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Abstract
The turtle carapace has been considered one of the classic examples of an evolutionary novelty.
It is diagnostic of the turtle clade and probably largely responsible for its success in evolution. In
more detail, it consists of ossified dermal plates overlaying laterally extended ribs, as well as a regular array of epidermal scutes. Interestingly, the unique and complex mosaic pattern formed by the
carapacial scutes is highly conserved amongst almost all extant turtle taxa. Since the morphogenesis
of this remarkable pattern has not been studied much before, I present, in this dissertation, a novel
computational approach to elucidating carapacial scute development. In a mathematical model,
a combination of two mechanistically different reaction-diffusion systems together with growth reproduces scute formation in the carapace. In order to disentangle the underlying gene regulatory
network, we disturb carapace development experimentally in embryos of Trachemys scripta and
use the model to understand the resulting phenotypes. We show how the carapacial ridge acts as
a signaling center which is required for the onset of scute development. Furthermore, the model
suggests how phenotypic differences between species might arise and explains, in line with statistical data from different turtle species, how environmental stress, rather than genetic mutations,
leads to the very specific patterns of variation found within turtle populations. Thus, our results
suggest that environmental stress might be an underrated source of phenotypic variation within
species. Developmental insight helps us understand why this particular variation occurs and at
what frequencies.
In order to further understand how environmental factors might interfere with development and
to be able to account for more realistic tissue growth a1nd biomechanics, I present a more general
multiscale model of animal development that integrates biomechanics, GRN dynamics and cell
behaviours in different, interacting cell types and tissues. Thus, this model does not only allow an
advancement of our understanding of mechanisms by which phenotypic variation in the developing
turtle scute might be generated, it is also a useful tool to understand more general features of
development and variation. Finally, I discuss my work in the context of previous hypotheses about
the origins of turtle scutes as well as their variation. By a comparison with the development of other
ectodermal organs in different vertebrates, I try to integrate turtle scutes into a wider evolutionary
background.
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Literature review

“The harmony of the world is made manifest in Form and Number, and the heart and soul and
all the poetry of Natural Philosophy are embodied in the concept of mathematical beauty.”
D’Arcy Wentworth Thompson
“Cell and tissue, shell and bone, leaf and flower, are so many portions of matter, and it is in
obedience to the laws of physics that their particles have been moved, moulded and conformed. [...]
Their problems of form are in the first instance mathematical problems, their problems of growth
are essentially physical problems, and the morphologist is, ipso facto, a student of physical science”.
D’Arcy Wentworth Thompson, On Growth And Form, 1917/1942 [1]
“[...] morphological evolution must be studied from an ontogenetic perspective. [...] We need to
view the organism as an integrated whole, the product of a developmental program and constrained
by developmental and functional interactions. In evolution, selection may decide the winner of a
given game but development non-randomly defines the players.”
Pere Alberch, 1980. Ontogenesis and Morphological Diversification [2]

Since old times, humans have shown interest in peculiar morphological structures of animals and
tried to build hypotheses about their origins, as evidenced by a plethora of ancient legends and tales
trying to explain natural phenomena. Darwin, and a few others, proposed that a sequence of organismal descent with mutations should be sufficient to explain how organismal features originated,
but struggled to accommodate into this theory features and structures, whose descendence could
not be traced back to an evident sequence of intermediate homologues. Later evolutionary biologists tried to account for different magnitudes of morphological variation by distinguishing between
mico- and macroevolution, attributing many prominent morphological structures with lacking or
questionable homologues to the latter process. Such structures have commonly be termed novelties
and received much attention, despite (or, arguably, because of) the difficulty to define novelties in
the first place. For several reasons, novelties have been met with particular interest from evolutionary and developmental biologists. First, novelties have been often used as diagnostic features
distinguishing clades of organisms and, thereby, used to characterize organismal biodiversity and
suggest phylogenetic relationships between clades. Second, novelties have often been associated
with ecological or physiological functions which allowed species to occupy ecological niches and
eventually triggered further diversification. Hence, many novelties have been considered drivers of
evolution. Third, the elucidation of their developmental origins has often been a challenge, making
them an interesting study objective for scientists interested in development: In order to ultimately
understand how novelties emerge and undergo further modification and diversification, we need to
understand the mechanisms of their development and which range of phenotypes (or phenotypic
variation) these mechanisms are capable of producing. This has been one of the main goals of
evo-devo, a discipline aiming at explaining phenotypic change in evolution by understanding how
the underlying development changes. In my thesis, I attempt to contribute to this endeavour.
An evident example of a morphological novelty is the turtle shell. This structure has been used
as a diagnostic feature of the taxon of Testudines (turtles), as it is the most blatant autapomorphy
in this monophyletic group and has endowed these animals with an exclusive fitness advantage by
providing mechanical protection, albeit at the expense of agility. Anatomically, the turtle shell is
composed of a dorsal and a ventral shield, called carapace and plastron, and develops by ossification
1

of mesenchymal tissue overlying the ribs and vertebrae. On top of those shields, an array of heavily
keratinized scutes forms in a characteristic pattern. Despite its prominence, no study has, to
my knowledge, been dedicated to explaining the development of the turtle scute pattern. One of
the main reasons for this might be that turtles are, as compared to classic model organisms, less
amenable to experimentation. In this thesis, I am using a novel mathematical model to shed light
on the developmental mechanisms that produce the scute pattern in the turtle carapace. I also use
this model, in comparison with real turtle data, to understand which variation emerges in the scute
pattern within and between turtle species and which processes cause anomalous scute patterns, as
frequently observed in many species. Finally, I try to place turtle scutation in the wider context of
ectodermal appendages in order to discuss how this novelty can be connected to other structures,
if viewed from an evo-devo perspective. Furthermore, I present another, more general model of
development which may allow to overcome limitations of the specific turtle scute model, but also to
investigate the origins of phenotypic variations, and possibly of novelties, in a more general manner.

1.1

Novelties

In order to understand evolution, it is crucial to know how phenotypic characters change through
mutations and how their distribution in populations changes through drift and selection. The main
focus in evolutionary biology has traditionally been placed on selection, but studies about how
phenotypic traits evolve under specific selective pressures in a specific organism are only informative,
if some knowledge - or at least a set of sophisticated assumptions - is given about the options
selective forces can act upon, i.e. phenotypic variation arising from genetic or epigenetic mutations.
Since phenotypic variation is ultimately produced by development, knowledge about the underlying
developmental processes is required if we wish to predict the scope of phenotypic variation to which
mutations can give rise by affecting developmental dynamics. However, not all phenotypic changes
are equally likely or even possible at all. In simple traits, the potential directions of phenotypic
change can typically be expressed as a vector of low dimensionality, often as an only one-dimensional
measure. Examples of such traits are body size, mass, lengths of particular body parts, pigmentation
etc. In such cases, any mutation will simply affect the single phenotypic variable and, usually, any
value between physiological boundaries can be attained or “selected” for, although increases and
decreases may not be equally easy to achieve.
Complex phenotypes can change simultaneously in a multitude of directions. For example,
the shape of a human face has many traits that can differ by different amounts, partly varying
independently, partly covarying [3, 4, 5]. Yet, it is possible that, due to complex interactions of
developmental factors (genetic and environmental), some trait combinations are developmentally
impossible, at least without substantial changes to the architecture of the underlying developmental
processes [6, 7]. More generally, it has been argued that phenotypic complexity is intrinsically
correlated with complexity of the patterns of variation [8]. This means that, in complex traits,
the direction of phenotypic change becomes more unpredictible and less gradual. Understanding
development can therefore contribute to predict which phenotypic changes are expected to be more
or less likely.
Another important concept linked to variational properties is the one of novelty. The idea is
that, in some taxa, phenotypes and traits that differ significantly from their ancestors’ have emerged.
Often comparably easy to recognize, defining novelties has proven substantially difficult and, thus,
numerous different definitions have been proposed [9, 10]. Some of those definitions are based on an
evolutionary perspective. Ernst Mayr defined novelties (innovations) as any structure that allows
the organism to perform a function that its ancestors were not capable of [11]. This definition has
evident intrinsic limitations. First, it translates the problem of distinguishing between quantitatively and qualitatively different forms to the problem of distinguishing between quantitatively and

2

qualitatively different functions, which may be equally problematic. Second, qualitatively different
functions can be often achieved by quantitative changes in structure. For example, the ability of
flight may be achieved by a gradual increase of the surface area of some appendages or tissues.
Also, the functional context of the original novelty, i.e. the origination of the respective appendage
or tissue in one ancestor, may have had nothing to do with the function for which we characterize
it as novelty. In my example, the original function of a wing structure whose further evolution
has enabled flight may have been thermoregulation, communication between individuals, improved
climbing or running abilities, etc. Thus, Mayr’s definition takes an a posteriori perspective which
does not include any inferences on the actual origination of a novel structure. A different definition
was suggested by Müller and Wagner [12]. These authors proposed to call a structure a novelty if
neither homology to structures in the ancestors nor serial homology to any structure within the same
organism can be established. This definition is quite restrictive, since most paradigmatic examples
of novelties (e.g. appendages in Arthropods) have been suggested to show some sort of homology
(morphological, developmental, molecular) with previously existing morphological structures [13].
Even more problematic, the concept of homology is at least as troublesome as the concept of novelty
itself. Introducing a more permissive definition, Gerd Müller [14] suggested to define novelties as
qualitative changes of structures that represent a discontinuous departure of a character from its
ancestor (i.e. a non-gradual character change). Although it is still unclear how a “discontinuous
departure” can be unambiguously identified, particularly if the specific changes in the ancestors
are unknown, this definition appears intuitive and less ambiguous than the previously introduced
ones. As a response to criticisms calling the previous definition proposed by Müller and Wagner too
restrictive and difficult to apply to real structures, G.Müller published an update to it in 2010 [15],
suggesting to distinguish three main categories of novelties: Type I novelties, comprising the emergence of major body plans, type II novelties, including additional structures without homologues
and type III novelties, comprising changes in the variational patterns of existing structures, roughly
corresponding to what has been often called a “breakdown” of developmental constraints Hallgrimson et al. [16] tried to create a synthesis between Mayr’s evolutionary and Müller’s homology-based
(i.e. ultimately developmental) approaches, by identifying novelties as transitions between peaks in
the fitness landscape (i.e. changes in the evolutionary trajectory) coupled with overcoming “developmental constraints” [6, 17, 7], by allowing for the development of variation that could previously
not be produced. While the first part of this definition is basically a more general and more quantitative version of Mayr’s, the second links novelties to changes in phenotypic variation, which is
interesting. Yet, it requires knowledge about the specific patterns of variation that may be cumbersome or impossible to collect. This definition also includes changes that might appear very
subtle. Peterson and Müller [18, 19] suggested distinguishing between process-based definitions,
such as Hallgrimsson’s, that focus on how novelties emerge in evolution and become fixed in populations (the process of innovation [20]), and character-based definitions, such as Müller’s, which
define novelties based on their structural features. While the former fall short on being helpful
in the identification of novelties and tend to overrate their frequency, the latter require additional
hypotheses about their accommodation within the evolutionary theory. There are further attempts
to define what a novelty is [18, 9, 21, 22], but, as the reviewed and discussed definitions, all of
them include limitations, mainly a distinction between qualitative and quantitative changes that is
difficult to establish, or a reliance on other, similarly problematic, concepts.
The turtle shell has been often regarded as a paradigmatic case of novelty - almost independently
of the definition -, as it is a structure which has not been successfully homologized with any structure
in related taxa and, thus, fulfills even the most restrictive definition of novelty proposed by Müller
and Wagner. Functional novelty sensu Mayr, too, can be attributed to the turtle shell, since it clearly
fulfills a protective function that is not realized by structures in extant sister clades. A few other
functions of the turtle shell have been suggested [23], but an improved protection from predators
3

remains the most prominent one. However, it is impossible to tell with certainty whether protection
of the trunk was indeed the initial function of the first phenotypic changes to the reptile body plan
that paved the later evolutionary road towards the turtle shell. Comparing it to the original reptile
body plan, the turtle shell represents a clear departure from the original body plan of the ancestors
of turtles. Finally, the emergence of the turtle shell created new directions of phenotypic variation,
while certainly affecting the direction in which selection was acting in the ancestors of the turtle
lineage, fulfilling the respective criterion of Hallgrimson’s definition of novelties.

1.2

The origins and diversity of the turtle shell

Like the integument of other reptilians, turtle skin contains mainly α-Keratins, making it rather
flexible, while lacking the characteristic reptilian scales made from β-Keratins [24], as found in all
Squamata and in Archosauria (although the different scale appendages in Archosauria may differ
substantially from the ones in Squamata [25]). Instead, protection is achieved in the Testudinata
by a large ossified shell which consists of a dorsal (carapace) and ventral (plastron) part. In most
species, these structures are composed of two layers: First, bony plates that in the case of the
carapace overlay flattened and laterally extended ribs, and, second, a integumental layer of horny
scutes inserted between epidermis and dermis, which are made of a variety of β-Keratins [26]. Due
to the apparent similarity between turtle scutes and reptilian scales, homology has been suggested
for these two kinds of structures [27]. The arrangement of the carapacial scutes follows, with
certain exceptions as detailed below, a stereotypic pattern 1.2: A central series of large scutes,
called vertebral scutes, stretches anterior-posteriorly from neck to tail. This series is flanked on
both sides by a series of costal scutes (also called pleural scutes). The centers of vertebral and
costal scutes are positioned alternatingly, if seen from a lateral perspective. The outer margin of
the carapace is covered circumferentially by a series of significantly smaller scutes, which are called
marginal scutes. In addition, one nuchal scute, that may eventually be split into two, connects the
neck region of the animal with the vertebral scutes.
Carapacial structures covered by minuscule osteoderms have been identified in mesozoic nonturtle reptiles. One notable example is the shell integument of the Placodont Sinosaurosphargis
yunguiensis, a Middle Triassic Placodont species which has been interpreted as a member of a
sister clade of Testudinata [28], although the homology between turtle scutes and those osteoderms
is questionable. Another Triassic Placodont, Henodus, even possessed larger scute elements (with
both ossified and cornified elements) inside a carapacial and plastral shell, thus resembling turtles
anatomically even more. Presumably, these fossil forms represent parallel attempts by independent,
yet somewhat related, reptile lineages to evolve a protective shell based on a shared developmental
innovation that might have occurred in a common ancestor. This innovation was suggested [29, 28]
to be the developmental mechanism which allowed for rib entrapment in a specialized dermis and
subsequent dermal ossification, possibly in the wake of the presence of large aquatic predators.
Importantly, this hypothesis would imply that the origin of the carapace predates the origins of
the turtle clade, making it an autapomorphy of the so-called Pantestudines subclade of Reptiles.
Within the Pantestudines, turtles are simply the only group to have survived until today. However,
it has to be emphasized that such an ancestral autapomorphy in the Pantestudines might have, in
the beginning, only allowed for the development of a substantially less spectacular carapace than
in extant turtles and the mentioned Placodont taxa.
Size and shape of the turtle carapace can vary substantially. The smallest species Homopus
signatus measures only 6-10 cm, while the carapace of Dermochelys coriacea can reach a length of
more than 2 meters. Fossil forms ( Archelon sp., a close relative of Dermochelys ) did reach even
larger dimensions of up to around 3 meters. Carapace outlines can be round or elongated and the
3D shape usually reflects the particular habitat a species lives in: While terrestrial species often
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show saddle- to extensively dome-shaped carapaces, the shell of many aquatic species, as well as of
terrestrial species that need to squeeze into narrow niches such as Malacochersus, is flat. In some
clades, ridges extending in anterior-posterior direction form on the scutes, a feature that might be
correlated with aquatic environment. Even closely related species may have very differently shaped
carapaces [30] and studies in limnic turtles have found intra-species carapace shape variation to be
correlated with habitat differences [31]. Other authors [32, 33] found consistent changes of carapacial shapes in the transition from terrestrial to aquatic habitat in two independent lineages, using
morphometric methods. Further diversity is seen between the scutes of an individual: their shape
can differ substantially from anterior to posterior. In some species, vertebrate scutes are larger than
costal scutes, whereas the opposite is true in others. Scutes can be elongated anterior-posteriorly or
laterally. They can be thin, thick, flat or domed, which is mainly a consequence of the specific way
keratinization proceeds during growth periods of the animal, either by proliferation of keratinocytes
or increase in β-keratin production [34]. Some species form additional ornaments, (e.g. Chrysemys, Trachemys, Malaclemys, Rhinoclemmys, Terrapene ornata) or spines (e.g. Macrochelys). In
addition, melanocytes and other kinds of chromatophores [35] can produce characteristic patterns
which may serve protective (i.e. through aposematic or camouflage patterns) or communicative
purposes. An extreme modification of the turtle shell occurs in softshell turtles, which show either
partially or completely reduced ossification and no scutes. Such a phenotype has evolved at least
twice independently (Trionychidae/Carettochelyidae, Dermochelyidae). However, it is not clear yet
if the loss of the shell was the consequence of the same developmental modifications in all lineages
in which it happened.
Despite of all this variation in extant turtles, it is quite surprising that the scute number seems
to be highly conserved within the turtle clade [36], especially amongst non-marine turtles. In
all extant terrestrial, freshwater hard-shell, and most marine species, the carapace comprises 5
vertebral, 4 pairs of costal (or pleural) and 11-12 pairs of marginal scutes (the most posterior pair
is also named supracaudal), as shown in 1.2. Macrochelys may show a few additional submarginal
scutes between the marginal and the costal scutes in the central part of the carapace [37], the
only terrestrial genus with a numerically divergent scute pattern (although not all individuals may
show this particular pattern of variation). Sometimes, Notochelys platynota is considered to have
a divergent scute formula, as supernumerary vertebral scutes are unusually common [37]. More
diversity is seen in marine turtles in which the number of scutes is diagnostic of certain species.
Caretta caretta and Lepidochelys kempii usually have 5 vertebral and 5 pairs of costal scutes, and
13 pairs of marginal scutes [38]. While in C.caretta observations of up to 6 vertebral or costal scute
pairs are common [39], even much lower or higher scute numbers have been reported in L.kempii
[40], although rather exceptionally. In Lepidochelys olivacea, the most frequent numbers of vertebral
scutes are 6 or 7 and the number of vertebral scute pairs ranges between 6 and 9 [38, 37], while 13
pairs of marginal scutes are present, on average. While a “normal” scute formula can be identified
for virtually all turtle species, allowing to clearly distinguish between “normal” and “abnormal”
scute patterning, this seems not to be the case, according to Pritchard, for L.olivacea, in which
variation is so common that a dominant scute formula can be hardly established [41]. The most
different carapacial integument of all marine turtles is found in Dermochelys, the largest extant
turtle. In this species, the carapace is covered by a dense skin and, instead of scutes, an array of
tiny osteoderms is present (possibly in a way similar to the shell integument in Triassic Placodonts)
[42].
These extraordinary departures from the stereotypical scute formula are one of the reasons why,
in the past, sea turtles had been placed as a sister group to all terrestrial turtles. More recent
studies group sea turtles within the Cryptodira [43], rendering terrestrial turtles paraphyletic.
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Figure 1. Turtle scute patterning. One example of standard carapace scute patterning in hatchlings of Natator
depressus, representing the most common scutation. This pattern consists of a series of five vertebral scutes along the
midline of the carapace (yellow numbers), anteriorly anteceded by one or two nuchal scutelets (light blue), two series
of four vertebral scutes (magenta numbers) and a circumferential band of usually 24 marginal scutelets (teal numbers).
Besides, two hatchlings with anomalous scute pattern (arrowheads pointing to additional scutes) are depicted.
As a group, extant turtles show a nearly cosmopolitan distribution, although omitting extreme
climate zones. Already in the Triassic, a nearly world-wide distribution of turtles can be assumed
(e.g. Proganochelys) [37]. The earliest fossil that has been classified and commonly accepted as a
turtle (although some doubts about this classification have been raised [44]) is Odontochelys [45],
an aquatic species from the Norian period (late Triassic, 310 Ma ago), which differed notably from
all extant turtles by the fact that it lacked the dorsal shell (carapace), while showing a ventral shell
(plastron) similar to the one in extant species. While some authors regard Odontochelys as evidence
of an independent evolutionary origin of plastron and carapace [45], or of plastron and carapace
ossification [46, 47], others have argued that the lacking carapace might rather evidence a secondary
reduction in an analogous way to the loss of scutes in softshell turtles following adaptation to an
aquatic habitat [48]. Even earlier reptiles that are considered close relatives of the last common
ancestor of all turtles, such as Pappochelys [49] and Eunotosaurus [50], already showed laterally
elongated and flattened ribs, but most likely no shell. The first undisputed turtle which bore a
complete shell was Proganochelys, living only 10 Ma after Odontochelys in different places of the
Laurasian continent. This genus already showed both a plastron and a carapace, the latter composed
of ventral, costal and marginal scutes. In Odontochelys, the number of vertebral scute pairs was 4
and two parallel series of marginal scutes (marinals and supramarginals) were present, a pattern
not found in any extant turtle species. A similar pattern has been found in the North American
Chinlechelys [51] as well as in the South American Australochelys [52]. Additional supramarginal
scutes could still be seen in the late-Jurassic Platychelys oberndorferi [53], albeit only in the anterior
part of the carapace and most fossils of related taxa do not show any supramarginals. Idiochelys, a
species from the Upper Jurassic, still showed 4 vertebral scutes [37], whereas the majority of Jurassic
turtles had already the same number of vertebral scutes as recent taxa. These data suggest that
turtles may have undergone a gradual transition from four to three vertebral scutes during their
evolution. A very different scute pattern was found in Sayka, reviewed by [54], which exhibited up
to 10 vertebrals and 9 costal scutes. Since this was a cenozoic genus, its divergent scute pattern
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cannot be considered ancestral. Unlike extant turtles, some ancestral turtle taxa exhibited very wide
vertebral scutes, while their costal scutes were more similar in size to the marginals. Examples for
this scute pattern were Idiochelys, Proterochersis [55], Kayentachelys [56] or the Upper Createous
Kallokibotion [57]. Intriguingly, however, the vast majority of fossil turtles from Jurassic onwards
show the very same scute patterns as extant terrestrial species, meaning that the turtle carapace
pattern has been a highly conserved structure throughout most of the time of the existence of the
turtle clade.
Interestingly, there are frequent numerical departures from the main scute pattern. Throughout
the turtle clade, individuals with aberrant scute formulae have been found, examples of which are
displayed in 1.2 and 1.3 as well as in the literature (see 1.8 for a list). Rivera [31] counts 114
species in which scute anomalies have been reported and suggests that they occur predominantly in
terrestrial (versus aquatic) species, although high rates of scute anomalies are as well and frequently
reported in the marine turtle clade. While some individuals have additional scutes, i.e. supernumerary scutes either within or between scute rows, others show scute fusions. Some individuals
present an alternating “zigzag” pattern within a part of or the entire vertebral scute series. While
some anomalies occur symmetrically in both carapacial hemispheres, the majority of anomalies is
asymmetric with respect to the left-right axis [58, 59]. Anomalies may affect marginal, costal, and
vertebral scute series independently, or several series at the same time. Marginal anomalies are
probably the most common, but may often go unnoticed. Mast et al. [40] found that both vertebral
and marginal anomalies are significantly more common in sea turtles than costal anomalies (although the authors excluded non-meristic scute modifications). Female individuals seem, in some
species, to be more often affected than males [60]. Although it has been proposed that anomalous
turtles are less likely to reproduce, based on allegedly higher anomaly frequencies in hatchlings
than in adults [61, 62, 63], there are, to my knowledge, no experiments provide solid evidence in
favor or against this claim. Other authors suggest instead that only highly divergent anomalies are
actually selected against [40] and that individuals with moderate scute modifications do not face
any survival disadvantages compared with their conspecifics without scute anomalies.

1.3

Development of turtle scutes

The turtle shell is a structure that is diagnostic and unique to the turtle clade. It is composed of two
parts, a ventral part, the plastron, and a dorsal part, the carapace. Surprisingly, the specimens of
Odontochelys unearthened so far show exclusively the bony plates of the plastron and the ribs, but
no parts of the dermal carapace, i.e. neither dorsal dermal plates nor scutes. It is therefore assumed
that the evolution of plastron and carapace took place independently [45]. However, two alternative
explanations are possible: It is hard to rule out, although unlikely, that the carapacial part of the
shell was, by accident, not preserved in the fossil record. Also, it has been suggested that the turtle
shell evolved several million years earlier in a yet-to-be-discovered ancestor of Odontochelys and that
the latter already displayed a secondarily reduced shell [48, 64]. This secondary reduction would have
been due to the aquatic habitat; however, slightly later Triassic stem turtles such as Proganochelys
and Palaeochersis were identified as terrestrial species based on morphometric evidence [65]. Shell
reduction has been observed independently in several lineages (see 1.2 ) as a result of adaptation to
an aquatic habitat. A shell reduction that only affects the carapace would make sense in a marine
environment in which predatory attacks from below are much more likely or dangerous than from
above. However, in extant aquatic turtles, shell reduction typically affects both the ventral and
dorsal part of the shell. Arguing against the hypothesis of secondary carapace reduction, Burke
and Nagashima et al. [46, 47] highlight similarities between the morphology of Odontochelys and
early stages of shell development in turtle embyos, suggesting that carapace development might
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recapitulate early stages of carapace evolution and that the endochondral parts (the ribs) of the
carapace might have evolved before its dermal parts. Thus, understanding the development of the
carapace is crucial in elucidating the origins of this particular novelty.
In the following, I focus on the development of the carapace rather than the plastron. Although
many of the developmental processes by which both structures are built are likely to be homologous,
there are clear differences between carapace and plastron development: the origin of the mesenchymal cells that make up the plastron as well as the nuchal scutes, is, unlike the carapace, of neural
crest origin [66, 67], while subsequent developmental processes such as dermal ossification show differences as well as similarities between plastron and carapace [68, 69]. Future developmental studies
on plastron development will give evidence in favour or against the hypothesis of an independent
evolutionary origin of carapace and plastron.
Turtle trunk development begins to diverge significantly from the development of sauropsid
reptiles (including birds) with the formation of the so-called carapacial ridge, a swelling of the
lateral axial mesenchyme consisting of condensed mesenchyme and overlaying columnar epithelium
[70] that forms in the dorsal region. Unlike in developing sauropsids, where the rib mesenchyme
precursors grow downwards, following the lateral body wall to form the later rib cage (“axial arrest”),
rib mesenchyme precursors in turtle embryos extend instead perpendicularly to the body wall and
towards the carapacial ridge [71, 28, 72, 70, 73], schematically shown in 1.3. Comparative gene
expression studies [29] suggest that the formation of the carapacial ridge might constitute a cooption
of developmental pathways that are commonly active in early amniote limb bud development and
that one of the co-opted genetic pathways (one candidate being the canonical Wnt-pathway [74])
may be involved in the failure of the developing ribs to continue growing downwards.
It has been shown that paracrine signaling synchronizes the growth of rib mensenchyme and
carapacial ridge: The distal tip of the rib mesenchyme expresses Fgf8, while Fgf10 is expressed
in the condensed mesenchyme of the carapacial ridge, but only in proximity to the distal rib tips
[75, 76]. Both Fgfs mutually activate each other, establishing a positive feedback loop (see scheme
in 1.3). In the absence of Fgf signaling during this stage, neither the formation of the carapacial
ridge nor a lateral outrgrowth of the rib mesenchyme is observed. If the carapacial ridge is removed
partially, ribs in the affected region will bend towards one another, rather than growing straight
and separately [71, 72, 77]. Fgf10 also appears to have a chemotactic effect on the growing rib
mesenchyme, as ectopically implanted beads that release Fgf10 will divert the rib growth towards
them [75]. In addition, Fgfs have been reported to mediate chemotaxis also in other developing
organ systems [78, 79]. These results suggest that it is mainly the chemotactic effect of Fgf10 on
Fgf8-expressing rib mesenchyme that is responsible for the peculiar rib growth in turtles.
Thus, the dynamical interaction of Fgfs expressed in rib precursor cells with the condensing
mesenchyme in the carapacial ridge gives rise to the shape of the future carapace. In addition,
the rib mesenchyme expresses growth factors, such as BMPs, along the carapacial ridge. These
growth factors are crucial for the further development of the carapace and its scute pattern [77, 75].
BMPs, in particular, have been suggested to be responsible for intramembranous ossification in the
carapacial dermis [75], as they are known to be crucially involved in various aspects of bone formation
and mesenchymal condensations in vertebrates [80, 81, 82]. Other growth factors expressed in the
carapacial ridge are Fgfs [76], Shh, Gremlin [83], Msx-1 [84], and Sostdc-1 [Moustakas-Verho, oral
communication]. The fact that some of those growth factors are known to regulate each other in
various other tissues (Shh, BMPs, Gremlin) indicates that they are probably part of a dynamic gene
regulatory network in the carapacial ridge. Some of those growth factors (Shh,Msx1) are expressed
in the ectoderm while others (Gremlin, BMPs, Fgfs) are expressed in the underlying mesenchyme.
Thus, ectoderm and mesenchyme appear to regulate the patterning of the carapacial ridge through
paracrine crosstalk, in a similar manner as in other ectodermal appendages (more detailed discussion
in 1.6).
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It has been proposed that the carapacial ridge acts as a lateral organizing center for the subsequent patterning of the entire carapace and that loss of that signaling has prevented further
patterning in softshell turtles [77, 85]. In fact, patterning along the carapacial ridge, which will also
ultimately form the marginal scutes, precedes patterning of the more central scute primordia (giving
rise to vertebral and costal scutes), with costal scute primordia appearing prior to the vertebral
ones (i.e. the sequence of appearance in development is lateral to medial) [59]. Costal and vertebral scute primordia become visible as geometrically arranged patterning centers whose placement
already resembles the positions of the future scutes [59]. The vertebral scutes form as independent
pairs of primordia which are, usually, going to fuse [86]. Gene expression in those primordia is
distinct from gene expression in the surrounding tissue [87].
Those scute primordia are considered anatomical placodes, as they consist of a dermal and
epidermal thickening (as histologically identified by elongated epidermal cells that, in later stages,
become flatter and organize in multiple layers) [59, 54, 70, 69]. Concomitantly with the expanding
rings of gene expression, tissue bulges, i.e. mesenchymal thickenings that are initially confined to the
placodal areas extend rapidly in centripetal direction from the placodes, forming the future scutes
[59, 54]. Histological sections reveal that the actual placodal center may in later stages even form a
slight invagination into the scutal bulges, but this might be just a transient morphology [59]. In the
places at which scutes collide, the epithelial cells undergo some cell-morphological modifications,
invaginate partially, and will later form the interscutal sulci or furrows. Interestingly, the furrows
between vertebral scutes seem to form before the furrows of the costal scutes [59], i.e. their temporal
sequence is the contrary of the order in which scute primordia appear first. Also, the epithelial cells
inside the furrows have been reported to growth downwards (i.e. they invaginate) and proliferate
and, thus, contribute to a deepening of the inter-scutal areas [34]. At the same time, the entire
carapace tissue grows, leading to a laterally widened carapace, although the rate of growth may
differ greatly between different carapacial regions. Differences of growth have been suggested to be
responsible for differences in scute shapes and proportions between different turtle species [86].
Concomitantly with the centrifugal expansion of the scutal placodes, underlying mesenchymal
cells between ribs and integument start undergoing dermal ossification (a process which comences
and completes at different times or stages for different scutes). Dermal ossification is generally regulated by expression of BMPs [82] and continues, in the turtle shell, throughout late embryogenesis
and even after hatching [85, 88]. Neural crest cells have been shown to critically contribute to this
process [66, 67]. It is debated whether ossification in the turtle carapace and plastron evolved as
a derivation from the endoskeletal rib mesenchyme or if it has emerged as an independent dermal
ossification in evolution [28]. In parallel, a thick layer of keratins is secreted between dermis and
epidermis in order to consolidate the scutes [89]. Although the scutes of adult turtles are only made
of β-keratins,α-keratin can be observed embryonally above the layer of β-keratines [69]. In softshell
turtles, however, the carapace is covered mainly or exclusively by α-Keratins [69, 34]. While the
characteristic flattened rib shape is found in all extant turtle species, dermal ossification and scute
keratinization may be reduced or absent secondarily in soft-shell turtles. Thus, these turtles, especially Pelodiscus sinensis, have been chosen as model organisms to identify, by comparison with
hard-shell turtle species, molecular pathways and developmental mechanisms that are essential for
the development and ossification of the carapace. Interestingly, progressive de-ossifiction has been
described in Malacochersus [90, 91, 92] as an adaptation to body flexibility, suggesting that the
process of dermal ossification in the carapace is not too constrained to be modified in evolution.
In those softshell turtle species in which developmental studies have been performed, key developmental events have been found to differ from those of the remainder of turtles. Although
the formation of the carapacial ridge and the lateral outgrowth of the ribs are observed equally in
softshell and hardshell turtles [29, 93, 94, 95], several downstream growth factors (Shh,Fgfs,BMPs)
are not expressed in the carapacial ridge of the former. In consequence, neither scute primordia
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formation nor dermal ossiﬁcation take place in those species.
It is worthwhile mentioning that there is, in most turtles, a correlation between integumental
scutes and the underlying dermal bones, which form by dermal ossiﬁcation around the ribs. The
dermal bones are found underneath both the centers of vertebral scutes and the borders between
these. A causal role for those ossiﬁcations in the process of scute formation has therefore been
discussed. However, turtles hatch without complete carapacial ossiﬁcation [88, 96], while the scute
pattern is completely established. If signals from the rib are crucial for both the induction of the
dermal ossiﬁcations [77, 75] and the pre-pattern in the carapacial ride (which will, as shown in ,
give rise to the scute primordia formation), the spatial overlap of both structures may be indirected
correlated due to diﬀerent inductive signals stemming from a common source.

