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The impregnation of biominerals into the extracellular matrix of living organisms, a process
termed biomineralization, gives rise to diverse mineralized (or calcified) tissues in vertebrates.
Preservation of mineralized tissues in the fossil record has provided insights into the
evolutionary history of vertebrates and their skeletons. However, current understanding of
the vertebrate skeleton and of the processes underlying its formation is biased towards
biomedical models such as the tetrapodsmouse and chick. Chondrichthyans (sharks, skates,
rays, and chimaeras) and osteichthyans are the only vertebrate groups with extant (living)
representatives that have a mineralized skeleton, but the basal phylogenetic position of
chondrichthyans could potentially offer unique insights into skeletal evolution. For example,
bone is a vertebrate novelty, but the internal supporting skeleton (endoskeleton) of extant
chondrichthyans is commonly described as lacking bone. The molecular and developmental
basis for this assertion is yet to be tested. Subperichondral tissues in the endoskeleton of some
chondrichthyans display mineralization patterns and histological and molecular features of
bone, thereby challenging the notion that extant chondrichthyans lack endoskeletal bone.
Additionally, the chondrichthyan endoskeleton demonstrates some unique features and
others that are potentially homologous with other vertebrates, including a polygonal
mineralization pattern, a trabecular mineralization pattern, and an unconstricted perichordal
sheath. Because of the basal phylogenetic position of chondrichthyans among all other extant
vertebrates with a mineralized skeleton, developmental and molecular studies of
chondrichthyans are critical to flesh out the evolution of vertebrate skeletal tissues, but
only a handful of such studies have been carried out to date. This review discusses
morphological and molecular features of chondrichthyan endoskeletal tissues and cell
types, ultimately emphasizing how comparative embryology and transcriptomics can
reveal homology of mineralized skeletal tissues (and their cell types) between
chondrichthyans and other vertebrates.
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THE BASAL PHYLOGENETIC POSITION OF
CHONDRICHTHYANS CAN PROVIDE
UNIQUE INSIGHTS INTO ENDOSKELETAL
EVOLUTION AMONG VERTEBRATES

Many organisms utilize biominerals to harden the deep (endo-
) or more superficial (exo-) supporting skeleton through a
process termed biomineralization. Specialized cell types
(generally referred to as scleroblasts) drive
biomineralization by synthesizing and secreting both the
biominerals and the organic extracellular matrices into
which they are incorporated (Moss, 1964; Francillon-
Vieillot et al., 1990; Checa, 2018). In vertebrates,
biomineralization occurs by deposition of biological apatite
into collagen-/amelogenin-rich matrices, and this process
gives rise to the main types of mineralized (or calcified)
tissues: bone, mineralized cartilage, dentine, enamel, and
enameloid (Hall, 1975; Kemp, 1989; Donoghue et al., 2006).
Given that these mineralized tissue types were already distinct
in ancestral vertebrates, later-diverged vertebrate groups
mostly modified ancestral mineral and organic components
in order to mineralize their skeletal tissues (Enlow and Brown,
1958; Francillon-Vieillot et al., 1990).

The representation of mineralized tissues in the fossil
record has fleshed out the evolutionary history of
vertebrates (Janvier, 1996). Chondrichthyans (sharks,
skates, rays, and chimaeras) and osteichthyans (bony fishes
and tetrapods) are the only vertebrate groups with extant
(living) representatives that have a mineralized skeleton.
Paleontological and molecular analyses have led to the
recognition of chondrichthyans as phylogenetically basal
to all living jawed vertebrates (Janvier, 1996; Venkatesh
et al., 2001; Kikugawa et al., 2004). Thus, the basal
phylogenetic position of chondrichthyans makes them
excellent model organisms for revealing the evolution of
mineralized endoskeletal tissues among vertebrate groups.
Extant chondrichthyans are subdivided into two groups:
elasmobranchs (sharks, skates, and rays) and
holocephalans (chimaeras), which last shared a common
ancestor at least 385 million years ago (Janvier and Pradel,
2015; Frey et al., 2019; Cohen et al., 2021). Despite their
predominantly cartilaginous endoskeleton, chondrichthyans
exhibit a great diversity of derived and ancestral mineralized
tissues. For example, tesserae, which are discrete blocks of
mineralized tissue lining endoskeletal elements, are a derived
and unique skeletal feature of chondrichthyans (Kemp and
Westrin, 1979; Dean and Summers, 2006). The centrum
(i.e., vertebral body) of chimaeras exhibits an
unconstricted perichordal sheath, considered an ancestral
vertebrate feature (Miles, 1970; Schmitz, 1998). On the
other hand, structural and developmental features of
chondrichthyan teeth are considered homologous to those
of other vertebrates and likely reflect the ancestral state of
jawed vertebrates (Gillis and Donoghue, 2007; Rasch et al.,
2016; Rücklin et al., 2021). In this review, we consider how
recent analyses of chondrichthyan tesserae and centra shed

light upon the evolution of mineralized tissues in the
vertebrate endoskeleton, including examining whether
chondrichthyans make bone, but first we briefly
summarize some basic concepts in skeletal biology (mostly
from studies of tetrapods).

MINERALIZATION PATTERNS AND
DEVELOPMENTAL PROCESSES OF BONE
AND CARTILAGE
A common approach to characterize bone and generally the
morphological diversity of vertebrate mineralized tissues is
based on their spatial patterns (herein referred to as
mineralization patterns). Mineralization patterns of the
vertebrate skeleton are often described at the gross
anatomical level (i.e., patterns of skeletal elements across
the whole skeleton), at the macro- or micro-structural level
(i.e., patterns of discrete skeletal tissues), and at the
nanostructural level (e.g., patterns of collagen fibrils)
(Francillon-Vieillot et al., 1990; Rho et al., 1998).
Mineralization patterns at the gross anatomical and
nanostructural levels have been reviewed elsewhere (Kemp,
1984; Maisey, 1988; Katz et al., 1989; Huysseune and Sire,
1998; Wiesmann et al., 2005), so we will focus mainly on
mineralization patterns of skeletal tissues, particularly that of
bone and mineralized cartilage.

Bone is a pervasive endoskeletal tissue that exhibits two
basic mineralization patterns: compact and trabecular
(Francillon-Vieillot et al., 1990; Rho et al., 1998). The
compact mineralization pattern is continuous and smooth,
whereas the trabecular pattern has many branching, rod-like
struts with unmineralized regions between them (Figures
1A–C). Compact and trabecular mineralization patterns are
commonly used to characterize the microstructure of bone, but
they also can apply to other vertebrate mineralized tissues,
such as dentine or mineralized cartilage (Ørvig, 1951; Sire and
Huysseune, 2003).

Osteoblasts are the scleroblast type that form vertebrate bone,
and the process of bone formation can be either direct from
isolated mesenchyme (intramembranous ossification) or indirect
using a cartilage template (endochondral and/or perichondral
ossification) (Olsen et al., 2000; Galea et al., 2021). In a polarized
fashion, osteoblasts synthesize osteoid, the organic component of
bone extracellular matrix (ECM), which contains abundant type 1
collagen (Col1) (Rossert and de Crombrugghe, 2002). Osteoblasts
also secrete vesicles that initiate bone ECM mineralization
(Anderson et al., 2005; Golub, 2009). Osteoblasts are usually
trapped in bone ECM where they mature into osteocytes (Franz-
Odendaal et al., 2006), but some bony fishes (e.g., teleosts) have
acellular (anosteocytic) bone, where osteoblasts are located at the
bone ECM surface. In cellular bone, osteocytes extend
cytoplasmic extensions through the bone ECM in a network of
nano-channels (called canaliculi) that act as mechanosensors and
communication channels between neighbouring osteocytes
(Aarden et al., 1994; Kamioka et al., 2001; Kerschnitzki et al.,
2011).
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Compared to bone, mineralized cartilage is less abundant in
most vertebrate endoskeletons, found in such places as the
growth plate of bones forming by endochondral ossification,
articular surfaces between bones, medial portions of reptilian
and mammalian ribs, and mammalian thyroid cartilages
(Lohmander and Hjerpe, 1975; Ballock and O’Keefe, 2003;
Claassen et al., 2017). In growth plates and thyroid cartilages,
mineralized cartilage can exhibit a trabecular mineralization
pattern containing wave-like running lines (termed Liesegang
lines) resulting from rhythmic deposition of biological apatite
in the cartilage ECM (Gerstenfeld and Shapiro, 1996; Kimpel
et al., 1999; Sawae et al., 2003; Claassen et al., 2014; Jaroszewicz
et al., 2016; Claassen et al., 2017; Estefa et al., 2021).
Specifically, the trabecular pattern of mineralization in the
growth plate involves rod-like mineralized struts of cartilage
that run the longitudinal length of the skeletal element
alongside columns of hypertrophic chondrocytes (Sawae
et al., 2003; Jaroszewicz et al., 2016). During endochondral
ossification, mineralized cartilage also can serve as a scaffold
for the formation of trabecular-patterned endochondral bone

(Gerstenfeld and Shapiro, 1996; Rauch, 2005; Touaitahuata
et al., 2014), but the patterning relationships between these
events are unclear.

Chondrocytes are the scleroblast type that form vertebrate
cartilage, and the process of cartilage formation (chondrogenesis)
is exemplified during endochondral ossification. During
chondrogenesis, mesenchymal cells are converted to
chondrocytes with a very transient chondroblast stage, because
as soon as they begin to differentiate, they immerse themselves
immediately in cartilage ECM, which contains abundant type 2
collagen (Col2) (Goldring et al., 2006). During endochondral
ossification, chondrocytes form the cartilage template for
subsequent bone formation and undergo a specific process
called chondrocyte maturation (Eames et al., 2003).
Morphologically, chondrocyte maturation includes
hypertrophy (i.e., increase in cell size) and mineralization of
the cartilage ECM, such as noted above in growth plates.
Perhaps in an identical fashion to osteoblasts, mature
chondrocytes secrete vesicles that initiate cartilage ECM
mineralization (Anderson, 2003; Bottini et al., 2018).

FIGURE 1 | Mineralization patterns of vertebrate mineralized tissues. 3D rendered images of micro-CT scan of vertebrae from rat (A) and little skate (Leucoraja
erinacea) (D) showing compact (B), trabecular (C), polygonal tesseral (E), trabecular tesseral (F), areolar (G), and bone-like/compact (H) mineralization patterns.
Abbreviations: TS � trabecular struts; UMRs � unmineralized regions; NS � neural spine; NA � neural arch; TP � transverse process; VB � vertebral body; A � anterior;
P � posterior; R � right; L � left.
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Molecularly, expression of Runt-related transcription factor 2
(Runx2) and Indian hedgehog (Ihh) in mature chondrocytes links
developing cartilage to surrounding bone (Lefebvre and Smits,
2005). Runx2 induces Ihh expression in mature chondrocytes,
and Ihh diffuses to adjacent perichondral cells, inducing
differentiation of osteoblasts to form compact-patterned
perichondral bone (Lefebvre and Smits, 2005; Komori, 2011).
We will discuss the possibility that these basic skeletal biology
concepts, largely derived from studies of tetrapods, apply to
chondrichthyan endoskeletal tissues below.

WHAT HISTOLOGICAL REGIONS OF
TESSERAE PRODUCE TESSERAL
MINERALIZATION PATTERNS?
Tesserae are a defining feature of the extant chondrichthyan
endoskeleton, and recent work leads toward a new view on how
mineralization patterns of tesserae are organized in discrete
histological compartments. Traditionally, tesserae were
described as a distinctive polygonal mineralization pattern in
chondrichthyans that is unique among vertebrates
(Figures 1D,E; Kemp and Westrin, 1979; Maisey, 2013;
Maisey et al., 2021). This polygonal mineralization pattern
forms a superficial tiled structure beneath the perichondrium
(i.e., subperichondral) of chondrichthyan endoskeletal elements.
In addition to the polygonal pattern, recent work on endoskeletal
tissues in Eaton’s and little skates revealed a previously-
unappreciated trabecular mineralization pattern (Atake et al.,
2019).

All chondrichthyan tesserae do not necessarily exhibit a
polygonal mineralization pattern, but they all appear to
exhibit a trabecular mineralization pattern, characterized by
branching, rod-like struts (Figure 1F; Atake et al., 2019). The
trabecular mineralization pattern (also described as stellate) can
occur either underlying the polygonal mineralization pattern or
can occur independently in the absence of the traditional
polygonal mineralization pattern (Atake et al., 2019;
Jayasankar et al., 2020). Large unmineralized regions between
mineralized rod-like struts clearly distinguish the trabecular
mineralization pattern from the polygonal mineralization
pattern (Figures 1E,F; Atake et al., 2019). Of note, the exact
mineralization patterns of tesserae can vary among endoskeletal
elements in the same animal; sometimes the patterns even vary
within different regions of the same skeletal element. One
example of many is the little skate vertebra, the transverse
processes of which exhibit polygonal and trabecular tesseral
mineralization patterns, while the neural spine of the vertebra
exhibits the trabecular pattern only (Figures 1D–F). Recent
work highlighting the importance of mechanical forces in
shaping the morphology and function of chondrichthyan
tesserae might shed light on what actually generates this
dimorphism of mineralization patterns (Jayasankar et al.,
2020; Seidel et al., 2021).

