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Abstract

The assembly of the upper jaw is a pivotal moment in the embryonic development of amniotes.
The upper jaw forms from the fusion of the maxillary, medial nasal, and lateral nasal prominences,
resulting in an intact upper lip/beak and nasal cavities; together called the primary palate. This
process of fusion requires a balance of proper facial prominence shape and positioning to avoid
craniofacial clefting, whilst still accommodating the vast phenotypic diversity of adult amniotes.
As such, variation in craniofacial ontogeny is not tolerated beyond certain bounds. For clarity, we
discuss primary palatogenesis of amniotes into in two categories, according to whether the nasal
and oral cavities remain connected throughout ontogeny or not. The transient separation of these
cavities occurs in mammals and crocodilians, while remaining connected in birds, turtles and
squamates. In the latter group, the craniofacial prominences fuse around a persistent choanal
groove that connects the nasal and oral cavities. Subsequently, all lineages except for turtles,
develop a secondary palate that ultimately completely or partially separates oral and nasal cavities.
Here, we review the shared, early developmental events and highlight the points at which
development diverges in both primary and secondary palate formation.

Introduction

The jaws represent a pivotal evolutionary innovation in vertebrates (Ohno, 1970; Cohn,
2002; Kuratani, 2003; Shigetani et al., 2005; Cerny et al., 2010). Gnathostome (jawed
vertebrate) jaws consist of two elements, the lower jaw (mandible) and the upper jaw
(maxilla), connected by the temporomandibular joint in mammals or the quadrato-articular
joint in nonavian reptiles and birds (Richman et al., 2006; Cerny et al., 2010; Anthwal et al.,
2013). The evolution of the jaw allowed gnathostomes to expand into a variety of new
ecological niches within their environment by attaining an active, predatory lifestyle which
ushered in vast diversity not only in general body shape and size, but also in jaw structure
and use. After diversification, adaptations such as teeth and beaks evolved in order to
facilitate more efficient and specialized feeding mechanisms (Davit-Beal et al., 2009). The
diversity in adult morphology initiates during embryonic development, where subtle,
interspecific differences in molecular signaling lead to tissue restructuring in a lineage-
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specific manner (Abzhanov et al., 2004; Tokita et al., 2013; Abramyan et al., 2014; Bhullar
et al., 2015; Lainoff et al., 2015).

Morphological diversity is particularly enhanced in the shape and structure of the amniote
jaw (Manzanares and Nieto, 2003; Richman et al., 2006; Young et al., 2014; Hu et al.,
2015b). Amniote craniofacial development begins with dorsoventral migration of neural
crest cells, from the border of the neural plate and surface ectoderm, to populate the
pharyngeal arches (Creuzet et al., 2005; Graham et al., 2005). The first pharyngeal arch is
the only arch that contributes to the face. The lower jaw forms from the mandibular
prominences, which derive from the first pharyngeal arch (Chai et al., 1997; Bush and Jiang,
2012). The upper jaw, on the other hand, is more complex. It assembles from the medial
nasal, lateral nasal and maxillary prominences (Fig. 1). The maxillary prominence originates
partially from the first pharyngeal arch and also from the post-optic mesenchyme (Lee et al.,
2004). The medial and lateral nasal prominences are derived from fore and midbrain neural
crest cells that migrate medial to the optic placodes (Couly et al., 1993).

Despite having slightly different embryonic origins, the morphogenesis of the upper and
lower jaws is coordinated so that adult teeth or beaks contact each other during function. In
this manuscript, we will predominantly focus on the upper jaw, which consists of two
distinct regions with different embryonic origins: the primary palate, which is common to all
amniotes and the secondary palate, which is present in all major amniote lineages with the
exception of most turtles. The primary palate begins to form in the second half of the
embryonic period and encompasses the nasal cavities and upper lip (including the four upper
incisor teeth in humans). The secondary palate forms below the roof of the stomodeum;
either partially or completely separating the oral and nasal cavities. Secondary palate
formation begins at the end of the embryonic period and extends into the early fetal period.

Primary palate formation establishes the intact upper jaw as a single structure. The medial
nasal prominences lie medial to the nasal pits, the lateral nasal prominences lie lateral to the
nasal pits, and the maxillary prominences flank the oral cavity, directly inferior to the lateral
nasal prominences (Fig. 1). In birds and turtles, there is a single midline structure medial to
the nasal pits called the frontonasal mass (Fig. 1C,D). In mammals and crocodilians, this
midline structure has a deep furrow through the middle called the midsagittal groove, which
separates it into the paired structures called medial nasal prominences (Fig. 1A,A’, B)
(Tamarin and Boyde, 1977). The frontonasal mass and the medial nasal prominences
represent homologous structures with identical neural crest cell origins (Santagati and Rijli,
2003). Failure of the medial nasal, lateral nasal, and maxillary prominences to unite causes
the most common craniofacial malformation, cleft lip with or without cleft palate (CL/P)
(Dixon et al., 2011; Leslie and Marazita, 2013). CL/P has recently been shown to be a
developmental risk factor shared amongst all amniotes (Young et al., 2014).

Posterior to the primary palate, and entirely inside the oral cavity, is the secondary palate. In
birds and lizards, the secondary palate consists of paired, soft-tissue outgrowths from the
maxillary prominences commonly referred to as palatine processes since they are retained
into adulthood (Richman et al., 2006; Bush and Jiang, 2012; Jankowski, 2013; Abramyan et
al., 2014). The palatine processes in these groups do not connect, instead leaving a midline
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cleft, resulting in a persistent connection between the nasal and oral cavities. Mammals and
crocodilians (crocodiles and alligators), on the other hand, possess a complete secondary
palate which develops from the midline fusion of the embryonic palatal shelves, early in
development. The union of the palatal shelves functionally separates the oral and nasal
cavities in these groups. The reptilian palatine processes and embryonic palatal shelves are
likely evolutionarily homologous structures since secondary palates occur in most amniote
lineages and form in a similar manner. Thus, we will utilize the term “palatal shelves” for
these structures in all lineages in order to avid confusion with the skeletal palatine processes
which we introduce later in this manuscript.

