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Among non-avian dinosaurs, Heterodontosaurus tucki is unique for possessing complex dental features including 
both morphological and proportional heterodonty, sub-hypsodonty, tooth occlusion, and extensive low-angled wear 
facets—a collection of derived traits made additionally noteworthy by their appearance in one of the earliest-branching 
ornithischian lineages. In many taxa with similar dental characteristics, complex suites of modified dental tissues shape 
functional occlusal surfaces through wear. It remains unknown if H. tucki possesses similar histological complexity. 
Here, we investigate the histology and enamel microstructure of H. tucki maxillary cheek teeth from the Early Jurassic 
upper Elliot Formation of South Africa. Despite possessing a superficially complex dentition, the maxillary teeth exhibit 
a thin, relatively simple, three-layered enamel schmelzmuster (basal unit, columnar unit, and parallel crystallite) with 
enamel tubules. On the labial face, the enamel thins out drastically (<6 µm) and is discontinuous with a more simplified 
enamel microstructure. Surprisingly, a thick band of wear-resistant, histologically distinct dentine arises concurrent with 
the thinning enamel and appears to form the primary cutting crest of the functional occlusal surface, a role typically 
filled by enamel. This represents both the phylogenetically and chronologically earliest known acquisition of this form 
of modified dentine within Ornithischia.
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Introduction
In contrast to the simple, non-occluding teeth of most rep-
tiles, some lineages of ornithischian dinosaurs evolved den-
tal occlusion (Lambe 1902; Edmund 1960; Erickson et al. 
2012, 2015). These derived dental features generally did not 
arise until late in the Mesozoic; Late Cretaceous hadrosaurs 
and ceratopsians exhibited complex multi-tooth grinding 
and high-angle slicing dentitions. These groups maintained 
their derived functional occlusal topography through the 

differential wear of a suite of exposed, modified dental tis-
sues including enamel, mantle dentine, orthodentine, sec-
ondary dentine, vasodentine, and giant tubules (Erickson et 
al. 2012, 2015). Conversely, most early dinosaur dentitions 
retain the morphologically and histologically plesiomorphic 
reptilian condition; homodont crowns composed solely of 
orthodentine and a relatively thin enamel shell. In a nota-
ble exception to this trend, the earliest diverging ornith-
ischian clade, Heterodontosauridae, exhibit a remarkably 
derived dentition featuring heterodonty, occlusion, derived 
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episodic tooth replacement, and complex wear facets, a con-
dition maximally developed in Heterodontosaurus tucki 
(Crompton and Charig 1962; Norman et al. 2011; Sereno 
2012; Becerra et al. 2020).

Late Triassic to Early Cretaceous heterodontosaurids 
are broadly characterized by a differentiated dental arcade 
composed of: (i) incisor-like premaxillary teeth; (ii) later-
ally compressed premaxillary and dentary caniniform teeth; 
and (iii) a post-caniniform tooth row of worn, leaf-shaped 
(foliodont) teeth (Crompton and Charig 1962; Sereno 2012; 
Becerra et al. 2014). In derived heterodontosaurids, these 
post-caniniform teeth likely performed the bulk of the oral 
processing, as indicated by their substantial wear facets 
(Sereno 2012). Thought to be flanked by fleshy cheeks, these 
distal teeth are uniquely modified in Heterodontosaurus 
tucki (Sereno 2012). In contrast to their chisel-like appear-
ance in most heterodontosaurids, H. tucki post-caniniform 
cheek teeth are labio-lingually expanded with a sub-rectan-
gular outline (Sereno 2012; Norman et al. 2011). Their api-
ces are completely effaced through use, resulting in a broad, 
flat, and block-like functional morphology in the distal-most 
teeth. Maxillary teeth are angled lingually while the dentary 
teeth are canted slightly labially relative to the orientation 
of their characteristic bluntly-rounded roots (Sereno 2012).

