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Abstract

:

Chondrichthyes (sharks, rays, skates and chimaeras) are among the oldest extant predators and are vital to top-down regulation of oceanic ecosystems. They are an ecologically diverse group occupying a wide range of habitats and are thus, exploited by coastal, pelagic and deep-water fishing industries. Chondrichthyes are among the most data deficient vertebrate species groups making design and implementation of regulatory and conservation measures challenging. High-throughput sequencing technologies have significantly propelled ecological investigations and understanding of marine and terrestrial species’ populations, but there remains a paucity of NGS based research on chondrichthyan populations. We present a brief review of current methods to access genomic and metagenomic data from Chondrichthyes and discuss applications of these datasets to increase our understanding of chondrichthyan taxonomy, evolution, ecology and population structures. Last, we consider opportunities and challenges offered by genomic studies for conservation and management of chondrichthyan populations.
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1. Introduction


Next-generation sequencing (NGS) technologies have revolutionized biological sciences by allowing unprecedented access to a wide range of genome data for model and non-model plant, animal and microbial species [1,2,3,4,5,6,7]. Genetic and genomic data for non-model species, has significantly advanced ecological investigations in terrestrial and marine environments by identifying new species [8], understanding ecological interactions [6,9], and exploring evolutionary relationships between species [10,11]. In spite of the phenomenal advances in ecological genomics, Chondrichthyes, one of the most important species groups for top-down regulation of oceanic ecosystems remain understudied.



Chondrichthyes, consisting of sharks, rays, skates and chimaeras, are one of the oldest extant vertebrate lineages with high interspecies diversity in ecology and demographics (Compagno, 1990; Kriwet et al., 2008) [12] and vast evolutionary distances between the ~1200 chondrichthyan species [13]. Chondrichthyes have extraordinary wound healing and immune capabilities [14,15,16], high genome-stability [14], and a wide range of reproductive strategies [14,17,18]. With high divergence among chondrichthyan species, all or part of these adaptations may contribute to survival strategies during their long life histories and may contribute to evolutionary success to a differing extent in each species. Chondrichthyan genomes, therefore provide an excellent opportunity to study mechanisms that contribute to evolutionary resilience, and to understand mechanisms of genome stability, extraordinary immunological capacity and resilience among megafauna with long life histories in general.



Although evolutionarily resilient, most Chondrichthyes today face an unprecedented population decline, due to elevated fishing pressure [19] and slow life history traits [20], which make population recovery difficult. Small species populations suffer from inbreeding and genetic drift, leading to a loss of genetic diversity. These processes compromise the ability of a population to evolve in order to cope with environmental changes and reduce its chances of long-term persistence. Different species need to be studied at a different resolution to determine the most efficient conservation strategy. Migratory oceanic species tend to have more homogeneous populations [21], whereas smaller, more coastal species, often exist in isolated populations [22]. These coastal species tend to experience more obstacles, such as marine barriers to gene flow and therefore, assessing the extent of genetic diversity throughout their distribution is imperative to avoid local gene pool erosion. Second, it is important to understand if phenotypic changes in a population indicate an evolutionary response to overfishing and if these pressures affect all or part of the species’ population and any existing population structure. Such information is important for identification of evolutionary units and with respect to conservation management of the population. Further, these studies increase our understanding of evolutionary processes among marine megafauna under anthropogenic pressure. For example, the high agility and burst swimming behavior that supports prey capture strategy of hammerhead sharks, a trait that once promoted evolutionary success, also results in a 60–80% rate of post-release mortality [23]. Although the role of overexploitation on evolution in Chondrichthyes is yet to be explored, such examples suggest that evolutionarily beneficial traits and unique adaptations can be affected by overexploitation



Chondrichthyes play an important role in top-down regulation of oceanic ecosystems [24] and yet, an estimated 46.8% chondrichthyan species worldwide are data deficient [19]. With almost half of all Chondrichthyes being data deficient, critical data required for conservation and management of these species are often missing and limit conservation efforts. As a result, effects of population decline are of major concern not only for the conservation and management of Chondrichthyes but for overall conservation of the oceanic ecosystem. Therefore, a greater and urgent push for comprehensive studies that aim to understand species biodiversity, intra-species genetic diversity and ecological exchangeability of particularly exploited populations, population abundance, and population health, is impending. We explore a range of genome sequencing methods and suggest avenues to incorporate genomic data in research to reducing data deficiencies in Chondrichthyes.



Advancement in marine ecological studies resulting from the use of molecular genetics and genomes have been reviewed extensively for other species groups [25,26,27]. Chondrichthyes have been overlooked even in studies focusing on fisheries and fish ecology [25,27] even though Chondrichthyes form a significant volume of commercial fisheries and are the most data deficient and threatened species groups [19]. In this article we explore high-throughput next-generation sequencing methods to acquire genomic and microbial metagenomics data from Chondrichthyes. We discuss the application of these data sets to facilitate increased understanding of chondrichthyan populations, ecology, evolution and biology. We also explore the application of genomic studies to reduce data deficiency of Chondrichthyes and to facilitate identification and improved conservation management of priority concern units. The article advances an earlier review of traditional molecular genetics methods for chondrichthyan biodiversity assessments by Dudgeon et al., 2012 [28].




2. Genetics and Genomics for Chondrichthyan Biodiversity Assessments


2.1. Taxonomy, Phylogenetics and Population Genetics: Limitations of Single Genetic Markers


Mitochondrial and nuclear genetic markers acquired through amplification-based assays are widely used for taxonomic identification, phylogenetics and population genetic assessments in Chondrichthyes. These marker-based studies have helped generate a wealth of biodiversity data which forms the backbone of chondrichthyan biodiversity research today. While these methods have supported chondrichthyan research and conservation efforts till date, they are restricted in some aspects and may not meet all the needs of a comprehensive and effective conservation regime that is urgently required for protection of remaining chondrichthyan populations. Genetic markers and their applications to chondrichthyan biodiversity assessments have been extensively reviewed by Dudgeon et al., 2012 [28]. In this section we will discuss some of the limitations of single marker studies in comparison to multigenic approaches.



DNA barcoding provides a quick turnaround tool for species identification of a wide range of organisms [29]. The mitochondrial Cytochrome oxidase 1 encoding gene (COI, 660 bp) is primarily used for barcoding studies and involves PCR amplification of the complete or partial gene fragment from genomic DNA (gDNA) extracts followed by sequencing and alignment to a reference database for taxonomic identification. Full length or short gene fragments of the COI DNA barcode are widely used for species identification of Chondrichthyes in forensic and ecological investigations [30,31,32,33]. Markers used as alternatives to COI, include the NADH dehydrogenase subunit 2 (NADH2) [34,35], NADH dehydrogenase subunit 4 gene [36,37], 12S and 16S ribosomal RNA [38], and the nuclear Internal Transcribed Spacer region [39].



