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A B S T R A C T

The apparent evolvability of the vertebrate head skeleton has allowed a diverse array of shapes, sizes, and
compositions of the head in order to better adapt species to their environments. This encompasses feeding,
breathing, sensing, and communicating: the head skeleton somehow participated in the evolution of all these
critical processes for the last 500 million years. Through evolution, present head diversity was made possible via
developmental modifications to the first head skeletal genetic program. Understanding the development of the
vertebrate common ancestor's head skeleton is thus an important step in identifying how different lineages have
respectively achieved their many innovations in the head. To this end, cyclostomes (jawless vertebrates) are
extremely useful, having diverged from jawed vertebrates approximately 400 million years ago, at the deepest
node within living vertebrates. From this ancestral vantage point (that is, the node connecting cyclostomes and
gnathostomes) we can best identify the earliest major differences in development between vertebrate classes,
and start to address how these might translate onto morphology. In this review we survey what is currently
known about the cell biology and gene expression during head development in modern vertebrates, allowing us
to better characterize the developmental genetics driving head skeleton formation in the most recent common
ancestor of all living vertebrates. By pairing this vertebrate composite with information from fossil chordates,
we can also deduce how gene regulatory modules might have been arranged in the ancestral vertebrate head.
Together, we can immediately begin to understand which aspects of head skeletal development are the most
conserved, and which are divergent, informing us as to when the first differences appear during development,
and thus which pathways or cell types might be involved in generating lineage specific shape and structure.

1. Introduction

Vertebrates emerged during the Cambrian explosion more than 500
million years ago. They have since attained an incredible degree of
specialization and morphological diversity, which likely played a role in
their becoming the most species-rich and geographically dispersed
deuterostomes on the planet. This success is thought to have been
made possible, in large part, by the origin and elaboration of the
vertebrate head skeleton. In the earliest vertebrates, the facilitation of
pharyngeal pumping by the head skeleton seems most probably to be a
major source of early vertebrate success, by simply increasing the rates
of respiration and filter feeding (Gans and Northcutt, 1983; Northcutt
and Gans, 1983). While many modern vertebrates (namely tetrapods)
have discarded this pharyngeal pumping strategy in their adult forms,
the head skeleton still performs many basic functions in all vertebrates

by supporting and protecting the brain and anterior sense organs.
Aside from its ancestral and shared functions, the head skeleton is also
extraordinarily evolvable, having proven itself capable of taking on a
wide array of adaptive shapes and compositions for respiration,
feeding, communication, and sensing the environment. The fossil
record suggests this flexibility arose very early in the vertebrate lineage,
with an impressive diversity of both jawless and jawed forms arising
within 100 million years after the first vertebrates appeared (Fig. 1).

Though the fossil record shows when the adult head skeleton arose
and how it has diversified, it tells us nothing about the developmental
and genetic bases of its extreme evolvability or its origin. The modern
comparative or “evolutionary developmental” approach allows us to
deduce conserved and divergent features of development, and func-
tionally link these to similarities and differences in adult morphology.
In this review we examine what is known about early head skeleton
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development in a broad sampling of living vertebrates, including the
only living jawless vertebrates, the cyclostomes. The cyclostomes
consist of two groups: hagfishes and lampreys. Historically, there has
been some debate about whether cyclostomes are monophyletic or
paraphyletic, however various sequence-based analyses support the
former scenario (Delarbre et al., 2002; Heimberg et al., 2010; Stock
and Whitt, 1992). The fossil record reveals that cyclostomes represent
only a fraction of agnathan (jawless vertebrate) diversity (see Fig. 1)
and suggests that modern adult lampreys and hagfishes possess highly
derived skeletal morphologies and lifestyles, a phenomenon that is also
easily observed in many gnathostome (jawed vertebrate) groups (e.g.

the evolution of the middle ear bones from pharyngeal arch structures
in mammals). Nevertheless, modern cyclostomes offer our only window
into agnathan developmental genetics. Furthermore, larval lampreys
possess a simple head skeleton composed mainly of cartilaginous PAs,
and appear grossly similar in morphology to the earliest fossil
agnathans. Thus larval lampreys likely retain many ancestral features
lost or masked in gnathostomes.