Specific to H. tucki, the post-caniniform teeth are uni-
quely arranged such that adjacent teeth are buttressed di-
rectly against one another. The wear facets formed by the 
occlusion of the 11 maxillary teeth with the 10 dentary teeth 
therefore result in near-continuous, planar functional sur-
faces across the tooth row (Sereno 2012). This composite sur-
face formed by adjacent/successive wear facets forms a broad 
interface for contact with ingested food stuffs (Norman et al. 
2011; Sereno 2012). While tooth morphology remains fixed 
throughout ontogeny, the angle of the wear surface varies 
both through ontogeny and with position along the tooth row. 
Additionally, the number of teeth making up this surface 
increases with the eruption of additional maxillary teeth in 
older specimens (Compton and Charig 1962; Butler et al. 
2008). The wear surface is generally more planar in the adult 
dentition, where apical wear facets form nearly perpendic-
ular to the apico-basal axis of the tooth, resulting in nearly 
flat, transversely-oriented surfaces (Sereno 2012). Wear sur-
faces are more steeply inclined in juveniles and subadults 
(Butler et al. 2008; Sereno 2012). However, across all age 
groups the surface becomes increasingly horizontal distally 
along the tooth row (Crompton and Charig, 1962; Norman et 
al. 2011). The pulp cavities are notably enlarged, to such an 
extent that they become exposed at the tooth surface during 
later stages of wear (Sereno 2012). Heterodontosaurids also 
possessed a derived mode of staggered, active tooth replace-
ment that allowed for the continuity of a consistent wear 
surface despite different degrees of crown eruption across 
the tooth row (Norman et al. 2011; Sereno 2012).

Such a complex dentition and associated dental occlusion 
would imply substantial underlying complexity in enamel 
microstructure, a frequently observed phenomenon in both 

dinosaurs and mammals (Sander 1999; Hwang 2011; Becerra 
and Pol 2020; Wilmers and Bargmann 2020). The dental 
microstructure of only one heterodontosaurid genus has 
been previously investigated: Manidens condorensis from 
the Lower Jurassic of Argentina (Becerra and Pol 2020). 
Manidens condorensis exhibits relatively primitive dental 
characteristics relative to H. tucki. The small, high angle 
wear facets suggest a shearing mode of mastication and lim-
ited dental occlusion. Additionally, M. condorensis retains 
a post-diastema tooth morphology more reminiscent of the 
ancestral ornithischian condition (Becerra et al. 2014; Sereno 
2012). Manidens condorensis is similarly simple in terms of 
enamel microstructure, composed primarily of parallel and 
divergent crystallites, with many of the latter organized into 
incipient columnar units (Becerra and Pol 2020). Incremental 
lines occur in conjunction with parallel crystallites, and nu-
merous tubules are randomly distributed throughout the 
enamel thickness of the maxillary teeth, while the dentary 
teeth possess no tubules. Unlike all other known ornithis-
chians, M. condorensis does not possess a basal unit layer 
(BUL); a thin (5–15 µm), distinct polygonal unit layer ad-
jacent to the enamel dentine junction (EDJ), that is present 
even in the most basal reptilian taxa sampled to date (e.g., 
Captorhinus and Procolophon) (Sander 1999; Becerra and 
Pol 2020). It remains a mystery if a more complex enamel 
microstructure than that of the closely related M. condoren
sis accompanies the higher dental complexity of H. tucki. 

In this study, we examine the microstructural features 
of H. tucki dental tissues in the maxillary teeth of an in-
dividual from the Early Jurassic upper Elliot Formation of 
South Africa (Fig. 1). Through histological and SEM analy-
ses of H. tucki we describe the earliest known acquisition of 
wear-resistant and histologically distinct dentine in ornith-
ischian dinosaurs and describe the enamel microstructure.

Institutional abbreviations.—BP, Evolutionary Studies In-
sti tute, University of the Witwatersrand, Braamfontein, 
Johannesburg, South Africa (formerly Bernard Price In sti-
tute).

Fig. 1. Heterodontosaurid dinosaur Heterodontosaurus tucki Crompton 
and Charig, 1962 (BP/1/9007), from Lower Jurassic upper Elliot Masso-
spondylus Assemblage Zone of South Africa. Left partial maxillary tooth 
row in lingual view; preserves partial crowns with wear facets. Blue plane 
indicates location of histological transverse sections from the middle of 
the tooth row. 
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Other abbreviations.—BUL, basal unit layer; DI, de-ionized 
water; EDJ, enamel dentine junction; OES, outer enamel 
surface; SEM, scanning electron microscope.

