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Abstract

 

Most non-tetrapod vertebrates develop mineralized extra-oral elements within the integument. Known collectively
as the integumentary skeleton, these elements represent the structurally diverse skin-bound contribution to the
dermal skeleton. In this review we begin by summarizing what is known about the histological diversity of the four
main groups of integumentary skeletal tissues: hypermineralized (capping) tissues; dentine; plywood-like tissues;
and bone. For most modern taxa, the integumentary skeleton has undergone widespread reduction and modification
often rendering the homology and relationships of these elements confused and uncertain. Fundamentally,
however, all integumentary skeletal elements are derived (alone or in combination) from only two types of cell
condensations: odontogenic and osteogenic condensations. We review the origin and diversification of the
integumentary skeleton in aquatic non-tetrapods (including stem gnathostomes), focusing on tissues derived from
odontogenic (hypermineralized tissues, dentines and elasmodine) and osteogenic (bone tissues) cell condensations.
The novelty of our new scenario of integumentary skeletal evolution resides in the demonstration that elasmodine, the
main component of elasmoid scales, is odontogenic in origin. Based on available data we propose that elasmodine
is a form of lamellar dentine. Given its widespread distribution in non-tetrapod lineages we further propose that
elasmodine is a very ancient tissue in vertebrates and predict that it will be found in ancestral rhombic scales and
cosmoid scales.
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Introduction

 

The ability to mineralize a skeleton is one of the major inno-
vations of vertebrates, providing protection and enhancing
locomotion. The earliest evidence of vertebrate skeletal
mineralization is encountered in the tooth-like feeding
apparatus of conodonts (Sansom et al. 1992; Donoghue,
1998). However, the majority of early skeletonizing vertebrates
instead possessed a mineralized integument that included
a wide variety of surface covering and/or embedded
mineralized elements, demonstrating a diversity of structural
organizations and functional properties (Donoghue &
Sansom, 2002; Donoghue et al. 2006). These elements
constitute the so-called dermal skeleton (= dermoskeleton)
(Ørvig, 1965; Francillon-Vieillot et al. 1990; Zylberberg et al.
1992; Donoghue & Sansom, 2002). For most extant lineages,
the dermal skeleton has undergone widespread reduction

and is routinely partitioned into the dermatocranium,
skeletal components of the pectoral apparatus, teeth and
tooth-like elements of the oral and pharyngeal cavities,
and extra-oral or integumentary investments – hereafter the
integumentary skeleton (Moss, 1972; Kresja, 1979; Zylberberg
et al. 1992). The integumentary skeleton has long been a
source of interest for comparative morphologists, palaeon-
tologists and evolutionary developmental biologists (see
review by Goodrich, 1907; Ørvig, 1951, 1967, 1968; Denison,
1963; Moss, 1964; Peyer, 1968; Halstead, 1969, 1974, 1987;
Schmidt & Keil, 1971; Reif, 1982a; Maisey, 1988; Smith & Hall,
1990, 1993; Janvier, 1996; Huysseune & Sire, 1998; Donoghue
et al. 2000, 2006; Donoghue & Aldridge, 2001; Donoghue
& Sansom, 2002; Sire & Huysseune, 2003). With few exceptions,
however, the emphasis has largely been directed towards
understanding early integumentary skeletal evolution in
non-tetrapod vertebrates.

In this review we (1) summarize what is known about the
histological structure and development of integumentary
skeleton of non-tetrapod vertebrates (the integumentary
skeleton in tetrapods is reviewed in a companion paper;
Vickaryous & Sire, this Issue); (2) re-address the homology
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of various skeletal tissues associated with the integumentary
skeleton, with particular focus on the hypermineralized
covering tissues and the typical condition of elasmoid scales
and their tissues; and (3) revise the scenario of integumentary
skeletal evolution.

Of particular importance to this scenario is the analysis of
tissue structure and formation at the level of cell population
condensations and an integration of data from both the
fossil record and modern taxa; skeletal elements being
extensively mineralized, they are available from the fossil
record, which allow us to trace the evolutionary changes
throughout geological times. However, the interpretation
of the subjacent biological processes depends to a large
extent on a precise knowledge obtained from living species.

The phylogenetic framework for this review (Fig. 1) is
summarized from Janvier (1996), Donoghue et al. (2000)
and Donoghue & Smith (2001).

 

Origin, evolution and diversity of the 
integumentary skeleton

 

Regardless of morphology and structure, all elements of
the dermal skeleton are primarily housed in the dermis, with

the epidermis playing a critical role in regulating their
formation (involving various signaling molecules and
transcription factors) and/or composition (deposition of
material). The tissue composition of each element is governed
by the presence and interactions of cell condensations with
either odontogenic or osteogenic competence, and the current
structural diversity of the integumentary skeleton results
from the evolutionary and developmental interplay of these
two components. These features are briefly commented on
in the following two sections.

 

Introduction to the integument

 

Vertebrate integument forms a continuous, heterogeneous
covering of the outer body surface consisting of two develop-
mentally and morphologically distinct strata, the epidermis
and the dermis (= corium; cutis vera). Early during ontogeny
these two layers become separated from one another by a
basement membrane, and from the subjacent muscle cells
by the hypodermis (Whitear, 1986). In its mature state, the
epidermis is stratified and contains a large number of
specialized cells, and plays crucial roles as a permeability
barrier and in mechanical protection (Bereiter-Hahn et al.

Fig. 1 Simplified phylogenetic tree of the vertebrates illustrating the interrelationships of the lineages discussed in the text (after Janvier, 1996, 2007; 
Donoghue & Smith, 2001; Hill, 2005; Donoghue et al. 2006). The relationships of Euconodonta to or within the vertebrates are still debated; the 
position of Anaspida and Thelodonti with respect to other stem gnathostomes remains uncertain.
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1986). The epidermis is also involved in the formation of non-
skeletal epidermal scales and integumentary appendages
(feathers, hairs, wristles, claws, beak, nails, etc.), the details of
which are provided elsewhere (Maderson, 1972; see also
this Issue: Alibardi et al.; Dhouailly; Homberger et al.;
Bragulla & Homberger; and Maddin et al.). Although
the epidermis does not contain bone or other mineralized
tissues, it may become hardened by the accumulation of
various keratin proteins and phospholipids with bound
calcium (Spearman, 1973). Furthermore, some mineralized
integumentary elements, such as teeth and odontodes,
may penetrate the epidermis. The epidermis is a derivative
of the ectoderm and begins as a single cell layer, which
quickly stratifies to form various layers with different
properties (e.g. mitotically or synthetically active deep and
mid cell layers, or keratinized and protective superficial
cells; Lillywhite, 2006). It is also worth noting that the basal
layer cells of the epidermis (or of the epithelium when
located in the oral or pharyngeal cavities) play a crucial
role in regulating morphogenesis and differentiation of
integumentary elements through reciprocal interactions
with the dermis (see Caton & Tucker, and Dhouailly, this Issue).

The deep counterpart to the epidermis is the dermis, a
fibrous connective tissue unique to cephalochordates
(Olsson, 1961) and vertebrates (Moss, 1972). The dermis
provides both physical and metabolic support to the
epidermis (Fox, 1986; Landmann, 1986; Matoltsy, 1986;
Whitear, 1986; Lillywhite, 2006), and the structural frame-
work for integumentary elements (Moss, 1969, 1972). Unlike
the epidermis, which is derived from ectodermal epithelium,
the dermis develops from mesenchyme. Experiments on

 

Gallus gallus

 

 (the domestic fowl) have revealed that the
dermis has multiple origins across the body: craniofacial dermis
develops from cephalic neural crest cells (= ectomesenchyme);
the dermis over the occiput and otic regions forms from
cephalic mesoderm; and across the postcranium the dermis is
derived from the dermatome compartment of paraxial
mesoderm (dorsal dermis) and somatopleure (ventral,
lateral and limb dermis) (Mauger, 1972a,b; Olivera-Martinez
et al. 2001; Dhouailly et al. 2004). Also significant to our
discussion is the well-documented migratory abilities of
melanoblasts, which are also of neural crest origin, giving
rise to all the dermis-bound pigment cells of the body (Le
Douarin & Kalcheim, 1999). The presence of tissues otherwise
exclusive to teeth (e.g. dentine) in some post-cranial integu-
mentary elements (e.g. tooth-like denticles of armored catfish,
the dentine layer of polypterid scales) strongly suggests
that they are neural crest in origin, too. This implies that
early in ontogeny, ectomesenchymal cells with either the
osteogenic and/or odontogenic potential have colonized
the dermis in post-cranial regions (see also Vickaryous &
Sire, this Issue).

Among cephalochordates (e.g. 

 

Branchiostoma 

 

spp.)
the dermis is a thin, collagen-rich layer that constitutes a
dense, regular connective tissue (Olsson, 1961; Moss, 1972;

Spearman, 1973; Kemp, 1999). The collagen fibrils are
highly organized, forming stacked ply with alternating
orientations (often orthogonal). In vertebrates, including
myxinoids (hagfish) and petromyzontids (lampreys), the
dermis is a thick, collagenous fibrillar framework consisting
mostly of type I collagen, and an amorphous ground
substance consisting of glycosaminoglycans (e.g. dermatan
sulfate), structural glycoproteins, and tissue fluid (Moss,
1972; Junqueira et al. 1998). Except for myxinoids and
petromyzontids, the dermis also contains limited amounts
of elastin. The most common cells found in the vertebrate
dermis are fibroblasts (fibrocytes), followed by mast
cells, macrophages, pigment cells (e.g. melanocytes), and
scleroblasts, undifferentiated cells ultimately involved in
the formation of mineralized integumentary organs. The
thickness, structure, and cellular diversity of the dermis
varies between taxa, location on the body, and stage of
development/ontogenetic age. Unlike the epidermis of most
vertebrates, the dermis is also rich in blood and lymphatic
vessels, nerves and, with the presence of scleroblasts, retains
the ability to develop mineralized organs (Romer, 1956;
Moss, 1972).

Structurally (at least amongst crown gnathostomes)
the dermis is bilaminar (except for some teleosts; Sire &
Huysseune, 2003) with an outermost stratum superficiale
(= stratum laxum of aquatic non-tetrapodan osteichthyans;
stratum vasculare of chondrichthyans; stratum spongiosum
of amphibians; papillary layer of synapsids), and a deeper
stratum compactum (= reticular layer of synapsids). The
stratum superficiale is typically a loose irregular connective
tissue (areolar tissue) containing blood vessels, nerves, and
pigment cells. In contrast, the stratum compactum is a
more tightly packed feltwork, dominated by large bundles
of collagen fibrils with relatively few cells, vessels, and
nerves. In most instances, the histological organization
of the stratum compactum is densely regular, with the
deepest collagen layers forming lamellar and orthogonal
arrangements structurally comparable with the plywood-
like arrangement of the collagen layers in lamellar bone
and in elasmodine of elasmoid scales (Zylberberg et al.
1992; Sire & Akimenko, 2004). The structural configuration
of the stratum compactum provides the integument with
stress resistance.

Among fossil relatives of modern jawed vertebrates, in
which the only portions of the integument preserved are
mineralized, it is not unreasonable to postulate that the
structural fabric of these (preserved) organs accurately
reflects the structural organization of the surrounding
unmineralized, and thus unpreserved, connective tissues
(Moss, 1972). By extension, the contributing proteins (e.g.
type I collagen, proteoglycans, and mineralizing proteins)
and molecular mechanisms involved were similar to those
observed today. Significantly, these postulates can be tested
on lampreys and hagfishes, which are more distant relatives
of living jawed vertebrates than the extinct lineage
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Ostracodermi. Therefore, lampreys, hagfishes and crown-
gnathostomes constitute an extant phylogenetic bracket
(Witmer, 1995).

 

Role of papillae and primordia in the development and 
diversity of the integumentary skeleton

 

For many modern taxa (particularly teleost fish and
tetrapods), the integumentary skeleton has undergone
considerable reduction and modification, often rendering
the homology and relationships of these elements uncertain.
For example, the integument of chondrichthyans (sharks, rays)
and some distantly related teleosts (e.g. xiphioids, armoured
catfish, the clupeomorph 

 

Denticeps

 

, the atheriniform

 

Atherion

 

: Sire & Huysseune, 1996; Sire et al. 1998; Sire &
Allizard, 2001) is characterized by the development of
numerous tooth-like organs similar to odontodes of early
vertebrates. Whereas all these organs appear to share a
similar functional (hydrodynamic) role, developmental
and phylogenetic evidence clearly indicates that each
represents an independent evolutionary derivation (Sire,
2001; Sire & Huysseune, 2003; see also Huysseune et al. this
Issue). To address the question of homology, Sire & Huysseune
(2003) employed a comparative developmental approach
targeting the cellular developmental units known as cell
condensations (see also Atchley & Hall, 1991; Hall & Miyake,
1992, 2000; Eames et al. 2003; Vickaryous & Hall, 2006).

