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Aquaculture wastewater (AW) poses a threat to natural aquatic environments. Microecological agents are widely used to regulate and purify AW, with Bacillus being the most common. To evaluate the AW purification effect of adding Bacillus subtilis and Bacillus licheniformis to an AW treatment device, we constructed an experimental device including a small grass carp culture pond and three groups of cuboid reactors. The effects of adding the two strains to the AW treatment reactor on the AW purification effect and the microbiota compositions in the AW and packing surface biofilm were analyzed via high-throughput sequencing of the 16S rRNA gene. Our results showed that adding Bacillus bacteria to reactors improved the total nitrogen (TN) removal efficiency and reduced the chemical oxygen demand (COD). Adding both the B. subtillis and B. licheniformis preparations significantly increased the abundance of Firmicutes in the water microbiota of the reactor at the middle and end stages of the experiment. The addition of Bacillus changed the microbiota composition in the water and packing surface biofilm and significantly increased the abundance of Bacillus at the middle and later stages of the experiment. Therefore, the addition of Bacillus improved the TN removal efficiency in the AW grass carp treatment reactors and significantly reduced the COD in the AW by increasing the abundance of Bacillus and changing the microbiota composition in the system. We provide an effective way for improving the purification capacity of biofilm reactor.
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INTRODUCTION
Aquatic products are rich in protein and various micronutrients, providing 15%–20% of the animal protein consumed by more than four billion people worldwide (Tezzo et al., 2021). Therefore, aquaculture plays an important role in our nutrition supply globally. China is a large producer of aquaculture (Wang et al., 2020). Chinese aquatic products have not only become an important part of China’s food supply but have also become an important source of global aquatic products. Currently, the main method of aquaculture in China is intensive aquaculture, which has the advantage of increasing the output of aquatic products and profits (Edwards, 2015). However, owing to the high stocking density of aquatic animal and large amount of feed input, the discharge of aquaculture wastewater (AW) causes eutrophication, hypoxia, and other adverse effects on the natural water environment (Li et al., 2019). Therefore, efficient treatment of pollutants in AW is necessary to ensure the sustainable development of the aquaculture industry.
The natural biofilm of aquatic environments refers to the surface film covering the sediment, stones, plant roots, and other appendages in the aquatic environment (Wu et al., 2011). It typically comprised algae, bacteria, fungi, protozoa, and epiphytes (Zippel et al., 2007) and is widely distributed in natural or artificial water environments such as rivers, lakes, wetlands, reservoirs, and ponds (Wu et al., 2019). Natural biofilms have a strong purification effect on water pollution (Ji et al., 2007; Wu et al., 2019). Currently, aquaculture farmers mostly add artificial fillers to filter ponds to stimulate the activity of indigenous microorganisms, increase the area of microbial attachment, and form a large number of biofilms to achieve the effect of purify AW (Wang et al., 2021). However, according to the current discharge of AW, natural biofilms in aquaculture ponds cannot completely purify AW (Li et al., 2019d). Owing to the limited purification effect of natural biofilms, enhancing their purification performance in aquaculture ponds is a promising research area. However, research on enhancing the purification performance of natural biofilms is scarce.
Bacillus spp. play an important role in water purification (Nayak, 2020). Bacillus subtilis is an aerobic heterotrophic bacterium with high digestive enzyme activity (Yi et al., 2020). Adding B. subtilis and Bacillus megaterium to the circulating water system can assist in reducing the ammonia nitrogen (NH4-N) content, chemical oxygen demand (COD), and fish mortality (Chen and Chen, 2001). Li et al. (2021) reported that B. subtilis could effectively reduce NH4-N and nitrite (NO2-N) contents in aquaculture water and had a certain removal effect on COD. Zhang (2011) reported that Bacillus could competitively inhibit the growth of dominant algae in water.
To optimize the microbiota composition of natural biofilms, strengthen the AW purification efficiency, and seek a simple, efficient, and practical method for AW purification, B. subtilis and Bacillus licheniformis were added to an AW purification device to explore the changes in the purification performance of AW and analyze the microbiota composition of the wastewater and biofilm in the packing surface of reactors. Our study will provide a reference for resolving pollution in the culture environment and suggest an effective way to improve the purification capacity of biofilm reactor, which will have great significance in green aquaculture in the future.
