


[bookmark: _Hlk208909309]Effect of phosphorus and Phosphorus Solubilizing Bacteria (PSB) on alkaline phosphatase enzyme activity in Soybean 
[bookmark: _Hlk208909342]

[bookmark: _Hlk208909413]ABSTRACT
[bookmark: _Hlk208909404][bookmark: _Hlk208909480][bookmark: _Hlk208909471][bookmark: _Hlk208909776]Soybean (Glycine max L. Merrill), a leguminous crop originating in Northern China, is primarily a pulse crop but has gained significance as an oilseed crop due to its 20% cholesterol-free oil content. This paper aims to evaluate the effect of phosphorus application and phosphorus-solubilising bacteria (PSB) on alkaline phosphatase enzyme activity in soybeans (Glycine max L.). A pot experiment was conducted during kharif, 2022 in the Net house of Department of Soil Science & Agricultural Chemistry, College of Agriculture, Junagadh Agricultural University, Junagadh to study the effect of Phosphorus and Phosphorus Solubilizing Bacteria (PSB) on soil phosphorus availability, yield and nutrient uptake by soybean. The experiment was laid out in factorial completely randomized design with three replications having 16 treatments combinations viz. 4 levels of phosphorus (0, 40, 60, 80 kg ha-1) and 4 levels of phosphorus solubilizing bacteria (PSB) (0, 1, 2, 3 l ha-1). Results revealed that alkaline phosphatase enzyme activity at 30, 60 DAS and at harvest were significantly increased by the application of phosphorus up to 80 kg ha-1 and PSB 3 l ha-1. Combined effect of phosphorus 80 kg ha-1 along with PSB 3 l ha-1 registered significantly highest alkaline phosphatase activity at 30, 60DAS and at harvesting. The paper concludes that the maximum activity occurred under the combined treatment of 80 kg P₂O₅ ha⁻¹ with 3 L PSB ha⁻¹, demonstrating the synergistic role of phosphorus and PSB in enhancing soil enzyme activity and improving nutrient availability.
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Introduction: 
India is the largest producer of pulses globally. Soybean (Glycine max L. Merrill), a leguminous crop originating in Northern China, is primarily a pulse crop but has gained significance as an oilseed crop due to its 20% cholesterol-free oil content. Soybeans stand as a cornerstone of global agriculture, renowned for their versatility, economic value, and pivotal role in both the food and feed industries (Santhosh Kumar S et al., 2024). Introduced and commercially cultivated in India, the soybean covered an area of 12.04 million hectares, with a production of 14.97 million tonnes and a productivity of 976.2 kg ha⁻¹ in 2021 (Anonymous, 2022). Maharashtra ranks first in both area and production (FAO). Soybean, the miracle crop, is valued for its dual qualities of high protein (40–42%) and oil content (20%) in seeds. It is rich in essential vitamins, minerals, and amino acids like lysine (5%) (Dhadave et al., 2018). Cultivation in India began in 1977, and the crop has since become a major protein source, often referred to as "boneless meat." As a legume, soybean fixes substantial amounts of atmospheric nitrogen, enhancing soil fertility by contributing residual nitrogen (50–300 kg ha⁻¹). This process enriches the soil, making it more fertile for subsequent crops. Due to these benefits, soybean is often called the "Golden Bean," "Miracle Crop," "Wonder Crop," and the "Gold of Soil." Additionally, with its high protein content, soybean addresses the protein deficiency prevalent in the typical Indian diet. Among grain legumes, it holds economic importance and is adaptable to diverse environmental conditions worldwide.