Cell condensations are the primary and most basic unit of
morphology (Hall & Miyake, 1992) and provide a powerful
tool for understanding the evolution of organs and
anatomical complexes (Atchley & Hall, 1991; Hall & Miyake,
2000). Unlike the adult phenotype, which may become
extensively altered during the course of ontogeny, cell
condensations often provide a conserved cornerstone (if
only transiently) for the establishment of structural level
homology. In the development of the integumentary
skeleton, two fundamental types of cell condensations are
known to contribute: odontogenic and osteogenic (Smith
& Hall, 1990, 1993; Sire & Huysseune, 2003). These cell
condensations may act alone or in combination.

An odontogenic condensation is the fundamental devel-
opmental unit of odontogenic organs (= teeth), and the
initiate of dental tissues such as enamel, enameloid,
dentine, and bone of attachment. Structurally, each odon-
togenic condensation begins as a well-delimited popu-
lation of densely organized mesenchymal cells, the dental
(= odontogenic) papilla. The dental papilla develops close
to the inner layer of the epithelium (teeth) or the basal
layer of the epidermis (odontodes, mineralized scales).
These mineralized tissue-forming mesenchymal cells
(scleroblasts) acquire an odontogenic competence.
Epithelial cells capping the dental papilla, the dental
(= enamel) organ, differentiate into ameloblasts, which
deposit the enamel matrix in a polarized fashion towards
the mesenchyme. The underlying scleroblasts of the

dental papilla differentiate into odontoblasts that deposit
the dentine matrix. The histological organization and
structural identity of the tissues derived from an odon-
togenic condensation (e.g. enameloid, dentine, enamel,
bone of attachment) depend on the timing of the inter-
action between the dental papilla mesenchyme and the
dental organ epithelium (Osborn, 1981).

An osteogenic condensation (= osteogenic primordium)
is the fundamental developmental unit of integumentary
elements composed of bone and fibrous connective tissue
(e.g. dermal plates, dermal bones). The primordium does not
develop primary cartilage, although dermal elements often
originate parachondrally (adjacent to a cartilage element;
Huysseune & Sire, 1992; Sire & Huysseune, 1993). Unlike an
odontogenic condensation, an osteogenic primordium lacks
a well-delimited papilla and it initiates deep within the
mesenchyme, at a distance from the basal epidermal layer.
Cells of the primordium differentiate from scleroblasts
with osteogenic competence. Deposition of the extracellular
matrix (ECM) by these osteoblasts is not polarized and
pre-existing collagen fibrils of the surrounding dermis are
often integrated into the developing organ. During the
initial, rapid stage of development the pre-existing collagen
matrix is often remodeled by the osteoblasts, with new
materials (such as various collagens and non-collagenous
proteins) being synthesized and directly incorporated into
this matrix, thus modifying the physico-chemical environment
to favour mineralization. During subsequent stages of
development and growth, there may be 

 

de novo

 

 deposition
of bone matrix, mineralization of pre-existing matrix, or
some combination of the two.

The terminology associated with various structural
categories of integumentary elements is another significant
source of confusion. For instance, the term ‘scale’ is routinely
employed for both keratinized (epidermal) and mineralized
(mesenchymal) organs. Furthermore, ‘mineralized scale’
refers to a broad diversity of integumentary elements with
different tissue composition and developmental origins.
Therefore we employ adjectives that define their origin,
i.e. cosmoid, palaeoniscoid, polypteroid, lepisosteoid and
elasmoid scales, or replace the term ‘scale’ altogether, e.g.
dermal plate, scute, shield, etc. To minimize any misun-
derstandings, we have attempted to make clear distinctions
when the homology of any structure is uncertain, following
Sire & Huysseune (2003).

 

Tissue diversity of the integumentary skeleton

 

The integumentary skeleton is characterized by a diversity of
tissue types categorized as either odontogenic or osteogenic
tissues. Both tissue categories are patterned independently,
and they can occur either separately (e.g. teeth or dermal
plates) or can be combined in a same element (e.g. ganoid
scales of bichirs). They may be further subdivided based on
the degree of mineralization, relative amounts of collagen
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and other components of the ECM, mode of development,
and associated cell types (Sire & Huysseune, 2003). Whereas
the discrimination of skeletal tissues is often subjective, four
main groups are widely recognized in the integumentary
skeleton: hypermineralized (capping) tissues, dentines,
plywood-like tissues, and bony tissues (Table 1).

 

Hypermineralized (capping) tissues

 

Hypermineralized tissues are a group of hard, protective
tissues that form the cap of teeth and the outer layer of
some integumentary skeletal elements. In its mature state,
a hypermineralized tissue is characterized as crystalline
(principally hydroxyapatite crystals, a type of calcium phos-
phate), acellular (or cell-poor), avascular, non-collagenous
(or collagen-poor), and demonstrates extreme hardness.
The two best known examples are enamel and enameloid,
common to teeth. Additional hypermineralized tissues include:
(1) ganoine, the outermost layer of the dermatocranium
and integumentary skeleton of basal actinopterygians [e.g.
the living bichirs (polypterids) and gars (lepisosteids) (Sire
et al. 1987)]; (2) hyaloine, found on the scutes of armored
catfish (Sire, 1993); and (3) the limiting layer, on the posterior
region of elasmoid scales (Sire, 1985, 1988). An unnamed,
hypermineralized tissue superimposed on the osteoderms
of some reptiles will be discussed elsewhere (see Vickaryous
& Sire, this Issue).

 

Enamel.

 

Enamel matrix is homogeneous and is highly min-
eralized (up to 96% inorganic for mammalian teeth; Hall
& Witten, 2007), with no collagen or embedded cells. It
may be prismatic (mammalian synapsids) or not prismatic
(other tetrapods) (Huysseune & Sire, 1998). Tooth enamel
formation begins as epithelial cells interact with underlying
mesenchymal cells to create a well-defined dental organ.
Following a series of inductive interactions with the dental
papilla cells (mesenchyme), the inner dental epithelial cells
differentiate into pre-ameloblasts, and then ameloblasts.
While the collagen-rich dentine matrix is being deposited
by underlying odontoblasts, overlying ameloblasts cen-
trifugally deposit an organic enamel matrix, consisting
mostly of amelogenin (90%), with a limited amount of
enamelin, ameloblastin, tuftelin, and traces of other
components. During the mineralization phase, the organic
matrix is degraded by metalloproteinases [enamelysine
(MMP20), and kallikrein 4 (KLK4)], removed (leaving only
3–4% of the original organic matrix) and replaced by
crystalline precipitation (Nanci, 2003).

 

Enameloid.

 

Enameloid (= durodentine, vitrodentine, bitypic
enamel) in its mature state resembles enamel both topo-
logically and functionally. It also derives from inductive
epithelial-mesenchymal interactions, which take place
between a well-defined dental papilla (mesenchyme) and
a dental organ (epithelium). However, unlike enamel, the
crystalline arrangement is less ordered and not prismatic

due to the presence of a loose network of thin collagen
fibrils in the organic phase, prior to maturation.

As currently understood, enameloid is of mixed epithelial-
mesenchymal origin: the collagenous matrix is mostly
deposited by odontoblasts, but receives a matrix con-
tribution (enamel matrix proteins such as amelogenin
and/or collagen) from the fully differentiated adjacent
ameloblasts. Ameloblasts are also certainly involved in
the degradation of the enameloid matrix by means of the
synthesis of MMP20 (a collagenase). Until recently, the
ameloblast contribution to enameloid formation and
maturation was not demonstrated, and these conclusions
were supported by various ultrastructural and immunohis-
tochemical studies performed in chondrichthyans, teleosts
and caudate amphibians (Goto, 1978; Prostak & Skobe,
1986, 1988; Herold et al. 1989; Sasagawa, 1989, 2002; Davit-
Béal et al. 2007). However, using 

 

in situ

 

 hybridization the
expression of type 1 collagen by the ameloblasts during
enameloid formation has been demonstrated unequivo-
cally in a teleost (Huysseune et al. 2008) and in a caudate
larva (Sire et al. unpubl. data).

Both enameloid and enamel (see below) have been
identified in the integumentary skeleton of the earliest
vertebrates, and much has been written on the origin of
these two tissues. In living vertebrates, enameloid is present
in chondrichthyans, actinopterygians (ray-finned fish) and
larval stages of caudate amphibians. Enameloid in these
lineages is most likely homologous (Gillis & Donoghue, 2007)
and not the product of convergent evolution (Sasagawa,
2002). Of particular importance to understanding the
transition between these two hard tissues is the study of
enameloid formation in the tetrapod lineage Caudata
(= Urodela). A recent structural study of enameloid formation
in the larval stages of the salamander 

 

Pleurodeles waltl

 

supports the hypothesis that enameloid matrix is syn-
thesized by the odontoblasts before dentine matrix is
deposited (with ameloblast participation at least in collagen
formation) (Davit-Béal et al. 2007; Sire et al. unpubl. data).
In subsequent tooth generations, the amount of enameloid
deposited is reduced progressively as odontoblasts reduce
their activity. Ultimately, enamel is deposited (by ameloblasts)
at the enameloid surface. This finding strongly supports an
enameloid to dentine transition instead of the previously
proposed enameloid to enamel continuum (Davit-Béal et al.
2007).

 

Ganoine.

 

Ganoine is a shiny, acellular, non-collagenous,
hypermineralized tissue of epidermal origin that covers
the ganoid scales in polypterids (bichirs), lepisosteids (gars),
and a variety of other osteichthyans (Richter & Smith,
1995). The organic matrix of ganoine is similarly deposited
and structurally comparable to enamel, including the
incorporation of amelogenin (Zylberberg et al. 1997), and
hence the two tissues are considered to be homologous
(Sire et al. 1987; Sire, 1995). Uniquely, mature ganoine is
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Table 1

 

Summary of the various tissues recognized in the integumentary skeleton of nontetrapodan vertebrates. The taxa with living representatives are underlined

 

Taxon Capping tissue Dentine Plywood-like tissue Bone Comments

Pteraspidomorphi enameloid/none orthodentine/
mesodentine/none

lamellar bone* acellular bone† odontodes

Anaspida ? ? lamellar bone* acellular bone† ? odontodes
Thelodonti enameloid orthodentine none acellular bone† odontodes
Galeaspida none none lamellar bone* acellular bone† –
Osteostraci enameloid/none mesodentine lamellar bone* cellular bone cosmoid-like organization 

with putative odontodes
Placodermi none semidentine/

orthodentine/none
none cellular bone odontode-like derivatives

Chondrichthyes enameloid orthodentine none acellular bone odontodes
Acanthodii ganoine/none mesodentine/

orthodentine
none acellular bone/cellular bone odontode-like squamation

 

Andreolepis

 

ganoine (monolayered) orthodentine none cellular bone palaeoniscoid-type ganoid scale

 

Cheirolepis

 

ganoine (multilayered) orthodentine none cellular bone palaeoniscoid-type ganoid scale
Cladistia ganoine (multilayered) orthodentine elasmodine cellular bone polypteroid-type ganoid scale

 

Moythomasia

 

ganoine (multilayered) orthodentine none cellular bone palaeoniscoid-type ganoid scale
Chondrostei ganoine/none none none cellular bone lepisosteoid-type ganoid scale/bony plate
Lepisosteiformes ganoine (multilayered) none none cellular bone lepisosteoid-type ganoid scale
Amiiformes ganoine/limiting layer orthodentine/external layer elasmodine/lamellar bone cellular bone/none ganoid to elasmoid scale
Teleostei limiting layer external layer elasmodine acellular bone/cellular bone/none elasmoid scales, bony plates or scutes 
Porolepiformes enamel(oid)/limiting layer orthodentine/external layer elasmodine/lamellar bone cellular bone/none cosmoid
Dipnoi enamel(oid)/limiting layer orthodentine/external layer elasmodine/lamellar bone cellular bone/none cosmoid to elasmoid scale
Actinistia enamel(oid)/limiting layer orthodentine/external layer elasmodine/lamellar bone cellular bone/none cosmoid to elasmoid scale

* In these taxa the lamellar bone of the basal plates has been called ‘isopedine’.
† In these early vertebrates the ‘aspidin’ is very similar to acellular bone.
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arranged in multiple layers (stratified; except for some
basal forms – see below) and is always covered by epidermis
(i.e. it is never exposed to the external environment, unlike
tooth enamel; Goodrich, 1907; Sire, 1990). Ganoid scale
formation differs between polypterids and lepisosteids. In
polypterids, the scales (polypteroid type) initiate via the
odontogenic pathway, beginning with a series of epidermal-
dermal interactions leading to the formation of a dental
papilla adjacent to the basal epidermal layer cells (Sire,
1989; Sire & Huysseune, 2003). The first tissue to form is
dentine, followed by the superficial deposition of ganoine
by the basal layer cells of the epidermis, differentiated into
ameloblasts. In lepisosteids, the scales (lepisosteoid type)
initiate via an osteogenic pathway. A series of epidermal-
dermal interactions lead to the formation of an osteogenic
primordium deep within the dermis (some distance from the
epidermis; Sire, 1995). In lepisosteids ganoine is deposited
relatively late during scale development, once its bony
surface is close to the basal layer of epidermal cells (differ-
entiated into ameloblasts). Although the initial timing of
ganoine deposition differs between the two lineages, the
structure of the resulting tissues is virtually identical and
both are well-stratified.

