
The Homology and Phylogeny of Chondrichthyan
Tooth Enameloid

J. Andrew Gillis* and Philip C.J. Donoghue

Department of Earth Sciences, University of Bristol, Bristol, BS8 1RJ, UK

ABSTRACT A systematic SEM survey of tooth micro-
structure in (primarily) fossil taxa spanning chon-
drichthyan phylogeny demonstrates the presence of a su-
perficial cap of single crystallite enameloid (SCE) on the
teeth of several basal elasmobranchs, as well as on the
tooth plates of Helodus (a basal holocephalan). This sug-
gests that the epithelial–mesenchymal interactions
required for the development of enameloid during odonto-
genesis are plesiomorphic in chondrichthyans, and most
likely in toothed gnathostomes, and provides phylogenetic
support for the homology of chondrichthyan and actino-
pterygian enameloid. Along the neoselachian stem, we see
a crownward progression, possibly modulated by hetero-
chrony, from a monolayer of SCE lacking microstructural
differentiation to the complex triple-layered tooth ename-
loid fabric of neoselachians. Finally, the occurrence of
fully-differentiated neoselachian enameloid microstruc-
ture (including compression-resistant tangle fibered
enameloid and bending-resistant parallel fibered ename-
loid) in Chlamydoselachus anguineus, a basal Squalean
with teeth that are functionally ‘‘cladodont,’’ is evidence
that triple-layered enameloid microstructure was a prea-
daption to the cutting and gouging function of many neo-
selachian teeth, and thus may have played an integral
role in the Mesozoic radiation of the neoselachian crown
group. J. Morphol. 268:33–49, 2007. ! 2006 Wiley-Liss, Inc.

KEY WORDS: Chondrichthyes; enameloid microstructure;
tooth homology; paleohistology

The teeth of chondrichthyans and actinoptery-
gians are both capped with enameloid—a hypermin-
eralized tissue with a matrix of mixed ameloblastic
(ectodermal) and odontoblastic (ectomesenchymal)
origin (Shellis and Miles, 1974, 1976; Smith and
Hall, 1990; Sasagawa, 1999). While broad develop-
mental and histological similarities between the tis-
sues in the two taxa have led some to argue for their
homology (Moss, 1977), subtle differences in organic
composition and mineralization patterns between
chondrichthyan and actinopterygian enameloid
(Sasagawa, 2002), as well as the purported absence
of enameloid on the teeth of basal elasmobranchs
(Øvig, 1966; Gross, 1973), have led others to specu-
late that these tissues may, instead, be the products
of convergent evolution (Bendix-Almgreen, 1983;
Sasagawa, 2002). Indeed, this view accords with
recent suggestions that, far from being a shared
primitive character of jawed vertebrates, teeth have
evolved independently among chondrichthyans and

osteichthyans (Smith, 2003; Johanson and Smith,
2003; Smith and Johanson, 2003) and, thus, scenar-
ios in which teeth and jaws are the key innovations
underpinning an adaptive radiation of jawed verte-
brates may be entirely unfounded.

A comprehensive survey of tooth microstructure
in chondrichthyans would undoubtedly clarify the
phylogenetic relationship between chondrichthyan
and actinopterygian enameloid (Moss, 1977; Bendix-
Almgreen, 1983; Sasagawa, 2002). The primitive
actinopterygian condition is already well established
(Janvier, 1978; Smith, 1992; Richter and Smith,
1995). However, to date, studies of chondrichthyan
enameloid microstructure have focused almost ex-
clusively on crown neoselachians (defined herein as
the clade of fossil and living taxa derived from the
last common ancestor of living neoselachians), (Ripa
et al., 1972; Reif, 1973, 1977, 1979; Duffin, 1980; Thies,
1982; Iwai-Liao et al., 1992; Cuny et al., 1998), or on
Mesozoic Hybodontiformes (e.g. Cuny et al., 2001).
Virtually no data are available on enameloid micro-
structure in the teeth of the diverse non-neosela-
chian chondrichthyans (Fig. 6) and, thus, the condi-
tion of the last common ancestor of chondrichthyans
and actinopterygians is unknown. Within this con-
text, debate over homology of chondrichthyan and
actinopterygian enameloid must similarly be consid-
ered unresolved.

The dearth of available data on non-neoselachian
chondrichthyans also impacts upon our understand-
ing of how the microstructural differentiation of
tooth enameloid, so characteristic of neoselachians
(Reif, 1973, 1977, 1979), was achieved. At present,
microstructural differentiation is thought to be one
of the key adaptive innovations facilitating novel
feeding strategies among neoselachians (Thies and
Reif, 1985) through functional adaptation to force
resistance during cutting and gouging predation
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(Preuschoft et al., 1974; Reif, 1978, 1979; Thies and
Reif, 1985). However, the precise nature of this
structure–function relationship has never been ex-
amined in a phylogenetic context.

We have attempted to resolve these issues
through scanning electron microscopic examination
of ground tooth sections from a variety of chon-
drichthyan taxa (primarily non-neoselachian chon-
drichthyans with clutching and grasping teeth,
though Chlamydoselachus anguineus, a basal neo-
selachian, and Helodus, a stem holocephalan, were
also examined), and these data were analyzed
within a phylogenetic framework. As the taxonomic
composition of the Elasmobranchii varies consider-
ably among the phylogenetic hypotheses considered,
chondrichthyans will herein be classified as stem or
crown group holocephalans, crown group neosela-
chians, or ‘‘non-neoselachians’’ (a necessarily awk-
ward grouping of all ‘‘sharks’’ that are not members
of the crown group Neoselachii, and that may, or
may not, lie along the neoselachian stem). Data
were interpreted in light of several alternative (and
often conflicting) published phylogenies. All non-
neoselachian teeth examined (with the exception of
certain Xenacanthiformes), as well as the tooth
plates of Helodus, are revealed to possess a layer of
hypermineralized single crystallite enameloid (SCE,
i.e. an enameloid monolayer composed of randomly
oriented single crystallites) with no apparent micro-
structural differentiation. By inference, tooth enam-
eloid is a plesiomorphy of chondrichthyans and,
therefore, of toothed gnathostomes. Chlamydosela-
chus anguineus possesses the fully differentiated
triple-layered enameloid fabric typical of crown neo-
selachians, and it therefore appears that chon-
drichthyan tooth enameloid underwent a rapid and
complex microstructural reorganization near the
base of the radiation of crown neoselachians. Fur-
thermore, the presence of fully differentiated three-
layered enameloid in C. anguineus, a basal neosela-
chian with clutching and grasping teeth, as well as
reports of this microstructure in the front grasping
teeth of Heterodontus (Reif, 1977), suggest that this
enameloid microstructure was, in fact, a preadapta-
tion to the cutting and gouging function of many neo-
selachian teeth (as implied in Preuschoft et al.,
1974). Finally, evidence of significant changes to the
organization of the enameloid matrix among non-neo-
selachians, as well as commonality of enameloid mi-
crostructure to stem-actinopterygians, is suggestive
of homology, and not convergence, of enameloid—and
indeed, teeth—among early jawed vertebrates.

