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Abstract

:

Microbiota associated with bivalves have drawn considerable attention because studies have suggested their relevance to the fitness and growth of marine bivalves. Although the mussel Choromytilus chorus is a valuable resource for Chilean aquaculture and fisheries, its microbiota is still unknown. In this study, the composition and predicted functions of the bacterial community in tissues of C. chorus specimens grown in an estuary (Nehuentue) and a bay (Hueihue) were investigated. Using 16S rRNA genes as targets, the bacterial abundance in tissues was estimated by quantitative PCR and sequenced via Illumina MiSeq. The abundances of bacteria ranged from 103 to 105 copies of 16S rRNA genes g−1 tissue. In the Nehuentue estuary, the bacterial communities in the tissues were dominated by the Tenericutes phylum, whereas the Tenericutes and Proteobacteria phyla dominated in mussels from Hueihue Bay. Higher numbers of operational taxonomic units (OTUs) were observed in tissues from the Nehuentue Estuary than in those from Hueihue Bay. Differences in bacterial community compositions in tissues between both locations were confirmed by nonmetric multidimensional scaling (nMDS) and Venn diagram analysis. In addition, linear discriminant analysis effect size (LEfSe) revealed that the Mollicutes class and Actynomycetales order were key phylotypes in tissues from the Nehuentue Estuary and Hueihue Bay, respectively. Our analysis also predicted a high abundance of sequences assigned to heterotrophy; however, relatively high functional diversity was also found in tissues from Hueihue Bay. This work represents our first attempt to elucidate the C. chorus microbiota in contrasting Chilean aquatic environments.
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1. Introduction


The production of marine bivalves for human consumption at the global level represents more than 15 million tons per year, where 89% and 11% come from aquaculture and fishery, respectively [1]. Chile is recognized as the fourth-highest producing country of mussels worldwide [2]; therefore, the culture and fishery of mussels are of large economic and social importance in some coastal regions of southern Chile. In this context, Choromytilus chorus (Molina, 1873), locally named “Choro Malton” or “Choro Zapato,” is a native mussel distributed along Chilean coasts (from 4 to 20 m depth) with a tolerance rate constant between 24 and 30% salinity [3] and primarily adhere to rocky substrates [4]. In southern Chile, C. chorus is grown by both extensive and intensive cultivation practices in aquaculture facilities or collected from natural banks located in protected bays, such as the archipelagos of Chiloe Island [5]. C. chorus is also grown extensively on sandy substrates in estuaries by artisanal fishermen, representing the main economic and touristic activity in some southern Chilean areas, such as the Nehuentue estuary. Traditionally, it has been believed by the local Nehuentue community that the brackish water, a mixture of seawater and river freshwater, gives C. chorus a unique flavor and organoleptic characteristics compared to those of mussels exclusively grown in seawater and concomitantly have higher commercial value. However, this assumption has not been scientifically proven to date, and various programs developed by Chilean governmental agencies (e.g., National Institute for the Sustainable Development of Artisanal Fisheries and Small Scale Aquaculture; http://www.fap.cl/indespa/) and universities (e.g., Agroindustry Institute; http://agroindustria.ufro.cl/index.php) are focused on characterizing C. chorus and strengthening its extensive aquaculture based on scientific-technological innovation. Despite the proven relevance of biological interactions for aquatic organisms, host-microbiota interactions in C. chorus have not been considered in these programs.



C. chorus is a filter feeder, similar to other mussel and bivalve species, and eat planktonic microorganisms, including bacteria that are suspended in the water column as food that can be captured and used as nutrient sources or passed through the intestine and released through the anus [6]. However, bacteria in the digestive tract of bivalves can also adhere, colonize, proliferate, and interact, thereby establishing themselves as part of the permanent and autochthonous microbiota of the host [7]. Studies have suggested that the microbiota in bivalves can be influenced by local factors [8,9] and can contribute beneficial functions to the host, such as the improvement of digestive tract development, the increase in an immune response against pathogen attack, and the provision of essential nutrients (e.g., vitamins, enzymes, and fatty acids) [10,11]. In contrast, studies have also revealed the occurrence of pathogenic bacteria in the microbiota, including both zoonotic pathogens (e.g., Vibrio splendidus, Vibrio aestuariuanus, and Nocardia crassostreae) and human pathogens (e.g., Vibrio parahaemolyticus and Vibrio vulnificus) [12,13,14,15]. Similarly, studies have also linked shifts in microbiota composition to bivalve mass mortality events [16,17,18]. In this context, the microbiota in some bivalve species has been characterized, revealing differences (or compartmentalization) between tissues [19], where external tissues (shell and mantle) show a variable microbiota close to bacteria present in the surrounding aquatic environments. In contrast, internal tissues (intestine and hemolymph) harbor a more stable microbiota involved in nutrient acquisition and defense against pathogens [9]. However, studies on the response of microbiota of mussels to local environmental conditions have not been reported to date.



