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The influence of water and nitrogen (N) management on wheat have been investigated, but studies on the impact of long-term interactive water and N management on microbial structure and function are limited. Soil chemical properties and plants determine the soil microbial communities whose functions involved in nutrient cycling may affect plant productivity. There is an urgent need to elucidate the underlying mechanisms to optimize these microbial communities for agricultural sustainability in the winter wheat production area of the North China Plain. We performed high-throughput sequencing and quantitative PCR of the 16S rRNA gene on soil from a 7-year-old stationary field experiment to investigate the response of bacterial communities and function to water and N management. It was observed that water and N management significantly influenced wheat growth, soil properties and bacterial diversity. N application caused a significant decrease in the number of operational taxonomic units (OTUs), and both Richness and Shannon diversity indices, in the absence of irrigation. Irrigation led to an increase in the relative abundance of Planctomycetes, Latescibacteria, Anaerolineae, and Chloroflexia. In addition, most bacterial taxa were correlated with soil and plant properties. Some functions related to carbohydrate transport, transcription, inorganic ion transport and lipid transport were enriched in irrigation treatment, while N enriched predicted functions related to amino acid transport and metabolism, signal transduction, and cell wall/membrane/envelope biogenesis. Understanding the impact of N application and irrigation on the structure and function of soil bacteria is important for developing strategies for sustainable wheat production. Therefore, concurrent irrigation and N application may improve wheat yield and help to maintain those ecosystem functions that are driven by the soil microbial community.
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INTRODUCTION

Water and nitrogen (N) are the two main factors limiting crop productivity worldwide (Sinclair and Rufty, 2012). However, extensive use of chemical fertilizers has resulted in the degradation of soil physiochemical properties. The North China Plain is one of the most important wheat production areas in China (National Bureau of Statistics [NBS], 2013), and irrigation and N application are commonly used for winter wheat production in this area (Zhang et al., 2013; Wang C. et al., 2014). Most previous studies have focused on the influence of this pair of factors on ecosystem functions and higher level organisms (Qi et al., 2010; Lenka et al., 2013; Liu et al., 2018). However, these studies explored in-season effects of optimal water and N fertilizer management on crops, but not the sustainability of soil production capacity. Soil microbial biomass are the most abundant and ecologically important groups of organisms, and impact crop yield, soil productivity, and key ecosystem processes (Fierer et al., 2009; Marinari et al., 2010; Zhou et al., 2012; Agegnehu et al., 2016). However, their response to water and N, particularly in wheat field experiments, has not been examined.

Bacteria are the most abundant and diverse group of soil microorganisms, and influence soil function by driving biogeochemical processes, governing nutrient and organic matter composition as well as environmental functions (Jackson et al., 2003; Balser and Firestone, 2005). Understanding shifts in soil bacterial community structures in response to implementation of different agronomic approaches is important for improving soil fertility and function via specific management practices. Both water and N have a large influence on soil microbial communities, albeit through different mechanisms (Berg and Smalla, 2009). Water may relieve limitations related to soil water, stimulate microbial growth, and promote microbe and solute movement, thereby improving competitive intensity (Zhou et al., 2002). Water may also elevate soil pH and function through other mechanisms (Li et al., 2016). A previous study showed that long-term application of chemical N increased fungal abundance, while decreasing bacterial abundance in northeast China (Wang et al., 2019). N application increases inorganic labile soil N (NH4+-N and NO3–-N) content, which is advantageous for some soil microbes. However, N application may be unfavorable to soil microorganisms because it can decrease soil pH, and this is the most important ecological factor driving bacterial community structure (Fierer and Jackson, 2006; Rousk et al., 2010). Kavamura et al. (2018) observed that inorganic N affected the bacterial predicted function in wheat soil. Thus, understanding the effects of irrigation and N application on soil microbial communities is a priority, as is elucidating the underlying mechanisms driving winter wheat productivity in the North China Plain.

Although the influence on soil microbial community structure of agricultural management practices has received some attention over the past several decades, most studies have been conducted over a relatively short time, and the responses of the entire soil microbial community are poorly described (Edenborn and Sexstone, 2007; Martiny et al., 2011; Zhao S. et al., 2014). There appear to be few reports characterizing soil bacterial diversity, composition, and potential function through high-throughput sequencing following long-term irrigation and N application, understanding the relationships between bacteria and plants is an important step toward developing strategies for production of crops in a sustainable way.

We performed a stationary water and fertilization field experiment in 2010 using winter wheat, in which bacterial communities were analyzed by 16S rRNA marker sequencing (Hamady et al., 2008). The objective of the present study was to evaluate the effects of irrigation and N application on (1) wheat growth and soil chemical properties, (2) changes in the composition, abundance, and richness of soil bacterial communities, and (3) the potential function of soil bacteria. Finally, we aimed to determine the mechanisms by which irrigation and N application alter soil microbial communities.



MATERIALS AND METHODS


Site Description and Experiment Design

The study was performed at an experimental field located in Wenxian (34°92′ N, 112°99′E), which is located in the Henan Province of northern China. The experimental site was in a semi-arid area of the Huang-Huai region where crops were grouped in a wheat-summer maize rotation. The annual average temperature in this area is 13.0°C and the annual precipitation is 650 mm; 60–70% of this precipitation occurs in the summer (July–September). Supplementary Figure S1 shows that the precipitation distribution and mean temperature were similar to historical values during the wheat growing seasons in experimental years. The soil is loam (sand 14.1%, silt 47.5%, and clay 38.4%) and the mean soil bulk density is 1.33 g/cm3.

In October 2010, treatments were initiated to investigate the effects of irrigation and N application. Yumai 49–198, a high-yield wheat cultivar widely planted in the Huanghuai wheat production area, was used in this experiment. The study design comprised a factorial combination of two irrigation regimes, namely no irrigation (W0) and irrigation at the jointing and booting stages (water sensitive phase of wheat) with 75 mm each time (W2), and two N rates (0 and 240 kg ha–1, designated N0 and N2, respectively). Plots were arranged in a split-plot design with four replicates, with main plots assigned to irrigation regimes, and subplots assigned to N rates. Each plot was 2.5 m wide and 6.1 m long. Phosphorus (P) was applied in the form of calcium superphosphate (15%) at a rate of 150 (P2O5) kg ha–1, and potassium (K) was applied using potassium chloride (60%) at 120 (K2O) kg ha–1 in all treatments. Half of the N (urea, 46% N) and all P and K was spread by hand before ploughing during sowing, while the other half of the N was applied at the jointing stage. A movable sprinkling system was employed watering irrigated plots, and a water meter was used to measure water use.



Sampling and Analysis

The wheat yield has been recorded each year (2011–2017) of the study. Soil and root samples (plough layer, 0–0.2 m) were analyzed following harvest on June 1 in 2017. Five bulk soil samples were collected by using a soil sampler from each plot and thoroughly mixed to homogeneity as a single sample. Soil samples were obtained four replicates each treatment. Samples were divided into two parts, one of which was air-dried for chemical analysis, and the other was screened through a 2 mm mesh sieve and immediately stored at −80°C for microbial analysis. The soil pH in a saturation extract (1:5 w/v) was measured using a pH meter. Organic matter and total N were measured using the dichromate oxidation method. Available N was determined by the alkaline hydrolysis diffusion procedure, available P was extracted with 0.5M NaHCO3 and measured using molybdenum blue spectrophotometry, and available K was determined by displacement with 1 M ammonium acetate followed by flame photometry. The water content of soil samples was determined by oven-drying to a constant weight at 105°C. The content of soil NH4+ and NO3– extracted with 2 M KCl was determined using a continuous flow approach (Santt System, Skalar, Holland). Soil blocks were dug out to obtain root samples. Each sampling area was 0.4 m long (perpendicular to rows, providing access to plants in two rows) and 0.4 m wide (parallel to rows). All samples were placed in a 100-mesh nylon bag, washed with tap water, and clean roots were imaged by gray-scale scanning with an Epson perfection V700 photo instrument. Files were analyzed using WinRHIZO 2008 to determine root length, roots were then dried at 80°C to determine dry weight, and root length density (RLD; m m–3) and root weight density (RWD; g m–3) were determined from the following formulae:
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where L is the total root length (m), V is the soil sample volume (m3), and M is root dry weight (g).



