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In Vitro Production of Medicinal 3
Compounds from Endangered

and Commercially Important Medicinal

Plants

Neha Sharma and Hemant Sood

Abstract

Medicinal plants are known for curing various disorders and ailments throughout
the world. The therapeutic properties of these plants are attributed to the medici-
nal compounds produced by them. Growing demands of these medicinal
compounds have urged a necessity to concentrate the research on enhancing
their production by engaging different techniques. In this article, we have
assessed different plant tissue culture techniques which could be applied for
enhancing the production of commercially important secondary metabolites.
Here, we have discussed the usage of cell/tissue culture techniques for mass
propagation and bioactive metabolite production in endangered medicinal plants
under in vitro conditions. Role of hairy root cultures, elicitation and precursor
feeding, endophytes, and nanoparticles has also been studied for enhancement of
commercially important bioactive compounds. Further, we have also highlighted
the importance of metabolic engineering and CRISPR-based approaches for
understanding the biology of biosynthesis of medicinal compounds.
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3.1 Introduction

The importance of medicinal plants has been known to humans since ancient times
and is also recommended for their medicinal properties by traditional medicinal
systems like Unani, Ayurveda, and other ancient texts including Atharva Veda,
Charaka Samhita, Rig Veda, Sushruta Sambhita, etc. Conferring by World Health
Organization (WHO), 65-80% people of developing nations cannot access the
expensive modern pharmaceutical products and depend on medicinal plants to
endure their prime healthcare needs (Palhares et al. 2015). The herbal medicines
are less expensive and safer than synthetic or modern drugs (Karimi et al. 2015).
Approximately 25% of modern medicines and 60% of anticancer medicines are
obtained from natural resources (Palhares et al. 2015). Medicinal compounds are
mainly secondary metabolites, which are the resultant of primary metabolites and
involved in directly in the life of plant cells by playing role in their defense,
signaling, and chemical adaptations to environmental stresses. These medicinal
compounds are obtained from various plant organs like bark, flower, leaves, stem,
root, seed, or whole medicinal plant and can vary in a tissue and organ specific way
during different developmental stages (Wink 2003). Secondary metabolites are
mainly categorized as terpenoids (derived from acetyl coenzyme A or glycolysis
cycle intermediates), phenolics (aromatic rings 11 bearing a hydroxyl functional
group), and alkaloids (nitrogen containing compounds).

Due to emergence of new products like health care, personal care, and immunity-
boosting formulations, industrial demand for herbal products has increased and will
further tend to rise in future. Estimates show that the international demand for plant
derived drugs is likely to approach ~US$5000 billion by end of the year 2050 (Pan
et al. 2014). Currently, majority of herbal collections are obtained from their natural
habitat and only 10% are contributed by the cultivated medicinal plants. The
escalating demand of herbal products is affecting the dwindling population of
medicinal plants in wild. Slow growth rate, complex accumulation patterns, narrow
geographic ranges along with unorganized and extensive harvesting of medicinal
plants are making them more prone to extinction and loss of genetic diversity. Also,
uneconomical chemical synthesis and inaccessibility of quality plant material in
adequate amounts hinder 1n satisfying the increasing industrial demands. Therefore,
biotechnological tools offer valuable alternatives for production of desirable medic-
inal compounds by enhancing their biosynthesis and accumulation. In this chapter,
we have reviewed different techniques and approaches used for production as well as
enhancement of commercially important compounds in medicinal plants.

