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Abstract

:

Chondrichthyes (including sharks, rays, and chimaeras) are a class of jawed cartilaginous fishes (with skeletons composed primarily of cartilage), with major relevance to the marine ecosystems and to humanity. However, cartilaginous fishes are facing various threatens, inflicting abrupt declines in their populations. Thus, critical assessment of available molecular genetic variation, particularly retrieved from Chondrichthyans’ transcriptomic analyses, represents a major resource to foster genomics research in this ancient group of vertebrate species. Briefly, RNA-Seq involves the sequencing of RNA strands present on a target tissue, which can assist genome annotation and elucidate genetic features on species without a sequenced genome. The resulting information can unravel responses of an individual to environmental changes, evolutionary processes, and support the development of biomarkers. We scrutinized more than 800 RNA-Seq entries publicly available, and reviewed more than one decade of available transcriptomic knowledge in chondrichthyans. We conclude that chondrichthyans’ transcriptomics is a subject in early development, since not all the potential of this technology has been fully explored, namely their use to prospectively preserve these endangered species. Yet, the transcriptomic database provided findings on the vertebrates’ evolution, chondrichthyans’ physiology, morphology, and their biomedical potential, a trend likely to expand further in the future.
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Key Contribution: This review aims to summarize information on the available transcriptomes resources of Chondrichthyes. Such accumulated knowledge has multidisciplinary relevance, including diverse uses on biomedical industry, inference of organ origins and the understanding of metabolic pathways.










1. Introduction


The oceans are ecosystems filled with a vast number of services to humanity, such as resources that can be collected, sequestration of carbon and consequent regulation of coastal water levels, and cultural services [1]. Unfortunately, numerous anthropogenic stressors are causing the decline of those oceans’ services, which can result in catastrophic events [2]. Chondrichthyes, a class of fishes composed by two subclasses, Chimaeras and Elasmobranchs, are crucial to the accomplishment of the oceans’ services and are particularly vulnerable to the stressors that the oceans are currently experiencing. Specifically, since Chondrichthyes are major predators, they are responsible for the top-down control of the lower trophic level [3], maintaining healthy and conventional fish stocks [4], even though some species can present different feeding behaviors such as filtering [5] and scavenging [6]. Additionally, Chondrichthyes are also involved in the carbon cycle in the oceans by feeding of the dead matter on the sea floor [7,8,9,10]. Due to their often-large size, they conserve substantial amounts of carbon in their bodies, and upon death, they sink, allowing carbon recycling when eaten by scavengers [11]. However, if they are fished, the carbon cycle is disrupted, which can compromise the worldwide climate [12]. Chondrichthyes are also highly popular due to their appearance, relevance to the movie industry, and cultural roles in some communities [13], providing valuable resources for tourism and, consequently, economically [14,15]. Nevertheless, their impact on improving the well-being of humanity can be reduced due to their populations decline, mainly caused by overfishing [16].



Understanding that biochemical changes happening on a given organism can have impacts on populations and, ultimately, ecosystems [17], calls for the development of tools that can provide such knowledge. Transcriptomic studies can deliver the necessary information that can be used for fish conservation, by researching the genetic responses to environmental stressors, and for biomarker development, used for faster stress diagnosis [18]. Such studies consist of collecting all RNA sequences, such as messenger RNA (mRNA), small RNA (smRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), and non-coding RNA [19]. The first attempts occurred in the early 1990s [20] and the development of the sequencing technologies resulted in an increasement in the transcripts’ database and their quality [21]. Indeed, transcriptome studies assist the understanding of the mechanisms and response of organisms by analyzing their genetic expression, highly relevant to identify ways of enhancing the ecologic conservation of species [18], understanding evolutionary processes and phylogenetic relationships [22] and even for disease treatment [23,24].



Here, we critically review the current knowledge and available resources about the transcriptomes of cartilaginous jawed fishes, which in line with other sequencing techniques and data, such as genomics [25,26,27], proteomics [28,29] and microbiomes [30,31,32], is likely to foster research in this fish class. We collected detailed information regarding the available sequences from the SRA NCBI Database and from literature, aiming to understand the state-of-art of Chondrichthyes’ transcriptomics. Given the huge economic and ecological potential of chondrichthyans, exploring these resources can assist humanity in many ways. For example, chimaeras’ transcriptome can help to understand the evolutionary history of vertebrates [33], while elasmobranchs have important biomedical potential [34,35] and can be used as bioindicators of marine ecosystems [36]. Furthermore, summarizing which taxonomic groups are underrepresented and which tissues are being mostly used will provide an important record of the missing data, which will allow researchers subsequently to fill possible gaps.




