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Evolvability of the vertebrate craniofacial skeleton
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Abstract

The skull is a vertebrate novelty. Morphological adaptations of the skull are associated with major
evolutionary transitions, including the shift to a predatory lifestyle and the ability to masticate
while breathing. These adaptations include the chondrocranium, dermatocranium, articulated jaws,
primary and secondary palates, internal choanae, the middle ear, and temporomandibular joint.
The incredible adaptive diversity of the vertebrate skull indicates an underlying bauplan that
promotes evolvability. Comparative studies in craniofacial development suggest that the
craniofacial bauplan includes three secondary organizers, two that are bilaterally placed at the
Hinge of the developing jaw, and one situated in the midline of the developing face (the FEZ).
These organizers regulate tissue interactions between the cranial neural crest, the neuroepithelium,
and facial and pharyngeal epithelia that regulate the development and evolvability of the
craniofacial skeleton.
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1. Introduction

The skull is a vertebrate novelty, the origin and elaboration of which is associated with
major evolutionary transitions, including the shift to a predatory lifestyle, the colonization of
land, and the ability to masticate while breathing. The skull is the most complex skeletal
structure in the vertebrate body, and yet exhibits incredible morphological diversity (1). This
diversity is remarkable given the high functional demands on the skull that have a direct
impact on fitness (e.g., eating, breathing). These observations suggest the presence of an
underlying bauplan that facilitates evolvability, that is, it accommodates variation while
maintaining functional integration. The goal of this review is to investigate how
developmental systems regulating craniofacial morphogenesis promote evolvability.

To begin, | first provide an overview of the major morphological adaptations of the
craniofacial skeleton and discuss molecular, cellular, and developmental mechanisms
underlying their evolution. From a morphological perspective, evolution may be reflected by
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either character origin or character diversification. Therefore, | aim to distinguish between
mechanisms underlying character origins (novelty) and mechanisms underlying character
modification (diversification) (2). A particular emphasis is placed on the origin of the
gnathostome jaw. | examine several models proposed to explain jaw evolution. In
considering these models, it is clear that understanding mechanisms at the origin of the jaw
are also central to understanding its continued modification. Finally, | discuss the
evolvability of the craniofacial skeleton. The data support a model where the craniofacial
bauplan structures variation by integrating signals from three secondary organizers,
bilaterally paired organizers at the midpoint of the first pharyngeal arch (the Hinge), and a
midline organizer in the facial ectoderm (the FEZ).

2. Tissue contributions to the craniofacial skeleton

The vertebrate clade is characterized in part by a “new head,” which is novel in that the
rostral brain is enlarged relative to other chordates and supported and protected by a
cellularized endoskeleton (3). The craniofacial skeleton forms largely from cranial neural
crest cells (CNC), which are a vertebrate innovation (4). CNC provided a new source of
mesenchyme that, along with mesoderm, gives rise to the bone, cartilage, connective tissue,
and muscle of the craniofacial skeleton. CNC migrates into the head region as three major
streams, the trigeminal, hyoid, and branchial streams (5). Some authors refer to the most
anterior stream as mandibular, but trigeminal seems more appropriate as this stream includes
CNC that migrate rostral to the first pharyngeal arch (PA1). Further, the trigeminal CNC also
migrates as three streams: the nasal (pre-optic), post-optic, and PA1 regions (6). The
trigeminal CNC is Hox negative, which appears to be important for skeletogenic
differentiation (7).

The ectoderm, which overlies the cranial mesenchyme externally, and the endoderm, which
forms the internal lining of the pharyngeal arches (PAs), provide essential signals directing
pattern formation and morphogenesis of craniofacial mesenchyme (8-9). The PAs form
when outpocketing of the pharyngeal endoderm contacts the surface ectoderm (10). These
ectodermal-endodermal points of contact demarcate the anterior and posterior boundaries of
each segmented arch. CNC and cranial mesoderm migrate into these preformed arches (9).
Reciprocal signaling interactions between these neighboring tissues are required for the
proper patterning and growth of the craniofacial skeleton. Modifications to epithelial-
mesenchymal cross-talk and tissue interactions have mediated morphological changes to the
skull (1). The major morphological adaptations and mechanisms underlying their origin and
diversification are summarized in Figure 1 and discussed below.

3. Morphological novelties of the craniofacial skeleton

3.1. Chondrocranium and dermatocranium

The vertebrate head skeleton consists of two components, the viscerocranium and the
neurocranium. The viscerocranium is derived from mesenchyme within the segmented PAs,
while the neurocranium, which encases and protects the brain, forms from mesenchyme
lying anterior to the arches (1). In the agnathan cyclostomes, lamprey and hagfish, the head
skeleton consists of only cartilage (11-12). The cartilaginous head skeleton is referred to as
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the chondrocranium, which includes both viscerocranial and neurocranial elements.
Perichondral ossification evolved after the split of cyclostomes and gnathostomes (13-14).
The advent of ossification is associated with the presence of the dermatocranium, a bony
covering of the chondrocranium. With the exception of the Chondrichthyes, which have
secondarily lost the dermal skeleton, gnathostomes have a head skeleton composed of
cartilage and bone (15).

