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Understanding the effects of human care on the dynamics of the host-associated microbiota is critical for the health management of dolphins living in an aquarium. Yet this aspect remains relatively unexplored. Here, by utilizing 16S rRNA gene sequencing, we profiled the blowhole and gut bacterial communities of two bottlenose dolphins (Tursiops truncatus) and a Chinese white dolphin (Sousa chinensis) reared in the same indoor pool, based on year-round surveillance. In addition, we compared these dolphin microbiotas with those previously published datasets from wild dolphins. Our results showed that both the blowhole and the gut of the two dolphin species under human care shared a more similar microbiome than members of the same dolphin species across different habitats (human care vs wild). However, the effects of human care on the dolphin microbiome from the two body sites varied. In the aquarium, bacterial alpha diversities differed significantly between the two body sites, and the seasonal stability of the bacterial community was more evident in the gut than in the blowhole. Additionally, the blowhole bacterial composition and the predicted functional capacity from the two dolphin species showed differences and were less convergent than their gut microbiota over a decade-long cohabitation. Further analyses showed that heterogeneous and homogeneous selections (i.e., deterministic processes) contributed more to the blowhole than to the gut bacterial communities, while a dispersal limitation (i.e., a stochastic process) was more important for the gut microbiota. The present study provides the first comparative evidence that the gut microbiota may be more plastic in response to the human care environment than the blowhole microbiota. This improves our understanding of dolphin health management under human care and helps to predict their microbial responses to environmental changes.
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Introduction

As top predators in marine ecosystems, cetaceans are critical sentinel and indicator species for ecosystem health and integrity, which has caught global attention (Parsons et al., 2015). However, due to the pervasiveness of anthropogenic pressures, at least a quarter of the world’s cetaceans have been confirmed as endangered or even extinct (Turvey et al., 2007; Simmonds and Eliott, 2009). Human care has been put forward as one of the complementary approaches to in situ and natural ex situ conservation practices for some endangered small cetacean species (Wang et al., 2005; Curry et al., 2013; Muka and Zarpentine, 2021). Although the care of Dolphinarium animal husbandry specialists can facilitate the diagnosis and treatment of injured or sick individuals and preserve genetic diversity (Muka and Zarpentine, 2021), it also changes the animals’ diet and restricts their behaviors, which may lead to physiological changes, disease susceptibility (e.g., gastrointestinal and respiratory diseases) and early mortality (Lott and Williamson, 2017; Nabi et al., 2020; Segawa et al., 2020). As a result, there is an urgent need to develop effective assessment tools that can improve cetaceans’ long-term survival and welfare under human care.

In recent decades there has been a growing appreciation of the ability to alter the microbiome to positively affect the health of the animal which could aid in the conservation of threatened species (Jin et al., 2019; West et al., 2019). Microbes, especially those which colonize the gut and respiratory tract, are extremely important in maintaining the health of the host by affecting the immune defenses, digestion and nutrient absorption, behavior, reproduction, etc., (Vuong et al., 2017; Yadav et al., 2018; Invernizzi et al., 2020; Mallott et al., 2020; Bosco and Noti, 2021). There is strong support for systemic microbial communication between the microbiota found in the gastrointestinal and respiratory tracts (Enaud et al., 2020). Multiple lines of evidence show that the host-associated microbiota co-diversifies with their host lineages and can be further shaped by the external environment (e.g., dietary and habitat conditions) (Bik et al., 2016; Bai et al., 2021; Jin et al., 2021; Mallott and Amato, 2021). Compared to wild animals, animals under human care may undergo a series of changes that influence their microbiome, e.g., dietary restrictions, antibiotic interventions, and increased exposure to human-associated microbes (Hyde et al., 2016). The disturbance of a healthy microbiome may disrupt immune homeostasis and promote opportunistic bacterial pathogens (Toor et al., 2019; Kaul et al., 2020). Therefore, as recently proposed, integrating human care along with host microbial research is becoming more important in going forward for conservation programs (Dallas and Warne, 2022). Despite recent advancements, studies on the microbiome of cetaceans under human care remain limited.

Several recent studies have reported the influences of the human care environment on the cetacean microbiota. For example, Suzuki et al. (2019) found that the gut microbial alpha diversity and the dominant phyla of common bottlenose dolphins (Tursiops truncatus) differed in three aquaria. Suzuki et al. (2021) found that Indo-Pacific bottlenose dolphins (T. aduncus) under human care and wild environments harbored habitat-specific microbial groups and that several pathogenic bacterial genera were only detected in the dolphins under human care, which highlighted the importance of monitoring pathogenic bacteria in cetaceans under human care. Another study provided evidence that the blowhole microbiota of common bottlenose dolphins was individual-specific and stable over eight months (Vendl et al., 2021). Regardless of the potential importance of human care for the health of captive cetaceans, the seasonal stability, and the degree to which human care humanizes the microbiota of different cetacean taxa have not been explored.

