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Abstract

The present study reports the results of a comparative analysis of the ultrastructure
of incisor enamel in selected extinct species, historical forms, and extant represent-
atives of the genus Equus, aimed at identifying evolutionary and functional trends in
its structural organisation. The material examined comprised incisors of Equus
suessenbornensis from the Middle Pleistocene of Germany, E. latipes from the Up-
per Pleistocene of Ukraine, E. caballus from different historical periods of the Hol-
ocene, as well as modern horse breeds of Central Europe. The study was carried out
on horizontal and vertical sections of teeth and enamel using electron microscopy.
All examined forms were characterised by a common enamel structural pattern, in-
cluding Hunter—Schreger Bands (HSB), the portio interna (P1) and portio externa
(PEx) layers, prismatic enamel (PE), and interprismatic matrix (IPM). Differences
were revealed in the degree of development and spatial organisation of these struc-
tures. Pleistocene forms, particularly E. latipes, showed features of a more archaic
enamel organisation, including weak differentiation of prism bundles and gradual
transitions between structural types. In contrast, E. suessenbornensis demonstrated
a more complex enamel structure compared with E. latipes. Historical and modern
horses were characterised by a more complex enamel architecture, a more pro-
nounced undulating arrangement of prisms and structural decussation, as well as
considerable variability in the organisation of PI and PEx layers and PE and IPM
components. These features may reflect both the evolutionary history of the genus
Equus and adaptations associated with changes in environmental conditions, feeding
patterns, and domestication processes. The study confirmed that Equidae tooth
enamel is a morphological feature with a relatively stable structure and reflects func-
tional adaptations. The results indicate that the ultrastructure of incisor enamel re-
tains phylogenetically informative features and may serve as an additional source of
data in taxonomic, palaecontological, and palacoecological studies.
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IlopiBHSI/IbLHA XapaKTepUCTHKA CTPYKTYPH eMaJli pi3uiB y BUOPpaAaHUX BUMeEPJIHX
i cyyacHux gopm KoHeit

Biraxiii JememkanT, Jleonig PexoBenn

Pestome. OmnucaHo pe3ynbTaTH eKCIEPUMEHTIB OPIBHIBHOTO aHANI3Y YIBTPACTPYKTYPH eMali Pi3LiB ASIKUX
BHUMEPJIMX BHAIB, (OPM ICTOPHIHUX YaciB 1 Cy4acHHX NMPEACTaBHHUKIB poxy Equus 3 METOIO BUSIBICHHS €BOJIIO-

BUNIB Equus suessenbornensis 13 cepennboro mieiicroneny Himeuuunn, E. latipes 13 BEpXHBOTO TUICHCTOLICHY
Vxpainn, E. caballus pi3HUX iCTOPUYHUX YaciB TOJIOIEHY, a TAKOX Cy4acHi mopoau kKoHeil CepeaHpoi €Bpori.
JlociipkeHHS TPOBOIMIINCH HAa TOPU30HTAIBHAX 1 BEPTHKAIBHHX 3pi3ax 3yOiB i eMali 3a JOIIOMOT OO eJIEKTPOH-
HOT'O MiKpockomy. BcraHoBieHO, o BCi IocmimkeHl (GOopMHU XapaKTepH3YIOThCs CIUIBHAM IIAHOM OYIZOBH
emaui, skuii Brirroyae cuctemMu Hunter—Schreger Bands (HSB), mapu portio interna (P1) ta portio externa (PEXx),
npusMaTuyHy emaib (PE) i mibxnpusmarnuny marpuiio (IPM). BusBneHo BiIMiHHOCTI y CTymeHi pO3BUTKY Ta
MPOCTOPOBilt opraHizamii mux cTpykryp. s mieficroneHoBux ¢opm, ocodmuBo E. latipes, XapakTepHi 03HAKU
OinpIr apxaiqHoi OyzoBH emaii, 30kpeMa ciaadka qudepeHIiaris IpU3MaTHIHHUX My4KiB 1 IIOCTYIOBI IIepeXoau
MIX CTPYKTypHHMH TUIIaMH. B Toii yac sk E. suessenbornensis Mae OUIbII CKIAIHY CTPYKTYPY B TIOPIBHSIHHI JI0
E. latipes. IcTopr4Hi Ta CydacHi KOHI BiJI3HAYAIOTHCS CKIIATHINIO apXiTEKTYPOO eMalli, O1IbII BUPaKEHOIO XBHU-
JBSICTICTIO YKJIAiB ii IPH3M Ta IeKycaliero CTPYKTYp, a TAKOK IIOMITHOIO MIHJIMBICTIO B YKiIai mapis mapis PI i
PEx ta PE i IPM. BusiBneni oco6auBOCTI MOXYTh BiJOOpakaTH SIK €BONIOLIHHY icTopito pony Equus, Tak 1 aga-
nTalii, TOB’A3aHi 31 3MiHAMH YMOB CEPEOBHUINA, KUBJICHHS Ta MPOLECOM JOoMecTUKaIii. JlocmiKeHHAMH MiaT-
BEp/UKEHO, 1o eMaib 3y0iB Equidae € MopdoIioridHoI0 03HAKOIO 3 BITHOCHO CTAOLIBHOIO CTPYKTYPOIO Ta BiZ0-
Opaxae pyHKUIiIOHANBHI ananTaiii. OTpuMaHi pe3yabTaTH CBiAYaTh, 0 yIBTPACTPYKTYpa eMaii pi3uiB 30epirae
€BOJTIOIIHHICTH MOpQoJIorii i MoXke OyTH BHKOpPHCTaHa SIK IOJATKOBE JDKEPENIo JaHHUX NPH TAaKCOHOMIYHHX, Ha-
JICOHTOJIOTIYHHX, TA MAJICOCKOJIOTTYHUX JTOCHIIKEHHSX.

