraj et al. 2012

MS + 0.5 mg l�1 2,4-D + 1.0 mg l�1

NAA + 0.1 mg l�1IBA + 0.1 mg l�1 ZT
Callus Duan et al. 2012

A. aspera L.

MS + 5.0 mg l�1 BAP + 1.0 mg l�1 IBA Shoot tips Gnanaraj et al. 2012

MS + 2.0 mg l�1 BAP + 1.0 mg l�1 IAA Shoot tips Parveen et al. 2008

MS + BAP 2.0 mg l�1 + 0.5 mg l�1 NAA/
3.0 mg l�1IBA

Callus Sen et al. 2014

Lamiaceae

Ajuga bracteosa wall ex Benth

MS + 5.0 mg l�1 BAP + 2.0 mg l�1

IAA/0.5 mg l�1 IBA
Callus Kaul et al. 2013

A. multiflora Bunge

MS only Hairy
roots

Kim et al. 2005

A. turkestanica (regel) Briq.

B5 + 2.3 μM 2,4-D Cell
suspension

Cheng et al. 2008

MS + 2.2 μM BAP + 2.5 μM IBA Cell
suspension

Cheng et al. 2008

Caryophyllaceae

Lychnis flos-cuculi L.

MS + 100% BAP + 100% IAA/NAA Shoot tips Thiem et al. 2013;
Maliński et al. 2014

Commelinaceae

Cyanotis arachnoidea C.B. Clarke.

MS + 3 mg l�1 BAP + 0.2 mg l�1 NAA Cell
suspension

Wang et al. 2014

Asteraceae

Rhaponticum carthamoides (Willd.) Iljin.

SH only Hairy
roots

Skała et al. 2015

MS + 0.25 mg l�1 2,4-D + 1.5 mg l�1 BAP Callus Zand et al. 2014

Lamiaceae

Vitex glabrata R.Br.

B5; 2.0 mg l�1 BA + 1.0 mg l�1 2,4-D Cell
suspension

Sinlaparaya et al. 2007;
Thanonkeo et al. 2011

50:100% MS; 2.0 mg l�1 BA + 1.0 mg l�1

2,4-D
Cell
suspension

Chamnipa et al. 2012

(continued)
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potential for biotechnological strategies of PTCs has not been examined due to their
limitations (Filova 2014). Some biometabolites produced on scale-up production
despite the PTCs have been highlighted in the first half of the twentieth century
(Verpoorte et al. 2002; Karuppusamy 2009; Filova 2014).

11.4 Scale-up Techniques and Bioreactors

A bioreactor-based plant cell suspension process has the economic-potential
advantages for large-scale production in plant pharmaceutical industry (Isah et al.
2018; Xu and Zhang 2014).

Bioreactor-based and scaling-up of desired SMs production is the final stage for
the in vitro biosynthesis strategy. The plant in vitro system has the potential to
provide a low-cost production of various plant-derived products. However, the
scale-up production across bioreactors may take on many biologic obstacles, includ-
ing low metabolite yield, cell size, heterogeneity, and genetic instability. Also, cell
aggregation, shear stress sensitivity, aeration, and intensive mixing, besides adhe-
sion of the cells and foaming, are considered the other technological obstacles of the
bioreactors system. The bioreactor design and cultivation parameters must be
optimized by maintaining temperature, light irradiation, adequate agitation, and
ensuring gas exchange and homogeneity to enhance the biosynthetic capacity of
secondary metabolites derived by plant cells (Georgiev 2020). There are many
difficulties in obtaining plant steroid compounds since the amount of these
compounds in raw materials is low; their chemical synthetics are not economically
gainful for commercial investment. Therefore, industrial biotechnology is an alter-
native strategy for cost-effective large-scale production by using microbial (Shao
et al. 2015; Kreit 2017; Mancilla et al. 2018) or plant cell cultures (Miras-Moreno
et al. 2016). There are earlier successful attempts to produce well-known steroidal

Table 11.1 (continued)

Species Treatment Method Reference

Vitex negundo L.

MS + BAP 5.0 lM + 0.5 lM
MS? IBA 10 lM

Shoot tips Ahmad and Anis 2011

Amaranthaceae

Pfaffia glomerate (Spreng.) Pedersen

MS + BAP 2.22 lM + NAA 2.68 lM + 0.1
lM glucose

Shoot tips Vasconcelos et al. 2014

MS only Shoot tips Flores et al. 2010

P. tuberosa (Spreng.) Hicken

MS + TDZ 1.0 lM (10.3 shoots) Nodal
segments

Flores et al. 2010

2,4-D 2,4-dichlorophenoxyacetic acid, B5 Gamborg’s medium, BAP 6-benzyloaminopurine, IAA
indole-3-acetic acid, IBA indole-3-butyric acid, MS Murashige and Skoog medium, NAA
a-naphthalene acetic acid
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bioactive compounds in relatively large quantities by cell suspension systems (Kaul
and Staba 1968; Kaul et al. 1969; Khanna et al. 1975; Marshall and Staba 1976).
Kaul et al. (1969) have reported that diosgenin, a prime raw material in the
commercial production of corticosteroids and steroid contraceptives, can be pro-
duced by suspension cultures of Dioscorea with a 1.5% dry weight content (Kaul
et al. 1969). Kreis and Reinhard (1990) succeeded in the production of
deacetyllanatoside C in 20-liter airlift bioreactors from two-stage cultivation of
Digitalis lanata cells (Kreis and Reinhard 1990).

Monitoring the physiological case of cells is an important task. When scaling
apparatus cultivation of cell cultures to industrial volumes according to this consid-
eration, it reported that bubble bioreactors (20 and 630 L) with the annular aerator
(K La 7.1–8.0 h � 1) showed higher biosynthetic rates (7.7–13.9%) of dry cell
weight of steroidal glycosides production from Dioscorea deltoidea cell cultures
(Titova et al. 2015). The biotic elicitors, E. coli (1.5%), proved best with a 9.1-fold
increase in diosgenin content of Helicteres isora. The scaling-up across the suspen-
sion culture was performed for the production of diosgenin. It is worth mentioning
that, in the scaling-up stages, the diosgenin yield obtained was in the range between
7.91 and 8.64 mg /l, where diosgenin content increased as the volume of the medium
increased. The quantitative real-time PCR (qRT-PCR) analysis exhibited that biotic
elicitors increased the expression levels of regulatory genes in the diosgenin biosyn-
thetic pathway, which correlate with elicited diosgenin (Shaikh et al. 2020). Three
configurations of bioreactors are optimized for extraction conditions of the steroidal
glycosides of Dioscorea deltoidea wall cell suspension culture for LC-MS determi-
nation (Sarvin et al. 2018). Also, withanolides production during cell/organ culture,
as important medicinal steroidal derivatives compounds have been cultured through
bioreactors system. Sivanandhan et al. (2014) cultured W. somnifera on a medium
consisting of 1 mg/l picloram, 0.5 mg/l kN, 200 mg/l glutamine, and 5% sucrose
along with chitosan (100 mg/l) and squalene (6 mM) for 4–48 h exposure time,
respectively. Withanolides compounds detected, after 28 days of culture,
7606.75 mg of withanolide-A, 4826.05 mg of withanolide B, 3732.81 mg of
withaferin-A, 6538.65 mg of withanone, 3176.63 mg of 12-deoxy
withanstramonolide, 2623.21 mg of withanoside IV, and 2861.18 mg of withanoside
V (Sivanandhan et al. 2014). Ahlawat et al. (2017) elicited the cell suspension
culture of Withania somnifera with cell homogenate of P. indica fungal elicitor at
3.0% (v/v)/7 days of exposure time to check the gene expression of withanolides
biosynthesis pathways via quantitative PCR. Withanolides production was analyzed
as withanolide A, withaferin A, and withanone. The bioreactor system enhanced the
biomass to (1.13 folds), which is the upregulation of withanolide genes of biosyn-
thetic pathways (Ahlawat et al. 2017). Steroids biosynthesis during date palm cell
suspensions induced by adding pyruvic acid as a precursor and the bioreactor system
scale-up their production 14 times. The date palm steroids could commercially be
produced by using bioreactor systems (El-Sharabasy 2004; El-Sharabasy and
El-Dawayati 2017). The evidence that the cell biomass grew by bioreactors enhances
the production of steroid compounds and encourages the pharmaceutical industry of
steroid derivatives. The cell culture is considered a promised goal for the advance-
ment of innovative biotechnologies.
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11.5 Extraction and Detection Techniques

Several detectors are now available to run through different apparatuses for isolating
metabolites, including anion and cation exchange, ligand exchange, reverse phase,
and size exclusion. Water is not often the best for extraction of lipophilic compounds
(Colegate and Molyneux 2008). However, most extraction methods preferably used
MeOH or ethanol after powdering the biomass using liquid nitrogen (LN). Treat-
ment with LN, and then storing at low temperatures, should be directly done after the
collection to lessen or inhibit the possibility of enzyme-reaction of the interest;
Fig. 11.3 illustrates the general steps to the isolation of steroids.

Modern technologies play a significant role in the different bioactive progress of
natural products. Several techniques have separated the mixtures of natural products
(Colegate and Molyneux 2008). The extracts are very complex compounds in most
cases and have mixtures of neutral, acidic, basic, lipophilic, hydrophilic, or amphi-
philic compounds, and consequently, there will not be one method that uses all
eventualities. The characterization of bioproducts necessitates sophisticated
methodologies. These methodologies provide the best selective, sensitive, and
structural information and determination on the interested product (Hostettmann
and Wolfender 2004; Colegate and Molyneux 2008; Shakhmurova et al. 2012;
Vanyolos et al. 2012).

High-throughput screening programs are in crucial need to be more sensitive
methodologies. High-performance liquid chromatography (HPLC) is utilized habit-
ually in preparative isolation and purification of natural products (Hostettmann et al.

Fig. 11.3 Illustration of
general step for isolation of
steroids
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1998). This detector developed new powerful tools including LC/mass spectrometry
(LC/MS; Niessen and Tinke 1995; Niessen 1999), LC/nuclear magnetic resonance
(LC/NMR; Albert 1995; Sudmeier et al. 1996; Lindon et al. 1997; Wolfender et al.
1998a; Spraul et al. 1993), and LC/UV-photodiode array detection (LC/UV-DAD;
Huber and George 1993). Combination with these detectors has achieved comple-
mentary spectroscopic data on an LC-peak of a target, which has often permitted
their unambiguous structure determination. The LC-detectors integrated swiftly for
the scan of crude extracts (Wolfender et al. 1998b). Other techniques, including IR
or X-ray crystallography, have been utilized less when the other spectroscopic
methods failed to give complete structure determination. The combination of differ-
ent LC-techniques to determine metabolites in an extract ought to empower the full
structure description at the corresponding LC-peak. The inherent sensitivity of used
spectroscopic techniques is the core-one of the identification problems for LC
(Hostettmann and Wolfender 2004). The LC/NMR allows structural data more
than LC/MS, but it has much order of the magnitudes with minimal sensitivity.
Several limitations have elucidated the use of potential LC-techniques.

LC/UV-DAD (Huber and George 1993) was utilized, in several labs, detecting
metabolites (Bramley 1992; Yoshimura et al. 1994). LC/UV-DAD gives comple-
mentary information for different metabolites owing to strong chromophores. The
selection of the proper LC-solvents should perform through their inherent UV limit
to avoid interfering. Nonetheless, the only limitation of its application in plant
extract analysis is that. New apparatuses allow the record of UV-spectral libraries,
and automatic computer search can be achieved provided that UV metabolite-
databases have built up. The UV-spectra measurements depend on the structure of
solvent systems used, and matching with spectra measured in other solvents shows
differences.

Mass spectrometry is right now one of the most sensitive molecular analyses.
Moreover, it has probability to build up data on the molecular weight and structure of
the test. Numerous LC/MS has been utilized and are available nowadays. These
LC/MS crossing-points necessarily achieve nebulization and vaporization of a
liquid, ionization of sample, removal of the excess solvent vapor, and extraction of
the ions into the mass analyzer. Nowadays, the most commonly used LC/MS
interfaces including electrospray (ES; Whitehouse et al. 1985), atmospheric pressure
chemical ionization (APCI; Bruins et al. 1987), thermospray (TSP; Blakley and
Vestal 1983), and continuous flow fast atom bombardment (CFFAB; Caprioli 1990)
are very efficient for metabolites ionization (Wolfender et al. 1995).

Several analyzers, including the time of flight (TOF), ion traps (IT), and quadru-
pole (Q), could be utilized, which have, in terms, resolution, mass accuracy, and
MS/MS possibilities (Mosi and Eigendorf 1998). The prime problems of LC/MS are
the response for buffer and solvent used, nature of constituents, flow rate, and type of
interfaces. Natural extracts have various physicochemical properties, which make it
difficult to find optimum LC/MS conditions (Wolfender et al. 1994). Nevertheless,
LC/MS/MS are extra reproducible, and the use of MS/MS databases of natural
products can be considered for dereplication. Therefore, the LC/MS configuration
can enormously be an influential system for screening crude extracts, but the precise
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conditions of ionization will have to be sensibly optimized. With the LC/MS
appropriate configuration, the analysis of nonpolar to polar constituents, including
the possibility of proteins will mostly determine the optimal ionization method and
polarity used (Niessen 1999).

NMR provides the most useful evidence for the identification of natural products
(Albert 1995). The combination of NMR and HPLC gives a piece of important
information for direct metabolite identification. The rapid progress, including pulse
field gradients and probe technology, has been given an impulse to LC/NMR (Spraul
et al. 1993). Difficulty in detecting resonances existing in large resonances of the
mobile phase is the prime problem in LC/NMR (Spraul et al. 1993; Albert 1995).
Water suppression enhanced through T1 (WET) produces high-quality spectra in the
procedure of on-flow and stop-flow (Albert 1995; Smallcombe et al. 1995). On-flow
LC/NMR has been limited directly to the direct measurement of interest constituents
and frequently loaded LC-conditions. One way to improve the exposure limit is to
work in the stop-flow mode, which requires the retention times of interest or a
sensitive method of the scan including LC/NMR, LC/UV, and LC/MS to activate the
scan (Holt et al. 1998).

Thin-layer chromatography (TLC) is a widely used method for the isolation of
natural and synthetic products. Norm- and reversed-phase TLC on silica plates with
a solvent system (Table 11.2), such as chloroform: methanol: water (Cheng et al.
2008), chloroform: ethanol, methanol: water, ethanol: water, acetonitrile: water
(Lafont et al. 2000) and others (Hunyadi et al. 2007); Nowak et al. 2013), has
been described being an efficient way to separate steroids. The TLC plates are
observed by UV lamps (254 nm) and performed visualization by nonspecific color
reactions with anisaldehyde spray reagent (Cheng et al. 2008; Nowak et al. 2013),
vanillin/sulfuric acid spray reagent, sulfuric (VI) acid or “specific” reactions with
ammonium carbonate (fluorescence induction), 2,4-dinitrophenylhydrazine,
triphenyltetrazolium chloride, and Folin-Ciocialteu reagent (color reactions)
(Dinan 2001).

The TLC with mass spectrometry (TLC/MS; TLC/MS/MS) is a potential tech-
nique for identifying steroids from the crude plant extracts (Wilson et al. 1990).

Table 11.2 Solvent used for steroid using TLC

Solvent References

Benzene/benzene: ehyl acetate Hunyadi et al. 2007); Nowak et al. 2013

Chloroform: ethanol Lafont et al. 2000

Ethyl acetate: cyclohexane Hunyadi et al. 2007); Nowak et al. 2013

Methanol: water Lafont et al. 2000

Cyclohexane: heptane Hunyadi et al. 2007); Nowak et al. 2013

Cyclohexane: ethyl acetate Hunyadi et al. 2007); Nowak et al. 2013

Benzene: Chloroform Hunyadi et al. 2007); Nowak et al. 2013

Chloroform: methanol: water Cheng et al. 2008

Ethanol: water Lafont et al. 2000

Acetonitrile: water Lafont et al. 2000
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Likewise, many TLC can permit more accurate quantitative measurements such as
automatic multiple developments of TLC (AMDTLC), over-pressurized TLC
(OPTLC), and high-performance TLC (HPTLC) (Read et al. 1990; Wilson et al.
1990; Lafont et al. 2000).

11.6 Biological Activities (Major)

Steroids play a prominent part in plant development and growth. Many steroids are
isolated from plants, and the literature concerning this matter has been surveyed
(Sultan and Rauf Raza 2015). Characteristics of the plant sterol biosynthesis and
their role in cells are reviewed. Steroids play prime roles in several biochemical and
physiological properties in all living organisms in which these are found (Abd
El-Bahaman 1991; Sultan and Rauf Raza 2015). A broad sense of synthetic steroids
is used as antihormones (Jovanović-Šanta et al. 2015), contraceptive drugs (Lopez
et al. 2014), anticancer agents (Thao et al. 2015), cardiovascular agents (Rattanasopa
et al. 2015), osteoporosis drugs (Emmanuel et al. 2011), antibiotics, anesthetics, anti-
inflammatories, antidiabetic (Graf et al. 2014), and antiasthmatics (Aav et al. 2005).

Steroids in plants are of two main groups: brassinosteroids and phytosterols.
Brassinosteroids, which are applied in several plants, tend to respond to biotic and
abiotic stresses (Xia et al. 2009). Brassinosteroids show a broad sense of biological
responses such as the inhibition of wilt, stimulating cell division, suppression of
stress-regulated genes, and light-regulated genes in the darkness (Schwarz et al.
2003). Brassinosteroids have shown remarkable benefits for various responses
through application in several plants. Previous reports pointed to an increase in
metabolism and the elimination of pesticides. Therefore, it lessens the human
ingestion of residual pesticides (Sondhi et al. 2008). The 24-epibranssinolide
(EBL), isolated from Aegle marmelos Correa (family: Rutaceae), has pointedly
diminished the maleic hydrazide-induced genotoxicity in chromosomal aberrations
of Allium cepa (Howell and Buzdar 2005) and protected neuronal PC12 cells from
1-methyl-4-phenylpyridinium-(MPP+-)-induced oxidative stress and apoptosis in
dopaminergic neurons (Julie et al. 2011). Analogs of branssinosteroid plant growth
regulators such as 5α-hydroxy-6-ketopregnanes have been surveyed (Biggadike and
Morton 2003). The 17-substituted pregnadienes have been made (Mellon et al. 2004)
as potential inhibitors of testosterone-5α-reductase. An unusual Δ20-pregnene got
from an octacoral has been inhibited by the mitochondrial respiratory chain
(Meggers 2007).

Plant sterols are called phytosterols, which are a cluster of steroid alcohol that
biosynthesize in plants. Phytosterols, which are white powders with mild and odor,
solubilize in alcohol. Phytosterols are used in medicine, cosmetics, and food additive
and fight cancer (Delvin 2002). Plant sterols sell as a dietary supplement (Delvin
2002). Ergosterol (Fig. 11.4) lowers the cholesterol level in human up to 15%
(Banthorpe 1994; Vieira et al. 2005). Dietary guidelines for health call for lessening
the cholesterol intake. For doing that, one strategy takes in the plant sterols, e.g.,
sitosterol, stigmasterol, stigmastanol, and campesterol. Despite their structural
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similarity to cholesterol, minor isomeric modifications in the present/absence of
methyl/ethyl groups in the side chains cause their less absorption by intestinal
mucosal cells. Plant sterols block the absorption of cholesterol very high-efficient
through intestinal cells despite not their absorbed by the body. Plant sterol drugs
progressed to subject to the structures of sterols and the form of administered factor.
For example, sitosterol is unsaturated and absorbed poorly in the human intestine,
while sitostanol is a saturated analog and practically fully unabsorbable. The evi-
dence of the plant sterols running in a soluble, micellar procedure effect in the
inhibition of cholesterol absorption than those in a solid-crystalline form (Sharma
et al. 2008).

Some miscellaneous steroids have the same vital roles. Derivatives of androstanes
are separated for the treatment and inhibition of allergy (Sanjiv et al. 2010); others
are effective against cardiovascular disease, cerebral-degenerative disorder, cartilage
degeneration, periodontal disease, osteoporosis, metastatic bone disease, Paget’s
disease, endometriosis, uterine fibroid disease, restenosis, vascular smooth muscle
cell proliferation, obesity, inflammatory bowel disease, hypertension, retinal degen-
eration, and cancer especially against breast cancer, uterus, and prostate (Chermnykh
et al. 1988). The treatment by steroid multiple-course can increasingly and effec-
tively get a better chance against preterm and Respiratory Distress Syndrome (RDS)
babies and help the fragile babies to survive (Chohan et al. 2006). Antenatal steroids
lessen the chances of hyaline membrane disease and intraventricular hemorrhage and
chronic lung disease or death in very low-birth-weight infants (Singh et al. 2006).
Steroids, e.g., stigmasterol, show antimutagenic, anxiolytic, analgesic, anticonvul-
sant, sedative, hypnotic, and anesthetic properties (Paschke et al. 2003; Chohan et al.
2004). By enhancing GABA receptor function in a non-genomic manner, some
steroids produce an opponent for treatment of CNS abnormalities such as stress,
PMS seizures, the anxiety produced by epilepsy and block muscle tension, depres-
sion, and induce anesthesia (Hollman 1996).

Cardiac glycosides (Fig. 11.5) are classified into cardenolide and bufadienolides
(Laurie et al. 2012). Those have high potent cardiotoxins. Cardiac glycosides are
used in the treatment of cardiac arrhythmia and congestive heart failure. Also, those
have anticancer properties (Laurie et al. 2012).

Digoxin isolated from Digitalis lanata, ouabain (g-strophanthin) isolated from
ripe seeds of Strophanthus gratus, and the bark of Acokanthera ouabaio are
cardenolides. Cardenolides have a vital role in the treatment of various heart

Fig. 11.4 Structure of
ergosterol
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conditions and various health risks such as increased blood pressure (BP) and tissue
perfusion, anorexia, nausea, hallucinations, disorientation, insomnia, impaired yel-
low color perception, and gynecomastia in males (Gao et al. 2002; Pierog et al.
2009). In this trend, ouabains (g-strophanthin) are used by Somali tribesmen to
poison hunting arrows due to their toxic effect, thus blocking the Na + pump in a
fashion similar to one of steroidal alkaloid batrachotoxins isolated from poison
arrow frogs (Wang and Sun 1994; Schneider et al. 1998).

Bufodienodiles, e.g., cinobufagin isolated from Chusan island toad (Bufo
gargarizans) and Bufagins (a constituent of bufotoxins) from the secretion of the
Cane toad (Bufo marinus)—so-called Toad’s milk, have been utilized. Treatment
with low doses of cinobufagin used traditional Chinese medicines against atrial
fibrillation (Cardarelli and Kanakkanatt 1983). Bufagins have a characteristic of
cardiotoxins. Bufagins derivatives have anesthetic action, anticancer properties
against leukemia, melanoma, and prostate cancer cells (Jiun et al. 2002; Bick et al.
2002) nuclei.

Steroidal alkaloids, e.g., a perhydro-1,2-cyclopentanophenanthrene nucleus, are
biosynthesized in the various plants as a glycosidic combination with carbohydrate
moieties. Dihydroplakinamine K from a marine sponge (Corocium niger) is used for
cytotoxic activity (Enev et al. 1998). Batrachotoxins isolated from Phyllobates spp.,
Pitohui spp., and Iflita spp. are very efficient neurotoxins. Samandarin isolated from
Salamandra salamandra causes muscle convulsions, high blood pressure, and
hyperventilation in vertebrates (Philomin et al. 1993).

Some steroidal derivatives have been used as fluorescent detectors for polycyclic
aromatic hydrocarbon (PAH), like that results from cholic acid, which has a tweezer-
like structure (Simon et al. 1999). The cholesteryl benzoate forms cholesteric liquid
crystals with helical structures. Cholesteryl benzoate is used in thermochromic liquid
crystals, hair colors, and some cosmetic preparations (Sevillano et al. 2002).

11.7 Commercial Utilization and Prospects

Steroids could be employed in several disciplines, e.g., multidrug resistance. The
problematic obstacle of steroid application is the lipophilic compounds acting as
inhibitors of vital bioactive macroconstituents (Martins et al. 2013). Several reports
(Martins et al. 2013; Sultan and Rauf Raza 2015; Thiem et al. 2017) on multidrug
resistance reported that dioxolane may lead reasonably to the invention of an
effective MDR inhibitor (Martins et al. 2013). Antioxidant, free radical scavenging,

Fig. 11.5 Structures of
cardiac glycosides: (a)
cardenolide and (b)
bufadienolide
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and effects of 20-hydroxyecdysone neuroprotective were evidenced in in vitro
oxidative damage and in vivo ischemic injury models. 20-hydroxyecdysone showed
a protective effect in the adrenal gland and pheochromocytoma of rats against cobalt
chloride-induced cell damage (Hu et al. 2010).

The effect of 20E on NF-κB and JNK signaling pathways and inhibition of the
caspase-3 activity responsible for apoptosis reported that all destructive intracellular
characteristics, e.g., the disruption of the mitochondrial membrane and inducing
calcium level, have decreased via 20-hydroxyecdysone (Hu et al. 2010, 2012).

11.8 Conclusions and Recommendations

Despite the progression in enhancing bioactive metabolites production, the automa-
tion of production is still restricted. The most natural products biosynthesize in small
quantities and disordered tissues. Economic production is the central bottleneck.
Only a small number of plant kingdom around the globe has been economically and
practically submitted to the various screening of bioactivities. There is currently a
renaissance of interest as steroid-rich sources for introduction into different
bioactivities programs. The rapid rate of loss of plant species has meant that it
needs to report new methods leading to the rapid isolation and identification of
bioproducts. The approach assumed to acquire utilizable pure constituent is interdis-
ciplinary in botany, pharmacognosy, pharmacology, chemistry, toxicology, conser-
vation biology, and genetics. The risk of pointless isolation with known activity is by
following the guide of fractional processes. Besides, it needs to accompany constit-
uent isolation of interest with its activities. Avoiding the time length in extraction,
the automation of hyphenated techniques is used at the earliest stage of extraction. It
is valuable to detect bioproducts with interest structures and to aim at their
segregation.

Many studies on steroids reported raising interest in having beneficially interdis-
ciplinary activities. The prime problems with steroids’ commercial utilization are
that the extraction processed hardly with a lower yield and is mostly based on
numerous environmental factors. So, PTCs are a valuable alternative approach
because plant biomass proliferated under the control of the whole conditions. The
automation of production procedures may be improved using a broad sense of recent
biotechnological methods. Progression in biotechnological tools may affect the
advancement of other disciplines, including biochemistry, botany, conservation
biology, and toxicology. The approach of genetic markers is a very beneficial tool
that provides more insight into pathways. Till now, mini reviews of genetic markers
are carried out. It should combine genetic markers with other methods. Besides,
more research using genetic markers must investigate more into the pathway systems
of steroids.
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In Vitro Production of Tocopherols 12
Vasantha Veerappa Lakshmaiah, Biljo Vadakkekudiyil Joseph,
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and Praveen Nagella

Abstract

Tocopherols are an essential dietary nutrient for mammals and photosynthetic
products produced by green plants. Tocopherols commonly referred to as vitamin
E exist in four forms (α-, β-, γ-, and δ-tocopherol). Synthetic α-tocopherol is a
mixture of eight racemic forms and is less effective than natural tocopherol, thus
the demand for plant-derived tocopherols is high. Tocopherols are lipophilic
antioxidant and extensively used as therapeutic agents such as anti-inflammatory,
anti-infection, anticancer, immune-stimulant, and nephro-protectant. They are
also used as food additives and nutraceuticals. Plant cell and tissue culture is
one of the promising techniques for mass production of tocopherols to meet the
commercial demand. Optimizing physical and chemical factors for in vitro cul-
ture system has resulted in better accumulation of the product. Moreover, using
bioreactors, precursor feeding, elicitation, biotransformation, and metabolic engi-
neering approaches have resulted in enhanced yield of tocopherols from in vitro
cultures. The present chapter deals with various important aspects of tocopherol
in vitro production such as biosynthesis of tocopherol with special emphasis on
key enzymes involved in the pathway whose modulation in expression can
increase the yield of the product. Topics discussed include production of tocoph-
erol from callus, cell and organ culture, metabolic engineering for mass
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production, different methods employed for extraction and quantification of
tocopherols, and their biological activities and commercial applications.

Keywords

Tocopherol · Plant cell and organ culture · Elicitation strategies · Metabolic
engineering · Biological activity · Biosynthesis

12.1 Introduction

Vitamin E complex, which consists of tocopherols (T) and tocotrienols
(T3) collectively called as tocols, was first discovered in 1922 by Herbert McLean
Evans and Katherine Scott Bishop (Niki and Traber 2012) (Fig. 12.1). It was isolated
in 1935 by Gladys Emerson, structurally elucidated by Erhard Fernholz in 1938, and
synthesized artificially in 1939 by group of scientists headed by Paul Karrer (Babura
et al. 2017). Since this vitamin plays a predominant role in fertilization, it was named
tocopherol which in Greek means ‘birth and to bear’ (Evans et al. 1936; Evans and
Bishop 1922). Tocopherols are membrane-soluble amphipathic antioxidants with
polar chromanol ring and hydrophobic-saturated phytyl side chains, while
tocotrienols have an unsaturated farnesyl tail. Four homologues exist within

Fig. 12.1 Structural representation of tocopherols and tocotrienols (Source: Ricciarelli et al. 2002)
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tocopherols and tocotrienols, namely alpha (α), beta (β), gamma (γ), and delta (δ),
which differ in the position and number of methyl groups attached to the aromatic
ring (Jukić Špika et al. 2016). Out of all the eight isomers of the tocols, α-tocopherol
has the highest vitamin E activity (Ehrenbergerová et al. 2006). α-Tocopherol is
produced in high quantities in green tissues, while γ-tocopherol and tocotrienols are
produced in seeds, which prevents lipid peroxidation of polyunsaturated fatty acids
and lipids in seeds (Collakova and DellaPenna 2003a, b).

Vitamin E is synthesized only in the plastids of plants and certain photosynthetic
bacteria. Animals are unable to synthesize vitamin E, so they depend on the plant
sources (Yasar and Sevket 2006). Vitamin E possesses high antioxidant activity
which prevents the destructive oxidation in the cell membranes. Tocopherols act as
free radical scavengers (Caretto et al. 2002). They act on reactive oxygen species
(ROS) including singlet oxygen, superoxide radicals, and alkyl peroxy radicals that
accumulate in plant cells in response to the environmental stress conditions (Sandorf
and Holländer-Czytko 2002). Apart from their role as antioxidants, they also play a
photoprotective role maintaining the membrane stability and are involved in cell
signalling (Munné-Bosch and Falk 2004). The National Institute of Health (NIH)
recommends 15 mg of vitamin E for adults and 10 mg for children per day. High
doses of vitamin E reduce the risk of cardiovascular disorders, neurological
disorders, and cataracts, reduce serum cholesterol levels, and inhibit the growth of
cancer cells (Cahoon et al. 2003). In addition, they are required to maintain proper
muscular and immune system. Tocopherols are used in cosmetics, animal feed, and
as food additives to increase their shelf life (Karunanandaa et al. 2005). According to
the USDA-ARS Nutrient Data Laboratory, the highest α-tocopherols are produced in
sunflower seeds, almonds, hazelnuts, and pine nuts, while the highest sources of
γ-tocopherols are black walnuts, sesame seeds, pecans, pistachios, flaxseeds, and
pumpkin seeds. Oilseeds have a vitamin E in the range of 330–2000 μg/g of oil.
However, the oilseeds accumulate γ-tocopherols which have a lower activity as
compared to the α-tocopherols. However, the green tissues produce only 20–50 μg/g
of α-tocopherols. Hence, the naturally produced Vitamin E is not sufficient to satisfy
the growing demand of the vitamin, owning to its pharmaceutical health benefits and
prevention of diseases like Parkinson’s, Alzheimer’s, atherosclerosis, diabetes, and
coronary heart disease. Therefore, many strategies like increasing the biosynthesis of
vitamin E through targeting their genes, breeding, and genetic engineering have been
investigated to produce high α-tocopherol content (Ajjawi and Shintani 2004). The
α-tocopherol yield of genetically engineered plants has increased by 20-fold. How-
ever, it still depends on constraints such as seed maturation, growth season, and
climatic and edaphic factors (Caretto et al. 2010). One of the most promising
approaches to enhance production lies in the plant tissue culture technology which
provides continuous supply of uniform quality of these antioxidants (Caretto et al.
2004). In elicited cell suspension culture, a particular cell or organ with high
α-tocopherol yield can be targeted and produced in high quantities in a shorter
duration in a sophisticated environment which favors vitamin E biosynthesis
(Almagro et al. 2016; Cetin et al. 2014). The present chapter deals with the
production of tocopherols from cell and organ culture and metabolic engineering
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strategies for enhanced metabolite content. Also, emphasis has been given on the
biosynthesis of tocopherols and the key genes involved in the biosynthetic pathway
have been discussed. Furthermore, the different extraction and quantification
methods employed for tocopherol and their potential biological activities have
been mentioned.

12.2 Biosynthesis of Tocopherols

Tocopherol biosynthesis (Fig. 12.2) occurs in the plastids of higher plants. The
biosynthesis involves conjugation of two precursors: namely, Homogentistate,
which is an intermediate of degradation of aromatic amino acids, formed in cytosolic
shikimate pathway, as its head (the aromatic ring of tocopherols); and Phytyl
diphosphate that arises from methylerythritol phosphate pathway, as its tail.

The shikimate pathway has seven steps that conjugate Erythrose-4-phosphate
(an intermediate of pentose phosphate pathway) and phosphoenol pyruvate
(an intermediate of glycolysis) to form shikimate through a series of steps, which
further produces the end product Chorismate. Quinones, tocopherols, and aromatic
amino acids (Phe, Tyr.Trp) use Chorismate as a precursor. There is no correlation
known between the pool of syntheses, dehydratases, and kinases of the Shikimate
pathway and tocopherol biosynthesis. The limiting step of this pathway is the
reversible formation of 5-Enolpyruvylshikimate-3-phosphate (EPSP) catalyzed by
EPSP synthase. Chorismate upon the action of chorismate mutase forms Prephenate
that further diverges from the pathway to give raise to Phe and Tyr from arogenate
upon the action of arogenate dehydratase or arogenate dehydrogenase, respectively.
But, prephenate, upon the action of prephenate dehydrogenase, produces the first
intermediate in the tocopherol and tocotrienols biosynthesis which is
p-Hydroxyphenyl pyruvate (HPP). A small fraction of carbon from Tyr is also
incorporated in HPP formation by tyrosine aminotransferase (Lopukhina et al.
2001; Sandorf and Holländer-Czytko 2002), while Phe will be incorporated in
synthesis of lignin, flavonoids, and other phenylpropanoids, and HPP by the action
of HPP dioxygenase forms Homogentisate which is another precursor for
tococromanols (Rippert 2004).

The isoprenyl side chain of tocopherol is derived from Phytyl diphosphate (PDP).
Isopentenyldiphosphate (IPP) and its isomer dimethylallyldiphosphate (DMAPP)
are the precursors of PDP; they are synthesized fromMevalonate (MVA) and methyl
erythritol phosphate (MEP) pathways, respectively. The cytoplasmic MVA pathway
converts C15 sesquiterpenes into C30 triterpenes. On the other hand, plastidic MEP
pathway produces isopentenyl diphosphate which is a precursor of isoprenes, C10
Monoterpenes, C20 diterpenes, Carotenoids, and Plastoquinones along with phytol
conjugates like chlorophyll and tocopherols.

The MEP pathway begins with the transketolase-type condensation of pyruvate
and glycerldehyde-3-phosphate yielding 1-deoxy-D-xylulose-5-phosphate (DOXP)
by the action of DOXP synthase, which is a key enzyme in plastidic IPP synthesis.
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The IPP that is formed after subsequent steps is either isomerized to DMAPP or
retained as the final product as seen in higher plants (Lichtenthaler 2000).

Geranylgeranyl diphosphate (GGPP) is a 20C intermediate formed by 4molecules
of IPP (Munné-Bosch and Alegre 2002) and is a precursor for tocotrienols along

Fig. 12.2 A brief overview on the biosynthetic pathway of Tocopherols. The legend used in the
figure is explained in the bottom left corner. The numbers in the reaction correspond the enzymes as
follows: (1) 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase; (2) 3-dehydroquinate
synthase; (3) 3-dehydroquinate dehydratase; (4) shikimate dehydrogenase; (5) shikimate kinase;
(6) 5-enolpyruvylshikimate 3-phosphate synthase; (7) chorismate synthase; (8) chorismate mutase;
(9) prephenate aminotransferase; (10) arogenate dehydratase; (11) arogenate dehydrogenase;
(12) tyrosine aminotransferase; (13) prephenate dehydrogenase; (14) p-hydroxyphenylpyruvate
dioxygenase; (15) 1-deoxy-D-xylulose-5-phosphate (DOXP) synthase; (16) DOXP
reductoisomerase; (17) 4-(cytidine 50-diphospho)-methyl-D-erythritol (CDP-ME) synthase;
(18) CDP-ME kinase; (19) ME cyclodiphosphate synthase; (20) multistep reaction catalyzed by
two reductases and two dehydratases; (21) isomerase; (22) geranylgeranyl reductase; (23) chloro-
phyll synthase; (24) HPT (VTE2); (25) MOBQMT (VTE3); (26) TC (VTE1); (27) g-TMT (VTE4);
(28) HST
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with other products of plastid isoprenoid metabolism like carotenoids, chlorophyll,
and PDP (Ischebeck et al. 2006). Studies have shown that chlorophyll content in
plants is negatively correlated by tocopherol content. This leads to the conclusion
that tocopherol biosynthesis requires the chlorophyll-derived phytol as a precursor
(Rise et al. 1989; Valentin et al. 2006). Although feeding of free Phytol has shown
that significantly upregulated tocopherol content is Arabidopsis seedlings
(Ischebeck et al. 2006) and Sunflower cell culture (Furuya et al. 1987), unless the
free phytol is phosphorylated by two successive kinases on the chlorophyll envelop
membrane into phytyl phosphate and diphosphate previously, it is not a direct
precursor for tocopherol biosynthesis (Ischebeck et al. 2006).

Finally, the step to commit to tocopherol biosynthesis is the condensation for the
precursors, Homogentisate, and PDP, respectively, which is catalyzed by
homogentisate phytyltransferase to yield 2-methyl-6-phytyl-1,4-benzoquinone
(MPBQ). MPBQ upon the action of MPBQ methyltransferase converts to
2,3-Dimethyl-5-phytyl-1,4-benzoquinol (DMPBQ). Tocopherol cyclase finally
forms gamma tocopherol and delta tocopherol using DMPBQ and MPBQ as
substrates, respectively. Additionally, gamma tocopherols methyltransferase
methylates gamma and delta tocopherol to alpha and beta tocopherol, respectively.
Throughout this process, the key regulatory enzymes are p-hydroxyphenylpyruvate
dioxygenase, homogentisate phytyltransferase, and the two methyl transferases.

12.2.1 p-Hydroxyphenylpyruvate Dioxygenase

p-Hydroxyphenylpyruvate dioxygenase enzyme was isolated from plant, bacterial as
well as mammalian sources and found to have a homodimer or rarely a
homotetramer active region, with each of the subunit weighing 40–48 kDA (Endo
et al. 1992; Lindstedt and Odelhog 1987; Roche et al. 1982; Garcia et al. 1997; Wada
et al. 1975). It catalyzes a key step producing the first intermediate of the tocopherol
biosynthesis, Homogentisate from p-Hydroxyphenyl pyruvate. Along with tocoph-
erol biosynthesis, Homogentisate is also a precursor to a large variety of
plastoquinons and other elements involved in photosynthetic electron transport
chain, components of antioxidant system. The enzyme causes oxidative decarboxyl-
ation in the 2-oxoacid side chain of p-Hydroxyphenylpyruvate. The mechanism of
this reaction involves hydroxylation of aromatic ring followed by 1,2-migration of
carboxymethyl group (Jefford and Cadby 1981).

