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    The extinction of plant species is progressively taking place due to their being trapped in the vicious circle of ever-increasing industrialization, deforestation, global warming, climate change and also unscrupulous human activities. This has led to many species being listed in the Red Data Book or /in the various threat categories of IUCN. Of the total 3000 medicinal plants reported from India, over 1700 species of medicinal value are found in the Indian Himalayan region; nearly 47% are endemic to this region and about 62 species fall under different categories of threat. The situation warrants the acceleration of efforts to develop methods for germplasm preservation. The importance and applications of plant cell and tissue culture in plant science are vast and varied. The last few years of our research investigations have led to the emergence of this technique. Utilizing the biotechnological tools, many tissue culture protocols have been developed for rapid and mass multiplication of valuable medicinal plants to increase planting stock so as to meet the market demand. The rapid increase in knowledge of nutrition, medicine, agriculture, and plant biotechnologies has effectively changed the concept of food and health causing an overwhelming revolution.




    India is known for its diverse climatic zones which are habituated of diverse flora having medicinal value, thus there is a wide scope for India to lead global herbal market. The National Medicinal Plant Board of India has recognized more than 7000 medicinal plants, which are currently used in different systems of medicines. The Ayurveda market in India has been valued at INR 300 billion in 2018 and is expected to reach INR 710 billion by 2024. Plants are active biochemical factories of a vast group of secondary metabolites which are indeed the basic source of various commercial pharmaceutical drugs. There are possibilities for year round production of biomass with reduced cost and time. Elicitation and precursor feeding are two important strategies of the in-vitro techniques to enhance metabolite production to meet the demands of mankind. Utilization of the existing genetics resources and understanding the biosynthesis, transport, accumulation and modulation of important secondary metabolites are critical issues linked to its improvement.




    Overall, the rapid propagation of elite plants will provide high dividends to farmers and the associated herbal industry.




    This book provides comprehensive coverage of the fundamental principles, current practices and trends in the field of pharmaceutical industry and provides baseline data for further research in the field. We are grateful to all the contributors and hope the book will be beneficial to students, researchers, scientists and other concerned stake holders who are working in the respective fields. MA acknowledges the much needed moral support of his wife, Humera Anis. We would also like to place on record our sincere thanks to Mr. Mohammad Zohaib Siddiqui for preparing the layout of the contents.
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      Abstract




      Senna alata is an ethnomedicinal plant. The crude extracts of the plants are said to have a large number of medicinal properties due to their phytochemicals. In the present study, we made an attempt to isolate and screen the phytochemical constituents present in the species. In order to determine the bioactive constituents present in S. alata, and the effect of drying on the loss of bioactive constituents, studies on a set of pharmacognostical parameters were conducted on seeds, shade and sun-dried leaves of S. alata as per US pharmacopeia and WHO guidelines. The results of the present studies showed the presence of various important bioactive molecules that are responsible for the medicinal properties of the species. The phytochemical analysis of seed extracts revealed the presence of alkaloids, flavonoids, tannins, saponins, anthraquinones, resins and glycosides in all the extracts, while coumarins, phenols, terpenoids, phlobatannins and quinines are completely absent in all the seed extracts. Preliminary phytochemical investigations from shade and sun-dried leaf extracts showed alkaloids, flavonoids, anthraquinones, saponins, glycosides and tannins in high amounts in all the extracts, resins and phenols are present in moderate amounts. Terpenoids and phlobatannins are present only in fresh leaf extracts. Studies were also conducted on the physicochemical and organoleptic properties of leaves of S. alata that help in the identification and standardization of the leaf extracts for manufacturing of plant-based drugs of S. alata.
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      INTRODUCTION




      Ever since the origin of the human race, plants have been used as medicine because of their potent therapeutic value. Plants have been a source of therapeutic agents for thousands of years, and the majority of drugs or their derivatives used in the present day have been isolated from plants. Since ancient times, conven-




      -tional medical systems have been known to play a key role in the primary healthcare needs of the human race [1]. Almost all known civilizations around the world, including the Chinese, Indus Valley, African, and Egyptian, have their own ancient system of medicine that includes various types of naturally occurring compounds derived from medicinal plants.




      Indian Vedic literature such as Rig Veda and Atharvana Veda (4500-1600 BC) also mentioned the use of several plants as a source of medicine. Ancient ayurvedic practitioners such as Charakaand Susrutain, and their respective books Charaka Samhita and Susruta Samhita referred to the use of more than 700 herbs as medicine and ancient medical systems such as Ayurveda, Unani, Homeopathic and Siddha have been surviving over 3000 years, by using plant-based drugs or their preparations and formulations for curing diseases.




      World Health Organization [2] defined medicinal plants as follows: “medicinal plant” is any plant in which one or more of its organs possess compounds that can either be used for the therapeutic purposes or act as precursors for the synthesis of practicable drugs. The term “herbal drug” is used for the part/parts of a plant, viz. leaves, flowers, fruits, roots, bark, and seeds that are used for the preparation of therapeutic compounds. These definitions distinguish medicinal plants whose bioactive ingredients and therapeutic values have been demonstrated scientifically from plants that are considered medicinal but have not been established scientifically. WHO [3] further defines a medicinal formulation as any medicinal plant preparation obtained by subjecting the crude plant material to physical processes such as extraction, purification, fractionation, concentration, or biological processes that can be used for immediate consumption.




      Many people from both developing and developed countries across the world do not have adequate access to basic needs, including food, water, clean environment, and medical and health services. The main concern of public health is still the intense need for basic health care, which is lacking even at the elementary level. According to WHO, more than half of the world’s population do not have access to basic healthcare needs as poor people are unable to access the present healthcare services due to their non-affordability. Therefore, the challenge for governments in both developed and developing countries in the near future lies in food and medical security that should necessarily double the production of food and medicine in the next 50 years to meet the needs of the growing population. Medicinal plants not only offer access to medicine to poor people at an affordable price but also help in generating income, employment, and foreign exchange in developing countries, thus contributing significantly to the national economy. It is estimated that plant-derived drugs account for about Rs. 2,00,000 crores in the world market.




      During the past century, the formulation and large-scale production of synthetic drugs have brought a revolutionary change in health care across the world. Nevertheless, more than 70-90% of people in both developing as well as developed countries rely on traditional practitioners and herbal medicine as a source of primary medicine [4], which attracted the attention of researchers towards medicinal plants globally. In modern pharmacopoeia, not less than 25% of drugs are derived from plants and many other drugs are synthetic analogues of standard compounds that are already isolated from medicinal plants. Even today, about 121 such active compounds are in use in the pharmaceutical industry [5] and more than 100 herbal-based drugs are under clinical study [6].




      Even though modern medicines are effective, they have several disadvantages, including high cost, reducing immunity, causing severe side effects, and physical dependence. On the other hand, plant-based medicines are natural, cost effective, and have minimum or no side effects, that is, leading to an increase in the number of people turning towards herbal medicine, thus being used in achieving the goal of “Health for all” in a cost-effective manner [7]. This interest in phytomedicine can lead to the exploration of about 500 different plant species in the last few decades, and many species are still being studied.




