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Chapter 8
Expanding Horizons: Role 
of Biotechnology in MAP Research, 
Production and Utilization
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Abstract  Plant tissue culture (PTC) plays a vital role in selection, multiplication, 
and conservation of the critical genotypes of medicinal plants. These techniques 
hold immense potential for enhancing the production of high-quality secondary 
metabolites which form the basis of plant-based medicines. Rapid Biotechnology 
Based Breeding Methods (BBBMs) have led a revolution in Medicinal Aromatic 
Plant (MAP) research. Immense contribution has been made through the use of PTC 
based BBBM’s as Agrobacterium mediated gene transformation and induction of 
polyploidy. Metabolic pathway engineering has received a boost using hairy root 
cultures. The identification of the genes and enzymes mediating the biosynthesis of 
secondary metabolites, through specific transcriptome detailing, through RNA-
sequence analysis, has facilitated better yield of secondary metabolites. Using Next-
Generation Sequencing (NGS) techniques like sequence specific nucleases, namely 
Zinc-Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases 
(TALENs) and Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR-Cas9) are used for genome editing which can mediate the production of 
designer MAPs. The application of such genome editing tools have a high poten-
tial in MAP research.

Keywords  Medicinal aromatic plants · Biotechnology · Next-generation 
sequencing · Plant cell tissue and organ culture · Secondary metabolites · 
Micropropagation · Bioreactor

N. Mehrotra (*) · S. A. Khan 
Department of Biochemistry, SVKM’s Mithibai College of Arts, Chauhan Institute of Science 
and Amrutben Jivanalal College of Commerce and Economics (Autonomous),  
Mumbai, Maharashtra, India
e-mail: nupur.mehrotra@mithibai.ac.in

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-98701-5_8&domain=pdf
https://doi.org/10.1007/978-3-030-98701-5_8#DOI
mailto:nupur.mehrotra@mithibai.ac.in


238

Abbreviations

2,4-D	 2,4-dichlorophenoxyacetic acid
BA	 6-benzyladenine
BAP	 6-Benzylaminopurine
BBBMs	 Biotechnology based breeding methods
Cas	 Caspases
COSTREL	 Combinatorial super transformation of transplastomic recipient lines
CRISPR	 Clustered regularly interspaced short palindromic repeats
DArTTM	 Diversity array technology
EST	 Expressed sequence tags
GA3	 Gibberellic acid
GDA	 Gene-driven array
IAA	 Indole-3-acetic acid
IBA	 Indole-3-butyric acid
IMPPAT	 Indian Medicinal Plants, Phytochemistry and Therapeutics Kyoto 

Encyclopedia of Genes and Genomes
Kn	 Kinetin
LS	 Linsmaier and Skoog
MAPs	 Medicinal Aromatic Plants
MS	 Murashige and Skoog
NAA	 1-naphthaleneacetic acid
NGS	 Next-generation sequencing
PCTOC	 Plant cell tissue and organ culture
PGRs	 Plant growth regulators
PTC	 Plant tissue culture
QTL	 Quantitative trait loci
RAPD	 Random amplified polymorphic DNA
SDA	 Subtracted diversity array
SH	 Schenk and Hildebrandt
SNP	 Single nucleotide polymorphism
TALE	 Transcriptional activator-like effector
TDZ	 Thiadiazuron
WPM	 Woody plant medium
ZFNs	 Zinc-finger nucleases

8.1  �Introduction

Traditional systems of medicine practiced globally rely on plants and their products 
for maintaining health through the repertoire of biologically active  constituents 
present in them. India is amongst the most ancient civilizations and one of the rich-
est repositories for developing knowledge on medical sciences. Shushruta, the 
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Indian physician, referred across the globe as ‘Father of surgery’ and many alike 
have established a strong foundation to use medicinal plants for preserving and 
rectifying good health. 

Over the years MAPs have attracted not only researchers but farmers, traders, 
economists as well as health professionals, as they are natural biological resources 
for multiple secondary metabolites with potential uses ranging from cosmetics, fra-
grances, insecticides dye etc.

Though traditionally these plants were grown in wild, the over-exploitation of 
many species has today lead to close to 4000 MAPs being listed as endangered spe-
cies (El Meskaoui 2013). Thus, the need of the hour is MAP selection and cultiva-
tion using cutting edge  biotechnological tools to cater to the increased demand 
(Canter et al. 2005) (Fig.8.1).

8.2  �Plant Cell Tissue and Organ Culture

Use of plant cell tissue and organ culture (PCTOC) technology has reported success 
as an efficient tool in selection of MAPs as typically MAPs, offer less yield and they 
are highly sensitive to biotic stress (Isah et al. 2018). This is also an efficient tool for 
preservation of rare MAP species (Kayser and Wim 2007) and also for production 
of phytochemicals and secondary metabolites (Nagata and Ebizuka 2002).

The pragmatic approach towards successful PCTOC techniques is dependent on 
choice of explant, supplementation of medium with phytohormones along with the 
physical environment. Biotechnological approaches have facilitated in-vitro propa-
gation and growth of MAP’s through micropropagation, callogenesis, organogene-
sis, embryo or anther culture, somatic and asexual embryogenesis. The choice of the 
technique is dependent on plant species and determines the rate of success (Bhojwani 
and Razdan 1996).

Fig. 8.1  Biotechnology as a tool in Medicinal Aromatic Plants research
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8.2.1  �Explants Used

Nodal, internodal, apical segments, leaves and its segments, rhizomes, seeds and 
shoot tips are the types of explants generally used. For Acorus calamus, using rhi-
zome as explant, 73% shoot organogenesis was observed along with IAA-BAP 
treatment (Bhagat 2011). Tejovathi et al. (2011), successfully used media supple-
mented with BAP, IBA and GA3 with shoot tips as explant for Commiphora wightii. 
The very useful Rauvolfia serpentina responded well to in-vitro regeneration with 
juvenile leaf explants (Singh et  al. 2009). Similarly maximum proliferation was 
achieved using nodal explants in Thymus hyemalis (Nordine et  al. 2013); apical 
meristem as explants for Psoralea corylifolia Linn (Pandey et al. 2013) and stem 
explants in Scrophularia striata (Lalabadi et al. 2014). Trimmed shoot segments 
bearing two nodes as explants of Thymus bleicherianus Pomel (Aicha and 
Abdelmalek 2014) and internode explants of Thymus persicus cultured on MS 
medium also gave maximum callus induction (Bakhtiar et al. 2016).

8.2.2  �Media Requirements

The most popular media used is Murashige and Skoog (MS) supplemented with 
vital nutrients. The medium should provide a source for carbon, both macro- as well 
as micro-nutrients, along with a constant source for growth regulators and vitamins. 
Phytohormones facilitate regulation of plant physiological as well as morphological 
processes and are commonly termed Plant Growth Regulators (PGRs). The quantity 
of PGRs to be supplemented in the media is determined by the capability of explant 
to itself provide the same. Some species growing successfully in PCTOC without 
external medium supplements have also been reported. (Murthy et al. 2014).

A high-frequency clonal propagation procedure was developed for Curcuma 
angustifolia Roxb, resulting in a yield of 14.1 ± 0.55 shoots per explants by Jena 
et al. (2018) using 13.3 μM 6-benzyladenine (BA) fortified MS medium along with 
5.7 μM IAA and 135.7 μM adenine sulphate (Ads) within 60 days of inoculation. 
Thus, a variation in culture media facilitates effective mass propagation thereby 
enriching commercial application. The effect of thidiazuron (TDZ) on multiple 
shoot induction from nodal segments of Allamanda cathartica, was noted by 
Khanam and Anis (2018). For shoot proliferation accompanied by shoot elongation, 
the TDZ exposed cultures were further cultured on MS medium containing different 
concentrations of 6-benzyladenine (BA) and Kinetin (Kn) but without TDZ. Thus, 
changing the constituents of culture medium can facilitate rapid clonal propagation 
of MAPs.

PCTOC is also potent tool for preservation of endangered species. Somatic 
embryogenesis of an endangered native of Iran, MAP  - Kelussia odorotissima 
Mozaff, was facilitated by Ebrahimi et al. (2018). Embryogenic callus induction of 
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overcotyledonary leaves was observed in a MS media supplemented with 1 mg/l 
2,4-dichlorophenoxyaceticacid (2,4-D) and 0.25 mg/l Kinetin. 100% improvement 
in the conversion rate of the cotyledonary-stage embryos was observed while main-
taining genetic stability during in vitro multiplication was also assessed with no 
polymorphic band observed by amplification fragment length polymorphism.

