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​The zero-water exchange aquaculture has been identified as a promising method of farming to decrease the environment pressure of aquaculture and to increase profits. However, the ecological functions (e.g., nitrogen removal) and microbial biodiversity of the zero-water exchange pond aquaculture system are relatively understudied. In the present study, the zero-water exchange pond aquaculture system were constructed to investigated the microbial communities, sediment potential nitrification and denitrification production rates. And five functional genes (AOA amoA, AOB amoA, nirS, nosZ, and hzsB) were used to quantify the abundance of nitrifying and denitrifying microorganisms. The results showed that the sediment of the system had excellent potential nitrification-denitrification performance, with potential nitrification and denitrification rate were 149.77-1024.44 ng N g−1 h−1 and 48.32-145.01 ng N g−1 h−1, respectively. The absolute copy numbers of nitrogen functional genes and total bacterial 16S rRNA were 1.59×105-1.39×109 and 1.55×1010-2.55×1010copies g−1, respectively, with the dominant phyla, i.e., Proteobacteria, Actinobacteriota, Chloroflexi, Cyanobacteria, and Firmicutes. The relative abundances of the genera related to nitrification and denitrification, varied from 0.01% to 0.79% and from 0.01% to 15.54%, respectively. The potential nitrification rate was positively related to the sediment TOC concentration; and the potential denitrification rate had a positive correlation with sediment nitrate concentration. The genera Bacillus positively correlated with sediment NO3‐-N concentration, whereas Flavobacterium and Shewanella positively correlated with sediment NH4+-N concentration, which could be the functional bacteria for nitrogen removal. These findings may shed light on quantitative molecular mechanisms for nitrogen removal in zero-water exchange ponds, providing a sustainable solution to nitrogen pollution problem in the freshwater aquaculture ecosystems.
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1 Introduction

Chinese aquaculture plays an important role in the global supply of aquatic products (Cao et al., 2015). In 2018, the total output of aquatic products in China expanded to 47.6 million tons, and accounted for 58% of global aquaculture production (Food and Agriculture Organization of the United Nations (FAO), 2020). Intensive pond aquaculture relies on increasing the breeding density in order to increase the production and economic benefits (Hou et al., 2021). With the increasing density of culture ponds, large amounts of feed and manure are deposited into the aquaculture pond system, causing severe pollution (Shen et al., 2020). Long-term accumulation of these nutrient-rich materials can destroy the ecological balance of the aquaculture system, leading to the death of cultured animals through eutrophication (Liu et al., 2020). Eco-friendly aquaculture pattern including zero-water exchange ponds were recently adopted in China to address such concerns, along with accelerating the sustainable development of aquaculture by the Chinese government (Hou et al., 2021; Zhang et al., 2022b).

Pond stock aquatic animals with different feeding habits and take advantage of the differences in nutritional levels of the cultured species to achieve multilevel utilization of food resources, which is an environmentally friendly and high-efficiency culture model (Rahman et al., 2008). To reduce the impact of aquaculture wastewater, we developed a zero–water exchange mode for the intensive polyculture ponds of Ctenopharyngodon idella (grass carp), Carassius auratus (crucian carp) and Aristichthys nobilis (bighead carp), by determining the pond capacity based on various parameters, such as water quality indicators and feeding situation (Zhang et al., 2022b). Studies of the zero–water exchange ponds are of great significance for improving aquaculture methods to achieve optimal balance between increasing production and ecological sustainability. The composition of bacterial communities in the aquaculture environment can serve as an indicator to reflect the ecological status of the ecosystem (Zhao et al., 2020). Previous studies have described the bacterial communities in aquaculture ponds, especially in polyculture ponds where many bacteria accumulate during culture activities (Tang et al., 2021; Zeng et al., 2021). The microbial communities, processes and N cycling functional potentials and functional microbes are vertical stratification in the pond (Deng et al., 2020b). Several researchers evaluated the dynamics of bacterial communities in aquaculture ponds and reported that surface sediment plays important role for the integral geochemical cycle of N nutrient in aquaculture pond (Gao et al., 2019; Shen et al., 2020). However, the ecological functions (e.g., nitrogen removal) and microbial biodiversity of the zero-water exchange pond aquaculture system are relatively understudied.

