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Abstract

:

Although there have been some studies on pathogenic bacteria and their pathogenicity in animals, few studies have assessed the effects of aquaculture on the diversity of potentially pathogenic bacteria. This study used Illumina sequencing and quantitative PCR to explore the diversity of several bacterial genera containing pathogenic bacteria in the mariculture environment and the intestines of different cultured animals. These bacterial genera can be divided into two categories: The first category (14 genera) had high abundances and a low coefficient of variation among similar samples were significantly correlated with the total number of bacteria (r2 > 0.7, p ≈ 0). The other category (7 genera) with low abundances and a high coefficient of variation had no significant relationship with bacterial abundance. These results indicated that these bacterial genera had different responses and adaptation mechanisms to the aquaculture environment. Principal component analysis (PCA) showed that a high abundance of genera was closely related to the pond environment. The abundance of these bacterial genera in the animals’ intestines was much higher than source water, especially for Mycoplasma, Pseudoalteromonas, Vibrio, and Enterococcus, suggesting the aquaculture promoted the high abundance of these bacteria. This study provides a theoretical basis for sediment-associated pathogens acting as a potential pathogen source in the aquaculture environment. This study provides a strategy for disease prevention and control according to the characteristics of potential pathogens in the cultural process.
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1. Introduction


In recent decades, the escalating demand for seafood has outpaced the capacity of wild fisheries to meet it, leading to the rapid expansion of the offshore aquaculture industry. This industry has experienced significant growth in terms of both the number of species cultivated and the quantity of aquaculture production, predominantly fish, crab, and shellfish. According to the Food and Agriculture Organization of the United Nations (FAO), the world’s food and feed supply need to grow by 70% by 2050 to support an expanding population [1]. As such, the output of seafood from aquaculture has far surpassed that of offshore fishing. Consequently, large-scale aquaculture has emerged as the most extensively distributed offshore system.



As the aquaculture industry rapidly expands in scale, so too do the associated safety requirements. In contrast to fishing, cultured seafood is more vulnerable to potential pathogens [2]. This susceptibility is evidenced by the increasing frequency and intensity of recorded disease outbreaks in many marine taxa worldwide [2]. The recent uptick in such outbreaks [3] may be attributed to the introduction of new pathogens or environmental changes [2,4,5,6,7]. Bacteria, fungi, viruses, oomycetes, amoebas, and other ectoparasites have emerged as causal agents of several diseases that limit fish and shellfish production [8]. For example, Vibrio is a dominant bacterium recorded in both animal intestines and cultivation environments [4,9,10,11]. Pathogenic Vibrio can cause significant mortality in aquaculture, resulting in major losses to both population and revenue [12].



The composition of gut microbiota is closely related to the development, nutritional status, immune response, and host resistance to diseases [13,14], which is a necessary factor for maintaining animal health. The composition of gut microbiota is determined not only by host genetics and diet, but also by microbiota present in the ambient water and sediment [4,15,16], highlighting the successful transfer of microorganisms from sediment and water to animal intestines [4,9]. The occurrence of aquaculture diseases is closely related to the composition of the surrounding environmental microbiota. There was a significant relationship between potential pathogenic bacteria and nutrient levels in the aquaculture environment [9]. Bacteria in the aquatic environment play a decisive role in the formation of intestinal bacteria in animals. The composition of gut microbiota in adult animals is still influenced by the environment [17]. The aquaculture environment was the main source of bacteria in the intestine of culture animals [4,9]. If there is a change in the internal or external environment of the gut, the stability of the gut bacterial community structure may be disrupted, allowing pathogenic bacteria to invade the digestive system and trigger infections [18]. The quantity and type of pathogenic microbes present in the culture environment are key factors that influence the production of high-quality seafood, and are directly impacted by environmental factors. Moreover, they are closely linked to disease outbreaks [19,20,21]. Thus, a higher abundance of these bacteria in the aquatic environment may indicate an increased risk of pathogenicity in cultured animals. However, a comprehensive assessment of the species and migration of these bacteria in the aquaculture environment has yet to be conducted.



The aim of this study is to evaluate the differences in bacterial abundance between the water source and aquaculture ponds (water and sediment), analyze the abundance and changes in diversity of specific bacterial genera from the water source to the aquaculture ponds using Illumina sequencing and qPCR, and investigate the distribution patterns of different bacterial genera in the water source, aquaculture pond, and animal intestine. This study will reveal the distribution patterns of specific bacterial genera in aquaculture environments, providing a theoretical basis for the scientific management of water quality and the prevention and control of diseases.