2. The Chondrichthyes


Chondrichthyes is a class of jawed fishes whose endoskeleton has the peculiarity of being composed by cartilage [37], and its species are separated into two different subclasses: Elasmobranchii and Holocephali. The Elasmobranchii subclass is composed of sharks (superorder Selachii), and skates and rays (superorder Batoidea), accounting for over 1200 different species of elasmobranchs [38]. On the other hand, Holocephali is composed of chimaeras, which have fewer described species than their sister taxa (elasmobranchs), with only around 56 species [38]. Elasmobranchs are represented worldwide, on the most distinct ecosystems [39], from shallow waters [40] to deep regions of more than 2400 m of depth [41], and from the cold waters of Antarctica [42] to the warm waters of tropical reefs [43]. Usually, they occupy the position of apex and mesopredators in the food chain, implicating a huge factor in the populations’ dynamic of the ecosystem they inhabit [44,45], but some species, such as whale sharks (Rhincodon typus), also present filter feeding habits [46,47]. Currently, the overfishing of Chondrichthyans is the key trigger for the extinction of many species. However, habitat destruction, climate change and pollution also contribute to this phenomenon, but on smaller proportions [48]. These anthropogenic effects influence not only population numbers but can also compromise the evolutionary potential of the affected species [49]. Additionally, the population shrinkage due to anthropogenic events can escalate due to some of their biological traits, such as late sexual maturity, lengthy pregnancy, low fertility, slow growth and long life span up to hundreds of years [50,51].



As stated above, cartilaginous jawed fishes impact our planet on countless factors. Economically, they are a valuable target for fisheries, with an estimated one billion American dollars traded owing only to shark commerce worldwide [52]. If we account for the often mislabeling of these species [53,54] or the non-reported catches [55,56], the global market of chondrichthyans can surpass the previously mentioned values, even though they are regularly thought to be bycatched [57,58]. Nevertheless, they are fished extensively on some regions [59,60,61] by industrial, artisanal, and even recreational ways [62,63]. The fished specimens can be used not only to human consumption, but also for cosmetics and pets’ food [64]. Furthermore, the potential of collagen extraction for biomaterial production is being researched for tissue regeneration [65,66] and as antitumoral [67,68], even though some claims can be debated [69]. Moreover, being such an ancestral class, it can provide key evolutionary knowledge, given the fact that there are fossils of chondrichthyans dating more than 400 million years ago [70]. In addition, this lineage survived four mass extinctions, making them one of the earliest and most successful vertebrate groups [71]. With all the evolutionary pressures and different abiotic factors they faced during millions of years, they possess some impressive features on their genome [27,34,72], such as a deletion of a whole Hox cluster, a great expansion of some vomeronasal gene-families, and positive selection of genes involved on wound-healing and genome stability. In addition, extant elasmobranchs possess low genetic diversity and a resilience that suggest unique genetic properties that must be uncovered and preserved [73]. Consequently, analyzing their transcriptomes will be relevant to understanding the genes that are expressed and under what circumstances.




3. Evolution of Transcriptomics Technologies


Transcriptome studies have undergone a huge development since the beginning of sequencing practices, with the emergence of innovative techniques that bring outcomes with greater accuracy, less need for computational tools [74,75], and therefore, faster results [76]. The usage of RNA for omics highly increases the difficulty of sequencing due to its single-stranded structure, which is very unstable and can compromise the sequencing results [77]. Thus, it is fundamental to use proper reagents that can preserve the samples (e.g., RNA Later), store the samples at lower temperatures, or both, depending on the time between sampling and extraction [78,79]. Nevertheless, the first sequencers were only capable of sequencing DNA, therefore efforts of understanding the transcriptome of an organism appeared around the 1970s with the usage of reverse transcriptase and cDNA amplification by PCR, followed by sequencing [80]. The main limitation of this generation was the reduced amounts of DNA that could be processed and the initial high costs [81].



The following generation, named NGS (Next Generation Sequencing), was established on the mid 2000s providing faster results, which overtime evolved to more welcoming costs [82] for a higher performance rate than the first generation [83]. These technologies were based on high throughput sequencing (HTS). With this generation, transcriptomics had an increasing attention, since one of the advantages is the possibility of quantifying transcripts and following comparisons [84]. Succinctly, transcriptome analysis using NGS, can be divided into three major steps [85]: Library construction, consisting of the selection and collection of the appropriate samples, following by RNA extraction, reverse transcription, and cDNA fragmentation (the last two steps can be performed on different order) [86]. The next step is the sequencing itself, which varies on the technology used [87]. Finally, bioinformatic analyses of the many short sequences obtained, will be distinctly targeted depending on the different focus of the carried-out research [88,89].