KntouoBi cioBa: koHi, mopoau, 3yOu, CTPYKTypa emalli, IIeHCTOLEeH, TOIONEH.

Introduction

Dental enamel is one of the most highly mineralised tissues in the vertebrate body and is charac-
terised by a high resistance to mechanical wear and post-mortem alteration. Owing to these properties,
enamel frequently preserves microstructural features that may provide valuable information regarding
taxonomy, phylogeny, functional adaptations, and the evolutionary history of animals.

The ultrastructure of mammalian dental enamel has been the subject of extensive investigation
for many decades, resulting in the identification of several structural components of both taxonomic
and functional significance. These include Hunter—Schreger bands (HSB), portio interna (P1), portio
externa (PEXx), prismatic enamel (PE), interprismatic matrix (IPM), A- and Z-zones, among others.
Previous studies have demonstrated that variations in the proportions and spatial organisation of these
structures primarily reflect adaptations to specific feeding strategies and environmental conditions,
thereby indicating their functional significance. Major contributions to the study of enamel micro-
structure were made by Korvenkontio [1934], Boyde [1964], Koenigswald and co-workers [1980,
1987, 1997], Pfretzschner [1993], Martin [1999], Kalthoff [2000], and others, whose work established
the modern understanding of enamel organisation and its classification.

Most investigations of the family Equidae have focused on the enamel structure of cheek teeth,
which play the principal role in food processing. The resulting data have been widely used for recon-
structing diet, environmental conditions, and the taxonomic affinities of fossil forms. Considerably
less attention has been devoted to incisors, despite their important role in the initial acquisition of food
and their potentially high informativeness for evolutionary and systematic studies. Available evidence
[Demeshkant & Rekovets 2021] indicates that horse incisor enamel possesses a complex organisation
comprising HSB systems and several structural layers; however, comprehensive comparative studies
involving fossil, historical, and modern representatives of the genus Equus remain scarce.
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One of the first such attempts was undertaken for small equid forms traditionally assigned to the
‘tarpan’ group, with an analysis of similarities and differences in enamel structure between extinct and
extant forms [Demeshkant ef al. 2021, 2023].

In recent years, morphological, archacozoological, and palaeogenetic investigations have sub-
stantially expanded our understanding of horse evolution and domestication [Levine 1999; Gaunitz et
al. 2018]. These findings have been complemented by studies characterising enamel structures specific
to perissodactyls [Boyde, 1964; Kilic et al. 1997]. Nevertheless, it remains insufficiently understood
to what extent the ultrastructure of incisor enamel reflects evolutionary transformations within the
genus Equus, including Pleistocene forms, historical populations, and modern breeds.

We hypothesise that fossil Pleistocene horses retained more archaic features of enamel organisa-
tion, whereas historical and modern forms exhibit a more differentiated enamel architecture shaped by
evolutionary functional factors and domestication.

The aim of the present study is to compare the ultrastructure of incisor enamel in fossil, historical,
and modern representatives of the genus Equus in order to identify evolutionary and functional trends
in enamel organisation. To achieve this aim, the following objectives were established: (1) to charac-
terise the microstructure of incisor enamel; (2) to compare the development and spatial organisation
of HSB, PI, PEx, PE, and IPM among the investigated groups; (3) to identify similarities and differ-
ences in enamel organisation among these forms; and (4) where possible, to evaluate the taxonomic,
evolutionary, and functional significance of the observed ultrastructural features.

Materials and Methods

The material examined in this study comprised selected extinct, historical, and extant
representatives of the genus Equus. Fossil remains of Equus suessenbornensis originated from the
Suessenborn locality (Germany), dated to the Middle Pleistocene, whereas specimens of Equus latipes
were obtained from the Upper Pleistocene Mizyn locality (Ukraine). Historical specimens of Equus
caballus were obtained from archaeological and museum collections. In archaeological terminology,
the term ‘historical’ refers to periods for which written records are available. The oldest specimen
originated from Tyras, an ancient Greek colony on the northern Black Sea coast (ca. 300 BCE), while
additional material was derived from collections of Charles University in Prague (13th century CE)
and Lviv Museum (18th century CE). These samples were analysed as individual chronological
populations positioned between the Pleistocene fossil forms and modern horse breeds. For
comparative purposes, modern horse breeds occurring in Central Europe were also investigated,
including the Silesian, Hucul, Polish Warmblood, Polish Coldblood, Small Polish Local Horse, and
Draft Horse breeds. All studied teeth samples are stored in the Natural History Museum of the
University of Life Sciences in Wroctaw (Poland).