Nitrogen metabolism is the most critical microbial process in intensive aquaculture systems because of the large quantity of high protein feed input (Avnimelech and Ritvo, 2003). Nonetheless, nitrogen is one of the main nutrients that can cause eutrophication (Conley et al., 2009). As previously reported, nitrogen removal in freshwater habitats is strongly associated with two microbial processes: nitrification and denitrification (McCrackin and Elser, 2010). In the nitrification process, ammonia is oxidized via nitrite to nitrate by the ammonia monooxygenase (AMO) enzyme (Kutvonen et al., 2015). Archaeal and bacterial amoA genes have been extensively used as molecular markers to quantify the abundance and diversity of ammonia-oxidizing archaea (AOA) and bacteria (AOB) in soils and sediments (Wankel et al., 2011). The reduction of NO2‐‐N to NO in denitrification is the rate-limiting step, which is catalyzed by either a copper-containing enzyme encoded by the nirK gene or a cytochrome-cd1 enzyme encoded by the nirS gene (Wallenstein et al., 2006). The conversion of N2O to N2 is catalyzed by N2O reductase, which is encoded by the nosZ gene (Liu et al., 2013). Anaerobic ammonium oxidation (anammox) has been discovered in various environments, where nitrite is reduced to N2 utilizing ammonia as electron donor under anaerobic circumstances (Zhang et al., 2022a). Anammox contribute up to 30% of the N2 production in freshwater habitats (Kim et al., 2016). Both anammox and denitrification lead to a loss of nitrogen by transforming nitrate to nitrogen gas. This process is considered a potentially important contributor to nitrogen removal. The functional genes associated with nitrogen cycles, such as amoA, nirS, hzsB, and nosZ, are usually utilized as biomarkers to reflect the potential rates of nitrogen removal (Shan et al., 2016). However, the understanding of the mechanisms and factors of nitrogen removal through collaborative microbial pathways in zero-water exchange ponds is still incomplete despite extensive studies.

Therefore, the aims of the present study were to investigate the microbial diversity and community composition related to nitrogen removal in zero-water exchange ponds in South China and to examine the potential rates of nitrification and denitrification. To better understand potential mechanisms for nitrogen removal, we also determine the absolute abundance of nitrogen removal functional genes. This study would expands our knowledge of nitrogen removal in the zero-water exchange ponds and provides key insight into how nutrient loads could be reduced in zero-water exchange ponds.




2 Materials and methods



2.1 Experimental site and aquaculture system design

The experiments were conducted at Huachen Aquaculture Farm, located in Zhongshan City, Guangdong Province, China (22°36′36.74′′N, 113°30′50.93′′E). The zero–water exchange pond aquaculture system consisted of grass carp (Ctenppharyngodon idella) (0.6 kg ind−1, 12000 fish/hm2), bighead carp (Aristichthys nobilis) (0.5 kg ind−1, 2500 fish/hm2) and crucian carp (Carassius auratus) (0.05 kg ind−1, 12000 fish/hm2). Eight replicates were constructed for this system. Each pond covers an area of 1.0 hm2, and has an average depth of 2.5 m. The fish were fed twice per day (9 am and 5 pm), and the daily feeding rate was 3-5% of total body mass with artificial feed. All fish were caught at the end of the year. The yield of fish was 96000 kg/hm2. The operation management of this system has been described in detail in our team’s previous report (Zhang et al., 2022b).

The zero–water exchange ponds has achieved zero–water exchange effect for four years. Eight zero–water exchange ponds were sampled on September 23, October 27, and November 21, 2021 (Supplementary Figure 1). Three 1-L water samples (approximately 50 cm below the water level) and three 500 g of upper surface sediment samples were randomly collected in and around the center of each pond, located around and in the middle of the pond. Three water or sediment samples collected from each pond were thoroughly mixed into composite biological sample per pond. All samples were kept in an insulated box and were maintained at 4°C before being sent to the laboratory within 4 h of collection. In the laboratory, each composite sample was aseptically divided into three subsamples: one part was used for physicochemical analyses, one part for the microbial metabolism characteristics, and the final part for the microbial community composition analysis. The sediment samples was kept at −80°C until DNA extraction. For the water samples, approximately 500 mL of water was pre-filtered through a 200-μm pore mesh to remove large particles and then filtered through a 0.22-μm pore polycarbonate membrane (47 mm diameter, Whatman, Maidstone, UK). All filters were stored at −80°C until DNA extraction.




2.2 Analysis of environmental variables

Field measurements of water temperature (Temp), dissolved oxygen (DO), pH, total dissolved solids (TDS), and salinity were performed using a multi-parameter water quality probe YSI Professional Plus system (YSI Incorporated, Yellow Springs, OH, USA). Water samples were also analyzed for nutrients, including total nitrogen (TN), nitrate (NO3‐-N), nitrite (NO2‐-N), ammonia (NH4+-N), total phosphorus (TP), phosphate (PO43−), and chemical oxygen demand (COD), as previously described (Zhang et al., 2019). TN and TP were measured with the potassium persulfate digestion method. NH4+-N was measured with the spectrophotometric method with salicylic acid, NO3‐-N was measured with the phenol disulfonic acid method, NO2‐-N was measured with the Griess-saltzman method, soluble reactive phosphorus was measured with the molybdenum blue method. COD was detected using Hach reagents (HR, Hach, America). Chlorophyll a (Chl a) were determined using a spectrophotometer after acetone extraction and calculated as previously described (Lichtenthaler, 1987). Total suspended solids (TSS) were measured by the gravimetric method, as previously described (Zheng et al., 2021).

