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The diversity of skeletal tissues in extant vertebrates includes mineralized and unmineralized structures made of bone, cartilage, or tissues of intermediate nature. This variability, together with the diverse nature of skeletal tissues in fossil species question the origin of skeletonization in early vertebrates. In particular, the study of skeletal tissues in cartilaginous fishes is currently mostly restrained to tessellated cartilage, a derived form of mineralized cartilage that evolved at the origin of this group. In this work, we describe the architectural and histological diversity of neural arch mineralization in cartilaginous fishes. The observed variations in the architecture include tessellated cartilage, with or without more massive sites of mineralization, and continuously mineralized neural arches devoid of tesserae. The histology of these various architectures always includes globular mineralization that takes place in the cartilaginous matrix. In many instances, the mineralized structures also include a fibrous component that seems to emerge from the perichondrium and they may display intermediate features, ranging from partly cartilaginous to mostly fibrous matrix, similar to fibrocartilage. Among these perichondrial mineralized tissues is also found, in few species, a lamellar arrangement of the mineralized extracellular matrix. The evolution of the mineralized tissues in cartilaginous fishes is discussed in light of current knowledge of their phylogenetic relationships.
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1. INTRODUCTION

The classical view in vertebrate skeletal biology is mainly driven by the extensive work made in tetrapod species, in which clear distinctions are made between several cartilaginous and bony tissues (Hall, 2015). According to this classical view, cartilaginous tissues are retained in only a few sites in the adult skeleton and are classified into hyaline, elastic, and fibro-cartilages that display various assemblages of collagen fibers (Wachsmuth et al., 2006). Hyaline cartilage appears as a transparent tissue whose extracellular matrix does not display histologically observable fibers. The extracellular matrix of hyaline cartilage is characterized by type II collagen running through high contents of proteoglycans with acidic glycosaminoglycans that sequestrate water (Hall, 2015). Bone is defined by the deposition of type I collagen-rich extracellular matrix with little to no acidic glycosaminoglycans deposited, which undergoes mineralization through the activity of osteocytes (Hall, 2015).

Molecular and paleontological evidence has allowed the elaboration of a timeframe for the emergence of the various vertebrate skeletal tissues. Hyaline cartilage is ancestral to vertebrates (Zhang and Cohn, 2006) and most probably evolved earlier than vertebrates (Tarazona et al., 2016), while dermal and perichondrial bone, but also globular mineralized cartilage, is found in early agnathan vertebrates (Donoghue and Sansom, 2002). Among jawed vertebrates, the skeleton of extant cartilaginous fishes (chondrichthyans) is considered to be made exclusively of cartilage, with different types of mineralization that were described in early classical works (Hasse, 1879; Ridewood and MacBride, 1921; Ørvig, 1951; Applegate, 1967). Cartilage mineralization in chondrichthyans mainly occurs under the form of tesserae that are small articulated units of cartilage impregnated with apatite and are a shared derived character of this group (reviewed in Maisey et al., 2020). Paleontological evidence, therefore, implies that cartilaginous fishes have lost dermal and perichondrial bone more than 400 million years ago (Donoghue and Sansom, 2002). Several genetic data were interpreted in light of this evolutionary framework for skeletal tissues, however, our knowledge of chondrichthyan genomes remains scarce (Ryll et al., 2014; Enault et al., 2015; Debiais-Thibaud et al., 2019; Leurs et al., 2021).

More recent studies have reassessed the diversity of poorly described features of mineralization in cartilaginous fishes (Eames et al., 2007; Enault et al., 2015; Seidel et al., 2017, 2020; Atake et al., 2019; Debiais-Thibaud, 2019; Smith et al., 2019; Chaumel et al., 2020; Pears et al., 2020), raising new questions on the origin and evolution of mineralized tissues in this clade and therefore in vertebrates. Comparative studies of skeletal tissues in non-tetrapods have uncovered a wide range of skeletal tissues that had remained unknown from the sole study of tetrapods (discussed by Witten and Huysseune, 2009 and Hall and Witten, 2019). Teleost fishes display for example a wide variety of skeletal tissues with intermediate features (e.g., hyaline, elastic, fibrous, whether mineralized or not) of what is classically associated to either bone or cartilage and for which standard characterization by histology has been proposed (Witten et al., 2010; Hall and Witten, 2019). A wider description of the diversity of skeletal tissues in non-tetrapod species is therefore still needed to understand the origin and the diversification of mineralized tissues in vertebrates. In this study, we chose to focus on the comparative analysis of mineralized cartilage in the neural arches of chondrichthyans.

Extant chondrichthyans include three major clades. Holocephalans are divided into the three extant families Callorhinchidae, Chimaeridae, and Rhinochimaeridae and have long been considered to have a non-mineralized cartilaginous endoskeleton but are now recognized to have tesserae (Finarelli and Coates, 2014; Maisey et al., 2020; Pears et al., 2020; Seidel et al., 2020). Sister to holocephalans, elasmobranchs include selachians (sharks) that are grouped into Galeomorphii (orders: Carcharhiniformes, Heterodontiformes, Lamniformes, and Orectolobiformes) and Squalomorphii (orders: Hexanchiformes, Pristiophoriformes, Squaliformes, Squatiniformes, and the family Echinorhinidae) and batoids (rays, guitarfishes, skates, and sawfishes) that are divided into Myliobatiformes, Rhinopristiformes, Rajiformes, and Torpediniformes (Naylor et al., 2012; Ebert et al., 2013; Last et al., 2016). Most cartilaginous endoskeletal elements of selachians and batoids are covered by tesserae (e.g., the jaws, fins, and most vertebral elements) (Dean et al., 2009; Chaumel et al., 2020). The tesseral body (the internal part of a tessera) contains type II collagen, round cells enclosed in lacunae, and Liesegang lines typical of globular mineralization (Kemp and Westrin, 1979; Seidel et al., 2017; Chaumel et al., 2020). The tesseral cap zone (the external part of a tessera) is located on the perichondrial side and is characterized by flatter cells engulfed in a type I collagen matrix (Ørvig, 1951; Kemp and Westrin, 1979; Seidel et al., 2017; Chaumel et al., 2020). This cap zone has been discussed as a remnant, or derived version of an ancestral bony tissue in jawed vertebrates (Kemp and Westrin, 1979; Seidel et al., 2017).

Less studied than tesserae are two other mineralized tissues, also reported in the elasmobranch endoskeleton by Ørvig (1951), and reviewed by Dean and Summers (2006) and Debiais-Thibaud (2019). On the one hand, areolar mineralization characterizes the vertebral centra of elasmobranchs (Ridewood and MacBride, 1921). On the other hand, a type of lamellar mineralization has been identified only in the vertebral neural arches and repeatedly compared to bone tissue (Peignoux-Deville et al., 1982; Eames et al., 2007; Atake et al., 2019). Until now, this lamellar mineralization, or bone-like tissue, was reported in two shark species within Carcharhiniformes [the small-spotted catshark Scyliorhinus canicula (Peignoux-Deville et al., 1982) and the swellshark Cephaloscyllium ventriosum (Eames et al., 2007)], and in two batoid species belonging to Rajiformes [the Eaton's skate Bathyraja eatonii and the little skate Leucoraja erinacea (Atake et al., 2019)]. The similarity between lamellar mineralization and bone tissue was raised several times—it was first termed osseous tissue by Peignoux-Deville et al. (1982)—because of the occurrence of elongated cells similar to osteoblasts in bone (Peignoux-Deville et al., 1982) that express type I collagen genes (Enault et al., 2015) and because these cells are enclosed in a type I collagen-rich extracellular matrix, which is able to mineralize (Eames et al., 2007). This type of mineralization differs from the classical globular mineralization described in the cartilage of fossils (Ørvig, 1951) and the body zone of tesserae (Kemp and Westrin, 1979; Seidel et al., 2017).