Additionally, it is important to mention the microarray technology, which was one of the initial drivers of the gene expression research. Microarrays were used to evaluate genetic expression, in the earlier moments of sequencing development, and it was a cheaper option, requiring less computational power [90] Even though this technique is still in use [91,92], the need of having previous molecular knowledge on the targeted species, limited the species compatible with this technique [93,94], and the NGS development led to the reduced interest of microarrays. Nevertheless, they can still be relevant to evaluate gene expression in model species [95,96,97].



Currently, the latest generation of sequencing is being developed, which focus on longer single reads that can reach values of 150 kbp [98] and the ability of direct sequencing RNA [99] and not need amplification before sequencing [81]. These long reads diminish the complexity of the assembling process, and can improve genome annotations [100], de novo assembly [101], and epigenome characterization [102]. This technology has the huge advantage of not needing amplification via PCR [103], which can reduce the PCR-related mutation errors, labor and reagents usability. Nevertheless, the earlier times of this generation brought a higher error rate that is currently being diminished [104,105], and it can be further reduced using hybrid techniques, long read sequencing combined with short reads for refining assemblies [106].




4. Chondrichthyes and Their Transcriptomes


We assessed the available transcriptomes in the literature and databases, utilizing Web of Science, with a combination of keywords (sharks, skates, rays, chimaeras, elasmobranchs, chondrichthyes, transcriptome, transcriptomics, gene expression). We analyzed this information along with all NCBI SRA database entries for RNA, filtering for Chondrichthyes species from January 2011 until, 10 April 2023. Our data revision shows that the number of RNA-Seq entries have been increasing since 2019, and with two years of higher number of entries (2018 and 2022, with 218 and 253 entries, respectively), a trend that can be seen on Figure 1. Regarding the early months of 2023, there were already 55 new entries. The boom of entries occurring in 2018 is mostly related with the work by Hara et al. [107] with more than 100 entries, and Swenson et al. [108] which accounts for more than 50 entries. Likewise, the year of 2022 had the work published by Mayeur et al. [109] that contributed solely with almost 100 entries. When researching the transcriptomes available on NCBI platform [110], using the SRA database, filtered for RNA entries and for bony fishes and cartilaginous fishes, it is clear the discrepancy between these two groups. Bony fishes account for more than 90,000 entries, whereas Chondrichthyes have under 900 entries. From all these entries, if we excluded scientific replicas and repeated tissues per species, there are only 198 unique tissues sequenced from Chondrichthyes’ species, which were divided by different categories following the tissue origin (Figure 2). The most sampled tissue for transcriptome studies on Chondrichthyes is the muscle, which can be explained by the easy sampling and stable preservation. Moreover, most tissues require the sacrifice of the individual. Given their conservation status, it would be optimal to sequence less invasive tissues which are proven as a viable method on wild fishes [111].



Regarding their conservation status, Figure 3 shows the entries by the species’ IUCN Red List Status, divided by their orders. Most of the entries belong to Least Concern species (64.2%), whereas the least represented belongs to Critically endangered species (1.7%), which can be related due to their lesser abundance on ecosystems (excluding unknown status). Notwithstanding, more effort should be placed on sequencing these less abundant and more endangered species, since it could improve their conservation based on a better understanding of their biochemical genetics. Moreover, from all the species known of Chondrichthyes, only 54 species (3.7 %) had their transcriptome studied, and from those only 1 species (0.07%) belongs to the Chimaeras, 29 species (1.4%) to the Batoidea, and 33 species (2.2%) to Selachii. This highlights the importance of increasing the sampling of chimaeras’ tissues, since these lineages of elasmobranchs and chimaeras diverged 375 million years ago [112].



When evaluating the sequenced tissues by orders, the chimaera C. milii solely represents the only Chimaeriformes order. Regarding the Batoidea infraclass that comprises four orders (Myliobatiformes, Rhinopristiformes, Rajiformes, Torpediniformes), there is at least one species sequenced for each of the existent order. By contrast, Selachii infraclass has eight orders (Carcharhiniformes, Heterodontiformes, Hexanchiformes Lamniformes, Orectolobiformes, Pristiophoriformes, Squaliformes and Squatiniformes), and not all are represented with a transcriptome entry. Regarding the diversity of tissues sampled for each species (Figure 4), only seven species have 10 or more tissues sampled: Scyliorhinus torazame, Callorhinchus milii, Stegostoma fasciatum, Chiloscyllium punctatum, Rhincodon typus, Scyliorhinus canicula, and Leucoraja erinacea [113,114,115,116,117]. Moreover, only one species besides Leucoraja erinacea on the Batoidea infraclass had 10 or more different tissues sampled, whereas Narke japonica had the most tissues sampled [9].



