


Impact of Biofertilizers and Integrated Nutrient Management on Transplanted Rice for improving the growth, yield and Soil Quality: A Review

Abstract
This review paper examines the role of biofertilizers and Integrated Nutrient Management (INM) in enhancing the growth, yield, and soil fertility of transplanted rice. Biofertilizers, which include beneficial microorganisms, contribute to soil nutrient cycling, nitrogen fixation, and overall plant health, while INM combines organic, inorganic, and biological inputs to optimize nutrient availability. For instance, combining 50% biofertilizer with 50% chemical fertilizer increased rice yield by up to 15–20% compared to chemical fertilizers alone, while improving soil organic carbon and reducing environmental degradation through lower nitrate leaching (Noraida et al., 2021; Kumar et al., 2023). The synergistic effects of these practices have shown promising results in improving rice productivity, soil structure, and sustainability in rice farming systems. The paper explores various studies that highlight the effectiveness of biofertilizers and INM in enhancing soil health, increasing nutrient use efficiency, and reducing dependency on chemical fertilizers. Furthermore, it discusses the potential challenges and future directions for integrating these practices into modern rice cultivation for long-term agricultural sustainability.
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Introduction 	
	Over 3.5 billion people rely on rice as a staple food, accounting for 19% of global dietary energy [22], and it is expected to remain a key part of diets worldwide (Lenaerts et al.,2021). With the global population projected to exceed 9 billion by 2050, food demand is anticipated to increase by 35% to 56% between 2010 and 2050 (Pame et al.,2023). To feed nearly 9 billion people by 2050, rice production will need to double sustainably. Notably, 79 million hectares of lowland irrigated land contribute to over 75% of global rice production. However, it is projected that 17 million hectares of flood-irrigated rice will experience physical water scarcity, while 22 million hectares may face economic water scarcity (Lal et al.,2013) and (Midya et al.,2017). This raises concerns about the sustainability of rice farming in traditional wetland ecosystems when flooded (Midya et al.,2021). Biofertilizers are gaining widespread use in many countries for various crops. These products contain either active or dormant strains of soil microorganisms, such as bacteria, algae, or fungi, which help improve the availability and absorption of mineral nutrients by plants. When applied to soil, seeds, or plant surfaces, biofertilizers containing living microorganisms, enable plants to access essential nutrients. Thanks to their biological activity and composition, they include living cells of beneficial microorganisms that enhance soil quality by making nutrients more accessible to plants Microorganisms rely on organic matter for their growth and activity in the soil (Nosheen et al.,2021). They also play a role in fixing nitrogen, solubilizing phosphorus, and producing compounds that promote plant growth, thereby making essential nutrients more accessible to plants. These microorganisms are cost-effective, environmentally friendly, and sustainable. While their effects on crops is generally slower compared to chemical fertilizers, they offer long-term benefits for soil health and plant nutrition (Vessey 2003). The application of beneficial microorganisms plays a crucial role in organic farming and regenerative agriculture, serving as key elements of sustainable agricultural practices. These microorganisms contribute to soil health, nutrient cycling, and overall farm sustainability (Velten et al.,2015). Microorganisms in the soil play a vital role in balancing plant nutritional needs and the decomposition of soil organic matter, ensuring that essential nutrients are made available to plants while maintaining soil health (Kalamulla et al.,2022). In sustainable agriculture, selecting and applying beneficial soil microbial inoculants can serve as a form of fertilizer, commonly known as a "biofertilizer" (Dahunsi et al.,2021) and (Dahunsi et al.,2018). To boost the growth, productivity, and soil health of transplanted rice, adopting integrated nutrient management (INM) practices is essential. This approach enhances nutrient availability and uptake by rice plants by strategically combining chemical fertilizers, organic manures, and biofertilizers (Singh et al.,2018). Organic manures like green manures, compost, and farmyard manure (FYM) help boost the organic matter content in the soil. These materials enhance the soil's structure, improve its ability to retain water, and support better nitrogen cycling (Kumar et al.,2019). Furthermore, the synergistic effects of combining organic manures, chemical fertilizers, and biofertilizers in INM systems lead to higher crop yields, improved soil health, and more efficient nutrient utilization (Kumar et al.,2019). By adopting INM practices, farmers can grow rice in a more sustainable way, reducing the negative environmental and health impacts often associated with the overuse of chemical fertilizers (Singh et al.,2018). A key element of this approach is Integrated Nutrient Management (INM), which boosts soil health, microbial activity, and fertility, ultimately increasing crop yields. INM achieves this by combining organic and inorganic fertilizers tailored to the specific needs of the soil and crop, along with farmyard waste. This method not only enhances the sustainability of rice farming but also helps reduce environmental pollution (Kumar et al.,2023). In addition to supplying essential nutrients to crops, INM has been shown to support broader production goals. The current study was conducted to explore the impact of integrated nutrient management on the growth, yield traits, productivity, and profitability of direct-seeded rice grown in rainfed conditions (Kumar et al.,2023).