Most microbiological studies on bivalves in Chile have identified and controlled bacterial pathogens during their attack of larval and juvenile bivalves at aquaculture facilities [20,21], including scallops [22,23], oysters [24,25], and mussels [26,27]. However, to our knowledge, studies on microbiome interactions and their role (or influence) on the life cycle of mussels have not been considered thus far, particularly in determining the differences in the composition and functions of the bacterial community in the microbiota of mussels grown in contrasting environments. In this context, the primary objective of the present study was to determine and compare the compositions and predicted functions of the bacterial communities present in the digestive glands and intestinal tissues of C. chorus grown in southern Chile.




2. Material and Methods


2.1. Collection of Specimens


Specimens of C. chorus were collected by diving from banks managed by Nehuentue artisanal fishermen and the Cholche Culture Company (CCC) and located in the Imperial River estuary (38°44′23″ S, 73°25′43″ W) and Hueihue Bay (41°53′46″ S, 73°31′00″ W) with average conductivities and temperatures of 23 mS cm−1 and 9 °C, and 33 mS cm−1 and 11 °C, respectively (Figure 1A). Specimens of C. chorus were collected from collectors in a long–line system managed by CCC in Hueihue Bay. After collection, the specimens were placed in a polystyrene box, immediately transported on ice, and processed at the Applied Microbial Ecology Laboratory of La Frontera University.




2.2. Samples


The experimental design is presented in Figure 1B. Twenty-seven specimens of C. chorus of similar size (average shell length, 12 cm) were randomly chosen from each location and thoroughly washed with sterile distilled water, and then the tissue surface was externally disinfected with 70% ethanol. The selected specimens were then aseptically dissected, taking tissue samples of ~0.02 g of digestive glands and intestinal tissues. Both tissues are commonly used as model tissues in environmental and biological studies of bivalves [28,29]. The samples were placed in sterile propylene tubes (2 mL) and stored at −20 °C until molecular analysis.




2.3. DNA Extraction


The commercial DNeasy PowerSoil kit (Qiagen, Inc., Germantown, MD, USA) was used to extract total DNA from each tissue sample (27 specimens × 2 tissues = 54 total DNA extracts), following the instructions of the manufacturer. The quantities of extracted DNAs were determined with a Qubit 4 fluorometer and Invitrogen Qubit assay kit (Thermo Fisher Scientific, Waltham, VT, USA). Extracts exhibiting an A260/A280 absorbance ratio ~1.8, as revealed by a microplate spectrophotometer (Multiskan GO, Thermo Fisher Scientific, Inc., Waltham, VT, USA), were selected for molecular analysis.




2.4. Collection of Choromytilus Chorus


As banks in coastal waters can be colonized by other mussel species (e.g., Mytilus chilensis and Aulacomya ater), 27 extracts from intestines were randomly chosen and used to confirm the collection of Choromytilus chorus by endpoint PCR and sequencing using a specific molecular marker for the internal transcribed spacer (ITS 1, 290 bp length) region of mollusks described by Meyer [30]. The primers 1FP (5′–GTT TCC GTA GCT GAA CCT GC–3′) and 2RP (5′–GTC TGA TCT GAG GTC–3′) were added (0.5 µL each of 8 µM work solutions) to a PCR mixture containing 5 µL of PCR buffer 5×, 3 µL of MgCl2 (25 mM), 2.5 µL of dNTPs (25 mM each), 0.13 µL of GoTaq Flexi DNA polymerase (5 U µL−1; Promega Co., Madison, WI, USA), 12.9 µL of free nuclease water and 0.5 µL of DNA extract (5 µM). PCR conditions were run with a hot start at 94 °C for 7 min, followed by 30 cycles of denaturation at 93 °C for 1 min, annealing at 45 °C for 1 min and extension at 72 °C for 2 min. A final extension was performed at 72 °C for 9 min. The amplified DNA fragments were run on 1× TBE 1.5% agarose gels and visualized with a UV transilluminator. Then, the amplified DNA fragments were sequenced in an ABI 3700 Sanger sequencer (Applied Biosystems Inc., Foster city, CA, USA). The sequences were cleaned up and trimmed by the Geneious program (Biomatters Ltd., Auckland, New Zealand; version Pro 5.0.3) and compared with those sequences deposited in GenBank from the National Center for Biotechnology Information (NCBI) using the nucleotide BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequences were deposited in the NCBI GenBank database under accession numbers MT534397 to MT534420.



