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Abstract

:

Nitrification and denitrification are important for nitrogen (N) cycling in fish ponds culture, but the effects of nitrifying and denitrifying bacteria concentrations on pond water and sediments remain largely unknown. Here, we used 0, 0.15, 0.30, 0.60 mg/L different concentrations of mixed nitrifying and denitrifying bacteria to repair the pond substrate through an enclosure experiment lasting 15 days. The results showed that the purification effect of nitrifying and denitrifying bacteria was most obvious on pond nitrogen from day 4 to day 7. The optimal relative concentration was 0.60 mg/L for nitrifying and denitrifying bacteria; NH4+-N (ammonia nitrogen) decreased by 75.83%, NO2−-N (nitrite) by 93.09%, NO3−-N (nitrate) by 38.02%, and TN (total nitrogen) by 45.16% in this concentration group on pond water. In one cycle, C/N (carbon/nitrogen) ratio of both water body and bottom sediment significantly increased, but C/N ratio of water body increased more significantly than that of sediment. Water C/N ratio increased by 76.00%, and sediment C/N ratio increased by 51.96% in the 0.60 mg/L concentration group. Amplicon sequencing of pond sediment showed that the change in nitrifying and denitrifying bacterium diversity was consistent with that in water quality index. Dominant nitrifying bacteria had a relatively high percentage, with significant differences in dominant bacterium percentage across different bacterial addition groups, while dominant denitrifying bacterium percentage was not high without significant differences among different groups. The dominant species of nitrifying bacteria were, respectively, Nitrosomonas, Nitrosovibrio, Nitrosospira, and Aeromonas, and the dominant species of denitrifying bacteria were Thauera, Azoarcus, Magnetospirillum, Azospira, and Idiomarina. The correlation analyses showed an aerobic nitrification and facultative anaerobic denitrification in pond sediments. Research shows that the addition of exogenous nitrifying and denitrifying bacteria can effectively reduce the nitrogen load of pond water and sediment. At the concentration of 0.6 mg/L, the nitrogen load of pond water and sediment decreased most obviously, which had the best effect on pond purification.
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1. Introduction


In intensive ponds, a large amount of feed is put into water and sediment, and thus, nitrogen is continuously accumulated in water and sediment. In pond culture, only 5–6% of total nitrogen is converted into fish biomass, and 29% of N is accumulated in sediment. The remaining fractions are lost through pond water discharges into adjacent canals [1]. Studies examining the mixed culture of shrimp and crab found that the main input of nitrogen was the feed, and the main output of N was sediment [2]. As the pond culture age increases, the unused feed nitrogen accumulates in the pond [3,4]. However, high nitrogen (N) concentration leads to eutrophication, thus resulting in physiologically toxic effects in aquaculture [5].



A large amount of nitrogen input will reduce the C/N ratio in the pond. Low-C/N ratio water bodies are dominated by autotrophic bacteria [6], which may enhance the mineralization of organic matter to release ammonia nitrogen and nitrite into water, thus affecting the health of fish [7]. Heterotrophic bacteria are dominant in water with high C/N ratio [8]. Heterotrophic bacteria contribute to bioremediation of nitrogen-containing waste [9], and they also contribute to the conversion of inorganic nitrogen into bacterial components as a food source for reuse [10]. The study of Nile tilapia in the biofloc culture system has indicated that with the increase in C/N ratio, the microorganisms in biofloc systems change from autotrophic bacteria to heterotrophic ones [11]. Currently, the main method to improve C/N ratio in ponds is to add carbon sources. The increasing chemical oxygen demand (COD) load is beneficial for the assimilation and absorption of nutrient substrates by microorganisms to raise the denitrification rate [12]. When the C/N value is greater than 7, an efficient denitrification process can be realized [13]. However, other studies have found that carbon source addition has no significant effect on aquaculture water quality and fish growth [14]. When the feed itself contained high protein, adding additional carbon source to improve pond C/N did not have a significant effect on water quality [14]. After nitrogen overload in the pond, the effect of carbon source addition on C/N ratio was not obvious. Therefore, nitrogen reduction in the pond is an alternative method to improve C/N ratio.



Current technologies for nitrogen reduction include biological manipulation, conventional dredging, aquatic phytoremediation, and microbial remediation. The biological treatment method is to use high-nutrient organisms to prey low-nutrient organisms or organic matter, thus indirectly reducing the nutrients in the water, eventually repairing the pond sediments [15]. Although the biological control method can improve the sediment purification effect and prevent the competition between organisms and aquaculture objects, it is not conducive to the growth of aquaculture objects [16]. The traditional dredging method is pond drainage or mechanical dredging, which can effectively relieve the nitrogen of sediment pollution [17], but it has a high demand on the time limit, and the excavated sediment is harmful to the environment [18]. Aquatic phytoremediation is one of the important remediation methods for water pollution. Aquatic plants can absorb N, P, and other nutrients in the water, reduce the toxic side effects on the aquaculture, and provide oxygen to the water through photosynthesis [19]. The application of bio-floating bed technology can significantly reduce nitrite and ammonia concentrations in water body and improve the growth performance and muscle quality of grass carp [20]. Microbial remediation is to purify the water environment of aquaculture pond via the absorption, transformation, and degradation by microorganisms. Microbial remediation of ponds is generally carried out by microecological agents, such as effective microorganisms (EM), bacillus, nitrifying bacteria, and denitrifying bacteria [21,22,23]. Microbial remediation is characterized by high efficiency and desirable purification effect, and it is one of the most important means of water pollution control at present.