Inhibition of p-Hydroxyphenylpyruvate dioxygenase will inhibit tocopherol and
plastoquinone biosynthesis, which inhibits carotenoid desaturation leading to
phytoene accumulation which causes photooxidation of plastids. As a result, this
enzyme is often targeted in bleaching herbicides. A study involving inactivation of
Arabidopsis gene coding for p-Hydroxyphenylpyruvate dioxygenase, At1g06590, at
PDS1 locus leads to inability to synthesize both tocopherol and plastoquinone
(Norris et al. 1998). However, a similar inhibition of Hydroxyphenylpyruvate
dioxygenase homolog in Synechocystis only led to impaired tocopherol biosynthesis
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and didn’t affect plastoquinone biosynthesis, which indicates that this enzyme is not
involved in plastoquinone biosynthesis in Synechocystis (Dahnhardt et al. 2002).

Additionally, a study involving increased expression of
p-Hydroxyphenylpyruvate dioxygenase didn’t result in increased tocopherol bio-
synthesis, which indicates that either this gene alone is not sufficient to enhance
tocopherol biosynthesis or since this enzyme only produces homogentisate, an
enhanced tocopherol yield must also require a mechanism to enhance homogentisate
degradation which can push the flux forward (Tsegaye et al. 2002a, b). However, this
result varied on a case to case basis; overexpression of p-Hydroxyphenylpyruvate
dioxygenase in tobacco plant, for instance, showed no tocopherol yield enhancement
in leaves, but a twofold enhancement in seeds (Falk et al. 2003), a seven-fold
increase when this gene was overexpressed in Synechocystis, and a ten-fold increase
when combined with overexpression of Eh-tyrA in the same species (Karunanandaa
et al. 2005).

12.2.2 Homogentisate Phytyltransferase

Homogentisate phytyltransferase performs the committing step towards tocopherol
biosynthesis, by condensation of Homogentisate ring and Phytyl diphosphate tail.
Additionally, Homogentisate phytyltransferase also catalyzes condensation of
Homogentisate with Geranylgeranyl diphosphate to form tocotrienols and
Homogentisate with solanesyl diphosphate to form plastoquinone-9, respectively
(Dellapenna 2005; Dellapenna and Pogson 2006). As a result, this enzyme shows a
high flux coefficient (Collakova and Dellapenna 2003a). Although Homogentisate
phytyltransferase uses both Phytyl diphosphate and Geranylgeranyl diphosphate as
its substrates, in Arabidopsis and Synechocystis, Homogentisate phytyltransferase
tends to preferentially use Phytyl diphosphate as a substrate (Karunanandaa et al.
2005; Collakova and DellaPenna 2001).

Studies on Synechocystis sp. PCC6803 and Arabidopsis thaliana have shown that
homogentisate phytyltransferase is a limiting enzyme for tocopherol biosynthesis
(Collakova and Dellapenna 2001; Collakova and Dellapenna 2003a; Schledz et al.
2001). Synechocystis showed a complete absence of tocopherol production in
photoautotrophic environment and a four-fold decreased production in
photoheterotrophic environment when its Homogentisate phytyltransferase was
disrupted (Collakova and Dellapenna 2001; Savidge et al. 2002; Schledz et al.
2001). However, in all these experimental conditions, plastoquinone-9 synthesis
remained unchanged, which indicates that different unrelated polyprenyltransferases
are involved in tocopherol biosynthesis and plastoquinone biosynthesis in
Synechocystis.

Tobacco has shown a reduction of tocopherol by up to 98% due to homogentisate
phytyltransferase silencing (Abbasi et al. 2007). Additionally, a study involving
HPT1 over expression led to enhancement of homogentisate phytyltransferase
activity by ten-fold and consequently increasing the tocopherol content by 4.4-fold
in leaves (majorly α-tocopherol and by a small extent c-tocopherol) and 1.4-fold in
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seeds (majorly γ-tocopherol) of Arabidopsis (Collakova and DellaPenna 2003a).
Interestingly, when homogentisate phytyltransferase was co expressed with
c-Tocopherol methyltransferase, the excess c-tocopherol converted to a-tocopherol
as a consequence of almost complete methylation. Additionally, overexpression of
these co-expressed enzymes led to enhanced tocopherol synthesis by 3.2-fold in
leaves and 12-fold in seeds of Brassica napus (Lassner et al. 2001).

12.2.3 Tocopherol Cyclase

Tocopherol cyclase is an enzyme present in chloroplast and catalyzes the conversion
of 2-methyl-6-phytyl-1,4-benzoquinone (MPBQ) or 2,3-dimethyl-6-phytyl-1,4-ben-
zoquinone (DMPBQ) to δ-tocopherol and γ-tocopherol, respectively; this is the
penultimate step of tocopherol biosynthesis (Zbierzak et al. 2010). The activity of
cyclase is with regard to the chromanol ring, an oxygen containing heterocycle at the
junction between the phytyl tail and homogentisate head (Sattler et al. 2003).
Tocopherol cyclase was isolated, identified, and annotated for the first time from
Anabaena variabilis (Stocker et al. 1993).

It was further noted that tocopherol cyclase originated from the locus At4g32770
of Chr 4 holding the gene VTE1, A. thaliana, VTE1-deficient mutants showed
deficient Tocopherol cyclase activity and E. coli VTE1 overexpression enhanced
tocopherol cyclase activity, which led to the conclusion that VTE1 encoded tocoph-
erol cyclase (Hofius and Sonnewald 2003). Before the characterization of VTE1,
sxd1, a tocopherol cyclase mutant maize, was already identified as a cause of
carbohydrate accumulation in leaves due to disruption in symplastic movement of
the molecules as a result of callose deposition between bundle sheath and vascular
parenchyma cells (Ma et al. 2008; Russin et al. 1996; Provencher et al. 2001).
However, recent studies have concluded that Arabidopsis VTE1 and Maize SXD1
along with stSXD1 from Solanum tuberosum are single copy orthologues coding for
Tocopherol cyclase, accounting to 62% amino acid sequence identity (Hofius and
Sonnewald 2003; Porfirova et al. 2002; Sattler et al. 2003; Hofius et al. 2004). It was
observed that downregulation of all these genes coding for Tocopherol cyclase led to
identical primary biochemical phenotypes characterized by accumulation of the
substrate DMPBQ (Sattler et al. 2003). A notable difference was that, in contrast
to SXD1 of Maize, the Arabidopsis VTE1 downregulation didn’t show any sucrose
export phenotype indicating that carbohydrates and anthocyanins didn’t accumulate
in Arabidopsis. SXD1 phenotype, thus, is an early evidence of tocopherols function-
ing as a signaling molecule in C4 plant metabolism (Sattler et al. 2003). Addition-
ally, disruption of stSXD1 by RNAi showed defective photoassimilate export in
addition to tocopherol deficiency in the C3 crop, potato (Hofius et al. 2004).

Another study conducted against Tocopherol cyclase activity and temperature as
parameters concluded that at lower temperature, sugar and starch accumulation took
place in Arabidopsis HPT mutant vte2 (Maeda et al. 2006, 2008). When tocopherol
deficiency was induced in the same mutant line at the same cold temperature, lipid
composition of endoplasmic reticulum was observed. This suggests that the
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disruption of photoassimilate transport at lower temperature was a result of tocoph-
erol deficiency; thus indicating the extra plastidic function of tocopherol in endo-
plasmic reticulum lipid metabolism (Mène-Saffrané and DellaPenna 2010).

12.2.4 Methyltransferases

γ-tocopherol methyl transferase and 2-methyl-6-phytyl-1,4-benzoquinone
methyltransferases (MPBQ MT) are the 2 major methyltransferases that determine
the composition of tocopherol in the plant tissue which consequently decides the
vitamin E activity, unlike the other key enzymes that primarily regulated net
tocopherol flux. γ-Tocopherol methyl transferase catalyzes the conversion of
γ-tocopherol and δ-tocopherol to α-tocopherol and β-tocopherol; this is the final
step in the tocopherol biosynthesis pathway. MPBQ MT catalyzes the formation of
2,3-dimethyl-6-phytyl-1,4-benzoquinone by methylation of the first prenylquinone
intermediate (Shintani et al. 2002). MPBQ MT also participates in the final step of
plastoquinone biosynthesis by catalyzing the methylation of 2-methyl-6-solanyl-1,4-
benzoquinone at its third carbon.

It was observed that the characteristic S-adenosylmethionine binding domain of
γ-tocopherol methyltransferase among others was present in VTE4 of A. thaliana
and slr0089 of Synechocystis sp. PCC6803; thus concluding that these genes
encoded for γ-tocopherol methyltransferase (Shintani and Dellapenna 1998;
Bergmüller et al. 2003). Similarly, VTE3 of A. thaliana and Sll0418 gene of the
Synechocystis sp. PCC6803 were found to code for MPBQ MT based on its
homology with γ-tocopherol methyl transferase. However, these VTE3 and
sll0418 are not orthologous and only share an identity of 18% amino acids, unlike
the orthologous genes coding for the other key enzymes. This was verified experi-
mentally by altering its expression which led to change in tocopherol composition,
with accumulation of β-tocopherol, while the net tocopherol content remains
unchanged.

The partial VTE3 disruption led to higher amounts of β-tocopherol and
δ-tocopherol, but consequently a lower amount of α-tocopherol and γ-tocopherol.
A complete VTE3 disruption, on the other hand, caused complete accumulation of
β-tocopherol and δ-tocopherol (Cheng et al. 2003). VTE3 overexpression in trans-
genic Soybean led to reduced amount of β-tocopherol and δ-tocopherol and a
consequent increase in amount of α-tocopherol and γ-tocopherol (Van Eenennaam
et al. 2003).

Further, γ-tocopherol accumulation and very small amounts of δ-tocopherol with
complete absence of α-tocopherol and β-tocopherol were observed in leaves of vte4
mutant A. thaliana. However, the net tocopherol content remained unchanged in this
mutant; this indicated a disruption of γ-tocopherol methyl transferase (Bergmüller
et al. 2003; Semchuk et al. 2009). Similar results were observed in Nicotiana
tabacum where disruption of γ-tocopherol methyl transferase led to 95% decline
in α-tocopherol content in the leaves which was compensated by higher amount of
γ-tocopherol (Abbasi et al. 2007). Additionally, higher conversion rates of
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γ-tocopherol were reported to α-tocopherol accounting to higher γ-tocopherol
methyl transferase activity in Lactuca sativa with overexpressed Arabidopsis
γ-tocopherol methyl transferase gene (Cho et al. 2005).

Studies involving overexpression of B. napus VTE4 gene in A. thaliana have
reported a raise in the amount of α-tocopherol by 50-fold while keeping the net
tocopherol amount constant (Endrigkeit et al. 2009). Similarly, overexpression of
γ-tocopherol methyl transferase in soybean led to a ten-fold increase in α-tocopherol
amount and a 15-fold increase in β-tocopherol amount, consequently increasing the
effective vitamin E activity by five-fold. Another similar study involving simulta-
neous overexpression of VTE1 (which led to accumulation of Plastochromanol-8),
VTE4, caused the conversion of a fraction of the accumulated Plastochromanol-
8 into α-tocopherol and 5-methyl-plastochromanol-8; clearly indicating that
although γ-tocopherol methyl transferase could use plastochromanol-8 as a sub-
strate, it preferentially uses γ-tocopherol (Zbierzak et al. 2010). Finally, there have
also been reports of almost complete tocopherol content in a plant converting to just
α-tocopherol, resulting in 95% α-tocopherol when both VTE3 and VTE4 were
expressed simultaneously in soybean (Van Eenennaam et al. 2003).

12.3 Production of Tocopherol From Cell and Organ Cultures

Callus cultures consist of an undifferentiated, proliferating mass of cells usually
arising on wounds of differentiated tissues and cells. Callus can be initiated either
from the source tissue synthesizing the secondary compound of interest or from
other tissues like embryo. Generally, the plants which accumulate relatively high
yields of specific secondary metabolites give rise to tissue cultures producing high
levels of secondary metabolites and vice versa. This is because the capacity for the
biosynthesis of secondary metabolites is genetically determined (Lindsey and Yeo-
man 1985). Callus can be used to establish single cell suspension culture by using
batch and continuous fermentation techniques and can be easily scaled up for the
production of biomass and metabolite content in a short period of time. Furuya et al.
(1987) established the callus and cell suspension cultures from petal explants of
Carthamus tinctorius (Safflower) cultured on MS medium supplemented with 1 ppm
2,4-D and 0.1 ppm KN and further cell lines were analyzed in terms of both growth
rate and amounts of tocopherols produced. Furthermore, tocopherol production was
effectively stimulated by addition of biosynthetic precursors, such as phytol admin-
istration as precursor increased the total tocopherol content by 18-fold and
α-tocopherol content by some 11-fold on dry weight basis (Furuya et al. 1987).
Studies have shown that media supplemented with precursors like phytol and
homogentistic acid had improved the production of α-tocopherol by safflower callus
culture. In recent times, the focus has shifted to analyze the conditioning factor and
dissolved oxygen in media as a limiting factor in production of α-tocopherol. A
batch culture system was established by Takeda et al. (1993) to study these factors.
The results showed that by increasing dissolved oxygen up to 9 mg/L showed a
linearly increased yield of product by the culture. Additionally, the conditioning
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factor released by the cells had an impact on the product yield and its presence in the
early stages of batch culture was significant in product production (Takeda et al.
1993). A structured model study was designed to examine the respiratory
intermediates as rate limiting factor for plant cell growth and production of second-
ary metabolites like tocopherol. Cell structure components and storage
carbohydrates were also considered as constituting compartments. Both batch and
semi-batch fermenters were set with safflower cell culture to study the growth
kinetics and analyzed the products formed. Studies confirm that the production of
tocopherol was limited by the intracellular concentrations of the respiratory
intermediates and compounds involved in casamino acid active transport from the
medium (Takeda et al. 1998).

Culture conditions were optimized for α-Tocopherol using callus and suspension
cultures of sunflower (Helianthus annuus) as bio-factories for large-scale produc-
tion; wherein MS medium supplemented with 0.5 mg/l BAP and 0.5 mg/l NAA
(MS-N5B5) in combination with casaminoacids (CA) and myo-inositol (MI) both at
concentration of 0.1% were effective for production of α-tocopherol. Further,
addition of biosynthetic precursors homogentisic acid and phytol into culture
media had enhanced the in vitro production of α-tocopherol by approximately
30%. Longer subculture intervals were also found to be more efficient for production
of α-tocopherol by 78% (Caretto et al. 2004). Sunflower cell suspension culture was
established in 5 L bioreactor and in shaker flask to analyze the metabolite content. In
both culture mode, the amount of α-tocopherol produced was high during initial
culture period of 2 days. Later on, the concentration reduced and this may be
attributed to the stress condition the cells experience because of inoculation proce-
dure. α-tocopherol production can be increased in culture on a continuous basis by
subjecting the cells to different stress factors (Gala et al. 2005). However, bioactive
metabolite production was high with bioreactor compared to shaker flask as the
aeration was high in bioreactor, resulting in more ROS production in turn inducing
antioxidant tocopherol synthesis by cells (Haas et al. 2008). Two cell lines [High
yielding (HT) and low yielding (LT)] of sunflower (Helianthus annuus L. cv.
Gloriasol) cultures were cultured in in vitro and their growth rate and production
of antioxidant molecules such as α-tocopherol, ascorbate (ASC), and the tripeptide
glutathione (GSH) were studied. HT cell line was reported to produce higher amount
of all these antioxidant metabolites compared to LT cell line. The results obtained
can be correlated to better efficiency to withstand the adverse stress effect by HT cell
lines by producing antioxidants. HL cell line also produced ASC and GSH contents
more than that can increase tocopherol production efficiency, while LT cells respond
to the stress effect by producing ascorbate peroxidase and catalase (Caretto et al.
2002). Earlier studies have identified that two well-established sunflower cell lines,
namely HL and LT, were capable of synthesizing tocopherol with varying efficiency
where HL was more potent than LT (Caretto et al. 2002). In a study conducted by
Fachechi et al. (2006), a new cell line was derived from HS3 from HL cell line by
limited sucrose supply in medium. This Photomixotrophic cell line was compared to
HL and TL with respect to various parameters such as photosynthetic activity,
chlorophyll content, chloroplast number, photosynthesis-related enzymes (Rubisco),
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and α-tocopherol production. The lack of exogenous supply of carbon source had
improved their photosynthetic ability and also showed three-fold increase in tocoph-
erol synthesis in comparison to HL and LT. Further studies also revealed higher
expression of gene coding for enzyme geranyl-geranylpyrophosphate synthase
(GGPPS), which is involved in chloroplast metabolism for the biosynthesis of
α-tocopherol. This clearly explains that the cells with high photosynthetic activity
are always a better candidate for natural Vitamin E production (Fachechi et al. 2006).

Nisi et al. (2010) studied the effect of aeration on production of α-tocopherol
using Arabidopsis thaliana cell suspension culture, where the culture system was
maintained on MS medium supplemented with 30 g/l sucrose, 0.5 mg/l NAA,
0.05 mg/l Kinetin, and under continuous light (125 μmol photons m�2 s�1). When
the suspension culture was maintained as static culture, there was 62% increase in
production of α-tocopherol as compared to culture in shaker after 16 to 24 h. The
main reason for this difference in production is the lack of oxygen transfer in static
cultures which acts as stress factor and impairs the cellular redox balance, and in
turn, induces the production of antioxidant metabolite leading to increase in
α-tocopherol content. Harish et al. (2012) also studied the effect of intermediates/
precursors (tyrosine, p-hydroxyphenyl pyruvic acid, homogentisic acid (HGA), and
phytol in different concentrations and combinations) supplementation on the bio-
synthesis of α-tocopherol using tobacco cell suspension cultures. The results showed
that combination of intermediates/precursors (150 μM HGA + 100 μM phytol) was
beneficial and enhanced α-tocopherol production by approximately 36%. Overall
feeding the cell suspension cultures with intermediates/precursors has been found to
show a positive response in increasing the α-tocopherol content. Geipel et al. (2013)
studied the effect of photomixotrophic and heterotrophic conditions on callus culture
of sunflower (Helianthus annuus L.) for production of α-tocopherol. Callus was
induced using different explants like stem, hypocotyls, cotyledons, and leaves; and
good callus induction was obtained from stem on MS media supplemented with
0.5 mg/l NAA and 0.5 mg/l 6-BAP. The callus so obtained was further used for
tocopherol production. Photomixotrophic culture was maintained with callus on
solid MS at 26 �C and high light intensity of 165 μmol m�2 s�1 with varying
concentration of sucrose (30, 15 and 3 g/l), in order to enhance photosynthetic
activity for a better yield of tocopherol. The results proved that culture with
low concentration of sucrose (3 g/l) showed poor growth, while the callus on
MS media with higher amounts of carbon source (15 and 30 g/l) expanded well,
initially pale yellow and, in later stages, callus showed green pigmentation under
photomixotrophic conditions. A considerable increase of around 230% of
α-tocopherol production in the cells was obtained within the photomixotrophic cell
culture (40 μg/g DW) compared to a heterotrophic cell culture (15 μg/g DW). The
high yield of α-tocopherol in photomixotrophic culture is due to photoactive stimu-
lation of α-tocopherol biosynthetic pathway (Geipel et al. 2013). Application of
UV-C radiation to increase the production of α-tocopherol has been worked out by
optimizing certain parameters like irradiation duration, distance from samples, and
incubation time for grape (Vitis vinifera L. Öküzgözü) calli. The results have shown
that α-tocopherol content increased with 10 min UV-C radiation exposure when
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maintained at 30 cm after 24 and 48 h of incubation time. However, effects of UV
irradiation on tocopherol contents can change depending on the genotypes (Cetin
2014). Arabidopsis cells suspension culture was maintained in stirred tank bioreactor
in order to study the effect of oxygen concentration over its ability to produce
secondary metabolite. Culture was initially maintained in anoxia state without
aeration for 8 h followed by reoxygenation. This varied oxygen concentration
disturbs the balance of redox state of cells. In response to this, plant cells produce
ROS, H2O2, and NO, which were observed using Confocal Laser Scanning Micros-
copy and fluorescent probes. Cells also trigger their antioxidant defense system by
producing several molecules, both hydrophilic and lipophilic such as ascorbic acid,
glutathione, and α-tocopherol in order to reach redox homeostasis. Thus, when plant
cells are maintained under oxidative stress conditions, anoxia or hypoxia had
resulted in significant raise in α-tocopherol in medium (Blokhina et al. 2003;
Paradiso et al. 2016).

Callus obtained from petiole tissue of grape was used to establish cell suspension
culture in order to study the effect of cadmium chloride on production of
α-tocopherol. 1.0 mM concentration of CdCl2 was optimal to enhance the produc-
tion of tocopherol. When this metabolite was measured at regular interval of 2 days,
there was gradual increase in its concentration until 6 days, after which its concen-
tration reduced. Further studies concluded that when concentration was increased to
1.5 mM CdCl2, an increase in exposure time drastically reduced the efficiency of
culture to produce the product. This is due to the toxic effect of CdCl2 affecting the
cell viability. However, at lower concentration they serve as stress inducer in culture,
resulting in production of ROS and antioxidant metabolites like α-tocopherol and
antioxidant defense system such as catalase, superoxide dismutase, and glutathione
reductase to cope up with stress and also as potent defense mechanism (Cetin et al.
2014).

Elicitation strategy has been employed to study the effect of methyl jasmonate on
the cell cultures for production of α-tocopherol (Antognoni et al. 2009), where callus
culture was established from Amaranthus caudatus and Chenopodium quinoa using
different explants such as hypocotyls, cotyledon, and leaves. Best results were
obtained with hypocotyl explants and callus was initiated best on MS medium
supplemented with 2.0 mg/L 2,4-D and 0.75 mg/L Kinetin. α-tocopherol produced
by these callus cultures was low when compared to greenhouse grown plant.
Production of α-tocopherol improved when methyl jasmonate (MJ) was used as
elicitor, but the growth hormones used in media and duration of exposure had an
effect on α-tocopherol production. For A. caudatus, callus grown on media with BA
as the cytokinin and when exposed to MJ (100 μM) for 72 h showed a good response
in production of product compared to media with KIN. The increase in α-tocopherol
content is associated with a proportional increase in tyrosine aminotransferase (TAT)
activity, which is one of the key enzymes involved in biosynthesis of tocopherol. In
case of C. quinoa, callus cultures did not show any elicitor response towards
α-tocopherol production with MJ. This varied response to elicitor can be attributed
to species-specific sensitivity to elicitors (Antognoni et al. 2009). Improved produc-
tion of 49% and 66% of α-tocopherol has been reported in cell cultures of sunflower
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and Arabidopsis, respectively, elicited with jasmonic acid concentration of 5 mM for
72-h treatment (Gala et al. 2005). Carthamus tinctorius cell cultures were
established and examined the effects of plant growth regulators, incubation period,
and biotic and abiotic elicitors on cell growth, α-tocopherol, and pigment (red and
yellow). Significant improvement in the cell growth, α-tocopherol, and pigment
content was observed on MS liquid medium supplemented with 50.0 μM NAA
and 2.5 μMBA on 28 days of incubation period. Addition of T. versicolor at 50 mg/l
significantly increased the production of α-tocopherol (12.7-fold) and red pigment
(4.24-fold) among other biotic elicitors used. Similarly, supplementation of 30 mg/
l T. versicolor (7.54-fold) and 70 mg/l Mucor sp. (7.40-fold) significantly increased
the production of yellow pigment. Among the abiotic elicitors studied, NaCl
(50–70 mg/l) and MgSO4 (10–30 mg/l) notably improved production of
α-tocopherol (1.24-fold) and red pigment (20-fold). Increase in the yellow pigment
content was found with all the abiotic elicitor treatments. These fungi can bind to
receptors on plant cell, and thus trigger signal transduction leading to expression of
genes that participate in α-tocopherol synthesis pathway (Chavan et al. 2011). The
effect of elicitors on Linum usitatissimum L. (Flax) cell suspension culture over its
potential in production of tocopherol production has been evaluated. Three different
elicitors were used in the study, mainly the chemical derivatives of β-cyclodextrins
(CD) such as hydroxypropylated-β-cyclodextrins (CDH) or
methylated-β-cyclodextrins (CDM) were used as they were analogue to alkyl-
derived oligosaccharides that are released by plant cells during fungal infections.
The second elicitor was (Z)-3-hexenol (Hex) which is a leaf C6-volatiles produced
by plants during natural attack by enemies. β-Glucans (Glu) was the third elicitor
which was fungi-based oligosaccharide produced during plant infection. These
elicitors’ effect was tested individually as well as in combination. The studies
revealed that CDM was not effective in increasing the production of tocopherol by
the suspension culture when elicited individually or in combination with Glu and
Hex. On the other hand, CDH proved to be an effective elicitor which could increase
target metabolite production at two different concentrations, 25 mM or 50 mM,
when used with other elicitor combination of Glu (174 mg/g DW) or Hex (257 mg/g
DW), which proved to be excellent elicitor combination and resulted in high
extracellular release and intracellular accumulation of tocopherol. Synergistic effect
of these elicitors on flax cell suspension culture proved beneficial (Almagro et al.
2016). p-hydroxyphenylpyruvate dioxygenase (HPPD) obtained from A. thaliana
(At-HPPD) was overexpressed inH. annuus plant cell lines. The established cell line
showed enhanced antioxidant activity and resistance to Sulcotrione which is an
enzyme inhibitor of p-Hydroxyphenylpyruvate dioxygenase (HPPD). Studies also
revealed this to be the top ranked enzyme in biosynthetic pathway of α-tocopherol as
the yield of this product was ten-fold higher than untransformed plant cells. HPPD
can be considered as a crucial enzyme for metabolic engineering for production of
α-tocopherol by plant cells. (Srinivasan et al. 2019).

Hairy and adventitious root cultures are extensively used for mass production of
plant-derived bioactive molecules. Adventitious root culture can easily adopt to
stress factors and serve as feasible method for mass culture using bioreactors for
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commercially important secondary metabolite. Hairy root cultures
are transformed root by Agrobacterium rhizogenes infection and are considered to
be one of the best in vitro culture methods for production of secondary metabolites.
This kind of in vitro culture system is highly recommended due to its chromosomal
stability and high secondary metabolite production efficiency (Murthy et al. 2008;
Korde et al. 2016). Corylus avellana L. (hazelnut) is a good source for vitamin E, a
potent antioxidant molecule used in treatment of various diseases such as
Alzheimer’s and cardiovascular diseases. Adventitious roots were induced from
hazelnut and the cultures were established for production of tocopherol. Addition
of elicitor molecules into the culture system influences/triggers the biosynthetic
pathway, leading to higher metabolite yields. The hazelnut adventitious root cultures
were elicited with methyl jasmonic acid before 5 days of harvest of the biomass and
the cultures elicited with 100 μM/L were found to be more beneficial as they were
able to produce α-tocopherol content 4 times higher than that of the unelicited
cultures (Bacchetta et al. 2009). Ginseng (Panax ginseng CA Mayer) adventitious
roots were established and studies were carried out to evaluate the effects of different
light spectra, where the ginseng roots were irradiated with (red-630 nm, blue-
465 nm) LED light or fluorescent lamp (FL) light. The quantitative results showed
that ginseng adventitious roots irradiated with blue LED light had enhanced
concentrations of α-tocopherol and β-amyrin, as well as phenolic acids compared
with FL-irradiated ginseng adventitious roots (Park et al. 2013).

12.4 Metabolic Engineering Studies for Enhanced Production
of Tocopherol

Plants are the excellent source for plethora of beneficial metabolites which are
produced by complex multistep enzymatic reactions. Studies have proved that by
identifying the key genes involved in a particular pathway and by genetic engineer-
ing, one can manipulate the metabolism of plant cells and induce them to serve as
factory producing bioactive molecules, which are commercially important. Stable
and upregulation of these genes can improve the efficiency of cells to enhance the
yield of interested products. (Verpoorte et al. 2000; Ebrahimi and Mokhtari 2017).

Tsegaye et al. (2002a, b) produced transgenic Arabidopsis plant overexpressing
the enzyme p-hydroxyphenylpyruvate dioxygenase (HPPD), which catalyzes the
conversion of p-hydroxyphenylpyruvate to homogentisic acid (HGA), the aromatic
precursor for the biosynthesis of vitamin E (α-tocopherol) and plastoquinone.
Analysis of tocopherol from leaf and seed material revealed that increased expres-
sion levels of HPPD led to an increase of 37% tocopherol in leaf and 28% in seed
when compared with control. The results showed that levels of HPPD and HGA are
at least a single factor limiting the tocopherols’ production in photosynthetic and
non-photosynthetic plant tissues. HGA phytyltransferase (HPT) is one of the
committed steps in biosynthesis of tocopherol. Studies have been conducted to
evaluate whether HPT activity is limiting for tocopherol synthesis in plants; the
gene encoding Arabidopsis HPT, HPT1, was constitutively overexpressed in
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Arabidopsis. In leaves, overexpression of HPT1 showed a ten-fold increase in
HPT-specific activity and, in turn, total tocopherol content also increased to 4.4-
fold compared to wild type. In seeds, overexpression of HPT1 resulted in a four-fold
increase in HPT-specific activity and 40% higher total seed tocopherol content was
observed than wild type, which is primarily because of an increase in γ-tocopherol
content. The pool of γ-tocopherol so obtained was almost converted to α-tocopherol
by crossing HPT1 overexpressing plants with lines constitutively overexpressing
γ-tocopherol methyltransferase. The seed of the lines which was overexpressed
twice had a 12-fold increase in vitamin E activity relative to wild type (Collakova
and DellaPenna 2003a, b). cDNAs encoding homogentisic acid
geranylgeranyltransferase (HGGT), which catalyzes the committed step of
tocotrienol biosynthesis, were isolated from barley, wheat, and rice. Gene was
expressed in A. thaliana and tobacco callus under the control of cauliflower mosaic
virus (CaMV) 35S promoter. Tobacco callus showed high amount of α-tocopherol,
while transgenic expression of HGGT in A. thaliana resulted in accumulation of
tocotrienols which were absent in non-transformed plants and a total of 10 to 15-fold
increase of vitamin E antioxidants (tocotrienols + tocopherols) was evident. Six-fold
increase in the content of tocotrienol and tocopherol was observed when the barley
HGGT overexpressed in corn seeds. This provides clear evidence that HGGT-
catalyzed pathway produces tocotrienols (Cahoon et al. 2003). Rippert (2004)
reported the production of transgenic tobacco plants overexpressing Prephenate
dehydrogenase (PDH) gene from yeast and HPPD gene of tobacco plant in order
to increase Hydroxyphenylpyruvate(HPP) and homogentisic acid (HGA) influxes,
the aromatic precursors for vitamin E. Thus, the co-expression of PDH and HPPD
resulted in 10 to 11-fold increase in production of Vitamin E in transgenic plant
compared to wild type. P. frutescens γ-TMT gene was expressed in soya seed which
was considered to be one of the limiting factors for the production of α-tocopherol.
Somatic embryos derived from the cotyledon of soya seeds were bombarded with
transgene construct for expression of γ-TMT gene under the control of seed-specific
promoter for seed-specific expression of γ-TMT gene. Transgenic soyabean plants,
so obtained, showed a higher yield of α-tocopherol when compared to
non-transgenic plants (Tavva et al. 2006). Similar kind of studies was performed
to express tomato γ-TMT gene in canola cultivar for better yield of α-tocopherol
through Agrobacterium tumefaciens-mediated transformation (Babaei
and Hosseini 2019).

Transformation studies were initiated for stable expression of γ-TMT (-
γ-tocopherol methyltransferase) that catalyzes the conversion of γ-tocopherol into
α-tocopherol in Perilla frutescens Britt with Agrobacterium tumefaciens. The gene
was cloned under the control of seed-specific vicillin promoter, and the confirmation
of the transgene was performed through molecular characterization. Regenerated
plants showed an enhanced yield of α-tocopherol and also high ratio of α-tocopherol:
γ-tocopherol (α-tocopherol and γ-tocopherol contents ranged from 0.9–11.4 mg/
100 g and 199.4–272.8 mg/100 g, respectively, in untransformed plants to
α-tocopherol and γ-tocopherol contents were 153.2–200.4 mg/100 g, and
37.1–59.6 mg/100 g, respectively, in transformed plants). This conversion was
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observed because of the overexpression of γ-tocopherolmethyl transferase (Lee et al.
2007). Similar overexpression studies of γ-tocopherolmethyl transferase gene driven
by CaMV 35S promoter for enhancement of α-tocopherol have been reported in
Perilla frutescens (Ghimire et al. 2011). Transgenic approach was applied for
increasing the content of α-tocopherol in tobacco where constitutive overexpression
of the genes [Arabidopsis homogentisate phytyltransferase (HPT) and tocopherol
cyclase (TC)] involved in α-tocopherol biosynthesis has been expressed in tobacco
through Agrobacterium-mediated transformation. The confirmation of the
transgenes was performed through molecular analyzes of PCR, RT-PCR, and South-
ern hybridization and the α-tocopherol content in transgenic plants expressing HPT
and TC increased by 5.5 and 4.1, respectively, over the wild type. The activities of
these 2 genes were found to be beneficial in increasing the levels of α-tocopherol in
tobacco plants (Harish et al. 2012). Genetic engineering of chloroplast was
employed to improve the tocopherol production ability in tobacco and lettuce plants.
Transplastomic tobacco and lettuce with Toc cyclase (TC) or γ-Toc
methyltransferase (γ-TMT) gene and the TC plus γ-TMT genes in chloroplast
genome were obtained for studies. In pTTC-TMT plants, total Tocopherol content
was higher than wild plants and majorly composed of α-tocopherol. In pTTC plants,
there was significant increase in tocopherol content and mostly comprised of
γ-tocopherol isoform. However, pTMT plants reported a decrease in γ-tocopherol,
but total phenol content and α-tocopherol were low compared to wild type (Yabuta
et al. 2012).

2-methyl-6-phytyl-1, 4-benzoquinol methyltransferase (MPBQ-MT) is an impor-
tant enzyme catalyzing methylation step in both α/γ-tocopherol and plastoquinone
biosynthetic pathways. Gene-encoding MPBQ-MT was isolated from lettuce
(Lactuca sativa) and overexpressed in lettuce which brought a significant enhance-
ment of α- and γ-tocopherol contents and also reduction in phylloquinone content
was evident. This suggested a competition for a common substrate PDP between the
two biosynthetic pathways. Further increase in the concentration of tocopherol and
plastoquinone levels by overexpression of LsMT also showed improvement of
plants’ tolerance capacity and photosynthesis under light stress (Tang et al. 2016).
Expression of homogentisate phytyltransferase (HPT) and tocopherolcyclase
(TC) isolated from Arabidopsis thaliana was transiently expressed in Nicotiana
benthamiana by Agrobacterium-mediated method for industrial production of
α-tocopherol. The expression of the gene was done individually and in combination.
Molecular approaches were used to confirm the presence and expression of these
transgenes. HPLC analysis was used to quantify the tocopherol content in leaves
where 4.2, 5.9, and 11.3-fold increase was observed in transgenic leaves expressing
homogentisate phytyltransferase (HPT), tocopherolcyclase (TC), and HPT + TC,
respectively. Thus, combined expression of HPT and TC can greatly influence the
plant’s efficiency to produce the product (Sathish et al. 2018).
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12.5 Extraction and Detection Techniques of Tocopherols From
Plant Samples

Tocopherols and Tocotrienols can be extracted from plant samples by soxhlet
method, cold pressing, or Bligh-Dyer method (Bligh and Dyer 1959), which uses
a combination of solvents (Chloroform, methanol, and water) with a vigorous
homogenization process. Though the oil content from Faveleira seeds (Cnidoscolus
quercifolius) was reported to be high in soxhlet extraction, the tocopherol content
was found to be highest in cold-pressed method (21.56 mg/100 g) followed by
Bligh-Dyer method (9.01 mg/100 g) and completely absent in soxhlet extraction due
to the exposure and drying of samples at high temperature for longer durations
(Riberio et al. 2019). Ching et al. studied α-tocopherol content in sixty-two edible
plants by subjecting them to saponification and extracting the sample by Konings
method (Konings et al. 1996). The common solvents used for the tocopherol
extraction are ethanol for cereal grains (Panfili et al. 2003), hexane for legumes
(Kalogeropoulos et al. 2010), methanol: dichloromethane (1:2) for leafy vegetables
(Cruz and Casal 2013), acetone for wheat (Ziegler et al. 2015), acetonitrile for barley
(Tsochatzis and Tzimou-Tsitouridou 2015), and hexane: isopropanol (3:2) for lentils
(Zhang et al. 2014). Some of the common extraction methods used for the extraction
of tocopherols from plant samples have been mentioned in Table 12.1.

After the extraction of tocopherols with suitable techniques, its separation and
confirmation can be performed by using any one of the several commonly used
analytical techniques like Thin Layer Chromatography (TLC), High Performance
Liquid Chromatography (HPLC), Gas chromatography (GC-MS), Capillary
electrochromatography (CEC), Supercritical fluid chromatography (SFC), and
Nano-liquid chromatography (Nano-LC). The diluted samples are subjected to
Liquid Chromatography coupled with detectors like photodiodes, ultraviolet, fluo-
rescence, evaporative light scattering, flame ionization, charged aerosol detectors,
and mass spectrometer (Saini and Keum 2016). The commonly used liquid chroma-
tography is a Reverse Phase High Performance Liquid Chromatography (RP-HPLC)
which uses a C-18 column. The mobile phase may be of 100% methanol (Riberio
et al. 2019), Methanol: water (94:6) (Ching and Mohamed 2001) or a mixture of
85% methanol, 7.5% ethanol, and 7.5% acetonitrile (Abu-Fayyad and Nazzal 2017).
The solvent is eluted in an isocratic manner with the flow rate of 1–1.5 mL/min and
the tocopherol is detected at 292 nm. Column chromatography packed with silica gel
and a mobile phase with a gradient elution of n-hexane and increasing amount of
ethyl acetate (0–12%) were used to extract Vitamin-E isomers from oil palm (Elaeis
guineensis). It was noted that at 1% ethyl acetate, α-T3 fraction was eluted followed
by γ-T3 at 2% and a mixture of δ and γ-T3 at 3%. As the ethyl acetate concentration
increased, pure fractions of δ-T3 were eluted. These fractions were collected sepa-
rately and further confirmed by TLC evaluation under UV light at 254 and 366 nm
by spraying 4-anisaldehyde reagent followed by HPLC and H-NMR studies
(Abu-Fayyad and Nazzal 2017). Apart from these commonly used methods,
α-tocopherol was determined in palm olein using sodium chloride window utiliza-
tion by Fourier transform-infrared spectroscopy (FT-IR) (Che Man et al. 2005).
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Tocopherols, tocotrienols, and plastochromanol-8 estimated from the seed oil of
canola, flax, sunflower, and soybean (Ahmed et al. 2005) and α-tocopherol from
thirteen vegetable oils (Silva et al. 2009) were quantified using ZnSe attenuation by
FT-IR. Raman microscopy was also used to map vitamin E in biological samples
(Beattie et al. 2007). Molecular Imprinting Polymer (MIP), a detection technique
based on the fluorescence nano-sensing principle using CdSe or ZnS detects the
presence of tocols in vegetable oils and rice. The intensity decreases as the concen-
tration increases (Liu et al. 2012). Tocopherols in edible oils were characterized and
its quality over storage was monitored by using synchronous fluorescence spectros-
copy (Sikorska et al. 2008). Tocopherol content present in various plants are
tabulated and represented in Table 12.2.

