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ABSTRACT

[bookmark: OLE_LINK91][bookmark: OLE_LINK92]Anaerobic ammonium oxidizing (anammox) process has been found to play an important role in terrestrial ecosystems in recent years. However, the diversity and abundance of anammox bacteria in N-rich agricultural soils under high fertilizer greenhouse conditions were still unclear. Two greenhouse fields with different fertilizer nitrogen input levels were chosen and their soil profiles were studied with molecular technologies of quantitative PCR assay, clone library and phylogenetic analysis based on anammox hydrazine synthase β-subunit (hzsB) gene. Molecular analyses suggested that anammox bacteria were at their highest density at 10 -- 20 cm soil depth, and that the anammox bacterial abundance at high nitrogen was significantly lower than at low nitrogen. Candidatus Brocadia was the sole anammox bacterial genus throughout the soil depth profiles. The highest diversity of anammox bacteria was found at 30 -- 40 cm soil depth, and different phylotypic clusters of Candidatus Brocadia were associated with specific soil environmental factors, such as nitrate, soil depth and total nitrogen. Correlation analyses and redundancy analyses confirmed that high nitrate concentrations associated with high fertilizer nitrogen input had a significant negative influence on the abundance and biodiversity of anammox bacteria. These results imply that excessive use of fertilizer nitrogen would affect arid land soil N loss to the atmosphere by the anammox pathway.
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INTRODUCTION