Many genetic markers have been developed to study wildlife species in general or specifically to study Chondrichthyes and have been reviewed by Dudgeon et al., 2012 [28]. Although these markers have been used, in singularity, for taxonomy, populations studies and phylogenetics, they are limited in their application, due to one or more of the following: Multiple chondrichthyan species have identical marker sequences [30], variation in sequences occurs between the same nominal species from geographically different locations [40], and non-amplification of barcode sequences from undescribed species using universal primers may occur [35,41]. Use of single markers can also prevent the detection of processes such as interspecies hybridization. For example, a set of chondrichthyan specimens from C. limbatus and C. tilstoni did not match with respect to their taxonomic identities based on morphology and molecular identification with mitochondrial ND4. Morphological characteristics typed the specimen as C. limbatus but the ND4 mtDNA assay identified them as C. tilstoni. Interspecies hybridization between C. tilstoni and C.limbatus was hypothesized as the reason for mismatches. Analyses of a nuclear microsatellite marker, indeed identified interspecies hybridization between the two species. These discrepancies, if undetected could lead to misidentification of species, lack of detection of interspecies interactions and inaccurate biodiversity assessments. Johri et al., 2019 [42] were unable to determine taxonomic identification of a dismembered shark specimen based on morphology or COI barcode analyses, due to identical sequences for four different Carcharhinid species. Sequencing and comparison of thirteen protein coding genes of the mitochondria and the ITS2 nuclear loci led to determination of taxonomic identity of the specimen as Carcharhinus falciformis (silky shark). These scenarios, which are a common occurrence in chondrichthyan studies, make taxonomic identification based on morphology only or one genetic marker only, unreliable and highlight the importance of multigenic taxonomic assessments for accurate taxonomic identification and for the detection of biological processes occurring among Chondrichthyes.



Phylogenetic assessment of smooth-tooth sharks (Carcharhinus leiodon) [40] using two distinct mitochondrial markers, COI and ND2, led to broadly consistent, but non-identical results. The ND2 neighbor-joining-tree revealed each species to be monophyletic, whereas COI analyses failed to group all C. amblyrhynchoides individuals into the same cluster [40]. In the study of Carcharhinid sharks by Johri et al., 2019 [42], phylogenetic relationships of 33 Carcharhinus species, including Prionace glauca were reassessed using two mitochondrial and one nuclear genes. These multigenic assessments corroborated previous studies [43], which provided weak support, based on single gene analyses, for the inclusion of P. glauca in the Carcharhinus genus. These data underscore the need for multiple genetic markers from the mitochondrial and nuclear genomes for accuracy and higher statistical power in phylogenetic studies.



Mitochondrial and nuclear microsatellite markers, the latter being among hypervariable regions of the genome, are often used to determine gene flow, genetic differentiation and population structure in Chondrichthyes. Microsatellites allow analyses of neutral, and in rare cases, adaptive genetic variations in a population [44] to be assessed based on a select set of well characterized species-specific markers. Microsatellites remain an economical and targeted tool for studying populations, and for conservation and management of populations.



Population structure was determined among elasmobranchs such as the basking shark (Cetorhinus maximus) [45] and pacific blue shark (Prionace glauca) [21] using the mitochondrial control region (CR) and these studies identified low divergence in populations. Investigations of the nurse shark (Ginglymostoma cirratum) [46,47], great white shark (Carcharodon carcharias) [48,49], coastal blacktip shark (Carcharhinus limbatus) [50], and bull shark (Carcharhinus leucas) [51] populations using the mitochondrial CR region revealed high divergence in populations. In contrast, analyses of microsatellite loci in the nurse shark and great white shark populations provided no evidence of genetic subdivisions [48,51]. Although further investigation is warranted, natal philopatry in females may explain the discrepancy in results derived from two different categories of markers. Tillett et al., 2012 [52] also found contrasting results with respect to population structure in the pig-eye shark (Carcharhinus amboinensis) using mitochondrial (CR and NADH dehydrogenase subunit 4 (NADH4)) and nuclear (microsatellite and RAG1) DNA. Mitochondrial DNA supported the existence of two populations whereas nuclear DNA analyses suggested one homogenous population. Although it remains to be tested, female philopatry or episodic isolation and connection of populations, due to sea level changes in the past may explain discrepancies in the two analyses.



Population genetic analyses of the scalloped hammerhead shark (Sphyrna lewini) and the portuguese dogfish (Centroscymnus coelolepis) using both, mitochondrial (NADH4 and CR regions) and nuclear microsatellites revealed similar results where non-significant genetic differentiation and genetic homogeneity was observed in populations for both species [53,54]. Similarly, analyses of spiny dogfish (Squalus acanthias) populations using both, mitochondrial ND2 and nuclear microsatellites revealed comparable results with two genetically distinct groups, one in the North Pacific and one in the South Pacific and Atlantic locations [55]. Last, investigations of the tope shark (Galeorhinus galeus) populations using 19 microsatellite and mitochondrial CR identified limited transoceanic gene flow and significant population structure [56]. However, significant population connectivity was seen at a smaller spatial scale within the Indian ocean and moderate to high gene flow was supported across Indian/Atlantic Ocean boundary in South African populations [56]. Because the tope shark is a highly exploited species these data provide timely direction for local and global management of G. galeus. At a large spatial scale, populations comprise distinct genetic groups and thus replenishment of the Pacific vs. Indian/Atlantic Ocean population will need to occur with input from spatially indistinct populations only.



The aforementioned case studies underscore the challenges associated with obtaining accuracy in taxonomic identification, phylogenetic analyses and population genetic analyses using single genetic markers. These studies also highlight the importance of using a multigenic approach that relies on mitochondrial and nuclear markers for taxonomic, phylogenetic and population genetic studies. Assessment of a large set of mitochondrial and nuclear markers allows multiple opportunities to determine taxonomic identification of a specimen, therefore providing increased accuracy and confidence in the analyses. Multigenic population assessments improve on single gene assessments by differentiating shallow intraspecific divergence from true genetic differentiation and population structure in populations. A multigenic approach will also improve gene tree vs. species tree issues in phylogenetic analyses and if selected carefully, the markers should provide the true evolutionary history of the species.




2.2. Population Genomics and Implications for Chondrichthyan Conservation and Management


Populations of a single species can be structured or synonymous across geographic ranges. Genetically divergent sub-populations have distinct geographic ranges, population size and habitat preferences as opposed to synonymous populations which have similar ecological traits. To facilitate protection of all genetically distinct sub-populations and evolutionary significant units (ESUs) of a species, and to maintain genetic diversity within each sub-population, understanding of population genetics is necessary to first, assess presence or absence of population structure, decipher effective population size and health of each genetic group and last, to use these metrics in identifying vulnerabilities and stressors associated with each population of a species. ESUs are defined as geographically separated populations of the same species, which have genetically differentiated and/or developed phenotypic adaptations different from the parent species, for survival in their relatively new habitat. Genetic diversity and population size of ESUs needs to be maintained in order to preserve the evolutionary potential of a species. These data are crucial for comprehensive and effective conservation and management of vulnerable Chondrichthyes [17,57,58,59]. With almost half of chondrichthyan species being data deficient [19] expedient and effective methods to obtain population genetic data from all species are required.



Single Nucleotide Polymorphisms (SNPs), alongwith microsatellites are among hypervariable regions of the genome which are used to determine presence or absence of population structure and philopatry, based on gene flow and genetic divergence among wildlife populations. As opposed to microsatellites, which represent neutral variation, SNPs allow both adaptive and neutral genetic variations to be assessed across the genome [44,60]. SNP are distributed across the genome and therefore, SNP analyses provide a genome-wide assessment of individuals in a population, thus a more accurate picture of the presence or absence of genetic differentiation and population structure [60]. Despite the economic advantages that microsatellites offer, the need for genome wide assessments in order to study population structure and evolution in wildlife populations, is making way for SNP analyses. Further, the development of microsatellites for elasmobranch studies remains difficult, due to the need for a species-specific sequence dependent amplification assay to assess microsatellite sequences. Though, microsatellites developed for one species can be leveraged for studies other different species by cross-amplification of microsatellite loci across species. This method has been used successfully in a few elasmobranch studies [61,62,63], thus allowing reuse of developed microsatellite loci across different species. However, a requirement for a priori sequence information restricts the scope of elasmobranch population studies for new or understudied species using microsatellites. SNPs are a routinely used marker to study wildlife populations for a wide range of applications, including population genetics, individual identification, sex, lineage and philopatry determination [60]. SNP analyses are yet to see mainstream use in chondrichthyan research, however a few groups have used SNPs to determine population structure, dispersal, and philopatry. In the following section we discuss the advantages of population studies based on SNP analyses with respect to ecology and conservation of Chondrichthyes.



