

[image: image1]
Imaging With the Past: Revealing the Complexity of Chimaeroid Pelvic Musculature Anatomy and Development
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Chondrichthyans are now widely adopted as models for examining the development and evolution of the stem gnathostome body plan. The fins of some cartilaginous fish are recognized for their plesiomorphic form and mode of muscular development, i.e., epithelial extension. Despite detailed molecular and descriptive examinations of these developmental mechanisms, there has been little contemporary examination of the ontogeny and morphology of the musculature in chondrichthyans including that of the paired fins. This gap represents a need for further examination of the developmental morphology of these appendicular musculatures to gain insight into their evolution in gnathostomes. The elephant shark is a Holocephalan, the sister group of all other chondrichthyans (Holocephali: Callorhinchus milii). Here, we use nano-CT imaging and 3D reconstructions to describe the development of the pelvic musculature of a growth series of elephant shark embryos. We also use historical descriptions from the nineteenth century and traditional dissection methods to describe the adult anatomy. This combined approach, using traditional methods and historical knowledge with modern imaging techniques, has enabled a more thorough examination of the anatomy and development of the pelvic musculature revealing that chimaeroid musculatures are more complex than previously thought. These data, when compared to extant and extinct sister taxa, are essential for interpreting and reconstructing fossil musculatures as well as understanding the evolution of paired fins.
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INTRODUCTION

Comparative anatomy has been essential in the study of the evolution of paired fins. By comparing the anatomy and development of sister taxa at phylogenetically significant intervals, researchers have been able to distinguish plesiomorphic and derived traits to better understand how fins have evolved in the gnathostome clade (Neyt et al., 2000; Tanaka et al., 2002; Cole and Currie, 2007; Cole et al., 2011; Wilhelm et al., 2015; Ziermann et al., 2017). In these analyses, cartilaginous fish (Chondrichthyes) are often assumed to represent the pleisomorphic condition relative to osteichthyans. This dates back to the comparative anatomists of the late nineteenth century (Balfour, 1878, 1881), who used chondrichthyans as the best extant models for the “primitive” condition of the jawed vertebrate body plan (Cole and Currie, 2007; Coolen et al., 2008; Brazeau and Friedman, 2015; Larouche et al., 2017). Although chondrichtyans do retain pleisomorphic characteristics, some, like the presence of mineralized cartilage, are autapomorphies. On their own, they do not represent the “primitive bauplan” of jawed vertebrates but present phylogenetically important anatomies. In order to understand the origin and evolution of paired fins, their anatomy must be compared to that of other extant and extinct sister taxa.

In recent years, comparative anatomy, specifically examinations of the musculature, has been used, by a vocal minority, to challenge the long held view that pectoral and pelvic fins are serial homologs (Diogo and Molnar, 2014; Diogo and Ziermann, 2015; Ziermann et al., 2017; Diogo, 2020; Siomava et al., 2020). Among these studies, only a single paper (Ziermann et al., 2017) has looked at fin muscle development despite its essential role in addressing questions such as the validity of serial homology (Ziermann et al., 2017). Current studies of chondrichthyan muscle development are sparse, with the majority of the research having been conducted in the late nineteenth (Balfour, 1878, 1881; Dohrn, 1884; Mollier, 1892; Braus, 1899) and early twentieth centuries (Goodrich, 1906; Edgeworth, 1911, 1935). Contemporary research has focused on the developmental mechanisms of fins (Neyt et al., 2000; Tanaka et al., 2002; Cole and Currie, 2007; Cole et al., 2011; Freitas et al., 2014) with the exception of Ziermann et al. (2017), which does describe the development of specific muscles across ontogeny as opposed to solely examining the mechanisms of appendicular muscle development. The historical literature has also examined an array of different elasmobranch taxa, including members of the Squaliformes (Braus, 1898, 1899), Carcharhiniformes (Balfour, 1878; Dohrn, 1884; Mollier, 1892; Goodrich, 1906), and Torpediniformes (Dohrn, 1884; Mollier, 1892; Braus, 1899). While this body of work is vast, detailed and almost exclusively in German, it is also generally limited to observations of the mesodermal cells that form the fin muscles and their early development, with no description of the development of specific muscles. This scarcity of developmental data indicate a need for more detailed morphological descriptions of the ontogeny of the musculature in cartilaginous fish to better address currently debated homology questions.

Holocephalans are the sister group of all other chondricthyans (Sharks, skates, and rays) (Ehrlich, 2010; Inoue et al., 2010; Maisey, 2012; Venkatesh et al., 2014) and have been used as models for examining gnathostome vertebrate morphology and development (Trinajstic et al., 2013, 2018), including the development of the musculature of paired fins (Cole et al., 2011). In contrast with elasmobranchs, selachians in particular, the appendicular muscles of holocephalans have not been described in an array of different species. As far as we are aware, there is only one contemporary description of chimaeroid pelvic fin muscle anatomy, that of the ratfish (Hydrolagus colliei) (Diogo and Ziermann, 2015), and one in the historical literature of the rabbit fish (Chimaera monstrosa) (Davidoff, 1879). Further, only two descriptions of the pelvic clasper musculature of C. monstrosa and Callorhynchus antarcticus (sic) are present in the historical literature (Davidoff, 1879; Jungersen, 1899). To date there has been no study describing the morphology of these muscles across ontogeny.

Callorhinchid chimaeras such as the elephant shark (Callorhinchus milii) are the sister group to all living holocephalans (Inoue et al., 2010; Cole et al., 2011; Venkatesh et al., 2014) and therefore represent a unique model to examine gnathostome development. Here, we have examined the development and morphology of the pelvic musculature of C. milii via nano Computed Tomography (CT) imaging and anatomical dissection. In contrast with traditional methods, this nano-CT imaging allows for the non-destructive visualization of the anatomy in fine detail in situ, which can be reproduced in 3D models of the pelvic skeleton and musculature. Further, we compare our description of adult morphology with those of other chimaeroids in the historical and contemporary literature to determine any muscle homologies. Through these analyses, we aim to address the lack of developmental and anatomical data and better inform current understandings and hypotheses on the evolution and nature of the vertebrate fin skeleton.



MATERIALS AND METHODS


Adult and Embryonic Materials

To source the embryonic growth series, multiple adult female Callorhinchus milii were caught by rod and reel from Western Port bay, Victoria, Australia (License Numbers: DPR RP1000, RP1003, and RP1112). These individuals were transported, housed and kept according to established practice (Boisvert et al., 2015) until eggs were laid, after which they were released in the wild. Eggs were raised in a closed system aquarium (Boisvert et al., 2015) and euthanized at different stages of development using Tricaine. Specimens were staged according to their length and external morphology as per Didier et al. (1998). Where it could be determined by external morphology, male embryonic specimens were selected to enable the description of the developing claspers. Specimens were then fixed in 4% paraformaldehyde (PFA) in phosphate buffer solution (PBS) and dehydrated in ethanol or methanol. All procedures were conducted following the directions and authorization of the Monash University Animal Ethics Committee (Permit: MAS/ARMI/2010/01).

Adult specimens were also caught by rod and reel from Western Port bay, Victoria, Australia (License Numbers: DPR RP RP1000, RP1003, and RP1112). Individuals were transported and housed by the same practices, but died in captivity and were used for dissections. All procedures were conducted following the directions and authorization of the Monash University Animal Ethics Committee (Permit: MAS/ARMI/2010/01).



