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To evaluate the effects of polyurethane sponge biocarriers with precultured biofilms (PSBF) on water quality, shrimp performance and bacterial communities, zero water exchange systems for Litopenaeus vannamei were constructed. The experiment consisted of four treatments: 1) NBF (control, PSB (polyurethane sponge biocarriers) 5% (v/v) + aeration); 2) PSBF2.5a (PSBF 2.5% (v/v) + aeration); 3) PSBF5a (PSBF 5% (v/v) + aeration); and 4) PSBF5 (PSBF 5% (v/v)). The results showed that the systems with PSBFs had low levels of NH4+-N, NO2−-N, and turbidity, and there was zero water exchange throughout the entire culture process. The mean final weight, survival rate and final biomass of Litopenaeus vannamei in the PSBFs treatments were significantly higher, while the feed conversion ratio was lower than in the NBF treatments. The high-throughput sequencing results showed that the bacterial community abundance and diversity of biofilms in the PSBF systems were higher than those in the NBF systems. Four main genera of bacteria related to nitrification, Nitrosococcus, Nitrosomonas, Nitrococcus and Nitrospira, were identified. The total relative abundances of Nitrospira and Nitrosomonas in the PSBF systems were significantly higher than those in the NBF system. Meanwhile, better removal effects of NH4+-N and NO2−-N could be achieved and were positively correlated with the abundances of nitrifying microbial communities in PSBs, further indicating that nitrifying microbial communities in PSBs had positive effects on water quality and shrimp productive performance. This study provides data to support the application of polyurethane sponge biocarriers with precultured biofilms in zero water exchange systems for L. vannamei culture.
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1 INTRODUCTION
With the development of intensive and factory-scale production in the aquaculture of Litopenaeus vannamei, the accumulation of pollutants within aquaculture systems, deterioration of water quality, and outbreaks of diseases have become increasingly severe (Defoirdt et al., 2011). The accumulation of inorganic nitrogen, especially NH4+-N and NO2−-N, is poisonous to L. vannamei during the breeding process (Piedrahita, 2003; Blancheton et al., 2013). Controlling the nitrogen content in culture water is significant for decreasing the damage caused by NH4+-N and NO2−-N to L. vannamei (Xu et al., 2020).
Biofilms attached to biocarriers in aquaculture systems allow microorganisms that carry out nitrification to adhere to the films (Ferreira et al., 2016; Ahmad et al., 2017; Fan et al., 2019), and these microorganisms can effectively eliminate nitrogen-containing compounds (Blancheton et al., 2013), particularly ammonia and nitrite, which have high toxicity. This enhances the survival rate and growth rate of L. vannamei. Biofilms can also serve as additional food sources for L. vannamei, providing necessary nutrients, such as unsaturated fatty acids, amino acids and vitamins. The microorganisms that carry out nitrification are autotrophic aerobiotic bacteria (Song et al., 2023). They have a low rate of growth and reproduction, have long generation cycles and are easily influenced by the environment and the properties of the biofilms to which they are attached. Therefore, it is difficult for them to compete with other bacteria in water to reach relatively high concentrations and maintain relatively high levels of activity, so it is necessary to choose proper biocarriers to which they can attach and form biofilms (Wang et al., 2023). An ideal carrier should have features such as a large specific surface area, high porosity, low density, ready bacterial attachment, and low cost. Performance is estimated by the biofilm formation time, processing efficiency, biofilm stability and other indicators. Polyurethane sponge biocarriers (PSBs) have advantages such as large specific surface areas, high porosity, low density, ready bacterial attachment, ease of recycling, etc., and are one kind of biocarrier that should be prioritized in biological treatment systems (Han et al., 2022).
In this study, a precultured biofilm system was adopted to allow the microorganisms to dominate the bacterial community present on the surface of PSBs. However, the matrix of the aquaculture system for L. vannamei is complex, and the bacterial community structure is affected by water quality, the bacterial community of L. vannamei, management measures and other factors (Satanwat et al., 2020). Therefore, investigating the bacterial community structure in biofilms is valuable for understanding water purification processes in aquaculture systems and determining related management and maintenance procedures.