Histological and molecular analyses of tesserae help clarify the
nature of the tissues underlying tesseral mineralization patterns.
There are two histological regions in tesserae: the cap zone and

the body zone (Kemp and Westrin, 1979). The cap zone is
subperichondral while the body zone underlies the cap zone
(Figure 2). As we discuss in more detail below, cells within the
cap zone of tesserae have morphological similarities to osteocytes
and seem to secrete Col1 (Kemp and Westrin, 1979; Seidel et al.,
2016; Seidel et al., 2017; Atake et al., 2019). By contrast, the body
zone of tesserae consists of chondrocytes with round lacunae,
large, mineral-dense, acellular regions termed spokes, and a Col2-
rich ECM (Enault et al., 2015; Seidel et al., 2017). Prismatic
mineralization and globular mineralization are traditional
paleontological terms that distinguish biomineralization in the
cap zone and body zone, respectively. Prismatic mineralization in
the cap zone involves lime-prisms, while globular mineralization
in the body zone involves globules of mineralized cartilage
enriched in Liesegang lines and acellular spokes (Ørvig, 1951;
Kemp andWestrin, 1979; Ørvig, 1989; Dean and Summers, 2006;
Seidel et al., 2016). These histological features highlight two
distinct regions in tesserae: a cap zone that exhibits bony
features and a body zone that contains unmineralized and
mineralized cartilage.

What regions of the tesserae actually produce these two
tesseral mineralization patterns? The polygonal mineralization
pattern in sharks and skates appears to occur subperichondrally,
exclusively within the cap zone (Seidel et al., 2016; Maisey et al.,
2021). Current data are not conclusive regarding how the
trabecular mineralization pattern relates to histological features
of tesserae. The cap zone of polygonal tesserae is much larger than
the cap zone of trabecular tesserae (Atake et al., 2019). When

FIGURE 2 | Tesseral development might reflect the evolution of tesseral
mineralization patterns. Current limited data suggest that during tesseral
development, the body zone of mineralized cartilage (MC) develops first, and
the cap zone develops later atop the body zone. The fossil record can
test whether this developmental sequence reflects the evolutionary history of
tesseral mineralization patterns. Irregular patterns of mineralized cartilage in
some acanthodians suggest that ill-defined mineralization patterns preceded
well-defined trabecular and polygonal tesseral mineralization patterns in
modern chondrichthyans. The emergence of the polygonal tesseral pattern
after the trabecular tesseral pattern both in development and evolution needs
to be ascertained.
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occurring in association with the polygonal pattern, the
trabecular pattern either derives from the deep portion of the
cap zone or mineralized cartilage in the body zone. When
occurring in isolation, the trabecular pattern might derive
from the small cap zone or mineralized cartilage in the body
zone (Atake et al., 2019). Again, the radiating pattern of acellular,
mineral-dense spokes of the deep zone suggest that spokes are
strong candidates for the trabecular mineralization pattern
(Figure 1F; Seidel et al., 2016). Careful measurements
correlating mineralized portions with histology can resolve
between these two possibilities.

DEVELOPMENTAL STUDIES OF
CHONDRICHTHYANTESSERAECANSHED
LIGHT ON MINERALIZATION PATTERN
EVOLUTION

Recent studies have begun to clarify how morphological features
of tesserae are conserved or vary across chondrichthyan clades.
Most extant chondrichthyan studies have focussed on
elasmobranchs, where polygonal tesserae are widespread
(Kemp and Westrin, 1979; Maisey, 2013; Seidel et al., 2016;
Seidel et al., 2017; Atake et al., 2019; Marrama et al., 2019).
Trabecular (or stellate) tesserae have not been widely described
using those terms, but various studies suggest that this
mineralization pattern is also widespread among extant
elasmobranchs and some fossil chondrichthyans. For example,
trabecular/stellate tesserae are present in the propterygium of the
round stingray Urobatis halleri and in the cranium of the stem-
holocephalan Cladoselache (Frey et al., 2019; Jayasankar et al.,
2020; Maisey et al., 2021).

Studies of the skeleton in chimaeras were extremely limited
until the past couple of years, but these recent analyses are
providing much-needed data to understand the evolution of
the “classical” chondrichthyan trait of tesserae. For example,
tesserae in the synarcual of the adult elephant shark
Callorhinchus milii and in the chondrocranium of the adult
rabbit fish Chimaera monstrosa do not exhibit either
trabecular or polygonal mineralization patterns, instead
showing an irregular mineralization pattern (Pears et al., 2020;
Seidel et al., 2020). It is unclear which region of tesserae creates
the irregular mineralization pattern, because “classical” features
of tesserae, such as the cap and body zones, are not discernable.
However, histological analyses show that tesserae in chimaeras
appear acellular, which is a characteristic of the body zone in
elasmobranch tesserae (Debiais-Thibaud, 2018; Pears et al., 2020;
Seidel et al., 2020).

Despite these limited data on extant chimaeras, fossil data
suggest that the last common ancestor of extant chondrichthyans
had polygonal and trabecular tesserae. For example, tesserae in
the braincase of fossil chimaeras exhibit polygonal and trabecular
mineralization patterns, but their histological features are not
known (Finarelli and Coates, 2014; Coates et al., 2017; Pears et al.,
2020). Furthermore, recent analyses of tesseral features in fossil
chondrichthyans suggest that ill-defined (irregular) patterns of

mineralized cartilage, such as those in some acanthodians, might
be evolutionary precursors of well-defined trabecular and
polygonal mineralization patterns in modern chondrichthyans
(Figure 2; Burrow et al., 2018; Maisey et al., 2021).

Fossil data argue that the trabecular mineralization pattern
recently described in extant chondrichthyans actually appeared
very far back during vertebrate evolution. Radiating “trabecles of
mineralized cartilage” have been described in tesserae of the stem-
elasmobranch Palaeobates polaris (Figure 3; Ørvig, 1951).
Dermal skeletal tissues, such as dentine and dermal bones
(i.e., those forming from intramembranous ossification), in the
exoskeleton of jawless fishes (e.g., heterostracans) and jawed
fishes (e.g., placoderms, acanthodians, and osteichthyans) have
a cancellous microstructure similar to the trabecular
mineralization pattern (Figure 3; Ørvig, 1951; Smith and Hall,

FIGURE 3 | Evolutionary appearances of mineralization patterns of bone
and cartilage in vertebrates. Dermal bones in fossil and extant jawless and
jawed vertebrates have a cancellous microstructure that is similar to that of
trabecular endochondral bone. The recently-described trabecular
mineralization pattern of cartilage in chondrichthyans argues that a trabecular
mineralization pattern is an ancestral feature of vertebrates, so the presence of
trabecular mineralized cartilage should be re-evaluated in ancestral jawless
and jawed vertebrates. Compact subperichondral bone-like tissue is an
elasmobranch synapomorphy, but endoskeletal tissues in chimaeras need to
be examined to ascertain whether this feature would be symplesiomorphic in
extant chondrichthyans. The presence of compact perichondral bone in the
ancestors of chondrichthyans and osteichthyans suggest that
subperichondral bone-like tissue and perichondral bone are homologous.
Paraphyletic groups are represented by doubled, dashed lines.
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1990; Sanchez et al., 2012; Giles et al., 2013; Keating et al., 2015).
The trabecular mineralization pattern in the vertebrate
endoskeleton is commonly illustrated by endochondral bone
(i.e., bone deposited within a degrading cartilage template),
which was long argued to appear first in osteichthyans
(Donoghue and Sansom, 2002; Donoghue et al., 2006). New
fossil data describe endochondral bone with a trabecular
mineralization pattern also in placoderm-like fish (Brazeau
et al., 2020), suggesting that the trabecular mineralization
pattern is present in the endoskeleton of ancestral vertebrates
(Figure 3). Given that ostracoderms and placoderms also had
mineralized cartilage in their endoskeletons, further work should
clarify whether a trabecular mineralization pattern in cartilage
was pervasive in these ancestral vertebrates.

Perhaps reflecting shared ancestry, the trabecular
mineralization pattern of chondrichthyan tesserae and
trabecular bone of other vertebrates share morphological
features. In fact, we named the trabecular mineralization
pattern of chondrichthyan tesserae after the well-described
trabecular bone (i.e., true endochondral bone) that forms
during endochondral ossification. Both trabecular tesserae and
endochondral bone share morphological similarities, such as
trabecular struts and unmineralized regions between them
(Figures 1C,F). The average thickness of trabecular struts is a
relatively constant measure of endochondral bone in tetrapods
(Mullender et al., 1996; Swartz et al., 1998; Holzer et al., 2012;
Tsegai et al., 2017). Interestingly, trabecular thickness is
indistinguishable between trabecular mineralization patterns of
chondrichthyan tesserae and endochondral bone in tetrapods
(Atake et al., 2019). While both examples of trabecular
mineralization patterns have unmineralized regions between
them, those regions contain fat (and marrow in tetrapods) in
endochondral bone and cartilage in trabecular tesserae. In
addition, the trabecular pattern of endochondral bone projects
in three dimensions, while the trabecular pattern of trabecular
tesserae only extends in two dimensions. Despite these
differences, similarities in the mineralization patterns of
trabecular tesserae and trabecular bone suggest that, if these
mineralization patterns are not homologous, then at least the
same set of genes dictating the trabecular patterning process
might have been co-opted during evolution of these tissues.

Comparing the development of the trabecular mineralization
patterns of endochondral bone and trabecular tesserae will no
doubt help to assess any homology between them. Mineralized
cartilage is the scaffold upon which endochondral bone is formed,
but how endochondral bone derives its trabecular mineralization
pattern remains unclear. During endochondral ossification,
cartilage ECM in the hypertrophic zone of the growth plate is
organized into longitudinal and transverse septa; ECM of the
longitudinal septa becomes mineralized, while the transverse
septa are unmineralized (Gerstenfeld and Shapiro, 1996; Sawae
et al., 2003; Jaroszewicz et al., 2016). Sometimes, trabeculae of
mineralized cartilage even persist after cartilage ECM
degradation, and osteoblasts deposit bone matrix on these
cartilage remnants to form endochondral bone (Rauch, 2005;
Touaitahuata et al., 2014). Despite common misunderstanding in
the skeletal biology field, studies demonstrate clearly that matrix

degradation of growth plate cartilage occurs by proteolytic
activity of vascular endothelial cells, not chondro-/osteoclasts
(Lewinson and Silbermann, 1992; Lee et al., 1995; Romeo et al.,
2019). Molecularly, the Notch pathway in endothelial cells
appears to drive the pattern of cartilage degradation, and thus
Notch signalling is the only known molecular determinant of
trabecular bone patterning (Ramasamy et al., 2014). While
previous studies of this process were in 2D (Lewinson and
Silbermann, 1992; Gerstenfeld and Shapiro, 1996; Sawae et al.,
2003), recent studies using high resolution 3D images will provide
unique insights into the trabecular patterning mechanism of
endochondral bone (Ramasamy et al., 2014; Jaroszewicz et al.,
2016).

Developmental studies of tesserae might reveal evolution of
chondrichthyan mineralization patterns. Unfortunately, only
limited studies on chondrichthyan skeletal development have
been published (Lorch, 1949; Jollie, 1971; Reif, 1980; Miyake
et al., 1992; Dahn et al., 2007; Eames et al., 2007; Dean et al.,
2009; Gillis et al., 2009a; Gillis et al., 2009b; Gillis et al., 2011;
Johanson et al., 2013; Johanson et al., 2015; O’Shaughnessy et al.,
2015; Seidel et al., 2016; Criswell et al., 2017; Johanson et al.,
2019; Smith et al., 2019; Marconi et al., 2020; Pears et al., 2020;
Smith et al., 2020), and none of these has looked carefully at
tesseral development. During development of polygonal
tesserae in the round stingray, an early stage is deposition of
islets of globular mineralized cartilage (Seidel et al., 2016). Given
that the body zone of adult tesserae contains globular
mineralization, these data support previous speculation that
the body zone precedes the cap zone during tesseral
development (Figure 2; Kemp and Westrin, 1979; Ørvig,
1989). If the trabecular mineralization pattern derives from
the body zone, then it would be interesting to reveal if the
trabecular mineralization pattern precedes the polygonal
mineralization pattern during development. Such a finding
might shed light on the evolution of these two mineralization
patterns, since traits that appear earlier in development often
appear earlier in evolution (Figure 2; De Beer, 1930; Haeckel,
1866; Ørvig, 1989). In addition, homology of trabecular
mineralization patterns of tesserae and endochondral bone
would be strengthened by analyses of Notch signalling during
tesseral development.

