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Marine host-associated microbiomes are affected by a combination of species-specific (e.g., host ancestry, genotype) and habitat-specific features (e.g., environmental physiochemistry and microbial biogeography). The stingray epidermis provides a gradient of characteristics from high dermal denticles coverage with low mucus to reduce dermal denticles and high levels of mucus. Here we investigate the effects of host phylogeny and habitat by comparing the epidermal microbiomes of Myliobatis californica (bat rays) with a mucus rich epidermis, and Urobatis halleri (round rays) with a mucus reduced epidermis from two locations, Los Angeles and San Diego, California (a 150 km distance). We found that host microbiomes are species-specific and distinct from the water column, however composition of M. californica microbiomes showed more variability between individuals compared to U. halleri. The variability in the microbiome of M. californica caused the microbial taxa to be similar across locations, while U. halleri microbiomes were distinct across locations. Despite taxonomic differences, Shannon diversity is the same across the two locations in U. halleri microbiomes suggesting the taxonomic composition are locally adapted, but diversity is maintained by the host. Myliobatis californica and U. halleri microbiomes maintain functional similarity across Los Angeles and San Diego and each ray showed several unique functional genes. Myliobatis californica has a greater relative abundance of RNA Polymerase III-like genes in the microbiome than U. halleri, suggesting specific adaptations to a heavy mucus environment. Construction of Metagenome Assembled Genomes (MAGs) identified novel microbial species within Rhodobacteraceae, Moraxellaceae, Caulobacteraceae, Alcanivoracaceae and Gammaproteobacteria. All MAGs had a high abundance of active RNA processing genes, heavy metal, and antibiotic resistant genes, suggesting the stingray mucus supports high microbial growth rates, which may drive high levels of competition within the microbiomes increasing the antimicrobial properties of the microbes.
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1. Introduction

Host-associated microbiomes directly affect host health and development (Llewellyn et al., 2014; Apprill, 2017; Cullen et al., 2020; Malard et al., 2021). Microbiomes are host specific, vary with extrinsic factors, such as temperature and location and are impacted by climate change (Wilkins et al., 2019; Lima et al., 2020, 2022). Elasmobranchs, which includes sharks, rays, and skates, regulate the health of oceanic ecosystems (Sandin et al., 2008), but the connection between microbes and elasmobranch health is challenging to resolve. To date, elasmobranch-microbe relationships remain poorly understood, with the microbiomes of 37 shark and only 6 ray species out of 1,300 species being investigated (Perry et al., 2021).

Batoidea diverged from sharks between 200 and 229 million years ago, branching into modern rays about 140 million years ago (Aschliman et al., 2012). Batoidea includes over 600 species, about half of the diversity within Chondrichthyes (Aschliman et al., 2012; Kousteni et al., 2021). Twenty-two species of ray live along the coast of California accounting for over a quarter of elasmobranch diversity in the region (Ebert, 2003). In California, rays including Myliobatis californica (bat rays), Urobatis halleri (round rays), are meso-predators, feeding on small invertebrates, and serving as prey for larger elasmobranchs and marine mammals (Gray et al., 1997; Last et al., 2016). Rays disturb sediment to uncover prey, creating feeding pits which have a significant impact on benthic infauna communities by exposing otherwise sequestered resources and creating habitat for other organisms (van Blaricom, 1982). Sharks and rays regulate oceanic food webs and contribute to tourism economics (Newsome et al., 2004; Healy et al., 2020). Rays are key members of coastal ecosystems across the globe including sand flats, kelp forests, seagrass meadows, and coral reefs (Gray et al., 1997; O’Shea et al., 2012; Lyons et al., 2014). Elasmobranchs have long lifespans and late maturity which make them vulnerable to overexploitation, and many of these species are threatened globally (Domingues et al., 2018; Johri et al., 2019, 2020; Kousteni et al., 2021). Microbiome exploration in elasmobranchs using whole genome (shotgun) sequencing has allowed reconstruction of host genomes, which aids in resolving phylogenies, and can support conservation efforts (Doane et al., 2018; Johri et al., 2019). Elasmobranch microbiomes remain an important ecosystem of discovery, which has been focused on sharks while rays remain understudied (Kearns et al., 2017; Gonçalves e Silva et al., 2020; Pinnell et al., 2021; Clavere-Graciette et al., 2022).

The epidermis of Chondrichthyes is covered in dermal denticles, which are tooth-like placoid scales. Stingrays, unlike most sharks, have a thick layer of mucus with a reduced covering of dermal denticles. Both the dermal denticles and mucus act as the first defense against injury and invading pathogens (Meyer and Seegers, 2012), but where denticles are sparse, epidermal mucus serves as a barrier between the host and the environment. Proteases and antimicrobial peptides are present in ray mucus and reduce the survival of harmful microbes (Vennila et al., 2011). Stingray mucus, and the microbes within, produce antimicrobial molecules preventing infections of wounds resulting from feeding and mating (Kajiura et al., 2000; Conceição et al., 2012; Ritchie et al., 2017; Pogoreutz et al., 2019). The stingray epidermis, (and its unique mucus properties) serves as an interesting model system to compare with the microbiomes of sharks, which are covered in dermal denticles (Ritchie et al., 2017; Doane et al., 2022). Sharks with a dense denticle structure have microbiomes that are highly similar across individuals, species specificity, and show phylosymbiosis (Doane et al., 2017, 2020, 2022). The epidermis of teleost fishes is covered by a layer of thick mucus, similar to the mucus found on stingrays (Meyer and Seegers, 2012) and the microbiome of teleost fish is species-specific, but epidermal microbiomes generally have low similarity across individuals of the same species (Chiarello et al., 2018). Therefore, we predict that the mucus associated with rays will influence the taxonomy of the microbiome, but the functions of the ray microbiome will be similar to that of sharks, since they share similar metabolic characteristics, such as high levels of osmolytes (urea and TMAO (Trimethylamine N-oxide)) in the blood, and bioaccumulation of heavy metals (Withers et al., 1994a,b).

Stingray epidermal microbiomes vary between wild and captive individuals of the same species (Pinnell et al., 2021; Clavere-Graciette et al., 2022). The epidermal microbial community of cow-nose rays (Rhinoptera bonasus) from an aquarium, had lower diversity compared with of the surrounding environment suggesting the ray skin microbiome is selective (Kearns et al., 2017). Hypanus americanus (southern stingray) microbiomes are more similar to shark microbiomes than water column communities (Caballero et al., 2020). Yellow stingrays (Urobatis jamaicensis) microbiomes were distinctive across wild, aquarium-housed and aquarium-born rays. The wild caught rays had a lower abundance of Bacteroidetes, an abundant pelagic microbe, compared with those that were aquarium born, which suggests the filtered aquarium water environment has an impact on the skin microbiome (Pinnell et al., 2021). Leopard sharks (Triakis semifasciata) skin microbiomes did not show differences across captive and wild individuals, suggesting that skin properties could be contributing to microbiome stability (Goodman et al., 2022). There is evidence to suggest that captive status plays a major role in structuring elasmobranch mucus microbiomes, the driving force of these shifts in microbial communities is unknown. Therefore, we compare the effect of species-specific and habitat-specific drivers on the structure of the ray skin microbiomes in the wild.

We use whole genome (shotgun) sequencing metagenomics, which unlike 16S amplicon sequencing uses no primers and has allowed reconstruction of microbial genomes (Setubal, 2021). All ray microbiomes research has been conducting with amplicon sequencing (Kearns et al., 2017; Gonçalves e Silva et al., 2020; Pinnell et al., 2021; Clavere-Graciette et al., 2022), leaving novel microbes and functions of ray microbiomes understudied. Shotgun metagenomics requires higher sequence depth than 16S sequencing, but allows assemblely of the sequences together to construct Metagenomic Assembled Genomes (MAGs), which are near complete microbial genomes (Papudeshi et al., 2017; Tully et al., 2018). This process allows the identification of novel microbes that cannot be identified by 16S alone. Using reference independent assemblers avoids database bias, one of the limitations of shotgun metagenomics (Quince et al., 2017).

We used shotgun metagenomics to describe the epidermal microbiome two species of wild Myliobatiforms, Myliobatis californica, and Urobatis halleri at two locations along the California coast. These rays have varying skin characteristics Myliobatis californica has reduced dermal denticles and high mucus production (Figure 1) and Urobatis halleri has less mucus and a higher covering of dermal denticles, which we hypothesize will be reflected in the characteristics in the skin microbiome. Our work contributes to filling the knowledge gaps on stingray microbiomes by identifying that stingray microbiome are species-specific. In U. halleri, location affected the microbiomes, but this effect was lost in the M. californica that had high mucus production.
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FIGURE 1
 Metagenomics sample collection, processing, and bioinformatics analysis. Myliobatis californica skin scanning electron microscope images left: 1400X right: 6500X magnification.




