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Enamel microstructure is studied here in 7oxodon sp., a notoungulate from the Pleistocene of South America. The ma-
terial includes 13 specimens from outcrops in S&o Paulo and Rio Grande do Sul states, Brazil. Analyses of ground sec-
tions of upper and lower incisors, premolars, molars, and deciduous premolars by scanning electron microscopy reveal
Schmelzmuster with three enamel types: modified radial enamel (MRE), associated with the enamel-dentine junction
(EDJ); Hunter-Schreger bands (HSB), an intermediary layer with decussating prisms; and radial enamel (RE), a layer
placed next to the outer enamel surface. Microstructural features vary in each tooth category, on the buccal and lingual
sides, as well as in the different regions of each tooth. The proportion of RE increases in the occlusal area of 12, which
commonly exhibits intense wear, and may be related to abrasion resistance. HSB thickness ranges from 6 to 20 prisms,
with the thickest portions placed in areas with intense masticatory loads. The most concentrated packing densities of
HSB in the upper incisors and lower premolars suggest these teeth bore the greatest biomechanical demands. Incisors and
cheek teeth show differentiation of Schmelzmuster, suggesting dental antagonistic contact areas, as well as leading and
trailing edges. Deciduous premolars exhibit enamel in the early stages of development, and a neonatal line is observed
almost parallel to the EDJ, possibly related to biological stress during birth. The EDJ is scalloped in all dental categories,
with varying sizes and shapes. Larger and more pronounced scallops are observed in 12, i3, p4, and in the enamel folds of
the upper and lower cheek teeth, associated with microstructural features indicative of greater biomechanical demands.
Microstructural enamel findings presented here corroborate morphological trends in the dentition of Notoungulata related
to hypsodonty, providing greater resistance to the consumption of abrasive diets in these euhypsodont-toothed herbivores.
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Introduction

“How wonderfully are the different orders, at the present
time so well separated, blended together in different points
of the structure of Toxodon!” (Darwin 1845: 82)

The study of dental tissues is of great importance for
understanding the life history and evolution of fossil mam-
mals, being widely used in taxonomic, phylogenetic, palaeo-
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biological, and palaeoecological studies. Dental enamel mi-
crostructure is important for the inference of phylogenetic
relationships, to identify higher orders of mammalian taxa
and to document intraindividual and intraspecific variabil-
ity for comparative purposes (e.g., Kawai 1955; Koenigswald
et al. 1987; Koenigswald and Sander 1997b; Ferretti 1999;
Steffen 1999; Wood et al. 1999; Tabuce et al. 2007; Vieytes
et al. 2007; Alloing-Séguier et al. 2014; Koenigswald and
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Krause 2014; Bergqvist and Koenigswald 2017; Braunn and
Ribeiro 2017 and references therein). Furthermore, dental
histological analyses are also useful for determining the
relationship between enamel microstructure and biome-
chanical stress patterns (e.g., Rensberger and Koenigswald
1980; Koenigswald et al. 1987; Pfretzschner 1988, 1992;
Koenigswald 1992; Rensberger 1995; Steffen 1999).

The microstructural organization of mammalian enamel
consists of elongated hexagonal prisms (rods) and a material
that lies outside the prism boundaries, the interprismatic
matrix (IPM; interrods). The prisms result from columnar
discordances in the hydroxyapatite crystal directions of the
enamel (Rensberger 2000), and the IPM is composition-
ally identical to prismatic enamel but does not form prisms
(Maas and Thewissen 1995). Four hierarchical structural
levels of enamel are observed in mammals: (i) crystallites;
(1) prisms; (iii) enamel types; and (iv) the organization of
the different types of enamel, named Schmelzmuster, de-
termined by the arrangement of the prism groups (Fortelius
1985; Koenigswald 1988; Koenigswald and Clemens 1992;
Koenigswald and Sander 1997a; Maas 1997; Lindenau 2005).

The notoungulates form a monophyletic group of South
American native ungulates whose oldest record is Archaeo-
gaia macachaae Zimicz, Fernandez, Bond, Chornogubsky,
Arnal, Cardenas, and Fernicola, 2020, from Salta Province,
NW Argentina (early—middle Paleocene). The radiation of
Notoungulata is well recorded from the early Eocene (Bauza
et al. 2019), during the Itaboraian South American land mam-
mal age (SALMA; 55.8 Ma ago), to the late Pleistocene—carly
Holocene, with a decline in diversity during the Pliocene (e.g.,
Cifelli 1985, 1993; Bond 1986; Croft et al. 2020). Billet (2011)
presented a phylogenetic analysis in which Notoungulata is
a well-supported clade; the monophyly of the well-known
suborders Typotheria and Toxodontia is also supported.
Toxodontia is recorded from the Eocene to early to middle
Holocene, with only four genera reaching the Pleistocene
in South America: Toxodon Owen, 1837, Piauhytherium
Guérin and Faure, 2013, Trigodonops Kraglievich, 1931, and
Mixotoxodon Van Frank, 1957, the latter being also found
in Central and North America during the Pleistocene (Lun-
delius et al. 2013). Toxodon, the type genus of the subfam-
ily Toxodontinae, had its last representatives associated with
human remains in late Pleistocene and Holocene deposits
(Marshall et al. 1984; Tonni et al. 1992; Guidon et al. 1994;
Politis and Gutiérrez 1998; Politis et al. 2016).

The euhypsodont Toxodon was an large-sized herbi-
vore (~1790 kg; Elissamburu 2012) recorded in various
South American countries, such as Argentina, Uruguay,
Venezuela, Brazil (Bond et al. 1995; Bond 1999), Bolivia
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(Paula-Couto 1979) and Paraguay (Hoffstetter 1978; Carlini
and Tonni 2000). Toxodon means “bow-tooth” (named for
its bow-like curved upper and lower teeth), and it exhibits a
strongly projected rostrum, with flattened upper and lower
incisors (Owen 1837). The ever-growing teeth of Toxodon
have open-roots, with continuous growth of enamel and
dentine throughout the lifetime of these animals; enamel
is arranged in longitudinal areas of variable length, inter-
spersed with areas devoid of enamel, mainly on the lingual
face of the teeth (Paula-Couto 1979; see fig. 1 in SOM 1,
Supplementary Online Material available at http:/app.pan.
pl/SOM/app66-Braunn_etal SOM.pdf).

