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ABSTRACT
The paper presents results of the study of molar enamel ultrastructure in †Anomalomys gaillardi from the late Miocene and some extinct and recent Spalacidae species
(Rodentia, Mammalia) from the territory of Ukraine. We characterize the similarities
and differences in the enamel structure between extinct and recent forms, as well as
between different taxa within the genera †Anomalomys, †Pliospalax, and Spalax. Analysis shows that the tooth enamel of the studied species is multilayered and differs in
the presence of its different types, as well as in the arrangement of prisms. A more
complex enamel structure was discovered in †Anomalomys gaillardi from the late Miocene of Ukraine compared to Pliocene †Pliospalax and, especially, Pleistocene and
recent Spalax. It allows us to assume that anomalomyids and spalacids are distantly
related and they evolved independently.
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INTRODUCTION
Since the second half of the twentieth century,
a number of publications have been devoted to
studies of the enamel ultrastructure of teeth of vertebrates, mainly mammals (von Koenigswald,
1980, 1997a, 1997b; Martin, 1993, 1997; Kalthoff,
2000; Rekovets et al., 2015). Extinct and recent
voles, hamsters, beavers (Rodentia), pikas, hares
(Lagomorpha), bats (Chiroptera), wolves, foxes
(Carnivora), as well as whales and dolphins (Cetacea) are the most studied groups so far in this
aspect (von Koenigswald and Martin, 1984; Stefen,
1999; von Koenigswald and Mörs, 2001; Martin,
2004; Rekovets and Nowakowski, 2013; Loch et
al., 2015; Rabiniak et al., 2017).
The enamel ultrastructure has been considered of taxonomic importance (von Koenigswald
and Martin, 1984; von Koenigswald, 1997a, 1997b;
von Koenigswald and Pfretzschner, 1991). Certain
enamel layers were found to be absent in some
groups of rodents, e.g., in case of tangential
enamel in steppe lemmings (von Koenigswald and
Tesakov, 1997) or lamellar enamel in primitive
voles (von Koenigswald, 1980). These variations
are species-specific and may be typical either for
all tooth types or only for certain morphological elements of the same tooth, such as conids in voles
(Rekovets and Kovalchuk, 2017) or flexies and fossettes in beavers (Rekovets and Nowakowski,
2013).
The enamel ultrastructure in mole-rats (Spalacidae) and morphologically similar groups is still
poorly investigated. There is only a handful of publications (Flynn et al., 1987; Kalthoff, 2000; Rekovets et al., 2015) focusing on specific features of
the enamel structure in some species of the genera
Rhizomys and †Anomalomys, and representatives
of the family Spalacidae as well (von Koenigswald,
2004). Fejfar (1972) suggested that anomalomyids
and spalacids are closely related and have evolved
from Tachyoryctoidinae. Hugueney and Mein

(1993) argued that Oligocene Tachyoryctoidinae
are closely related to Spalacinae because of the
presence of derived dental structures. According to
Topachevsky (1969), Spalacinae are phylogenetically related to Prospalacinae. However, de Bruijn
(1984) suggested that †Prospalax Méhely, 1908 in
Méhely (1909) is closer to †Anomalomys than to
Spalax, and hence should be included into Anomalomyinae.
The goal of our research is to study in detail
the enamel ultrastructure of molars (namely its
stratification, the arrangement of prisms, and the
IPM structure) in †Anomalomys gaillardi from the
late Miocene of Ukraine, as well as in †Pliospalax
and Spalax from Eastern Europe. The hypothesis
is that the enamel ultrastructure as an additional
morphological character would allow us clarifying
the issue of phylogenetic affinity of anomalomyids
and spalacids.
MATERIAL AND METHODS
The material for the study is a series of molars
belonging to †Anomalomys gaillardi from the late
Miocene of Ukraine, extinct species of the family
Spalacidae from Pliocene and Pleistocene deposits of Ukraine. The teeth of recent Spalax leucodon
and Spalax microphthalmus from southern Ukraine
were also studied (Table 1). All examined specimens are deposited in the Department of Paleontology of the National Museum of Natural History,
NAS of Ukraine, Kyiv (NMNHU-P). The enamel
was studied on transverse sections of the masticatory surface of molars along the entire tooth perimeter, as well as on flexies and fossettes. Here we
describe the microstructure of the tooth enamel of
abovementioned taxa (in particular, radial and
lamellar enamel types in various modifications,
prismless external enamel, interprismatic matrix).
The preparation of teeth for the analysis followed von Koenigswald (1980). The specimens
were ground immediately after embedding in epoxy