2. Methods

Microbiome samples were collected from individuals along the California coast between Los Angeles Harbor and San Diego Bay. Sampling was conducted opportunistically during California Department of Fish and Wildlife halibut trawls in April and October of 2019. A small trawl was deployed for 10 min at a time at each site, with 5 deeper trawls (about 20 m) and 5 shallower (about 8 m). Elasmobranchs were retrieved and placed into containers with fresh seawater and sorted by species. Depending on location, zero to two elasmobranchs were collected per trawl, thus multiple trawls were required to obtain replicate microbial samples from each site and species. Microbiome samples were collected using a blunt ended two-way syringe (50 mL) called a “supersucker” (Figure 1). Four supersuckers, filled with sterile seawater which was flushed against the skin of the organism and microbial slurry was recollected back into the syringe, via a two-way valve collecting ~200 mL from each organism (Doane et al., 2017, 2020, 2022). The resulting microbial slurry is filtered through a 0.22 μm sterivex filter to capture microbes. All stingray microbiome samples were collected on the dorsal side of the organism avoiding the spine and providing consistency in sampling location. However, no difference has been observed between the dorsal and ventral sides of R. bonasus (Kearns et al., 2017). Water samples (about 2 liters per sample) were filtered through a 0.22 μm sterivex filter. Sterivex filters were stored on ice until they could be transported to a − 20°C freezer for long term storage. Sampling was conducted in compliance with IACUC guidelines (18–05-007D & 17–11-010D). Once samples were collected, all organisms were returned to the ocean. A total of 15 M. californica (Los Angeles n = 6 and San Diego n = 9) and 16 U. halleri (Los Angeles n = 8 and San Diego n = 8) had appropriate metagenomes for analysis.

DNA from host associated and water microbiomes were extracted using a modified column purification method with the Nucleospin tissue kit by Macherey-Nagel (Doane et al., 2017). Stingray metagenomes were sequenced at Microbial Genome Sequencing Center on the NovaSeq platform using the Illumina Nextera XT kit. Shotgun libraries of water samples were prepared using Swift 2S Plus Kit and manufacturer protocol (Swift Biosciences) sequenced at SDSU using the Illumina MiSeq platform. Metagenomics was used rather than meta-transcriptomics, as metagenomes describe the functional genes that are important for the microbiome (Dinsdale et al., 2008; Coelho et al., 2022) rather those that are being transcribed at the time of sampling. Sequences can be accessed using the BioProject number PRJNA837707; sample accession numbers range from SRR19392779 to SRR19392812 (Supplementary Table 1).

Metagenomes were annotated using a “snakemake” pipeline developed by Edwards (2020). Sequences were checked for quality using Prinseq software and reads with fewer than 60 base pairs, quality mean below 25 and more than 1 unidentified base were removed, and Poly A and T tails were trimmed by 5 base pairs (Schmieder et al., 2011). FOCUS and SUPERFOCUS was used to determine the taxonomic identity of the sequences and for the identification of functional genes (SEED Subsystem levels 1, 2 and 3) present in the metagenomes (Overbeek et al., 2014; Silva et al., 2014, 2016). To prevent unrelated microbes being grouped together as single “unknown family,” unknown reads were manually identified using the next highest positively identified classification (e.g., order, class, phylum). Read abundances were transformed into proportions to allow for analysis between metagenomes, which have variable number of sequences per library, which is preferred over rarefaction (Mc Murdie and Holmes, 2014; Quince et al., 2017; Calle, 2019) and data was transformed using a fourth root transformation (Lima et al., 2020). Unique diversity and Shannon diversity at the family level were compared across locations using Welch Two Sample t-test. Metagenomes were compared using a Bray–Curtis similarity matrix followed by PERMANOVA (Permutational multivariate analysis of variance) and PERMDISP (Permutational analysis of multivariate dispersions) (Anderson, 2017; Anderson et al., 2017) which were used to test for significant differences in microbiome across host species and locations. PERMANOVA takes a permutation approach to identify whether the microbial community is different across variables (host species or location) and SIMPER (similarity of percentages) identifies which microbial taxa or gene function was contributing the differences. PERMDISP calculates a centroid for the group of samples (i.e., all U. halleri metagenomes for example) and calculated the distance from the centroid to each of the samples within the group, the larger number the greater the variation between microbiomes. PCO (Principal Component Ordination) was used to visualize relationships between the microbiomes at family and SEED Level 3 Subsystems. ANOVA (analysis of variance) and Tukey–Kramer test were used to identify significant differences between functional gene potential of ray microbiomes and the water column (Lima et al., 2022). All multivariate statistical tests and diversity indices were conducted using Primer 7 (7.0.17) with PERMANOVA+ (Clarke and Gorley, 2015). All univariate statistics and visualizations were conducted with R using the ggplot2 package (Wickham et al., 2016). While there is constant renaming of microbial groups, for example, Proteobacteria recently being renamed Pseudomonadota phylum (Oren and Garrity, 2021), we have reported the taxonomy as it appears in NCBI.

Metagenome Assembled Genomes (MAGs) were co-assembled using all 34 metagenomes in this study. Reads (about 150 bp) are merged into longer sequences called contigs using Megahit (total 3,870,948 contigs assembled (Li D. et al., 2015). Contigs >1,500 base pairs (102,557 contigs) were binned into 36 bins with 95,155 contigs using Metabat2. Binning uses the characteristics of each contigs to group similar contigs into a ‘bin’. These characteristics include, contig coverage, GC content, Kmer frequencies (Papudeshi et al., 2017; Kang et al., 2019). GraphBin was used to refine binning by utilizing the assembly graph connections, increasing the number of contigs included in the 36 bins to 570,096 contigs (Mallawaarachchi et al., 2020). CheckM identified 16 of the refined bins to have >70% completeness using bacterial marker genes (Parks et al., 2015). Five bins contained <10% contamination (Parks et al., 2015, 2017; Papudeshi et al., 2017) and these bins are described to meet high quality bins using the minimum information for metagenomic assembled genomes (Bowers et al., 2017). The five high quality bins were uploaded to PATRIC (Pathosystems Resource Integration Center) where the relative abundance of SEED level 3 functional genes was transformed by squareroot, and a dendrogram heatmap was used to compared across bins (Aziz et al., 2008; Overbeek et al., 2014; Clarke and Gorley, 2015; Davis et al., 2020). The development of MAGs from single read sequences enables the annotation of entire genes and operons, thus providing improved gene descriptions and whereas metagenomes would be annotated with a metagenomic tool, MAGs are annotated with genomic tools, such as PATRIC. PATRIC’s similar genome finder identified the most similar reference genome, which may be a MAG, to which each bin was compared using FastANI (Jain et al., 2018; Davis et al., 2020).

A tissue sample was collected using a small 6 mm biopsy punch on the dorsal surface of a captive M. californica individual (not included in the microbial analysis in this study). The tissue samples were rapidly frozen in liquid nitrogen. They were removed frozen and then dropped into 2.5% glutaraldehyde in a 0.1 mol cacodylate buffer. They were then fixed overnight at room temperature, washed, and then dehydrated throughout a degraded series of alcohols. The samples were critical point dried with Sam Dri critical point dryer, mounted onto carbon-coated stubs, coated with 6 nm platinum, and observed in Quantas 450 FEG SEM. Three to five high-resolution images (100x magnification) were taken.



3. Results


3.1. Microbial taxonomic composition

Stingray microbiomes (n = 31) yielded 116,346,596 high quality sequences, with an average of 3,753,116 sequences per sample (Supplementary Table 1). M. californica (n = 15) and U. halleri (n = 16) microbiomes were composed of 415 microbial families. Water samples from Los Angeles (n = 1) and San Diego (n = 2) yielded 1,051,965 sequences with an average of 350,655 sequences per sample.