Vegetable field has become the second largest cover area of 21.4 million hectares following only cereal crop field in China (National Bureau of Statistics of the PRC, 2014). Until 2014, around 3.9 million hectares of greenhouse vegetable fields have been constructed to continuously produce as many as five or six harvests each year. Such intensive land use for vegetable cropping requires high nitrogen input rate, which averages annually over 1200 kg N ha-1 (Cao et al., 2004; Zhu et al., 2005). The fertilizer nitrogen input exceeds crop requirements and leads to severe nitrogen pollution, groundwater contamination and greenhouse gas emission (Ju et al., 2006; Shi et al., 2008). Thus, the fate of inorganic N has become the key problem to better guide nitrogen management in agriculture cultivation.
[bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK101]The anammox process, which refers to the oxidation of ammonium coupled with the reduction of nitrite to produce nitrogen gas, was first discovered in wastewater treatment bioreactors in the 1990’s (Mulder et al., 1995; Graaf et al., 1996; Strous et al., 1999). Anammox has been detected in numerous environment, such as marine oxygen minimum zones (Lam et al., 2007; Yan et al., 2012), sediments  (Thamdrup and Dalsgaard, 2002; Lam et al., 2007), estuaries (Wang et al., 2012a), wetlands (Zhu et al., 2010; Humbert et al., 2012), plant root rhizospheres (Humbert et al., 2010; Chu et al., 2015), peatlands (Hu et al., 2011a) and agricultural soils (Shen et al., 2011). It was estimated that 4 -- 37 % of the nitrogen loss from fertilized paddy soils was produced by the anammox process (Hu et al., 2011b; Zhu et al., 2011b). Anammox also played an important role in vegetable fields contributing up to 20.5 % of total soil N2 gas production (Shen et al., 2015, 2017). Besides, anammox also has great potential to reduce N2O emission by converting NO (the precursor of N2O) to N2 (Zhu et al., 2011a). Thus, a more thorough understanding of factors affecting anammox in greenhouse vegetable fields would be helpful to realize its impact on the agricultural nitrogen cycle.
[bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK68][bookmark: OLE_LINK69]The anammox process is conducted by the slow-growing, strictly anoxic and chemoautotrophic anammox bacteria affiliated with the order Brocadiales of the phylum Planctomycetes (Kartal et al., 2013). On account of the difficulty to culture anammox bacterial strains in the short-term, their biodiversity and abundance are commonly determined by molecular microbial technologies. Early studies on anammox bacteria in soil environments focused on broad spatial distributions (Humbert et al., 2010). Results revealed that ammonia concentration, total organic carbon content and pH, might affect the spatial distribution and diversity of anammox bacteria in soils (Shen et al., 2011, 2015; Bai et al., 2015b; Yang et al., 2015). Further evidences showed that the abundance and community structure of anammox bacteria exhibited obvious variations along depth of wetland sediment and rice paddy soil (Han and Gu, 2013; Bai et al., 2015a), and the heterogeneous distribution was mainly affected by pH, ammonium, soil type, salinity and redox potential (Bai et al., 2015a; 2015b). With limited oxygen for waterflooding, paddy soils and sediments usually accumulated high ammonium nitrogen under fertilization. Differently, greenhouse vegetable soils were characterized by high nitrate content and acidification (Cao et al., 2004; Guo et al., 2010), and thus anammox bacteria might exhibit a distinct distribution pattern with soil depth from dryland, paddy soils and sediments. We can still hypothesize that nitrate content might be a driving factor for anammox bacterial vertical distribution. Anammox pathway was one of nitrate reduction processes to remove nitrate, which might be reduced to nitrite possibly by denitrifying bacteria (Amy and Stephen, 2007), and the consequent nitrite participated in anammox metabolic process to produce N2. In a sequencing batch reactor, anammox enrichment successfully tolerated nitrate concentration up to 1 g N per liter (Strous et al., 1999). Moreover, nitrate had a positive influence to anammox bacterial abundance in different ecosystems (Han and Gu, 2013), however, it was still unknown that how excessive fertilizer nitrogen input might affect the vertical distribution of anammox bacteria along depth profiles of greenhouse vegetable soils. In reducing and alkaline paddy soils, redox potential, oxygen, electric conductivity, inorganic nitrogen, pH, etc. were key factors affecting the vertical distribution of anammox bacteria (Bai et al., 2015a; 2015b). Similarly, in vertical profiles of greenhouse vegetable soils, oxygen also became a limiting factor excluding a thin (several centimeters) soil surface exposed to air (Greenwood and Goodman, 1967). However, because of water savings it expected that greenhouse vegetable soils are oxic ones. The excess of fertilizer use results in an acidic surface and nitrate-rich soil along the whole profiles due to strong ammonium oxidation and leaching (Ju et al., 2006). Therefore, whether the nitrate might become an important factor driving the vertical distribution of anammox bacteria was still unknown.
[bookmark: OLE_LINK43][bookmark: OLE_LINK44]Comparing with 16S rRNA gene, functional genes had an advantage in studying anammox bacterial biodiversity on account of its direct relation to the physiology of the target organism (Schmid et al., 2005). Hydrazine synthase (hzs) and hydrazine Oxidoreductase (hzo) are the key enzymes in the anammox metabolism. Both of their genes (hzsB, hzsA and hzo) can be used to estimate anammox bacterial abundance in different ecosystems (Li et al., 2011; Wang et al., 2012a; Harhangi et al., 2012). However, the hzsA and hzo gene were designed and mainly applied in anammox enrichment cultures, full-scale anammox wastewater treatment systems, and a variety of freshwater and marine environmental samples (Schmid et al., 2008; Li et al., 2011; Harhangi et al., 2012). Since the hzsB gene was designed (Wang et al., 2012b), it has been commonly and successfully used in numerous agricultural soils, such as paddy soils and vegetable soils (Wang et al., 2012b; Zhu et al., 2013; Bai et al., 2015a; Shen et al., 2015; Yang et al., 2015). Therefore, it is more proper to utilize hzsB gene to study anammox bacteria in greenhouse vegetable soils. Based on anammox bacterial hzs gene encoding hydrazine synthase protein, we compared the vertical variations of anammox bacterial distribution, abundance and diversity in Chinese typical greenhouse vegetable soils treated with different fertilizer N levels and explored the shift of anammox bacterial community to continual high nitrate loading. The primary objectives of this paper were as follows: (i) to investigate the vertical variations of anammox bacterial abundance and diversity in different fertilizer nitrogen inputs; (ii) to determine if anammox bacterial distribution, abundance and biodiversity was correlated with specific environmental factors of vegetable greenhouse soils.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]
MATERIALS AND METHODS

