

  fishes-08-00032




fishes-08-00032







Fishes 2023, 8(1), 32; doi:10.3390/fishes8010032




Article



Insights into the Relationship between Intestinal Microbiota of the Aquaculture Worm Sipunculus nudus and Surrounding Sediments



Junwei Li 1,2,3[image: Orcid], Suwen Chen 1, Peng Wu 1,2,3,*[image: Orcid], Changbo Zhu 1, Ruiping Hu 4,*, Ting Li 1 and Yongjian Guo 1





1



South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou 510300, China






2



Key Laboratory of South China Sea Fishery Resources Exploitation & Utilization, Ministry of Agriculture and Rural Affairs, Guangzhou 510300, China






3



Guangdong Provincial Key Laboratory of Fishery Ecology and Environment, Guangzhou 510300, China






4



Institute of Biological and Medical Engineering, Guangdong Academy of Science, Guangzhou 510316, China









*



Correspondence: wupeng@scsfri.ac.cn (P.W.); huruiping20022@126.com (R.H.); Tel.: +86-020-84457660 (P.W.)







Academic Editors: Dariel Tovar-Ramírez, Xiaolin Meng, Xulu Chang, Yafei Duan and Guokun Yang



Received: 27 November 2022 / Revised: 21 December 2022 / Accepted: 29 December 2022 / Published: 3 January 2023



Abstract

:

Sipunculus nudus is an important intertidal aquaculture species that can ingest organic matter from the surface sediment and shows a high transportation capacity in sediment. However, little is known about the influence of intertidal aquaculture species on the sediment microbial community and the exchange of microbiota between the intestine and the surrounding sediment. In this study, the microbial communities in the intestine of S. nudus and three kinds of surrounding sediments were analyzed using high-throughput sequencing of the 16S rRNA gene amplicon, and the relationships between different communities were examined. Principal coordinate analysis and ANOSIM/Adonis analysis showed that the microbial communities of worm intestine samples were significantly different from those of surrounding sediments (p < 0.05). Meanwhile, compared with the sediment samples, the microbial α-diversity was significantly lower in the intestinal samples. Although the relative abundances of Proteobacteria and Cyanobacteria were high in all samples, three phyla (Bacteroidetes, Gemmatimonadetes, and Latescibacteria) showed a great difference between the four groups, as the abundances of the three phyla were significantly lower in the intestinal samples. Moreover, several microbial interactions were found between the worm intestine and surrounding sediments. BugBase functional prediction analysis indicated that the oxygen status of the sediment and the intestine was changed by bioturbation by the worm. Therefore, the microenvironment and microbial community in sediment were affected by the activity of S. nudus in the intertidal aquaculture zone.
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1. Introduction


Intertidal zones are important parts of coastal zones. Some intertidal zones can be used for the aquaculture of macrobenthos, such as bivalve filter feeders and worm detritus feeders. Intertidal aquaculture of animals such as Meretrix sp., Scapharca sp., and Sipunculus sp. accounts for a large part of aquaculture production [1], providing large quantities of high-quality protein for human consumption. Some studies focused on the physiological adaptations of intertidal organisms to abiotic factors such as temperature and pH and the underlying genetic mechanisms [2,3,4]. Moreover, some studies about the intestinal microbial diversity of intertidal organisms, such as macrobenthos living in surface sediment, have been conducted [5,6]. However, there are few studies about the interaction between the microbial communities in the intestines of animals living in the bottom sediment and the surrounding sediments.



The sediment provides accommodation for the organisms, and animals ingest or filter feed organic material from the surface sediment [7,8]. The physicochemical characteristics of the sediment significantly affect animals’ survival rates, growth characteristics, and intestinal microbiota [9]. The intestinal microbiota has attracted much attention as it is believed to be a key factor in animal health, growth, and disease [10]. Moreover, the intestinal microbiota not only assists the host in digestion and improves the utilization efficiency of nutrients, but it can also help the host to remove toxins and maintain health, control the colonization of intestinal pathogens and parasites, regulate endocrine function, and improve immune function [5,11]. Previous studies also showed that the intestinal microbiota of aquatic animals could be specialized by the surrounding environments [12,13]. Similarly, most of the intestinal microbiota of earthworms originates from the soil [14]. The organisms aquaculture in the bottom sediment of intertidal zones has similar feeding characteristics to earthworms. They directly ingest organic matter from surface sediment so that their intestinal microbiota might be more likely to be specialized by the sediment of tidal flats. Therefore, the microbial interactions between organisms in the bottom sediment and the surrounding sediment need more study.