 

Hyaloine.

 

Hyaloine is a poorly understood, non-collagenous,
hypermineralized tissue that covers the surface of the post-
cranial scutes in armored catfish (Teleostei: Siluriformes) (Sire,
1993). Each scute initiates skeletogenesis via the osteogenic
pathway (Sire & Huysseune, 2003): a bone primordium forms
deep within the dermis and the presumptive scute grows
by centrifugal ossification. Hyaloine matrix is deposited
relatively late during development, once the bony scute
surface has come into close proximity with the basal
surface of the epidermis. Although outwardly similar to
ganoine, hyaloine differs in that the superficial-most
boundary of this tissue is always separated from the basal-
most epidermal layer cells by a narrow (several microns)
mesenchyme-filled space. Demineralized hyaloine has the
appearance of a thin, stratified fibrillar material, suggestive
of periodic deposition. To date the role of the epidermal
cells in the formation of hyaloine remains equivocal. How-
ever, hyaloine is structurally and spatially comparable with
ganoine, and is similarly deposited in close proximity with
the well-differentiated basalmost epidermal cells (Sire,
1993; Sire et al. 2002; Sire & Huysseune, 2003).

 

Limiting layer.

 

The limiting layer is a well-mineralized tissue
nearly devoid of collagen (exclusive of Sharpey’s fibers),
localized superficially on the posterior field of teleost
elasmoid scales. Similar to ganoine and hyaloine it develops
in close proximity to the basalmost epidermal cells. Elasmoid
scales initiate skeletogenesis via the odontogenic pathway
(Sire & Huysseune, 2003; Sire & Akimenko, 2004): a scale
papilla is formed in the dermis, immediately adjacent to
the basal layer cells of the epidermis. Each presumptive

elasmoid scale begins as a discrete accumulation of woven-
fibered matrix, then is underpinned by multiple lamellae
of collagen fibrils organized into a plywood-like arrange-
ment (see 

 

Plywood-like tissues

 

 below). Elasmoid scales
develop obliquely in the dermis. As described above for
hyaloine, the limiting layer is superficially separated from
basalmost epidermal cells by a narrow mesenchymal space,
and deposition is periodic. Although it has been demon-
strated that epidermal cells play a role in the formation of
the limiting layer (Sire, 1988), as yet there is no clear demon-
stration of the presence of epidermal products.

 

Structural diversity of dentines

 

Dentine is a collagen-rich, well-mineralized tissue produced
by odontoblasts, and characteristic of teeth and tooth-
related organs. Dentine is often associated with the hyper-
mineralized tissues enamel or enameloid. Dentine formation
consists of two phases, beginning with the synthesis and
deposition of an organic, unmineralized matrix – predentine
(principally type I collagen and various glycosaminoglycans) –
followed by mineralization. Dentine mineralization is
mediated by various non-collagenous proteins, including
dentine sialophosphoprotein (DSPP) and dentine matrix
protein 1 (DMP1) (Hall & Witten, 2007). Mature dentine is
75% inorganic, 20% organic, and 5% liquid (Francillon-
Vieillot et al. 1990; Huysseune, 2000; Castanet et al. 2003;
Hall & Witten, 2007). In living and extinct vertebrates
dentine has a number of structural forms typically charac-
terized by the arrangement of tubules and canaliculi
containing cell processes, the presence of embedded cells,
and the lamellar organization of the matrix (Ørvig, 1967;
Smith & Sansom, 2000).

 

Orthodentine.

 

Orthodentine is the most common structural
form of dentine and is typical of vertebrate teeth (modern
and fossil). Orthodentine is acellular (cell bodies of the
odontoblasts are localized outside of the tissue matrix)
and generally tubular. Each odontoblast has an elongate
cell process that extends into the dentine, surrounded by
concentric lamellae of matrix forming a series of parallel
tubules. Atubular orthodentine was described in first-
generation teeth of non-tetrapods, a feature that has been
related to the small size of these teeth (Sire et al. 2002).

 

Mesodentine.

 

Mesodentine (common in fossil Osteostraci)
is characterized by odontoblasts (odontocytes) trapped
within the matrix, comparable with cellular bone. Also
similar to osteocytes these odontocytes demonstrate a
reticulate (i.e. non-polarized) branching pattern of cell
processes. Like orthodentine, mesodentine is tubular.

 

Semidentine.

 

Semidentine is unique to the extinct group
Placodermi. Similar to mesodentine, semidentine possesses
embedded odontocytes within the matrix. However, the
odontocyte cell processes are strongly polarized, thus
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resembling a structural intermediate between the tubular
appearance of orthodentine and mesodentine.

In addition to the three main forms of dentine there are
a variety of other, less common types including: lamellin,
an atubular and acellular dentine (= lamellar-calcospheritic)
found in the placoid scales (= odontodes) of early chondrich-
thyans (Sansom et al. 2000) and scales of heterostracans
(Donoghue & Sansom, 2002; Donoghue et al. 2006), some-
times in association with tubular dentines; vasodentine
(= vascular dentine), which lacks dentine tubules but is
penetrated by blood capillaries, as observed in some teleosts
(e.g. 

 

Merluccius merluccius),

 

 and transiently found in the
continuously growing teeth of some rodents (Moss-Salentijn
& Moss, 1975); osteodentine, a cellular dentine resembling
spongy bone, found in some actinopterygians (e.g. the bowfin

 

Amia calva

 

, some teleosts; see Herold, 1971); trabecular dentine
is found in fossil chondrichthyans and fossil dipnoans,
and is considered primitive compared to later specialized
dentines (Denison, 1974); and plicidentine, histologically
similar to orthodentine but with the lamellae organized
into elaborate, longitudinally oriented folds, that appear as
sinuous lines in transverse section. Plicidentine is found in
the labyrinthine teeth of early crossopterygians and stego-
cephalians (Schultze, 1968), and is also described in the
teeth of varanoid squamates (Kearney & Rieppel, 2006).

Ørvig (1967) argued that the three principal structural
grades constitute an evolutionary transformation series
from mesodentine, in which the cells are entrained in the
mineral matrix and the cell processes unpolarized, through
semidentine, in which the cell processes are polarized, to
orthodentine, when the cells are no longer incorporated in
the mineral matrix. However, there is neither stratigraphic
nor phylogenetic support for this thesis, although there is
a general empirical trend from unordered (spheritic) to
increasingly ordered tissue fabrics (Donoghue et al. 2006).

Ganoid scales of polypterids, hereafter polypteroid scales
(see section 

 

Ganoid scales of basal actinopterygians

 

 below)
demonstrate a unique form of dentine organization and
development that is difficult to categorize. Unlike most
dentine-bearing elements that are isolated, simple units
(e.g. odontodes and teeth), the superficial-most region of
polypteroid scales appears to be derived from the fusion
of multiple adjacent odontodes, creating what has been
termed an odontocomplex (Ørvig, 1977; Reif, 1982a; Smith
& Hall, 1990; Huysseune & Sire, 1998). As a result, morpho-
genesis and differentiation of the dentine in polypteroid
scales differ from that of all other dentine forms. Each
polypteroid scale begins within the upper region of the
dermis as an accumulation of collagen matrix centrifugally
deposited around several regularly spaced blood capillaries.
This combination of collagen matrix surrounding vascular
canals gives rise to an osteon-like morphology known as a
denteon. The cavity of these denteons can be considered
homologous with the pulp cavities of odontodes and teeth.
Adjacent clusters of dentine fuse, forming a continuous layer

of well-mineralized, woven- and parallel-fibered dentine
matrix. This vascularized dentine matrix contains numerous
polarized cell processes and, in some cases, entrapped
odontocytes (Sire et al. 1987; Sire, 1989). Hence, in polypteroid
scales the upper dentine region is a tubular, cellular dentine
that shares features in common with vasodentine and
osteodentine.

Gradually, the dentine matrix thickens on both its upper
surface and lateral margins by means of centrifugal
deposition. At its deep surface, the dentine region thickens
with the deposition of multiple lamellae of collagen fibrils,
organized into a plywood-like tissue. This tissue is identifi-
able as elasmodine, and probably homologous to lamellar
dentine, although devoid of cell processes and mineralizing
slowly. This skeletally immature polypteroid scale is mor-
phologically recognized as an elasmoid scale (Sire, 1989).
Related to this, it seems likely that both the external layer
and the basal plate (elasmodine) of the elasmoid scales are
derivatives of dentine 

 

from an ancestral ganoid (polypteroid-
type) scale (see 

 

Plywood-like tissues

 

 and 1–5-1).

 

Plywood-like tissues

 

Several collagen-rich tissues of the integument (dermis,
lamellar bone, and the elasmodine of the basal plate of
elasmoid scales) exhibit a plywood-like organization
composed of multiple collagen lamellae. Within each layer
the collagen fibrils are mutually parallel, but between
successive layers the fibrillar orientation changes, giving
rise to the stacked succession of layers characteristic of
plywood. Two main types of plywood orientation are known
(Giraud-Guille, 1988): orthogonal (angles of orientation
differ by 90

 

°

 

 from one lamella to the next), and twisted
(various angles of orientation). Orthogonal plywood-like
tissues are typical of the stratum compactum of the dermis,
whereas twisted plywood is found in bone and fish scales.
Significantly, however, plywood-like collagen-rich tissues
are relatively common and are not necessarily indicative of
a shared origin, even within the integumentary skeleton.
For example, when exposed to particular chemical and
physical conditions, 

 

in vitro

 

 acellular type I collagen gels
can organize spontaneously into a twisted plywood-like
tissue similar to cholesteric liquid crystals (Belamie et al.
2006). When forming 

 

in vivo

 

, most plywood-like tissues
are acellular and avascular, and may demonstrate varying
degrees of mineralization. Whereas lamellar bone is well
mineralized, the stratum compactum is not. Elasmodine
mineralization is also highly variable, ranging from well-
mineralized (polypteroid scales), to poorly mineralized
(elasmoid scales of teleosts) and unmineralized (elasmoid
scales of coelacanth). As understood at present, these three
integumental tissues – stratum compactum, lamellar bone
and elasmodine – have different evolutionary origins.

 

Stratum compactum of the dermis.

 

The formation of the
collagenous plywood of the dermis has been described in
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the teleost 

 

Danio rerio

 

 by Leguellec et al. (2004). Collagen
fibrils (type I collagen) are deposited first by the basal layer
cells of the epidermis and accumulate in the space between
the epidermis and the differentiating muscle cells. Subse-
quently, collagen is produced by both epidermal cells and
various fibroblast-like cells located at the surface of the
developing muscle cells. As the dermis thickens the acellular
collagenous matrix begins to organize spontaneously into
a plywood-like arrangement. Although it remains to be
determined, fibroblast-like cells bordering the deep surface
of the dermis may play a role in creating the conditions
favouring this arrangement. Gradually, scleroblasts and
then pigment cells migrate into the collagen-rich matrix of
the dermis. The stratum compactum continues to thicken
at its deep surface with the addition of collagen lamellae.
At this time, integumentary elements start to form and the
superficial-most region of the dermis becomes reorganized
into the stratum superficiale.

In some cases, collagen bundles of the dermis are directly
incorporated into osteogenic elements of the integumentary
skeleton. These collagen bundles – or Sharpey’s fibers – may
interconnect adjacent integumentary elements and/or
anchor each element within the surrounding dermis.
Sharpey’s fibers are commonly associated with the basal
plates of ganoid scales (both polypteroid and lepisosteoid
types), the scutes of armored catfish and the dermal plates
of some teleosts. In some tetrapods, the elements of the
integumentary skeleton (osteoderms) develop via the direct
transformation of the pre-existing dermis into bone
(metaplastic ossification; see Vickaryous & Sire, this Issue).

 

Lamellar bone.

 

Lamellar bone is a highly organized ossified
tissue characterized by many thin, closely packed collagen
fibrils arranged into alternating lamellae that form a
plywood-like structure. Sharpey’s fibers are often incorpo-
rated into the matrix. Compared with other forms of bone
(see Bony tissues below) osteogenesis of lamellar bone is
relatively slow (Ricqlès et al. 1991). Among non-tetrapods,
lamellar bone is typically located along the deepest margins
of basal plates of integumentary elements such as ganoid
scales, scutes of armoured catfish and dermal plates in
some teleosts (e.g. Syngnathiformes)

Isopedine, as defined first by Pander (1856) in the deep
region of the basal plates of early vertebrates (jawless heter-
ostracan pteraspidomorphs), corresponds to the description
of lamellar bone. Unfortunately, this term was misinter-
preted by Goodrich (1907) and some subsequent authors,
who employed isopedine to describe any bone-like (including
aspidin, one of the oldest vertebrate hard tissues; Donoghue
et al. 2006; see 

 

Bony tissues

 

 below) tissues found within
the basal plates of fossilized integumentary elements.
Although it remains in current use, in recent years the
definition of isopedine has been restricted to a plywood-
like arranged lamellar bone. As many tissues previously
recognized as isopedine have since been recategorized as

either lamellar bone or elasmodine (see below), the future
of the term remains in doubt.

 

Elasmodine.