MATERIALS AND METHODS
Experimental devices and design
The experimental device included a small grass carp culture pond (2 × 2 × 1.5 m) and three groups of cuboid reactors, with an effective volume of approximately 61 L (50 × 35 × 35 cm) (Figure 1). There were 25 individuals grass carp in the culture pond. The initial average body weight of the grass carp was 0.35 ± 0.07 kg. The fish were fed with commercial feed (approximately 30% crude protein) at 9:00 and 16:00 each day. Fish were given approximately 1.5%–2.5% of their own weight in feed each time. The packing ratio of the three biofilm purification reactors was 55%. The packing in the reactors consisted of porous polyethylene (PPP; Figure 1) and porous spherical polypropylene (PSPP; Figure 1). The PSPP was a sphere with a diameter of 8 cm (Figure 1), and the PPP was a polyhedral column with a diameter of approximately 20 mm and a height of approximately 30 mm (Figure 1). Each PSPP sphere was packed using 20 PPP and each reactor was packed using 40 PSPP spheres, which were covered with a pressure net to fix the PSPP spheres at the bottom of the reactor. The wastewater from the aquaculture pond was pumped into the reactors through peristaltic pumps, with inlet and outlet-flow of 0.2 L/min. The theoretical hydraulic retention time was 5.4 h. The reactors were continuously exposed to air.
[image: Figure 1]FIGURE 1 | Diagram of experimental device. PPP, porous polyethylene packing; PSPP, porous spherical polypropylene packing.
The three groups of reactors were labeled A, B, and C, respectively. Each group consisted of three parallel reactors. The peristaltic pumps flowed water to form a natural biofilm on the surface of the packing, and the experiment was started. Group A was a natural biofilm group, and its biofilm was formed on the surface of the packing after wastewater from the aquaculture pond continuously entered the reactors. Groups B and C were enhanced biofilm groups. In addition to providing AW as in the group A reactors, 2.5 g of B. subtillis and B. licheniformis preparations was added to the two groups of devices every 3 days. The concentration of both microbial preparations was 3 × 109 cells/ g, and both were obtained from Bio-Form Ltd. (Guangdong, China). The experiment lasted for 42 days. The temperature and pH of the reactors were maintained at 25°C–32°C and 7.0–8.0 during operation. The water physicochemical parameters of the aquaculture pond and reactors at the beginning of the experiment were measured as initial values, and the water physicochemical parameters of the outlet of each reactor and pond were measured every 7 days. Water (W) and the biofilm of reactor packing (B) samples were collected at the early (E, 0 days after the start of experiment), middle (M, 21 days), and late (L, 42 days) stages of the experiment for microbiota composition analysis.
Detection of water physicochemical parameters
Water samples were collected from the overlying water of the aquaculture pond and outlet water of the reactor. Water samples (20 mL) were collected each time and detected within 2 h. Total nitrogen (TN) was measured using an LH-3BN total nitrogen analyzer (Lianhua Technology, China). COD was measured using a DR900 water quality analyzer (HACH, United States). Total phosphorus (TP), NH4-N, NO2-N, and nitrate (NO3-N) were determined via molybdenum antimony anti-spectrophotometry, Nessler reagent spectrophotometry, N-(1-naphthyl)-ethylenediamine spectrophotometry, and phenol disulfonic acid spectrophotometry, according to previously described methods, respectively (China Environment Publishing House, 2002).
Microbiota composition analysis using high-throughput sequencing of 16S rDNA
The water samples were filtered using 0.22-μm filter membranes to collect the microbiota. The biofilm microbiota were collected by placing the reactor packing samples into 50-mL centrifuge tubes containing 40-mL sterile ultrapure water, vibrating them at a 45-kHz ultrasonic frequency for 30 min, and then filtering the sterile ultrapure water using 0.22-μm filter membranes. The water and biofilm filter membranes were stored at −80°C. Water and biofilm microbial DNA were extracted using a DNeasy PowerSoil Pro kit (QIAGEN, Germany). DNA purity and concentration were determined using a Nanodrop 2000 spectrophotometer, and the DNA was diluted to 10 ng/μL for polymerase chain reaction (PCR) amplification. The V4-V5 hypervariable region was amplified in duplicate using the universal primer pair 515F and 909R with a 12-nucleotide sample-specific barcode included at the 5′-end of the 515F sequence to distinguish samples, as previously described (Xiang et al., 2018). PCR products were electrophoresed on a 1.2% agarose gel and purified using a SanPrep DNA gel recovery kit (Sangon Biotech, Shanghai, China). After all the purified DNA was mixed in equal amounts, Illumina HiSeq was used for pear-end sequencing according to a previously reported method. Raw reads were subjected to quality control and merged using QIIME 1.9.0 (Caporaso et al., 2010) and FLASH 1.2.8 (Magoc and Salzberg, 2011). Sequences with ≥97% similarity were clustered into operational taxonomic units (OTUs) using UPARSE (Edgar, 2013). The taxonomy of each OTU was assigned using the RDP classifier (Wang et al., 2007) according to the greengenes v13_8_99 reference files (DeSantis et al., 2006). OTU number, Chao1, Shannon, and Simpson indices were calculated using QIIME 1.9.0 to measure the α-diversity of microbiota.