Nano Computed Tomography Imaging

To examine muscular development across ontogeny in a non-destructive manner, a growth series (stages 30, 32, and 34; Didier et al., 1998) of elephant shark (Callorhinchus milii) embryos were stained using 1% phosphotungstic acid (PTA) (1% PTA dissolved in 70% EtOH). Embryos were quickly washed with 70% EtOH to remove excessive stain on the surface, and then nano-CT scanned in 0.5% agarose on a Zeiss Xradia 520 Versa (Carl Zeiss Canada Ltd., ON, Canada) at McGill University. The staining duration and imaging parameters for each stage are given in Table 1.


TABLE 1. Staining duration and imaging parameters of embryonic specimens.
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3D Modeling

Nano-CT data was reconstructed using Reconstructor (Carl Zeiss Canada Ltd., ON, Canada) and 3D models of the pelvic muscles were visualized using Dragonfly version 2020.1 (Object Research Systems)1.



Dissection and Gross Anatomy

Adult male and female C. milii were dissected with scalpel and forceps to examine the gross anatomy of the pelvic musculature. They were photographed with a Canon digital camera.



Nomenclature

There are currently two known descriptions of holocephalan pelvic musculatures: rabbit fish (Chimaera monstrosa) (Davidoff, 1879) and the spotted ratfish (Hydrolagus colliei) (Diogo and Ziermann, 2015). Our description of the pelvic musculature of C. milii is more similar to that of C. monstrosa than H. colliei. We have therefore translated the terminology of C. monstrosa from German into English, to use for the present study, but, in cases where this terminology did not include structures found in C. milii, that of H. colliei was used (Tables 2–4).


TABLE 2. Chimaeroid dorsal pelvic musculature and their points of origin (O) and insertion (I).
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There are three descriptions of pelvic clasper musculature in chimaeroids, those of C. monstrosa and Callorhynchus antarcticus (Jungersen, 1899) and another of C. monstrosa (Davidoff, 1879). In our description of the muscles of the pelvic claspers of C. milii, we have adapted the terminology of Davidoff (1879) as applied by Jungersen (1899) to describe C. antarcticus as this is from the same genus and is very similar in morphology to C. milii (Table 5). Another muscle associated with the pre-pelvic tenaculum was observed in C. monstrosa (Davidoff, 1879) and C. antarcticus (Parker, 1886), however, remained unnamed (Table 6). We propose a new name for this muscle (see below).




RESULTS


Adult Pelvic Musculature


Dorsal Musculature

The dorsal musculature consists of the portio prima, portio tertia, portio secunda, and deep dorsal layer. The dorsal half of the iliac ramus of the pelvic girdle is situated atop the hypaxial musculature, ranging from the midline to the middle of the hypaxial musculature at a 45° angle. The pelvic girdle is covered dorsally by the portio prima and laterally by the protractor and hypaxial muscles (Figures 1A,B, 2 and Supplementary Figures 1, 2). The portio prima takes the form of a rounded chevron originating in a jagged manner from the fascia of the middle third of the iliac ramus and adjacent hypaxial musculature, following the anterior leading edge of the pelvic girdle (Figures 1A,B). This muscle is aligned with the pelvic fin, covering its dorsal surface and inserting into the ceratotrichia and deep dorsal layer. The portio tertia is situated beneath the portio prima and is separated from this muscle by a tendon running along the pelvic girdle ramus (Figure 1B). The portio tertia originates from the ventral surface of the iliac ramus of the pelvic girdle extending ventrally to insert into the deep dorsal layer (Figure 1B). The deep dorsal layer is also located beneath the portio prima, originating from the dorsal surface of the basipterygium, near the acetabulum of the pelvic girdle, extending distally over the fin skeleton and inserts into the dorsal fin radials (Figure 1B). The portio secunda is situated immediately behind and largely covered by the portio prima laterally and posteriorly borders the portio tertia, from which it is separated by a tendon running from the ventral surface of the iliac ramus to the basipterygium (Figures 1A,B). This muscle originates from the fascia of the hypaxial musculature, pelvic girdle, and the cloaca (Figure 1B). The points of insertion for this muscle are sexually dimorphic. In females this muscle inserts into distal surface of the second fin metapterygium (Supplementary Figure 1; sensu Riley et al., 2017) and in males it inserts into the distal surface of the anterior clasper cartilage (Figure 3A).


[image: image]

FIGURE 1. Dissection of the pelvic musculature of the elephant shark (Callorhinchus milii). (A) Lateral view of the superficial dorsal musculature of an adult male, (B) lateral view of the deep dorsal musculature of an adult female with superficial muscles partly removed.
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FIGURE 2. Dissection of the pelvic musculature of an adult elephant shark (Callorhinchus milii). (A) Lateral view of the ventral musculature of a female elephant shark, which has been partially dissected, (B) ventral view of the pelvic fin of an adult male elephant shark.
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FIGURE 3. Dissection of the musculature of the pelvic fin and clasper cartilages of the elephant shark (Callorhinchus milii). (A) Posterior view of a dissected male elephant shark, with the pelvic clasper drawn out proximally, (B) medial view of a bisected male elephant shark, showing the internal reproductive musculature, (C) lateral view of a male elephant shark with the protractor and abdominal adductor muscles removed, (D) medial view of a dissected female elephant shark showing the musculature associated with the second fin metapterygium. Anatomical planes and position indicated by lettering: A, Anterior; P, Posterior; D, Dorsal; V, Ventral; R, Right, L, Left.




Lateral Musculature

The abdominal adductor and protractor form the lateral musculature. The protractor superficially overlies the lower third of the hypaxial musculature, extending along the abdomen with fibers perpendicular to those of the hypaxial musculature and caudally abutting with the portio prima (Figures 1A, 2A). This muscle originates from the fascia of the hypaxial musculature and extends posteriorly forming two points of attachment immediately anterior of the portio prima, giving it the appearance of a stout letter Y rotated 90° posteriorly (Figure 1). This muscle is sexually dimorphic. In males the protractor has a hole in its lower half from which the pre-pelvic tenaculum protrudes (Figure 2B). In females the pocket is not as prominent. More deeply, this muscle overlays the fascia of the entire anterior third of the pelvic girdle to which it inserts. It also has a deeper attachment extending from the ventral surface of the obturator foramen to the basipterygial process (sensu Riley et al., 2017; Figure 2, Supplementary Figure 3). Below the protractor is the abdominal adductor, which takes the form of a very narrow but long isosceles triangle situated along the base of the abdomen over the hypaxial muscles (Figures 1A,B, 2A). The shortest side of this triangle borders with the dorsal end of the superficial ventral layer next to the protractor, while the longer two sides extend anteriorly with protractor extending nearly to the pectoral fin (Figures 1A,B, 2A). This muscle is very superficial, originating from the fascia of the body wall and inserting into the ventral surface of the pelvic girdle near the midline (Figure 2A).