THE ELASMOBRANCH CENTRUM
EXHIBITS A UNIQUE AREOLAR
MINERALIZATION PATTERN
In the centrum (mineralized portion of the vertebral body) of
sharks and skates, mineralization occurs in concentric rings of the
perichordal sheath surrounding the notochord in what is termed
an areolar mineralization pattern (Ridewood and MacBride,
1921; Ørvig, 1951; Dean and Summers, 2006). While the
areolar mineralization pattern is considered one of the
hallmarks of the chondrichthyan endoskeleton, it has never
been described in the centra of chimaeras. Unconstricted
mineralized perichordal sheaths have been described in some
chimaeras (Gadow and Abbott, 1895; Didier, 1995), but whether

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 7620426

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


they reflect the areolar mineralization pattern and its histological
features is yet to be clearly ascertained.

An elastic interna, a middle fibrous sheath, and an elastic
externa form the perichordal sheath, which supports the
development and mineralization of the centrum (for a review
of the different types of vertebral centra, see Gadow and Abbott,
1895; Arratia et al., 2001). During development, migrating
mesenchymal cells that will form cartilage of the vertebral
body are thought to constrict the perichordal sheath, giving
the elasmobranch centrum a biconcave morphology
(Figure 1G; Gadow and Abbott, 1895). Some mesenchymal
cells actually invade the perichordal sheath and help to
differentiate the middle fibrous sheath into three distinct
layers: inner, middle, and outer (Ridewood and MacBride,
1921; Eames et al., 2007; Criswell et al., 2017). Rounded cell
lacunae of the inner and outer centrum layers reflect
chondrocytes embedded in cartilage matrix. Cells of the
middle centrum layer, which have elongated cell lacunae, are
thought to produce the areolar mineralization pattern.

Centra in both elasmobranchs and ray-finned fishes
demonstrate a biconcave morphology (Gadow and Abbott,
1895; Laerm, 1976), but they might not be homologous. Like
elasmobranch centra, centra in ray-finned fishes also derive their
biconcave morphology from the constriction of the perichordal
sheath by migrating mesenchymal cells (Gadow and Abbott,
1895). Unlike centrum development in elasmobranchs,
however, mesenchymal cells do not invade the perichordal
sheath during centrum development in ray-finned fishes
(Gadow and Abbott, 1895; Grotmol et al., 2003).
Consequently, biconcave centra in elasmobranchs and ray-
finned fishes derive from cellular and acellular mineralization
of the perichordal sheath, respectively. This difference in the
developmental processes of biconcave centra in elasmobranchs
and ray-finned fishes has made their homology contentious, and
despite tremendous similarities in morphology, centra in these
two animal groups are thought to have evolved independently
(Arratia et al., 2001; Grotmol et al., 2003; Fleming et al., 2015;
Maisey et al., 2021). Developmental differences also suggest that
centra evolved independently in different lineages of ray-finned
fishes (Laerm, 1982; López-Arbarello and Sferco, 2018).

CHONDRICHTHYAN SUBPERICHONDRAL
BONE-LIKE TISSUES MIGHT BE
HOMOLOGOUS TO PERICHONDRAL BONE
Bone is one of the novelties characterizing vertebrate evolution
(Hyman, 1943; Zhang and Cohn, 2008), and bone was
widespread among vertebrates prior to the evolution of jaws
(Stensiö, 1927; Janvier, 1990; Smith and Hall, 1990; Min and
Janvier, 1998; Keating et al., 2015). Furthermore, the two main
extant jawed vertebrate groups, chondrichthyans and
osteichthyans, diverged from a common bony ancestor about
420 million years ago (Inoue et al., 2010). Acanthodians have long
been recognized as a group of extinct jawed vertebrates with
endoskeletal bone, and analyses over the past decade have led to
the understanding that some members of this group are actually

stem chondrichthyans (Davis et al., 2012; Brazeau and de Winter
2015; Maisey et al., 2021). So, both ancestral jawed vertebrates
and stem chondrichthyans had endoskeletal bone. What about
living chondrichthyans, which are thought to retain the most
ancestral vertebrate features (Criswell and Gillis, 2020;
Hirschberger et al., 2021)? Despite all of these phylogenetic
data, the chondrichthyan endoskeleton has traditionally been
characterized as lacking bone (Ørvig, 1951; Zangerl, 1966; Moss,
1977; Janvier, 1981; Maisey, 1988; Clement, 1992). Like
chondrichthyans, Acipenseriformes (sturgeons and
paddlefishes) have a predominantly cartilaginous endoskeleton
and retain features of ancestral vertebrates (Cheng et al., 2020).
The presence of endoskeletal bone in Acipenseriformes is also yet
to be clearly demonstrated despite reports of mineralized bone-
like tissue in Siberian sturgeons (Leprévost et al., 2017; Warth
et al., 2017).

Current data lead to the idea that extant chondrichthyans
might not have lost the endoskeletal bone that was present in their
ancestors. Two locations within the elasmobranch endoskeleton
have received much attention in this respect: the neural arches,
which are dorsal extensions from the vertebral body that protect
the neural tube (Arratia et al., 2001), and the cap zone of tesserae.
Specifically, subperichondral neural arch tissue and the cap zone
of tesserae (hereafter referred to as subperichondral bone-like
tissues) show histological and molecular features that are
consistent with bone. Back in 1932, Wurmbach observed that
subperichondral neural arch tissue of some sharks is compact and
develops appositionally (Wurmbach, 1932). Subsequent work
supported this finding, not only in many species of shark, but
also in skates and other batoids, suggesting that this bone-like
tissue in the neural arch might at least be an elasmobranch
synapomorphy (Figure 1H; Figure 3; Eames et al., 2007;
Atake et al., 2019; Berio et al., 2021). Data on chimaeras are
needed in order to understand whether this might be an ancestral
trait of all living chondrichthyans. Similarly, Kemp and Westrin
proposed that the cap zone of tesserae might also be bone-like
(Kemp and Westrin, 1979). The mineralization pattern in
polygonal tesserae of both sharks and skates is compact, and
as discussed above, new data on chimaera tesserae suggest that
they have a somewhat compact mineralization pattern (Pears
et al., 2020; Seidel et al., 2020). In sum, morphological data
demonstrate that both tesserae and neural arches exhibit bone-
like features, and such features might have been present in the last
common ancestor to extant chondrichthyans.

Cell morphological and limited molecular studies also support
the idea that extant chondrichthyans make endoskeletal bone. In
typical vertebrate perichondral bone, osteocyte lacunae
demonstrate an elongate morphology, and bone ECM has high
levels of Col1 (Rossert and de Crombrugghe, 2002; Currey, 2003;
Atkins and Findlay, 2012). Indeed, cell lacunae in
chondrichthyan subperichondral bone-like tissues also exhibit
an elongate morphology, and histological, immunohistochemical,
and electron microscopy analyses show the presence of tightly
packed Col1 in the ECM of subperichondral bone-like tissues
(Kemp and Westrin, 1979; Peignoux-Deville et al., 1982; Eames
et al., 2007; Seidel et al., 2017). Interestingly, similar to osteocyte
canaliculi, cell lacunae in subperichondral neural arch tissue of
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the catshark might be connected by nano-channels (Bordat,
1987). Bone is a metabolically active tissue that undergoes
remodelling (Hadjidakis and Androulakis, 2006). While Sox9/
Sox5/Sox6-expressing perichondral cells were shown recently to
mediate cartilage regeneration in the little skate (Marconi et al.,
2020), the capability of chondrichthyan bone-like tissues to
undergo (cellular- or acellular-mediated) remodelling is
currently untested. Nevertheless, morphological, histological,
and molecular features suggest that chondrichthyan
subperichondral bone-like tissues and perichondral bone are
homologous.

Two criteria must be met for chondrichthyan subperichondral
bone-like tissues to be homologous with perichondral bone:
shared ancestry and shared developmental programs.
Homologous characters are classically defined by descent from
a common ancestor (Jardine, 1967). Clearly, the last common
ancestor of chondrichthyans and osteichthyans had perichondral
bone (Figure 3; Ørvig, 1951; Donoghue and Sansom, 2002;
Donoghue et al., 2006; Maisey, 2013), so extant
chondrichthyan subperichondral bone-like tissues might be a
modified perichondral bone. Homology of chondrichthyan
subperichondral bone-like tissues and perichondral bone
should be further assessed by comparative embryology,
because homologous characters must share a developmental
program, even though each clade might have modified that
ancestral program independently (Boyden, 1947; Sachs, 1982;
Van Valen, 1982; Roth, 1984; Stevens, 1984; Tomlinson, 1984;
Wagner, 1989; Roth, 1991; Gilbert and Bolker, 2001).
Perichondral bone formation has been well-studied, but only
limited features of chondrichthyan neural arch or tesseral
development have been described (Eames et al., 2007; Seidel

et al., 2016), so research is desperately needed on the development
of chondrichthyan bone-like tissues.

If chondrichthyan subperichondral bone-like tissues and
perichondral bone were homologous, then what
developmental features might they share? Chondrichthyan
subperichondral bone-like tissues appear to develop in
association with a cartilage template (Eames et al., 2007), so
that aspect seems conserved with perichondral bone
(Figure 4). Runx2 and Ihh expression during cartilage
maturation is required for induction of adjacent
perichondral bone in osteichthyans (Figure 4; Lanske et al.,
1996; Vortkamp et al., 1996; Hoshi et al., 1999; Inada et al.,
1999; Kim et al., 1999; St-Jacques et al., 1999; Long et al., 2001;
Kronenberg, 2003; Hammond and Schulte-Merker, 2009;
Eames et al., 2011). Interestingly, Runx2 is expressed in
developing cartilages of the dogfish shark, and the ability of
Runx proteins to induce Hedgehog genes might be an ancestral
trait of all chordates (Hecht et al., 2008). However, it remains
unclear what molecules drive the differentiation of
chondrichthyan subperichondral bone-like tissues.
Furthermore, perichondral bone in osteichthyans derives
from perichondral osteoprogenitor cells, while some true
endochondral bone derives from mature chondrocytes
trans-differentiating into osteoblasts (Moskalewski and
Malejczyk, 1989; Roach, 1992; Hammond and Schulte-
Merker, 2009; Zhou et al., 2014; Giovannone et al., 2019).
Whether chondrichthyan bone-like tissues derive from the
perichondrium or from chondrocyte trans-differentiation is
unknown.

To summarize, in order to assess correspondence of the
developmental programs of chondrichthyan subperichondral

FIGURE 4 | Chondrichthyan subperichondral bone-like tissues and osteichthyan perichondral bone might share a developmental program. Chondrichthyan
subperichondral bone-like tissue (BLT) and osteichthyan perichondral bone (PB) develop in association with a cartilage template that expresses Runx2. In osteichthyans,
the cartilage template undergoes a maturation process involving the creation of mature hypertrophic chondrocytes (HC) and expression of Ihh, which induces
perichondral bone. If cartilage maturation occurs during the development of chondrichthyan subperichondral bone-like tissues, then the persistence of mineralized
cartilage (MC) in chondrichthyans (and early vertebrates outside the gnathostome crown group such as placoderms and ostracoderms) and the additional cartilage
degradation step occurring in osteichthyans argues that cartilage maturation is evolvable.
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bone-like tissues and perichondral bone, some key aspects of
chondrichthyan endoskeletal development must be revealed:

1) Do chondrocytes in the cartilage template of chondrichthyan
subperichondral bone-like tissues undergo hypertrophy and
express maturation genes, such as Runx2 and Ihh?

2) Does Hedgehog signalling induce bone-like tissues?
3) Do chondrichthyan subperichondral bone-like tissues derive

from the perichondrium and/or chondrocytes?

More broadly, elucidating the process of perichondral ossification
in ancestral vertebrates would be key to understanding the
evolutionary history of perichondral ossification. However, direct
assessment of the developmental process of perichondral bone in
extinct ancestral jawless and jawed vertebrates is not feasible, unless
many fossilized embryos and larvae of different stages are identified,
such as the remarkable discoveries of ptyctodontid placoderm
embryos and acanthodian larvae (Zidek, 1985; Long et al., 2008;
Chevrinais et al., 2017). Also, living jawless vertebrates (lampreys
and hagfishes) do not mineralize their skeleton (Shimeld and
Donoghue, 2012). Thus, the basal phylogenetic position of
chondrichthyans makes their subperichondral bone-like tissues an
excellent proxy for assessing the mechanism of perichondral
ossification in ancestral vertebrates. In jawless (e.g., osteostracans)
and jawed (e.g., placoderms) vertebrates, perichondral bone typically
overlies a persistent mineralized cartilage (Ørvig, 1951; Wang et al.,
2005; Long et al., 2015). Similarly, subperichondral bone-like tissues
in chondrichthyans overlie a persistent mineralized cartilage, which
would be the body zone in the case of tesserae and the cartilage core
in the case of the neural arches (Figure 2; Eames et al., 2007; Seidel
et al., 2016; Atake et al., 2019). These data argue that the process of
cartilage maturation is highly evolvable as mineralized cartilage
persists (and induces perichondral bone?) in stem-pan-
gnathostomes (e.g., heterostracans and placoderms), whereas a
subsequent cartilage degradation step occurs in crown-
gnathostomes (e.g., osteichthyans) to facilitate endochondral bone
formation (Figure 4).