Studies on the enamel microstructure of Toxodontia are
still sparse, but they are essential to analyse biomechanical
features, dietary habits, and phylogenetic and taxonomic re-
lationships, as well as to reconstruct biological rhythms (e.g.,
Fortelius 1985; Pfretzschner 1994; Maas 1997; Lindenau
2005; Braunn et al. 2014; Madden 2015; Fillippo et. al
2020). In this study we analyse teeth of Toxodon collected in
Pleistocene deposits of Sdo Paulo State and the Coastal Plain
of Rio Grande do Sul State, Brazil (Santa Vitoria Formation;
late Pleistocene), in order to address two main goals: (i)
describe the dental enamel microstructure of Toxodon sp.
in adult and juvenile specimens using scanning electron mi-
croscopy (SEM), and (ii) discuss the evolutionary and func-
tional implications of histological enamel features in these
euhypsodont teeth.

Institutional abbreviations—MCN-PV (MCN-PHIS),
Museu de Ciéncias Naturais, Secretaria do Meio Ambiente
e Infraestrutura, Porto Alegre, Brazil; MCTFM-PV, Museu
Coronel Tancredo Fernandes de Mello, Santa Vitoria do
Palmar, Brazil; MN-V, Museu Nacional, Universidade
Federal do Rio de Janeiro, Rio de Janeiro, Brazil.

Other abbreviations.—]1, 1, upper and lower incisors; dP and
dp, deciduous upper and lower premolars; p, lower premolar;
M and m, upper and lower molars (the number following the
tooth abbreviation indicates the position along the dental ar-
cade). EDJ, enamel-dentine junction; HSB, Hunter-Schreger
bands; IPM, interprismatic matrix; MRE, modified radial
enamel; NNL, neonatal line; OES, outer enamel surface;
RE, radial enamel.

Material and methods

Studied material—In this study, 13 upper and lower teeth
of Toxodon sp. were selected for SEM imaging from the

Fig. 1. Enamel microstructure in upper and lower incisors of 7oxodon sp. from the upper Pleistocene of Rio Grande do Sul (southern Coastal Plain, Santa —>

Vitoria Formation) and S&o Paulo states, Brazil. Scanning electron micrographs of longitudinal (A, B) and transversal (C, D) sections through the upper-
most and labial side of the dental axis. A. MCN-PV 1162.PHIS-54, 12, general view of the intermediary layer of enamel with Hunter-Schreger bands and
modified radial enamel associated to the enamel-dentine junction. B. MCN-PV 9907.PHIS-53, 11, radial enamel with prisms parallel between them close
to outer enamel surface (B), innermost zone of the enamel (B,). C. MCN-PV 9879.PHIS-56, i3, Hunter-Schreger bands and modified radial enamel, with
IPM surrounding the prisms. D. MN 2372-V.C.PHIS-003, i1, detail of modified radial enamel (D,), oval aspect of prisms in cross-section (D,). Dashed

lines indicate the morphology of enamel-dentine junction.
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palaecontological collections of the Museu de Ciéncias
Naturais of the Secretaria do Meio Ambiente e Infraestrutura
(Porto Alegre), Museu Coronel Tancredo Fernandes de
Mello (Santa Vitéria do Palmar), and Museu Nacional of
the Universidade Federal do Rio de Janeiro (Rio de Janeiro).
The specimens include incisors, premolars, and molars
from late Pleistocene deposits of Rio Grande do Sul (Santa
Vitoria Formation) and S3o Paulo states. The histological
dental material examined includes 56 histological sections
of maxillary and mandibular teeth (I1, 12, M3, il, i3, p4,
ml1-2, dP4 and dp4). Parallel sections along the longitudinal
tooth axis, transversal sections and more than one tangential
section were taken when possible (see Table 1; SOM 2).

Dental nomenclature—Tooth terminology follows Madden
(1997) (fig. 1 in SOM 1). Enamel microstructural termino-
logy follows Koenigswald and Sander (1997a).

Preparation of specimens.—Teeth were embedded in poly-
ester resin, and the blocks were cut transversely and longi-
tudinally with a diamond saw (Buehler Petro-Thin, Thin
Sectioning System) at the Laboratory of Mineralogy of the
Universidade Federal de Pelotas (Pelotas, Rio Grande do
Sul, Brazil). Sections were polished with 600-2500 grit car-
borundum powder. Prior to SEM imaging, the specimens
were etched with 1N HCI for 120 seconds, and subsequently
washed in distilled, deionized, and fresh water for 5 min-
utes. A second acid treatment was performed, using 34%
v/v phosphoric acid for 3 seconds. Preparation of the spec-
imens was performed in the Palacontology Section of the
Museu de Ciéncias Naturais, Secretaria do Meio Ambiente
e Infraestrutura (Porto Alegre, Rio Grande do Sul, Brazil).
After the sections dried, they were mounted on alumin-
ium stubs, sputter-coated with gold and viewed in a JEOL
JSM 6060 SEM operated at an accelerating voltage of 10
kV. The SEM imaging of the samples was performed us-
ing secondary electron imaging modes. Measurements were
taken from SEM micrographs using the Image J software.
All teeth are oriented with the occlusal surface directed up-
wards in the scanning micrographs. Microscopic analyses
were performed at the Centro de Microscopia e Microandlise
of the Universidade Federal do Rio Grande do Sul (Porto
Alegre, Rio Grande do Sul, Brazil). Histological sections ob-
tained from this study were deposited in Museu de Ciéncias
Naturais (Porto Alegre) palacontological collection under the
MCN-PHIS acronym. palacontological collection under the
MCN-PHIS acronym.