The posterior-most portion of the secondary palate in both mammals and crocodilians is
comprised of a muscular structure called the soft palate in mammals (Bush and Jiang, 2012)
or the palatal valve (alternatively called the gular valve or basihyal valve) (Putterill and
Soley, 2006; Jankowski, 2013; Abramyan et al., 2014) in crocodilians. These structures are
utilized for separating the oral or nasal cavities from the nasopharynx during processes such
as breathing, swallowing or vocalization (Putterill and Soley, 2006; Lane and Kaartinen,
2014; Kummer et al., 2015).

Many recent reviews have performed an exemplary job of covering the underlying
molecular signaling in primary and secondary palate development (Cox, 2004; Hilliard et
al., 2005; Szabo-Rogers et al., 2010; Dixon et al., 2011; Bush and Jiang, 2012; He and Chen,
2012; Brinkley et al., 2013; Hall, 2014; Lane and Kaartinen, 2014). Therefore, this
commentary will instead compare the mechanisms of facial morphogenesis during amniote
ontogeny. We anticipate that closer examination of lineage-specific morphological variation
during ontogeny will allow the research community to better understand how embryonic
morphology is linked to adult phenotype. Furthermore, our commentary will highlight
similarities and differences between the two main model amniotes in the field of
developmental biology, the mouse and chicken, relative to the larger constellation of
amniotes.

Developmental Mechanisms Shared Across Amniotes

Craniofacial prominence outgrowth—The prominences in the upper face (medial
nasal, lateral nasal and maxillary) become demarcated by enlarging rapidly around nasal
placodes, which will later develop into the nasal pits. The gradual deepening of the nasal pit
relative to the facial prominences has been investigated in chicken embryos and found to be
the result of differential proliferation. Proliferation drops at the base of the nasal pit while
relatively higher proliferation is maintained in the surrounding facial prominences (Minkoff
and Kuntz, 1977; Abramyan et al., 2015). The maxillary prominences also become enlarged
during this period through differential proliferation relative to the head mesenchyme, as
shown in chicken (Minkoff and Kuntz, 1978; Bailey et al., 1988; Abramyan et al., 2014) and
turtle embryos (Abramyan et al., 2014). We have previously also shown this pattern of
cellular proliferation in the bearded dragon lizard (Pogona vitticeps) (Abramyan et al.,
2015), indicating that these processes are likely similar across all amniotes.

Soon after these three prominences have become sufficiently enlarged, they demarcate a
junction point between them termed the lambdoid or lambdoidal junction (A-junction), due
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to the “A” shape found at the confluence of the prominences (Fig. 1A’) (Tamarin and Boyde,
1977; Depew and Simpson, 2006; Depew and Compagnucci, 2008; Compagnucci et al.,
2011). All amniotes develop paired lambdoidal junctions at the craniolateral corners of the
stomodeum at early embryonic stages (Depew and Compagnucci, 2008; Compagnucci et al.,
2011).

Fusion and merging—Once individual prominences develop, they begin to connect and
unify through two main mechanisms, in order to form an intact face. The first mechanism is
commonly utilized in the connection of freely projecting prominences and is termed
“fusion” (Pruzansky, 1961; Cox, 2004) (Fig. 2A). There are several locations where fusion
occurs in the face, including the tips of the maxillary, medial nasal and lateral nasal
prominences during primary palate formation (shared across amniotes) (Jiang et al., 2006),
as well as in the palatal shelves during secondary palate formation in mammals and
crocodilians (Bush and Jiang, 2012). During fusion, a bilayered epithelial seam forms at the
fusion zone and subsequently degrades through a combination of mechanisms such as
apoptosis (Martinez-Alvarez et al., 2000; Cuervo and Covarrubias, 2004; Jiang et al., 2006;
Nawshad, 2008), cell migration (Carette and Ferguson, 1992; Cuervo and Covarrubias,
2004; Jin and Ding, 2006), and epithelial-mesenchymal transformation (Fitchett and Hay,
1989; Griffith and Hay, 1992; Shuler et al., 1992; Shuler, 1995; Martinez-Alvarez et al.,
2000; Nawshad, 2008). Once the intervening epithelium has degraded, the mesenchyme
becomes continuous across the respective facial prominences, forming a “mesenchymal
bridge”.

The second mechanism of prominence connection is termed “merging” and utilizes cellular
proliferation and migration to unify structures which are either recently fused, or have a
deep groove between them with a shared mesenchyme (Pruzansky, 1961; Cox, 2004; Jiang
et al., 2006; Szabo-Rogers et al., 2010) (Fig. 2B). The process of merging is used to form the
smooth external surfaces of the embryo. Merging is observed in the nasolacrimal groove
between the maxillary and lateral nasal prominences (Fig. 1A,A’ — red arrowhead) and the
midline of the mandibular prominences. In the human embryo, the furrows or grooves in
these two regions are present at 44 days post fertilization but are mostly filled out by 47 days
(Hinrichsen, 1985). Similarly, merging in the aforementioned regions occurs in the mouse
embryo between embryonic day 11.5 (E11.5) and embryonic day 12 (E12) (https://
www.facebase.org/mouseanatomy). In the chicken embryo, the midline of the mandibular
prominence is grooved at stage 24 and almost entirely merged by stage 28-29 (1.5-2 days
later). In general, fusion is a more complex process than merging, due to the added
requirement for the facial prominences to grow out enough to meet each other, in addition to
being in the correct relative position. It is important to note that fusion and merging are not
mutually exclusive processes and that fusion is usually followed by a period of merging
where the tissues is filled in to make a smooth surface (Fig. 2A)