Soil sampling

The sampling site, which is located in Yixing city (31o26’N, 119o59’E), Jiangsu Province, China, is a typical greenhouse vegetable plantation zone. The climate is characterized as the subtropical monsoon climate with an annual average temperature of 15.7oC and annual average rainfall of 1,177 mm. Two greenhouses were selected for soil sampling. One as high nitrogen treatment (HN) received nitrogen fertilization at a high nitrogen rate ranged from 6.75 to 12.25 tonnes N ha-1 year-1 for seven years, while the other as low nitrogen treatment (LN) received nitrogen fertilization at a lower rate of around 4.5 tonnes N ha-1 year-1. The N source was ammonium nitrate. In each greenhouse, three soil core samples (6-cm diameter and 100-cm depth) were collected in March 2015. Nitrogen input was applied two months before soil sampling. The soil cores were sliced every 10 cm in length, sealed in sterile plastic bags, and transported to the laboratory on ice. Each soil sample was divided, with one subsample being sieved through 2.0 mm mesh for the analysis of soil chemical properties and the other being stored at – 80 oC for subsequent DNA extraction. 

Soil chemical properties

Soil pH was determined after suspending with water at a ratio of 1:2.5 (w/v). Electrical conductivity (water/soil = 5:1) was measured by an electrical conductivity meter (Shanghai Leici Corp., China). Nitrate, nitrite and ammonium were extracted from soil with 2 mol L-1 KCL solution and measured with a Continuous Flow Analyzer (Skalar, Breda, Netherlands). Total nitrogen content of soil was measured by kjeldahl method and soil organic carbon by K2Cr2O7 oxidation. Ferrous ions and manganous ions were extracted with ammonium acetate and spectrophotometerly determined by potassium periodate (KIO4) oxidation method at 520 nm and by 0-phenanthroline photometry at 540 nm, respectively (Lu, 1999).

DNA extraction

DNA was extracted from 0.50 g of each homogenized soil sample by using the FastDNA® SPIN Kit for Soil (MP Biomedicals, USA) following the manufacturer’s instructions. The purity and the quantity of the DNA were determined by a nanodrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, NC) at 230, 260 and 280 nm.

PCR amplification

[bookmark: OLE_LINK95][bookmark: OLE_LINK96]The primer set of hzsB_396F and hzsB_742R (Wang et al., 2012a) targeting the anammox hydrazine synthase β-subunit gene of anammox bacteria was carried out to detect anammox bacteria in the soils. The PCR amplification was performed using a S1000TM Thermal Cycler (Bio-Rad, California, USA). Each PCR reaction mixture (20 μl) contained: 10 μl of 2 × EasyTaq® PCR SuperMix (TransGen Biotech, Beijing, China), 0.5 μl of each forward and reverse primer (10μM), 1 μl of extracted template DNA. A touchdown PCR program was started with a 5-min initial denaturation at 95 oC, followed by 10 cycles of 95 oC for 60 s, 63 oC for 60 s (decrease 0.5oC each cycle to a final level of 58 °C), and 72 oC for 45 s. Then it was continued with 25 cycles of 95oC for 60 s, 57.8 oC for 60 s, 72 oC for 45 s and a final 72 oC for 5 min. PCR products were scanned by electrophoresis in 1.2 % agarose gels in 0.5 × TAE, stained and photographed using a Bio-Rad ChemiDoc™ station.