For these reasons, by using 16S rRNA gene-based high-throughput sequencing, we characterized the taxonomic and potential functional profiles of the blowhole and fecal microbiota of two common bottlenose dolphins and a Chinese white dolphin (Sousa chinensis) reared in the same indoor pool, based on year-round surveillance. Firstly, we uncovered the seasonal dynamics of the blowhole and gut microbiota of both dolphin species. Then we examined whether and how the host microbiota (blowhole and gut) converged between these two cohabiting dolphin species. Lastly, we explored the effects of human care on the dolphins’ microbiota through a comparison with their wild counterparts from the previously published datasets. In this study, we aim to enhance our knowledge about how human care influences the dolphin microbiota to facilitate their health monitoring in the future.



Materials and methods


Specimen collection

Two bottlenose dolphins (ID: BD1 and BD2) and one Chinese white dolphin (ID: CWD) housed in the Dolphinarium of Nanning Zoo, China, were included in this study (Table S1). These three dolphins were rescued from the wild and have lived in the Dolphinarium since 2007 under the same housing conditions (i.e., the same diet and aquarium parameters). There were no relations between these animals. They were able to breathe out and defecate promptly on command, allowing for a biological sample (exhaled blow or feces) to be gathered in no more than 10 min in a non-invasive way. Sample collection was generally performed at the end of the month around 4 pm during the whole course of the study. To eliminate potential contamination by pool water and skin, the skin regions near the blowhole and the anus were wiped gently using alcohol pads before sampling. Specifically, feces were collected using a sterilized plastic spoon immediately after defecating and were then transferred to a 5-mL sterile Eppendorf tube. At least 5 g of feces was collected for each dolphin at each sampling time point. For blow samples, a 50-mL sterile Eppendorf tube was placed 2-3 cm above the blowhole, and 2-4 exhalations from the same individual were collected per tube. In total two tubes were used to collect the blow from one individual. After fecal and blowhole sampling each month, a total of the 5-L pool water was gathered and filtered through a mixed cellulose esters filter paper (47-um pore diameter and 0.45-um pore size). The filters were stored with 95% ethanol until DNA extraction. Feces, blow, and water samples were collected monthly over a period of 12 months from Dec. 2015 to Nov. 2016, except for the Mar. 2016 sample. Sample details are shown in Table S2. Monthly mean water temperatures were recorded by the dolphin trainers (Figure S1). All samples were preserved at -80 °C until DNA extraction.

One week before each sampling event, the blood biochemical and blood routine tests from three dolphins were evaluated by veterinarians. The test results were within the normal range and all dolphins were considered healthy during all sampling events. No antibiotics were given to dolphins two weeks before each sampling event. The sampling procedures used in this study were approved by the Regulations of the People’s Republic of China for the Implementation of Wild Aquatic Animal Protection (promulgated in 1993), adhering to all ethical guidelines and legal requirements in China.



DNA extraction, high-throughput sequencing, and sequence processing

The ZR Faecal DNA Kit (Zymo Research Incorporated, CA, USA) was applied to extract the metagenomic DNA from frozen samples. Universal primers 341F-806R were then used to amplify the V3-V4 regions of bacterial 16S rRNA genes for library constructions (Roggenbuck et al., 2014). PCR products of different samples were pooled and run on the Illumina HiSeq 2500 platform (2 × 250 bp paired ends).

The raw sequencing reads were analyzed via an internal pipeline Amplicon Sequencing Analysis Pipeline (Wan et al., 2018). In brief, after a quality check of raw sequences using FastQC, sequences with high quality were then trimmed to remove primer sequences (Brown et al., 2017). Clean reads were then processed to generate operational taxonomic units (OTUs) by UPARSE at the 97% cutoff (Edgar, 2013). The representative sequence of each OTU was classified into taxa with a confidence threshold of 0.8 on the RDP classifier using the SILVA database (Cole et al., 2014). FastTree was applied to generate phylogenetic trees from all representative sequences (Price et al., 2009). To enable comparisons with previously-published datasets of the bottlenose dolphin and the Chinese white dolphin living in other habitats, we downloaded the respiratory (PRJNA279427) and rectal sequences (PRJNA174530) of bottlenose dolphins inhabiting San Diego Bay and Sarasota Bay, USA (Bik et al., 2016) and intestinal sequences (PRJNA610950) of the wild Chinese white dolphin stranding in Guangdong Province, China (Wan et al., 2021). The above steps were repeated for sequencing processing for all downloaded 16S rRNA gene sequences.