other
Amniotes

Turtles

CR
induces

Fgf10

Rib mesenchyme Fgf8
Chemotaxis

Figure 2. Turtle carapace development initiation. The schematics represent sections through the trunk at two
diﬀerent stages of embryogenesis. Dark green represents the developing sclerotome-derived rib mesenchyme, red the
muscle plate, grey the neural tube. On the right side of each trunk section, the lateral body wall is depicted as a
downward extension. Dark blue marks the spot in the turtle embryo in which Fgf10 is expressed, the place of the
future carapacial ridge (CR). While, in other amniotes, the developing rib mesoderm invades the lateral body wall,
giving rise to the downgrowth of the rib cage, Fgf signaling in turtle embryos causes the rib mesenchyme to be diverted
towords the carapacial ridge, giving rise to the laterally expanded carapace. The inset shows the positive feedback
between Fgf8 in the tip of the developing rib mesenchyme and Fgf10 in the carapacial ridge that lead to directed rib
mesenchyme expansion. After [71, 75, 97, 28].

1.4

Development of periodic structures

Many structures in animals appear at periodic or more or less regularly spaced positions throughout
the body or a particular part of it. Examples of repeated structures are plentiful: the body segments
of Arthropods and Annelids (although secondarily reduced in some groups such as the Hirudinata
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and some parasitic arthropod taxa), the segments of arthropod limbs, somites in vertebrates, fingers,
different types of ectodermal appendages, lobular and branching structures in many organs. Such
structures have been called serially homologous. Especially obvious are repetitions within animal
integuments: most ectodermal appendages, as discussed in 1.6, develop as repeated units, and body
pigmentation often exhibits periodic patterns, i.e. spots, stripes and more complex combinations
of these. Once the positions of the repeated units within the animal body have been specified
in development, later gene expression and morphogenesis may differ between them, for instance,
along the anterior-posterior axis. Thereby, different structures that began developing as parts of a
larger periodic pattern may end up showing morphological distinction or assume different functions,
sometimes rendering the identification of different structures as serially homologous difficult.

How to form periodic structures in the first place
1. Periodic structures by mechanical stresses
Periodic structures can be the consequence of epithelial folding processes that result from mechanical stresses and tensions. If a surface consists of different cell layers (e.g.epithelium and
mesenchyme), stresses can occur due to different growth rates between the layers which then relax
by wrinkling and folding [98, 99, 100]. Theoretical models showed that this process does not only
explain the regular arrangement of the intestinal crypt and villi structures of the murine intestine,
it also accounts for the morphological differences that exist between the intestinal folding patterns
in different vertebrate species [101]. A similar model explains the gyration differences between
cerebral cortices of different mammalian species [102]: The observed patterning differences are the
consequence of different growth rates or different mechanical properties between adjacent tissue
compartments (e.g. elasticity differences of the cell layers involved due to a different content of
muscular fibers or different local compositions of the basement membrane). Similar folding patterns can even result from mechanical stresses within a single epithelial layer composed of one cell
type [103, 104], e.g. by differential tensions between the apical and basal side of an epithelium or
local differences in adhesion to the baseline membrane, as revealed by simulations, or even by local
differences in apoptosis within epithelia [105].

2. Periodic structures by short-range (juxtacrine) signaling
Cell-surface proteins of neighbouring cells can interact with each other and, thereby, integrate
information about their local cellular environment. Such local cell-cell interaction can lead to global
patterning of the tissue. One of the most important cell contact-mediated signaling pathways
which can give rise to tissue-scale patterning is the Delta-Notch pathway [106]. It mediates lateral
inhibition in adjacent cells by competitive binding of Notch to its ligand Delta, both of which are
transmembrane proteins. Notch bound to Delta expressed on a neighbour cell’s surface will undergo
enzymatic cleavage and, consequently, represses Delta expression in the same cell. As a result,
any given cell expresses either Delta or Notch at high levels in a mutually exclusive manner, and
adjacent cells end up expressing Delta (or, respectively, Notch) alternatingly. On the tissue level, this
produces a regular chequerboard pattern. Different interaction strengths between Delta and Notch,
the involvement of further proteins modulating this interaction or interaction with other signaling
pathways have been demonstrated to produce other regular tissue patterns (mostly distributions
of two cell types in which one is more frequent than the other) [107]. Several developing organ
systems (e.g. neuronal precursors [108], Pancreas cell type precursors [109], Drosophila hindgut
[110], Drosophila thoracic bristles [111]) have been shown to be patterned by the Delta-Notch
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pathway. However, one limitation is that this kind of tissue patterning takes place on the scale of
a few cell diameters, although the absolute size of such a regular pattern can be increased later in
development, e.g. by subsequent tissue growth and other morphogenetic processes.
Another mechanism based on juxtacrine signaling that has been suggested to be capable of
producing periodic patterns is adhesion-protein-mediated cell sorting with autoactivation [112]:
Cells can express adhesion proteins (e.g.fibronectin) that cause other cells to adhere to them. In
addition, this binding upregulates the expression of further adhesion proteins (e.g. N-Cad), which
consolidates the cell-cell binding process and increases “stickiness” of the newly bound cells. This
mechanism has been proposed to play a role in mesenchymal condensation processes.

3. Periodic structures by long-range (mostly paracrine) signaling
Other types of tissue patterning mechanisms use paracrine signaling, i.e. diffusion of growth factors (or other types of diffusive molecules that bind to receptors or are capable of directly entering
into cells), allowing for transmission of information across larger fields of cells without necessarily requiring direct cell contact, and, thus, pattern formation on larger spatial scales. Some animals, such
as Drosophila, have early developmental stages during which nuclear divisions take place without the
formation of separating cell membranes (blastoderm stage). In this scenario, long-range signaling
between nuclei is even more straightforward, as no cell boundaries have to be crossed to transmit
information. Yet, it has to be mentioned that, alternatively to diffusion, signals can be transmitted
across larger distances using only juxtacrine signaling mechanisms, too: Signals arriving in a cell by
juxtacrine ligand-receptor-binding may activate the expression of more juxtacrine ligands in that
cell and, thus, lead to a propagating signalling wave. Signaling molecules can also be transmitted
via cytonemes or filopodia (cellular protrusions) which allow cells to signal to other, distant cells
without releasing diffusive molecules into the extracellular space [113]. Such types of juxtacrine
signaling mechanisms behave, macroscopically, like long-range paracrine mechanisms, which is why
I do not distinguish between them and actual diffusion here. There are two fundamentally different
ways how long-range signals can interact to generate patterns at large tissue scales [114]:

a) Hierarchical
In hierarchical patterning mechanisms, patterning occurs through a regulatory network of paracrine
signaling factors and intracellular transcription factors (all of which I will refer to as “factors” in
here) with a clear hierarchy between different levels of interacting factors: Factors on a higher level
(“upstream”) either activate or repress, transcriptionally or post-transcriptionally, the activity of
factors on lower levels (“downstream”), but not vice versa, thereby forming a gene regulation network (GRN) with only top-down interactions. In order for downstream factors to be expressed in
a stripe- or spot-like manner, the concentration of the most upstream factor or factors has to be
non-homogeneous (forming a gradient, a field of high and a field of lower concentration or a more
complex initial pattern). The strength by which upstream factors affect the production of downstream factors is often different for each interaction in the gene regulation network. In addition,
diffusing factors can have different diffusion rates, but this is not strictly necessary for hierarchical
mechanisms to form patterns. Such a cascade of activation or repression of downstream factors,
together with paracrine signaling, can subdivide a tissue into a set of spatial territories each of
which ends up with a characteristic gene expression pattern different from the gene expression patterns of the adjacent territories. A paradigmatic case of hierarchical patterning is the segmentation
of Drosophila in which different sets of hierarchically structured genes progressively subdivide the
anterior-posterior body axis.
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b) Emergent
In emergent patterning mechanisms, there exists no distinction between hierarchical levels of
signaling factors and even the initially expressed factors can be signaling targets of their own targets
(directly or indirectly), forming positive and negative feedback loops. This means that the dynamics
of emergent GRNs are often difficult to predict, and can be highly counterintuitive. Emergent
patterning mechanisms can also give rise to oscillations (periodic changes of gene expression in
time), waves (periodic changes in space and time) and chaotic gene expression patterns. However,
some emergent GRNs give rise to spatially and temporally stable patterns. The most important
group of emergent mechanisms is called reaction-diffusion mechanisms [115] and has been associated
with integumental patterning [116]. In paradigmatic reaction-diffusion systems, one signaling factor
promotes (usually, but not exclusively), by increasing transcription, its own production as well as the
production of a second signaling factor which suppresses the production of the former. Both factors
are diffusive, but the inhibitor diffuses faster. From any initial inhomogeneity in the concentration
of the two factors, the dynamics of such a mechanism can cause the concentration of the activator
or the inhibitor to form periodically distributed local minima or maxima. Since this mechanism is
perhaps the most versatile and complex way of forming repeated patterns, and especially relevant
for the patterning studied in this thesis, I am going to focus on it in more detail in the following
chapter.

4. Periodic structures by paracrine signaling and cell-autonomous processes
Another class of patterning mechanisms integrates cell-autonomous processes and paracrine signaling. Cell-autonomous processes are cellular processes that do not depend on interactions between
different cells. Most prominently, the clock-and-wavefront mechanism [117] that is responsible for
somitogenesis in vertebrates [118] as well as segmentation in short-germband arthropods [119], belongs in this group. In this mechanism, a molecular oscillator is activated locally and autonomously
in each cell. In addition, there is a paracrine factor interacting with the oscillator, which is provided
either in a spatially defined growth zone of a tissue or by a travelling wavefront. As the cells exit
the growth zone (e.g. by being pushed away by continuous cell divisions), or as the travelling wave
propagates away, the cell-autonomous oscillations are irreversibly arrested, giving rise to evenlyspaced segments. In other words, long-range signaling translates temporal oscillations into a spatial
readout, typically through cells moving relatively to a front of inductive signaling in a developing
tissue. Interestingly, this mechanism has been found to recruit components of the Delta-Notch
pathway (e.g. [118]), the key mediator of lateral inhibition between neighboring cells (see above).

Evolutionary implications
Even though all the different classes of mechanisms are equally capable of producing periodic
patterns, there are fundamental differences between them with respect to evolution. Salazar-Ciudad
[120] simulated a huge number of random gene regulatory networks and found that pattern formation
networks could be classified into a small number of different core topologies capable of complex
pattern formation (namely: hierarchical, several classes of emergent mechanisms, and a few others)
and discussed evolutionary implications of these. In a different approach [114], artificial evolution
was applied to a similar model of GRNs with signaling in a 1D tissue, selecting for different numbers
of stripes. When selecting for a small number of stripes, the GRNs that arose in evolution to
produce these stripes were hierarchical networks, while emergent networks were found to be the
networks producing the optimal patterns when selecting for a large number of stripes. Furthermore,
developmental systems drift acts continuously on GRNs underlying development. Even if a given
phenotype develops by a hierarchical mechanism, it is unlikely that it remains hierarchial throughout
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evolutionary time, since random mutations will change its topology, creating feedback loops between
lower (downstream) and higher (upstream) levels of signaling factors (and, thus, the mechanism will
cease being hierarchical). These reasons suggest that, when complex periodic patterns emerge in
evolution, they should rarely develop by hierarchical mechanisms. In a review comparing different
studies of in silico stripe formation [121] tenTuscher et al. concluded that the clock-and-wavefront
mechanism is the most likely segmentation mechanism to evolve, which is in line with its presumably
independent origination in vertebrates and arthropods (and possibly in Annelids [122]).
Yet, hierarchical mechanisms do occur in animal development and some of them produce regular
and somewhat complex patterning, a paradigmatic case being the early segmentation in long-germband insects. One reason for the emergence of hierarchical patterning mechanisms in evolution
was proposed by Isaac Salazar-Ciudad and co-workers: [114]. The authors found that the phenotypic fine-tuning capacities of hierarchical mechanisms are substantially higher than of emergent
mechanisms. Together, these findings suggest that, while emergent, as well as clock-and-wavefront,
mechanisms, are more likely to emerge in evolution than hierarchical mechanisms, the latter may be
selected for under a fine-tunning and stabilizing selection regime. Such a hypothesis is in line with
the fact that clock-and-wavefront mechanisms are the ancestral segmentation mode in insects that
was eventually, in some clades, replaced by a hierarchical mechanism. Such a transition of mechanisms might be generally likely in stable environments, when organisms are already well adapted
and only incremental changes in phenotype may improve fitness further.
Interestingly, theoretical work by Salazar-Ciudad and Sharpe suggests that evolutionary transitions between different patterning mechanisms might actually be counterintuitively easy. Isaac
Salazar-Ciudad [123] showed that enabling diffusion alone can be sufficient to transform a clockand-wavefront patterning mechanism into a hierarchical patterning mechanism. Sharpe et al. [124]
who used a different scheme to classify stripe-forming mechanisms with small GRNs found that, in
general, different mechanisms can be transformed into one another by only a few mutations. Even a
simple GRN circuit consisting of three interacting components can give rise to completely different
behaviours, such as bistable switches and stable or instable oscillations, simply by modifying the
initial activation of the network [125]. These studies suggest that, once some mechanism capable of
producing stripes arose in evolution, replacement of that mechanism due to developmental systems
drift may have occurred relatively easily and frequently.

1.5

Reaction-diffusion systems

One class of emergent pattern formation mechanisms that has been associated with periodic integumental structures is called reaction-diffusion systems [126, 127, 116] and was first proposed by
Alan Turing in 1952 [128]. He developed the idea that a system of two active substances can form
a regular and stable spatial distribution pattern of their concentrations (regularly spaced spots of
high or low concentrations), only by virtue of interacting with each other and diffusing in space:
One substance acts as an activator for its own and the other substance’s production. The second
substance, in turn, downregulates the expression of the former. Such a situation can lead to the
establishment of a stable equilibrium between the two substances (which depends on their interaction strengths and degradation rates), or a global oscillation (if the degradation rates are very
different). However, if the two substances diffuse at different rates, they can give rise to very different scenarios. If the activator diffuses faster than the inhibitor (cf. 1.5, right column), a third
possible situation can emerge. Let us assume a spot of higher activator concentration than in its
surroundings, due to either local activation by an upstream activator, or random local variation of
concentration in an otherwise homogeneous activator distribution. Due to diffusion, an activator
wave will begin spreading from this point. In the initial place of activation, however, the inhibitor,
produced by the activator, will accumulate and lead to a local reduction of activator concentration,
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which, in turn, will reduce the production of inhibitor as well. Only much later, the concentration
of inhibitor will decrease enough to permit a new accumulation of the activator. As a consequence,
a concentric activator wave will spread centripetally and be closely followed by a subsequent wave
of inhibitor. Such a situation is commonly termed travelling wave. Where several travelling waves
collide, they can merge and interference patterns may arise.
A very different picture can emerge if the inhibitor diffuses faster than the activator (cf. 1.5, left
column). In this scenario, a locally high activator concentration will produce a local increase in its
own inhibitor. This excess of inhibitor will diffuse away into the surroundings of the spot in which
it was produced, thus suppressing the activator in the surroundings. Depleted from its activator,
inhibitor production will cease in the surroundings, too, allowing activator concentration to increase
at larger distances from the initial spot of induction and to form secondary activator maxima there.
The same way, tertiary maxima will form and so on. As a result, we arrive at a periodic pattern
whose wavelength (the distance between neighboring maxima) mainly depends on the differences
between the diffusion rates of activator and inhibitor. Nevertheless, this is a simplification, as the
formation of periodic patterns also depends on interaction strengths between the substances and
their degradation rates. The critical parameter ranges between which periodic patterns occur delimit
the so-called Turing instability and can be calculated analytically in some models (for a detailed
demonstration see e.g. [129]). Further steady states that can be attained by Turing instabilities
comprise “salt-and-pepper patterns” (i.e. very small wavelengths that cause neighboring cells to
assume alternating cell states, similar to Delta-Notch signaling (see above)) and oscillatory variants
thereof. A concise review can be taken from [130]. Although Turing explicitly connected his theory
of pattern formation to the problem of the development of patterns in biology, his paper received
no attention by developmental biologists of the time. Therefore, Alfred Gierer and Hans Meinhardt
developed about two decades later a very similar hypothesis independently from Turing [115] and
applied it to a multitude of different biological phenomena [131, 132]. In biological systems, gene
regulatory networks (GRNs) can produce the dynamics of a reaction-diffusion system, if they include
some paracrine signaling protein (usually a growth factor) that directly or indirectly activates its
own production as well as the production of another signaling protein which, in turn, directly or
indirectly represses the first signaling protein and travels faster than that one. In other words,
extracellularly diffusive and transcriptionally interacting proteins can function as Turing’s “active
substances”. Periodic patterns in nature are, evidently, more complex than a regular array of spots
as predicted by the Turing model. In many cases, regular and irregular stripes appear, and some
reseachers (such as Hans Meinhardt and Shigeru Kondo) dedicated a lot of work to explain those,
using Turing’s reaction-diffusion model and modifications of it. Mutagenesis experiments in the
zebrafish revealed [133] that genetic changes are capable of transforming a stripe pattern into a spot
pattern and vice versa. In fact, stripe patterns are a regular outcome of reaction-diffusion systems
that differ from spotted patterns only by the precise parameters used and transitional patterns in
which stripes locally break down into spots have been observed [133]. Even more complex patterns
exist, in which alternating stripes of different widths, spots, stripes and rings form. Some of these
patterns can indeed be explained by a simple reaction-diffusion system, while the majority of them
can be achieved by more complex GRNs with reaction-diffusion dynamics or nested combinations
of reaction diffusion systems that allow for combinations of pattern formation mechanisms [134].
Sometimes, the same reaction-diffusion system acts in different, subsequent developmental stages,
thereby interacting with different developmental processes. For instance, tissue growth can increase
the spacing between existing spots or stripes, allowing for new, second-order spots or stripes to form
in between [135, 136]. Such a mechanism has been proposed for the stripe patterning of the palatal
rugae [137], the integumental pattern of certain tropical fish species with different, alternating stripe
types [138, 139], and the hair arrangement in mammalian fur, in which long hairs form in a first
array of activator spots originated by a reaction-diffusion system, while smaller hair types [140, 141]
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form in secondary activator spots that arise, after tissue growth between the primary hair placodes,
by a second round of reaction-diﬀusion dynamics.
Reaction-Diusion systems: Turing patterns

Reaction-Diusion systems: Travelling waves
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Figure 3. Pattern generation by reaction-diﬀusion systems. Two of the most important ways by which reactiondiﬀusion systems generate spatial patterns are Turing systems and travelling waves. In Turing systems (left side), the
inhibitor (green) diﬀuses substantially faster than the activator (orange). In all schematics a-e, the y-axis denotes
the concentration of activator and inhibitor. In order to initiate pattern formation, there is a local inhomogeneity in
point P of the activator concentration (a). The locally higher concentration of the activator induces higher inhibitor
production (b), so that, after a while, a local equilibrium between activator and inhibitor concentrations may form.
Since the inhibitor diﬀuses faster than the activator, it represses activator production in the surroundings of P (c),
which, in turn, also represses inhibitor production there (d). Depleted of inhibitor, secondary activator peaks form
(e) at a distance from P that depends on the diﬀusion rates of activator and inhibitor, but also on other interaction
parameters of the reaction-diﬀusion system. The spatial outcome of Turing system is a regular and stable stripe or
spot pattern. Other reaction-diﬀusion systems give rise to travelling waves, if the activator diﬀuses faster than the
inhibitor. Such a case in shown on the right side. Following an initial inhomogenity of activator concentration in point
P (a), more inhibitor is produced in point P, which represses the activator (b). Since the activator diﬀuses away faster
than the inhibitor, the surroundings of P experience an excess of the activator (c), while the inhibitor accumulates
in P and represses the activator there strongly. Since a lower activator concentration in this point leads to a reduced
inhibitor production, P becomes depleted of both activator and inhibitor (d). With slowly diﬀusing inhibitor, the area
of depletion enlarges centripetally (coloured arrowheads), resembling waves of activator and, subsequently, inhibitor
concentrations travelling away from P (e). Only much later, the activator concentration in P will eventually recover (e,
center) and give rise to another traveling wave. Below, exemplary one-dimensional space (x) - time plots of activator
and inhibitor concentrations, as well as a 2D plot of the activator distribution at the end of the simulation of the
Turing patterning mechanism, all taken from the turtle model of the ﬁrst publication. Time starts at the bottom in
the time-space plots; brighter pixels indicate higher concentrations. The red line in the 2D plot indicates the x-values
at which the concentrations in the respective time/space plots were taken. Note also the discrete stripes forming by
superposition of two travelling wavefronts.
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Very complex patterns are found, for instance, in the integument of animals inhabiting tropical
reefs, in bird plumage, in butterfly wings (although in the latter, many patterning elements are
non-periodic and probably develop by different mechanisms [142, 143]), but also, to a lesser extent,
in the fur patterns of mammals and scute patterns of squamates in which patterning mainly serves
protective or aposematic purposes or play a role for sexual selection.
As already mentioned, natural GRNs exhibiting reaction-diffusion systems are usually more
complex than the classic Turing/Gierer-Meinhard models. Activation and inhibition can be effectuated by chains of transcription and growth factors that activate and repress one another. Often,
an activation can result from the inhibition of an inhibitor. Parameters of a given reaction-diffusion
model may also change over developmental time [144] and this might even cause transitions between
different model dynamics, such as Turing patterns and traveling waves [145]. There can even be
several nested reaction-diffusion systems that affect one another or act autonomously in parallel to
one another [146, 147].
In addition, Hans Meinhardt suggested an alternative, very similar model, that shared most
properties with the classic Turing/Gierer-Meinhardt models, namely the substrate-depletion model
[115]. In this model, the activator is not repressed by an inhibitor, but by competitive depletion of
an upstream factor or a substrate on whose presence the activator depends, but which regenerates
slowly or not at all. Since this type of model can give rise to most of the patterns produced by the
classic Turing reaction-diffusion model, it is often not easy to decide between the two alternatives
without detailled knowledge about the specific molecular interactions.
In several biological systems, different tissues are involved in the patterning process (such as in
ectodermal appendages in which part of the involved signaling factors reside in either epithelium
or mesenchyme or in both tissues [148, 149]), which might affect the dynamics of the patterning
mechanism. Finally, activation of reaction-diffusion systems can depend on larger-scale gradients or
more complex signaling backgrounds, generating patterning differences or even pattern transitions
between different parts of the tissue [150, 135, 136]. The latter case occurs in many animals in
which spots gradually merge into stripes.
Several objections have been made against the hypothesis that reaction-diffusion systems be
frequently responsible for patterning in biology. First, it has been shown that there is no or insufficient diffusion of crucial signaling factors [151] between cells in some classic examples of stripe or
spot patterns, such as the zebrafish pigmentation pattern [152]. Yet, pigment cells in Zebrafish, i.e.
mainly melanophores and xanthophores, interact in a unique and dynamical way: Xanthophores induce transient membrane depolarization in nearby melanophores, leading the latter to migrate away
[153]. In vitro studies showed that repulsed melanophores are, in turn, chased by xanthophores,
suggesting a contact-depending positive feedback from melanophores to xanthophores. Kondo and
coworkers [154] have argued that such a scenario, even in the absence of diffusion, fulfills the criteria
for a system with all the properties of the Turing/Gierer-Meinhardt model. In this case, pattern
formation by differential diffusion of interacting signaling proteins is mimicked mechanistically by
the differential induction of repulsive and adhesive cell behaviours in two different cell types. In
other words, instead of being based on molecular interactions, the Turing mechanism would, here,
be the result of cell type interactions. Other authors [155, 156] have suggested different mechanisms
that can give rise to Turing dynamics. Transport of signaling molecules via cytonemes has been
suggested to be a common, and efficient way of signaling across distances. Although molecule transport via cytonemes is usually directed and aided by motorproteins, the travelling speed of different
molecules differs. Also, different cell types form cytonemes of different lengths and with different
densities and frequencies [157]. From a mathematical perspective, there is little difference between
molecules that diffuse at different rates and cell types that produce cytonemes at different lengths,
as in both cases, information will spread at different velocities across the tissue. Dagmar Iber and
coworkers suggested that cooperative ligand-receptor binding fulfills the requirements for a Turing
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reaction-diffusion system under certain conditions and conclude that these are met rather often in
real ligand-receptor pairs [146]. These cases exemplify how the requirements under which pattern
formation by Turing instabilities is possible can be met by a large number of different molecular,
cytological and histological mechanisms that are commonly encountered in developing biological
tissues.
Another objection against the frequent use of reaction-diffusion systems in biological pattern
formation is that the Turing space (i.e. the part of the parameter space of a reaction-diffusion
system that produces periodic patterns) tends to be rather small, making it unlikely for GRNs
acting in an organism’s development to have the correct parameters (diffusion rates, degradation
rates, interaction strengths between activator and inhibitor). However, Kurics et al. [146] analyzed
in detail under which conditions a Turing space, as arising by cooperative ligand-receptor binding,
could expand substantially. The authors found that very low diffusion rates of the activators (such
as in cell surface receptors), additional negative feedback loops, coupling between different reactiondiffusion systems (e.g. different receptor-ligand pairs) and cooperative clustering of the activators, in
case it is a receptor protein, will all increase the Turing space. This makes it more likely that sets of
parameters that allow the formation of Turing patterns, can be found repeatedly and independently
in evolution. The authors argue that most of these features are rather common in biological systems,
so that it would be reasonable that Turing mechanisms, although sensu lato, will frequently emerge
in evolution.

