


ALGAL CONSORTIA AS GREEN ALTERNATIVES: ENHANCING SOIL HEALTH AND TOMATO CULTIVATION


Abstract:
The increasing global demand for agricultural productivity, coupled with the environmental drawbacks of synthetic fertilizers, has led to the exploration of sustainable alternatives such as algal biofertilizers. Biofertilizers, composed of live microorganisms, enhance soil fertility by facilitating nutrient mobilization and availability, thereby supporting plant growth and physiological development. In this study used algal liquid biofertilizer and immobilized algal cells as biofertilizers and measured plant growth parameters, nutrient analysis, hormone analysis of tomato (Solanum lycopersicum L.) plants. The experimental design included multiple algal biofertilizer applications, a chemical fertilizer treatment, and an unfertilized control group. Comparative analysis revealed that plants treated with algal biofertilizers exhibit significantly improved growth parameters, elevate nutrient uptake, and enhance hormonal activity compared to those receiving chemical fertilizers. These findings underscore the superior efficacy of algal biofertilizers in promoting plant health and soil quality, highlighting their potential as eco-friendly and sustainable alternatives to conventional fertilizers in modern agriculture.
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1. Introduction
[bookmark: _Hlk183953168]Chemical fertilizers provide greater precision in nutrient management compared to their organic counterparts. However, their excessive use can lead to significant environmental issues, including soil degradation and water pollution. While natural fertilizers are generally more affordable than commercial chemical fertilizers, they may contain compounds that can irritate the skin or respiratory system.
Algae-based biofertilizers have emerged as promising alternatives, offering substantial benefits for sustainable agriculture. These biofertilizers not only enhance soil fertility but also contribute to nitrogen fixation and promote the activity of beneficial root-associated bacteria, thereby supporting healthy plant growth. Furthermore, algae-based solutions hold potential for integration with high-energy production systems, paving the way for eco-friendly and multifunctional agricultural inputs. The biomass of cyanobacteria, a key component in many algal biofertilizers, can be sustainably cultivated using natural and renewable resources, ensuring long-term conservation and availability. In addition, technology transfer to farmers can create value for their needs and regulate small-scale production of biofertilizers in their respective circumstances. The development of organic farming methods that do not require large areas for production or efficient use of interfaces is another advantage of algal fertilizers. The use of algal biofertilizers can contribute to sustainable agriculture by achieving three key objectives: promoting a healthy environment, ensuring economic feasibility, and fostering socio-economic fairness (Win et al., 2018).
Tomato (Solanum lycopersicum), a globally important vegetable crop, belongs to the Solanaceae family. It is widely consumed both in its fresh form and in various processed products such as sauces, purees, and pastes, making it a staple in daily diets across the world. Tomatoes play a crucial role in human nutrition due to their high content of essential vitamins, minerals, and antioxidants. Notably, fruits and vegetables contribute approximately 90% of the vitamin C intake in the human diet, with tomatoes accounting for a significant portion of this contribution (Vallejo et al., 2002). Ascorbic acid and lycopene, the antioxidant that gives tomatoes and watermelons their red colour, are abundant in tomatoes. In addition to their nutritional value, tomatoes are grown extensively for their health-promoting qualities, which include scavenging harmful oxygen radicals and preventing cardiovascular diseases. Additionally, it has been demonstrated that lycopene provides protective effects against a number of cancers, including prostate cancer (Dineshkumar et al.,2021).
A biofertilizer is a blend containing live microorganisms that, when applied to seeds, plant surfaces, or soil, establish themselves in the plant's rhizosphere or interior. These microorganisms enhance plant growth by increasing the availability and uptake of essential nutrients by the host plant. Biofertilizers are crucial for organic farming, significantly contributing to improved crop yields and sustainable soil health. They are environmentally friendly and cost-efficient (Patel B. et al.,2024).