Cellular Migration—The formation of the continuous mesenchymal bridge not only
serves to permanently connect freely projecting tissues, but also facilitates the passage of
cells as documented using dye (McGonnell et al., 1998) or tritiated thymidine (Patterson et
al., 1984) labeling. Labeled cells from the anterior tip of the maxillary prominence were
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identified in the frontonasal mass after fusion (Patterson et al., 1984; McGonnell et al.,
1998). Thus, failure of prominence fusion not only results in an overt cleft in the intact
structure, but may also reduce overall cell numbers in the contributing facial prominences;
especially in the primary palate where extensive cell mixing occurs McGonnell et al., 1998.

Curiously, there are several places in the developing face where cell migration unexpectedly
fails to take place. The first location is the boundary between the lateral nasal and maxillary
prominences. The nasolacrimal groove (Fig. 1A — red arrowhead; Fig. 2B) serves as a
barrier for cell migration, despite shared mesenchymal tissue between the structures. There
is little to no mesenchymal cell migration or mixing across this landmark (Patterson et al.,
1984; McGonnell et al., 1998). The nasolacrimal groove demarcates the future nasolacrimal
duct and the presence of cells fated to become the duct may act as a physical barrier to block
cell migration. One study does report an epithelial barrier between the lateral nasal and
maxillary prominences in the human embryo (Rudé et al., 1994). Another location where
little mesenchymal migration takes place is in the midline of the recently fused mammalian
secondary palate. Mouse organ culture experiments demonstrating fusion between cultured
palatal shelves revealed no mesenchymal cell migration between the two tissues, despite
epithelial cells migrating across the fusion zone (Cuervo and Covarrubias, 2004; Jin and
Ding, 2006).

Incidentally, cell mixing and cellular migration are not necessarily linked to the
developmental processes of fusion or merging. There are regions in the embryonic face that
do not undergo fusion or merging and still have directional cell movement. For example,
unidirectional cell migration proceeds from the frontonasal mass into the lateral nasal
prominence, but not vice versa (McGonnell et al., 1998). This process is hypothesized to
give rise to a more prominent lateral nasal prominence, as well as deepen the nasal pits.

Divergent mechanisms used during primary palate development

Initiation of facial prominence fusion varies across amniotes—While the process
of primary palate morphogenesis is superficially similar amongst all amniotes, the details of
fusion initiation, as well as the relative sizes, shapes, and positions of the facial
prominences, vary. Indeed there has been a general lack of consensus on which prominences
initiate fusion in amniotes. A series of studies in chicken (Sun et al., 2000; Ashique et al.,
2002; Cox, 2004) and human (Pruzansky, 1961; Diewert and Wang, 1992; Rudé et al., 1994;
Sperber, 2002; Kim et al., 2004) concluded that the maxillary and medial nasal prominences
are the first to contact each other. On the other hand, most studies carried out on mouse
embryos found that the medial nasal and lateral nasal prominences are the first to fuse at
E10.5-E11.0 (Trasler, 1968; Gaare and Langman, 1980; Wang et al., 1995; Gong and Guo,
2003).

To address the question of which facial prominences are utilized during primary palate
formation, we recently carried out a comparative 3D study on mouse, crocodile, chicken,
turtle and lizard. We paid especially close attention to the specific prominences which fuse
first and initiate primary palate formation using the nasolacrimal groove as a landmark
(Abramyan et al., 2015). Our analyses showed that the medial nasal prominence/frontonasal
mass is always involved in primary palate fusion. However, contact may be made with both
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the maxillary and lateral nasal prominences as in mouse, only with the lateral nasal
prominence as in turtle (Emydura subglobosa) or only with the maxillary prominence as in
chicken (Abramyan et al., 2015).

There is even variation within the mouse literature as to which facial prominences initiate
primary palate fusion. Most studies report that the lateral nasal and medial nasal
prominences contact each other first in the mouse embryo (Trasler, 1968; Gaare and
Langman, 1980; Wang et al., 1995; Gong and Guo, 2003). However, others have found that
the medial nasal prominence joins with both the lateral nasal and the maxillary prominences
at the nasolacrimal groove (Song et al., 2009). Thus, even within the arguably best-studied
model organism in development, there is disagreement over which prominences are
involved in primary palatogenesis (Jiang et al., 2006).

The confusion over which prominences meet first may have resulted from the previously
unacknowledged anteroposterior difference in the prominences that are involved in murine
primary palate formation. Specifically, anterior histological sections in the frontal plane
show that fusion takes place between the medial nasal and lateral nasal prominences
(illustrated in Fig. 3A), also demonstrated in the following studies: (Gaare and Langman,
1980 - figures 3,4); (Song et al., 2009 - figure 11); (Kosaka et al., 1985 - figures 6,7);
(Thomason et al., 2008 - figure 2G); (lamaroon et al., 1996 - figures 2,6). However, more
posterior sections of the same animals distinctly show that the medial nasal prominence
joins with the maxillary prominence and not the lateral nasal prominence (Fig. 3B), (Gaare
and Langman, 1980 - figure 5); (Weingaertner et al., 2006 - figure 4A in rat); (Song et al.,
2009 - figure 1 K,M); (Thomason et al., 2008 - figure 21); (lamaroon et al., 1996 - figure
4,7). This anteroposterior difference in the fusion of prominences has likely added to the
discrepancies within the current scientific literature since most studies of mouse embryo will
readily observe the externally visible lateral nasal and medial nasal fusion.