1.6

Epidermal appendages and their development

1. Epidermal Appendages
The epidermis is the animal tissue which is in most permanent and immediate contact with the
environment. As such, it has been a hotspot of phenotypic adaptation. In vertebrates, one major
step in conquering terrestrial habitats was the evolution of an integument that prevented desiccation
of the underlying dermis and thereby permitted habitat expansions beyond humid places. Such an
integument also serves as an efficient barrier against pathogens and mechanical damage. This
evolutionary step occurred at the evolutionary transition from the Anamnia to the early Amniotes
[25, 158]. Although anamniotic Tetrapodes have survived until today, they are mostly restricted
to moist habitats where water loss does not act as limiting factor to survival (although there
are integumental adaptations to drier habitats in some adult amphibia [159]). On a histological
level, that evolutionary novelty consisted in the appearance of a multilayered stratum corneum
[160, 25, 158], the uppermost layer of the epidermis, which is built up by a layer of keratinocytes.
The key structural proteins (for a more exhaustive review of molecular innovations in the amniote
integument see [158]) that render this cell layer an efficient barrier are keratins which exist in
two main classes [161, 162]. In all Amniotes, α-keratines can be found [161], whereas sauropsids
also produce β-keratines [163], which have been named a novelty in the reptile lineage [164]. αkeratines are predominantly organized in α-helices, making them strong against mechanical stress
while preserving high viscoelasticity, whereas β-keratines contain a higher percentage of β-sheets
and are, therefore, more rigid thanα-keratines. Besides consolidating the protective integument,
Amniotes evolved various structures formed by or inside the epidermis that serve a wide range of
functions and are considered to be crucial, in many cases, for their clades’ adaptive radiations.
Such structures are commonly termed epidermal appendages [25]. There is a number of different
ectodermal appendages in different clades of vertebrates: In extant reptiles, we find several different
[165] types of scales, the finger pads in Geckoidea, the shell of the Testudines and a particular scale
type in the head region of Crocodilea. Birds show different types of scales (two types of leg-scales),
a keratinized beak and different types of feathers, besides specialized lobular structures in the head
region in some groups. Mammals have hairs, bristles, and different types of glands. Many species
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develop horns in the head region. Teeth and claws occur in all groups of Amniotes, although they
have been lost in extant birds. (however, stem clades of paleozoic birds had dentition and tooth
development could be reinduced experimentally in recent birds [166, 167, 168]).

2. Diversity of epidermal appendages
The following section characterizes the major types of epidermal appendages in Amniotes, albeit
there are further types. In here, I decided to focus on structures that appear in periodically repeated
units, rather than structures usually appearing as singular units, such as beaks and claws.

Commonalities in the development of ectodermal appendages
The different types of epidermal appendages share key features of development. First, the
development of all epidermal appendages involves several stages of crosstalk between the epithelium
and the underlying mesenchyme [169, 170] and any failure in this crosstalk will result in a prevention
of subsequent developmental events. This crosstalk then induces morphological changes in epithelial
and mesenchymal cells [171]. While mesenchymal cells are often condensating, the part of the
epithelium which will later undergo further changes and specializations, will form a histologically
distinct primordium, the so-called placode.
Second, skin appendage development involves the same set of molecular pathways (Wnt, Fgf,
BMP, Shh, Edar), that often seem to play analogous or similar roles in different kinds of appendages
[172, 169, 25]. Particularly Wnts [173], but also Fgfs, act as upstream inducers or activators of
placode formation and dermal condensation, while BMPs antagonize them [173]. Shh and the
EDAR pathway further regulate the interactions between epidermis and dermis as well as the specific
tissue modifications and transformations they induce [174, 173, 175, 176, 177, 178]. Together, these
signaling pathways first determine the places at which appendage placodes will form (and often in
a regular spatial pattern, as discussed in 1.4).
Typically, dermal tissue will condensate. In the hair placode, this condensation is the consequence of changes in cell adhesive properties leading to mesenchymal cell immigration [179]. Changes
in the expression of matrix components such as tenascins and syndecans have been reported to induce such changes in cell adhesion [180, 181, 182]. The placodal epithelium, on the other hand,
undergoes proliferation rate changes, invaginates or changes cell shapes and sizes (or a combination of these tissue transformations) [173, 183]. It had been formerly believed that the appearance
of placodes in the development of ectodermal organs were a novelty of birds and mammals (e.g.
by exaptation of signaling pathways involved in other placodal organs) [184, 185], but DiPoi and
Milinkovich [186] identified placodes as appearing in the development of reptilian scales as well,
although more transiently than in the other types of appendages.
As discussed, interactions between epithelium and mesenchyme are crucial for the development
of ectodermal appendages. Classic xenotransplantation experiments [187, 188, 189, 190, 191] in
which mesenchymal and epithelial tissue of different animals, such as lizards, chicken and mice
or mice and rats, were recombined, proved that the mesenchyme determines the places at which
appendages will form, while the epithelium will transform specifically according to the respective
appendage of the part of the organism it was excised from. For all these processes, however, the
presence of both tissues is required (i.e. isolated dermal and epidermal tissue will not produce any
appendages). In addition to the common molecular pathways, the different epidermal appendages
express also specific gene products or secrete specialized extracellular matrices, many of which
are essential for the specific structural and material properties that differ between the epidermal
appendage types. Yet, the fact that xenografts undergo “normal” development visualizes the high
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degree of conservation between the interacting signal molecules and points strongly to a common
evolutionary origin.
Sauropsid scales, i.e. keratinized, more or less flattened small platelets with periodic arrangement
within parts of the sauropsid integument, are primarily made fromβ-keratines and are present in all
extant reptiles (except for some softshell turtles and the giant leatherback turtle Dermochelys [69]).
They are typically organized in different areas throughout the integument of the reptilian body,
between which their appearance, size and direction of alignment can differ. Studies by Alibardi
[192] show that these structures form by localized increase of epidermal cell size (hypertrophy),
while the underlying basal cell layer undergoes proliferation. In most scale types, there is also a
pronounced AP-polarity, which may be a novelty as ancestral amniotes and some early amphibia
were mainly equipped with simple round scales [193]. Round scales also occur in some extant
squamates (Geckoidea, although the lack of polarity in their scales is most likely a derived feature).
DiPoi et al. [186] discovered that the reptilian scale development involves a transient placodal stage,
which is a hallmark of ectodermal appendage development [171, 173]. Besides, different types of
scales can be found on avian hindlimbs [194].
Feathers are considered the most complex epidermal structures found in vertebrates, made
mainly (but not exclusively) fromβ-keratins [25]. Although many different feather precursors have
been identified in fossils [195], it is still not clear how feathers originated in the first place, although recent studies have identified molecular pathways whose modification allows to transform
scales into feather-like structures and feathers into scales, as well as into different intermediate appendages [196]. Comparisons between such intermediate structures and appendages from fossilized
therapods have instigated hypotheses about the putative scale-feather transition in evolution, both
from a developmental and evolutionary perspective [25, 197, 198, 199, 200, 201, 202, 194, 203]. In
development, activators like Shh, Fgf4 are antagonized by BMPs and are involved in the formation of
a regular array of feather primordia [149, 204]. The fact that feather primordia first appear around
the dorsal midline and later spread laterally and ventrally, points to an upstream activator emanating from the central dorsal region of the embryo. Some factors such as β-catenin and Fgfs have
been demonstrated to be capable of inducing feather bud formation [205, 206]. Dermal-epidermal
crosstalk leads to dermal condensation [207, 208] and epidermal differentiation and proliferation.
Each feather bud shows a clear antero-posterior symmetry indicated by exclusive anterior expression of Shh and posterior expression of BMP, due to antagonism of these two signaling molecules
[209], and expression of Wnts [210, 211] which is lost when Shh is blocked [208]. Interestingly, the
same pattern can be found in avian scale primordia and some mutants indicate that both types
of ectodermal appendage can be converted into one another [212, 213] relatively easily. Feather
primordia continue growing in a polarized manner, thereby forming a tubular structure with radially arranged lobular structures. These structures eventually grow out and form the future feather
branches. Again, Shh-BMP antagonism defines the positions of the these branches by periodically
differentiating proliferating and non-proliferating areas along the rachis [209, 214, 215]. Later feather
morphogenesis involves changes in adhesion protein expression [216] and apoptosis [208]. There are
different types of feathers whose structural differences are largly due to Wnt7a-dependent symmetries or asymmetries [211] and the differential activation of a number of subsequent developmental
events [198, 209].
Hair is the main epidermal appendage of mammals. Morphologically, hairs are much simpler
than feathers, consisting of single, non-branching filaments made mainly from α-keratines [217],
although some modifications exist. Like feathers, hair primordia, or placodes, become visible first
as a field of scattered dermal thickenings [141]. Although the distances between single primordia
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are highly regular [218, 141], the overall distribution is, with the exceptions of some specialized hair
(such as sensory whiskers [219]) less regular than feather primordia. The places of those dermal
thickenings are determined by antagonistic interaction between the growth factors Wnt and Dkk
[141]. Whereas Dkk localizes in the mesenchyme [141] and Wnt10b is expressed more strongly
in the epithelium [220], its target β-Catenin acts in both the epithelium and the mesenchyme
compartments and causes in the latter the formation of dermal condensates [221], together with
Fgf signaling [222, 223]. The dermal condensate induces differentiation and proliferation in the
epithelium which starts folding inwards, giving rise to the dermal papilla. In mammals, hair placodes
arise in several developmental “waves” [141, 140]. A first wave of hair follicle morphogenesis gives
rise to the main body hairs, that soon differentiate and become refractory to further growth factors.
A second, later, wave induces secondary hair placodes in between the existing ones [140, 141]. Hairs
whose development is induced by this second wave are typically smaller and have a different shape.
One of the most stereotyical examples of the importance of epidermal appendages for adaptation
and evolution are teeth. Since there is a direct link between the shape of teeth and their function
[224], their morphogenesis has to be controlled with precision. Tooth development begins with
local thickenings in the dental lamina (part of the oral epithelium) [225, 226] that provide inductive
signals (BMP4) for the odontogenic mesenchyme [227], which contains cell populations of cranial
neural crest origin [228]. The epithelium eventually grows under the control of the Ectodysplasin
pathway to become dental placodes [229, 175]. The growth of the placode is repressed by signals
from the oral mesenchyme [173], while ectodermal signals are causing the mesenchyme to proliferate
and condense [230]. This interaction leads to the formation of the enamel knot [231, 232, 233],
a signaling center that causes cells at the ectodermal-dermal interface to differentiate and later
produce enamel and dentine [234, 235]. While the cells that are part of the enamel knot do not
proliferate any more, they induce proliferation in the surrounding mesenchyme and epithelium [235],
causing the morphogenesis of the cervical loops, a specific structure at which the outer and inner
enamel epithelia meet. At a later stage, by interaction of growth factors (Fgfs, Shh, Wnt) and their
inhibitors (BMPs) [234, 229, 236, 235], secondary enamel knots may appear that define the final
shape of the tooth [237, 238] by defining areas of growth (lateral cervical loops in the surroundings)
and areas of increased mineralization. The positions of those secondary signaling centers are the
sites of the later cusps. A number of studies has revealed molecular processes involved in each of
those developmental stages [229]. In despite of minor differences, tooth development appears to be
relatively conserved across vertebrate classes [239].

Origins of ectodermal appendage diversity
This diversity of epidermal appendages in different groups stresses the importance they had
in driving morphological adaptation. It has been suggested that most kinds of integumental appendages are actually derived from some ancestral reptilian skin appendages [25, 240]. Certain
epidermal structures, like denticles (i.e. extraoral tooth-like structures) and teeth, are indeed evolutionary old [241, 242, 243, 244, 245]. Some studies show that tooth development is very conserved
between mammals and osteichthyes [246, 239] and that chondrichthyian teeth (and denticles) develop
in similar, albeit not entirely identical ways [239]. Furthermore, denticles and dermal ossifications
were common in early vertebrates, especially in Placoderms [247, 248] and even Conodonts [249],
although the interpretation of mineralized conodont elements as teeth or denticles is contested [250],
and it is not sure whether dermal modifications and ossifications in extinct taxa were homologous to
mesenchymal tissue modifications occurring during the formation of epidermal appendages in extant
vertebrates [248, 251]. Taking an even wider evolutionary perspective, inductive tissue interactions,
particularly epithelial-mesenchymal interactions, are not only crucial for the development of ecto21

dermal appendages, but all sorts of placodal organs in vertebrates [252, 253, 254, 255, 170, 256, 171].
Overall, paleontological and developmental studies in evolutionarily old vertebrate taxa suggest that
key mechanisms acting in the development of different epidermal appendages are likely to be highly
conserved and evolutionarily old. Oster and Alberch [170] show how the developmental program of
all ectodermal appendages starts with a common placodal stage, but might bifurcate at later stages
by undergoing organ-specific tissue modifications (epithelial invaginations versus evaginations as
first developmental bifurcation) and recruitment of different genetic toolkits acting downstream.
While it appears clear that integumental appendages of extant amniotes (and probably in all
extant vertebrates) are, at some level, homologous, there has been significant debate about the
particular evolutionary connections of derived integuments in birds and mammals (hairs, feathers)
with ancestral scale appendages in reptiles. Since intermediates that would convincingly show how
scales could have transformed into hairs and feathers have not yet been identified (although a variety
of feather precursors have been recently unearthened [25, 257], there is substantial discussion about
whether feathers and hairs did directly emerge from a common scale ancestor. Some authors [186,
258] strongly suggest that both avian feathers and mammalian hair are derived from highly modified
reptilian scales. They hypothesize that scales began forming tubular shapes and undergoing distal
elongation [25] and, in the case of feathers, further modifications. Arguments supporting this
hypothesis would be the developmental, including molecular, commonalities between different types
of appendages, namely the shared existence of a placodal stage, mesenchymal modifications that can
be linked to an ancestral ability to form osteoderms (i.e. specialized mesenchymal condensations
[248, 186] and differentiation) throughout vertebrates [246] (although the presence of mesodermal
condensations in Squamata had been questioned previously [185]) and the finding that disrupting
the same pathways [186] induces a loss of appendages in reptiles, birds and mammals alike. Other
authors suggest an independent origin of scales, feathers and hair [185, 259, 184]. These authors
suggest either that scales of extant reptiles were an independent novelty within the ancient tetrapod
integument and not truly or directly homologous to the appendages of stem amniotes [259, 184] or
that feathers might stem from scales, while hairs would be a modification of mechanosensory bristles
in the interscale areas or sebaceous glands that can be found in some reptile species [185]. Additional
confusion came from evident differences between reptile and avian scales [203, 260], suggesting
structural similarity, but no close homology. Further similarities in the morphogenetic molecules
involved would then be explained by cooption of signaling pathways due to an analogy of function.
It is noteworthy that the pathways specifically regulating differentiation of the appendages, i.e.
genes downstream of the pathways initializing placode growth, act as hierarchically individualized
network modules. This means that, once evolved, they can be easily recruited in different places
of the skin, and be combined with one another, thus facilitating fast phenotypic change and a high
degree of variability [171, 170]. In other words, there is almost certainly a strong developmental
homology between ectodemal appendages, not only in the particular pathways involved, but also
in the particular way these are interacting and regulate tissue interactions. This may also be the
reason why appendages which were lost in evolution (such as teeth in birds) could be reinduced
experimentally [166, 167, 168]. In comparison to feathers and hair, relatively little attention has
been dedicated to the origin of the turtle shell. Yet, similarities of the formation of placodes [83]
as well as histological studies [86, 54, 59] suggest a similar evolutionary origin, presumably by
modification of reptile scales.

1.7

The origins of variation through development

Phenotypic variation exists at different cladistic levels: between individuals, populations, species or
larger clades. Understanding what in particular, from a mechanistic perspective, causes phenotypic
variation in different taxa and at different levels, has intrigued scores of geneticists, developmental
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and evolutionary biologists.
Traditionally, a lot of research has been dedicated to elucidating genetic differences between organisms, and many studies tried to link those to phenotypic differences, in a qualitative and quantitative manner. It is clear that genetic changes are causally linked to a large part of phenotypic variation. Population genetics explains why the frequency of phenotypic anomalies is usually higher in
small populations than in larger ones, especially after bottleneck events [261, 262, 263, 264, 265, 266].
However, genetic differences alone usually fail to fully explain or predict the particular type or direction of observed variation, or its magnitude. Briefly summarized, the main reason is that any phenotype, together with its variation, is generated by development [267, 268, 269]. During development,
gene products interact with each other leading to complex, and usually non-linear, spatio-temporal
gene expression dynamics. Furthermore, gene products interact with and cause changes in cell and
tissue biomechanics. In return, changes in biomechanics will affect gene expression dynamics. In
addition, epigenetic, i.e. non-genetic factors, are crucial for animal development in many ways and,
consequently, for the generation of variation. Thus, in order to understand the origins of variation
in a given lineage or between lineages, we must not only consider the genetic variation in the population, but also how development integrates epigenetic, (i.e. mostly environmental) and genetic
information [270, 271], in a dynamic way, to produce the phenotype.
How exactly genetic mutations translate into differences in the structure and concentration of
proteins has been analyzed and described, in detail, in genetics and cell biology textbooks. It has to
be emphasized, however, that the magnitudes of the phenotypic effects caused by point mutations
differ substantially and that the majority of mutations in complex organisms is likely to be neutral
or effectively neutral (as the majority of genetic variants in populations of complex animals does
not appear to produce phenotypes differing significanty in fitness) [272, 273]. As suggested above,
the dynamics of gene regulatory networks have substantial effect on how mutations in a specific
gene are going to affect development and, thus, the phenotype. When gene products interact with
each other or with the DNA, the molecular interactions usually show second-order reaction kinetics
and sigmoidal or saturating binding or interaction curves [274, 275, 276, 277, 278, 279, 280, 281].
This means that linear changes in transcription factor concentration or their binding affinity will
typically lead to non-linear changes [276, 282, 283] in the transcription levels of their target genes
and, thus, potentially on the phenotype. Also, GRNs form a number of positive or negative feedback
loops around transcription factors that will lead to changes in protein levels in often counter- or
non-intuitive ways. Such feedback loops can also amplify or reduce (buffer) initial differences in
gene expression caused by genetic mutations [284, 285].
Even when phenotypes persist without much change in evolution, the underlying developments
producing them might change over time, a phenomenon often called developmental system drift
[286, 287]. Such mutations that change developmental GRNs have no visible effect on the phenotype
[288], but on the variation that is produced if further, small-scale, mutations occur [289] or if the
epigenetic background changes (e.g., different types of mechanisms that are able to produce periodic
patterns have been associated with different kinds and amounts of variation and, thus, with a
different potential to give rise to novel phenotypes in evolution [290, 114]). For instance, animal
lineages that remain phenotypicly stable throughout long evolutionary time spans might show less
variation nowadays than in previous periods, due to conservative selection during which ancestral
GRNs were replaced by GRNs that produce the same phenotype under “normal” conditions, but
less variation [291] under mutational or environmental stress. Interestingly and in line with this,
it has been claimed that the magnitude of phenotypic variation in wildtype populations is smaller
than in mutant populations [292, 293].
Finally, there has been a debate to what extent phenotypic variation is gradual or not. Although much of evolutionary theory relies on adaptation by small, gradual phenotypic changes,
such variation alone is hardly able to account for phenotypic novelties. Thus, it has been argued
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that mutations might lead to either no change or large changes in phenotype, depending on the nonlinearities of the mechanisms acting in particular developmental events. Such scenarios of sudden
large-scale changes in phenotypes followed by periods of stasis have been called “punctuated equilibria”, proposed as a hypothesis of how macroevolutionary changes might take place by Gould and
Eldredge [294]. According to these and other authors [295, 296], morphological evolution tends to
proceed quite often in steps of larger phenotypic changes, visible as episodes of increased speciation,
or periods without phenotypic changes. While such large phenotypic changes might usually not
be viable or be selected strongly against, some of them may actually produce novelties that future
evolution can act upon, a scenario that Goldschmidt dubbed the theory of “hopeful monsters” [296].
Development does not only produce morphological changes in some embryonic cells or tissues
through GRN dynamics that affect cell behaviours and tissue biomechanics, it also integrates various epigenetic factors. It is crucial to point out that there is no one-way relationship between gene
expression dynamics and morphogenesis. While gene products cause cells to undergo changes (in
position, behaviour or any cell property), cell biomechanics, shapes and distributions will also affect
the distribution of gene products in space and time, e.g. by shaping the relative spatio-temporal
distribution of the cells sending and receiving paracrine factors [297, 298]. Recently, several studies
have even discovered that mechanotransduction acts as a trigger for gene expression, constituting
a pathway by which mechanical changes directly cause changes in gene expression [299, 300, 301].
Mechanotransduction may also be required for more permanent changes in cell state, e.g. by inducing cell differentiation [302]. More common are passive effects of tissue-level morphogenesis on gene
expression. For instance, epithelial cells may form diffusion barriers, thus canalizing the directions
in which diffusive signals can propagate [303]. In general, the intricate interactions between morphogenesis and GRN dynamics can either increase variation by effectively forming a positive feedback
or, in other cases, reduce variation by forming negative feedback mechanisms [304] or by spatially
directing morphogenesis [305]. In the development of many placodal organs, mutual across-tissue
signaling (between epithelial and underlying mesenchymal tissue) may be a classic example of the
latter scenario. Also, by making further morphogenesis dependent on the successful completion
of previous morphogenetic processes in adjacent tissue compartments, development is effectively
parsed into well-concerted subsequent stages, reducing amplification of variation through spatiotempoarally interacting developmental processes. Isaac Salazar-Ciudad suggested that the relative
timing of inductive cell-cell signaling and morphogenesis has general implications on the amount of
variation produced in development [297]. According to this hypothesis, morphostatic developments
(in which cell-cell signaling precedes cell and tissue rearrangements) show less and rather gradual
variation than morphogenetic developments (in which signaling and morphogenesis take place at the
same time) 1.10. A paradigmatic example of morphostatic development is the AP segmentation of
Drosophila, in which the body axis becomes compartamentalized prior to significant cell movements
(in fact, this patterning precedes cellularisation), while the clock-and-wavefront segmentation mode
used by Tribolium (and vertebrates) can be categorized as highly morphodynamic. It needs to be
noted that no development is completely morphostatic and different developmental stages can be
more or less morphodynamic in comparison to one another.
Epigenetic causes of variation have received proportionally less attention than genetic causes of
variation. In this thesis, I am going to use this term in the original or wider sense, comprising all
factors that affect development, but are not hard-wired in the genome. Important epigenetic factors
are:
1.) Developmental information provided by the mother at the very beginning of development.
The initial symmetry break that usually defines the main body axis cannot come from the genetic
information of the zygote alone (unless the symmetry break occurs in a random direction). Instead,
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it is often defined by external gradients of maternal factors [306], mechanical stimuli [307] or gradients of internal factors resulting from the entrance point of the sperm cell [308]. Also, maternal gene
products, which are necessary for the onset of developmental GRN dynamics, are deposited into
the oocyte. The crucial contribution of the maternal organism is not the specific nature of those
gene products (although in the particular organism, they are specific and indispensable), but that
they are distributed unevenly within the oocyte, usually due to non-homogeneity of the cellular
environment inside the gonad, thus allowing for spatial gradients inside the oocyte. Even more
generally, the mechanical and chemical properties of the oocyte can be considered as epigenetic
factors, since they are not due to the genetic information of the zygote itself, but provide the initial
cellular “material” that will subsequently undergo transformation in development.
2.) The immediate environment in which the embryo develops. In oviparous animals, this is
characterized by the chemical substances contained in as well as the mechanical and osmotic constraints imposed by the egg. In viviparous animals, the embryo develops in continuous and mutual
contact with the maternal organism, providing an environment of extraembryonic cells and matrix
products as well as diffusive factors (e.g.growth factors). Furthermore, and very obviously, nutrients are crucial for the development. While nutrition is provided directly by the maternal organism
in viviparous and ovi-viviparous animals, yolk fulfils this task in oviparous species. Embryos developing under conditions of food deprivation, often form smaller or anomalous adult phenoypes
whose further life-history traits are often critically compromised or modified, too. In extreme cases,
the development or growth of certain organs can be severely impaired, resulting in phenotypic
deformations. [309, 310, 311, 312]
3.) The external enviroment. Differences in temperature, moisture, pH, oxygen levels, salinity,
as well as diverse chemical and mechanical conditions, such as pressure inside the nesting site or
a high concentration of toxic substances in the surrounding media that can diffuse into the egg or
damage its protective layers, have a substantial effect on embryonal development. In many cases,
interactions with different organisms [313, 314, 315] will critically affect development. While some
of these interactions are important for development to take place at all, others are a potential source
for variation in development and, ultimately, the adult phenotype.
4.) Epigenetic factors in the narrow sense, i.e. factors that affect the efficiency by which
specific gene products are produced, typically, but not exclusively, by specific, reversible chemical
modifications of the DNA or to the histones. Some of these modifications can be passed on by one
or a few generations.
Epigenetic factors from the environment can generally affect the trajectory of development, even
in late developmental stages, by changing gene expression in different ways: physico-chemically
(e.g. by mechanotransduction pathways or changing the chemical milieu in which proteins interact,
as explained above), endocrinologically, by modifications of the chromosomal methylation patterns
and, especially in very late stages, neuro-endocrinologically and by changes in the signaling between
bacterial symbionts and host [316].
Specific epigenetic variation is often a necessary element of normal development [270, 317, 318]
and, therefore, should not be treated as merely some addition that causes “abnormal” development.
On the contrary, without epigenetic factors, especially the initial asymmetries and maternal factors
inside the egg, development would simply not take place. In many animals, it serves as an important
input of information about the environment that can serve as a switch between different alternative
developmental trajectories [270], in order to help adapt to the presumptive environmental conditions
the organism is likely to face. For instance, nutrition deprivation during development may lead to
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changes that will enable the adult organism to cope better with starvation. In insects, different
pheromones may be critical in choosing between alternative developmental trajectories that will
lead them to occupy different niches [319]. Epigenetic factors can also be crucial for sex or cast
determination, which is for example the case in turtles [320]. Since environment usually changes
on the timescale of one or a few generations, epigenetic factors are likely to play a more important
role in the generation of variation between related individuals, especially siblings and littermates,
than between higher taxonomic levels.
Importantly, the intricate and mutual relationship between genotype, GRN dynamics, morphogenesis and epigenetic factors means that, even if we can point out a causal link between a genetic
or epigenetic factor and a given instance of variation in phenotype, we may neither understand
how exactly that genetic or epigenetic change translates into the phenotypic variation, nor be able
to predict how a weaker or stronger change or the same change at a different stage would affect
the phenotype. Sometimes the phenotypic effect of epigenetic differences may be highly unintuitive. Therefore, understanding the particular processes of development is often indispensable for
understanding how, and which, phenotypic variation is produced in a given developing system.

