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Abstract

:

The corallivorous snails Coralliophila meyendorffii and its coral host Parazoanthus axinellae are appealing candidates for studying symbiotic interactions at the microbiome level. In this study, we investigated for the first time the microbial community in the stomach of C. meyendorffii and in the polyps of its coral host P. axinellae using as markers multiple regions of the 16S rRNA gene. The bacterial community in the stomach of another corallivorous snail, Babelomurex cariniferus, that feeds on Cladocora hexacorals, was also investigated for comparison. The obtained results indicated the phylum Proteobacteria as the most abundant among the analysed samples, with Alphaproteobacteria and Gammaproteobacteria as the main classes. Among the investigated communities, some bacterial taxa were recognised in line with previous findings in the microbiota of marine invertebrates. As both organisms are exposed to the same bacteria in their habitats, this might suggest shared environmental influences for their microbiota composition. Most of the detected taxa found exclusively or predominantly in P. axinellae samples suggest the presence of holobiont components within the microbial community of this coral, mirroring those identified in other corals, while the stomach microbiome of C. meyendorffii did not indicate a primary role in parasitism. Finally, we provide evidence that many of these bacterial taxa are horizontally transferred between Parazohantus and Corallliophila.






Keywords:


microbiome; symbiosis; corallivorous snail; 16S rRNA; gut microbiota; coral microbiota












1. Introduction


Symbiotic interactions play crucial roles in ecosystems and are fundamental in shaping community dynamics [1,2]. This is particularly evident in coral reefs, an exceptionally diverse ecosystems, sustaining multiple symbiotic interactions, serving as habitat for approximately one-third of all marine species including fish, invertebrates, algae, and microbes [3]. Among coral reefs Cnidaria, the class Anthozoa (including sea anemones, coral, corallimorphs, sea pens and tube anemones), comprises organisms that have evolved specialized mechanisms to produce and deliver venom, that includes a wide array of toxins used for predation, defence, and intraspecific competition [4]. One of the most common Anthozoa of the Mediterranean Sea and the northeastern Atlantic is the yellow cluster sea-anemone Parazoanthus axinellae (Schmidt, 1862), belonging to the family Parazoanthidae of the order Zoantharia. It is a colonial hexacoral lacking a calcareous skeleton, with an encrusting colony of soft polyps.



Despite their inherent toxicity, cnidarian serve as a food source for various organisms, including different lineages of marine gastropods [5]. Several of these well-known parasites are marine snails of the neogastropod family Muricidae Rafinesque, 1815, and particularly the entire subfamily Coralliophilinae Chenu, 1859 [6], which are able to inactivate coral venom components [5,7]). An intriguing model for studying the association between Anthozoa and their parasitic snails is Coralliophila meyendorffii Calcara, 1845, a coralliophiline species commonly found in shallow waters of the northeastern Atlantic, including the Mediterranean Sea [8,9]. Unlike the typical specialised trophic ecology of most coralliophiline species, C. meyendorffii exhibits a broad diet, feeding on various cnidarian parasites from five different hexacorals families: Parazoanthidae, Cladocoridae, Sagartiidae, Dendrophylliidae and Hormathiidae [10]. The feeding behaviour of this snail involves the insertion of the proboscis either into a hole drilled on the stalk of large polyps to suck the internal tissues/fluids, or into the digestive cavity (throughout the stomodeum) to feed on the pre-digested content [9], a process that may be prolonged for days [11].



The distinctive feeding behaviour of corallivorous species such as C. meyendorffii raise the question of whether their gut hosts a specialised symbiotic microbiome that has evolved to support this diet, even if the diversity and potential adaptive role of microbiota in the digestive system of corallivorous gastropods have been largely unexplored. Similarly, the microbiota of Parazoanthus remains poorly known [12], and overall, there is limited information available on the microbiome of Anthozoa.



In this study, we investigated for the first time the microbial community in the stomach of the corallivorous snail C. meyendorffii and in soft polyps of its coral host P. axinellae (Figure 1) using a bacterial metabarcoding approach.



We aimed to answer the following questions: (i) Is the coralliophiline microbiome involved in facilitating adaptation to feeding on venomous corals like P. axinellae?; (ii) Is the bacterial community hosted in the gut of C. meyendorffii similar to that characterising the polyps of P. axinellae?



Additionally, the bacterial community in the stomach of another coralliophiline species, Babelomurex cariniferus (G. B. Sowerby II, 1834), which feeds on two distinct colonial scleractinian families of Anthozoa (Cladocoriidae and Dendrophylliidae [13]), was also investigated for comparison.