In this study, we first provide microCT images to visualize the architecture of mineralized tissues in the neural arches in ten orders of elasmobranchs and one holocephalan family. We then use classical histology to illustrate cell shape and extracellular matrix characteristics (e.g., fibrous or hyaline nature, presence of acidic proteoglycans) to describe the mineralized tissues. The results provide insights into the evolutionary history of endoskeletal mineralization among chondrichthyans and question the nature of the mineralized tissues described in early gnathostomes and vertebrates.



2. MATERIALS AND METHODS


2.1. Biological Sampling

The dataset includes 19 specimens from 16 species of chondrichthyans (Table 1) and covers six of the eight orders of extant sharks, the four orders of extant batoids, and one of the three families of extant Chimaeriformes (Naylor et al., 2012; Ebert et al., 2013; Last et al., 2016). The samples were kindly provided by the University of Montpellier, by the Aquarium of Montpellier (Planet Ocean Montpellier), or were bought at fish markets. No handling of live specimens was necessary for this study. The ontogenetic stages were determined based on literature data, using the total length (TL) or disc width (DW) as proxies (Table 1). When no data were available about the ontogenetic stages of the species sampled, the TL, DW, or both were provided (Table 1). When fresh or frozen material was available, the vertebra or neural arch were sampled and fixed in 4% paraformaldehyde in Phosphate-Buffered Saline 1X (PBS 1X). Anterior and posterior vertebrae were sampled anterior and posterior to the pelvic girdle, respectively. Samples made from long-term stored material were first rinsed in fresh ethanol for 48 h before further processing (note that some specimens come from collections in ethanol that date back from the 90's, see details in Table 1).


Table 1. Chondrichthyan samples used for histology and microCT scanning.
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2.2. Histological Staining

Alizarin Red S staining on thick (circa 1 mm) slices was performed overnight in a potassium hydroxide (KOH) 0.5% solution with a concentration of Alizarin Red S of 0.005% for samples of S. canicula and the thornback ray Raja clavata, or 0.05% for samples of the spotted ratfish Hydrolagus colliei. Stained samples were progressively equilibrated in 25% glycerol in KOH 0.5%, 50% glycerol in KOH 0.5%, 75% glycerol in KOH 0.5%, and glycerol 100% before being imaged under a binocular (Leica Microsystems). Only samples fixed in paraformaldehyde were used for this staining procedure.

A double Alizarin Red S and Alcian Blue staining was performed on a 14 μm-thick cryostat section made in a non-demineralized portion of the anterior vertebral column of an embryonic lesser spotted catshark fixed in 4% PFA. The section was rinsed in PBS 1X, then in KOH 0.5% before a bath of Alizarin Red S 0.005% in KOH 0.5% for 1 min. The slide was rinsed once in PBS 1X, incubated for 2 min in a 0.02% Alcian blue 8G solution (8:2 ethanol/glacial acetic acid), washed once in EtOH 100%, and once in PBS 1X before being mounted in Mowiol.

For other histological staining protocols, samples exhibiting strong vertebral mineralization were first rehydrated and then demineralized with Thermo Scientific Shandon TBD-2 decalcifier during 24–48 h before the embedding process (Table 1). Samples were progressively dehydrated in 70, 96, and 100% ethanol before paraffin embedding. Paraffin-embedded tissue was cut into 7 μm-thick sections, mounted on slides in an alternate consecutive fashion, and dried at 37 °C overnight. Tissue sections were stained with Hematoxylin, Eosin, and Saffron with HMS 740 autostainer (MM France) for preliminary analysis. The Hematoxylin-Eosin-Saffron (HES) protocol stains basophilic components in deep violet [nuclei and basophilic extracellular matrices (H)], cytoplasm in pink (E), and collagen fibers in bright orange (S), allowing a fine description of cell and matrix morphologies. HES has poor staining contrast on hyaline cartilage (gray or beige uniform staining) but allows contrasting the cartilaginous matrix with perichondrial tissue because of the eosinophilic and Saffron-positive staining of the fibrous matrix (Hilton et al., 2005). The modified cartilaginous extracellular matrix in cartilage mineralizing zones is also contrasted in HES (Mayoral et al., 2014), possibly because it is basophilic. Tissue sections were also stained with PAS-AB, which associates the standard Alcian blue method (AB, pH 2.5, standard staining for acid mucins in hyaline cartilage matrix, blue staining) with the Periodic Acid Schiff (PAS) technique to distinguish with neutral mucins (magenta staining). PAS-AB staining is a standard for the detection of hyaline cartilage matrix, as the staining is associated with the acidic glycosaminoglycan content of the matrix (Whiteman, 1973). Previous work has shown that Alcian blue stains best in the proliferative and resting chondrocyte zone of endochondral bone, while the PAS magenta stains both the fibrous perichondrium and the hypertrophic chondrocyte zones (Xiong et al., 2005). Some variation in the intensity and color of HES and PAS-AB assays between samples are observed, which most probably results from variations in the fixation, decalcification, and storage solutions, but also from an important variation in the storage time of our samples. Despite these variations, cell shape was still well-preserved and there was good correspondence between the locations of mineralization (as defined by microCT images) and the places of modified staining with HES in the cartilaginous and fibrous extracellular matrices. Mounted histological slides were scanned with a Hamamatsu NanoZoomer 2.0-HT scanner in the local MRI platform and images were visualized with the NDP.view software (v1.2.47).



2.3. Micro-Computed Tomography

Micro-computed tomography (microCT) was performed on selected vertebral samples preserved in alcohol with EasyTom 150 and reconstructed with the Xact software (v11025). The images were subsequently analyzed with the Avizo Lite software (v2019.3).



2.4. Ancestral Character State Reconstruction

For each character identified in our results, we built a character matrix and used phylogenetic relationships from Licht et al. (2012), Naylor et al. (2012), and Last et al. (2016). We reconstructed the ancestral state for each character (globular mineralization, fibrous mineralization, and lamellar mineralization: presence/absence; mineralization architecture: continuous/semi-discontinuous/discontinuous (tessellated or reduced) with Mesquite (v3.61) (Maddison and Maddison, 2019).




3. RESULTS


3.1. Anatomical and Histological Features of Neural Arches in Three Reference Species

We first selected reference species among the three main chondrichthyan clades: S. canicula (Carcharhiniformes, Galeomorphii) (Figures 1, 2), R. clavata (Rajiformes, Batoidea) (Figure 3), and H. colliei (Chimaeriformes, Holocephali) (Figure 4). The description of the vertebrae of these species is provided first because of their representativeness in the chondrichthyan phylogeny, also because literature data shows a strong variation in the type of mineralized tissues in their neural arches (Debiais-Thibaud, 2019), and because we had specimens of successive ontogenetic stages allowing developmental comparisons.


[image: Figure 1]
FIGURE 1. Mineralized tissues in the anterior vertebrae of the small-spotted catshark Scyliorhinus canicula at juvenile stages [20 cm TL in (A–C) and 31 cm TL in (F)] and embryonic stages [8.4 cm TL in (D) and 8.0 cm TL in (E)]. (A–C) Micro-computed tomography imaging, frontal view (A) and lateral view (B) of 3D isosurfaces and virtual section (C, as located by the double sided dashed arrow on B). (D) Alizarin Red S staining of a thick section. (E) Alizarin Red S and Alcian Blue double staining on a cryostat section. (F) HES, histological staining; c, centrum; f, fibrous perichondrial mineralization; g, globular mineralized cartilage; in, interneural element; la, lamellar perichondrial mineralization; na, neural arch; no, notochord; nt, neural tube; t, tesserae; uc, unmineralized cartilage. Scale bars are in μm.
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FIGURE 2. Histological characterization of the mineralized tissues in the anterior vertebrae of the small-spotted catshark Scyliorhinus canicula at an embryonic stage [7 cm TL in (A,B)] and a juvenile stage [31 cm TL in (C,D)]. Serial sections were stained with HES (A,C) and PAS-AB (B,D). (A',C') Close-ups of the boxed zones in (A,C), respectively. Close-up on the lamellar (la), globular (g), and fibrous (f) mineralized tissues: (C1–C3,D1–D3) are details of (C',D), respectively. f, fibrous perichondrial mineralization; fib, fibrocyte-shaped cell; g, globular mineralized cartilage; hc, hyaline cartilage; la, lamellar perichondrial mineralization; lam, lamella; Li, Liesegang lines; m, muscle tissue; no, notochord; nt, neural tube; pc, perichondrium; ps, pericellular space; uc, unmineralized cartilage. Vertical lines in (C',D) delimit the fibrous and hyaline cartilaginous matrices. Dashed lines in (C',D) locate the zones of mineralized matrix. Black arrow points to fibrous extracellular matrix. Scale bars are in μm.



