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Abstract

Vertebrate craniofacial development and speciation has been studied in great detail, with major
emphasis placed on mammalian species and highly derived archosaurs (birds). However, less is
known about reptiles and in particular turtles. Turtles are speculated as to have retained many
ancestral features of amniotes. Therefore, studying the Testudine (turtle) order not only helps to
better understand amniote head development, but also the derivation of modern form. This thesis
will investigate the formation of the hard palate in a representative turtle species, E. subglobosa,
not only because of its evolutionary significance but also because this region is frequently
affected in orofacial clefting. Origins of the palatine bones were first examined since other
amniotes form these bones within outgrowths of the maxillary prominence, or the palatal
shelves. Surprisingly no palatal shelves were found at the position or time when they should
have been forming. Instead palatine bones condensed directly in the mesenchyme beneath the
nasal cavity Furthermore there was no evidence from cell proliferation or apoptosis analysis of
the maxillary prominences that vestigial shelves were ever present. The hypothesis following
was that gene expression in the maxillary prominences might be different in turtles compared to
the chicken or mouse in which shelves do form. I found no major differences but interestingly
several of the genes I studied were also markers of the primitive stomodeum. Results show the
turtle retains gene expression patterns of the chicken stomodeum, the primitive oral roof before
palatal shelf formation, suggesting the turtle oral roof is still primitive in nature rather than
advanced in other amniotes. This unfamiliar mechanism of hard palate development with no
vestigial traits of palatal shelf formation supports arguments for a more basal placement of the
turtle in the phylogenetic tree. Contrary to these findings, the similarity in gene expression and
sequence to the chicken argues for a more derived placement closer to the archosaurs. While
these present results do not allow for confident placement of the turtle as more basal or derived
in the amniote tree, the data collected shows that ontological studies can help shed light on
evolutionary debates.
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Preface

All Emydura subglobosa eggs were generously donated to us by the Toronto Zoo.

This research was initially reviewed by the Toronto Zoo ethics board when the collaboration was
set up in 2006. The Zoo is sent a progress report each year, the contents are reviewed and
approval is then renewed.

In addition the work is carried out under UBC Ethics approval # A07-0488. This protocol was
originally approved Nov. 12, 2007 and has been renewed annually since then.
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CHAPTER 1 - INTRODUCTION

1.1 Amniote phylogeny

This thesis will be studying a species of turtle called Emydura subglobosa. In order to
provide some evolutionary context to the work, the position of turtles within the vertebrate
phylogenetic tree will first be reviewed. Evolution of vertebrate animals over the millennia has
led to the formation of 2 major lineages: the agnathans which have no jaws (eg. lamprey and
hagfish) and the gnathostomes, which have jaws. The gnathostomes evolved further to the
osteichthyes (bony fish), chondrichthyes (sharks), amphibians, and at the crown of the tree are
the amniotes (Carroll, 1988; Pough et al., 2005). It is within the amniotes that turtles are located.

Modern amniotes are a group of tetrapod vertebrates (four-footed animals with
backbones or spinal columns) that have a terrestrially adapted life form. Thus amniotes comprise
most of the vertebrates living on land in our modern world. Amniotes are aptly coined since the
amniote embryo develops inside an egg which contains extra embryonic membranes (amnion,
chorion and allantois). Within the amniote group there was a very early split into two lineages,
the synapsids (mammals) and the sauropsids (avian and non-avian reptiles, Fig. 1.1). Since
reptiles share a common ancestor with mammals and branched off at the same time as mammals
they are not more primitive than mammals. During the Permian period, Sauropsids branched
further into two lineages: the Archosaurs and Lepidosaurs. Archosaurs include all extant and
extinct crocodiles, dinosaurs, and birds. Lepidosauromorphs include living lizards, sphenodon,
snakes and their respective extinct relatives (Carroll, 1988). Birds are the most recent radiation
of amniotes with fossils dating back to the Jurrassic period. In contrast to birds, turtles appear
much earlier, during the Upper Triassic period. The fossil that supports the emergence of turtles
during this period is Proganochelys (Fig. 1.2; (Gaftney, 1979) and is presumed to be the ancestor
from which all other turtles may have evolved. This fossil was easily recognizable as belonging
to the order of Testudines because of its shell (carapace). However the mystery is that before the
first turtle, no intermediate animals displayed had rudimentary shells. Then suddenly in the
Upper Triassic period, turtles appear in the fossil record. This has driven paleontologists to
speculate that there has been either a rapid evolution of the shell or a restricted environment in

which conditions did not favour fossilization of biological materials.



While there has never been any disagreement regarding placing turtles in the Sauropsid
taxon, there still is no agreement on their position relative to other reptiles. Turtles may be
rooted as sister to either the lepidosauria, archosauria (Hedges and Poling, 1999), or even basal
to both groups (Carroll, 1988; Rieppel, 1999; Werneburg and Sanchez-Villagra, 2009).
Historically, turtles were placed basal to Lepidosauria and Archosauria, and thus closer to the
stem amniote based on their skull morphology. Turtles have no temporal openings (anapsids)
whereas mammals are synapids (one opening) and other reptiles are diapsids (two openings; Fig.
1.1. Paleontologists have classically hypothesized the stem amniote to exhibit the anapsid
condition like the turtle. Extinct turtles had the same anapsid skull morphology as extant turtles
and so far there are no fossils that disprove these findings. However, there are two mechanisms
in which this morphology could have arisen. Either the basal condition for all reptiles, or it
could be a derived condition which is an adaptation from the diapsid reptilian skull. is clearly
supported (Werneburg and Sanchez-Villagra, 2009).

Some paleontologists believe turtles are phylogenetically ancient based on their skull,
carapace, and limb morphology (Shaffer et al., 1997). In addition, a developmental biologist has
taken the basal side of the argument (Werneburg and Sanchez-Villagra, 2009). These authors
looked a external characteristics of turtle embryos and compared these to birds, the sphenodon,
echidna, opossum, armadillo, lizard, alligator. Due to timing of morphogenesis, these authors
place the turtles in a basal position .relative to the living saurian clades. The molecular
phyologenists however paint a different picture.

The introduction of DNA sequencing technology in the late eighties and early nineties
not only accelerated the fields of genetics and experimental medicine, but also evolutionary
biology. For the first time, scientists were able to categorize species of animals according to an
unbiased data set. With the new methods, researchers did not have to depend entirely
comparisons of morphology which was the traditional way of defining a monophyletic clade.
With the advent of molecular sequencing, turtle placement within the phylogenetic amniote tree
the past two decades has been tumultuous. During the mid-nineties Rieppel and deBraga
scrapped the traditional view of placing turtles as basal to diapsids and argued for a sister group
relation to lepidosaurs (squamates and tuatara) based on morphological and molecular attributes
(Rieppel and deBraga, 1996; deBraga and Rieppel, 1997). However, sequencing nuclear DNA
alone yielded a grouping of turtles with the crocodiles (Hedges and Poling, 1999). Different



methods of phylogenetic data interpretation also changed evolutionary turtle placement.
Parsimony alogorithms clashed against maximum likelihood models and gave very differing
interpretations to same data sets (Zardoya and Meyer, 2001).

However, as more and more researchers tackle this question of phylogenetic placement of
the turtle by analysing mitochondrial and nuclear DNA of turtles, the most consistent result is
that turtles are a sister group to birds and dinosaurs (Shaffer et al., 1997; Zardoya and Meyer,
1998; Hedges and Poling, 1999; Cao et al., 2000; Zardoya and Meyer, 2001; Sasaki et al., 2004;
Iwabe et al., 2005; Krenz et al., 2005; Jungt et al., 2006; Le et al., 2006; Parham et al., 2006;
Shedlock et al., 2007; Naro-Maciel et al., 2008; Russell and Beckenbach, 2008; Zhang et al.,
2008; Burke, 2009; Spinks and Shaffer, 2009; Spinks et al., 2009; Valenzuela, 2009; Janes et al.,
2010). In a complementary approach, karyotyping showed high linkage conservation between
birds and turtles (P. sinensis) (Matsuda et al., 2005).

These more recent molecular results are surprising since birds possess highly derived
characters such as feathers and wings. Moreover, the dating of the first appearance of birds puts
them after the first dinosaurs appeared on Earth (Zhou, 2004). Turtles and birds diverged from
their common ancestor more than 210 MYA (Matsuda et al., 2005). The argument of turtles
being a sister group to aves on the evolutionary tree of life is contrary to a more basal position
supported by fossil records (Gaftney, 1979; Carroll, 1988), comparative morphology of embryo
characters (Werneburg and Sanchez-Villagra, 2009) and the adult post-orbital skull (Sheil, 2003;
Sheil, 2005; Tulenko and Sheil, 2007). This discrepancy between morphological and molecular

data has always been difficult to resolve and other approaches may prove useful.



Figure 1.1 Amniote phylogeny, evolution of the palate

PALATAL COMPLEX IN AMNIOTE EVOLUTION
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Figure 1.1. Amniote phylogeny, evolution of the palate. A sketch representation of various palates of
representative amniotes. In this tree, the representative of Testudines is Emydura subglobosa, and is
shown as being more derived and closer to the Archosaurs. This is different from the conventional
placement of Testudines at a more basal location before the diapsid condition was established within the
Sauropsida category. Captorhinid and Pelycosaur are extinct whereas other animals depicted are extant.
Key: as — alisphenoid, sq, squamosal bone. Modified from Richman et al., 2006.



Figure 1.2 The earliest fossil of a turtle, Proganochelys, from Gaffney, 1979

Proganochelys
(Gaffney, 1979)

Figure 1.2. Proganochelys, the earliest fossil of a turtle. Characteristic bones of the
palate are identifiable even in such an ancient species. The palatine bones are just
anterior of the pterygoid bones in the same vertical plane, with large anterior nares
(choanae) anterior to the palatine bones. Key: md, mandibular bone; ¢, choanae; p,
palatine bone; pt, pterygoid. This figure is take directly from Gaffney, 1979.



1.2 Phylogeny of the order Testudines

There are two suborders of modern or extant turtles: the Cryptodira and the Pleurodira.
The naming of these suborders is based upon the method of head retraction within each group.
Cryptodira display specialized cervical vertebrae allowing them to retract their head into their
shell along the vertebral axis. Pleurodira do not exhibit such specialized articulation, and instead
fold their neck to the side. Fossil records show the suborder of Cryptodira to appear in the Upper
Jurassic period, while Pleurodires do not appear until the Lower Cretaceous.

Despite their earlier appearance in the fossil record, the Cryptodira are considered to be
the more advanced group of turtles. According to Gaffney (Gaffney, 1984) the Cryptodiran line
is composed of two subdivisions. The extinct subdivision Pleurosternoidea is comprised of the
family Pleurosternidae (Glyptopsidae, Jurassic). The subdivision Daiocryptodira, includes
Baenoidea (family Baenidae, Cretaceous-Eocene), and Eucryptodira, which includes living
cryptodirans(Gaffney, 1984).Cryptodires are much more diverse as compared to the Pleurodire
suborder. Modern cryptodires may be grouped into three superfamilies: the Testudinoidea
(tortoises and freshwater turtles), the Chelonioidea (sea turtles) with flipper limbs and reduced
shell, and the Trionychoidea (soft-shelled turtles). Gaffney has postulated the Chelonioidea and
Trionychoidea as monophyletic, while the Testuinoidea as potentially representing a more
primitive aspect of cryptodire evolution and a potential base pattern from which Chelonioidea
and Trionychoidea evolved.

Emydura subglobosa is a member of the suborder Pleurodira. Pleurodira are considered
by the majority of experts to be more primitive than the Cryptodira although they appear 50
million years later in the fossil record than the Cryptodirans. The earliest known Pleurodiran
fossils are Notoemys laticentralis and Platychelys oberndorfi from the Late Jurassic (Gaffney,
1975b). The Pleurodira suborder consists of the two living families, Pelomedusidae and
Chelidae, as well as the extinct family Araripemydidae.. The Pelomedusidae group has only
three extant genera: Pelomedusa, Pelusios (Africa and Madagascar), and Podocnemis
(Madagascar and South America). Emydura subglobosa is one of the Chelids which are
represented by seven extant genera, located in South America, Australia, and New Guinea. All
living pleurodires reside in fresh water niches.

A comparison of external features of Cryptodire and Pleurodire embryos has been carried

out (Werneburg and Sanchez-Villagra, 2009) There are some interesting differences in the rate of



development of the mandibular process. In the Pleurodira order (E. subglobosa) the out growth
of the mandibular process is accelerated when compared to a Cryptodire embryo of the
equivalent stage. One hypothesis postulates earlier jaw musculature development as necessary
for the fast prey capture methods of the Pleurodire group (Werneburg et al., 2009)

My project examines development of E. subglobosa which is native to Australia and
Papua New Guinea. Taxonomic synonyms include Emydura albertisii {Boulenger, 1888 #254}
and Euchelymys subglobosa. {Krefft, 1876 #255}. Common names are the Jardine River Turtle,
Red-bellied Short-necked Turtle, and Red-bellied Shortneck Turtle. While endangered as a
species in Australia, E. subglobosa is abundant in Papua New Guinea and is used for local
consumption and trade as pets. E. subglobosa is a terrestrial freshwater turtle and is commonly

seen in shallow and murky areas of water.