Functional predictions

PICRUST version 2.0 (Douglas et al., 2020) was applied to predict functions based on the taxonomy affiliations from the 16S rRNA gene sequences. To obtain the potential pathogens from 16S rRNA gene sequences, the Functional Annotation of PROkaryotic TAXa (FAPROTAX) database was further used to sort out potentially pathogenic groups, including ‘animal parasites or symbionts’, ‘intracellular parasites’, ‘invertebrate parasites’, ‘human pathogens all’, ‘human pathogens diarrhea’, ‘human pathogens gastroenteritis’, ‘human pathogens meningitis’, ‘human pathogens nosocomia’, ‘human pathogens pneumonia’, ‘human pathogens septicemia’, ‘plant pathogen’ and ‘fish parasites’, which has been experimentally verified to threaten the welfare of humans, aquatic animals or plants (Louca et al., 2016; Zhou et al., 2020).



Data analysis

To eliminate potential contamination originating from the water samples, we identified contaminated OTUs using the R package {decontam} following the same parameters outlined in the study by Vendl et al., 2021. In total, we discarded 339 OTUs from the dolphin microbiota which likely originated from the pool water (Figure S2). We then removed seven blowhole samples and two fecal samples from the dataset, as the number of reads was extremely low (< 6,000) (Table S2). The resultant OTU abundance tables from these remaining samples were rarefied to the same number (at the minimum sequence number of 7,551) of sequences per sample to ensure equal sampling depth using the rrarefy function (R package {vegan}) (Weiss et al., 2017).

Microbial α-diversity indices, including taxonomic (richness) and phylogenetic (Faith’s PD) diversities, were computed (R package {Picante}) (Kembel et al., 2010). To evaluate whether both α-diversity indices were correlated with the sampling month for each dolphin, we fitted linear mixed effects models (Lindstrom and Bates, 1990) with a fixed effect of ‘sampling month’ and random effects of ‘dolphin ID’. The α-diversity indices between groups were further tested by applying the Wilcoxon rank sum test. To assess the difference in the microbial communities between the groups, non-parametric permutation tests, including the multiple response permutation procedure (MRPP), analysis of similarity (ANOSIM), and permutational multivariate analysis of variance (ADONIS), were computed, based on Bray-Curtis and weighted UniFrac distances. Non-metric multidimensional scaling (NMDS) analyses were further calculated to visualize patterns of community dissimilarity across samples. The LEfSe (Linear discriminant analysis Effect Size) was applied to identify biomarker functional potentials between groups (P < 0.05, LDA score > 3.0) via the website http://huttenhower.sph.harvard.edu/galaxy/.

The microbial community assembly processes were initially quantified using the null model approach (Stegen et al., 2013). Bray-Curtis-based Raup-Crick (RCBray) and β-mean nearest taxon distance (β-NTI) values of each pairwise comparison between two samples were calculated using the iCAMP (Ning et al., 2020). A β-NTI value < -2 or > 2 indicates that homogeneous selection or variable selection (deterministic processes) is predominant in shaping the community composition, whereas |β-NTI | < 2 indicates that neutral assembly processes account for the communities. Further, RCBray was used to partition the stochastic ecological processes into dispersal limitation, undominated and homogenizing dispersal at the cutoff of ± 0.95 (Stegen et al., 2013).




Results


Sequencing data overview

For all 80 samples, a total of 2,831,917 sequences were obtained, with an average of 35,398 (ranging from 19,415 to 44,181) sequences per sample, resulting in 2,714 OTUs. After removing 339 contaminated OTUs that were likely from the pool water (Figure S2), as well as nine dolphin samples with low reads number of less than 6,000 (Table S2), 2,539 OTUs were obtained from 71 samples in total. The rarefaction curves of the observed OTUs suggested that the diversity of blow, fecal, and pool water microbiota sampled in this study were well represented after resampling at the minimum sequence number of 7,551 (Figure S3).



