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Soil urease inhibition slows down the urea hydrolysis and prolongs nitrogen (N) stay in soil, resulting in an increased N uptake by plants. Apart from several chemical urease inhibitors, the urease inhibition potential of plant extracts is rarely reported. In our previous study, the soil urease inhibition by Vachellia nilotica leaf extract was reported; however, its role in relation to growth and yield of wheat (Triticum aestivum) under pot and field conditions remains unknown. The acetonic extracts of 10, 20, and 50 g Vachellia nilotica leaves were given code names viz. Vn.Fl-10, Vn.Fl-20 and Vn.Fl-50, respectively, and coated on 100 g of urea individually. The enhancements of growth (total number of tillers, number of productive tillers, number of spikelets per spike, number of grains per spike, and 1000-grains weight) and yield (biological yield, straw yield, and grain yield) parameters of wheat by Vn.Fl-20 and Vn.Fl-50 coated urea treatments were compared with uncoated urea in a pot experiment. The experiment indicated that the Vachellia nilotica extract coatings were effective at improving N persistence in soil, as reflected by increased grain and straw N concentrations as well as uptakes. The reproduction of the aforementioned results, at the half and full recommended dose of urea under field conditions, reconfirmed the effectiveness of Vachellia nillotica coatings. Moreover, the Vn.Fl-20 and Vn.Fl-50 coated urea, at the half as well as full recommended dose under field conditions, proved equally effective in terms of higher biological, straw, and grain yield, and grain N uptake. The increments in the total number of tillers, number of productive tillers, 1000-grain weight, biological yield, straw yield, grain yield, grain N concentration, grain N-, and straw N uptake along with nitrogen use efficiency (NUE) components, i.e. nitrogen partial factor productivity (NPFP), nitrogen agronomic efficiency (NAE), partial nitrogen balance (PNB), and nitrogen recovery efficiency (NRE) of wheat highlighted the superiority of Vn.Fl-20 coating over the hydroquinone (Hq) coating on urea at the full recommended dose under field conditions. Given the findings of this study, Vachellia nilotica leaf extract coating (Vn.Fl-20) can be used as a natural urease inhibitor to reduce urea hydrolysis and enhance wheat productivity.
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Introduction

Nitrogen (N), one of the essential primary macronutrients, is needed for the proper functioning of chlorophyll biosynthesis, photosynthesis, carbon assimilation, and protein synthesis processes in terrestrial plants (Leghari et al., 2016). Considering the high N concentration (46%), water solubility, and ease of use, urea is the widely used source of N accounting for almost 50% of the total N consumption worldwide (Motasim et al., 2021; Tanan et al., 2021). However, urea is hydrolyzed to ammonia and carbon dioxide in soil, whereas the presence of urease enzyme escalates this process 8 × 107 times (Rana et al., 2021). Most of the soils have high urease activity that results in rapid production and release of ammonia from the applied urea fertilizer (Dejarmakeerthi and Thenabadw, 1996). According to an estimate, 20 to 70% of urea is lost from soils through ammonia volatilization (Suherman and Anggoro, 2011; Naz and Sulaiman, 2016). The crop plants recover as low as 30-40% N from fertilizer sources, like urea, and the value becomes even lower upon the losses through continuous urea hydrolysis (Shi et al., 2012; Soares et al., 2012). Hence, the use of urease inhibitor coated urea fertilizer becomes even more vital for the reduction of N losses through urea hydrolysis (Artola et al., 2011; Li et al., 2017). The inhibition of soil ureases results in a decrease in ammonia volatilization losses from soil-applied urea (Bishop and Manning, 2010).

The compounds with urease inhibition potential were largely developed to inhibit urease in the human stomach by disinfecting Helicobacter pylori. However, their use might not be suitable or economical for soil urease inhibition (Kiss and Simihăian, 2002). Among soil urease inhibitors, N-(n-butyl) thiophosphoric triamide (NBPT) is known for its high urease inhibition potential and non-toxicity to plants (Silva et al., 2017) with few limitations. Firstly, NBPT degrades over time and the addition of organic amendments in the field reduces its shelf life (Watson et al., 2008). Secondly, NBPT-induced decrease in NH3 loss is dependent on soil type and temperature (Trenkel, 2010). Similarly, hydroquinone (Hq) is another commercially available synthetic urease inhibitor that may prove phytotoxic as reported in cowpea (Mensah et al., 2012) and rice (Pandey et al., 2005). Being a benzene metabolite, Hq may also prove haematotoxic and carcinogenic (Enguita and Leitão, 2013).

