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Diversity in primary palate ontogeny of amniotes
revealed with 3D imaging
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Abstract

The amniote primary palate encompasses the upper lip and the nasal cavities. During embryonic development,
the primary palate forms from the fusion of the maxillary, medial nasal and lateral nasal prominences. In
mammals, as the primary palate fuses, the nasal and oral cavities become completely separated. Subsequently,
the tissue demarcating the future internal nares (choanae) thins and becomes the bucconasal membrane, which
eventually ruptures and allows for the essential connection of the oral and nasal cavities to form. In reptiles
(including birds), the other major amniote group, primary palate ontogeny is poorly studied with respect to
prominence fusion, especially the formation of a bucconasal membrane. Using 3D optical projection tomography,
we found that the prominences that initiate primary palate formation are similar between mammals and
crocodilians but distinct from turtles and lizards, which are in turn similar to each other. Chickens are distinct
from all non-avian lineages and instead resemble human embryos in this aspect. The majority of reptiles maintain
a communication between the oral and nasal cavities via the choanae during primary palate formation. However,
crocodiles appear to have a transient separation between the oral and nasal cavities. Furthermore, the three
lizard species examined here, exhibit temporary closure of their external nares via fusion of the lateral nasal
prominences with the frontonasal mass, subsequently reopening them just before hatching. The mechanism of
the persistent choanal opening was examined in chicken embryos. The mesenchyme posterior/dorsal to the
choana had a significant decline in proliferation index, whereas the mesenchyme of the facial processes remained
high. This differential proliferation allows the choana to form a channel between the oral and nasal cavities as
the facial prominences grow and fuse around it. Our data show that primary palate ontogeny has been modified
extensively to support the array of morphological diversity that has evolved among amniotes.
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Introduction

Living amniotes can be divided into two main lineages,
mammals and reptiles (including birds). Since their diver-
gence ~ 300 million years ago, amniotes have diversified
into a vast assortment of shapes and sizes with diverse
life history trajectories (Benton, 1990). Although the
diversity generated during evolution can be observed in
general body shape and sheer size differences, a consid-
erable amount of this diversity is concentrated in the cra-
niofacial region. This phenomenon is in part due to
specialized sensory organs and adaptations for feeding
which are found in the head (Manzanares & Nieto,
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2003). The diversity in adult morphology is likely initiated
during embryonic development, although these interspe-
cific differences may be subtle at early stages of facial
development (Abzhanov et al. 2004; Young et al. 2014).
Facial development involves complex morphological pro-
cesses that occur shortly after neurulation. Hox-negative
neural crest cells migrating ventrally from the fore, mid-
and hindbrain, form the majority of mesenchyme in the
face (Le Douarin et al. 2007). The skeletal patterning (Rich-
man & Lee, 2003) as well as the species-specific size of the
jaws (Eames & Schneider, 2008; Fish et al. 2014; Hall et al.
2014) are programmed into the neural crest cells. Shortly
after the nasal pits have formed, the facial prominences or
buds of mesenchyme covered in ectoderm, grow out
around the stomodeum (embryonic oral cavity). The
frontonasal mass in birds and non-avian reptiles, or the
medial nasal prominence in mammals, is in the center
between the nasal pits, the lateral nasal prominences
are lateral to the nasal pits, the maxillary prominences
border the sides of the stomodeum, and the mandibular
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prominences lie inferior to the stomodeum/oral cavity
(Richman & Lee, 2003).

Subsequent to outgrowth, unification of the facial promi-
nences occurs by one of two developmental mechanisms:
the ‘fusion’ of freely projecting prominences, in which a bi-
layered epithelial seam is formed as an intermediate stage
(Supporting Information Fig. S1A); or the ‘merging’ of
prominences that are separated by a deep groove (Fig. S1B)
(Cox, 2004). The upper jaw derives through a complex com-
bination of fusion and merging. The tips of the frontonasal,
maxillary and lateral nasal prominences fuse (Fig. S1Ai),
then form a mesenchymal bridge (Fig. S1Aii), which is fol-
lowed by period of merging where cell proliferation and
possibly cell migration help to fill out the remaining
grooves (Fig. STAiii). In all amniotes, the lateral nasal and
maxillary prominences are separated by a deep nasolacrimal
groove, which fills in by merging (Fig. S1Bi-iii). The mandib-
ular prominences also have a deep midline groove that
merges (Jiang et al. 2006; Szabo-Rogers et al. 2010). Specific
derivatives of the lateral nasal prominences are the nasal
turbinates (MacDonald et al. 2004), whereas the medial
nasal prominences (analogous to the frontonasal mass in
birds and non-avian reptiles) form the nasal septum, pre-
maxillary bone (Wedden, 1987; Richman & Tickle, 1989) and
four incisor teeth in humans. The maxillary prominences
give rise to the maxillary and palatine bones (Lee et al.
2004), whereas the mandibular prominence forms the
entire mandible (Wedden, 1987; Richman & Tickle, 1989).

The facial prominences grow outwards as a result of epi-
thelial-mesenchymal interactions (Wedden, 1987; Richman
& Tickle, 1989; Richman, 1992). The communication
between mesenchyme and epithelium is mediated through
signaling molecules such as fibroblast growth factors (FGFs;
Firnberg & Neubuser, 2002; Fuchs et al. 2010; Szabo-Rogers
et al. 2008; Richman et al. 1997; Griffin et al. 2013), bone
morphogenetic proteins (BMPs; Ashique et al. 2002; Abzha-
nov et al. 2004; Abramyan et al. 2014), endothelins (Kuriha-
ra et al. 1994; Clouthier et al. 1998; Ruest et al. 2004; Sato
et al. 2008), Sonic hedgehog (Hu & Helms, 1999; Brito et al.
2006; Cobourne et al. 2009; Hu & Marcucio, 2009) and
wingless-related MMTV integration sites (WNTs; Jin et al.
2012; Song et al. 2009; He et al. 2011, 2008; Reid et al.
2011). These signaling pathways regulate mesenchymal sur-
vival, proliferation, differentiation and patterning (Jiang
et al. 2006; Szabo-Rogers et al. 2010).