In total, 28 permanent upper and lower incisors were analysed. All teeth originated from naturally
deceased animals or from museum, archaeological, and palacontological collections. Additionally,
canine teeth of modern horses were examined to evaluate the extent to which the structural organisa-
tion of enamel is conserved among different tooth types within the equine dentition. Sample prepara-
tion followed standard procedures used in studies of mammalian enamel ultrastructure. Tooth sections
were prepared in two planes: horizontal sections, parallel to the occlusal surface, and vertical sections,
parallel to the long axis of the tooth. Following mechanical grinding and acid etching, the specimen
surfaces were coated with a thin layer of gold prior to scanning.

The ultrastructure of enamel was examined using a Zeiss EVO LS15 scanning electron micro-
scope. The resulting digital micrographs were analysed in detail. Particular attention was paid to the
organisation of Hunter—Schreger bands (HSB), the development of the portio interna (P1) and portio
externa (PEX) layers, the spatial relationships between prismatic enamel (PE) and interprismatic ma-
trix (IPM), and the nature of transitions between different enamel types.

The comparative analysis was aimed at identifying similarities and differences in the spatial or-
ganisation of incisor enamel among fossil, historical, and modern horse forms. For each specimen, the
degree of development of the PI and PEx layers, the type of HSB organisation, the structure of
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diazones and parazones, the arrangement of PE and IPM, the presence or absence of prism and prism-
bundle undulation, structural decussation, and the characteristics of transitions between enamel
types—particularly between Types I and IIl—were evaluated.

The terminology and interpretation of enamel structures were based on the works of Boyde
[1964], Koenigswald and Pfretzschner [1987], Pfretzschner [1993], and other authors. Enamel-type
classification followed the scheme proposed by Kilic ef al. [1997]. A schematic representation of
prism arrangement within the enamel structure of horse incisors is presented in Fig. 1.

List of abbreviations (referring to text and Figs. 1-13):

I, II, Ill—enamel types, A—diazone, EDJ—Enamel-Dentine Junction, HSB—Hunter Schreger
Bands (A+Z), IPM—Inter-Prismatic Matrix, OES—Outer Enamel Surface, PE—Prismatic
enamel, PEx—portio externa, Pi—portio interna, TZ—transition zone, Z—parazone.

Results
Extinct Pleistocene species

Equus suessenbornensis. Suessenborn, Middle Pleistocene (Fig. 2)

On vertical sections, the Hunter—Schreger band (HSB) system is clearly discernible and is repre-
sented predominantly by a pauserial arrangement of alternating diazones (A) and parazones (Z)
(Fig. 2 c—d). The HSB structures occupy most of the enamel thickness and are bordered externally by
a well-developed portio externa (PEx) layer (Fig. 2 a—b).

Compared with the other forms examined, Equus suessenbornensis is characterised by a relatively
well-developed PEx layer and a dense arrangement of enamel prisms within the diazones and para-
zones. The boundaries between individual enamel structural components are clearly defined, resem-
bling the condition observed in historical and modern horses. The prismatic structures constituting the
HSB system exhibit a high degree of differentiation, noticeably greater than that observed in E. latipes.

The results indicate that the principal enamel types (Types I-III) and their associated structural
components characteristic of modern representatives of the genus Equus, including HSB, PI, and PEx,
were already established by the Middle Pleistocene. Nevertheless, the more complex spatial organisa-
tion of enamel prisms and the somewhat weaker differentiation of individual structural components
distinguish E. suessenbornensis from later historical and modern forms.
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Fig. 1. Schematic structure of incisor enamel in Equidae.

Puc. 1. Cxema ctpykrypu emani pisuiB y Equidae.
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Equus latipes, Mizyn, Upper Pleistocene (Fig. 3)

In the middle of the cross section, the enamel retains the hardly visible HSB structure (Fig. 3 a).
The structure of HSB, PI and PEx is visible in the vertical section. Next to the EDJ border, the upper
(Fig. 3 b) and lower (Fig. 3 ¢) teeth have a poorly developed third type of enamel with very elongated
prism bundles and relatively thin IPMs.

a b c

Fig. 2. Enamel structure of incisor of Equus suessenbornensis, vertical cross-sections: (a) pauserial, (b) uniserial, (c—
d) diazone (A), parazone (Z).

Puc. 2. Ctpykrypa emani pisuiB Equus suessenbornensis, BepTUKaIbHAN nepepi3: (a) maycepian, (b) yHicepian, (c—d)
nia3oHa (A), mapasoHa (Z).