Ventral Musculature

The ventral musculature is composed of one superficial and two deep components. The superficial ventral layer originates from the ventral surface of the ventral segment of the pelvic girdle where it is most prominent and extends distally to partly cover the ventral surface of the pelvic fin and inserts over most of the basio-radial layer and ceratotrichia anteriorly (Figures 2A,B and Supplementary Figure 3). The basio-radial layer originates from the ventral surface of the basipterygium, near the acetabulum. This muscle extends over most of the surface of the pelvic fin under the superficial ventral layer and inserts into all but the two most proximal fin radials. The proximal radial layer is much smaller relative to these other muscles, originating from the proximal edge of the ventral surface of the basipterygium and anterior clasper cartilage in males and second fin metapterygium in females (Supplementary Figure 1), near their point of articulation, close to the clasper flexor, extending over the proximal side of the ventral surface of the fin skeleton to insert into the two most proximal fin radials (Figures 2A,B).



Reproductive Musculature

The reproductive musculature of males includes the clasper abductor, adductor and flexor, pelvico-basal layer. In males, the pelvic clasper consists of two cartilaginous components: the anterior clasper cartilage, articulating to the proximal side of the basipterygium, and the posterior clasper cartilage. The latter is a sheet of folded cartilage forming a rod attached to the distal portion of the anterior clasper cartilage (Didier, 1995). In addition to the portio secunda and proximal radial layer, there are four other muscles that attach to the pelvic claspers: an adductor, an abductor, a flexor, and the pelvico basal layer (Figures 3A,B and Supplementary Figure 4). The adductor originates from the dorsal surface of the ventral segment of the pelvic girdle, abutting with the hypaxial musculature and pelvico-basal layer. The adductor extends posteriorly partially covering the pelvico-basal layer and forming a thick bundle on the dorsal surface, proximal to the central groove, of the anterior clasper cartilage, and spans diagonally to wrap around the central groove of the clasper, inserting into the posterior cartilage (Figures 3A,B). The flexor is situated along the proximal side of the pelvic clasper next to the adductor. It originates from the base of the basipterygium near its articulation with the anterior clasper cartilage and extends posteriorly over a third of the clasper inserting into the posterior cartilage (Figure 3B). The abductor originates from the base of the distal side of the anterior clasper cartilage and extends posteriorly over this anterior element to insert laterally into the distal side of the posterior clasper cartilage, wrapping around and covering about a quarter of the clasper’s length (Figure 3A). The pelvico-basal layer originates from the dorsal surface of the ventral pelvic segment, below the adductor. This muscle is partially covered by the adductor and extends posteriorly over the girdle to insert into the anterior clasper cartilage below the adductor and in front of the flexor (Figure 3B). The tenaculum muscle, a new term we introduce in this study (see section “Tenaculum Muscle”), originates proximo-laterally from the dorsal surface of the pelvic girdle, specifically the dorsal cartilage of the obturator foramen. This muscle is very broad and covers the proximal side of the obturator foramen. It follows the anterior portion of the pelvic girdle, curving around its most distal point to insert into the base of the pre-pelvic tenaculum. This muscle has no contact with the tenaculum through the obturator foramen, being separated by a fine membrane covering this foramen (Figure 3C).

Females lack pelvic claspers and instead possess a second fin metapterygium. In females, the clasper abductor and flexor muscles are absent. The clasper adductor and pelvico-basal layer are present, but smaller relative to that of males (Figure 3D). These muscles originate from the dorsal surface of the pelvic girdle as they do in males whereas both extend posteriorly to insert into the second fin metapterygium in females. The abductor inserts broadly over the proximal side of the second fin metapterygium covering the attachment of the pelvico-basal layer.




Development of Pelvic Musculature


Stage 30


Endoskeleton

At stage 30, very few elements of the pelvic musculature and skeleton are present or easily discerned (Figure 4). The basipterygium and radials can be identified but they are all peripherally diffuse. The basipterygium is the most clearly discerned skeletal element, having extended distally to form most of the length of the main bar of this structure, but not its width. In contrast to the basipterygium, the fin radials are more diffuse. Only the most proximal radials appear clearly while the more distal elements are more diffuse or absent. None of the radials have any connections with the musculature yet. Rudiments of the pelvic girdle have formed, but these are very diffuse and have not formed across their full span anteriorly or posteriorly.
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FIGURE 4. 3D model of the right pelvic musculature of a stage 30 male elephant shark (Callorhinchus milii) embryo. (A) Lateral view of musculature, (B) dorsal view of the dorsal musculature, (C) ventral view of musculature, (D) medial view of musculature, (E) lateral view with the ventral agglomeration removed. Anatomical planes and position indicated by lettering: A, Anterior; P, Posterior; D, Dorsal; R, Right; L, Left.




Dorsal Musculature

At this stage, a dorsal agglomeration of muscle that bears a resemblance to both the portio prima and deep dorsal layer in its attachments to the skeleton has formed, ranging from the dorsal rudiments of the pelvic girdle to the basipterygium and fin radials (Figure 4). This muscle mass originates from the hypaxial muscle and dorsal rudiments of pelvic girdle and inserts into dorsal surface of the proximal edge of the basipterygium. These are similar to the points of origin of the portio prima and deep dorsal layer, respectively, in the adult. While this muscle has extended over the fin skeleton that has formed so far, it has no contact with the fin radials and instead inserts into the dorsal surface basipterygium, near the proximal fin radials. The portio secunda and portio tertia are absent.



Lateral Musculature

The protractor and abdominal adductor are both present (Figure 4A), but are very small and thin at this stage. Neither are in contact nor in close proximity with the fin musculature or skeleton. The protractor originates laterally from the hypaxial musculature and at this stage also inserts into the hypaxial musculatures having not yet made contact with the fin skeleton or the rudiments of the pelvic girdle. The abdominal adductor abuts the protractor ventrally, and at this stage also originates from and inserts into the protractor and hypaxial muscles.



Ventral Musculature

A ventral agglomeration of muscles has formed (Figures 4A,C,D), extending from where the pelvic girdle would be located anteriorly and rudiments of the inter-pelvic band and extends distally near the ventral surface of the basipterygium and fin radials. The location of this agglomeration is reminiscent of both the superficial ventral layer and basio-radial layer, but these cannot be distinguished from within this mass at this stage. This mass originates from the inter-pelvic band and inserts along the ventral surface of the basipterygium. The proximal radial layer is absent.



Reproductive Skeleton and Musculature

The male reproductive and accessory organs and their muscles are absent in this stage.




Stage 32


Endoskeleton

At this stage, the pelvic endoskeleton and associated musculature are more distinct (Figure 5). The pelvic girdle is well developed, filling most of the area found in the adult, except for its most ventral and most dorsal points and the incomplete obturator foramen, which are diffuse. The fin skeleton has also expanded to a state more similar to that of the adult, with all of its elements being clearly identifiable and only the most distal radials being somewhat diffuse.
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FIGURE 5. 3D model of the right pelvic musculature of a stage 32 male elephant shark (Callorhinchus milii) embryo. (A) Lateral view of musculature, (B) lateral view with the portio prima removed, (C) ventral view of musculature, (D) ventral view with the superficial ventral layer removed, (E) dorsal view of the reproductive musculature, (F) ventral view of the reproductive musculature. Anatomical planes and position indicated by lettering: A, Anterior; P, Posterior; D, Dorsal; R, Right; L, Left.




