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    PREFACE




    


    


    


    


    


  




  

    Micropropagation of medicinal plants has become vital in providing high yielding elite genotypes for pharmaceutical purposes, as well as in producing high quality plantlets for conservation. Due to excess demand and injudicious harvesting, deforestation, climate change, pollution, urbanization, and natural calamities, many medicinal plants are under threat in their natural habitat. Variations in different biotic and abiotic environmental conditions severely limit the conventional method of propagation. As a result, micropropagation techniques may provide a better alternative and make it possible for the rapid multiplication of medicinal plants. It plays a significant role in increasing the production of disease-free plants, regardless of the season, with the goal of restoring these plants in their natural habitat and conserving them. These plants also serve as another source of raw materials used for commercial purposes, reducing the stress on plants growing in natural habitats. Tissue culture protocols for a wide variety of medicinal plants have been developed over the years. It also allows the modification and regulation of their genetic information with the goal of producing valuable phytoconstituents in greater quantities or with better properties, or both.




    The present book gives the protocols for micropropagation of more than 40 species of medicinal plants. This book smartly combines the scientific principles with the state of the art in tissue culture techniques presented by experienced and authors. I wish to express my gratitude to all the authors who contributed to the review chapters and research papers. I thank them for their cooperation and erudition. I hope that this will be a source book for the cultivation and improvement of medicinal plants. I request that readers give their suggestions to improve in future editions.
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      Abstract




      The genus Cissus Linn. belongs to the Family Vitaceae (formerly Ampelidaceae) and comprises about 350 species distributed all over the world, having rich phytochemicals with medicinal as well as commercial value. This genus is a storehouse of large varieties of phytochemicals such as alkaloids, flavonoids, and phytosterols, making this genus pharmaceutically important. Some species contain high quantity of calcium ions in their stem extract, which is possibly responsible for their bone healing activity. In vitro propagation of plantlets provides the opportunity to conserve endangered species as well as to use the beneficial species without disturbing their natural habitat. The present review comprises in vitro protocols used to conserve the species, exploit and enhance useful metabolites. The whole plant, parts and metabolites isolated from in vitro cultures of Cissus species may be used further for pharmaceutical purposes.
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      INTRODUCTION




      The genus Cissus Linn. belonging to the Family Vitaceae (formerly Ampelidaceae) comprises about 350 species [1, 2]. It has been reported by many researchers that the genus has approximately 135 species in Africa, 85 in Asia, 12 in Australia and 65 in the Neotropics [3]. This genus has cosmopolitan distribution across the globe and is characterized by polypetalous flowers having prominent disk-shaped thalamus below the ovary. and represents the largest of the 14 genera of Vitaceae, primarily distributed in tropical and temperate regions of the world [3]. The Cissus group of plants have a variety of bioactive properties and are known for theirmedicinal usessince ages. Diarrhoea,loose stools,




      coughs, and breast cancer are some common diseases that can be cured by the use of various preparations of Cissus species.


    




    

      PHYTOCHEMISTRY OF THE GENUS




      Cissus species are being used in all parts of the world and are implicated in treating various ailments. As reported by several researchers, species of the genus Cissus are often used as medicinal plants because they contain vitamins, proteins, carbohydrates, and polyphenols Table 1.




      

        Table 1 Various phytochemicals reported from different species of genus Cissus responsible for their pharmacological properties.




        

          

            

              	Plant Name



              	Extract



              	Chemicals Reported



              	References

            


          



          

            

              	C. quadrangularis



              	Whole plant



              	Vitamin C, flavonoids, triterpenoids, stilbene derivatives and several secondary metabolites, e.g., quercetin and kaempferol, quadrangularin A-C, resveratrol, pallidol, perthenocissin piceatannol and phytosterols. Calcium ions, β-sitosterol, d-amyrin, onocer-7-ene-3a, 21beta-diol, d-amyrone and 3,3',4,4'-tetrachloro-1,1'-biphenyl. Anabolic steroidal substances and carotene 7-oxo-onocer-8-ene-3-β 21-α-diol have been reported.



              	[8-11]

            




            

              	C. vitiginea



              	Methanolic leaf extract



              	Diethyl phthalate, 3,7,11,15-tetramethyl-2-hexadecen-1-ol, myristic acid, azelaic acid, 2,6,10-trimethyl 14-ethylene- 14-pentadecene, 2-hexadecene, palmitic acid, 2-hydroxy-1,3-propanedyl ester, 22-tricosanoic acid, oleic acid, dibutyl ester, L-ascorbyl 2,6-dipalmitate, dibutyl phthalate oleic acid, heptadecanoate, 2-hexadecen-1-ol, 1H-cyclopropan-α-aphthalene, 9,12-octadecadienoic acid (Z,Z)-, nonadecanoic acid, palmitic acid, icosanoic acid, octadecanoic acid, 2,3-dihydroxypropyl ester, stearic acid glycidyl ester, and bis(2-ethylhexyl) phthalate.



              	[12]

            




            

              	C. pteroclada



              	Ethanolic extract of the roots with stems



              	Gallic acid, β-sitosterol, bergenin, 11-O-(4-hydroxy benzoyl) bergenin, 11-O-galloylbergenin and daucosterol



              	[13]

            




            

              	C. ibuensis



              	Ethanolic leaf extract



              	Rutinoside and quercetin.



              	[14]

            




            

              	C. assamica



              	Whole plant



              	Lupeol, β sitosterol, n-hexacosinic acid, daucostenin, isolariciesinol-9-O-beta-D-glucopyranoside, 3,8-Di-O-methylellagic acid and bergenin.



              	[15]

            




            

              	C. repens



              	Ethanolic extraction of aerial part



              	Stilbene C glucosides.



              	[16]

            


          

        




      




      Good quantity number of Ca2+ and P ions, essential for bone growth, have been reported from Cissus quadrangularis stem extract [4]. Fracture healing studies on C. quadrangularis have also been reported by some Indian laboratories (Bulletin of Department of Pharmacology, Nagpur, 2002). In vitro screening and pharmacological studies [5] and chemical components [6] of C. quadrangularis have also been reported. C. quadrangularis has also been used to synthesize calcite crystals [7].




      Advanced biochemical analyses of various species of Cissus have revealed the presence of a number of useful phytochemicals summarised in Table 1.


    




    

      MICROPROPAGATION




      Micropropagation has the upper hand over vegetative propagation methods as it can rapidly multiply valuably genotypes, release improved varieties and disease-free plants at a quick pace. It is also important for off-seasonal production of plantlets, germplasm conservation and secondary metabolites production.




      The plant tissue culture technique has been tremendously exploited for in vitro propagation of desired genotypes on a mass scale. The results of such studies have practical as well as economical value-producing industrially valuable compounds [17]. This technique is a potential renewable source of obtaining valuable compounds from a particular species, we can also get flavours, fragrances, colourants, which cannot be produced by microbial cells or chemical synthesis [18]. Therefore, plant cell culture is being utilized for extensive production of valuable medicinal plants these days.




      

        Need for in vitro Propagation of Genus Cissus




        All the species belonging to keep it genus Cissus are medicinally important as they possess useful antiarthritic, antidiabetic, anticholestrolemic, anticancerous, anticonvulsive, antimicrobial, and anti-inflammatory properties as indicated in Table 2.




        

          Table 2 The effect of the Cissus plant part on target organisms showing various activities.