1.3 The turtle skull

The typical reptilian skull is distinguishable from mammals by several key features: in
the upper jaw there are prominent pterygoid and vomer bones and the jaw joint consists of the
quadrate bone which lies between the skull and mandible (diphasic). There are also several
reptilian bones that are not present in mammals such as the ectopterygoid and septomaxilary
bones (Boughner et al., 2007). These features are shared with the earliest amniotes in the fossil
record (the Family Captorhinidae, reptilian like mammals, Fig. 1.1). Turtles have some reptilian
skeletal elements but have lost the supratemporal and lacrimal bones during the course of
evolution. Cryptodires have retained the epipterygoid bone, while Pleurodires have also lost this
particular bone.

The temporal region of the turtle skull is flattened compared to the bird or squamate
reptiles. Instead of a jugal bar that juts outward from the head, the jugal is generally a part of the
orbital wall and articulates with the post-orbital bone (Gaffney, 1979). The jugal bar is only
present in the diapsid reptiles and it is the lack of this structure that leads to the classification of
turtles as anapsids.

The turtle hard palate is very different from squamate reptiles in that it is a contiguous set
of bone that spans the roof of the oral cavity. In birds, snakes and lizards there is a naturally
occurring midline gap (Fig. 1.1). The skeletal elements contributing to the turtle palate are the

palatine processes of the maxilla, vomer, palatine and pterygoid bones. Thus the midline is



comprised of the vomer, palatine and pterygoid bones rather than being a single suture as in
mammals. In the turtle as with many reptiles (except crocodilians), the palatine process of the
maxillary bones are reduced. In the anterior region of the turtle hard palate the vomer extends up
to reach the premaxillary bone. However rather than the premaxilla making direct contact with
the maxillary bone as in mammals or the palatine bone as in birds, there are bilateral openings
between the nasal and oral cavity, the internal nares or choanae. The choanae are located at the
boundary of the primary and secondary palate. This communication between oral and nasal
cavities is why the turtle cannot be classified as having a complete secondary palate. Instead it is
termed an incomplete palate.

The Cryptodira and Pleurodira suborders can be distinguished on the basis of their palate
anatomy. Pleurodira lack the articulation between the vomer and prefrontal bone seen in all
Cryptodira. Consideration to not generalize too widely from E. subglobosa is important in this
study since variation in skeletal anatomy within suborders have been reported. For example, in a
subfamily of Pleurodira, the Pelusidid group, the vomer is absent. Nonetheless the majority of
drawings in Gaffney (1979) of living turtles from either group (Cryptodira or Pleurodira) show
similar palatal anatomy to E. subglobosa.

The sequence of ossification of the cranial bones of E. subglobosa has been described
Generally bones of the dermatocranium (jaws) form first, then those of the splanchnocranium
(skull base) and lastly those of the neurocranium (skull vault). The first bones observed to be
stained for ossification are were the dentary and maxilla in the dermatocranium (Werneburg et
al., 2009). This timing coincides with the onset of Alizarin stain staining of the axial elements,
and has been classified as specimen or stage 5 (Werneburg et al., 2009). After 3.5 days of
incubation, 'specimen 6' showed that the majority of the dermatocranial elements have ossified.
These include the angular, frontal, jugal, palatine, parietal, postorbital, premaxilla, prefrontal,
pterygoid, surangular, and squamosal bones(Werneburg et al., 2009). 'Specimen 7' showed
nasale ossification, but vomer ossification interestingly did not occur till 'specimen 9'.
Ossification of the splanchnocranial quadrate and neurocranial elements such as the basisphenoid
and supraoccipital were not apparent until 'specimen 11' (Werneburg et al., 2009). Therefore
quite good macroscopic skeletal differentiation data of E. subglobosa is available, but to date

there are no histological studies describing the earlier stages during organogenesis.



1.4 Neural crest origins of the skull

The inquiry into craniofacial development of the turtle embryo includes the study of
embryonic facial mesenchyme. Since this mesenchyme originates from neural crest cells, it is
important to review the origins and contributions of neural crest cells to the head.

Neural crest populations originate from the dorsal folds of the neural tube along the entire
length of the embryo. The origins of facial neural crest cells are from the primitive forebrain
(prosencephalon), midbrain (mesencephalon) and anterior hindbrain (rhombencephalon)
(Creuzet, 2005). Dil injections into the neural tube provided the first view of live, migrating
neural crest cells (Lumsden et al., 1991). The fluorescently tagged cells migrated in three distinct
streams. Facial crest formed one large sheet separated by a crest free region at rhombomere 3,
the second group originated from rhomobomere 3 and the most caudal group from rhombomeres
6 and 7. Due to the gap at r3, facial neural crest cells do not mix with those that go into the neck.

The contributions of the neural crest cells to the differentiated tissues of the head have been
mapped accurately using transplants of quail neural crest cells into chicken. These methods were
discovered by Nicole LeDouarin (Le Douarin, 1969) and continue to be used up to the present
day to identify quail cells in the host chicken embryo at the histological level (Le Lievre, 1978;
Noden, 1978; Noden, 1983; Couly et al., 1993). Neural crest cells are multipotent progenitor
cells and give rise to a variety of cell types including: peripheral nervous system sensory
neurons, glia, smooth muscle cells in blood vessels, melanocytes, subsets of endocrine and
paraendocrine cells, and most importantly for this study, the ectomesenchyme of the head, which
will give rise to cartilages and intramembranous bones. This is a unique attribute of head
ectomesenchyme, as the rest of the vertebrate body’s trunk neural crest is unable to derive
intramembranous bones. (Couly et al., 1993; Kontges, 1996; Abzhanov et al., 2003).

Once facial neural crest cells have moved ventrally, they form the mesenchyme of the face.
This is often called ectomesenchyme because it once was neural ectoderm that transformed into
mesenchyme (Creuzet, 2005). The mesenchyme congregates in the facial prominences which
form a ring around the primitive oral cavity or stomodeum. Neural crest cells from the
prosencephalon migrate into the frontal nasal process, into the optic capsule and beneath the
diencephalon where they form the roof of the oral cavity (Le Lievre, 1978; Noden, 1978).The

lateral nasal prominence is populated by a combination of prosencephalic and mesencephalic



neural crest. Mesencephalic neural crest cells also contribute to the maxillary processes and
mandibular arch.

In general, all cartilages and bones of the facial and oral regions (including the frontal,
prefrontal, nasal, maxilla, premaxilla, parasphenoid, palatine, pterygoid, squamosal bones, and
lower jaw skeletal elements) are of neural crest origin (Noden, 1978). Particular bones stemming
from the prosencephalic origin include the nasal bones, the vomer, the most anterior part of the
maxillaries and palatines as well as the premaxillaries. Mesectodermal cells stemming from the

first branchial arch form the mandibular bones.

1.5 Formation of facial prominences, fusion of the primary palate

The vertebrate face develops from 4 pairs of facial prominences, the medial nasal (called
the frontonasal mass in reptiles), the lateral nasal, maxillary and mandibular prominences. The
frontonasal mass and lateral nasal prominences flank the margins of the invaginating nasal
placode. The maxillary prominences originate partially from the first pharyngeal arch and
partially from post-optic mesenchyme. The frontonasal mass, lateral nasal and maxillary
prominences fuse to form the upper lip and anterior region of the upper jaw. The mandibular
prominences are located on the inferior border of the oral cavity and ultimately form the entire
lower jaw.

After the primary palate has fused, palatal shelves begin to develop on the medial sides of
the maxillary prominences. These shelves in avian and squamate reptiles grow out above the
tongue but fail to meet in the midline (Shah and Crawford, 1980; Shah et al., 1987; Shah et al.,
1988; Buchtova et al., 2007).

Mammalian secondary palate formation differs from that of reptiles. The palatal shelves
are initially vertically positioned on either side of the tongue and then reorient horizontally.
Fusion occurs when the bilayered medial edge epithelium is removed and a mesenchymal bridge
forms (Gritli-Linde, 2007). The fusion leads to a complete separation of the oral and nasal
cavities, creating an advanced or complete secondary palate. This morphology is characteristic of
extant and extinct mammals (Carroll, 1988). When a defect in fusion occurs in humans the
resulting cleft interferes with function to such an extent that surgical repair is needed.

The palatal shelves in mammals give rise to the palatine processes of the maxillary bones

as well as the entirety of the palatine bones. These bones support the hard palate and form a
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midline suture. In addition, the palatine processes of the maxillary bone form a suture with the
premaxillary bone. As a result, there are no openings between the oral and nasal cavity in the
hard palate unlike in the turtle. In other reptiles such as birds and squamates, the palatine process
of the maxillary bone and palatine bones are also formed within the palatal shelves. However as
mentioned previously, since the shelves do not make contact, there remains a persistent cleft. We
hypothesize that although there are differences in the contribution of bones to the turtle hard
palate compared to other amniotes, at a minimum, the palatine bones will originate within palatal

shelves.

1.6 Molecular signaling in the facial prominences

The growth and development of the head requires precise spatio-temporal signaling
interactions between molecules, cells, and tissues. Such a complex system requires intricate and
stringent control over developmental processes in order for components to come together and
form the skull. In particular, major developmental pathways Sonic hedgehog (SHH), fibroblast
growth factors (FGFs), and bone morphogenetic proteins (BMPs) are essential in growth and
differentiation of the head.

In the frontonasal mass the early stages of outgrowth are controlled by the caudal edge
epithelium. Removal of this small strip of epithelium prevents outgrowth of the mesenchyme
(Hu et al., 2003). The boundary between the oral and extraoral epithelium has been called the
frontonasal epithelial zone (Hu et al., 2003). Gene expression studies in chicken embryos have
shown the stomodeal side of the epithelium expresses SHH whereas the external surface
expresses FGF8 (Hu et al., 2003). Initially FGF8 is expressed across the entire frontonasal mass
epithelium but then is restricted to the caudal edge. This zone of epithelium has been proposed to
determine mammalian versus avian face shape (Hu and Marcucio, 2009b).

Mutually inhibitory interactions were discovered between FGF8 and SHH whereby SHH
is required but not sufficient to restrict FGF8 expression dorsally, and FGF8 beads are sufficient
but not required to restrict SHH expression ventrally (Hu et al., 2003). Instead of single
molecules being able to orchestrate all of frontonasal patterning, it is the combined actions of
both SHH and FGF8 that are required (Hu et al., 2003; Hu and Marcucio, 2009a; Hu and
Marcucio, 2009b). Additional functions of FGF signaling are to regulate proliferation of the

frontonasal mass mesenchyme (Szabo-Rogers et al., 2008). Here the source of FGF8 is not the
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FEZ but is the nasal slit epithelium. Thus other epithelia surrounding the frontonasal mass in
addition to the FEZ influence morphogenesis of the frontonasal mass.

In the maxillary prominence there is also a boundary zone between intraoral SHH
expression and extraoral FGF8 expression. In this prominence FGF8 is localized to the maxillo-
mandibular cleft and SHH is primarily on the medial surface of the maxillary prominence
marking the position where future palatal shelves will grow out.

The corners of the frontonasal mass or globular processes and the medial edges of the
maxillary prominences participate in lip fusion thus it is critical that they grow out sufficiently.
Work from our lab has shown that there is surprising low proliferation in the globular processes
and that instead of adding cells on at the tips, the most growth occurs in proximal mesenchyme
(Szabo-Rogers et al., 2008). A similar pattern is observed in the maxillary prominence. The
globular processes are under the regulation of BMPs rather than FGFs. Antagonizing FGFs
specifically in the globular process has no effect on morphogenesis (Szabo-Rogers et al., 2008)
whereas blocking or increasing BMP signaling prevents fusion of the lip (Ashique et al., 2002a).

There are at least three BMPs expressed in the frontonasal mass and maxillary
prominences. BMP4 transcripts are mainly found in the epithelium covering the globular
processes, frontonasal epithelial zone and anterior maxillary prominence epithelium (Francis-
West et al., 1994; Ashique et al., 2002a). BMP2 is expressed highly in the globular process
mesenchyme as well as the overlying epithelium as well as the medial mesenchyme of the
maxillary prominence (Francis-West et al., 1994; Ashique et al.,, 2002a). In general,
mesenchymal BMP2 expression is stronger in than for BMP4 (Ashique et al., 2002a). BMP7 is
strongly expressed in all epithelial surfaces and also in the caudal mesenchyme of the frontonasal
mass (Lee et al., 2001; Ashique et al., 2002a; Foppiano et al., 2007). BMP7 overlaps SHH in the
roof of the stomodeum (Lee et al., 2001; Foppiano et al., 2007). The role of BMPs and in
particular BMP4 in determining the thickness of the upper beak has been shown in comparative
studies on Darwin’s Galapagos finches where increased levels of BMP expression correlate with
thicker beaks (Abzhanov et al., 2004; Mallarino et al., 2011). In addition manipulating the level
of BMP signaling in the frontonasal mass or maxillary prominence dramatically alters the size of
the chicken beak (Ashique et al., 2002b; Wu et al., 2004; Wu et al., 2006; Foppiano et al., 2007;
Hu et al., 2008). In addition implanting BMP soaked beads into the maxillary prominence of
chickens leads to a duplication of the palatine bone (Barlow and Francis-West, 1997). Thus BMP
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signaling is a key regulator of the intramembranous bones and cartilages comprising the facial
skeleton.