An efficient algal consortium made up of diatoms, green algae, and cyanobacteria increases the effectiveness of biofertilizer. By fixing nitrogen and generating exopolysaccharides, cyanobacteria enhance soil structure and promote plant growth. Green algae's bioactive compounds promote biomass production and aid in the cycling of nutrients. In addition to improving nutrient uptake and contributing organic matter, diatoms offer silica, which strengthens plant cell walls and increases pest resistance. By increasing microbial activity, nutrient availability, and stress tolerance, this combination produces a balanced microbial ecosystem that leads to healthier, higher-yielding crops and more fertile, resilient soil (Gururani et al., 2022). 
2. [bookmark: _Hlk186995537]Materials and Methods
2.1.  Preparation of Biofertilizer:
To prepare the liquid fertilizer, an algal culture was first subjected to centrifugation to separate and collect the algal biomass. The harvested biomass was then mixed thoroughly with distilled water to create the liquid formulation. For the preparation of immobilized algal cells, 2.5 g of the collected algal biomass were blended with 50 ml of a 5% (w/v) sodium alginate solution to form a homogenous mixture. This mixture was loaded into a sterile syringe and carefully added dropwise into a chilled 0.7% (w/v) calcium chloride (CaCl₂) solution. The droplets instantly formed spherical gel beads due to the ionic interaction between sodium alginate and calcium ions. The newly formed beads were allowed to harden and stabilize in the CaCl₂ solution for 2 hours under refrigeration to ensure proper gelation and structural integrity. Afterward, the beads were rinsed thoroughly with 0.2 M phosphate buffer to remove excess calcium ions and to maintain pH stability, following the method described by Costa et al., (1991) and Patel B. et al., (2024). The washed beads were gently dried on filter paper to remove surface moisture. Once dried, they were uniformly coated with chitosan powder a natural biopolymer known for its biocompatibility and antimicrobial properties. Finally, the coated beads were sun-dried until completely dehydrated, making them suitable for storage and later application as a bio-fertilizer.
2.2.  Selection of Crop:
The crop plant Solanum lycopersicum L., commonly known as tomato, was selected for this study. Tomato is a widely cultivated and economically significant food crop in India, valued both for its nutritional content and its role in the daily diet. As a rich source of vitamins, minerals, and antioxidants, it plays an important role in food security and agricultural sustainability.
2.3.  Application of Algal Biofertilizer on Plant:
Seedlings aged 8-10 days were collected from the nursery and transplanted into pots. Uniform sized plants were selected for transplantation. Twelve pots were used for the study. A consortium of pre-prepared algal biofertilizer was applied 15 days after planting. Five distinct algal consortia were prepared and individually administered to separate tomato plants, with each plant receiving a unique consortium. In which five pots taken for Liquid consortium and five pots for consortium of immobilized beads application, one pot was treated with chemical fertilizer, while another was left untreated as a control. Green algae treatment were applied to Tomato plant: T0: Control (without fertilizer); T1: Chemical fertilizer (NPK Fertilizer); Liquid Consortia of T2: Chlorella + Chlorococcum + Gloeocapsa, T3: Chlorella + Gloeocapsa +Scenedesmus, T4: Chlorococcum + Gloeocapsa + Scenedesmus, T5: Chlorococcum + Gloeocapsa + Chlamydomonas, T6: Gloeocapsa + Scenedesmus + Chlamydomonas; Consortia of Immobilized algal cells T7: Chlorella + Chlorococcum + Gloeocapsa, T8: Chlorella + Gloeocapsa +Scenedesmus, T19: Chlorococcum + Gloeocapsa + Scenedesmus, T10: Chlorococcum + Gloeocapsa + Chlamydomonas, T11: Gloeocapsa + Scenedesmus + Chlamydomonas.
2.4.  Measurement of plant growth parameter:
Plant growth parameters like plant height, width (Circumferences) and number of leaves/ Plant were measured at different time interval (Dineshkumar et al., 2021).

