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Over the past decade, there has been a growing interest in common octopus aquaculture, prompted by several factors such as the increase in market demand, the decline in overall fisheries and the search for more sustainable food resources. Nevertheless, this interest has raised concerns about the potential impact of large-scale production and intensified farming practices in the future. This study aims to establish a baseline understanding of the natural microbial communities that inhabit skin mucus of the common octopus, describe its core microbiota, and assess the impact of captive rearing on these communities and animal welfare. The skin microbiome of wild-captured octopuses was compared with that of reared in aquaculture using 16S ribosomal RNA metabarcoding. The findings show that the core microbiota of octopus mucosal skin is dominated by the phyla Bacteroidota and Pseudomonadota, with Aurantivirga, Pseudofulvibacter, and Rubritalea being the most abundant genera. Despite differences in abundance, the microbiota composition and diversity between wild and aquaculture octopuses were similar. Wild samples had an enrichment of Gammaproteobacteria, including potentially pathogenic species such as Vibrio spp., Photobacterium swingsii, and Lactococcus garvieae, which were less prevalent or absent in aquaculture samples. KEGG functional pathways predictions indicated a higher enrichment in functional pathways related to xenobiotic remediation in wild samples, reflecting their need to adapt to a more variable and potentially contaminated environment. This is the first study to characterize the mucosal skin microbiome of the common octopus and to compare wild and aquaculture specimens. The results suggest that current aquaculture practices support animal welfare through the use of controlled hatchery environments and high-quality water conditions. These insights are valuable for the development of sustainable and responsible aquaculture practices, with the octopus microbiome serving as a potential biomarker for health status and animal welfare.
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1 Introduction

Aquaculture is a fast-growing industry that plays a significant role as a source of seafood production worldwide, accounting for 50% of the total production in 2021 (FAO, 2022). Over the past decade, there has been an increasing interest in cephalopod aquaculture research, driven by the growing market demand, the decline in overall fisheries, and the search for a more sustainable food resource (Berger, 2011; Vidal et al., 2014; Xavier et al., 2015). The common octopus (Octopus vulgaris) is considered a promising candidate for aquaculture diversification in Europe, mainly due to its fast growth rate, short life cycle, good adaptability to captive conditions and high nutritional and economic value (Vaz-Pires et al., 2004; Vidal et al., 2014). This offers a solution to meet market demand while also reducing the pressure on wild populations. Overfishing can significantly impact wild populations by reducing their numbers, disrupting ecosystems, and altering the balance of marine food chains. These practices can lead to the depletion of target species and the accidental catch of non-target species, further threatening biodiversity. Aquaculture not only helps in conserving wild species but also allows for more efficient management of aquatic resources, contributing to the overall health and stability of marine ecosystems. However, despite the significant potential of common octopus aquaculture, its development has been constrained by different factors. First, related to the complex biological and physiological characteristics of this species, particularly regarding environmental parameters and nutritional requirements (Uriarte et al., 2011, 2019). For years, the high mortality rate in the rearing phase of the paralarvae was the primary bottleneck for aquaculture (Iglesias et al., 2007). The reason for this was nutritional deficiencies, particularly the lack of lipids in the live prey that was frequently utilized as food (Navarro and Villanueva, 2000, 2003). This limitation appears to have been resolved with the creation of a patented rearing technique by scientists from the Spanish Institute of Oceanography and the Pescanova Biomarine Center (Tur et al., 2020). This accomplishment has successfully completed the life cycle of this species, allowing for large-scale industrial cultivation. However, the growing interest in octopus aquaculture has also sparked concerns about the future impact of large-scale production and intensified farming practices. In this situation, animal welfare must be a crucial aspect to ensure the development of sustainable and responsible aquaculture practices of this species. Farm animal welfare is generally assessed through measurements of physical health, immune response, behavior, and physiological indicators, with a focus on identifying stress (Fraser et al., 1997; Broom, 2010a). Stress-induced neuroendocrine responses play a critical role in the physiology and overall well-being of animals. While glucocorticoids are recognized as the key hormonal regulators of the physiological stress response in vertebrates (Cockrem, 2013), the underlying mechanisms that govern neuroendocrine responses to stressors in invertebrates, particularly in cephalopods, remain unclear (Fodor and Pirger, 2022). This hinders the evaluation of stress using corticosteroid hormones. A further limitation to the analysis of the impact of stress is the remarkable ability of octopuses and other cephalopods to edit their RNA (Birk et al., 2023; Wang et al., 2023). This capacity enables these animals to precisely regulate their gene expression in response to environmental alterations, thereby facilitating their adaptability, sophisticated behaviours, and neural plasticity. Consequently, transcriptome studies in these species are also complicated due to the high levels of RNA editing, which can obscure the direct relationship between DNA sequences and protein expression.