In human embryos, the involvement of the three prominences in the formation of the
primary palate is reversed compared to the mouse. The medial nasal prominence is fused
with the maxillary prominence anteriorly and the lateral nasal prominence posteriorly, as
seen with histological sections (Pruzansky, 1961; Tamarin and Boyde, 1977; Diewert and
Wang, 1992; Rudé et al., 1994; Kim et al., 2004) and in scanning electron micrographs
(Sperber, 2002; Jiang et al., 2006).

In the chicken, primary palate fusion is initiated only between the medial nasal prominence
and the maxillary prominence (Sun et al., 2000; Ashique et al., 2002; Cox, 2004; Abramyan
et al., 2015), similar to the human embryo. However, the phenotypic similarity between
human and chicken is likely an example of convergent evolution (where two distantly
related lineages independently evolve similar features) (Darwin, 1859; Losos, 2011). This is
supported by the fact that both prominence outgrowth and subsequent fusion differ
significantly in these two, distantly related lineages. In contrast to the chicken, in the red-
bellied short-necked turtle (Emydura subglobosa), primary palate formation initiates
between the frontonasal mass and lateral nasal prominences and not the maxillary
prominence (Abramyan et al., 2015). We also observed the same mechanism in three,
distantly related species of lizards (Abramyan et al., 2015). Interestingly, in the red-eared
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slider turtle (Trachemys scripta) and the painted turtle (Chrysemys picta), fusion is described
between the frontonasal mass and maxillary prominence, similar to the chicken (Cordero
and Janzen, 2014; Lainoff et al., 2015). This may be linked to the caudally extended
frontonasal mass, which approximates the maxillary prominence just prior to fusion (Lainoff
et al., 2015 - figure 1B,C).

In addition to differences in which prominences initiate fusion, we also observed two main
modes of primary palate assembly which we will categorize here as: Fusion Mode 1, where
the lateral and medial components of the primary palate fuse together as they grow out,
completely (but temporarily) closing off the nasal cavity from the stomodeum and Fusion
Mode 2, where the prominences fuse around a patent choanal groove.

Fusion Mode 1—Primary palate Fusion Mode 1 has convergently evolved in mammals
and crocodilians. In mode 1, fusion between the facial prominences occurs at the lambdoidal
junction and is in line with the nasolacrimal groove (Abramyan et al., 2015) (Fig. 1A’, 3).
As the medial nasal, lateral nasal and maxillary prominences enlarge, they begin fusing with
each other though a “posterior-anterior zipping-up” process (Kosaka et al., 1985) (Movie
S1), cutting the deepening nasal pit off from the stomodeum (Depew and Compagnucci,
2008; Compagnucci et al., 2011; Griffin et al., 2013) (Fig. 3). The mouse is an example of
an animal that uses Fusion Mode 1.

The second feature that defines Mode 1 is the transient epithelial seam, called the nasal fin,
which forms between the lateral nasal-medial nasal and maxillary-medial nasal fusion zones,
completely separating the oral and nasal cavities (Fig. 3A, 4b; Movie S1) (Gaare and
Langman, 1980; Jirasek, 1983; Diewert and Wang, 1992; Rudé et al., 1994). The murine
nasal fin, for example, degrades as ontogeny progresses, first between the medial nasal and
the maxillary prominences, inferior to the nasolacrimal groove (Gaare and Langman, 1980 -
figure 5); (Weingaertner et al., 2006 - figure 4a in rat); (Song et al., 2009 - figure 1 K,M);
(Thomason et al., 2008 - figure 21); (lamaroon et al., 1996 - figures 4,7) and later between
the medial nasal and lateral nasal prominences (Gaare and Langman, 1980 - figures 3,4);
(Weingaertner et al., 2006 in rat); (Song et al., 2009 - figure 11); (Kosaka et al., 1985 -
figures 6,7); (Thomason et al., 2008 - figure 2G); (lamaroon et al., 1996 - figures 2,6).

The posterior-most portion of the nasal fin (between the medial nasal and maxillary
prominences in the mouse) is eventually thought to thin and form the bucconasal (or
oronasal) membrane (Fig. 4b; Movie S1). In mammals, the bucconasal membranes
demarcate the locations of the paired early ‘primitive’ choanae (internal nares) (Gaare and
Langman, 1980; Diewert and Wang, 1992; Kim et al., 2004; Oisi et al., 2013; Som and
Naidich, 2013). After lip fusion, the degradation of the nasal fin and bucconasal membrane
is necessary for reestablishing contact between the neonatal oral and nasal cavities through
an open choana (Fig. 4f). This vital connection will allow for nasal breathing in neonate
animals. If the bucconasal membrane fails to break, the choana will be obstructed, resulting
in a potentially life-threatening condition called choanal atresia (Kim et al., 2004). Choanal
opening also coincides with completion of lip fusion between the distal tips of the medial
nasal and lateral nasal prominences.
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Despite the aforementioned differences in primary palate fusion between humans and mice,
humans undergo the same epithelial seam changes as in rodents. The sequence of nasal fin

formation, transient separation of the oral and nasal cavities, and subsequent rupture of the

bucconasal membrane, also places humans into Fusion Mode 1.

Recently, using a combination of 3D imaging and histology, we showed that, rather
surprisingly, crocodilians also utilize Fusion Mode 1 (Abramyan et al., 2015). In contrast,
the majority of reptiles use Mode 2. Further analyses, at more stages of development, are
required in order to delineate the exact order of prominence fusion and choanal opening
mechanism in crocodilians. It is interesting that crocodilians, of all reptiles, resemble
mammals in terms of primary palate ontogeny. Crocodilians also share another craniofacial
feature with mammals: the presence of a complete, secondary hard palate (Ferguson, 1981).
The correlation between primary and secondary palate morphogenesis in mammals and
crocodilians is intriguing and may suggest a previously unrecognized developmental
connection between the two structures.