All sediment samples were dried at 65°C to a constant weight. Thereafter, the sediment subsamples were treated with 0.5 M HCl to remove carbonate and then used to analyze total organic carbon. The TN content of the sediment was measured using a Vario ELIII Elemental Analyzer (Elementar, Dortmund, Germany). The TP content of the sediment was measured using the alkali fusion method (Zhang et al., 2022b).




2.3 Changes in microbial metabolism characteristics

The metabolic characteristics and functional diversity of carbon in the microflora of the aquaculture ponds were assessed using a BIOLOG Ecoplate™ (BIOLOG, Hayward, CA, USA). Microorganisms were extracted from 10 g of sediment samples using 90 mL PBS. The Ecoplate™ wells were inoculated using 150 μL of suspension, and the plates were incubated at 28°C for 10 days. The original water samples were inoculated directly into the plates at a volume of 150 μL per well. Next, the absorbance was measured at wavelengths of 590 and 750 nm using a Biolog Micro Station™ (BIO-TEK Instruments Inc., Winooski, USA). Average well color development (AWCD) was used to indicate the utilization of carbon sources and the average metabolic capacity of the total carbon source. AWCD was calculated as previously described (Zhou et al., 2016). The Shannon index (H) and McIntosh index (U) were used to investigate metabolic functional diversity at the community level. In the present study, data obtained within 144 h were used to calculate the AWCD, Shannon index, and McIntosh index values.




2.4 Determination of nitrification, denitrification, and N2O production

Potential nitrification rates of the sediments were measured according to the shaken-slurry method (Hou et al., 2013). Briefly, approximately 10 g of fresh sediment was added to 250 mL brown glass bottles containing 100 mL of phosphate buffer (1 mM, pH 7.4) and mixed with 0.5 mL of (NH4)2SO4 (1 M). All bottles were incubated at room temperature (25°C) on a shaker (180 rpm) for 24 h. Concentrations of NH4+-N and NO3‐-N infiltrates were measured, and potential nitrification rates were calculated based on the change in NO3‐-N concentration during incubation, divided by the incubation time and sample weight.

The potential sediment denitrification rates were analyzed using the acetylene (C2H2) inhibition technique (Groffman et al., 2006). Approximately 20 g of fresh sediment from each site was slurried in 250-mL glass bottles with 20 mL unfiltered pond water. Parallel incubations with and without acetylene were used to differentiate between potential denitrification and N2O production (McCrackin and Elser, 2010). All bottles were incubated in the dark at room temperature (25°C, approximate in situ water temperature) for 4 h. N2O concentration was measured using a gas chromatograph (Agilent 7890, Santa Clara, CA, USA) equipped with an electron capture detector (Liu et al., 2015). Potential denitrification and N2O production rates were calculated as the difference between the start and end N2O concentrations and were expressed as ng N g−1 h−1.




2.5 DNA extraction and amplicon sequencing

Sedimentary DNA was extracted from sediment samples (0.3 g each) using the E.Z.N.A. Soil DNA Kit (Omega, Bio-tek, Inc., Norcross, GA, USA) according to the manufacturer’s instructions, and water DNA was extracted using the E.Z.N.A. water DNA Kit (Omega, Bio-tek, Inc., Norcross, GA, USA) according to the manufacturer’s instructions. The quality and quantity of isolated DNA were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The V3-V4 region of the total bacterial 16S rRNA gene was amplified using universal primers (338F and 806R) (Gao et al., 2019). The polymerase chain reaction (PCR) conditions and primers used in this study are summarized in Supplementary Table 1. The PCR products were subjected to high-throughput sequencing using the Illumina MiSeq PE300 platform (Majorbio, Shanghai, China). Alpha diversity was used to analyze the complexity of species diversity in each sample using QIIME to calculate the alpha-diversity index, including the Shannon and Chao1 indices. Beta diversity was calculated based on the weighted UniFrac distance using the vegan package in R (version 2.15.3; R Core Team, 2018). In total, 2,455,026 high-quality sequences were obtained from all 48 samples (41,875–64,313 sequences per sample; Supplementary Table 2). Raw reads obtained in the present study are deposited in the NCBI Sequence Read Archive database with the accession number: PRJNA898355.




2.6 Quantitative real-time PCR (qPCR)

qPCR was performed to determine the absolute abundances of the bacterial 16S rRNA gene and target fragments of five functional genes, as follows: denitrification functional genes (nirS and nosZ), nitrification functional genes (AOA amoA, and AOB amoA), and anammox functional gene (hzsB). All primers and standard plasmids were synthesized by Majorbio and their sequences are listed in Supplementary Table 1. qPCR was performed using the SYBR Green Master Mix in a qPCR instrument (Bio-Rad, Hercules, CA, USA) with the default thermal cycling program. The protocol and parameters for each target gene are presented in Supplementary Table 1. Standard curves were produced from a 10-fold dilution series of plasmid DNA for these functional genes and the 16S rRNA gene (103–1010 copies). The results of the quantitative analysis were expressed as gene copies g−1of wet weight sediment.