By combining the amplification of several different hypervariable regions of the barcoding 16S rRNA gene and the resolution power of next-generation sequencing (NGS) with different approaches, we explored, for the first time, the bacterial communities at different taxonomic levels in the stomach of the corallivorous snail C. meyendorffii and in the soft polyps of its host P. axinellae.



As in many Muricidae, the digestive system in C. meyendorffii comprises a pleuroembolic proboscis which, together with the oesophagus (that includes an anterior, middle, and posterior region) represents the foregut; a stomach (midgut); and a tubular intestine ending in rectum (hindgut) which opens on the right side of the pallial cavity [14] (Figure 2A). As for other Neogastropoda, these snails increase their parasitic efficiency through complex chemical secretions produced in a pair of acinous salivary glands. Two thin salivary ducts run along the oesophagus, opening into the roof of the buccal cavity. The secretory epithelium of the glands comprises two mixed cell types: superficial ciliated cells secreting mucus, and basal cells with apocrine secretion [7]. Another relevant foregut structure is the gland of Leiblein, a conspicuous lobular gland directly connected to the mid-oesophagus through a slit [15]. The function of the gland of Leiblein in secreting digestive enzymes was demonstrated by Mansour-Bek (1934) [16] by identifying four proteolytic enzymes. Lau and Leung (2004) [17] hypothesised that it was also engaged in absorption and intracellular digestion in the foregut. However, the biochemical composition of the secretions of salivary glands and gland of Leiblein in C. meyendorffii remains to be investigated [11].



The anatomy of Zoantharia (Figure 2B) typically features a cylindrical body, with a buccal aperture surrounded by a ring of tentacles at one end. This body is excavated by a mesentery, which connects with the mouth through an ectodermal oesophageal region comprising a short and wide tube. Between the oesophageal tube and the walls of the body are the septa, which terminate freely by the lower part of their inner margin in the mesenteric cavity [18]. The colonies of P. axinellae are yellow or orange in colour and are connected by a continuous layer of tissue called coenenchyme. It is known that several pigments, including carotenoids [19], biosynthesized by symbiotic marine microalgae, can be responsible for the colour of coral, with putative functional roles [20].
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Figure 2. Generalised anatomical schemes of the studied invertebrates. (A) Coralliophila meyendorffii (male). Modified after (2010) [21]. (B) Polyp of Parazoanthus axinellae. 
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2. Material and Methods


2.1. Samples and Collecting Data


Samples were collected at two localities of the Mediterranean Sea (Figure 3, created using QGIS, version 3.28.11): Ponza Island for C. meyendorffii and its host P. axinellae (40°56′48″ N–13°01′28″ E), and Giannutri Island for the single Babelomurex cariniferus sample (42°15′47″ N–11°06′33″ E). Coralliophila meyendorffii and P. axinellae were manually collected on vertical walls under small overhangs at 3–9 m depth; Babelomurex cariniferus was collected free ranging in the proximity of colonies of Cladocora coespitosa, at 5 m depth. Samples were preserved in molecular grade ethanol upon collection. Vouchers are stored in the collection of the Department of Biology and Biotechnologies ‘Charles Darwin’ of Sapienza University of Rome (BAU acronym).



Morphological identification of our samples involved observing shell shape, as well as the arrangement and distribution of polyps, under a Wild-M6 microscope. The stomach of C. meyendorffii (samples BAU-3165.1S, BAU-3165.2S, BAU-3165.5S, BAU-3165.7S, BAU-3165.8S, BAU-3165.10S) was excised with sterile forceps and then stored separately from the whole bodies in EtOH 100%. Samples BAU-3166.1, BAU-3166.2 and BAU-3166.3 were three polyps of the same colony.




2.2. DNA Extraction and Molecular Analyses


All samples were processed at the Molecular Systematic Laboratory, Department of Biology and Biotechnologies ‘Charles Darwin’, Sapienza University of Rome, Italy. Total genomic DNA was extracted from the stomach of each snail and from the whole body of each polyp and the mucus with a proteinase K/phenol–chloroform extraction protocol [22].



Considering the reported issues of phenotypic plasticity in Coralliophilinae (Nocella et al. 2024), we tested that all the C. meyendorffii specimens belonged to the same species, employing an integrative taxonomy approach. The 658 bp barcode region of the mitochondrial cytochrome oxidase subunit 1, cox1, was amplified following the protocol outlined by Nocella et al. (2024) [10]. Polymerase chain reactions were conducted following [23]. The resulting PCR products were purified using ExoSAP-IT, and both strands were sequenced at Macrogen Europe, Inc. The cox1 sequences of two samples of C. meyendorffii (BAU-3165.1S and BAU-3165.2S) and of Babelomurex cariniferus (BAU-3180.S) were published in Nocella et al. [10] (2024; accession numbers: PP093888, PP093889 and PP093890). All sequences were compared with those available in GenBank using the NCBI BLAST web interface https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 20 June 2024). Taxonomic identifications were checked for consistency with morphology.