Table 12.1 Common extraction methods for tocopherols from plant samples

Extraction
methods Advantages Disadvantages

Solvent extraction • Simple and widely used method
• Vortexing, sonication improves the
quality
• Saponification, acid hydrolysis
reduces the impurities

• Suitable only for hydrophobic
compound extraction
• Longer duration with the usage
of more toxic solvents

Ultrasonic-assisted
extraction

• Low cost, most effective, fast, and
alternative method
• More samples can be analyzed
simultaneously
• Ultrasound helps in solvent
penetration into the cell
• Low temperature facilitates
extraction of heat-sensitive
compounds
• Less sample and solvent
requirement

• Efficiency depends on nature of
plant matrix
• High amount of heat generated,
hence cooling of vessel is
required
• No uniformity in ultrasound
energy distribution

Matrix solid-phase
dispersion
extraction

• Useful in selection and extraction
of single compound from a mixture
• Extraction from solid, semi-solid,
and viscous samples are possible
• Small amount of solvent is used

• Laborious and time-consuming

Supercritical fluid
extraction

• Offers selective extractions
• Physicochemical properties of
supercritical fluid (CO2) can be
manipulated
• Extraction prevents damage to
thermolabile compounds

• High cost
• Due to presence of water in
sample, blockage of system
occurs

Pressurized liquid
extraction

• High temperature and high pressure
for enhanced solubility and extraction
• Samples required in lesser quantity
• Harmful organic solvents are
avoided

• Costlier process
• Not suitable for heat-sensitive
compounds

Source: Saini and Keum (2016)
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Table 12.2 Tocopherol contents in different plants

Sl.
No.

Scientific name of the
plant

Common
name α-Tocopherol γ-Tocopherol δ-Tocopherol

1 Triticum aestivum L. Wheat 149.40 – –

2 Corylus avellana L. Hazelnut 47.20 – –

3 Helianthus annuus L. Sunflower 41.08 – –

4 Prunus amygdalus
(mill.)

Almond 39.20 – –

5 Oryza sativa L. Rice bran 32.30 – –

6 Vitis vinifera L. Grapeseed 28.80 – –

7 Arachis hypogaea L. Peanut 15.69 15.95 1.37

8 Zea mays L. and
Brassica napus L.

Corn and
canola

14.82 35.37 1.28

9 Olea europaea L. Olive 14.35 0.83 –

10 Glycine max (L.)
Merr

Soybean 8.18 64.26 21.30

11 Capsicum frutescens
L.

Chili 38.14 3.41 –

12 Capsicum annuum L. Paprika 29.10 3.54 0.25

13 Origanum vulgare L. Oregano 18.23 24.42 0.92

14 Ocimum basilicum L. Basil 10.70 0.77 –

15 Petroselinum
crispum (mill.) fuss

Parsley 8.96 1.53 –

16 Curcuma longa L. Turmeric 4.43 0.72 –

17 Cuminum cyminum
L.

Cumin seed 3.33 – –

18 Brassica nigra L. Mustard
seed

5.07 19.82 0.81

19 Cinnamomum verum
L.

Cinnamon 3.32 10.44 0.26

20 Papaver somniferum
L.

Poppy seed 1.77 8.82 0.23

21 Pistacia vera L. Nuts,
pistachio

2.86 20.41 0.80

22 Juglans regia L. Walnuts 2.08 28.78 1.51

23 Daucus carota subsp.
Sativus

Carrot 5.45 – –

24 Taraxacum officinale
L.

Dandelion 3.44 – –

25 Brassica rapa var.
rapa. L.

Turnip 2.86 – –

26 Coriandrum sativum
L.

Coriander
(cilantro)

2.50 – –

27 Persea
americana Mill.

Avocados 2.66 – –

28 Actinidia deliciosa L. Kiwifruit 1.46 – –

(continued)
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12.6 Biological Activity of Tocopherols

The first observation on the biological activity was related to reproduction. Many
groups have done extensive research on this activity using fetal resorption assay in
female rats and Horwitt studied the effect of vitamin E in human male (Horwitt et al.
1956; Horwitt 1960).

The main activity of tocopherol in the body is to act as a lipid-soluble antioxidant.
It is a chain breaking antioxidant and inhibits the production of reactive oxygen
species that occur during the oxidation of fats and also the propagation of other free
radical reactions, thereby protecting the cellular and subcellular membranes and
lipoproteins (Burton et al. 1983a, b). α-Tocopherol which is incorporated to the
membrane helps to stabilize the lipoprotein structure, thereby stabilizing the mem-
brane integrity. Antioxidant property of tocopherol can protect the lipids and lipo-
protein, thereby increasing the orderliness and, in turn, stabilizing the membranes.
Apart from the stabilization of the membrane, it can also promote the high levels of
plasma membrane repair as shown in the cultured monocytes (Howard et al. 2011;
Szczeklik et al. 1985). This is achieved by the prevention of generation of oxidized
phospholipids in the membrane. It is also noted that the presence of α-tocopherol is
relatively high in the membranes of mitochondria and endoplasmic reticulum of
heart and lungs where the formation of free radicals is more compared to other tissue
types. Though the ROS scavenging capacity of both alpha and gamma tocopherols is
the same, majority of the ROS scavenging in the tissue is done by the alpha
tocopherol compared to the gamma tocopherol because of the higher concentration
of the former (Huang et al. 2013; Nishio et al. 2013; Yoshida et al. 2007). Unlike
alpha tocopherols, gamma tocopherols react with the reactive nitrogen species also
(Patel et al. 2007). Antioxidant properties of tocopherols provide protection from
developing Alzheimer’s disease. It reduces the oxidative stress and blocks the
production of hydrogen peroxide, which in turn prevents the oxidation of protein,
and β-amyloid protein-induced cytotoxicity-mediated neuronal death is prevented
(Mangialasche et al. 2010; Sano et al. 1997). To act as an antioxidant, it will donate a
proton [H+] to the lipid peroxyl radical to convert it into lipid hydroperoxide and the

Table 12.2 (continued)

Sl.
No.

Scientific name of the
plant

Common
name α-Tocopherol γ-Tocopherol δ-Tocopherol

29 Vaccinium
macrocarpon L.

Cranberries 1.32 – –

30 Cucurbita pepo L. Pumpkin
and squash

2.18 35.10 0.44

31 Linum Usitatissimum
L.

Flaxseed 3.31 19.95 0.35

32 Spirulina sp. Seaweed,
spirulina

5.00 – –

Source: Saini and Keum (2016)
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tocopherol will be converted to tocopheroxyl radical as a comparatively stable
compound. Being a relatively more stable and less reactive species, tocopheroxyl
radical will now stop the continuation of the chain reaction and prevent the oxidation
of other molecules in the cell or membrane. This radical may get converted back to
tocopherol by the help of coenzyme Q or ascorbate. In the cell, the relative antioxi-
dant activity of α-tocopherol is the highest followed by β-tocopherol, γ-tocopherol,
and the least antioxidant activity is observed in δ-tocopherol, respectively (Burton
and Ingold 1981).

While all the free radical mechanisms have been studied in vitro on tissue samples
and cell cultures, there is still an existing argument over the existence of antioxidant
activity of tocoperols in vivo (Azzi and Stocker 2000; Munteanu et al. 2004; Zingg
and Azzi 2004). Additionally, some clinical trials have also concluded tocopherols
to be ineffective against any disorders due to oxidative stress such as cancer and
cardiovascular disorders, contrary to the previously assumed bioactivity based on its
in vitro antioxidant activity (Genkinger et al. 2004; Lonn et al. 2005; Poston et al.
2006). There are also several reports and clinical studies showing toxicity of
tocopherols on human subjects (Vivekananthan et al. 2003; Miller III et al. 2005).

Many cardiovascular complications can be reduced by increasing the nitric oxide
synthase activity with the use of γ-tocopherol along with reduction of platelet
aggregation and cholesterol (Ricciarelli et al. 1999). Additionally, supplementation
of Vitamin E is attributed to the reduced risk of cardiovascular diseases in some of
the epidemiological studies (Rimm et al. 1993; Stampfer et al. 1993). A recent study
from Boston, USA, shows the level of tocopherol in the body and the risk of
tuberculosis infection in a high-risk group based on household contact is inversely
proportional (Aibana et al. 2018). Tocopherols are reported to have stimulation
activity of wild-type p53; downregulation of mutated p53 activities. α-tocopherol
is known to inhibit protein kinase C and collagenase, thereby inhibiting cancer cell
growth. By preventing the accumulation of proteins and hence reducing the
age-related lens opacification, tocopherols can act as cataract protective agent.
(Behl et al. 1992; Goodman and Mattson 1994).

In physiological concentration, alpha tocopherol can inhibit PKC (Protein Kinase
C) activity in vascular smooth muscle cells, and as a consequence, inhibit the
proliferation of smooth muscle cell (Boscoboinik et al. 1991). The supplementation
of tocopherol can decrease monocyte superoxide production by downregulating the
PKC pathway by a dephosphorylation that inhibits PKC. It can also reduce expres-
sion of ICAM-1 and VCAM-1, the adhesion molecules (Azzi and Stocker 2000).
Additionally, α-tocopherol has also shown inhibitory activity against various inflam-
matory signals, molecules, and cytokines such as IL-1β, IL-8, monocyte
chemoattractant protein-1, and platelet aggregation, among others (Brigelius-Flohé
et al. 2002).

It is interesting to note that although β-tocopherols show in vitro antioxidant
activity similar to alpha tocopherols, they either do not show any of the consequent
bioactivity mentioned previously or its intensity is negligible. As a result, there are
very few reports and clinical studies held on the bioactivity of beta tocopherols. This
could possibly further indicate the independence of antioxidant activity from other
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studied bioactivities (Brigelius-Flohe 2006). Unlike the alpha and beta tocopherols,
gamma tocopherols lack a methyl group on the chroman ring which results in two
changes in its antioxidant activity. First, the antioxidant activity itself is lower than
the former. Second, with reactive nitrogen species, gamma tocopherol gets nitrated
to form 5-nitro-gamma tocopherol (Kamal-Eldin and Appelqvist 1996; Christen
et al. 1997; Hoglen et al. 1997). As a consequence of its activity against ROS and
RNS, gamma tocopherol has been tested for activity against oxidative inflammatory
disorders, predominantly cancer and neurodegenerative diseases. It was observed
that gamma tocopherol downregulated prostaglandin E2 production by inhibition of
Cyclo-oxygenase 2 (COX2) activity (Jiang et al. 2000). Various studies have shown
that anticancer activity of gamma Tocopherol is relatively more effective than other
classes of tocopherols. The most responsive cancer cell lines for tocopherols are
prostate (LNCaP and DU-145) and colon cancer (CaCo2) cell lines by induction of
apoptosis, downregulation of Cyclin D1 and cyclin E1, inhibition of p21, and
upregulation of receptor gamma which is activated during proliferation (Gysin
et al. 2002). Delta tocopherol is by far one of the least studied tocopherols due to
its relatively lesser bioactivity. However, it has been reported that delta tocopherol is
the most toxic of all classes of tocopherols and is reported to induce apoptosis in
short-term exposure, but induce resistance to cytotoxicity with long-term exposure
(McCormick and Parker 2004).

12.7 Commercial Applications of Tocopherol

A good number of commercial applications have been attributed for tocopherols;
where tocopherol as a potent antioxidant is incorporated into polymers such
as-polylactic acid (PLA) to produce ecofriendly biodegradable packing films. This
serves as an excellent packaging material with better mechanical properties such as
stiffness and transparency. Producers and consumers also demand for natural anti-
oxidant, instead of artificial antioxidant. Such packing films are replacing plastic to
pack and preserve food products (Marcos et al. 2014). α–Tocopherol (vitamin E)
when incorporated in chitosan film has improved its antioxidant property and as
good barrier of UV rays. This modified chitosan film preserves the quality of food
packed and extends its shelf life (Martins et al. 2012). Advanced packaging materials
are used to preserve the quality and prolong the shelf life of food. Studies have
shown that supercritical carbon dioxide has been used to impregnate α-tocopherol in
single and multilayer of polyethylene terephthalate (PET)/polypropylene (PP) films
used in packing food. This active film gradually releases the antioxidant towards
food surface (Franco et al. 2019).

Innovative inulin (INU)–vitamin E succinate (VITE) bioconjugates (INVITE)
was synthesized and characterized. Amphiphilic INU-based polymers self-assemble
to form nano-micelle system. This can serve as potential drug delivery system (DDS)
to fight against infection and inflammation in urinary tract. Clinical studies have
revealed that α-tocopherol can greatly benefit the patients suffering from chronic
diseases such as chronic kidney diseases (CKD), hemodialysis (HD) patients, focal

12 In Vitro Production of Tocopherols 309



segmental glomerulosclerosis (FSGS), and nephropathy by reducing oxidative stress
(Mandracchia et al. 2014). Three-dimensional (3D) hydrogels-based scaffolds of
chitosan and alginate were prepared with α–tocopherol (vitamin E). The developed
hydrogel was used to test its efficiency in wound healing in rat model. Results
revealed that the hydrogel had exhibited greater wound closure percentage and can
be used as dressing to threat skin injuries (Ehteramia et al. 2019). Topical application
of α-tocopherol 24 h before exposure to UV radiation in hairless mice had reduced
cutaneous oxidative damaged caused by UV radiation and also unregulated network
of enzymatic and nonenzymatic antioxidants (Lopez-Torres et al. 1998).

Foliar applications of alpha-tocopherol to Vigna radiate cultivar had significantly
enhanced the accumulation of chlorophyll, proline, and total phenolic contents in
fresh green pods (Sadiq et al. 2017). Nanotechnology provides new dimension in the
field of therapeutics. Nanoemulsion with bioactive compounds Astaxanthin-alpha
tocopherol was found to be very effective in fast wound healing with broad antimi-
crobial activity and anticancer properties, which was proved with different cancer
cell lines (CT26, HeLa, Panc1, and T24 cells) (Karuppusamy et al. 2018).

RNA interference is one of the powerful molecular tools to specifically knockout
the gene expression. α–Tocopherol (vitamin E) was used as carrier to deliver and
knock out the expression of targeting apolipoprotein B (apoB) in liver. Toc-siRNA
reduces the mRNA of apoB. This confirms that α–tocopherol (vitamin E) is effective
and safe carrier of siRNA in gene silencing (Nishina et al. 2008).

12.8 Conclusions and Future Prospects

Plants are the excellent source for plethora of beneficial metabolites which are
produced by complex multistep enzymatic reactions. Studies have proved that
identifying genetically engineered key genes involved in a particular pathway
facilitates the manipulation of plant cell metabolism to serve as a factory producing
bioactive molecules of commercially important. Stable upregulation of these genes
can improve the efficiency of cells to enhance the yield of the products of interest. In
addition, some of the plants are seasonal and geographically restricted. Due to all
these factors, conventional methods of isolation and purification of secondary
metabolites from plants are tedious. Plant cell culture is one of the most
recommended sustainable production systems for metabolites from plants. By
choosing the suitable bioreactor and optimizing the in vitro culture condition, one
can easily eliminate the limiting factors such as soil or climatic conditions and can
easily scale up to extract the interested metabolites from plant cells. Furthermore, by
using genetic engineering techniques, one can upregulate the enzymes involved in
the production of α–tocopherol for best yield. Applying metabolomics and metabolic
engineering can further add new dimension for mass production of α–tocopherol.

To meet the growing demand for tocopherol and for mass production, different
strategies can be adopted. Conventional methods can be replaced with modern
biotechnological approaches like plant cell and organ culture, which is free from
climatic and geographical conditions. Future potential is towards screening of more
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plants for interested tocopherol and to isolate high yielding cell lines for commercial
production. Further research in optimizing the crucial physical and chemical factors
can enhance their yield by in vitro production. Another effective approach for better
productivity of SM is by elicitation. Many secondary metabolites are triggered by
both biotic and abiotic elicitors, and hence, research in this field to determine the
ideal combination of elicitors can remarkably enhance the yield of SM. Transformed
hairy root culture is most reliable method for easy genetic manipulation for steady
and stable production; when coupled to bioreactor, these can serve as successful
alternate approach.

Bioreactor is the key for commercial production of metabolites, and hence, there
is need for designing bioreactor and optimizing its operational conditions which can
enhance the yield of metabolite as there is limited bioreactor model currently
available for tocopherol production. Furthermore, in-depth knowledge of complex
metabolic pathway and their regulatory mechanism has paved a new way to meta-
bolic engineering, leading to overexpression of crucial regulatory gene for enhanced
yield of product. Metabolic engineering aims at channelizing the carbon source to
interested product. This can be achieved by specific mutation in catalytic activities or
by genetic manipulation of regulatory protein genes. Another emerging prospective
is application of nanotechnology which has been proved in certain plant cell culture;
when exposed to various nanoparticles, their efficiency in production of SM has
drastically improved.
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In Vitro Production of Phytosterols 13
Mostafa M. Hegazy and Wahidah H. Al-Qahtani

Abstract

Phytosterols are plant-derived metabolites which are present in edible and non-
edible plants and proven to have many health promoting effects. β-sitosterol,
campesterol, and stigmasterol are the major phytosterols present in plants. The
positive impact on the health came from their ability to reduce plasma cholesterol
levels and anti-inflammatory, antidiabetic, and anticancer activities. The benefi-
cial effects of these phytotherapeutic molecules create market need for pharma-
ceutical and enriched food products based on phytosterols. However, phytosterols
production is encountered by many difficulties, since phytosterols levels pro-
duced by plants are low and the chemical synthesis offered no actual solution for
commercial production, neither practically nor economically. In vitro culture
production of phytosterols is an alternative technique with bright future for
these biomolecules which includes many successful strategies such as elicitation
and metabolic engineering through DNA technologies for overexpression of
phytosterols. Phytosterols production by this technique needs to have knowledge
with genes and enzymes involved in phytosterols biosynthesis pathway, and the
more knowledge you have, the more successful production you get.
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13.1 Introduction

Phytosterols are plant-derived lipophilic steroid compounds that are structurally
related to cholesterol (Fig. 13.1) which gives them many health benefits when
consumed as functional foods and/or nutraceutical preparations (Mackay and
Jones 2011). β-Sitosterol, campesterol, and stigmasterol are the main bioactive
dietary phytosterols and all of them have double bonds in the ring B of the steroid
nucleus at C-5 position. However, C-5 double bond hydrogenation yields the
corresponding saturated β-sitostanol and campestanol which are called stanols
(Normén et al. 2001). The dominant phytosterols are β-sitosterol and campesterol
which constitute about 95% of total plant sterols (Mccarthy et al. 2005). Health
benefits of phytosterols can be obtained through many biological effects like plasma

Fig. 13.1 Structures of animal sterol; cholesterol (C27), plant sterols; β-sitosterol (C29),
campesterol (C28) and stigmasterol (C29) and plant stanols; Sitostanol (C29) and campestanol
(C28)

322 M. M. Hegazy and W. H. Al-Qahtani



cholesterol levels reduction, anti-inflammatory, antidiabetic, and anticancer
activities (Miras-Moreno et al. 2016). Elevated blood cholesterol level is a risky
factor for development of atherosclerosis, which in turn is responsible for cardiovas-
cular and cerebrovascular diseases (Śliż et al. 2019). β-sitosterol was approved by
FDA for treatment of coronary heart disease, alopecia, and Benign prostatic hyper-
plasia which can be found in many nutraceutical preparations in the global market
(Bin Sayeed et al. 2016). Phytosterols are secondary metabolites which are
biosynthesized by all plants as a cellular structural component and involved in
many physiological functions of the plants. Phytosterols are essential for plant cell
membrane cohesion, embryonic growth, and formation of liquid-ordered lipid
domains (lipid rafts), which play key role in important biological processes like
signal transduction and infectious diseases (Dufourc 2008). Vegetable oils are
considered richest source of phytosterols, corn (0.91% w/v), sunflower (0.41%
w/v), soybean (0.32% w/v), and olive (0.30% w/v); cereals like wheat germ
(0.34%) and wheat bran (0.2%); in addition, fruits and vegetables like passion
fruit (0.044%), orange (0.024%), and cauliflower (0.04%) (Normén et al. 2001).
Phytostanols present as a minor constituent in most of the plants except in cereal
grains which are relatively abundant (Vriet et al. 2013). Clinical studies
demonstrated that the intake of bioactive phytosterols (2 g/day) can cause a signifi-
cant reduction (8–10%) in the plasma levels of low-density lipoprotein cholesterol.
So, the nutraceutical preparations and food enriched with phytosterols were
recommended in several guidelines in dose of 2 g/day in order to reduce
LDL-cholesterol levels. Phytosterols consumed in the western diet are about
300 mg/day which do not supply the body with the effective daily dose (Cabral
and Klein 2017) that is because of low plant production (Normén et al. 2001).
Replacement of cholesterol-rich foods with phytosterols in diet was the message
of many health authorities which was accepted by consumers which creates market
need. Chemical synthesis of phytosterols provides no actual solution since the
starting material is another less prevalent sterol like stigmasterol and final product
contains isomerization by-products (Mccarthy et al. 2005). The market demand for
natural phytosterols based on nutraceutical preparations and enriched foods results in
major challenge to find alternative ways for production of these highly valuable
molecules.

13.2 Phytosterols Biosynthetic Pathway

The mevalonate pathway, squalene formation, and cyclization are the main three
stages (Fig. 13.2) involved in phytosterol biosynthesis in the plant cell (Valitova
et al. 2016). Phytosterols like β-sitosterol, campesterol, and stigmasterol, also
produced by microalgae in pathway, contain both features of plant and fungal
biosynthetic pathways (Jaramillo-Madrid et al. 2019). The second stage provides
squalene as a central precursor for production of phytosterols in plant cell and
cholesterol in the animal cell (Zhang et al. 2020).
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13.2.1 Stage I: Mevalonate Pathway

One unit of acetyl-CoA and acetoacetyl-CoA were condensed together forming
3-hydroxy-3-methylglutaryl-CoA which in turn is converted into mevalonate
(MVA) by the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase

Fig. 13.2 Scheme for the main pathway of phytosterols and phytostanols biosynthesis in plants
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(HMGR) (Vranová et al. 2013). In the cytoplasmic MVA pathway, HMGR is the
rate-limiting enzyme (Zhang et al. 2020) and very essential to maintain necessary
levels of phytosterols (Valitova et al. 2016). After transformation of MVA to
mevalonate 5-diphosphate, isopentenyl diphosphate (IPP) is produced by the cataly-
sis of mevalonate-5-pyrophosphate decarboxylase (MVD) (Vranová et al. 2013).
Although IPP, C5 isoprene unit, is also produced by the plastid methylerythritol
phosphate pathway, the cytoplasmic MVA pathway is the predominant supplier for
phytosterols biosynthesis (Opitz et al. 2014). IPP produced by MVA pathway is
reversibly isomerized to dimethylallyl diphosphate (DMAPP) by the action of the
enzyme Isopentenyl diphosphate Δ-isomerase (IPPI) (Vranová et al. 2013).

13.2.2 Stage II: Formation of Squalene

A pair of active isoprenyl diphosphate units, IPP and DMAPP, interact to form C10
geranyl diphosphate (GPP) by the action of Geranyl diphosphate synthase (GPPS)
(Bin Sayeed et al. 2016). Then another IPP unit is added by the enzyme farnesyl
diphosphate synthase (FPPS) to produce C15 farnesyl diphosphate (FPP). After that,
two molecules of FPP combined tail to tail forming C30 squalene by the catalysis of
squalene synthase (SS) (Miras-Moreno et al. 2016).

13.2.3 Stage III: Squalene Cyclization

Cyclization of squalene starts with 2,3-oxidosqualene formation by the action of
enzyme squalene epoxidase (SO) which is followed by production of tetra-ring
structure of cycloartenol and lanosterol by catalysis of cycloartenol synthase
(CAS) and lanosterol synthase (LAS), respectively. Formation of cycloartenol or
lanosterol is thought to be the difference between plant and fungal/animal cells since
lanosterol continues to form cholesterol and ergosterol in animal and fungal cells,
respectively (Zhang et al. 2020). Cycloartenol is the main source of plant
phytosterols’ accumulation, but on the other hand lanosterol contributes a small
fraction as a supplementary pathway in response of the plant to stresses (Ohyama
et al. 2009). Cycloartenol is methylated via C24-sterol methyltransferase 1 (SMT1)
to produce 24-methylene cycloartenol (Zhang et al. 2020). After that, many
intermediates are formed in series of oxidative demethylation reactions at C4 and
C14 to produce 24-methylene lophenol, which is a precursor for both
24-methylsterol and 24-ethylsterol (Valitova et al. 2016). Then 24-methylene
lophenol is transformed to 24-methylene cholesterol which produces campesterol
via Dimunito/Dwarf1 (DWF1) (Zhang et al. 2020). Conversion of campesterol to
campestanol is the first step in brassinosteroids through three intermediates which
involves catalysis of 3β-HydroxySteroid Dehydrogenase (HSD) (Nomura et al.
2004; Vriet et al. 2013). For β-sitosterol, another methyl is added to 24-methylene
lophenol for production of 24-ethylene lophenol by SMT2 followed by action of
DWF1. Then β-sitosterol turns into stigmasterol by action of C22-sterol desaturase
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(CYP710A) (Zhang et al. 2020). Sitostanol formation from β-sitosterol is catalyzed
by the action of steroid 5α-reductase (S5AR) (Nomura et al. 2004).

13.2.4 Crucial Importance of Phytosterols Biosynthesis

Using in vitro plant culture for production of secondary metabolites needs all
information about biosynthetic pathway, enzymes, precursors, intermediates, and
mechanisms involved in their production. This knowledge is very important for
development of effective production strategies and techniques (Bhatia et al. 2015).
Although a large number of studies are devoted to find out the full biosynthetic
pathway of phytosterols, some enzymes are still unknown and needed to be discov-
ered (Miras-Moreno et al. 2016).

13.3 In Vitro Plant Culture for Phytosterols Production

Phytosterols are membrane components and they are important for many vital
functions such as signal transduction, resistance of environmental stress conditions,
and maintaining of membrane homeostasis. Dramatic changes in the chemical
composition of plant cells occur to adapt to the effect of environmental stress factors
like low/high temperatures, UV radiation, drought, and salinity. Some observations
were correlated between changing in phytosterols’ total content/profile and the
response to stress (Rogowska and Szakiel 2020). In vitro plant culture production
of phytosterols is considered an alternative way and sustainable process for the
whole plant extraction. Many strategies are using plant cells’ ability to acclimatize
various stresses by production of secondary metabolites (Bhatia et al. 2015); also
genetic modification can greatly affect in vitro culture production of phytosterols
(Mottaki et al. 2019). Strategies used for enhancement of phytosterols production are
the selection of highly productive cell lines, determination of the differentiation
stage and culture age of high production, and optimization of the cultivation
condition, using biotic and abiotic elicitors and metabolic engineering of phytosterol
biosynthesis. Production of phytosterols by in vitro culture systems uses summation
of all knowledge about biosynthetic pathway and influencing factors which can be
useful for development of new strategies that can maximize phytosterols accumula-
tion (Bhatia et al. 2015).

13.3.1 Phytosterols Production Enhancement Strategies

13.3.1.1 Selection of Highly Producing Cell Lines
Plant cells are the production machines of phytosterols, so careful selection must be
considered by screening of many cell lines for the highly producing one. There are
great variations of production capacities between in vitro plants of different taxon-
omy, varieties of the same species, and different organs and genotypes of the same
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plant. Cell suspension cultures of Tabernaemontana divaricate (Apocynaceae) and
Solanum tuberosum (Solanaceae) were grown in Murashige and Skoog media
(MS) under the same conditions which were harvested after reaching the stationary
phase and the total phytosterols levels were (3.170 mg/g Dry Weight (DW)) and
(1.190 mg/g DW) (Table 13.1), respectively (Dyas et al. 1994). Callus Cultures from
fruit pulp of two apple varieties Malus pumila cv. Golden Delicious and cv. Mela
Rosa Marchigiana were cultivated on MS and Gamborg B5 media enriched with
30.0 g/L of sucrose and supplemented with 2.0 mg/L 6-benzylaminopurine (BAP)
and 0.2–2.0 mg/L 1-naphthalene acetic acid (NAA) or 0.2–2.0 mg/L
2,4-dichlorophenoxyacetic acid (2,4-D). β-Sitosterol maximal production was
detected after 28 days for Golden Delicious (715.6 μg/g DW) and Mela Rosa
Marchigiana (467.4 μg/g DW) varieties (Verardo et al. 2017). Leaf and stem
explants of Eclipta alba were grown on MS medium supplemented by 3 mg/L
BAP and 1 mg/L NAA to form callus cultures and the highest estimated
concentrations of stigmasterol in stem and leaf-derived callus were (0.32025 mg/g
DW) and (0.20758 mg/g DW), respectively (Khurshid et al. 2018). Cell suspension
of nine Catharanthus roseus cell lines is grown for 21 days in B5 medium containing

Table 13.1 Cell line selection effect on phytosterols productivity

Plant culture Medium
Phytosterols
production Ref.

Cell suspension of
T. divaricate

MS with 10 mg/L NAA 3.170 mg/g
DW for total
phytosterols

Dyas et al.
(1994)

Cell suspension of
S. tuberosum

MS with 10 mg/L NAA 1.190 mg/g
DW for total
phytosterols

Dyas et al.
(1994)

Callus of M. pumila
cv. Golden
delicious

MS and B5 enriched with 30.0 g/L
sucrose and supplemented with 2.0 mg/
L BAP and 0.2–2.0 mg/L NAA or 0.2–
2.0 mg/L 2,4-D

715.6 μg/g DW
for β-Sitosterol

Verardo
et al.
(2017)

Callus of M. pumila
cv. Mela Rosa
Marchigiana

MS and B5 enriched with 30.0 g/L
sucrose and supplemented with 2.0 mg/
L BAP and 0.2–2.0 mg/L NAA or 0.2–
2.0 mg/L 2,4-D

467.4 μg/g DW
for β-Sitosterol

Verardo
et al.
(2017)

Callus of E. alba
stem-derived

MS supplemented by 3 mg/L BAP and
1 mg/L NAA

0.32025 mg/g
DW for
stigmasterol

Khurshid
et al.
(2018)

Callus of E. alba
leaf-derived

MS supplemented by 3 mg/L BAP and
1 mg/L NAA

0.20758 mg/g
DW for
stigmasterol

(Khurshid
et al.
2018)

Cell suspension of
C. roseus (CRPP)
cell line

B5 containing 30 g/L sucrose and
1.86 mg/L NAA for 21 days

604 μg/g DW
for
Campesterol

Saiman
et al.
(2014)

Cell suspension of
C. roseus (A12A2)
cell line

B5 containing 30 g/L sucrose and
1.86 mg/L NAA for 21 days

124 μg/g DW
for
Campesterol

Saiman
et al.
(2014)
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30 g/L sucrose and 1.86 mg/L NAA with varying production capacities of
campesterol ranging from (124–604 μg/g DW). Saiman et al. suggest that
differences in the metabolite profiles were influenced by genotypic variation
(Saiman et al. 2014).

13.3.1.2 Effect of Cell Differentiation Stage and Cell Age of Culture
Cunha and Ferreira observe that the phytosterols’ total content of Linum
usitatissimum cultures developed from flax hypocotyl in the same medium is
dependent on cell differentiation level. They found that the lower level of phytosterol
was in dry flax seeds (0.94 mg/g DW) which increased in non-organogenic callus
(1.32 mg/g DW), shoot organogenic callus (1.48 mg/g DW), embryogenic callus
(1.45 mg/g DW), and regenerated shoots (2.1 mg/g DW) and somatic embryos
(2.13 mg/g DW) (Table 13.2). Stigmasterol to β-sitosterol ratio decreased in
non-organogenic callus during growth due to drastic increase of β-sitosterol which
increased in derived embryos and shoots induced by somatic embryogenesis and
shoot organogenesis (Cunha and Ferreira 1997). On the other hand, phytosterols’
production in Chenopodium rubrum cell suspension cultures was affected by the cell
age of cultures and the total phytosterols’ amounts of younger and older cultures
were (402.5 μg/g DW) and (260.1 μg/g DW), respectively. This reduction of
amounts was due to increase of sterol oxidation products which may be used as a
measure for culture aging. However, the main phytosterols’ ratio (β-sitosterol,
stigmasterol, and campesterol) remained approximately unchanged (Meyer and
Spiteller 1997). Callus cultures of Cissus quadrangularis were increased by aging,
since the cultures cultivated for 2 weeks produced (257 μg/g DW and 150 μg/g DW),
for 4 weeks produced (262 μg/g DW and 157 μg/g DW), and for 6 weeks produced
(272 μg/g DW and 167 μg/g DW) of β-sitosterol and stigmasterol, respectively.
However, after 8 weeks, the contents of β-sitosterol and stigmasterol start to decline
(267 μg/g DW and 162 μg/g DW). Thus, screening phytosterols in different ages
should be considered to find out the most appropriate age of high production
(Sharma et al. 2011).

13.3.1.3 Manipulation of Medium
Different media, growth regulators, carbon source sugars, and dark/light can alter
phytosterols’ content of in vitro culture. Euphorbia characias callus culture was
grown on 20 media for screening the effect of media composition on phytosterols
productivity. Fernandes-Ferreira et al. observed variation in amounts of β-sitosterol
and campesterol in 20 media; the highest produced levels were in Gautheret medium
(1033 μg/g DW) and (174 μg/g DW) and the lowest produced were in half-strength
MS (322 μg/g DW) and (75 μg/g DW), respectively (Table 13.3) (Fernandes-
Ferreira et al. 1992). Phytosterols production and culture growth of
C. quadrangularis callus culture were altered by changing the growth regulator
and its concentration. The best conditions for callus induction were the use of MS
medium with 3% sucrose, 2.0 mg/L NAA, and 0.5 mg/L BAP after 6 weeks.
However, the maximal levels of phytosterols were (4.839 mg/g DW), (2.239 mg/g
DW), and (0.439 mg/g DW), which were identified in the presence of 5 mg/L
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indole-3-acetic acid (IAA), 5 mg/L 2,4 D, and in control conditions without
hormones, respectively (Sharma et al. 2011). Moreover, Mangas et al. tested the
influence of different concentrations of N-(2-chloro- 4-pyridyl)-N0-phenylurea
(4PU-30) on the total content of phytosterols in callus culture of Centella asiatica.
The comparison of phytosterols’ content in C. asiatica calli grown for 4 weeks

Table 13.2 Effect of cell differentiation stage and cell age of culture

Plant culture Medium
Phytosterols
production Ref.

Non-organogenic
callus of
L. usitatissimum

MS supplemented with 0.4 mg/L
2,4 D and 1.6 g/L zeatin (ZEA)
for 8 weeks

1.32 mg/g DW for
total phytosterols

Cunha
and
Ferreira
(1997)

Shoot organogenic
callus of
L. usitatissimum

MS supplemented with 0.4 mg/L
2,4 D and 1.6 g/L ZEA for
8 weeks

1.48 mg/g DW for
total phytosterols

Cunha
and
Ferreira
(1997)

Embryogenic
callus of
L. usitatissimum

MS supplemented with 0.4 mg/L
2,4 D and 1.6 g/L ZEA for
8 weeks

1.45 mg/g DW for
total phytosterols

Cunha
and
Ferreira
(1997)

Regenerated shoots
of L. usitatissimum

MS supplemented with 0.4 mg/L
2,4 D and 1.6 g/L ZEA for
8 weeks

2.1 mg/g DW for total
Phytosterols

Cunha
and
Ferreira
(1997)

Regenerated
somatic embryos of
L. usitatissimum

MS supplemented with 0.4 mg/L
2,4 D and 1.6 g/L ZEA for
8 weeks

2.13 mg/g DW for
total phytosterols

Cunha
and
Ferreira
(1997)

Cell suspension of
C. rubrum

MS supplemented with 1% 2,4 D
for 11 days

402.5 μg/g DW for
total phytosterols

Meyer
and
Spiteller
(1997)

Cell suspension of
C. rubrum

MS supplemented with 1% 2,4 D
for 8 weeks

260.1 μg/g DW for
total phytosterols

Meyer
and
Spiteller
(1997)

Callus of
C. quadrangularis

MS supplemented with 3%
sucrose, 2 mg/L NAA, and
0.5 mg/L BAP for 2 weeks

257 μg β-sitosterol/g
DW and 150 μg
stigmasterol/g DW

Sharma
et al.
(2011)

Callus of
C. quadrangularis

MS supplemented with 3%
sucrose, 2 mg/L NAA, and
0.5 mg/L BAP for 4 weeks

262 μg β-sitosterol/g
DW and 157 μg
stigmasterol/g DW

Sharma
et al.
(2011)

Callus of
C. quadrangularis

MS supplemented with 3%
sucrose, 2 mg/L NAA, and
0.5 mg/L BAP for 6 weeks

272 μg β-sitosterol/g
DW and 167 μg
stigmasterol/g DW

Sharma
et al.
(2011)

Callus of
C. quadrangularis

MS supplemented with 3%
sucrose, 2 mg/L NAA, and
0.5 mg/L BAP for 8 weeks

267 μg β-sitosterol/g
DW and 162 μg
stigmasterol/g DW

Sharma
et al.
(2011)
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Table 13.3 Effect of media manipulation on phytosterols levels

Plant culture Medium
Phytosterols
production Ref.

Callus of
E. characias

Half-strength MS supplemented
with 0.5 mg/L benzyl adenine
(BA), 0.25 mg/L 2, 4-D, 5 mg/L
ascorbic acid, 1 g/L casein
hydrolysate (CH), and 30 g/L
sucrose for 30 days

322 μg β-sitosterol/g
DW and 75 μg
campesterol/g DW

Fernandes-
Ferreira
et al.
(1992)

Callus of
E. characias

Gautheret medium supplemented
with 0.5 mg/L benzyl adenine
(BA), 0.25 mg/liter 2, 4-D, 5 mg/L
ascorbic acid, 1 g/L casein
hydrolysate (CH), and 30 g/L
sucrose for 30 days

1033 μg β-sitosterol/
g DW and 174 μg
campesterol/g DW

Fernandes-
Ferreira
et al.
(1992)

Callus of
C. quadrangularis

MS supplemented with 3% sucrose 0.439 mg/g DW for
total phytosterols

Sharma
et al.
(2011)

Callus of
C. quadrangularis

MS supplemented with 3% sucrose
with 5 mg/L 2,4 D

2.239 mg/g DW for
total phytosterols

Sharma
et al.
(2011)

Callus of
C. quadrangularis

MS supplemented with 3% sucrose
with 5 mg/L IAA

4.839 mg/g DW for
total phytosterols

Sharma
et al.
(2011)

Non-organogenic
callus of
C. asiatica

MS supplemented with 0.1 mg/L
indole-3-butyric acid (IBA) and
1 mg/L 4PU-30 for 4 weeks

Approximately
150 μg/g DW for
total phytosterols

Mangas
et al.
(2008)

Non-organogenic
callus of
C. asiatica

MS supplemented with 0.1 mg/L
IBA and 3 mg/L 4PU-30 for
4 weeks

Approximately
190 μg/g DW for
total phytosterols

Mangas
et al.
(2008)

Hairy root of
A. thaliana
ecotype Columbia

Half-strength MS supplemented
with nicotinic acid, pyridoxine,
thiamine, inositol, and 3% glucose
for 42 days

1476 μg/ g DW for
total phytosterols

Jozwiak
et al.
(2013)

Hairy root of
A. thaliana
ecotype Columbia

Half-strength MS supplemented
with nicotinic acid, pyridoxine,
thiamine, inositol, and 0.5%
glucose for 42 days

2129 μg/g DW for
total phytosterols

Jozwiak
et al.
(2013)

Hairy root of
A. thaliana
ecotype Columbia

Half-strength MS supplemented
with nicotinic acid, pyridoxine,
thiamine, inositol, and 3% sucrose
for 42 days

2234 μg/g DW for
total phytosterols

Jozwiak
et al.
(2013)

Callus of
B. diffusa

MS fortified with 18 μM 2,4-D,
2 μM BAP, and 3% galactose for
60 days

Approximately
215 μg β-sitosterol/g
DW

Patil and
Bhalsing
(2016)

Callus of
B. diffusa

MS fortified with 18 μM 2,4-D,
2 μMBAP, and 3% sucrose 60 days

Approximately
460 μg β-sitosterol/g
DW

Patil and
Bhalsing
(2016)

(continued)
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reveals that the higher phytosterols’ concentration (approximately 190 μg/g DW)
was present in calli grown with 3 mg/L 4PU-30, while the lowest (approximately
150 μg/g DW) was present in calli grown with 1 mg/L 4PU-30. In fact, the results
were confirming the direct relationship between the cytokinin concentration and
phytosterols levels (Mangas et al. 2008). On the other hand, sugar type and concen-
tration can affect amount of phytosterols produced by Arabidopsis thaliana hairy
root culture containing either sucrose (3%) or glucose (0.5, 3.0%) as carbon source.
The total phytosterols produced in half-strength MS medium were (2234 μg/g DW),
(2129 μg/g DW), and (1476 μg/g DW) for media containing 3% sucrose, 0.5%
glucose, and 3.0% glucose, respectively (Jozwiak et al. 2013). β-sitosterol
accumulated in Boerhaavia diffusa callus culture was affected by the used sugar
and the maximal detected levels were (575 μg/g DW), (approximately 460 μg/g
DW), and (approximately 215 μg/g DW) in the media containing 3% glucose, 3%
sucrose, and 3% galactose, respectively (Patil and Bhalsing 2016). El-Dawayati et al.
observed that the production of β-sitosterol in Phoenix dactylifera cv. Hayani Callus
Cultures was increased by increasing light intensity starting from incubation in dark
condition. The callus culture which was cultivated under dark condition (0 μmol/m2/
s photosynthetic photon flux density (PPFD)) was the lowest in production (0.1 mg/g
DW), and by increasing intensity of the light (14 and 42 μmol/m2/s PPFD), the
β-sitosterol was accumulated to approximately 2.9 to 5.2-fold (El-Dawayati et al.
2020). Conditions’ optimization of the media is an essential element for the maxi-
mum in vitro production of phytosterols through testing various conditions for
reaching to the most appropriate.