There is a great deal of cross talk between the FGF, SHH and BMP pathways. Our lab
and others have shown that BMPs have a negative influence on the expression of FGF8 and vice
versa (Ashique et al., 2002a). BMPs influence SHH expression as well as shown by the increase
in SHH expression in the presence of Noggin soaked beads (Ashique et al., 2002a). A Noggin
retrovirus does not induce SHH but instead reduces expression (Foppiano et al., 2007). This may
be an indirect effect of the virus acting via the mesenchyme which then affects epithelial SHH
expression.

One possibility that might explain the cross talk is that fact that several of these pathways
share common downstream transcription factors. BMP proteins are able to increase MSX1 and 2
expression in the face (Barlow and Francis-West, 1997; Lee et al., 2001; Ashique et al., 2002a;
Higashihori et al., 2010). Similarly FGFs are able to strongly induce MSX genes (Szabo-Rogers
et al., 2008; Higashihori et al., 2010). SHH has a unique set of downstream mediators, Gli
transcription factors and it is not known whether they can regulate expression of FGFs or BMPs.

Although we can easily observe the functional specificity of each gene in craniofacial
development, it is the amalgamation of all these functions that allows the head to develop
normally. Slight variations in such signaling pathways as SHH, BMP, and FGF pathways and
their downstream targets have already been shown to alter facial growth and morphology. Thus I
will focus on these three pathways in the turtle. I will begin by carrying out comparative gene
expression studies. Differences in gene expression may help direct hypotheses as to why the

turtle skull differs in morphology.
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1.7 Objectives of research

The first goal of this project's research is to better understand amniote palate development
through studying a rarely studied member of this group, the turtle. While extinct and extant adult
turtle skulls have been explored by others in the past, very few studies have been carried out on
embryos. There is a void of information on predifferentiation stages of development which will
specifically be addressed in this study. A combination of approaches including histology,
analysis of cell dynamics, in situ hybridization and whole skull staining will be utilized. This
will potentially provide evidence of conserved developmental mechanisms leading to formation

of the hard palate.

The second goal is to use the data to position the turtle in the amniote tree of life. By analyzing
early morphology, cellular dynamics and gene expression of the maxillary prominences and
primitive stomodeum, insight into evolutionary relationships of turtles to other reptiles will be

gained.
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CHAPTER 2 - MATERIALS AND METHODS

2.1 Specimen collection
Emydura subglobossa specimens were received from the Toronto Zoo by overnight

Fedex shipment. Eggs were buried in vermiculite during travel as well as incubation at UBC.
Vermiculite containers kept warm with heat packs during travel. Temperature and humidity of
shipment recorded by electronic reader from the Toronto Zoo. Upon receiving shipment, eggs
were wiped with double distilled water with iodine tincture to limit fungal growth. Eggs were
stored at either room temperature or at 30 degrees Celsius, and hydrated every two days with
normal tap water.

Turtle eggs were windowed at regions away from the embryo to minimize tissue damage.
By shining incandescent light through the shell of the turtle egg (candling), I was able to locate
the approximate location of the embryo. Appropriate stage for sacrifice was determined by
candling and observing size of embryo and development of amniotic blood vessels. When ready

for sacrifice, eggs were brought out of the 30 degree room and acclimatized to room temperature.

2.2 Wholemount skeletal analysis
Embryos used for skeletal analysis were washed in 1x PBS and transferred into 100% ethanol for

4 days. Specimens were then changed into 100% acetone for another 4 days, and stained with
Alcian blue and alizarin red for 10 days as described (Boughner et al., 2007). Embryos were
then cleared with 2% potassium hydroxide in 20% glycerol then changed into 50% glycerol. For
micro-CT specimens were fixed in 100% ethanol and scanned in a Scanco scanner (lab of T.M.

Underhill).

2.3 Histological sections
Sections on slides for histology were dewaxed in xylene (2x 20 minutes) and then hydrated

through ethanol series to 100% double-distilled water. Slides were then dyed with Picrosirius
red and Alcian blue for bone and cartilage staining respectively (Buchtova et al., 2007). Slides
were then dehydrated back into 100% ethanol, washed in xylene, and coverslipped with Shandon

EZ-mount.
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2.4 Cell proliferation

BrdU labeling in vivo: A hole was cut into the shell as close as possible to the embryo
using candling to locate its position. Using a ImL syringe with a 26 gauge 3/8 bevel needle, I
injected 10ulL of 10mM BrdU into the yolk of the egg. Eggs were then wrapped in a Kim wipe
moistened with double-distilled water, placed into vermiculite, and incubated for three hours at
30 degrees Celsius to allow for BrdU incorporation. Embryos were extracted from the egg with
dissecting scissors and forceps, washed in 1X cold PBS, and then transferred into 4%
paraformaldehyde for fixing overnight at 4 degrees Celsius. Quick fixing is essential at this
stage to preserve RNA integrity essential for in-situ experiments. Embryos were then stepped
into 70% ethanol with PBS washes (twice), 50% ethanol, and then finally stored in 70% ethanol.
Specimens older than stage six (Werneburg et al., 2009) were administered 10ul. of MS222
anesthetics and left for 20 minutes before extraction from egg. These specimens were then
demineralized in a solution of 12.5% EDTA/4% paraformaldehyde at 4°C. Length of
demineralization time depended on stage of embryo but could be as long as 2 months.

Cell proliferation was studied using a bromodeoxyuridine (BrdU) assay. BrdU is a
synthetic nucleoside that is a thymidine analogue. When administered to the living embryo, cells
in S phase incorporate the synthetic nuceloside into replicating DNA. Incorporated BrdU is then
detected by fluorescent antibodies that recognize unique epitopes of the synthetic nucleoside.
Antigen retrieval was carried out using 10 mM sodium citrate buffer, pH 6.0 for 30 min in a
steamer. I also used a further pretreatment which consisted of incubating the sections in Sau3Al
enzyme (NEB buffer #1) at a final concentration of 15U/ml to unmask the DNA in cells. I used a
kit (GE Healthcare) in which the mouse monoclonal antibody to BrdU is also mixed with
nucleases. The monoclonal antibody was applied overnight at 4° in a humidified chamber.
Secondary antibodies were applied (1:200, rabbit anti-mouse conjugated to Alexa 488
(Invitogen) and slides coverslipped with Prolong Gold containing DAPI (Invitrogen)(Handrigan
et al., 2010; Handrigan and Richman, 2010).

To quantify the proportion of proliferating cells, sections were photographed at 16X
magnification and stitched together using Adobe Photoshop. A grid was placed on top which
divided the maxillary prominence into 6™. Cell counts in the blue (DAPI, nuclei) and green
(Alexa 488, BrdU labeled cells) channels were made using the Image J plug-in, cell counter. A

total of 7 stage 3 specimens and 4, stage 4 specimens were analyzed. A single section from each
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embryo was analyzed thus there were no technical replicates. The right and left sides of each
embryo were counted and considered as biological replicates, thus there were 14 biological
replicates for stage 3 and 7 for stage 4 (the left maxillary prominence was torn in one of the stage
4 specimens). The data for the 6 regions at each stage was analyzed using 1 way ANOVA and

significant differences between groups determined using Tukey’s post-hoc test (Statistica, v 6.0).

2.5 Cell apoptosis
Apoptosis studies utilized Terminal transferase dUTP nick end labeling (TUNEL). The

Apo-tag kit from Chemicon (S7111) was used for the TdT reaction at 0.3U/uL, and labeling was
carried out using the FITC-dUTP analog from Roche Diagnostics. FITC anti-dig antibody was
applied to the slides as per the directions in the kit. Slides were then post- fixed with 4%

paraformaldehyde and mounted in Prolong Gold.

2.6 Section in-situ — radioactive detection.
Radioactive in-situ followed procedures as explained by Rowe et. al. 1992 (Rowe et al.,

1992). Photographs of gene expression were taken with bright and darkfield illumination using a

Leica M125 stereo microscope.

2.7 Cloning of turtle cDNAs

cDNA was transcribed from stage 1 and 3 total embryos. At this early stage, we expect
the majority of signaling and transcription factors to be transcribed in abundance. Embryos were
snap-frozen in liquid nitrogen and then processed through Qiagen's RNeasy Midi kit for Isolation
of Total RNA from Animal Tissues. cDNA was created from this RNA stock with Invitrogen's
Superscript III Reverse Transcriptase and an oligo-dT primer or random primers using the cDNA

archive kit from ABI.

2.7.1 Degenerate primer design
Gallus gene sequences orthologous to E. subglobosa genes of interest were found on the

NCBI GenBank database utilizing the ‘Gene’ search option (http://www.ncbi.nlm.nih.gov/).
This protein sequence was then BLASTed against the protein database
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) to compile a list of orthologous genes from other

species. A wide variety of taxa were selected for primer creation, with specific emphasis on
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including avian, amphibian, mammalian and reptile species. Protein sequences in FASTA format
were run through Blocksmaker to generate the blocks format output needed for CODEHOP
analysis of primer selection. ~CODEHOP output produced potential primer sequences.
Favourable sequences chosen had low degeneracy scores (less than 16), decent in amplicon
length (600-900 base pairs), with forward and reverse primer pairs being close in annealing

temperatures.

2.7.2 Degenerate PCR
The primary challenge of amplifying specific cDNA fragments by degenerate RT-PCR is

to determine the optimal reaction conditions. The optimal temperature for each primer pair was
decided through gradient PCR with annealing temperatures ranging from 50-55°C. Platinum Taq
(Invitrogen) which is the proof-reading form was used for this first amplification step. Cycling
conditions included a 3-min initial denaturation step, 35 cycles, and a 10-min final extension
step. PCR reactions were run on a 1% agarose gel, and then DNA fragment band of the predicted
size was extracted from with the Qiaquick Gel Extraction kit (Qiagen). After extraction and
purification of DNA from agarose medium, a second-round of PCR was carried out, using the
gel purified product. This repetition gives a product with greater enrichment for the target
amplicon. This second PCR reaction was carried out using Taq polymerase (non-proof reading

so that Ts are added to the ends of the amplicon permitting subsequent T-A cloning).

2.7.3 TA cloning of PCR products

PCR amplicons of predicted sizes were isolated from gel medium, and cloned into pGem-
T Easy Vector System kit (Promega) according to the manufacturer’s protocol. After overnight
incubation at 4°C this ligation mix was then transformed into DHS5a competent bacteria for
replication. Ampicillin-treated plates were treated with 40uL each of X-Gal (40mg/mL) and

IPTG (0.1M) before bacterial plating in order to screen for colonies with inserts.

After overnight incubation, bacterial colonies positive for insert were then used to
inoculate SmL cultures which were grown overnight at 37°C. Plasmid was purified using a
standard alkaline-lysis DNA mini-prep protocol, and concentrations were read by Nano-drop

spectrometry. Samples with robust concentration and nucleotide purity were then sent to
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Genewiz (New Jersey) for sequencing. Sequence results from Genewiz were BLASTed against

the protein database using Blastx to confirm sequence identity.

2.8 Phylogenetic analysis tools
FASTA format amino acid sequences were input into Clustal to create a multiple

alignment of an appropriate file format for use in PhyLIP 3.16, the phylogenetic construction
software used in this  study. Phylip  Software was downloaded from

www.evolution.genetics.washington.edu/phylip.html and installed on a local PC computer.

As a first step, the Clustal alignment (PHYLIP formatting) was fed into SeqBoot.exe to
create 100 sample replicates of the aligned data set.

The segboot file was then input intoprotdist.exe programs to create distance matrices.

Figure 2.1 - PhyLIP bootstrapping and distance algorithm parameters




Protdist.exe output files were then analyzed by NeighbourJoining.exe. This program can

generate distance trees by either the UPGMA or Neighbor-Joining method.

NlJ.exe next generates 100 different trees based on 100 different bootstraps. Running the
neighbor-joining output tree file through Consense.exe gives the best summary or average of the
set of 100 trees. Final consensus product gives a tree with bootstrap values and optimum

branching according to distance methods.

Figure 2.2 - PhyLIP parameters regarding neighbour-joining protein distance
phylogenetic trees

Consensus output tree files may be viewed with TreeView 1.6.6 and displayed as different styles

and outgroup parameters.
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CHAPTER 3 - RESULTS

3.1 Palate development in Emydura, sequence of ossification and
histology

The formation of the secondary palate is interesting because this is a region of the skull
that has a high degree of variation amongst amniotes (Richman et al., 2006). By analyzing the
secondary palate of the turtle a better understanding not only about the evolution of the
secondary palate but also about the position of the turtle in the amniote phylogenetic tree may be
possible. Emydura subglobosa is a model of convenience because these animals were readily
available from the Toronto Zoo. In addition, large clutch sizes and easy upkeep increase their
favourability as a laboratory model organism and others have prepared a detailed staging table
(Werneburg et al., 2009). However despite the description of the sequence of ossification
contained in this paper, the authors did not examine the anatomy of the secondary palate (ie. the
morphology and relationship of each palatal bone to others in the head). Furthermore only
wholemount skeletal staining was used which is not sensitive enough to detect the earliest
ossification centres. Therefore whole skulls were examined here using a combination of

wholemount staining, micro CT and histology.