Cnidarians samples were observed under a Wild-M6 microscope for the examination on the arrangement and distribution of polyps. Taxa were identified following [24].




2.3. Metabarcoding Analysis


For microbiota analysis, the Ion 16S™ Metagenomics Kit, which employed two primer pools (primer set V2–4–8; primer set V3–6, 7–9, ThermoFisher; see [25] was used to PCR amplify several hypervariable regions (V2, V3, V4, V6–V7, V8, and V9) of the bacterial 16S rRNA gene of four coralliophiline samples (BAU-3165.1S, BAU-3165.5S, BAU-3165.8S, BAU-3180.S). Following library construction and template preparation, libraries generated with the Ion 16S Metagenomics Kit were then sequenced using the Ion S5 XL System at the Eurofins Genoma Group (Rome, Italy). Data analysis, annotation, and taxonomic assignment were performed using Ion Reporter™ Software version 5.6, (ThermoFisher, Waltham, MA, USA), which provided a workflow specifically developed for analysing bacterial 16S rRNA gene. Raw reads were trimmed from the primer sequence and filtered to discard reads shorter than 150 bp. The remaining reads were clustered in amplicon sequence variant (ASVs) for the identification assignment. A consensus approach based on combining information from different hypervariable regions of the 16S rRNA gene and developed by Life Technologies (AA.VV. 2014) was employed following Russini et al. (2021) [6].



Based on the results of the sequencing findings indicating that the V3–V4 region yielded the most successfully amplified sequences (see below), universal primers Pro341F and Pro805R [26] were specifically employed for the remaining samples (BAU-3165.2S, BAU-3165.5S, BAU-3165.10S, BAU-3166.2, BAU-3166.3, and BAU-3166.4) to target only the V3-V4 region of 16S rDNA. The sequencing of 16S V3–V4 fragments was performed on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) with pair-end 2 × 300 paired ends run with double indexing of the library. DNA library was prepared using Nextera XT kit (Illumina, San Diego, CA, USA) and validated with Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA) and were then sequenced using the MiSeq at the Bio-Fab research srl (Rome, Italy). QIIME 2 (v2019.10) pipeline (https://qiime2.org/; Bolyen et al. 2019) was used for the V3–V4 region of 16S rDNA sequence analysis.



The sequencing reads were assigned to taxonomic identities using 16S reference library v2013 by Thermofisher and Greengenes v.13.5 (BAU-3165.1S, .5S, .8S and 3180.S) or Silva database (release 138) for the remaining samples. For the DNA sequence-based identification of bacteria, the following criteria were used following [25]: minimum 90% coverage to assign a read to a database sequence; minimum 99% percentage of identity to assign a read to a genus and 97% to assign a read to a family.



To ensure an unbiased statistical approach, all the analyses have been conducted exclusively using the sequences obtained from the V3–V4 region, for all samples (Supplementary Materials, Tables S1 and S2).



The taxonomic bar plots were generated after removing all ASVswith a relative count below 1% in each sample. However, all other statistical and bioinformatic analyses were conducted on the complete dataset obtained from the V3–V4 amplified bacterial sequences. To comparatively assess diversity among sampled individuals, diversity was evaluated using α- and β-metrics. The diversity analyses were performed among sample groups, in particular between P. axinellae, C. meyendorffii and B. cariniferus. Alpha diversity estimates were evaluated using the Kruskal–Wallis test [27]. Alpha rarefaction curves (created using the plugin diversity alpha-rarefaction in QIIME2) were utilised to assess bacterial communities’ diversity across different sequencing depths. These curves are generated by randomly subsampling sequencing reads at various depths, altering the number of reads or analysed samples, and computing diversity metrics at each level. This method enables the estimation of how bacterial community diversity changes according to sequencing efforts. PERMANOVA (Permutational multivariate analysis of variance [28]) and ANOSIM (Analysis of similarities) were employed for assessing the statistical significance of the observed differences. Given that simultaneous testing of multiple hypotheses increases the likelihood of observing false positives, the q-value correction was employed in this context to provide a measure of the false positives proportion among all significant results, granting more accurate results. The q-value, akin to the p-value but adjusted to accommodate multiple comparisons, plays a crucial role in addressing the false discovery rate (FDR) in multiple hypothesis testing scenarios.



The R software (version 4.2.1, package readxl) was utilised to identify the bacterial genera shared between Coralliophila and Babelomurex, those shared between Coralliophila and Parazoanthus, as well as those shared among at least four out of six Coralliophila samples. This allowed for generating of a heatmap depicting common bacterial genera abundance in QIIME2 [29] and a Venn diagram illustrating the number of shared bacterial genera using the R package ggVennDiagram. The heatmap provided a graphical representation of data in a matrix format, where rows represent the analysed samples and columns indicate the relative frequency of shared bacterial variants identified as genera.