Phylogenetic analysis and construction of clone libraries

[bookmark: OLE_LINK24][bookmark: OLE_LINK25]The PCR products were purified using the Agarose Gel DNA Extraction Kit (Takara, Dalian, China), and  cloned using the pEASY-T1 cloning kit (TransGen Biotech, Beijing, China) according to its manufacturer’s instructions. Colonies were randomly picked up and checked for the correct insertion of the objective DNA fragment by PCR with universal primer set M13F (5’-GTA AAA CGA CGG CCA GT-3’) and M13R (5’- CAG GAA ACA GCT ATG AC-3’). About 20 positive clones from each sample were sent for sequencing (Genscript, Nanjing, China). A BLAST program was utilized to analyze obtained clone sequences in GenBank database (MEGA 4.0). The sequences sharing more than 97% identity were defined as one operation taxonomic unit (OTU). One representative sequence for each anammox bacteria OTU and related enrichment culture clones from GenBank database were chosen to construct the phylogenetic tree with the neighbor-joining method in MEGA 4.0 software (Tamura et al., 2011). A bootstrap test with 1 000 replicates was applied to estimate the confidence values of the tree nodes. Clone libraries were constructed with percentages of each OTU that was affiliated to anammox bacterial clusters generated by phylogenetic analysis. Diversity indices, including Shannon and Simpson, were generated by equations for each clone library (Jost, 2006).. The anammox hzsB gene sequences of the OTUs related to this study have been deposited in the GenBank database under accession numbers KU749941 -- KU749954.

Quantitative PCR of hzsB genes

The hzsB gene abundance of anammox bacteria was determined in duplicate by using a C1000TM Thermal Cycler (CFX96TM Real-Time System, Bio-Rad, California, USA). Quantitative PCR reactions were conducted in 25-μl volume containing 12.5 μl of SYBR Green premix (TransGen Biotech, Beijing, China), 0.5 μl of each 10 μM primer (hzsB_396F and hzsB_742R), and 1μl of DNA template. The PCR profile was 90 s at 95 oC, followed by 29 cycles of 30 s at 95 oC, 30 s at 52 oC, 45 s at 72 oC. PCR product amplified with the same primer pair as above from the DNA template was cloned into a pEASY-T1 Cloning Vector (TransGen Biotech); then the positive clones were sequenced, and the plasmid DNA carrying the hzsB genes was extracted using an EasyPure plasmid MiniPrep Kit (TransGen Biotech). The concentration of the plasmid DNA was determined by a nanodrop ND-1000 UV-Vis spectrophotometer for the calculation of hzsB gene copy numbers per microliter. Tenfold serial dilutions of the known copy number of the plasmid DNA were subjected to a quantitative PCR assay in triplicate to generate an external standard curve (R2 = 0.98, E = 79.8%). 

Statistical analysis

Pearson correlation analyses were used to test the relationship between the anammox bacterial abundance and soil physiochemical characteristics, using SPSS 18.0 (SPSS, Chicago, IL). The one-way ANOVA analysis with Turkey-test was used to estimate the significance of the quantitative PCR results. The two-way ANOVA analysis was conducted to study the significance of N input and soil depth. Correlations of the anammox bacterial clusters with environmental factors and anammox bacterial abundance of the soil horizon at 10 -- 50 cm were explored with redundancy analysis (RDA) using the software Canoco for Windows (Version 4.5; Microcomputer Power, Ithaca, NY). Percentages of each cluster in all clone libraries were used as the ‘species’ dataset, and environmental variables consisted of the soil physiochemical properties and anammox bacterial abundance. The statistical significance of the variable was assessed using a Monte Carlo permutation test, based on 499 random permutations.

RESULTS

[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Physicochemical properties of greenhouse vegetable soil profiles

The greenhouse vegetable field at high nitrogen input (HN) displayed a relative high nitrate content (170.3 mg kg-1) in topsoil. The nitrate content of HN was around 6-fold higher than low nitrogen input (LN) at all depths (Fig. 1). The nitrate content of both HN and LN decreased with increasing soil depth. There was no significant difference in the ammonium content between HN and LN at any soil depth. Ammonium content in topsoil (0 --10 cm) was around 5.0 mg kg-1 which was significantly higher than the other soil layers. The soil EC (Electrical conductivity) showed significant correlations with nitrate (P < 0.001, r = 0.872, N = 20) (Fig. S1).The soil pH in the soil horizon at 0--20 cm was similarly acidic with no difference between LN and HN, but it was significantly lower than the horizon at 20--80 cm, where pH value increased to nearly neutral (Table S1). Other physiochemical properties, including total nitrogen (TN), total organic carbon (TOC), ferrous ion (Fe2+) and manganous ion (Mn2+) exhibited a similar decreasing trend with increasing depth and showed a slightly higher value in HN than LN. The nitrite content was under the detection limit. 