Myliobatis californica microbiomes contained fewer unique families (mean 329.1 ± 48.8) and had lower Shannon diversity (H = 5.6 ± 0.13) than U. halleri microbiomes (mean families 398.44 ± 13.8 and H = 5.81 ± 0.04). U. halleri and M. californica had significantly different evenness (t = 3.80 p < 0.001). Myliobatis californica and U. halleri microbiomes showed no significant difference in Shannon diversity between San Diego and Los Angeles locations (t = −1.737, df = 11.651, value of p = 0.108 and t = −1.602, df = 13.89, value of p = 0.1316 respectively) (Figure 2). Twelve families were present in host and water microbiomes with a relative abundance of ≥10% in at least one sample, but the relative abundance of these families varied between the rays and water column (Figure 3). Eleven of the most abundant families belong to Proteobacteria. Within Proteobacteria, six of the 12 most abundant microbes belong to the Gammaproteobacteria clade. Alteromonadaceae, Pseudoalteromonadaceae, Pseudomonadaceae, Sphingomonadaceae, and Vibrionaceae are present in greater relative abundance in host microbiomes compared with the water column. A novel Alteromonadaceae family was identified in greater relative abundance in ray microbiomes compared to the water column (Figure 3).
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FIGURE 2
 Boxplots depicting the differences in (A) total number of microbial families and (B) Shannon diversity between host species and location.
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FIGURE 3
 Variation of microbial families across M. californica, U. halleri and seawater microbiomes. Rare taxa are excluded from this graph, only microbes present with a relative abundance of 10% or greater in at least one sample are included. Samples appear in the same order as Supplementary Table 1.


Myliobatis californica and U. halleri microbial families were significantly different from each other and the water column, indicating species specificity (PERMANOVA p = 0.001, df = 2, Pseudo-F = 5.449). M. californica microbiomes were not significantly different between San Diego and Los Angeles (PERMANOVA p = 0.123, df = 1, Pseudo-F = 1.4083). In contrast, U. halleri microbiomes were significantly different between the two locations (PERMANOVA p = 0.019, df = 1, Pseudo-F = 3.8433) (Figure 4). M. californica and U. halleri microbiomes were 15.84% dissimilar to each other and Pseudoalteromonadaceae was the highest contributor to differences between hosts contributing 1.29% of the difference between microbiomes. M. californica microbiomes had greater variance than U. halleri microbiomes (PERMDISP p = 0.003, F = 19.58, df = 2) (Table 1; Figure 4), which was confirmed with a SIMPER analysis showed M. californica had an 82.67% taxonomic similarity between individuals, whereas U. halleri were 88.56% similar between individuals.

[image: Figure 4]

FIGURE 4
 Principal coordinate analysis of Bray–Curtis similarity between (A) taxonomic composition and (B) functional gene potential (SEED Level 3 Subsystems) of M. californica and U. halleri microbiomes across sampling locations, showing the variation between the two species microbiome and the larger variation in microbiome that occurred across the individual M. californica.




TABLE 1 Pairwise PERMDISP comparisons between host species from each location.
[image: Table1]



3.2. Functional potential

The functional potential (SEED Level 3 Subsystems) of the skin microbiome was different between host species (PERMANOVA p = 0.001, df = 1, Pseudo-F = 5.0761). Neither ray species had significantly different SEED Level 3 functional potential between locations (PERMANOVA p = 0.121, df = 1, Pseudo-F = 1.4239 and p = 0.059 df = 1, Pseudo-F = 2.254 for M. californica and U. halleri respectively). SIMPER showed the functional potential of M. californica microbiomes were 89.56%, and U. halleri microbiomes were 93.16% similar. M. californica microbiome functions were 16.18% and U. halleri microbiomes were 15.15% dissimilar to the water column microbes. Host microbiome functional potential were 10.03% dissimilar. Myliobatis californica has significantly higher variance within the microbiome than U. halleri (PERMDISP p = 0.002, df = 3, F = 9.74). SIMPER analysis identified RNA Polymerase III-like genes accounting for the greatest difference (0.69%) between host microbiome functional potential. Out of 1,243 Level 3 functional genes, 18 have a relative abundance of ≥1% in at least one sample and vary across rays and water column. Bacterial chemotaxis, bacterial hemoglobin, cobalt-zinc-cadmium resistance, copper homeostasis, flagellum, multidrug resistance efflux pumps, RNA polymerase III-like, and Ton and Tol transport system genes are overrepresented in host microbiomes compared with the water column microbes (Figure 5). All high abundance gene pathways were significantly different between M. californica and the water column (ANOVA p < 0.05, Tukey–Kramer p < 0.05) except respiratory complex I (Tukey–Kramer p = 0.3) and terminal cytochrome C oxidase (Tukey–Kramer p = 0.06). Urobatis halleri microbiomes had significantly different pathways from the water column (ANOVA p < 0.05, Tukey–Kramer p < 0.05) except RNA Polymerase III-like and terminal cytochrome C (Tukey–Kramer p = 0.98 and p = 0.96 respectively) (Figure 5; Supplementary Table 2).
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FIGURE 5
 The relative abundance of functional genes (Level 3 SEED Subsystems) with >1% that showed a variation with the water column microbes.




3.3. Metagenome assembled genomes

Across all stingray and water microbiomes, cross assembly of 34 metagenomes yielded five high-quality MAGs (Bins 9, 16, 17, 31, and 33) spanning a range of bacterial phyla. Bin 9 featured an 84.5% complete genome 2,998,016 bp in length from 679 contigs, with 3.14% contamination and 33.33% strain heterogeneity. Bin 16 featured a 74.14% complete genome 2,866,836 bp in length from 470 contigs with 0 contamination and 0 strain heterogeneity. Bin 17 featured an 86.13% complete genome 3,699,146 bp in length from 136 contigs with 0.84% contamination and 33.33% strain heterogeneity. Bin 31 featured a 93.4% complete genome 2,583,396 bp in length from 514 contigs with 3.27% contamination and 72.5% strain heterogeneity. Bin 33 featured an 89.94% complete genome 2,371,543 bp in length from 299 contigs with 4.69% contamination and 93.33% strain heterogeneity (Supplementary Table 3). Three bins (16, 17, 33) were > 95% similar to existing genomes, the remaining two (Bin 9 and 31) are novel species <95% similar to existing genomes (Supplementary Table 3).

Functional pathways (SEED Subsystem: Level 1) featured a high proportion of active metabolism genes (39.03% ± 5.17) across all five MAGs. Utilization of monosaccharides (0.88% ± 1.74), di- and oligosaccharides (0.02% ± 0.03), and sugar alcohols (0.08% ± 0.17) occurred in low abundance across species and were most abundant in Rhodobacteraceae (Figure 6). In contrast, utilization of more complex polysaccharides was present in all species excluding Rhodobacteraceae (0.26% ± 0.34) (Figure 6). Rhodobacteraceae and Moraxellaceae also showed higher levels of ribosome biogenesis (Figure 6). DNA repair (3.83% ± 1.07), central metabolism (6.88% ± 1.74), and RNA processing and modification (5.44% ± 1.54) were among the most abundant active genes across species, with greater abundance in Alcanivoracaceae, Gammaproteobacteria, and Rhodobacteraceae bins (Figure 6). Furthermore, pathways involved in stress response, defense, and virulence were abundant (8.58% ± 0.36), including specific genes related to heat/cold shock (1.59% ± 0.13), osmotic stress (1.09% ± 0.47), resistance to antibiotic and toxic compounds (2.88% ± 0.78) and multidrug efflux systems (0.53% ± 0.30) were also active.

[image: Figure 6]

FIGURE 6
 Heatmap depicting relative abundance of functional genes (Level 3 Subsystems) grouped into broader Level 1 Superclass present in host associated MAGs.





4. Discussion

We demonstrated that Myliobatis californica (bat ray) and U. halleri (round ray) microbiomes are species-specific, and distinct from the water column, regardless of sampling location showing that host phylogeny is an important selection pressure for the microbiome. Consistent with epidermal microbiomes of elasmobranchs including Alopias vulpinus (thresher sharks), Triakis semifasciata (leopard sharks), Rhincodon typus (whale sharks), and Aetobatus narinari (spotted eagle rays), which show a pattern of species specificity and host selection(Larsen et al., 2013; Doane et al., 2017, 2022; Storo et al., 2021). The microbes selected by M. californica and U. halleri were from the Proteobacteria phylum including Pseudoalteromonadaceae, Alcanivoraceae, and Pseudomonadaceae which is consistent with other ray species such as Rhinoptera bonasus (cownose ray), Gymnura altavela (butterfly ray) and Dasyatis hypostigma (groovebelly ray) (Kearns et al., 2017; Gonçalves e Silva et al., 2020). Cultured isolates from R. bonasus mucus include Pseudoalteromonas sp., Alteromonas sp., and Vibrio sp. which are recovered in our metagnomes (Ritchie et al., 2017). Myliobatis californica microbiomes have a significantly higher intra-species microbiome variance than U. halleri, suggesting fine-scale feature of the host epidermis and potential mucus turnover is affecting microbiome structure.