 

Similar to lamellar bone, elasmodine is a
plywood-like tissue characterizing elasmoid scales and
composed of multiple layers of collagen fibrils (Bertin, 1944)
that may be organized into either an orthogonal or twisted
arrangement depending on the species (Meunier & Castanet,
1982). Consequently, elasmodine was long considered homo-
logous to the lamellar bony region (= isopedine) found in
the rhombic scales of extinct actinopterygians (Meunier,
1987). By extension, elasmoid scales were initially considered
to be derived from the bony regions of rhombic scales
(Goodrich, 1907). More recent work based on the study of cell
condensations has since demonstrated this interpretation
to be incorrect, and shown the observed similarities between
elasmodine and isopedine are an example of convergence
(Sire & Huysseune, 2003). In addition, unlike lamellar bone,
both the collagen fibrils and lamellae of elasmodine are
relatively thick, and Sharpey’s fibers are rarely incorpo-
rated. Furthermore, elasmodine is often deposited during
periods of rapid growth.

Of particular importance is the observation that elasmoid
scale development begins with the formation of a well-
defined dermal papilla comparable with that of odontodes
and teeth (reviewed in Sire & Huysseune, 2003; Sire &
Akimenko, 2004). Based on these data, it is hypothesized
that elasmoid scales are composed of odontogenically
derived tissues different from the morphologically com-
parable (but non homologous) osteogenic derivative
isopedine (= lamellar bone). Accordingly, Schultze (1996)
proposed the term elasmodine (herein considered a form
of lamellar dentine) to distinguish it from isopedine.
As skeletally mature elements, the homology between
elasmodine organization in elasmoid scales and dentine
in odontodes/teeth is not readily apparent. The key to
resolving this relationship is found in the study of poly-
pteroid scale development. As previously noted, the upper
region of the polypteroid scale is odontogenic in origin,
whereas its deep basal plate is osteogenic (see section

 

Ganoid scales of basal actinopterygians

 

 below). The upper
region is the first to form, beginning as a well-defined
dermal papilla positioned adjacent to the epidermis (Sire,
unpubl. data) that gives rise to an irregular layer composed
of patches of woven-fibered dentine in association with
nearby capillary blood vessels. Then, thick lamellae of col-
lagen fibrils are deposited at the deepest margin of this
first layer, and organized into an orthogonal plywood-like
tissue, elasmodine. At this early stage of skeletogenesis
the young polypteroid scale is comparable with an elasmoid
scale (Sire, 1989, 1990; Sire & Akimenko, 2004). The cells
(= odontoblast-like cells) involved in the formation of
these tissues have differentiated from the initial dermal
papilla cell population. Given the similarities in structure
and early development of polypteroid and elasmoid scales,
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the tissues that compose each are considered to be homo-
logous: the upper layer of polypteroid scale (woven-fibered
dentine) is homologous to the woven-fibered external
layer of elasmoid scale, and the subjacent plywood-like
arrangements, elasmodine, are homologous, and probably
dentine-derived, tissues (Sire, 1989).

 

Bony tissues

Bone.

 

Bony tissues of the integumentary skeleton are highly
diverse in structure (e.g. they can be woven-fibered, parallel-
fibered or lamellar), morphology, and development, and
have differing mechanical properties. Among elements
of the integumentary skeleton, bone tissue forms within
undifferentiated mesenchyme or the dermis via direct
ossification, without the differentiation of a cartilaginous
precursor. Most (if not all) bony elements incorporate collagen
fibers from the surrounding, pre-existing matrix of the
dermis, giving rise to Sharpey’s fibers. The most common
mode of direct ossification is intramembranous ossification,
wherein a condensation of scleroblasts differentiates into
osteoblasts and begins to synthesize and deposit osteoid,
the unmineralized bone matrix. Similar to dentine, bony
tissues are composite tissues with an organic framework of
polymerized collagen [type I (primarily) and type V] and
various glycosaminoglycans, and mineralized with hydroxya-
patite. Bone is also composed of various non-collagenous
proteins such as osteocalcin, osteopontin, osteonectin, and
bone sialoprotein. Collagens provide tensile strength and
mineralization provides hardness. In general, mineralization
occurs rapidly after osteoid matrix is deposited. Although
bone is most commonly produced by osteoblasts, in certain
situations it may also be synthesized by cells that pheno-
typically resemble fibrobasts (see below). Dermal mineral-
ization has the particularity of being easily inducible under
pathological or experimental (localized injections or bio-
mechanical constraints) conditions. With the exception of the
bony plate of polypteroid scales that develops secondarily,
when the odontogenic (dentine) part is already well devel-
oped, all the other bony elements of the integumentary
skeleton initiate either from a loosely defined osteogenic
primordium, in which differentiated osteoblasts are
identified (most of the non-tetrapods dermal bones), or
(less common) from metaplasia (= metaplastic ossification,
Francillon-Vieillot et al. 1990), wherein the pre-existing collagen
matrix of the dermis becomes invested with hydroxyapatite
to form bone. Unlike in intramembranous ossification, cells
resembling osteoblasts are generally absent during meta-
plastic ossification.

Most bony tissues of the integumentary skeleton are
vascular and cellular (osteocytic), with individual osteoblasts
becoming surrounded by, and then entrapped within, the
newly synthesized osteoid matrix. These embedded osteob-
lasts are referred to as osteocytes. In numerous teleosts,
the bony tissues, including those of the integumentary

skeleton, are acellular (e.g. dermal plates of gasterosteiforms
and syngnathiforms). They are devoid of osteocytes (anos-
teocytic) but may include canaliculi for cell processes of
osteoblasts located on the bone surface as, for example, in
the dentary bone and spiny rays of the fins in sea bream
and bass (Meunier & Sire, unpublished data). This results in
a bone tissue that resembles acellular orthodentine. Unlike
acellular dentine and cementum (see below), the development
of acellular bone is not dependent on the presence of teeth
or odontodes. Taken out of the context, the similarities in
matrix composition often render the distinction between
acellular bone and other acellular tissues equivocal.

 

Aspidin.

 

Aspidin has been the subject of much debate, much
of it focused on whether it represents a form of cellular or
acellular bone or, indeed, whether it is in fact a form of
dentine (Rohon, 1893, 1901; Gross, 1935; Obruchev, 1941;
Bystrow, 1955; Ørvig, 1958, 1965, 1967, 1968; Currey, 1961;
Halstead Tarlo, 1963, 1964, 1965; Denison, 1967; Moss,
1968; Halstead, 1969, 1973, 1974, 1987; Smith & Hall, 1990;
Smith et al. 1995). The debate is confounded by the almost
random designation of aspidin for any number of clearly
distinct tissues in very different organisms. Although it is
now widely appreciated to be a form of acellular bone, the
reasoning underpinning this consensus is not clear. A
comprehensive survey of the tissues referred to as aspidin
is urgently required but, for the moment, we reserve the
concept of aspidin to heterostracans, the group in which
it was first codified (Gross, 1930). More specifically, we
consider aspidin to be the tissue constituting the so-called
‘spongy’ middle-layer of the heterostracans.

Aspidin is composed of a dense acellular organic matrix,
presumably rich in collagen, organized radially within the
incremental layers of the osteons that constitute much of
the tissue, as well as a woven fabric at the borders between
adjacent osteons. The tissues referred to aspidin that make
up the bony integumentary skeleton of other ostracoderms
such as the arandaspids, astraspids, anaspids and galeaspids,
are acellular nevertheless. Thus, it has been argued that
acellularity is the primitive condition for bone (Ørvig, 1965).
The presence of acellular bone in derived teleosts (as well
as in various other vertebrate taxa) appears to have been
independently derived on multiple occasions (Moss, 1961;
Meunier, 1987; Hall & Witten, 2007).

Galeaspidin is a tissue unique to the extinct jawless
galeaspids and it is considered a form of aspidin (Wang
et al. 2005). Galeaspidin is structurally similar to lamellar
bone [i.e. an acellular, lamellar tissue with orthogonally
arranged bundles (= plywood-like) of large, calcified
collagen fibrils] except that its ply are composed of coarse
(c. 20 

 

μ

 

m) fiber-bundles, and these are permeated by a
perpendicularly aligned coarse fabric of Sharpey’s fibers
(Wang et al. 2005). Though the alternating ply fiber-
bundles prompt comparison to elasmodine, the structure
of galeaspidin is most comparable to stratum compactum
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and therefore it is likely that the galeaspid integumentary
skeleton develops via metaplastic ossification.

 

Cementum and bone of attachment.

 

The cementum is a
thin bone-like supportive tissue that anchors the roots of
thecodont teeth (e.g. in mammals and archosaurs) to the
alveolar bone of the jaw (Osborn, 1981; Diekwisch, 2001).
Although cementum has a similar organic matrix to both
bone and dentine (type I collagen, osteopontin, osteocalcin;
Hall & Witten, 2007), it differs in that it lacks vascularization
and innervation (Osborn, 1981). Cementum may be acellular
or cellular. Among non-tetrapod osteichthyans, a cementum-
like tissue is sometimes deposited on the surface of bone
of attachment. Contrary to its name, bone of attachment
as described in a number of teleosts is not composed of
true bone. Various developmental studies have demon-
strated that the matrix of the attachment bone is deposited
by osteoblast-like cells derived from the dental papilla
cell (odontogenic) population. Accordingly, these cells are
a specialized form of odontoblasts, and bone of attachment
is a type of dentine (Sire & Huysseune, 2003).

 

Origin and diversification of the integumentary 
skeleton

 

In this chapter we summarize the current knowledge of the
integumentary skeleton diversity in extinct jawless and
jawed vertebrates, with our attention focused on tissues
that could be identified as deriving from odontogenic or
osteogenic cell condensations. For additional details on these

early taxa the reader is invited to consult Janvier (1996),
Donoghue & Sansom (2002), and Donoghue et al. (2006).

 

Pteraspidomorphi

 

The oldest fossil remains of vertebrates are known from
the early Cambrian (c. 520 Ma) (Shu et al. 1999, 2003), with
the earliest vertebrates with a mineralized skeleton
from the late Cambrian (Donoghue et al. 2000; Sweet &
Donoghue, 2001). However, the earliest evidence of
vertebrates with a mineralized integumentary skeleton,
the pteraspidomorphs, do not appear until the early
Ordovician to the late Devonian (c. 460–375 Ma). All
pteraspidomorphs, including arandaspids, astraspids, and
heterostracans, are characterized by a cephalothoracic
capsule composed of two or more large skeletal plates
(shields), and a postcranium covered by a large number
of smaller overlapping or juxtaposed scales. Shields and
scales consist of thick plates of acellular, collagen-rich
tissue that are ornamented with tubercles (Donoghue &
Sansom, 2002; Sansom et al. 2005; Donoghue et al. 2006)
(Figs 2–4). The structure of each tubercle includes a super-
ficial layer of enameloid (monocrystalline in astraspids;
fibrous in arandaspids and heterostracans), penetrated
by vertical tubules emanating from the subadjacent
acellular (= orthodentine-grade) dentine (Figs 3 and 4).
The fibrous enameloid suggests that the mineralization
was co-ordinated by collagen fibers (Donoghue et al. 2006).
The underlying acellular plates have three, structurally dis-
tinct regions (Figs 2 and 5): (1) a superficial region under-
pinning each tubercle; (2) a middle cancellous region with

Fig. 2 Pteraspidomorphi. (A) Section through the dorsal shield of Sacabambaspis (Arandaspida from the Ordovician). The main tissue identified is 
acellular bone, distributed into three layers. The superficial tubercles are odontode-like structures composed of dentine. (B) SEM of a section through 
the dorsal shield of Corvaspis (Heterostraci, Silurian). (C) SEM of a section of the integumentary skeleton of Loricopteraspis (Arandaspida, Silurian) 
showing the basal lamellar bone. Scale bars: B = 500 μm; C = 50 μm.

Figs 2–16 The structure of various integumentary skeletal elements in extinct and extant non-tetrapod vertebrates illustrated using pictures and 
interpretative drawings. Vertical sections. The various tissues are identified using colours: yellow = bone (various types) and aspidin; brown = dentine 
(various types); beige = elasmodine; orange = enameloid; red = enamel and ganoine. Most drawings are from Janvier (1996) (with the author’s 
permission), except Figs 9D, 12B, 12C, 13, 14A, 14E and 15B. Scanning electron micrographs (SEM) of etched sections from Donoghue & Sansom 
(2002) (Figs 4C, 4D, 5B, 5D, 8D), Wang et al. (2005) (Fig. 7B) and Donoghue et al. (2006) (Figs 2B, 2C, 4B, 5C, 6E), and Fig. 8G is new.
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numerous osteonal vascular canals; and (3) a basal region
of orthogonally arranged stacked lamellae, similar to the
plywood-like organization of lamellar bone (Donoghue &
Sansom, 2002; Sansom et al. 2005; Donoghue et al. 2006).
The middle layer is known as aspidin (acellular bone) and

the basal lamellar layers are interpreted as isopedine (see

 

Plywood-like tissues 

 

above).
Based on structural similarities with modern tissues, the

superficial odontodes are clearly identifiable as odontogenic
derivatives. Fossil evidence indicates that the acellular plates

Fig. 3 Pteraspidomorphi (Ordovician). Odontode-like tubercles of various pteraspidomorphs presented as schematics (A–C) and original (D–F) sections. 
(A,B,D) Astraspis, (C,E,F) Eriptychius, demonstrating the various combinations of enameloid, orthodentine and acellular bone. Scale bars: D = 100 μm; 
E = 150 μm; F = 50 μm.

