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Abstract

:

While the effects of carbon on soil nitrogen (N) cycle have been extensively studied, it is not clearly understood how co-existing macronutrients, such as phosphorus (P), affect the N cycle in agroecosystems. In this study, P amendment effects on nitrification in a fertile agricultural soil were investigated under a typical N-P amendment rate. In a laboratory incubation study, soils were amended with urea, monopotassium phosphate and a mixture of urea and monopotassium phosphate at the same rate. In soils that received no amendments (control), P only, urea only, and urea plus P amendment, nitrification occurred within the first five days, with an average net nitrification rate of 5.30, 5.77, 16.66 and 9.00 mg N kg−1d−1, respectively. Interestingly, nitrification in urea-treated soils was retarded by P addition where a N:P ratio seemed to be a key factor impeding nitrification. This was also supported by the response of ammonia-oxidizing bacteria (AOB), which was more sensitive to P addition than ammonia-oxidizing archaea (AOA). The outcome of this study showed that application of P fertilizer suppressed the nitrification process in urea amended soil, suggesting that a synergistic aspect of N and P nutrient management should be further explored to retard N losses from agricultural systems.
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1. Introduction


Nitrification is an important biological oxidation process in the soil N cycle. Ammonia monooxygenase encoded by amoA gene serves as a crucial enzyme to catalyze the reaction of ammonia oxidation [1,2,3], which is the first rate-limiting step in nitrification. Both ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) bearing with ammonia monooxygenase are identified to drive the conversion of ammonia to nitrite [4,5]. Previous studies confirmed that AOA and AOB co-exist in most agricultural soils and they respond diversely to the fluctuating habitat conditions where soil type and characteristics (e.g., pH, ammonia substrate and organic C) are important drivers in shaping the composition and the activities of two ammonia oxidizers [6,7,8,9,10]. As compared to AOB, AOA are found to be more adaptive to acidic soils with low NH3 availability and organic matters [11,12,13,14,15] and more sensitive to N form [16]. However, in contrast to AOA, AOB favored the nitrogen-rich environment [17,18,19], being more responsive to N supplementation [20,21] and more active in some neutral or alkaline soils with N amendments [22,23], as AOB made relative importance to nitrification irrespective of N source (e.g., urea or ammonium) [24,25,26]. The contrasting responses occurring between AOA and AOB may be attributed to their different physiology and metabolic pathways as AOA ecotypes contain urease-encoding genes and the strong affinity of AOA on ammonia facilitates its adaptation to harsh environments, such as low pH and ammonium concentration, high temperature and salinity [27].



In ecosystems, the activities and metabolisms of these soil organisms are closely related to the availability of macronutrients such as P [28,29,30]. Chen et al. (2016) [31] reported that AOB activity was stimulated in a P limited acidic agricultural soil when a small quantity of P (≤25 mg kg−1) was applied. Soil nitrification was also promoted with an increase in P availability in an acidic deciduous forest [32]. Similar results with P-deficit agricultural soil were also observed by Cheng et al. (2018) [33] that soil gross nitrification rate was accelerated by P amendment due to the enhancement of NH4+ substrate. It was suggested that P availability stimulates N dynamics only when P becomes the main limiting factor for organism development in N rich ecosystem [34]. He and Dijkstra (2015) [35] conducted a N cycle study in P deficient grassland soil. They showed that P addition stimulated nitrification and denitrification, leading to large N gaseous losses. Similarly, the direct influence of P on nitrous oxide (N2O) emission was also observed in a grassland soil, where P addition increased gaseous loss of N2O in P-poor soils [36]. The study of Neill et al. (2021) [37] also highlighted the effects of soil P on nitrogen transformation rates and the microbial community. However, Wang et al. (2019) [38] found that the populations of AOA and AOB in soil were increased by the simultaneous application of N and P, regardless of intrinsic soil fertility.



While the previous studies focused on P limited systems, the effect of P amendments on the N cycle in intensively managed fertile agricultural soils has not been evaluated. Since both N and P are essential elements for crop production, understanding the relationship between P availability and the N cycle is important for improving current agriculture practices. Accordingly, the effects of P fertilizer amendment on the nitrification process were studied in a fertile agricultural soil. A laboratory incubation study was conducted in soils that were amended with phosphate fertilizer, urea and urea with phosphate fertilizer. The dynamic changes of NH4+-N, NO3−-N, available phosphorus, as well as the quantitative characterization of the amoA genes responsible for nitrification, were monitored.