In this phylogenetic context, here we use comparisons of cyclos-
tome and gnathostome head skeleton development in combination
with the fossil record to support several key conclusions about the head
skeleton of the most recent common ancestor of modern vertebrates,

Fig. 1. A cladogram of major vertebrate groups. Extinct groups are indicated with a (✝). Relatedness of only the extant groups is depicted with blue lines. The node representing the
position of the last common ancestor to all living vertebrates is indicated with a red circle. The position along the X-axis for each fossil group's branch shows their relative approximate
time of presence in the fossil record. The length of every line is the same for these extinct groups, and is not representative of the known duration of each group's history on earth (which
is extremely variable considering these groups). Some of these groups may be paraphyletic. Some groups are very diverse; only a single living member or well-characterized fossil from
each group is pictured. Some major groups not shown include Conodonta and Galeapsida. Some illustrations are after those within Hildebrand and Goslow (2001) and Janvier (1996).
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found at the node bearing the red circle in Fig. 1: 1) it formed mainly
from a set of three distinct streams of cranial neural crest cells
(CNCCs), 2) after migration into the pharynx, these cells activated a
‘cartilage gene regulatory network (GRN)’ of at least three genes, as
well as a combinatorial code of at least 10 transcription factors in
particular oropharyngeal subdomains, and 3) these subpopulations of
skeletal precursors differentiated into an endoskeleton consisting
mainly of pharyngeal arches (PAs), throughout which histologically
distinct cartilage types were deployed. Taken together, the conserved
aspects of head skeleton formation and patterning suggest that major
differences in head skeleton morphology are likely due to changes in
differentiation and morphogenetic programs downstream of a con-
served developmental prepattern. However, some striking differences
in this prepattern are evident, and may be tied to some specific large-
scale differences in morphology between modern agnathans and
gnathostomes, and also between gnathostome groups.

2. Modern vertebrate head skeletons are derived from
CNCCs that migrate as three streams

In both modern cyclostomes and gnathostomes, vital dye labeling
and gene expression suggest all cartilaginous PA and pre-oral skeletal
elements are derived mainly from CNCCs (Kuratani et al., 2016;
McCauley and Bronner-Fraser, 2003; Noden, 1978; Santagati and
Rijli, 2003). After being specified by highly conserved gene regulatory
interactions (Sauka-Spengler et al., 2007; Simoes-Costa and Bronner,
2015), CNCCs migrate ventrally from the neural border during and
after neurulation, populating the pharynx and oral region. In both
gnathostomes and lampreys, CNCCs are specified at all positions along
the neural plate border from the midbrain through the hindbrain, but
congregate into three main streaming populations as they proceed
towards the pharynx: pre-oral and PA1 cells in the 1st stream, PA2 cells
in the 2nd stream, and branchial arch (PAs 3+) cells in the 3rd stream

(Fig. 2; reviewed by Theveneau and Mayor (2012)). The CNCC-negative
regions (between the streams) are consistently situated beneath
rhombomeres 3 and 5 of the brain in both lampreys and gnathostomes
(Minoux and Rijli, 2010). These spatial similarities mark high con-
servation of this general migratory architecture.

While CNCC migration patterns are generally conserved across
vertebrates, there are some notable differences between the lamprey
and gnathostome 3rd CNCC streams. In gnathostomes the 3rd stream
originates from rhombomeres 5–7, and becomes progressively sub-
divided as it is still migrating and after migration (Minoux and Rijli,
2010). By contrast, the 3rd ‘stream’ of CNCCs in lamprey behaves more
like a sheet, and emerges from a broad domain that includes 5–7th
rhombomeres (Kuratani et al., 1998a) and part of the presumptive
spinal cord, a region that would give rise to trunk neural crest in
gnathostomes (Fig. 2). The reason for this is unclear, though it may
simply reflect the fact that lamprey has a relatively long pharynx
consisting of seven branchial arches (PA3-PA9). Nevertheless, in both
lineages, the branchial arch neural crest cells become segregated in
concert with pharyngeal pouch morphogenesis, and end up as sepa-
rated ‘tubes’ of ectomesenchyme surrounding a mesodermal core
(Cerny et al., 2004), flanking each gill slit.

Notably, the posterior PAs (the branchial arches) tend to be more
homogenous both within and among species with regard to their gene
expression patterns and eventual morphology. This contrasts with PA1
and PA2, which each come from unique streams of CNCCs; these are
far more specialized in their gene expression and eventual morphology
both within a given vertebrate's PAs, and among vertebrates. How and
when separate 1st, 2nd, and 3rd streams evolved, and began to give rise
to morphologically distinct derivatives is unclear. However, it is
possible that the first CNCC to migrate from the neural tube was
already divided into molecularly distinct anteroposterior populations
by hox gene expression carried over from the CNS. Physical segregation
of 3rd stream CNCCs from each other may evolved later in concert with