Palmer and Keller (2011) studied the regeneration of plants from the petal 
explants of Hypericum perforatum L. The formation of callus and shoot was induced 
at 1:10::Cytokinin: auxin concentration using indole-3-acetic acid (IAA), 
1-naphthaleneacetic acid (NAA) and indole-3-butyric acid (IBA), though with 
2,4-dichlorophenoxyacetic acid (2,4-D) only callus induction resulted in 100% 
shoot regeneration frequency with 57.4 and 53.4 shoots per explant were obtained 
with IAA and IBA, respectively, at 1.0 mg/l auxin and 0.1 mg/l kinetin concentra-
tion. Kinetin levels of 0.1 and 0.25 mg/l, in absence of auxins lead to low frequency 
of callus and shoot formation. Rooting and successively flowering with initial use of 
media without exogenously added auxin was successfully achieved in the green-
house, suggestive of auxin type being an important governing factor using petal 
explants.

8.2.3  �Environmental Factors

Some desired characteristics, achieved through plant tissue culture (PTC) would be 
the overexpression of genes leading to synthesis of important secondary metabo-
lites, alterations in the regulatory genes mediating better production of these 
metabolites along with modifying genes providing better adaptability to stress 
conditions.

Drought stress tolerance in Salvia miltiorrhiza transgenic plants was demon-
strated by Liu et  al. (2017) through expression of AtEDT1 transcription factor. 
Another study on the same plant by Zhou et  al. (2018), showed an increase in 
3,4-dihydroxyphenyllactic acid resulting in better quality of rosmarinic acid pro-
duced via rosmarinic acid synthase gene suppression by CRISPR/Cas9-mediated 
mutagenesis. Kumar et al. (2018a, b) studied over-expression of geraniol synthase 
genes and geranyl diphosphate synthase genes in Catharanthus roseus and obtained 
significant increase in vinblastine and vincristine yields which hold immense utility 
for cancer therapy. In Raphanus sativus L., higher biosynthetic capacity for querce-
tin and flavonoid was found in Agrobacterium  rhizogenes-induced hairy roots 
(Balasubramanian et al. 2018). Another example of similar use of hairy root cul-
tures in Sphagneticola calendulacea, reported better yield of flavonoid, phenolic 
acid and wedelolactone (Kundu et  al. 2018). Agrobacterium rhizogenes-derived 
hairy roots have facilitated industrial production of secondary metabolites mediated 
through induction of polyploidy artificially (Dehghan et al. 2012), bioreactors (Patra 
and Srivastava 2017), elicitors (Kastell et al. 2018), and CRISPR/Cas9- a method to 
edit genome (Li et al. 2017).
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8.3  �In Vitro Micropropagation of Medicinal Plants

Micropropagation is the most developed of all PCTOC techniques. It can be accom-
plished by somatic embryogenesis and organogenesis, through mainly two paths, 
direct and indirect. The former is a preferred mode due to induction of bipolar struc-
tures while the latter requires various PGR’s for induction of shoot and root through 
a two-step method (Hesami and Daneshvar 2018). Multiple factors, viz. explant-its 
type, size and age, culture media composition, gelling agent, pH and concentration 
of PGR’s along with external conditions as temperature, photoperiod and light 
intensity, govern the efficiency of the process (Nalawade and Tsay 2004). A chapter 
in Vol. 1. of the series Medicinal and Aromatic Plants of the World by Máthé et al. 
(2015) has dealt with this subject in detail.

8.3.1  �Explants Used

Khamushi et al. (2019) developed an efficient method to micro propagate and fur-
ther achieved effective plantlet regeneration of the cypress of Abarkuh, known to be 
4000 years old plant. The secondary shoots proliferated on the woody plant medium 
(WPM) supplemented with sucrose, agar, benzyladenine (BA) and indolebutyric 
acid (IBA). After elongation in in-vitro conditions, roots were inducted by pulse 
treatment and the plantlets successfully adapted to develop into mature plants in 
outdoor conditions. The effect of age of explant was investigated by Niazian et al. 
(2017) on hypocotyl segments of Ajowan (Carum copticum L.) which were 5, 10 
and 15 day old. The media used was MS supplemented with different concentra-
tions of Kin PGRs and 2,4-D and the best results for somatic embryogenesis were 
obtained with 15-day-old hypocotyls. Generation of embryogenic calli with combi-
nation of Kin PGRs and 2,4-D also showed success in Sapindus trifoliatus though 
use of media free from PGR helped develop induction of somatic embryos into 
mature plantlets in some MAP’s (Asthana et al. 2017).

8.3.2  �Organogenesis

Fadel et al. (2010) in Mentha spicata L investigated the effect of changing concen-
tration of inorganic salts used in MS media of quarter, half and full strength via in 
vitro organogenesis using nodal segments as explants. The induction of highest 
number of shoots and the maximum average shoot length was detected in media of 
half strength, while in full strength highest leaf number and root length was 
observed.

Using leaf explants in Coleus forskohlii, briq direct organogenesis was attempted 
by Krishna et al. (2010). An MS medium with BAP 5 mg/l and cytokinins, showed 
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multiple shoot regeneration, followed by use of MS media fortified with cytokinin 
and combination of BAP 0.1 mg/ l and IAA.

Multiple shoot induction in Angelica glauca through direct organogenesis, using 
rhizomes as explant was conducted by Janhvi et  al. (2018). MS medium with 
6-Benzylaminopurine and IAA depicted maximum shoots. Roots (average 4.2 roots 
per shoot) appeared within 14 days in IAA and NAA supplemented medium. These 
rooted plantlets, in a greenhouse hardened successfully and recorded survival rate 
of 72% after 45 days when established in field.

Recent research suggests that additives as casein hydrolysate, nanoparticles, glu-
tamine and picloram, in the culture media augment the efficiency of micropropaga-
tion. In cultured Gloriosa superba L. rhizome explants, silver nanoparticles of Ulva 
lactuca extracts (ULAgNPs) were used along with 0.5 mg/L silver nitrate (AgNO3), 
0.5 mg/L ABA, 2 mg/L BAP and 20% Ulva lactuca extracts in MS medium, leading 
to high percent of embryo maturation (Mahendran et al. 2018).

8.3.3  �Somatic Embryogenesis

Somatic embryogenesis is an efficient way for regeneration of plants and scores 
higher than organogenesis, as the shoots and buds formed from a somatic embryo 
will obligatory form from a single cell which ensures superior genetic stability. Its 
applications are diverse especially for large-scale multiplication of MAP’s and mass 
production of artificial seeds.

Propagation via somatic embryogenesis using O. basilicum leaves as explants 
was worked upon by Gopi and Ponmurugan (2006). Initial induction of globular 
embryos was achieved with BA (1  mg/L) and 2, 4-D (0.5  mg/L) while embryo 
maturation was in NAA (1 mg/L), KN (0.5 mg/L), BA (1 mg/L).

In Portulaca oleracea L., using stem and leaves as explants induction of callus, 
somatic embryogenesis, as well as regeneration of plant at varying concentrations 
of 6-Benzylaminopurine (BAP) and kinetin (Kin) along with auxins as IAA, NAA 
2,4-D were investigated. Good transformation was achieved with leaf explants 
which were pre-cultured for 7  days, then co-cultivated at 25  ±  2  °C for 4  days 
(Sedaghati et al. 2019).

Somatic embryogenesis of an endangered medicinal plant Kelussia odoratissima 
Mozaff was achieved by Ebrahimi et  al. (2018). On the cotyledonary leaves, 
embryogenic callus was induced in MS medium supplemented with 2,4-D and 
Kinetin. The development and proliferation of somatic embryos showed significant 
differences under variable sources of carbon supplemented in media along with dif-
ferent light treatments. In absence of polymorphic bands between mother plant and 
in-vitro plantlets, using the amplification fragment length polymorphism, the results 
indicate genetic stability was maintained.
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8.4  �PTC for Conservation of Medicinal Plants

Plant Tissue Culture, in addition to the aforementioned uses in the plant propaga-
tion, has acquired an important role in the conservation of medicinal plants, too. 
Ex-situ conservation, Cryopreservation and Somatic embryogenesis are important 
domains that will be briefly outlined and illustrated with medicinal and aromatic 
plant examples.