In this study, zero water exchange systems for L. vannamei were constructed by using polyurethane sponge biocarriers with precultured biofilms (PSBFs), and the role of PSBFs in controlling inorganic nitrogen and suspended solids and on the performance of L. vannamei was determined. High-throughput sequencing was adopted to further explore changes in bacterial community structure and the relationship between the bacterial community structure of biofilms and adsorbates in a zero water exchange system with in situ water purification, the results of which elucidate the active mechanisms and processes regulating aquaculture systems.
2 MATERIAL AND METHODS
2.1 Preparation of Litopenaeus vannamei culture
The aquaculture system for L. vannamei consisted of a plastic bucket, polyurethane sponge biocarriers, a temperature-controlling device and an aeration device. First, 80.00 L of artificial seawater was added to the plastic bucket, the temperature and DO in the plastic bucket were monitored every day, the temperature-controlling device was adjusted to maintain a temperature of 26°C–28°C, and the aeration device was adjusted to maintain DO levels of 6.50–8.50 mg/L. Artificial seawater (Qingdao Haizhixuan Aquarium Supplies Co., Ltd.) was artificially prepared, with a salinity of 18‰.
L. vannamei was purchased from Guangdong Haida Group Co., Ltd. (Guangzhou, China), with an average body length of 0.80 ± 0.10 cm and an average weight of 0.008 ± 0.001 g. They were used in the experiment after 18 days of breeding. The L. vannamei was adapted to the salinity range used in the experiment. The shrimp used in the experiment had an average body length of 1.60 ± 0.10 cm and an average weight of 0.10 ± 0.001 g. The initial density of shrimp was 800 shrimp/m3.
2.2 Culture method of PSB biofilms
First, 80.00 L of artificial seawater at 18 practical salinity units (psu) and 24.00 L of PSBs (specification: 2 cm × 2 cm × 2 cm, porosity: 98%) were placed in a round bucket containing. The seawater contained 1% (v/v) nitrifying bacteria preparation (Qingdao Seadoctor Co., Ltd., Qingdao, China), 0.01% (w/v) yeast extract and 0.1% (v/v) trace element solution which consisted of MnCl2∙4H2O (14.85 mg/L), ZnSO4∙7H2O (0.287 mg/L), FeCl3 (5380 mg/L), CuSO4∙5H2O (7.5 mg/L), Na2MoO4∙2H2O (6.8 mg/L), CoCl2·6H2O (12 mg/L), EDTA (2.4 mg/L) and NiSO4 (2.4 mg/L). The PSBs floated freely in seawater. Second, 4.00 g of NaNO2 was added to make the concentration of NO2−-N reach 10.00 mg/L. When the concentration of NO2−-N was lower than 0.05 mg/L, 4.00 g of NaNO2 was added again, and the process was repeated 5 times. Finally, 0.31 g of NH4Cl was added to make the concentration of NH4+-N reach 10.00 mg/L. When the concentration of NH4+-N was lower than 0.05 mg/L, 0.31 g of NH4Cl was added again, and the process was repeated 5 times. The temperature and DO were controlled at 27–29°C and 4.50–6.00 mg/L in the process of biofilm cultivation, respectively (Wang Y. et al., 2022).
2.3 Experimental design
There were 4 aquaculture systems for L. vannamei, with three replicates and 80.00 L artificial seawater in each aquaculture system. The entire experiment lasted 66 days Table 1 shows the treatment details. For naturally formed biofilm treatment, PSBs were directly added to the aquaculture systems without pretreatment, but for the precultured biofilms, the PSBs were pretreated before use in the systems. Feed was provided 4 times every day at 8:00, 12:00, 16:00, and 20:00, and the amount of feed was based on 8.50% of the shrimp total weight. The mesh bag containing PSBs was removed every 10–15 days, and the materials adsorbed in the pores were cleared to recover the biocarrier adsorption capacity. The PSBs were gently squeezed during the cleaning process to avoid damaging the nitrifying biofilm. Volatilized water was added to the culture systems every day.
TABLE 1 | Biocarriers in different culture systems.
[image: Table 1]2.4 Determination of physicochemical parameters and growth performance of shrimp
The parameters of all aquaculture systems were measured daily during the morning between 8:00 and 9:00 h for 66 days. The water temperature, pH, and salinity were measured directly using a Mercury thermometer, a digital pH meter (pH 610, Wiggens Company, Germany), and a Mercury pycnometer, respectively. Dissolved oxygen (DO) and turbidity were measured by a portable hand-held dissolved oxygen meter (HQ30D, Hach Company, USA) and portable turbidimetry (2100P, Hach Company, USA), respectively.