          

            

              

                	Plant Name



                	Useful Plant’s Part



                	Activity



                	Target Organism



                	References

              


            



            

              

                	Cissus quadrangularis



                	Stem and root



                	Bone healing activity,



                	Murine osteoblastic cell line, Wistar albino rats



                	[86]

              




              

                	Cissus adnata



                	Whole plant parts



                	Antioxidant activity



                	-



                	[87]

              




              

                	Cissus javana



                	Root



                	Antidiabetic



                	Rat muscle cells



                	[88]

              




              

                	Cissus woodrowii



                	Leaf



                	Antioxidant activity



                	-



                	[89]

              




              

                	Cissus sicyoides



                	Stem, aerial part



                	Antidiabetic, anti- convulsant, anxiolytic



                	Rats



                	[65, 78, 90]

              




              

                	Cissus cornifolia



                	Leaf and root



                	Antioxidant activity, anti-convulsant activity



                	-



                	[66, 91]

              




              

                	Cissus populnea



                	Rhizome



                	Antioxidant and anthelmintic


                activities



                	
Onchocerca ochengi adult worms



                	[92]

              




              

                	
Cissus


                trifoliata




                	Stem



                	Anticancer activity



                	Prostate cancer (PC3), lung cancer (A549), breast cancer (MCF7), liver cancer (HepG2, Hep3B), cervix cancer (HeLa)



                	[53]

              




              

                	Cissus repanda



                	Stem


                Root



                	Anti-inflammatory activity



                	Rat paw



                	[92]

              




              

                	Cissus gongylodes



                	Leaf



                	Anti-inflammatory


                and anti-urolithiatic



                	Albino mice male



                	[93]

              




              

                	Cissus assamica



                	Stem



                	Anticancer and anti-inflammatory activity



                	Human cancer cell lines, non-small cell lung carcinoma (NCI-H226) and colon cancer cell line (HCT116), nasopharyngeal carcinoma (NPC-TW01), Human neutrophils



                	[94]

              




              

                	Cissus rotundifolia



                	Leaf



                	Antioxidant, antibacterial, antidiabetic activity



                	Wistar rats Bacillus cereus, Staphylococcus aureus, Listeria monocytogenes, Escherichia coli and Salmonella infantis




                	[95-97]

              




              

                	Cissus araloides



                	-



                	Anti-microbial



                	Enterococcus faecalis, Staphylococcus aureus, Pseudomonas aeruginosa, Shigella flexneri, Escherichia coli, Salmonella typhi, Klebsiella pneumoniae, Proteus mirabilis, Candida krusei, Candida albicans.



                	[98]

              




              

                	Cissus debilis



                	-



                	Anti-cell proliferation



                	Human colon cancer cell line (CaCo-2)



                	[49]

              


            

          




        




        To conserve these species and to maximize the benefits for the folklore, it is a present-day need to develop protocols to efficiently grow the medicinally important species in vitro. These techniques are helpful because, without disturbing biodiversity, it is possible to extract phytocompounds from them for the development of new drugs.




        One of the plant species belonging to this genus which has come into the limelight in recent decades is Cissus quadrangularis due to its huge beneficial aspects. Tremendous work reported on this species indicates its medicinal importance and the possible threat it may face due to over-exploitation in the near future. This plant, when given alone or in formulations such as Cylaris, CORE and also combined with Irvingis gabonensis, reduces body weight [19-21]. It has hypoglycaemic and hypolipidemic activity [22]. It decreases insulin resistance and has antioxidant activity [23]. The presence of antioxidant and antimicrobial activity [24], gastroprotective activity [25-27], hepatoprotective properties [28], and suppressed chronic ulcer activity [8, 29] have been reported. It also demonstrated anti-inflammatory and analgesic properties [30]. In rats, Cissus quadrangularis extracts reduced oedema of the ears and paws. In addition, it also showed anti-tumour activity [31].




        Altogether, it has many biological activities such as antidiabetic, antimalarial, antiallergic, antiasthmatic, and cytotoxic activities, wound healing, bone fractures, reducing cholesterol, and pain during menstruation. Cissus quadrangularis has also been reported to be used as body building supplements as an alternative to anabolic steroids [32]. C. latifolia Lam. and C. quadrangularis L. together are used in the treatment of weaker bones, fractures, cancer, scurvy, haemorrhoids, peptic ulcer disease, malaria, pain, and asthma [33].




        So, it is important to develop protocols and multiply such medicinally important species like C. quadrangularis and others in vitro to conserve and propagate for medicinal uses.


      




      

        Sterilization Protocol




        For in vitro shoot propagation, nodal or stem explants with axillary buds have been used and for raising callus, nodal, internodal and leaf segments as explants have been used by various researchers for the genus Cissus.




        Various explants were cut into 8-10 mm sizes and were washed under tap water to remove dirt and soil particles, they were then washed with detergent (1% labolene) and again rinsed with distilled water to remove every trace of detergents. The explants can thereafter be treated with bavistin (0.1% w/v) (Saraswati Agro Chemicals, Jammu, India) for 10 minutes to remove fungal contamination, if needed.




        Under aseptic conditions, they were then treated with mercuric chloride (0.1%) (Ranbaxy Fine Chemicals Ltd, New Delhi, India) for 30 seconds to 3 minutes, depending on the explants taken, with continuous shaking and were repeatedly washed thrice with sterile distilled water after treatment and inoculated onto the respective media.




        Other detergents like TEEPOL (Reckitt Benckiser India Pvt Limited, Uttarakhand, India) and Tween-20 (Loba Chemie Pvt Ltd, India) have been used, and their sterilization time was increased or decreased according to the response and fragility of the tissue.


      




      

        Callus Initiation and Establishment




        Callus induction in Cissus quadrangularis was observed on MS medium fortified with NAA (2.0 mg/L) (HiMedia, Mumbai, India). This callus was yellow-green in colour, fast growing and fragile in nature, but when auxin in combination with cytokinin was added to the medium (NAA-2.0 mg/L+BAP-0.5 mg/L) (HiMedia, Mumbai India), the callus produced was greenish, fast growing with high regenerative potential [34].




        Stem and leaf explants on Murashige and Skoog’s medium supplemented with NAA (5.37µm) and Kn (2.32 µm) produced callus. Increased callus growth was observed with 15% CM and 3% glucose in the same study. Root differentiation took place on higher auxin concentration of NAA (10.74-21.48 µm) and Kn (4.65 µm) after 30-35 days. few in place of a smaller number of shoots differentiated on NAA (14.7 µm) and Kn (2.32 µm) after 56 days [35].




        For C. sicyoides L., leaf segments were inoculated onto a Milk-Tween medium having NAA (1.0 mg/L) after surface disinfection. For induction and establishment, the combination of 1.0 mg/L NAA and BAP (2, 4, 6, 12 mg/L) were used. 6.0 mg/L BAP proved best for callusing in C. sicyoides [36].




        In Cissus verticilliata, leaf explants were inoculated on MS media supplemented with factorial concentration and combinations of 2,4-D and BA (0, 1, 2, and 4 mg/L). The absence of growth regulators produced no callus. The higher percentages of Leaf Area Covered with Callus (LACC) were observed with 1.0 -4.0 mg/L BA. The maximum fresh weight was obtained with 4.0 mg/L BA in the culture medium [37].




        In another study, three species, viz., Cissus rotundifolia, Cissus repanda and Cissus quadrangularis, were tried and tested for the development of a protocol for callus initiation and establishment. In vivo nodal segments (approximately 0.5 cms) were found to be the best for optimum callus production in Cissus repanda and Cissus quadrangularis. Leaf segments showed callusing response near the cut end of the midrib region in Cissus rotundifolia.




        Among the various explants (leaf/nodal segments) tried, nodal segments proved to be the best in Cissus repanda and Cissus quadrangularis, while leaf proved best in the case of Cissus rotundifolia. Among the various auxins tried, 2,4-D (0.5mg/L) was best for callus induction in Cissus rotundifolia. In Cissus repanda and Cissus quadrangularis, NAA (1 mg/L) proved best for callus induction.




