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Nitrogen (N) is an essential macronutrient required for plant productivity. Urea is a major source of N in global agriculture systems that is lost due to leaching, runoff, and volatilization, inflicting serious productivity, economic, and environmental issues. In contrast, coated urea minimizes N losses by decreasing urease activity and enhances its efficiency by maintaining a continuous N supply for plant uptake and productivity. The present study describes the impact of sulfur nanoparticle (SNP)-coated urea (SNPCU) on the morpho-physiological, biochemical, and yield traits of rice and wheat. Chemically synthesized SNP coated onto urea revealed a fine layer of SNP on urea under a scanning electron microscope. Two varieties each of rice and wheat grown in pots were fertilized as follows: control N/recommended non-coated urea U100, three doses of SNPCU (50%, 70%, and 90% of recommended N) in split doses (40% at transplanting, 30% at tillering, and 30% at the panicle stage). Analysis revealed that SNPCU at all doses increased the growth and yield parameters of both crops. The maximum increase was observed in SNPCU90, that is, chlorophyll (up to 39%), carotenoids and proteins (up to 20%), sugars and amino acids (up to 60%), along with an increase of at least 5% or more in agronomic efficiency, 10% or more in grain weight, 6% or more in harvest index, and 70% or more in N uptake in both cultivars of wheat and rice. SNPCU90 increased the nitrogen recovery efficiency by 34% and 26% in wheat varieties Galaxy and FSD-2008, while 36% and 30% in Green Super Rice and 1121 Basmati rice, respectively. SNPCU90 decreased urease activity up to 37%, 52% on day 2, and 16% and 25% on day 15 in wheat and rice, respectively. This delay increased the duration of N availability in soil for wheat and rice plants, resulting in increased nitrogen use efficiency (NUE) till 15 days. This study has demonstrated that SNPCU minimizes N loss, revealing that even a lower application of SNPCU fulfills the crop N demand. It is concluded that SNPCU at lower rates can be used for large-scale testing in fields for reducing N losses and improving yields.
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1 INTRODUCTION
The world population will gradually increase from 7.3 to 9.7 billion by 2050, which will put pressure on farmers to produce more food. Approximately 107 Mt of urea fertilizer was used in agriculture from 2018 to 2019 (Hassan et al., 2024). This wide usage and large market share are due to urea being less expensive and containing a higher (46%) nitrogen (N) content (Guardia et al., 2018). N is an essential macronutrient that plays a vital role in plant development, for example, biosynthesis of numerous amino acids, chlorophyll, and nucleic acid, and significantly increases plant yield.
Loss of N as ammonia is a significant issue that reduces nitrogen use efficiency (NUE) and pollutes the environment, affects human health, alters the Earth’s radiation balance, reduces visibility, and contributes to the redistribution of N in atmospheric deposition (de Vries, 2021; Huang et al., 2017). Urea is highly soluble in water and is lost to the environment after soil application, mainly due to leaching, volatilization, and surface runoff or urease activity, causing urea losses up to 70% (Rana et al., 2021). These losses ultimately increase the demand for more urea input in crops. Recommended practice is to split the urea application or use of urease inhibitors, for example, N-(n-butyl) thiophosphoric triamide (NBPT), hydroxyurea, and boric acid (Svane et al., 2020; Ahmed et al., 2024) that bind to the active site of the urease enzyme and delay its conversion to ammonia (Sanz-Cobena et al., 2008).
Another approach is to reduce the urea hydrolysis by slowing down the urease enzymatic activity by coating the urea with less-soluble chemicals, for example, polymer, oil, organic, and inorganic compounds or their combinations, etc. (Ma et al., 2024; Xu et al., 2024). Coated urea slowly releases N in soil as it comes in contact with water or as the coating degrades (Pjnflv, 2016), providing a slow and prolonged supply of nutrients to plants for uptake. Coating also reduces N conversion to ammonia or loss due to runoff or leaching. It not only saves the labor cost of multiple applications but is also effective at a lower dose, saving 20%–30% of the urea cost (Mustafa et al., 2022). Coated urea is gaining popularity due to its better yield response, grain quality, NUE, and cost-saving features (Shivay et al., 2016).
Nanoparticles (NPs), due to their large surface area and diverse functionalities, are being used in agricultural, medical, and industrial applications. Nano-coated urea is a relatively advanced approach that has displayed the potential to improve fertilizer efficiency in the field and reduce ammonia losses quite recently (Shivay et al., 2019; Lapushkin et al., 2024).
Sulfur (S) is the fourth essential plant nutrient vital for many growth functions, including N metabolism, enzymatic activity, chlorophyll formation, protein, and oil synthesis, contributing to overall plant health and stress tolerance. S-deficiency results in short and spindly stems, yellowing of young leaves, and reduced photosynthesis, leading to lower yields (Pooniya et al., 2018). Cereal crops are often deficient in micronutrients Zn, Fe, Mn, Cu, and S. Generally, 10–40 kg ha−1 sulfur is recommended for cereal crops at different times and doses, causing its application to be labor-intensive and costly. Sulfur nanoparticles (SNP) enhance the oxidation process by lowering soil pH, while their application before sowing or at the seedling stage acidifies the soil and helps to release nutrients in the soil.
In the light of above-mentioned facts, a research study was designed to develop a coated urea (CU) fertilizer that was designed to be more effective in terms of NUE, inexpensive in terms of fertilizer saving, eco-friendly in terms of low N losses, and released sulfur nanoparticles (SNP) as an essential component for an added benefit. We hypothesized that SNPCU would be a better fertilizer than coated urea, and it would gradually supply nitrogen and sulfur to the plant. SNPCU was prepared and applied to wheat and rice grown in pots to study its response on the physio-morphological, biochemical, and yield attributes of the plants. The data of the current study reveal that SNPCU improved NUE, decreased urease activity, and increased yield in both crops.
2 MATERIALS AND METHODS
2.1 Preparation and characterization of sulfur-nanoparticle-coated urea
Sulfur nanoparticles (SNP) were chemically synthesized following the method of Shankar and Rhim (2018). Briefly, 2.84 g of sodium thiosulfate pentahydrate (Merck 99.9% purity) was dissolved in 900 mL distilled water, then 100 mL 0.2 M HCl (RCI Lab Scan 37% purity) was added with constant stirring at 25°C, and the mixture was sonicated for 40 min at room temperature. The solution was centrifuged, and 0.4 g/L nanoparticles (SNP) were collected, air-dried, and stored at room temperature for further use.
The rotary drum technique was used to coat the SNP onto the urea (Engro Urea, 46% N, purchased from the local market) as described by Ibrahim et al. (2014). Urea granules were preheated at 70°C for 15 min. After that, the urea granules were placed in a rotary drum for 10 min at 1,000 rpm. A mixture of 3% SNP and 2% starch as binder was sprayed onto the urea to obtain the SNPCU.
Scanning electron microscopy (SEM) analysis was carried out using a Nova nano in secondary electron (SE) mode at an accelerating voltage of 15 kV, with a horizontal field width of 41.4 μm.