MATERIALS ANDMETHODS
Chondrichthyan Taxa Examined

Three crown neoselachian taxa—Carcharhinus plumbeus,
Carcharias sp., and Chlamydoselachus anguineus—were exam-
ined in this study. Teeth of the brown shark (C. plumbeus, recent
– BRSUG 27191, Bristol University Geological Museum, Bristol,

UK) were obtained from the London Aquarium, and fossil
Carcharias sp. teeth (BRSUG 27192) from the Cretaceous of Mo-
rocco were obtained from a private collector. Frilled shark (C.
anguineus) teeth were dissected from the jaw of a recent speci-
men (AMNH 13813, American Museum of Natural History, New
York, NY) caught off the coast of Japan.

The non-neoselachian taxa examined in this study may be
broadly grouped into orders/superorders based loosely on the
classification scheme of Cappetta et al. (1993). Teeth from two
tooth-based hybodontiform taxa—Hybodus nebraskensis and Pro-
tacrodus serra—were examined here. Hybodus nebraskensis (CM
44547, Carnegie Museum of Natural History, Pittsburgh, PA)
teeth were recovered from Upper Pennsylvanian (Late Carbonif-
erous) sediments of Peru, NE, while teeth of P. serra (BRSUG
27193) were collected from Upper Famennian (Late Devonian)
limestone of the Tafilalt Platform, Morocco. Teeth of the ctenacan-
thiform sharks Ctenacanthus compressus (CMNH 9207, Cleve-
land Museum of Natural History, Cleveland, OH) and Ctenacan-
thus sp. (CMNH 5290), as well as teeth of a ‘‘cladodont’’ shark
(CMNH 5121) and the cladoselachiform shark Cladoselache kep-
leri (CMNH 5420), were collected from the Upper Devonian
Cleveland Shale in Cleveland, OH. Teeth of the xenacanthiform
sharks Orthacanthus compressus (CM 44556) and Orthacanthus
sp. (AMNH 7115) were recovered from Upper Pennsylvanian
sediments of Peru, NE, and Lower Permian sediments of Whiskey
Creek, TX, respectively. Teeth of the phoebodontiform shark Jalo-
dus australiensis (BRSUG 27194) were collected from Famennian
sediments of the Ostrówka Quarry, Holy Cross Mountains,
Poland, and teeth of the symmoriiform shark Akmonistion zan-
gerli (UMZC GN.1047, University Museum of Zoology, Cambridge
University, Cambridge, England) were recovered from the
Namurian (Middle Carboniferous) Top Hosie Limestone of Bears-
den, Scotland.

Tooth plates of the basal holocephalan Helodus sp. (BRSUG
27195) were collected from the Carboniferous Cromhall Lime-
stone of South Gloucestershire, England.

SEMAnalysis of Enameloid Microstructure

Teeth that were only partially exposed were not prepared out,
and were sectioned with any remaining matrix in place (to avoid
damage to the enameloid layer). Teeth were embedded in trans-
parent polyester resin (Struers.) prior to sectioning, and were cut
in cross- or longitudinal section using a diamond lapidary blade
(M.K. Diamond Products, 153742) on an Isomet low speed saw
(Buehler). For an illustrated description of relevant planes of sec-
tion, see Figure 1. Following the initial cut, the surface of the
resin block to be observed was ground, until the desired plane of
section was reached, using 800-, 1200-, 2400-, and 4000-grit sili-
con carbide abrasive paper. Ground sections were then polished
on a polishing pad (Kemet, PSU-M) with 6 and 1 lm Kemet dia-
mond polish (and Kemet Type-W polishing lubricant), and etched
for 5 or 10 s in 5 or 10% HCl.

Prior to SEM analysis, ground sections were coated with gold,
and colloidal graphite (Agar Scientific, G303) was used to enhance
electron conductivity between the specimen and the stub, and to
minimize charging effects. Following an initial examination of the
section under SEM, the gold coat was removed using a 0.25 lm di-
amond polishing lap, and sections were ground further, repol-
ished, etched, and coated. This was repeated as many times as
was necessary to elucidate enameloid microstructure. Analysis
and photography of ground sections was carried out on a Hitachi
S-3500N scanning electron microscope in secondary electron
mode, with an acceleration voltage of 20 or 25 kV.

RESULTS
Tooth Enameloid Microstructure

The Neoselachii: Carcharhinus plumbeus
and Carcharias sp. The serrated teeth of the
Brown Shark, Carcharhinus plumbeus (BRSUG
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27191), exhibit the three-layered enameloid micro-
structure characteristic of the cutting and gouging
teeth of neoselachian sharks. When examined in
longitudinal section, the enameloid layer is organ-
ized into a series of regularly spaced superficial
ridges (Fig. 2a) composed of parallel fibered ename-
loid (PFE, Fig. 2b). In this layer, individual hydroxy-
apatite crystallites are not discernable, as they are
tightly arranged into thick fiber bundles (2–3 lm in
diameter) oriented normal to the outer enameloid
surface, and extending from the outer enameloid
surface to the basal layer of tangle fibered ename-
loid (TFE). Radial crystal bundles can also be seen
throughout the PFE layer running parallel to the
outer enameloid surface, and at 908 to the surface
normal parallel bundles.

Beneath the PFE lies a layer of TFE (Fig. 2c), and
the border between the two layers is clearly defined.
Hydroxyapatite crystallites are, once again, organ-
ized into thick bundles, and individual crystallites
are not discernable. Crystallite bundles in the TFE
layer interweave, and are oriented roughly parallel
to the outer enameloid surface and the enameloid–
dentine junction. The outermost shiny layer ename-
loid (SLE, a thin layer of enameloid composed of
randomly oriented single crystallites not arranged
into bundles) is not present, though this is likely an
artifact of etching (the sensitivity of SLE to etching
during SEM preparation is noted and discussed in
Reif, 1979).

In the fossilized teeth of Carcharias sp. (BRSUG
27192), a layer of PFE overlying basal TFE is, once
again, present (Fig. 2d), as is an outer shiny layer of
enameloid (Fig. 2e). In cross-section, the parallel

bundles of the PFE are evenly spaced and less
densely packed, revealing abundant radial bundles
(Fig. 2f). Crystallite bundles are 2–3 lm in diameter.
Beneath the PFE lies a layer of TFE (Fig. 2g), and,
as in Carcharhinus plumbeus, a clear border exists
between the two layers. Crystallite bundles in TFE
interweave, and are oriented roughly parallel to the
outer enameloid surface and the enameloid–dentine
junction. Awell-defined enameloid–dentine junction
is present (Fig. 2d). The teeth of Carcharias sp. pos-
sess lateral cutting edges running down the entire
length of each side of the primary cusp. These cut-
ting edges possess a complex tangle-like enameloid
microstructure that originates above the PFE layer
(Fig. 2h).

Chlamydoselachus anguineus. The tricuspid
grasping teeth of the frilled shark, Chlamydosela-
chus anguineus (AMNH 13813), exhibit a fully dif-
ferentiated three-layered enameloid microstructure,
comparable to that observed in the neoselachians
Carcharhinus plumbeus and Carcharias sp. (Fig.
2i). Cusps are round in cross-section, and possess
lateral cutting edges running down opposite sides
from the cusp tip to the base (Fig. 2j). The SLE has
been etched away, but immediately beneath the
outer enameloid surface is a layer of PFE (Fig. 2k).
There are evenly spaced remains of outer enameloid
surface-normal parallel crystallite bundles of !2 lm
in diameter, and abundant radial bundles.