Given the importance of transcriptomics for genome annotation [118] and the evolution of the sequencing technologies, it is expected that more species will have both their genome and transciptome sequenced. However, only 17 species currently have their genome sequenced on NCBI Databases, which accounts for only 1% of the known Chondrichthyes species. Consequently, there are various orders without whole-genome data available, and efforts to increase the genetic knowledge of these animals should be a prime concern for future sequencing projects [27].



Thus, it is important to gather the information available on the transcriptome and gene expression of elasmobranchs and chimaeras, and then take advantage of the new available technologies to complete the databases. The usage of the long-read sequencing in Chondrichthyes is still uncommon, but besides the biological information it can deliver, it can also be viable for facilitating the genome annotation on some of the sequenced species [119] due to their long reads, easier assembly, and to perform isoform identification [120]. Even though previous generations of transcriptomics could help the annotation of genomes [107], their performance is less effective to decipher highly repetitive parts of the genome [121]. Even with such a low sampling number, it is possible to explore how transcriptome data can help understand the evolution of vertebrates, the physiology, and morphology of these species, and how these animals can help to enhance the human’s well-being.
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Figure 4. Taxonomic distribution of chondrichthyan’s transcriptomic entries in the NCBI database. Organized by species and organs where the tissues were sampled. The category “OTHER” includes tissues, such as epigonal, gallbladder, head sections, olfactory epithelium, axial skeleton sting epithelium, saccus vasculosus, thymus, and nonidentified tissues). Divergence data based on Timetree [122]. 
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5. Main Findings of Elasmobranch’s Transcriptome Studies


The first transcriptomic study on cartilaginous fishes [123] was reported in early 2011, aiming to better understand the genetic changes of vertebrates’ evolution and the uniqueness of elasmobranchs genetics. Embryos from Scyliorhinus torazame were sequenced using Sanger and NGS methodologies to obtain expressed sequence tags (ESTs) that revealed the presence of genes involved on jaw patterning, absent on hagfishes, a jawless fish. Two years later, in 2013, the transcripts of the heart of the great white shark, Carcharodon carcharias, were sequenced, but the lack of content on public databases hindered the gene annotation of its transcripts. Nevertheless, many Genetic Ontology terms related to humans and zebra fishes were annotated, and surprisingly, C. carcharias had more similarities with humans than with Danio rerio [124].



5.1. Evolutionary Findings


5.1.1. Pancreas


Due to their evolutionary importance, and with the increasing availability and decreasing costs of sequencing processes, more studies were performed to gather cues to decode vertebrates’ evolution. For instance, studies regarding pancreatic emergence were performed on a dogfish, since jawless hagfish and lampreys do not possess a defined pancreas, but Chondrichthyes present what can be qualified as an “ancient pancreas” [125]. Surprisingly, when comparing the transcriptome of the liver, pancreas, and brain, there are more similarities between the pancreas and the brain, than the pancreas and liver, even though they have more similar functions [126]. These results can explain the similar origin of neural and pancreatic endocrine cells [127].




5.1.2. Eyes


Tissues from the same region can be compared, not only between Chondrichthyes, but also between other species. Given their evolutionary position, phylogenetically located between jawless vertebrates and bony fishes [128], comparative studies between these groups can elucidate some of their evolutionary histories. With the objective of clarifying the evolution of the vertebrate phototransduction cascade, RNA from the eyes of hagfish—Eptatretus cirrhatus, lampreys—Geotria australis and Mordacia mordax, elasmobranchs—Chiloscyllium punctatum, Carcharhinus amblyrhynchos, and Neotrygon kuhlii, bony fish—Amia calva, and gar—Lepisosteus platyrhincus [129] were sequenced and revealed that elasmobranchs have similar mechanisms of phototransduction cascade as the bony fishes, using GNAT1 together with PDE6, unlike, agnathostome that only has GNAT1. Regarding Isurus oxyrinchus, the transcriptomes of the eye were analyzed and there was an overexpression of the photoreceptor CRB1, which suggests that they utilize vision as their primary sense, and the expressed ocular opsin genes revealed a monochromatic vision on this species [130]. Furthermore, it has been suggested in S. canicular the reduction of growth in the retina due to a decreased expression of genes typically associated with cellular development and growth [131].




5.1.3. Heart


Additionally, when comparing the heart transcriptomes of seven species (four elasmobranchs and three teleosts) it was estimated that half of the transcribed genes were present in all the species. Some of the differences appeared in immune functions, with two or more of the studied elasmobranchs possessing 30 of the 37 genes related to adaptive immunity genes which are absent from the researched teleosts and C. milii’s genome [132], reinforcing the importance of evolutionary research on the subgroup of elasmobranchs.