1.8

Origins of variation in turtle scute patterns

A surprising result from the comparative study of extant and fossile carapacial scute patterns is the
overall low amount of variation between species. Basically, nearly all terrestrial and most aquatic
species have shown the very same scute formula since most of the Jurassic. One of the few exceptions
to the dominant scute formula in turtles are the scute patterns in the oldest known turtle taxa,
which showed an enlargement of vertebral scutes at the expense of costal scutes, a vertebral scute
number of four, and an additional, supramarginal scute row between the marginal and costal scutes.
Combinations of these features have been reported mainly from turtles from the late Triassic and
early Jurassic (see references below). The second exception are extant sea turtles in which higher
scute numbers occur, albeit not in all species. Finally, the carapacial scute patterning has been
entirely lost in soft-shell turtles and Dermatochelys. Thus, it seems that, in non-marine turtles,
variation of the carapacial scute pattern between species tends to mainly exist in an “everythingor-nothing” manner; in other words, either the classic scute pattern exists or no scutes form at
all.
On the other hand, variation within species can be substantial. While the majority of individuals
follows the stereotypical scute pattern, anomalously patterned individuals are widespread and seem
to occur amongst many, if not all, species [31] and there is a large body of publications reporting
such anomalies in extant [321, 322, 323, 58, 324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334, 60,
335, 336, 337, 338, 40, 339, 42, 340, 341, 342, 343, 344, 345, 31, 346, 61, 347, 348, 39, 349, 350, 36]
and fossil [351] turtles. See 1.8 for examples of different anomaly types. Interestingly, there appears
to be no correlation of any specific anomaly type with particular species, meaning that the same
set of anomalies do occur independently from the specific genetic and morphological differences
between turtle taxa, although, for most species, reports of anomalies are only qualitative. Some
authors [31] have suggested that anomalies occur more often in terrestrial than aquatic species, but
some marine species (especially L.olivacea) show even more variation than any terrestrial species
[41].
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costal+vertebral split
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nuchal/anterior deformity
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Figure 4. Compliation of examples of different types of scute anomalies in Caretta caretta, Natator depressus,
Chelonia mydas and Trachemys picta, hatchlings and adult individuals, that were used in the study in the Contributed
publication II. Yellow arrowheads were placed to easily localize anomalous scutes. Classes of scute anomalies were
defined based on which scute series were affected, although various intermediates occur, and show that anomaly types
are largely independent of the species. Other and more severe deformities have been described in several studies (e.g.
[58, 40] ).
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As turtle scale anomalies are a highly apparent phenomenon, potential causes of the observed
anomalies have been discussed for over a century. One of the first hypotheses was brought up by
Gadow [329] (discussed in [352]) who had observed a higher amount of variation in hatchlings than
adult sea turtles. He speculated that split scutes in freshly hatched turtles were still on the way
to fusing together, in order to re-establish the stereotypical adult scute configuration, a process
he termed “orthogenesis”. The fact that anomalies are still visible in some adults could be explained by assuming that orthogenesis, in some cases, would fail to terminate, and similar ideas
of undetermined or arrested development were issued by other authors [350, 332]. While Newman [42] critizised Gadow on methodological grounds, namely for presumably including hatchlings
from different turtle species with different phenotypic variability into his studies, leading to wrong
conclusions, it was Coker who most outspokenly argued against the existence of orthogenesis as a
developmental mechanism [353, 354]. He argued that the positions of scute pairs which, according
to Gadow’s hypothesis, ought to merge during subsequent development, do often not correspond
with the actual scute positions of the normal adult scute pattern. Gadow replied [355] that the
mechanism of “orthogenesis” would only affect local scute splittings, but not apply to larger-scale
“malformations” such as a global zigzag patterns across the carapace, although he did not define
how to clearly tell these two cases apart. Since in the past, marine turtles [356, 357], or only Dermochelys [358], used to be classified as sister clade of all other extant turtles, Dermochelys (which
has a high number of small bony plates instead of a carapacial shell) was considered the one extant
species retaining a scute pattern most similar to the one in the last common ancestor of all extant
turtles. This misinterpretation, as well as the generally high scute numbers in other reptiles, led
Newman [42] to conclude a trend towards scute number reduction in turtle evolution and to hypothesize an ancestral condition in which each somite/rib pair would correspond to one set of scutes.
Gadow, too, [329] had previously expressed similar thoughts. Thus, in these authors’ view, split
scutes were interpreted as accidentally occurring atavistic phenotypes. Yet, this hypothesis shared
some of the problems of Gadow’s orthogenesis: a poor alignment of additional scutes in anomalous
individuals with their “ancestral” or “orthogenetic” positions as well as a difficulty to deal with
instances of scutal fusions or zigzag offset patterns in vertebral scutes, in which there is no obvious
correlation between rib and scute elements [343]. Therefore, some authors assumed independence
between bony and scutal elements of the carapace [359]. Berry [360] went in the opposite direction
of Newman and speculated that scute deformations were instead potential novelties with uncertain
evolutionary success. Together with Zangerl [36] and Ewert [62], Coker [58] opposed the idea that
single scute malformations had any phylogenetic relevance and proposed that scutes be interpreted
rather as a developmental entity than as developmentally individualized, separated organs. In this
line, Pritchard [37] saw in misshapen scute patterns instances of compensatory growth ensuing
developmental malformations.
A common interpretation of scute anomalies has been that they may represent an ontogenetic,
i.e. developmental defect which could stem from epigenetic, rather than from genetic factors. Several authors tried, therefore, to focus more on the mechanisms causing scute anomalies and how
developing turtle embryos are affected by different sorts of environmental stress. Already in 1910,
Coker suggested that anomalies might be caused by the pressures embryos experience in ovo inside crowded nests [58], and Parker [343] reported a reduced length-to-width ratio of anomalous
carapaces, consistent with the assumption of mechanical compression during development. Unlike
avian eggs, turtle eggs (as reptile eggs in general) are covered by an elastic shell that allows for
egg deformations which, in turn, may result in embryonic malformations, too. In a similar vein,
Mast [40] suspected that extrinsic mechanical forces could leave imprints on development and correlated the occurrence of scute anomalies with the “roughness” of turtle egg handling in different
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controlled breeding sites, from which he concluded a significant correlation. Hill [63] arrived at a
similar conclusion. Other extrinsic factors were suggested to cause anomalies, too. Hildebrand [332]
suggested that hypoxia during development may lead to tissue deformations and Lynn and Ulrich
[336] performed detailed desiccation experiments on turtle eggs, concluding that drying severely
affects turtle scute development (some of their deformations were substantially stronger than the
variation more commonly observed in nature). Furthermore, temperature has been suggested as
another extrinsic factor interfering with carapacial development [342]. This suggestion has been
particularly driven by the fact that, in many turtle species as well in other reptiles, temperature
determines the animals’ sex [361], albeit how exactly differs from species to species [362, 363]. Particularly, the period of carapacial formation was reported to coincide with the developmental period
of sex determination [320]. Some authors reported that females, which develop under higher temperatures during stages of sex determination, show significntly more deformations [347, 60, 364].
Telemeco and coworkers [348] reported a correlation between the duration of heat stress experienced
during development and anomaly frequencies. Another line of evidence supporting a role of high
temperatures in the production of scute anomalies comes from studies of methylation patterns in
turtles with and without carapacial anomalies. Caracappa et al. [323] reported a significantly higher
percentage of methylated DNA in anomalous C.caretta. Other studies [365, 366] had shown that
high methylation patterns are correlated with increased temperatures in other reptiles and that
the temperature-dependency of sex determination in T.scripta is due to methylation differences
of transcription factor binding sites [367], suggesting a correlation of anomalies and methylation
patterns via temperature. O’Steen [368] and Hewavisenthi [331] argued that high temperatures
would lead to an increased growth rate. Thus, it could be argued that increased temperatures
might cause and amplify tissue deformation, as well as changes in water exchange inside the tissue,
whereas other authors [369] stated the opposite, connecting anomalies also to low temperatures.
Interesting, variation in the scute pattern has also been associated with temperature in different
species of Squamata [370, 371, 372]. Low temperatures may give rise to growth failures, delays and
even tissue damage that could translate into deformed carapaces or altered scute patterns. In a
similar way, chemical substances could affect development by interfering with development and this
has been suggested in several studies [373, 374]. Kazmaier [334] measured site-specific variation in
the frequency of anomalies and hypothesized that salinity might affect osmotic pressure in tissues
(However, he also suggested that, alternatively, high salinity might increase anomaly frequencies by
increased mutation rates).
Lynn and Ulrich [336] drew attention to the idea that developmental stages exist which are more
susceptible to physiological or mechanical stress, an idea that had been called ’critical developmental
period’ by Stockard [375]. In mammals, certain chemicals (e.g. Thallidomide [376] or Cyclopamine
[377]) have been demonstrated to cause severe deformations or even death, if applied during a certain
developmental period, whereas not having any phenotypic effect at other stages, which has proven a
challenge to medical research. The reason for such a manifest heterogeneity of effect is, ultimately,
the complexity of development, during which different mechanisms and different GRNs are active at
different times and in different parts of the organism. In addition, later developmental stages depend
on earlier stages, although variation originating during the latter may be compensated, maintained
or amplified during subsequent development. Which of these cases takes place depends on the
particular developmental mechanisms involved. As introduced in the previous chapter, SalazarCiudad [305] proposed that developmental events in which patterning (change in cell states within
a tissue, usually by gene regulation dynamics and cell-cell signaling) takes place at the same time as
morphogenesis (change of cell positions, e.g. by growth) tend to show more disparate variation than
developments in which patterning and morphogenesis do not coincide 1.10. This is due to the mutual
interactions and dependencies between morphogenetic events and cell-cell signaling, which suggests
that then, small-scale environmental stress might also be amplified during development. In general,
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understanding the specific development of the turtle carapace will be necessary to understand if
such a “susceptibility stage” during development exists and to which extent later developmental
stages will amplify pre-existing variation even further. Ewert [62] observed that the severity of
anomalies tend to increase in the posterior part of the carapace, a phenomenon which he called
“dovetail syndrome”. Given that somitogenesis progresses from anterior to posterior direction in
all vertebrates by a clock-and-wavefront patterning mechanism [378], it has been hypothesized that
more posterior parts of the carapace develop later than more anterior parts and, therefore, have had
more time to accumulate and amplify developmental imprecisions [59]. However, this hypothesis
has been challenged both on grounds of Ewert’s data, as other authors have questioned whether
the number of anomalies in the posterior carapace used in Ewert’s argument is really higher, and
developmentally, as there is hardly any anterior-posterior bias in the onset of scute formation.
More recently, several authors have suggested that there might be a genetic origin of misshapen
turtle carapaces. Mast and Carr [40] observed that there is a strong correlation between scute
anomalies and other organ deformations as well as albinism, suggesting a link between scute deformations and genes that are also crucial for the development of different structures. Some authors
[60, 334, 347] observed that adult females with scute anomalies give rise to offspring with anomalies
more frequently than phenotypicly normal females. Using morphometrics, others concluded that
plastron shape [379, 380] is hereditary. On the other hand, others [40] described that they found no
significant clutch-depending accumulation of carapace deformities and, thus, no significant genetic
effect. Throughout the debate of whether, and inhowfar, there is a hereditary component in scute
malformations, the existing data has been interpreted in different ways: Some authors [59] propose that only certain variation is genetic, while other variation is exclusively due to environmental
factors, thereby reconciling contradictory findings. In detail, Cherepanov suggests that symmetric
variation may have a strong hereditary component, while asymmetric variation is unlikely to do so.
Other authors suggested population effects on scute malformations. Velo-Anton et al. [349]
found a negative correlation between genetic and phenotypic variation in different terrestrial turtle
populations, leading him to explain his data by a bottleneck effect (i.e. inbreeding). This is in
line with many studies that have found an increase of phenotypical deformations in animals to be
due to small population sizes and, thus, low allelic variation [261, 262, 263, 264, 265, 266]. However, an association between genetic mutations and scute anomalies does not necessarily imply that
genetic variation explains which phenotypic variation arises, it may instead determine how much
phenotypic variation to expect under certain conditions. Genetic mutations may affect the stability
of development in a more general way, in other words, they may effect how well development is
able to compensate enviromental variation during embryogenesis. If environmental factors cause
development to produce different phenotypes, such a development can be called plastic, and this
developmental plasticity may either produce a few discrete phenotypes in a switch-like manner or
different and hardly predictible amounts of variation [270]. In the case of turtle scute development,
Mast and Carr proposed that anomalies might represent instances of non-discrete, plastic developmental responses towards environmental stress during critical developmental stages [40], although
it is unclear weather and to which extent such developmental plasticity is increased by genetic
mutations.
Overall, there is good evidence that environmental stress causes turtle scute variation by interfering with development and some evidence that genetic variation may play a role for some sort
of variation. However, no study has concretely linked those factors to specific changes in scutal
development dynamics, which could help evaluating the different hypotheses that have been coined
so far.
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1.9

Models of development

There are many different notions of what a model in biology is. Here, I want to introduce different
types of mathematical modelling approaches that have been used to understand aspects of developmental biology. Key to building a model of biological processes is a hypothesis about the process
that one wishes to elucidate. For instance, a hypothesis might be that a particular combination of
GRN dynamics and morphogenetic processes explains the transformation of some embryonic state
X of a part of a specific organism into its adult state Y. In a model, we would use some mathematical
representation of key features of X as initial conditions and formalize the developmental processes
of our hypothesis in mathematical terms. Provided that the mathematical tools are adequate, we
would expect the simulation to lead to a phenotype that corresponds to Y, if the hypothesis is
correct. Such a procedure is, for instance, very useful to decide between different, equally plausible,
hypotheses. Nevertheless, even in the case that the simulation confirms our hypothesis, it cannot be
ruled out that other hypotheses might prove equally capable of explaining the phenomenon under
consideration. In the opposite case, however, if a model does not reproduce the phenomenon in any
way, it clearly means that the hypothesis is either wrong or insufficient to explain the phenomenon.
Thus, models are an even more powerful tool to winnow out and discard wrong hypotheses. Models
can also prove very useful in understanding the development of organisms that are only poorly accessible to experimentation. Turtles are a good example for this, given that most of their life-history
traits as well as development are unusually slow, many species are only seasonal breeders and require difficult keeping conditions. Other organisms might not be accessible to experimentation at
all, because they are prehistorical, very rare, living in hardly accessible habitats, or cannot be bred
in captivity. Modeling, however, still allows assessment of the consistency or plausibility of different
developmental hypotheses (without being able to decide which one is the “right” one) about those
taxa [381, 382, 383]. Furthermore, mathematical models permit exploration of organismal variation
by changing genetic or developmental parameters. In a systematic manner, such experiments are
only possible in a small number of species in the lab and under large time and financial efforts.
Exploring possible variation systematically, mathematical models can also be helpful tools in the
prediction of evolutionary trajectories [384], which is hardly possible in real populations.
There are, of course, plenty of caveats. First, the representation of cells and tissues has to be
adequate. This does not mean that every biological detail has to be faithfully reproduced. If the
processes included in the hypothesis take place on macroscopic (tissue, organs and entire organisms)
levels, it might not be necessary to represent single cells at all, while, if juxtacrine signaling or cell
shape changes are important, single cells and even subcellular elements must be represented. Also,
biological processes taking place on different spatial scales involve different time scales, which should
be taken into consideration. Finally, there is an intrinsic danger that crucial systems components
are left out and that a model “works” for the wrong reasons. John von Neumann is credited with
the famous saying “With four parameters I can fit an elephant, and with five I can make him
wiggle his trunk” [385]. In a more generalized sense, models can fit almost anything if a sufficiently
high number of parameters or variables are adjusted. However, this statement refers to statistical
models, in which a given distribution of measurements is fitted by a function, and the aim of such
models is prediction without necessarily understanding causal factors. In our case, we use models
to understand how interactions of physico-chemical mechanisms explain dynamic phenomena, i.e.
a mechanistic model. Such phenomena cannot simply be approximated by mathematical functions
with a fixed number of parameters.
In order for a model to qualify as correct with high probability, it should be parsimonious. This
means, statistical models should include as few parameters and variables as possible, and mechanistic
models should be able to explain as many different, independent phenomena, as possible. For
instance, a model that reproduces normal development can be considered more likely to be correct,
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if it also reproduces laboratory experiments that interfere with development or extant mutants.
Yet, finally, what is easy to evolve in nature might not be parsimonious in the model and vice versa.
Therefore the previously stated heuristic only holds if alternative hypotheses are equally plausible
to arise in nature.

Types of models
Generally, models can be classified as analytical or numerical models. In analytical models,
processes are described by mathematical functions that are often continuous in time and space and
can be solved in a rigorous manner. Thus, we can learn under which precise parameter settings
a change in behaviour of the process under consideration can be expected. However, this type of
model can only be used if the number of variables is low or the function of their interaction simple.
Such limitations do not exist for numerical models in which time and space are parsed into small
discrete steps and equations are typically differential equations that describe the change in variables
values per time step. The main drawback is that numerical models do not allow to determination of
precise conditions under which the behaviour of the system changes, but only approximate them by
tight sampling of the parameter space. Numerical models are also only able to sample a limited part
of the parameter space, making it likely that the “right” or critical parameter value set is missed,
especially if the interactions of the model components are highly non-linear, while analytical models
can encompass the behaviour of a given system entirely.
Another basic model distinction is deterministic versus stochastic models. In deterministic
models, the outcome of any simulation is completely reproducible, while in stochastic models,
changes in the values depend on some probability distribution.

i) Representation of cells and tissues
As indicated, cells and tissues can be represented in different ways and with different details.
This is an overview of some of the most widely used approaches to modelling cells in tissues.
Their basic differences are the aspects of cells and tissues that are represented. All approaches
have advantages and disadvantages, depending on the particular research question; for comparative
reviews of several classes see [386, 387, 388]

1. Cellular automata (CA) [389, 390]: Cells are arranged as positions on a regular grid,
implying that the possible neighbourhood configurations of cells are discrete and limited. Grid
positions can remain empty, as well. Each cell contains a number of properties, such as gene product
concentrations, cell cycle stage, mechanical properties etc. that take the form of a vector associated
with each grid positions. There are rules by which the values of those vectors are updated, which
may depend on the values of neighbouring cells, some global variables or gradients or be completely
cell-autonomous.

2. Cellular Potts models (CPM) [391, 392]: This type of models uses a fixed grid as
well, but represents cells as clouds of filled, coherent grid positions that share the same cell identity
index. Unlike the cellular automata, different cellular substructures (e.g.nucleus, cytoplasm, cell
membrane or cell wall in plants) can be distinguished. In order to be able to change the shape of
cells dynamically, CPMs incorporate the Metropolis-Hastings algorithm which, at each time step,
quantifies the total systems energy of the current state to a stochastically changed, alternative, cell
configuration. Alternative cell configurations with a lower energy, relatively to the old configuration,
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are always accepted, while cell configurations with a higher energy are accepted with a probability
that depends on the difference of energy and a systems temperature parameter. “Energy” may
incorporate a number of biological features [393, 394], such as relative cell perimeter (very digitated
cell shapes are to be avoided), average position of all cell parts with respect to a chemoattractant
source (to emulate cell movement), cell volume (to emulate cell growth), cell anisotropy (to emulate polarization), the kinds and concentrations of surface proteins of the surrounding cells, etc.,
depending on the hypothesis one wants to model. This places a considerable onus on the choice and
parameterization of the factors of the energy function, since this will ensure both a natural tissue
behaviour as well as the right tissue response to changes of developmental processes. Classic applications of this model class are adhesion-driven tissue behaviours, such as Steinberg’s differential
adhesion hypothesis [395, 396, 391], but also grouping dynamics of unicellular organisms [397].

3. Immersed boundaries models [398, 399]: This model type is similar to the CPM, but
models explicity the cell boundaries that interact and might change configuration. It also allows
modelling of more explicit cellular surface and interaction angles. Thus, it increases resolution
where it is needed, which can make it less computationally heavy than the classic CPMs.

4. Cell-centre models [400]: This modelling approach comes without a fixed grid. Cells are
represented as nodes that are free to move in a continuous space. As in the previous model classes,
update rules that depend on both cell-autonomous variables as well as on global variables and cellcell interactions ensure that the cells cohere, form a tissue, and undergo tissue transformations.
Often, a Metropolis-Hastings algorithm is used.

5. Subcellular element models [401]: This approach is similar to the previous one, except
for the fact that cells are represented as a cluster of subcellular nodes that cohere more strongly to
one another than to other cells. In a way, it relates to the cell-centered models as the CPM relates
to the CA.

6. Vertex models: In this model class, cells are defined wholly by their boundaries [402, 403].
Springs between cell boundaries and cell centroids, as well as mathematical functions quantifying
surface tensions, ensure that a basic, realistic cell shape is maintained, although vertex models
allow for a lot of freedom of cell shape variation. These models are often used to study changes in
epithelia as well as tissue biomechanics, as the forces between cells are modelled explicitly. Gene
expression can affect mechanical constants and, thereby, lead to tissue transformations.

ii) Representation of GRN dynamics
In biological systems, genes are transcribed into gene products that can localize intracellularly,
intramembranously or extracellularly and that can interact with other genes by interfering with
their transcription or other gene products by binding to them, or mediate cell and tissue changes.
Transcription of genes is restricted to the cell nuclei, which, depending on the model class used,
may be represented explicitly or not. Thus, gene concentrations and GRN dynamics need to be
incorporated in most models of development.
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1. Boolean networks [404, 405, 406]
Many models consider gene expression changes in a binary way: Transcription of a given gene
is either active or not, depending on the activation state of activators and repressors (which, as an
input, are binary as well). Such networks are called Boolean networks and provide a substantial
simpliﬁcation of gene expression dynamics that is easier to analyse and quantify, because the number
of possible gene expression proﬁles, per network, is ﬁnite.
2. Diﬀerential equations and Partial diﬀerential equations [406, 407, 408, 409]
Continuous changes of gene product concentrations can be approximated using diﬀerential equations. These predict the amount of change in concentration of any given gene product discretely
for any given time step. In GRNs, the amount of change usually depends of the concentrations
of other gene products, i.e. transcriptional activators (note that there can be autoactivation and
autorepression, too). Decay terms are usually incorporated, accounting for the speciﬁc half-lives of
molecules. If diﬀusion is considered, partial diﬀerential equations are used, which include a diﬀusion
term. In this case, gene expression changes would depend as well on the concentration diﬀerences
between neighboring cells and the diﬀusion rate.
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Figure 5. Diﬀerent types of model representations of cells and tissues. Cells can be either represented by positions on
a ﬁxed grid (a-c) or as entities that can move freely in 2D or 3D (d-e). Entities or grid positions may represent entire
cells (a and d), cell parts (b and e) or cell boundary portions (c and f), depending on the level of detail considered by
the model. The diﬀerent model types: (a) Cellular Automata (CA): Cells are positions on a grid. (b) Cellular Potts
Models (CPM): Cells are coherent clusters of grid positions which may, by displacement of cell parts, move over time.
(c) Immersed boundary models: Similar to CPM, only cell boundaries are modelled. (d) Cell center models: Cells
are positions or nodes in space that can move and interact freely. (e) Subcellular elements models: Cells are clusters
of nodes that can move and interact. Nodes belonging to the same cell have stronger cohesion between each other
than nodes belonging to diﬀerent cells. (f) Vertex models: Only edges between cells are modelled. Cells interact and
change shape by changes of forces between edges and edges and cell centers. Realistic cell shapes are maintained by
modelling mechanical springs within cells. The choice of the model type depends on the particular research question
one wishes to address. Diﬀerent intensities of grey are used for easier distinction of adjacent cells.
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iii) Unified (or multi-scale) models
While most models focus on a particular problem, some authors have tried to unite GRN dynamics, paracrine signalling, biomechanics and different cell behaviours in unified modelling frameworks.
While some models include several or all of those processes in order to simulate morphogenesis of
a particular organ or biological structure [410, 411, 412], others have created general model frameworks that can be applied to a broader range of problems [413, 414, 415, 416]. Such frameworks
can be very useful to implement a range of complex problems, since they have the generality to
include very different biological processes and allow for their interaction. In most developmental
processes, both GRN dynamics and biomechanical changes interact in development and, thus, integrating them is crucial for representing and understanding their development. Multi-scale models
also implement different organisational levels, such as subcellular, cellular, tissue and organ levels,
permitting to explore how the consequences of modifications in the lower levels propagate across
intermediate and higher levels. While for some biological problems, phenomena can be traced down
to a particular cause, others require the integration of many different processes that cannot be
disentangled easily. Particularly for such problems, in which causes and effects cannot be defined
easily and thus, dynamics of the biological processes may be highly unintuitive, modelling can be
a valuable tool to advance understanding. The drawback of such unified models is that they are
usually computationally heavy.

iv) Generality in mathematical models
There has been some debate on the meaning of “general” in the context of models, usually
referring to the possibility of drawing general conclusions from mathematical models of biological
processes rather than only understanding a very specific problem. It has been argued that general
models must be very simplistic or abstract, since only if a very abstract model reproduces some
features of biology, such a result is supposed to be very robust and likely to apply to many different
biological problems. On the other hand, it can be argued that the opposite should be true. If
some mechanism that has been shown to play a role in development is deliberately left out from a
model in the process of simplification, the model loses biological realism and may only be suitable
to draw abstract or vague conclusions. Results might as well be misattributed to the wrong causes.
Very “abstract” or simplified models usually add implicit assumptions about the importance or
“negligibility” of some biological factors or processes which, although not explicit, may limit the
generality of the model or the scope of biological aspects they are capable of explaining. Thus, I
argue that models which are considered general should at least be allowed to contain all relevant
biological mechanisms and therefore be applicable to any biological problem without dismissing
crucial causative factors.

1.10

Towards a unified model of development

As stated and detailed before, gene expression dynamics and cell behaviours as well as changes in
biomechanics are usually not independent of one another. Changes in the production rate of structural and surface proteins, due to changes of gene expression, will affect shape and biomechanical
properties (e.g. stiffness, cell layer thickness, compressibility, plasticity, surface tension, etc.) of
the developing tissue. In a similar manner, changes in the expression of genes that affect the cell
cycle will lead to changes in tissue size and shape. However, there are also ways in which shape,
size and mechanical properties of the tissue will affect gene expression: First, GRNs often involve
signaling molecules diffusing between cells in a tissue. The amount of signaling molecules that reach
their target cells will depend on the size and shape of the tissue in which they diffuse [298, 297].
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In reality, developing tissues with signaling molecules diﬀusing within them are usually not static,
but continuously changing their shape, thus aﬀecting the local concentrations of signaling molecules
in a non-linear manner. If changes in tissue shape and size depend directly or indirectly on those
molecular signals, a dynamic feedback between GRN dynamics and tissue shape emerges. Isaac
Salazar-Ciudad even argued that the distinction between developmental events in which cell-cell
signaling and changes in the shape of the tissue temporally coincide (morphodynamic) and other
processes of development in which this is not the case (morphostatic) is a very fundamental one
and has implications for evolution [297, 305]: Morphodynamic developments will produce more
disparate variation, while morphostatic developments produce less and rather gradual variation, as
schematically depicted in 1.10.
In addition, the mechanism of mechanotransduction represents a very explicit way in which
mechanical forces in biological tissue induce gene expression changes. This process has been found
crucial for the dorsal closure in Drosophila [417], diﬀerentiation of mammalian epithelium [302]
and others [418], although the full scope to which it acts in morphogenesis has only begun to be
appreciated and future experiments will demonstrate how important this mechanism really is.
Morphostatic

Morphodynamic

cell movement

cell movement

signalling

signalling

developmental time

Trait 2

Trait 2

developmental time

Trait 1

Trait 1

Figure 6. Morphostatic versus Morphodynamic developments. In morphostatic developments, cell movement and cell-cell signaling does not take place simultaneously, while this is the case in morphodynamic
developments. These two types of development diﬀer in the variation they produce (After [305]). In
the schematics, grey areas represent combinations of two phenotypic traits that can be produced by genetic mutations of an individual whose phenotype is depicted as a dot in the center; darkness of grey
is proportional to the likelihood of any trait combination to arise. While variation generated in morphostatic development is likely to be rather gradual, allowing for phenotypical ﬁne-tunning, variation in
morphodynamic developments is potentially larger and less gradual, allowing for rapid macroevolutionary
changes.

Thus, in order to fully understand development of structures that involve a substantial amount of
morphological change, we need to unite GRN dynamics, cell behaviours and cell biomechanics. This
is a particular challenge for modelling approaches. Even more importantly, such a uniﬁed, multiscale model is crucial, if we want to incorporate how environment aﬀects or may aﬀect development.
As described in 5.8, environment (and other epigenetic factors) can aﬀect tissues mechanically as well
as GRN dynamics during development, in a permanent or transient way. However, only by means
of a united model of development, allowing for both biomechanics and gene expression to change,
can we understand how exactly environmental perturbations translate into phenotypic variation
[270, 271]. Depending on the particular mechanisms acting during development, perturbations may
be either compensated for, or ampliﬁed or will translate into unintuitive changes of development,
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due to the mutual interaction of cell-cell signaling and biomechanics.
Such an attempt may be very useful in further elucidating the effect of environmental stress on
turtle development, as will be discussed in detail in 5.8. Since various phenotypic anomalies in the
turtle shell have been linked to environmental causes (see 1.8), studies of carapacial development
would benefit substantially from such a unified model of development. This could, in future, also
help to decide between competing hypotheses about the origination of particular anomalous scute
patterns.
Furthermore, a unified model connects cellular dynamics, such as changes in cell shape, cell
biomechanics and cell divisions, to morphological changes at the tissue or organ level. Yet, the
model that I used to simulate turtle scute development does not include much detail at the cellular
level and only quite simplistic cell division mechanisms. While I could successfully model the general
development of the turtle scute pattern as well as major patterns of its variation by means of a
simpler model, incorporating cell shape and cell biomechanics in a dynamical manner might be
necessary to explain phenotypic variation in turtles, between species and within populations, in
more detail and to understand how exactly environment affects morphogenesis.
Implementing cell divisions and tissue growth patterns in more biologically realistic ways will
essentially improve the model of turtle scute development. Morphogenesis of the turtle carapace
involves the expansion of the carapace from an elongated to a shield-shaped structure that can
be, depending on the species, flat, domed, saddle-shaped or anything in between, and the outline
of the carapace can have different widths and various shapes, suggesting substantially different
tissue growth patterns. As discussed in detail in 1.2, despite the general conservation of their
number and distribution over the carapace, the shapes of scutes vary substantially between species.
From model simulations with different growth rates, we learned that the dynamics of the model are
relatively susceptible to variation in growth, suggesting that more realistic tissue growth might make
a substantial difference for the simulations. To sum up, tissue growth, which coincides with the
formation of the scute pattern in Trachemys, has a substantial impact on carapacial development.
Therefore, any advanced study of scute formation in turtles that considers phenotypic variation
between turtles will benefit from a model that is able to implement different modes of growth, such
as isotropic versus polarized and regionalized versus homogeneous cell divisions as well as tissue
growth as a consequence of changes in cell sizes and shapes.
Taken together, in order to understand realistic scute pattern variation, such as differences in
scute shapes, and how environmental stress affects the developing tissue, we need a model that
incorporates 3D tissue biomechanics, more explict modelling of cells and, in particular, realistic
cell division. A simpler model, such as the one I used in the first two publications contributing
to this thesis, can account for some major aspects of variation, while facing important limitations,
particularly a very simplified representation of cells and tissue growth. In 5.1.1, I will discuss model
limitations and how they can be overcome by a general model of development, as the one presented
in paper III.
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2

Aims

1. Advancing the understanding of the development of the characteristic carapacial scute pattern
of turtles using a specific computational model of turtle scute development.
2. Understanding the origins of interspecific and intraspecific variation in turtle scutation
3. Embedding turtle scute development into the wider evolutionary context of ectodermal
appendages
4. Presenting a general, mutilevel computational model of animal development.

3

Methods

The model of turtle scute development
The model aims to help understanding the scute pattern development between embryonic stage
Y14 and Y20 [419]. At stage Y14, the carapace is a mainly longitudinal structure, barely wider than
the trunk of the embryo, i.e. the lateral outgrowth of the carapace has not started at that stage.
In situ staining for Shh, BMP or Gremlin mRNA reveals two lines of 12 approximately equidistant
spots along the carapacial ridges. Between stage Y14 and Y16, spots of gene expression appear on
the carapace at the positions of the future scutes, while the carapace is undergoing lateral growth.
At stage Y18-Y19, the shape of the carapace is, in its proportions, already resembling closely the
shape of the carapace in adult turtles. Shh and BMP are expressed as thin lines, defining the scute
outlines. I proposed that a set of two reaction-diffusion systems with different patterning dynamics
and lateral tissue outgrowth might explain turtle scute development and built a cellular-automaton
model to test this hypothesis.

