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Abstract
    Sustaining productivity in intensive rice–wheat systems requires strategies that enhance soil biological functioning alongside nutrient supply. A two-year field experiment (2022-2024) was held at ICAR-Indian Agricultural Research Institute (IARI), New Delhi, to evaluate the impact of integrated application of biogas slurry (BGS) and recommended dose of fertilizers (RDF) on soil enzymatic activities. Under randomised block design (RBD) investigation, six treatments, each containing different amounts of nitrogen doses supplied through BGS and RDF. Soil samples collected at the reproductive stage of wheat were analyzed for arylsulfatase, urease and fluorescein diacetate (FDA) hydrolase activities using standard procedures. Results indicated significant enhancement of all enzymes under integrated and sole BGS treatments compared to control and sole RDF. Arylsulfatase activity ranged from 35.31 to 73.98 µg PNP g⁻¹ h⁻¹ in 2023 and 37.75 to 81.92 µg PNP g⁻¹ h⁻¹ in 2024. Urease activity varied from 103.45 to 178.83 µg NH₄⁺-N g⁻¹ h⁻¹ in 2023 and 119.18 to 204.76 µg NH₄⁺-N g⁻¹ h⁻¹ in 2024. FDA activity ranged from 39.31 to 77.98 µg g⁻¹ soil h⁻¹ in 2023 and 43.75 to 87.92 µg g⁻¹ soil h⁻¹ in 2024. Enzymatic activities followed the trend: 100% BGS > 75% BGS + 25% RDF ≈ 50% BGS + 50% RDF > 25% BGS + 75% RDF > 100% RDF > control. Higher values in the second year suggest cumulative effects of organic amendments. The findings demonstrate that substituting mineral nitrogen with biogas slurry enhances soil enzymatic activity, nutrient mineralization, and overall soil health, supporting sustainable intensification of rice–wheat cropping systems.
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1. Introduction   

[bookmark: OLE_LINK2][bookmark: OLE_LINK3]    Many agro-ecosystems today experience "fertility plateau," a situation in which rising chemical inputs no longer result in proportionate increases in crop biomass. The soil physical and chemical features are the initiation of scientifically informed management of soil resources (Mahapatra et al., 2019; Joon et al., 2024). Maintaining long-term soil fertility and increasing crop yield must be strategically balanced for sustainable agricultural intensification (Nagdev et al., 2024 a and b). A sophisticated paradigm change in soil fertility management is represented by the strategic integration of organo-mineral additions with biogas slurry (BGS), a nutrient-rich liquid effluent obtained from the anaerobic digestion of organic waste, in order to lessen these effects (Khan et al., 2015). Additionally, studies have elaborated that effective BGS use can improve the chemical and physical properties of agricultural soil (Tang et al., 2021). By improving aggregate stability, porosity and water-holding capacity all essential preconditions for optimising crop output in water-stressed environments this combination not only enhances the soil's chemical profile but also radically restructures its physical architecture.

    The soil's biochemical machinery, particularly its enzymatic activity, serves as a link between these amendment-induced alterations and actual crop performance (Nagdev et al., 2024c). Enzymes found in soil are crucial for the mineralisation of sulphur, phosphorus, and nitrogen. The procedure of turning organically bonded materials into minerals that plants are efficient to absorb and use as food is reffered as mineralisation (Aruna et al., 2017). By stabilising soil structure, decomposing organic waste, forming organic matter (Kiss et al., 1975; O’Donnell et al.,  2023), and cycling nutrients, enzymes aid in catalysing a number of critical reactions which are required for the life activities of microorganisms in soils (Dick et al., 1993). In agriculture, these enzymes are crucial, particularly for the cycling of nutrients (Tabatabai, 1994). The activity of soil enzymes associated with the decomposition of soil organic matter is a way to determine the changes in soil health that are led by management modifications (Das and Varma, 2010). The main biocatalysts for the mineralisation of organic matter are soil enzymes, and the degree of activity of these enzymes provides sensitive, real-time information on the soil's ability to support plant growth. The turnover of soil carbon (C) is significantly influenced by soil enzymes released by bacteria, fungi, and archaea (Nandan and Nampoothiri, 2020). Furthermore, they engaged in the biodegradation of toxic organic compounds and the transformatoion of hazardous pollutants, which helps with the remediation and rehabilitation of polluted soils (Badzinski et al., 2021). Association among activities of soil enzymes involved in the cycling of C, N, P, and S in soils and tillage, pH, and residue management have been proven throughout the time (Brockett et al., 2012).      
     The arylsulfatase (sulphur mineralisation), urease (nitrogen mineralisation), and fluorescein diacetate (FDA) hydrolase (overall microbial activity) strongly regulate the cycling of nutrients in soil. The combined organo-mineral action of organic and mineral fertilisers on these enzymatic drivers is still poorly understood. To elucidate these enzymes' biochemical function in augmenting nutrient availability, soil fertility and sustainable crop yield, this study assesses the results of biogas slurry and mineral nutrient integration.
  
