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Effect of Phosphorus and Phosphorus-Solubilizing Bacteria on Soil PSB Population and Acid Phosphatase Enzyme Activity in Soybean


ABSTRACT
A pot study was carried out during the kharif season of 2022 under net house conditions at the Department of Soil Science & Agricultural Chemistry, College of Agriculture, Junagadh Agricultural University, Junagadh, to evaluate the influence of phosphorus and phosphorus-solubilizing bacteria (PSB) on soil phosphorus availability, yield, and nutrient uptake in soybean. The experiment was arranged in a factorial completely randomized design with three replications, comprising 16 treatment combinations involving four levels of phosphorus (0, 40, 60, and 80 kg ha⁻¹) and four levels of PSB (0, 1, 2, and 3 L ha⁻¹). The results indicated that acid phosphatase activity at 30 and 60 days after sowing (DAS) as well as at harvest increased significantly with phosphorus application up to 80 kg ha⁻¹ and PSB application at 3 L ha⁻¹and the lowest was recorded in control that is T1 treatment. The application of PSB at 3 L ha⁻¹ significantly enhanced the PSB population in the soil at 30 DAS, 60 DAS, and at harvest, whereas phosphorus levels did not show a significant effect on PSB population. The combined application of phosphorus at 80 kg ha⁻¹ along with PSB at 3 L ha⁻¹ recorded the highest and statistically significant acid phosphatase activity at 30 DAS, 60 DAS, and at harvest.
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Introduction: 
India is the world’s largest producer of pulses. Soybean [Glycine max (L.) Merrill] is a leguminous crop that originated in China. Although it is primarily classified as a pulse crop, it has gained considerable importance as an oilseed crop due to its high content of cholesterol-free oil (about 20%). Soybean is an introduced crop in India and is now extensively cultivated on a commercial scale. During 2021, the area, production, and productivity of soybean in India were 12.04 million hectares, 14.97 million tonnes, and 976.2 kg ha⁻¹, respectively (Agricultural Statistics at a Glance 2021). Maharashtra ranks first in terms of both area and production of soybean (FAO). Soybean is often regarded as a miracle crop due to its dual attributes of high protein content (40–42%) and substantial oil content (about 20%) in the seed. In addition, it is a rich source of several vitamins and minerals. Soybean cultivation in India began in the year 1977.It also contains various vitamins and minerals. Soybean protein is rich in valuable amino acid lysine (5 %) (Dhadave et al., 2018). Being a legume, it has the ability to fix substantial amounts of atmospheric nitrogen, thereby improving soil fertility by leaving behind residual nitrogen (50–300 kg ha⁻¹). Through this process, it enriches the soil in which it is grown by transferring nitrogen from the atmosphere into the soil. In addition to its soil-enriching capacity, soybean is highly valued for its nutritional content. Since the Indian diet is often deficient in both the quality and quantity of protein, soybean is considered an excellent source of nutrition and is often described as “boneless meat” due to its richness in protein. Among grain legumes, soybean holds great economic importance and is cultivated successfully across a wide range of agro-climatic conditions worldwide. 
 Phosphorus is a vital macronutrient required for plant growth and reproduction, often described as the “key of life.” It plays a central role in root development, flowering, seed formation, photosynthesis, energy transfer, and other biochemical processes that cannot be substituted by any other nutrient. Despite being the tenth most abundant element in the Earth’s crust, phosphorus is among the least available to plants due to its strong fixation with aluminium and iron in acidic soils and with calcium in calcareous soils, making it a major limiting factor in crop production (Nisha et al., 2014).
Microbial inoculants, or biofertilizers, provide a cost-effective and eco-friendly approach to improving nutrient availability while reducing dependence on chemical fertilizers. Among these, Rhizobium and phosphorus-solubilizing bacteria (PSB) are widely used in legume production systems. Rhizobium fixes atmospheric nitrogen in root nodules, while PSB enhance phosphorus availability by releasing organic acids that solubilize insoluble forms of phosphorus (Raja and Takankhar, 2017; Khan and Zaidi, 2007). Soil biochemical properties, particularly enzyme activities, are recognized as sensitive indicators of soil health. Enzymes play a critical role in nutrient cycling, organic matter decomposition, and soil quality maintenance, thereby influencing crop productivity (Mina et al., 2011). Although PSB have shown potential in enhancing soil phosphorus availability, limited information is available on their specific effects on soybean productivity and associated soil enzyme activities.
Materials and methods
A pot experiment was carried out during the kharif season of 2022 under net house conditions in the Department of Soil Science & Agricultural Chemistry, College of Agriculture, Junagadh Agricultural University, Junagadh, Gujarat. The experimental soil was clayey in texture with a slightly alkaline reaction (pH 7.98) and an electrical conductivity of 0.48 dSm⁻¹. The soil was low in available nitrogen (225 kg ha⁻¹), medium in available phosphorus (37.49 kg ha⁻¹), high in available potassium (321.93 kg ha⁻¹), and medium in available sulphur (17.9 ppm).