Dorsal Musculature

At this stage, all of the dorsal muscles can be identified. The portio prima is larger than the dorsal agglomeration in stage 30, extending dorsally to cover approximately two thirds of the iliac process length and posteriorly over the deep dorsal layer. This muscle originates from the middle of the iliac ramus only just inserting into the ceratotrichia in a manner similar to the adult, but less broadly and directly (Figure 5A). Whilst the portio prima extends laterally over part of the hypaxial musculature and pelvic girdle, it does not have the same breadth as that of adults and has not formed its final point of origin over the hypaxial musculature nor the dorsal portion of the iliac ramus. The deep dorsal layer distally covers the fin radials into which it inserts. The portio secunda spans a length similar to that of the adult, but is much thinner overall at this stage. It originates from tissue near the skin, the iliac ramus and cloaca, but is separated from the hypaxial muscle. It becomes thicker ventrally, particularly near its point of insertion, but its insertion with the anterior clasper cartilage with very few fibers connecting to this cartilage at this point remains narrow. The portio tertia has the same points of origin and insertion as the adult, originating from the ventral surface of the lower quarter of the iliac ramus of the pelvic girdle and inserting into the proximal end of the deep dorsal layer, immediately posterior of the portio tertia’s most ventral point (Figure 5B). However, this muscle is much thinner than that of the adult and does not broadly cover the portions of the girdle it attaches to.



Lateral Musculature

The protractor extends further posteriorly relative to stage 30, but still has not made contact with the fin skeleton nor the pelvic girdle and so still originates from and inserts into the hypaxial musculature. The abdominal adductor has also extended posteriorly and is in close proximity with the pelvic girdle, specifically into the diffuse ventral arc partially forming the obturator foramen, but has still not yet inserted into this part of the skeleton (Figures 5A,C).



Ventral Musculature

At this stage, the superficial ventral and basio-radial layers still form a ventral agglomeration and cannot be completely distinguished from one another (Figures 5C,D). This mass originates from the inter-pelvic band, the ventral surface of the anterior segment of the pelvic girdle and the ventral surface of the basipterygium near the acetabulum, which are also the points of origin of the superficial ventral layer and basio-radial layer, respectively, in the adult. This ventral agglomeration spans most of the ventral surface of the fin skeleton, inserting into the distal portion of the basipterygium and covering, but not connecting with, all but the most proximal fin radials. This muscle is similar in shape to the ventral pelvic musculature, the superficial ventral layer and basio-radial layer, of the adult but does not insert as distally into the fin radials. The proximal radial layer can be identified at this stage and is distinct from the ventral agglomeration. This muscle originates from proximal edge of the basipterygium and anterior clasper cartilage, but whilst it is close proximity with the most proximal fin radials, it has not yet inserted into these cartilages.



Reproductive Skeleton and Musculature

At this stage, the rudiments of the pelvic clasper cartilages and pre-pelvic tenaculum have begun to form. Despite these structures being diffuse, particularly the posterior clasper cartilage and tenaculum, their associations with the musculature that has formed at this stage can be discerned (Figures 5B,D,E). The tenaculum muscle originates from the dorsal surface of the anterior pelvic girdle, near the developing obturator foramen. This muscle inserts into the base of the tenaculum. The clasper abductor is not present at this stage. The clasper flexor, situated on the proximal side of the pelvic clasper, can be seen to originate ventro-laterally from the basipterygium near its articulation with anterior clasper cartilage, abutting the point of insertion of the pelvico-basal layer. The clasper flexor extends posteriorly to insert proximo-ventrally into the developing posterior clasper cartilage, which it surpasses in length. The clasper adductor has begun to form, being situated on the dorsal surface of the pelvic girdle above the pelvico basal layer. This muscle has not made contact with the posterior clasper cartilage and instead inserts into the dorsal surface of the anterior clasper cartilage. The pelvico-basal layer originates broadly dorso-laterally from the surface of the ventral segment of the pelvic girdle and the inter-pelvic band, and extends posteriorly to insert laterally and ventrally, into the anterior clasper cartilage, bearing a close resemblance with the adult morphology (Figures 5D,E).




Stage 34


Endoskeleton

The endoskeleton has become more defined and expanded relative to stage 32 (Figure 6). The fin skeleton in particular is now more complete. Beyond this broadening and expansion there are no other significant change to the endoskeleton.
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FIGURE 6. 3D model of the right pelvic musculature of a stage 34 male elephant shark (Callorhinchus milii) embryo. (A) Lateral view of musculature, (B) same view but with the portio prima removed, (C) ventral view of musculature, (D) ventral view with the superficial ventral layer removed, (E) dorsal view of the reproductive musculature, (F) ventral view of the reproductive musculature. Anatomical planes and position indicated by lettering: A, Anterior; P, Posterior; D, Dorsal; R, Right; L, Left.




Dorsal Musculature

The portio prima has expanded dorsally and laterally, forming its point of origin with the hypaxial musculature and the ramus of the pelvic girdle, very similar to the morphology of an adult (Figure 6A). Compared to stage 32, it has also broadened posteriorly to insert more securely into the deep dorsal layer and more directly into the ceratotrichia as in the adult. The deep dorsal layer, and portio tertia are very similar in terms of their points of origin and insertion to those of stage 32 (Figures 5A,B,D), but are substantially broader and thicker both in terms of size and their respective attachments, bearing a much closer resemblance to the morphology of adults (Figures 6A,B). The portio secunda spans over the hypaxial musculature from which it now originates broadly, in a similar manner to the adult (Figure 6B). This muscle has also become thicker along its length and has broader insertion dorsally into the proximal side of the anterior clasper cartilage.



Lateral Musculature

The protractor extends further posteriorly compared to stage 32, but has no contact with the fin skeleton and its points of origin and insertion remain the same as in stage 32 (Figures 6A,C). The abdominal adductor is similar in terms of its points of origin and insertion to those of stage 32 (Figure 5A), but is broader in its span and attachment with the pelvic girdle.



Ventral Musculature

The superficial ventral layer, basio-radial layer and proximal radial layer are now clearly distinct from each other and their arrangement and span more closely resemble those of the adult (Figures 6C,D). The superficial ventral layer originates from the ventral surface of the anterior pelvic segment and inter-pelvic band, extending posteriorly over the basio-radial layer, into which it inserts distally. The basio-radial layer originates from the ventral surface of the basipterygium near its contact with the pelvic girdle and extends posteriorly over the fin skeleton to insert into the fin radial cartilages. The proximal radial layer has broadened greatly relative to stage 32 and inserts into the most proximal fin radials, and now covers these radials.



Reproductive Skeleton and Musculature

The skeleton of the pelvic claspers and tenaculum are more developed and distinct relative to stage 32, however, the posterior regions of the posterior clasper cartilage and tenaculum cartilages are still diffuse. At this stage, all of the reproductive muscles are now present (Figures 6B,D,E). The abductor can be identified, originating from the distal side of the anterior clasper cartilage wrapping around the clasper and extending posteriorly to insert into the posterior clasper cartilage. The clasper adductor now inserts dorso-laterally into the posterior clasper cartilage but does not extend along this cartilage as far as it does in the adult. The clasper flexor is longer posteriorly, extending over almost a third of the posterior clasper cartilage into which it inserts ventro-laterally. Its span across these cartilages is now similar to that of the adult, though it is still shorter posteriorly. The tenaculum muscle has expanded ventrally to more directly attach to the tenaculum cartilages, bearing a closer resemblance to the arrangement of this muscle in the adult, but still much smaller in size. The pelvico-basal layer has thickened relative to stage 32 and attaches more broadly to the same points of origin and insertion.