1. Biofertilizer
	A biofertilizer is a natural substance that contains beneficial live microorganisms, which play a crucial role in promoting root growth and improving seed germination. These microorganisms enhance soil fertility and help plants absorb essential nutrients more efficiently, leading to healthier and more robust crop development (Singh, J.S. et al., 2011). Biofertilizers enriched with beneficial microbes help improve phosphate availability, boost crop production, and enhance both the biological activity and chemical composition of the soil (Yosefi et al., 2011). Using microbial inoculants is an affordable method to enhance crop yields by minimizing the need for chemical fertilizers while improving the soil's ability to absorb nutrients efficiently (Noraida et al., 2021). The helpful microorganisms in biofertilizers enhance the supply of essential nutrients like nitrogen, phosphorus, and sulphur to plants while also playing a key role in managing the decomposition of organic matter (Venkatashwarlu et al., 2008). This process enhances the soil’s ability to retain nutrients, absorb more water, improve soil structure, and safeguard it against harmful effects from heavy metals, pesticides, and extreme pH levels (Chen, J. H. 2006).
2. Roles of some of the biofertilizers in crop production.
2.1 Azolla
	Azolla is a water-loving fern that thrives in paddy fields and is commonly found in temperate regions. It plays a crucial role in enhancing soil fertility by fixing nitrogen in the surrounding environment. This fern has a mutualistic relationship with a type of blue-green algae, Anabaena azollae, which helps with the nitrogen fixation process. In ideal conditions, Azolla may quickly double its biomass in a matter of two to five days (Bhuvaneshwari and Singh, 2015).



2.2 Blue-Green Algae (BGA)
[image: ]Cyanobacteria, also known as blue-green algae, are aquatic bacteria found in freshwater and marine environments. These microbes are capable of fixing nitrogen from the atmosphere. They are often used as biofertilizers in the cultivation of crops like rice and beans. During their decomposition, they help enhance soil fertility and improve its structure. The use of BGA is economically feasible, as it reduces the need for chemical nitrogen fertilizers by up to 25–30%, lowering input costs while maintaining yields (Naher et al., 2015; Chittora et al., 2020).
FIG 1. Enhancing crop production through diverse biofertilizer solutions
2.3 Rhizobium
	Rhizobium, part of the Rhizobiaceae family, is well-known for its ability to fix atmospheric nitrogen in partnership with leguminous plants that form nodules on their roots. Some common species of Rhizobium include Rhizobium leguminosarum, Rhizobium lantis, Rhizobium japonicum, Rhizobium trifolii, Rhizobium phaseolii, Rhizobium alamii, and Rhizobium smilacinae. This bacterium forms a symbiotic relationship with legumes, fixing between 50 and 100 kg/ha of nitrogen. Optimal nitrogen fixation occurs in well-aerated, loamy soils with a pH of 6.0–7.0, moderate organic matter (2–5%), and low salinity. This process can benefit crops like green beans, red beans, chickpeas, lentils, and other pulses. However, the population of Rhizobium decreases significantly when leguminous crops are not grown in the field (Bhattacharjee and Dey, 2014).