Fusion Mode 2—Fusion Mode 2 is utilized by birds and the majority of nonavian reptiles
(with the exception of crocodilians), and is characterized by a persistent connection, via
open choanae, between the oral and nasal cavities throughout ontogeny (Fig. 3e; Movie S2).
This is accomplished through the formation of a choanal groove (Bertmar, 1969; Abramyan
et al., 2015). The choanal groove develops at the lambdoidal junction separating the
frontonasal mass from the lateral components of the primary palate (the lateral nasal and
maxillary prominences), and lies inferior to the nasal cavity. Relative proliferation
differences allow for the craniofacial prominences to grow out and around the choanal
groove without filling it in (Minkoff and Kuntz, 1977; Minkoff and Kuntz, 1978; Abramyan
etal., 2015).

Taken together, the identification of Mode 1 fusion in the two distinct branches of amniotes
(mammals and reptiles) demonstrates that the fusion mode that is utilized is likely dictated
by morphological features which the embryonic face has to accommodate in space and/or
time, rather than being a lineage-specific, selectively advantageous trait. The driver of this
diversity may either be morphological limitations (such as the case of the primary palate and
the threat of clefting), or simply, shifts in morphospace to accommodate other
developmental processes which may take precedent (such as the precocious eye
development observed in embryonic reptiles or the development of a secondary palate). The
surprising degree of variation in lip closure within the Mode 2 animals may make some
animals more resistant to clefting, while still allowing for evolutionary plasticity. For
example, in our previous study, we proposed that the involvement of only two of the three
prominences in primary palate fusion may allow organisms like the chicken or Emydura to
tolerate more morphological variation in the shape and size of the free prominence (the
lateral nasal prominences or the maxillary prominences respectively), without increasing the
risk of craniofacial clefting (Abramyan et al., 2015).

Recently, Young et al., (2014) applied geometric morphometrics to 3D scans of amniote
faces to measure shape changes during craniofacial ontogeny. In this study, mammals, birds,
snakes, lizards and alligators were utilized to assess geometric morphospace. While each
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species has a unique growth trajectory, overall diversity in morphospace narrowed between
lineages during primary palate fusion. Once the primary palate is fused, the morphospace is
expanded, allowing for the variety of adult shapes and sizes to reach full potential (Young et
al., 2014). In other words, there is selective pressure to limit size and shape variation at this
critical time in order to ensure proper fusion of the primary palate in all amniotes. As
demonstrated in chicken embryos, a relatively minor spatiotemporal deviation in the
prominences results in cleft lip (Ashique et al., 2002; Szabo-Rogers et al., 2008; Higashihori
etal., 2010; Young et al., 2014; Hu et al., 2015a), which can be detrimental, if not fatal, for
the organism. The one caveat of the analyses performed by Young et al., (2014) was that the
lateral nasal and maxillary prominences were considered together as a single region. Thus
the bottleneck in morphospace occurring during lip fusion may not be as narrow as
previously thought if individual facial prominences are taken into account. Finer delineation
of prominences could be beneficial in future studies.

Divergence in Form and Function in the Secondary Palate

Palatal shelf outgrowth—The secondary palate, which occurs in only select lineages, is
a uniquely amniote structure which partakes in a variety of functions ranging from feeding
to vocalization. Basal tetrapods such as amphibians do not possess any type of secondary
palate architecture, instead having their choanae open directly into the oral cavity
(Jankowski, 2013). Amniotes, on the other hand, develop paired outgrowths called palatal
shelves, from the maxillary prominences towards the midlines of the oral cavity, during
embryonic development (Tamarin, 1982; Jiang et al., 2006; Bush and Jiang, 2012;
Abramyan et al., 2014). In crocodilians and mammals, the shelves grow towards the midline
and fuse to form a continuous secondary palate (Fig. 5A,B). While they ultimately form
similar structures, the palatal shelves develop differently in the aforementioned groups. The
mammalian palatal shelves begin development in a vertical plane; eventually shifting into a
horizontal position before connecting with one another (Ferguson, 1987; Bush and Jiang,
2012). In crocodilians however, the palatal shelves have a more reptilian pattern of
development in forming horizontally towards each other from the outset and connecting in
the midline (Ferguson, 1981; Ferguson, 1987). In birds and lizards, the palatal shelves grow
towards each other horizontally but never fuse, leaving a natural cleft in the midline (Fig.
5C,D,E) (Richman et al., 2006; Kimmel et al., 2009; Jankowski, 2013; Abramyan et al.,
2014).

The process of outgrowth, or budding, of the embryonic palatal shelves from the medial
surfaces of the maxillary prominences is similar to that originally described in the limb bud.
The budding structure maintains the original, high proliferation index characteristic of
younger stage embryos whereas proliferation in the basal mesenchyme drops (Saunders,
1948). Previous studies by our group on chicken (Abramyan et al., 2014), and others on
mouse (Iwabe et al., 2005), have shown that palatal shelf outgrowth occurs through this
classic mechanism. Thus, this mechanism is conserved in all species in which palatal shelves
develop, and furthermore, is likely utilized in animals to form tissue outgrowths in general.