3. Results


3.1. Overview of Sequencing Information


All the four cox1 sequences correctly blasted with C. meyendorffii sequences available in the Genbank nucleotide database with an e-value = 0.0 and a percentage of identity ≥ 98.04%.



For the microbial analyses, 960,092 reads were correctly merged, and 659,424 (~70%) were retained for subsequent analyses, with an average of 65,942.4 reads per sample; the remaining sequences were discarded. More specifically, low-quality bases were trimmed from both ends of the obtained raw sequencing reads, and sequences that fell below a minimum quality threshold were excluded from the data set, ensuring higher accuracy in upcoming analyses. Chimeric reads were also removed from the total reads, to avoid including in the definitive ASV table any artefact formed by a wrong joining of distinct biological sequences during PCR amplification.



The abundance of sequences by primer barplots from Ion System output revealed that the V3–V4 region yielded the most successfully amplified sequences (Supplementary Figure S1).



The microbial DNA sequencing data obtained in the present study were submitted to the Sequence Read Archive (SRA) at GenBank database (National Center for Biotechnology Information, NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 20 June 2024): bioproject PRJNA1101417.



The new cox1 sequences of C. meyendorffii are available on the NCBI nucleotide database (accession numbers PP625322-PP625323-PP625324-PP625325).




3.2. Bacterial Communities


We compared microbial communities detected by means of NGS methods based on 16S rRNA gene sequences from the polyp of P. axinellae and the stomach of C. meyendorffii. A total diversity of 97 ASVsat the family level (Figure 4) and 176 ASVsat the genus level (Figure 5) were observed with a relative abundance ≥0.1% in each sample. Proteobacteria families were overwhelmingly predominant with Burkholderiaceae (genus Burkholderia), Vibrionaceae (genus Vibrio), and Rhodobacteraceae (unknown genus) being the most abundant, followed by the Firmicutes family Streptococcaceae (genus Lactococcus). Barplots representing ASVs identified with amplification of regions V2, V3, V4, V6–V7, V8, and V9 are available in Supplementary Materials, Tables S3 and S4.



3.2.1. Family Level


Several microbial families analysed in this study were found exclusively in the mucus/tissue of P. axinellae polyps (samples BAU-3166.2, .3, .4), in particular Bernardetiaceae (Bacteroidota, Cytophagales), Prolixibacteraceae, and Marinifilaceae (Bacteroidota; Marinilabiliales), Kiloniellaceae and Terasakiellaceae (Alphaproteobacteria; Rhodospirillales), and Kordiimonadaceae (Alphaproteobacteria; Kordiimonadales).



Among the most abundant ASVss, some bacterial families mainly detected in P. axinellae were also found in the stomach of C. meyendorffii, the majority of which belonged to the Pseudomonadota. Examples are Nitrincolaceae, Spongiibacteraceae and Pseudoalteromonadaceae (Gammaproteobacteria), and Rhodobacteraceae (Alphaproteobacteria). Moreover, ASVs affiliated with the family Arcobacteraceae (Campylobacterota; Epsilonproteobacteria) and the family Crocinitomicaceae (Bacteroidota, Flavobacteriales) were detected, but more abundant in P. axinellae than in C. meyendorffii.



The bacterial 16S rRNA gene sequences that were detected exclusively in the stomach of samples BAU-3165.2S and BAU-3165.7S of C. meyendorffii belonged to an unidentified family of the order Verrucomicrobiales.




3.2.2. Genus Level


Considering the results of this study at the genus level, a particularly noteworthy finding is that the sequences of some genera were detected exclusively in the three samples of P. axinellae (BAU-3166.2-3-4) (Figure 5). An example at the genus level of Gammaproteobacteria (Pseudomonadota) was Algicola (Alteromonadales; Pseudoalteromonadaceae). Some microbial genera were detected only in two samples of P. axinellae. Examples of Gammaproteobacteria were Psychrobium (Alteromonadales; Shewanellaceae), Pseudoteredinibacter (Cellvibrionales; Cellvibrionaceae), and Marinomonas (Oceanospirillales; Oceanospirillaceae). Examples of Alphaproteobacteria were the genera Cognatishimia (Rhodobacterales; Paracoccaceae), Terasakiella (Rhodospirillales; Terasakiellaceae), and Filomicrobium (Hyphomicrobiales; Hyphomicrobiaceae). Also present in the polyps of P. axinellae was Halarcobacter of Arcobacteraceae, a bacterial family within the Epsilonproteobacteria (Campylobacterota), and Draconibacterium (Bacteroidota; Marinilabiliales; Prolixibacteraceae).