USING COMPARATIVE
TRANSCRIPTOMICS TO TEST FOR
CHONDRICHTHYAN BONE
If chondrichthyan bone-like tissues and perichondral bone are
homologous, then they would derive from a homologous cell
type: the osteoblast. Homologous cell types are evolutionary units
defined by descent from a common ancestor (Arendt, 2008;
Arendt et al., 2016). Each cell type expresses a characteristic
set of genes, termed a molecular fingerprint, which can be
conserved across phylogenetic lineages (Sudmant et al., 2015;
Liang et al., 2018).

A few candidate genes have been used conventionally to
characterize evolution of skeletal cell types, but this approach is
very limited. For example, Collagen type 10 alpha 1 (Col10a1) is
expressed by mature chondrocytes and osteoblasts in teleosts
and other ray-finned fishes, including medaka, zebrafish, and
spotted gar (Laue et al., 2008; Albertson et al., 2010; Renn and

Winkler, 2010; Eames et al., 2012). Only one of six identified
duplicates of Col10a1 in the catshark is expressed specifically by
cells in subperichondral neural arch tissue (Debiais-Thibaud
et al., 2019). This shared expression of a given gene by
osteoblasts, mature chondrocytes, and cells of bone-like
tissue highlights some of the limitations in adopting
candidate gene approaches to demonstrate cell type
homology. Are cells that form chondrichthyan bone-like
tissue best characterized as osteoblasts or mineralizing
chondrocytes?

Comparative transcriptomics of osteoblasts, mineralizing
chondrocytes, and cells forming chondrichthyan bone-like
tissues can resolve the molecular fingerprints of cells forming
chondrichthyan subperichondral bone-like tissues. Unbiassed
transcriptomic profiling of cell types is readily achievable
following the advent of deep RNA sequencing. The molecular
fingerprint should be revealed by RNA sequencing of a specific
cell type at a developmental stage when differentiation genes are
highly expressed (Arendt, 2008). Cells that form chondrichthyan
bone-like tissues would be best characterized as osteoblasts if they
demonstrate the osteoblast molecular fingerprint. However,
osteoblasts can evolve in clade-specific fashions (Nguyen and
Eames, 2020), so what, if anything, is the vertebrate osteoblast
molecular fingerprint to which chondrichthyan data should be
compared?

Defining the osteoblast molecular fingerprint must involve
transcriptomic profiling of osteoblasts from several vertebrate
groups. In addition to unravelling a conserved suite of genes,
these data need to be coupled to phylogenetic bioinformatic
analyses to estimate the ancestral osteoblast molecular fingerprint.
A survey of unbiased transcriptomic profiles of osteoblasts reveals
that transcripts have been mainly from studies on mammals
(Ayturk, 2019). More efforts are therefore needed to uncover the
transcriptome of osteoblasts in non-mammalian vertebrates to
enable a comprehensive definition of the vertebrate osteoblast
molecular fingerprint. In addition, bioinformatics techniques need
to be developed to compare networks of transcriptomic data
quantitatively and infer ancestral gene networks (for a recent
review, see Ovens et al., 2021).

CONCLUSION

The designation of chondrichthyans as “cartilaginous fishes” was
clearly made at a time when research tools were very limited. The
advent of high-resolution imaging and contemporary molecular
techniques has renewed investigative interests on morphological
and molecular features of the chondrichthyan endoskeleton.
Unraveling the developmental mechanisms underlying the
formation of tesserae and subperichondral bone-like tissues
generally will provide tremendous insight into the evolutionary
history of endochondral and perichondral bone among
vertebrates, guiding future investigations on vertebrate
mineralized skeletal tissues. Employing comparative
embryology and transcriptomics can robustly test the
hypothesis that the chondrichthyan endoskeleton lacks bone.
The question “Do sharks and relatives make bone?” has lasted
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for many centuries, but for the first time the answers are now
within experimental reach.

AUTHOR CONTRIBUTIONS

OJA and BFE wrote and revised the manuscript.

FUNDING

OJA was funded by the College of Medicine at the University of
Saskatchewan. The authors’ research was funded by Natural
Sciences and Engineering Research Council (NSERC) grants
RGPIN 435655-201 and RGPIN 2014-05563 to BFE.

REFERENCES

Aarden, E. M., Nijweide, P. J., and Burger, E. H. (1994). Function of Osteocytes in
Bone. J. Cel. Biochem. 55, 287–299. doi:10.1002/jcb.240550304

Albertson, R. C., Yan, Y.-L., Titus, T. A., Pisano, E., Vacchi, M., Yelick, P. C., et al.
(2010). Molecular Pedomorphism Underlies Craniofacial Skeletal Evolution in
Antarctic Notothenioid Fishes. BMC Evol. Biol. 10, 4. doi:10.1186/1471-2148-
10-4

Anderson, H. C., Garimella, R., and Tague, S. E. (2005). The Role of Matrix Vesicles
in Growth Plate Development and Biomineralization. Front. Biosci. 10,
822–837. doi:10.2741/1576

Anderson, H. C. (2003). Matrix Vesicles and Calcification. Curr. Rheumatol. Rep. 5,
222–226. doi:10.1007/s11926-003-0071-z

Arendt, D., Musser, J. M., Baker, C. V. H., Bergman, A., Cepko, C., Erwin, D. H.,
et al. (2016). The Origin and Evolution of Cell Types. Nat. Rev. Genet. 17,
744–757. doi:10.1038/nrg.2016.127

Arendt, D. (2008). The Evolution of Cell Types in Animals: Emerging Principles
from Molecular Studies. Nat. Rev. Genet. 9, 868–882. doi:10.1038/nrg2416

Arratia, G., Schultze, H.-P., and Casciotta, J. (2001). Vertebral Column and
Associated Elements in Dipnoans and Comparison with Other Fishes:
Development and Homology. J. Morphol. 250, 101–172. doi:10.1002/jmor.1062

Atake, O. J., Cooper, D. M. L., and Eames, B. F. (2019). Bone-like Features in Skate
Suggest a Novel Elasmobranch Synapomorphy and Deep Homology of
Trabecular Mineralization Patterns. Acta Biomater. 84, 424–436.
doi:10.1016/j.actbio.2018.11.047

Atkins, G. J., and Findlay, D. M. (2012). Osteocyte Regulation of Bone mineral: a
Little Give and Take. Osteoporos. Int. 23, 2067–2079. doi:10.1007/s00198-012-
1915-z

Ayturk, U. (2019). RNA-seq in Skeletal Biology. Curr. Osteoporos. Rep. 17,
178–185. doi:10.1007/s11914-019-00517-x

Ballock, R. T., and OʼKEEFE, R. J. (2003). The Biology of the Growth Plate. The
J. Bone Jt. Surgery-American Volume 85, 715–726. https://www.ncbi.nlm.nih.
gov/pubmed/12672851. doi:10.2106/00004623-200304000-00021

Berio, F., Broyon, M., Enault, S., Pirot, N., López-Romero, F. A., and Debiais-
Thibaud, M. (2021). Diversity and Evolution of Mineralized Skeletal Tissues in
Chondrichthyans. Front. Ecol. Evol. 9, 223. doi:10.3389/fevo.2021.660767

Bordat, C. (1987). Étude ultrastructurale de l’os des vertèbres du Sélacien
Scyliorhinus canicula L. Can. J. Zool. 65, 1435–1444. doi:10.1139/z87-226

Bottini, M., Mebarek, S., Anderson, K. L., Strzelecka-Kiliszek, A., Bozycki, L.,
Simão, A. M. S., et al. (2018). Matrix Vesicles from Chondrocytes and
Osteoblasts: Their Biogenesis, Properties, Functions and Biomimetic Models.
Biochim. Biophys. Acta (Bba) - Gen. Subjects 1862, 532–546. doi:10.1016/
j.bbagen.2017.11.005

Boyden, A. (1947). Homology and Analogy. A Critical Review of the Meanings and
Implications of These Concepts in Biology. Am. Midland Naturalist 37,
648–669. doi:10.2307/2421470

Brazeau, M. D., and deWinter, V. (2015). The Hyoid Arch and Braincase Anatomy
of Acanthodes Support Chondrichthyan Affinity of ’acanthodians’. Proc. R. Soc.
B. 282, 20152210. doi:10.1098/rspb.2015.2210

Brazeau, M. D., Giles, S., Dearden, R. P., Jerve, A., Ariunchimeg, Y., Zorig, E., et al.
(2020). Endochondral Bone in an Early Devonian ’placoderm’ from Mongolia.
Nat. Ecol. Evol. 4, 1477–1484. doi:10.1038/s41559-020-01290-2

Burrow, C. J., Newman, M., Den Blaauwen, J., Jones, R., and Davidson, R. (2018).
The Early Devonian Ischnacanthiform Acanthodian Ischnacanthus Gracilis
(Egerton, 1861) from the Midland Valley of Scotland. Acta Geologica Pol. 68,
335–362. doi:10.1515/agp-2018-0008

Checa, A. G. (2018). Physical and Biological Determinants of the Fabrication of
Molluscan Shell Microstructures. Front. Mar. Sci. 5. doi:10.3389/
fmars.2018.00353

Cheng, P., Huang, Y., Lv, Y., Du, H., Ruan, Z., Li, C., et al. (2020). The American
Paddlefish Genome Provides Novel Insights into Chromosomal Evolution and
Bone Mineralization in Early Vertebrates. Mol. Biol. Evol. 38, 1595–1607.
doi:10.1093/molbev/msaa326

Chevrinais, M., Sire, J.-Y., and Cloutier, R. (2017). From Body Scale Ontogeny to
Species Ontogeny: Histological and Morphological Assessment of the Late
Devonian Acanthodian Triazeugacanthus Affinis from Miguasha, Canada.
PLOS ONE 12, e0174655. doi:10.1371/journal.pone.0174655

Claassen, H., Schicht, M., Fleiner, B., Hillmann, R., Hoogeboom, S., Tillmann, B.,
et al. (2017). Different Patterns of Cartilage Mineralization Analyzed by
Comparison of Human, Porcine, and Bovine Laryngeal Cartilages.
J. Histochem. Cytochem. 65, 367–379. doi:10.1369/0022155417703025

Claassen, H., Schicht, M., Sel, S., and Paulsen, F. (2014). Special Pattern of
Endochondral Ossification in Human Laryngeal Cartilages: X-ray and Light-
Microscopic Studies on Thyroid Cartilage. Clin. Anat. 27, 423–430.
doi:10.1002/ca.22309

Clement, J. (1992). Re-examination of the fine Structure of Endoskeletal
Mineralization in Chondrichthyans: Implications for Growth, Ageing and
Calcium Homeostasis. Mar. Freshw. Res. 43, 157–181. doi:10.1071/mf9920157

Coates, M. I., Gess, R. W., Finarelli, J. A., Criswell, K. E., and Tietjen, K. (2017). A
Symmoriiform Chondrichthyan Braincase and the Origin of Chimaeroid
Fishes. Nature 541, 208–211. doi:10.1038/nature20806

Cohen, K. M., Harper, D. A. T., Gibbard, P. L., and Car, N., 2021. International
Chrono Stratigraphic. Chart v2021/07 [Chart]. Available at: http://www.
stratigraphy.org/ICSchart/ChronostratChart2021-07.pdf.