Material and methods
Specimen acquisition.—BP/1/9007 is a partial sub-adult 
to adult Heterdontosaurus tucki maxilla from the Lower 
Jurassic upper Elliot Massospondylus Assemblage Zone of 
South Africa (Bordy et al. 2020; Viglietti et al. 2020). It pre-
serves seven partial tooth crowns from the middle–posterior 
region of the maxillary tooth row. Attribution to H. tucki 
was based on the subrectangular cross-sectional morphol-
ogy of the maxillary teeth, the presence of mesial and distal 
labial fossae separated by a primary ridge, and the lack of a 
cingulum (Sereno 2012).
Specimen preparation.—The unprocessed jaw was photo-
graphed using an Olympus SZX12 dissecting microscope 
(Olympus Corp., Tokyo, Japan) and imaging software Infinity 
Analyze (Lumenera, Ottawa, ON, CA). Prior to sectioning 
and preparation for scanning electron microscopy (SEM), 
the tooth crowns were molded using Silputty (Douglas & 
Sturgess, San Francisco, CA) to document the three-dimen-
sional crown structure. The jaw was frontally sectioned and 
then embedded along with its resident teeth in epoxy resin 
pucks (Epoxyset, Allied High Tech Products, Inc., Rancho 
Dominguez, CA, USA). This section of the jaw was selected 
because the teeth it contained exhibited the best-preserved 
crowns of the tooth row. The embedded specimen was cut 
longitudinally and transversely using a slow-speed diamond 
saw (Buehler, Isomet 1000, Lake Bluff, IL, USA). The section 
was then polished on an automatic polisher (Struers Rotopol, 
Struers Inc., Cleveland, OH, USA) using increasingly finer 
grit silicon carbide paper grading 400–1200 grit with de-ion-
ized (DI) water as a lubricant. The section was polished down 
to a thickness of 200 µm. Finer scale polishing was achieved 
using a microfiber polishing pad, 0.3 µm alumina powder, and 
DI water as a lubricant. The specimen was then cleansed of 
potential debris in an ultrasonic bath (Branson 200 Ultrasonic 
Cleaner, Emerson Electric, St. Louis, MO, USA) for one min-
ute and dried with pressurized air. The section was mounted 
on a petrographic slide and then viewed and described using 
an Olympus BX60 compound microscope (Olympus Corp., 
Tokyo, Japan).

Etching was performed on the petrographic slides using 
0.1M HCl followed by a rinse in DI water. The highly per-
mineralized nature of the specimen necessitated lengthy 
etching times: 95 seconds for transverse sections and 
90 seconds for longitudinal sections. Sections were then 
sputter- coated with 4 nm of iridium and fixed with cop-
per tape to minimize charging during SEM analysis. The 
enamel and dentine were then analyzed with a scanning 
electron microscope (FEI Nova 400 Nano SEM, Hillsboro, 
OR, USA) at both 5kV and 10kV. Only transverse and lon-

gitudinal sections were analyzed as the thin and heavily 
permineralized nature of the enamel made tangential sec-
tioning infeasible.

The enamel microstructure and dental histology termi-
nology used in this study follow Avery (1991), Sander (1999), 
Hals (1983), Schmidt and Keil (1971), Hillson (1986). Note: 
LeBlanc and colleagues (2016, 2017) utilize alternative ter-
minological characterizations for some dinosaurian tissues 
recognized here, or do not treat them as distinct tissues. 

