Eco-Intensification of Brinjal Production Using Seaweed-Based Biostimulants and Beneficial Rhizobacteria
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ABSTRACT 

	Background and Aims: Seaweed-based bio stimulants and microbial biofertilizers are increasingly used in sustainable agriculture to enhance crop growth and productivity. Seaweed extracts contain several bioactive components such as plant growth regulators, micronutrients, vitamins, and amino acids that stimulate physiological processes in plants. Azotobacter, a beneficial bacterium, contributes to crop growth by fixing atmospheric nitrogen and producing growth promoting substances that improve nutrient uptake and root development. In the present study, the influence of seaweed extract and Azotobacter on the growth, yield, and fruit quality of brinjal (Solanum melongena) was evaluated under field conditions.
Study design:  The experiment was conducted using Randomized Block Design with five treatments and three replications. 
Place and Duration of Study: The research was carried at experimental fields, department of agriculture and rural development , Maris stella college , Vijayawada between November 2025 to March 2026.
Methodology: Seedlings were transplanted at a spacing of 60cm x 60cm, and the treatments included control, two concentrations of seaweed extract (2% and 4%) and their combinations with Azotobacter (2% and 4%). Observations were recorded on various vegetative, reproductive, and yield parameters throughout the crop growth period. 
Results: The results revealed that the integrated application of seaweed extract and Azotobacter significantly enhanced plant growth and productivity compared to the control. The treatment consisting of seaweed extract (4%) along with Azotobacter (4%) produced the best performance in terms of plant height, number of branches, stem girth, leaf size, and early fruiting. It also recorded higher fruit weight, fruit volume, fruit length, and yield per plant.
Conclusion: The improved performance may be attributed to better nutrient availability, enhanced metabolic activity, and the synergistic interaction between seaweed extract and Azotobacter. Thus, the integrated use of seaweed extract and Azotobacter can be recommended as an eco-friendly and sustainable approach for improving the growth, yield, and fruit quality of brinjal. 
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1. INTRODUCTION 