NH4+-N and NO2−-N were measured by Nessler’s reagent spectrophotometry and N-(1-naphthyl)-ethylenediamine spectrophotometry, respectively. NO3−-N was determined by ultraviolet spectrophotometry method and the total phosphorus (TP) was determined by the molybdenum-antimony antispectrophotometric method every 72 h.
Litopenaeus vannamei were harvested after draining the tanks. The mean final weight, survival rate, final biomass, and feed conversion ratio (FCR) were determined according to Hoang et al. (Hoang Manh et al., 2020). The specific growth rate (SGR) of shrimp was determined according to Powell et al. (Powell et al., 2020).
2.5 High-throughput sequencing method
On day 66 of the experiment, PSBs were randomly selected from the NBF, PSBF2.5a, PSBF5a and PSBF5 systems and washed several times with sterilized water to obtain the suspension of adsorbates. The suspension was centrifuged, and the supernatant was removed to obtain adsorbate samples, which were successively denoted by NBF_A, PSBF25a_A, PSBF50a_A and PSBF50_A. The cleaned PSBs were cut and immersed in sterilized water again. Then, they were placed in ultrasonic cleaners (QTSXR20500, Tianjin Ruipu Electronic Instrument Company, China) for 15 min to obtain a biofilm suspension. The suspension was centrifuged, and the supernatant was removed to obtain the biofilm samples, which were successively denoted by NBF_M, PSBF25a_M, PSBF50a_M and PSBF50_M. Additionally, the initial biofilm sample of precultured polyurethane sponges was denoted by initial biofilms in sponges (IF).
Total DNA was extracted from the above samples using an E.Z.N.A. Soil DNA Kit (OMEGA Biotek, Norcross, USA) according to the kit instructions. 16S rRNA sequencing was performed using the MiSeq sequencing system of the Illumina platform (Shanghai Meiji Biotechnology Co., Ltd., Shanghai, China). QIIME software was used to eliminate sequences with a length of less than 150 bp and chimeras in the original sequence, and then high-quality sample sequences were obtained. The Uparse platform was used to cluster the high-quality sequences at the 97% similarity level to obtain the operational taxonomic units (OTUs) table. The sequence with the highest richness was selected as the representative sequence of the OTUs, and the ribosomal database project classifier Bayesian algorithm was used to count the community species composition in the OTU representative sequence. The comparison library was Silva138/16s_bacteria. The alpha and beta diversity analyses were carried out by the Shengxinyun platform (https://www.majorbio.com).
2.6 Data analysis
A series of one-way ANOVAs were performed, followed by Fisher’s LSD test to determine the differences among the systems for water quality parameters and the growth parameters of shrimp (p < 0.05). Data are expressed as the mean ± standard deviation. All statistical analyses were conducted using SPSS, version 26.0.
3 RESULTS
3.1 Water quality parameters
The water quality parameters of the experimental systems are presented in Table 2. The temperature, DO, and pH values were all within suitable ranges for the growth of L. vannamei (Chakravarty et al., 2016). Litopenaeus vannamei is a euryhaline species, which means the salinity range of the environment they can adapted to is wide (Li et al., 2017). The L. vannamei was adapted to the salinity in the experiment. The pH value of the NBF system was significantly higher than that of the PSBF system (p < 0.05), while among the PSBF2.5a, PSBF5a and PSBF5 systems, there were no significant differences. However, the TP concentration in the PSBF system was significantly higher than that in the NBF system (p < 0.05). The NBF system had the lowest turbidity, followed by the PSBF5a, PSBF2.5a and PSBF5 systems.
TABLE 2 | Physicochemical parameters of the water in the different systems.
[image: Table 2]Among all the aquaculture systems, NH4+-N consistently remained at low concentrations (less than 0.35 mg/L), but the concentration in the NBF system was significantly higher than that in the PSBF system (p < 0.05). The NH4+-N concentration in the PSBF5a system was consistently lower than 0.08 mg/L. The peak concentration of NH4+-N in the PSBF5a system was 33.33% and 61.70% lower than that of the PSBF2.5a and PSBF5 systems, respectively. There were significant differences in NO2−-N concentration among the different aquaculture systems (p < 0.05), and the average concentration of NO2−-N in the NBF system was the highest (4.42 mg/L), while that in the PSBF5a system was lowest (0.81 mg/L). The average concentration of NO3−-N in the PSBF system was significantly higher than that in the NBF system (p < 0.05) and that in the PSBF5 system was significantly higher than that in the PSBF2.5a and PSBF5 systems, while there was no significant difference between the PSBF2.5a and PSBF5 systems.