Criswell, K. E., Coates, M. I., and Gillis, J. A. (2017). Embryonic Development of the
Axial Column in the Little Skate, Leucoraja erinacea. J. Morphol. 278, 300–320.
doi:10.1002/jmor.20637

Criswell, K. E., and Gillis, J. A. (2020). Resegmentation Is an Ancestral Feature of
the Gnathostome Vertebral Skeleton. Elife 9, e51696. doi:10.7554/eLife.51696

Currey, J. D. (2003). The many Adaptations of Bone. J. Biomech. 36, 1487–1495.
doi:10.1016/s0021-9290(03)00124-6

Dahn, R. D., Davis, M. C., Pappano, W. N., and Shubin, N. H. (2007). Sonic
Hedgehog Function in Chondrichthyan Fins and the Evolution of Appendage
Patterning. Nature 445, 311–314. doi:10.1038/nature05436

Davis, S. P., Finarelli, J. A., and Coates, M. I. (2012). Acanthodes and Shark-like
Conditions in the Last Common Ancestor of Modern Gnathostomes. Nature
486, 247–250. doi:10.1038/nature11080

De Beer, G. (1930). Embryology and Evolution. Oxford: Clarendon Press.
Dean, M. N., Mull, C. G., Gorb, S. N., and Summers, A. P. (2009). Ontogeny of the

Tessellated Skeleton: Insight from the Skeletal Growth of the Round
stingrayUrobatis Halleri. J. Anat. 215, 227–239. doi:10.1111/j.1469-
7580.2009.01116.x

Dean, M. N., and Summers, A. P. (2006). Mineralized Cartilage in the Skeleton of
Chondrichthyan Fishes. Zoology 109, 164–168. doi:10.1016/j.zool.2006.03.002

Debiais-Thibaud, M., Simion, P., Ventéo, S., Muñoz, D., Marcellini, S., Mazan, S.,
et al. (2019). Skeletal Mineralization in Association with Type X Collagen
Expression Is an Ancestral Feature for Jawed Vertebrates. Mol. Biol. Evol. 36,
2265–2276. doi:10.1093/molbev/msz145

Debiais-Thibaud, M. (2018). The Evolution of Endoskeletal Mineralisation in
Chondrichthyan Fish, Evolution and Development of Fishes. Cambridge Univ.
Press, 110–125. doi:10.1017/9781316832172.007

Didier, D. A. (1995). Phylogenetic Systematics of Extant Chimaeroid Fishes
(Holocephali, Chimaeroidei). New York: American Museum of Natural History.

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 76204210

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://doi.org/10.1002/jcb.240550304
https://doi.org/10.1186/1471-2148-10-4
https://doi.org/10.1186/1471-2148-10-4
https://doi.org/10.2741/1576
https://doi.org/10.1007/s11926-003-0071-z
https://doi.org/10.1038/nrg.2016.127
https://doi.org/10.1038/nrg2416
https://doi.org/10.1002/jmor.1062
https://doi.org/10.1016/j.actbio.2018.11.047
https://doi.org/10.1007/s00198-012-1915-z
https://doi.org/10.1007/s00198-012-1915-z
https://doi.org/10.1007/s11914-019-00517-x
https://www.ncbi.nlm.nih.gov/pubmed/12672851
https://www.ncbi.nlm.nih.gov/pubmed/12672851
https://doi.org/10.2106/00004623-200304000-00021
https://doi.org/10.3389/fevo.2021.660767
https://doi.org/10.1139/z87-226
https://doi.org/10.1016/j.bbagen.2017.11.005
https://doi.org/10.1016/j.bbagen.2017.11.005
https://doi.org/10.2307/2421470
https://doi.org/10.1098/rspb.2015.2210
https://doi.org/10.1038/s41559-020-01290-2
https://doi.org/10.1515/agp-2018-0008
https://doi.org/10.3389/fmars.2018.00353
https://doi.org/10.3389/fmars.2018.00353
https://doi.org/10.1093/molbev/msaa326
https://doi.org/10.1371/journal.pone.0174655
https://doi.org/10.1369/0022155417703025
https://doi.org/10.1002/ca.22309
https://doi.org/10.1071/mf9920157
https://doi.org/10.1038/nature20806
http://www.stratigraphy.org/ICSchart/ChronostratChart2021-07.pdf
http://www.stratigraphy.org/ICSchart/ChronostratChart2021-07.pdf
https://doi.org/10.1002/jmor.20637
https://doi.org/10.7554/eLife.51696
https://doi.org/10.1016/s0021-9290(03)00124-6
https://doi.org/10.1038/nature05436
https://doi.org/10.1038/nature11080
https://doi.org/10.1111/j.1469-7580.2009.01116.x
https://doi.org/10.1111/j.1469-7580.2009.01116.x
https://doi.org/10.1016/j.zool.2006.03.002
https://doi.org/10.1093/molbev/msz145
https://doi.org/10.1017/9781316832172.007
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Donoghue, P. C. J., Sansom, I. J., and Downs, J. P. (2006). Early Evolution of
Vertebrate Skeletal Tissues and Cellular Interactions, and the Canalization of
Skeletal Development. J. Exp. Zool. 306B, 278–294. doi:10.1002/jez.b.21090

Donoghue, P. C. J., and Sansom, I. J. (2002). Origin and Early Evolution of
Vertebrate Skeletonization. Microsc. Res. Tech. 59, 352–372. doi:10.1002/
jemt.10217

Eames, B. F., Allen, N., Young, J., Kaplan, A., Helms, J. A., and Schneider, R. A.
(2007). Skeletogenesis in the Swell Shark Cephaloscyllium ventriosum. J. Anat.
210, 542–554. doi:10.1111/j.1469-7580.2007.00723.x

Eames, B. F., Amores, A., Yan, Y.-L., and Postlethwait, J. H. (2012). Evolution of the
Osteoblast: Skeletogenesis in Gar and Zebrafish. BMC Evol. Biol. 12, 27.
doi:10.1186/1471-2148-12-27

Eames, B. F., de la Fuente, L., and Helms, J. A. (2003). Molecular Ontogeny of the
Skeleton. Birth Defect Res. C 69, 93–101. doi:10.1002/bdrc.10016

Eames, B. F., Yan, Y.-L., Swartz, M. E., Levic, D. S., Knapik, E. W., Postlethwait,
J. H., et al. (2011). Mutations in Fam20b and Xylt1 Reveal that Cartilage Matrix
Controls Timing of Endochondral Ossification by Inhibiting Chondrocyte
Maturation. Plos Genet. 7, e1002246. doi:10.1371/journal.pgen.1002246

Enault, S., Muñoz, D. N., Silva, W. T. A. F., Borday-Birraux, V., Bonade, M.,
Oulion, S., et al. (2015). Molecular Footprinting of Skeletal Tissues in the
Catshark Scyliorhinus canicula and the Clawed Frog Xenopus Tropicalis
Identifies Conserved and Derived Features of Vertebrate Calcification. Front.
Genet. 6, 283. doi:10.3389/fgene.2015.00283

Enlow, D. H., and Brown, S. O. (1958). A Comparative Histological Study of Fossil
and Recent Bone Tissues. Part III. Tex. J. Sci. 10, 187–230.

Estefa, J., Tafforeau, P., Clement, A. M., Klembara, J., Niedźwiedzki, G., Berruyer,
C., et al. (2021). New Light Shed on the Early Evolution of Limb-Bone Growth
Plate and Bone Marrow. Elife 10, e51581. doi:10.7554/eLife.51581

Finarelli, J. A., and Coates, M. I. (2014). Chondrenchelys Problematica (Traquair,
1888) Redescribed: a Lower Carboniferous, Eel-like Holocephalan from
Scotland. Earth Environ. Sci. Trans. R. Soc. Edinb. 105, 35–59. doi:10.1017/
S1755691014000139

Fleming, A., Kishida, M. G., Kimmel, C. B., and Keynes, R. J. (2015). Building the
Backbone: the Development and Evolution of Vertebral Patterning.
Development 142, 1733–1744. doi:10.1242/dev.118950

Francillon-Vieillot, H., de Buffrénil, V., Castanet, J., Géraudie, J., Meunier, F., Sire,
J., et al. (1990). “Microstructure and Mineralization of Vertebrate Skeletal
Tissues,” in Skeletal Biomineralization: Patterns, Processes and Evolutionary
Trends. Editor J. Carter, 175–234.

Franz-Odendaal, T. A., Hall, B. K., and Witten, P. E. (2006). Buried Alive: How
Osteoblasts Become Osteocytes. Dev. Dyn. 235, 176–190. doi:10.1002/
dvdy.20603

Frey, L., Coates, M., Ginter, M., Hairapetian, V., Rücklin, M., Jerjen, I., et al. (2019).
The Early Elasmobranch Phoebodus : Phylogenetic Relationships,
Ecomorphology and a New Time-Scale for Shark Evolution. Proc. R. Soc. B.
286, 20191336. doi:10.1098/rspb.2019.1336

Gadow, H. F., and Abbott, E. (1895). IV. On the Evolution of the Vertebral Column
of Fishes. Phil. Trans. R. Soc. Lond. B 186, 163–221. doi:10.1098/rstb.1895.0004

Galea, G. L., Zein, M. R., Allen, S., and Francis-West, P. (2021). Making and
Shaping Endochondral and Intramembranous Bones. Dev. Dyn. 250, 414–449.
doi:10.1002/dvdy.278

Gerstenfeld, L. C., and Shapiro, F. D. (1996). Expression of Bone-specific Genes by
Hypertrophic Chondrocytes: Implications of the Complex Functions of the
Hypertrophic Chondrocyte during Endochondral Bone Development. J. Cel.
Biochem. 62, 1–9. doi:10.1002/(sici)1097-4644(199607)62:1<1:aid-jcb1>3.0.co;
2-x

Gilbert, S. F., and Bolker, J. A. (2001). Homologies of Process and Modular
Elements of Embryonic Construction. J. Exp. Zool. 291, 1–12. doi:10.1002/jez.1

Giles, S., Rücklin, M., and Donoghue, P. C. J. (2013). Histology of "placoderm"
Dermal Skeletons: Implications for the Nature of the Ancestral Gnathostome.
J. Morphol. 274, 627–644. doi:10.1002/jmor.20119

Gillis, J. A., Dahn, R. D., and Shubin, N. H. (2009a). Chondrogenesis and
Homology of the Visceral Skeleton in the Little skate,Leucoraja
erinacea(Chondrichthyes: Batoidea). J. Morphol. 270, 628–643. doi:10.1002/
jmor.10710

Gillis, J. A., Dahn, R. D., and Shubin, N. H. (2009b). Shared Developmental
Mechanisms Pattern the Vertebrate Gill Arch and Paired Fin Skeletons. Proc.
Natl. Acad. Sci. 106, 5720–5724. doi:10.1073/pnas.0810959106

Gillis, J. A., and Donoghue, P. C. J. (2007). The Homology and Phylogeny of
Chondrichthyan Tooth Enameloid. J. Morphol. 268, 33–49. doi:10.1002/
jmor.10501

Gillis, J. A., Rawlinson, K. A., Bell, J., Lyon,W. S., Baker, C. V. H., and Shubin, N. H.
(2011). Holocephalan Embryos Provide Evidence for Gill Arch Appendage
Reduction and Opercular Evolution in Cartilaginous Fishes. Proc. Natl. Acad.
Sci. 108, 1507–1512. doi:10.1073/pnas.1012968108

Giovannone, D., Paul, S., Schindler, S., Arata, C., Farmer, D. J. T., Patel, P., et al.
(2019). Programmed Conversion of Hypertrophic Chondrocytes into
Osteoblasts and Marrow Adipocytes within Zebrafish Bones. Elife 8, e42736.
doi:10.7554/eLife.42736

Goldring, M. B., Tsuchimochi, K., and Ijiri, K. (2006). The Control of
Chondrogenesis. J. Cel. Biochem. 97, 33–44. doi:10.1002/jcb.20652

Golub, E. E. (2009). Role of Matrix Vesicles in Biomineralization. Biochim.
Biophys. Acta (Bba) - Gen. Subjects 1790, 1592–1598. doi:10.1016/
j.bbagen.2009.09.006

Grotmol, S., Kryvi, H., Nordvik, K., and Totland, G. K. (2003). Notochord
Segmentation May Lay Down the Pathway for the Development of the
Vertebral Bodies in the Atlantic salmon. Anat. Embryol. 207, 263–272.
doi:10.1007/s00429-003-0349-y

Hadjidakis, D. J., and Androulakis, I. I. (2006). Bone Remodeling. Ann. N Y Acad.
Sci. 1092, 385–396. doi:10.1196/annals.1365.035

Haeckel, E. (1866). Generelle Morphologie der Organismen [General morphology of
organisms]. Berlin: Reimer.

Hall, B. K. (1975). Evolutionary Consequences of Skeletal Differentiation. Am. Zool
15, 329–350. doi:10.1093/icb/15.2.329

Hammond, C. L., and Schulte-Merker, S. (2009). Two Populations of
Endochondral Osteoblasts with Differential Sensitivity to Hedgehog
Signalling. Development 136, 3991–4000. doi:10.1242/dev.042150

Hecht, J., Stricker, S., Wiecha, U., Stiege, A., Panopoulou, G., Podsiadlowski, L.,
et al. (2008). Evolution of a Core Gene Network for Skeletogenesis in Chordates.
Plos Genet. 4, e1000025. doi:10.1371/journal.pgen.1000025

Hirschberger, C., Sleight, V. A., Criswell, K. E., Clark, S. J., and Gillis, J. A. (2021).
Conserved and Unique Transcriptional Features of Pharyngeal Arches in the
Skate (Leucoraja erinacea) and Evolution of the Jaw. Mol. Biol. Evol. 38,
4187–4204. doi:10.1093/molbev/msab123

Hölzer, A., Pietschmann, M. F., Rösl, C., Hentschel, M., Betz, O., Matsuura, M.,
et al. (2012). The Interrelation of Trabecular Microstructural Parameters of the
Greater Tubercle Measured for Different Species. J. Orthop. Res. 30, 429–434.
doi:10.1002/jor.21525

Hoshi, K., Komori, T., and Ozawa, H. (1999). Morphological Characterization of
Skeletal Cells in Cbfa1-Deficient Mice. Bone 25, 639–651. doi:10.1016/s8756-
3282(99)00223-9

Huysseune, A., and Sire, J. Y. (1998). Evolution of Patterns and Processes in Teeth
and Tooth-related Tissues in Non-mammalian Vertebrates. Eur. J. Oral Sci. 106
(Suppl. 1), 437–481. doi:10.1111/j.1600-0722.1998.tb02211.x

Hyman, L. H. (1943). Comparative Vertebrate Anatomy. University of Chicago
Press.

