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Metabolite Profiling of Hydroponically Grown Justicia adhatoda L. Compared to Soil Systems
ABSTRACT 
The production of active chemicals in plants is greatly influenced by their cultivation technique. In this study, we performed a direct comparison of the chemical profiles in leaves of Justicia adhatoda L. grown through hydroponics with those cultivated in conventional soil cultivation. To the best of our knowledge, no previous research has compared the phytochemical profile across these cultivation methods for this plant. A study was carried out utilising GC-MS and HPTLC to detect unique phytochemicals in leaf extracts. Plants grown in hydroponic systems showed elevated lipid antioxidants, with squalene recorded at 39.2% and α-tocopherol at 3.4% dominating, whereas these compounds were nearly undetectable in soil-grown plants. Conversely, leaves from plants cultivated in soil contained greater quantities of long-chain alkanes such as hexatriacontane at 90.8% and hentriacontane at 51.4%, highlighting the differing metabolic priorities stated by the cultivation method. In the hydroponic extracts, distinct patterns were observed in the HPTLC analysis, which revealed prominent bands at Rf 0.08, 0.28, 0.42, and 0.74 after derivatisation. This variation indicates an increased accumulation of important antioxidant compounds within a hydroponic culture system, while simultaneously reducing the potential risks related to contaminants or structural fats. These results suggest that hydroponics serves as a reliable method for growing Justicia adhatoda L, yielding consistent, high-quality phytochemical profiles suitable for therapeutic uses.
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1. INTRODUCTION
Justicia adhatoda L. is a popular Indian medicinal plant recognised for its several benefits. It is a small, perennial herb belonging to the Acanthaceae family. Different cultivation systems, including conventional soil-based, pot culture, and hydroponic approaches, provide contrasting growth environments that can influence plant development and secondary metabolites (Verdoliva et al, 2021). Justicia adhatoda Linn is a shrub commonly found in the tropical areas of Southeast Asia. This perennial, evergreen shrub is highly branched and can grow to a height of 1.0 m to 2.5 m, possessing a bitter flavour. It has opposite branches and produces white, pink, or purple flowers (Shamsuddin et al, 2021). The plant contains a variety of phytochemicals, including alkaloids, flavonoids, phenolic acids, triterpenoids, steroids, and glycoside derivatives, which contribute to its wide range of medicinal benefits. These bioactive compounds exhibit numerous pharmacological effects, such as antimicrobial properties, anti-inflammatory capabilities, antioxidant effects, antipyretic functions, hepatoprotective properties, anti-diabetic effects, insecticidal activity, anti-tubercular capabilities, anticancer activities, radioprotective effects, anti-ulcer properties, and benefits for respiratory issues (Jayaweera et al, 2024). The essential oil extracted from the leaves of Justicia contains a diverse range of chemical components, such as phytosterols, anthraquinones, alkaloids, polyphenols, flavonoids, saponins, and triterpenoids, which include N-oxides of vasicine, vasicine, maiontone, and deoxyvasicine. These compounds exhibit a variety of biological activities, contributing to their utility in many commercial applications (Sobia et al,2018). The research emphasises the need for approaches that encourage sustainable usage and preservation, underscoring the dual importance of J. adhatoda as both a source of medicine and an ecological disturbance (Isha et al,2025). Environmental factors, including soil composition, altitude, and exposure to pollutants like heavy metals, significantly affect the concentration of bioactive compounds. For example, lead and nickel exposure in soil can reduce total flavonoid and phenolic content, compromising medicinal quality (Chowbey & Rehman, 2025; Matloob & Hameed, 2024; Jamwal et al,2023). Recent studies have highlighted other bioactivities, including radioprotective effects and potential applications as natural herbicides (Nasir et al,2024). Difficulties that traditional medicinal plant production faces include climate variations, pests, soil contamination from heavy metals and pesticide residues, which compromise the stability of phytochemical standards and yields (Kumar & Das, 2018). The variations present a greater challenge for quality assurance in the pharmaceutical and nutraceutical sectors, as there is a growing demand for standardised phytochemical components to meet legal requirements and ensure therapeutic effectiveness. With hydroponics, plants can grow in nutrient-dense water solutions rather than soil, making it a viable growth method (Ali et al,2019; Atherton & Li, 2023). By systematically analysing factors like nutrient content, pH, electrical conductivity, and environmental conditions such as light, temperature, and humidity, hydroponic systems promote the production of secondary metabolites. Additional advantages of hydroponics include considerable conservation of water and nutrients, the elimination of soil-borne diseases and pest threats, a reduced requirement for pesticides, the capability for continuous production throughout the year in controlled settings, and greatly enhanced efficiency in land usage (Atherton & Li, 2023; Pomoni et al,2023). Hydroponic cultivation has been demonstrated to enhance the levels of secondary metabolites in medicinal plants, and it also results in greater biomass and higher concentrations of alkaloids and essential oils compared to plants grown in soil (Maestroni et al, 2020). These findings imply that Justicia adhatoda L. could be grown in hydroponic systems; however, as far as we are aware, no thorough phytochemical study of this species in hydroponic settings has been reported. This study aims to bridge the knowledge gap by systematically analysing the phytochemical profiles of Justicia adhatoda L. cultivated in both soil-based and hydroponic systems. We intended to provide comprehensive data on whether hydroponic methods enhance the accumulation of therapeutically significant secondary metabolites by utilising complementary analytical techniques, GC-MS for detailed metabolite profiling (Rani et al, 2021) and HPTLC for fingerprint analysis (Gomathi et al,2012). Our hypothesis states that hydroponic cultivation would promote the production of bioactive compounds while reducing the accumulation of structural lipids under the environmental stress conditions characteristic of soil-based systems. Our findings have significance for improving basic understanding of secondary metabolite biosynthesis as well as for creating standardised, sustainable manufacturing processes for medicinal plants in light of the rising demand for premium natural products worldwide.
