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ABSTRACT
Traditional fertilisers have a number of disadvantages that can affect the environment, human health, and the long-term viability of farming methods, yet being necessary for contemporary agriculture. Biofertilizers play a crucial role in promoting sustainable agricultural practices, providing a natural and eco-friendly alternative to chemical fertilizers. By enhancing soil fertility and improving crop productivity, they contribute to the achievement of sustainable development goals (SDGs), especially in terms of environmental health, food security, and poverty reduction.
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1. Introduction
Chemical fertilizers are the main product for soil nutrient supplementation and have been widely used in agricultural production since the middle of the last century. Chemical fertilizers can quickly and efficiently increase food production. However as the world faces challenges such as environment degradation, climate change etc due to chemical fertilizers there is an urgent need to produce more food for a growing population, biofertilizers are becoming an essential component of sustainable agricultural systems [1].  
Biofertilizers are substances containing living microorganisms that promote plant growth by enhancing the supply or availability of essential nutrients to plants. These microorganisms can improve soil health, increase nutrient availability, or protect plants from diseases and environmental stress. Biofertilizers are considered an environmentally friendly and sustainable alternative to chemical fertilizers, which can be harmful to ecosystems when used excessively [2].
Looking ahead, the future of biofertilizers is promising, driven by advancements in biotechnology, consumer demand for organic and eco-friendly products, and the global need for more resilient, sustainable farming practices. With continued research, education, and investment in this area, biofertilizers have the potential to revolutionize agriculture, ensuring a healthier, more sustainable food system for generations to come [2].
2. Major drawbacks of Conventional fertilizers
Conventional fertilizers, while essential for modern agriculture, come with several drawbacks that can impact the environment, human health, and the long-term sustainability of farming practices [3]. Some of the key drawbacks are included in Table number 1:
Table 1: Drawbacks of conventional fertilizers
	Sl No
	Drawbacks

	1
	Soil Health Degradation
	Nutrient Imbalance: Conventional fertilizers typically provide a limited range of nutrients (primarily nitrogen, phosphorus, and potassium). Over time, this can lead to soil nutrient imbalances, neglecting micronutrients essential for plant health and soil microbial activity [4].

	
	
	Soil Acidification: Excessive use of nitrogen-based fertilizers can lower the pH of the soil, making it more acidic. This can harm soil structure, reduce microbial diversity, and diminish soil fertility in the long run [4].

	2
	Water Pollution
	Eutrophication: Runoff from fertilized fields can carry excess nutrients, particularly nitrogen and phosphorus, into nearby water bodies (rivers, lakes, and oceans). This can lead to eutrophication, where excessive nutrient levels cause algal blooms. Algal blooms deplete oxygen in water, leading to "dead zones" where aquatic life cannot survive [5].

	
	
	Nitrate Contamination: Nitrate from fertilizers can leach into groundwater, contaminating drinking water supplies. High nitrate concentrations are harmful to human health, particularly in infants, as they can cause methemoglobinemia, or "blue baby syndrome," which affects oxygen transport in the blood [5].

	3
	Air Pollution
	Nitrous Oxide Emissions: Nitrogen fertilizers can contribute to the release of nitrous oxide (N₂O), a potent greenhouse gas. N₂O is produced through microbial processes in the soil, particularly under conditions of excess nitrogen [6].

	
	
	Ammonia Volatilization: Ammonia (NH₃) can volatilize into the atmosphere from fertilized fields, contributing to air pollution and potentially harmful effects on nearby ecosystems, including acid rain [6].

	4
	Greenhouse Gas Emissions
	The production of synthetic fertilizers is energy-intensive, involving the extraction of natural gas and high-energy processes, such as the Haber-Bosch process for creating ammonia. This contributes significantly to greenhouse gas emissions and climate change [7].

	5
	Dependency and Decreased Sustainability
	Fossil Fuel Dependence: Most conventional fertilizers are derived from fossil fuels (especially natural gas for nitrogen fertilizers). This creates a dependency on non-renewable resources, making agriculture more vulnerable to price fluctuations and supply disruptions [8].

	6
	Health Risks to Humans
	Pesticide Residues: Conventional fertilizers are often used alongside chemical pesticides and herbicides. Residues of these chemicals can end up on food crops, potentially posing health risks to consumers [9].