Plant materials that have urease inhibition potentials are an alternative to synthetic urease inhibitors. The list of plant materials that have been tested for soil urease inhibition is rather short, with Azadirachta indica, Acacia caven, Quillaja saponaria, Bacharis linearis, Pinus radiata, and Mentha spicata the most promising candidates (Patra et al., 2006; Suescun et al., 2012; Mathialagan et al., 2017). In our previous study, we tested the extracts of 35 plant materials for their potential to inhibit jack bean and soil ureases. In this regard, the extract of Vachellia nilotica leaves was found to be the best at inhibiting jack bean as well as soil ureases and prolonging the urea-N stay in the soil (Rana et al., 2021). In this study, various concentrations of Vachellia nilotica extract coatings on urea, at the half as well as a full dose of recommended urea-N fertilization, were tested in terms of their impact on growth, yield and nitrogen use efficiency (NUE) of wheat cultivated under pot and field conditions.



Materials and methods


Preparation of Vachellia nilotica extracts and hydroquinone coated urea

Leaves of Vachellia nilotica were collected, dried in the shade, and ground using an electric grinder. The powdered material, equivalent to 10, 20, and 50g of fresh leaves, was extracted using 100 ml of acetone by shaking at 200 rpm for 48 hours followed by filtration through Whatman filter paper grade 1. The filtrates were concentrated to about 3 ml by solvent evaporation at 70°C (Rana et al., 2021). For the coating of urea, concentrated extracts of 10, 20, and 50 g of Vachellia nilotica leaves were poured over 100 g of urea prills rotating in a rotary mixer till uniform application of the extract over the surface of the prills. The coated urea prills were then removed from the rotary mixer container, dried in shade, and reweighed to quantify the weight of 10, 20, and 50 g of Vachellia nilotica leaf extract coatings on respective 100 g urea prills. Thus, the quantities of 10, 20, and 50 g of Vachellia nilotica leaf extract coatings were quantified to be 1.2, 2.1, and 4.7 g per 100 g of urea prills, respectively. These coatings of 10, 20, and 50 g of Vachellia nilotica leaf extract were coded as Vn.Fl-10, Vn.Fl-20 and Vn.Fl-50, respectively.

For the preparation of hydroquinone (Hq) coated urea, 1 g of Hq was dissolved in the minimum amount of acetone. The mixture was then poured over 100 g of urea rotating in the rotary mixer (Wang et al., 1991). After uniform mixing the coated urea was removed and dried in shade.



Pot experiment for the screening of Vachellia nilotica extract coatings

A pot experiment was conducted to screen the three vachellia nilotica extract coatings, viz Vn.Fl-10, Vn.Fl-20 and Vn.Fl-50, on urea prills in terms of growth, yield, and N status of wheat (Faisalabad-2008 cultivar). Field soil (0-15 cm depth) was collected, passed through a 2 mm sieve, and filled in polythene lined earthen pots with a 25cm length and 15cm diameter. The physical and chemical characteristics of the soil are given in Table 1. Ten seeds of wheat cultivar were sown per pot and three seedlings per pot were maintained at the two-leaves stage after the germination.


Table 1 | Physical and chemical properties of soils.



Four treatments were given to the uncoated urea and the Vn.Fl-10, Vn.Fl-20, and Vn.Fl-50 coated urea, providing 120 kg N ha-1. The treatments were applied in three replicates under a completely randomized design (CRD). Phosphorus (90 kg ha-1) as single super phosphate, potassium (60 kg ha-1) as sulfate of potash, and half of the nitrogen were applied as basal dose to uncoated or coated urea. The remaining half dose of urea-N, as uncoated or coated urea, was applied 30 days after the germination. Pots were irrigated with canal water, keeping the moisture level of the soil at or near the field capacity. Weeds were eradicated manually.

Parameters like plant height, the number of total tillers, the number of productive tillers, spike length, the number of spikelets per spike, the number of grains per spike, 1000-grain weight, biological yield, straw yield, and grain yield were determined during growth period or at the final harvest. The concentrations of N in grains and straw were determined by digesting the grain and straw samples, using H2SO4-H2O2, followed by the distillation through the Kjeldahl apparatus (Baker and Thompson, 1992). N uptake in grains and straw was calculated by multiplying grain and straw yields with respective N concentrations (Belete et al., 2018).



Field experiment to determine the performance of Vachellia nilotica extract coated urea at the half and full recommended rate of nitrogen

From the screening pot experiment, the best performing Vachellia nilotica extract coatings on urea were selected and further investigated under field conditions at two N levels viz. half and full recommended rates of nitrogen. The field trial was conducted in the farm area in which rice-wheat crop rotation had taken place for more than five years at the Faculty of Agricultural Sciences, University of the Punjab, Lahore. On 15 November 2019, the seeds of the wheat cultivar (Faisalabad-2008) were sown through the pora method. After sowing, the field was divided to attain a net plot size of 4.5 × 6.0 m2.