Fig. 2. Vertebrate cranial neural crest migration occurs as three topographically conserved streams. (A) Left lateral views of early pharyngula stage lamprey embryos (Petromyzon
marinus; Tahara stage 21–23 (Tahara, 1988)) stained via in situ hybridization for ednrb transcripts (see Square et al., 2016 for a broader staging series of ednrb in situ hybridizations).
This gene marks migratory skeletogenic cranial neural crest, among other neural crest derivatives. (B) A cartoon of early cranial neural crest migration in lamprey and an idealized
gnathostome. The three homologous populations of CNCCs are indicated by different colors (red, pink, and blue); the sub-arrows within each of these streams are meant to depict
general directions of cell migration, but do not explicitly indicate stream subdivisions. Each uniquely colored stream is molecularly defined by hox expression (see text). The 3rd stream
in lamprey appears to have some contribution from the trunk (sc, spinal cord; see text); this is partially colored gray. The posteriormost arches of the gnathostome are slightly
transparent to indicate that these splitting events occur after the population of cells is already moving ventrally (a process coincident with pharyngeal pouch formation [see text]). An
outline of the brain is shown in gray. mhb, midbrain/hindbrain boundary; nhp, nasohypophyseal plate; np, nasal placode; op, otic placode; pp1 and pp2, pharyngeal pouches 1 and 2; r1-
7, rhombomeres 1–7; sc, spinal cord; st, stomodeum.
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the otic capsule, which is a conserved landmark for the boundary
between the 2nd versus 3rd streams in all vertebrates.

When the three streams began giving rise to morphologically
distinct derivatives is even more speculative, as all extant vertebrates
display highly specialized PA1 and PA2 and posterior PA morphologies.
Looking to the fossil record, some extinct vertebrate relatives also
possess specialized cartilages around the mouth, as does the inverte-
brate amphioxus (Jandzik et al., 2015), but the developmental origin of
these fossil structures (specifically whether they are PA-derived or not)
is extremely difficult to assess. Irrespective of the timing of PA1 and
PA2 specialization, gene expression (see below) and their resemblance
to the PAs of fossil chordates indicates that PAs derived from the 3rd
stream are likely the least developmentally derived, and might offer the
best possible reconstruction of ancestral PA patterning at their first
appearance in the vertebrate stem (discussed below).

3. Transcription factor expression in the vertebrate head
skeleton

3.1. A conserved cellular environment, a conserved cartilage GRN,
and a conserved tissue type

In both cyclostomes and gnathostomes, CNCCs entering the
pharynx and oral region are exposed to a range of intercellular signals
that regulate proliferation, differentiation, and morphogenesis. These
include bone morphogenetic proteins (BMPs), Fibroblast growth
factors (FGFs), Endothelins (Edns), retinoic acid (RA), and Hedgehog
(Hh) (reviewed by Santagati and Rijli (2003)). In lamprey, the
expression of key pathway members has been documented in and/or
surrounding the pre-skeletal CNCCs for each of these signal types
(Campo-Paysaa et al., 2015; Jandzik et al., 2014; Kuraku et al., 2010;
McCauley and Bronner-Fraser, 2004; Medeiros and Crump, 2012;
Sugahara et al., 2011; Square et al., 2016). Furthermore, the function
of FGF and RA signaling has been addressed in lamprey, and found to
be generally conserved with gnathostomes (Jandzik et al., 2014;
Kuratani et al., 1998b). In addition to entering a similar intercellular
signaling environment, CNCCs of both lampreys and gnathostomes
differentiate into collagen-containing cellular cartilage and related
skeletal tissues, such as joint tissue (gnathostomes) and soft mucocar-
tilage (lamprey) (Cattell et al., 2011; Crump et al., 2004; Medeiros and
Crump, 2012; Zhang et al., 2006). Consistent with this, gnathostome
and lamprey CNCCs activate the same core set of chondrogenic
regulators, including SoxE, Twist, and Ets (Meulemans and Bronner-
Fraser, 2004). These genes are activated in the developing amphioxus
oral cirri skeleton (Jandzik et al., 2015), a non-vertebrate cartilage, and
soxE genes are expressed in the cartilage of horseshoe crabs and
cuttlefish (Tarazona et al., 2016). This indicates that a core cellular
cartilage differentiation program was already present before verte-
brates arose, with a rudimentary version of this gene regulatory
cascade likely predating the protostome/deuterostome divergence.