[image: Figure 3]
FIGURE 3. Mineralized tissues in the vertebrae of the thornback ray Raja clavata at hatching [8.0 cm DW (A–M)] and juvenile stage [13.0 cm DW (N,O)]. (A–D,I,J,N,O) Posterior vertebrae, (E–H,K–M) anterior vertebrae. (A–C,E–H,K) Micro-computed tomography imaging, frontal views (A,E) and lateral views (B,F) of 3D isosurfaces and closer views on virtual sections (C: as located by the double sided dashed arrow on B; G,H,K: as located by the double sided dashed arrows on F). (D) Alizarin Red S staining of a thick section. (I,J,L–O) Histological staining on serial sections with HES (I,L,N) and PAS-AB (J,M,O). (I',L',N') Close-ups of the boxed zones in (I,L,N), respectively. Cellular details from the proximal (N1,O1), central (N2,O2), and distal (N3,O3) zones are zooms taken from the sample in (N',O). c, centrum; ct, corner tessera; f, fibrous perichondrial mineralization; fib, fibrocyte-shaped cell; g, globular mineralized cartilage; hs, hemal spine; in, interneural element; Li, Liesegang lines; m, muscle tissue; na, neural arch; no, notochord; ns, neural spine; nt, neural tube; ps, pericellular space; t, tesserae; tp, transverse process; uc, unmineralized cartilage. Scale bars are in μm.
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FIGURE 4. Anterior synarcual mineralization in the spotted ratfish Hydrolagus colliei at hatchling [9.5 cm TL, (A–F)] and juvenile [14.0 cm TL (G,H)] stages. (A–C) Micro-computed tomography imaging, frontal view (A) and lateral view (B) of 3D isosurfaces and virtual section on a closer view (C, as located by the double sided dashed arrow on B). (D) Alizarin Red S staining of a thick section. (E–H) Histological staining on serial sections with HES (E,E',G,G') and PAS-AB (F,H). (E',G') are close-ups of the boxed zones in (E,G), respectively. hc, hyaline cartilage; m, muscle tissue; nf, nerve foramina; no, notochord; nt, neural tube; pc, perichondrium; t, tesserae (dashed contours delineate single tessera). Scale bars are in μm.



3.1.1. Neural Arch Mineralization in Scyliorhinus canicula

Each anterior (thoracic) vertebra of S. canicula includes a mineralized, hourglass-shaped, centrum (Figures 1A,B). Each centrum is dorsally overlaid by a mineralized neural arch that alternates with interneural elements, both (neural and interneural elements) appearing similar in shape but interneurals are located dorsal to the junction between two centra (Figures 1A,B). The vertebral body surface also shows thin zones of mineralization (lace-like mineralization, Figures 1A,B) that are small tesserae (see details below and in Figure 5). The neural arches and interneural elements externally appear as continuously mineralized structures (Figures 1A,B) but the virtual (microCT) and histological sections reveal that the mineralized layer encloses an inner core of unmineralized tissue (Figures 1C,E,F) of cartilaginous nature (Figures 1E,F). In the following, we used HES and PAS-AB histological staining protocols to characterize cells and their extracellular matrix in each vertebral tissue. We previously successfully used HES staining to characterize cartilaginous matrix mineralization in chondrichthyans (Enault et al., 2015; Debiais-Thibaud, 2019). Mineralized zones (stained with Alizarin Red S in Figure 1D) appear dark pink in comparison to the unmineralized matrix (Figure 1F, compare g with uc zones), probably because of an eosinophilic nature. The comparison between the virtual and histological sections (Figures 1C,F) allows identifying several types of mineralized tissue. First, there is a zone displaying cell spherical lacunae, where mineralization is less dense (lower gray level in Figure 1C), and that is located in the dorsal-most zone of the cartilaginous core (g in Figure 1). Denser mineralized zones (deeper white in Figure 1C) cover the inner unmineralized cartilage rod (uc in Figure 1). These perichondrial zones are further differentiated in the proximal perichondrium (facing the neural tube, la in Figure 1) and the distal perichondrium (facing the thoracic muscles, f in Figure 1) through the HES and PAS-AB staining protocols.


[image: Figure 5]
FIGURE 5. Vertebral tissues with various tesseral mineralization patterns in selected species stained with HES (A,C,E) and PAS-AB (B,D,F). (A,B) Subperichondrial tesserae in the cartilaginous vertebral body of a juvenile (20 cm TL) small-spotted catshark S. canicula; anterior vertebra. (C,D) Tesserae in the neural spine of a juvenile (13 cm DW) thornback ray R. clavata; posterior vertebra. (E,F) Tesserae in the neural arch of a (147 cm TL) bowmouth guitarfish Rhina ancylostoma; posterior vertebra. bz, body zone of a tessera; cz, cap zone of a tessera; itj, intertesseral joint; Li, Liesegang lines; m, muscle tissue; no, notochord; nt, neural tube; pc, perichondrium; t, tesserae (dashed contours delineate single tessera); sp, spoke; uc, unmineralized cartilage. The white dotted line separates bz and cz. Arrows point to Sharpey's fibers. (A',B,C',D,E',F) are close-ups of the zones located by the rectangles in (A,C,E), respectively. Scale bars are in μm except in (E).


In the embryonic developing neural arches (Figures 2A,B), at a stage when mineralization initiates (Enault et al., 2016), the fibrous perichondrial tissue is characterized by flat cells enclosed in a fibrous extracellular matrix (pc in Figure 2A'), while the internal cartilaginous tissue stains positive for Alcian blue (hc in Figure 2B).

In the juvenile specimen in which structures are fully mineralized, the neural arch is organized as a central, unmineralized cartilaginous rod (uc in Figures 2C',D). This internal cartilaginous rod is no more than 100 μm wide in the juvenile specimen, which is similar to what is observed in the hatchling specimen, suggesting that this internal tissue does not significantly grow between these ontogenetic stages (Figures 2A,C). In continuity with this cartilaginous unmineralized rod, the most dorsal and ventral aspects appear mineralized (Figures 1C,E,F, 2C',D) together with the contact surface with the perichondrium (g in Figures 2C',D). The perichondrium is characterized by low to absent Alcian blue staining in the PAS-AB assay (Figure 2D) and by elongated cells engulfed in a Saffron stained extracellular matrix in the HES assay (Figure 2C'). Several differences in cell density and matrix organization can be detected when comparing the distal mineralized perichondrium (toward the trunk muscles) with the proximal mineralized perichondrium (facing the neural tube) (compare Figures 2C1,C3,D1,D3).

As a result, three mineralized histotypes can be described in the neural arch of S. canicula. The first one is superficial lamellar mineralization that arises from the perichondrium located in the proximal side of the neural arch. The mineralized matrix displays a lamellar organization, cell density appears very low, and the few cells found in the mineralized matrix are elongated (Figures 2C1,D1). The second type is globular mineralization, which occurs in the matrix surrounding chondrocytes in the dorsal part of the neural arch and the contact zone with perichondrial mineralized tissues. HES staining in the mineralized matrix shows concentric rings around the chondrocyte lacunae that we interpret as the marks of previously described Liesegang lines (Figure 2C2), typical of globular mineralization in hyaline cartilage (Ørvig, 1951; Peignoux-Deville et al., 1982; Seidel et al., 2016). The pericellular space is positive for Alcian blue (ps in Figure 2D2). The third type is a fibrous mineralized tissue in the perichondrium that is located in the distal side of the neural arch. The cells also appear elongated as expected with fibrocytes and their matrix is characterized by loosely arranged fibers that stain with Saffron (arrows in Figure 2C3). The thin pericellular space is positive for Alcian blue (Figure 2D3).



