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Abstract

:

Denitrification is a key process in soil available nitrogen (N) loss. However, the effects of different water-saving irrigation systems on soil N components and denitrifying bacterial communities are still unclear. In this study, quantitative fluorescence PCR and Illumina MiSeq sequencing were used to investigate the effects of three main irrigation systems, conventional flooding irrigation (FP), shallow buried drip irrigation (DI), and mulched drip irrigation (MF), on the abundance, community composition, and diversity of soil nirK- and nirS-type denitrifying bacteria in the semi-arid area of Northeast China, and to clarify the driving factors of nirK- and nirS-type denitrifying bacterial community variations. The results showed that, compared with FP, MF significantly increased soil moisture, alkaline hydrolyzed nitrogen (AHN), nitrate nitrogen (NO3−-N), non-acid hydrolyzed nitrogen (AIN), and amino sugar nitrogen (ASN), but significantly decreased the contents of ammonium nitrogen (NH4+-N) and acid hydrolyzed ammonium nitrogen (AN). The irrigation system changed the relative abundance of the dominant genera of denitrifying bacteria, DI and MF significantly increased nitrate reductase (NR) and nitrite reductase (NiR) activities, and MF significantly increased the diversity of nirK- and nirS-type denitrifying bacteria but significantly decreased the richness. The community structure of nirK- and nirS-type denitrifying bacteria was significantly different among the three irrigation systems. NO3−-N was the main driving factor affecting the community structure of nirS-type denitrifying bacteria, and moisture significantly affected the community structure of nirK-type denitrifying bacteria. DI and MF significantly increased the abundance of nirK- and nirS-type denitrifying bacteria and also increased the abundance ratio of nirS/nirK genes. Therefore, although DI and MF significantly increased the abundance of denitrifying microorganisms, they did not lead to an increase in the N2O emission potential.
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1. Introduction


While the semi-arid region of Northeastern China is one of the main food-producing areas, the region has an average annual rainfall of only 408 mm, while the average annual evaporation is 1834 mm, making it a typical ecologically vulnerable region in Northeastern China [1]. Due to the interaction of resource factors and man-made factors in recent years, which have exacerbated water shortages and time–space inequalities in the region, prolonged drought and low rainfall have severely constrained sustainable food production in the area. In the semi-arid areas of northeast China, drought stress caused by insufficient precipitation is the main environmental factor limiting corn production, which often leads to corn disaster reduction and production reduction. In order to improve the adverse effects of drought shortage on maize production in semi-dry areas, domestic and international scholars have carried out a study of maize membrane drip irrigation technology [2], which drips a small amount through several irrigations, without damaging the soil structure conditions, accurately applying water fertilizer around the root system and creating good conditions for root growth. Sui et al. [3] showed that film drip irrigation could significantly improve maize yields and moisture utilization efficiency. Irrigation can influence soil nitrogen (N) conversion processes by changing soil moisture status and chemistry, microbial quantity and activity, and the rate of gas dispersion in the soil [4,5,6]. Soil microbial properties are highly sensitive to substantial changes, such as changes in soil community structure and diversity, which are partly reflective of soil fertility. At present, indicators of soil microbial activity, abundance, community structure, and diversity, as bioevaluation indicators of soil health, play an important role in controlling soil degradation and restoring soil quality [7]. Through changing soil moisture conditions, film and drip irrigation could affect microbial diversity and the abundance of microbes [8]. Soil enzyme activity was also sensitive to soil moisture responses, and suitable soil humidity conditions could increase soil acid phosphatase, invertase, and urease activities [9]. Soil enzyme activity under drip irrigation was significantly higher than conventional irrigations and non-irrigations [10]. Soil moisture is one of the main factors affecting soil microbial community structure and extracellular enzyme activity, so studying the impact of changes in irrigation systems on the soil micro-environment will help to accurately assess the soil health of irrigated agricultural fields. Most soil nutrients and biological indicators are extremely sensitive to irrigation measures, and from the point of view of improving soil fertility and improving the soil ecological environment, the evaluation and appropriateness of different irrigation systems are selected, and there is a promotion of crop production and soil quality improvement.