3.1.1 Wholemount staining and micro CT analysis shows that the hard
palate is comprised of the palatine processes of the maxillary bones,
palatine, pterygoid and vomer bones

A number of specimens were stained in wholemount to observe the chondro and
dermatocranii. In the youngest specimen, the egg tooth is prominent in the external views (Fig.
3.1A). Internally, the full chondrocranium is present including Meckel’s cartilage which supports
the lower jaw, the interorbital septum which is the upper midline cartilage and the trabeculae
cranii which connect the interorbital septum to the posterior base of the skull (Fig. 3.1B,C). In
work by others it was reported that the first skull bones to ossify were the maxillary and dentary
bones at stage 5 (Werneburg et al., 2009). However, we not only see the maxillary but the
pterygoid is also present in our specimen so it may be slightly older than stage 5 (Fig. 3.1B,C).
At stage 6 according to Werneberg et al. (2009) the majority of the other bones initiate including
the angular, frontal, jugal, palatine, parietal, postorbital, premaxilla, prefrontal, pterygoid,

surangular, squamosal. Thus our specimen is midway between stage 5 and 6.
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The next stage examined was stage 11 and here it is possible to detect pigmentation in the
skin as well as the egg tooth in the midline of the upper jaw (Fig. 3.1D). By this point all of the
intramembranous bones have differentiated although the sutures have not yet fused. The gaps
between the bones are especially apparent between the premaxilla, palatine and pterygoid bones
(Fig. 3.1E,F). In addition the choanae or the internal nares are being circumscribed by the
maxillary bones anteriorly and palatine bones posteriorly. The turtle has a unique temporal
morphology with the posterior orbital rim being comprised of the post-orbital and jugal bones
(Fig. 3.1E). This means that unlike the birds and squamates, the jugal bone does not project
outwards from the side of the skull. This flattened morphology is typical of anapsids.

At stage 16, species specific patterns of pigmentation are visible. The snout has fully
elongated with the upper jaw projecting out beyond the lower jaw (Fig. 3.1G). The skull bones
have fully differentiated. The sutures have mostly fused throughout although it is still possible to
see the interorbital septum between the paired palatine and pterygoid bones (Fig 3.11). It is
difficult to discern individual bones in the alizarin red stained skull. Unlike the mammalian hard
palate, the choanae form a persistent communication between the oral and nasal cavities.

To better visualize the bones of the upper jaw a specimen of intermediate stage (stage 14)
was examined with micro CT. Images were reconstructed and then sliced from the frontal plane.
From an view in front of the skull it is possible to see the paired premaxillary bones, the
maxillary and mandibular bones (Fig. 3.1J). There is a midline suture in the mandible which is
also seen in squamates. Mammals however, do not have a midline mandibular suture at any stage
during development of the skull. Slicing through the premaxilla the bony separation between the
nasal and oral cavities is visible (3.1K). The bones comprising the anterior hard palate (anterior
to the choanae) are the maxillary bone laterally and premaxillary bone in the midline. Posterior
to the choanae, the hard palate is formed by the palatine bones (Fig. 3.1L) which articulate with
the vomer in the midline and the pterygoid bones posteriorly (Fig. 3.1M). The vomer extends
anteriorly to separate the right and left choanae. The palatal view demonstrates that the pterygoid
bones also make a major contribution to the posterior hard palate and jut anteriorly to contact the
vomer in the midline. Finally, the basisphenoid and basioccipital bones are in the same plane as
the pterygoid and complete the bones of the hard palate.

Histology results conclude that the turtle has a bony hard palate with some of the

characteristics of the mammalian (synapsid) hard palate including contributions from the
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maxillary and palatine bones. There is a continuous bridge of bone across the midline composed
of the premaxilla and palatine process of the maxillary bone anteriorly and the vomer, palatine
and pterygoid posteriorly. However in distinction to the mammalian hard palate, in E.
subglobosa the hard palate is considered incomplete due to the anterior openings of the choanae.
The internal nares are present in this exact position in the earliest turtle found in the fossil record,
proganochelys (Gaffney, 1979; Carroll, 1988).

The turtle palate has similar characteristics to squamate reptiles and birds. In particular,
the pterygoid forms a major part of the palate. There are some major differences as well. The
main one is that the hard palate bones of the turtle are continuous across the midline whereas the
squamate and bird palate is naturally cleft. In addition in squamates the epipterygoid joins the
pterygoid to the maxillary bone (Boughner et al., 2007). Thus the turtle palate is a hybrid of the
most primitive amniotes which have an internal nares in a similar anterior position and more
modern squamate and avian reptiles which have a large pterygoid bone. To discern whether or
not the turtle palatal bones are more homologous to those of mammals or to those of birds and
squamates requires further ontological analysis. Based on histological data above, subsequent
objectives following will be to describe the development of the turtle face in the embryo at much

earlier stages when facial prominences are present.
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Figure 3.1 — Wholemount skeletal staining and Micro CT of E. subglobosa
skulls

stage 6

stage 14

Figure 3.1. Wholemount skeletal staining and micro CT of E. subglobosa skulls. Stage 6 (A, B, C),
stage 11 (D, E, F), and stage 16 ( G, H, I) are shown in external view (A, D, G), as cleared and stained
skulls (B, E, H), and in palatal view (C, F, I). At stage 6 bone condensation is minimal within the palate
and the first two bones form, the maxillary and pterygoid are just starting to condense. At stage 11, the
components of the palate are distinct including the choanae posterior to the premaxillary bones. At
stage 16, all components of the palate seen in F have been fused together to create a continuous hard
bony palate. The choanae are still present anteriorly. Micro CT of a stage 14 skull oriented at a palatal
view (M) again shows the sutures have not fused between the bones of the palate. Transverse cuts show
the separation of the oral and nasal cavities (J - L). Key: bo, basioccipital; bs, basisphenoid; c,
choanae;d, dentary bone; et, egg tooth; ios, interorbital septum; j, jugal bone; mc, Meckel's cartilage;
mxb, maxillary bone; nb, nasal bone; o, otic vesicle; p, palatine bone;pa, parietal bone; pf, prefrontal
bone; pm, premaxilla; po, post-orbital bone; pt, pterygoid; pt, pterygoid; tc, trabeculae cranii. Scale
bars: 2mm (B same as C, E same as F, H same as I).
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3.1.2 There are no palatal shelves in Emydura subglobosa

Histological sections of the turtle head have never been published in literature. Such data
will address two major aspects of this project. First it will give not only higher resolution in
sequence of bone ossification, but also pre-bone mesenchymal condensation at specific stages
studied. Second, histological analysis allows for studying morphological changes in soft tissue.
Stages investigated will not only include ossified embryos where bone has formed, but also the
earlier stages before differentiation has occurred. We expect these earlier stages to display
dynamic soft tissue changes.

My hypothesis is that since there are discrete palatine bones that span the oral cavity,
there will be similar development to the mammalian secondary palate. In other words Emydura
subglobosa forms palatal shelves and that the palatine bones ossify within the shelf mesenchyme.

We collected embryos at stage 3 which is prior to fusion of the primary palate (Fig. 3.2A-
D). At the equivalent stages in mouse or chicken there are individual facial prominences and no
signs of secondary palate morphogenesis. Furthermore, the chondrocranium is just initiating at
this stage and only the trabeculae cranii as some of the skull base is differentiation.

Similar to other amniotes, E. subglobosa has a frontonasal mass, lateral nasal and
maxillary prominences in the upper face (Fig. 3.2B-D). There are no signs of skeletogenic
condensations with the exception of the trabeculae cranii (Fig. 3.2D). These cartilages are the
first parts of the chondrocranium to differentiate in this species. In contrast, Meckel’s cartilage
has not yet formed in the mandibular prominences (Fig. 3.2D).

By stage 4, the primary palate has fused and this can be seen in anterior sections (Fig.
3.2E,F). The nasal slits are separated from the oral cavity in these sections (Fig. 3.2F). However
more posteriorly they are reconnected (Fig. 3.2G). This opening between nasal and oral cavity
will form the internal nares or choanae as was observed in our skeletal preparations. In our
species of turtle, the choanae are immediately posterior to the primary palate at stage 4. As the
choanae close off in more posterior sections, they choanae become shallow pits that regress till
the oral roof is relatively flat. Choanae are therefore not visible in sections at section levels of
the secondary palate IFig. 3.2H, L). Mesenchymal tissue around the choanae is continuous
across the oral roof, and no fusion or midline seam is observed at stages 3 to 4. The morphology

of the choanae opening into the oral cavity (Fig. 3.2G) is very similar to the unfused primary
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palate morphology (Fig. 3.2C) and thus can be confusing. Careful analysis of serial sections was
carried out to determine which sections contained the primitive choanae. At stage 4 the
chondrocranium 1is differentiating including the nasal septum (Fig. 3.2G,H) and Meckel’s
cartilage (Fig. 3.2H).

Stage 4 E. subglobosa embryos are predicted to have incipient palatal shelves. These are
visible in a chicken embryo of an equivalent stage (chondrocranium present in stage 30 chicken
embryos (Ashique et al., 2002b). In the mouse after fusion of the primary palate, palatal shelves
grow outwards from the medial surfaces of the maxillary prominences (E12.5) and this is just at
the time when cartilages are beginning to condense. Surprisingly, palatal shelves were not
detected in serial sections through the head of E. subglobosa (Fig. 3.2F-H).

To rule out a later appearance of palatal shelves we also analyzed serial sections of stage
5 E. subglobosa embryos (Fig. 3.2I). At this time, mesenchymal condensations for the maxillary
and dentary bones were present (Fig. 3.2J). Picrosirius red staining is a more sensitive method of
detecting early bone condensation than wholemount staining.

Once again there were no palatal shelves just posterior to the choanae where we know
from our wholemount staining the palatine bones will subsequently form according to
wholemount skull staining results (Fig. 3.2J-M). Indeed the very early condensations for the
palatine bones were visible posterior to the choanae (Fig. 3.2K). In other words, palatine bone
condensations were located in sections cut through the most posterior outpocketing of the chonae
where there is no longer a connection between nasal and oral cavities (Fig. 3.2K). These bones
were differentiating directly in the mesenchyme between the nasal and the oral cavity. This is in

contrast to birds, squamates and mammals where palatine bones form within the palatal shelves.
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Figure 3.2 — Histology of the developing primary and secondary palate in
E.subglobosa
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Figure 3.2. Histology of the developing primary and secondary palate in E. subglobosa. Embryos at
stage 3, 4 and 5 were sectioned in the transverse plane. Planes of section are indicated in lateral views of whole
embryos (A. E, I). Three representative planes of section are shown, anterior to the choanae (B,F, J), middle or
within the choanae (C, G, K), and posterior to the choanae (D, H,L). Unfused facial prominences are present at
stage 3 (A-D) whereas at stage 4 the primary palate has fused (E-H). Bone condensation is first detected at stage
5 (I-L). Palatal shelves are normally evident in other amniotes such as mice and chicken at the equivalent to
stage 4 in turtles. Surprisingly, there is no evidence of medial outgrowths from the maxillary prominence,
posterior to the primitive choanae (F, G). These are also not present at stage 5(J-L). However at stage 5
maxillary (J-L) and palatine bone (L) condensations can be detected. Note the medial location of the palatine
bone condensation (black arrowheads, J) and the lateral maxillary bone condensations (red arrow, J). (M)
Cartoon of E. subglobosa palate at stage 14 which provides a reference for the depth of transverse sections. Key:
b, brain; c, choanae; e, eye; fnp, frontonasal prominence; Inp, lateral nasal prominence; mc, Meckel's cartilage;
mxb, maxillary bone, nc, nasal capsule; np, nasal pit; ns, nasal septum; oc, optic chiasma; tc — trabeculi cranii,
vno, vomeronasal organ. Scale bars: Bar in B = 220 um and applies to B-D, F-H; Bar in J = 500 um and applies
to J. K: Bar in L = 500 um.
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3.2 Cellular dynamics
Wholemount staining shows that palatine bones are a component of the hard palate of E.

subglobosa. However, when studying earlier stages of development, it was discovered that
palatal shelf formation did not occur. Thus instead of palatine bone differentiating within palatal
shelves, direct condensation of bone was carried out between the nasal and oral cavities. As the
literature has never described such a developmental process, an investigation into possible
mechanisms for the failure of palatal shelf budding from the maxillary prominences was carried
out. By mapping patterns of cell apoptosis and proliferation, corresponding results will give
insight into understanding the cellular dynamics within the maxillary prominence.

The driving hypothesis in this aim was that the medial side of the maxillary prominence
does not initiate palatal shelf formation due to an increase in apoptosis. In other words, these
experiments in cellulary dynamics will test whether there were rudimentary palatal shelf
outgrowths which then regressed due to apoptosis. The second or alternative hypothesis is that
proliferation is even across the maxillary prominence which prevents outgrowth of the medial

side.

3.2.1 Apoptosis is not increased on the medial side of the maxillary

prominence

Cell apoptosis was investigated at stages 3 and 4 of E. subglobosa using the TUNEL
assay. At stage 3, the primary palate is fusing and the primitive choanae have not yet formed
whereas at stage 4 the primitive choanae are present. In both anterior (anterior palate, Fig.
3.3A,C) and posterior (secondary palate, Fig. 3.3B,D) sections, there were very few apoptotic
cells. Positive cells were found in the nasal pit epithelium close to the fusion zones (Fig.
3.3A,C). However posterior to the choanae, there were almost no detectable apoptotic cells
except in the optic chiasm (Fig. 3.3B,D). Importantly, no apoptosis was observed at the medial
edges of the maxillary prominences nor anywhere else in the embryonic face of E. subglobosa.
These results reject the first hypothesis, that an increase in apoptosis underlies the lack of palatal

shelf formation.
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3.2.2 Cell proliferation is not decreased on the medial side of the maxillary

prominence.