Fig. 4 Heterostraci. (A) Schematic illustration 
of the integumentary skeleton of a generalized 
early Devonian heterostracan (e.g. Poraspis or 
Pteraspis). The lamellar, acellular bony plate 
(isopedin) is surmounted by a layer of cancellous 
bone and ornamented by odontode-like 
tubercles composed of dentine capped with 
enameloid. (B) SEM section of the superficial 
region of a portion of the integumentary 
skeleton of Tesseraspis demonstrating the 
enameloid-dentine junction (arrow). (C,D) SEM 
sections of the integumentary skeleton of 
Anglaspis. Scale bars: B = 40 μm; C = 210 μm; 
D = 80 μm.
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grow and pattern independently of the superficial odontodes
(Denison, 1964, 1973; Westoll, 1967; White, 1973). Combined
with the presence of acellular bone (aspidin), it seems
likely that acellular plates are osteogenically derived.

 

Anaspida

 

The integumentary skeleton of anaspids (Silurian and
Devonian, 443–374 Ma), was either unmineralized or else
entirely composed of small scales (Kiaer, 1924; Gross, 1938,
1958; Ritchie, 1980; Arsenault & Janvier, 1991; Blom et al.
2002; Janvier & Arsenault, 2007). Individual scales are
elongate, obliquely oriented, and overlap one another to
create an imbricated chevron-like pattern. Histologically,
anaspid scales are composed of stacked lamellae of acellular
collagenous tissue (Fig. 5). This tissue has been identified
as acellular bone (aspidin) (Gross, 1938, 1958), although its
histological structure is inconsistent with heterostracan-
grade aspidin (see 

 

Plywood-like tissues

 

 above) (Donoghue
et al. 2006). These scales demonstrate variable degrees of

vascularization, ranging from absent to well-developed.
Due to their small size, the histology of anaspid scales is
difficult to evaluate and thus it remains unclear whether
they are composed exclusively of aspidin (and therefore
are derived exclusively from osteogenic cells), or also include
odontogenic tissues, as appears to be the case in some
taxa (Donoghue & Sansom, 2002; Donoghue et al. 2006)
(Fig. 5).

 

Thelodonti

 

The integumentary skeleton of the thelodonts (late
Ordovician to late Devonian; c. 450–375 Ma) is characterized
by numerous minute scales, superficially comparable with
chondrichthyan odontodes (Fig. 6, see also Fig. 10). This
scale covering begins abruptly around the margin of the
oral cavity and continues externally across the body (Märss
et al. 2007). Structurally, at least five different thelodont
scale-types are known (achanolepid, apalolepid, katoporid,
loganiid, and thelodontid; Märss et al. 2007). In general, each

Fig. 5 Anaspida. (A) Schematic illustration 
of a generalized early Silurian anapsid scale 
demonstrating the lamellar organization of the 
acellular (fibrous osteogenic tissue) basal plate. 
There is no evidence of either dentine or 
enameloid. (B,C,D) SEM sections of scale from 
Birkenia (early Silurian) demonstrating the 
structural organization of the bony tissue. 
Scale bars: A = 150 μm; B = 200 μm; 
C = 40 μm; D = 50 μm.

Fig. 6 Thelodonti. (A–D) Schematic 
illustrations of four of the five recognized 
structural forms of thelodont odontode-like 
scales (Janvier, 1996). (A) Kawalepis 
(achanolepid type, early Silurian). (B) Thelodus 
(thelodontid type, Silurian) (note that this form 
of thelodont scale is very similar to the 
odontodes of modern chondrichthyans). 
(C) Loganellia (loganiid type, late Silurian). 
(D) Phlebolepis (katoporid type, late Silurian). 
All thelodont scales are composed of a non-
growing dentine-rich crown with a variably 
defined pulp cavity, and an attachment process 
of acellular bone which may be the only vestige 
of an osteogenic skeletal derivative. (E) SEM 
section of a Thelodus scale demonstrating the 
presence of a thin superficial layer of enameloid 
(arrowhead) covering the dentine. Scale bars: 
B = 100 μm; E = 250 μm.
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thelodont scale is composed of a thick layer of orthodentine
(although in loganiid- and katoporid-type scales the
branching pattern more closely resembles mesodentine),
supported by a growing acellular bony plate that has
been interpreted as aspidin (Turner, 1991; Turner & Van
der Brugghen, 1993). Superficially, each scale is capped by
a thin layer of monocrystalline enameloid (Fig. 6B).

The presence of dentine, enameloid and bony tissues
is consistent with a mode of development involving
both odontogenic and osteogenic cell condensations.
This conclusion contrasts with the traditional view in
which thelodont scales are considered solely odontogenic
derivatives (Reif, 1982a; Smith & Hall, 1990; Janvier, 1996;
Donoghue & Sansom, 2002; Donoghue et al. 2006).

 

Galeaspida

 

Galeaspids (early Silurian to late Devonian, c. 436–374 Ma)
are an extinct lineage characterized by a distinct cepha-
lothoracic integumentary skeleton that is either continuous
or composed of a series of interlocking but discrete polygonal-
shaped elements known as tesserae. The postcranial skeleton,
where it is known, is composed of isolated scale-like
elements. The principal tissue of the cephalothorax is a
planar plywood-like arrangement of fiber-bundles, aligned
orthogonally (Fig. 7). This fabric is penetrated by perpen-
dicularly aligned fiber-bundles or Sharpey’s fibers. Uniquely,
each of these three axes is orthogonal (Wang et al. 2005),
and consequently this arrangement is quite distinct from
aspidin (the traditional interpretation of this tissue: Janvier,
1990; Janvier et al. 1993; Zhu & Janvier, 1998). Wang et al.
(2005) identified this tissue as a variant of acellular bone
they termed galeaspidin. However, the structure of the
mineralized integument is strongly similar to stratum com-
pactum and it seems likely that galeaspidin is more plausibly
interpreted as metaplastically ossified dermis (see 

 

Plywood-
like tissues

 

 above). Superficially, the shields and scales are
ornamented with small tubercles that are composed of a
spheritically mineralized tissue of unclear homology, but
dentine and enameloid are absent (Wang et al. 2005).

The presence of only bony tissue suggests that the
integumentary elements of galeaspids are exclusively
derivatives of osteogenic promordia. Interestingly, the
superficial, non-collagenous tissue with spheritic mineral-
ization is comparable with the limiting layer of elasmoid
scales and the unidentified tissue capping some squamate
osteoderms, and suggests some interaction with the overlying
epidermis (see 

 

Hypermineralized (capping) tissues

 

 above).

 

Osteostraci

 

The integumentary skeleton of osteostracans (early Silurian
to late Devonian, 430–370 Ma) is characterized by a cephalic
shield and a postcranium jacketed by scales. The structure
of the cephalic shield varies. In the majority of groups it is
composed of polygonal tesserae that exhibit marginal
accretion. In contrast, the integumentary skeleton of
tremataspids is composed of a single continuous layer that
shows no evidence of marginal growth. Regardless of
morphology, the cephalic shield and postcranial scales are
all composed of a comparable stratified assemblage of
three tissues (Fig. 8). The superficial region is composed of
odontodes demonstrating evidence of either synchronous
or superpositional growth. The architecture of the dentine
canals varies between taxa and even within individual
odontodes. For example, in 

 

Hemicyclaspis

 

 the architecture
varies from orthodentine to mesodentine, from the tip of
an odontode to its base. The odontode-like tubercles are
restricted to the centre of tesserae and show evidence of
a period of superpositional growth in concert with the
tesserae margins. In 

 

Tremataspis

 

, the superficial layer is a
continuous front of mesodentine, which shows evidence
only of growth in a single episode (Denison, 1947, 1951)
(Fig. 8B). This is consistent with the observation that trem-
ataspids show no size variation, leading to the conclusion
that their integumentary skeleton was deposited upon the
animal reaching its full size (White & Toombs, 1983). Inter-
estingly, the majority of osteostracan odontodes do not
possess a hypermineralized capping tissue layer; there may
be evidence for a capping layer of enameloid in some

Fig. 7 Galeaspida (early Devonian). (A) Schematic illustration of the posterior part of the head-shield of Bannhuanaspis. The shield is thought to have 
formed by the fusion of multiple mineralized units. Each unit is composed of lamellar, acellular bone with many large, perpendicular fiber-like bundles 
(Sharpey’s fibers). This lamellar bone is sometimes ornamented with small tubercles. The dermoskeleton is underlain by mineralized cartilage associated 
with the neurocranium; there is no evidence of a perichondrium. (B) SEM section of a polybranchiaspid scale-like element demonstrating the unique 
organization of the matrix. Note the perpendicular Sharpey’s fibers. Scale bar: B = 20 μm.
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cephalaspid osteostracans, but the skeletal histology of
these specimens is too poorly preserved to be definitive
(Janvier, 1996).

Deep to the superficial layer is a bony plate universally
recognized as being composed of cellular bone (Powrie &
Lankester, 1868–70; Stensiö, 1932; Wängsjö, 1946; Denison,
1947, 1951; Ørvig, 1951, 1968; Gross, 1956, 1961; Reif, 1982a;
Maisey, 1988; Janvier, 1996; Donoghue & Sansom, 2002;
Donoghue et al. 2006). Significantly, this marks the first
phylogenetic appearance of cellular bone in vertebrates
and the first evidence of cellular bone resorption (Denison,
1952). The basal plate is divided in three regions: (1) an
upper, richly vascularized region (two series of canals
oriented parallel to the body wall) (Fig. 8F); (2) an inter-
mediate region, less vascularized, composed of multiple
layers of fiber-bundles, with each successive layer aligned
orthogonally (Fig. 8E,G); and (3) a deep region, poorly
vascularized and composed of parallel-fibered bone. As an
alternative to cellular bone, it has been proposed that the
putative cell lacunae represent space-like artifacts between
the close-packing of the orthogonal arrangement (Wang
et al. 2005), and that this tissue represents isopedine (Gross,
1968a; Wang et al. 2005; Donoghue et al. 2006). However,
it should be noted that the plywood-like architecture is
also characteristic of other tissues, including metaplastic
ossification of the stratum compactum and elasmodine.

The resemblance of the lamellar tissue layer in osteostracans
and elasmodine (as seen in polypteroid scales; Sire, 1989)
is striking, and extends beyond the plywood architecture
to the fiber-bundle composition and gross architecture of
the vascular system that permeates the tissue (Fig. 8E,G,
and see also Fig. 13A,C). This comparison holds true for all
osteostracans but it is particularly evident in tremataspids,
where the odontodes constitute a structural complex
similar to the upper region of polypteroid scales. Indeed,
the evidence available on the development of the integu-
mentary skeleton in tremataspids suggests a sequence of
development comparable with polypteroid scales, wherein
the odontodes develop first and the elasmodine layer
develops gradually only later (Denison, 1947).

The tissue composition of these elements is consistent
with an origin via both odontogenic and osteogenic
condensations.

Placodermi
Placodermi (e.g. Arthrodira, Antiarcha) are an extinct clade
(or possibly grade) of jawed vertebrates widely recognized
as the sister group of crown-gnathostomes (the clade of
living jawed vertebrates) (Janvier, 1996). Placoderms (middle
Silurian to the late Devonian, c. 425–375 Ma) are charac-
terized by a robust integumentary skeleton composed of
large plates encasing the head and cranial portion of the

Fig. 8 Osteostraci (Silurian). Schematic illustrations (A,B,F) and SEM sections (C–E,G) of osteostracan integumentary elements. (A) Procephalaspis. 
The basal plate of cellular bone is covered by a layer of tubercles composed of mesodentine, and a thin layer of enameloid. (B) Diagram illustrating the 
structure of cosmine-like tissue (including the pore-canal system) of the integumentary skeleton of Tremataspis. (C,D) Scale-like element from an 
unidentified thyestiid. (E) Detail demonstrating the plywood-like tissue (putative elasmodine) of the middle layer of a Tremataspis scale. 
(F) Reconstruction of the inter-relationships between the polygonal plate-like tesserae of the head-shield and the underlying, richly vascularized region 
from the osteostracan Alaspis rosamundae (from an unpublished manuscript by Tor Ørvig). Two series of canals are figured in blue and red. 
(G) Close-up of putative elasmodine in the integumentary skeleton of Hemicyclaspis. Scale bars: A–D: 150 μm; E: 60 μm; G = 10 μm.
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trunk (including the pectoral apparatus). The remainder of
the body was covered with smaller overlapping scales, or
else lacked mineralized integumentary elements (Denison,
1978). In arthrodirans the integumentary skeleton is
composed of a basal region of cellular bone ornamented
by odontode-like tubercles made of semidentine (Fig. 9A).
Astonishingly, the histology of most placoderms is poorly
known, and only the antiarchs Asterolepis and Bothriolepis
have been investigated at anything more than a cursory
level (Goodrich, 1909; Heintz, 1929; Gross, 1931, 1935; Ørvig,
1968; Burrow, 2005; Donoghue et al. 2006). Those studies
have revealed that the integumentary skeleton of antiarchs
is composed of three regions. The superficial layer is
composed of lamellar cellular bone. The middle layer is
more complex, but is typically characterized by a very open
meshwork of vascular canals. In some taxa the middle layer
is stratified into a superficial compact region (often highly
cellular) underpinned by a deeper, more loosely organized
region. The boundary between these two middle layers is
often quite sharp, except where it has been diminished by
secondary osteon activity (Donoghue et al. 2006) (Fig. 9B).
In Bothriolepis canadensis, the lower region is spheritically
mineralized (Ørvig, 1968; Burrow, 2005; Donoghue et al. 2006).