Results
Enamel description.—A notable asymmetry in enamel 
thick ness is present in the worn maxillary teeth of Hetero
dontosaurus tucki. The enamel is thickest (~30 µm) on the 
mesial and distal edges of the teeth. In all teeth sampled, 
the enamel is extremely thin (~6 µm) and discontinuous on 
the labial edge, while it is completely removed by wear on 
the lingual sides, if originally present at all (Fig. 2A). The 
mesio-distal enamel begins thinning on the labial edges 
of the mesial and distal marginal ridges (Fig. 2A4). This 
thinning is likely a true reduction rather than a result of 
wear, as evidenced by the concurrent simplification in mi-
crostructure, future studies investigating the histology of 
unworn teeth could be performed to definitively confirm 
this interpretation. The labial edge is composed exclu-
sively of simple parallel crystallite enamel (~6 µm) with 
intermittent incremental lines (Fig. 3A1). In contrast, the 
mesial and distal tooth margins preserve a more complex 
enamel schmelzmuster (the three-dimensional arrangement 
of enamel types; Sander 1999) comprised of a basal unit 
layer (BUL) (~6.9 µm, ~24% total thickness), followed by 
columnar unit enamel (~18.21 µm, 64% total thickness), 
and a thin outer layer of parallel crystallites (~3.37 µm, 12% 
total thickness) that are best visualized in longitudinal view 
(Fig. 3A3). Crystallite bundles composing the columnar 
divergence units increase in size towards the outer enamel 
surface (OES). Individual columnar units are separated by 
prominent planes of convergence that occasionally coincide 
with sinuous, radially emanating enamel tubules (Fig. 3A3). 
These tubules originate within the BUL and do not appear 
to continue past the columnar units. Interestingly, a marked 
difference was observed in the microstructural complexity 
between transverse and longitudinal views (Fig. 3A2, A3). 
While longitudinal views exhibit a well-defined, tripartite, 
BUL-columnar-parallel enamel schmelzmuster, transverse 
views present a schmelzmuster composed solely of par-
allel crystallite enamel. This discrepancy is likely a re-
sult of the three-dimensional orientation of the diverging 
crystallites (Fig. 3B). Crystallites diverge in apico-basal 
directions along an axis in the transverse plane; transverse 
sections therefore exhibit only the apical or basal half of the 
diverging crystallite pairs, and so appear parallel (Sander 
1999). The tubules that coincide with zones of convergence 
are also oriented and undulate along primarily transverse 
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planes. Therefore, tubules are visible in transverse view 
only when the tooth is sectioned directly along a conver-
gence zone, resulting in their higher abundance in lon-
gitudinal view where multiple layers of convergence are 
captured in a single cut (Fig. 3B). 

Tooth histology.—In most high-wear, masticating denti-
tions, enamel is the primary crest-forming material due to 
its greater relative hardness and remarkable damage tol-
erance (Erickson et al. 2012; Weng et al. 2016; Wilmers 
and Bargmann 2020). The extremely thin and discontinuous 

Fig. 2. Maxillary tooth histology of heterodontosaurid dinosaur Heterodontosaurus tucki Crompton and Charig, 1962 (BP/1/9007), from Lower Jurassic 
upper Elliot Masso spondylus Assemblage Zone of South Africa. A. Histological sections: A1, primary ridge: thick band of translucent dentine lines 
the labial edge of the tooth, no enamel is present; A2, whole tooth: transversely sectioned at the base of the wear facet; A3, mesial ridge: histologically 
distinct dentine thickens and enamel is absent; A4, labial edge: on the mesial distal edges the enamel is extremely thin, resulting from wear and likely a 
natural thinning of the enamel, histologically distinct dentine is present, but thin; A5, lateral edge: the enamel is thickest with no distinct dentine present. 
B. Scanning electron micrograph of labial edge of tooth showing crest formation from differential wear from the last stage of polishing. 
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enamel present on the labial crests of H. tucki maxillary 
teeth is therefore highly unexpected. However, associated 
with the onset of enamel thinning on the labial margins of 
the mesial and distal ridges is a gradually thickening band of 
translucent, presumably hypermineralized (see discussion), 
and histologically distinct dentine (Fig. 2A). This band lies 
immediately adjacent to the enamel-dentine junction, and 
at its inception on the mesial and distal edges of the tooth 
is ~50 µm thick (Fig. 2A4). It rapidly thickens along the 
curvature of the mesial and distal marginal ridges to ~100 
µm and continues thickening to a maximum of ~180 µm at 
the primary ridge (Fig. 2A1–A4). In etched SEM samples, 
the semi-transparent, unstained dentine can be split into 
three histologically distinct regions along the labial edge: 