SNP analysis of the river shark (Glyphis garricki) mitochondrial genome, discovered previously unknown marine dispersal and gene flow between sharks from different rivers [64]. In addition, a new Glyphis spp. was also discovered [64]. Expanding on the mitochondrial SNP analysis, Momigliano et al., 2017 [65] used a large set of nuclear SNPs and identified cryptic differentiation of adaptive loci in grey reef sharks (Carcharhinus amblyrhynchos). In addition, sex-biased dispersal was also identified using the variation in mitochondrial SNPs, where females moved further compared to males and were responsible for gene-flow between populations. This differentiation in grey reef sharks was previously undetected, due to the use of a small set of neutral markers [65].



Genome wide assessment of 1000s of nuclear and mitochondrial SNPs across individuals of the Galapagos shark (Carcharhinus galapagensis), a priority species in the Galapagos Marine Reserve (GMR) was used to determine population structure, gene flow and effective population size among stocks in the GMR [66]. Although a highly migratory species, two distinct stocks of the Galapagos shark were identified within the GMR. The ability of a few long-distance migrant individuals to sufficiently maintain apparent panmixia [67] explains these results. Identification of the two distinct stocks and small effective population size for each stock, may cause the Galapagos sharks to be vulnerable to anthropogenic and environmental stressors [66]. In the Galapagos shark study the choice of genetic loci was limited to neutral loci only. Outlier or adaptive loci, which facilitate detection of fine scale variation and stratification in populations, could not be used due to the absence of a reference genome. Pazmino et al., 2017 [66] confirmed the importance of using a wider range of genomic markers, because the analysis of the mitochondrial DNA showed that the populations were synonymous, whereas nuclear SNPs allowed detection of the extensive population structure in Galapagos sharks. Therefore, inferences of low divergence based on single mitochondrial locus studies of basking sharks and pacific blue shark described above are questioned [28] and should be reexamined using a wider range of markers.



Trans-oceanographic gene flow of the galapagos shark using SNPs identified two distinct populations in the east and west Pacific [68]. The presence of high nucleotide diversity and a high number of haplotypes in the Hawaiian population, suggested Hawaii as an important movement corridor between the east and west populations [68]. The effective population size estimated from population genetic data showed a healthy Galapagos shark sub-population with the optimal breeding capacity and several sub-populations with low carrying capacity, which are in urgent need of regional management [68].



A genome wide SNP assessment in bonnethead sharks (Sphyrna tiburo) provided evidence for population structure and differential philopatry between males and females of the species [69]. Portnoy et al., 2015 [69], identified two distinct populations of bonnethead sharks in the Atlantic and Gulf of Mexico. No gene flow between the Atlantic and Gulf of Mexico populations was detected, whereas high gene flow within the three sub-populations in the Gulf of Mexico was identified. Males contribute to a high rate of gene flow among Gulf of Mexico populations, while female matrilines maintain adaptive alleles in the population evidenced by strong differentiation at a small number of nuclear markers. Additionally, females of the species do contribute to gene flow among neighboring populations based on mitochondrial haplotype analyses, indicating that females don’t move away from preferred areas but only to neighboring sites. The study therefore highlighted the role of sex-biased dispersal in spreading adaptive variation and its effects on species survival and persistence [69]. However, the lack of an optimal number of SNPs in protein-coding genes restricts the correlation between attributes such as differences in growth rate and immune function to adaptive variation between populations [69].



Last, benthic species like the small-spotted catshark (Scyliorhinus canicula) have limited ability to disperse and as a result are expected to have strong genetic structure. However, no evidence of genetic structure was found across its geographic range using traditional microsatellite markers. In a ground breaking study Manuzzi et al., 2019 [22] detected fine-scale genetic differentiation between two geographic ranges of the small-spotted catshark using 2674 SNPs generated by 2b-restriction site associated DNA sequencing (2b-RAD). Manuzzi et al., 2019 [22] found that the geographical distance and historical demography as two major drivers shaping the distribution of genetic diversity of S. canicula. These results provide new insights into the biogeography and population structure of S. canicula and serve as a reference for benthic elasmobranchs with similar distribution ranges.



Genome wide SNP assessments of small-spotted catshark, galapagos sharks, and bonnethead sharks were thus employed in determining population structure, philopatry, migration corridors and effective population size for these species. These studies provided crucial data for integration into multispecies assessments of their respective geographic ranges to determine no-take zones. These data will potentially help in relieving fishing pressure from vulnerable populations and in the protection of distinct adaptive units of priority concern species. Nevertheless, the aforementioned studies underscore the importance of high resolution genome-wide assessments for population genetic studies and conservation management of Chondrichthyes.




2.3. Sequenced Chondrichthyan Genomes and Their Advantages


To date only 5 of the approximate 1200 chondrichthyan species have fully sequenced genomes. These include the elephant shark (Callorhinchus milii) [18], the whale shark (Rhincodon typus) [70], great white shark (Carcharhodon carcharias) [14], brownbanded bamboo shark (Chiloscyllium punctatum) and cloudy catshark (Scyliorhinus torazame) [71]. A sixth species, the silky shark (Carcharhinus falciformis), has a partially sequenced genome [42]. Although, a low number of sequenced genomes suggest the lack of data associated with the group, these sequenced genomes have provided considerable insight into chondrichthyan evolution and physiology, and underscore the importance of genomic studies in Chondrichthyes.



A genome-wide comparison with teleost and tetrapods showed that elephant sharks have the slowest rate of evolution among all fish species, since divergence from the gnathostome ancestor [18]. In a three-way comparison with chicken and teleost fish, the sharks have a one-to-one synteny relationship with chickens, whereas teleost fish display a one to two relationship with the chicken, suggesting the teleost fish have undergone a substantially higher number of interchromosomal rearrangements [18]. In addition, the shark contains a highly restricted subset of T-helper cells, as well as T-cells and unconventional antigen-binding properties, suggesting that the sharks’ immune system evolved after they split from a common ancestor [18]. The sequencing of a second chondrichthyan species, the whale shark (Rhincodon typus), further investigated T-cells in the species and identified the presence of novel Toll-like receptors (TLR), that are homologous to mammalian and teleost TLR receptors. The reduced immune function resulting from missing helper and T-cell types in the chondrichthyan genomes explains the long time required for the development of humoral immunity in sharks [72] and raises the question as to how sharks, which are relatively long-lived, fight infection. Understanding the unusual immune capabilities of sharks will provide interesting insights into how the sharks’ immune system interacts with their microbiomes and if their physiological mechanisms can be adapted to assist human biomedicine.



Genome-wide analyses of the white shark, whale shark and elephant shark genomes and comparison to non-chondrichthyan genomes by Marra et al., 2019 [14], identified genomic regions under positive selection in sharks. Genes under positive selection in sharks allow increased functional capacity and increased gene content in pathways interacting with the p53 tumor-suppressor gene. The MDM4 gene, which is responsible for direct regulation of p53 levels, was under positive selection, with genetic modifications at its p53 interacting site. Positive selection was also seen among genes responsible for DNA repair and increased genome stability. These findings begin to explain the evolutionary process in Chondrichthyes which imparts them unique immune functions, high genome stability and may assist in survival through their long life histories.