8.4.1  �Ex-Situ Conservation

MAPs used to grow wild, but were indiscriminately harvested, once their utility was 
realized. Further, the effect of manmade factors as pollution, afforestation, industri-
alization and other anthropogenic factors has now put the MAPs, under risk. To 
safeguard these versatile plants ex-situ conservation is required. It forms a substitute 
for preserving plant germplasm which is likely to be lost through in vitro slow 
growth cultures which facilitates storage of cloned plants through regular sub-
culturing over a period of 1–15  years (Rao 2004). The sub-culturing procedure 
itself, if not conducted carefully, is the cause of the germplasm getting contaminated 
and hence the method has a short life. The alternative to long term preservation is 
cryopreservation.

Capparis spinosa L, Lavandula dentata L. and Rhazya stricta Decne, plants 
were grown and the medium time storage was studied. Using axillary buds as 
explants, in vitro propagation of C. spinosa L and L. dentata L. plants in MS medium 
with varying concentration as well as combination of auxins and cytokinins was 
successful. Further, the shoot tips and nodal buds thus developed, were used in the 
next stage of in vitro conservation. 91.1% and 93.33% survival rates, post a year of 
conservation were observed by R. stricta Decne and C. spinosa L, respectively, 
though it was 90% for L. dentata at higher supplementation of sucrose. High genetic 
stability was observed using Random amplified polymorphic DNA (RAPD), sug-
gestive that the technique is successful for the plants under study in MS media with 
carbon source being sucrose and sorbitol as osmotic agent (Attia et al. 2017).

8.4.2  �Cryopreservation

Long term storage by preserving material like seeds, buds, cuttings, roots, rhizomes, 
at very low temperatures like −196 °C, is termed as cryopreservation. The tech-
niques aim mainly at preservation along with capacity to retain biosynthetic poten-
tial, conservation of germplasm and maintaining genetic stability of the clones. For 
MAPs, the technique should also lead to good survival rate and biochemical 
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stability for secondary metabolite production. Long term storage using this tech-
nique has been successfully implemented for Eruca sativa Mill (Xue et al. 2008), 
Hypericum perforatum (Urbanová et al. 2006) and Dendrobium candidum (Yin and 
Hong 2009).

The conventionally used technique for cryopreservation is vitrification. The plant 
material for short periods is exposed to glycerol-based cryoprotectants, known as 
plant vitrification solution (PVS). The procedure involves steps as pretreatment, 
preconditioning, preculture, osmoprotection, dehydration, cooling, warming, dilu-
tion, and finally regrowth. Another tool is encapsulation-dehydration wherein the 
plant is partially dehydrated in calcium alginate beads. In this technique, simplifica-
tion of the rewarming step is facilitated as the alginate beads once dehydrated does 
not lead to formation of ice crystals.

In Dioscorea floribunda, cryopreservation of shoot tips provided genetic stabil-
ity, with high survival rate (87%) though the success rate of plant regeneration was 
30%. using vitrification technique (Ahuja et al. 2002). Another study using vitrifica-
tion along with encapsulation–dehydration technique, in the same plant proved that 
the content of diosgenin remained unchanged in cryopreserved shoots as compared 
to control plants, thereby suggestive of maintaining biochemical stability (Dixit-
Sharma et al. 2005).

The commonly used techniques for cryopreservation, viz. desiccation, vitrifica-
tion, and encapsulation–dehydration were investigated by Ghaffarzadeh-Namazi 
et al. (2017) in the young leaves in the callus of Satureja spicigera. The regrowth of 
callus was studied using agents as PVS2, PVS3, DMSO used in vitrification and 
highest regrowth of 98.7% was observed when vitrification was done with PVS3.

8.4.3  �Synthetic Seeds

With the advantages of genetic stability, handling ease and effectiveness of space, 
time, cost and labour, another new technique is alginate encapsulated seeds or syn-
thetic seeds. Synthetic seeds besides being a method for conservation, is an efficient 
method to screen as well as maintain a selected genotype with the potential of pro-
ducing high yield of secondary metabolites, one of the many reasons MAPs are 
economically important (Lata et al. 2009). Gantait et al. (2015) evaluated the factors 
which need optimization for success of this technique and suggested that the impor-
tant ones are selection of explants and the choice of matrix used for encapsulation. 
The synthetic seed of Capparis decidua were employed for in vitro generated shoot 
tips and nodal segments by encapsulation and complexation was done in 3% algi-
nate solution and 100 mM calcium chloride. Generally, micro-cuttings, unipolar or 
bipolar propagules of vegetative parts, differentiating aggregates, somatic embryos, 
ranging from 3–5 mm, lead to successful attempts at producing artificial seeds in 
various medicinal plants (Atanasov et al. 2019).
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Al-Qurainy et al. (2014a, b) produced synseeds from in vitro cultured shoots and 
the encapsulated buds were stored at 4 °C for 60 days. Both dry and non-dry syn-
seeds over the period showed growth though 100% conversion was observed upto 
30 days of storage. Thereafter, month old plantlets were analyzed for genetic fidel-
ity with no anomaly in comparison to the mother plant was observed either in mor-
phology or molecular profiles of plantlets.

The conversion response of encapsulated and nonencapsulated nodal segments 
of Althaea officinalis, a medicinal plant, post 6 weeks storage at 6 °C, was signifi-
cantly higher in encapsulated than non-encapsulated nodal segments (Naz 
et al. 2018).

8.5  �Metabolic Pathway Engineering and Hairy Roots

Currently, gene transformation is being mediated by either direct or Agrobacterium-
mediated indirect approaches, with the latter being most efficient. Agrobacterium-
mediated gene transformation methods are largely independent of tissue culture and 
termed in planta gene transformations and bear advantage of being free from soma 
clonal variation, require less time and are simpler than tissue culture based transfor-
mation methods. Transformation of Bacopa monnieri with Catharanthus roseus, 
strictosidine synthase and tryptophan decarboxylase genes (engaged in pathway 
associated with terpenoid indole alkaloid), using LBA1119 strain of Agrobacterium 
tumefaciens, resulted in an increase of 25-fold in the tryptophan content in trans-
genic tissues in comparison to non-transformants. However, intricate developmen-
tal regulation involving different organelles, cells and tissues, in the synthesis of 
industrially used products, using only tissue culture, possess limitations (Sharma 
et al. 2018a, b).

Ray of light is in use of metabolite engineering for the medicinal plant wherein 
the technology helps in manipulating overexpression of genes for biosynthesis of 
secondary metabolites, or inhibition of desired pathways, utilization of regulators of 
transcription and preventing catabolic activities leading to denaturation of product 
(Matveeva and Sokornova 2018). The technique utilizes species of Agrobacterium 
as A. tumefaciens and A. rhizogenes, generally in conjugation with biolistic trans-
formation methods.

This gene transformation technique faces some technical limitations as recalci-
trant response, dependency on genotype and the normal problems associated with 
tissue cultures. Efficiency of Agrobacterium-mediated transformation is affected by 
concentration of Agrobacterium measured through optical density, immersion time 
of inoculation, Agrobacterium elimination of antibiotic, concentration of chemical 
stimulants as acetosyringone as additives and PGR’s used (Niazian 2019).

Various explant types have been used for regeneration of MAP’s using 
Agrobacterium. Active shoot regeneration in absence of PGR being supplemented 
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in media using leaf explants of Nicotiana tabacum and Nicotiana benthamiana 
were transformed with A. tumefaciens GV3101 (Han et al. 2013). A. tumefaciens 
transformation was used to incorporate Cry3A gene of Bt in embryogenic tissue of 
Norway spruce (Picea abies) (Briza et al. 2013).

The LBA1119 Agrobacterium tumefaciens strain was used to transfer to 
Catharanthus roseus, the genes for tryptophan decarboxylase and strictosidine syn-
thase, and an increase in terpenoid indole alkaloid metabolite was confirmed using 
HPLC. The same was attributed to transitory overexpression of CrTDC and CrST R 
genes (Sharma et al. 2018a).

Use of A. rhizogenes has facilitated the enhancement of secondary metabolite 
production via induction of hairy roots in MAPs, a major advantage, which can 
further be used via metabolite engineering. The hairy root cultures possess immense 
genetic and metabolic stability in-vitro, in comparison to culturing of cells or callus 
(Grzegorczyk-Karolak et al. 2018).

8.6  �Techniques to Enhance Secondary Metabolite Production

Plant-based medicines have been employed by Homo sapiens since time imme-
morial, with Weyrich et al. (2017), reporting that Neanderthal’s used anti-bacte-
rial natural products for therapy. Medicine is one of the most lucrative prospects 
of biotechnology. According to Iannicellia et  al. (2020) MAPs are treasured 
natural assets as they can produce different types of secondary metabolites 
(Fig. 8.2).