Most of the tissues required for chondrocranial development exist or have homologues in
non-vertebrate chordates. In particular, chordates have segmented PAs and cranial placodes
(16). The mechanism driving PA formation, outpocketing of pharyngeal endoderm, is a basal
deuterostome character and regulatory networks mediating this process are conserved (16).
The key innovations occurring at the base of the vertebrate clade contributing to the origin of
the chondrocranium are: 1) the evolution of bona fide CNC, including the acquisition of a
cartilage differentiation program in these cells (17-18), and 2) localization of secreted
signaling factors that induce cartilage differentiation (19).

The molecular evolution of CNC has been relatively well studied (20-22). It is now apparent
that tunicates (Urochordata) possess a neural-crest like cell population (23-24), suggesting
that the last common ancestor of vertebrates had an intermediate cell type that might have
gained multi-potency, leading to the evolution of “true” neural crest (4). Vertebrate CNC are
characterized by a complex gene regulatory network (GRN), consisting of four major
components (20;25). Orthologs of genes from each of the four major components of the
CNC-GRN are present in the amphioxus (Cephalochordata) genome, however, most of these
genes are present as single copy, whereas they have multiple paralogs in vertebrates (26-27).
It is hypothesized that two rounds of whole genome duplication at the base of the vertebrate
clade facilitated the co-option of the newly generated paralogs into the CNC-GRN (28-29).
Gene co-option led to an expansion of function that is particularly relevant to the origin of
the CNC specification GRN, which regulates delamination and migration, and is mostly
absent in non-vertebrate chordates (30). The evolution of new genes appears to play a minor,
but important role, in CNC function. Of particular note is the endothelin signaling system,
which is a vertebrate novelty (31).

In sum, the origin of the head skeleton involved the evolution of migratory CNC initially
capable of generating cartilage; acquisition of ossifying capabilities contributed to its
diversification through the addition of dermal bone. Population of the PAs with CNC gave
rise to the viscerocranium. The neurocranium arises from CNC migrating anterior to the
PAs, into head regions that don’t exist in amphioxus. Therefore, the neurocranium evolved
in association with brain expansion. In particular, the origin of the telencephalon in
vertebrates is associated with overall expansion of the rostral brain and paired eyes
(amphioxus has a single eye at the midline) (32).

3.2. Articulated jaws

The gnathostome jaw derives predominantly from the first pharyngeal arch (PA1), which
forms two cartilaginous elements, the palatoquadrate of the upper jaw and Meckel’s
cartilage in the lower jaw. In the larval lamprey, PA1 also gives rise to two cartilaginous
elements, the velum and the lower lip. The upper lip is formed from post-optic CNC, which
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migrates rostral to PA1. Thus, the oral apparatus in lamprey (upper and lower lips) is not
homologous to the jaw of vertebrates (6; Fig. 2). Additionally, the pharyngeal cartilages of
lamprey are not jointed dorso-ventrally as in gnathostomes, but rather are arranged in a
basket-like structure (11-12). These data suggest that modifications to patterning of the
trigeminal CNC, and PA1 in particular, underlie the origin of the jaw. Although the lamprey
does not necessarily represent the ancestral condition, differences between cyclostomes and
gnathostomes are relevant to understanding the origin of the jaw, and models of jaw
evolution have contrasted these two taxa.

Cyclostomes have all the cell populations, and many of the tissue interactions required to
form the gnathostome jaw (6;33-35). The origin of the jaw does not appear to be associated
with the evolution of new genes, as the major genes involved in jaw patterning, especially
DIx genes and endothelin signaling, are thought to be ancestral for vertebrates (35-36). The
major difference between gnathostomes and cyclostomes is the spatial relationship of the
expression of these key genes. Gnathostome PAs are patterned along 2 major axes, anterior-
posterior and dorsal-ventral. Patterning along the proximal-distal axis within PA1, may also
be critical to evolutionary diversification of the jaw. Cyclostome PAs share patterns of Hox
gene expression with gnathostomes, including a Hox-negative PAL, indicating they have
anterior-posterior patterning (37-38). Thus, a major difference between agnathans and
gnathostomes lies in dorsal-ventral polarity of PAL.