Partial genome sequencing of the silky shark was used to improve the phylogenetic placement of P. glauca with respect to sharks in the Carcharhinus genus [42]. Assessment of nuclear markers in combination with the mitochondrial genome provided stronger evidence for placement of P. glauca within the Carcharhinus genus. The partial sequence also identified previously unexplored regions of the silky shark genome which are involved in development and immune function. Future analyses of these regions will improve our understanding of the silky shark as a prolific and highly migratory species with a wide geographic distribution.



Although more chondrichthyan genomes need to be sequenced in order to improve overall biodiversity assessments among Chondrichthyes, including taxonomic, population and phylogenetic studies, sequencing genomes does not, in itself, resolve all challenges. For example, the integrity and efficiency of species biodiversity assessments are dependent upon the presence of quality genomes and sequences in the reference database(s). In the absence of adequate taxon sampling within reference databases, alignment algorithms are likely to assign samples to the most similar species and increase the likelihood of inaccurate analyses. When using genome wide data, it is however, possible to take advantage of reference sequences for widely-used and curated mitochondrial markers to assign species identities to the sample in question and subsequently scale up the reference database by assigning species designations to previously unexplored genomic regions from the same species. This approach will allow increased use of current databases and building of new reference databases with multiple nuclear and mitochondrial regions for taxonomic identification, phylogenetic analyses, population and evolutionary studies. Expanding the available phylogenetic markers available for chondrichthyes through genomic approaches will also provide additional and mainstream usage to rich genomic resources such as sequenced chondrichthyan genomes [14,18,42,70,71]. Availability of additional elasmobranch genomes will significantly improve population genetics and evolutionary studies like those of Pazmiño et al.,2017 [66] and Portnoy et al., 2015 [69]. Both studies were restricted in their inference of linkage between population variance and adaptive changes linked to geographical variation, due to the lack of available protein coding regions in genomes from respective species.





3. Genomic Assessment Techniques for Chondrichthyan Taxonomic and Population Assessments


The recent explosion in next-generation sequencing technologies has allowed unprecedented access to genomic data among non-model species and these technologies can be harnessed to access elasmobranch genomes for varied applications such as taxonomic identification, phylogeny and population genetic studies. We will review three genome analyses techniques, including RAD-seq, hybridization-based gene capture and genome skimming in the following section.



3.1. Sub-Sampling Chondrichthyan Genomes Through Targeted Approaches


Reduced representation methods such as restriction site associated DNA sequencing (RAD-seq) [73] and Hybridization-based gene capture [64,74] significantly expand the gamut of available genetic data for chondrichthyan taxonomic descriptions and population studies. Subsampling of the genome by sequencing DNA fragments associated with selected restriction sites through RAD-seq [75] or by using hundreds or thousands of predesigned sequence probes to hybridize and capture genetic regions from multiple related species [64] provides access to numerous adaptive and neutral microsatellite and SNP loci for taxonomic and population studies.



Double digest RAD-seq (ddRAD-seq) was used to identify 8 novel microsatellite loci to assist molecular ecology research in the dusky shark (Carcharhinus melanopterus), an economically and recreationally important species [76]. Hybridization-based gene capture determined the evolutionary history of Carcharhinus melanopterus metapopulations by sampling many loci from few individuals [74]. Metapopulations exhibit greater resilience to changes in effective population size compared to unstructured populations [74]. Complete mitochondrial genomes obtained through gene capture were used to identify marine dispersal and transoceanic gene flow in river sharks, that were previously described as freshwater species [64]. Restriction enzymes and hybridization probes are selected to target homologous genetic regions in many closely related species and to sample large parts of the genome independent of amplification. However, these methods require extensive development and optimization of protocols for multiple species analysis and depend upon sequence homology, which could pose challenges for studying highly divergent species.



2b-RAD-seq uses IIb restriction enzymes to generate even-sized libraries followed by the selection of DNA fragments of interest using biotinylated adapters with affinity for the restriction enzyme. Selection of even-sized DNA fragments of interest reduces the library size and allows deeper coverage and higher accuracy. Manuzzi et al., 2019 [22] achieved high resolution in SNP analyses with 2b-RAD-seq, which led to the uncovering of previously undetected population structure in the small-spotted cat shark populations across part of its Northeast Atlantic range here.




3.2. Genome Skimming: A Non-Targeted Approach to Sub-Sampling Chondrichthyan Genomes


Target loci development for multiple species and associated selection biases can be avoided and access to several genetic regions across the mitochondrial and nuclear genomes can be obtained through whole genome shotgun sequencing (WGS). WGS involves fragmenting genomic DNA into short fragments and sequencing an entire large genome or multiple small genomes using high throughput sequencing. WGS offers the largest coverage of all genetic loci without selection or amplification biases and is an ideal choice for exploratory studies, especially those involving non-model and divergent species. WGS can overcome most limitations of the barcoding assay and can be used for a wide variety of applications, including species biodiversity assessments, phylogenomic and population genetic studies. However, the use of WGS is restricted due to its requirement for high sequencing depth in order to sequence all relevant loci. This requirement for high depth and coverage makes it cost-intensive, especially in case of chondrichthyan genomes which are 1–7 gigabases in length [14,18,70,71].



Genome skimming, which allows deep sequencing of high copy number genomic DNA fractions, is a viable alternative to WGS for chondrichthyan biodiversity assessments. Genome skimming allows deep sequencing of nuclear ribosomal DNA (rDNA), repeat regions of nuclear DNA such as microsatellite DNA and mitochondrial DNA fractions (Figure 1), which are typically used for species identification, resolution of genetic variation in species distributed across geographic barriers, and resolution of evolutionary relationships between species and species groups, for individual, kinship, and migration studies [28]. Deep sequencing of these loci could effectively subsample the genome for regions of interest without the need for amplification or pre-selection of target loci. This approach eliminates amplification or selection biases while targeting genomic regions in multiple related or divergent species.



Johri et al., 2019 [42] conducted ‘Genome skimming’ analyses on the C. falciformis genome, the first and only study employing the method in Chondrichthyes. This method allowed access to previously unexplored parts of the silky shark nuclear genome which encode developmental and immune function proteins, among others. The entire mitochondrial genome of C. falciformis was also obtained which provided a correct version of the mitogenome, compared to the previously published genome which had a ~1000 bp insertion from errors introduced during sequencing or analyses [77]. Last, access to the nuclear and mitochondrial genomes also allowed assignment of accurate taxonomic identity to a market specimen based on multigenic analyses and provided strong evidence for inclusion of the blue shark (P. Glauca) in the Carcharhinus genus.



Genome skimming has similarly allowed remarkable expansion in phylogenetic markers used for molecular systematics, and biodiversity studies of many other animal and plant species [10,78]. Previously unexplored mitochondrial genetic loci from species in the Annelidae family were isolated for phylogenomic studies and provided resolution of phylogenetic positions for the Glyceridae family, which was previously not possible using morphological analyses [10]. The authors defined three separate clades within the family, which comprised all but one species, identified a nested position for Hemipodia simplex within the Glycera genus as opposed to a monophyletic relationship with other genera described previously [10]. The presence of cryptic species was identified within G. americana, G. tridactyla, and G. capitata. Last, by comparing data obtained from sequencing at different coverage depths, they found that sequencing coverage could be reduced significantly without losing data for important high copy number regions of the genome [10].



Genome skimming increases access to low copy genes that underlie morphological diversification. To describe the value in genome skimming, we use a plant species example in which the evolution of floral symmetry associated genes was characterized across 21 plant species [78]. Protein coding and upstream and downstream regulatory sequences for four CYCLOIDEA (CYC) genes from 21 non-model species were obtained [78], and each of the four genes and regulatory regions were aligned across species to understand changes in protein sequence and expression that explain diversification in floral symmetry patterns across species [78].