In mammals, the fusion of the primary palate proceeds in
an outward direction from the base of the outgrowing
facial prominences in a ‘posterior-anterior zipping-up’ pro-
cess (Kosaka et al. 1985). This first step results in the forma-
tion of a bilayered epithelial seam called the nasal fin
between the medial nasal and lateral nasal prominences.
The nasal fins eventually disappear and are replaced by
mesenchymal tissue with the exception of a small posterior
portion, which remains intact. This remaining portion sub-
sequently thins out to become a fine membrane called the
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bucconasal membrane (also known as the oronasal mem-
brane, or lamina oronasalis) (Warbrick, 1960; Gaare & Lang-
man, 1980; Diewert & Wang, 1992; Kim et al. 2004; Som &
Naidich, 2013, 2014). Shortly thereafter, the bucconasal
membrane ruptures to form the connection, called the cho-
ana or internal naris, between the nasal cavities and stomo-
deum. The paired choanae are located in the posterior roof
of the stomodeum (Parsons, 1968; Kim et al. 2004; Jiang
et al. 2006; Jankowski, 2011). If the bucconasal membrane
remains intact, the adult choana will be obstructed by soft
tissue, bone or a combination of tissues upon maturation,
resulting in a condition called choanal atresia, which affects
one in 5000-10 000 people (Kim et al. 2004). Choanal atre-
sia may also occur in combination with syndromes such as
CHARGE, Apert, Crouzon and Pfeiffer (Barnett et al. 2011;
Case & Mitchell, 2011; Swibel et al. 2012; Hsu et al. 2014).

Although the process of primary palate morphogenesis is
superficially similar in all amniotes, the details of promi-
nence fusion, shape and size in the embryonic cranial
region may differ. One recent study has addressed the simi-
larities and differences in superficial craniofacial morpho-
genesis in three-dimensional (3D) micro-CT scans of birds,
non-avian reptiles and rodent, as well as reconstructed
serial sections of human embryo (Young et al. 2014). Their
findings suggest variation in craniofacial morphology is lim-
ited at early embryonic stages, in pre-fusion of facial promi-
nences, but becomes much more pronounced once the
primary palate is fused (Young et al. 2014). Nevertheless,
comparative studies focusing on internal craniofacial struc-
tures during early embryonic development remain scarce
and outdated, warranting the need for the application of
3D digital techniques that reveal the soft tissues.

Even in the chicken, a model of developmental biology
and frequent model of craniofacial development, details of
prominence fusion and oronasal connectivity remain poorly
understood. Several early studies describe the details of the
morphological progression of the developing chick embryo
using either scanning electron microscopy (SEM) (Bancroft
& Bellairs, 1977; Tamarin et al. 1984) or a combination of
SEM with histology (Yee & Abbott, 1978; Will & Meller,
1981). With regard to the primary palate, Yee & Abbott
(1978) specifically state that ‘... primary palate formation in
the chick takes place by fusion across a continuous nasal
groove. .., suggesting that the oral and nasal cavities are
continuous with each other during primary palate develop-
ment, unlike the conditions in mammals. Will & Meller
(1981), on the other hand, state that the ‘rupture of the
bucconasal membrane’ is the important last step in a three-
stage process of primary palate development in the chicken
embryo. The invagination of the nasal pit (prior to the
appearance of the facial prominences) is the first step and
the fusion of the medial nasal and the maxillary promi-
nences is the second step. This point of contention
prompted us to revisit the question of whether all amniotes
go through a conserved stage of bucconasal membrane
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formation and rupture. Furthermore, previous studies of
amphibians and lungfishes, which are basal to amniotes,
describe them as developing a primary palate with continu-
ously open choanae (Bertmar, 1965, 1966b). Thus, our study
will allow us to determine what is the most likely basal con-
dition for the primary palate in tetrapods.

Due to the complicated anatomy and dynamic nature of
primary palate fusion, we decided to apply traditional his-
tology, cellular dynamics in the form of apoptosis and pro-
liferation studies, as well as a microscopic 3D digital
imaging using optical projection tomography (OPT). We
found that OPT was particularly powerful due to the ability
to obtain surface views similar to SEM, but with the added
benefit of viewing the embryos from all directions in 3D
space, as well as being able to visualize epithelium and mes-
enchyme in digital slices in any plane of section. From these
studies, we find surprising variability in the mechanism of
primary palate closure within amniotes and conclude that
primary palates fusion is initiated by different prominences,
in a lineage-specific manner. We also show that whereas
birds, turtles and lizards retain a connection between the
stomodeum and nasal cavities throughout ontogeny, croco-
dile embryos may form their primary palate in a similar
manner to mammals.

Materials and methods

Embryo acquisition, staging and fixation

All animal experiments were approved under ethics protocol #A11-
0352 and were carried out at the University of British Columbia. Fer-
tilized chicken eggs (total n = 38) were incubated at 38 °C and
staged according to Hamburger & Hamilton (1951). Fertilized eggs
from red-bellied short-necked turtle (Emydura subglobosa, total
n =9) - staged according to Werneburg et al. (2009), bearded dra-
gon (Pogona vitticeps, total n = 6) — staged according to Dufaure &
Hubert (1961), veiled chameleon (Chamaeleo calyptratus, total
n = 7) — staged according to Blanc (1974), and whiptail lizard [Aspi-
doscelis (Cnemidophorus) uniparens, total n = 9] — staged according
to Billy (1988), were donated by the Toronto Zoo. Fixed Nile croco-
dile embryos (Crocodilus niloticus, total n = 4)- staged according to
Peterka et al. (2010), were donated by the crocodile farm in Pierrel-
atte (France). American alligator (Alligator mississippiensis, total
n = 4) embryos were obtained from the Rockefeller Wildlife Ref-
uge, LA, USA, and were staged according to Ferguson (1985).

Eggs were incubated in moistened vermiculite at 30 °C. Embryos
were euthanized according to approved methods (injection of
~ 50-100 mL of tricaine methanesulfonate, pH 7, 5-10 min prior to
removal from egg followed by decapitation). Subsequently,
embryos were fixed overnight in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) (pH 7.4) at 4 °C.