	
	
	Chronic Exposure: People working with synthetic fertilizers, especially farm workers, may be at risk of exposure to harmful chemicals and dust, which can cause respiratory issues, skin problems, and other health conditions [9].

	7
	Loss of Biodiversity
	Impact on Soil Microorganisms: Conventional fertilizers can disrupt the balance of soil microorganisms. Excessive nitrogen and phosphorus can harm beneficial microbes, such as nitrogen-fixing bacteria, which play a crucial role in maintaining soil fertility [10].

	
	
	Habitat Degradation: The widespread use of chemical fertilizers, especially in monoculture farming systems, can reduce the diversity of plant and animal species in agricultural ecosystems [10].

	
	
	Impact on Climate Change: The production, transportation, and application of conventional fertilizers all contribute to the carbon footprint of agriculture. Fertilizers made from synthetic sources are particularly energy-intensive and contribute significantly to greenhouse gas emissions, exacerbating climate change [10].

	8
	Over-fertilization and Waste
	Inefficiency: Often, conventional fertilizers are applied in excess, leading to nutrient runoff or leaching into the environment. Only a small fraction of the applied nutrients may be taken up by plants, resulting in wasted resources and environmental damage [11].

	
	
	Nutrient Runoff: If fertilizers are not applied at the right time or in the right quantities, they can leach into the soil and wash away with rain, contributing to pollution and inefficiency in nutrient use [10].

	9
	Cost
	Rising Costs: The cost of conventional fertilizers has been steadily increasing, due to factors like rising energy prices and the cost of raw materials. This can make farming more expensive, particularly for smallholder farmers in developing countries [12].

	
	
	Market Volatility: Fertilizer prices are subject to fluctuations based on global supply and demand, making it difficult for farmers to predict input costs and plan long-term [12].


3. Emerging Need for biofertilizers
The need for biofertilizers in the present generation is driven by a combination of environmental, economic, and sustainability challenges faced by modern agriculture. Biofertilizers, which are microorganisms that enhance soil fertility and promote plant growth, offer a natural alternative to chemical fertilizers. Here are several key reasons why they are increasingly important:
a) Environmental Sustainability
· Reduction in Chemical Fertilizer Use: Chemical fertilizers, though effective in increasing crop yields, contribute to soil degradation, water pollution, and greenhouse gas emissions. Biofertilizers help reduce the reliance on synthetic chemicals, which is crucial for protecting ecosystems and reducing carbon footprints [13].
· Soil Health: Over-reliance on chemical fertilizers can lead to a decline in soil microbial diversity, harming long-term soil fertility. Biofertilizers, such as nitrogen-fixing bacteria and mycorrhizal fungi, restore and maintain healthy soil ecosystems [14].
· Minimizing Eutrophication: Excess nutrients from synthetic fertilizers often run off into water bodies, causing eutrophication (excessive nutrient buildup), which harms aquatic life. Biofertilizers release nutrients in a more controlled manner, minimizing environmental risks [5].
b) Improved Crop Productivity
· Nutrient Cycling: Biofertilizers enhance the bioavailability of nutrients (such as nitrogen, phosphorus, and potassium) in the soil. Nitrogen-fixing bacteria, like Rhizobium, and phosphate-solubilizing microorganisms can help plants access these nutrients more efficiently, improving crop yields [15].
· Resistance to Stress: Biofertilizers can enhance plant resilience to biotic and abiotic stresses, such as drought, salinity, and diseases, making them particularly valuable in a changing climate [15].
· Sustainable Intensification: As global food demand increases, biofertilizers provide a way to intensify agricultural production sustainably, without compromising soil health or environmental quality [15].
c) Economic Viability
· Cost-Effectiveness: Biofertilizers are often cheaper than chemical fertilizers, reducing the input costs for farmers. This is particularly important for smallholder and resource-poor farmers in developing countries [16].
· Long-Term Fertility: While chemical fertilizers provide short-term nutrient boosts, biofertilizers can enhance long-term soil fertility by maintaining and increasing the population of beneficial soil microbes. This can reduce the need for repeated fertilizer applications over time [17].
· Organic Farming: As organic farming gains popularity, biofertilizers become a key input for enhancing soil fertility in organic farming systems, which are increasingly in demand due to consumer preferences for eco-friendly and sustainably grown food [18].
d) Reduction of Soil Degradation
· Preventing Soil Erosion: Biofertilizers, especially those that promote root growth like mycorrhizal fungi, can improve soil structure and reduce soil erosion. Healthier roots bind the soil better, making it less prone to erosion caused by wind and water [19].
· Decomposition of Organic Matter: Certain biofertilizers help decompose organic matter, which contributes to soil organic carbon content and improves soil structure and moisture retention [19].
e) Global Food Security
· Enhancing Soil Fertility Without Harmful Chemicals: With the global population set to exceed 9 billion by 2050, sustainable agricultural practices that do not degrade land or water resources are critical for ensuring food security. Biofertilizers play a key role in achieving this goal by promoting sustainable farming systems [19].
· Climate Change Adaptation: As climate change affects farming conditions, biofertilizers can help crops adapt to unpredictable weather patterns, such as droughts or floods, by improving nutrient uptake, enhancing water retention, and stimulating plant growth [20].
f) Consumer Demand for Sustainable Products
· Healthier Produce: With increasing awareness of the potential health risks associated with pesticide and chemical fertilizer residues in food, consumers are demanding more sustainably produced and organic food. Biofertilizers contribute to the growth of organic farming and the production of chemical-free food [19].
· Environmental Responsibility: Many consumers, especially in developed nations, are increasingly concerned with the environmental impact of agricultural practices. Using biofertilizers aligns with trends toward greener and more responsible food production methods [20].
The advantages of biofertilizers in a nut shell is given in the below figure
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Figure 1: Advantages of Biofertilizers
4. Types of Biofertilizers
Biofertilizers can be classified based on the type of microorganisms they contain and the specific role they play in promoting plant growth. Below are the main types of biofertilizers [21, 22]:
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Figure 2: Types of Biofertilizers