In recent years, researchers have suggested that the microbial communities present in the host and surrounding environment could serve as a biomarker for health and well-being, owing to their interaction with the host immune system and ability to respond to stressors (Llewellyn et al., 2014; Kraimi et al., 2019; Lorgen-Ritchie et al., 2023). In the case of aquatic animals, the microbial communities on their mucosal surfaces contribute to their individual health by serving a primarily defensive role for the host (Reverter et al., 2018). Stressful conditions in aquaculture, such as netting and transport, can disrupt this balance, leading to increased susceptibility to diseases (Boutin et al., 2013; Chiarello et al., 2015; Minniti et al., 2017; Mougin and Joyce, 2023; Rich et al., 2023). Consequently, an analysis of the composition and abundance of the bacterial microbiome of skin mucus could serve as a non-invasive indicator of the welfare and health status of the common octopus.

Recent advances in high-throughput sequencing technologies and bioinformatics tools have facilitated a more precise investigation of the composition and abundance of microbial communities. Specifically, metagenomics has emerged as the leading technique for analyzing genetic material obtained directly from an environmental sample, thereby overcoming the constrains associated with culture-based methods. These advancements have resulted in a vast scientific literature that has enhanced our comprehension of the interplay between the host, its microbiome and the environment.

Nevertheless, there is still a paucity of research on microbial communities in cephalopods. The literature only includes studies on the gut of common octopus paralarvae by Roura et al. (2017), an analysis of different tissues from Sepia officinalis by Lutz et al. (2019), and a comparative investigation of gut microbial composition in six cephalopod species by Kang et al. (2022).

In light of the growing interest in octopus aquaculture and the mounting social concern for animal welfare, our objective is to investigate the composition of the skin mucus microbiota as a tangible biomarker for evaluating and advancing animal welfare in these organisms. In order to achieve this, two main objectives have been set. The first objective is to describe, for the first time, the skin mucus microbial composition of the core microbiota in the common octopus. This will provide a fundamental understanding of the natural microbial communities present in their skin mucus. Secondly, we aim to ascertain whether captive rearing conditions exert an influence on these communities and, consequently, animal welfare. To this end, we will compare the skin microbiome of octopuses captured from the wild with that of individuals reared in aquaculture. To the best of our knowledge, this is the first study to investigate the composition of the microbiota present in the octopus skin mucus of both wild and farmed populations. These findings will provide crucial insights into the effects of captivity on these interesting organisms.




2 Materials and methods



2.1 Sampling

A total of 20 common octopuses of an average weight of approximately 1.2 ± 0.25 kg were sampled from two different sources: wild and aquaculture environments. The wild octopuses (n = 10, half of each sex) were provided by the San Bartolomé Fishermen’s Guild (Cangas, Galicia), that captured individuals in the Ría of Vigo (42°15′N 8°45′W) in 2022. The farmed octopuses (n = 10) were part of the fifth generation of domestically bred individuals raised and kept at the Pescanova Biomarine Center facilities in O Grove, Spain (42°47′N 8°86′W) in the year 2022. Samples were obtained from 12 m3 square tanks connected to a semi-open water recirculation system, maintaining specific conditions of temperature (15 ± 1°C), salinity (35 ppm), photoperiod (10 h light:14 h dark), and density (15 kg/m3) (Iglesias et al., 2000). These tanks were equipped with cognitive enrichment, incorporating diverse structures.

Skin mucus samples were collected from each specimen using sterile cotton swabs. For this purpose, the animals were previously anaesthetized with 1.5% MgCl2 and 1% ethanol. Sampling was performed by gently swabbing along the surface of the octopus. In order to obtain sufficient volumes of skin mucus for downstream analysis, two cotton swabs were taken from the same individual. The swabs were then cut and placed into individual sterile tubes, which were kept on ice until their arrival to the laboratory, where they were frozen at –80°C until processing.