Pond microorganisms, including bacteria, archaea, fungi, and protists, have a rich diversity and perform complex functions. Generally, bacterial populations account for more than 90% of the total microbial population in non-extreme aquatic ecosystems [24]. In pond culture, the dominant populations of bacteria are basically similar at the phylum level in different culture environments. β-Proteobacteria, α-Proteobacteria, and Actinobacteria are the dominant groups in the water environment of carp culture [25]. Bacteroidetes are the main species of bacteria in freshwater shrimp pond [26]. Proteobacteria, Cyanobacteria, Actinobacteria, and Bacteroidetes are the main types in the water. Proteobacteria, Cyanobacteria, Actinobacteria, and Bacteroidetes are the main types in the sediment [27]. Bacteroidetes, α-Proteobacteria, and γ-Proteobacteria were the dominant bacteria in the circulating culture system of flounder (Matos et al., 2011). The dominant bacteria in grass carp (Ctenopharyngodon idella) culture are Proteobacteria, Bacteroidetes, and Actinobacteria [27,28].



Dissimilatory nitrate reduction processes, including denitrification, anaerobic ammonium oxidation (ANAMMOX), and dissimilatory nitrate reduction to ammonium (DNRA), are crucial nitrogen (N) cycling pathways in freshwater ecosystems [8]. Nitrifying bacteria and denitrifying bacteria are the bacteria that have an obvious transformation effect on nitrogen [29]. Nitrification oxidizes ammonia nitrogen into nitrite nitrogen and eventually converts the latter into nitrate nitrogen, but nitrification does not directly affect the N stock in the system [30]. Denitrification is a gradual reduction of nitrate nitrogen into nitrite nitrogen, and eventually into gaseous nitrogen, thus reducing the N stock in the system [29]. The addition of nitrifying bacteria (living bacteria at 3.67 × 107 Cfu/mL) to water can significantly reduce the ammonia nitrogen content in water body [31]. The application of denitrifying bacteria (105 Cfu/mL) exhibited a good removal effect on nitrogen [32]. However, nitrification and denitrification could not be enhanced under excessive addition of exogenous nitrifying and denitrifying bacteria [33].



Heterotrophic bacteria can improve water quality by increasing the C/N ratio, and in turn, low C/N ratio inhibits the growth of heterotrophic bacteria. Autotrophic nitrifying and denitrifying bacteria have sufficient advantages under these circumstances. There are many studies on the effects of nitrifying and denitrifying bacteria on water body. A large number of studies have shown that nitrifying and denitrifying bacteria can effectively purify ammonia and nitrite in water [31,32], but less research has been conducted on pond sediment purification. In this study, a stable closed small enclosure was formed by applying acrylic transparent tube with high light transmittance and high chemical resistance, and the abundance changes in nitrifying and denitrifying bacteria themselves in pond sediments were explored after different concentrations of nitrifying and denitrifying bacteria were introduced. The purification effect of these exogenous bacteria on pond water and sediment was also examined. Our study will supplement the purification effect of nitrifying and denitrifying bacteria on pond sediments and provide theoretical basis for pond healthy culture.




2. Materials and Methods


2.1. Pond Environment


The experiment was carried out at Chonghu Fishery, Gong’an County, Jingzhou City, Hubei Province, China (29°57′ N, 112°14′ E). The pond had an aquaculture history of more than 20 years with the sediment accumulation thickness of more than 40 cm. During this period, the main breeding object is grass carp. The breeding density is 1500–2000 kg/acre. Grass carp should be fed 3–5% feed daily of its body weight (25–32% nitrogen). Pond sediment thickness increases by 2–3 cm per year. Eight acrylic transparent tubes with a diameter of 0.5 m, a height of 2 m, and a thickness of 7 mm were vertically inserted into a 1.4 m deep pond with a sediment insertion depth of 0.4 m. The 8 acrylic transparent tubes formed 8 independent small enclosure spaces (Figure 1). Two steel bars (height of 2.5 m, diameter of 20 mm) were vertically inserted into the pond sediment with insertion depth of 0.5 m along each transparent cylinder, with the cylinder diameter (0.5 m) as distance between two steel bars. The two steel bars were, respectively, fixed onto acrylic transparent tubes with iron wire (Figure 1). The nitrifying and denitrifying bacteria used in the experiment were purchased from Nanjing Celt Biotechnology Co., Ltd., Jiangsu, China. The mixed bacteria were composed of nitrifying bacteria and denitrifying bacteria, of which the proportion of nitrifying bacteria was 50%, and the number of viable bacteria was more than 1010 cfu/g, and the proportion of denitrifying bacteria was 50%, and the number of viable bacteria was more than 1010 cfu/g. Nitrifying bacteria were composed of ammonia-oxidizing bacteria and nitrite-oxidizing bacteria, while denitrifying bacteria were composed of nitrite-reducing bacteria and nitrite-reducing bacteria. The 8 acrylic transparent tubes were divided into four groups, with nitrification and denitrification bacteria mixture concentrations of 0, 0.15, 0.30, and 0.60 mg/L (viable bacteria content > 1010 cfu/g). Before the addition of nitrifying and denitrifying bacteria, the samples were collected from each concentration group. After the addition of nitrifying and denitrifying bacteria, samples were collected on the 1st, 3rd, 7th, 10th, and 15th day. The samples included water samples, sediment samples, and sediment microbial samples. Three samples were extracted from each group of sediments for microbial amplification and sequencing. Total organic carbon and total nitrogen in sediment samples, and ammonia nitrogen, nitrite, nitrate, total nitrogen in water samples were repeated three times for data analysis.