2. Materials and Methods


2.1. Samples Collection


The samples were obtained from a seawater reclamation area in Putian city, where the ponds are supplied with seawater from a common source that enters the intensive aquaculture system via an inlet. The water inlet and outlet are distanced from each other as a measure to prevent pollution. There are 35 culture ponds in this reclamation area. Each culture pond has an area of approximately 66,600 m2 and an average water depth of 1 m. The bottom of the pond is mud and sand in a ratio of 81:19.



Samples of source water (n = 6) and pond water (n = 35) were collected from the different culture ponds or sites without disturbance using a glass water hydrophore in different sites or ponds. A 1000 mL sample of water was extracted at a depth of 0.5 m and filtered through a 0.22 µm polycarbonate membrane (EMD Millipore, Billerica, MA, USA), which was then placed into a 1.5 mL sterile centrifuge tube. Sediment samples (n = 19) were collected from a depth of 0–2 cm using a core sampler in different ponds. Culture animals (crab, shrimp, and cram) were collected from the different culture ponds or at different points in the water inlet. Eight individuals of each organism were selected, and their intestines were carefully dissected using conventional aseptic techniques. Subsequently, their contents were gently extracted under sterile laboratory conditions and transferred into a sterile 1.5 mL centrifuge tube. All samples were stored in liquid nitrogen until further DNA extraction.




2.2. Illumina MiSeq Sequencing of 16S rRNA


The Illumina Sequencing method, as described in a previous study [4], was employed in this investigation. Total DNA from filter membranes, sediment samples, and animal intestines (1 g) was extracted using a DNA Extraction Kit (OMEGA, Norwalk, CT, USA). The 16S rRNA gene was targeted using the V3 and V4 regions with the primers 319F (5′-ACTCCTACG GGAGGCAGCAG-3′) and 806R (GGACTACHVGGTATCTAAT) with the barcode. A PCR reaction volume of 25 μL was used, consisting of 5× FastPfu buffer (4 μL), 2.5 mmol/L dNTPs (2 μL), 5.0 μmol/L primer (1.0 μL), 5 U/μL FastPfu polymerase (0.5 μL), and 10 ng DNA template. The amplified products were purified and quantified using the QuantiFluorTM fluorometer (Promega, Milan, Italy). The libraries were generated with a TruSeq® DNA PCR-Free sample preparation kit (Illumina, San Diego, CA, USA), and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) following standard protocols.




2.3. Data Analysis of High-Throughput Sequencing


For paired-end reads obtained through Illumina MiSeq sequencing, barcode and primer sequences were trimmed from the paired-end sequences. Subsequently, assembly was performed using FLASH (version 1.2.11) [22]. Low-quality reads were removed, and the Chimera Check was applied to eliminate chimeric sequences. VSEARCH (version 1.9.6) was employed to cluster high-quality sequences into operational taxonomic units (OTUs) with a sequence identity threshold of 97%. The Ribosomal Database Project (RDP) classifier was utilized to assign taxonomic categories to all OTUs with a confidence threshold of 0.8. BLAST was employed to assign representative sequences for each OTU (the most abundant) against the Silva_123 16S rRNA database (https://www.arb-silva.de/, accessed on 21 November 2023). Differences in bacterial community among source water, pond water, and pond sediment were conducted by performing principal component analysis (PCA) using CANOCO 4.5 software (CANOCO, Ithaca, NY, USA).




2.4. 16S rRNA Quantiative PCR (qPCR)


The quantification of 16S rRNA genes was conducted through qPCR employing the Applied Biosystems StepOnePlusTM Real-Time System (Applied Biosystems, Carlsbad, CA, USA) with 341F CCTACGG-GAGGCAGCAG and 518R ATTACCGCGGCTGCTGG primers [23]. Each sample was subjected to triplicate qPCR runs, and quantification was based on the amplification-dependent increase in fluorescence intensity of the SYBR Green dye. qPCR standards were generated from PCR products that were amplified from environmental samples using the pMD19-T cloning kit (TaKaRa, Shiga, Japan), and the plasmid DNA was purified using the Plasmid Purification kit (TaKaRa, Shiga, Japan). The concentrations of qPCR standard products were determined at 260/280 nm using the ND-2000 spectrophotometer (NanoDrop, Wilmington, DE, USA). The real-time PCR assay was performed in a 20 μL reaction volume with SYBR Premix Ex Taq II (TaKaRa, Shiga, Japan), following the specified qPCR conditions: 95 °C for 5 min, 35 cycles at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 30 s, 72 °C for 5 min. Triplicate runs of tenfold serially diluted standards and no-template controls were included in each reaction.