Soil DNA Extraction, PCR Amplification, and Sequencing

Microbial DNA was extracted from 0.5 g soil samples (fresh weight) using an E.Z.N.A. soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s protocols. The final DNA concentration was determined by a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, United States), and DNA quality was confirmed by 1% agarose gel electrophoresis. The V3 − V4 hypervariable regions of the bacterial 16S rRNA gene were amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGT WTCTAAT-3′) on a thermocycler PCR system (GeneAmp 9700, ABI, United States) (Mori et al., 2013; Xu et al., 2016). Amplification involved denaturation at 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 45 s, a final extension at 72°C for 10 min, and completed reactions were held at 10°C. All reactions were performed in triplicate in 20 μL volumes containing 4 μL of 5× FastPfu Buffer, 0.8 μL of forward primer (5 μM), 2 μL of 2.5 mM dNTPs, and 10 ng of template DNA, and 0.4 μL of FastPfu Polymerase. PCR products were separated on and extracted from a 2% agarose gel, further purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and quantified using QuantiFluor-ST (Promega, United States) according to the manufacturer’s instructions. Purified amplicons were pooled in equimolar concentrations and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, United States), yielding 2 × 300 paired-end reads according to standard protocols (sequencing was performed by MajorBio Bio-Pharm Technology Co. Ltd., Shanghai, China). All raw reads have been deposited in the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP217377).



Quantitative Realtime PCR (q-PCR)

Bacterial abundance was determined by qPCR using primers as described above (Jiang et al., 2019). Ten-fold serial dilutions of plasmid containing the target fragment of the 16S rRNA gene were used to generate a qPCR standard curve, and a Light Cycler 480 instrument (Roche Applied Science, Basel, Switzerland) was used for qPCR with 20 μL reactions containing 10 μL of SYBR Premix Ex Taq, 1.0 μL of 10 μmol L–1 forward and reverse primers (each), 7.0 μL of sterilized MiliQ water, and 1 μL of extracted soil DNA. Amplification involved an initial denaturation at 95°C for 30 s (ramp rate = f 4.4°C s–1), followed by 30 cycles of denaturation at 95°C for 5 s, annealing and elongation at 60°C for 30 s, and a final cooling cycle at 50°C for 30 s. The bacterial 16S rRNA gene copy number was calculated from the cycle threshold (Ct) value using a standard curve.



Processing of Sequencing Data

Illumina MiSeq sequences were processed using QIIME (version 1.70) (Campbell et al., 2010). Raw fastq files were demultiplexed, filtered in terms of quality by Trimmomatic, and merged by FLASH with the following criteria: (i) reads were truncated at all sites with an average quality score <20 over a 50 bp sliding window, (ii) reads containing ambiguous bases were removed and primers were matched exactly allowing two nucleotide mismatches, and (iii) sequences overlapping by more than 10 bp were merged based on overlapping sequence.

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1)1, and chimeric sequences were identified and removed using UCHIME (Edgar, 2010). Randomly selected sequences from different samples were normalized to the same number of sequences (25,859) among all treatments. The RDP Classifier algorithm2 and the Silva (SSU128) 16S rRNA database were employed for assessing the taxonomy of each 16S rRNA gene sequence using a 70% confidence threshold (Pruesse et al., 2007). The most abundant sequence from each OTU was considered representative and taxonomically classified by BLAST searching against GenBank. Bacterial richness and diversity were estimated using OTU richness and Shannon indices, respectively (Chao and Bunge, 2002).



Statistical Analysis

Data were transformed based on presumed normality and homogeneity of variance where appropriate. Differences between treatments were determined using analysis of variance (ANOVA) followed by least significant difference (LSD) tests. The compositional variations between bacterial communities were visualized using non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis distance in the Vegan package. Statistical testing among variation in microbial community composition was carried out using the analysis of similarity (ANOSIM). The ANOSIM was conducted using 999 permutations. In addition to community structure analysis, functional content was inferred by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) based on high-throughput 16S rRNA sequencing data, and further analyzed using the Cluster of Orthologous Groups (COG) database (Langille et al., 2013). ANOVA and Spearman’s rank correlation coefficient were used to assess statistical associations among bacterial community, bacterial function, and soil parameters, both within SPSS version 17.0 software.




RESULTS


Wheat Yield and Root Growth

The W0N2, W2N0 and W2N2 treatments increased yields by 78.7, 53.1, and 194.6%, respectively, compared with the W0N0 treatment; the N content increased by 47.4, 25.0, and 105.3%, respectively (Table 1). Watering also had a significant impact on root characteristics in the 0−20 cm layer; compared with W0, W2 (average across two N treatments) increased RWD and RLD values by 38.3 and 56.5%, respectively. N application had a clear effect on RWD under the no irrigation condition (W0) and RLD with irrigation (W2). RWD in the W0N2 treatment declined by 22.3% compared with the W0N0 treatment; however, RLD in the W2N2 treatment increased by 15.9% compared with the W2N0 treatment. Significant interactions were also obtained between water and N; this indicates that both wheat yield and root growth in the 0–20 cm are influenced by water, N application, and the combination of the two treatments.


TABLE 1. Effects of irrigation and N applied on yield and root characteristics in 0–20 cm.
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Selected Soil Properties

Irrigation and N application had effects on soil chemical properties (Table 2). Irrigation increased soil moisture and pH by 9.46 and 2.10% at maturity, respectively (averaged across the N0 and N2 treatments). N application significantly decreased pH under the W0 condition (P< 0.05), indicating that soil acidification occurred with W0N2 treatment. N application significantly increased NO3–N and available N concentrations, but decreased available P concentration. Organic matter and available K concentrations significantly decreased under the W2 conditions.


TABLE 2. Properties of soil samples under different fertilizer and water treatments.
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Bacterial Abundance and Diversity

The water and N fertilization regimes influenced the size of the soil bacterial community, based on qPCR analysis of 16S rRNA genes (Figure 1A), and the effect on gene copy number was significant. The number of bacterial 16S rRNA genes in 1 g of soil ranged from 6.8 × 108 to 1.4 × 109, and there was a significant decrease (ANOVA, p< 0.05) for N fertilizer treatments. There were 2,461, 2,314, 2,482, and 2,522 OTUs in W0N0, W0N2, W2N0, and W2N2 soils, respectively (Figure 1B). N application decreased richness indices for un-irrigated soils (W0) (p < 0.05), but increased these indices for irrigated soils (W2). Compared with the W0 treatment group, the Shannon index in W2 treatment was increased by 1.7% (Figure 1C). Beta-diversity of bacterial communities revealed a significant contribution from irrigation and N application to bacterial community structure variation. Similarity in bacterial communities between samples was compared by Anosim and NMDS based on Bray-Curtis distance (Singh et al., 2015), and the community structure of soil bacteria shifted significantly following water and N addition, with clear distinctions between different treatments (Figure 2; Anosim, r = 0.64, p = 0.001).
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FIGURE 1. Effects of experimental treatments on bacterial abundance (A), richness (B), and Shannon diversity index (C). Bars with different letters are significantly different (p < 0.05).
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FIGURE 2. Non-metric multi-dimensional scaling (NMDS) plots of bacterial communities based on Bray-Curtis dissimilarities.




