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Abstract

:

The riparian zone has a proven ability to reduce agricultural nonpoint-source nitrogen pollution. However, prior studies have only assessed nitrification and denitrification and their influencing factors, such as hydrology, climate, vegetation, and soil physicochemical properties, and overlooked the role of pesticide accumulation, which is an important nonpoint-source anthropogenic pollutant. This study investigated the response of the soil microbial nitrogen cycle in riparian zones to 60 days of acetochlor (ACE) exposure at doses of 0.5, 2.5, and 5.0 mg/kg. The results showed that ACE inhibited the transformation of soil NH3-N, NO3−-N, and NO2−-N and also decreased potential nitrification and denitrification rates by affecting the respective enzyme activities and related microbial communities. Metagenomic sequencing revealed that the expression of functional genes associated with NO3−-N transformation processes, including denitrification, dissimilatory nitrate reduction to ammonium, and assimilatory nitrate reduction, declined the most. The recommended field dose (0.5 mg/kg) showed a slight effect on soil microbial nitrogen transformation and the related microbial communities, whereas doses 5 and 10 times the recommended dose were highly inhibitory. This is a novel study exploring the effects of ACE on the microbial nitrogen cycle in riparian soils, also suggesting that pesticide accumulation in riparian zones could affect the health of aquatic ecosystems.
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1. Introduction


In recent decades, large quantities of industrial fertilizers have been widely used to boost agricultural production. However, overfertilization has already nearly doubled the nitrogen (N) levels in terrestrial and aquatic ecosystems [1]. Moreover, elevated N loads flowing into water bodies can lead to eutrophication and biodiversity degradation. Riparian zones are transitional zones between terrestrial and aquatic ecosystems [2,3] and can prevent and control agricultural nonpoint-source pollution rich in nitrogen (N) [4,5]. As the issue of agricultural nonpoint-source N pollution becomes more prominent, N removal from riparian zones has attracted extensive attention [6,7,8].



Agricultural runoff carrying a large amount of pesticide residue can be discharged into water bodies through the riparian zone [9,10,11]. Riparian soils and vegetation cover are recognized as effective ecological filters that can reduce the levels of pesticide contaminants in the runoff, but this can lead to long-term pesticide accumulation [12]. The types of pesticides that have been reported to accumulate in riparian soils include fungicides, insecticides, and herbicides, with concentrations ranging from 0.08 to 34.22 mg kg−1 [13,14]. Pesticides have been reported to deteriorate the health of riparian soils [15], threaten soil microbial reproduction [12], and impact vegetation growth [13,16]. Microorganisms, which are susceptible to these pesticides, play an important role in the natural N cycle; therefore, a comprehensive and clear understanding of the responses of the microbial N cycle to pesticide accumulation in riparian zones is required to protect aquatic ecosystems and improve living environments.



Acetochlor (ACE, C14H20ClNO2) is a widely used herbicide commonly applied to control weeds in crop farming due to its low cost and effective control [17,18]. Owing to its low adsorption, high water solubility, and long persistence, the inappropriate and excessive application of ACE has resulted in overexposure to the ecosystem through surface runoff and soil leaching [19]. For example, in Northeast China, the average concentration of ACE in surface water was 277.8 ng/L in the Songhua River basin and 120.6 ng/L in the Heilongjiang basin. These concentrations are excessive and pose a threat to water ecological health [20]. Previous studies have shown that ACE and its enantiomers inhibit cellular activity, cause DNA damage in HepG2 cells [21], inhibit nitrate reductase and glutamine synthetase activities [22], and reduce soil urease activity [18]. Moreover, Yu et al. (2022) found that an ACE dosage of 10 mg kg−1 obviously inhibited the denitrification potential in farm fields [23]. Although some studies have been conducted on the ecotoxic effects of ACE, the effects of ACE accumulation on microbial N cycle in riparian soils have been overlooked, and very few studies have addressed the inhibitory effect on N transformation rates and the related underlying microbial metabolism mechanisms, which are closely associated with N removal.