Sipunculus nudus (phylum Sipuncula), commonly known as peanut worm, is a marine non-segmented coelomic animal species classified into Annelida [15]. This worm is globally distributed along coasts. It is an important mariculture species in China because of its economic and nutritional values, and its production reaches about 20,000 tons per year in China [16]. Typically, S. nudus is cultured on sand beaches without a supplementary diet [17]. The worms bury themselves into sandy sediment to a maximum depth of about 50 cm. They ingest surface sediment as food, utilize organic matter, and finally excrete through the holes [8,18]. The depth of ingestion and excretion mainly ranges from 20 to 30 cm [8]. They can utilize the sediment efficiently when present at a high density in the sediment for their high transportation capacity. The physical and chemical indices of pore water and sediment can be significantly affected by their bioturbation [19]. Therefore, there might be a noticeable exchange of microbiota between the intestine and surrounding sediments during ingestion and excretion. In the present study, high-throughput sequencing was used to investigate (i) the microbial communities in the intestine of S. nudus and the surrounding sediments and (ii) the interaction between the two. This study provided a deep understanding of the ecological role of S. nudus in reshaping microbial composition and biogeochemical cycles in intertidal zones.




2. Materials and Methods


2.1. Sampling Site and Sample Collection


Samples were collected in the intertidal zones in the eastern region of Beibu Gulf. The area for S. nudus farming was about 1300 ha in the intertidal zones, and the farming zone belonged to middle and low tidal flats. In April, the sediment in the farming zone was cleaned with a high-pressure washing system, and then juvenile S. nudus were bred for about 8 months. We designed four sampling sites in a farming area of 900 m2, and 12 samples of S. nudus and surrounding sediments were collected at each site. Three sediment samples were collected in each replicate, including surface sediment (S; 3 cm around the hole and 0.5 cm depth), sediment in the hole (H; 20–30 cm depth, inner thickness 0.5 cm), and ambient sediment (A; 20–30 cm depth, 10 cm away from the hole). Meanwhile, the worms were collected from the holes and cleaned with pure water for dissection. The intestine of S. nudus was aseptically dissected using sterile scissors. The intestines from the same sampling site were mixed and stored in a centrifuge tube (50 mL), and all the tools were sterilized in the operating process. The intestine of S. nudus was filled with sandy material. The sediment and intestine samples were stored in an insulated incubator with liquid nitrogen for the determination of the microbial composition. The oxidation-reduction potential (ORP) value of the sediment was measured using an oxidation-reduction potentiometer (SX 712; Sanxin Instrument Corporation, Shanghai, China) after the pore water from different layers was filtered.




2.2. DNA Extraction and High-Throughput Sequencing


Total genome DNA of all sediment samples (1 g) and worm intestine samples (1 g) was extracted using the FastDNA®spin kit (MP bio, Carlsbad, CA, USA) and QIAamp® Fast DNA Stool Mini Kit (Qiagen, Germantown, WI, USA), respectively. The V3–V4 region of the microbial 16S rRNA gene was amplified using specific primers with a barcode. The following primers were used: 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′). The PCR products were sequenced using an Illumina NovaSeq 6000 (Illumina, Inc. San Diego, CA, USA), and 250-bp paired-end reads were generated.



Paired-end reads from the original DNA fragments were merged as raw tags using FLASH (V1.2.11) [20]. Paired-end reads were assigned to each sample according to the individual unique barcode. Raw tags of each sample were processed with QIIME 2 (V2020.2) to get clean tags under specific filtering conditions [21]. The UCHIME algorithm was used to filter clean tags, remove chimeric tags, and obtain effective reads [22]. Finally, the effective reads were clustered into operational taxonomic units (OTUs) of over 97% sequence similarity using UPARSE (V9.2.64) [23]. The sequence with the highest abundance was chosen to represent each OTU, and taxonomic assignments were analyzed using the RDP classifier (V2.2) [24] based on the SILVA database (V128) [25]. BugBase was used to predict and classify the microbial phenotypes, including Gram status, oxygen requirements, and biofilm formation, according to the microbial 16S rRNA gene sequences [26].