Additionally, a maximum likelihood phylogenetic tree was built and visualized using representative sequences of the Mytilidae family as a reference and the longest high-quality sequences (20 from 27) of each collected group using the MEGAX program https://www.megasoftware.net/, version 10.0.5 [31].



After verification of the collection of C. chorus specimens, DNA samples in triplicate were randomly chosen and used to formulate nine composite DNA samples per tissue and then used for the analysis of abundance and bacterial community as follows.




2.5. Bacterial Abundance in Digestive Gland and Intestinal Tissues


Loads of total bacteria in tissue samples were estimated by quantitative PCR (qPCR) using the universal primers 799f (5′–AAC MGG ATT AGA TAC CCK G–3′) and 1115r (5′–AGG GTT GCG CTC GTT G–3′) described by Shade et al. [32]. The PCR mixture was prepared as follows: 7.5 µL of PowerUp SYBR Green Master Mix 5× (Applied Biosystems Inc., USA), 2.4 µL each primer (0.32 µM), 1.7 µL of free nuclease water, and 1 µL of DNA extract (20 nM). In this stage, the nine extracts described above were grouped into three composed samples per mussel group and used as a DNA template for the following molecular analysis in this study. PCR conditions were as follows: an enzyme activation step at 95 °C for 10 min, followed by 40 cycles of 15 s at 95 °C and 1 min of annealing plus extension at 60 °C. Each composing sample was subjected in triplicate to PCRs in a StepOnePlusTM real–TIME PCR system (Applied Biosystems Inc., Foster City, CA, USA).




2.6. Bacterial Community in Digestive Gland and Intestinal Tissues


The bacterial community composition in DNA extracts from tissue samples was also determined using each composed sample by high–throughput sequencing of the V3~V4 hypervariable region of the 16S rRNA gene, as described by Zhang et al. [33]. Libraries of 16S rRNA genes were prepared by PCR using the primers 341–ad (5′–CCT ACG GGN GGC WGC AGA CAC TCT TTC CCT ACA CGA CGC TCT TCC GAT CT–3′) and 805–ad (5′–GAC TAC HVG GGA CTG GAG TTC AGA CGT GCT CTT CCG ATC T–3′) using Illumina MiSeq reagent kit v3 (Illumina Inc., San Diego, CA, USA) and sequenced with a MiSeq sequencer (Illumina Inc., San Diego, CA, USA) using barcoded primers and the dual indexing method [34]. PCR conditions were run with a hot start of 95 °C for 2 min, followed by 1 cycle at 95 °C for 30 s, 35 cycles of 55 °C for 30 s, 1 cycle at 72 °C for 1 min and a final step of extension of 1 cycle at 75 °C for 5 min. Before sequencing, the quality of libraries was verified with an Agilent TapeStation 4150 (Agilent Technologies Inc., Santa Clara, CA, USA).




2.7. Bioinformatics and Statistical Analyses


The sequences were analyzed using QIIME2 (https://qiime2.org/) [35] built-in applications, as described below. A quality filter step was included using the DADA2 algorithm [36], where residual PhiX reads were removed, paired-end sequences were joined together using a quality-aware correcting model, and chimeric sequences were removed. The taxonomic assignment was determined using a model created with a Naïve Bayer classifier trained with V3~V4 regions of the 16S rRNA genes deposited in the green-genes v13.8 database [37]. Before downstream analyses, OTU tables were filtered to remove nonmicrobiota (e.g., chloroplast and mitochondria) sequences.



For statistical analyses, the sequence data were rarefied to a sampling depth of 11,000, and alpha diversity measurements were calculated as the Shannon Index, Inverse Simpson Index, and Pielou’s Evenness Index, and richness was as reported as operational taxonomic units (OTU) and Faith’s Phylogenetic Diversity. The beta diversity was further explored using nonmetric multidimensional scaling using the Bray-Curtis dissimilarity matrix to visualize the broad trends in bacterial communities, and the differences among the sites were evaluated using permutational multivariate analysis of variance (PERMANOVA) with 999 random permutations [38]. Statistical analyses were performed using functions from the vegan v2.5-6 package [39] contained in the R environment, and visualization was performed using the ggplot2 package in R, whereas the VennDiagram package and heatmap were used to identify shared OTUs and the closeness of bacterial communities between locations. Microbial differences were further explored using linear discriminant analysis effect size (LEfSe) [40], which was used to identify biologically relevant features for any group performing Kruskal-Wallis followed by a Wilcoxon Rank-Sum test for pairwise comparison, with a p-value of 0.05 as the cutoff. The results were then used to construct a linear discriminant model in which a log10 LDA score of 2.0 was set as a threshold to determine discriminant features. Additionally, to predict the potential function of the bacterial community, the FAPROTAX (https://pages.uoregon.edu/slouca/LoucaLab/archive/FAPROTAX/lib/php/index.php) database and software, which estimate putative metabolic or other ecologically relevant functions, were used with the current literature on cultured strains, as described by Louca et al. [41].



