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Abstract 
Brazilian agriculture plays a strategic role in the national economy, with Brazil standing out as one of the world’s 
leading soybean (Glycine max L.) producers. Despite its economic relevance, soybean productivity is 
constrained by several factors, including high production costs, dependence on non-renewable inputs, adverse 
climatic conditions, and particularly the low fertility of tropical soils, especially phosphorus (P) deficiency. In 
this context, the use of phosphate-solubilizing bacteria (PSB) emerges as a sustainable alternative to enhance 
phosphorus availability and uptake by plants, thereby reducing dependence on chemical phosphate fertilizers. 
This study aims to review the scientific literature on the application of PSB in soybean cultivation, emphasizing 
their mechanisms of action, effects on phosphorus uptake, and impacts on plant growth and productivity.  
Keywords: soybean, phosphorus, phosphate-solubilizing bacteria, productivity, soil fertility. 

Aplicação de bactérias solubilizadoras de fosfato na cultura da soja: uma 
mini-revisão 

Resumo 
A agricultura brasileira desempenha papel estratégico na economia nacional, destacando-se o Brasil como um 
dos maiores produtores mundiais de soja (Glycine max L.). Apesar de sua relevância econômica, a produtividade 
dessa cultura é limitada por diversos fatores, como elevados custos de produção, dependência de insumos não 
renováveis, condições climáticas adversas e, sobretudo, a baixa fertilidade dos solos tropicais, especialmente a 
deficiência de fósforo (P). Nesse contexto, o uso de bactérias solubilizadoras de fósforo (BSF) surge como uma 
alternativa sustentável para aumentar a disponibilidade e a absorção de P pelas plantas, reduzindo a dependência 
de fertilizantes fosfatados de origem química. Este trabalho tem como objetivo revisar a literatura científica 
acerca da aplicação de BSF na cultura da soja, com ênfase em seus mecanismos de ação, efeitos na absorção de 
fósforo e impactos sobre o crescimento e a produtividade da planta. 
Palavras-chave: soja, fósforo, bactérias solubilizadoras de fosfato, produtividade, fertilidade do solo. 
 