The soil N cycle is a series of enzymatic processes. As one of the central links in the N cycle process, the denitrifying bacteria process not only causes large amounts of N fertilizer loss in the agricultural ecosystem but also releases strong greenhouse gases, N dioxide (N2O), destroying the atmospheric environment [11]. Denitrification is a four-step reduction process in which nitrate (NO3−) is gradually reduced to nitrite (NO2−), nitric oxide (NO), nitrous oxide (N2O), and the end product nitrogen (N2) [12]. Under the catalysis of nitrite reductase (NiR), NO2− reduced to NO is usually a core step in denitrification [13,14]. The enzyme has two structurally different but functionally identical forms, the cd1 cytochrome reductase coded by the nirS gene and the containing copper reductase coded with the nirK gene, respectively [15]. Denitrifying bacteria are categorically diverse and are not defined by close systemic developmental relationships (for example, development based on the 16S rRNA gene system); the two genes, although functionally similar, belong to different bacterial families [16]. Therefore, nirS and nirK are often used as suitable biological markers to represent the abundance and diversity of denitrifying microorganisms [17]. Studies have shown that the abundance of the nirK and nirS genes is associated with different soil environmental factors [18] and that the community structure of denitrifying bacteria of nirK- and nirS-type is also vulnerable to significant effects from fertilization methods [19], soil types [18], and crop types [20]. Previous studies have shown that denitrifying microbial communities of the nirS-type respond differently to environmental factors than those of nirK-type [17,18]. These results indicated that the two types of denitrifying bacteria occupy different ecological positions in the land environment [18,21]. Therefore, denitrified nirS- and nirK-type genes were used as markers to conduct studies of the changes in soil denitrifying microbial communities in different drip irrigation systems, helping to further recognize the bio-geochemical cycle processes of the agricultural field ecosystems in which soil microbes are involved.



Studies have focused mainly on the effects of irrigation and plastic film mulching on soil moisture, soil nutrition, and crop yield, while ignoring their effects on the soil microscopic environment and the evolution of soil microorganisms [22]. Different irrigation systems can affect the migration transformation of mineral N, but how different irrigation systems affect soil denitrifying bacteria microorganisms, thereby affecting soil minerals N transformation, is not clear. Based on this, the present study used three different irrigation systems (conventional flooding irrigation, shallow buried drip irrigation, and mulched drip irrigation), to make clear the effect on soil N composition and soil nitrate reductase (NR) and NiR activities. The study also conducted an evaluation of the correspondence of nirK- and nirS-type denitrifying bacteria microbial communities to different irrigation systems. It also describes environmental variables associated with denitrifying bacteria microbial communities of nirK- and nirS-type. The influence of irrigation on functional microorganisms related to the denitrifying bacteria effect of soil is to be studied, and the microbiological mechanisms of the influence on the mineral N transformation of the soil are to be explored, with the aim of providing the theoretical basis for the application of water-saving irrigation systems in semi-arid areas.




2. Materials and Methods


2.1. Experimental Design and Sample Collection


The experimental site was located in the Minle Village (45°26′ N, 125°88′ E), Ningjiang District, Songyuan City, Jilin Province, China, with an average annual sunshine time of about 2867 h and a freezing period of 135–140 d. The experimental soil is sandy loamy chernozem soil. The field experiment began in 2017, with a total of three treatments: irrigation by flooding (FP, all fertilizers were used once as bottom fertilizer); shallow buried drip irrigation (DI, 30% N, 50% phosphorus (P) and potassium (K) fertilizers were used for base fertilizer, and the remaining fertilizers by drip irrigation with water four times); and mulched drip irrigation (MF, white plastic film covered on maize and drip irrigation belt, the method of fertilization and the amount of fertilization were the same as DI). The maize variety was Xiangyu 998. The cultivation density was s 70,000 plants ha−1.



The same amount of N, P, and K fertilizers and the same amount of irrigation water were applied in all treatments. The amounts of fertilizers N-P2O5-K2O were 210-90-90 kg ha−1. FP used Shrimeri controlled release compound fertilizer (N-P2O5-K2O:25-11-11), base fertilizers for integration of water, and the fertilizer treatment (DI and MF treatment) used urea (N 46%), diammonium phosphate (N-P2O5-K2O:18-46-0), potassium chloride (K2O 60%), topdressing used urea (46%), water-soluble monoammonium phosphate (N-P2O5-K2O:12-61-0), and water-soluble potassium chloride (K2O 60%). The per experimental plot length was 10 m, the width was 3.6 m, and the area was 36 m2, three replicates were arranged in randomized blocks, and the experiment used a large ridge double row cultivation mode. The spacing of the narrow rows was 40 cm and the spacing of the wide rows was 80 cm. The drip irrigation belt was laid in the middle of the narrow row at the time of sowing, the inner diameter of the drip irrigation belt was 16 mm, and the distance between the drip heads was 30 cm. After the fertilizer seedings, the film was artificially covered. The experimental water source used underground water, and each plot had a separate fertilizer tank. The fertilizing tank was filled with water and stirred thoroughly to dissolve the fertilizer completely, the lid of the tank was fastened, water was dropped for 30 min before fertilizing, and then the valve of the fertilizing tank was opened to drop fertilizer, and continued to drop water for 30 min after fertilizing.



In this study, 0–20 cm soil samples were collected in September 2021, each replicate of which was mixed into 5 points to make up a soil sample. Each treatment was composed of 3 replicated soil samples and 9 soil samples were collected. After collection, samples were put into the ice box and brought back to the laboratory, the roots and stones in the soil sample were removed, and a 2 mm mesh was used for screening. Fresh soils were used for soil enzyme activities, soil nitrate nitrogen (NO3−-N), and ammonium nitrogen (NH4+-N) measurement. Part of the fresh soil samples was stored at 80 °C in a refrigerator for extracting DNA, and the other part was used to analyze soil physicochemical properties and the soil N component at room temperature.