Curiously, this tissue has been identified as perichondral bone
(Burrow, 2005). However this interpretation is untenable
given its position within the integument, the fact that it is
topologically equivalent to cellular bone in the integu-
mentary skeleton of other placoderms, and the observation
that the tissue layer is underlain by a basal layer of dermal
bone, which itself overlays an unmineralized braincase
(Young, 1984; Donoghue et al. 2006). More likely this
tissue is a spheritically mineralized bone (Donoghue et al.
2006).

It remains unclear to what degree the histology of the
integumentary skeleton of antiarchs is representative of
placoderms more generally. However, the absence of
dentine is certainly a peculiarity of antiarchs as has been
documented in superficial tubercles in arthrodires (Ørvig,
1957, 1967; Young, 2003). In arthrodirans, the presence of
dentine and bone tissues suggests that the integumentary
skeleton of placoderms was derived from both odontogenic
and osteogenic condensations.

Chondrichthyes
The integument of extant chondrichthyans includes a
relatively thin vascularized stratum superficiale and a

Fig. 9 Placodermi. (A) Schematic illustration 
of a section of the integumentary skeleton 
from a generalized arthrodiran. This tissue 
composition includes a basal layer of cellular 
bone ornamented by tubercles made of 
semidentine (odontocytes embedded in the 
matrix). To date enameloid has not been 
reported in placoderms. (B) Bothriolepis (Late 
Devonian). Section demonstrating bone 
remodeling. Scale bars: A = 300 μm; 
B = 160 μm.

Fig. 10 Chondrichthyes. Schematic 
illustrations (A–B,D) and section (C) of 
chondrichthyan integumentary elements. 
(A) Integumentary skeleton from the earliest 
known chondrichthyan, Mongolepis (early 
Silurian), composed of multiple superimposed 
layers of odontodes. (B) Elegestolepis (early 
Silurian) odontode comparable to those of 
living chondrichthyans. (C) Horizontal section of 
an integumentary element from an unnamed 
possible stem-chondrichthyan from the Late 
Ordovician Harding Sandstone (Sansom et al. 
1996). (D) Generalized extant chondrichthyan 
odontode demonstrating the relationships with 
the underlying soft tissues of the integument. 
Scale bars: A = 250 μm; B = 400 μm; 
C = 100 μm; D = 500 μm.
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comparatively thicker, more fibrous stratum compactum.
The stratum superficiale is heavily invested with numerous,
small, non-overlapping tooth-like elements or odontodes
(= placoid scales; see section on Role of papillae and primordia
above). The basal region of these odontodes rests along
the interface with the stratum compactum, whereas the
upper region penetrates the epidermis. Similar to the scales
of thelodonts, odontodes have a pervasive distribution
across the body, and a characteristic anatomy and histology
(Fig. 10D). While the squamation of living chondrichthyans is
composed of isolated odontodes, many stem-chondrichthyans
possessed scales composed of numerous odontodes joined
together by marginal accretion, and underpinned by an
extensive bony plate (Zangerl, 1968; Reif, 1978, 1982a;
Karatajuté-Talimaa et al. 1990; Karatajuté-Talimaa, 1992;
Karatajuté-Talimaa & Novitskaya, 1992, 1997; Sansom et al.
2000) (Fig. 10C).

Odontode structure and organization is highly conserved,
even among some of the earliest members (although not
in the mongolepids, which may yet prove to be stem-
gnathostomes rather than stem-chondrichthyans). Super-
ficially each odontode is capped by a layer of acellular,
fibrous (mostly collagen) or monocrystalline tissue consistent
with enameloid (Fig. 10A,B). Deep to the enameloid is
orthodentine, an acellular, collagenous-rich matrix with a
characteristic tubule arrangement (oriented perpendicular
to the surface). In some species, orthodentine is replaced
by a tissue lacking both lacunae and tubules. It remains
uncertain if this is an acellular dentine (so-called lamelline)
or an acellular bone (Miyake et al. 1999). The collagen-rich
tissue surrounds a prominent pulp cavity. Each odontode
is firmly embedded within the superficial dermis (stratum
superficiale), and is anchored to the stratum compactum
by anchoring fibers, permitting the elements to be firmly
fixed and yet shed as necessary (Miyake et al. 1999).

Whereas odontodes of living chondrichthyans are derived
exclusively from odontogenic papillae (Sire et al. 2002; Sire
& Huysseune, 2003), the extensive osteichthyan-like bony
base of some stem-chondrichthyan integumentary elements
suggests these ‘polyodontodes’ received an osteogenic
contribution.

Acanthodii
The post-cranial integumentary skeleton of acanthodians
(late Ordovician to early Permian; 445–295 Ma) consists of
numerous small, rhombic scales. Each scale is commonly
composed of two regions: a superficial region with multiple
layers of dentine (either mesodentine or orthodentine),
each representing a successive generation of odontodes
(Reif, 1982a), and a deeper basal plate composed of
bone, typically acellular, less commonly cellular (Gross, 1947,
1957, 1971a; Richter & Smith, 1995; Karatajuté-Talimaa &
Smith, 2003) (Fig. 11). Acanthodian scales grow by periodic
deposition of dentine at the superficial surface and bone
at the deeper and lateral surface. A ganoine-like tissue has

been reported (Richter & Smith, 1995) but in general a
capping tissue is absent.

The presence both of dentine and bone suggests that
acanthodian scales are derived from odontogenic and
osteogenic condensations.

The integumentary skeleton of actinopterygians and 
the origin of elasmoid scales

Plesiomorphically, the integumentary skeleton of osteich-
thyans consists of numerous rhombic scales organized into
obliquely oriented rows. The scales are thick and localized
within the stratum superficiale deep to the epidermis
and firmly fixed to the stratum compactum by numerous
Sharpey’s fibers. Combined, this investiture of scales forms
the near continuous scale-jacket (sensu Gemballa &
Bartsch, 2002) across the body axis. Rhombic scales have

Fig. 11 Acanthodii. Schematic illustrations of acanthodian scales. 
(A) Nostolepis (Silurian). (B) Gomphonctus (Silurian). (C) Machairacanthus 
(early Devonian). Each scale grows by accretion, with successive layers of 
bone (either cellular or acellular) covered by dentine (either mesodentine 
or orthodentine). It is generally accepted that the combination of bone 
and dentine is comparable with odontodes. A ganoine-like tissue has 
been reported but most taxa appear to lack hypermineralized tissues 
such as enameloid or enamel. Scale bars: A = 150 μm; B = 200 μm; 
C = 300 μm.
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two structural forms, corresponding to the ray-finned/
lobe-finned dichotomy: actinopterygians have ganoid scales
whereas sarcopterygians have cosmoid scales. Both scale
types consist of multiple skeletal tissues (including hyper-
mineralized tissues and a thick bony base), and both
demonstrate an evolutionary trend towards reduction.
Unlike cosmoid scales, which are entirely extinct, ganoid scales
are still found in two lineages of living actinopterygians,
polypterids (bichirs and reedfish) and lepisosteids (gars).

Ganoid scales of basal actinopterygians
Ganoid scales are characterized by ganoine (see Hyper-
mineralized (capping) tissues above), overlying a region
composed of orthodentine (Goodrich, 1907). True ganoid
scales (in the strict sense of having multiple layers of ganoine)
are considered apomorphic for actinopterygians, with well-
documented examples dating back to the Devonian, 410
million years ago (Goodrich, 1907; Gross, 1968b, 1969, 1971b;
Schultze, 1966, 1968, 1977; Märss, 2001; Schultze & Märss,
2004; Benton & Donoghue, 2007). Three types of ganoid
scales are currently recognized: palaeoniscoid (in extinct basal
actinopterygian lineages), polypteroid (used here for the
scales of polypteriforms), and lepidosteoid (in lepisosteiforms).

Among the earliest, most basal actinopterygians (e.g.
Andreolepis hedei from the late Silurian, 420 Ma; Gross,
1968b, 1969, 1971b; Janvier, 1971; Schultze, 1977; Märss,
2001; Schultze & Märss, 2004; Botella et al. 2007), individual
palaeoniscoid scales are composed of a thick plate of
cellular bone capped on the surface by multiple layers of

tubular dentine (Fig. 12A). Superimposed on each layer
of dentine is a thin monolayer of acellular crystalline tissue,
reported to be either ganoine (Richter & Smith, 1995; Märss,
2001) or enameloid (Botella et al. 2007). Similar scales (cellular
bone, tubular dentine, and a monolayer of ganoine) are also
reported for Dialipina salgueiroensis (Devonian, 370 Ma;
Schultze, 1977; Schultze & Cumbaa, 2001). Based in part on
the interpretation of these elements as palaeoniscoid-type
scales, it has been suggested that Andreolepis and Dialipina
are either basal actinopterygians or more basal osteichthyans,
if ganoid scales are plesiomorphic compared to cosmoid
(Janvier, 1996; Märss, 2001; Schultze & Cumbaa, 2001;
Benton & Donoghue, 2007; Botella et al. 2007).

The earliest undisputed actinopterygians are from the
middle to late Devonian (Janvier, 1996). Articulated remains
of taxa such as Cheirolepis (Pearson & Westoll, 1979) and
Moythomasia (Gross, 1950; Jessen, 1968, 1972; Gardiner,
1984) have palaeoniscoid scales (Fig. 12B,C), consisting of
a superficial region of multilayered ganoine covering a
region of dentine, and a thick basal plate of vascularized
bone (Goodrich, 1907; Ørvig, 1978a,b,c; Sire, 1990). Palae-
oniscoid scales are known only from the fossil record, with
the most recent examples dating to the Jurassic (200–150
Ma) as in Scanilepis (Fig. 12D). Unlike more derived ganoid
scales, most palaeoniscoid scales lack peg-and-socket
articulations, likely resulting in a less flexible scale-jacket
(Gemballa & Bartsch, 2002).

Polypteroid scales are unique to Polypteriformes (Cladistia)
(Fig. 13A). These scales are structurally characterized by an

Fig. 12 Actinopterygii. Schematic illustrations 
of palaeoniscoid-type ganoid scales. 
(A) Andreolepis (late Silurian). (B) Cheirolepis 
(middle Devonian). (C) Moythomasia (late 
Devonian). (D) Scanilepis (Triassic). 
Palaeoniscoid-type ganoid scales grow by 
deposition of successive layers of dentine and 
ganoine (= cf. odontocomplexes) (A,C) or 
apposition of successive odontodes (B,D) onto a 
deep basal plate made of cellular bone. 
Scale bars: A,C,D: 100 μm; B: 125 μm.
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Fig. 13 Actinopterygii. Schematic illustrations of integumentary elements from various extant actinopteryians. (A) Polypterus senegalus 
(polypteroid-type ganoid scale). (B) Lepisosteus ocellatus (lepisosteoid-type ganoid scale). (C) Danio rerio (elasmoid scale). (D) Corydoras aeneus (scute). 
(E) Gasterosteus aculeatus (dermal plate). Scale bars: A–D: 250 μm; E = 50 μm.
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additional tissue layer, elasmodine (see section Plywood-
like tissues above), nested between two vascularized regions,
dentine above and bone below (Sire et al. 1987). As has
been demonstrated, the presence of elasmodine is a key
feature in linking polypteroid scales with elasmoid scales
(Sire, 1989, 1995; see Evolutionary scenario below).

The third type of ganoid scale, lepisosteoid, is found in
Lepisosteiformes (Ginglymodi). Lepisosteoid scales are
unique in lacking both elasmodine and dentine (Fig. 13B).
Multilayered ganoid is directly apposed to the upper
surface of the bony basal plate, which has relatively few
blood vessels but numerous nonvascular (and enigmatic)
canals of Williamson (Goodrich, 1907; Sire, 1994; Sire &
Meunier, 1994). Both polypteroid and lepisosteoid scales
date back, at least, to the late Cretaceous, 80–100 Ma (Dutheil,
1999; Janvier, 2007).