(i) an inner region (~70 µm thick) with radially oriented 
dentinal tubules (Fig. 4A1, A4), (ii) a middle region (~90 
µm thick) with apico-basally oriented tubules displaying 
circular cross-sections (Fig. 4A1, A3), and (iii) an outer re-
gion (~20 µm thick) that is atubular and composed solely of 
intertubular dentine (Fig. 4A1, A2). In transmitted light, the 
outer exceptionally translucent dentine is likely caused by 
the passing of light parallel to the long axis of the tubules 
which would obscure and decrease the visual contrast of the 
tubules with the surrounding tissue, causing a larger portion 
of the dentine to appear optically “atubular” when only the 
outer ~20 µm is truly atubular (Figs. 2A1, A2, 4A1, A2). The 
shifting dentinal tubule orientation explains why the outer 
~110 µm is translucent, however, it does not explain why 

Fig. 3. Enamel microstructure of heterodontosaurid dinosaur Heterodontosaurus tucki Crompton and Charig, 1962 (BP/1/9007), from Lower Jurassic up-
per Elliot Masso spondylus Assemblage Zone of South Africa. A. Scanning electron micrographs: A1, simplified, thin, labial edge enamel with incremental 
lines in transverse view; A2, thick, mesio-distal edge enamel exhibiting poorly organized crystallites and extremely infrequent enamel tubules in transverse 
view; A3, mesio-distal edge enamel exhibiting three enamel layers in longitudinal view. Long, sinuous, and continuous enamel tubules are frequently 
observed in this sectioning plane. B. Schematic enamel block depicting how enamel crystallite complexity might differ in different planes of sectioning. 
Abbreviations: BUL, basal unit layer; CUL, columnar unit layer; EDJ, enamel dentine junction; OES, outer enamel surface; PC, parallel crystallite. 
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the region with radially oriented tubules is similarly trans-
lucent. In the last stage of polishing, a compliant pad and 
alumina powder permit differential wear to occur (i.e., the 
preferential removal of material from softer regions of the 
tooth leaving the harder regions as zones of higher relief). 
In the SEM, we observed a raised region coinciding with 
the outer dentine (Fig. 2B). This suggests that in addition 
to being histologically distinct this region is also relatively 
harder than the inner orthodentine. While not a direct mea-
sure of this tissue’s mineralization state, the high relief in 
conjunction with the decrease in the density of the tubules 
(decreasing the porosity) in the outermost dentine suggests 
that this region may be more mineralized than the inner 
unmodified orthodentine. The absence of iron staining and 
permineralization in this region further supports decreased 
porosity and thus increased mineralization relative to the 
adjacent orthodentine.

Hadrosaurids and ceratopsids bear a similar type of 
modified dentine immediately adjacent to the EDJ (termed 

mantle dentine sensu Erickson et al. 2012 following Avery 
1991). These tissues exhibit a hardness approaching that of 
enamel, allowing for its role as a secondary crest-forming 
tissue in hadrosaurs (Erickson et al. 2012). In H. tucki, this 
modified dentine forms the primary cutting crest on the 
functional occlusal surface, as the thin and microstructur-
ally simple enamel in this region is readily effaced by wear. 
Similar to the tissues in the more derived ornithischians, 
the material properties observed here suggest that over the 
functional life of the tooth its histological components will 
self-wear to the observed functional morphology. 

Discussion
Heterodontosaurus tucki represents one of the chronolog-
ically earliest heterodontosaurids yet exhibits one of the 
most derived dentitions for the entire family (Sereno 2012). 
H. tucki tooth macrostructure varies significantly from re-