3.2 Medicinal Compounds Production Using Cell/Tissue
Culture Techniques

In medicinal plants, cell/tissue culture techniques are promising methods for con-
trolled biosynthesis of numerous bioactive compounds. These are environment
friendly and act as cost-effective alternative to chemical synthesis of medicinal
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compounds. These techniques enable the in vitro grown plants to biosynthesize
particular medicinal compounds analogous to the intact plants and also aid in
producing secondary metabolites at large scale without any seasonal constraints.
Utilizing cell/tissue culture techniques, various medicinal plants can be established
under aseptic conditions using different explants including meristems, leaves, stems,
and roots for mass propagation and production of bioactive metabolites. Secondary
metabolite accumulation is genotype specific; therefore, high metabolite content
producing genotypes or cell/organ lines needs to be selected for induction of
in vitro cultures of medicinal plants. Various valuable medicinal compounds are
biosynthesized in callus or suspension cultures, while some metabolites are pro-
duced in more organized structures like shoots, roots, glands, or somatic embryos.
Callus or suspension cultures have been widely utilized for production of secondary
metabolites and can be efficiently upscaled for production of important medicinal
compounds under in vitro conditions (Kapoor et al. 2018; Kumar et al. 2020). Organ
culture under aseptic conditions is required for biosynthesis of some medicinal
compounds which need differentiated structure or organ for production of medicinal
compound. For example, Panax ginseng roots for saponins, foliar glands of
Hypericum perforatum for hypericins and hyperforins, Nicotiana tabacum roots
for biosynthesis of lysine to anabasine and its leaves for conversion of anabasine
to nicotine (Hussain et al. 2012). Numerous studies have been attempted on medici-
nal compounds production in medicinal plants using cell suspension or organ/tissue
culture techniques and some of these studies have been summarized in Table 3.1.
Biosynthesis of bioactive compounds under in vitro conditions is dependent on
various factors including culture media composition (carbon source, macronutrients,
micronutrients, other organic compounds and plant growth hormones), pH of media,
explant or inoculum concentration, and other suitable environmental conditions like
light, temperature, aeration, and agitation. Optimization of these factors aids in
improvement of metabolite productivity. There are studies where higher metabolite
content in cultured cells has been reported compared to native medicinal plants like
camptothecin in Ophiorrhiza mungos (Deepthi and Satheeshkumar 2017), shikonin
in Onosma bulbotrichom (Bagheri et al. 2018), and vinblastine and vincristine
produced in Catharanthus roseus (Mekky et al. 2018). Cell/tissue culture techniques
offer various advantages for medicinal compound production such as biosynthesis of
secondary metabolites under in vitro conditions is more reliable, simpler, and
predictable. Also, the process of extraction of valuable phytochemicals from
in vitro grown cell suspensions or tissue culture plants is fast and effective in
comparison to isolation from whole plants. Interfering secondary metabolites can
also be avoided in cell cultures. However, cost-effective parameters need to be
considered for their economic production at large scale.
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3.3  Hairy Root Culture

Hairy roots are comprised of differentiated transformed roots which are produced by
infection caused by Agrobacterium rhizogenes. T-DNA located in root-inducing
(Ri) plasmid of this pathogen is transferred and integrated into the genome of host
plant, thereby leading to formation of hairy roots at the wounded site. These
proliferating roots show lateral branching, self-regulating rapid growth, absence of
geotropism and are genetically stable (Hussain et al. 2012). Unlike natural roots,
which are accessible at particular period of the year, these proliferating roots could
biosynthesize bioactive compounds throughout the year without the effect of sea-
sonal variations. Attributed to high productivity of secondary metabolites, this
technique has become popular tool to produce same medicinal compounds
corresponding to the wild type roots. Therefore, hairy roots provide an imperative
alternative to natural plant material for biosynthesizing many valuable medicinal
compounds. Production of some important medicinal compounds using this tech-
nique has been listed in Table 3.2.

3.4 Role of Elicitors and Precursor Feeding for Enhancement
of Medicinal Compounds Production

Elicitors act as the signal molecules which can be biotic or abiotic in nature and are
capable of inducing or enhancing the production of specific secondary metabolites
by initiating defense or stress related responses. Biotic elicitors are partially purified
extracts of biological origin like fungus, bacteria, yeast, or the plant itself. Some
examples of biotic elicitors include polysaccharides, glycoproteins, inactivated
enzymes, alginate, xanthan, yeast extract, fungal homogenate, etc. Abiotic elicitors
are substances which are of non-biological origin and are categorized in physical,
chemical, and hormonal factors such as UV rays, light, temperature, heavy metal
salts, osmotic stress, antibiotics, jasmonates, methyl jasmonic acid, salicylic acid,
acetyl salicylic acid, abscisic acid, etc. (Halder et al. 2019). They have been
extensively used in cell/organ and hairy root cultures of different plant species to
enhance the production of medicinal compounds. Further, they can also trigger the
outflow of intracellular products and ease the extraction and purification of the
targeted compounds. Application of different biotic and abiotic elicitors for produc-
tion of various medicinal compounds has been summarized in Table 3.3.