2.2. Sample Collection


In the current study, water samples were collected with a 5 L water sample collector and stored in 1 L polycarbonate glass bottles. Sediment samples were collected with a steel Peterson dredger with an area of 1/16 m2 and stored in polycarbonate bags. A portion of sediment sample (1–2 g) was put into a sterilized centrifuge tube (2.0 mL) and stored in liquid nitrogen until DNA extraction.




2.3. Determination of Carbon and Nitrogen


Based on water samples, compound analyses of ammonium nitrogen (NH4+-N), nitrite nitrogen (NO2−-N), nitrate nitrogen (NO3−-N), and total nitrogen (TN) were performed using a Nanodrop 2800C UV-ultraviolet spectrophotometer (Thermo Scientific, Wilmington, DE, USA) by standard method [34]. Water chemical oxygen demand (COD) was determined using the acid potassium permanganate method. Total nitrogen (TN) in the sediment samples was measured using the Kjeldahl method, and total organic carbon (TOC) was detected using the hydration thermal potassium dichromate oxidation-colorimetric method.




2.4. DNA Extraction


The total genomic DNA of the sediment was extracted from 0.25 g sediment using the Power Soil® DNA Isolation kit (MoBio, Carlsbad, CA, USA) according to the manufacturer’s protocol. As recommended by the manufacturer, DNA extracts were purified using the Wizard DNA Clean Up System (Axygen Bio, Union City, NJ, USA) and stored at −80 °C until analysis.




2.5. High-Throughput Sequence Analysis


The amoA-AOB gene was amplified by using upstream primer amoA1F (GGGGTTTCTACTGGTGGT) and downstream primer amoA2R (CCCCTCKGSAAAGCCTTCTTC) with an amplicon size of 500 bp. NirS gene was amplified by using upstream primer cd3aF (GTSAACGTSAAGGARACSGG) and downstream primer R3cdR (GASTTCGGRTGSGTCTTGA) with the amplicon size of 400 bp. PCR amplification and high-throughput sequencing were performed using the Illumina Miseq platform by Personal Biotechnology Co., Ltd. (Shanghai, China). The PCR conditions using Amx368F/Amx820R were as follows: 94 °C for 4 min; 32 cycles of 94 °C for 30 s, 51 °C for 30 s, and 72 °C for 1 min; and 72 °C for 5 min. The products were then stored at 4 °C. The PCR conditions with the hzo5F/hzo5R primers consisted of 94 °C for 4 min; 32 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 1 min; and 72 °C for 5 min; and the products were then stored at 4 °C. The PCR conditions with the nirS gene primers were 94 °C for 5 min; 32 cycles of 94 °C for 30 s, 53 °C for 30 s, and 72 °C for 1 min; and 72 °C for 10 min. The products were then stored at 4 °C. The presence and size of the amplification products were determined by running 1.0% agarose gels in TAE buffer at 110 V and 200 mA for 25 min.




Quality filtering of the raw tags was performed under specific filtering conditions with QIIME (Version 1.9.0, http://qiime.org/index.html, accessed on 1 March 2021) in order to obtain high-quality clean tags. The tags were compared with the reference database (Gold database; http://drive5.com/uchime/uchime_download.html, accessed on 1 March 2021) using the UCHIME algorithm (UCHIME Algorithm; http://www.drive5.com/usearch/manual/uchime_algo.html, accessed on 1 March 2021) to detect chimeric sequences, which were then removed. The data were de-noised, and the sequences with more than 150 base pairs (bp), less than 8 bp, and ambiguous base pairs and chimeric sequences were eliminated to ensure the high quality of sequence reads. All similar high-quality reads with a similarity of ≥97% were aggregated into an operational classification unit (OTU) [35]. An “OTU table” showing the number of reads from each sample assigned to each OTU was created by using the usearch_global command. α and β diversity were calculated by QIIME based on processed pyrosequencing data (Version 5.1) software. Similarly, QIIME was used to analyze species composition by statistical analysis after the feature table after singleton was removed. The environmental data were combined with the statistics of the feature table after singleton was removed. Environmental and microbial redundancy analyses (RDA) were calculated by QIIME [36].






2.6. Statistical Analyses


The data of NH4+-N, NO2-N, NO3-N, TN, C/N of water, C/N of sediment, and α diversity were expressed as mean ± SD. Before data analysis, the Shapiro–Wilk method was used to test data normality. All the data were analyzed by IBM SPSS 21, following the normal distribution. If not specified, significant differences between groups were analyzed by ANOVA. p < 0.05 was considered statistically significant.