The raw data were deposited in the Sequence Read Archive (SRA) of NCBI under the BioProject accession number PRJNA638916.





3. Results


3.1. Collection of Choromytilus Chorus


The use of primer sets 1FP and 2RP and the sequencing of amplified DNA fragments allowed for confirmation of the collected specimens as members of the C. chorus species. The phylogenetic affiliation to C. chorus can be also observed in the three built with amplicons sequences and representative Mytilidae family deposited in GenBank (in Supplementary Material Figure S1).




3.2. Bacterial Abundances in Digestive Gland and Intestinal Tissues


Based on the slope of the DNA standard curve, the amplification efficiency averaged 108% (E = 10−1/−3.134 − 1) by qPCR. The qPCR did not show significant differences (p ≤ 0.05) in samples of digestive glands between the two locations, with values ranging from 1.3 × 103 to 1.9 × 103 of 16 rRNA gene copies per g−1 of tissue (Table 1). In contrast, higher abundances (but not significant; p ≤ 0.05) were observed in intestinal tissues of specimens collected from Nehuentue estuary (5.25 ± 2.49 × 105 of 16 rRNA gene copies per g−1 of tissue) than in those collected from Hueihue Bay (1.85 ± 5.61 × 103 and 6.82 ± 1.52 × 104 of 16 rRNA gene copies per g−1 of tissue). Similarly, higher abundances (but not significant; p ≤ 0.05) were also observed in intestinal tissues than in the digestive gland tissues from the natural bank.




3.3. Bacterial Community in Digestive Gland and Intestinal Tissues


A summary of the Illumina sequencing data is shown in Table 2. The taxonomic assignment of sequences revealed that the bacterial communities in C. chorus specimens grown in the Nehuentue estuary were dominated by members of the Tenericutes phylum, with relative abundances of 91.1% and 95.7% for intestinal and digestive gland tissue samples, respectively (Figure 2A). The Tenericutes phylum was also the most abundant taxon (from 14% to 78%) in tissues of C. chorus specimens grown in Hueihue Bay, followed by the Proteobacteria phylum, with relative abundances ranging from 4.5% to 47.4% (Figure 2A). Other, less abundant taxa in tissues of C. chorus specimens from Hueihue Bay included Cyanobacteria (3.1% to 13.6%), Bacteroidetes (0.9% to 14.2%), Actinobacteria (0.3% to 14.9%), and Planctomycetes (0.1% to 4.6%) phyla. At the family level, members of Mycoplasmataceae were dominant in the bacterial communities in C. chorus specimens, particularly in those grown in the Nehuentue estuary, with values of 94.1% to 95.7% for the intestinal and digestive gland tissues (Figure 2B). In specimens collected from Hueihue Bay, other families with high relative abundances were Rhodobacteraceae (0.1% to 11.6%) and Flavobacteriaceae (0.13% to 11.1%) (Figure 2B). Interestingly, samples of intestinal tissue from specimens collected from Hueihue Bay also showed high abundances of members belonging to the J115 (13.5%) and TK06 (7.3%) groups at the family level.



In relation to alpha diversity, although the analysis did not show significant differences (p ≤ 0.05), higher numbers of OTUs were observed in tissue samples of C. chorus specimens from the Nehuentue Estuary than in those of C. chorus specimens from Hueihue Bay (Table 3). Coincidently, higher values of Faith’s Phylogenetic Diversity were observed in tissue samples from the Nehuentue Estuary than in those from Hueihue Bay (Table 3). Interestingly, the highest values of observed OTUs and Faith’s Phylogenetic Diversity were registered in intestinal tissue samples from the Nehuentue estuary, while the lowest values were registered in intestinal tissue samples from Hueihue Bay. In contrast, higher values of the Shannon Index, Inverse Simpson Index, and Pielou’s Evenness Index were determined for tissue samples of specimens from Hueihue Bay than in those collected from the Nehuentue Estuary (Table 2). It is also interesting that significantly (p ≤ 0.05) lower values of the Inverse Simpson Index and Pielou’s Evenness Index were registered in digestive gland samples from the Nehuentue Estuary than in the digestive gland samples from Hueihue Bay.