2. Materials and Methods


2.1. Site Description and Soil Used


Surface soil samples (0–20 cm) were collected from a vegetable field (23°20′39″ N, 113°20′53.8″ E) in Guangzhou, China. The soil in the sampling field is classified as River alluvial soil, which was cultivated with leafy vegetables in a perennial pattern for more than nine years. The chemical fertilizers with a nutrient ratio of 1:1:1 in N:P2O5:K2O have been extensively adapted in the local vegetable production. Total nutrients (N+P2O5+K2O) input of the chemical fertilizers were usually at the rate of 405–472.5 kg ha−1 per crop. After collection, soil was sieved through a 2 mm-mesh after removing roots and plant residues.




2.2. Laboratory Incubation Study


The soil moisture was kept at 60% of total water-holding capacity and was pre-incubated at 25 (±2) °C in the dark for 14 days to stabilize the microbial activity.



Four treatments were arranged in the experiment, that is, control (C), urea, phosphorus (P) and a mixture of urea and P (urea + P), with six incubation periods, that is, 0, 1, 2, 3, 5, 7 and 10 days. After pre-incubation, a soil sample of 100 g was transferred into one beaker. Each treatment was repeated three times and a total of 84 experimental beakers were used at the beginning of the incubation. The application rate of 0.20 g N kg−1 soil for urea and 0.087 g P kg−1(equivalent to 0.20 g P2O5 kg−1) soil for monopotassium phosphate were used. This N:P ratio is a typical rate used by farmers for leafy vegetable production in Guangdong province, China, where the soils were collected for this study. All of the amendments were mixed thoroughly with soil in beakers. Soils without urea and monopotassium phosphate were used as the control treatment. The beakers were covered by parafilm with four small holes on the top for aeration and were then incubated at 25 (± 2) °C under dark conditions. During the incubation period, soil moisture was maintained at 60% of the water-holding capacity by replenishing the required water every two days.




2.3. Soil Analysis and Nutrient Extraction


Soil pH (soil:water = 1:2.5) was ~6.39, and organic C was ~10.70 g kg−1. Agronomic nutrient analysis indicated 177.8 mg kg−1 of available N measured by an alkaline hydrolysis diffusion method, 130.0 mg kg−1 of available P with the method of Olsen et al. (1954) [39] and 148.5 mg kg−1 of available K measured by an ammonium acetate-flame photometer method. Cation exchange capacity measured by an ammonium acetate method [40] was ~9.84 cmolc kg−1. Soil moisture was determined in an oven after drying at 105 °C for 48 h. Soil mineral N (i.e., NH4+-N and NO3−-N) was extracted with 2.0 mol L−1 KCl (10:1, ratio of KCl solution to fresh soil weight) and was then measured with an Alliance-Futura II flow-injection autoanalyzer (Alliance Instruments Integral Futura, Frépillon, France). The soil net nitrification rate (NR) was calculated from the difference in NO3−-N concentration between the initial and incubated samples as described by Verchot et al. (2001) [41].




2.4. DNA Extraction and Quantitative PCR (qPCR) of the amoA Genes


Soil samples were collected at days 0, 3, 7 for the analysis of AOA and AOB amoA gene abundance. Soil total DNA extraction analysis was conducted using a FastDNA™ Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). The quality and the purity of DNA was determined using a spectrophotometer (NanoDrop2000, Thermo Fisher Scientific, Waltham, MA, USA). A quantitative PCR (qPCR) assay was conducted with DNA extraction in triplicate for each sample using real-time, quantitative PCR (SYBRGreen-based qPCR). The archaeal amoA gene was amplified by primers Arch-amoAF (5′-STAATGGTCTGGCTTAGACG-3′) and Arch-amoAR (5′-GCGGCCATCCATCTGTATGT-3′) [42]. The primers amoA-1F (5′-GGGGTTTCTACTGGTGGT-3′) and amoA-2R (5′-CCCCTCKGSAAAGCCTTCTTC-3′) were used for ammonia-oxidizing bacteria [43]. The abundance of amoA genes of AOA and AOB were determined by qPCR (ABI7500, Applied Biosystems, Waltham, MA, USA). Each 20-μL reaction mixture contained 16.4 μL 2 × ChamQ SYBR Color qPCR Master Mix (Vazyme, Nanjing, China), 0.8 μL of 5 μM specific forward and reverse primer, 2 μL of template DNA. The fragments for AOA were amplified with an initial denaturation step at 95 °C for 5 min, followed by 40 cycles of 5 s at 95 °C, 30 s at 55 °C and 40 s at 72 °C for the collection of fluorescence data. The same procedures were performed on the fragment amplification of AOB with a little modification on 40 cycles of 30 s at 58 °C. The standard curves for AOA and AOB were obtained, both using serial dilutions of 10-fold serial dilutions of a known copy numbers of the plasmid DNA. The PCR reaction runs had an efficiency of 96.55% for AOA (R2 = 0.9997) and 97.04% for AOB (R2 = 0.9988), respectively.