Fig. 1 Vertical distribution of main chemical properties in the soil cores collected from vegetable greenhouse a) NO3--N; b) NH4+-N; c) TN Error bar indicates standard deviation (n = 3). The figure was created by Origin program (version 8.5). LN greenhouse at low nitrogen input; HN greenhouse at high nitrogen input; TN total nitrogen.

Abundance and biodiversity of anammox bacteria

The anammox bacterial abundance based on hzsB gene was determined in the horizons covering 0 -- 100 cm. The anammox bacterial abundance of the greenhouse field at LN was significantly higher than HN at several depths (Fig. 2). The lowest values of anammox bacterial abundance occurred in topsoil (0--10 cm) with 3.30 × 107 and 2.15 × 108 gene copies per gram dry weight soil for HN and LN, respectively. However, the peak of anammox bacterial abundance, occurred at 10--20 cm (1.86 × 108 and 5.30 × 108 gene copies per gram dry weight soil for HN and LN, respectively). The majority of anammox bacteria was found at 10--50 cm, accounting for more than 50% of total anammox bacterial abundance in any of the soil depth increments. 

Fig. 2 Vertical distribution of anammox bacterial hzsB gene abundance in the soil cores Error bar indicates standard deviation. Each asterisk stands for significant difference (P < 0.05, Independent Samples T-Test) between HN and LN at same soil depth increment. LN greenhouse at low nitrogen input; HN greenhouse at high nitrogen input.

The community diversity of anammox bacteria was determined in four representative horizons (10--20, 20--30, 30--40, and 40--50 cm) based on hzsB gene. As a result, 511 anammox bacterial hzsB clone sequences from 24 cloning libraries were successfully retrieved in total, and assigned to 14 operational taxonomic units (OTUs) at 97% sequence identity level by Blast in GenBank (Fig. 3). Phylogenetic analysis showed that the 14 OTUs were gathered into four clusters, including Cluster I, Cluster II, Cluster III and Cluster IV (Fig. 3). Most sequences (323/511) were gathered into cluster II with 90--99% identity to uncultured anammox bacteria. Diversity indexes showed that the highest diversity of four clusters existed in the horizon at 30 -- 40 cm (Table 1).

Fig. 3 Neighbor-joining tree shows the relationship between the anammox bacterial hzsB gene retrieved from greenhouse vegetable soils and known genomes or sequences from the NCBI Bootstrap values at the nodes are percentages based on 1000 data sets. Bars indicate sequence divergence. The tree was created by MEGA 4.0 software. OTU operational taxonomic unit.

Table 1 Two-way ANOVA of diversity index of anammox bacterial community based on hzsB gene at 10 -- 50 cm soil depth
	Depth
	DF
	OTUs
	Shannon index
	Simpson index
	Coverage

	cm
	
	
	
	
	%

	Greenhouse at HN
	
	
	
	
	

	10 -- 20
	-
	1.0±0.0b
	0b
	0b
	98.3±2.9a 

	20 -- 30
	-
	3.7±1.2ab
	0.56±0.12ab
	0.21±0.04ab
	94.1±6.6a 

	30 -- 40
	-
	5.3±2.5a
	1.20±0.55a
	0.47±0.20a
	88.4±11.9a 

	40 -- 50
	-
	3.3±1.2ab
	0.77±0.35ab
	0.31±0.16ab
	92.9±2.5a 

	Greenhouse at LN
	
	
	
	
	