2.2. Measurement of Soil Physicochemical Properties and Acid Hydrolyzable Organic N Components


The soil pH was determined by the potentiometric method (soil to water ratio was 1:2.5), the soil moisture was measured by the drying method, the soil organic matter (SOM) was determined using the potassium dichromate method, soil total nitrogen (TN) used the Kjeldahl method, soil alkaline nitrogen (AVN) used the alkaline solution diffusion method, and soil NO3−-N and NH4+-N were measured using a flow analyzer (SKALAR San++, Skalar, Breda, The Netherlands) [23]. The content of each acid hydrolyzable N component in the soil was determined by the Bremner method, where the content of acid hydrolyzable organic nitrogen (ACHN) was determined by Kjeldahl distillation, and the content of ammoniacal nitrogen (AN) that could be hydrolyzed by acid was determined with the MgO-Kjeldahl distillation method. The acid hydrolyzable amino sugar nitrogen (ASN) content was determined by the phosphate-borax buffer distillation method and the acid hydrolyzable amino acid nitrogen (AAN) content has been oxidized with ninhydrin, phosphate—a Borax Buffer distilling assay. The content of non-hydrolyzable nitrogen (AIN) was the soil TN minus the AHN, and the content of unidentified hydrolyzable nitrogen (AUN) was the AHN minus AN minus ASN minus AAN content [23].




2.3. Measurement of Soil NR and NiR Activities


We took 1 g of fresh soil samples into a washed and dried 100 mL centrifugal tube, added 50 mL of ultra-pure water, turbined for 15 s on the vibrator, then vibrated at 180 rpm in the shake bed for 30 min, and then removed with 50 mL of ultra-pure water, washed the centrifuge, transferred 100 mL of the suspension liquid all to the beaker, and mixed under the magnetic mixer to maintain the uniformity of the soil suspension. We added soil suspension fluid, substrate, ultra-pure water, and standard substances according to a certain volume and order. The micropores were set as follows: sample micropores (200 μL suspension + 50 μL substrates), control micropores (200 μL suspension + 50 μL ultra-pure water), negative-controlled micropores (200 μL ultra-pure water + 50 μL substrates), reference standard micropores (200 μL ultra-pure water + 50 μL standard substances), quenching standard micropores (200 μL suspension + 50 mL standard substances). After the ELISA plate was sealed at 25 °C and cultivated in a dark place for 4 h, 1 mol L−1 NaOH solution was added to terminate the reaction, the triggering light and the light wavelength of emission were set to 365 nm and 450 nm, and analysis was performed using a microplate reader (Saint Bio, Shanghai, China) [23].




2.4. Total Soil DNA Extraction and Quantitative Fluorescence PCR of nirK and nirS Gene of Denitrifying Bacteria


Soil samples were measured at 0.5 g, soil total DNA was extracted using a Fast DNA® SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA) in accordance with the instructions, the DNA concentration and purity was detected with NanoDrop® 2000 (Thermo Scientific, Wilmington, DE, USA), and samples stored at −20 °C. The primers F1aCu (5′-ATCATGGTSCTGCCGCG-3′)/R3Cu (5′-GCCTCGAGRTTGTGGTT-3′) were used to amplify the nirK gene of denitrifying bacteria and amplification of the nirS gene was carried out using the primers Cd3aF (5′-GTSAACGTSAAGGARACSGG-3′) and R3cdR (5′-GASTTCGGRTGSGRTGS GTCTTGA-3′), respectively [24,25]. The qPCR reaction was carried out using the LightCycler® 480 thermocycler (Roche Applied Science, Mannheim, Germany). The qPCR reaction system consisted of 10 μL SYBR®Premix Ex Taq (Takara, Dalian, China), 1 μL soil sample DNA, 1 μL 10 μmol/L forward primer, 1 μL 10 μmol/L reverse primer, and 7.0 μL H2O. The reaction conditions were: 95 °C initial denaturation for 2 min, then 95 °C denaturation for 5 s, 60 °C annealing for 15 s, for a total of 41 cycles, maintained at 72 °C for 20 s.