3.2. Combinatorial expression of alx, hand, msx, and prrx, define
spatially conserved precursor populations in the PAs of all vertebrates

In addition to a core set of transcription factors that appear to drive
skeletal differentiation in all CNCCs, there are several others expressed
only in subsets of head skeleton precursors in both cyclostomes and
gnathostomes (Fig. 3). For simplicity, we use the combined expression
of all known paralogs of a given gene group when defining which
regions are positive for a gene type (e.g. an msx positive domain means
there is at least one msx gene expressed there, but there could be
multiple). Together, these genes appear to act combinatorially to confer
‘module-specific’ identity upon CNCC subpopulations. In gnathos-
tomes, most of these genes are known to affect different regions of
head skeleton development in unique ways, though more work is
needed to understand precisely how these genes confer regional shape

and morphology. The conserved expression of these factors in all
modern vertebrates suggests they mark evolutionarily conserved sub-
populations of skeletal precursors present in their most recent common
ancestor. Although these developmental modules of CNCCs are likely
deeply homologous, if not homologous sensu stricto (or ‘historically’
homologous), it is less clear if the adult skeletal structures derived from
them can be considered homologous in either a deep or strict/historical
sense (for a discussion of deep homology, see Shubin et al. (2009)).

The dorsal and ventral poles of all vertebrate PAs examined to date
express a similar combination of transcription factors: alx (Beverdam
and Meijlink, 2001; Cattell et al., 2011; Compagnucci et al., 2013; Dee
et al., 2013; McGonnell et al., 2011; Square et al., 2015), hand (Cerny
et al., 2010; Charite et al., 2001; Compagnucci et al., 2013; Firulli,
2003; Square et al., 2015), msx (Antonopoulou et al., 2004; Cerny
et al., 2010; Compagnucci et al., 2013; Square et al., 2015; Swartz et al.,
2011), and prrx (Compagnucci et al., 2013; Hernandez-Vega and
Minguillon, 2011; Square et al., 2015; ten Berge et al., 1998)
transcripts can be found in both lamprey and gnathostomes in broadly
similar patterns (Fig. 3; Fig. S1). In the ventral PAs all four of these
genes are transcribed, though in lamprey ventral alx expression is
absent from PA1 and PA2 (Cattell et al., 2011). Skeletogenic mesench-
yme in the dorsal PAs of catshark, Xenopus, and mouse also express
msx and prrx, though this domain appears to be only prrx positive in at
least zebrafish. The intermediate domain between the poles (the light
blue ‘dlx only’ module in Fig. 3) in all vertebrates is marked by the
exclusion of these four polar PA gene transcripts, but this domain also
consistently overlaps the region wherein the highest number of dlx
genes are expressed (discussed below; Fig. 4). Combined, alx, hand,
msx, and prrx represent an ancient PA polarity scheme that molecu-
larly designates CNCCs to dorsalmost, intermediate, and ventralmost
identities. The function of all four of these genes are shown in various
gnathostome models (Antonopoulou et al., 2004; Beverdam et al.,
2001; ten Berge et al., 1998; Yanagisawa et al., 2003), however
functional data from any cyclostome is lacking.

3.3. Nested dlx expression marks dorsal, ventral and intermediate
skeletal precursor populations in the PAs of all living vertebrates

In gnathostomes, the dlx genes form six main orthology groups
(1−6), and are typically found as tandem duplicates in the genome
(dlx1 and -2, dlx3 and -4, and dlx5 and -6) (Stock et al., 1996). This
paired genomic architecture arose from cis-duplication at the first dlx
locus in the pre-vertebrate chordate lineage; this apparently occurred
in stem olfactores (tunicates + vertebrates) after the divergence of
cephalochordates (Wada and Makabe, 2006; Fig. 4). This paired
architecture has been retained at most gnathostome dlx loci, but this
arrangement has not been confirmed in cyclostomes for any of their six
dlx loci. In early vertebrates, the first tandem pair underwent whole
genome and/or regional trans-duplications (and potentially some
losses) giving rise to the six genes we find in most modern vertebrate
lineages (Stock, 2005; Takechi et al., 2013). It is important to note that
despite cyclostomes and most gnathostomes having six main types of
dlx genes, there is strong evidence that hagfish, lamprey, and gnathos-
tome dlx genes are not all directly orthologous to each other (Cerny
et al., 2010; Fujimoto et al., 2013; Kuraku et al., 2010; Stock, 2005;
Takechi et al., 2013), although the exact history of duplication and
retention is difficult to address in the face of differential paralog loss
(Kuraku, 2013). The current dlx assemblages have thus arisen from
some number of lineage-specific trans-duplications in each of these
three groups.