Fig. 3. Vertical (a) and horizontal (b—i) enamel sections of the upper (b, d, f, &) and lower (c, e, g) incisors in E. latipes
from the Mizyn location.

Puc. 3. Beprukanbuuii (a) Ta ropuzonTansHuil (b—i) 3pi3u emani BepxHix (b, d, f h) Ta HWKHIX (¢, e, g) Pi3UIB Y
E. latipes i3 micuie3HaxoKeHHST Mi3UH.
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A rapid transition from type 111 to type I is clearly visible, with prisms (PE) in the latter scarcely
forming bundles. Closer to the centre of the cross-section, the PE strands become equal in thickness
to the IPM bands on the upper (Fig. 3 d) and lower (Fig. 3 e) teeth.

A gradual transition (non-wavelike and decussation) transition of the first type to the second type
in the TZ was also observed. The fine PE prisms are not stacked and arranged linearly between the
thin IPM structures on the upper (Fig. 3 f) and lower (Fig. 3 g) teeth. The IPM bands virtually disappear
next to the OES boundary, and the PE prisms are very elongated and form a portio externa-like struc-
ture (Fig. 3 /), inherent in many mammals’ incisor [Koenigswald & Pfretzschner 1987; Kalthoff
2000]. No significant difference in the structure of the enamel of the upper and lower incisor in the
examined species was observed. However, when the PE prisms were etched with hydrochloric acid,
the unusual shape structure of the IPM system was noticeable (pyramid-shaped) (Fig. 3 7).

For incisors the elements of archaic morphology are characteristic, expressed in a very poor
enamel development of the third type, PE prisms are not arranged in bundles and are very elongated
next to the OES border.

Forms of historical times (Holocene)

Equus caballus, ancient form, Tyras, (Fig. 4)

In a cross-section, the incisor enamel of this form resembles molar enamel, it includes three types
(I, 11, III) and has a slightly wavy arrangement of prisms (Fig. 4 a—c). The PE prisms of the first and
second types are of similar thickness to the IPM prisms and are predominantly rectangular, especially
within TZ zone (Fig. 4 ¢). In vertical section, the enamel of both upper and lower incisors displays
HSB structures with a ladder-like appearance (Fig. 4 d). Strands of prisms, forming the HSB, arranged
between the boundaries of the EDJ and the OES with a slight tilt. In these HSB bands, the crystals can
be arranged more vertically or more horizontally (acc. [Koenigswald & Pfretzschner 1987], p. 333,
Fig. 9 vertical layer is called A or diazone and horizontal—Z or tangential, parazone layer).

These strands alternate along the length of the tooth and have their own specificity. It consists in
the fact that closer to the occlusal surface, the HSB strands are narrow and strictly arranged together,
and closer to the root, the strands gradually become thicker, sparse and not so close to each other. This
means that HSB structures transform from the pauserial type to the multiserial type.

Fig. 4. Horizontal (a—c) and vertical (d—e) section of the enamel of lower incisors of Equus caballus from Tyras.

Puc. 4. l'opusonTansHmii (a—c) Ta BepTHKANBHUHN (d—f) 3pi3u eMaini HIKHIX pi3uiB Equus caballus nopona 3 Tipn.
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In addition to the marked specifics in the vertical section, there are also three strands of prism
arrangement clearly visible: next to the EDJ border there is a strand with a chaotic arrangement of
prisms along the tooth height—this is a poorly developed layer of portio interna PI (Fig. 4 e). In the
middle there is a wide strand of the HSB type (Fig. 4 d, ¢), and next to the OES boundary there is a
clearly visible band of the portio externa PEx layer (Fig. 4 f). In this case, the HSB structure is in the
centre of the enamel and is surrounded by PI layers on the EDJ boundary side and a PEx layer on the
OES boundary side. The characterised structure of the incisors enamel is to some extent unique be-
cause it contains horizontally and vertically three-layered, which differs from the enamel structures of
comparable forms of the ‘caballus’ group, which often do not have a distinct PEx layer.

Equus caballus 13th century, Prague University (Fig. 5)

The lower and upper incisors were examined in two projections. The ladder-like HSB structures
are clearly visible in the vertical section (Fig. 5 a—b). Next to the dentin-enamel border (EDJ) there is
a separate layer of portio interna (PI) with an inclined and linear arrangement of the prisms. It takes
almost 20% of the total thickness of the enamel. Next to the enamel-cement (OES) boundary, the
portio externa (PEX) layer is absent or may be weak and sporadic in equine incisors. HSB structures
generally have a lattice type IPM matrix filled with crystals. They are arranged at an angle opposite to
each other, which looks like a ladder-like structure.

