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ABSTRACT 

 
 

Teeth are essential organs for the feeding process of the vast majority of 
vertebrates. Parameters such as tooth shape, size, identity, and number can have 
substantial implications on the ecology of a given species. However, 
understanding the development of many of these parameters has been limited by 
the lack of available model organisms. Indeed, most dental research has been so 
far performed on a single mammalian species, the house mouse, which has a 
highly derived and reduced dentition. Furthermore, one of the most 
characterizing features of many vertebrate dentitions, continuous tooth renewal, 
is not present in the mouse.  
 
Reptiles are one of the most diversified vertebrate clades, with over 10,000 
species representing numerous ecologies and habitats. In particular, lizards in the 
clade Acrodonta possess many of these understudied dental features, including 
tooth renewal (polyphyodonty) and dentitions that vary along the length of the 
jaws (heterodonty), and thus offer valuable models for studying these 
fundamental properties. This thesis explores tooth development and replacement 
focusing on one Acrodontan species, the bearded dragon, which possesses a 
heterodont dentition with replacing anterior teeth and non-replacing posterior 
teeth.  
 
In this thesis, I show that in bearded dragon, tooth replacement is dependent on 
two putative dental stem cell populations. Unlike in other species with no tooth 
replacement, non-replacing teeth in bearded dragon do not show signs of 
degradation of the dental lamina, a key structure for tooth renewal. Instead, they 
lack one of the stem cell populations and show decreased expression of previously 
uncharacterized dental genes, thus losing the ability to produce replacement 
teeth from the dental lamina. In addition, I characterize the role of EDA signalling 
in the bearded dragon and show how changes in the activity of this pathway may 
alter dental formula through changes in tooth size. Finally, I show a universal rule 
guiding the correlation between tooth formula and size in Acrodonta, suggesting 
a previously undiscovered mechanism underlying the evolution of dentitions. 
Altogether, this thesis elucidates multiple central phenomena in vertebrate 
dentitions, and bridges our understanding of the relationship between the 
development and evolution of teeth in reptiles.  
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2 ABBREVIATIONS 
 
 
ALX1/3 ALX homeobox 1/3 
BARX1 BarH-like homeobox 1 
BMP Bone morphogenetic protein 
BrdU 5-Bromo-2’-deoxyuridine 
cDNA Complementary DNA 
CT Computed tomography 
DESC Dental epithelial stem cell 
DL Dental lamina 
DLX2 Distal-less homeobox 2 
EDA Ectodysplasin 
EDAR Ectodysplasin receptor 
EDARADD EDAR associated death domain 
EDTA Ethylenediaminetetraacetic acid 
EdU 5-Ethynyl-2’-deoxyuridine 
FGF Fibroblast growth factor 
H&E Hematoxylin and eosin  
HED Hypohidrotic ectodermal dysplasia 
Hox Homeobox  
IEE Inner enamel epithelium 
IGFBP5 Insulin-like growth factor binding protein 5 
IHC Immunohistochemistry 
IKK  Iκb kinase  
ISH In situ hybridization 
ISL1  Isl LIM homeobox 1  
IκBα NFκb inhibitor alpha 
LaCL  Labial cervical loop 
LEF1 Lymphoid enhancer binding factor 3 
LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5  
LRC Label retaining cell 
MDS Multidimensional scaling 
ME Mesenchyme 
MSC Mesenchymal stem cell 
MSX1/2 Msh homeobox 1/2 
NFκB Nuclear factor kappa B 
OE Oral epithelium 
OEE Outer enamel epithelium 



 9 

PAX9 Paired box 9  
PC Principal component 
PCNA Proliferating cell nuclear antigen 
PH3 Phosphorylated histone 3 
PITX2 Pituitary homeobox 2 
qPCR Quantitative PCR 
Sca Scaleless  
SDL Successional dental lamina 
SHH Sonic hedgehog 
SIX3 Sine oculis homeobox homolog 3 
SOX2 Sex determining region Y (SRY) box 2 
TA Transit amplifying 
TNF Tumour necrosis factor 
TRAF TNF receptor associated factor 
WT Wild-type  
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3 INTRODUCTION 
 
 
The dentition is a highly important trait for the majority of jawed vertebrates. 
Various aspects of the dentition, such as tooth shape and number, affect the type 
of food an animal is able to obtain and break down, thus limiting its potential 
ecological spectrum. These dental characteristics are established during 
embryogenesis in the process of odontogenesis, or tooth development, and given 
the significance of the dentition, it is crucial that they are formed correctly. 
Odontogenesis has been extensively investigated in the mouse model, and a long 
history of research using various genetic experiments has revealed the 
involvement of hundreds of diverse signalling factors, receptors, transcription 
factors, and modulators in the process of odontogenesis. It is now well-
established that modulation of any member of this complex network of regulators 
may result in defective dental phenotypes, or even complete loss of teeth.  
 
While the mouse has provided an excellent model to study tooth biology, it has 
some limitations and lacks many of the aspects that characterize vertebrate 
dentitions as a whole. For example, continuous tooth renewal is absent in 
mammals but relatively common in the majority of other vertebrates. Therefore, 
recent years have introduced other animal models, including species from various 
groups such as teleost fish, sharks, and reptiles. These new models contribute to 
our evolutionary understanding of the diversity of developmental mechanisms 
and dental features across vertebrates. For instance, recent studies on tooth 
development and renewal in reptiles and sharks have revealed the role of 
conserved signalling and dental stem cells.  
 
In addition to providing general biological information, tooth research is crucial 
for expanding our knowledge on human genetic disorders involving teeth. 
Understanding how teeth develop and renew in a variety of vertebrate dentitions 
yields tools to comprehend how anomalies such as tooth agenesis and 
supernumerary or misshaped teeth in humans are formed.  
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4 REVIEW OF THE LITERATURE 
 
 

4.1 Origins, structure and main characteristics of teeth 
 
Teeth (gr. odontos) are small, hard organs which are essential for the feeding 
process of the majority of jawed vertebrates. They are usually responsible for the 
primary processing of edible material before its progress into the gastrointestinal 
tract, and have evolved to perform a large variety of actions such as catching, 
chewing, grinding, tearing, and crushing various types of food (Schwenk and 
Rubega 2005).  
 
Given their main function in processing food, teeth are usually located in the oral 
cavity. In cartilaginous fishes (Figure 1), which lack bones, teeth are located on 
the jaw-forming cartilaginous structures, known as the palatoquadrate and 
Meckel’s cartilages. In tetrapods, teeth are generally attached to the three main 
jaw bones: the maxilla and premaxilla (forming the upper jaw), and the dentary 
bones (lower jaw) (Berkovitz and Shellis 2017). In some reptilian and amphibian 
species, teeth may also be present on the palatal and/or pterygoid bones on the 
upper jaw, forming additional tooth rows. Many bony fish species have evolved to 
only possess teeth on the premaxillary bone, while the maxilla is edentulous. In 
some bony fish species, teeth are also present on the gill arches (branchial arches) 
located deep in the pharynx, and thus completely outside the oral cavity 
(Berkovitz and Shellis 2017).  
 
There is currently no universal understanding of the evolutionary origin of teeth. 
Two main hypotheses on this subject have been proposed and continue to be 
under debate. In the more classical, so-called “outside-in” hypothesis, teeth 
evolved from hard skin structures known as odontodes or dermal denticles, 
present in early vertebrates, which invaded the oral cavity in accordance with the 
development of jaws and were later modified into teeth. This theory is based on 
structural and other similarities between teeth and odontodes, many of which 
have been studied in extant cartilaginous fishes, which have retained a form of 
odontodes in addition to possessing teeth (Huysseune et al. 2009). The second 
hypothesis states that teeth could have evolved prior to the evolution of jaws from 
denticles present in the pharynx of early vertebrates (Smith and Coates, 1998). 
The debate has also resulted in additional theories attempting to merge evidence 
supporting both hypotheses (Huysseune et al. 2010).  
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Figure 1. Simple representation of the phylogeny of most extant vertebrate clades. Note 
that the phylogenetic position of turtles (reptiles) is still controversial and not shown here 
for clarity.  
 
 
The core structure of teeth consists of a hard, often cone-shaped shell, formed by 
a mineralized tissue known as dentine (Miles 1967) (Figure 2). The dentine shell 
surrounds a highly vascularized inner cavity, known as the dental pulp, which 
contains blood vessels, nerves, fibroblasts, connective tissue, as well as dentine-
forming odontoblast cells capable of replenishing the outer shell. The outer layer 
of dentine is, in turn, covered by an even harder, hypermineralized tissue known 
as enamel. This basic structure is present in almost all teeth, as well as odontodes, 
regardless of tooth shape or size. While there is some variation in mineral content 
amongst different taxa, the chemical composition of teeth is generally extremely 
conserved. Both enamel and dentine contain a high concentration of 
hydroxyapatite, a mineral that is rich in calcium and phosphate ions (Berkovitz 
and Shellis 2017). Enamel, the hardest of all animal tissues, contains 
hydroxyapatite at a very high percentage; in dentine, this percentage is somewhat 
lower. In addition to mineral, both tissues contain water and organic material 
such as collagen and other, tooth specific proteins. Some teeth also contain a third 
mineralized tissue, cementum, which is formed by the aforementioned elements 
but is even softer than dentine. Notably, most animals are not able to regenerate 
enamel, but are able to produce dentine from odontoblasts maintained in the 
dental pulp throughout life. Thus, if the hard, outer enamel layer is disturbed, it 
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is usually not repaired unless tooth replacement occurs (Jernvall and Thesleff 
2012).  
 
Teeth come in various shapes ranging from simple conical, pyramidal, and 
rectangular, to highly complex structures with large, multi-faceted surfaces for 
grinding different types of food. The most studied aspect of dental shape variation 
are cusps, which are surface variations in the upper portion (known as the crown) 
of a tooth, and their presence makes the surface of the tooth uneven or complex 
(Butler 1956). The uneven surface is thought to aid in grinding tougher food 
material, greatly increasing the efficiency of mastication (Ferguson, Smith and 
Teaford 2000). The specific cusp formula for each species arises relatively early 
during tooth development. In mammals, cusps are present only in posterior teeth 
(that is, molars and premolars), while anterior teeth (incisors and canines) are 
usually simple and conical in shape (Cobourne et al. 2010). Most fish, amphibians 
and reptiles have teeth with a simple conical or triangular shape, constituting of 
a single, central cusp, and thus known as unicuspid (Berkovitz and Shellis 2017). 
While some amphibians and reptiles also possess teeth with more than one cusp, 
they are usually restricted to either two or three cusps (known as bicuspid or 
tricuspid, respectively; Lafuma et al. 2021). In contrast, mammalian molars are 
usually multicuspid, possessing multiple cusps and thus a highly complex shape 
(Koussoulakou et al. 2009). 
 

 
Figure 2. Schematic representation of unicuspid, bicuspid and tricuspid teeth and 
their main morphological and structural components.  
 
 
Another property contributing to dental shape variation are enamel crests 
(Zahradnicek et al. 2014). Crests are variations in enamel thickness, leading to 
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unevenness of the dental surface. Despite their somewhat similar appearance, 
crest development differs from that of cusps, and as such are considered to be a 
distinct structure. While cusp development involves the formation of signalling 
centres known as enamel knots during early tooth development, crests are formed 
simply by the asymmetric deposition of enamel at the time of mineralization. 
Crests have been mainly studied in the context of some reptiles, such as the gecko 
Paroedura picta, in which they can sometimes exist concurrently with cusps 
(Zahradnicek et al. 2014).  
 
The attachment of teeth to their underlying structures is one of the properties by 
which teeth historically have been classified into three main types: thecodont, 
teeth implanted in sockets; pleurodont, teeth attached asymmetrically to the 
labial (that is, adjacent to the lip) side of the jawbone; and acrodont, teeth 
attached to the upper margin of the jawbone (Bertin et al. 2018) (Figure 3). In 
addition, there are further subtle deviations of these three main types, such as 
subthecodonty, a variation of thecodonty. The three main types are roughly 
thought to be present in the vertebrate evolutionary tree in the following manner: 
mammals and crocodilian reptiles are thecodont, squamates (lizards, snakes) and 
other lepidosaurian reptiles (tuatara) are either pleurodont or acrodont, while 
other taxa are largely pleurodont. Naturally, there are some variations; some 
amphibians, for example, exhibit acrodont teeth. While describing the 
morphology of the tooth, the aforementioned main attachment types do not 
address the microscopic structure of the attachment tissues. Thecodont 
dentitions (i.e., mammalian and crocodilian) occupy a so-called gomphosis 
attachment, which is a three-part system that attaches the teeth into the socket. 
This attachment type consists of mineralized tooth cementum on the surface of 
dentine, a periodontal ligament in between, and alveolar bone, which is the part 
of the jawbone in which the sockets lie. The periodontal ligament is soft tissue, 
making this type of attachment somewhat flexible. In contrast, acrodont and 
pleurodont dentitions are joined to the jaw through ankylosis, a hard, non-flexible 
attachment without a periodontal ligament. In simple terms, acrodont and 
pleurodont teeth are directly attached to a “bone of attachment” and the classical 
three-part system of thecodont dentitions is not histologically present (Bertin et 
al. 2018).  
 
The overall variation in dental formula, including aspects such as tooth shape and 
tooth attachment, can be described in one term as either homodonty or 
heterodonty. In the simplest terms, homodonty refers to dentitions in which all 
teeth are similar along the jaw, containing no significant variation in size, shape, 
attachment, or other parameters. In contrast, heterodonty refers to dentitions 
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which contain different types of teeth. While heterodonty can be related to any 
aspect of dental variation, it is usually used in reference to tooth shape, and 
particularly in the context of mammals, which possess specific, functionally 
diverged tooth types such as canines and molars at different jaw positions 
(Peterkova et al. 2014). While heterodont dentitions are also present in other 
clades, such as fish and reptiles, the variation along the jaw is often not as striking 
as in mammals (Berkovitz and Shellis 2017).  
 

Figure 3. Schematic model of the three main implantation types (thecodont, 
pleurodont, acrodont) of vertebrate teeth. 
 
 
In the next part, I will review in more detail some of the main aspects of dentition 
in major toothed vertebrate groups, including mammals, reptiles, bony fish, and 
cartilaginous fish. 
 
4.1.1 Mammalian teeth 
 
Among jawed vertebrates, mammals have been well-studied in the context of 
tooth biology, and much of the existing knowledge on tooth evolution and 
development is based on this group. Most mammalian teeth show a thecodont 
attachment and are diphyodont, signifying that they are replaced once during the 
lifetime of the animal. Mammalian teeth often show precise occlusion, or fitting 
of the teeth of the upper and lower jaws against each other (Reisz 2006).  
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Extreme heterodonty, as discussed above, is a striking property of mammalian 
dentitions, with very high variation of tooth shape within each jaw. The 
anteriormost teeth are generally conical, used for processes such as cutting pieces 
of food during feeding, while the posteriormost teeth instead have wide surfaces 
with multiple cusps, suitable for grinding and mixing food before swallowing 
(Schwenk and Rubega 2005; Ungar 2010). Thus, there is generally a trend of 
increasing tooth shape complexity from anterior to posterior tooth positions. 
While there is high variation between different species, the underlying tooth 
formula in all mammals comprises, from anterior to posterior, incisors, canines, 
premolars, and molars, with molars being the largest and most complex teeth. 
However, many mammals have lost some tooth types and do not show the full 
formula, and some groups, such as baleen whales, are completely edentulous 
(Davit-Béal et al. 2009).  
 
Mammalian tooth formulas have been linked with ecology and feeding habits 
(Ungar 2010). Carnivores tend to have the simplest teeth, while herbivores, which 
require more mastication to break down plant material, show increased tooth 
complexity, as increasing the occlusal surface of the tooth leads to larger areas 
available for processing food (Hunter and Jernvall 1995). Furthermore, the level 
of complexity of individual cheek teeth was correlated with increased herbivory 
in two distinct mammalian lineages, carnivores and rodents (Evans 2007).  
Omnivores, such as humans, show an intermediate phenotype, with teeth suitable 
for both cutting and grinding (Ferguson, Smith and Teaford 2000). Certain 
mammalian groups also display extreme modifications even from the already 
specialised tooth formula. For example, the lineage of one of the most common 
laboratory model animal, the house mouse, has lost both canines and premolars 
entirely and possesses a large toothless region (known as diastema) between the 
remaining molars and incisors (Peterkova et al. 2014). 
 
Some mammals also possess specialized teeth. In addition to its reduced and 
derived dental formula, the laboratory mouse, like other rodents, possesses 
characteristic incisors which grow continuously throughout the life of the animal. 
This condition, known as hypselodonty, is also present in some non-incisor teeth, 
such as vole molars, and is dependent on specialized dental stem cells capable of 
replenishing enamel in addition to dentine (Jernvall and Thesleff 2012). 
Continuous growth requires that the teeth are worn down regularly, as without 
wear hypselodont teeth would eventually become too big to fit into the oral cavity.  
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4.1.2 Reptilian teeth  
 
The clade Reptilia, sister taxon to mammals, comprises lepidosaurians (that is, 
squamates and rhyncocephalians), crocodilians, turtles, and birds (Figure 1). 
With over 11,000 species, squamates, comprising lizards and snakes, is the largest 
tetrapod radiation (Uetz et al. 2021). Rhyncocephalians only contains one extant 
species, the tuatara (Sphenodon punctatus). Squamates, crocodilians and the 
tuatara all have teeth, most of which are polyphyodont and thus replaced 
throughout life. In contrast, extant birds and turtles are completely edentulous 
(Davit-Béal et al. 2009).   
 