Data analysis
Data are presented as mean ± standard deviation. The Kruskal–Wallis rank sum test combined with Dunn post hoc test was conducted using with the FSA package in R 4.2.0. Boxplots were drawn using the ggpubr package in R 4.2.0. Principal component analysis (PCA) was conducted using the STAMP software (Parks et al., 2014). A heatmap was drawn using the pheatmap package in R 4.2.0. Redundancy analysis (RDA) was conducted in R 4.2.0, using the vegan and ade4 packages. Correlations between biochemical parameters and microbes were assessed in R using the psych, reshape2, and corrplot packages. Linear discriminant analysis effect size (LEfSe) was conducted using the Galaxy platform (http://huttenhower.sph.harvard.edu/galaxy). Co-occurrence network analysis was conducted using the R igraph, psych, and Hmisc packages and graphed using the Gephi 0.9.2 software (Bastian et al., 2009). p < 0.05 indicated statistical significance.
RESULTS
Changes in water physicochemical parameters during the experiment
During the first week of the experiment, the nitrate concentrations in the pond and reactor water showed upward trends and then gradually decreased. Twenty-eight days after the start of the experiment, it was stable and maintained at a concentration <2 mg/L until the end of the experiment (Figure 2A). At the beginning of the experiment, no significant difference was observed in the concentration of NO3-N in the water samples of each group. As the experiment continued until day 14, the concentration of NO3-N in the reactor water of groups B and C became significantly lower than that in the pond water. When the experiment continued until day 21, the concentrations of NO3-N in all reactors were significantly lower than that in the pond water. In addition, no significant difference was observed between the concentration of NO3-N in the reactor water of group A and that in the pond water on day 35. The NO3-N concentrations in other reactors were significantly lower than that in the pond water, and the trend lasted until the end of the experiment (Figure 2A). During the experiment, the NO2-N and NH4-N concentrations in the water sharply fluctuated, although the concentrations in the reactor water were significantly lower than those in the pond water at multiple time points (Figures 2B, C). The TN concentrations in the pond and reactors showed gradual downward trends during the experiment, and from day 21 until the end of the experiment, the TN concentrations in the group C reactors was significantly lower than that in the pond. The TN concentrations in the water samples of the group B reactors were also significantly lower than that in the pond water from day 28 until the end of the experiment (Figure 2D). These results indicated that the pond water itself had a certain self-purification ability to remove nitrogen, and the TN removal efficiency in the AW was accelerated by the reactor treatment. Adding Bacillus to the reactors improved their TN removal efficiency. However, the TP concentration in the reactor water sharply increased from approximately 1.5 mg/L to approximately 3.0 mg/L during the first 14 days and then showed a fluctuating downward trend. However, the TP concentration in the pond water sharply increased from day 14 and reached a stable state on day 28 of the experiment, with the concentration maintained at approximately 2.8 mg/L (Figure 2E). The COD in pond water showed a slight upward trend during the first 14 days and then showed a gradual downward trend. The COD in the reactor water fluctuated during the first 14 days and then showed a gradual downward trend. Moreover, from day 21, the COD in the reactor water of group C was significantly lower than that in the pond water, which lasted until the end of the experiment (Figure 2F). These results indicated that adding B. licheniformis to the reactor reduced the water COD.