The bacterial 16S rRNA gene sequences that were detected only in the stomach of samples BAU-3165.2S and BAU-3165.7S of C. meyendorffii, belong to the Verrucomicrobiota genus Haloferula (family Verrucomicrobiaceae of the order Verrucomicrobiales), and to the Planctomycetota genus Rhodopirellula (family Pirellulaceae). Examples of the genera found in BAU-3165.5S and BAU-3165.7S were Formosa and Algibacter. Unknown bacterial genera of the family Flavobacteriaceae in the Flavobacteriia (Bacteroidota) were detected in some stomach samples of C. meyendorffii.



Identified genera shared by at least four coralliophiline samples, between gastropods and corals, and between the two coralliophiline species, are reported in the paragraph below.





3.3. Microbiome Similarity of Snails and Corals


All the 34 genera shared between Coralliophila and Babelomurex, Coralliophila and Parazoanthus, or among at least four Coralliophila samples, along with their normalised count frequency, are reported in the heatmap (Figure 6).



Looking at the genus level, the heatmap showed that some microbial genera detected in the polyps of P. axinellae were also found in stomachs of C. meyendorffii. Among them, we found three Flavobacteriia genera: Tenacibaculum (Flavobacteriaceae), Vicingus (Vicingaceae) and Crocinitomix (Crocinitomicaceae). Other gastropod/coral common genera are the Gammaproteobacteria Dasania (Spongiibacteraceae), Neptuniibacter, Amphritea, and Marinobacterium (Oceanospirillaceae), Thalassotalea (Colwelliaceae), and Aestuariibacter (Alteromonadaceae), as well as the Alphaproteobacteria genera Roseovarius (Roseobacteraceae) and Ruegeria (Roseobacteraceae).



The heatmap analysis also showed that some microbial genera were found in at least four out of six stomach samples of C. meyendorffii. Among the genera of Hyphomicrobiales (Alphaproteobacteria), we found Enhydrobacter, Mesorhizobium (Phyllobacteriaceae), Devosia (Devosiaceae), and Bradyrhizobium (Nitrobacteraceae). Also, the Microbacteriaceae genera Mycobacterium and Microbacterium were present.



The bacterial 16S rRNA gene sequences that were detected in both neogastropods, C. meyendorffii and B. cariniferus, belonged to Pseudomonadota genus. Specifically, for the Gammaproteobacteria, the genera Shewanella (Shewanellaceae) and Nevskia (Xanthomonadaceae), and for the Alphaproteobacteria, the genera Azospirillum (Azospirillaceae) and Rhizomicrobium (Micropepsaceae). Also, the Campylobacterota genus Arcobacter (Arcobacteraceae) within the Epsilonproteobacteria was detected. Among the order Vibrionales (Gammaproteobacteria), the genus Photobacterium (Vibrionaceae) was found in B. cariniferus and in few samples of C. meyendorffii.




3.4. Alpha and Beta Diversity Analysis


The permutation-based statistical test PERMANOVA was used to detect significant differences in microbial structure among sample groups. This method calculates a statistical test based on the partitioning of total variation in the data into between-group and within-group; in this case the permutation approach estimates the likelihood that any observed difference between the groups has occurred by chance or if it has statistical significance. It relied on a previously created Bray-Curtis dissimilarity matrix of beta diversity distance values between groups: Parazoanthus, Coralliophila, and Babelomurex. The value of the Pseudo-F statistic in the PERMANOVA analysis indicates the strength of the differences between the groups. PERMANOVA revealed significant differences in bacterial ASV structure among the three selected sample groups (Table 1) at both taxonomic levels assessed: families and genera. In both cases, the p-values associated to the respective statistics (family: pseudo-F statistic 1.527733, p-value of 0.038; genera: pseudo-F statistic is 1.520639, p-value of 0.039), were smaller than 0.05, suggesting differences in variance between groups, considering both the location (centroid) and dispersion (scatter) of the data points. Overall, the obtained results are coherent with the PCoA plot, which shows a lack of distinct clustering among most of the samples, emphasising the heterogeneity of the microbial communities in the dataset (Figure 7). As evidenced by the non-significant ANOSIM test results (R = 0.014403, p-value = 0.416 at family level; R = 0.024691, p-value = 0.403 at genus level), the dissimilarities between groups were not statistically significant when considering ranked distances alone. However, as previously mentioned, PERMANOVA detected significant differences in multivariate variance (p-values < 0.05). This discrepancy suggests that the observed differences between groups are more pronounced when considering multivariate dispersion, as measured by PERMANOVA, compared to the ranked dissimilarities assessed by ANOSIM.