A detailed theoretical framework for the structure of incisor enamel was developed by Wighart
von Koenigswald and co-workers [Koenigswald 1980, 1997; Koenigswald & Pfretzschner 1987]. The
incisor specimen from the Prague collection shows a pauserial HSB enamel with an uneven order of
diazones (A) and parazones (Z) and the presence of PEx and PI layers of different thickness (Fig. 5 a—
b). In the horizontal sections, next to the EDJ border, there is a well visible layer of the third type of
enamel (III), which is the PI (Fig. 5 c—d). Then it relatively abruptly changes into structures of the first
type with opposite to each other and linearly arranged strands of thick IPM and thinner PE packets.
(Fig. 5 ¢). In the middle zone (TZ), the waviness of the structure is observed with almost equal thick-
ness of IPM and PE with possible decussation (Fig. 5 d).

Equus caballus, 18th century, Lviv Museum (Fig. 6)

In the cross-section of the lower and upper incisors, three types of enamel similar in structure to
the cheek teeth are clearly visible.

For the underdeveloped third type close to the EDJ border, is characteristic the relatively strong
development of IPM and PE prism bundles (Fig. 6 a). Then they transform into structures of the first
type with a linear and dichotomous system of IPM and PE with thick IPM. This type takes up almost
20% of the overall thickness of the enamel strand (Fig. 6 5—c). The transition layer (TZ) is the widest
and covers almost 60% of the enamel thickness. According to the nature of the arrangement of [PM
and PE, it is most strongly folded with decussation (Fig. 6 5—d). Such a strongly folded structure of
the enamel is one of the most characteristic features of this breed of horses.

b

Fig. 5. Vertical (a—b) and horizontal (c—d) section of the enamel of the upper incisor E. caballus (Prague University).
PEx—portio externa, Pl—portio interna, HSB—Hunter-Schreger-Bands (var. pauserial), A—diazone, Z—parazone.
Puc. 5. Beprukanbuuii (a—b) i ropusonTansuuii (c—d) 3pi3u emaini BepxHboro pisus E. caballus (3 konekuii yHiBepcH-
tety B Ilpasi). PEx — portio externa, P1 — portio interna, HSB — Hunter-Schreger Bands (var. pauserial), A —
diazone, Z — parazone.
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d

Fig. 6. Enamel cross-section of the upper (a—c) and lower (d—) incisors of E. caballus breed from the Museum in Lviv.
Puc. 6. [Tonepeunwuii 3pi3 emaii BepxHix (a—c) Ta HIWKHIX (d—f) pi3uiB E. caballus 3 xonexuii Mysero y JIbBoBi.

The second type of enamel covers 20% of the thickness of the enamel strand, has elongated,
sharpened and strongly inclined towards the OES prisms. They are arranged in bundles and there are
practically no IPM rows between them (Fig. 6 e—f). The vertical section retains the HSB structure with
a PEx layer on the enamel-cement boundaries and a wider PI layer on the dentine-enamel boundaries.
The HSB strands are clearly visible and tilted towards the centre of the tooth.

Modern breeds of Equus caballus

Equus caballus Silesian breed (Fig. 7)

The first and second maxillar and mandibular incisors were analysed. On the cross-section paral-
lel to the occlusal surface of the tooth, there are clearly visible layers and types of enamel specific to
the teeth (Fig. 7 @). Next to the EDJ border is a thin layer of III enamel type with large prisms and
weak IPM strands (Fig. 7 b).

The first enamel type takes up no more than 20% of the total thickness of the enamel, it has well-
developed bundles of hydroxyapatite crystals leaning towards the OES boundary (Fig. 7 c—d). The
thin strands of IPM almost disappear in the second type of enamel next to the OES border (Fig. 7 e).
It is characteristic that the transition zone (TZ) of the first and second type is wide, covers almost 50%
of the thickness of the enamel, has a corrugated and decussated model of the IPM and PE bands ar-
rangement (Fig. 7 a—b). The vertical section of incisor has a typical structure of HSB-multiserial prism
systems [Koenigswald 1980; Muylle et al. 2001; Ferguson et al. 2005]. In our work it is called a
ladder-like structure (Fig. 7 f~g). The arrangement of the prism strands is orderly-chaotic.

This means that the strands are repeated along the vertical plane of the tooth, but in separate
strands the prisms are arranged randomly. Some bands have a more vertical arrangement of the
prisms—diazone, other—horizontal, parazone (Fig. 7 /). After the height of the tooth, the width of
these bands varies. Closer to the occlusal surface, the strands are relatively narrow and often arranged
in line with each other (Fig. 7 g). In this case, the enamel resembles the HSB pauserial structure. Closer
to the root exacerbation, the diazone strip and parazones become wide and sparse arranged together
(Fig. 7 h—i). In this case, the enamel resembles the structure of a multiseries. Along the boundaries of
OES and EDJ, separate layers (PEx and PI, respectively) with a chaotic arrangement of prisms are
clearly visible (Fig. 7 f).
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Fig. 7. Cross- (a—e) and vertical (f~i) sections of the enamel of the lower incisor E. caballus of the Silesian breed.

Puc. 7. Ilonepeunwuii (a-e) i BepTUKanbHUIL (f~i) 3pi3u eMaiti HIKHBOTO pi3ud E. caballus Cine3pkoi mOpoy.