5.1.4. Reproduction


Differences in the reproductive strategies of different shark species were explained by RNA-Sequencing the white muscle from species with placental development (Rhizoprionodon terraenovae, Carcharhinus acronotus, Prionace glauca, Carcharhinus leucas, Carcharhinus perezii, Mustelus canis and Negaprion brevirostris), and non-placental development (Carcharias taurus and Galeocerdo cuvier). These authors point out that signal of positive selection in genes associated with brain development (YWHAE and ARL6IP5) and sperm production and morphology (TCTEX1D2 and VAMP4) can be influencing the placenta loss on Carcharias taurus and Galeocerdo cuvier [133].




5.1.5. Metabolism


Regarding an ancient representative of cartilaginous fishes, Callorhinchus milii, a chimaera, one study comparing the transcripts from different tissues showed unexpected gene expression on myoglobin (Mb), α-globin, and globin X (GbX) genes [134]. Detailing these differences, Mb showed a higher expression in the heart than on skeletal muscle, hypothesizing that higher aerobic metabolic rates evolved to Mb being expressed on skeletal muscle to increase oxygen demands. Moreover, both α-globin (α1) and β-globin showed higher expression in the heart and spleen, which was expected for subunit isoforms of a tetrameric hemoglobin within red blood cells, but the paralog α2 was most expressed in the brain. The authors hypothesize that the lack of the NgB gene is replaced by α-globin (α2). Likewise, the paralog of GbX1 was expressed on a diverse range of tissues, while GbX2 was highly expressed on the gonads. Furthermore, when comparing the transcriptome of the white muscle of three shark species with six tuna species and a mackerel, it was possible to hypothesize that the gene glycogenin-1 relates to the fast recovery of exercise and can be associated with the evolution of endothermy in sharks and tunas [135]. Moreover, transcriptome analysis of the Sphyrna zygaena’s liver showed the possibility of lectin pathway being gone in the hammerhead shark lineage, although it was supposedly established on a common ancestor of bony fishes and cartilaginous fishes [136].





5.2. Physiology and Morphology


5.2.1. Fin Development


The morphology of the cartilaginous fishes’ body is also an interesting topic of study, since some Batoids possess a pectoral fin that fuses with the head [137], which can be explained by the different genetic expression on the posterior region of pectoral fins versus the anterior region [138]. Moreover, transcriptomics was used as a comparison method to understand how rays from the family Myliobatidae developed “horns”, formally called cephalic lobes, that allow them to inhabit pelagic environments [139]. When comparing the pectoral fins’ transcripts of L. erinacea with Rhinoptera bonasus, the genes Alx1, Alx4, Pax9, Hoxa13, Hoxa2, and Hoxd4 were the most common in both species. On the other hand, it was found that the genes Dkk1, Msx2, Omd, and Lhx2 are possible inducers of the formation of the notch on Myliobatidae, and there was a downregulation of Msx1 (which is associated with a proper maturation of apical ectodermal ridge, on the notch development) and Bco2 (boosts endogenous retinoic acid synthesis) [108]. The development of sequencing technologies turned them cheaper and faster over time, opening the possibility of producing a tridimensional image of the RNA Profiling on zebrafish, combining techniques of RNA-Seq and computed tomography [140]. A similar methodology was used on S. canicula, on the forebrain of the embryos [109], even though the resolution was not at a cellular level, as the third-generation sequencing enables. It was possible to correctly show the expression details, such as the differences of the paralogs of Nkx, Six, and the asymmetric left/dorsal restrictors, Lefty2/Nodal/Vg1. This study showed that application on a larger organism was possible (similar methodologies are usually utilized on smaller species [141]) and help decipher the ancestral properties of jawed vertebrates. Transcriptomic studies can also be valuable to understand the genetic expression of motoneurons and the evolution of tasks like land walking. This was shown, for instance, with the identification of transcription factors in Leucoraja erinacea embryos that are identified in mice as responsible for the specification of motoneurons—e.g., Foxp1. Additionally, the Leucoraja fins express the same genes as the lateral motor columns (LMC) of mice and chicks, and the ray expansion of LMC is due to the absence of the Hoxc9 gene [142]. Likewise, to understand the genetic changes in the development of fins and limbs, pectoral fins from C. punctatum and forelimb buds from mice were sequenced at different times of development. The study revealed that even though many of the expressed genes were similar in both species, their activity was different. Some genes in mice were expressed in the late stages of the member development, whereas the same genes were shut down at the same stage of fin development [143].