As an embryo grows, there is active cell proliferation in the undifferentiated mesenchyme
(McGonnell et al., 1998; Szabo-Rogers et al., 2008; Higashihori et al., 2010). In order for
budding to occur it is necessary for one region to maintain this high level of proliferation while
the adjacent region drops the level of proliferation. This mechanism has been described for the
maxillary prominences where the proliferation rate in the roof of the stomodeum drops more
rapidly that the proliferation of the chicken maxillary prominence (Minkoff and Kuntz, 1978).
Within the maxillary prominence mesenchyme there have been reported only slight differences
in proliferation from medial to lateral in the chicken embryo in one study (McGonnell et al.,
1998) whereas in another study there are lower rates of proliferation in the centre of the
maxillary prominence (Bailey et al., 1988). Here this study will focus on the maxillary
prominence and any proliferative patterns that may help explain the lack of palatal shelf
formation in E. subglobosa.

Cell proliferation was analyzed at stages 3 and 4. These stages were selected as to cover
stages when it was likely that proliferation differences might be seen that could set up
differential outgrowth of the palatal shelves. These stages are equivalent to approximately stage
22 and 27 in the chicken embryo. An overall impression of the proliferation patterns at stage 3
and 4 will first be described. At stage 3, the primary palate plane had more proliferative cells
aggregated towards the lateral edges of the frontonasal mass whereas the centre, where the nasal
septum will form has much lower proliferation (Fig. 3.3E). The same pattern is observed in more
posterior sections (Fig.3.3F). There is high proliferation in the lateral nasal prominences (Fig.
3.3E). In stage 3 anterior sections, only the most cranial part of the the maxillary prominence
was included (Fig. 3.3E). In posterior sections there is high proliferation in the maxillary
prominence mesenchyme (Fig. 3.3F).

Once the primary palate has fused at stage 4, proliferation is still strong along the lateral
edges of the frontonasal mass and in the lateral nasal prominences (Fig. 3.3G). Regions of
decreased proliferation are observed in the midline of the frontonasal mass in both the primary
palate and in the region of the primitive choanae (Fig. 3.3G,H). Proliferation in the maxillary

prominences is again difficult to observe in the shallow anterior section but can be seen better in
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the deeper posterior sections (Fig. 3.3H). There appears to be lower proliferation in the centre of
the maxillary mesenchyme.

To quantify the proliferation in different regions of the maxillary prominence, the
posterior sections of stage 3 and 4 E. subglobosa embryos were analyzed in more detail since this
is where palatal shelves are expected to be budding out (Fig. 3.3F, H, see boxes for area of
section analyzed). The maxillary mesenchyme was divided into six areas for cell counting. Each
area was estimated to include similar total cell numbers and the percentage of proliferative cells
in each region was calculated.

At stage 3 there were significant differences between areas 1 (upper medial maxillary,
25%) and 2 (upper middle maxillary, 15%). Differences between area 4 (lower medial
maxillary, 25%) and 2 (upper middle maxillary) were also significant (Fig. 3.4). It is interesting
that these same differences were observed in stage 4 E. subglobosa and were slightly more
pronounced (Fig. 3.4).

Quantitative analysis by cell counts displays a significant increase in proliferation at the
medial edges of the maxillary prominence when compared to middle regions. This pattern of
increased proliferation under the epithelium is similar to what has been reported for the chicken
embryo (Bailey et al., 1988). Despite these similarities to the chicken, E. subglobosa does not
form even rudimentary palatal shelves whereas the chicken does. A possible explanation may be
that although there is higher medial proliferation, this level is not markedly high enough to
initiate palatal shelf budding. Lack of shelf formation may also be explained by an insufficient
decrease in proliferation at non-growth regions, leading to more even distribution of proliferating
cells and an even expansion of the prominence increase instead of lateral budding.

Since the data collected is from two stages, these proliferation results rule out the
presence of initially high levels of proliferation which then decrease, preventing shelf outgrowth.
Our data supports that from stage 3 (before shelf formation) till stage 4 (when shelves should
have already formed), the relatively higher peripheral proliferation rate is maintained. Since cell
proliferation patterns are constant throughout this developmental time period, this does not

support the hypothesis of vestigial shelves that failed to develop further.
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Figure 3.3 Cellular dynamics in the developing E. subglobosa palate
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Figure 3.3. Cellular dynamics in the developing E. subglobosa palate. Transverse sections of the head stained
for apoptotic (A-D) and proliferating cells (E-H). Apoptotic are detected in the nasal slit epithelium close to the
fusion zone between the frontonasal mass and maxillary prominences (A’ and C’, arrowheads). Posteriorly,
apoptotic cells are observed under the optic chiasma (B’ arrowhead). No apoptotic cells are observed in the area
where the primitive choanae open into the oral cavity (D). E) Less proliferative cells are seen in the cartilage
condensation of the nasal septum as well as the medial edges of the maxillary prominences (arrowheads in E).
Posteriorly, where palatal shelves are predicted to form, maxillary cell proliferation seems constant except for
the central mesenchyme, most distant from the surface epithelium. Boxed maxillary regions (F and H) were
analyzed quantitatively. Key: b, brain; c, choanae; e, eye; fnm, frontonasal mass; Inp, lateral nasal prominence;
np, nasal pit; mxp, maxillary prominence; mc, Meckel's cartilage. Scale bars = 400 um for low magnifications
and 100 pum for insets.
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Figure 3.4 — BrdU data in graphical format
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Figure 3.4. Quantitative BrdU data in graphical format. Maxillary prominence at secondary palate depth is

< divided into 6 parts (areas 1-6) to count percentage of proliferative cells. In both stage 3 and 4, statistical
significance was reached between areas 1 and 2 as well as 2 and 4; that is, the medial and lateral regions of the
maxillary prominence have greater proliferation than regions deep in mesenchymal tissue, away from the
epithelium. Tukey’s post-hoc testing of one-way ANOVA was used to generate p values.
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3.3 Gene expression in the embryonic turtle face
The histological analysis showed very clearly that palatal shelves do not grow out from

the maxillary prominences. Therefore the roof of the oral cavity is on the opposite side of the
nasal cavity. In consideration of these results, the next hypothesis postulated was that the roof of
the oral cavity of E. subglobosa is similar to the primitive oral cavity in mammals, before palatal
shelves form. In order to test this hypothesis I examined expression of a panel of genes that are
present in the epithelium of the primitive stomodeum of mammals. A second hypothesis is that
similar signaling pathways are at work in the morphogenesis of the turtle palate compared to
those used in other vertebrates. The third hypothesis of this section was that birds are more
closely related to turtles than mammals, thus the gene expression patterns of the chicken

maxillary prominence and palate would resemble those of E. subglobosa.

3.3.1 Expression of Bmps during palate morphogenesis
Bone Morphogenetic Proteins (Bmps) are required for maxillary prominence

morphogenesis and when Bmprla is conditionally deleted, cleft lip and palate is induced in mice
(Liu et al., 2005). In addition Bmp7 is strongly expressed in the stomodeal epithelium prior to
palatal shelf formation in the mouse (Hu and Marcucio, 2009b) and in the chicken (Ashique et
al., 2002a; Foppiano et al., 2007; Hu and Marcucio, 2009b). Bmps are also involved in
intramembranous bone formation (Barlow and Francis-West, 1997).

In order to map expression of Bmp2, 4 and 7 I cloned parts of the open reading frames of
Bmp2 and Bmp7 were cloned (Table 1) and Bmp4 from another species of turtle (Trachemys
scripta, sequence ID: AAR3824.2) was obtained. Primary stages of focus were on stage 3, prior
to fusion of the primary palate and stage 4 after fusion and prior to differentiation of
intramembranous bones. At stage 3, Bmp2 transcripts (Fig. 3.5A-E’) are primarily restricted
to the epithelium of the frontonasal and maxillary prominences in both anterior (at primary palate
level, Fig. 3.5A,A’) and posterior sections (secondary palate level; Fig. 3.5B,B’). Maxillary
expression is interestingly restricted to the cranial and medial regions close the zone of contact
with the frontonasal mass (lip fusion zone, Fig. 3.5A’). In addition the epithelium of the nasal

slits expresses Bmp2 but at low levels (Fig. 3.5A’). Expression is similar at stage 4 with
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transcripts being present in the stomodeal epithelium (Fig. 3.5C’-E’). There are foci of strong
expression in the posterior choanae epithelia (Fig. 3.5E’).

More similar to Bmp7, Bmp4 (Fig. 3.5F-J’) is expressed in both epithelial and
mesenchymal tissue at the lateral edges of the frontonasal mass in the primary palate (Fig.
3.5F,F). Interestingly, concentrated transcript expression is also observed in the groove between
the lateral nasal and maxillary prominence in stage 3 E. subglobosa (Fig. 3.5F’). Deeper
sections of the same embryo reveal that there is strong expression of Bmp4 in the medial
epithelium of the maxillary prominences and stomodeum (Fig. 3.5G’). At stage 4 expression
strengthens at the caudal edge of the frontonasal mass (Fig. 3.5H’) and is concentrated in the
posterior ends of the choanae epithelia overlapping Bmp2 (compare Fig. 3.51" toE’). There is also
expression of Bmp4 in the mandibular epithelium and olfactory epithelium at stage 4 (Fig. 3.5J).

Similar to Bmp2, Bmp7 expression (Fig. 3.6A-E’) is present in the stomodeal epithelium
at stage 3 (Fig. 3.6A”). Unlike Bmp2, there is also mesenchymal expression in the cartilage of the
nasal septum and in future sites of intramembranous bone formation in the maxillary
prominences (Fig. 3.6A’,B’). In stage 4 embryos, Bmp7 is abundant in the cartilage of the nasal
septum (Fig. 3.6C’,D’). This is similar to what has been observed in chicken embryos (Ashique
et al., 2002b). There is strong expression in the respiratory epithelium at stage 4 (Fig. 3.6C’, D’)
again a pattern that is also conserved with chicken (Ashique et al., 2002a). The epithelium and
mesenchyme of the posterior end of the choanae have overlapping, and strong expression of all
three Bmps (Fig. 3.5E’, I’; 3.6E’). This stomodeal epithelial expression of Bmps in turtle is
similar to the primitive oral epithelium of the chicken prior to formation of the unfused
secondary palate as well as the mouse embryo prior to E12.5 (Francis-West et al., 1994; Ashique
et al., 2002a; Foppiano et al., 2007; Hu and Marcucio, 2009b).
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Table 3.1 DNA sequences of E. subglobosa cloned fragments.

Bmp2

GGCGATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTTGGATGTCTTTTG
CAACTGGATTTGTGGCGTTTGCGCTGTTTGTGTTTTGCTTGGCGTTTCTCTCTTATGGAGAGGGTGTCCCTTGC
CATCATGGCTAAAAGTTACTAACAATGGCCTTAGCTGAGACCAGCTATCTTCATCCTGATGCAAAGAGCGGC
TAATCCTAACATGCCTCTTGGAAACACTGCTCTCATTGTCCAAGTGAACCACCTCTACTACAAACCCATGATT
AGGCTGTCTATGTGCAATCCACCTCATTACAGCTGGTGTTACATCAAAGCTTTCCCATTTACTTGCATTCTGA
TGCACCAACCTGGTGTCCAAAAGTCTTGTGGCAGGGTCCTTAGAAGAAGCTGTGGCTGGCTTTATAATTTCA
TAAATATTAATACGGTGATGATAGCTGCTATTGTTCTCAAAGGCTGCCTGCACCTGCTCCCGAAAAATCTGA
AGTTCAGCCGAGGTGAGAAACTCCTCATTAGGGATGGAAGTTAAATTAAAGAAGAAACGCCGTGCTAATCA
CTAGTGAATTCGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAG
TATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCG
CTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGGTGCCTAATGAGTGAGCT
AACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAA
TGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCG
CTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAGGCGGTAATACGNTNATCCACAGAAT
C

Bmp7

ACAGGACAGCAACTTCCTGACTGAGGCGGACATGGTCATGAGCTTCGTGAATCTGGTGGAGCATGACAAAG
AGTTCCATCATCAGCGCTATCACCATCGGGAGTTCAGGTTTGATCTCTCCAGAATCCCAGAGGGGGAAGCAG
TGACTGCTGCTGAGTTCAGGATATATAAGGATTACATCCGAGAACGGTTTGATAATGAAACATTCCAGATAA
GCGTCTACCAGGTACTGCAGGAGCACCCAGGAAGGGATTCAGATTTGTTCCTGCTTGACACTCGAACAATTT
GGGCTGCAGAAGAAGGTTGGTTGGTGTTTGATATTACAGCAACCAGTAATCTCTGGGTGGTAAATCCACAAC
ATAATCTCGGTCTGCAGCTATCAGTTGAGAGTATAGATGGACAAAGCATCAATCCCAAACTGGCTGGTCTAA
TCGGAAGACATGGCCCACAAAATAACCAGCCTTTCACGGTAGCATTCTTCAAAGCCACAGAAGTGCATCTCC
GCAGTATTCGTTCCNCGGGANGNAAACAAAGGANCCAGATTCGATCGAAAA