Results

Enamel from the permanent teeth I1, 12, M3, il, i3, p4, and
m1-2 (Figs. 1-3) and deciduous teeth dP4 and dp4 of Toxodon
sp. (Fig. 4) exhibit Schmelzmuster with three enamel types,
in which the orientation of the prisms, relative thickness and
IPM vary: an innermost layer associated with the EDJ, cor-
responding to MRE; an intermediary layer formed by decus-
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sating prisms, consisting of regularly distributed HSB; and a
layer of RE next to the OES. Detail of enamel microstructure
features can be observed in scanning micrographs presented
in SOM 3: figs. 1-11.

Upper incisors—The enamel microstructural data for the
upper incisors were obtained from longitudinal sections of
two specimens, [1 (MCN-PV 9907) and 12 (MCN-PV 1162),
from which two histological sections were studied (Fig. 1A,
B; see also SOM 2: table 1).

In I1, the total enamel thickness varies from ~970—
1000 pm, and three enamel types are observed: MRE (18%),
HSB (60%) and RE (22%) (Figs. 1B, 5A). The MRE is char-
acterized by decussation of the IPM and prisms, forming
thick plates among them, and it is not possible to distinguish
one from the other (Fig. 1B,). Prisms in the HSB extend out-
ward from the MRE with an inclination of ~60—70° in rela-
tion to the EDJ, and the number of prisms varies from about
6—9 per band (Fig. 1B,). The RE exhibits prisms oriented at
the same angle as the OES and rises apically from the HSB
(Fig. 1By). The EDJ is smooth, without ridges, apparently
devoid of scallops, but with tiny spikes and depressions in
the dentinal areas under the enamel.

In 12 (Fig. 1A), the total enamel thickness in the apical
portion of the dental axis varies from about 1170—1320 pum,
while in the labial side the thickness makes 1050—1070 pm.
It is not possible to analyse the data regarding the total
thickness of each enamel type from the apical portion of
the 12 in the photomicrographs obtained. In the labial side
of the dental axis, three enamel types are observed: MRE
(10%), HSB (53%), and RE (37%) (Figs. 1A, 5B). The MRE
exhibits thick plates of IPM between the prisms, which are
oriented parallel to each other. The prisms in the HSB tend
to be straight and directed cervically, at an angle of about
45—65° in relation to the EDJ; the number of prisms varies
from about 9—14 per band, alternating with a layer of prisms
distributed perpendicularly (Fig. 1A). In the intermediary
layer of enamel located near the apical portion of the dental
axis, the prisms exhibit an undulating pattern. Prisms of
RE are distributed parallel to each other and apically to the
external surface of the dental axis. The EDJ presents small
undulations in the labial side of the incisor (Fig. 1A) and
develops scallops in the apical area.

Lower incisors.—Transversal and longitudinal sections
of lower incisors were obtained from three specimens, il
(MN 2372-V.C), i3 (MCN-PV 9879), and i? (MN 2938-V),
from which 11 histological sections were studied (Fig. 1C,
D; SOM 2: table 1).

In il (Fig. 1Dy), the total enamel thickness varies from
about 1120—1420 pm in the mesial portion of the dental axis,
and from about 670—1000 um in the distalmost area of the
buccal face. In the longitudinal sections through the mesial
surface of the dental axis, three enamel types are observed:
MRE (15%), HSB (55%), and RE (30%) (Fig. 5C). The HSB
are at an angle of 70° in relation to the EDJ, and there are
about 15-20 prisms per band. In the transversal sections
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Fig. 2. Enamel microstructure in upper molar of 7oxodon sp. from the upper Pleistocene of Rio Grande do Sul State, Brazil (southern Coastal Plain,
Santa Vitoria Formation). Scanning electron micrographs of transversal sections of the ectoloph (A;) and paracone, including the anterior fold (A,—Ay).
MCN-PV 30077.PHIS-055, M3, general view of enamel exhibiting Schmelzmuster with three enamel types (A;), Hunter-Schreger bands in the enamel
of loop from anterior fold on the protocone and modified radial enamel below the dashed line (A,), enamel of outermost loop from anterior fold on the
metacone, in opposite position to that observed in A, (A3, A4). Arrows indicate difference in depth between Hunter-Schreger bands. Dashed line in A,
indicates the morphology of enamel-dentine junction.
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through the distal portion of the first lower incisor, it is pos-
sible to observe that the relative thickness of the three types
of enamel varies: MRE constitutes 32% where the enamel
is thinner and about 16—22% in regions where it is thicker;
HSB exhibit a greater thickness, 58—66%, where the enamel
is thicker and about 36% in areas where it is thinner; and RE
constitutes 28—32% where the enamel is thinner and 18-30%
in thicker areas (Fig. 5D). MRE with thick plates of IPM
between the prisms is visible in the longitudinal sections
through the distal portion, while in the transversal sections,
vertical rows of prisms could be observed oriented perpen-
dicular to the thick IPM plates that surround all sides with an
equal thickness. In longitudinal sections through the lower-
most mesial portion of the dental axis, the HSB are disposed
as an intermediary layer of enamel and show an undulat-
ing pattern due to the transitional zones between individual
bands, separated from each other by bifurcations. In a higher
magnification image of this area of enamel, it is possible to
observe that the transitional bands exhibit thin plates of [PM
perpendicular to the prisms. HSB show an undulating pattern
in a tangential section. In longitudinal sections through the
distal portion of the dental axis, the prisms in the HSB tend
to be straight and directed cervically, at an angle of about
45—60° in relation to the EDJ, and the number of prisms var-
ies from 8—10 per band. The RE exhibits enamel incremental
lines in longitudinal sections. RE occupies about 26-32% of
the total thickness of enamel in the thicker areas and 18% in
the thinner areas. Prisms of the RE close to the OES exhibit
an angle of 45° in relation to the EDJ. The EDJ has a smooth
appearance devoid of scallops (Fig. 1Dy).