In relation to differences in the bacterial communities between tissue samples determined by beta diversity analysis, the analysis of nMDS revealed that tissue samples from specimens collected in the Nehuentue Estuary grouped separately with respect to those from Hueihue Bay, particularly samples from specimens collected in the long–line system (Figure 3). Specimens collected from the natural bank of Hueihue Bay showed a wider dispersion. The differences in the bacterial community between both locations were also confirmed by a Venn diagram, where most (89.6%) of OTUs (233 and 130 for Hueihue and Nehuentue, respectively) were not shared (Figure 4A). The heatmap analysis (Figure 4B) also showed differences between specimens collected from Nehuentue estuary with respect to those from Hueihue Bay.



The LEfSe analysis suggested Mollicutes classes (Tenericutes phylum) as key phylotypes in bacterial communities for tissues from the Nehuentue estuary, whereas the Actynomycetales order (Actinobacteria phylum) was a key phylotype in bacterial communities for tissues from Hueihue Bay (Figure 5A).



The differences in the microbiota present in tissue samples from C. chorus specimens collected from the Nehuentue estuary and Hueihue Bay were also observed when their functionality was analyzed and predicted by FAPROTAX; where a higher variety of functions were predicted in tissue samples from Hueihue Bay, particularly those from the long–line system, than in tissue samples from the Nehuentue estuary, where >98% of functions were categorized as heterotrophy and aerobic heterotrophy (Figure 5B). Relatively high abundances of sequences involved in heterotrophy and aerobic heterotrophy were also assigned in samples from Hueihue Bay, with values >60% and <97%. It is noteworthy that a relatively high variety of functions were predicted in samples from specimens collected in the long–line system, highlighting sequences involved in intracellular parasites and the degradation of pollutants, such as hydrocarbons, aromatic compounds, and aliphatic nonmethane hydrocarbons. Other functions found in the long–line system included nitrate reduction, fermentation, methylotrophy, phototrophy, photoautotrophy, and others.





4. Discussion


The verification of C. chorus species in collected specimens provided an identity from 99% to 100% with the ITS sequences of C. chorus deposited in GenBank by Santa Clara et al. [42]. Studies on populations of Mytilus of Chilean coasts are scarce. In this context, our study contributes a number of sequences from two specific unstudied geographical areas, characterizing the distribution of C. chorus along Chilean coasts with novel data as recommended by Aguilera-Muñoz et al. [43].



In relation to the bacterial abundances in the sampled tissues, qPCR revealed values ranging from 103 to 105 copies of 16 rRNA genes per g−1 of tissue. To our knowledge, and surprisingly and surprise, bacterial abundances in the digestive glands, intestines, digested contents, and feces of bivalves in aquatic environments thus far have not been reported using qPCR. However, using the plate counting method, similar abundances were observed in the tissues and hemolymph of the mussel Modiolus modiolus in Norway, with values of 2.9 × 104 and 2.6 × 104 CFU g−1 of tissue, respectively [44]. Our results are also similar to those found in the oyster Crassostrea Gigas grown in the Yellow Sea (China), with values from 102 to 105 CFU g−1 of tissue [45]. Compared with our data, those studies on bivalves have also shown significantly higher abundances in tissues of the clam Batissa Violacea (India) with values of 2.5 × 106 CFU g−1 of tissue [46]. Higher values were also found in tissues of the mussel Perna Viridis from Port Dickson (Malaysia), with values reaching 8 × 108 CFU g−1 [47].



Interestingly, higher abundances of bacteria were observed in the intestines than in the digestive glands. It is known that the microbiota in the intestines of marine organisms participates in diverse essential functions for the host (e.g., releasing nutrients by organic matter degradation); therefore, a higher abundance and activity of bacteria in the intestine than in the digestive glands was expected, as has been reported in other studies of mussels [48,49].



The use of high throughput sequencing using 16S rRNA as a target gene revealed that the Tenericutes phylum was the dominant taxon in both digestive glands and intestinal tissues, particularly in specimens collected from the Nehuentue estuary. Members of the Tenericutes phylum are commonly reported as abundant taxa in marine mollusks, including bivalves [50,51,52]. Members of the Tenericutes, Proteobacteria, and Bacteroidetes phyla were found to be dominant bacterial groups in the intestine of Mytilus Edulis collected from aquaculture facilities in Long Island Sound (Connecticut) on the northeastern coast of the USA [53]. Similarly, mussels from small lakes on the island of Maratua (Indonesia) were dominated by bacteria belonging to the Firmicutes and Tenericutes phyla [54]. Studies have also observed that despite changing environmental conditions and seasonality, these phyla can be stably maintained in tissues, postulating Tenericutes as stable taxa of the microbiota in digestive glands and intestines of bivalves [25,52]. In contrast, our results differ from those observed in tissues of M. Galloprovincialis in specimens collected from a long–line system in a cooperative farm located in Cesenatico city (Italy), where Firmicutes was the dominant phylum, which was comprised primarily of the Ruminococcaceae and Lachnospiraceae families [19].