DISCUSSION


Chimaeroid Pelvic Musculature

Currently, there are only two published descriptions of the pelvic musculature of extant chimaeroids: both are of members from the family Chimaeridae, the spotted ratfish (Hydrolagus colliei) (Diogo and Ziermann, 2015) and rabbit fish (Chimaera monstrosa) (Davidoff, 1879). These descriptions, separated by 136 years, differ significantly in their descriptions and terminology (Table 2). Below, we compare and contrast these descriptions to propose homologies and establish a better understanding of the pelvic anatomy of extant chimaeroids.


Dorsal Musculature

The dorsal pelvic musculature of H. colliei, C. monstrosa, and C. milii are all composed of superficial and deep portions. However, the points of origin and divisions of these muscles differ (Table 2). The dorsal musculature of C. milii corresponds very closely with that of C. monstrosa, in that both are divided into four portions and that these have similar points of origin and insertion. In C. monstrosa, the portio prima is described as originating from the “external aponeurosis” extending over the pelvic girdle and adjacent hypaxial muscle, inserting into the ceratotrichia (“secondary fin skeleton”) (Davidoff, 1879, p. 477; Figures 7A,B) in the same manner as the portio prima in C. milii, though we also describe the portio prima as inserting into the deep dorsal layer (Figures 1A,B). In both C. milii and C. monstrosa, the portio tertia is located underneath the portio prima, originating from the ventral surface of the iliac ramus of the pelvic girdle and inserting into the deep dorsal layer (tiefe dorsale Schicht). The deep dorsal layer originates laterally from the dorsal surface of the basipterygium and divides posteriorly into bundles that insert into the fin radials (Davidoff, 1879; Figures 1B, 7B). The deep dorsal layer in C. milii also originates from the dorsal surface of the basipterygium near the acetabular articulation to the pelvic girdle. This specific location of the point of origin is not explicitly given in the text of the description of C. monstrosa but is shown in the figures cited (Davidoff, 1879; Figure 7A).
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FIGURE 7. Illustrations adapted from Davidoff (1879) of the pelvic and clasper musculature of Chimaera monstrosa and from Jungersen (1899) of the clasper musculature of Callorhynchus antarcticus. (A) Right lateral view of the superficial dorsal pelvic musculature of C. monstrosa, (B) same view of the deep dorsal pelvic musculature of C. monstrosa, (C) ventral view of left pelvic musculature and lateral left view of clasper musculature of C. monstrosa, (D) ventral and dorsal views of the right pelvic clasper of C. antarcticus. x, ventral process; C1, first cartilage; C2, second cartilage; C3, third cartilage; b*, first cartilage; b**, second cartilage; b***, third cartilage.


The arrangement of the dorsal pelvic musculature in H. colliei differs slightly from that of C. monstrosa and C. milii in that it is less complex. In H. colliei, the dorsal musculature is divided into three groups: two portions of an adductor and a single levator. The adductor superficialis (superficial bundle) originates from the fascia of the body muscle and extends over the pelvic girdle ramus, and the deep bundle of the adductor originates from the basipterygium extending over the fin skeleton to insert into the fin radials, but the exact point is not described (Diogo and Ziermann, 2015). The points of origin and insertion of the superficial and deep portions of the adductor suggest that they correspond with the portio prima and deep dorsal layer, respectively. However, no muscle resembling the portio tertia is described in H. colliei. As this muscle is situated closely with the portio prima (adductor superficialis) and inserts into the deep dorsal layer (adductor deep bundle) it is possible that the portio tertia has inadvertently been included as a part of one of the other muscles. Alternatively, the portio tertia may not be present in H. colliei. Re-examination is warranted to resolve this issue.

There is more agreement on the muscle known as the portio secunda in C. monstrosa and C. milii and levator 5 in H. colliei. In all of these taxa, this muscle is situated medially behind the more superficial portio prima (adductor superficialis) and posteriorly adjacent to the pelvic girdle (Figures 1A, 7B; Davidoff, 1879; Diogo and Ziermann, 2015). The portio secunda in C. milii (Figures 1, 2) originates from the fascia of the hypaxial musculature, pelvic girdle and cloaca and inserts into the second fin metapterygium in females and the clasper cartilages in males (Figures 1, 3). Likewise, in C. monstrosa, the portio secunda originates from the “external aponeurosis” of the hypaxial musculature and pelvic girdle, and inserts into the most anterior cartilage of the “basal appendage (clasper)” in males and the “basal (second fin metapterygium)” in females (Figures 7A,B; Davidoff, 1879, p. 474). In H. colliei, this muscle is referred to as levator 5 and is described as originating from the fascia of the body muscle and connecting to the basipterygium and medial fin radials. This difference over the points of insertion may arise from a lack of specificity regarding the anatomy of the fin skeleton and the fact that the description of H. colliei was based only on female specimens (Diogo and Ziermann, 2015).



Lateral Musculature

The lateral musculature consists of the protractor and abdominal adductor (Table 3). The protractor described here in C. milii (Figures 1A, 2) shares the same points of origin and insertion, the pelvic girdle and basipterygial process (propterygium), respectively, as those described in H. colliei (Diogo and Ziermann, 2015), suggesting that these muscles are homologous. This muscle is not explicitly identified in the description of C. monstrosa, however, the lateral portions of the hypaxial muscle in the illustrations of the pelvic musculature (Davidoff, 1879, Figure 20, ssv) resemble our description of the protractor and abdominal adductor in C. milii (Figures 1A,B, 2), though the arrangement displayed is not entirely congruent as is in alignment with the pelvic girdle and overlying part of it. This may be because this image was drawn after the removal of the integument. The lateral muscles are not named but are described as follows, “The attachment of the lateral muscles to the pelvis includes only the anterior edge of the ventral, the two cranks and the entire inner surface of the dorsal section” (Davidoff, 1879, p. 474). This description resembles our description some of the attachment points of the protractor and abdominal adductor, but it is too vague to distinguish any specific correlation with our own findings. The other point of difference with regards to the lateral musculature may also a result of omission. No muscle in the descriptions of H. colliei (Diogo and Ziermann, 2015) or C. monstrosa (Davidoff, 1879) appear to correspond with the abdominal adductor in C. milii (Figures 1A,B, 2). As this muscle is small and blends in well with the hypaxial musculature and protractor it may be that the muscle was not identified by other investigators.