2.5. Statistical Analysis


Data were expressed as the means of three repeats and standard deviation. One-way ANOVA was performed using SAS9.2 software (SAS Institute Inc., Cary, NC, USA). The significant differences among the means were determined by Fisher’s least-significant difference test (LSD). It was considered statistically significant at p ≤ 0.05. The dynamic changes in NO3−-N concentration with incubation time were fitted with an exponential rise to max model by using SigmaPlot 10.0 software (Systat Software Inc., San Jose, CA, USA). The model was expressed as N = N0 + Np (1− exp (-k1t)), where N was NO3−-N concentration (mg kg−1) at incubation time t (day); N0 was NO3−-N concentration (mg kg−1) at initial time (t = 0) of incubation (after pre-incubation); Np (mg kg−1) was potential nitrification, Np =      N −  N 0    1 −  e  −  k 1  t       ; k1 (day−1) was rate constant of this kinetic model,     k 1     =      ln  N p  − ln (  N p  − N +  N 0  )  t    . The potential nitrification rate Vp (mg N kg−1 day−1) was calculated from the model as Vp = Np × k1 [44]. All figures were created using OriginPro 2020 (OriginLab Corporation, Northampton, MA, USA). Correlation analyses were performed on IBM SPSS statistics versions 17.0.





3. Results


3.1. Soil pH and Available P


Soil pH in control was stable at around seven during the incubation study (Figure 1a). A slight decrease in pH (p ≤ 0.05) to ~6.6 was observed after the addition of monopotassium phosphate. This was due to exchangeable protons being displaced with potassium ion. In the urea-added soils (“urea only” or “urea plus P”), pH initially increased by ~0.5–0.7 as compared to that of the control (Figure 1a, Table S1). In these soils, pH decreased to ~6.25 at the end of the incubation. Overall, a relatively higher pH value within the first three days and a lower pH value during days five to ten both in the soil amended with urea, and with urea plus P compared to that of the control, were observed. There were no significant differences in pH between urea only and urea plus P treatments.



Available P in the control soil immediately decreased to ~100 mg kg−1 after one day and remained at ~100 mg kg−1 during the experiment (Figure 1b). The addition of P significantly increased the available P to ~180 mg kg−1 (Figure 1b). In the soil amended with urea, available P gradually increased by ~17% with increasing time (Figure 1b). For the soil amended with urea plus P treatment, available P was greater than that of urea treated soils (Figure 1b).




3.2. Changes in NH4+-N


NH4+-N concentration in the control and the P treated soils gradually decreased with time (Figure 2a). A significant difference (p ≤ 0.05) between the two treatments occurred at days 2, 3 and 7, respectively (Figure 2a). In the soils amended with urea only or urea plus P, NH4+-N was produced via urea hydrolysis during the first three days, and then decreased gradually with increasing time (Figure 2a). Compared to the urea treated soil, ammonium was lower in the soils with urea plus P during the first three days, and the opposite trend was observed after three days. The significant differences between the two treatments were especially observed at days 1, 2, 5 and 7, respectively (Figure 2a).