SNPCU and non-coated urea (NCU) were tested using Fourier transform spectroscopy (FTIR; PerkinElmer Spectrum II) at wavelengths of 400–4,000 cm. X-ray diffraction (XRD, Bruker D8 Advance) analysis was performed on both urea and SNPCU, utilizing an X-ray diffractometer, equipped with CuKα radiation as the X-ray source. The measurement was conducted over a 2θ range of 4–48°, with an operating voltage of 40 kV and tube current of 20 Ma.
2.1.1 Experimental design for plant testing of SNPCU
The experiments were conducted at Faisalabad (11° 26′N 73°16′E) with completely randomized design (CRD), and each treatment was tested with three replicate pots. Two varieties of wheat (i.e., Faisalabad 2008 and Galaxy) and two varieties of rice (i.e., Green Super Rice and 1121 Basmati) were used in experiments. Visually healthy seeds (n = 3) were sown in each pot (n = 3) per treatment, maintaining nine plants per treatment. The treatment setup and controls for both rice and wheat were as follows:
Control 1: recommended non-coated urea @ 120 kg N ha−1 (NCU100) + Variety 1 (wheat/rice).
Control 2: recommended non-coated urea @ 120 kg N ha−1 (NCU100) + Variety 2 (wheat/rice)
Treatment 1: SNPCU at 50% rate of recommended urea; 60 kg N ha−1 (SNPCU50) + Variety 1 (wheat/rice).
Treatment 2: SNPCU at 70% rate of recommended urea: 84 kg N ha−1 (SNPCU70) + Variety 1 (wheat/rice).
Treatment 3: SNPCU at 90% rate of recommended urea: 108 kg N ha−1 (SNPCU90) + Variety 1 (wheat/rice).
Treatment 4: SNPCU at 50% rate of recommended urea; 60 kg N ha−1 (SNPCU50) + Variety 2 (wheat/rice).
Treatment 5: SNPCU at 70% rate of recommended urea: 84 kg N ha−1 (SNPCU70) + Variety 2 (wheat/rice).
Treatment 6: SNPCU at 90% rate of recommended urea: 108 kg N ha−1 (SNPCU90) + Variety 2 (wheat/rice).
The pots were kept in natural conditions of temperature and sunlight during the normal crop growing season and irrigated when required.
2.2 Growth parameters
Three plants from each replicate were uprooted at physiological maturity (day 60 after sowing). The plant roots were washed with water to remove the soil particles and separated from the plant to determine the shoot and root fresh weight and length, tillers per plant, and leaf area. The grain yield was recorded after final harvesting (3° months after sowing), and nutrients were analyzed. Six plants from each treatment were uprooted, and the data were recorded. Plant fresh biomass was measured immediately after harvesting. The plants were dried in an oven at 80°C for 3°days to determine the dry matter/biomass. The harvest index was calculated using Equation 1 by dividing the economic yield (grain yield) by the biological yield (straw yield + grain yield).
harvest index %=grain yieldbiological yield×100(1)
2.3 Biochemical analysis
2.3.1 Chlorophyll content
The total chlorophyll content of leaves was analyzed following Arnon (1949). Fresh leaf material was taken to observe the plant’s photosynthesis rate.
2.3.2 Total sugars
Total sugar content was determined by the DuBois et al. (1956) method. The fresh leaf material was homogenized in methanol and centrifuged at 1,200 rpm, and the supernatants were collected. A 3 mL volume of ice-cold phenol sulfuric acid reagent (80% H2SO4 285 mL + 15 g phenol) was added to 0.1 mL of the supernatant. The mixture was placed at room temperature for half an hour, and the absorbance was analyzed at 490 nm in a spectrophotometer.
2.3.3 Total reducing sugars
The total reducing sugar content in the leaf was determined by the Henson and Stone (1988) method. Fresh leaf material (0.25 g) was ground in 80% methanol using a chilled pestle and mortar, followed by centrifuging at 12,000 rpm for 10 min. A volume of 0.3 mL supernatant was collected in a test tube, to which 1.5 mL DNSA (3, 5-dinitrosalicylic acid) and 1 mL of distilled water were added and mixed gently. The mixture was heated for 30 min at 100°C using a water bath and then cooled. Then, a spectrophotometer was used to determine the absorbance at 540 nm.
2.3.4 Total soluble proteins
Total soluble protein content was determined by the Bradford (1976) method. Fresh leaf material was ground in phosphate buffer, samples were centrifuged, and the supernatant was collected in a test tube. A 3 mL volume of Bradford regent was added to 0.3-mL supernatant, and the absorbance was measured at 595 nm using a spectrophotometer after 30 min of reaction.
2.3.5 Total free amino acids
Total free amino acid content was analyzed by using the Hamilton et al. (1943) method. Fresh leaf material was homogenized in a phosphate buffer, followed by centrifuging at 1,400 rpm, and the supernatants were separated in a test tube. A 0.5 mL volume of ninhydrin and pyridine was added to 0.5 mL of supernatant, and the mixture was heated in a water bath for 30 min at 100°C. The volume was made up to 15 mL by adding distilled water, and the final absorbance was recorded at 570 nm using a spectrophotometer.
2.3.6 Proline
Proline content was determined by the Bates et al. (1973) method. The fresh leaf sample was ground in phosphate buffer, centrifuged at 14,000 rpm, and supernatants were collected. A 0.5 mL volume of 5-SSA was added and kept in a water bath at 100°C for 30 min. Then, the samples were cooled, and 1 mL of acetic acid and ninhydrin was added and heated again at 100°C in a water bath. A 4 mL volume of toluene was added after cooling the solution and mixed thoroughly. The absorbance was recorded at 520 nm using a spectrophotometer.
2.4 Soil and plant nutrient analysis
2.4.1 Estimation of total nitrogen in soil
Soil samples were collected, air-dried, and sieved. Total nitrogen (TN) in the soil was determined by the Kjeldahl method (Bremner and Mulvaney, 1982). One gram of soil sample was added to 5 mL of 2.5% salicylic acid and kept overnight. After 24 h, 0.5 g sodium thiosulfate was added, and the mixture was heated at 200°C for 1 h. The samples were cooled, 1.1 g of the digestion mixture was added, and the samples were reheated at 375°C until the soil mixture became clear. Subsequently, 20 mL of distilled water was added, followed by 17 mL of 12 M NaOH in samples and distillate using the Kjeldahl apparatus. A boric acid solution was taken in measuring flasks, and 40 mL of distillate was collected. The sample was then titrated against N/50 of H2SO4 solution.
2.4.2 Available nitrogen in soil
The Kjeldahl method was used to analyze available nitrogen (AN) in soil following Bremner and Mulvaney (1982). The soil samples were collected from pots, air-dried, and sieved. A 2 g amount of soil was added to 0.1 g MgO in a 100-mL distillation tube, gently mixed, and 20 mL of distilled water was added. The distillate was collected in a volumetric flask containing a boric acid solution. Then, it was titrated against N/500 H2SO4.