1. Representation of the tissue
I used a grid of 100x140 positions (which was extended for simulations with high growth rates)
arranged in rows and columns on which I defined a central rectangle of 80x40 as “cells” at the
beginning of the simulations. Cells could contain gene products and interact mechanically. For all
cells, I defined a 4-neighborhood, i.e. each cell would interact with all adjacent cells in vertical and
horizontal directions, but not diagonally. Note that a larger grid would have been possible, but
make simulations take substantially more time. Since the grid size used was sufficient to address
our research questions, I decided not to enlarge the grid size of the model.

2. Implementation of growth
Since there is no data from turtle embryos about when and where in the carapacial tissue cell
divisions take place, I decided to model growth in a very simple manner. Each cell row contained
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a cell cycle clock that caused, according to the specific division rate, the addition of a new cell
at the anterior-posterior midline, pushing the already existing cells outwards. Division rates were
determined according to observations of lateral outgrowth in embryos: Since the lateral outgrowth
in the center of the embryonic trunk is stronger than in the anterior or posterior end of the carapace
and also stronger in the anterior than in the posterior half, different division rates were used for
different cell rows, so that at the end of the simulation, a realistic carapace shape would emerge.
Also, based on our observations of the speed of carapacial growth between embryonic stages Y16
and Y18, I implemented an acceleration of the cell division cycles during mid-development in the
model.

3. Implementing the GRNs and diffusion
Two reaction-diffusion systems were implemented as partial differential equations [406, 407, 408,
409]:

.
.

RA1 A12
1+RI1A1 I1

∂A1
∂t

=

∂I1
∂t

= RA1I1 A12 − MI1 I1 + DI1 ∇2 I1

∂A2
∂t

=

∂I2
∂t

= RA2I2 A22 − MI2 I2 + DI2 ∇2 I2

+ A10 − MA1 A1 + DA1 ∇2 A1

RA1A2 A12 +RA2 A22
1+RI2A2 I2

− MA2 A2 + DA2 ∇2 A1

This is one of the most common ways to implement reaction-diffusion systems in a numerical
model, although other methods exist [420, 146]. A1, A2, I1 and I2 represented the concentrations
of all signaling molecules in a given cell (A being an activator, I an inhibitor). Rij are the transcriptional strength of gene product i on gene j, A10 is the initial baseline activity of the first activator.
Mi are degradation rates and Di diffusion rates for each gene product i. Diffusion occurred at all
times between neighboring cells. The second activator is only activated at a advanced developmental
time T.

4. The initial conditions
According to the embryonic phenotype observed at stage Y14, I defined two vertical rows with
12 equidistantly placed inductive spots in the outer margins of the area of the grid filled with
carapacial cells. In those spots, concentration of the activator was set invariably as 1. These initial
conditions are a simplification, given that the signaling processes in and between these spots are
presumably more complex, but sufficient to reflect their indispensability for the induction of the
reaction diffusion dynamics.

5. Further experiments: bead implants and mechanical stresses
The model permits to place beads as cells with a high concentrations of specific gene products.
In order to be able to simulate the full scope of experimental bead experiments we conducted in
Contributing Publication I, I introduced further activators and repressors Si of the four signaling
molecules (only one Si per simulation):
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− MI2 I2 + DI2 ∇2 I2

Furthermore, mechanical stress was modelled in several ways: I introduced changes to the cell
cycles (temporarily) and division rates (permanently) in either one of the carapacial hemispheres
or in a smaller area of the carapace, in order to cause asymmetric or regionally compromised tissue
growth. I also modelled mechanical offsets in one of the carapacial hemispheres, as presumably
caused by external pressures embryos may suffer in ovo [336]. This was done by introducing a shift
upwards or downwards to all cells (by n grid positions, usually a small number) of one hemisphere
at a developmental time t1 and for a duration t2. Upon reaching t1+t2, i.e the time of stress release,
tissue relaxation was modelled to occur at a certain speed, by cells shifting towards their original
vertical position on the grid that they had at t1 (while maintaining their vertical positions) at a
velocity v. Thereby, I accounted for different tissue plasticities, although modelling them in a simplified manner. Thus, I systematically explored the anomalies produced by different combinations
of t1, t2, n and v.
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Figure 7. The model of turtle carapacial scute development. (a) In situ staining for BMP4 at stage Y15 in an embryo
of Trachemys scripta. Note mainly the alternate strong expression along the Carapacial ridge (CR). (b) Overlay of
diﬀerent in situ data reveals that this is true for a number of diﬀerent morphogenes (from Contributed Publication
I). (c) The turtle model is a Cellular Automaton in which cells are positions on a rectangular grid. In the beginning,
the activator is expressed in regular spots arranged in two nearly parallel marginal lines along the CR, based on the
observations seen in (a) and (b). In this schematic, cells with high activator concentration are painted blue. (d)
Diﬀusion of molecules takes place between neighbouring cells. (e) A qualitative representation of a reaction-diﬀusion
system in which the activator A induces the expression of itself and a more diﬀusive inhibitor I. (f) Each cell row has
an autonomous cell cycle and cell divisions are implemented as additions of new cells at the carapacial midline, causing
an immediate shift of the entire cell row towards the CR. Cell cycle vaues are denoted as shades of red; cell rows with
a cell cycle value of 1 will undergo mitosis. (g) In order to model mechanical pressures that were hypothesized to be
experienced by embryos in ovo ([58, 40, 336]), shifts of an entire lateral carapace hemisphere were introduced in the
model at diﬀerent times, magnitudes and diﬀerent hypotheses of tissue elasticity. Other kinds of tissue deformations
and local changes in the cell cycle were implemented as well (not shown here).
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4

Results
Contributed Publication I

In this paper, we elucidate some of the key mechanisms underlying the development of turtle
carapace scute patterning. Using in situ hybridization in Trachemys scripta, we show that normal
development of the carapacial scute pattern starts from a line of alternating signaling centers along
the carapacial ridge, whose positions coincide with the underlying tips of the outgrowing ribs. Also
evidenced by their absence in softshell turtles, these signaling centers are required for the subsequent
emergence of secondary signaling centers that appear at certain positions on the carapacial tissue.
Subsequently, waves of gene expression extend centripetally from all signaling centers. The collision
sites of those waves mark the outlines of the future scutes. Simultaneously, the carapace grows from
a narrow tissue stripe, covering the dorsal part of the embryo, to its characteristic, laterally widened
shape in the adult. I built a mathematical model that implements a GRN of four signaling factors,
tissue growth and, as initial conditions, two lines of punctuate signaling centers along the lateral
edges, similar to the pattern of marginal signalling centers. Using this model, we show that two
coupled reaction-diffusion systems, together with growth, are sufficient to explain the development
of the carapacial scute pattern. By interfering with early scute patterning, both in vitro and in
silico, we corroborate our model further and identify some of the molecular factors involved in the
reaction-diffusion systems. Furthermore, we suggest mechanisms explaining observable variation
between and within turtle species. While most turtles have the same carapacial scute formula, a few
species show numerical differences. Performing a parameter screen in the model, we show that slight
changes in the size of the developing carapace can account for these differences. We also find that the
most common scute formula covers a larger area of the parameter space than rarer scute formulae.
Exploring further ways to produce phenotypic variation in the model, we conclude that common
intraspecific variation cannot be produced by changes in the genetic parameters, but by introducing
mechanical stresses or biases into the growing carapace, suggesting an environmental causation of
scute pattern anomalies. Overall, this paper shows how a close dialogue between experimental and
modelling approaches can advance understanding of development and the causation of variation in
a non-classic model organism.
Contributed Publication II
This paper explores further the causation of carapacial anomalies that are found in different
turtle species, using quantitative data from different turtle species and parameter screens of the in
silico turtle model. In detail, we counted incidences of anomalies in turtle hatchlings bred in nature
as well as in controlled laboratory conditions and correlated them with temperature and humidity.
Independently of the setup and the turtle species, we find a strong correlation between temperature,
but not humidity, and the production of anomalies, in line with our more general hypothesis of
an environmental causation of scutal variation. A closer analysis suggests that particularly middevelopment appears to be susceptible to environmental stress. We also compare the frequency of
specific types of anomalies in nature and in the turtle model and find that, both in vivo and in
silico, vertebral scute anomalies occur more frequently than costal scute anomalies. Interestingly,
this bias is independent of the particular turtle species considered. We explain this finding by the
developmental mechanisms underlying turtle scute development. This paper further corroborates
our hypothesis about the mechanisms underlying intraspecific variation by statistically analyzing
scute anomalies in extant turtles and comparing our finding quantitatively with our model of scute
development.
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Contributed Publication III
Here, we introduce EmbryoMaker, a model framework that unites GRN dynamics, cell-cell signaling, realistic biomechanics of epithelial and mesenchymal cells and ECM, and all cell behaviours
that have been described to play a role in animal development. Therefore, it is general enough to
simulate most developmental processes in animals and can help to approach a vast array of different
problems and hypotheses. It allows implementation of cells and tissues at a customizable degree
of detail so that, depending on the question, subcellular, cellular and tissue dynamics can be modelled. Thus, unlike many other more specific models, it allows study of how exactly GRN-dynamics
and morphogenesis interact to produce morphological variation, which makes it a valuable tool for
developmental biologists. I suggest that this model framework is capable of providing the biological
realism required to address further, and more detailled questions about variation in turtle scutation.

5

Discussion

5.1

Caveats and Limitations

As all mathematical or conceptual models, and particularly models of biological processes, the
model of turtle scute development comes with simplifications of the real developmental processes.
In different words, any model of development is based on assumptions about which processes and
mechanisms to include, which to substantially simplify, and which to omit altogether. Since mathematical models in development are used as a tool to elucidate which mechanisms explain specific
phenomena, it is necessary to simplify and omit some of those mechanisms. Once such a model
has proven to reproduce the biological phenomenon under consideration, it allows distinguishing
mechanisms that are indispensable to explain the phenomenon from mechanisms that are less important. While it can be very difficult to prove that certain mechanisms are sufficient to explain a
phenomenon by using mathematical models, modelling is a very efficient method to detect which
mechanisms do not explain it. On the other hand, however, simplifying always comes with the risk
of neglecting important factors and mechanisms or failing to explain the phenomenon completely.
In the turtle model central to this thesis, I simplified the developing carapace in several ways, thus
limiting how much the model is able to explain.
5.1.1

Caveats due to model limitations

Instead of explicitly modelling cells with their particular shapes and arrangements, the turtle model
is spatially parsed into a rectangular grid of up to 140x100 positions (referred to as “cells” within the
model) that can contain concentrations of gene products. Thus, “cells” in the model represent tissue
parcels rather than actual cells. Since computing a high number of individual cells is computationally
costly, most mathematical models reduce tissue resolution, i.e. cell number. The question is to
what extent such a simplification affects the biomechanical realism of the processes we attempt to
understand. There are further important differences between cells in the model and in real tissues.
Apart from gene product diffusion and simplified growth as well as growth-induced cell-cell pushing,
there are no further cell interactions in the model. The cells in the model also lack most of the
biomechanical properties real cells or tissues possess. Indeed, all these aspects that distinguish real
cells and tissue portions from the simplified “cells” in the model seem not to be required to explain
large-scale tissue patterning. The dynamics of reaction-diffusion systems work both on coarser and
more fine-grained grid resolutions. Enabling cells to move in all directions or permitting adaptive cell
shape changes would, presumably, not change the way anomalies are produced: by compromising the

43

diffusion space during carapacial growth. Independent of how naturally or realistically cells respond
to mechanical stresses [421, 422], shifting or compressing the carapacial tissue laterally will, overall,
lead to a restriction of the diffusion space and, thus, reproduce anomalies at least coarsely. However,
it is probable that more natural tissue biomechanics might let scute anomalies appear even more
realistic. This means that these model limitations do not prevent us from reproducing many major
aspects of turtle scute development, but exclude reproduction of smaller-scale variation such as
antero-posterior shape differences between scutes within the carapace. Since cells in the model are
not able to undergo morphological deformations and can only be displaced in four directions, there
are aspects of phenotypic variation, such as elongated or unusually shaped scutes, that cannot be
modelled by the turtle scute model. Cells capable of actively or passively moving into all directions
would also allow for more realistic tissue deformations, which might be necessary to explain better
the interactions between environmental stresses and development.
In real cell divisions, daughter cells can be placed in various directions with respect to their
mother cell, although these directions may be statistically biased by cell polarization. In the model,
cell division is modelled as the addition of a new “cell” at the carapacial midline, while its sister
cell as well as all cells between this one and the outer fringe of the carapace are shifted laterally,
towards the outer carapacial margins (i.e. to the left or right). In natural tissues, cell divisions
will usually introduce isotropic mechanical pressure in the surrounding cells that, by relaxation,
may ultimately lead to a displacement of these as well as more distant cells, but in a different way
than in the model: The way pressurized tissue relaxes depends on all the biomechanical properties
(cell shapes, cell densities, epithelial cell junctions, stiffness, surface tension, cell polarizations,
intracellular distributions of structural proteins, etc. [423, 424, 425, 422]) of the developing tissue
as well as their changes during development, and cells surrounding a dividing cell are more affected
than more distant cells. In addition, cells adapt actively to sustained mechanical stresses, for
instance by modifying their structural proteins to become stiffer towards the direction of stress,
by changing cell polarizations, by local repositioning of the cells [425, 426, 427] or by reducing
or increasing the number of cells, which can occur by contact-mediated cell cycle inhibition or
apoptosis (also called aniokis) [428, 429]. Density-dependent decrease or increase of cells and cell
divisions might be a common feature in epithelia [430] and mesenchymal tissues [431] in order
to maintain tissue homeostasis. However, since we observe a fast lateral outgrowth during the
carapacial development, it makes sense to assume that cell divisions will, at least in sum, result in
a lateral increase of tissue. In addition, we assume that growth takes place mainly in the central
region of the carapace (the midline in our model). This assumption was introduced ad hoc, because
there is no data about where within the developing carapace cell divisions occur. Although it is
more likely that growth takes place all over the carapace, shifting entire rows in the model from
the midline has one important advantage: Any cell division affects all cells within a given cell row
and leads therefore to the same amount of movement per time in all places (cells) of the cell row. If
cell divisions were implemented randomly throughout the entire model carapace, cells close to the
carapacial ridge would, statistically, be shifted more often than cells in the center of the carapace,
and tissue movements thereby be biased to the more peripheral regions of the carapace. Thus, I
believe that implementing cell divisions the way I decided to do is the most parsimonious manner
to implement it in the model, although alternative scenarios are not unlikely to be more realistic.
Also, as mentioned before, “cells” in the model are much larger than actual cells, which means that
the biomechanic effects of a single cell division in the model and in reality are hardly comparable.
Therefore, introducing more realistic cell divisions does not necessarily improve the realism of the
model, unless the cellular resolution of the carapacial tissue is increased, too. Nevertheless, it
could be argued that more realistic cell divisions, together with a higher tissue resolution, might be
necessary to account for all kinds of scute variation seen in turtles, as well as more realistic anomalies.
It would also allow study of how exactly different environmental stresses (such as mechanical stresses
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and high temperatures) affect scute development, by being able to affect single cells and different
aspects of cell division in more biological detail.
There are other important shortcomings. While the model reproduces qualitatively the precise
number and placement of scutes, it is not, without including additional assumptions, capable of
reproducing the elongated scute shapes seen in some species (substantially elongated vertebral
scutes can be seen in marine turtle species and elongated costal scutes occurred most blatantly
in several Triassic and Jurassic turtles, as reviewed in 1.2), although it faithfully reproduces the
shapes of more isotropic scute shapes as common in Trachemys. Note that it is not likely that any
parameter combination of the current scute model would be, even in theory, able to account for this
sort of variation, since the first reaction-diffusion system would form additional placodal signaling
centers, rather than forming elongated scutes, if additional space for diffusion was given. However,
there are additional mechanisms that could produce more diversity of scute shape, and, thus, might
account for more detailled scute shape variation: secondary lateral outgrowth of the carapace after
defining the scute outlines, individual elongation of the already formed scutes, changes of cell shape,
diffusion, or biomechanics (biasing the direction of signaling and growth) during development, fusion
of several placodes (unlikely), more complex GRN dynamics, limitation of the time window during
which new placodes are allowed to form despite continuing lateral growth, etc.. Some of these
hypotheses could be implemented easily in the model, whereas others would require substantial
changes to it, particularly the implementation of biomechanics and more explicit simulation of cells.
Testing them experimentally would have been very difficult and not possible within the temporal
scope of this thesis. Future studies, however, may continue addressing the shortcomings of the
current model.
Limitations also apply to the study of environmental causation of anomalies, which I have proposed to underlie much of the intraspecific variation observed in turtles. First of all, we conclude
both from correlations between environmental stress and anomaly frequencies, and from the phenotypic consequences of mechanical interfering with development in the model, that mechanical stress
causes the majority of anomalies in turtle scutes, but we do not know yet how exactly this happens.
In more explicit words, we have no detailed mechanistic model of how mechanical stress translates
into phenotypic deformations by affecting cells and tissues. Since we did not have, as described
above, an explicit implementation of cells and tissues in the turtle shell model, mechanical stress
had to be modelled in a rather coarse manner: by hemispheric changes of growth (magnitude and
direction) or explicit deformation of the grid representing the carapacial tissue. However, it is easy
to generate various hypotheses of how specific environmental factors could affect or damage cells or
induce them to undergo specific changes in their biomechanical properties. In order to test them
thoroughly, one would need to produce a predicted anomaly by experimentally interfering with development, for instance, by compressing or partly desiccating the developing embryo, in ovo. While
still difficult in experiment, a model that takes into account tissue biomechanics might already help
winnowing out some wrong hypotheses.
As discussed previously, one way to overcome a number of the mentioned limitations and to
advance mechanistic knowledge about scute development and its variation would be the implementation of cell and tissue biomechanics into an extended model of development that allows to connect
more levels of organismal organization, namely cellular, tissue and organ development dynamics.
Thus, we built a more general model of development, the EmbryoMaker, which is able to link gene
regulatory networks, realistic biomechanics and all cell behaviours described to act in animal development. Apart from enabling us to overcome limitations like the ones described above, such a
model framework can be used to address questions about morphogenesis in systems different from
the turtle carapace development. In the following, I briefly discuss in which ways the EmbryoMaker
can advance the study of carapacial development.
1) Whereas the limited way in which the current turtle model implements biomechanics and
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cell behaviours does not permit to explain the diversity of scute shapes, such as laterally elongated
scutes, EmbryoMaker could implement more realistic biomechanics of interacting cells without a
fixed grid and in 3D and implement some of the hypotheses listed above. It can represent both
epithelial and mesenchymal cells as a number of connected nodes in 3D, thus accounting for a large
number of different cell shapes and tissues with different biomechanical properties. We chose to build
this model based on Newman’s subcellular element representation of cells [401], because this permits
to include cellular details ad libitum and because replacing the static grid of a cellular automaton
by nodes interacting freely in 3D is necessary to simulate realistic tissue shapes and shape transformations. Mechanical forces are calculated between interacting cell portions (nodes) and can result
both from endogenous (e.g. expression changes of structural proteins or cell divisions) or exogenous
(e.g. mechanical pressures exerted onto the tissue) causes. Differences in biomechanical properties,
such as surface tension or cell compressibility are implemented as well. Thus, EmbryoMaker allows
cells and tissues to respond to all sorts of stresses that occur during development in all ways that
natural tissues do. In a similar way, EmbryoMaker accounts for polarized and non-polarized cell
divisions that occur in natural tissues. Mechanical tissue feedback (such as density-dependent cell
cycle inhibitions) can be implemented as well. Thus, EmbryoMaker can implement very different
scenarios of realistic tissue growth, which might be a particularly important limitation of the current
model. Together with realistic cell shapes and biomechanics, EmbryoMaker permits to address all
of the previously mentioned hypotheses that may explain the differences between scute shapes.
2) With EmbryoMaker, the development of the carapacial scute patterns could be embedded
easily into the wider context of carapacial development. For instance, we could model earlier
developmental stages [75, 71] during which lateral outgrowth of ribs is coupled to the development
of the carapacial ridge. This could be important in order to study deforming effects of environmental
effects on carapacial development.
3) EmbryoMaker can give mechanistic insight in how specific environmental stress (mechanical
compression, desiccation, high temperatures, local necroses) impact tissue morphogenesis. As previously discussed, the interaction of dynamic changes of tissue shape and developmental signaling
can produce highly unintuitive phenotypic outcomes. During development, environmental noise
might be buffered, amplified, or direct development into a different direction [271]. Using a model
explicitly combining cell-cell signaling and tissue morphogenesis based on realistic cell and tissue
biomechanics can help answering those questions and, thus, bridging the gap in our understanding of how environmental stress will affect tissue morphogenesis and thereby produce phenotypic
anomalies.
5.1.2

Caveats due to limited data

There are aspects of the biological processes involved in turtle scute development and the developmental origins of variation that we cannot understand because the data as well as the scope of
biological insight we have about them is limited.
The distinction between epithelium and mesenchyme has not been implemented into the model,
because we do not know much yet about the distinct contributions of both tissue compartments in
scute formation, apart from the fact that some of the signaling proteins which are likely involved
in the reaction-diffusion dynamics localize only in the epidermis, mesenchyme or in both of them.
In the development of other ectodermal appendages (such as tooth, hair and feather morphogenesis
[229, 432, 433], the distinctive crosstalk between the different tissue compartments has been shown
to play important roles. It appears to be indispensable to explaining the emergence of inductive
prepatterns (e.g. the morphogenesis of the carapacial ridge through guidance of the growing ribs)
and later morphogenetic events (the particular events that give rise to the shape of the tooth
cusp or epithelial folding and mesenchymal condensations in feather buds, hair follicles and scales).
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The distinctive placement of the ectodermal organs, however, (hair, feather bud primordia, tooth
cusps) can be modelled without explicit tissue compartment distinction. This does not mean that
epithelial-mesencymal are not involved, but that our particular hypothesis of pattern formation,
namely the placement of primordia, is not strictly dependent on their distinction. In fact, it does
not matter for the dynamics of the model if the reaction-diffusion system involves signaling in
different, but adjacent and interacting tissue compartments. Thus, I decided not to include the
dermal-epidermal distinction in the turtle scute development model either.
During animal development, different cell behaviours, such as cell divisions, apoptosis, changes
in cell adhesion and cytoskeleton that lead to cell shape changes and cell migration, cell polarization,
apoptosis and secretion of extracellular matrix, interact in various manners [297]. In this model, we
only include growth. Yet, some experimental data suggest that some other cell behaviours might be
involved in scute development. Immigration of neural crest cells has mainly be documented for the
plastron and only to a very limited extent to carapacial development (namely, the nuchal scute(s))
[66, 434]. There is evidence that both scute epithelium and mesenchyme undergo morphological
changes (shape changes in epithelial cells that lead, e.g. to invaginations around the scute borders,
mesenchymal condensation [435, 69]), but these changes affect either very late stages of scute development or, in the case of dermal condensations, do not determine the positions or the approximate
shapes of the scutes. Taken together, there is, to my knowledge, no sufficient experimental evidence
that cell behaviours other than growth play a crucial role in those stages of carapacial scute development that I focused on. In addition, the fact that the model does reproduce scute development
sufficiently well, suggests that growth, but not further cell behaviours, play a dominant role in scute
development, at least in Trachemys scripta.
As detailled in 1.7, gene product interactions can take place as transcriptional, receptor-ligand,
catalytic or various kinds of posttranslational interactions. Since we model all genetic interactions
using the same kind of partial differential equations (i.e. we only change coefficient values in the
equations, rather than the equations themselves or the exponent of the term calculating concentration change by genetic interaction), we might not encompass sufficiently well the different interaction
kinetics that different gene product interactions show. In addition, there is no distinction between
nucleus, cytosol, cell membranes and extracellular matrix. However, our knowledge about the particular dynamics of molecular signals in the developing carapace is very limited. Also, the use of
partial differential equations is a standard method to represent the interaction dynamics of gene
products which has been implemented in a multitude of models (see 1.9).
There is also very limited knowledge about the different time scales of signaling, gene product
interactions and tissue growth. In addition, and as stated before, the size of “cells” in the model is
different from cell sizes in real tissues. We determined the model parameters which indirectly define
those time scales (gene product interaction strengths, diffusion rates, growth rates) by parameter
screening and qualitative comparison of the sequence of patterning stages in the in silico development with the in situ patterns observed in developmental stages in real turtle embryos. This means
that even if the particular time and space scales substantially differ from the ones in real development, we identified parameters that ensured overall similarity between turtle scute development in
silico and in vivo.
One important question is whether, and to what extent, very different mechanisms could give rise
to the same pattern. Evidence points quite clearly to reaction-diffusion systems as the mechanism
inducing and shaping the turtle scute pattern. The fact that new scute primordial spots appear on
the developing carapace (evidenced by in-situ hybridization experiments at different developmental
stages, see Contributed publication I) as the tissue expands or changes shape due to mechanical
stresses is a typical feature of reaction-diffusion systems, because the distance between maxima
of signaling molecule concentration is constant for each given reaction-diffusion system and, thus,
adding space between existing activator maxima will create space for additional maxima in between
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[136, 138, 135]. Also, the travelling waves that, in subsequent stages, initiate from the placodes to
delimit the outlines of the future scutes are a typical phenomenon that can be produced by reactiondiffusion mechanisms, although it might arise by different mechanisms as well. Another argument
in favour of the proposed role of reaction-diffusion systems in turtle scute development is the strong
evidence for the action of reaction-diffusion systems in virtually all periodic ectodermal appendages
in which developmental studies have been conducted (see 1.6). However, it is possible that the
actual gene regulatory network underlying the reaction-diffusion dynamics that act in turtle scute
development is substantially different from the one used in the model. Substrate-depletion models,
a subclass of reaction-diffusion systems, can produce patterns very similar to activator-inhibitor
systems ([131, 115], even in the particular case of turtle scute outlines pattern, H. Meinhardt,
oral communication), and they are equally parsimonious. We could identify Shh as behaving like
an activator, and Fgf4 as behaving like an inhibitor, but these signaling molecules’ roles could
probably be reformulated within the framework of a substrate-depletion model. Ultimately, we do
not have enough experimental data to reconstruct how exactly these signaling molecules interact
and therefore cannot rule out either of the two options discussed. Yet, we decided to focus on the
more classic activator-inhibitor system, since this model has been successfully used to model hair
and feather follicle placement as well as tooth development.
One of the most important limitations during my studies has been the scarcity of data about
most of the aspects of development listed above. Turtles are a rather cumbersome model organism
and gathering detailed knowledge about turtle development takes time (turtles are slowly developing organisms and seasonal breeders) and, compared with classic model organisms of developmental
biology, relatively few studies have been conducted. Even more difficult, or barely possible, are
developmental experiments in the few marine species with divergent scute patterns, as most sea
turtle species are endangered and, therefore, strictly protected. Many conclusions of our studies
would have benefited from experimental testing, but this was often not possible for the reasons explained. Despite the clear limitations imposed by the biology and protective status of the animals
themselves, however, the model results are, according to our judgement, intriguingly close in line
with real turtle development. This is not only the case for regular turtle development, the model
also reproduced experiments in which we interfered with the paracrine signaling (by placement of
beads soaked with those molecules or their inhibitors), as well as inter- and intraspecific variation
qualitatively. The number of different experiments reproduced in silico suggests that we indeed
included the crucial processes into the model, while omitting the less important ones for the development of scutal patterning. It also renders it less likely that our assumptions simply reproduce
turtle scute development by accident, because in that case, we would expect it to have failed in at
least some of those validation experiments.