2.7 Statistical analysis

IBM® SPSS® Statistics version 19.0 was used to conduct statistical analysis. The differences in environmental parameters, microorganism, and functional gene abundance among the three different samples (both water and sediment) were analyzed using one-way analysis of variance and are presented as mean values ± SD (standard deviation). Significant differences in the means between treatments were determined using the Duncan’s multiple range tests. P values < 0.05 were considered significant. Operational taxonomic units (OTUs) based on the 16S rRNA gene sequences were determined with an identity cutoff of 97% using the Mothur software (Schloss et al., 2009). OTU reference sequences were blasted against the Silva 16S rRNA database (http://www.arb-silva.de; accessed on 1 December 2019), and the OTU distributions were then used to further analysis. The vegan package in R was also used for principal component analysis (PCA) and draw heat maps, which were applied to assess differences in species complexity and evaluate the bacterial community structure. Redundancy analysis (RDA) was performed using CANOCO software to reveal the relative influence of water and sediment physicochemical properties on the bacterial community composition.





3 Results



3.1 Physicochemical characteristics of fish ponds

The water and sediment samples physicochemical properties were analyzed to understand the physicochemical conditions in these microbial habitats. The DO, pH, Temp, TP, TSS, PO43-, NO3‐-N, and NO2‐-N concentrations of the water samples showed significant differences among times (P < 0.05; Table 1). The concentrations of TN, NH4+-N, Chl a, and COD had no significant difference across times were 3.82–8.37, 0.14–0.53, 0.03–0.28, and 34.00–85.33 mg/L, respectively (P > 0.05) (Table 1). In the sediment, there were significant differences among times in EC, TN, NH4+-N, and NO3‐-N (P < 0.05). The concentrations of pH, water content (WC), TOC, and TP had no significant difference across times were 7.44–8.16, 54.21–63.52%, 19.51–26.71 g kg−1, and 1.63–2.69 g kg−1, respectively (P > 0.05). The results revealed a trend toward higher nitrate levels in water, and higher TN and NH4+-N but lower nitrate levels in sediment.


Table 1 | Water and sediment physicochemical factors in different months.






3.2 Microbial metabolism characteristics

The rate of increase and the final AWCD values depended on the abundance and activity of the microbial community; the faster the increase in the AWCD value, the higher the metabolism of the microflora (Figures 1A, B). Overall, there was little change in the AWCD values of all samples within 24 h, but these values increased over time from 24 h. After 144 h, there was a stable increase in the AWCD values, indicating accelerated microbial metabolism to meet physiological needs. Comparisons of data between September and November in the aquaculture ponds revealed that the rate of change in AWCD varied, as the significantly increased in water (P < 0.05), but did not increase significantly in sediment (P > 0.05). The intensity of carbon source metabolism is generally proportional to the quantity, ability, and diversity of corresponding microbes. As shown in Figures 1C, D the AWCD value of the sediment increased from September to November 2021, whereas the AWCD value significantly (P < 0.05) decreased in water. The sampling time was accompanied by the accumulation of contaminants. Sampling time did significantly (P < 0.05) affect Shannon indices, and significantly increased the McIntosh index (P < 0.05) which presents the evenness of carbon sources metabolism (Figures 1E–H). The evenness rather than the richness facilitated the rapid response of the natural communities to external contamination. The results suggest that homogenization of carbon source utilization may help withstand accumulation of pollutants.




Figure 1 | Metabolic characteristics and functional diversity in water and sediment. (A–D) Changes in average well color development (AWCD). (E, F) Changes in Shannon index (H). (G, H) Changes in McIntosh index (u).  The superscripts without same letter in the same row indicate significant difference (P<0.05).






3.3 Diversity and structure of microorganisms in the water and sediment

All detected OTUs in this study were classified into 63 bacterial phyla, and sequences that did not fall into any of the previous categories were classified as ‘others.’ Figure 2A shows the top 10 most abundant phyla in each sample. The most abundant phylum was Proteobacteria, followed by Actinobacteria, Chloroflexi, Cyanobacteria, and Firmicutes. Several bacterial species belonging to Proteobacteria were denitrifying species, implying that the habitats in the zero–water exchange ponds enhanced denitrification. The relative abundances of these dominant phyla varied among the different habitats. For the sediment samples, Proteobacteria was the most abundant phylum, and accounted for 17.60–33.16% of all phyla, followed by Chloroflexi (8.28–18.89%), and Firmicutes (7.59–15.98%). In addition, the abundance of Chloroflexi was remarkably lower in the October sediment than in other months (P < 0.05; Supplementary Figure 2). In water, Actinobacteria was the most abundant phylum, accounting for 11.47–51.98% of all phyla, followed by Proteobacteria (18.46–40.20%), and Cyanobacteria (3.02–33.23%). Notably, the abundance of Proteobacteria and Chloroflexi in the October water sample was significantly different (P < 0.05) from that of other months; the abundance of Firmicutes was remarkably higher in the September sediment than in November (Supplementary Figure 2).