In i3 (Fig. 1C, D,), the total enamel thickness varies from
about 720—-890 pum, and transversal sections of the upper-
most portion through the dental axis exhibits three enamel
types: MRE (12%), HSB (56%), and RE (32%) (Fig. 5E).
The MRE exhibits prisms formed by wide plates of [PM be-
tween radial rows of prisms, being difficult to differentiate
between them in some areas (Fig. 1C). There are 10 prisms
per band in each HSB, and the prisms tend to be straight
and directed cervically from the MRE to RE, at an angle
of about 45-55°. HSB extend from the MRE and reach the
OES in some areas. It is possible to observe in the RE that in
transversal cross-sections the enamel prisms appear to have
an oval aspect; open prism sheaths are composed of IPM
that surrounds them (Fig. 1D,). Tangential sections show
prisms of RE distributed parallel to each other and close to
the OES. The EDJ in this lower incisor displays small scal-
lops (Fig. 1C) or undulations.

Upper molar—The microscopic analysis of the upper mo-
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lar was performed through transversal sections of an M3
(MCN-PV 30077), from which two histological sections
were obtained (Fig. 2; see also SOM 2: table 1).

Transversal sections through the upper portion of the ec-
toloph and paracone, including the anterior fold, next to the
occlusal surface, showed that the Schmelzmuster differs on
the buccal and lingual sides of the M3 (Fig. 2). On the buccal
side of the dental axis, the thickness of the enamel on the
ectoloph is about 1000 um, and three enamel layers are ob-
served: MRE (24%), HSB (56%), and RE (20%) (Figs. 2A4,
6A). The MRE exhibits large plates of IPM, and it is not
possible to distinguish prisms. The angle of inclination of
the HSB varies from about 45-50°, with 7—12 prisms per
band (Fig. 2A;). The RE in the buccal enamel of the ectol-
oph is composed of crystallites of IPM parallel to the prism
direction at an angle of 90° in relation to the EDJ.

The thickness of the lingual enamel on the anterior
fold of the M3 varies from about 390 to 810 pum, where
only two layers are observed: MRE (20%) and HSB (80%)
(Figs. 2A,—A4, 6B). The MRE is characterized by thick
plates of IPM perpendicular to the prisms (Fig. 2A,—Ay).
The HSB are distributed from the MRE to the OES with an
inclination angle of 45° in relation to the EDJ, and has about
6 to 13 prisms per band (Fig. 2A,). In the enamel on the
distal loop of the anterior fold of the metaloph, the HSB are
composed of bands with decussating prisms that are thicker
than those formed by vertical prisms (Fig. 2A,), while on
the mesial loop of the protocone, bands formed by verti-
cal prisms are thicker than those composed of decussating
prisms, with a difference in depth between them (Fig. 2A;,
A,). Regarding the shape of the EDJ, it is possible to observe
a scalloped outline of enamel on the dentine (Fig. 2A;, A,).

Lower premolars and molars—The microscopic analysis
of the lower cheek teeth was conducted through transversal
and tangential sections on the buccal side of the p4 and
ml-2, from which three histological sections were obtained
(Fig. 3; see also SOM 2: table 1). The first and second lower
molars were treated as belonging to a same dental category
(m1-2) due to their morphological resemblance.

In p4, the total thickness of the buccal enamel is about
1200—-1280 pum, while the enamel on the buccal enamel fold
varies 430-960 pm. The enamel types include MRE (7%),
HSB (53%), and RE (40%) (Fig. 6C). In the MRE, large
plates of IPM perpendicular to the prisms are observed.
The HSB have a regular distribution, at an angle of about
40-50°, and with 15-20 prisms per band. Prisms in the RE
are parallel to each other close to the external surface. The
EDJ exhibits moderate undulations.

Fig. 3. Enamel microstructure in m1-2 of Zoxodon sp. from the upper Pleistocene of Rio Grande do Sul State, Brazil (southern Coastal Plain, Santa —>

Vitoria Formation). Scanning electron micrographs of transversal (A) and tangential (B,—Bg) sections of the buccal and lingual sides through of the dental
axis, respectively. A. MCN-PV 9902.PHIS-059, general view of the enamel and dentine of the hypoconulid showing Schmelzmuster with three enamel
types. B. MCN-PV 9902.PHIS-052, enamel and dentine of innermost loop from the meta-entoconid fold (B,). Note the Hunter-Schreger bands along
the enamel fold (B, B,), enamel and dentine from the ento-hypoconulid fold exhibiting hypoplastic defects (asterisks) (B3, By), higher magnifications of
deep hypoplastic defect observed in B; (inside the box; distal loop of fold) (B,4), enamel in the mesial loop of the fold exhibiting Schmelzmuster with three
enamel types (Bs); detail of modified radial enamel with enlarged empty spaces (white arrows and asterisks) (Bg). Dashed lines indicate the morphology

of enamel-dentine junction.
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In mesial molars (m1-2), the results were obtained from
transversal and tangential sections through the uppermost
portion of the dental axis, from which measurements of the
buccal, mesial and lingual enamel were taken for compar-
ative analysis, including the lingual enamel folds (Fig. 3).
On the hypoconulid, in the distalmost portion of the buc-
cal side of the mesial molars, the enamel thickness varies
from about 1150—1380 pm, with three enamel types: MRE
(10%), HSB (60%), and RE (30%) (Figs. 3A, 6D). The enamel
thickness along the buccal enamel in the talonid varies from
about 640—-1760 pum, the thinner areas being close to the buc-
cal enamel fold. The MRE is composed of vertical rows of
prisms oriented parallel to the IPM that surrounds all sides
with an equal thickness. The HSB exhibit thicker and thinner
alternate vertical bands at an angle of 60—65° in relation to
the EDJ, with 5—6 prisms per band. Bands formed by verti-
cal prisms are thicker than those composed of decussating
prisms (Fig. 3A). RE close to the OES is composed of prisms
parallel to each other (Fig. 3A). The EDJ in this portion of
the dental axis of the lower molar exhibits a more scalloped
configuration than in the lower premolars (Fig. 3A).