Equus caballus cold-blooded breed (Fig. 8)

The enamel of upper and lower incisors was investigated in both deciduous and permanent den-
titions. The HSB structure is clearly visible in the vertical section (Fig. 8 @) with PI and PEx bands
next to the enamel boundaries. The HSB is poorly visible on deciduous teeth.

In transverse sections, the morphology is like the structures of molars. The third enamel type next
to the EDJ border is significantly developed compared to molars (Fig. 8 b—c). Its thick PE prisms and
thin IPMs relatively abruptly transform into the first type with parallel strands of prism tufts and thick
IPM structures. The transitional (TZ) zone together with the second type demonstrates the thickening
of the very inclined PE prisms and the poor development until the disappearance of the IPM next to
the OES boundary (Fig. 8 ). However, the preserving of the IPM with lenticular PE prisms is also
possible (Fig. 8 f).

Equus caballus Hucul breed (Fig. 9)

The structure of the HSB type with poor development of PI and PEx layers was poorly observed
in the vertical section (Fig. 9 a). The level cross-section demonstrates the constant nature of the struc-
ture arrangements. The third type is underdeveloped with thick IPM, relatively progressively turns
into the first type with precisely linear structure of IPM and PE (Fig. 9 b). The transition zone (TZ) is
slightly wave-like (Fig. 9 ¢) with elongated PE prisms and visible IPMs that do not disappear alongside
the OES (Fig. 9 d).
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S

Fig. 8. Horizontal section of enamel in upper deciduous incisors in E. caballus cold-blooded breed.

Puc. 8. 'opu3oHTanbHMI 1Tepepi3 eMalti BepXHiX MOJIOYHUX Pi3LiB X0JIO0THOKPOBHOI mopoau E. caballus.

Fig. 9. Vertical (a) and horizontal section (b—d) of lower incisors enamel of Equus caballus of Hucul breed.

Puc. 9. Beprukanbauii (@) Ta Topu3oHTaNBHAH 3pi3 (b—d) emani HWkHIX pisuiB Equus caballus Tyiynbcbkoi MOPOIH.

Equus caballus Polish warmblood breed (Fig. 10)

The HSB structures and the PEx layer in the vertical section are hardly visible and the PI layer
next to the EDJ is more pronounced. In the horizontal section, the first and third types of enamel are
clearly visible and with a characteristic crack between them with (Fig. 10 a). In the central part of the
TZ, a dichotomy of elongated IPM structures of the second type is observed (Fig. 10 b—c).

Equus caballus small breed horse (Fig. 11)

The front labial part of the lower incisor retains the faint HSB structure with parallel and elon-
gated PE prisms (Fig. 11 a—b). The third type of enamel is most visible on the lingual part of the tooth
enamel (Fig. 11 ¢) with strong IPM. The central part of the TZ is composed of thick elongated PE
prisms and weak IPMs (Fig. 11 d). PI and PEx layers are barely visible.

Equus caballus draft cross horse (Fig. 12)

The teeth demonstrate a clear HSB structure (Fig. 12 a—b), which can be assessed as a pauserial
variation with slightly tilted diazone prisms (A) and practically horizontally arranged parazone prisms
(Z) (Fig. 12 ¢). A similar organisation was also observed in several comparable form. We admit that
it is a specificity, appropriate for this breed. The PI layer is hardly visible, and the PEx layer has at an
angle but parallel arranged PE and IPM prisms (Fig. 12 ¢—d).
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a b c

Fig. 10. Horizontal section of the lower incisor enamel of Polish warmblood E. caballus.

Puc. 10. T'opusoHTansHuMit 3pi3 eMani HWKHBOTO pisiyl E. caballus nonbCbKOT TEIUIOKPOBHOT MTOPOJIH.

Fig. 11. Vertical (@) and horizontal (b—d) enamel sections of incisors in small breed E. caballus.

Puc. 11. Bepruxansnuii (a) i ropuzoHTadbHUN (b—d) 3pi3u eMai pi3uiB y Manoi nopoau E. caballus.

Fig. 12. Vertical (¢—c) and horizontal (d) enamel section of upper incisors in draft cross E. caballus.

Puc. 12. Beprukansauii (a—c) i Topu3oHTaNBHAN (d) 3pi3 eMalli BepXHiX pi3LiB y BaroBo3HOi nowmici E. caballus.

Ultrastructure of canine teeth enamel (canini) in horses (Fig. 13)

The enamel structure of the upper and lower canines, which is like that of the incisors, was also
examined (Fig. 13 a). In the vertical section of the canine, three basic structures were distinguished.
The PI layer, next to the EDJ, is well developed and composed of parallel strands of prisms (Fig. 13
b). The PEx layer is hardly visible next to the OES boundary (Fig. 13 ¢). HSB structures include
strands of diazone prisms (A) and parazone (Z) arranged after the uniserial type (Fig. 13 a, c—d). Closer
to the root base, HSB adopts a shape like the multiserial type with a chaotic arrangement of structures
(Fig. 13 e). In the horizontal section, the arrangement of PE and IPM prisms is uniform across the
enamel width (Fig. 13 f). It can be concluded that the systems of enamel structures in incisors and
canine teeth are very similar, although they have their own specificity, for example in the HSB multi-
series system. This may reflect taxonomic and functional differences.