Dolphin microbiota between the two body sites differed and yet were distinct from the pool water

Based on the taxonomic assignment, we found that the blow, feces, and pool water samples exhibited unique microbial profiles, respectively. Proteobacteria (~51.17%) and Bacteroidetes (~32.20%) constitute the main component (~83.37%) of the dolphin blow microbiota, whereas the dolphin fecal microbiota was dominated by Firmicutes (~73.99%) and a lesser degree Proteobacteria (~16.57%) (Figure 1A). Pool water samples were overwhelmingly dominated by Proteobacteria (~96.21%) (Figure 1A). The blow microbiota was mainly composed of Tenacibaculum (~6.35%) and Arcobacter (~4.35%) (Figure 1B). The fecal bacteria were dominated by Romboutsia (~19.28%), Clostridium XI (~16.22%), Clostridium sensu stricto (~12.82%), and unclassified Peptostreptococcaceae (~10.03%) (Figure 1B). In the pool water, unclassified Alphaproteobacteria (~50.05%), Halomonas (~23.94%), and unclassified Hyphomonadaceae (~18.32%) were the most prevalent (Figure 1B). Non-metric multidimensional scaling (NMDS) analyses further demonstrated that, for each dolphin species, the blow and feces contained disparate bacterial communities (Adonis: P < 0.001), which were well separated from the pool water community (Adonis: P < 0.001) (Figures 1C, D). As for α-diversity parameters (richness and PD), even though there was no significant inter-individual differentiation (Figures S4A, B), both α-diversity indices of the blow bacteria were significantly higher than either fecal or pool water bacteria (Figures S4C, D, P < 0.05). Nevertheless, fecal and pool water bacterial diversities were comparable (Figures S4C, D, P > 0.05).




Figure 1 | Composition and comparison of microbiota from the dolphin blow, feces, and pool water. (A), the relative abundance of each phylum. A total of 28 phyla were detected. Only the top 8 most abundant phyla are shown here; the remaining 20 phyla as well as unclassifiable sequences were grouped as ‘Others’. (B), the relative abundance of each genus. A total of 571 genera, including unclassified genera, were detected. Only the top 29 most abundant genera are shown here; the remaining genera including unclassifiable sequences were grouped as ‘Others’. The horizontal lines at the top indicate the collecting season of each specimen. (C), the non-metric multidimensional scaling (NMDS) analysis of different sampling groups at the OTU level based on weighted Bray-Curtis distances. (D), the NMDS analysis of different sampling groups at the OTU level based on weighted UniFrac distances. BD indicates the bottlenose dolphin, and CWD indicates the Chinese white dolphin.





Temporal fluctuation in the blow and fecal microbiota

Neither blow nor fecal α-diversity indices (richness and PD) differed significantly over time (Table S3, P > 0.05). In general, for each dolphin, the microbial diversity indices of fecal samples over one year were more variable than the blow samples, as revealed by CV coefficient of variation (CV) values (Table 1). Only the blow PD of dolphin BD2 showed a higher CV value than that in the feces (Table 1). No significant seasonal variation in the blow or fecal microbial composition at the OTU level was detected among the four seasonal groups (winter, spring, summer, and autumn) (Adonis, P > 0.05; Table S4) or two seasonal groups (winter-spring and summer-autumn) (Adonis, P > 0.05; Table S5). Interestingly, when samples were divided into two temperature groups (high-temperature and low-temperature groups) based on the monthly mean pool water temperature, feces rather than blow samples, exhibited significant microbial composition shifts (Adonis, P < 0.05; Table S6), signifying that fecal microbial composition is more sensitive to water temperature compared to the blow microbiota.


Table 1 | The coefficient of variation of microbial diversity indices over one year in each dolphin.



We further named the OTUs that were detected in each dolphin across 80% of all sampling events as the “intra-core” (i.e., temporal core). A minimal part (0.07-13.17%) of the total OTUs were detected to constitute a dolphin’s temporal core, which accounted for a relatively high proportion (54.35-86.55%) of the total reads of each dolphin, except for the blow dataset of the bottlenose dolphin BD1 (0.84%) (Table S7). In total, 70 intra-core OTUs were shared by both blow and fecal samples, accounting for on average 59.10% of all the dolphin microbial reads. The blow-associated intra-core of the Chinese white dolphin harbored a higher proportion of Bacteroidetes (43.91%) compared to bottlenose dolphins (21.17%) (Figure 2A). As for the fecal intra-cores, Firmicutes (63.02%) was most prevalent, followed by Proteobacteria (6.46%) (Figure 2A). A higher proportion of intra-core bacteria in the blow (59.79%) compared to the feces (10.97%) were novel and could therefore not be assigned a genus (Figure 2B). Among the classifiable genera, Tenacibaculum (7.05%), Arcobacter (5.15%), and Staphylococcus (1.36%) were abundant in the blow samples (Figure 2B). Whereas, Romboutsia (20.20%), Clostridium XI (15.72%), Clostridium sensu stricto (5.48%), Terrisporobacter (2.76%), Plesiomonas (4.63%), Turicibacter (4.29%) and Escherichia/Shigella (1.23%) were prevalent in the feces (Figure 2B).