TABLE 1. Distribution of the examined molars by species, geological age, and localities.
Number of examined teeth
Species

2

Geological age

Locality
Grytsiv

M1

M2

M3

m1

m2

m3

1

2

–

1

1

1

Anomalomys gaillardi

late Miocene

Pliospalax macovei

early Pliocene

Krasnopol

–

–

2

–

–

–

Pliospalax odessanus

middle Pliocene

Odesa Catacombs

–

–

2

–

–

–

Spalax minor

late Pleistocene

Tarkhankut

–

2

–

–

–

–

Spalax microphthalmus

Recent

southern Ukraine

–

–

2

–

–

–

Spalax leucodon

Recent

southern Ukraine

–

–

2

–

–

–
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resin (Epoxy Embedding Medium kit – 45359
Sigma-Aldrich GmbH). The quality of grinding was
controlled under stereomicroscope. The samples
were rinsed for 10 seconds in a 5% HCl solution
followed by ethanol and placed for 30 seconds in
the ultrasonic apparatus to remove the dust. The
cross sections were standard for all samples and
were analysed in a scanning electron microscope
Zeiss LEO 435 in the Laboratory of Electron
Microscopy, Wrocław University of Environmental
and Life Sciences (Poland). The images were
taken at different magnifications. Preparation and
photographing of examined samples were performed in Wrocław University of Environmental and
Life Sciences.
The taxonomy follows Bolliger (1999) for
Anomalomyidae, and Wilson and Reeder (2005)
for Spalacidae. The dental nomenclature (Figure 1)
follows Topachevsky (1969), Sarica and Şen
(2003). The upper molars are abbreviated as M1,
M2, and M3, while the lower molars as m1, m2,
and m3. The enamel terminology follows von Koenigswald and Sander (1997). The regional subdivision of the eastern Paratethys stages follows
Topachevsky et al. (1997, 1998), Nesin and Nadachowski (2001), while the land mammalian zonation follows Mein (1999).
Abbreviations used: HSB, Hunter-Schreger bands;
EDJ, enamel-dentine junction; IPM, interprismatic
matrix; L, lamellar enamel type; MN, Mammal Neogene Zone; MQR, Mammal Quaternary Rodent
Zone; OES, outer enamel surface; PLEX, prismless external enamel; R, radial enamel type.
SYSTEMATIC PALEONTOLOGY
Family †ANOMALOMYIDAE Schaub, 1925
Genus †ANOMALOMYS Gaillard, 1900
Type species. †Anomalomys gaudryi Mein and
Freudenthal, 1971
†Anomalomys gaillardi Viret and Schaub, 1946
Figures 2–6
Material. One M1, two M2, one m1, one m2, one
m3. All from the Grytsiv locality (late Miocene, MN
9), western Ukraine.
Description. The entire perimeter of the M1 (Figure 2.1-6) consists of enamel composed of two distinct types: the outer radial (ca. 40% of the total
enamel thickness) and the inner lamellar (ca. 60%
of the enamel thickness). Well-pronounced prisms
in the radial enamel have a strictly linear arrangement from the EDJ to the OES (Figure 2.2-3). In
the lamellar enamel, prisms are clearly visible and
arranged in the inclined lamellar way (Figure 2.5).

FIGURE 1. Dental terminology used in this paper (after
Topachevsky, 1969; Sarica and Şen, 2003): 1, hypocone; 2, hypoconid; 3, posterior collar; 4, mesocone; 5,
mesoconid; 6, metacone; 7, metaconid; 8, paracone; 9,
anterior collar; 10, protocone; 11, protoconid; 12, entoconid.

On the paracone near the OES, the IPM is almost
completely lacking of prisms (Figure 2.2, 2.6). On
the lingual side of the tooth, the PLEX is not pronounced. The lamellar type near the EDJ has a
typical structure (Figure 2.3, 2.5). The boundary
between the two main enamel types is clearly visible even though the IPM structures bound together
smoothly and gradually. The enamel of the metaflexus and mesoflexus consists of only the radial
type with linear IPM structures and prisms, especially near the OES (Figure 2.1).
Similarly to M1, the enamel of M2 (Figure 3.16) consists of linearly arranged structures of the
radial type constituting 60% of the total enamel
thickness and rather interwoven structures of the
lamellar layer, which is up to 40% of the thickness.
Unlike the M1, the lamellar enamel is narrower
than the radial one on the hypocone and also reappears on the metacone and paracone. In addition,
the lamellar type has more primitive structure (i.e.,
the interlacement of poorly developed prisms is not
clearly expressed; see von Koenigswald (1980) for
details) compared to that of M1 (Figure 3.1, 3.4).
The radial enamel adjacent to the OES is always
accompanied by a weak PLEX, which disappears
at the narrowing of the lamellar type (Figure 3.4).
The boundary between the radial and lamellar layers is clearly visible though not sharp (Figure 3.3).
The radial enamel is the only type on the hypocone
and paraflexus. The prisms are vertically oriented.
The same structure is also observed on metaflexies.
The m1 enamel consists of two types (radial
and lamellar) and remains along the entire perimeter of the tooth (Figure 4.1-4). The radial enamel
possesses an IPM of the linear structure with delicately packed prisms. The lamellar type is about
3
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FIGURE 2. Ultrastructure of the right M1 enamel of †Anomalomys gaillardi from the late Miocene (MN 9) of Grytsiv,
Ukraine (NMNHU-P 22/2417).

