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Abstract
Phosphorus (P) is an essential mineral macronutrient for maintaining plant growth and development. Plants absorb phosphorus in the form of inorganic phosphate; however, it is one of the macronutrients available in minimal amounts in the soil and is considered a limiting element under specific conditions due to its high reactivity with metals, combined with factors such as soil pH and composition. Phosphate-solubilizing microorganisms (PSMs) play an important role in supplying phosphorus to plants, as they are capable of solubilizing insoluble phosphates—either added or already present in the soil—through processes such as acidification, chelation, and ion exchange reactions. The VERMA medium proved to be the most effective for phosphorus solubilization, whereas the addition of the remineralizer BTGRAN to the NBRIP and VERMA media often resulted in a reduction in solubilization. This suggests that the choice of growth medium and the presence of additives can significantly influence the effectiveness of actinobacteria in phosphorus solubilization.
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Introduction
Plants require various essential chemical elements for their vital functions, classified into macro- and micronutrients. Among the macronutrients, nitrogen (N), phosphorus (P), and potassium (K) are required in large quantities for plant growth and development. However, the indiscriminate and excessive use of chemical fertilizers can compromise agricultural sustainability, affecting both soil health and environmental safety.
Phosphorus is a crucial mineral macronutrient for plants, mainly absorbed as inorganic phosphate. Nevertheless, its availability in soils is limited due to its high reactivity with metals and the formation of insoluble compounds, influenced by soil pH and composition. According to Huda et al. (2023), most of the phosphorus in soils exists in forms unavailable to plants, making it a key limiting factor in plant development.
Although a portion of the phosphorus used in agriculture comes from recycled sources, such as organic waste and compost, a significant amount still relies on phosphate-based mineral fertilizers derived from non-renewable phosphate rocks (Gong et al., 2023). The low efficiency of phosphorus fertilizer use poses a major challenge to sustainable agriculture, particularly considering the depletion of phosphorus reserves and the high cost of extraction.
Phosphate-solubilizing microorganisms (PSMs) play a fundamental role in making phosphorus available to plants. They convert insoluble forms of phosphorus into bioavailable ones through mechanisms such as organic acid secretion, pH reduction, and enzymatic activity (Chen et al., 2024). Inoculation with PSMs has been shown to significantly increase phosphorus availability in soil and promote plant growth, especially in phosphorus-deficient conditions (Ahmed et al., 2024).
Moreover, co-inoculation strategies combining PSMs with other beneficial microorganisms - such as arbuscular mycorrhizal fungi (AMF) - demonstrate synergistic effects in nutrient absorption and overall plant development (Zhou et al., 2024). These microbial interactions are vital for maintaining soil fertility and promoting sustainable agricultural systems, especially in tropical and degraded soils.
The application of PSMs, either alone or in microbial consortia, represents a promising approach for modern agriculture. It contributes to reduced dependency on chemical fertilizers and enhances the efficiency of phosphorus use, supporting both food security and environmental conservation. In view of the above, the objective of this study was to evaluate the potential for phosphate solubilization by actinobacteria isolated from the soil of the semiarid region of Northeastern Brazil.

Material and Methods
Microorganism Isolates
Five unidentified actinobacterial isolates obtained from the rhizosphere of Caatinga species were used. These isolates belong to the microbiological repository of the Laboratory of Microbiology at the Center for Engineering and Agricultural Sciences.

Phosphorus Sources
A rock concentrate, a residue from crushed stone production known as the BTGRAN remineralizer, was used as a phosphorus source. Its composition was as follows: P₂O₅ 0.25%; K₂O 3.09%; CaO 3.18%; SiO₂ 36.11%; Fe 3.81% (w/w).

Inoculum Preparation
The bacterial isolates were cultivated in nutrient agar medium (18 g agar, 5 g peptone, 3 g beef extract, 8 g NaCl, 1 L distilled water, pH 7.2) for five days. Cultures were scraped using 10 mL of water and diluted. The cell concentration in the suspension was measured using a spectrophotometer, adjusted to 10⁸ CFU/mL (OD₅₅₀ = 0.1).

Phosphate Solubilization in Solid Culture Medium (Qualitative Assessment)
The isolates were evaluated in solid NBRIP medium (1% glucose, 0.5% MgCl₂·6H₂O, 0.02% KCl, 0.025% MgSO₄·7H₂O, 0.01% (NH₄)₂SO₄, 2.0 g agar) supplemented with the ultrafine BTGRAN remineralizer (5 g/L) as the phosphorus source. Cultures were incubated at 28°C for 21 days. On the 15th and 21st days, the phosphate solubilization capacity was assessed through the Solubilization Index (SI), calculated as the ratio of the halo diameter to colony diameter. Solubilization was classified as follows: SI < 2 = low solubilization; 2 ≤ SI ≤ 3 = moderate solubilization; SI > 3 = high solubilization. The experiment followed a completely randomized design with a factorial arrangement and three replicates.