With increased commercialization, there has been an increased focus on second-
ary metabolites (VijayaSree et al. 2010). The advent of advanced biotechnological 
techniques has paved the way for genetic enhancement of medicinal plants (Tripathi 
and Tripathi 2003). Kutchan et  al. (2015) reported the presence of more than 
200,000 known secondary metabolites. Terpenes have been found to be the most 
abundant closely followed by alkaloids. The synthesis of majority of these second-
ary metabolites involves defined metabolic pathways and mechanisms (Kutchan et al. 
2015). The genes that code for the synthesis of secondary metabolites have been 
elucidated to be derived from the ones that code for primary cellular metabolites 
(Ober 2010). The synthesis of many of the secondary metabolites, like flavonoids, 
involves a synergistic approach between the different metabolic pathways, shikimic 
and malonic acid, in plant metabolism (Fig. 8.3). Biotechnological advances con-
tribute in the synthesis of MAP production by: (i) development of plant seeds and 
plantlets on a large scale with desired traits (ii) opportunities available for modify-
ing important phytochemicals to more valued molecules in an in vitro environment 
which is difficult to attain by synthetic processes (iii) serves as a means of in-vitro 
conservation (Chatterjee 2002).
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8.6.1  �In Vitro Regeneration

In vitro propagation of plants from excised tissue under controlled conditions is 
referred to as micropropagation. This technique utilizes the inherent genetic repro-
ductive ability of the donor plant (Tasheva and Kosturkova 2013). In-vitro propaga-
tion and/or regeneration of MAPs hold remarkable possibilities for the production 
of high-quality plant-based medicines (Murch et  al. 2000). By controlling nutri-
tional and hormonal parameters, in vitro techniques, are reported to have improved 
considerably the yield of secondary metabolites.

Ramachandra Rao and Ravishankar (2002) have stated two primary pathways 
that can be effectively considered for micropropagation: shoot organogenesis and 
somatic embryogenesis. Successful organogenesis can be attained by maintaining 
the right physical environment, ideal growth medium composition and choice of 
appropriate explant (Brown and Thorpe 1995). Somatic and zygotic embryos 
develop and differentiate identically. Both types of embryos have similar 

Fig. 8.2  Techniques to enhance secondary metabolite production
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developmental stages-proembryo, globular, torpedo (or scutellar stage in mono-
cots), and cotyledonary stages (Bajaj 1995).

8.6.2  �Hairy Root Culture

Plant tissue culture facilitates cultivation of medicinal plants and for low-yielding 
plants and those susceptible to biotic stresses, it is a boon. Grzegorczyk-Karolak 
et al. (2018) have appropriately stated that PTC leads to successful implementation 
of both in situ and ex situ conservation as well as in vitro propagation, polyploidy 
induction, genetic engineering, and bioreactor applications. PTC has also been 
employed for successful culture of hairy roots, thus leading to the higher production 
of secondary metabolites that exhibit enhanced stability in the genetic as well as 
metabolic set-up when compared with traditional in vitro cultures (Roychowdhury 
et al. 2016). Hairy root culture is involved in large scale production of various sec-
ondary metabolites (Kundu et  al. 2018). Agrobacterium rhizogenes undergoes 
nucleic acid modifications that induce differentiation of hairy roots. Hairy root 

Fig. 8.3  Types of secondary metabolites

8  Expanding Horizons: Role of Biotechnology in MAP Research, Production…



250

culture has several advantages over the traditional cultivation techniques such as 
genotypic stability over a long duration, high growth rate and higher yield of sec-
ondary metabolite (Srivastava and Srivastava 2007).

The LBA1119 Agrobacterium tumefaciens strain was used to transfer to 
Catharanthus roseus, the genes for tryptophan decarboxylase and strictosidine syn-
thase, and an increase in terpenoid indole alkaloid metabolite was confirmed using 
HPLC. The same was attributed to transitory overexpression of CrTDC and CrST R 
genes (Sharma et al. 2018a).

8.6.3  �Process Optimization for Producing 
Secondary Metabolites

Culture systems, which include cell and organ, have wide possibilities for the com-
mercial production of important secondary metabolites. According to Murthy et al. 
(2014), strain improvement methodologies for maintaining optimum medium and 
culture conditions, introduction of elicitors for the enhanced synthesis of secondary 
metabolites, are strategies that have been developed over the years, for the efficient 
synthesis of secondary metabolites. It is imperative to select a precursor plant that 
has a high content of secondary metabolites of interest as this would then lead to 
desirable cell and organ cultures. The genetic makeup of the plant determines the 
synthesis of secondary metabolites. Recent advanced techniques such as High 
Pressure Liquid Chromatography and radio-immunioassay can be effectively 
employed for selection and screening of cell lines that provide a high yield 
(Matsumoto et al. 1980).

Nutrient medium optimization remains one of the most critical approaches for 
increased secondary metabolite production by cell/organ culture. The medium com-
position in turn is affected by several other factors that range from nutrient concen-
tration such as carbon, nitrogen concentration to maintaining the optimum physical 
as well as fermentation conditions. Since the advent of the science of tissue/cell/
organ culture, various media formulations have been introduced, starting from the 
classic MS (Murshige and Skoog 1962) media to Gamborg’s (B5) (Gamborg et al. 
1968), Schenk and Hildebrandt (SH)  (Schenk and Hildebrandt 1972), Linsmaier 
and Skoog (LS) (Linsmaier and Skoog 1965), with different media being found to 
be more suitable for a particular cell/tissue/organ culture. According to the study of 
Nagella and Murthy (2011) a high concentration MS medium was found to be 
appropriate for the accumulation of gymnemic acid in culture of Gymnema sylves-
tre, however a 0.75 strength MS medium was found to be better for ginseng adventi-
tious root cultures (Sivakumar et al. 2005a, b). The right composition of medium 
constituents is vital for the culture of isolated cells/organs/tissues (Murthy et  al. 
2014). A source of carbon, nitrogen and phosphate is also needed for the proper 
growth. Among the different carbon sources, sucrose was found to be the most pro-
ductive in Gymnema sylvestre cell cultures.
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Other important nutrient, nitrogen, is known to influence metabolite synthesis 
and accumulation in in vitro culture system. Nitrogen is largely available to the 
plant in the form of either ammonium ion or as nitrate salts. The ratio of the two has 
been found to markedly affect both biomass as well as secondary metabolite pro-
duction. Zhang et  al. (1996) studied the overall effect of the ratio of these two 
important nitrogen metabolites on plant cell development as well as production of 
secondary metabolite, the ginseng saponin, in cell cultures of Panax notoginseng. It 
was reported that saponin biosynthesis was more susceptible to the NO3 − /NH 4 + 
ratio than that of polysaccharides. Also, ammonium ions were observed to be ame-
liorative for saponin production.

Phosphate concentration in the media has been found to elicit a positive effect on 
the biosynthesis of secondary metabolites in cell culture systems. Hagimori et al. 
(1982) have reported that an elevated phosphate concentration promotes the synthe-
sis of digitoxin in Digitalis purpurea. According to the research of Liu and Zhong 
(1998), a high saponin production can be directly correlated to a high phosphate 
concentration in Panax ginseng and in Panax quinquefolium.

Weathers et al. (2005) have dealt in detail on the positive effects of phytohor-
mones as growth regulators for cell/organ culture. The external application of these 
growth regulators have shown to impact growth and metabolite accumulation in 
certain hairy root cultures. 2, 4-Dichlorophenoxyacetic acid (2, 4-D), indole acetic 
acid (IAA) and naphthalene acetic acid (NAA) have exhibited stimulatory effects on 
the production of anthocyanins and carotenoids in suspension cultures (Seitz and 
Hinderer 1988; Sahai and Shuler 1984). Another factor that affects secondary 
metabolite production by cell culture is the size/density of the inoculumn as below 
a minimum size of the inoculum, the growth is impaired. For every culture type, 
there will be an optimum inoculum size that would promote cell growth and metab-
olite accumulation.

Along with the biochemical requirements, physical environment-temperature, 
hydrogen ion concentration, light intensity, aeration, agitation, also significantly 
influences the production of secondary metabolites. Usually, a temperature ranges 
17–25 °C is considered optimum. However, different plant cultures exhibit different 
temperature requirements, for example, as per Morris (1986). Catharanthus roseus 
cell line C87 was reported to show enhanced rate of growth at 35 °C. Light intensity 
has been known to affect plant growth as well as that of plant cell cultures (Zhong 
1986). The effect of light intensity, quality and duration has been studied by differ-
ent scientists on different plant cell cultures which includes studies on the effect of 
light on anthocyanin pigment production in cultures of Perilla frutescens, (Zhong 
et al. 1991) and Melastoma malabathricum (Chan et al. 2010).