Myliobatis californica microbiomes are variable and show no significant difference in microbial taxonomy or functional potential across locations. M. californica are dispersed along the California coast and migrate up to 259 km during the summer to mate (Gong, 2022). Traveling large distances may obscure location specific effects on the microbiome. However, the microbial richness of the M. californica was lower compared with U. halleri suggesting selection via skin characteristics rather than migrative behavior. We suggest that the highly variable microbiome is associated with mucus production. We observed large amounts of mucus on M. californica, and while features of this mucus have not been measured specifically, mucus is consistently being produced and sloughed off as marine organisms propel through the water (Parrish and Kroen, 1988). Manta birostris (giant manta ray) and T. semifasciata (leopard shark) mucus has high isotopic turnover compared to other tissues, suggesting a highly variable environment for microbes (Malpica-Cruz et al., 2012; Burgess et al., 2018). Soluble fractions of sea bream (Sparus aurata) mucus had high carbon isotope turnover within 12 h of a diet switch, suggesting that soluble fractions of mucus are continuously produced and shed (Ordóñez-Grande et al., 2020). High turnover of mucus serves as a selective pressure, and only microbes that are adapted to replicate quickly would be able to survive causing the microbiome to have lower diversity and higher intraspecies variation (Figures 2, 4).

The microbiome characteristics of U. halleri suggests the mucus and epidermis condition are different to M. californica. The U. halleri microbiomes were consistent across individuals and were location specific. U. halleri migrate shorter distances (about 30 km) and have small home ranges but maintain high gene flow across southern California (Plank et al., 2010). Thus, low gene flow and genetic drift between the host from different locations that then modifies the microbiome is not likely to be the cause of the differences in microbiomes (Nemergut et al., 2013). Similar to U. halleri, the microbial taxonomic composition in Carcharhinus melanopterus (black tip reef sharks) was location specific across five reef sites (Pogoreutz et al., 2019). C. melanopterus also have small home ranges compared to pelagic shark species, and transfer microbes between individuals during feeding and mating (Mull et al., 2010; Pogoreutz et al., 2019). Location specific diet affected the gut microbiomes of detritivores feeding fish (Wu et al., 2012) and could be a feature of the U. halleri microbiomes. Divergent selection pressures between locations, such as interactions with the water column microbes, which show biogeography (Haggerty and Dinsdale, 2017) or physicochemical variables could play a role. The skin-microbiomes of three fish species in the Amazon identified high degree of co-correlations between skin and water column microbes, but very few co-correlations between the skin microbes and physiochemical variables suggesting that the host is filtering a sub-selection of the microbes in the surrounding (Sylvain et al., 2020). Despite significantly different microbial taxonomic abundances, microbial family diversity and Shannon diversity were maintained at both locations. Therefore, we suggest that turnover rate of the mucus of U. halleri is lower than M. californica and the skin microbiomes may be interacting with the water-column microbes, similar to teleost fish.

The epidermis and mucus production of sharks, rays, and teleost fish is variable and affects the microbiome. Sharks have minimal mucus and dense coverage of denticles (Meyer and Seegers, 2012), which leads to a highly structured microbiome (Doane et al., 2017, 2022). Teleost fish have epidermal scales which are covered with mucus which is reflect in microbiomes that has high alpha diversity high variability between individuals of the same species (Chiarello et al., 2015, 2018). Proteases in stingray mucus have antibacterial and antifungal activities, but the effects of stingray antimicrobial proteins on microbiome composition have not been explored (Vennila et al., 2011). In fish, the skin mucus microbes are species- specific in nature, but interaction networks showed high connectivity between the fish and water column microbes, suggesting they are affected by the microbes and environmental features of the location (Sylvain et al., 2020). Elasmobranchs demonstrate phylosymbiosis in their epidermal microbiomes, but signals are weak or absent in mucus microbiomes of fish, suggesting that mucus is more influenced by environment than denticle covered surfaces (Chiarello et al., 2018; Pollock et al., 2018; Doane et al., 2020).

Neither M. californica nor U. halleri had significantly different functional potential between locations, suggesting functionally redundancy (Louca et al., 2018). Functional redundancy describes that metabolic functions can be carried out by taxonomically distinct microbes (Louca et al., 2018). Trakiatis semifasciata (leopard shark) microbiomes maintain functional redundancy throughout time, even with taxonomic fluctuations (Doane et al., 2022). Functional genes present in high abundance on the stingrays, such as heavy metal resistant genes, Ton and Tol transporters, relative to the water column are consistent with other shark metagenomes (Doane et al., 2017, 2020). Trakiatis semifasciata and A. vulpinus (thresher sharks) both had higher relative abundance of cobalt zinc and cadmium resistance, and Ton and Tol transport system genes compared with the surrounding water column (Doane et al., 2017, 2022).

An RNA Polymerase III- like gene was highly abundant in M. californica microbiomes compared to both U. halleri and the water column. Our bioinformatic pipeline compares the stingray metagenomes to Chondrichthyan host genomes (< 10% of reads removed before microbial annotation), thus removing the possibility that host contamination was contributing to the presence of the high relative abundance of RNA Polymerase III-like genes in the metagenomes. The RNA Polymerase III-like gene is a eukaryotic specific gene but shows similarity with other RNA Polymerase subunits (i.e., I and II) in prokaryotes and viruses (Allison et al., 1965; Sweetser et al., 1987) and thus we suggest the RNA- Polymerase III-like gene is of prokaryote origin, but divergent Polymerase genes that are currently represented in the database. This is consistent with the high novelty that was identified in the MAGs that we constructed from the stingray metagenomes. In Saccharomyces, RNA Polymerase III is active in the presence of abundant nutrients, leading to rapid growth, whereas in nutrient depleted environments RNA Polymerase III activity declines (Roberts et al., 2003). Growth rate due to genetic variation is not well understood but has been correlated with high copy numbers of ribosomal RNA operons (rrn) (Ciara et al., 1995; Klappenbach et al., 2000). High rrn copy numbers in a bacterial isolate from high nutrient marine environment suggests a link between RNA genes and adaptations to high nutrient conditions (Lauro et al., 2009). Therefore, we suggest in a nutrient rich mucus layer of the stingrays, microbes are growing rapidly, which is reflected in a high relative abundance of RNA Polymerase genes. These genes constituted <1% of the genes in microbiomes from T. semifasciata, R. typus, A. vulpinus, and Carcharodon carcharias (great white shark) (Doane et al., 2017; Goodman et al., 2022; Pratte et al., 2022). Shotgun microbiome studies of teleost fish are currently limited to the gut (Legrand et al., 2020), thus making comparison with fish epidermal microbiome not possible. High relative abundance of RNA processing genes only in elasmobranchs with mucus and the high proportional abundance in the M. californica microbiome suggests mucus production and turnover are important structural feature of skin microbiomes and warrant future investigation.

Stingray MAGs had high completeness and low contamination but could only be annotated to the family level, highlighting novel bacterial species. The construction of MAGs identified Moraxellaceae and Rhodobacteraceae, both of which have been observed in captive Rhinoptera bonasus (cow-nose rays) (Kearns et al., 2017). Functional gene pathways including RNA processing, metabolism, and antimicrobial pathways were abundant in stingray MAGs. The RNA processing genes present in the MAGs were described as “active” by the PATRIC database algorithms and were highly similar to RNA genes in the NCBI database, supporting the single read data. The thick mucus layer on the batoids epidermis provide a high nutrient matrix for microbial growth (Shoemaker and LaFrentz, 2015) and while mucus properties were not measured, our data suggests variation in mucus turnover rate between the two stingray hosts. Antimicrobial genes present in MAGs signify interspecies competition within the stingray microbiomes consistent with competitive interaction of the microbes cultured from stingray mucus (Kearns et al., 2017; Ritchie et al., 2017; Gonçalves e Silva et al., 2020). The batoid mucus shows antibacterial action against human pathogens and expedites the healing processes of host wounds (Ritchie et al., 2017; Perry et al., 2021). The ubiquitous presence of antimicrobial genes across the MAGs raises the question of whether the antibiotic properties of the stingray mucus is being produced by the host or the microbial community. Multidrug resistance efflux pumps within the microbial genome provides resistance to antimicrobials (Piddock, 2006; Vila and Martinez, 2008; Li X.-Z. et al., 2015; Jang, 2016) and these are common in other elasmobranch microbiomes (Doane et al., 2017, 2022). A high abundance of antimicrobial resistance genes reflects the elevated abundance of antibiotics and toxic compounds within the mucus and the interspecific competition within the microbial community.

