[bookmark: _GoBack] Morphogenetic and Hairy Root Induction Responses in various Explants of       Justicia adhatoda
ABSTRACT
 Justicia adhatoda is an important medicinal plant widely utilised in rural healthcare systems for the treatment of various ailments. Its leaves contain bioactive pyrroloquinazoline alkaloids, notably vasicine and vasicinone, which are responsible for its therapeutic properties. The plant exhibits significant pharmacological activities, including expectorant, antiseptic, antiperiodic, and anthelmintic effects. In vitro plant tissue culture techniques offer valuable approaches for the controlled production and enhancement of secondary metabolites. Methods such as callus culture, cell suspension culture, and hairy root culture can be effectively employed to manipulate growth conditions and increase the yield of desired bioactive compounds. In the present study we report an efficient somatic embryogenesis and their histochemical analysis, plant regeneration, Induction of hairy roots using Agrobacterium rhizogene ATCC15834, harboring agropine-type plasmid pRiA4b and A4 strains from various explants of Justicia adhatoda. Hairy root suspensions were analyzed by HPLC and relative amount of the vasicine yield was estimated to be 8mg/gDW.
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INTRODUCTION
 Justicia adhatoda, formerly known as Adhatoda zeylanica, belongs to the family Acanthaceae and is commonly referred to as Vasaka in Sanskrit and Malabar nut in English. It is an evergreen perennial shrub that typically attains a height of up to 2 metres (Fig. 1). The leaves are rich in pyrroloquinazoline alkaloids, with vasicine and vasicinone being the principal bioactive constituents. During the COVID-19 pandemic, research involving extracts of Adhatoda vasica demonstrated notable anti-hypoxic properties, which were shown to alleviate severe airway inflammation associated with an exaggerated hypoxic response in treatment-resistant asthmatic mice (Atish G et al., 2021).
Vasicinone may be used to develop a new therapeutic agent against oxidative stress induced lung cancer (Tapan et al, 2018). Indiscriminate harvesting of medicinal plants may ultimately lead to their extinction in natural habitats (Barone et al., 2019). In addition to seasonal variability, a large proportion of plant-derived alkaloids are difficult to synthesise chemically. Consequently, biotechnological strategies, particularly plant tissue culture, have emerged as valuable supplements to conventional agriculture for the industrial production of bioactive secondary metabolites (Ramachandra Rao and Ravishankar, 2002; Biswas, 2023). Various in vitro culture systems, including callus cultures, cell suspension cultures, and hairy root cultures, can be effectively manipulated to enhance both the production and yield of secondary metabolites (Gantait et al., 2020). In addition, biotechnological approaches such as micropropagation and somatic embryogenesis offer significant advantages for the conservation and large-scale propagation of rare and economically important medicinal plants (Thiruvengadam et al., 2013). Somatic embryogenesis, in particular, represents an efficient alternative to direct and indirect regeneration, enabling the production of true-to-type plants. It also facilitates gene transfer into totipotent cells, thereby supporting the regeneration of stable transgenic plants (Maheswaran and Williams, 1986; Cabrera-Ponce et al., 1996; Ravishankar Rai and Mc Comb, 2002; Khatri & Joshee, 2024).
The primary objective of the present study was to optimise culture media composition and plant growth regulator concentrations for callus and cell suspension development, as well as to initiate hairy root cultures using Agrobacterium rhizogenes. Leaf and petiole explants cultured on Murashige and Skoog (MS) and Gamborg (B5) media supplemented with different combinations of auxins and cytokinins exhibited callus induction within 12 and 16 days, respectively. Hairy root cultures are of considerable interest due to their rapid growth and ability to proliferate without the requirement for exogenous auxin supplementation (Zheng, 2025). They often do not require light for incubation and are characterised by genetic stability, which ensures consistent metabolite production. Owing to these advantages, several root-derived plant products previously considered unsuitable for cell culture-based production are now being revisited using hairy root culture technology. In the present study, in vitro-grown shoots and callus of Justicia adhatoda were infected with Agrobacterium rhizogenes strains 15837 and A4 to induce hairy root formation.