1. Introduction 
Brazilian agriculture constitutes one of the most competitive and strategic sectors of the national economy, 
playing a fundamental role in job creation, food production, and making a significant contribution to the growth 
of the Gross Domestic Product (GDP). In this context, agricultural research plays a central role by fostering the 
development of technologies capable of consolidating efficient, sustainable, and resilient production systems, 
reconciling increased agricultural productivity in areas already open for cultivation with the reduction of 
environmental impacts associated with conventional production models, as well as the adoption of crop rotation 
practices (Barbosa; Brisola, 2024; Silva et al., 2023a; El Batti et al., 2023). 
In line with this perspective, the Sustainable Development Goals (SDGs) established by the United Nations (UN), 
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particularly SDG 2, advocate that by 2030 sustainable food production systems and resilient agricultural 
practices be implemented to increase productivity, preserve ecosystems, strengthen adaptation to climate change, 
and progressively improve soil quality, thereby supporting the continuity of life on Earth (UN, 2024; Olabi et al., 
2025). Filho et al. (2023) discuss these guidelines in the context of climate change and its impacts on agriculture, 
while Suman et al. (2022) emphasize the need for innovative strategies that reduce dependence on synthetic 
chemical inputs and promote greater efficiency in the use of natural resources. Such strategies include products 
based on local microorganisms capable of exerting inhibitory effects on a wide range of agricultural pathogens, 
as well as microorganisms able to metabolize elements of agronomic interest across different groups of crops, 
ensuring the rational and sustainable use of soil resources. 
Soybean (Glycine max (L.) Merrill) stands out as one of the most important crops for agribusiness, particularly in 
Brazil, where it has been consolidated as a major commodity in the country’s trade balance (Medina, 2022). 
Brazil ranks among the world’s leading soybean producers and exporters, and in the 2024/25 growing season, 
soybean cultivation covered approximately 49.01 million hectares, with an estimated production of 169.1 million 
metric tons and an average yield of 3,440 kg ha-1 (Conab, 2025). These figures highlight the economic 
importance of the crop while underscoring the challenges associated with maintaining and sustainably increasing 
productivity. 
Technological advances related to soybean nutritional requirements have contributed to improved crop 
management and increased yields (Bevilaqua et al., 2002). Nevertheless, Brazilian agricultural systems are still 
strongly affected by the low natural fertility of soils, a common characteristic of tropical regions, which leads to 
the intensive use of mineral fertilizers. This practice significantly increases production costs, amplifies 
environmental impacts, and intensifies dependence on external and nonrenewable nutrient sources. Greschuk et 
al. (2023) emphasize that Brazilian soils have the potential to achieve higher productivity, provided that soil 
renewal processes and the use of nature-based strategies are effectively implemented. 
Soybean productivity is influenced by multiple factors, including water availability, agricultural mechanization, 
soil acidity, photoperiod, and edaphoclimatic conditions. However, soil fertility represents one of the most 
decisive factors for crop performance, as macro- and micronutrients are essential for physiological and 
biochemical processes directly related to plant growth, development, and productivity (Javed et al., 2022; 
Greschuk et al., 2023). 
Among the macronutrients, nitrogen (N), phosphorus (P), and potassium (K), P is the second most critical 
essential nutrient limiting agricultural productivity, particularly in Brazilian soils, due to its low natural 
availability (Luo et al., 2024). Phosphorus plays a fundamental role in physiological and reproductive processes, 
including its involvement in photosystems I and II, energy transfer, cellular metabolism, root development, and 
the formation of reproductive structures such as flowers, fruits, and seeds (Raij, 1991), as well as in plant 
responses to different sources of abiotic stress (Khan et al., 2023). Quantitatively, P accounts for approximately 2 
g kg-1 of plant dry matter (Schachtman, 1998), and in soybean crops, an average of about 20 kg ha-1 of P is 
immobilized in the total plant biomass (Novais et al., 2007). 
Phosphorus deficiency severely compromises shoot and root growth, reduces nodulation and the activity of 
nitrogen-fixing nodules, limits water and nutrient uptake, and results in reduced leaf area, lower flowering, and 
poor pod formation, ultimately leading to significant yield losses (Oliveira et al., 2011). Furthermore, in tropical 
soils, a large proportion of P applied via fertilizers is rapidly immobilized through adsorption and precipitation 
reactions with iron (Fe2+) and aluminum (Al3+) oxides—a phenomenon known as phosphorus fixation—which 
reduces its agronomic efficiency and necessitates increasing fertilizer application rates (Raij, 1991; Yi et al., 
2023). Chemically unavailable nutrients accumulate in the soil matrix and negatively interfere with the 
physiological processes of agriculturally important plants. As discussed, this phenomenon is common in tropical 
soils, including those in Brazil (Pavinato; Cipriano, 2025). 
In this context, the use of phosphate-solubilizing bacteria (PSB) has emerged as a promising and 
environmentally sustainable strategy to enhance P availability in different soil types. These microorganisms act 
by solubilizing insoluble forms of P, primarily through the production of organic acids, enzymes, and other 
metabolites, thereby facilitating nutrient uptake by plants and contributing to the reduction of conventional 
phosphate fertilizer use. Phosphorus-solubilizing microorganisms (PSM) belong to a class of beneficial microbes 
with specific functional traits, such as the ability to mobilize inorganic and organic P compounds. Although 
bacteria represent the main group within this category, recent studies have reported an increasing use of fungi 
and archaea with similar functional characteristics (Li et al., 2021). 
The application of PSBs has increased steadily in recent years, and numerous studies have reported positive 
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outcomes regarding their efficiency in metabolizing phosphate fertilizers in soil and promoting physiological 
processes in agriculturally important plants, making this approach effective for improving phosphorus use 
efficiency (Luo et al., 2024). PSBs are known to exert their effects primarily in the rhizosphere (Figure 1), where 
they colonize plant roots and constitute an important component of plant growth-promoting bacteria. Non-labile 
phosphorus sources converted by PSBs become labile and thus available for root uptake (Kour et al., 2023). In 
addition, PSB are capable of reducing rhizosphere pH through the secretion of low-molecular-weight organic 
acids, such as citric and lactic acids, which effectively solubilize insoluble phosphate compounds (Ahuja et al., 
2007; Luo et al., 2024; Oba et al., 2024). Studies investigating PSBs for their ability to produce phosphatases and 
other enzymes involved in the soil phosphorus cycle have expanded, enabling a better understanding of the 
synergistic interactions among microorganisms, phosphorus, and plants (Chen et al., 2021; Yu et al., 2022; Luo 
et al., 2024). 
In light of the above, this study aims to review the scientific literature on the application of 
phosphate-solubilizing bacteria (PSB) in soybean cultivation, with emphasis on their mechanisms of action, 
effects on phosphorus uptake, and impacts on plant productivity, within the framework of sustainable approaches 
adopted in modern agricultural systems. 
 