The microbiome of M. californica maintains taxonomic and functional stability across southern California. Urobatis halleri maintain functional gene potential but have significantly different taxonomy across locations despite high similarity between individuals. While the microbiome of the rays shared many characteristics with other elasmobranch species, the variation in β-diversity across ray species suggest variation in mucus turnover rates may be an important structuring feature of epidermal microbiomes and requires further investigation. Host microbiomes enriched in heavy metal resistance genes appears to be a signature of elasmobranch microbiome and may suggest changes in host health. The high levels of RNA Polymerase pathways, a signature of rapid microbial replication, combined with the high levels of antimicrobial resistance suggests stingray mucus promotes microbial competition.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The animal study was reviewed and approved by SDSU IACUC 18–05-007D & 17–11-010D.



Author contributions

EK collected the samples, extracted the DNA and sequenced the metagenomes and conducted the analysis, and wrote the paper. EK and ED conceived the experiment. ED contributed to writing the manuscript. BP and VM constructed the MAGs and help with the bioinformatics. AS and NW helped with MAG analysis and visualization. MH facilitated the collection of the stingrays in association with California Fish and Wildlife. MH, SP, AG, RH, and SJ helped with the collection. LL helped with sequencing. All authors contributed to the article and approved the submitted version.



Funding

We wish to thank the Stephanie Lo and Ben Billings Global Shark Research and Conservation fund for their support of the research. We acknowledge the funding from California Association of Ocean Affairs Science and Technology award to EK.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1031711/full#supplementary-material



References

 Allison, L. A., Moyle, M., Shales, M., and Banting, J. L. (1965). Extensive homology among the largest subunits of eukaryotic and prokaryotic RNA polymerases. Cells 42, 599–610. doi: 10.1016/0092-8674(85)90117-5 

 Anderson, M. J. (2017). Permutational multivariate analysis of variance (PERMANOVA). Wiley StatsRef: Statistics Reference Online,1–15. doi: 10.1002/9781118445112.stat07841,

 Anderson, M. J., Walsh, D. C. I., Robert Clarke, K., Gorley, R. N., and Guerra-Castro, E. (2017). Some solutions to the multivariate Behrens–fisher problem for dissimilarity-based analyses. Aust. N. Z. J. Stat. 59, 57–79. doi: 10.1111/anzs.12176

 Apprill, A. (2017). Marine animal microbiomes: toward understanding host-microbiome interactions in a changing ocean. Front. Mar. Sci. 4:222. doi: 10.3389/fmars.2017.00222

 Aschliman, N. C., Nishida, M., Miya, M., Inoue, J. G., Rosana, K. M., and Naylor, G. J. P. (2012). Body plan convergence in the evolution of skates and rays (Chondrichthyes: Batoidea). Mol. Phylogenet. Evol. 63, 28–42. doi: 10.1016/j.ympev.2011.12.012 

 Aziz, R. K., Bartels, D., Best, A., DeJongh, M., Disz, T., Edwards, R. A., et al. (2008). The RAST server: rapid annotations using subsystems technology. BMC Genomics 9. doi: 10.1186/1471-2164-9-75 

 Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-Smith, M., Doud, D., Reddy, T. B. K., et al. (2017). Minimum information about a single amplified genome (MISAG) and a metagenome-assembled genome (MIMAG) of bacteria and archaea. Nat. Biotechnol. 35, 725–731.

 Burgess, K. B., Guerrero, M., Richardson, A. J., Bennett, M. B., and Marshall, A. D. (2018). Use of epidermal mucus in elasmobranch stable isotope studies: a pilot study using the giant manta ray (Manta birostris). Mar. Freshw. Res. 69, 336–342. doi: 10.1071/MF16355

 Caballero, S., Galeano, A. M., Lozano, J. D., and Vives, M. (2020). Description of the microbiota in epidermal mucus and skin of sharks (Ginglymostoma cirratum and Negaprion brevirostris) and one stingray (Hypanus americanus). PeerJ 8:e10240. doi: 10.7717/peerj.10240 

 Calle, M. L. (2019). Statistical analysis of metagenomics data. Genom. Inform. 17. doi: 10.5808/GI.2019.17.1.e6 

 Chiarello, M., Auguet, J. C., Bettarel, Y., Bouvier, C., Claverie, T., Graham, N. A. J., et al. (2018). Skin microbiome of coral reef fish is highly variable and driven by host phylogeny and diet. Microbiome 6:147. doi: 10.1186/s40168-018-0530-4 

 Chiarello, M., Ebastien Vilí Eger, S., Bouvier, C., Bettarel, Y., and Bouvier, T. (2015). High diversity of skin-associated bacterial communities of marine fishes is promoted by their high variability among body parts, individuals and species. FEMS Microbiol. Ecol. 91. doi: 10.1093/femsec/fiv061 

 Ciara, C., Condon, C., Squires, C., and Squires, C. L. (1995). Control of rRNA transcription in Escherichia coli. Microbiol. Rev. 59, 623–645.

 Clarke, K., and Gorley, R. (2015). PRIMER ver 7: User Manual/Tutorial. Auckland, New Zealand: PRIMER-e. Quest Research Limited; Massey University.

 Clavere-Graciette, A. G., McWhirt, M. E., Hoopes, L. A., Bassos-Hull, K., Wilkinson, K. A., Stewart, F. J., et al. (2022). Microbiome differences between wild and aquarium whitespotted eagle rays (Aetobatus narinari). Anim. Microb. 4:34. doi: 10.1186/s42523-022-00187-8 

 Coelho, P. L., Alves, R., Rodríguez del Río, Á., Neve Myers, P., Cantalapiedra, C. P., Giner-Lamia, J., et al. (2022). Towards the biogeography of prokaryotic genes the global microbial gene catalogue. Nature 252:601. doi: 10.1038/s41586-021-04233-4

 Conceição, K., Monteiro-dos-Santos, J., Seibert, C. S., Ismael Silva, P., Marques, E. E., Richardson, M., et al. (2012). Potamotrygon cf. henlei stingray mucus: biochemical features of a novel antimicrobial protein. Toxicon 60, 821–829. doi: 10.1016/j.toxicon.2012.05.025 

 Cullen, C. M., Aneja, K. K., Beyhan, S., Cho, C. E., Woloszynek, S., Convertino, M., et al. (2020). Emerging priorities for microbiome research. Front. Microbiol. 11:136. doi: 10.3389/fmicb.2020.00136 

 Davis, J. J., Wattam, A. R., Aziz, R. K., Brettin, T., Butler, R., Butler, R. M., et al. (2020). The PATRIC bioinformatics resource center: expanding data and analysis capabilities. Nucleic Acids Res. 48, D606–D612. doi: 10.1093/nar/gkz943 

 Dinsdale, E. A., Pantos, O., Smriga, S., Edwards, R. A., Angly, F., Wegley, L., et al. (2008). Microbial ecology of four coral atolls in the northern Line Islands. PLoS One 3:e1584. doi: 10.1371/journal.pone.0001584 

 Doane, M. P., Haggerty, J. M., Kacev, D., Papudeshi, B., and Dinsdale, E. A. (2017). The skin microbiome of the common thresher shark (Alopias vulpinus) has low taxonomic and gene function β-diversity. Environ. Microbiol. Rep. 9, 357–373. doi: 10.1111/1758-2229.12537 

 Doane, M. P., Johnson, C. J., Johri, S., Kerr, E. N., Morris, M. M., Desantiago, R., et al. (2022). The epidermal microbiome within an aggregation of leopard sharks (Triakis semifasciata) has taxonomic flexibility with gene functional stability across three time-points. Microb. Ecol. doi: 10.1007/s00248-022-01969-y 

 Doane, M. P., Kacev, D., Harrington, S., Levi, K., Pande, D., Vega, A., et al. (2018). Mitochondrial recovery from shotgun metagenome sequencing enabling phylogenetic analysis of the common thresher shark (Alopias vulpinus). Meta Gene 15, 10–15. doi: 10.1016/j.mgene.2017.10.003

 Doane, M. P., Morris, M. M., Papudeshi, B., Allen, L., Pande, D., Haggerty, J. M., et al. (2020). The skin microbiome of elasmobranchs follows phylosymbiosis, but in teleost fishes, the microbiomes converge. Microbiome 8:93. doi: 10.1186/s40168-020-00840-x 

 Domingues, R. R., Hilsdorf, A. W. S., and Gadig, O. B. F. (2018). The Importance of Considering Genetic Diversity in Shark and Ray Conservation Policies Conservation Genetics. Netherlands: Springer

 Ebert, D. (2020). process_shark_metagenomes.snakefile. Github. https://github.com/linsalrob/EdwardsLab/blob/master/LizMetagenomes/process_shark_metagenomes.snakefile

 Edwards, R. E. (2003). Sharks, Rays, and Chimaeras of California. California: University of California Press.

