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The role of microbial ecology in aquaculture is becoming increasingly significant; however, studies on the changes in microbial ecology driven by the culture environment are limited. In the present study, high-throughput sequencing and chemical analysis was used to explore changes in physicochemical factors, bacterial communities, and their relationships between a water source (Bay) and an aquaculture area located in a reclaimed area. Statistical analysis results revealed that operational taxonomic units levels in inlet water and pond water varied significantly (p < 0.05). Non-metric multidimensional scaling (NMDS) analysis revealed the distribution characteristics of bacterial communities with water properties. The abundance of Alphaproteobacteria, Actinobacteria, and Flavobacteria in pond water increased significantly when compared to inlet water. The abundance of heterotrophic bacteria, such as Candidatus Actinomarina, Candidatus Aquiluna, Marivita, and Vibrio genera in pond water was significantly higher (Welch’s t-tests, p < 0.05) than inlet water. Functional prediction analysis primarily revealed an increase in the function that was associated with carbon and nitrogen metabolism in the pond environment. Canonical correlation analysis revealed that the bacterial communities was predominantly influenced by inorganic nutrients. Nitrate-nitrogen (N), nitrite-N, ammonium-N, and phosphate-phosphorous (P) were the key factors influencing bacterial communities in pond environment. A significant correlation was observed between inorganic N and phosphorus (P), and dominant bacterial genera (p < 0.05), demonstrating the potential mechanism of regulation of nutrients in bacterial communities. The present study described the microbial ecology of aquaculture ponds in detail and provides a scientific basis for the management of aquacultural environments.
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INTRODUCTION
Over the last few decades, offshore aquaculture and ocean fishing have not satisfied the dietary requirements of populations due to an increase in demand for seafood globally. In China, offshore aquaculture has developed rapidly, and large-scale aquaculture has become the most widespread offshore fish production system. The number of aquaculture species and levels of production have increased significantly. Aquaculture systems are relatively complex ecosystems with highly diverse bacterial communities, which influence nutrient cycling and energy flow in aquaculture ecosystems (Moriarty, 1997; Austin, 2006).
With the rapid development of coastal aquaculture, water quality is increasingly attracting the attention of stakeholders. During aquaculture activities, only a portion of the nutrients in the feed is consumed and assimilated by the culture animals, and most of the nutrients are retained in the aquaculture water environment (Thakur and Lin, 2003; Sahu et al., 2013). The residual nutrients could induce changes in the aquatic environment, for example, in the form of shifts in pH, dissolved oxygen (DO), and particulate organic matter, in addition to eutrophication (Martin et al., 1998), which could facilitate bacterial settlement and proliferation. Previous studies have revealed that the physical and chemical properties of water [pH, chemical oxygen demand (COD), temperature, salinity, phosphorus (P), and nitrogen (N)] influence bacterial communities in aquaculture environments (Zhang et al., 2016; Li et al., 2017; Alfiansah et al., 2018; Yang et al., 2018). The culture environment has been reported to exert considerable influence on the composition of intestinal bacteria and the occurrence of disease in aquatic species (Wang et al., 2014; Li et al., 2017; Yukgehnaish et al., 2020). Therefore, studying microbial ecology in aquaculture ecosystems is an effective approach to monitor the functioning of aquaculture systems and it provides valuable information that could facilitate the sustainable management of aquaculture systems (Sun et al., 2020b).
Although studies have examined the relationship between the aquaculture environment and bacterial communities (Zhang et al., 2016; Alfiansah et al., 2018; Sun et al., 2019; Sun et al., 2020b), the difference of bacterial communities between water source and aquaculture systems, and the factors driving this difference remain unclear. For aquaculture process, influent water quality and microbe have an important impact on the aquaculture area. Therefore, studying the changes and driving factors of microbial community structure is of great significance for disease prevention and water quality management. In the present study, combination of analytical chemistry and high-throughput sequencing to compare variations in physicochemical parameters and bacterial communities between the bay water and the aquaculture area. Furthermore, this study analyzed the correlation between physicochemical factors and bacterial communities, and finally determined the factors driving bacterial communities in the aquaculture systems.