Responses of Dominant Bacterial Taxa

The most abundant phyla across all treatments were Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria. There were lower levels of Nitrospirae, Planctomycetes, Verrucomicrobia, and Latescibacteria (Supplementary Figure S2). The four dominant phyla accounted for 11.09−27.08% of bacterial abundance across all samples. These phyla had different responses to irrigation and N application (Figure 3). Irrigation significantly decreased the relative abundance of Actinobacteria (p < 0.05), increased the relative abundance of Planctomycetes and Latescibacteria, and did not significantly alter the relative abundance of Proteobacteria. The relative abundance of Acidobacteria, Nitrospirae, Planctomycetes, and Verrucomicrobia was significantly lower in the W0N2 treatment compared with the other treatments (p < 0.05). Irrigation or N application increased the relative abundance of Chloroflexi; the relative abundance of this phyla was significantly higher in the W2N2 treatment than in the W0N0 treatment (p < 0.05). There were many alterations at the class level (Supplementary Figure S3). Notably, irrigation significantly increased the relative abundance of Anaerolineae and Chloroflexia while decreasing the relative abundance of Bacilli. Additionally, the relative abundances of Thermomicrobia in the W0N2 treatment and Cyanobacteria in the W2N0 treatment were significantly higher than in the other treatments.
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FIGURE 3. Effects of experimental treatments on the relative abundance of 14 dominant bacterial phyla (A–H) and classes (I–N). Only significant statistical results (p < 0.05) are shown in the figure for clarity. Bars indicate standard error. Bars with different letters are significantly different (p < 0.05).




Functional Prediction of Bacterial Communities

The relative abundance of functions inferred from PICRUSt analysis is illustrated in Supplementary Figure S4. Compared with taxonomic profiles, the functional profiles of all samples were much more similar to each other. Amino acid and carbohydrate metabolism, general function prediction only, energy production and conversion, and signal transduction mechanisms were the functions most abundant in all samples. Irrigation (W2) treatments had an significant increase in the abundance of carbohydrate transport and metabolism, transcription, inorganic ion transport and metabolism, and lipid transport and metabolism but a decrease in the abundance of signal transduction mechanisms, cell wall/membrane/envelope biogenesis, and replication, recombination and repair (p < 0.05). The relative abundance of amino acid transport and metabolism, signal transduction mechanisms, and cell wall/membrane/envelope biogenesis was significantly increased, but translation, ribosomal structure and biogenesis were significantly decreased in N2 treatments (p < 0.05; Figure 4).
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FIGURE 4. Effects of experimental treatments on the relative abundance of selected function category (main and significant change). (A) Amino acid transport and metabolism, (B) signal transduction mechanisms, (C) cell wall/membrane/envelope biogenesis, (D) carbohydrate transport and metabolism, (E) transcription, (F) inorganic ion transport and metabolism, (G) replication, recombination and repair, (H) translation, ribosomal structure, and biogenesis, and (I) lipid transport and metabolism. Bars with different letters are significantly different (p < 0.05).




Linking Bacteria Communities and Functions to Soil Properties, Wheat Yield, and Root Characteristics

Spearman correlation heatmap analysis was performed to evaluate relationships between environmental factors and select bacterial taxa (both soil and plant; Figure 5). Most bacteria were significantly correlated with at least one environmental factor. The Actinobacteria phylum was significant positively correlated with NH4+-N, total N, organic matter, available P, and available K, and significant negatively correlated with soil pH, available N, yield, RWD, RLD, and N content. The relative abundances of Planctomycetes and Latescibacteria were positively correlated with soil moisture, pH, RWD, and RLD, and significantly negatively correlated with NH4+-N and available K. Interestingly, NO3–-N was only significantly negatively correlated with the Cyanobacteria class. Moreover, available K, RLD, and RWD were significantly correlated with the largest number (seven) of bacterial taxa. We further examined soil and plant variables significantly correlated with the relative abundance of differentially abundant taxa (Table 3). Although the relative abundance of selected groups was significantly correlated with various soil and wheat parameters (Table 3), stepwise regression revealed variation in the relative abundance of select bacterial taxa that was primarily linked to RLD, available N, soil moisture, soil pH, yield, N content, available K, organic matter, and NH4+-N. In particular, the relative abundance of Actinobacteria was significantly negatively correlated with RLD; meanwhile, the relative abundances of Latescibacteria and Anaerolineae were significantly positively correlated with RLD. Available N was significantly positively correlated with the relative abundance of Chloroflexi but negatively correlated with the relative abundance of Sphingobacteria. Soil moisture was significantly positively correlated with the relative abundance of Chloroflexia and Cyanobacteria. Spearman correlation heatmap between bacterial function and environmental factors revealed that RWD significantly negatively correlated with replication recombination repair and coenzyme transport and metabolism, while available K had opposite effect compared to RWD. Yield and root N content significantly positively correlated with amino acid transport and metabolism. Moisture significantly increased the inorganic ion transport and metabolism but decreased the defense mechanisms (Figure 6).


TABLE 3. Variables responsible for the changes in the abundance of various bacterial groups.
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FIGURE 5. Spearman correlation heatmap between bacterial communities and soil properties and wheat characteristics. R-values are displayed in different colors, as indicated by the color code on the right of the heat map.



[image: image]

FIGURE 6. Spearman correlation heatmap between bacterial function and soil properties and wheat characteristics. R-values are displayed in different colors, as indicated by the color code on the right of the heat map.





DISCUSSION


Irrigation and N Application Influence Wheat Yield and Root Characteristics

Irrigation and N application impacts root system growth as well as wheat yield. According to Xue et al. (2003) and Zhang et al. (2004), irrigation frequency is positively correlated with RLD and RWD. We found that irrigation significantly increased both RLD and RWD (47.4% average increase). Previous studies observed that water deficit can increase the number of lateral roots at the soil surface, thereby increasing water absorption (Merrill et al., 2002). However, we showed that irrigation can facilitate root growth. Under no-irrigation conditions (W0), RLD and RWD decreased with N application, indicating that a lower soil water content combined with sufficient N depressed wheat root growth and development (Table 1). Water and N interact to confer complementary effects on root growth and wheat yield (Li et al., 2004), and Zhang et al. (2009) showed that a more developed upper root system is associated with greater shoot biomass, resulting in higher grain yield. In our study, the W2N2 treatment had the highest yield, RLD, RWD, and N content; however, the W0N0 treatment had a higher RLD and RWD than the W0N2 treatment. These results suggest that N application is unable to balance the adverse effect of water stress on the root system under drought conditions, although it does increase grain yield and N content of the root system.



Effect of Long-Term Irrigation and N Application on Soil Properties

In our study, irrigation increased soil pH from 8.25 to 8.42, which could be because higher soil moisture in the W2 group decreased soil oxygen content and promoted denitrification (Zhang et al., 2014). An intensive microbial nitrification process can lead to soil acidification when large amounts of synthetic N fertilizers are applied, as demonstrated by elevated nitrate levels in soils treated with N (Stamatiadis et al., 1999). Further, N addition can cause soil acidification through the release of free H+ by nitrification (Lv et al., 2013; Wang et al., 2016). Zhou et al. (2015) showed that soil pH changed from 6.36 (unfertilized control) to 4.64 after N fertilizer application for 34 years. In our study, there was a relatively small change in soil pH (decreased from 8.32 in the W0N0 treatment to 8.18 in the W0N2 treatment) compared with Zhou et al. (2015); this is likely due to the differences in experiment duration and soil type. Previous studies also demonstrated that long-term N fertilization can increase soil organic C and total N (Jagadamma et al., 2007; Zhao et al., 2016), but these results were different from those of the current study. There were significant differences in NO3–-N concentration between treatments but not in NH4+-N levels; these observations agree with previous work by Dong et al. (2014). Accumulation of NO3–-N in N treatment groups was likely due to the stimulation of nitrification by urea. Furthermore, NH4+-N from chemical N fertilizer is readily oxidized to NO3–N in dryland soils.