Brinjal (Solanum melongena) is one of the most major crops cultivated in India and in other tropical and subtropical regions. Worldwide it is commonly known as Eggplant and is valued for its nutritional content, including vitamins, minerals, dietary fibre, and antioxidants such as Nasunin, a major anthocyanin found in the skin that protects brain cell membranes from lipid peroxidation, and repairs cell damage (Hazra, 2023). This crop plays a significant role in vegetable production and contributes substantially to farmers’ income due to its year-around cultivation and high market demand (Gurve et al., 2020). Sustainable enhancement of productivity and quality in brinjal (Solanum melongena) requires integrated nutrient management practices that optimize plant growth, nutrient uptake, and overall physiological efficiency (Paswan et al., 2022).
Achieving higher yield and superior fruit quality in brinjal (Solanum melongena) is largely dependent on scientifically managed nutrient practices that ensure balanced growth and efficient physiological functioning of the plant (Khanm et al., 2025). Proper nutrient management not only enhances vegetative growth but also influences flowering, fruit development, and overall crop performance (Nisar et al., 2025). An adequate and balanced supply of essential nutrients improve chlorophyll synthesis, root development, and nutrient uptake efficiency, thereby directly contributing to higher productivity. Moreover, maintaining optimum nutrient levels helps the plant withstand environmental stresses and ensures consistent yield and quality across growing seasons. Several studies have reported that balanced fertilization significantly enhances growth attributes, yield components, and fruit quality in brinjal while also improving soil fertility and nutrient availability (Chethan et al., 2024). 
Seaweed extract is natural bio stimulant derived from marine algae and is widely recognized for its growth-promoting effects in agriculture (Tejasree et al., 2024). These extracts contain various plant growth regulators including auxins, cytokinins, and gibberellins, along with essential micronutrients, amino acids, vitamins, polysaccharides, and other bioactive compounds. Such constituents stimulate cell division, enhance metabolic activities, and promote vigorous root and shoot development in plants. Application of seaweed extract also improves chlorophyll synthesis and photosynthetic efficiency, which leads to enhanced vegetative growth and higher productivity (Asadi et al., 2022). In addition, seaweed extracts strengthen plant defense mechanisms and improve tolerance to abiotic stresses such as drought, salinity, and temperature fluctuations (Amrutha et al., 2025). In vegetable crops like brinjal, foliar application of seaweed extract has been reported to increase plant growth, flowering, fruit set, and overall yield (Villa e Vila et al., 2024). Due to their natural origin, eco-friendly nature, and ability to improve plant performance, seaweed-based bio stimulants are increasingly being incorporated into integrated nutrient management practices for sustainable crop production.
Azotobacter is a free-living, nitrogen-fixing bacterium that plays a crucial role in improving soil fertility by converting atmospheric nitrogen into forms readily available to plants. Unlike symbiotic bacteria, it functions independently in the rhizosphere, enriching the soil with biologically fixed nitrogen (Aasfar et al., 2021). Beyond nitrogen fixation, azotobacter synthesizes various growth-promoting substances such as auxins, gibberellins, cytokinins, vitamins, and amino acids that stimulate root proliferation and enhance overall plant vigour (Hindersah et al., 2020). Its presence in the soil also improves microbial activity and nutrient solubilization, leading to better nutrient uptake efficiency (Gulshan et al., 2022). Through these multiple mechanisms, Azotobacter contributes to improved plant growth, yield performance, and long-term soil health, making it an important component of sustainable nutrient management practices (Sumbul et al., 2020).
Recent studies have shown that the combined application of biofertilizers and bio stimulants significantly improves plant growth and yield parameters compared to individual treatments (Benito, Patricia, et al., 2025). In brinjal, the integrated use of seaweed extract and Azotobacter along with recommended nutrient management has been reported to enhance plant height, number of fruits, fruit weight, and overall yield. Therefore, the present investigation was conducted to evaluate the effect of integrated application of seaweed extract and Azotobacter on growth and yield attributes of brinjal. 
2. material and methods 
An on-field investigation was carried out at the experimental farm of Maris Stella College during the 2025 – 2026 cropping season to study the impact of foliar application of seaweed extract and azotobacter on the growth and flowering characteristics of brinjal (solanum melongena). Healthy and uniform seedlings were transplanted into the experimental field during the month of December at a spacing of 60 x 60 cm. All recommended horticultural practices were carried out uniformly across the treatments throughout the crop growth period to ensure optimal plant development and to minimize experimental variability. The experiment was laid out in a Randomized Block Design (RBD) comprising five treatments with three replications per treatment. 
The treatments were as follows: 
T0-Control                                                                                                                                                     T1 – seaweed extract 2%
T2 – seaweed extract 4%
T3 – seaweed extract 2% + azotobacter 2%
T4 – seaweed extract 4% + azotobacter 4%
All plants received the recommended dose of fertilizers (rdf) at the rate of 100:50:50 kg npk per hectare. Fertilizers were applied at appropriate growth stages in accordance with standard agronomic recommendations to ensure balanced nutrition throughout the crop growth period.
Foliar applications of seaweed extract and azotobacter were initiated at 20 days after transplanting and subsequently repeated at 15 days intervals. The spray solutions were freshly prepared before each application and uniformly applied using a hand sprayer during the morning hours to ensure effective foliar absorption and proper canopy coverage. 
Mandatory plant protection measures were implemented uniformly across all treatments to safeguard the crop from pest and disease incidence and to maintain healthy plant growth. 

3. results and discussion

Observations were recorded on growth, flowering and yield parameters at 30, 60, and 90 days after transplanting (DAT). The following parameters were recorded.
 Growth Attributes:
The growth attributes such as plant height(cm), number of branches, stem girth(cm), leaf length(cm), and leaf width(cm), which were affected by the foliar application of seaweed extract and soil drenching of azotobacter in Brinjal cv. Navina are mentioned in Table 1.








Table 1. Effects of Seaweed extract and Azotobacter on growth attributes of Brinjal cv. Navina
	Treatments
	Plant height (cm)
	No. of Branches
	Stem Girth (cm)
	Leaf Length (cm)
	Leaf Width (cm)

	
	30 DAT
	60 DAT
	90 DAT
	30 DAT
	60 DAT
	90 DAT
	30 DAT
	60 DAT
	90 DAT
	30 DAT
	60 DAT
	90 DAT
	30 DAT
	60 DAT
	90 DAT

	T₀
	24.6
	52.3
	71.5
	3
	5
	7
	0.95
	1.62
	2.05
	10.8
	13.5
	14.6
	7.2
	9.4
	11

	T₁
	28.9
	59.8
	82.4
	3
	6
	8
	1.05
	1.75
	2.22
	11.9
	14.8
	16
	8.1
	10.2
	11.8

	T₂
	32.5
	66.7
	92.8
	4
	7
	9
	1.12
	1.89
	2.4
	12.8
	15.9
	17.4
	8.8
	11
	12.6

	T₃
	35.7
	72.9
	102.6
	5
	8
	10
	1.2
	2.04
	2.58
	13.7
	17.1
	18.9
	9.6
	11.8
	13.5

	T₄
	39.8
	79.6
	112.7
	6
	9
	12
	1.32
	2.2
	2.76
	14.6
	18.4
	20.4
	10.4
	12.7
	15

	S.E m+
	0.12
	0.28
	0.09
	0.23
	0.07
	0.11
	0.01
	0.004
	0.007
	0.04
	0.07
	0.09
	0.03
	0.08
	0.02