Fig. 4. Scanning electron micrographs depicting histologically distinct dentine on the outer labial edge of maxillary teeth of heterodontosaurid dinosaur 
Heterodontosaurus tucki Crompton and Charig, 1962 (BP/1/9007), from Lower Jurassic upper Elliot Masso spondylus Assemblage Zone of South Africa. 
A1, shows the change in dentinal tubule orientation from radially emanating (below black dashed line) to longitudinally emanating (above black dashed 
line, circular cross-sections) to the atubular dentine present on the outermost edge (above white dashed line). Inset shows the position of the micrograph 
on the tooth cross section. A2, depicts the marked decrease in dentinal tubules in the outer ~20 µm of dentine. Inset shows that only intertubular dentine is 
present and the absence of occluded tubules which would be expected if this was derived from sclerotization of the dentine. A3, high magnification image 
of open dentinal tubules in the histologically distinct enamel (above black dashed line in A1). A4, close up showing the transition zone of tubule orien-
tation. White arrow shows tubule cut along its long axis; black arrows show orthogonally sectioned tubules (circular). More circular tubules are present 
above the black dashed line than below indicating the zone of tubule orientation shift. 
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lated heterodontosaurids, including Manidens condorensis, 
the sole other microstructurally analyzed heterodontosaurid 
(Becerra and Pol 2020). While the post-diastema teeth of 
most heterodontosaurids exhibit a high-angled, chisel-like, 
worn morphology throughout their entire ontogeny, the 
teeth of adult H. tucki wear to a flattened block-like mor-
phology forming a near-continuous functional surface com-
posed of adjacent teeth (Becerra et al. 2020; Sereno 2012). 
These macro-scale differences are of potential significance 
to the enamel microstructure in the two species, as micro-
structural complexity tends to be correlated with dental 
complexity as a whole (Hwang 2005, 2011).

Although the enamel microstructures of Heterodonto
saurus tucki and its closely related taxon Manidens condo
rensis are broadly similar, both being composed primarily 
of divergent crystallite enamel with a thin parallel crystallite 
layer adjacent to the OES, the microstructures of the two taxa 
are distinguished by substantial differences in organization. 
Most notable is the presence of a well-defined BUL in H. 
tucki, a level of organization lacking in M. condorensis. The 
BUL is thought to represent the initial phase of mineraliza-
tion, with each polygonal basal unit representing an amelo-
blast (Sander 1999). Heterdontosaurus tucki shares this trait 
with thyreophorans, marginocephalians, and orni thopods 
(Fig. 5) (Hwang 2005, 2011; Chen et al. 2018; Becerra and 
Pol 2020). The lack of this distinctive microstructural trait 
in M. condorensis was previously interpreted as implying 
its absence in the ancestral ornithischian form. Its presence 
in H. tucki adds a new degree of ambiguity to the ancestral 
ornithischian condition and the evolutionary history of the 
acquisition and loss of the BUL.

Heterodontosaurus tucki enamel also differs from Ma-
ni dens condorensis in the organization of the middle, diver-
gent crystallite layer. While the incipient divergent columnar 
units of M. condorensis are poorly defined and frequently 
discontinuous, the divergent crystallites of H. tucki enamel 
form well-defined columnar units that persist, albeit sin-
uously, from the EDJ to near the OES, where they grade 
into parallel crystallite enamel. The convergence zones that 
define the edges of these columnar units frequently coincide 
with tubules in H. tucki. Similar tubules are present within 
the maxillary teeth of M. condorensis, although they appear 
randomly arranged and do not occur within convergence 
zones, unlike those in H. tucki (Becerra and Pol 2020). The 
dentary teeth of M. condorensis lack enamel tubules; the 
presence or absence of tubules within the enamel of H. tucki 
dentary teeth could not be determined in this study due to 
the lack of material available for sectioning.

Despite possessing characteristics typically associated 
with derived enamel schmelzmusters (heterodonty, tooth 
occlusion, episodic tooth replacement) H. tucki exhibits an 
unremarkable enamel microstructure similar to many other 
ornithischian lineages (Fig. 5). Virtually all major ornithis-
chian radiations display some combination of a BUL, diver-
gent crystallite columnar unit layer, and parallel crystallite 
enamel types. While major ornithischian lineages typically 

exhibit characteristic schmelzmusters, the enamel types 
composing these schmelzmusters are largely shared between 
groups (Fig. 5). Ceratopsians and ornithopods mark an im-
portant exception to this observation, possessing derived tu-
bule-riddled and wavy enamel fabrics, respectively (Sander 
1999; Hwang 2005). Despite possessing a degree of mac-
ro-scale dental complexity comparable to ceratopsians and 
derived ornithopods, H. tucki lacks derived enamel fabrics.