2.5.  Nutrient analysis:
A study was conducted to measure the nutrient content, specifically carbon (C), nitrogen (N), sulfur (S), and phosphorus (P) in the soil cultivated with Solanum melongena L. Soil samples were collected and analyzed both before and after the application of fertilizer to assess the changes in nutrient levels and evaluate the impact of fertilization on soil fertility (Alef, K., & Nannipieri, P., 1995). 
2.6.  Hormone analysis:
The concentrations of key plant growth hormones, namely Indole-3-acetic acid (IAA) and gibberellins, were estimated to evaluate their role in plant development. The IAA levels were determined using the spectrophotometric method described by Gordon and Weber (1951), which involves the formation of a colour complex with reagents specific to auxins. Gibberellin content was measured following the procedure outlined by Graham and Henderson (1961), which is based on bioassay techniques sensitive to gibberellin activity. These analyses provided insights into the hormonal changes associated with plant growth under different conditions.
2.7.  Statistical analysis:
Statistical analysis of plant growth parameters was performed by using multivariate analysis in SPSS. Graph were prepared in Microsoft excel and Graph pad prism 10.4.0 software.

3. Results
3.1.  Biofertilizers preparation:
Liquid biofertilizer and immobilized alga cells preparation were observed in below figure 1.


[image: ]
Figure 1: Process of immobilized Algal cells




3.2.  Plant growth parameter: 
Plant growth parameters like height was measured in a centimeter (cm). Plant width was recorded as the distance from the front to the back, reflecting its horizontal spread. To assess growth and branching patterns, the number of leaves and branches on each plant was counted. Additionally, the number of flowers and fruits per plant was measured to evaluate reproductive success and potential yield. These parameters are essential for assessing overall plant health and development.







Table 1: Measurement of plant growth parameter at different days
	Treatments
	Plant Height (cm)
	Plant width (Circumference)
(cm)
	Number of leaves/ Plant
	No. of Flowers/ Plant
	No. of Fruits/ Plant

	
	30 days
	60 days
	90 days
	30 days
	60 days
	90 days
	30 days
	60 days
	90 days
	90 days
	90 days

	Control
	22
	59
	109
	45
	72
	111
	5
	11
	30
	43
	10

	Chem. fert.
	21
	58
	113
	44
	78
	110
	5
	10
	32
	42
	12

	L- Chl + Chlc + Glo
	20
	61
	124
	49
	82
	115
	5
	11
	34
	41
	14

	L- Chl + Glo+Sc
	20
	64
	120
	44
	76
	120
	4
	11
	32
	32
	11

	L- Chlc + Glo + Sc
	20
	57
	107
	50
	78
	122
	6
	10
	38
	50
	13

	L- Chlc + Glo + Chlam
	21
	50
	111
	52
	69
	124
	5
	13
	40
	54
	12

	L- Glo + Sc + Chlam
	20
	45
	108
	40
	65
	117
	5
	12
	31
	30
	10

	S- Chl + Chlc + Glo
	21
	50
	103
	50
	75
	114
	5
	10
	33
	34
	10

	S- Chl + Glo+Sc
	21
	51
	113
	41
	72
	129
	5
	12
	36
	50
	14

	S- Chlc + Glo + Sc
	21
	52
	127
	43
	71
	115
	5
	13
	38
	45
	16

	S- Chlc + Glo + Chlam
	21
	58
	116
	42
	76
	109
	5
	13
	36
	53
	15

	S- Glo + Sc + Chlam
	22
	47
	100
	42
	67
	97
	5
	13
	30
	34
	8

	F
	0.621
	160.633
	258.279
	
	