3.2 Growth performance of Litopenaeus vannamei
There were significant differences in mean final weight, survival rate, final biomass, FCR and SGR among the treatments (Table 3). The survival rate, average weight, and yield of L. vannamei in the PSBF systems were significantly higher than those in the NBF system (p < 0.05), while there was no significant difference among the different PSBF systems. The PSPF5a system had the highest survival rate, average weight, and yield, followed by the PSBF2.5a, PSBF5 and NBF systems. The feed conversion ratio (FCR) of the PSBF systems was significantly lower than that of the NBF system (p < 0.05), while there was no significant difference among the different PSBF systems. The difference in the specific growth rate (SGR) between the PSBF and NBF systems was not significant. The average weight, survival rate and yield of the shrimp in the PSBF2.5a, PSBF5a and PSBF5 systems were higher than those in the NBF system. The average weight, survival rate and yield of the shrimp in the NBF system were 9.19%–16.21%, 17.95%–21.33% and 3.57%–11.86%, lower than those in the PSBF2.5a, PSBF5a and PSBF5 systems, respectively, while the FCR was 27.22%, 28.85% and 26.42% higher, respectively.
TABLE 3 | Growth parameters of Litopenaeus vannamei in the different culture systems.
[image: Table 3]3.3 Analysis of microbial community diversity and structure
3.3.1 Alpha and beta diversity analysis of the bacterial community of the adsorbates and biofilms
Table 4 shows the number of OTUs and alpha diversity index of the biofilm and adsorbate sample in different aquaculture systems. A total of 5711 OTUs were found in 9 samples, containing 406–839 per sample, and the coverage rate was 99.14%–99.81%. The ranges of the ACE index and Chao index were 463–903 and 458–893, respectively; among them, the bacterial community abundance of the IF sample was the lowest, while that of the PSBF50a_M sample was the highest. The ranges of the Shannon and Simpson indices were 3.11–4.50 and 0.024–0.141, respectively, and the bacterial community diversity of the PSBF50a_M sample was the highest, while that of the PSBF50_A sample was the lowest. The bacterial community abundance and diversity of the biofilm sample were both higher than those of the adsorbate sample in different aquaculture systems.
TABLE 4 | Alpha diversity index of the adsorbates and biofilms.
[image: Table 4]The PCoA results of the 9 samples are shown in Figure 1. The results show that at the OTU level, the contribution ratio of PC1 was 40.70%, while that of PC2 was 23.22%, which indicated that PC1 had a greater effect on the difference in bacterial community composition. There were significant differences in bacterial community composition between IF and other samples, while there were no differences among samples in the same aquaculture systems. The PSBF50a (PSBF50a_M, PSBF50a_A) and PSBF50 systems (PSBF50_M, PSBF50_A) had similar bacterial community compositions. The bacterial community structure of the PSBF2.5a system (PSBF25a_M, PSBF25a_A) was similar to that of the NBF system (NBF_M, NBF_A). There were significant differences in bacterial community structure between the PSBF2.5a system and the PSBF50a system. Therefore, the concentration of carrier has a great influence on the bacterial community structure in the L. vannamei culture system.
[image: Figure 1]FIGURE 1 | Two-dimensional sorting diagram of PCoA analysis in the biofilms and adsorbate.
3.3.2 Analysis of the bacterial community composition
A Venn diagram can reflect the number of shared and special OTUs among different samples and is used to analyze similarities and differences in bacterial communities among samples (Figure 2). The number of shared OTUs among the 9 samples was 44, accounting for 2.34% of the total OTUs. The number of special OTUs in the IF sample was the largest (accounting for 31.90%), and that in the PSBF50_M sample was the smallest (accounting for 0.48%). The number of special OTUs in biofilms was larger than that of adsorbates in the aquaculture systems, except for the PSBF50 system.
[image: Figure 2]FIGURE 2 | Venn diagram of the bacterial community in the biofilms and adsorbates.