MATERIALS AND METHODS
Study Area and Sample Collection
Samples were collected from the Dengfeng mariculture in Fujian, China in December 2018. All ponds had the same water inlet from an adjacent Bay through which water entered the aquaculture area (Supplementary Figure S1). The area of each pond (shrimp-crab polyculture) is 33,300 m2-66,600 m2. Pond water in the reclaimed area was changed every 2 days, and subsequently comes out through the water outlet. The water inlet and outlet were far from each other to prevent water pollution. Six samples were collected near inlet area in the bay and pond water samples (n = 26) were collected from different ponds using a glass water hydrophore at 0.5 m depth. A total of 500 ml of water was filtered through 0.22-µm polycarbonate membranes (EMD Millipore, Billerica, MA, United States). The membranes were placed in 1.5 ml sterile microcentrifuge tubes. Filter membranes were stored in liquid nitrogen for subsequent DNA extraction.
Another 500 ml of each of the remaining water samples was filtered through a 0.45-μm filter and used to analyze inorganic nutrients. Nitrite-nitrogen (N), nitrate-N, ammonium-N, phosphate-phosphorus (P), and DO concentrations were determined according to the procedure described in “The specialties for marine monitoring” (GB17378.4–1998, China). Water salinity and pH were measured in the field using a YSI 6600 V2 Sonde water quality monitoring system (YSI Incorporated, Yellow Springs, OH, United States).
Illumina MiSeq Sequencing of Bacterial Communities
Total DNA was extracted from the filter membranes using a DNA Extraction Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions. The V3 and V4 regions of the 16S rRNA gene were amplified with the 319F (5′- ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGACTACHVG GGTWTCTAAT-3′) primers (Mateos-Rivera et al., 2016). The total volume of the PCR reaction system was 25 μL: 5×FastPfu buffer 4 μL, 2.5 mmol/L dNTPs 2 μL, 5 U/μL FastPfu polymerase 0.5 μL, primer (5.0 μmol/L) 1.0 μL and 10 ng template DNA. PCR reaction conditions were 95°C for 3 min, 30 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and 72°C for 10 min. Different barcodes at both ends of the forward and reverse primers were used to distinguish samples. After amplification, the PCR products were purified and paired-end sequenced (2 × 250) on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) according to standard protocols.
Data Analysis
For pair-ended reads obtained by Illumina MiSeq sequencing, the sequences were first classified according to barcode information and then spliced according to the overlap relationship. Barcodes and primers were trimmed from paired-end sequences and then assembled using FLASH (Magoč and Salzberg, 2011). Low quality sequences with ambiguous bases and average quality scores <30 was removed. All chimeric tags were removed using UCHIME algorithm (Edgar et al., 2011). Tags with sequence similarity greater than 97% were defined as OTUs clusters using the CD-HIT tool (Huang et al., 2010). The RDP classifier used the SILVA database (version 132), which had taxonomic categories predicted at the species level. Alpha diversity indices were calculated in QIIME 1.9.1 (Caporaso et al., 2010) from rarefied samples, and assessed using Shannon’s index and Chao1 index.
T-tests were used to assess the significant differences (p < 0.05) in bacterial OTUs between samples. NMDS (non-metric multi-dimensional scaling) of unweighted unifrac distances was generated in R Vegan package (version 2.5.3) (Oksanen et al., 2015) and plotted in R project ggplot2 (version 2.2.1) package (Kahle and Wickham, 2013). Canonical correspondence analysis (CCA) was executed in R project Vegan package (version 2.5.3) to clarify the influence of environmental factors on bacterial community composition. Pearson correlation analysis between genera abundance and environmental factor was calculated in R project psych package (version 1.8.4). PICRUSt2 (Douglas et al., 2020) was used to predict the functional profile of the bacterial communities in inlet water and pond water based on 16S rRNA sequences. Welch’s t-test (p < 0.05) was calculated in R project Vegan package (version 2.5.3) to determine if there were statistically significant differences in the prediction function of bacterial communities between inlet water and pond water.
RESULTS
Variations in Key Physicochemical Factors Between Inlet Water and Pond Water
Water quality parameters are summarized in Figure 1 and Supplementary Table S1. Overall, t-test showed that pond water quality parameters exhibited distinct variations when compared to inlet water. Notably, nitrite-N (p = 0.001), nitrate-N (p = 0.008), ammonium-N (p = 0.008), phosphate-P (p = 0.003) and DO (p = 0.002) concentrations were significantly higher in pond water than in inlet water, especially ammonium-N concentrations. pH was significantly higher in pond water than in inlet water. However, salinity had no significant difference between pond water and water inlet.
[image: Figure 1]FIGURE 1 | Physico-chemical parameters of pond water and inlet water. (A) comparison of salinity DO, and pH between inlet water and pond water; (B) comparison of nitrite-N, nitrate-N, ammonium-N and phosphate-P concentrations between inlet water and pond water; Asterisks represent significance analysis (p < 0.01).