40% of the total enamel thickness. It has nondecussated structure in places of its tapering on
the hypoconid and protoconid (Figure 4.3). The
radial enamel forms a poorly structured PLEX type
(except for the hypoconid). The lamellar enamel is
absent on flexids and fossettids. The structure of
radial enamel is generally similar to that on other
teeth except the somewhat chaotic arrangement of
rough prisms towards the OES.
4

A special feature of the m2 (Figure 5.1-4) is a
poorly developed and primitive lamellar enamel
located only on the meta-, meso-, and entoconids.
It occupies 20% of the total enamel thickness, and
the IPM structures are slightly interwoven and filled
up with prisms (Figure 5.1). In the areas where the
lamellar enamel is present, a weak PLEX appears
at the OES (Figure 5.4).
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FIGURE 3. Ultrastructure of the left M2 enamel of †Anomalomys gaillardi from the late Miocene (MN 9) of Grytsiv,
Ukraine (NMNHU-P 22/2548).

FIGURE 4. Ultrastructure of the left m1 enamel of †Anomalomys gaillardi from the late Miocene (MN 9) of Grytsiv,
Ukraine (NMNHU-P 22/2261).
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FIGURE 5. Ultrastructure of the left m2 enamel of †Anomalomys gaillardi from the late Miocene (MN 9) of Grytsiv,
Ukraine (NMNHU-P 22/2326).

The enamel of m3 (Figure 6.1-6) on the protoconid and metaconid is two-layered with the lamellar type of a primitive structure and poorly
developed PLEX (up to 20% of the total enamel
thickness; Figure 6.1, 6.3). Crystallites of the IPM
anastomose between prisms and become obvious
where prisms are sectioned obliquely (Figure 6.5).
In places where the lamellar enamel is present, a
weak PLEX is also usually developed. On the fossettids, only radial enamel is present with rough
IPM structure and single prisms (Figure 6.2). The
enamel structure on the hypoconid is of particular
interest. The radial enamel is almost completely
lacking of IPM and consists of prisms inclined to
the OES. Near this boundary, lenticular structures
of different sizes and arranged in parallel are
observed (Figure 6.6). According to von Koenigswald (pers. comm., 2014), they might represent
dry cracks of the enamel.
Remarks. The enamel structure of all examined
molars in †Anomalomys gaillardi is generally the
same having two clearly defined types – a welldeveloped radial and a less developed lamellar.
The latter is mostly represented along the perimeter of the upper molars. Typically, this enamel type
is absent on the protoconids and hypoconids of the
6

lower molars or it is presented here by a primitive
variation. The PLEX can be present together with
the lamellar enamel type along the tooth perimeter.
In addition, the radial enamel near the EDJ often
forms a reticularly arranged IPM, which sometimes
lacks of prisms. The enamel of the flexus shows
the radial enamel type only. A specificity of the
cracks and the arrangement of prisms revealed on
the m3 hypoconid require additional explanation.
Such a complex structure of the enamel of molars
in †Anomalomys compared to Spalacidae probably
reflects their grass feeding in Miocene steppe landscapes (Kowalski, 1994; Topachevsky et al., 1996).
Family SPALACIDAE Gray, 1821
Genus †PLIOSPALAX Kormos, 1932
†Pliospalax macoveii (Simionescu, 1930)
Figure 7
Material. Two M3, Krasnopol (early Pliocene, MN
14), southern Ukraine.
Description. Only the radial enamel is visible
along the perimeter of M3 (Figure 7.1-6) formed of
very thin IPM, which is arranged strictly parallel or
forms a reticulate structure (Figure 7.1-3). Near the
EDJ, decussation of the matrix is clearly visible and
better pronounced (Figure 7.2). Cells of the matrix
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FIGURE 6. Ultrastructure of the right m3 enamel of †Anomalomys gaillardi from the late Miocene (MN 9) of Grytsiv,
Ukraine (NMNHU-P 22/2392).