Figure 2 | Taxonomic composition of 70 intra-cores detected from each dolphin. (A), Phylum level. (B), Genus level. BD indicates the bottlenose dolphin, and CWD indicates the Chinese white dolphin.





Human care-driven gut microbiota compositional convergence in both dolphin species

The hierarchical clustering analysis showed that the fecal microbiota from both dolphin species clustered closer to each other, whereas the blow microbiota differed substantially between species (Figure 3). This pattern is further supported by three different non-parametric multivariate statistical tests (Table 2). Then we identified OTUs of blow microbiota which was able to discriminate dolphin species classification, with an overall accuracy of 96% (random forest models). Interestingly, the top 30 most discriminatory OTUs (1.72% of the overall blow OTUs) accounted for an average of 30.06% of the relative read abundance of the blow microbiota (Figure S5 and Table S8). Among them, nine OTUs were assigned at the genus level, with Tenacibaculum (4.35%), Staphylococcus (1.29%), and Ralstonia (1.24%) at a higher proportion (Table S8).




Figure 3 | The hierarchical clustering analysis of all samples. Different colors of the outside ring represent that all samples were grouped into five clusters (group 1, group 2, group 3, group 4 and group 5) using unweighted pair group method with arithmetic mean (UPGMA) based on the microbial taxonomic composition at the OTU level. The terminal node of each branch corresponded to the individual sample. Colors of the nodes reflected different sampling groups in the legend. BD indicates the bottlenose dolphin, and CWD indicates the Chinese white dolphin.




Table 2 | Significance tests on the effects of species on the respiratory and intestinal microbial community composition.



By quantifying deviations in the microbial phylogenetic turnover, we found that both blow and fecal bacterial communities were primarily governed by neutral processes (dispersal limitation and drift) (Figure 4). However, feces (-0.49) exhibited significantly lower β-NTI than the blow (0.056) (Figure 4A). Specifically, deterministic assembly (heterogeneous and homogeneous selections, 2.54% and 22.87%, respectively) showed greater importance to the blow (0.46% and 8.36%, respectively), while the stochastic process was higher in the fecal bacterial community (dispersal limitation: 38.70%) than the blow bacterial community (dispersal limitation: 30.55%) (Figure 4B).




Figure 4 | Bacterial community assembly processes for blow and feces in both dolphin species. (A), the distribution of the bacterial weighted beta nearest taxon index (β-NTI) in the blow and feces. The P value is from Wilcox rank sum test. (B), the relative abundance of different assembly processes in the blow and feces. Asterisks represent statistically greater proportions at the following significance levels: * P < 0.05, *** P < 0.001.





Human care-driven gut microbiota functional convergence in both dolphin species

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that a total of 297 pathways were detected across all dolphin samples. Based on functional profiles, the blow microbiota was distinct from the feces (Adonis: P < 0.001), having a significantly higher relative abundance of Vibrio cholerae infection, biofilm formation-Vibrio cholerae, epithelial cell signaling in Helicobacter pylori infection, Salmonella infection, Influenza A, lipid metabolism, etc. (Figures 5A, B). Whereas, pathways such as bacterial invasion of epithelial cells, Staphylococcus aureus infection, amino acid metabolism, and energy metabolism were enriched in the feces (Figure 5A).




Figure 5 | Comparative analyses of potential functions between the blow and fecal microbiomes. (A), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the blowhole and fecal microbiomes by the Linear discriminant analysis Effect Size (LEfSe) analysis. (B), the lipid metabolism pathway was significantly higher in the blow than in the fecal microbiome. The mean and median relative abundance are indicated with solid and dashed lines, respectively.



Consistent with the taxonomic profiles, the predicted functional composition of fecal microbiomes from both dolphin species was similar, while the predicted functional composition of the blow microbiomes from the two dolphin species was discriminated against each other significantly (Figures 6A, B; Table S9, P < 0.05). A LEfSe analysis was used to further characterize the significant pathways in the blow samples between the two dolphin species. The results showed that quorum sensing, secretion system, two-component system, and ABC transporters were abundant in the bottlenose dolphin, while ribosome was enriched in the Chinese white dolphin (Figure 6C).




Figure 6 | Convergence of the predicted functional composition of the dolphin microbiomes. (A), the hierarchy clustering analysis of the dolphin microbial functional composition. (B), the non-metric dimensional scaling (NMDS) analysis of microbial functional compositions based on the Bray-Curtis distances. (C), pathways that were over-represented for both dolphin species identified by the Linear discriminant analysis Effect Size (LEfSe) analysis. BD indicates the bottlenose dolphin, and CWD indicates the Chinese white dolphin.