High-Throughput Sequencing Data and OTU Analysis
Based on Illumina sequencing analysis, a total of 2,994 OTUs (n = 32) were observed at a 97% similarity level. t-test analysis revealed that there were statistically significant differences (p < 0.05) in OTU types and abundance between inlet water and pond water (Figure 2A). The relative abundance of 169 OTUs increased, while that of 211 OTUs decreased in pond water when compared to inlet water. The NMDS results revealed similarity in bacterial communities between inlet water and pond water (Figure 2B). Inlet water and pond water samples clustered separately with large distances between each cluster. However, the distances within pond water samples had higher variability compared to inlet water. The Shannon’s diversity and Chao1 index value of bacterial communities in pond water were lower than in inlet water (Figures 2C,D). A Venn diagram revealed that the number of bacterial-specific OTUs was higher in inlet water than in pond water. The total number of common OTUs in inlet water and pond water was 771 (Figure 2E).
[image: Figure 2]FIGURE 2 | Analysis of significant differences in OTUs between inlet water and pond water (A); NMDS analysis (B) of bacterial communities between inlet water and pond water samples; Welch’s t-test analysis of Shannon’s diversity index (C) and Chao1 index (D) of bacterial communities; Venn diagram analysis of OTU numbers in inlet water and pond water (E).
Bacterial Communities in the Aquaculture Environment
The abundance of bacterial taxa corresponding to different samples was compared by annotating sequences information. The dominant taxa in each group at the class and genus levels are presented in Figure 3, Supplementary Table S2 and Supplementary Table S3. The dominant bacterial classes in inlet water and pond water (Figure 3A) were Alphaproteobacteria (20.63 ± 1.74% and 24.00 ± 2.26%), Actinobacteria (3.65 ± 0.58% and 17.57 ± 2.30%), Gammaproteobacteria (20.98 ± 4.18% and 13.05 ± 1.05%), Acidimicrobia (16.63 ± 2.89% and 12.52 ± 2.18%) and Flavobacteriia (4.87 ± 0.62% and 8.77 ± 0.79%). The results of the Welch’s t-tests (p < 0.01, Figure 3B) revealed that the abundances of Actinobacteria and Flavobacteriia were significantly higher in pond water than in inlet water. In contrast, the abundance of Gammaproteobacteria, Betaproteobacteria, and Deltaproteobacteria was significantly lower in pond water than in inlet water.
[image: Figure 3]FIGURE 3 | Analysis of bacterial communities in inlet water and pond water; dominant bacterial taxa in the samples at the class (A) and genus (C) levels; statistical analysis of significant differences in bacterial class (B) and genera (D) (Wilcoxon rank sum test, p < 0.05).
A significant difference (p < 0.01) was also observed in bacterial genera among the samples, with specific genera observed in inlet water, and pond water (Figures 3C,D). The dominant genera (average abundance >1%) in inlet water were Candidatus Actinomarina (12.41 ± 2.88%), NS5 marine group (1.32 ± 0.20%), Candidatus Aquiluna (1.09 ± 0.12%), and Salinihabitans (0.91 ± 0.13%). The dominant genera (relative abundance >1%) in pond water were Candidatus Actinomarina (8.29 ± 1.80%), Candidatus Aquiluna (7.99 ± 1.19%), Marivita (2.25 ± 0.65%), Salinihabitans (2.21 ± 0.41%), NS5 marine group (2.14 ± 0.41%), and Planctomyces (1.98 ± 0.85%). Furthermore, the results of the Welch’s t-tests revealed that the abundance of Candidatus Aquiluna, Salinihabitans, and Roseibacillus was enriched in pond water than inlet water (Figure 3D).
Potential Functions Prediction of Bacterial Communities in Aquaculture Area
PICRUSt2 analysis revealed variations of prediction functions among samples, which were primarily associated with carbon and nitrogen metabolism (Figure 4). Of all 34 functional families, the majority of them belonged to Amino acid metabolism (13.91 ± 0.06%), Carbohydrate metabolism (13.12 ± 0.07%), Metabolism of cofactors and vitamins (12.30 ± 0.09%), Metabolism of terpenoids and polyketides (9.04 ± 0.07%), Metabolism of other amino acids (8.37 ± 0.04%), Xenobiotics biodegradation and metabolism (6.83 ± 0.11%), Lipid metabolism (6.78 ± 0.08%), and Energy metabolism (5.43 ± 0.07%). Welch’s t-test showed that almost all of these functions of bacterial communities were significantly higher (p < 0.05) in pond water than in inlet water.