	CD at 5%
	0.42
	0.58
	0.41
	0.70
	0.26
	0.33
	0.03
	0.015
	0.023
	0.10
	0.21
	0.08
	0.12
	0.43
	0.06




Plant height (cm):
Plant height of brinjal increased progressively from 30 to 90 DAT under all treatments. Among the treatments, T₄(112.7cm) (Seaweed extract 4% + Azotobacter 4%) recorded the maximum plant height, followed by T₃(102.6cm) and T₂(92.8cm), while T₁(82.4cm) showed moderate improvement over control. The lowest plant height was observed in T₀(71.5cm). The increase in plant height under combined treatments may be attributed to growth-promoting substances present in seaweed extract and enhanced nitrogen fixation by Azotobacter, which improved nutrient uptake and vegetative growth (Yusuf et al., 2021; Gupta et al., 2021).
Number of Branches:
The number of branches per plant showed a significant increase with the application of seaweed extract and Azotobacter. T₄ (12) recorded the highest number of branches, followed by T₃ (10) and T₂ (9), while T₁ (8) showed intermediate values compared to the control. The lowest branching was observed in T₀ (7). Increased branching under combined treatments may be attributed to the production of plant growth-promoting substances by Azotobacter, such as auxins, gibberellins, and cytokinins, which enhance vegetative growth parameters including branching. In addition, improved nutrient availability may stimulate lateral bud development and overall vegetative growth (Ali et al., 2025).
Stem Girth (cm):
Stem girth increased significantly with increasing concentration of seaweed extract and Azotobacter. T₄(2.76cm) produced the thickest stems, indicating stronger plant structure, followed by T₃(2.58cm) and T₂(2.4cm), while T₁(2.22cm) showed moderate improvement over control. The lowest stem girth was recorded in T₀(2.05cm). Enhanced stem thickness might be attributed to improved cell division and nutrient assimilation promoted by biofertilizer activity. These factors collectively contributed to improved vegetative growth and overall plant vigour in brinjal (Ramadhani et al., 2025). 
Leaf Length(cm):
Leaf length was significantly influenced by treatments. T₄(20.4cm) recorded the highest leaf length, followed by T₃(18.9cm) and T₂(17.4cm), while T₁(16cm) showed moderate improvement compared to control. Increased leaf length in treated plants may be attributed to improved nutrient uptake and enhanced photosynthetic activity stimulated by bioactive compounds present in seaweed extracts. Similar improvements in vegetative growth and physiological parameters in vegetable crops treated with seaweed extract were reported by (Lefi et al., 2023).
Leaf width(cm):
Leaf width followed a similar trend as leaf length. T₄(15cm) recorded maximum leaf width, followed by T₃(13.5cm) and T₂(12.6cm), whereas T₁(11.8cm) recorded moderate values compared to control. The lowest leaf width was observed in T₀(11cm). Increased leaf expansion improves photosynthetic surface area, which contributes to improved plant growth and biomass accumulation. Seaweed extracts are known to stimulate vegetative growth and improve physiological traits in vegetable crops due to the presence of plant growth regulators and bioactive compounds (Subramaniyan et al., 2023).

Reproductive Attributes:
The reproductive attributes like days to flowering, days to flowering, and fruits per branch, which are influenced by foliar application of seaweed extract and soil drenching of azotobacter in Brinjal cv. Navina are mentioned in table 2. 
Table 2. Effects of Seaweed extract and Azotobacter on reproduction attributes of Brinjal cv. Navina