Comparing the microbiota of dolphins under human care to those of wild animals from published datasets

To further evaluate the effects of the human care environment on the dolphin microbiota, blow and fecal microbiota data derived from this present study were compared with published datasets found in the studies (Bik et al., 2016; Wan et al., 2021). Our analyses revealed that the microbial composition of dolphin species under human care tended to be separate from their wild counterparts as determined by NMDS clustering analysis (Figure S6). Further statistical tests corroborated the NMDS results. Specifically, for both the blow and feces, the community dissimilarity, as revealed by four different distance matrices, between both captive dolphin species was significantly lower than that between dolphins under human care and their wild conspecifics, except the blow samples as calculated by the weighted UniFrac distance matrix (Figure 7).




Figure 7 | Information on within-group community dissimilarities for blow and fecal microbiotas. In these panels, higher microbial dissimilarity values indicate that these microbial samples are more dissimilar in composition. BD vs. CWD, the dissimilarity between bottlenose dolphins (BD) and the Chinese white dolphin (CWD). BD vs. Ref, the dissimilarity between bottlenose dolphins (BD) and the referred published datasets of their conspecifics. CWD vs. Ref, the dissimilarity between the Chinese white dolphin (CWD)and the referred published datasets of their conspecifics. Statistical significance is based on Wilcoxon rank sum test; **** P < 0.0001, ** P < 0.01, * P < 0.05. ns, not significant.





Potential bacterial pathogens detected in the dolphins under human care

Among all the OTUs obtained from our current study, 57 OTUs (2,579 sequences) were assigned to three potential pathogenic groups (animal parasites or symbionts, intracellular parasites, and human pathogens all) based on the FAPROTAX database (Figure 8). This only accounted for an average of 0.48% of the total abundance. These potential pathogenic OTUs included species from Prevotella, Chlamydiales, Roseburia, Roseomonas, Campylobacter, Stenotrophomonas, Moraxella, Legionella, Edwardsiella, Proteus, Aquicella, Coxiellaceae and Pasteurellaceae (Figure 8). Prevotella and Stenotrophomonas were widespread in the blow, feces, and pool water samples, with a higher relative abundance in the blow. Moraxella was only detected in the blow, and Coxiella was only detected in the feces (Figure 8).




Figure 8 | Taxonomic and functional information of potential pathogenic taxa. ‘Microbial taxa’ indicates the classification details of each potential pathogenic taxa. UC denotes ‘unclassified’. The heatmap in the middle indicates the log-transformed and column-scaled abundance data of potential pathogenic taxa present in five different sampling groups. BD, bottlenose dolphins; CWD, the Chinese white dolphin. Decimals indicate the relative abundance (%) of each pathogenic taxa, and the empty value indicates zero. ‘No. of OTUs’ indicates the number of OTUs detected from each potential pathogenic taxon. ‘Pathogen group’ indicates potentially pathogenic group of the pathogenic taxa predicted based on the FAPROTAX database. AnPS, animal parasites or symbionts; IntP, intracellular parasites; HuPA, human pathogens all.






Discussion

Although keeping cetaceans in human care remains controversial, it cannot be denied that populations under human care are ideal study subjects that can be used to address some biological questions which will ultimately contribute to species conservation efforts. Recent research has revealed the influences of the human care environment on the mammalian gut microbiome (McKenzie et al., 2017; Frankel et al., 2019). However, how the human care environment impacts the microbial communities of different dolphin species is yet to be assessed. In this study, utilizing a one-year time series of 16S rRNA gene sequencing data, we compared the blow and fecal microbial composition and functional potentials of two cohabiting dolphin species (two bottlenose dolphins and one Chinese white dolphin) in an indoor pool. We found that although their blow and fecal bacterial communities stayed stable over one year, the blow diversity was less variable and its microbial composition was less sensitive to pool water temperature compared to the feces. Moreover, the blow microbial composition and functional potentials from two dolphin species under human care were species-specific and less convergent than their fecal microbiota over a decade-long cohabitation. This result indicates that bacteria from the interior respiratory tract are likely to be less alterable by human care, whereas bacteria from the intestinal tract are prone to be more plastic in response to the human care environment.