        During this research, various auxins (2,4-D, IBA, IAA, NAA ranging from 0.25-2.0 mg/L) and cytokinins (BAP, Kn from 0.25-2.0 mg/L) were added to the growth medium at different concentrations, used separately and in combination.




        Cissus rotundifolia leaf explants when inoculated on MS medium supplemented with 2,4-D (0.5mg/L) gave green, compact and fast-growing callus (Fig. 1A). In the case of Cissus repanda and Cissus quadrangularis, compact, fast-growing greenish callus was obtained on MS medium supplemented with NAA (1.0 mg/L) (Fig. 1B & C). IAA (0.25 mg/L) and 2,4-D (0.5 mg/L) produced very scanty brownish callus. IBA showed necrosis of tissue in both plant species.
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Fig. (1))


        A) Callus induction from leaf explant on MS medium supplemented with auxin (2,4-D-0.50 mg/L) in Cissus rotundifolia. B) Callus induction from nodal segment on MS medium supplemented with auxin (NAA-1.0 mg/L) in Cissus repanda. C) Callus induction from nodal segment on MS medium supplemented with auxin (NAA-1.0 mg/L) in Cissus quadrangularis.



        In the case of Cissus rotundifolia, leaf explants cultured on MS medium supplemented with BAP (0.5mg/L) found to be the best for the production of green, fast-growing callus. In Cissus repanda and Cissus quadrangularis, MS medium supplemented with BAP (1.0mg/L) gave rise to the best, fast-growing, greenish callus, on the other hand addition of Kn (0.5 mg/L) gave rise to fragile callus.




        the combined concentrations of auxin and cytokinins led to the production of a large amount of callus. In Cissus rotundifolia, 2,4-D (0.5 mg/L) initiated callus formation at the margins of leaf explants. When the optimum concentration of 2,4-D was combined with BAP (0.5 mg/L) and AdSo4 (0.10 mg/L), it gave a green callus with a morphogenic response. While Kn (1.0 mg/L) in combination with 2,4-D (0.5 mg/L) and AdSo4 (0.10 mg/L) gave green, fast growing and higher amount of callus. In Cissus repanda and Cissus quadrangularis, optimum concentrations of NAA (1.0mg/L) with BAP (0.5mg/L) and AdSo4 (0.10 mg/L) gave rise to green callus [38].


      




      

        Morphogenesis/Differentiation in Callus Culture




        The regeneration medium contains a balance of auxin and cytokinins (growth regulators) and sucrose, which are involved in the process of organogenesis and differentiation. Manipulation of these growth regulators, i.e., auxin to cytokinin ratio in the medium, leads to the development of shoots, roots or somatic embryos, from which plants can subsequently be produced.




        BAP (1.5 mg/L) evoked morphogenetic response in the form of shoot buds from explants, whereas with Kn (0.5 mg/L), the frequency of morphogenetic response was low as compared to BAP. Percent morphogenetic response increased in all experimental plants when callus was subcultured on MS medium containing both BAP (1.5mg/L) and Kn (0.5 mg/L).




        Optimum concentrations of various auxins (NAA, IAA, IBA, 2,4-D) were incorporated along with BAP (1.5 mg/L) and Kn (0.5 mg/L) for differentiation of callus. The most favourable response was obtained on MS medium supplemented with BAP (1.5 mg/L), Kn (0.5 mg/L) and 2,4-D (0.5 mg/L) in Cissus rotundifolia. In case of Cissus repanda and Cissus quadrangularis BAP (1.5 mg/L), Kn (0.5 mg/L) and NAA (1.0 mg/L) evoked the most favourable response (Fig. 2). At higher concentration of NAA (1.0-2.0 mg/L), shoot buds decreased. When these cytokinins were combined at optimum concentrations with IBA, IAA, no morphogenetic response was observed.


      




      

        Multiple Shoot Induction and Proliferation




        selection of the explant in place of the choice of the explants is a critical factor in the success of in vitro propagation protocols. Various explants like nodal, stem, leaf, etc., were used in several studies.
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Fig. (2))


        A) Shoot bud formation on MS medium supplemented with cytokinin (BAP-1.50 mg/L) in Cissus repanda. B) Shoot bud formation on MS medium supplemented with cytokinin (BAP-1.50 mg/L) in Cissus quadrangularis. C) Shoot bud induction on MS medium supplemented with combination of auxin and cytokinin(s) (NAA (1.0 mg/L) + BAP-(1.50 mg/L) + Kn (0.50 mg/L) in Cissus repanda. D) Shoot bud induction on MS medium supplemented with a combination of auxin and cytokinin(s) (NAA (1.0 mg/L) + BAP-(1.50mg/L) + Kn (0.50 mg/L) in Cissus quadrangularis.



        

          Nodal Explants




          In vitro propagation of genus Cissus has been attempted by various workers. For obtaining multiple shoots, nodal stem segments were inoculated on various media (MS, B5, MSB5) supplemented with different concentrations of phytohormones. Various critical factors, such as the evaluation of seasonal influence on bud proliferation, contamination, concentration effect of sucrose, inorganic and organic nutrients, vitamins and sulfates were also evaluated.




          Experiments in series and multiplicates were set up to obtain a wide number of shoots from the nodal explants of C. quadrangularis. Shoot buds emerged after 2-3 weeks of incubation under controlled environmental conditions. The highest shoot buds (9.6±0.457) emerged from this callus at a BAP concentration of 3.0 mg/L alone and increase in the number of shoots (18.2± 0.25) was observed at BAP-3.0 mg/L and Kn -1.0 mg/L (HiMedia, Mumbai India) designated as shoot bud differentiation and elongation medium whereas addition of auxins for shoot bud differentiation proved unfruitful [34].




          Various synthetic media like MS [39], B5 and MSB5 (modified MS-medium) were evaluated for the initiation and development of the optimal shoot buds from a single nodal segment in C. quadrangularis. Full strength MS medium with proper inorganic salts concentrations proved best. Inoculation of cultures for four weeks led to the maximum number of shoot buds proliferation on MS-medium without much callus formation (Fig. 3) [34].




          Nathawat et al. (2013) in an extensive in vitro study reported that in this media, sucrose (3.0%) and plant hormones like cytokinins (BAP/Kn (0.5-5.0 mg/L) and auxins (NAA (1.0- 3.0 mg/L)) were incorporated. Nodal segments were surface sterilized and inoculated on media containing various concentrations and combinations of growth regulators. MS medium with BAP alone produced a fairly good number of shoots (8.24±0.09), but the maximum shoot buds (11.42±0.19) were obtained from nodal explants with BAP (3.0mg/L) in combination with Kn (1.0 mg/L) (HiMedia, Mumbai India). The addition of auxin (NAA/IAA) to this medium showed an inhibitory effect on shoot bud production and the number of emergences reduced [34].




          Seasonal effect on in vitro propagation response was also observed, and it was found that April-June proved best for maximum induction of shoots in Cissus quadrangularis [34]. For shoot induction, nodal explants when inoculated on MS Medium supplemented with 0.5/1.0 mg/L zeatin proved to be the best, producing 5 shoots per explant with a mean length of approximate 2.5 ±0.2 cms [40]. In another study, 10 mm nodal segments of Cissus sicyoides were sterilized and placed on MS medium containing combinations of NAA: BAP and NAA: Kn. Shoot induction was best observed at 2.7 µm NAA and 4.64 µm of Kn. Rooting was best recorded at 160 mg/L IBA media supplemented with sucrose and boric acid [41].