       In continuation, to ascertain the effects of the combined application of BGS and organo-mineral amendments on the enzyme activity and microbial biomass of soil under the rice-wheat cropping system, an experiment was held at the Indian Council of Agricultural Research-Indian Agricultural Research Institute (ICAR-IARI), New Delhi. 

2. Materials and Methods

2.1 Study area 
    The field study was performed at the Indian Agricultural Research Institute (IARI) Experimental Farm in New Delhi. The location features strong drainage infrastructure and a comparatively homogenous landscape. Delhi is located between 28°24′17′′ and 28°50′00′′ N latitude and 76°50′24′′ and 77°20′37′′ E longitude, covering the region of almost 1483 km², elevation (above mean sea level) ranges from 213 to 305 meters. The area is classified as belonging to the fourth agro-climatic zone and is distinguished by a hot, dry climate that is typical of the Aravalli region and the northern plains. There is significant seasonal variety in the temperature, with extremely hot summers and chilly winters. January considered as the coldest month with minimum temperatures approaching 0°C throughout the research period (2022–2024), while June had the highest temperatures, reaching 44.5°C and 42.5°C. Usually starting in late June and lasting until mid-September, the southwest monsoon contributes roughly 1000 mm of rainfall annually in both years. Due to periodic rains and sporadic Yamuna River floods, the soil at the experimental site is primarily alluvial with a sandy loam texture (Nagdev et al., 2024c).
2.2 Field layout, treatment and experimental design 
    During the 2022–2024 rabi seasons, the experiment was performed under irrigating circumstances at the ICAR–IARI Experimental Farm in New Delhi. The prescribed agronomic techniques were followed in the cultivation of the wheat variety HD 3086 and the rice variety Pusa HD 1847. The 20 m² experimental area was split up into 24 evenly spaced plots, each of which functioned as a separate experimental unit with flat ground and adequate drainage. The Randomised Block Design applied in the experiment includes six treatments along with four replications. Either biogas slurry (BGS), urea as the prescribed dose of fertilisers (RDF), or their mixes were used to supply nitrogen. T0 (control, no nitrogen administered), T1 (100% nitrogen through RDF), T2 (25% nitrogen through BGS + 75% through RDF), T3 (50% nitrogen through BGS + 50% through RDF), T4 (75% nitrogen through BGS + 25% through RDF) and T5 (100% nitrogen through BGS) were the treatments that were used. Evaluation of the impact of using biogas slurry in place of mineral nitrogen on soil and crop performance was made possible by this treatment system.
2.3 Sampling and lab analysis 
    The anaerobic digestion plant at the Department of Agronomy, ICAR–IARI, New Delhi's Integrated Farming System (IFS) demonstration site is where the biogas slurry was obtained. 
In order to evaluate the enzymatic activity of Arylsulfatase, Urease, and FDA in soil, samples of soil were taken during the reproductive stage of wheat after the two-year rice–wheat cropping sequence had over. The samples collected from each experimental plot at a depth of 0 to 15 cm, allowed to air dry in the shade, and then sieved using a 2 mm mesh. By properly standardising procedures, incorporating procedural blanks, and analysing multiple samples, the accuracy and dependability of the analytical results were guaranteed.
2.3.1 Arylsulfatase Activities 
The arylsulfatase protocols were modified from Dick (2011) and Davies et al., (2022). In short, 1.0 g of air-dried soil (less than 2 mm) was combined with 4.0 mL of buffered solutions and 1 mL of arylsulfatase substrate p-nitrophenyl sulphate, sealed followed by incubated at 37 °C for one hour. Centrifugation was performed at 3500 x g rpm for five minutes after which buffer solution (0.5 M sodium hydroxide) was added to halt the hydrolysis reaction. Following centrifugation, 250 µL of the each sample was moved into a 96-well plate, and a spectrophotometer set at 420 nm was employed to quantify the colour intensity. The emission of p-nitrophenol per hour was used to represent the enzyme activity per kilogram of soil per hour.
2.3.2 Urease Activity 
    The process outlined by Tabatabai and Bremner (1972) involved measuring the amount of ammonia released by urease activity when 5 g of soil was incubated with 9 ml of 0.05 M Tris (hydroxymethyl) aminomethane buffer (pH 9.0), 1 ml of 0.2 M urea solution, and toluene at 37 °C for two hours. This allowed for the duplicate assay of urease (EC 3.5.1.5) activity in specific BM soils (air-dried, crushed, and sieved through a 2-mm mesh screen). An aliquot of the resultant soil suspension was steam-distilled with MgO for four minutes after the incubation soil sample was treated with 2.5 M KC1 including a urease inhibitor (Ag2SO4) to assess the amount of ammonia released.
2.3.3 Fluoroscein Diacetate Hydrolysis  
   Using the methods outlined by Adam and Duncan (2001), 1.0 g of air-dried soil (less than 2 mm) was combined with 7.5 mL of potassium phosphate buffer, followed by the addition of 0.10 mL of FDA. Following the mixture was mixed and incubated at 37 °C for three hours. After incubation 5.0 mL of a methanol and chloroform solution was added, shaken, sealed and centrifuged at 3500× g rpm for five minutes. Using a spectrophotometer set to 490 nm 250 µL of the filtrated samples were pipetted into 96-well plates to determine the colour intensity of the solution from each sample. To match the incubation time of the other enzymes, the FDA hydrolysis data were converted to a hydrolysis per hour. 
2.4 Statistical interpretations
    Analysis of variance (ANOVA) was performed on all experimental data in accordance with the protocol suitable for a Randomised Block Design (RBD), and the F-test, as outlined by Gomez and Gomez (1984), was used to assess treatment effects. The crucial difference (CD) and standard error of mean (SEm±) were used to assess the significance of treatment differences at the 5% level of probability. SPSS version 13.0 was used to conduct statistical analyses (SPSS Inc., Chicago, IL, USA).
3. Result and Discussion
    The findings indicated that the prescribed amount of fertiliser (RDF) and biogas slurry (BGS) had a impact which is statistically significant on soil enzymatic activity in both the 2023 and 2024 study years (Table 1).