2.4.3 Urease activity in soil
The urease activity in soil was determined by the Tabatabai and Bremner (1972) method. Briefly, a 5-g soil sample was taken in a flask containing 0.2 mL of toluene and 9 mL of THAM buffer, and the flask was gently vortexed to mix the contents. Then, 1 mL of 0.2 M urea solution was added, and the flask was swirled and incubated at 37°C for 3 h. After that, the volume was made up to 50 mL by adding KCl-Ag2SO4. In the control, 1 mL of 0.2 M urea solution was added before making the volume up to 50 mL by adding KCl-Ag2SO4. A 20-mL aliquot of an aliquot was pipetted into a distillation flask, 0.2 g of MgO was added, and the sample was distilled using a Kjeldahl rapid still II. Then, 40 mL of the distillate was collected in a volumetric flask, containing 5 mL of boric acid indicator, and titrated against N/500 H2SO4 until the solution color became pink.
2.4.4 Total nitrogen in plant straw
Total N in straw was analyzed by the Kjeldahl method following the Bremner and Mulvaney (1982) method. Plant straw was dried in an oven at 80°C and ground with a pestle and mortar. Then, 0.5-g ground leaf material was added to the digestion tube, followed by 1.5 g of the digestion mixture and 4 mL concentrated H2SO4. The mixture was heated for 30 min at 375°C until the sample color was clear. Then, 20 mL of distilled water was added, the sample was distilled, and 30 mL of the distillate was collected in a boric acid indicator-containing flask. The solution was titrated against N/50 H2SO4.
2.4.5 Total nitrogen in grain
Total N in grains was determined by the Kjeldahl method (Concon and Soltess, 1973). Grain samples were ground with a disc grinder. A 0.2 g amount of the ground sample was placed in a digestion tube, followed by 1.5 g of digestion mixture, 4 mL of H2SO4, and 2 mL of H2O2. The mixture was heated at 375°C until the sample color was clear. After that, 20 mL of distilled water was added, and the sample was distilled. Then, 35 mL of the distillate was collected in a volumetric flask containing a boric acid solution. The sample was titrated against N/50 H2SO4, and Total N was calculated using the equation below.
2.4.6 Nitrogen uptake in wheat and rice
The total N uptake in wheat and rice plants from experimental pots was calculated using Equations 2–4 respectively using the formula given below:
Total N uptake by plant=grain N uptake+straw N uptake(2)
N uptake by grain kg ha−1=N in grain %100×dry matter yield(3)
N uptake by straw kg h−1=N in Straw %100×straw yield(4)
2.4.7 Nitrogen recovery efficiency, agronomic efficiency, nitrogen harvest index, and partial factor productivity
Nitrogen recovery efficiency (NRE), agronomic efficiency (AE), nitrogen harvest index (NHI), and partial factor productivity (PFP) were calculated using Equations 5–8 respectively using the formulas mentioned below.
NRE %=total   u ptake in fertilized soil−total N uptae in the control nitrogen fertilizer applied ×100(5)
AEN %=yield in fertilized soil−yield in the control nitrogen fertilizer applied ×100(6)
NHI kg h−1=N uptake in grainN uptake in straw+N uptake grain ×100(7)
PEP kg h−1=grain yieldamount of N apply(8)
2.5 Statistical analysis
Two-way factorial analysis of variance (ANOVA) with three/six independent replicates was used to check the effect of SNPCU fertilizer application on wheat and rice plants separately. Least significant data (LSD) with 5% probability was used to compare significant treatments. The statistical analysis was done using Statistix 8.1 and IBM SPSS Statistics 2.0. The visualization of mean values was completed using Origin-Pro (2018). The correlation analysis was done using the R Package from Rstudio (RStudio Team, 2019), and the correlation matrix was visualized using the corrplot package.
3 RESULTS
3.1 Scanning electron microscopy (SEM) analysis
The urea coated with sulfur nanoparticles shows heterogeneous morphology, which indicates variations in shape compared with uncoated urea. The SEM analysis shows a rough surface of NCU showing irregular cracks (Figure 1A). The observed cracks resulted from the granules pressing against each other during the storage process. The crystal appears more distinct with more detailed edges of the rough layers (Figure 1B), while the surface roughness becomes more evident at the highest magnification power (Figure 1C).
[image: SEM images and graphs depict the structural and chemical analysis of treated versus control samples. Images A to C show different magnifications of a layered material, while D to F reveal spherical particles. Graph G displays FTIR spectra with transmittance differences between treated and control samples. Graph H presents XRD patterns with intensity differences, indicating variations in crystalline structures.]FIGURE 1 | Scanning electron microscope images of (A) non-coated urea at 100 µm scale, (B) non-coated urea at 50 µm scale, (C) non-coated urea at 10 µm scale, (D) SNPCU at 100 µm scale, (E) SNPCU at 50 µm scale, (F) SNPCU at 500 µm scale, (G) FTIR of non-coated urea and SNPCU, and (H) XRD of non-coated urea and SNPCU.Scanning electron microscopy analysis of SNPCU indicated the formation of SNP on the surface of urea. The presence of distinct irregularly shaped structures distributed over the surface of the urea indicated the successful deposition of SNP (Figures 1D–F). The deposition of SNP did not disturb the shape of the NCU. This shows that the nanoparticles adhered well without any structural deformation.
3.2 Fourier transform infrared spectroscopy (FTIR) and XRD analysis
The typical FTIR spectra of SNPCU and NCU are shown (Figure 1G). The identification of the free NH2 group conforms to the polymer-like structure. SNPCU has a mixed structural symbol of mono- or-di (hydroxymethyl) urease. The bond between 3,350 cm−1 and 3,450 cm−1 is an attribute of a hydrogen bond, an N-H bond, and an O-H bond, ascribed to the monomer of formaldehyde and water. No residual formaldehyde was found in polymers. SNPCU shows other characteristic peaks, amide I, II, and C=O, and they are shifted to a lower frequency than CU (Figure 1G). Many methylene bridges (N–CH2–N) were found, especially at 1,600–1,300 cm−1, which have higher C-H bond formation and show different sizes of multiple hydroxyl urea chains.
SNPCU has been characterized using X-ray diffraction analysis (Figure 1G). The XRD pattern of SNPCU matches with the sulfur reference of ICSD # 98-003-8,147 as shown (Figure 1H). Because the SNP was obtained by chemical synthesis, some degree of misfit peaks is expected. However, the major peaks observed at the 2θ value of 22° and 35° (Figure 1H) confirm the crystalline structure of urea. These peaks align with the Madhurambal and Mariappan (2010).
3.3 Effect of SNPCU application on wheat growth and yield
Generally, the growth of plants with the SNPCU application was better than that of the NCU plants (Figure 2). The analysis of variance shows that the plant growth was significantly (P < 0.05) improved by application of SNPCU compared to NCU (Table 1). Maximum shoot length was recorded with the application of SNPCU90 in both varieties, where Galaxy showed an increase of 35% in shoot length (SL: 66.7 cm) while FSD-2008 showed 23% (SL: 86.3 cm) over CU control plants. Root length (RL) response toward coated or non-coated urea was variable in both cultivars, where a relatively higher RL (11.3 g) was observed in non-coated than in SNPCU. Root fresh weight and dry weights showed a non-significant response toward application of NCU and SNPCU in both varieties. Flag leaf area was highest at SNPCU90 application in both varieties (16.3, 16.1), showing an increase of 10.3% and 7.3%, respectively, over the NCU control in Galaxy (14.8) and FSD-2008 (15).