	Sig. (p-value)
	0.438
	<.001
	<.001
	
	


                      where, L- liquid biofertilizer; S- Immobilized algal cells
The above table 1 presents data on various growth parameters of the plants, including plant height, width, number of leaf branches, flowers, and fruits. At 90 days, plant height showed a significant increase in all treatments compared to the control, except for treatments L- Glo + Sc + Chlam and S - Glo + Sc + Chlam. This indicates that most treatments positively affected vertical growth, with L- Glo + Sc + Chlam and S - Glo + Sc + Chlam showing no improvement. Similarly, plant width was significantly increased in all treatments except for S - Glo + Sc + Chlam, suggesting that most treatments enhanced the horizontal spread of the plants. The number of leaf branches also showed a significant increase in all treatments relative to the control, indicating improved branching and overall plant development. For flower production, treatments L- Chlc + Glo + Sc, L- Chlc + Glo + Chlam, S - Chlc + Glo + Sc, S- Chlc + Glo + Chlam and S - Glo + Sc + Chlam demonstrated a significant increase in the number of flowers per plant, reflecting enhanced reproductive capacity. However, the number of fruits per plant was significantly higher in all treatments, except for S- Chl+ Glo +Sc, indicating that most treatments promoted fruiting, with S- Chl+ Glo +Sc showing no significant improvement in this aspect. Above table helps in comparing the effects of different treatments on these growth traits, providing insights into which treatments lead to better plant growth, flowering, and fruiting.
In this study, the growth and development of plants were evaluated under different treatments by measuring plant height, plant width, and the number of leaves per plant at different time interval. Statistical analysis ANOVA multivariate analysis for three plant traits: height, width, and number of leaves were analysed. For plant height, the F-value is 0.621 with a p-value of 0.438, indicating no statistically significant effect. In contrast, plant width and number of leaves show highly significant differences, with F-values of 160.633 and 258.279 respectively, and p-values less than 0.001. These, finding suggest that different treatments have a significant impact on the growth parameters of plants.
3.3. Nutrient concentration in the soil of planted Tomato:
The nutrient contents of C, N, P, and S in the soil were measured before and after the application of algal consortia treatments on Solanum lycopersicum L. plants. This comparison helped assess the impact of the algal treatments on soil nutrient levels, offering insights into their potential to enhance soil fertility and plant growth.
[image: ]
Figure 2: Nutrient concentration in the soil of planted Tomato
Above figure 2 indicates that the levels of C, N, P and S in the soil increased following the application of biofertilizer. This suggests that the biofertilizer, likely containing beneficial algal consortia, effectively enhanced the nutrient content of the soil, potentially improving its fertility and supporting plant growth.
3.4.  Hormone analysis:
To understand the effects of different fertilizers on plant growth, it is crucial to measure the concentration of plant growth hormones like Indole-3-Acetic Acid (IAA) and Gibberellins (GA). These hormones play a significant role in regulating various physiological processes in plants.



Figure 3: Hormone concentration in Solanum melongena L.

In the study, the application of algal consortia significantly increased the concentration of indole-3-acetic acid (IAA) in Solanum lycopersicum L. when using both liquid fertilizers and immobilized algal cells, compared to plants treated with chemical fertilizers, as shown in figure 3. This suggests that algal consortia are highly effective in promoting plant growth and development, likely due to the enhanced production of IAA, a key plant hormone responsible for regulating cell elongation and root development. 
Furthermore, the gibberellin concentration was higher in all treatments compared to the chemical fertilizer treatment, except for the plants treated with L- Glo+ Sc+ Chlam. This indicates that the algal treatments have a greater potential to enhance plant growth by influencing gibberellin levels, which play a crucial role in stem elongation and seed germination. These results demonstrate that algal consortia can be more effective than traditional chemical fertilizers in promoting plant growth and enhancing hormone production.