Turtles are a unique group amongst amniotes in that they do not develop embryonic palatal
shelves, allowing direct opening of the choanae into the oral cavity (Fig. 5F). In our study of
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the red-bellied short-necked turtle (Emydura subglobosa) (Abramyan et al., 2014), we
identified a complete lack of medial outgrowths from the maxillary prominence during
embryogenesis, a trait also observed in the red-eared slider turtle (Trachemys scripta)
(Tulenko and Sheil, 2007). Since embryonic palatal shelves in amniotes are likely
synapomorphic structures (inherited structures which are shared across related taxa and
inferred to have arisen in their common ancestor), we hypothesized that shelves were
secondarily lost in the ancestral lineage leading to all extant turtles. We draw this conclusion
from the fact that the two aforementioned species are each representative of the two distinct
suborders of extant turtles, Pleurodira and Cryptodira (Crawford et al., 2015).

Through comparison of cellular and molecular mechanisms underlying chicken palatal shelf
outgrowth with that of E. subglobosa, we identified an absence of differential proliferation
in the medial maxillary prominence compared to the head mesenchyme in turtle embryos
(Abramyan et al., 2014). The loss of the proliferation gradient likely results in failure of
palatal shelf budding in the turtle; a phenotype previously described in chicken embryos in
which maxillary proliferation was reduced through molecular manipulation (Ashique et al.,
2002). Some lineages of turtles do develop a secondary palate, although there is a lack of
embryological evidence as to the exact developmental processes involved in the assembly of
this structure.

Skeletal patterning in the secondary palate—The amniote palate is comprised of
several intramembranous bones. The bones that are conserved in all amniotes, regardless of
palate morphology, include the premaxillae (derived from the medial nasal prominences),
the palatine processes of the maxillary bones and the palatine bones (derived from the
maxillary prominences) (Richman et al., 2006). However there are major differences in the
posterior bones between reptiles and mammals. These differences are especially obvious
when we compare the lineages that have independently evolved a bony, secondary palate.

The pterygoid bone in particular plays a much larger role in the reptilian palate than it does
in mammals (Richman et al., 2006). Mammalian pterygoids are reduced and allow for lateral
movement of the jaw during mastication (Crompton, 1995). This modification in turn
allowed for the upper and lower jaws to function as scissors, bringing with it morphological
diversification in teeth (Crompton and Parker, 1978). In mammals, the pterygoid bones are
reduced to the pterygoid plates of the sphenoid bone and articulate with the vertical plate of
the palatine bones anteriorly and the basisphenoid posteriorly. The pterygoid-basisphenoid
articulation is at the base of the mammalian skull and is in a superior/cranial plane relative
to the secondary palate. This difference in plane of articulation is particularly magnified in
the human where the head is positioned at a right angle to the spine (due to our bipedal
gate), as opposed to being comparatively parallel in other tetrapods (Russo and Kirk, 2013).
Therefore, the pterygoid plates do not take part in the structure of the secondary palate in
mammals. It is important to note that there has historically been some controversy whether
the reptilian pterygoid bone, which is much more structurally substantial, is homologous to
the mammalian pterygoid. However, comparative studies of adult anatomy as well as
embryology have concluded that they are indeed homologous structures (Presley and Steel,
1978).
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Since all amniotes exhibit a generally similar pattern of ossification in the palate, one might
predict that convergent evolution of a secondary palate would correlate with similar
underlying skeletal morphology. Lineages with open secondary palates, such as birds and
lizards exhibit a generally similar skeletal morphology, however those with closed
secondary palates differ. The two lineages of reptiles that have evolved secondary, bony
palates (crocodilians and sea turtles) exhibit some ossification patterns which are unique to
each group when compared to each other and to mammals. In the crocodilian secondary
palate, there is substantial structural input from the pterygoid bones posteriorly and the
choanal opening is within the pterygoids, instead of being anterior to the pterygoids as in
mammals (Fig. 6B). This pattern allows the choana to open further back in the snout than in
mammals. There is also an extra bone in the crocodilian palate called the ectopterygoid,
which lies between the maxillary, jugal and pterygoid (Fig. 6B).

There are several extant (as well as extinct) species of turtles that do possess a secondary
bony palate (Fig. 6C). Examples of this palate phenotype can be seen in the superfamily
Chelonioidea (Sea Turtles) (Hirayama, 1994; Meylan et al., 2000; Wyneken and
Witherington, 2001). The adaptation of palatal ossifications to form a secondary palate is a
derived trait in turtles and has likely occurred at least six times (Hirayama, 1994; Meylan et
al., 2000). The difference in secondary palate ossification of sea turtles compared to
mammals or crocodilians is the inclusion of the vomer in the midline of the structure (Fig.
6C) (Gaffney, 1979; Meylan et al., 2000; Wyneken and Witherington, 2001). In some
lineages such as the Hawksbill turtle (Eretmochelys imbricata) and the extinct species
Sandownia harrisi, there is also input from the jugal bones, which articulate with the
palatine and maxillary bones posteriorly (Meylan et al., 2000; Wyneken and Witherington,
2001). The pterygoids, while extensive in the turtle, do not take part in secondary palate.
Instead, they articulate with the palatine bones in a plane superior to the secondary palate
and in line with the skull base. The putative loss of palatal shelves early in turtle evolution,
combined with the unique pattern of secondary palate ossification, gives credibility to the
aforementioned hypotheses of secondary palates re-evolving in sea turtles, likely through an
as-yet unknown mechanism of development.