2.3. Statistical Analyses


The α-diversity of the sample sequences, including Shannon, Simpson, ACE, Chao1, and coverage indices, was calculated with QIIME 2 (V2020.2) [21]. Principal coordinate analysis (PCoA) was performed to compare the microbial composition based on the unweighted and weighted UniFrac distances of microbial community using R software (R version 3.6.2, Revolution Analytics, Inc., Seattle, WA, USA) [27]. Similarity percentage analysis, analysis of similarity (ANOSIM), and Adonis analysis were further performed to check the microbial community similarities between the intestine and sediment samples. We also used linear discriminant analysis (LDA) effect size (LEfSe) [28] with a threshold logarithmic LDA score of 4.0 to determine the significant differences in microbial composition between the four group samples. In addition, the microbial community structure, including the heatmap analysis of the relative abundances of the dominant genera, the Venn diagram of OTU composition, and the Circos diagram of the dominant genera from the shared OTUs, was visualized using the free online platform OmicShare (http://www.omicshare.com/tools, accessed on 20 March 2022). Statistical differences in microbial α-diversity, microbial composition at the phylum level, and potential microbial phenotypes between the intestine and sediment samples were determined using Wilcoxon tests. Results with p < 0.05 were considered significant.





3. Results


3.1. High-Throughput Sequencing Analysis and Microbial Community Diversity


In total, 1,789,665 raw reads were generated from 16 different intestines and sediment samples from an S. nudus aquaculture area. After filtering, 1,456,113 effective reads (92.99% of the total raw reads) were retrieved, with the number of sequences per sample ranging from 29,600 to 122,177 (Table S1). Finally, a total of 11,933 OTUs were observed at 97% sequence similarity. The coverage of each sample was above 94.5%, indicating that the sequencing depth was sufficient for microbial composition analysis. Compared with microbial communities from the sediments, the α-diversity of microbial richness and diversity were low in intestine samples (Table S1). The number of OTUs in intestine samples (G) was significantly lower than that in surface sediment samples (S), hole sediment samples (H), and ambient sediment samples (A) (p < 0.05). However, there was no significant difference among the three sediment samples (S, H, and A) (Figure 1A). Similarly, the α-diversity (Shannon and Chao1 indices) of group G was significantly lower than that of the sediment samples, except that there was no significant difference in the Shannon index between group G and group S (Figure 1B,C). ANOSIM and Adonis analysis suggested that there was a significant difference between the intestine and sediment samples at the OTU level based on Bray-Curtis dissimilarity; the similarity of microbial community between samples ranged from 29.9% to 36.3% (Table 1). The microbial community overlapped slightly between groups S and H based on the weighted UniFrac distance (Figure 2B). However, PCoA of the unweighted UniFrac distance and the weighted UniFrac distance showed that the intestine microbiota was separated from the sediment samples (Figure 2).




3.2. Microbial Composition and ORP Values among Intestine and Sediment Samples


The top 10 dominant microbial phyla in all samples, including eight phyla belonging to bacteria and two phyla belonging to archaea, are shown in Figure 3. The top 10 phyla from individual samples accounted for over 84.1% of total sequences (Figure 3A). Proteobacteria and Cyanobacteria were the dominant phyla in the four groups, accounting for 63.9–72.0% of all phyla in each group (Figure 3B). Bacteroidetes were significantly more abundant in group S. Chloroflexi, MCG, and Euryarchaeota were much more abundant in group A. However, Actinobacteria, Firmicutes, Acidobacteria, and TM6 were the most abundant taxa in group G (Figure 3B). In addition, three phyla (Bacteroidetes, Gemmatimonadetes, and Latescibacteria) showed a great difference among the four groups, and these three phyla were significantly less abundant in group G (Figure 3C–E). The ORP values of the sediments in groups S, H, and A were −90 ± 29, −137 ± 28, and −206 ± 28 mV, respectively.