      Escalating faith in herbal medicine is one of the several reasons for the increasing need for recognition of medicinal plants [8]. Medicinal plants play a vital role in various traditional, complementary, and alternate systems of medicine as they contain a broad range of secondary metabolites, such as alkaloids, flavonoids, tannins and terpenoids [9, 10], which are found to play a key role in the regulation of diseases in human beings. The presence of these phytochemicals is responsible for the antioxidant, antimicrobial, and antipyretic effects of these medicinal plants [11]. WHO states that medicinal plants are the best source for obtaining a variety of herbal formulations. Hence, plants with such medicinal properties should be studied for a better understanding of their therapeutic properties, efficacy, and safety issues [12].




      Plant metabolites can be divided into two groups as primary metabolites that are directly involved in the growth and metabolism of the plant and secondary metabolites are organic compounds which are the byproducts of primary metabolism that are not generally used by plants for metabolic activities. These secondary metabolites serve as interspecific defenses when the plant interacts with their counter biotic and abiotic partners in the environment [13]. These secondary metabolites are structurally and functionally diverse in nature and can be classified as alkaloids, flavonoids, glycopeptides, phenolics, peptides, steroids, terpenoids, and volatile oils [14]. These secondary metabolites act as precursor




      molecules for pharmaceuticals, agrochemicals, cosmetics, and industrial products and as flavouring and colouring agents in the food processing industry.




      Bioactive therapeutic agents produced in plants are the products of natural metabolic processes. Each species has its own genetic makeup that governs the production of these bioactive molecules. In addition to the genetic makeup, other factors such as the effect of environmental factors such as temperature, moisture content, and the difference among cultivars within the species also contribute to the variation in the quality and quantity of the compounds [15].




      These bioactive compounds either act on one or different systems of the animal physiologically and/or act by interfering with the metabolism of microbes involved in the infection process, thus regulating the host-microbe interactions in favor of the host. Research is being focused on meeting the challenges of identifying bioactive compounds in plants, and establishing evidences on whether the whole plant or extracted compounds are to be used for therapeutic purposes. Therefore, the identification, isolation, characterization, and purification of the bioactive compound from crude extracts of plants play a key role.




      Evaluation of the pharmacological activities of medicinal plants and the subsequent increase in the demand for plant-based drugs is leading to overharvesting, thus creating heavy pressure on high-value medicinal plant populations. Moreover, several of the medicinal plants have low population densities, slow growth rates, and narrow geographic ranges and therefore are more prone to extinction [16]. Furthermore, the knowledge of the use of lesser-known medicinal plants is declining rapidly. Hence, there is a need to spread awareness and conservation of these medicinally important species through various conservation techniques available. Furthermore, the lack of availability of plant material throughout the year and the impracticality of conventional propagation and breeding methods for the production of plants on a large scale act as a barrier to the separation of bioactive molecules. In such cases, alternative and economically feasible approaches for the separation of the desired phytochemicals are to be implied. Biotechnological tools help in solving the problems faced by conventional breeding programmes and act as bioreactors for the production of bioactive metabolites from endangered and medicinally important plants [17]. Thus, these biotechnological tools offer a line of approaches for maintenance, genetic improvement, and efficient use of endangered plant resources and products [18].




      In both developing and developed countries, the increase in demand for plant-based crude material in pharma, cosmetic, and herbal industries is leading to the frequent contamination of crude products with extraneous/foreign material or with inferior quality crude drugs that resemble the standard drug. To avoid such problems, systematic approaches towards standardization of crude drugs have been developed in modern pharmacology. These standardization procedures include botanical authentification, microscopic and molecular examination, identification of chemical constituents, and biological activity of the whole plant [19]. Identification of bioactive chemicals and macroscopic microscopic evaluation of plant materials for quality control and standardization have been reported by early researchers [20]. Macroscopic evaluation parameters involve sensory characters such as shape, size, colour, texture, odour, and taste, and microscopic parameters involve comparative microscopic inspection of the powdered herbal drugs. Various modern techniques such as chromatography, spectrophotometry, electrophoresis, polarography, fluorescence analysis alone and in combination are currently employed in the standardization of herbal drugs [21].




      Based on the above considerations, plant biotechnology can be regarded as an important tool that enables the conservation of desired species and obtains elite clones of pharmaceutically important medicinal plants, and meets the demands of public healthcare systems and pharmaceutical industries, especially in biodiversity rich areas where there is an urgent need for conservation of germplasm for future generations as important species are becoming extinct due to over-exploitation.




      Techniques of plant biotechnology also help in the isolation of therapeutically important compounds from a particular tissue/organ without any loss to the whole plant, thus, helping in the conservation of commercially important medicinal plants. Considering the demand for Senna alata L. Roxb. (Syn. Cassia alata) due to its ethnic medicinal properties, use as an ornamental shrub, and therapeutic applications, the species needs conservation. Hence, in the present investigations, attempts have been made to evaluate the pharmacological properties of aqueous leaf extracts using various animal models, to multiply and conserve this medicinally important woody legume using various in vitro culture techniques. Attempts were also made to study the pharmacognotic properties concentrating mainly on screening for the presence of various phytochemicals from leaf explants dried under different conditions in order to study the effect of drying on the loss of chemical constituents and to study the amount of total anthraquinone and anthraquinone glycosides from various explants and extracts to determine the ideal explants/extracts for commercial production of anthraquinones, and to isolate anthraquinones from five different species of Cassia/Senna.




      

        Results and Discussion




        About One-fourth of the world's population, accounting for 1.42 billion people generally depends on traditional medicine that particularly consists of plant-based drugs for curing various diseases [8]. Herbal or traditional medicines are gaining importance due to their safety, efficacy, and lack of side effects and are considered a promising choice over modern synthetic drugs [22].




        The phytoconstituents present in the plant parts account for various pharmacological activities of these medicinal plants, which form the basis of herbal medicine and herbal industries, which mostly use these fresh or dried plant parts for the manufacturing of herbal drugs. A detailed knowledge of crude drugs is essential in the identification, preparation, safety, and efficacy of herbal products. In order to meet the increasing demand for plant-based crude drugs, phytochemical and pharmaceutical industries in both developing and developed countries are adulterating crude drugs with foreign organic matter or substituting inferior quality crude drugs resembling the standard drugs. Hence, there is a need for the development of a systematic approach to studying crude drugs in modern pharmacognosy.




        The process of standardization is a multi-step process and can be achieved by stepwise pharmacognostic studies [23]. Various methods, such as the determination of ash residues, extractive values, and screening of active phytoconstituents, play a significant role in the standardization of indigenous crude drugs [24].




        The species Senna alata possesses many valuable medicinal properties, but the knowledge of these properties is still confined to tribal areas because of the absence of proper scientific standardization. In order to determine the usefulness of the species in modern medicine, standardization of various parameters, viz. morphological, physico-chemical and phytochemical constituents, are essential. Based on these parameters, the plants can be made successfully available for the population and herbal industries across the world. Hence, the present study has been undertaken to evaluate the organoleptic, physicochemical, and phytochemical constituents present in the seed and leaf extracts of S. alata in order to elite medicinal properties attributed to the species.


      




      

        Physicochemical Parameters




        Studies on the physicochemical parameters of crude extracts are essential for the identification of the plant material, analyzing the stability of the crude drug, microbial contamination, heavy metal accumulation, avoiding mishandling, and estimating adulteration. In the present study, in order to determine the purity of the drug, various physicochemical parameters have been studied in S. alata. The details of the studies are presented in Tables 1-3.