The border between PFE and underlying TFE is
not as striking in Chlamydoselachus anguineus as
in Carcharhinus plumbeus and Carcharias sp., but
is still reasonably perceptible. A layer of TFE lies
between the PFE and the enameloid–dentine junc-
tion, and although etching has obscured the fibers
somewhat, the tangled orientation of mineral bun-
dles is clearly discernable, and is in sharp contrast
to the orientation of bundles in the overlying layer
of PFE (Fig. 2l). The cutting edges of the tooth cusp
also originate above the layer of PFE, with no con-
nection to the TFE lying between the PFE and the
enameloid–dentine junction (Fig. 2m).

Hybodontiformes: Hybodus nebraskensis
and Protacrodus serra. The ridged grasping teeth
of Hybodus nebraskensis (CM 44547) possess a ho-
mogeneous layer of SCE that lacks any microstruc-
tural differentiation (Fig. 3a), and differs markedly
from the highly porous dentine that underlies it
(Fig. 3b). Individual enameloid crystallites (0.5–1
lm in length) are discernable within the layer, and
they appear to be randomly oriented (Fig. 3c). A
clear border exists between the SCE layer and the
underlying dentine, and remnants of odontoblast
cell processes extend into the enameloid cap (Fig.
3a).

The teeth of the basal hybodontiform Protacrodus
serra (BRSUG 27193) are also capped with a homo-
geneous ridged layer of SCE (Fig. 3d). Individual
crystallites are visible, and demonstrate no pre-
ferred orientation (Fig. 3e). The remnants of odonto-

Fig. 1. Schematic diagram of a tooth illustrating histological
planes of section, and relative spatial arrangements of relevant
tissue types. (a) Cross section. (b) Longitudinal section. den, den-
tine; en, enameloid.

CHONDRICHTHYAN TOOTH ENAMELOID 35

Journal of Morphology DOI 10.1002/jmor



Figure 2
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blast cell process canals can be seen at the base of
the enameloid layer, and a well-defined border
exists between the enameloid monolayer and the
dentine core. The dentine core appears to be com-
posed of orthodentine, deposited in concentric rings
around an undivided central pulp canal.

Ctenacanthiformes: Ctenacanthus compres-
sus and Ctenacanthus sp. The teeth of Ctenacan-
thus compressus (CMNH 9207) possess an ename-
loid cap that is organized into evenly spaced ridges,
and is hypermineralized to such an extent that
individual hydroxyapatite crystallites are not dis-
cernable (Fig. 3f). However, the enameloid layer is
histologically distinguishable from the underlying
osteodentine, as it clearly lacks the porous and tubule-
rich texture of dentine matrix (Fig. 3g). Etching
reveals no indication of any degree of microstruc-
tural differentiation within the enameloid layer,
and thus the presence of a monolayer of SCE (com-
parable to that observed in Hybodontiformes) is
inferred. A distinct border exists between the enam-
eloid layer and the underlying dentine, and numer-
ous odontoblast cell process canals can be seen
extending across the enameloid–dentine junction
into the enameloid cap (Fig. 3h).

The sharp contrast between a hypermineralized
enameloid cap and underlying dentine is once again
exemplified in the teeth Ctenacanthus sp. (CMNH
5290, Fig. 3i). In this specimen, a fossilized dentine
core, composed of an outer layer of pallial orthoden-
tine (exhibiting ruffled lines of incremental growth
and remnants of abundant odontoblast cell pro-
cesses) surrounding inner osteodentine with numer-
ous denteons, is capped by an undifferentiated
enameloid monolayer. Cell processes can be seen
extending into the hypermineralized cap, though
cell processes within the enameloid itself and indi-
vidual enameloid crystallites are not discernable
(Fig. 3j).

Cleveland Shale ‘‘cladodont’’ shark. The iso-
lated tooth of an unidentified ‘‘cladodont’’ shark
(CMNH 5121), from the Devonian Cleveland Shale,
OH, was examined. Based on size and general mor-
phology, this tooth was classified as belonging to ei-
ther Cladoselache or Ctenacanthus, though the
microstructure of the dentine core (a prominent cen-

ter composed of osteodentine with numerous den-
teons, surrounded by concentric rings of pallial
orthodentine) bears a striking resemblance to that
of Ctenacanthus compressus (CMNH 9207) and Cte-
nacanthus sp. (CMNH 5290), and differs consider-
ably from the primarily orthodentinous core of Cla-
doselache kepleri (CMNH 5420). In cross-section, a
homogeneous monolayer of SCE is evident (Fig. 3k).
The layer lies above a distinct enameloid–dentine
junction, and odontoblast cell processes can be seen
traversing the junction and extending into the
enameloid. Examination of the enameloid mono-
layer under higher magnification reveals individual
mineral crystallites elongate in morphology, that
measure 0.5–1 lm in length (Fig. 3l). No microstruc-
tural differentiation is observed across the layer,
and the enameloid crystallites appear to be
arranged randomly with no preferred orientation
relative to the outer enameloid surface. The stark
differentiation between the enameloid monolayer
and dentine, the presence of a sharp enameloid–
dentine junction, and the size/shape of component
crystallites are all comparable to the condition in
Hybodus nebraskensis. In addition, dentine micro-
structure is exceptionally well preserved in this cla-
dodont tooth, confirming that there is little if any
diagenetic alteration (Fig. 3m). Numerous concen-
tric growth lines in the outer layer of pallial ortho-
dentine, indicative of incremental deposition and
mineralization, are discernable, and abundant
tubules (derived from odontoblast cell processes)
emanate from well-preserved denteons in the cen-
tral core of osteodentine (Fig. 3m).

Xenacanthiformes: Orthacanthus compres-
sus and Orthacanthus sp. The bicuspid grasping
teeth of Orthacanthus compressus (CM 44556),
viewed in longitudinal section, appear to lack an
enameloid cap (Fig. 4a). The teeth are uniformly
composed of concentrically deposited orthodentine
with abundant odontoblast tubules originating from
a central pulp canal, but no histologically distinct
hypermineralized capping tissue is present (Fig.
4b). Conversely, the bicuspid teeth of Orthacanthus
sp. (AMNH 7115) do appear to possess a cap of
hypermineralized tissue resembling SCE. Viewed in
cross-section, the capping tissue is unevenly distrib-