Figure 2 | Relative abundance of dominant phyla and genera. (A) Relative abundance of dominant phyla in all communities. (B) Relative abundance of dominant phyla in 3 months. Rows represent the 35 most abundant bacterial genera, and the square-root-transformed relative percentage of each genus is depicted by color intensity. Sep., September; Oct., October; Nov., November.



A total of 1238 genera were identified at the genus level. The heatmap plot indicates the relative abundance of the genera (top 35) in different samples (Figure 2B). The distribution of the first 35 genera in sediments and water samples showed that September, October, and November samples exhibited similar bacterial community composition. The most abundant genera in sediment were Clostridium, Dechloromonas, Geothermobacter, Romboutsia, and Romboutsia; and the most abundant genera in water were Mycobacterium, Polynucleobacter, Methylocystis, Novosphingobium, and Alsobacter. Notably, common denitrifiers (Clostridium and Dechloromonas) were more abundant in sediment than in water. In addition, the phylum detected in the zero–water exchange ponds included a series of organisms involved in nitrogen transformations. The relative abundances of microbial genera involved in nitrogen transformation detected in this study are shown in Supplementary Figure 3. The most abundant genera were Flavobacterium, Hyphomicrobium, Rubrivivax, Rhodobacter, Bacillus, and Dechloromonas. The relative abundances of nitrogen cycling-related genera varied among the different habitats. The relative abundances of Shewanella, Geobacter, Halomonas, Candidatus Brocadia, Bradyrhizobium, Desulfovibrio, Nitrospira, Nitrosomonas, Streptomyces, and Thiobacillus in the sediment were higher than those in the water samples. The relative abundances of Paracoccus, Enterobacter, Achromobacter, and Acinetobacter were also higher in the water samples than in the sediment.




3.4 Microbial similarities in sediment and water among the three sampling times

To estimate the overall richness and diversity of the bacterial communities in the two aquaculture habitats, the OTUs of each sample were used to calculate alpha-diversity indices (Simpson, Shannon, and Coverage indices) (Figures 3A–D). At different time points, the venn diagram showed that 6460 and 1597 OTUs were shared in sediment and water, respectively (Figure 3E). Hence, we further investigated the differences and similarities between sediment and water at different time points using PCA (Figures 3F, G). The PCA results revealed that the microbial communities of at different time points in sediment and water were not clearly distinct.




Figure 3 | The microbial similarity in sediment and water among the three months. (A–D) The α-diversity comparison among the three sampling times. (E) Venn diagram shows the unique and shared OTUs. (F, G) PCA based on Operational taxonomic units (OTU) profiles. Sep., September; Oct., October; Nov., November.  The superscripts without same letter in the same row indicate significant difference (P<0.05).



To identify the specific bacterial taxa that differed in all samples, a random forest machine learning classifier model was used to further identify taxa in each group. Ten-fold cross-validation using the training data was conducted to detect unique OTU markers. The cross-validation error curve stabilized when the 22 most relevant OTUs were used. Thus, 22 OTUs were defined as biomarker taxa (Figure 4A), and these biomarkers were difficult to distinguish between different collection time points but differed significantly between the aquaculture habitats (Figure 4B). These 22 OTUs main belonged to Actinobacteriota, Proteobacteria, and Firmicutes. Of these, 15 OTUs showed higher relative abundance in sediment and 5 OTUs showed higher relative abundance in water. Although the hierarchical clustering algorithm could not cluster the individual samples into groups according to time points, it successfully distinguished the specific taxa in each aquaculture habitat. The higher number of bacterial families enriched in sediment was consistent with the observation that sediment varieties showed higher microbial diversity.




Figure 4 | Classification of the OTU markers for the samples. (A) A total of 22 OTU markers were selected as the optimal marker set by a ten-fold CV-error curve. (B) The relative abundance of the OTU markers in each group. Sep., September; Oct., October; Nov., November.






3.5 Sediment nitrification and denitrification rates

Sediment potential nitrification rates varied between 149.77 and 1109.06 ng N g−1 h−1, with a mean value of 761.09 ng N g−1 h−1. The potential nitrification rate in November was 149.77 ng N g−1 h−1, and was significantly lower than that in September (1024.44 ng N g−1 h−1) and October (1109.06 ng N g−1 h−1) (P <0.05) (Supplementary Figure 4A). The potential denitrification rates varied between 48.32 and 145.01 ng N g−1 h−1, with a mean value of 88.15 ng N g−1 h−1. The September had the highest potential denitrification rate (145.01 ng N g−1 h−1), and with no significantly different from October and November (Supplementary Figure 4B).The average N2O production rates were 1.01 ng N g−1 h−1 (Supplementary Figure 4C). The October had the highest N2O production rates (1.19 ng N g−1 h−1), followed by September (1.00 ng N g−1 h−1), and the November had the lowest (0.84 ng N g−1 h−1).