The approach of supplementing the extrinsic precursors to growth medium is also
used to enhance the production of bioactive compounds. For production of desired
metabolites, if the endogenous levels of certain precursors are low, then supplying
the precursors of key biosynthetic steps enhances the production of those metabolites
(Bourgaud et al. 2001). Several reports have shown the effect of feeding suitable
precursor for increasing the productivity and accumulation of target metabolites in
different medicinal plants under in vitro conditions. Exogenous feeding of trypt-
amine and loganin has enhanced the secologanin production in mutant cell lines of
Catharanthus roseus (Whitmer et al. 1998). In another study, exogenous
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Table 3.2 Medicinal compounds produced in some plants using hairy root culture techniques

Medicinal
Plant name Compound Properties References
Aconitum Aconites Anticancer, anti-inflammatory, Giri et al.
heterophyllum antimicrobial, pesticidal (1997)
Agastache Rosmarinate Antioxidant, anti-inflammatory, Lee et al.
rugosa antimutagenic, antimicrobial, antiviral, (2007a, b)
astringent
Angelica gigas | Deoursin Anticancer, antibacterial, Xu et al.
antinematodal (2008)
Artemisia Artemisinins Antimalarial Liu et al.
annua (2002)
Astragalus Cycloartane Antimicrobial, antifungal Ionkova
mongholicus saponin et al. (1997)
Beta vulgaris Betalains Antioxidant, anti-inflammatory Pavlov et al.
(2005)
Brugmansia Tropane Anti-asthmatic, anticholinergic, Marconi
candida alkaloids, narcotic, anesthetic et al. (2008)
hyoscyamine,
scopolamine
Scopolamine and
hyoscyamine
Scopolamine and
hyoscyamine
Catharanthus Alkaloids Anticancer Hanafy et al.
roseus (2016)
Centella Asiaticoside Wound healing, memory improvement, | Nguyen
asiatica cognition, and mood modulation et al. (2019)
Coleus Forskolin and Anti-inflammatory and antipyretic Li et al.
forskohlii rosmarinic acid (2005)
Echinacea Alkamides Immunostimulatory, anti-inflammatory | Romero
purpurea et al. (2009)
Fagopyrum Rutin Antioxidant, anti-inflammatory, Lee et al.
esculentum anticancer, antimicrobial, (20074, b)
cardioprotective, hypolipidemic,
antidiabetic, reno-protective, wound
healing, anti-stress
Gentiana Gentiopicroside Antimicrobial Zhang et al.
macrophylla (2010)
Gingko biloba | Terpenoids Antioxidant, improve blood flow to Ayadi et al.
brain (2003)
Linum flavum Lignans Anticancer Renouard
et al. (2018)
Lithospermum | Shikonin Antimicrobial Tatsumi
erythrorhizon et al. (2016)
Panax ginseng | Ginsenosides Neuroprotection, anticancer, Murthy et al.
antidiabetic, hepatoprotective, (2017)

immunomodulatory

(continued)
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Table 3.2 (continued)

Medicinal
Plant name Compound Properties References
Papaver Morphine, Analgesic, narcotic, sedative, stimulant | Le Flem-
somniferum sanguinarine Bonhomme
et al. (2004)
Picrorhiza Picroliv Hepatoprotective, anti-inflammatory, Verma et al.
kurroa anticholestatic, antiulcerogenic, anti- (2015)
asthmatic, antidiabetic,
immunomodulatory
Rauvolfia Ajmalicine and Neuroprotective Sudha et al.
micrantha ajmaline (2003)
Rubia akane Alizarin and Anticancer, antimalarial, antimicrobial, | Lee et al.
purpurin antifungal, antioxidant 2010
Silybum Flavonolignan Hepatoprotective, anticancer, Rahnama
marianum antihepatitis et al. (2008)
Swertia Amarogenetin Antibacterial, antihepatitis, Ishimaru
Jjaponica anticholinergic, chemopreventive, anti- | et al. (1990)
lieshmanial
Withania Withanoloid A Aphrodisiac, liver tonic, anti- Murthy et al.
somnifera inflammatory (2008)

supplementation of geraniol, 10-hydroxygeraniol, or loganin significantly increased
tabersonine levels in hairy roots of Catharanthus roseus (Morgan et al. 2000).
Bemani et al. (2013) have observed that application of phenylalanine to suspension
cell cultures of Corylus avellana L. has increased the production of taxol along with
the antioxidant activity and cytotoxic effects. Lately, Kumar et al. (2016) have found
that exogenous supply of precursors like cinnamic acid and catalpol influences the
synthesis of picroside-I in shoot cultures of Picrorhiza kurroa. Recently, Thakur
et al. (2019) have reported enhanced picrosides content via nutrition feeding method
in aeroponic and hydroponic system of Picrorhiza kurroa. Hence, elicitation and
precursor feeding under in vitro conditions can be used as a viable tool for enhancing
the production of pharmaceutically important secondary metabolites which are
otherwise produced in low quantities.