Table 13.3 (continued)

Plant culture Medium
Phytosterols
production Ref.

Callus of
B. diffusa

MS fortified with 18 μM 2,4-D,
2 μM BAP, and 3% glucose
60 days

575 μg β-sitosterol/g
DW

Patil and
Bhalsing
(2016)

Callus of
P. dactylifera
cv. Hayani

MS supplemented with 10 mg/L
2,4-D and 3 mg/L
2-isopentyladenine under dark
condition 0 μmol/m2/s PPFD

0.1 mg β-sitosterol/g
DW

El-
Dawayati
et al.
(2020)

Callus of
P. dactylifera
cv. Hayani

MS supplemented with 10 mg/L
2,4-D and 3 mg/L
2-isopentyladenine
The light intensity was 14 μmol/
m2/s PPFD with 16 h photoperiod
for 16 weeks

Approximately
0.29 mg β-sitosterol/
g DW

El-
Dawayati
et al.
(2020)

Callus of
P. dactylifera
cv. Hayani

MS supplemented with 10 mg/L
2,4-D and 3 mg/L
2-isopentyladenine
The light intensity was 42 μmol/
m2/s PPFD with 16 h photoperiod
for 16 weeks

0.52 mg β-sitosterol/
g DW

El-
Dawayati
et al.
(2020)
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13.3.1.4 Elicitation for Enhancement of Phytosterols Accumulation
Elicitation is one of the used strategies to improve the phytosterols production in
plant cell cultures. Thus, using of elicitors like methyl jasmonate, pectins,
benzothiadiazole, β-glucan, (Z)-3-hexenol, chitosan, cadmium chloride, silver
nitrate, and cyclodextrins (CDs) can modify the produced amount of phytosterols
after using either separately or in combinations. Elicitation of C. asiatica cell
suspension culture with methyl jasmonate (MJ) increases centelloside production.
However, the total phytosterols amounts were decreased after 30 days of elicitation
of 100 or 200 μM methyl jasmonate from (approximately 0.240 mg/g DW) of
control to (approximately 0.22 and 0.17 mg/g DW), respectively (Bonfill et al.
2011). In a similar way, the phytosterol accumulation of Uncaria tomentosa cell
suspension cultures wasn’t affected (approximately 120 μg/g DW) after the treat-
ment with 0.1% pectin w/v and four fungal strains Trichoderma sp., Pestalotia sp.,
Epicoccum nigrum, and Alternaria tenuis (Flores-Sánchez et al. 2002). The
concentrations of phytosterols in Calendula officinalis hairy root cultures
(cotyledon-derived CC16 line, 460.23, 546.98, 613.02, 625.88 and 685.44 μg/g
DW) increased in a dose depending manner in half-strength MS medium after
7 days of elicitation with cadmium chloride (0, 25, 50, 100 and 150 μM CdCl2),
respectively (Alsoufi et al. 2019). However, phytosterols were produced in high
level at 144 h when Daucus carota cell suspension cultures were treated with
methylated-β-cyclodextrins (CDM, 10.8 mg/g DW), being approximately 2.7-fold
higher than cultures treated with hydroxypropylated-β-cyclodextrins (CDH, approx-
imately 4 mg/g DW, Table 13.4) (Sabater-Jara and Pedreño 2013). In a similar way,
biosynthesis of phytosterols was enhanced in flax cell suspension cultures by
elicitation with β-glucan, (Z)-3-hexenol, hydroxypropylated-β-cyclodextrins
(CDH), and methylated-β-cyclodextrins (CDM), which were added in the media
either separately or in combinations. In fact, elicitation with 1 mg/L β-glucan and
40 μM (Z)-3-hexenol enhances intracellular accumulation of phytosterols (192.58 or
231.61 μg/g DW), which represent 13 and 16-fold higher than the detected amount
in control culture (14.53 μg/g DW) after 6 days, respectively. Moreover, addition of
50 mM CDH alone increases phytosterols production (259.47 μg/g DW) than 1 mg/
L β-glucan and 40 μM (Z)-3-hexenol, each of them alone, while combination of
50 mM CDH with 1 mg/L β-glucan or 40 μM (Z)-3-hexenol showed more elevated
levels of production (503.88 and 530.81 μg/g DW), respectively. Elicitation with
50 mM CDM alone showed five-fold increase in total phytosterols content (1325 μg/
g DW) than same concentration of CDH; also combination of CDM with (Z)-3-
hexenol showed synergistic effect (1507 μg/g DW) and antagonistic activity with
1 mg/L β-glucan (1278 μg/g DW) (Almagro et al. 2016). Therefore, β-cyclodextrins
not only induce the biosynthesis of phytosterols, but also increase their extracellular
secretion and accumulation in the culture medium which make it easy for direct
recovery from the medium without destruction of biomass (Belchí-Navarro et al.
2012). Elicitor activity of β-cyclodextrins is due to their chemical structure similarity
with the alkyl-derived oligosaccharides which are produced from plant cell walls
during fungal infections (Bru et al. 2006). Phytosterols accumulation by stressor
agent like cyclodextrins is one of the induced defense responses which lead to
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Table 13.4 phytosterols enhancement by elicitation

Plant culture Medium
Phytosterols
production Ref.

Cell suspension
of C. asiatica

MS supplemented with 30 g sucrose,
2,4-D (2 mg/L), and BA (0.1 mg/L)
for 30 days as a control

Approximately
0.240 mg/g DW for
total phytosterols

Bonfill
et al. (2011)

Cell suspension
of C. asiatica

MS supplemented with 30 g sucrose,
2,4-D (2 mg/L), and BA (0.1 mg/L)
for 30 days of elicitation with
100 μM MJ

Approximately
0.22 mg/g DW for
total phytosterols

Bonfill
et al. (2011)

Cell suspension
of C. asiatica

MS supplemented with 30 g sucrose,
2,4-D (2 mg/L), and BA (0.1 mg/L)
for 30 days of elicitation with
200 μM MJ

Approximately
0.17 mg/g DW for
total phytosterols

Bonfill
et al. (2011)

Cell suspension
of U. tomentosa

Modified Nitsch–Nitsch
supplemented with 2 mg/L 1 2.4-D,
2 mg/L kinetin, and 20 g/L sucrose as
a control

Approximately
120 μg/g DW for
total phytosterols

Flores-
Sánchez
et al. (2002)

Cell suspension
of U. tomentosa

Modified Nitsch–Nitsch
supplemented with 2 mg/L 1 2.4-D,
2 mg/L kinetin and 20 g/L sucrose
with combination of 0.1% pectin w/v
and four fungal strains Trichoderma
sp., Pestalotia sp., Epicoccum
nigrum, and Alternaria tenuis as
elicitors

Approximately
120 μg/g DW for
total phytosterols

Flores-
Sánchez
et al. (2002)

Cell suspension
of D. carota

MS supplemented with Morel
vitamins, 0.25 g/L casein
hydrolysate, 30 g/L sucrose, 1 mg/L
2, 4-D, and CDH as elicitor for 144 h

Approximately
4 mg/g DW for total
phytosterols

Sabater-
Jara and
Pedreño
(2013)

Cell suspension
of D. carota

MS supplemented with Morel
vitamins, 0.25 g/L casein
hydrolysate, 30 g/L sucrose, 1 mg/L
2, 4-D, and CDM as elicitor for 144 h

10.8 mg/g DW for
total phytosterols

Sabater-
Jara and
Pedreño
(2013)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/ L
thiamin, 100 mg/L myo-inositol, and
30 g/ L sucrose as a control

14.53 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 1 mg/L β-glucan
as elicitor for 6 days

192.58 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 40 μM (Z)-3-
hexenol as elicitor for 6 days

231.61 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/ L
thiamin, 100 mg/L myo-inositol,
30 g/ L sucrose, and 50 mM CDH as
elicitor for 6 days

259.47 μg/g DW for
total phytosterols

Almagro
et al. (2016)
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modification and reinforcement to the architecture of the cell wall. β-sitosterol
production in Capsicum annum cell suspension cultures was increased due to the
additive effect of combination of both 50 mM CDM and 100 μM MJ (1943 μg/g
DW) than when the elicitation was performed separately for each of them (CDM,
776 μg/g DW and MJ, 951 μg/g DW) (Sabater-Jara et al. 2010). Taking all results
into account, elicitation is a successful strategy for phytosterols in vitro production
and elicitors’ joint action can be a useful tool for scaling up.

Table 13.4 (continued)

Plant culture Medium
Phytosterols
production Ref.

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose and 50 mM CDH, and
1 mg/L β-glucan as elicitors for
6 days

503.88 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/ L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 50 mM CDH and
40 μM (Z)-3-hexenol as elicitors for
6 days

530.81 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 50 mM CDM as
elicitor for 6 days

1325 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 50 mMCDM and
1 mg/L β-glucan as elicitors for
6 days

1278 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of
L. usitatissimum

MS supplemented with 0.4 mg/L
thiamin, 100 mg/L myo-inositol,
30 g/L sucrose, and 50 mMCDM and
40 μM (Z)-3-hexenol as elicitors for
6 days

1507 μg/g DW for
total phytosterols

Almagro
et al. (2016)

Cell suspension
of C. annum

MS supplemented with Morel
vitamins, 300 mg/L CH, 2.5%
sucrose, 0.2 mg/L BA, 2 mg/L NAA,
and 50 mM CDM as elicitor for 96 h

776 μg β-sitosterol/
g DW

Sabater-
Jara et al.
(2010)

Cell suspension
of C. annum

MS supplemented with Morel
vitamins, 300 mg/L CH, 2.5%
sucrose, 0.2 mg/L BA, 2 mg/L NAA,
and 100 μM MJ as elicitor for 96 h

951 μg β-sitosterol/
g DW

Sabater-
Jara et al.
(2010)

Cell suspension
of C. annum

MS supplemented with Morel
vitamins, 300 mg/L CH, 2.5%
sucrose, 0.2 mg/L BA, 2 mg/L NAA,
and 50 mM CDM and 100 μM MJ as
elicitors for 96 h

1943 μg
β-sitosterol/g DW

Sabater-
Jara et al.
(2010)
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13.3.1.5 Metabolic Engineering as a Biotechnological Alternative
Strategy

Transgenic hairy root cultures are used for phytosterols production, since these
cultures are developed with high growth rate in hormones-free medium and these
transformed cell lines are showing genetic and biosynthetic stability for successive
generations than undifferentiated cells. Two genetically transformed Chlorophytum
borivilianum hairy root culture lines (2364a and 2364b) are produced by
Agrobacterium rhizogenes MTCC 2364 strain. Stigmasterol produced in control
untransformed root culture treated with 3 mg/L IBA (46.4 mg/g) and without IBA
(3.937 mg/g) was enhanced in two cell lines (2364b, 83.952 mg/g) with 1.8 and
21-fold and (2364a, 72.098 mg/g) with 1.5 and 18-fold than control culture with
3 mg/L IBA and without IBA, respectively (Table 13.5) (Bathoju et al. 2017).
Overexpressing of FPPS in transgenic hairy roots culture of C. asiatica resulted in

Table 13.5 Metabolic engineering strategy for phytosterols production

Plant culture Medium
Phytosterols
production Ref.

Untransformed root culture of
C. borivilianum

MS for 25 days 3.937 mg
Stigmasterol/g

Bathoju
et al.
(2017)

Untransformed root culture of
C. borivilianum

MS supplemented with
3 mg/L IBA for 25 days

46.4 mg
Stigmasterol/g

Bathoju
et al.
(2017)

Hairy root culture 2364a line of
C. borivilianum

MS for 25 days 72.098 mg
Stigmasterol/g

Bathoju
et al.
(2017)

Hairy root culture 2364b line of
C. borivilianum

MS for 25 days 83.952 mg
Stigmasterol/g

Bathoju
et al.
(2017)

Hairy root culture transformed by
empty vector harboring
A. rhizogenes of C. asiatica

MS supplemented with
3% sucrose for 28 days
as a control

Approximately
235 μg/g DW for
total sterols

Kim
et al.
(2010)

Hairy root culture transformed by
Panax ginseng FPPS vector
harboring A. rhizogenes strain
R1000 of C. asiatica

MS supplemented with
3% sucrose for 28 days
of FPPS gene
overexpression

Approximately
640 μg/g DW for
total sterols

Kim
et al.
(2010)

Non-transgenic root lines of
P. ginseng

MS for 4 weeks as
control

452 μg
stigmasterol/g
DW

Kim
et al.
(2014)

Hairy root culture of P. ginseng MS for 4 weeks MVD
overexpression

1389 μg
stigmasterol/g
DW

Kim
et al.
(2014)

Non-transgenic root lines of
P. ginseng

MS for 4 weeks as
control

4436 μg
β-sitosterol/g
DW

Kim
et al.
(2014)

Hairy root culture of P. ginseng MS for 4 weeks MVD
overexpression

3076 μg
β-sitosterol/g
DW

Kim
et al.
(2014)
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production of phytosterols precursor squalene in high levels which in turn showed
elevated amounts of total phytosterols (approximately 640 μg/g DW) than those
detected in control lines (approximately 235 μg/g DW). Thus, more than two-fold
greater elevation indicates the regulatory function of FPPS in biosynthetic pathway
of phytosterols (Kim et al. 2010). Phytosterols accumulation was 1.6-fold higher in
transgenic hairy root lines due to HMGR overexpression in Platycodon
grandiflorum cultures than the detected amounts in control lines (Kim et al. 2013).
Overexpressing MVD in transgenic lines of P. ginseng hairy root cultures resulted in
higher production levels of stigmasterol (1389 μg/g DW) and β-sitosterol (4436 μg/g
DW) by 3 and 1.4-fold than wild-type control lines (452 μg/g DW) and (3076 μg/g
DW), respectively (Kim et al. 2014). In addition, P. ginseng adventitious transgenic
roots-mediated transformation by Agrobacterium tumefaciens resulted in
overexpression of SS gene which had a positive effect on phytosterols production
(approximately 600 μg/g DW) compared to those detected in non-transgenic
(approximately 200 μg/g DW) (Lee et al. 2004). In a similar way, overexpression
of SS gene in Eleutherococcus senticosus transgenic somatic embryos also showed
increased levels of stigmasterol and β-sitosterol (approximately 2.1 and 0.9 mg/g
DW, respectively), compared to non-transgenic (approximately 1.3 and 0.4 mg/g
DW), respectively (Seo et al. 2005). Thus, all these results indicate that metabolic-
engineered cultures could be a powerful form of cellular factory for enhancing
phytosterols bioproduction.

13.4 Extraction and Detection Techniques

Extraction method of phytosterols from plant matrices depends on its physical state
(solid or liquid such as culture medium and vegetable oil) and chemical form
(glycosylated, free, or esterified). Acid hydrolysis and saponification are included
in many extraction procedures to liberate free phytosterols from glycosylated and
esterified molecules, respectively (Almeida et al. 2020). In this sense, many solvents
and solvent system could be used for extraction such as hexane, methylene chloride,
ethyl acetate, chloroform–methanol, and chloroform–methanol–water (Lagarda
et al. 2006). Efficient extraction of these valuable molecules is an important step
which influences purity, functionality, and product final cost. Developing green
methods and technologies for extraction should be considered to minimize health
and environmental problems caused by organic solvents. Green phytosterols extrac-
tion such as direct citric acid hydrolysis could be used as efficient and eco-friendly
method (Feng et al. 2020b). In similar way, the supercritical fluid extraction for
phytosterols is considered to be efficient and selective with shorter time and
eco-friendly technology. However, the disadvantage of using supercritical CO2 is
the expensive high pressure equipment (Uddin et al. 2015). One of production
limitations is the cost of large quantity used from plant material to increase the
produced amount of phytosterols. However, flax cultures elicitation with
β-cyclodextrins increased accumulation and secretion of phytosterols into the
medium which are extracted with ethyl acetate. Phytosterols production in the
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medium is one of the strategies that may be the key for sustainable industrial
production of phytosterols without affecting cell culture viability (Almagro et al.
2016). Nowadays, commercially produced phytosterols came from extraction of
vegetable oils and tall oil which are obtained from coniferous trees as a by-product
during wood pulp manufacture. Phytosterols are extracted with hexane followed by
refining process involving high temperatures and pressures to remove impurities,
which is considered to be very effective for obtaining 90% of vegetable oil total
phytosterols. However, refining process increases the cost of the final product; also
nonfood source should be used as alternative for edible oils. On contrary, refining
process of tall oil caused degradation to more than half of β-sitosterol and decreased
the yield to 8 and 20% of the oil total phytosterols (Fernandes and Cabral 2007). The
most common analysis for phytosterols detection includes the following steps:
(1) extraction; (2) acid hydrolysis and/or saponification; (3) unsaponifiable matter
extraction; (4) purification/enrichment using separation techniques such as crystalli-
zation, solid phase extraction, and column chromatography; and (6) detection using
chromatographic techniques such as gas chromatography (GC), high pressure liquid
chromatography (HPLC), and ultra-pressure liquid chromatography-mass spectrom-
etry (UPLC-MS) (Almeida et al. 2020). Gas chromatography, with flame ionization
or mass spectrometer detectors, is the most common method for qualitative and
quantitative analysis of phytosterols which should be derivatized to steryl acetates or
trimethylsilyl ethers before analysis (Moreau et al. 2018). HPLC and UPLC coupled
to Mass spectrometry (MS or MS/MS) have more sensitivity and precision than
ordinary chromatographic techniques which make ease of identification and quanti-
tation of phytosterols through intense fragment ions [M + H-H2O]

+ (397, 383 and
395 m/z) for β-sitosterol, campsterol, and stigmasterol, respectively (Lagarda et al.
2006).

13.5 Phytosterols Biological Activities

Phytosterols have captured scientific and market interests primarily through their
cholesterol-lowering activity which leads to their protective effect against cardio-
vascular diseases (García-Llatas and Rodríguez-Estrada 2011), and also for other
important pharmacological properties such as anticancer (Woyengo et al. 2009),
anti-inflammatory, and antidiabetic activities (Santas et al. 2013).

13.5.1 Hypocholesterolemic Activity of Phytosterols

Reduction of plasma cholesterol levels of phytosterols is mainly for their structural
similarity with cholesterol which give them the ability to reduce small intestine
absorption of cholesterol. In fact, phytosterols displace cholesterol from the phos-
pholipid micelles which is considered an important vehicle for cholesterol absorp-
tion and this is because of the more lipophilic properties of phytosterols than
cholesterol (Jones and Abumweis 2009; Rozner and Garti 2006). Cholesterol
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absorption decreased by 30 to 40% after intaking of 1.5–2.0 g of phytosterols/day
and the dose of 2.0 g/day is proposed to be the optimal daily dose which can reduce
plasma LDL cholesterol by 10% (Rocha et al. 2011; Santas et al. 2013). However,
guidelines don’t recommend any doses higher than 2.0 g/day since phytosterols in
higher doses cause no further reduction in cholesterol levels, but cause a reduction in
plasma levels of carotenoid and α-tocopherol (Santas et al. 2013). This phytosterols-
related problem could be solved out by intake of α-tocopherol and β-carotene-rich
foods (Noakes et al. 2002).

13.5.2 Immune System Modulation and Anti-Inflammatory
Properties

Phytosterols consumption also involved immune system regulation and inflamma-
tory disorders reduction. Enhanced activity of T lymphocytes and natural killer cells
was clear evidence of immune system modulating activity. Moreover, clinical
findings of phytosterols consumption for pulmonary-tuberculosis patients showed
improvement of recovery of those patients (Santas et al. 2013). Vitamin D effect on
the immune function of macrophages was increased with β-sitosterol (Alappat et al.
2010), and in dose-dependent manner, showed decreased in vitro production of
mitogen-induced IL-2 (Aherne and O'brien 2008). In similar way, proinflammatory
cytokines levels were decreased by phytosterols (Devaraj et al. 2011).

13.5.3 Antidiabetic Effects of Phytosterols

Fasting plasma insulin levels were increased with orally administered β-sitosterol
which was accompanied by decrease in fasting glycemia in a way comparable to
Glibenclamide as standard anti-hyperglycemic drug (Bin Sayeed et al. 2016).
Although phytosterols as compounds have been reported with antidiabetic activity,
further clinical studies are needed to assess this effect.

13.5.4 Anticancer Effects of Phytosterols

Campesterol isolated from Chrysanthemum coronarium can reduce the proliferation
of human umbilical vein endothelial cells and inhibition of capillary differentiation
antiangiogenic activity of campesterol (Choi et al. 2007). β-sitosterol showed reduc-
tion in the growth of prostate cancer cell lines by increasing prostaglandins levels
and arresting cell cycle at the G2/M phase (Awad et al. 2005). Moreover, cytotoxic-
ity and apoptosis were triggered in human monoblastic leukemia with β-sitosterol in
a dose-dependent manner. The apoptosis enhancement triggered by β-sitosterol was
mediated by the degradation of poly-(ADP-ribose) polymerase, the activation of
caspase-3, and downregulation of Bcl-2 (Park et al. 2007). Phytosterols also can
protect against carcinogenesis caused by reactive oxygen species after DNA
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damage. Antioxidant activity of macrophages enzymes like glutathione peroxidase
and superoxide dismutase is enhanced with β-sitosterol in macrophages cultures
which is induced with oxidative stress (Vivancos and Moreno 2005).

13.6 Phytosterols Commercial Utilization and Prospects

Plant sterols are phytotherapeutic compounds of high value which are used com-
mercially to protect and treat cardiovascular diseases due to high plasma cholesterol
levels. Cardiovascular diseases are the major noncommunicable diseases, account-
ing for about 50% of the world’s noncommunicable-related deaths (Jagannathan
et al. 2019). More than 35 estimated phytosterols-based pharmaceutical products in
global market are used for treatment of hypercholesteremia and more 40 products
containing β-sitosterol for treatment of benign prostatic hyperplasia which are listed
in Martindale: the complete drug reference, edition 38 (Bayer 2015). Phytosterols’
health promoting effects caused increased consumption of phytosterol-enriched
foods. Nowadays, many functional food products in European markets contain
phytosterols like margarine which has cholesterol-lowering effects (Piironen et al.
2000). Many foods are enriched with these bioactive compounds, especially those of
lipid matrix such as spreads, dairy, bakery, and meat products and low-lipid matrix,
like orange juice (Tolve et al. 2020). Monitoring survey on customers’ purchase
behavior for phytosterols-enriched food in six European countries revealed that the
highest consumption was in United Kingdom by 736 kg and lowest was in Greece by
65 kg. Majority of the phytosterols were consumed as spreads which was followed
by yogurt drinks (Feng et al. 2020a). Customer interests with natural ingredients of
cosmetics and phytosterols have skin moisturizing, anti-inflammatory, and
regenerating properties which made them suitable additive for dry, sun-damaged,
and aged skin care cosmetics (Doering et al. 2005). In the same way, antidiabetic and
anticancer activities of phytosterols need more clinical studies which may open new
prospects for treatment of diabetic and cancer patients which may help in relieving
their suffering.

13.7 Conclusions

Phytosterols are proven to be essential biomolecules for protection and treatment of
cardiovascular diseases, treatment of benign prostatic hypertrophy, and skin care
preparations. Phytosterols became an ingredient of many commercial nutraceutical
preparations and enriched foods in the global market. Currently, their commercial
production is still based on vegetable oils which decrease market share of these
edible oils; in times, some parts of world suffer from hunger and tall oil which is
produced as a by-product of paper industry also affect environment through defor-
estation. In fact, in vitro production of these phytotherapeutic molecules is sustain-
able and of eco-friendly technique. Enhancement of production by technique is
optimized by many strategies such as selection of high production cell lines in
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appropriate age and conditions, elicitation, and genetic modification through hairy
root in vitro cultures. In the future, I am suggesting that the key to scale-up of
phytosterols to industrial production is through elicitors that can accumulate these
valuable molecules in media like β-cyclodextrin.
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In Vitro Production of Quinones 14
Ehab M. B. Mahdy , Sherif F. El-Sharabasy,
and Maiada M. El-Dawayati

Abstract

Quinones as natural derivatives of phenolic constituents have a broad sense of
biological activities, including anticancer, antimicrobial, anti-inflammatory, and
purgative effects. Quinones have multiple applications such as dyes, pigments,
cosmetics, food additives, flavors, agrochemicals, and pharmaceuticals. Those
molecules have existed across the whole of organisms; plants are a prime natural
source. Concerning the bio-based economy (bio-economy), a renewed push has
been intended in the plant biotechnology area to crop high-value bio-ingredients
for various downstream applications. Quinones divide into four classes along
with a number of benzene rings: phenanthrenequinone, naphthoquinone, anthra-
quinone, and benzoquinone. The quinone molecules have to be interestingly
investigated through their chemistry, classification, nomenclature, biosynthesis,
biological effects, and distribution naturally in plants. We will here give an update
on account of reports and studies done on bioactive quinones. The chemical
structure with biological effects and biosynthesis will be the focus. Besides, we
provide the progress on some significant plant-derived quinones and their mode
of action to endorse more beneficial biologic features.
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14.1 Introduction

Plants biosynthesize a wide range of natural products that use dyes, pigments,
cosmetics, food additives, flavors, agrochemicals, and pharmaceuticals (Malik
et al. 2014a, b, c). These secondary metabolites are heterogeneous compounds and
can generally survive and biosynthesize from a bewildering array of the environment
(Lubbe and Verpoorte 2011) under specific conditions, viz., specific nutrition and
abiotic stresses (Malik et al. 2010a, b, 2013). These metabolites require primarily a
renaissance of natural products (Lu et al. 2020; Raskin et al. 2002); so, the world
market is annually rising at a rate of 15–18%.

Secondary metabolites are divided primarily into three key groups:
(1) polyphenols, (2) alkaloids, and (3) terpenes. Quinones, as derivatives from
oxidization of hydroquinones or polyphenols (Eyong et al. 2013a, b; Gong et al.
2014), are biosynthesized across the whole of kingdoms (Hillion and Antelmann
2015; Widhalm and Rhodes 2016; Yamamoto et al. 2018). Plants are the prime
source of quinones, which exist in a wide range of families, including Vitaceae,
Arecaceae, Verbenaceae, Bignoniaceae, Fabaceae, Caesalpiniaceae, Rhamnaceae,
Polygonaceae, Rubiaceae, Orobanchaceae, Boraginaceae, and Lamiaceae (Oni et al.
2015; Soladoye and Chukwuma 2012). The role of quinones in plants is still mostly
mysterious. Quinones are often negligent in the research of signal agents (Widhalm
and Rhodes 2016). Plants do not have homologs of recognized quinones sensor as in
animals and bacteria that own cysteine amendments of receptor proteins, which
affect cytoprotective gene expression (Yamamoto et al. 2018). They consequently
are probable to use sensing strategies different from those of animals (Farmer and
Davoine 2007). Plastoquinones, α-tocopherol quinones, and phylloquinone are
mainly metabolites existing in all photosynthesizing cells. Ubiquinones are made
in most species of plantae kingdom. The majority of quinones are simple
benzoquinones, naphthoquinones, or anthraquinones. However, less common skele-
tal structures occur, for instance terpenoid quinones and higher polycyclic quinones.
In nature, most quinones are p-quinones, nonetheless o-quinones also occur
(Fig. 14.2).

Anthraquinones originate in a broad sense of families such as Rubiaceae,
Fabaceae, Rhamnaceae, Polygonaceae, Liliaceae, and Scrophulariaceae. Most
naphthoquinones accumulate in Bignoniaceae, Verbenaceae, Juglandaceae,
Plumbaginaceae, Boraginaceae, Lythraceae, Balsaminaceae, Ebenaceae, and
Droseraceae. Myrsinaceae and Borraginaceae that are most families accumulate
benzoquinones.

Quinones are divided into four sorts according to the number of benzene rings:
phenanthrenequinone, naphthoquinone, anthraquinone, and benzoquinone
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(Fig. 14.1). Quinones play a prime role, as a signal agent, of biological activities, i.e.,
anticancer activities, antibacterial activities, food additives, and purgative effects
(Aithal et al. 2009, 2011; Padhye et al. 2012). The compound 2,6-dimethoxy-1,4-
benzoquinone (DMBQ) is only well-documented in the induction of haustoria across
parasitic roots. Nevertheless, the sense of DMBQ is still blurred.

Focusing on the bio-economy (biological-based economy) has increasingly
meant a modern drive in the biotechnology approach to yield high-value
biomaterials for several downstream applications. Bio-economy emphasizes main-
tainable (‘green’) manufacture of renewable bio-resources and their change into
value-added products in food, feed, chemicals, energy, and healthcare and wellness.
Secondary metabolites have always been the prime source of biomaterial for many
medicinal and manufacturing applications (Chakraborty 2018; Misra 2014; Nomura
et al. 2018; Owen et al. 2017; Xin et al. 2017; Yang et al. 2016).

Fig. 14.2 Structure of para-
quinones (1) and ortho-
quinones (2)

Fig. 14.1 Structure of four
classes of quinones
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We will highlight the progression of some significant quinone derivatives, their
chemistry, biosynthesis pathways, mode of action, and in vitro production. Besides,
biological activities and scale-ups have considered encouraging more valuable
biologic properties.

14.2 Biosynthesis Pathway

Biosynthesis is a dynamic method to get quinones and it is obligatory to reconnoiter
the pathway and sense the mechanism of the mode of actions. Numerous quinone
derivatives were reported (Camelio et al. 2015; Eyong et al. 2013a, b; Gong et al.
2014). The complementary aspect in the biosynthesis of bioactive products is to
clarify their pathways. Quinones are naturally among the most miscellaneous
biometabolites; however, they are almost all biosynthesized through the mevalonate
pathway or 2-C-methylerythritol 4-phosphate (Nowicka and Kruk 2010; Pina et al.
2016; Skorupinska-Tudek et al. 2008; Socaciu 2007; Widhalm and Rhodes 2016).
Two main pathways regulate the biosynthesis of natural products. By C13 labeling
experiments, isopentenyl diphosphate (IPP) could switch between both pathways
and contribute to the consequent biosynthesis pathways (Skorupinska-Tudek et al.
2008). The acetyl-coenzyme A (Co-A) units are a start step of the biosynthesis
pathway, which catalyze acetyl-CoA C-acetyltransferase (AACT) to produce
acetoacetyl-Co-A. The gene encoding AACT was cloned successfully from
Tripterygium wilfordii (Zhao et al. 2015a, b). Liu et al. (2014) cloned the gene
encoding 3-hydroxy-3-methylglutaryl-CoA synthase. Wu et al. (2012a, b)
characterized the gene encoding NADPH-dependent HMG-CoA reductase
(HMGR). Mevalonate pathway is gone down into IPP through subsequent chains
of enzymes (Zhao et al. 2013). The IPP catalyzes to dimethylallyl pyrophosphate
(DMAPP) using IPP isomerase. Both substrates are commonly for two pathways
(Drummond et al. 2019). Pyruvate substrates are significant in the pathway of 2-C-
methylerythritol 4-phosphate (Lichtenthaler 1999). Two genes, encoding 1-deoxy-
D-xylulose-5-phosphate synthase (DXS) and 1-deoxy-d-xylulose-5-phosphate
reductoisomerase (DXR), can be expressed highly in roots of T. wilfordii cloned
(Tong et al. 2015a, b, c; Zhang et al. 2020). IPP isomerase catalyzed the conversion
of IPP and DMAPP and was joined by protonation and deprotonation reactions
(Xiang et al. 2010; Zhang et al. 2015; Zhao et al. 2015a, b; Tong et al. 2016).
Cloning and expression of the MEP pathway were screened by the enzyme-encoding
genes in Osmanthus fragrans (Xu et al. 2016). Zhou et al. (2018) identified the
functions of five squalene epoxidase (SE) genes of T. wilfordii by erg1 mutant yeast
constructed using CRISPR/Cas9.

Quinones properties are based on the structure of the chemical and aromatic ring,
side-chain groups. Quinones, which have the aromatic di-one or di-ketone system in
all creatures, can be substituted both in para- or ortho-patterns (R1 – R4) of its
hydroquinone precursor (Fig. 14.2) (Weaver and Pettus 2014). So, quinones come
from the corrosion of hydroquinones or polyphenols (Eyong et al. 2013a, b; Gong
et al. 2014). Based on ring structure, quinones are classified into (1) benzoquinone
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(1-ring structure), (2) naphthoquinone (2-ring structure), (3) anthraquinones, and
(4) anthraquinones (Eyong et al. 2013a, b; Gong et al. 2014).

More intensive efforts are required to expand and progress the insight into
biosynthetic processes. Biosynthesis pathway must be clear by illustrating the
pathway of enzymes with their information and defining each intermediate. Biosyn-
thesis pathways of quinones have stated various features of biosynthesis research
(Kristensen et al. 2020). Quinones come from acetate/malonate (polyketide),
iso-chorismate/o-succinylbenzoic acid, and p-hydroxybenzoic acid (Nowicka and
Kruk 2010; Socaciu 2007; Widhalm and Rhodes 2016).

Plastoquinones, α-tocopherolquinones, and phylloquinone are primary
metabolites existing in all photosynthesizing cells. Ubiquinones are present in the
most species of plantae kingdom. The majority of quinones are majority of simple
benzoquinones, naphthoquinones, or anthraquinones, although less common
structures occur, such as higher polycyclic quinones and terpenoid quinones.
Quinones, in nature, are p-quinones, or o-quinones. Anthraquinones accumulate in
Rubiaceae, Fabaceae, Rhamnaceae, Polygonaceae, Liliaceae, and Scrophulariaceae;
naphthoquinones accumulate in Bignoniaceae, Verbenaceae, Juglandaceae,
Plumbaginaceae, Boraginaceae, Lythraceae, Balsaminaceae, Ebenaceae, and
Droseraceae; while, benzoquinones accumulate in Myrsinaceae and Boraginaceae.
Benzoquinones biosynthesize by the acetate/malonate or shikimic acid pathways.
The gentisic acid (quinol form) is a side product formed by the oxidation of
gentisaldehyde in the biosynthesis of putalin. The quinol forms biosynthesize
naturally and most isolated benzoquinones are artifacts. Few families have been
exhaustively investigated and led to the isolation of a few naphthoquinones and their
glycosides. The 7-methyljuglone coming from Droseraceae and Ebenaceae is
biosynthesized by the acetate-malonate pathway. However, composites without
methyl groups are biosynthesized by the shikimic acid pathways, a situation that
parallels that of the acetate-derived 6-methyl-salicylic acid and shikimate-derived
salicylic acid. 3-chloroplumbagin, the chlorinated compound isolated from Plum-
bago (Plambaginaceae) and Drosera species (Droseraceae), should initiate a
polyketide.

Anthraquinones biosynthesized through two pathways, one of which is emodin,
with substituents in both rings A and C, are usually acetate-derived plants (lower and
higher plants). Alizarin and its derivatives, without substituents in ring-A, are
biosynthesized by the shikimic acid pathway. However, pachybasin from the fungus
is acetate-derived, despite the absence of substituents in ring A.

Naphthoquinones started from two different precursors of pathways summarized
in Fig. 14.3. Naphthoquinones (shikonin) have a wide variety of metabolites starting
from simple compounds like 5-hydroxy derivative juglone to pigments with
isoprenyl attachment such as alkannin. The precursor of 4-hydroxybenzoic acid
(4HB) is composed of the shikimate and the phenylpropanoid pathway. The precur-
sor of isoprenoid, geranyldiphosphate (GPP), comes from the mevalonate pathway
(Zhang et al. 2015). In the first intermediate in shikonin biosynthesis, the 4HB
geranyltransferase reaction binds the 4HB precursor to the isoprenoid (GPP) precur-
sor and gives 3-geranyl-4-hydroxybenzoate (GBA). Two enzymes that regulate

14 In Vitro Production of Quinones 349



shikonin biosynthesis pathways are hydroxyl-3-methylglutaryl co-enzyme-A reduc-
tase (HMGR) and 4HB geranyltransferase (Wu et al. 2012a, b). Phenylalanine
ammonia-lyase (PAL) and 3-hydroxyl-3-methylglutaryl-CoA-reductase own high
activities on biosynthetic enzymes of shikonin from L. erythrorhizon (Srinivasan and
Ryu 1992).

In eukaryotes, ubiquinone and plastoquinone function manner-oxygenic electron-
transport in photosynthesis and the aerobic respiratory chain (Liu and Lu 2016;
Malik et al. 2014a, b, c). The quinones function to go with reversible 2e� redox
reactions, which protect the cells against free radicals and other potentially harmful
oxidants (Kristensen et al. 2020; Liu and Lu 2016; Malik et al. 2014a, b, c).

14.3 In Vitro Production Methodology

Recent plant biotechnological approaches may offer an opportunity to overwhelm
variation obstacles against the biotic/abiotic stresses, genetic manipulation, and
production of metabolites (Kumar et al. 2011a, b; Malik et al. 2011a, b,
2014a, b, c). Quinones production might be in vitro supportive to understand well
the biosynthesis pathway of metabolites. Plant tissue culture (PTC) has totipotency

Fig. 14.3 Pathways in Shikonin biosynthesis
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under complete-control conditions, in which exploiting is in the direction of
interests. The PTC was exercised for multipurposes. Various reports used various
explants on a broad sense of species (Malik et al. 2011a; Nosov 2012). The
production of bioactive metabolites characterizes annually more consumption in
different fields. PTCs take advantage of meeting the need for metabolites far away
from the traditional extraction methods by intact plants (Nosov 2012). Many reports
have accumulated and produced quinones through PTC. The chronicle
investigations of quinone production via in vitro tissue cultures are highlighted in
Table 14.1. They used different ways such as exposure to elicitors/inducers,
precursors, plant growth regulators (PGR) concentrations, and basal media, e.g.,
Murashige and Skoog (1962) media and Linsmaier and Skoog (1965). Shikonin
derivatives and pyrrolizidine alkaloids are isolated from A. euchroma (Pietrosiuk
et al. 1999, 2006). Sharma et al. (2008) reported acetylshikonin and
b-acetoxyisovalerylshikonin through cell suspension proliferation. Jain et al.
(1999) produced arnebins from the A. hispidissima plant. Some compounds’

Table 14.1 Works on quinones production via PTCs

Species Method Reference

Lithospermum erythrorhizon

Cell suspension
Callogenesis
Organogenesis and
embryogenesis

Yamamoto et al. (2000), Lin and Wu (2002), Yamamoto
et al. (2002), Yu et al. (1997)

L. canescens

Organogenesis Sykłowska-Baranek et al. (2012)

Echium lycopsis

Callus cultures Fukui et al. (1983)

A. Euchroma

Cell culture
Direct regeneration
Cell suspension
Callogenesis

Zakhlenjuk et al. (1993), Sokha et al. (1996), Ji and Wang
(2001), Malik et al. (2010b), Zhang et al. (2013), Pietrosiuk
et al. (1999), Sharma et al. (2008), Malik et al. (2010b),
Bulgakov et al. (2001)

A. hispidissima

Cell culture Jain et al. (1999), Shekhawat and Shekhawat (2011)

Organogenesis Singh et al. (2002), Chaudhury and Pal (2010)

Callus suspension Shekhawat and Shekhawat (2011)

Arnebia sp.