TABLE 3. Chimaeroid lateral pelvic musculature and their points of origin (O) and insertion (I).
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Ventral Musculature

There are also differences regarding the description of the ventral pelvic musculature among the previous studies and our own findings (Table 4). Again, the ventral musculature of C. milii and C. monstrosa (Davidoff, 1879) are relatively similar, though there is some difference. In C. monstrosa the superficial ventral layer (oberflächliche ventrale Schicht) originates from an aponeurotic band connecting the pelvic girdles and the ventral surface of the ventral portion of the pelvic girdle, extending over the “articulation of the basal with the pelvis” to the fin rays where they divide into bundles and insert into muscle bundles below them, covering the ventral surface of the pelvic fin, except for some posterior lobes (Figures 7C; Davidoff, 1879). This description largely agrees with that of the superficial ventral layer in C. milii, originating from the ventral surface of the pelvic girdle, and an inter-pelvic band in embryos, extending over the acetabulum and basipterygium. We also find that this muscle covers most basio-radial layer in C. milii, completely anteriorly where it inserts into the ceratotrichia and tapering off distally toward the end of the fin, exposing the basio-radial layer into which it also inserts (Figures 2A,B). The basio-radial layer in both C. monstrosa and C. milii originates from the basipterygium near the acetabulum and extends posteriorly over the ventral surface of the fin skeleton, however, there is some difference in the span of these muscles over the ventral surface of the fin skeleton. In C. monstrosa this muscle is said to cover the entire ventral surface of the pelvic fin, inserting into the radial cartilages (Figures 2, 7C; Davidoff, 1879). In contrast, we find that the basio-radial layer only covers most of the ventral surface of the pelvic fin whereas a distinct proximal radial layer roofs the most proximal regions of the fin skeleton. As the proximal radial layer is subtle in its distinction from the basio-radial layer it may have inadvertently included as a part of the basio-radial layer in the description of C. monstrosa, or this may be an interspecific difference. The other main difference with our findings and the description of C. monstrosa, is an extra muscular mass situated between the basio-radial layer and superficial ventral layer, which we have not found in C. milii. In C. monstrosa, this mass is described as “beginning at the medial anterior angle of the fin and running obliquely backwards and laterally,” over the fin and connecting with the fascia of the superficial ventral layer and basio-radial layer (Davidoff, 1879, p. 476).


TABLE 4. Chimaeroid ventral pelvic musculature and their points of origin (O) and insertion (I).
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The arrangement of the ventral musculature of the pelvic fin in H. colliei is significantly different from that of C. milii and C. monstrosa. In H. colliei, this musculature is divided into proximal and distal portions of an abductor (Diogo and Ziermann, 2015). The proximal portion, abductor proximalis, originates from the puboischiac bar (pelvic girdle) and inserts into the basipterygium whereas the distal bundle originates from the basipterygium and extends distally to insert into the ventral surfaces of the radial cartilages (Diogo and Ziermann, 2015). The abductor distalis appears to correspond with the basio-radial layer in C. milii and C. monstrosa as they share the same points of origin and insertion. However, as with C. monstrosa, the proximal radial layer is not described in H. colliei and may be included within the abductor distalis (Davidoff, 1879; Diogo and Ziermann, 2015). The proximal bundle of the abductor in H. colliei seems to share a common point of origin with the superficial ventral layer of C. milii and C. monstrosa, the puboischiac bar (ventral pelvic segment). However, these muscles do not share the same point of insertion, as the proximal bundle is described as “running… to the basipterygium” in H. colliei (Diogo and Ziermann, 2015, p. 523), whilst the superficial ventral layer in both C. milii and C. monstrosa extends over the basipterygium and inserts into the basio-radial layer (Figures 2, 7C; Davidoff, 1879).



Reproductive Musculature

The pelvic claspers of chimaeroids have been described in several historical and contemporary studies (Davidoff, 1879; Jungersen, 1899; Leigh-Sharpe, 1922, 1926; Didier, 1995), but with limited description of their associated musculature. As far as we are aware there are three descriptions of the clasper musculature in chimaeroids, two of the rabbit fish (Chimaera monstrosa) (Davidoff, 1879; Jungersen, 1899), and one of Callorhynchus antarcticus (sic) (Jungersen, 1899). The clasper skeleton among these genera are notably different. The skeleton of the claspers of C. milii and C. antarcticus, both from the same genus appear to be the same, in that both are composed of two components, a small anterior cartilage attached to the basipterygium and a long folded posterior cartilage connected to the anterior cartilage (Jungersen, 1899; Didier, 1995; Riley et al., 2017). In C. milii, these two cartilages are simply called the anterior and posterior clasper cartilages (Didier, 1995; Riley et al., 2017) and as b1 and the appendix stem in C. antarcticus (Jungersen, 1899), respectively. In contrast, the skeleton of C. monstrosa has a branching clasper skeleton composed of three distinct cartilages (Gegenbaur, 1870; Davidoff, 1879; Jungersen, 1899). The first component known as the first cartilage connects with the basipterygium and the other two, the second and third cartilages, branch off from the first cartilage (Davidoff, 1879; C1, C2, C3 in Figure 7C). This suggests that the first cartilage of C. monstrosa corresponds with the anterior clasper cartilage as they both join the basipterygium with the posterior clasper cartilage/s (Davidoff, 1879; Didier, 1995). Establishing homologies of the posterior cartilages of C. monstrosa with those of the callorhinchids requires further embryonic studies focusing on the cartilages in these taxa.

All three descriptions of the clasper musculature in chimaeroids, the two historical accounts and our own, agree that the claspers possess three distinct muscles and superficially appear to have a similar arrangement (Figures 3A,B, 7C,D). However, due to the different nature of the skeleton of C. monstrosa, it is not clear how these muscles can be homologized with those of C. milii and C. antarcticus. As expected, the description and arrangement of the clasper musculature of C. antarcticus are similar to those of C. milii though the nomenclature used differs to each other (Table 5). There are only two notable differences between the two descriptions of the musculature. Firstly, we describe the flexor and adductor as distinct muscles rather than portions of a single dilatator (sic) (Table 5 and Figures 3, 7D; Jungersen, 1899). Secondly, the adductor is much longer and originates from the dorsal surface of the pelvic girdle. Beyond these two details, the points of origin and insertion of the muscles in both taxa are the same, though this is not clear at first, as parts of the description of C. antarcticus are not given in a direct manner (Jungersen, 1899). For instance, the compressor (abductor in C. milii) is described thusly, “…the large muscle (S) (compressor) of the glandular bag, which in no respects shows other relations than in Chimaera (monstrosa),” (Jungersen, 1899, p. 75). In turn, the same muscle in C. monstrosa is described as “…M. compressor, arises from the lateral edge of the piece β [C3 (Figure 7C)] (see Figure 69), and is inserted on the lateral surface of the piece b1, and on the appendix-stem,” (Jungersen, 1899, p. 73). The appendix stem in C. antarcticus corresponds with the posterior clasper cartilage. Similarly, the points of insertion of the portions of the dilatator (sic) are not explicitly stated and are inferred from the figures (see Figure 7D).


TABLE 5. Chimaeroid clasper musculature and their points of origin (O) and insertion (I).
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The clasper musculature of C. monstrosa comprises three distinct muscles, similar to C. milii and C. antarcticus with their arrangement. The flexor is situated laterally on the proximal side of the clasper, the adductor is located dorsally above, and the abductor is situated laterally on the distal side. Despite these superficial similarities, there are notable differences in the arrangement of these muscles with the callorhinchids. Whilst the flexor in all of these taxa arises from the basipterygium, this muscle, as well as the adductor and abductor in C. monstrosa insert into the ventral process (x in Figure 7C), a component of the first cartilage (Davidoff, 1879; Jungersen, 1899). In turn, the adductor and abductor originate from the medial surface of first and second cartilages and the lateral edge of the third cartilage, respectively (Table 5 and Figure 7C). The adductor is situated dorsally and is located on the distal side of the clasper rather than proximally, similar to C. milii and C. antarcticus (Figures 3, 7C,D).