Based on these considerations, our study was carried out in the riparian zone of the North Canal in Hebei Province, China, to investigate the effects of ACE on the microbial N cycle. The study area is a typical agricultural production area in the North China Plain. A large number of agricultural nonpoint-source pollutants and rural domestic water are discharged into the North Canal through riparian zones, which leads to excessive eutrophication of water bodies [24]. The specific aims of this study were to (a) explore the effects of ACE on N transformation rates in riparian soils, (b) reveal the variation in the structure of microbial community participating in the N cycle, and (c) establish a response model between ACE, N transformation rates, and the microbial community. This study provides a possible mechanism for the impact of ACE on the microbial N cycle, which may be helpful in finding effective ways to mitigate the risk of ACE exposure to aquatic ecological health and biodiversity.




2. Materials and Methods


2.1. Soil Sample


Field sampling was carried out in the riparian zone of the lower reaches of the North Canal (39°41′25.55″ N, 116°57′9.36″ E), Langfang City, China. On 27 July 2021, surface soil cores (0–20 cm) were collected from three sites using a gravity corer. After collection, the soils from the sample sites were homogenized and then transported immediately to the laboratory in an insulated box with ice for analysis of physicochemical parameters, including pH, moisture content (MC), total nitrogen (TN), ammonia nitrogen (NH3-N), nitrate nitrogen (NO3−-N), nitrite nitrogen (NO2−-N), soil organic matter (SOM), total carbon (TC), and total phosphorus (TP). These parameters were analyzed according to the methods reported by Li et al. (2015) [25].




2.2. Experimental Setup


Before incubation, the riparian soil was stored in the dark at 4 °C for one day. The standard solution of ACE was purchased from Guangdong Wengjiang Chemical Reagent Co., Ltd., Guangzhou, China. Three concentrations (0.5, 2.5, and 5 mg kg−1) were applied to observe changes in the N-cycling microbial communities in riparian soils (Figure 1). Specifically, 0.5 mg kg−1 (T1) represents the recommended field dose of ACE, while 2.5 and 5 mg kg−1 (T5 and T10) represent the potential cumulative concentrations due to overapplication of ACE in some agricultural production activities. Riparian zones are hotspots suffering from agricultural nonpoint-source pollution [26], so they are often exposed to long-term added pesticides. Soil samples without ACE were used as controls.



The riparian soil samples were first incubated in an incubator (MIR-253, Sanyo, Japan) at 25 °C and 60% humidity in the dark for seven days. Then, the three ACE treatments and a control group were prepared and incubated for 60 days in the dark. Five replicates were performed for each treatment. The details are as follows:




	
A 50 g soil sample (dry weight) was placed into a 500 mL brown-amber glass jar.



	
Three levels of ACE (T1, T5, and T10) were dissolved in 10 mL of sterilized water and then added to a 500 mL brown-amber glass jar containing 50 g of the soil sample. The blank control group only contained 10 mL of sterilized water.



	
All soil solutions were mixed for 10 min on a vortex mixer (MX-S/MX-F, Dragon Laboratory Instruments Limited) until homogenized.



	
A 200 g soil sample (dry weight) was added to each jar.



	
Samples were mixed again for 30 min with periodic shaking to ensure sufficient mixing.



	
The soil moisture was maintained at 60% of the maximum soil moisture capacity using sterilized water, and the jar mouth was covered with a breathable sealing film.



	
The jars were incubated in the incubator at 25 °C and 60% humidity.



	
Sterilized water was replenished every 10 days during the experiment to maintain soil moisture for all treatments.








At the end of the incubation period (60 days), riparian soil NH3-N, NO3−-N, and NO2−-N contents, soil potential nitrification rate (PNR), denitrification potential (DP), nitrifying and denitrifying enzyme activity, and the N-cycling microbial community composition were measured.




2.3. Potential Nitrification Rate and Denitrification Potential of Riparian Soils


The riparian soil PNR was determined by applying the approach reported by Fan et al. (2011) [27]. Specifically, 5 g of fresh soil was weighed into 150 mL sterile flasks, after which 100 mL of phosphate-buffered salt solution (1 mM, pH 7.4) and 0.5 mL of (NH4)2SO4 (0.25 M) were added. The sterile flasks were then placed in an orbital shaker and incubated at 25 °C for 24 h (180 rpm). During incubation, samples were collected every 6 h and centrifuged at 4 °C for 5 min. The contents of NH3-N and NO3−-N were measured by a continuous flow analyzer (FIAstar 5000 Analyzer, FOSS Tecator, Höganäs, Sweden). Soil PNR was estimated according to the rate of NO3−-N production.