[image: Figure 2]FIGURE 2 | Changes in water quality of fish pond and reactor A, B, and C outlets. Group A is a natural biofilm group, and its biofilm was formed on the surface of the packing after the wastewater from the aquaculture pond continuously entered the reactors. Groups B and C are enhanced biofilm groups. In addition to providing aquaculture wastewater as in the group A reactors, 2.5 g of B. subtillis and B. licheniformis preparations was added to the two groups of devices every 3 days. The shaded areas around the curves represent the 95% confidence intervals. TN, total nitrogen; TP, total phosphorus; COD, chemical oxygen demand. Different letters above the boxes indicate that there were significant differences between the data. (A) NO3-N; (B) NO2-N; (C) NH4-N; (D) TN; (E) TP; and (F) COD. The boxplots above each part show the difference of indicators at each sampling time in fish pond, and reactor A, B, and C outlets. Distinct letters above the boxes indicate significant differences (p < 0.05).
Microbiota composition changes during experiment
Adding Bacillus to the reactor significantly increased the OTU number of the microbial community in the reactor water at the end of the experiment (Kruskal–Wallis rank sum test, p < 0.05; Figure 3A) and significantly increased the Chao1 index in the middle of the experiment (day 21; Kruskal–Wallis rank sum test, p < 0.05; Figure 3B). However, the Shannon and Simpson indices were not significantly affected (Kruskal–Wallis rank sum test, p > 0.05; Figures 3C, D). The addition of B. subtilis to the reactors significantly reduced OTU number and Chao1 index of the biofilm microbiota at the end of the experiment, as well as the Shannon and Simpson indices (Kruskal–Wallis rank sum test, p < 0.05), whereas the addition of B. licheniformis to the reactors did not affect the α-Diversity indices of the biofilm microbiota (Kruskal–Wallis rank sum test, p > 0.05; Figures 3A–D).
[image: Figure 3]FIGURE 3 | Alpha diversity indices and dominant phyla of water and biofilm of reactor packing microbiota. Group A is a natural biofilm group, and its biofilm was formed on the surface of the packing after the wastewater from the aquaculture pond continuously entered the reactors. Groups B and C are enhanced biofilm groups. In addition to providing aquaculture wastewater as in the group A reactors, 2.5 g of B. subtillis and B. licheniformis preparations was added to the two groups of devices every 3 days. Water (W) and biofilm of reactor packing B samples were collected at the early (E, 0 days after the start of experiment), middle (M, 21 days), and late (L, 42 days) stages of the experiment for microbiota composition analysis. (A) OTU number; (B) Chao index; (C) Shannon index; (D) Simpson index; (E) principal component analysis profile; (F) Composition of dominant phyla. Distinct letters above the boxes indicate significant differences (p < 0.05).
The PCA results showed that the samples were first divided into two groups according to water and biofilm, and the water samples were distributed in the first and fourth quadrants of the PCA profile drawn based on the first two axes, whereas the biofilm samples were distributed in the second and third quadrants (PERMANOVA, F = 43.684, p = 0.005). The samples were then grouped into different subgroups according to the sampling time. The samples collected at the beginning of the experiment were remarkably different from those collected at the middle and end stages of the experiment. The samples collected at the middle and end stages of the experiment were also significantly different (PERMANOVA, F = 20.108, p = 0.005 for the water microbiota; F = 14.692, p = 0.005 for the biofilm microbiota; Figure 3E).
Excluding the few sequences could not be determined at the phylum level, a total of 66 phyla (including 3 Archaea and 63 bacterial phyla) were detected, with Acidobacteria, Actinobacteria, Armatimonadetes, Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Firmicutes, Fusobacteria, Gemmatimonadetes, Nitrospirae, Planctomycetes, Proteobacteria, Verrucomicrobia, WS3, and Thermi being the dominant microbiota (their relative abundance were more than 1% in at least one sample; Figure 3F). Adding both the B. subtillis and B. licheniformis preparations significantly increased the relative abundance of Chlorobi in the biofilm microbiota at the beginning of the experiment (Kruskal–Wallis rank sum test, p < 0.05; Supplementary Figure S1A) and significantly reduced the relative abundance of Thermi (Kruskal–Wallis rank sum test, p < 0.05; Supplementary Figure S1D); adding the B. licheniformis preparation significantly reduced the relative abundance of Firmicutes and Chloroflexi in the biofilm microbiota at the beginning of the experiment and significantly increased the relative abundance of Nitrospirae (Kruskal–Wallis rank sum test, p < 0.05; Supplementary Figure S1). Moreover, adding both the B. subtillis and B. licheniformis preparations significantly increased the relative abundance of Firmicutes in the water microbiota of the reactor at the middle and end stages of the experiment (Kruskal–Wallis rank sum test, p < 0.05; Supplementary Figure S1B).