2.2 DNA extraction and sequencing

Microbial DNA extraction was performed following the MasterPure Complete DNA and RNA Purification Kit (Epicentre, Southampton, Hampshire, UK) and Pathogen Lysis Tubes (QIAGEN, Hilden, Germany) protocols, with some modifications proposed by Boix-Amorós et al. (2016) to optimize DNA isolation. Total genomic DNA was extracted from the cotton swabs by adding 500 µL of lysis buffer to each tube and shaking vigorously. The resulting lysates were then transferred to the Pathogen Lysis Tubes and subjected to mechanical disruption using a TissueLyser II (QIAGEN, Hilden, Germany) at 30 Hz for 5 min. After the disruption step, samples were placed on dry ice for 3 min and incubated in a thermoblock at 65°C for 5 min.

For genomic DNA purification, samples were incubated with 2 µL of proteinase K (50 µg/mL) at 65°C for 15 min. Next, the tubes were placed on ice to stop the reaction, and 2 µL of RNAse A (5 µg/µL) were added to each sample and incubated at 37°C for 30 min. After incubation on ice for 3-5 minutes, proteins were then precipitated by adding 250 µL of MPC protein precipitation reagent, followed by vigorous shaking and centrifugation at 10,000 g for 10 minutes at 4°C. The supernatant was transferred to a clean tube, discarding the pellet. The DNA was precipitated with isopropanol and centrifugated at 4°C for 10 min at 10,000 g. Finally, the pellet containing the purified DNA was resuspended in 30 µL of TE buffer.

Extracted DNA concentration was measured in a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, DE, United States) using the dsDNA High Sensitivity (HS) Assay Kit (Invitrogen, Carlsbad, California, United States). The purity and quality of the samples were assessed using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, DE, United States). The microbial community was characterized using the 16S rRNA amplicon sequencing technique, targeting the V3-V4 hypervariable regions. Amplicon library preparation and sequencing were performed by an external service (Foundation for the Promotion of Health and Biomedical Research, FISABIO, Valencia, Spain) using standard protocols. Sequencing was performed using a 2×300 bp paired-end protocol on an Illumina MiSeq platform (Illumina, Inc., San Diego, CA, USA). Negative controls were included for both extraction and PCR protocols.




2.3 Bioinformatic analyses

Demultiplexed raw reads (FASTQ files) were subjected to quality control with fastp software (Chen et al., 2018) applying a minimum sequence length of 50 nucleotides (min_length 50). A quality control step was performed for each nucleotide, ensuring that the quality did not fall below 30 (trim_qual_right 30) in a 10 nucleotides window (trim_qual_window 10), using the mean quality score (trim_qual_type mean).

Subsequently, the bioinformatic analysis was conducted following a workflow that includes processing of the reads and taxonomic assignment into ASVs through the QIIME2 v2022.8 pipeline (Bolyen et al., 2019), followed by further statistical analysis using R Statistical Software v4.1.2 (R Core Team, 2020) (Additional File 1: Supplementary Figure S1). Filters for abundance or prevalence were not applied. Primer sequences were trimmed from the quality-checked paired-end reads using the Cutadapt plugin (Martin, 2011) implemented in QIIME2. Next, data were processed with the DADA2 algorithm (Callahan et al., 2016) to denoise the reads (filtering and chimera removal) and assign them to amplicon sequence variants (ASVs). Taxonomic classification of ASVs was performed using a Naïve Bayes classifier pre-trained on the hypervariable regions V3-V4 with reference sequences extracted from the SILVA database (v138) (Quast et al., 2013). Subsequently, sequences assigned to mitochondria and chloroplast, as well as those not assigned at the domain level, were filtered out from the dataset.




2.4 Statistical analyses

The ASV table, taxonomy and metadata were imported into R environment using the Phyloseq package v3.17 (McMurdie and Holmes, 2013). The diversity and abundance of the skin microbiota of the wild and aquaculture samples were assessed estimating the alpha and beta diversity.

To conduct alpha diversity analysis, the abundance data were rarefied to the minimum sequencing depth. Alpha diversity metrics, including observed richness, Chao1 index (Chao, 1987), Shannon index (Shannon, 1948) and Inverse Simpson index (Simpson, 1949), were calculated at ASV level using the estimate_richness function from Phyloseq. Statistical differences between wild and aquaculture groups, as well as possible differences between sexes were assessed using the non-parametric Wilcoxon rank sum test.