3. Results


3.1. Abundance of 16S rRNA Genes in Culture Environment Identified through qPCR


This study compared changes in the copy numbers of bacterial 16S rRNA genes in the water source, pond water, and pond sediment using qPCR. The total number of bacteria in water and sediment samples was expressed as copy number/mL of water and copy number/g of sediment (Figure 1). As there was a large difference in bacterial copy number between water and sediment samples, a log10 transformation was used to represent the data. The average copy numbers of bacteria were lowest in source water (8.29 × 105), higher in pond water (9.56 × 106), and highest in sediment (1.17 × 109).




3.2. Diversity and Abundance of 21 Identified Bacteria Genera by Combining qPCR and High throughout Sequencing Analysis


In all samples, consisting of source water, pond water, and sediment, a total of 7,565,354 sequences were identified. Through a literature review, we detected 21 genera containing pathogenic bacteria (Table S1) that potentially pose a pathogenic threat to marine organisms, including fish, invertebrates, and mammals [24]. The composition of bacterial communities in both the source water and aquaculture ponds was analyzed, and the relative abundance of bacteria for the 21 identified genera was standardized by performing qPCR and normalizing to the total bacteria count in each sample. Using high throughput sequencing of 16S rRNA and qPCR, we calculated changes in the abundance of the 21 genera in source water (copy number/mL), pond water (copy number/mL), and pond sediment (copy number/g). The results showed that the relative abundance of bacterial genera was much higher in the aquaculture area than in the source water. Overall, the abundance of these genera in aquaculture water was 2.7 times higher (2.75% ± 0.44%) than in the inlet water (1.20% ± 0.28%). Furthermore, the abundance of these bacterial genera in pond sediment was 6.2 times higher (6.17% ± 1.28%) than in inlet water (Figure 1B).



The results showed that the abundance of these bacteria in the aquaculture area was significantly higher than in the inlet. The composition of dominant genera in pond water was consistent with pond sediment; however, their abundance increased sharply in pond sediment (Figure 2A, Table S1). The dominant genera in pond water were Vibrio, Pseudoalteromonas, Tenacibaculum, Bacillus, Arcobacter, Rickettsiaceae, and Clostridium. The dominant genera in pond sediment were Bacillus, Clostridium, Rickettsiaceae, Vibrio, Pseudoalteromonas, Photobacterium, Halomonas, Pseudomonas, Tenacibaculum, and Arcobacter.



The correlation between the abundance of these bacterial genera and the total bacterial abundance was analyzed (Figure 2B). The results showed that among the 21 genera investigated, 14 genera were positively correlated with the total number of bacteria (r2 > 0.7, p ≈ 0), especially for the dominant genera in water and sediment, such as Rickettsia, Halomonas, Arcobacter, and Tenaciulum and Pseudomonas, Vibrio, and Trilosdium, respectively. At the same time, these bacteria had a low coefficient of variation among different samples (0.73–1.95, Figure 2C).



The remaining seven genera with lower abundances, Escherichia, Shewanella, Corynebacterium, Chryseobacterium, Mycoplasma, Enterococcus, and Photobacterium, had a high coefficient of variation among samples (2.09–5.85, Figure 2C). Correlation analysis showed that they had a very low correlation with total bacterial abundance. According to the analysis results, 21 bacterial genera in aquaculture can be clustered into two groups: some genera present in the aquaculture areas with low coefficient of variation, and those present in the aquaculture areas with high coefficient of variation.




3.3. Principal Component Analysis (PCA) of the Distribution of Bacterial Genera between Different Environments


PCA was conducted to identify the possible associations between 21 bacterial genera and the sample characteristics (Figure 3). Assemblages of these bacterial genera (assessed by composition and relative abundance) formed three clear groups (cumulative percentage variance 76.1) and differed significantly between source water, pond water, and pond sediment (ANOVA, p < 0.01). The separations between the groups were associated with the higher relative abundance of Rickettsia, Halomonas, Pseudomonas, Arcobacter, Tenacibaculum, Vibrio, and Clostridium in the culture environment.