The riparian soil DP was determined using the method reported by Xiong et al. (2015) [28]. Specifically, 25 g of fresh soil was added to 250 mL sterile flasks containing 20 mL of nutrient solution (including 0.1 g/L KNO3, 0.18 g/L glucose, and 1 g/L chloramphenicol). All flasks were sealed with rubber stoppers and then purged with high-purity (99.99%) N2 for 2 min to induce anaerobic conditions. Approximately 25 mL of C2H2 was added to block the conversion of N2O to N2 during denitrification. The flasks were then incubated in the dark in a constant-temperature incubator for 2 h at 25 °C. At the start and end of incubation, 10 mL of headspace gas samples were collected from each flask with a syringe. The content of N2O was measured by utilizing a gas chromatograph (Agilent GC6890N). Soil DP was determined as the difference between the initial and final N2O concentrations during incubation.




2.4. Enzyme Assays


2.4.1. Extraction of the Enzyme Solutions


First, 5 g of soil (dry weight) was added to a 50 mL centrifuge tube containing 20 mL of 0.1 M phosphate buffer (pH 7.4). The solution was rinsed three times, and the supernatant was discarded. Then, an additional 10 mL of phosphate buffer was added. The microbial cells were ultrasonically crushed for 1 min at 0 °C in a mixed ice-water bath using an ultrasonic cell crusher (JY-650E, Shanghai Chengzuo Instruments Co., Ltd., Shanghai, China), followed by centrifugation at 16,000 rpm for 10 min at 4 °C. Finally, the supernatant was collected for subsequent enzyme activity measurements [29].




2.4.2. Enzyme Activity Assays


The ammonia monooxygenase (amo) and nitrite oxidoreductase (nxr) activities were measured for nitrification, while the activities of nitrite reductase (nir) and nitric oxide reductase (nor) for denitrification were determined. All four enzymes were quantified using ELISA kits and enzyme markers (SAF-680T; Shanghai BaJiu Co., Ltd., Shanghai, China) according to the manufacturer’s protocols. The experiments were performed in triplicate. Specifically, the blank, standard, and sample wells were set in a 96-well ELISA plate. Then, the standards and the prepared enzyme solution samples were added correspondingly, and nothing was added to the blank well. After being reacted at 37 °C for 30 min, the plate was washed 5 times. Next, the enzyme reagents were added, followed by being reacted for another 30 min and washed 5 times. A color development solution was then added to develop the color at 37 °C for 10 min. Finally, the termination solution was added, and the absorbance value was read at 450 nm within 15 min. The enzyme activity was calculated based on the measured absorbance value.





2.5. Metagenomic Sequencing and Bioinformatic Analysis


Metagenomic sequencing was conducted on soil samples based on the protocols by MajorBio Co., Ltd., Shanghai, China. The DNA was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) and sequenced by the Illumina NovaSeq platform (Illumina Inc., San Diego, CA, USA). Raw reads were quality-trimmed using Fastp [30]. The clean data were then assembled using Megahit (https://github.com/voutcn/megahit, accessed on 3 August 2021). Contigs with a length over 300 bp were retained for further gene prediction and annotation. The open reading frames (ORFs) were predicted from contigs using MetaGene [31]. Subsequently, the predicted genes were clustered, and a nonredundant gene catalog was constructed using CD-HIT [32]. To determine the gene abundance, the sample reads were compared with those of the nonredundant gene catalog (95% identity) using SOAPaligner [33]. Taxonomic annotation was performed by comparing the nonredundant gene catalog with the NCBI NR database on BLASTP (e value < 10−5) [34]. Functional annotation was performed utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [35].




2.6. Statistical Analysis


Statistical differences were determined using a one-way analysis of variance (ANOVA) and the Student’s t-test (SPSS 22.0), and the results were considered significant at p < 0.05. Heat maps were used to display the functional genes and microbial community abundance, and volcano plots were used to visualize the differences in the N-cycle microbial community (at the genus level) under the influence of ACE. Taxonomic information for each selected gene was extracted to explore the relative contribution of taxa to N-cycling genes, and their relationships were calculated using the method described by Ofek-Lalzar et al. (2014) [36]. The response model between ACE, enzyme activity, microbial community, and transformation rate was identified using structural equation modeling (SEM) using the AMOS 21.0 software.