3. Results


3.1. Changes in Water Quality Index


The data in Figure 2 and Table 1 showed the changes in ammonia nitrogen, nitrite, and nitrate in water before and after adding nitrification and denitrification bacteria. Analysis of NH4+-N showed that compared with the 0 mg/L concentration group, 0.15 (decrease by 76.31%), 0.3 (decrease by 84.40%), and 0.6 mg/L (decrease by 75.83%) bacterial addition groups exhibited a significant decrease in NH4+-N. The decrease in NH4+-N was most significant on day 4 to day 7, and the change in NH4+-N was not significant on day 10 to day 15 (Figure 2a). The analysis of NO2−-N showed that 0.15 (decrease by 92.21%), 0.30 (decrease by 91.20%), and 0.60 mg/L (decrease by 93.09%) bacterial addition groups displayed a significant decrease in NO2−-N after 15-day treatment, compared with the 0 mg/L concentration group. In addition, NO2−-N in 0.15 mg/L concentration group showed an upward trend from day 7 to day 10 (Figure 2b). Our data showed that after 15-day treatment, NO3−-N concentration was significantly lower in 0.15 (decrease by 28.34%), 0.3 (decrease by 37.11%), and 0.6 mg/L (decrease by 38.03%) bacterial addition groups than in the 0 mg/L group, and NO3−-N concentration in the 0.15 mg/L bacterial addition group displayed an upward trend from day 7 to day 15. In the 0.30 mg/L concentration group, NO3−-N had an upward trend from day 7 to day10 and a downward trend from day 10 to day 15 (Figure 2c).



The changes of COD and TN in water before and after adding nitrification and denitrification bacteria were shown in Figure 2. The change in COD in water was not obvious during the first 15 days post the addition of nitrification and denitrification bacteria (Figure 3a). The analysis of TN in water body showed that on day 15, TN was significantly lower in 0.15 (decrease by 36.00%), 0.30 (decrease by 45.16%), and 0.60 mg/L (decrease by 37.11%) concentration groups than in the 0 mg/L concentration group, with a continuous TN decrease during the first 15 days, and the decrease was most significant in the 0.60 mg/L bacterial addition group (Figure 3b).




3.2. C/N Ratio in Water and Sediment


Figure 4 showed the changes in C/N ratio in water body and sediment before and after the addition of different concentrations of nitrifying and denitrifying bacteria. On day 15, the C/N ratio in 0.15, 0.30, and 0.60 mg/L concentration groups was significantly increased compared with that in the 0mg concentration group, and the C/N ratio in the 0.15 mg/L concentration group was increased by 13.41%, that in the 0.30 mg/L concentration group was increased by 43.94%, and that in the 0.60 mg/L concentration group was increased by 76.00%. The increase in C/N ratio in water body was most obvious from day 7 to day 15 (Figure 4a). In addition, after 15-day treatment, the sediment C/N ratio in 0.15, 0.30, and 0.60 mg/L bacterial addition groups was significantly increased compared with that in the 0 mg/L concentration group, which was similar to the change pattern of water C/N ratio. The sediment C/N ratio in 0.15, 1.30, and 0.60 mg/L concentration groups was increased by 16.99%, 23.68%, and 51.96%, respectively, and the increase in sediment C/N ratio was obvious from day 4 to day 10. Overall, the change in water C/N ratio was more dramatic than that in sediment C/N ratio (Figure 4b).




3.3. Species Composition Analysis of Nitrifying and Denitrifying Bacteria


The amplicon sequencing of AmoA-AOB gene and NirS gene in nitrifying and denitrifying bacteria in the sediment was performed. A total of 3,326,896 raw sequences were obtained from the amoA-AOB gene, from which a 43,461 average of high-quality sequences were obtained after denoising processing, with the sequence length ranging from 59 bp to 478 bp. In total, 6,307,519 raw sequences were obtained from the NirS gene by sequencing, from which a 93,769.52 average of high-quality sequences were obtained by denoising processing, with the sequence length ranging from 33 bp to 400 bp. For the amoA-AOB gene, at the phylum level, the dominant nitrifying bacterium in the sediment was Proteobacteria, accounting for 87.09% after the introduction of nitrifying and denitrifying bacteria, (Figure 5a); at the genus level, the dominant species of nitrifying bacteria accounted for a relatively high percentage, but there were differences in dominant species percentage among different bacterial addition concentration groups in spite of similar dominant species composition, and the dominant species were, respectively, Nitrosomonas, Nitrosovibrio, Nitrosospira, and Aeromonas. After the addition of nitrification and denitrification bacteria, the percentage of Nitrosospira was decreased, while the percentages of Nitrosomonas and Nitrosovibrio were increased.



For the nirS gene, at the phylum level, the dominant denitrifying bacterium in sediment was mainly Proteobacteria, accounting for 68.32% after nitrification and denitrifying bacteria were introduced (Figure 5b). At the genus level, the proportion of dominant species of denitrifying bacteria was not high, but the dominant species composition and percentage were similar among different concentration addition groups, and the dominant species were Thauera, Azoarcus, Magnetospirillum, Azospira, and Idiomarina.



According to the collected samples with the time division (Figure 6), the species composition of nitrifying bacteria did not change significantly (at the genus level) before and after the introduction of nitrifying bacteria, but the proportion of dominant species changed significantly (Figure 6a). After 1–7 days of nitrifying bacteria input, the proportion of dominant species Nitrosomonas decreased, while the proportion of dominant species Nitrosopira increased. Lasts for 15 days, the proportion of dominant species Nitrosomonas decreased significantly, while the proportion of dominant species Nitrosopira and Aeromonas increased significantly. The species composition of denitrifying bacteria did not change significantly, and the proportion of dominant species did not change significantly before and after the addition of denitrifying bacteria (Figure 6b).