The alpha diversity results indicate that both the overall Kruskal-Wallis tests and pairwise comparisons for the families and genera levels did not indicate a statistically significant difference between groups: H statistic = 3.036, q-value = 0.219 for families; H statistic of 3.964, q-value = 0.138 for genera. The sampling effort was sufficient to capture the diversity of the community, as evidenced through alpha diversity rarefaction curves (Supplementary Figure S2), which ensured that the sequencing was adequate for covering the majority of the bacterial diversity in the sample.





4. Discussion


4.1. Structure of Bacterial Communities


The results from sequencing across different hypervariable regions of the 16S rRNA gene conducted on the first four samples analysed (three Coralliophila meyendorffii and the Babelomurex cariniferus stomachs) showed that the V3–V4 regions of the 16S rRNA gene represented the greatest variability in microbial community composition at different taxonomic levels, as already reported in previous studies (e.g., [30,31]). These two regions were then selected to conduct all the 16S metabarcoding analyses to assess the microbial communities of C. meyendorffii and P. axinellae. However, we are aware that all the conclusions drawn here are based on the absence of an environmental sample, which was not collected due to logistical sampling constraints. Therefore, our findings should be interpreted with caution, as the absence of environmental data means that certain bacteria found exclusively in one species may, in fact, originate from the surrounding environment.



Proteobacteria were the dominant phylum (mainly Alphaproteobacteria and Gammaproteobacteria), present both in the two coralliophiline species and in Parazoanthus axinellae (Figure 4).



Looking at the most abundant ASVs at the family level, some families were detected exclusively, or mostly in the polyp of P. axinellae (samples BAU-3166.2-4; Figure 4). This suggests that distinct components of the microbial community might be uniquely adapted within the coral, with bacterial features probably well-suited for the mucus or tissue of P. axinellae.



Some families detected in the polyps of P. axinellae were also found in the stomachs of C. meyendorffii (Figure S3). Most of these belonged to the phylum Pseudomonadota. Among them, some families have been previously detected as members of the microbiome of marine invertebrates. In particular, previous studies have shown that the Spongiibacteraceae mainly dominate the core microbiomes of corals [32], even though they have never been found in gastropods before. Additionally, members of the lineage Rhodobacteraceae were detected in coral-bacteria symbiosis [33] and in the gut of the freshwater gastropod Bellamya aeruginosa [34]. Moreover, members of Nitrincolaceae have been previously found in the coenenchyme of Corallium rubrum [35] and in the pedal mucus of the marine gastropod species Echinolittorina peruviana [36]). Additionally, shared bacterial communities include the family Crocinitomicaceae, which resulted abundant in the sea anemone Exaiptasia diaphana [37] and in the pedal mucus of the grazer molluscs Fissurella crassa and Chiton granosus [36] In these same study [36] other two bacterial families (Cyclobacteriaceae and Rubritaleaceae) resulted in association with Fissurella crassa and Chiton granosus, which in our study were found only with the stomachs of C. meyendorffii. Similarly, the family Pirellulaceae, previously found in the faecal microbiome of the freshwater snail Biomphalaria glabrata [38], was also identified.



With regards to the ASVs identified at the genus level, according to our analyses certain bacterial taxa were found exclusively, or mostly, in the polyp of P. axinellae (Figure 5). Among them, the genera Algicola (Pseudoalteromonadaceae) and Draconibacterium (Prolixibacteraceae) have been found in different species of stony corals [39,40]. Additionally, the genus Crocinitomix (Crocinitomicaceae) has previously been found in the bacterial community inhabiting the sea anemone Exaiptasia diaphana [37]. All the aforementioned genera are known to typically live in symbiotic relationships with their coral hosts [41]. It is reasonable to suggest that some forms of symbiotic association exist between the coral P. axinellae and the coral-resident bacterial genera observed in this study. These associations may enable the coral to utilise microbial biosynthetic pathways, such as those providing nutritional resources, as occurred in other reported coral-bacteria associations. However, experimental validation would be required to confirm this hypothesis.



A few bacterial genera were detected only in the C. meyendorffii stomachs, such as the genera Devosia and Algibacter (Flavobacteriaceae), that had previously been isolated from freshwater gastropods of the family Lymnaeidae and from intertidal gastropods of the family Onchidiidae, respectively [42,43]. In particular, genomic investigation of aquatic Devosia strains revealed genes functional in the metabolism of aromatic compounds, alkylphosphonate and organic nitrogen, potentially beneficial for nutrient acquisition, while the natural role of Algibacter is centred around the decomposition of algal biomass, as it was shown to hydrolyse galantine, alginate and starch, indicating its ecological significance in breaking down algal biopolymers [44].