3.1.2. Neural Arch Mineralization in Raja clavata

The posterior vertebrae of R. clavata are composed of a centrum associated with one neural arch located dorsally, at the junction between two neural spine-interdorsal complexes (Figures 3A,B). The neural arches and interneural elements are not covered by tesserae, as opposed to the neural spines (Figure 3B). The virtual section shows that the whole depth of the posterior neural arches is mineralized (Figure 3C). In both hatchling and juvenile specimens, this architecture is similar in the posterior vertebral column (not shown). HES histological staining highlights the presence of subspherical cells in the center of these neural arches (Figures 3I',J,N',O,N2,O2). Their extracellular matrix displays Liesegang lines with HES and an Alcian blue positive pericellullar space with PAS-AB, making this zone similar to the globular mineralization observed in S. canicula (Figures 3N2,O2). This internal mineralized cartilaginous rod does not seem to differ in size between the hatchling and juvenile specimens, suggesting little growth of this internal zone between the corresponding ontogenetic stages (Figure 3, compare the g zone in I' with N').

Surrounding this mineralized cartilage core is a tissue with fibrocyte-shaped cells, engulfed in a fibrous matrix devoid of Alcian blue staining except for a thin pericellular matrix (Figures 3I',J,N',O,N1,N3,O1,O3). This mineralized fibrous tissue lines both the proximal and distal sides of the neural arch and is thicker in the juvenile than in the hatchling specimen (compare Figures 3I',N'). We assume this tissue to have a perichondrial nature, and it appears similar to the fibrous mineralization in the distal perichondrium of the S. canicula neural arches. Similar to the observations in S. canicula, perichondrial mineralization appears denser than globular cartilage mineralization (Figure 3C). In contrast to S. canicula, no lamellar organization of the extracellular matrix was observed in either the proximal or distal perichondrium of R. clavata (Figures 3N1,N3,O1,O3). In S. canicula, the architecture of neural arch mineralization is the same along the anterior-posterior axis of the vertebral column (no difference is observed between the anterior and posterior vertebrae) although the timing of centrum mineralization differs between these regions (Enault et al., 2016). In R. clavata, the mineralization architecture in the neural arches differs between anterior and posterior vertebrae (Figures 3B,F). In anterior vertebrae, we identified only interneural elements, located dorsal to the junctions between two centra and that were partly covered with tesserae (Figures 3F,H), while more massive mineralized units cover the anterior and posterior faces of the interneural elements (Figures 3F,K). A longitudinal frontal section in an interneural element shows that these massive units have a U-shape delineating the anterior and posterior faces of each interneural element (Figure 3K). As such, we considered them to be “corner tesserae” as previously proposed in the jaw of the Haller's round ray Urobatis halleri (Dean et al., 2009), although their size relative to the closest tesserae is higher than that of previously observed “corner tesserae” (Figure 3F). Histological staining showed the occurrence of mineralized globular cartilage in the center of these elements and layers of fibrous perichondrial mineralization on their proximal and distal surface (Figures 3L,M).

As a consequence, the interneural elements and neural arches of S. canicula and R. clavata in the caudal zone of the vertebral column display continuous mineralization, while the anterior vertebrae of R. clavata (immediately posterior to the synarcual) display a combination of tesserae and massive “corner tesserae”. All these mineralized structures are characterized by a mineralized perichondrial tissue that covers a partly (S. canicula) or more extensively (R. clavata) mineralized cartilaginous rod. Perichondrial mineralization occurs as lamellar mineralization only in the proximal zone of the neural arches of S. canicula and as fibrous mineralization in all other occurrences.



3.1.3. Synarcual Mineralization in Hydrolagus colliei

The synarcual of H. colliei is a post-cranial element pierced by dorsal and ventral nerve foramina (Figures 4A,B) that develops from the fusion of successive embryonic vertebrae and that does not display discrete neural arch or interneural elements (Johanson et al., 2015). The equivalent zone of elasmobranch neural arches in the synarcual is considered to be the zone dorsal to a ventral foramen (Goodrich, 1930; Eames et al., 2007; Criswell et al., 2017). We hypothesized a similar situation for chimaeras, and focused on the portion of the synarcual located dorsally to a ventral foramen, although our observations were similar in all other parts of the synarcual (including in the vertebral body, see Figures 4A,D,E,G). Previous studies showed poorly developed cartilaginous tissue in the posterior vertebrae of juvenile H. colliei, where histology displayed no sign of modified cartilaginous matrix that could be linked to cartilage mineralization (Debiais-Thibaud, 2019). However, more recent publications pointed out the thin layer of mineralized matrix in the synarcual of the elephant shark Callorhinchus milii (Pears et al., 2020) and recognized thin tesserae in the adult C. milii and rabbit fishes Chimaera monstrosa (Pears et al., 2020; Seidel et al., 2020). In our H. colliei sample, we detect a similar thin layer of mineralized tissue in the synarcual of a hatchling and a juvenile specimen (Figures 4A,G). This pattern is found as a peripheral delineation of the ventral part (corresponding to the vertebral body) and the dorsal part (corresponding to the neural arches) of the synarcual, but also in the inner contact with the notochord (Figures 4A,D,G). Most tesserae are not more than 10 μm wide in their chondral-perichondrial axis (Figures 4E',F,G',H). The line of modified cartilaginous matrix can be observed at the hatching stage and is more obvious in the juvenile specimen (Figures 4E–H). The matrix stains deep purple with HES (Figures 4E',G') and does not stain with Alcian blue (Figures 4F,H), suggesting a difference in the glycosaminoglycan content at this mineralization location. This site of mineralization is located in the subperichondrial zone of the cartilaginous unit. The cells located on the perichondrial side of this line are enclosed in lacunae in a matrix of cartilaginous nature [as supported by positive Alcian blue staining (Figures 4F,H)], although the cells are flattened (Figures 4E',G'). Moreover, no cells can be observed fully embedded in the mineralized cartilaginous matrix, either at the hatching or juvenile stage and the mineralized layer appears discontinuous (Figures 4G',H), supporting the presence of aligned tesserae as described in other holocephalan species (Pears et al., 2020).



3.1.4. Diverse Combinations of Histotypes in Chondrichthyan Tesserae

To better compare our observations with literature data on tesserae, these mineralized structures were also illustrated in selected species (Figure 5). As previously noted, focal cartilage mineralization is detected with microCT outside the neural arches and surrounding the vertebral body of S. canicula (Figures 1A,B). Such sites also appear on histology sections, they are stained dark pink with HES and purple with PAS-AB and occur in a subperichondrial location within the cartilaginous matrix (Figures 5A,B). Although poorly developed, these sites can be interpreted as thin tesserae engulfing chondrocytes and display intertesseral joint regions (Figures 5A',B), as previously described (Seidel et al., 2016). The tesserae are separated from the perichondrium by a subperichondrial and unmineralized cartilaginous layer (Figures 5A',B). They are comparable to the discontinuous pattern of mineralization described in H. colliei (Figures 4G',H) but are thicker (up to 50 μm) and engulf chondrocytes in the mineralized matrix (Figure 5A') in S. canicula.

The neural spines of R. clavata, as well as the neural arches of the bowmouth guitarfish Rhina ancylostoma are covered by tesserae (Figures 3B, 5C–F). The tesserae are separated by unmineralized intertesseral joints (itj in Figures 5C',D,E',F) and display internal spokes (sp in Figures 5C',D,E',F) as defined by Seidel et al. (2016). Two zones can further be distinguished in the tesserae that correspond to the previously defined body and cap zones of a tessera (Kemp and Westrin, 1979; Seidel et al., 2016, 2017). In both species, the cap zone is characterized by flat cells, a higher content in collagen fibers, and a matrix poorly stained by Alcian blue except in the pericellular layer (Figures 5D,F). The cells in the body zone are subspherical and surrounded by an extracellular matrix displaying Liesegang lines with HES staining (Figures 5C',E'). In both batoids (R. clavata and R. ancylostoma), the maximum width of a tessera (tangential axis) is about 200 μm and does not seem to depend on the specimen body size as R. clavata is a young juvenile of 13 cm DW and 21 cm TL, while R. ancylostoma is 147 cm long. However, the depth of the tesserae (along the chondral-perichondrial axis) is less than 100 μm in R. clavata, while it is more than 200 μm in R. ancylostoma (compare Figures 5D,F). There are no obvious Sharpey's fibers radiating from the tesserae of R. clavata, whereas they are well-defined in the tesserae of R. ancylostoma (Figures 5C',D,E'F). Sharpey's fibers are thick collagenous fibers previously described in tesserae (Kemp and Westrin, 1979; Seidel et al., 2017).