Table 1. Influence of Integrated Nutrient Management (BGS and RDF) on Arylsulfatase, Urease and FDA Activities in Soil


	Treatments
	Arylsulfatase
(µg PNP g⁻¹ h⁻¹)
	Urease
(µg NH₄⁺-N g⁻¹ h⁻¹)
	Fluorescein Diacetate (FDA) 
( µg g⁻¹ soil h⁻¹)

	
	2023
	2024
	2023
	2024
	2023
	2024

	T0 - Control 
	35.31
	37.75
	103.45
	119.18
	39.31
	43.75

	T1 - 100% RDF
	41.52
	44.91
	116.76
	132.73
	45.52
	50.91

	T2 - 25% BGS+75% RDF
	51.60
	57.89
	146.75
	169.49
	55.60
	63.89

	  T3 - 50% BGS+50% RDF
	63.46
	72.07
	154.25
	177.59
	67.46
	78.07

	T4 - 75% BGS+25% RDF
	64.50
	71.60
	172.52
	196.43
	68.50
	77.60

	T5 - 100% BGS
	73.98
	81.92
	178.83
	204.76
	77.98
	87.92

	Sem
	2.68
	2.92
	2.84
	2.89
	2.68
	2.92

	CD(0.05)
	8.09
	8.81
	8.55
	8.72
	8.09
	8.81



3.1 Arylsulfatase Activity
    An essential enzyme that regulates the uptake of organic sulphur and consequently, the sulphur cycling in soil is arylsulfatase. Arylsulfatase activity varied from 35.31 to 73.98 µg PNP g⁻¹ h⁻¹ in 2023 and from 37.75 to 81.92 µg PNP g⁻¹ h⁻¹ in 2024, demonstrating a significant response to nutrition management interventions (Figure 1). Although the maximum activity was observed with 100% BGS (T5), the lowest values were continuously noted under the control (T0). As more RDF was substituted with BGS, arylsulfatase activity increased gradually and significantly. In comparison to solo RDF (T1) and control, treatments receiving ≥50% BGS (T3, T4, and T5) had significantly increased activity, since the treatment differences were more than the critical difference (CD 0.05 = 8.09 and 8.81 for 2023 and 2024, respectively). In 2024, the improvement was more noticeable, suggesting that organic modifications had lingering or cumulative impacts. 
     The results of the present study, which highlight the close relationship between arylsulfatase activity and soil organic carbon (SOC), support previous findings that found SOC to be a key regulator of this enzyme's activity (Deng et al., 1997). Although most soil properties and yields  of crop have not been linked to arylsulfatase, even it is known for early indicators of soil health (Sainju et al., 2022). Sulfur fluxes between nature and organisms are significantly influenced by arylsulfatase (Mengjiao et al., 2023). The breaking of sulfate ester linkages are catalyzed by arylsulfatase (Songzhi et al., 2025). In order to increase the amount of sulphur in soil that is available to plants, arylsulfatase is essential for the mineralisation of sulphur that is organically bound, especially ester sulphates. Its utility as a sensitive and trustworthy measure of soil health is supported by its intimate relationship to the dynamics of organic carbon (Wang et al., 2016). Since soluble carbon provides soil microorganisms with an instant energy source, increased arylsulfatase activity under cropping methods that increase soluble carbon inputs may be explained by the promotion of microbial growth and activity (Klose et al., 1999). This implies that through increased enzymatic activity, management strategies that encourage carbon imports can indirectly control sulphur cycle. Moreover, the prolonged enzyme activity in soils high in organic matter might be explained through the persistence of abiotic arylsulfatase in combination with humic chemicals. Humic substances may stabilise extracellular enzymes, preventing their breakdown and extending their functional activity, as evidenced by the high link between arylsulfatase activity and soil organic matter concentration (Speir and Ross, 1990). These results explained how vital arylsulfatase is to connecting the dynamics of sulphur and carbon in agroecosystems.