MATERIALS AND METHODS

Establishment of callus cultures:
 Justicia adhatoda was raised in the botanical garden, Department of Botany, Osmania University, Hyderabad, India. Young leaves and petioles from 1-yr- old plants were surface sterilized with 0.1%Mercuric chloride for 5 minutes and the explants were washed thoroughly with sterile distilled water three times. For callus initiation , explants were transferred onto 15X2.5cm test tubes containing 15ml of  Murashige and Skoog(MS) medium(1962) or Gamborg (B5) medium (Gamborg et al.,1976)  supplemented with 2,4-D(2.20μM - 18.00μM..),IAA( 2.22 μM ),IBA( 4.92μM ,9.85μM ,19.70μM), NAA( 5.30μM ,10.75μM ,21.50μM) 6-BA( 2.22μM ,4.40μM ,8.80μM),KN(2.35μM,4.65μM,9.30μM) either alone or in combinations, 2% sucrose and solidified with 0.8% agar. To initiate callus, explants were grown on different combinations of growth regulators: 5.3-21.5 μM naphthaleneacetic acid (NAA)+ 2.2 and 4.4 μMBA; 4.9 μM IBA (indole-3-butyric acid) + 2.2 μM benzyladenine (BA); KN+2,4-D +BA (each at 2.2 μM) with or without 22.8 μM IAA. The effects of NAA (21.5 μM) in the presence of IBA (4.9 and 19.7 μM) and BA (2.2 and 8.8 μM) or KN (9.3 μM), (4.5-13.0 μM) 2,4-D+Kn (2.3- 9.3 μM) and NAA (10.7-21.5 μM) in combination with 4.4 μM BA were also tested for somatic embryogenesis.   21.5 μM NAA+IBA (19.7 μM) +4.4 μM BA and 9.3 μM KN for shoots and roots (Table-2) The cultures were maintained under cool white, fluorescent light with 16hrs photoperiod (30μE m-2s-1) at 25±20C. The pH of the medium was adjusted to 5.7 with 1N NaOH before autoclave. 
 Each treatment comprised 20–30 replicates, with each replicate containing two explants. All experiments were conducted in duplicate to ensure reproducibility. The frequency of callus induction was calculated as the percentage of explants that produced callus relative to the total number of explants cultured. Callus cultures were sub-cultured at 20-day intervals onto Murashige and Skoog (MS) medium supplemented with 10.7 μM naphthalene acetic acid (NAA) and 4.4 μM benzyladenine (BA), as this combination maintained callus vigour over extended culture periods. In addition, cotyledonary embryos developed into complete plantlets on MS medium.


 Induction of Hairy Root Cultures:

   Agrobacterium rhizogenes strain ATCC15834, harboring agropine-type plasmid pRiA4b and A4 strains, were used for hairy root induction. The bacteria were maintained on yeast, mannitol broth (YMB) agar medium and are sub cultured at four-week intervals. Slight incisions were made to in vitro developed shoots and callus using a needle and are co-cultured with 24 hours old bacterial cultures and were kept under dark for a period of two days in Half-strength MS basal medium solidified with 0.8% agar.  The explants were rinsed with sterile distilled water for 3 times, (care should be taken while handling with callus) transferred to full strength MS basal medium containing 500mg/l Cefotaxime (Hi-media) and incubated in dark. After about 3 weeks, explants regenerating hairy roots at the infected sites were observed and are sub cultured again into MS basal medium containing the above antibiotic. Bacteria were eliminated after fourth subculture. The axenic hairy roots were cut and inoculated on hormonal free MS liquid medium containing 3% sucrose and cultured at 250 C on an orbital shaker at 110 rpm in the dark. Hairy roots are sub cultured for every 16 days. Fresh weight was taken by removing the medium completely absorbing on to the tissue paper. Samples were oven dried and extracted for vasicine and analyzed by HPLC.
Histological study
Callus cultures of somatic embryos at different developmental stages were used for histological study. Somatic embryos were fixed in acetic acid: alcohol (1:3), then dehydrated in ethanol-xylol series, embedded in paraffin wax, sectioned at 10 μm thicknesses and stained with haematoxylin. Photographs were taken. (Ramakrishna D and Shasthree, 2016).