        

          Table 1 Physical characters of various leaf extracts of S. alata.




          

            

              

                	Extract



                	Colour



                	Consistency



                	% Yield (w/w)

              


            



            

              

                	Aqueous



                	Niger brown



                	Amorphous



                	33.9±0.69

              




              

                	Acetone



                	Green



                	Amorphous



                	26.1±0.42

              




              

                	Benzene



                	Yellowish green



                	Amorphous



                	26.9±0.16

              




              

                	Chloroform



                	Dark green



                	Amorphous



                	27.1±0.54

              




              

                	Ether



                	Dark green



                	Amorphous



                	28.6±0.81

              




              

                	Methanol



                	Greenish brown



                	Amorphous



                	28.4±0.39

              


            

          




          

            Various physicochemical properties such as total ash, acid soluble and insoluble ash, and water insoluble ash were determined using powdered leaf material of S. alata. The results obtained from the present study are presented in Table 2. The total ash and acid insoluble ash content of the leaf of S. alata is 7.84 (% w/w) and 0.94 (% w/w), respectively. The amount of acid insoluble ash is very less than that of water soluble ash (6.90%). These physicochemical properties related to total ash value and acid insoluble ash values help in determining the evaluation of crude drugs at a large scale.


          




        




        

          Table 2 Physicochemical properties of Methanol and Aqueous extracts of S. alata.




          

            

              

                	Test



                	
Value Obtained


                (%w/w)


              


            



            

              

                	Total Ash content



                	7.84

              




              

                	Acid insoluble ash



                	0.94

              




              

                	Water soluble ash



                	6.90

              




              

                	Moisture content



                	3.9

              




              

                	Total fiber content



                	22

              


            

          




        




        The results of the fluorescent studies of powdered leaf material are presented in Table 3. The extracts exhibited various fluorescent characteristics under normal/UV light. Among the various solvents tested, acetone extract did not show any fluorescence activity. Whereas, all other tests showed characteristic colouration. The colour due to fluorescence was found to be specific to each compound (Table 3).




        Various aspects regarding the physical constituents of five different extracts (Aqueous, Acetone, Benzene, Chloroform and Ether extracts) of S. alata obtained by maceration are presented in Table 1. All the extracts exhibited a characteristic colour ranging from yellowish green to niger brown. The consistency of the extracts was amorphous for all the extracts and the % yield of the extract ranged from 26.1±0.42 (Acetone extract) to 33.9±0.69 (Aqueous extract) (Table 1).




        

          Table 3 Fluorescent studies of leaf powder of S. alata.




          

            

              

                	Type of Solvent



                	
Appearance Under


                Visible Light




                	
Appearance Under


                UV Light


              


            



            

              

                	Powder as such



                	Green



                	Green

              




              

                	Aqueous extract



                	Dark brown



                	Blackish green

              




              

                	Acetone extract



                	Green



                	Green

              




              

                	Benzene extract



                	Dark green



                	Greenish brown

              




              

                	Chloroform extract



                	Dark green



                	Blackish green

              




              

                	Ether extract



                	Light green



                	Green

              




              

                	Methanol extract



                	Light green



                	Green

              




              

                	Powder + Conc. HCl



                	Dark green



                	Greenish Black

              




              

                	Powder + Conc. HNO3



                	Reddish brown



                	Black

              




              

                	Powder + Conc. H2SO4



                	Reddish brown



                	Greenish Black

              




              

                	Powder + 5% I2



                	Brown



                	Green

              




              

                	Powder + 1N NaOH in H2O



                	Greenish brown



                	Green

              




              

                	Powder + 1N NaOH in Methanol



                	Light green



                	Greenish Black

              




              

                	Powder +5% FeCl3



                	Dark green



                	Green

              




              

                	Powder + Glacial acetic acid



                	Yellowish brown



                	Greenish Brown

              




              

                	Powder + Picric acid



                	Yellowish brown



                	Yellowish green

              


            

          




        


      




      

        Phytochemical Analysis




        Preliminary phytochemical screening of both fresh and shade-dried leaf extracts was carried out to determine the effect of loss of plant material on drying and to determine the appropriate solvent for extraction. Different extracts of seed and fresh/shade-dried leaf material were screened for the presence of phytochemicals. The results of preliminary phytochemical screening of seed fresh/shade-dried leaves of S. alata are are shown in Tables 4 and 5.




        The phytochemical analysis of seed extracts revealed the presence of alkaloids, flavonoids, tannins, saponins, anthraquinones, resins, and glycosides in all extracts. Sterols were present only in the chloroform extract and phenols only in the aqueous extracts. Coumarins, phenols, terpenoids, phlobatannins and quinines are completely absent in all seed extracts (Table 4). Phytochemical screening of fresh and dry leaves showed the presence of alkaloids, flavonoids, anthraquinones, saponins, glycosides, and tannins in high amounts in all extracts except for methanolic extract. Resins and phenols are present in moderate amounts. Sterols are present only in chloroform extracts. Terpenoids and phlobatannins are present only in fresh leaf extracts, and quinones are present only in benzene and aqueous extracts of dried leaves (Table 5).




        

          Table 4 Phytochemical analysis of seed extracts of S. alata.




          

            

              

                	Phytochemical Tests



                	Methanol Extract



                	
Petroleum Ether


                Extract




                	
Benzene


                Extract




                	
Chloroform


                Extract




                	Aqueous Extract

              


            



            

              

                	ALKALOIDS

              




              

                	Dragendorff’s test


                Mayer’s test


                Wagner’s test


                Hager’s test


                Tannic acid test


                FeCl3 test



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++

              




              

                	GLYCOSIDES

              




              

                	Raymond’s test


                Legal’s test


                Bromine water test


                KellarKiliani test


                Conc. H2SO4 test


                Molisch test



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++

              




              

                	TANNINS

              




              

                	FeCl3 test


                Gelatin test


                Lead acetate test


                Alkaline reagent test


                Mitchell’s test



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	+


                +


                -


                +


                +



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++

              




              

                	FLAVONOIDS

              




              

                	Lead acetate test


                FeCl3 test


                Shinoda’s test


                Alkaline reagent test


                Zn-Hcl


                Reduction test



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                


                ++



                	++


                ++


                ++


                ++


                


                ++



                	++


                ++


                ++


                ++


                


                ++



                	++


                ++


                ++


                ++


                


                ++

              




              

                	STEROLS

              




              

                	LibermannBurchard test


                Salkowski test



                	
+


                +




                	
-


                +




                	-


                -



                	++


                ++



                	-


                -

              




              

                	ANTHRAQUINONES



                	++



                	++



                	++



                	++



                	++

              




              

                	COUMARINS



                	-



                	-



                	-



                	-



                	-

              




              

                	RESINS



                	-



                	++



                	++



                	++



                	++

              




              

                	LIGNINS



                	-



                	-



                	-



                	-



                	-

              




              

                	PHENOLS



                	-



                	-



                	-



                	-



                	-

              




              

                	TERPENOIDS



                	-



                	-



                	-



                	-



                	-

              




              

                	PHLOBATANINS



                	-



                	-



                	-



                	-



                	-

              




              

                	QUINONES



                	-



                	-



                	-



                	-



                	-

              




              

                	SAPONINS



                	+



                	+



                	+



                	+



                	+

              


            

          




          

            ++ = Strongly present, + = Present, - = Absent

          




        




        

          Table 5 Phytochemical analysis of fresh/dry leaf extracts of S. alata.