At the genus level, differences were observed in the 35 most abundant microbial genera from the worm intestine and different sediments (Figure 4 and Figure S1). Sphingomonas, Methylobacterium, and Ralstonia were more abundant in group H, while Erythrobacter, Illumatobacter, Pseudohaliea, Marinicella, Robiginitalea, and Haliea were the dominant genera in group S. The abundance of eight genera, including Cyanobacterium, Sulfurovum, and Caldithrix was much higher in group A. However, many genera (16 of the top 35 genera) exhibited high abundance in the intestine samples, which indicates that the host may shape the intestinal microbiota.



Furthermore, a LEfSe analysis showed that 53 taxa had a significantly different abundance among the four groups, including six phyla and seven genera (Figure 5). In group H, fewer taxa were distinguished compared to other groups. Three phyla (Actinobacteria, Firmicutes, and TM6) were significantly enriched in group G. The genera Robiginitalea and Marinicella were more abundant in group S. Sphingomonas and Sulfurovum were significantly enriched in group H and group A, respectively. Group G showed a high abundance of genera Escherichia-Shigella, Stenotrophomonas, and Achromobacter.




3.3. Core Microbiome of Intestine and Sediment Samples


Relationships between the microbial communities in the intestine and sediment samples at the OTU level are shown in Figure 5. The number of shared OTUs from the four groups was 1581. These OTUs accounted for 25.8–55.0% of total OTUs in the individual groups. A large proportion of OTUs (55.0%) were shared in the intestine samples (Figure 6A). The taxonomic information of shared OTUs was further investigated (Figure 6B). Based on the relative abundance of the dominant genera, unidentified Cyanobacteria and unclassified Gammaproteobacteria were shown to be exchanged more frequently among the four groups. Ralstonia, Sphingomonas, and unclassified Rhodobacteraceae were shared more between group G, group H, and group S. However, Sulfurovum, Robiginitalea, and Marinicella were shared more between the three sediment samples. Synechococcus was frequently exchanged between group G and group S. A larger abundance of Escherichia-Shigella was observed in the intestine samples, and low exchange was found between the intestine and sediment samples.




3.4. Microbial Function Changes


Based on 16S rRNA gene sequences, potential phenotypes were predicted by BugBase analysis, including being aerobic, anaerobic, facultatively anaerobic, containing mobile elements, biofilm formation, being Gram-negative or Gram-positive, being potentially pathogenic, and stress tolerance (Figure 7). Sediment bacterial communities showed some differences. The relative abundances of aerobic, facultatively anaerobic microbes containing mobile elements, forms biofilms, and gram-positive microbes were significantly lower in group A than that in groups S and H. There was no significant difference in the abundances of the above microbes between groups S and H. However, low abundances of anaerobic and gram-negative microbes were observed in group S.



In addition, the relative abundances of microbes containing mobile elements, facultatively anaerobic, and gram-positive were significantly higher in group G but significantly lower in groups A and H, while there was no difference between group G and group S. Whereas the opposite phenomenon was observed for Gram-negative microbes. There was no significant difference in the abundance of potentially pathogenic microbes and stress-tolerant microbes among the four groups.




3.5. The Interactions of Microbial Composition between the Intestine of S. nudus and Surrounding Sediment


Several microbial interactions were summarized in the present study. The first interaction was observed between surface sediment and the worm intestine (S–G). The second interaction was found among surface sediment, the worm intestine, and the worm hole (S–G–H). The third was summarized and shown between surface sediment and the worm hole/ambient sediment (S–H–A). Meanwhile, the main genera were found in each interaction pathway. Synechococcus, Escherichia-Shigella, Legionella, Coxiella, and Moraxella were mainly found in the interaction S–G. Ralstonia, Rsphingomonas, and Unclassified Rhodobacteraceae were mainly found in the interaction S–G–H. Sulfurovum, Robiginitalea, and Marinicella were mainly found in the interaction S–H–A.