RESULTS AND DISCUSSION

The composition of nutrient medium is an important factor for successful initiation and establishment of cell and tissue cultures, where each type of explants requires a different formulation (Narayana Swamy, 1977& Jayapaul et al, 2005). In the present study, when leaf and petiole explants were cultured on MS and Gamborg’s media supplemented with various combinations of auxins and cytokinins, callus formation was observed in 12 and 16 days respectively. (Fig-2a, b, c & d).  The percent frequency of callus initiation from leaf and petiole explants is presented in Table-1. Out of the two media tested, the frequency of callus initiation was 62% in MS medium containing 4.5 μM 2, 4-D and 2.3 μM KN. However, the frequency decreased to 30-40% on Gamborg’s medium (Table-1). The response from the leaves was better in both MS (72%) and B5 (58%) media when a combination of 10.7 μM NAA and 4.4 μM/l BA was used. Plant growth regulators play a decisive role in somatic embryogenesis and plant regeneration, with the frequency of somatic embryo induction being strongly influenced by the type, combination, and concentration of growth regulators, as well as photoperiodic conditions (Comlekcioglu et al., 2009; Ramakrishna et al., 2016). Gibberellic acid (GA₃) has also been reported to be essential for the induction of somatic embryogenesis from leaf explants of Citrullus colocynthis.
In the present study, somatic embryos, shoots, roots, or in some cases only roots were observed in conjunction with callus formation on media supplemented with different combinations of plant growth regulators, namely 2,4-D (4.5 μM) + kinetin (KN) (2.3 μM), NAA (5.3 μM) + BA (2.2 μM), IBA (4.9 μM) + BA (2.2 μM), and NAA (21.5 μM) + IBA (19.7 μM) + KN (9.3 μM) (Table 2). All developmental stages of somatic embryogenesis, including globular, heart, torpedo, and cotyledonary stages, were observed on compact embryogenic callus. These stages were either separated individually (Fig. 3b) or analysed histochemically, and representative images of globular, heart-shaped, and torpedo-stage embryos were documented (Figs. 4a–4c).
Germinated somatic embryos developed into well-formed shoots and roots on basal medium (Fig. 5a), ultimately resulting in complete in vitro plant regeneration (Fig. 5b). The germination of somatic embryos and their successful conversion into plantlets represent critical steps in efficient plant regeneration systems. The promotive effects of 6-benzylaminopurine (BAP) and kinetin on shoot induction and elongation have been previously documented (Park, Y. W., 2025). Furthermore, large-scale production of somatic embryos using automated bioreactor systems offers significant potential for the sustainable production of medicinal plant biomass and pharmacologically active compounds (Pasternak, 2024).

Induction of Hairy Root Cultures of Justicia adhatoda:
The ability of Agrobacterium rhizogenes to induce hairy roots in a range of host plants has led to studies on it as a source of root-derived pharmaceuticals (Flores et al., 1999). Hairy roots are induced by transfer of T-DNA from plasmid of Agrobacterium rhizogenes (Petit et al., 1983; Ambros et al., 1986; Park & Facchini, 2000) to host tissue, resulting in root formation by virtue of auxin synthesis genes coded by bacterial DNA. The Ri plasmid of Agrobacterium rhizogenes also elicits the synthesis of opines such as agropine or mannopine. The transformed nature of the roots is genetically checked by opine detection or southern analysis. There are many reports on genetically transformed root cultures of plants to produce valuable phytochemicals such as alkaloids, naphthoquinones, pigments, steroids and thiophenes (Rhodes et al., 1990; 1994; Croes et al., 1994; Subroto&Doran, 1994; Bonhomme et al., 2000; Shi&Kintzios, 2003. Urquiza-Lopez, 2025). In 2024, Shvets et al. demonstrated that A4 and 15834 strains show superior performance compared to other strains.
Hairy root cultures were initiated from leaf derived callus and in vitro shoots of Justicia adhatoda on MS basal medium by infecting the explants with strains of Agrobacterium rhizogene 15834 and A4. Of these strains ATCC15834, harboring agropine-type plasmid pRiA4b showed positive response on different explants. (Fig-6 a & b). In MS basal medium, the cultures started growing exponentially after four-days of initial lag period and reached the stationary phase within 18 days of incubation. The roots grew in basal media with more lateral branching. These axenic roots were maintained by frequent sub culturing (Fig-6c). Vasicine was estimated by using HPLC (Fig-7). These suspensions are further used to enhance vasicine by using various elicitation techniques.
HPLC Analysis:

 Vasicine content in samples was determined by High Performance Liquid Chromatography i.e. isocratic mode with methanol and water as mobile phase (shimadzu-LC- 6A and a recorder CR3A).All chromatograms were obtained using a 25cm-ODS, C18 column with a particle size of 5µM. The solvents used were de-ionized water and HPLC grade methanol and 20µl was injected into the C18 column with a flow rate of 0.7 ml/min and a run time of 12 min. The peak absorbance was recorded at 298nm.Chromatograms of standard Vasicine and sample extracts of hairy root suspensions were obtained and calculated the relative amount of the vasicine yield and was found  8mg/gDW.
Discussion
Morphogenetic and hairy root induction in Justicia adhatoda depends on various explant types and phytohormones. Nodal explants showed better shoot regeneration, while leaf and petiole explants favored callus and hairy root induction from callus. Cytokinin Benzyl amino purine was more effective than kinetin for shoot proliferation. Hairy roots induced by Agrobacterium rhizogenes (A4and 15834) showed successful transformation and varied with strain efficiency. These results indicate the importance of explant selection and support the use of hairy roots for pharmaceutically important compound Vasicine.
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Fig-1.  Justicia adhatoda Plant                  
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Fig-2a: Petiole callus                                           Fig-2b: Leaf callus
 [image: https://lh6.googleusercontent.com/MmJYz_E6Imwd2NkUYr7OrkNhuatwAJm4yTLcUmxPTTRU-40voPdoVAEgqPpKiMo1dia2rwROifhsgTrd0IWGxFdSI-7DEzobRRHjBVgqd1l6WS-gTRSMtaJodvAxSMt_2CGu5eGk0TgTQ3mH6w][image: https://lh4.googleusercontent.com/jv_zE2dHxJrUmPwa5KsWgcBP2xjRYGJxLw14zME_yPoSGXNP9R68gQqsAKAJxDioAMVZiGwwOW7jpxlDxPnSlJuuAL1ouz9rcwz7IGBPcP4vRBT26f3aSOUFsmsp9t1QcMURwMLjk2CrUdyF3w]

    Fig-2c&d-Different stages of callus
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         Fig-3a Somatic embryos on callus.      Fig-3b Separated Somatic embryos 
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Fig-4a
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Fig-4b
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Fig-4c

Fig-(4a,4b,4c).Histochemical studies showing Torpedo, Globular and Heart shaped embryos in Justicia adhatoda 
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               Fig-5a. Initiation of shooting and Rooting in Justicia adhatoda.
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Fig-5b. Invitro grown plant of Justicia adhatoda
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Fig6a: Hairy roots from Shoot tips   6b. Hairy roots from callus
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           Fig6c: Hairy roots in suspension 
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        Fig 7. HPLC analysis of Vasicine yield (8.mg/gDW) in the Hairy  
           root suspension cultures of Adhatoda zeylanica

                      

Table-1. Influence of Phytohormones on Biomass yield in the Callus cultures of 
             Justicia adhatoda.

	Hormonal concentration μM
	Explant
	                MS
	                B5

	
	
	   F.W              D.W
	      F.W           D.W

	2.2μM 2,4-D
	
	-----
	-----

	4.5μM 2,4-D	
	Petiole
	3.210±0.2       0.301±0.02
	1.235±0.1         0.112±0.3

	2.2μM NAA
	
	-----
	-----

	4.5μM NAA
	Petiole
	4.351±0.3       0.362±0.01
	1.408±0.2         0.102±0.01

	4.5μM 2,4-D+2.3μM Kn
	Petiole
	6.675±0.2       0.481±0.02
	1.523±0.3         0.134±0.01

	4.5μM 2,4-D+4.6μM Kn
	Petiole
	10.370±0.3     1.106±0.1
	4.909±0.2         1.359±0.03

	9.0μM 2,4-D+4.6μM Kn
	Petiole
	9.274 ±0.2      0.982±0.04
	1.756±0.3         0.201±0.1

	13.0μM 2,4-D+9.3μM Kn
	Petiole
	6.333±0.3       0.733±0.02
	3.201±0.1         0.783±0.02

	5.3μM NAA+2.2μM 6-BA
	Leaf
	5.444±0.1       1.302±0.1
	3.224±0.2         0.879±0.07

	10.7μM NAA+4.4μM 6-BA
	Leaf
	7.445±0.5       1.498±0.03
	3.009±0.5         0.678±0.04

	4.9μM IBA+2.2μM 6-BA
	Leaf
	5.342± 0.2      1.231±0.02
	4.021±0.3         1.341±0.03

	4.5μM 2,4-D+4.6μM Kn+2.2μM 6-BA
	Leaf
	4.980±0.3       1.007±0.02
	3.642±0.2         0.765±0.02

	18.0μM 2,4-D+9.3μM Kn+22.8μM IAA
	Leaf
	6.104±0.1       0.552±0.1
	1.966±0.1         0.221±0.06