[image: Two rows of plant samples show wheat cultivars "Galaxy" and "FSD-2008" under different treatments: NCU, S^NPCU₅₀, S^NPCU₇₀, and S^NPCU₉₀. Top row displays green wheat plants, and the bottom row shows mature wheat heads on a black background.]FIGURE 2 | Representation of plant vegetative and reproductive growth (spikes) under different treatments of SNPCU and control (non-coated urea) in wheat.TABLE 1 | Effect of different doses of SNPCU and NCU on the morphophysiological, biochemical, and yield attributes of two wheat varieties grown in pots.	Cultivar	Treatments	SL	RL	RFW	LA	SFW	SDW	TP
	Galaxy	NCU	49.3 ± 0.55e	11.3 ± 0.55a	0.96 ± 0.10a	14.8 ± 0.36c	15.6 ± 0.14bc	1.12 ± 0.07abc	6.67 ± 0.3d
	SNPCU50	57.3 ± 1.45de	10.7 ± 0.27a	1.07 ± 0.02a	15.8 ± 0.19ab	14.2 ± 0.77c	1.28 ± 0.12abc	7.67 ± 0.3c
	SNPCU70	61.7 ± 1.10cd	11.3 ± 0.27a	0.95 ± 0.02a	15.9 ± 0.03ab	18.4 ± 1.36b	1.25 ± 0.06abc	7.67 ± 0.3c
	SNPCU90	66.7 ± 1.45cd	9.67 ± 0.27ab	0.96 ± 0.07a	16.3 ± 0.14a	19.0 ± 2.28b	1.34 ± 0.03aab	8.33 ± 0.3c
	FSD-2008	NCU	69.7 ± 1.37c	10.3 ± 0.73c	0.96 ± 0.2a	15 ± 0.07ab	13.7 ± 0.26c	1.06 ± 0.04abc	9.33 ± 0.3b
	SNPCU50	79.7 ± 1.10ab	5.33 ± 0.55bc	0.95 ± 0.3a	14.5 ± 0.33c	25.9 ± 1.53a	1.00 ± 0.01ac	9.70 ± 0.3b
	SNPCU70	71.0 ± 1.90bc	7.33 ± 0.73bc	1.03 ± 0.3a	15.9 ± 0.03a	14.4 ± 0.16c	1.36 ± 0.04ab	10.0 ± 0.01ab
	SNPCU90	86.3 ± 1.10a	7.33 ± 1.53bc	0.96 ± 0.3a	16.1 ± 0.36a	22.8 ± 0.72a	1.44 ± 0.18a	10.7 ± 0.3a
		SEC	4.485	1.219	0.087	0.416	1.621	0.151	0.458


	Cultivar	Treatments	DW	FT	PnL	PnW	1000 Gwt	HI
	Galaxy	NCU	31.53 ± 1.28b	3.33 ± 0.27ab	13.8 ± 0.10b	1.40 ± 0.02b	25.9 ± 0.19de	25.68
	SNPCU50	35.87 ± 0.46a	3.33 ± 0.27c	16.2 ± 0.02a	2.19 ± 0.10a	26.5 ± 0.20cd	28.78
	SNPCU70	37.03 ± 0.49a	4.33 ± 0.55a	16.5 ± 0.02a	2.30 ± 0.05a	27.1 ± 0.07bc	29.05
	SNPCU90	37.67 ± 0.67a	4.33 ± 0.27a	14.3 ± 0.07b	2.49 ± 0.15a	29.8 ± 0.25a	32.09
	FSD-2008	NCU	17.40 ± 0.66e	3.00 ± 0.01c	14.2 ± 0.2b	2.51 ± 0.17a	23.8 ± 0.13f	36.02
	SNPCU50	19.97 ± 1.34de	3.33 ± 0.27ab	15.7 ± 0.3b	2.56 ± 0.17a	25.4 ± 0.26e	40.21
	SNPCU70	21.44 ± 0.35d	4.00 ± 0.01ab	16.0 ± 0.3a	2.51 ± 0.10a	26.5 ± 0.21cd	43.48
	SNPCU90	24.35 ± 0.50c	4.00 ± 0.01ab	16.2 ± 0.3a	2.55 ± 0.16a	27.6 ± 0.17b	42.49
		SEC	1.24	0.458	0.416	0.233	0.448	


SL, shoot length (cm); RL, root length (cm); RDW, root dry weight (cm); LA, leaf area (cm−2); SFW, shoot fresh weight (g); SDW, shoot dry weight (g); TP, tiller per plant; DW, dry mass (g); PnL, panicle length (cm); PnW, panicle weight (g); FT, fertile tillers; 1000 G wt, 1000 grain weight (g); HI, harvest index (%). The vegetative data are the means of three replicates, while the yield data are the means of six replicates. The mean values followed by different letters in columns are significantly different at P > 0.05 according to the LSD.
Application of SNPCU significantly (P < 0.05) improved the number of tillers per plant in both varieties, where maximum tillering was observed at SNPCU90 application (10.7) and (8.33) in FSD-2008 and Galaxy, respectively, compared to NCU plant tillering (6.67). Similarly, the number of fertile tillers, length of panicle, and panicle weights were higher in SNPCU treatments than in non-coated urea treatments in both varieties (Table 1). FSD-2008 and Galaxy both showed a significant (P < 0.05) increase in 1000-grain weight with an increasing dose of SNPCU fertilizer compared to non-coated urea (Table 1). Maximum grain weight was exhibited in the plants at SNPCU90 application (P < 0.05) in Galaxy (29.8 g), followed by the same treatment of FSD-2008 (27.6 g) (Table 1). Minimum grain weights were observed in both varieties treated with NCU. Even the SNPCU50 application showed higher grain weight than the CU (Table 1).
3.4 Effect of SNPCU application on rice growth and yield
Generally, the growth of plants with the SNPCU application was better than the NCU plants (Figure 3). The application of SNPCU showed a significant (P < 0.05) effect on growth and yield parameters of Green Super Rice compared to Basmati 1121 (Table 2). The highest shoot length (80 cm) was observed in the SNPCU90 application in Green Super Rice. In treatments with SNPCU70, the shoot length was non-significantly different from NCU, demonstrating that SNPCU is as effective at lower doses than non-coated urea (Table 2). A similar significant (P < 0.05) response was observed for leaf area and shoot fresh and dry weights in these plants, where lower doses of SNPCU showed higher leaf area and shoot fresh weight and dry weight than NCU in both rice varieties. The effect on root length and root dry weight was non-differential and inconclusive. The maximum shoot fresh weight was recorded in Green Super Rice (20.3 g), while the minimum was observed in NCU (11 g) on Green Super Rice (Table 2).