Figure 1. Schematic representation of the rhizosphere showing the interaction between plant roots and 
phosphate-solubilizing bacteria. These microorganisms release organic acids that promote the solubilization of 
insoluble phosphate compounds (PO4

-), converting them into soluble forms (PO4
3-) available for plant uptake, 

thereby enhancing phosphorus availability and root nutrition. Source: Authors, 2025.  
 
2. Phosphorus and tropical agriculture 
2.1 Phosphorus problem in soil 
Phosphorus (P) is characterized as an essential and indispensable element for plants; however, in soils, it is 
commonly found associated with complexes containing oxides such as iron (Fe2O3), silica (SiO2), or aluminum 
(Al2O3), predominantly in non-labile forms. Consequently, large amounts of phosphate fertilizers are applied 
annually for soybean production in highly weathered soils, as observed in extensive regions of Brazil (Viruel et 
al., 2014). The application of P at high rates in weathered soils is justified by the strong fixation of this element, 
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which results in low levels of available P, especially in soils with a predominance of sesquioxide minerals (Büll 
et al., 1998; Novais; Smyth, 1999). 
As briefly discussed, P is one of the essential macronutrients involved in several physiological processes in 
plants during both vegetative and reproductive stages, being considered the second most important element after 
N (Walpola; Yoon, 2012; Sarmah; Sarma, 2022). The agronomic efficiency of phosphate fertilizers may be 
influenced by phosphate sources, soil properties, application methods, and the cultivated plant species (Chien; 
Menon, 1995). 
In the Brazilian Cerrado environment, the adequate supply of macro- and micronutrients, particularly P, is an 
indispensable tool for achieving high crop yields (Silva et al., 2025a). This is mainly because Cerrado soils are 
generally acidic, contain significant levels of iron and aluminum oxides, and exhibit low nutrient availability, 
especially P (Torres et al., 2023). In addition, this nutrient is subject to retention by chemical forms of Fe, Si, and 
Al oxyhydroxides, which are common minerals in tropical soils, thereby restricting adequate phosphorus uptake 
by plant root systems (Malavolta, 2006; Goldberg, 2008; Yi et al., 2023). 
Crop productivity depends on P availability for photosynthesis (Veneklaas et al., 2012). Thus, phosphate 
fertilization practices are not only essential for obtaining high yields but may also contribute to increasing 
phosphorus content in seeds. The agronomic efficiency of phosphate fertilizers depends on several factors, 
including the physical and chemical properties of the soil, climatic conditions, and the crop species. Therefore, 
understanding the processes involved in P dynamics in the soil and its interactions with different soil components, 
as well as the forms through which this nutrient becomes available to plants, is fundamental for determining 
fertilization requirements and, consequently, defining appropriate fertilizer rates and application methods (Raij, 
2011). 
Therefore, efforts should be made to improve P uptake and utilization by plants, which can be achieved through 
pH management and the use of microorganisms that enhance P availability (Inui, 2009; Ibrahim et al., 2022). 
According to Oliveira (2009), “phosphorus is an essential element for soybean cultivation, and inadequate levels 
of this nutrient affect the entire plant development”; thus, it is accurate to state that, in the absence of P, soybean 
plants fail to develop adequately to achieve satisfactory productivity. 
 
2.2 Mechanism of P solubilization  
Phosphorus-solubilizing bacteria play a fundamental role in increasing the availability of this nutrient to plants, 
especially in tropical soils, where a large proportion of phosphorus occurs in insoluble forms. These 
microorganisms use different biochemical and physiological mechanisms to release P from the soil. 
The acidification of the rhizosphere is an important mechanism by which phosphorus is solubilized from 
unavailable mineral sources and may also enhance the activity of some phosphate-solubilizing enzymes 
(Rathinasabapathi et al., 2018). Among the mechanisms used by microorganisms to transform poorly soluble 
phosphates into soluble forms are processes such as the release of metabolites, extracellular enzymes, and 
organic acids, acidification processes, exchange reactions, and chelation (Abreu et al., 2017). 
The mechanisms proposed by which plant growth-promoting bacteria (PGPB) can improve the nodulation 
activity of Rhizobium include: production of binding proteins in the cell membrane (Burns et al., 1981), 
production of antimicrobial agents (Li; Alexander, 1988), and stimulation of root colonization by mycorrhizal 
fungi, resulting in changes in root morphology (Meyer; Linderman, 1986). 
The use of microorganisms in soybean cultivation has been known for many years, mainly through the use of 
Bradyrhizobium sp., which carries out the process of biological nitrogen fixation, and more recently through 
coinoculation, involving Bradyrhizobium sp. and Azospirillum brasilense. These bacteria are responsible for 
meeting nitrogen demand and promoting root hair growth, respectively, in soybean crops (Hungria et al., 2007; 
Hungria, 2013; Hungria; Nogueira, 2019). 
 