Notwithstanding their comparable morphological appear-
ance, polypteroid and lepisosteoid scales demonstrate
distinctly dissimilar modes of development. In polypteroid
scales, the earliest stages of development are similar to
those of elasmoid scales (Sire & Akimenko, 2004; Sire,
unpublished data), and scales from young Polypterus
senegalus closely resemble elasmoid scales (Sire, 1989). Of
particular importance is the recognition that polypteroid
scales develop from an odontogenic condensation. Similar
to elasmoid scales, immature polypteroid scales are localized
superficially within the dermis, adjacent to the interface
with the epidermis. They initially form as a patchy layer of
well-mineralized woven-fibered tissue. Along the deep
margin of this layer, orthogonally arranged collagen lamellae
are added, creating the plywood-like elasmodine. At this
time, the developing polypteroid scale is framed above and
below by capillary networks. In response to the presence of
adjacent capillaries, cells along the upper surface continue to
deposit woven-fibered matrix, encircling the blood vessels
and thus creating vascular canals. These cells do not become
trapped within the matrix but their elongate cell processes
remain embedded in the matrix, defining the cells as
odontoblasts and the tissue as dentine (see Structural
diversity of dentines above). With continued deposition,
odontoblasts and dentine matrix encroach increasingly
towards the interface between the dermis and epidermis.
Before contact with the basal surface of the epidermis is
established, these superficial odontoblasts disappear.
Concurrently, the overlying basal epidermal cells differen-
tiate into ameloblasts. The ameloblasts make contact
with the dentine surface and begin to deposit ganoine
matrix (Sire et al. 1987; Sire, 1994). At this time the deep
margin of developing polypteroid scales are lined by cells
(elasmoblasts), which continue to deposit elasmodine.
Likely in response to the presence of nearby capillaries, the
extracellular matrix accumulating along the deepest
margin of the elasmodine surface abruptly changes from
highly organized elasmodine to a woven-fibered bone
matrix. This alteration of extracellular matrix suggests a

change from odontogenic to osteogenic contributions.
Once growth of the scale slows down, deposition of the
woven-fibered bone gives way to parallel-fibered, and
then plywood-like organized lamellar bone. During this
phase of ossification the scale incorporates numerous
pre-existing collagen fibers of the stratum compactum,
giving rise to Sharpey’s fibers (Sire et al. 1987; Sire, 1989).

In contrast to polypteriforms, development of lepisosteoid
scales demonstrates no evidence (inferred or otherwise) of
an odontogenic contribution of the mesenchymal cells
(e.g. no dentine deposited). The developing scales have no
direct relationship with the epidermis, and do not pass
through a transitory elasmoid scale-like phase (Nickerson,
1893; Sire, 1994; Sire & Huysseune, 2003). Lepisosteoid scales
develop from an osteogenic primordium composed of
numerous, closely packed osteoblast-like cells that deposit
collagen and other extracellular matrix components within
the stratum compactum of the dermis. Ossification begins
within the centre of the osteogenic primordium. Following
the appearance of woven-fibered bone, parallel-fibered
and then lamellar bone is deposited on the superficial and
deep margins, and Sharpey’s fibers are incorporated from
the surrounding stratum compactum. As growth continues,
the superficial scale surface contacts the basalmost cells of the
epidermis. Similar to polypteroid scales, the skeletogenic
cells located at the superficial surface (in this case osteoblasts)
retreat before the contact is established and the bordering
basal epidermal cells differentiate into ameloblasts, and
ganoine matrix is deposited.

Ganoid scales are also known for a variety of extinct
Amiiformes (a lineage close to Teleostei), including sinamiids
(early Triassic, 250 Ma), and Caturus furcatus (Jurassic,
200–150 Ma), a species close to extinct and living bowfins.
These scales were thin, cycloid in shape and covered with
a layer of ganoine (Schultze, 1996; Grande & Bemis, 1998).
Amiiformes were long considered the sister group of
Lepisosteiformes but this relationship is currently debated
(Inoue et al. 2003; Hurley et al. 2007). Consequently, the
exact histological structure of the ganoid scales in extinct
amiiforms and determining whether elasmodine is present is
of considerable interest.

Elasmoid scales
In contrast to their relatives described above, in most
amiiforms individual scales are reduced in thickness, lack
the bony base, and are of elasmoid type. In the only living
species, Amia calva, each scale has a thin, ornamented
upper layer, similar to the external layer of teleost elasmoid
scales, and a well-developed basal plate made of elasmodine
organized into a twisted plywood-like arrangement
(Meunier et al. 1978; Meunier, 1981), consistent with their
identification as elasmoid scales (discussed below). Although
scale development in bowfins remains unknown, the struc-
tural similarity of these elements with the teleost elasmoid
scale provides strong support for their derivation from
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odontogenic condensations. Furthermore, the evolution
of amiiform scales may parallel that of elasmoid scales, i.e.
both derived from an ancestral polypteroid type (see
Plywood-like tissues  and Ganoid scales of basal actinop-
terygians above).

Without question, the elasmoid scale is the most common
integumentary skeletal element among living vertebrates,
including most of the 26 000 species of teleosts, Amia calva
(discussed above), extant representatives of non-tetrapodan
sarcopterygians (coelacanths and lungfish) and some
gymnophionan amphibians (see below and Vickaryous
et al. this Issue). Elasmoid scales are thin, imbricated,
collagenous plates (Bertin, 1944). Although remarkably
diverse in morphology and ornamentation (including
both ctenoid and cycloid shapes), all elasmoid scales are
fundamentally similar in structure (review in Huysseune &
Sire, 1998; Sire & Akimenko, 2004). Each scale is composed
of three layers (Fig. 13C). The first to form is the thin, orna-
mented external layer composed of a well-mineralized,
woven-fibered tissue comparable with the dentine layer
of polypteroid scales. As the elasmoid scale develops, this
external layer expands at its lateral margins. Deep to the
external layer is the relatively thick, basal plate composed
of elasmodine (see Plywood-like tissues  above). Elasmodine
mineralizes slowly as the hydroxyapatite crystals do not
penetrate deep within the collagen lamellae and for some
taxa such as coelacanths, elasmodine remains unmineralized.
The last and most superficial layer to form is the limiting
layer. The limiting layer is deposited on the external layer
surface, but has a restricted distribution in the posterior field
of the scale facing the epidermis. Shortly after being deposited
the limiting layer becomes hypermineralized (see section
Hypermineralized (capping) tissues above). Unlike osseous
tissues (see Ganoid scales of basal actinopterygians above,
and following section), elasmodine does not become
anchored to the deep dermis by Sharpey’s fibers.

Scutes and dermal plates
Among some early chondrosteans (e.g. Saurichthys; early
Triassic to early Jurassic, 250–200 Ma), elements of the
integumentary skeleton resemble lepisosteoid scales: a
bony base capped by a superficial region of multilayered
ganoine. In most living Acipenseriformes (sturgeons and
paddlefish) and related fossil taxa [e.g. the early Triassic
form Birgeria (Ørvig, 1978a)], ganoine is lost and thus
individual scales (bony plates, scutes) are composed
exclusively of cellular, parallel-fibered bone (Bemis et al. 1997).
A lepisosteoid-type ganoid scale origin for chondrostean
bony plates is supported by developmental data demon-
strating a strong parallel between early skeletogenesis of
these two elements (Sewertzoff, 1932; Sire, unpubl. data).

Among various teleosts, elasmoid-type scales are replaced
by plates of cell-rich bone. In armoured catfish (callichthyids,
loricariids and doradids), these bony elements are capped
by a layer of hyaloine, creating what are known as scutes

(see Hypermineralized (capping) tissues above; Sire, 1993;
Sire & Meunier, 1993) (Fig. 13D). These scutes (as well as fin
rays and cranial bones) are ornamented with dermal
denticles which are tooth-like elements (Sire & Huysseune,
1996; Sire, 2001). For other taxa including gasterosteiforms,
tetraodontiforms and syngnathiforms, no capping tissue
forms and the resulting dermal plates are composed
exclusively of bone (Fig. 13E).

Both dermal plates and scutes begin ossification deep
in the dermis, from an osteogenic primordium. As the
bony plate begins to deposit osteoid and woven-fibered
bone, pre-existing collagen fibers from the surrounded
dermis are integrated into the matrix, in addition to
various bone matrix components deposited by the
osteoblasts. With continued ossification, this primordium
becomes progressively surrounded by parallel-fibered
bone, and eventually by a region made of plywood-
organized lamellar bone, in which are incorporated
Sharpey’s fibers.

Sarcopterygians and the evolution of cosmoid scales

Cosmoid scales in basal sarcopterygians
Plesiomorphically, the integumentary skeleton of sarcop-
terygians is characterized by the tissue complex known as
cosmine (Ørvig, 1969; Thomson, 1975, 1977; Meinke, 1984,
1986; Borgen, 1989; Bemis & Northcutt, 1992). Overall, the
histology of cosmoid scales closely resembles that of the
polypteroid scales: a shiny superficial tissue similar to enamel
or enameloid, overlying orthodentine and vascular, lamellar
bone (Goodrich, 1907; Meinke, 1982, 1984). What make
cosmine distinct are the interconnected canals, flask-shaped
cavities and superficial pores that course through the
dentine and capping tissue (Fig. 14B–D).

The oldest known example of a cosmine-like pore-canal
system comes from portions of the dermatocranium of the
early Devonian (405 Ma) taxon Meemannia eos (Zhu et al.
2006). Pores communicating with the superficial surface
are partially lined by tapering layers of enamel, suggesting
that the pore-canal system remains static while successive
odontogenic contributions are deposited. Other basal
sarcopterygians from upper Silurian to lower Devonian
(420–410 Ma), including Psarolepis romeri, Achoania jarvikii
and Styloichthys changae, are also characterized by
cosmine complete with multiple stacked successions of
dentine and enamel (Yu, 1998; Zhu et al. 1999, 2001; Zhu
& Yu, 2002). Unlike Meemannia, the cosmine of Psarolepis
and Styloichthys reportedly demonstrates some evidence
of odontogenic tissue resorption (Zhu et al. 2006).

Although clearly common among fossil forms, cosmine
is not known in extant taxa.

Actinistia. Among Actinistia (coelacanths), cosmine is lost
from the integumentary skeleton of all but the most
basal members. Traces of cosmine have been reported
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for the middle Devonian (390 Ma) form Miguashaia bureaui,
the best known ancient actinistian (Cloutier, 1991; Janvier,
1996). A recent phylogenetic hypothesis placing Styloichthys
as a basal actinistian (Friedman et al. 2007) further supports
the notion of cosmine as primitive for coelacanths. How-
ever, the pore-canal network is highly reduced or entirely
absent in more derived actinistians (e.g. Spermatodus
pustulosus), although multiple stacked successions of
dentine and enamel, situated superficial to a thick basal
plate, may be conserved (Meinke, 1982).

In the extant form Latimeria chalumnae, the superficial
scale region (corresponding to the region of the pore-canal
network in more basal members) is extremely reduced and
odontogenic tissues are restricted to the surface of the
posterior (overlapping) field (Fig. 14E). The thick bony basal
plate of the ancestral cosmoid scale has disappeared, and
the basal plate of the scale is composed of unmineralized

elasmodine with a twisted plywood-like arrangement
(Meunier, 1980; Giraud et al. 1978).

Dipnomorpha. Cosmoid scales are well-known for basal
dipnomorphs, including members of both Porolepiformes
and Dipnoi (lungfish) (Meinke, 1984, 1986; Janvier, 1996).
In porolepiforms such as Porolepis (early Devonian, 410
Ma), each scale is composed of cosmine (Fig. 14D). Among
later forms (e.g. Heimenia), development of cosmine is
incomplete and instead of a pore-canal system the surface
appears to be eroded, yielding isolated tubercles and
ridges. By the middle to late Devonian, cosmine can no
longer be distinguished in porolepiforms (e.g. Glytolepis
and Holoptychius; Janvier, 1996) (Fig. 14A).

Among Devonian Dipnoi (e.g. Dipterus and Gryphog-
nathus), cosmine often demonstrates concentric lines of
discontinuity known as Westoll lines (interpreted to be

Fig. 14 Sarcopterygii. Schematic illustrations 
of integumentary elements from various 
non-tetrapodan aquatic sarcopterygians. 
(A) Glyptolepis (Dipnomorpha, middle to late 
Devonian). Scale demonstrating the 
superposition of multiple odontodes 
embedded in cellular bone. (B–D) Upper 
surface of the scales of three species of basal 
dipnomorphans. (B) Dipterus (late Devonian), 
(C) Osteolepis (middle Devonian), and (D) 
Porolepis (early Devonian). Cosmine, 
consisting of a pore-canal system covered by 
juxtaposed odontodes composed of dentine 
and ganoine, is common to many basal 
dipnomorphans (dipnoans and 
porolepiforms). (E) Latimeria chalumnae 
(Actinistia, Extant). As demonstrated by this 
section through the posterior field, in the 
coelacanth the scale is of elasmoid type; 
the upper region is composed of numerous 
overlapping odontodes, with dentine and 
ganoine, covering a thick, unmineralized 
basal plate of elasmodine. Scale bars: 
A = 250 μm; B = 70 μm; C = 100 μm; 
D = 140 μm; E = 200 μm.
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evidence of cyclical remodelling; Janvier, 1996) (Fig. 14C).
Among more recent dipnoans, the thickness of the cosmine
including the bony basal plate is reduced. In modern taxa
(Neoceratodus, Protopterus and Lepidosiren), cosmine is
no longer present. The scales are typically elasmoid, with
a thick elasmodine basal plate covered with a thin external
layer of well-mineralized, woven-fibered tissue (Meunier,
1983). Although details of scale histology for many fossil
actinistians and dipnomorphs is poorly known (in particular
that portion of the scale deep to the cosmine), we suggest
that modern sarcopterygian elasmoid scales share a common
ancestry with actinopterygian elasmoid scales dating
back to the ancestral rhombic scale (see following section).
It is also worth noting that the scales in gymnophionan
amphibians also have a structure comparable to elasmoid
scales (see Vickaryous & Sire, this Issue).