4. Discussion


The present study provided a detailed description of the microbial composition in the S. nudus intestine and surrounding sediment. There were significant differences in microbial diversity between the intestine and surrounding sediments. Tang et al. (2021) found that OTU numbers and α-diversity in the intestine of Urechis unicinctus were significantly lower than in the sediment [5]. The earthworm had a lower number of OTUs in its intestine than in its diet; however, its vermicompost showed a significant increase in OTU number [29]. Shrimp intestine also had a lower number of OTUs than the surrounding sediment [30]. The microbial compositions of earthworms at the phylum and genus levels are also related to the physicochemical characteristics of the substrate [31]. In the present study, the relative abundances of three phyla (Bacteroidetes, Gemmatimonadetes, and Latescibacteria), OTU number, and α-diversity index in the intestines of S. nudus were significantly lower than in the surface sediment and the hole of S. nudus (Figure 1 and Figure 3C–E), and the different characteristics of the sediments might be responsible for the difference in the microbial community. Meanwhile, some microbial species from sediments cannot easily colonize the intestine of S. nudus for its microenvironment. It is well-known that Bacteroidetes are a group of saprophytic bacteria, and they are increasingly regarded as specialists in the degradation of high-molecular-weight organic matter [32]. Meanwhile, most Bacteroidetes are strictly aerobic bacteria [33]. Therefore, the low abundance of Bacteroidetes in S. nudus might be related to the low content of oxygen in its intestine. The surface sediment had a high abundance of Bacteroidetes and high oxygen levels. Similarly, a lower abundance of Gemmatimonadetes was found in the shrimp intestine than in the surrounding sediment [30]. Liu et al. (2018) found that the abundance of Gemmatimonadetes was correlated with soluble organic carbon, total nitrogen, and total phosphorus in sediment [34]. Latescibacteria appeared to be more profound in the burrow sediment of Upogebia pugettensis [35]. Therefore, species in the phyla Gemmatimonadetes and Latescibacteria from sediments cannot easily colonize the intestine of S. nudus.



At the genus level, several dominant genera exhibited high abundances in the intestine of S. nudus (Figure 4). There were also several dominant genera from other phyla, including Bacillus (Firmicutes), Synechococcus (Cyanobacteria), and Illumatobacter (Actinobacteria). Bacillus can regulate the growth and nonspecific immune parameters of sea cucumbers [36]. Synechococcus is common in the surface sediment of intertidal flats [37]. Illumatobacter is a rare taxon in the environment [38]. Our results showed that the intestines of S. nudus were favorable for the establishment or proliferation of the above microbes. The functions of microbes in different groups were predicted by BugBase analysis. High relative abundances of aerobic and anaerobic microbes were found in the surface sediment and ambient sediment, respectively. The ORP values of the sediments in groups S and A might be responsible for these results. High relative abundances of containing mobile elements and Gram-positive bacteria were found in group G, and there was significant gene exchange among the microbes in the worm intestine. Low abundances of biofilm-forming microbes and Gram-positive bacteria were also found in group A. Therefore, the microenvironments affected by S. nudus had different microbial diversity in aquaculture zones.



There were significant differences at the genus level among the surrounding sediments (S, H, and A). The dominant genera in the hole of S. nudus belonged to the phylum Proteobacteria (Ralstonia, Sphingomonas, and Methylobacterium). However, lower abundances were found for these genera in surface sediment and ambient sediment. Therefore, different microenvironments affected by S. nudus had different microbial compositions. Ralstonia can enhance the bioremediation in sediment polluted by Cd and Zn [39], and Sphingomonas can increase the biodegradation of polycyclic aromatic hydrocarbons [40]. Methylobacterium mesophilicum showed a high capability of degrading monomethyl isophthalate [41]. The results indicated that the microenvironment in the hole of S. nudus might be favorable for colonization by degrading microbes. In addition, the higher relative abundances of Escherichia-Shigella, Legionella, Coxiella, and Moraxella were first found in the intestine of S. nudus. A previous study showed that the potential human pathogenic Salmonella was not a component of the indigenous community in fish intestines but rather was ingested with particulate material [42]. Some pathogens, including Escherichia-Shigella, were generally found in the surrounding environment, and it poses a threat to fish health [43]. We speculated that the potential pathogens were ingested with particulate material, and the pathogen could thrive in the intestine of S. nudus. The health of worms might be threatened by the pathogen. Therefore, some probiotics may possibly be used to shape the intestinal microbiota structure in the aquaculture of S. nudus.