          

            

              

                	Phytochemical Tests



                	
Methanol


                Extract




                	
Petroleum Ether


                Extract




                	
Benzene


                Extract




                	
Chloroform


                Extract




                	Aqueous Extract

              


            



            

              

                	



                	F



                	D



                	F



                	D



                	F



                	D



                	F



                	D



                	F



                	D

              




              

                	ALKALOIDS

              




              

                	Dragendorff’s test


                Mayer’s test


                Wagner’s test


                Hager’s test


                Tannic acid test



                	
-


                -


                -


                -


                -




                	
-


                -


                -


                -


                -




                	
++


                ++


                ++


                ++


                ++




                	++


                -


                ++


                ++


                ++



                	
++


                ++


                ++


                ++


                ++




                	++


                -


                ++


                ++


                ++



                	
++


                ++


                ++


                ++


                ++



                	+


                -


                ++


                ++


                ++



                	
++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++

              




              

                	GLYCOSIDES

              




              

                	Raymond’s test


                Legal’s test


                Bromine water test


                KellarKiliani test


                Conc. H2SO4 test


                Molisch test



                	-


                ++


                -


                -


                ++


                -



                	-


                -


                -


                -


                -


                -



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                -


                ++


                ++


                -



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                -


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	-


                ++


                -


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++


                ++

              




              

                	TANNINS

              




              

                	FeCl3 test


                Gelatin test


                Lead acetate test


                Mitchell’s test



                	+


                -


                -


                -



                	-


                -


                -


                -



                	++


                ++


                ++


                ++



                	++


                ++


                ++


                ++



                	++


                ++


                ++


                ++



                	+


                +


                -


                -



                	++


                ++


                ++


                ++



                	+


                +


                +


                -



                	++


                ++


                ++


                ++



                	+


                +


                +


                -

              




              

                	FLAVONOIDS

              




              

                	Lead acetate test


                FeCl3 test


                Shinoda’s test


                Alkaline reagent test


                Zn-Hcl Reduction test



                	+


                -


                +


                -


                -



                	-


                -


                -


                -


                -



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++



                	++


                ++


                ++


                ++


                ++

              




              

                	STEROLS

              




              

                	Libermann Burchard test


                Salkowski test



                	-


                -



                	-


                -



                	-


                -



                	-


                -



                	-


                -



                	-


                -



                	++


                -



                	++


                -



                	-


                -



                	-


                -

              




              

                	ANTHRAQUINONES



                	++



                	++



                	++



                	++



                	++



                	++



                	++



                	++



                	++



                	++

              




              

                	COUMARINS



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-

              




              

                	RESINS



                	+



                	-



                	++



                	-



                	++



                	++



                	++



                	-



                	++



                	++

              




              

                	LIGNINS



                	+



                	+



                	+



                	-



                	-



                	-



                	+



                	+



                	-



                	-

              




              

                	PHENOLS



                	+



                	-



                	++



                	-



                	++



                	++



                	++



                	++



                	++



                	++

              




              

                	TERPENOIDS



                	-



                	-



                	++



                	-



                	++



                	-



                	++



                	-



                	++



                	-

              




              

                	PHLOBATANINS



                	+



                	-



                	+



                	+



                	+



                	-



                	+



                	-



                	+



                	+

              




              

                	QUINONES



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-



                	-

              




              

                	SAPONINS



                	++



                	-



                	++



                	++



                	++



                	++



                	++



                	++



                	++



                	++

              


            

          




          

            F = Fresh leaf extract; D = Dry leaf extract;


            ++=Strongly present, + = Feebly present, - = Absent

          




        


      


    




    

      DISCUSSION




      According to the results of our study, the total ash content of leaves of S. alata leaves was found to be 7.84%, of which very low quantity (0.94%) of acid insoluble and high amount (6.90%) of water soluble ash, which indicate that the crude extract of S. alata leaves contains more amounts of physiological ash than the non-physiological content. Low moisture content (3.9%) discourages the growth of bacteria, yeast, or fungi during storage of the crude drug, and the high fiber content of the leaves is an indication of the possible microbial contamination due to unfavorable moisture content and rich dietary fiber source of the leaves.




      Studies on phytochemical screening revealed the presence of alkaloids, glycosides, resins, tannins, and anthraquinones in all seed extracts except in the methanol extract [25] and the presence of alkaloids, glycosides, saponins, tannins, flavonoids, terpenoids, anthraquinones, resins and steroids in the fresh leaf extracts and glycosides, alkaloids, saponins, tannins, flavonoids and anthraquinones in dry leaf extracts (Table 5). The presence of same phytochemicals was also reported in S. alata [25, 26]. The presence of these phytoconstituents may be responsible for various pharmacological activities associated with the species as different compounds are associated with different pharmacological activities.




      Due to the presence of these phytochemicals with pharmacological activities, the demand for crude drugs is increasing day by day, leading to the adulteration of crude drugs. Hence, there is a need for standardization of crude drugs in order to identify the presence of adulterating substances [27]. WHO stated that morpho-




      logical characters like epidermal cell features, stomatal index, vein islets, etc. , are to be studied for the proper identification of crude drugs [28, 29].




      The preparation of herbal medicines involves the use of fresh or dried plant parts and their extracts. Such preparations usually require a sound knowledge of the crude drugs in order to obtain drugs with high efficacy and safety. A detailed, stepwise pharmacognostic evaluation is therefore required in order to standardize the purity of crude drugs [30]. Pahrmacognostic and organoleptic properties such as extractive value, acid value, fluorescence analysis, and microscopic studies play a major role in the standardization of the native crude drugs and help in the assessment of any adulterating substances in the crude drugs [24].


    




    

      CONCLUSION




      In the present study, leaf extracts of S. alata were tested for various phytochemical and organoleptic characteristics for their successful standardization according to WHO guidelines. The results of the study revealed the presence of various phytochemicals that are responsible for the pharmacological activities of the species. These studies assist in the identification and standardization of the leaf extracts and in carrying out further research on the pharmacological activities based on the phytochemicals present.
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      Abstract




      Plants are an immense source of phytochemicals with therapeutic effects and are widely used as life-saving drugs, and other products of varied applications. Plant tissue culture is a unique technique employed under aseptic conditions from different plant parts called explants (leaves, stems, roots, meristems, etc.) for in vitro regeneration and multiplication of plants and synthesis of secondary metabolites (SMs). Selection of elite germplasm, high-producing cell lines, strain enhancements, and optimization of media and plant growth regulators may lead to increased in vitro biosynthesis of SMs. Interventions in plant biotechnology, like the synthesis of natural and recombinant bioactive molecules of commercial importance, have attracted attention over the past few decades; and the rate of SMs biosynthesis has increased manifold than the supply of intact plants, leading to a quick acceleration in its production through novel plant cultures. Over the years, the production of SMs in vitro has been enhanced by standardising cultural conditions, selection of high-yielding varieties, application of transformation methods, precursor feeding, and various immobilization techniques; however, most often, SM production is the result of abiotic or biotic stresses, triggered by elicitor molecules like natural polysaccharides (pectin and chitosan) that are used to immobilize and cause permeabilization of plant cells. In vitro synthesis of SMs is especially promising in plant species with poor root systems, difficulty in harvesting, unavailability of elite quality planting material, poor seed set and germination, and difficult to propagate species. Thus, the present article reviews various biotechnological interventions to enhance commercially precious SMs production in vitro.
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      Introduction