3.2.1. Models of jaw development and evolution—Developmental models of the
evolution of the gnathostome jaw fall broadly into three groups. These are: 1) the Hinge and
Caps model (39-40), 2) the heterotopy model (6;41-42), and 3) the joint co-option model
(36;43). Implicit to all three of these models is the premise that dorsal-ventral polarity of
PA1 is necessary for the development of articulated jaws. There is also a general consensus
that dorsal-ventral polarity is mediated, in part, by nested expression of D/x genes in PAL,
which is downstream of endothelin signaling (44-47). Endothelin signaling establishes
expression domains of the transcription factors Bapx1 and Hand2 within PALl. BapxI is
expressed at the midpoint of PA1 where it specifies an intermediate region, and Hand2is
expressed ventrally in PA1, where it regulates ventral identity (45). Explanation of the
acquisition of dorsal-ventral polarity in PAL is a key difference among the models.

The Hinge and Caps model holds that PA1 is partitioned into two regions, an upper
(maxillary) branch and lower (mandibular) branch separated and articulated by a “Hinge”
located at their junction, which by definition is the mid-point of PAL. The Hinge is proposed
to derive from “factors of epithelial origin” common to the oral ectoderm overlying PA1 and
the junction of the first pharyngeal pouch endoderm and cleft ectoderm. The exact factors
establishing the Hinge are not specified, but are suggested to include Fgf8 among other
signaling factors (39-40;48). The Hinge forms the proximal point of both the maxillary and
mandibular branches of PAL, and is argued to work in concert with distal “Caps” signaling
to establish pattern and polarity in the jaw. Thus, although Depew and colleagues do not
explicitly use the term organizer for the Hinge (perhaps due to the emphasis on the Hinge
working in concert with Caps signaling), the defined role of this region in directing both
patterning and positional information for PAL indicates it would be one. A strength of this
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model is the explanation for polarity of PA1, which derives from an organizer. However, no
clear explanation for the origin of the Hinge is presented.

The heterotopy model focuses almost entirely on developmental mechanisms distinguishing
CNC-epithelial interactions in PA1 of lamprey and gnhathostomes. Kuratani and colleagues
propose a hierarchical model for the origin of the jaw that involves at least 4 successive
transitions (Fig. 2). First, the relative positions of the nasal and hypophyseal placodes are
altered in gnathostomes such that they are farther apart and separate earlier in development
relative to lamprey (42). Second, widening of the medial-lateral axis in the anterior head
leads to diplorhiny. Third, migration patterns of CNC within the trigeminal stream are
altered such that the post-optic CNC lies in between the nasal and hypophyseal placodes in
gnathostomes rather than posterior to them as in lamprey (41). Finally, there is a heterotopic
shift in oral ectoderm expression of FGF/BMP signals, which in lamprey extends anterior to
PA1, but is limited to PAL in gnathostomes (6;41).

Kuratani and colleagues distinguish three populations within the trigeminal CNC, a
mandibular stream (which migrates into PA1), a post-optic stream (which migrates anterior
to PAL, but posterior to the eye), and a pre-optic stream (which migrates anterior to the eye).
In lamprey, both mandibular and post-optic CNC contribute to the oral apparatus, whereas in
basal gnathostomes only CNC from PA1 contribute to the jaw, while the post-optic CNC
contributes to the neurocranium (6;41). Importantly, in lamprey both the post-optic and
mandibular CNC express D/x genes, since both CNC populations underlie the Fgf8
expressing oral ectoderm, which induces D/xZ (6). The heterotopic shift in FGF/BMP
signaling observed between cyclostomes and gnathostomes is argued to be a consequence of
altered CNC migration patterns. Due to the early separation of the nasal and hypophyseal
placodes in gnathostomes, CNC (specifically post-optic CNC) are able to migrate into the
midline space anterior to the eye rather than into the stomodeal region (49; Fig. 2).

The heterotopy model accounts for morphological differences in PA1 and CNC migration
that generate alterations to tissue interactions distinguishing cyclostomes and gnathostomes.
However, restriction of D/x expression to PA1 via a heterotopic shift in epithelial-
mesenchymal interactions does not, in itself, confer polarity, as the Fgf-DIx induction
program exists in lamprey without generating nested D/x expression. Thus, the heterotopy
model describes pre-conditions that may be necessary for PAL polarity, but does specifically
explain how polarity is achieved.