[image: Green Super Rice and 1121 Basmati plants displayed with roots, above petri dishes containing rice seeds. Both varieties are shown under different treatments labeled as NCU, SⁿPCU50, SⁿPCU70, and SⁿPCU90.]FIGURE 3 | Representation of plant vegetative and reproductive growth (grains) under different treatments of SNPCU and control non-coated urea in rice.TABLE 2 | Effect of different doses of SNPCU and NCU on the morphophysiological, biochemical, and yield attributes of two rice varieties grown in pots.	Cultivar	Treatments	SL	RL	RDW	LA	SFW	SDW	TP
	Green Super Rice	NCU	74.5 ± 1.39ab	13.0 ± 1.24abcd	0.43 ± 0.05cd	14.9 ± 0.38e	19.0 ± 0.48ab	1.48 ± 0.27b	9.33 ± 1.19ab
	SNPCU50	76.4 ± 1.56ab	13.6 ± 0.39abc	0.72 ± 0.03b	15.8 ± 0.22cd	16.6 ± 0.47abc	1.63 ± 0.07b	8.00 ± 0.47b
	SNPCU70	74.2 ± 2.49ab	14.4 ± 0.35abc	0.71 ± 0.05b	17.1 ± 0.05a	19.5 ± 1.84ab	1.63 ± 0.10b	9.00 ± 0.47ab
	SNPCU90	80.1 ± 2.96a	15.2 ± 1.28ab	0.39 ± 0.01d	17.1 ± 0.08a	20.2 ± 0.46a	2.27 ± 0.22a	11.3 ± 1.37a
	1121 Basmati	NCU	71.3 ± 3.16b	12.0 ± 1.64bcd	0.95 ± 0.04a	15.1 ± 0.08de	11.0 ± 1.71d	1.33 ± 0.08b	6.33 ± 0.27b
	SNPCU50	69.0 ± 2.07b	16.6 ± 1.45a	0.57 ± 0.05cd	16.1 ± 0.10bc	14.7 ± 0.79cd	1.12 ± 0.06b	6.33 ± 0.99b
	SNPCU70	69.8 ± 0.49b	10.3 ± 0.99cd	0.51 ± 0.02cd	16.4 ± 0.22abc	11.7 ± 0.71d	1.40 ± 0.03b	6.67 ± 0.55b
	SNPCU90	70.3 ± 0.73b	8.67 ± 0.99d	0.48 ± 0.05cd	16.6 ± 0.26ab	15.9 ± 0.84bc	1.46 ± 0.20b	7.33 ± 0.55b
		SEC	3.655	2.073	0.073	0.367	1.762	0.269	1.502


	Cultivar	Treatments	DW	PnL	PnW	FT	100 Gwt	HI
	Green Super Rice	NCU	31.3 ± 0.70d	26.8 ± 0.21ab	9.41 ± 0.01cd	3.00 ± 0.01ab	26.8 ± 0.36e	31.35
	SNPCU50	32.8 ± 0.57cd	26.8 ± 0.20ab	10.0 ± 0.30bc	3.33 ± 0.27ab	28.2 ± 0.26d	32.64
	SNPCU70	38.3 ± 0.73b	27.1 ± 0.49bc	11.8 ± 0.35ab	3.33 ± 0.27ab	30.3 ± 0.19bc	32.45
	SNPCU90	42.1 ± 0.51a	27.2 ± 0.12a	12.7 ± 0.84a	3.67 ± 0.27a	31.1 ± 0.09ab	33.38
	NCU	33.0 ± 0.71cd	25.5 ± 0.76bc	7.09 ± 0.78e	3.00 ± 0.01ab	28.6 ± 0.26d	28.87
	1121 Basmati	SNPCU50	33.4 ± 0.94c	23.6 ± 0.30c	7.58 ± 0.81de	2.67 ± 0.27b	30.1 ± 0.07c	30.84
	SNPCU70	37.2 ± 0.70b	24.8 ± 0.20cd	8.91 ± 0.15cde	3.67 ± 0.27ab	30.5 ± 0.36bc	31.86
	SNPCU90	41.9 ± 0.16a	27.02 ± 0.32a	9.33 ± 0.30cd	3.67 ± 0.27ab	31.6 ± 0.26a	33.17
	SEC	0.959	0.658	0.964	0.403	0.448	


SL, shoot length (cm); RL, root length (cm); RDW, root dry weight (cm); LA, leaf area (cm−2); SFW, shoot fresh weight (g); SDW, shoot dry weight (g); TP, tiller per plant; DW, dry mass (g); PnL, panicle length (cm); PnW, panicle weight (g); FT, fertile tillers; 1000 G wt, 1000 grain weight (g); HI, Harvest index (%). The vegetative data are the means of three replicates, while the yield data are the means of six replicates. The mean values followed by different letters in columns are significantly different at P > 0.05 according to LSD.
Regarding yield parameters, the response of Green Super Rice was significantly (P < 0.05) better than that of 1121 Basmati. At maturity, the highest biomass, panicle length, and tillering were observed under the treatment of SNPCU90 in both varieties compared to NCU (Table 2). The maximum fertile tillers were found at SNPCU90. Analysis of variance (P < 0.05) shows maximum panicle length in Basmati 1121 (27.02 cm) with SNPCU90 application, while the minimum was observed with NCU (25.5 cm). SNPCU significantly (P < 0.05) increased panicle weight (12.7 g) in Green Super Rice, while the lowest was observed with the application of NCU (7.09 g). Our result further revealed that grain weight was maximum in Basmati 1121 at SNPCU90 (31.6 g), followed by the same treatment of Green Super Rice (31.1 g). Minimum grain weights were observed in both varieties in NCU-treated plants. Even the SNPCU50 application showed higher grain weight than the NCU (Table 2). The largest harvest index was observed with the SNPCU90 application, while the lowest was found with NCU in Green Super Rice and 1121 Basmati.
3.5 Total and available N dynamics in soil
Total nitrogen (NT) and available nitrogen (NA) in soil after application of SNPCU showed a gradual increase or decrease over time in a dose-dependent manner (Figure 4). In wheat, SNPCU50 increased NT by 6.2%, 9.3%, 25%, and 26% in Galaxy and by 2.7%, 8%, 25%, and 32% in FSD-2008 on the 2nd, 7th, 14th, and 30th days, respectively. SNPCU90 shows maximum NT in soil with increases of 10%, 16%, 39%, and 39% in Galaxy and 11.5%, 22.8%, 37%2 and 63% in FSD-2008 on corresponding days (Figure 4A). Moreover, the application of SNPCU50 decreased NA content in soil by 45%, 30% and 40% in Galaxy and 30%, 31% and 31% in FSD-2008 on day 2. A similar trend was observed on days 7 and 14 (Figure 4B).