Discussion

The present study demonstrates that incisor enamel exhibits a high degree of structural conserv-
atism while simultaneously displaying gradual evolutionary and functional modifications within the
genus Equus throughout the Late Pleistocene and Holocene. Representatives of the genus Equus, irre-
spective of geological age, share a common structural organisation of incisor enamel.
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d | e | f

Fig. 13. Enamel structure of canine tooth of modern Equus caballus: (a—d) vertical section, (e—f) horizontal section.

Puc. 13. Bynoa emani ikna cydacHoro Equus caballus: (a—d) BepTUKaIBHUIA TIepepi3, (e—f) TOPHU30HTANIBHUI TIepepi3.

In all examined forms, Hunter—Schreger bands (HSB), portio interna (P1), and portio externa
(PEX) layers were identified, together with diazones and parazones, as well as the three principal
enamel types (Types I-III), which are defined by different proportions of prismatic enamel (PE) and
interprismatic matrix (IPM). These findings are consistent with previous studies of the enamel struc-
ture of both incisors and cheek teeth in Equidae, while also revealing differences in prism arrangement
and organisation [Kilic et al. 1997; Demeshkant & Rekovets 2021].

The most primitive structural features were observed in Equus latipes. This species is character-
ised by weak differentiation of Type III enamel, the absence of clearly defined prism bundles, the
persistence of interprismatic matrix near the external enamel surface, and gradual transitions between
individual structural zones. Such an organisation indicates a relatively low degree of enamel speciali-
sation and resembles the more archaic condition described for some early perissodactyls [Boyde 1964;
Pfretzschner 1993]. In contrast, the Middle Pleistocene species Equus suessenbornensis exhibits a
well-developed HSB system with a highly organised arrangement of prisms within diazones and par-
azones, as well as a distinct PEx layer adjacent to the enamel—dentine junction (EDJ). These features
suggest that the principal mechanisms responsible for enamel reinforcement had already evolved at an
early stage in the evolutionary history of horses.

According to Koenigswald [1980] and Koenigswald & Pfretzschner [1987], the HSB system rep-
resents one of the most important structural components of incisor enamel and plays a key role in
enhancing its mechanical resistance, particularly against wear. Our results support these conclusions
and further allow the evolutionary development and variability of this structure to be traced through
both time and morphology. The Pleistocene forms, especially E. latipes, possess a comparatively sim-
ple enamel organisation, whereas in historical and modern horses the HSB system becomes increas-
ingly complex and differentiated. This trend is particularly evident in the eighteenth-century specimen
from the Lviv Museum and in the Silesian breed, where well-developed diazones and parazones, com-
plex undulating structural arrangements, and localised decussation were observed. Despite the consid-
erable temporal interval separating the investigated forms, the principal structural elements of incisor
enamel remained largely unchanged, whereas differences were expressed mainly in their spatial or-
ganisation and degree of development.
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The most distinctive feature of the incisor enamel in the examined Equidae is the presence of a
well-developed Hunter—Schreger band (HSB) layer located between the PI and PEX enamel layers.
This layer consists of decussating enamel prisms arranged in alternating nearly vertical diazones (A)
and nearly horizontal parazones (Z). This structural organisation was consistently observed in all in-
vestigated taxa.

The HSB layer exhibited marked structural variation along the entire length of both the lingual
and labial enamel surfaces of the incisors. Away from the occlusal surface, the A and Z bands were
numerous, regularly arranged, and closely resembled the uniserial HSB pattern. Towards the tooth
root, the arrangement of the A and Z bands gradually changed, becoming like the pauserial HSB type.
Near the root apex, the HSB layer was invariably multiserial, characterised by broad and structurally
less ordered A and Z bands. This gradual transition in HSB organisation along the longitudinal axis of
the incisor, documented here for the first time in the examined Equus forms, represents a previously
undescribed pattern whose functional and developmental significance remains unclear.

In transverse sections, the incisors of all examined taxa exhibited a well-developed Type 111
enamel corresponding to the PI layer adjacent to the enamel—dentine junction (EDJ). A pronounced
undulation of the prism enamel (PE) and interprismatic matrix (IPM) was observed within the transi-
tion zone (TZ), accompanied by prism decussation. This feature was particularly well developed in
the historical horse from Lviv and in the canines, whereas it was absent or considerably less pro-
nounced in the remaining forms. The undulating architecture of the TZ is likely to have functional
significance by enhancing resistance to mechanical stress. Its weak development, especially in modern
domestic horses, may reflect adaptation to a softer diet. Furthermore, in all examined incisors the PE
and IPM exhibited nearly equal thickness within Type I enamel, in contrast to the condition observed
in molars, where these components differ substantially in thickness [Demeshkant ez al. 2021].