	10 -- 20
	-
	1.3±0.6b
	0.27±0.47b
	0.13±0.22b
	98.6±2.5a

	20 -- 30
	-
	3.7±1.5ab
	0.92±0.58ab
	0.34±0.23ab
	94.4±6.4a 

	30 -- 40
	-
	6.3±0.6a
	1.70±0.18a
	0.66±0.03a
	90.8±4.6a

	40 -- 50
	-
	4.3±2.5ab
	1.00±0.33ab
	0.45±0.14ab
	95.7±4.6a

	F value
	
	
	
	
	

	Greenhouse (N)
	1
	0.89
	4.77* 
	5.89* 
	

	Depth (D)
	3
	9.57**
	12.15***
	11.36***
	

	N × D
	3
	0.16
	0.14 
	0.07
	


Value = mean ± standard deviation (n = 3). LN greenhouse at low nitrogen input; HN greenhouse at high nitrogen input. Different lowercases were for significant difference at one site (Tukey). Asterisks stand for significant correlation at different levels: * P < 0.05; ** P < 0.01; *** P < 0.001.

Clone library results showed that the ratio of Cluster II to all four clusters in HN was higher than that in LN for each soil depth increment, and the ratio showed a decreasing trend with increasing depth (Fig. 4). In contrast, there was a higher ratio of the Cluster IV to all four clusters in LN than HN in each soil depth, and the Cluster IV showed an increasing trend with increasing depth in LN. The other two clusters (Cluster II and Cluster III), which accounted for a low percentage of all four clusters, were detected in the 20--50 cm depth increment in HN and LN. 

Fig. 4 Community structure of anammox bacterial subclusters among greenhouse vegetable soil profiles a) HN: greenhouse at high nitrogen input; b) LN: greenhouse at low nitrogen input.

Relationships between anammox bacteria and environmental factors

[bookmark: OLE_LINK76][bookmark: OLE_LINK77]Pearson correlation analysis showed that nitrate content had a significantly negative influence (r = -0.347, P < 0.01) on the abundance of anammox bacteria (Table 2). The other environmental factors, such as ammonium, TOC, pH, Fe2+ and Mn2+, had no significant effect on the anammox bacterial abundance. Two-way ANOVA demonstrated that N input and soil depth significantly affected diversity indices of four clusters between HN and LN (P < 0.05) and between sampling depth (P < 0.001) (Table 1). LN showed higher diversity than HN at all depths and the diversity was the highest in 30--40 cm depth for both HN and LN. Redundancy analysis (RDA) of four clusters in 24 clone libraries was constructed to explore the correlations with environmental factors (Fig. 5). The first two RDA dimensions explained 81.9% cumulative variance of clone libraries composition and 98.9% variance of anammox cluster ratio-environment relationship. RDA analysis showed that Cluster II was obviously separated from the other three clusters, while Cluster III and Cluster IV were distinguished from Cluster I. Approximately 83% of total variance was explained mainly by depth (48.8%), nitrate (10.5%) content and TN (9.0%), which were also the most important environmental factors contributing significantly (P < 0.05) to four clusters differentiation. Furthermore, Cluster II showed a positive relationship with nitrate and TN, while Cluster I and other two clusters showed a positive relationship with depth. 

Table 2 Correlation analyses of main chemical profiles and anammox bacterial hzsB gene abundance at 0 -- 100 cm soil depth
	
	NO3--N
	NH4+-N
	pH
	TOC
	TN
	Fe2+
	Mn2+

	Abundance
	- 0.476
	- 0.247
	0.041
	0.108
	- 0.11
	- 0.114
	- 0.363


Number in bold represents their significant correlation at the 0.05 level (n = 20), as determined by SPSS version 16.0 program (SPSS, Chicago, USA). TN total nitrogen. TOC total organic nitrogen.

Fig. 5 RDA ordination plots between anammox bacterial communities and environmental factors in the soil horizon at 10 -- 50 cm Dotted arrows environmental factors; Solid arrows anammox bacterial clusters.