2.5. Illumina MiSeq Sequencing and Bioinformatic Analysis


Illumina MiSeq sequencing of nirK- and nirS-type genes was carried out using the primers F1aCu (5′-ATCATGGTSCTGCCGCG-3′)/R3Cu (5′-GCCTCGATCAGRTTGTGGTT-3′) and Cd3aF (5′-GTSAACGTSAAGGARACSGG-3′)/R3cdR (5′-GASTTCGGRTGSGTCTTGA-3′). The Illumina MiSeq sequencing analysis was modified by the sample-specific barcode at the 5′ end of each attraction to distinguish the source of the soil sample processing. The 25 μL PCR system contained 12.5 μL 2 × Taq Plus Master Mix, 3 μL BSA (2ng/μL) (TaKaRa, Dalian, China), 1 μL forward primer and 1 μL reverse primer, and 2 μL sample DNA for template, supplemented with sterilized ultra-pure water up to 25 μL. PCR reaction conditions: 94 °C initial denaturation for 5 min, then 94 °C denaturation for 30 s, 63 °C renaturation for 30 s, and 72 °C extension for 60 s for 35 cycles, with a 72 °C extension of 7 min. Each sample was repeated 3 times, and the PCR product was tested with a gel recovery kit (Agarose Gel DNA Purification Kit, TaKaRa, San Jose, CA, USA) and purified with a glue-purified kit (TaKaRa, Dalian, China). Sequential analysis of purified PCR products was carried out using the Illumina MiSeq platform (Beijing Aoweisen Genetics Co., Ltd., Beijing, China).



The Illumina MiSeq sequencing data were analyzed using the QIIME Pipeline Version 1.9.0 software (http://qiime.org/tutorials/tutorial.html, accessed on 12 January 2022). First, the raw sequence file of the denitrifying bacteria FASTQ would be divided and quality controlled [26]. We used the FLASH Version 1.2.11 (fast length adjustment of short reads) software to double-end the stacking of quality-controlled sequences, removing sequences with less than 200 bp and average mass scores less than 20 [27]. The high-quality sequence would be obtained by classifying operational taxonomic units (OTU) at a similarity level of 97%. The representative sequence of each OTU was translated into an amino acid sequence and then paired on FunGene (http://fungene.cme.msu.edu/, accessed on 12 January 2022). Using Mega Version 10.0 software to compare the representative sequence with the reference sequence, we constructed phylogenetic trees. The sequence of each sample was aligned to the minimum number of sequences for subsequent bioinformatical analysis. All raw sequences generated in this study have been deposited in NCBI under the accession SRP475466.




2.6. Statistical Analysis


Based on SPSS (version 23.0), one-way ANOVA used a significant differences analysis of soil physicochemical properties, enzyme activities, denitrifying bacterial abundance, and diversity of different treatments. We used the R (version 3.4.3) “vegan” package to perform the principal coordinates analysis (PCoA) and analysis of similarities (Anosim) of the Bray–Curtis distance. Canoco (version 5.0) was used to perform redundancy analysis (RDA) to analyze differences in denitrifying bacterial communities and their main drivers among different treatments. The heatmap of dominant genera and heatmap correlation analysis of denitrifying bacterial abundance, soil physicochemical properties, and enzyme activities were related to the “pheatmap” package of R software (version 3.4.3).





3. Results


3.1. Soil Physicochemical Properties and Acid Hydrolyzable Organic N Components


DI and MF significantly increased soil moisture, AHN, and NO3−-N contents compared to FP, but significantly reduced the soil NH4+-N content (p < 0.05) (Table 1). Compared with FP, soil in DI and MF Moisture increased by 0.75–2.97%, AVN increased by 10.84–19.75 g/kg, and NO3−-N increased by 2.43–2.51 mg/kg, respectively (Table 1). An analysis of the acid hydrolyzable organic N components found that compared to FP, MF treatment significantly increased the AIN and ASN contents by 95 mg/kg and 25.39 mg/kg, respectively, while significantly reducing AN content (p < 0.05) (Table 2). Compared to DI, MF treatment significantly reduced the content of AN (p < 0.05). Analysis of the proportion of acid hydrolyzable organic N composition showed that the AIN (38.78–49.59%) had the highest proportion of TN in the three irrigation systems, AN, AUN, and AAN, followed by ASN, which had the lowest proportion of TN in FP, DI, and MF. This was followed by AN, AUN, and ASN, while AAN had the lowest proportion of TN (Table 3). Compared with FP and DI, MF significantly decreased the proportion of AAN and ASN in TN. Compared with FP, MF significantly increased the proportion of AUN and AIN in TN. There was no significant difference in the proportion of AN and ACHN in TN among the three irrigation systems.




3.2. Soil NR and NiR Activities


DI and MF significantly increased NR and NiR activities, which were 1.78 and 2.56 times and 1.12 and 1.19 times higher than FP, respectively, and NR activity in MF was significantly higher than DI (p < 0.05) (Figure 1). NR showed a significant positive correlation with moisture (p < 0.001), AIN (p < 0.05), and ASN (p < 0.05) (Figure S1), and NiR showed significant negative correlations with moisture (p < 0.05), AIN (p < 0.05), and with NH4+ -N (p < 0.01) and AAN (p < 0.01). The results of the RDA analysis showed that moisture (contribution = 82.8%, p = 0.008) was the main driver of the variations of the NR activity (Table S1), while NH4+-N (contribution = 73.8%, p = 0.022) was the primary driver for the variations of the NR activity (Table S2).