For any biochemical process, be it growth or synthesis, pH of the medium ensues 
to be an important consideration. Generally, extremes of pH are avoided and are 
usually need to be maintained between pH 5 and 6. Sivakumar et  al. (2005a, b) 
reported a pH of 6–6.5 as ideal for the growth of Panax ginseng root cultures. In 
experiments with low pH, roots failed to thrive.
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8.6.4  �Elicitors in Tissue Cultures

Various biotic and abiotic stress conditions are known to affect the rate of produc-
tion of secondary metabolites. These are referred to as elicitors and have been exten-
sively employed in plant cell/tissue/organ culture for the enhanced production of 
secondary metabolites. (Ramakrishna and Ravishankar 2011). Scientists have been 
using structural modification studies for developing new elicitors that are crop spe-
cific (Qian et al. 2004, 2005). The addition of elicitors promotes the efflux of intra-
cellular products along with easy isolation and purification of the metabolite. 
Elicitors also promote enhanced production of secondary metabolites per unit mass 
of biomass. (Halder et al. 2019).

Enhancement in production of ginsenoside in Panax quinquefolius was studied 
with abiotic elicitors as nickel sulphate, cobalt nitrate, hydrogen peroxide, nickel 
sulphate and sodium nitroprusside, and with biotic ones as filtrates of cultures of 
Bacillus circularans, Pseudomonas monteili, Trichoderma harzianum, and 
Trichoderma atroviridae. The ginsenosides content doubled with cobalt nitrate in 
5  days along with Rc synthesis being induced in plantlets, as against controls 
wherein same was lacking. Amongst the elicitors studied, P. monteili lead to 2.4 
times enhancement in yield of saponin, while with T. atroviridae or hydrogen per-
oxide, Rg3 and Rh2 synthesis was induced and highest ginsenosides efficiency of 
3.2 times that of control was noticed at a T. atroviridae dose of 1.25%v/v dose for 
5 days. Thus, it was observed that an increase in panaxadiols was observed with 
abiotic elicitors while upregulation in the panaxatriol synthesis was observed with 
biotic elicitors.

Because of these reasons, various plant growth regulators are used to alleviate 
the biotic and abiotic stress. Different plant growth regulators like auxins, cytoki-
nins, salicylic acid, jasmonic acid, methyl jasmonate, indole acetic acid, gibberellic 
acid, NAA, brassinosteroids, ethylene etc. were used. Many of the abiotic elicitors 
can be used for the production of secondary metabolites of the Withania somnifera 
like Plant growth hormones or regulators; Methyl jasmonate, Salicylic acid, 
Jasmonic acid, Calcium, Polyamines, Nitric oxide, Serotonin, Abscisic acid, 
Melatonin, Brassinosteroids, Metal ions, Nitrogen source, Carbon source; sucrose, 
glucose, maltose, fructose etc., Climatic changes; light, temperature, cold stress, 
drought stress, salinity stress, nutrient stress, chemical stress etc. (Akula  and 
Ravishankar 2011).

8.6.5  �Ploidy Engineering

To envisage an effective breeding program for successful production of secondary 
metabolites, it is important to be aware about the genetic variations prevalent in 
plants (Niazian et al. 2017). Stability of genome is vital for in vitro plant conserva-
tion (da Silva et al. 2016). Development of cell lines that give a high yield with 
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genes of interest have paved the way for increased synthesis of secondary metabo-
lites (Pathak and Abido 2014). Presence of more than one complete genome, poly-
ploidy, is believed to have an evolutionary significance for plants (Madlung 2013). 
Polyploidy provides an advantage in genetic selection (Levin and Soltis 2018) and 
is an important tool employed for plant cultivation with the aim to develop geneti-
cally improved varieties. One of the most visible effects of polyploidization is 
enlargement in plant cell size, with a concurrent increase in DNA content as well 
(Rauf et  al. 2006). Lavania (2013) has established a strong correlation between 
polyploidy induced increase in plant cell size and secondary metabolite production. 
Plants are susceptible to both biotic as well as abiotic stresses. A polyploid plant 
species is said to be better suited to adapt to these environmental factors, as it has 
been found to possess a higher content of antioxidant enzymes (Zhang et al. 2010).

Several researchers have suggested that the quantity of secondary metabolites 
produced in polyploidy plant species is higher as compared to their diploid counter-
parts (Pradhan et al. 2018). Thus, artificial induction of polyploidy can be effec-
tively utilized as it not only improves the general health of the plant but also the 
chemical composition of the medicinal plant (Salma et al. 2017).

Corrêa et  al. (2016), induced polyploidy in Pfafa glomerata which led to an 
increase of approximately 31% in the amount of 20-hydroxyecdysone as compared 
to that in a diploid specie. The most employed inhibitors of mitosis include trifura-
lin, colchicine and oryzalin, of which colchine has been observed to be the most 
effective on medicinal plants. Several variable factors such as the type of anti-
mitotic agent, concentration applied, and duration of exposure, ascertain the induc-
tion of polyploidy (Salma et al. 2017). Pan-pan et al. (2018) explored that in Bletilla 
striata 0.2% colchicine application for 36 h was found to be most effective for tet-
raploid development. Biotechnological engineering mechanisms are also being 
used for inducing haploidy. Different techniques have been explored for haploidy 
induction in plant tissue culture systems which include androgenesis (Kasha 2005), 
gynogenesis (Piosik et al. 2016), and wide hybridization-chromosome elimination 
(Forster et al. 2007). One of the most suitable pathway for introduction of haploidy 
in medicinal plants has been the androgenesis pathway. (Sharma et  al. 2018b). 
Iannicellia et al. (2016) developed a method for in vitro polyploidy development in 
Lippia integrifolia wherein the polyploids exhibited enlarged organ sizes and 
enhanced production of essential oils. In Centella asiatica (L.) Urban, Kaensaksiri 
et  al. (2011) studied morphological changes in the polyploidy plant which were 
evident by larger stomata and a higher stomatal index in contrast with the normal 
diploid genotype. Also, there was a visible positive increase in triterpenoid synthe-
sis in the tetraploid species. Zahedi et  al. (2014) worked with Dracocephalum 
kotschyi Boiss., an endangered medicinal plant species known to be localized in 
Iran. Flavanoid content was found to increase approximately 1.2% in the tetraploid 
species of this plant.
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8.6.6  �Bioreactors

For enhanced production of secondary metabolites via plant/cell culture, the tradi-
tional techniques of cultivation can be further improvised as the cultures have varied 
physical and chemical requirements with a low rate of germination (Canter et al. 
2005). Bioreactor is an eco-sustainable alternative to produce valuable secondary 
metabolites of medicinal plants in large scale (Werner et al. 2018). A bioreactor is a 
preferred option for the mass scale production of secondary metabolites, which is 
also environment friendly. They function as cell culture systems that are continuous 
and act like biological industries that provide isolation of secondary metabolites in 
high quality and quantity (Máthé et al. 2015).

Selection of suitable bioreactors plays a crucial role in secondary metabolite 
production by plant cell cultures. Certain important points need to be considered 
when designing a bioreactor which include, emphasis on low shear mixing for effi-
cient nutrient transport without sedimentation or clumping of cells, conditions for 
required aeration, maintenance of sterilization process and optimum light condi-
tions. Choice of bioreactor remains an important consideration. In both suspension 
cell and hairy root culture, different variants of bioreactors like fluidized bed reac-
tors, stirred reactor, rotating drum reactor, airlift reactor, etc. have been used (Rizvi 
2012). For plant cell suspensions, mechanically driven bioreactors are the systems 
of choice (Eibl et al. 2018). In these bioreactors, an antifoam agent is usually not 
added as foam is constantly incorporated into the culture broth.

Different strategies have been employed to enhance the production of secondary 
metabolites in different bioreactor systems. One such strategy is elicitation and co-
culture. Wu et  al. (2007) studied co-cultivation of adventitious root cultures of 
Panax ginseng and Echinacea purpurea in an airlift bioreactor which resulted in 
increased production of their secondary metabolites like, ginsenosides, chichoric 
acid, chlorogenic acid and caffeic acid derivatives (Wu et  al. 2008). Shin et  al. 
(2002) employed different variants of airlift bioreactors for cultivation of hairy root 
cultures of Beta vulgaris L and a particular type of bioreactor, the cone type, yielded 
the highest rate of formation of betacyanin.