      Plants are renewable sources and form an important part of our daily diet, and provide essential primary metabolites (e.g., carbohydrates, lipids and amino acids) [1] and phytochemicals (low molecular weight compounds-SMs) for different industrial applications like pharmaceuticals, nutraceutical, textile, construction and cosmetic sectors [2]. The majority of the world population’s health and wellness relies on plant-derived components. Therefore, plants with medicinal properties are considered important to support the transition to a bio-economy that is less dependent on fossil resources. The SMs not only play a pivotal role in plants’ adaptation to their environment but also represent an important source of active pharmaceuticals [3] and are synthesised by plants to defend themselves against exogenous stresses, both biotic and abiotic. A study [4] proposed the concept of SMs that were known as opposed to primary ones and an entire volume of “plant biochemistry” series named as “endproduct” [5]. It is known that higher plants are a rich source of phyto-pharmaceuticals and are used in the pharmaceutical industry. Some of the plant-derived products include drugs like morphine, codeine, cocaine, pilocarpine, belladonna alkaloids, colchines, phytostigminine, L-DOPA, berberine, reserpine, capsaicin, podophyllotoxin, shikonin derivatives, ajmalicine, vincristine and vinblastine [6] and steroids like ginsenosides, anti-cancer (taxol), diosgenin, digoxin and digitoxin. Significant synthetic substitutes of these drugs with the same efficacy and pharmacological specificity are yet to be found [7].




      Previously, chemical synthesis for the production of SMs was achieved through field cultivation; however, the plants originating from particular biotypes were difficult to grow outside their ecosystems and thus led scientists and biotechnologists to consider plant cell, tissue and organ cultures as an alternative to produce secondary metabolites. The major advantages of in vitro synthesis of bioactive secondary metabolites within controlled conditions include: these are climatic and soil stipulations independent, minimal inferences of negative biological parameters affecting the SM production, possible choice of elite germplasm with respect to the presence of SMs, computerization of cell growth control, metabolic processes regulation, and cost price, which can be decreased with increased production. Plants produce alkaloids, flavonoids, lactones, glycosides, quinines, phenylpropanoids, resins, tannins, terpenoids, saponins, sesquiterpene, and steroids [8]. The first large-scale production of commercial plant cells application was carried out in stirred tank reactors to synthesis shikonin by cell cultures of Lithospermum erythrorhizon [9, 10].


    




    

      



      Secondary metabolites




      Plants are capable of producing different organic molecules called secondary metabolites, having unique carbon skeletons with basic properties. SMs are not necessarily for a cell (organism) to live but also for interaction with its environment. These are organ, tissue and cell-specific with low molecular weights and often differ amid individuals from the same population with respect to their type. SMs protect plants against stress; and are used as drugs, flavors, fragrances, insecticides and dyes and hence are of great economic value. SMs have evolved as molecules imperative for organisms producing them, the majority of these interfere with the pharmacological targets, and thus make them significant for several biotechnological applications.




      

        Primary vs Secondary Metabolites




        Primary metabolites (PMs) are compounds that are universally present in all plants, but are not species-specific and, thus might be identical in some organisms. These are directly involved in metabolic activities like growth, development, nutrition and reproduction of a plant whereas secondary metabolites are produced in other metabolic pathways that, although important, but are not essential to the functioning of the plant. Whereas, SMs are species specific and, therefore, unique for each species. The major differences between PMs and SMs are listed in Table 1.




        

          Table 1 Comparison between primary & secondary metabolites in plants.




          

            

              

                	Basis for Comparison



                	Primary Metabolites (PMs)



                	Secondary Metabolites (SMs)

              


            



            

              

                	Function



                	These are directly involved in the metabolic pathways of an organism required for its growth, development, and reproduction.



                	These are not directly involved in the growth, development, or reproduction of the organism but are essential in ecological and other activities.

              




              

                	Synonym



                	Also known as central metabolites.



                	Also known as specialized metabolites.

              




              

                	Phase of growth



                	Are produced during the growth phase of the organism, called ‘trophophase’.



                	Are produced during the stationary phase of the organism, called ‘idiophase’.

              




              

                	Quantity of production



                	Synthesized in large quantities.



                	Synthesized in small quantities.

              




              

                	Process of extraction



                	These are easy to extract.



                	These are difficult to extract.

              




              

                	Specificity



                	They are not species-specific and thus may be identical in some organisms.



                	These are species-specific and thus are different in different organisms.

              




              

                	Function



                	Are involved in the growth, development, nutrition and reproduction of organisms.



                	Are involved in ecological functions and species interactions.

              




              

                	Structural framework



                	Are mostly formed from the molecular structure in organisms.



                	Are not a part of the molecular structure of the organism

              




              

                	Significance



                	Have applications in various industries for different purposes.



                	Are applied in various biotechnological procedures for the formation of drugs and other compounds.

              




              

                	Defensive mode of action



                	Are not active in the defense mechanism.



                	Are active in a defense mechanism against foreign invaders.

              




              

                	Examples



                	PMs include proteins, enzymes, carbohydrates, lipids, vitamins, ethanol, lactic acid, butanol, etc.



                	SMs include steroids, essential oils, phenolics, alkaloids, pigments, antibiotics, etc.

              


            

          




        


      




      

        The Biosynthesis of Secondary Metabolites




        SMs are synthesized by diverting energy-generating directions in metabolic pathways like photosynthesis, glycolysis, and Krebs cycle to biosynthetic intermediates; and are classified in separate categories depending upon their biosynthesis, structures and functions. SMs are mostly biosynthesized from acetyl coenzyme A, mevalonic acid, shikimic acid, deoxyxylulose 5-phosphate or various combined pathways [11]. Accordingly, they are classified into terpenoids, steroids, alkaloids, saponin, terpenes, lipids and enzyme cofactors [12, 13]. There are three major pathways to produce SMs-Shikimate, isoprenoid and polyketide. Formation of the fundamental skeleton is followed by further modifications, resulting in synthesis of plant specific compounds. The shikimate pathway is mostly found in microorganisms and plants, but not in mammals, and is a major source of aromatic compounds; thus making it an important target for insecticides and antibiotics, which are harmless on mammalian systems. In the glyphosate pathway, enzymes chorismate mutase and anthranilate synthase channelise chorismate into aromatic amino acids. However, the most popular pathway for the synthesis of SMs is the phenylpropanoid pathway as it leads to the synthesis of major SMs like lignin, lignans, flavonoids, and anthocyanins; it is found in all plants, while others may have several co-enzymes. Phenylalanine Ammonia Lyase (PAL) is the key enzyme that converts phenylalanine into trans-cinnamic acid by non-oxidative deamination. Few others like isoprenoid pathways are involved in the synthesis of terpenoids. The C5 building block when incorporated into other skeletons forms an array of SMs like anthraquinones, cannabinoids, furanocoumarines, indole alkaloids, and napthaquinones; while incorporation into




        basic skeletons results in the synthesis of hop bitter acids, flavonoids and isoflavonoids [14].