At the species level, we conducted heat map analysis of the samples (Figure 7). The result found that the dominant signature species of nitrifying and denitrifying bacteria changed significantly after the addition of nitrifying and denitrifying bacteria compared with the 0 mg/L concentration group. In the 0 mg/L concentration group, the dominant landmark species of nitrifying bacteria were Nitrosovibrio sp. ry3c, Nitrosomonas sp., Nitrosospira sp. iii7, Nitrosospira sp. 40ki, Nitrosospira sp. Nsp17, Nitrosospira briensis, and Azospira sp. AR13, Thermus and Thermophilus were the dominant landmark species of denitrifying bacteria. In the 0.15 mg/L concentration group, the dominant landmark species of nitrifying bacteria was Nitrosospira sp. TCH711, and the dominant landmark species of denitrifying bacteria was Acidovorax sp. AR23. In the 0.30 mg/L group, the dominant landmark species of nitrifying bacteria were Nitrosospira sp. NP39-19, Nitrosomonas halophila, and Nitrosospira sp. nSP40; the dominant landmark species of denitrifying bacteria was Zoogloea sp.AR30. In the 0.60 mg/L concentration group, the dominant landmark species of nitrifying bacteria were Nitrosospira sp. pJA1, Nitrosomonas nitrosa, Nitrosospira sp. wyke2, Nitrosospira sp. nv6, Nitrosospira sp. Nsp12, Nitrosomonas oligotropha, Nitrosospira multiformis, and Nitrosospira sp. Nsp2; the dominant landmark species of denitrifying bacteria was Pseudomonas sp. JV525. Through species composition analysis and combined heat map analysis, we found that there was no significant change in species composition of nitrifying and denitrifying bacteria at the genus level, but a significant change between groups with different concentrations at the species level was noted. With the addition of nitrifying and denitrifying bacteria, the dominant signature species play a key role in sediment purification.




3.4. Diversity Analysis of Nitrifying and Denitrifying Bacteria


In this study, the observed species index and Chao1 index were used to analyze the diversity of nitrifying and denitrifying bacteria. The results showed that the diversity of nitrifying and denitrifying bacteria showed an obvious initial upward and then downward trend over the 15-day treatment (p < 0.05). The species diversity of nitrifying bacteria was increased (days 0–3), remained stable (days 7–10), and decreased (days 10–15) (Figure 8a). The species diversity of nitrifying bacteria on day 15 was similar to that on day 0. Consistently, the species diversity of denitrifying bacteria was increased (days 0–7), remained stable (days 7–10), and decreased (days 10–15) (Figure 8b). However, the species diversity of denitrifying bacteria on day 15 was higher than that at day 0. The analyses of Simpson index and Pielou_e index showed that the species evenness and relative abundance of nitrifying and denitrifying bacteria were not significantly changed over 15 days, indicating their species stability.




3.5. Environmental and Microbial Redundancy Analysis (RDA)


Redundancy analysis (RDA) of environmental factors, amoA-AOB gene, and NirS gene was performed (Figure 9). Correlation analysis was conducted among environmental factors (Figure 9a). The results showed that COD was positively correlated with water C/N ratio and that COD was negatively correlated with NH4+-N, NO3−-N, NO2−-N, and TN (Figure 9a). The combined analyses of environmental factors and microorganisms showed that there was a certain correlation between nitrifying bacteria and environmental factors. Strong correlation was observed between nitrifying bacteria and NO3−-N, COD, or water C/N ratio, and the strongest correlation existed between nitrifying bacteria and NO3−-N. At the genus level, Nitrosomonas, Nitrosospira, and Nitrosovibrio exhibited strong correlation with environmental factors, of which Nitrosomonas had significantly positive correlation with COD and water C/N ratio; Nitrosospira had significantly positive correlation with NH4+-N; and Nitrosovibrio was positively correlated with C/N ratio and TN in sediment.



The results showed that there was a strong positive correlation between water C/N ratio and sediment C/N ratio, and there was a strong positive correlation among NH4+-N, NO3−-N, NO2−-N, TN, and COD (Figure 9b). There was a significantly negative correlation between C/N ratio and NH4+-N, NO3−-N, NO2−-N, TN, or COD in sediment (Figure 9b). The combined analyses of environmental factors and microbes showed that there was a significant correlation between denitrifying bacteria and environmental factors. Denitrifying bacteria had a strong correlation with NH4+-N, NO3−-N, NO2−-N, TN, COD, water C/N, and sediment C/N. Thauera, Azoarcus, Magnetospirillum, and Azospirillum exhibited a strong correlation with environmental factors. Specifically, Thauera and Magnetospirillum were positively correlated with NH4+-N, NO3−-N, NO2−-N, TN, and COD. Azoarcus and Azospira were obviously negatively correlated with NH4+-N, NO3−-N, NO2−-N, TN, and COD.





4. Discussion


Pond nitrogen load is growing due to a large amount of feed input in aquaculture, and nitrification and denitrification can effectively control the form of nitrogen to reduce the harm caused by aquaculture. After different concentrations of nitrifying and denitrifying bacteria were added into pond water, the concentrations of ammonia nitrogen, nitrite, nitrate, and total nitrogen were significantly decreased on day 15 in pond water, but COD exhibited no obvious change. Nitrification is dominated by ammonia-oxidizing bacteria (AOB) in pond water and surface sediments, and ammonia-oxidizing archaea (AOA) generally grows in deep sediments [37,38,39]. Autotrophic nitrifying bacteria AOB can produce energy by oxidizing ammonia oxygen to nitrate. However, its nitrification requires energy that heterotrophic nitrifying bacteria oxidize ammonia oxygen to nitrate. [40]. Heterotrophic nitrifiers oxidize the organic substrates in a co-metabolism reaction, comprising the co-oxidation of either ammonia or reduced nitrogen from organic compounds, resulting in the formation of nitrite [41]. However, autotrophy AOB nitrification does not need to consume carbon sources [42], which might be the main reason why there was no significant change in COD after addition of nitrifying and denitrifying bacteria in our study.