Bacterial phyla with relative abundances higher than 1.00% were analyzed, and the results are shown in Figure 3. The dominant bacteria were Proteobacteria, Bacteroidetes, Desulfobacterota, Chloroflexi, and Acidobacteriota, and the relative abundance ranged from 75.81% to 96.05%. The dominant bacteria in NBF_A and PSBF50_M were Bacteroidetes (40.80%) and Chloroflexi (27.94%), respectively, and those in the other samples were Proteobacteria (40.12%–71.46%). The subdominant bacteria in NBF_A and PSBF50_M were Proteobacteria, and the relative abundance was 27.84%, which was slightly different from that of Chloroflexi. The subdominant bacteria in PSBF50_A was Desulfobacterota (35.79%), and those in the other 6 samples were Bacteroidetes (12.02%–40.80%). Nitrospirota was detected in PSBF50_M, PSBF25a_M, PSBF25a_A, NBF_M and NBF_A, and Nitrospirota had the highest relative abundance (5.61%) in PSBF25a_M.
[image: Figure 3]FIGURE 3 | The diversity and relative abundance of the bacterial community in the biofilms and adsorbates at the phylum level.
The results of bacterial community class analysis in biofilm and adsorbent samples are shown in Figure 4. The figure shows that the relative abundances of Gammaproteobacteria, Bacteroidia and Alphaproteobacteria in all the samples were higher than 3%. Desulfuromonadia had a relative abundance higher than 10% in both PSBF50_M and PSBF50_A, but its relative abundance was lower than 2% in the other samples. Anaerolineae had a low relative abundance (<1.00%) in NBF_M and NBF_A but had a higher relative abundance (>1.00%) in the other samples. Desulfuromonadia and Anaerolineae were not detected in IF. The relative abundances of Nitrospiria in PSBF25a_M, PSBF25a_A and NBF_M were higher than 2.00%, while those in PSBF50a_M and NBF_A were lower than 1.00%.
[image: Figure 4]FIGURE 4 | The diversity and relative abundance of bacterial community in the biofilms and adsorbates at the class level.
The bacterial community in the biofilm and adsorbates belonged to a total of 629 genera. The top 50 genera by proportion were clustered based on their relative abundances and similarity among samples, as shown in Figure 5. The dominant genera included Hyphomicrobium, Halomonas, norank_f__A4b, SM1A02, Ruegeria, Acanthopleuribacter, Cellvibrio, Bowmanella, Pseudoalteromonas, Tenacibaculum, etc. Compared with those in the initial biofilm sample (IF), the relative abundances of norank_f__A4b, SM1A02, Ruegeria, and Acanthopleuribacter in the other samples increased, and the relative abundances of Halomonas and Hyphomicrobium significantly decreased (p < 0.05). The total relative abundance of Cellvibrio and Bowmanella in the biofilms of the PSBF systems increased by 58.5% compared with that in the biofilms of the NBF system, while the total relative abundances of Pseudoalteromonas and Tenacibaculum in the biofilms of the PSBF systems decreased by 59.3% compared with that in the biofilms of the NBF system.
[image: Figure 5]FIGURE 5 | Community heatmap of the biofilms and adsorbates at the genus level.
In the present study, four genera of bacteria related to nitrification, Nitrosococcus, Nitrosomonas, Nitrococcus and Nitrospira, were identified. The relative abundances of Nitrosococcus and Nitrococcus in IF were more plentiful than those in the other samples. Moreover, the relative abundance of Nitrosococcus in IF was 4.16%, while that in the other samples was less than 0.01%. The relative abundances of Nitrospira and Nitrosomonas in the PSBF systems were 10.87% and 17.30%, respectively, which were significantly higher than those in the NBF system with values of 0.03% and 17.30% (p < 0.05).
3.3.3 FAPROTAX analysis of the bacterial community of the adsorbates and biofilms
FAPROTAX is a database that includes functional information for the classification of prokaryotic species to predict the functions of bacteria, including their roles in the carbon, nitrogen, hydrogen, and sulfur cycles. To investigate the distribution and relative abundance of the nitrifying bacterial community in the biofilm and adsorbate of the polyurethane sponges in different aquaculture systems, FAPROTAX functional analysis was performed to estimate the differences between the two communities, and the results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | The FAPROTAX analysis of the biofilms and adsorbate.