Cell suspension Gupta et al. (2013)

Onosma paniculatum

Cell suspension Wu et al. (2009)

E. italicum

Cell culture Zare et al. (2010)

Callogenesis Zare et al. (2011)

Rheum emodi wall

Organogenesis Malik et al. (2010a, b)
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isolation such as isohexenylnaphthazarin has been proved through cell suspension
cultures of A. euchroma (Damianakos et al. 2012).

However, few bioactive compounds have been made marketable or got to
industrial-scale via PTCs. Numerous efforts have been concentrated on increasing
the scale-up production by separating the biosynthetic activities based on choosing
proper explants, optimizing the nutrient media, and optimizing the PGRs’ concen-
tration and proliferation conditions (Bulgakov et al. 2001; Malik et al. 2008, 2009,
2011a, b; Zare et al. 2011 Zhang et al., 2013). The TDC1 and TDC3 isoforms are
induced via abiotic and biotic stress factors in rice (Dharmawardhana et al. 2013).

Various genera belonging to the Boraginaceae family showed a 10% higher
content of acetylshikonin and isobutrylshikonin (Pietrosiuk et al. 2006). Alkannin
contents accumulated on half-strength agar-solidified MS medium from hairy roots
of A. hispidissima induced with A. rhizogenes (Singh et al. 2002). The functions of
guaiacol peroxidase (G-POD), ascorbate peroxidase (APX), and catalase (CAT) at
quarter strength (0.25) of MS media-treated root tissue culture of Morinda citrifolia
were efficient to remove the probable hazard of hydrogen peroxide (H2O2). Baque
et al. (2010) demonstrated lowing the accumulation of H2O2 and the level of lipid
peroxidation.

Photo-protection as free radical hunters and carotenoids are the precursors for
quite a few physiological apocarotenoids (Auldridge et al. 2006; Bouvier et al. 2005)
like the phytohormone abscisic acid (ABA), originating from 9-cis-violaxanthin, and
9-cis-neoxanthin (Qin and Zeevaart 2002).

The main complex problem is the impact of turbulence through the scale-up of
PTC (Busto et al. 2008; Busto et al. 2013). The impact of unrest and light on cell
feasibility, biomass, and anthraquinones production has been measured by Busto
et al. (2013). The biomass concentration and anthraquinones production were similar
to the achievement of Busto et al. (2008) on R. tinctorum suspension cultures by a
stirred tank bioreactor. Scheme of simple and downscaled culture proliferation is a
valid scale-up for inducing anthraquinones through PTCs.

14.4 Scale-up Techniques and Bioreactors

For long decades, many efforts have been commercially allowed to produce quinone
derivatives using PTCs based on the optimizing of media, environment conditions,
and downstream parameters. The Mitsui Petrochemical Co., Japan, is one of the first
companies in the shikonin production on the commercial scales. The quinone
production has fruitfully scaled up using bioreactors. Those productions by PTC
and bioreactor technologies have highly accumulated quinones 20–30% rather than
the intact plants, which yielded in a few years in only a few days 3–6% (Ge et al.
2006; Renneberg 2008). Several investigations were proceeded to understand well
how quinone derivatives are biosynthesizing and their mode of action. Shikonins are
produced by changing the biosynthesis pathway (Sommer et al. 1999). The biosyn-
thesis has identified the path of shikonins (Singh et al. 2010). Zhang et al. (2011)
characterized that the gene LeERF-1 in L. erythrorhizon downregulated shikonin by
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light optimization. Factors affecting low energy ultrasound (Lin and Wu 2002),
physicochemical effects (Malik et al. 2011a, b), and selection of PFP-resistant cell
lines (Zakhlenjuk et al. 1993) have been considered (Shekhawat and Shekhawat
2011; Sykłowska-Baranek et al. 2012; Zare et al. 2010, 2011). Zhang et al. (2013)
studied the effects of fungal elicitor on accumulation of shikonins.

14.5 Extraction and Detection Techniques

Advancement in phytochemical approaches has witnessed a progression in isolating
and detecting biometabolites. Phytochemical methods have been utilized (Mboso
et al. 2013; Obadoni and Ochuko 2001; Sofowora 1993; Soladoye and Chukwuma
2012). HPLC is a universal tool to detect secondary metabolites in plants.

14.5.1 Extraction and Isolation of Quinone Compounds

The best tissue for isolating quinone derivatives could be extracted from any part of
the tissue based on natural constituents, a species, age of tissue, and existing interest-
accumulated tissues.

Box 14.1 Extraction of Quinone Derivatives
• Dry and fine-powder of tissues (200–300 g).
• Dissolve with 500 mL a proper solvent (hexane, chloroform, and ethyl-

acetate) using Soxhlet; then filter.
• Subject to column chromatography over silica gel via the gradient elution.
• Read on high-performance liquid-chromatography (HPLC).

Standard quinones are isolated from samples (Box 14.1) that should be fine-
powdered and dry well. Proper solvents, including hexane, chloroform, and ethyl
acetate, are subjected to using Soxhlet extractions to obtain extracts via column
chromatography over silica gel using gradient elution method (Singh et al. 2005).
Ethyl acetate extracts on column purification with methanol–chloroform (20:80, v/v)
produced emodin glycoside and chrysophanol glycoside. Chloroform extract on
column purification with ethyl acetate-hexane (30:70, v/v) cropped emodin, while
hexane extract on column purification with ethyl acetate-hexane (5:95, v/v) borne
chrysophanol and physcion (Singh et al. 2005). Quinone derivatives scored via
spectrophotometer, analyzed using ultra-performance liquid chromatography
(UPLC), and compared with the reference values (Coskun et al. 1990; Kubo et al.
1992;Semple et al. 2001; Yang et al. 2016). Plastoquinones, α-tocopherol quinones,
and phylloquinone are prime metabolites presenting in all photosynthesizing tissues.
Ubiquinone is found in most genera. The quinones, which are prime in plants, are
relatively simple benzoquinones, naphthoquinones, or anthraquinones. Skeletal
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structures of quinones are also found, for instance, terpenoid quinones and higher
polycyclic quinones.

14.5.2 Determining Quinone

Box 14.2 Anthraquinone Determination
• Soak 50 mg of the sample in 50 mL of dH2O/16 h.
• Heat sample suspensions at 70oC/1 h in water bath; then cool.
• Add 50 mL of 50% to the sample; the filter.
• Read the spectrophotometric value at a 450 nm.
• Compare with a standard (1 mg/100 mL).

Anthraquinone derivatives could be spectrophotometrically determined as described
in Box 14.2, according to Zenk et al. (1975) and Soladoye and Chukwuma (2012).
Quinones scored via spectrophotometer, analyzed using high-performance liquid
chromatography (HPLC), and compared with the reported values (Semple et al.
2001; Yang et al. 2016).

14.5.3 Genetic Approaches to Detect Quinones

The progression in genetic tools is utilized rapidly for a broad sense of biological
disciplines. Low production of quinones by PTC is a chief bottleneck at commercial
scales (Charlwood and Pletsch 2002). Therefore, genetic tools, e.g., genetic engi-
neering, can be probable to be employed for regulatory steps of biosynthetic
pathways to high-yield content of constituents’ scales (Charlwood and Pletsch
2002). Quinone transformation via Agrobacterium rhizogenes to promote the bioac-
tive compounds has been stated. Those have been very evidenced genetic stable with
rather than 10–20% quinones production such as acetylshikonin and
isobutrylshikonin (Boehm et al. 2000; Kohle et al. 2002; Pietrosiuk et al. 2006).
Pietrosiuk et al. (2006) produced ca. at higher 10% acetylshikonin and
isobutrylshikonin of L. canescens hairy roots than natural roots.

Several investigations on genetic and biochemical approaches had found that the
1,4-naphthalenoid ring started from the pathways of shikimate and o-
succinylbenzoate. Genetic manipulation of various regulatory factors takes advan-
tage of tolerance mechanisms of stress in species. Numerous genes were
biosynthesized quinone pathways in a broad sense of species. Gene expression
analysis of bioactive constituents may be an additive or inhibitory effect on the
expression of PGR actions (Dharmawardhana et al. 2013; Pelagio-Flores et al.
2011). The family of ubi genes has a primary role in biosynthesizing quinone
pathways (Kohle et al. 2002). The ubiA gene has not expressed the shikonin across
L. erythrorhizon tissue culture (Boehm et al. 2000), whereas quinones have
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transformed with HMGR cDNA and shown high activity using callogenesis of
A. euchroma (Malik et al. 2014a, b, c). The genetic manipulation of the biosynthesis
pathway accumulated high quinone through PTCs (Kohle et al. 2002; Sommer et al.
1999).

Dihydroorotate:quinone oxidoreductases (DHOQO) are membrane-bound
enzymes for oxidizing dihydroorotate (DHO) orotate with concomitant reduction
of quinone to quinol. de Sousa et al. (2020) concluded the DHOQOs could be the
single dihydroorotate dehydrogenase or could exist with other dihydroorotate
dehydrogenases (DHODH), as the NAD+ or fumarate reducing enzymes. Stimula-
tion of different overexpression of genes or suppression regulation could affect the
quinones biosynthesis (Malik et al. 2014a, b, c). Freshly, Next Generation Sequenc-
ing (NGS) analysis applicable on tissue culture-infected Chardonnay propagules
exhibited some genes responsible for photosynthesis process under both light and
dark phases that were downregulated (Bertazzon et al. 2019).

14.6 Biological Activities (Major)

Investigations on various biological properties, e.g., medical, pharmaceutical, and
other industrial activities, have been shown (Oliveira et al. 2020; Prateeksha et al.
2019). A broad sense of biological activities has been recognized as natural thera-
peutic and dying properties. Previous reviews reported numerous activities, includ-
ing antioxidant, anti-ulcer, anti-inflammatory, anticancer, neuroprotective,
antiaging, lung protective, and hepatoprotective properties (Choi et al. 2005;
Prateeksha et al. 2019; Singh and Chauhan 2004). Plant extracts possess antineo-
plastic properties and hepatoprotective activity and own the Ayurvedic system using
anti-PAF (platelet-activating factor), immunomodulant, blood purifier, and anti-
inflammatory. Other extracts from R. yunnanensis enhance the ATP magnitude of
both brain and heart, an increase of leukocytes, and the treatment of psoriasis (Singh
and Chauhan 2004). Major biological investigations are detailed below. Various
reports have generally shown the changes in metabolites due to the detrimental
infection impacts at molecular and physiological levels (Margaria et al. 2014;
Oliveira et al. 2020; Prezelj et al. 2016). Those are due to the extreme gathering of
carbohydrates, phenolics, and chlorophyll deficiency (Oliveira et al. 2020; Prezelj
et al. 2016). Accumulations such as high starch in leaf mesophylls are leaded to
accompany through upregulation of prime genes with their biosynthesis (Hren et al.
2009; Margaria et al. 2014; Oliveira et al. 2020; Prezelj et al. 2016). Anthocyanins
detected in micropropagation-infected cv. ‘Barbera’ leaf propagules and transcript
genes of the flavonoid pathway and pro-anthocyanidins were higher in infected
plants (Hren et al. 2009). Photosynthesis is the key sponsor of redox equivalents
and energy that provides amino acids, secondary metabolites, and carbohydrates
(Allahverdiyeva et al. 2015; Margaria et al. 2013; Oliveira et al. 2020; Vitali et al.
2013). Tocopherols perform protecting PSII from photoinactivation and membrane
lipids from photooxidation (Allahverdiyeva et al. 2015; Havaux and García-Plazaola
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2014). Isoprenoids are vital electron transporters acting in oxidative phosphorylation
and photosynthesis (Ducluzeau et al. 2012; Havaux and García-Plazaola 2014).

14.6.1 Chrysophanol

Many quinones possess antidiabetic activity (Prateeksha et al. 2019; Singh
and Chauhan 2004). Chrysophanol activity signalizes mainly insulin. It lowers
postprandial hyperglycemia by approximately a half percent of the bodyweight of
the albino rat (Arvindekar et al. 2015; Choi et al. 2005). This compound served as
inactive in contradiction of intestinal alpha-glucosidase enzyme (Arvindekar et al.
2015; Lee and Sohn 2008); as well enhanced the phosphorylation of insulin receptor
substrate-1 (IRS-1) through an aggressive impact on its inhibitor, protein-tyrosine
phosphatase 1B (PTP-1B) (Arvindekar et al. 2015; Prateeksha et al. 2019).
Chrysophanols could raise the phosphorylated-activated protein kinase-B (P-AKT)
level in human-liver carcinoma cells (Onoda et al. 2016). Chrysophanol with the
peroxisome proliferator-activated receptor (PPAR-γ) might perform against PPAR-γ
expressing in adipose tissue and regulates the metabolism of lipid and glucose
(Onoda et al. 2016). More articles at the scale of in vitro, in vivo, and in silico
assays may provide a useful direction to confirm the agonistic effect on PPAR-γ and
DPP-IV (Arvindekar et al. 2015;Onoda et al. 2016; Prateeksha et al. 2019).

Anticancer properties have been established by several investigations via necro-
sis, a caspase-independent phenomenon, which causes unalterable inflammatory
sense against tumor cells (Onoda et al. 2016; Prateeksha et al. 2019). Chrysophanols
have lowered the cell viability of liver cancer by necrosis through a proper concen-
tration and incubation time (Lu et al. 2010). Apoptosis-associated signals, including
the loss of mitochondrial membrane potential (MMP), raise the reactive oxygen
species (ROS), cytosolic Ca + 2, and the release of cytochrome c from mitochondria.
It delays the externalization of phosphatidylserine in chrysophanol-treated liver
cancer and indicates apoptosis. Extra levels of apoptotic signal-associated proteins,
for instance, apoptosis-inducing factor (AIF), were lowered in the treated cells
(Lu et al. 2010). Correspondingly, chrysophanol affects cell viability in renal cancer
and lung cancer (Choi 2016; Ni et al. 2014). Also, chrysophanol cytotoxicity
detected contra human breast cancer and leukemia cells (Choi et al. 2007; Kang
et al. 2008; Sun et al. 2014). Chrysophanol has a potential against antagonistic to
MYLK4 and affects metastasis and tumor invasion (Demirezer et al. 2016; Lee et al.
2011).

The protective effects of quinones inspected (Lin et al. 2015; Prateeksha et al.
2019) on lipopolysaccharide (LPS)-induced inflammatory and the oxidative
response of murine microglial cells were explored [95]. Likewise, the effect on the
hippocampus of lead-poisoned neonatal mice was spotted, in which chrysophanol
diminished the hippocampal injury and enhanced the learning memory through
encouraging the cell-defense system of antioxidants. The lead-exposed neonatal rat
has lowered dose-based means in the heart, spleen, liver, kidney, brain, and blood
(Lin et al. 2015; Yan et al. 2014; Zhang et al. 2014). The action of chrysophanol on
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cerebral ischemic stroke through endoplasmic reticulum stress was illuminated
(Zhang et al. 2014; Zhao et al. 2016). Chrysophanols have the probability to reduce
retinitis pigmentosa (RP), an inherited photoreceptor-degenerative disease. It
inhibited apoptosis, gliosis, activation of microglia, and matrix metallopeptidase
9 (MMP-9) expression in N-methyl-N-nitrosourea (MNU)-induced mouse model of
RP (Lin et al. 2017; Prateeksha et al. 2019).

Chrysophanol has hepatoprotective effects (Jiang et al. 2016). It regulates inflam-
matory sensing brought in mice via hepatic injury. The block of caspases-associated
apoptosis induction indicated to chrysophanol could shield in contradiction of liver
injury by its antiapoptotic effect (Jiang et al. 2016). Hepatoprotective activity via
chrysophanol lowered the gamma-glutamyl transpeptidase (GGT) activity that
necessitates GSH homeostasis. The immunoblot analyses decrease in the
expressions of cytochrome, GGT, and GSH (Jiang et al. 2016; Qian et al. 2011).
Some reports suggested that the chrysophanol could save against the gastrointestinal
effects of cold-resistant ulcers, alcohol, aspirin, and pyloric ligation-induced ulcer in
mice (Suleyman et al. 2004). Chrysophanols have decreased the acids through the
inhabitation of H+/K + -ATPase activity. Nevertheless, its activity shows less than
the emodin molecule. Upregulation of mucin secretion, a protect mechanism of the
ulcer, is also noted in chrysophanol-treated rats.

Regarding the activities of anti-inflammatory, various essays stated the mode of
defense action via chrysophanol in numerous diseases (Malik and Muller 2016). The
effects of chrysophanol on dextran sulfate sodium (DSS)-induced colitis and
LPS-induced inflammatory were sensed by Kim et al. (2010) in rats’ peritoneal
macrophages. Furthermore, chrysophanol significantly removes atopic dermatitis
that rises in phosphorylated-mitogen-activated protein kinase. This active constitu-
ent, AST2017-01, is a potent anti-inflammatory of konsentrasi hambat minimum
(KHM) or functional food (Jeong et al. 2018). Carrageenan, histamine, dextran,
serotonin formaldehyde-induced edema tests, cotton-pellet granuloma, and Kabak
tests could be used to examine anti-inflammatory in mice (Jeong et al. 2018;
Suleyman et al. 1999).

The activity of chrysophanol has shown anti-microorganisms, e.g., viruses
(Bunluepuech et al. 2016; Chang et al. 2014; Ramana et al. 2017), fungi (Choi
et al. 2004; Liu et al. 2009; Malik and Muller 2016; Ren et al. 2012), and bacteria
(Rodrigues et al. 2017; Singh et al. 2017).

Numerous pharmacological activities on chrysophanols are recognized. This
molecule is an antiprotozoal factor agonist chloroquine-resistant and sensitive to
Plasmodium falciparum strain (Abdissa et al. 2017). The molecule chrysophanol is
demonstrated as an anti-obesity response to recover pulmonary injury in mice
through advanced anti-inflammatory and antioxidant retort to injured tissue
(Li et al. 2016). Also, it inhibits triglyceride and cholesterol in the fish zebra,
which is on a high cholesterol diet. Antituberculosis affects Mycobacterium tuber-
culosis and M. bovis (Schorkhuber et al. 1998). The antinomic activity of
chrysophanol against root-knot nematode was also testified (Tripathi et al. 2014).
Likewise, chrysophanols are the main constituents of various species such as Cassia
and Aloe owning the laxative effect (Malik and Muller 2016).
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14.6.2 Aloe-Emodin (AE)

Quinone of AE is a bioactive hydroxyanthraquinone, which exists in a broad
spectrum of medicinal plants, having laxative, antifungal, antiviral, anticancer, and
hepatoprotective activities (Agarwal et al. 2000; Arosio et al. 2000). The modes of
human cancer contain various carcinoma cells which include nasopharyngeal carci-
noma, lung cancer, leukemia, neuroectodermal tumor, colon cancer, and hepatocel-
lular carcinoma (Lee et al. 2006; Lin et al. 2010, 2011; Pecere et al. 2000; Suboj et al.
2012). AE-induced cancer cell cultivating inhibition is produced by prolonged
G1, S, or G2/M phase cell cycle capture or apoptosis based on the tissues and
treatment procedure (Guo et al. 2007, 2008; Xiao et al. 2007). This remarkably
prevents chorioallantoic membrane angiogenesis and inhibits tubule formation of
endothelial cells on matrigel (Cardenas et al. 2006; Chiu et al. 2009). AE suppresses
cancer cell migration, invasion, and metastasis (Chen et al. 2010a, b; Tabolacci et al.
2010). Moreover, antiproliferative effects come by the linkage of 5-fluorouracil,
doxorubicin, tyrosine kinase, and the cisplatin inhibitor (Fenig et al. 2004).

AE encourages DNA damage and obstructs DNA repair gene expression in
cancer cells akin to the promotion of reactive oxygen species (ROS) (Lee et al.
2006). It downregulates cyclin A, cyclin-dependent kinase 2 (CDK2), protein kinase
C (PKC), and c-Myc as well as upregulates cyclin B1, CDK1, p53, and p21 (Chiu
et al. 2009; Guo et al. 2007, 2008). The c-Jun N-terminal kinase (JNK) activation
(Lu et al. 2007), p53 pathway, Fas pathway, and caspase activation are mechanisti-
cally involved in aloe-emodin-induced apoptosis (Chiu et al. 2009; Pecere et al.
2003). Aloe-emodin also performs the following activities: decreases the levels of
urokinase (Cardenas et al. 2006); suppresses the expression of metalloproteinase-
2 (MMP-2) and metalloproteinase-9 (MMP-9) (Chen et al. 2010a, b; Tabolacci et al.
2010); as well locks up translocation and the binding of DNA binding (Suboj et al.
2012).

Other hydroxy-anthraquinones, like emodin, rhein, and chrysophanol, own anti-
cancer effects. Their mode of action is akin to those of AE (Cha et al. 2005; Chun-
Guang et al. 2010; Lu et al. 2010; Shi et al. 2008; Tan et al. 2011). Further, some
derivatives such as 1,8-Di-O-alkylaloe-emodin and 15-amino-emodin,
15-thiocyano-emodin, and 15-selenocyanochrysophanol initiated from AE might
show potential to the cytotoxic effects on cancer cells (Cui et al. 2008).

14.6.3 Juglone

Juglone is isolated from Juglans mandshuricaMaxim. Their bioactivities, including
anticancer and antimicrobials, have been demonstrated in anti-growth, induction of
apoptosis, and intermediate to G2-phase cell cycle (Aithal et al. 2009, 2011; Li et al.
2010). Juglones inhibit the intestinal carcinogenesis of mice treating with
azoxymethane. They are hopefully chemo-defensive agents for intestinal neoplasia.
Juglone shows to be possibly immune-stimulating for oncogenes (Polonik et al.
2003). Juglones have been activated synergistically by the cytotoxicity of the
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etoposide process. The toxicity of juglone could not be ignored (Mathur et al. 2011;
Seshadri et al. 2011). The anticancer activity of juglone could be attributed to the
reduction of glutathione (GSH), induction of oxidative stress, and cell death through
apoptosis and necrosis due to the harm of cell membranes (Fila et al. 2008; Ji et al.
2011). In addition, the inhibition of peptidyl-prolyl isomerase overexpresses in
several cancer cells (Chao et al. 2001; Xu et al. 2012). Juglones suppress the
activator protein-2α (AP-2α) and the epidermal growth factor receptor-2 (HER-2)
promoter activity, the changing of B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated
x protein (Bax), the activating of poly (ADP-ribose) polymerase (PARP), the release
of cytochrome c, Smac, and apoptosis-inducing factor (AIF), and the induction of
caspases activation (Fila et al. 2008; Ji et al. 2011; Khanal et al. 2010; Xu et al.
2010). Some analogs including 2,5-dihydroxy-3-(3-methylbut-2-enyl) naphthalene-
1,4-dione and 2,3-dihydro-5-hydroxy-2-(prop-1-2-enyl) naphtho-[2,3-b]-furan-4,9-
dione are most potential to anti-growth factors (Bonifazi et al. 2010).

14.6.4 b-Lapachone

A natural naphthoquinone, β-Lapachone, is isolated from Tabebuia avellanedae
Lor. (Hussain et al. 2007). Their activities include anticancer, antimicrobials, and
anti trypanocidal activities (Medeiros et al. 2010). β-lapachones activate selective
death with a broad sense of cancers without eliminating unaffected tissues and anti-
growth at the G1 transition (Li et al. 2003). Anticancer effects have been
demonstrated in xenograft animals (; Dong et al. 2009). The β-lapachone constituent
with radiotherapy has shown a potential treatment for agonist cancer (Suzuki et al.
2006). β-lapachone is utilized in monotherapy and other medicines (Miao et al.
2009). β-Lapachone activates topoisomerase II (Topo II) α-mediated DNA breaks
instead of the Topo I-mediated DNA breaks. It inhibits the activity of Topo I
contrary to camptothecin (Bentle et al. 2007; Frydman et al. 1997; Hori et al.
2011; Li et al. 1993). Therefore, β-lapachone inhibits DNA polymerase, the elicita-
tion of endoplasmic reticulum stress, and induction of caspases activation (Lien et al.
2008). The increasing cytosolic Ca2+ is a vital mechanism for β-lapachone-induced
apoptosis (Hori et al. 2011).

β-lapachone makes cells more sensitive to radiation through interrupting the
contribution of quinone oxidoreductase (NQO1) in radiation-induced activation of
NF-κB and inhibiting the repair of sublethal radiation damage (Bentle et al. 2007;
Dong et al. 2010; Suzuki et al. 2006). However, β-lapachone has significant effects
agonist antitumor; it was terminated as an antineoplastic in 1970 because of its
toxicity (Almeida 2009).

14.6.5 Plumbagin

Plumbagins, an organic yellow dye, is isolated from Plumbago spp. L., and
Dyerophytum africanum (Lam.) Kuntze. Their effects have been utilized in agonist
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antioxidant, anticancer, anti-inflammatory, analgesic, and antimicrobial activities
(Luo et al. 2010; Padhye et al. 2012). Plumbagins prevent prostate tumor, cancer
angiogenesis, growth of carcinoma, and cancer growth (Lai et al. 2012; Li et al.
2012; Sand et al. 2012; Subramaniya et al. 2011; Sun and McKallip 2011). This
effect can be seen in solid tumors and Ehrlich ascites model, melanoma, and
hormone-refractory prostate cancer (Lai et al. 2012). Furthermore, plumbagin
sponsors micronuclei induction (Aziz et al. 2008; Kumar et al. 2011a, b; Lai et al.
2012). Besides, plumbagin encourages cell cycle arrest at the G2/M phase
(Gomathinayagam et al. 2008; Wang et al. 2008). This mechanism is due to their
apoptosis, including intracellular ROS induction (Xu and Lu 2010), upregulation of
p53, downregulation of cyclooxygenase-2 (COX-2), encouragement of caspases,
and Bcl-2 family proteins (Kawiak et al. 2007; Li et al. 2012; Powolny and Singh
2008; Subramaniya et al. 2011; Sun and McKallip 2011; Tian et al. 2012; Xu et al.
2010).

Plumbagin inactivates the NF-κB pathway that suppresses NF-κB-regulated gene
products, such as IAP, Bcl-2, Bcl-xL, survivin, cyclin D1, COX-2, and MMP-9
(Sandur et al. 2006). This constituent prevents the invasion and evolution of cancer
by downregulating the expression of chemokine receptor CXCR4 by NF-κB inhibi-
tion (Manu et al. 2011). Furthermore, plumbagin has multidrug resistance related to
ATP binding cassette drug transporter (Shukla et al. 2007). Other bioactivities
inhibit mycobacterial development and reduce insect feed. (Dandawate et al. 2012;
Mathew et al. 2010; Sreelatha et al. 2009).

14.6.6 Shikonin

Shikonins are isolated from the roots of Lithospermum erythrorhizon Sieb. et Zucc.,
which are utilized for burns, sore throats, measles, carbuncles, macular eruptions,
and allergic disease (Wang et al. 2010). This bioactive constituent as a
naphthoquinone pigment has anticancer, antioxidant, and anti-inflammatory
activities (Wang et al. 2010; Yang et al. 2009). Anticancer activities involving the
induction of apoptosis, delay of invasion, and antiproliferation have been in vivo
determined in homograft and heterograft animal models (Yang et al. 2009). Anti-
cancer mechanisms inactivate the NF-κB and upregulate p53 and p21, ROS genera-
tion. Others downregulate the CDKs and ER-α and activate caspases (Chang et al.
2010; Min et al. 2008; Min et al. 2011; Rao et al. 2011; Wu et al. 2012a, b; Yao and
Zhou 2010). Also, this bioactive quinone prevents Topo II activity and damage DNA
(Kretschmer et al. 2012; Yang et al. 2006). Shikonin is a chosen estrogen enzyme
modulator expressing steroid sulfatase (STS) for estrogen biosynthesis (Zhang et al.
2009). As well, shikonin analogs may inhibit pyruvate kinase-M2 (Chen et al. 2011).
Natural analogs evade drug resistance mediated by multiple drug resistance protein
1 and breast cancer resistance protein 1. They wield antiangiogenesis effect by the
hang-up of vascular endothelial growth factor receptor 2 (Komi et al. 2009; Xuan
and Hu 2009).
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14.6.7 Thymoquinone

Thymoquinone is isolated from Nigella sativa L. This bioactive formulation belong-
ing to benzoquinones has been vitally utilized for antioxidant, anti-inflammatory,
and anticancer activities (Banerjee et al. 2009; Chehl et al. 2009; Sayed-Ahmed et al.
2010). The anticancer effects refer to diverse modes of action with the inducing of
apoptosis, antiproliferation, antiangiogenesis, anti-metastasis, and cell cycle seizure
(Banerjee et al. 2009; El-Mahdy et al. 2005; El-Najjar et al. 2010; Kolli-Bouhafs
et al. 2011). The antitumor was examined in xenograft mice models for tumors of
prostate, pancreatic, and colon (Banerjee et al. 2009; Gali-Muhtasib et al. 2008; Jafri
et al. 2010; Kaseb et al. 2007). Thymoquinone prevents doxorubicin-resistant human
breast cancer MCF-7/DOX cell proliferation deprived of unveiling cytotoxicity to
normal human colonic FHs74Int cells (Arafa et al. 2011; El-Najjar et al. 2010).
Thymoquinone with orthodox chemotherapeutic medicines, including cisplatin,
gemcitabine, 5-fluorouracil, doxorubicin, and oxaliplatin, affect various cancer
families (Banerjee et al. 2009; Jafri et al. 2010; Lei et al. 2012; Woo et al. 2011).
Doses of toxic thymoquinone make the effusion of lymphoma cells more sensitive to
the TNF-related apoptosis-induced ligand. It is due to the upregulation of the death
receptor-5 (Hussain et al. 2011).

The anticancer activity effect takes place via the modification of numerous
molecular targets, for instance, NF-κB, p73, AKT, tubulin, peroxisome
proliferator-activated receptor γ (PPARγ), the signal transducer and activator of
transcription 3 (STAT3), phosphatase and tensin homolog (PTEN), polo-like
kinase-1 (PLK1), androgen receptor (AR), E2F-1, Bcl-2, FAK, and MMPs (Alhosin
et al. 2010; 2012; Arafa et al. 2011; Badr et al. 2011a, b; Banerjee et al. 2009;
Hussain et al. 2011; Kaseb et al. 2007; Kolli-Bouhafs et al. 2011; Reindl et al. 2008;
Sethi et al. 2008; Woo et al. 2011). Thymoquinone produces ROS. Thymoquinone
damages DNA and inhibits telomerase activity (El-Najjar et al. 2010; Gurung et al.
2010; Hussain et al. 2011). Treatment by thymoquinone stops CXCL12-mediated
chemotaxis in myeloma cells and lowers CXCR4 expression and CXCL12-mediated
CXCR4/CD45 association (Badr et al. 2011a, b). Numerous analogs of
thymoquinone are manufactured utilizing modulations at the benzenoid or carbonyl
spots. Some formulations are more effective than thymoquinone and affect anti-
proliferation in human pancreatic cancers (Banerjee et al. 2010). The
6-hencosahexaenyl conjugate is an effective antiproliferative of 518A2 melanoma,
HL-60 leukemia, KB-V1/Vbl cervix carcinoma, and MCF-7/Topo breast adenocar-
cinoma cells (Breyer et al. 2009).

14.7 Commercial Utilization and Prospects

Quinones are utilized and served in various capacities. They manufactured dye
fabrics (red-violet) and used them to transport energy and hydrogen atoms (Coen-
zyme Q10). Therefore, they provide essential nutrients (Vitamin K) and serve as
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cocatalysts (PQQ). In the pharmaceutical industry, quinones eradicate cancer (doxo-
rubicin), HIV (streptonigrin, STN), and bacteria (prekinamycin).

Previous pharmacologic studies stated promising activities, including antipruritic,
anti-dermatitic, antihistaminic, antimicrobial (bacteria and fungi), analgesic, antiox-
idant, anti-inflammatory, antirheumatic, anti-anaphylactic, antitumor, and anticancer
activities. Various extracts are often associated with an existence of natural
constituents, including quinones, glycosides, alkaloids, flavonoids/flavanols,
anthocyanins, saponins, phenolics, and terpenoids.

Orobanchaceae plants’ parasitizing roots that reason extensive losses in agro-
production worldwide advance haustoria in the existence of the DMBQ. The host-
derived quinone compound DMBQ is an effective haustorium-inducing factor in
various Orobanchaceae species. The molecular processes that are basis of concep-
tion and go in advance of the formation of the haustorium are unclear. The DMBQ
signaling components identification is challenging in parasitic plants, as key research
tools, for instance, trans-generational genetic changes are unavailable. Understand-
ing plant quinone identifying and the molecular proceedings that track DMBQ
conception would sense a better comprehend of signaling and offer a molecular
target to contest parasitic plants. This offers insights into the role of quinone
signaling. Perception of CARD1 function helps to better realize the signaling
pathways during the haustorium formation in parasitic plants and the immunity
events in nonparasitic plants.

14.8 Conclusions and Recommendations

The importance of commercial and societal demand makes the scientific-gate always
require more efforts towards biosynthesis pathway and its scale-ups of natural
products. However, evident efforts on in vitro production are obviously from new
works. Progression of plant biotechnology helps obviously to be utilized in various
directions: (1) biodiversity conservation. The demand for raw materials of tissues,
(2) alternative means. It offers numerous new strategies to justify industrial calls,
(3) eating-up the time. The high and fast yield of metabolite products may reduce the
time, (4) biosynthesis pathway. Help to sense well the complex pathways of
biometabolites, (5) physiological and genetic correlation. Well, understand the
relation between bearers of metabolic engineering and suppression/overexpression
genes. (6) chemotaxonomic marker.
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Abstract

Plants are one of the most reliable resources of nutrient supplements and pharma-
ceutical compounds, but rapidly losing from the wild due to intensified harvesting
for the bioactive secondary metabolites of nutraceutical interest. Recent resur-
gence in the nutraceutical and its importance in the human health has aroused
worldwide researchers to find efficient techniques for nutraceutical production.
Among others, in vitro plant cell culture technique is a viable alternative for large-
scale propagation of germplasm with the high content of nutraceutical
compounds. However, for successful in vitro plant cell culture, selection of a
suitable plant material and optimization of several physical and chemical culture
conditions such as nutrient media content, mineral composition, phytohormone
supplementation, temperature, pH, light, humidity, aeration, agitation, etc. is
imperative. The optimization of these parameters accelerates the growth rate of
plant cells under in vitro conditions along with the improvement of production of
nutraceuticals. Therefore, the present chapter provides details on the optimization
of in vitro plant cell culture methods with respect to sustainable production of
nutraceutical compounds.
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15.1 Introduction

Plants are rich source of bioactive compounds which have the miraculous ability to
cure human health problems and used in numerous industrial areas like cosmetics,
pharmaceuticals, nutraceuticals, etc. According to the world health organization
(WHO), approximately 80% human population depends upon plants and their
related bioactive compounds for nutritional and medicinal purposes. Nutraceuticals
are naturally plant-derived bioactive compounds/secondary metabolites that possess
health and nutritional benefits (Sampaio et al. 2020). The term ‘nutraceutical’ was
given by DeFelice (director of the Foundation for Innovation in Medicine) in 1989,
which is derived from the confluence of two words ‘nutrients’ and ‘pharmaceutical’.
Nutraceuticals can be grouped into the following three main categories:
(a) Nutrients: Substances with established nutritional functions, such as vitamins,
minerals, amino acids, and fatty acids; (b) Herbals: Herbs or botanical products as
concentrates and extracts; (c) Dietary supplements: Reagents derived from other
sources serving specific functions, such as sports nutrition, weight-loss supplements,
and meal replacements (Dureja et al. 2003). Nowadays, globally nutraceuticals have
received much attention due to potential nutrient value, safety, and pharmacological
efficiency. Along with this, nutraceuticals are becoming a part of people’s daily diet
due to increasing prevalence of diseases and increasing consciousness of the
consumers towards preventive healthcare measures. According to market analysis
report (2020), world nutraceuticals’ market size was estimated to be US$233.9
billion at the time of COVID-19 crisis. It has been observed that the demand of
nutraceuticals is increasing all across the globe and especially in developing
countries. In India, ASSOCHAM report (2018) predicted that “the Indian
nutraceuticals market is expected to grow from $4 billion in 2017 to $18 billion in
2025.” In upcoming time, India can be the largest source of nutraceuticals produc-
tion with high biodiversity and robust research infrastructure.

Nutraceuticals are generally obtained from naturally grown plants, but their
commercial production is limited due to environmental, seasonal, and regional
constraints. The spontaneous supply of raw materials can’t be maintained from
natural plant population. For homogenous production of nutraceuticals, old conven-
tional methods are time-consuming because plant takes several years to grow and
reach the suitable age for desired bioactive compounds production. Also, one of the
main problems with the commercial supply of plant-derived molecules is the limited
availability of the bioactive compounds in plants. The content of secondary
metabolites in field grown plants is generally less than 1% dry weight. Therefore,
an alternative method is requisite to surpass such situation for the production of
higher plant biomass and nutraceuticals. In this context, in vitro plant cell culture
technique is well-known to efficiently produce maximum plant biomass along with
high content of nutraceutical compounds within a short duration and cost-effective
manner for commercial applications. In vitro cell culture is more appropriate for
optimizing the biomass and bioactive metabolites production, including
nutraceuticals. For instance, attempts have been made on optimization of in vitro
culture method for nutraceutical compounds productions in Celastrus paniculatus,
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Bacopa monnieri, Aegle marmelos, Cucumis melo, etc. (Anusha et al. 2016; Rahman
et al. 2002; Sainulabdeen and Sulekha 2008; Kintzios and Taravira 1997). However,
the detail documentation of different in vitro optimization strategies for nutraceutical
production is lacking. Therefore, this chapter focuses on in vitro plant cell culture
technique and optimization of in vitro culture conditions and their role in plant
growth and nutraceutical compounds production.

15.2 In Vitro Plant Cell Culture: A Technique from Field to Flasks

In vitro cell culture technique is economically feasible and important method to
produce high yield of desired valuable metabolites from culture cells. It was first
introduced at the end of 1960 as a preferable technique for studying and improving
the production of plant bioactive compounds. There are two main systems of in vitro
plant cell culture: the close system and the open system. The close system is more
commonly applied in the research laboratories. In this technique, cell growth is
achieved by adding fixed mass of cells and the biomass increases until one of the
environmental factors becomes limiting. At this stage, the metabolites can be
recovered from the cell mass directly. In the open systems, instead, the nutritional
factors are supplied to the cells by continuously adding fresh medium and chemo
state is used to monitor nutrient medium component. Therefore, in vitro cell culture
system could be applied for the large-scale production of plant cell biomass from
which nutraceuticals can be commercially obtained. It has been proven more advan-
tageous over old conventional methods for the industrial production of plants-related
bioactive secondary metabolites. Advantages of in vitro plant cell culture technique
are as follows: (a) in cell culture methods, the choice of plant compounds can be
generated independently of external factors (like soil and climatic conditions);
(b) decrease the threatened attacks of pathogens; (c) cells of any plant (rare/
endangered) can easily be maintained in order to produce their bioactive compounds;
and (d) robotic-driven regulation of nutraceuticals production with low costs
(DiCosmo and Misawa 1995; Efferth 2019). The advantage of plant cell culture in
nutraceuticals production is that it can ultimately provide a sustainable and reliable
source of natural products. Many researchers all over the world are working on the
development of in vitro cultivation methods for important nutraceutical plants for
obtaining uniform bioactive compounds in a rapid way with higher yields than ones
obtained in the natural processes (Table 15.1).