Fig. 1. Activity of Arylsulfatase under different treatments 

3.2 Urease Activity
    In 2023 and 2024, the ranges of urease activity were 103.45 to 178.83 µg NH₄⁺-N g⁻¹ h⁻¹ and 119.18 to 204.76 µg NH₄⁺-N g⁻¹ h⁻¹, respectively (Figure 2). Compared to control and solitary RDF, the application of BGS, either by itself or in conjunction with RDF, markedly boosted urease activity. Whereas T0 displayed the lowest values, T5 had the most activity, closely followed by T4 (75% BGS + 25% RDF). The statistical significance of the changes between treatments was demonstrated by the CD 0.05 values of 8.55 (2023) and 8.72 (2024). 
   Urea is broken down by urease into carbon dioxide and ammonia (Kocak, 2020). The findings showed that BGS treatments significantly increased urease activity, suggesting that soil's microbially driven nitrogen transformation activities were improved. The environment, soil characteristics, and microbes all have an impact on the activity of soil urease, which controls the hydrolysis of urea in the soil (Feng et al., 2025).  Rotini (1935) was the first to report its presence in soil, confirming its essential function in the dynamics of soil nitrogen. The enzyme urease, which breaks down urea, is frequently regarded as a reliable indicator of nitrogen (N) mineralization (Cordero et al., 2019). The increased urease activity seen in soils treated with BGS points to better substrate availability and microbial population stimulation, which could have sped up nitrogen mineralisation and urea hydrolysis. According to Bremner and Mulvaney (1978), urease activity is regarded as a trustworthy indirect predictor of the soil's potentially accessible nitrogen pool. When improperly handled, urease contributes to environmental contamination by controlling the rate of urea transformation, which directly affects nitrogen-use efficiency as well as nitrogen losses through volatilisation and leaching (Treseder, 2008). The regulation of urease activity is also significantly influenced by environmental conditions. Urease dynamics have been noticed to be considerably impacted by seasonal variations in soil temperature and moisture (Dormaar et al., 1984), albeit there isn't always a clear correlation with soil water availability. Moreover, intrinsic physical and chemical characteristics have a major role in regulating differences in urease activity between various soil types (Paula et al., 2009). The urease activity and soil characteristics defined the strong correlation among them (Dharmakeerthi and Thenabadu, 1996). In particular, regardless of soil depth, urease activity have negative correlations with soil pH and sand content and to be positively connected with cation exchange capacity (CEC), silt and clay fractions and organic carbon content (Singh et al., 1991). All of these results point to urease activity being extremely sensitive to soil physicochemical conditions and organic additions. Thus, under various management techniques, it can function as a sensitive biochemical indicator of soil fertility, nitrogen availability, and general soil health.