2. Materials and Methods 
2.1 Experimental design
Plant material
A recognised medicinal plant nursery in Amravati, Maharashtra, India, provided healthy seedlings of Justicea adhathoda L. Twelve seedlings were selected, six of which were assigned to each treatment group.
A Nutrient Film Technique (NFT) setup performed inside a 6×4×3-meter greenhouse covered with polythene, equipped with airflow, fan and daylight. Instead of flat layouts, UPVC pipes - each one meter long - were tilted slightly at an angle of 3 to 5 degrees. These channels formed part of a loop involving a small pump that cycled nutrients from a 15-litre storage tank. Six-week-old Justicia plants were put into 2-inch mesh holders packed with perlite, vermiculite, and coir pith blended in a 2:2:1 ratio.
The nutrient composition is provided as follows:
Nitrogen at 143.5 ppm
Phosphorus at 46 ppm
Potassium at 189 ppm 
Calcium at 63 ppm 
Magnesium at 19.8 ppm
Sulfur at 26 ppm
along with supplementary trace elements in a chelated form. Total dissolved solids were maintained at approximately 800 to 1000 ppm; these parameters were monitored daily.  The acidity was maintained within the range of 6.5 to 7.5, while the electrical conductivity consistently ranged between 1200 and 1400 μS/cm. The flow rate was set at 2 litres per minute, with the complete replacement of nutrient water occurring. Water replacement happened every five days, maintaining the flow rate of 2 litres per minute.
2.2 Soil-Based Cultivation
Control plants were cultivated in clay pots filled with a mixture of garden soil, coconut coir, and compost. The soil moisture was maintained between 70% and 75% through regular watering.
2.3 Sample Collection
Mature leaves were collected after 80 days post-transplant to maintain comparable biomass. They were washed using distilled water, then dried in darkness under indirect air at 25±2°C for 15 days. Afterwards, samples were stored in a clean airtight bag for further analysis.
2.4 Phytochemical Analysis
2.4.1 HPTLC Fingerprinting
Sample Prep: 250 mg leaf powder mixed with 5 mL methanol; shaken by vortex 5–10 min, then treated in ultrasonic bath - 40 kHz and 600 W - for 15 minutes before spinning down at 3000 g for a quarter hour.
Chromatographic Conditions:
Stationary phase: Silica gel 60 F₂₅₄ (Merck 1.05554.0007)
Use 5 μL for each lane
Development: 70 mm
Mobile phases: low polarity (toluene–ethyl acetate 9:1); medium strength (cyclopentyl methyl ether mixed with THF, water plus formic acid at 40:24:1:1); high polarity blend (ethanol combined with dichloromethane, water and formic acid in ratio 16:16:4:1). Equilibration time: twenty minutes
Visualised under UV light (254/366 nm) or normal light; detection used anisaldehyde-H₂SO₄ plus 10% methanolic H₂SO₄, then heated at 110°C for 3 min.
Rf values alongside colours were recorded using photos.
2.4.2 GC-MS Analysis
The extraction procedure for GC–MS analysis was standardised to obtain efficient and reproducible recovery of metabolites from Justicia adhatoda L. leaves. Five grams of dried, powdered leaf material were macerated in methanol for 48 hours at room temperature, a duration chosen because shorter periods gave lower extractable solids in preliminary work, whereas longer maceration did not improve yield and could favour degradation. After filtration through Whatman No. 1 paper, the extract was concentrated under reduced pressure at 40°C and re-dissolved in 10 mL of methanol for analysis. GC–MS was performed using a capillary column with helium as carrier gas, a 1 µL splitless injection at 250°C, and a mass range of 50–600 m/z, and compounds were identified via retention times and NIST library spectra; only peaks above 0.5% of total area were included in the comparison.
3. results
The current study was not a full factorial experiment optimised for inferential statistics, but rather an exploratory comparative investigation of phytochemical profiles. The chromatographic data offer descriptive comparisons of relative metabolite abundances but do not enable formal hypothesis testing across multiple biological replicates because GC–MS and HPTLC measurements were carried out on pooled extracts from each cultivation system. Replicated extractions and suitable statistical analysis (such as ANOVA or multivariate techniques) will be used in future research to validate the trends found here with a bigger sample size. Substances were categorised based on their functions, such as antioxidants or emollients. Variations in cultivation were evaluated by examining the levels of presence. The HPTLC test showed different plant compound patterns. While hydroponic specimens had clear spots at Rf levels like 0.08, 0.28, 0.42, and 0.74 appearing blue, pink or green post-treatment, they likely contain plenty of phenolics, terpenes, and lipids. Conversely, soil-based samples showed broad bands ranging from Rf 0.35 to over 0.60, indicating the presence of nonpolar substances like waxes and hydrocarbons. Meanwhile, the mid-polarity components were significantly more prominent in the hydroponically grown sample. The study of hydroponic leaves revealed significant antioxidant levels, including squalene at 39.2%, vitamin E at 3.4%, and Chlorophyll‑derived diterpenoid group (phytol) at 85.0%. Hexadecanoic /Fatty esters appeared between 10% and 14.2%; by contrast, steroids accounted for only 3–5%, while long-chain alkanes remained absent. In soil-based specimens, protective components dominated, with hexatriacontane at 90.8%, hentriacontane at 51.4%, isopropyl myristate present in full (100%), and 2-hexadecen-1-ol acetate at 78.3%. Steroids ranged from 3% to 5% alongside minimal traces of phorbol esters; yet, antioxidants were nearly undetectable. Antioxidants in hydroponic setups stood at 42.6%, but dropped below 1% in soil variants - a significant gap of forty times. Roughly four-fifths of soil material included moisturising agents, whereas waxes plus alkanes accounted for close to 142%. Siloxanes (50–65%) appeared as lab-created traces. Meanwhile, hydroponics delivered unadulterated results with stronger healing potential.