3.3. The Abundance of nirK and nirS Genes


The abundances of nirK and nirS genes ranged from 1.69 × 105 to 8.36 × 105 g−1 soil and 1.76 × 104 to 2.43 × 104 g−1 soil in three irrigation systems, respectively (Figure 2A,B). In the three irrigation systems, the abundance of the nirK gene was significantly higher than the nirS gene abundance. Compared to FP and DI, MF significantly increased the abundance of the soil nirK gene (p < 0.05), which was 4.49 times and 2.77 times higher than FP and DI, respectively (Figure 2A). Compared to FP, DI and MF significantly increased the abundance of soil nirS gene by 1.15 times and 1.38 times (p < 0.05), respectively (Figure 2B). Compared with DI, MF significantly increased the abundance of soil nirS genes by 1.2 times (p < 0.05). The abundance ratio for the nirS/nirK gene ranged from 0.03 to 0.10, and DI and MF significantly increased the abundance ratios compared to FP (p < 0.05) (Figure 2C). The abundance of the nirK gene was significantly positively correlated with moisture (p < 0.001), NR (p < 0.01) and NiR (p < 0.05) (Figure S1), with significantly negative correlations with ACHN (p < 0.01), AAN (p < 0.05), and AN (p < 0.05). The abundance of the nirS gene was significantly positively correlated with moisture (p < 0.01), AIN (p < 0.05), NR (p < 0.001), and NiR (p < 0.05) (Figure S1).




3.4. The Community Composition of nirK- and nirS-Type Denitrifying Bacteria


In total, 509,246 quality sequences were obtained from all samples of the nirK gene, with 45,973 to 76,194 quality sequences for each sample (Table S1), and 4,611,786 quality sequences of the nirS gene, with 41,353 to 58,553 for each sample (Table S2). Proteobacteria was the predominant bacterial phylum of the nirK- (85.96–91.01%) and the nirS-type (34.74–37.28%) denitrifying bacteria. Alphaproteobacteria was the clearly dominant class in the nirK-type denitrifying bacteria, accounting for 83.58–89.99% of all bacteria (Figure 3A). Unidentified (61.63–63.28%), Betaproteobacteria (12.42–18.65%), Alphaproteopacteria (6.15–13.09%), and Gammaproteopacteria (8.24–12.61%) represented the main classes of nirS-type denitrifying bacteria, accounting for 98.6–99.3% of all soil samples (Figure 3B). Rhodopseudomonas, Bradyrhizobium, and Mesorhisobium were the predominant bacterial genera in the three irrigation systems of nirK-type denitrifying bacteria (Figure 4A). In comparison with FP, MF significantly improved the relative abundance of Bosea, Pseudomona, and Aminobacter. Azospirillum, Rhodanobacter, and Hydrogenophaga were the predominant genera in the FP for nirS-type denitrifying bacteria. Rhodium, Rubrivivax, and Hydrogenofaga were dominant genera in the DI and Azospiri, Rodium, and Rubrivivax were predominant genera in MF (Figure 4B). Compared to FP, MF significantly increased the relative abundance of Azospirillum, Pulveribacter, Magnetospirillium, Herbaspirillum, and Sulfuritalea, while significantly reducing the relative abundance of Cupriavidus, Hydrogenophaga, Ideonella, Bradyrhizobium, and Azospira.




3.5. The Diversity of nirK- and nirS-Type Denitrifying Bacteria


Compared to FP, MF significantly increased the Shannon index of the nirK-type denitrifying bacteria, while significantly reducing the Chao1 index (p < 0.05) (Figure 5A). Compared to FP, DI and MF significantly increased the Shannon index of nirS-type denitrifying bacteria, while significantly reducing the Chao1 index (p < 0.05) (Figure 5B). For nirK-type denitrifying bacteria, PCoA analysis based on Bray–Curtis distances showed (Figure 5) that PC1 and PC2 explained 50.06% and 13.08% of community structural variations, respectively (Figure 6A). The PC1 and PC2 accounted for 41.5% and 14.33% of the community structural changes in nirS-type denitrifying bacteria (Figure 6C). According to Anosim analysis, there were significant differences in the nirK- and nirS-type denitrifying bacterial communities of FP, DI, and MF (Anosim test, p = 0.004, p = 0.008) (Figure 6B,D).




3.6. The Driving Factors Affecting the Denitrifying Bacterial Community Structure


The results of the RDA analysis showed that moisture (contribution = 46.2%, p = 0.022) and SOM (contribution = 15.7%, p = 0.05) were the main drivers of the variations of the nirK-type denitrifying bacteria community (Figure 7A), while NO3−-N (contribution = 28.2%, p = 0.004) and ACHN (contribution = 26.6%, p = 0.01) were the primary drivers for the distinction of the nirS-type denitrifying bacteria community (Figure 7B).