Fig. 2. Activity of urease under different treatments 
3.3 Fluorescein Diacetate (FDA) 
     As a measure of overall microbial activity, FDA hydrolytic activity varied between 39.31 and 77.98 µg g⁻¹ soil h⁻¹ in 2023 and between 43.75 and 87.92 µg g⁻¹ soil h⁻¹ in 2024 (Figure 3). T5 had the highest FDA activity, whereas control had the lowest, as was the case with other enzymes. When compared to solo RDF, integrated nutrition treatments (T2–T4) dramatically increased FDA activity, indicating the beneficial effect of organic inputs on total microbiological activity. The effects of the treatment were statistically significant (CD 0.05 = 8.09 for 2023 and 8.81 for 2024). 
    In contrast to dehydrogenase activity, which is typically employed as a biological indicator, the results showed that fluorescein diacetate (FDA) hydrolysable enzyme activity is a potential and sensitive biological indicator of arid soils and has been identified to be more reliable (Aseri and Tarafdar, 2006; Yan et al., 2023). Compost microbiological compatibility can be quickly pre-screened by FDA-H activity (Jung et al., 2025). FDA hydrolysis offers a thorough evaluation of microbial activity in soil and is a significant indicator of the total enzymatic activity of soil microbial populations (Patle et al., 2018). FDA can represent the combined action of multiple hydrolytic enzymes, thus it is commonly used enzymes as a general indication of biological activity in soil (Burns, 1978). Many important soil decomposers, especially bacteria and fungi, have the capacity to hydrolyse FDA (Schnürer and Rosswall, 1982). Moreover, FDA activity has become a reliable measure of soil resilience, resistance, and functional behaviour in the face of abiotic stress (Vishwanath et al., 2021).

Fig.3. Activity of Fluorescein Diacetate (FDA) under different treatments

   Across both years, enzymatic activities followed the general trend:
T5 > T4 ≈ T3 > T2 > T1 > T0
   Improved soil biological functioning under organic and integrated nutrient management systems is indicated by the steady rise in arylsulfatase, urease, and FDA activities with greater fractions of BGS. The somewhat higher values in 2024 further point to long-term and cumulative advantages of applying biogas slurry to soil microbial activities.

4. Conclusion
     According to the this study, the rice-wheat cropping system's the enzymatic activities in soil are significantly improved by the combined application of biogas slurry (BGS) and recommended dose of fertiliser (RDF), which raises the soil's biochemical health and nutrient cycling efficiency. Better sulphur and nitrogen mineralisation moreover increased total microbial metabolic activity are shown by higher activities of arylsulfatase, urease and fluorescein diacetate (FDA) under BGS and integrated treatments. The beneficial impact of organic amendments on soil biological functioning is demonstrated by the persistent superiority of 100% BGS followed by integrated combinations over solo RDF and control treatments. Furthermore, the second-year rise in enzyme activities points to long-term and cumulative advantages of using biogas slurry. All things considered, using BGS in place of some or all of the mineral nitrogen boosts microbial activity, increases soil fertility, and promotes the long-term productivity and sustainable intensification of the rice-wheat cropping system.
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2023	T0	T1 	T2	 T3	T4	T5	35.31	41.52	51.6	63.46	64.5	73.98	2024	T0	T1 	T2	 T3	T4	T5	37.75	44.91	57.89	72.069999999999993	71.599999999999994	81.92	



2023	T0	T1 	T2	 T3	T4	T5	103.45	116.76	146.75	154.25	172.52	178.83	2024	T0	T1 	T2	 T3	T4	T5	119.18	132.72999999999999	169.49	177.59	196.43	204.76	



2023	T0	T1 	T2	 T3	T4	T5	39.31	45.52	55.6	67.459999999999994	68.5	77.98	2024	T0	T1 	T2	 T3	T4	T5	43.75	50.91	63.89	78.069999999999993	77.599999999999994	87.92	