[image: Figure 4]FIGURE 4 | Predicted potential functions of bacterial communities and significant difference (p < 0.05) analysis of functions in inlet water and pond water.
Canonical Correlation Analysis Between Physicochemical Factors and Bacterial Communities
Canonical Correlation Analysis (CCA) was conducted to investigate the relationships between physicochemical factors (salinity, pH, DO, nitrate-N, ammonium-N, nitrite-N, and phosphate-P) and bacterial communities in inlet water and pond water (Figure 5A). The results revealed that nitrate-N, nitrite-N, phosphate-P, and ammonium-N were the key factors influencing bacterial communities. The bacterial communities in pond water was largely influenced by nitrate-N, nitrite-N, phosphate-P, and ammonium-N. Analysis of physicochemical factors contribution on bacterial communities exhibited that Nitrite-N (15.60%), nitrate-N (12.34%), phosphate-P (12.20%), and ammonium-N (11.03%) influenced bacterial communities the most in pond water (Figure 5B).
[image: Figure 5]FIGURE 5 | CCA analysis of physicochemical factors and bacterial communities (A); environmental contribution analysis (B); correlation analysis between dominant bacterial taxa and physicochemical factors (C).
Figure 5C illustrated the correlation between dominant bacteria genera and physicochemical factors. A significant correlation was observed between inorganic N and P nutrients, and dominant bacterial genera within the aquacultural environment. Nitrate-N, nitrite-N, phosphate-P, and ammonium-N exhibited significant positive correlations with dominant genera, such as Candidatus Aquiluna, NS5 marine group, Marinobacterium, NS3a marine group, and Vibrio (p < 0.05 or p < 0.01); however, they were negatively correlated with Marivita, Tepidibacter, Oceanirhabdus, and Luminiphilus (p < 0.05 or p < 0.01). The types of bacterial genera that were significantly correlated with salinity were quite distinct from bacterial genera correlated with nutrients.
DISCUSSION
The present study investigated variations in physicochemical factors and bacterial communities between inlet water and pond water, and analyzed the relationships between bacterial communities and physicochemical factors. There were distinct bacterial communities and functions between inlet water and pond water, as well as in the physicochemical factors driving the difference in the aquacultural environments.
Aquaculture Decreases the Diversity and Richness of Bacterial Communities in Pond Water
Bacterial diversity and richness significantly decreased in pond water than in inlet water. Previous studies have revealed that bacterial communities in different environmental media (aquaculture water, sediment, and animal intestines) comprise specific bacterial taxa, which is attributed to environmental factors (Sun et al., 2019; Sun et al., 2020b), and suggests that the bacterial communities in such ecosystems is influenced by the environment. Eutrophication in aquaculture ponds water is attributed to animal feeding activities (Thakur and Lin, 2003; Sahu et al., 2013), and environmental factors such as nutrients and organic matter induce significant changes in bacterial communities, with more notable impacts in aquaculture pond environments than in water inlet environments. The relatively rich nutrients in pond water induce rapid propagation of microbe that are susceptible to such environmental changes, which, in turn, decreases diversity and richness of microbial community, as observed in a previous study (Wang et al., 2014). Bacterial diversity increases under relatively low nutrient conditions, while high nutrient levels promote eutrophication, which inhibits the growth of environmentally sensitive bacteria (Chrzanowski et al., 1995), and decreases the diversity of bacterial communities in water. Environmental variation influences the changes of bacterial communities in aquaculture systems, which suggests that microorganisms exhibit sensitive responses to shifts in external environments.
Aquacultural Environment Significantly Alter the Bacterial Communities
Mariculture has a great impact on nutrient concentrations due to the addition of feed, thus shaping the bacterial communities of the pond. A previous study reported that only 36% of N and 33% of P were assimilated and absorbed by cultured animals on average, and the remaining nutrient proportions were lost in various forms in the culture environment (Bouwman et al., 2013). The residual nutrients could induce changes in the aquatic environment, for example, in the form of shifts in pH, dissolved oxygen (DO), high N and Ps concentrations and organic matter. Bacterial community diversity in the eutrophic environment changed significantly compared with those before nitrogen and phosphorus nutrient addition (Haukka et al., 2006). In the present study, the regulation of inorganic nutrients by bacteria in aquaculture ponds was significantly enhanced. Inorganic N and P (ammonium-N, nitrate-N, nitrite-N, and phosphate-P) substantially promoted changes in bacterial communities.