Fifty-nine kinds of functions were found in the bacterial community of the biofilm and adsorbate of the polyurethane sponge, among which chemoheterotrophy and aerobic chemoheterotrophy had the highest relative abundance, and the sum of the relative abundance of these functions ranged from 46.42% to 76.99%. There were 11 functions related to nitrogen cycling, including nitrate reduction, nitrogen respiration, nitrate respiration, nitrite respiration, nitrate denitrification, nitrite denitrification, nitrous oxide denitrification, denitrification, nitrification, aerobic nitrite oxidation and aerobic ammonia oxidation. The relative abundances of bacteria with nitrification (5.32%), aerobic nitrite oxidation (2.64%) and aerobic ammonia oxidation (2.68%) functions in the IF sample were significantly higher than those in the other samples. The relative abundance of bacteria with functions related to nitrogen cycling in the PSBF systems (0.63%–3.08%) was higher than that in the NFB system (0.02%–1.91%), indicating that the precultured biofilm system had obvious advantages in nitrogen cycling. The relative abundances of nitrification and aerobic nitrite oxidation groups in the biofilms were higher than those in the adsorbates. The relative abundance of functions related to nitrogen cycling in PSBF50a_M increased by 76.19% compared with that in PSBF50_M, and the relative abundance of functions related to nitrogen cycling in PSBF25a_M decreased by 61.90% compared with that in PSBF50a_M.
4 DISCUSSION
Water quality is considered a major limiting factor for shrimp survival, especially in terms of pH and DO, NH4+-N and NO2−-N concentrations (Santacruz-Reyes and Chien, 2012). Ammonia and nitrite are the main targets for removal in aquaculture. In this study, the concentrations of NH4+-N in all systems remained within the recommended range for shrimp growth (Valencia-Castañeda et al., 2018). The PSBFs significantly improved the removal efficiency of NH4+-N and NO2−-N. The results showed that the concentration of NH4+-N in the PSBF systems decreased by 37.93%, 50.86% and 40.52%, respectively, compared with that in the NBF system. Moreover, the concentration of NO2−-N in the PSBF systems decreased by 67.19%, 81.67% and 74.43%, respectively, compared with that in the NBF system. Meanwhile, the shrimp survival rates and final biomass in the PSBF systems significantly increased compared with those in the NBF system. Furthermore, the survival rate and final biomass of shrimp were negatively correlated with NH4+-N, with correlation coefficients of 1.00 and 0.80, respectively. In addition, they were also negatively correlated with NO2−-N concentrations, with correlation coefficients of 1.00 and 0.82 (Figure 7A), which also demonstrated that the PSBF systems had an advantage of purifying water quality, and thus promoted the growth of shrimp.
[image: Figure 7]FIGURE 7 | Relationship of bacterial communities, environmental factors and shrimp growth parameters (A) and relationship between bacterial communities and nitrogen functions (B).
The dominant phyla in the biofilms on the PSBs and those in the adsorbents in different aquaculture systems were Proteobacteria, Bacteroidetes, Desulfobacteria, Chloroflexi and Acidobacteria. Hou et al. (Hou et al., 2018) and Wang et al. (Wang et al., 2019) found that in L. vannamei culture, the major phyla were Proteobacteria, Bacteroidetes, Chloroflexi, Fusobacteria, Cyanobacteria, Firmicutes, Tenericutes, Acidobacteria, Planctomycetes, Actinobacteria, Verrucomicrobia, and Gemmatimonadetes. Meanwhile, there were significant differences in the relative abundance of phyla under different environmental factors of L. vannamei culture (Hou et al., 2018; Wang et al., 2019), which is consistent with the results of our study.
Proteobacteria is a dominant bacteria in many aquaculture systems, and it can decompose organic substances, degrade COD, and purify water (Shu et al., 2015). Gammaproteobacteria, Alphaproteobacteria, and Bacteroidia were dominant in the four aquaculture systems. Most Alphaproteobacteria are photoorganoheterotrophic bacteria that can decompose ammonia and organics containing carbon and sulfur and can live in various complex environments (Gérard et al., 2018; Degli Esposti et al., 2019). According to recent studies, ammonia-oxidizing bacteria and nitrite-oxidizing bacteria involved in nitrification mostly belong to Proteobacteria (Brenner et al., 2001; Wang et al., 2022). Bacteroidetes is a kind of chemoheterotrophic bacteria that can decompose carbohydrates, proteins, and other dissolved organics (Nie et al., 2019). It can also use NO2−-N and NO3−-N as electron acceptors for anaerobic respiration under anaerobic conditions (Wang et al., 2022). Many bacteria with nitrogen removal functions belong to Proteobacteria or Bacteroidetes, which play important roles in nitrogen removal from wastewater (Guo et al., 2017; Luan et al., 2023). In the PSBF systems, the relative abundance of Proteobacteria and Bacteroidetes was above 10.00%, and the sum of their relative abundance in the PSBF systems was higher than that in the NBF system, which was consistent with the results that the NH4+-N and NO2−-N concentrations in the NBF system were higher than those in the PSBF systems. In addition, the survival rates and final biomass of shrimp in the PSBF systems were significantly higher than those in the NBF system. The above results showed that Proteobacteria and Bacteroidetes could improve the quality of aquaculture water and the growth and survival rate of L. vannamei.