The treatments were applied by following the two-factor factorial Randomized Complete Block Design (RCBD) with three replications. The first factor was the rate of nitrogen, i.e. half of the recommended (60 kg N ha-1) and fully recommended (120 kg N ha-1) N dose applied as urea, whereas the second factor was the type of urea, i.e. uncoated urea and coated urea (Vn.Fl-20 and Vn.Fl-50). The P and K fertilizer rates were the same as described in the screening pot experiment. Half a dose of the N fertilizer, either as coated or uncoated urea, was applied with full doses of P and K as basal application. The remaining half dose of the N in the form of either coated or uncoated urea was applied 30 days after germination.

A quadrant (1m2 dimension) was used to make three random selections in each experimental plot. The number of total and productive tillers, surrounded by the quadrant boundary was counted and an average number of tillers per m2 was calculated. The data of 10 randomly selected plants from each plot were averaged for the determination of plant height, number of spikelets per spike, and grains per spike. From every plot, the wheat crop was harvested manually from ground level at maturity, weighed to record biological yield, and threshed for grain yield. The straw yield was calculated as a difference between biological yield and grain yield. The N concentration and uptake of wheat grains and straw were determined as described in the preceding screening pot experiment.



Field experiment for the comparison of the effectiveness of Vachellia nilotica extract coated- and hydroquinone coated urea

Based on the results of the preceding field experiment, Vachellia nilotica extract coating (Vn.Fl-20) was selected and compared with Hq (a reference urease inhibitor) coatings on urea applied at the full recommended dose (120 kg N ha-1) during the year 2021. The experiment comprised four treatments, viz. no N application, N application as uncoated urea, Hq coated urea, and Vn.Fl-20 coated urea, applied under the Randomized Complete Block Design (RCBD) with three replications. All other details related to location, plot size, sowing method, fertilizer application method, data collection, and plant sample analysis were the same as described in the preceding field experiment. In addition, various components of N use efficiency (NUE) of the wheat crop were also calculated in this experiment by using the following formulae (Fixen et al., 2015).



	

	

	

	

	

	

	

Where: NPFP = Nitrogen partial factor productivity

YN = Grain yield of urea-N fertilized plot

N = Amount of urea-N applied

NAE = Nitrogen agronomic efficiency

Y0 = Grain yield of control plot (no N applied)

PNB = Partial nitrogen balance

UGN = Nitrogen uptake by grains of urea-N fertilized plot

NRE = Nitrogen recovery efficiency

UTN = Total nitrogen uptake (grain plus straw) of urea-N fertilized plot

UT0 = Total nitrogen uptake (grain plus straw) of control plot (no N applied)

IUE = Internal utilization efficiency

PE = Physiological efficiency

UG0 = Nitrogen uptake by grains of control plot (no N applied)



Statistical analysis

The data of all the experiments were subjected to analysis of variance (ANOVA) and the means were compared by Tukey’s HSD test (p < 0.05) using Statistix-8.1 software.




Results


Effectiveness of different rates of Vachellia nilotica extract coatings on urea prills in terms of growth, yield, and N uptake of wheat

Except for plant height and spike length, the growth and yield parameters along with N uptake were significantly influenced by two of the three treatments of Vachellia nilotica extract coated urea (Vn.Fl-20 and Vn.Fl-50) as compared to uncoated urea (Table 2). In comparison to uncoated urea treatment, the application of Vn.Fl-20 increased the number of total tillers, number of productive tillers, number of spikelets per spike, number of grains per spike, and 1000-grains weight, significantly, by 10, 8, 9, and 6%, respectively. The responses of wheat to Vn.Fl-20 and Vn.Fl-50 coated urea, in terms of plant height, number of total tillers, number of productive tillers, spike length, number of spikelets per spike, number of grains per spike, and 1000-grain weight, were alike. However, the application of Vn.Fl-10 coated urea remained non-significant for uncoated urea (Table 2 and Supplementary Table 1).


Table 2 | The growth, yield, and N status of wheat supplied with different rates of Vachellia nilotica extract coated urea in pot experiments.



Similarly, Vn.Fl-20 treatment enhanced the biological, straw, and grain yields, significantly, by 7, 7, and 8%, respectively, for uncoated urea (Table 2 and Supplementary Table 1). The application of Vn.Fl-50 did not enhance the aforementioned parameters, significantly, with respect to Vn.Fl-20. Likewise, the performance of Vn.Fl-10 proved to be statistically non-significant as compared to uncoated urea and Vn.Fl-20 (Table 2).