Irrigation and N Application Impact Soil Bacterial Diversity and Microbial Community Composition

N application significant decreased the bacterial richness and diversity under the no irrigation condition; however, this effect is reversed with irrigation (Figure 1). Previous studies revealed consistent effects of water and N on soil bacterial diversity (Ramirez et al., 2010; Zhang et al., 2014). Herein, we showed that N application significantly decreased the relative abundance of Verrucomicrobia, Acidobacteria, and members of the nitrifying community (i.e., Nitrospirae) under no-irrigation conditions (Figure 3), consistent with previous observations (Ramirez et al., 2010; Zhou et al., 2015). Fierer et al. (2012) considered Acidobacteria to be an oligotrophic taxon with a slower growth rate and ability to maintain metabolic activity in nutrient-poor conditions. This demonstrates that available nutrients are utilized by copiotrophic taxa and have a negative effect on oligotrophic taxa. However, Bates et al. (2011) and Zhang et al. (2014) reported that the relative abundance of Nitrospirae increased with N fertilization. Coincidentally, our results show that N application increased the relative abundance of Acidobacteria, Verrucomicrobia, and Nitrospirae under the irrigation condition (Figures 3A,D,F). The relative abundance of Chloroflexi increased under N addition conditions in the present work (Figure 3C), similar previous studies (Zeng et al., 2016; Yu et al., 2019). However, Will et al. (2010) reported that Chloroflexi was increased in nutrient poor soil layers, and a negative correlation with nitrate concentration (Fierer et al., 2012). The mechanism underpinning this reduction in abundance with increasing N fertilizer remains unclear (Wang et al., 2018). Based on these results, it is necessary to explore how N application alters the bacterial community composition. One possible explanation is through changes in soil chemical properties, such as pH and water content. Alternatively, bacteria in oligotrophic phyla may be inhibited by other bacterial groups that increase in abundance following N application through nutritional effects and/or the production of toxic products (Eo and Park, 2016). Further research is needed to determine exactly how biotic and abiotic factors influence bacterial community composition.

Moreover, changes in soil bacterial diversity may not be correlated with community function (Lupatini et al., 2013). For example, Pan et al. (2014) suggested that long-term inorganic fertilization does not affect microbial function, since functional redundancy maintains ecosystem function if bacterial composition is altered. Elucidating the functional roles of dominant bacterial groups influenced by irrigation and N application will require further work.



Irrigation and N Application Impact Soil Bacterial Functions

Our results clearly showed that N fertilizer and irrigation treatment influenced bacterial community structure. However, their effects on wheat soil bacterial community and associated 16S rRNA gene-predicted functions under field conditions remain poorly understood (Kavamura et al., 2018). In general, copiotrophs are enriched in COGs related to motility, defense mechanisms, transcription, and signal transduction. In contrast with copiotrophs, oligotrophs are enriched in COGs associated with lipid transport and metabolism, secondary metabolite biosynthesis, and transport and catabolism (Lauro et al., 2009). In our results, the N fertilizer and irrigation increased the relative abundance of signal transduction mechanisms and transcription, respectively (Figure 4). However, lipid transport and metabolism enriched in N0 treatments. It is possible that oligotrophs preferentially use lipids for carbon and energy both directly and for storage (Lauro et al., 2009). Our results are consistent with those of Fierer et al. (2012) and Kavamura et al. (2018), who showed that soil samples treated with either medium or high levels of inorganic N were associated with predicted functions related to amino acid metabolism, suggesting that wheat secretes large amounts of amino acids through roots when sufficient N is present, and amino acid metabolism is promoted in soil bacteria. However, Wang et al. (2018) reported that N0 treatment enriched the functions related to amino acid transport and metabolism. One possible reason is the difference of pH range (5.10 in Wang et al. and 8.18∼8.48 in our studies, respectively) in N treatment. Wang J. et al. (2014) stated that irrigation increased the relative abundance of carbohydrate transport and metabolism by promoting the plant growth, and this conclusion is also supported by our current results.



Mechanisms by Which N Application and Irrigation Alter Bacterial Community Structure and Function

We found that soil and wheat characteristics played important roles in driving bacterial community composition. Previous findings suggest that at the continental scale, pH is a universal predictor of bacterial composition (Lauber et al., 2009). Zhao J. et al. (2014) described that the Acidobacteria and Chloroflexi were sensitive to soil pH and Actinobacteria was poorly correlated with soil pH. Although pH was not significantly correlated with the relative abundance of Chloroflexi and Acidobacteria, it was significantly negatively correlated with Actinobacteria (Figure 5). The discrepancies with previous studies may be due to the fact that our study was conducted over a smaller pH range than previous studies, where the soil pH varied from 3 to 8. We found several soil properties that were significantly correlated with the relative abundance of bacterial taxa, including soil moisture content, available P, available N, available K, and organic matter (Table 3). Actinobacteria are copiotrophic (thrive under elevated C and N conditions and exhibit relatively rapid growth rates), can be both aerophilic or microaerophilic, and are involved in organic matter degradation in soils (Eilers et al., 2010; Zhou et al., 2015). We found that the relative abundance of Actinobacteria was positively correlated with organic matter, available P, and available K, and negatively correlated with available N (Figure 5). The relative abundance of Verrucomicrobia and Chloroflexi was negatively correlated with soil nutrients (total N, organic matter, available P, and available K) in our study; this finding agrees with those of a previous study on prairie soils (Fierer et al., 2013) because Verrucomicrobia are generally considered to be oligotrophic (Zhalnina et al., 2015). Overall, taxa abundance was influenced by physicochemical factors (Table 3). Plant factors were also correlated with bacterial abundance. There are limited data available regarding the correlations between crop yield and specific microbes (Zhou et al., 2015). Li et al. (2016) reported that plant biomass was significantly positively correlated with the relative abundance of Proteobacteria, TM7, OD1, and Gemmatimonadetes, and significantly negatively correlated with the relative abundance of Acidobacteria and Chloroflexi. Our results show that taxa abundance is closely related to wheat factors. Yield, RWD, RLD, and N content were significantly negatively correlated with the relative abundance of Actinobacteria and positively correlated with most other bacterial taxa. Using stepwise regression, we found that RLD was most significantly correlated with the relative abundance of bacterial taxa (Figure 5). This is likely due to the large amount of root residues in the soil and the increased release of root exudates, which can impact soil bacterial abundance.

In bacteria, genes encoding terpene synthases are mostly related to the production of secondary metabolites under limited N conditions (Yamada et al., 2015). In copiotrophs, the proportion of extracytoplasmic proteins (cytoplasmic membrane, periplasmic, outer membrane, and extracellular) is higher than in other organisms (Lauro et al., 2009). In the present study, we obtained similar results; a nutritious environment (higher available K, NO3–N, NH4+-N, and organic matter) suppressed secondary metabolite biosynthesis, transport and catabolism, but promoted cell wall membrane envelope biogenesis. In the present study, the relative abundance of taxa and genes was assessed based on 16S rRNA gene amplicon sequencing and PICRUSt, respectively. However, the results should be compared with metagenomics and metatranscriptiomics in future experiments because of the limitation of PICRUSt function prediction.