Through microscopic analysis of a tangential section
through the meta-entoconid fold of the m1-2, it is possible
to observe variation in the enamel thickness (Figs. 3B, 6E,
F, I-K). The mesial and distal loops of the meta-entoconid
fold present thinner areas close to the internal portion of the
fold: in the mesial loop (innermost area), the enamel thick-
ness varies from about 540—680 pum, and only two enamel
layers are observed: MRE (44%) and HSB (56%) (Fig. 6E),
while in the internal portion of the fold the thickness is about
500-900 um, with three types of enamel: MRE (22%), HSB
(63%), and RE (15%) (Fig. 6F). In the mesial loop of this
enamel fold, the thickness is about 600—740 um, with MRE
(33%), HSB (45%), and RE (22%) (Fig. 6K). On the distal
loop, the thickness is 890—1230 pm, with MRE (43%), HSB
(38%), and RE (19%) (Fig. 61), while in the innermost area
of the distal loop, the thickness is about 780—820 um, with
MRE (14%), HSB (49%) and RE (37%) (Fig. 6J). The MRE
is composed of thin plates of IPM between rows of perpen-
dicular prisms. The HSB in the internal portion of the fold
exhibit an undulating pattern parallel to the EDJ (Fig. 3B,
B,), with alternate rows of about 620 prisms in decussating
areas and thin layers of IPM between them; prisms are at an
angle of about 45° to the IPM that surrounds all sides with
an equal thickness (Fig. 3B,). The angle of inclination of
the HSB varies between the mesial and distal loops of the
meta-entoconid fold: in the mesial loop it is about 25-50°,
while in the distal loop it is about 75-90°, reaching 60—70°
in areas close to the internal portion of the fold, with 10 to
20 prisms in each band. The RE is formed by prisms par-
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allel to each other at an angle of about 45 to 90° in relation
to the EDJ. The outline of the EDJ presents a pronounced
scalloped outline along the meta-entoconid fold (Fig. 3B)).

In a tangential section through the ento-hypoconulid fold
of the m1-2, the total enamel thickness varies from 210—
1120 pum; the thicker areas are in the internal (840—1120 pm)
and distal (830-950 um) loops of the fold, while in the
mesial loop the thickness is about 210—830 um (Fig. 3B5;
SOM 2: table 1). It is not possible to observe Schmelzmuster
in the internal loop of the ento-hypoconulid fold, while in
the mesial loop there are three enamel types: MRE (32%),
HSB (51%), and RE (17%) (Fig. 6H); the distalmost loop of
the ento-hypoconulid fold shows different thicknesses of
the enamel layers: MRE (23%), HSB (50%), and RE (27%)
(Fig. 6G). Along the external surface of the ento-hypoconu-
lid fold there are various hypoplastic defects (Fig. 3Bs, By).
In the MRE, characterized by large plates of IPM covering
the prisms, enlarged empty spaces are also observed, indic-
ative of defects in the mineralization of the enamel prisms
(Fig. 3Bs, B,). HSB in the mesial loop of the ento-hypoco-
nulid fold are distributed at an angle of 45-50° in relation
to the EDJ, with 14—18 prisms in each band (Fig. 3Bs, Bs),
while in the distal loop, the bands exhibit angles of 60—65°
and 4-12 prisms (Fig. 3B3, B,). Prisms in the RE are parallel
to each other close to the external surface of the enamel fold.
In both loops of the ento-hypoconulid fold, the EDJ shows a
pronounced scalloped outline (Fig. 3B4,—Bg).

Deciduous teeth—The enamel microstructural analysis of
the upper and lower deciduous premolars was performed
through transversal and longitudinal sections of three dP4
(MCN-PV 36937, MN 2372-V.A, and MN 2372-V.B) and
one dp4 (MCTFM-PV 793), from which nine histological
sections were studied (Fig. 4; see also SOM 2: table 1).

Upper deciduous premolars: In dP4, the results were
obtained from transversal and longitudinal sections through
the lowermost portion of the dental axis. Measurements
were taken from the buccal and lingual enamel for compar-
ative analysis, including the lingual enamel folds (Figs. 4,
7A-D; SOM 2: table 1).

In specimen MCN-PV 36937, for both the transversal
and longitudinal sections through the buccal enamel on the
ectoloph, the enamel thickness varies from 480—650 pm.
Longitudinal sections through the distalmost portion of the
ectoloph show three enamel types: MRE (33%), HSB (48%)
and RE (19%) (Fig. 7A). The MRE is formed by thick plates
of IPM between the prisms at an angle of 45° (Fig. 4A,).
HSB are at an angle of 45-55° in relation to the EDJ and are
formed by bands of intersected prisms with different thick-
nesses (about 9—12 prisms in each band) alternating with

Fig. 4. Enamel microstructure in upper and lower deciduous premolars of 7oxodon sp. from the upper Pleistocene of Rio Grande do Sul (southern Coastal
Plain, Santa Vitoria Formation) and Sao Paulo states, Brazil. Scanning electron micrographs of longitudinal (A, A,, B, C,) and transversal (A3, C,) sec-
tions of the dental axis. A. MCN-PV 36937, dP4 (A, A,, PHIS-44): general view of buccal enamel and dentine from the ectoloph exhibiting three enamel
layers (A;), distal loop of anterior fold, exhibiting weakly developed Hunter-Schreger bands (A,), mesial loop of anterior fold on the protocone with
thick plates of interprismatic (white arrows) from the enamel-dentine junction up to the outer enamel surface (A3, PHIS-46). B. MN 2372-V.B.PHIS-24,