 Gonçalves e Silva, F., Dos Santos, H. F., De Assis Leite, D. C., Lutfi, D. S., Vianna, M., and Rosado, A. S. (2020). Skin and stinger bacterial communities in two critically endangered rays from the South Atlantic in natural and aquarium settings. Microbiol. Open 9:e1141. doi: 10.1002/mbo3.1141 

 Gong, A. (2022). Movement patterns of the shovelnose guitarfish (Pseudobatos movement patterns of the shovelnose guitarfish (Pseudobatos productus) and California bat ray (Myliobatis californica) in the productus) and California bat ray (Myliobatis californica). In Theses and Dissertations Spring.

 Goodman, A. Z., Papudeshi, B., Doane, M. P., Mora, M., Kerr, E., Torres, M., et al. (2022). Epidermal microbiomes of leopard sharks (Triakis semifasciata) are consistent across captive and wild environments. Microorganisms 10:2081. doi: 10.3390/microorganisms10102081 

 Gray, A. E., Mulligan, T. J., and Hannah, R. W. (1997). Food habits, occurrence, and population structure of the bat ray, Myliobatis californica, in Humboldt Bay California. Environ. Biol. Fish. 49, 227–238. doi: 10.1023/A:1007379606233

 Haggerty, J. M., and Dinsdale, E. A. (2017). Distinct biogeographical patterns of marine bacterial taxonomy and functional genes. Glob. Ecol. Biogeogr. 26, 177–190. doi: 10.1111/geb.12528

 Healy, T. J., Hill, N. J., Chin, A., and Barnett, A. (2020). A global review of elasmobranch tourism activities, management and risk. Mar. Policy 118:103964. doi: 10.1016/j.marpol.2020.103964

 Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S. (2018). High throughput ANI analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat. Commun. 9:5114. doi: 10.1038/s41467-018-07641-9 

 Jang, S. (2016). Multidrug efflux pumps in Staphylococcus aureus and their clinical implications. J. Microbiol. 54, 1–8. doi: 10.1007/s12275-016-5159-z 

 Johri, S., Doane, M. P., Allen, L., and Dinsdale, E. A. (2019). Taking Advantage of the Genomics Revolution for Monitoring and Conservation of Chondrichthyan Populations in Diversity Bangkok: MDPI AG.

 Johri, S., Tiwari, A., Kerr, E. N., and Dinsdale, E. A. (2020). Mitochondrial genome of the Smoothnose wedgefish Rhynchobatus laevis from the Western Indian Ocean. Mitochon. DNA Resour. 5, 2083–2084. doi: 10.1080/23802359.2020.1765209 

 Kajiura, S. M., Sebastian, A. P., and Tricas, T. C. (2000). Dermal bite wounds as indicators of reproductive seasonality and behaviour in the Atlantic stingray Dasyatis sabina. Environ. Biol. Fish. 58, 23–31. doi: 10.1023/A:1007667108362

 Kang, D. D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., et al. (2019). MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies. Peer J. 7:e7359. doi: 10.7717/peerj.7359 

 Kearns, P. J., Bowen, J. L., and Tlusty, M. F. (2017). The skin microbiome of cow-nose rays (Rhinoptera bonasus) in an aquarium touch-tank exhibit. Zoo Biol. 36, 226–230. doi: 10.1002/zoo.21362 

 Klappenbach, J. A., Dunbar, J. M., and Schmidt, T. M. (2000). rRNA operon copy number reflects ecological strategies of bacteria. Appl. Environ. Microbiol. 66, 1328–1333. doi: 10.1128/AEM.66.4.1328-1333.2000

 Kousteni, V., Mazzoleni, S., Vasileiadou, K., and Rovatsos, M. (2021). Complete mitochondrial dna genome of nine species of sharks and rays and their phylogenetic placement among modern elasmobranchs. Genes 12, 1–18. doi: 10.3390/genes12030324 

 Larsen, A., Tao, Z., Bullard, S. A., and Arias, C. R. (2013). Diversity of the skin microbiota of fishes: evidence for host species specificity. FEMS Microb. Ecol. 85, 483–494. doi: 10.1111/1574-6941.12136 

 Last, P. R., Naylor, G. J. P., and Manjaji-Matsumoto, B. M. (2016). A revised classification of the family Dasyatidae (Chondrichthyes: Myliobatiformes) based on new morphological and molecular insights. Zootaxa 4139, 345–368. doi: 10.11646/zootaxa.4139.3.2 

 Lauro, F. M., Mcdougald, D., Thomas, T., Williams, T. J., Egan, S., Rice, S., et al. (2009). The genomic basis of trophic strategy in marine bacteria. Proc. Nat. Acad. Sci. U. S. A. 106, 15527–15533. doi: 10.1073/pnas.0903507106 

 Legrand, T. P. R. A., Wynne, J. W., Weyrich, L. S., and Oxley, A. P. A. (2020). A microbial sea of possibilities: current knowledge and prospects for an improved understanding of the fish microbiome. Rev. Aquac. 12, 1101–1134. doi: 10.1111/raq.12375

 Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033 

 Li, X.-Z., Plésiat, P., and Nikaido, H. (2015). The challenge of efflux-mediated antibiotic resistance in gram-negative bacteria. Clin. Microbiol. Rev. 28, 337–418. doi: 10.1128/CMR.00117-14 

 Lima, L. F. O., Alker, A., Papudeshi, B., Morris, M., Edwards, R., and Dinsdale, E. (2022). Coral and seawater metagenomes reveal key microbial functions to coral health and ecosystem functioning shaped at reef scale. Environ. Microbiol. doi: 10.21203/rs.3.rs-600995/v1

 Lima, L. F. O., Weissman, M., Reed, M., Papudeshi, B., Alker, A. T., Morris, M. M., et al. (2020). Modeling of the coral microbiome: the influence of temperature and microbial network. mBio, 11. doi: 10.1128/mBio.02691-19 

 Llewellyn, M. S., Boutin, S., Hossein Hoseinifar, S., Derome, N., Newton, R. J., and Romero, J. (2014). Teleost microbiomes: The state of the art in their characterization, manipulation and importance in aquaculture and fisheries. Frontiers in Microbiology, 5. doi: 10.3389/fmicb.2014.00207 

 Louca, S., Polz, M. F., Mazel, F., Albright, M. B. N., Huber, J. A., O’Connor, M. I., et al. (2018). Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2, 936–943. doi: 10.1038/s41559-018-0519-1

 Lyons, K., Lavado, R., Schlenk, D., and Lowe, C. G. (2014). Bioaccumulation of organochlorine contaminants and ethoxyresorufin-o-deethylase activity in southern California round stingrays (Urobatis halleri) exposed to planar aromatic compounds. Environ. Toxicol. Chem. 33, 1380–1390. doi: 10.1002/etc.2564 

 Malard, F., Dore, J., Gaugler, B., and Mohty, M. (2021). Introduction to host microbiome symbiosis in health and disease. Mucosal Immunol. 14, 547–554. doi: 10.1038/s41385-020-00365-4 

 Mallawaarachchi, V., Wickramarachchi, A., and Lin, Y. (2020). GraphBin: refined binning of metagenomic contigs using assembly graphs. Bioinformatics 36, 3307–3313. doi: 10.1093/bioinformatics/btaa180 

 Malpica-Cruz, L., Herzka, S. Z., Sosa-Nishizaki, O., and Lazo, J. P. (2012). Tissue-specific isotope trophic discrimination factors and turnover rates in a marine elasmobranch: empirical and modeling results. Can. J. Fish. Aquat. Sci. 69, 551–564. doi: 10.1139/F2011-172

 Mc Murdie, P. J., and Holmes, S. (2014). Waste not, want not: why rarefying microbiome data is inadmissible. PLoS Comput. Biol. 10:e1003531. doi: 10.1371/journal.pcbi.1003531 