CONCLUSION

This study demonstrates that long-term irrigation and N application significantly influences wheat plant characteristic, soil properties, and bacterial community composition. N fertilizer led to soil acidification and decreased the abundance, richness and diversity under the no irrigation conditions. However, irrigation partly buffered the effect of N application, which suggests that concurrent irrigation and N application can improve wheat yield and maintain microbial ecosystem function. The results solidify the relationship between bacterial taxa and soil properties; we also found that some bacterial taxa were significantly correlated with plant properties, specifically root characteristics. Additionally, the treatments also changed some potential functions of bacteria by influencing the soil and plant characteristics. Overall, we provide insights into the effects of N application and water management strategies with the goal of improving agricultural practices. Future studies should focus on the influence of agricultural management practices on rhizosphere soil microbial function using metagenomics and metatranscriptomics, and their relationships with the plant.



DATA AVAILABILITY STATEMENT

The BioProject ID is PRJNA558920, accession number is SRP217377. You can find the data here: https://www.ncbi.nlm.nih.gov/sra/?term=SRP217377.



AUTHOR CONTRIBUTIONS

CW conceived the research and designed the study. GM analyzed the data and wrote the manuscript. GM, JK, JW, and YC carried out the field measurements and soil analysis. HL, LW, and YX critically reviewed the manuscript. DM and GK assisted with manuscript writing and editing. All authors approved the final version of the manuscript.



FUNDING

This work was supported by the National Key Research and Development Program of China (Grant Nos. 2017YFD0300204, 2018YFD0300707, and 2016YFD0300400) and the Modern Wheat Industrial Technology System of Henan Province (S2010-01-G07).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00506/full#supplementary-material

FIGURE S1 | Monthly precipitation and mean temperature during winter wheat growing season from 2011 to 2017 and the corresponding average from 1962 to 2010 at the experimental site.

FIGURE S2 | Mean relative abundances of dominant Phylum-level group in soils treated with Nitrogen and Water.

FIGURE S3 | Mean relative abundances of dominant Class-level group in soils treated with Nitrogen and Water.

FIGURE S4 | Mean relative abundances of function predicted in soils treated with Nitrogen and Water.


FOOTNOTES

1http://drive5.com/uparse/

2http://rdp.cme.msu.edu/


REFERENCES

Agegnehu, G., Nelson, P. N., and Bird, M. I. (2016). Crop yield, plant nutrient uptake and soil physicochemical properties under organnic soil amendments and nitrogen fertilization on nitisols. Soil Till. Res. 160, 1–13. doi: 10.1016/j.still.2016.02.003

Balser, T. C., and Firestone, M. K. (2005). Linking microbial community composition and soil processes in a California annual grassland and mixed-conifer forest. Biogeochemistry 73, 395–415. doi: 10.1007/s10533-004-0372-y

Bates, S. T., Berg-Lyons, D., Caporaso, J. G., Walters, W. A., Knight, R., and Fierer, N. (2011). Examining the global distribution of dominant archaeal populations in soil. ISME J. 5, 908–917. doi: 10.1038/ismej.2010.171

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere. FEMS Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x

Campbell, B. J., Polson, S. W., Hanson, T. E., Mack, M. C., and Schuur, E. A. G. (2010). The effect of nutrient deposition on bacterial communities in Arctic tundra soil. Environ. Microbiol. 12, 1842–1854. doi: 10.1111/j.1462-2920.2010.02189.x

Chao, A., and Bunge, J. (2002). Estimating the number of species in a stochastic abundance model. Biometrics 58, 531–539. doi: 10.1111/j.0006-341x.2002.00531.x

Dong, W., Zhang, X., Dai, X., Fu, X., Yang, F., Liu, X., et al. (2014). Changes in soil microbial community composition in response to fertilization of paddy soils in subtropical China. Appl. Soil Ecol. 84, 140–147. doi: 10.1016/j.apsoil.2014.06.007

Edenborn, S. L., and Sexstone, A. J. (2007). DGGE fingerprinting of culturable soil bacterial communities complements culture-independent analyses. Soil Biol. Biochem. 39, 1570–1579. doi: 10.1016/j.soilbio.2007.01.007

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Eilers, K. G., Lauber, C. L., Knight, R., and Fierer, N. (2010). Shifts in bacterial community structure associated with inputs of low molecular weight carbon compounds to soil. Soil Biol. Biochem. 42, 896–903. doi: 10.1016/j.soilbio.2010.02.003

Eo, J., and Park, K. C. (2016). Long-term effects of imbalanced fertilization on the composition and diversity of soil bacterial community. Agric. Ecosyst. Environ. 231, 176–182. doi: 10.1016/j.agee.2016.06.039

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A. 103, 626. doi: 10.1073/pnas.0507535103

Fierer, N., Ladau, J., Clemente, J. C., Leff, J. W., Owens, S. M., Pollard, K. S., et al. (2013). Reconstructing the microbial diversity and function of pre-agricultural tallgrass prairie soils in the United States. Science 342, 621–624. doi: 10.1126/science.1243768

Fierer, N., Lauber, C. L., Ramirez, K. S., Jesse, Z., Bradford, M. A., and Rob, K. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007–1017.

Fierer, N., Strickland, M. S., Liptzin, D., Bradford, M. A., and Cleveland, C. C. (2009). Global patterns in belowground communities. Ecol. Lett. 12, 1238–1249. doi: 10.1111/j.1461-0248.2009.01360.x

Hamady, M., Walker, J. J., Harris, J. K., Gold, N. J., and Knight, R. (2008). Error-correcting barcoded primers for pyrosequencing hundreds of samples in multiplex. Nat. Methods 5, 235–237. doi: 10.1038/nmeth.1184

Jackson, L. E., Calderon, F. J., Steenwerth, K. L., Scow, K. M., and Rolston, D. E. (2003). Responses of soil microbial processes and community structure to tillage events and implications for soil quality. Geoderma 114, 305–317. doi: 10.1016/s0016-7061(03)00046-6

Jagadamma, S., Lal, R., Hoeft, R. G., and Nafziger, E. A. (2007). Nitrogen fertilization and cropping systems effects on soil organic carbon and total nitrogen poolsunder chisel-plow tillage in Illinois. Soil Till. Res. 95, 348–356. doi: 10.1016/j.still.2007.02.006

Jiang, J. S., Wang, Y., Liu, J., Yang, X. L., Ren, Y. Q., Miao, H. H., et al. (2019). Exploring the mechanisms of organic matter degradation and methane emission during sewage sludge composting with added vesuvianite: insights into the prediction of microbial metabolic function and enzymatic activity. Bioresource Technol. 286:121397. doi: 10.1016/j.biortech.2019.121397

Kavamura, V. N., Rifat, H., Clark, I. M., Maike, R., Rodrigo, M., and Hirsch, P. R. (2018). Inorganic nitrogen application affects both taxonomical and predicted functional structure of wheat rhizosphere bacterial communities. Front. Microbiol. 9:1074. doi: 10.3389/fmicb.2018.01074

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reves, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–823. doi: 10.1038/nbt.2676

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial community structure at the continental scale. Appl. Environ. Microbiol. 75, 5111–5120. doi: 10.1128/AEM.00335-09

Lauro, F. M., Mcdougald, D., Thomas, T., Williams, T. J., Egan, S., Rice, S., et al. (2009). The genomic basis of trophic strategy in marine bacteria. Proc. Acad. Natl. Sci. U.S.A. 106, 15527–15533. doi: 10.1073/pnas.0903507106