An additional muscle called the pelvico-basal layer is also found in both C. milii and C. monstrosa. In C. monstrosa, this muscle is described as originating from the “entire extent of the posterior margin and from part of the dorsal surface of the ventral pelvic segment” and inserting into the process of the pelvic claspers of males and the “basal” (second fin metapterygium) of females (Figure 5B; Davidoff, 1879, p. 475). In the other description of C. monstrosa (Jungersen, 1899), this muscle is considered as a portion of the ventral muscles of the pelvic fin, originating from a tendinous pelvic band and the dorsal surface of the pelvis and inserting into the medial edge of the “basale” (clasper) and its process. This description of the point of origin agrees with what we have observed in C. milii embryos where this muscle arises from an inter-pelvic band and the dorsal surface of the girdle (Table 5). The pelvico-basal layer has not been described in H. colliei (Diogo and Ziermann, 2015) nor in C. antarcticus (Jungersen, 1899). However, as with C. monstrosa it may be that this muscle was inadvertently included in the proximal portion of the abductor, which is also described as originating from the puboischiac bar (Diogo and Ziermann, 2015). This might explain the difference in the point of insertion of this muscle and the superficial ventral layer in C. milii and C. monstrosa. Alternatively, it may be because the muscle was considered out of scope as these authors did not examine the reproductive musculature (Diogo and Ziermann, 2015). It is also possible that as the pelvic musculature of H. colliei has only been described in females, it may be that the insertion of the proximal bundle to the “basipterygium” is actually the insertion of the pelvico-basal layer onto the second fin metapterygium. Re-examination of the pelvic musculature in male and female specimens will help clarify this issue.



Tenaculum Muscle

The muscle associated with the pre-pelvic tenaculum has been described in at least two instances, in C. monstrosa (Davidoff, 1879) and C. antarcticus (Parker, 1886). Both descriptions agree that it arises from the dorsal surface of the pelvic girdle and extends to the pre-pelvic tenaculum (Table 6). This agrees with the arrangement of this muscle that we have found in C. milii (Figure 3). Surprisingly, this muscle has never been named or illustrated and so deserves some attention. In C. monstrosa (Davidoff, 1879), it is described only as the muscle associated with the Saw plate (Sägeblatt) and in C. antarcticus (Parker, 1886) it is simply called the “strong muscle.” For clarity, we propose that this muscle should be known as the tenaculum muscle due to its association with the pre-pelvic tenaculum.


TABLE 6. Points of origin (O) and insertion (I) of the muscle associated with the pre-pelvic tenaculum.
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Summary of Interspecific Differences

In terms of the interspecific differences between the pelvic musculatures of the chimaeroids examined here, C. milii and C. monstrosa are more similar to one another than either are to H. colliei. The dorsal musculature of C. milii and C. monstrosa is divided in the same groups of muscles, the portio prima, portio tertia, portio secunda, and deep dorsal, and only exhibits minor differences (Table 2). In contrast, the dorsal muscles of H. colliei are divided into three components, a superficial and deep adductor and a levator. These muscles appear to correspond well with the portio prima, deep dorsal layer and portio secunda, respectively. Though there is potentially some differences between the insertion of the portio secunda and levator and the portio tertia is not identified in H. colliei (Table 2). There may be some differences in the lateral musculature of these taxa, but this is likely due to inadvertent omission in the description of C. monstrosa (Davidoff, 1879) and H. colliei (Diogo and Ziermann, 2015). In C. milii and H. colliei the lateral musculature includes a protractor that attaches to the pelvic girdle and part of the fin skeleton. The unidentified muscles are the abdominal adductor in H. colliei and C. monstrosa, and protractor in C. monstrosa (but see section “Lateral Musculature”). The ventral musculature of C. milii and C. monstrosa is very similar, being composed of a superficial ventral layer and basio-radial layer, with almost the same attachments on the pelvic girdle and fin skeleton, respectively (Table 4). However, C. milii also possess an additional deep muscle along the fin skeleton and clasper cartilage, the proximal radial layer. The ventral musculature of H. colliei is also composed of two components, a distal and proximal abductor, however, their points of origin and insertion on the pelvic girdle and fin skeleton differ greatly from those of the superficial ventral layer and basio-radial layer (Table 4).

The reproductive musculature of C. milii and C. antarcticus are comparable to each other (Table 5) as both possess the same clasper skeletal structure and the arrangement of their muscles, the clasper adductor, abductor and flexor, are largely the same. The only difference between the two taxa is that the flexor and adductor are considered bundles of a single muscle in C. anatarcticus. C. monstrosa also has three clasper muscles (Table 5), the flexor, adductor, and abductor. However, due to differences in the clasper skeleton, these are difficult to compare to C. milii and C. antarcticus (but see section “Reproductive Musculature”). C. monstrosa and C. milii both have a pelvico-basal layer with essentially the same origin on the pelvic girdle and insertion on the clasper cartilages (Table 5). All three taxa possess a tenaculum muscle originating from the pelvic girdle and inserting into the base of the tenaculum (Table 6).




Comments on Development

We provide the first detailed descriptions of developmental origins of the pelvic fin muscles in the embryonic series of C. milii. This reveals certain patterns in the growth and development of the muscles. At stage 30, the muscles immediately associated with the fin skeleton, agglomerations of the dorsal (portio prima and deep dorsal layer) and ventral (superficial ventral layer and basio-radial layer) muscles, as well as the protractor and abdominal adductor are the first muscles to appear. These muscles are more prominent anteriorly, dorsally and proximally (Figure 4). By stage 32, these muscles have expanded distally, dorsally and posteriorly and the dorsal agglomeration differentiates into the portio prima and deep dorsal layer. At this stage, deeper muscles such as the portio tertia and secunda as well as the muscles associated with reproductive structures (pelvico-basal layer, adductor, flexor, and tenaculum muscle) have formed and are also more prominent dorsally and anteriorly. By stage 34, all of the pelvic and reproductive muscles can be identified and are more prominent relative to stage 32.

In both C. milii and the bamboo shark (Chiloscyllium punctatum), the pelvic fin muscles form from epithelial extensions of the myotome, with epithelial buds migrating ventrally to form the body wall musculature and extending further ventrally into the pelvic fin mesenchyme to form the fin muscles (Cole et al., 2011). The patterns of pelvic fin muscle growth and development observed here may be explained by the trajectory of these epithelial extensions. The antero-posterior development of the musculature observed in the embryos examined would appear to correspond with the suggestion that this is the direction by which these extensions enter the pelvic mesenchyme to form the fin muscle. The development of more superficial elements or their agglomeration with deep components may also suggest that these projections of the epithelium first spread over surface of the fin skeleton before forming the deeper muscles rather than forming the deeper portions first. To date, there has been no examination of the developmental origins of the musculature related to the pre-pelvic tenaculum nor the pelvic claspers in extant chondrichthyans. The tenaculum muscle is in close proximity with the protractor and hypaxial musculature and may likely also result from epithelial extensions. Similarly, the clasper musculature is in close proximity with the musculature of the pelvic fin and pelvico-basal layer, and may also be the result of epithelial extensions. To determine whether these muscles are produced by the same developmental mechanisms requires the examination of origin and arrangement of these structures in more chondrichthyan taxa. The muscle anatomy of reproductive structures has been examined in increasing detail in elasmobranchs in recent studies, which has emphasized the importance of these details in understanding their phylogenetic systematics (de Figueiredo Petean and de Carvalho, 2018; Moreira and de Carvalho, 2018, 2019). There is a notable lack of contemporary information on the musculature of chimaeroid claspers, which is entirely restricted to accounts from over a century ago (Davidoff, 1879; Jungersen, 1899). This indicates a clear need to examine the musculatures in a range of chimaeroid species to verify these historical accounts, refine systematics and determine any insights these may shine on the evolution of vertebrate reproduction.