Beta diversity was estimated taking into account the compositional nature of microbiome data (Gloor et al., 2017; Quinn et al., 2018). For this purpose, count data were initially subjected to zero-replacement based on the Count Zero Multiplicative (CZM) method in zCompositions package v1.4.0-1 (Palarea-Albaladejo and Martín-Fernández, 2015) using the default parameters (threshold of 0.5 and frac = 0.65). Next, the CZM adjusted absolute abundances were transformed using the centered log-ratio (CLR) method (Aitchison et al., 2000) with the CoDaSeq package v0.99.6 (Gloor et al., 2016). These values were used to obtain an Euclidean distance matrix (Aitchison distances) that was used to perform a principal component analysis (PCA). Between-group comparisons of beta diversity were assessed using PERMANOVA (Anderson, 2017) with 999 permutations, implemented in the adonis2 function of the vegan R package v2.6-4 (Dixon, 2003).

To determine differences in the abundance levels of specific taxa, a differential abundance analysis between wild and aquaculture groups was performed with ALDEx2 R package (Fernandes et al., 2014). The input for this analysis was obtained from the CLR-transformed count data generated with the aldex.clr function using 1,000 Monte Carlo replicates from the Dirichlet distribution. Differences between groups were assessed using Wilcoxon rank sum test through the aldex.ttest function applying False Discovery Rate (FDR) multitest correction at the 5% level. Values above the significance threshold after FDR correction and with an |effect size factor| (median ratio of between- and within-group differences) ≥ 2.0 were considered for discussion. The results were illustrated in heatmaps, using the ComplexHeatmap R package version 2.14.0 (Gu et al., 2016).




2.5 Prediction of functional genes

PICRUSt2 was used to predict potential metabolic functions from 16S rRNA amplicon sequences (Douglas et al., 2020). QIIME2 denoised reads were imported into PICRUSt2 and were compared with sequences from the reference tree. Matches were filtered to exclude those ASVs with Nearest Sequenced Taxon Index (the phylogenetic distance between the ASV and the nearest sequenced reference genome) ≥ 2. Functional data were mapped and annotated at different levels of KEGG (Kyoto Encyclopedia of Genes and Genomes) category pathway (Kanehisa et al., 2016). We then used ALDEx2 to identify differentially abundant KEGG between wild and aquaculture sample groups. Pathways were defined as significantly abundant if they met the criteria of an FDR adjusted p-value ≤ 0.05 in the Wilcoxon rank sum test and an |effect size| ≥ 1.5.





3 Results

After the quality control and pre-processing steps, the final data set corresponding to the 20 skin mucus samples contained 2,283,515 sequences, which were grouped into 6,829 unique ASVs (Additional File 2: Supplementary Table S1). The mean read count was 114,175, ranging from 92,046 (sample A4) to 149,578 counts (sample A8). The rarefaction curves revealed that most of the bacterial taxa present in the samples were detected, indicating that the sequencing depth was enough to capture most of the bacterial diversity (Additional File 1: Supplementary Figure S2).



3.1 Community composition

After taxonomic assignment of ASVs, 33 phyla, 74 classes, 203 orders, 350 families and 765 genera were obtained in wild and aquaculture mucosal skin samples.

Of the 33 phyla identified, 24 were common to both groups; however, the prevalence of some phyla varied significantly between samples (Additional File 1: Supplementary Figure S3). The most dominant phyla were Bacteroidota, which accounted for 49.6% and 44% of the mean total abundance in wild and aquaculture mucosal skin samples, respectively, followed by Pseudomonadota (30.2% and 29.6%), Campylobacterota (6.8% and 10.0%), Verrucomicrobiota (6.9% and 8.9%) and Patescibacteria (2.8% in both groups) (Figures 1A, B). The relative abundances of these phyla were remarkably similar in both sample types.




Figure 1 | Taxonomic composition of bacterial populations in the skin of wild and aquaculture octopuses. (A) Comparation of the relative abundances of the 20 most prevalent phyla (x-axis) found in the mucosal skin microbiome of both wild and aquaculture octopuses. (B) Mean relative abundances of these phyla across all samples. (C, D) depict the taxonomic composition at the genus level.



At the family level, the most abundant were Flavobacteriaceae, representing over 25% of the mean total relative abundance in both wild and aquaculture octopuses (see Additional File 1: Supplementary Figure S4). Other families with notable abundance were Arcobacteraceae (6.7% and 10%, respectively), Rubritaleaceae (6.8% and 8.4%), Rhodobacteraceae (7.5% and 4.2%), and Saccharospirillaceae, which exhibited a considerable disparity in abundance between the wild (0.48%) and aquaculture (10%) groups.

