Microbial Inoculant–Integrated Hydroponic System for Sustainable Production of Fenugreek (Trigonella foenum-graecum)



.     
.
              . 
                     
	.
..


.

____________________________________________________________________________________________




ABSTRACT 

	Hydroponics is an advanced soilless cultivation technique that facilitates efficient and sustainable crop production, particularly for leafy vegetables such as fenugreek. However, conventional hydroponic systems rely predominantly on synthetic nutrient solutions, which raise concerns regarding environmental sustainability. The present study aimed to develop and evaluate a biofertilizer-based nutrient solution as a sustainable alternative to synthetic inputs for hydroponic cultivation of fenugreek using the floating raft method with cocopeat as the substrate. A total of six treatments were evaluated, comprising a standard Hoagland nutrient solution, individual biofertilizers—Methylobacterium extorquens, arbuscular mycorrhizal fungi (AMF), Spirulina sp., Azospirillum brasilense—and a microbial consortium. Growth, yield, physiological, and biochemical parameters were assessed. Among the treatments, the Spirulina.–based nutrient solution demonstrated superior performance across multiple parameters, recording the highest root length (21 cm), leaf area (4.78 cm²), total phenolic content (4.44 mg GAE g⁻¹), and TSS (10 °Brix). These results highlight the potential of targeted microbial bio inputs to enhance plant growth, physiological performance, and nutritional quality in hydroponic systems. These results demonstrate the potential of biofertilizer-based hydroponics as a sustainable alternative to sole reliance on synthetic nutrient solutions. Overall, the integration of selected biofertilizers offers a promising strategy to improve hydroponic productivity while reducing dependence on chemical fertilisers, thereby promoting more sustainable and environmentally friendly cultivation practices.
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1. INTRODUCTION 
Hydroponic cultivation has emerged as a promising approach to address the challenges of limited arable land, water scarcity, and the increasing demand for high-quality fresh produce. By eliminating soil and precisely managing nutrient delivery, hydroponic systems enable greater control over plant growth and resource-use efficiency (Resh, 2013). Hydroponics offers several advantages over soil-based systems. When removed from soil, root tissue is often mechanically sheared causing loss of tissue or damage. This is particularly true for fine root structures such as lateral roots and root hairs. Hydroponic systems that do not utilize an inert particulate media allow a less invasive separation of root and shoot tissues (Kavitha et al., 2024). This technology has been increasingly adopted for leafy vegetables due to their short production cycles, uniform growth, and suitability for intensive cultivation systems (Jensen, 1999; Sharma et al., 2020). Among different hydroponic configurations, the floating raft system has gained popularity for commercial and experimental production of leafy greens because it allows continuous nutrient availability, efficient oxygenation of roots, and ease of management (Treftz and Omaye, 2015). Despite these advantages, the sustainability of hydroponic production remains a concern due to its strong dependence on chemically synthesized nutrient solutions. These nutrient formulations are designed primarily to maximise crop yield, often without considering long-term environmental implications or biological interactions within the root environment. Excessive use of synthetic fertilisers in hydroponic systems can contribute to nutrient imbalance, salt buildup, and discharge of nutrient-rich effluents, which pose risks of eutrophication and environmental contamination (Savvas and Gruda, 2018). In addition, chemically intensive nutrient regimes may suppress beneficial microbial activity in the rhizosphere, thereby limiting natural biological processes that contribute to nutrient cycling and plant health (Rouphael and Colla, 2005).
In recent years, there has been growing interest in incorporating biological inputs into controlled environment agriculture to improve sustainability and functional efficiency. Bio-fertilizers are environment-friendly, less costly and do not require non renewable source of their production, therefore lead to sustainable crop production. In addition, they produce hormones, vitamins and other growth factors essential for plant growth (Husain et al., 2022). Biofertilizers, composed of beneficial microorganisms, play a crucial role in enhancing nutrient acquisition and plant growth through biological nitrogen fixation, solubilization of insoluble phosphorus, synthesis of phytohormones, and improvement of root architecture (Vessey, 2003). Microbial inoculants such as Azospirillum, Azotobacter, Rhizobium, and phosphate-solubilizing bacteria have been extensively studied under soil conditions and are known to enhance nutrient uptake efficiency and plant stress tolerance (Bhattacharyya and Jha, 2012). However, their behavior and functional performance under hydroponic conditions differ substantially from those of soil systems, necessitating focused investigation.
Hydroponic environments present unique physicochemical conditions, including constant nutrient availability, limited microbial niches, and dynamic oxygen levels, which can influence microbial survival and activity. While controlled conditions may favor microbial stability, factors such as nutrient concentration, pH, and dissolved oxygen can significantly affect microbial colonization and metabolic function (Khalid et al., 2017). Emerging evidence suggests that beneficial microorganisms can enhance plant growth, photosynthetic efficiency, and biomass accumulation in hydroponic systems when appropriately managed (Saha et al., 2016). Nevertheless, the successful integration of biofertilizers requires nutrient formulations that are compatible with microbial activity and do not inhibit biological processes.
The choice of growing substrate further influences microbial establishment and nutrient dynamics in hydroponic systems. Cocopeat, derived from coconut husk, is widely used as a hydroponic substrate due to its biodegradability, favorable porosity, high water-holding capacity, and ability to support microbial colonization (Raviv and Leith, 2008). When combined with microbial inoculants, cocopeat can act as a supportive matrix for root–microbe interactions, facilitating nutrient exchange and improving root-zone health (Bhardwaj et al., 2014). Despite these advantages, limited studies have examined the combined effects of cocopeat-based substrates and biofertilizer-enriched nutrient solutions under floating raft hydroponic systems.
Although individual microbial inoculants and consortia have demonstrated potential in controlled cultivation systems, most commercially available hydroponic nutrient solutions remain optimized for synthetic fertilizers and overlook biological compatibility. Consequently, there is insufficient understanding of how biofertilizer-based nutrient formulations influence plant growth, nutrient uptake, and biochemical quality in leafy vegetables grown hydroponically (Chandran et al., 2020). Furthermore, the stability, persistence, and functional synergy of microbial consortia in closed hydroponic environments remain largely unexplored (Pattnaik and Mishra, 2018).
In this context, the present study was undertaken to address these research gaps by developing and evaluating a biofertilizer-based nutrient solution tailored for hydroponic cultivation of leafy vegetables. The study aims to elucidate the role of selected microbial inoculants in enhancing plant growth, nutrient efficiency, and biochemical quality under controlled soilless conditions. The outcomes of this research are expected to contribute to the development of biologically integrated and environmentally sustainable nutrient management strategies for hydroponic systems (Singh et al., 2021).