[image: Four line graphs showing nitrogen percentage over time. Graph A and B display total and available nitrogen in wheat rhizosphere soil, respectively. Graph C and D display total and available nitrogen in rice rhizosphere soil, respectively. Measurements were taken on days two, seven, fourteen, and thirty after urea application. Each graph includes lines for different treatments with slight variation in nitrogen reduction trends.]FIGURE 4 | Dynamics of total nitrogen and available nitrogen in the rhizosphere at 7 cm of soil depth under different treatments of SNPCU and control (Non-coated urea). Total nitrogen (A) and available nitrogen (B) in wheat; total nitrogen (C) and available nitrogen (D) in rice rhizosphere soil. Control NCU: 100% recommended dose of urea, SNPCU50 (50% recommended dose of urea), SNPCU70 (70% recommended dose of urea), and SNPCU90 (90% recommended dose of urea). The vertical bars represent the standard deviation of the mean (n = 3).A similar trend was observed in Green Super Rice rhizosphere soil, where the percentage increase in NT observed in SNPCU50 was 2.4%, 10%, 10%, and 34% while it was 1.3%%, 30% and 17% in 1121 Basmati on the 2nd, 7th, 14th, and 30th days, respectively. The maximum NT content in soil was observed @ SNPCU90 with an increase of 13%, 21%, 41%, and 59% in Green Super Rice and 19%, 19%, 73%, and 75% in 1121 Basmati on the 2nd, 7th, 14th, and 30th days, respectively (Figure 4C).
Furthermore, the application of SNPCU50 resulted in an initial decrease in NA content, showing decreases of 31.4% and 10.9% on day 2 and day 7 and an increase of 15.4% afterwards, that is, on day 14 in Green Super Rice. A similar trend was observed in 1121 Basmati, where SNPCU50 reduced NA by 22.4% and 2.1% on day 2 and day 7, followed by a 75% increase in NA on day 14 (Figure 4D).
3.6 Urease activity in soil
Urease activity of soil showed a gradual decrease after the application of SNPCU, where the higher dose showed higher activity and vice versa. The application of SNPCU90 resulted in the most significant (P < 0.05) decline in urease enzyme activity, with reductions of 37%, 10.44%, and 16.6% in Galaxy and 27.83%, 12.16%, and 16.6% in FSD-2008 on days 2, 7, and 14, respectively. A similar trend was observed in rice, where SNPCU90 reduced the urease enzyme by 38%, 26.25%, and 18% in Green Super Rice, while it reduced the urease enzyme by 52%, 16.7%, and 25.8% in 1121 Basmati (Figures 5A,B).
[image: Line graphs showing urease activity in wheat (top) and rice (bottom) rhizosphere soils over 14 days after urea application. Various treatments are compared, showing decreasing activity over time for both crops. Different treatments are identified by color-coded lines, with activity measured in % N-NH\(_4^+\) h\(^{-1}\) g\(^{-1}\) dry weight soil.]FIGURE 5 | Dynamics of urease activity in the rhizosphere of wheat (A) and rice (B) at 7 cm of soil depth under different treatments of SNPCU and control non-coated urea. Control NCU: 100% recommended dose of urea, SNPCU50 (50% recommended dose of urea), SNPCU70 (70% recommended dose of urea), and SNPCU90 (90% recommended dose of urea). The vertical bars represent the standard deviation of the mean (n = 3).3.7 Nitrogen uptake efficiency
Although wheat and rice grow during different seasons, the rates of uptake and accumulation of nitrogen in grain were significantly higher in SNPCU treatments. Our findings revealed that SNPCU increased total nitrogen uptake as the dose increased. The higher dose, that is, SNPCU90 showed higher N accumulation in grain and straw in both wheat varieties where the maximum was observed in Galaxy (64 and 14.91 kg h−1) with an increase of 1.29% and 0.14% over the respective variety NCU control, while the minimum (30.72 kg h−1 and 6.41 kg h−1) was observed in NCU plants of FSD-2008 (Table 3).
TABLE 3 | Effect of SNPCU on N uptake and NRE of two wheat varieties grown in pots.	Variety	Treatment	Grain N	Straw N	Grain N	Straw N	Total N uptake	NHI	PFP	AE	NRE
	Unit	%	kg ha−1	%
	Galaxy	NCU	0.88	0.12	33.97	10.48	44.45	0.76	25.27		
	SNPCU50	1.18	0.11	47.43	11.41	58.84	0.81	33.61	3.00	14.39
	SNPCU70	1.27	0.13	53.47	13.70	67.17	0.80	35.16	3.56	22.73
	SNPCU90	1.29	0.14	64.00	14.91	78.92	0.81	41.26	5.75	34.47
	FSD-2008	NCU	0.93	0.13	30.72	6.14	36.87	0.83	22.72		
	SNPCU50	1.11	0.16	41.64	8.66	50.30	0.83	31.14	3.03	13.44
	SNPCU70	1.17	0.16	47.20	9.10	56.30	0.84	38.25	5.58	19.44
	SNPCU90	1.22	0.16	52.81	10.21	63.03	0.84	41.72	6.83	26.16


Effect of SNPCU on N uptake and NRE of wheat. Grain N, grain nitrogen content (%); Straw, straw nitrogen content (%); Grain N uptake, total nitrogen uptake by grains (kg ha−); straw N uptake, total nitrogen uptake by straw (kg ha−1); NHI, nitrogen harvest index (kg ha−1); PFP, partial factor productivity (kg ha−1); AE, agronomic efficiency (%); NRE, nitrogen recovery efficiency (%).
The agronomic efficiency (AE) and N recovery efficiency (NRE) increased as the dose of SNPCU increased (Table 3). Table 4 elaborates the effect of biological amendments on N uptake, AE, and NRE on rice. Application of SNPCU increased N content uptake in grain and straw. The highest dose, that is, SNPCU90, showed higher N content in grain and straw in both cultivars, with the maximum in Green Super Rice by 1.07% and 0.25%, respectively. The lowest N content was found in the control where NCU was applied (Table 4).
TABLE 4 | Effect of SNPCU on N uptake and NRE of two rice varieties grown in pots.	Variety	Treatment	Grain N	Straw N	Grain N	Straw N	Total N uptake	NHI	PFP	AE	NRE
	Unit	%	kg ha−1	%
	Green Super Rice	NCU	0.76	0.21	30.25	18.36	48.62	0.62	33.14		
	SNPCU50	1.01	0.21	44.66	18.73	63.39	0.70	36.85	1.33	12.31
	SNPCU70	1.07	0.24	54.60	25.40	80.00	0.68	42.65	3.41	26.15
	SNPCU90	1.07	0.25	62.77	29.67	92.45	0.67	48.91	5.66	36.52
	1121 Basmati	NCU	0.69	0.20	25.56	18.46	48.62	0.52	31.06		
	SNPCU50	0.92	0.20	38.21	18.68	56.90	0.67	34.53	1.25	6.90
	SNPCU70	0.97	0.21	47.02	21.27	68.29	0.68	40.33	3.33	16.39
	SNPCU90	1.00	0.22	57.78	26.18	83.96	0.68	48.21	6.16	29.45


Grain N con, grain nitrogen content (%); Straw, straw nitrogen content (%); Grain N uptake, total nitrogen uptake by grains (kg ha−1); straw N uptake, total nitrogen uptake by straw (kg ha−1); NHI, nitrogen harvest index (kg ha−1); PFP, partial factor productivity (kg ha−1); AE, agronomic efficiency (%); NRE, nitrogen recovery efficiency (%).