The co-option model asserts that dorsal-ventral patterning was pre-existing in vertebrate
PAs, and that the origin of the jaw was simply due to the co-option by CNC of a joint
forming GRN (36;43). This model is largely based on interpretations of D/x, Hand, and Msx
gene expression in the lamprey. In contrast to other reports (35;50), Cerny and colleagues
(36) argue that D/x expression is nested in lamprey PAs, and that Handand Msx genes are
ventrally restricted, which they argue is similar to the expression pattern of these genes in
gnathostome PAs. The key difference they highlight between lamprey and gnathostomes is
the absence of expression of genes associated with intermediate arch specification and joint
formation, namely Bapx and Gdfs.
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The co-option model differs from both the Hinge and Caps model and the heterotopy model
in that it argues that all PAs in cyclostomes (including PA1) exhibit nested dorsal-ventral
polarity. That is, it holds that polarity of PA1 is an ancestral vertebrate trait rather than
derived for gnathostomes. This model also assumes that jointless pharyngeal arches are
ancestral for vertebrates. However, recent fossil descriptions of stem vertebrates suggest that
bipartite (dorsoventrally segmented) arches existed prior to the divergence of gnathostomes
and cyclostomes (51). Co-option of a joint formation program also does not explain the
extensive re-organization of PAL relative to the rostral head or the loss of D/x expression in
CNC anterior to PAL. As an aside, the argument that the origin of the jaw was not driven by
a change in patterning or morphogenesis, but by the co-option of a joint formation GRN
within a pre-patterned arch, also implies that the jaw is not an evolutionary novelty, but
rather a modification of the ancestral oral apparatus, with which it would be considered
homologous. In contrast, the heterotopy model argues that the connection of the nasal and
hypophyseal placodes in lamprey constrains CNC migration (particularly the post-optic
CNC), restricting it to the oral region. In this model, the jaw is novel because it involves the
breakdown of constraints, allowing novel variation to be generated (52).

3.2.2. Towards a comprehensive model of the origin of the jaw—The models
discussed above each have a different point of emphasis, in part due to differences in the
authors’ assumptions of the ancestral vertebrate condition. This is reflected in their
interpretations of gene expression patterns used to indicate dorsal-ventral patterning,
particularly D/x gene expression. Both the heterotopy and Hinge and Caps model assume
that the ancestral condition is an unpolarized PAL, typified by the absence of nested D/x
expression in lamprey. In contrast, the joint co-option model holds that the ancestral
condition for all vertebrates is nested D/x expression in polaraized pharyngeal arches. This
difference could be due in part to the fact that D/x expression is variable in gnathostomes.
For example, both shark and mouse have “nested” D/x gene expression, but the specific
patterns of Dix nesting differ between these taxa (53-54). This is likely because alterations
to expression patterns of mediators of dorsal-ventral patterning may be important for
diversification of the jaw. To understand the origin of the jaw, it is not the mediators, but the
source, of patterning that matters. In this regard, the hypothesis that an organizer exists
within the arch itself, as suggested by the Hinge and Caps model, deserves further
consideration.

Several lines of evidence point to the existence of an organizer at the Hinge, or mid-point, of
PAL. First, skeletal transformations resulting from alterations to mediators of jaw patterning
occur as mirror-images (1;47;55). Mirror image duplications are typical of manipulations
involving organizers, because the organizer establishes a reference point to initiate positional
information, which establishes polarity (56-57). The adaptive benefit of reflecting upper and
lower jaw derivatives around a mid-point to ensure their functional registration has
previously been noted (39;48). A second line of evidence pointing to an organizer within
PA1 comes from duplication of jaw elements resulting from exogenous Sh/ expression near
the PA1 Hinge (58). Exogenous expression of SA/induces Fgf8and Bmp4 in the caudal
PA1 ectoderm similar to the endogenous Fgf8and Bmp4 expression pattern in the rostral
oral epithelium, which is induced by SA/from the foregut endoderm (58-59). As a result of
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this duplication of signaling interactions, the lower jaw skeleton was duplicated (58). These
data led Brito and colleagues to propose that Shh/Fgf8/Bmp4 signaling in the pharyngeal
arch acts as a signaling center similar to the ZPA and AER in the limb (58).

The Hinge and Caps model proposed that signaling interactions between the pharyngeal
plate (the junction of the pharyngeal pouch endoderm and pharyngeal cleft ectoderm) and
the oral ectoderm generate a signaling center at the mid-point of PAL. Fgfs, Bmps, and Shh
are expressed in neighboring domains in these tissues. SHH has known inductive power,
however tissue relationships appear to be important to this induction. If the Hinge is
generated by inductive interactions, it suggests that alterations to tissue relationships may
have been necessary for the origin of the Hinge. In particular, the spatial relationship
between the pharyngeal plate, oral ectoderm and foregut endoderm in early development
may be critical to establish signaling interactions at the Hinge.

In this regard, the heterotopy model may provide further explanatory power. In addition to
the heterotopic shift in oral epithelial-mesenchymal signaling interactions emphasized by
Kuratani and colleagues, alterations to CNC migration patterns in gnathostomes also
reorganized the spatial relationships between the oral ectoderm and the pharyngeal
endoderm. In basal gnathostomes, PA1 is spatially separated from the post-optic CNC along
the oral ectoderm. In contrast, PA1 in lamprey is folded over on itself, generating a shorter,
thicker arch with larger distances between epithelia. Thus, the spatial relationships of the
epithelia of the first pharyngeal pouch and the oral ectoderm are shifted in gnathostomes
relative to lamprey (Fig. 2). The establishment of a jaw organizer may be related to the
spatial organization of PA1, which affects the distance between competent tissue and the
source of SHH. Once an organizer is established, polarized gene expression (e.g., DIx,
endothelin, Bapx, Hand2) could be directed from this source.