In gnathostomes, tandem pairs of dlx genes typically share some
aspects of their expression domains, although notably the dlx1/4/6
group is consistently expressed in a more restricted manner than its
tandem duplicate in the dlx2/3/5 clade (Compagnucci et al., 2013;
Depew et al., 2002; Gillis et al., 2013; Square et al., 2015; Talbot et al.,
2010). This likely reflects a regulatory condition that arose at the
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original dlx1/4/6 and dlx2/3/5 locus after the initial tandem duplica-
tion. In gnathostomes, some dlx functions are relegated to specific sets
of dlx genes, such as dlx2 in migratory CNCCs (Compagnucci et al.,
2013; Crump et al., 2004; Square et al., 2015), dlx2, -3, -4, and -5 in
developing tooth germs (Borday-Birraux et al., 2006; Renz et al., 2011;
Zhao et al., 2000), and dlx1, -2, -5, and -6 in the forebrain (Renz et al.,
2011; Zerucha et al., 2000). Subsets of lamprey dlx genes are also
found in migrating CNCCs (dlxA, -B, -C, and -D), as well as the
forebrain (dlxA, -C, -D, and -E) (Kuraku et al., 2010). Despite the
ambiguity surrounding the exact level of gene orthology here, the
presence of these specialized expression domains combined with
information from phylogenetic analyses indicate that the full sets of
lamprey and hagfish dlx genes do not stem from only within-cyclos-
tome duplications (Fujimoto et al., 2013). Furthermore, recent evi-
dence suggests that cyclostomes diverged after at least one whole
genome duplication in vertebrates (Kuraku, 2013; Kuraku et al., 2009;
Smith and Keinath, 2015), which is the process assumed to have given
rise to the trans-duplication of dlx genes (Stock, 2005; Stock et al.,
1996; Takechi et al., 2013). Thus, the vertebrate common ancestor
likely had at least two pairs of dlx genes (Stock, 2005; Takechi et al.,
2013; Fig. 4). It also seems most probable that these two pairs of dlx
genes were differentially expressed in the vertebrate common ancestor
given the high degree of specialization we see across all living
vertebrate dlx complements.

At mid-pharyngula stages the dlx genes appear in nested PA
expression domains in both sea lamprey (Cerny et al., 2010) and
gnathostomes (Brown et al., 2005; Compagnucci et al., 2013; Depew
et al., 2002; Gillis et al., 2013; Renz et al., 2011; Square et al., 2015;
Talbot et al., 2010; Fig. 4). In both lineages, this nested pattern is
deployed and refined soon after the CNCCs cease their migration, with
the highest number of dlx paralogs consistently expressed in CNCCs
occupying the intermediate and/or ventral-intermediate domain of the
PAs. In gnathostomes, this nesting is referred to as the “dlx code” for its
role in specifying identity along the dorsoventral axis in PA1 (a.k.a. the
proximal/distal axis) (Depew et al., 2002). There is also strong
evidence that hagfish dlx genes are at least expressed differentially in

pre-skeletogenic mesenchyme (Fujimoto et al., 2013), though the
presence or absence of nesting in the PAs remains to be addressed.
Importantly, the CNCC population expressing the most dlx paralogs is
generally situated more ventrally in gnathostomes as compared to the
centrally-nested lamprey scheme, although the exact focal point of
nesting seems to vary slightly between groups (Fig. 4). For example,
most gnathostomes show distinct dorsal boundaries of dlx3 and dlx5
expression, though the amphibian Xenopus laevis shows a shared
dorsal boundary of these two genes, making their dlx code more
centered along the dorsoventral axis (Fig. S2).

There are many other lineage-specific modifications to the dlx code
in gnathostome PAs, especially with regard to the dlx1/4/6 group. To
list a few examples: Xenopus laevis dlx2 is absent from the dorsal PA2
(Square et al., 2015), mouse dlx5 is expressed further ventrally
(distally) than dlx2 (Jeong et al., 2008), sharks exhibit an early
restriction of dlx1 to the dorsal PA1 (Compagnucci et al., 2013; Gillis
et al., 2013), and reptilian dlx4 seems to have been pseudogenized
(Brown et al., 2005; Takechi et al., 2013). Furthermore, the posterior-
most one to three PAs frequently show a delay or change in the dlx code
in the pharyngula stages addressed here. This is likely due to either
temporal differences in the specification of PA CNCCs, or simply
degeneration of dlx expression in these less prolific PAs. Aside from
these nuances, cyclostomes and gnathostomes still each possess three
main dlx-positive domains in the PAs marked by different combina-
tions of dlx2/3/5 gene expression (Fig. 4).