8.7  �Genome Editing

Genetic manipulations have helped in the cheaper production of novel secondary 
metabolites on a large scale with minimum wastage. The field of genetics with bio-
technology, a specialized arm has helped in precise revelation of the biosynthetic 
pathway followed for secondary metabolite synthesis, identification of the genes 
involved in the same, as well as the enzymes catalysing the different metabolic steps 
(Gandhi et al. 2015). Traditional genetic breeding methods have fallen out of prac-
tice because of the ambiguity associated with DNA integration, and the appearance 
of undesirable phenotypic effects (Fig. 8.4). Naqvi et al. (2010) have elucidated that 
these techniques are not very effective as the changes incorporated are in a few 
metabolic steps and not in the complete pathway.
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The technique of knock-out gene has been utilized to reveal the role of genes in 
the biosynthesis of secondary metabolites. Several plant-based cancer chemothera-
peutic medicines such as the Vinca alkaloids have been characterized through this 
technique (Rischer et al. 2006). Also, research undertaken to assess the type of traits 
that are transmitted from one generation to the other generation, suggest that these 
traits could be either qualitative or quantitative. Traditional biometrical methods 
have been employed to elucidate the inheritance of these traits, as many of the traits 
that determine the chemical composition of the secondary metabolites have been 
found to be quantitative in nature (Kumar and Gupta 2008). Scientists have exten-
sively employed the quantitative trait loci (QTL) analysis for elucidation of genes 
that control these quantitative traits by using DNA-based molecular markers (Mary 
et al. 2013; Collard et al. 2005).

New arenas of molecular biology, like metabolomics, proteomics, transcrip-
tomics and genomics have made it possible to identify genes involved in the synthe-
sis of secondary metabolites. RNA sequencing analysis is frequently employed to 
identify genes coding for selected secondary metabolites in different MAPs (Tripathi 
et al. 2016). On elucidation of the complete biosynthetic pathway, genetic biology 
approaches are adopted and applied for the increased production of the secondary 
metabolite of interest. Such methodology has been successfully implemented on 
Saccharomyces cerevisae (DiCarlo et al. 2013) and E. coli (Mami et al. 2018). In 
yeast, the earliest successful attempts on employing synthetic biology approach, 
was for the production of artemisinic acid, a precursor of anti-malarial artemisinin 
(Paddon et al. 2013).

Fig. 8.4  New Generation Sequencing Techniques
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8.7.1  �Bioreactors

To have enhanced production of secondary metabolites via plant/cell culture, the 
traditional techniques of cultivation are not the right alternative. The cultures have 
varied physical and chemical requirements and have a low rate of germination 
(Canter et al. 2005). Bioreactor is an eco-sustainable alternative to produce valuable 
secondary metabolites of medicinal plants in large scale (Werner et  al. 2018). 
According to Werner et al. (2018), bioreactor is a preferred option for the mass scale 
production of secondary metabolites, which is also environment friendly. They 
function as cell culture systems that are continuous and act like biological industries 
that provide isolation of secondary metabolites in high quality and quantity (Máthé 
et al. 2015).

8.8  �The Future Belongs to the World of ‘Omics’

The study of ‘Omics’ is aimed at analyzing the structure, function, and dynamics of 
organism/s, through the characterization and quantification of biomolecules, viz. 
genes, proteins and metabolites. The current perspective and the near future in MAP 
research is focused on integration of genomics, proteomics, transcriptomics, and 
metabolomics, broadly categorized as functional genomics  (Oksman-Caldentey 
et al. 2004). The focus thus is to reveal the association of different cellular elements, 
viz. proteins, genes and metabolites and their function (Rai et al. 2017).

With the cost of sequencing dropping along with the easy availability of ground-
breaking procedures, as linked read sequencing, long reads sequencing, optical 
genome mapping and Hi-C genome linked sequencing, along with the availability 
of smart sequence assembling, informatics have hastened de novo whole genome 
analysis at the molecular level (Fig. 8.5).

8.8.1  �DNA Profiling

A potent tool for detection of genomic DNA and mRNA to further study protein 
expression is use of DNA microarray. This technique holds significance for MAP’s 
as it can be used for comparative evaluation of the expression of secondary metabo-
lites under different growing conditions. This can be used to hybridize genome frag-
ments and can be a measure for expressed genes. Modifications of this technique are 
the subtracted diversity array (SDA) and diversity array technology (DArTTM) and 
are applicable in plants whose sequence information is lacking.

The technique uses an array of DNA probes depicting DNA–DNA and DNA–
RNA selective binding for studying profiling of gene expression as well as for com-
parative genomic (Allen et  al. 2010). Various reference sequences are paired to 
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oligonucleotide probes and the non-overlapping ones are carefully chosen involving 
200–300 nucleotide bases of the gene or the cDNA. Another tool for comparative 
genomics includes expressed sequence tags (EST) (Haq et al. 2014). Such sequence 
analysis has been accomplished for C. roseus, for monoterpene indole alkaloid 
(MIA) pathway with 3655 unique ESTs reported (Murata et  al. 2008) while for 
Salvia miltiorrhiza (Yan et al. 2010), 10,288 ESTs were assembled.

8.8.2  �MAP Transcriptomes

For MAP’s, the interest is to identify genes coding for proteins associated with the 
biosynthesis of secondary metabolites (Han et al. 2016). This leads to interest in 
studying the structural and functional aspects of the genome including the sequenc-
ing of mRNAs and de novo transcriptome assemblies and analysis (Tripathi 
et al. 2016).

In Zanthoxylum planispinum, an East Asian herb, transcriptome centered studies 
were conducted by Kim et al. (2019). From the early and maturing fruit stage as also 
from leaf tissues sequencing of the entire mRNA, was completed and an isoform of 
the transcriptome was also identified. In the isoforms taken cumulatively, 51,402 
unique genes leading to proteins associate with various metabolic pathways and 
especially ones for secondary metabolite synthesis were short listed.

Using de novo transcriptome sequencing, a comparative study of Ocimum sanc-
tum and O. basilicum was conducted at CIMAP, Lucknow. A Kyoto Encyclopedia 
of Genes and Genomes (KEGG) analysis of total mRNA- transcripts included 
105,470 and 59,648 genes from O. basilicum and O. sanctum, respectively. The 
study revealed that 952 transcripts in O. basilicum and 501 transcripts in O. sanctum 

Fig. 8.5  Integrative studies using ‘Omics’ and Bioinformatics
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were associated with terpenoids and phenylpropanoids synthesis in the two respec-
tive species and the genes associated with these pathways were also found to be 
linked (Rastogi et al. 2014).

Twenty-seven genes for polyoxypregnane glycosides were distinguished in the 
transcriptomic studies in Gymnema sylvestre using protein databases. Two hundred 
and thirty five CDSs (coding DNA sequences) were identified through KEGG anal-
ysis, of which 19 CDS corresponding to 10 significant enzymes of polyoxypregnane 
glycoside biosynthesis were analysed (Kalariya et al. 2018).

For Azadiracta indica, a comparative study of genome and transcriptomes (four) 
disclosed that the key steps leading to the secondary metabolite production are simi-
lar (Krishnan et al. 2012). Rajakani et al. (2014) established the role of individual 
cytochrome P450’s, involved in isoprenoid synthesis. An analysis of ESTs gener-
ated through suppression subtractive hybridization attempts resulted in first full 
length gene, viz. hydroxyl methyl glutaryl CoA enzyme A reductase (HMGR), the 
key regulatory for numerous isoprenoids biosynthesis like limonoids (Narnoliya 
et al. 2014).

Secondary metabolites as essential oil is often stored in trichomes, which play a 
role in protecting the plant against predators as in Artemisia annua L. (Yadav et al. 
2014). A. annua synthesizes monoterpene oil along with a number of non-volatile 
sesquiterpenes like artemisinin (anti-malarial) and the biosynthesis of terpenoids 
and flavonoids in the glandular trichomes, holds significance in plant protection 
(McKerrow 2015).

Transcriptomic approaches also find utility in comparative profiling of gene 
expression for different tissue of a plant or between species. In W. somnifera, the 
metabolites in the leaf and root are and the same was analyzed using transcriptomic 
data (Gupta et al. 2013). A study of different Panax species, revealed 19,226 distinc-
tive sequences of P. notoginseng, held similarity with P. quinquefolius but 11,626 
transcripts were distinctive only for P. notogingseng while with P.ginseng, 19,479 
sequences were similar to in P. notoginseng and 11,373 sequences were unique to 
P. gingseng.