Evolution of biomechanics and function in the open and closed secondary
palate—Amniotes exhibit great morphological diversity in secondary palates which often
correlate with life-history traits and function (Fig. 5). In mammals, the closed secondary
palate is required for suckling (Maier et al., 1996), mastication (Prinz and Lucas, 1997),
buttressing the skull (in order to undertake greater masticatory loads) (Menegaz et al., 2009),
breathing and vocalization (Kummer et al., 2015). The crocodilian palate serves similar
functions, with the exception of suckling and mastication. Crocodilians are semi-aquatic
reptiles and use their palates to exclude water from the nasal cavity when submerged (since
the oral cavity fills with water during submersion). The secondary palate, along with the
palatal valve and modifications of the external nares, enable the oral cavity to be closed off
from the nasopharynx. Crocodilians can then breathe while partially submerged with their
external nares extending above the water level (a method of stalking prey commonly used
by this group) (Ferguson, 1981; Putterill and Soley, 2006; Jankowski, 2013). The ability to
physically separate the nasal cavity from the pharynx is also utilized when crocodilians
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submerge with their jaws open, as when dragging prey underwater (Jankowski, 2013).
Studies also suggest that the crocodilian secondary palate may also partake in strengthening
the rostrum of these powerful predators, in a similar manner to the mammalian palate
(Jankowski, 2013).

Birds also develop a substantial secondary palate which almost entirely covers the roof of
the oral cavity, however, their palatal shelves never fuse, facilitating permanent contact
between the oral and nasal cavities (Fig. 5C). The avian secondary palate houses the
majority of taste receptors, as opposed to the localization of taste buds in the mammalian
tongue. The avian tongue is keratinized rather than covered with mucosa and primarily
serves as an organ for food intake (Berkhoudt, 1992; Mason and Clark, 2000; Crole and
Soley, 2009; Scanes, 2014). The lack of teeth in birds has also makes it compulsory for them
to swallow food without substantial processing inside the mouth. During swallowing, the
tongue is elevated to fit into the recess within the palate, obliterating the cleft and keeping
food from passing into the nasal cavity as it is consumed (Jankowski, 2013).

Squamates (lizards and snakes) generally exhibit highly reduced secondary palates (Fig. 5E),
allowing greater exposure of the vomeronasal (or Jacobson's) organ, which is located in the
anterior roof of the oral cavity. The reason for this particular phenotype may be due to their
heavy reliance on chemosensory information for basic functions ranging from mating to
foraging for food (Halpern, 1992; Mason, 1992; Schwenk, 1995; Filoramo and Schwenk,
2009). The tongue is used to deliver chemosensory information from their environment to
the vomeronasal organ; hence the characteristic tongue flick often associated with snakes
and lizards. The vomeronasal organ is connected to the oral cavity though vomeronasal
fenestrae which open directly into the mouth and associate with the tongue during this
process (Filoramo and Schwenk, 2009). In addition to the abovementioned adaptations,
snakes are also unique in possessing dentate palatine and pterygoid bones which provide a
second, antero-posterior row of teeth in the palate (Richman et al., 2006; Buchtova et al.,
2008).

An exception to the traditional squamate palate can be found in the veiled chameleon
(Chamaeleo calyptratus) (Fig. 5D). In this group, the palatal shelves are quite substantial
compared to other lizards, and almost cover the entire roof of the oral cavity (Richman et al.,
2006) — figure 3). We hypothesize that this morphology is likely due to the fact that
chameleons primarily hunt by eyesight, using especially evolved and unique binocular
vision (Ott et al., 1998), thus minimizing the need for chemosensory input during foraging.
Additionally, the chameleon tongue is highly specialized and used as an instrument for prey
capture (Wainwright and Bennett, 1992a; Wainwright and Bennett, 1992b). Due to these
specializations, the chameleon tongue is likely not utilized as a chemosensory device and the
roof of the oral cavity does not require substantial access to a vomeronasal organ. Indeed the
chameleon has been cited as having a degenerated vomeronasal organ (Haas, 1937;
Schwenk, 1985; Dgving and Trotier, 1998). Thus, we can reasonably expect that based on
the foraging mechanism, we may be able to predict the secondary palate phenotype in
distinct lizard species or lineages.
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In turtles that do not possess a secondary palate, the maxillary and palatine bones form a
large, flat surface which may be used as a triturating surface for food processing or handling
underwater (Gaffney, 1979; Natchev et al., 2009; Heiss et al., 2010) (Fig. 5F). In fact,
extinct turtle species commonly possessed palatine teeth to aid in these processes (Gaffney
et al., 1987; Gaffney, 1990; Davit-Beal et al., 2009). In extant sea turtles, the secondary hard
palate is likely used for structural reinforcement, and may also function in excluding water
from the nasopharynx during submersion.

Conclusion

In this commentary, we have compiled data from earlier studies, and our own work, to
clarify the key differences in facial development in both model and non-model amniotes.
We highlight the fact that primary and secondary palatogenesis passes through conserved
early stages and subsequent, lineage-specific and divergent later stages. These deviations
have likely contributed to the difficulty in identifying a common developmental paradigm
for palatogenesis in amniotes as a group.

In order to delineate a more general developmental pattern, we assign the primary palate
assembly mechanisms in amniotes into two broad categories: one utilized by crocodilians
and mammals, which completely separates the nasal cavities from the stomodeum after
fusion and a second utilized by birds and nonavian reptiles, which retain a permanent
connection between their oral and nasal cavities throughout development. While birds and
nonavian reptiles likely inherited their mechanism from basal tetrapods, the mammalian and
crocodilian primary palates are independently derived. We propose that the convergent
evolution of both primary and secondary palates in mammals and crocodilians suggests an
intricate developmental link between the two structures, perhaps mediated by signaling from
the primitive choana. Specifically, the unique position of the choana between the primary
and secondary palate is shared by both groups and may allow for proper spatial positioning
of the palatal shelves which will develop later in ontogeny.

Secondary palatogenesis is also initiated similarly in all lineages, but later developmental
patterns diverge in a lineage-specific manner. This process can also be divided into three
broad categories. Mammals, crocodilians and some turtles exhibit a bony secondary palate
which completely separates the oral and nasal cavities. Since the bony palate has evolved
independently in each of the aforementioned lineages, specific osseous articulations are
unique to each group. Birds and squamates exhibit cleft secondary palates comprised of
paired palatal shelves with differing degrees of palatal closure. Lastly, the majority of turtles
and tortoises do not form a secondary palate, instead exhibiting choanal openings directly
into the oral cavity, in a similar manner to basal vertebrates.