3.2. Neural Arch Mineralization and Elasmobranch Diversity

In the following, we describe the variation of neural arch mineralized histotypes and architectures in several species covering a broad part of the elasmobranch taxonomic diversity.


3.2.1. Batoids

Most of the neural arch of the smooth butterfly ray Gymnura micrura and Torpedo sp. is covered by tesserae that are 250 μm wide in their tangential axis (Figures 6A,B,E,F). Two larger mineralized elements are found on the anteriormost and posteriormost surfaces of each neural arch, similar to the corner tesserae described in R. clavata. These elements are more than 500 μm in their longer dimension (Figures 6A,E). The virtual sections made through the center of the neural arches show regular-sized tesserae on the neural arch surface (Figures 6B,F). The histological sections made through the corner tesserae (Figures 6C,G) show a central zone of globular mineralized cartilage covered by fibrous mineralization (Figures 6C',D,G',H).
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FIGURE 6. Mineralization patterns in the neural arches of posterior vertebrae in batoids. (A–D) Smooth butterfly ray Gymnura micrura (40.5 cm DW). (E–H) Torpedo sp. (16 cm DW). (I–L) Shovelnose guitarfish Pseudobatos productus (60 cm TL). (A,E,I) 3D isosurfaces. (B,F,J) Virtual cross sections following the plane indicated by the double sided dashed arrow in (A,E,I). (C,G,K) HES staining on transverse sections following the plane indicated by the double sided dashed arrow in (A,E,I). (C',G',K') Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining of similar zones as in (C',G',K'), respectively. Legends as in Figures 1–5.


The neural arches of the shovelnose guitarfish Pseudobatos productus are covered by classically organized tesserae with no massive corner tesserae (Figure 6I). The tesserae of the neural arch reach 400 μm long (in their tangential axis) and 100 μm wide (along the chondral-perichondrial axis, Figure 6J) and display intertesseral joints (Figures 6K',L). The cap zone of a tessera contains elongated cells in a fibrous (Saffron-positive) matrix with little acidic glycosaminoglycan content (Figures 6K',L), while cells in the body zone are similar in shape to chondrocytes in the unmineralized matrix (Figures 6K',L). The neural arch of R. ancylostoma also is covered by standard tesserae only (Figures 6E,F) without enlarged elements (data not shown).



3.2.2. Selachians, Squalomorphs, Order: Squaliformes

In both the velvet belly Etmopterus spinax and the longnose velvet dogfish Centroscymnus crepidater, the neural arches display thin zones of mineralization dorsal to the centra (Figures 7A,B,E,F). Virtual sections passing through the neural arches show a thin, discontinuous layer of mineralization (Figures 7B,F). The histological staining results show that the thin mineralization layer is both proximal (facing the neural tube) and subperichondrial (Figures 7C,D,G,H). Although the majority of the neural arch is composed of unmineralized cartilage matrix containing round chondrocytes (Figures 7D,H), the HES staining shows thin purple-stained blocks within the cartilaginous matrix that do not embed any cells (Figures 7C',G'), similar to the thin tesserae described in H. colliei. The tesserae are 10 μm wide (in their chondral-perichondrial axis, Figures 7C',G') and are separated from the neural tube by a layer of cartilaginous matrix in C. crepidater (Figure 7G'), while it occurs in contact with the very thin perichondrium in E. spinax (Figure 7C').
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FIGURE 7. Mineralization patterns in the neural arches of posterior vertebrae in Squaliformes. (A–D) Velvet belly Etmopterus spinax (23 cm TL). (E–H) Longnose velvet dogfish Centroscymnus crepidater (31 cm TL). (I–L) Pacific angelshark Squatina californica (75 cm TL). (A,E,I) 3D isosurfaces. (B,F,J) Virtual cross sections following the plane indicated in (A,E,I), respectively. (C,G,K) HES staining on transverse sections following the plane indicated in (A,E,I). (C',G',K') Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining of similar zones as in (C',G',K'), respectively. Legends as in Figures 1–5.




3.2.3. Selachians, Squalomorphs, Order: Squatiniformes

In the Pacific angelshark Squatina californica, the dorsal neural arches and interneural elements appear as continuously mineralized structures that are contiguous with the tesserae covering the neural spine and the basidorsal and basiventral elements (Figure 8I). The virtual section of the S. californica vertebra shows an internal variation in the mineral density of this structure, with denser peripheral mineralization than in the core (Figure 8J). On the histological sections, the cartilaginous tissue core contains round chondrocytes in a modified matrix (Figures 8K',L), similar to our previous description of globular mineralization. This central cartilaginous zone is covered proximally and distally by a fibrous mineralized tissue that contains flattened cells, similar to what we already described for fibrous mineralization of the perichondrium (Figures 8K',L).
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FIGURE 8. Mineralization patterns of the neural arches in Carcharhiniformes. (A–D) Anterior vertebra of a tope shark Galeorhinus galeus (50 cm TL). (E–H) Posterior vertebra of a scalloped hammerhead Sphyrna lewini (60 cm TL). (I–L) Posterior vertebra of a blue shark Prionace glauca (80 cm TL). (A,E,I) 3D isosurfaces. (B,F,J) virtual cross sections following the plane indicated in (A,E,I). (C,G,K) HES staining on transverse sections following the plane indicated in (A,E,I). (C',G',K') Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining of similar zones as in (C',G',K'), respectively. Legends as in Figures 1–5.




3.2.4. Selachians, Galeomorphs, Order: Carchariniformes

In all three Carchariniformes considered in the following, neural arch and interneural mineralization builds up continuous structures (Figures 8A,E,I). Neural arch mineralization is ventrally contiguous with tesserae from the vertebral body in the tope shark Galeorhinus galeus and the scalloped hammerhead Sphyrna lewini (Figures 8A,B,E,F).

The continuously mineralized elements of G. galeus and S. lewini include neural arches and interneural elements (Figures 8A,E). In both species, neural arch mineralization encloses an unmineralized core and appears denser on the proximal and distal faces than on the dorsal zone (Figures 8B,F). The dorsal zone and the contact zone with the mineralized perichondrium are composed of globular mineralization (g in Figures 8C',D,G',H). The perichondrial layer of the mineralized tissue is similar to the fibrous mineralization sites described in the distal side of the S. canicula neural arch, with enclosed fibrocyte-shaped cells and no observable lamellae (Figures 8C',D,G',H).

In the blue shark Prionace glauca, neural arch and interneural mineralization sites alternate dorsal to the large centrum and no tesserae can be observed on the whole vertebral unit (Figure 8I). Mineralization is very restricted to the dorsoventral axis of the neural arch. The neural arch mineralization is superficial to only one location of the unmineralized cartilaginous neural arch (Figure 8K). The mineralized tissue includes globular mineralization in its innermost zone, together with outer perichondrial layers on both proximal and distal sides of the neural arch (Figures 8K',L). These perichondrial layers are not homogeneous because the cells undergo a morphological transition from flat—in the contact zone with globular mineralization—to subspherical—in the external zone (Figures 8K',L). Besides, the extracellular matrix of the external zone shows HES and Alcian blue staining similar to unmineralized cartilage, suggesting the presence of hyaline cartilaginous matrix in this perichondrial zone (Figures 8K',L). However, this external layer also displays numerous bundles of collagen fibers similar to Sharpey's fibers (Figure 8K'). The progressive centrifugal transition from a fibrous to a cartilaginous nature of the outer layers corresponds to a progressive decrease of mineralization, as shown in the virtual section (Figure 8J).