Phosphate Solubilization in Liquid Medium (Quantitative Assessment)
Soluble phosphorus levels were quantified using liquid media: NBRIP and Verma, with and without the addition of ground BTGRAN (PDR) remineralizer (5 g/L) as the sole phosphorus source. Test tubes containing 10 mL of NBRIP medium were inoculated in triplicate with 100 μL of bacterial inoculum (10⁸ CFU/mL, OD₅₅₀ = 0.1). Controls consisted of tubes with 10 mL of Verma or NBRIP media without inoculum. Cultures were incubated for 15 days at 28°C with shaking at 180 rpm. After incubation, 1000 μL from each sample was transferred to 1.5 mL microtubes and centrifuged at 10,000 rpm for 5 minutes. Then, 145 μL of the supernatant was mixed with 570 μL of distilled water and 285 μL of ammonium molybdate-vanadate reagent (5% ammonium molybdate and 0.25% ammonium vanadate; 1:1 v/v).
To construct the standard curve, a stock solution of KH₂PO₄ (0.0875%) corresponding to 0.1 mg P/mL was prepared, from which aliquots of 1 to 10 mL were mixed with 2.5 mL of the reagent, and the volume was adjusted to 50 mL. Ten minutes after reagent addition, absorbance readings were taken at 420 nm using a UV-1601 PC spectrophotometer (Shimadzu). The negative control consisted of non-inoculated NBRIP medium (145 μL), 570 μL of distilled water, and 285 μL of reagent. The spectrophotometer was calibrated using the negative control. Experiments were carried out in triplicate, and a positive result was indicated by the formation of a yellow coloration. Absorbance values were converted into phosphorus concentrations (μg/mL) using the standard curve equation.

pH Measurement
A 10 mL aliquot of each Erlenmeyer flask medium was collected. The liquid medium was filtered using Whatman No. 42 filter paper to separate bacterial cells. Non-inoculated control flasks were used to determine the initial pH and soluble phosphorus content immediately after autoclaving and at each sampling interval. Values obtained from non-inoculated controls were subtracted from those of the inoculated treatments.

Statistical Analysis
All experiments were conducted in triplicate under a completely randomized design. Assumptions for ANOVA were verified by assessing normality (Lilliefors test) and homogeneity of variances (Cochran’s test). Non-homogeneous data were transformed and analyzed using analysis of variance. F-test was applied (P ≤ 0.05), and means were compared using the Scott-Knott test (P ≤ 0.05) or polynomial regression analysis.

Results and Discussion
In the qualitative analysis of phosphate solubilization, it was observed that the actinobacterial isolates did not exhibit significant efficiency in solid NBRIP media or NBRIP supplemented with the BTGRAN remineralizer. None of the isolates produced clear halos around the colonies, which typically indicates the phosphate solubilization capacity of microorganisms. Therefore, under the tested conditions, the isolates were unable to solubilize phosphorus in a detectable manner in solid media.
These results support recent studies that question the reliability of the solubilization index (SI) in solid media as the sole indicator of phosphate solubilization capacity. Johri et al. (2025) emphasize that halo formation in solid media may not accurately reflect the actual ability of microorganisms to solubilize phosphorus, suggesting the need for complementary evaluations in liquid media for a more comprehensive analysis.
Moreover, factors such as the composition of the culture medium and the presence of additives can significantly influence the expression of genes related to phosphate solubilization. Zhang et al. (2025) demonstrated that the addition of certain remineralizers could negatively affect the activity of phosphate-solubilizing microorganisms, possibly due to interference with nutrient availability or the gene expression related to organic acid production.
Therefore, the absence of halo in solid NBRIP and NBRIP + BTGRAN media can be attributed to methodological limitations and the influence of environmental and nutritional factors that affect the expression of phosphate solubilization by actinobacteria.
The data obtained demonstrate significant variations in the phosphorus solubilization capacity among different actinobacterial isolates and the culture media used (Figure 1). These differences underscore important findings regarding the effectiveness of the isolates and the influence of phosphorus sources in the culture media.