3.5 Role of Endophytes in In Vitro Production of Medicinal
Compounds

Endophytes are microbes that exist inside the plant living tissues without causing
any negative effect to them. These microbes have the capability to biosynthesize
secondary metabolites similar to that produced by their host plants (Koberl et al.
2013). They produce secondary metabolites due to the horizontal gene transfer
between host and endophyte. These secondary metabolites empower them to create
supremacy over other invading pathogens or enhance plant defense and conse-
quently securing themselves against various pathogens (Mousa et al. 2016; Naik
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Table 3.3 Different elicitors utilized in production of secondary metabolites in plants

Medicinal
Plant name compound | Elicitor Culture type References
Andrographis | Andrographolide Methyl jasmonate Cell Sharma et al.
paniculata _ suspension (20154, b)
Amimi majus Xanthotoxin | Copper Shoot Purohit et al.
(1995)
Ambrosia Thiarubrine A Protomyces Hairy root Bhagwath et al.
artemistifolia gravidus (2000)
Azadirachia Azadirachtin Claviceps Hairy root Satdive et al.
indica | purpurea (2007)
Bacopa Bacosides ' Jasmonic acid, Shoot Naik et al.
monnieri methyl jasmonate, (2010), Sharma
pH, sucrose, et al. (2013),
copper Munish et al.
_ (2015)
Catharanthus | Vinblastine and Sodium chloride Embryogenic | Fatima et al.
roseus vincristine tissues (2015)
Corylus Paclitaxel Sucrose Cell Sara-Alsadat
avellana _ suspension et al. (2015)
Digitalis Digitoxin Salicylic acid Shoot Patil et al.
purpurea . (2013)
Datura metel Hyoscyamines, | Salicylic acid Root Ajungla et al.
scopolamines (2009)
Atropine | Silver, Escherichia | Hairy root Zahra et al.
coli, Bacillus (2015)
cereus,
Staphylococcus
aurens
Echinacea Derivatives of | Gibberellic acid Hairy root Abbasi et al.
pupurea caffeic acid (2012)
Gymnema Gymnemic acid | Methyl jasmonate, | Cell Chodisetti et al.
sylvestre salicylic acid, suspension (2013),
Aspergillus niger, Chodisetti et al.
Escherichia coli, (2015)
Bacillus subtilis,
Saccharomyces
cerevisiae
Glycyrrhiza Glycyrrhizic acid Salicylic acid Adventitious Lietal. (2015a)
uralensis root
Hypericum Hypericin and ' Sucrose, Seedling Omer et al.
adenotrichum | pseudohypericin polyethylene (2013)
| glycol
Hypericum Hypericin and Salicylic acid Shoot Coste et al.
hirsutum pseudohypericin (2011)
Hypericum Hypericin and Chitin, pectin, Shoot Sonja et al.
perforatum pseudohypericin dextran (2015)
Phenylpropanoid Chitin, Fusarium Cell Sonja et al.
and oxysporum, Phoma | suspension (2015)
naphtodianthrone

(continued)
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Table 3.3 (continued)

Medicinal
Plant name compound | Elicitor Culture type References
exigua, Botrytis
| cinerea
Melissa Rosmarinate | Ozone Shoot Tonelli et al.
officinalis | (2015)
Perovskia Cryptotanshinone | Methyl jasmonate, | Adventitious Arehzoo et al.
abrotanoides and tanshinone sorbitol, silver, TO0ts (2015)
IMA yeast extract
Picrorhiza Picroside-I | Methyl jasmonate, | Shoot Sharma et al.
kurroa sodium (2016)
nitroprusside,
abscisic acid,
seaweed extract
Plumbago Plumbagin | Jasmonic acid Hairy root Gangopadhyay
indica etal. (2011)
Plumbago Plumbagin Jasmonic acid, Cell Silja et al.
rosea | yeast extract suspension (2014)
Pueraria Puerarin Ozone Cell Sun et al.
thomsnii _ suspension (2012)
Salvia Tanshinone Methyl jasmonic Hairy root Lietal. (2015b)
castanea | acid, silver
Salvia Tanshinone Methyl jasmonate, | Hairy root Yuan et al.
miltiorrhiza salicylic acid, (2008),
gibberellic acid, Qianliang et al.
Trichoderma (2013),
atroviride Xiaolong et al.
(2015)
Salvia Diterpenoid | Methyl jasmonate, | Shoot Izabela et al.
officinalis sodium salicylate (2009),
Kracun-
Kolarevic et al.
[ (2015)
Silybum Silymarin | Methyl jasmonate, | Cell Firouzi et al.
marianum yeast extract suspension (2013)
Stevia Steviol glycoside | Proline, Callus and Pratibha et al.
rebaudiana polyethylene cell (2015)
glycol suspension
Taverniera Glycyrrhizic acid Methyl jasmonate, | Root Awad et al.
cuneitfolia Mucor hiemalis, (2014)
Rhizobium
leguminosarum
Vitis vinifera Resveratrol, trans- luv radiations, Cell Taurino et al.
resveratrol, methyl jasmonate, suspension (2015), Xu
stilbene, viniferins | salicylic acid, et al. (2015)