Dentitions in reptiles, in contrast to mammals, usually exhibit a mild, gradual 
variation of tooth types or no variation at all (i.e., homodonty) (Zahradnicek et al. 
2014; Berkovitz and Shellis 2017). Most heterodont reptiles have teeth that are 
simpler in anterior positions and then slowly grade into more complex shapes 
towards posterior positions. Thus, unlike in mammals, it is usually not possible 
to define a tooth formula with specific tooth types such as incisors and molars. 
However, some species in the squamate clade Acrodonta, which comprises 
chameleons and dragon lizards, show a very obvious heterodonty consisting of 
conical, pleurodont-attached teeth at anterior parts of the jaws and wider, 
pyramidal or multicuspid teeth with acrodont attachment in posterior parts 
(Cooper at al. 1970). Additionally, reptiles, unlike mammals, are usually seen as 
being able to grow indefinitely; that is, while mammals reach certain body 
proportions, such as jaw length, at definite ages, reptiles continue growing 
throughout adulthood (Kozlowski 1996). Different individuals, even siblings, may 
also reach entirely different body sizes based on environmental conditions. Due 
to these phenomena, reptiles usually continue adding teeth to their jaws as they 
grow at different rates, and thus do not possess a defined adult tooth formula 
similar to mammals.  
 
While some reptiles do possess complex teeth, it is worth noting that mammalian 
teeth have cusps in both their antero-posterior and dorso-ventral axes, whereas 
reptile teeth are generally less complex and usually possess cusps only in either 
one of the axes (Zahradnicek et al. 2014). As in mammals, complex teeth in 
reptiles are associated with herbivory (Lafuma et al. 2021), but unlike mammals, 
do not show perfect occlusion (Reisz 2006). As mentioned above, lepidosaurian 
dentitions show either pleurodont or acrodont attachment, with pleurodonty 
being far more common and acrodonty limited to some isolated species or 
lineages such as Acrodonta. Crocodilians are thecodont, while the only extant 
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rhyncocephalian species, tuatara, is considered to be acrodont (Jenkins et al. 
2017; Bertin et al. 2018).  
 
Snakes, a squamate suborder, exhibit some derived features in their dentitions 
and overall feeding processes. As snakes often swallow their prey whole, their 
teeth are unicuspid and curved, suited for gripping and holding prey rather than 
chewing or grinding (Berkovitz and Shellis 2017; Lafuma et al. 2021). To aid in 
this process, their jaws are particularly mobile, which allow for large objects to 
pass through their mouths. The dentition is always homodont, with only some 
small size differences in the teeth. While present also in some lizards, many 
snakes exhibit notably large additional teeth on the palate and pterygoid bones, 
thus possessing more than two sets of teeth on their skull (Mahler and Kearney 
2006). Finally, some snakes have gained specialised teeth, known as fangs, which 
can be located at different positions in the mouth and are connected to venom-
producing glands and channel venom into the prey upon contact (Vonk et al. 
2008).  
 
4.1.3 Amphibian teeth 
 
Amphibians, together with their sister clade amniotes (that is, reptiles and 
mammals), form the group Tetrapoda or land-dwelling vertebrates (Figure 1). 
Amphibians comprise of three extant subgroups, Anura (frogs), Caudata 
(salamanders and newts), and Gymnophiona (caecilians) (Berkovitz and Shellis 
2017). Despite the existence of the well-established developmental model species 
Xenopus laevis (Anura), amphibians have, for the most part, not been a primary 
focus of dental research. Indeed, while all caecilians and caudates bear teeth, 
many frogs are completely edentulous (Paluh et al. 2021). Toothed amphibians 
are polyphyodont and mostly homodont, with all teeth located in the oral cavity 
(Davit-Béal et al. 2007). Tooth shape varies from simple unicuspid teeth to 
multicuspid, and the attachment is primarily pleurodont, except for the palatal 
dentition (Davit-Béal et al. 2007). Interestingly, the axolotl Ambystoma 
mexicanum (Caudata) possesses teeth of both endodermal and ectodermal origin, 
and sometimes of mixed endo-/ectodermal origin, in their oral cavity (Soukup et 
al. 2008).  
 
4.1.4 Bony fish teeth 
 
“Bony fish” constitute a paraphyletic clade consisting of actinopterygians (the vast 
majority of fish species) and sarcopterygians (coelacanths and lungfish). As the 
sister group of tetrapods, sarcopterygians are good models for understanding the 
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transition of vertebrates from water to land. Furthermore, given that bony fish 
are by far the most species-rich group of all vertebrates, it is no surprise that there 
is tremendous variation in the shape and form of their teeth. Although it is hard 
to go through the entire scope of fish tooth diversity within this thesis, some 
general aspects are mentioned below. On the whole, teeth in bony fish are usually 
homodont and simple or conical in shape. Heterodont species also exist, 
particularly ones that have specialized feeding habits, such as grinding down 
shellfish. While the dentition of bony fish tends to be simple in shape, there are 
also a myriad of tooth shapes and forms, matching the vast ecological diversity in 
this taxon. Some species have, for example, evolved flattened tooth plates or even 
bird-like beaks for specialized diets (Berkovitz and Shellis 2017; Thiery at al. 
2017;).  
 
The most unusual property in bony fish dentitions is the existence of additional 
sets of teeth in the pharyngeal cavity, posterior to the oral jaws. In many species 
these two sets of teeth have evolved to serve different purposes: the oral teeth are 
used to catch prey, while the pharyngeal dentition processes the food. Due to the 
availability of additional pharyngeal teeth, in some species the oral teeth have 
become reduced or even completely lost. This is also the case in zebrafish (Danio 
rerio), which is by far the most commonly used model species amongst bony fish. 
Thus, there is currently no well-established genetically tractable model animal for 
examining oral teeth in bony fish (Berkovitz and Shellis 2017). 
 
4.1.5 Cartilaginous fish teeth 
 
Cartilaginous fish (Chondrichthyes) represent a monophyletic group 
characterized by skeletons primarily composed of cartilage instead of bone. It 
comprises two main subclasses: holocephalans, containing chimaeras, and 
elasmobranchs, containing all sharks, rays, and skates (Berkovitz and Shellis 
2017).  
 
As mentioned earlier, these clades encompass the only extant animals that 
possess dermal denticles or odontodes, skin structures from which teeth are 
thought to have evolved in the so-called outside-in hypothesis of the origin of 
teeth. Both rays and chimaeras show a highly derived and sometimes reduced 
dentition, with regular teeth replaced by various types of flattened dental plates, 
suitable for grinding down hard food material, such as shellfish (Berkovitz and 
Shellis 2017). Sharks, in contrast, possess abundant polyphyodont dentitions, 
with both jaws lined with vast numbers of teeth arranged in several rows (Rasch 
et al. 2016). Shark teeth vary in shape, from pointed and unicuspid to tricuspid 
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and crown-shaped. As most species are carnivores, the teeth are suitable for 
tearing, grasping, and cutting prey. Most sharks show some degree of variation 
along the jaws, making them heterodont (Berkovitz and Shellis 2017).  
 
4. 2 Mechanisms of tooth development 
 
Of all vertebrate organs, the tooth is among the ones for which the development 
is most well understood. Teeth have been an attractive model system in 
developmental biology given their small size, relatively simple structure, non-
essentiality for the survival of the embryo, availability in the oral cavity without 
complex dissection procedures, as well as evolutionary significance. I will first 
review some general aspects, and then discuss the process in detail in two main 
groups: mammals, due to the significance of the mouse as a model animal, and 
reptiles, the main topic of this thesis.  
 
Teeth are formed by the interaction of two types of tissue: epithelium and 
mesenchyme (Balic and Thesleff 2015). In all known extant teeth, the 
mesenchyme originates from the migration of neural crest cells, a vertebrate-
specific tissue formed by the ectoderm, one of the three embryonic germ layers 
(Cobourne and Sharpe 2010). Embryonic germ layers are generated very early in 
development from unspecified cells, and their emergence is thought to be one of 
the earliest events in tissue and organ specification. Besides ectoderm (“outer 
layer”), which forms the neural crest, the central nervous system, and skin, the 
other two germ layers are mesoderm (“middle layer”) and endoderm (“inner 
layer”). Endoderm gives rise to the gastrointestinal tract and pulmonary system, 
while mesoderm forms many tissues such as muscles, bones, and the heart. As 
mentioned, the neural crest is a vertebrate novelty, and due to the range of 
structures it gives rise to, it is sometimes called the “fourth germ layer” in 
vertebrates. In addition to the mesenchymal compartment of teeth, the neural 
crest generates the peripheral nervous system, melanocytes, multiple craniofacial 
elements, the thyroid gland, as well as numerous other structures (Tseng et al. 
2017).  
 
The epithelial component of teeth is more variable in its origins. In clades such as 
mammals and reptiles, the epithelium, like the mesenchyme, is also derived from 
ectoderm; specifically, the surface ectoderm covering the oral cavity. This places 
teeth into the same category as multiple other small ectodermal organs, such as 
hairs, scales, nails, as well as glands such as lacrimal, mammary, and sweat glands 
(Pispa and Thesleff 2003). All these organs share certain similarities in 
development. In contrast, some teeth, such as pharyngeal teeth in some bony fish 
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species and some oral teeth in amphibians, are formed by epithelium that is of 
endodermal origin. Thus, teeth can be formed from tissues that have entirely 
different developmental histories (i.e., derived from different germ layers), but 
are still able to achieve similar shape, form, and tissue structure (Soukup et al. 
2008).  
  
4.2.1 Tooth development in mouse 
 
The vast majority of developmental studies on odontogenesis have been 
performed in the mouse, and in particular, mouse molars. Thus, most 
terminology describing tooth development is derived from descriptions on mouse 
molar development. As mentioned above, murine teeth are formed from two main 
tissues, ectodermal jaw (oral) epithelium and neural crest derived, ectodermal 
jaw mesenchyme, and are initiated at around and after mid-development (Catón 
and Tucker 2009). The first morphological sign of odontogenesis is the 
emergence of an epithelial structure, the dental lamina (DL), from which all teeth 
are later initiated (Peterkova et al. 2002). The DL is a thin epithelial sheet, 
appearing first as a thickening in the oral epithelium (OE) overlying the future 
jawbones before growing deeper into the underlying mesenchyme. In the mouse, 
which has a toothless diastema region, the DL develops separately in the incisor 
and molar regions, with only a transient structure developing in the diastema. 
However, as discussed later, in most species the DL forms a continuous, 
horseshoe-shaped structure along the jaw and thus connects all future tooth 
germs (Peterkova et al. 2002). Indeed, the DL is a key structure in the generation 
and renewal of teeth in the vast majority of species. 
 
Eventually, the invaginated DL begins to thicken, forming structures known as 
tooth buds, which are thought to represent the first proper tooth developmental 
stage (Figure 4). At the same time as the tooth bud emerges, the mesenchyme 
immediately underlying the bud begins to condense by cell migration. Soon after, 
the tooth bud begins to change form: its edges grow downwards, while the centre 
remains non-proliferative. Ultimately, it forms a shape that resembles an upside-
down cup which surrounds the mesenchymal condensation. In the mouse, the 
non-proliferative central point, called the primary enamel knot, has a distinct 
shape and shows a high number of apoptotic cells. It functions as an important 
signalling centre, producing numerous proteins to regulate tooth morphogenesis. 
In unicuspid teeth, such as the incisor, the enamel knot also marks the place of 
the distal-most tip of the final tooth shape. This phase in tooth development is 
known as the cap stage (Thesleff 2003; Catón and Tucker 2009).  
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At cap stage, the tooth germ can be divided histologically into specific structures. 
The mesenchymal condensation, called the dental papilla, is surrounded by the 
epithelial tooth cap. The epithelial downgrowths, which form the walls of the 
tooth cap, are called cervical loops. The innermost epithelial layer, which overlies 
the dental papilla and contains the enamel knot, is called the inner enamel 
epithelium (IEE), while the outermost layer is, conversely, the outer enamel 
epithelium (OEE). Between the inner and outer enamel epithelia is the stellate 
reticulum. The DL, which connects the tooth germ to the surface epithelium, is 
usually known as the dental stalk in the mouse (Thesleff and Tummers 2008). 
 
 

 
Figure 4. Schematic model of tooth development in mouse and the main morphological 
structures involved. From left to right and top to bottom: dental lamina stage, bud stage, 
cap stage, bell stage, mineralization stage, and late mineralization/eruption.  
 
 
The next developmental event is the differentiation of tissues and the formation 
of cusps. The IEE differentiates into specialized cells called ameloblasts, which 
begin producing enamel. While cell differentiation is ongoing, the final shape of 
the tooth begins to set in place. This is achieved by the secondary enamel knots 
that form along the IEE. These enamel knots emerge one after the other at the 
locations of future cusps, and function similarly to the cap stage primary enamel 
knot: they are regions of low proliferation and high apoptosis. This phase in tooth 
development is called the bell stage. As mentioned above, these descriptions only 
apply to mouse molars, which have multiple cusps; the unicuspid incisors do not 
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develop secondary enamel knots before mineralizing and assuming their final 
shape. At the same time, dental papilla cells that directly underlie the IEE 
differentiate into dentine-producing odontoblasts. Thus, enamel is of epithelial 
(surface ectoderm) origin, while dentine is of mesenchymal (neural crest) origin. 
The final stages of tooth development are enamel and dentine deposition 
(mineralization), root development, and tooth eruption (Thesleff 2003; Thesleff 
and Tummers 2008; Catón and Tucker 2009).  
 
4.2.2 Tooth development in squamates 
 
While the laboratory mouse remains the primary animal model for studying 
dental development, increasing amount of research has been conducted in 
squamate reptiles during the last 15 years. Squamates hold a key position in the 
amniote evolutionary tree, and represent a morphologically and ecologically 
highly variable taxon, making them an interesting research target. Odontogenesis 
has been recently described in multiple squamate species belonging to several 
suborders, including Gekkota (leopard gecko, Eublepharis macularius), 
Serpentes (ball python, Python regius) and Iguania (veiled chameleon, 
Chamaeleo calyptratus; bearded dragon, Pogona vitticeps; green anole Anolis 
carolinensis), and some dental features have been described in a handful of others 
(Delgado et al. 2003; Buchtová et al. 2008; Handrigan and Richman 2010; 
Handrigan et al. 2010; Handrigan and Richman 2011; Zahradnicek et al. 2012; 
Buchtová et al. 2013; Gaete and Tucker 2013; Grieco and Richman 2018).  
 
As in mammals, odontogenesis in reptiles begins with the emergence of a DL 
(Figure 5). In contrast to the mouse, the DL is fully continuous, spanning the 
length of the entire jaw (Richman and Handrigan 2011). While the development 
of the DL usually precedes odontogenesis, certain squamate species produce teeth 
prior to the invagination of the DL. These teeth emerge directly from the jaw 
epithelium and thus develop close to the oral surface but are resorbed prior to 
progressing into later stages of odontogenesis and never become fully functional. 
These vestigial teeth have been documented at least in several Iguania species 
such as the bearded dragon (Handrigan and Richman 2010), but their purpose is 
still unclear. It is possible that they are truly simple vestiges, or they could have a 
role in patterning the final dentition as other primary non-functional teeth in 
other species (Sadier et al. 2020). Despite these exceptions, all functional, adult 
teeth in reptiles apparently require a DL for their development (Handrigan and 
Richman 2010). 
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Figure 5. Schematic model of tooth development in reptiles depicting growth of DL, cap 
stage, early bell, late bell, attachment to jaw bone, and tooth eruption. 
 
 
The DL in squamates usually grows down into the mesenchyme at a slight angle 
towards the lingual (that is, adjacent to the tongue) edge of the jaw (Handrigan 
and Richman 2010). Unlike in mouse, there is usually no clear, histologically 
distinguishable bud stage; instead, the first sign of individual teeth emerging from 
the DL is the direct development of a cap shape from the tip of the epithelial sheet. 
These cap-stage teeth emerge from the labial side of the DL; thus, there is often 
an obvious lingual-labial asymmetry which is not as evident during mouse tooth 
development. The reptilian cap stage is morphologically relatively similar to its 
murine equivalent, with the IEE, OEE, and stellate reticulum present (Handrigan 
and Richman 2010; Richman and Handrigan 2011). Despite the considerable 
amount of interest in the topic, evidence of a morphologically and molecularly 
distinguishable enamel knot structure has only been discovered in one squamate 
species, the veiled chameleon (Landova Sulcova et al. 2020). While other species 
also possess some of the hallmarks of an enamel knot, such as absence of 
proliferating cells and expression of the gene SHH, other signs closely associated 
with the mammalian enamel knot have been missing (Landova Sulcova et al. 
2020; personal observations).  
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The bell stage in reptilian teeth is characterized by the differentiation of 
ameloblasts and odontoblasts and the rapid onset of mineral deposition 
(Richman and Handrigan 2010). In addition, this stage usually marks the 
emergence of the successional dental lamina, a key structure for tooth renewal, 
which will be discussed later in the context of tooth replacement. As most 
reptilian teeth are unicuspid, no additional cusps or shapes emerge in these teeth. 
In multicuspid (usually tricuspid) reptilian teeth, the central cusp usually 
develops earliest, while the side cusps emerge after the onset of mineralization in 
the central cusp (Zahradnicek et al. 2014). Thus, this pattern of events differs 
from mouse molars, in which all cusps emerge at the same time. Similar to the 
cap stage, it is not known whether the emergence of the secondary or side cusps 
is dependent on enamel knots. The final events of reptilian odontogenesis are 
further mineralization of the tooth crown, formation of attachment tissues, and 
tooth eruption.  
 