3. Results and Discussion


3.1. N Transformation in Response to ACE


Currently, NO3−-N pollution of groundwater is an important concern in agricultural regions [37]. The physicochemical parameters of the riparian soil in our study are shown in Table 1, which shows that the NO3−-N content was relatively high and the NH3-N content was relatively low. This result is consistent with most of the studies in the North China Plain [38,39]. Following 60 days of incubation, the NH3-N, NO3−-N, and NO2−-N contents in the T1, T5, and T10 groups were obviously higher than those in CK (Figure 2), implying that the addition inhibited N transformation and removal. Moreover, the larger the ACE application, the more pronounced the inhibitory effect. For instance, the NH3-N, NO3−-N, and NO2−-N contents in T10 were 0.40, 55.18, and 0.81 mg kg−1, respectively, which were 1.82, 1.20, and 1.32 times those in CK, respectively. Compared to those of the soil background value, the NO3−-N and NO2−-N contents increased after incubation. This result is consistent with previous studies, which have also reported increased NO3−-N accumulation following chlorothalonil application [29].




3.2. PNR, DP, and Enzymatic Activity in Response to ACE


After incubation, compared to that of the CK, the soil PNR was reduced by 3.47, 23.13, and 32.39% in the T1, T5, and T10 groups, respectively (Figure 3a), which shows that ACE inhibition reduced the soil PNR. Similarly, DP decreased by 35.27, 43.89, and 53.13% in the T1, T5, and T10 groups, respectively, compared to those of the CK, which suggests that ACE addition also inhibited the soil DP (Figure 3b). Moreover, the inhibition of nitrification and denitrification was enhanced by increasing the concentration of ACE. Previous studies have reported similar inhibitions of different pesticides, such as mesotrione on the nitrification process and 2-chloro-4-phenylphenol on the denitrification process [40,41]. In addition, comparing the downward trends, the inhibitory effect of ACE on DP was stronger than that on PNR.



Figure 4 shows the activities of the nitrifying enzymes (amo and nxr) and denitrifying enzymes (nor and nir) in response to the ACE treatments. Overall, the activities of these four enzymes decreased with increasing ACE addition and were positively correlated with variations in soil PNR and DP. Compared to those of the CK, the activities of amo, nxr, nor, and nir in T10 decreased by 57.84, 32.24, 21.28, and 70.99%, respectively, suggesting that ACE inhibited the activities of amo and nir to a greater extent than the activities of the other enzymes. Similar to our results, previous studies have shown that mesotrione exposure at 4.5 mg/kg decreased AOA-amoA and AOB-amoA gene abundance [42] and that chlorothalonil accumulation (>10 mg kg−1) remarkably inhibited the activities of denitrifying enzymes, such as nar, nir, and nos, but had no significant influence on the activity of nor [12].




3.3. N-Cycling Functional Genes and Microbial Communities in Response to ACE


Metagenomic sequencing was performed to determine the effect of ACE addition on the microbial community in riparian soil. The expression of the 28 KEGG genes related to the N-cycle in response to ACE is shown in Figure 5a. Compared to that of CK, the abundance of N-cycling functional genes increased by 3.64% in the T1 group but decreased by 14.50% and 15.88% in the T5 and T10 groups, respectively.



The recommended dose (T1) did not significantly inhibit the abundance of N-cycle functional genes, but the projected higher ACE-level treatments (T5 and T10) showed a significant inhibitory effect. Many studies have investigated the effects of atrazine (another widely used herbicide) on soil microorganisms; however, the results have been inconsistent. The effects of atrazine on soil microbial biomass, diversity, and enzyme activities have been reported to be both positive [43,44] and negative [45,46]. One important reason for this phenomenon is related to the application dose, which is generally characterized by a significant inhibitory effect at high doses and less or even no inhibitory effect at low doses. Our study yielded the same results.



Compared to that of CK, the abundance of the nitrification module in T10 increased by 3.80%, mainly due to the increase in the abundance of the amoC gene, while the abundance of the other three functional genes decreased. The abundance of the denitrification module, dissimilatory nitrate reduction to ammonium (DNRA) module, assimilatory nitrate reduction (ANR) module, nitrate assimilation module, urea decomposition module, and multifunctional gene in T10 were reduced by 11.62, 16.05, 19.98, 19.65, 16.97, and 16.11%, respectively. The ANR showed the greatest decrease, followed by nitrate assimilation, which suggests that the process through which microorganisms absorb NO3−-N and convert it into their nitrogenous compounds was inhibited. Further, these findings revealed that ACE inhibited the growth and reproduction of microorganisms in the soil [47].