Histological sections

After fixation, specimens were embedded in paraffin, sectioned,
and stained with Picrosirius red and Alcian blue for bone and carti-
lage, respectively, according to Buchtova et al. (2008). E11.5 mouse
(Mus musculus, n = 2), stage 28 chicken (Gallus gallus, n = 6), stage

4 turtle (Emydura subglobosa, n = 2), stage 12 whiptail lizard
(A. uniparens, n=1), 10-day post oviposition (dpo) crocodiles
(C. niloticus, n = 1), and 15-day post oviposition (dpo) crocodiles
(C. niloticus, n = 2), were sectioned into 7-um slices and stained.

BrdU and TUNEL assay

Chicken embryos were injected with BrdU directly into the heart
(50 ng per embryo). In bearded dragon, ~ 50 ug of BrdU was
injected into the egg. Embryos were then fixed and embedded in
paraffin and sectioned in the coronal plane. Antibody staining
was carried out as described by Abramyan et al. (2014). Terminal
deoxynucleotide transferase dUTP nick end labeling (TUNEL)
analysis was performed with the ApopTag plus Peroxidase in situ
Apoptosis Detection Kit detected with FITC-tagged anti-HRP
(Chemicon International, Temecula, CA, USA; S7101). Images were
captured using a confocal microscope (Leica Canada, Willowdale,
ON, Canada; DM6000 CS). Nuclei were stained with TO-PRO3-
iodide stain (diluted 1 : 5000, Life Technologies, Inc., Burlington,
ON, Canada).

The percentage of proliferating or BrdU-positive cells was quanti-
fied using imaces (NIH, Bethesda, MD, USA). Chicken embryos of
stages 22 (n =5), 24 (n =5), and 27 (n = 6) and one P. vitticeps
embryo were analyzed. The percentage of proliferating cells was
counted in three regions of the choanal groove/nasal cavity,
100 um from the cavity out towards the mesenchyme in the maxil-
lary prominence (region 1), choanal groove (region 2), and medial
nasal prominence (region 3). This approach allowed us to quantify
the mesenchymal proliferation pattern differences we observed in
coronal sections. Factorial anova followed by Fisher’s LSD post-hoc
testing was used to determine regions that were statistically differ-
ent in their proliferation values.

OPT sample preparation, scanning and reconstruction

Embryonic heads from chicken (stage 27: n = 6; stage 28: n = 6;
stage 29: n = 4), E. subglobosa (stage 2: n = 1; stage 3: n = 2; stage
4: n = 2; stage 5: n = 2), P. vitticeps (stage 28: n = 1; stage 31: n = 2;
stage 32: n =2), C calyptratus (stage 33: n =2; stage 34: n=2;
stage 35: n = 1; stage 37: n=2), A. uniparens (stage 21: n=1;
stage 6: n = 1; stage 7: n = 1; stage 12: n = 2; stage 13: n = 2; stage
14: n = 2), C. niloticus (~ 10 dpo: n = 1), A. mississippiensis (~ stage
12, n = 1; ~ stage 13, n = 2; ~ stage 14, n = 1) were fixed overnight
in 4% PFA/PBS (pH 7.4) at 4 °C. Subsequently, they were rinsed
twice in 1x PBS. PFA or 10% formalin allows for ‘autofluorescence’
of tissues under the UV spectrum. Subsequently, tissues were
embedded in 1% low melting point agarose and cut into blocks
approximately 0.5 cm larger than the tissue sample itself. Agarose
blocks encasing the tissues were then dehydrated by being placed
directly into 100% MeOH and subsequently taken through five
washes of 100% MeOH in the next 24 h. Afterwards, the dehy-
drated blocks were placed in BABB [benzyl alcohol (Sigma B-1042)/
benzyl benzoate (Sigma B-6630)] in a 1 : 2 ratio. Subsequently, sam-
ples were glued to the stub and scanned in an optical projection
tomography machine (model: Bioptonics 3001M) at a ~ 6-9 um
(512 x 512) resolution in the GFP1 filter. Scanned digital files were
then reconstructed using nrecon (Briiker/SkyScan), reoriented using
pATAVIEWER and the image stack imported into amira software (FEI
Visualization Sciences Group). For a subset of specimens, embryos
were resliced using CTAN (SkyScan) and then exported to AmirA soft-
ware was then used for isosurface reconstruction and segmentation
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of nasal cavities for generation of digital endocasts of nasal cavities.
Specifically, we outlined the nasal passages in serial digital slices
through the head (both in frontal and coronal planes), from the
external nares until the nasal cavity ended (as in mouse) or until the
nasal cavities opened into the oral cavity (as in chicken). By starting
from the middle of the nasal cavity and going outward in each
direction, this method allowed us to perform an unbiased analysis
of the extent of the nasal cavities to assess if the choanae and the
external nares were open or closed.

Results

OPT reconstructions are sufficiently high resolution
to visualize the point of initial contact in the fusing
primary palate

Using OPT, we obtained digital reconstructions of the head
and nasal cavities of embryonic E.11.5 mouse (M. musculus),
~10 dpo (~ 166 mg) crocodile (C. niloticus), stage 28
chicken (G. gallus) as well as stage 4 turtle (E. subglobosa)
(Fig. 1). We define approximately equivalent stages based
on the presence of grooves between lateral nasal and max-
illary prominences (nasolacrimal groove) as well as between
the frontonasal mass and maxillary prominences. The pro-
cess of merging between the frontonasal mass and maxil-
lary prominences/lateral nasal prominences is still
incomplete and thus the furrows or grooves are visible
(Fig. 1A-D). The initial point of contact during lip fusion rel-
ative to the nasolacrimal groove varies according to taxon.
In the mouse and crocodile embryos, the fusion zone is in
line with the nasolacrimal groove, with the majority of the
initial fusion being between the medial and lateral nasal
prominences (Fig. 1A,B). In the stage 28 chicken, however,
the nasolacrimal groove is superior to the point of fusion
between the frontonasal mass and maxillary prominence. In
chicken, unlike in mouse and crocodile, there is no partici-
pation of the lateral nasal prominence during the initiation
of primary palate fusion (Fig. 1C). Conversely, in the turtle,
we observe fusion of the frontonasal mass with the lateral
nasal prominence, at a more superior position than in croc-
odile and mouse (Fig. 1D). Despite the unified mesenchyme
in the maxillary and lateral nasal prominences, Patterson
et al. (1984) and McGonnell et al. (1998) report that labeled
cell populations within each prominence do not mix with
each other. Thus, the specific prominences involved in the
initiation of primary palate fusion may influence susceptibil-
ity to orofacial clefting.