are of lenticular shape, filled with distinct and very
small prisms (Figure 7.5). The same structure of
the radial enamel is characteristic for the flexies.
Prisms are very small and stacked randomly in the
matrix. Closer to the OES, the IPM forms the PLEX
(Figure 7.3, 7.6). The lamellar enamel in Pliospalax
has not been identified.
†Pliospalax odessanus (Topachevsky, 1969)
Figure 8

Material. Two M3, Odesa Catacombs (middle Pliocene, MN 15), southern Ukraine.
Description. The enamel on the M3 (Figure 8.1-6)
is represented by two types. The radial one occupies 70-80% of the total enamel thickness, while
the rest is the PLEX. The IPM is represented by
thin parallel elements and contains small single
prisms inclined to the EDJ (especially in the middle
part; Figure 8.3). At the EDJ, a reticulate IPM structure is visible, with its long cells filled with prisms
7
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FIGURE 7. Ultrastructure of the right M3 enamel of †Pliospalax macoveii from the early Pliocene (MN 14) of Krasnopol, Ukraine (NMNHU-P 37/325).

inclined to the EDJ. At the OES, there is a quite
well-defined and relatively thick PLEX enamel (Figure 8.5-6). The enamel on the fossettes and flexies
is of the radial type. The IPM elements are well
developed and arranged in parallel or decussating.
The gaps between IPM are filled with small prisms
(Figure 8.1, 8.3). There are no modifications of the
radial layer at the OES or EDJ.

8

Genus SPALAX Güldenstaedt, 1770
†Spalax minor Topachevsky, 1959
Figure 9
Material. Two M2, Tarkhankut (late Pleistocene,
MQR 8), Crimea, southern Ukraine.
Description. The enamel along the m2 (Figure
9.1-4) is formed by the radial type (90% of its total
thickness) and the primitive PLEX, especially at the
OES. IPM cells are not always completely filled
with prisms (Figure 9.1-2, 9.4). The radial enamel
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FIGURE 8. Ultrastructure of the right M3 enamel of †Pliospalax odessanus from the middle Pliocene (MN 15) of
Odesa Catacombs, Ukraine (NMNHU-P О/1328).

is composed of very small IPM elements arranged
linearly and parallel (Figure 9.2). These structures
resemble a very small reticulum, especially near
the EDJ. The IPM cells are elongated and lenticular, small-sized, and filled with small individual
prisms inclined to the OES (Figure 9.1, 9.4). Flexies and fossettes have a very similar enamel structure composed of the radial enamel type with

densely packed prisms and IPM. The weakly
developed PLEX is visible near the OES.
Remarks. The enamel structure in †Spalax minor
is generally similar to that in Pliospalax macoveii
from Krasnopol. However, there are differences in
the enamel structure in the spalacid species from
Odesa Catacombs where a PLEX-HSB is composed of coarse elements.

9
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FIGURE 9. Ultrastructure of the right M2 enamel of †Spalax minor from the late Pleistocene (MQR 8) of Tarkhankut,
Crimea, Ukraine (NMNHU-P 50/1302).

Spalax microphthalmus Güldenstaedt, 1770
Figure 10
Material. Two M3, Recent, southern Ukraine.
Description. The M3 (Figure 10.1-6), with two fossettes and a hypoflexus, belongs to an adult individual. The entire enamel along the tooth perimeter
consists of the radial type. In some places, a
slightly reticulate IPM structure is visible (Figure
10.1, 10.5). The enamel is more primitive than in
Spalax leucodon (see below). At the OES, the IMP
forms a non-structured thin PLEX (Figure 10.6).
The enamel on the flexies also consists only of the
radial type but of a somewhat different arrangement of the IPM and prisms. From both sides of the
flexus, the matrix has a mostly reticulate structure
with prisms. At the same time, prisms are absent
as well on the most folded areas of the tooth surface (Figure 10.1-2). Along the entire perimeter
near the EDJ, a very thin PLEX is clearly visible.
The enamel on the same flexus can be composed
of reticulate and linear IPM structures filled with
prisms. A thin PLEX enamel is visible closer to the
OES (Figure 10.4).
Spalax leucodon (Nordmann, 1840)
Figure 11
Material. Two M3, Recent, southern Ukraine.
10