3.3. Soil Nitrification


NO3−-N concentration increased with time in the control and the soil amended with P, indicating the occurrence of nitrification without any external N addition (Figure 2b). At the end of the experiment, NO3−-N concentration increased by 60.3% and 81.5% in the control and P amended soil, respectively, as compared to that of the initial time (Figure 2b). However, the net nitrification rate in these two treatments showed a decreasing trend overall (Table 1). Furthermore, nitrification in both control- and P amended-soil was almost completed within five days as no significant changes in NO3−-N were observed after day 5 (Figure 2b). The net nitrification rate of 5.30 ± 0.41 mg N kg−1d−1 in the control and 5.77 ± 0.40 mg N kg−1d−1 in P amended soil within the first five days were recorded (Table 1). A large difference in NO3−-N concentration between the control and P treatment suggested that P addition stimulated soil nitrification at day 3 and suppressed it at day 7 (Figure 2b), respectively.



For soil amended with urea only or urea plus P, a strong nitrification process was observed (Figure 2b). NO3−-N concentration was significantly lower in the soil treated with urea plus P than that in the soil amended with urea only during the first five days. Considering the NO3−-N (45.87 mg kg−1) at the initial time, NO3−-N in the urea treated soil increased to ~139 mg kg−1 at day 5, indicating that ~70% of added urea N (i.e., 200 mg N kg−1) was accumulated as NO3−-N during this period. However, only ~51% of added urea N was nitrified in the soil amended with urea plus P at the same period (Figure 2b). The net nitrification rate within the first five days in urea and urea plus P treatment was 16.66 + 0.86 mg N kg−1d−1 and 9.00 ± 0.47 mg N kg−1 d−1, respectively (Table 1).



Using the data above, net nitrification kinetics were modeled with a first-order kinetic model. Parameters were listed in Table 2. When nitrification potential (Np) and nitrification rate (Vp) were evaluated in the control soil and the soil amended with P, there were no significant differences (Table 2). However, when these parameters of the soil amended with urea and with urea plus P were compared, the soil amended with urea plus P increased Np by 86.4% and decreased Vp by 38.7% (Table 2), suggesting P retarded nitrification. The kinetic model assessment also supports the P suppressed nitrification when soils received urea and P simultaneously.




3.4. Soil Stoichiometry of N:P Ratio


Compared to the control, the addition of P decreased the NH4+-N/AP (available P) ratio significantly throughout the incubation period (Table 3). The NH4+-N/AP in the urea plus P amendment decreased only within the first five days compared to that of urea only amendment. The addition of P decreased the soil NO3−-N/AP ratio significantly in both native soil and N-added soils (Table 3). Overall, the NH4+-N/AP ratio in the control soil and the P amended soil decreased with time, whereas the ratio in soil with urea only and with urea plus P increased to the maximum level at day 3 and then decreased. In contrast, the NO3−-N/AP ratio in both in C and P amendments showed increasing trends with time. However, the NO3−-N/AP ratio in both urea only and urea plus P amendments increased within the first five days and then decreased (Table 3).




3.5. Abundances of Bacterial and Archaeal amoA Genes


Compared to the control, the abundance of bacterial amoA gene in the P treated soil increased significantly at days 0 and 3, whereas it decreased at seven days (Figure 3a). In contrast, bacterial amoA gene number decreased significantly in the soil treated with urea plus P at days 0 and 3 as compared to that of the urea only treated soil, while no significant differences were observed after seven days between these two amendments (Figure 3a).



The abundance of the archaeal amoA gene showed no response to P addition at initial time and increased significantly at day 3 as compared to that of the control (Figure 3b). In contrast, archaeal amoA gene number in the soil amended with urea plus P at days 0 and 3 decreased significantly, relative to that of urea-treated soil. At day 7, no significant differences were observed for archaeal amoA gene abundance between C and P, and between urea and urea plus P (Figure 3b).



A ratio of AOB/AOA showed no significant differences between C and P treated soil at days 0 and 3, whereas it decreased significantly in the P amended soil at day 7 as compared to that of the control (Figure 3c). In the soil amended with urea plus P, AOB/AOA ratio was significantly higher at day 0 and lower at day 3 compared to that of the urea treated soil. No significant differences for an AOB/AOA ratio between the two treatments were observed at day 7 (Figure 3c).