Phosphorus is a vital macronutrient essential for the growth and development of plants and is often referred to as the "key of life." Phosphorus is found in abundance in the lithosphere, but the form used by plants, inorganic orthophosphate (Pi), is insoluble and diffuses slowly in soils. This leads to P deficiency in agricultural lands and ecosystems (Khan et al., 2023). It is the tenth most abundant element in the Earth’s crust and plays a crucial role in various plant growth processes, including root development, flowering, seed formation, photosynthesis, maturation, energy transfer, and other biochemical and genetic activities. These functions are unique to phosphorus and cannot be substituted by any other nutrient, making an adequate supply crucial for optimal plant growth and reproduction. A deficiency of phosphorus, whether due to insufficient soil availability or inadequate fertilizer application, can significantly limit normal plant growth. Phosphorus is among the most immobile and inaccessible nutrients in the soil, often forming complexes with aluminium or iron in acidic soils and with calcium in calcareous soils. This immobility makes phosphorus a limiting factor in many crop production systems (Nisha et al., 2014).
Microbial inoculants are cost-effective, eco-friendly, and renewable sources of plant nutrients. These living microbial cultures, also known as bio-fertilizers, are beneficial to plants and are considered a safe alternative to chemical fertilizers, helping to reduce ecological disturbances. Biofertilizers, commonly referred to as microbial inoculants, include Rhizobium and phosphorus solubilizing bacteria (PSB). These inoculants help increase legume crop yields by fixing atmospheric nitrogen in the root nodules of legumes and by converting insoluble phosphate into soluble forms, respectively (Raja and Takankhar, 2017). Phosphorus solubilizing bacteria (PSB) play a crucial role in enhancing soil phosphorus availability by secreting organic acids that solubilize fixed phosphorus, making it more accessible to plants (Khan and Zaidi, 2007). The biochemical properties of soil are often used as early and sensitive indicators of soil ecosystem health. Soil enzyme activity reflects the direction and intensity of various biochemical processes in the soil, acting as a key biological indicator. Soil enzymes are vital for organic matter decomposition, nutrient cycling, energy transfer, environmental quality, and crop productivity (Mina et al., 2011). Many microorganisms are essential in agriculture for promoting increased enzyme activity and maintaining soil biological health. However, there is limited information regarding the effects of PSB inoculants on soybean crops.
Materials and methods
A pot experiment was conducted during the kharif season of 2022 in the Net House of the Department of Soil Science & Agricultural Chemistry at the College of Agriculture, Junagadh Agricultural University, Junagadh, Gujarat. The soil at the experimental site was clayey in texture, slightly alkaline in reaction (pH 7.98), and had an electrical conductivity (EC) of 0.48 dSm⁻¹. The soil's nutrient content was characterized as low in available nitrogen (225 kg ha⁻¹), medium in available phosphorus (37.49 kg ha⁻¹), high in available potash (321.93 kg ha⁻¹), and medium in available sulphur (17.9 ppm).
The experiment was conducted using a factorial completely randomized design with three replications, consisting of 16 treatment combinations. These treatments included 4 levels of phosphorus (0, 40, 60, 80 kg ha⁻¹) and 4 levels of phosphorus-solubilizing bacteria (PSB) (0, 1, 2, 3 L ha⁻¹). The treatments were as follows: control (no phosphorus or PSB) (T1), no phosphorus but with PSB 1 L ha⁻¹ (T2), no phosphorus but with PSB 2 L ha⁻¹ (T3), no phosphorus but with PSB 3 L ha⁻¹ (T4), 40 kg P₂O₅ ha⁻¹ with no PSB (T5), 40 kg P₂O₅ ha⁻¹ with PSB 1 L ha⁻¹ (T6), 40 kg P₂O₅ ha⁻¹ with PSB 2 L ha⁻¹ (T7), 40 kg P₂O₅ ha⁻¹ with PSB 3 L ha⁻¹ (T8), 60 kg P₂O₅ ha⁻¹ with no PSB (T9), 60 kg P₂O₅ ha⁻¹ with PSB 1 L ha⁻¹ (T10), 60 kg P₂O₅ ha⁻¹ with PSB 2 L ha⁻¹ (T11), 60 kg P₂O₅ ha⁻¹ with PSB 3 L ha⁻¹ (T12), 80 kg P₂O₅ ha⁻¹ with no PSB (T13), 80 kg P₂O₅ ha⁻¹ with PSB 1 L ha⁻¹ (T14), 80 kg P₂O₅ ha⁻¹ with PSB 2 L ha⁻¹ (T15), and 80 kg P₂O₅ ha⁻¹ with PSB 3 L ha⁻¹ (T16). Each pot was uniformly basal-dressed with 30 kg N ha⁻¹ in the form of urea and DAP, with phosphorus applied according to the treatments. PSB was applied as per the respective treatment. The soybean variety GJS-3 was sown in each pot with 5 seeds. Soil samples from each pot were collected at 30 DAS, 60 DAS, and at harvest. These samples were analyzed alkaline phosphatase activities in the rhizosphere soil as per the method described by Tabatabai and Bremner (1969).
Results and Discussion
 Alkaline phosphatase activity in soil (µg PNP g-1 soil hr-1) at different crop growth stages                  
Effect of phosphorus
The data in Table 1 indicate that alkaline phosphatase activity was significantly highest under the P3 treatment (80 kg P₂O₅ ha⁻¹), with values of 145.84, 158.97, and 153.13 µg PNP g⁻¹ soil hr⁻¹ at 30 DAS, 60 DAS, and at harvest, respectively. These values were comparable to those observed with P2 (60 kg P₂O₅ ha⁻¹), which recorded 143.20, 156.09, and 150.36 µg PNP g⁻¹ soil hr⁻¹ at the same stages. In contrast, the lowest alkaline phosphatase activity was found in the control treatment (P0) at all three stages. The higher alkaline phosphatase activity observed at various growth stages under P3 (80 kg P₂O₅ ha⁻¹) may be attributed to the application of phosphorus, which likely created a favourable environment for soil enzymes. This, in turn, led to increased microbial populations and higher enzyme activity in the soil. Similar results reported earlier by Chandrashekhar, 2010 in chickpea and Yadav and Agarwal, 2015 in ground nut crop.
Effect of Phosphorus Solubilizing Bacteria
The application of PSB3 (3 L ha⁻¹) resulted in the highest alkaline phosphatase activity. with values of 146.92, 160.14, and 154.27 µg PNP g⁻¹ soil hr⁻¹ at 30 DAS, 60 DAS, and at harvest, respectively. PSB2 (2 L PSB ha⁻¹) showed values of 144.11, 157.08, and 151.32 µg PNP g⁻¹ soil hr⁻¹, which were also significantly high. In contrast, PSB0 (0 L PSB ha⁻¹) had the lowest alkaline phosphatase activity across all stages. The increased enzyme activity at different growth stages under PSB3 (3 L PSB ha⁻¹) may be attributed to higher PSB activity at lower phosphorus levels, coupled with a greater microbial population due to PSB inoculation. Sarawgi et al., 1999 in gram; Bhavya et al., 2018 in green gram; El Maaloum et al., 2020 in tomato; Song et al., 2022 in soybean reported the similar results earlier. 
Interaction Effect of Phosphorus and PSB
The application of different phosphorus and PSB levels significantly influenced alkaline phosphatase activity in the soil at 30 DAS, 60 DAS, and at harvest. According to the data presented in Tables (2, 3, and 4), the combination of P3 (80 kg P₂O₅ ha⁻¹) and PSB3 (3 L PSB ha⁻¹) resulted in the highest alkaline phosphatase activity, with values of 154.40, 168.30, and 162.12 µg PNP g⁻¹ soil hr⁻¹ at these stages, respectively. This enhanced enzyme activity is likely due to the presence of insoluble phosphate, which encourages PSB to produce enzymes and organic acids that solubilize unavailable phosphorus (Roca et al., 2013). Similarly, Biswas et al., 2021 observed that the combined application of PSB and DAP significantly boosted alkaline phosphatase activity in rice crop; Shams El-Deen et al., 2020; Kumar and Ismail, 2017 reported in soybean crop.
Alkaline 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 alkaline phosphatase activity at different growth stages.
        Table 1: Effect of phosphorus and PSB on alkaline phosphatase activity in soil (µg PNP 
g-1 soil hr-1) at different crop growth stages
	Treatments