The experiment was laid out in a factorial completely randomized design with three replications, comprising 16 treatment combinations. The treatments involved four phosphorus levels (0, 40, 60, and 80 kg ha⁻¹) and four levels of phosphorus-solubilizing bacteria (PSB) (0, 1, 2, and 3 L ha⁻¹). The treatment details were as follows: absolute control without phosphorus and PSB (T₁); no phosphorus with PSB at 1 L ha⁻¹ (T₂), 2 L ha⁻¹ (T₃), and 3 L ha⁻¹ (T₄); 40 kg P₂O₅ ha⁻¹ without PSB (T₅) and with PSB at 1 L ha⁻¹ (T₆), 2 L ha⁻¹ (T₇), and 3 L ha⁻¹ (T₈); 60 kg P₂O₅ ha⁻¹ without PSB (T₉) and with PSB at 1 L ha⁻¹ (T₁₀), 2 L ha⁻¹ (T₁₁), and 3 L ha⁻¹ (T₁₂); and 80 kg P₂O₅ ha⁻¹ without PSB (T₁₃) and with PSB at 1 L ha⁻¹ (T₁₄), 2 L ha⁻¹ (T₁₅), and 3 L ha⁻¹ (T₁₆). All pots received a uniform basal application of nitrogen at 30 kg ha⁻¹ through urea and DAP, while phosphorus was applied according to the respective treatments. Phosphorus-solubilizing bacteria were applied as per treatment specifications. The soybean variety GJS-3 was sown in each pot using five seeds. Soil samples were collected from each pot at 30 days after sowing (DAS), 60 DAS, and at harvest.These samples were analyzed for PSB bacterial count using Pikovskaya’s medium, and acid phosphatase activity in the rhizosphere soil as per the methods described by Tabatabai and Bremner (1969).
Result and discussion 
Periodical PSB count
Effect of phosphorus
Different levels of phosphorus did not show a significant effect on the periodic PSB count in the soil at 30 DAS, 60 DAS, or at harvest 
Effect phosphorus Solubilizing Bacteria
Different levels of PSB application significantly affected the periodic PSB count in the soil at 30 DAS, 60 DAS, and at harvest (Table 1). Among the various PSB application rates, 3 L ha⁻¹ of PSB resulted in the highest PSB counts at 30 DAS (5.46 × 10⁶), 60 DAS (7.82 × 10⁶), and at harvest (7.53 × 10⁶ cfu g⁻¹ soil), followed by the application of 2 L PSB ha⁻¹, which showed comparable counts of 5.21 × 10⁶ at 30 DAS and 7.25 × 10⁶ at harvest. The lowest PSB counts were recorded in the control treatment. Microorganisms break down organic material, releasing various nutrients and organic carbon into the soil. This process leads to a significant increase in bacterial populations, as they absorb these nutrients, and the favourable environment promotes their rapid multiplication in the soil. In addition to phosphate solubilization, these microbes also mineralize organic phosphorus, making more phosphorus available in the soil solution than necessary for their own growth and metabolism. Similar results were earlier reported by Gaikwad et al., 2021 in chick pea crop.
Interaction Effect of Phosphorus and PSB
The interaction effect of different levels of phosphorus and PSB on PSB count in soil was found non- significant at 30 DAS, 60 DAS and at harvest 
Acid phosphatase activity in soil (µg PNP g-1 soil hr-1) at different crop growth stages
Effect of phosphorus
The various phosphorus levels significantly influenced the periodic acid phosphatase activity in soil at 30 DAS, 60 DAS, and at harvest. Data presented in Table 2 show that the highest acid phosphatase activity was recorded under the treatment with P3 (80 kg P₂O₅ ha⁻¹), with values of 47.53, 57.08, and 53.19 µg PNP g⁻¹ soil hr⁻¹ at 30 DAS, 60 DAS, and at harvest, respectively. In contrast, the lowest acid phosphatase activity was observed in the control treatment (P0) at all stages. The higher acid phosphatase activity observed at various growth stages in the P3 treatment may be attributed to the phosphorus application, which creates a favourable environment for soil enzymes. This, in turn, leads to an increase in microbial population and enhanced enzyme activity in the soil. Similar results were earlier reported by Yadav and Agarwal 2015 in groundnut crop.
Effect of Phosphorus Solubilizing Bacteria 
Among the various levels of phosphorus solubilizing bacteria (PSB) applied, the treatment with PSB at 3 L ha⁻¹ resulted in the highest acid phosphatase activity, with values of 46.96, 56.40, and 52.55 µg PNP g⁻¹ soil hr⁻¹ at 30 DAS, 60 DAS, and harvest, respectively. The acid phosphatase activity at different stages of crop growth was influenced by the PSB treatments, with the highest activity observed in PSB3 (3 L PSB ha⁻¹). The increased enzyme activity can be attributed to the effective production of phosphatase enzymes by PSB, which likely contributed to the higher acid phosphatase activity (Bhavya et al., 2018; El Maaloum et al., 2020; Song et al., 2020; Biswas et al., 2021).
4.3 Interaction Effect of Phosphorus and PSB
The interaction between phosphorus application and phosphorus-solubilizing bacteria (PSB) significantly influenced the acid phosphatase enzyme activity in the soil. Among the various phosphorus and PSB treatments, the combination of P3 (80 kg P₂O₅ ha⁻¹) and PSB3 (3 L PSB ha⁻¹) resulted in the highest acid phosphatase activity at 30, 60 DAS, and harvest, with values of 52.26, 62.76, and 58.34 µg PNP g⁻¹ soil hr⁻¹, respectively (Table.3, 4, and 5). Similar findings were reported by Biswas et al. (2021), who noted that the combined application of PSB and DAP significantly increased acid phosphatase activity in rice crops Kumar and Ismail, 2017 and in soybean. Acid phosphatase activity increased initially but declined at later stages, likely due to soluble phosphorus accumulation that inhibited enzyme activity (Xiao et al., 2009). The application of 60 kg P₂O₅ ha⁻¹ with 3 L PSB ha⁻¹ improved phosphorus availability and microbial activity, resulting in higher acid phosphatase activity at different growth stages.
Table:1 Effect of phosphorus and PSB on periodical PSB count (1 × 106 cfu g-1 soil)
	Treatments