The bacterial community composition in the blow and fecal samples were distinct (Figure 1). For example, Romboutsia, which mainly has an intestinal origin (Gerritsen et al., 2019), was detected abundantly (~19.28%) in the feces, rather than in the blow, from all sampled dolphins (Figure 1B). This abundant genus may play essential roles in dolphins’ intestinal nutrient absorptions as it covers a variety of metabolic capabilities regarding carbohydrate utilization, fermentation of single amino acids, anaerobic respiration, and metabolic end products (Gerritsen et al., 2019). Similar to the previous findings of the blow from free-ranging bottlenose dolphins (Robles-Malagamba et al., 2020), Tenacibaculum (~6.35%) and Arcobacter (~4.35%) (Figure 1B) also dominated in the blow specimens in the present study. Thus, both genera may be commensal residents of the respiratory tract of dolphins. However, these genera also contained several pathogenic species that widely infect both fish and invertebrates (Habib et al., 2014; Ramees et al., 2017). The specific roles that these species play in the respiratory tract need further experimental validation.

The respiratory tract and gut represent two major protective barriers against the external environment in mammals and could get infected easily. Despite the speculated significance of dysbacteriosis in respiratory diseases, there are relatively few studies on the cetacean respiratory microbiome and it has been less explored than their gut microbiome. The respiratory tract, historically considered sterile in healthy humans, harbors diverse communities of microbes (Dickson et al., 2016). As cetaceans surface from the water through a blowhole, fresh DNA, lipids, proteins, bacteria, and viruses are forcefully exhaled out from their lungs with their secretions (Foot et al., 2006). Therefore, unlike gut microbes which are constantly receiving exogenous dietary ingredients, microbiota associated with the interior respiratory tract are prone to receive less disturbance from the external environment and may remain relatively unchanged once colonized. This may at least partly explain why the blow microbiotas of the three dolphins under human care showed relatively higher seasonal constancy, during the one year, and less convergence between dolphin species than the fecal microbiome in this study. However, when compared with their wild conspecifics, both the blow and fecal microbiome of the two dolphin species shared a more similar microbiome than members of the same dolphin species across different habitats (Figures 7 and S6), signifying that the human care environment may exert strong effects on structuring dolphin microbiotas distinct from the wild.

Shared bacterial communities between individuals often occur from vertical and/or horizontal transmission (Inoue and Ushida, 2003). In the present study, horizontal transmission resulting from shared environments and socialization between individuals may account for some of the shared bacteria observed between the two dolphin species under human care. To be specific, they were fed with the same thawed fish that had been washed with saline and they swam near one another. It’s likely that in the process they transferred microbes. The prevalent influence of the human care environment suggests that environmental microorganisms or potential pathogens might colonize a dolphin easily. In this study, a considerable number (4/7) of potentially pathogenic members detected in the pool water also were found in the feces (Figure 8). It’s likely that the potentially fecal pathogens derived from the adjacent pool water, or that the dolphins defecated potential pathogens into the pool water. Therefore, ensuring water quality and reducing or eliminating potential pathogens in the aquarium should aid in maintaining the gut health of dolphins in the human care environment. The dolphins in this study lived in a relatively constant indoor condition, where animals are not exposed to a diurnal cycle in water temperature, nor is there the same level of habitat complexity that is found in the natural environment. For example, the annual water temperature fluctuation amplitude in the aquarium was artificially regulated to approximately 6.50°C, with the minimum monthly mean water temperature at 21.79°C in February and the maximum at 28.29°C in July (Figure S1). The pool water was periodically disinfected with chlorine. Therefore, as revealed in our study, the seasonal dynamics of the fecal bacterial composition from dolphins under human care were likely driven by pool water temperature (Table S6). It is well known that temperature is a crucial abiotic factor structuring the composition and function of animal gut microbiomes (Sepulveda and Moeller, 2020). Our results are likely to confirm previous findings that gut microbiota may assist hosts in coping with seasonal thermoregulatory demands (Baniel et al., 2021). Since gut microbiota is critical in regulating many hosts’ physiological processes, such as metabolic and immune system functions (Kau et al., 2011; Frame et al., 2020), as well as their adaptive evolution (Moeller et al., 2019), gut microbial dysbiosis may provide a mechanism for temperature variation influences on animal fitness in endangered populations (Sepulveda and Moeller, 2020). Since fecal bacteria are sensitive to low-level water temperature changes, even in controlled indoor conditions, it is speculated that dolphin gut microbiome could be disrupted rapidly by acute temperature changes. On the other hand, hosts can reshape their gut microbial communities to compensate for the environmental effects (e.g., temperature), resulting in gut microbial resilience to environmental change (Kokou et al., 2018). For example, in COVID-19 patients, the gut microbiota restored more rapidly with increased bacterial diversity and enrichment of beneficial commensal than the respiratory microbiome, and the former then promoted the restoration of the latter via bacterial cross-talk and resulted in a synchronous restoration of both organs (Xu et al., 2021). Thus, maintaining intestinal flora homeostasis is highly significant for both intestinal and respiratory homeostatic balance and health.