Fig. 2. Tooth enameloid microstructure of the neoselachian elasmobranchs Carcharhinus plumbeus (a–c), Carcharias sp. (d–h),
and Chlamydoselachus anguineus (i–m). SEM (a) longitudinal section through the serrated enameloid layer of BRSUG 27191. Etched
5 s in 5% HCl. Scale bar " 100 lm. (b) Detail of the PFE layer in a longitudinal section of BRSUG 27191. Etched 5 s in 5% HCl. Scale
bar " 10 lm. (c) TFE layer in a longitudinal section of BRSUG 27191. Etched 5 s in 5% HCl. Scale bar " 20 lm. (d) Overview of the
enameloid layer as seen in a cross-section through BRSUG 27192. Etched 5 s in 10% HCl. Scale bar " 40 lm. (e) The SLE layer of
BRSUG 27192, viewed in cross-section. Etched 5 s in 10% HCl. Scale bar " 2 lm. (f) A cross-section through the PFE of BRSUG 27192.
Etched 5 s in 10% HCl. Scale bar " 10 lm. (g) The TFE layer of BRSUG 27192, viewed in cross-section. Etched 5 s in 10% HCl. Scale
bar " 10 lm. (h) Cross-section through the lateral cutting edges of BRSUG 27192. Etched 5 s in 10% HCl. Scale bar " 10 lm. (i) A
cross-section through the enameloid layer of AMNH 13813. Etched 5 s in 5% HCl. Scale bar " 10 lm. (j) Overview of the cross-sectional
tooth morphology of AMNH 13813. Etched 5 s in 5% HCl. Scale bar " 70 lm. (k) A cross-section through the PFE of AMNH 13813.
Etched 5 s in 5% HCl. Scale bar " 5 lm. (l) Cross-section through the remnants of the basal TFE layer of AMNH 13813. Etched 5 s in
5%HCl. Scale bar " 4 lm. (m) The lateral cutting edges of AMNH 13813, viewed in cross-section. Etched 5 s in 5% HCl. Scale bar " 7.5
lm. Arrows denote the outer enameloid surface. Arrowheads denote the enameloid–dentine junction. PFE, parallel fibered enameloid;
TFE, tangle fibered enameloid.
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uted around the circumference of the tooth, with a
thin layer covering the lingual and labial surfaces of
the cusp, and a considerably thicker layer coating
either side of the cusp (Fig. 4c). The transition from
thin to thick covering is abrupt. Close examination
of the capping tissue reveals abundant randomly
arranged crystallites with a rounded or subrounded
morphology (Fig. 4d). This contrasts with the highly
porous and tubule-rich orthodentine that underlies
that layer (Fig. 4e). The border between the two tis-
sues is uneven, and dentine tubules extend up to,
and probably across, the boundary (Fig. 4f). The
position of this tissue around the circumference of
the tooth, its hypermineralized nature and histolog-
ical dissimilarity from dentine, and the probable
presence of odontoblast cell processes within it are
all indicative of SCE.

Phoebodontiformes: Jalodus australiensis.
The ridged tricuspid grasping teeth of Jalodus aus-
traliensis (BRSUG 27194) possess a superficial mono-
layer of undifferentiated SCE (Fig. 4g). A sharply
defined enameloid–dentine junction is present, exem-
plified, in this case, by the differential etching proper-
ties of the enameloid monolayer and the underlying
dentine, and microstructural features of the dentine
core are not discernable. Enameloid appears to be
present only on the labial surface of the cusp (though
this may be an artifact of preparation, as the plane of
section in Fig. 4g is slightly oblique). The enameloid
is composed of randomly arranged rounded or sub-
rounded hydroxyapatite crystallites (Fig. 4h), compa-
rable in both size and morphology to those observed
in the superficial hypermineralized capping tissue of
Orthacanthus sp. (AMNH 7115).

Symmoriiformes: Akmonistion zangerli. The
teeth of the stethacanthid Akmonistion zangerli
(UMZC GN.1047) possess a thin monolayer of cap-
ping tissue that lacks microstructural differentia-
tion (Fig. 4i). The cap tissue is easily distinguishable
from the dentine core, and a relatively distinct junc-
tion is present between the two tissues, defined pri-
marily by differential reactions of the two tissues to

etching, but also by differences in matrix quality.
The dentine core is composed primarily of orthoden-
tine, though a center of osteodentine comprising a
series of small denteons is present. Dentine tubules
traverse the junction and extend into the capping
tissue (evident from the presence of numerous den-
tine tubule canals along the tissue boundary – Fig.
4j). The cap tissue, on the other hand, is hypermin-
eralized, and individual hydroxyapatite crystallites
of round or subround morphology are discernable
(Fig. 4j). The presence of a uniform layer of the cap-
ping tissue around the circumference of the tooth,
its hypermineralized nature, and the inclusion of
odontoblast cell processes in the layer is indicative
of (single crystallite) enameloid.

Cladoselachiformes: Cladoselache kepleri.
The teeth of Cladoselache kepleri (CMNH 5420) pos-
sess a poorly differentiated cap of hypermineralized
tissue, organized into a thin monolayer with regular
ridges (Fig. 4k). At certain points around the tooth,
the layer is nearly impossible to detect (particularly
in the area of thin covering between ridges). The
hypermineralized cap tissue is composed of round or
subround crystallites (Fig. 4l) resembling those in
Akmonistion zangerli, Jalodus australiensis, and
Orthacanthus, and while it differs histologically
from the underlying dentine, a precise junction
between the two tissues is, at times, difficult to iden-
tify (Fig. 4m). The dentine core is composed primar-
ily of orthodentine. Dentine tubules can be seen
extending into the cap and, in some instances,
nearly reaching the outer enameloid surface (Fig.
4m). Once again, the presence of the tissue around
the circumference of the tooth (and its organization
into a series of regularly spaced ridges), the hyper-
mineralized nature of the tissue, and its histological
dissimilarity from dentine (and the prospective
incorporation of odontoblast cell processes in the
layer) is suggestive of SCE.

Holocephali: Helodus. The tooth plates of Helo-
dus (BRSUG 27195) possess a well-differentiated
hypermineralized cap of SCE (Fig. 5a). This ename-

Fig. 3. Tooth microstructure of the non-neoselachiansHybodus nebraskensis (a–c), Protacrodus serra (d, e), Ctenacanthus compres-
sus (f–h), Ctenacanthus sp. (i, j), and a Cleveland Shale ‘‘cladodont’’ shark (k–m). SEM (a) single crystallite enameloid monolayer of
CM 44547, viewed in cross-section. Note the remnant spaces of odontoblast cell processes. Etched 5 s in 10% HCl. Scale bar " 5 lm. (b)
Cross-section through the orthodentine core of CM 44547. Etched 5 s in 10% HCl. Scale bar " 10 lm. (c) Rod-shaped crystallites in the
enameloid monolayer of CM 44547. Etched 5 s in 10% HCl. Scale bar " 1 lm. (d) Cross-section through the ridged single crystallite
enameloid monolayer of BRSUG 27193. Etched 5 s in 5% HCl. Scale bar " 12.5 lm. (e) Rod-shaped enameloid crystallites of BRSUG
27193. Etched 5 s in 5% HCl. Scale bar " 4 lm. (f) Overview of a cross-section through the ridged single crystallite enameloid mono-
layer of CMNH 9207. Etched 5 s in 5% HCl. Scale bar " 75 lm. (g) Cross-section through the osteodentine core of CMNH 9207. Etched
5 s in 5% HCl. Scale bar " 20 lm. (h) Detail of the single crystallite enameloid monolayer of CMNH 9207 in cross-section. Hyperminer-
alization has obscured individual enameloid crystallites, but no microstructural differentiation is apparent within the layer. Etched 5 s
in 5% HCl. Scale bar " 12.5 lm. (i) The enameloid monolayer of CMNH 5290, in cross-section, shows no evidence of microstructural dif-
ferentiation. Etched 5 s in 5% HCl. Scale bar " 50 lm. (j) Individual enameloid crystallites are not discernable in CMNH 5290, but
numerous odontoblast cell processes appear to extend across the enameloid–dentine junction. Etched 5 s in 5% HCl. Scale bar " 15 lm.
(k) A distinct single crystallite enameloid monolayer is discernable in a cross-section through CMNH 5121. Etched 5 s in 5% HCl. Scale
bar " 120 lm. (l) Randomly oriented crystallites that comprise the enameloid monolayer of CMNH 5121. Etched 5 s in 5% HCl. Scale
bar " 2.5 lm. (m) A cross-section through the dentine core of CMNH 5121 reveals a center of osteodentine with numerous denteons,
surrounded by concentrically deposited pallial orthodentine. Etched 5 s in 5% HCl. Scale bar " 30 lm. Arrows denote the outer ename-
loid surface. Arrowheads denote the enameloid–dentine junction.
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loid monolayer coats the oral surface of the plate, as
well as the inner face of the plate’s numerous sur-
face pores, and is easily distinguished from the den-
tine core of the tooth. A sharp enameloid–dentine
junction exists between the enameloid and the den-
tine core, and traces of odontoblast cell processes
can be seen extending through the hypermineral-
ized surface layer, nearly reaching the surface of the
tooth plate (Fig. 5b). In terms of crystallite morphol-
ogy, the enameloid is composed of small round to
subround hydroxyapatite crystallites (Fig. 5c), re-
sembling those making up the SCE of Cladoselache
kepleri, Akmonistion zangerli, Jalodus australien-
sis, and Orthacanthus.