        




        

          Stem Explants




          Shoot tip explants were also tested and produced shoots with a lower concentration and combination of various growth regulators (Zeatin, BAP and adenine sulphate). In this study, when in vitro grown shoot tips were taken as explants, a maximum of 4 shoots were produced at a concentration of BAP (3.0 mg/L) and Zeatin (1.0 mg/L) of approximately 2.75 cm mean shoot length. However, only 3 shoots were produced when in vivo grown shoot tips were taken as explants on MS medium containing 2,4-D 1.0mg/L and Kn 2.0 mg/L with 1.12 cm mean shoot length [40].
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Fig. (3))


          Shoot induction in C. quadrangularis. A) Effect of kinetin alone after four weeks on axillary bud proliferation from nodal stem explants. B) Effect of Kn in combination with BAP after two weeks on axillary bud proliferation from nodal stem explants at a growth hormone concentration of BAP 3.0 mg/L+ Kn 1.0 mg/L. C) Effect of Auxin IAA (1.5 mg/L) in combination with cytokinins after four weeks on axillary bud proliferation from nodal stem explants at a growth regulator concentration of BAP 3.0 mg/L+ Kn 1.0 mg/L. D) Effect of Auxin NAA (0.5 mg/L) in combination with cytokinins after four weeks on axillary bud proliferation from nodal stem explants at a growth regulators concentration of BAP 3.0 mg/L+ Kn 1.0 mg/L.



          Adventitious shoot regeneration from the stem explant directly occurred on MS medium supplemented with 2, 4-D (18.12μM) and the addition of 4.90 μM IBA resulted in best rooting when stem explants were taken, forming 3-5 roots after 20 days of inoculation [42].


        




        

          Somatic Embryogenesis




          Ramar et al. [43] developed a simple and effective protocol for somatic embryogenesis in Cissus quadrangularis. Somatic embryos were obtained from callus suspension cultures. Leaf explants produced callus on medium fortified with MS salts, B5 vitamins, BAP, 2,4-D, glutamine, polyvinylpyrrolidone, and sucrose. High frequency somatic embryos were produced in a suspension medium containing 4.54 μM Kn along with others used in the callusing medium. When embryos were mature enough, they were transferred onto solid media for their germination. These somatic embryos developed into plantlets (53%) on half strength MS medium containing B5 vitamins, 0.984 μM GA3, and 0.88 μM BAP [43].


        


      




      

        Rooting, Hardening, Acclimatisation




        The rooting media comprised of full, half and one–fourth strength MS medium devoid or with various auxins (IBA, IAA, NAA and 2,4-D) at varied concentrations (1.0-5.0 mg/L). Media also contained 2-3 gm Phytagel (Sigma). Phytagel is a clear, colourless and high strength gelling compound composed of glucuronic acid, rhamnose and glucose. Positive rooting response (90-100%) was observed on full strength MS Media containing auxins like NAA, IBA, and IAA (1.0-5.0 mg/L) except 2,4-D, which showed no response. It was concluded that full strength MS medium with NAA (1.0 mg/L) was the best medium for rooting in Cissus quadrangularis.




        After successful root establishment, in vitro developed rooted plantlets were taken out from culture vessels without damaging the delicate root system, washed with distilled water to remove the trace of media, and then were treated with Bavistin (0.05% for 10 Seconds) (Saraswati Agro Chemicals, Jammu, India) and transferred to small pots containing vermiculite and soil in ratio 1:3. To maintain humidity they were covered by glass beakers. After two weeks, they were uncovered and transferred to earthen pots with normal soil. The plantlets were watered daily along with a few drops of MS–inorganic solution [34].




        Garg and Malik [40] developed a fast micropropagation and plantlet regeneration method for C. quadrangularis. In this finding, rooting in C. quadrangularis was observed with IAA (1-2 mg/L) and IBA (1 mg/L) supplementation to MS media. Plantlets were acclimatized and transferred to pots containing 50:50 sterile soil and vermicompost. They were later transferred to greenhouse with a higher survival rate (80%) observance. These were transferred to autoclaved garden soil and vermicompost (1:1) and kept in plant growth chambers at 26+2°C for 3-4 weeks and watered every third day. These were then transferred to pots containing normal soil and kept in greenhouse under normal day length condition.




        In the study conducted by Ramar et al. [43], the regenerated plantlets from somatic embryos were hardened in pots with sand and soil (1:1), and these pots were covered with plastic bags, which were removed after the eighth leaf formation. Developed plantlets showed a 72% survival rate in greenhouse conditions [43].


      




      

        In vitro Enhancement of Secondary Metabolites




        Profuse callusing was obtained in C. quadrangularis by using nodal stem explants on MS medium containing a combination of auxin and cytokinin (NAA-2.0 mg/L and BAP-0.5 mg/L) (HiMedia, Mumbai, India). Identification studies of steroidal compounds were done through colour reactions, TLC and HPLC techniques. Beta sitosterol and stigmasterol were reported to be present in the callus extracts. For the purpose of enhancement, the addition of plant growth regulators was done in the callusing medium, and there was a 10-12 times increase in their concentration with IAA (HiMedia, Mumbai India) at 5PPM concentration and 6-8 times increase with 2,4-D (5PPM) (HiMedia, Mumbai India) in the callus tissues [44]. In this study, the addition of NAA showed negligible effect in increasing the amount of sterol production, but callus content increased considerably.




        Nodal segments of C. quadrangularis produced callus on MS medium containing NAA (1.5mg/L) and BAP (0.5mg/L) [45]. It was observed that lower concentrations of CaCl2 induced stress conditions and increased production of alkaloids and sterols in the callus culture. Callus treated with 0.1 mM CaCl2 had the highest levels of total Alkaloids (2.495 mg/10 g) and highest levels of sterols (0.252mg/10g), whereas control cultures reported the maximum amount of flavonoids (1.882 mg/10g) and addition of CaCl2 resulted in a decrease in flavonoid content in cultures [45].




        Nano based in vitro enhancement of phytoestrogen was achieved in a study conducted by Gour [38], in which ZnO particles gave positive results, while in the case of Fe3O4, satisfactory results were observed. In vitro grown callus (3-4 weeks old) was subcultured on MS medium containing NAA (0.5mg/L) and BAP (0.5mg/L) with different concentrations of various nanoparticles ranging from 0.015ml/l to 0.065 ml/l. After 4-5 weeks, the concentration of Phytoestrogens was determined through RP-HPLC. The results indicated the enhancement of daidzein content after treatment of Zn containing nanomaterial. ZnO (0.025 ml/L) showed two times quantification valuer (2.437x10-1 mg/ml) as compared to Fe3O4. Zinc has an important role in bone development and remodeling [38].


      


    




    

      IN VITRO BIOLOGICAL ACTIVITIES




      

        Antiproliferative and Antioxidant Activity




        According to the National Cancer Institute, if plant extracts have IC value (IC50 ≤ 30 μg/mL), the plant has good anticancerous activity [46].




        In the DPPH free radical assay, silver nanoparticles produced with C. vitiginea leaf extracts reported maximum inhibition (73.18%) at 80 μg/ml concentration [47] C. sicyoides also reported anti-mitotic activity in HEp-2 cells and reduced gastric ulcers in rodents [48, 49].




        The antioxidant activity of the stem extract of Cissus quadrangularis was assayed with both the β-carotene linoleic acid system and DPPH free radical assay. Ethyl acetate stem extract (Both fresh and dry) of Cissus quadrangularis at 100 ppm concentration showed 65% antioxidant activity when assessed through the β-carotene linoleic acid system and 62% through DPPH free radical assay [74]. For the in vitro study of the breast cancer cell line, different extracts (acetone, chloroform, ethanol, ethyl acetate, and methanol) of Cissus quadrangularis were used. Among all the extracts, ethyl acetate showed the lowest (41.5%) viability, hence the highest anti-cancerous activity [50].