2.4 Azospirillum
	Azospirillum, a member of the Spirilaceae family, is regarded as one of the most effective rhizobacteria for promoting plant growth (PGPR). Not only does it help plants thrive, but it also fixes atmospheric nitrogen. Additionally, Azospirillum enhances plant growth by developing tolerance to both environmental and biological stress factors. It produces various plant growth hormones, including auxins, cytokinin, gibberellins, ethylene, and abscisic acid. Some strains of Azospirillum can also break down inorganic phosphorus, making it accessible to plants, which ultimately leads to improved crop yields (Dubey et al.,2019). The most significant non-symbiotic N-fixing bacterium in non-leguminous crops is Azospirillum. Azospirillum can improve plant growth and increase the yield of a number of significant crops in a variety of soil types and climate zones when the right circumstances are met. Azospirillum's positive effects on plants are mostly ascribed to improved root development, increased root uptake of water and minerals, the displacement of plant pathogenic bacteria and fungi, and, to a lesser extent, biological nitrogen fixation. (Fukami et al.,2018)
2.5 Azotobacter 
	The free-living, nitrogen-fixing bacterium Azotobacter enhances plant growth. It is part of the Azotobacteriaceae family and is both aerobic and heterotrophic. In the presence of root exudates are present, these bacteria assist plants in optimizing nutrient uptake. Additionally, Azotobacter generates and releases various active compounds that stimulate root development, including vitamin B, nicotinic acid, heteroauxins, and gibberellins, as noted by (Mahdi et al.,2010). It is recommended to apply this bacterium to non-leguminous crops like tomatoes, cotton, wheat, rice, and millets, since it thrives in neutral to alkaline soils. Nonetheless, its population ends to be low in uncultivated soils and cultivated plants rhizosphere (Sivasakthi et al.,2017). Kader et al., (2002) explored the effects of Azotobacter inoculants on wheat production and nitrogen uptake. The bacterium, a free-living nitrogen fixer in the rhizosphere zone, is recognized for producing and secreting biologically active compounds that enhance root growth, including biotin, auxins, gibberellins, nicotinic acid, pantothenic acid, and B vitamins.
3. Biofertilizers for Sustainable Food Production: Enhancing Soil Health and Yield
Rice cultivation largely relies on chemical fertilizers, especially urea, which contributes to groundwater pollution and global warming. The excessive use of nitrogen-based fertilizers leads to harmful environmental effects, such as nitrate leaching and nitrous oxide emissions. These issues can be mitigated by reducing dependence on synthetic nitrogen fertilizers or developing methods that enable plants to absorb atmospheric nitrogen without significant losses in the soil. Alongside nitrogen, phosphorus is a vital nutrient for plant growth, but soil pH strongly influences its availability. Although phosphorus is present in the soil, it is often in a form that plants cannot easily absorb. Certain bacteria can convert insoluble phosphorus into a more accessible form, thereby reducing the need for chemical phosphorus fertilizers. Microbial processes, such as biological nitrogen fixation by free-living bacteria and phosphorus solubilization by specialized microorganisms, play a crucial role in enhancing plant nutrition. Biofertilizers enriched with beneficial microbes such as phosphate-solubilizing bacteria, plant growth-promoting bacteria, and free-living diazotrophs help improve soil fertility and boost crop productivity. The use of these biofertilizers offers a sustainable alternative to chemical fertilizers, supporting eco-friendly farming practices while maintaining high agricultural yields. (Naher et al.,2015)
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Fig 2. Balancing fertilizer uses for sustainable agriculture
Plant nutrients are essential to sustainable agriculture, playing a crucial role in crop growth and productivity. The use of biofertilizers enriched with beneficial microorganisms enhances nutrient availability, making it easier for plants to absorb essential elements. Providing crops with the appropriate fertilizers to meet their nutritional needs is vital to ensuring food security for a growing population. However, the increasing dependence on chemical fertilizers has raised concerns due to their negative impact on both human health and the environment. Therefore, integrating microbial bioinoculants with chemical fertilizers is regarded as one of the most effective approaches to improving soil fertility and promoting healthy plant growth while minimizing environmental harm (Prisa et al.,2023).
The ongoing depletion of natural resources, coupled with the excessive use of chemical fertilizers, raises significant concerns about the future of agriculture. As a sustainable alternative to harmful agrochemicals, biofertilizers are gaining increasing importance in promoting eco-friendly farming. Ensuring global food security requires both improved crop yields and the long-term preservation of soil fertility, both of which can be achieved through the use of biofertilizers. These beneficial microorganisms form symbiotic relationships with plants, enhancing their growth, development, and natural resistance to stress (Nosheen et al.,2021).
This review systematically examines the Eco physiological processes through which plant-growth-promoting microorganisms (PGPMs) contribute to enhancing rice productivity and quality, The Study results that PGPMs represent a promising tool with which to boost the sustainability and productivity of rice cultivation (Ríos-Ruiz et al.,2025).
4.1 Importance of biofertilizers in sustainable agriculture:
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FIG 3. Benefits of biofertilizer in sustainable agriculture

1. Enhance Soil Fertility: Biofertilizers enhance the soil's nutrient content by adding helpful microbes that fix atmospheric nitrogen, solubilize phosphorus, and break down organic materials.
2. Reduce Dependence on Chemical Fertilizers: Biofertilizers reduce the need for chemical fertilizers by providing essential nutrients naturally, resulting in more environmentally friendly farming methods. (Chaudhary et al.,2022) 
3. Eco-Friendly and Non-Toxic: Unlike chemical fertilizers, which can harm and pollute the soil, biofertilizers are natural, non-toxic substances that do not pose a threat to the environment.