DISCUSSION

Our systematic assessment of chondrichthyan
tooth microstructure reveals that non-neoselachian
chondrichthyans (i.e., Cladoselache kepleri, Akmo-
nistion zangerli, Orthacanthus sp., Jalodus austral-
iensis, Ctenacanthus compressus, Ctenacanthus sp.,
‘‘cladodonts,’’ Protacrodus serra, and Hybodus
nebraskensis), as well as a basal holocephalan (Hel-
odus, Lund and Grogan, 1997), possess a monolayer
of hypermineralized capping tissue resembling
SCE. The tissue capping the teeth of these taxa is
interpreted here as enameloid based on its position
in the tooth (superficial, generally covering the
entire crown), its appearance, and composition
(hypermineralized, composed of discernable crystal-
lites; reacts differentially to etching than underly-
ing dentine, often accentuating a distinct ename-
loid–dentine junction; contains traces of odontoblast
tubules) and its microstructure (composed of ran-
domly oriented single crystallites, and lacking lines
of incremental growth). An analysis of the distribu-
tion of enameloid within Chondrichthyes (in the
context of alternative hypotheses of chondrichtyan
intrarelationships – Fig. 6) provides strong phyloge-
netic evidence for the presence of a SCE monolayer

in the primitive chondrichthyan tooth, and the ac-
quisition of a triple-layered enameloid fabric (SLE
composed of single crystallites, as well as PFE and
TFE) along the neoselachian stem.

Comparative studies of character evolution must
be carried out within the bounds of a phylogenetic
framework. Only after plotting character states on a
phylogeny can we classify conditions as ‘‘primitive’’
or ‘‘derived,’’ and elucidate the polarity of morpho-
logical (or molecular) change (Smith, 1994; Raff,
1996). In the case of chondrichthyans, there are sev-
eral published phylogenetic hypotheses that differ
considerably with respect to tree topology (Schaeffer
and Williams, 1977; Young, 1982; Maisey, 1984,
2001; Gaudin, 1991; Coates and Sequeira, 2001a,b;
Ginter, 2005), and attempts to generate a single con-
sensus phylogeny by employing supertree methodol-
ogy (Bininda-Emonds et al., 2002) failed (data not
shown). As a result of the rampant and irreconcila-
ble incongruence among these phylogenies, we have
analyzed our paleohistological data separately, in
light of each of the aforementioned phylogenetic
hypotheses. Note that the conclusions discussed
below are broadly supported by all of these phyloge-
nies, and are not contingent upon tree selection.

According to the phylogenies of Schaeffer and Wil-
liams (1977), Young (1982), and Gaudin (1991) (Fig.
6a,b,d), holocephalans lie at the base of the Chon-
drichthyes, as the sister taxon to all other chon-
drichthyans (i.e. the ‘‘sharks’’). The presence of SCE
on the tooth plates of helodus, a basal stem holoce-
phalan (Lund and Grogan, 1997), therefore provides
support for the presence of enameloid on the primi-
tive chondrichthyan tooth. Enameloid is also pres-
ent in a number of successively crownward taxa in
these phylogenies, including the symmoriiform
Akmonistion, Cladoselache, Ctenacanthus, the
xenacanthiform Orthacanthus, and the hybodonti-
form Hybodus. Cladoselache falls at the base of the
chondrichthyan tree in the phylogeny of Maisey
(1984) (Fig. 6c), again supporting the presence of

Fig. 4. Tooth microstructure of the non-neoselachians Orthacanthus compressus (a, b), Orthacanthus sp. (c–f), Jalodus australiensis
(g, h), Akmonistion zangerli (i, j), and Cladoselache kepleri (k–m). SEM (a) A longitudinal section through CM 44556. Etched 5 s in 5%
HCl. Scale bar " 250 lm. (b) The surface of CM 44556, viewed in longitudinal section, lacks an enameloid cap. Etched 5 s in 5%HCl. Scale
bar" 2 lm. (c) A cross-section through AMNH 7115. Etched 5 s in 5%HCl. Scale bar" 30 lm. (d) Detail of the single crystallite enameloid
of AMNH 7115 in cross-section. The layer lacks microstructural differentiation, and is composed of round to subround crystallites. Etched
5 s in 5% HCl. Scale bar " 3 lm. (e) Remnants of odontoblast cell processes in a cross-section through the dentine core of AMNH 7115.
Etched 5 s in 5% HCl. Scale bar " 12.5 lm. (f) In cross-section, the border between enameloid and dentine in AMNH 7115 is uneven, but
distinct. Dentine pores are present along the enameloid–dentine junction. Etched 5 s in 5% HCl. Scale bar " 10 lm. (g) A cross-section
through BRSUG 27194 reveals a well-defined monolayer of single crystallite enameloid on the labial surface of the tooth cusp. Etched 5 s
in 10%HCl. Scale bar" 15 lm. (h) The enameloid monolayer of BRSUG 27194 exhibits no microstructural differentiation, and is composed
of round or subround crystallites. Etched 5 s in 10% HCl. Scale bar " 5 lm. (i) A cross-section through UMZC GN.1047 reveals a thin
monolayer of single crystallite enameloid overlying orthodentine. Etched 5 s in 5% HCl. Scale bar " 7.5 lm. (j) The enameloid monolayer
of UMZCGN.1047 shows no microstructural differentiation, and is composed of round to subround crystallites. Etched 5 s in 5%HCl. Scale
bar " 2.5 lm. (k) The tooth cusp of CMNH 5420, viewed in cross-section, is composed of a primarily orthodentinous core, capped by a
ridged monolayer of single crystallite enameloid. Etched 5 s in 10% HCl. Scale bar " 60 lm. (l) The monolayer of single crystallite ename-
loid in CMNH 5420 is composed of round or subround crystallites. Etched 5 s in 10% HCl. Scale bar " 4 lm. (m) A precise border between
the single crystallite enameloid monolayer and the underlying orthodentine is difficult to discern in CMNH 5420. The presence of numer-
ous dentine pores along the tissue boundary suggests that odontoblast cell processes extended into the enameloid cap. Etched 5 s in 10%
HCl. Scale bar" 7.5 lm. Arrows denote the outer enameloid surface. Arrowheads denote the enameloid–dentine junction.
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enameloid in the ancestral chondrichthyan tooth.
Coates and Sequeira (2001a,b) divide chondrichthyans
into two clades: one comprising Cladoselache, the
Symmoriiformes and the holocephalans (with Cla-
doselache and the Symmoriiformes as stem holoce-
phalans) and one comprising the Xenacanthiformes,
Ctenacanthiformes and Hybodontiformes. While
the teeth of Denaea and Cobelodus (the most basal
taxa in the Cladoselache/symmoriiform/holocepha-
lan clade) were not sampled in this study, we dem-
onstrate the widespread presence of enameloid on
the teeth taxa in both clades (including many basal
taxa – Fig. 6f). Finally, teeth of the most basal chon-
drichthyan taxa in the phylogenies of Maisey (2001)
(Fig. 6e) and Ginter (2005) (Fig. 6g), Pucapampella
and Antarctilamna, respectively, were not sampled,
though once again, enameloid was present on the teeth
of successively crownward basal chondrichthyans in
both of these trees. The widespread basal distribu-
tion of tooth enameloid in these seven phylogenies
provides strong support for the presence of a SCE
cap on the ancestral chondrichthyan tooth. The im-
plications of this are discussed below.