The Vn.Fl-20 and Vn.Fl-50 coated urea treatments increased grain N concentration (7 and 8%), straw N concentration (22 and 28%), grain N uptake (17 and 22%), and straw N uptake (33 and 44%), respectively for wheat in comparison to uncoated urea (Table 2 and Supplementary Table 1). Like the growth and yield parameters, the N status of wheat plants treated with Vn.Fl-10 remained statistically similar to that of uncoated urea (Table 2). Hence, Vn.Fl-20 and Vn.Fl-50 was found to have a significantly positive impact, as Vachellia nilotica extract coated urea treatments, on growth, yield, and N status of wheat (Table 2).



Growth, yield, and N status of field grown wheat under Vn.Fl-20 and Vn.Fl-50 coated urea applications

Vachellia nilotica extract coated urea treatments, Vn.Fl-20 and Vn.Fl-50, showed statistically similar results, though significantly higher than those of uncoated urea treatment, for all the studied parameters (plant height, number of total tillers, number of productive tillers, spike length, number of spikelets per spike, number of grains per spike, 1000-grains weight, biological yield, straw yield, grain yield, grain N concentration, straw N concentration, and straw N uptake). Nonetheless, grain N uptake was significantly higher in wheat under Vn.Fl-50 than that of Vn.Fl-20 treatment (Table 3). There were significant increments observed in plant height (3 and 4%), the total number of tillers (6 and 7%), number of productive tillers (5 and 7%), spike length (2 and 4%), number of spikelets per spike (2 and 3%), number of grains per spike (6 and 7%) and 1000-grains weight (9 and 10%) of wheat under Vn.Fl-20 and Vn.Fl-50 treatments, respectively, in comparison to uncoated urea (Supplementary Table 3). Likewise, the biological, straw, and grain yields were also enhanced by 16, 17, and 13% under Vn.Fl-20 treatment, and 17, 18, and 15% under Vn.Fl-50 treatment, respectively, as compared to uncoated urea (Supplementary Table 3). Besides the abovementioned growth and yield attributes, Vn.Fl-20 and Vn.Fl-50 significantly enhanced the grain N concentration (8 and 115%), straw N concentration (18 and 24%), grain N uptake (22 and 26%), and straw N uptake (36 and 43%), respectively, as compared to uncoated urea (Table 3 and Supplementary Table 3).


Table 3 | The growth, yield, and N status of wheat supplied with different rates of Vachellia nilotica extract coated urea in field conditions (2019-20).



The interaction effects of type of urea (uncoated, Vn.Fl-20 and Vn.Fl-50) and urea-N dose (half and full of the recommended dose) were non-significant (p < 0.05) for all the studied parameters, except biological yield, grain yield, straw yield and grain N uptake of wheat. The interaction effects of type of urea and urea-N dose for biological yield, grain yield, straw yield, and grain N uptake were significant, having minimum values under uncoated urea application while maximum values under Vachellia nilotica extract coated urea application (either as Vn.Fl-20 or as Vn.Fl-50 treatment) under half as well as full recommended rates of N. Specifically, the application of Vn.Fl-20 at half of the recommended rate of N increased biological yield, straw yield, grain yield, and grain N uptake, on average, by 21, 22, 21, and 34%, respectively, whereas Vn.Fl-50 increased the same parameters by 12, 14. 10 and 18%, respectively, but at the full recommended rate of N (Table 4). Talking about the main effects, in comparison to its half dose, the full recommended dose of N significantly (p < 0.05) improved all growth and yield parameters together with the N status of wheat (Supplementary Table 2).


Table 4 | Interaction effect of Vachellia nilotica extract coated urea and rate of urea-N application on Yield and N uptake of wheat under field conditions (2019-20).





Comparative effect of Vachellia nilotica extract (Vn.Fl-20) and hydroquinone coated urea on growth and yield parameters of field grown wheat