In relation to taxa at the family level, our results agree with those observed in tissues of the mussel Brachidontes sp. grown in marine lakes in Indonesia, where the Mycoplasmataceae and Rhodobacteraceae families were the most abundant taxa [54]. Similarly, in the digestive glands of the oyster (Crassostrea Gigas) and clam (Ruditapes philippinarum) from France, the Mycoplasmaceae, Desulfobacteraceae, and Rhodobacteraceae families were reported as the most abundant taxa by Offret et al. [55]. Interestingly, byssus gland and hemolymph tissues of the oyster Pinctada margaritifera from lagoons of Takapoto atoll (French Polynesia), Rhodobacteraceae, and Flavo-bacteriaceae families were found as abundant taxa, but members of Myco-plasmataceae were not found [56].



Although significant differences (p ≤ 0.05) were not observed in all statistical parameters estimated in this study, in general terms, the analysis of alpha diversity showed higher observed OTUs and phylogenetic diversity in tissue samples from the Nehuentue estuary than in those from Hueihue Bay, whereas higher values of diversity (Shannon and Inverse Simpson indexes) and Pielou’s Evenness Index were found in tissue samples from Hueihue Bay. In this context, our values of the Simpson Index, Shannon Index, and observed OTUs were higher than those reported in samples of stomach and intestine of Mytilus edulis from Barnegat Bay (New Jersey, USA) [57]. Similarly, values of OTUs, Simpson Index, and Pielou’s Evenness in intestine and stomach tissues of oysters from coastal waters of Louisiana (USA) were also lower than those observed in our study [58]. In contrast, OTU values of tissues in different oysters from the Gulf of California in Mexico (intestines) [59] and the Atlantic beach of North Carolina, USA (digestive glands) [60] were higher than the values obtained in this study. The same tendency was observed by Pierce and Ward [53], where higher values of the Shannon Index and OTUs were found in the intestines of Mytilus edulis from Long Island Sound, New York, NY, USA.



The differences in the bacterial communities between the two locations were visualized by nMDS analysis, where tissue samples from the Nehuentue estuary clustered separately from those collected from Hueihue Bay, particularly in samples taken from the long–line system. These differences may be influenced by the shared and unique OTUs, as revealed by Venn diagram analysis, where a low proportion of OTUs were shared among both locations. This difference between the tissues of specimens from the two locations was also confirmed by heatmap analysis. Differences in the compositions and relative abundances of higher taxa in bivalve microbiota have been reported between Indonesian marine lakes by Cleary et al. [54]; however, mussel bacterial communities between marine lakes and coastal mangroves were not so different, although the environments are very different. Studies have also observed differences between the composition of the bacterial community in tissues at different stages of the oyster life cycle, but variations in the bacterial communities in oysters grown under the same conditions were not found [59]. Similarly, significant differences in diversity and evenness of OTUs between wild and hatchery mussels were not found by Aceves et al. [50], although species composition varied significantly.



Our analysis also suggested the occurrence of microbial indicators in tissue samples of C. chorus, where members of the Mollicutes classes (Tenericutes phylum) were predicted as key phylotypes in tissues from the Nehuentue estuary, whereas the Actynomycetales order (Actinobacteria phylum) was a key phylotype in tissues from Hueihue Bay. Key phylotypes or keystone taxa act as drivers of the structure and functioning of the microbiome and are likely essential for organism fitness and ecosystem functioning [61]. To our knowledge, few studies have described or suggested key taxa in the microbiota of bivalve tissues, particularly in Chile. In this sense, Vibrio and Arcobacter genera have been suggested as biomarkers in gut tissues of M. galloprovincialis grown under hatchery conditions (Dalia, China) and exposed to temperature stress (21–27 °C) for 7 days [62]. Members of the Tenericutes phylum and Mollicutes classes, particularly Acholeplasma [63], Like–Mycoplasma [50] and Mycoplasma genera, are commonly reported as components of bivalve microbiota. An increase in Mycoplasmatales order was also observed in the digestive gland and gut tissues of bivalves from the Bay of Brest (France) after the depuration process [55]. Members of the Actynomycetales order have also been found in connective tissues that round the digestive tract of mollusks [13].