[bookmark: OLE_LINK35][bookmark: OLE_LINK36]DISCUSSIONS

[bookmark: OLE_LINK48][bookmark: OLE_LINK49]Nitrate affected anammox bacterial abundance along depth profiles of vegetable greenhouse soils

[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK38][bookmark: OLE_LINK42][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK50]Our study was designed to explore the vertical distribution of anammox bacteria in greenhouse vegetable field soils under different levels of nitrogen input, and to confirm if the latter affected anammox bacterial abundance and community structure. The anammox bacterial abundance was in the same order of magnitude as observed in environmental samples from previous studies, which presented values up to 2.0 × 109 copies g-1 of matrix (Wang et al., 2012a; Zhu et al., 2013; Bai et al., 2015a). A broad distribution of anammox bacteria in natural environments were further supported by the present study. Moreover, quantitative PCR results revealed that anammox bacterial abundance in soils with different fertilizer nitrogen inputs peaked at 10--20 cm. However, the abundance of anammox bacteria in the high nitrogen treatment (HN) was significantly lower than that of the low nitrogen treatment (LN), probably caused by the inhibitory effect of high nitrate content. In previous research, anammox bacterial abundance in top soil was influenced by soil factors, such as nitrate and ammonium (Shen et al., 2015; Yang et al., 2015). Previous researches along soil depth profiles had shown that the topsoil is not always where anammox bacteria are mostly abundant on account of soil heterogeneous conditions, such as oxygen inhibition and substrate shortage (Bai et al., 2015a, 2015b). Anammox bacterial abundance at specific depths was significantly influenced by soil environmental factors, such as redox potential (Bai et al., 2015b), implying a strong influence of soil properties. However, the negative influence of high nitrate on anammox bacterial abundance had not been identified previously in agricultural soils. In bioreactors with batch tests, there was no inhibitive effect on anammox activity until the nitrate content over 50 mM (Dapena-Mora et al., 2007; Carvajal-Arroyo et al., 2013). The negative correlation between nitrate and anammox bacterial abundance in the soils was significant, and the correlation would due to the following reasons. Firstly, anammox bacteria was the most abundant at the depth of 10--20 cm at both HN and LN sites, since anammox bacteria prefer the oxic/anoxic interface either in a terrestrial or a freshwater ecosystem (Humbert et al., 2010; Zhu et al., 2013). However, the nitrate accumulated at topsoil of greenhouse vegetable fields (Zhou et al., 2010) on account of high soil water evaporation under high-temperature greenhouse conditions (Yu et al., 2007). Secondly, the negative influence would be because the inhibitive effect of the soil salinity which probably resulted in a high osmotic pressure to affect anammox activity (Dapena-Mora et al., 2007; Yang et al., 2011; Jin et al., 2012). It was common that EC value had significant correlation to nitrate content in Chinese greenhouse vegetable fields (Shi et al., 2009). Other soil properties, such as the sulfate concentration, would affect the anammox bacterial abundance (Dapena-Mora et al., 2007). There was no direct evidence to support whether high nitrate had any inhibition to anammox activity in the experiment.

Anammox bacterial characteristics along depth profiles of vegetable greenhouse soil