The results of the Student’s t-test showed a significant decrease in the abundance of 19 genes (p < 0.05) in the T10 group compared to that in the CK group (Table 2). While the abundance of seven functional genes did not change much, two functional genes increased significantly in abundance (p < 0.05). Meanwhile, the abundance of the functional genes nrtC&nasD, nasB, and nirS decreased by 37.83, 35.00, and 33.71%, respectively; these genes are mainly related to NO3−-N removal. Moreover, the abundance of the nitrification functional gene hao was significantly lower in the CK and was not detected in the T10 group.



As shown in Figure 5b, with increasing ACE, the abundance of microbial communities involved in the N cycle decreased. Further, 9 of the top 15 abundant phyla in T10 decreased significantly (p < 0.05), 5 phyla showed insignificant changes in abundance, but 1 phylum showed a significant increase in abundance (p < 0.05) (Table 3). Of these, the phylum Bacteroidetes experienced the greatest decrease in abundance, which was 50.65%, followed by Candidatus_Latescibacteria with a decrease of 48.28% and Candidatus_Dadabacteria with a decrease of 41.67%; however, Candidatus Cloacimonetes showed a significant increase in abundance (30.77%) (p < 0.05). The results of the relative contribution of phyla with respect to N-cycling genes showed that Bacteroidetes was mainly involved in the ANR, CandidatusLatescibacteria was mainly involved in the DNRA, and Candidatus Dadabacteria and Candidatus Cloacimonetes were mainly related to denitrification. Overall, most of the severely inhibited phyla were associated with NO3−-N removal.



Generally, pesticides are toxic substances that can have a direct killing effect on soil microbial species and populations, leading to the disruption of the balance of soil microbial communities; on the other hand, microorganisms have strong metabolic capabilities to utilize xenobiotics, which serve as their carbon and energy sources [48]. Numerous microbial species and strains from the soil, including Comamonadaceae, Ferribacterium, Klebsiella, and Rhodococcus, are reported to be capable of ACE metabolism [20]. ACE can supply available C and N as substrates for specific microorganisms, thereby allowing the growth of a fraction of the microbial population [19]. Hence, after the application of ACE, most species decreased in abundance, whereas a small proportion of species increased, and this small proportion might be able to use ACE to synthesize substances for their own growth.



At the genus level, compared to that of CK, the Shannon diversity indices of the T1, T5, and T10 groups decreased by 0.02, 0.06, and 0.06, respectively, showing a slight downward trend (Figure 5c). Heatmap analysis showed that most of the top 30 abundant genera decreased in abundance as ACE concentration increased (Figure 6a). Specifically, compared to that in CK, 24 genera in T10 decreased in abundance. Of these, Reyranella showed the largest decrease (60.71%), followed by Bradyrhizobium with a decrease of 43.66% and Sphingomonas with a decrease of 40.57%. While six genera showed an increase in abundance, Mesorhizobium increased the most, by 104.76%, followed by Candidatus_Nitrosocosmicus, with an increase of 17.54%. The relative contributions of the genera to N-cycling genes showed that Reyranella, Bradyrhizobium, Sphingomonas, and Mesorhizobium mainly participated in denitrification, DNRA, nitrate assimilation, and ANR. Further, Candidatus_Nitrosocosmicus was mainly associated with urease activity. Similar to the analysis results at the phylum level, the heavily inhibited genera were also primarily associated with NO3−-N removal. An adjusted p-value (FDR) (p-value < 0.05) and fold change (FC) ratio (|log2FC| ≥ 1) were used to further determine the variation in all genera involved in the N cycle. The volcano plot shows that 82 genera, including Oleiharenicola, Ensifer, Skermanella, Hyalangium, and Cellulosimicrobium, showed a rapid and significant decrease. In contrast, 19 genera, including Pigmentiphaga, Klebsiella, Flavihumibacter, Bacillus, and Jannaschia, showed significant and rapid growth (Figure 6b). Overall, approximately 80% of genera were inhibited, and the highly variable genera usually had relatively low abundances.