In grains, the highest N uptake was recorded in Green Super Rice (62.77 kg ha−1) followed by 1121 Basmati (61.88 kg ha−1) in SNPCU90, while the lowest was observed in the control. The higher straw N uptake (29 and 26.18 kg ha−1) was obtained in SNPCU90 in both cultivars of rice, followed by the SNPCU70 and SNPCU50 treatments. Lower straw N uptake was recorded in NCU (Table 4).
Both cultivars of rice showed higher AE (5.66 and 6.16) in SNPCU90. The lowest agronomic efficiency (1.25) over the control was found in 1121 Basmati with SNPCU50. Table 4 shows that both varieties of rice show higher NRE (36.52 and 32.87) in SNPCU90 than the control. Treatment with SNPCU50 showed the lowest NRE (9.33) in 1121 Basmati.
3.8 Biochemical analysis
3.8.1 Chlorophyll content
Compared to the control, SNPCU significantly improved the chlorophyll (a, b) content in wheat and rice where maximum chlorophyll a content was exhibited in SNPCU treatment (0.6 mg/g and 0.12 mg/g FW), while it was the lowest in CU (0.4 and 0.04 mg/g FW) in wheat and rice, respectively.
Similarly, maximum chlorophyll b content was observed in SNPCU90 (0.1 mg/g and 0.8 mg/g FW) in rice and wheat, respectively, while the minimum was recorded in NCU (Figure 6).
[image: Four bar charts display the chlorophyll and carotenoid content in four rice varieties (Galaxy, FSD-2008, Green Super Rice, and 1121 Basmati). Each chart compares levels of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids under different treatments: NCU, SNP-CU50, SNP-CU70, and SNP-CU90. The charts show variations in pigment concentrations with error bars indicating variability. Each treatment is labeled with letters representing statistical significance (e.g., "a", "b", "cd").]FIGURE 6 | Effect of SNPCU on the chlorophyll and carotenoid content of two wheat and rice varieties grown in pots.Overall, the results showed that SNPCU has a synergistic effect with total chlorophyll in rice and wheat, upon the longer availability of nitrogen in soil, which influenced the total chlorophyll content in plants. A higher application of SNPCU90 shows a maximum amount of (0.3 mg/g FW) and (1.3 mg/g FW) total chlorophyll content in rice and wheat. Furthermore, the data showed higher carotenoid content in SNPCU-treated plant leaves, while the minimum was shown by the leaves where NCU was applied (Figure 6).
3.8.2 Total sugar, reducing sugar, proline, total soluble protein, and free amino acid
SNPCU significantly enhanced total sugars and reducing sugars in wheat and rice in the following order: SNPCU90> SNPCU70> SNPCU50 >NCU, indicating a strong relationship between N release and plant sugars. The maximum total and reducing sugars were found in SNPCU90 (Figure 7), while the lowest was recorded in NCU in both cultivars of rice and wheat. A similar trend was observed for the proline content in rice and wheat.
[image: Four bar charts compare total and reducing sugar content across different rice varieties and fertilization treatments. The top charts display total sugar, and the bottom charts show reducing sugar for Galaxy, FSD-2008, Green super rice, and 1121 Basmati varieties. Each chart contrasts NCU and three levels of \(S^{NP}CU\) treatment, marked with letters indicating statistical differences.]FIGURE 7 | Effect of SNPCU on the total sugar and reducing sugar content of two wheat and rice varieties grown in pots.The results shown in Figure 8 regarding protein content in plants indicate a synergistic effect with SNPCU. The maximum soluble protein (30 mg/g) was found with the application of SNPCU90 in wheat and rice plants (27 mg/g), while the minimum was recorded in NCU (21 mg/g FW). Regarding the free amino acid content, SNPCU slowly releases nitrogen in soil, allowing the plant to utilize nitrogen over a longer time than NCU. A higher value of free amino acids was found by the application of SNPCU90 in wheat and rice, while the minimum was recorded in NCU, which rapidly released nitrogen in the soil (Figure 9).
[image: Four bar charts compare soluble protein and proline content across rice varieties: Galaxy, FSD-2008, Green super rice, and 1121 Basmati. The charts display results under different treatments labeled NCU, SNP\(_{CU50}\), SNP\(_{CU70}\), and SNP\(_{CU90}\). Letters above bars indicate statistical significance groups.]FIGURE 8 | Effect of SNPCU on the soluble protein and proline content of two wheat and rice varieties grown in pots.[image: Bar charts compare free amino acid content in different rice types: Galaxy, FSD-2008, Green Super Rice, and 1121 Basmati. Each variety shows varying levels across NCU, SNP-CU₅₀, SNP-CU₇₀, and SNP-CU₉₀ treatments, with annotations indicating statistical differences.]FIGURE 9 | Effect of SNPCU on the free amino acid content of two wheat and rice varieties grown in pots.3.9 Correlation analysis
Correlation analysis revealed a significant correlation (P < 0.05) between different parameters in wheat (Figure 10A), where a negative correlation was observed for RL with SL (r = −0.825*), SFW (r = −0.668), and RDW (r = −0.795*). On the other hand, a strong positive correlation was observed for 1,000 grain weight and plant N (r = 0.955**), plant N and Grain N (r = 0.912**), straw N and total reducing sugars (r = 0.938**), and proteins and SL (r = 0.918**). Significant positive correlations were also observed for other traits, for example, HI with total sugars (r = 0.815*), (r = 0.881*), proline (r = 0.794*), and soluble proteins (r = 0.744*). Biomass showed correlations with SL (r = 0.7*), SFW (r = 0.754*), and Plant N (r = 0.808*). Many other positive correlations were observed for plant parameters.
[image: Heatmaps compare correlation matrices for wheat and rice under different conditions. Each matrix has variables labeled along the axes. Color gradients from blue to red indicate correlation strength, with darker blue representing negative correlations and red positive ones. Stars denote significance levels.]FIGURE 10 | Correlation matrix for the biochemical, morphological, agronomical, and yield parameters of (A) wheat and (B) rice plants treated with SNPCU and NCU grown in pots.In rice, correlation analysis revealed a significant correlation (P < 0.05) among different parameters studied (Figure 10B). A strong positive correlation was observed for SL and SDW (r = 0.912**), protein content (r = 0.903**), SFW with total sugars (r = 0.942**); Leaf area with total chlorophyll (r = 0.937**), chlorophyll a (r = 0.964**), free amino acids (r = 0.903**); biomass with plant N (r = 0.963**), 1000-grain wt (r = 0.844**), and grain N with straw N (r = 0.923**). SL was also positively correlated to total sugars (r = 0.854**), SDW with total proteins (r = 0.898**), fertile tillers (r = 0.849**), and total sugars (r = 0.826**). Many other positive correlations were observed in the analysis.