	Treatment
	Days to Flowering
	Days to Fruiting
	Fruits per Branch

	T₀
	42
	56
	4

	T₁
	39
	53
	5

	T₂
	37
	51
	6

	T₃
	35
	49
	7

	T₄
	33
	47
	9

	S.E m+
	0.616
	0.896
	0.194

	CD at 5%
	1.205
	1.683
	0.841




Days of Flowering:
Application of seaweed extract and Azotobacter reduced the number of days required for flowering in brinjal. T₄(33) recorded earliest flowering, followed by T₃(35) and T₂(37), while T₀(42) required maximum days to flowering. Early flowering in treated plants might be due to growth hormones present in seaweed extract, which regulate plant developmental processes (Dookie et al., 2021).
Days to Fruiting:
Days to fruiting were significantly reduced with combined treatments. T₄ (47) showed the earliest fruit set, followed by T₃ (49) and T₂ (51), while control plants recorded the longest duration to fruiting. Improved nutrient availability and enhanced metabolic activity may have accelerated reproductive development. Enhanced fruit development and improved crop performance under the application of seaweed – based bio stimulants have also been demonstrations in earlier studies (Rana et al., 2023).
Fruits per Branch:
The maximum number of fruits per branch was recorded in T₄(9), followed by T₃(7) and T₂(6), while T₁(5) showed moderate improvement compared to control. Increased fruit set in treated plants might be due to improved flower retention and better nutrient supply during reproductive stages. Seaweed-based biofertilizers are known to promote flowering and fruit development by improving plant physiological processes and nutrient uptake, thereby increasing yield components (Salih, 2025). 
Yield Attributes:
The yield attributes like fruit weight(g), fruit volume(cm3), fruit length (cm), yield per plant(kg), which were affected by the foliar application of seaweed extract and soil drenching of azotobacter in Brinjal cv. Navina mentioned in table 3.
Table 3. Effects of Seaweed extract and Azotobacter on yield attributes of Brinjal cv. Navina

	Treatment
	Fruit Weight (g)
	Fruit Volume (cm³)
	Fruit Length(cm)
	Yield per Plant (kg)

	T₀
	84
	78
	10.1
	2.3

	T₁
	95
	88
	10.6
	2.75

	T₂
	108
	99
	11
	3.25

	T₃
	122
	112
	11.5
	4

	T₄
	138
	126
	12.1
	5

	S.E m+
	0.286
	0.238
	0.325
	36.201

	CD at 5%
	1.137
	0.981
	0.217
	60.857



Fruit Weight(g):
Fruit weight increased significantly with increasing treatment intensity. T₄(138g) recorded the highest fruit weight, followed by T₃(122g) and T₂(108g), whereas T₀(85g) produced the lowest fruit weight. Improved nutrient uptake and enhanced photosynthetic activity under combined treatments may have contributed to larger fruits (Jamili et al., 2022).
Fruit Volume(cm3):
Fruit volume followed the same trend as fruit weight. T₄ (126 cm³) recorded maximum fruit volume, followed by T₃ (112 cm³) and T₂ (99 cm³), while T₀ (78 cm³) control plants produced smaller fruits. Increased fruit size under integrated treatments may be attributed to improved nutrient availability and enhanced physiological activity, which promote better fruit development and assimilate translocation. Comparable enhancement in fruit yield parameters using integrated nutrient management practices involving biofertilizers such as azotobacter (Bura et al., 2025,). 
Fruit Length(cm):
Fruit length of brinjal was significantly influenced by the application of seaweed extract and azotobacter. Among the treatments, T4 (12.1cm) recorded the maximum fruit length followed by T3 (11.5cm) and T2 (11 cm). Moderate improvement was observed in T1 (10.6cm) compared to the control. The increases in fruit length under combined treatment may be attributed to enhanced nutrient availability, improved hormonal balance, and increased photosynthetic activity promoted by seaweed extract and nitrogen – fixing ability of azotobacter (Shabani et al., 2023).
Yield per Plant(kg):
Yield per plant was significantly higher in combined treatments. T₄(5kg) recorded maximum yield, followed by T₃(4kg) and T₂(3.25kg), while T₀(2.3kg), control plants produced the lowest yield. The synergistic interaction between seaweed extract and Azotobacter enhanced vegetative growth, early flowering, fruit set, and fruit development, ultimately resulting in higher productivity (Li et al., 2024, Mukherjee & Patel, 2020).

4. Conclusion

The results of the present study demonstrated that the integrated application of seaweed extract and azotobacter significantly influenced the growth, flowering, and yield attributes of brinjal (Solanum melongena). Among the different treatments, the combined application of seaweed extract (4%) and azotobacter (4%) recorded the highest values for plant height, number of branches, stem girth, leaf length, and leaf width at different stages of crop growth. The treatments also resulted in earlier flowering and fruiting, along with a higher number of fruits per branch. Yield parameters such as fruit weight, fruit volume and yield per plant were also considerably improved under the combined treatment compared to individual applications and control. The enhanced performance may be attributed to the presence of growth – promoting substances in seaweed extract and the nitrogen – fixing ability of azotobacter, which together improved nutrient availability, and overall crop productivity. Therefore, the integrated use of seaweed extract and azotobacter can be considered an effective and eco – friendly approach for improving growth, fruit quality, and yield of brinjal under field conditions.    
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