chitin, silver,

' cadmium, cobalt

(continued)
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playing role in manipulating metabolic pathways to biosynthesize desired medicinal
compounds. CRISPR technology can be employed in different approaches for
manipulating the biosynthetic pathways which include controlling transcription
factors to trigger or block specific effectors of metabolic pathways, enzyme manipu-
lation, enzyme inhibition, blocking branch pathways, switching path to alien metab-
olite, removing limited availability to precursor, translational regulation, protein
modification, etc. (Sabzehzari et al. 2020a, b). Alagoz et al. (2016) have knocked
out benzyl isoquinoline alkaloids pathway gene, viz. 40OMT2 in Papaver
somniferum and observed reduced morphine, thebaine levels in edited plants. Simi-
larly, in Salvia miltiorrhizarosmarinic acid synthase (SmRAS) gene of phenolic acid
metabolic pathway has been edited using CRISPR/Cas9 technology (Zhou et al.
2018). They have found declined rosmarinate and lithospermic acid B contentsin
edited hairy root lines, specifically in the homozygous mutants. Additionally,
enhanced level of rosmarinic acid precursor 3,4-dihydroxy phenyl lactic acid was
observed. Therefore, the study suggested that the rosmarinic acid synthase enzyme is
important for biosynthesis of rosmarinic acid and can be targeted to increase the
level of desired metabolites.

3.7 Nanoparticles Mediated Secondary Metabolite Production

Nanoparticles are 1-100 nm sized particles, which can interfere with various signal-
ing pathways and can modulate secondary metabolite production in plants; however,
the exact mode of action behind this modulation is yet to be uncovered (Marslin et al.
2017). Zhang et al. (2013) have reported 3.9-fold enhanced artemisinin content by
silver nanoparticle treatment in Arremisia annua L. hairy roots. In A. thaliana, silver
nanoparticles have upregulated anthocyanin and flavonoid biosynthetic genes
(Garcia-Sanchez et al. 2015). Recently, Jasim et al. (2017) have studied the conse-
quence of silver nanoparticles treatment in Trigonella foenum graecum L. and
observed a substantial increase in diosgenin concentration. Nanoparticles have
potential to increase secondary metabolite production in plants; however, deeper
understanding is still required to fully exploit this technique to produce commer-
cially important medicinal compounds.

3.8 National and International Status of Medicinal
Compounds in Commercially Important Medicinal Plants

India harbors diverse potential for medicinal plants due to its different climatic
zones, geographical variance, and rich biodiversity. Medicinal compounds of these
plants are used in modern therapeutic drugs throughout the world, for example, use
of berberine from Coptis japonica as cardioprotective, hepatoprotective, and reno-
protective (Morimoto et al. 1988), reserpine, serpentine from Rauwolfia serpentina
root in hypertension (Salma et al. 2008), vinblastine and vincristine, from
Catharanthus roseus for cancer treatment (Mekky et al. 2018). Several types of
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research have been conducted by national and international research community to
enhance medicinal compounds production in commercially important medicinal
plants. The demand of medicinal plants is constantly increasing around the globe.
China, India, Nigeria, the United States of America (USA), and WHO are signifi-
cantly investing on herbal medicinal research, so that it can contribute to global
health (WHO 2002).

3.9 Conclusion

Medicinal plants have been used to cure various diseases since early times. Slow
growth rate and threat of extinction of some medicinal plant species along with the
inaccessibility of superior plant material in suitable amounts hamper in meeting the
increasing industrial demands. Biotechnological approaches provide an additional
production system to prevail over inadequate availability of bioactive and commer-
cially important medicinal compounds. Cell/tissue culture techniques aid in multi-
plication of medicinal plants under in vitro conditions which provide an incessant,
reliable source of natural products and thus relieve pressure from their natural
habitat. Advances in hairy root cultures and endophytes can lay out new modes
for cost efficient, viable production of low volume pharmaceutically important
secondary metabolites. Elicitation with various biotic and abiotic elicitors has been
broadly practiced for production of medicinal compounds in different species and
will further aid in meeting growing demand of these natural metabolites. Metabolic
engineering has opened new gateways to produce important metabolites by
manipulating endogenous biochemical pathways. The emergence of CRISPR/Cas
system has also opened new doors towards next-generation metabolic engineering
which can assist in better elucidation of secondary metabolite production in plants.
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