15.3 Optimization of In Vitro Plant Cell Culture: A Powerful
Technique for Industrial Scale Production of Nutraceutical
Compounds

In plant cell culture technique, we can produce nutraceuticals in controlled environ-
mental conditions independent from plethora of natural climatic factors with the
elimination of microbial contamination. However, selection of productive cell and
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optimization of in vitro culture conditions are imperative to produce high content of
nutraceuticals (Fig. 15.1). A large number of physical and chemical factors are
identified that directly affect biomass and nutraceutical compounds production
under in vitro conditions such as selection of elite plant, explants, nutrient media
composition, mineral content, phytohormone supplementation, pH, temperature,
humidity, aeration, agitation, etc. All these parameters are important to define the
quality of in vitro plant culture to obtain natural compounds of nutraceutical interest.
According to Verpoorte et al. (2002), screening of high yield producing genotypes,
optimization of culture medium, and culture environment for plant cell culture may
increase production of bioactive nutraceuticals by 20 to 30-fold. Apart from that,
precursor feeding and elicitation strategies are also advantageous in plant cell
culture. A number of studies have been reported about role of optimization of
these parameters for in vitro cell culture of nutraceutical plants (Table 15.2).

Fig. 15.1 Systematic view of in vitro plant cell culture method and their optimization for
nutraceutical compounds production
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Table 15.2 Optimization of in vitro cell culture conditions for biomass and nutraceutical
compounds production

Name of plant Optimized factors Impact of optimization References

Actinidia
deliciosa
(A. Chev.)

Type of explant Leaf explants produce best callus
regeneration

Akbaş et al.
(2009)

Allium
hirtifolium
Boiss.

Explant type and growth
regulator

Interaction of explant and growth
regulator improves callus
regeneration

Farhadi
et al.
(2017)

Allium
sativum (L.)

Genotypes and explant
type

Tips as explant produce
significant callus regeneration

Mostafa
et al.
(2020)

Asparagus
racemosus
Willd.

Plant growth regulators
and pH

High 2,4-D promoted biomass and
saponin production with optimal
pH ~3.3 to 5.5

Pise et al.
(2012)

Brassica
napus L.

Light intensity Optimized dark conditions
beneficial for callogenesis from
cotyledon sections as explants, but
for hypocotyl sections light
conditions are preferable

Afshari
et al.
(2011)

Citrus
jambhiri lush.

Type of explant Nodal explants produce maximum
callus regeneration response

Savita et al.
(2010)

Cucumis melo
L.

Genotype and light
intensity

Genotype and the intensity of light
significantly affected callus
regeneration and somatic
embryogenesis

Kintzios
and
Taravira
(1997)

Glycine max
(L.)Merr.

Plant growth regulators The ratio of NAA to BAP found to
have profound effect on both
callus growth and isoflavonoid
accumulation

Downey
et al.
(2013)

Glycine max
(L.) Merr.

Genotypes Callus regeneration frequency
alters with genotypes

Sairam
et al.
(2003)

Panax
ginseng C. A.
Mey.

Media strength and plant
growth regulators
supplementation

Maximum biomass with 2,4-D
supplementation and maximum
saponin production with IBA or
NAA

Lian et al.
(2002)

Spilanthes
acmella Murr.

Agitation Spilanthes cells highly sensitive to
increase in agitation speed

Singh and
Chaturvedi
(2012)

Stevia
rebaudiana
(Bertoni)

Culture medium,
phytohormone
supplementation, and
inoculums density

Callus cultured on MS basal liquid
medium without growth
regulators showed no growth
initiation response, while with
BAP and NAA supplementation
maximum stevioside produced.
Inoculum size and mineral content
in media regulate metabolites
production

Mathur and
Shekhawat
(2013)

(continued)
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15.3.1 Selection of Parent Plant and Optimization of their
Physiological Factors

The selection of healthy mother plant is prerequisite, followed by the optimization of
explant age, position, and developmental stage to improve the nutraceuticals pro-
duction in plant cell culture. In vitro morphogenic response is highly dependent on
genotype and physiological state of the explants. Therefore, researchers need to
optimize explants-related physiological factors along with the sterilization procedure
to improve the regeneration ability. Many studies have explained the role of parent
plant selection and explant optimization in nutraceuticals plants biomass production
(Farhadi et al. 2017; Savita et al. 2010). For instance, Chevreau and Leblay (1992)
have explained that pre-treatment of parent plant and explants position (on plant)
alter the regeneration potential of pear leaves. Similarly, it has been found that
physiological status of explant tissues and endogenous hormone level can signifi-
cantly modify callus regeneration in garlic (Mostafa et al. 2020).

15.3.2 Optimization of Culture Medium and Mineral Content

Optimization of culture nutrient medium is as important as selection of mother plant
and explants and is necessary to achieve high nutraceutical production. Although
standard plant cell culture medium provides a platform for the growth and mainte-
nance of plant cell lines, enhanced production of bioactive compounds can be
obtained by further medium modification. Significant benefits can be gained by
identifying the optimum culture medium type and nutrients content. The optimum
concentration and proportion of mineral salts are a critical determinant in controlling
the growth of cells in suspension cultures (Rao and Ravishankar 2002). In 2011,
Behbahani et al. reported the impact of nutrient media on lycopene production from

Table 15.2 (continued)

Name of plant Optimized factors Impact of optimization References

Vitis vinifera
L.

Inoculum size Fluctuation in terms of inoculum
sizes had a greater effect on the
stability of anthocyanin
biosynthesis in suspension
cultures of V. vinifera. Among all
the subculture conditions
investigated, 7-d subculture cycle
and 1.60-g inoculum size were the
best for maintaining relatively
stable anthocyanin production

Jun-Ge
et al.
(2006)

Zingiber
officinale
roscoe

Explant types and plant
growth regulators

Callus regeneration was
maximum in shoot tip explants
inoculated in 2,4-D fortified
medium

El-
Nabarawy
et al.
(2015)
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cell suspension culture of Barringtonia racemosa. Kintzios et al. (2001) reported the
impact of vitamins and micronutrients content on callus regeneration of important
nutraceutical plant Capsicum annuum. Similarly, optimization of medium strength
and growth regulators supplementation has been reported in Panax ginseng for
improved biomass and saponin production (Lian et al. 2002). Also, it has been
found that sucrose and nitrogen supplementation improve both biomass and saponin
production in Panax.

15.3.3 Optimization of Phytohormones

Plant cell cultures induced under sterile condition with phytohormone supplementa-
tion have shown high rate of cell proliferation and tremendous potentialities of stable
production of valuable bioactive secondary metabolites. Screening of
phytohormones supplementation and optimization of their concentrations may
increase the production of biomass and nutraceuticals by several folds. In this
context, many studies have been reported about optimization of plant growth
regulators for high yield of nutraceutical compounds (Mathur and Shekhawat
2013; El-Nabarawy et al. 2015). Component and concentration of phytohormones
within the media can be optimized more rapidly with employing a statistical design
of experiments approach. This statistical approach has been shown to be advanced
for the optimization of nutrient media composition in the production of a human
antibody in a BY-2 tobacco cell suspension culture (Ochoa-Villarreal et al. 2016).
Similar optimization strategy has also been applied to increase biomass and geraniol
production in tobacco cell suspension cultures (Vasilev et al. 2014).

Nutraceuticals production in in vitro cell culture has been well-investigated. For
instance, Aguilar-Camacho et al. (2019) reported the potential role of different
concentrations of phytohormones for production of bioactive compounds (such as
glucosinolates, isothiocyanates, phenolic compounds, and ascorbic acid) in Brassica
oleracea L. var. Italica. Similarly, Downey et al. (2013) showed importance of
optimization of phytohormones concentrations and combinations in Glycine max
(L.) biomass and nutraceuticals production. They suggested that combination of
NAA with BAP is highly beneficial for bioflavonoids production. Ginsenoside
production has also been found improved in bioreactor root regeneration method
with the optimization of phytohormones concentrations (Hahn et al. 2003). Seth
et al. (2020) optimized culture conditions and phytohormone supplementation by
central composite design for bacoside A production in Bacopa monnieri L. and
found that 5.4 pH, 18–6 light/dark photoperiod, and combination of BAP and NAA
fortification are necessary for the maximum plant biomass and bacoside A content.

15.3.4 Optimization of Light and Temperature

Light and temperature strongly influence many aspects of plant growth and biomass
production (Park et al. 2004). The effect of light on nutraceutical bioactive products
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synthesis is quite varied. Light usually induces chloroplast differentiation, which
leads to elevation of secondary metabolism in plants. Light acts as a stimulus that
activates a broad range of genes related to photosynthesis and photomorphogenesis.
The temperature of cultivation influences both plant cell growth and secondary
metabolism to some extent. Also, temperature regulates biosynthesis of natural
bioactive products with the regulation of various morphogenesis-related enzyme
activities (Georgiev et al. 2009). Therefore, it is necessary to optimize these physical
culture conditions to improve nutraceuticals production. Previous study has
explained role of optimization of light and temperature in ginseng cell suspension
culture (Wu and Zhong 1999). Light was reported as optimal factor to produce high
content of lycopene from cell culture of Barringtonia racemosa (Behbahani et al.
2011).

15.3.5 Optimization of Inoculum Size

With the use of a suitable initial inoculum size, higher production and accumulation
of bioactive compounds could be achieved as it has been found to affect the
production of secondary metabolites and cell biomass in many plant cell cultures
(Lee et al. 2006; Zhang et al. 2002; Zhao et al. 2001). It has been reported that in
plant cell culture low inoculum size induces longer lag phase (Carvalho and Curtis
1999). Wu et al. (2006) reported that high inoculum size is good for biomass
accumulation for Echinacea angustifolia; however, it was responsible for decreasing
the accumulation of secondary metabolites. With this study, they explained the
requirement of optimization of inoculum density for maximum biomass production
along with high yield of metabolites. Lo et al. (2012) reported the potential role of
inoculum concentration in artemisinin production from Artemisia annua L and
found that increasing initial inoculum size reduces the time at which the A. annua
cells achieved maximum growth along with the high content of artemisinin.

15.3.6 Optimization of Oxygen Level and Agitation

Agitation and oxygen concentration are also determinant factors in bioreactor-based
plant cell culture-based secondary metabolites production. Agitation is an essential
process because it promotes homogeneity with respect to the plant cells mass and
nutrients and enhances mass and heat transfer in bioreactors. Singh and Chaturvedi
(2012) reported that speed of agitation directly affects the growth and viability of
cells in culture. Also, it is a very important parameter for establishment of plant cell
suspension cultures. Oxygen supply has also shown significant effects on bioactive
metabolites production in cell cultures. Therefore, Thanh et al. (2006) optimized the
impact of oxygen supply on saponin production in bioreactor cultures of Panax
ginseng. Similarly, positive effects of oxygen supply on plant cell growth of tobacco
suspension cultures have been reported (Gao and Lee 1992). Thanh et al. (2014)
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optimized bioreactor parameters (such as oxygen supply, inoculum density, aeration,
etc.) for the production of biomass and ginsenosides.

15.4 Other Approaches to Improve Plant Cell Culture
and Bioactive Compounds Production: Precursor Feeding,
Elicitation, and Genetic Engineering

The primary challenges in regular commercial application of plant cell culture
method are low and variable yields of secondary metabolites accumulation. It has
been reported that some bioactive compounds do not accumulate in appreciable
amount in undifferentiated cells (Kolewe et al. 2008). In these cases, several other
strategies have been applied to boost the yield of targeted metabolites with higher
biomass production in in vitro plant cell culture, such as precursor feeding, elicita-
tion, gene editing, etc. (Biswas et al. 2020). Exogenous supply of a metabolites
biosynthetic precursor to nutrient medium may increase the content of the desired
bioactive compounds. This strategy is very effective when the precursors are low in
cost. This concept of precursor feeding is based on the idea that any intermediate
compound of a secondary metabolite biosynthetic route stands a good chance of
improving the yield of the final bioactive compounds. In the past, a lot of efforts have
been made to enhance the production of nutraceuticals by supplying precursor (Fett-
Neto et al. 1994).

Bioactive compounds are produced in natural plants as a defence mechanism.
Elicitors are signals that trigger the hypersensitive activity and thus enhanced
synthesis of secondary metabolites in plants. Nowadays, use of elicitors has been
one of the most effective strategies for improving the yield of bioactive secondary
metabolites (Ramirez-Estrada et al. 2016; Narayani and Srivastava 2017). In elicita-
tion mechanism, elicitor concentration, cell age, and the stage of the given culture are
other important factors that are necessary to optimize for improving production of
nutraceutical compounds (Ochoa-Villarreal et al. 2016). In many plants, elicitation
strategy has been used to increase nutraceuticals production, such as tomato, gin-
seng, broccoli, Ashwagandha, etc. (Rodríguez et al. 2018; Rahimi et al. 2015;
Natella et al. 2016; Sivanandhan et al. 2014).

Genome editing technology has also been used to manipulate plant nutraceuticals
production (Kumar et al. 2018). State-of-the-art genomics tools can be combined
with metabolic profiling to identify regulatory key genes of biosynthesis that could
be engineered to produce improved nutraceuticals. In 2007, Li et al. successfully
attempt to engineer flavonoid biosynthetic pathway in Malus domestica Borkh.
(apple) with the overexpression of leaf colour regulatory gene from maize. However,
genome editing technology such as CRISPR-Cas9 can be used to produce the
desired nutraceutical plant with health promoting bioactive metabolites in near
future.
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15.5 Conclusion and Future Prospective

This chapter outlines the role of in vitro plant cell culture technology in
nutraceuticals production and optimization of in vitro culture conditions for improv-
ing yield of nutraceutical compounds. In vitro plant cell culture technique is an
important biotechnological tool to produce the plant-based nutraceutical compounds
at industrial level. It has gained attention due to its simple growth medium
requirements, genetic stability, and capacity for scale-up of nutraceuticals produc-
tion. However, using plant cell culture technique, the major limitation for commer-
cial production of nutraceuticals is the development of appropriate bioreactor
production platform and in vitro culture conditions. Therefore, for the commerciali-
zation of nutraceutical compounds, it is utmost required to select favourable geno-
type/explants and optimize suitable culture conditions. Optimization of in vitro plant
cell culture conditions could allow to enhance biomass and secondary metabolites
production from nutraceutical plants by 20 to 30 folds. At present, the main
disadvantage of plant cell culture is that this platform is still considered as an
alternative to existing conventional technology and not being used as primary
production route for nutraceuticals production (excluding some cases like ginseng
production). Therefore, in near future, plant cell culture techniques can be applied as
a primary selected method (with the optimization of procedure) to produce large-
scale plant biomass and dietary nutraceutical compounds for human welfare.
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Genetic Engineering of Cell Cultures
for Enhanced Production of Nutraceuticals 16
Andrey Marchev, Kristiana Amirova, and Milen Georgiev

Abstract

Driven by various health concerns, there is growing demand for plant-derived
ingredients, used as pharmaceutical alternatives that claim certain physiological
benefits for the human body. As such, nutraceuticals are defined as bioactive
natural substances in the tissue of many plant species and mainly used to prevent
human diseases, due to their anti-inflammatory and antioxidant properties. The
emerging trend for manufacturing nutraceuticals in the form of dietary
supplements or functional foods in a natural and sustainable manner has opened
new avenues of plant cell culture technology over the past years. The advantages
of this technology opposed to the wild harvesting or field cultivation are the
controlled production according to the demand, preservation of the global biodi-
versity, as well as avoidance of associated ecological restrictions. Moreover,
genetic engineering is a tool that provides a great opportunity for metabolic
manipulation through overexpression, silencing, or disruption of one or more
genes of the biosynthetic pathway of interest. In this chapter, we attempt to
provide a framework of the cellular and molecular tools and their application
regarding the enhanced production of nutraceuticals from plant cell cultures with
special focus on flavonoids as ubiquitous metabolites in plant foods, including
vegetables, fruits, nuts, and beverages possessing many beneficial effects over the
human body.
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16.1 Introduction

In the last decades, there has been an increased interest from both, scientific
community and food industry, towards the identification of active molecules from
natural sources that have beneficial health effects beyond their nutritional value
(Carrizo et al. 2020). In 1989, Dr. Stephan DeFelice has introduced a joint term
“nutraceutical” aiming to fill the gap between nutrition and pharmacological therapy.
According to this definition, nutraceuticals are foods or part of foods with positive
well-being and health promoting effects, including the prevention and/or treatment
of a disease (Kalra 2003). However, compared to therapeutic drugs, nutraceuticals
are not subject of patent protection or governmental regulations and could be used as
preventive agents or adjuvants in medicinal therapy (Carrizo et al. 2020). Due to the
lack of clear definition, nutraceuticals are frequently accepted as functional foods
(since they are consumed as a part of the diet and improve the health status), but
unlike them nutraceuticals are consumed under dosage forms like conventional
drugs in the form of tablets, capsules, or solutions (Coppens et al. 2006). In this
regard, nutraceuticals also differ from dietary supplements, whose main role is to
supplement the diet by increasing the total dietary uptake of vitamins, amino acids,
minerals, or botanicals without aiming the prevention or treatment of diseases (Ross
2000). From a nutritional perspective, the array of nutraceuticals has been extended
to a source of both nutrients (carbohydrates, proteins, and fats) and non-nutrients
(pro- and prebiotics, as well, as phytochemicals) and comprises food constituents,
plant extracts, and food derivatives, including vitamins, amino acids, and minerals
(Bergamin et al. 2019). Nutraceuticals may considerably vary in their chemical
properties (molar mass, structure, polarity, functional groups, and charge) and
biological activities. They could be classified as antioxidants (vitamins, enzymes,
and minerals), dairy-based ingredients, plant extracts and phytochemicals,
nutritional lipids and oils, fibers and carbohydrates, probiotics, prebiotics, amino
acids, and proteins (Jain and Pundir 2013).

Phytochemicals comprise a great variety of chemicals structures and have dual
purpose, such as defensive role in plants and specific pharmacological effect in
humans. Many of these bioactive phytochemicals, such as alkaloids, triterpenes, and
polyphenols (flavonoids, phenolic acids, anthocyanins, etc.), are essential source of
nutraceuticals (Ho et al. 2021). However, when these nutraceuticals are derived from
wild- or field-grown plants, their yield and consistence in quality are dependent on
plant physiology state, harvest and storage processing, as well as, numerous envi-
ronmental and geographical factors. Along with that, their specific application
requires high purity, but when using whole plants there is risk from herbicides or
pesticides contamination (Açıkgöz 2020). Therefore, plant-field harvesting might be
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environmentally destructive for native plants population, especially for rare and
endangered plant species, and on the other hand, economically impractical due to
the high operational costs, frequently accompanied with very low and inconsistent
yields of the final product (Marchev et al. 2020). Alternatively, plant biotechnology
based on plant in vitro systems cultivation offers a reliable and sustainable opportu-
nity for the biotechnological production of plant-derived secondary metabolites
(SMs) in strictly controlled aseptic conditions, avoiding the influence of climate
and geographical conditions and the possibility to obtain products with consistent
yield and quality. Major advances, here, are that plant in vitro systems have the
potential to biosynthesize the full spectrum of metabolites typical for the mother
plant and have the ability to adapt their metabolism according to the environment
(Szopa et al. 2019). Therefore, plant in vitro systems are susceptible to genetic
manipulations of the biosynthetic pathways or changes in cultural environment
(additions of precursors, elicitors, and nutrient medium optimization) and allow
commercialization through transfer of the biotechnological process from flask to
large-scale production (Cui et al. 2014).

Here, we attempt to summarize recent examples for the biosynthesis of nutraceu-
tical ingredients, with focus on flavonoid molecules derived from plant in vitro
cultures. Their significance in cancer prevention and treatment has been described.
Recent advances for manipulation of their biosynthetic pathway aiming their
enhanced production are highlighted. Opportunities for lab- and large-scale produc-
tion through bioreactor cultivation are discussed.

16.2 Role of Nutraceuticals in Prevention and Therapy
of Human Malignancies

Many plants and herbs consumed by humans are known to contain relevant amounts
of polyphenols which have been demonstrated to have many beneficial effects, such
as antitumor, anti-inflammatory, antiallergic, antidiabetic, cardioprotective activity,
and many others. They are ubiquitous in plant foods, including vegetables, fruits,
nuts, and beverages, such as wine, tea, or cocoa. Specifically, the most abundant
sources of flavonoids are apples, citrus fruits, berries, etc. In USA and Netherlands,
the human flavonoid uptake is approximately 170 and 23 mg/day, expressed as
aglycones, based on the content of five flavonoids, such as quercetin, kaempferol,
myricetin, luteolin, and apigenin. The dietary consumption of polyphenols consists
mainly of 80% flavanols, 8% flavonols, 6% flavanones, 5% anthocyanins, and less
than 1% isoflavones and flavones. Therefore, it is not surprising that research has
progressively shifted from cure to prevention, from drugs to lifestyle concept,
including diet and food (Cas and Ghidoni 2018).

Cancer, the second leading cause of death globally, has accounted for nearly 9.6
million mortalities in 2018. According to World Health Organization (WHO)
reports, one in six deaths globally is due to cancer. The major risk factors of cancer
are low fruit and vegetable consumption, sedentary lifestyle, obesity, increased
exposure to cancer-causing agents, including tobacco and alcohol consumption,
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just to name a few (Nalini et al. 2019). Numerous in vitro, in vivo, and epidemiologi-
cal studies have shown the benefits of flavonoids and flavonoid-rich extracts in
preventing or curing cancer, including lung (Amararathna et al. 2020), liver and
breast (Ajji et al. 2020), ovarian (Carmi et al. 2020), colorectal (Dong et al. 2020),
etc. and the main mechanisms of the anticancer activity were cell cycle arrest and
inhibition of several signaling pathways, including extracellular signal-regulated
kinase 1/2 (ERK1/2), phosphoinositide-3-kinase/protein kinase B (PI3K/AKT),
nuclear factor-kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and
Wnt/β-catenin (Amararathna et al. 2020). An illustration of the main signaling
pathways affected by flavonoids is presented on Fig. 16.1.

Cell migration of cancer cells increases their motility and invasion and very often
metastasis accounts as cause for over 90% of cancer-related mortality. The binding
of nutraceuticals, such as flavonoids to actin (the main protein responsible for shape,
adhesion, and motility of the cells), is one of the potential mechanisms that can limit
actin polymerization and prevent cancer cell movement and invasion (Budryn et al.
2018). Quercetin-induced cytotoxicity in a dose-dependent manner in leukemic
(CEM and K562) and breast cancer (T47D and EAC) cells is mediated through
DNA fragmentation, cell cycle arrest and activated intrinsic pathway of apoptosis
(Srivastava et al. 2016), as well as, suppressed expression of survivin and induced
G0/G1 phase cell cycle arrest in breast cancer (MCF-7) cells (Deng et al. 2013).
Among all the tested flavonoids (naringenin, quercetin, and naringin), quercetin had
the lowest IC50 value of 32 μg/mL and reduced HepG2 and MCF-7 cell viability,

Fig. 16.1 Signalling pathways in cancer. Active phytochemicals in extract from medicinal plants
are the main source in prevention and therapy of cancer. Bioactivity of flavonoids influences the
cascade mechanism of NF-κB, Wnt/β-catenin, and PI3K/AKT signaling pathways, leads to activa-
tion of apoptosis of the malignant cells, or reduces the cell cycle in current phase G2/M
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increased the activation of caspase-3 and -8, and induced apoptosis through
upregulation of proapoptotic genes Bax and Bid and downregulation of
antiapoptotic genes BCL-2 and BCL-XL (Ajji et al. 2020). Quercetin and
kaempferol blocked the growth of human colorectal cancer cell lines HCT116 and
SW480 at G0/G1 phase. The key targets were cyclin-D1, MAPK8, and epidermal
growth factor receptor (EGFR). These compounds induced cell apoptosis through
modulation of PI3K signaling pathway and BCL-2 family proteins (Dong et al.
2020). As a flavonoid able to cross the blood brain barrier, quercetin was used to
obtain synthetic quercetin derivatives that were able to induce cell cycle arrest and
apoptosis in C6 glioma cells through inhibition of NF-κB and capsase-3 activation.
The obtained derivatives appeared not cytotoxic to hippocampal organotypic
cultures, used as a model of healthy neural cells (Kiekow et al. 2016). The
Wnt/β-catenin signaling pathway has a key role in cell proliferation, cell motility,
and stem cell differentiation and its aberrant activation can lead to tumorigenesis,
cancer progression, and tumor cell metastasis. A quercetin-rich extract of
Telectadium dongnaiense Pierre ex Cost (IC50 2 μg/mL) inhibited cell proliferation
of HCT116 colon cancer cells, which correlated with its inhibitory effect on the
expression of Wnt target genes, such as cyclin-D1, survivin, and c-myc (Kim et al.
2017). Quercetin could be used in combination with other plant-derived molecules,
such as paclitaxel or resveratrol for the successful treatment of multidrug-resistant
breast (Liu et al. 2020a) or prostate cancer (Singh et al. 2020). The hybrid combina-
tion (paclitaxel and quercetin) nanoparticles significantly decreased the IC50 values
from 108.85 μg/mL (when paclitaxel was used as a single drug) to 11.76 μg/mL,
which further resulted in higher apoptosis rate, G2M phase arrest, and stronger
microtubule destruction in MCF7/ADR. This evidence revealed that quercetin
increased the sensitivity of the cell line to paclitaxel and/or other therapeutic
approaches, including chemotherapy (Liu et al. 2020a). The combination
quercetin-resveratrol modulates the genes involved in cell cycle, apoptosis, fatty
acid metabolism, transcription factors, androgen response, PI3K/AKT, and PTEN
signaling. The decreased levels of EGFR, early growth response 3 (EGR3) and
interleukin 6 (IL6), and increased levels of insulin growth factor binding protein
7 (IGFBP7) and NK3 homeobox-1 (NKX3.1) overall supported the antiprostate
cancer effect of quercetin-resveratrol (Singh et al. 2020). The combinatorial appli-
cation of quercetin and curcumin inhibited the cell proliferation of human melanoma
cells (A375) through downregulation of Wnt/β-catenin signaling pathway proteins,
cyclooxygenase 2 (COX-2), cyclin-D1, and Axin2. The IC50 value of this combina-
tion was significantly lower (1.5 μM) in comparison when both substances were
used alone (50.0 and 8.5 μM; Srivastava and Srivastava 2019). Quercetin might be
used as an adjuvant drug for treatment of cancer cells resistant to ionization irradia-
tion therapy. The pretreatment of quercetin (20 μM) significantly reduced the
ionization radiation to 5 Gy in colon cancer treatment by targeting Notch-1 signaling
pathway (Li et al. 2020a, b). Gemcitabine resistance is a major issue for clinicians
and patients with advanced cancers, making it crucial to determine ways to bolster its
effects. Quercetin had a cytotoxic effect on gemcitabine-resistant pancreatic (PANC-
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1) and hepatocellular (HepG2) cancer. Quercetin lead to S phase arrest, tumor
protein p53 upregulation, and cyclin-D1 downregulation (Liu et al. 2020b).

As a glucosylquercetin, rutin is more effective in skin carcinogenesis prevention.
Rutin is able to prevent the UVB-induced inflammation in mice through inhibition of
the induced COX-2 and inducible nitric oxide synthase (iNOS). Rutin inhibited the
DNA binding of activator protein-1 (AP-1) and phosphorylation of signal transducer
and activator of transcription-3 (STAT3) in mouse skin exposed to UVB (Choi et al.
2019). In addition, rutin significantly increased collagen type I and III and decreased
metalloproteinase 1- and � 3 (MMP-1 and 3) in UVB-exposed mice (Her et al.
2020).

Most of the promising nutraceuticals, including flavonoids, have compromised
bioavailability, due to their hydrophobic nature and very often remain unabsorbed
without providing any therapeutic effect. Therefore, the bioavailability of
nutraceuticals needs to be improved by enhancing the physicochemical properties
like stability, solubility, and permeability. Hence, nanocarrier-based delivery
systems of such supplementary products play an important role in the management
and treatment of diseases (Shende and Mallick 2020). Quercetin gold nanoparticles
in poly(D,L-lactide-co-glycolide) inhibited the liver cancer cell migration and col-
ony formation. Quercetin also upregulated apoptosis markedly through the cleavage
of caspase-9 and caspase-3 and induced the up-releasing cytochrome C (Ren et al.
2017). Quercetin-loaded nanoparticles exhibited improved inhibition on the growth
and metastasis of triple negative breast cancer through inhibition of urokinase-type
plasminogen activator, which mediates tumor growth and metastasis (Zhou et al.
2020). Nanoencapsulated quercetin was every efficient to combat with the
hepatocarcinogenesis induced by diethylnitrosamine in rats (Ghosh et al. 2012).

16.3 Plant Cell Cultures as Potential Sources of Nutraceuticals

Plant SMs are of immense use as potential drugs, nutraceuticals, and food additives.
Among the different classes of molecules, plant polyphenols constitute the largest
group, of which flavonoids are the most abundant metabolites (Ali and Abbasi 2014)
for the human health due to their role in treatment or prevention of cancer, cardio-
vascular diseases, gastrointestinal disorders, immune/autoimmune diseases, brain
dysfunctions, diabetes, and obesity (Taghizadeh et al. 2019). Harvesting wild- or
field-grown plant is not able to meet the growing demand for flavonoids for
nutraceuticals and commercial use, which raises the awareness for serious ecological
concerns (Thiruvengadam et al. 2016). In this regard, the use of plant in vitro system
could be a viable alternative for reliable and continuous production of flavonoids,
which allows the application of different strategies for manipulation of the growth
variables, precursors, and elicitors that might modulate the biosynthetic pathway of
the compounds, optimizing their production (Mendoza et al. 2018). Flavonoids, and
especially kaempferol, quercetin, and rutin, comprise the main group of biologically
active metabolites in many plants and are important biochemical markers
authenticating the herbal plant materials and final products (Wang et al. 2015).
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They are found in many vegetables, fruits, and medicinal plants and represent a
major part of the diet in many societies (Thwe et al. 2013).

Many plant in vitro systems have been established with the aim to produce
flavonoids, but they rarely produce sufficient amounts of these SMs. For that reason,
different plant in vitro systems, such as cell suspensions (Kubica et al. 2020;
Vazquez-Marquez et al. 2016), hairy roots (HRs;), adventitious roots (ARs; Ho
et al. 2021; Jiang et al. 2020), and shot type cultures (Szopa et al. 2019;
Weremczuk-Jeżyna et al. 2020), have been investigated as potential source of
flavonoids. Along with that, different approaches such as nutrient medium optimi-
zation (Cui et al. 2011), precursor feeding (Skrzypczak-Pietraszek et al. 2019), and
application of biotic/abiotic elicitors have been frequently applied to enhance their
biosynthesis (Huang et al. 2016; Li et al. 2020a, b). Elicitors are natural or synthetic
molecules that initiate or improve the biosynthesis of SMs when introduced in small
amounts into the living cell. Elicitors, such as jasmonic acid (JA), methyl jasmonate
(MeJa), or salicylic acid (SA), are signaling molecules that respond to biotic or
abiotic stress and induce catalytic reactions leading to enhanced SMs accumulation
through activation of specific enzymes involved in their biosynthesis. The elicitor
efficiency depends on its type, concentration, and time for treatment (Amani et al.
2021). Due to the smaller cell size (compared to tissue and organ cultures) and close
characteristics to bacterial cell, suspension cultures offer a simplified system to study
growth and production kinetics and potentially evaluate and implement optimal
conditions for the production of SMs (Ali and Abbasi 2014). Flavonoid biosynthesis
from cell suspension of Buddleja cordata Kunth (Vazquez-Marquez et al. 2016),
Scrophularia striata Boiss (Ahmadi-Sakha et al. 2018), and Orostachys cartilagi-
nous A. Bor has been reported (Wen et al. 2019). The most suitable for their
cultivation were the stirred tank bioreactors (STB) operating at low (under 50 rpm)
or high agitation speed (400 rpm) depending on the culture type and aeration rate
between 0.05 and 0.1 vvm (Kubica et al. 2020; Vazquez-Marquez et al. 2016).
However, due to the dedifferentiated nature of cell suspensions, they might lose their
stable growth and biosynthetic characteristics (Marchev and Georgiev 2020). There-
fore, in such cases plant tissue and organ cultures are the preferred system for
production of SMs. Hairy roots obtained via Agrobacterium rhizogenes-mediated
genetic transformation are genetically and biochemically stable, show rapid growth
rate, and have the ability to biosynthesize SMs at levels comparable to that found in
the mother plant (Thwe et al. 2013). For that reason, they have been frequently used
to investigate the possibilities to manipulate the biosynthetic pathway of flavonoids
(Huang et al. 2016). The capacity of the HRs to produce flavonoids might vary due
to the random integration of the root-inducing plasmid in the plant genome, as well
as, on the strain used for the genetic transformation (Thwe et al. 2016). The
biosynthetic potential of HRs might be enhanced through application of elicitors
(MeJa, UV-light) or overexpression of transcriptional factors (TFs) and genes
encoding enzymes from the biosynthetic pathway discussed in more details further
in the chapter (Huang et al. 2016; Li et al. 2020a, b; Yao et al. 2020).
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16.4 Genetic Engineering of Plant Cell Cultures for Enhanced
Production of Flavonoids

Flavonoids are a family of approximately 6000 nutraceuticals widely distributed in
plants with great variety of significant biological functions, biosynthesized through
shikimic acid, phenylpropanoid, and flavonoid pathways (Chung et al. 2018). All
flavonoids possess a generic C6-C3-C6 structure comprising of 15 C-atoms, thus
forming two aromatic A and B rings connected to one heterocyclic benzopyran C
ring, which contains one oxygen. Depending on the modifications, especially
hydroxylation and methylation reactions in the C ring are leading to the formation
of more than 9000 derivatives (Marín et al. 2018). In this chapter, we have focused
on a specific subtype of flavonoids classified as flavonols, whose main
representatives, such as quercetin, kaempferol, myricetin, and rutin, present the
major intake of the dietary flavonoids in most societies.

Among all the biosynthetic genes, the key ones are the phenylalanine ammonia
lyase (PAL; EC 4.3.1.24), chalcone synthase (CHS; EC 2.3.1.74), chalcone isomer-
ase (CHI; EC 5.5.1.6), and flavanone 3-hydroxylase (F3H; Bai et al. 2019). The
biosynthetic pathway of flavonoids is illustrated in Fig. 16.2.

The entry metabolite and predecessor for the flavonoid biosynthesis in the
phenylpropanoid pathway is the amino acid phenylalanine, which is deaminated
by PAL to form trans-cinnamic acid that is further hydroxylated into para-coumaric
acid by cinnamate 4-hydroxylase (C4H; EC 1.14.14.91). In plants, this enzyme
catalyzes the initial steps in the production of diverse polyphenyl compounds and
is mainly involved in defense mechanisms (Pervaiz et al. 2017). As an alternative in
some plant species, para-coumaric acid can be produced by tyrosine from tyrosine
ammonia lyase (TAL; EC 4.3.1.23). Further, the para-coumaric acid, which
appeared to be the most limiting substrate in this pathway, is conjugated with
coenzyme A by the enzyme 4-coumarate-CoA ligase (4CL; EC 6.2.1.12) to obtain
para-coumaroyl-CoA. This is actually a branching point to other biosynthetic
pathways, including coumarins, monolignols, or polyketides, such as flavonoids,
isoflavonoids, and stilbenes (Chaves-Silva et al. 2018; Zhang et al. 2019). Para-
coumaroyl-CoA is the initial substrate of the flavonoid pathway from which is
generated naringenin chalcone through condensation of three molecules of
malonyl-CoA by the first specific enzyme in the flavonoid biosynthetic pathway,
named chalcone synthase (CHS; EC 2.3.1.74). At the same time, catalyzed by acetyl
CoA carboxylase, acetyl CoA is converted to malonyl-CoA. Therefore, the A and C
rings are formed by the acetate pathway, whereas B ring is derived from the
shikimate pathway (Pervaiz et al. 2017). Subsequently, chalcone isomerase (CHI;
EC 5.5.1.6) converts stereospecifically the chalcone to its isomer naringenin in a
ring-closing step that forms the heterocyclic C ring. Naringenin appears to be a
central intermediate, since it gives the start of different side branches for the
synthesis of diverse classes of flavonoid molecules derived by the activity of
functionalizing enzymes that might hydroxylate, reduce, alkylate, oxidize, and
glycosylate the phenylpropanoid core structure (Huang et al. 2016). Further, the B
ring of naringenin is hydroxylated by flavonoid 30-hydroxylase (F3’H; EC
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Fig. 16.2 Illustration, presenting the biosynthetic pathway of flavonoids. PAL phenylalanine
ammonia lyase (EC 4.3.1.24), TAL tyrosine ammonia lyase (EC 4.3.1.23), C4H cinnamate
4-hydroxylase (EC 1.14.14.91), ACC acetyl-CoA carboxylase (EC 6.4.1.2), 4CL 4-coumarate-
CoA ligase (EC 6.2.1.12), CHS chalcone synthase (EC 2.3.1.74), STS stilbene synthase
(EC 2.3.1.95), CHI chalcone isomerase (EC 5.5.1.6), F30H flavonoid 30-hydroxylase
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1.14.13.21) or flavonoid 305´-hydroxylase (F3´5’H; EC 1.14.13.88) to produce
eriodyctiol or pentahydroxy-flavanone. All these (2S)-flavanones are further
modified by the catalysis of flavanone 3β-hydroxylase (F3H; EC 1.14.11.9) in
dihydroflavonols, such as dihydroquercetin, dihydrokaempferol, and
dihydromyricetin. Dihydrokaempferol could be potentially directly oxidized by
F3’H and F3´5’H to dihydroquercetin and dihydromyricetin (Zhang et al. 2019).
Further, the enzyme flavone synthase (FLS; EC 1.14.11.22) catalyzes the hydroxyl-
ation of dihydroflavonols to their respective flavonols quercetin, kaempferol, and
myricetin (Irmish et al. 2019). This enzyme is a member of the large enzyme family
of 2-oxoglutarate-dependent dioxygenases (2OGDs) and is a key enzyme of the
flavonoid biosynthetic pathway, acting at the diverging point into the flavonol
subclass branch (Li et al. 2013). The other branching pathway is the biosynthesis
of anthocyanins, according to which the obtained dihydroflavonols are reduced to
colorless leucoanthocyanidins by dihydroflavonol 4-reductase (DFR; EC 1.1.1.219),
which are then oxidized to colored anthocyanidins by the activity of anthocyanidin
synthase (ANS; EC 1.14.20.4, synonyms leucocyanidin oxygenase: LDOX), which
requires NADP as a cofactor and is oxoglutarate-dependent Fe2+/Fe3+ dioxygenase.
These reactions are also high stereospecific with 2S, 3S, 4S configuration (Liu et al.
2014). After the biosynthesis of the flavonols, they might be subjected to glycosyla-
tion. For example, under the activity of flavonol 3-OØ-glucosyltransferase (3GT; EC
2.4.1.91) and flavonol-3-O-glucoside L-rhamnosyltransferase (RhaT; EC
2.4.1.159), quercetin is subsequently converted to isoquercetin and rutin (Abdel-
Salam et al. 2021).