5.2

Classification of the turtle scute pattern development and implications for
variation

Several periodic ectodermal appendages have been shown to be patterned by reaction-diffusion
systems 1.6. Therefore, I suggested that this should also be the case in the development of the
carapacial scute pattern of the turtles. More concretely, I hypothesized that the scute pattern
could develop by two coupled reaction-diffusion systems in a coupled two-step process. In the first
step, the inhibitor would diffuse much faster than its activator, producing an array of regularly
spaced spots (i.e. a Turing pattern), while in the second step, the activator would diffuse faster
than its inhibitor, giving rise to travelling waves. These waves collide and thereby determine, in
a semi-stable manner, the future scute boundaries. In addition, outward growth of the carapacial
tissue, taking place simultaneously with the signaling, is crucial for this specific development. In
Contributed Publication I we demonstrate by an intertwined series of in vitro and in silico experi-
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ments that a model based on our hypothesis can reproduce observed development and even propose
candidate genes whose products might act, directly or indirectly, as activator or inhibitor. Such
a patterning mechanism can be classified as an emergent, but hierarchically structured patterning
process [120, 114] (i.e. different emergent subprocesses have a clear temporal sequence) which is,
due to the temporal coincidence with carapacial morphogenesis, slightly morphodynamic [297]. This
classification comes with a set of expectations with respect to phenotypic variation, since authors
like Isaac Salazar-Ciudad [298] predict different types of development to be associated with different
variational patterns.
First, emergent and morphodynamic mechanisms are expected to produce more, rather complex
and non-gradual variation than hierarchical and morphostatic mechanisms. Indeed, some of the
most manifest variation observed in turtle carapaces tends to be non-gradual: the occurrence of
additional scutes or the fusion of existing scutes. Usually, there are no intermediates: either do
scutes split or they do not (nevertheless, a few instances of half-split scutes have been reported).
Other sorts of variation, however, are perfectly gradual: Additional scutes can occur in all possible
sizes. Once the vertebral scute series has split up in more than one single scute, zigzag patterns
in the vertebral scute series occur in all degrees of severity (slight offset up to 50% offset between
vertebral scutes) and the severity of this zigzag pattern may vary antero-posteriorly throughout the
vertebral scute series. Also, there is a lot of variation of scute size and shape between numerically
stereotypical scute patterns. Since I mainly focused on numerical variation, non-numerical, gradual,
scute shape variation has not been studied much within the scope of this thesis. However, it is not
straightforward to determine the actual degree of non-graduality or discontinuity of scute variation
and to what extent it results from the emergent patterning mechanism. To assess this, we would
need to be able to compare the extent of turtle scute variation with the variation produced by a
hypothetical alternative, fully hierarchical pattern mechanism, which we do not have. While stripes
can be easily produced by hierarchical mechanisms, the same is not true for regular spot patterns,
which restricts the range of potential mechanisms that could possibly produce the turtle scute
patterning. The hierarchical arrangement of the two reaction-diffusion systems also ensures that
variation generated by the first RD system does not become amplified by the second RD system,
which would be likely to happen if (a) there was any regulatory feedback between the two RD
systems or if (b) they were acting simultaneously. In the latter case (b), travelling waves from the
developmentally earlier arising costal scute placodes might interfer with the later arising vertebral
scute placodes, leading to very different scute sizes. In the former case (a), positive feedback
between the two reaction-diffusion systems might easily lead to rounds of noise amplification [436].
Unlike many hierarchical patterning mechanisms, RD systems do not depend much on the precise
initial conditions [437, 438]. Indeed, modifications of the inductive pattern typically consisting of
12 regularly arranged spots along the carapacial ridges in the model do not have any substantial
effect on the resulting scute primordia pattern, as long as they are not too extreme. The reason for
this is that, in patterns produced by RD systems, the initial conditions mainly serve to break the
symmetry, while the RD dynamics produce the periodic pattern in a self-organizing manner. This
is most likely also the reason why experimental ablations of parts of the carapacial ridge does not
lead to even partial absence of vertebral and costal scutes [77].
Second, scute pattern development is a morphodynamic process, as patterning and growth cooccur simultaneously. As discussed in previous chapters, it has been argued that [8] morphodynamic
processes often amplify developmental noise and are likely to produce non-gradual and large-scale
variation (see 1.10). In the model, non-linear variation (such as the emergence of additional placodal spots) arises by compromising the diffusion space in the developing carapace, as it happens by
growth defects or mechanical tissue deformations. Although this would also be true if mechanical
stresses did affect the patterning without concomitant growth (i.e. in a hypothetical alternative
morphostatic turtle scute development), it is likely that there is some amplification of the develop49

mental noise by growth. Particularly, the fact that anomalies tend to occur more often within the
vertebral scute series than anywhere else in the carapace is linked to the morphodynamic patterning process: The correct placement of the vertebral scute primordia depends on the synchronized
arrival of signaling molecules from both sides of the carapacial ridge. If biases, either temporal or
spatial, occur in either side of the carapace costal scute primordia might still form in the correct
places, but the vertebral scutes might not develop symmetrically or fail to fuse later. A selection of
such scenarios is schematically depicted in 5.3. Since the space where vertebral scutes are going to
form opens up during carapacial growth, any global or local growth anomaly (delay, acceleration,
directional bias) will affect the vertebral scute series and become amplified, but will hardly affect
the costal series. Although this bias exists even in the hypothetical morphostatic case, it is amplified
in morphodynamic developments, because then, misfits between the vertebral scute primordia can
result from both spatial and temporal signaling asymmetries. If development was morphostatic,
temporal noise would not matter much. On the other hand, growth occurs rather slowly (as compared to the GRN dynamics) and, thus, its impact on noise amplification might be moderate. Also,
there is no feedback between signaling and growth, which explains why we do not see any extreme
variation that might be expected in highly morphodynamic developments.
Taken together, the hierarchical arrangement of the two RD systems as well as the rather low rate
of concomitant growth contribute to an overall reduction of high variation, which would otherwise
be expected in a morphodynamic development involving emergent patterning mechanisms. This is
in line with the overall high robustness of the turtle carapace scute pattern. Yet, the concomitant
growth might contribute to a higher frequency of anomalies and explains the higher frequency of
anomalies in the vertebral than in the costal scutes.

5.3

The carapacial ridge as a developmental organizer

One of the oldest key concepts in developmental biology is the concept of the organizer, coined by the
German embryologist Hans Spemann [439, 440, 441]. In a series of transplantation experiments,
Spemann and his student Hilde Mangold identified specific fields of cells as capable of inducing
subsequent development of an organ or body part in the surrounding embryonic tissue, using newt
embryos as a model organism [442]. Transplantation of, e.g. presumptive head organizer tissue into
a different part of the embryo would induce the development of an ectopic head. The organizer
tissue releases signaling molecules into the surrounding tissue, where they are bound by receptors
and induce morphogenetic changes. This also implies that, it such cases, the development of some
organs and body parts depend on the presence of inductive signals, but not on other developmental
processes in the remainder of the embryo. In this sense, such organ development can be considered
independent “modules” [443, 444].
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Figure 8.: Possible generation of scute anomalies by anomalous positioning of the Carapacial Ridge (CR) or mechanical stresses. In the schematics, only a part of the developing carapace is shown; purple spots denote the positions
of scute primordia after applying the change to the positioning of the CR or after applying mechanical stresses, black
lines in the plots on the right side the possible outlines of the scutes. Since the placement of the vertebral scute primordia depends on signaling coming from both the left and right CR, vertebral scutes show anomalies more frequently,
while costal scute primordia only depend on induction from one CR side, which reduces the amount of anomalies
in the costal scutes. In real developing turtle scutes, the ﬁnal scute pattern also depends on how diﬀerent parts of
the developing carapace change over developmental time, e.g. due to growth asymmetries or transient environmental
factors. On the right side, variation of scute placode placements is quantiﬁed in a number of Trachemys scripta embryos (n=14). Above, an example embryo at stage Y15 is shown, with white circles around scute primordia. Below,
ﬁlled circles show the average positions of vertebral and costal scute primordia, whose colors represent the measured
variation (1=highest variation). These circles are connected to smaller circles by grey whiskers, which represent the
individual scute primordia positions of all embryos used in the study. The data shows that higher variation in verebral
than costal scutes is already manifest in variation of the scute primordia positions during development.
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In the development of the turtle carapace, inductive signals have been proposed to emanate
from signaling centers along the carapacial ridge [75]. This is part of the hypothesis upon which I
constructed the model of turtle carapacial development and in line with the observation that the
costal scute primordia appear in development before the more central vertebral scute primordia,
suggesting a wave of inductive signals coming from the carapacial margins. In situ studies of scuteless softshell turtles (Pelodiscus) reveal that the carapacial ridge of this species does not show the
regular punctuate gene expression pattern that is seen in Trachemys (see Contributed Publication
I). Also, if the gene expression pattern in the carapacial ridge is prevented from forming in Trachemys through blocking of important signaling pathways, no scute primordia spots appear. These
experiments suggest that the expression of key signaling molecules in the carapacial ridge is required
for the development of scutes. Although it is not clear yet which particular signals originating from
the carapacial ridge are responsible for the induction of scute development, bead experiments (Contributed Publication I) revealed that additional Shh will cause the formation of additional scute
primordia, while additional Fgf4 will prevent scute primordia formation. Thus, the carapacial ridge
appears to act as an organizer of carapacial scute formation in the turtle. Yet, the absence of
signaling from the carapacial ridge does not prevent the formation and outgrowth of the carapace,
as evidenced by the softshell turtles; it prevents the formation of scutes and possibly interferes
with dermal ossification [435], since the carapace is present, but lacks the characteristic scute and
ossification patterns. Consequently, carapacial outgrowth is not part of the developmental module
induced by the carapacial ridge, but a developmental process largely independent from it. However,
unlike in the classic organizer studies, no grafting experiments have been conducted in order to test
if tissue from the carapacial ridge is also sufficient to induce subsequent scute development. It is
likely that the carapacial tissue flanked by the carapacial ridge, either the future carapacial tissue
itself or other underlying tissues such as the somitic mesenchyme, plays some active role in scute
development [28] and that the carapacial ridge can only act as an organizer in this very specific
tissue environment, but so far this is mere speculation. Thus, depending on the strictness of the definition of organizer used, the carapacial ridge can be classified as organizer or potential organizer (if
we demand a proof of sufficiency for induction, i.e. by grafting experiments) of scute development.
Even in the classic case of induction by an organizer, as described by Spemann, induction of development could only happen, because the organizer was transplanted into tissue that expressed the
correct proteins to be repressed (most importantly BMP4 [445]) by the signals emanating from the
organizer tissue. This suggests that induction usually involves a commitment of both inducer and
inducible tissue and that development usually depends on gene expression changes in all interacting
tissues. Elucidating the molecular signals by which the carapacial ridge induces reaction-diffusion
dynamics and subsequent steps of scute formation will be an aim of future studies.

5.4

Comparison between scutes and other ectodermal appendages from a developmental perspective

Turtle scutes count amongst ectodermal appendages, such as scales, feathers, hairs and teeth. Now
that our studies have elucidated some crucial mechanisms involved in turtle scute development,
we can compare it to the development of other ectodermal appendages. Since there are obvious
morphological differences between the different types of appendages, which most palpably come
from the secretion and morphogenesis of different keratins or other specialized ECM molecules, my
comparison will mainly focus on early developmental stages in which differences and commonalities
may be less clear.
One common feature shared between all ectodermal appendages is the involvement of both
epidermal and mesenchymal tissues in signaling which, by mutual crosstalk, leads to morphological
changes in both tissues. The signaling pathways involved in ectodermal appendage are largely
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conserved between hair, tooth and feather development: Shh, Fgf, BMP, Wnt, and Edar pathways,
with dynamical roles and localizations throughout different developmental stages. Although the
knowledge about turtle scute development is, in comparison to hair, tooth and feather development,
scarce, our study (and a few others [83, 75, 84, 74]) have shown that BMPs, Fgfs, Shh and EDAR
(Moustakas-Verho, unpublished) are dynamically expressed during scute development and that
some of them are critically important for it.
In the beginning of the turtle carapace development, Fgf signals induce the carapacial ridge in
a manner similar to the induction of limb buds [75, 76], involving epithelial-mesenchymal crosstalk
and mesenchymal condensation. The carapacial ridge will subsequently serve as an organizer of
turtle scute development. In the developing avian skin, Fgfs have been shown to be required for
feather bud induction [206], while in the developing odontogenic mesenchyme, they are responsible
for the specification of the part of oral tissue in which teeth will subsequently form, by inducing the
expression of specific transcription factors (Pax9,Lhx) [227]. If induced in avian jaw tissue, Fgf8 is
even capable of reinducing the development of an odontode (the tooth-forming tissue unit) leading
to the development of simple teeth [168, 166, 167]. Only in the turtle carapace, there is evidence
that the first source of the Fgf signal that will induce changes in the integument emanates from
an external mesenchymal structure (the ribs), while in other ectodermal appendages, its source lies
within the developing tissue itself, mainly in the epithelium. Fgf signaling is in all instances required
to induce the specification of the tissue that is going to give rise to ectodermal organs [446, 227, 206].
Unlike other organizers of integumental patterning, the carapacial ridge also induces changes to the
axial skeleton. Experiments have demonstrated that preventing Fgf signaling in the carapacial ridge
leads to an arrest of the rib outgrowth required for the further development of the carapace [75].
Thus, the carapacial ridge is responsable for both the formation of the carapace (which is the case in
all turtle species) and its integumental patterning (which is lost in softshell turtles and Dermochelys).
Subsequent roles of Fgfs consist in the induction of changes in the mesenchyme, usually by activating
or regulating BMPs, in order to form dermal condensations [204, 447, 222, 223]. This is the case
in hair, tooth and feather follicle formation. In the developing odontodes, Fgf signaling causes, in
addition, proliferation in both mesenchyme and epithelium [235]. So far, there is no experimental
proof for a comparable role of Fgfs in the turtle scute development, but the formation of dermal
condensation in the carapacial ridge, colocalizing with the expression of Fgf10, is at least suggestive
of this function [75, 85]. During later development, dermal condensation does play an important
role in the 3D morphogenesis of carapacial scutes [70, 69].
The carapacial ridge is a structure characteristic of and confined to turtle development. However,
development of the feather placodes on the dorsal trunk in chicken embryos appears to begin with
two lines parallel and adjacent to the dorsal midline laterally to which, in subsequent stages, further
feather primordia form, while the tissue grows, thus apparently resembling the induction of scute
primordia [127]. Like in the turtle embryo, induction of feather buds seems to proceed in a wavelike manner, albeit in the contrary direction (inside-out in avian feathers versus outside-in in the
turtle, in a similar manner as the appearance of chondrichthyian skin denticles [448]). However,
while the inductive signaling centers for integumental patterning along the carapacial ridge appear
to be patterned by the underlying ribs, nothing comparable has been described, to my knowledge,
for the incipient feather bud patterning. Nevertheless, it has been shown that signals from the
dermomyotome, such as Wnts, are crucial for the induction of appendage development in avian and
mammalian skin [449], suggesting a common inductive mechanism for skin appendage development
through signals from competent underlying somitic mesenchyme.
As described before, we detected a characteristic alternating expression pattern of BMP2, its
inhibitor Gremlin, and Shh within the carapacial ridge. Although the specific mutual interactions
between those factors have not been revealed yet, mutual repression is very likely to be involved.
Antagonistic interactions between Shh and BMP (although BMPs might also activate Shh expression
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[204, 450]) have been reported in teeth, hair and feather follicle development [191, 204, 451]. Shh
has been usually restricted to the epidermis, while both BMPs and Gremlin have been found
expressed in both dermis and epidermis, consistently in all the ectodermal organs considered in this
comparison. Interestingly, repression of Edar (Moustakas-Verho, unpublished) as well as Fgf4 leads
to a randomization of the regular pattern along the carapacial ridge as well as an overall reduction of
spots. Although there might be no structure homologue to the carapacial ridge in the development
of other ectodermal appendages, this pattern is at least strikingly reminiscent of the Tabby mutant
(a mutation in the Eda gene [176, 452]), which leads to a reduced and irregular dentition, a sparser
fur, plumage, or scale coverage [176, 186, 453]. In tooth development, increased Fgf signaling has
been reported to partially rescue Tabby phenotypes in mouse [454] and genes interacting with Fgf
signaling are involved in the formation of the rodent diastema [455], suggesting a link between Edar
and Fgf signaling. Mutagenesis experiments in zebrafish, in which several phenotypic malformations,
most prominently a defect in regular body scalation, reveal that the developmental roles of the Edar
pathway are indeed very conserved in vertebrates [456].
All ectodermal organs in our comparison have been suggested to involve reaction-diffusion dynamics [126, 127, 116, 450, 141, 448]. The signaling molecules involved are mainly BMPs and Shh,
but also Fgfs and Gremlin. Shh is usually expressed at the center of the periodic structures which
undergo morphogenetic change, i.e. the center of the feather buds [209], the place of hairbud ingrowth [457], the enamel knot in the odontode [235], and possibly changes of the epithelial cells in
or in the folds between developing turtle scutes where slightly invaginating epithelial cells form sulci
(i.e. in the places in which the traveling waves in the model collide), suggesting that the general
morphogenetic role of Shh might be twofold: defining the places of ectodermal appendage formation
by reaction-diffusion dynamics and regulating local morphogenesis (e.g. by inducing morphological
changes and growth in the epithelium). High concentrations of BMPs, in general, inhibit proliferation [458, 233, 459]. In the turtle carapace development, Shh and BMPs are expressed together in
the spots in which scute primordia form (although not completely overlapping, suggesting mutually antagonistic behaviour), while Gremlin is expressed circumferentially around these spots. This
suggests that Shh and BMPs are indeed crucially involved in the reaction-diffusion dynamics and
that Shh expression might induce tissue proliferation and scute morphogenesis. Since placing a
bead coated in Fgf4 into the developing carapace prevents the formation of scute primordia locally,
which is in line with increased inhibitor production in a reaction-diffusion model, Fgf4 might play
an important role inside the reaction-diffusion system. On the other hand, adding Shh protein to
the developing carapacial tissue leads to the formation of additional scute primordia, suggesting
an activator role for Shh. In the developing bird plumage, adding BMP4 by bead implantation
gives rise to an inhibitory zone around the bead [204], while Fgf4 increases the number of feather
primordia and causes them to fuse. Shh appears to act as an activator, like in the turtle. This
suggests that the role of Fgf4 in turtle scute and feather bud development might be contrary, while
BMP4 in the feather bud appears to have an analogue role to Fgf4 in the turtle scute. In the
developing tooth, BMPs have been suggested to act as an activator in the reaction-diffusion system,
whereas Shh and Fgfs to act as inhibitors [450]. In the hair follicle, different signaling molecules,
Dkk and Wnt have been named as being mainly responsible for the reaction-diffusion dynamics
[126] which lead to a regular spacing of hair follicles. Taken together, although the molecules that
create reaction-diffusion dynamics by interacting are the same in feather bud, tooth and turtle scute
primordia formation, their particular roles within the reaction-diffusion systems may be remarkably
different.
Interestingly, scute morphogenesis involves a second round of activator-inhibitor dynamics, this
time not producing stable patterns, but a transient travelling wave. Again, Shh and BMPs are
expressed dynamically in this wave-like manner, until these waves collide and form the future
scute outlines, suggesting that at least some of the molecules involved in the first reaction-diffusion
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system are part of this second reaction-diffusion system as well. Several rounds of reaction-diffusion
dynamics are also involved in feather, and, to some extent, in tooth and hair development. In feather
development, the Shh expression centers in the epithelium of the feather buds form longitudinal
stripes while the feather buds elongate. These longitudinal stripes induce the formation of rugae
and valleys that deepen in a progressive manner, and, ultimately, give rise to the delicate feather
branches. Harris et al. [214] demonstrated that this process can be explained by a reaction-diffusion
system involving Shh and BMP. During the development of complex teeth (such as molars), primary
enamel knots may give rise to secondary enamel knots, while the tissue proliferates, to ultimately
define the position of the tooth cusps [235]. However, this apparent two-step process is not based
on two different reaction-diffusion systems, but a splitting of spots due to an increasing diffusion
space. Similarly, the placement of hair placodes proceeds, as previously explained, in two rounds of
activation [141, 140]. Also in this case, both “rounds” are probably due to the very same reactiondiffusion system acting over a longer time in a growing tissue. Interestingly, a recent study found
evidence for a transition between travelling waves and Turing pattern during the establishment of
tooth prepatterns [145], but in this case, the travelling waves phase does not appear to give rise
to any spatially distinct pattern. Thus, the sequence of two reaction-diffusion systems acting in
scute development has mainly similarities with the development of feathers, in which two distinct
reaction-diffusion systems act sequentially. Yet, the morphogenetic events that are patterned by
them are completely different: While the second reaction-diffusion system leads in avian feathers to
a longitudinal fine subdivision of the growing buds, involving Turing patterning, it leads in turtle
scute development to the formation of the 3D scute shape by a travelling wave, potentially inducing
morphogenetic changes in the cells within and between scutes. Finally, the patterning of the tissues
that give rise to the different ectodermal organs also involves the expression of structural and
extracellular matrix proteins that will define the mechanical properties and the specific functions
of the different ectodermal organs. In the case of the turtle carapace, this is a firm keratinization
(β-keratins) which increases the protective function of the carapace. Keratins are also expressed
in the feather and hair placodes (although the keratins involved in hair formation are different, as
explained in 1.6), while the odontode gives rise to cells secreting dentin and enamel. Thus, one of
the reasons why ectodermal organs might have become so successful in evolution is the versatility
of keratins as well as the option of secreting different hard biomaterials, assuming very different
mechanical properties and, thus, allowing for a multitude of different functions.
Taken together, the development of carapacial scutes has many commonalities with the development of different ectodermal organs. These commonalities lie in the signaling pathways involved
and their particular roles, the basic structure of development, with inductive signaling and one or
two stages of reaction-diffusion dynamics, some specific morphogenetic events in epithelium and
mesenchyme, including dermal condensations, ectodermal proliferations and foldings, and multiple
rounds of epidermal-mesenchymal crosstalk. Differences consist in the particular structure of the
reaction-diffusion systems: Although the same molecular pathways are involved, the role of each
of them appears to differ. In some ectodermal appendages, such as turtle scutes and feathers, two
different reaction-diffusion systems are involved. While the first one leads to a regular distribution of placodes, similar in most ectodermal organ developments, the second orchestrates a very
different morphogenesis linked to the future function of the appendage (which is sometimes called
“secondary induction”). Thus, while the core inductive events and patterning processes are conserved between different ectodermal organs, it is the subsequent morphogenetic processes that are
mainly responsible for the crucial differences between them.
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Table 1: Comparison between different ectodermal appendages.
Feature
Inductive
signal

Mammalian Hairs
Wnt [460]

Teeth
BMP4,
Fgfs[227, 461],
Wnt[462, 463]
odontogenic
mesenchyme,
regular spacing of
future odontodes

Feathers
b-Cat[205],
Fgfs[446, 213]

Scutes
Fgfs [75], Wnt
[29]

Prepattern

none, tooth
primordia form
more or less
simultaneously in
wider area,
induced by somitic
mesenchyme

signal from dorsal
midline[464],
induced by somitic
mesenchyme [449]

carapacial
ridge, induced
from ribs (i.e.
somitic
mesenchyme)
[75]

Mesenchymal
Condensation

dermal papilla
formation by Shh
from Epidermis
[465, 457].
proliferation and
ingrowth into
dermal
mesenchyme

mesenchymal
condensation
induced by Msx1
[466]
proliferation
outside Enamel
Knot, folds give
rise to cusps

by BMP
interactions
[464, 467]

underneath the
scute epidermis
[77, 70]

proliferation leads
to evagination,
elongation and
subsequent feather
morphogenesis,
induced by
Shh[209]
BMP –| Fgf, Shh
[204]

ingrowth at
the scute
borders
[468, 54]

Reactiondiffusion
system

Dkk –| Wnt [141]

Sostdc1, Shh –|
Wnt, Act
[410],[469]

Primordial
pattern

salt-and-pepper
pattern, spacing
regular. Addition
of secondary
placodes that may
be morphologically
different [140]
primary, secondary
hair follicle
formation, hair
morphogenesis

diverse cusp
formulae, species
dependent

regularly
hexagonal

odontode
patterning,
primary enamel
knot, secondary
enamel knots,
enamel/dentin
secretion

placode formation,
feather bud
outgrowth, feather
morphogenesis

Bilateral
Symmetry/
AP polarity

PCP in nascent
hair follicles

[470]

AP polarity often
compromised,
functional
constraints [471]

specialized
ECM
Wnts

α-Keratins

Enamel, Dentin

AP polarity by
Shh-BMP
antagonism, Wnt-7
dependence[209,
210]
β-Keratins

required for
induction
[221, 472, 460],
and spacing [141]
of placodal
pattern,
maintenance of
inductive signals
from the dermal
papilla [473].
Sustained activity
disrupts hair shaft
morphogenesis
[474]

induction of
odontogenic tissue
[462], tooth
renewal [475],
maintenance of
secondary enamel
knot
morphogenesis
[476]

[449]

Epithelial
proliferation

Developmental
Stages
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Induction of
feather follicle
fate[212], feather
bud AP
asymmetry [210]

proposed: Fgf4
–| Shh, BMPs
might be
involved
regularly
hexagonal,
influenced by
growth

prepattern
formation in
the CR,
primordia
placement,
scute growth
and final
morphogensis
AP polarity
presumably by
Shh-BMP
antagonism
β-Keratins
Induction of
CR [29] ,
interference
leads to similar
phenotypes as
EDAR
pathway:sparse
or absent CR
prepattern.

Feature
Epithelialmesenchymal
interactions

Mammalian Hairs
several inductive
events:
Mesenchymal
activation by
Epidermal Wnts;
induction and
proliferation of
placode in
epidermis by
mesnechymal
signals that are
induced by
epidermal Shh;
epidermal signals
required for
dermal
proliferation and
condensation
[477, 432]

Teeth
several inductive
events:
odontogenic
mesenchyme and
BMP expression
induced by signals
from epithelium;
odontogenic
mesenchyme
induces placode in
epithelium;
placode signals to
induce
mesenchymal
condensation;
enamel knot
induced by
mesenchymal
BMP; enamle knot
affects
proliferation in
epithelium and
mesenchyme
[478, 229]

Feathers
several inductive
events: Induction
of mesenchymal
condensation by
epithelial Shh;
placode formation
in epithelium
induced by
mesenchymal
signals; placode
signals back and
induces gene
expression in
mesenchyme; Shh
in the epidermis
induces
proliferation in
mesenchyme and
epithelium
[216, 433, 208]

Shh

activated by β-Cat
[472], Hair follicle
morphogenesis:
epithelial
ingrowth[465],
formation of
dermal papilla
[465, 457]

Induction
mesenchymal
condensation [208],
cell death [208],
feather bud
elongation [481],
patterning of barb
ridge structures
[481] AP polarity
of feather buds
[209]

Fgfs

control of cell
cycle[482]

BMPs

induced by b-Cat
[472, 474], with
noggin: induction
of secondary hair
follicle[483, 484],
hair follicle
suppressor
[485, 458],
orchestrates tissue
interactions [477]
interfering: sparse
hair [176].
Increase: hair
clusters without
interplacodal
space[489].
Refinement of
pattern established
by Wnt [221]

Marker of
presumptive dental
epithelium [463],
tooth cusp
patterning
[410, 462, 479],
tooth size
regulation
(possibly by
restricting the area
of the enamel
knot) and control
of epithelial
invagination [479],
Regulation of
Epithelial cell
survival [480]
induction of
odontode and
definition of its
area[227, 455],
proliferative signal
from enamel knot
[235, 231]
BMP4: restriction
area of
presumptive
odontode [486],
secondary
mesenchymalepithelial
induction[487]
interfering:
irregularly spaced,
sparser teeth,
simpler cusp
patterns[490]

Edar
pathway
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Scutes
proposed by
comparison with
other ectodermal
appendages and
for development of
CR[70]; proposed
in this thesis: Fgf
signaling in
mesenchyme
induces prepattern
in CR mesenchyme
and epithelium,
which leads to
patterning of the
carapace.
Signaling between
mesenchymal
condensate and
scute placodes has
to be elucidated.
Reduction of
dermal ossification
in soft-shell turtles
suggests
epidermal-dermal
signal is required
for dermal
ossification.
AP polarity of
scutes, in
opposition with
BMP, possible role
(with BMP) in the
induction of the
scute margine
ingrowth

Feather bud
induction
[206, 446]

Expressed in the
CR [76], Induction
of CR [75],
patterning of scute
primordia

feather bud fate
inhibition [488],
feather bud
placement [204]
and barb ridge
structure
patterning with
Shh [209]