2. material and methods 

2.1. Experimental Site and Plant Material
The experiment was conducted under controlled hydroponic conditions. Fenugreek (Trigonella foenum-graecum L.) was used as the test crop. Microbial inoculants, viz., M. extorquens, A. brasilense, arbuscular mycorrhizal fungi (AMF), and Spirulina extract were used for the research
2.2. Experimental Design and Treatments
The experiment was laid out in a Completely Randomized Design (CRD) with six treatments and three replications. Hydroponic cultivation was carried out using the floating raft (Deep Water Culture) system with cocopeat as the growing medium.
The treatments were as follows:
T₁: 100% standard Hoagland nutrient solution
T₂: 50% Hoagland solution + 50% M. extorquens (1 × 10⁹ CFU mL⁻¹)
T₃: 50% Hoagland solution + 50% AMF (water-dispersible inoculum)
T₄: 50% Hoagland solution + 50% Spirulina extract (1 × 10⁹ cells mL⁻¹)
T₅: 50% Hoagland solution + 50% A. brasilense (1 × 10⁹ CFU mL⁻¹)
T₆: 50% Hoagland solution + 50% biofertilizer consortia (equal proportions)
2.3. Hydroponic System and Crop Establishment
Rectangular plastic containers were used as nutrient reservoirs. Thermocol sheets with perforations were placed over the containers to hold perforated net cups (250 mL capacity) filled with cocopeat. Seeds were pre-soaked in respective biofertilizer solutions for 15–20 min, shade dried, and sown in cocopeat-filled cups.
The lower portion of the cups remained in contact with the nutrient solution to facilitate capillary movement and root penetration. Continuous aeration was provided using aquarium air pumps to maintain dissolved oxygen levels above 5 mg L⁻¹.
The nutrient solution was maintained at EC 1.5–1.8 mS cm⁻¹ and pH 6.0–6.5. Solutions were replenished with deionized water daily and completely replaced at 7–10 day intervals. Biofertilizer supplementation was repeated at 10-day intervals to maintain microbial activity. The crop was grown for 40–45 days.
Environmental conditions were maintained at 25–30 °C temperature, 60–70% relative humidity, and 12–14 h photoperiod.
2.4. Growth and Yield Parameters
Germination percentage was recorded on the 7th day after sowing (ISTA, 2015). Root length, shoot length, vigor index (Abdul-Baki and Anderson, 1973), and root-to-shoot ratio were determined at the vegetative stage.
Yield parameters, including number of leaves, stem diameter, leaf area (Patel et al., 2017), and fresh leaf weight, were recorded at harvest. Leaf color was assessed using the Leaf Color Chart (IRRI, 2014).
2.5. Biochemical Analysis
Fresh leaf samples were analyzed for total phenols (Singleton and Rossi, 1965), total flavonoids (Chang et al., 2002), chlorophyll content, total soluble solids (Ranganna, 1986), titratable acidity (Ranganna, 1986), ascorbic acid (Ranganna, 1986), antioxidant activity using DPPH assay (Brand-Williams et al., 1995), FRAP assay, and soluble protein content by Lowry’s method. Standard spectrophotometric procedures were followed, and results were expressed on a fresh weight basis.
2.6. Statistical Analysis
Data were subjected to one-way analysis of variance (ANOVA) under CRD. Treatment means were compared at 5% level of significance (P ≤ 0.05) using Critical Difference (CD). 