Enameloid Microstructure as a
Preadaptation to Crown Group
Neoselachian Tooth Function

The radiation of the crown group Neoselachii dur-
ing the Jurassic and Cretaceous has been attrib-
uted, in large part, to the evolution of complex hunt-
ing and feeding strategies in response to an increase
in prey (i.e., actinopterygian) abundance and diver-
sity (Thies and Reif, 1985). These strategies rely
upon a number of derived anatomical features,
including a segmented and calcified notochordal
sheath with calcified cartilage vertebrae for faster
swimming, modification of pelvic and pectoral fins
and their articulation for greater maneuverability,
and modifications of the jaw suspensorium (Moss,
1972, 1977; Maisey, 1980, 1986). Furthermore,
many neoselachians also possess sharp cutting and
gouging teeth that are shed rapidly and replaced
continuously throughout life (Moss, 1967; Luer
et al., 1990). This is in contrast to the multicuspid
clutching and grasping teeth of most stem neosela-
chians which, in the case of some cladodont sharks,
were retained beneath the skin of the outer jaw
margin, rather than shed, following replacement
(Williams, 1990, 2001).

Sharks in the neoselachian crown group often
employ predatory techniques such as biting in conjunc-
tion with lateral headshakes to gouge flesh from prey,
placing the teeth under tremendous bending stress.
Functional morphological studies by Preuschoft et al.
(1974) have demonstrated that the PFE of neosela-
chian teeth effectively prevents crack propagation and
imparts tensile strength, while TFE beneath the PFE
imparts considerable resistance to compressive force.

Fig. 5. Tooth plate microstructure of the basal holocephalan
Helodus. SEM (a) A longitudinal section through the tooth plate
of BRSUG 27195. The dentinous base of the plate is capped by a
hypermineralized monolayer of single crystallite enameloid.
Etched 10 s in 5% HCl. Scale bar " 250 lm. (b) The surface of
BRSUG 27195, viewed in longitudinal section, is covered with a
monolayer of enameloid lacking microstructural differentiation.
A well-defined enameloid–dentine junction is present. Etched 10
s in 5% HCl. Scale bar " 12.5 lm. (c) The single crystallite enam-
eloid of BRSUG 27195 is composed of round or subround crystalli-
tes. Etched 5 s in 10% HCl. Scale bar " 10 lm. Arrows denote the
outer enameloid surface. Arrowheads denote the enameloid–den-
tine junction.
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It therefore appears that enameloid microstructure
plays a considerable role in the maintenance of neose-
lachian tooth integrity during feeding.

The neoselachian crown group can be subdivided
into two clades (Fig. 7): the Galea (roughly synony-

mous with the galeomorphs of Compagno, 1973) and
the Squalea (includes orbitostylic sharks, skates and
rays; Shirai, 1996). Cladistic analysis of morphologi-
cal data from extant crown neoselachians placeHeter-
odontus as the basal most galean, and Chlamydosela-

Fig. 6. Chondrichthyan phylogenies by (a) Schaeffer and William (1977), (b) Young (1982), (c) Maisey (1984), (d) Gaudin (1991), (e)
Maisey (2001), (f) Coates and Sequeira (2001a,b), and (g) Ginter (2005), with the distribution of tooth enameloid microstructure on
each. Asterisk (*) indicates that only one of two sample xenacanthiform taxa sampled possessed SCE. SCE/SLE, single crystallite
enameloid/shiny layer enameloid; PFE, parallel-fibered enameloid; TFE, tangle-fibered enameloid.
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chus as the basal most squalean (Shirai, 1992, 1996).
Heterodontus possesses a unique dentition, with
clutching and grasping teeth in the anterior region of
the jaw, and flattened crushing teeth at the back
(Summers et al., 2004). A histological examination of
the teeth of Heterodontus revealed that the front
teeth possess a fully differentiated triple-layered
enameloid fabric (a shiny layer of SCE, PFE, and
TFE), while the back teeth possess layer of TFE
underlying a thick layer of SCE (Reif, 1977; Cuny
et al., 2000). Reif (1977) proposed that the reduction
of the enameloid layer in the back teeth ofHeterodon-
tuswas an adaptation to durophagy.

The teeth of Chlamydoselachus are fine, recurved,
and tricuspid, and are striking analogues of the
clutching and grasping teeth of the non-neosela-
chian Phoebodontiformes (Ginter and Ivanov, 1996;
Ginter, 2000; Ginter et al., 2002). Furthermore,
Chlamydoselachus lacks the enlarged rostrum and
ventral mouth of more derived neoselachians, and
instead possesses a jaw articulation that lies in level
with the otic region of the skull, a feature shared
with non-neoselachian elasmobranchs (Shaeffer,
1967; Zangerl, 1973). It is therefore likely that the
predatory strategies employed by Chlamydosela-
chus are analogous to those employed by Palaeozoic
sharks (i.e., clutching and grasping predation), and
quite unlike the cutting and gouging strategies
employed by more derived forms.

We demonstrate that the teeth of Chlamydosela-
chus anguineus possess a fully differentiated triple-
layered enameloid microstructure, and the con-
firmed presence of this dental feature in the basal-
most members of both crown neoselachian clades
implies its presence in the last common ancestor of
all crown group neoselachians. However, given the
predatory tactics employed by these taxa (clutching
and grasping in Chlamydoselachus, and durophagy
in Heterodontus) it is highly unlikely that this

ancestor possessed teeth that functioned in cutting
and gouging predation. It therefore appears that the
triple-layered enameloid microstructure phyloge-
netically predates the advent of cutting and gouging
teeth, and is thus a case of preadaptation or ‘‘exap-
tation’’ (Gould and Vrba, 1982).