Fgfr2

ACTATCTGACCTGGTGTCAGAGATGGAGATGATGAAAATGATTGGGAAGCACAAAAATATTATCAATCTTCT
TGGAGCCTGTACACAGGATGGTCCATTGTATGTGATAGTTGAATATGCTTCTAAAGGGAATCTGCGGGAGTA
CCTTAGAGCACGGCGACCCCCTGGAATGGAATATTCATTTGATATCAACAGGGTACCGGAAGAGCAGATGA
CATTCAAAGACTTAGTATCATGCACATACCAACTGGCAAGGGGCATGGAATACTTGGCTTCACAGAAATGCA
TTCATCGAGATTTAGCAGCAAGAAATGTTTTGGTGACTGAAAATAATGTGATGAAAATAGCAGACTTTGGTT
TGGCCAGAGACATCAACAATATAGATTATTATAAAAAGACTACTAATGGCCGGCTGCCTGTAAAGTGGATG
GCTCCAGAAGCCCTATTTGACAGAGTTTACACACATCAAAGTGATGTTTGGTCATTTGGTGTGTTGATGTGGG
AGATCTTCACTTTGGGAGGATCACCCTATCCAGGAATTCCAGTGGAGGAACTTTTTAAGCTGCTTAAAGAAG
GGCACAGAATGGATAAGCCTGGCCA

Ptchl

CCTGGAGCACATGTTCGCGCCAGTGTTAGATGGAGCTGTGTCTACTCTGCTTGGAGTGTTAATGCTTGCAGG
GTCCGAGTTTGATTTTATTGTAAGGTATTTCTTTGCTGTTTTGGCAATTTTAACCATTCTGGGAGTTCTGAATG
GATTGGTGCTGCTTCCAGTTCTTCTGTCATTCTTTGGACCATATCCTGAGGTTTCTCCAGCCAATGGACGGAA
CAGATTGCCTACTCCCTCTCCTGAGCCAGCTCCTANCGTTGTGAGGTTTGCACTGCCACCTGGACACACAAAT
AATGGATCAGATTCGTCTGATTCTGAGTACAGTTCTCAGACCACAGTGTCAGGAATCAGTGAGGAACTCCAT
CAATACGAGGTCACTCAGAGCTCTGGTGCACCTGTCCACCAAGTAATAGTGGAAGCAACTGAGAATCCTGTC
TTTGCCAGATCCACTGTGGTTCAGCCAGAGACAAGATATCATCAGCCAAGTCCAAAATTACAAACTAACCCA
GAAGCTGGGTCCCAGCAGACGTGGCATCATAACAGACAACCTANACAGGAATTGAGGGAAGGACTACGACC
ACCTCCTTACAGGCCACGCAGGGATGCTTTTGAAATTTCTACTGAAGGGCATTCTGGACCTAGCTCTAGGGA
CCGCTCGAGCCATAGGACTCGTTCTCATAACATTAGAAGCCCAGCATTCACTGCCATGGGTGCTTCAGTGCC
AGCATACTGCCNACCTATCACCACCGTGACCGCCAATCACTAGTGAATTCGCGGCCGCCTGCAGGTCGACCA
TATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAGTATTCTATANTGTCACCTAAATANCTTNGNGTA
ATCATGGNCATAG

CTGTTTCCTG
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Figure 3.5 — Bmp2 and Bmp4 Gene expression of E. subglobosa stage 3 and 4.

Bmp2 Bmp4

anterior

o™
]
o
o
]
(/]

L
=]
=
]
S
7]
=
=1

anterior

stage 4

Figure 3.5. Bmp2 and Bmp4 gene expression in the stage 3 and 4 embryo in the primary and presumptive
secondary palate.

Transverse sections through primary palate (anterior) and presumptive secondary palate (middle and posterior) of
E. subglobosa at stages 3 (A, A', B, B, F, F', G, G') and stage 4 (C, C', D, D, E, E', H, H', I, I, J, J'). Radiolabeled
in situ hybridization was carried out and white silver grains in darkfield images (A', B', C', D', E', F', G, H, I' I")
show the location of gene transcripts. Bmp2 is expressed in the epithelium of the frontonasal and maxillary
prominences near sites of primary palate fusion (arrows, A') and in the stomodeal epithelium (arrows, B'). At stage
4 there is stronger expression in the nasal pit (C' upper arrowhead, D’,E’). Bmp2 is also in the stomodeal
epithelium (D’, upper arrowhead), perichondrium of Meckel's cartilage (lower arrowhead, D') and in the choanae
invaginations (lower arrowhead, E'). Bmp4 is located in mesenchyme lateral and medial to the nasal pit at stage 3
(arrowheads F'). Posteriorly, Bmp4 is localized to the oral epithelium of the maxillary prominence extending into
the choanae invaginations (lower arrowhead G'). By stage 4, Bmp4 expression is strong in the frontonasal
prominence (H', arrowhead) and robust in the choanae (I', arrowhead). Bmp4 is also present in the nasal
epithelium, mandibular oral surface, and early condensing bone (arrowheads J'). Key: mx, maxillary prominence;
np, nasal passage; ns, nasal slit; fnp, frontonasal prominence; Inp, lateronasal prominence; b, brain; st, stomodeum;
¢, choanae; e, eye. Scale bars: 500 um. Scale bar in A applies to A - I'. Scale bar in J applies to J and J".
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Figure 3.6 — Bmp7 and Ptchl Gene Expression of E. subglobosa stage 3
and 4.
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Figure 3.6. Bmp7 and Ptchl Gene Expression of E. subglobosa stage 3 and 4.

Transverse sections through primary palate (anterior) and presumptive secondary palate (middle and
posterior) of E. subglobosa at stages 3 and stage 4. Early Bmp7 expression at stage 3 is located in the
nasal cartilage, oral epithelium of frontonasal and maxillary prominences, and lateral mesenchyme of
maxillary prominence (A' and B', arrowheads). Stage 4 Bmp7 expression is restricted to the respiratory
epithelium of the nasal cavity (C', D', arrowheads). It is also expressed in the oral epithelium of the
entire oral cavity, the nasal septal cartilage, mesenchyme of the maxillary and mandibular prominences
(D', E"). Ptchl expression is strongly restricted to epithelium and mesenchyme of the stomodeal roof
and medal maxillary prominences at stage 3 (F' and G' arrowheads). This expression persists into stage
4 and across the three planes studied (H', I', J' arrowheads). Key: np, nasal passage; fnp, frontonassal
prominence; ns, nasal septum; mxp, maxillary prominence, Inp, lateral nasal prominence; b, brain; st,
stomodeum; nc, nasal capsule; ¢, choanae. Scale bars: 500 um; A applies to A', B, B', F, F', G, and G';
bar in C applies to C', D, D', E,E', H, H, , I', J, and J".

37



3.3.2 Expression of Shh and Fgf pathway genes

The Sonic Hedgehog signaling pathway is also active during facial
morphogenesis and is required for setting up the boundary between facial and oral
ectoderm (Hu et al., 2003; Marcucio et al., 2005; Hu and Marcucio, 2009a). One of the
receptors for Shh, Patched, is not only a mediator of the pathway but also a direct target.
The Richman lab has shown in other reptile work that Ptch expression is increased in the
presence of SHH protein and that when Hh signaling is blocked with cyclopamine Ptch
expression is eliminated (Handrigan and Richman, 2010).

A fragment of the E. subglobosa orthologue of Ptchl was cloned and its
expression patterned examined in stage 3 and 4 turtle embryos (Table 1, Fig. 3.6F-J"). In
stage 3 there are transcripts surrounding the nasal pits in both epithelium and
mesenchyme (Fig. 3.6F’). In posterior sections, expression is also observed in the nasal
epithelia, across the presumptive oral roof and on the medial surfaces of the maxillary
prominences (Fig. 3.6 G’).

In stage 4 embryos Ptch continues to be highly restricted to the caudal edge of the
frontonasal mass (Fig. 3.6H’). Further posteriorly, the epithelium and adjacent
mesenchyme lining the roof of the oral cavity express high levels of Ptchl (Fig. 3.61°, J*).
Thus similar to chicken embryos Ptchl expression marks the primitive oral epithelium
(Hu and Helms, 1999; Marcucio et al., 2005). In the oral epithelium of the more
advanced mammalian secondary palate, Shh and Ptch expression are restricted to the
rugae (Rice et al., 20006).

Expression of two genes in the FGF (Fibroblast growth factor) pathway was
examined that would indicate areas with higher FGF signaling activity (Fig. 3.7A-J’).
One is the receptor for several epithelial FGFs, Fgfr2 (receptor for FGF2, 4 and 18
(Ornitz et al., 1996) and the other is Sprouty2, a pathway mediator and a direct target of
the FGF signaling pathway (Minowada et al., 1999). Here we obtained a clone for
Trachemys scripta for Spry2 (J. Moustakas, not entered in NCBI) and cloned a portion of
Fgfr2 coding sequence for E. subglobosa (Table 1).

At stage 3, the receptor for FGF, Fgfr2 is not as abundantly expressed as the other

genes examined. However there is some light signal in the oral epithelium and caudal
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edge of the frontonasal mass epithelium (Fig. 3.7A’). There is mesenchymal expression
in the maxillary mesenchyme in two horizontal stripes that line up with the maxillo-
lateral nasal groove. (Fig 3.7B’). At stage 4 expression of Fgfr2 is stronger than at stage
3. Anterior to the choanae, there is strong expression in the caudal frontonasal mass
epithelium and in the nasal passages (Fig. 3.7C’-E’). There is also expression of Fgfr2 in
the medial maxillary epithelium (Fig. 3.7C’). At the level of the choanae, there is weak
expression in the epithelium of the choanae and medial surfaces of the maxillary
prominences (Fig. 3.7D’). Posterior to the choanae, there a similar medio-lateral stripe of
Fgfr2 expression beneath the eyes (Fig. 3.7E”) as was visible at stage 3. Unlike in the
chicken where FGFR2 is strongly expressed in cartilage condensations (Wilke et al.,
1997), in E. subglobosa there is no expression in the frontonasal, nasal septal and
Meckel’s cartilage (Fig. 3.7C’-E’).

The expression of Spry2 expression in stage 3 embryos is restricted to frontonasal
and lateral nasal mesenchyme closest to the nasal epithelia (Fig. 3.7F”). At this depth,
there is no detectable Spry2 transcript in both mesenchymal and epithelial components of
the maxillary prominences (Fig. 3.7F’). This is in stark contrast to a similar stage
chicken embryo which has abundant expression in the caudal half of the maxillary
prominence, adjacent to Fgf8-positive epithelia (Szabo-Rogers et al., 2008). However, in
more posterior sections, there is very strong Spry2 expression in oral surfaces of the
maxillary prominences in both epithelium and mesenchyme (Fig. 3.7G’). This expression
is also observed in lateral mandibular tissue (Fig. 3.7G”).

At stage 4 similar expression patterns are observed for both Spry2 and Fgfr2.
Anterior to the choanae, there is strong expression of Spry2 the caudal frontonasal mass
epithelium and in the nasal passages (Fig. 3.7H’, I’). In the chicken, SPRY2 is also
expressed at high levels surrounding the nasal pits (Szabo-Rogers et al., 2008). At the
level of the choanae, there is expression of Spry2 in the epithelium of the choanae and
medial surfaces of the maxillary prominences (Fig. 3.71"). (Fig. 3.7E). Spry2 is expressed
in the optic nerves as well as in the mandibular epithelium and subadjacent mesenchyme
(Fig. 3.7)°). Thus FGF signaling appears to be active in the stomodeal epithelium,

especially close the choanae.
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Figure 3.7 — Fgf pathway genes Fgfr2 and Spry2 in E. subglobosa stage 3
and 4.
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Figure 3.7. Gene expression of Fgf pathway genes Fgfr2, in stage 3 and 4 embryos. Transverse sections
through primary palate (anterior) and presumptive secondary palate (middle and posterior) of E. subglobosa
at stages 3 and stage 4. Fgfr2 expression at stage 3 in E. subglobosa head is weak, and limited to the oral
epithelium of the frontonasal prominence and maxillary prominence (A' and B', arrowheads). By stage 4
strong expression appears across the stomodeal roof (C'). There is also strong expression in the epithelium
and mesenchyme surrounding the nasal pits and in the choanae (C', D', E' arrowheads). The strong signal in
E' in the middle of the mandible is an artifact. Spry2 expression surrounding the nasal pits is similar to Fgfr2
but relatively more abundant. This expression persists across both stages (F', H', I') Spry2 is also strong in
the choanae just before the secondary palate (I' arrowhead) There is also expression in the optic nerve (I,
arrowhead). Key: fnp, frontonasal prominence; mxp, maxillary prominence; nc, nasal capsule; ¢, choanae;
Scale bars: A (200 um) applies to A', B, B', F, F', G, and G'. Scale bar in D (500 pm) applies to D, D', E, E',
H, H'. Scale bar in I (500 um) applies to I, I', J, and J'.
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3.3.3 Transcription factors downstream of the Fgf, Hh and BMP
signaling pathways are expressed in the turtle palate

Transcription factors known to be downstream of the signaling pathways we had
studied was hypothesized to be also expressed during E. subglobosa palate development.
The genes we investigated were Msx2 and Twistl (Fig. 3.8A-J"). Msx2 was examined
because this homeobox transcription factor is a target of both the Fgf and Bmp pathways
(Ashique et al., 2002a; Szabo-Rogers et al., 2008; Higashihori et al., 2010). In addition
Msx2 is required for intramembranous bone formation in mice (Satokata et al., 2000).
The basic helix-loop-helix transcription factor Twistl is also required for
intramembranous bone formation (Bildsoe et al., 2009). FGFs have been shown to
positively regulate Twist expression in the mouse palate whereas Bmps negatively
regulate Twistl (O'Rourke and Tam, 2002). In addition Twistl can heterodimerize with
Gli3 which is a transcription factor in the Hh pathway (O'Rourke and Tam, 2002)

In the primary palate at stage 3, Msx2 is restricted to the corners of the frontonasal
mass and the medial maxillary mesenchyme where fusion will occur (Fig. 3.8A”). Msx2
expression is also present in the frontonasal and maxillary prominence epithelia (Fig.
3.8A’°,B’). There is strong expression in midline regions of the mandibular prominence
(Fig. 3.8B’) similar to the chicken embryo {Mina, 1995 #250}.