 Meyer, W., and Seegers, U. (2012). Basics of skin structure and function in elasmobranchs: a review. In. J. Fish Biol. 80, 1940–1967. doi: 10.1111/j.1095-8649.2011.03207.x 

 Mull, C. G., Lowe, C. G., and Young, K. A. (2010). Seasonal reproduction of female round stingrays (Urobatis halleri): steroid hormone profiles and assessing reproductive state. Gen. Comp. Endocrinol. 166, 379–387. doi: 10.1016/j.ygcen.2009.12.009 

 Nemergut, D. R., Schmidt, S. K., Fukami, T., O’Neill, S. P., Bilinski, T. M., Stanish, L. F., et al. (2013). Patterns and processes of microbial community assembly. Microbiol. Mol. Biol. Rev. 77, 342–356. doi: 10.1128/mmbr.00051-12 

 Newsome, D., Lewis, A., and Moncrieff, D. (2004). Impacts and risks associated with developing, but unsupervised, stingray tourism at Hamelin Bay, Western Australia. Int. J. Tour. Res. 6, 305–323. doi: 10.1002/jtr.491

 O’Shea, O. R., Thums, M., van Keulen, M., and Meekan, M. (2012). Bioturbation by stingrays at Ningaloo reef, Western Australia. Mar. Freshw. Res. 63, 189–197. doi: 10.1071/MF11180

 Ordóñez-Grande, B., Fernández-Alacid, L., Sanahuja, I., Sánchez-Nuño, S., Fernández-Borràs, J., et al. (2020). Evaluating mucus exudation dynamics through isotopic enrichment and turnover of skin mucus fractions in a marine fish model. Conservation Physiology, 8, 8. doi: 10.1093/conphys/coaa095 

 Oren, A., and Garrity, G. M. (2021). Valid publication of the names of forty-two phyla of prokaryotes. Int. J. Syst. Evol. Microbiol. 71. doi: 10.1099/ijsem.0.005056 

 Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014). The SEED and the rapid annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids Res. 42, D206–D214. doi: 10.1093/nar/gkt1226 

 Papudeshi, B., Haggerty, J. M., Doane, M., Morris, M. M., Walsh, K., Beattie, D. T., et al. (2017). Optimizing and evaluating the reconstruction of metagenome-assembled microbial genomes. BMC Genomics 18:915. doi: 10.1186/s12864-017-4294-1 

 Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114 

 Parks, D. H., Rinke, C., Chuvochina, M., Chaumeil, P.-A., Woodcroft, B. J., Evans, P. N., et al. (2017). Recovery of nearly 8,000 metagenome-assembled genomes substantially expands the tree of life. Nat. Microbiol. 2, 1533–1542. doi: 10.1038/s41564-017-0012-7 

 Parrish, J. K., and Kroen, W. K. (1988). Sloughed mucus and drag-reduction in a school of Atlantic silversides, Menidia menidia. Mar. Biol. 97, 165–169. doi: 10.1007/BF00391298

 Perry, C. T., Pratte, Z. A., Clavere-Graciette, A., Ritchie, K. B., Hueter, R. E., Newton, A. L., et al. (2021). Elasmobranch microbiomes: emerging patterns and implications for host health and ecology. Anim. Microb. 3:61. doi: 10.1186/s42523-021-00121-4 

 Piddock, L. J. (2006). Multidrug-resistance efflux pumps? not just for resistance. Nat. Rev. Microbiol. 4, 629–636. doi: 10.1038/nrmicro1464 

 Pinnell, L. J., Oliaro, F. J., and van Bonn, W. (2021). Host-associated microbiota of yellow stingrays (Urobatis jamaicensis) is shaped by their environment and life history. Mar. Freshw. Res. 72, 658–667. doi: 10.1071/MF20107

 Plank, S. M., Lowe, C. G., Feldheim, K. A., Wilson, R. R., and Brusslan, J. A. (2010). Population genetic structure of the round stingray Urobatis halleri (Elasmobranchii: Rajiformes) in southern California and the Gulf of California. J. Fish Biol. 77, 329–340. doi: 10.1111/j.1095-8649.2010.02677.x 

 Pogoreutz, C., Gore, M. A., Perna, G., Millar, C., Nestler, R., Ormond, R. F., et al. (2019). Similar bacterial communities on healthy and injured skin of black tip reef sharks. Anim. Microb. 1:9. doi: 10.1186/s42523-019-0011-5 

 Pollock, F. J., McMinds, R., Smith, S., Bourne, D. G., Willis, B. L., Medina, M., et al. (2018). Coral-associated bacteria demonstrate phylosymbiosis and cophylogeny. Nature. Communications 9. doi: 10.1038/s41467-018-07275-x 

 Pratte, Z. A., Perry, C., Dove, A. D. M., Hoopes, L. A., Ritchie, K. B., Hueter, R. E., et al. (2022). Microbiome structure in large pelagic sharks with distinct feeding ecologies. Anim. Microb. 4:17. doi: 10.1186/s42523-022-00168-x 

 Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., and Segata, N. (2017). Shotgun metagenomics, from sampling to sequencing and analysis. Nat. Biotechnol. 35, 833–844. doi: 10.1038/nbt.3935

 Ritchie, K. B., Schwarz, M., Mueller, J., Lapacek, V. A., Merselis, D., Walsh, C. J., et al. (2017). Survey of antibiotic-producing bacteria associated with the epidermal mucus layers of rays and skates. Front. Microbiol. 8:1050. doi: 10.3389/fmicb.2017.01050 

 Roberts, D. N., Stewart, A. J., Huff, J. T., and Cairns, B. R. (2003). The RNA polymerase III transcriptome revealed by genome-wide localization and activity-occupancy relationships. Proc. Nat. Acad. Sci. U. S. A. 100, 14695–14700. doi: 10.1073/pnas.2435566100

 Sandin, S. A., Smith, J. E., DeMartini, E. E., Dinsdale, E. A., Donner, S. D., Friedlander, A. M., et al. (2008). Baselines and degradation of coral reefs in the northern Line Islands. PLoS One 3:e1548. doi: 10.1371/journal.pone.0001548 

 Schmieder, R., Edwards, R., and Bateman, A. (2011). Quality control and preprocessing of metagenomic datasets. Bioinform. Appl. 27, 863–864. doi: 10.1093/bioinformatics/btr026 

 Setubal, J. C. (2021). Metagenome-assembled genomes: concepts, analogies, and challenges. Biophys. Rev. 13, 905–909. doi: 10.1007/s12551-021-00865-y 

 Shoemaker, C. A., and LaFrentz, B. R. (2015). Growth and survival of the fish pathogenic bacterium, Flavobacterium columnare, in tilapia mucus and porcine gastric mucin. FEMS Microbiol. Lett. 362, 1–5. doi: 10.1093/femsle/fnu060 

 Silva, G. G. Z., Cuevas, D. A., Dutilh, B. E., and Edwards, R. A. (2014). FOCUS: An alignment-free model to identify organisms in metagenomes using non-negative least squares. PeerJ 2:e425. doi: 10.7717/peerj.425 

 Silva, G., Green, K. T., Dutilh, B. E., and Edwards, R. A. (2016). SUPER-FOCUS: a tool for agile functional analysis of shotgun metagenomic data. Bioinformatics 32, 354–361. doi: 10.1093/bioinformatics/btv584 

 Storo, R., Easson, C., Shivji, M., and Lopez, J. (2021). Microbiome analyses demonstrate specific communities within five shark species. Front. Microbiol. 12:605285. doi: 10.3389/fmicb.2021.605285 

 Sweetser, D., Nonet, M., and Young, R. A. (1987). Prokaryotic and eukaryotic RNA polymerases have homologous core subunits (Saccharomyces cerevisiae/RPB2). Biochemistry 84, 1192–1196.

 Sylvain, F. É., Holland, A., Bouslama, S., Audet-Gilbert, É., Lavoie, C., Luis Val, A., et al. (2020). Fish skin and gut microbiomes show contrasting signatures of host species and habitat. Appl. Environ. Microbiol. 86, 1–15. doi: 10.1128/AEM.00789-20 

 Tully, B. J., Graham, E. D., and Heidelberg, J. F. (2018). The reconstruction of 2,631 draft metagenome-assembled genomes from the global oceans. Sci. Data 5:170203. doi: 10.1038/sdata.2017.203 

 van Blaricom, G. (1982). Experimental analyses of structural regulation in a marine sand community exposed to oceanic swell. Ecological Monographs, 52, 283–305.