3.4. Relationships between N Transformation Rate, Enzyme Activity, and the Microbial Community under the Influence of ACE


SEM is a statistical methodology that analyzes the relationships between variables based on their covariance matrix. The SEM framework for modeling the impact of ACE on the microbial N transformation process is presented in Figure 7a. The model’s validation findings, including RMSEA and CFI, suggested that the measurement model was valid and reliable. ACE exerted significant negative feedback effects (total effect = −0.90) on the N-cycling microbial community abundance while exerting no significant effect (total effect = −0.31) on the Shannon diversity index. These results were consistent with the above sequencing results, which showed that ACE inhibited the growth and reproduction of the N-cycling microbial community. Afterwards, the N-cycling microbial community abundance significantly positively affected nxr and nir activity, whereas the Shannon diversity index showed no significant effects on the activities of all four enzymes, which is indicative of a direct correlation between enzymatic activity and N microbial abundance but not with diversity. Finally, amo activity showed a significant effect (total effect = 0.69) on the PNR, and nir showed a significant effect (total effect = 0.98) on the DP, which indicates that, under ACE inhibition, the amo enzyme drove more changes in PNR than the nxr enzyme and the nir enzyme was more indicative of changes in DP than the nor enzyme.



During nitrification, amo controls the step of NH3-N to NO2−-N, while nxr controls the step of NO2−-N to NO3−-N and also has the ability to reduce NO3−-N to NO2−-N [47]. The simultaneous oxidation and reduction properties may result in a poor indication of nxr. In denitrification, nir controls the step from NO2−-N to NO and nor controls the step from NO to N2O. A previous study reported that nir was more indicative of DP than nor under the inhibitory effect of chlorothalonil [12], which is similar to our results. The standardized total effect showed that ACE negatively affected all of the above microorganism indexes associated with N transformation (Figure 7b), and it could be found that the inhibitory effect on denitrification is greater than that on nitrification.





4. Conclusions


This study reports the effects of ACE on the soil microbial N cycle in riparian zones. We found that treatments T5 and T10, which represent 5 and 10 times the recommended dose of ACE, significantly deteriorated the soil N transformation and associated microbial community activity, whereas T1, which represented field-suggested doses, showed a weak inhibitory effect. Furthermore, we observed that among the 28 N cycle functional genes, the ANR functional gene abundance was the most significantly reduced, revealing an inhibitory effect on microbial growth and reproduction. These findings that we have presented suggest that excessive use of ACE can have an obvious impact on microbial nitrogen transformation in riparian soils.



Overall, this is a novel study to examine the responses of the soil N cycle to ACE in riparian zones at the microbial metabolism level, which provides a new insight for revealing the impacts of pesticides used in agricultural production on N removal in the transition region between farmland and surface water ecosystems. Our research at the current stage still focuses on short-term impacts under laboratory conditions; further long-term in situ field studies are necessary.
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Figure 1. Flow chart outlining the mechanisms through which ACE affects riparian soils. 
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Figure 2. Response of soil NH3-N (a), NO3−-N (b), and NO2−-N (c) contents to three levels of ACE treatment during incubation (Different lower case letters above columns indicate significant differences at p < 0.05). 
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Figure 3. The variations of soil PNR (a) and DP (b) in response to three levels of ACE treatment during incubation (Different lower case letters above columns indicate significant differences at p < 0.05). 
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Figure 4. The activities of nitrifying and denitrifying enzyme amo (a), nxr (b), nor (c) and nir (d) in response to three levels of ACE treatment. 
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Figure 5. The N-cycling functional genes (a), microbial community at the phylum level (b), and Shannon diversity index at the genus level (c) in response to ACE in the incubation. 
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Figure 6. Analysis of the N-cycling microbial community at the genus level in response to ACE. (a) The top 30 abundant genera associated with the N cycle in response to ACE. (b) Volcano plot of the differentially expressed genera in comparing the T10 and CK groups. The blue point and the red point represent the significantly downregulated and the significantly upregulated genera (p-value < 0.05 and |log2 (fold-change| > 1), respectively. 
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Figure 7. Structural equation model of N transformation rate, enzyme activity, and the microbial community under the influence of ACE (a) and the standardized total impacts of ACE on N transformation rate, enzyme activity, and the microbial community (b). Solid lines represent significant effects (p < 0.01), and dashed lines represent insignificant ones. The numbers near the lines are the standardized path coefficients. R2 indicates the proportion of variance explained. 
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Table 1. Soil physicochemical parameters at the sampling site.