4.3 Molecular control of tooth development 
 
Development can be broadly separated into three main cell behaviours: 
morphogenesis, creating various shapes; growth, involving cell proliferation and 
cell enlargement; and differentiation, resulting in the formation of specialized cell 
types from various progenitor cells (Gilbert 2014). Most of these functions involve 
cell communication: one group of cells informs another group of cells to perform 
some task, be it expression of a cell cycle regulator, production of a specialized 
protein, or modulation of the cytoskeleton to assume a certain shape. In turn, the 
cell that received the signal often passes another signal on to another group of 
cells, or returns it to the original signaller, which can then lead to further cell 
behaviours.  
 
Molecularly, these behaviours are regulated by proteins that can be broadly 
grouped into five main categories: signalling factors, receptors, mediators, 
transcription factors, and modulators (Gilbert 2014). Signalling factors are 
produced by the cell that is communicating to another cell: some are located on 
the cell membrane and only target neighbouring cells, but many, known as 
paracrine factors, are released into the extracellular space and diffuse a small 
distance to reach cells further away. Receptors are expressed by the cell being 
communicated to: they bind the signalling factors (or ligands, in this context), 
allowing for their message to be read. Receptors usually activate a mediator, 
which is often an intracellular protein or chain of proteins; these convey the 
message onward inside the cell. Transcription factors are targets of most cell 
communication behaviours. They are often activated by a mediator protein, which 
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in turn has been activated by ligand-receptor binding. Transcription factors may 
activate expression of an end-product protein, such as enamel protein, or simply 
cause expression of other transcription factors or signalling molecules to continue 
cell communication. Finally, modulators are proteins that alter these signalling 
pathways: they may be inhibitors or activators, and they allow for highly 
specialized responses to cell communication. For example, only a specific 
population of cells inside the diffusion zone of a signalling factor may express an 
inhibitor of the signalling factor, thus preventing the activation of transcription 
in only these cells (Gilbert 2014).  
 
Regarding tooth development, the molecular control of odontogenesis has been 
extensively dissected in the mouse by using a combination of nucleic acid and 
protein staining experiments, examination of various loss-of-function and gain-
of-function mutants, and transcriptomic approaches. These experiments have 
revealed an immense amount of information on the relative roles of proteins 
during the formation of a tooth (Thesleff 2006; Balic and Thesleff  2015). 
Recently, information has also emerged on the molecular aspects of tooth 
development in non-classical models, such as sharks and reptiles. For the most 
part, this new information has revealed an extremely conserved molecular 
network functioning in similar ways in lineages that have separated millions of 
years ago (Rasch et al. 2016; Handrigan and Richman 2010). Thus, in order to 
summarize the literature, I shall mostly review the information the way it has 
been presented in the mouse. In the scope of this thesis, and because of the large 
amount of data generated in the mouse, I will mainly focus on the pathways that 
are best known and/or most relevant to this work. 
 
4.3.1 Key signalling factors regulating tooth morphogenesis 
 
Most molecular factors regulating tooth development belong to – or modulate – 
one of five broad classes of signalling pathways: Hedgehog (HH), Bone 
morphogenetic protein (BMP), Wnt, Fibroblast growth factor (FGF), and 
ectodysplasin (EDA) (Thesleff 2006). Of these pathways, BMP, Wnt, and FGF all 
comprise tens of various ligands, receptors, modulators, and mediators, and 
many of them play some role in tooth development. All these pathways function 
by activating a large set of transcription factors, many of which belong to the 
superfamily of homeobox transcription factors, containing an extremely 
conserved protein domain known as homeodomain that binds to DNA (Thomas 
and Sharpe 1998).  
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During tooth development, it has been well-established that the roles of cell 
communicator and signal receiver shifts multiple times between the epithelium 
and the mesenchyme. During these shifts, both tissues take turns in expressing 
various ligands, receptors, and transcription factors belonging to the families 
mentioned. Similarly, the odontogenic potential shifts between the 
compartments; that is, the tissue which contains the ability to induce the 
continuation of odontogenesis in the other tissues changes between the 
epithelium and mesenchyme. However, it is usually understood that odontogenic 
potential resides first in the epithelium, which is marked by expression of 
multiple BMP, Wnt, and FGF ligands prior to the emergence of the DL (Tucker 
and Sharpe 2004; Thesleff 2006; Balic and Thesleff 2015). 
 
Interestingly, there are no known tooth-specific developmental genes, and it is 
thus not well understood why teeth develop only in the jaws or gill arches, and 
not in other locations. The first molecular evidence of the emergence of the DL is 
the overlapping expression of SHH and the transcription factor Pituitary 
homeobox 2 (PITX2) in the oral epithelium (Thesleff and Tummers 2008). 
Despite playing an important role in odontogenesis, both genes have important 
functions in many other developmental events. However, these two genes mark 
exactly the location of the future DL in the jaw. In particular, PITX2 is thought to 
be a relatively specific marker of odontogenic epithelium at least within the jaws, 
and is expressed throughout the dental epithelium during odontogenesis. Both 
SHH and PITX2 mark the first sign of the DL in species as distantly related to the 
mouse as sharks, suggesting that their role in early tooth development is highly 
conserved (Rasch et al. 2016).  
 
SHH is considered to be the key gene promoting the proliferation and 
downgrowth of the DL (Tummers and Thesleff 2008). Coinciding with the growth 
of the DL, the expression of a number of transcription factors is detected in the 
underlying dental mesenchyme, including PAX9, MSX1, and DLX1/2 (Thesleff 
2006). It is thought that the DL at this point induces the mesenchyme to form a 
condensation, at least partially by the action of SHH. During these early stages, 
loss of function of any of the mentioned molecular factors results in tooth 
developmental arrest, either prior to tooth initiation or during the DL stage. In 
accordance, many human dental abnormalities involving lack of teeth 
(anodontias) have been associated with these aforementioned genes (Thesleff 
2006; Bei 2009). This demonstrates the complexity of the network required for 
early odontogenesis to occur. 
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After the bud stage the odontogenic potential shifts to the mesenchyme. The 
mesenchyme begins to express signalling molecules, including BMP4, which are 
received by the DL and result in the induction of the primary enamel knot in the 
tip of the tooth bud. At this point the odontogenic potential shifts back to the 
epithelium, and the enamel knot becomes a signalling centre. The enamel knot 
expresses a large number of signalling molecules and other factors, including 
Wnts, BMPs, FGFs, EDAR, and particularly SHH, which is conventionally used 
as a marker of this structure. The enamel knot also expresses p21, a cell cycle 
regulator, which inhibits cell proliferation. The combined effect of low 
proliferation and high apoptosis in the enamel knot, as well as high proliferation 
in the surrounding epithelium induced by signalling from the knot, leads to the 
formation of the curved/bowed/rounded cap shape. At the transition to the bell 
stage, secondary enamel knots emerge. They also express a wealth of signalling 
factors, including FGF4, and show similar cell cycle dynamics as the primary 
enamel knot. The emergence of the secondary enamel knots leads to folding of the 
IEE and, finally, the development of cusps (Tucker and Sharpe 2004; Thesleff 
2006; Koussoulakou et al. 2009; Balic and Thesleff 2015).  
 
Tooth mineralization begins when the IEE sends signals – in particular, BMPs – 
to the dental papilla, leading to the differentiation of odontoblasts and secretion 
of dentine. In turn, the odontoblasts use signals such as BMPs, Wnts, and EDA to 
induces the differentiation of enamel-producing ameloblasts in the IEE (Balic and 
Thesleff 2015). All in all, tooth development is a remarkably complex set of 
reciprocal interactions between two tissue types. Despite the wealth of knowledge 
on this process, new genes continue to be identified as being expressed in 
developing teeth. In addition, detailed information on/about these processes is 
yet mostly available for the mouse molar, while not much is known about other 
vertebrate groups or even non-murine mammals. 
 
4.3.2 Conserved role of Ectodysplasin signalling 
 
As mentioned above, one of the signalling pathways involved in molecular control 
of tooth development is the EDA pathway, and it also one of the most studied of 
them – in part due to the existence of human mutations described as early as the 
19th century by Charles Darwin. This pathway consists of a secreted ligand 
Ectodysplasin A1 (EDA-A1/EDA), its receptor EDA-A1 receptor (EDAR), a 
number of intracellular mediators, and the transcription factor known as nuclear 
factor kappa B (NfκB) (Mikkola and Thesleff 2003).  
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EDA is part of the tumour necrosis factor (TNF) superfamily of growth factors, 
and thus contains the highly conserved TNF protein domain (Mikkola and 
Thesleff 2003). Similar to other TNF family members, the EDA protein exists in 
two forms, a membrane-bound form as well as cleaved, soluble form that acts as 
a diffusible signalling molecule. The soluble form of EDA, after being released 
from the signalling cell, is able to bind to EDAR, a transmembrane-type receptor 
expressed on EDA target cells. After activation of EDAR through EDA-EDAR 
interaction, EDAR initiates an intracellular cascade leading to the activation of 
NfκB. In this cascade, EDAR first activates a number of TNF receptor associated 
factors (TRAFs) via an adapter molecule, EDAR associated death domain 
(EDARADD), which is able to interact with both EDAR and TRAFs. Activated 
TRAFs lead to the formation of a protein complex known as IκB kinase (IKK) 
complex. NfκB is normally bound and kept in the cytosol by the inhibitor IκBα. 
The activated IKK complex targets IκBα, resulting in its proteasomal degradation. 
As a result, NfκB is freed and is able to translocate into the nucleus where it 
activates expression of EDA target genes (Figure 6) (Mikkola and Thesleff 
2003).  
 

Figure 6. Schematic representation of the main molecular components of the EDA 
signalling pathway.  
 
 
In addition to teeth, the EDA pathway regulates development of various other 
organs that are of ectodermal origin, including, hair, sweat glands, mammary 
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glands, and lacrimal glands. Indeed, EDA was originally identified as being the 
gene mutated in a mouse mutant showing defects in these organs (Sofaer 1969; 
Srivastava 1997). This mouse mutant, known as Tabby, has characteristically 
abnormal fur and problems in sweating. In terms of the dentition, Tabby mice 
show several defects: frequently missing or reduced incisors, frequently missing 
third molars, and reduced and misshapen molars with cusp defects. The 
phenotype is highly variable and is at least partly dependent on the background 
of the mouse strain used. For this reason, the different phenotypes have been 
classified extensively (Charles et al. 2009). Increased complexity comes from the 
fact that the Tabby/EDA gene in mouse is X-linked. In addition to Tabby, other 
mouse mutations with similar phenotypes have been identified – this includes the 
Downless mutant, which has a mutation in EDAR (Tucker et al. 2000).  
 
EDA research has drawn some attention due to the existence of a human disease 
involving the pathway. This genetic disorder, known as hypohidrotic ectodermal 
dysplasia (HED), is an X-linked recessive disease caused by mutations in EDA. 
Like for the mouse, in humans several similar conditions with different 
inheritance patterns exist due to mutations in EDAR or EDARADD. HED patients 
display reduced ability to sweat (hypohidrosis), sparse and brittle hair 
(hypotrichosis), and either missing or small and often pointed teeth (hypodontia). 
Patients also show characteristic facial features (Reyes-Reali et al. 2012). Thus, 
the presentation of this disease is very similar to its murine counterpart, 
demonstrating the conserved function of this pathway. Indeed, in addition to 
mice and humans, EDA mutations with similar developmental defects have been 
discovered in a number of mammals, certain fish, and reptiles (Casal et al. 1997; 
Drögemüller et al. 2002; Barlund et al. 2007; Atukorala et al. 2011; Di-Poï and 
Milinkovitch 2016). While mammals display defects in hair, fish and reptiles show 
reduced scales. In addition, EDA signalling has been demonstrated to function in 
chicken feather development (Houghton et al. 2005). These data demonstrate the 
extreme conservation of EDA pathway activity in ectodermal organogenesis 
throughout vertebrates.  
 
In developing murine teeth, both EDA and EDAR are expressed only in the 
epithelial compartment throughout odontogenesis. Early in development, EDA is 
expressed in the OE adjacent to the future tooth bud, and from there, it moves to 
the OEE and outer edges of the dental stalk. EDAR is expressed in a 
complementary pattern, first in the OE in sites where the teeth emerge, then in 
the tip of the tooth bud and IEE. It is thought that EDA diffuses from these outer 
edges of the tooth organ to activate EDAR/NfκB in the tooth bud and IEE. In 
particular, EDAR expression is strong in the primary enamel knot (Laurikkala et 
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al. 2001). Indeed, the dental shape defects observed in Tabby mice are thought to 
be a result of defective signalling activity due to lack of EDA pathway activity in 
the enamel knots (Pispa et al. 1999; Tucker et al. 2000; Tucker et al. 2004). Thus, 
EDA is thought to play a major role in the development of complex tooth shape. 
While EDA also plays a role in tooth size and determination of tooth formula, as 
demonstrated by the phenotype of Tabby mice, the cellular mechanisms behind 
these phenomena are less well known.  
 
Given its role in affecting tooth shape during development, it is not surprising 
that the EDA pathway has been implicated as a possible player in dental 
evolution. In an in vitro environment, increasing the level of EDA protein in 
dental cultures lead to increased complexity of murine molar teeth, mirroring 
dental changes observed in natural rodent lineages (Harjunmaa et al. 2012; 
Harjunmaa et al. 2014). Similarly, overexpression of EDA pathway components 
in mice lead to the emergence of longitudinal crests that define stephanodonty, a 
dental characteristic that is thought to have evolved in parallel in various murine 
lineages in response to certain diets (Gomes Rodrigues at al. 2013). Thus, subtle 
changes in the expression level of EDA and EDAR could contribute to phenotypic 
changes in teeth at least in rodents.  
 
Downstream targets of EDA signalling have been attempted to uncover in several 
organs where this pathway plays a significant role, including teeth, hair, and 
mammary glands. Genes shown to be positively regulated by EDA activity include 
FOXI3, DKK4, WNT10A, SHH, as well as BMP inhibitors CCN2 and Follistatin 
(Pummila et al. 2007; Fliniaux et al. 2008; Voutilainen et al. 2012; Shirokova et 
al. 2013). FGF20, a member of the FGF superfamily, is induced by EDA signalling 
and plays a key role in the morphogenesis of all three ectodermal organs (Häärä 
et al. 2012; Elo et al. 2017; Biggs et al. 2018).  
 
4.3.3 Patterning the jaw for establishment of dental formula 
 
In addition to the simple formation of individual teeth, establishment of the 
proper dental formula for a given species requires that individual tooth buds 
develop in the correct places. In particular, in heterodont dentitions, it is critical 
that correct tooth types emerge in the desired jaw regions – for example, incisors 
and canines in anterior tooth regions and molars in posterior regions. Given the 
conserved nature of the mammalian tooth formula throughout the clade, the 
establishment of such formula is a critical step during embryogenesis 
(Wakamatsu et al. 2019). 
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The formation of the heterodont dental formula has been exclusively researched 
in mice, where it is thought that this process begins prior to the initiation of tooth 
buds proper. Thus, already early into jaw development, the jaw is divided into 
prospective molar and incisor fields. The future molar region expresses the 
signalling factors FGF8 and FGF9, while the prospective incisor region expresses 
BMP4. These signalling molecules induce expression of transcription factors in 
the corresponding areas: DLX2 (Distal-less homeobox 2) and BARX1 (BarH-like 
homeobox 1) in the molar region, and MSX1/MSX2 in the incisor region (Thomas 
and Sharpe 1998; Tucker and Sharpe 2004). Furthermore, manipulation of these 
expression patterns results in change of the tooth formula in mice (Tucker et al. 
1998). Other homeobox genes, such as ALX3 (ALX homeobox 3), have been 
shown to be expressed in the opossum jaw (Wakamatsu et al. 2019). This 
expression pattern of homeobox-containing transcription factors has resulted in 
the “homeobox code of tooth development” hypothesis, which states that proper 
expression of various homeobox genes is required for the establishment of 
heterodonty (McCollum and Sharpe 2001; Wakamatsu et al. 2019). This 
hypothesis is a reference to the well-known homeobox code of anterior-posterior 
patterning of the body (Krumlauf 2018). In addition to the mentioned genes, 
further transcription factors play a role in the scheme: ISL1 (ISL LIM homeobox 
1) is also expressed in the incisor region and is involved in a positive feedback loop 
with BMP4, while PITX2 is expressed in the molar region, and apparently inhibits 
BMP4 and positively regulates FGF8/9 (Tucker and Sharpe 2004). Thus, due to 
the number of factors already discovered, likely the full extend of complexity of 
mammalian dental pattern formation is yet to be uncovered. In addition, these 
data have only been verified in mammals, and no information is available for 
other clades.  
 
4.4 Tooth renewal 
 
4.4.1 Tissue regeneration and stem cells 
 
Regeneration is a fundamental property of all animal tissues (Maden 2018). This 
property is present on many levels, including individual cells, tissues, whole 
organs, as well as entire structures such as limbs or bodies. Unlike wound healing, 
which creates scar tissue and never regains the full original structure of the 
involved tissue, regeneration is able to fully restore lost entities (Gurtner et al. 
2008). Regeneration can be broadly divided into two categories: regeneration in 
response to tissue damage or loss, and homeostatic regeneration. Examples of the 
former include salamanders being able to regrow tails after losing them, the 
human liver being able to replenish itself after surgical removal of some parts of 
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it, and axolotls being capable of restoring complete sensory and motor function 
after spinal cord damage. This category thus represents a latent regeneration 
capacity which only activates when needed. In contrast, homeostatic regeneration 
takes place all the time and is not dependent on tissue damage. Examples of this 
are the constant renewal of intestinal mucosae, the cycle of growth and loss of 
hair, and the continuous growth of mammalian hypselodont teeth such as murine 
incisors (Leblond 1981; Naveau et al. 2014).  
 