3.2.5. Selachians, Galeomorphs, Orders: Heterodontiformes, Orectolobiformes, and Lamniformes

In the horn shark Heterodontus francisci and the brownbanded bambooshark Chiloscyllium punctatum, alternate neural arches and interneural elements display a fully mineralized surface (Figures 9A,E). Tesseral mineralization is also located ventral to the neural and interneural elements of H. francisci (Figure 9A). In both species, the neural arch displays an unmineralized central core (Figures 9B,F) made of cartilage (Figures 9C',G'). However, globular mineralization is detected in the cartilaginous core in contact with the mineralized perichondrial layers (Figures 9C',G'). In H. francisci, the perichondrial mineralized layers are highly fibrous, in particular in the distal layer where numerous Sharpey's fibers are observed and incorporate numerous flattened cells (arrows, Figures 9C',D). On the contrary, the proximal perichondrium of the C. punctatum neural arch contains very few cells and the matrix is arranged in lamellae (Figures 9G',H). Overall, the organization and composition of the C. punctatum neural arch are very similar to what is observed in the S. canicula neural arch (compare with Figures 1C, 2A',B,C',D).
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FIGURE 9. Mineralization patterns of the neural arches in galeomorphs (excluding Carcharhiniformes). (A–D) posterior vertebra of a horn shark Heterodontus francisci (55 cm TL). (E–H) Anterior vertebra of a brownbanded bambooshark Chiloscyllium punctatum (19.3 cm TL). (I–L) Anterior vertebra of a bull shark Carcharias taurus (270 cm TL). (A,E,I) 3D isosurfaces. (B,F,J) Virtual cross sections following the plane indicated in (A,E,I). (C,G,K) HES staining on transverse sections following the plane indicated in (A,E,I). (C',G',K') Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining of similar zones as in (C',G',K'), respectively. Legends as in Figures 1–5.


The neural arch of the bull shark Carcharias taurus displays superficial mineralization in the form of standard size tesserae, while the core of the neural arch remains unmineralized (Figures 9I,J) and cartilaginous (Figure 9K). The tesserae are about 300 μm long (tangential axis) and 150 μm wide (along the chondral-perichondrial axis, Figures 9K',L). The cap and body zones cannot be properly distinguished from our sample, probably because of a tilted section plan (Figures 9K',L). However, we observe Sharpey's fibers anchoring the tesserae to the distal fibrous layer of the neural arch (arrows, Figures 9K',L) and unmineralized intertesseral joints (Figures 9K',L).





4. DISCUSSION

In the following, we discuss our results at two scales of organization, as previously defined by Dean and Summers (2006). The description of the cells and extracellular matrices involved in the mineralization (microscale description) allows defining three histotypes: globular mineralization (as reported by Ørvig, 1951), fibrous mineralization, and lamellar mineralization (as reported by Peignoux-Deville et al., 1982). On the other hand, the description of the whole skeletal elements (mesoscale description) provides insights into three mineralization architectures: discontinuous with tessellated cartilage, continuous over the whole neural arch, and semi-discontinuous in which tesserae are found associated with larger elements that we herein named corner tesserae.


4.1. Microscale Characterization of the Diversity of the Chondrichthyan Mineralized Tissues

In this work, we described the distribution of three histotypes in the neural arches of a wide taxonomic range of cartilaginous fishes. These results highlight the combined contribution of cartilaginous and perichondrial tissues in building the mineralized skeletal units of most chondrichthyans.

First, we identified globular mineralization that initiates in the hyaline cartilaginous matrix of the neural arches of all sampled species, in all architectures. It occurs in poorly developed tesserae of a holocephalan and the two Squaliformes examined in this study, in the body zone of tesserae of several elasmobranch species, in the most internal layer of the corner tesserae, and in the continuously mineralized neural arches of the other species. The classical description of tessellated cartilage includes such globular mineralization in the body zone (Kemp and Westrin, 1979; Seidel et al., 2016, 2017; Maisey et al., 2020), where the surrounding matrix is hyaline and cells display a chondrocyte morphology with some shape variations (Chaumel et al., 2020). In both standard and corner tesserae, our observations are consistent with globular mineralization, from the observation of heterogeneous staining marking the presence of Liesegang lines. Although the exact nature of these Liesegang lines is not clear, they were hypothesized to be produced by the rhythmic activity of chondrocytes in their matrix (Kemp and Westrin, 1979). Because chondrocytes are not embedded in the mineralized matrix of the poorly developed tesserae of E. spinax, C. crepidater, and H. colliei, we could not detect Liesegang lines. However, Liesegang lines have been described in the thin tesserae of other holocephalan species (Pears et al., 2020; Seidel et al., 2020), defining these tesserae as sites of globular mineralization. Previous studies also showed that fully developed tesserae first appear only as subperichondrial focal mineralization sites (Enault et al., 2015; Seidel et al., 2016). This suggests that tesserae remain in an “under-developed” stage in holocephalan species as they do not engulf chondrocytes and are devoid of cap zone mineralization (Pears et al., 2020; Seidel et al., 2020), although chondrocytes in the mineralized matrix were described at an early stage of tesseral growth in C. milii (Pears et al., 2020). Our findings extend the occurrence of this thin globular mineralization outside of holocephalans, in selachian species with secondarily poorly mineralized skeletons (E. spinax and C. crepidater) but also in sites of poor development of these tesserae (in the S. canicula vertebral body).

Although they did not study and precisely describe neural arches, Ridewood and MacBride (1921) first illustrated several transverse sections of vertebrae that showed the diversity of mineralized tissues in elasmobranchs. More recent studies have interpreted some aspects of the mineralized neural arch tissues as “bone-like” in few elasmobranch species (Eames et al., 2007; Enault et al., 2015; Atake et al., 2019). Here we show that such tissues may be of at least two different types that we both hypothesize to be of perichondrial origin. Of these two types, fibrous mineralization is found in all occurrences of a continuously mineralized neural arch, is defined by the presence of fibrocyte-shaped cells enclosed in a fibrous matrix often crossed by Sharpey's fibers, and stands in continuity with the peripheral unmineralized connective tissue that links the neural arches to the surrounding muscles. Our histological results support a perichondrial nature of the tissue and therefore a growth by external apposition, as previously suggested (Atake et al., 2019). Also, we show that the inner cartilaginous core keeps a stable thickness in embryonic and juvenile stages of development, supporting the fact that growth of the outer layers of the neural arches is generated through the activity of perichondrial cells (Figures 2, 3). In our histological assays, there is no staining difference between the fibrous continuous mineralization in neural arches and the cap zone of fully developed tesserae. The cap zone has classically been described as a tissue with a derived type of mineralization (prismatic mineralization in Ørvig, 1951). Because prismatic mineralization can only be identified through polarized light microscopy, our sample preparation does not allow identifying the prismatic nature of the observed mineralization. However, the perichondrial characteristics of the cap zone have also been discussed recurrently in both the continuous neural arch tissues and the cap zone of tesserae because of the presence of type I collagen fibers and the observation of fibrocyte-shaped cells (Kemp and Westrin, 1979; Dean and Summers, 2006; Seidel et al., 2017). Further comparison to bone tissue was also often raised about the cap zone because of its dense mineralization and because of its topological location, similar to the perichondrial bone described in early vertebrates (Ørvig, 1951; Donoghue and Sansom, 2002). In our microCT images, we also detected internal variation of mineral density, suggesting lower density in globular mineralization as compared to fibrous mineralization. A more detailed tissue characterization, including recognition of cellular and lacunar shape or density, would have involved microCT scans of a much higher resolution than those analyzed here.