Ninety of the 1,567 genera were detected as dominant genera (their relative abundance were more than 0.1% in at least one sample; Figure 4), which accounted for 76.31 ± 3.85% of the sequences. The samples were completely divided into two branches according to the microbial habitat: water and biofilm (Figure 4). The water samples were divided into three sub-branches according to the experimental stage (Figure 4). Although the biofilm samples collected at the early stage were completely separated from those collected at the middle and end stages, the samples collected at the middle and end stages were not separated from each other (Figure 4). At the early stage, the water samples were completely divided into three sub-branches according to the treatments. However, at the middle and end stages, only the water samples from group A were completely separated from those from the other two groups. The biofilm samples collected from the different stages were not completely divided according to treatment (Figure 4). Moreover, except for Novispirillum, other dominant genera differed significantly in their relative abundances between habitats, treatment groups, and experimental stages (Figure 4). However, these differences were primarily due to the habitat and experimental stage, and the addition of Bacillus had little impact on microbiota composition (Figure 4 and Supplementary Figure S2). However, the addition of Bacillus significantly increased the relative abundance of Bacillus in the water and biofilm microbiota at the middle and end stages of the experiment (Figure 4; Supplementary Figure S2A). The effects of adding B. subtilis and B. licheniformis on the main dominant genera in the reactor were not consistent, although both B. subtilis and B. licheniformis significantly increased the relative abundance of Rheinheimera in the reactor water microbiota in the middle and end stages of the experiment and significantly increased the relative abundance of Clostridium in the reactor water microbiota in the early stage of the experiment. The addition of B. licheniformis significantly reduced the relative abundance of Clostridium in the biofilm microbiota, whereas the addition of B. subtilis did not cause the same effect. The addition of B. subtilis and B. licheniformis reduced the relative abundance of Cylindrospermopsis, Flavobacterium, Fluviicola, and Gemmatimonas in the reactor water microbiota at the end of the experiment, whereas the addition of B. subtilis significantly reduced the relative abundance of Cylindrospermopsis in the reactor water microbiota in the middle stage of the experiment. The addition of B. licheniformis alone significantly increased the relative abundance of Nitrospira in the biofilm microbiota at the early stage of the experiment and in the water microbiota at the end of the experiment. Adding both B. subtilis and B. licheniformis significantly increased the relative abundance of Hyphomicrobium in the reactor water microbiota at the later stage of the experiment and Methylibium in the reactor water microbiota at the middle stage of the experiment; however, adding B. licheniformis alone significantly increased the relative abundance of Methylibium in the reactor water microbiota at the later stage of the experiment. Moreover, the addition of B. licheniformis significantly reduced the relative abundance of Hyphomicrobium in the biofilm microbiota at the early stage of the experiment, whereas the addition of B. subtilis significantly increased the relative abundance of Methylibium in the biofilm microbiota at the early stage of the experiment. Furthermore, the addition of B. subtilis and B. licheniformis had opposite effects on the relative abundance of Rhodococcus in the reactor water microbiota at the end of the experiment (Kruskal–Wallis rank sum test, p < 0.05; Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Dominant genera of dominant phyla of water and biofilm of reactor packing microbiota. Group A is a natural biofilm group, and its biofilm was formed on the surface of the packing after the wastewater from the aquaculture pond continuously entered the reactors. Groups B and C are enhanced biofilm groups. In addition to providing aquaculture wastewater as in the group A reactors, 2.5 g of B. subtillis and B. licheniformis preparations was added to the two groups of devices every 3 days. Water (W) and biofilm of reactor packing B samples were collected at the early (E, 0 days after the start of experiment), middle (M, 21 days), and late (L, 42 days) stages of the experiment for microbiota composition analysis. *** p < 0.001.