Genus-level analysis results showed that the bacterial genera were diverse in each sample, and there were significant differences in relative abundance among them. Dominant genera with functions related to nitrogen cycling include Nitrosomonas, Nitrospira, Ruegeria, Rheinheimera and SM1A02. According to the correlation coefficient between bacterial communities and nitrogen functions (Figure 7B), the dominant genera with nitrification functions were Nitrosomonas, Nitrospira and SM1A02, while the dominant genera with denitrification functions were Ruegeria and Rheinheimera. Nitrosococcus, Halomonas and Nitrococcus were the dominant bacteria in IF, but their relative abundances were less than 0.10%, which was greatly influenced by the environment of the aquaculture system (Gao et al., 2020). Nitrosomonas is a typical ammonia-oxidizing bacteria (AOB) responsible for the nitrification of NH4+-N and NO2−-N (He et al., 2020; Moschos et al., 2022). SM1A02 is involved in nitrification, denitrification, anammox and other nitrogen cycling processes (Vico et al., 2021; Huang et al., 2022). Ruegeria has the function of both nitrification and denitrification, which is a common denitrifier with a complete gene set for denitrification in saline conditions (Lin et al., 2022). In the present study, the relative abundances of Nitrosomonas Nitrospira, Ruegeria, Rheinheimera and SM1A02 in the PSBF systems significantly increased compared with those in the NBF system. The sum of the relative abundance of Nitrosomonas, Nitrospira, Ruegeria, Rheinheimera and SM1A02 was higher in the PSBF50a system (52.45%) than in the PSBF25a system (5.63%) or PSBF50 (17.88%).
In addition, the NH4+-N and NO2−-N concentrations were lower, while the survival rate and final biomass of L. vannamei were higher in the PSBF systems than in the NBF system. According to the results, the relative abundances of Nitrospira, Ruegeria, Rheinheimera and SM1A02 in the four systems positively influenced the survival rates and final biomass of L. vannamei, in contrast, the concentrations of NH4+-N and NO2−-N were negatively correlated with the relative abundances of Nitrospira, Ruegeria, Rheinheimera and SM1A02 (Figure 7A). Therefore, Nitrosomonas, Nitrospira, Ruegeria, Rheinheimera and SM1A02 could contribute to the growth of shrimp and the removal of NH4+-N and NO2−-N. Moreover, in the PSBF50a system, better removal effects of NH4+-N and NO2−-N and higher survival rate and biomass of L. vannamei could be achieved. The results indicated that the increase in PSB concentration and aeration were beneficial to the growth of nitrifying and denitrifying bacteria, as well as the removal of NH4+-N and NO2−-N in the zero water exchange system and the growth of shrimp.
5 CONCLUSION
In this study, PSBFs were used to construct zero water exchange systems for L. vannamei. The results demonstrated that high efficiency of NH4+-N and NO2−-N removal through nitrification could be achieved by supplementation with PSBFs. Increasing the biocarrier dosing ratio and installing built-in aeration were helpful for eliminating NH4+-N and NO2−-N in the aquaculture system. The final biomass, survival rate, mean final weight and feed conversion rate were higher in the PSBF systems (PSBF2.5a, PSBF5a and PSBF5) than in the NBF system. High-throughput sequencing results showed that the abundances of nitrifying microbial communities were higher in the PSBF systems than in the NBF system. Meanwhile, better removal effects of NH4+-N and NO2−-N could be achieved and were positively correlated with the abundances of nitrifying microbial communities in PSBs, further indicating that nitrifying microbial communities in PSBs had positive effects on water quality and shrimp productive performance.
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