Our commentary resolves some of the gaps in understanding which have beset the research
community regarding the morphogenesis of early craniofacial development in amniotes. We
furthermore highlight the notion that the specific developmental mechanism utilized by a
species or lineage involves a combination of an inherited developmental plan in conjunction
with the need to accommodate lineage-specific morphological traits in space and/or time.
This concept is best illustrated by the similar mechanisms of primary and secondary palate
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development in crocodilians and mammals, or the differences in primary palate development
even within the same lineage, such as turtles.
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~17 C. calyptratus,

Figure 1.
Digitally reconstructed optical projection tomography (OPT) scans of embryos depicting the

medial nasal prominences, mnp (purple); lateral nasal prominence, Inp (red); maxillary
prominence, mxp (green), and reptile frontonasal mass, fnm (purple). A) E11.5 mouse (Mus
musculus); B) 10-day crocodile (Crocodilus niloticus(Peterka et al., 2010); C) stage 28
chicken (Gallus gallus - (Hamburger and Hamilton, 1951); D) stage 4 turtle (Emydura
subglobosa - (Werneburg et al., 2009); E) stage 34 chameleon (Chamaeleo
calyptratus(Blanc, 1974). A’) High magnification of mouse fusion zone depicting the
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lambdoid (M) junction as white dashed lines at the boundary where all three prominences
meet. Figure modified from (Abramyan et al., 2015).
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Illustration depicting the two mechanisms of craniofacial prominences unification. A)
Fusion is depicted in posterior frontal section of E11.5 mouse embryo, between the
maxillary and the medial nasal prominences. Fusion is illustrated as a three stage process:
stage i, prominences attach and a bilayered epithelial seam forms between the tissues; stage
ii, the bilayered epithelial seam begins to break down through apoptosis, cell migration, or
epithelialmesenchymal transformation; stage iii, the mesenchyme between the two
prominences unifies into a single structure with shared mesenchyme and tissues fill in. B)
Merging is depicted in the same embryo as occurring in the nasolacrimal groove, which
demarcates the boundary between the lateral nasal and maxillary prominences. During
merging, the superficial groove fills in and becomes a smooth surface on the embryo. Figure
modified from our previous work (Abramyan et al., 2015).
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Figure 3.
Ilustrations of histological sections of E11.5 mouse embryo in the frontal plane. A)

Anterior-most section illustrates fusion between the medial nasal and lateral nasal
prominences. B) Posterior sections, on the other hand, show fusion as occurring between the
medial nasal and maxillary prominences. The exact position of the prominences is
demarcated by the nasolacrimal groove (black arrowhead). The site of bucconasal
membrane formation at the site of fusion is also between the maxillary and medial nasal
prominences (red arrowhead). Epithelial tissue in the nasal cavity and brain are depicted in
grey. br, brain; Inp, lateral nasal prominence; mnp, medial nasal prominences; mxp,
maxillary prominence; md, mandible; nc, nasal cavity; nf, nasal fin.
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Figure4.
Schematic summarizing the two modes of primary palate fusion. Steps a - ¢ depict processes

in primary palate fusion that are conserved in all amniotes, although the actual prominences
which initiate the fusion varies according to taxon. Steps d and e depict Fusion Modes 1 and
2 respectively. In step d, just posterior to the mesenchymal bridge unifying the primary
palate, the epithelial seam (nasal fin) persists, forming a transient bucconasal membrane. In
e, there is no epithelial seam posterior to the primary palate; instead entering the choanal
groove. In the transverse plane (a), the decline in proliferation at the base of the choana
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(lighter grey) allows for the groove to remain as the prominences grow around it. The final
state (f) in all amniotes is in an open choana connecting the oral and nasal cavities. bn,
bucconasal membrane; cg, choanal groove. Figure modified from (Abramyan et al., 2015).
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Figure5.
External views of amniote palates at late fetal stages. The secondary palate in the mouse and

alligator is completely closed (A,B). In the chicken, there is a cleft between the palatal
shelves, but the shelves still cover most of the palate (C). The chameleon also exhibits
relatively substantial palatal shelves (D). In the leopard gecko, the palatal shelves are highly
reduced (demarcated by white, dashed lines) (E). This gives access to the vomeronasal
organ, located in the roof of the mouth. In the turtle, there are no palatal shelves, and the
choanae (internal nares) open directly into the oral cavity (F). c, choana; ps, palatal shelf; pv,
palatal valve; sp, secondary palate. Scale bars: 2mm (A,B,C,E,F); 1Imm (D)
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Figure6.
Ilustrations depicting palatal views of the three lineages with secondary, bony palates which

have independently evolved in amniotes. A) The canine skull represents the mammalian
lineage. The mammalian secondary palate involves only three bones, the premaxilla, maxilla
and the palatine. B) The crocodilian phenotype is represented by the American alligator
(Alligator mississippiensis). In the crocodilian secondary palate, the secondary palate
involves substantial input from the pterygoids, which also envelop the choanae entirely. C)
The sea turtle is represented by the olive ridley turtle (Lepidochelys olivacea) (illustrated
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from (Wyneken and Witherington, 2001). In the sea turtle, the secondary palate has
substantial input from the vomer, which is not observed in either mammals or crocodilians.
pmx, premaxilla; psph, presphenoid; sg, squamosal; bsph, basisphenoid; ecpt, ectopterygoid;
pt, pterygoid; q, quadrate; max, maxilla; pal, palatine; j, jugal; vom, vomer.
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