The third mineralized tissue identified in our samples is another type of perichondrial tissue that we named lamellar mineralization and that is only observed on the proximal side of the neural arches of S. canicula and C. punctatum. This lamellar tissue in C. punctatum is thin and our sampled individual was a young juvenile (19.3 cm TL) so it remains difficult to be properly compared to our observation in S. canicula. In S. canicula, the extracellular matrix content of this tissue appears more linearly organized than in fibrous mineralization (hence the lamellar denomination). The cell density is extremely low as compared to both cartilaginous and fibrous tissues and the rare cells observed in the matrix are similar to fibrocytes encased in the lamellar matrix, which is particularly visible in the elder S. canicula sample (Figures 1C',D,C1,D1). The growth of this tissue has to be appositional from cells located on the proximal surface of the neural arch, facing the neural tube, where no thick unmineralized perichondrium was apparent in our samples but only a monolayer of fibrocytes (see Figure 9G'). This observation highlights the potential for very different growth processes between the fibrous and lamellar mineralized tissues, as cells do not seem to behave similarly, being either engulfed and kept alive (distal side) or dead or excluded from the mineralized matrix (proximal side).



4.2. Mesoscale Mineralization Patterns: Continuous vs. Discontinuous Architectures

At mesoscale, we chose to classify our observations into several types. We defined the mineralization architecture as discontinuous when the neural surface is covered by tesserae of homogeneous size, either fully developed with a body and cap zones (Dean et al., 2009; Seidel et al., 2020) as in C. taurus and in Rhinopristiformes, or reduced in size and acellular (Maisey et al., 2020; Pears et al., 2020) as in Squaliformes and in H. colliei (Table 2 and Figure 10, yellow silhouettes). We further observed discontinuous architecture in the neural arches of the posterior vertebrae of another batoid (in the white-blotched river stingray Potamotrygon leopoldi, data not shown). On the opposite extreme, we termed continuous architecture the neural arch surface that is mineralized as a whole (Figure 10, green silhouettes). Continuous mineralization involves globular, fibrous, and eventually lamellar mineralizations and is reported in Squatiniformes, Rajiformes, and all galeomorphs except in Lamniformes (Table 2 and Figure 10, green silhouettes).


Table 2. Description and categorization of the mineralized tissues in the neural arches of the chondrichthyan species examined in this study.
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FIGURE 10. Phylogenetic relationships of the main chondrichthyan groups sampled in this study showing the distribution of neural arch mineralization architecture (silhouettes: green, continuous mineralization; red, semi-discontinuous mineralization; yellow, discontinuous mineralization) and histotypes (F, fibrous mineralization; G, globular mineralization; L, lamellar mineralization). Evolutionary events are located on the tree branches based on reconstructions following a most parsimonious model.


The third mesoscale architectural pattern is characterized by the co-occurrence of homogeneous tesserae covering most of the neural arch surface in addition to two larger elements located on the anteriormost and posteriormost sides of the neural arch, which we named corner tesserae after Dean et al. (2009). From histology, these large elements are comparable both to tesserae and to continuously mineralized neural arches because they involve an internal (chondral) globular mineralization and an external (perichondrial) fibrous mineralization. However, they differ from standard tesserae because of their size and also because they cover the surface of the proximo-distal face of the element, in addition to having two parallel faces, one on the proximal surface and the other one on the distal surface of the neural arch, making them U-shaped in their anterior-posterior axis (Figure 3K). As a result, they could be interpreted either as highly modified and enlarged tesserae, or as continuous mineralization that is restricted to only part of the neural arch surface. We termed this situation a semi-discontinuous architecture, considering it an intermediate state between discontinuous and continuous architectures (Figure 10, red silhouettes).

We described the semi-discontinuous architecture only in batoids, in the posterior vertebrae of G. micrura (Myliobatiformes) and Torpedo sp. (Torpediniformes) (Table 2 and Figure 10, red silhouettes). Besides, we report its occurrence in the anterior vertebrae of R. clavata (Rajiformes), whereas the posterior vertebrae displayed continuous mineralization. Within Rajiformes, a semi-discontinuous architecture was reported in the Eaton's skate anterior vertebrae Bathyraja eatonii (Rajiformes) (Atake et al., 2019), while continuously mineralized neural arches were observed in the little skate posterior vertebrae Leucoraja erinacea (Criswell et al., 2017). The co-occurrence of continuous and semi-discontinuous architectures in R. clavata calls for more complete descriptions of the mineralized structures in vertebral columns in a wider range of Rajiformes, and other batoids, to allow making any inference on the ancestral state of mineralization architecture in this group.



4.3. Prospects on the Evolution of Mineralized Histotypes in Vertebrates
 
4.3.1. The Putative Nature of Fibrous Mineralization

Our work provides a histological examination in an unprecedented taxonomic range of elasmobranch fishes. We uncover the occurrence of fibrous mineralization in continuously mineralized neural arches in an Heterodontiform, a Squatiniform, most Carcharhiniformes examined in this study, and a Rajiform (Figure 10). Fibrous mineralization is also identified in the perichondrial zone of both corner and standard tesserae (Table 2). Here we wish to discuss the hypothesis of fibrous mineralization to be naturally mineralizing fibrocartilage, as previously suggested by Ørvig (1951) and Eames et al. (2007). Mineralized fibrocartilages were described in tetrapod entheses that join tendons to bones (Benjamin and Ralphs, 1998) and surrounding rib cartilage (Claassen et al., 1996). Fibrocartilage histology shows strong variation, ranging from almost hyaline to highly fibrous (similar to tendons) in mammals (Wachsmuth et al., 2006) and bony fishes (Benjamin, 1990). Similar variation is observed in our sample, where fibrous mineralization resembles more hyaline-type cartilage crossed by fibers in P. glauca (Figures 8K,L). This hypothesis would also explain the presence of type II collagen and a thin layer identified as “supra-tesseral cartilage” in the perichondrial surface of tesserae in some species (Seidel et al., 2017). Further histochemical, histological, and cellular characterization is therefore needed to better define the nature of this tissue and compare it to tetrapod tissues.

Beyond the nature of this tissue, we show that perichondrial fibrous mineralization is widely present in skeletal tissues of elasmobranchs. Ancestral character state reconstruction by a most-parsimonious model (Supplementary Material 1 and summarized in Figure 10) suggests that this histotype is ancestral to elasmobranchs (as previously hypothesized by Atake et al., 2019). This scenario implies a secondary loss of fibrous mineralization in C. crepidater and E. spinax. Considering the secondary loss of mineralization observed in extant holocephalans (Maisey et al., 2020; Pears et al., 2020), it is also plausible that fibrous mineralization is ancestral to all chondrichthyans but lost in holocephalans. Fibrous mineralization may then be a remnant of forms of mineralization found in early vertebrates. As a consequence, a review of the paleontological data is needed, especially in stem gnathostomes and agnathan taxa where several forms of perichondrial bone (cellular or acellular, as described in placoderm taxa Ørvig, 1951 or galeaspid and osteostracan taxa, as reviewed by Donoghue and Sansom, 2002) may be revised in light of this fibrous mineralization that covers cartilaginous skeletal units. Further comparison with extant and extinct taxa of bony fishes may also uncover similar tissues outside of chondrichthyans. Only this information may shed light on the evolution of fibrous mineralization and its significance to the evolution of a mineralized skeleton in vertebrates.



4.3.2. Lamellar Mineralization and Putative Bone in Cartilaginous Fishes

The continuous architecture always includes fibrous mineralization in the distal part of the neural arch but we identified lamellar, instead of fibrous, mineralization in the proximal side of the neural arch of two galeomorph species (Table 2). The fibrous and lamellar mineralizations histologically differ in that the former contains numerous cells, as opposed to the latter where only very few cells are observed, and by the arrangement of fibers. Another difference is the lack of a thick unmineralized connective tissue surrounding the lamellar mineralization (see Figure 2C', as opposed to the situation in other galeomorphs, see Figures 9G',K'). Bone-like tissue was previously reported in the neural arches of Carcharhiniformes (Peignoux-Deville et al., 1982; Eames et al., 2007) and Rajiformes (Atake et al., 2019). These previous studies did not distinguish the cellular from almost acellular tissues and the histological staining results in the work of Atake et al. (2019) better support the presence of fibrous mineralization in both the proximal and distal sides of the neural arches of L. erinacea and B. eatonii. As a consequence, the lamellar mineralized pattern as defined in our work has only been described so far in S. canicula and most probably in C. ventriosum (Eames et al., 2007) (both Carcharhiniformes), and in C. punctatum (Orectolobiformes). Considering these results, ancestral character state reconstruction with a most-parsimonious model suggests parallel evolution of this lamellar pattern in Carcharhiniformes and Orectolobiformes (Supplementary Material 2, summarized in Figure 10). Still, our observations and hypothesis need to be confirmed with broader sampling among Orectolobiform species, including older specimens. As a broader conclusion, our results support a recent evolution of this trait, making it unlikely to be homologous to any bone type found in early vertebrates.