Thus the common ancestor of all vertebrates likely also specified at
least three different PA subdomains of CNCCs using a rudimentary dlx
nesting scheme: the dorsal and ventral domains with transcripts from
only one pair of dlxs, and an intermediate region with transcripts from
two pairs of dlxs (Fig. 4). Given the important role of dlxs in specifying
dorsoventral PA identity in zebrafish (Talbot et al., 2010) and mouse
(Depew et al., 2002), it seems plausible that nested dlx expression has
an ancient role in conferring position-specific skeletal morphology or
histology that evolved before the appearance of PA subdivisions in
gnathostomes, including the primary jaw joint in PA1. Comparative
studies on dlx transcriptional regulation across vertebrates, including

Fig. 3. A comparison of the gene expression schemes of lamprey and gnathostome nascent head skeletons. Top are oral views, below which are left lateral views. The key below is
arranged such that the combinatorial domains in the left and right columns are found only in gnathostomes or lamprey, respectively, while the combinatorial domains in the middle
column are found in both lineages. For gene types with multiple paralogs, these domains represent th expression of all paralogs (e.g. an msx positive domain could express multiple or
any one of the msx genes in that lineage). On the right are example in situ hybridizations of each gene depicted in the lamprey expression map. The gnathostome map represents a
simplification and slight modification to the map found in (Square et al., 2015). The ventrally-positioned white dotted oval in the lamprey represents the position of the endostyle, which
is derived from endoderm and expresses none of the genes addressed here. ll, lower lip; nhp, nasohypophyseal plate; np, nasal placode; op, otic placode; ul, upper lip.
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cyclostomes, should shed more light on ancestral vertebrate dlx
expression.

Like the domains delineated by alx, hand, msx, and prrx, these
main dlx domains do not seem to have a 1:1 correspondence with any
skeletal elements, but instead mark groups of entire future elements,
and occasionally parts of future elements, comprising larger-scale
morphological modules (e.g. the many elements of the future lower
jaw skeleton are marked by dlx5 and -6). This is shown by vital dye
labeling (Gillis et al., 2013), reporter expression (Ruest et al., 2003),
and the functional transformation and truncation of multiple skeletal
elements when dlx genes are perturbed (Depew et al., 2002; Talbot
et al., 2010). Therefore, these dlx domains instead seem to grant a
general identity to these different PA domains along the dorsoventral
axis that contain the CNCCs belonging to multiple nascent skeletal
elements.

3.4. Combinatorial gene expression defines conserved skeletal
precursor populations outside of the PAs

Within gnathostomes are found four main groups of alx genes (1–
4), though some of these have been lost in evolution by different groups
(McGonnell et al., 2011). In lamprey only a single ortholog is known
(Cattell et al., 2011). In addition to the PAs (discussed above), alx gene
expression is found throughout the presumptive chondrocranium of
gnathostomes, where these genes play critical roles in the differentia-
tion of these non-PA skeletal structures (Antonopoulou et al., 2004;
Beverdam et al., 2001; Beverdam and Meijlink, 2001; Compagnucci
et al., 2013; Dee et al., 2013; McGonnell et al., 2011). Notably, these

skeletal elements are composed of CNCCs, mesoderm, or a mix of both
cell types, and the location of the ‘boundary’ between these two cell
types seems to be somewhat plastic in evolution (Kague et al., 2012;
Piekarski et al., 2014). Cyclostomes do possess cartilages dorsal to and
surrounding the mouth, some of which comprise their neurocranium
(Johnels, 1944; Oisi et al., 2013), though these individual skeletal
elements lack obvious homology to the well-conserved set of gnathos-
tome neurocranial elements. Even comparing lampreys and hagfishes
does not reveal obvious affinities between these structures, though
their genetic and developmental affinities can be addressed in this
context (Kuratani et al., 2016). In lamprey, the ‘trabecular’ skeletal
elements express alx during their development (Cattell et al., 2011).
Lamprey and most gnathostomes thus have a domain near the eye that
is alx positive, but dlx, hand, msx, and prrx-negative. Based on its
conserved position and gene expression, we posit that this “alx-only”
module (yellow in Fig. 3) is likely homologous between cyclostomes
and gnathostomes, having been greatly expanded in the gnathostome
lineage to form other components of the ventral braincase.
Interestingly, this is one of the few head skeletal regions in lamprey
that is thought to originate from mesoderm (Kuratani et al., 2016).
This region of the lamprey head skeleton therefore may offer potential
insights into the evolution of the braincase.

prrx genes are related to alx genes, but this duplication predates the
divergence of echinoderms and chordates (Howard-Ashby et al., 2006),
and thus these genes have diverged substantially in both their amino
acid sequences and their expression patterns. In gnathostomes are two
prrx genes, though both seem to have very similar expression patterns.
We identified a single prrx gene transcript in lamprey, which according