3.4. Bacterial Genera in the Intestines of Animals in Source Water and Pond Water Based on Illumina Sequencing


The study compared the abundance characteristics of above bacterial genera in the aquatic animals’ intestine in the water source and culture ponds. Results indicated that the abundance of the most bacterial genera of animals was obviously higher in the aquaculture areas than in the source water (Figure 4). The composition of dominant genera in pond animals was consistent with source water animals. The dominant genera in source water were Photobacterium (8.60%), Vibrio (4.65%), Mycoplasma (0.61%), Pseudomonas (0.19%), and Shewanella (0.10%). The dominant genera in pond animals were Vibrio (15.34%), Photobacterium (7.41%), Pseudoalteromonas (6.58%), Mycoplasma (3.11%), Streptococcus (0.26%), and Enterococcus (0.19%). The abundance of bacterial genera, especially Mycoplasma, Pseudoalteromonas, Vibrio, and Enterococcus, was much higher in pond animals than that in the source water.





4. Discussion


Studying the relationship between potential pathogenic bacteria and their habitats is crucial for understanding the formation of gut microbiota and its impact on host health. In this study, we investigated the differences in the composition of specific bacterial genera containing potentially pathogenic bacteria in water sources and aquaculture environments and analyzed the potential impact of the environment on them.



Aquaculture environments may increase the abundance and diversity of potentially pathogenic bacteria. For example, Vibrio species are naturally occurring bacteria found in marine aquatic environments, and most human infections are acquired through exposure to these environments or through consumption of food derived from them [25,26,27,28]. Vibrio levels often correlate with other bacterial pathogens commonly found in coastal and aquaculture areas, and can cause disease in animals [29]. The results of this study showed that the total number of bacteria increased in the aquaculture environment. This is likely due to the fact that feedstuffs are added to aquaculture water, which increases the nutrient concentration and promotes the growth of total microbial biomass [30]. It can be speculated that the abundance of bacteria known as potentially pathogenic bacteria benefited from the culture conditions and proliferated with the increase in total bacteria, which was influenced by nutrient levels in the culture environment. Previous studies have reported that the abundance and diversity of pathogenic microbes in the culture environment are key factors in the production of high-quality seafood and are directly affected by environmental factors [4,31,32]. The findings of this study suggest that high abundances of potentially pathogenic bacteria had a low coefficient of variation among different samples, indicating that changes in abundance were uniform and easily affected by the culture environment.



Correlation analysis showed that bacterial genera in this study with low abundances had a very low correlation with the total bacterial number, indicating that the abundance of these bacteria did not change with the total abundance of bacteria and was less affected by the culture environment. Indicators and pathogens such as Escherichia and Enterococcus have been reported to be positively associated with urban land cover [33]. According to our results, bacterial genera in this study in aquaculture can be divided into two groups: bacteria that are naturally present in the aquaculture environment and respond rapidly to environmental changes, and those that are present as a result of contamination with human or animal feces or respond slowly to the environment. This suggests that these two types of bacterial genera have different response mechanisms to the aquaculture environment.



The dominant genera in this study were aerobic bacteria, which could quickly adapt to the environment and increase in abundance [4,34,35]. These bacteria are also one of the main factors causing the outbreak of breeding diseases, such as Vibrio. Some bacterial genera, such as Halomonas, Pseudomonas, and Arcobacter, which have high metabolic activity and the best growing strain, can grow and reproduce rapidly [36,37,38]. Previous studies on canonical correlation analysis have found that bacterial genera including Alteromonas, Arcobacter, Halomonas, Vibrio, Tenacibaculum, etc., showed a positive correlation with the levels of nitrite and nitrate in the sorting axis [4]. Most of these bacteria are heterotrophic, indicating that they are primarily regulated by nutrient levels and are prone to rapid changes in response to environmental influences. The level of inorganic nutrients in culture environment was significantly correlated with the presence of these bacterial genera [4], which partly explains the reason why they had the ability to grow rapidly in aquaculture ponds. These species pose a threat to the health of farmed animals in the environment of physiological imbalance [39,40]. The low abundance of bacterial genera in this study showed that they grew and metabolized slowly in the aquaculture environment. Escherichia and Enterococcus, for example, were mainly adapted to the intestinal environment of animals and were also used as indicators of water pollution [8,31]. Shewanella, Escherichia, Corynebacterium, and Photobacterium were facultative anaerobes [41], which grew slowly under aerobic conditions. In addition to the significant impact of Vibrio on aquaculture, other potential pathogenic bacteria also cause significant losses. For example, some species in the Flavobacterium genus have pathogenic effects on marine fish, amphibians, and other aquatic animals [42]. Infected fish exhibit symptoms such as gill rot, skin ulcers, tissue necrosis, and mortality rates can reach 100%. The economic losses caused by this disease are extremely serious worldwide. Tenacibaculum sp. is a pathogenic bacteria that causes ulcerative diseases known as tenacibaculosis, which can lead to high mortality rates in aquaculture animals and also increase susceptibility to other pathogens [43]. Some species in Rickettsia, such as Piscirickettsia, are pathogens of fish (salmon and sea bass) [44], and infected fish become lethargic and lose their appetite.