At the cellular level, regeneration usually involves one of the following options: 
regeneration from existing differentiated tissues, or regeneration from stem or 
progenitor cells (Maden 2018). In the former case, differentiated tissues may 
either dedifferentiate into stem/progenitor cells by losing expression of 
differentiation markers and gaining expression of progenitor markers, or 
transdifferentiate directly into the required cell type without going through a 
progenitor phase. An example of this mode of regeneration would be lens 
regeneration in certain species such as amphibians (Vergara et al. 2018). In the 
latter case, the tissue or organ in question harbours stem cells which are 
specifically used for replenishing lost cells. In particular, tissues that are involved 
in constant turnover, such as skin or hair, usually possess stem cells, but they can 
also be present in tissues that are not routinely renewed, such as skeletal muscle 
(Mitsiadis et al. 2007).  
 
Stem cells possess unique qualities that differentiate them from other cells. First, 
they express specific genes, or stem cell markers, which can be used in their 
identification. Despite not constituting a homogeneous population, many well-
known stem cell markers contribute to the stemness, or potency, of a cell by 
maintaining an undifferentiated state and promoting quiescence (Schuijers and 
Clevers 2012; Novak et al. 2020). Along these lines, stem cells express few 
markers of cellular differentiation. Epigenetically, the chromatin in stem cells is 
thought to be more open than in differentiated cells, reflecting their higher 
position in the “epigenetic landscape” and potency to differentiate into multiple 
cell types (Niwa 2007). Functionally, stem cells need to fulfil two main objectives: 
self-renewal, as well as the production of non-stem daughter cells. These 
objectives are thought to take place by asymmetric cell division, in which the 
contents of the parent cell are divided unequally between the two daughter cells. 
As a result, one of the daughter cells maintains the stem cell qualities of the parent 
cell, allowing self-renewal, while the other begins the process of differentiation 
(Klein and Simons 2011). The immediate progeny of stem cells is usually not the 
final cell type; instead, stem cells are thought to first produce a highly 
proliferating intermediate cell type (a transit amplifying or TA cell), which then 
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goes on to differentiate into the intended functional cell (Mitsiadis et al. 2007). 
Due to the ageing effect that takes place during each cell division, stem cells are 
thought to be particularly slow-cycling or quiescent. Thus, they have not exited 
the cell cycle like terminally differentiated cells, but their mitoses occur at far 
lower rates than in TA cells, promoting a longer life cycle (Li and Clevers 2010).  
 
Stem cells can be broadly divided into two main categories: embryonic stem cells 
and adult stem cells, the latter of which are involved in tissue regeneration. 
Embryonic stem cells are normally present only during the early phases of 
embryogenesis and able to differentiate into all the numerous cell lineages of the 
developing embryo. In contrast, adult stem cells are more restricted in their 
differentiation potential. Specifically, adult stem cells are usually either 
multipotent, possessing the capacity to differentiate into multiple cell lines of a 
given lineage, or unipotent, only being able to differentiate into a single cell type. 
An example of multipotent stem cells is the hematopoietic stem cell, which is the 
common progenitor of multiple blood cell lineages while for instance the 
mammary gland is considered to harbour unipotent stem cells (Rendl and Atlasi 
2014).  
 
One of the most studied aspect of adult stem cells is the concept of the “niche”. 
Due to their unique properties, it is thought that stem cell maintenance requires 
a highly specific microenvironment, or niche, where stem cells are both suitably 
located to send off daughter cells into their target tissue, as well as receive 
specialized signals that promote stemness and inhibit differentiation. The niche 
is usually located near, but not immediately adjacent to the tissue or organ into 
which they feed TA cells. Well-characterized examples of stem cell niches are the 
crypts of Lieberkühn, where intestinal stem cells reside, and the hair bulge, which 
contains hair stem cells (Gehart and Clevers 2019; Chen et al. 2020). 
 
4.4.2 Tooth replacement  
 
Considering the strong forces and pressures they have to withstand, it is not 
surprising that teeth show extensive regenerative properties. Some mammalian 
teeth, such as the mentioned murine incisor, grow continuously (hypselodonty). 
In addition, most toothed animals replace entire teeth homeostatically at regular 
intervals, thus minimizing the problem of tooth wear. Animals which undergo 
constant tooth replacement are called polyphyodont (”generate several sets of 
teeth”) (Jernvall and Thesleff 2012). Polyphyodonty is by far the most prevalent 
condition amongst toothed animals and characterizes the vast majority of bony 
and cartilaginous fishes, amphibians, and reptiles. In contrast, most mammals, 
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including humans, only replace some classes of their teeth once, and are referred 
to as diphyodont (”generate two successive sets of teeth”). In humans, the first 
generation of teeth is known as milk teeth, which are replaced by a permanent 
tooth set in adolescence. Finally, some mammals with much derived dentitions 
do not replace their teeth at all, and are called monophyodont (”generate one set 
of teeth”) (Jernvall and Thesleff 2012). These animals thus use the same dentition 
throughout their lives. Unfortunately, the most commonly used developmental 
model for odontogenesis, the mouse, is monophyodont – a feature which has left 
tooth replacement a relatively understudied phenomenon.  
 
The relative decrease in tooth generations in mammals may be partly linked with 
the simultaneous increase in tooth complexity, brought about by the addition of 
cusps. This negative correlation is considered a trade-off between the number of 
tooth generations and maintenance of precise occlusion. In the dental context, 
occlusion means that the surfaces of the upper and lower jaw teeth meet each 
other when the jaw is fully closed, a feature which increases chewing efficiency. 
As polyphyodonty leads to frequent losses of functional teeth and their 
replacement with unerupted successors, hindering occlusion. Additionally, as 
mammals exhibit determinate growth and thus achieve a fixed body size, 
polyphyodonty is not required to compensate for increased jaw size in adulthood. 
For these reasons, most extant mammals exhibit at most two dental generations 
(Jernvall and Thesleff 2012; Berkovitz and Shellis 2018).  
 
The key histological structure, in the majority of polyphyodont animals, involved 
in tooth replacement is the DL. It is generally required for the formation of the 
first functional set of teeth. In addition, the DL is the source for production of 
replacement teeth, and in most cases, its presence is thought to be prerequisite 
for tooth regeneration to occur. In species which exhibit tooth replacement, the 
DL grows “past” the first-generation teeth to create a new free tip or margin, 
known as the successional dental lamina (SDL). The free tip of the SDL is the 
structure from which replacement teeth are then initiated (Järvinen et al. 2009).  
 
Evidence for the role of the SDL in tooth replacement comes from both 
diphyodont and monophyodont species in several clades. In mouse molars, which 
do not produce replacement teeth, a small SDL emerges from the dental stalk late 
in odontogenesis, but it disintegrates via epithelial-to-mesenchymal transition 
prior to initiation of successional tooth buds. In the diphyodont minipig, a SDL 
develops from the DL of the primary teeth and serves as the initiation site of the 
second generation tooth buds. Following this event, however, the DL and SDL are 
lost, preventing further tooth generations from forming. Furthermore, in the 
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monophyodont chameleon, a reptile, a small SDL develops, but subsequently 
ceases to proliferate and regresses (Buchtová et al. 2012; Buchtová et al. 2013; 
Dosedelova et al. 2015). The evidence obtained from these species has led to the 
hypothesis that the SDL is required, and perhaps sufficient, for tooth replacement 
to occur.  
 
Most polyphyodont species, in contrast to species with reduced tooth generations, 
possess a permanent DL, which allows for tooth replacement to continue through 
adulthood. In polyphyodont dentitions, the SDL re-emerges from the DL after 
each newly developed replacement tooth, generating a renewed site from which 
successional teeth can be initiated. Despite its essential role in many species with 
continued tooth replacement, the SDL is not an entirely universal feature: some 
fish species have been shown to initiate tooth replacement directly from the outer 
enamel epithelium of the preceding tooth, without exhibiting a morphologically 
distinguishable lamina structure (Fraser et al. 2006; Vandenplas et al. 2014).  
 
The number of replacement teeth produced at a given time varies considerably 
between polyphyodont species (Figure 7). Some fish and reptiles, for example, 
only produce a single replacement tooth at a time. Thus, after the DL has grown 
past the preceding tooth and created a free tip, a single new tooth germ is formed 
at the end of the SDL. This tooth grows and eventually replaces the predecessor 
tooth when it is shed, and only when the new tooth has taken its functional 
position in the jaw does a new tooth germ begin developing. This replacement 
pattern is known as one-for-one (Tucker and Fraser 2014). 
 
In contrast, other species are able to produce numerous tooth germs within one 
tooth position at a time. In these animals the DL is highly active, generating a new 
free SDL tip soon after the previous tooth germ has reached a certain 
developmental stage. Thus, several tooth germs at different developmental stages 
are present at any time for a given tooth family, all connected by a string of DL 
epithelium. This mode of tooth replacement, known as “many-for-one”, allows for 
multiple new replacement teeth to be at hand and ready to be erupted at any time 
(Tucker and Fraser 2014). While the exact reason for this is not known, it is 
possible that this phenomenon is linked with an increased need to not be deprived 
of functional teeth at any position at any time. Species with especially high 
numbers of replacement teeth include sharks and snakes (Gaete and Tucker 2013; 
Rasch et al. 2016). In particular, sharks have a highly efficient, “conveyor belt” -
like tooth replacement system, where new teeth are formed at the aboral end of 
the DL and constantly shuffled towards the oral cavity to fill the position of the 
functional tooth after loss of the predecessor (Rasch et al. 2016).  
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Figure 7. Graphic representation of some of the tooth replacement strategies amongst 
vertebrates. A. One-for-one replacement in reptiles. B. Many-for-one replacement in 
lizards. C. Conveyor-belt type replacement in sharks. D. Intraosseous replacement in 
teleost fish.  
 
 
Replacement teeth can form intraosseously or extraosseously. The former option 
has only been observed in certain bony fish species and refers to teeth developing 
inside bone or in bony crypts. In cichlid fish, the DL extends very far from the 
predecessor tooth, inserts into the underlying bone, and begins replacement tooth 
morphogenesis only once inside. While the replacement tooth develops the bone 
surrounding it undergoes remodelling to accompany the forming tooth and finally 
its eruption (Trapani 2001; Fraser et al. 2013). In reptiles, tooth replacement is 
apparently always extraosseous, with teeth developing over the underlying bone 
within the soft tissue of the jaw (Delgado et al. 2005; Handrigan et al. 2010; 
Zahradnicek et al. 2012; Wu et al. 2013;).  
 
Regarding the cellular aspects of tooth development, it is generally thought that 
tooth replacement is conditional on the existence of dental stem cells (Huysseune 
and Thesleff 2004). This idea is supported by a number of clues. First, and 
probably the strongest evidence, is the known and well-characterized existence of 
dental stem cells that maintain the continuously growing mouse incisor 
(Mitsiadis et al. 2007). Incisor homeostasis relies on both mesenchymal and 
epithelial stem cells – of these, dental epithelial stem cells (DESCs) have received 
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the most attention, since they are the source of enamel, which is not normally not 
regenerated. In contrast, mesenchymal stem cells (MSCs) are well known to be 
able to replenish dentine in even human teeth, but they are not enough to support 
entire tooth replacement or tooth growth (Sharpe 2016). Secondly, continuous 
tooth replacement has been compared to other ectodermal cycling organs which 
rely on stem cells, such as hair – given their similarities in origin and 
development, it seems likely that these organs would resemble each other also in 
their manner of replacement (Huysseune and Thesleff 2004).  
 
The DESC niche, in mouse incisors, is located in the stellate reticulum of the labial 
cervical loop, or LaCL (Kuang-Hsien Hu et al. 2014). As incisors only produce 
enamel on the labial side of the tooth, this location is suitable for filling this 
purpose. The LaCL stem cells give rise to highly proliferative TA cells, which 
migrate towards the apex of the tooth and differentiate into enamel-producing 
ameloblasts. In whole tooth replacement, it is obvious that a similar system 
cannot exist. Instead of the cervical loops, a long-time consensus has been that 
the most likely DESC niche in polyphyodont dentitions is located in the DL (Smith 
et al. 2009). The DL is located in such a way that it could feed cells into the SDL, 
could be subject to a specific microenvironment, and is absent in non-
polyphyodont teeth – thus filling many of the theoretical requirements for a 
potential stem cell niche. Indeed, putative stem cells have been identified in the 
DL of certain polyphyodont species (Handrigan et al. 2010; Wu et al. 2013; Martin 
et al. 2016; Vandenplas et al. 2016). However, due to the lack of genetic 
tractability in these species, no conclusive evidence on the identity of these cells 
has been presented. So far, identification of these putative stem cells is based on 
quiescence and expression of stem cell markers.  
 
In addition to the DL, it has been suggested that dental stem cells could reside in 
the oral epithelium (OE). This hypothesis has been presented in the context of the 
highly efficient conveyor-belt type system for tooth replacement of sharks. 
According to this hypothesis, that teeth and taste buds, small neurological organs 
responsible for taste, have a common developmental and evolutionary origin and 
that the same set of stem cells is able to regenerate both organs (Martin et al. 
2016). As taste buds in shark are located in the OE close to teeth, stem cells may 
be located in the junction between taste and tooth areas and are thus able to 
replenish both. In context of the teeth, these stem cells would produce TA cells 
that migrate down the DL into the SDL to contribute to new teeth. This scheme 
has not been verified in other species and raises some questions as to how it would 
function in species with a very long DL, which would make the migration distance 
to the developing teeth very long. It is also entirely possible that different clades 
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and species have evolved different strategies for tooth replacement. Thus, in order 
to understand these strategies, it is crucial that many different species are 
examined.  
 
4.4.3 Molecular aspects of dental stem cells and tooth renewal 
 
As an easily available model system of adult stem cells and organ regeneration, 
considerable amounts of research have been conducted on the murine incisor and 
its LaCL dental stem cells. In contrast, little molecular data is available on whole 
tooth replacement, due to lack of suitable model animals. Indeed, the only 
genetically tractable model species with tooth replacement is zebrafish, which 
only possesses pharyngeal teeth and no conventional oral teeth (Huysseune 
2006). However, some clues as to the possible molecular regulators of 
polyphyodonty have been gathered by comparing various different species with 
tooth replacement across different clades. 
 
One characteristic of stem cells is their slow cell cycle when compared to dividing 
non-stem cells. This hypothesis has resulted in the establishment of various 
“pulse-chase” experiments in order to identify putative stem cells with stem-like 
characteristics. In these experiments, a nucleotide analogue is introduced to the 
system being under research, e.g. by intravenous, intraperitoneal, or oral 
administration. This analogue can be incorporated into normal DNA during 
replication, that is, during the S phase of cell cycle. Thus, only cells which are 
actively undergoing cell division will be able to take up the agent during the 
administration or “pulse” phase. The longer the pulse phase, the more cells will 
be able to incorporate the agent into their DNA. In the “chase” phase, the 
administration of the nucleotide analogue is stopped, and the system is left to 
operate as usual. During this time, cells with fast cell cycles, such as TA cells, will 
rapidly start diluting the agent as its concentration in the cell is halved during 
each cell cycle. In contrast, slow cycling cells, such as putative stem cells, will 
dilute the agent or “label” more slowly. Thus, these putative stem cells are often 
referred to as “label retaining cells” or LRCs. Common nucleotide analogues used 
are BrdU (5-bromo-2'-deoxyuridine) and EdU (5-ethynyl-2'-deoxyuridine), and 
label detection is usually perfomed by immunohistochemical methods (Braun 
and Watt 2004). As mentioned in the above section, using pulse-chase methods, 
slow cycling LRCs have been discovered in the DL and/or OE of a few 
polyphyodont species.  
 
In addition to pulse chase assays, putative stem cells can be identified by their 
expression of known stem cell markers. Unfortunately, due to the lack of genetic 
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tractability, there is little information on the exact function of these marker genes 
in tooth replacement, and analysis is generally limited to examining their 
expression pattern. Currently, the most well-established stem cell marker in the 
field of tooth regeneration is SRY-box 2 (SOX2). This transcription factor is well 
known for its role in maintaining pluripotency in embryonic stem cells together 
with other stem cell factors (Novak et al. 2020). In the context of murine teeth, 
its role as a dental stem and progenitor marker has been confirmed genetically in 
the incisor LaCL as well as during sequential molar development (Juuri et al. 
2012; Juuri et al. 2013). In both the incisor and molars, SOX2 expressing cells 
were genetically traced and shown to contribute to all epithelial tissues of the 
teeth. Due to the conserved nature of teeth, it is highly likely that SOX2 plays a 
role in continuous tooth replacement, but so far similar tracing experiments have 
been feasible in polyphyodont species. However, expression of SOX2 has been 
detected in multiple polyphyodont dentitions, and its pattern is highly conserved 
in all examined species (Fraser et al. 2013; Gaete and Tucker 2013; Juuri et al. 
2013; Abduweli et al. 2014; Streelman et al. 2015; Martin et al. 2016; Vandenplas 
et al. 2016; Thiery et al. 2017). SOX2 transcripts or proteins are almost universally 
present in the DL-adjacent (lingual) OE and the proximal part of the DL, with 
often high expression exactly in the OE-DL junction. Interestingly, both the DL 
and OE are sites where LRCs have been detected, supporting their roles as 
putative stem cell niches. In contrast, SOX2 is generally absent from the SDL or 
at least its very tip. This arrangement has led to the hypothesis that SOX2 could 
maintain the proximal regions of the DL more progenitor-like and quiescent, 
while the SOX2-negative SDL would be highly proliferative and thus the site of 
replacement tooth initiation (Juuri et al. 2013).  
 