2.3 Phosphate-solubilizing microorganisms and their development in soybean crops 
Pests in soybean cultivation cause billions of reais in losses annually, significantly compromising crop 
productivity. Chemical control using insecticides remains the most common practice; however, excessive use of 
these products has led to serious issues, including environmental contamination, food residue accumulation, and 
increased pest resistance (Shome et al., 2022; Machado, 2024). In this context, biological control emerges as a 
sustainable and efficient alternative based on the use of natural enemies of pests. These include predatory insects, 
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parasitoids, and microorganisms such as fungi, bacteria, and viruses. In addition to being effective, biological 
control does not leave toxic residues and helps preserve environmental quality (Song et al., 2022; Silva et al., 
2023b). 
Thus, biological control is considered an essential tool in modern agriculture. Bioinputs applied in soybean 
cultivation are composed of fungi, bacteria, or viruses used in the management of insect pests and 
phytopathogens. Fungi and bacteria, beyond their direct role in biological control, can establish beneficial 
symbiotic relationships with plants, enhancing growth, nutrient uptake, and resistance to biotic and abiotic 
stresses (Wahab et al., 2023). 
According to Wagemans et al. (2022), virus-based bioinputs have a more specific application, being exclusively 
targeted at insect pest control, where they selectively infect and reduce pest populations. Therefore, these 
products represent sustainable alternatives to chemical pesticides, promoting greater balance in soybean 
production systems. Fungi used in bioinputs can be classified into different groups. Entomopathogenic fungi, 
such as Beauveria bassiana, Cordyceps (Isaria) javanica, Cordyceps (Isaria) fumosorosea, and Metarhizium 
anisopliae, are employed in the control of insect pests like the whitefly (Bemisia tabaci) and the two-spotted 
spider mite (Tetranychus urticae). Mycopathogenic fungi, including Trichoderma harzianum and Trichoderma 
asperellum, are used to control fungal diseases such as damping-off and root rot (Rhizoctonia solani) and white 
mold (Sclerotinia sclerotiorum). Nematophagous fungi, such as Pochonia chlamydosporia and Purpureocillium 
(Paecilomyces) lilacinum, are applied to manage nematodes like Meloidogyne spp. and Pratylenchus brachyurus 
(Coutinho, 2018; Loureiro et al., 2020). 
Plant–microorganism interactions are highly complex and dynamic, making their control and predictability in 
agricultural systems challenging (Copeland et al., 2025). Additionally, due to methodological variability and 
experimental limitations, many findings in this field remain contradictory. Nevertheless, the exploration of 
microbial processes is promising for improving phosphorus mobilization in soils (Mendes; Reis Junior, 2003). 
According to Alves et al. (2002), Silva et al. (2023b), and Li et al. (2024), inoculation with 
phosphorus-solubilizing microorganisms promotes positive effects on phosphorus content in the aerial parts of 
perennial plants, indicating enhanced uptake of labile soil phosphorus in the presence of these microorganisms. 
These findings highlight the potential of specific microbial strains for use in inoculant production technologies 
for agribusiness. 
One of the earliest phosphorus-solubilization technologies developed in Brazil is BiomaPhos, a liquid inoculant 
recommended for seed treatment and in-furrow application. After application, the bacteria colonize and multiply 
in the rhizosphere, establishing interactions with the plant root system. During this process, strains BRM 119 
(Bacillus megaterium) and BRM 2084 (Bacillus subtilis) produce various organic acids, promoting phosphorus 
solubilization in the soil (Bittencourt et al., 2024; Massucato et al., 2025). 
Overall, the use of bioinputs represents a strategic and sustainable alternative for pest and disease management in 
soybean cultivation, reducing reliance on chemical pesticides and their negative impacts. Microorganisms such 
as fungi, bacteria, and viruses show high potential in biological control while also providing additional benefits, 
including phosphorus solubilization and plant growth promotion (Boro et al., 2022). Innovative technologies like 
BiomaPhos reinforce the practical applicability of these solutions in agribusiness, contributing to increased 
productivity, environmental sustainability, and competitiveness of soybean production in Brazil (Barbosa et al., 
2025). 
 