In relation to the predicted functions of bacteria in the digestive glands and intestines of C. chorus, our results revealed that most bacterial groups are heterotrophs and mainly aerobic. Photoautotrophic functions have been reported to be highly abundant in the intestines of clams and were dominated by cyanobacteria, the food source of these clams [64,65]. Heterotrophic bacteria have been traditionally isolated and studied as members of the bivalve microbiota and participate in essential functions for the host, such as nutrient degradation, enzyme activities, and biological metabolism [66,67,68]. Interestingly, functions related to intracellular parasites and pollutant degradation (such as hydrocarbons, aromatic compounds, and aliphatic nonmethane hydrocarbons) were predicted in samples from specimens collected in a long–line system in Hueihue Bay. Hueihue Bay is located in the Chiloe Island archipelago, which is an area with high industrial activity focused on intensive aquaculture (salmon and bivalve industry); therefore, the occurrence of pollutant-degrading bacteria in the microbiota of C. chorus from Hueihue Bay might be related to greater urbanization and anthropogenic influence in this region that in the Nehuentue estuary, which is less urbanized and where the main activities are related to tourism and artisanal fisheries. In addition, other functions were inferred, such as nitrate reduction, fermentation, phototrophy, and photoautotrophy, which have also been reported in other bivalves [69,70]. However, more studies on the roles of microbiota in hosts and in maintaining water quality in both locations are required to confirm this statement. Further studies should also be conducted to understand the functional significance of bacteria in the digestive systems of the mussels, the relevance of bivalves as reservoirs of human pathogens (e.g., V. vulnificus) in Chilean estuarine and coastal ecosystems, and the identification of factors that drive the differences between the bacterial communities in bivalves at the two studied sites.



Finally, it is necessary to mention that our study represents the first approach to elucidate the microbiota associated with C. chorus tissues; however, this was based on at a single seasonal sampling point, and therefore, our results should be considered with caution regarding the generality of the indicators and functionalities of the bacterial communities associated with the C. chorus, particularly with respect to those specimens in other geographical locations and other seasons. Further studies of the influence of environment, location, and seasonality are required to confirm or validate the results found in this study.
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Figure 1. (A) Map showing the Nehuentue Estuary and Hueihue Bay, where specimens of Choromytilus chorus were collected from natural banks and from a long–line system, respectively. (B) Schematic of experimental design used in this study. 






Figure 1. (A) Map showing the Nehuentue Estuary and Hueihue Bay, where specimens of Choromytilus chorus were collected from natural banks and from a long–line system, respectively. (B) Schematic of experimental design used in this study.



[image: Diversity 13 00209 g001]







[image: Diversity 13 00209 g002 550] 





Figure 2. Mean relative abundances (n = 3) of taxa at the phylum (A) and family (B) levels of bacterial communities in intestines (I) and digestive glands (DG) in tissue samples of Choromytilus chorus specimens grown in natural bank from Nehuentue Estuary, and natural bank and long–line system from Hueihue Bay. 
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Figure 3. Nonmetric multidimensional scaling (nMDS) analysis of bacterial communities in tissue samples of Choromytilus chorus specimens grown in natural bank from Nehuentue Estuary (S1~S6, green dots), and natural bank (S7~S12, blue dots) and long–line system (S13~S18, red dots) from Hueihue Bay. The plot was generated by free packages of R software v 1.3.1093 (https://www.rproject.org/) with the Bray-Curtis similarity index. 
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Figure 4. (A) Unique and shared OTUs among bacterial communities in tissue samples of Choromytilus chorus specimens grown in Nehuentue Estuary and Hueihue Bay. (B) Heatmap showing the taxonomy at the phylum level of bacterial communities in tissue samples of Choromytilus chorus specimens grown in Nehuentue Estuary and Hueihue Bay. The value from 0 to 5 represent log of relative abundance). 
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Figure 5. (A) Key phylotypes of the bacterial community in tissue samples of Choromytilus chorus specimens grown in Nehuentue Estuary and Hueihue Bay as revealed by Linear discriminant analysis Effect Size (LEfSe). (B) Mean relative abundances of microbial functional groups of the bacterial community in tissue samples of Choromytilus chorus specimens grown in Nehuentue Estuary and Hueihue Bay as revealed by FAPROTAX software. 
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Table 1. The abundance of total bacteria in the digestive gland and intestine tissues of Choromytilus chorus grown in estuary water (Nehuentue) and bay seawater (Hueihue). as revealed by quantitative PCR using 16S rRNA gene as a target.
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	Collection Site
	Tissue
	16 rRNA Gene (Copy No. g−1 Tissue)





	Estuary (bank)
	Digestive gland
	1.32 ± 2.61 × 103 † b *



	
	Intestine
	5.25 ± 2.49 × 105 a



	Bay (bank)
	Digestive gland
	1.49 ± 2.32 × 103 b



	
	Intestine
	6.82 ± 1.52 × 104 ab



	Bay (long–line)
	Digestive gland
	1.95 ± 1.19 × 103 b



	
	Intestine
	1.85 ± 5.61 × 103 b







† The values represent mean ± standard error from n = 3. * Different letter in the same column denotes significant differences (p ≤ 0.05) by ANOVA followed by Tukey’s posthoc test.
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Table 2. Summary of Illumina sequencing data.
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Collection Site