	21.5μM NAA+4.9μM IBA+2.2μM 6-BA
	Leaf
	6.251± 0.2      0.463±0.03
	1.356±0.5         0.321±0.01

	21.5μM NAA+19.7μM IBA+8.8μM 6-BA 
	Leaf
	5.213± 0.2      0.692±0.04
	3.432± 0.2        0.364±0.02

	21.5μM NAA+19.7μM IBA+9.3μM Kn 
	Leaf
	6.991±0.3       1.034±0.01
	2.098±0.3         0.421±0.08


*F.W = Fresh weight.
*D.W = Dry weight








Table-2. Effect of hormones on Callus induction frequency (CIF) and extent of callus proliferation.

	
Hormonal concentration μM
	Frequency of callus induction (%)

	Extent of callus proliferation

	
Observation


	
	MS

	B5

	MS
	B5
	MS
	B5

	2.2μM 2,4-D
	-----
	-----
	-----
	-----
	No Callus
	No Callus

	4.5μM 2,4-D	
	35 (P)
	30 (P)
	+
	+
	Callus
	Callus

	2.2μM NAA
	-----
	-----
	-----
	-----
	No Callus
	No Callus

	4.5μM NAA
	38 (P)
	28 (P)
	+
	+
	Callus
	Callus

	4.5μM 2,4-D+2.3μM Kn
	62 (P)
	40 (P)
	+ +
	+
	S.Embryos,
Callus
	Callus

	4.5μM 2,4-D+4.6μM Kn
	60 (P)
	40 (P)
	+ +
	+ +
	Callus
	Callus

	9.0μM 2,4-D+4.6μM Kn
	45 (P)
	42 (P)
	+ + +
	+
	Callus
	Callus

	13.0μM 2,4-D+9.3μM Kn
	57 (P)
	38 (P)
	+ +
	+
	S.Embryos,
Callus
	Callus

	5.3μM NAA+2.2μM 6-BA
	68 (L)
	52 (L)
	+ +
	+
	Callus
	Callus

	10.7μM NAA+4.4μM 6-BA
	76 (L)
	58 (L)
	+ + +
	+
	S.Embryos,
Callus
	Callus

	4.9μM IBA+2.2μM 6-BA
	62 (L)
	47 (L)
	+ +
	+
	Callus
	Callus

	4.5μM 2,4-D+4.6μM Kn+2.2μM 6-BA
	27 (L)
	23 (L)
	+
	+
	Callus
	Callus

	18.0μM 2,4-D+9.3μM Kn+22.8μM IAA
	47 (L)
	47 (L)
	+ +
	+
	Callus
	Callus

	21.5μM NAA+4.9μM IBA+2.2μM 6-BA
	52 (L)
	31 (L)
	+
	+
	Callus
	Callus

	21.5μM NAA+19.7μM IBA+8.8μM 6-BA 
	58 (L)
	32 (L)
	+ +
	+
	
Callus
	
Callus

	21.5μM NAA+19.7μM IBA+9.3μM Kn 
	72 (L)
	62 (L)
	+ + +
	+ +
	Shoots, Roots, Callus
	Callus


+        = Moderate        L = Leaf derived callus; + +     = High               P = Petiolar callus; + + +  = Profuse	S.Embryos = Somatic embryos

Key Message: In Justicia adhatoda induction of callus with suitable hormone concentration achieved somatic embryos of various stages and was studied by histochemical analysis. Regeneration of plant, Cell suspensions and hairy roots were obtained from callus and are standardized. This further helped us to enhance the vasicine content in the cells by immobilization, permeabilization and precursor feeding.


CONCLUSIONS
 Tissue culture protocols for several medicinal plants were established, and this enabled the analysis of callus/cell suspension extracts for the presence of different classes of secondary products. The present study showed that callus induction, somatic embryogenesis and hairy root cultures are affected by plant growth regulators and culture conditions. Germination of somatic embryos and its conversion into regenerated plantlets were crucial steps for the successful plant regeneration is achieved. Cell suspensions and hairy roots initiation are standardized. These standardized protocols facilitate genetic studies, extraction and isolation of pharmacologically important compounds vasicine and vasicinone from callus\cell suspension cultures and hairy roots of Justicia adhatoda.
 After perusal of the present study and above-mentioned facts one can assess the importance of plant tissue culture techniques, not only in the biosynthesis of economically important phytochemicals, but also in the conservation of medicinal plants.
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