Like ceratopsians and ornithopods, H. tucki possesses 
an exceptionally wear-resistant dentine layer, a secondarily 
derived histological tissue known, amongst ornithischians, 
only from these three lineages (Erickson et al. 2012, 2015). 
This layer has previously been observed in computed-tomo-
graphic (CT) scans of H. tucki maxillary material, where it 
was interpreted as a thickened edge of enamel on the labial 
side of the tooth due to its higher comparative density to 
the adjacent unmodified dentine (Sereno 2012). Increased 
density under CT analysis is considered one of the primary 
means of identifying hypermineralized dentine, its higher 
mineral to collagen ratio lends it a high-density signature 
that has allowed for its identification in the functional crests 
of fossil xenarthran teeth that are entirely composed of 
dentine (Kalthoff 2020). Through histological analysis, we 
here clarify its identity as a distinct band of dentine of a 
particularly high density that is presumably related to its 
mineralization state. This high density signature relative 
to unmodified dentine likely led to its misidentification as 
enamel, leading to the proposal of asymmetric enamel as an 
autapomorphy defining H. tucki (Sereno 2012). While the 
condition of the dentary teeth remains unknown, we posit 
that this unique trait is an asymmetric mineralization of the 

Fig. 5. Simplified ornithischian phylogeny depicting characteristic schmelz-
musters and enamel types for studied clades. Note: Presence of enamel tu-
bules in Heterodontosaurus tucki dentary teeth remains unknown. Modified 
from Hwang (2005).
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dentine; with the labial side of the maxillary teeth bearing a 
thick, histologically distinct, wear-resistant band of dentine. 
Further evidence that this tissue may be hypermineralized 
is demonstrated in how diagenetic processes have stained 
the underlying orthodentine with ferric red hues (Fig. 2A2), 
while the outer region appears less affected, retaining a 
clear translucency in transmitted light (Fig. 2A1). The ferric 
red appears within the histologically distinct region only 
where cracks have penetrated it (Fig. 2A1), such cross-cut-
ting attests to the apparently native origin of the translu-
cent band. This tissue likely survived fossilization due to 
its presumably hypermineralized nature; an increase in the 
density of hydroxyapatite within this tissue would decrease 
the porosity, thereby decreasing interaction with pore fluids 
and minimizing subsequent permineralization.

The wear-resistant dentine leading to crest-formation in 
H. tucki is likely related both to the mineralization state and 
the structural shift in tubule direction within this tissue. 
While the higher mineral content would presumably lend 
the tissue elevated mechanical hardness and increased wear 
resistance, the shifting tubule direction changes the surface 
roughness of the exposed dentine and therefore changes how 
that dentine interacts with abrasive particles traversing the 
occlusal surface (Fig. 4A1, A4). As the inner orthodentine 
wears down and interacts with abrasive particles, the tubule 
tracts present a source of surface roughness and thus ele-
vated wear throughout the functional lifespan of the tooth. 
As an abrasive particle slides over this tissue, it will dip down 
into the tubule tract and collide with the opposing edge of 
the tubule creating extremely high localized pressures that 
will drastically increase the removal of material (Fig. 4A4). 
In the dentine with apico-basally oriented tubules a similar 
interaction would occur, however the reduced cross-sec-
tional area of the tubules would diminish the removal of 
material in comparison to the inner orthodentine leaving 
the histologically distinct dentine elevated (Fig. 4A1). In 
the outer-most atubular dentine no such interaction would 
occur; therefore, this tissue would be expected to have the 
highest wear-resistance and the highest relief (Fig. 4A2). In 
Triceratops horridus similar histological control of wear 
has been demonstrated in the dentine; the ridge-forming 
orthodentine and the fuller-forming vasodentine possessed 
hardness values that were statistically indistinguishable, yet 
the extremely porous vasodentine had a wear rate ~1.6 times 
that of orthodentine (Erickson et al. 2015).

Together the hypermineralization and the shift in tu-
bule direction likely promoted the outer dentine layer to 
form a crest relative to the more internal orthodentine 
during polishing (Fig. 2B). This effect was observed in 
multiple teeth in multiple sections and occurred despite the 
heavy permineralization of the topographically recessed 
orthodentine. Permineralization is generally expected to 
increase the hardness of dental tissues (Erickson et al. 
2012; Kundanati et al. 2019). The ability of the unaltered, 
translucent, and wear-resistant dentine to form substantial 
crests above the diagenetically altered orthodentine with 

its presumably increased hardness attests to the significant 
in vivo crest-forming properties of this histologically dis-
tinct dentine. In vivo the non-altered orthodentine would 
have likely been even less wear-resistant and formed even 
deeper basins than observed here. Similar to xenarthrans 
and other mammalian herbivores, the presence of a more 
resistant dental tissue on the occlusal surface of H. tucki 
teeth would have resulted in the development of triturating 
crests of modified dentine, enhancing the complexity of 
the occlusal surface and aiding in mastication (Erickson et 
al. 2012; Kalthoff 2020).