        In another study, stem aqueous extract of Cissus quadrangularis showed 53.43% and the ethanol extract showed 77.42% scavenging activity [51]. The methanolic extract of the plants Cissus pallida (stem and roots) and Cissus vitiginea (aerial parts) were used to find out the antioxidant and anticancer properties. In vitro studies indicated that at the same methanolic extract dose (20µg/ml), Cissus pallida showed 75.4% inhibition, whereas Cissus vitiginea showed 66.5% inhibition against the superoxide free radical. In vitro anticancer activity of extracts against MCF-7, A549, HT-29, and HeLa cell lines were studied. At some dose (200 ug/ml) of both plant extracts, Cissus pallida showed the best result (33.4%) against the MCF-7 cell line and Cissus vitigenia showed (23.28%) anticancer activity against the HeLa cell line [52].




        The hexane stem extract of the Cissus trifoliata has an IC50 value of 62 ± 3 μg/ml (SD) against prostate cancer (PC3) [53]. In the case of C. sicyoides, hydrochloride extract of leaves inhibited sarcoma-180 to 62% and Ehrlich Carcinoma to 84.4% at the 600m/kg dose [54].




        The skin carcinoma cell line (A431) was treated with different extracts of Cissus quadrangularis in vitro. The best result came out with dry acetone, which showed the highest anticancer activity with a 50% inhibition value at 8μg/ml. This was the first report of apoptosis in skin cancer due to active biocompounds of Cissus quadrangularis [55]. For in vitro antioxidant study, green copper oxide nanoparticles (CuONPs) formed from leaf extracts of Cissus vitiginea indicated that CuONPs possess excellent antioxidant activity than Cissus vitiginea extract and is near to ascorbic acid standard. The value of radical scavenging activity of CuONPs and Cissus vitiginea extract was 86.78% and 82.37%, respectively, at 80 μg/ml concentration [56].


      




      

        Anthelmintic Activity




        In a study, C. rotundifolia showed an anti-parasitic property. Four concentrations (25, 50, 75, 100mg/ml) of aqueous extract of Cissus quadrangularis were studied in comparison with albendazole as standard and saline water as control. Aqueous extracts at 100 mg/ml showed a good effect that paralysed and killed earthworms (Pheretima posthuma) model taken because of their similarity with parasites (roundworms) infecting the human gut. The methanolic stem extract of Cissus quadrangulris showed excellent anthelmintic activity at 20 mg/ml concentration compared to the standard drug albendazole [57]. The methanol extract of C. populnea rhizomes showed better anthelmintic activity against Onchocerca ochengi male than ivermectin, respectively [58].


      




      

        Bone Healing and Antiarthritic Activity




        In vitro studies revealed that the alcoholic extract of Cissus quadrangularis has potent osteoblastic activity, increased trabecular bone thickness, and enhanced the bone fracture healing process. The different fractions (acetone, benzene, chloroform, diethyl ether, petroleum ether and ethyl acetate) were used for the in vitro study. The petroleum ether fraction showed efficient anti-osteoporotic activity compared to other fractions. The 500 mg/kg body weight dose of petroleum ether extract from fresh stems showed beneficial effects for the treatment of osteoporosis on 3-month-old female Wistar rats [59]. The petroleum ether extracts enhanced the mineralization of the bone that made the bone stronger. Its ethanolic extract (100mg/kg) raised the level of serum calcium after 7 weeks in the tested Wistar albino rats. This restoration of the serum calcium led to the speeding up of bone healing and bone strengthening without inducing side effects [60].




        An osteoinductive herbal scaffold prepared from ethanolic extract of Cissus quadrangularis, alginate solution and O-carboxy methyl chitosan showed excellent osteoinductive property for bone tissue regeneration. The presence of the phytosteroids in this plant enhanced the biomineralization process of human mesenchymal stem cells and elevated osteogenic differentiation on the herbal scaffolds [61]. Another bioactive scaffold Cissus quadrangularis/chitosan/Na-carboxymethyl cellulose (CQ/CHI/Na-CMC) was also formed. In vitro cell culture study showed that scaffold provided osteoinductive property by enhancing the alkaline phosphatase activity of the Sarcoma osteogenic cells without osteogenic media supplement. Scaffold serves as a promising biomaterial for bone tissue engineering [62].




        Alkaline phosphatase is a ubiquitous enzyme. It acts as an early biochemical marker for bone cell formation via hydrolysis of phosphate esters at alkaline pH. The hexane and aqueous stem extracts of Cissus quadrangularis have bioactive secondary metabolites, which elevate bone tissue regeneration. In vitro study suggested that these extracts have unique potential to enhance early osteogenesis [63]. Cissus quadrangularis could be a good source for recovering the bones during and after menopause by down-regulating proinflammatory cytokines, which are increased after ovariectomy. These beneficial effects are due to its flavonoids [64].


      




      

        Anticonvulsive Activity




        C. sicyoides showed anti-anxiolytic and anti-convulsive properties in mice [65]. Cissus cornifolia leaves are used for the treatment of epilepsy. The methanolic leaf extract of Cissus cornifolia delayed the convulsion and death at doses of 600 mg/kg and protected 33.33% of mice induced by 4-aminopyridine. At doses of 150 and 300 mg/kg, protected 1/3rd of mice against convulsion induced by pentylenetetrazole and strychnine, respectively [66].


      




      

        Antimicrobial Activity




        Ethyl acetate fractions and methanolic fraction of C. quadrangularis stem extracts exhibited antimicrobial activity against gram positive bacteria such as Bacillus subtilis, Bacillus cereus, Staphylococcus aureus and Streptococcus [24]. Methanolic and acetone root extracts of C. vitiginea species were found effective gram positive bacteria having role in skin infections [67]. Medicinal Gel prepared from C. vitiginea leaves mixed with certain ingredients exhibited significant antibacterial activity [68].




        In vitro study concluded that copper nanoparticles, which are formed by leaf extract of C. vitiginea have antibacterial activity against urinary tract infection pathogens, namely E. coli, Enterococcus sp., Proteus sp. and Klebsiella sp. The result showed the plants have a high zone of inhibition against E. coli (22.2 mm diameter) and Enterococcus sp. (20.3mm diameter) [69].




        Two compounds β-sitosterol and sitosterol-β-D-glucopyranoside isolated from aerial parts of Cissus sicyoides showed the highest antibacterial activity against Bacillus subtilis. The ethyl acetate fraction of methanol extracts of the aerial parts of the plant showed a 14-17 mm inhibition zone at 0.1 mg/ml concentration against B. subtilis [70]. In vitro study of Cissus arnottiana indicated that the methanolic stem extract showed antimicrobial activity against K. planticola bacterial (gram negative) extract (13.20 mm inhibition zone) at 80µL concentration [71].


      




      

        Antilipidemic Activity




        100 g of the powdered plant material was taken and suspended in 500 ml of 99% ethanol. Cissus quadrangularis, along with Tribulus terrestris, showed anti-hyperlipidemic effect on high fat fed albino Wistar rats when fed at a dose of 583 mg/kg body weight for 30 days [72].


      




      

        Anti-inflammatory Activity




        Methanolic extracts of C. sicyoides showed in vitro anti-allergic properties [73]. There was a significant ear and paw oedema reduction after its application [74]. In another study, protein denaturation bioassay was selected for assessment of the in vitro anti-inflammatory studies. For this study, silver nanoparticles (AgNPs) were formed by using leaf extract of Cissus vitiginea [75]. The effects of AgNPs and Cissus vitiginea on inhibition of bovine serum albumin protein denaturation, respectively, was 88.78% and 82.52% at 500 μg/ml concentration. This study indicated that the synthesis of AgNPs using Cissus vitiginea leaf extract may be a good source for developing green nano-medicine for anti-inflammation [76].