Other factors that have been suggested as putative stem cell markers are Leucine-
rich repeat-containing G-protein coupled receptor 5 (LGR5; a well-known 
intestinal stem cell marker) and Insulin-like growth factor binding protein 5 
(IGFBP5). In addition to intestinal stem cells, LGR5 is expressed in the incisor 
LaCL niche, while IGFBP5 expression is associated with hair follicle stem cells 
(Morris et al. 2004; Kuang-Hsien Hu et al. 2014). In the polyphyodont gecko 
(Eublepharis macularius), both genes were shown to be expressed in the DL, and 
the expression coincided with the location of BrdU-retaining LRCs, supporting 
their role as potential markers of DESCs (Handrigan et al. 2010).  
 
In addition to stem cells, a considerable amount of tooth replacement research 
has focused on understanding the signalling pathways involved in 
polyphyodonty. It is generally thought that the morphogenesis phase (bud-cap-
bell) of replacement tooth development is similar to primary tooth development, 
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in such a way that tooth replacement is essentially an iteration of the latter 
process. In contrast, the initiation process of replacement tooth development 
from the SDL is less clear. The Wnt pathway has gained most attention in this 
respect and has also been studied in relation to SOX2. Active Wnt signalling, 
indicated by expression of genes such as LEF1 and TCF4/5 or presence of nuclear 
β-catenin, has been detected specifically in the tip of the SDL in multiple 
polyphyodont species (Gaete and Tucker 2013; Wu et al. 2013; Rasch et al. 2016). 
The vestigial, non-functional SDL of mouse molars contains SOX2+ cells but no 
active Wnt signalling, and ectopic activation of this pathway leads to SDL 
proliferation and development of replacement teeth (Popa et al. 2019). 
Furthermore, SOX2 is known to be able to inhibit Wnt signalling (Mansukhani et 
al. 2005), and overexpression of Wnts in the murine vestigial SDL led to the 
downregulation of SOX2 (Popa et al. 2019). Together, these data have suggested 
that in the DL and SDL SOX2 and Wnt signalling exist in a negative feedback loop, 
where SOX2 maintains progenitor cells in a non-proliferative state in the 
proximal regions of the DL, while Wnt signalling, antagonizing SOX2, leads to 
proliferation and replacement tooth initiation in the tip of the SDL.  
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5 AIMS OF THE STUDY 
 
 
Decades of exceptional research on vertebrate teeth have greatly expanded our 
understanding of the biology of dentitions and pioneered work on topics such as 
developmental genetics, evolutionary biology, and stem cells. Despite this, many 
crucial aspects of tooth biology are still poorly understood. Given that a large 
majority of all tooth research has been performed on a single model species, the 
house mouse, many of the features characterising non-mammalian – and even 
non-murine mammalian – dentitions have remained a mystery. Although 
developmental processes are often highly conserved, even detailed understanding 
of the development of a given organ in one species does not allow us to extrapolate 
these mechanisms to all other species. Thus, comprehensive understanding of 
development requires us to examine many different vertebrate taxa. 
 
In this thesis work, I set out to explore some of these understudied aspects of 
vertebrate dentitions using a new model species, the squamate bearded dragon 
(Pogona vitticeps). As a member of the subclade Acrodonta, the bearded dragon 
has a particular heterodont dental formula, with both anterior, pleurodont-
attached teeth which are renewed, as well as posterior, acrodont-attached teeth 
which are not replaced (Cooper et al. 1970). This dental formula provides a unique 
setting in which to compare polyphyodont and monophyodont teeth within the 
same jaw, as well as assess the developmental origins of heterodonty. 
Furthermore, the availability of Scaleless bearded dragon variants, harbouring a 
mutation in the EDA gene, allow for assessment of this pathway in a reptile 
species for the first time. Thus, using the bearded dragon as a core model species, 
I set out to answer the following research questions: 
 

1. What morphological, cellular, and molecular mechanisms are required for 
tooth replacement to occur, and what causes the lack of tooth replacement 
in some teeth? (Article I) 

2. What is the role of EDA signalling in reptile dentitions? (Article II) 
3. How do reptilian heterodont dentitions develop? (Articles I and II) 
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6 SUMMARY OF MATERIALS AND METHODS 
 
 
An overview of all the methods used in this work is presented in Table 1. Detailed 
information on the methods is available in the original publications. All reptile 
captive breedings and experiments were approved by the Laboratory Animal 
Centre (LAC) of the University of Helsinki and/or the National Animal 
Experiment Board (ELLA) in Finland.  
 

 
Table 1. Overview of methods used in this thesis.  
 
 
Samples. For embryonic tissues, bearded dragon eggs were incubated to the 
desired developmental age in humidified incubators and staged based on external 
morphology according to developmental tables (Ollonen et al. 2018). Postnatal 

Method Used in study 
Sample collection, fixation, paraffin embedding, 
sectioning  I, II 

H&E on paraffin sections I, II 
IHC on paraffin sections I, II 
Probe generation and ISH on paraffin sections I, II 
RNAScope ISH II 
Apoptosis detection using TUNEL I 
Micro-CT scanning, reconstruction, manual segmentation I, II 
BrdU pulse-chase experiments I 
Tissue culture experiments I, II 
DiI injections  I 
Cryosectioning, laser micro-dissection of tissues, RNA 
collection and sequencing I, II 

Transcriptomic data analysis I, II 
qPCR I 
Tooth measurements from CT-scans II 
3D volume rendering of sections II 
Microscopy and quantifications I, II 
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tissues were obtained either from bearded dragons in our breeding colony at the 
LAC or from external breeders. Dental tissues were dissected in phosphate-buffer 
saline and fixed overnight with 4% paraformaldehyde. For samples from Scaleless 
breedings (WT, Sca/+, and Sca/Sca), tail tissue was collected from all obtained 
specimens and used for genomic DNA extraction and PCR genotyping.  
 
Histological techniques and gene expression studies. All samples with 
signs of ossification were decalcified with ethylenediaminetetraacetic acid 
(EDTA) prior to embedding in paraffin wax and sectioning at 5-7 �m using a 
microtome. Thin tissue sections were stained either with haematoxylin and eosin 
(H&E) staining for standard tissue visualization, or labelled with antibodies 
(Table 2) for protein detection using immunohistochemistry (IHC). For 
visualizing mRNA, in situ hybridization (ISH) was performed using digoxigenin-
labeled probes (Table 3) and chromogenic detection. For visualizing mRNA with 
RNAScope technology, probes corresponding to bearded dragon EDA and EDAR 
transcripts were purchased directly from ACDBio and the assay was performed as 
described previously (Sanz-Navarro et al. 2018). For RNA collection by laser-
powered microdissection, thick frozen tissue sections were produced using a 
cryostat and stained briefly with cresyl violet solution prior to tissue collection.  
 

 
Table 2. List of antibodies used in this thesis.  
 
 
Micro-computed tomography (CT) scans. All scans were obtained using a 
ScyScan 1272 instrument (Bruker) in the x-ray facility at the Department of 
Physics, University of Helsinki. Tissues were scanned either without contrast-
enhancing agents (for visualizing teeth and bones) or after staining with 
phosphotungstic acid (for visualizing soft tissues). Scanning parameters were 
chosen individually for each sample. Scans were reconstructed with NRecon 
software (Bruker), while 3D volume analysis and segmentations were performed 
on Amira (Thermo Fisher Scientific). In addition, some scans from adult 
Acrodonta specimens were obtained from public databases. 
 

Antibody Source Dilution Used in study 
PCNA BioLegend 1:300 I, II 
BrdU Abcam 1:200 I, II 
SOX2 Abcam 1:200 I 
PH3 Abcam 1:300 II 
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Probe Primer sequences (5’-3’) Used in 
study 

ALX1 (fp) CTGTCTCCCGTGAAAGGC AT; (rp)  
TAACAGAAGTGGGTGACTGCC I, II 

CCNB1 (fp) TGACCACTCGGAAAGCCTCA; (rp) 
GCGTCCACTCTCCCTCATCA II 

EDA (fp) TCTTCAAGGCCAAGGATCAGC; (rp) 
CTGAAGTCGGAAACCACCCC II 

EDAR (fp) GCCTGGGAGAATGCAAATGG; (rp) 
CACAGCTCTGGAGTCCCTTG II 

IGFBP5 (fp) GCAGAGGAGACCTTCCAACC; (rp) 
CTGAGGGCTTCTCACACCAG I 

ISL1 (fp) ACCTGCTTT GTTAGGGACGG; (rp) CGTCGTG 
TCTCTCCGGAC TA I 

LEF1 (fp) GCCACCGACGAGATGATCC; (rp) 
GTGCGAAGGATGTGTCCCTG I 

LGR5 (fp) GGAATGTCCAGGTTCCCGAG; (rp) 
GGCACTAGTGAATTGCTGGGG I 

NFKBIA (fp) AAGGACGAGGAGTACGAGAAC; (rp) 
GCCTCAGCTGTTCCTGTATGA II 

NOTCH1 (fp) GCCACATC CTGGACTACGAC; (rp) 
GGAATGTCCAGGTTCCCGAG I 

PITX2 (fp) ATGAACTGCCTGAAAGACGC; (rp) 
CATCAGGCCGTTGAATTGGG I 

SHH fp) CAAGCAGTTCCATCCCCAAC; (rp) 
GCCCAGCTATGCTCCTCAAT I 

SIX3 (fp) TGCCCACG CTCAACTTTTC; (rp) CCGCCGAA 
CTGTGAGTAGGA I, II 

 
Table 3. List of ISH probes used in this thesis. Fp: forward primer, rp: reverse primer 
 
 
Tissue culture experiments. For all dental cultures, tissues were dissected in 
a sterile manner using ice-cold buffers and sterilized tools. For postnatal slice 
cultures, the jaws were dissected, the skin removed, and the tissue was cut into 
thick slices between teeth using a scalpel. For embryonic tissue cultures, lower 
jaws were cut into two and cultured whole. In all experiments, corresponding 
teeth from the left and right sides of the jaws were used as test samples and 
controls. Tissues were cultured at 35-37°C and 5% CO2 in culture medium 
containing serum, antibiotics, antimycotics, and ascorbic acid to support collagen 
formation. Cell proliferation was assessed by adding BrdU to the culture medium 
24h prior to fixation and processing for histology. 
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BrdU pulse-chase analysis. BrdU (2’-bromo-5’-deoxyuridine) was 
administered to juvenile bearded dragons intraorally at 80 mg/kg twice a day for 
7 days. Samples were obtained either directly after the pulse period or after either 
1 month or 2 months of chase and processed for histology. BrdU was visualized 
using anti-BrdU antibody labelling on tissue sections.  
 
Laser micro-dissection and RNA collection. Successional dental lamina 
(SDL) epithelium and SDL-adjacent mesenchymal tissues were micro-dissected 
from frozen tissue sections of three biological replicates using a Zeiss PALM 
Microbeam device at the Faculty of Veterinary Sciences, University of Helsinki. 
Total RNA was extracted from the collected tissue using RNeasy Micro kit 
(Qiagen), and RNA integrity and quantity was assessed using Agilent Bioanalyzer.   
 
Quantitative PCR (qPCR). Dental epithelial and mesenchymal tissues were 
dissected manually from posthatching specimens under RNase-free conditions. 
RNA extraction and cDNA synthesis were performed using RNeasy Mini and 
Quantitect kits, respectively (Qiagen). PCR primers (Table 4) were designed 
using the publicly available bearded dragon genome (Georges et al. 2015). The 
house-keeping gene �-actin (ACTB) was selected as the control. PCR reactions 
were performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and 
analysed with CFX96 real-time PCR detection system (Bio-Rad). 
 
 
Gene Primer sequences (5’-3’) 

ACTB (fp) CCTGGAGAAGAGCTACGAAC; (rp) AGAAAGACGGCTGGAAGAG 

ALX1 (fp) -GCAGTTCCGTTGTGACTTC; (rp) ATCTGTCCGAGGTGAATGG 

BARX1 (fp) AAGGTGGAGGGCTTGAATC; (rp) TGTCAACTGCTCGCTACTG 

FOXI1 (fp) -GGCTATACTGGTTCAGTCCTC; (rp) ACTTCAGTGCCCTCTCTTG 

ISL1 (fp) TGCGGCAATCAAATCCAC; (rp) GGTTACATTCCGCACACTTC 

SIX3 (fp) CTCTACCACATCCTGGAGAAC; (rp) TTCCTGGTAGTGAGCTTCG 

 
Table 4. List of qPCR primers used in this thesis. Fp: forward primer, rp: reverse 
primer 
 
Quantifications and statistical analyses. All quantifications were 
performed using at least three biological replicates. Statistical significance was 
estimated using Student’s T-test using a significant level of p < 0.05.  
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7 RESULTS AND DISCUSSION 
 
 
7.1 Tooth development and renewal (I) 
 
7.1.1 Characterization of the bearded dragon dentition 
 
I began my investigations by thoroughly examining the dentition of recently 
hatched bearded dragons (“neonates” or hatchlings) by computed tomography 
(CT) scanning. As most squamates, the bearded dragon is an oviparous species, 
and lays approximately 20-30 eggs at a time 2-3 times during one breeding 
season. Early stages of embryogenesis occur while the eggs are inside the mother, 
and egg-laying takes place when embryos are undergoing early organogenesis 
(Ollonen et al. 2018). However, tooth development transpires entirely outside the 
mother. After oviposition, the embryos develop for about 60 days, depending on 
the surrounding environmental conditions, after which hatching occurs. At the 
time of hatching, bearded dragons are about 10 cm long, fully developed, and 
capable of independent feeding. Thus, the dentition of these hatchlings can be 
considered fully functional.  
 
CT scans of hatchlings show that at this stage, bearded dragons possess four 
anterior pleurodont teeth, one on each jaw quadrant. The lower teeth are 
positioned at the anterior tips of the dentary bones, while the upper teeth are on 
the premaxillary bone. Between the two upper pleurodont teeth is a large, curved 
egg tooth, which is used by the animal to break out of the egg at the time of 
hatching (Figure 8A-B). The rest of the teeth on both jaws are acrodont, and 
they are easily identified by their pyramidal shape which differs clearly from the 
more conical anterior teeth. In addition to hatchlings I examined older specimens 
in which the egg tooth had been replaced by a regular pleurodont tooth, resulting 
in five pleurodont teeth altogether (Figure 8C-D). Examination of even older 
individuals indicated that bearded dragons gain one more pleurodont tooth 
position per jaw quadrant, eventually possessing 11 pleurodont teeth altogether. 
Similar to other reptiles, bearded dragons exhibit indeterminate growth; thus, as 
the jaws grow, the existing teeth become too small. This problem is overcome by 
either tooth replacement, during which replacement teeth become progressively 
larger to fit the growing mouth, or by tooth addition, where new teeth are added 
usually to the back of the jaws. Bearded dragons appear to use both methods: 
pleurodont replacement teeth become larger, and tooth positions are added both 
in the back (acrodont) and close to the front (pleurodont) of the jaws. The first 
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signs of replacement teeth only emerge after hatching at around 1-2 months of 
age. The mode of tooth replacement in bearded dragon is ”one-for-one”, and its 
rate appears clearly slower than in other, previously studied reptiles species such 
as geckos (Handrigan et al. 2010).  
 
 

Figure 8. Morphology of the dentition in bearded dragon. (A-B) Frontal and sagittal 
views of a CT-scan of a hatchling bearded dragon skull. Dashed lines indicate the location 
of magnifications. (A) Arrowheads: pleurodont teeth; red arrow: egg tooth. (B) Acrodont 
teeth. (C) Segmentation of the dentition of a juvenile bearded dragon upper jaw. Ple: 
pleurodont; acr: acrodont; DL: dental lamina. (D) The same view as in (C) with removal 
of the DL. White arrowheads indicate developing replacement teeth; red arrows indicate 
developing additional pleurodont teeth. Scale bars: 1 cm (A-B); 1 mm (C-D). Modified 
from study I. 
 
 
In order to detect any developmental differences between the two types of teeth, 
I examined developing acrodont and pleurodont teeth by histological methods 
using dental tissue sections. Initial evaluation of developing embryos revealed 
that the dentition in bearded dragon does not develop in a synchronized manner; 
instead, the first acrodont teeth emerge in central parts of the developing jaws, 
and more teeth are added anteriorly and posteriorly. The pleurodont teeth are 
initiated last, and there is a significant difference in developmental time between 
them and the first acrodont teeth: at the time that pleurodont teeth are initiated, 
the earliest acrodont teeth are at late bell stage. Based on this initial assessment, 
I obtained embryos of various developmental stages in order to get access to 
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classical odontogenic stages (bud, cap, bell) in both acrodont and pleurodont 
teeth. As described previously (Handrigan and Richman 2010), the onset of 
bearded dragon odontogenesis takes effect at around 15-20 days post-oviposition 
(dpo) with the emergence of non-functional (vestigial) surface teeth, which do not 
develop from a dental lamina (DL). After this, the DL emerges lingual to the 
vestigial teeth and begins invaginating into the mesenchyme. Adjacent to each 
vestigial tooth, cap staged primary tooth germs then appear to emerge directly 
from the DL without a classic “bud” stage intermediate. The association of each 
primary tooth with a vestigial tooth could suggest that the latter occupy some role 
in early patterning of the jaw and/or dentition.  
 