The results of the application of Vachellia nilotica extract coated urea (Vn.Fl-20 and Vn.Fl-50) in the preceding field trial distinctly clarified the significant upregulation of growth, yield, and N status of wheat for uncoated urea either at half or full recommended N dose. In this experiment, the efficacy of Vachellia nilotica extract coating (Vn.Fl-20) was determined parallel to Hq coating on urea. Based on the result of previously mentioned screening and field trials of this study, Vachellia nilotica extract coated urea treatment Vn.Fl-20 was selected to compare with Hq coated urea with respect to uncoated urea and no urea treatments (Table 5). The results indicated that, except for biological yield, the Hq coated urea did not enhance growth and yield parameters as well as the N status of wheat, significantly, in comparison to uncoated urea (Table 5). Moreover, the results of Hq coated urea, in terms of growth and yield parameters as well as the N status of wheat, proved to be either non-significant or lower than those of Vn.Fl-20 coated urea application (Table 5). On the other hand, the application of Vn.Fl-20 coated urea, significantly, increased the total number of tillers, number of productive tillers, and 1000-grains weight by 10, 11, and 9%, respectively, as compared to Hq coated urea (Table 5 and Supplementary Table 4). Furthermore, Vn.Fl-20 treatment showed increments in biological, grain, and straw yield of wheat by 10, 11, and 9%, respectively, as compared to Hq coated urea, and 14, 16 and 11%, respectively, as compared to uncoated urea (Table 5). In addition, Vn.Fl-20 also enhanced grain N concentration, grain N uptake, and straw N uptake by 8, 17, and 18%, respectively, in contrast to Hq coated urea (Table 5 and Supplementary Table 4).


Table 5 | Comparative effect of Vachellia nilotica extract and hydroquinone (Hq) coated urea on the growth, yield, and N status of wheat under field conditions (2020-21).



To further dissect the effectiveness of Vachellia nilotica extract coated urea application, various components of nitrogen use efficiency (NUE), viz. N partial factor productivity (NPFP), N agronomic efficiency (NAE), partial nitrogen balance (PNB), and N recovery efficiency (NRE) of wheat were calculated (Table 6). The results revealed 12, 29, 21, and 36% gains in NPFP, NAE, PNB, and NRE, respectively, of wheat under Vn.Fl-20 coated urea treatment compared to uncoated urea (Table 6 and Supplementary Table 4). Likewise, Vn.Fl-20 coated urea treatment also enhanced the NPFP (9%), NAE (22%), PNB (17%), and NRE (26%) of wheat significantly in the Hq coated urea (Table 6 and Supplementary Table 4).


Table 6 | Comparative effect of Vachellia nilotica extract and hydroquinone (Hq) coated urea on the components of nitrogen use efficiency (NUE) of wheat under field conditions (2020–21).






Discussion

Nitrogen (N) losses, driven by the activities of soil ureases in urea applied agricultural soils, result in poor crop growth and yield along with excessive N deposition, both in freshwater bodies and atmospheric air, causing various environmental pollution risks (Sigurdarson et al., 2018). Previous studies have reported soil urease inhibition using chemical compounds, like N-(n-butyl) thiophosphoric triamide (NBPT), agrotain, and hydroquinone (Hq), etc. as urease inhibitors (Khan et al., 2013; Silva et al., 2017). However, studies reporting the use of plant extracts, like Vachellia nilotica extract, in various coating rates in comparison to chemical urease inhibitors (Hq) have rarely been reported to date.

Our previous study reported that Vachellia nilotica is a natural inhibitor of urea hydrolysis (Rana et al., 2021). In this study, we further dissected the urease inhibition potential of Vachellia nilotica extract by determining its effective dose for urea coatings and subsequent verifications through the investigations of wheat growth, yield, and N status, in field trials in comparison to Hq, a commercially available chemical urease inhibitor. In the initial pot experiment, Vn.Fl-20 and Vn.Fl-50 proved to be the best treatment, which induced significant increases in the total number of tillers, number of productive tillers, number of spikelets per spike, number of grains per spike, and 1000-grain weight (Table 2). These enhancements in agronomic parameters by Vn.Fl-20 and Vn.Fl-50 applications were further replicated in the significant gains in biological, straw, and grain yields of wheat (Table 2). The aforementioned improvements in growth and yield parameters of wheat, by two of the three, applied Vachellia nillotica extract coated urea treatments (i.e. Vn.Fl-20 and Vn.Fl-50), was the result of the inhibition of urea hydrolysis by Vachellia nillotica extract coating, with involved prolonged use of fertilizer-N in the soil to enable plant uptake, which might otherwise have been lost through ammonia volatilization (Rana et al., 2021). This argument was also supported by the significantly higher grain N concentration, straw N concentration, grain N uptake, and straw N uptake in wheat under the application of Vn.Fl-20 as well as Vn.Fl-50 (Table 2). These increases in N concentrations and uptake could have strengthened the photosynthetic framework of wheat and ensured better carbon-to-nitrogen metabolism for efficient protein and carbon skeleton accumulation (Zhou et al., 2016; Belete et al., 2018; Iqbal et al., 2020), as indicated by the increased biomass and grain yield production (Table 2).