Although the arguments presented here (that re-organization of PAL1 was central to the
evolutionary origin of the jaw) would necessarily reject the co-option model, some data
presented in support of that hypothesis are important to consider. The co-option model relies
heavily on the interpretation of gene expression in lamprey PAs, which differs from that of
the other two models. The difference in these interpretations may be due in part to technical
issues, as the data shown for Dix expression is distinct in the different manuscripts, and does
appear to have more restricted domains as reported by Cerny and colleagues. However, the
differences in D/x expression exist only in the posterior arches, and the data shown by Cerny
and colleagues that is most convincing is shown in sections of posterior arches. However, in
all reports (even those by Cerny and colleagues), D/x expression in PA1 of lamprey is
clearly different than in the other arches and does not appear nested.

Although Kuratani and colleagues do not find nested D/x expression in the posterior arches,
they note that HandZ expression is ventrally restricted in these arches (35). Taken together,
these data suggest that the posterior arches of lamprey are differently patterned relative to
PA1. This, along with the fossil data, would further suggest that the ancestral vertebrate
condition exhibits polarized posterior arches. If patterning information derives from
interactions between the pharyngeal endoderm and ectoderm, the fact that these tissues are
closer together in the posterior arches due to their smaller and more linear morphology;,
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would provide additional evidence that spatial reorganization of PA1 could lead to
polarization.

3.3. Primary palate

The primary palate forms the floor of the nasal cavities and the anterior roof of the mouth
(60). Developmentally, the primary palate derives from the medial portion of the frontonasal
process (FNP), which generates the premaxilla. Thus, the origin of the primary palate is also
associated with a FNP contribution to the upper jaw. Among extant gnathostomes,
Osteichthyes have a primary palate while the Chondrichthyes do not. In the Chondrichthyes,
the upper jaw is formed only from the maxillary portion of PA1. The maxillary processes
grow medially and fuse with each other at the midline, where the jaws are suspended from
the neurocranium (53;61). In contrast, in Osteichthyes, the maxillary processes grow
rostrally, where they meet and fuse with the FNPs in the mid-facial region.

Given the loss of the dermatocranium in the chondrichthyian lineage, the character polarity
of the primary palate is not clear. Resolution of this issue depends on whether the ancestral
gnathostome was chondrichthyan-like (61-62) or osteichthyan-like (15; 63—64). The
chondrichthyan-like ancestor hypothesis relies on phylogenetic analyses placing
acanthodians, which display chondrichthyan-like morphology, as stem osteichthyans (61—
62). Other phylogenetic analyses have placed them as stem chondrichthyans (65). Several
recent fossil descriptions of more basal placoderms suggest that they have osteichthyan-like
morphology (63-64;66), including upper jaws with multiple dermal bones, in which
homology with the premaxilla in osteichthyans has been argued (64).

Interestingly, the earliest jawed vertebrates have a posteriorly placed nasal capsule, similar to
cyclostomes (65). That is, derivatives of the post-optic CNC (pre-mandibular/trabecular)
reside anterior to derivatives of the pre-optic CNC (FNP). Thus, upper jaws of the earliest
jawed vertebrates would not have included an FNP contribution. Nonetheless, the shift to an
anteriorly placed nasal capsule occurs in derived placoderms, and mounting evidence
indicates they had premaxilla-like bones in their upper jaws (63-64;66). These data suggest
that the origin of the primary palate occured shortly after the origin of the jaw, in the
placoderm lineage.

The frontonasal ectodermal zone (FEZ) has been identified as a signaling center regulating
growth and polarity of the upper jaw in zebrafish and amniotes (19;67-69). This signaling
center consists of juxtaposed domains of Sh#and Fgf8in the mid-facial ectoderm (Fig. 3;
67;70). A major role of this signaling center is to orchestrate the rate and direction of CNC
proliferation, where it is especially important to regulate mid-facial width through regulation
of multiple signaling factors (69; 71-72). The origin of the FEZ is unclear and will require
further investigation. However, the anterior shift of the nasal capsule is associated with an
increase in size of the trabecular region, and proliferation of post-optic CNC (65). Shh
expression within the FEZ is localized in the roof of the stomodeum, just below the post-
optic CNC. CNC migration into this region is required for Sh/ expression in the ectoderm
(73). These data suggest that the origin of the FEZ may be associated with the expansion of
the trabecular region and the anterior shift of the nasal capsule. Further elaboration of the
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FEZ may be related to integration of the maxillary processes with the FNP, as alterations to
the FEZ are associated with differences in growth trajectory of the facial processes (74).