dP4: lingual enamel on the protoloph exhibiting Schmelzmuster with two enamel types. Neonatal line with orifices of dentinal tubules under the beginning —»
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thin layers of IPM (Fig. 4A). The RE exhibits prisms that
are parallel to each other (Fig. 4A,). The EDJ shows a pro-
nounced scalloped outline (Fig. 4A,). The enamel thickness
of the buccal enamel on the ectoloph is about 520—650 pm;
however, the microstructural features of this area of enamel
could not be observed in the transversal sections obtained.
The thickness observed in a longitudinal section of the
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lingual enamel on the distal loop of the anterior fold is about
680—840 um. It is possible to observe weakly developed
HSB, formed by apposition of the IPM layers (Fig. 4A,). Ina
transversal section through the lingual enamel on the distal
loop of the anterior fold, the thickness varies 330—440 pum,
exhibiting only RE (Fig. 4A;). Enamel thickness varies
210-720 pm in the mesial loop of the anterior fold on the
protocone, and from the EDJ to the OES it is not possible to
view the prisms, except for an area close to the EDJ, where
some prisms are parallel to the thick plates of IPM (Fig.
4A3). The distal loop of the anterior fold on the metaloph
of the dP4 exhibits thick plates of IPM from the EDJ to the
OES, and it is not possible to differentiate prisms between
them. The EDJ is scalloped in both the buccal enamel on
the ectoloph and the lingual enamel of the anterior fold on
the protocone (Fig. 4A,). The enamel thickness decreases in
the distalmost lingual folds: both loops of the posterior fold
have thicker enamel (220-440 um), while the distalmost
enamel on the metaloph is thinner (210-280 pm), but enamel
features could not be observed.

In the specimens of dP4 from the State of Sao Paulo,
MN 2372-V.A and MN 2372-V. (Fig. 4B), the thickness of
the lingual enamel on the protoloph is about 610—840 pm,
and the enamel exhibits Schmelzmuster with two layers:
MRE (17%) and HSB (83%) (Figs. 4B, 7B). The MRE has
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Fig. 6. Diagrammatic representation indicating microstructural variation of enamel in upper permanent molar (A, B) and lower permanent premolar (C)
and molar (D—K) of Toxodon sp. A, B. M3. C. p4. D-K. m1-2. Symbols represent different percentages of enamel zones from the enamel-dentine junction
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rows of prisms at an angle of 45° in relation to the thick
plates of IPM between them. A neonatal line extends from
the MRE close to the EDJ up to the level of the intermedi-
ary layer of enamel with a “staircase” distribution pattern,
where it is possible to identify the prisms formed prenatally
and postnatally (below and above the defect, respectively).
The prenatal enamel is not fully mineralized, with more
irregular prisms exhibiting smaller diameters, and the post-
natal prisms have a more regular pattern (Fig. 4B). HSB
are regularly distributed at an angle of 45-55° in relation
to the EDJ, and the bands of intersected prisms (composed
of about 6—10 prisms) are weakly developed, indicating the
early stages of enamel development (Fig. 4B). In the lingual
enamel of the innermost loop of the anterior fold, and above
this area, the enamel prisms are parallel to the IPM, with-
out an intersection between them (Fig. 7C). In the lingual
enamel on the protocone there are three types of enamel for
a total thickness of 30—77 pm: MRE (26%), HSB (53%), and
RE (21%) (Fig. 7D). It is not possible to distinguish prisms
between the thick plates of IPM in the MRE. The EDJ on
the protoloph and anterior fold is scalloped, while on the
protocone the outline of the enamel under the dentine is
straight.

Lower deciduous premolar: Enamel microscopic analy-
ses of dp4 were made using transversal and longitudinal
sections through the uppermost portion of the dental axis.
Measurements were taken from the buccal and lingual
sides of the dental axis, including the lingual enamel folds
(Fig. 4C; see also SOM 2: table 1).

The thickness of the buccal enamel on the protoconid
is about 760—990 pum, and although there are three enamel
types in this area, it was not possible to determine the per-
centage of each in the photomicrographs obtained (Fig. 4C).

In the same longitudinal section, the enamel thickness of the
opposite lingual band on the paraconid is about 9601410
pum, composed of prisms radially distributed from the EDJ to
the external surface. The MRE has wide plates of IPM, but it
is not possible to detect the prisms between them (Fig. 4C)).
The HSB are distributed at an angle of about 45—60° and are
composed of alternating thinner and thicker bands of vertical
and decussating prisms (Fig. 4C,). Decussating bands have
radial rows of about 5—10 prisms at an angle of 45° in relation
to the plates of IPM (Fig. 4C,). RE is distributed in a wide
portion of the enamel (Fig. 4C;). Buccal enamel thickness
in the talonid is about 790-960 um and in the trigonid 480—
920 pum; the lower measurements were close to the buccal
enamel fold, which is about 300 pum thick. The buccal enamel
fold exhibits rows of prisms parallel to the [PM from the EDJ
to the OES. A scalloped EDJ is observed.

The lingual enamel is thinner compared to that observed
on the buccal side, where the lower measurements are from
the meta-entoconid fold (290—450 um) and from the mesial
band of enamel on the protoconid (280—500 pum). The lin-
gual enamel on the para-metaconid fold shows a radial dis-
tribution of prisms parallel to the IPM from the EDJ to the
OES (Figs. 4C, 7F). It is possible to observe three distinct
areas formed by narrow areas without prisms juxtaposed
at different depths and a neonatal line, with a “staircase”
distribution pattern, parallel to the scalloped EDJ (Fig. 4C,).

Discussion

Toxodontids are easily recognized by the arrangement of
their anterior dentition, with large I1 and il protruding like
a “shovel,” and with 12 and i3 modified into tusks with
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continuous growth (Madden 1997). Similar Schmelzmuster
were observed in this study (among them the angle of incli-
nation, number of prisms per band in the HSB and percent-
age occupied by enamel layers) for I1 and il (Fig. 5A, C), as
well as 12 and i3 (Fig. 5B, E), suggesting similar points of
contact that concentrated stress during the power stroke in
these antagonistic teeth. On the other hand, differences in
the Schmelzmuster were observed between the distalmost
portion of the il and its antagonistic first upper incisor
(Fig. 5A, D), possibly reflecting changes in tensile stresses
in the uppermost and lateral areas of the dental axis in these
animals.

Dental antagonistic contact areas in Toxodon are also
inferred from the microstructural similarities in Schmelz-
muster of the lingual enamel folds of the upper and lower
molars, where the distal loop of the anterior fold (Fig. 6B)
occludes with the mesial loop of the meta-entoconid fold
(Fig. 6E). These findings agree with those proposed by
Fortelius (1985) regarding the occlusal relationships in the
cheek teeth of ungulates, where the posterior half of a lower
tooth occludes with the midpart of its upper homologue,
while the anterior half of a lower tooth occludes with the
anterior quarter of its upper homologue and the posterior
quarter of the preceding tooth.