Inada, M., Yasui, T., Nomura, S., Miyake, S., Deguchi, K., Himeno, M., et al. (1999).
Maturational Disturbance of Chondrocytes inCbfa1-Deficient Mice. Dev. Dyn.
214, 279–290. doi:10.1002/(sici)1097-0177(199904)214:4<279:aid-aja1>3.0.co;
2-w

Inoue, J. G., Miya, M., Lam, K., Tay, B.-H., Danks, J. A., Bell, J., et al. (2010).
Evolutionary Origin and Phylogeny of the Modern Holocephalans
(Chondrichthyes: Chimaeriformes): a Mitogenomic Perspective. Mol. Biol.
Evol. 27, 2576–2586. doi:10.1093/molbev/msq147

Janvier, P. (1996). Early Vertebrates. Oxford University Press.
Janvier, P. (1990). La structure de l’exosquelette des Galeaspida (Vertebrata).

Comptes rendus de l’Académie des sciences. Série 2. Mécanique, Physique,
Chim. Sci. de l’univers, Sci. de la Terre 310, 655–659.

Janvier, P., and Pradel, A. (2015). Elasmobranchs and Their Extinct Relatives:
Diversity, Relationships, and Adaptations through Time. Elsevier, 1–17.
doi:10.1016/b978-0-12-801289-5.00001-8

Janvier, P. (1981). The Phylogeny of the Craniata, with Particular Reference to the
Significance of Fossil “Agnathans”. J. Vertebr. Paleontol. 1, 121–159.
doi:10.1080/02724634.1981.10011886

Jardine, N. (1967). The Concept of Homology in Biology. Br. J. Philos. Sci. 18,
125–139. doi:10.1093/bjps/18.2.125

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 76204211

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://doi.org/10.1002/jez.b.21090
https://doi.org/10.1002/jemt.10217
https://doi.org/10.1002/jemt.10217
https://doi.org/10.1111/j.1469-7580.2007.00723.x
https://doi.org/10.1186/1471-2148-12-27
https://doi.org/10.1002/bdrc.10016
https://doi.org/10.1371/journal.pgen.1002246
https://doi.org/10.3389/fgene.2015.00283
https://doi.org/10.7554/eLife.51581
https://doi.org/10.1017/S1755691014000139
https://doi.org/10.1017/S1755691014000139
https://doi.org/10.1242/dev.118950
https://doi.org/10.1002/dvdy.20603
https://doi.org/10.1002/dvdy.20603
https://doi.org/10.1098/rspb.2019.1336
https://doi.org/10.1098/rstb.1895.0004
https://doi.org/10.1002/dvdy.278
https://doi.org/10.1002/(sici)1097-4644(199607)62:1<1:aid-jcb1>3.0.co;2-x
https://doi.org/10.1002/(sici)1097-4644(199607)62:1<1:aid-jcb1>3.0.co;2-x
https://doi.org/10.1002/jez.1
https://doi.org/10.1002/jmor.20119
https://doi.org/10.1002/jmor.10710
https://doi.org/10.1002/jmor.10710
https://doi.org/10.1073/pnas.0810959106
https://doi.org/10.1002/jmor.10501
https://doi.org/10.1002/jmor.10501
https://doi.org/10.1073/pnas.1012968108
https://doi.org/10.7554/eLife.42736
https://doi.org/10.1002/jcb.20652
https://doi.org/10.1016/j.bbagen.2009.09.006
https://doi.org/10.1016/j.bbagen.2009.09.006
https://doi.org/10.1007/s00429-003-0349-y
https://doi.org/10.1196/annals.1365.035
https://doi.org/10.1093/icb/15.2.329
https://doi.org/10.1242/dev.042150
https://doi.org/10.1371/journal.pgen.1000025
https://doi.org/10.1093/molbev/msab123
https://doi.org/10.1002/jor.21525
https://doi.org/10.1016/s8756-3282(99)00223-9
https://doi.org/10.1016/s8756-3282(99)00223-9
https://doi.org/10.1111/j.1600-0722.1998.tb02211.x
https://doi.org/10.1002/(sici)1097-0177(199904)214:4<279:aid-aja1>3.0.co;2-w
https://doi.org/10.1002/(sici)1097-0177(199904)214:4<279:aid-aja1>3.0.co;2-w
https://doi.org/10.1093/molbev/msq147
https://doi.org/10.1016/b978-0-12-801289-5.00001-8
https://doi.org/10.1080/02724634.1981.10011886
https://doi.org/10.1093/bjps/18.2.125
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Jaroszewicz, J., Kosowska, A., Hutmacher, D., Swieszkowski, W., and Moskalewski,
S. (2016). Insight into Characteristic Features of Cartilage Growth Plate as a
Physiological Template for Bone Formation. J. Biomed. Mater. Res. 104,
357–366. doi:10.1002/jbm.a.35575

Jayasankar, A. K., Seidel, R., Hosny, A., Weaver, J. C., Fratzl, P., Chen, J., et al.
(2020). Multi-scale Modeling and Mechanical Performance Characterization of
Stingray Skeleton-Inspired Tessellations. J. Mech. Phys. Sol. 138, 103906.
doi:10.1016/j.jmps.2020.103906

Johanson, Z., Boisvert, C., Maksimenko, A., Currie, P., and Trinajstic, K. (2015).
Development of the Synarcual in the Elephant Sharks (Holocephali;
Chondrichthyes): Implications for Vertebral Formation and
Fusione0135138. PLOS ONE 10. doi:10.1371/journal.pone.0135138

Johanson, Z., Martin, K., Fraser, G., and James, K. (2019). The Synarcual of the
Little Skate, Leucoraja erinacea: Novel Development Among the Vertebrates.
Front. Ecol. Evol. 7, 12. doi:10.3389/fevo.2019.00012

Johanson, Z., Trinajstic, K., Carr, R., and Ritchie, A. (2013). Evolution and
Development of the Synarcual in Early Vertebrates. Zoomorphology 132,
95–110. doi:10.1007/s00435-012-0169-9

Jollie, M. (1971). Some Developmental Aspects of the Head Skeleton of the 35-37
mmSqualus Acanthias Foetus. J. Morphol. 133, 17–40. doi:10.1002/
jmor.1051330103

Kamioka, H., Honjo, T., and Takano-Yamamoto, T. (2001). A Three-Dimensional
Distribution of Osteocyte Processes Revealed by the Combination of Confocal
Laser Scanning Microscopy and Differential Interference Contrast Microscopy.
Bone 28, 145–149. doi:10.1016/s8756-3282(00)00421-x

Katz, E. P., Wachtel, E., Yamauchi, M., and Mechanic, G. L. (1989). The Structure
of Mineralized Collagen Fibrils. Connect. Tissue Res. 21, 149–158. discussion
155-148. doi:10.3109/03008208909050005

Keating, J. N., Marquart, C. L., and Donoghue, P. C. J. (2015). Histology of the
Heterostracan Dermal Skeleton: Insight into the Origin of the Vertebrate
Mineralised Skeleton. J. Morphol. 276, 657–680. doi:10.1002/jmor.20370

Kemp, N. E. (1984). Organic Matrices andmineral Crystallites in Vertebrate Scales,
Teeth and Skeletons. Am. Zool 24, 965–976. doi:10.1093/icb/24.4.965

Kemp, N. E. (1989). The Phosphatic Mode of Calcification in Ontogeny and
Phylogeny of the Integument and Skeleton of Vertebrates Origin. Evolution,
Mod. Aspects Biomineralization Plants Anim. Springer, 237–249. doi:10.1007/
978-1-4757-6114-6_17

Kemp, N. E., and Westrin, S. K. (1979). Ultrastructure of Calcified Cartilage in the
Endoskeletal Tesserae of Sharks. J. Morphol. 160, 75–101. doi:10.1002/
jmor.1051600106

Kerschnitzki, M., Wagermaier, W., Roschger, P., Seto, J., Shahar, R., Duda, G. N.,
et al. (2011). The Organization of the Osteocyte Network Mirrors the
Extracellular Matrix Orientation in Bone. J. Struct. Biol. 173, 303–311.
doi:10.1016/j.jsb.2010.11.014

Kikugawa, K., Katoh, K., Kuraku, S., Sakurai, H., Ishida, O., Iwabe, N., et al. (2004).
Basal Jawed Vertebrate Phylogeny Inferred fromMultiple Nuclear DNA-Coded
Genes. BMC Biol. 2, 3. doi:10.1186/1741-7007-2-3

Kim, I. S., Otto, F., Zabel, B., and Mundlos, S. (1999). Regulation of Chondrocyte
Differentiation by Cbfa1. Mech. Dev. 80, 159–170. doi:10.1016/s0925-4773(98)
00210-x

Kimpel, M., Claassen, H., Fleiner, B., and Tillmann, B. (1999). Vascularization and
Cartilage Mineralization of the Thyroid Cartilage of Munich Minipigs and
Domestic Pigs. Anat. Embryol. 199, 281–290. doi:10.1007/s004290050228

Komori, T. (2011). Signaling Networks in RUNX2-dependent Bone Development.
J. Cel. Biochem. 112, 750–755. doi:10.1002/jcb.22994

Kronenberg, H. M. (2003). Developmental Regulation of the Growth Plate. Nature
423, 332–336. doi:10.1038/nature01657

Laerm, J. (1976). The Development, Function, and Design of Amphicoelous
Vertebrae in Teleost Fishes1. Zoolog. J. Linn. Soc. 58, 237–254. doi:10.1111/
j.1096-3642.1976.tb00830.x

Laerm, J. (1982). The Origin and Homology of the Neopterygian Vertebral
Centrum. J. Paleontol. 56, 191–202. http://www.jstor.org/stable/1304503.

Lanske, B., Karaplis, A. C., Lee, K., Luz, A., Vortkamp, A., Pirro, A., et al. (1996).
PTH/PTHrP Receptor in Early Development and Indian Hedgehog-Regulated
Bone Growth. Science 273, 663–666. doi:10.1126/science.273.5275.663

Laue, K., Ja€nicke, M., Plaster, N., Sonntag, C., and Hammerschmidt, M. (2008).
Restriction of Retinoic Acid Activity by Cyp26b1 Is Required for Proper Timing

and Patterning of Osteogenesis during Zebrafish Development. Development
135, 3775–3787. doi:10.1242/dev.021238

Lee, E. R., Lamplugh, L., Shepard, N. L., and Mort, J. S. (1995). The Septoclast, a
Cathepsin B-Rich Cell Involved in the Resorption of Growth Plate Cartilage.
J. Histochem. Cytochem. 43, 525–536. doi:10.1177/43.5.7730591

Lefebvre, V., and Smits, P. (2005). Transcriptional Control of Chondrocyte
Fate and Differentiation. Birth Defect Res. C 75, 200–212. doi:10.1002/
bdrc.20048

Leprévost, A., AzaÏs, T., Trichet, M., and Sire, J.-Y. (2017). Vertebral Development
and Ossification in the Siberian Sturgeon (Acipenser baerii), with New Insights
on Bone Histology and Ultrastructure of Vertebral Elements and Scutes. Anat.
Rec. 300, 437–449. doi:10.1002/ar.23515

Lewinson, D., and Silbermann, M. (1992). Chondroclasts and Endothelial Cells
Collaborate in the Process of Cartilage Resorption. Anat. Rec. 233, 504–514.
doi:10.1002/ar.1092330403

Liang, C., Musser, J. M., Cloutier, A., Prum, R. O., and Wagner, G. P. (2018).
Pervasive Correlated Evolution in Gene Expression Shapes Cell and Tissue
Type Transcriptomes. Genome Biol. Evol. 10, 538–552. doi:10.1093/gbe/evy016

Lohmander, S., and Hjerpe, A. (1975). Proteoglycans of Mineralizing Rib and
Epiphyseal Cartilage. Biochim. Biophys. Acta (Bba) - Gen. Subjects 404, 93–109.
doi:10.1016/0304-4165(75)90151-8

Long, F., Zhang, X. M., Karp, S., Yang, Y., and McMahon, A. P. (2001). Genetic
Manipulation of Hedgehog Signaling in the Endochondral Skeleton Reveals a
Direct Role in the Regulation of Chondrocyte Proliferation. Development 128,
5099–5108. doi:10.1242/dev.128.24.5099

Long, J. A., Burrow, C. J., Ginter, M., Maisey, J. G., Trinajstic, K. M., Coates, M. I.,
et al. (2015). Correction: First Shark from the Late Devonian (Frasnian) Gogo
Formation, Western Australia Sheds New Light on the Development of
Tessellated Calcified Cartilage. PLOS ONE 10, e0131502. doi:10.1371/
journal.pone.0131502

Long, J. A., Trinajstic, K., Young, G. C., and Senden, T. (2008). Live Birth in the
Devonian Period. Nature 453, 650–652. doi:10.1038/nature06966

López-Arbarello, A., and Sferco, E. (2018). Neopterygian Phylogeny: the Merger
Assay. R. Soc. Open Sci. 5, 172337. doi:10.1098/rsos.172337

Lorch, I. J. (1949). The Distribution of Alkaline Phosphatase in Relation to
Calcification in Scyliorhinus canicula. J. Cel Sci. s3-90, 381–390. doi:10.1242/
jcs.s3-90.12.381

Maisey, J. G., Denton, J. S. S., Burrow, C., and Pradel, A. (2021). Architectural and
Ultrastructural Features of Tessellated Calcified Cartilage in Modern and
Extinct Chondrichthyan Fishes. J. Fish. Biol. 98, 919–941. doi:10.1111/jfb.14376

Maisey, J. G. (1988). Phylogeny of Early Vertebrate Skeletal Induction and
Ossification Patterns. Evol. Biol., 1–36. Springer. doi:10.1007/978-1-4613-
0931-4_1

Maisey, J. G. (2013). The Diversity of Tessellated Calcification in Modern and
Extinct Chondrichthyans. Revue de Paléobiologie 32, 355–371.