From the cap stage onwards, development progresses in a relatively classical 
manner. Mineralization of the first acrodont teeth commences early, at circa 25-
30 dpo, and continues until tooth eruption, which takes place prior to hatching. 
In contrast, pleurodont teeth only emerge at around 35 dpo and the onset of 
mineralization transpires at approximately 50 dpo. Given this difference, 
pleurodont teeth have much less time to mineralize before hatching occurs. Other 
than these differences in timing, I did not detect major differences in the 
development of dental morphology: both types of teeth appear highly similar 
particularly during cap and bell stages. Interestingly, Haridy (2018) examined the 
ontogeny of bearded dragon acrodont teeth from adolescence to adulthood and 
suggested that these teeth in fact possess a pleurodont-like attachment in young 
animals, and that true acrodonty is only achieved later in life due to post-
embryonic remodelling events and tooth wear. Thus, my observation suggesting 
that pleurodont and acrodont teeth greatly resemble each other in the course of 
embryogenesis could be explained by these results.  
 
Regardless of their detailed histological attachment type, bearded dragon teeth 
are known to differ in their replacement capacity (Cooper et al. 1970). As 
discussed in the introduction, in addition to primary tooth initiation, the DL is an 
essential structure in the process of tooth replacement. In all previously examined 
mono- and diphyodont species, the DL and, when present, successional dental 
lamina (SDL), are not maintained after all the required tooth generations have 
been formed. This has resulted in the hypothesis that (S)DL sustenance is 
required, and possibly sufficient, for new tooth generations to be initiated. In the 
veiled chameleon (Chamaeleo calyptratus), also a member of Acrodonta and a 
monophyodont species, the SDL rapidly decreases in size and ceases to proliferate 
during tooth mineralization and eruption. Given these results, I hypothesized that 
the SDL in bearded dragon acrodont teeth would degenerate in a similar manner. 
However, examination of the acrodont (S)DL by both CT-scans (Fig.1C) and 
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histological methods (Fig.8) indicated that this is not the case. Instead, the (S)DL 
was found to be fully continuous along the jaw in juvenile animals. In tooth 
sections, the SDL first emerged in approximately 40 dpo acrodont teeth, after 
which it continued to grow until hatching. Unlike in chameleons, the SDL did not 
obviously become smaller or regress in post-hatching specimens, and continued 
to be present in all examined animals regardless of age.  
 
In order to examine possible changes in cellular dynamics, I compared cell 
proliferation and apoptosis in juvenile acrodont and pleurodont SDLs. 
Proliferation, detected by expression of proliferating cell nuclear antigen (PCNA), 
was present at relatively equal rates in both types of teeth. In addition, neither 
SDL showed signs of apoptosis, thus displaying no evidence of tissue breakdown 
(Fig. 8). Furthermore, I examined cell proliferation in a more controlled manner 
by administering BrdU, a nucleotide analogue, into older, 2-year-old individuals 
for one week and later examining BrdU-positive cells in the SDL of these animals. 
As detailed in the introduction, BrdU is specifically integrated into the DNA of 
cells as they go through S phase of the cell cycle and is thus a highly precise marker 
of active cell cycle.  Interestingly, even these older specimens showed high 
numbers of BrdU-positive cells in the acrodont SDL, suggesting active tissue 
growth. Thus, the SDL in acrodont teeth appears to remain proliferatively active 
and even grow in size late into life despite no tooth replacement occurring.  
 
In addition to cell cycle markers, I examined the expression of PITX2 and LEF1 
in the SDL of both types of teeth. PITX2 is considered to be a marker of 
odontogenic competence and is expressed in tooth-forming epithelial tissues 
during both embryogenesis and tooth replacement cycles, while LEF1 expression 
is an indicator of Wnt signalling activity. As the acrodont SDL does not produce 
replacement teeth, my hypothesis was that either one or both of these genes would 
show reduced expression when compared to pleurodont teeth as a sign of reduced 
odontogenic activity. However, both the acrodont and pleurodont SDL showed 
expression of both genes, with particularly PITX2 appearing to be expressed at a 
high level (Figure 9). Therefore, it appears that despite differences in 
regenerative activity, classical markers of tooth replacement are not differentially 
expressed between SDL of acrodont and pleurodont teeth. 
 
To summarize this part of the thesis, these results showed that, despite their 
difference in replacement capacity, both acrodont and pleurodont teeth appear 
morphologically highly similar during development. In addition, both types of 
teeth develop and maintain a proliferating SDL into adulthood, and neither shows 
signs of SDL reduction or degradation at any examined time point. Furthermore, 
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the SDL of both types of teeth expresses a marker of odontogenic competence and 
shows evidence of active Wnt signalling, which has previously been suggested to 
be a hallmark of effective tooth replacement (Popa et al. 2019). As discussed 
above, all previous research into monophyodont and diphyodont teeth has 
suggested that the arrest of tooth replacement is associated with a physical loss of 
the DL and SDL structures, and these results have led to the hypothesis that (S)DL 
maintenance is required and even sufficient for tooth replacement to transpire. 
However, my data demonstrates that, at least in bearded dragon, the preservation 
of the SDL is not enough for this process. Furthermore, given that SDL activity 
and proliferation in acrodont teeth take place without the occurrence of tooth 
replacement, it seems that these two processes are biologically uncoupled from 
each other. These results indicate that the difference in replacement capacity 
between acrodont and pleurodont teeth must be explained by other factors. 
 
 

Figure 9. Expression of proliferating cell nuclear antigen (PCNA), presence of apoptosis 
(TUNEL), and expression of LEF1 and PITX2 in the successional dental lamina (SDL) of 
pleurodont and acrodont teeth. White arrows indicate TUNEL-positive apoptotic cells 
outside the SDL. Scale bars: 100 µm. Modified from study I.  
 
 
As to the SDL retained in acrodont teeth, the preservation of this apparently non-
functional structure could be explained by the anatomy of the bearded dragon 
jaw. It is possible that the physical closeness of the acrodont and pleurodont teeth 
prevents the (S)DL from being degraded in only the acrodont region of jaw. Given 
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the continuous nature of the DL, the tooth replacement events taking place in the 
pleurodont region perhaps require some manner of cell cycling activity to 
transpire in the acrodont (S)DL as well. Another explanation could be that the 
proliferative activity of the acrodont SDL is linked with indeterminate growth of 
the bearded dragon skull. The size of the SDL may simply increase together with 
the rest of the structures in the jaw as the lizard grows. However, these hypotheses 
do not give a reason for the difference in replacement tooth production in the 
different regions of the (S)DL.  
 
7.1.2 Cellular mechanisms underlying tooth renewal 
 
In the next section of my work, I addressed the questions raised by the data 
achieved from the first part: what factor(s) are responsible for the difference in 
replacement potential between acrodont and pleurodont SDL, and what role do 
these factors play in tooth replacement in pleurodont teeth? In particular, I 
wished to compare pleurodont tooth replacement with other reptile species, such 
as geckos, which produce replacement teeth at much higher rates than the 
relatively slow bearded dragon. As described above, the acrodont SDL contains 
proliferating cells and expresses genes known to be present in the SDL of other 
species – thus appearing to be active in many senses, despite not producing any 
replacement teeth. As discussed in the introduction, tooth replacement is thought 
to rely on the existence of dental stem cells, which are hypothesized to reside in 
the DL. On this account, I next asked whether the observed contrast in 
replacement capacity could be a result of a difference in the presence or regulation 
of stem cells. 
 
To address this question, I performed a BrdU pulse-chase experiment in acrodont 
and pleurodont teeth using three different time points. Directly after the pulse (t 
= 0 days), cells labelled with BrdU were considered as actively proliferating. This 
time point was used as a reference for estimating the number of cells labelled with 
BrdU overall. Cells retaining the label after 1 month (t = 28 days) and 2 months (t 
= 58 days) were considered “label-retaining cells” (LRCs) and thus potential stem 
cells. In order to characterize the location of proliferating cells and LRCs in detail, 
I divided the DL into four regions: the immediately adjacent oral epithelium (OE), 
including the junction between the OE and DL; the proximal part of the DL; the 
distal part of the DL; and the SDL. Beginning with the first time point (t = 0), 
proliferating cells were largely present in the basal layers of the OE, in the most 
lingual aspects of the DL, and throughout the SDL in both acrodont and 
pleurodont teeth. These results largely matched those obtained using PCNA 
immunohistochemical staining and showed no major differences in the two types 
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of teeth. In contrast, at the later chase time points, differences arose between the 
tooth types as to the location of BrdU-positive cells. In pleurodont teeth, LRCs 
concentrated in two regions: the OE adjacent to the DL, and the distalmost part 
of the DL, which is close to the origin of the SDL. In acrodont teeth, LRCs were 
observed in the OE, but very few were present in the distal DL (Fig. 9). Thus, the 
main observed difference in LRC distribution appeared to be the presence of LRCs 
in the DL.  
 
As discussed in the introduction, in the gecko (Eublepharis macularius), a lizard 
species with rapid many-for-one type tooth replacement, LRCs have previously 
been located specifically in the DL (Handrigan et al. 2010). On the other hand, in 
a non-related species, the spotted catshark (Scyliorhinus canicula), researchers 
have identified LRCs in an equivalent location to the bearded dragon OE, the so-
called tooth-taste junction in the OE adjacent to both teeth and oral taste buds 
(Martin et al. 2016). Based on my results, as well as these prior data in other 
species, I hypothesized that, a system of two stem cell populations, containing 
elements from both sharks and geckos, could be in place in pleurodont teeth. In 
contrast, in acrodont teeth, only a single population would be maintained in the 
OE, which would not be sufficient to uphold tooth replacement. Based on the 
location of the observed LRCs, as well as my previous observations confirming 
that SDL maintenance and tooth renewal are uncoupled from each other, I 
hypothesized that the two putative stem cell populations could play separate roles 
in these two functions. Namely, the OE LRC population could be solely 
responsible for keeping the SDL intact by replenishing it with new cells, while the 
distal DL population would be required for the initiation and growth of 
replacement teeth from the SDL. This two-step model would explain the 
continued growth of the SDL, but lack of tooth renewal, in acrodont tooth 
positions.  
 
In order to understand these two putative stem cell populations in detail, I 
examined the expression of SOX2, IGFBP5, and LGR5, all having previously been 
used to label dental epithelial stem cells in squamates (Handrigan et al. 2010; 
Juuri et al. 2012). SOX2, as detected by immunohistochemistry (IHC), showed 
expression in the OE of both types of teeth, also correlating with the presence of 
LRCs marked by BrdU at the last chase timepoint (t = 58). Strong expression of 
SOX2 was also present in the DL of pleurodont teeth, while it was clearly weaker 
in the equivalent region in acrodont teeth. In contrast, IGFBP5 and LGR5, 
previously located in the DL of the gecko, were completely absent from OE of both 
types of teeth. Instead, co-presence of IGFBP5/LGR5 expression and LRCs was 
detected in the distal DL of pleurodont teeth, while none was observed in 
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acrodont teeth. Thus, molecularly, the hypothesized two putative stem cell 
populations can be categorised as SOX2+/IGFBP5-/LGR5- population in the OE, 
and SOX2+/IGFBP5+/LGR5+ population in the pleurodont DL (Figure 10).  
 

Figure 10. Schematic model of the presence of LRCs/putative stem cells, expression of 
SOX2/IGFBP5/LGR5, and the direction of movement of DiI labelled cells in the DL of 
pleurodont and acrodont teeth in bearded dragon. 
 
 
In summary, my experiments suggest that, at least to some extent, the contrast in 
tooth replacement capacity between acrodont and pleurodont teeth could be 
explained by a difference in dental stem cell management. In pleurodont teeth, 
two putative stem cell populations are present. The OE population, marked by 
expression of SOX2, replenishes the SDL at each cell cycle, whereas the distal DL 
population, marked by expression of SOX2, IGFBP5 and LGR5, is required to 
initiate replacement tooth budding from the SDL. In contrast, in acrodont teeth, 
the putative OE stem cell population is present and simply maintains the SDL for 
reasons discussed in the previous section. However, lacking the DL cell 
population, no replacement teeth are produced.  
 
In order to further examine the double population hypothesis, I performed cell 
tracking experiments using DiI, a highly lipophilic substance which binds to the 
plasma membrane of cells close to the introduction site (Gaete and Tucker 2013). 
I hypothesized that if putative OE stem cells were responsible for maintenance of 
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SDL growth, cell migration should occur from the OE distally towards the SDL. 
To test this, I injected DiI manually into the tooth-adjacent OE in anaesthetized 
bearded dragons and assessed the spread of the label at several time points post-
injection. Directly after the injections, DiI was observed in the expected OE 
region. Examination of treated specimens after one or two weeks post-injection 
revealed progression of the dye deeper into the DL, and finally into the SDL. This 
progression was detected in both acrodont and pleurodont teeth, indicating that 
similar mechanisms took place in both types of teeth. Furthermore, DiI injection 
into the OE in an ex vivo setting using a dental slice culture method showed a 
similar result, with DiI progressing deeper into the DL with time. Thus, these 
results indicate that putative OE stem cells in both tooth types could contribute 
to the growth of the SDL by providing cells which progress downward within the 
DL.  
 
These results raise the question whether a similar OE putative stem cell 
population could also be present in the gecko. It is possible that such a population 
could be present, but that due to the experimental setting used to assess stem cells 
in the gecko DL, no such cells were discovered (Handrigan et al. 2010). However, 
it is also possible that an additional stem cell population is not required, given the 
much faster rate of many-for-one tooth replacement strategy in the gecko. It 
would be conceivable that in such a setting it is not necessary to separate SDL 
growth and tooth replacement into their own functions, as both would be needed 
to take place almost constantly. Interestingly, as discussed above, the results 
obtained in bearded dragon mirror data obtained in the spotted catshark: in 
addition to possessing SOX2-expressing LRCs in the OE adjacent to the DL, 
researchers have been able to detect cell movement from the LRC-rich region 
towards the SDL in this species (Martin et al. 2016). Thus, it is possible that 
instead of being an evolutionary novelty in bearded dragon, stem cell populations 
residing in the OE could be highly conserved in polyphyodont animals, and 
potentially lost in species such as the gecko. Of note, in the spotted catshark, this 
OE stem cell population was discovered to also function in the replacement of 
taste buds, which in this species are located physically close to teeth (Martin et al. 
2016). While the location of taste buds in reptiles varies (Schwenk 1985), they are 
present in the OE of bearded dragons, raising the question whether a similar dual 
function could exist as discovered in the catshark. However, I did not find 
evidence of DiI migration towards taste buds in my experiments, and thus this 
potential link remains to be examined more closely in the future. 
 
7.1.3 Molecular mechanisms underlying tooth renewal 
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Given the difference in LRC localization between acrodont and pleurodont teeth, 
it seemed likely that such a discrepancy would be reflected by gene expression 
changes in the two types of teeth. As tooth replacement is yet a relatively 
understudied phenomenon, there are currently few well-established genes known 
to be associated with the process. As described above, both PITX2 expression and 
Wnt signalling, the pathway that has gained the most attention in association with 
tooth renewal, seem unaltered between acrodont and pleurodont teeth. Similarly, 
the dental stem cell marker SOX2 showed high expression in both types of teeth. 
Since the molecular regulation of reptilian odontogenesis is poorly understood in 
general, it is not unlikely that genes and/or pathways not described in 
mammalian dentitions could be involved in the process in bearded dragon.  
 
Thus, in order to assess possible gene expression changes in an unbiased manner, 
we performed a transcriptomic analysis on two types of samples from acrodont 
and pleurodont posthatching teeth: SDL epithelium, and the mesenchymal 
tissues surrounding the SDL. I collected these tissues using laser-guided 
microdissection from cresyl violet-stained thick frozen sections, after which I 
extracted total RNA from the collected tissues. Transcriptomic analysis was 
performed using Illumina RNA sequencing which, together with data analysis, 
was performed together with collaborators and co-authors. After data validation, 
transcriptomes were compared between acrodont and pleurodont teeth in both 
tissues, and significantly differentially expressed genes were determined (Figure 
11). Out of the 206 epithelial (SDL) and 368 mesenchymal genes revealed in the 
analysis, we extracted altogether 206 genes which belonged to the gene ontology 
category “developmental process”, many of which were homeobox genes or 
members of known cell signalling pathways. Intriguingly, the majority of these 
genes had not previously been associated with tooth development, confirming my 
hypothesis that uncharacterized genes could play a role in bearded dragon 
dentition.  
 
In order to confirm these data, I selected five developmental genes with the 
highest fold changes between the two types of teeth and assessed their expression 
using quantitative PCR. Of these genes, homeobox genes ALX homeobox 1 
(ALX1), Sine oculis homeobox homolog 3 (SIX3), ISL LIM homeobox 1 (ISL1), 
and BarH-like homeobox 1 (BARX1) showed significant differences between the 
two types of teeth, with BARX1 showing higher expression in acrodont teeth and 
the other genes being higher expressed in pleurodont teeth. Interestingly, as 
discussed in the introduction, both ISL1 and BARX1 are genes known to be 
involved in the establishment of heterodonty during early murine odontogenesis 
(Tucker and Sharpe 2004). However, in this context, they showed high expression 
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in posthatching teeth, suggesting a possible role also in post-developmental 
events, such as replacement. In contrast, ALX1 and SIX3 have previously not been 
described in the context of teeth. 
 

Figure 11. Volcano plots depicting significantly overexpressed (log2 fold change >0) and 
underexpressed (log2 fold change <0) genes in pleurodont dental tissues (SDL/dental 
mesenchyme) when compared to acrodont teeth. Red plot points highlight genes 
belonging to the gene ontology category “developmental process”. Modified from study 
I.  
 