2.4 Benefits and limitations of the use of these bacteria as a sustainable bioinput 
The use of PSB has been highlighted as a promising alternative to reduce dependence on chemical fertilizers, 
improve phosphorus use efficiency, and promote sustainable agricultural practices. One of the main benefits 
highlighted is the reduction in chemical inputs, such as fertilizers and synthetic pesticides, which are associated 
with negative impacts on the environment and human health (Altieri; Nicholls, 2017; Silva et al., 2025b). Studies 
show that these bacteria can increase phosphorus availability in the soil, stimulate soybean growth and 
productivity, and also contribute to improving plant resistance to biotic and abiotic stresses (Silva, 2023a; Zhu et 
al., 2024; Feng et al., 2024). In addition, recent reviews Table 1 indicate that PSB exhibit multiple mechanisms 
of action, such as the production of organic acids, phosphatases, siderophores, and exopolysaccharides, resulting 
in consistent gains in plant growth and quality (Silva, 2023a; Pan; Cai, 2023). 
On the other hand, some limitations must be considered. The effectiveness of these microorganisms under field 
conditions still shows inconsistent results, since environmental factors such as pH, moisture, temperature, and 
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soil composition directly influence their survival and activity (Zhu et al., 2024). Reviews also point out that 
although many isolates show high solubilization capacity under in vitro conditions, this response does not always 
translate efficiently into real agricultural systems, representing a challenge for large-scale application (Khan et 
al., 2007). Thus, although PSB represents a sustainable bioinput with great potential for modern agriculture, 
especially in soybean cultivation, further advances in field research, formulation strategies, and integration with 
other agricultural practices are necessary to maximize its efficiency (Liu-Xu et al., 2024). 
Table 1. Field and laboratory studies on the application of PSB in soybean. 

Author/Year Theme Main Results 

 
Crespo et al. 

(2024) 

Persistence of Metarhizium 
in the soil 

Good efficacy in the control of soybean pests; 
high persistence in the soil 

Tall; Meyling 
(2018) 

Plant growth promotion by 
Beauveria bassiana 

Positive effects on soybean growth, dependent on 
nutritional conditions 

Pereira et al. (2020) Control of the brown stink 
bug  

Euschistus heros 

Beauveria bassiana is effective in reducing this 
pest in soybean crops. 

 
Rodríguez-Gómez et 

al. (2018) 

 
Compatibility of insecticides 
with entomopathogenic fungi 

Some insecticides are compatible with Beauveria 
and Metarhizium, indicating potential for 

integrated pest management 

 
Duarte et al. 

(2019) 

Virulence of fungi 
against Helicoverpa 

armigera 

Metarhizium and Beauveria showed high 
mortality of this pest in soybean crops 

Source: Authors, 2025. 
 