Figure 1. P solubilization in liquid NBRIP and Verma media after inoculation by actinobacteria isolates, under cultivation for 15 days. Means followed by the same letter do not differ each other (Scott-Knott p<0.05). 
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In NBRIP medium, isolate C8 showed the highest phosphate solubilization capacity (482.61 μg/mL), followed by C10 (326.64 μg/mL) and C5 (254.97 μg/mL). Isolate B10 demonstrated intermediate solubilization (211.33 μg/mL), while J1 exhibited the lowest value (71.59 μg/mL). These results are consistent with previous studies that identified variability in phosphate solubilization efficiency among different actinobacterial strains, attributed to differences in organic acid production and gene expression related to phosphorus solubilization (Soumare et al., 2021).
In NBRIP + BTGRAN medium, the addition of ultrafine BTGRAN remineralizer resulted in a reduction in phosphorus solubilization for most isolates (Figure 2, Table 1). However, C5 still recorded the highest solubilization (166.25 μg/mL). Isolate B10 showed a significant decrease to 63.86 μg/mL, suggesting that BTGRAN may inhibit phosphorus solubilization in some isolates. J1 had the lowest value (31.98 μg/mL), confirming that the addition of PDR is not beneficial for this isolate.
Figure 2. Efficiency of P solubilization in liquid NBRIP and Verma media after inoculation by actinobacteria isolates, under cultivation for 15 days. Means followed by the same letter do not differ each other (Scott-Knott p<0.05). 
[image: ]
Table 1. Breakdown of soluble P content in NBRIP and Verma liquid culture media by actinobacteria isolates by inoculation time. Means followed by the same letter do not differ each other (Scott-Knott p<0.05).
	Culture Media
	Isolates
	Solubilization  (μg mL-¹)

	NBRIP
	B10
	211,33c
	

	
	C5
	                 254,97c
	

	
	C8
	                  482,61a
	

	
	C10
	                  326,64b
	

	
	J1
	                     71,59b
	

	NBRIP+PDR
	B10
	63,86b
	

	
	C5
	166,25a
	

	
	C8
	89,06b
	

	
	C10
	91,77b
	

	
	J1
	31,98c
	

	VERMA
	B10
	933,90a
	

	
	C5
	392,32b
	

	
	C8
	466,02b
	

	
	C10
	187,52b
	

	
	J1
	44,70c
	

	VERMA+PDR
	B10
	94,00a
	

	
	C5
	12,97c
	

	
	C8
	3,67d
	

	
	C10
	14,45c
	

	
	J1
	48,91b
	












These findings align with research indicating that the addition of certain remineralizers can negatively affect the activity of phosphate-solubilizing microorganisms. Zhang et al. (2025) observed that the presence of remineralizers might interfere with the availability of essential nutrients or the expression of genes related to organic acid production, thereby impacting phosphorus solubilization efficiency.
In Verma medium, results indicate superior phosphate solubilization compared to other media. B10 stood out with the highest value recorded across all media and isolates (933.90 μg/mL). C8 and C5 also showed high levels of solubilization (466.02 μg/mL and 392.32 μg/mL, respectively). Isolate J1 had relatively low solubilization (44.70 μg/mL), indicating performance variability depending on the medium used.
These results suggest that Verma medium may provide more favorable conditions for the expression of genes related to phosphate solubilization in actinobacteria. Soumare et al. (2021) highlight that the composition of the culture medium, including the carbon source and the presence of micronutrients, can significantly influence the activity of phosphate-solubilizing microorganisms.
In Verma + BTGRAN medium, the addition of BTGRAN remineralizer resulted in a significant reduction in phosphate solubilization for all isolates. Still, B10 maintained the highest value (94.00 μg/mL) among them. However, C5 and C8 dropped drastically to 12.97 μg/mL and 3.67 μg/mL, respectively, while J1 reached 48.91 μg/mL. These data suggest that BTGRAN negatively impacts phosphate solubilization in Verma medium.
These findings reinforce the need to carefully evaluate the interaction between phosphate-solubilizing microorganisms and mineral additives in the development of biofertilizers. Zhang et al. (2025) emphasize that the efficacy of microbial consortia may be compromised by the presence of certain additives that interfere with microbial activity, highlighting the importance of preliminary testing to ensure compatibility between biofertilizer components.

Conclusions
The results indicate that different actinobacterial isolates exhibit variations in phosphorus solubilization capacity depending on the culture medium used. The VERMA medium proved to be the most effective for phosphorus solubilization, whereas the addition of the BTGRAN remineralizer to both NBRIP and VERMA media resulted in a reduction of solubilization. This suggests that the choice of culture medium and the presence of additives can significantly influence the effectiveness of actinobacteria in phosphorus solubilization.
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