Respiratory illnesses, especially those caused by bacteria, are considered a threat to cetaceans in both human care and wild populations (Acevedo-Whitehouse et al., 2010; Waltzek et al., 2012). If non-invasive blow sampling can aid in the respiratory health monitoring of cetaceans has been one of the major concerns for conservation biologists. In agreement with previous observations (Nelson et al., 2019; Vendl et al., 2021), our findings supported that blow sampling of captive dolphins can be used for their health monitoring in conservation practices. Firstly, the dolphin blow displayed more highly diverse bacterial communities compared to the feces and pool water samples, even if the potentially contaminated reads originating from the pool water were removed (Figure S1). Furthermore, the blow bacterial composition and functional potentials were distinct from the feces and pool water (Figure 1). Therefore, dolphin blow samples may mirror the pulmonary microbial communities. However, a handful of studies showed potential water-borne microbes contaminated in the blow (Nelson et al., 2019). This may be overcome by first wiping the blowhole, using alcohol pads, before sampling the dolphins living under human care or collecting biological replicates. Secondly, the blow bacterial community stayed relatively stable over the sampling period of one year. Species-specific bacteria were detected in each dolphin species even with an over decade-long cohabitation in which potential horizontal transmission could have occurred. In addition, the dolphin blows maintained highly abundant intra-cores (Table S7). This longitudinal observation provides additional evidence that the cetacean blow microbiota may be persistent and relatively independent of environmental influences (i.e., seasonal fluctuations and host phylogeny) in the human care environment. Lastly, we observed a small portion (0.94%) of potential bacterial pathogens in the blow, including members of the genera Prevotella, Roseburia, Roseomonas, Stenotrophomonas, Moraxella, Legionella, and Proteus (Figure 8). All of these are known potential pathogens of both animals and humans (Louca et al., 2016). Since we find no obvious signs of illness during the sampling, the presence of potential pathogens in the blow may be commensals to the dolphin lungs. However, this result showed that blow samples could be a method used to detect putative pathogenic bacteria in the respiratory tract of dolphins.

This study casts new light on explaining the differences between the blow and fecal bacterial communities by calculating their community assembly processes using the null model framework, which is widely acknowledged in microbial ecology (Stegen et al., 2013; Xie et al., 2022). The importance of homogeneous selection in structuring blow bacterial communities over one year is consistent with the strong relationships between bacterial communities and host species and individuality (e.g., host species-specificity and individual-specificity) (Lima et al., 2012; Vendl et al., 2021). In contrast, we observed that stochastic processes contributed more to the fecal community structure, primarily due to the drift and dispersal limitation processes (Figure 4), which may indicate that fecal bacteria exchanged between communities and fluctuated due to chance events in the dolphins under human care. These differences in community assembly processes likely reflect different transmission routes of the blow and fecal bacteria. For example, as observed in the present study, compared to the blow bacteria, the fecal bacteria tended to be more horizontally transferred between animals in the human care facility. It’s important to notice that the differences between reared dolphins and their wild counterparts from previous studies may be due to different experimental methods (including 16S amplicon region, PCR process, and sequencing platform), which may not be as accurate as sampling and sequencing both reared and wild dolphins under the same experiment condition.

In conclusion, this study demonstrated that human care exerted different impacts on the blow and gut bacterial communities of two dolphin species over a decade-long cohabitation. Typically, compared to the blow bacteria, the fecal bacteria between the two-dolphin species were more variable over one year, more convergent between dolphin species, and more sensitive to the pool water temperature. These results improve our understanding of how the human care environment alters the dolphin microbiome from different body sites, which provides an empirical baseline for diagnosing abnormal shifts in symbiont communities of dolphins under human care. In the future blow and fecal monitoring should be considered as an important part of cetacean health management.
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Three different permutation tests were performed, including the multiple response permutation procedure (MRPP), analysis of similarity (ANOSIM), and permutational multivariate
analysis of variance (ADONIS), calculated with Bray-Curtis and weighted Unifrac distances. Bold values indicate p < 0.05.
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BD1 0.853 0915 0.556 0.745
BD2 0797 0815 0.749 0.684
CWD 0.323 0.769 0.315 0.844

Richness: the number of observed OTUs; PD, phylogenetic diversity. BD indicates the
bottlenose dolphin, and CWD indicates the Chinese white dolphin.
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