Marconi, A., Hancock-Ronemus, A., and Gillis, J. A. (2020). Adult Chondrogenesis
and Spontaneous Cartilage Repair in the Skate, Leucoraja erinacea. Elife 9,
e53414. doi:10.7554/eLife.53414

Marramà, G., Schultz, O., and Kriwet, J. (2019). A New Miocene Skate from the
Central Paratethys (Upper Austria): the First Unambiguous Skeletal Record for
the Rajiformes (Chondrichthyes: Batomorphii). J. Syst. Palaeontology 17,
937–960. doi:10.1080/14772019.2018.1486336

Meredith Smith, M., Underwood, C., Goral, T., Healy, C., and Johanson, Z. (2019).
Growth and Mineralogy in Dental Plates of the Holocephalan Harriotta
Raleighana (Chondrichthyes): Novel Dentine and Conserved Patterning
Combine to Create a Unique Chondrichthyan Dentition. Zoolog. Lett 5,
1–30. doi:10.1186/s40851-019-0125-3

Miles, R. S. (1970). Remarks on the Vertebral Column and Caudal Fin of
Acanthodian Fishes. Lethaia 3, 343–362. doi:10.1111/j.1502-
3931.1970.tb00828.x

Min, Z., and Janvier, P. (1998). The Histological Structure of the Endoskeleton in
Galeaspids (Galeaspida, Vertebrata). J. Vertebr. Paleontol. 18, 650–654.
doi:10.1080/02724634.1998.10011091

Miyake, T., McEachran, J. D., Walton, P. J., and Hall, B. K. (1992). Development
and Morphology of Rostral Cartilages in Batoid Fishes (Chondrichthyes:
Batoidea), with Comments on Homology within Vertebrates. Biol. J. Linn.
Soc. 46, 259–298. doi:10.1111/j.1095-8312.1992.tb00864.x

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 76204212

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://doi.org/10.1002/jbm.a.35575
https://doi.org/10.1016/j.jmps.2020.103906
https://doi.org/10.1371/journal.pone.0135138
https://doi.org/10.3389/fevo.2019.00012
https://doi.org/10.1007/s00435-012-0169-9
https://doi.org/10.1002/jmor.1051330103
https://doi.org/10.1002/jmor.1051330103
https://doi.org/10.1016/s8756-3282(00)00421-x
https://doi.org/10.3109/03008208909050005
https://doi.org/10.1002/jmor.20370
https://doi.org/10.1093/icb/24.4.965
https://doi.org/10.1007/978-1-4757-6114-6_17
https://doi.org/10.1007/978-1-4757-6114-6_17
https://doi.org/10.1002/jmor.1051600106
https://doi.org/10.1002/jmor.1051600106
https://doi.org/10.1016/j.jsb.2010.11.014
https://doi.org/10.1186/1741-7007-2-3
https://doi.org/10.1016/s0925-4773(98)00210-x
https://doi.org/10.1016/s0925-4773(98)00210-x
https://doi.org/10.1007/s004290050228
https://doi.org/10.1002/jcb.22994
https://doi.org/10.1038/nature01657
https://doi.org/10.1111/j.1096-3642.1976.tb00830.x
https://doi.org/10.1111/j.1096-3642.1976.tb00830.x
http://www.jstor.org/stable/1304503
https://doi.org/10.1126/science.273.5275.663
https://doi.org/10.1242/dev.021238
https://doi.org/10.1177/43.5.7730591
https://doi.org/10.1002/bdrc.20048
https://doi.org/10.1002/bdrc.20048
https://doi.org/10.1002/ar.23515
https://doi.org/10.1002/ar.1092330403
https://doi.org/10.1093/gbe/evy016
https://doi.org/10.1016/0304-4165(75)90151-8
https://doi.org/10.1242/dev.128.24.5099
https://doi.org/10.1371/journal.pone.0131502
https://doi.org/10.1371/journal.pone.0131502
https://doi.org/10.1038/nature06966
https://doi.org/10.1098/rsos.172337
https://doi.org/10.1242/jcs.s3-90.12.381
https://doi.org/10.1242/jcs.s3-90.12.381
https://doi.org/10.1111/jfb.14376
https://doi.org/10.1007/978-1-4613-0931-4_1
https://doi.org/10.1007/978-1-4613-0931-4_1
https://doi.org/10.7554/eLife.53414
https://doi.org/10.1080/14772019.2018.1486336
https://doi.org/10.1186/s40851-019-0125-3
https://doi.org/10.1111/j.1502-3931.1970.tb00828.x
https://doi.org/10.1111/j.1502-3931.1970.tb00828.x
https://doi.org/10.1080/02724634.1998.10011091
https://doi.org/10.1111/j.1095-8312.1992.tb00864.x
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Moskalewski, S., and Malejczyk, J. (1989). Bone Formation Following Intrarenal
Transplantation of Isolated Murine Chondrocytes: Chondrocyte-Bone Cell
Transdifferentiation. Development 107, 473–480. doi:10.1242/dev.107.3.473

Moss, M. L. (1977). Skeletal Tissues in Sharks. Am. Zool 17, 335–342. doi:10.1093/
icb/17.2.335

Moss, M. L. (1964). “The Phylogeny of Mineralized Tissues,” in International
Review of General and Experimental Zoology (Elsevier), 297–331. doi:10.1016/
b978-1-4831-9977-1.50013-4

Mullender, M. G., Huiskes, R., Versleyen, H., and Buma, P. (1996). Osteocyte
Density and Histomorphometric Parameters in Cancellous Bone of the
Proximal Femur in Five Mammalian Species. J. Orthop. Res. 14, 972–979.
doi:10.1002/jor.1100140618

Nguyen, J. K. B., and Eames, B. F. (2020). Evolutionary Repression of
Chondrogenic Genes in the Vertebrate Osteoblast. Febs J. 287, 4354–4361.
doi:10.1111/febs.15228

Olsen, B. R., Reginato, A. M., and Wang, W. (2000). Bone Development. Annu.
Rev. Cel Dev. Biol. 16, 191–220. doi:10.1146/annurev.cellbio.16.1.191

Ørvig, T. (1989). Histologic Studies of Ostracoderms, Placoderms and Fossil
Elasmobranchs. 6. Hard Tissues of Ordovician Vertebrates. Zool Scripta 18,
427–446. doi:10.1111/j.1463-6409.1989.tb00138.x

Ørvig, T. (1951). The Endoskeleton, with Remarks on the Hard Tissues of Lower
Vertebrates in General, Histologic Studies of Placoderms and Fossil
Elasmobranchs. Stockholm: Almqvist & Wiksell, 321–454.

O’Shaughnessy, K. L., Dahn, R. D., and Cohn, M. J. (2015). Molecular
Development of Chondrichthyan Claspers and the Evolution of Copulatory
Organs. Nat. Commun. 6, 6698. doi:10.1038/ncomms7698

Ovens, K., Eames, B. F., and McQuillan, I. (2021). Comparative Analyses of Gene
Co-expression Networks: Implementations and Applications in the Study of
Evolution. Front. Genet. 12, 695399. doi:10.3389/fgene.2021.695399

Pears, J. B., Johanson, Z., Trinajstic, K., Dean, M. N., and Boisvert, C. A.
(2020). Mineralization of the Callorhinchus Vertebral Column
(Holocephali; Chondrichthyes). Front. Genet. 11, 571694. doi:10.3389/
fgene.2020.571694

Peignoux-Deville, J., Lallier, F., and Vidal, B. (1982). Evidence for the Presence of
Osseous Tissue in Dogfish Vertebrae. Cell Tissue Res. 222, 605–614.
doi:10.1007/BF00213858

Ramasamy, S. K., Kusumbe, A. P., Wang, L., and Adams, R. H. (2014). Endothelial
Notch Activity Promotes Angiogenesis and Osteogenesis in Bone. Nature 507,
376–380. doi:10.1038/nature13146

Rasch, L. J., Martin, K. J., Cooper, R. L., Metscher, B. D., Underwood, C. J., and
Fraser, G. J. (2016). An Ancient Dental Gene Set Governs Development and
Continuous Regeneration of Teeth in Sharks. Dev. Biol. 415, 347–370.
doi:10.1016/j.ydbio.2016.01.038

Rauch, F. (2005). Bone Growth in Length and Width: the Yin and Yang of Bone
Stability. J. Musculoskelet. Neuronal Interact 5, 194–201.

Reif, W.-E. (1980). Development of Dentition and Dermal Skeleton in
embryonicScyliorhinus Canicula. J. Morphol. 166, 275–288. doi:10.1002/
jmor.1051660303

Renn, J., and Winkler, C. (2010). Characterization Ofcollagen Type
10a1andosteocalcinin Early and Mature Osteoblasts during Skeleton
Formation in Medaka. J. Appl. Ichthyology 26, 196–201. doi:10.1111/j.1439-
0426.2010.01404.x

Rho, J.-Y., Kuhn-Spearing, L., and Zioupos, P. (1998). Mechanical Properties and
the Hierarchical Structure of Bone. Med. Eng. Phys. 20, 92–102. doi:10.1016/
s1350-4533(98)00007-1

Ridewood, W., and MacBride, E. W. (1921). VIII.—On the Calcification of the
Vertebral Centra in Sharks and Rays. Philosophical Trans. R. Soc. Lond. Ser. B,
Containing Pap. a Biol. Character 210, 311–407.