Lenka, S., Singh, A. K., and Lenka, N. K. (2013). Soil water and nitrogen interaction effect on residual soil nitrate and crop nitrogen recovery under maize–wheat cropping system in the semi-arid region of northern India. Agric. Ecosyst. Environ. 179, 108–115. doi: 10.1016/j.agee.2013.08.001

Li, H., Xu, Z., Yang, S., Li, X., Top, E. M., Wang, R., et al. (2016). Responses of soil bacterial communities to nitrogen deposition and precipitation increment are closely linked with aboveground community variation. Microb. Ecol. 71, 974–989. doi: 10.1007/s00248-016-0730-z

Li, W., Li, W., and Li, Z. (2004). Irrigation and fertilizer effects on water use and yield of spring wheat in semi-arid regions. Agric. Water Manage. 67, 35–46. doi: 10.1016/j.agwat.2003.12.002

Liu, W., Ma, G., Wang, C., Wang, J., Lu, H., Li, S., et al. (2018). Irrigation and nitrogen regimes promote the use of soil water and nitrate nitrogen from deep soil layers by regulating root growth in wheat. Front. Plant Sci. 9:32. doi: 10.3389/fpls.2018.00032

Lupatini, M., Suleiman, A. K., Jacques, R. J., Antoniolli, Z. I., Kuramae, E. E., Fa, D. O. C., et al. (2013). Soil-borne bacterial structure and diversity does not reflect community activity in Pampa biome. PLoS One 8:e76465. doi: 10.1371/journal.pone.0076465

Lv, Y., Wang, C., Wang, F., Zhao, G., Pu, G., Ma, X., et al. (2013). Effects of nitrogen addition on litter decomposition, soil microbial biomass, and enzyme activities between leguminous and non-leguminous forests. Ecol. Res. 28, 793–800. doi: 10.1007/s11284-013-1060-y

Marinari, S., Lagomarsino, A., Moscatelli, M. C., Di Tizio, A., and Campiglia, E. (2010). Soil carbon and nitrogen mineralization kinetics in organic and conventional three year cropping systems. Soil Till. Res. 109, 161–168. doi: 10.1016/j.still.2010.06.002

Martiny, J. B., Eisen, J. A., Penn, K., Allison, S. D., and Horner-Devine, M. C. (2011). Drivers of bacterial beta-diversity depend on spatial scale. Proc. Natl. Acad. Sci. U.S.A. 108, 7850–7854. doi: 10.1073/pnas.1016308108

Merrill, S. D., Tanaka, D. L., and Hanson, J. D. (2002). Root length growth of eight crop species in Haplustoll soils. Soil Sci. Soc. Am. J. 66, 913–923. doi: 10.2136/sssaj2002.0913

Mori, H., Maruyama, F., Kato, H., Toyoda, A., Dozono, A., Ohtsubo, Y., et al. (2013). Design and experimental application of a novel non-degenerate universal primer set that amplifies prokaryotic 16S rRNA genes with a low possibility to amplify eukaryotic rRNA genes. DNA Res. 21, 217–227. doi: 10.1093/dnares/dst052

National Bureau of Statistics [NBS] (2013). National Bureau of Statistics of China) China Statistics yearbook. Available: http://www.stats.gov.cn/tjsj/ndsj/2013/indexch.htm (accessed August 23, 2014).

Pan, Y., Cassman, N., De, H. M., Mendes, L. W., Korevaar, H., Geerts, R. H., et al. (2014). Impact of long-term N, P, K, and NPK fertilization on the composition and potential functions of the bacterial community in grassland soil. FEMS Microbiol. Ecol. 90, 195–205. doi: 10.1111/1574-6941.12384

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al. (2007). SILVA: a comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35, 7188–7196. doi: 10.1093/nar/gkm864

Qi, W., Li, F., Lin, Z., Zhang, E., Shi, S., Zhao, W., et al. (2010). Effects of irrigation and nitrogen application rates on nitrate nitrogen distribution and fertilizer nitrogen loss, wheat yield and nitrogen uptake on a recently reclaimed sandy farmland. Plant Soil 337, 325–339. doi: 10.1007/s11104-010-0530-z

Ramirez, K. S., Lauber, C. L., Knight, R., Bradford, M. A., and Fierer, N. (2010). Consistent effects of nitrogen fertilization on soil bacterial communities in contrasting systems. Ecology 91, 3463–3470. doi: 10.1890/10-0426.1

Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., et al. (2010). Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58

Sinclair, T. R., and Rufty, T. W. (2012). Nitrogen and water resources commonly limit crop yield increases, not necessarily plant genetics. Glob. Food Secur. 1, 94–98. doi: 10.1016/j.gfs.2012.07.001

Singh, P., Teal, T. K., Marsh, T. L., Tiedje, J. M., Mosci, R., and Jernigan, K. (2015). Intestinal microbial communities associated with acute enteric infections and disease recovery. Microbiome 3:45. doi: 10.1186/s40168-015-0109-2

Stamatiadis, S., Werner, M., and Buchanan, M. (1999). Field assessment of soil quality as affected by compost and fertilizer application in a broccoli field (San Benito County, California). Appl. Soil Ecol. 12, 217–225. doi: 10.1016/s0929-1393(99)00013-x

Wang, C., Liu, W., Li, Q., Ma, D., Lu, H., Feng, W., et al. (2014). Effects of different irrigation and nitrogen regimes on root growth and its correlation with above-ground plant parts in high-yielding wheat under field conditions. Field Crop Res. 165, 138–149. doi: 10.1016/j.fcr.2014.04.011

Wang, C., Xiao, H., Liu, J., Zhou, J., and Du, D. (2016). Insights into the effects of simulated nitrogen deposition on leaf functional traits of Rhus Typhina. Pol. J. Environ. Stud. 25, 1279–1284. doi: 10.15244/pjoes/61788

Wang, J., Li, G., Xiu, W., Zhao, J., Wang, H., and Yang, D. (2014). Responses of soil microbial functional diversity to nitrogen and water input in teppe, inner mongolia, northern china. Acta Pratacult. Sin. 23, 343–350.

Wang, Q. F., Ma, M. C., Jiang, X., Guan, D. W., Wei, D., Zhao, B. S., et al. (2019). Impact of 36 years of nitrogen fertilization on microbial community composition and soil carbon cycling-related enzyme activities in rhizospheres and bulk soils in northeast China. Appl. Soil Ecol. 136, 148–157. doi: 10.1016/j.apsoil.2018.12.019

Wang, R., Xiao, Y., Lv, F., Hu, L., Wei, L., Yuan, Z., et al. (2018). Bacterial community structure and functional potential of rhizosphere soils as influenced by nitrogen addition and bacterial wilt disease under continuous sesame cropping. Appl. Soil Ecol. 125, 117–127. doi: 10.1016/j.apsoil.2017.12.014

Will, C., Thurmer, A., Wollherr, A., Nacke, H., Herold, N., Schrumpf, M., et al. (2010). Horizonspecific bacterial community composition of German grassland soils, as revealed by pyrosequencing-based analysis of 16S rRNA genes. Appl. Environ. Microbiol. 76, 6751–6759. doi: 10.1128/AEM.01063-10

Xu, N., Tan, G., Wang, H., and Gai, X. (2016). Effect of biochar additions to soil on nitrogen leaching, microbial biomass and bacterial community structure. Eur. J. Soil Biol. 74, 1–8. doi: 10.1016/j.ejsobi.2016.02.004