Previous studies showed that the intestinal microbiota of aquatic animals could be specialized to the surrounding environment [12,13]. Moreover, host species, diet, life cycle stage, and rearing water can also affect the intestine microbiota [31,44,45,46,47]. It is widely accepted that most of the intestinal microbes of the earthworm originate from the soil [14,48]. S. nudus has bioturbation and feeding characteristics similar to earthworms. They directly ingest organic matter from surface sediment so that the worm intestine and the ambient sediments share some main microbial species (Figure 3A,B). In the present study, Proteobacteria, Cyanobacteria, and Actinobacteria constituted the majority of microbes in the worm intestine and the surrounding sediments (groups S, H, and A). The results indicated that the intestinal microbiota of S. nudus could be affected by the surrounding sediments. Sediment and S. nudus communities were closely linked, while sediment provided accommodation and food for S. nudus, and the bioturbation by S. nudus could affect the physicochemical characteristic of the surrounding sediments.



Proteobacteria, Firmicutes, and Actinobacteria are the most abundant bacteria in the intestines of fish, shrimp, sea urchins, and earthworms [5,13,30,31,49,50]. In the present study, similar results were obtained in the intestine of S. nudus. These bacterial phyla are associated with the degradation of organic matter, nutrient recycling, and the production of digestive enzymes and vitamins [51,52,53]. Therefore, these phyla might play important roles in the process of digestion and absorption for S. nudus. Previous studies showed that low abundances of Cyanobacteria were found in the intestines of aquaculture animals [13,30,49]. However, Cyanobacteria were found to be an abundant phylum in the intestines of S. nudus. S. nudus mainly feed on the sediment, and sediment is rich in Cyanobacteria [54]. Therefore, we speculated that the intestine was enriched with Cyanobacteria from the surface sediment. Singh et al. (2015) found that Firmicutes was the most abundant phylum in the intestine of Eisenia foetida [55], and the phylum Firmicutes was detected in the earthworm intestine but not in the soil [56]. In the present study, Firmicutes were detected in the intestine and hole of S. nudus but not in the surface sediment and ambient sediment. We speculated that Firmicutes in the hole of S. nudus mainly originated from its excretion. Meanwhile, the abundance of Acidobacteria in sediment was significantly higher than that in the worm intestine. Interestingly, similar variations in the abundance of Firmicutes and Acidobacteria were found in the intestine of earthworms [56,57]. A previous study suggested that the anaerobic environment of the earthworm intestine provided a microenvironment that was favorable for anaerobic and/or facultative anaerobic bacteria [31]. Likewise, the difference in microbial diversity between the intestine of S. nudus and surrounding sediments might be related to the physicochemical characteristics of the microenvironment in the intestine, which are affected by the double helix structure.



At the genus level, there were some differences in microbial community between the intestine of S. nudus and surrounding sediments. Unidentified Cyanobacteria and unclassified Gammaproteobacteria were shown to be exchanged more frequently among the four groups, and the results indicated that the two genera might be more tolerant to different environments, such as sediments and the intestine of S. nudus. Synechococcus is common in the surface sediment of intertidal flats [37], and we found that the genus was frequently present in the intestine of S. nudus and surface sediment and absent from the hole sediment. Therefore, the S. nudus intestine was enriched in Synechococcus, most likely through the ingestion of surface sediment. Moreover, microalgae might be an important food source for S. nudus. In addition, Ralstonia, Sphingomonas, and unclassified Rhodobacteraceae were found to be abundant in the surface sediment, the intestine, and the hole, and there might be a significant interaction between the three environments. Moreover, there might be an interaction network between the surface sediment, the hole, and the ambient sediment for the genera Sulfurovum, Robiginitalea, and Marinicella (Figure 8). The overwhelming abundance of Escherichia-Shigella in the intestine showed that this genus was enriched in the intestine of S. nudus. The significant exchange of microbes between the intestine of S. nudus and sediments might be related to the continuous ingestion and excretion through its hole. Therefore, microbes from surface sediment can pass through the intestine and enter the ambient sediment. Moreover, S. nudus is a typically hydraulically active organism that has significant effects on biogeochemical processes in marine sediments [8]. The top 10 shared microbial genera in the intestine and sediments included anaerobic and aerobic microbes, which indicated that the intestine of S. nudus was not strictly anaerobic (Figure 6B). This might be related to the higher sand content and lower organic content in the intestine. Unlike earthworms, the rhynchodaenm of S. nudus can reach the surface sediment and absorb oxygen during the feeding process [16], so the intestinal microbiota includes a large abundance of facultative anaerobic bacteria.