CR patterning
together with Shh,
ossification of the
mesenchyme [84]

interfering: sparser
plumage [178, 453],
increase: placode
fusions [453, 178]

interfering:
irregular, sparse
prepattern on CR

5.5

Interspecific variation of turtle scutation

Most variation between turtle species is subtle and lies merely in differences in shape and relative
sizes of the different carapacial scutes. While in some species, vertebral scutes tend to be larger than
costal ones (e.g. many Graptemys species), the opposite is true for others (most marine turtles) and
there is substantial diversity even within species (including Trachemys scripta used in my studies).
However, as already discussed before, such variation cannot be simulated with the current model
of scute pattern development. The reason is that reaction-diffusion systems, which I propose as
the main mechanism in scute patterning, will position the activator maxima that will give rise to
scute primordia equidistantly. This, in the case of turtle scutes, leads necessarily to equally sized
scutes. Thus, the spacing of periodic ectodermal appendages, such as hair, plumage and scales in
Squamata, is usually quite homogenous. Yet, there are mechanisms that can give rise to differences
in size and spacing of periodic structures within the same organism. Such differences are often due to
heterogeneity in tissue growth between different parts of the tissue area to be patterned by reactiondiffusion dynamics. Very importantly, the timing of growth matters. If the tissue area grows while
tissue patterning by reaction-diffusion dynamics is still ongoing, either do existing activator maxima
split, become displaced, or new maxima will form in between existing ones [491]. Which of these
scenarios will take place mainly depends on the particular reaction-diffusion system, but also on
the particular growth dynamics. For instance, Kondo [138] reported that in some species of tropical
fish, an alternating integumental pattern of thick and thin stripes is formed in two steps: First, the
thick stripes appear by reaction-diffusion dynamics. Subsequently, the tissue grows, leaving enough
space in between two thick stripes for another, slimmer stripe to form in between. Splitting stripes
have been described in the development of palatal rugae [137] and suggested for the development
of distal limb bones [144, 492], and lung branching [493, 494].
If tissue growth mainly occurs after the patterning by reaction-diffusion dynamics has completed,
individual appendages in different places that originated as part of the same regular pattern can
assume substantially different sizes. The fact that the scute primordial pattern is already established
in mid-development (around Y18 [419]), before the carapace has undergone most of its outgrowth,
implies that different growth schemes in later turtle development are likely to cause phenotypic
differences, both within and between individuals. Distally elongated scutes could be produced by
increased or prolonged lateral growth within the area of those scutes, or by changes in the cell size
or shape. In general, shape differences between scutes within the carapace might imply different
growth rates or growth timing in different parts of the carapace. Alternatively, different scute
shapes could also result from biases in the diffusion field by locally impaired diffusion (e.g. by local
differences in the expression of structural proteins that may hamper diffusion), by local expression
of proteins that interfere with the reaction diffusion dynamics (e.g. [144]) or by local differences in
tissue bending. The latter could happen if the developing carapacial tissue locally expands away
from the plane (forming a buckle or a depression perpendicularly to the carapace plane), thus
locally increasing the space diffusive signals have to travel across, if signaling takes place inside the
epithelium or relatively superficial layers of mesenchyme.
Some of these hypotheses about the origins of different scute shapes could be implemented in the
existing model, e.g. local growth biases, while most of them require explicit modelling of cell shapes
and mechanical properties, as well as more realistic cell divisions. This could be achieved with
the EmbryoMaker software. However, in order to address these hypotheses, we would also need
to gather experimental data about cell division patterns in the developing carapace at different
stages, which could be done e.g. by quantitative analysis of staged BRdU-stainings, as well as
histological data about cell shape changes during development. While some studies about the latter
exist [54, 59, 86, 495], including descriptions of mesenchymal condensations and epithelial cell shape
changes, the former still needs to be conducted. Furthermore, we need embryological data about the
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carapacial development of species with higher scute shape heterogeneity within the carapace, since
in the species mostly used in developmental studies, Trachemys scripta, vertebral and costal scutes
are of rather similar size (although substantially different scute size proportions have been observed
in individuals). Once those data have been collected, EmbryoMaker will prove a helpful tool to
decide about which hypothesis is best suited to explain the development of phenotypic differences
between scutes.
Interestingly, a large heterogeneity of scute sizes can be seen in marine turtles whose costal scutes
are expanded laterally at the expense of the vertebral scutes. One hypothesis which could explain
this pattern proposes a temporal shift between the timing of scute pattern formation and carapacial
outgrowth. If the patterning of scute primordia takes place almost entirely prior to the lateral
expansion of the carapace, pairs of vertebral primordia might fuse early due to insufficient space,
leading to very narrow vertebral scutes. If growth then mainly affects the area of the already formed
costal scute series, the typical phenotype of marine turtle carapaces may result readily. However,
since we do not have any embryological data, this hypothesis is, at best, highly speculative at the
moment, although heterochronic changes in development have already been proposed to be a major
mechanism in developmental evolution[496].
Interspecific variation that has been more amenable to the model is symmetrical numerical variation in scutes. This kind of variation only applies when comparing the normal turtle scute pattern
to certain marine turtle species, namely C.caretta and Leptochelys spp.. In the model, such variation can be produced in several ways, most easily by simple differences in length and size of the
tissue that will give rise to the carapace. By slightly (<20%) increasing or decreasing the carapacial
tissue area anteriorly and posteriorly, I was able to reproduce the numerical patterns found in the
aforementioned turtle species. It has to be disclaimed that the scute patterns generated this way
would look indeed closely reminiscent to the scute patterns of those species. Nevertheless, the scute
numbers and appoximate positions are very similar between real and in silico carapaces and further
differences are arguably due to scute shapes that are very different from T.scripta, which could only
be implemented in the model by adapting different growth schemes or even more realistic ways of
growth implementation. The finding that carapacial elongation can easily produce, in a symmetric
way, additional vertebral or costal scutes is in line with the visibly elongated carapace of Notochelys
platynota, a limnic turtle species with a high frequency of supernumerary vertebral scutes, as well
as with observations by Parker [343], who measured an altered length/width ratio in anomalous
turtle carapaces. Interestingly, all scute patterns that we considered in our study appear to occupy
different, partly disparate areas of the morphospace spanned by combinations of different amounts
of anterior or posterior carapace extensions or compressions. This is interesting for two reasons:
First, the particularly patchy and discoherent distribution of the scute formulae of marine turtle
species might explain why the divergent scute patterns of these species tend to show much more
numerical phenotypic variation than most other species [41, 38], since individuals of C.caretta and
Leptochelys spp. show both symmetrical and asymmetrical numerical scute aberrations much more
frequently than most terrestrial, limnic and marine species with the standard scute pattern. If the
area a specific phenotype occupies in the parameter space is small or disparate, it is likely that
subtle developmental variation will cause a phenotypic pattern transition. Second, the distribution
of different phenotypes in the morphospace is non-linear. This means that we do not see a simple
correlation between scute number and total length of the carapace, which one might have expected
by intuition: Increases in carapace length do not always lead to an increase in scute number, it is
sometimes even the opposite. Such a non-linearity might be a common feature of both emergent
patterning mechanisms and morphodynamic mechanisms [8]: The continuous impact of morphogenesis on signaling (and vice versa, although this does not appear to be the case in turtle scute pattern
development) in morphodynamic developments causes that small differences in early development
(the initial conditions in the model) will become amplified or reduced. In addition, emergent mech59

anisms are more likely to produce non-intuitive patterns (such as spots and stripes and transitions
between them) as they, unlike hierarchical mechanisms, feature feedback loops between the signaling
factors, which, again, lead to non-linear phenotypic responses to parameter variation [436].
In the case of turtle scute patterning, the placement of scutes, particularly the vertebral ones,
depends on where the waves of inductive signals, coming from both lateral sides of the carapacial
ridge, collide and how much space there is at the particular time of their confluence, as determined by
growth. It has to be emphasized that growth occurring simultaneously with the signaling creates
a time dependency for the patterning process which introduces another dimension in which the
collision of the travelling waves at the “right” spot might fail and, thus, makes it more likely that
small variations in earlier stages can give rise to large phenotypic variation. In other words, if
growth does not happen concomitantly with signaling, patterning anomalies will mainly be caused
by spatial variation, whereas, if growth and signaling co-occur simultaneously, anomalies can be
caused by spatial or temporal variation, making anomalies more likely to happen overall. Small
differences in carapacial size or timing can therefore cause scutes to divide or merge. In order
to give rise to the particular shape of the carapace in Trachemys, growth rates must be larger in
the center of the carapace than in the front and rear, and largest slightly anterior to the center.
Thus, a growth anomaly in the anterior part of the carapace might not produce the same number
of scutes as the same growth anomaly in the posterior part. In situ staining for genes that mark
scute primordia reveals that there is, indeed, a lot of variation in size, shape and proportions of the
developing carapace between individuals (although it cannot ruled out that a part of this variation
is due to the handling of the embryos in vitro) with the highest amount of variation in the anterior
mid-center of the carapace, exactly where tissue growth is supposed to be largest 5.3, in line with
our hypothesis and in silico observations 5.7. However, since the largest portion of the morphospace
of carapacial length appears to be occupied by the standard scute pattern, it can be assumed that
most of this carapacial size variation observed in real embryos will not give rise to anomalous scute
formulae in the adults.
Furthermore, several of the earliest turtle taxa (from the late Triassic and early Jurassic) displayed substantially different scute patterns. Specimens often show larger vertebral scutes than any
extant turtle species, while having costal scutes of very reduced size, and sometimes an additional
series of supramarginal scutes with a size rather in the range of marginal than of costal scutes (i.e
the opposite deviation from the standard scute pattern than in the marine turtles). Such a pattern
might be explained by a strong growth in the center of the carapace during an embryonic stage at
which the scute margins are already defined, while virtually inhibiting growth at the outer parts of
the carapace. Since the regular scute pattern is defined by a reaction-diffusion system, adding another scute series between the costal and marginal scutes is easily accomplished by either increasing
the diffusion space locally (i.e by growth in later developmental stages), or reducing the distances
at which scute primordia form, e.g. by differences in diffusion rates. Less parsimoniously, there
might have been a local expression of proteins interfering with the reaction-diffusion system in a
way that reduces the distance between activator maxima or reduces the diffusion of the travelling
waves. Another possibility is the splitting of marginal scutes that form from the signaling centers on
the carapacial ridge. Even in extant turtles, supramarginal scutes can be found as a rare anomaly,
probably due to an excess of diffusion space, in the same way as tiny additional scutes can sometimes be found between more central scutes if there is space for them. Which of the aforementioned
possibilities is really most likely to be responsible for the production of such additional scutelets
has to be tested in a more comprehensive model of scute formation, although a definitive answer,
as far the unique pattern of early turtles is concerned, will not be possible.
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5.6

A genetic origin of turtle scute anomalies?

We were not able to reproduce typical turtle scutes anomalies by systematically introducing genetic
mutations (i.e. changes in GRN topology, interaction strengths of activator and inhibitor, degradation and diffusion rates) in the present model. Since most anomalies observed in turtle carapaces are
asymmetric, based on my own and other authors’ observations [59, 86], and genetic changes would be
likely to affect development globally (i.e in the entire carapace) and almost always symmetrically, a
genetic explanation of asymmetric scute anomalies is highly unlikely to be true (also because asymmetrical anomalies occur equally often in the left and right carapacial hemisphere: mutations that
lead to left-right asymmetries tend to produce asymmetries consistently directed towards one side
[497]). However, genetic mutations could decrease “developmental stability”, a term that describes
how much noise affects development and the resulting phenotype. Developmental stability would
be considered low if a given turtle’s developmental trajectory would only require a small change in
order to induce a phenotypic shift. Note that this property can change as a result of genetic changes.
For instance, mutations might subtly increase the diffusion space in the developing carapace, e.g.
by increasing cell division rates, so that, while unperturbed development still produces the normal
phenotype, very small perturbations (such as slight growth asymmetries) would create just enough
space for a scute placode to split into two. In such a case, the anomaly itself would still be produced
by environmental noise, but genetic changes would permit this to happen much more frequently
and by much smaller environmental perturbations. As a result, anomalies would appear hereditary,
although the hereditary property would actually be the susceptibility to noise or “developmental
instability”. This might be the reason why some authors have suggested that anomalies in turtles
were hereditary and, therefore, at least partly genetic [321]. Thus, although we cannot completely
rule out that some turtle anomalies might be actually hereditary, our simulations suggest that, even
if some degree of heredity of scute anomalies was clearly proven, this would rather show heredity of
developmental stability, while the causation of anomalies would still be strongly environmental.
If anomalies can be linked to mutations that affect developmental susceptibility to noise in a
given population, those mutations might have accumulated due to bottleneck effects [261, 262, 263,
264, 265, 266], as such events increase the likelihood of deleterious mutations being passed on or to
become homozygotic (i.e. giving rise to an inbreeding depression). Such bottleneck effects, however,
might also have detrimental effects on other traits, increasing overall morbidity of the individual.
Alternatively, if the development of one particular organ is strongly affected by environment, this
could hint at other organs being affected by it as well. More concretely, if scute anomalies are visible
in some individuals, the development of other organs or body parts might have been compromised
too, as most genetic pathways and developmental mechanisms are pleiotropic and disturbing them
will rarely only affect one organ. In fact, many pathways important for scute development are also
involved in the development of many other organs and body parts. Note that this might be equally
true for both genetic and environmental causation of anomalies. Defects in other organs are also
likely to have more substantial relevance for the individual’s viability and survival probability. Some
authors found that hatchlings with scute anomalies tend to be smaller or slimmer than individuals
with the standard scutation [61]. In such a scenario, a reduced body size might on one hand cause
scutation anomalies by compromising the diffusion space of the signaling molecules producing the
scute pattern, and, on the other hand, reduce survival probability due to an overall weaker habitus.
Thus, it is very likely that selective disadvantages and carapacial anomalies might be correlated,
but not causally linked.
Furthermore, it is unclear if there are selective disadvantages for turtles with anomalous scutation. Clearly, many anomalous turtles survive into adult age, and, since the main function of the
carapace is protection and not integrity of the scute pattern, it is not evident why selection should
strongly disfavour those individuals. Extreme asymmetries in the carapace might compromise loco-
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motion, but as high agility is not the main survival strategy of turtles anyway, such a disadvantage
might arguably be of minor selective importance [345, 61]. Yet, the fact that the basic carapacial
pattern is so highly conserved amongst turtles may point to selective advantages of symmetrical
scute patterns, although this is not the only possible explanation. One possibility is that symmetrical carapaces are favoured in sexual selection. This is not completely implausible, given that scutes
are often decorated by ornamentations. So far, however, there is no experimental evidence for this.

5.7

Origins of intraspecific variation: Hypotheses revised

As discussed in 1.8, hypotheses about the processes causing the formation of anomalies have been
proposed for more than a century. One of the first hypotheses was Gadow’s orthogenesis [329], according to which morphologies would tend to develop towards a defined bauplan and deformations
or perturbations commonly occurring during development would be compensated until the target
bauplan has been achieved. Anomalies would, then, represent incomplete compensations of such
transient developmental perturbations. Unfortunately, Gadow didn’t explain which processes might
be responsible for guiding aberrantly patterned embryos back towards their pre-defined “stereotypical” developmental trajectories and how development would recognize that it has been deviating
from its stereotypical trajectory. He also did not address the question of how anomalies form in
the first place, instead he assumes them to naturally occur during development. Although this hypothesis lacks important elements and does not answer the question of where anomalies come from
(instead he seems to speculate about why anomalies are not even more common), developmental
processes which make that phenotypical deformations or anomalies do not persist in subsequent
stages, are common in tissue repair and regeneration, often using mechanisms different from the
ones in primary embryonal development [498, 499]. Also, depending on which mechanisms act in a
specific development and when (cf. the discussion about stage-dependent susceptibility to environmental stress 1.7), environmental stress which an organism experiences during early developmental
stages may either become largely amplified and lead to major deformations, or, on the opposite,
fail to give rise to phenotypic anomalies in the adult organisms at all [271, 436]. In case of our
turtle scute pattern model, the first reaction-diffusion system induces the scute primordia pattern
reliably, even if there are substantial changes to the inductive pattern in the carapacial ridge, as
evidenced by both in-situ stainings and model simulations. This is in line with experiments in which
relatively normal scute development was observed after partial ablation of the carapacial ridge [77].
The reason is that the dynamics of reaction-diffusion systems only require a symmetry break in an
initially homogeneous field of activator concentration [128], while moderate differences in the inductive signals have often no important impact on the resulting pattern. In contrast, large differences
in the inductive signals may have dramatic effects, often in an all-or-nothing manner. However, such
large changes to the inductive signaling might be less frequent than moderate changes or simply
not occur in the anomalous patterning cases discussed here. Arguably, the complete scute absence
of scutes in softshell turtles might be considered the result of such a large-scale perturbation of
“stereotypical” turtle shell development. Yet, the place where the initial symmetry break occurs
has nevertheless an impact on where spots will appear first: the fact that feather bud induction
proceeds in a directed manner beginning from the midline [204] might be responsible for the more
orderly placement of feather buds (as compared to e.g. hair placodes, whose symmetry breaks
tend to happen in different places throughout the tissue). In summary, it can be argued that the
reaction-diffusion dynamics are capable of balancing out some particular sort of variation originating
in previous embryonal stages. Thus, although we can roughly compare Gadow’s idea with the fact
that reaction-diffusion systems, as acting in early scute development, prevent certain variation from
translating into phenotypic differences, it is not true that any developmental process would reduce
variation progressively over developmental time, a central tenet of Gadow’s orthogenesis hypothesis.
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Another hypothesis was brought up by Newman [42]: that there might be an evolutionary trend
within turtles towards lower scute numbers and that the occurrence of additional scutes would
therefore be considered an atavism. However, there is no clear indication that such a trend actually
exists. Newman invokes the higher scute numbers in some species of marine turtles to support
his hypothesis, assuming that marine turtles, or only Dermochelys, would be more similar to the
last common ancestor (LCA) of all extant turtles [357, 358, 356]. While marine turtles had been
traditionally placed as a sister clade to all other extant turtles species, more recent phylogenetic
studies nest the marine turtles within one of two main turtle clades. Even if Newman’s phylogenetic
assumption had proven correct, there would be no reason to conclude that the marine turtle bauplan
was more similar to the turtle LCA than the bauplan of their terrestrial (and limnic) sister clade,
because both clades would have diverged for exactly the same time since their LCA. What is
more, only certain marine turtles display divergent scute formulae [38], whereas the other follow
entirely the “standard” turtle scute pattern. Also, there is no indication of higher scute numbers
in turtle taxa from the early Mesozoic, apart from additional supramarginal scutelets and a few
extraordinarily divergent taxa from rather late geological periods (cf. 1.2), casting further doubt on
Newman’s hypothesis. Newman’s idea was built upon the basic hypothesis that in the first turtle
species, each rib would be overlaid by a corresponding scute. This implies a hierarchical hypothesis
about scute formation, in which signals from the ribs would directly induce scute formation, rather
than only the prepattern at the carapacial ridge. Yet, this hypothesis is completely at odds with
the hypothesis of scute formation by reaction-diffusion systems that is supported by our studies.
It could nevertheless be argued that the developmental processes that give rise to turtle scutation
have changed during evolution. There are examples of closely-related and phenotypicly similar
species in which major developmental processes have been replaced, such as [500, 501, 502, 503],
by developmental systems drift. Such a scenario is, however, unlikely to have occurred in the
turtle scute development for two reasons: First, reaction-diffusion systems play a crucial role in
most other periodic ectodermal organs and are, compared to hierarchical patterning mechanisms
1.4, relatively easy to evolve. It is therefore probable, or at least parsimonious to assume, that
reaction-diffusion systems are the ancestral patterning mechanism of ectodermal organ development.
Second, Newman uses his hypothesis to explain recent scute anomalies. But even if turtle scute
development had substantially changed between ancestral and recent turtles, it is highly unlikely
that anomalous individuals might suddenly (i.e. by a relatively subtle change in their genes) deploy
an ancestral patterning mechanism in a part of their carapaces that is fundamentally different
from the one in their siblings. Contrary to Newman, Berry [360] hypothesized scute anomalies
to be morphological novelties. Unlike Newman’s, this hypothesis does not make any assumptions
about the developmental events that are responsible for scute anomalies. However, in order to be
classified as novelties (sensu Müller [14] or Müller et Wagner [12]), scute anomalies would have to
be, to some extent, heritable (even if this does not necessarily imply a non-environmental, i.e. purely
genetic, causation of anomalies). Unfortunately, we do not have transgenerational data about the
heritability of certain anomalies, but the high diversity in position and severity of different scute
anomalies (as described in [40]) even within the same nesting site, while similar anomalies occur in
phylogenetically distant turtle clades, rather suggest a high degree of phenotypic unpredictability
that is hardly compatible with most concepts of novelty (that at least require a defined novel
structure).
Coker came up with a different perspective on scutes [58], considering them as part of a whole
pattern rather than regarding each scute as a separate character. Given the space-dependent manner
in which scute primordia are placed and the fact that the travelling waves of the second reactiondiffusion system fill the space around the placodes, Coker’s intuition might have anticipated important features of scute development, without knowing about reaction-diffusion systems. Pritchard
[345] assumed that, then, anomalous scutes would simply result from compensatory filling of empty
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space between scutes. This is certainly in line with actual scute development: whenever there is too
much space between two scute placodes, another placode or placode primordium is going to form
in their middle. Also, it cannot be ruled out that some scutelets might develop without placode
formation, simply by “filling the gaps”, but I would predict clear morphological differences between
this case and regularly developing scutes. Interestingly, experimental partial removal of the carapacial ridge before scute formation does not prevent costal and vertebral scutes from forming [77]. In
the light of the scute development hypothesis discussed in this thesis, this result is not surprising,
as induction of scute development from adjacent intact areas of the carapacial ridge is sufficient for
the formation of scute primordia centrally to the site of CR excision.
One of the core findings of the papers contributed in this thesis is the environmental induction of
scute anomalies. Various hypotheses suggesting that environmental stress might be responsible for
scute anomalies have been made in the past, starting with Coker in 1910 [58]. One line of authors
[347, 342, 341] attributes scute anomalies to high or low temperatures during embryogenesis. This
suggestion is indeed in agreement with our findings, as we observed a clear correlation between
high temperatures and the relative frequency of hatchlings with scute anomalies. However, no
conclusive data have been provided to explain why this correlation exists, although some authors
suggest that high temperatures induce deformities by increasing tissue growth rates [341, 368, 331].
This could be a realistic scenario, since many anomalies result from a splitting of scutes that
would have not split, had the carapacial tissue been growing at normal growth rate, i.e. slowlier.
Yet, high temperatures might as well affect protein diffusion and degradation rates, which might
counteract the described effects on growth. Future studies, involving both laboratory experiments
and modelling including realistic growth implementations, are needed to elucidate the mechanism
by which higher temperatures affect turtle development. On the other hand, very low temperatures
have been connected with scute anomalies as well, which could be explained in an analogous manner:
due to reduced growth, some scutes that would otherwise split, might remain fused. Therefore, it
would be interesting to compare which anomalies arise in high temperatures and which in cold
temperatures. If the hypothesis that high temperatures mainly affect development by accelerating
tissue growth is correct, additional scutes should occur more often at high temperatures, while
anomalous scute fusions should predominate if temperatures during scute development are too low.
Hypoxia, as suggested by Hildebrand [332], would possibly cause the opposite, reducing growth
and causing scutal fusions and, in extreme cases, tissue necroses. Tissue necroses may lead to
impredictible anomalies. Other authors propose that chemicals might be a source of anomalies
[373, 374, 321]. Like hypoxia, some chemicals might impair tissue growth and even cause local
necroses, which would definitively make the formation of anomalous scute patterns likely. Chemicals
might also interfere with the signaling involved in scute development, preventing scute primordia
from forming or delaying scute formation. Since there are more ways to completely disrupt the scute
patterning process by interfering with signaling (most changes in the model parameters will prevent
it from forming any Turing patterning) than causing it to form additional scute primordia, it is
more likely that chemicals would cause the loss of scutes or scute fusions or even severe carapacial
deformations than the emergence of additional scutes. Finally, since we were able to increase the
frequency of anomalies simply by increasing incubation temperatures during turtle embryogenesis
in the lab, thereby ruling out other factors, I conclude that temperature differences have certainly
an effect on turtle scute development which might be, in the absence of any mechanical stresses,
the dominant environmental cause of anomalies. The specific effect of different chemicals, however,
still needs to be tested.
Finally, another group of authors argues that, given the deformability of the turtle egg shell,
mechanical stress could translate into tissue deformation and, thus, into anomalous scute patterns
[336, 40]. Some of those researchers suggest increased pressure onto the embryo by nest crowding
or rough handling to cause tissue deformations and anomalous scute patterns, while others point
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to indirect effects of osmotic changes or desiccation. Although these scenarios have not been tested
explicitly in experiment by us, more or less strong deformations and asymmetries appear to be
common in embryonic trunk cultures, in which the decapitated embryo is kept in vitro solution, in
order to be able to perform in situ stainings and other experiments. Such asymmetries could stem
from mechanical stresses during sample transport and the experimental procedure, but also from
desiccation or tissue damages issuing from the cultivation in vitro. Despite the rigidity of the adult
carapace, embryonic carapaces are flexible and adapt readily to deformations of the underlying
tissues [88]. The shell bones which are mostly responsible of maintaining the mechanical rigidity
develop late, well after the keratinization of the scutes [504, 88]. Furthermore, the simulation of
mechanical stresses is the easiest way to reproduce most of the asymmetrical anomalies in the
turtle model. Some particular anomalies, such as zigzag patterns could only be produced this
way in the model. In detail, I biased growth inside the carapace (growth speed and direction)
and introduced hemispherical offsets by shifting the tissue of one of the carapacial halves upor downwards, at different developmental time points, for different durations and with different
assumptions about tissue plasticity. Since both permanent and transient tissue deformations would
give rise to anomalous phenotypes, it is possible that even transient pressures, as produced by rough
egg handling in turtle farms, can produce anomalous scute patterns. Timing, therefore, appears to
matter as well, since tissue deformations have more severe effects on the phenotype, if they coincide
with the stage in which the scute primordia are placed. Also, our studies suggest strongly the
existence of a developmental stage during which the embryo is most susceptible to environmental
stress (both in vivo and in silico, as shown in Contributed publication II 5.7). Yet, we have not been
able to elucidate if this developmental time period is really identical with the stage of scute placode
formation, due to the complications of using turtles in the lab, as discussed in 5.1.2). As scute
placodes are placed where there is enough space, tissue deformations will alter the diffusion space
and, thus, the future scute positions (cf. different scenarios 5.3). Earlier (during the consolidation of
the inductive prepattern in the carapacial ridge) or later (during the action of the second reactiondiffusion system) mechanical stresses have much less effect on the phenotype. Desiccation might
also play a role in the development of anomalies, as indicated by our climate-anomaly frequency
association study, but temperature appears to be the more important factor by far.
Interestingly, mechanical stresses have been found to explain variation in other ectodermal
appendages as well. In teeth, the developing jaw bone exerts a lateral bias on the developing
odontode and has been shown to be an important factor in tooth development. This generates a
buccal-lingual bias which does not produce anomalous variation, but is functional and reproducible,
defining position and number of cusps and, arguably, playing a role in the development of occlusion
between corresponding upper and lower molars [471]. This suggests that mechanical induction of
biases in organs patterned by reaction-diffusion dynamics and growth might be a common source
of variation.
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low
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Figure 9.: Phenotypic instability and developmental stages. In the model, mechanical stresses of different directions and strengths (transient lateral offsets) were introduced into developing in silico turtle carapaces. The resulting
variation in the adult scute phenotypes was quantified (the total difference of scute outlines positions between individuals exposed to different stresses at the same stage, lower graph), suggesting that early mid-developmental stages
might be more susceptible to developmental or environmental stresses, which is in line with the observation that high
temperatures correlated most with the emergence of carapacial anomalies if the elevated temperatures occurred during mid-developmental stages, as published in Contributed publication II The upper row shows where in the in silico
carapaces variation tends to occur, namely the anterior vertebral scutes. Brighter colours indicate more rarely encountered phenotypes, meaning that such phenotypes only occurred for rather restricted combinations of developmental
parameters.