Fig. 4. dlx evolution in vertebrates. The colors of the genes are meant to reflect nested expression categories, rather than the relatedness of these genes, with the gray color being shared
by all groups to indicate that all dlx2/3/5 genes are expressed there. From bottom to top: The common ancestor to all living vertebrates likely had two pairs of dlx genes, which arose by
first a cis-duplication, and later a trans-duplication (see dlx section in main text). Hypothesized dlx gene expression is depicted on a representation of this common ancestor's head
skeleton, with all four genes expressed in the intermediate PAs (gray domain), and only one pair of dlx genes expressed throughout the PAs (turquoise domains). Thereafter (above), the
modern cyclostome and gnathostome lineages diverged, each of which duplicated and retained at least two more dlx genes independently (thus lamprey and gnathostome dlx gene
domains are colored differently, other than the gray domain where all six are expressed). Modern gnathostome dlx expression is depicted for a shark (Scyliorhinus canicula)
(Compagnucci et al., 2013), zebrafish (Danio rerio) (Talbot et al., 2010), frog (Xenopus laevis) (Square et al., 2015), and mouse (Mus musculus) (Jeong et al., 2008). The ‘average’ of
these four vertebrates is depicted below as an idealized gnathostome common ancestor. The ventrally-positioned black dotted oval in the lamprey represents the position of the
endostyle, which is derived from endoderm and expresses no dlx genes. The PAs are numbered in each extant vertebrate at their base. ll, lower lip; nhp, nasohypophyseal plate; np, nasal
placode; op, otic placode; ul, upper lip.
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to phylogenetic analysis is the outgroup to all gnathostome Prrxs (Fig.
S3). As in gnathostomes, this P. marinus prrx gene is expressed in a
mesenchymal domain near the otic placode (green in Fig. 3) which
likely gives rise to the otic capsule (ten Berge et al., 1998). Around the
mouth, all vertebrates addressed also have a single region where alx
and prrx are coexpressed in the absence of any dlx, hand, or msx gene.
In lamprey, this alx+prrx module becomes the medial velar skeleton
(the opposable “flap” of the velum; orange in Fig. 4), while in
gnathostomes this domain is found within the future chondrocranium,
lateral to the future palate and below/partially surrounding the eye.
This region is not part of the gnathostome PAs, but still receives a
CNCC contribution. Thus in both lineages, this alx+prrx module is
adjacent to and strongly associated with PA1, but has a distinct
expression profile compared to PA tissue, namely in that it is dlx-
negative (Square et al., 2015; Kuraku et al., 2010). In lamprey, the
position and function of the medial velar skeleton suggests it is derived
from PA1, however upon closer inspection this structure also shows a
clear histological association to the more dorsal ‘chondrocranial region’
near the notochord (Fig. S4). This and its lack of dlx expression
indicate that it might instead be derived from non-PA CNCCs or
mesoderm of the rudimentary lamprey “chondrocranium”.

3.5. Nested hox expression defines PA identities in all living
vertebrates

Aside from within-PA patterning, nested hox gene expression in the
pharynx along the anteroposterior axis occurs in both lampreys and
gnathostomes; these expression patterns were recently shown to be
deployed via conserved regulatory machinery (Parker et al., 2014). As
in other tissues, these expression patterns are collinear, and confer
each PA with a unique hox identity. In all modern vertebrates, pre-oral
and PA1 mesenchyme is hox-negative, PAs 2+ are hox2 positive, and
PAs 3+ are hox3 positive (Hunt et al., 1991a, 1991b, 1991c; Lyon et al.,
2013; Minoux et al., 2009; Takio et al., 2007). Interestingly, these
highly conserved hox domains correspond to the three migrating
populations of CNCCs (discussed above), and generally reflect the
expression profile of the brain region they delaminate from (Parker
et al., 2016). In gnathostomes, this expression confers PA-specific
morphology: exogenous or depleted Hox function can lead to homeotic
transformations of the PAs (reviewed by Minoux et al. (2009)),
however no work on any cyclostome Hox function has been published
to date. Both lamprey and gnathostomes also have at least one other
hox gene expressed in a subset of more posterior arches, though the
similarity is not as strong: the arctic lamprey expresses Hox4x in a
gradient from posterior to anterior (Takio et al., 2007), whereas
gnathostomes show clearer nesting of hox4 in PAs 4+(Lyon et al.,
2013; Minoux et al., 2009), and hox5 in PAs 5+(if present) (Lyon et al.,
2013). It is useful to note that, like the dlx genes, hox genes have
undergone multiple trans-duplications in vertebrate lineages due to
whole genome and other large-scale duplications (Smith and Keinath,
2015), and each modern hox cluster seems to have nuanced expression
between gnathostome groups (Hunt et al., 1991a, 1991b, 1991c; Lyon
et al., 2013; Minoux et al., 2009). Despite this, we can still safely
deduce that the vertebrate common ancestor deployed hox2, hox3, and
hox4 genes in the PAs to confer specific transcriptional identities to
CNCCs of the nascent viscerocranium, with PA1 and pre-oral CNCCs
specifically being hox-negative.