      




      

        Antidiabetic Activity




        Cissus rotundifolia shows antidiabetic activity [76]. The aqueous leaf extracts of C. sicyoides decreased blood sugar levels in alloxan-induced diabetic rats both in the short-term (7 days) and long-term (30 days) studies [77]. It might also work by increasing the conversion of circulating glucose to glycogen [78] or inhibiting gluconeogenesis [79].


      




      

        Anticytotoxic Activity




        Dose-dependent cytotoxic and genoprotective effects of plant extract of C. latifolia have been studied [80]. C. populnea extracts were safer and showed no adverse side effects or toxicity even after long-term administration on Rabbits [81].


      




      

        Other Activities




        Cissus assamica shows anti-venom activity by decreasing endothelin-1 and sarafotoxin 6b and has ethnobotanical importance in Southeast Asia [82].




        Methanolic extracts of C. populnea showed spermatogenic activity and proliferated Sertoli cells TM4 in in-vitro studies [83], but human experiments treated for 72 days gave nil results. Extracts of this plant inhibit the sickling of RBCs [84]. Cissus ibuensis, proved to be useful in treating gastrointestinal disorders [85].




        Various other biological activities of Cissus species are tabulated below Table 2.


      


    




    

      CONCLUSION




      This review is an attempt to summarize various protocols available for in vitro propagation of Cissus species and their potential uses. Moreover, this review can also help in restructuring future research possibilities and endeavours. The most pharmaceutically valuable species belonging to this genus are C. quadrangularis, C. repanda, C. discolor, C. verticillata, C. arnottiana, C. sicyoides, C. populnea, C. cornifolia, C. repens, C. aralioides, C. rotundifolia and C. vitiginea to name a few. Elaborated research is needed as various species are untouched out of these and some have not produced positive micropropagation results to date. Leaf explants have not produced shoots in many Cissus species, which also need to be researched.
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          	Cissus Linn.



          	Cissus Linnaeus

        




        

          	C. quadrangularis



          	Cissus quadrangularis

        




        

          	NAA



          	Naphthalene Acetic Acid

        




        

          	BAP



          	6-Benzyl Amino Purine

        




        

          	2,4-D



          	2,4 Dichlorophenoxy Acetic Acid

        




        

          	IAA



          	Indole Acetic Acid

        




        

          	IBA



          	Indole Butyric Acid

        




        

          	Kn



          	Kinetin

        




        

          	AdSo4



          	Adenine Sulphate

        




        

          	mg/Kg



          	Milligram per Kilogram

        




        

          	mg/L



          	milligram per litre

        




        

          	µg/L



          	Microgram per litre

        




        

          	ng/L



          	Nanogram per Litre

        




        

          	µM



          	Micromolar

        




        

          	cm



          	Centimeter

        




        

          	ml



          	Millilitre

        




        

          	µl



          	Microlitre

        




        

          	PPM



          	Parts Per Million

        




        

          	MS



          	Murashige and Skoog Medium

        




        

          	B5



          	Gamborg′S B-5 Basal Medium

        




        

          	MSB5



          	Murashige & Skoog Medium Including B5 Vitamins

        




        

          	Ca Cl2



          	Calcium Chloride

        




        

          	RP-HPLC



          	Reverse Phase High Performance Liquid Chromatography

        




        

          	DPPH



          	2,2-Diphenyl-1-Picrylhydrazyl.

        




        

          	ZnO



          	Zinc Oxide

        




        

          	Fe3o4



          	Iron Oxide

        




        

          	IC50



          	Half Maximal Inhibitory Concentration

        




        

          	CuONP’s



          	Cupric Oxide Nanoparticles

        




        

          	AgNP’s



          	Silver Nanoparticles

        




        

          	pH



          	Power of Hydrogen

        




        

          	Sp.



          	Species

        




        

          	RBC’s



          	Red Blood Cells
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      Abstract




      Juglans regia L., commonly called walnut, is a nutrient-rich fruit. Besides many therapeutic properties, the plant is highly valued for its timber, which along with the fruit-nut, fetches a very high demand in the domestic and international markets. The ever increasing demand for these plant products is not being sufficed by the existing supplies. This is owing to the fact that conventional methods of walnut propagation are time and space-consuming and show limited responsiveness. Walnut cuttings are also difficult to root, making large-scale propagation a challenge. Consequently, walnut micropropagation has become extremely important to ensure rapid mass production of selected cultivars in a small space, and for an indefinite time period. The tissue-culture- raised products are robust, disease-free, and have desirable characteristics. The aim of this chapter is to compile information on tissue culture studies on Juglans regia with a special focus on the latest developments in the field. The chapter covers various pathways employed for the in vitro propagation of walnut, hardening, and acclimatization of tissue culture raised plantlets to ensure better quality, quantity, and sustainability of walnut trees to meet the demand of the growing global population.
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      INTRODUCTION




      Juglans regia L. (family Juglandaceae) is one of the most popular fruit-nut trees. Commonly known as Persian walnut, English walnut or walnut, is native to the region that runs eastward from the Balkans to the western Himalayan Mountains [1]. The edible seeds of the drupe on any Juglans tree are known as walnuts. The grain is encircled by the shell. It typically has a fibrous shell barrier that breaks as it ages, dividing it into two halves. The brown seed coat that surrounds the seeds, which are often sold as walnuts without the shell, contains antioxidants. This nut is referred to as the King of Nuts because of its ultimate benefits.




      Walnuts contain significant amounts of fats, proteins, vitamins, and minerals, making them nutrient-dense food and accounting for their extensive usage in the traditional system of medicine. The average amount of protein in walnuts is around 18%, wherein glutelins make up around 70% of the total protein in seeds, and have 18% globulins, 7% albumins, and 5% prolamins [2-6]. Potassium, magnesium, and calcium are known to be the most prominent nutrients in walnuts abundance in walnut cultivars [7-9]. They are also rich in phenolic acids, related polyphenols, pectic compounds, sterols, flavonoids, and sterols. The nutritional composition varies between cultivars and varies with factors like genotype, cultivator, environment, and soil type [10-12].




      The phytochemically active ingredients of the species are responsible for its wide range of therapeutic properties like antioxidant, anti-hypertensive, antihistamine, bronchial relaxant, analgesic, neuroprotective, immuno-modulator, antiulcer, antidiabetic, hepatoprotective, antibacterial, anti-inflammatory, lipolytic, dental-cavity preventive, and many others. Walnuts have high amounts of omega-6 and omega-3 polyunsaturated fatty acids, which prevent heart-related ailments [13]. The high protein and oil content of the walnut kernels has led to the FAO (Food And Agriculture Organization) designating the walnut as a priority plant and a key species for human nutrition [14]. Besides, the wood is robust and solid, making it a top choice for high-end furniture and woodwork. Due to its significant commercial value and great health advantages, it is a crop that is in high demand in both domestic and international markets.




      Conventional methods of walnut propagation by cutting or grafting are cumbersome and less productive, as is the case with many other woody plant species. One of the cutting-edge and important techniques for plant multiplication is the tissue culture technique, sometimes referred to as micropropagation [15-18]. A lot of plants may be produced quickly using the micropropagation method, which is especially advantageous when compared to vegetative propagation or when regeneration species like walnuts are difficult to regenerate naturally.




      The present chapter discusses the different methods of mass propagation of Juglans regia using different techniques of plant tissue culture.


    




    

      PLANT TISSUE CULTURE GROWTH MEDIUM FOR WALNUT




      One of the most crucial elements of plant cell and tissue culture is the growth media. Different culture media have been employed for the micropropagation of walnut, including Murashige and Skoog medium (MS), Driver and Kuniyuki medium (DKW) and Woody plant medium (WPM) with varying success. The most used media for walnut tissue culture is the DKW medium, which was created for the cultivar paradox and has proven useful for a number of Juglandaceae species, including J. regia [19-22]. However, a number of researchers have successfully cultured Persian walnut using MS media [23-26]. The suitability of DKW medium for walnut propagation is attributed to the fact that walnut requires high salt media for shoot multiplication, a condition which is provided by DKW medium [27-30].