 
Given their possible role in conveying replacement potential, I selected the three 
genes which showed significant overexpression in pleurodont teeth (ALX1, SIX3, 
ISL1) and verified their expression pattern using in situ hybridization in both 
embryonic and posthatching teeth. Intriguingly, already during embryogenesis all 
three genes showed clearly higher expression in pleurodont teeth, suggesting that 
differences in acrodont and pleurodont teeth, including potentially in their 
replacement capacity, are established early during odontogenesis despite their 
morphological similarity at that point. In posthatching teeth, SIX3 and ISL1 were 
exclusively confined to the SDL epithelium, while ALX1 showed more diffuse 
expression in both the epithelium and mesenchyme.  
 
To summarize the results from all three parts of the first part of the thesis work, 
bearded dragon is, to my knowledge, the first known example of a species which 
maintains an SDL for all teeth yet exhibits tooth replacement only for some of 
them. As a consequence, this phenotype demonstrates that unlike previously 
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thought, SDL proliferation and maintenance is uncoupled from the initiation and 
development of replacement teeth. Furthermore, these two processes must be 
driven by at least partially different mechanisms. My aim was to explore these 
mechanisms in order to explain the differential tooth replacement capacity 
between the maintained SDL in acrodont and pleurodont teeth. I discovered two 
potential mechanisms, differential maintenance of putative dental stem cells and 
differential gene expression, which may also have causative links between each 
other. First, my data suggests that two populations of stem cells exist in the 
replacing pleurodont teeth: a proximal population in the OE, potentially 
analogous with a similar population in the spotted catshark, which feeds cells into 
the SDL and maintains its growth. Another, distal population in the DL, 
potentially analogous with the IGFBP5/LGR5 expressing population in the gecko, 
is responsible for the initiation of replacement teeth. In this model, acrodont teeth 
only maintain the OE population, thus maintaining a proliferative SDL, but 
without producing replacement teeth. Second, I hypothesize that loss of 
expression of genes such as ALX1 and SIX3 in the acrodont SDL, contributes to 
the lack of replacement tooth initiation. Whether such loss could be caused by the 
difference in putative stem cell populations, or whether this difference leads to 
the observed variation in gene expression levels, remains to be examined in the 
future.  
 
Interestingly, my experiments found no evidence of loss of Wnt signalling in the 
acrodont SDL, despite the fact that this pathway plays a key role in conveying 
replacement potential in the mouse SDL (Popa et al. 2019). In contrast, I detected 
LEF1 expression in the SDL of both types of teeth, and no major Wnt-associated 
genes were differentially expressed between the two types of teeth in our 
transcriptomic analysis. Thus, based on my two-step model of tooth replacement, 
I hypothesize that Wnt signalling only contributes to SDL proliferation, acting in 
concert with the OE putative stem cell population, but is not able to initiate tooth 
replacement without the presence of other factors such as expression of 
ALX1/SIX3. In the mouse vestigial SDL, activation of Wnt signalling led to the 
proliferation of the SDL as well as production of ectopic teeth, indicating that 
these factors could already be present in mouse molars but not in bearded dragon 
acrodont teeth. Thus, putative expression of the murine homologs of ALX1/SIX3 
in the mouse dentition should be further investigated.   
 
7.2 Tooth identity (II) 
 
7.2.1 The role of EDA signalling in bearded dragon teeth 
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In the next part of my thesis, I turned my focus on to ectodysplasin (EDA) 
signalling and its role in reptile dental development. As described in the 
introduction, the EDA pathway is a highly conserved signalling pathway relevant 
for the development of all ectodermal organs, including teeth. Murine 
EDA/Tabby mutants have long been under investigation for their interesting 
dental phenotype, consisting of abnormal molar shapes, missing teeth 
(particularly incisors and third molars), and reduced tooth size. EDA signalling is 
also highly relevant for human disease, as mutations in its components are the 
most common cause behind hypohidrotic ectodermal dysplasia, a congenital 
syndrome affecting multiple ectodermal organs. However, the role of EDA 
signalling in reptile dentitions has not been well characterized.  
 
Despite the lack of routine methods of genetic manipulation in reptiles, I was able 
to take advantage of bearded dragon genetic variants with a spontaneous 
mutation in the EDA gene. These mutants, widely available in the pet trade, show 
a typical phenotype, with reduced or absent scales and glands, as well as an 
apparently abnormal dentition based on rough visual inspection (Di-Poï and 
Milinkovitch 2016). The mutation in question (Scaleless or Sca) has been 
characterized to generate an ectopic splice site in the coding sequence of EDA, 
which in turn leads to a large deletion in the conserved TNF domain of the 
corresponding protein. By breeding both wild-type (WT) and mutant animals we 
were able to examine both heterozygous (Sca/+) and homozygous (Sca/Sca) 
mutants. However, homozygous mutants showed a high mortality rate soon after 
hatching and were significantly more difficult to breed due to fertility issues, 
forcing most experiments to be performed on heterozygotes.  
 
Before examining Sca mutants, I characterized the expression of EDA and EDAR 
in developing WT dental tissues using RNAscope in situ hybridization for 
increased sensitivity. EDA was expressed most intensively in the DL, the outer 
enamel epithelium (OEE), and in the dental papilla. Conversely, EDAR was 
expressed almost exclusively in the inner enamel epithelium (IEE), with some 
transcripts in the cervical loops and dental papilla. Thus, apart from the relatively 
strong expression of EDA in the dental papilla, the expression profile of both 
genes was relatively similar to murine teeth (Laurikkala et al. 2001), in support of 
the well-known conservation of this pathway. In addition, I detected few 
differences between acrodont and pleurodont teeth, suggesting that EDA 
signalling plays a roughly similar role in both types of teeth.  
 
Next, in order to assess the effect of EDA deficiency in fully developed teeth, I 
characterized the phenotype of both Sca mutants at hatchling and juvenile stage 
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by CT-scanning, which allowed me to make detailed measurements in 3D in 
addition to providing good visual resolution. For these analyses, I scanned both 
Sca/+ (n = 12) and Sca/Sca (n = 6) animals and compared them to WT (n = 8) 
siblings of the same age. Examining the scans, the most striking phenotype of 
both mutant genotypes was the frequent (approximately 50% penetrance) 
absence of upper pleurodont teeth, located on the premaxilla (Fig. 11). Thus, these 
positions were often entirely empty in both genotypes, with only the central egg 
tooth either present or recently shed. Thus, despite the lack a clear difference in 
EDA pathway expression in acrodont and pleurodont teeth, it seemed that EDA 
deficiency affected (upper) pleurodont teeth in a more severe manner than 
acrodont teeth. Examination of these apparently empty pleurodont positions 
using tissue sections revealed that in addition to some positions containing 
developmentally delayed teeth, most positions were completely toothless and 
presented only with an empty dental lamina with no sign of tooth growth. Thus, 
these data suggest that at least in severe cases, EDA deficiency leads to 
developmental arrest of upper pleurodont teeth prior to bud/cap stage. 
 
Despite the clear absence of upper pleurodont teeth in multiple Sca/+ and 
Sca/Sca specimens, most mutant specimens did not show empty spaces in the 
lower pleurodont positions, located on the anteriormost tips of the dentaries. 
However, closer examination of these positions revealed that instead of the small, 
conical pleurodont teeth of WT samples, these same positions were frequently 
occupied by atypical, large teeth in mutant specimens (Figure 12). In CT-scans, 
these atypical teeth appeared wider, taller, and more pyramidal in shape than 
their WT counterparts. While in most specimens this phenotype was symmetric, 
with both left and right positions occupied either by typical pleurodont or atypical 
teeth, a few samples displayed one typical and one atypical tooth. In addition, one 
specimen had an empty position on one side of the jaw and an atypical tooth on 
the other. Thus, in summary, while pleurodont positions in Sca mutants seemed 
affected with relatively high penetrance, they were affected differently. Upper 
teeth were delayed or arrested early, whereas lower teeth were changed in shape 
and size.  
 
Next, I examined the acrodont teeth, which on initial inspection seemed 
unaffected in the mutants, with no delays or shape changes evident. However, 
closer examination indicated that mutant acrodont teeth on both upper and lower 
jaws were wider than their WT counterparts, with some Sca/Sca specimens in 
particular showing an extreme phenotype. Quantification confirmed the 
significant anterior-posterior increase in width in both Sca/+ and Sca/Sca 
maxillae and dentaries compared with WT specimens. The increase in width was 
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more accentuated in Sca/Sca specimens, with Sca/+ specimens showing an 
intermediate phenotype. Following up, I asked whether the increase in tooth size 
was accompanied by a change in tooth number. Indeed, quantification revealed 
that mean tooth number was decreased on mutant dentaries and maxillae, with 
the effect being significant only on the dentaries. Again, the effect was more 
pronounced in Sca/Sca specimens, suggesting that the observed phenotypes were 
affected by the number of mutated EDA alleles.  
 

Figure 12. Phenotype of hatchling WT, Sca/+ and Sca/Sca acrodont (side views) and 
pleurodont (front views and magnifications) teeth. Red highlights indicate teeth that 
appear to be morphologically normal pleurodont teeth. Red arrowheads indicate 
abnormal, large teeth in the anterior dentary position. Scale bars: 5 mm. Modified from 
study II. 
 
 
Thus, in summary, Sca mutants have a decreased number of larger teeth, missing 
premaxillary pleurodont teeth, and abnormal, larger anterior dentary teeth. 
Immediately, despite the relatively conserved expression pattern of EDA and 
EDAR, this suggested that the function of EDA in bearded dragons is different 
from mice, as murine EDA mutants show decreased tooth size, not increased 
(Charles et al. 2009). Interestingly, however, both species show a decrease in 
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tooth number, as well as frequently missing anterior teeth (incisors or pleurodont 
teeth; Sofaer 1969). In mammals, there is thought to be a spectrum of small teeth 
(microdontia) linked with tooth absence at one end, and large teeth 
(macrodontia) with supernumerary teeth at the other end  (Brook et al. 2014). 
However, it seems that this trend does not apply to bearded dragons and what is 
more there seems to be an inverse link. One hypothesis could be that in bearded 
dragon, the length of the tooth row is more “fixed” than in mammals – that is, 
increases or decreases in tooth size are compensated by changes in tooth number 
and vice versa, so that no toothless regions are generated. In contrast, in 
mammals, such compensatory mechanisms would not be in place, allowing for 
empty dental positions to be generated by mutations such as EDA.  
 
I did not detect major changes in tooth shape in the Sca mutants, with the 
exception of the slightly more pyramidal shape of anterior dentary teeth in 
mutants. It is possible that this is due to the largely unicuspid, non-complex shape 
of bearded dragon teeth when compared with the multicuspid murine molars. 
This simple shape may be more robust and less affected by perturbances in gene 
expression levels. In addition, in mouse, the shape changes in EDA deficient 
molars have been attributed to defective enamel knot signalling, as EDAR is 
known to be expressed in this signalling center (Tucker et al. 2000; Laurikkala et 
al. 2001). However, despite robust EDAR expression in the equivalent IEE region 
in bearded dragons, the presence of an enamel knot in reptiles has not been 
confirmed, so it is conceivable that the EDA pathway does not play a key role in 
the formation of tooth shape in bearded dragon.  
 
7.2.2 Identity of anterior dentary teeth 
 
Next, I focused on the atypical anterior dentary teeth of Sca/+ and Sca/Sca 
mutants, as this phenotype seemed unusual and not reported previously in other 
EDA mutant species. Based on their size and shape, I hypothesized that the 
atypical phenotype of these teeth could be an effect of a functional transformation 
from pleurodont to acrodont. This is further supported by the fact that there was 
no empty space left by potentially missing pleurodont teeth and these atypical 
teeth appeared to reside in the exact same position as WT pleurodont teeth. That 
such a transformation of tooth identity has not been described/discovered in the 
well-studied mouse model, may hint at an underlying new mechanism by which 
the identity of teeth in a position is determined. In order to test whether the 
anterior dentary teeth were truly acrodont-like, I examined these teeth by 
histological methods. Standard H&E staining confirmed the increased size and 
altered shape of anterior dentary teeth in Sca/+ specimens when compared to WT 
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pleurodont counterparts. In addition, comparison with posterior (acrodont) 
dentary teeth suggested that the shape of the teeth, as well as the appearance of 
the DL, in the mutant anterior dentary positions resembled that of acrodont teeth. 
Furthermore, assessment of the expression of ALX1 and SIX3, shown by my 
previous results to be differentially expressed in acrodont and pleurodont teeth, 
revealed an acrodont-like expression profile in mutant anterior dentary teeth, 
with decreased expression of both transcripts when compared to premaxillary 
(pleurodont) teeth, as well as anterior dentary teeth in WT specimens. Thus, these 
anterior dentary teeth did indeed resemble acrodont teeth both morphologically 
and molecularly.  
 
In order to explore the dental identity of Sca/+ teeth in a more unbiased manner, 
as well as assess any underlying gene expression changes, I compared the 
transcriptome-level expression profile of the SDL and surrounding dental 
mesenchyme of WT and Sca/+ hatchling stage teeth in an analogous experiment 
as described before. Again, tissues of interest were separated carefully using laser-
powered microdissection from frozen tissues, and analysis was performed 
between anterior (premaxilla and anterior dentary teeth) and posterior (acrodont 
teeth) tissues. Instead of analysing individual teeth or transcripts, we performed 
a multidimensional scaling analysis of the transcriptomes, which allowed us to 
broadly assess the level of similarity between the different samples (Figure 13). 
As expected, the highest level of dissimilarity (i.e., dimension 1) between the 
sample transcriptomes was detected on the epithelium-mesenchyme axis, 
causing the samples to be separated into two populations, SDL and mesenchyme, 
and suggesting that the dissection was performed cleanly. However, the second 
highest level of dissimilarity (dimension 2) was detected between WT and Sca/+ 
anterior and posterior samples. On this axis, both WT and Sca/+ posterior tissues 
grouped closely together, while WT anterior tissues were located separately. 
Interestingly, Sca/+ anterior tissues were positioned midway between these two 
populations, i.e., midway between posterior tissues and WT anterior tissues, 
suggesting that their transcriptomes were closer to those of acrodont teeth. As 
anterior tissues consisted of a mix of upper and lower jaw teeth, I hypothesize that 
this midway position was caused by a 50-50% ratio of normal pleurodont 
(premaxilla) and transformed acrodont (anterior dentary) teeth in the Sca/+ 
samples. Thus, these results supported the hypothesis of acrodont identity of the 
anterior dentary teeth.  
 
To summarize the results this far, EDA deficient bearded dragons exhibit missing 
or delayed premaxillary pleurodont teeth, wider and fewer acrodont teeth, and 
anterior dentary teeth which exhibit acrodont-like qualities. These results suggest 
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two possible hypotheses about EDA function. First, EDA deficiency could lead to 
the developmental arrest of some teeth (mainly pleurodont, but also some 
acrodont), and, as discussed before, an unknown compensatory mechanism could 
cause the remaining teeth to grow wider. For example, developing tooth germs 
may generate secrete inhibitors which prevent neighbouring teeth  
from growing too close to them. If there is a developmental arrest of some teeth, 
a lack of such inhibitors could lead to overgrowth of the remaining teeth. 
Alternatively, the length and/or spacing of the tooth row could be tightly 
regulated by some unidentified mechanism. In this scenario, the loss of teeth 
would lead to growth of the remaining teeth in order to prevent gaps or shortening 
of the tooth row.  
 
 

 
Figure 13. Multidimensional scaling (MDS) analysis of the transcriptomes of WT and 
Sca/+ epithelial and mesenchymal anterior and posterior dental tissues. Triangles: 
mesenchymal tissue; circles: epithelial tissues; green shades: WT; yellow shades: Sca/+. 
Modified from study II.  
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In the second hypothesis, EDA deficiency could lead to increased tooth size during 
odontogenesis, possibly through a direct or indirect effect on proliferation. This 
increase in tooth germ size could then cause developmental arrest of some teeth. 
Again, this effect could be explained by inhibitory zones produced by developing 
tooth germs. Wider tooth germs could secrete increased amounts of inhibitors, 
leading to the developmental arrest of neighbouring teeth. Similar to the first 
hypothesis, another possibility is that the developmental arrest is caused by a 
mechanism which prevents the tooth row from growing past a certain length.  
 
In order to understand which hypothesis is true, we performed further analyses 
on the transcriptomic data to assess gene expression changes responsible for the 
separation of the samples along the anterior-posterior-WT-Sca/+ axis 
(dimension 2). We performed a principal component (PC) analysis, in which the 
principal component 2 (PC2) axis was roughly equivalent to dimension 2 of the 
MDS analysis, and analysed the genes underlying separation along this axis using 
gene ontology analysis. Interestingly, the gene ontology group showing the most 
significant differential expression on this axis was “cell cycle process”, i.e., genes 
related to cell proliferation. This result strongly supported the second hypothesis, 
suggesting that EDA deficiency affects cell cycle.  
 
Next, in order to confirm the suggested effect on cell cycle, I examined cell 
proliferation in WT and Sca/+ dental tissues at various stages using different 
methods. Cyclin B1 (CCNB1), a cell cycle regulator that showed differential 
expression in our transcriptomic analysis, displayed increased staining in Sca/+ 
initiation stage teeth when compared to WT counterparts using in situ 
hybridization. Furthermore, IHC of Phosphorylated histone 3 (Phospho H3), a 
specific marker of mitosis, in initiation stage WT and Sca/+ anterior dentary 
teeth, showed a significantly higher number of dividing cells in mutant teeth. 
Finally, PCNA immunodetection indicated increased proliferation in developing 
anterior dentary and acrodont Sca/+ teeth when compared with WT 
counterparts. Furthermore, this effect of increased proliferation was also present 
in the SDL of Sca/+  posthatching anterior dentary teeth. This result indicated an 
intrinsic effect of increased cell proliferation in EDA deficient dental tissues, as 
the SDL of posthatching teeth should be independent of any size constraints 
present during the formation of the jaw, again supporting the second hypothesis.  
 