3.6 Functional gene abundances

The absolute abundances of bacterial 16S rRNA and selected genes involved in nitrification and denitrification processes were assessed based on the corresponding gene copy numbers using qPCR. The 16S RNA gene copies varied from 1.18 × 1010 to 3.43 × 1010 copies g−1 in sediment, which supported nitrogen removal (Figure 5). The AOA amoA and AOB amoA were used to evaluate the number of nitrifiers. The AOB amoA copy number (average 2.77 × 106 copies g−1) exceeded the AOA amoA copy number (average 1.71 × 105 copies g−1) in all sediment samples. The AOB amoA gene was present significantly higher abundance in October (3.61 × 106 copies g−1) compared with September (1.53 × 106 copies g−1) (P <0.05). Anammox was enumerated based on the hzsB gene, and the copy numbers were 3.63 × 106 copies g−1 in September and 6.59–7.11 × 106 copies g−1 in October and November. The abundance of the hzsB gene in September was significantly lower than that in October and November (P <0.05). The genes nirS and nosZ were used to enumerate the denitrifying bacteria. The nosZ gene copy numbers gradually increased from 1.66 × 108 to 4.00 × 108 copies g−1 in the sediment over the experimental period. The absolute abundance of the nirS gene ranged from 1.07 × 109 to 1.39 × 109 copies g−1, which was 1–2-fold higher than that of the nosZ gene.




Figure 5 | Spatial variation of gene copies for 16S rRNA (A) and associated with nitrification and denitrification: AOA amoA (B), AOB amoA (C), nirS (D), nosZ (E), and hzsB (F). Error bars indicate standard deviation. The superscripts without same letter in the same row indicate significant difference (P<0.05).






3.7 Relationships between environmental parameters and the microbial community

RDA was performed on 24 water and sediment samples to explore the relationship between microbial community structure and environmental factors. Sediment samples explained 9.06% of the constrained variation in microbial communities, whereas the second explanation accounted for 5.26% (Figure 6A). Three environmental variables, pH, WC, and TOC, were significantly associated with bacterial communities. In addition, both first and second RDA axes explained approximately 19.30% and 3.768% of the variation in water bacterial communities, respectively (Figure 6B). Significant correlations were detected among pH, Chl a, Temp, DO, TDS, and COD. Mantel test was used to study the relationship between the predominant phyla, nitrogen cycling functional genera, and environmental factors. The results showed that sediment pH was significantly positively correlated with some phyla such as Proteobacteria, Actinobacteria, and Cyanobacteria. The TOC and EC were significantly positively correlated with Cyanobacteria (Supplementary Table 3). In the water samples, Cyanobacteria were significantly positively correlated with Chl a, COD, Temp, DO, TDS, and pH (Supplementary Table 4). The nitrogen cycling functional genera in the sediment were positively correlated with the environmental factors (Figure 6C). Bacillus was positively correlated with NO3‐-N and WC (P < 0.05), whereas Achromobacter and Acinetobacter were negatively correlated with NH4+-N and TOC (P < 0.05). Flavobacterium and Shewanella were significantly positively correlated with NH4+-N and negatively correlated with EC (P < 0.05). Some of the nitrogen cycling functional genera, including Rhodobacter, Shewanella, and Flavobacterium, in the water were significantly correlated with environmental factors (P < 0.05) (Figure 6D).




Figure 6 | Redundancy analysis (RDA) shows the relationships between the community composition and physicochemical properties of sediment (A) or water (B) determined in the zero–water exchange ponds. Correlation analyses between physicochemical properties and functional genera associated with nitrogen cycling found in the microbial communities from the sediment samples (C) and water (D). The color intensity shows the R-value of correlation in each panel, and the asterisk represents significant correlations at P < 0.05 level. TN, total nitrogen; TP, total phosphorus; DO, dissolved oxygen; Temp, temperature; TDS, total dissolved solids; COD, chemical oxygen demand; TOC, total organic carbon; TSS, Total suspended solids; EC, electric conductivity; WC, water content; Chl a, Chlorophyll a; SPC, specific conductance. *P < 0.05; **P < 0.01.