      

        Countering Metabolic Exudates




        Growing walnuts has been significantly hampered by the phytotoxic exudates that are produced by recently cultivated explants [31]. Metabolic byproducts frequently cause the culture media underneath the explant to become darker. To regulate these exudes, a number of techniques have been explored. These include soaking the seed explants in water for twelve hours [32], use of antioxidants like cPIBA (cyclo-pentano-isobutyric acid), TIBA (2,3,5 tri-iodobenzoic acid), ascorbic acid, phloroglucinol, sodium thiosulfate, dithiothreitol and charcoal [33, 34]. A study with mature tissues (glabrous shoot tips, internodal segments) of field-grown J. regia highlighted the use of fungicide solution (Captan + Benomil 1g/l each) and antioxidant solution (20mg/l cysteine + 5mg/l ascorbic acid) to establish healthy cultures [35].




        In general, periodic transfer of explants to new media has proven to be more effective in eliminating the exudate problem. The process is continued till the release of exudates from the cultures subsides.


      


    




    

      APPROACHES FOR IN VITRO PROPAGATION OF JUGLANS REGIA




      

        Nodal Explant Culture




        Juglans regia and hybrids are often micropropagated from shoots, branches, zygotic embryos, or adult plant scions [29]. In one of the initial studies, incubation of explants in a modified MS medium supplemented with BAP for 4 weeks resulted in longer axillary buds from cultured explants [36]. A study [23] was carried out to improve walnut micropropagation procedures using embryonic and juvenile nodal explants. MS medium supplemented 1.0 mg/l IBA was most optimal for in vitro shoot development. The study showed that higher levels of cytokinin BAP(6-Benzylaminopurine) induced deformation of leaves and shoots, eventually causing vitrification, while GA3(Gibberellic acid) promoted elongation of shoots. Another study [16] showed that a modified MS medium with BAP proved to be most optimal for shoot induction from immature herbaceous shoots of Juglans regia. However, for further development, DKW medium containing IBA,2.0mg/l and riboflavin1.0mg/l proved to be most optimal when cultures were given a ten-day darkness period. Through this system, in vitro regenerated plantlets could be transplanted after 4-5 weeks. A study on in vitro propagation of J. regia [30] confirmed the superiority of DKW medium solidified with Phytagel over MS and WPM. The same study also showed that a combination of BAP and IBA (Indolebutyric acid) was most suitable for shoot elongation.




        The use of IBA in J. regia shoot induction and multiplication has also been confirmed by other species. Heile-Sudholt et al. [37] reported that the use of IBA in DKW medium produced the greatest number of axillary shoots per explant, which is consistent with the findings of Gruselle et al. [15], who found that IBA at 0.1 mg/1 was more beneficial for Persian walnut shoot proliferation.




        In a contrasting study, Bosela and Michler [38] zeatin was shown to give improved results over BAP at levels ranging from 2.5 to 25 M for fast shoot elongation of seedling black walnut nodal sections. The study also showed that higher concentrations of zeatin and BAP in the medium were responsible for shoot necrosis and subsequent in vitro rooting. Lately, a study [39] on elite black walnut genotypes showed that the best system for nodal explant-based micropropagation was culturing on DKW medium containing BAP, IBA, and additives casein hydrolysate, adenine hemisulfate. The study also showed that in vitro produced shoots were cultivated in liquid initiation media in 3-L polycarbonate on a rotary shaker (100 rpm) under a 16-hr photoperiod at 250C, long-term survival, and proliferation of microshoots could be accomplished. Another micropropagation of an elite genotype (Mj209xRa) of walnut was performed by Licea-Moreno et al. [40], through a nodal explant. They obtained desired results by introducing explants to a corrected formulation DKW-C medium supplemented with 4.4 μM of BAP, 0.5 μM of IBA and 60mM of Phloroglucinol (PG), they also followed an advanced procedure of temporary immersion of microshoots in a self-designed bioreactors, these had a liquid culture medium provided with 4.4 μM of BAP, 0.5 μM of IBA and 40mM of PG. They aimed for a better clonal propagation of walnut plantlets of high timber-producing potential.




        Another study [41] determines that DKW medium when supplemented with 3% sucrose and varied combination of BAP, IBA and GA3 has a positive effect on bud proliferation and also serves well for other purposes such as embryo germination and callus development. Yegizbayeva et al. [42] also confirmed the superiority of DKW medium for walnut shoot culture while working on four different J. regia varieties (Fig. 1).
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Fig. (1))


        (a-d) In vitro establishment of shoot cultures and shoot multiplication in J. regia [42].

      




      

        Callus Culture




        Refers to the in vitro culture of de-differentiated plant cells that are induced on media that often include relatively high auxin concentrations or a combination of auxin and cytokinin. It is particularly challenging to sustain continuous cultivation in the Juglans genus due to the browning that occurs after the callus emerges from the primary explant. However, callus production in walnut has frequently been observed when embryogenic explants are grown to acquire other morphogenetic responses. The amount of BAP supplied is shown to have a stronger impact on callus production in mature embryos grown on MS or WP media, generating several shoots simultaneously [43]. When cytokinin and kinetin were added to MS medium containing CH and NAA (Napthalene acetic acid), optimal callus development was observed with mature and immature endosperm [44]. A study investigated the effect of culture medium on the caulogenic response of walnut leaves [45]. Out of the different media tried, broadleaf tree medium (BTM) supplemented with NAA and BAP proved to be the most efficient, followed by WPM.




        The effect of different plant growth regulators on callus induction from in vitro generated leaves has been studied [46]. The study revealed that cytokinin TDZ (N-phenyl-1, 2, 3-thidiazole-5yl urea) and auxins IBA, NAA and 2,4-D were capable of callus induction when used at low concentrations, while high concentrations were inhibitory for healthy callus development.




        The efficiency of DKW medium on callus induction from shoots of different genotypes of walnut has also been established [47]. The study showed that both BAP and IBA have the capacity to induce callus, however, the effect varies with the genotype. Similar observations have been reported by Nikolova et al. [48] where DKW medium was suitable to initiate callus from leaves when supplemented with BAP and NAA. Fig. (2) shows the effect of different plant growth regulators on the morphology of callus induced from leaf explants of J. regia.
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Fig. (2))


        Morphological variations in walnut callus with different plant growth regulators in the culture medium.

      




      

        Embryo Culture




        Embryo culture is the sterile isolation and in vitro development of a developing or mature embryo with the goal of yielding a healthy plant. It involves aseptically removing embryos and cultivating them on a medium, primarily aiding in lowering post-fertilization hurdles to hybridization [49] and helping plants to multiply more effectively. Additionally, it shortens the generation cycle in plants like walnut, where seeds need to be stratified for two to three months before germination [29, 50, 51]. The germination of walnut embryos is regulated by a number of variables, including physical aspects, media cultures, plant development regulators, etc. Kaur et al. [52] showed that MS medium fortified with kinetin, gibberellic acid and BAP proved to be the best for embryo germination, wherein the cultured explants responded within 15 days of culture. A study Payghamzadeh and Kazemitabar [26, 53] showed that modified DKW medium with gibberellic acid can be used for effective embryo germination in walnut under in vitro cold and dark conditions. Another study [54] showed that BAP and IBA have a positive impact on in vitro embryo germination. A study [55] showed that embryos from a selected J. regia cultivar exhibited the best germination and proliferation rate on WPM medium supplemented with BAP. Toosi and Dilmagani [18] showed that as compared to other media (MS, WPM, DKW, B5(Gamborg medium, Lyod and Mc Cown, Cheng), NGE media proved to be most optimal for embryo germination in Persian walnut, when tried with BAP and IBA combination. Myrselaj et al. [56] in their study on walnut regeneration from mature zygotic embryos showed that although germination percentage on DKW and MS media was not statistically different, MS medium containing Kn (kinetin) was found to give a better organogenic response.