Our analyses of purification effects of nitrifying and denitrifying bacteria on ammonia nitrogen, nitrite, and nitrate showed that NO2−-N in the 0.15 mg/L group had an upward trend over days 7–10 (Figure 2b); NO3−-N in the 0.15 mg/L group had an upward trend over days 7–15; NO3−-N in the 0.30 mg/L group N exhibited an upward trend over days 7–10 (Figure 2c). Ammonia nitrogen was nitrified into nitrite, and then, nitrite was oxidized to nitrate nitrogen, but the first of these steps is the speed limiting step. After ammonia monooxygenase converts ammonia nitrogen into nitrite, nitrite will be rapidly converted into nitrate nitrogen [43]. It has long been assumed that the most important contributors to ammonia oxidation—the first and rate-limiting step in nitrification—are two groups of ammonia-oxidizing bacteria (AOB): the betaproteobacteria (β-AOB) from the genus Nitrosomonas and Nitrosospira [44,45], and gammaproteobacteria (γ-AOB) from the genus Nitrosococcus [46]. Our results show that the proportion of Nitrosomonas and Nitrosospira in the experimental group increased, and the nitrification rate was stronger compared with the blank group. In our 0.15 mg/L concentration group, nitrite and nitrate nitrogen were observed to be increased over days 7–10, and the nitrification rate was much higher than the denitrification rate. Nitrate nitrogen in the 0.30 mg/L concentration group showed an upward trend over days 7–10 and a downward trend over days 10–15, indicating that nitrification rate in the 0.30 mg/L concentration group was slightly higher than denitrification rate. The nitrite and nitrate nitrogen in the 0.60 mg/L concentration group remained stable over days 7–15, and the nitrification rate was the same as the denitrification rate. Therefore, 0.60 mg/L might be the optimal relative concentration for pond water purification.



Our data showed that after the addition of nitrifying and denitrifying bacteria, the diversity of nitrifying and denitrifying bacteria was significantly increased, followed by a decrease, and the bacterial diversity on day 15 returned to day 0 initial level. The cycle of nitrifying and denitrifying bacteria lasted about 15 days. Nitrifying and denitrifying bacteria were added once every 7 days for pond purification [47]. The change pattern of nitrifying bacterium abundance was consistent with that of ammonia nitrogen, with a significant change within 0–7 days followed by stable unchanged state within 7–15 days. The change of denitrifying bacteria abundance was in line with that of TN, which experienced a continuous decline throughout the entire cycle. The above results indicated that nitrifying and denitrifying bacteria had a specific transformation effect on nitrogen, which was in accordance with the previous report [48,49,50,51]. One of the major challenges in any sustainable aquaculture production systems is the accumulation of nitrogenous waste, such as ammonia, and its biological nitrification products, viz, nitrite and nitrate [52]. Many aquaculture operations rely on nitrification for the removal of toxic nitrogenous constituents, such as ammonia and nitrite, from the culture water [47]. Periodically adding nitrifying and denitrifying bacteria can effectively improve the aquaculture water body. Adding nitrification and anti-bacteria regularly in the process of factory farming can keep good water quality [53]. When adding nitrifying bacteria in a recirculating aquaculture system, all water quality indices except TP meet the standard [54]. When the nitrifying bacteria were put into the pond for 3–10 days, the purification effect of nitrifying bacteria was the best, and the ammonia nitrogen decreased by 67% after 18 days [55].



Our analyses of sediment microbial species showed that there was no significant difference in the species composition of denitrifying bacteria in the pond after the addition of nitrifying and denitrifying bacteria at the genus level, but there were obvious differences in the dominant landmark species of nitrifying and denitrifying bacteria at the species level. We believe that there may be specific signature species that have a huge advantage in water bodies and sediment purification with the addition of nitrifying and denitrifying bacteria. The dominant species can purify water and sediment more effectively after screening, separation, purification, and culture [56]. The nitrogen removal efficiency of heterotrophic nitrifying bacteria is up to 80% [57]. Bacterial enrichment of Comammox Nitrospira can improve the biological nitrogen removal efficiency of sewage treatment plant [58]. Nitrosomonas Nm143-like ammonia oxidizers and Nitrospira marine-like nitrite oxidizers dominate the nitrifier community in a marine aquaculture biofilm [59]. Strain qy37 possesses the accelerating removal characteristic of NH4+-N in a heterotrophic nitrification and aerobic denitrification system [60].