Modified dentinal tissues have been reported in a hand-
ful of other dinosaurian taxa. In theropods, modified den-
tine is found within the tooth reinforcing the spaces between 
serrate denticles (Brink et al. 2015). In ornithischians, hard 
wear-resistant dentine plays a fundamentally different role, 
directly participating in oral processing at the occlusal sur-
face. Within hadrosaurids, wear-resistant dentine is found 
buttressing the enamel, as well as forming isolated, second-
ary shearing crests across the chewing pavements (Erickson 
et al. 2012). In ceratopsians like Leptoceratops gracilis and 
Protoceratops andrewsi wear-resistant dentine again but-
tresses the enamel, and in some taxa like T. horridus, even 
directly composes the shearing crest on the non-enameled 
mesial and distal edges (Erickson et al. 2015; Varriale 2016). 
Heterodontosaurus tucki takes this trend to the extreme, 
in that rather than limiting the wear-resistant dentine to 
secondary internal crests or using it to reinforce the enamel 
edge, the entire primary, labial, maxillary, shearing crest 
solely consists of wear-resistant dentine. Further work 
should be done to investigate how and by what mechanisms 
these functionally, and in H. tucki histologically distinct, 
dentines have elevated wear resistance.

This level of histological complexity is unexpected for an 
Early Jurassic ornithischian, as the derived hadrosaurs and 
ceratopsians that would eventually incorporate secondary 
dental tissues into their occlusal surface did not arise until 
the middle Cretaceous (Butler et al. 2009). The evolutionary 
anachronism of modified dentine in a mid-Mesozoic, early 
diverging ornithischian could imply the tissue is in fact 
more prevalent than previously thought, and further histo-
logical examination of other taxa for elaborated dentinal tis-
sues is warranted. However, when considered in the light of 
the overall highly derived dentition of Heterodontosaurus, 
the presence of this dental tissue likely represents a deriva-
tion exclusive to this early diverging taxon. The high degree 
of specialization in the dentition of H. tucki should call for 
caution in its use as a model for the plesiomorphic ornithis-
chian condition, at least until similar information for other 
basal lineage ornithischians or earlier heterodontosaurids 
such as Echinodon, Fruitadens, or Tianyulong are available. 
This would permit polarization of the evolutionary change 
of enamel in Heterodontosauridae and provide a better un-
derstanding of early ornithischian dental characteristics.



CALVERT ET AL.—DENTAL HISTOLOGY IN HETERODONTOSAURID DINOSAUR 611

Conclusions
Microstructural and histological analysis of Heterodonto
sarus tucki maxillary teeth indicates that tooth crown 
complexity does not always beget enamel microstructural 
complexity. Despite its highly derived dental morphol-
ogy, H. tucki possesses a relatively typical ornithischian 
enamel schmelzmuster on the mesial and distal edges of 
the maxillary teeth. The maxillary labial edge, represent-
ing the first point of occlusal contact, exhibits exceedingly 
thin enamel and a highly simplified microstructure, even 
less remarkable than that of the mesio-distal edges. This 
reduced and simplified enamel presumably renders the 
enamel largely non-functional as a shearing crest, a role 
that has likely been assumed by the crest-forming layer 
of modified wear- resistant dentine underlying the enamel 
of the labial edge. This histological structure represents 
the chronologically and phylogenetically earliest known 
acquisition of wear- resistant modified dentine in ornith-
ischians and the earliest occurrence of its presence on 
the occlusal surface in dinosaurs. The discovery of this 
structural tissue emphasizes the unique and derived nature 
of the complex heterodontosaurid dentition, suggesting 
that despite its early-diverging phylogenetic position, cau-
tion must be exercised in treating dental characteristics in 
members of the heterodontosaurid clade as representative 
of the basal ornithischian condition.
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