Previous studies have revealed that bacterial communities are influenced by temperature, salinity, chlorophyll a, total N, inorganic N and P, C/N ratio, total P, and feed sources (Xiong et al., 2014; Zhang et al., 2014; Lin et al., 2017; Sun et al., 2019; Sun et al., 2020c). Among the parameters evaluated in the present study, inorganic nutrients, such as N and P, were the primary factors influencing bacterial communities in aquaculture environments, which is consistent with the findings of previous studies (Sun et al., 2019; Sun et al., 2020c). The physicochemical factors could directly alter bacterial communities by impairing microbial physiological activities, or indirectly, by establishing conditions that affect microorganisms adversely.
In addition, there were great variability in physicochemical parameters and bacterial community structure among pond water samples. This is due to differences in farming processes between ponds, such as feed application and feeding amount, which lead to different pond water parameters and nutrient structure. Differences in these physicochemical factors lead to changes in bacterial community structure and diversity. These results further demonstrated the driving effect of environmental parameters on bacterial community in aquaculture.
Correlation analysis of physicochemical factors and bacterial communities suggested that inorganic nitrogen and phosphate exhibited significant positive correlations with Candidatus Aquiluna, NS5 marine group, Marinobacterium, NS3a marine group, and Vibrio. These microorganisms adapt to the eutrophication of aquaculture ponds and their abundance is increased. In the present study, the dominance of heterotrophic bacteria could result in high uptake of inorganic nutrients such as nitrate-N, ammonium-N, and nitrite-N. Candidatus Aquiluna has been previously reported to be the predominant bacterial species in the study area (Lin et al., 2017; Sun F. et al., 2019), and it has the capacity to fix carbon and conduct rhodopsin-based phototrophy (Kang et al., 2012). Marivita abundance is often highest near phytoplankton blooms or in numerous marine and saline environments associated with organic particles (Slightom and Buchan, 2009), and could be a key factor influencing the transformation and removal of N in aquaculture water (Lin et al., 2017). Furthermore, the abundance of Vibrio significantly increased in culture environments in the present study. Vibrio is common genera of marine bacteria, and play important roles in utilizing many carbon, nitrogen, and phosphorus substrates (Roux et al., 2009). Marinobacter contains nitrous oxide reductase (nosZ) genes and has the capacity to reduce nitrite-N and nitrate-N to produce N2 via aerobic denitrification (Liu et al., 2016). These bacteria have the ability to transform inorganic nitrogen and phosphorus, and have the potential to enhance environmental quality, which is crucial in aquaculture.
Aquaculture Increase the Metabolic Capabilities of the Bacterial Communities in Pond Water
Metabolic capabilities of the bacterial communities in pond water increased significantly than in inlet water based on prediction functions analysis. Functional prediction demonstrated that carbon and nitrogen metabolism were the dominant processes in the aquaculture area. Overall, aquacultural environments increase C and N metabolic capacities of bacteria, particularly Amino acid metabolism and Carbohydrate metabolism. Enrichment function involved in carbohydrate and amino acid metabolism indicated that microbes prefer the pond environments with rich in carbohydrates and proteins. Previous studies have revealed that Proteobacteria, Bacteroidetes, and Actinobacteria are the dominant functional phyla associated with N and P removal, and COD reduction in water (Sun et al., 2019; Sun et al., 2020a). Aquacultural environments could increase phytoplankton diversity and abundance and generate substantial amounts of carbohydrates, amino acids, and other substances. Such substances would promote the growth of bacterial groups such as Rhodobacterales and Flavobacteriales (Osterholz et al., 2016), which increases bacterial metabolic capacity. In addition to nutrient metabolism, bacteria in the ponds also increased their capacity to degrade some harmful substances in the water, such as xenobiotics, terpenoids and polyketides. Actinobacteria could secrete a variety of enzymes and obtain nutrients from a wide variety of nutrient sources, including various complex polysaccharides and refractory biomaterials (Barka et al., 2016).
In conclusion, the present study has demonstrated that aquaculture considerably altered physicochemical factors and induced changes in bacterial community composition and function. Furthermore, this study identified dominant bacterial taxa and potential factors influencing bacterial communities in pond water and established that bacterial communities characteristics were correlated with environmental status. This study was helpful to the water quality management of aquaculture area.
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