At the genus level, no significant differences in the abundance of predominant taxa were observed between the two groups (Figures 1C, D). Among these genera, Aurantivirga, Pseudofulvibacter, and Rubritalea proved to be the most abundant, together accounting for approximately 30% of the mean total abundance in wild and aquaculture octopuses. No differences were observed between males and females (data not shown).




3.2 Diversity analysis

Results from alpha diversity at the ASV level revealed significantly higher diversity in wild octopus mucosal skin samples compared to those from aquaculture, as indicated by the Shannon and Inverse Simpson indexes (p ≤ 0.05, Wilcoxon rank sum test), but not by the observed richness and the Chao 1 index (Figure 2A). These differences disappeared when comparisons were made at the genus level (Additional File 1: Supplementary Figure S5A).




Figure 2 | Analysis of diversity. (A) Alpha diversity measures for wild and aquaculture groups are represented by Violin plots that illustrate the alpha diversity indexes analyzed (Observed richness, Chao 1, Shannon and Inverse Simpson) at the ASV level in samples from wild and aquaculture groups. The Wilcoxon-Mann-Whitney test results for group comparisons are marked as ns (not significant) and asterisk (p ≤ 0.05). (B) Beta diversity is analyzed for wild and aquaculture groups. PCA plot displaying Aitchison distances at ASV level. Axes x and y represent the percentage of total variance explained by the first two components, respectively.



Regarding beta diversity, PCA on ASV data normalized according to CLR showed a clear distinction between wild and aquaculture octopuses mucosal skin samples, particularly for PC1, which explained 49.7% of the total variance (Figure 2B). This result was supported by the PERMANOVA test (R2 = 0.35, p ≤ 0.01), indicating significant differences in the microbial communities between the two groups. When the analysis was performed at the genus level, a greater dispersion was observed in the aquaculture samples (Additional File 1: Supplementary Figure S5B). Differences between males and females were not significant, as showed by PERMANOVA (R2 = 0.12, p = 0.239).




3.3 Differential abundance

At the species level, from the 500 taxa identified, 80 presented significant differential abundance between wild and aquaculture octopuses mucosal skin samples. Twenty-six out of these 80 species presented additionally an |effect size | ≥ 2.0 (Figure 3; Additional File 2: Supplementary Table S2), most of them belonging to the class Gammaproteobacteria. These taxa were predominantly enriched in the skin mucus of wild octopuses (19 in wild vs. 7 in aquaculture). Tenacibaculum todarodis, Amphritea ceti and Pseudoalteromonas marina were the top enriched (highest size-effect) species in wild samples, while Flavobacterium frigidarium, Ardenticanaceae sp. and Chryseobacterium balustinum were the top enriched species in aquaculture samples. Species previously reported as potentially pathogenic including members from genus Vibrio (V. cortegadensis, V. gallaecicus and V. tapetis), and other taxa such as Photobacterium swingsii and Lactococcus garvieae, were enriched in the wild group (FDR adjusted p ≤ 0.05, Additional File 2: Supplementary Table S2). At the genus level, the top enriched taxa in wild samples were Profundimonas, Amphritea and Kordia, while aquaculture samples were enriched in an unidentified genus of Moraxellaceae, Portibacter and Chryseobacterium. (Additional File 1: Supplementary Figure S6; Additional File 2: Supplementary Table S3).




Figure 3 | Comparation of abundant species between wild and aquaculture octopuses. The heatmap’s colors represent the scale-transformed relative abundance of 26 bacterial species identified as significantly differentially abundant (FDR adjusted p ≤ 0.05 and |effect size| ≥ 2.0). The sample columns are hierarchically clustered, and the bacterial species are ordered by decreasing effect size, as seen in the sidebar plot on the right. The phyla to which each species belongs are also shown on the right sidebar.






3.4 Functional profiles of skin microbiomes in wild and farmed octopuses

A total of 7,127 KEGG ortholog (KO) genes were predicted, which were annotated and collapsed into 265 KEGG pathways. From these, 28 pathways were differentially abundant between wild and aquaculture individuals when considering FDR adjusted p-values ≤ 0.05 and an |effect size| ≥ 1.5 (Figure 4). At the highest hierarchy level of classification (level 1), most of the functions were enriched in metabolic pathways, both in wild (12/28 pathways) and aquaculture (4/4 pathways) individuals (Additional File 2: Supplementary Table S4). In the wild individuals, an enrichment of functions was observed compared to the aquaculture individuals (24 vs 4 functions), several of them associated with the degradation and metabolism of organic compounds such as nitrotoluene, benzoate and geraniol, as well as the biosynthesis of other molecules such as penicillin, cephalosporin and bile acids. On the other hand, the aquaculture individuals presented a higher abundance of pathways related to caffeine metabolism and the biosynthesis of various terpenoids and polyketides.