The main strategies adopted to alter metabolic pathways and improve phytochem-
ical production might be summarized as: (1) gain-of-function of a gene of the
pathway; (2) loss-of-function of a gene of the pathway; (3) ectopic expression of
transcription factors (TFs) responsible for expressing all or most pathway genes, and
(4) overexpression of a single gene encoding a rate-limiting enzyme (Nielsen et al.
2019). The SMs biosynthetic pathway is generally governed by its structural genes,
which control the activity of enzymes involved in the pathway, as well as, regulatory
genes that encode the TFs. On the other hand, the TFs regulate the structural genes
activity through direct activation or repression through binding to the promoter
region of the structural genes (Hidalgo et al. 2017). Flavonoid biosynthesis is
regulated at transcriptional level by different families of TFs, in particular the
multimeric unit formed by the members of the major TFs, such as myeloblastosis
(MYB), Myc (encoding basic helix-loop-helix), and WDR (WD-repeat proteins),
which are essential regulators in cell development and expression of genes involved
in the flavonoid biosynthesis (Amani et al. 2021). Although the biosynthetic activity

Fig. 16.2 (continued) (EC 1.14.13.21), F3050H flavonoid 305´-hydroxylase (EC 1.14.13.88), FNS
flavones synthase (EC 1.14.11.22), F3H flavanone 3-hydroxylase (EC 1.14.11.9), DFR
dihydroflavonol 4-reductase (EC 1.1.1.219), ANS anthocyanidin synthase (EC 1.14.20.4), FLS
flavone synthase (EC 1.14.11.22), 3GT flavonol 3-O-glucosyltransferase (EC 2.4.1.91), RhaT
flavonol-3-O-glucoside L-rhamnosyltransferase (EC 2.4.1.159)
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is dependent on the formation of an active WBM complex, the MYB TFs are
sufficient to regulate the structural genes of the flavonoid branches, whereas the
cofactors encoding the MYC and WDR have been exclusively associated with the
anthocyanin accumulation (Czemmel et al. 2017). The activity of the TFs is
regulated by a variety of abiotic/biotic elicitors or light exposure, which means
that they are regulatory hubs between the elicitors or light-induced pathways and
the SMs regulation (Huang et al. 2016; Li et al. 2020a, b).

The most exploited plant in vitro system to study the flavonoid biosynthesis are
the HRs and in particular from the plant Fagopyrum tataricum Gaerth. and
F. esculentum Moenh., since these plants have been recognized as a rich source of
quercetin, kaempferol, myricetin, and especially rutin (Huang et al. 2016; Park et al.
2012). The UV-B stress treatment (used as abiotic elicitor) of F. tataricum HRs
resulted in 5.18-fold increased content of rutin (from 0.93 to 4.82 mg/g DW). The
observed effect was due to the enhanced expression of the structural genes FtPAL,
FtCHI, FtCHS, FtF3H, and especially FtFLS-1, which was upregulated approxi-
mately 40-fold (Huang et al. 2016). The contents of rutin and quercetin in HR line
Hokkai T8 were 0.25 and 0.03 mg/g DW, while their respective amounts in HR line
T10 were 59.02 and 0.43 mg/g DW. This difference was due to the particular higher
expression of FtPAL, FtCHI, FtCHS, FtF3H, FtF3’H, and FtFLS observed in HR
line T10 (Thwe et al. 2013). Further, it was established that the A. rhizogenes strain is
influencing the gene expression of the structural genes. The strain R100 showed
higher expression levels of FtFLS-1, FtFLS-2, and F3’H2, while A4 strain showed
significant expression of the key enzymes related to the anthocyanin biosynthetic
pathway, such as ANS. This fact resulted in rutin accumulation of 22.31 μg/mg DW
in the HR lines obtained with strain R100, while its content in the A4 HR lines was
13.04 μg/mg DW (Thwe et al. 2016). The potential of several flavonoid-specific TFs,
such as FtMYB6 and AtMYB12, has been investigated in the management of the
flavonoid pathway (Park et al. 2012; Yao et al. 2020). The overexpression of
FtMYB6 in the HRs of tartary buckwheat promoted the activity of Ft4CL, F4C4H,
FtCHI, FtF3H, and FtFLS-1 and doubled content of rutin and quercetin, while the
amounts of kaempferol and myricetin increased six- and threefold, respectively. At
the same time, the expression of FtDFR leading to anthocyanin synthesis remained
unchanged (Yao et al. 2020). In a similar way, the overexpression of AtMYB12
elevated the expression levels of the same structural genes in F. esculentum leading
to enhanced flavonoid production, without affecting the AtDFR and AtANS (Park
et al. 2012). The exposure of F. tataricum HRs with blue light overexpressed the
FtMYB116 TF and its targeted genes from the flavonoid pathway, especially FtCHI,
FtF3H, FtFLS, FtF3’H, and FtRhaT, leading to five- and fourfold increased produc-
tion of quercetin and rutin. The same TF was able to suppress the FtDFR and FtLAR
(leucoanthocyanidin reductase; EC 1.17.1.3) and the production of anthocyanins,
respectively (Zhang et al. 2019). The ectopic expression of VviMYBF1 promoted the
flavonols and glycosylated flavonol biosynthesis, such as quercetin and quercetin
derivatives. A positive correlation between VviMYBF1 and the expression of the
structural genes VviFLS, Vvi3GT, and VviRhaT in “Chardonnay” HRs has been
observed. Additionally, the expression of VviMYBF1 also altered the expression of
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the UV-B light-responsive HY5 homolog (VviHY5). Collectively, these results
support the theory that the UV-B response machinery exists in grapes to propel
flavonol accumulation through the activation of the regulatory network consisting of
both MYB and bZIP TFs, such as VviMYBF1 and VviHY5 (Czemmel et al. 2017).
Accordingly, the catechin and epicatechin biosynthesis has been boosted in cacao
cell suspension after the formation of active complex between MYB12 and HY5,
which overexpression was induced by blue light (Gallego et al. 2018). The effect of
different abiotic and biotic elicitors over the flavonoid biosynthesis has been
investigated as well. The total flavonoid content has been increased 1.57 and 1.80-
fold when GlMYB4 and GlMYB88 have been overexpressed in Glycyrrhiza glabra
Fisch cell suspension 9 h after the addition of 100 μM MeJa (Li et al. 2020a, b).
Elicitation with 100 mg/L Ag nanoparticles in Brassica rapa ssp. rapa HRs resulted
in the overexpression of BrMYB34 TF, which enhanced the expression levels of
PAL, CHI, and FLS and increased the content of myricetin, quercetin, kaempferol,
and rutin with 1.1 to 1.4-fold (Chung et al. 2018). As a low-cost alternative, chitosan
has been used as an elicitor to enhance the biosynthesis of several flavonoids in Isatis
tinctoria L. HRs. After treatment with chitosan at 150 mg/L for 36 h, the total
flavonoid content has been increased 7.08-fold. In particular, the content of multiple
hydroxyl substitute flavonoids rutin, quercetin, and kaempferol has been increased
8.27, 13.05, and 2.12-fold compared to the control. The most sensitive to chitosan
were CHS and F3’H, the transcriptional abundance of which increased 45.13 and
41.04-fold after 12 h of treatment. The increased expression of CHS is important
since this a gatekeeper enzyme in flavonoid biosynthesis, leading to the accumula-
tion of naringenin chalcone as a basic C6-C3-C6 skeleton used in the flavonoid
biosynthesis (Jiao et al. 2018). The cell wall elicitor (1% final concentration) from
Piriformospora indica increased the content of catechin, kaempferol, luteolin, and
myricetin up to twofold after 72 or 120 h treatment of Linum albulKotschy ex Boiss.
HRs. From the genes participating in the phenylpropanoid pathway, the highest
expression level was observed for PAL (Tashackori et al. 2018). The same fungal
elicitor was able to enhance the accumulation of rutin and apigenin and quercetin
5.7, 27.6, and 8.8-fold when used to treat the HRs of Ficus carica L. The highest
expression level was observed for the PAL and CHS and 3GT genes, which activity
was induced by MYB3 TF (Amani et al. 2021).

Along with the overexpression of single or multiple genes from the flavonoid
biosynthetic pathway or the selective stimulation of flavonoid-specific TFs, another
strategy could be the inhibition of the competitive pathways leading to the biosyn-
thesis of other SMs. The suppression of NtDFR1 and 2 by RNA interference (Ri)-
mediated posttranscriptional gene silencing in pink-flowered tobacco resulted in
72–97% reduction of the anthocyanin content. On the other hand, suppression of
DFR increased the total levels of flavonoids due to (dihydro) flavonol biosynthesis,
revealing the possibility to fine-tune the precursors flux to flavonoid biosynthesis
(Lim et al. 2016).
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16.5 Scale-up Strategies for Nutraceuticals Production

The cell transfer from flasks to bioreactor is an important step and main concern
toward the large-scale production and hence commercialization of valuable SMs
(Ahmadi-Sakha et al. 2018; Cui et al. 2011). Several biological (e.g., cell size, cell
heterogeneity, and genetic instability) and technological barriers (sensitivity to shear
stress, intensive mixing or aeration, foaming, cell adhesion, and aggregation) might
result in relatively low amounts of the target metabolites, which is a bottleneck for
their large-scale production (Marchev et al. 2020). Therefore, a suitable bioreactor
design must solve these challenges and assure homogenous cell suspending and
mixing that guarantee optimal mass and energy transfer, as well as, lower shear
stress environment, despite the cell tendency to grow as aggregates and sediment
during cultivation (Marchev et al. 2020).

Different approaches have been used to increase the biosynthetic capacity of
flavonoids during bioreactor cultivation, such as selection of an appropriate bioreac-
tor design (Cui et al. 2020; Kubica et al. 2020), type of impellers (Vazquez-Marquez
et al. 2016), nutrient medium optimization (Jiang et al. 2020; Ho et al. 2021),
agitation and aeration rate (Vazquez-Marquez et al. 2016), inoculum size (Cui
et al. 2011), and cell culture elicitation (Wen et al. 2019). Examples for bioreactor
production of flavonoids are presented in Table 16.1. Most of the bioreactor
cultivations aiming the biosynthesis of flavonoids are based on ARs (Ho et al.
2021) or shoot type cultures in pneumatically driven bioreactors (Weremczuk-
Jeżyna et al. 2020). The effect of nutritional factors (inorganic, organic compounds,
and plant growth regulators) and initial inoculum concentration over the SMs
production in ARs of Eurycoma longifolia Jack during cultivation in a 3-L bal-
loon-type bubble bioreactor (BTBB) has been investigated. Nutrient medium
constituents’ optimization is essential for maximizing the biomass growth and
SMs biosynthesis. Among all the used media, only Murashige and Skoog
(MS) and Gamborg’s B5 medium (B5) lead to increased lateral root branching and
increased biomass accumulation. After optimization of all the nutrient components
(3/4 MS medium, 30 g/L sucrose, and 3.0 mg/L indole-3-butyric acid) and inoculum
amount (6 g/L), after 7 weeks of cultivation the final biomass increased double
(3.22 g/L) and the total phenolics and total flavonoid amounts reached up to 8.04 and
2.95 mg/g DW, respectively. The BTBB are one of the most suitable constructions
for cultivation of tissue and organ cultures, since the lower shear stress due to the
lack of impellers (Cui et al. 2020). Optimum auxin concentration is critical for ARs
growth and flavonoid accumulation. Indole-3-butyric acid (IBA) was more effective
for lateral root branching and growth than 1-naphthaleneacetic acid (NAA) during
the cultivation of Polygonum multiflorum Thunb. ARs in a 3-L BTBB. After
selectin, the optimum nutrient medium components (2 mg/L IBA and 5% sucrose
and 1X MS) achieved the highest root biomass (13.46 g/L DW), total phenolic
(53.08 mg/g DW), and flavonoid compounds (25.10 mg/g DW). Salt strength higher
than 1X may decrease the water potential and inhibit the absorption of water and
mineral nutrients leading to inhibited root growth. Higher sucrose concentrations
may cause loss of cell viability, reduced growth, and modified root morphology, due
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to the increased osmolarity of the culture medium, which is promoting the diffusion
of metabolites from tissue to media (Ho et al. 2021). For the fed-batch cultivation of
Oplopanax elatus (Nakai) Nakai ARs in a 5-L balloon-type airlift bioreactor, the
optimum medium feeding factors were 60 g/L sucrose, 1X MS medium, 0.94 mM
phosphorus, 30 mM nitrogen, and 3.0 mg/L IBA. Although phosphorus and nitrogen
did not affect the root growth, they greatly influenced the flavonoid accumulation.

This medium was used as a feeding medium after 20 days of cultivation, after
which the process continued for 20 days more. The fed-batch process has some
advantages compared to the standard batch cultivation. Several restrictions, such as
prolonged lag phase in the early culture stage, nutrient exhaustion, and product
inhibition in the late stage, could be overcome. Thus, at the end of the cultivation, the
total flavonoid content was 265.71 mg/g DW, of which 0.27 and 0.12 mg/g DW
were quercetin and kaempferol (Jiang et al. 2020). After optimizing the inoculum
density and aeration volume (3 g/L and 0.1 vvm), the biomass of Hypericum
perforatum L. ARs contained 0.80 mg/g DW total flavonois, of which 1.33 and
14.01 μg/g DW were quercetin and hyperoside. It was established that higher
inoculum densities (6.0–12.0 g/L) were not beneficial and resulted in decreased
biomass content at the end of the cultivation. Higher aeration rates created turbulent
flow leading to lower biomass accumulation, increased shear stress, and key
volatiles, such as ethylene (Cui et al. 2011). The most suitable cultivation system
among the temporary immersion systems (TIS), such as RITA® and Plantfrom™, as
well as, nutrient sprinkle bioreactor (NSB) has been chosen for the shoots cultivation
of Dracocephalum forrestiiW.W. The highest biomass growth index (55.67 g/DW)
was observed for the shoots in the RITA® bioreactor, while the NSB achieved the
highest phenol content (24.15 mg/g DW). Both bioreactor systems are beneficial for
cultivation of plant in vitro systems because they are not exposed to continuous
immersion with medium or share forces, as frequently observed in mechanically
agitated bioreactors. In both cases, the cultures are supported on a porous base, and
in TIS, the plant cultures are immersed with medium at specific period of time at
specific intervals, while in NSB the cultures are periodically sprayed with medium
from the top of the vessel. The main advantage of these bioreactors are the increased
culture multiplication and high biomass accumulation due to high nutrient availabil-
ity, as well as, reduced hyperhydricity and physiological stress (Weremczuk-Jeżyna
et al. 2020). The highest flavonoid content of 29.02 mg/100 g DW, 21.00 mg/100 g
DW of which was rutin, was achieved during the cultivation of Schisandra chinensis
Turcz shoot cultures in NSB. These amounts were 1.40, 1.32, 1.36, and 1.42-fold
higher when compared with the flavonoid content accumulated in two continuous
immersion systems (a cone type bioreactor and cylindrical type bioreactor) and two
TIS (RITA® and Plantform™; Szopa et al. 2019). The Plantfrom™ bioreactor
system working at 6 min immersion/24 h ensured 1.4-fold higher relative growth
and enhanced biosynthesis of total phenolic (23.6 mg GAE/g DW) and flavonoid
content (10.9 mg RE/g DW) compared to the semisolid cultivation of Lycium
barbarum L. (Goji) shoot cultures (Ruta et al. 2020).

A frequently applied strategy to boost the flavonoid production during bioreactor
cultivation is the elicitation of the plant in vitro systems. The elicitation of Panax
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ginseng C. A. Mey ARs with 200 μM SA had a superior effect in total flavonoid
accumulation (88% compared to the non-treated control) than MeJa, during their
cultivation in a 5-L STB. The effect of the elicitor was due to the caused abiotic
stress through the generation of H2O2. The observed changes in the secondary
metabolism were as consequences of the changes observed in the primary metabo-
lism. The activities of the enzymes, glucose 6-phosphate dehydrogenase, PAL,
substrate specific peroxidases, shikimate dehydrogenase, and β-glucosidase that
generate precursors in the phenylpropanoid pathway, were highly expressed (Ali
et al. 2007). The highest flavonoid content (up to 22.4-fold increase) was observed
when shoot cultures of Centella asiatica (L.) Urban were treated with 50 μM MeJa
during their cultivation in RITA®. The elicitor increased the content of the main
flavonoid rutin 4.3-fold, while the highest kaempferol levels (22.4-fold increase)
were observed by combined elicitor treatment of 50 μMMeJa and 50 μM ethephon.
The amino acid L-phenyl alanine had a superior effect on the apigenin biosynthesis,
the concentration of which was increased ninefold compared to the control
(Skrzypczak-Pietraszek et al. 2019).

Several investigations report the biosynthesis of flavonoids from plant cell
suspensions as well. After optimizing the inoculum size (0.9 g/L), the growth
characteristics and biosynthetic potential of Verbena officinalis L. cell suspension
in STB and BTBB were compared. At the end of the cultivation, the biomass in the
STS and BTBB was 5.09 and 4.55-fold higher than the initial value. Along with that,
the total phenolics in STB were 36.78 mg/100 g DW, while in the BTBB were
19.99 mg/100 g DW. This difference is due to the fact that STB assures more
homogenous stirring and agitation of the cell suspension, which reflect in facilitated
mass transfer, oxygen, and nutrient to the cells. The shear stress sensitivity was
decreased by choosing low values of agitation and aeration, such as 33 rpm and 0.5
vvm (Kubica et al. 2020). The flavonoid production from Buddleja cordata Kunth
was influenced from the agitation speed. The stirrer speed of 400 rpm resulted in
production of 5.02 mg QE/ g DW total phenolics, while at 120 rpm the total
phenolics were 4.43 mg QE/ g DW. The authors conclude that even at this stirring
speed, the cells do not experience shear stress and there is sufficient medium and
oxygen transfer that favors the SMs production (Vazquez-Marquez et al. 2016). To
overcome problems with cell sedimentation with increasing cell density, the flow
rate and agitation speed were increased from 0.5 to 1.5 L/min and from 110 to
170 rpm during the cultivation of Scrophularia striata Boiss cell suspension in a
10-L STB. The total flavonoid content was tenfold higher than that in the shake flask
experiment, and in addition, rutin was biosynthesized only in the bioreactor
(Ahmadi-Sakha et al. 2018). The elicitation with 100 μM SA doubled the content
of total flavonoids compared to the control sample during the cultivation of
Orostachys cartilaginous A. Bor cell suspension in 5-L balloon-type airlift bioreac-
tor (Wen et al. 2019).

At a pilot-scale, flavonoid biosynthesis has been performed by cultivation of
H. perforatum ARs in a 500-L horizontal drum type and 500-L airlift BTBB. At
optimal cultivation parameters (1/2 MS medium with ammonium and nitrate ratio 5:
25, 0.1 mg/L IBA, 0.1 mg/L kinetin, 30% sucrose, and 3 g/L inoculum), the airlift
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construction offered better growth and biosynthetic characteristics than the drum
type bioreactor. The biomass yield was 1.4-fold higher, while the flavonoid content
was 1.5-fold higher in the airlift BTBB (Cui et al. 2014).

16.6 Conclusions

Plant in vitro systems represent a superior source of bioactive SMs, especially
flavonoids, which have been demonstrated to possess many beneficial effects, such
as antineoplastic, anti-inflammatory, antiallergic, antidiabetic, cardioprotective
activity, and many others. Although the examples given for the biological activities
are based on cell lines or animals, it is of a critical importance to perform clinical
investigations to elucidate the daily doses and toxicity effect for humans. Flavonoids
are ubiquitous in plant foods, including vegetables, fruits, nuts, and beverages, such
as wine, tea, or cocoa, and comprise main part of the human diet. Harvesting wild- or
field-grown plant is not able to meet the growing demand for flavonoids for
nutraceuticals and commercial use, which raises the awareness for serious ecological
concerns. In this regard, the cultivation of plant in vitro systems could be a viable
alternative for reliable and continuous production of flavonoids, which allows the
application of different strategies for manipulation of the growth variables,
precursors, and elicitors that might modulate the biosynthetic pathway of the
compounds, optimizing their production. However, supreme results are achieved
through selective overexpression or suppression of structural genes or TFs that can
trigger to substrate pool to the desired metabolites or suppress competitive biosyn-
thetic branches.

Essential for obtaining high yields of the desired SMs in bioreactors is the
application of different optimization on process and cultivation parameters. The
selection of an appropriate bioreactor configuration is a complex task in which the
cultivation parameters (especially mixing and aeration) must be precisely
equilibrated to achieve optimal growth and product synthesis.
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Abstract

Secondary metabolites of plants are rich source of highly diverse chemical
compounds with biological characteristics for food and pharmaceutical use.
Among polyphenolic compounds, flavonoids are potential naturally occurring
group present in fruit, vegetables, and beverages which are derived from plant
sources. Structurally, flavonoids’ skeleton consists of C-15 carbon with frame-
work of C6-C3-C6. Favones, favonols, favanones, favanonols, favan-3-ols,
chalcones, anthocyanidins, and isofavones are important subgroups of
flavonoids. The linkage position between the B ring and the C ring delineates
the basic flavonoids. The biosynthesis of such bioactive compounds to meet the
increasing market demands is difficult due to the high chemical structural com-
plexity, lack of direct extraction techniques from plants, use of harsh chemicals,
and slow plants’ growth. Therefore, microbial biosynthesis is superior alternative
to sustainable and economic production of flavonoids due to rapid and easy
growth of microbes, genetically tradable, friendly approach to the environment,
and less use of harsh chemical. Escherichia coli and Saccharomyces cerevisiae
are well-known and studied organisms have been used in food, beverages, and
pharmaceutical industries. This chapter explains the importance of flavonoids
compounds and their contribution to health, the advantages of utilizing microbes
in biosynthesizing flavonoids over plants, and explaining the microbial biosyn-
thesis pathways of several abundant flavonoids’ compounds. Finally, the impor-
tant advances of microbial biosynthesis of flavonoids in food and beverages
industries are discussed.
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17.1 Introduction

Nutraceuticals are the significant class of molecules due to their potential effects in
health-promoting, treating, and preventing human’s diseases. Nutraceuticals involve
bioactive compounds that have distinct functional and structural features and can
trigger health benefits and physiological effect in long term (Wang et al. 2016). They
can be produced from diverse sources including plants (phytochemicals and
vitamins), animals (polysaccharides), and microorganisms (poly amino acids), and
they are superior antioxidants, anti-inflammatory, and prevent gastrointestinal,
arthritis, osteoporosis, cancer, cardiovascular, and chronic diseases. Nutraceuticals
market has been greatly increased due to the growing demand on promoting human
health through diet rather than drugs. Global Information Inc. estimated that
nutraceuticals market in 2019 will reach $241.1 billion, and by 2022, $1121 (Jain
and Ramawat 2013; Yuan and Alper 2019). Flavonoids are the secondary metabolic
phenolic substances, which are widely produced in all vascular and medicinal plants
(Karak 2019; Jucá et al. 2020). Flavonoids are the major diverse class of phenolic
compounds in plants kingdom (Nabavi et al. 2020). They contribute several health
benefits to human such as, anti-inflammatory, antioxidant, anticancer, antimicrobial
functions, and add color and taste to food and beverages (Karak 2019; Jucá et al.
2020). However, various issues need to be addressed in order to fulfill the expanding
demand of flavonoid nutraceuticals market. For example, limited direct extraction
approaches, high raw materials cost, short-term sustainability and stability (Wang
et al. 2016; Yuan and Alper 2019), and low amount of produced and purified
(flavonoids) nutraceuticals. Therefore, microbial production of nutraceuticals
(flavonoids) can be promising strategy as an attractive alternative approach of
chemical synthesis and extractions (Yuan and Alper 2019). E-coli strains and food
grade S. cerevisiae are great examples of factorial cells that have been widely
utilized in developing nutraceuticals (Wang et al. 2016). Therefore, biosynthetic
pathways of microbes to produce nutraceuticals (flavonoids) can provide nonfood
lignocellulosic feedstocks, low cost of raw materials, and safe use in pharmaceutical
and food industries (Yuan and Alper 2019). Taditional host of microorganisms such
as Escherichia coli, some strains of Saccharomyces cerevisiae, and Corynebacte-
rium glutamicum have been investigated. Furthermore, they are generally
recognized as safe microbes other than traditional microbes such as, the oleaginous
organisms Yarrowia lipolytica, which are commercially available for their ability to
produce high quantities of omega-3 polyunsaturated fatty acid. Microbial cocultures
or synthetic consortia were recognized as the best way to produce a highly complex
molecule of nutraceuticals (flavonoids) such as, glycosides (Yuan and Alper 2019).
Plants, fungi, and microorganisms are living organisms that can produce crucial
compounds and are called primary metabolites. Primary metabolites are important
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for various vital processes involving photosynthesis, production/expenditure of
energy, metabolism process of carbohydrate, fat, and protein. Beside fundamental
primary metabolites, there are broad secondary metabolites such as, polyketides,
terpenoids, phenylpropanoids, and alkaloids.

Administered enzymatic reactions facilitate secondary metabolites’ biosynthesis
in cellular systems. It is crucial to understand the metabolic process to control the
potential of desired plant phytochemicals’ biosynthesis in food and pharmaceuticals
industries. Secondary metabolites production can be regulated by investigating the
compromised genes in the metabolic pathways and environmental and physiological
processes (Nabavi et al. 2020). Thus, this chapter will discuss the importance of
flavonoids, the general biosynthetic pathway of flavonoids in plants, the microbial
biosynthesis of several flavonoid substances including naringenin, apigenin and
genkwanin, flavone, isoflavones, and anthocyanin. The importance of flavonoids
microbial biosynthesis in food, beverages, and pharmaceutical industries is
discussed, and the recent modifications in the field of flavonoids microbial biosyn-
thesis are highlighted.

17.2 Overview of Flavonoids

Phenolic compounds are the highly diverse phytochemicals existed in plant king-
dom. Benzoic and cinnamic acid, coumarins, tannins, lignins, lignans, and
flavonoids are simple phenols found in plant food. They offered significant health
benefits because they prevent oxidative stress, which eventually reduces the risk of
inflammation, cancer, diabetics, heart diseases, and cells mutagenesis. The global
market of flavonoids is estimated by 2022 to reach $1121 due to their physiological
effects and diverse structures (Yuan and Alper 2019). Ecological and physiological
pressures can partly synthesize phenolic compounds in plants (Khoddami et al.
2013). Flavonoids are the secondary metabolic phenolic substances, which are
widely produced in all vascular plants such as, fruit and vegetables, and medicinal
plants (glycoside and methylated derivatives) (Karak 2019; Jucá et al. 2020).
Flavonoids are the major diverse class of phenolic compounds in plants kingdom
(Marranzano et al. 2018; Nabavi et al. 2020). They possess several biological
activities due to the fact that they have diverse complex chemical structures. It has
been reported that flavonoids offer strong antioxidant activities and protect plants
and human cells against free radical activities (ROS). The functional group arrange-
ment of flavan nucleus is responsible for strong antioxidant properties (Heim et al.
2002; Kukić et al. 2006; Zhang et al. 2014; Marranzano et al. 2018; Jucá et al. 2020).

Flavonoids protect cells and tissues from injury, pathogen infections, damage,
chemical irradiation, and overall immune system, and they potentially prevent
several diseases including leukemia, sepsis, asthma, sclerosis, atherosclerosis, pso-
riasis, allergic rhinitis, ileitis/colitis, and rheumatoid arthritis (Marranzano et al.
2018). In addition, flavonoids and anthocyanidins have demonstrated anticancer
properties, which reduce or prevent the chance of cancer’s initiation, promotion,
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and progression due to their pharmaceutical characteristics (Prasad et al. 2010;
Marranzano et al. 2018; Jucá et al. 2020). Several studies have demonstrated
antimicrobial effects of several flavonoids including Apigenin, galangin, flavone
and flavonol glycosides, isoflavones, flavanones, and chalcones due to the fact they
are formed in plants as a result of microbial infections. Flavonoids can inactivate
adhesion, protein transportation, enzymes of microorganisms, and interrupt micro-
bial membranes (Mishra et al. 2009; Pandey et al. 2012; Mishra et al. 2013;
Marranzano et al. 2018; Jucá et al. 2020). Moreover, they significantly contribute
color and taste characteristics to the food and beverages are derived from plants
industries, and they have potential effect in improving the nutritional properties of
food. Flavonoids are the hydroxylated substances from a large group of phenolic
compounds. In response to microbial infections in plants, flavonoids are synthesized
Aglycones, glycosides, and methylated derivatives that are the three forms of
flavonoids in plans (Karak 2019; Jucá et al. 2020).

From chemical standpoint, flavonoids are structurally built from 15-carbon skel-
eton and A and B benzenic ring linked by 3-carbon. Favonoids subdivision into
diverse groups relies on the carbon that attach (C ring to B ring), degree of C ring’
unsaturation, and oxidation. For example, the three-carbon linking chain
characterized as C6-C3-C6 compounds and called chalcones (Fig. 17.1). Chalcones
are precursors for most classes of flavonoids. Isoflavone can be formed by linking
the carbon at position three of (C ring) to (B ring) (Fig. 17.2). However, a heterocy-
clic pyran or pyrone ring (C ring) can be further formed from the linking chain in
many flavonoids (Fig. 17.2) (Nabavi et al. 2020). Flavones are found in steam,
leaves, and roots, and they are converted by favone synthase (FNS) from favanones
via the present of single double bound between the carbon atoms at second and third
position. Anthocyanins are another important class of natural colorant and
preservatives flavonoids, which are derived from favonols and possess the favylium
ion basic structure at the lack of a ketone oxygen fourth position (Shah et al. 2019).

Fig. 17.1 General structure
of flavonoids. This figure is
reprinted with permission
from international journal of
current research (open access)
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17.3 Biosynthetic Pathways of Flavonoids in Plants

The acetate (A ring) and the shikimate pathways (B ring) with the linking chain
(C ring) forming the C6-C3 components are the two biosynthesis pathways of
flavonoids (Nabavi et al. 2020). Figure 17.3 shows the full biosynthetic pathway
of flavonoids in plants. The flavylium ion, which is the core of all flavonoids that
exist in the upstream pathway transformations of glucose, generates three malonyl-
CoA molecules that form (A ring) and one of 4-coumaroyl-CoA (Petrussa et al.
2013). Phenylalanine produces 4-coumaroyl-CoA through shikimate pathways to
form (B ring) (Nabavi et al. 2020). Two enzymes are involved in the condensation of
two steps to produce naringenin chalcone synthase (CHS) and chalcone isomerase
(CHI). The dihydrokaempferol (colorless dihydroflavonol) is produced via the
oxidation of naringenin, which is a colorless flavanone via flavanone
3-hydroxylase (F3H). Subsequently, flavonoid 30-hydroxylase (F30H) or flavonoid
30,50-hydroxylase (F3050H) produces dihydroquercetin or dihydromyricetin, respec-
tively, by hydroxylation of dihydrokaempferol on the 30 or 50 position of (B ring).

Fig. 17.2 Some major kinds of flavonoids. This figure is reprinted with permission from Interna-
tional journal of current research (open access)
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Fig. 17.3 An overview of general biosynthesis pathway of Flavonoids. This figure is reprinted
with permission from Winkel
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F30H or F3050H can directly hydroxylated naringenin to deliver eriodictyol and
pentahydroxy-flavanone, respectively.

Eriodictyol and pentahydroxy-flavanone are further hydroxylated to produce
dihydroquercetin and dihydromyricetin. Unsaturation and oxidation of (C ring)
forms the further divers’ structures of flavonoids such as, (2-phenylchromenyliums
(anthocyanidins/anthocyanins); 2-phenylochromones (flavones, flavonols,
flavanones, di-OH-flavonols); 2-phenylchromanes (flavans, flavan-3-ols, and
flavan-3,4-diols (proanthocyanidins)); chalcones/dihydrochalcones; 2-benzylidene
coumaranones (Fig. 17.3) (Nabavi et al. 2020). Anthocyanidins are formed via
dihydroflavonol reductase (DFR) and leucoanthocyanidin oxidase (LDOX), which
catalyze reactions, “The (DFR) converts dihydroquercetin, dihydrokaempferol, and
dihydromyricetin to leucocyanidin, leucopelargonidin, and leucodelphinidin (color-
less flavan-3,4-cis-diols), respectively. Subsequently, (LDOX) catalyzes the oxida-
tion of leucocyanidin, leucopelargonidin, and leucodelphinidin to cyanidin
(red-magenta anthocyanidin), pelargonidin (orange anthocyanidin), and delphinidin
(purple-mauve anthocyanidin), respectively”(Petrussa et al. 2013).

Chalcone is produced by condensation of (A ring) and (B ring). The later
compound goes through isomerase-catalyzed cyclization to form flavanone, which
is the budding blocs for other flavonoids. Approximately 7000 of flavonoids have
the same basic structure since most of them are biosynthesized in this pathway.
However, the simple structure of flavonoids that includes (C ring) is flavan. There-
fore, flavonoids are characterized into two categories due to their structural diversity
including flavanones, flavanols, flavones, and flavonol; on the other hand,
isoflavones, biflavonoids, flavonolignans, prenylflavonoids, flavonoid
glycosidoesters, aurones, and chalcones. Two different forms of flavonoids are
found in plants’ free aglycones form and glycoside-bound form. The later form is
the major ingested form of flavonols and flavones by human (Nabavi et al. 2020).
However, the production of flavonoids from plant sources is very difficult to be
accomplished for large-scale production due to the long extraction process, expen-
sive extraction approaches, and harsh chemical and environmental conditions. Thus,
microbial biosynthesis of flavonoids can be a superior and sustainable alternative.

17.4 Importance of Microbial Biosynthetic Pathways
of Flavonoids

The flavonoids as secondary metabolites are having several distinguishable
characteristics among substances of primary metabolites. First, they have an ability
to accumulate on organs or tissues such as, the accumulation of flavanols on skin of
grabs (Mu et al. 2014). Second, they have limited distribution of specific taxonomic
entities. As an example, the biosynthesis of isoflavones in Fabaceae plant species
(Reynaud et al. 2005). Third, flavonoids production can be regulated when the tissue
cultures are unable to form the secondary metabolites since the important genetic
information possess in plant cells. Fourth, they demonstrated several biological
activities either in the interaction between organism-organism or in diverse
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organisms (Trantas et al. 2015). Fifth, the culture suspensions have lower complex-
ity than solid matrices of plants as well as low separation cost and carbon footprint.
Finally, levels of flavonoids production from plants relay on crop’s season. On the
other hand, microbial productions have very short life cycles and do not rely on
season. Microbial production requires simple feedstock such as, carbon source
(glucose and oxygen and/or carbon dioxide of initial input and nutrients and will
be able to meet the demand of production) (Ng et al. 2019).

The metabolomics improvements can offer a great chance to discover new
chemicals formed through organisms. Moreover, the biosynthetic of flavonoids
has been improved. Due to the fact that the advancement of structural and biology
including deputation of gene and mutation, which are the main responsible process
for the enzymatic modification in microbial flavonoid’s biosynthesis. Diverse array
of compounds could be produced through this enzymatic action and complex of
enzymes on the metabolic pathway basic structure. As it is obvious, the enzymes
involving in the flavonoid’s biosynthesis pathway are progressing in a way to result
in catalysis to glycosylation, acylation, prenylation, sulfation, methylation, isomeri-
zation, or condensation to specific region (Trantas et al. 2015).

A core molecule can be synthesized by the flavonoids, which are produced by
organisms such as, flavanone naringenin. Several enzymes (such as, hydroxylases,
isomerases) further proceeded the core molecule downstream to achieve the end
product. Utilizing enzymes that can act on different substrates is a common feature
of different organisms. For instance, the oxidation of flavanonol to flavono is
catalyzed via flavonol synthase utilizing substrate dihydrokaempferol or
dihydroquercetin to produce kaempferol or quercetin, respectively (Trantas et al.
2015). Bacterial, yeast, or cell biotransformation of plants is an innovative emerging
strategy for production of rare, natural, inexpensive, and low environmental pollu-
tion products in in vivo biosynthesis under fully controlled conditions; moreover, it
helps in easier recovery of the formed products than the extractions of natural
products or chemically synthesized products due to generation of less waste and
side products. A lot of efforts have been made to produce array of diverse natural
compounds, analogs, and useful intermediates class including isoprenoids,
flavonoids, stilbenes, polysaccharides and glycoproteins, and alcohols, and these
compounds possess potential pharmaceutical applications (Abdullah et al. 2008;)
(Otero and Nielsen 2010; Van Summeren-Wesenhagen and Marienhagen 2013;
Trantas et al. 2015) such as, antimicrobial, anticancer, cardioprotective, antioxidant,
anti-inflammatory, and immune system-promoting effects (Cazarolli et al. 2008;
Tungmunnithum et al. 2018).

For instance, the number of hydroxyl substituents that constituted the flavonoids
structure is highly associated with the increased antioxidants’ capacity and scaveng-
ing of free radical caused by reactive oxygen species in human body (Jucá et al.
2020). For example, (Ocimum basilicum L.) and oregano (Origanum vulgare L.) are
natural antioxidant and preservatives extracted from basil (Pitaro et al. 2012; Jucá
et al. 2020). In addition, cardiovascular disease caused by atherosclerosis’ clinical
events led to increased morbidity and mortality rate, such as myocardial infarction,
embolisms, and cerebrovascular accidents which can be prevented via antioxidant
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and free radical scavenging properties of flavonoids. The chronic or acute inflamma-
tory process could be prevented by the presence of substances such as, the active
compound campferol3-O-methyl of ginger extract (Zingiber zerumbet), which
decrease itric oxide and prostaglandin E2 production (Soares et al. 2015; Jucá
et al. 2020). Flavonoids are natural chemical factors that can promote the immune
system and body defense against diseases. It has been scientifically proven that
propolis possesses antimicrobial properties against microorganisms due to the pres-
ence of flavonoids galangina and pinocembrin. Obviously, the oxidative stress and
free radical activities are the major causes of most disease’ initiation and progres-
sion. Therefore, high antioxidant capacity of flavonoids can promote human health
and prevent or treat several diseases such as, aging, cancer, cardiovascular diseases,
arteriosclerosis, and neurodegenerative diseases (Tapas et al. 2008; Sandhar et al.
2011; Lima et al. 2015; Jucá et al. 2020).

17.5 Microbial Biosynthetic Pathways of Flavonoids

Traditional laboratories, expensive extraction methods, environmental and seasonal
conditions of plants, toxic catalysts utilization, harsh chemical conditions, and
presence of many compounds, such as chiral centers and labile connectivities, cannot
meet the growing demand on flavonoids production from plants source in large scale
(Chouhan et al. 2017; Nabavi et al. 2020). Also, individual compound of
polyphenols cannot be achieved in large quantities due to the complex mixture of
plants’ polyphenols (Milke et al. 2018). Therefore, utilizing microorganisms in
biotechnological production of plant secondary metabolites could be an ideal solu-
tion (Nabavi et al. 2020), and they can be grown with high rate very easily (Chouhan
et al. 2017). High quality, economical, ecofriendly, short time, less harsh chemical
conditions, less of intermediate pathways loss, glycerol, and cellulose use as cheap
carbon source are converted to high chemicals, and a diverse generation of
synthesized natural products has been produced by microorganisms using biology
tools and novel enzymes (Chouhan et al. 2017).

Biotechnological production of plants secondary metabolites requires several
techniques involving, choosing the most effective host strains, gene manipulation
objects determination, and clear understanding of biosynthesis enzymes. The pri-
mary metabolism of plants and microorganism is very similar, which means poly-
phenol precursor molecules including malonylCoA and aromatic amino acids can be
produced by microbial metabolism (Milke et al. 2018). Saccharomyces cerevisiae
and Escherichia coli are the major considered microorganisms as cellular factories
of flavonoids such as, flavones, flavonols, flavanones, and isoflavones, and other
species such as Streptomyces venezuelae could be used in some cases (Trantas et al.
2015; Nabavi et al. 2020).