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

	
	30 DAS
	60 DAS
	         At harvest

	Phosphorus (P)

	P0 : 	0 kg P2O5 ha-1
	132.75
	144.70
	139.39

	P1 : 	40 kg P2O5 ha-1
	139.79
	152.37
	146.78

	P2 : 	60 kg P2O5 ha-1 
	143.20
	156.09
	150.36

	P3 : 	80 kg P2O5 ha-1 
	145.84
	158.97
	153.13

		S.Em.±
	1.30
	1.41
	1.36

		C.D. at 5%
	3.73
	4.07
	3.92

	Phosphorus Solubilizing Bacteria (PSB)

	PSB0 : PSB 0 L ha-1
	133.65
	145.68
	140.33

	PSB1 : PSB 1 L ha-1 
	136.90
	149.22
	143.75

	PSB2 : PSB 2 L ha-1
	144.11
	157.08
	151.32

	PSB3 : PSB 3 L ha-1 
	146.92
	160.14
	154.27

		S.Em.±
	1.30
	1.41
	1.36

		C.D. at 5%
	3.73
	4.07
	3.92

	P x PSB

		S.Em.±
	2.59
	2.83
	2.72

		C.D. at 5%
	7.47
	8.14
	7.84

		C.V.%
	3.20
	3.20
	3.20




Fig 1: Effect of phosphorus and PSB on alkaline phosphatase activity at 30,
 60 DAS and at harvest (µg PNP g-1 soil-1 hr-1)



Table 2 : Interaction effect of phosphorus and PSB on alkaline phosphatase 
activity in soil (µg PNP g-1 soil hr-1) at 30 DAS
	
	P0
	P1 
	P2 
	P3 

	PSB0  
	131.93
	133.72
	134.01
	134.93

	PSB1 
	132.07
	136.00
	137.90
	141.64

	PSB2  
	132.89
	142.82
	148.35
	152.39

	PSB3 
	134.12
	146.63
	152.53
	154.40

	S.Em.±
	2.59

	C.D. at 5%
	7.47




Fig 2: Interaction effect of phosphorus and PSB on alkaline phosphatase activity at 30 DAS (µg PNP g-1 soil-1 hr-1)

Table 3- Interaction effect of phosphorus and PSB on alkaline phosphatase activity 
in soil (µg PNP g-1 soil hr-1) at 60 DAS
	
	P0 
	P1 
	P2  
	P3 

	PSB0
	143.80
	145.75
	146.07
	147.08

	PSB1
	143.96
	148.24
	150.31
	154.39

	PSB2
	144.85
	155.67
	161.70
	166.10

	PSB3
	146.19
	159.83
	166.10
	168.30

	S.Em.±
	2.83

	C.D. at 5%
	8.14





Fig 3: Interaction effect of phosphorus and PSB on alkaline phosphatase activity at 60 DAS (µg PNP g-1 soil-1 hr-1)






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

	PSB0
	138.52
	140.41
	140.71
	141.68

	PSB1
	138.68
	142.80
	144.80
	148.73

	PSB2
	139.53
	149.96
	155.77
	160.00

	PSB3
	140.83
	153.96
	160.16
	162.12

	S.Em.±
	2.72

	C.D. at 5%
	7.84
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Fig 4: Interaction effect of phosphorus and PSB on alkaline phosphatase activity at harvest (µg PNP g-1 soil-1 hr-1)
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Plate-1: Determining the alkaline phosphatase enzyme activity




Conclusion
Phosphorus application and PSB inoculation markedly increased alkaline phosphatase activity in the soil across all crop growth stages. The maximum activity occurred under the combined treatment of 80 kg P₂O₅ ha⁻¹ with 3 L PSB ha⁻¹, demonstrating the synergistic role of phosphorus and PSB in enhancing soil enzyme activity and improving nutrient availability.
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