4. Discussion


4.1. Impact of Irrigation Systems on the Soil Physicochemical Properties and Acid Hydrolyzable Organic N Components


We have found that DI and MF treatment significantly increased soil moisture compared to FP. This might be due to the slow and uniform infiltration of soil water into the soil during drip irrigation, which kept the soil water holding capacity relatively appropriate and stable without destroying the soil structure and reducing the volatilization of soil water [28]. The film mulching to a certain extent relieved the impact of the air co-flow, which had the effect of warming, preserving, and thereby suppressing the ineffective evaporation of surface moisture, better improving soil water heat conditions, while promoting the development of crop pre-fertility, saving water fertilizer, and increasing the water use efficiency [29]. Compared to FP, DI and MF significantly increased the soil ACHN content, which might be due to variations in the content of ACHN in soil that was unstable and susceptible to soil water heat and biological activity. The film increased soil temperature, increased microbial activities, promoted nutrient release, and increased the content of ACHN [30,31]. We have shown that DI and MF significantly lowered the content of NH4+-N compared to FP, whereas they significantly increased soil NO3−-N content. Zheng et al. [32] and Li et al. [33] also showed the same results, which might be due to the rapid evaporation of soil moisture after drip irrigation; better soil aeration, resulting in an increase in NO3−-N content; increased bacterial nitration activity in the soil due to soil ventilation and soil temperature; and intensified nitritation reaction, leading to changes in the N forms in soils and decreased NH4+-N content. N accumulated on the surface of the soil under film treatment, and the film slowed down the rate of NO3−-N migration, thereby increasing the content of NO3−-N in the film treatment [34,35]. The same results showed that soil moisture was the most important factor affecting the changes to soil nutrients, and drip irrigation could alleviate the adverse effects of drought stress on crops and promote the absorption and utilization of NO3−-N by roots [36]. Overall, increased soil moisture content promoted the process of microbial denitrifying bacteria and increased the risk of NO3−-N migration and discharge while reducing soil NH4+-N content, increasing the risk of NH4+-N leaching.



We found that MF treatment significantly increased the content of AIN and ASN compared to FP, while significantly reducing AN compared with DI. The different contents of organic N components in soil are due to different effects of mineralization and degradation, and acid hydrolyzable organic N was a key driving indicator for mineralizable N, especially the AAN and AN content in acid hydrolyzable organic N. Yang et al. [37] have shown that different irrigation systems significantly affect soil N fertilizer distribution and crop N utilization efficiency. Wang et al. [38] indicated that drip irrigation improved the uniformity of irrigations, thereby reducing the absorption of nitrates during the growing season. After plastic film mulching, the change in the ecological environment is beneficial to the transformation and consumption of acid-hydrolyzed organic N. The main reasons are as follows: the improvement of the ecological environment, such as raising soil temperature, promoting the degradation of soil surface organic matter, thus inhibiting soil microbial reproduction and abundance increase, and reducing soil microbial acidolysis N content.




4.2. Effects of Irrigation Systems on Enzyme Activities and the Abundance of nirK- and nirS-type Denitrifying Bacteria


The results demonstrated that DI and MF significantly increased NR and NiR activities and were significantly positively associated with moisture. Tao et al. [39] also revealed that drip irrigation increased soil NR and NiR activities. Ma et al. [40] illustrated that soil NR activity was positively correlated with soil moisture, and the higher the soil moisture, the lower the oxygen content, and the more conducive it was to the improvement of NR activity.



The abundance of the nirK gene was higher than that of the nirS gene. Similar results had been observed in maize-wheat upland crop systems [15,41]. However, this was inconsistent with the results of the rice field [42,43]. This might be due to a tendency to have higher denitrifying bacteria activity in nirK-type denitrifying bacteria compared to nirS-type denitrifying bacteria observed under micro-aerobic conditions [18]. Compared to FP, MF increased the abundance of soil nirK- and nirS-type denitrifying bacteria, thus promoting soil N2O to N2 conversion. However, under the conditions of FP and DI, the denitrification was inhibited and soil nitrate conversion to nitrate, NO, and N2O was reduced. In the hydrothermal environment of MF, soil microorganisms accelerated the degradation of SOM, especially its unstable parts, to meet the demand for organic carbon. This process consumed a large amount of oxygen, resulting in an oxygenic environment, thereby increasing the denitrifying bacteria potential [44]. At the same time, inorganic substances in the applied N fertilizer as an essential nutrient for microbes increased the abundance of nirK- and nirS-type denitrifying bacteria. The abundance of nirS and nirK denitrifying bacteria was significantly correlated with NiR activity, which was consistent with the results of previous studies [45]. Compared to nirK, nirS-type denitrifying bacteria tend to have a complete denitrification pathway [46], and the nirS/nirK ratio has recently been proposed as an important indicator of the N2O aggregation capacity of soils in denitrification, with N2O emissions decreasing with the rise of the nires/nirK ratio [47]. Changes in soil factors can therefore affect the relative microbial proportion and diversity as well as the potential to reduce N2O to N2, since the abundance ratio of nirS/nirK-type denitrifying bacteria factors is the primary driver of soil N2O storage capacity, as previously observed for the nirS and nirK-type denitrifying bacterial communities. In our study, the nirS/nirK abundance ratio in DI and MF was higher than in FP, suggesting that drip irrigation may lead to lower N2O emission potential in maize fields.