All our identified bacterial species at the genus level have been reported to be found in aquatic sediments [61,62,63,64,65]. Betaproteobacteria comprising autotrophic nitrifying bacteria (AOB, NOB, and denitrifying bacteria) in biological nitrogen removal systems were reported, especially under low DO concentration [66]. Thauera and Magnetospirillumn are facultative anaerobes, and they can transform nitrate nitrogen into N2 [67]. Thaurea and Pseudomonas were the most dominant bacteria capable of converting NH4+-N to N2 gas at low DO concentrations [66]. Members of the genus Thaurea belonging to the class Betaproteobacteria showed the ability to perform denitrification aerobically [68]. Therefore, aerobic nitrification and facultative anaerobic denitrification are performing in the pond sediments. The above-mentioned nitrifying and denitrifying bacteria have multiple advantages, such as strong applicability to the environment and no great environment change induced by their addition. However, some studies have found that the addition of exogenous carbon sources might increase bacterial diversity [69]. The addition of carbon source can transform the dominant bacteria into Bacillus and reduce the number of vibrio species [69]. Therefore, it is possible that the addition of nitrifying and denitrifying bacteria may affect other microorganisms, in turn changing the C/N ratio in the pond.




5. Conclusions


Our study showed that nitrifying bacteria and denitrifying bacteria had an obvious purification effect on the nitrogen in pond water and sediment. The optimal relative concentration was 0.60 mg/L for nitrifying and denitrifying bacteria. At this concentration, the nitrogen load of pond water and sediment decreased most obviously. After mixed bacteria were used, the dominant species of nitrifying and denitrifying bacteria kept stable. Aerobic nitrification and facultative anaerobic denitrification took place on the surface of pond sediments. Autotrophic nitrification and heterotrophic denitrification were perfect in pond sediments at low C/N, which provides an insight into the pond sediment purification mechanism.
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Figure 1. Acrylic transparent tubes erection straight view. 
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Figure 2. Concentrations of ammonia nitrogen (a), nitrite nitrogen (b), and nitrate nitrogen (c) in water after adding different concentrations of nitrifying and denitrifying bacteria. The black “*” indicate significant differences between 0 mg/L groups, the red “*” indicate significant differences between 0.15 mg/L groups, the blue “*” indicate significant differences between 0.30 mg/L groups, and the green “*” indicate significant differences between 0 mg/L groups. (the “*” expression p < 0.05, the “**” expression p < 0.01). 
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Figure 3. Concentrations of COD (a) and TN (b) in the water added with different concentrations of nitrifying and denitrifying bacteria. The black “*” indicate significant differences between 0 mg/L groups, the red “*” indicate significant differences between 0.15 mg/L groups, the blue “*” indicate significant differences between 0.30 mg/L groups, and the green “*” indicate significant differences between 0 mg/L groups. (the “*” expression p < 0.05). 
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Figure 4. C/N ratio in water (a) and C/N ratio in sediment (b) after addition of different concentrations of nitrifying and denitrifying bacteria. The orange “*” indicate significant differences between 0 mg/L groups, the green “*” indicate significant differences between 0.15 mg/L groups, the purple “*” indicate significant differences between 0.30 mg/L groups, and the pink “*” indicate significant differences between 0 mg/L groups. (the “*” expression p < 0.05, the “**” expression p < 0.01). 
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Figure 5. At genus level, species composition of nitrifying bacteria (a) (amoA gene) and denitrifying bacteria (b) (NirS gene) in different concentrations. 
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Figure 6. At genus level, species composition of nitrifying bacteria (a) (amoA gene) and denitrifying bacteria (b) (NirS gene) at different times. 
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Figure 7. Heat maps of nitrifying (a) and denitrifying (b) bacterial species composition (at species level). 
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Figure 8. Diversity analysis of nitrifying bacteria (a) and denitrifying bacteria (b) (the “*” expression p < 0.05). 
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Figure 9. Redundancy analysis of nitrifying bacteria (a), denitrifying bacteria (b), and environmental factors at genus level. 
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Table 1. Physicochemical characteristics of the water samples (the “*” expression p < 0.05, the “**” expression p < 0.01).






Table 1. Physicochemical characteristics of the water samples (the “*” expression p < 0.05, the “**” expression p < 0.01).





	
Group

	
Time (Day)

	
Water

	
TM

	
DO (mg/L)

	
pH




	
NH4+-N (mg/L)

	
NO2−-N (mg/L)

	
NO3−-N (mg/L)

	
TN (mg/L)

	
COD (mg/L)