4. [bookmark: _Hlk186995590]Discussion:
The results of this study showed that the significant benefits of using algal consortia as biofertilizers for enhancing the growth and development of Solanum lycopersicum L. (tomato) plants. Both liquid fertilizers and immobilized algal cells led to notable improvements in plant growth parameters such as plant height, width, number of leaf branches when compared to the control group. Dineshkumar et al., (2021) found that microalgal-based biofertilizers, especially a combination of Chlorella vulgaris and cow dung significantly improve tomato plant growth compared to conventional methods, highlighting their potential as an eco-friendly and non-toxic alternative to chemical fertilizers. Also, Grunert et al., (2016) studied that microalgal-based fertilizers can effectively support plant growth and improve fruit quality, offering a sustainable alternative to commercial organic fertilizers. 
Flower production was notably higher in treatments T4, T5, T8, T9, and T10, indicating that algal consortia may have a direct impact on the reproductive capacity of the plants. In contrast, the number of fruits per plant was significantly increased in most treatments except T8, indicating that algal treatments generally promote fruiting. This is consistent with previous studies showing that biofertilizers can enhance both vegetative and reproductive growth. So, the yield parameters were also increased. Quintarelli et al., (2024) demonstrated that the application of microbial biofertilizers (PGPMs) and algae-based bio stimulants positively influence on tomato growth and yield. These findings support the use of these sustainable inputs in organic tomato cultivation. Study of Tleukeyeva et al., (2022) demonstrates that using a combination of phosphorus-containing waste and Chlorella biomass can improve the growth and development of tomatoes (Solanum lycopersicum), offering a sustainable method for both waste disposal and enhancing agricultural productivity.
Soil nutrient analysis revealed that the application of algal consortia significantly increased the levels of carbon, nitrogen, phosphorus, and sulphur, suggesting that the biofertilizers enhanced soil fertility. This improvement in soil nutrient content likely contributed to the observed plant growth enhancements, as these nutrients are essential for plant development and metabolic processes. The increased nutrient availability indicates the potential of algal consortia to improve soil quality, thereby providing a sustainable alternative to chemical fertilizers. This finding is consistent with the results reported by Purwani et al., (2021), who demonstrated that the use of cyanobacteria as a biofertilizer significantly enhanced nutrient uptake. Specifically, they observed an increase in nitrogen, phosphorous, and potassium levels by 43.73%, 34.80%, and 34.40%, respectively. This comparison highlights the potential effectiveness of using a consortium of algae to improve nutrient uptake and overall plant health.
Hormone analysis further supports the positive impact of algal consortia on plant growth. The study found a significant increase in the concentration of indole-3-acetic acid (IAA) in plants treated with algal consortia, suggesting that the biofertilizers promoted cell elongation and root development. The higher gibberellin concentration in most treatments, except T6, further indicates that algal consortia enhance stem elongation and seed germination, key factors for overall plant growth. These findings demonstrate that algal treatments can be more effective than traditional chemical fertilizers in promoting plant growth, enhancing hormone production, and improving nutrient availability in the soil. Sharma et al., (2018) studied that the significance of fluorescent Pseudomonas species, which are beneficial rhizobacteria promoting plant growth through the production of plant growth regulators like auxins, cytokinins, and gibberellins. 
Algal consortia offer a promising, eco-friendly alternative to chemical fertilizers. Their ability to enhance plant growth, improve soil nutrient levels, and increase plant hormone concentrations provides substantial evidence of their effectiveness in agricultural practices. These results suggest that algal-based biofertilizers could be an important tool for sustainable crop production and soil management.

5. Conclusion:
This study highlights the significant advantages of using algal consortia as biofertilizers for enhancing the growth and development of Solanum lycopersicum L. (tomato) plants. The results demonstrate that both liquid fertilizers and immobilized algal cells promote plant height, width, leaf branches, flower production, and fruit yield compared to the control. Soil nutrient analysis further confirmed the positive impact of algal consortia, with higher levels of Carbon, Nitrogen, Phosphorus and Sulphur, indicating improved soil fertility. Hormone analysis revealed enhanced concentrations of indole-3-acetic acid (IAA) and gibberellins, supporting better plant growth and development. These findings suggest that algal consortia offer a more sustainable and ecofriendly alternative to traditional chemical fertilizers, enhancing plant growth, soil fertility, and hormone production. Therefore, algae-based biofertilizers present a promising solution for sustainable crop production and soil management in agricultural practices.
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Hormone analysis
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