5. Conclusions


This was the first time the relationship between the intestinal microbes of the cultured edible worm S. nudus and the surrounding sediment in its habitat was determined. Although the microbial community in the intestine of S. nudus could be affected by the surrounding sediments, the worm had the capacity to shape its intestinal microbial structure. Several microbial interactions were explored in the present study. The strongest interactions were observed between surface sediment and the worm intestine, surface sediment and the worm intestine/worm hole, and between surface sediment and the worm hole/ambient sediment. Some potential pathogens (Escherichia-Shigella and Legionella) were found with a high abundance in the intestine of S. nudus. The significant interactions of microbial composition between the intestine of S. nudus and different sediments might be related to the physicochemical characteristics of the microenvironment in the intestine, which was affected by bioturbation and the double helix structure.
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Figure 1. The α-diversity indices of the microbial composition in the worm intestine and different sediments from a Sipunculus nudus aquaculture area. (A) Number of observed OTUs. (B) Shannon diversity index. (C) Chao1 index. Asterisks (*) indicate significant differences (p < 0.05, Wilcoxon test). S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 2. Principal coordinate analysis (PCoA) plots of (A) unweighted and (B) weighted UniFrac distances between microbial communities in the worm intestine and different sediments from a Sipunculus nudus aquaculture area. S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 3. Relative abundances of main microbes in the worm intestine and different sediments at the phylum level. (A) Each sample. (B) Each group. (C–E) Differences in microbial community between intestine and different sediments. Asterisks (*) indicate significant differences (p < 0.05, Wilcoxon test). The two asterisks (**) indicate extremely significant differences (p < 0.01, Wilcoxon test). S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 4. Heat map of the relative abundance of the 35 most abundant microbial genera in the worm intestine and different sediments. S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 5. Microbial taxa with different abundances in the worm intestine and different sediments identified by LEfSe using an LDA score threshold of >4.0. s, Species; g—genus; f—family; o—order; c—class; p—phylum. S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 6. (A) Venn diagram of OTU composition in the worm intestine and different sediments. The percentages in brackets of the Venn diagram indicate the ratios of the number of shared OTUs to the total number of OTUs in each group. (B) Circos diagram of the top 10 microbial genera based on shared OTU analysis for the intestine and sediment samples. The width of the bar of each genus indicates the relative abundance of that genus in the sample. The central circle shows connections between microbial genera and the samples in which they occur. S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 7. BugBase functional prediction of the microbial communities from intestine and sediment samples: aerobic (A); anaerobic (B); facultatively anaerobic (C); contains mobile elements (D); forms biofilms (E); Gram-negative (F); Gram-positive (G); potentially pathogenic (H); stress-tolerant (I). Different lowercase letters represent significant differences among the treatments (p < 0.05, Wilcoxon test). S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Figure 8. The interactions of microbial composition between the intestine of S. nudus and surrounding sediments. S—surface sediment; H—sediment in the hole; A—ambient sediment; G—gut of S. nudus. 
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Table 1. Similarity and ANOSIM/Adonis analyses of microbial communities in intestine and sediment samples based on Bray-Curtis dissimilarity.
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Sample Groups

	
Similarity

	
ANOSIM

	
Adonis




	
R

	
p

	
R2

	
p






	
G/S

	
34.8%

	
0.896

	
0.034

	
0.561

	
0.048




	
G/A

	
29.9%

	
1.0

	
0.028

	
0.631

	
0.001




	
G/H

	
36.3%

	
0.74

	
0.036

	
0.539

	
0.001
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