	PSB population (1 × 106 cfu g-1 soil)

	
	30 DAS
	60 DAS
	At harvest

	Phosphorus (P)

	P0 : 	0 kg P2O5 ha-1
	4.55
	6.35
	6.30

	P1 : 	40 kg P2O5 ha-1
	4.76
	6.46
	6.48

	P2 : 	60 kg P2O5 ha-1 
	4.87
	6.57
	6.66

	P3 : 	80 kg P2O5 ha-1 
	4.90
	6.67
	6.82

		S.Em.±
	0.09
	0.10
	0.13

		C.D. at 5%
	NS
	NS
	NS

	Phosphorus Solubilizing Bacteria (PSB)

	PSB0 : PSB 0 L ha-1
	3.71
	4.12
	4.43

	PSB1 : PSB 1 L ha-1 
	4.72
	6.80
	7.04

	PSB2 : PSB 2 L ha-1
	5.21
	7.31
	7.25

	PSB3 : PSB 3 L ha-1 
	5.46
	7.82
	7.53

		S.Em.±
	0.09
	0.10
	0.13

		C.D. at 5% 
	0.27
	0.27
	0.38

	P x PSB

		S.Em.±
	0.18
	0.19
	0.26

		C.D. at 5%
	NS
	NS
	NS

		C.V.%
	6.69
	5.07
	6.96


Table 2: Effect of phosphorus and PSB on acid phosphatase activity in soil 
(µg PNP g-1 soil hr-1) at different crop growth stages
	[bookmark: _Hlk135601901]Treatments