3.6. Correlations between Soil Ammonia-Oxidizing Microorganisms and Soil Properties


In Table 4, positive correlations between soil pH and NH4+-N (r = 0.217, p < 0.05), NH4+-N/AP (r = 0.232, p < 0.05) were observed, whereas negative correlations between pH and NO3−-N (r = −0.476, p < 0.01), NO3−-N/AP (r = −0.362, p < 0.05) were recorded. Soil available P was only found to be significantly correlated with NO3−-N/AP negatively (r = −0.376, p < 0.01). There was a significant positive correlation between the abundance of bacterial amoA gene and NH4+-N (r = 0.763, p < 0.01), NO3−-N (r = 0.831, p < 0.01), NH4+-N/AP (r = 0.870, p < 0.05), and NO3−-N/AP (r = −0.822, p < 0.01) (Table 4). However, the abundance of the archaeal amoA gene was only correlated with NH4+-N/AP (r = 0.424, p < 0.05). Soil properties, such as pH and mineral N, as well as the abundance of the bacterial amoA gene, were all important factors affecting the composition of soil ammonia oxidizers expressed as AOB/AOA. The net nitrification rate in this soil was regulated positively by mineral N concentration, ammonia oxidizers’ abundance as well as the ratio of mineral N to available P at a significant level (Table 4).





4. Discussion


As observed from this study, soil pH in the control, P only, urea only and urea plus P amendments fluctuated between 6.78–7.00, 6.51–6.72, 6.24–7.38 and 6.28–7.62 (Figure 1a), respectively, which was almost in the optimum pH range for facilitating the nitrification process. Thus, the significant differences in nitrification or abundance of ammonia oxidizers between these amendments were not likely due to the changes of soil pH, which can also be supported by the correlation analysis between pH and net nitrification rate, and the abundance of bacterial and archaeal amoA gene (Figure 2 and Figure 3, Table 1 and Table 4). However, soil pH may impose indirect effects on nitrification through regulating mineral N availability, the stoichiometry of N:P as well as the composition of ammonia oxidizers in soil (Table 4).



In previous studies conducted with various P deficient soils, P addition was found to stimulate the nitrification of native N by increasing ammonia oxidizers’ activities due to the relief from their P shortage [31,33]. However, this is not the case in this study as a fertile vegetable-cultivated soil, which is enriched in available P (130.0 mg P kg−1), was used, suggesting that P was not likely a limiting factor for the ammonia oxidizer growth. Correlation analysis between an abundance of ammonia oxidizers and available P concentration also supported this speculation (Table 4). Soil nitrification is deemed to be controlled by substrate (NH3) concentration and nitrifying microorganism activities. The time-dependent kinetics of soil nitrification in four amendments fitted with the first-order model (Table 2) indicated that the substrate (NH3) was insufficient as compared to the oxidizing capacity of the ammonia oxidizers [44,45]. For the native N, responses of nitrification to the P addition were associated with the NH4+-N availability, which could affect ammonia oxidization by providing an energy source [46] (Zhang et al. 2013). In particular, an increased NH4+-N with the P addition in the native soil at day 3 was driven from the mineralized organic N, which could be stimulated by P as reported in previous studies [31,33].



With the proceeding of nitrification, NH4+-N concentration in P amendment at day 7 may decrease to a level limiting AOB growth (Figure 3a). In contrast, in the soil simultaneously amended with urea and P, mediation of P on soil nitrification can be divided into two stages (i.e., urea hydrolysis and nitrification). The detailed changes in net nitrification rate (Table 1) indicated that the suppressed nitrification induced by P was kinetically limited. In the present study, it was observed that urea hydrolysis was completed within the first three days and nitrification occurred mainly in the first five days (Figure 1, Table 1). During urea hydrolysis, exogenous P reduced soil NH4+-N availability (Figure 2a), which may be due to the inhibitory effect of P on urease activities as reported in previous studies [47,48,49,50]. The reduction in soil NH4+-N availability in response to P addition during urea hydrolysis may contribute to the decrease of nitrification rate (Figure 1, Table 1) as the urea hydrolysis and nitrification process generally coexists. However, during the period after urea hydrolysis, especially at day 5, a higher NH4+-N concentration in response to P addition was maintained in the soil amended with urea plus P (Figure 2a). This implies that the reduction of nitrification in the P treated soil may not be attributed to the NH4+-N availability directly (Figure 3). As observed from the changes in the NH4+-N/AP ratio (Table 3), it was significantly lower in the urea and P treated soil during the first five days, suggesting that NH4+-N became a main limiting factor induced by P when urea and P were added together. Wei et al. (2017) [51] previously found that P amendment changed the relative availability of N and P in fertilized soils, leading to the reduction in AOB amoA abundance due to a shift in a soil N:P ratio. Similar results were also reported in several studies where soil nitrification was meditated by P amendment through the N:P stoichiometry homeostasis [52,53,54,55,56]. They concluded that P affected nitrification in N fertilizer amended soils indirectly through the regulation of a soil NH4+-N/AP ratio. In fact, changes in N:P stoichiometry occurred in soils that received both N and P fertilizers, which negatively affected the abundance of AOB and AOA, resulting in the reduction in nitrification.