Figure 4 | Predicted functional gene profiles. The left panel shows the boxplots of CLR abundances for the 28 PICRUSt2-predicted KEGG pathways identified as differentially abundant between wild and aquaculture groups by ALDEx2 analysis (FDR adjusted p ≤ 0.05 and |effect size| ≥ 1.5). Pathways are ordered by descending effect size, shown in the right panel of the graph.







4 Discussion

In this study, we performed a comparative analysis of skin mucus microbiome between wild and aquaculture Octopus vulgaris. Our results showed that the composition of the microbiota was essentially very similar between the groups of individuals, with differences in beta diversity being mainly attributed to differential abundance. The qualitative analysis revealed a notable distinction in the prevalence of bacteria previously identified as pathogenic, including Vibrio spp., Lactococcus garvieae, and Photobacterium swingsii, in wild individuals compared to those in aquaculture. The former exhibited a higher incidence of these bacteria, while the latter demonstrated a lower abundance, which is likely attributed to the controlled conditions and superior water quality in the hatchery. To our knowledge, this is the first study where the skin microbiome of the common octopus has been characterized and compared in wild and farmed individuals as a biomarker of animal welfare.

The composition analysis demonstrated that the microbial communities comprising the common octopus mucosal skin microbiome were predominantly represented by the phylum Bacteroidota, followed by Pseudomonadota. Furthermore, the genera Aurantivirga, Pseudofulvibacter, and Rubritalea were identified as the predominant taxa. As these taxa were the most abundant in each sample (exceeding 80% for phylum, and ranging from 10-30% for genus), irrespective of their provenance, this taxonomic composition may be regarded as the core microbiota of the mucosal skin of O. vulgaris. Although our current understanding of the microbial communities inhabiting cephalopods remains limited, recent studies have begun to shed light on the core microbiota of these animals using high throughput sequencing but focusing primarily on the gut microbiota. Roura et al. (2017) provided an initial overview of the bacterial communities inhabiting the gastrointestinal tract of O. vulgaris paralarvae by comparing wild with captive-reared wild individuals using 16S rRNA amplicon sequencing (Roura et al., 2017). In their study, they found that the core gut microbiota was composed of the families Flavobacteriaceae, Comamonadaceae, Moraxellaceae and Sphingomonadaceae, which belong to the phyla Bacteroidota and Pseudomonadota, in agreement with our findings. Flavobacteriaceae was also the most abundant family in our study in all samples, followed by Arcobacteraceae and Rubritaleaceae (Additional File 1: Supplementary Figure S4, Additional File 2: Supplementary Table S1). In contrast to our results, they found important differences between wild and captive-reared wild individuals that they attributed to diet. Lutz et al. (2019) identified a highly simplified microbiota in the skin, gills and gastrointestinal tract of Sepia officinalis belonging to Vibrionaceae and Piscirickettsiaceae families, which were at low frequency or absent in our analyzed samples (Lutz et al., 2019). Comparative analysis of six free-living cephalopod species conducted by Kang et al. (2022) revealed that their gut microbiota is composed of distinctive microbes and is strongly associated with the phylogeny of individuals. In their study, they observed that the phyla Tenericutes and Pseudomonadota were the most abundant in all samples, while Mycoplasma and Photobacterium were the core taxa at the genus level, which also differs again from our results. Our findings obtained in octopuses differ significantly from the predominance of Pseudomonadota over other phyla reported in other marine organisms as described in several fish species (Chiarello et al., 2015; Gomez and Primm, 2021) and other aquatic organisms (Sehnal et al., 2021). Fish skin microbiomes typically include Firmicutes and Actinobacteriota, which in our study showed very low abundances (averaging 0.57 − 0.20% and 0.15 − 0.61%, respectively) in the wild and aquaculture groups. Thus, it is clear that the microbial communities differ markedly depending on the tissue analyzed and host genetics.