Considering the results of the initial screening experiment, the two best performing treatments of Vachellia nillotica extract coatings on urea, viz. Vn.Fl-20 and Vn-Fl-50, were applied to field grown wheat crops for the determination of their urease inhibition potential under field conditions. Consistent with the findings of the initial screening pot experiment, both Vn.Fl-20 and Vn-Fl-50 significantly enhanced plant height, the total number of tillers, number of productive tillers, spike length, number of spikelets per spike, 1000-grain weight, biological yield, straw yield, grain yield, grain N concentration, straw N concentration, grain N uptake and straw N uptake of wheat in comparison to uncoated urea application under field conditions (Table 3). Although the urease inhibition responsive growth and yield benefits to the wheat crop are not reported in the literature (Li et al., 2015), this could have been influenced by the differences in soil N status and application rates of fertilizer N. A crop cultivated on N fertilized soil or nourished well with an excess amount of N would, obviously, show either no or less response to prolonged urea N stay due to urease inhibition (Zhang et al., 2012). Besides the urea hydrolysis inhibition, the extract coatings could also act as a minor physical barrier in the release of N from coated urea granules. However, it might not be true in the case of Vachellia nilotica extract coatings due to the hydrophilic and water-soluble nature of the extract. Furthermore, the preparation of slow-release fertilizers mostly requires hydrophobic coating materials (Naz and Sulaiman, 2016). The role of coated fertilizers in the slow release of nutrients is a proven fact and their impact on crop growth and yield parameters is already reported in existing studies (Johnson and Raun, 2003). Although the maximum values of growth and yield parameters of wheat were noted at the recommended rate of N (Supplementary Table 2), Vachellia nilotica extract coated urea applied at full dose as well as a half dose of the recommended N rate significantly increased biological, straw, and grain yield along with grain N uptake compared to the respective full and half doses of uncoated urea (Table 4). The Vachellia nilotica extract (Vn.Fl-20 or Vn.Fl-50) coated urea applied at 60 kg N ha-1 (half of the recommended dose of urea) achieved an almost similar straw yield compared to uncoated urea applied at 120 kg N ha-1 (recommended dose of urea) (Table 4). Understandably, the urease inhibitory role of Vachellia nilotica extract could have reduced urea losses and increased the availability of N to wheat plants by slowing down the urea hydrolysis in the soil, thus reducing the pool of exchangeable NH4+, lowering NH3 losses (>50%) and enhancing nitrogen use efficiency (Sanz-Cobena et al., 2011; Soares et al., 2012; Khan et al., 2013; Silva et al., 2017). Furthermore, at a half dose of urea application, the wheat plants would have faced N deficiency and, thus, the N saved through urease inhibition proved to be of more utility to them as compared to those wheat plants, which nourished well under a full dose of recommended N supply (Ghafoor et al., 2021).

In the third field experiment, the Vachellia nilotica extract coated urea (Vn.Fl-20) proved to be significantly more effective than Hq coated urea in terms of enhancements in growth, yield, and N status of wheat plants (Table 5). These enhancements further ensured increments in the NPFP, NAE, PNB, and NRE of wheat as compared to Hq coated urea as well as uncoated urea applications (Table 6). As NUE depends on the tradeoff between N demand and the N released from applied fertilizer. The gains in the NPFT, NRE, and PNB (NUE components) of wheat under Vn.Fl-20 coated urea were the result of improved N availability (Fixen et al., 2015), somehow, through slow urea hydrolysis leading to higher biomass and yield production per unit of applied urea-N as compared to that of uncoated urea (Zhang et al., 2012). On the other hand, the internal utilization efficiency (IUE) is defined as the grain yield in relation to the amount of N taken up. A better N uptake requires the controlled release of N from the fertilizer source. A high release of N does not need to ensure higher N uptake by plants. In the case of low N uptake, the IUE remains high (Shewry, 2007; Hawkesford, 2014), as was the case in our study under uncoated urea treatment (Table 6). Physiological efficiency (PE) expresses the yield increase in relation to the increase in crop N uptake. Accumulation and distribution of N in the vegetative and reproductive organs of crop plants are important processes for determining PE. In this study, PE remained non-significant in either Vn.Fl-20 coated or uncoated urea treatments (Table 6), perhaps, due to the dynamic characteristics of N uptake by wheat plants (Zhang et al., 2009; Obi et al., 2022), which should be further investigated.