We used the virtual sections to determine whether the
nasal passages had opened posteriorly into the oral cavity.
We confirmed that in all embryos, the lateral corners of the
frontonasal mass (globular processes of His; Som & Naidich,
2013) have recently fused, as shown by the bilayered epi-
thelial seam between the lateral nasal prominence and/or
the maxillary prominence (Fig. 1A’,B’,C’,D’). In posterior sec-
tions, mouse and crocodile had no posterior opening,
instead there was a blunt end to the nasal passages (Fig. 1A
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", B"), whereas in chicken and turtle there is a gap between
the frontonasal mass and maxillary prominences in the
region of the choana (Fig. 1C",D").

Next we examined representative animals from three dis-
tinct families of lizards: Teiidae (whiptail lizard, A. unipa-
rens), Chamaeleonidae (veiled chameleon, C. calyptratus),
and Agamidae (bearded dragon, P. vitticeps). In all three
species, we observed fusion between the lateral nasal prom-
inences and the frontonasal mass, similar to mouse, croco-
dile and turtle (Fig. 2A-C). Interestingly, the lateral nasal
prominences completely fused with the frontonasal mass,
temporarily closing off the external nares and isolating a
portion of the nasal cavity (Fig. 2D,D’,E,E’,F). This phenome-
non can also be clearly observed in endocasts of the veiled
chameleon (Fig. 3D') and the bearded dragon (Fig. 2E'),
where no external communication is visible and the cavity
extend behind the fused external nares. In digital sections
(coronal plane), however, of the upper nasal cavities of cha-
meleon, bearded dragon and whiptail lizard, the promi-
nences are clearly fused, whereas the nasal cavity can be
observed as openings behind the fusion zone in bearded
dragon and chameleon (Fig. 2G,H) and as fused, bilayered
epithelia in the whiptail lizard (Fig. 2I).

Histological concurs with OPT virtual

sections

analysis

Once we identified the individual prominences involved in
primary palate and nasal cavity formation in each lineage,
we used these fine external features such as the presence of
the nasolacrimal groove and recent fusion of the maxillary
and medial nasal prominences, to ensure embryos were at
equivalent stages. We complemented real histology with
virtual histology and 3D scans of the head to ensure that
we would capture the bucconasal membrane if present. We
only observed bucconasal membranes in the posterior of
the nasal cavities in the E11.5 mouse embryo (Fig. 3A-C,
black and white arrowheads). Equivalent sections in
chicken, turtle and lizard showed connections between the
oral and nasal cavities (Fig. 3D,E,F, respectively), suggesting
that a bucconasal membrane does not form.

Unlike other reptiles, in the crocodile embryos, the nasal
cavities appear separated from the stomodeum during pri-
mary palate formation at 10 dpo (~ 160 mg, Fig. 1B’,B").
Histological analysis of a different 10 dpo (~ 160 mg) croco-
dile embryo reveals a substantial nasal fin between the lat-
eral and medial nasal prominences (Fig. 3G), similar to the
nasal fin in mammals. We have therefore captured the
stage just after fusion of the tips of the facial prominences.
In other words, the embryos are past the point of invagina-
tion of the nasal pit which occurs after nasal placode induc-
tion. If the embryo was at the earlier stage of nasal pit
invagination, there would be continuous mesenchyme
around the nasal pit space, as exhibited in section of
the 10 dpo crocodile posterior to the nasal fin (Fig. 3H).
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Fig. 1 Primary palate initiation in amniotes documented with OPT scanning. Frontal views of isosurfaces created in amira (A-D) and virtual OPT
slices (A’-D") of embryos are shown for E11.5 mouse (Mus musculus), ~ 10-day crocodile (Crocodilus niloticus), stage 28 chicken (Gallus gallus)
and stage 4 turtle (Emydura subglobosa). All embryos have open external nares (red arrows with tails in A-D). The nasolacrimal groove which sepa-
rates the lateral nasal prominence from the maxillary prominence (red arrowheads in A-D) is used as a reference landmark to compare the site of
initial fusion between facial prominences. In the mouse and crocodile embryos (A,B), fusion occurs jointly between the lateral nasal, medial nasal
and maxillary prominences and the fusion point is approximately at the level of the nasolacrimal groove. In the chicken embryo (C) fusion begins
between the frontonasal mass and the maxillary prominence inferior to the nasolacrimal groove. In the turtle (D), fusion initiates between the
frontonasal mass and the lateral nasal prominence and the fusion zone is superior to the nasolacrimal groove. Optical sections in the anterior fron-
tal plane show that the tips of the prominences are fused in all specimens, as demonstrated by the presence of a bilayered epithelial seam (A’,B’,
C’,D’; white arrow), whereas posterior sections show closed choanae in mouse and crocodile and open choanae in the chicken and turtle (A”,B”,C
" D", white arrowheads). Insets show the plane of section with a red line (A’,A”,B',B",C’,C’,D’,D"). Key: e, eye; es, epithelial seam; fnm, frontonasal
mass; Inp, lateral nasal prominence; md, mandibular prominence; mnp, medial nasal prominence; mxp, maxillary prominence; s, stomodeum. Scale

bars: 500 pum.

Histological analysis of crocodile embryos at a slightly older
stage (15 dpo; 400 mg) revealed that the choanae do open
up later in development (Supporting Information Video S1).
Despite identifying the stage of primary palate fusion in
crocodile, we did not identify a bucconasal membrane per
se. Further sampling of embryos between 10 and 15 dpo
would be necessary to determine whether a transient buc-
conasal membrane exists in crocodiles.

The data thus far suggested that open choanae were
found in most avian and non-avian reptiles. However, the
bucconasal membrane is so small that it is possible that it
could have been missed in histological analysis. We next
wanted to take advantage of the 3D OPT image stacks to
determine whether there was a communication between
the oral and nasal cavities.