3. results and discussion
3.1. Seed Germination and Seedling Vigor
Germination percentage varied significantly among nutrient treatments, ranging from 78% under the 100% standard Hoagland nutrient solution to 90% with 50% Hoagland solution + 50% Spirulina extract (1 × 10⁹ cells mL⁻¹). The vigor index, root length, and root-to-shoot ratio were also highest in the Spirulina-supplemented treatment, whereas shoot length was greatest under the full Hoagland solution (Table 1). Improved germination and early seedling performance under Spirulina supplementation may be attributed to microalgal bioactive compounds such as phytohormones, vitamins, and amino acids that stimulate metabolic activity and root initiation (Vessey, 2003; Yaseen et al., 2014). The enhanced root development and higher root-to-shoot ratio indicate improved nutrient acquisition efficiency, a critical factor in hydroponic systems where nutrient uptake is entirely root-dependent (Savvas and Gruda, 2018). In contrast, greater shoot elongation under the standard Hoagland solution reflects rapid mineral uptake, a characteristic response to readily available inorganic nutrients (Resh, 2013).
	Treatments
	Germination (%)
	Root length (cm)
	Shoot length (cm)
	Vigor index
	R/S ratio

	T1
	78
	13.6
	11.6
	1965.6
	1.16

	T2
	90
	20.0
	10.10
	2005.0
	1.90

	T3
	85
	10.0
	9.26
	1637.1
	1.08

	T4
	90
	21.0
	10.16
	2804.4
	2.0

	T5
	87
	12.9
	10.16
	2006.2
	1.26

	T6
	80
	12.8
	8.16
	1676.8
	1.67

	SEd
	3.68
	3.42
	0.93
	376.7
	0.33

	CD (0.05)
	8.19
	7.62
	2.07
	839.33
	0.73


[bookmark: _Hlk206069917]Table 1. Growth Performance in Hydroponically Grown Fenugreek
3.2. Vegetative Growth and Morphological Traits
Significant differences were observed in leaf number, stem diameter, and leaf area among treatments. The combination of 50% Hoagland solution + 50% Spirulina sp. produced the highest stem diameter and leaf area, while both this treatment and 50% Hoagland solution + 50% biofertilizer consortia recorded the maximum number of leaves. Leaf fresh weight was highest under the 100% standard Hoagland nutrient solution, whereas darker green foliage was observed with Spirulina supplementation. The increased leaf area and stem thickness under biofertilizer-enriched treatments suggest enhanced cellular expansion and structural development, likely mediated by microbial- and algal-derived growth regulators (Bhattacharyya and Jha, 2012). Although mineral nutrition promoted greater leaf biomass, biofertilizer-based treatments enhanced photosynthetic surface area and physiological efficiency, as indicated by darker leaf coloration. Similar improvements in morphological traits under microbial supplementation have been reported in hydroponically grown leafy vegetables (Saha et al., 2016; Chandran et al., 2020).
3.3. Biochemical Constituents and Antioxidant Activity
Total phenolic content was highest with 50% Hoagland solution + 50% Spirulina sp., followed by 50% Hoagland solution + 50% biofertilizer consortia and 50% Hoagland solution + 50% A. brasilense (1 × 10⁹ CFU mL⁻¹). Flavonoid content peaked in the A. brasilense treatment, while total chlorophyll content remained relatively uniform across all nutrient regimes. Antioxidant activity measured by DPPH assay was highest with Spirulina supplementation, whereas FRAP values were greatest under A. brasilense. Soluble protein content was maximum with the biofertilizer consortia treatment (Table 2). Enhanced accumulation of phenolics, flavonoids, antioxidants, and proteins under biofertilizer treatments indicates