In stage 4 embryos, Msx2 is most strongly expressed in the nasal epithelium (Fig
3.8C’-E’). Anterior sections show elevated mesenchymal expression where frontonasal
and lateral nasal prominences have fused, similar to stage 3 and in the caudal frontonasal
mass epithelium (Fig 3.8C’). Sections through the choanae and posterior display strong
expression in the cleft between the maxillary and mandibular prominences (Fig
3.8D’,E’).

At stage 3 Twistl transcript expression can be seen in the caudal epithelium and
mesenchyme of the frontonasal mass and maxillary prominences (Fig. 3.8F’,G”). There
is also robust expression in mandibular tissue (Fig. 3.8G’). At stage 4 there is abundant
mesenchymal Twistl signal in the caudal frontonasal mass and maxillary prominences
similar to stage 3 (Fig 3.8H’). In deeper sections, through the primitive choanae, there is

strong expression around the opening to the nasal passages (Fig. 3.81"). Posterior to the
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choanae, there is robust expression in stomodeal mesenchyme closest to the oral cavity
adjacent to the presumptive palatine bone condensations (Fig 3.8]”).

Thus several genes are expressed in the stomodeal epithelium and mesenchyme
including Bmp7, Ptchl, Fgfr2, Twistl. These may indicate that the roof of the oral cavity
has retained a stomodeal expression pattern which is distinct from that of the oral surface
of the palatal shelves in mammals. In addition the medial edges of the maxillary
prominences express Msx2, Twistl, Bmp4 and Ptchl all of which are also expressed on
the medial side of chicken maxillary prominences (Francis-West et al., 1994; Barlow and
Francis-West, 1997; Hu and Helms, 1999; Tavares et al., 2001; Ashique et al., 2002a;
Higashihori et al., 2010). However there are some differences such as the absence of
Spry2 expression in the turtle maxillary prominences and absence of Fgfr2 in cartilages
both of which are the opposite in chicken embryos (Wilke et al., 1997; Szabo-Rogers et
al., 2008). Thus for the most part the chicken and turtle have similar gene expression

patterns in the face.
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Figure 3.8 - Msx2 and Twistl Gene Expression in E. subglobosa stage 3
and 4
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Figure 3.8. Gene Expression of Msx2 and Twistl transcription factors in E. subglobosa stage 3 and 4.
Transverse sections through primary palate (anterior) and presumptive secondary palate (middle and
posterior) of E. subglobosa at stages 3 (A, A", B, B, F, F', G, G') and stage 4 (C, C', D, D', E, E', H, H',
I, 1,1, J). Msx2 expression at stage 3 is localized to regions of primary fusion between the frontonasal
prominence and the maxillary prominences (A' arrowhead). This pattern persists at stage 4 even after
fusion of primary palate (C'). Mandibular mesenchyme shows strong midline expression (B' and D').
Expression of Msx2 is not observed in the choanae (D'). Twistl is mesenchymally expressed in a
relatively wide area of tissue at both stage 3 and 4. Mesenchymal regions closest to the oral cavity
express Twistl at these stages, along with corresponding oral epithelium. Key: fnp, frontonasal
prominence, np, nasal passage, mxp, maxillary prominence; e, eye; ¢, choanae; nc, nasal capsule; b,
brain. Scale bar: 500 um.
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3.4 Molecular phylogeny of Emydura subglobosa genes
The in situ hybridization experiments on E. subglobosa were supportive of a close

link to avian amniotes by virtue of the similarity of expression patterns. However we
wanted to explore this further using protein sequence alignments. In addition we wanted
to confirm that the identity of the clones was correct and that we had indeed isolated the
relevant orthologues. Unfortunately, the only reference genome sequence that exists for a
non-avian reptile is for Anolis carolinensis. This sequence has only been partly annotated
and available for searching on the Ensemble database. DNA clones for select turtle
sequences have been deposited in Genebank databases, however none exist for our
species, E. subglobosa. The species of turtle that have mainly been investigated at the
molecular level so far are Pelodiscus sinensis mainly from Japanese groups and
Trachemys scripta which has been studied by J. Moustakas, S. Gilbert and several other
authors. Other individual clones for snake and gecko were cloned in the Richman lab and
are published on Genebank. In contrast, full genome sequence is published for mouse,
human and chicken. In conclusion, by comparison to mammals much less is known about

reptilian genomes.
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Figure 3.9 — Bmp, Fgfr2, and Ptchl protein phylogeny and orthology
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Figure 3.9. Bmp, Fgfr2, and Ptchl protein phylogeny and orthology. Unrooted phylogenetic trees were
created by PHYLIP suite and calculated by neighbour-joining methods. Numerical values denote bootstrap
values after 100 tests, and turtle gene of interested is boxed in red. E. subglobosa Bmp2 and Bmp7 nested
strongly into their respective ligand subgroups and were both similar to other turtle sequences of T. scripta and
P. sinensis (A). E. subglobosa Fgfr2 was interestingly predicted as closest to the chicken sequence, and
distant to its reptilian cousin A. carolinensis. (B). E. subglobosa Ptchl, similar to Fgfr2, grouped most closely
to the chicken (G. gallus) while reptilian cousins the gecko (E. macularis), lizard (A. carolinensis) and snake
(P. regius) separated into their own clade.
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Table 3.2. Accession numbers of phylogenetic tree sequences

Protein of Interest

Species and Accession Number

BMP2 A. carolinensis: XP_003215357.1; G. gallus: NP_989689.1;
H. sapiens: ACV32591.1; P. sinensis: BAD23949.1;
T. scripta: AAR03824.2;
BMP4 A. carolinensis: XP_003229120.1; G. Gallus: NP_990568.2;
H. Sapiens: NP_001193.2; M. musculus: NP_031580.2;
P. sinensis: BAD23950.1
BMP7 A. carolinensis: XP_003223787.1; G. gallus: AAF34179.1;
H. sapiens: CAM28318.1; M. musculus: NP_034336.2
FGFRI1 A. carolinensis: XP_003226889.1; G. gallus: NP_990841.1;
H. sapiens: NP_075598.2; M. musculus: NP_034336.2
FGFR2 A. carolinensis: XP_003218657.1; G. gallus: NP_990650.1;
H. sapiens: NP_001138391.1; M. musculus: AAI51202.1
FGFR3 A. carolinensis: XP_03218657.1; G. gallus: NP _990840.2;
H. sapiens: NP_000133.1; M. musculus: NP_001192199.1
PTCHI A. carolinensis: XP_003220312.1; E. macularis: ACY68092.1;
G. gallus: NP_990291.1; H. sapiens: NP_001077071.1;
M. musculus: NP_032983.1; P. regius: ACY68090.1
PTCH2 G. gallus: AAK97655.1; H. sapiens: AAD17260.1;
M. musculus: NP_032984.1
PTCH3 A. carolinensis: XP 003222097.1; H. sapiens: NP _001030014.2;
M

. musculus: NP_083325.1; X. tropicalis: XP_002933185.1
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3.4.1 Bmp phylogenetic analysis
The in situ hybridization data suggested that E. subglobosa Bmp2, 4 and 7 were

expressed in similar patterns to the chicken orthologues (Ashique et al., 2002a; Ashique
et al., 2002b; Hu et al., 2008). This lead to the hypothesis that the true orthologues for
each of these genes was indeed cloned. To test this idea, unrooted phylogenetic trees
were created in which orthologues cluster with each other. The E. subglobosa cDNAs
(513 bp translated sequence of Bmp2 and the 549 bp translated sequence for Bmp7) were
included in this analysis. In addition I included Bone Morphogenetic Protein family
members from chicken, mouse, human, anolis and other turtle species (Fig. 3.8A).

E. subglobosa Bmp2 and 7 aggregated close to their respective orthologues with
strong bootstrap values. In addition turtle sequences clustered together. For example,
Bmp2 sequences are available for three turtle species (E. subglobosa, T. scripta, and P.
sinensis) and all are close to each other (Fig. 3.8A). A similar close relationship is seen
for Bmp7 (P. sinensis, E. subglobosa) and Bmp4 (P. sinensis and T. scripta).

Unexpectedly, turtle Bmp7 (E. subglobosa and P. sinensis) sequences are most
similar to human and mouse as opposed to the other reptiles (G. gallus and A.
carolinensis). This relationship may have arisen due to relatively few order-specific
mutations being present in Bmp7. Thus it is harder to separate the orthologues in this
analysis.

Another unexpected result was the anolis sequences were highly divergent from
the turtle sequences. This finding is repeated for each of the Bmps. In contrast, the
chicken gene is always positioned close to that of the turtle. This agrees with other
molecular phylogeny studies that place turtles close to archosaurs (birds and

crocodilians)(Iwabe et al., 2005).

3.4.2 Fgfr phylogenetic analysis:

Unlike the Bmp gene expression patterns, some key differences in Fgfr2
expression was observed when compared to chicken. The major difference was the lack
of expression of E. subglobosa in the cartilage. Therefore there was uncertainty as to
whether the E. subglobsa Fgfr2 clone was the true orthologue of Fgfr2. To determine the

identity of the clone the same analysis as for the Bmp genes using the translated sequence
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derived from the 594 bp clone of E. subglobosa Fgfr2 was carried out. Included were the
Fgfrl, 2, and 3 proteins in this investigation (Fig. 3.8B).

The different Fgf receptors separated clearly from each other with strong
bootstrap values and my Fgft2 clone was closely linked to other Fgfr2 proteins (Fig.
3.8B). This project has established the first ever turtle Fgfr clone. However, there was
complication in that the Fgfr3 A. carolinensis sequence was nested in the Fgfr2 branch.
The unusual grouping of Fgfr2 and Fgfr3 of A. carolinensis may be due to the transcript
region of Fgfr2 cloned. This region may be highly conserved and will decrease the
probability of sequence divergence between species of animals. With a lack of unique
sequence characters, intra-genomic similarities may override orthologous similarities.
The unexpected pairing of these two receptors may also stem from the distant
evolutionary relationship of A. carolinensis to the mammals, aves, and turtle. Once again
as for the Bmps, Fgfr2 from E. subglobosa is most closely related to the gallus

orthologue.

3.4.3 PTCH phylogenetic analysis

The expression patterns of Ptchl closely mirrored those of chicken and therefore
it was expected that this gene was the true orthologue of Ptchl as opposed to closely
related genes Ptch2 and Ptch3. The 747 bp translated transcript of E. subglobosa as well
as sequences from human, mouse, anolis, xenopus, python, and gecko were used in the
phylogenetic analysis (Fig. 3.8C). This is the first turtle sequence reported for a Patched
family member.

The phylogenetic tree displays good separation of the different patched receptors
1-3.  The Ptchl cloned sequence of E. subglobosa branches off from the chicken
sequence so once again these two species are closely related. More distant relationships
with A. carolinensis and P. regius Ptchl sequences are also revealed. Within Ptchl
orthologues, mammalian species H. sapiens and M. musculus branch off together in
separate clade. This tree supports the former claim of having cloned E. subglobosa
Ptchl.
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CHAPTER 4 - DISCUSSION

4.1 Palatal shelves are always a precursor to hard palate
formation in mammals

Early constituents of the mammalian head are divided into outgrowths: the
frontonasal mass, maxillary prominences, mandibular prominence, and lateral nasal
prominences. After soft tissue fusion of the primary palate, palatal shelves start to bud
from the medial edges of the maxillary prominences. These palatal shelves are first
oriented in vertically, but reorient in the horizontal plane above the tongue as the embryo
matures. The palatal shelves extend towards the midline of the head, and the two
outgrowths (one from each maxillary prominence) meet at the midline (Gritli-Linde,
2007). Once contact is made, the epithelial cells of the medial edges undergo epithelial-
mesenchymal transition (EMT) and ultimately the epithelial seam is lost. This leaves a
complete bridge of mesenchyme spanning the oral cavity. It is within the palatal shelf
mesenchyme that the palatine bones and palatine processes of the maxillary bones are

housed.

In contrast, this project has established that E. subglobosa does not form palatal
shelves.  Therefore the turtle exhibits no midline seam at any point during the
corresponding stages studied. Instead, we classify the oral roof as the stomodeal roof and
it is continuous across the oral cavity from the first stages of head formation. There is no
soft tissue fusion at the secondary palate level of the turtle which is marked by the
positions of the future primitive choanae. Instead, the only fusion that takes place is
anteriorly in the primary palate. The fusion of the lip or primary palate is completed

shortly after stage 3 in E. subglobosa.