In our previous study, Hq was used as the reference urease inhibitor for urea hydrolysis in soil up to 50% (Rana et al., 2021). However, in this study, the effect of Hq on growth, yield, N status, and NUE of wheat was either statistically at par or lower than that of Vn-Fl-20 (Tables 5, 6, and Supplementary Table 4). We argued that the inhibitory effect of Hq on urea hydrolysis could be of short-term nature as compared to Vn.Fl-20. This argument is further supported by the fact that the application of Hq with urea significantly reduces N2O emission in the wheat-rice system but does not increase the grain yield of wheat in comparison to the application of urea alone (Malla et al., 2005). Moreover, the phytotoxic effects of Hq reported in the case of cowpea (Mensah et al., 2012) and rice (Pandey et al., 2005), could have also reduced its effectiveness in comparison to Vn.Fl-20. Furthermore, Hq, being a benzene metabolite, possesses haematotoxic and carcinogenic characteristics (Enguita and Leitão, 2013). N-(n-butyl) thiophosphoric triamide (NBPT) is reported to interfere heavily with urea-applied N availability in maize plants, which limits the N influx and assimilation (Zanin et al., 2015). Moreover, their effective inhibition potential is a short period with limited shelf life, which calls for the need for further efforts in their research and development (Cantarella et al., 2018). On the other hand, as compared to Hq, in particular, Vachellia nilotica leaf extract is a natural product that has minimal environmental and hazardous consequences. It may also prove cost-effective and easy to access, especially, in regions abundantly inhabited by Vachellia nilotica trees.



Conclusion

Given its urea hydrolysis inhibition potential, Vachellia nilotica extract coating on urea prills (Vn.Fl.20) enhanced grain N concentration, straw N concentration, grain N uptake, and the straw N uptake of wheat. These conditionings of N, subsequently, resulted in the increased nitrogen partial factor productivity (NPFP), nitrogen agronomic efficiency (NAE), partial nitrogen balance (PNB), and nitrogen recovery efficiency (NRE) of wheat. The increments in the nitrogen use efficiency components by Vn.Fl.20 coated urea, in comparison to both uncoated and hydroquinone (Hq) coated urea under pot as well as field conditions, resulting in the enhancement of the growth and yield attributes of wheat. Hence, Vachellia nilotica leaf extract (Vn.Fl-20) can be used as natural urease inhibitor with minimal phytotoxic consequences and maximum soil N retention benefits.
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OEBPS/Images/table6.jpg
Parameters Treatments

Uncoated Urea Hq coated Urea *Vn.F1-20
NPEP (kg grain/kg N) 4349 b 4444 b 4849 a
NAE (kg grain/kg N) 17.46 b 1841 b 2246 a
PNB (kg N uptake/kg N) 1.00 b 1.03b 121 a
NRE (kg N uptake/kg N) 085 ¢ 092 b 116 a
IUE (kg grain/kg N uptake) 43.36 a 4290 b 39.90 b
PE 27.34 2741 2640

NPEP, Nitrogen partial factor productivity; NAE, Nitrogen agronomic efficiency; PNB, Partial nitrogen balance; NRE, Nitrogen recovery efficiency; IUE, Internal utilization efficiency; PE,

Physiological efficiency.
*100 g of urea coated with the extract of 20 g (Vn.FI-20) fresh leaves of Vachellia nilotica. Values are the means of three replicates. Different letters indicate significance at p < 0.05.
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Parameters

Plant height (cm)

Total no. of tillers

No. of productive tillers
Spike length (cm)

No. of spikelets per spike
No. of grains per spike
1000-grains weight (g)
Biological yield (g pot™)
Straw yield (g pot™)

Grain yield (g pot™")

Grain N concentration (%)
Straw N concentration (%)
Grain N uptake (g pot™)
Straw N uptake (g pot™")

Uncoated Urea

71.72

7.38b
678 b
10.32

14.84 ¢
3862 b
384b
50.12 ¢
2925b
20.87 ¢
208 b
046 b
041 b
0.09 b

Treatments
*Vn.FI-10 *Vn.Fl-20
72.15 72.63
755 b 8.00a
6.83 b 722a
1043 1047
15.17 be 16.05 ab
39.11b 4047 a
389b 4l1a
51.52 be 53.89 ab
3034 ab 3139a
21.18 be 22.50 ab
212b 222a
049 b 0.56 a
043 b 048 a
0.10b 0.12a

*Vn.Fl-50

73.08
8.17 a
739 a
10.52
16.25 a
41.03 a
421a
55.17 a
32.09 a
23.08 a
224a
059 a
0.50 a
0.13 a

*100 g of urea coated with the extract of 10 g (Vn.Fl-10), 20 g (Vn.FI-20) and 50 g (Vn.FI-50) fresh leaves of Vachellia nilotica. Values are the means of three replicates. Different letters

indicate significance at p < 0.05.
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Urea Rate