3.4. Internal choanae

Most jawed fishes have two pairs of external nostrils, an anterior pair in which water enters
the nasal capsule and a posterior pair where water flows out. The nostrils of fish do not open
into the back of the mouth, and therefore function only in olfaction, not respiration. In
contrast, tetrapods have one pair of external nostrils and one pair of internal nostrils, the
choanae. The choanae open into the roof of the mouth, thereby connecting the nose to the
mouth and throat. This adaptation is an essential part of the tetrapod respiratory system, as it
allows breathing without opening the mouth. The choanae are homologous to the posterior
external nostrils of fishes, which have been displaced internally (75).

In fishes with two external nostrils, the premaxilla arises from the FNP and simply fuses
with the maxilla at its anterior edge lateral to the nasal capsule (75). In tetrapods, the FNP
separates into medial and lateral processes as the nasal pits invaginate. As the facial
processes fuse around the invaginating nasal pits, the choanae open between the nasal
cavities and stomodeum. The morphogenetic processes generating the choanae are much
more complicated than those of fish with only external nostrils, requiring coordination of
cellular proliferation, migration, and apoptosis. Invagination of the nasal pits appears to
involve orchestration of epithelial signals altering the rate direction of growth within the
FNP, especially Bmpsand Fgfs (76-78).

While the choanae provide an obvious adaptive advantage for respiration, their development
generates the potential for clefting if the facial processes fail to properly fuse around the
nasal opening. Because facial clefts are typically not compatible with life, morphological
variation at the fusion stage of facial development is constrained (79). However, variation in
this process has been observed among amniotes, notably in terms of the order of fusion of
the processes and the relative growth of the different processes involved (79-80).
Differences in Shhexpression in the FEZ of different avian taxa and mice (74;81) are
associated with differences in CNC proliferation and facial width. Therefore, evolutionary
changes to patterns of facial process fusion likely involved the coordination of signaling
from the FEZ (within the stomodeal ectoderm) with signaling in the nasal and cephalic
ectoderm.

3.5. The middle ear and TMJ

The middle ear operates as an impedance matching system in which airborne vibrations are
transferred to the cochlear fluids of the inner ear. The importance of this adaptation to
terrestrial life is reflected in its independent evolution in multiple lineages (82). The amniote
middle ear consists of middle ear ossicle(s) and the tympanic membrane. Reptiles and birds
have only one middle ear bone, the columella, whereas mammals have three middle ear
ossicles, the stapes, malleus, and incus. The stapes is homologous to the columella, while the
two unique bones in the mammalian middle ear, the malleus and incus, are homologous to
the quadrate and articular, which form the jaw articulation (primary jaw joint) in non-
mammalian gnathostomes. The incorporation of elements forming the primary jaw joint into
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the mammalian middle ear was only possible after to the evolution of a novel joint, the
temporomandibular joint (TMJ), forming ventral to the primary jaw articulation between the
dentary and squamosal elements.

Evolution of the mammalian middle ear is associated with multiple developmental
alterations. Bapx1, a marker of the intermediate PAL region, is expressed in the primary joint
mesenchyme (45; 82-83). In mice, Bapxl is expressed dorsal to the external auditory
meatus (EAM), whereas in chick, Bapx1 is expressed ventral to the EAM (82). Kitazawa
and colleagues argue that this difference reflects a dorsal shift of the primary jaw joint
relative to the first pharyngeal pouch in the mammalian lineage (82). Thus, in mammals, the
tympanic membrane develops from the ventral (mandibular) portion of PA1. In addition to
this shift in Bapx1 expression, evolution of the TMJ further involved the uncoupling of
GRNSs regulating joint formation, such that in mammals, BapxZ does not regulate Gaf5 and
Gdff6, two genes essential to joint formation (83).

With the establishment of the TMJ, the skeletal elements forming the primary jaw joint
became incorporated into the middle ear. Initially the ectotympanic and malleus remained
connected to the lower jaw by an ossified Meckel’s Cartilage. The definitive mammalian
middle ear evolved after the breakdown of Meckel’s Cartilage released the ectotympanic and
the malleus from the lower jaw (84). Recent reports indicate that the breakdown of Meckel’s
Cartilage occurred in parallel in mammals. A heterochronic shift in the timing of osteoclast
cell recruitment to Meckel’s Cartilage prior to ossification is important for breakdown in
eutherians (85). In marsupials, apoptosis drives Meckel’s Cartilage breakdown (86).

3.6 Secondary palate

The secondary palate forms by fusion of the palatal processes, which are medial out-growths
of the maxillary processes that undergo a complex and highly dynamic morphogenetic
process that includes growth, elevation, adhesion, and fusion (87). The complete palatal
skeleton, formed by fusion of the secondary palate with the primary palate and the nasal
septum, separates the oral and nasal cavities. A major adaptive advantage of the secondary
palate is that it allows breathing while eating or suckling. Additionally, mechanical
simulations have shown that the strength and stiffness of the upper jaw increase with even
incremental extension of the palatal shelves towards the midline (88). Therefore, selection
for increased bite force and dietary diversification may also have played a significant role in
the evolution of the secondary palate, which may have occurred incrementally.