Genome skimming enables large fractions of the mitochondrial and nuclear genomes to be explored with more efficiency compared to targeted sequencing approaches. While the initial investment is higher, the data returns are greater (Figure 1). Genome skimming in Chondrichthyes would allow access to multiple commonly used barcode sequences and additional genomic regions to be accessible through low-overall coverage and low-cost sequencing runs. Commonly used barcode sequences could be isolated without a priori knowledge of species sequences and without an amplification bias. Genome skimming could significantly enhance access to prehistoric or museum specimens which typically have highly degraded DNA and PCR amplification of candidate genes is challenging, due to the absence or low quality of primer binding regions. These data could facilitate seamless species identification, phylogenetic, kinship, biogeographic and population genetic studies by compensating for low DNA quality with multiple nuclear and mitochondrial genetic loci.



A significant drawback of genome skimming is that whether coverage of essential genomic regions such as mitochondrial barcodes will be achieved using genome skimming cannot be predicted. However, as seen in Section 4.3 below, the mitochondria is readily obtained from non-targeted sequencing and increasing sequencing depth will further improve coverage.





4. Microbiome as a Health Monitoring Tool for Chondrichthyes


The increase in the occurrence of anthropogenic and natural disturbances in the environment makes it imperative to monitor wildlife—environment interactions to understand the effect of environmental stressors on the health of wildlife populations. Monitoring of wildlife populations with respect to environmental disturbances is thus integral to conservation and management of marine species. Monitoring of marine wildlife populations is invasive and resource-intensive, creates inherent risks to wildlife populations and is challenging due to limited accessibility in the marine environment. Altogether, these factors have led to limited success in the conservation of marine species and habitats. Emerging techniques reliant on high-throughput sequencing technologies, such as metagenomics provide less invasive alternatives for health monitoring of marine organisms and the detection of anthropogenic or natural threats in the environment.



All terrestrial and marine organisms share the environment with an enormous diversity of microorganisms, including protists, archaea, bacteria, viruses, and fungi. The use of genomic and metagenomic methods has enabled the description of the vast diversity of microbes distributed across environments [4,79,80,81,82,83] and of the microbes that are closely associated with animals, termed the microbiome [7,79,84,85,86,87,88,89,90]. Importance of the microbiome in organismal health is being realized [91], with increased understanding of the role microbes play in overall functioning of the host through development and support of immune function [92,93], phenotypic expression [94], reproduction [95], nutrient acquisition [93], response to pollutants [96,97] and response to habitat degradation [98].



Microbiomes of marine organisms are often species specific [88], distinct from the water column in which the organisms inhabit [99], and play important symbiotic roles [100]. For marine organisms, some of these microbiome members originate and are selected from the surrounding seawater [101], while others are inherited and passed on through generations from the host [102]. Interactions between the host and environment in the establishment and maintenance of the microbiome are currently being modeled [103,104]. Tracking the fluctuation of microbiome composition across healthy and diseased individuals has led to the dysbiosis hypothesis [105], which suggests that disturbances in the environment or host nutrition and health increase fluctuations in microbial composition, and destabilize it [6,106]. The emergent composition and properties of the microbiome often correlate with the host exhibiting specific disease phenotypes [107,108].



Fundamental understanding of microbial diversity has also expanded dramatically and extended to some non-model organisms [98,109,110]. Yet, there remains a paucity of microbiome studies in marine organisms [110], and this significantly restricts our understanding of marine ecosystem health. We highlight advances made in the field of chondrichthyan microbial ecology and discuss implications of these studies in chondrichthyan ecology, conservation and management.



4.1. 16S rRNA and Shot-Gun Metagenomics to Study Chondrichthyan Microbiomes


To study microbiomes, microbial community samples are collected en masse from the target environment, and the DNA sequence from a random subset is obtained using two approaches, 16S rRNA amplicon sequencing or whole genome shot-gun metagenomics. Amplicon sequencing targets one or more loci within the 16S rRNA gene and provides a taxonomic composition of the microbiome. With shot-gun metagenomics, random sequences across multiple genomic regions are obtained [4,82], and these sequences provide a census of both the taxonomic groups and functional genes present within each taxon of the microbiome (Figure 2). The latter is a more comprehensive assessment of host microbiomes and an effective monitoring tool to assess changes in host microbiome composition and function associated with environmental disturbances.



There have been only a few investigations of chondrichthyan microbiomes [99,111,112,113,114,115,116], but these few studies have vastly increased our understanding of chondrichthyan ecology and interactions with the environment. Two of these studies were conducted using whole shot-gun metagenomics to describe microbial taxa and function on the skin of thresher sharks, Alopias vulpinus [99,116], while the rest used 16S rRNA amplicon sequencing to describe microbial diversity [111,112,113]. The skin microbiome was the focus of two chondrichthyan microbiome studies [99,112], first because shark skins being covered in dermal denticles have unusual characteristics and provide an interesting environment for microbiome studies, and second because skin microbiome samples can be collected non-invasively. Skin microbiomes of sharks can be collected either by capture and release of sharks or by free-diving with sharks which do not pose a safety concern (e.g., Whale sharks) [99,117].



Analyses of the thresher shark skin microbiome [99] and that of the gut microbiome of five pelagic sharks [113,115] identified a high proportion of unclassified operational taxonomic units (OTUs), suggesting that shark microbiomes are novel. However, in all cases the microbiome was dominated by proteobacteria and the shark skin microbiome had several genera that were distinctive from the water column such as Pseudoalteromonas, Erythrobacter, Marinobacter, and Idiomarina, whereas the water was dominated by Roseobacter, Ruegeria and Synechococcus (Figure 2) [99]. Analysis of the cow-nose rays from an aquarium setting revealed a distinct microbiome from the surrounding water column and identified similarities and differences in microbial diversity and core composition between the dorsal and ventral surfaces of the rays, with Burkholderiales, Flavobacteriales, and Pseudomonadales being present on the dorsal side and Vibrionales on the ventral side [112].



Both the skin and gut microbiomes of sharks and rays differed from those of teleost fish and cetaceans found in similar environments [99,109,111,112]. Structural characteristics of the skin microbiome of sharks differed compared to host species with a mucus lining such that sharks have a low beta-diversity in their microbial composition [99]. However, these data may be skewed due to the high percentage of novel species in shark microbiomes and warrant further investigation with more shark species. In addition, the shark and ray skin microbiomes had low beta diversity, which means that each individual organism shared many of the same bacterial genera, unlike algae in which each individual host had fewer shared bacterial taxa [99,112]. A sequence level similarity analysis was conducted on the shark skin microbiome to account for unclassified sequences, and an approximate 60% similarity was seen in sharks of the same species compared to ~20% similarity among algae, and 5% between water column metagenomes [99]. It is possible that this high rate of similarity between microbiomes of individuals from the same species is linked to the unusual surface characteristics of the chondrichthyan skin and may explain the lack of known diseases and faster wound healing in sharks [15,16]. However, these hypotheses remain to be tested.



Genomic techniques can be used to forensically identify the cause of death of wild organisms. In 2017, hundreds of leopard sharks washed up on beaches in California and whole shotgun metagenomics was used to identify the potential pathogens [116]. Moribund and healthy sharks were collected and subcutaneous fluid surrounding the endolymphatic ducts, inner ear perilymph, and cerebrospinal fluid were collected, and DNA extracted for targeted and whole shotgun metagenomics. These areas of the shark were targeted because the sharks were showing signs of abnormal swimming behavior and disorientation, suggesting a central nervous system problem. The metagenomic analysis identified a ciliate as the most likely pathogen. The presence of the ciliate was confirmed with targeted PCR. The microbiome of the sharks was not measured prior to the die-off and thus is it unknown whether there were other factors affecting the sharks. Conducting routine metagenomic analysis of shark skin could be used to monitor the health of shark populations in the wild.