5.2.2. Digestive System


Nutrient uptake can also be studied with the usage of transcriptomic techniques. Honda et al. [144] sampled embryonic intestine and yolk sac membrane from S. torazame and realized that four months before hatching there was an increase of many amino acid transporter genes, and lipid absorption in the intestine. About the yolk sac membrane, the increase in basolateral amino acid transporters and cathepsin in late development stages was reported. The authors hypothesized that the amino acids and lipids from the yolk are transported through the basolateral membrane into the blood. Some interesting physiological aspects of these creatures were molecularly explained with the help of transcriptome studies, such as the functional processes involved in the rectal gland, which has an important role in the osmoregulation processes but is also connected with the feeding process [145]. In Squalus acanthias’s case, this mechanism was supported by the storage of crucial mRNAs that will trigger a faster translation of proteins, when the gland is activated by feeding [146].




5.2.3. Osmoregulation


Recurring once again to the S. acanthias’ transcriptome, multiple tissues were sequenced (brain, liver, kidney, and ovary) with a key focus on understanding the osmoregulation processes. The presence of urea synthesis genes in the liver was clear, even though some studies also reported it on other tissues [147]. Moreover, when studying the transcripts of S. acanthias the presence of two glutamine synthetase (Gs) orthologues was identified, which were not detected in previous studies [148]. Regarding arginase, an important enzyme involved in the urea cycle, known for its versatility [149], two orthologs (Arg1, Arg2) were detected. While Arg1 was only detected on the kidney assembly, Arg2 was found on all the four sequenced tissues. Lastly, aquaporins (AQP) were also detected, which are involved in urea reabsorption processes [150] (a process that is still not well understood). It was notable the presence of two Aqp3 genes that can help increase knowledge on this gene subclass. Remarkably, some shark species are capable of occupying fresh water and saline environments, such as the bull shark Carcharhinus leucas [151]. Therefore, in order to understand this feature, kidneys of bull sharks acclimated to freshwater and saltwater were RNA-sequenced. It was expected that the NKCC2 was responsible for the reabsorption of NaCl when transitioning from seawater to freshwater, but there were no differences detected in the gene expression of both kidneys. In contrast, an increase in the expression of Na+-Cl− co-transporters and Na+/K+ ATPase subunit α1 (NKAα1) was noticed [152]. NKAα1 is responsible for generating Na+ electrochemical gradient, which is the driver of NaCl reabsorption [153]. Similarly, Hemitrygon akajei, demonstrated a co-expression of the genes NKCC2 and NKAα1 in the tubular bundle of the kidney, while dealing with lower salinity environments [154].




5.2.4. Climatic Adaptation


Given the climate changes that ecosystems are currently facing, it is important to identify the variations that can happen in elasmobranchs’ genetic features. For example, according to Lighten et al., Leucoraja ocellata could adapt to higher temperatures majorly by reducing their body size, but also due to changes in their genetic expression [155]. Curiously, there were also changes in genes involved in immune response, hypothesized as a response to the secondary effects of thermal stressors, which is a reported effect on some species [156].




5.2.5. Electric Organs


Furthermore, some Chondrichthyes have unusual features, such as Tetronarce californica, a ray with the capability of emitting electric shocks with hundreds of volts [157]. Transcriptome analysis of the electric lobes of this species concluded that the electric shocks are the outcome of a synchronized neurotransmitter-mediated depolarization, with the involvement of genes that encode the Excitatory Amino Acid Transporter 1 (EAAT1), Chloride Channel protein 2 (ClC-2) and Voltage-dependent L-type calcium channel subunit 1 (Cav1.2). Furthermore, Dispanin and V-type proton ATPase 16 kDa proteolipid subunit were detected, and both these proteins are present in other electric rays [158]. Additionally, some species are not only able to discharge electric shocks, but also of sensing electric signals by using the organ Ampullae of Lorenzini [159]. This organ was sequenced on L. erinacea for their transcriptome. The results showed that high conductance might result from highly expressed calcium-activated potassium (BK) channel and voltage-gated calcium channel (CaV1.3) on receptor cells (but not on the support cells or tubule structures). These channels can be mediated by the most expressed gene parvalbumin-8 [160].




5.2.6. Bioluminescence


The deep-sea shark, Etmopterus spinax, which is capable of emitting a blue-green ventral glow [161], had his eyes and ventral skin sequenced for transcriptome analysis. The transcripts for Es-rhodopsin and Es-peropsin were solely detected on the eye, confirming the monochromatic vision of this species. In contrast, Es-encephalopsin was found on both tissues, but more on the ventral skin, and it is hypothesized that it initiates pathways leading to ultraviolet radiation phototransduction on the skin [162]. Similarly, Isistius brasiliensis also presents bioluminescence capabilities [163]. Ventral tissues (bioluminescent part of the body) and black band integument were sampled, and their transcripts were sequenced. However, it was not possible to find similarities of any of the identified genes with the conventional bioluminescence enzyme present in insects, luciferase [164]. However, there were 30 genes that were only expressed in the bioluminescence part of the body, which can bottleneck the investigation of the mechanism involved in bioluminescence in these sharks [165].