In the current study, the amoA gene in bacteria was more abundant than archaea, irrespective of the types of amendments (Figure 3), which was also observed in previous studies where AOB was dominant in neutral and alkaline soils after long-term fertilization [19,54,57,58]. Responses of AOB and AOA abundance to the P addition either in native soil or urea treated soil indicated that two ammonia oxidizers were both involved in the soil nitrification (Figure 3). A large number of studies have shown that AOA was more sensitive than AOB to different fertilization amendments in acidic soils [59,60]. However, Yang et al. (2020) [61] reported that nitrification was predominated by AOB in strongly acidic tea soil receiving ample N, whereas AOA was more important under oligotrophic conditions without external N application. In the soil used in this study, it was AOB, not AOA, that responded more sensitively to P addition. He et al. (2021) [62] found that the AOB community was significantly regulated by soil with an available phosphorus concentration. Chen et al. (2016) [31] observed that P addition showed no effects on AOA abundance of communities but induced a significant difference in AOB abundance and communities in agricultural soil. Similarly, P addition reduced bacterial amoA abundance and exerted limited impacts on AOA abundance in a paddy soil [51]. It has been demonstrated that P could exert influence on AOB abundance by affecting their growth, affinity to NH3, or their metabolic behavior [27,30,63]. The roles played by AOB and AOA in nitrification are considered to be controlled by soil pH [64] since they occupy different pH-associated niches [6,65] by altering their dominant species [66]. In our study, however, the ratio of AOB to AOA, rather than their abundance, exhibited significant correlation with soil pH. Instead, the soil NH4+-N/AP ratio seemed to be an important factor affecting the relative contributions of AOB and AOA in nitrification as the correlations between NH4+-N/AP and abundance of AOB and AOA, as well as their ratio, were all at a significant level (Table 4). The niche separation between AOB and AOA helps to explain their contrasting responses to the environmental changes as AOA ecotypes contain urease-encoding genes that possess strong affinity on ammonia and facilitating its adaptation to the harsh environment [7,27].




5. Conclusions


In conclusion, this study showed that phosphorus addition stimulated the nitrification of native N via mediating soil NH4+-N availability directly, whereas it suppressed nitrification indirectly in soil treated with urea and P simultaneously through regulating the soil NH4+-N/AP ratio associated with the abundance in AOB and AOA. Changes of N:P stoichiometry in soils treated with urea and P simultaneously were probably the key factor behind an increasing limitation of NH4+-N and then growth inhibition of ammonia oxidizers. Both AOB and AOA were involved in the nitrification of this soil, while AOB’s response was more sensitive than AOA to the P addition.



As long as the P/N fertilizer recommendation for specific crops is met, the combined application of N and P fertilizer might have potential for retarding nitrate loss from agricultural soils as P served as a nitrification regulator.
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Figure 1. pH (a) and available phosphorus (b) in soil amended with and without urea, P, urea + P during the incubation study. Legends correspond to the amendment of urea N (urea, 0.20 g N kg−1 soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea N and monopotassium phosphate (urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil). The soil without N and P addition was used as the control (C, control). Three soil samples in each treatment were taken after 0, 1, 2, 3, 5, 7 and 10 days of incubation. Data in the figure represent means ± standard deviations (n = 3). 
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Figure 2. NH4+-N (a) and NO3−-N (b) in soil amended with and without urea, P, and urea + P. Legends correspond to the amendment of urea N (urea, 0.20 g N kg−1soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea N and monopotassium phosphate (urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil). The soil without N and P addition was used as the control (C, control). Three soil samples in each treatment were taken after 0, 1, 2, 3, 5, 7 and 10 days of incubation. Data in the figure represent means ± standard deviations (n = 3). 
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Figure 3. Changes of amoA gene abundance of AOB (a), AOA (b) and ratio of AOB to AOA (c) in soil amended with and without urea, P, and urea + P during incubation period. Legends correspond to the amendment of urea N (urea, 0.20 g N kg−1 soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea N and monopotassium phosphate (urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil). The soil without nitrogen and phosphorus addition was used as the control (C, control). Three soil samples in each treatment were taken after 0, 3, 7 days of incubation. Data in the figure represent means ± standard deviations (n = 3). Different letters on the column between the treatment of C and P, Urea and Urea + P at the same sampling period indicate statistical difference according to Fisher’s least-significant difference test (p ≤ 0.05). 
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Table 1. Net nitrification rate in soil amended with Urea, P, Urea + P and the control during 10 days of incubation.