Nasal cavities in 3D

Here we created 3D endocasts of the nasal cavities by seg-
menting out the spaces between the epithelia on serial vir-
tual sections (Fig. 4A-F"). The external nares were open and
the nasal cavities were visible in all of the specimens
(Fig. 4A-E") with the exception of the A. uniparens (Figs 2C,
F,I and 4F-F"). In mouse (Fig. 4A-A"; Supporting Information
Fig. S3F) and young crocodilian (10 dpo crocodile, Figs 4B-B
", S2A-D and S3G), the segmented nasal passages formed a
blunt end at their deepest point and did not connect to the
oral cavity. As mentioned previously, the collected crocodile
embryos may have bracketed the stage when a bucconasal
membrane was present. We therefore obtained alligator
embryos of an intermediate stage (stage 12, 13; Ferguson,
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C. calyptratus P. vitticeps

Fig. 2 Comparison of fusion in lizard embryos. Isosurfaces of stage 34 chameleon (Chamaeleo calyptratus), stage 31 bearded dragon (Pogona vit-
ticeps) and stage 12 whiptail lizard (Aspidoscelis uniparens). Based on the position of the nasolacrimal groove (A-C; red arrowheads), primary pal-
ate development is initiated by the fusion of the frontonasal mass with the lateral nasal prominence. A closer view of the fusion zone reveals

complete fusion of the lateral nasal prominence and the frontonasal mass, completely closing off the external nares (D,D’,E,E’,F; red arrowheads).
An endocast of the nasal cavity (blue) reveals that it lies behind the fusion zone (D’,F’). Virtual coronal sections in the plane of the fusion zone (G,
H,I; red line in the inset) reveals that the prominences are indeed fused to each other (G,H,I; red arrowheads) and there is an open cavity (the

nasal cavity) directly behind the fused prominences. Key: e, eye; fnm, frontonasal mass; Inp, lateral nasal prominence; mxp, maxillary prominence;

nc, nasal cavity; s, stomodeum. Scale bars: 500 um.

1985). We gauge the stage 12 alligator to be slightly older
than the 10-day crocodile embryo based on the decreased
separation of the nasal pits, the shallower depth of the mid-
line frontonasal furrow and the increased size of the eyes.
The alligators had a fully connected oral and nasal passage
at stage 12 and 13 (Figs 4C-C", S2E-P and S3H).

Chicken, turtle and lizard all demonstrated endocasts that
open into the stomodeum (Figs 4D-F” and S3A-E). These
segmented nasal volumes confirmed that we had not
missed the presence of a membrane deeper in the nasal cav-
ity (Supporting Information Videos S2 and S3 of chicken).
The presence of a membrane would have resulted in a gap
in the reconstructed structure. Thus, whereas chicken, turtle
and lizard form open choanae at initiation of primary
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palate fusion, crocodilians may go through a closed choana
phase, which connects later in development through an as
yet unknown mechanism.

Cellular dynamics in avian choanal groove

Due to the similarity of the open choana in chicken and
several non-avian reptiles, and because the chicken is
accessible for experimental manipulation, we explored
the cellular dynamics involved in choana formation in the
avian embryo. Although there is a significant amount of
growth occurring in the facial prominences, the choanal
groove remains as a depression instead of filling in and
closing off the nasal cavity from the stomodeum. We
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. musculus

C. niloticus

Fig. 3 Bucconasal membrane is only present in the mouse. Histological sections in the frontal plane from E11.5 mouse (Mus musculus) (A,B)
and virtual section of E11.5 mouse (C), show the bucconasal membrane closing off the choanae from the stomodeum (black arrowheads in A,
B; white arrowheads in C). In stage 28 chicken (Gallus gallus) (D), stage 4 turtle (Emydura subglobosa) (E) and stage 12 whiptail lizard (Aspi-
doscelis uniparens) (F) there is a continuous connection between the nasal cavity and the stomodeum via open choanae. Crocodilus niloticus
embryo shows fused lateral and medial nasal prominences externally with an epithelial plug in between (red arrows, G,H). Posterior section
reveals the region past the nasal fin on the left side of the head where mesenchyme surrounds the nasal cavity (H, arrowheads). Virtual Frontal
section from OPT scan of 10-day crocodile embryo revealing fusion regions between the lateral nasal prominence and the frontonasal mass (I).
Key: e, eye; fnm, frontonasal mass; Inp, lateral nasal prominence; mnp, medial nasal prominence; nc, nasal cavity; s, stomodeum. Scale bars:

250 pum (A); 200 pm (D-H).

hypothesized that there are two methods by which this
can occur: (i) mesenchymal apoptosis allowing the cho-
anal groove to invaginate in a posterior direction while
the prominences are proliferating anteriorly or (ii) differ-
ential proliferation alone is driving the prominences for-
ward while the choanal groove remains behind, with no
apoptotic factors involved.

We analyzed proliferation in the lowest plane of section
in which we could still observe the frontonasal mass
(Fig. 5B). Three mesenchymal regions were analyzed for
proliferation at different stages of development, including
the cranial end of the maxillary prominence (Region 1), the
region posterior to the choanal groove (Region 2) and the

lateral frontonasal mass (Region 3) (Fig. 5C). At stages 22
and 24, early in nasal cavity establishment and before cho-
anal groove formation, there is no variation in proliferation
patterns between the three regions (Fig. 5D). Also, we
observed approximately the same percentage of prolifera-
tion in all regions at both stages, indicating a steady rate of
proliferation in the mesenchyme immediately surrounding
the nasal cavity. However, at stage 27, we observed a rela-
tive decrease in proliferation in the mesenchyme of the cho-
anal groove compared with the lateral nasal and
frontonasal masses, which maintain levels of proliferation
similar to younger stages (Fig. 5D; Supporting Information
Table S1). This pattern of proliferation gradient was qualita-
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M. musculus C. niloticus A. mississippiensis