The prominent size of the superficial musculature in C. milii may have some evolutionary implications for fin muscles. Comparisons of the appendicular musculature between different species of fishes and tetrapods have revealed that superficial muscles are heavier than deep muscles in both limbs of tetrapods whereas deeper muscles are more developed in the fins of fishes (Mansuit and Herrel, 2021). This difference indicates a shift occurred during the fin to limb transition in which tetrapods have experienced a reduction of their deep appendicular muscles and an increase of superficial musculature. This shift is suggested to be an adaptation to the mechanical demands required of terrestrial locomotion, needing more strength to support the body against gravity, as opposed to buoyancy in aquatic habits (Mansuit and Herrel, 2021). Our examination of the musculature indicates that the superficial appendicular musculature is more prominent than the deep musculature in C. milii, at least in terms of surface area. This either suggests that more prominent superficial musculature is plesiomorphic, in which case the tetrapod arrangement is a reversal or that the relative prominence of muscles is driven by biomechanical factors. In order to determine this, differences in the prominence of the superficial and deep appendicular musculature of other extant chondrichthyans, actinopterygian, and sarcopterygian fishes should be investigated and compared to the fossil record.

Currently, the appendicular musculature of fossil vertebrates such as placoderms, chondrichthyans and osteichthyans are not well known. Soft tissues do not normally fossilize, however, in certain specimens, such as those from the Gogo formation, soft tissues, including muscles, or muscle attachment scars, are preserved. These specimens can be used to investigate and partially reconstruct the arrangement of the musculature of fossil taxa (Trinajstic et al., 2007, 2013, 2015). This is best demonstrated by the detailed reconstruction of the head, neck and abdominal muscles in arthrodire placoderms from preserved tissues. Muscle scars are present on the pelvic girdle and fin endoskeleton of placoderms from the Gogo formation (pers obs) but have not been described. Chondrichthyan musculatures were thought to be very simple, which appeared incongruent with the complexity of placoderm musculatures found in the Gogo arthrodires (Trinajstic et al., 2013). Here, we have shown that chondrichthyan musculatures are more complex than currently thought providing important details to guide interpretation of fossil musculatures (Lund and Grogan, 1997).

Fossil specimens with preserved musculature or muscle scars should be examined to better understand the arrangement of the appendicular musculature and determine the evolutionary shifts that have occurred in the early evolution of limbs in gnathostomes. Some fossil specimens also possess preserved reproductive claspers (Trinajstic et al., 2015). Studies on these structures and any possible muscle reconstructions compared with those of extant chondrichthyans will help better understand the development and evolution of vertebrate reproduction.



Comparative Development of Pelvic Musculature

To date, only one ontogenetic study of the pelvic muscles in chondrichthyan has been conducted (Ziermann et al., 2017). Ziermann et al. (2017) describe the morphology and development of the cephalic, pectoral and pelvic muscles in the catshark (Scyliorhinus canicula) from stages 26 to 33 using a combination of scanning electron microscopy (SEM), traditional histology and whole mount immunostaining. The staging table for C. milii is based on that of S. canicula, making their respective stages approximately equivalent (Ballard et al., 1993; Didier et al., 1998), and thereby making the comparison of their development fairly straightforward.

In S. canicula, muscle projections are thought to ventrally extend to the base of the pelvic fins between stages 27 and 28 but no specific muscles can be identified at these stages. By stage 30, the ventral muscles are present as an undivided abductor and the dorsal muscles as the adductor superficialis (Ziermann et al., 2017). In C. milii, by stage 30, agglomerations of the dorsal (portio prima and deep dorsal layer) and ventral (superficial ventral layer and basio-radial layer) muscles have formed (Figures 4A,C,D). In terms of morphology and level of development, the two species are similar at this stage. However, in our nano-CT data, we distinguish two muscles, respectively, within both the ventral and dorsal agglomerations through their attachment points on the rudimentary skeleton. Through this nano-CT imaging method we can identify the deep dorsal layer (adductor profundus) within the dorsal agglomeration which was not identified in S. canicula, possibly because of the limitations of the techniques used. Through the use of nano-CT imaging, we are also able to identify the lateral musculature, the protractor and abdominal adductor, in C. milii at stage 30 (Figure 4A), which could not be identified in S. canicula at this stage. By stage 32, most components of the pelvic musculature in C. milii can be identified (Figure 5). The dorsal muscles can be distinguished from one another, and most of the reproductive musculature can be identified, though, apart from the proximal radial layer, the ventral muscles still consist of an agglomeration. The ventral musculature of S. canicula at stage 32 and 33 remains undifferentiated and neither the deep dorsal musculature nor the lateral muscles are identified at these stages, with stage 33 being the last stage examined (Ziermann et al., 2017). It is not clear when the deep portion of the adductor or retractor/levator5 is formed in S. canicula. These discrepancies in the formation of the musculature may be derived from interspecific differences in the rate of development. Alternatively, these may arise from differences in methodology. The use of nano-CT imaging has allowed us to identify and visualize early differentiations of muscles in 3D, which are difficult to achieve with traditional histology or whole mount immunostaining where structures may obscure one another and prevent a complete analysis of the anatomy. This highlights that the CT imaging and 3D visualization techniques in tandem with traditional methods will help ensure a comprehensive study of the anatomies.

To date, there are no studies on the development of the musculature of the pelvic claspers or tenaculum in other holocephalans or other cartilaginous fish. The examination of the morphology and development of these structures in other chondrichthyans as well as fossil taxa such as placoderms are required to determine any morphological similarities or homologies between the musculature of claspers among these taxa and to further understand the evolution of vertebrate reproduction.




CONCLUSION

Our findings indicate that the pelvic musculature of extant chimaeroids is more complex than suggested by contemporary and historical descriptions (Davidoff, 1879; Diogo and Ziermann, 2015), but agree more with the complexity described in the historical literature (Davidoff, 1879). The revised adult anatomy is essential for interpreting embryonic development. Our work has been greatly aided through reading the historical literature written by the original comparative anatomists and embryologists, much of which appears to have largely been forgotten or overlooked. Such works are treasure stores of much needed anatomical and embryological data that can inform current comparative analyses of different outgroups to bracket evolutionary transitions (Boisvert et al., 2013; Dearden et al., 2021). This will help form hypotheses on evolutionary processes that have shaped the vertebrate skeleton, which can be tested with fossil data that can possess well preserved soft tissues for analyses of the musculature (Trinajstic et al., 2013, 2018). In particular, the holocephalian pelvic musculature described here compares well to the complexity inferred for some Palaeozoic jawless fishes. These anatomies imply an equally complex origin of the pelvis and its musculature. The other great aid to this work has been the use of CT imaging and 3D visualization, which has enabled us to identify the early development of the pelvic musculature and pick apart some of the subtle complexities of the anatomy that are difficult to identify solely through analog dissection. This synthesis, combining the knowledge from the historic literature and analog dissection with modern CT imaging and digital dissections, can shed light on the complexity of anatomy, morphological transformations and their underlying mechanisms underpinning major evolutionary events.
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