8.8.3  �Molecular Markers and Transcription Factors

Using the study of transcriptomes is a cost-effectual method for molecular markers 
identification as compared to the conventional methods of plant breeding. With tran-
scriptome data, molecular markers as Single nucleotide polymorphism (SNP) and 
Single sequence repeat (SSR) can be identified and then used for quantitative trait 
loci, genetic diversity analysis, gene flow, marker assisted selection, parental analy-
sis and also for evolutionary studies (Zheng et al. 2013). This approach has been 
utilized in transcriptome analysis of Withania somnifera (Gupta et  al. 2013) and 
Centella asiatica (Sangwan et  al. 2013). In W. somnifera, it was found that the 
dinucleotide SSRs are maximum (2489), with trinucleotide (1681) being next fol-
lowed by tetra- (92) and finally penta- (20)-nucleotides.
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The transcriptional factors (TFs) are DNA binding proteins and are cis regula-
tory elements. DNA binding domain permits binding with the trans-regulatory 
region on DNA and thus facilitates regulation of the gene expression resulting in 
switching the gene on or off under condition thereby enabling the gene expression 
in a defined and controlled manner. Thus, in MAP’s the TF(s) play a vital role and 
can control the secondary metabolic pathways as often one TF may regulate the 
entire metabolic pathway. Thus, the identification and isolation of TFs through tran-
scriptome analysis is desirable. TFs as “Zinc finger family”, WRKY, F-Box 
Homeobox, MYB, WD40 repeat family besides others have been worked upon a 
lot. Such a transcriptome analysis in C. asiatica, revealed identification of TFs from 
71 different families with “Zinc finger family” being most prominent (Sangwan 
et  al. 2013). Other classes found were F-box Homeobox, AP2, bHLH, GATA, 
GRAS, MYB, WD40, etc. and for jasmonic acid-treated trichomes, a quantitative 
expression database was obtained (Spyropoulou et al. 2014).

8.8.4  �Combinatorial Supertransformation of Transplastomic 
Recipient Lines (COSTREL)

Metabolic engineering has influenced the overproduction of useful metabolic prod-
ucts from MAPs. Nuclear transformation has facilitated the same, though recently it 
has been observed that chloroplast transformation has better advantages. Plasmid or 
chloroplast transformation provides the potential for multigene transformation and 
enriched expression of transformed genes. Further, as chloroplast depicts maternal 
inheritance, the containment of transformed gene is higher. Fuentes et al. (2016, 
2018), developed new technique involving both nuclear as well as chloroplast trans-
formation, viz. Combinatorial supertransformation of transplastomic recipient lines 
(COSTREL).

Industrial scale production of secondary metabolites can be achieved by the 
transfer from the MAP the entire biosynthetic pathway to another plant which has 
high biomass. Most researched secondary plant that has been used as the recipient 
is the tobacco plant. The technique involves conduct of nucleus transformation of an 
earlier plastid-transformed plant/ cell line. COSTREL was first used to enhance the 
yield of artemisinin, in Artemisia annua. The methodology involved the transfer of 
genes of artemisinin biosynthetic pathway to the chloroplast of tobacco via “gene-
gun” transformation, followed by transformation in transplastomic lines for acces-
sory genes that had the potential to enhance artemisinin production. Such a 
supertransformation increased the artemisinin production to >120  mg/kg fresh 
weight in tobacco.
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8.8.5  �RNA Interference

RNA interference involves manipulating genes for silencing the expression of genes 
thereby regulating enzymes especially of biosynthetic pathways. Small ribonucleic 
acid molecules with 20–22 nucleotide, present endogenously termed micro-RNA 
(mi RNA) along with small interfering RNA (siRNA) are involved in regulation 
post-transcription, thereby affecting gene expression and the secondary metabolite 
production can be regulated in MAP’s.

In-vitro yield of vincristine and vinblastine from C. roseus., which is antineo-
plastic is low. Pani and Mahapatra (2013), in an in silico study projected the role of 
2 prospective miRNAs and 12 mRNA targets encoding metabolic enzymes regulat-
ing terpenoid indole alkaloids (TIA) pathways and signaling, cell growth and devel-
opment, and depict perfect complementarity to each other.

In Podophyllum hexandrum (Himalayan Mayapple), which produces podophyl-
lotoxin with multiple medicinal properties, Biswas et  al. (2016) studied miRNA 
mediated management of biosynthesis of this secondary metabolite. In the study 60 
mature miRNAs and 6 pre-miRNAs were found through pyrosequencing. Validation 
by quantifiable real-time PCR suggested that the expression of podophyllotoxin was 
enriched.

Turmeric is a multiversatile herb. Eighteen families of miRNA were identified by 
Singh and Sharma (2017) of which 16 families revealed their role in regulation of 
238 transcripts. These were associated with regulation of rhizome development, 
biosynthesis of terpenoid backbone, isoquinoline and curcumin along with growth 
and developmental process of turmeric.

8.8.6  �Engineered Sequence-Specific Nucleases

Currently, the engineered sequence-specific nucleases being researched are TALENs 
(Transcription activator-like effector nucleases), Zinc-finger nucleases (ZFNs), and 
CRIPR/Cas. These have the potential to generate in the DNA sequence, site-specific 
double-strand, thereby leading to modification in characteristics of plants. The 
above mentioned nucleases are fusion proteins and contain two domains namely a 
sequence-specific DNA-binding domain which is programmable and a nonspecific 
DNA-cleavage domain, and thus facilitate genetic and metabolic engineering. Such 
an approach in MAP’s can lead to new varieties with the potential to biosynthesize 
desired secondary metabolites as well as new bio-products of commercial impor-
tance (Pouvreau et  al. 2018). These techniques mark notable site-specific DNA 
modification, with an additional advantage that the modification is restricted to gene 
disruption only and thus the modified plants under regulatory standards do not fall 
under transgenic plants.
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8.8.7  �Zinc Finger Nucleases (ZFNs)

The ZFN’s are dimers composed of monomers which are a fusion protein of a FokI 
nuclease domain and DNA binding domain zinc fingers. Recurring cysteine and 
histidine residues comprise the zinc finger and they generally identify 3 nucleotides. 
3/4 zinc fingers comprise a ZFN monomer recognizing 9–12 nucleotides. The pos-
sibility to recognize a long section of DNA by incorporating multiple zinc fingers 
together has been successful as they are modular, though they have elevated toxicity 
and poor activity.

Construction of desired ZFPs can be achieved from earlier characterized zinc 
fingers through modular assembly (Kim et al. 2010) and such methods considering 
framework dependence between nearby zinc fingers can yield functional ZFNs 
(Bhakta et  al. 2013). Modification of wild-type Fok1 domain to yield obligatory 
heterodimeric Fok1 domain has proved to improve specificity by reducing other 
undesirable effects (Miller et al. 2007).

The advantage of ZFNs as a genome editing techniques is mainly its high speci-
ficity and efficiency. The limitations include the complications associated with tech-
nical challenges to design the ZFNs, especially for substitution of larger fragments 
for knockout development. Moreover, the procedure is expensive and has limited 
target availability.

8.8.8  �Transcription Activator-Like Effector 
Nucleases (TALENs)

Like ZFNs, TALENS belong to the class of chimeric nucleases obtained through the 
coupling of FokI endonuclease possessing a cleavage domain, with 13–28 transcrip-
tional activator-like effector (TALE) repeats which are virulence factors developed 
from Xanthomonas plant pathogenic bacteria. Unlike ZFNs, in TALENs, every 
TALE repeat, targets only one nucleotide providing for a flexible target strategy, 
thereby increasing potential target sites. Type III secretion system facilitates incor-
poration of TALEs into the host and theses then trigger transcription of target genes 
thereby manipulating the normal cellular functions. The TALENS via set of tandem 
repeats identify and activate DNA sequences upstream to the site of transcription 
initiation and thus lead to an efficient but selective manipulation of the target DNA 
(Bogdanove and Voytas 2011).