Shotgun metagenomics identifies the genes and metabolic functions that the microbes possess. Distinguishing characteristics were also observed in the nutrient acquisition pathways of chondrichthyan microbiomes and the water column. Sequences encoding genes in Ton/tol pathway were six-fold higher in the A. vulpinus microbiome compared to coral reefs M. In coral reefs, the proportion of Ton/tol encoding sequences has been positively correlated to high phosphate levels in the host [118], suggesting the role of microbiome functions in the acquisition of limiting nutrients. The thresher shark microbiome had a high representation of sequences encoding anti-microbial pathways such as the n-phenylalkanoic acid degradation pathway [99,119], suggesting anti-microbial abilities of the shark microbiome. These data suggest the range of unique abilities of the shark skin microbiome along with the occurrence of many potentially important host-microbiome interactions with significant health impacts and call for further investigations.



In general, Chondrichthyes are interesting model organisms for understanding host-microbiome interactions and microbiome inheritance. The amount of vertical versus environmental influence in microbiome establishment could be determined by comparing Chondrichthyes with viviparous vs. oviparous modes of reproduction. Second, the effect of dermal denticles, as a physical barrier in Chondrichthyes, compared with a chemical or mucus barrier seen in the teleost, to microbial recruitment is a particularly interesting area of research. Understanding these interactions could lead to new frontiers in antimicrobial research and drug discovery, in addition to a renewed understanding of host-microbe interactions.




4.2. Microbiomes in a Changing Environment


The microbiome is reciprocally regulated by the host and environmental factors. Diet and environment of the host impact the gut microbiome [120]. For wild animals, shifts in diet occur with habitat degradation and exposure to environmental pollutants, both of which have profound impacts on the animal’s microbiome. An inferior microbiome composition and function occurred in howler monkeys living in degraded habitats compared to those living in pristine habitats [98]. Shifts in mouse gut microbiome and resultant acute increase in inflammation and metabolic disorders occur as a result of persistent organic pollutant (POP) exposure [97]. The microbiome is thus a bioindicator of environmental and nutritional stress to the host.



Microbiomes are specific to species [99,109,112] and environments [4] and change with disturbances in the environment or host health [6,98,105,106]. Thus, longitudinal studies monitoring the shifts in the microbiome of individuals or populations of a species could allow microbiomes to be used as a measure of individual or population health. Kearns et al., 2017 [112] monitored cow-nose rays to determine changes in the microbiome and effects on the animals’ health after contact with humans. However, no changes in the ray microbiome were observed, suggesting that the unusual characteristics of chondrichthyan skin may provide a unique way of recruiting and maintaining the ray microbiome, and this native microbiome in turn may support the chondrichthyan immune system, just like in humans. Shot-gun metagenomic studies of thresher sharks revealed the presence of several overrepresented and interesting functional groups in categories such as, (i) virulence, disease and defense; (ii) motility and chemotaxis; (iii) iron acquisition and (iv) membrane transport [99]. A ten-fold higher abundance of heavy metal metabolizing genes was also identified in the thresher shark microbiomes compared to the water column and other organisms in the environment (Figure 2) [99], suggesting heavy metal contamination and bioaccumulation in sharks or a natural occurrence of these genes in the shark microbiome. Iron acquisition genes were also significantly overrepresented in the thresher shark microbiome [99] and microbes with the ability to acquire iron more efficiently are suited to compete in the microbiome arena, suggesting high levels of interactions between microbial community members. Evidently, these data call for further research to improve our understanding of microbiomes associated with natural chondrichthyan populations and shifts in the microbiome from environmental disturbances. Longitudinal studies of chondrichthyan populations could allow the use of microbiomes as a non-invasive monitoring tool to detect environmental and physiological disturbances.



Microbiomes as a health monitoring tool can easily be deployed alongside other monitoring of marine organisms, such as tagging studies, fisheries surveys or baited remote underwater video cameras (BRUVS), and we have shown that it can provide a wealth of information about the microbial community, genomics of the host species, health status and, by investigating the functional genes, the presence of heavy metal and other contaminants in the marine environment.




4.3. Metagenomics to Obtain Host Genomes


Microbiome collection from host species and from environments, frequently leads to a collection of host DNA (Doane et al., 2018) [117]. Since the whole genome shot-gun sequencing does not rely on targeted sequencing of microbial DNA, it allows the host mitochondrial DNA to be sequenced along with microbial DNA (Figure 2). Thus, shotgun genomics offers a non-invasive alternative to access host genomic data in parallel with microbial genomics. In addition to describing the genomics of the host, shotgun metagenomics offers the advantage of re-constructing metagenome-associated genomes (MAGs) [121,122,123]. To construct these genomes, sequence reads from multiple metagenomes are pooled, assembled and binned using various characteristics, such as sequence distribution [121,122] and frequency of K-mers [122,124]. This process describes novel microbes that are found associated with many marine organisms [99,100].



The entire mitochondrial genomic sequence of thresher sharks was isolated in a study that was exploring shark skin microbiomes [117]. A few shark skin cells or perhaps free DNA were isolated during shark skin microbiome collection and this was followed by DNA extraction and ‘shallow sequencing’ of the shark genomes. Sequencing of the shark genome was conducted along with microbial metagenomes using a single run of the Ion torrent platform, which had approximately 12 metagenomic samples being sequenced in parallel. Of these, six metagenomic samples from the sharks, which consisted of 380,000 to 1.3 million sequences, most of which were microbial, but had sufficient sequencing to obtain the mitochondrial genome of the shark [117]. The sequencing of thresher sharks’ mitochondrial DNA clarified the placement of the Lamniformes family with the Carcharhiniformes family, rather than with the Orectolobiformes family [117]. Sequencing the mitochondria showed that A. vulpinus and A. pelagicus underwent the most recent divergence, with A. superciliosus forming an outgroup [117].



Microbial and eukaryotic genomes have been similarly isolated, sequenced on the Illumina MiSeq and analyzed by undergraduate students in an ecological metagenomics class at San Diego State University [1]. For many of these samples organismal genomes were obtained from a single microbial sample per host species, while in others microbial genomes were cross assembled from several samples of the same species. Cross assembly is conducted by combining all samples from the same organism or environment for subsequent assembly of the organism’s genome [122,124]. Metagenomes were assembled using Spades [125] or Geneious® 11.1.2 [126] and the largest contig of ~16,000 bp was aligned to reference genomes using Blastn® [127]. Undergraduate students were able to assemble the eukaryotic mitochondria and microbial genomes within a lab session, suggesting that the bioinformatics are becoming relatively straightforward to complete, making these methods amenable for capacity building among researchers with varying skill levels [1].