      




      

        The Physiological Function of Secondary Metabolites




        Secondary plant metabolites are abundant chemical compounds produced by the plant cell through different metabolic pathways derived from the primary metabolic pathways. Some of the major roles they play in plants are:





        

          	Act as signalling functions that influence the activities of other cells, control their metabolic activities and coordinate the development of the complete plant.




          	SMs like terpenoids, alkaloids and flavonoids have therapeutic applications in the pharmaceutical industry as drugs and dietary supplements.




          	Protection against harmful environmental conditions.




          	Protection against pathogens and herbivores in the form of volatile monoterpenes or essential oils.




          	The volatile terpenoids also play a major function in plant-plant interactions and serve as attractants for pollinators [15].




          	SMs are often used as flower colors which serve to communicate with pollinators or protect plants from feeding deterrence by producing specific phytoalexines after fungi infections that inhibit the spreading of the fungi mycelia in plants.




          	Plants use SMs in the form of volatile essential oils colored flavonoids or tetraperpenes to attract insects for pollination and seed disposal.




          	They constitute important UV absorbing compounds, thus preventing serious leaf damage from the light.


        


      




      

        Classification of Secondary Metabolites




        The different classes of SMs synthesized in vitro (callus and cell suspension) by various culture conditions are:




        

          Alkaloids




          Acridines, Betalaines, Furoquinolines, Galanthamine, Harringtonines, Isoquinolines, Lobeline, Quinolizidines, Indole alkaloids, Isoquinoline alkaloids, Piperidine, Thebaine, Trigonelline, and Tropane alkaloids.


        




        

          Terpenoids




          Artemisinin, Cucurbitacins, Diterpenes, Ginsenoside, Meroterpenes, Monoterpenes. Paclitaxel, Sesquiterpenes, Thapsigargin, Triterpenes, Ursane, and Withanolides.


        




        

          Steroids




          Ajugalactone, Asiaticosid, Asiatic acid, β-sitosterol, Brassinolid, Bufadienolides, Catasterone, Conesine, Cyasterone, Cardenolides, Digoxin, Digitoxin, Digitoxigenin, Diosgenin, Ecdysteroids, Ecdysone, Feruginol, Gagaminine, Gentipicroside, Guggulusterones, Harpagoside, Helleborin, Paclitaxel, Physodine, Polypodine B, Phytosterols, Pterosterone, Ponasterone, Madecassic Acid, Madecassoside, Ouabain, Saponins, Saikosaponins, Scillaridine, Sengoterone, Solasodine, Solarmargine, Spirostanol Saponin, Steroidal glycosides, Steroidal lactones, Swertiamarin, Tanshinone, Taxol, Taxoids, Turkesteron, Typhasterol, 29-norcyasterone, and 20 E Cryptotanshinone.


        




        

          Quinones




          Aloe-emodin, Anthraquinones, Benzoquinones, Chrysophanol, Emodin, β-Lapacho, Naphthoquinones, Phenanthrenequinone, Plumbagin, Rhein, Shikonin, Thymoquinone, and Uglone.


        




        

          Phenylpropanoid




          Anthocyanins, Caffeic acid, Coumarins, Eugenol, Ferulic acid, Flavonoids, Hydroxycinnamoyl derivatives, Isoflavonoids, Lignans, Phenalinones, Proanthocyanidins, Stilbenes, and Tannins.


        


      




      

        Secondary Metabolites and Plant Tissue Culture




        The primary and age-old practice is to grow selected plants in greenhouses or protected areas and to extract the biomolecule from them. In this context, plant tissue culture (especially cell and organ culture) plays an immense role in in vitro propagation of desired germplasm with selected traits. For example, genetic engineering has directly enhanced the production of scopolamine in Atropa belladonna by transforming a gene that encodes the enzyme converting L-hyoscyamine into L-scopolamine; similarly, the metabolism of other SMs has been genetically altered. Therefore, there is a gamut to isolate the genes of biosynthetic pathways and to express them either in transgenic plants or in microorganisms; thus combinatorial biosynthesis is the cutting-edge technology, where successful recombinant bacteria or yeasts are used to produce desired SMs. Undifferentiated cell cultures have often failed to produce desirable SMs, whereas differentiated organ cultures (transformed root cultures) have been successful, as cell and tissue-specific gene expression appears to control such mechanisms. The key merits of an in vitro synthesis over the traditional cultivation of whole plants are as follows:





        

          	Under traditional conditions, desired plant metabolites may take many years to reach the point where they produce SMs commercially. Alternatively, PTC techniques may be used to surpass such situations and effectively produce SM commercially.




          	Desired biomolecules are produced under controlled aseptic conditions independent of environmental parameters (climate and soil).




          	Obtained culture cells are microbes/ virus-free.




          	The desired trait can be used via selective cell culture and multiplied to produce their specific metabolites.




          	Automation of cell growth and rational regulation of SMs processes would reduce labor costs and improve productivity.




          	Desired SMs are easily extractable from callus cultures.


        




        Therefore in the future, plant tissue culture will be instrumental to improve plant cell cultures as biotechnological production systems. The biosynthesis of SMs in vitro involves two stage procedure:




        

          	Aggregation of biomass




          	Synthesis of SMs [16, 17]


        




        

          Callus Cultures




          Organized cell specific cultures, like shoots and roots, calli, cell suspension, etc., were supposedly engaged for the production of secondary metabolites [18]. Under in vitro aseptic culture conditions, induced plant cells grown in auxin rich media form an undifferentiated mass of cells known as callus; and are used to extract desired SMs.




          The growth and development of callus culture is mainly divided into three stages (Fig. 1). Extracts can be harvested during different stages of growth, identified, and quantified further to detect the presence of other compounds using techniques like HPLC, LC-MS, etc [19]. The technique is widely used for the extraction of a wide variety of commercially important secondary metabolites with the help of different elicitors and yield is quantitatively and qualitatively assessed. Different types of plant cultures (Fig. 2) are used to produce SMs in vitro.
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Fig. (1))


          Stages of development of callus culture.
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Fig. (2))


          Different types of plant cell culture.



          Callus cultures are obtained from various plant parts, called ‘explants’ (leaves, stem, etc.), cultured on selected media fortified with plant growth regulators in various permutations, combinations and concentrations, and are maintained under aseptic culture conditions (16 h light, 8 h dark) at (25 ± 2°C) with regular sub-culturing over a period of 21-days in general. Morphologically, calluses are differentiated into two types-compact and friable; where the latter is an ideal choice to generate single-cell cultures that are maintained as suspension cultures [20]. The first callus was induced from roots and embryos in the 20th century. Over decades, the callus cultures have obtained commercial potential for the production of therapeutically significant SMs [21, 22] and are considered to be more reliable than those obtained from the wild [23]. The technique of micropropagation may be employed for the generation of multiple copies of plants, single-cell suspension cultures using either batch or continuous fermentation to produce the preferred secondary metabolites [24]. Moreover, callus and suspension cultures have the ability to synthesize secondary metabolites by manipulating the biosynthetic pathway. The production of SMs like tropane alkaloids, a-tocopherol, ajmaline, anthocyanins, flavonoids, paclitaxel, resveratrol, reserpine, serpentine, and scopolamine, stilbene has been achieved from callus cultures [25].