In Toxodon, the orientation of the thick layers of radial
rows of prisms, separated by ascending IPM in which the
crystals are perpendicular to the prisms in the MRE, seems
to counter the masticatory impacts that are concentrated
on the adjacent enamel close to the EDJ, as proposed by
Pfretzschner (1992) for large-sized hypsodont mammals.
In Notoungulata, this type of enamel occurs in Toxodontia
(Toxodontidae) and Typotheria (Archaeohyracidae, Hegeto-
theriidae, Interatheriidae, and Mesotheriidae), as reported
by Lindenau (2005).

Hunter-Schreger bands, the most frequent form of prism
decussation among placental mammals, are an optical phe-
nomenon caused by properties of the crystallites within
the prisms (Kawai 1955; Koenigswald et al. 1987, 2011)
and constitute an important biomechanical property of
the enamel for preventing fracture even with very heavy
loads, as observed by Maas (1994), Maas and Thewissen
(1995), Koenigswald (1997), Shimizu et al. (2005), and
Ungar (2015). The vertical HSB orientation observed in the
dentition of Toxodon has previously been reported in teeth
of large herbivorous mammals with high occlusal stress
(Boyde and Fortelius 1986; Pfretzschner 1988; Koenigswald
et al. 1987, 2011; Rensberger 1995, 1997, Steffen 2001; Lin-
denau 2005; Line and Bergqvist 2005; Lucas et al. 2008;
Chai et al. 2009), where it gives to the enamel more strength
against impacts (Koenigswald 1992) and has an import-
ant role in resisting crack propagation (Koenigswald and
Sander 1997b; Popowics et al. 2001). The findings of this
study corroborate the fact that in most mammals with this
type of decussation of enamel, the thickness is about 6 to
20 prisms per band, with larger mammals tending to have
thicker HSB, as observed by Kawai (1955).
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As proposed by Lynch et al. (2010) for human enamel,
HSB packing densities (number of HSB per mm of amelo-
dentinal junction length) are most concentrated in regions
exposed to the greatest functional demand, such as the
occlusal surfaces of posterior teeth used for chewing and
the surfaces of maxillary and mandibular canines used for
guiding mandibular movement. A similar condition is ob-
served in the upper incisors (Fig. 1A), as well as in the lower
premolar of Toxodon, which can be related to an increase in
load during mastication in these teeth.

The patterns of decussation of the HSB observed in this
study show regional variations in their distribution through-
out the enamel, which are possibly related to biomechanical
demands. Although Koenigswald and Sander (1997b) stated
that in large mammals the Schmelzmuster normally does
not differentiate between the leading and trailing edges, in
the upper molars of Toxodon, there are differences between
the distribution of decussating bands in the mesial and distal
loops of the anterior fold. In the distal loop, bands formed by
decussating prisms are thicker than those formed by vertical
prisms (Fig. 2A;), while in the mesial loop the reverse is
observed (Fig. 2A3); in addition, the enamel is thicker in the
distal loop, and MRE is distributed in a greater proportion
(Fig. 61, K; SOM 2: table 1). These findings may point to
the direction of chewing forces, possibly indicating leading
(distal loop) and trailing (mesial loop) edges in upper and
lower molars.

In Toxodon, when present, prisms of RE are distributed
radially to the EDJ in the more peripheral enamel zone, close
to the outer enamel surface. This enamel type is usually
related to resistance to abrasive forces, especially when op-
posite occlusal surfaces slide over each other, and is effective
in maintaining sharp cutting surfaces, as previously pro-
posed by Koenigswald and Sander (1997b) for rodents. The
biomechanical properties of RE are evidenced, for example,
in the incisors, in which there is an increased percentage of
this type of enamel in the cuspal area, a condition that is
possibly related to structural stress resistance. In some areas
of the 12, RE occupies the highest percentage of enamel,
possibly due to overload during chewing on this incisor,
which usually exhibits intense wear on the internal portion
of the lateral surface. Upper and lower incisors, premolars
and molars show varying relative contributions of RE and
MRE, with the greatest thickness of RE in areas that were
probably on the push side of the cutting edges, since this
enamel type is more resistant to abrasion than others, as pro-
posed by Koenigswald et al. (1994) and Koenigswald (1997)
for caviomorph rodents. In some areas of the i3, for example,
where HSB reaches the outer enamel surface, RE is absent,
suggesting a less intense abrasion effect. The lower premolar
is conspicuous because it exhibits the thickest RE and great-
est thickness of enamel on the buccal side when compared to
the other cheek teeth (Fig. 6C), which could indicate intense
abrasive effects on this tooth during mastication.

The enamel-dentine junction in Zoxodon sp. is scal-
loped in all tooth categories analysed, consisting of raised
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ridges with varying sizes, shapes, and distribution. The
convexities of the scallops directed towards the dentine
are characterized by a series of ridges, which look like
small undulations or depressions on the dentine surface.
Larger and more pronounced scallops are observed in 12,
13, p4, and the enamel folds of the upper and lower molars.
Although there is controversy about the importance of the
EDJ in functional interpretations, the findings observed
in Toxodon corroborate studies that propose a relation-
ship between scallop formation, prism decussation, and
masticatory loads, with the EDJ constituting an advan-
tageous mechanism that guards against delamination of
enamel from the dentine core during mastication, without
the need for further structural reinforcement, in human and
non-human primates (Shimizu and Macho 2007; Brauer
et al. 2010). Skinner et al. (2008) and Zhang et al. (2014)
proposed a close morphological correspondence between
the shape of the EDJ and the complexity of occlusal enamel
in the outer enamel surface of extant and fossil primates.
However, Oliveira et al. (2001) stated that the topography
of the EDJ does not relate to masticatory forces, or to feed-
ing habitats, based on microstructural analyses in diverse
mammalian species.