The complex morphogenetic processes of palatogenesis involve the activity of many genes
(87;89). Almost every major signaling pathway system is involved in palatal development,
including Wnts, Bmps, Fgfs, Shh, Gsk-3beta, and Ephrins (90-93), and disruptions to
individual genes within these pathways can induce clefts. As such, it is difficult to identify
any particular signal that is more essential than the others. Instead, it appears that evolution
has favored increasing the complexity of interactions among the signaling pathway families.
The complexity of these genetic interactions appears to have evolved by the sequential
acquisition of cis-regulatory elements directing precise patterns of temporal-spatial gene
expression (94-95).
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3. Organizers and craniofacial evolvability

A major goal in the field of evo-devo is to understand how the variation required for
selection is generated, and what developmental processes contribute to some variation being
more “evolvable,” or heritable, than others (96). | argue that the evolvability of the
craniofacial skeleton is mediated by the origin and evolution of three secondary organizers,
two that are bilaterally expressed at the mid-point, or Hinge, of PA1, and one at the facial
midline, the FEZ (Fig. 3). A recent review of organizers in development found evidence for
four “true” organizers in the embryo based on their ability to both induce and pattern
neighboring tissues: the primary embryonic organizer (Spemann organizer, shield, node), the
notochord, the midbrain-hindbrain boundary, and the ZPA (perhaps together with the AER)
in the limb bud (57). Notably, no craniofacial organizers were even mentioned in that review.
However, as discussed above, there is strong evidence that both the Hinge and FEZ have
inductive and patterning functions. Further, the Hinge and FEZ are composed of neighboring
SHH-FGF8 expression domains and also involve BMP signaling. SHH-FGF-BMP
interactions are known components of organizers in the node, limb (ZPA/AER) and brain
(MHB). Therefore, inductive and patterning information conferred by SHH-FGF-BMP gene
regulatory interactions may represent a form of deep homology regulating bauplans (97).

The acquisition of novel morphological features in vertebrates (e.g., telencephalon, limbs,
jaw) appears to be associated with the origin of organizing centers, suggesting this may be
fundamental to their evolution. A major advantage of organizers is that gene expression
changes can be integrated from a source and mediated by epithelial-mesenchymal
interactions, conferring evolvability. Gene expression in vertebrates is most conserved
during organogensis, arguing that evolution of body plans is mediated by subtle changes in
major developmental regulators, rather than the gain or loss of genes (98).

In craniofacial development, evolutionary modification and diversification of the skull is
mediated by epithelial-mesenchymal interactions downstream of organizer activity. For
example, Fgf8and Bmp4 are expressed in the epithelia overlying the proximal and distal
upper and lower jaws, respectively, where they induce expression in the mesenchyme of
mediators of proximal and distal jaw identity (98-99). In chick, Bmp4 expression is more
distally restricted in the oral ectoderm than in mice. As a consequence, the expression of
Bmp4 responsive genes, such as Satb2, is coordinately reduced in the distal domain of both
upper and lower jaws (48). Satb2regulates distal jaw size, and therefore, is hypothesized to
regulate a distal jaw module. Coordination of alterations to this module between the upper
and lower jaw primordia by a signaling center at their juncture, ensures maintenance of
functional integration (39;48).

5. Future questions

In contrast to CNC, the role of another critical player in the origin and diversification of the
craniofacial skeleton, the prechordal plate, has been underappreciated and deserves more
study. The prechodal plate lies just anterior to the node. It forms the buccopharyngeal plate
(foregut endoderm) and gives rise to the cranial mesoderm, which regulates endothelin
signaling in PAL. Evolutionary alterations to SA/signaling in the mesendoderm of the
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prechordal plate may have had subsequent effects on both anterior-posterior and medial-
lateral patterning of the neural plate that may be linked to multiple evolutionary transitions
in the vertebrate skull, such as oral epithelial Fgf-Bmp signaling (101), the duplication
(pairing) of the optic and nasal placodes, and establishment of the signaling centers in the
brain (102). Interactions between the neural epithelia and CNC may have been central to the
origin of novel signaling centers through inductive-responsive tissue interactions. CNC are
required to mediate the induction of SA/ from the brain to the FEZ (69;73). CNC also
regulate Fgf and Bmp levels in the neural plate (103—-104). More research on the evolution of
the prechordal plate and its influence on CNC and brain patterning is needed to further
elucidate these interactions.