The platform of flavonoids production mainly requires manipulation and
controlling the pathways of two rings:(A) malonyl-CoA pathway and
(B) 4-coumaroyl-CoA pathway (Pandey et al. 2016; Trantas et al. 2015; Nabavi
et al. 2020). Flavonoids can be originated using microorganism by the universal
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phenylpropanoid route leading to form (B ring) starting from aromatic amino acid
phenylalanine or tyrosine (Yuan and Alper 2019; Nabavi et al. 2020). The phenylal-
anine ammonia-lyase (PAL), Cinnamic acid 4-hydroxylase (C4H), coumarate CoA
ligase (4CL), chalcone synthase (CHS), and chalcone isomerase (CHI) genes are
required in the case of using Saccharomyces cerevisiae organism to complete the
pathway and form naringenin.

17.6 Naringenin

Naringenin, a (2S)-flavanone, is the major citrus bioactive compound found in grabs
and oranges and is demonstrated to have several health benefits such as, antioxidant
and anti-inflammatory effects. In addition, it can act as a modulator of immune
system and promoter of carbohydrates metabolisms (Yıldız et al. 2009; Leonardi
et al. 2010; Qin et al. 2011; Thapa et al. 2019). In order to achieve hydroxylation step
from cinnamate to an electron-donor (p-coumarate), a cytochrome P450 reductase
(CPR) requires the presence of C4H as coexpression. Naringenin can be also
biosynthesized in Escherichia coli via the aromatic amino acids (a precursor tyro-
sine) with the presence of the coumarate CoA ligase (4CL), chalcone synthase
(CHS), and chalcone isomerase (CHI) genes (Nabavi et al. 2020). The formation
of several flavonoid compounds (naringenin, apigenin, kaempferol, and quercetin)
utilizing p-coumarate as a precursor has been extensively reported (Leonard et al.
2007, 2008; Nabavi et al. 2020). Coumarate CoA ligase (4CL), chalcone synthase
(CHS), and chalcone isomerase (CHI) genes are used to achieve kaempferol and
quercetin. Flavanone 3β-hydroxylases (FLS, F3H) are the further genes used in the
pathway for kaempferol, while quercetin can further use (FLS, F3H and F30,50H
lavonoid-30,50- hydroxylase. F30,50H) bonded to a cytochrome P450 reductase
(CPR), which requires to obtain hydroxylation steps on (B ring) (Nabavi et al.
2020). Because of the enzymes and enzyme complex involving in flavonoids
production, specific region catalyst condensation, glycosylation, acylation,
prenylation, sulfation, methylation, or isomerization can be achieved, and these
enzymes enable to form flavanone naringenin. In order to produce the flavonoids’
end products, the core molecules flavanone naringenin via multiple enzymes such as,
hydroxylases and isomerases further regulated downstream (Trantas et al. 2015).

Another approach of flavonoids (naringenin and pinocembrin) production via
yeast or bacteria is D-glucose as a simple source of carbon (Nabavi et al. 2020) as it
is shown in (Fig. 17.4) since it decreases the cost of production in large scale (Jones
et al. 2016). In the case of using the glucose as a supplementation for the microbial
cells, shikimate pathway originates phenylalanine and tyrosine (aromatic amino acid
precursors). The shikimate route in microorganisms could be imposed accordingly,
and the enzyme versions’ resistant will be introduced to feedback inhibition
evacuated via phenylalanine or tyrosine when the 3-deoxy-D-arabino-
heptulosonate-7-phosphate (DAHP) synthase level is reached. For phenylalanine,
the chorismate is mutase/prephenate dehydratase (CM/PDT), while tyrosine is the
chorismate mutase/prephenate dehydrogenase (CM/PDH). Modular metabolic
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strategy could optimize the production of (2S)-pinocembrin via D-glucose in E. coli
through four molecules comprising 1. First, “the aroF gene encoding a 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) synthase and the pheA gene encoding a
resistant version of chorismate mutase/prephenate dehydratase (CM/PDT). Second,
phenylalanine ammonia-lyase (PAL) and 4-coumarate CoA ligase (4CL). Third,
chalcone synthase (CHS) and chalcone isomerase (CHI). Forth, matC encoding a

Fig. 17.4 Flavonoids biosynthesis from D-Glucose. This figure is reprinted with permission from
Springer
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malonate carrier protein and matB encoding a malonyl-CoA synthase to increase the
intracellular pool of malonyl-CoA” (Nabavi et al. 2020).

In another study, a combination of three molecules, which are module 1: tyrosine
ammonia-lyase (TAL) and 4-coumarate CoA ligase (4CL), module 2: chalcone
synthase (CHS) and chalcone isomerase (CHI), module 3: matC and matB, and
Two genes, aroG encoding (DAHP) synthase and tyrA encoding a resistant version
of chorismate mutase/prephenate dehydratase (CM/PDH), were used to optimize
E. coli de novo synthesis of (2S)-naringenin from D-glucose (Wu et al. 2014).
Controlling the malonylCoA intracellular pool is a very important feature in the
formation of (A ring) in flavonoids biosynthesis because the malonylCoA is the
intersection compound that links pathway of flavonoids and biosynthesis of fatty
acids. Upstream and downstream pathways could be controlled via the intracellular
pool of malonyl-CoA regulation (Nabavi et al. 2020). Overexpression of the acetate
assimilation pathway’ key enzyme, which is the acetyl-CoA carboxylase complex
(ACC), can increase malonyl-CoA concentration. In flavonoids’ production from
E. coli, the ACC gene and the biotin ligase (BirA) gene were used (Leonard et al.
2007; Fowler and Koffas 2009; Nabavi et al. 2020).

17.7 Apigenin and Genkwanin

Apigenin is a typical flavone that is biosynthesized from naringenin using flavone
synthase (FNS), which acts as a substrate for (S)-naringenin. O-methylation is the
derivative of Apigenin, from which genkwanin can be generated. Apigenin and
genkwanin have several biological activities such as anti-inflammatory, antioxidant,
anticancer etc. (Lee et al. 2015). The biosynthesis of genkwanin from apigenin was
accomplished by glucose source using E. coli with presence of four genes (Os4CL,
PeCHS, MtCHI, and FNS) as it is shown. Four enzymes, 4-coumarate CoA ligase.
(4CL), chalcone synthase (CHS), chalcone isomerase (CHI), and flavone synthase
(FNS), and four genes (Os4CL, PeCHS, MtCHI, and FNS) are introduced to
synthesize apigenin via p-coumaric acid pathway. Subsequently, naringenin
chalcone converts to naringenin. Three genes (Os4CL, PeCHS, and FNS) are
introduced to E. coli as well as the CHI. The naringenin chalcone transformed to
(S)-naringenin, and the CHI could be utilized as FNS’ substrate. 4CL and CHS
coordinated expression is an important step for apigenin end product. For
genkwain’s biosynthesis from E. coli, two additional genes tyrosine ammonium
lyase.

(TAL) and apigenin 7-Omethyltransferase (POMT7)) are required. Tyrosine
ammonia-lyase (TAL) is critical to produce p-coumaric acid from tyrosine, while
(POMT7) is required to catalyze the reaction of apigenin conversion to genkwanin
(Lee et al. 2015).
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17.8 Flavones

Flavones are the first generated compounds of all other flavonoids, which represent
pharmaceutical characteristics. Also, it is demonstrated as the largest group of
flavonoids compounds and provides several biological, physiological, and
nutritional functions (Jiang et al. 2016). The structure of flavones is shown in
(Fig. 17.2). The flavone backbone biosynthesis in most species generates from
phenylpropanoid pathway followed by the biosynthetic branch of flavonoid
(Fig. 17.4) The phenylalanine ammonia-lyase (PAL) deaminates the phenylalanine
to cinnamic acid. Cinnamic acid 4-hydroxylase (C4H) can catalyze hydroxyl group
introduction to the phenyl ring, which forms p-coumaric acid from cinnamic acid. P-
coumaroyl-coenzyme A (CoA) forms through activation of the carboxyl group of
p-coumaric acid. A thioester bond with (CoA) to form p-coumaroyl-CoA ligase and
(4CL) catalyzes the process (Jiang et al. 2016). The chalcone synthase (CHS)
enzyme generates chalcone through condensation reaction of three molecules of
Malonyl-CoA, which is the first step for core flavonoids molecule production
(Fig. 17.4). The (CHS) is acting as a starter molecule. Acysteine residue attaches
to p-coumaroyl-CoA at chalcone synthase (CHS) active site. Subsequently, a series
of decarboxylative condensation reactions produces tetraketide intermediate. The
intramolecular cyclization of the tetraketide intermediate forms the chalcone
(4,20,40,60-tetrahydroxychalcone). (Ververidis et al. 2007; Jiang et al. 2016; Trantas
et al. 2015). Then, chalcone isomerase (CHI) is applied for consequent isomeration
of chalcone into flavones.

Flavones group is produced via flavone synthase I (FNS I) action. In further steps
of flavonoids biosynthetic metabolism of flavanones downstream, a flavanone 3β–
hydroxylase (F3H) enzyme creates Dihydroflavonols. This enzyme (F3H) assists in
transformation of flavanones to flavonols via a flavonol synthase (FLS) enzymatic
action (Ververidis et al. 2007; Jiang et al. 2016; Trantas et al. 2015).

17.9 Isoflavones

Isoflavones are known for their ability to attach oestrogen receptors (ER) based on
their structures. They share common structural features with the mammalian
oestrogen oestradiol-17β such as, similar distance separation of hydroxyl groups
and they exhibit oestrogenicity (Cassidy et al. 2000). The structure of isoflavones is
shown in (Fig. 17.2). To date, more than 1600 derivatives of isoflavones have been
investigated. For heterologous isoflavonoids production, the most common hosts are
E. coli and S. cerevisiae. The main biosynthetic region of isoflavones in the
flavonoids is (B ring). After the formation of chalcone as it is shown in
(Fig. 17.4), a combination of an isoflavone synthase (IFS)-encoded gene expressed
in soybean with cytochrome P450 oxidoreductase (CPR) enzymatic action
isoflavones group is generated (Ververidis et al. 2007; Trantas et al. 2015) via
introduction to yest S. cerevisiae. Then, 7,40 - dihydroxyflavone (liquiritigenin)
and naringenin are converted through a probable 2-hydroxyiso-favanone

17 Transfer of Plant Biosynthetic Pathways to Microbes for the Production of. . . 429



intermediate to daidzein and genistein, respectively. In S. cerevisiae, Glycine max
co-expressed isoflavone synthase (IFS), cytochrome P450 oxidoreductase (CPR),
chalcone isomerase, and (CHI), which led to transfer chalcone substrates to
2-hydroxyiso-favanones and isoflavones group, respectively, due to CHI and IFS
functions. (Song et al. 2014). Also, isoflavones could be biosynthesized in E. coli
with improved turnover rate via the fusion of isoflavone synthase (IFS) and cyto-
chrome P450 oxidoreductase (CPR) enzymes and E. coli (P450) and (IFS) in
bacterial P450BM-3 in order to mimic its intrinsic architecture, and daidzein and
genistein were produced with high yields (Leonard and Koffas 2007; Song et al.
2014). Cocultures can significantly improve the yield of daidzein and genistein in
either yeast or microorganisms. For example, E. coli and S. cerevisiae co-incubation
is a great strategy since S. cerevisiae possessed (IFS), while E. coli possessed
phenylalanine ammonia lyase (PAL), ScCCL, chalcone synthase (CHS), chalcone
isomerase (CHI), and acetyl-CoA carboxylase (ACC) (Song et al. 2014; Teplova
et al. 2018).

17.10 Anthocyanins

It is one of useful and desirable flavonoids compounds groups in food industry since
it provides color pigments of red, orange, purple, and blue, and it is a common
natural colorant in food and beverages industries. Moreover, it could contribute
several health benefits to human such as, prevention and protective effect against
cardiovascular diseases, improvement of vision, scavenging of free radical activities,
and protection from cancer, diabetics, and inflammation (Pojer et al. 2013; Cortez
et al. 2017; Eichenberger et al. 2018; Nabavi et al. 2020). The structure of anthocya-
nin is shown in (Fig. 17.2). Depending on the initial precursor, dihydroflavonol
4-reductase (DFR) and anthocyanin synthase (ANS) combined action or ANS sole
of action require to build flavylium cation (Fig. 17.4). Leucoanthocyanidin reductase
(LAR) and Flavanone 3β-hydroxylase (FHT) are catalyzing enzymes that involve
the biosynthesis to produce anthocyanin. Decorating enzymes are important to
control the (B ring) of anthocyanin such as, anthocyanin-O-glucosyltransferases
(GT) and anthocyanin-O-methyltransferases (AOMT). Respectively, uridine
diphosphate.

(UDP)-glucose (UDPG) and S-adenosyl-L-methionine (SAM) are used as donors
of glucose or methyl (Nabavi et al. 2020). For instance, in E. coli strain, Cn 3-G were
produced from naringenin by the action of three genes, which are ANS, DFR, and
3-GT (Yan et al. 2005; Eichenberger et al. 2018; Nabavi et al. 2020); further
modifications of anthocyanidins to form anthocyanin through glycosylation, acyla-
tion, and methylation. Then, the anthocyanin is transported to vacuoles. The color of
anthocyanin is highly dependent on the flavonoid’s structures and the flavones and
flavanols present. For anthocyanin heterologous production, it is difficult to express
the required multiple plant CYP enzymes for full biosynthesis pathway in bacterial
hosts such as, E. coli; therefore, yeast such as, Saccharomyces cerevisiae is consid-
ered the best (Eichenberger et al. 2018).
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17.11 Microbial Biosynthesis in Food and Beverages Industries

There are growing demand of protective nutraceuticals such as flavonoids in a form
of food or drugs due to the fact that flavonoids potentially can reduce the risks of
several chronic and aging diseases such as, Alzheimer, cancer, and inflammation.
Flavonoids’ global market has been estimated to reach US $200 yearly by 2022
(Xu et al. 2020), due to the fact that they are considered potential natural colorant,
preservatives, and antimicrobial candidates in food, beverages, and pharmaceutical
industries (Marranzano et al. 2018).

Rei Ng et al. (2019) analyzed the effect of secreted phenolic metabolites from a
naringenin, which resulted from Saccharomyces cerevisiae strain (a GRAS organ-
ism), and their potentials as preservatives with high antimicrobial and antioxidant
characteristics. Phenolic metabolites biosynthesized using Saccharomyces
cerevisiae strain were compared to naturally produced flavonoid naringenin and its
prenylated derivatives. The results showed that the biosynthesized flavonoid
naringenin from yeast exhibited superior antimicrobial against major pathogens,
which cause food borne illness such as, (Campylobacter sp., Salmonella sp.,
S. aureus, E. coli, Listeria monocytogenes, C. botulinum). Phenylacetaldehyde,
homogentisic acid, and phloretic acid are the key identified metabolites that increase
the bioactivities. In addition, it showed superior antioxidant effect via DMPD. +

scavenger the free radical against the naturally extracted flavonoid naringenin.
Therefore, the biosynthesized phenolic metabolites naringenin from yeast could be
innovative natural preservative since it offers economic, maintainable, and safe to
environment over large-scale extraction process from plants.

Also, complex of flavonoids, which are produced by complex cluster of genes
and precursors, can be biosynthesized via microbial cocultures (Ganesan et al. 2017;
Akdemir et al. 2019). Naringenin has been rapidly produced through the engineered
coculture of two strains of Escherichia coli. Coculture biosynthetic pathway results
in decreasing the metabolic stress and improved catalytic reaction, and associated
coculture strains biosynthetic steps were simply regulated (Ganesan et al. 2017).
Escherichia coli cocultures were able to increase flavan-3-ol titer up to 970-fold over
monoculture strain when the carbon source, temperature, point of indication, com-
patibility of strains, and ratio of inculcation were optimized (Jones et al. 2016).

For example, hydroxyphenyl-pyranoanthocyanins are important natural colorants
that have been used in low-to-medium acidic beverages and food industries, and they
extensively present in fruit and red wine. They are more stable under variation of pH
than due to the fact that they consist of (D ring) or pyran their anthocyanin
precursors. Extraction of pyranoanthocyanins is a very difficult task because they
present in very low concentrations. Cocultures of two strains of Escherichia coli
were accomplished, and 4-vinylphenol and 4-vinylcatechol producer modules were
engineered.

Then, each strain was cocultured with yanidin-3-O-glucoside producer recombi-
nant cells to achieve pyranocyanidin-3-O-glucoside-phenol (cyanidin-3-O-gluco-
side with vinylphenol adduct) and pyranocyanidin-3-O-glucoside-catechol
(cyanidin-3-O-glucoside with vinylcatechol adduct). The results show that

17 Transfer of Plant Biosynthetic Pathways to Microbes for the Production of. . . 431



pyranoanthocyanins was produced with higher yield, titer, and stability in compres-
sion to the one produced from plants (Akdemir et al. 2019).

3-Deoxyanthocyanidins is another rare type of natural colorant derived from
anthocyanin with interesting chemical and biochemical characteristics, including
antioxidant, anticancer, and antimicrobial, and stable under environmental stress and
conditions. 3-Deoxyanthocyanidins pigmies have potential applications in food and
beverages industries due to the fact that C-3 position lacks hydroxyl group (Xiong
et al. 2019). Coculture is a potential strategy for increasing yields of complex
chemical compounds such as, flavonoids allowing division and optimization to
achieve the complete pathways, controlling, and balancing the metabolic efflux
ratio between the strains. The functional overexpression of genes can be optimized
in all pathways and enhanced the utilization of substrates to achieve maximum yields
of flavonoids. Therefore, simple mixing and matching of different microbial strains
facilitate various chemical compounds production (Wang et al. 2020).

In Jones et al. (2016) study, phenylpropanoic acid precursors were used in the
production of flavan-3-ols via six enzymatic phases in E-Coli, which were
4-coumaroylCoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase
(CHI), flavanone 3β-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), and
leucoanthocyanidin reductase (LAR) as shown in (Fig. 17.5). The upstream and
downstream modules were partitioned to complete the pathway with three genes.
The separation of the pathways was according to malonylCoA (upstream) and
NADPH (downstream) because they are important cofactors in the pathway.
Coculture genetic optimization of each strain enhances the important cofactor efflux,
substrates, and reduce the efflux of unwanted side of interest. 4CL, CHS, and CHI
were used in upstream strain, and F3H, DFR, and LAR were used in downstream
strain genetic optimization. Source of carbon, temperature, compatibility of strain,
and point of indication are important factors in genetic optimization for efficient
flavonoids production in vivo (Jones et al. 2016).

Lv et al. (2019)’ study utilized the chassis (Y. lipolytica) to biosynthesized
flavonoids by constructing two models: synthesis and hydroxylation modules.
Synthesis module consists of malonyl-CoA and chalcone precursors to produce
the shikimic acid. The hydroacylation module consists of cytochrome c P450
(CYP) flavonoid 30-hydroxylase 129 (F3’H) and cytochrome c P450 reductase
(CPR) since they are important in phenyl ring oxidation and producing hydroxylated
flavonoids. P-coumaric acid-CoA ligase (4CL), chalcone synthase (CHS), and
chalcone isomerase (CHI) were used in synthesis pathway. The results showed
that for heterologous Y. lipolytica, it is an ideal platform to produce flavonoids
with high value.

Thus, microbial biosynthesis is a great alternative for producing sustainable, cost-
effective, enhanced functionality, and nutritional values of bioactive compounds
(flavonoids).
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17.12 Conclusion and Recommendation

Plants’ Secondary metabolites are rich source of highly diverse chemical compounds
with biological characteristics for food, beverages, and pharmaceutical use (Song
et al. 2014). Among polyphenolic compounds, flavonoids are potential naturally
occurring group present in fruit, vegetables, and beverages that are derived from
plant sources. Due to the fact that flavonoids have essential role in heath promoting,
treating, and preventing several diseases, they are involved in diverse food,
beverages, and pharmaceutical applications in industries as nutraceuticals. In addi-
tion, they produce series of substances including flavones, flavonols, flavanones,
isoflavones, flavanols, and anthocyanins. These compounds exhibit great biological
activities such as, antioxidants and free radical scavenging, anticancer, anti-
inflammatory, antidiabetic, antiviral, antimicrobial, and antiallergic activities
(Karak 2019). Due to high antioxidant capacity of flavonoids, they have received

Fig. 17.5 The upstream strain (Malonyl-CoA) and downstream strain (NADPH) genetic optimi-
zation of flavan-3-ols. This figure is reprinted with permission from Metabolic engineering
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great attention as promising pharmaceutical compounds. However, the extraction of
these chemically complex compounds is difficult for large-scale production and
economically impractical. Therefore, microbial biosynthesis of flavonoids by using
microbial hosts such as, Escherichia coli, Saccharomyces cerevisiae, and Strepto-
myces species is a great alternative and offers various advantages over plants
production. The microbes are rapidly grown in friendly way to the environment.
Also, the genetic manipulation of microbes is easy and cost effective, and the
microbes’ developed metabolic engineering tools are well-established (Song et al.
2014). Recent advance of microbial biosynthesis of flavonoids reported that several
phenylpropanoid enzymes such as, PAL, C4H, 4CL, CHS, and CHI heterologous
expression are required for microbial biosynthesis of flavonoids in E. Coli.However,
PAL and C4H (the cytochrome P450 enzyme), along with a cytochrome P450
reductase (CPR), were reported to be sufficient in feeding carbon flux into the
phenylpropanoid pathway in the case of Saccharomyces cerevisiae (Shah et al.
2019). Producing flavonoids via microbes is a great strategy in meeting the growing
market demands of such bioactive compounds for food, beverages, and pharmaceu-
tical industries, and this will offer sustainability and cost-efficiency for global scale
production. Cocultures such as, E. coli-E. coli and E. coli-other species can be also
utilized to face the challenges and improve the microbial biosynthesis of flavonoids.
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Abstract

There is a remarkable acceleration in the production of nutraceuticals which is
increasingly associated with escalated commercial demands. Several techniques
are being applied for the production of nutraceuticals. The in vitro plant culture
system is regarded as a fundamental technique for the production of fast multi-
plication of extraordinary plant genotypes, disease-free plants, and plant genome
transformation. However, each technique possesses its limitations. Fortunately,
most of the obstacles of in vitro plant techniques can now be overcome through
the promising new technology CRISPR/Cas9, which allows change of specific
regions of the genome with an increased precision of the insertion and offering
excellent reproducibility. This chapter discusses the production of nutraceuticals
and briefly summarizes its challenges and opportunities.
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18.1 Introduction

There is a growing demand on nutraceuticals production for their medicinal
applications such as improving human health and preventing or delaying chronic
and degenerative diseases. Nowadays, nutraceuticals are available on the market in
the form of processed products, dietary supplements, and nutrients (Guan et al.
2019). Practically, they can be extracted from their natural sources such as plants,
microorganism, and animals. In fact, the nutraceuticals are mostly based on plant-
derived metabolites. In fact, plants can be used to produce valuable nutraceuticals
which are naturally produced in response to environmental stresses including biotic
and abiotic stresses (Huang et al. 2013; Ramakrishna and Ravishankar 2011; Wang
et al. 2018). It is evident that the bioactive phytochemicals derived from plants are
recognized as a main ingredient for the nutraceuticals (Atanasov et al. 2015; Jain and
Ramawat 2013).

Traditionally, nutraceutical compounds can be extracted and purified from their
natural sources or chemically synthesized. However, this approach has its limit in
which the large-scale production of nutraceuticals is restricted due to the difficulty of
their extraction from natural sources. In addition, this traditional approach is not
environmentally sustainable (Guan et al. 2019). Alternatively, micropropagation
techniques are also introduced and effectively applied for in vitro production of
nutraceuticals at large-scale. This approach has its merits including reproducibility
and elimination of the need to depend on wild plants (Chen et al. 2014; Debnarh
et al. 2006; Kaul et al. 2013). However, micropropagation system has its own
limitation such as high cost and the uncertainty of the markets requirements
(Espinosa-Leal et al. 2018; Pence 2011). Novel approaches have been recently
developed for in vitro production of nutraceuticals by applying the most recent
biotechnological techniques such as gene editing through CRISPR/Cas9 technique,
which allows change of specific regions of the genome with an increased precision
of the insertion and offering excellent reproducibility (Altpeter et al. 2016; Voytas
and Gao 2014). This chapter will summarize the in vitro production of nutraceuticals
and its major challenges and opportunities facing the in vitro production of
nutraceuticals (Fig. 18.1).

18.2 In Vitro Production of Nutraceutical

The conventional approach of nutraceuticals production was based on an extraction
process, where they can directly be isolated and purified from their natural sources
such as plants, animals, and microorganisms. This direct extraction approach has its
limitations as its isolation and purification procedures are time-consuming and
require intensive efforts (Lam 2007; Gil-Chavez et al. 2013). In addition, the
purification difficulties include the fact that the nutraceuticals are often presented
as conjugates and are usually synthesized in small quantities (Lam 2007; Gil-Chavez
et al. 2013). Moreover, the availability of raw materials is limited (Wang et al.
2016a, b).
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Nutraceutical compounds can be also produced by using chemical synthesis
approach. This traditional approach has its limitations including high cost, insuffi-
cient crude materials, low yield, and environmental pollution (Liu et al. 2017; Cruz
et al. 2013). In addition, chemical synthesis is restricted to producing simple
biochemicals and it is unattainable for complex biochemicals (De Luca et al.
2012). Because of the complexity and diversity of natural products, the chemical
synthesis of nutraceutical compound is considered unprofitable (Lam 2007;
Gil-Chavez et al. 2013). Therefore, this technique is being replaced by biosynthesis
for production of nutraceuticals including the use of microbial strains (Liu et al.
2017). In this case, strains must be safe enough and should be selected carefully for
the production of nutraceuticals by following the Food and Drug Authority
protocols. Alternatively, production of nutraceuticals with high quality and yield
has been achieved using biosynthesis approach (Guan et al. 2019). In fact, biosyn-
thesis technique is an attractive method which is relied on genetic manipulation and
optimization of the culture conditions or fermentation processes; metabolic engi-
neering makes it possible to scale up the production of nutraceuticals (Singh et al.
2017). Enzymatic synthesis has been also applied for production of nutraceutical
compounds with higher specificity (Sorour et al. 2012; Figueroa-Espinoza and
Villeneuve 2005). A combination of chemical and enzymatic technologies has
been also successfully applied for nutraceuticals production (Reddy et al. 2010;
Vázquez et al. 2017).

In fact, in vitro plant tissue culture techniques are considered as efficient ways to
produce nutraceuticals (Fischer et al. 2015). The most common plant tissue culture
methods used are organogenesis and callogenesis. Organogenesis attributes to the
production of plant shoots or roots. Organogenesis can be achieved straightly from
meristems or indirectly from callus (dedifferentiated cells) and the products can later
be applied for the micropropagation through hairy root culture system. Callogenesis
produces unshaped mass of cells which can then be used for the production of

Suspension cultures

high cost
uncompetitive

Nutraceutical production

Modern 
approaches

Traditional 
approaches

eco-friendly
Gene editing

large-scale production

sustainable
Biosynthesis

Chemical synthesis

Collection of natural sources unsustainable

Micropropagation

Transformed Non-transformed 

high cost
uncompetitive

Hairy roots

Fig. 18.1 Challenges and opportunities of conventional and modern approaches of nutraceutical
production
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nutraceuticals through cell suspension culture systems (Espinosa-Leal et al. 2018;
Sévon and Oksman-Caldentey 2002).

It is evident that the best technique for the in vitro production of nutraceuticals is
cell suspension culture, where the calli are first induced in solid media and then the
grown cells will be transferred to liquid media (Espinosa-Leal et al. 2018). Suspen-
sion cultures and hairy roots are frequently used for the large-scale manufacture of
plant components (Mehrotra et al. 2020; Su and Lee 2007; Xu et al. 2012). These
technologies are environmentally sustainable processes. However, they are more
expensive compared to chemical synthesis technology (Espinosa-Leal et al. 2018).
In fact, the scale-up of these culture methods is restricted as these technologies still
require the employ of sterilizable bioreactors (Espinosa-Leal et al. 2018; Nogueira
et al. 2018; Buyel et al. 2017).

There are a plenty of options of plants for in vitro production of nutraceutical,
ranging from model plants to wild-type species plants. In fact, the selection of the
appropriate plant material depends mainly on the purpose of the study and the
availability of the plant (Espinosa-Leal et al. 2018).

All plant tissue culture approaches proceed with a series of steps, starting from
selecting the interested plant based on the purpose of the study and disease-free
plants; second, sterilization of explants with chemicals; then placement and incuba-
tion of the explants in the appropriate culture media; and finally, hardness is carried
out on micropropagated plants allowing them to acclimate with the external
conditions (Ahloowalia et al. 2003; Espinosa-Leal et al. 2018).

The low production of nutraceuticals in plant cell culture can be as a result of a
lack of cell differentiation. However, organized culture of shoots or roots can be an
alternative strategy. Interestingly, hair root culture can be obtained by either infec-
tion of roots with Agrobacterium rhizogenes and then transfer of the Ri plasmid or
by wounding shoot explants using needles dipped in Agrobacterium rhizogenes
(Espinosa-Leal et al. 2018; Ron et al. 2014; Grzegorczyk-Karolak et al. 2018). Hairy
root culture has some advantages such as the biochemical and genetic stability of the
cultures and high growth levels without requirement of growth regulators (Espinosa-
Leal et al. 2018; Mora-Pale et al. 2014). However, there is a limitation of the hairy
root culture which requires that the produced nutraceutical compound has to be
normally synthesized within the source plant roots (Espinosa-Leal et al. 2018;
Ochoa-Villarreal et al. 2016).

It is a fact that in vitro production of nutraceuticals can be produced at faster
growth rate through improving in vitro conditions such as using precursors and
elicitors. Additionally, in vitro production of nutraceutical can be increased by
manipulation of environmental factors. Although these conditions such as drought,
ultraviolet, low or high temperature, salinity, heavy metals, and alkalinity are
probably deteriorating the plants, they often increase the capacity of the production
of nutraceutical compounds (Espinosa-Leal et al. 2018; Lajayer et al. 2017; Moon
et al. 2017; Puente-Garza et al. 2017).

There are some difficulties that can affect the behavior and yield of plant cell
cultures such as somaclonal variations and variability in product biosynthesis
(Martínez-Estrada et al. 2017; Yun et al. 2012). Somaclonal variations can be
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avoided by the determination of the optimal number of subcultures, while variability
in product biosynthesis can be also avoided through using undifferentiated cambial
meristematic cells (Espinosa-Leal et al. 2018; Martínez-Estrada et al. 2017; Ochoa-
Villarreal et al. 2016). The latter technique offers a great stability in product
accumulation and it was established for large-scale production of natural products
including medicinal and nutritional products (Espinosa-Leal et al. 2018; Ochoa-
Villarreal et al. 2016).

Because of the inherent limitations of natural products, the new technologies have
been developed and introduced recently to compensate for these limitations. Apply-
ing these advanced techniques provides a remarkable opportunity to reinstitute
natural products as a major source for nutraceuticals (Lam 2007). The application
of the novel molecular tools includes the use of targeted genome engineering such as
genome editing-mediated where the genetic material can be stored and then be used
for the large-scale production of the desired nutraceuticals (Espinosa-Leal et al.
2018; Yuan and Alper 2019; Buyel et al. 2017). It is evident that the application
of novel technologies such as gene editing and environmental factor manipulation
will reach its maximum potential in the future (Espinosa-Leal et al. 2018).

18.3 Challenges

In vitro production of nutraceuticals is carried out through several stages and
encounters some difficulties that may limit the speed or efficiency of production
and may expose it to failure. Isolation and purification of nutraceuticals from natural
resources are environmentally and economically unsustainable (Wu et al. 2019).
Additionally, some approaches of in vitro production are not cost-effective and
uncompetitive. In this section, some of these difficulties are summarized underneath.

18.3.1 Nutrients Availability

In vitro production of nutraceutical through plant tissue culture relies on several
factors mainly including nutrients provided for explant growth. In fact, the growth of
the explants and the production of the nutraceutical required optimum concentration
of nutrient which is considered a crucial determinant in the explant thriving
(Espinosa-Leal et al. 2018; Fargoso Monfort et al. 2018; Nagella and Murthy
2010; Murthy et al. 2014).

18.3.2 High Costs

The expenses associated with in vitro techniques are considered an important
obstacle for in vitro production of nutraceuticals. These obstacles include the
expenses combined with media components and electricity. The cost of media
mainly involves the expenses of carbon sources, growth regulators, and gelling
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agent. Reducing the cost of a culture medium can be accomplished using substituted
materials for sources of carbon and agar. For the electricity, a modification in the
laboratories can be done for adapting the use of solatube which alters sunlight from
rooftops through reversing tubing (Espinosa-Leal et al. 2018).

18.3.3 Genetic Instability

Under in vitro culture stress conditions, some alterations in sensitive area of the plan
genome can be induced by generating genetic instability in cultured plant. This
occurrence is known as a somaclonal variation (Espinosa-Leal et al. 2018). When
somaclonal variations occur during in vitro production of nutraceuticals, this can
lead to enormous commercial consequences and bring a serious difficulty in utilizing
plant tissue approaches for production of such active nutraceutical compounds
(Bhattacharyya et al. 2017; Devi et al. 2014).

18.3.4 Environmental Factors

Some abiotic environmental factors can heavily affect biosynthesis regulation of
nutraceuticals such as high or low temperature, water availability, toxic gases, heavy
metals, pesticides, and light intensity (Huang et al. 2013). The latter factor is an
essential component for plant photosynthesis, but high levels of ultraviolet radiation
can be detrimental (Espinosa-Leal et al. 2018; Verma and Shukla 2015). Other key
factors affecting the in vitro production are the type of culture media and the
concentration and type of the growth regulators and salt used. It is essential to select
a suitable medium with an appropriate type and concentration of the salt and growth
regulators (Fargoso Monfort et al. 2018; Espinosa-Leal et al. 2018).

18.3.5 Growth Rates

In vitro plant culture techniques possess a number of limitations associated with the
production of nutraceuticals such as variability of the yields and slow rate of growth.
However, these restrictions can be overcome and the production of nutraceuticals
can be increased with some modifications to the in vitro culture media including
addition of precursors or elicitors (Espinosa-Leal et al. 2018).

18.3.6 Identification and Isolation Techniques

The isolation and identification of the nutraceuticals generate requirement for a
method for their continuous production. There are some factors that influence the
extraction of nutraceuticals from their source species such as the diversity and
complexity of their chemical structures, slow growth rates, the presence of biotic
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or abiotic stress to induce biosynthesis, and low concentrations of the bioactive
compounds of interest (Atanasov et al. 2015; Espinosa-Leal et al. 2018; Ochoa-
Villarreal et al. 2016).

18.3.7 Variability in the Quantification and Purification

Despite the advantages of plant biotechnological approach in nutraceutical produc-
tion, this technique cannot precisely supervise the expression level of transgenes in
plants. Therefore, the quantity of nutraceutical produced may differ in each plant.
The variability also has been shown in the protocols for the purification of the
nutraceuticals from plants. Each plant requires its own purification protocol that is
equipped to the in vitro plant production system. There are some factors that can
cause difficulties in the purification such as pesticides, plant pathogens, and
fertilizers (Yao et al. 2015).

18.4 Opportunities

The development of new in vitro techniques has provided exciting opportunities for
in vitro production of nutraceuticals. This section will discuss some of these
promising techniques.

18.4.1 Novel Molecular Techniques

The advent of modern molecular tools now presents new possibilities for the
production of important nutraceuticals applying in vitro plant systems such as
using CRISPR/Cas9 in genome editing. This technique is considered as an auspi-
cious solution to most of the complications associated with the currently available
methods (Baltes and Voytas 2015; Nogueira et al. 2018). In fact, genome editing
creates potentiality of producing varieties of new plants by allowing a modification
of specific regions of the genome with an elevated precision of the insertion (Voytas
and Gao 2014). The application of genome editing can be carried out through
inserting new genes in predetermined areas of the genome, replacing an allele with
an existing one, or alteration of a limited number of nucleotides (Abdallah et al.
2015). Genome editing can potentially be applied for promoter replacement or the
introduction of new pathways resulting in the creation of novel expression of
favorable bioactive compounds (Nogueira et al. 2018).

18.4.2 Micropropagation

In vitro plant propagation has been developed for producing nutraceuticals
(Atanasov et al. 2015; Espinosa-Leal et al. 2018; Ochoa-Villarreal et al. 2016). In

18 In Vitro Production of Nutraceutical: Challenges and Opportunities 445



fact, micropropagation has grown a commercially profitable achievement compared
to traditional plant propagation through promoting the production of enormous
quantities of homogenous and disease-free plants (Lucchesini and Mensuali-Sodi
2010; Espinosa-Leal et al. 2018). A substantial number of micropropagation
protocols are currently available for nutraceuticals production (Atanasov et al.
2015; Bhattecheryya et al. 2014; Chen et al. 2014; Debnarh et al. 2006; Kaul et al.
2013). Despite these advantages of using micropropagation, it has its limitation at
commercial level in terms of its high cost and the uncertainty of the market
requirements (Espinosa-Leal et al. 2018; Pence 2011; Sahu and Sahu 2013).

18.4.3 Transgenic Approach

Transgenic plant is an important alternative means for nutraceuticals production. A
transgenic way possesses a number of advantages, including reduced risk of con-
tamination with pathogens and decreased costs (Espinosa-Leal et al. 2018; Thomas
et al. 2011). However, some difficulties are associated with this method including
purification obstacles and low yields (Espinosa-Leal et al. 2018; Yao et al. 2015).
However, some of these hurdles such as intensive purification can be reduced by
appropriate selection of the plant material. In addition, preservation of useful traits,
such as high expression of the desired nutraceutical, can be accomplished by using
appropriate breeding technique and judicious selection of the desired plant material
(Espinosa-Leal et al. 2018; Pniewski et al. 2017).

Growth regulators have been also bioengineered. Growth regulators are
extremely important for the plant cellular processes’ regulation and play a crucial
role in directing the responses of the plant to environmental abiotic stresses
(Espinosa-Leal et al. 2018; Wani et al. 2016).

18.4.4 Environmental Factor Manipulation

Manipulation of environmental factors is an alternative technique for increasing the
production of plant nutraceutical compounds. It is well-known that in vitro plan cell
cultures are heavily influenced by abiotic stresses which in turn regulate the biosyn-
thesis of nutraceuticals through response mechanism. Such environmental factors
include modifications in abiotic stresses such as salinity, drought, UV-radiation, high
or low temperatures, and light intensity (Huang et al. 2013). Several phenolic
compounds have been produced through this technique such as phenolic acids,
flavonoids, rosmarinic acids, polyphenols, saponins, and tocopherols (Espinosa-
Leal et al. 2018; Raduisene et al. 2012).
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18.5 Conclusions and Recommendations

There is a rapid increase in the market demand of the nutraceuticals for their
physiological properties and beneficial human health to meet the improvement of
human quality lives. Natural sources of nutraceuticals include plant, animals, and
microorganisms. Precious nutraceuticals can be produced from plants and microbial
synthesis through several approaches. Conventional extraction of natural sources
and chemical synthesis of nutraceuticals were applied for collection of wild plants
and it is regarded as an inexpensive approach but it is environmentally unsustainable
process. Additionally, biosynthesis for production of nutraceuticals with high quality
and yield has been applied and it is considered an efficient and environmentally
friendly production technique. Moreover, the in vitro plant culture systems for the
production of nutraceutical offer important advantages, including rapid production,
low costs, and low burden of human pathogens. However, these techniques are not
sufficient to sustain an appropriate large-scale production of nutraceutical
compounds. In fact, in vitro production of nutraceuticals encounters some challenges
that have been overcome. However, there are numerous opportunities which are
already available and must be exploited and employed to serve the production of
these vital compounds. Recently, genome editing technique is considered as a
promising technology for creation of novel expression of favorable nutraceutical
compounds. This novel molecular tool offers an excellent technique which allows
change of specific regions of the genome with an increased precision of the insertion
and offering excellent reproducibility.
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