Half of recommended Urea-N

Full recommended Urea-N

Treatments

Uncoated Urea
*Vn.Fl-20
*Vn.Fl-50
Uncoated Urea
*Vn.Fl-20
*Vn.Fl-50

Biological yield
(tha™)

9.01d
10.83 ¢
10.96 ¢
11.39b
1276 a
1289 a

Straw yield
(tha™)

517 ¢
627 b
633 b
6.39b
731a
7.35a

Grain yield
(tha™)

384d
4.56 ¢
4.63 ¢
5.00 b
545a
554a

Grain N u?take

(kg ha™

76.30 d
10045 ¢
104.46 ¢
11477 b
133.02 a
137.33 a

)

*100 g of urea coated with the extract of 20 g (Vn.Fl-20) and 50 g (Vn.FI-50) fresh leaves of Vachellia nilotica. Values are the means of three replicates. Different letters indicate significance

at p < 0.05.
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Parameters Treatments

Uncoated Urea *Vn.F1-20 *Vn.Fl-50
Plant height (cm) 9123 b 9428 a 95.19 a
Total no. of tillers m 387.16 b 409.45 a 41631 a
No. of productive tillers m? 381.74 b 399.82 a 408.78 a
Spike length (cm) 10.12b 1036 a 1051 a
No. of spikelets per spike 1562 b 1598 a 16.11 a
No. of grains per spike 4220b 44822 45.03 a
1000-grains weight (g) 4081 b 4441 a 45.11a
Biological yield (t ha™) 1020 b 11.80 a 11.93a
Straw yield (t ha™) 578 b 679a 6.84a
Grain yield (t ha™) 442b 5.01a 5.08 a
Grain N concentration (%) 2.14b 232a 237a
Straw N concentration (%) 0.51b 0.60 a 0.63 a
Grain N uptake (kg ha') 95.53 ¢ 11674 b 120.89 a
Straw N uptake (kg ha') 30.19b 41.15a 43.10 a

*100 g of urea coated with the extract of 20 g (Vn.FI-20) and 50 g (Vn.FI-50) fresh leaves of Vachellia nilotica. Values are the means of three replicates. Different letters indicate significance
at p < 0.05.
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Parameters

Sand (%)

Silt (%)

Clay (%)

Textural class

Organic matter (%)

pH

Electrical conductivity (dS m™)
CEC (cmol, kg)

Total N (%)

Available P (mg kg)
Extractable K (mg kg)

Urease activity (ug N g' soil 2h™")

CEC, Cation exchange capacif

Pot trial

21.0
58.5
20.5
Silt loam
0.59
7.8
2.60
6.3
0.031
6.50
168
102

N, Nitrogen; P, Phosphorus; K, Potassium.

Trials

1* field trial

21.6
582
20.2
Silt loam
0.61
7.8
2.64
6.5
0.032
6.46
165
108

2" field trial

216
582
202

Silt loam
0.62

79
2.69
64
0.033
6.40
159
111
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Parameters Treatments

No Urea (Control) Uncoated Urea *Hq coated Urea *Vn.F1-20
Plant height (cm) 88.26 ¢ 95.11b 96.07 ab 98.19 a
Total no. of tillers m™ 330.00 ¢ 448.33 b 460.33 b 505.33 a
No. of productive tillers m™ 305.00 ¢ 432,67 b 446.00 b 49633 a
Spike length (cm) 943 b 10.62 a 10.65 a 10.87 a
No. of spikelets per spike 15.00 b 16.13 a 16.43 a 16.73 a
No. of grains per spike 37.70 ¢ 45.37b 46.40 ab 48.73 a
1000-grains weight (g) 33.50 ¢ 44.63 b 4548 b 4942 a
Biological yield (t ha™) 7.90 d 1189 ¢ 1229 b 13.55a
Straw yield (t ha) 472 c 6.67 b 6.96 b 773 a
Grain yield (t ha™") 312¢ 522b 533 b 582a
Grain N concentration (%) 140 ¢ 231b 233b 25la
Straw N concentration (%) 033b 0.62 a 0.65 a 0.69 a
Grain N uptake (kg ha') 43.72 ¢ 120.35 b 124.30 b 145.84 a
Straw N uptake (kg ha'!) 15.68 ¢ 41.56 b 4533 b 5339 a

*100 g of urea coated with the extract of 20 g (Vn.FI-20) fresh leaves of Vachellia nilotica. *Hg; Hydroquinone. Values are the means of three replicates. Different letters indicate significance
at p < 0.05.
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