E: subglobosa
E : - F “\" \-_

D R

Fig. 4 Endocasts of nasal cavities illustrate variation in choana formation between mammals as well as all major reptilian lineages, including birds.
Rotational views of nasal cavities in E11.5 mouse (Mus musculus), ~ 10-day crocodile (Crocodilus niloticus), stage 12 alligator (Alligator mississippi-
ensis), stage 28 chicken (Gallus gallus), stage 4 turtle (Emydura subglobosa) and stage 12 whiptail lizard (A-F). Endocasts of nasal cavities in mouse
and young crocodile, alligator, chicken and turtle show the nasal cavities open to the external nares (darker blue colour, red arrowheads, A,A’,B,
B’,C,C’,D,D',E,E). The external nares in the lizard is fused (as shown in Fig. 2) and does not open until later in development (F-F'). In the mouse
and crocodile there is a blind sac in the posterior of the nasal cavity (A’,A”,B’,B"). In the older alligator, chicken turtle and lizard, the nasal cavities
have connected with the oral cavity, indicating an open choana (C, C/,D’,D",E’,D",F',F"). Key: fnm, frontonasal mass; mnp, medial nasal promi-
nence, mxp, maxillary prominence; s, stomodeum. Scale bars: 500 pm.
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Fig. 5 BrdU labeling in chicken embryos at the time of choana formation. A stage 27 embryo shows the opening between nasal and oral cavities
(A). The coronal plane of section for BrdU cell counts passes through the choanal groove (B). (C) A representative section that passes through the
maxillary prominence and frontonasal mass. Mesenchymal nuclei are labeled in red, BrdU-labeled cells are yellow. Percentage proliferating cells
was calculated in three regions of mesenchyme (C); region 1 — maxillary prominence; region 2 — the base of the choanal groove; region 3 — the
lateral edge of the frontonasal mass. At stage 22 and 24, where the choanal groove has not formed yet, there is no significant difference in prolif-
eration among the three regions. However, at stage 27 there is a significant decrease in proliferation in region 2 (asterisk, P < 0.005) compared
with the other regions, where proliferation rates remain approximately the same as in stages 22 and 24 (~ 60%) (D). TUNEL analysis on stage 27
(E) and stage 28 (F) reveals minimal apoptosis in both the mesenchyme of the choanal groove (red arrowheads) as well as the fusion zone
between the prominences (F'). The only region with significant apoptosis was the middle of the frontonasal prominence, where the nasal cartilage
will form (white arrowheads). Key: cg, choanal groove; fnm, frontonasal mass; Inp, lateral nasal prominence; mxp, maxillary prominence, Scale

bars: 100 pum (C,E,F).

tively observed in a stage 31 P. vitticeps embryo, consistent
with a shared mode of choanal groove formation/facial
prominence extension in birds and non-avian reptiles (Sup-
porting Information Fig. S4).

We subsequently checked whether the drop in prolifera-
tion is accompanied by an increase in apoptosis and found
minimal apoptosis in all of the three regions of embryos
both before fusion (stage 27; Fig. 5E) and after fusion
(stage 28; Fig. 5F) of maxillary and frontonasal promi-
nences. There were, however, numerous apoptotic cells
towards the center of the frontonasal mass, where chon-
drogenesis is taking place. This is similar to the results
reported by other studies (McGonnell et al. 1998; MacDon-
ald et al. 2004). Our detection of this apoptotic region
serves as a positive control. Thus the pattern of differential
proliferation is the likely mechanism by which the choanal
groove deepens while the medial nasal and maxillary prom-
inences grow out and fuse around the groove.

Discussion

Primary palate development is common to all amniotes
and this study has identified differences in the specific
prominences which initiate fusion of the primary palate,
depending on the Order of the animals we examined. There
is a surprising degree of plasticity with respect to the specific
prominences involved in lip fusion. It is possible that the var-
iation in initial contact correlates with later beak or jaw
shape. Furthermore, during and after the fusion of the pri-
mary palate, we found that most reptiles (including birds),
with the sole exception of the crocodile, maintain a persis-
tent connection between the oral and nasal cavities via an
open choanae. This key difference in most of the nonavian
reptiles and birds eliminates the requirement of the precari-
ous process of bucconasal membrane rupture, which, if
incomplete, can lead to birth defects such as choanal atresia,
as well as respiratory distress, in neonate mammals. Further-
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more, through studies of proliferation and apoptosis pat-
terns in avian facial prominences, we identified a prolifera-
tion gradient which allows the choanae to persist as open
cavities in reptiles, while prominences grow out and fuse
with each other to form the primary palate.

Inter-species  differences in the
initiating fusion of the primary palate

prominences

The exact sequence of events leading to the fusion of the
prominences to form the primary palate in amniotes is still
a contentious topic in the scientific community (Jiang et al.
2006; Song et al. 2009). Within mammals, most studies
agree that in the mouse primary palate, the medial and lat-
eral nasal prominences fuse first and are subsequently
joined by the maxillary prominence (Trasler, 1968; Gaare &
Langman, 1980; Diewert & Wang, 1992; Gong & Guo, 2003;
Kim et al. 2004). We also found this sequence to be true
using OPT scans of mouse embryos. In human, Diewert &
Wang (1992) report that at 37 days post fertilization (Carne-
gie stage 16), the medial nasal prominences make initial
contact with the maxillary prominence, similar to the
chicken embryo. Subsequently, at early stage 17, the area
of contact spreads to include the lateral nasal prominence.
This disparity, even within mammals, indicates there are
many paths to achieving lip fusion.

Surprisingly, we found that crocodile primary palate for-
mation/fusion is remarkably similar to that of mammals,
complete with nasal fin formation and initial separation of
the oral and nasal cavities. However, in slightly older croc-
odilians (both crocodile and alligator embryos) the choanae
were open. Both alligators and crocodiles are similar in
terms of their point of initial contact (Ferguson, 1981; Peter-
ka et al. 2010) but denser sampling of the key stages would
be necessary to answer the question of true bucconasal
membrane formation in crocodilians.