Table 1. compounds with their function in different cultivation systems.
	Compounds
	Hydroponic (%Area)
	Soil-Grown (%Area)
	Functions

	Chlorophyll‑derived diterpenoid group
	85
	92
	Chlorophyll-derived, antioxidant, anti-inflammatory

	Isopropyl Myristate
	49.4
	100
	Skin emollient, drug absorption aid

	2-Hexadecen-1-ol Acetate
	23.7
	78.3
	Fragrant ester, skin emollient

	Squalene
	39.2
	Not detected
	Lipid antioxidant, therapeutic value

	Vitamin E (Tocopherol)
	3.4
	Not detected
	Antioxidant, immune support

	Ethyl iso-allocholate
	~3.4
	~5.3
	Steroid derivative, hepatoprotective

	Hexadecanoic/fatty acids esters
	10–14.2
	18.6
	Fatty acid derivatives, emollient

	Pregnane derivatives
	3–4
	up to 8.0
	Steroid-like, possible adaptogenic effect

	Hexatriacontane/Hentriacontane
	Not detected 
	90.8 / 51.4
	Waxy alkanes, leaf cuticle constituents

	Siloxanes (combined)
	60–70
	50–65
	Lab-related, not plant-derived







	
	
	
	

	
	


Fig. 1. HPTLC fingerprint profile of Justicea adathoda L, leaf extract, H= Hydroponics, S= soil grown.
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discussion