	
0 m/L

	
0

	
1.87 ± 0.27

	
0.25 ± 0.08

	
1.90 ± 0.37

	
18.6 ± 2.11

	
11.72 ± 0.85

	
10.0 ± 0.02

	
9.73 ± 0.56

	
8.62 ± 0.41




	
1

	
1.92 ± 0.32

	
0.22 ± 0.06

	
2.10 ± 0.35

	
19.1 ± 1.85

	
11.65 ± 0.72

	
8.5 ± 0.01

	
8.95 ± 0.37

	
8.92 ± 0.15




	
4

	
1.68 ± 0.18

	
0.18 ± 0.05

	
1.86 ± 0.32

	
16.2 ± 1.72

	
11.66 ± 0.56

	
9.5 ± 0.01

	
10.50 ± 0.34

	
8.67 ± 0.47




	
7

	
1.62 ± 0.07

	
0.25 ± 0.06

	
2.05 ± 0.42

	
18.5 ± 1.34

	
12.03 ± 0.73

	
6.7 ± 0.02 *

	
10.32 ± 0.42

	
8.70 ± 0.17




	
10

	
1.57 ± 0.15

	
0.18 ± 0.06

	
2.02 ± 0.28

	
17.8 ± 2.22

	
12.28 ± 054

	
8.6 ± 0.01

	
9.97 ± 0.55

	
8.72 ± 0.26




	
15

	
1.92 ± 0.24

	
0.20 ± 0.08

	
2.18 ± 0.26

	
18.2 ± 2.25

	
11.28 ± 0.89

	
8.2 ± 0.01

	
10.89 ± 0.87

	
8.69 ± 0.28




	
0.15 mg/L

	
0

	
2.28 ± 0.33

	
0.32 ± 0.12

	
1.87 ± 0.34

	
19.1 ± 1.85

	
15.66 ± 1.52

	
10.1 ± 0.01

	
10.02 ± 0.35

	
8.57 ± 0.45




	
1

	
2.12 ± 0.21

	
0.27 ± 0.13

	
1.72 ± 0.31

	
18.9 ± 1.74

	
15.69 ± 1.33

	
8.4 ± 0.02

	
9.52 ± 0.38

	
9.10 ± 0.47




	
4

	
1.85 ± 0.22

	
0.16 ± 0.08 *

	
1.18 ± 0.24 *

	
17.5 ± 1.56

	
15.23 ± 1.87

	
9.5 ± 0.02

	
11.12 ± 0.77

	
9.34 ± 0.37




	
7

	
1.12 ± 0.15 **

	
0.08 ± 0.02

	
1.09 ± 0.18

	
16.2 ± 2.65

	
12.64 ± 0.92 *

	
6.8 ± 0.01 *

	
11.34 ± 0.67

	
9.13 ± 0.29




	
10

	
0.75 ± 0.08

	
0.12 ± 0.01

	
1.28 ± 0.15

	
15.9 ± 2.31

	
11.45 ± 0.65

	
8.6 ± 0.02

	
10.18 ± 0.65

	
9.24 ± 0.26




	
15

	
0.54 ± 0.08

	
0.03 ± 0.01

	
1.34 ± 0.12

	
13.5 ± 1.88 *

	
12.56 ± 0.48

	
8.3 ± 0.01

	
11.52 ± 0.59

	
9.16 ± 0.25




	
0.30 mg/L

	
0

	
1.86 ± 0.17

	
0.25 ± 0.07

	
1.94 ± 0.33

	
20.0 ± 2.23

	
13.20 ± 0.99

	
10.2 ± 0.01

	
9.85 ± 0.27

	
8.72 ± 0.37




	
1

	
1.52 ± 0.12

	
0.21 ± 0.08

	
1.82 ± 0.18

	
19.2 ± 2.11

	
13.06 ± 1.33

	
8.4 ± 0.02

	
8.88 ± 0.85

	
8.42 ± 0.31




	
4

	
0.75 ± 0.10 **

	
0.11 ± 0.03 *

	
1.60 ± 0.24

	
17.7 ± 2.21

	
13.28 ± 1.56

	
9.6 ± 0.01

	
9.87 ± 0.86

	
8.55 ± 0.23




	
7

	
0.48 ± 0.06 *

	
0.08 ± 0.03

	
1.22 ± 0.15 *

	
16.5 ± 1.54

	
12.05 ± 0.87

	
6.8 ± 0.01 *

	
9.23 ± 0.36

	
8.79 ± 0.28




	
10

	
0.27 ± 0.08

	
0.03 ± 0.01

	
1.62 ± 0.18 *

	
15.7 ± 1.32

	
11.62 ± 0.69

	
8.5 ± 0.01

	
9.17 ± 0.28

	
8.62 ± 0.44




	
15

	
0.29 ± 0.08

	
0.02 ± 0.01

	
1.22 ± 0.16

	
12.8 ± 1.25 *

	
12.16 ± 0.74

	
8.2 ± 0.02

	
10.03 ± 0.27

	
8.34 ± 0.28




	
0.60 mg/L

	
0

	
2.11 ± 0.18

	
0.28 ± 0.09

	
2.13 ± 0.32

	
18.6 ± 0.97

	
13.95 ± 1.23

	
10.0 ± 0.02

	
9.77 ± 0.55

	
8.65 ± 0.37




	
1

	
1.61 ± 0.15 *

	
0.23 ± 0.11

	
1.95 ± 0.24

	
18.2 ± 1.32

	
13.29 ± 0.87

	
8.5 ± 0.01

	
9.03 ± 0.58

	
8.55 ± 0.35




	
4

	
1.12 ± 0.17 *

	
0.15 ± 0.03 *

	
1.73 ± 0.15

	
17.3 ± 2.51

	
13.32 ± 0.85

	
9.5 ± 0.02

	
9.92 ± 0.64

	
8.69 ± 0.42




	
7

	
0.54 ± 0.15 **

	
0.03 ± 0.01 **

	
1.31 ± 0.22*

	
13.5 ± 2.36 *

	
14.18 ± 032

	
6.9 ± 0.01 *

	
9.55 ± 0.36

	
8.72 ± 0.39




	
10

	
0.47 ± 0.08

	
0.02 ± 0.01

	
1.30 ± 0.24

	
12.0 ± 2.16

	
13.80 ± 0.56

	
8.6 ± 0.01

	
9.26 ± 0.38

	
8.24 ± 0.41




	
15

	
0.51 ± 0.11

	
0.02 ± 0.01

	
1.32 ± 0.26

	
10.2 ± 0.87 *

	
13.46 ± 0.89

	
8.2 ± 0.01

	
10.13 ± 0.95

	
8.13 ± 0.32
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