It is also of interest to note that the mammalian system of palatal shelf formation
is also linked to tongue formation. While morphological remodelling of the shelves takes
place along the anterio-posterior axis in the mouse, the tongue also exhibits coinciding

morphological change during this time {Yu, #256}. Other research groups have

49



postulated that abnormal tongue morphology may attribute to abnormal palatal shelf
reorientation from the vertical to horizontal axis. Histological sections of E. subglobosa
show that while the tongue is present, it is much smaller in relative size to the rest of the
head when compared to the mammal. This may be a potential contributor to the lack of

shelf formation in the turtle.

4.2 Posterior choanae tissue may landmark a hotspot for cell
signaling in E. subglobosa

Focal expression of Bmp2, 7 and Ptchl indicates that Bmp and Hh signaling could
be important for induction of the intramembranous palatine bone in our species of turtle.
There is evidence from studies in chicken embryos that BMP signaling is able to alter the
morphology of the palatine bone. Application of exogenous BMP-2 protein to posterior
regions of the maxillary prominences in Hamburger and Hamilton (Hamburger and
Hamilton, 1951) stage 20-26 chicks resulted in the abnormal thickening of the palatine
bone (Barlow and Francis-West, 1997). Exogenous BMP-2 bead placement into lateral
parts of the mandible at H.H. 19/20 also affected the maxillary-derived bones, forming an
ectopic palatine bone (Barlow and Francis-West, 1997). There are no studies in chicken
in which increasing Shh has affected palatine bone development. However, blocking Hh
with cyclopamine inhibits formation of the upper beak including membranous bones
(Cordero et al., 2004; Marcucio et al., 2005). Thus of the two signals most highly
expressed in the vicinity of the primitive choanae, BMPs seem most likely to be
associated with induction of the palatine bones.

Other genes in the tissues anterior and posterior to the choanae were examined
and it was found that Fgfr2 and Spry2 are also expressed in this region. The evidence
from chicken embryos shows that inhibition of Fgft2 signaling in the maxillary
prominence has no effect on palatal morphogenesis (Szabo-Rogers et al., 2008). In
contrast, placing beads in the cranial and lateral side of the frontonasal mass causes cleft
lip. Thus the connection between FGFs and palate formation is indirect at this point,
secondary to problems with outgrowth of the frontonasal mass.

The two transcription factors that were studied in this project are potential

downstream targets of the FGF or BMP signals. However since neither Msx2 or Twistl
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are expressed at high levels in the choanae it appears these genes do not play a role in the
transduction of BMP or FGF signals in this region. Other genes will need to be studied in
future. Elsewhere in the head Msx2 and Bmp2,4,7 expression overlap. Msx2 appears to
have a conserved role in primary palate fusion since it has expression on the medial side
of the maxillary prominence at stage 3 similar to the chicken {Higashihori, 2010 #120;
Szabo-Rogers, 2008 #119}. Msx2 is also expressed in the midline of the turtle
mandibular prominence similar to other amniotes {Mina, 1995 #250}. Both of these
regions express Bmps in the epithelium. It is possible that Msx2 mediates Bmp signaling
in these other regions. Similarly Twistl is strongly expressed in craniofacial mesenchyme
and could be acting downstream of Bmps or Fgfs. In the future it is hoped that functional
experiments can be designed for the turtle that would allow testing of these hypotheses.
In conclusion, it appears that signaling in the posterior choanae may be helping to
specify the cells that are going to form the palatine bone. In addition, signaling in the
choanae may be involved in other developmental processes such as formation of the nasal
passages. The identification of focused growth factor expression in the choanae is a novel

finding not only for turtle but for other amniotes.

4.3 The mechanism of palate formation of E. subglobosa may
be similar to crocodilians

Palatine bones form a major part of the amniote hard palate. The palatine bones
of mammals are posterior bones that make contact anteriorly with the palatine processes
of the maxillary bones. In birds, the palatine bones remain separated in the midline, and
reach far more anteriorly to touch the premaxillary bone. Consequentially this
arrangement of palatine bones creates a naturally cleft oral roof in squamate reptilians
and birds. The embryonic development for the reptiles with natural clefts consists of the
formation of palatal shelves above the tongue which contain the skeletogenic
condensations for the palatine and pterygoid bones

The turtles have a unique morphology that differs from other reptiles since the the
anterior hard palate or premaxillary bone is separated from the posterior palate by the
choanae which form a communication between the oral and nasal cavities (Gaffney,

1979). Presently it has been shown there is a complete absence of palatal shelves in the
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turtle and instead the palatine and pterygoid bones condense directly in the mesenchyme
beneath the nasal cavity.

There is third notable variation to palate morphology within the reptilian order:
the crocodilians. The palatine bones of the crocodilians are much more similar to
mammals and meet in the midline without an opening for the choanae (Ferguson, 1981).
Other shared features of the bony palate include the articulation of the palatine bones
with palatine processes of the maxillary bone which then make a suture with the
premaxillary bone. The only reptilian aspect of the crocodile palate is the presence of the
pterygoid bones which form a suture with the palatines. Mammals have vertical pterygoid
plates that do not directly contact the palatine bones. The question then arises, do
crocodilians have well formed palatal shelves that meet in the midline and fuse? We
would hypothesize that mammalian-type palatal shelves are present in crocodilian
embryos.

Detailed study of American alligator embryos was carried out by Ferguson
(Ferguson, 1979; Ferguson, 1981; Ferguson et al., 1984). In his 1981 paper Ferguson
showed frontal sections of crocodilian embryos up to 28 days post oviposition. The
sections show rounded palatal swellings forming above the tongue similar to birds and
squamate reptiles. The palatal outgrowths were forming at the lateral edges of the oral
cavity in the 18 day po embryo (his Fig. 11 and 13). Ferguson then jumped to the 24 day
po specimens. In these animals there is continuity of mesenchyme beneath the nasal
cavity but does not show the palatal shelves growing together to form a midline seam. He
proposes a type of merging is taking place which joins the shelves together. However it is
equally possible that the mesenchyme supporting the primitive oral roof proliferates and
increases in thickness and that the former palatal swellings become incorporated into this
stomodeal mesenchyme. There has been very little molecular work carried out on
crocodilians but it would be interesting to see whether their stomodeal roof retains
characteristics of the primitive oral cavity rather than oral epithelium of an advanced
mammalian-type palate. In the Ferguson study, there are no sections in which specimens
have formed intramembranous bones. Thus the there persist gaps in knowledge of the
crocodilian palate and it may form completely differently than that of mammals. It is

therefore still possible that if osseous condensations had been studied, the ontogeny of the
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palatal shelves would show them forming beneath the nasal cavity just like in turtles

rather than laterally in what previously was the palatal shelf mesenchyme.

4.4 Using palate ontogeny to place turtles in the phylogenetic
tree
Interestingly, the pattern of the choanae, palatine and pterygoid bones in E.

subglobosa is reminiscent of other very primitive extinct turtles, Proganochelys (Fig.
1.2). Thus it is likely that at least some extinct turtles also developed in a similar manner
to E. subglobosa. However, there are other extinct species with a gap in the midline
separating the palatine bones and these animals may have been more similar to squamate
reptiles and birds during embryogenesis (Gaffney, 1979). Overall turtle palate anatomy
supports a basal evolutionary position due to similarities to other basal extinct reptilian
amniotes such as captorhinids (Fig. 4.1)(Carroll, 1988) .

The question arises whether the bones of the turtle palate are in fact homologous
to mammalian or even other reptilian palatine bones. The adult anatomy supports
homology but the ontogeny does not. Presently there are no fate maps existing for turtle
neural crest cells but this project has assumed that the neural crest migration in E.
subglobosa is similar to chickens based on other similarities (sequence homology, gene
expression patterns). The stomodeal mesenchyme, in which the turtle palatine bones
condense, is most likely, based on avian data, derived from neural crest that migrates
ventral to the forebrain and does not originate in any of the facial prominences (Le
Lievre, 1978). In contrast, the origins of the avian palatine bones are the proximal and
caudal maxillary prominence mesenchyme (Lee et al., 2004) which is derived from
mesencephalic and anterior rhombencephalic neural crest cells (Kontges, 1996; Couly et
al., 1998). These key differences suggest that turtles generate their palatine bones from a
different source of mesenchyme which is consistent with a basal position relative the
archosaurs.

It 1s difficult to determine whether the developmental differences were acquired
secondarily (ie. more derived), or whether they represent the most primitive type of
palate morphogenesis. In order to investigate this question I examined proliferation and
apoptosis patterns carefully. However no evidence supporting rudimentary palatal shelves

was obtained. Thus I would conclude these developmental differences could be evidence
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for a more basal position of turtles rather than having a shared common ancestor with

birds.

4.5 Using molecular phylogeny as atool for phylogenetic
discrimination of turtles
In analyzing Fgfr2, Ptchl, and Bmp2 peptide sequences for E. subglobosa, it

was surprising to find that the python, gecko, and anole grouped together while the turtle
branched most closely with the chicken. Thus the coding sequence data supports E.
subglobosa as being clustered to the archosaurs (crocodilians and aves). Unfortunately
there are very few crocodilian genes cloned and material was available to include
homologous genes in the analysis. However it is predicted that since crocodiles are
grouped with birds (archosaurs), turtle sequences will be closely related to crocodilian
sequences.

Not only did the sequence alignments support a close relationship to gallus gallus
but so did the patterns of gene expression. The expression of genes in the stomodeum is
particularly informative as to which branch the turtles belong. BMP4, BMP7 and PTCH1
are expressed in the stomodeal epithelium of chickens (Hu et al., 2008) and turtles.
However in mouse, the same authors showed that these three genes are not present in the
E9.5-10.5 mouse stomodeum (prior to formation of the palatal shelves). Thus gene
expression results support E. suglobosa as being a reptile and more closely aligned to
birds.

Although gene expression of particular genes seems to support a case for turtles
being closely related to the chicken, care must be taken in drawing conclusions. To rule
out a more basal position there would need to be a comparison of gene expression
patterns to an extinct basal amniote embryo, which clearly is not feasible.

The alternative explanation for why turtles and birds have such a high degree of
similarity compared to other reptiles could be the extent of chromosomal rearrangement
that took place during evolution. The more rearrangements that took place the higher the
sequence divergence and vice versa. Some comparative analysis of chromosomes has
been carried out in birds, turtles, crocodilians and mammals. Chromosomal homologies
between the chicken and the turtle were found to be highly extensive {Matsuda, 2005

#193}. In addition, comparative mapping of the human, mouse, and chicken displayed 72
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predicted chromosome rearrangements between the human and chicken (Burt et al.,
1999) . This could indicate that birds had retained an ancestral arrangement of the
chromosomes and this is also true for turtles. Once a turtle genome has been sequenced it
will be possible to compare the order of genes on chromosomes and examine synteny
more carefully.

To fully reconcile all aspects of my data (Table 4.1), a different approach is
needed. While the classical transformist seeks to explain evolutionary change as always
stemming from ancestral homologs, the emergentist accepts new and novel characters as
genuinely unique and not restricted by ancestral origin {Rieppel, 2009 #252;Schmitt,
2005 #253}. When viewing the data from an emergentist point of view, this thesis is able
to simply describe the lack of palatal shelf formation as a genuinely unique character that
does not require ancestral ties or explanations. This view not only agrees with the data
showing a slack of vestigial outgrowth characters, but also allows for all the data to be
accounted for without pigeonholing the results as a complex story of morphological

transformation.
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Figure 4.1. An overview of palatal shelf formation through amniote

evolution
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4.6 Conclusions
This project has characterized the facial ontogeny of E. subglobosa. These

findings are the first to identify clearly the location of the palatine bones and relate them
to the surrounding soft tissues in histological sections. The data taken is from a variety of
approaches including anatomical analysis, gene expression, molecular phylogeny and
cellular dynamics. Table 4.1 summarizes the arguments for and against a more basal
position for turtles. The molecular work puts E. subglobosa in a more derived position.
However, one may also argue that the complete absence of vestigial palatal shelves in
cellular dynamics studies could be used to support a more basal position. Similarly the
anatomy of the hard palate places the turtle more basal. Thus we have equal support for
both basal and derived placement of E. subglobosa in the evolutionary tree. In the future,
studies on different aspects of development of the turtle such as formation of the flat,
post-orbital skull may assist in concluding a more definitive position for turtles in the
evolution of amniotes. Finally, it is anticipated that this work will encourage others to
study ontogeny of other turtle species and other reptiles since this is a powerful yet

underused tool.
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Table 4.1. Arguments for the evolutionary placement of the turtle
derived from data in this thesis

Basal Placement

Derived Placement

[ OS]

Primitive anatomy eg. large primary choanae,
contribution of vomer and pterygoid to the hard
palate, palatine bone articulating with

pterygoid.

Lack of palatal shelf formation throughout

secondary palate. No evidence of vestigial

shelves:

No increase in cell death in medial maxillary

prominences

No decrease in cell proliferation in maxillary

Oral roof identity is primitive:

Retains stomodeal gene expression so the roof

of the oral cavity is in fact the stomodeum or

undersurface of the nasal cavity.

4. Palatine bones in E. subglobosa are
derived from more anterior neural crest
than birds or mammals.

Protein sequence homology of signaling ligands
and receptors most similar to G. gallus and less
similar to squamates. Since birds are considered
the most recent radiation of reptiles, these data
argue for a derived position.

Gene expression similar to chicken

Primitive roof exhibits gene expression similar
to avian stomodeum.

Transcription factors have similar patterns of
expression to those in birds
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