Xue, Q., Zhu, Z., Musick, J. T., Stewart, B. A., and Dusek, D. A. (2003). Root growth and water uptake in winter wheat under deficit irrigation. Plant Soil 257, 151–161. doi: 10.1023/a:1026230527597

Yamada, Y., Kuzuyama, T., Komatsu, M., Shin-ya, K., Omurad, S., Cane, D. E., et al. (2015). Terpene synthases are widely distributed in bacteria. Proc. Natl. Acad. Sci. U.S.A. 112, 857–862. doi: 10.1073/pnas.1422108112

Yu, H., Ling, N., Wang, T., Zhu, C., and Wang, Y. (2019). Responses of soil biological traits and bacterial communities to nitrogen fertilization mediate maize yields across three soil types. Soil Till. Res. 185, 61–69. doi: 10.1016/j.still.2018.08.017

Zeng, J., Liu, X., Song, L., Lin, X., Zhang, H., and Shen, C. (2016). Nitrogen fertilization directly affects soil bacterial diversity and indirectly affects bacterial community composition. Soil Biol. Biochem. 92, 41–49. doi: 10.1038/ismej.2011.159

Zhalnina, K., Dias, R., Quadros, P. D. D., Davis-Richardson, A., Camargo, F. A. O., Clark, I. M., et al. (2015). Soil pH determines microbial diversity and composition in the Park Grass Experiment. Microb. Ecol. 69, 395–406. doi: 10.1007/s00248-014-0530-2

Zhang, H., Xue, Y., Wang, Z., Yang, J., and Zhang, J. (2009). Morphological and physiological traits of roots and their relationships with shoot growth in “super” rice. Field Crop Res. 113, 31–40. doi: 10.1016/j.fcr.2009.04.004

Zhang, X., Pei, D., and Chen, S. (2004). Root growth and soil water utilization of winter wheat in the North China Plain. Hydrol. Process 18, 2275–2287. doi: 10.1002/hyp.5533

Zhang, X., Wang, Y., Sun, H., Chen, S., and Shao, L. (2013). Optimizing the yield of winter wheat by regulating water consumption during vegetative and reproductive stages under limited water supply. Irrigation Sci. 5, 1103–1112. doi: 10.1007/s00271-012-0391-8

Zhang, X., Wei, H., Chen, Q., and Han, X. (2014). The counteractive effects of nitrogen addition and watering on soil bacterial communities in a steppe ecosystem. Soil Biol. Biochem. 72, 26–34. doi: 10.1016/j.soilbio.2014.01.034

Zhao, J., Ni, T., Li, J., Lu, Q., Fang, Z., and Huang, Q. (2016). Effects of organic compound fertilizer with reduced chemical fertilizer application on crop yields, soil biological activity and bacterial community structure in a rich-wheat cropping system. Appl. Soil Ecol. 99, 1–12. doi: 10.1016/j.apsoil.2015.11.006

Zhao, J., Zhang, R., Xue, C., Xun, W., Sun, L., Xu, Y., et al. (2014). Pyrosequencing reveals contrasting soil bacterial diversity and community structure of two main winter wheat cropping systems in China. Microb. Ecol. 67, 443–453. doi: 10.1007/s00248-013-0322-0

Zhao, S., Qiu, S., Cao, C., Zheng, C., Zhou, W., and He, P. (2014). Responses of soil properties, microbial community and crop yields to various rates of nitrogen fertilization in a wheat–maize cropping system in north-central China. Agric. Ecosyst. Environ. 194, 29–37. doi: 10.1016/j.agee.2014.05.006

Zhou, J., Guan, D., Zhou, B., Zhao, B., Ma, M., Qin, J., et al. (2015). Influence of 34-years of fertilization on bacterial communities in an intensively cultivated black soil in northeast China. Soil Biol. Biochem. 90, 42–51. doi: 10.1016/j.soilbio.2015.07.005

Zhou, J., Xia, B., Treves, D. S., Wu, L., Marsh, T. L., O’Neill, R. V., et al. (2002). Spatial and resource factors influencing high microbial diversity in soil. Appl. Environ. Microbiol. 68, 326–334. doi: 10.1128/aem.68.1.326-334.2002

Zhou, J., Xue, K., Xie, J., Deng, Y., Wu, L., and Cheng, X. (2012). Microbial mediation of carbon-cycle feedbacks to climate warming. Nat. Clim. Change 2, 106–110. doi: 10.1038/nclimate1331


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ma, Kang, Wang, Chen, Lu, Wang, Wang, Xie, Ma and Kang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-11-00506-t002.jpg
Soil properties WONO WON2 W2NO W2N2 P-value

w N W x N
Moisture (%) 14.23 £ 0.08b 12.19 £ 0.06d 156.35 £ 0.04a 13.56 £+ 0.04c <0.001 <0.001 0.046
pH 8.32 £+ 0.0002b 8.18 £0.011¢c 8.48 £ 0.003a 8.36 £ 0.027b <0.001 <0.001 0.117
NO3z~N (mg kg~ ") 11.49 + 0.43c 28.65 + 0.35a 6.45 £+ 0.04d 24.59 + 0.26b <0.001 <0.001 0.131
NH;+-N (mg kg~") 4.32 £0.27b 6.45 £+ 0.26a 416+ 0.12b 4.42 £0.12b <0.001 <0.001 0.001
Total N (g kg~") 1.21 £0.018a 1.09 + 0.024b 1.06 £+ 0.026b 1.02 + 0.008¢ <0.001 0.078 0.002
Organic matter (g kg™") 14.69 £ 0.045a 13.86 £ 0.054b 13.28 £ 0.041¢c 13.28 £ 0.065¢ <0.001 <0.001 <0.001
Available N (mg kg~ 1) 90.86 + 0.59¢ 119.49 + 0.35b 120.68 £1.17b 133.91 £1.02a <0.001 <0.001 <0.001
Available P (mg kg~") 9.13 £0.14a 8.71 £0.02b 9.124+0.08a 7.88 £ 0.03¢ <0.001 <0.001 <0.001
Available K (mg kg~") 160.18 +2.57b 185.22 + 1.30a 137.51 £ 2.46¢ 136.21 £ 1.47¢ <0.001 <0.001 <0.001

Numbers after + are standard errors. Different letters in the same row indicate significant difference (P < 0.05) between treatments. Results from two-way ANOVAS with
split-plot design were shown in the right panels of the table.





OPS/images/fmicb-11-00506-t001.jpg
Treatment Yield RWD RLD N content (%)
(kg ha™") (gm~3) (mm~3)
WONO 2942 +40d 1456+ 3.8b 14826 + 416¢ 0.76 £ 0.01d
WON2 5257 £ 29 1132+ 4.6c 13257 + 215¢C 1.12 £ 0.04b
W2NO 4505 + 4¢ 1756.7 £3.1a 20351 £ 1097b 0.95 + 0.01c
W2N2 8666 + 106a 182.1 +1.6a 23596 + 1517a 1.56 £ 0.02a
Irrigation (W) L i o i
Nitrogen (N) = = Ns =
W x N . . * .

Numbers after + are standard errors. Values followed by different letters within each
column are significantly different at the probability level of 0.05. ns, not significant,
*o < 0.05, "p < 0.01.