Description. The studied M3 (Figure 11.1-6)
belongs to an adult individual; the tooth is worn,
retaining fossettes but hypostria is already lacking.
The enamel along the tooth perimeter consists
almost entirely of radial enamel only, which is significantly differentiated in width. The enamel is represented by four distinct structural modifications.
First, the radial enamel, which is located near the
EDJ, occupies about 30-35% of the total width. The
IPM is relatively rough having a clear reticulate
structure; its cells are filled with relatively fine individual prisms, while the prisms are absent closer to
the EDJ (Figure 11.2, 11.5). Modification of the
middle layer of the radial enamel is characterized
by thin and fine IPM structures, which are arranged
linearly, tightly packed together, and the gaps
between them are filled with prisms (Figure 11.2).
This is the most densely stacked variation of the
radial enamel; it takes about 40% of the total
enamel width. The boundary between the reticulate
and linear enamels is not so sharp, but quite
clearly visible. Closer to the OES, the linear structure of the IPM is relatively quickly replaced by
non-structural and looking as obliquely cutting IPM
elements with no prisms (Figure 11.1-2). It occupies no more than 10% of the total enamel thickness. The PLEX is visible near the OES (Figure
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FIGURE 10. Ultrastructure of the right M3 enamel of recent Spalax microphthalmus from Ukraine (NMNHU-P 4839).

11.2). The radial enamel is retained with amorphous IPM structures and a small number of
prisms in some parts of the tooth perimeter.
The enamel on fossettes also consists only of
the radial type. The IPM (Figure 11.1, 11.3) has a
rough or fine linear structure (Figure 11.1) composed by small prisms. At the EDJ, the IPM forms
a thin (up to 5% of the enamel width) layer with
reticulate structure and a small number of prisms

(Figure 11.3, 11.6). Near the OES, a weak PLEX
(up to 10%) is observed.
Remarks. Both recent species (Spalax microphthalmus and S. leucodon) are characterised by the
presence of more primitive enamel especially on
flexies and fossettes, where the enamel is highly
differentiated. The tooth enamel in Spalax microphthalmus is assumed more primitive regarding its
structure and variations of the radial type compared to that in Spalax leucodon.
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FIGURE 11. Ultrastructure of the right M3 enamel of recent Spalax leucodon from Ukraine (NMNHU-P 2238/6).

DISCUSSION
Analysis shows that the ultrastructure of tooth
enamel in †Anomalomys gaillardi from the late
Miocene of Ukraine clearly differs from that in representatives of the family Spalacidae of Pliocene
and Pleistocene age. It is two-layered (lamellar and
radial enamel types) in †Anomalomys but usually
consists of the radial enamel only in Spalacidae.
The formation of the primitive PLEX is associated
with the lamellar type. The enamel of the flexus
12

and fossettes in all compared forms consists only
of the radial type with different arrangement of
prisms and IPM.
In terms of the enamel structure, †Spalax
minor is rather close to †Pliospalax macoveii both
having the radial layer with a fine-prismatic structure along the tooth perimeter on the flexies and
fossettes. These two species also have poorly
developed and relatively primitive PLEX enamel.
Based on these data, we assume that these spe-
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cies are closely related. Such opinion is in agreement with the results of the analysis of dental
features provided by Şen and Sarica (2011): †Pliospalax and Spalax are grouped into the same
clade because of the absence of synapomorphy to
distinguish the species referred to these genera. At
the same time, the morphology of the enamel in
†Pliospalax odessanus from the Odesa Catacombs significantly differs from that in all other
studied taxa. This is indicated by a strictly linear
arrangement of prisms and IPM.
As for recent Spalax leucodon and Spalax
microphthalmus, the first species is characterized
by having a more progressive enamel type. As
compared to the studied extinct (late Miocene and
Pliocene) spalacids, the enamel of both recent
species is more primitive. †Anomalomys from the
late Miocene is the most divergent form having regularly arranged and complex lamellar enamel.
Compared to †Anomalomys, Pliocene spalacids
have more primitive enamel, although it is more
advanced than in recent species of Spalax (Rekovets and Maul, 2016).

The enamel structure molars in †Anomalomys
gaillardi is more complex than that in succeeding
Spalacidae. This may additionally support the view
(Fejfar, 1972; Klein Hofmejer and de Bruijn, 1985;
de Bruijn and Saraç, 1991; Bendukidze et al.,
2009; de Bruijn et al., 2015) that anomalomyids
and spalacids are distantly related and they
evolved independently. We share the opinion of
Şen and Sarica (2011) that similar morphological
features shared by representatives of the families
†Anomalomyidae and Spalacidae reflect their fossorial adaptations (Topachevsky, 1969; Bolliger,
1999), and therefore most likely indicate an evolutionary convergence.
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