Table 1. Soil physicochemical parameters at the sampling site.





	Physicochemical Parameters
	Values





	pH
	7.4



	MS
	19.31%



	SOM
	23.37 mg g−1



	TP
	0.68 mg g−1



	NH3−-N
	0.97 mg kg−1



	NO3−-N
	25.41 mg kg−1



	NO2−-N
	0.37 mg kg−1



	TC
	18.2 mg g−1



	TN
	0.53 mg g−1










 





Table 2. Differences in N-cycling functional gene abundance between the CK and T10 groups.
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	KEGG Genes
	Abundance

(T10/CK)
	t Value
	p-Value
	ACE Effect





	narG, narZ, nxrA
	−11.24
	3.63
	0.022
	Negative



	narH, narY, nxrB
	−20.22
	6.83
	0.002
	Negative



	narI, narV
	−20.16
	6.81
	0.002
	Negative



	napA
	−27.30
	9.54
	0.001
	Negative



	napB
	−5.88
	1.85
	0.138
	Nonsignificant



	urease
	−16.97
	5.64
	0.005
	Negative



	NRT, narK, nrtP, nasA
	−14.67
	4.82
	0.008
	Negative



	nrtA, nasF, cynA
	−23.77
	8.17
	0.001
	Negative



	nrtB, nasE, cynB
	−5.45
	1.71
	0.162
	Nonsignificant



	nrtC, nasD
	−37.83
	13.88
	0.000
	Negative



	nrtD, cynD
	8.70
	−2.54
	0.064
	Nonsignificant



	nasA
	−23.24
	7.97
	0.001
	Negative



	nasB
	−35.00
	12.68
	0.000
	Negative



	nirA
	−8.50
	2.71
	0.054
	Nonsignificant



	narB
	30.00
	−7.91
	0.001
	Positive



	nirB
	−17.60
	5.87
	0.004
	Negative



	nirD
	−7.14
	2.26
	0.086
	Nonsignificant



	nrfA
	−12.79
	4.17
	0.014
	Negative



	nrfH
	−27.55
	9.64
	0.001
	Negative



	nosZ
	−16.87
	5.61
	0.005
	Negative



	norC
	2.86
	−0.86
	0.438
	Nonsignificant



	norB
	−7.58
	2.40
	0.074
	Nonsignificant



	nirS
	−33.71
	12.14
	0.000
	Negative



	nirK
	−9.04
	2.89
	0.045
	Negative



	hao
	−100.00
	43.22
	0.000
	Negative



	amoA
	−26.67
	9.29
	0.001
	Negative



	amoB
	−11.54
	3.73
	0.020
	Negative



	amoC
	39.52
	−9.66
	0.000
	Positive










 





Table 3. Difference in N-cycling microbial community abundance at the phylum level between the CK and T10 groups (top 15 abundance).
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	Phylum
	Abundance

(T10/CK)
	t Value
	p-Value
	ACE Effect





	Proteobacteria
	−24.85
	6.88
	0.002
	Negative



	Actinobacteria
	−15.09
	3.99
	0.016
	Negative



	Acidobacteria
	−7.80
	1.99
	0.118
	Negative



	Thaumarchaeota
	1.56
	−0.38
	0.724
	Nonsignificant



	Candidatus_Rokubacteria
	−4.85
	1.22
	0.290
	Nonsignificant



	Nitrospirae
	4.02
	−0.97
	0.389
	Nonsignificant



	Chloroflexi
	−28.04
	7.88
	0.001
	Negative



	Gemmatimonadetes_D__Bacteria
	−13.16
	3.44
	0.026
	Negative



	Planctomycetes
	−37.93
	11.16
	0.000
	Negative



	Crenarchaeota
	5.26
	−1.26
	0.278
	Nonsignificant



	Verrucomicrobia
	1.23
	−0.30
	0.779
	Nonsignificant



	Bacteroidetes
	−50.65
	15.73
	0.000
	Negative



	Candidatus_Latescibacteria
	−48.28
	14.85
	0.000
	Negative



	Candidatus_Cloacimonetes
	30.77
	−6.47
	0.003
	Positive



	Candidatus_Eisenbacteria
	−41.67
	12.47
	0.000
	Negative
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