Previous GC-MS studies on methanolic leaf extracts of different medicinal plants, where methanol co-extracted both polar and moderately lipophilic metabolites, are consistent with the simultaneous detection of phenolic/terpenoid constituents and lipidic compounds like fatty acid esters, sterols, squalene, and tocopherols in methanolic extracts. A study of GC-MS analysis of methanolic leaf and callus extracts revealed over 75 compounds, including neophytadiene, phytol, α-tocopherol, squalene, palmitic and linoleic acids, and several sterols, indicating co-extraction of phenolic/terpenoid and lipophilic fractions in methanol (Bansal et al, 2024). Several GC-MS profiling investigations of methanolic extracts (such as those from Aloe barbadensis, Papaver decaisnei, and Lactuca runcinata) reveal phenolic and flavonoid mixes in addition to fatty acids, sterols, terpenes, and other lipophilic compounds(Kanthal et al, 2014).GC-MS profiling of T. strigosa methanolic leaf extract) revealed terpenes (neophytadiene, isophytol, squalene, phytol, lupeol), fatty acids and their esters, phytosterols, and tocopherol-type compounds (α-Tocospiro A, α-Tocospiro B) in a single methanolic extract (Vandana et al, 2023).
According to HPTLC profiles, soil-grown material produced broad bands between Rf 0.35 and 0.60, whereas hydroponically grown leaves produced discrete bands at Rf 0.08, 0.28, 0.42, and 0.74. This suggests that the hydroponic system shifts from waxy, non-polar compounds to more defined mid-polar metabolites. This pattern is consistent with studies that, as compared to traditional soil culture, controlled hydroponic conditions can favour the production of secondary metabolites in medicinal plants. The chromatographic observations are confirmed by the GC-MS data, which also offer quantitative evidence that hydroponics significantly shifts carbon from structural to protective chemicals. Long-chain alkanes were not found in hydroponic leaves, although phytol, squalene, and vitamin E collectively accounted for about 42.6% of the overall peak area. On the other hand, hexatriacontane (90.8%) and hentriacontane (51.4%) predominated in soil-grown leaves, coupled with large concentrations of emollient esters such as isopropyl myristate and 2-hexadecen-1-ol acetate, but virtually no detectable lipid antioxidants. According to previous reports, hydroponic systems increased carotenoids and phenolics in tomatoes and other crops when compared to soil cultivation. This 40-fold increase in antioxidant fraction in hydroponic plants suggests that nutrient film technique conditions favour the synthesis and retention of bioactive lipids. Cosmetic and nutraceutical formulations frequently target squalene and tocopherols, which are acknowledged as high-value medicinal compounds with antioxidant, cardioprotective, and skin-protective qualities. In addition to its well-known alkaloids like vasicine, hydroponic J. adhatoda has a high percentage of squalene (39.2%) and vitamin E (3.4%), which increases the species' potential as a sustainable plant supply of lipid antioxidants. Alkanes and waxy components, on the other hand, may be more abundant in soil-grown plants due to a stress-adapted morphology intended to prevent water loss and mechanical damage. Nevertheless, these metabolites may dilute the concentration of pharmacologically active fractions and contribute less directly to therapeutic activity. From a quality-control perspective, hydroponic material reduces the amount of processing needed to satisfy pharmacopeial requirements by providing a cleaner and more pharmacologically directed extract with fewer structural lipids and traces of potentially unwanted components. To track alkaloids and phenolics in more detail, future research should incorporate several growth stages and complementing LC-MS-based approaches, as the current work is restricted to a single harvest period and two analytical platforms. Overall, the data demonstrate that the nutrient film technique of hydroponics can simultaneously increase the proportion of therapeutically relevant antioxidants and decrease unwanted structural and stress-related compounds in J. adhatoda leaves. 
4. CONCLUSION
The hydroponic cultivation of Justicia adhatoda L. enhances useful antioxidants like squalene and vitamin E; at the same time, it lowers stress-induced substances and impurities such as phorbol esters, leading to cleaner, stronger herbal remedies. Such findings support using hydroponic methods in medicine production, dietary supplements, or sustainable farming, ensuring reliable output meeting official standards. This research emphasises the influence of cultivation techniques on the metabolic processes of plants, driven by the increasing need for reliable herbal resources. Future research should focus on growth phases and environmental influences while also taking cost-effectiveness into account when scaling up production, ensuring output remains steady. This study has certain limitations. Although the focus was on results after 80 days, further investigations should monitor metabolic changes at different developmental stages and across seasonal variations - extending the observation duration could enhance the validity of the results. Aspects such as plant biomass and light-related activity were not measured; including these factors could elucidate the accumulation of compounds. To obtain more accurate measurements of alkaloid concentrations, it is recommended to utilise advanced techniques such as LC-MS or UHPLC-MS instead of basic methods.
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