Due to technical issues relating to variable timing of embryos and tooth 
development between individuals from the same batch of eggs, probably partly 
related to the fact that environmental micro-conditions such as temperature 
affect reptile development (Martín-del-Campo et al. 2019), I was unable to 
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perform further quantifications of cell proliferation in fixed embryonic tissues. To 
counter this problem and to confirm the effect of increased cell divisions in EDA 
deficient tissues, I took advantage of a pharmacological inhibitor of NFκB, BAY 
11-7082, to assess the effect of EDA pathway loss-of-function in an ex vivo setting. 
This setting allowed me to compare corresponding teeth on either side of the jaw 
from the same individual, bypassing any problems relating to differential timing 
of embryogenesis in different specimens. The inhibitor BAY 11 specifically blocks 
the phosphorylation of IκBα, thus preventing its proteasomal degradation and 
release from NfκB. As a result, NfκB is inhibited from translocating to the nucleus 
and regulating transcription, essentially mimicking the effect of EDA deficiency. 
Initiation-stage anterior dentary tooth buds from WT teeth were cultured either 
with BAY 11 or vehicle (ethanol) for 7 days, and in additionally for the last 24 
hours with BrdU for assessment of cell proliferation, before being fixed and 
sectioned (Figure 14). Even prior to examining proliferation, it was evident that 
tooth buds cultured with BAY 11 were larger than control buds from the same 
specimen. This result was confirmed by quantification. Similarly, quantification 
of BrdU-positive cells in the tooth buds showed a significant increase in BAY 11 
tooth buds compared with controls, indicating an inherent effect of increased 
proliferation. Thus, these results suggest that inhibition of NfκB pathway through 
EDA deficiency results in increased cell divisions, and, furthermore, increased 
tooth size.  
 
 

Figure 14. (A) Experimental setting of dental tissue culture experiments. (B) BrdU 
immunostaining (green) in WT anterior dentary teeth cultured either with BAY 11 or 
vehicle (control). Scale bars: 100µm. Modified from study II.  
 
 
In summary, these data indicate that EDA deficiency in bearded dragons leads to 
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indirectly. Thus, the second hypothesis of EDA function appears to be true. As 
discussed in the first part of the thesis work, the dentition in bearded dragon 
develops gradually, with the centralmost acrodont teeth initiated first, the 
anterior and posterior acrodont teeth arriving second and the anteriormost 
(pleurodont) teeth appearing last. It is possible that, at least partly, the observed 
phenotype of EDA deficient specimens is due to these timing differences in the 
development of the dentition. In the mouse, a reaction-diffusion system governs 
the sequential development of molar teeth (Kavanagh et al. 2007). Using a similar 
system, loss of EDA function in the earlier developing acrodont teeth would lead 
to increased cell proliferation and thus increased size of the tooth fields. As a 
consequence, these increased tooth fields would then inhibit the initiation of the 
later teeth. It would be conceivable that in the dentaries, such a mechanism could 
explain how the wider acrodont teeth would prevent the initiation of pleurodont 
teeth and, as a consequence, completely take over the anteriormost position, 
leading to a functional transformation in this position. The same model would 
also explain the inverse relationship between tooth size and tooth number even 
amongst acrodont teeth.  
 
However, in the upper jaw, despite the frequent lack of pleurodont teeth on the 
premaxilla, no acrodont teeth were observed taking over these positions. This 
may be caused by the separation of acrodont and pleurodont teeth on different 
jawbones: acrodont on the maxilla, and pleurodont on the premaxilla. It is 
possible that due to this separation the acrodont teeth are not “able” to occupy 
the empty positions. However, this raises the question of whether the 
abovementioned reaction-diffusion system would also govern the upper jaw: if 
pleurodont and acrodont teeth do not compete for the same space on the 
jawbones, how would the increased tooth size of the anteriormost acrodont teeth 
on the maxilla affect the initiation of premaxillary pleurodont teeth? It is possible 
that EDA deficiency, potentially through increased proliferation, also directly 
affects odontogenesis, and, for some reason, this effect is more pronounced in 
pleurodont teeth, only leading to their developmental arrest. The reason for this 
could be timing – later developing teeth could be more sensitive to perturbances 
– or gene expression changes, such as increased expression of ALX1 or SIX3 in 
pleurodont teeth. 
 
7.2.3 Evolution of heterodonty in Acrodonta 
 
In the final part of this thesis work, we wished to extrapolate the abovementioned 
results to a larger evolutionary setting. As discussed before, bearded dragons 
belong to the clade Acrodonta, which, as the name suggests, are characterized by 
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their possession of teeth with acrodont implantation. Despite the name, the 
dentitions of Acrodonta are highly variable. Out of the two main families of the 
clade, Chamaeleonids are all fully acrodont and thus homodont, possessing no 
pleurodont teeth and no tooth replacement. In contrast, the other main family, 
Agamids, like bearded dragon, generally show a heterodont dentition, with 
anterior, replacing pleurodont teeth and posterior acrodont teeth similar to 
bearded dragon. However, Agamids show tremendous variation in the size and 
number of pleurodont teeth on their jaws, making their dentitions highly diverse. 
Given that the morphology of the dentition is correlated with the feeding ecology 
of a given species also in reptiles (Melstrom 2017; Lafuma et al. 2021), it is 
conceivable that the shape and size of the canine-like pleurodont teeth in relation 
to the flatter-shaped acrodont teeth could affect the possible diets of an agamid. 
In addition, due to their replacement capacity, the shape and size of pleurodont 
teeth is often changed with age, with older specimens usually presenting with 
much larger anterior teeth than younger ones (Cooper et al. 1970). In contrast, 
acrodont teeth generally become worn down by age (Haridy 2018). These changes 
generate further levels of flexibility to the ecology of a species. Given this, it is 
plausible that the size and number of pleurodont teeth should be under intense 
evolutionary pressure and could thus be modified by subtle genetic changes. 
 
As the EDA mutant bearded dragons display some of the variation existing 
naturally in Acrodonta, i.e. changes in tooth size and dental formula, we asked 
whether the variation in dentition of acrodontan lizards is governed by the  same 
principles that seemed to govern the phenotype of bearded dragons: that is, 
whether decreases in pleurodont tooth number were accompanied with increases 
in acrodont tooth size. In order to determine this, we obtained CT-scans of 
hatchlings of 10 acrodontan species, including 4 Chamaeleonidae and 6 
Agamidae. Due to the many changes in adult dentitions that are caused by tooth 
wear and indeterminate growth in lizards, as well as easier comparison with our 
bearded dragon model, we only examined hatchling stages of each species. We 
categorized the species based on the number of pleurodont teeth on each jaw 
quadrant at hatching (0, 1, >1), and measured the normalized width of acrodont 
teeth on each jaw. Indeed, to our surprise, species with no pleurodont teeth (all 
Chamaeleonids and one Agamid) had the widest acrodont teeth, while species 
with >1 pleurodont tooth per quadrant had the narrowest teeth, and species with 
1 tooth per quadrant were the intermediate (Figure 15). Thus, a simple rule could 
govern the evolution of Acrodontan dentitions, with decreases in the number of 
pleurodont teeth always accompanying the widening of acrodont teeth.  



 70 

Figure 15. Relationship between the number of pleurodont teeth and acrodont tooth 
width in Acrodonta. The arrow indicates the direction of increase in pleurodont tooth 
number. The positions of Chamaeleo calyptratus (Chameleonidae) and Pogona vitticeps 
(Agamidae) are indicated in the plot. Modifeed from study II.  
 
 
To summarize these results, our Scaleless models shows that changes in the level 
of a single gene, EDA, may affect tooth formula in a significant manner. We also 
demonstrate that amongst Acrodonta, where such changes in tooth formula exist 
naturally through evolution, these changes occur following the exact same 
manner as exhibited by EDA deficient bearded dragons, with loss of pleurodont 
tooth always accompanied by an increase in acrodont tooth size. The development 
of tooth formula has previously only been studied in mouse, in which it was 
concluded that determination of tooth type is governed by differences in 
homeobox gene expression along the developing jaw. However, our results 
suggest that at least in bearded dragon, a change in tooth formula, with acrodont 
teeth developing in a position normally occupied by pleurodont teeth, as well as a 
decrease in acrodont tooth number, can be achieved simply by changing the level 
of EDA pathway activity.  
 
Thus, we asked next whether such a change could also underlie the observed 
variation in Acrodonta dentitions. While a larger assessment of EDA pathway 
function in Acrodonta is out of the scope of this thesis, I compared the expression 
of EDA in the veiled chameleon (Chamaeleo calyptratus), which has homodont 
acrodont dentition, to that in bearded dragon. In accordance with the previously 
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described rule, having no pleurodont teeth, veiled chameleon acrodont teeth are 
also wider than in bearded dragon. At cap stage in developing acrodont teeth, 
EDA expression in the enamel organ of both species seemed to be at similar level. 
In contrast, while bearded dragon teeth showed EDA expression in the DL and 
mesenchymal condensation, virtually none was detected in the veiled chameleon. 
Thus, despite requiring more future research, this result suggests that a decrease 
in EDA pathway activity in the dentition of the veiled chameleon, as compared 
with bearded dragon, could underlie the observed variation in dental formula.  
 
In conclusion, these results suggest that tinkering with the level of EDA pathway 
activity could lead to major changes in lizard dental formula, either through a 
simple effect on proliferation, or in conjunction with additional influences on 
tooth initiation. The relationship between this putative mechanism and the 
previously discovered homeobox code model is unclear. It is likely that some form 
of conserved homeobox code also exists in the bearded dragon jaw, as the 
previous transcriptomic comparison between acrodont and pleurodont teeth 
discovered differential expression of some of the genes that play a role in 
patterning the murine dentition (ISL1 and BARX1). However, if we assume 
differential homeobox gene expression to be central to patterning of the bearded 
dragon jaw, it is unclear what happens with this “code” in the dentaries of Sca/+ 
bearded dragons – do the anteriormost teeth, “transformed” into acrodont, 
invade the pleurodont-type homeobox territory, or is this transformation 
accompanied by changes in the homeobox code? My results also question the 
nature of acrodont and pleurodont teeth in Acrodonta in general. As discussed in 
this thesis and in previous works, bearded dragon acrodont and pleurodont teeth 
resemble each other greatly during development, and, apart from early 
differential expression of certain genes, only come to differ from each in a major 
way after hatching (Haridy 2018). This thesis work was largely based on the 
assumption that there is a fundamental difference between acrodont and 
pleurodont teeth. However, it could also be possible that instead of being strictly 
genetically defined, the two types of teeth could originate from an undefined 
precursor tooth germ, which then obtains either an acrodont or pleurodont 
phenotype depending on the environment. Such a model could explain the 
apparently easy switch between the types of teeth.  
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8 CONCLUDING REMARKS AND FUTURE 
DIRECTIONS 
 
 
In this thesis, I have used the bearded dragon model to investigate diverse aspects 
of vertebrate dentitions, including morphogenesis, regulation of tooth 
replacement, patterning of heterodonty, and regulation of tooth size. To assess 
these features, I have established the bearded dragon as a model to study tooth 
biology, including mapping of key developmental stages for tooth development 
and careful description of the tooth formula. The bearded dragon is an excellent 
model to study dental biology, given both its rare heterodont dental formula with 
both replacing and non-replacing teeth and the existence of easily available EDA 
mutants. Thus, in addition to this work, I expect much more research to be 
conducted on this model in the future.  
 
In the first part of this thesis, I focused on tooth replacement, an understudied 
but highly prevalent aspect of vertebrate dentitions. My results determined that 
unlike previous research had suggested, the preservation of the SDL is not 
sufficient for tooth replacement to occur, but that other regulators must also be 
present. I uncovered two factors that likely contribute to the differential 
replacement potential of bearded dragon teeth: unequal sustainment of putative 
dental stem cells in the OE and DL, and differential gene expression in and around 
the SDL. Future research is required to understand the relationship between 
these factors: are they cause and effect, and if yes, in which order? Could, for 
example, ALX1 expression be required for the maintenance of the putative distal 
DL stem cell population in pleurodont teeth? Similarly, more studies are required 
to uncover the exact function of these differentially regulated genes to understand 
whether they indeed contribute to tooth replacement either directly or indirectly. 
Unfortunately, genetic knock-down experiments are yet extremely difficult to 
perform in reptiles, but in ovo injections or tissue culture experiments using viral 
vectors could potentially be used to perform functional experiments. I was also 
unable to verify the exact function of the putative DL stem cell population by cell 
tracking or ablation experiments. These techniques are generally performed with 
the aid of fluorescent markers expressed under tissue-specific promoters (in this 
case, for example LGR5), but introduction of recombinant alleles is not yet 
feasible in the bearded dragon model. However, laser ablation could still possibly 
be performed in the area of interest, but due to the unspecific nature of such an 
experiment, the results might be difficult to verify. In addition, the slow 
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replacement cycle of bearded dragon indicates that most tissue culture 
experiments involving tooth renewal would be difficult to execute.  
 
In addition to bearded dragon, future research should be conducted on other 
reptiles and further vertebrate species. Aspects to assess are whether the dual 
stem cell population model, as well as expression of ALX1/SIX3 in polyphyodont 
teeth are conserved or exclusive to bearded dragon, which has a somewhat 
uncharacteristic dentition.  In particular, reassessment of the location of label-
retaining cells in the gecko might reveal a previously unnoticed population in the 
OE. Furthermore, it would be highly informative to perform a corresponding 
BrdU pulse chase analysis in chameleon. Given that the chameleon does not 
maintain an SDL (Buchtová et al. 2013), the model presented in this thesis 
predicts that neither the OE nor distal DL stem cell populations should be 
present. Unfortunately, interspecies comparisons are challenging to conduct as, 
for example, differences in BrdU distribution could be attained to either true 
biological discrepancies or differences in BrdU integration during DNA synthesis. 
Thus, such experiments require careful planning of control samples as well as 
abundant replicates.  
 
In the second part of this thesis, I examined the role of EDA signalling, and 
thereby the establishment of the heterodont dental formula in bearded dragon. I 
discovered that deficient EDA signalling, through a mutation in the EDA gene, 
leads to increased acrodont tooth size via increased cell proliferation, loss of 
pleurodont teeth, and a functional transformation of the anteriormost dentary 
teeth from pleurodont to acrodont. In addition, by examining other closely related 
species, we found that evolutionary changes in the dental formula of other 
Acrodontan species follow the same pattern as the changes in EDA deficient 
bearded dragons. This indicates that similar developmental guidelines, perhaps 
related to EDA signalling, could underlie these evolutionary transitions. Future 
work should be conducted on other acrodontan species to conclude whether 
differences in the level of EDA signalling activity exist and whether these 
differences are correlated with dental phenotype as our model would predict – 
that is, species with lower levels of EDA activity should possess less pleurodont 
teeth and wider acrodont teeth, and vice versa. However, such experiments are 
difficult to conduct, as it is unclear at what level EDA signalling would be 
regulated – upstream of EDA, at the level of EDA, at the level of EDAR or a 
mediator component, or perhaps downstream of NfκB. In addition, evaluating 
interspecies differences in gene expression level using quantitative PCR is 
somewhat unreliable, as different species require the use of different primers, 
rendering the direct comparison between experiments challenging. One 
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interesting method to assess changes in EDA pathway activity would be spatial 
transcriptomics, which could theoretically detect several EDA pathway genes in 
specific locations in teeth. However, even this method would likely be difficult to 
perform reliably in multiple species. Thus, even if variations in EDA activity level 
exist, it is technically challenging to show this.  
 
While my results indicated clearly that loss of EDA activity leads to increased cell 
proliferation, the underlying mechanism is still unclear. Interestingly, the 
downstream targets of EDA signalling even in murine dentition are poorly 
understood, so there are currently no good candidate genes for conveying the 
effect of EDA. While it is possible that EDA/NfκB directly controls proliferation 
by regulating cell cycle genes such as CCNB1, it is likely that some other mediators 
function in between. While our transcriptomic analysis did reliably show the 
upregulation of cell cycle genes, it likely is somewhat inaccurate in discovering 
genes directly regulated by EDA, as the experiments were performed using 
heterozygous mutants as well as posthatching tissues. Interestingly, our 
transcriptomic experiments found some evidence of SHH being upregulated in 
Sca/+ teeth compared to WT. SHH is a known regulator of tooth growth, with 
loss of its function leading to reduced tooth size in murine teeth. Conversely, 
increased SHH expression could lead to increased tooth size, fitting with the 
observed phenotype of Sca/+ teeth. In order to reliably detect genes downstream 
of EDA, potentially including SHH, a more sophisticated experiment would be the 
direct introduction of an EDA inhibitor, such as an antibody or RNA interference, 
using an early tooth stage in a cell culture setting, and direct collection of RNA for 
transcriptomic comparison.  
 
In summary, this thesis has shed light on multiple, previously understudied 
aspects that characterize vertebrate dentitions. In this thesis, I describe a novel 
mechanism explaining the difference in replacement potential between teeth, 
increasing our understanding of this fundamental aspect of teeth. These results 
also expand our knowledge on tooth replacement and cycling organs in general. I 
also depict in detail for the first time in reptile teeth the effect of EDA signalling, 
a conserved regulator of ectodermal organs which is also highly relevant for 
human disease. Finally, I elucidate the developmental mechanisms behind 
heterodonty, an important but understudied feature of dentitions. I bridge these 
developmental findings to evolution, suggesting a process which could lead to 
fundamental changes in dental formula in reptiles. Thus, overall, these results 
help bridge the gap between understanding development, evolution and 
morphology of vertebrate dentitions.  
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