2.5 Effect of PSB on growth, productivity, and phosphorus economy in soybean cultivation 
The effects of inoculation with phosphorus-solubilizing microorganisms (PSB) in soybean have been widely 
evaluated in different regions of the world. Akhila et al. (2025) reported that the use of PSB microorganisms in 
soybean, including Pseudomonas fluorescens and B. subtilis, increased growth parameters, productivity, nutrient 
content, and uptake, as well as soil microbial and enzymatic activity. In addition, in this study, cultivation costs 
and net returns were evaluated and were significantly higher with the application of 60 kg P₂O₅ ha⁻¹ combined 
with inoculation of B. subtilis. The interaction between 60 kg P₂O₅ and Bacillus subtilis resulted in greater root 
biomass.  
Rao et al. (2024) evaluated growth parameters of G. max under the application of phosphorus at 62.5 kg ha⁻¹ via 
vermicompost combined with PSB (10 kg ha⁻¹) and observed improved agronomic performance in this crop, 
with significant increases in plant height, number of branches, dry matter accumulation, and yield components, 
including number of pods, grain yield, and haulm production. These results were statistically similar to those 
obtained with phosphorus applied at the same rate via poultry manure combined with PSB. In contrast, 
phosphorus application via pongamia cake resulted in the lowest growth and yield values. From an economic 
perspective, the highest net returns and benefit–cost ratio were observed with the use of poultry manure 
combined with PSB, whereas pongamia cake showed the lowest economic indicators. 
Several microorganisms, including both bacteria and fungi, have the ability to solubilize phosphate, promoting 
significant gains in the vegetative and reproductive parameters of soybean. In addition to increasing the 
availability of labile phosphorus in the soil, these microorganisms also contribute to protecting plants against 
phytopathogen attacks, thereby strengthening the production system. Inoculation with Rhizobium japonicum and 
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Pseudomonas striata showed significant effects on soybean productivity, grain quality, and plant nutrition. Even 
when associated with reduced mineral fertilizer application, the use of these inoculants resulted in yields 
statistically comparable to those obtained with 100% of nitrogen and phosphorus doses. The combination of R. 
japonicum and P. striata with 50% N and 75% P increased grain protein and oil contents and improved plant 
nodulation. 
Additionally, an increase in soil nitrogen content was observed with R. japonicum inoculation, along with greater 
phosphorus availability with P. striata, highlighting the potential of these microorganisms to reduce dependence 
on chemical fertilizers without compromising crop productivity, as demonstrated in the study conducted by 
Shome et al. (2022). Despite these benefits, the response to PSB inoculation can vary according to soil type, 
existing microbial communities, and environmental conditions. Some studies suggest limited effects under 
specific soil and climate contexts, indicating that PSB responses are sometimes inconsistent across locations and 
years. Therefore, while PSB shows great potential for improving phosphorus economy in soybean cultivation 
and supporting sustainable agricultural practices, broader field validation and integration strategies are necessary 
to reliably translate these benefits into commercial agronomic systems (Timofeeva et al., 2022). 
 
3. Conclusions 
Phosphorus availability is a critical factor for soybean development and yield, particularly in Cerrado soils, 
where the natural scarcity of this nutrient and its strong fixation by soil minerals make phosphate fertilization 
indispensable. In this context, PSBs have emerged as promising biological alternatives, contributing not only to 
improved phosphorus-use efficiency but also to the sustainability of agricultural production systems. The diverse 
biochemical mechanisms employed by these microorganisms, such as the secretion of organic acids, 
phosphatases, and other chelating compounds, enhance phosphorus solubilization and availability, thereby 
stimulating plant growth and indirectly supporting biological nitrogen fixation. 
Although numerous laboratory and field studies have demonstrated the potential agronomic benefits of PSBs, 
their performance under real farming conditions remains variable. This variability is largely associated with 
edaphoclimatic factors, soil chemical characteristics, microbial competition, and limitations related to inoculant 
formulation and survival in the soil environment. Consequently, the effectiveness of PSB is strongly dependent 
on proper strain selection, compatibility with soil and crop management practices, and the development of more 
stable and efficient formulations. 
In this sense, advances in applied research, including long-term field trials, multi-strain consortia, and integrated 
nutrient management strategies, are essential to enhance the consistency and reliability of PSB-based 
technologies. Overall, the use of bioinputs such as PSBs represents a strategic approach to reducing dependence 
on chemical phosphate fertilizers, increasing soybean productivity, and promoting the environmental 
sustainability of Brazilian agriculture, aligning agricultural practices with the principles of sustainable 
intensification. 
Phosphorus-solubilizing bacteria have emerged as a promising biological strategy to enhance phosphorus 
availability in soils where a large fraction of phosphorus remains in insoluble forms, limiting plant uptake and 
crop productivity. PSB can mobilize bound phosphorus through the secretion of organic acids and phosphatases, 
thereby converting unavailable phosphorus into forms that plants can readily absorb. This process not only 
improves nutrient acquisition but also supports key physiological functions related to growth and yield in crops 
such as G. max due to phosphorus’s role in energy transfer, cell division, and reproductive development (Shome 
et al., 2022).  
Beyond nutrient solubilization, PSB have been reported to promote growth by producing plant growth regulators 
(e.g., indole-3-acetic acid) and siderophores, which can further stimulate root development and nutrient uptake 
capacity. Experimental evidence from soybean rhizosphere research has shown that PSB strains belonging to 
genera such as Bacillus and Pseudomonas increased soil acid phosphatase activity and available phosphorus 
content, leading to enhanced plant uptake of phosphorus and better overall stand performance in controlled 
conditions (Song et al., 2022). 
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