The LEfSe results showed that the addition of B. subtilis significantly increased the relative abundances of Clostridium, Rhodobacter, Giesbergeria, Hydrogenophaga, and Azospira in the water microbiota at the beginning of the experiment, Hyphomicrobium, Ralstonis, Rheinheimera, Acinetobacter, and Rhodococcus at the middle of the experiment, and Bacillus at the later stage of the experiment, and significantly increased the relative abundances of Planktothricoides, Cetobacterium, Gemmatimonas, Phenylobacterium, Rhodobacter, Giesbergeria, and Azospira in the biofilm microbiota at the beginning of the experiment, and Arthronema at the middle of the experiment. Adding B. licheniformis significantly increased the relative abundances of Microcystis, Phenylobacterium, and Rubrivivax in the water microbiota at the beginning of the experiment, and Nitrospira, Planctomyces, and Methylibium at the middle of the experiment, and significantly increased the relative abundances of Nitrospira, Planctomyces, Novosphingobium, Hydrogenophage, and Rubrivivax in the biofilm microbiota at the beginning of the experiment, Bacillus at the middle of the experiment, and Synechococcus later in the experiment (Supplementary Figure S3).
To analyze the potential correlations among bacteria in the community, the symbiotic network of microbial genera in the water column and the biofilm community was analyzed. Co-occurrence network analysis based on the Spearman coefficients of dominant genera showed that the co-occurrence of the water microbiota was considerably stronger than that of the reactor packing microbiota. Furthermore, although Bacillus was continuously added to groups B and C once every 3 days, the co-occurrence of Bacillus and other microbial genera was not the strongest, particularly in the reactor packing microbiota (Figure 5). These results indicated that Bacillus did not interact with these dominant bacteria directly, but indirectly through other closely related dominant bacteria in the microbiota.
[image: Figure 5]FIGURE 5 | Co-occurrence networks showing the correlation between dominant genera in water (A) and reactor packing (B). The correlations with Spearman coefficient >0.6 and p < 0.05 are considered as significant. Orange and blue indicate significant negative and positive correlations, respectively.
The RDA results indicated that NO2-N and NH4-N levels were significantly correlated with the structure of the water microbiota in the reactors (Monte Carlo hypothesis test, p < 0.05; Figure 6A), and COD and TN, NO3-N, and NO2-N levels were significantly correlated with the structure of the biofilm microbiota on the surface of the reactor packing (Monte Carlo hypothesis test, p < 0.05; Figure 6B). Correlation analysis between the biochemical parameters and microbes showed that the relative abundance of Acinetobacter in the water microbiota of the reactor was significantly positively correlated with NH4-N and TP levels, whereas the relative abundance of Acinetobacter in the biofilm microbiota was significantly negatively correlated with TP. The relative abundance of Arthronema in both the water and biofilm was significantly negatively correlated with NO2-N levels, and the relative abundance of Arthronema in the water microbiota was significantly negatively correlated with TN and COD. The relative abundance of Azospira in both the water and biofilm microbiota was significantly positively correlated with NO2-N and NH4-N levels. The relative abundance of Bacillus in the water microbiota was significantly positively correlated with NO3-N, NO2-N, TN, and COD, whereas the relative abundance of Bacillus in the biofilm microbiota was significantly positively correlated with TN and COD. The relative abundance of Clostridium in the water microbiota was significantly positively correlated with NH4-N and TP levels, whereas the relative abundance of Clostridium in the biofilm microbiota was significantly positively correlated with TN. The relative abundance of Cylindrospermopsis in the water microbiota was significantly positively correlated with NO3-N levels and significantly negatively correlated with NH4-N levels, whereas the relative abundance of Cylindrospermopsis in the biofilm microbiota was significantly negatively correlated with NO2-N levels. The relative abundance of Giesbergeria in the water and biofilm microbiota was significantly positively correlated with NO2-N and NH4-N levels. The relative abundance of Hydrogenophaga in the water microbiota was significantly positively correlated with NO2-N and NH4-N levels. The relative abundance of Methylibium in the water microbiota was significantly negatively correlated with NO3-N, NO2-N, and TN levels and COD. The relative abundance of Nitrospira in the water microbiota was significantly negatively correlated with NO2-N levels, TN, and COD. The relative abundance of Planctomyces in the water microbiota was negatively correlated with TP, TN, and COD. The relative abundance of Ralstonia in the water microbiota was significantly positively correlated with NH4-N levels and TP, whereas the relative abundance of Ralstonia in the biofilm microbiota was significantly positively correlated with NO2-N levels and TN. The relative abundance of Rhodobacter in the water microbiota was significantly positively correlated with NH4-N levels (Figures 6C,D). Furthermore, the results indicated that the water physicochemical parameters of the reactors were more closely related to the water bacteria than biofilm bacteria. This result implied that the water microbiota were more susceptible to water physicochemical parameters than the biofilm microbiota.