4. Promote Plant Growth and Yield: Research indicates that biofertilizers enhance crop yields by improving plant health and increasing nutrient availability.
5. Improve Soil Microbial Activity: Biofertilizers enhance nutrient cycling and soil health by increasing the number of beneficial soil microorganisms. 
6. Cost-Effective for Farmers: Biofertilizers provide farmers with a cost-effective choice by increasing crop yields and decreasing the demand for chemical inputs. 
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5. Impact of INM on growth, yield, economics, nutrient uptake, and soil health in Transplanted Rice.
5.1 Impact of Integrated Nutrient Management on Growth
	The research conducted on the effects of integrated organic and inorganic fertilizers on the growth and yield of the indica rice variety Manawthukha and the japonica rice variety Genkitsukushi, indicated that integrating organic and inorganic fertilizers enhanced the growth parameters and yields of both Manawthukha and Genkitsukushi, while reducing the dose of chemical fertilizer (Moe et al.,2019). The experiment revealed that a significantly higher Plant height (cm), number of tillers (m-2), and leaf area index were observed with the application of 50% RDN through fertilizer + 50% RDN through compost + seed treated with Azotobacter @ 10 g kg-1 seed compared to the other treatments (Kumar et al.,2023). The results showed that the residual effects of organic manures significantly improved the growth parameters and yield attributes; among the various residual treatments, the use of farmyard manure + 75% NPK exhibited maximum plant height (125.2 cm), and number of tillers (68.0 m−1) (Dhaliwal et al.,2023; Singh et al., 2023). The application of chemical fertilizer alone or in combination with organic manure resulted in a significant increase in the growth of the rice crop (Anisuzzaman et al.,2021, Verma et al., 2023). A trial was conducted to study the effects of biofertilizer on the growth performance and yield of rice According to this research, rice grows more effectively when 50% biofertilizer and 50% chemical fertilizer are combined (Noraida et al.,2021; Prakash et al., 2023). Combining organic and inorganic manures increased plant height, the number of grains per panicle, the length of the panicle, and the number of fertile tillers per hill (Arif et al.,2014). According to Kumar et al. (2021), the application of 100% RDN (50% nitrogen through FYM and 50% chemical) produced the highest crop growth indices. followed by 80% RDN (50 percent nitrogen through FYM and 50% chemical) and 60% RDN (50% nitrogen through FYM and 50% chemical).
5.2 Impact of Integrated Nutrient Management on Yield 
	The findings showed that combining compost, vermicompost from Sasbania, green manure, and farmyard manure (FYM) with chemical fertilizers significantly improved rice yield and its contributing factors, compared to using these sources individually in most cases (Wolie et al.,2016). Rice grain and straw yields were considerably higher when organics and residues from crops were utilized together with biofertilizers than when the other treatments were used (Meena et al.,2020). The study says that the dosage of biofertilizer and its integrated application can become an alternative recommendation to increase yield on lowland rice at latosol soil (Arsana et al.,2022). The present investigation points out the significance of balanced and imbalanced use of nutrients, including FYM, in the rice-wheat cropping system for improving the yield of the rice crop (Bhatt et al.,2018). The most effective way to increase rice yield in Bangladesh's rice-fallow-rice system is by combining organic and inorganic nutrition sources (Haque et al., 2019, Bharti et al., 2024). The research conducted to study the effects of biofertilizer on the growth performance and yield of rice and revealed that, thus, from this trial, it has been proven that combining 50% biofertilizer with 50% chemical fertilizer enhances rice yield (Noraida et al.,2021, Maurya et al., 2023). He investigated "Effect of Integrated Use of Organic Manures and Inorganic Fertilizers on Yield and Yield Components of Rice. "Combining chemical fertilizers and organic manure may significantly improve rice yield (Arif et al.,2014).
5.3 Impact of Integrated Nutrient Management on Economics 
	The study conducted in the lower Indo-Gangetic Plain Zone (IGPZ) of West Bengal, India, suggests that the System of Rice Intensification (SRI) method, when combined with integrated nutrient management (using 25% RDN from vermicompost and 75% RDN from chemical fertilizers), can optimize economic profitability, value-cost ratio, and partial factor productivity of nutrients (Midya et al.,2021). The study concluded that by decreasing the cultivation costs, INM increases farmers' profitability (Bhanuwanti and Pratima Vaidya 2020). A field experiment assessed the impact of integrated nutrient management on protein content, yield, and the economics of transplanted rice (Oryza sativa L.). The results revealed that the T2 treatment yielded the highest gross return (Rs. 84,199 ha-1), net return (Rs. 43,644 ha-1), and B: C ratio (Rs. 1.08 ha-1) with RDF 100% (150:60:60:20 NPK and zinc sulphate) (Patel et al.,2023).