	Acid phosphatase (µg PNP g-1 soil hr-1)

	
	30 DAS
	60 DAS
	At harvest
(96 DAS)

	Phosphorus (P)

	P0 : 	0 kg P2O5 ha-1
	40.61
	48.78
	45.49

	P1 : 	40 kg P2O5 ha-1
	41.58
	49.94
	46.57

	P2 : 	60 kg P2O5 ha-1 
	44.92
	53.95
	50.31

	P3 : 	80 kg P2O5 ha-1 
	47.53
	57.08
	53.19

		S.Em.±
	0.57
	0.68
	0.63

		C.D. at 5%
	1.64
	1.97
	1.83

	Phosphorus Solubilizing Bacteria (PSB)

	PSB0 : PSB 0 L ha-1
	41.02
	49.27
	45.94

	PSB1 : PSB 1 L ha-1 
	42.03
	50.48
	47.08

	PSB2 : PSB 2 L ha-1
	44.62
	53.59
	49.98

	PSB3 : PSB 3 L ha-1 
	46.96
	56.40
	52.55

		S.Em.±
	0.57
	0.68
	0.63

		C.D. at 5%
	1.64
	1.97
	1.83

	P x PSB

		S.Em.±
	1.14
	1.37
	1.27

		C.D. at 5%
	3.28
	3.95
	3.66

		C.V.%
	4.52
	4.52
	4.50


Table 3: Interaction effect of phosphorus and PSB on acid phosphatase activity in soil (µg PNP g-1 soil hr-1) at 30 DAS
	
	P0 
	P1 
	P2 
	P3 

	PSB0
	39.55
	40.32
	40.53
	43.70

	PSB1
	39.83
	41.07
	42.23
	45.01

	PSB2
	40.83
	41.58
	46.94
	49.15

	PSB3
	42.24
	43.36
	49.99
	52.26

	S.Em.±
	1.14

	C.D. at 5%
	3.28


Table 4: Interaction effect of phosphorus and PSB on acid phosphatase activity in soil    (µg PNP g-1 soil hr-1) at 60 DAS
	
	P0 
	P1 
	P2 
	P3 

	PSB0
	47.50
	48.42
	48.42
	52.48

	PSB1
	47.84
	49.32
	50.72
	54.06

	PSB2
	49.03
	49.93
	56.37
	59.03

	PSB3
	50.74
	52.08
	60.04
	62.76

	S.Em.±
	1.37

	C.D. at 5%
	3.95


Table 5: Interaction effect of phosphorus and PSB on acid phosphatase   activity in soil (µg PNP g-1 soil hr-1) at harvest

	
	P0 
	P1 
	P2 
	P3 

	PSB0
	44.29
	45.16
	45.38
	48.94

	PSB1
	44.61
	46.00
	47.30
	50.41

	PSB2
	45.73
	46.57
	52.57
	55.05

	PSB3
	47.31
	48.56
	55.99
	58.34

	S.Em.±
	1.27

	C.D. at 5%
	3.36












[bookmark: _Hlk136795076]Fig 1: Effect of phosphorus and PSB on acid phosphatase activity at 30, 60 DAS and at harvest (µg PNP g-1 soil-1 hr-1)
Conclusion
Phosphorus fertilization had no significant effect on PSB counts, whereas PSB inoculation, particularly at 3 L ha⁻¹, markedly increased soil microbial populations. Both phosphorus and PSB application significantly enhanced acid phosphatase activity, with the highest values recorded under the combined treatment of 80 kg P₂O₅ ha⁻¹ and 3 L PSB ha⁻¹. These findings highlight the synergistic role of phosphorus and PSB in improving soil enzymatic activity, microbial abundance, and phosphorus availability in soybean cultivation. 
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