[image: Figure 6]FIGURE 6 | Correlation between water physicochemical parameters and both water and biofilm of reactor packing microbiota. (A) RDA profile showing correlation between water physicochemical parameters and water microbiota; (B) RDA profile showing correlation between water physicochemical parameters and biofilm microbiota; (C) Bubble chart showing correlation between water physicochemical parameters and water dominant genera; (D) Bubble chart showing correlation between water physicochemical parameters and biofilm dominant genera. Group A is a natural biofilm group, and its biofilm was formed on the surface of the packing after the wastewater from the aquaculture pond continuously entered the reactors. Groups B and C are enhanced biofilm groups. In addition to providing aquaculture wastewater as in the group A reactors, 2.5 g of B. subtillis and B. licheniformis preparations was added to the two groups of devices every 3 days. TN, total nitrogen; TP, total phosphorus; COD, chemical oxygen demand. Water (W) and biofilm of reactor packing B samples were collected at the early (E, 0 days after the start of experiment), middle (M, 21 days), and late (L, 42 days) stages of the experiment for microbiota composition analysis. * p < 0.05; ** p < 0.01; *** p < 0.001.
DISCUSSION
Bacilli are Gram-positive aerobic or facultative anaerobic bacteria (Nayak, 2020). Because they can form spores that have excellent adaptability to different environments and are convenient for production and storage, they are typically used to develop microbial agents and repair environmental pollution problems (Chen and Hu, 2011). Bacillus have been widely used as environmental probiotics (Moriarty, 1998) in aquaculture due to their production of antimicrobial substances, enzymes provide and their ability to colonize the digestive tract and to contribute to nutrition of the host (Soltani et al., 2019). Han et al. (2021) used free and immobilized Bacillus cereus MRR2 to treat eutrophic water and found that the removal rates of phosphate, magnesium, and ammonium ions reached 90.1%, 95.6%, and 95.7% within 15 days, respectively. Lu et al. (2012) studied the repair effect of a Bacillus-matrix-plant integrated system on eutrophic water and found that the removal rates of Bacillus (1‰), limestone, Spartina alterniflora, and Iris tectorum on SRP were as high as 80.73%, and those of Bacillus (1.5‰), ceramsite, Aquilaria sinensis, and Iris tectorum on NH4-N and COD were 63.63% and 63.45%, respectively. Wang and Zhao (2011) used Bacillus coagulans YX-6 to purify shrimp culture wastewater and confirmed that B. coagulans YX-6 significantly improved the quality of the shrimp culture wastewater, increased the DO content, reduced the NH4-N content from 1.7 mg/L to 0.35 mg/L, reduced the NO2-N content from 0.64 mg/L to 0.05 mg/L, and reduced the average mortality of the shrimp. In this study, B. subtilis and B. licheniformis were added to grass carp culture wastewater purification reactors to increase the concentration of free-state Bacillus in the reactors, which significantly improved the removing efficiency of the TN and significantly reduced the COD of the wastewater.
Proteobacteria, Actinobacteria, and Bacteroidetes are the dominant bacteria in grass carp culture water (Zhang, 2014). In this study, by adding B. subtilis and B. licheniformis to a grass carp culture wastewater purification device, the relative abundance of Firmicutes in the middle and later stages of the experiment significantly increased. Many Firmicutes bacteria have a strong ability to remove nitrogen substances from water, and among them, Bacillus bacteria can promote the transformation of insoluble phosphorus into soluble phosphorus in water (Han et al., 2022). Jiang et al. (2021) also found that adding Bacillus to grass carp culture water in the early stage increased the TP in water. Therefore, this may also be the reason for the increase in TP in the water in this study. However, the addition of Bacillus did not increase the relative abundance of Firmicutes in the biofilm microbiota.