a) Nitrogen-Fixing Biofertilizers
These biofertilizers contain microorganisms that fix atmospheric nitrogen (N₂) and convert it into a form that plants can absorb (ammonia or nitrate). Nitrogen is an essential nutrient for plant growth, but it is often in short supply in the soil. Nitrogen-fixing biofertilizers are particularly useful for legumes and other crops that require large amounts of nitrogen [21, 22].
· Rhizobium: A genus of bacteria that forms symbiotic relationships with leguminous plants (such as beans, peas, and lentils). The bacteria fix nitrogen in the root nodules of these plants.
· Azotobacter: A free-living nitrogen-fixing bacterium found in the soil. It is not dependent on any plant host and can fix nitrogen independently, benefiting non-leguminous plants like cereals and vegetables.
· Azospirillum: A bacterium that fixes nitrogen and forms a symbiotic relationship with grasses and cereals like wheat, maize, and rice. It also produces growth-promoting substances.
b) Phosphate-Solubilizing Biofertilizers
These biofertilizers contain microorganisms that can solubilize insoluble forms of phosphorus in the soil, making it available to plants. Phosphorus is an essential nutrient for energy transfer, root development, and flowering [21, 22].
· Phosphate-Solubilizing Bacteria (PSB): These bacteria, such as Bacillus and Pseudomonas species, convert insoluble phosphorus compounds (e.g., rock phosphate) into soluble forms that plants can absorb.
· Mycorrhizal Fungi: These fungi form symbiotic relationships with plant roots, extending the root system and helping the plant access phosphorus and other nutrients from the soil.
· Potassium-Solubilizing Biofertilizers
These biofertilizers contain microorganisms that can solubilize potassium from the soil, making it available for plant uptake. Potassium is vital for regulating plant metabolism, water use, and disease resistance [21, 22].
· Potassium-Solubilizing Bacteria (KSB): These bacteria, such as Bacillus and Microbacterium species, can release potassium ions from insoluble minerals, thus improving potassium availability to plants.