OPS/images/fmicb-11-00506-t003.jpg
Taxonomic group

Actinobacteria

Acidobacteria
Chloroflexi

Nitrospirae
unclassified

Planctomycetes

Verrucomicrobia

Latescibacteria

Bacilli
Thermomicrobia
Anaerolineae

Sphingobacteria

Chloroflexia

Cyanobacteria

Model

y=33.936-7.7 x 10~*
(RLD)

y = 5.235+0.063
(available N)

y =4.19-0.243 (NHs )
y = 1.868+0.001
(vield)-3.174 (N content)
y =3.671-0.016
(available K)
y=—12175+1.692
(pH)

y=—0.605+6.365 x 107°
(RLD)

y=—0.683+1.54 x 10~
(RLD)

y=3.173-0.013
(available N)

y =3.292+0.06
(moisture)-0.217 (OM)
y=—1.52+0.136
(moisture)

R2

0.843

0.406

0.298
0.696

0.613

0.464

0.810

0.599

0.310

0.656

0.352

75.134

9.566

5.953
14.909

22.197

12.095

38.509

20.889

6.295

12.418

7.598

<0.001

0.008

0.029
<0.001

<0.001

0.004

<0.001

<0.001

0.025

0.001

0.015






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bacterial Community Structure and Predicted Function in Wheat Soil From the North China Plain Are Closely Linked With Soil and Plant Characteristics After Seven Years of Irrigation and Nitrogen Application



		INTRODUCTION



		MATERIALS AND METHODS



		Site Description and Experiment Design



		Sampling and Analysis



		Soil DNA Extraction, PCR Amplification, and Sequencing



		Quantitative Realtime PCR (q-PCR)



		Processing of Sequencing Data



		Statistical Analysis







		RESULTS



		Wheat Yield and Root Growth



		Selected Soil Properties



		Bacterial Abundance and Diversity



		Responses of Dominant Bacterial Taxa



		Functional Prediction of Bacterial Communities



		Linking Bacteria Communities and Functions to Soil Properties, Wheat Yield, and Root Characteristics







		DISCUSSION



		Irrigation and N Application Influence Wheat Yield and Root Characteristics



		Effect of Long-Term Irrigation and N Application on Soil Properties



		Irrigation and N Application Impact Soil Bacterial Diversity and Microbial Community Composition



		Irrigation and N Application Impact Soil Bacterial Functions



		Mechanisms by Which N Application and Irrigation Alter Bacterial Community Structure and Function







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-00506-g006.jpg
N a[ge(leAy

JUBILOD N

amd

adTd
alnjsIop

m

|

4

Carbohydrate_transport_and_metabolism

Transcription

Lipid_transport_and_metabolism
Secondary_metabolites_biosynthesis_transport_and_catabolism

_| General_function_prediction_only
|| Energy_production_and_conversion

| || ||| Nucleotide_transport_and_metabolism

[ | ] Inorganic_ion_transport_and_metabolism
.| Function_unknown
| others
Signal_transduction_mechanisms
Defense_mechanisms
Translation_ribosomal_structure_and_biogenesis
Intracellular_trafficking_secretion_and_vesicular_transport
Cell_cycle_control_cell_division_chromosome_partitioning
Replication_recombination_and_repair
Coenzyme_transport_and_metabolism

‘ir “-

[ Cell_wall_membrane_envelope_biogenesis
[ =] Posttranslational_modification_protein_turnover_chaperones
|| [ Cell_motility
T rd0zZz2Z>
T < 9 J <
S5g 3 &3
53118
® ° z z @
v 3 =
=
@

0.5





OPS/images/fmicb-11-00506-g005.jpg
Actinobacteria
| Bacill
Sphingobacteria

0.5

Anaerolineae
Latescibacteria -05
Chloroflexia

Nitrospirae

Planctomycetes
Verrucomicrobia

610 .

>sZ3Rz2sz2rrd
8 29 323228 g
) 5 + e o |_ 3
o = 1 Ll oo zg
o o] z z@ o |
z 7 v 3

15}





OPS/images/fmicb-11-00506-g004.jpg
Relative abundance (%)

Relative abundance(%)

@

Relative abundance(%)

9.0

8.0

oo N HE EE EE

7.0 {

6.0

5.0

Amino acid transport and metabolism

a

b

Carbohydrate transport and metabolism

b b i '

ool NN BN BN

6.0 |

5.0

Replication,reconbination and repair

a

oo HE WE BE B

WONO WON2 W2NO W2N2

Relative abundance(%) T

Relative abundance(%) M  Relative abundance(%) @

o o

N
o

o o
o O

=
o

o
o

o o

Signal transduction mechanisns

a
a

b

i I

n N N N N

Transcription
a a
| i I I
Translation ribosomaland biogenesis

a b B

oo HE HE BN EE

WONO WON2 W2NO W2N2

Experimental treatment

=Sl
o

oo
o o

o
o

Relative abundance(%) T Relative abundance(%) ©

S o
o o

A
(<)

Relative abundance(%) —

S
o o

Cell wall/menbrane/envelope biogenesis

a a
b
C .

I .

Inorganic ion transport and metabolism

a
ab % ab

Lipid transport and metabolism

a
b

WONO WON2 W2NO W2N2






OPS/images/cover.jpg
’ frontiers
in Microbiology

Bacterial Community Structure
and Predicted Function in Wheat
Soil From the North China Plain

Are Closely Linked With Sail
and Plant Characteristics After
Seven Years of Irrigation
and Nitrogen Application







OPS/images/fmicb-11-00506-g003.jpg
A 300 B 30.0 C 20. D 50
9 $25.0 & = .
S — a a a % = §15.0 ab ab a x = a a a
2200 3 £ 200 b % b 730 "
5 15.0 515.0 £10.0 g
£ < 5 220
S 10.0 2100 c i z
2 50 g 50 o Z 1.0 A
0.0 0.0 0.0 0.0
E 25 F 25 G ;5 H ;5
& & o= =
& 20 <20 £20 220
g -5 E g .
53 o =~ o
g 15 b 515 218 218 b b
£ 10 £ 10 4 a 4 £1.0 | T a £ 1.0
2 2 i & Z
s 05 5 0.5 = 0.5 b B =05
=9 > — %
0.0 0.0 0.0 0.0
K
| 6.0 JAS.O ] 50
D =
5.0 1 ab & b 54.0 ] a 340
4.0 A S pod
< £301 b $3.0
= 3.0 1 E b £
3 3 2.0 1 20
m 2.0 1 é s
1.0 | 2107 21D
[_1
0.0 - 0.0 - 0.0
Moo N 5, WONO WON2 W2NO W2N2 WONO WON2 W2NO W2N2
S S
215 a $15
g " B
21.0 b 51.0 "
o fia)
s 2
=05 505 3
Q O b b
0.0 0.0
WONO WON2 W2NO W2N2 WONO WON2 W2NO W2N2

Experimental treatment





OPS/images/fmicb-11-00506-e000.jpg
RLD = L/V






OPS/images/fmicb-11-00506-g002.jpg
NMDS2

m \WONO
[ J

15 - A \WON2

® W2NO

v W2N2
0.15
0.10 7
0.05

Vv
0.00
. [ )
[ |
-0.05
-0.10 - n
'015 T T T T T
0.2 0.1 0.0 0.1 0.2

NMDS1






OPS/images/fmicb-11-00506-e001.jpg
RWD

M/V






OPS/images/fmicb-11-00506-g001.jpg
>

16S gene copies (g dry soil)

1.8e+9

1.6e+9 4
1.4e+9 1
1.2e+9 4
1.0e+9 1
8.0e+8 A
6.0e+8 1
4.0e+8 1

2.0e+8

WONO WON2 W2NO W2N2
Experimental treatment

OTU richness

3000

2500 1

T
o w o
S =S I
= =

W
(=
(=]

S

WONO WON2 W2NO W2N2
Experimental treatment

o
=
W

Shannon index

=
<)

oN
(o)

N
<)

W
W

W
(=}

WONO WON2 W2NO W2N2
Experimental treatment






OPS/images/logo.jpg
, frontiers
in Microbiology