Several bacterial genera identified in the stomach of Coralliophila meyendorffii were also present in the stomach of Babelomurex cariniferus (Figure 6), some of which are known to associate specifically with marine invertebrates, including Mollusca. For example, Shewanella (Shewanellaceae) and Arcobacter (Campylobacteraceae) were isolated from the gut of the abalone Haliotis diversicolor [45] and Haliotis gigantea, respectively [46,47] while Vibrio (Vibrionaceae) was found in high percentages in the muricid Rapana venosa [48] While Shewanella is associated with oxidase activity [45], Arcobacter and Vibrio are known to be potentially pathogenic [46,48].



These findings suggest that the bacterial genera present in both Coralliophilinae species, yet absent in Parazoanthus, likely function as symbionts within gastropods. Furthermore, the presence of these taxa in other marine molluscs indicates that their association is more likely driven by molluscan physiology rather than by specific host species. This could explain their absence in Parazoanthus, which may engage in different ecological interactions.



Among bacteria found only in Babelomurex cariniferus, the Pseudomonadota genus Photobacterium (Vibrionaceae) is distributed in marine habitats worldwide and is known to include pathogenic species for aquatic organisms, including fish, molluscs and crustaceans, and even for humans [49]. Its species are unique even for their ability to produce luminescence in fish and squids [50], although this ability has never been observed in Coralliophilinae. It is likely that the bacteria might have been acquired from the surrounding environment and integrated into the microbiota of B. cariniferus.



The molecular evidence emerging from our study suggests that certain typically environmental bacteria are shared between the polyps of P. axinellae and the stomach of C. meyendorffii (Figure 7). Most of them are known to be part of the marine environment, such as Aestuariibacter (Alteromonadaceae) [51], Cohaesibacter (Cohaesibacteraceae) [52], Dasania (Spongiibacteraceae) [53], Thalassotalea (Colwelliaceae) [54], Sneathiella (Sneathiellaceae) (Lee 2019), Vicingus (Cryomorphaceae) [55] and Pseudoalteromonas [56]. Pseudomonas (Pseudoalteromonadaceae) was also found, even if it is primarily associated with terrestrial habitats [57].



Additionally, we identified in both Coralliophila and Parazohantus some bacteria typically associated with marine organisms, such as Tenacibaculum (Flavobacteriaceae), known to cause diseases in fish [58]; Neptunibacter (Oceanospirillaceae), found in bivalves [59] and sea cucumber larvae [60] but never in corals; Crocinitomix (Crocinitomicaceae), which has been isolated from algae [61]; Amphritea (Oceanospirillaceae), found in sea cucumbers and sponges [62,63]); and Kiloniella (Kiloniellaceae), whose members are often associated with living organisms such as sponges, corals, squid eggs, lobsters, fish intestines, and macroalgae [64].



Of particular interest among the bacteria shared between Coralliophila and Parazohantus, are the genera typically identified in previous studies as corals holobionts. Marinobacterium (Alteromonadaceae), for instance, was found to produce compounds displaying UV spectra in scleractinians [65]; Ruegeria (Rhodobacteraceae), found in colonial Scleractinia [66] are considered to contribute to carbon and sulphur cycling [67]; Roseovarius (Roseobacteraceae), a component of the scleractinian holobiont, exhibits the potential to produce two antioxidants [68] Sphingomonas (Sphingomonadaceae) is often described as a coral pathogen, causing tissue damage to at least 16 varieties of corals and hydrocorals [69].



Regarding the first two groups of shared bacteria, those typically found in the environment and those found in other marine organisms, we suggest that their presence in C. meyendorffii and P. axinellae is due to environmental origin: these bacteria may have been acquired by the two organisms through horizontal transmission from the surrounding environment and have become part of the genetic pool of the two invertebrates. What we cannot ascertain is whether they were transmitted independently to Parazoanthus and Coralliophila or if the latter acquired them through feeding.



In contrast, the presence of genera typically described in literature as coral holobionts suggests the possibility of horizontal bacterial transfer. It is likely that some specific bacterial genera are primarily hosted by the coral and subsequently acquired by Coralliophilinae during its feeding activities on coral tissues and mucus. However, these hypotheses need to be confirmed by including water samples as controls in future analyses.