Of note among the microstructural features observed in
the upper and lower deciduous premolars of Toxodon is the
presence of a neonatal line (NNL; Fig. 4B, C,), a finding
that is the first record in fossil mammals, with the exception
of human and non-human primates. The NNL is an optical
phenomenon related to alterations in the height and degree
of mineralization of the enamel prisms. According to Sabel
et al. (2008), the factors responsible for the development
and appearance of this defect in dental hard tissues still
need to be more precisely understood. However, it seems
to be generally associated with physiological upset in the
cellular activity of ameloblasts at birth, resulting in the for-
mation of an accentuated incremental line, and is commonly
found in fully developed deciduous premolar teeth and the
developing permanent first molars (e.g., Sabel et al. 2008;
Janardhanan et al. 2011; Hurnanen et al. 2019).

In the studied deciduous premolars of Toxodon, the NNL
is almost parallel to the EDJ, with a “staircase” defect pat-
tern, a microstructural change similar to that associated
with a physiological perturbation arising from a stressor di-
rectly related to the time of birth seen in various studies on
human deciduous teeth (e.g., Weber and Eisenmann 1971;
Whittaker and Richards 1978; Sabel et al. 2008). The oc-
currence of microstructural changes associated with macro-
scopic enamel defects in the permanent teeth of Toxodon had
already been presented by Braunn et al. (2014). According
to these authors, hypoplastic defects were characterized by
a reduction in the enamel thickness, resulting from a dis-
ruption of ameloblast activity due to systemic physiological
stress that was probably related to the continuous growth of
euhypsodont teeth.

The absence of HSB is observed on the lingual enamel
folds of the upper and lower deciduous premolars of

Toxodon, while on the buccal surface of these teeth there
is a well-marked decussation of prisms and differentiation
of enamel layers. Upper and lower deciduous premolars
exhibit weakly developed HSB. These findings corroborate
previous studies about the enamel features at birth in hu-
mans, indicating that deciduous tooth germs are incomplete
and the enamel is only partially mineralized, as proposed by
Janardhanan et al. (2011) and Hurnanen et al. (2019).

Besides the microstructural enamel features of Toxodon
presented here, other important aspects throughout the evo-
lutionary history of Notoungulata need to be considered
with regard to dental developmental, and ontogenetic impli-
cations. From a generalized pattern with complete dentition,
lack of a diastema and brachydont premolars and molars,
notoungulates display a trend towards a specialized mastica-
tory apparatus, with the emergence of euhypsodont-toothed
forms with hypertrophied incisors and simplified occlusal
crown patterns (e.g., Simpson 1967; Cifelli 1985; Reguero et
al. 2010). Thus, a simplification of the cusps on the occlusal
surface of the upper and lower cheek teeth may be associ-
ated with an increase in dental growth rates in more derived
taxa. In addition to that, in “advanced” toxodontids there
is evidence of a reduction or loss of the fold of the lingual
enamel and fossettes/fossettids, both in the upper and lower
molars (for further discussion about developmental, evolu-
tionary, and palaeoecological implications, see, for example,
Pascual 2006; Koenigswald 2011; Woodburne et al. 2014;
Madden 2015; Braunn and Ribeiro 2017; Croft et al. 2020
and references therein).

It is also possible to observe changes in the types of
enamel microstructure within toxodonts, with more de-
rived features in protohypsodont and euhypsodont forms
(Lindenau 2005; Madden 2015; Fillippo et. al 2019), indi-
cating functional adaptation and the provision of greater
resistance to abrasion related to the consumption of more
abrasive vegetation (e.g., Simpson 1967; Janis and Fortelius
1988; Pascual and Ortiz-Jaureguizar 1990; Stromberg et al.
2013; Cassini et al. 2017).

Concerning the enamel microstructural findings pre-
sented in this study for Toxodon sp., it is necessary to con-
sider the possibility that the differentiation of Schmelzmuster
proposed as points of occlusion produced during mastica-
tory loading of the teeth may actually correspond to prim-
itive contacts between cusps that were in occlusion in the
ancestral species, which persisted through changes in cheek
tooth pattern, and may thus constitute an example of ances-
tral trait retention.

Since tooth wear patterns at both the macro- and micro-
scopic levels may have been influenced during the evolution
of the teeth by a need to reduce high tensile stresses (Ungar
2015), the morphology of the dental axis could have been
selected to maintain chewing efficiency throughout the life
of these euhypsodont animals, as was proposed by Benazzi
et al. (2013a, b) for human teeth. From this it is possible
to infer that the behaviour of ameloblasts forming enamel
prisms during amelogenesis is guided by genetic/evolution-
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ary controls that act to increase the fracture and wear re-
sistance of tooth enamel, as was proposed by Lynch et al.
(2010). For these reasons, features such as the topography of
the occlusal surface in relation to the dental axis, functional
biomechanics, enamel thickness, and microstructural orga-
nization should be considered in response to occlusal load
(Benazzi et al. 2013a, b).

Conclusions

The microstructural data presented here indicate that the
evolution of the dental morphology of Notoungulata related
to hypsodonty was accompanied by correlated enamel mi-
crostructural changes. The spatial relationships between the
enamel types may, as observed here in Toxodon sp., indicate
that the greater percentage of HSB implies a functional ad-
aptation to provide a greater resistance to the consumption
of more abrasive vegetation. Incisors, premolars, and molars
show different proportions of enamel types that contribute
to the total enamel thickness in each tooth category. Upper
and lower permanent and deciduous premolars exhibit dif-
ferentiation of the Schmelzmuster on the buccal and lingual
sides of the dental axis, which is dependent on the tooth
series and location within it; these findings are possibly
related to biomechanical, evolutionary, and palaeoecolog-
ical demands. Comparative analyses allowed the recogni-
tion of differences between the lingual enamel folds of the
upper and lower molars of Toxodon sp. with regards to the
proportions of the layers of this tissue, which could have a
functional significance, indicating leading and trailing mi-
crostructural features in these teeth.
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