 Vennila, R., Rajesh Kumar, K., Kanchana, S., Arumugam, M., Vijayalakshmi, S., Balasubramaniam, T., et al. (2011). Preliminary investigation on antimicrobial and proteolytic property of the epidermal mucus secretion of marine stingrays. Asian Pac. J. Trop. Biomed. 1, S239–S243. doi: 10.1016/S2221-1691(11)60162-7

 Vila, J., and Martinez, J. L. (2008). Clinical impact of the over-expression of efflux pump in nonfermentative gram-negative bacilli, development of efflux pump inhibitors. Curr. Drug Targets 9, 797–807. doi: 10.2174/138945008785747806 

 Wickham, H., Chang, W., Henry, L., Pedersen, T.L., Takahashi, K., Wilke, C., et al. (2016). ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlang.

 Wilkins, L. G. E., Leray, M., O’Dea, A., Yuen, B., Peixoto, R. S., Pereira, T. J., et al. (2019). Host-associated microbiomes drive structure and function of marine ecosystems. PLoS Biol. 17:e3000533. doi: 10.1371/journal.pbio.3000533 

 Withers, P. C., Morrison, G., and Guppy, M. (1994a). Buoyancy role of urea and TMAO in an elasmobranch fish, the port Jackson shark Heterodontus portusjacksoni. Physiol. Zoo. 67, 693–705. doi: 10.1086/physzool.67.3.30163765

 Withers, P. C., Morrison, G., and Hefter And, G. T. (1994b). Role of urea and methylamines in buoyancy of elasmobranchs. J. Exp. Biol. 188, 175–189. doi: 10.1242/jeb.188.1.175 

 Wu, S., Wang, G., Angert, E. R., Wang, W., and Li, W. (2012). Composition, diversity, and origin of the bacterial Community in Grass Carp intestine. PLoS One 7:e30440. doi: 10.1371/journal.pone.0030440 

OPS/images/fmicb-14-1031711-g005.jpg
4

<
S3§
B8
g8d3§
o £ £ =
- &8 3
2 S£28
S 8FEE
o 8 5T
W.MM >
& HN

b
K]
3
2
=
||

(%) souepUNqY sAnej:

M water

1

nuﬂuuﬂhi]

o

-woysAs podsue; (o) pue uoy.
-S3SEPIXO 9 SWOIYD0}AD [euIuIISL
-1l 9sesawAjod YNY

-1 xajdwiog Alojendsoy
-SIse}S0aWOY Wnisselod
_wsyjoqejew ajeydsoyd

-sdwing xnjy3 souejsisay Bnipyiny
_winjjoBely

-lISV4 stsayjuhs

pioy Aney

c
=
B
e
e
<
P4
a

_sisayjuksolg auting onoN o

-sisejsoawoy saddon

-20UB}SISaJ WNIWPED JUIZ'}EGOD

-sisayjuksoig auiejag pue axejdn aulejag pue auljoyy
_sisayjuksolg oY oujwY ureyD payouelg
-suigojBowsay |eusjoeg

-sixejoway [euajoeg

-uoyejIWISSE BlUOWIWY





OPS/images/fmicb-14-1031711-g006.jpg
@ Superclass
A Cell Envelope
v Cellular Processes
2 = DNA Processing
H Energy
EH Membrane Transport
2 o H [Pl |+ Metabolism
£ H H £ g x Miscellaneous
£ H H & H Protein Processing
H H H 2 4 A Regulation and Cell Signaling
8 8 g ] ;‘: v RNA Processing
E ] H E ) 0 Stress Response, Defense, Virulence|
2 e 8 3 3

< Tanscrpton
N < 3373 316 s
Lo hanvesing conpss

oupld Energetcs

ol ot
eness of respiatory chain companents
R doratng eacians
Ecuon scceping reacions
Energy Other
Franiaton
TR— < Fiogelum
3 Sdrianmn
— N < CeluarProcesses Othr
3 e S e s oumanionn s

< Sitonary pras Dormancy, Parstence
Gapsule and S
> pepisegiean (Bacara) o otver poyrers (uchaes)
= > Gram-Negative (Diderm) cel wal components
Prolei secreton system, Type I
Prolei secreton system Type VI
Prolen secretion system Type |
1 Prolon and nucloproton seereion system Type IV
Uni.Sym- and Antporers
Mulidrug effuesystems
ABC transporters
Gaton ransporiers
Hembrane Transport Other
© Regulaton and Cell Sgnaling Other
 Two-component reguisory systems.

= DNAuplake, competence
ONArer

Froeargelng sorng vanscston
Prcion degrad
Rbosome boganesis

Froen m‘l?l-.v and modcaton

S
|s— —
= Protah Procassing Omer
Proten foing
Amnoacy fRNA-synthetases
Trnsiaton

0 Stess Response, Defense, Virunce Other
3 Stress Response: Osmols siress.

3 Stess Respanse: Heatlcad shock

0 Stess Respanse

0 Resitance 1 antbitcs and tosc compounds

- Gl e, ssparate, ssparsgne; s sssimston
-+ .1 compouna miabomr
Y
£ K serin,and gyeine
- g rancic Creaine poyamies
- Rotaui
{ Tovapyroes
S | v chan o acos
£ Prosphoipas
S - -.rc:
5 Aromatc amno acids and derwathes

L Riosomaly.synihesized post.vansitonall modfied pepides. (RPPS)
- Metaborsm of Aromate. Compounds

€02 faaton

- Sphingolpids

1+ Unsaturated faty aciis

- Sugar aconoss

+ Carboryle acis

G- and oigosacchardes

3% Mscelaneous Otrer

' Betaine, crotonobetaine, L-carniine (trimethyl ammonium compounds)






OPS/images/fmicb-14-1031711-g003.jpg
Family

Sphingomonadaceae

Alteromonadaceae
|| Aiteromonadales_Unknown
Burkholderiaceae
| Flavobacteriaceae
[] moraxellaceae
Pelagibacteraceae
[] Pseudoalteromonadaceae
[| Pseudomonadaceae
Rhodobacteraceae

Alcanivoracaceae

s
2

2
(%) @duepunqy aAne|ey

EYMVT
IMs8as
maas

as_uaieyn _9¥¥04

2" N_8L g0
29" N_9) 48D
29’5180
29" N_pLEDd
20" N_E L8O
BO'N_9¥8
e0'N_9guEY1d
B0’ N_ZENEV 14
2o’ W_p¥E

2o’ N_EdE

2o’ N_z8

e LHE





OPS/images/fmicb-14-1031711-g004.jpg
PCO2 (52.94% of total variation)

A
°
P .
LIV
AA‘g. A
A®
A

PCO2 (19.0% of total variation)

A A
A [ )
A
o A
® @ [ ]
AGAA
& [ ]
A
A A,
A

PCO1 (32.73% of total variation)

PCO1 (31.1% of total variation)

Species

@ e





OPS/images/fmicb-14-1031711-t001.jpg
Microbial Family Pairwise

Comparisons

M. californica Los Angeles, M. californica San Diego
M. californica Los Angeles, U. halleri San Diego

M. californica Los Angeles, U. halleri Los Angeles
M. californica San Diego, U. halleri San Diego

M. californica San Diego, U. halleri Los Angeles

U. halleri San Diego, U. halleri Los Angeles

Highlighted comparisons are significant (p<0.05).

036

188

363

296

561

156

Pperm SEED Level 3 Function Pairwise

0.751

0.166

0012

0.035

0.002

0355

Comparisons

M. californica Los Angeles, M. californica San Diego
M. californica Los Angeles, U. halleri San Diego

M. californica Los Angeles, U. halleri Los Angeles
M. californica San Diego, U. halleri San Diego

M. californica San Diego, U. halleri Los Angeles

U. halleri Los Angeles, U. halleri San Diego

027

175

384

282

61

0.826

0185

0.003

0.024

0.001

0.088





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Stingray epidermal microbiomes are species-specific with local adaptations



		1. Introduction



		2. Methods



		3. Results



		3.1. Microbial taxonomic composition



		3.2. Functional potential



		3.3. Metagenome assembled genomes









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-14-1031711-g001.jpg
PODIDIDITIT
DNA
Extraction m—)p

POVOVOVDIBDT
NovaSeq Shotgun Sequencing

\

Microbiome
Collection —
i Bin 1 Bin 2
=r— Bin 3
Single Read Metagenome Assembled
Community Genomes (MAGs)

Urobatis halleri
W Myliobatis californica
Myliobatis californica skin morphology Water





OPS/images/fmicb-14-1031711-g002.jpg





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Stingray epidermal microbiomes
are species-specificwith local
adaptations












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