Recently, Young et al. (2014) performed an extensive
study of the primary palate using externally placed land-
marks followed by geometric morphometrics to assess
developmental morphospace for a large variety of amnio-
tes. They found that all amniotes share reduced shape vari-
ance and convergent growth during the period spanning
the period of facial prominence outgrowth through fusion
of the primary palate. After fusion, phenotypic variation
increases significantly to facilitate the diversity in shapes of
adult animals. Furthermore, through in vivo experiments on
chicken embryos, they found that deviation from this early,
conserved trajectory of craniofacial development results in
a mismatch of the shapes and sizes of prominences, result-
ing in a cleft. Thus, the threat of clefting likely dictates a
strong intolerance of morphological change during primary
palate development.

However, in the study by Young et al. (2014), the authors
did not differentiate between the lateral nasal and maxil-
lary prominences, instead presenting this region as a com-
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bined ‘maxillary component’ which fuses with frontonasal
prominence. In contrast, our results show that the maxillary
or lateral nasal prominence can be involved in the initiation
of primary palate fusion independently of each other.
Taken together, with the previous study (Young et al.
2014), we propose that delegating the initiation of fusion
to only two of the prominences allows for the ‘free’ promi-
nence to tolerate more variance in shape and size while still
permitting the primary palate to fuse normally. This separa-
tion of jobs adds another dimension of putative variability
to the morphospace, in an otherwise strict and conservative
system intolerant of any major changes.

Contrasting mechanisms of choana formation in
reptiles and mice

Although all amniotes pass through a conserved stage of
primary palate fusion (Fig. S5A,B,C), there is a decision point
that occurs prior to fusion as to whether the choanal is com-
pletely closed off, separating and oral and nasal cavities
(Supporting Information Fig. S5D), or whether this interven-
ing region is retained as a concavity, forming an open cho-
ana (Fig. S5E). If an open choana is to form, differential
proliferation around the nasal pit correlates with formation
of the choanal groove (Fig. S5a). Our data show that there
are minimal differences in proliferation in the lateral nasal
and frontonasal mass mesenchyme between stages 22 and
27, a period of great morphogenetic change. However, in
the mesenchyme at the base of the nasal pit there is a strik-
ing decline in proliferation specifically at stage 27. Our
work agrees with that of a previous study focused on nasal
pit morphogenesis in the chicken embryo (Minkoff & Kuntz,
1977). Those authors concluded that deepening of the nasal
passages was not due to greatly increased proliferation in
the frontonasal mass and lateral nasal prominence but
rather to the steep drop-off in proliferation of the mesen-
chyme basal to the nasal pit, especially between stages 25
and 27. Thus the same proliferation differences contribute
to both choanal groove formation and nasal passage invag-
ination.

We wondered whether mammals also have differential
proliferation patterns around the nasal cavity to help to
define the choana. Several studies have described higher
proliferation in the distal ends of the outgrowing promi-
nences (near the putative zone of fusion/nasal fin forma-
tion) and lower proliferation in the mesenchyme at the
cranial end of the outgrowing prominences (Diewert &
Wang, 1992; Gui et al. 1993; lamaroon et al. 1996; Jin et al.
2012). However, these authors did not focus on coronal sec-
tions in which the facial prominences and the mesenchyme
dorsal to the nasal cavity are captured in the same plane. It
is also necessary to compare proliferation at several stages
to measure whether the facial prominence proliferation is
maintained at a similar level, while there is lower prolifera-
tion close to the choana.
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In the mouse there is significant apoptosis in the fusion
zone of the lateral nasal and medial nasal prominences (Ji-
ang et al. 2006) but no one has studied whether the bucco-
nasal membrane has increased levels of programmed cell
death prior to rupture. Here we excluded apoptosis from
playing a role in choanal groove formation in the avian rep-
tile. The lack of involvement of apoptosis in choanal groove
formation applies to other non-avian reptiles. In a previous
study from our group in which the turtle embryo was stud-
ied specifically in the region of the choana (Abramyan et al.
2014), we found minimal apoptosis in the mesenchyme adja-
cent to the nasal cavities and choanae. Thus, we can con-
clude that the mechanism of choanal groove formation in
avian and non-avian reptiles does not involve apoptosis.
Instead it is a differential decrease in proliferation in adja-
cent mesenchyme that is the most likely mechanism (Fig. S5).

FGF and RA signaling are candidate pathways
involved in choana formation

There are two prime candidate signaling pathways that
could be involved in choana formation. The FGF pathway
has been shown by our group (Szabo-Rogers et al. 2008) to
regulate differential proliferation around the nasal pit in
the chicken embryo at stage 26-27, the same stages as stud-
ied in the present paper. A bead soaked in an antagonist
for FGF receptors was placed into a region equivalent to
zone 3 used here. The bead implant caused a significant
decrease in proliferation and ultimately caused clefts
(Szabo-Rogers et al. 2008). Thus we realize that it was the
disruption of the differential proliferation between zones 2
and 3 that was the cause of the clefts in that study. In addi-
tion to differential proliferation, the FGF pathway has been
linked to human choana formation. Mutations in FGFR3
cause a specific form of craniosynostosis in which the major-
ity of patients also have choanal atresia (Crouzon syndrome
with acanthosis nigricans, OMIM #612247) (Schweitzer et al.
2001). In mammals, Fgf8 is specifically expressed in the nasal
fin, which forms the bucconasal membrane (Dupe et al.
2003), so any disruption in FGF signaling in the membrane
could affect cell survival or proliferation. The cellular
dynamics taking place during bucconasal membrane forma-
tion and rupture have not yet been studied.

Another candidate molecule that could play a role specifi-
cally in bucconasal membrane rupture is retinoic acid. The
enzyme that synthesizes retinoic acid, Raldh3, is expressed
specifically in the nasal fin and nasal epithelium in the
mouse embryo (Dupe et al. 2003; Song et al. 2009; Jin et al.
2012). Importantly, when Raldh3 was targeted in mice the
main phenotype was fully penetrant choanal atresia accom-
panied by a persistent nasal fin expressing Fgf8 (Dupe et al.
2003). The addition of exogenous RA to the pregnant dams
rescued the choanal atresia phenotype in the majority of
animals. Thus a certain level of RA signaling is clearly neces-
sary for the breakdown of the bucconasal membrane in the

mouse. The exact mechanism by which the bucconasal
membrane persisted was not examined in that study; how-
ever, it was clear that the epithelium of the nasal fin was
present longer than it would have been normally.