A revised scenario for the integumentary skeleton 
evolution in non-tetrapodan vertebrates

To date, efforts towards establishing the evolutionary rela-
tionships between the various integumentary skeletal
elements of non-tetrapods have been confounded by the
heavy reliance on data gleaned from isolated, ontogenetically
(and skeletally) mature specimens and a general lack of
developmental studies. One serious limitation to ongoing
studies is the general lack (or complete omission) of structural
details at the tissue level. Structural remodelling during
ontogeny can reduce or obscure diagnostic (and synapo-
morphic) features, resulting in the misinterpretation of
tissue/organ relationships.

An important example comes from the study of isopedine.
Until recently, all plywood-like skeletal tissues were cate-
gorized as isopedine, considered to be a type of bone (or
aspidin when acellular), and fundamentally osteogenic
in origin. Consequently, the plywood-like arrangement of
elasmodine in elasmoid scales was also assumed to be
derived from bone. Work by Sire (1989) on the development
of the polypteroid scales has since demonstrated that
plywood-like tissues in the integumentary skeleton can also
be derived from odontogenic cell populations (viz. odon-
toblasts). Although outwardly similar to lamellar bone, elasmo-
dine (= lamellar dentine) is an excellent example of tissue
convergence. The same argument applies to the lamellar
plywood-like organization of the stratum compactum of the
dermis. This reinterpretation of elasmodine is critical to a
deeper understanding of integumentary skeleton evolution.

Polypteroid and elasmoid scales

As noted above, elasmoid-type scales are common to deeply
nested members of both Actinopterygii and Sarcopterygii
(see Elasmoid scales above). Notwithstanding the other
obvious distinctions between these two groups, structural
differences of the elasmoid scales are minor. Regardless of

origin, all elasmoid scales are composed of a thick basal
plate made of elasmodine and a thin external layer of a
woven-fibered tissue; depending on both the species and
the relationship with the epidermal cover, the external layer
may be capped by a well-mineralized tissue with a variable
appearance (Fig. 13C).

These similarities in structure and organization are
difficult to reconcile as simple convergences between actinop-
terygians and sarcopterygians. Drawing on the evidence
presented above we offer a new hypothesis, considering all
elasmoid scales as derivatives of a common ancestral integu-
mentary element. This hypothesis is strongly supported by
(1) the presence of elasmodine in adult scales and (2) by the
discovery that polypteroid ganoid scales and elasmoid scales
share a common mode of early development (Figs 13A, 15B).
Polypteroid ganoid scales and elasmoid scales begin develop-
ment within a well-defined dermal papillae comparable with
that of teeth and odontodes. It therefore seems certain that
teleost elasmoid scales are paedomorphic polypteroid ganoid
scales (Sire, 1989; Sire & Huysseune, 2003) and that elasmodine,
and the external and limiting layers, which all are formed
within the dermal papilla, are dental tissues (Sire, 1989). The
novelty of our scenario is the interpretation of elasmodine
as a dental tissue, and more specifically as a form of lamellar
dentine. In contrast, most previous research had acknow-
ledged elasmodine remained to be of uncertain origin
(e.g. Huysseune & Sire, 1998).

The deposition of elasmodine ceases early during poly-
pteroid ganoid scale development, while the individual is
relatively small (~60–70 mm body length). Bone deposition
then takes place within the adjacent capillary-rich region
(see Ganoid scales of basal actinopterygians above). Thus,
in larger individuals the presumptive elasmoid scale becomes
deeply embedded within a larger element composed of
dentine and bone. In addition, it is subjected to ongoing
resorption as located in a region housing abundant vascu-
lature. Consequently, the plywood-like arrangement that
typically characterizes elasmodine cannot be identified in
sections that do not pass through the centre of the scale
initium. For example, accurate histological identification of
polypteroid- vs. lepisosteoid-type ganoid scales requires careful,
targeted sectioning through the central region (Brito et al.
2000; Gayet et al. 2002). Owing to the lamellar organization
of the collagen matrix, long interpreted as lamellar bone
(i.e. isopedine), the presence of elasmodine appears to have
frequently been neglected by previous authors.

Evolutionary scenario: a link between 
odontocomplexes and elasmodine

In this review, we have focused on categorizing tissues of
integumentary skeleton (of non-tetrapodan vertebrates),
and establishing their origins as odontogenic and/or osteo-
genic contributions (see Origin and diversification of the
integumentary skeleton above). These data are summarized
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in Table 1 and a revised scenario is illustrated in Fig. 16.
Our hypothesis implies that the oldest vertebrate lineages,
particularly stem gnathostomes such as pteraspidomorphs,
have both odontogenic (enamel, enameloid, various types
of dentine) and osteogenic [cellular and acellular (= aspidin)
bone] tissues. There is evidence demonstrating independent
loss of one of the contributions on multiple occasions. For
example, antiarch placoderms have lost the odontogenic
contribution, and thelodonts and chondrichthyans have
largely or completely lost the osteogenic contribution.
Even when a contribution is retained, its capacity to form
tissues may become altered. For example, some placoderms
and acanthodians develop dentine but not enamel and
enameloid. The current data strongly support the hypothesis
that all integumentary skeletal elements arise exclusively
from one or both odontogenic and osteogenic contributions.
There is also evidence to suggest that the cells responsible
for the synthesis and deposition of the extracellular matrix
components of the various tissues (i.e. ameloblasts, odon-
toblasts, and osteoblasts) are able to interact with one another
if they receive appropriate signals. Expression of type I

collagen by ameloblasts during enameloid formation in
teleost teeth is a good illustration of this large range of
cell function (Huysseune et al. 2008). This helps to explain
how osteogenic-derived elements are able to interact with the
basalmost epidermal cells, giving rise to odontogenic-like
tissues (e.g. the ganoine of lepisosteoid scales or hyaloine
of armoured catfish scutes).

In actinopterygians, elasmoid scales are paedomorphic
polypteroid scales. It remains unclear why elasmoid scale
development stops after elasmodine formation, and why
the cells responsible for the osteogenic component are
either not activated or not present. Similarly, odontoblasts
depositing the superficial dentine layer are arrested in
their function prematurely. The important vascular networks
located around the polypteroid scale anlage likely play
an important role in sustaining cell activity, although this
has yet to be demonstrated. The superficial region of the
polypteroid scales is an odontocomplex that derives from the
superimposition/juxtaposition/fusion of multiple odontodes
(Ørvig, 1977). Such odontocomplexes are predicted to be
found in the ancestral rhombic scales from which both

Fig. 15 Schematic illustrations demonstrating 
structural similarities in the developing scales 
of (A) Tremataspis (Osteostraci, Silurian), 
determined from a rare growth series (Denison, 
1947), and (B) Polypterus senegalus 
(Actinopterygii, Extant); polypteroid-type 
ganoid scale (after Sire, 1989). Scale bars: 
A = 250 μm; B = 200 μm.
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ganoid (in actinopterygians) and cosmoid (in sarcoptery-
gians) scales have differentiated (Fig. 16). Given the rela-
tionships between elasmoid and polypteroid scales, we
speculate that: (1) the elasmoid scales in amiids (Amia
calva) are derived from polypteroid-type scales and not
lepisosteoid-type scales; (2) the integumentary skeleton in

the common ancestor of the sarcopterygians (i.e. cosmoid
scales) developed first as an elasmoid scale, as identified in
polypteroid scales through the presence of elasmodine;
and hence (3) the rhombic scales in the last common ancestor
(a basal osteichthyan) to both lineages similarly possessed
elasmodine (Fig. 16). To date, elasmodine has not been

Fig. 16 A revised scenario depicting the evolution of the integumentary skeleton in non-tetrapods. Although at present uncertain, we hypothesize 
that elasmodine is present in the ancestral rhombic scales and in cosmoid scales. Furthermore, we propose that similar to modern polypteroid-type 
ganoid scales, the ancestral rhombic scale was composed of tissues derived from two discrete skeletogenic cell populations: odontogenic and 
osteogenic. (A) Among actinopterygians, the diversity of scale-type structure can be explained due to the loss and/or modification of these skeletogenic 
cell components. Loss of the odontogenic component results in the absence of dentine from the lepisosteoid-type ganoid scale. In contrast, loss of 
the osteogenic component (along with reduction and modification of the odontogenic component) gives rise to the elasmoid scale. Independent losses 
of the odontogenic component gives rise to the development of dermal plates and to the scutes. Similar to lepisosteoid-type ganoid scales, scutes are 
characterized by the presence of a well-mineralized layer (hyaloine), similar if not equivalent to ancestral ganoine. (B) Among sarcopterygians, the pore-
canal system of the cosmoid scale is lost, followed by reduced and modified expression of the odontogenic-derived components. In actinistians and 
dipnomorphans these modifications, combined with the loss of the osteogenic component, occur independently (in parallel), giving rise to the 
sarcopterygian elasmoid scale. Unlike modern dipnoans, extant coelacanths continue to develop superficial odontodes.
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identified in any basal osteichthyan rhombic scales. However,
as previously noted the relationship of elasmodine with
other tissue types was only recently established. A number
of interpretative drawings by Denison and Ørvig (e.g. in
Tremataspis) are suggestive of the existence of a lamellar
tissue located immediately below the dentine layer. It
should be emphasized that only sections passing through
the centre of the scale, i.e. at the former location of the
scale papilla, will illustrate this feature, and thus future
targeted palaeohistological preparations are required.

Additional support for our evolutionary scenario comes
from the description of a growth series of the late Silurian
(420 Ma) osteostracan Tremataspis (Denison, 1947; Fig. 15A).
Remarkably, this staged series is very similar to that
described for the modern polypterid Polypterus senegalus
(Fig. 15B). Keeping in mind that elasmodine is generally
slow to mineralize, the basal, lamellar layer of Tremataspis
scales (Denison, 1947) is consistent with progressively
mineralizing elasmodine. Provided our hypothesis is con-
firmed by future histological investigations, the implication
is that elasmodine, a type of lamellar dentine, is a very
ancient vertebrate tissue (Fig. 16).

The evolution of development of the vertebrate 
integumentary skeleton

Even before the inception of evolutionary theory, attempts
to explain equivalence between the integumentary skeletons
of vertebrates focused on the placoid scale as an ideal type,
or the fundamental unit of composition (e.g. Williamson,
1849, 1851). This approach continued though the work of
Hertwig (1874a,b, 1876, 1879, 1882), Goodrich (1907), and
placoid scales were formally the basic elements of the
lepidomorial (Jarvik, 1949; Ørvig, 1951; Stensiö, 1958, 1961,
1962, 1964) and odontode (Ørvig, 1967, 1968, 1975, 1977;
Reif, 1973, 1974, 1980, 1982a,b) theories (see Donoghue,
2002). The contemporary manifestation, the odontode
regulation theory (Reif, 1982a), has been widely adopted
as a framework for understanding the evolution of the
integumentary skeleton. However, it provides for an incom-
plete understanding of skeletal developmental evolution
in that it addresses only the odontogenic component of
the integumentary skeleton (Donoghue, 2002). Implicitly,
although effectively, the odontode regulation theory treats
the osteogenic component of scales and bony plates as
mere evolutionary vestiges of the bone of attachment
from odontodes in antecedent vertebrates, as did turn of the
century skeletal anatomists (e.g. Hertwig, 1874a,b, 1876,
1879, 1882; Goodrich, 1907). This is unfortunate on two
counts. First, it is widely appreciated that the odontogenic
and osteogenic cell populations are derived from distinct
lineages and that there is at least empirical evidence that
their fates are, or can be, independently regulated (Smith
& Hall, 1990, 1993; Donoghue, 2002; Donoghue & Sansom,
2002; Sire & Huysseune, 2003; Donoghue et al. 2006).

Secondly, while the odontode regulation theory has been
utilized to explain the evolution of development of min-
eralized integumentary skeletal elements in the extinct
vertebrates in which this skeletal system was first estab-
lished (Reif, 1982a; Reif & Richter, 2001; Reif, 2002), in many
extant vertebrates the mineralized components of the
integumentary skeleton are solely osteogenic derivatives.
Thus, the challenge is to derive a universal theory for the
evolution and development of the vertebrate integu-
mentary mineralized skeleton, one that is based upon
developmental differentiation and patterning (Reif, 1980)
in terms of causal molecular mechanisms (Donoghue &
Sansom, 2002). The prospectus for this theory has been
established (Donoghue & Sansom, 2002) and it must now
be tested experimentally, the first steps toward which have
already been made (Sire et al. 1997; Sire & Akimenko, 2004).
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