In general, the alpha diversity was comparable between wild and in aquaculture mucosal skin samples for the four indexes analyzed when the analysis was conducted at the genus level (Additional File 1: Supplementary Figure S5A). A minor discrepancy was identified when analyzing ASVs, whereby wild samples exhibited a higher diversity solely for those indexes that account for taxa evenness and abundance (Shannon and Inverse Simpson indexes). However, the observed significance was lost when these factors were ignored (observed diversity and Chao1 indexes). This indicates that although the overall diversity of microbial communities was comparable, the controlled conditions of aquaculture farms, which are characterized by regulated diets and measures to prevent pathogen proliferation, create a more stable environment. This stability may result in a relatively lower microbial diversity compared to the more variable conditions typically found in the wild. These findings align with those of previous studies examining the microbiomes of aquatic organisms, which have also observed comparable trends between wild and aquaculture individuals (Attramadal et al., 2012; Vadstein et al., 2018; Romero et al., 2022). Previous studies have evidenced a generalized tendency for alpha diversity to decrease under stress or disease conditions (Tarnecki et al., 2019; Legrand et al., 2020). Along these lines, a loss of evenness and diversity following exposure to stressors has been shown in the microbiome of different marine species (Carlson et al., 2015; Narrowe et al., 2015; He et al., 2017; Nie et al., 2017; Bagi et al., 2018; Zha et al., 2018; Zhang et al., 2018). Although this is the general trend, changes in diversity are also conditioned by the presence of specific taxa, so a decrease in alpha diversity is not always observed under detrimental conditions (Ramírez and Romero, 2017; Vasemägi et al., 2017).

Our results from beta diversity statistics revealed significant differences between wild and aquaculture individuals, which may be mainly due to differences in abundance rather than in the number of taxa detected, according to alpha diversity results. These findings could be associated with differences in the environment of wild and aquaculture individuals. Thus, while the wild environment has a heterogeneous nature modulated by different factors, aquaculture specimens were reared in a completely controlled environment, which may influence the mucosal skin microbiome (Lorgen-Ritchie et al., 2021).

To investigate whether captive rearing conditions impact welfare in the context of dysbiosis, we examined the presence and abundance of specific taxa described as potentially pathogenic in aquatic species. Previous studies in cephalopods have reported that most pathogenic bacterial infections are caused by gram-negative bacteria belonging to the genus Vibrio, particularly V. alginolyticus, V. parahaemolyticus, and V. lentus (Fiorito et al., 2015; Farto et al., 2019; Rich et al., 2023). In common octopus, V. lentus was isolated from skin lesions and the gill heart of diseased specimens captured from their natural marine environment, and it was able to induce both skin lesions and mortality in healthy octopuses maintained in laboratory conditions (Farto et al., 2003). In our study, we did not detect the presence of V. lentus but observed an enrichment of three other Vibrio species in wild individuals: V. cortegadensis, V. gallaecicus, and V. tapetis. While V. tapetis is well-known as the etiological agent of brown ring disease, which causes high mortalities in clams (Allam et al., 2002), the pathogenicity of V. cortegadensis and V. gallaecicus (both isolated from clams in Galicia, NW Spain) has not been previously reported (Beaz-Hidalgo et al., 2009; Lasa et al., 2013). We also observed an increased abundance of Photobacterium swingsii and Lactococcus garvieae in wild individuals. These species have been previously associated with a retrobulbar lesion in common octopus (Fichi et al., 2015). P. swingsii is known for its presence in marine environments and can act as an opportunistic pathogen under stress conditions or when the host’s immune system is compromised (Azizan et al., 2022). Similarly, L. garvieae is a well-documented pathogen in aquaculture, primarily affecting fish, and is known for causing septicemia (Vendrell et al., 2006). The presence of presumably pathogenic bacteria in wild octopuses, which were absent or present in lower abundance in aquaculture, indicates the impact of environmental conditions on the microbiome. This underscores the potential of using the microbiome as a biomarker for monitoring the health status of octopuses. By comparing the microbiomes of octopuses from different environments, we can gain a deeper understanding of how rearing conditions affect their health and welfare.

The functional prediction analysis revealed that mucosal skin samples from wild octopuses exhibit higher enrichment in metabolic pathways when compare to mucosal skin samples from cultured octopus. The samples from wild octopuses displayed greater enrichment in pathways involving xenobiotic remediation – consistent with their need to adapt to a more diverse and potentially contaminated environment in nature (Jokhakar et al., 2022). The skin microbiome of wild octopus exhibits greater versatility, enabling the degradation of various organic compounds and production of bioactive molecules that have ecological advantages. In contrast, cultured octopuses possess a narrower range of metabolic capacities, which may be influenced by the controlled environment of their cultivation facilities (Lorgen-Ritchie et al., 2021).