        




        

          Organ Cultures




          Differentiated organ cultures (shoots or roots) are reported for SMs production and have similar metabolomic profile with wild plants [26]; plant hairy root cultures (for example Agrobacterium rhizogenes) are the most widely used alternative for the development of SMs in plant roots [27-29]; also they have established an effective biological system to study the biosynthesis of several bioactive compounds like nicotine and tropane alkaloids [30], ginsenosides [31], anthraquinones [32] and artemisinin [33] as the hairy roots have advantages over others in terms of high yield, consistency and competence [34-36]. Leaf-derived callus induction and establishment of Picrorhiza kurroa followed by its subsequent regeneration of micro-shoots on MS medium supplemented with 2,4-D (2 mg l-1) + IBA (0.5 mg l-1) resulted in increased production of picrosides [37], as shown in Fig. (3).
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Fig. (3))


          Induction and establishment of callus from leaf explants of Picrorhiza kurroa and regeneration of micro-shoots from callus; (A)- Curling of leaf; (B)- Induction of callus; (C,D)- Proliferation of callus after 35 days on MS+ 2,4-D (2 mg/l) + IBA (0.5 mg/l), (E,F)- Shooting from callus after 60 days maintained on MS+ 2,4-D (2 mg/l) + IBA (0.5 mg/l).



          Cell differentiation and/or the differentiation–dedifferentiation is the underlying reason for the callus formation technique; where stem cell-related genes are crucial as far as dedifferentiation is concerned and this expression is regulated by transcription factors, histone modifications and DNA methylation. These are mostly heterogeneous in nature, but also homogenous too to allow micro propagation to take place to generate similar copies of cells with required features. SMs synthesis depends on many factors like climatic factors (light, temperature, the pH of the medium, and the aeration of cultures); media type (solid/liquid; composition and combination of nutrients). It is reported that usually SMs synthesis is inhibited at high concentrations of ammonium and phosphate ions, while enhanced by low concentrations of both ions [38]. Callus and suspension cultures are totipotent harbored with complete genetic information and have the ability to manipulate the biosynthetic pathway, such as biotransformation with desired characteristics to cater to the market need. Some important SMs produced by significant medicinal plants through callus cultures are listed in Table 2 [39-180].
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Fig. (4))


          Different types of elicitors used to modify the SMs production.

        




        

          Cell Suspension Cultures




          A suspension culture comprises cells dispersed in a liquid medium resulting in the formation of a suspension that continues to grow during the incubation period until the maximum yield point is attained [181]. Suspension cultures are induced by using a friable callus of approx. 15 days old, with the active dividing stage (maximum concentrations of meristematic tissues in) on selected media supplemented with various growth hormones in several permutations, combinations and concentrations. The cultures are prepared in 250 ml conical flasks, and are firmly fixed on incubator-cum shaker at 100 rpm, 25 ± 2° C, 70% relative humidity and maintained at a photoperiod of 16/8 h light/dark cycle. The growth of cell suspension culture is studied by determining its increase in the fresh weight and dry weight, number of cells per ml and packed cell volume [182]; and capacity of developed suspension cultures to enhance the therapeutically important SMs production [183]. There are several advantages of suspension culture which include better control for up-scale SMs production, constantly monitored over various operational stages, pocket-friendly, easy to handle in terms of inoculation and harvest, it’s a continuous process with shorter duration, enhanced uptake of nutrients in submerged liquid culture, and higher yield of bioactive compounds.




          Over the years, several interventions have been reported in suspension culture to increase the amount of desired SMs like adding various agents and chemicals; static magnetic field and Fe2O3 magnetic nanoparticles (MNP) enhanced the contents of rosmarinic acid, naringin, apigenin, thymol, carvacrol, quercetin and rutin in Dracocephlum polychaetum Bornm [184]. The ultrasonic waves effected the gene expression of biosynthesis of crocin and safranal in Crocus sativus [185].


        




        

          Fungal Elicitation




          Fungal elicitation by fungus Aspergillus flavus resulted in decreased viability and growth of elicited cultures but enhanced the anthocyanin content, and reported the increase in the content of phenols, flavonoids, trans-resvetrol and tocopherols, when the suspension cultures of Vitis vinifera were elicitated with cadmium chloride; elicitation with jasmonic acid increased the synthesis of phenylpropanoid and naphthadianthrones and decreased the anthocyanin content in Hypericum perforatum; and coronatine and sorbitol together enhanced artemisinin content in Artemisia annua, as coronatine pre-treatment increased antioxidant enzyme activity and reduced hydrogen peroxide concentration and oxidative stress whereas the sorbitol treatment increased the concentration of malondialdehyde (MDA), hydrogen peroxide and oxidative stress [186]. Some important SMs produced by significant medicinal plants through callus cultures [187-204].


        




        

          Micropropagation




          It is the technique of plant tissue culture, where a large number of plants are produced from a small part called “explant” under aseptic culture conditions. The technique is especially beneficial to plant species which have difficulty in vegetative propagation. Micropropagation is advantageous as it allows the reproduction of a large number of genetically similar disease-free plants with desirable traits within a short period of time; it is time and climate independent in a sustained way [205]; vegetatively reproduced stock is maintained for longer periods in comparatively lesser space with low energy requirements; it is the only method that retains enough vitality to regenerate genetically manipulated cells or cells after protoplast fusion; the plantlets obtained per square meter are higher in number as compared to traditional methods of cultivation with less requirement of the space for storage of propagates for longer periods [206]; and somatic embryogenesis induced production of artificial seeds and thus increased the of production of secondary metabolites [207].
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Fig. (5))


          (A) Field growing plants of Adhatoda vasica, (B) 120 days old callus on Murashige and Skoog (MS) medium supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) + benzyladenine (BA) + indole acetic acid (IAA) (1.0 ppm each), (C) 120 days old callus on MS medium supplemented with BA + indole butyric acid (IBA) (1.0 ppm each), (D) 120 days old callus on MS medium supplemented with BA (0.5 ppm) + IBA (1.0 ppm), (E) 120 days old callus on MS medium supplemented with 2,4-D + BA + IAA (1.0 ppm each) treated with 28 mM KNO3, (F) 120 days old callus on MS medium supplemented with 2,4-D + BA + IAA (1.0 ppm each) treated with 28 mM KNO3 + 100 mM NaCl.



          Micropropagation automated by different technologies would render feasible commercial output in various plant species like micro tubers of the potato, bulblets of lily, and corms of gladiolus, etc.; meristems or grafting-induced micropropagation will produce disease-resistant plants; modified induction of embryos in somatic cells followed by desiccated embryos and their encapsulation led to the production of ‘synthetic seeds' and are employed for the mass cloning of vegetative and reproductive plantlets with simultaneous transformations of the same [208]. In the 1970s, SMs were traced in plant cell cultures, and various bioactive molecules like shikonin, diosgenin, caffeine, glutathione and anthraquinone were extracted. Plantlets were successfully regenerated from tissues stored at -196°C in liquid nitrogen for several months to years; recombinant DNA technology, gene transfer and cell and tissue culture techniques it possible for an effective transformation and production of transgenic plants to be utilized as an efficient means to proceed for single-gene breeding or transgenic breeding of crops. The technique is of significant value when high production is to be sustained in higher volumes [209]. Some important SMs produced by significant medicinal plants through callus cultures [210-226].