5.4 Impact of Integrated Nutrient Management on Nutrient Uptake 
	The study also observed that the rice crop showed higher overall nutrient uptake when integrated nutrient sources were used. Furthermore, combining inorganic and organic fertilizers improved the soil's key physical and chemical properties, enhancing nutrient availability (Wolie et al.,2016). All rice genotypes demonstrated a significant increase in nutritional content (N, P, and K) when chemical fertilizers were applied alone or combined with organic manure (Anisuzzaman et al.,2021). The phosphorus (P) balance was enhanced when manure and inorganic phosphorus fertilizers were applied together over a prolonged period. As a result, in acidic paddy soils, the application rate of phosphorus inputs should be reduced when both manure and inorganic P fertilizers are used together (Qaswar et al.,2020). The combined use of organic and inorganic fertilizers resulted in higher nutrient uptake and improved nutrient utilization efficiency, leading to more favourable outcomes (Urmi et al.,2022).
5.5 Impact of Integrated Nutrient Management on Soil Health/Quality
	The combined application of Azolla biofertilizer, well-composted organic manures, and silicate fertilizer could be practical approach to reducing the use of conventional urea fertilizer, decrease methane (CH4) emissions, and improving soil quality indicators (Ali et al.,2014). The highest concentrations of available nitrogen (N), phosphorus (P), potassium (K), and sulphur (S) in the soil were observed when farmyard manure (FYM) was applied in combination with green manure (GM) and biofertilizers (B) (Kumar et al.,2015 and Singh H. et al., 2024). The experiment on the impact of integrated nutrient management on rice (Oryza sativa L.) productivity revealed that using a combination of farmyard manure (FYM), green manure (GM), and blue-green algae (BGA) with 75% RDF + 25% N (FYM + GM + BGA) significantly enhanced soil health (Bharose et al.,2017). To improve soil organic carbon, it is recommended to apply organic manure in combination with the prescribed amounts of fertilizer (Bhanuwanti and Pratima Vaidya 2020). Combined fertilization, using both organic and inorganic fertilizers, not only boosts crop yields but also enhances soil health (Anisuzzaman et al.,2021). The current study clearly highlights the significance of using both balanced and unbalanced nutrient applications, including farmyard manure (FYM), in the rice-wheat cropping system. This approach helps improve various physicochemical soil quality indicators for rice crops over the long term (Bhatt et al.,2018). In a rice-fallow-rice system in Bangladesh, the most effective method for preserving soil fertility is the combined use of both organic and inorganic fertilizer sources (Haque et al.,2019). The results of the Integrated Plant Nutrient System (IPNS) trial indicate that regular application of manures and organic wastes can enhance soil fertility (Anik et al.,2017). The addition of organic fertilizer significantly influences the concentrations of organic carbon, total carbon, total nitrogen, ammonium nitrogen, nitrate nitrogen, soil pH, phosphorus, potassium, sulphur, calcium, and magnesium in post-harvest soil, reflecting an improvement in soil fertility. Therefore, regular use of both organic and inorganic fertilizers can help rejuvenate the soil and promote long-term agricultural sustainability (Urmi et al.,2022).
6. Conclusion
	In conclusion, the integration of biofertilizers and Integrated Nutrient Management (INM) plays a pivotal role in advancing the sustainability and productivity of transplanted rice cultivation. With their ability to enhance nutrient cycling, nitrogen fixation, and overall soil health, biofertilizers offer an eco-friendly alternative to traditional chemical fertilizers. Their role in promoting soil fertility and plant growth, while reducing the dependency on chemical inputs, aligns with the goals of sustainable agricultural practices. The synergistic effects of combining biofertilizers with organic and inorganic fertilizers in INM systems have shown substantial improvements in rice growth, yield, and soil quality. The studies reviewed highlight that this approach not only boosts crop productivity but also contributes to the soil’s long-term health, enhancing its structure and nutrient-holding capacity. By optimizing nutrient availability and improving nutrient use efficiency, INM practices reduce environmental pollution and minimize the risks associated with excessive chemical fertilizer use. Moreover, INM, when implemented carefully considering local soil conditions, can enhance the economic profitability of rice farming by reducing input costs and improving yield quality. This integrated approach, therefore, stands as a promising solution for enhancing rice productivity while ensuring environmental sustainability.
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