5.2.7. Anoxia Response


While sequencing Hemiscyllium ocellatum’s brain, and comparing it with a frog, a carp, and a turtle, it was noticed that small ncRNA were differently expressed while exposed to anoxia, while on the following recovery phase accounted for less than 1% in each studied species. In the shark’s transcripts, the majority was not possible to annotate as a known RNA [166]. Some of these can be expressed for the immediate effects of anoxia, and others for the survival of long-term survival of anoxia. More studies can help clarify the functions of each of those small ncRNA.





5.3. Biomedical Relevance


5.3.1. Venom


While venoms are frequently harmful and can be deadly in some cases [167], they are also promising for their biomedical potential on many diseases [168]. Some ray species possess venom glands that can be used for transcriptome studies, such as Potamotrygon amandae, Potamotrygon falkneri and Potamotrygon motoro, freshwater species that possess a non-lethal venom. The venom glands’ transcriptome showed, as expected, numerous proteins related to envenomation processes [169,170], such as thrombin-like enzymes, that can form thrombus [171]; hyaluronidase, which improves the diffusion of fluids across the skin, enhancing the venom potential [172]; phospholipases, which are quoted as one of the most dangerous toxins on animals, possessing a large spectrum of activity [173], and proteinases, specially metalloproteinases [174]; glycoproteins such as CRISPs, which are hypothesized to disorder the homeostasis of the infected organisms [175,176]; and neurotoxins, for example ohanin and α-atrotoxin-Lt1a [177,178]. This knowledge can be important not only for the biology of the species and for the discovery of novel proteins, but it can also help clinical diagnosis when a patient is envenomated. Regarding the marine ecosystems, Neotrygon kuhlii was studied for its transcriptome, in combination with proteomics, showing that galectin was highly expressed and was abundant on the venom proteome [179]. This protein is known for changing blood dynamics [180]. Furthermore, peroxiredoxin-6 was highly expressed too, which is curious since it works as an antioxidant, but in some metabolic pathways can lead to toxic activities. Kirchhoff et al. (2022) [181] performed a study showing the capabilities of transcriptomics for the search of those proteins with biotechnological potential. Combining the transcriptome sequencing of five ray species (Potamotrygon leopoldi, Potamotrygon motoro, Dasyatis pastinaca, Himantura leoparda and Pteroplatytrygon violacea) with Hella cell bioactivity assays (LOPAC 1280 library) in a network, they could indicate 216 signaling pathways, where 29 of those were shared by 70 transcripts and 70 bioactivity hits. This methodology can help drug discovery of other unusual venomous species.




5.3.2. Kidney and Spleen


It is thought that sharks were the ancestral group displaying innate and adaptive immune system [182]. Chiloscyllium griseum’s spleen and kidney were RNA-sequenced and their spleen showed immune and signaling pathways, with cell adhesion molecules and various receptors, whereas the kidney showed more gene expression on metabolic pathways, such as xenobiotic degradation and lipid, amino acid, and carbohydrate metabolism [183].




5.3.3. Antibodies


Moreover, Chiloscyllium plagiosum is a focus species in some scientific fields, for presenting some appealing compounds [184], being used as model species on ecotoxicological studies [185] and for the interest in their single domain antibodies [186]. The latter is being studied on a production level, and the transcriptome was sequenced on different tissues of this species [187]. It was possible to understand that IgNARs antibodies were produced mostly on the spiral valve, pancreas, and spleen. IgNAR1 was mostly expressed in the adult stages, but IgNAR6 in juveniles. These discoveries can help increase of efficiency of the production of these antibodies, depending on the interest of each antibody. Moreover, the usage of multi-tissue transcriptomics aided with the identification of more than 626 nurse shark plasma proteins [188], which helped identifying the proteins involved on the response of immune stressors on Ginglymostoma cirratum. This can be important for understanding how chondrichthyes respond to immune stimulants and help with the production of antibodies.




5.3.4. Liver


The frequently sequenced C. plagiosum species was also used for transcriptomic studies due to its unusual liver that occupies more than 70% of its visceral weight. Studies in this species’ liver have reported molecules with potential in the biomedical field, which can make C. plagiosum a possible model species to evaluate liver regeneration [189,190]. Therefore, the importance of microRNAs (small, non-coding, single-stranded RNAs, 19 to 25 nucleotides in length, which regulate biological processes [191]) on the regulation of liver regeneration was researched in this species, showing the expression of microRNAs related to liver regeneration mostly 3–12 h after partial hepatectomy, with more than 300 differentially expressed microRNAs [192]. Studies like this can help the research of bioactive compounds, and elucidate their mechanism of action. Moreover, peptides from C. plagiosum were already tested for their potential for liver regeneration studies [193]. Regarding Isurus oxyrinchus, the transcriptomes of the liver, showed that most of the genes expressed on this tissue had functions related to resistance to different cancers and other human diseases, such as HABP2 and PONs’ genes [130].