Table 1. Net nitrification rate in soil amended with Urea, P, Urea + P and the control during 10 days of incubation.





	
Treatments

	
NO3−-N (mg kg−1d−1) at Different Incubation Time (Days)




	
1

	
2

	
3

	
5

	
7

	
10






	
C

	
6.84 ± 1.01 a

	
6.07 ± 1.30 a

	
3.08 ± 1.35 b

	
5.20 ± 1.12 a

	
3.75 ± 0.13 a

	
2.45 ± 0.35 a




	
P

	
6.05 ± 1.28 a

	
5.21 ± 0.46 a

	
5.18 ± 0.55 a

	
6.63 ± 0.20 a

	
2.70 ± 0.29 b

	
3.28 ± 0.82 a




	
Urea

	
6.04 ± 2.86 a

	
12.12 ± 1.72 a

	
20.63 ± 2.06 a

	
27.84 ± 1.09 a

	
17.86 ±0.50 a

	
14.39 ± 1.37 a




	
Urea + P

	
4.15 ± 0.81 a

	
3.38 ± 0.24 b

	
8.10 ± 1.63 b

	
20.38 ± 0.70 b

	
18.03 ± 2.35 a

	
14.05 ± 0.30 a








Net nitrification rate in soils treated with urea (urea, 0.20 g N kg−1 soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea plus monopotassium phosphate (urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil) and without any fertilizers (C, control). Three soil samples in each treatment were taken after 0, 1, 2, 3, 5, 7 and 10 days of incubation. Data in the table represent means ± standard deviations (n = 3). Data between C and P, Urea and Urea + P followed by different letters in the same column are statistically different according to Fisher’s least-significant difference test (p ≤ 0.05), i.e., a and b indicated the significant differences between two treatments, whereas a and a indicated no significant differences between two treatments.
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Table 2. Parameters of first-order kinetics model fitting soil NO3−-N accumulation during 10 days of incubation.
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	Treatments
	Np (mg N kg−1)
	k1 (day−1)
	R2
	Vp (mg N kg−1 day−1)





	C
	40.15 ± 0.85
	0.26 ± 0.03
	0.89
	7.63 ± 0.83



	P
	39.41 ± 2.16
	0.23 ± 0.17
	0.77
	8.17 ± 3.35



	Urea
	203.8 ± 18.78
	0.18 ± 0.02
	0.91
	36.18 ± 1.22



	Urea + P
	379.91 ± 19.49
	0.06 ± 0.01
	0.92
	22.19 ± 1.92







Legends correspond to the amendment of urea N (Urea, 0.20 g N kg−1 soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea plus monopotassium phosphate (Urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil) and without any fertilizers (C, control). Three soil samples in each treatment were taken after 0, 1, 2, 3, 5, 7 and 10 days of incubation. Data in the table represent means ± standard deviations (n = 3). Mean values of three repeats were used for fitting first-order kinetics model. Np, potential nitrification; k1, the rate constant of the model; Vp, potential nitrification rate calculated from first-order kinetics as Vp = k1 ∗ Np.
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Table 3. Changes in the labile N:P ratio in soils during the incubation study.
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Items

	
Treatments

	
Incubation Time (Days)