Implications for selecting a model organism to study
cleft lip and choanal atresia

Studies such as ours can aid in identifying a proper model
organism for specific defects in primary palate formation.
For example, all animals examined would be good models
for lip formation but the best of these is actually the
chicken, since it most resembles human in terms of the con-
tact of facial prominences during lip fusion. Indeed, the
chicken embryo can be induced to form a notch in the side
of the upper beak not unlike human cleft lip (Ashique et al.
2002; Song et al. 2004; Szabo-Rogers et al. 2008; Higashi-
hori et al. 2010). On the other hand, the chicken is not an
appropriate model for studying choanal atresia due to the
lack of a bucconasal membrane. However, it is possible that
crocodilians could be an interesting comparison with mam-
mals since they appear to form a transient separation
between the oral and nasal cavities.

The basal condition for the primary palate in
tetrapods is a choanal groove

The olfactory and respiratory organs of the most basal ver-
tebrates is thought to be separated, as in the lamprey (Par-
sons, 1971; Jankowski, 2011; Qisi et al. 2013), where the
olfactory organ is a blind pouch through which water is irri-
gated, and respiration occurs through swallowing of water
and irrigation of the brachia. Exaptation of the olfactory
organ to a respiratory role may explain the fusion of the
aforementioned organs into a single olfactory and respira-
tory organ observed in more derived lineages such as Dip-
noi (subclass of lobe-finned, air-breathing, freshwater fishes
such as the Australian lungfish, Neocerotodus fosteri) and
hagfish, as well as amphibians such as the salamander (Bert-
mar, 1965, 1969; Oisi et al. 2013). Basal vertebrates such
as amphibians and lungfishes do not form a bucconasal
membrane during embryogenesis (Bertmar, 1965, 1966a,b,
1969; Jankowski, 2011) (Fig. 6).

The development of this ‘novel’ combined olfactory and
respiratory organ in basal vertebrates is described in great
detail by several authors in early to mid-20th century studies
(Allis, 1917, 1932; Parsons, 1959, 1971; Bertmar, 1965,
19664a,b, 1969; Panchen, 1967). Although their primary stud-
ies focused on fishes, both Allis and Bertmar refer to a
‘naso-buccal groove’ being present in all basal vertebrates.
This groove is likely analogous to the choanal groove that
we describe in our study. Bertmar (1965) specifically
describes the naso-buccal groove as a ‘larval’ structure run-
ning caudally from the primary nasal opening and ending
in the stomodeum. He subsequently describes the forma-
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Fig. 6 A cladogram depicting the phylogenetic relationships of the
major tetrapod vertebrate lineages. A triangle labels the putatively
closed choanae in crocodilians and mammalians. Due to their distant
phylogenetic relationship, the most parsimonious conclusion leads to
two independent derivations of closed choanae, once in mammals and
once in crocodilians. Additionally, the open choana formation is the
likely ancestral condition in amniotes, since basal (non-amniote) lineages
such as lungfishes and amphibians also develop open choanae.

tion of a ‘nasal bridge’, which is formed from the fusion of
the epithelial edges of the naso-buccal groove, between
the anterior and posterior nostrils. The nasal bridge is anal-
ogous to the bridge formed over the choanal groove from
the fusion of the frontonasal mass and maxillary promi-
nence we describe in chicken, as well the fusion of the med-
ial and lateral nasal prominences in turtles, leaving both
external and internal nares open.

Interestingly, in yet another deviation involving the for-
mation of the choanae, Bertmar (1966a), studying sala-
mander (Hynobius retardatus), found that Urodele
amphibians do not form their choanal tubes and choanae
via naso-buccal grooves but instead from three portions,
including the gut process. Despite this deviation in extant
urodeles, he does state that a persistent naso-buccal
groove extending from the olfactory organ to the cho-
anae in the buccal cavity is the likely ancestral state for
these amphibians (Bertmar, 1966b). Both Bertmar and
Panchen agree that it is likely that the naso-buccal groove
is common to all gnathostomes as an embryological struc-
ture (Bertmar, 1966b; Panchen, 1967). Thus we conclude
that birds, lizards and turtles have likely retained the
ancestral mode of open choana formation, whereas the
formation of a transiently closed choana represents a
derived trait (Fig. 6). The exception to this appears to be
the crocodilians. Due to limitations of our sample set we
cannot distinguish between the possibilities that crocodil-
ians form closed choanae which subsequently open
through bucconasal membrane rupture like in mammals,
or that a choana groove forms after the initial fusion.
Interestingly, crocodilians are also the only reptiles that
have a complete secondary palate similar to mammals
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(Ferguson, 1981). This intriguing link between primary
and secondary palate development in crocodilians will be
the subject of future studies.

In summary, our study has provided new insights into the
mode of fusion of the primary palate, the temporal and
spatial differences in cell proliferation that explain the
deepening of the choanal groove, and the evolution of the
choana in tetrapods, and has also helped to clarify the most
appropriate model organisms in which to study develop-
ment of these structures.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Video S1. Fly-through frontal sections of 15 dpo crocodile (Cro-
codilus niloticus) through the region of the nasal cavities.

Video S2. Rotational movie of a stage 27 chicken embryo nasal
cavity prior to fusion.

Video S3. Rotational movie of a stage 28 chicken embryo just
after initial fusion has occurred between the frontonasal mass
and anterior maxillary prominence.

Fig. S1. Schematic depicting the processes of fusion and merg-
ing in the primary palate.

Fig. S2. Crocodilian choana formation.

Fig. S3. High power views of the choanae in chicken, non-avian
reptiles and mammals.

Fig. S4. BrdU labeling of a stage 31 bearded dragon (Pog-
ona vitticeps) visible in coronal section at similar level as in
chicken in Figure 5.

Fig. S5. Schematic summarizing the conserved steps and branch-
ing points during choana formation.

Table S1. Statistical analysis using analysis of variance (anova)
followed by Fisher’'s LSD post-hoc testing on percent labeled
cells/total cell number on chicken choanal regions presented in
Fig. 5D.