5. Environmental DNA (eDNA)—To Monitor the Elusive Ocean Predator


An extension from microbial metagenomics, which focused on collecting an environmental sample and sequencing the bacterial and archaeal organisms that are present, is environmental DNA (eDNA), where eukaryote specific primers are used to determine the eukaryotes present in an environment [128,129]. eDNA is DNA that is left in the environment as the organisms swim past, and includes cells sloughing off the skin, hair follicles, organismal products including mucus, scales, feces etc [130]. The DNA remains viable for a limited period and can be collected to identify organisms that are present within an environment. Eukaryotic eDNA is generally in low concentration requiring a primer and amplification approach. The primers are either universal, mostly the CO1, 12S rRNA and 18S rRNA to survey eukaryotic members across multiple trophic levels [30,131]. A specific primer could be added to the general primers to identify the presence of a single species or group like sharks [132,133]. eDNA metabarcoding is used for cataloging biodiversity at multiple trophic levels in a location to establish a baseline against which future sampling can be compared to monitor community changes. The greatest advantage of eDNA is its non-invasiveness and non-fishing requirement, making eDNA analysis important for biodiversity assessments of endangered organisms, such as Chondrichthyes.



eDNA investigations of sharks have used a single primer to target a single species as using a primer to target multiple species has been problematic. The problems have occurred due to several groups, like the Carcharhinids being polyphylogenetic and therefore, the separation between species with a single primer is difficult [30]. However, the Shark COI-MINIR 127 bp shark specific region of the CO1 barcode [134] was combined with two fish-specific primers to describe the species diversity of sharks in the Caribbean and Pacific oceans. The analysis revealed a higher diversity of sharks in the Pacific compared to the Caribbean, with higher biodiversity identified in locations further from human populations. Locations such as Jamaica and Belize were depauperate, and the Bahamas showed higher diversity, suggestive of more effective management at the later location. Similarly, in the Pacific, more distant locations, such as Chesterfield Reef, in the Pacific, had the highest diversity of species. The number of shark-specific reads ranges from 0 to 2500 per sample suggesting a wide variation in the number of sharks present, however, estimation of organism abundance from sequence number is not precise. The survey however, describes the distribution of elasmobranchs in large oceanographic regions, where observing large, fast-moving elusive animals is difficult through traditional survey techniques.



eDNA surveys have detected sharks where traditional methods have failed. In a survey of the New Caledonian archipelago, eDNA detected 44% more shark species than traditional underwater visual censuses and baited videos, despite two orders of magnitude less sampling effort [135]. The eDNA analysis of the New Caledonian region identified the presence of previously unobserved shark species in human-impacted areas. This exciting result suggests that while many sharks have been removed, there was greater prevalence than expected, which indicated that large-scale eDNA assessments are required to improve monitoring of threatened and elusive megafauna.



The non-targeted eDNA surveys require sequencing of the sample and comparison to the database. This process is somewhat expensive and in many samples the target organisms, i.e., sharks may not be present, and therefore, a large number of sequences are obtained that belong to other eukaryote groups that are not used in the analysis. For example, out of 2.9 million sequences, only 21, 542 sequences were identified as a species of shark [133]. Therefore, for a target organism a specific primer followed by a digital droplet PCR (ddPCR) can be used to identify the presence or absence of a shark’s DNA in a sample. ddPCR uses florescence to identify and quantify the presence of a specific sequence in a sample, without sequencing. The ddPRC method could be used to identify the presence of potentially hazardous sharks, e.g., white sharks, in coastal areas during events such as surfing contests. This approach was tested using a 163 bp fragment of the white shark (Carcharodon carcharias) mitochondrial Cytochrome oxidase B gene [133]. The marker was detected using only 250 mL of water. The white sharks were detected in the locations where two tag sharks were identified from and there was no detection in two adjacent areas, presumably because the sharks were not present at the time of sampling. No detection occurred in negative controls. This marker provides a fisheries independent measure of the presence of sharks and could monitor the presence of white sharks and inform management for purposes of conservation and public safety. Over the last few decades white sharks have received significant attention with respect to conservation management [136], including being CITES listed, and protected in Australia, New Zealand and California USA. There is potential for an increase in abundance and interactions with humans [137], therefore, easily identifying the presence of this species at local beaches could alleviate public safety concerns.



Environmental DNA analysis of whale shark aggregations confirmed that eDNA provides useful genetic diversity data as similar mitochondrial haplotype frequencies were identified in the eDNA as that recovered from tissues [132]. Therefore, eDNA could be used for population level analysis. In addition, multiple marker genes were used to describe the presence of both whale sharks and their potential prey [132]. eDNA therefore can provide information on both the population level genetics and species diversity.



eDNA lends itself to the collection by non-scientists and could encourage citizen scientists. For example, Johri et al., (unpublished) asked the fisherman to collect water samples at set distances from shore as they conducted daily fishing expeditions. The analysis used shark specific primers and identified that shark populations started to increase at increasing distance from the shore. Given a large number of people accessing the coastal environment, encouraging the boating community to collect water samples may provide a large body of data to understand species distribution and identify habitats used by these elusive marine predators.




6. Taking Genomics to the Field


A crucial aim in molecular ecology, wildlife forensics, and biodiversity studies is to sequence as close to the sampling site as possible. Whole genome sequencing or genome skimming provide a marked relief in burden to ecologists and conservation biologists working with non-model species as these approaches eliminate the need for a priori sequence information for non-model species, and do not require PCR optimization, PCR amplification and post-PCR processing. They only require gDNA extraction, library preparation and sequencing. WGS and genome skimming have been made even more accessible by the latest advent in high-throughput sequencing technologies from Oxford Nanopore Technologies (ONT) of hand-held, scalable and portable sequencing devices [138]. ONT’s MinION device requires library preparation of sample DNA for 10 min, sequencing for 8–48 h and offers read lengths of tens of kilobases, limited only by the quality of genomic DNA used for sequencing. The device has a low capital cost compared to Illumina sequencers, and allows sequence analyses in real-time with a simplified sequence acquisition platform. Large read lengths available through MinION sequencing are already improving genome sequence assemblies for small to large size genomes [139,140,141,142], while the portable and fast sequencing features have increased the ease of use for molecular genetics in ecological [8] and clinical [143,144,145] applications respectively. In addition to whole genome sequencing, the real time sequence analyses platform of the MinION device allows selective sequencing using applications like ‘Read Until’ [146] in which sequence identity is determined from the first few sequenced bases and the user decides whether to keep sequencing the sample at hand or to terminate and sequence the next sample.



Long read sequences obtained from the MinION have been used to assist genome assemblies for small [140,141,142], medium [139] and large genomes up to ~3 Gb in size [147]. Assemblies can be conducted independently with the MinION sequencer or by combining long reads from the MinION sequencer with short read sequences from Illumina sequencers [139,140]. Long read sequences offer the advantage of genome assembly with low coverage data sets [148]. MinION assemblies by themselves provided accurate genome assemblies, detection of structural variants and SNPs and assessed genome evolution for the Drosophila melanogaster, Caenorhabditis elegans and human genomes [141,142,147]. Thus, for ecological and forensic studies of Chondrichthyes, MinION sequencers could be leveraged for genome wide analyses of chondrichthyan genomes which have sizes in the 1–6.7 GB range [14,18,70,71]. Alternatively, genome skimming of chondrichthyan genomes on the MinION device could enable quick access to high copy number fractions of the genome and allow taxonomic identification for ecological and forensic application [42]. Detailed analyses and assembly of genomic data from the sequencer post field work could enable broader biogeographic and population genetic studies of the chondrichthyan species under consideration, significantly expand the scope of Chondrichthyan biodiversity studies globally and assist conservation management of this species in areas with urgent need, but minimal infrastructure and resources.



Depending on expertise available in the field either complex bioinformatics assembly programs such as CANU [149] could be used for assembly of long read sequences or sequence assembly could be done using standalone software such as Geneious® 11.1.2 [126] or analyses pipelines developed and used by [1,42,150]. Taxonomic identification using high copy number regions such as mitochondrial barcodes could be achieved in field research projects by Blast alignment [127] and phylogenetic analyses using a curated database of chondrichthyan sequences from Genbank on a laptop computer. Thus, multiple genetic loci from chondrichthyan specimens could be isolated for ecological and forensic studies using genome sequencing and analyses on portable sequencers such as the MinION. These research goals could be achieved irrespective of research location and laboratory infrastructure and facilities, due to the portable nature of this technology. However, use of the MinION sequencer remains expensive compared to PCR analyses and Illumina sequencing of individual samples. In addition, although long read sequences from the MinION compensate for low coverage of large genomes such as those of Chondrichthyes, whether coverage of essential genomic regions such as mitochondrial barcodes will be achieved on a given MinION sequencing run cannot be predicted. Thus, even as the portability of the sequencer makes it more accessible to researchers with few resources, the cost of sequencing with MinION may limit its adoption in some areas of need, at least in the short term.