c) Mycorrhizal Biofertilizers
Mycorrhiza are symbiotic fungi that live in close association with plant roots. The fungi extend the root system, enabling the plant to access more nutrients, particularly phosphorus, and water from the soil. In return, the fungi receive organic carbon from the plant.
· Arbuscular Mycorrhizal Fungi (AMF): The most common type of mycorrhiza, these fungi form structures inside plant roots that facilitate nutrient exchange, enhancing nutrient uptake, drought resistance, and disease resistance.
· Ectomycorrhizal Fungi: These fungi form a sheath around the root, enhancing nutrient absorption, particularly in trees and woody plants.
d) Biocontrol Biofertilizers
These biofertilizers contain microorganisms that not only aid in nutrient availability but also help protect plants from soil-borne pathogens and diseases. They can promote plant health by suppressing harmful pathogens or by enhancing plant resistance to diseases [21, 22].
· Trichoderma: A genus of fungi that acts as a biocontrol agent by outcompeting pathogenic fungi, such as Fusarium, and stimulating plant defense mechanisms.
· Bacillus thuringiensis: A bacterium that can protect plants from certain pests (e.g., insect larvae) by producing toxins that are harmful to insects but safe for humans and animals.
e) Plant Growth-Promoting Rhizobacteria (PGPR)
PGPR are a group of beneficial bacteria that live in the rhizosphere (root zone) and promote plant growth by various mechanisms, such as nutrient uptake, disease suppression, and the production of growth-promoting hormones [21, 22].
· Azospirillum: Also a nitrogen-fixing bacterium, it is a type of PGPR that promotes root growth and increases crop yields.
· Pseudomonas: Known for its diverse capabilities, including phosphate solubilization, nitrogen fixation, and the production of plant growth hormones like auxins, which promote root development and stress tolerance.
f) Organic Fertilizer Bioinoculants
These biofertilizers contain microorganisms that decompose organic matter and convert it into nutrients that are available to plants. They improve soil organic matter, enhance nutrient cycling, and promote overall soil health [21, 22].
· Compost Inoculants: These inoculants introduce specific beneficial microorganisms into compost to accelerate the decomposition process and improve the quality of the finished compost.
· Vermicompost Inoculants: These are beneficial microorganisms added to vermicompost to further enhance the nutrient content and improve its efficacy as a biofertilizer.
5. Challenges to Overcome for the Widespread Adoption of Biofertilizers
· Awareness and Education: Many farmers, particularly in developing countries, may not be familiar with biofertilizers or may be skeptical of their effectiveness. Education, outreach, and extension services are crucial to demonstrate the benefits of biofertilizers and encourage their adoption [23, 24].
· Regulatory and Standardization Issues: The lack of clear regulations and standardized testing methods for biofertilizers in some regions can hinder the development and commercialization of biofertilizer products. More robust quality control measures and standardized protocols for biofertilizer production and application will help improve the industry’s credibility and consistency [23, 24].
· Scale-Up and Commercialization: While biofertilizers have been successfully used in small-scale and experimental settings, scaling up production and distribution to meet the needs of large-scale commercial agriculture remains a challenge. Efforts to streamline production, reduce costs, and ensure the efficacy of biofertilizers across a wide range of crops are essential for broader adoption [23, 24].
· Compatibility with Conventional Practices: Biofertilizers are often used in conjunction with chemical fertilizers, and their effectiveness can be influenced by factors such as soil type, temperature, moisture levels, and crop variety. More research is needed to optimize biofertilizer use in combination with other agricultural practices, ensuring that they work well within existing farming systems [23, 24].
6. Promising Future of Biofertilizers
Biofertilizers represent a key innovation in the pursuit of sustainable agriculture. With growing concerns about environmental degradation, health risks from chemical inputs, and the need to produce more food on limited land, biofertilizers offer a natural, eco-friendly solution to enhance soil fertility, promote plant growth, and ensure long-term agricultural productivity [19].
The future of biofertilizers will be shaped by advances in biotechnology, increasing consumer demand for sustainable practices, and the growing recognition of the importance of soil health. However, overcoming challenges such as awareness, scalability, and regulatory barriers will be crucial to ensuring the widespread adoption of biofertilizers in the years to come. As part of a broader movement toward sustainable agriculture, biofertilizers are well-positioned to play a central role in shaping the future of global food production [25].
Conclusion
Biofertilizers are a transformative solution in the quest for sustainable agriculture. By harnessing the power of beneficial microorganisms, biofertilizers enhance soil fertility, promote plant growth, and reduce the environmental impact of farming practices. They provide a viable alternative to chemical fertilizers, offering benefits such as improved soil health, increased crop yields, and reduced environmental pollution.
In conclusion, biofertilizers are not just a supplement to conventional farming—they represent a paradigm shift toward a more sustainable, eco-conscious approach to food production. As the agricultural industry continues to evolve, biofertilizers will play a key role in shaping the future of farming, ensuring both the health of our planet and the well-being of its people.
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