While 16S rRNA metabarcoding has limited accuracy in resolving taxa at the species level and making functional prediction (Johnson et al., 2019), it can serve as initial method to obtain details about the taxonomic composition and potential functions of a microbial community (Ortiz-Estrada et al., 2019). The utilization of this method has aided our investigation of the skin mucus microbiome of the octopus as plausible biomarker for animal welfare. Our investigation demonstrated that the managed conditions in farm facilities function as a proactive approach to thwart dysbiosis, underscoring their capacity to uphold the equilibrium of the microbiome and, subsequently, the comprehensive health of farmed octopuses.

The study of welfare in cephalopods has become a prominent area of research, driven by ethical considerations and the necessity to maintain rigorous standards in cephalopod farming (Mather and Anderson, 2007; Broom, 2010a, b). In recognition of the significance of this matter, the European Union enacted legal standards for invertebrate welfare in 2015. This was achieved by the adoption of general guidelines and the definition of specific welfare standards for their implementation (Fiorito et al., 2015). As previously stated, the lack of stress-related biomarkers in cephalopods presents a significant challenge in maintaining them under aquaculture conditions, where animal welfare is of paramount importance. Additionally, the analysis of gene expression patterns in these species is complicated by the presence of high levels of RNA editing. These gaps have driven the need to explore alternative stress biomarkers beyond the traditional glucocorticoids and gene expression markers. For example, Barragán-Méndez et al. (2019) examined the impact of acute stress on three Octopodidae species (Eledone moschata, E. cirrhosa, and O. vulgaris) captured by bottom trawling. The authors employed a methodology that involved measuring physiological and immune parameters in order to ascertain whether there were differentiated between-species responses, and to determine the rate of recovery of the parameters in question. They observed that all parameters exhibited a return to baseline within the first 24 hours following capture. A recent study by Vizcaíno et al. (2023), identified enzymatic activities in skin mucus and plasma, indicating that biomarkers from skin mucus could be a viable, minimally invasive method for evaluating and enhancing cephalopod welfare. In the context of skin mucus, recent studies have proposed that the microbial patterns found in this tissue may serve as an indicator of animal health. Thus, by comparing the bacterial composition of healthy and stressed/sick animals, a decrease in beneficial bacteria has been demonstrated, accompanied by an increase in opportunistic bacteria, leading to a decrease in the immune capacity and consequently a higher susceptibility to infections in stressed animals (Legrand et al., 2020; Mougin and Joyce, 2023; Rich et al., 2023). This is in line with our results, that indicated a widespread decrease in Gammaproteobacteria among aquaculture octopuses. This group of bacteria belongs to the phylum Pseudomonadota and encompasses various pathogens, including Pseudomonas, Salmonella, Vibrio or Yersinia (Maheshwari and Sankar, 2023). Although members of these genera typically inhabit the skin of many marine organisms, some were enriched (by 2.5-fold, Additional File 2: Supplementary Table S3) in the analyzed samples of wild octopuses.

In light of the aforementioned findings, it is recommended that aquaculture farms continue to invest in technologies and practices that enhance water quality and control environmental variables. This encompasses the implementation of filtration systems, periodic water testing, and the maintenance of optimal stocking densities to curtail stress and the transmission of diseases. The findings of our study can inform the development or refinement of welfare standards and certification processes for octopus aquaculture. Farms that adhere to these standards can be assured that they are providing environments that promote the health and welfare of their animals.




5 Conclusions

The results of our investigation indicate that the core microbiota of the mucosal skin of common octopus is predominantly comprised of the phyla Bacteroidota and, Pseudomonadota, with Aurantivirga, Pseudofulvibacter and Rubritalea representing the most abundant genera. Although there were notable differences in abundance, the microbiota composition and diversity observed in wild and aquaculture octopuses were found to be comparable. Wild individuals exhibited a generalized increase in Gammaproteobacteria, including some potential pathogenic bacterial species that were either absent or present in small amounts in farmed individuals. In conclusion, this study provides crucial insights into the mucosal skin microbiome of the common octopus, which may serve as a potential biomarker of animal health and welfare in this species. Furthermore, the study indicates that the controlled conditions in aquaculture facilities may function as a preventive measure against dysbiosis.
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