Most bacteria that had significant effects on the reactor water and biofilm microbiota after adding Bacillus were involved in the nitrogen cycle and organic matter metabolism. For instance, many Novosphingobium species exhibit good denitrification performance and are denitrifying bacteria (Zhou et al., 2016). Liu et al. (2021) reported that Novosphingobium was the dominant bacterial genus in a pig wastewater treatment plant, suggesting that the bacteria may have a strong wastewater treatment capacity. Bacillus and Acinetobacter also have a strong effect on the remediation of wastewater (Wei et al., 2016). Rhodococcus bacteria also contain nitrilases (Hoyle et al., 1998), and Rhodococcus can simultaneously perform heterotrophic nitrification and aerobic denitrification (Chen et al., 2012).
Biofilms are composed of a variety of microorganisms; therefore, there are complex interactions among microorganisms in biofilm bacterial communities, such as mutualism, symbiosis, parasitism, antagonism, and predation (Wen et al., 2021). Interactions between microorganisms can directly change the formation of biofilms (Xiao et al., 2021). Souza et al. (2020) promoted the growth of Streptococcus biofilms through cooperative co-culture between Candida albicans and Streptococcus. Synechococcus belongs to the phylum Cyanobacteria and is a primary producer in water. Synechococcus bacteria are widely distributed in marine and freshwater environments and can use dissolved organic matter in water for self-growth (Sun et al., 2005). Arthronema bacteria also belong to the phylum Cyanobacteria, which efficiently utilize carbon sources (Maheshwari et al., 2020); thus, they also have the ability to degrade organic matter in water. Wu et al. (2014) reported that Rubrivivax had good application prospects for the recycling of biomass resources and wastewater treatment. Hydrogenophaga exhibits strong degradation ability for polycyclic aromatic hydrocarbons (PAHs) and has an anaerobic denitrification function of reducing the concentration of nitrite in water (Meng et al., 2017). Rhodobacter has the ability to efficiently reduce the heavy metal chromium in water and reduce its toxicity (Rajyalaxmi et al., 2019). Planctomyces are highly advantageous among the microbiota of nitrogen and phosphorus removal systems (Wang et al., 2006), as they may have high nitrogen and phosphorus removal ability. The addition of Bacillus was found to significantly change the relative abundance of these bacteria. Simultaneously, the change in the relative abundance of these bacteria probably enhanced the efficiency of adding Bacillus to promote the removal of TN and reduction of COD in the AW treatment device, although the specific process and internal mechanism need to be further studied.
Uncultured members of the genus Nitrospira are the most diverse and abundant known nitrite-oxidizing bacteria in municipal wastewater treatment plants (Gruber-Dorninger et al., 2014; Cao et al., 2017) and soil (Hu et al., 2021). Moreover, recent findings have identified broader metabolic activity of Nitrospira (Koch et al., 2019), which were considered to be canonical nitrite-oxidizing bacteria with nitration capability (Mehrani et al., 2020). Although we found that the relative abundance of Nitrospira in the water microbiota was significantly negatively correlated with NO2-N levels, TN, and COD, the co-occurrence of Bacillus and Nitrospira did not provide similar results. These results implied that Bacillus may indirectly induce the participation of Nitrospira in nitrogen metabolism by regulating the entire microbiota.
The LEfSe method is widely used for the comparative analysis of microbiota compositions in various habitats and for the screening of significantly different microorganisms (Xiang et al., 2018; Li et al., 2019b; Li et al., 2019c; Mao et al., 2019; Liu et al., 2022). However, our results showed that this method could not simultaneously compare the differences between two or more treatment groups and the control. For instance, although the addition of both species of Bacillus significantly increased the relative abundance of Bacillus in the reactor water microbiota in the middle and later stages of the experiment (Supplementary Figure S2A), the LEfSe results only showed that the addition of B. subtilis significantly increased the relative abundance of Bacillus in the reactor water microbiota at the later stages of the experiment (Supplementary Figure S3A). These results indicated that the LEfSe method was not suitable for screening significantly different bacteria in two or more treatment groups being compared to the control.
CONCLUSION
Adding Bacillus bacteria to the reactors improved the TN removal efficiency of the reactors and reduced the COD. The addition of Bacillus changed the microbiota composition in the water and packing surface biofilm in the reactors, significantly increasing Bacillus in the water and biofilm microbiota in the middle and later stages of the experiment. However, the effects of adding B. subtilis and B. licheniformis on the main dominant genera in the reactor were not consistent.
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