	
0

	
1

	
2

	
3

	
5

	
7

	
10






	
NH4+-N/AP

	
C

	
0.25 ± 0.04 a

	
0.21 ± 0.02 a

	
0.12 ± 0.04 a

	
0.11 ± 0.01 a

	
0.07 ± 0.01 a

	
0.06 ± 0.01 a

	
0.04 ± 0.01 a




	
P

	
0.12 ± 0.01 b

	
0.11 ± 0.01 b

	
0.07 ± 0.01 b

	
0.09 ± 0.01 b

	
0.07 ± 0.02 a

	
0.02 ± 0.01 b

	
0.02 ± 0.01 b




	
Urea

	
0.30 ± 0.06 a

	
0.98 ± 0.12 a

	
1.17 ± 0.10 a

	
1.31 ± 0.04 a

	
1.03 ± 0.10 a

	
0.80 ± 0.09 a

	
0.52 ± 0.13 a




	
Urea + P

	
0.17 ± 0.03 b

	
0.46 ± 0.01 b

	
0.65 ± 0.02 b

	
0.75 ± 0.04 b

	
0.75 ± 0.03 b

	
0.66 ± 0.07 a

	
0.45 ± 0.1 1 a




	
NO3−-N/AP

	
C

	
0.34 ± 0.04 a

	
0.47 ± 0.01 a

	
0.53 ± 0.09 a

	
0.55 ± 0.11 a

	
0.60 ± 0.10 a

	
0.65 ± 0.05 a

	
0.62 ± 0.02 a




	
P

	
0.23 ± 0.01 b

	
0.23 ± 0.02 b

	
0.24 ± 0.02 b

	
0.26 ± 0.01 b

	
0.36 ± 0.01 b

	
0.39 ± 0.03 b

	
0.39 ± 0.06 b




	
Urea

	
0.40 ± 0.03 a

	
0.47 ± 0.02 a

	
0.59 ± 0.04 a

	
0.91 ± 0.09 a

	
1.45 ± 0.17 a

	
1.32 ± 0.11 a

	
1.43 ± 0.12 a




	
Urea + P

	
0.22 ± 0.01 b

	
0.23 ± 0.01 b

	
0.25 ± 0.01 b

	
0.33 ± 0.02 b

	
0.74 ± 0.02 b

	
0.85 ± 0.09 b

	
1.00 ± 0.06 b








Labile N:P ratio in soils treated with urea (urea, 0.20 g N kg−1 soil), monopotassium phosphate (P, 0.087 g P kg−1 soil), urea plus monopotassium phosphate (Urea + P, 0.20 g N kg−1 soil + 0.087 g P kg−1 soil) and without any fertilizers (C, control). Three soil samples in each treatment were taken after 0, 1, 2, 3, 5, 7 and 10 days of incubation. Data in the table represent means ± standard deviations (n = 3). Data between C and P, urea and urea + P followed by different letters in the same column are statistically different according to Fisher’s least-significant difference test (p ≤ 0.05), i.e., a and b indicated the significant differences between two treatments, whereas a and a indicated no significant differences between two treatments. AP, available P.
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Table 4. The correlation coefficients between ammonia-oxidizing microorganisms and soil properties.
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	Variable
	pH
	AP
	NH4+-N
	NO3−-N
	AOB
	AOA
	AOB/AOA
	NR
	NH4+-N/AP
	NO3−-N/AP





	pH
	1
	
	
	
	
	
	
	
	
	



	AP
	−0.160
	1
	
	
	
	
	
	
	
	



	NH4+-N
	0.217 *
	0.121
	1
	
	
	
	
	
	
	



	NO3−-N
	−0.476 **
	0.016
	0.506 **
	1
	
	
	
	
	
	



	AOB
	−0.194
	−0.120
	0.763 **
	0.831 **
	1
	
	
	
	
	



	AOA
	0.288
	−0.273
	0.215
	−0.062
	0.380 *
	1
	
	
	
	



	AOB/AOA
	−0.399 *
	0.034
	0.612 **
	0.963 **
	0.769 **
	−0.166
	1
	
	
	



	NR
	−0.195
	−0.033
	0.686 **
	0.838 **
	0.963 **
	0.493 *
	0.781 **
	1
	
	



	NH4+-N/AP
	0.232 *
	−0.137
	0.934 **
	0.477 **
	0.870 **
	0.424 *
	0.589 **
	0.708 **
	1
	



	NO3−-N/AP
	−0.362 *
	−0.376 **
	0.412 **
	0.900 **
	0.822 **
	0.080
	0.850 **
	0.788 **
	0.507 *
	1







* p < 0.05; ** p < 0.01. Correlation analysis were performed by IBM SPSS statistics versions 17.0. AOB, bacterial amoA gene number; AOA, archaeal amoA gene number. AP, available P; NR, net nitrification rate.
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