Comparative morphological analysis indicates that enamel evolution did not proceed through a
simple, linear increase in structural complexity over time. The most complex enamel architecture was
not observed in modern breeds but rather in E. suessenbornensis and the eighteenth-century specimen
from the Lviv Museum. These forms are characterised by pronounced undulation of PE and IPM
structures, a complex organisation of the transitional zone, and well-developed A and Z zones. This
observation suggests that enamel complexity was determined not only by evolutionary age [Kilic et
al. 1997a, b, c; Demeshkant et al. 2021], but also by functional factors associated with feeding behav-
iour and husbandry conditions [Seetah et al. 2016].

It is well established that horse domestication was accompanied by substantial changes in diet,
patterns of use, and selective pressures [Seetah et al. 2016; Orlando et al. 2021]. The present results
suggest that these processes may also have influenced the microstructural organisation of enamel.
Modern breeds exhibit considerable variability in the development of individual structural compo-
nents. For example, draft horses display the most highly organised HSB system, whereas Hucul horses
and small local breeds show simplification of certain structural elements, including reduced prism
undulation and weak development of A and Z zones. Modern forms are further characterised by well-
developed prism bundles, elongated prisms of Type II enamel, and relatively weak development of
IPM and PEx near the external enamel surface.

The differences identified between Pleistocene, historical, and modern representatives of the ge-
nus Equus indicate gradual modifications in the organisation of incisor enamel during the last million
years. These changes primarily involved the degree of differentiation of HSB, PI, and PEx structures,
whereas the overall structural framework of enamel remained relatively stable.

The results of this study further suggest that enamel microstructure may represent an important
source of phylogenetic information and may reflect long-term processes of transformation within the
equine dentition over extended evolutionary timescales. Particularly informative features include the
degree of HSB development, the relationship between PE and IPM, the nature of transitions between
enamel types, and the organisation of the PI and PEx layers [Kalthoff 2000].
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The integration of these data with morphometric, archacozoological, and palacogenetic evidence
may contribute to a more comprehensive understanding of phylogenetic relationships, domestication
processes, and ecological adaptations within the genus Equus.

Conclusion

The conservative nature of enamel structure and its relatively limited variability indicate a com-
mon pattern of prism arrangement despite the differing functional roles of incisors and cheek teeth in
both extinct and extant Equidae. Functionally, incisor enamel is more homogeneous than molar enamel
and exhibits greater morphological stability, with the principal mechanical load being borne by the
Hunter—Schreger band (HSB) system. Consequently, structural modifications observed among extinct
species, historical forms, and modern horses mainly involved minor qualitative refinements in prism
arrangement rather than fundamental changes in enamel architecture. Given the relatively short geo-
logical timescale represented by the investigated material, these modifications remain subtle. The sim-
ilarities and differences identified in the present study reflect both the shared phylogenetic heritage of
the examined forms and the influence of environmental conditions, including diet, as well as manage-
ment practices and selective breeding in the modern species E. caballus.

A preliminary synthesis of our findings concerning the enamel structure of all tooth categories in
horses—incisors, canines, premolars, and molars [Demeshkant ez al. 2021, 2024 ]—indicates the pres-
ence of a common, although highly conservative, structural framework. This framework is determined
by a relatively limited set of morphological components, namely hydroxyapatite prisms and their spa-
tial arrangement within distinct enamel layers. During phylogeny and ontogeny, the relative organisa-
tion of these components gives rise to integrated structural systems, such as Hunter—Schreger bands,
which are established during embryogenesis through the activity of enamel-forming cells [Currey
1999]. Through evolutionary processes, these interactions have resulted in the emergence of an excep-
tionally efficient and mechanically resilient biomaterial characterised by a unified structural plan. This
organisational pattern is shared not only by all tooth types within Equidae but also, to varying degrees,
by many other vertebrate taxa [Anisimov 2014].

The remarkable hardness and durability of enamel arise from the hierarchical organisation of its
constituent elements rather than from the properties of individual prisms alone. From a broader sys-
tems perspective, enamel structure may represent one of the clearest examples of an integrated bio-
logical system in which the properties of the whole emerge from the spatial arrangement and interac-
tion of relatively simple structural units. In this context, the organisation of enamel reflects the syner-
gistic effects of developmental, functional, and evolutionary processes acting upon its constituent el-
ements—in this case, hydroxyapatite prisms [Ponomarev 2004].

Particularly noteworthy is the dual significance of enamel as both a functional component of liv-
ing organisms and a highly stable material that preserves structural information long after the death of
the organism. These considerations may also be extended to other mineralised tissues and hard bio-
logical structures, including dentine, bone, shells, otoliths, and related biomineralised systems. A
broader systems-based analysis of their structure, properties, and functions may contribute to a deeper
understanding of the general principles governing the organisation and evolution of biological mate-
rials.
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