What exactly defines the Hinge and how has it been modified during gnathostome
evolution? The FEZ has been relatively well characterized and identified across a broad
range of taxa (mice, avians, and zebrafish). Further, modifications to the spatial organization
of Shhexpression in the FEZ during development have been linked with differences in upper
jaw morphology (74). In contrast, the Hinge has been less studied. In order to better
understand the origin and nature of this organizer, more investigation on the spatial
relationships and signaling interactions between the epithelia surrounding PA1 should be
undertaken in a broad range of taxa and at multiple developmental times. This is particularly
important in light of the mounting evidence that the extant taxa typically inferred to be
ancestral to and/or basal gnathostomes (e.g., lamprey and shark), may in fact have rather
derived morphologies (15).

The evolution of the upper jaw also requires more study, as its modification appears to be
more complex than the lower jaw. This may be correlated with evolutionary changes
underlying the integration of the upper jaw with the neurocranium. Some CNC lineage
tracing experiments have suggested that the upper jaw derives entirely from CNC migrating
anterior to PA1 (109-110). These results are controversial, as lineage tracing experiments
can be difficult to control and have given inconsistent results. Genetic manipulations in mice
clearly show that altering the Edn1-DIx5/6 pathway disrupts gene expression in PA1 and
morphology of the skeletal elements of the jaw, providing very strong evidence in favor of
the upper jaw having a significant contribution from PA1. Nonetheless, it is possible that
integration of the upper jaw with the neurocranium involved incorporation of post-optic
CNC into upper jaw derivatives. This, however, would not imply a “new origin” for the
maxillary jaw, but simply a modification of upper jaw development. Further research in this
area, including the identification of specifiers of upper jaw identity is still needed.

6. Conclusion

The adaptive diversity of craniofacial morphology suggests the presence of a craniofacial
bauplan that structures variation. Evidence from comparative vertebrate development
suggests that three secondary organizers, the bilaterally paired jaw Hinge and the mid-line
FEZ are central to the craniofacial bauplan. Organizers are critical mediators of development
and evolution as they provide polarity, which in turn provides the potential for both
integration and modularity, which are essential to evolvability. For example, the Hinge
contributes to evolutionary modification and diversification of the jaw by mediating
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epithelial-mesenchymal interactions that generate modularity and integration of the upper
and lower jaws. Histological changes to skeletal structures are also mediated by
modifications downstream of this patterning system, which may result from species-specific
responses of CNC to epithelial signals. Finally, cis-regulatory changes have been central to
the evolution of the skull, mediating both increased complexity of genetic tool-kits via the
co-option of GRNs and the evolution of novel tissue interactions (emergent properties)
downstream of alterations to the expression of signaling factors.
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Major morphological adaptations of the craniofacial skeleton. A chordate phylogeny is
presented with evolutionary changes in craniofacial morphology and development mapped
on. Molecular and cellular changes are shown in green, morphological novelties are shown
in turquoise, and alterations to tissue interactions are shown in orange.
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A Lamprey

Figure 2.
Model for the origin of the gnathostome jaw. Comparative embryology of A) lamprey, a

representative cyclostome, and B) skark, a representative basal gnathostome. In lamprey, the
nasal and hypophyseal placodes (NHP) are continuous. In shark the nasal (NP) and
hypophyseal (HP) placodes are distinct. The early separation of these placodes in shark
allows post-optic CNC to migrate anterior to the HP. Migration of trigeminal CNC streams
are modeled in with orange arrows: m, mandibular CNC stream; po, post-optic CNC stream;
pr, pre-optic CNC stream. The D/x+ CNC contributing to the oral apparatus (upper and
lower lips in lamprey and the jaw in shark) is shown in green. Note that both the mandibular
and post-optic CNC express D/x in lamprey. The alteration in CNC migration patterns also
reconfigures the relationship between the oral ectoderm and the first pharyngeal pouch such
that the distance between them (represented by red arrows) is greatly reduced in shark
relative to lamprey. This alteration to spatial relationships between the pharyngeal epithelia
is hypothesized to mediate inductive interactions generating an organizer at the jaw Hinge
(pink disc). e, eye; ov, otic vesicle; notochord in blue; pharynx in yellow. Morphological
depictions adapted from (49).
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Figure 3.
Craniofacial signaling centers. A) E10.5 mouse head in frontal view. The FEZ (green oval)

runs across the stomodeal and frontonasal ectoderm. Blue ovals indicate the bilateral Hinge
located at the mid-point of PAL. Hinge signaling requires interactions between the
stomodeal ectoderm and pharyngeal ectoderm and endoderm. B) Section through the
pharyngeal arches of a generalized amniote showing juxtaposed Fgf8 (in red), Bmp (in
turquoise) and Sh# (in yellow) expression domains in the FEZ and Hinge. FNP, frontonasal
process; md, mandibular; mx, maxillary; PA, pharyngeal arch.
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