4.3. Impact of Irrigation Systems on the nirK- and nirS-type Denitrifying Bacterial Community Structure


In this study, Illumina MiSeq sequencing of the nirS-type denitrifying bacteria found that a large number of unclassified bacteria and environmental samples were present in nirS-type denitrifying bacterial communities, similar to the results of Zhou et al. [48] in Northern China’s reservoir sediment. Proteobacteria was the dominant denitrifying bacterial phylum in upland crop soils in Northeastern China, which was consistent with the results of most studies [17,48]. There were also significant differences in the main denitrifying bacterial classes in different habitats (including industrial wastewater, soil systems, and reservoir sediments) [48,49,50], and similar results were found in this study, with an absolute advantage in the relative abundance of Alphaproteobacteria in the nirK-type denitrifying bacteria, with a low relative abundance in Gammaproteobacteria and Betaproteobacteria compared to the relative abundance of Betaproteobacteria, which was the most abundant in the nirS-type denitrifying bacteria.



In all soil samples, the diversity and richness of nirS-type denitrifying bacteria was higher than that of nirK-type denitrifying bacteria, indicating that nirS-type denitrifying bacteria was more susceptible to changes in the agricultural environment than nirK-type denitrifying bacteria. Similarly, the results of Chen et al. [16] also showed that the diversity and abundance of nirS-type denitrifying bacteria was higher than that of nirK-type denitrifying bacteria. In this study, NO3−-N and ACHN were the main drivers in the differentiation of the nirS-type denitrifying bacterial community, which was consistent with previous findings that the NO3−-N content had a significant impact on the nirS-type denitrifying bacterial community [51,52]. NO3− as was the substrate of denitrification, which had a strong influence on the community structure of denitrifying bacteria [38,52]. Oxygen content is the main limiting factor of denitrification in aerobic conditions, but in anaerobic conditions, the NO3−-N content is a denitrifying bacteria factor, and soil NO3−-N increase provides a substrate for denitrification, which could promote denitrification. Drip irrigation significantly increased soil NO3−-N content and then increased the abundance of nirS genes, which further promoted denitrification. Castro-Gonz et al. [53] also found that NO3−-N content was an important environmental factor in changing the denitrifying bacterial community in the South Pacific under low oxygen conditions, suggesting that denitrifying bacteria in different habitats may be significantly affected by NO3−-N content. The RDA indicated that moisture was the most important driving factor in the variation of the nirK-type denitrifying bacterial community. A study declared that moisture significantly affected the nirK-type denitrifying bacterial community [18], with lower soil moisture content not being conducive to the growth of anaerobic denitrifying microorganisms, whereas the NiR coded by the nirK gene is the rate-limiting enzyme of denitrification, and thus drip irrigation can significantly improve the abundance of nirK gene. The water-saving irrigation system regulates the soil denitrification process by influencing denitrifying bacteria.





5. Conclusions


In conclusion, MF significantly increased the contents of moisture, AHN, NO3−-N, AIN, and ASN, but significantly decreased the contents of NH4+-N and AN compared to FP. Irrigation systems altered the relative abundance of the dominant genera of denitrifying bacteria. DI and MF significantly increased NR and NiR activities in the meantime, and MF significantly increased denitrifying bacteria diversity but significantly decreased richness. The community structures of soil denitrifying bacteria were significantly different among the three irrigation systems, and NO3−-N and moisture were the main driving factors affecting the community structures of nirS- and nirK-type denitrifying bacteria, respectively. DI and MF significantly increased the abundance of denitrifying microorganisms, but drip irrigation may result in a lower N2O emission potential in maize fields. The abundance of denitrifying genes only represented the potential physiological functions of denitrifying microorganisms, while the diversity characteristics and community composition of denitrifying bacteria may be the determinants of the occurrence of soil denitrification.
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Figure 1. Soil NR (A) and NiR (B) activities under three irrigation systems. Bars indicate SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). NR, nitrate reductase; NiR, nitrite reductase; FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 2. The abundance of nirK- (A) and nirS-type (B) denitrifying bacteria, the abundance ratio of nirS/nirK genes (C) under three irrigation systems. Bars indicate SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 3. The community composition of nirK- (A) and nirS-type (B) denitrifying bacteria at class level under three irrigation systems. FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 4. The relative abundance of nirK- (A) and nirS-type (B) denitrifying bacteria at dominant genera (the relative abundance > 1.0%) under three irrigation systems. FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 5. The Shannon index and Chao1 index of nirK- (A,B) and nirS-type (C,D) denitrifying bacteria under three irrigation systems. Bars indicate SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 6. Principal coordinates analysis (PCoA) and analysis of similarities (ANOSIM) of nirK- (A,B) and nirS-type (C,D) denitrifying bacteria based on OTU under three irrigation systems. FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Figure 7. Redundancy analysis (RDA) between soil physicochemical properties, N components, and nirK- (A) and nirS-type (B) denitrifying bacterial communities under three irrigation systems. SOM, soil organic matter; NH4+-N, ammonium nitrogen; AN, ammonia nitrogen; ACHN, acid hydrolyzable organic nitrogen; TN, total nitrogen; NO3−-N, nitrate nitrogen; FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch. 
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Table 1. Physicochemical properties of soil under three irrigation systems.
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Treatment