6. Challenges and Future Perspectives


As it was noted on this review, the transcriptome analysis of the Chondrichthyes’ tissues is still a very understudied subject, following the same pattern as the genomic studies regarding the same class of organisms [27]. With so many astonishing features that these species possess, there are numerous aspects that can be studied, such as elucidating the development of the large tail of thresher shark [194], understanding how some species possess faster and more efficient reproduction strategies, namely P. glauca [195] and S. canicula [196], or even which are the biochemical regulators behind the different morphologies of the various species of hammerhead sharks [197].



The lack of data on the Chondrichthyes’ transcriptomes is a combination of many factors, beginning with the logistics of RNA preservation that can be challenging and costly on field work [198]; chondrichthyes’ meat presents a low commercial value (even though fin market is highly valuable) [199] which can lower the economic interest of preserving this class; and the difficulty of sampling these specimens [200] due to their biology and costs of marine expeditions. To tackle this, opportunistic sampling can be performed while on board of commercial or recreational fishing boats, as previously accomplished [201,202,203]. This can limit the experimental design due to the inconsistent sampling. Nevertheless, it is remarkable how the possibility of maintaining some species in captivity can help better understand the genes involved in the characterization and metabolism of each of these species, using their embryos [144,204], and changing different settings to evaluate how some species cope with different stressors [166]. With the increasing number of studies regarding the pollutants present on elasmobranchs, it is important to understand how these organisms are coping with such high levels of pollutants [205,206,207], which was proved as a good possibility of study using biomarkers [208]. Likewise, the effects of climate changes and following repercussions (such as ocean acidification) are thoroughly explored [185], but currently lack studies at genetic expression level. Comparing the differential genetic expressions and functional analysis between the presence and absence of various stressors can decipher which factors are influencing the fitness of the individuals and understand sub-lethal limits [209]. It would also benefit the development of novel and more specific biomarkers [210] and support the creation of supportive laws to enhance the cartilaginous fishes’ conservation [18]. Nevertheless, transcriptomic studies are not a universal tool, and it should be used along with other analyses to provide a correct image of the fitness of the target and its protein activity [211]. Additionally, robust comparisons should be established between lethally-sampled tissues such as kidney, liver, and brain (well known for their role in homeostasis, detoxification, and nervous system control, respectively), and tissues that can be sampled using non-lethal strategies [111], with the objective of evaluating gene expression on a tissue and correlate with a response of different organs. Non-lethal tissue sampling can enhance the possibility of resampling the same individual over time [212], reducing the need to sacrifice individuals [91] and can lead to establishing protocols that can combine, for example, tagging animals and blood sampling or biopsy muscle punches [213]. Regarding population genetic studies focusing on cartilaginous fishes, transcriptome data is not yet commonly used, but have been applied for invertebrates, to determine how different populations are coping in different habitats [214]. This can be used on Chondrichthyes’ populations inhabiting different regions to assess putative adaptive responses to local abiotic and biotic factors. Even though that is an uncommon practice, RNA-Seq can also be used for mitogenome assembly using bioinformatic tools [215]. This can subsequently be used for population structure analysis [216]. Regarding inbreeding rates, which is an important aspect when considering populational studies, transcriptomic data may not be the most suitable tool to evaluate such parameter. Nonetheless, the effects of higher inbreeding rates have been researched on other species, with the objective of understanding how inbreeding affects the genetic expression [217].



In the future, more datasets should be provided, which can help decode the transcriptome of these cartilaginous fishes. The lack of available genomes reduces the accuracy of the transcriptome mapping since most species are not sequenced at genome level, which can difficult the interpretation of RNA-Seq results. Moreover, the usage of long read sequencing techniques is still reduced on these organisms. The advantage of in situ sequencing can lead to a diminishing need of reagents for RNA preservation and refrigeration equipment for conserving samples until sequencing. Although the cost of this kind of technology is considered high, it is expected that it will continue to reduce, providing many resources that have already showed remarkable potential. Moreover, it can provide the capability of community usage by accessibility from public databases, which can increase the knowledge and interpretation of data, after the authors publish their datasets.
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Figure 1. Chondrichthyes’ RNA entries available in the public dataset from 2011 to 2022. 
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Figure 2. Number of unique categorized RNA sequences available by tissue for different Chondrichthyes species. 
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Figure 3. Percentage of IUCN Red List Status species represented with entries in each order. 
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