4 Discussion



4.1 Microbiome diversity and stability under the influence of anthropogenic load on ecosystems of zero–water exchange ponds

Understanding nitrogen removal and microbial communities in aquaculture systems is essential for identifying mechanisms that shape better health, sustainable agriculture, and ecosystem functioning. This study explored the characteristics of nitrification and denitrification processes and microbial communities in zero–water exchange ponds. Contrary to expectations, this study did not find a significant difference between community diversity and culture period. In an intensive aquaculture pond system, the high potential for N mineralization in both the water and sediment was consistent with the large quantity of allochthonous feed protein present throughout the pond (Deng et al., 2020b). Previous studies indicated the average amounts of nutrients from feed retained by fish and shrimp are 13% for C and 29% for N (Avnimelech and Ritvo, 2003). Hence, a high percentage of the organic C and N compounds were released to the surrounding water and deposited on the sediment. In our study, Proteobacteria and Actinobacteria were the dominant phyla in zero–water exchange ponds. In the sediment samples microbial communities were similar, although there was a significant difference of environmental factors among sampling times. This result may be explained by the adoption of silver carp and bighead carp as filter-feeding fish to control the water quality in this study. These fish allowed nutrients to be fully recycled and contributed to a more stable pond environment.

The analysis of microbial diversity and community characteristics can provide basic information regarding nitrogen cycling in aquaculture ponds (Zeng et al., 2021). In the present study, Clostridium and Mycobacterium were the dominant genera in the sediment and water. As a representative fermentative bacterium, Clostridium was the dominant bacteria in the early incubation of hypoxic paddy soil (Noll et al., 2005), which is involved in the removal of anammox and biological phosphorus in sludge fermentation reactors (Wang et al., 2013; Wang et al., 2019). The DO concentration was 1.5 mg L−1 at the water-sediment interface of an aquaculture pond (average depth 1.6 m), and it reached zero at sediment depths >500 μm (Lu et al., 2016). Therefore, we speculate that the high abundance of Clostridium could be attributed to the anaerobic environment in the sediments. Mycobacterium, a genus of aerobic actinomycetes, is often isolated from reservoirs (Delghandi et al., 2020). From August to October, the abundance of Mycobacterium in the metal immune layer and the low immune layer increased slightly, which may be closely related to the concentration of dissolved oxygen (Zhang et al., 2022a). Our studies have suggested that variation in environmental factors of different habitats may explain the high abundance of Mycobacterium and Clostridium detected in farming ponds. The growth of some bacteria may be favored after acclimation to aquaculture environmental conditions, resulting in these groups becoming major components of the microbial community in the pond.

Furthermore, differences in the metabolic characteristics of microorganisms in the water and sediment of aquaculture ponds indicate that microorganisms in the various habitats of ponds perform different metabolic functions, which will contribute to nutrient cycling in zero–water exchange ponds. AWCD values indicate the overall activity of microorganisms in the process of carbon source utilization (Yi et al., 2022). The intensity of carbon source metabolism usually reflects the quantity, capacity, and diversity of microorganisms (Li et al., 2020; Koner et al., 2022). The McIntosh index, which represents the evenness of carbon sources metabolism, increased significantly during the sampling period, which would contribute to the cycling of nutrients in the zero–water exchange ponds. Previous studies have shown that the rapid response of natural communities to external pollution is evenness rather than richness (Wittebolle et al., 2009). These suggest that the homogenization of carbon source utilization might contribute to the relative homeostasis of the zero–water exchange ponds microbial community.




4.2 Microbial nitrogen metabolism in zero–water exchange ponds under steady-state conditions

From a functional perspective, many of the genera that differed significantly between the two habitats in our study were associated with nitrogen metabolism, which is a critical function of pond microbiota (Ettinger et al., 2017). The nitrogen removal-related genera with relative abundance (shown in Supplementary Figure 3) were assessed as previously described (Zhang et al., 2021b). Nitrosomonas and Nitrospira, two genera involved in nitrification, were detected in this study. These genera are dominant in sediments and are connected to the nitrite-oxidizing pathway (NOB) and ammonia-oxidizing pathway (AOB), respectively (Li and Tao, 2017). Notably, complete nitrification can be accomplished by Nitrospira, which directly converts either ammonium to nitrate or nitrite to nitrate without nitrous oxide production (Daims et al., 2016). The finding indicates the comammox pathway might be involved in nitrogen transformation in the zero–water exchange ponds where Nitrospira was more abundant, as suggested by previous reports (Daims et al., 2015). Nevertheless, the data obtained in the current study were insufficient to confirm this assumption, because only high-throughput sequencing technology was utilized to detect the existence of the comammox process in the zero–water exchange ponds. It is necessary to conduct more experiments in the future from different aspects for verification (such as community metagenomic assembly). In the present study, we only identified one genus, Brocadia, which was highly abundant in the sediment and almost absent in the water. This observation suggests anoxic or anaerobic conditions in the sediment were beneficial for the growth and metabolism of anammox bacteria and the inhibition of the anammox process under the oxygen concentration in the surface water.