4.2. Microbial Diversity


The permutational based PERMANOVA test, applied to estimate beta diversity values, showed differences in microbial structure among coral and gastropod samples at both family and genus levels. In the context of beta group significance, the divergence between ANOSIM and PERMANOVA outputs might depend on the different focuses of those two methods, since ANOSIM could overlook the minor differences in multivariate dispersion. The q-value correction method was used for addressing multiple hypothesis testing, as to better control false positives in beta diversity values when comparing different sample groups (Parazoanthus, Coralliophila, and Babelomurex) and taxonomic levels (genus and family). The presence of specific bacterial taxa within the microbiota of each sample likely reflects adaptation to the unique biological and physiological needs of the hosts. This resulting heterogeneity in bacterial communities highlights the complex interactions occurring within marine ecosystems, where microbial groups can be influenced by environmental disturbances. Factors such as host-microbiota interactions and habitat characteristics may contribute to shaping the microbiota composition in Parazoanthus, Coralliophila, and Babelomurex samples. The absence of variation in alpha diversity values could be due to host-specific factors, including immune responses, metabolic pathways, or chemical secretions. Future research could explore whether microbial community structures shift across different habitats and examine the stability of these communities over time.





5. Conclusions


This study represents the first investigation into the microbial communities inhabiting the stomach of Coralliophila meyendorffii and its coral host Parazoanthus axinellae using 16S rDNA metabarcoding (V3–V4 regions). Our analysis has led to the following key findings:




	-

	
The bacterial taxa found exclusively or predominantly in the P. axinellae samples suggest the presence of holobiont components within the microbial community of this coral, as has been observed in other coral species.




	-

	
Our findings indicate that the stomach microbiome of C. meyendorffii shows similarities to that of its coral host, P. axinellae, suggesting a possible influence of the coral’s microbiome on the gastropod’s gut. This is further supported by the observation that Babelomurex cariniferus and Parazoanthus axinellae, despite living in similar environments, exhibit distinct microbiome compositions. These differences highlight those specific ecological interactions, including potential horizontal transfer of bacterial taxa between organisms, significantly shape the microbiomes of these coral-associated species.




	-

	
The microbial community identified in the stomachs of C. meyendorffii does not provide evidence for a primary role in parasitism, as we did not detect any bacteria known to be directly associated with corallivory, particularly those involved in neutralising or digesting the venomous substances of P. axinellae. This observation suggests that the microbiota responsible for toxin degradation may not be present in the digestive system but rather within the salivary glands that the Coralliophilinae have evolved over time. Future research should focus on investigating these glands to elucidate their potential role in toxin processing.
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Figure 1. Coralliophila meyendorffii, feeding on a Parazoanthus axinellae colony collected for this study in Ponza Island, Italy; 9 metres depth. Photo: Paolo Mariottini. 
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Figure 3. Sampling localities 1 = Ponza Is., Italy; 2 = Giannutri Is., Italy. Map created using QGIS version 3.28.11. 
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Figure 4. Taxonomic composition based on relative abundances of ASVs at the family level from six stomachs of Coralliophila meyendorffii (BAU-3165.1S, BAU-3165.2S, BAU-3165.5S, BAU-3165.7S, BAU-3165.8S, BAU-3165.10S), three polyps of Parazoanthus axinellae (BAU-3166.1, BAU-3166.2 and BAU-3166.3) and a stomach of Babelomurex cariniferus (BAU-3180.S). All ASVss with a relative count below 1% in each sample were removed. 
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Figure 5. Taxonomic composition based on relative abundances of ASVs at the genus level from six stomachs of Coralliophila meyendorffii (BAU-3165.1S, BAU-3165.2S, BAU-3165.5S, BAU-3165.7S, BAU-3165.8S, BAU-3165.10S), three polyps of Parazoanthus axinellae (BAU-3166.1, BAU-3166.2 and BAU-3166.3) and a stomach of Babelomurex cariniferus (BAU-3180.S). All ASVs with a relative count below 1% in each sample were removed. 
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Figure 6. Frequency heatmap depicting the differences in the relative abundance of the 34 common bacterial genera among samples. The colour intensity in each cell of the matrix reflects the frequency of the feature in the corresponding sample, scaled logarithmically to visualise a wide range of abundance values. Black = not present. 
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Figure 7. Beta diversity of the microbiota found in the polyps of Parazoanthus (orange), in the stomachs of Coralliophila (blue) and in the stomach of Babelomurex (green). Bray-Curtis distances were calculated based on the genus composition and relative abundance and then visualised through Principal Coordinates Analysis (PCoA). The percentages of variance for the first three principal components (PC1, PC2, PC3) are shown. 
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Table 1. Comparisons of beta-diversity measures between selected groups and family and genus taxonomic levels using the PERMANOVA and ANOSIM methods.
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FAMILY

	
GENUS




	
Test

	
p-Value

	
Test

	
p-Value






	
PERMANOVA

	
PSEUDO-F =

1.527733

	
0.038

	
PSEUDO-F =

1.520639

	
0.039




	
ANOSIM

	
R = 0.014403

	
0.416

	
R = 0.024691

	
0.403
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