	
Tissue

	
ID Sample

	
Input Numeric

	
Filtered Numeric

	
Percentage of Input Passed Filter Numeric

	
Denoised Numeric

	
Non-Chimeric Numeric

	
Percentage of Input




	
Non-Chimeric Numeric






	
Nehuentue estuary (bank)

	
Digestive gland

	
S4

	
111,820

	
92,771

	
82.96%

	
92,384

	
84,149

	
75.25%




	
S5

	
1,021,727

	
841,987

	
82.41%

	
840,357

	
646,711

	
63.30%




	
S6

	
128,850

	
107,349

	
83.31%

	
106,665

	
90,197

	
70.00%




	

	
Intestine

	
S1

	
153,833

	
128,787

	
83.72%

	
128,153

	
115,093

	
74.82%




	
S2

	
62,996

	
52,256

	
82.95%

	
51,940

	
46,339

	
73.56%




	
S3

	
30,677

	
23,610

	
76.96%

	
23,000

	
19,253

	
62.76%




	
Hueihue bay (bank)

	
Digestive gland

	
S10

	
66,618

	
55,223

	
82.90%

	
54,831

	
48,429

	
72.70%




	
S11

	
49,621

	
39,265

	
79.13%

	
39,063

	
26,974

	
54.36%




	
S12

	
32,893

	
22,963

	
69.81%

	
22,794

	
12,728

	
38.70%




	

	
Intestine

	
S7

	
102,545

	
83,973

	
81.89%

	
83,332

	
49,164

	
47.94%




	
S8

	
29,508

	
21,780

	
73.81%

	
21,594

	
12,745

	
43.19%




	
S9

	
22,699

	
15,600

	
68.73%

	
15,506

	
10,297

	
45.36%




	
Hueihue bay (long-line)

	
Digestive gland

	
S16

	
61,463

	
48,887

	
79.54%

	
48,649

	
31,910

	
51.92%




	
S17

	
23,182

	
17,896

	
77.20%

	
17,810

	
10,993

	
47.42%




	
S18

	
65,698

	
53,659

	
81.68%

	
53,478

	
30,905

	
47.04%




	

	
Intestine

	
S13

	
83,007

	
29,294

	
35.29%

	
28,803

	
15,723

	
18.94%




	
S14

	
54,765

	
42,006

	
76.70%

	
41,693

	
25,168

	
45.96%




	
S15

	
55,987

	
45,461

	
81.20%

	
45,239

	
25,795

	
46.07%
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Table 3. Alpha diversity among bacterial communities in digestive gland and intestine tissues of Choromytilus chorus grown in estuary water (Nehuentue) and bay seawater (Hueihue).
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	Collection Site
	Tissue
	Sobs †
	Shannon

Index H’
	Inverse Simpson

Index 1/λ
	Pielous’s Evenness
	Faith’s Phylogenetic Diversity





	Estuary (bank)
	Digestive gland
	90.66 ± 13.61 ‡ a*
	2.77 ± 0.25 a
	5.04 ± 0.028 a
	0.43 ± 0.03 b
	14.05 ± 3.12 a



	
	Intestine
	113.66 ± 38.12 a
	2.99 ± 0.34 a
	15.20 ± 5.07 b
	0.45 ± 0.01 b
	11.21 ± 3.71 a



	Bay (bank)
	Digestive gland
	82.00 ± 44.83 a
	4.89 ± 0.94 a
	4.83 ± 0.17 a
	0.81 ± 0.05 ab
	8.77 ± 4.29 a



	
	Intestine
	41.33 ± 15.05 a
	2.92 ± 0.58 a
	5.00 ± 0.08 a
	0.56 ± 0.08 a
	6.86 ± 0.34 a



	Bay (long–line)
	Digestive gland
	82.66 ± 26.40 a
	5.10 ± 1.23 a
	4.98 ± 0.01 a
	0.80 ± 0.13 a
	12.27 ± 1.51 a



	
	Intestine
	55.66 ± 17.74 a
	4.94 ± 0.58 a
	4.48 ± 0.58 a
	0.87 ± 0.01 a
	7.94 ± 2.85 a







† Sobs: number of OTUs observed at 97% sequence similarity. ‡ The values represent mean ± standard error from n = 3. * Different letter in the same column denotes significant differences (p ≤ 0.05) by ANOVA followed by Tukey’s posthoc test.
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