In all samples, the relative abundance of denitrification genera was higher than that of nitrification genera, which provides the conditions in the aquaculture pond for removing nitrogen through denitrification under the condition of high exogenous nutrient input. In general, differences in microbiota function between the two habitats might be attributed to environmental factors. Aquaculture ponds need to continuously increase oxygen levels to ensure sufficient dissolved oxygen content in the water, and the decomposition of unconsumed bait residues significant oxygen consumption, thus creating a highly reductive environment in the sediment (Gao et al., 2019). This finding that the culture pond had a relatively unique habitat, which might explain the distinct microbial communities in sediment and water.




4.3 Nitrification and denitrification processes mediated by functional gene and environmental factors

Nitrification and denitrification are essential steps in the global nitrogen cycle (Bothe et al., 2000). As the major forces driving the nitrogen cycle, denitrification and nitrification have an important regulatory effect on nitrogen loss and N2O emissions (Cui et al., 2021). Sediment nitrification rates in zero–water exchange ponds showed strong temporal variability, which is similar to previous studies (Yao et al., 2018). In addition, nitrification rates were positively correlated with water T, sediment NH4+-N content, TOC content, NO3- content, and moisture content (Supplementary Table 5). This implies that elevated water T, organic carbon accumulation and oxygen content, which increase the practicality of NH4+-N in sediment, may limit the nitrification rates. Previous study has shown that the potential nitrification rate is positively correlated with amoA gene abundances in both bacteria and archaea (Sims et al., 2012). Moreover, the sediment potential nitrification rate in two Yangtze lakes was also positively correlated with the abundance of bacterial amoA (Hou et al., 2013). However, there was no significant correlation between sediment nitrification rate and amoA gene abundance in this study. This suggests that not all NO3‐-N was oxidized into NO3‐-N, or that gene abundance is not correlated with the process.

The potential denitrification rate is generally considered a conservative estimate of actual in situ denitrification (Yao et al., 2016). Sediment potential denitrification rate showed a pronounced temporal heterogeneity pattern. Nitrate and temperature mainly explained these temporal potential denitrification variations. These factors (temperature and nitrate concentration) have been demonstrated to be important determinants of denitrification rates in other studies (Pfenning and McMahon, 1997; Yao et al., 2018; Deng et al., 2020a). In general, sediment potential denitrification rate was positively related to sediment temperature (Song et al., 2012). Similarly, these positive relationships were found in the zero–water exchange ponds. Our study also revealed that sediment nitrate concentration had a positive correlation with the potential denitrification rate in the zero–water exchange ponds. This relationship is understandable because nitrate is the terminal electron receptor of denitrification process (Deng et al., 2020a). Most of the reported high denitrification rates were observed in high-nutrient loaded systems such as treatment wetlands (Song et al., 2012). However, these relationships were not found in this study. A large number of nutrients will be stored in sediments during the aquaculture farming practice (Deng et al., 2020b). Also in the present zero–water exchange ponds, sediment nitrate concentrations increased significantly with culture. In this study, low temperature explained low potential denitrification while temperature-controlled denitrification when not limited by nitrate concentration.

We found that the mean abundance of bacterial amoA gene was considerably higher than that of the archaeal amoA gene in sediments, which was consistent with previous studies conducted in aquatic ecosystems (Wankel et al., 2011). Some studies reported N-related variables were the key factors that determined the community structure of AOB in soils and sediments because NH4+ was the key energy source for ammonia oxidizers (Verhamme et al., 2011). Given that a positive correlation between bacterial amoA abundance and NH4+-N concentration in sediment was observed in this study (Supplementary Table 6), we may conclude that bacterial nitrifiers, but not archaeal nitrifiers, may prefer the environment with high NH4+ levels. Consistent with previous studies (Bru et al., 2011), we found that the abundance of nirS and nosZ genes showed a strong temporal variation and was significantly related to water quality and sediment properties (Supplementary Table 6). Seasonal variations in microbial community structure in lake sediments were generally assumed to be driven by changing environmental factors (e.g., temperature, ORP and NO3‐-N concentration) and stochastic processes (Laverock et al., 2014). On a temporal scale, the most important determinants of denitrifiers abundance may be temperature, which has a marked effect on all life forms.

In conclusion, the findings of this study revealed the importance of nitrification and denitrification in zero–water exchange ponds. The results suggest that the sediment had excellent potential nitrification-denitrification performance in the zero–water exchange ponds. Physiological responses of denitrifiers to environmental conditions mainly regulate the denitrification rate, rather than a shift in microbial community composition in zero–water exchange ponds. In addition, potential nitrification rates were positively correlated with sediment TOC concentration, and the potential denitrification rate had a positive correlation with sediment nitrate concentration. These findings provide fundamental information about the mechanisms underlying the benefits of the zero–water exchange ponds. However, this study only focused on potential nitrification and denitrification rates. The contribution of nitrogen cycle structure should be further explored to reveal the process of nitrogen conversion and its contribution to nitrogen removal in zero–water exchange ponds.
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