activation of secondary metabolic pathways. Microbial inoculants and algal extracts are known to function as metabolic elicitors, inducing antioxidant defence mechanisms through mild physiological stress (Bhattacharyya and Jha, 2012; Pattnaik and Mishra, 2018). The higher flavonoid content under A. brasilense aligns with its reported role in regulating phenylpropanoid metabolism via phytohormonal signalling (Bashan et al., 2004). Increased protein content in the biofertilizer consortia treatment suggests synergistic microbial interactions that enhance nitrogen assimilation and metabolic efficiency (Rouphael and Colla, 2020).
[bookmark: _Hlk206069982]Table 2. Biochemical parameters in hydroponically grown fenugreek
	Treatments
	Total phenols (mg GAE/g)
	Total flavonoids (mg QE/g)
	Chlorophyll (µmol/m²)
	Soluble Protein (mg/g)

	T1
	2.76
	1.038
	0.006
	21.31

	T2
	2.51
	0.753
	0.007
	24.44

	T3
	2.11
	0.749
	0.007
	23.47

	T4
	4.44
	0.969
	0.007
	25.88

	T5
	3.14
	1.157
	0.006
	28.17

	T6
	3.55
	1.111
	0.007
	29.58

	SEd
	0.057
	0.035
	0.091
	4.32

	CD (0.05)
	0.128
	0.076
	0.204
	11.11


3.4.Quality Parameters
Total soluble solids and ascorbic acid content were significantly higher under 50% Hoagland solution + 50% Spirulina sp., while titratable acidity was lowest in the same treatment. The 100% standard Hoagland nutrient solution consistently recorded lower values for these quality-related traits. Higher sugar accumulation and vitamin C content under Spirulina supplementation indicate improved carbon metabolism and enhanced nutritional quality. Reduced titratable acidity further suggests improved palatability, an important attribute for leafy greens consumed fresh. These findings support earlier reports that biofertilizer-based nutrient regimes can improve produce quality beyond yield enhancement alone (Singh et al., 2021). Among all nutrient regimes, 50% Hoagland solution + 50% Spirulina extract consistently enhanced root development, leaf morphology, antioxidant capacity, and nutritional quality, while 50% Hoagland solution + 50% biofertilizer consortia showed balanced improvements across growth and biochemical traits.
Table 3. Antioxidant activity of hydroponically grown fenugreek
	Treatments
	TSS (°Brix)
	Titratable acidity (%)
	Ascorbic acid (mg/100g)
	DPPH (% inhibition)
	FRAP (mM/µg)

	T1
	5
	0.04
	216.44
	23.5
	15.74

	T2
	7
	0.07
	217.95
	38.3
	17.25

	T3
	8
	0.03
	218.58
	51.6
	25.74

	T4
	10
	0.02
	220.97
	59.5
	31.47

	T5
	6
	0.03
	218.21
	24.7
	34.78

	T6
	9
	0.03
	215.63
	15.9
	19.25

	SEd
	1.66
	2.02
	0.24
	2.91
	1.96

	CD (0.05)
	3.70
	4.51
	0.54
	6.33
	4.28



Overall, these results demonstrate that biofertilizer-enriched nutrient solutions can effectively supplement or partially replace conventional synthetic hydroponic fertilizers. While full-strength Hoagland nutrition promotes rapid biomass accumulation, biofertilizer integration improves physiological efficiency and functional quality, highlighting its significance for developing sustainable and nutritionally enriched hydroponic cultivation systems (Resh, 2013; Savvas and Gruda, 2018).
4. Conclusion
The study confirms that replacing 50% of the Hoagland nutrient solution with Spirulina extract-enriched nutrient solution showed the most pronounced benefits, while the biofertilizer consortia provided balanced overall performance.
These results demonstrate the potential of biofertilizer-based hydroponics as a sustainable alternative to sole reliance on synthetic nutrient solutions.
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