PCA analysis showed that bacteria genera with high abundance and low coefficient of variation were closely related in pond water and sediment, indicating that these bacteria contributed most to the aquaculture environment. Pond sediment acted as a reservoir for these bacterial genera, and they have the potential to be released into the water from the sediment environment. The influence of sediment on the intestinal bacteria of cultured animals was greater than that of feeding water. Previous studies have also shown that sediment is a major contributor to the gut microbes of the major farmed animals (shrimp, fish, crabs, shellfish, and clams) in mariculture ecosystems [4,10,11]. The feeding behavior of benthic organisms does indeed make their gut microbiota more susceptible to the influence of sediment in their habitat, as the sediments they ingest contain a large population of microorganisms [9,45]. Additionally, aquatic animals ingest various microorganisms in the water, some of which can grow and reproduce in the gut and are often closely related to the gut health of the host [46,47]. The ability of bacteria, such as Vibrio and Aeromonas, can quickly colonize the gut, suggesting that these bacteria possess strong adaptability and competitiveness [48]. Therefore, the composition of microorganisms and potentially pathogenic bacteria in environment has an important impact on animal health. This observation of increased levels of potentially pathogenic bacteria in culture ponds provides further support for promoting the development of these bacterial genera in farmed environments. Although determining the mechanisms involved will require further research, the characteristics of the aquaculture environment play an important role in shaping the diversity of potential pathogens. In recent years, studies have reported that physical and chemical factors in the habitat environment and microbial communities have significant impacts on the gut microbiota of aquatic animals [4,49].




5. Conclusions


In the current study, the composition of specific bacterial genera was affected by the culture environment. Many types of intestinal pathogens also exist in the environment, and the culture environment played a decisive role in the composition of intestinal pathogens. Therefore, environmental conditions are closely related to the health of cultured animals, and improving the culture environment will help to reduce the risk of animal disease. The balance of gut microbiota in aquaculture animals is easily influenced by the water environment. If there are changes in the internal and external environments of the gut, the stability of the gut microbiota may be disrupted. Potential pathogen may invade the digestive system and cause infections, which can affect the gut function of aquatic animals. In this study, it was concluded that sediment-associated bacteria have been identified as a potential source of potential pathogen in aquaculture. To sum up, the current investigation has delineated the importance of optimizing the aquaculture environment to prevent potential breeding disease microorganisms and the onset of animal disease.
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Figure 1. qPCR analysis of bacterial 16S rRNA in source water and culture ponds (A); total abundance of 21 identified genera in samples based on high throughout sequencing (B). 
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Figure 2. Abundance distribution of 21 bacterial genera in samples calculated based on high-throughput sequencing and qPCR analysis (A); correlation analysis between bacteria genera and total bacteria abundance, significance test (p < 0.05 or p < 0.01) was marked by ** and * (B); coefficient of variation analysis of differential genera in source water, pond water, and pond sediment (C). 
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Figure 3. PCA analysis based on the relative abundance of 21 bacterial genera in source water, pond water, and pond sediment. The red areas represent collections of samples of different properties (source water, pond water, and pond sediment). 
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Figure 4. Relative abundance of bacterial genera in the intestine of cultured animals in source water and pond water. Comparison the average abundance of these bacterial genera in samples in the figure right. 
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