We gained new insights into the effects of N fertilizer inputs on anammox bacterial community structure in the greenhouse vegetable fields. All OTUs were affiliated with Candidatus Brocadia, which consisted of four different clusters that showed different distribution characteristics throughout the vegetable soil profiles. Candidatus Brocadia has been previously identified as the most common and dominant genus in topsoil of agricultural fields, including vegetable fields (Humbert et al., 2010; Shen et al., 2011, 2015) . This is thought to be due to its higher oxygen tolerance and growth rate than other groups (Oshiki et al., 2011). Our results confirmed the broad distribution of Candidatus Brocadia in soil profiles of greenhouse vegetable field, which could be explained by a more versatile metabolism of Candidatus Brocadia than other genera in some cases(Kartal et al., 2008; Gori et al., 2011) . Further results also showed that all four clusters showed high similarity (> 88 %) to uncultured anammox bacteria clones or anammox bacteria enrichments from paddy soils and sediments (Wang et al., 2012b; 2015). Cluster II occurred dominantly in all clone libraries in all of the soil horizons and in both HN and LN treated soils. Higher ratio of Cluster II to four clusters was observed in HN than LN, and more so in the upper layer than the lower layer in each greenhouse field. It seemed that the Cluster II had strong tolerance to high nitrate content. The other three clusters including the cluster I, Cluster III and Cluster IV, flourished at greater depth at 20--50 cm; it seemed that these clusters were more suited to moderate nitrogen conditions. Regardless of soil depth, soil pH and ammonium content have strong influences on anammox bacterial diversity (Yang et al., 2015; Bai et al., 2015b). Suitable oxygen condition could be a possible factor as well (Jetten et al., 2009; Bai et al., 2015a). The phylogenetic similarities and distribution differences among the four clusters possibly suggest their cooperation and/or competitive relationship, based on special niche requirements, such as nitrogen content and pH. Our results indicate that the excessive use of nitrogen fertilizer resulted in elevated nitrate percolating into the subsoil which perhaps inhibited anammox bacterial growth and perhaps their nitrogen transforming ability. Meanwhile, we would speculate that human cultivation, especially fertilizer nitrogen management, has a strong influence on anammox bacteria and their activities in greenhouse vegetable soils. Therefore, the agriculture cultivation should apply less nitrogen fertilizer in order to avoid soil and ground water pollution. Lower nitrogen input would also allow the soil microbial community such as anammox bacteria to reduce the environmental impacts of fertilizer use. Further studies are needed to evaluate the impact of anammox on N fate in intensively managed greenhouse vegetable cultivation.

CONCLUSIONS

The study provided direct evidence for the existence of anammox bacteria along the soil depth profile in vegetable greenhouse fields. High fertilizer N input had resulted in high nitrate content which negatively correlated with anammox bacterial abundance and influenced their diversity. The influence of high nitrate on anammox bacterial abundance had not been identified previously in agricultural soils. Further analyses showed that the Candidatus Brocadia was the dominant genus along the soil profile, while its cluster components exhibited differential preference to the soil environment properties, such as soil depth, nitrate and total nitrogen content. Our results indicate that the excessive use of nitrogen fertilizer resulted in elevated nitrate percolating into the subsoil which perhaps inhibited anammox bacterial growth and perhaps their nitrogen transforming ability. Further studies are needed to evaluate the impact of anammox on N fate in intensively managed greenhouse vegetable cultivation.
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Fig. 1 Vertical distribution of main chemical properties in the soil cores collected from vegetable greenhouse a) NO3--N; b) NH4+-N; c) TN: total nitrogen. LN: greenhouse at low nitrogen input; HN: greenhouse at high nitrogen input. Error bar indicates standard deviation (n=3). The figure was created by Origin program (version 8.5).


Fig. 2 Vertical distribution of anammox bacterial hzsB gene abundance in the soil cores Error bar indicates standard deviation. Each asterisk stands for significant difference (p < 0.05, Independent Samples T-Test) between HN and LN at same soil depth increment. LN: greenhouse at low nitrogen input; HN: greenhouse at high nitrogen input.

Fig. 3 Neighbor-joining tree shows the relationship between the anammox bacterial hzsB gene retrieved from greenhouse vegetable soils and known genomes or sequences from the NCBI Bootstrap values at the nodes are percentages based on 1000 data sets. Bars indicate sequence divergence. OTU operational taxonomic unit. The tree was created by MEGA 4.0 software.



 
Fig. 4 Community structure of anammox bacterial subclusters among greenhouse vegetable soil profiles. a) HN: greenhouse at high nitrogen input; b) LN: greenhouse at low nitrogen input.


Fig. 5 RDA ordination plots between anammox bacterial communities and environmental factors in the soil horizon at 10-50 cm. Red arrows: environmental factors; blue arrows: anammox bacterial clusters.
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