Recent analyses (Maisey et al., 2004) suggest, con-
trary to Shirai 1992, 1996, that the batoids (skates
and rays) are not derived squaleans, but rather the
sister group to all other neoselachians (i.e. the sister
group to the Galea and Squalea). Such a phyloge-
netic placement of the batoids disagrees with the
view that the most primitive neoselachian teeth pos-
sessed triple-layered enameloid (as the batoid denti-
tion is reported to possess a single layer of TFE).
However, it does not conflict with our argument that
a triple-layered enameloid fabric was a preadapta-
tion to the neoselachian cutting and gouging tooth
function (as batoids are durophagous).

Cuny et al. (2001) report the presence of two-lay-
ered enameloid—an outer layer of compact SCE,
and an inner layer SCE, though with some crystalli-
tes organized into parallel bundles lying perpendic-
ular to the enameloid–dentine junction—in the
Hybodontiformes Acrodus and Polyacrodus, and
this may represent a precursor to the neoselachian
triple-layered fabric. The teeth of these Hybodonti-
formes are rather flat and low-crowned, and were
not likely subject to excessive bending forces, and it
is therefore highly unlikely that the fiber bundles
lying perpendicular to the enameloid–dentine junc-
tion of these teeth was adaptive. Rather, the appear-
ance of these microstructures may best be explained
as the fortuitous consequence of modification to the
odontogenetic developmental program which, when
combined with additional modifications of the jaws
and axial skeleton, facilitated the evolution of novel
and complex predatory strategies.

The Relationship Between Enamel,
Chondrichthyan Enameloid, and
Actinopterygian Enameloid

Enamel and enameloid are hypermineralized cap
tissues that differ considerably in terms of both
microstructure and organic matrix composition, and
these differences have been attributed to a hetero-
chronic shift in ameloblast differentiation during
odontogenesis (Smith and Hall, 1993; Smith, 1995).
Enamel is a monotypic tissue, and forms through
the outer apposition of successive layers of proteina-
ceous ameloblastic cell secretions (primarily amelo-
genin) following the mineralization of the underly-
ing dentine matrix (Smith, 1995; Satchell et al.,
2002). Consequently, enamel exhibits incremental
lines of growth, and the junction between dentine
and enamel corresponds to the basal lamina of the
inner dental epithelium (Smith, 1995). Conversely,
enameloid is the bitypic product of mixed ameloblas-
tic and odontoblastic cell secretions, and results

Fig. 7. Phylogenetic interrelationships of the crown group
Neoselachii. Based on the cladistic analysis of morphological data
by Shirai (1996), with some clades collapsed for simplicity.
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from the differentiation of ameloblasts prior to the
mineralization of underlying dentine (Smith, 1992).
Enameloid matrix contains collagen of ectomesen-
chymal origin and odontoblast cell processes, in
addition to ameloblastic cell secretions (primarily
enamelin, though amelogenin and other enamel
proteins are also present [Herold et al., 1980; Satch-
ell et al., 2002]), and is secreted beneath the basal
lamina of the inner dental epithelium (Shellis and
Miles, 1974, 1976; Shellis, 1975; Kemp, 1985; Smith,
1995). There is evidence that the shift from enamel
to enameloid has occurred on several occasions dur-
ing vertebrate evolution (Donoghue et al., 2000;
Donoghue, 2001).

During enamel biomineralization, ameloblast-
derived matrix proteins aggregate to form compart-
ments within which hydroxyapatite crystallites are
precipitated (Diekwisch et al., 1993, 1995). The bio-
mineralization of enameloid differs considerably
from that of enamel, and also exhibits variation
among gnathostome lineages (i.e., between chon-
drichthyans and actinopterygians). In chon-
drichthyans, enameloid crystallites precipitate
almost exclusively upon odontoblast-derived tubu-
lar vesicles, delimited by a unit membrane, and
although collagen and other ‘‘electron-dense fibrils’’
are present in the matrix, they do not serve as a
crystallite nucleation structures (Prostak and
Skobe, 1988; Sasagawa, 1989). In contrast, actino-
pterygian enameloid crystallites precipitate initially
upon matrix vesicles, and accumulate subsequently
along collagen fibers (Sasagawa, 1997). Further-
more, the mineralization of actinopterygian ename-
loid commences at the enameloid–dentine junction
and progresses toward the outer enameloid surface,
while mineralization of elasmobranch enameloid
generally occurs throughout the layer, with no dis-
crete front (Sasagawa, 2002 – though see Fossé
et al., 1974; Risnes, 1990; Cuny and Risnes, 2005).
These differences in matrix composition and miner-
alization patterns have led many to regard elasmo-
branch enameloid (‘‘coronoı̈n’’ [Bendix-Almgreen,
1983]) and actinopterygian enameloid (‘‘acrodin’’
[Ørvig, 1978]) as two distinct products of convergent
evolution, despite previous assertions of homology
(Moss, 1977). In addition, the alleged absence of
enameloid on the teeth and fin spines of Cladosel-
ache (initially noted by Dean, 1909), and its reported
absence from the teeth and dermal denticles of other
basal elasmobranchs (Ørvig, 1966; Gross, 1973) pro-
vides evidence (albeit patchy and often anecdotal)
for the acquisition of enameloid as a synapomorphy
of ‘‘higher’’ elasmobranchs. There are reports of su-
perficial enameloid-like tissue capping the tooth
plates of chimaerid holocephalans (Ørvig, 1985).
However, the phylogenetic position of holocephalans
within the Chondrichthyes has long been a matter
of much contention among systematists, and this
has precluded their use as an indicator of the plesio-
morphic chondrichthyan dental condition.

We note the presence of a SCE monolayer on the
tooth plates of the basal holocephalan Helodus, as
well as on the teeth of several non-neoselachian
chondrichthyans (Fig. 6). The phylogenetic distri-
bution of this tissue highlights tooth enameloid as
a probable chondrichthyan plesiomorphy. Ename-
loid (or ‘‘durodentine,’’ a term synonymous with
‘‘mesodermal enamel,’’ or enameloid) has been
observed in the developing teeth of the basal neo-
pterygian Polypterus (Meinke, 1982), as well as in
the fossil teeth of Andreolepis hedei, the most prim-
itive known teleostome fish (Janvier, 1978). The
presence of enameloid in basal holocephalan tooth
plates, as well as the ubiquitous presence of enam-
eloid in the teeth of actinopterygians (and most
notably, at the base of the Teleostomi), implies its
presence in the teeth of the last common ancestor
of the gnathostome crown group. We, therefore,
argue that the tooth enameloid of chondrichthyans
and actinopterygians are, in fact, homologous tis-
sues, and that the observed differences between
enameloid matrix composition and mineralization
in the two groups are the result of lineage-specific
divergence from the primitive state.