4 DISCUSSION
The wheat-rice cropping system feeds billions of people around the world and is the major system consuming urea fertilizer in agriculture, but this system exhibits very low NUE. Due to environmental concerns, heavy losses, and low efficiency, coated urea fertilizers are becoming increasingly popular in farm fields. During the last decade, urea has been coated with polymers like polyethylene, polyurethane, bentonite, or oils. Although a polymer coating on urea increases its NUE, these polymers are not degradable and accumulate in the soil over time, which decreases soil fertility and is a serious environmental concern, as the polymers may break down into microplastics.
This study reports and evaluates the effect of SNPCU on plant growth and yield under natural environmental conditions. Several reports indicate a positive response of the plant to N and sulfur application. We have studied the synergistic response of urea coated with SNP. The SNPCU acts as a dual-purpose fertilizer as it makes application of N and S easy in the field. Our study reveals that SNPCU stimulates the plant’s biochemical and physiological machinery, for example, chlorophyll a, b, total carbohydrates, soluble sugars, and proteins, more than the CU. Similar was reported by earlier studies using coated urea with metallic S (Aziz and El-Ashry, 2002; Asghar et al., 2022). Sulfur increases wheat and rice shoot length, panicle length, shoot fresh weight (Khan et al., 2015; Asghar et al., 2022), and grain yields up to 10% (Asghar et al., 2022; Mandi et al., 2022). As a general observation, our study also exhibited a similar trend with SNPCU treatments. However, we observed that these treatments showed no effect on root growth, although a substantial increase in the shoot length, which was also evident by the negative correlation of root length with the shoot parameters. We anticipate that SNPCU might decrease sulfur deficiency in the soil with simultaneous improvement in N recovery and plant metabolic functioning. The same findings reported that SNP use efficiency enhances total free amino acid and protein content in peanut with the reduction of 25% conventional sulfur without harming the environment (Thirunavukkarasu et al., 2024).
The urea prill is highly soluble in water and a highly volatile compound, resulting in a high loss of N through either urease activity or volatilization. Coated urea has a fine layer of water-repellent compound, which improves its stability. The coating reduces both its solubility and its volatility. SNPCU slowly releases N in the soil, which makes maximum N content available in the soil over a long time, and the plants uptake maximum N. The SNPCU coating reduces N loss from urea, thus increasing N accessibility (Rose, 2016) and NUE (Shivay et al., 2016) for a long time.
Urease enzymes in the soil have a major role in accelerating the release of N from urea fertilizers. The N released from coated urea is influenced by the soil microbial activity, which can delay N release and decrease the soil urease activity of zinc-coated urea (Shakeel et al., 2024). Coating on urea acts as a urease inhibitor, as it becomes a barrier between urease bacteria and urea. This inhibits the urease enzyme activity in soil by 6–8 weeks and reduces the hydrolysis of urea (Shaviv, 2001; Bolan et al., 2004). The relationship between SNPCU and urease enzyme activity is crucial for N cycling and crop productivity. SNPCU, due to its coating, delays urease enzyme activity and results in long-term N availability, N transformation, minimized N loss, improved NUE, and enhanced crop growth and yield. Our results show that the highest urease enzyme activity was in the soils where the application of NCU was done, while the minimum was in SNPCU until 14 days of application in both cultivars of wheat and rice.
Application of slow-release urease increases N content in plant tissue due to longer N availability in the soil after its application. Our study reveals that the application of SNPCU increased the N concentration in plant straw and grains as the dose increased in both cultivars of wheat and rice. SNPCU application resulted in a maximum amount of N uptake in leaves, which ultimately increased the N content in grains and maximum grain yield and weight in both crops. Similar findings were reported by Mirbolook et al. (2023) and Hayat et al. (2024), who showed that NH4+ and NO3− status in plant tissue improve with the slow-release fertilizer. Yan et al. (2024) reported that the application of a higher dose of uncoated urea prill in rice accelerates N loss while coated urea releases N gradually, which matches the plant’s demand for N. This helps plants absorb N and accumulate biomass, ultimately which translates into higher yield (Wang et al., 2016), as observed during the present study.
Application of SNPCU maintains a higher NT level and lower NA over an extended period due to its gradual hydrolysis, reducing N losses and ensuring efficient N cycling, which contributes to long-term N availability during crucial crop growth stages. Furthermore, NCU rapidly hydrolyzes into ammonium (NH4+) and nitrate (NO3−), leading to greater N loss through volatilization, leaching, and runoff. It has been reported that the application of a higher dose of NCU in rice accelerates N loss while coated urea releases N gradually, which matches the plant’s N demand (Wang et al., 2016). Our result shows that compered to non-coated urea, SNPCU increased NT and decrease NA in both varieties of wheat and rice over a 30-day period.
The mechanism behind better outcomes of SNPCU for minimizing N loss and improved NUE and plant growth can be attributed to the following points. First, the application of SNPCU reduced N and sulfur loss due to adsorption/retention properties as an adsorbent material. Second, the application of SNPCU enhanced soil mineral N for plant uptake over a maximum time period. The partial factor productivity has a positive correlation with N. Application of SNPCU significantly improved the partial factor productivity, where a maximum was observed with SNPCU90 of 48.91% and 48.21% in Green Super Rice and 1121 Basmati, respectively. Correlation analysis further supports the fact that SNPCU significantly improved grain weight and biomass due to improved N uptake (grain and straw) and proline content, as they showed a significant positive correlation with each other. Similarly, the application of SNPCU90 increases partial factor productivity by 41.26% and 41.71% in Galaxy and FSD-2008, respectively. Our findings show that the application of SNPCU increased the nitrogen harvest index (NHI), nitrogen recovery efficiency (NRE), and agronomic efficiency (AE) in both cultivars of wheat and rice in a dose-dependent manner. These findings are in line with Hayat et al. (2024) and Rose et al., (2018), who reported that AE has a positive correlation with N uptake by plants.
5 CONCLUSION
The study revealed that SNPCU is more effective in terms of NUE, inexpensive in terms of fertilizer saving, eco-friendly in terms of low N losses, and has SNP as an essential component for an added benefit. Among different treatment applications, SNPCU increased total and available nitrogen in soil in a dose-dependent manner. The plant experiments revealed that the application of SNPCU improved growth, yield attributes, biochemical traits, and nitrogen use efficiency, showing higher N uptake by plants and grains than uncoated urea. A few studies report some negative impact of SNP in soil if used in large amounts, for example, altering soil structure, lowering soil pH, and possibly impacting microbial communities or nutrient availability. However, we have used these nanoparticles in very small quantities for coating that will not cause any such harm to the soil. Furthermore, we have conducted a whole metagenome analysis of these nanoparticles in detail (unpublished data not part of this study) that shows no harmful impact on resident microbial communities. However, the long-term impact of any nanoparticles used in agriculture is still not clear. The addition of SNP to urea is relatively costly, but this cost will be reduced by reducing the amount of coated urea application per acre. Hence, we conclude that SNPCU is a better fertilizer than coated urea, and it will supply a slow amount of nitrogen and sulfur to the plant. Further field trials are necessary to validate these findings across different regions and soil types.
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