4.4. Concluding Remarks

Tessellated cartilage is considered a synapomorphy of chondrichthyans (reviewed in Maisey, 2013) and displays a high variety of tessera morphologies and spatial arrangements (Summers et al., 1998; Seidel et al., 2016; Maisey et al., 2020; Pears et al., 2020). What could be considered classical, polygonal and flat tesserae as described in extant batoids are assumed to be the ancestral morphology of chondrichthyan tesserae and to have further undergone size and shape alterations during the evolution of different groups, including strong size regression as found in holocephalans (Pears et al., 2020). Here we have described other mineralization architectures in elasmobranchs, where cartilage surfaces can be continuously mineralized or covered by a combination of tesserae and larger mineralized elements. The reconstruction of an ancestral state for the architecture character under maximum parsimony only suggests that mineralization of the neural arches was ancestrally continuous in selachians, considering a secondary reduction of mineralization in our sampled Lamniform (Supplementary Material 3). More samples are necessary to generate hypotheses on chondrichthyans and elasmobranchs.

Besides, we never observed any complete absence of mineralization in our samples. What could be considered a minimal state of mineralization was located in a subperichondrial zone of the hyaline cartilaginous matrix of neural arches (in H. colliei, E. spinax, and C. crepidater). This zone was previously considered as the initiator for further mineralization that would propagate from the hyaline cartilage toward the perichondrium (Ørvig, 1951). It is plausible that the process and pattern of tissue mineralization in elasmobranchs (microscale analysis) might be completely independent of the process of architecture regulation (mesoscale analysis) that has led to the derived evolution of tesserae in chondrichthyans. As a consequence, if mineralized tissues are comparable in continuous and discontinuous mineralized architectures, evolution between these two states may simply entail a variation in the intensity of one regulatory signal (as suggested by Maisey et al., 2020) that would constrain the size of the mineralized elements, from tesserae as minimal objects to fully mineralized structures, with intermediate states involving the massive elements described in some neural arches of batoids.

Finally, the occurrence of a reduced tessellated pattern in phylogenetically distant groups (Squaliformes and holocephalans) questions the existence of ecological signals able to drive such convergent evolution. Deep-water shark species are known to display reduced mineralization of the endoskeleton as compared to shallower species (Dean et al., 2015; Seidel et al., 2016). H. colliei is not restricted to deep water habitats (Barnett et al., 2012) but holocephalans are characterized by a reduction of mineralized structures (Pears et al., 2020) and are the chondrichthyan group found in deepest waters (Priede and Froese, 2013). As a conclusion, ecological constraints, such as deep-water habitat may have convergently driven loss of mineralization in chondrichthyans. It is assumed that such a reduced amount of mineralization could contribute to energetic trade-offs by impacting buoyancy and metabolic costs of locomotion (Blaxter et al., 1971; Blaxter, 1980), however, more data on chondrichthyans are needed to challenge this hypothesis.
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Species

Order

Mineralization histotypes (microscale)

Mineralization architecture (mesoscale)

Globular (c) Fibrous (pc) Lamellar (pc)
S. canicula Carcharhiniformes + +, dist +, prox
C. punctatum Orectolobiformes + +, dist +, prox
P glauca Carcharhiniformes + + -
G. galeus Carcharhiniformes + + - Continuous
S. lewini Carcharhiniformes + + -
H. francisci Heterodontiformes. + + -
S. californica Squatiniformes + + -
R. clavata Rajformes + - Continuous and semi-discontinuous (corner tesserae)
G. micrura Myliobatiformes + + . o
Semi-discontinuous (corner tesserae)
Torpedo sp. Torpediniformes + + -
R. ancylostoma Rhinopristiformes. +t ot =
P, productus Rhinopristiformes ot ot = Discontinuous (tessellated)
C. taurus Lamniformes +t +t -
H. collei Chimaeriformes +t = -
C. crepidater Squaliformes +t - - Discontinuous (reduced)
E spinax Squalformes +t - -

+ indiicates that the mineralized tissue is detected, as opposed to —, t indicates that the tissue is located within a tessera, and prox and dist are specified when the tissue is restricted
to the proximal (facing the neural tube) and distal (facing muscular attachments) sides of the neural arch, respectively. ¢, cartilage; pc, perichondrium.
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Batoidea
Batoidea

Order
Heterodontiformes

Orectolobiformes
Lamniformes

Carcharhiniformes
Carcharhiniformes

Carcharhiniformes
Carcharhiniformes

Carcharhiniformes

Squaliformes.
Squaliformes.
Squatiniformes.

Myliobatiformes

Rhinopristiformes

Rhinopristiformes
Torpediniformes
Rajiformes
Rajiformes

Chimaeriformes:
Chimaeriformes

Fal

Heterodontidae

Hemiscylidae
Odontaspididae

Triakidae
Carcharhinidae

Scyliorhinidae
Scylorhinidae

Sphyrnidae

Somniosidae
Etmopteridae
Squatinidae

Gymnuridae

Rhinobatidae

Rhinidae
Torpedinidae
Rajidae
Rajidac

Chimaeridae
Chimaeridae

Species
Heterodontus francisci

Chiloseylium punctatum
Carcharias taurus

Galeorhinus galeus
Prionace glauca

Scyliorhinus canicula
Seyliorhinus canicula

Sphyrna lewini

Centroscymnus crepidater*
Etmopterus spinax*
Squatina californica

Gymnura micrura*
Pseudobatos productus
Rhina ancylostoma
Torpedo sp.*

Raja clavata

Reja clavata

Hydrolagus coliel
Hydrolagus colei*

Growth stage

Subadult (eese and Lowe,
2020)

Juvenile (Compagno, 1984)

Sexually mature (Lucifora
etal, 2002)

Juvenile (Lucifora et al.,
2004)

Juvenie (Bustamante and
Bennett, 2013)

Embryo (Enault et al., 2016)

Juvenile (Capapé et al.,
2008)

Juvenile (Bejarano-Alvarez
etal, 2011)

Juvenie (Moore et al., 2018)
Juvenile (Porcu et al., 2014)

Sexually mature
(Romero-Caicedo et al.,
2016)

Sexually mature (Yokota
etal, 2012)

Sexually mature
(Mérquez-Farfas, 2007)

147 om TL
16 om DW
Hatchling

Juvenile (Capapé et al.,
2007)

Hatchiing

Juvenile (Barnett et al,
2009)

Fixation

80% ethanol

4% PFA
4% PFA

80% ethanol

100% ethanol

4% PFA
4% PFA

80% ethanol

70% ethanol
70% ethanol
80% ethanol

70% ethanol

80% ethanol

4% PFA
70% ethanol
4% PFA
70% ethanol

100% ethanol
70% ethanol

Decalcification

Yes

No
Yes

Yes

Yes

No
No

Yes

No
No
Yes

Yes

Yes

Yes
Yes
No
No

No
No

Section

posterior

anterior
anterior

anterior

posterior

anterior
anterior

posterior

posterior
posterior
posterior

posterior

posterior

posterior
posterior
ant, posterior
posterior

anterior (sy)
anterior (sy)

DW, disc width; PFA, paraformaldehyde; sy, synarcual: TL, total length. When no literature data are available on the size at sexual maturity for a species, the TL or DW are indicated. Asterisks indicate the specimens that have been

preserved in ethanol for several decades.





OPS/images/fevo-09-660767-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Ecology and Evolution