A Developmental Model of Chondrichthyan
Enameloid Evolution

In the enameloid of crown neoselachians, crystal-
lites are arranged into discrete bundles of varying
orientation, and this differs considerably from the
SCE of holocephalans and stem group neosela-
chians. Reif (1979) postulated that the organic ma-
trix of the thin layer of SCE overlying the PFE of
neoselachian teeth is derived almost exclusively
from ameloblastic cell products, due to its position
at the outer enameloid surface and probable forma-
tion in complete isolation from odontoblast cell
secretions. While there is still much debate regard-
ing the specific control of enameloid crystallite ori-
entation and the development of ‘‘higher order
structures’’ (i.e., crystallite bundles) within the
layer, it is broadly accepted that odontoblast-derived
cell products (namely, tubular vesicles) play a fun-
damental role in the initiation and direction of crys-
tallite growth (Prostak et al., 1990; Sasagawa,
2002). If a mixed matrix composed of both amelo-
blast cell secretions and odontoblast-derived tubular
vesicles is, in fact, critical to the development of
higher order enameloid structures, then a deficiency
of such vesicles (i.e., their presence below a ‘‘thresh-
old quantity’’) may inhibit the development of enam-
eloid that is microstructurally more complex than a
monolayer of randomly oriented single crystallites.
Conceivably, a heterochronic shift in ameloblast dif-
ferentiation (Fig. 8) during odontogenesis (from
‘‘late’’ differentiation, near the end of dentinogene-
sis, in stem neoselachians, to an ‘‘early’’ differentia-
tion in crown neoselachians), comparable to the
mechanism underlying the evolution of enamel from
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enameloid across vertebrate phylogeny (Smith,
1995), could permit a greater incorporation of odon-
toblast-derived tubular vesicles into the enameloid

matrix. This, in turn, could result in the generation
of suitable matrix support for the growth of higher
order enameloid microstructures.

Fig. 8. Gnathostome phylogeny, and a heterochrony-based explanation of the evolution of hypermineralized dental cap tissues in
toothed vertebrates. (a) Interrelationships of the major gnathostome groups (based on Donoghue and Sansom, 2002). The origin of
teeth and known hypermineralized dental cap tissue conditions are indicated. (b) The plesiomorphic gnathostome condition is a tooth
with a superficial capping layer of single crystallite enameloid (EA), resulting from a late differentiation of ameloblasts during odonto-
genesis (an enameloid matrix that is rich in ameloblastic cell secretions, and deficient in odontoblast cell products). A heterochronic
shift to earlier ameloblast differentiation along the chondrichthyan lineage produces an enameloid matrix that is richer in odontoblast
cell products (namely, tubular vesicles), and is thus able to support microstructural differentiation through the development of crystal-
lite bundles, resulting in the neoselachian triple-layered enameloid fabric (EB). Such a mechanism (though in reverse, with delayed dif-
ferentiation of ameloblasts, and deposition of ameloblast cell secretions upon mineralized dentine) underlies the evolution of sarcop-
terygian enamel (EC) from enameloid (Smith, 1995): ab, ameloblast; ob, odontoblast.
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The Presence of Enameloid in the Primitive
Gnathostome Tooth

Implicit in the hypothesis of chondrichthyan and
actinopterygian enameloid homology is the homol-
ogy of gnathostome teeth themselves. Convention-
ally, it is argued that teeth originated once, in (or
along the stem leading to) the last common ancestor
of chondrichthyans and osteichthyans, from dermal
denticles located along the margin of the mouth
(Reif, 1982). Conversely, Smith (2003) and Smith
and Johanson (2003) suggest that teeth may have
originated independently at least twice (in placo-
derms and all other gnathostomes), and possibly up
to four times (in placoderms, chondrichthyans,
acanthodians and osteichthyans). This hypothesis is
based on two lines of evidence: 1) The presence of
‘‘true teeth’’ on the gnathals of arthrodire placo-
derms, and the supposed absence of teeth in basal
chondrichthyans, acanthodians, and osteichthyans
(Johanson and Smith, 2003; Smith and Johanson,
2003) and 2) inferred differences in dentition pat-
terning among the four major gnathostome lineages
(Smith, 2003).

Recently described dental elements on the supra-
gnathals and infragnathals of arthrodire placo-
derms are classified as ‘‘true teeth’’ by Smith and
Johanson (2003) based on their apparent occurrence
in patterned and regulated rows, and their histolog-
ical composition of tubular dentine. Presumably
derived from pharyngeal denticles (Johanson and
Smith, 2003), these ‘‘teeth’’ lack an enameloid cap.
However, the classification of such arthrodire den-
ticles as ‘‘true teeth’’ is contentious. Arthrodire oral
denticles closely resemble tubercles or denticles of
the dermal skeleton in other early vertebrates
(Burrow, 2003), and a regular pattern of addition
(similar to that observed in teeth, though arrived at
independently) has been proposed for placoderm
(dermal) marginal plate denticles (Young, 1986).
Furthermore, tubular dentine is not restricted to
‘‘true teeth,’’ as is demonstrated by its presence in
the marginal spine plate denticles of the placoderm
dermal skeleton, as well as in elements of the der-
mal skeletons of various other jawless and jawed
vertebrates (Burrow, 2003). Evidence for the ab-
sence of teeth in basal chondrichthyans and
osteichthyans is equally circumstantial, and is lim-
ited to the apparent absence of teeth from early
chondrichthyan and osteichthyan microvertebrate
remains (Sansom et al., 1996; Williams, 2001; Smith
and Johanson, 2003). Finally, while there are tooth-
less acanthodians, some phylogenies place toothed
forms (namely, ischnacanthiforms and climatiforms)
at the base of the Acanthodii (Long, 1986; Janvier,
1996). It should be noted, however, that nearly all
acanthodian phylogenies are weakly supported, and
that acanthodian monophyly itself is currently a
matter of much contention among early vertebrate
paleontologists.

Smith (2003) cites differences in dentition pat-
terning in the four major gnathostome lineages as
additional evidence for the independent origin of
teeth. Assuming that teeth are not derived from der-
mal denticles, but rather, from pharyngeal denticle
sets, it is suggested that such denticles may have
been co-opted as teeth and patterned independently
in different fish groups. There is, however, no pub-
lished molecular evidence in support of either a pha-
ryngeal (i.e., endodermally-induced rather than
ectodermally-induced) origin of teeth, nor for the
dentition patterning differences proposed by Smith
(2003). We thus maintain that ‘‘true’’ teeth origi-
nated once in Gnathostomata, along the stem lead-
ing to the last common ancestor of chondrichthyans
and osteichthyans (Fig. 8, a dermal or pharyngeal
origin of true teeth is equivocal). Furthermore,
using the basal chondrichthyan condition as a proxy
for that of the last common ancestor of crown gnathos-
tomes, we hypothesize that this ancestral gnathostome
tooth possessed a hypermineralized cap of SCE.

CONCLUSIONS

All non-neoselachian sharks (with the exception
of some Xenacanthiformes) and basal holocephalans
appear to possess hypermineralized dental cap tis-
sue that can be classified as enameloid. Plesio-
morphically, chondrichthyan teeth possessed a su-
perficial monolayer of SCE, providing phylogenetic
support for the presence of SCE in the primitive
gnathostome tooth, as well as the homology of elas-
mobranch and actinopterygian enameloid. Further-
more, the evolution of dental cap tissues in chon-
drichthyans and the appearance of a complex triple-
layered enameloid fabric in neoselachians may have
been modulated by the same heterochronic mecha-
nism that underlies shifts between enamel and
enameloid across vertebrate phylogeny. Finally, the
occurrence of fully-differentiated neoselachian enam-
eloid microstructure in the basal squalean Chlamy-
doselachus anguineus, and reports of the same in
the basal galean Heterodontus, is evidence that tri-
ple-layered enameloid microstructure was a prea-
daption to the cutting and gouging function of many
neoselachian teeth, and may have played an integral
role in the Mesozoic radiation of crown Neoselachii.
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