Roach, H. I. (1992). Trans-differentiation of Hypertrophic Chondrocytes into Cells
Capable of Producing a Mineralized Bone Matrix. Bone Mineral. 19, 1–20.
doi:10.1016/0169-6009(92)90840-a

Romeo, S. G., Alawi, K. M., Rodrigues, J., Singh, A., Kusumbe, A. P., and
Ramasamy, S. K. (2019). Endothelial Proteolytic Activity and Interaction
with Non-resorbing Osteoclasts Mediate Bone Elongation. Nat. Cel Biol 21,
430–441. doi:10.1038/s41556-019-0304-7

Rossert, J., and de Crombrugghe, B. (2002). “Type I Collagen,” in Type I Collagen:
Structure, Synthesis, and Regulation, Principles of Bone Biology (Elsevier),
189–XVIII. doi:10.1016/b978-012098652-1.50114-1

Roth, V. L. (1991). Homology and Hierarchies: Problems Solved and Unresolved.
J. Evol. Biol. 4, 167–194. doi:10.1046/j.1420-9101.1991.4020167.x

Roth, V. L. (1984). On Homology. Biol. J. Linn. Soc. 22, 13–29. doi:10.1111/j.1095-
8312.1984.tb00796.x

Rücklin, M., King, B., Cunningham, J. A., Johanson, Z., Marone, F., and Donoghue,
P. C. J. (2021). Acanthodian Dental Development and the Origin of
Gnathostome Dentitions. Nat. Ecol. Evol. 5, 919–926. doi:10.1038/s41559-
021-01458-4

Sachs, T. (1982). “A Morphogenetic Basis for Plant Morphology,” in A
Morphogenetic Basis for Plant Morphology, Axioms and Principles of Plant
Construction (Springer), 118–131. doi:10.1007/978-94-009-7636-8_6

Sanchez, S., Ahlberg, P. E., Trinajstic, K. M., Mirone, A., and Tafforeau, P. (2012).
Three-dimensional Synchrotron Virtual Paleohistology: a New Insight into the
World of Fossil Bone Microstructures. Microsc. Microanal 18, 1095–1105.
doi:10.1017/S1431927612001079

Sawae, Y., Sahara, T., and Sasaki, T. (2003). Osteoclast Differentiation at Growth
Plate Cartilage-Trabecular Bone junction in Newborn Rat Femur. J. Electron
Microsc. 52, 493–502. doi:10.1093/jmicro/52.6.493

Schmitz, R. J. (1998). Comparative Ultrastructure of the Cellular Components of
the Unconstricted Notochord in the sturgeon and the Lungfish. J. Morphol. 236,
75–104. doi:10.1002/(sici)1097-4687(199805)236:2<75:aid-jmor1>3.0.co;2-n

Seidel, R., Blumer, M., Chaumel, J., Amini, S., and Dean, M. N. (2020). Endoskeletal
Mineralization in Chimaera and a Comparative Guide to Tessellated Cartilage
in Chondrichthyan Fishes (Sharks, Rays and Chimaera). J. R. Soc. Interf. 17,
20200474. doi:10.1098/rsif.2020.0474

Seidel, R., Blumer, M., Pechriggl, E.-J., Lyons, K., Hall, B. K., Fratzl, P., et al. (2017).
Calcified Cartilage or Bone? Collagens in the Tessellated Endoskeletons of
Cartilaginous Fish (Sharks and Rays). J. Struct. Biol. 200, 54–71. doi:10.1016/
j.jsb.2017.09.005

Seidel, R., Jayasankar, A. K., and Dean, M. N. (2021). The Multiscale Architecture
of Tessellated Cartilage and its Relation to Function. J. Fish. Biol. 98, 942–955.
doi:10.1111/jfb.14444

Seidel, R., Lyons, K., Blumer, M., Zaslansky, P., Fratzl, P., Weaver, J. C., et al. (2016).
Ultrastructural and Developmental Features of the Tessellated Endoskeleton of
Elasmobranchs (Sharks and Rays). J. Anat. 229, 681–702. doi:10.1111/joa.12508

Shimeld, S. M., and Donoghue, P. C. J. (2012). Evolutionary Crossroads in
Developmental Biology: Cyclostomes (Lamprey and Hagfish). Development
139, 2091–2099. doi:10.1242/dev.074716

Sire, J.-Y., and Huysseune, A. (2003). Formation of Dermal Skeletal and Dental
Tissues in Fish: a Comparative and Evolutionary Approach. Biol. Rev. 78,
219–249. doi:10.1017/s1464793102006073

Smith, M., Manzanares, E., Underwood, C., Healy, C., Clark, B., and Johanson, Z.
(2020). Holocephalan (Chondrichthyes) Dental Plates with Hypermineralized
Dentine as a Substitute for Missing Teeth through Developmental Plasticity.
J. Fish. Biol. 97, 16–27. doi:10.1111/jfb.14302

Smith, M. M., and Hall, B. K. (1990). Development and Evolutionary Origins of
Vertebrate Skeletogenic and Odontogenic Tissues. Biol. Rev. Camb Philos. Soc.
65, 277–373. doi:10.1111/j.1469-185x.1990.tb01427.x

St-Jacques, B., Hammerschmidt, M., and McMahon, A. P. (1999). Indian
Hedgehog Signaling Regulates Proliferation and Differentiation of
Chondrocytes and Is Essential for Bone Formation. Genes Dev. 13,
2072–2086. doi:10.1101/gad.13.16.2072

Stensiö, E. A. (1927). The Downtonian and Devonian Vertebrates of Spitsbergen. I,
Family Cephalaspidae. OSLO: Norske Videnskaps-Akademi.

Stevens, P. F. (1984). Homology and Phylogeny: Morphology and Systematics. Syst.
Bot. 9, 395–409. doi:10.2307/2418788

Sudmant, P. H., Alexis, M. S., and Burge, C. B. (2015). Meta-analysis of RNA-Seq
Expression Data across Species, Tissues and Studies. Genome Biol. 16, 287.
doi:10.1186/s13059-015-0853-4

Swartz, S. M., Parker, A., and Huo, C. (1998). Theoretical and Empirical Scaling
Patterns and Topological Homology in Bone Trabeculae. J. Exp. Biol. 201,
573–590. doi:10.1242/jeb.201.4.573

Tomlinson, P. B. (1984). Homology: an Empirical View. Syst. Bot. 9, 374–381.
doi:10.2307/2418786

Touaitahuata, H., Cres, G., de Rossi, S., Vives, V., and Blangy, A. (2014). The
mineral Dissolution Function of Osteoclasts Is Dispensable for Hypertrophic
Cartilage Degradation during Long Bone Development and Growth. Dev. Biol.
393, 57–70. doi:10.1016/j.ydbio.2014.06.020

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 76204213

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://doi.org/10.1242/dev.107.3.473
https://doi.org/10.1093/icb/17.2.335
https://doi.org/10.1093/icb/17.2.335
https://doi.org/10.1016/b978-1-4831-9977-1.50013-4
https://doi.org/10.1016/b978-1-4831-9977-1.50013-4
https://doi.org/10.1002/jor.1100140618
https://doi.org/10.1111/febs.15228
https://doi.org/10.1146/annurev.cellbio.16.1.191
https://doi.org/10.1111/j.1463-6409.1989.tb00138.x
https://doi.org/10.1038/ncomms7698
https://doi.org/10.3389/fgene.2021.695399
https://doi.org/10.3389/fgene.2020.571694
https://doi.org/10.3389/fgene.2020.571694
https://doi.org/10.1007/BF00213858
https://doi.org/10.1038/nature13146
https://doi.org/10.1016/j.ydbio.2016.01.038
https://doi.org/10.1002/jmor.1051660303
https://doi.org/10.1002/jmor.1051660303
https://doi.org/10.1111/j.1439-0426.2010.01404.x
https://doi.org/10.1111/j.1439-0426.2010.01404.x
https://doi.org/10.1016/s1350-4533(98)00007-1
https://doi.org/10.1016/s1350-4533(98)00007-1
https://doi.org/10.1016/0169-6009(92)90840-a
https://doi.org/10.1038/s41556-019-0304-7
https://doi.org/10.1016/b978-012098652-1.50114-1
https://doi.org/10.1046/j.1420-9101.1991.4020167.x
https://doi.org/10.1111/j.1095-8312.1984.tb00796.x
https://doi.org/10.1111/j.1095-8312.1984.tb00796.x
https://doi.org/10.1038/s41559-021-01458-4
https://doi.org/10.1038/s41559-021-01458-4
https://doi.org/10.1007/978-94-009-7636-8_6
https://doi.org/10.1017/S1431927612001079
https://doi.org/10.1093/jmicro/52.6.493
https://doi.org/10.1002/(sici)1097-4687(199805)236:2<75:aid-jmor1>3.0.co;2-n
https://doi.org/10.1098/rsif.2020.0474
https://doi.org/10.1016/j.jsb.2017.09.005
https://doi.org/10.1016/j.jsb.2017.09.005
https://doi.org/10.1111/jfb.14444
https://doi.org/10.1111/joa.12508
https://doi.org/10.1242/dev.074716
https://doi.org/10.1017/s1464793102006073
https://doi.org/10.1111/jfb.14302
https://doi.org/10.1111/j.1469-185x.1990.tb01427.x
https://doi.org/10.1101/gad.13.16.2072
https://doi.org/10.2307/2418788
https://doi.org/10.1186/s13059-015-0853-4
https://doi.org/10.1242/jeb.201.4.573
https://doi.org/10.2307/2418786
https://doi.org/10.1016/j.ydbio.2014.06.020
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Tsegai, Z. J., Skinner, M. M., Pahr, D. H., Hublin, J.-J., and Kivell, T. L. (2018).
Systemic Patterns of Trabecular Bone across the Human and Chimpanzee
Skeleton. J. Anat. 232, 641–656. doi:10.1111/joa.12776

Van Valen, L. M. (1982). Homology and Causes. J. Morphol. 173, 305–312.
doi:10.1002/jmor.1051730307

Venkatesh, B., Erdmann, M. V., and Brenner, S. (2001). Molecular
Synapomorphies Resolve Evolutionary Relationships of Extant Jawed
Vertebrates. Proc. Natl. Acad. Sci. 98, 11382–11387. doi:10.1073/
pnas.201415598

Vortkamp, A., Lee, K., Lanske, B., Segre, G. V., Kronenberg, H. M., and Tabin,
C. J. (1996). Regulation of Rate of Cartilage Differentiation by Indian
Hedgehog and PTH-Related Protein. Science 273, 613–622. doi:10.1126/
science.273.5275.613

Wagner, G. P. (1989). The Biological Homology Concept. Annu. Rev. Ecol. Syst. 20,
51–69. doi:10.1146/annurev.es.20.110189.000411

Wang, N.-Z., Donoghue, P. C., Smith, M. M., and Sansom, I. J. (2005). Histology of
the Galeaspid Dermoskeleton and Endoskeleton, and the Origin and Early
Evolution of the Vertebrate Cranial Endoskeleton. J. Vertebr. Paleontol. 25,
745–756. doi:10.1671/0272-4634(2005)025

Warth, P., Hilton, E. J., Naumann, B., Olsson, L., and Konstantinidis, P.
(2017). Development of the Skull and Pectoral Girdle in Siberian
sturgeon,Acipenser baerii, and Russian sturgeon,Acipenser
gueldenstaedtii(Acipenseriformes: Acipenseridae). J. Morphol. 278,
418–442. doi:10.1002/jmor.20653

Wiesmann, H. P., Meyer, U., Plate, U., and Höhling, H. J. (2005). Aspects of
Collagen Mineralization in Hard Tissue Formation. Int. Rev. Cytol. 242,
121–156. doi:10.1016/S0074-7696(04)42003-8

Wurmbach, H. (1932). Das Wachstum des Selachierwirbels und seiner Gewebe.
Zool Jahrb (Abt Anat. Ont Tiere) 55, 1–136.

Zangerl, R. (1966). A New Shark of the Family Edestidae, Ornithoprion Hertwigi,
from the Pennsylvanian Mecca and Logan Quarry Shales of Indiana, Fieldiana:
Geology. Chicago: Field Museum of Natural History, 1–43.

Zhang, G., and Cohn, M. J. (2008). Genome Duplication and the Origin of the
Vertebrate Skeleton. Curr. Opin. Genet. Dev. 18, 387–393. doi:10.1016/
j.gde.2008.07.009

Zhou, X., von der Mark, K., Henry, S., Norton, W., Adams, H., and de
Crombrugghe, B. (2014). Chondrocytes Transdifferentiate into Osteoblasts
in Endochondral Bone during Development, Postnatal Growth and Fracture
Healing in Mice. Plos Genet. 10, e1004820. doi:10.1371/journal.pgen.1004820

Zidek, J. (1985). Growth Inacanthodes (Acanthodii: Pisces) Data and Implications.
Paläont. Z. 59, 147–166. doi:10.1007/bf02986006

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

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

Copyright © 2021 Atake and Eames. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 76204214

Atake and Eames Homologous Skeletal Characters in Vertebrates

https://doi.org/10.1111/joa.12776
https://doi.org/10.1002/jmor.1051730307
https://doi.org/10.1073/pnas.201415598
https://doi.org/10.1073/pnas.201415598
https://doi.org/10.1126/science.273.5275.613
https://doi.org/10.1126/science.273.5275.613
https://doi.org/10.1146/annurev.es.20.110189.000411
https://doi.org/10.1671/0272-4634(2005)025
https://doi.org/10.1002/jmor.20653
https://doi.org/10.1016/S0074-7696(04)42003-8
https://doi.org/10.1016/j.gde.2008.07.009
https://doi.org/10.1016/j.gde.2008.07.009
https://doi.org/10.1371/journal.pgen.1004820
https://doi.org/10.1007/bf02986006
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Mineralized Cartilage and Bone-Like Tissues in Chondrichthyans Offer Potential Insights Into the Evolution and Development  ...
	The Basal Phylogenetic Position of Chondrichthyans can Provide Unique Insights Into Endoskeletal Evolution Among Vertebrates
	Mineralization Patterns and Developmental Processes of Bone and Cartilage
	What Histological Regions of Tesserae Produce Tesseral Mineralization Patterns?
	Developmental Studies of Chondrichthyan Tesserae can Shed Light on Mineralization Pattern Evolution
	The Elasmobranch Centrum Exhibits a Unique Areolar Mineralization Pattern
	Chondrichthyan Subperichondral Bone-Like Tissues Might Be Homologous to Perichondral Bone
	Using Comparative Transcriptomics to Test for Chondrichthyan Bone
	Conclusion
	Author Contributions
	Funding
	References