5.8

Possible mechanisms by which epigenetic factors may interfere with development

Although the articles presented in this thesis strongly point to an environmental causation of typical
turtle scute anomalies, we have not discussed in much depth potential mechanisms by which mechanical, osmotic and temperature stresses could affect cells and developing tissues. Most studies
about the effect of environmental stresses on tissues focus on adult tissues, not embryonic ones.
This is an important difference, since there are a number of adult cell types and tissues (chiefly
specialized mesenchymal cell types, such as muscle cells, tendons, bone and cartilage), whose main
function is maintaining or changing the mechanical properties of differentiated organs, e.g. by alignment of structural proteins or by secreting specialized types of ECM. In the developing embryo, the
diversity of cell types with distinctive biomechanical properties (including secretion of specialized
ECMs) is much lower, as cell differentiation has not been concluded yet. Nevertheless, mechanics
are mediated in the same ways as in adult tissues, although the absence of functional muscle cells
and most cell types that secrete specialized ECM, suggests that tissue surface tension created by
cell-cell adhesion proteins and the cytoskeleton, as well as by the osmotic pressure built up by the
cells’ cytosol might play a more dominant role in the overall tissue mechanics of the developing
early embryo than in the adult [396, 395, 505, 506]). These considerations are important if we want
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to try to understand tissue deformations during embryonic development.
At the early stages of carapacial development Y15-16 [419], the tissue is differentiated in a layer
of epithelium that has already begun stratification [69] and precursors of the different mesenchymal
cell types. It is only in later stages of scute development that the production of keratins commences
(stages Y22-23 [69]) and the beginning of dermal ossification becomes manifest in the underlying
mesenchyme only around stage Y22 [84] due to cell differentiation. Thus, during those stages
at which most of the scute patterning takes place, cell-cell adhesion, cellular turgor as well as
cytoskeletal rearrangements, as introduced before, are likely to be the most important factors in
defining tissue biomechanics.
Temperature is an obvious candidate for an environmental factor interfering with development
[342, 507]. It has a direct and well-studied impact on the kinetics of chemical reactions. Since
most processes in developmental biology ultimately rely on a plethora of intertwined chemical
reactions (namely the chemical processes involved in gene expression and interactions between
proteins, nuclear acids and lipids), temperature should affect development in multiple, partially
even counteracting, ways.
First, tissue growth rates should depend on temperature. For physiological temperature ranges,
the higher the temperature, the faster the cell cycle is going to proceed [508]. Mammalian leukemia
cells cultivated at different incubation temperatures [509] revealed that high temperatures caused
cell cultures to reach the population plateau phase faster and overall higher population plateaus,
independently of the total culture period, than cells cultivated at lower temperatures. Thus, higher
temperatures do not only lead to shorter cell cycles, they will also lead to overall higher numbers
of cell divisions (seen as a higher plateau phase in the diagram plotting time against cell number).
Too high temperatures, however, will have the opposite effect. Although it is not clear to which
extent these results attained in cell cultures in vitro can be applied to living tissues in developing
embryos, it is reasonable to use them as a proxy. Experiments by Yntema [369, 510] in Chelydra
demonstrate that higher temperatures will accelaterate gestation times, suggesting that cell cycle
duration depends on temperature in developing turtle embryos. In the turtle, a direct influence
of external temperatures on embryonic cells can be assumed, since turtle eggs are deposited in
the ground, thereby exposing them to the surrounding environmental temperatures throughout
embryogenesis. In the case of high temperatures, both more and faster cell divisions in the turtle
carapace would lead to an increase of the carapacial diffusion space for the patterning of the scute
primordia, thus increasing the likelihood for additional scutes to form. Too high temperatures,
however, might have the opposite effect: They can compromise the structure and stability of proteins
and, therefore, decrease the efficiency of the intracellular processes that underlie cell divisions. Even
higher temperatures may cause tissue necroses, reducing overall tissue mass and integrity and giving
potentially rise to extreme carapacial malformations.
As mentioned above, protein turnover will be faster at higher temperatures, and so will diffusion.
Both processes could, in the case of the turtle, substantially affect scute patterning. Higher diffusion
rates can result from increased Brownian motion of proteins or from faster interactions with proteins
that intercept or temporally bind diffusive molecules. Thus, signaling molecules might travel faster
and farther at increased temperatures, possibly affecting scute patterning threefold: First, the
spacing between scute placodes might increase (or decrease, depending on which of the specific
signaling molecules is affected more strongly by higher temperatures). Second, the scute patterning
might be completed earlier during development. As cell division rate is accelerated concomitantly,
these two effects might balance one another out to some extent. Yet, an increased division rate
might cause scute deformations by itself or might amplify existing ones at later stages. Third,
fast waves of diffusive signals that originate from opposing signaling centers will produce collision
fronts that are off-center more frequently. In other words, if diffusion from one signaling center
starts with a delay t with respect to the onset of diffusion from the opposing signalling center, both
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signaling waves will first meet at a point P that is closer to one of the former signaling centers. At
higher temperatures, the distances of the two signaling centers from P will differ more from each
other than at cooler temperatures, due to increased travelling speed of the signaling wavefronts.
Since the precision of signaling wave collisions is important for scute development twice, first during
the activity of the first reaction-diffusion system (meeting of the signaling waves at the midline to
induce vertebral scute primordia) and the second reaction-diffusion system (definition of the scute
boundaries by colliding travelling waves), this is a plausible way in which high temperatures can
lead to more, and more extreme, scute pattern anomalies. This hypothesis is also in line with
the prevalence of strongly asymmetrical carapacial patterns amongst anomalous individuals. In
addition, intracellular diffusion rates increase at high temperatures, accelerating the dynamics of
GRN interactions. Higher temperatures might thereby interfere with protein-protein, protein-DNA
or RNA-DNA binding efficiencies, which might affect gene expression in hardly predictable manners.
Furthermore, high temperatures are known to increase molecular noise in development, since
they increase molecular motion, resulting in less stable protein folding (e.g. [511, 512]) and bindings.
Frequent misfoldings of proteins result in their biological inactivity and degradation [513]. Overall,
protein activity will become increasingly unpredictable with increasing temperatures, which can
be measured as noise [284, 318]. Similarly, high temperatures increase the rate of transcription
mistakes, leading to dysfunctional mRNAs, as well as translation mistakes, giving rise to wrongly
processed proteins. Since both transcription and translation rely on the coordination of a number of
specialized RNAs and proteins, a higher variation of their activity (and usually an overall reduced
activity) might easily cause of amplify noise in the activity of downstream proteins. According to
studies from van Oudenaarden and co-workers in bacteria [318], high temperatures will increase
molecular noise mainly by increasing temporal variation in translational activity. In turtle embryos,
such molecular noise might ultimately lead to higher scute variation within an individual. However,
since the process of scute formation is a rather macroscopic event, involving gene expression in
many cells, it could be expected that the effects of elevated gene expression noise might equal out
throughout the carapace. In addition as discussed before, Turing patterns tend to be relatively
stable against various kinds of noise, since the positions of activation maxima and minima depend
mainly on the diffusion rates of activator and inhibitor, which ought to prevent major anomalies.
However, they are not stable against cell division noise, suggesting that high temperatures increase
scute pattern anomalies rather by affecting diffusion space and timing than by increasing gene
expression noise.
Changes in osmosis and hydrostatic pressure affect cell size and shape and, therefore, tissue
biomechanics, but also indirectly gene expression [514, 515, 516, 517, 518]. As discussed above,
such cellular changes should have a more pronounced effect in early embryos than in adults, since
in early developmental stages, biomechanical tissue properties depend less on specialized ECM
secretion, but intra- and intercellular biomechanics. If there are osmotic or hydrostatic differences
within the carapace, they could lead to local alterations in cell biomechanics and cell sizes (although
physiological processes will actively counteract them) [518], but also to active cell rearrangements
and proliferation [519, 520, 518]. In consequence, local hydrostatic pressures may translate into
asymmetries in the size of the tissue fields to be patterned by paracrine signaling. The diffusion rate
itself might also be compromised locally [303]. Such a scenario might give rise to differences in scute
numbers between the carapacial hemispheres. Osmotic differences might also have an unpredictible
effect on the molecular interactions, since gene expression and protein activities might be affected
(influences of osmolarity on membrane surface proteins: [521], impacts on gene expression profiles:
[522, 523], impact on protein synthesis: [524]). Excessive changes in osmolarity will, like extreme
temperatures, lead to tissue necroses and, thus, extreme carapace deformations or strong growth
defects. According to our studies, however, the correlation between scute anomalies and temperature
is much higher than the correlation between anomalies and drought, suggesting a rather minor role
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of osmolarity in the generation of scutal variations.
Mechanical stress, too, can lead to local tissue necroses, with similar effects as described for
temperature and osmolarity. Milder pressures exert forces that can be withstood by cells and
tissues. Inside cells, elements of the cytoskeleton and their distribution (which can be polarized)
will bias and canalize the changes in cell size and shape generated by an extrinsically imposed force,
whereas the adhesive complexes between cells transmit forces across the wider cell neighborhood
to create tissue-wide responses. Pressurized tissues may, as a response, either reduce total size,
undergo folding, or lead to compensatory stretching or extensions [422, 525], resulting in locally
deformed tissues which potentially give rise to anomalous patterning. For instances, compressing a
layer of epithelial cells may either lead to wrinkling of the entire cell layer [103], cause the epithelial
cells to become shorter, but taller or wider, urge some cells to be extruded from the tissue, or simply
reduce the effective cell size (in case of epithelial cells, the last option is rather unlikely). Pressurized
mesenchymal cells may become deformed or condensed. Besides, cell divisions are likely to polarize
under pressure, as it has been shown that mechanical tension can cause changes in orientation of
the mitotic spindles [526]. All these scenarios would, in the case of the turtle, affect diffusion space
and, thus, eventually lead to changes in the scute pattern.
In addition, cells respond and adapt actively to deformations. While mechanical stretching on
shorter time scales will typically induce a transient change in tissue shape, tissues will respond to
persistent mechanical stretching by active cell rearrangements [525, 527], in epithelia mostly by large
scale intercalations of neighboring cells, leading to a more permanent tissue deformation. Especially
in epithelial tissues, the way how tissues respond to stress depends largely on cell adhesions proteins
(mostly E-Cadherins) that form junctions between cells and how those are remodelled under the
impact of mechanical stress. Mechanically induced remodelling of adhesion protein complexes usually leads to changes in cell neighborhoods and higher cell motility, but might also generate tissue
invaginations [528, 529] by reorganisation of the apical/basal distribution of cytoskeletal proteins
in epithelial cells. Another adaptation to tissue stress on larger time scales concerns the control
of cell number and density. Cell packing will have an effect on cell division rates, with high cell
densities inhibiting and low densities enhancing cell division [530, 531, 532]. Even transient tissue
compression during a few embryonic stages might, therefore, cause a reduction of tissue growth
altogether, which may give rise to size asymmetries. Very strong mechanical stresses can induce
apoptosis or the extrusion of cells. Some authors [530] suggest a competition of neighbouring cells
in growing and pressurized tissues, in which the smallest cells are driven into apoptosis. While
some of those changes may be transient and reversible, others are irreversible and will easily lead to
phenotypic anomalies. Other possible cellular responses to stress are mechanically induced changes
in expression of genes, which are important for cell differentiation [302], or the secretion of ECM
[533], thereby inducing alterations in tissue and organ development. In turn, such changes must
also interfere with diffusion and, thus, development. Swartz [534] reports that stressed fibroblasts
do not only express more ECM, they also induce ECM secretion in less stressed cells in order to
create a synchronized stress response throughout the tissue. Other authors [535] associated decreased ECM production with mechanical compression. Interestingly, not only the amount of stress
or strain appears to be important for the modulation of ECM secretion, but also the direction [536].
Thus, rather than responding to stress by cell rearrangements, as in early embryonic stages, tissues
in late stages can be expected to respond to stress by modulating tissue rigidity and differentially
expressing ECM.
In turtle carapaces, compression might lead to changes in the local ossification and keratinization
processes, thereby affecting scute shape and size. Overall, it is likely that mechanical stresses in developing carapaces will lead to different tissue responses, depending on the stages during which they
act, as well as on the duration of the stress. In the current model of scute development, none of the
discussed cell and tissue responses is implemented, due to a strong simplification of cells and tissues.
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Compressed tissue in the model either returns to its original state through relaxation, or remains
deformed permanently, and the difference between short and long exposures to compression mainly
lies in the stages of signaling that are affected. In order to understand how mechanical stresses
actually interfere with development, we need to implement more realistic biomechanics and growth
into the model. My guess would be that mainly the impact of tissue reorganization by intercalation
and growth polarization, together with increasing or decreasing growth rates, might explain how
persistent mechanical stresses to the developing carapacial tissue will give rise to common scutal
anomalies.

5.9

Turtle anomalies and climate change

As extreme environmental conditions have been found to produce more anomalies in sea turtles,
we would expect that climate change will have a considerable impact on the frequency of scute
anomalies in the future [348]. In fact, we should expect an increase. Climate has seen a number of
dramatic changes during the geological period in which turtles have existed and our study would
suggest that mid- to late mesozoic and early cenozoic eras, during which average temperatures were
substantially above the recent ones might have produced more scutal variation than the Triassic or
in the late Cenozoic with lower average temperatures. However, in order to test this hypothesis,
more and more complete turtle fossils have to be unearthened. Another reason why the frequency
of anomalies might, in some cases, increase, are bottleneck effects in small populations. Since many
turtle species are nowadays endangered or live in more fragmented habitats, effectively reducing
population size, bottleneck effects might confound climatic effects, by increasing the frequency of
anomalies. Despite this potential caveat, scute anomaly frequencies in widespread species could
serve as an indicator or proxy for climatic changes, since scute anomalies are a “countable” type of
variation and, therefore, easy to quantify.

5.10

Has the role of epigenetic factors in phenotypic variation been underrated?

Much of the discussion about the origins of variation has been centered around genetic differences
and how these affect the phenotype through development. Undoubtedly, only variation which has
a genetic base will be passed on throughout many generations and will, thus, contribute to evolutionary change in a given lineage. Yet, not all of the visible phenotypic variation has a genetic
base. In case of the turtle scute patterning, I found that the vast majority of phenotypic anomalies
is not caused by genetic mutations. Epigenetic factors, such as temperature, drought, chemicals
and the effect of mechanical stresses, were thought and partly shown to cause phenotypic variation.
Although I hypothesized that genetic variation may contribute to making development more susceptible to epigenetic factors, the proximate explanation for the observed phenotypic variation is
epigenetic. Phenotypic differences between turtle species can actually be linked to genetic variation,
but the standard scute pattern seems to be so stable that only a few species actually deviate from
it. Thus, taking all sorts of variation observed in turtle scutes together, it can be concluded that
genetic changes only play a minor role in explaining phenotypic variation in this particular organ
system. It can be asked if a high epigenetic contribution to the causation of anomalies is a feature
of certain specific systems, such as the turtle scute pattern, or something more general that applies
to the majority of organ systems and biological patterns.
In many developing systems, epigenetic effects (other than maternal factors many of which
are indispensable for development to initiate) have roles in actively switching between different
developmental trajectories, which is often referred to as phenotypic plasticity, as discussed before
1.7. For instance, the amount or quality of food that is ingested during the larval stages of an
insect may change size, morphology, coloration or diverse life-history traits of the adult animals
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(the imago) [500, 501, 502, 503]. In many cases, even changes in only one environmental parameter
(e.g. temperature, see 5.8) can lead to very different and unintuitive phenotypic consequences,
by affecting several developmental processes at the same time, or by affecting processes, such as
growth or tissue rearrangements, which affect cell-cell signaling and morphogenesis simultaneously.
This is particularly true for heterothermic and oviparous animals, while the homothermic and
protective conditions in the mammalian uterus shield the developing embryo from many external
environmental factors. Thus, environmental, or more generally, epigenetic factors, can be considered
as a source of information that is incorporated into development and provides a proxy about the
current environmental conditions. This incorporation into development may render the adult animal
better adapted to the particular environmental factors it is most likely to face during its life (the
selective advantage of such a scenario being obvious). However, in the turtle, there is, to my
knowledge and reasoning, no adaptive benefit from exhibiting scutal deformations.
On the other hand, many genetic mutations do not produce beneficial variations, leading either
to non-viable or very subtle variation [273]. This is particularly true for complex organisms, in
whose development mutations often affect many different and intertwined developmental processes,
so that beneficial changes in one aspect of the phenotype are often linked with negative changes in
other aspects [537]. In the turtle carapace model, many genetic mutations in the signaling pathways
involved in scute formation would prevent scute formation entirely. In addition, mutations are very
likely to affect other developmental processes as well, given that many of the pathways involved
in scute patterning are also involved in many other developmental processes. Thus, it could be
suggested that a substantial proportion of viable phenotypical variation in phenotypes with complex
development might actually be caused by environmental variation during development. Why is it
then that studies of environmental causation of phenotypic variation seem to be so under-represented
in biology? One answer might lie in a bias towards certain research questions. Outside human
genetics (and some animal breeding studies), most studies of the genetic bases of phenotypes have
usually focused on large-scale mutations, attempting to uncover the major processes underlying the
development of wildtype phenotypes, or even novelties, rather than on small-scale variation within
populations or between closely related species. An additional complication applies to the evo-devo
research program: since our knowledge about the development of most species is marginal, it makes
some sense to elucidate “normal” development as well as major differences to the development of
well-studied model species first before trying to understand smaller-scale variation. On the other
hand, many experimental setups explicitly remove or reduce environmental “confounding” factors,
so that a lot of natural variation is usually invisible in the lab. In many cases of phenotypes found
in nature, it is impossible to distinguish between genetic and epigenetic causation of phenotypic
variation without further experimentation or extensive collection of data. Although it is difficult to
estimate how high the relative contribution of genetic versus epigenetic factors in the production of
phenotypic variation actually and in general is, current biases in research questions and experimental
practices as well as theoretical considerations suggest that the role of environment in development
is, at least, underrated.

5.11

Evo-devo and the value of non-model organisms

Although turtles are, as I discussed before, a rather cumbersome model organism, I argue that it is
beneficial and even necessary to study such non-model organisms. The term “model organism” has
been coined to express the assumption that general biological features can be learned by studying
one, or a few, representative species.
Since most of the major well-studied signaling pathways acting in animal development appear
to have been conserved substantially throughout the Metazoa, and can be partly found even in
unicellular organisms [538, 539, 540, 541], it has been assumed that large-scale commonalities be-
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tween the developments of coarsely related taxa must exist. However, this is not necessarily true.
Studies in non-model organisms have revealed that major features of development can differ substantially even between closely related taxa. The fact that development can change in evolution
without considerable concomitant changes in the phenotype (or the general bauplan) of a given organism has been named “developmental systems drift”, see 1.7. Different developmental processes
may produce very similar phenotypes, although their patterns of variation might largely differ. For
instance, two species, closely related or not, might look very similar, but randomly occurring mutations might, in subsequent generations, lead to very divergent phenotypes in one species, while the
other species only displays small, gradual variation if exposed to the same amount of mutations.
The causes for such divergent variational properties must reside in differences in the mechanisms
of their developments. Thus, understanding the development of a given model species does not
always allow safe inferences about the evolution of development in closely related species. Research
trying to understand developmental differences between related taxa is at the core of evo-devo
(examples:[542, 543, 544, 545]).
Adding even more problems to our understanding of nature, the criteria according to which
model species have been selected in the past may have introduced substantial biases in the current
and past views about the processes involved in development. For instance, classic model organisms
were chosen to be prolific, small and fast developers, which implies that their development must be
able to produce phenotypes with these specific life-history traits, imposing considerable constrains
on its structure. [546, 547] This means that lessons learned about development from classic model
organisms might not always be representative of a larger set of taxa. On the contrary, their selected
life-history traits may have imposed a strong selective bias on the sort of mechanisms acting in their
developments, suggesting that they are more likely to be “freaks” than a randomly picked species
that can be somewhat representative of a larger clade. One example is Drosophila, whose development shows many features (patterning starts before cellularization, hierarchical segmentation etc.)
that can be interpreted as facilitating a highly accelerated ontogenesis. In fact, developmental studies in different insect taxa showed that Drosophila’s mechanism of segmentation is not representative
of the majority of arthropod taxa at all [542]. Since the currently popular model organisms are
mostly chosen to be fast developers, comparing their developments to the development of animals
with the opposite features, such as the consistently slow turtles, can be very interesting. Such a
comparative strategy also permits us to assess how representative or general our results actually
are.
In addition, a substantial amount of data that can help us understand morphological transitions
in evolution, comes from the paleontological record [548, 549, 382]. Although we cannot directly
perform developmental experiments on extinct taxa, a comparison with developmental processes
involved in the closest extant relatives as well as studies of their variation and mathematical models,
may lead to a reconstruction of developmental changes in the evolutionary past [196, 382]. How well
such an endeavour can succeed depends crucially on the knowledge about development in extant
relative species.
The value of departing from classic model organisms also depends on the particular research
questions. While model organisms can indeed help answering many different questions about cell
biology or biochemistry, as the basic toolkit of cellular processes is indeed relatively conserved
amongst metazoa, many morphological structures are often restricted to specific lineages. One example is the turtle carapace which is restricted to its clade (and a few other paleozoic taxa). But
even more common morphological features, such as segments, may be produced in various different
manners, so that insight from one model species does not imply more than a sophisticated guess
about the development of an analogous structure in another. Thus, in order to study the developmental - and evolutionary - origins of morphological structures, and especially of novelties, one
cannot help studying non-model organisms. Also, if we want to understand how exactly devel72

opmental processes change over evolutionary time, being able to compare developments of species
with different degrees of phylogenetic relationship, and, if possible, very different life-history traits,
is crucial. Thus, studying non-model organisms enriches our understanding of the large-scale evolutionary transitions and endows us with a more complete picture of the strategies nature uses in
order to build and transform complex morphologies.

5.12

A dialogue of experimental and mathematical approaches in evo-devo

Although the importance of mathematical approaches in biology was already emphasized by D’Arcy
Thompson one century ago [1], it is only by means of the current advances in computational technology that modelling approaches have become a common tool in biology. This thesis presents an
example of what a successful dialogue between “wet lab” experiment and mathematical model can
achieve. Both approaches together are important to advance understanding of a given biological
process. A model requires real data to assess if the hypothesis implemented in it is correct or not.
On the other hand, models can direct what sort of experiment to conduct or where to search for
possible answers to a biological question, which is especially pivotal if the organism is not easily
amenable to experimentation, such as the turtle. Models can make sense of unintuitive phenomena, such as the establishment of a regular pattern from inductive signals that do not convey any
absolute spatial information. In order to judge if the modelled hypothesis is correct, it is, however,
not sufficient to state correspondence between a real and a simulated phenotype; the model ought
to be able to account for further, independent experiments, such as mutations or the reproduction
of phenotypic variation as well. This has been the case for the turtle model presented in here. In
turn, the model could narrow down which mechanisms are capable of producing observed patterns,
thereby winnowing out a number of intuitive, but wrong hypotheses. For instance, by means of the
model, we were able to rule out a genetic explanation of the observed anomalies, thus catalysing
a research program which focuses more on the interaction between epigenetic factors and development. Models that implement in more detail different organizational levels such as intracellular,
cellular, tissue and organ levels, such as EmbryoMaker, can further contribute to causally linking
different processes, both top-down and bottom-up (which in reality are always intrinsically connected, but whose connection might give rise to complex and non-intuitive phenomena). Thus,
such models will strengthen a holistic systems perspective on biological phenomena, rather than
applying a purely reductionist paradigm. Another way in which mathematical models facilitate
research is that they allow for systematic parameter screens (e.g. testing of all possible mutations
of all possible magnitudes), which would not be possible in nature or in the lab. In case of the
turtle, the model helped to systematically assess the effect of carapace length variation. Since the
length – as the shape - of the carapace is determined by development itself, it would not be possible
to restrict its size experimentally without affecting other developmental processes, even if we had
enough turtle embryos to work on. Thus, models are a valuable tool especially for evo-devo, in
which understanding of development in non-model organisms with intrinsic limitations to the scope
of experiments that can be conducted in them, is key. Furthermore, mathematical models allow
exploration of hypotheses on palaeontological data, e.g. addressing the question of which changes
in development might explain phenotypic differences between extant and mesozoic turtle species.
Of course, in this case, we could never validate model predictions with experimental results, but
at least get some evidence of which hypotheses are more and which are less likely. Therefore, it
is important to emphasize the role of mathematical models as a complementary and essential tool
for evo-devo research - rather than a distinct and abstract discipline -, that can facilitate a widening of the questions that can be approached in evo-devo, as well as other biological disciplines,
and particularly for the understanding of both unintuitive and long-term processes as evolutionary
change.
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Concluding remarks

Although there are various attempts to define what a novelty is, most biologists will agree that
the turtle shell and its peculiar scutation pattern can be considered a classic example of it, independently of the definition used. Understanding how novelties arise in evolution, however, always
requires an understanding of the developmental processes and what particular evolutionary changes
in those processes have or may have led to the production of the novel phenotype. In my thesis, I
have contributed to this understanding, in the particular case of the turtle shell scutation, in two
different ways: 1. I made a model of turtle scute pattern development that is likely to represent the
main developmental mechanisms acting in real turtle scute development. 2. I elucidated probable
mechanisms that can account for phenotypic variation in the scute pattern. The latter point is of
evolutionary importance, since knowledge about the origins of variation ultimately permits to make
predictions about possible directions of phenotypic changes in evolution.
Intriguingly, the developmental processes acting in scute pattern formation share many commonalities with the developmental processes acting in the development of other ectodermal organs,
such as hair, dentition, and, in particular, scales and plumage: Multiple mutual interactions of
ectodermal and mesenchymal tissue compartments, orchestrated by a conserved toolkit of signaling
pathways, and a nested sequence of two reaction-diffusion systems. Of these, the first is induced
by signals from the underlying somitic mesenchyme and produces a regularly spaced prepattern of
placodal primordia, the induction of mesenchymal condensations, epithelial modifications (involving
growth, changes in cellular geometries and foldings), and finally the secretion of specific types of keratines (and eventually several types of specialized ECM). Yet, there are also important differences,
particularly concerning the second reaction-diffusion system which orchestrates morphogenesis of
the individual appendage units, rather than their relative positions to one another. This suggests
that in organs or structures which develop by a clear temporal sequence of developmental events
(i.e. with strongly hierarchically structured developments), evolutionary changes might mostly affect developmentally late processes or the properties of the prepattern that initiates the particular
organ development, while maintaining intermediate developmental processes. This is reminiscent
of the controversial hourglass of development hypothesis [550, 551, 552, 553, 554, 555, 556, 298],
according to which intermediate developmental stages tend to be more conserved between different
sister clades than early or late developmental stages. Another intriguing finding from the comparison of different ectodermal appendage developments is that, while the recruitment of the interacting
molecular pathways seems to be highly conserved, the roles of the particular signaling molecules
in the patterning process appear not to be so. In other words, both the logic of the patterning
process and the underlying molecular pathways are conserved, but not the specific way the latter
interact in order to give rise to the former. Viewed from an evo-devo perspective, this indicates
that developmental drift might change development by rearranging interacting components of a specific molecular and morphogenetic toolkit which generate a specific morphogenetic process, while
maintaining the developmental function of the entire process. Alternatively, certain morphogenetic
processes, such as interacting morphogenes giving rise to Turing patterns, might have evolved in
different ectodermal organs in parallel, as periodic pattern formation by reaction-diffusion dynamics
may actually be relatively easy to evolve (at least compared to alternative patterning mechanisms).
Whether these particular patterns of developmental change are common in evolution and, in particular, in the emergence of novelties, requires comparisons of development within other morphologically
diverse organ systems (e.g. vertebrate and arthropod limbs, sensory organs etc.).
Second, I have evaluated existing hypotheses about the origination of scute anomalies in the light
of current knowledge of turtle scute development as well as of the results presented in this thesis.
The study of variation in scute patterns suggests that epigenetic factors sensu lato, not genetic
mutations, can explain anomalous scute variation within populations. This might be surprising,
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given a perceived focus on genetic causes of trait variation in biological studies. However, since
epigenetic factors interact with development in many different, partly indispensable, ways, and since
high phenotypic plasticity in the face of environmental perturbations can sometimes be beneficial
for the individual and selective in evolution, I have argued that environment is likely to be a
rather underestimated source of variation in extant populations of complex organisms. Importantly,
the particular developmental processes acting in scute pattern development were able to explain
why certain anomalies are observed more frequently than others. Understanding developmental
mechanisms underlying particular morphologies can, thus, help identifying causes of phenotypic
variation and predicting their specific patterns of variation.
Interestingly, while the predominantly environmentally caused scute pattern variation within
species can be substantial, turtle scute variation between species is very low. The main exceptions
are softshell turtles, which have lost scutes altogether, and some marine turtle species, which also
display higher degrees of variation between individuals than turtle species with the standard scute
pattern. This means that the development of the standard carapacial scute pattern in turtles is overall highly stable against mutations, possibly reflecting either long evolutionary periods of stabilizing
selection or a high developmental stability for the particular combination of developmental mechanisms (i.e. there are different phenotypic stabilities in different areas of the generic morphospace
of carapacial patterns, suggesting that the standard scute pattern might be a major developmental
attractor [293, 404, 557, 558] and most developmental changes would not change this phenotype,
while other scute patterns are more prone to suffer phenotypic changes when development changes).
The latter interpretation is in line with observations in the morphospace of in silico scute patterns,
in which the characteristic scute patterns of sea turtles only emerged as rather disparate morphological “islands”, although further experiments and more realistic models are needed to consolidate
this hypothesis.
Why complex phenotypes are usually stable enough to be faithfully produced by development
despite mutations and developmental drift is a general question that has been traditionally answered
in terms of conservative selection forces. However, theoretical work has cast doubts on the ability
of selection to act with sufficient strength on all parts or traits in a complex phenotype [537]. Work
on “developmental constraints” in specific morphological structures [7, 2, 6] has accumulated evidence that development itself defines the stability of the phenotype (in other words, the amount of
phenotypic variation) it produces, both against genetic mutations and environmental perturbations.
In the case of the turtle scute pattern, development “constrains” the possible phenotypes in several ways: The onset of turtle scute development is relatively independent of the precise inductive
pattern, because reaction-diffusion dynamics unfold as soon as a symmetry break occurs. The first
reaction-diffusion system defines how many scutes will form and only substantial changes in the
diffusion space will change this number. The second reaction-diffusion system will only act after
the places of the scutes have been defined. These “constraints” ensure that most developmental
changes (due to genetic mutations or epigenetic changes) will only produce a limited set of phenotypes, unless the developmental modifications are massive or other developmental mechanisms
are added. Many genetic and environmental perturbations will, thus, not be able to disturb development enough to produce a substantially deviant phenotype. Yet, very strong disturbances may
severely affect the scute pattern or prevent it from forming at all, creating an everything-or-nothing
response to developmental perturbances. This might be a way of looking at softshell turtles, in
which some developmental modification prevents scute formation altogether. Since many different modifications would lead to the same consequence, modelling approaches are not sufficient to
elucidate the mechanistic cause of the loss of scutes in soft-shell turtles, unless supplemented by
experimental data. Reaction-diffusion dynamics are common in animal development and there are
other developmental processes (also discussed in 5.7) that are resilient against non-extreme perturbations, suggesting that everything-or-nothing stress responses might be more common in the
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development of complex phenotypic traits. This is in line with the finding that most mutations are
likely to be either neutral or detrimental [273].
Yet, there are further aspects of variation between scute shapes within the carapace as well as
between different species that cannot be explained by the turtle model presented in this dissertation,
partly due to limitations of knowledge about the development of different turtle species, partly due
to the limitations that are intrinsic to every mathematical model of biological processes. Therefore,
I have proposed a general model of animal development that unifies dynamics of gene regulatory
networks, cell-cell signaling, cell and tissue biomechanics and cell behaviours. Applying this model
framework to the development of turtle carapaces, it would be possible to analyze the interplay of
realistic tissue growth and biomechanics in the generation of scute shapes. Furthermore, it would
allow testing different hypotheses of how environmental stresses might, through their particular
effects on cells and tissues during development, translate into phenotypic deformities. Although
my studies have provided evidence that both high temperatures and mechanical pressures might
be among the most common causes of scute anomalies, we are still lacking the precise mechanistic
understanding of those. Advancing this understanding, in the case of the turtle shell as well as
in general, will be key to a richer and more inclusive model of development that would integrate
environment and other epigenetic factors. Thus, we could use the different types of scute anomalies
as a model system to understand the interaction mechanisms between ecology and development.
Since our unified model of development was built not to serve only the purpose of simulating the
development of one specific system in detail, results gained from its simulations aim at general
conclusions that can be applied to most animal systems.
Thus, the studies included in this dissertation aim at exemplifying how an integration of theoretical and experimental approaches does not only help elucidating development in a non-model
organism, I also wish to propose how this knowledge can contribute to a more general understanding
of the evolution of novelties, the generation of variation through development, and the interaction of
development and environment. Future studies in other non-model systems, as well as more general
modelling approaches to development, will contribute further insight that may allow assessment of
the generality of the conclusions drawn from the “hopeful monsters” of Testudines, on the path
towards a more integrated and powerful theory of eco-evo-devo.
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clock linked to vertebrate segmentation and somitogenesis. Cell (1997).
[119] Peel, A. D., Chipman, A. D. & Akam, M. Arthropod segmentation: beyond the drosophila paradigm. Nature
Review Genetics (2005).
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