        Conclusively, media requirements for embryo culture in J. regia seem to vary with the plant genotype, and all the different types of nutrient media have been reported to show better responses in experiments conducted in different parts of the world.


      




      

        Somatic Embryogenesis




        Somatic embryogenesis is the process of developing embryos from cultured somatic tissues. The generated embryos are called somatic embryos and parallel the developmental path of zygotic embryos. The pathway is advantageous over organogenic differentiation as it produces entire plants rather than microshoots that have to be subsequently rooted. Tulecke and McGranahan [57] created the first walnut somatic embryos from immature cotyledon explants, while another study showed the ability of immature zygotic embryos to be converted to somatic embryos [58]. As per these studies, basal DKW medium proves to be suitable for somatic embryogenesis [59]. Chenevard et al. [60] showed that embryogenic reactivity can be observed within 4 weeks of culturing and developed somatic embryos can be germinated within three weeks on DKW medium under dark conditions. Another study [61] established that somatic embryos can be obtained from immature zygotic embryos of English walnut. They showed that the desiccation of somatic embryos by pretreatment with calcium chloride or calcium nitrate in dark conditions drastically improved somatic embryo germination. Further, a lower concentration of nutrients in the medium favored plantlet development. Breton et al. [62] showed that somatic embryogenesis and in vitro flowering can be induced in early mature walnut varieties from central Asia using zygotic embryos as the starting material and DKW medium supplemented with sucrose, myoinositol, L-glutamine, BAP, Kinetin, IBA and phytagel as the nutrient medium. A study conducted by Baya et al. [63] investigated the effect of abscisic acid (ABA) and sucrose on somatic embryo maturation in J. regia. Their research established that 2mg/l ABA significantly increased the maturation of somatic embryos and their conversion rate into plantlets. Somatic embryogenesis can be envisaged as a better option for the rapid production of superior genotypes of otherwise hard-to-root walnuts.


      




      

        In vitro Rooting and Hardening




        Rooting in walnut is highly labor intensive when conventional methods like grafting are used. Even under in vitro conditions, microshoots fail to root unless appropriate media and growth regulator conditions are provided. Additionally, there is no standard protocol for in vitro rooting. Just like organogenic differentiation, rooting method and media requirements vary with the walnut genotype. MS, WPM and DKW media have been tried by different workers to obtain in vitro rooted plantlets of J. regia. Of the different auxins that have been tried, IBA has proven to be the most optimal for root regeneration in tissue culture raised shoots of walnut (Table 1).




        

          Table 1 Different nutrient media standardized for in vitro rooting in J. regia.




          

            

              

                	S. No.



                	Rooting Medium for J. regia microshoots

              


            



            

              

                	1



                	½ strength DKW medium + full calcium nitrate [64]

              




              

                	2



                	¼ MS medium + 3.0 mg/l IBA [65]

              




              

                	3



                	¼ strength DKW medium + 25 µM IBA [66]

              




              

                	4



                	½ DKW medium + 10 µM IBA [67]

              




              

                	5



                	½ DKW medium + vermiculite 250/200 ml (v/v) + 24.6 µM [62]

              




              

                	6



                	MS medium + 15 µM IBA [68]

              




              

                	7



                	DKW medium + 4.0 mg/l BAP + NAA [69]

              




              

                	8



                	WPM medium + 0.5 mg/l BAP + 0.5mg/l IAA [55]

              




              

                	9



                	½ strength MS medium + 4 mg/l IBA [35]

              




              

                	10



                	DKW medium + 2 mg/l ABA (abscisic acid) [63]

              




              

                	11



                	1/4-strength DKW medium + (25-50 µM) IBA [70]

              




              

                	12



                	MS + 3 µM IBA [71]

              




              

                	13



                	½ strength MS + 2.5 µM IBA [72]

              




              

                	14



                	DKW + 5-10 mg/l IBA [73]

              




              

                	15



                	½ strength of DKW + 5 mg/l IBA [74]

              




              

                	16



                	NGE +5mg/l IBA [75]

              




              

                	17



                	1/4 DKW medium +12 μM IBA + vermiculite [76]

              




              

                	18



                	1/2 DKW medium + 50 μM IBA [39]

              




              

                	19



                	DKW medium + 69 mg/l salicylic acid ;


                DKW medium +1 mg/l paclobutrazol [77]

              




              

                	20



                	1/2 DKW medium + 3 mg/l IBA [78]

              


            

          




        




        The success of the transfer of a plant from laboratory to nursery or field conditions is a crucial phase. This stage of micropropagation often witnesses maximum plant mortality as the tissue culture raised plantlets are heterotrophic and lack a well-developed root system to be able to survive under natural conditions. Consequently, appropriate hardening and acclimatization methods need to be standardized for each plant species being propagated by tissue culture technique.




        It has been observed that walnut is particularly susceptible to the many stimuli like thermal stress or plantation shocks that limit the successful establishment of micropropagated plantlets in the field [79]. Several workers have standardized hardening methods for such plantlets. The use of jiffy pots for improved growth and survival of rooted plantlets has been suggested [64]. It has also been shown that in the initial phase of hardening, the plantlets need to be kept in a greenhouse under humid conditions for around 10 days before shifting them to field conditions [65]. Vermiculite has been reported to be a better choice as rooting and hardening medium [66]. An interesting study [68] showed that mixtures comprising fir bark:oyster lime and peat:volcanic rock aid in better root development and acclimatization of rooted plantlets under high humidity conditions. The study also suggested that promalin spray can be used to induce bud break in case resetting is observed. The use of well-drained soil as growing material during hardening has also been suggested [80]. A study showed that a mixture of soil:fir, bark:fine and sand:peat moss irrigated with Hoagland solution during 2 weeks of acclimatization under high humidity proves to be the best for survival of J. regia plantlets. Perlite: vermiculite mix [35], and sorbarod [72], peat: perlite mix [76] peat:perlite:vermiculite [39] have also been suggested as suitable hardening medium under greenhouse conditions. Rohr et al. [81] suggested that the use of microbial inoculant during acclimatization may improve field performance of J. regia plantlets. Another study [82] reported that rooted plantlets of J. regia need to be covered for not less than a month after transplantation to maintain high humidity. Thereafter, around three to four months are required to gradually decrease the moisture content to enable the plantlet to survive under nursery conditions.


      


    




    

      CONCLUSION




      The primary motive behind the tissue culture (micropropagation) of walnuts has been the necessity to produce superior trees, rootstocks, and selections for both academic and industrial interests. By using axillary bud culture and the rooting of microshoots, walnut cultivars can be preserved, and new clones with desirable genotypes can be produced. The recalcitrance of explants, long propagation cycles and hybridization barriers can be successfully overcome by zygotic embryo culture. There is a considerable prospect for walnut improvement and rapid proliferation by somatic embryogenesis in vitro. This method is also very beneficial for biotechnological procedures, including transformation and the production of synthetic seeds. Callus-mediated propagation of walnuts can be successfully employed for rapid plant generation and also for secondary metabolite production. These in vitro methods have the potential to raise disease-free, healthy plants with desirable traits that can be rapidly provided for field transfer. Once the challenges of microbial contamination, phenolic release, microenvironment control and generation of rooted plantlets are overcome, a tissue culture system can significantly impact the production and contribute to the walnut improvement programs.
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