        


      




      

        Strategies to Increase in vitro Synthesis of Secondary Metabolite




        The aim of any pharmaceutical or food industry is to standardize methods to allow the production of SMs from the plant cell culture in a cost-effective manner rather than the traditional extraction method. The gamut to increase the content of SMs in plant cell cultures has resulted in the need for biotechnological intervention on the secondary metabolism of plants [227]. The research in this area could lead to the successful modification of secondary metabolism and result in an increase of bioactive compounds like alkaloids, flavonoids, terpenes, steroids, glycosides, etc, using plant-cell-culture technology. The step-by-step strategy for obtaining increased SMs from the plant cell cultures can be represented as a multi-stage process, where each linkage may be optimized separately or in combination with other processes or treatments:





        

          	
Step 1: Select the desired PLANT according to the type of SMs required.




          	
Step 2: Establish a rapidly proliferated and high yielding in vitro CELL LINE culture.




          	
Step 3: Target the specific METABOLISM pathway either by modification of culture environment chemical (minerals, phytohormones, stress, etc.) or physical factors (light, pH, temperature, etc.) OR by precursor feeding, biotransformation, elicitors, immobilization, etc.




          	
Step 4: EXTRACTION by spontaneous release, two-phase system, membrane permeabilization (chemical or physical), adsorption, etc.


        




        The first step is to select the parent plant with high contents of the desired SMs based on its molecular and biochemical characteristics. According to the totipotency theory, any plant part can be employed to induce callus tissue; however, successful production of callus depends upon plant species and their qualities; young and fresh parts with maximum meristematic zone (young nodes) are mostly preferred. Dicotyledons are rather acquiescent for callus tissue induction, compared to monocotyledons, while the calluses of woody plants generally grow slowly.




        The next step is to select the cell line with high-yield and fast-growing traits in in-vitro cultures. The metabolite content in cell lines can be increased manifold than as naturally found by the production of new genotypes through protoplast fusion or genetic engineering, however, this requires preidentification of the genes encoding key enzymes of secondary metabolic pathways and their expression. A number of factors like environmental conditions (chemical and physical) and special treatments (precursors, elicitors) may alter the expression of many secondary metabolite pathways; and hence targeting metabolism leads to enhanced SMs production. Modification of plant cell culture medium (inorganic, organic components, and phytohormones) influences the extent of SMs production; however high auxin level stimulates cell growth, but often negatively influences secondary metabolite production [228]. Physical conditions (light, temperature, and medium pH); and special treatments (precursor feeding, application of elicitors, bio-transformation, and immobilization) are also known to affect the SMs production [229].




        Finally, the most efficient bio-processing way for the SMs production is its spontaneous release into a medium where they can be more easily recovered; several techniques have been introduced for leakage-free synthesis of the metabolite so that it is transported to the vacuole for accumulation, and therefore, there is a need for prevention of vacuolar accumulation, and consequently, enhancement of substances released into the medium.




        Production is a crucial technique having enormous commercial application; where steady synthesis and high yields are imperative [230, 231]. Mostly, two approaches are implemented to achieve enhanced SMs production; conventional and biotechnological intervention like metabolic engineering [232].




        

          Conventional Strategies




          SMs are the outcome of primary metabolism and hence it is dependent on the rate at which substrates from primary metabolic pathways are re-routed to secondary bio-synthetic pathways. Both biotic and abiotic factors, like growth and physiology, temperature, humidity, light intensity, etc., are responsible for their synthesis. Under aseptic growth conditions, the metabolite productivity is dependant on culture media composition, pH, inoculum density, and culture environment like temperature, light density, agitation, aeration, etc.; therefore these factors may be modified to enhance the production of SMs. Similarly, macro and micro-nutrients, vitamins, carbohydrates (sugars), amino acids, plant growth hormones (cytokinins, auxins, gibberellins, etc.), jasmonates and salicylates present in culture media influence the metabolite production [233].




          Biotic and abiotic stresses help the plants to adapt according to climatic conditions and to survive best in the prevailing conditions; and chemical compounds generated from secondary metabolism are induced by the external signals (foreign pathogens, oxidative stress, elicitors, and injury to plant) that are mediated internally by chemical substances and their derivatives [234].




          

            Use of Elicitors for Secondary Metabolite(s) Enhancement




            Elicitors which trigger secondary metabolic pathways to stimulate plant defence mechanisms to protect the plant cell [235] are the most effective biotechnological interventions in modern times to enhance the synthesis of SMs. Elicitors are source based and classified as abiotic and biotic; where the former are non-biological sources, mostly like inorganic compounds, heavy metals, metal ions, metal oxides, etc [236, 237]; and physical stresses (cold shock, UV, osmotic, water stress, etc.) known to induce enzymatic activity and secondary metabolism [238]. While the latter are based on biological sources (exogenous/endogenous). The exogenous comprises microbial cell walls (chitosan, chitin); while the endogenous polysaccharides that are released by the deterioration of the plant cell wall due to pathogen invasion, intracellular molecules or proteins like salicylic acid or methyl jasmonate produced by the plant in reaction to various stress or pathogenic invasion and these are reported to premeditated signaling molecules for elicitation routes as it induces plant defence responses similar to pathogen invasion. The various different types of elicitors used to modify the production of SMs are shown in Fig. (4).




            Phytoalexins are developed when biotic elicitors are perceived by specific cell membrane receptors, and subsequently transfer the stimulus to the cell by signal transduction [239]. Elicitation with salicylic acid and methyl jasmonate (produced in plants with response to stress or pathogen invasion), reported as signalling compounds, results in enhanced production of SMs like flavonoids, alkaloids, terpenoids and phenylpropanoids [240-244]. The signal transduction pathways are initiated by targeting secondary signals in the nucleus of the cell, which leads to transcriptional stimulation of various genes, thereby inducing the synthesis of an array of proteins involved in defence or resistance and secondary metabolites [245, 246].




            Fungal extracts from Fusarium, Pythium, Yeast, Aspergillus, PenicilIium, Trichoderma species, etc. are often used to induce secondary metabolites in medical plants [247-249]; as they induce the expression of specific plant genes, activating secondary metabolic pathways thus increasing secondary metabolites [250] and plant phytoalexins in the course of physiological progressions of plant disease resistance [251]. Extracts of Aspergillus niger and Saccharomyces cerevisiae improved the gymnemic acid content in Gymnema sylvestre [252], and Aspergills flavus increased the synthesis of terpenoid indole alkaloids in Catharanthus roseus. Similarly, bacterial elicitors like Gram-positive and Gram-negative strains were used to increase the biosynthesis of tropane alkaloids in adventitious hairy root cultures of Scopolia parviflora [253]; Staphylococcus aureus extracts enhanced the synthesis of ginkgolide and bilobalide biosynthesis in Ginkgo biloba [254]; slow expansion of hypericin and pseudohypericin in plantlets of Hypericum perforatum [255] by Rhizobacterium; phytotoxin coronatine content enhanced by Pseudomonas syringae; taxane content increased by accumulation of coronatine in Taxus cell cultures [256]; coronatine triggered the synthesis of viniferins in the Vitis vinifera suspension culture [257], and the content of glycyrrhizic acid was enhanced in Taverniera cuneifolia root cultures [258] by Rhizobium leguminosarum and Agrobacterium tumefaciens.
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