	
Moisture

	
pH

	
SOM

	
TN

	
AVN

	
NO3−-N

	
NH4+-N




	
(%)

	
(g kg−1)

	
(g kg−1)

	
(g kg−1)

	
(mg kg−1)

	
(mg kg−1)






	
FP

	
10.84 ± 0.11 c

	
6.75 ± 0.11 a

	
17.06 ± 0.06 ab

	
1.05 ± 0.02 a

	
95.54 ± 0.51 b

	
7.93 ± 1.42 b

	
0.66 ± 0.03 a




	
DI

	
11.59 ± 0.45 b

	
6.71 ± 0.35 a

	
19.54 ± 0.71 a

	
1.08 ± 0.02 a

	
115.29 ± 1.63 a

	
10.36 ± 1.11 a

	
0.52 ± 0.07 b




	
MF

	
13.81 ± 0.22 a

	
7.04 ± 0.08 a

	
17.81 ± 1.59 b

	
1.04 ± 0.03 a

	
106.38 ± 8.06 a

	
10.44 ± 1.03 a

	
0.54 ± 0.01 b








Values are means ± SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). SOM, soil organic matter; TN, total nitrogen; AVN, available nitrogen; NO3−-N, nitrate nitrogen; NH4+-N, ammonium nitrogen; FP, farmers’ practices system; DI, drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch.













 





Table 2. Soil acidolysis organic N components under three irrigation systems (mg kg−1).
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	Treatment
	ACHN
	AAN
	AN
	ASN
	AUN
	AIN





	FP
	507.12 ± 25.75 a
	68.32 ± 15.68 a
	280.75 ± 34.29 a
	48.16 ± 16.15 b
	109.90 ± 26.39 a
	507.97 ± 39.19 b



	DI
	537.88 ± 65.26 a
	54.13 ± 20.33 a
	309.87 ± 64.82 a
	68.32 ± 9.76 ab
	105.56 ± 26.25 a
	580.10 ± 37.12 ab



	MF
	403.14 ± 17.16 b
	40.69 ± 18.24 a
	195.63 ± 3.42 b
	73.55 ± 4.66 a
	93.27 ± 14.26 a
	602.97 ± 36.36 a







Values are means ± SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). ACHN, acid hydrolyzable organic nitrogen; AAN, amino acid nitrogen; AN, ammonia nitrogen; ASN, amino sugar nitrogen; AUN, unidentified hydrolyzable nitrogen; AIN, non-hydrolyzable nitrogen; FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plastic mulch; MF, mulched fertigation system, drip irrigation under plastic mulch.













 





Table 3. Proportion of acid-hydrolyzable organic N in soil to total N under three irrigation systems (%).
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	Treatment
	AAN
	AN
	ASN
	AUN
	ACHN
	AIN





	FP
	6.52 ± 1.63 a
	26.78 ± 3.82 a
	4.59 ± 1.45 a
	10.48 ± 2.31 b
	48.37 ± 2.93 a
	48.45 ± 3.26 b



	DI
	4.99 ± 1.79 a
	28.57 ± 5.46 a
	6.30 ± 0.82 a
	9.73 ± 2.65 ab
	49.59 ± 5.08 a
	53.48 ± 3.90 ab



	MF
	3.91 ± 1.84 b
	18.82 ± 0.32 a
	7.08 ± 0.33 b
	8.97 ± 1.08 a
	38.78 ± 1.39 a
	58.01 ± 5.21 a







Values are means ± SD, different letters indicate significant differences among samples (p < 0.05, ANOVA). ACHN, acid hydrolyzable organic nitrogen; AAN, amino acid nitrogen; AN, ammonia nitrogen; ASN, amino sugar nitrogen; AUN, unidentified hydrolyzable nitrogen; AIN, non-hydrolyzable nitrogen; FP, flooding irrigation system; DI, shallow buried drip irrigation system, drip irrigation without plast