The limitations associated are that the cDNA encoding TALEN has a size of 
about 3 kb which makes delivery and expression of TALENs in a cell, difficult. 
Another bottleneck is the composition of TALE repeat and the effectiveness with 
which TALENs targets a specific gene, is variable. Additionally, being highly 
repetitive in nature their compatibility with certain viral vectors, also possess a 
limitation.
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8.8.9  �CRISPR/Cas

CRISPR Cas-9 (CRISPR is short for Clustered Regularly Interspaced Short 
Palindromic Repeats; Cas-9 is a protein in the body) is one of the fastest and most 
efficient ways to edit genes (Elias 2016). CRISPR-Cas9 is a more robust and sim-
pler tool for targeted genetic editing in agro-based research. It involves a reverse-
genetics approach. The endonuclease mechanism, CRISPR, is a useful RNA-guided 
genome editing tool (Bortesi and Fischer 2015). The Cas9 protein is the endonu-
clease machinery of the system and comprises of around 1400 amino acids (Song 
et al. 2019). This mechanism has been extensively studied in various plant species 
aimed at directed genomic manipulation. The CRISPR-Cas system was for the first 
time elucidated to function as a defense mechanism in S. thermophiles 
(Barrangou 2007).

Yagiz et al. (2016) have successfully used this approach in Papaver somniferum 
L. in which the biosynthesis of morphine, thebaine etc., was reported to be consid-
erably reduced. Nielsen et al. (2017) utilized this technology to genetically engi-
neer T. atroroseus for studying secondary metabolism in this fungus and identified 
a novel gene that encodes for the production of ZG-1494α, an innovative platelet-
activating factor. CRISPR-Cas9 has also been utilised for the manipulation of 
P. chrysogenum genome. CRISPR based techniques of control of gene expression 
will not only aid in metabolic engineering and secondary metabolite biosynthesis 
but also enable the development of manipulated genomes (Tong et al. 2019). Based 
on proteins and accessory RNA, CRISPR/Cas9 genome editing technique is basi-
cally categorized into three types (type I, II and III) (Makarova and Koonin 2015). 
In nature, CRISPR/Cas9 provides protection against viruses in bacteria and 
archaea. This immunity is attained by integrating short fragments of foreign DNA 
(called spacer) between two adjoining repeats of the CRISPR locus (Iqbal 
et al. 2020).

The advantage associated with CRISPR/Cas is that it utilizes a single targeting 
molecule (gRNA) for genetic sequence manipulation. The recognition sites in ZFNs 
and TALENs are composed of proteins whereas that in CRISPR are composed of 
nucleic acid. This allows easy development of CRISPR plasmids. The disadvantage 
associated with the same is the high incidence of non-specific DNA breakdown.

In Candida. albicans, a CRISPR-Cas9-based gene-driven array (GDA) platform 
by developed by Shapiro et al. (2018) for inserting two different gRNA in the mid-
dle of homologous arms to perform genome editing on the adenine biosynthesis 
gene ADE2. Nødvig et al. (2015) utilized the orthogonal three-function CRISPR 
system, which combines transcription activation, transcription interference and 
gene deletion. A three-fold increase in the production of β-carotene was observed 
with the CRISPR technology (Pan et al. 2016).

Cho et al. (2017), experimented with the CRISPR tool in Corynebacterium glu-
tamicum, an important industrial microorganism involved in the production of 
amino acids, specifically that of γ-aminobutyric acid which is a chemical of high 
significance. Feng et  al. (2018) developed a CRISPR/Cas9 assisted multiplex 
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genome editing (CMGE) technique in Escherichia coli to dissociate transformation 
from editing, thus leading to an overall increase in the efficiency of the editing pro-
cess. In this technique, the desired genomic sequences are assembled into replica-
tive plasmids, and Cas9 gene expression is controlled by stringent inducible 
expression system. The CRISPR/Cas genome editing tool has opened a new era in 
plant breeding and secondary metabolite production (Malzahn and Lowder 2017). 
The CRISPR genome editing system has superseded the other genome editing tech-
niques and has countless unexplored applications.

In recent years, there has been increased application of the CRISPR/Cas9 
approach in medicinal plants. This system has been successfully employed on the 
hairy roots of Salvia miltiorrhiza to edit a vital gene that is involved in the biosyn-
thesis of tanshinone (Liu et al. 2017). Various research studies have highlighted the 
application of CRISPR system for altering the chemical composition of certain 
important metabolites of medicinal plants (Noman et al. 2016).

8.8.10  �Bioinformatics and Data Mining

The benefits of metabolomics for metabolic modeling using functional genomics, is 
a boon due to the advancement via bioinformatics, which has made available many 
resources and databases. Insight into the metabolome has been facilitated due to the 
availability of automated tools for analysis of immense high-resolution datasets. 
Resource databases available for MAP’s include Medicinal Plant Metabolomics 
Resources (MPMRAtMetExpress) (Saito and Matsuda 2010), Metabolome Express 
(Carroll et  al. 2010), Plant Metabolite Network (PMN) (Dreher 2014) and 
KNApSACK database (Afendi et al. 2012), the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and KEGG-plant, METLIN (Smith et al. 2005) and MassBank 
(Horai et al. 2010).

Immense information on chemical constituents especially essential oils, their 
GC-MS profile, agro-morphological effect on yield variations, type of fragrance, 
and bioactivity details of MAPs is found on AromaDb (http://bioinfo.cimap.res.in/
aromadb/). The database houses data on 1321 aroma chemical structures and the 
bioactivities of essential oil/s or the aroma compounds and 357 fragrance types 
from 166 commercially used plants and 148 high yielding varieties/chemotype. The 
data base also provides information on the cheminformatics properties as identifica-
tion, properties as physico-chemical and toxicological and pharmacokinetics 
(Kumar et al. 2018a, b).

Indian Medicinal Plants, Phytochemistry And Therapeutics (IMPPAT) is a com-
prehensive online manually curated database of 1742 Indian MAPs mentioning 
9596 phytochemicals and 1124 therapeutic utility. The database bridges 27,074 and 
11,514 plant-phytochemical and plant-therapeutic associations respectively. The 
data base comprises of an in-silico library of 9596 phytochemicals stating informa-
tion on chemical structure and identification. The pharmacokinetic, toxicity and 
similarities in pharmacological properties of the phytochemicals in IMPPAT were 

8  Expanding Horizons: Role of Biotechnology in MAP Research, Production…

http://bioinfo.cimap.res.in/aromadb/
http://bioinfo.cimap.res.in/aromadb/


264

computed using cheminformatic approach (Mohanraj et  al. 2018). The IMPPAT 
database is publicly accessible at: https://cb.imsc.res.in/imppat.

A catalogue of transcriptomic information on MAPs is the EGENES database - a 
platform for effective plant Expressed Sequence Tags (ESTs) analysis through link-
ing of genomic information with information on functionality (Masoudi-Nejad 
et  al. 2007). The cataloging is done via a process involving sequence cleaning, 
masking of repeats and vectors, sequence assembling followed by KEGG annota-
tion. Though EGENES lists only few plants, it has attempted to capture on basis of 
EST information, the reactions and pathways in the plants. Medicinal Plants 
Genomics Resource (MPGR): http://medicinalplantgenomics.msu.edu/ is another 
such database, currently for 11 species, with the objective to make accessible infor-
mation on transcriptome and metabolome of the plant species.

8.9  �Conclusions

With increasing concern about mental, as well as physical health, along with the 
ideology to prevent adverse effects due to long-term use of synthetic drugs, MAPs 
are being researched as a feasible and viable option. Wild MAPs have been used 
indiscriminately and thus many of them have become endangered species. Further, 
to making the cultivation of MAPs profitable, the conventional methods of MAP-
breeding need to be upgraded to biotechnology-based breeding methods  (Sinha 
et al. 2019).

PCTOC facilitates not only the faster propagation of these valued plants but also 
the conservation of the same. Via direct and indirect methods, it can also promote 
MAP chemical profiles. Important contributions towards the improvement of yields 
through tissue culture have been achieved through the induction of polyploidy and 
the use of advanced bioreactors. Agrobacterium  mediated transformation, also 
needs a special mention, as it has been reported to facilitate the overexpression of 
the key-genes of secondary metabolite biosynthesis and to assist in the down-
regulation of genes adversely affecting the pathway.

Recently developed techniques like the induction of hairy root cultures and the 
use of genome editing constructs as ZFNs, TALLENs, and CRISPR/Cas9 have been 
used to improvise the production and utilization of many MAPs. CRISPR/Cas9 has 
the potential of being developed as a robust method for the alteration of MAP bio-
chemical profile mediated via induction of targeted mutation in the genome. 
COSTREL has also facilitated enrichment of secondary metabolism production for 
commercial activities.

The world of ‘omics’ is the way ahead for MAP’s research. A simplified strategy 
is being shared which can lead to expanding the horizons in MAP research, produc-
tion and utilization through tools of biotechnology (Fig. 8.6).
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