7. Conclusions


In summary, comprehensive elasmobranch biodiversity assessments require access to several mitochondrial and nuclear genetic loci. Current elasmobranch research trends involve targeted approaches to access one or a few loci within the mitochondrial or nuclear genomes based on the study requirements, and significant effort is invested in the development of these assays. A targeted approach has global implications for chondrichthyan research such that it limits research to well established laboratories only, limits the mainstream use of chondrichthyan genomic databases and above all, severely limits the scope of chondrichthyan research.



However, a small but increasing number of researchers are incorporating genomics to use multiple genetic markers in their studies for inferring biogeography and population structure of Chondrichthyes. This approach overcomes limitations of amplification biases resulting from use of single loci and allows acquisition of genetic data from previously unevaluated and potentially new species, thus significantly reducing data deficiency in chondrichthyes. Multiple molecular markers allow information to be obtained along a ‘time continuum’ based on the evolutionary genetic diversity of each marker and provide a window into the complete population history of a species. Next-generation sequencing technologies are increasing accessibility to chondrichthyan genomes and making genome wide assessments more common place in research.



Genomic and metagenomic data from Chondrichthyes at the individual or population level, serve as a ‘lifetime tag’ for these animals and could allow non-invasive longitudinal studies of the species’ migration patterns, philopatry and health. These data provide essential baseline information about population structure which is essential to effective conservation and management of these species. In addition, with more data from around the world, larger ecological questions can be asked, such as describing the differential biogeography patterns in microbial taxa and functional genes of chondrichthyan populations worldwide. Above all, genomic studies of chondrichthyan populations are key to understanding species distributions and population structures which are crucial to efficient conservation and management of this species group. Genomic studies of chondrichthyes thus hold enormous potential to increase the depth and breadth of our understanding of chondrichthyan ecology, health, behavior and conservation.



In the current article, we have provided a comprehensive review of genomic and metagenomic tools to facilitate genomic studies of Chondrichthyes and provide innovative tools for forensic and ecological investigations. We expect that the methods discussed here will receive acceptance by academic researchers and conservation managers alike and that they will be used to bridge the existing data gaps that constrain conservation and management of chondrichthyan populations.
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Figure 1. Comparison of sequence data obtained with Genome skimming and PCR-based approaches. PCR based targeted approaches take several days to optimize PCR amplification, run the PCR, clean up the product and obtain sequence information of a single genetic locus from chondrichthyan DNA. Genome skimming with Oxford Nanopore Technologies (ONT) or Illumina sequencing platforms takes anywhere from 10 min to 18 h, respectively, for library preparation using genomic DNA. Sequencing the prepared samples takes between 8 h to 72 h respectively, depending on the platform used and sequencing depth required. At the end of a genome skimming run one has access to multiple barcodes, microsatellites, SNPs, as well as other high and low copy number regions of the genome. Genome skimming can allow accurate taxonomic assessments from dismembered chondrichthyan specimens through extensive genomic data sets, as opposed to single locus information from PCR based approaches. 
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Figure 2. Microbiomes facilitate understanding of host genomics, host-microbe interactions and host physiology. Microbiome analyses using whole genome shot-gun metagenomics allows access to genomic information along with an understanding of microbial taxonomic and functional diversity. Host genomes thus obtained provide a non-invasive means for taxonomic identification, phylogenetic analyses, population genetic and kinship studies. A description of microbial taxa and function, facilitate understanding of host physiology and health and provide a non-invasive monitoring tool for longitudinal studies in chondrichthyan populations. The graphs above, adapted from [99] Doane et al., 2017 provide a description of microbial taxa and function associated with thresher sharks (grey) and sea water (blue). 






Figure 2. Microbiomes facilitate understanding of host genomics, host-microbe interactions and host physiology. Microbiome analyses using whole genome shot-gun metagenomics allows access to genomic information along with an understanding of microbial taxonomic and functional diversity. Host genomes thus obtained provide a non-invasive means for taxonomic identification, phylogenetic analyses, population genetic and kinship studies. A description of microbial taxa and function, facilitate understanding of host physiology and health and provide a non-invasive monitoring tool for longitudinal studies in chondrichthyan populations. The graphs above, adapted from [99] Doane et al., 2017 provide a description of microbial taxa and function associated with thresher sharks (grey) and sea water (blue).



[image: Diversity 11 00049 g002]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  diversity-11-00049


  
    		
      diversity-11-00049
    


  




  





media/file3.png
Microbiome sampling
1.DNA extraction

2. Library Preparation
3.Whole Genome Shotgun Sequencing

Host DNA Sequences Microbial DNA Sequences

l

Genus

Pzeudoalteromonas

Erythrobacter *
Limnabacler
Idiomarina

Marincbacter *

Alteromanadales_order
Sphingopyxis
Acinelobacler
Senolraphamonas
Altaromonas

High copy number fraction of genomic DNA
eg. mitochondrial genes and microsatellites

Microbial Taxa

Functlon

1.Taxonomic ldentification

Cobal-zinc-cadmium resislance

Iron acquisition

Ton and Toa transport systems
r-Phyanylalkanacic acid dagradation

Terminal cytochrome C oxldases

Falty acid metabolism cluster

Flagelurm

Fatly acid dagradation regulation

Multsdreg Resist. Efflux Pumps

Copper homeosiasis

2. Population Genetic studies
3. Phylogenetic studies
4. Kinship and philopatry

Microbial Function

Indicators of host health &
environmental disturbance





media/file1.png
Microbiome samples

B

Sample with no
- marphological information

Tissue sample w reference information

DMA extraction

DNA Genome skimming
Primer Design + g D 18 h Library 10 mi
PCR set up everal Lays ours preparation min
L J L 4 Y
PCR Amplification lllumina Libraries Minlon Libraries
8?2 hDU".S 8-36 hours
v equencing il | Seqguencing
PCR clean up Short reads Long reads
Sanger Sequencing Assembl Assembly
¥ . -
(Spades) Multiple EEA_NU, Mémmgpper,
l | barcodes + other high iniasm, Geneious)
Higher coverage needed copy number sequences Lower coverage needec

Single barcode
sequence

10,000 contigs off 500,000 sequences obtained,
longest contig of ~16,000 bp with entire
mitochondrial genome (Doane et al.,2018)

Multiple mitochondrial barcodes and
nuclear genomic sequences





media/file0.jpg
maohoages amicn

e o
J——
T me ]
i -
l l ssshass
scn iy oy
S e
- e
| | S
‘copy number sequences Lowsr coverage needec
T e e e
s s s g

oSonelgenome (Dowre o 8. 01





media/file2.jpg
Mercbame sarping
oA esacion

Jouary Poowasin
Jsnce Genome snogn sequancing

| |

Host DNA Sequences Micrablal DNA Sequencos

High copy number raction of genomic DNA
og.mitochondrial genes and microsatelltes

l

1.Taxonomic dentifcation
2. Population Genetic stu
3. Phylogenec studies

4 Kinship and philopatry

Microbial Taxa

Indicators o host health &
evironmental dishabance

Microbial Function