In the hox-negative pre-oral and PA1 mesenchyme of lamprey and
gnathostomes (derived from the 1st stream of CNCCs), otx is uniquely
transcribed prior to CNCC migration (Acampora et al., 1995; Tomsa
and Langeland, 1999; Zhang et al., 2014). Thus an ‘otx and hox’ CNCC
patterning scheme has been suggested to encompass all PAs, with otx
in first stream CNCCs being implicated as a possible avenue for jaw
evolution (Kuratani, 2004). Importantly, the role of otx in this tissue
seems to strongly differ from hox in that this expression is not
maintained throughout most 1st stream migratory or post-migratory

skeletogenic CNCCs. At the pharyngula stages when we find persisting
hox expression in PAs 2+, the majority of PA1 and pre-oral mesench-
yme is otx-negative. In all vertebrates addressed to date, otx is found in
a small subset of migratory and post-migratory CNCCs (Kudoh et al.,
2001; Matsuo et al., 1995; Tomsa and Langeland, 1999; Zhang et al.,
2014), which usually appears to correspond to CNCC-derived ganglia.
To our knowledge, the function of otx in craniofacial skeletogenesis has
been addressed only in the mouse (Matsuo et al., 1995), however, the
knockout method used does not separate this gene's potential role in
general CNCC specification from a possible later role in the identity of
anterior ectomesenchyme, unlike some temporally-inducible hox ex-
periments performed in Xenopus and mouse (Pasqualetti et al., 2000;
Santagati et al., 2005). Thus PA1 truncations and deformities seen in
otx-null or heterozygous mice might simply arise from the improper
specification of the neural plate and neural plate border (including
premigratory CNCCs) at the position of the anterior midbrain rather
than a more specific perturbance in the skeletal identity of PA1 and
pre-oral CNCCs. Furthermore, no homeotic transformation or sugges-
tion of a different identity was seen in these mutants; only a truncation
or absence of certain skeletal elements. Thus, while otx might have a
deeply conserved, early role in 1st stream CNCC differentiation via
specification of anterior neural tissues, this function appears to be
more general, and occurs distinctly earlier than hox gene function in
post-migratory skeletogenic CNCCs.

3.6. Differences in transcription factor expression between
cyclostomes and gnathostomes in the nascent head skeleton

While there are many similarities in gene expression in the head
skeletal precursors of lamprey and gnathostomes, there are also some
clear differences. Lacking an appropriate living outgroup for rooting
these comparisons, these differences could reflect gain, modification, or
loss in either the gnathostome or cyclostome lineages. Thus, despite
gross similarity between lamprey larvae and fossils of early vertebrate
relatives, it should not be automatically assumed that a trait is
ancestral if it is present in lamprey but not gnathostomes.

The dlx genes, though nested in lampreys and gnathostomes, show
some definite differences in expression between these two major
groups. The presence of a dlx-negative ventralmost domain in gnathos-
tomes (Compagnucci et al., 2013; Jeong et al., 2008) is not mirrored in
lampreys (Cerny et al., 2010), where dlxB is expressed throughout the
ventralmost extent of ectomesenchyme in the head (below the endo-
style). This might somehow relate to the differences in morphology of
these ventral PAs between both lineages, where lampreys have no
distinct ventral cartilage elements but gnathostomes have medial
basibranchials and a basihyal that are composed of CNCCs derived
from both the left and right sides of the head. Outside the PAs, an
interesting and previously noted difference between gnathostomes and
cyclostomes is the presence of dlx-positive pre-oral mesenchyme in the
latter (Kuratani et al., 2013; Shigetani et al., 2002). Mesenchyme in
this region of the lamprey head has an expression profile more similar
to the oro-maxillary region in gnathostomes (dorsal/proximal PA1).
This difference between lamprey and gnathostomes has been hypothe-
sized to stem from a heterotopic shift in the signals received by the
CNCCs in the oral region (Kuratani et al., 2013; Shigetani et al., 2002),
which could have changed the locations at which CNCCs were induced
to have a dlx-positive expression profile. However with no appropriate
outgroup, whether this pre-oral dlx expression is ancestral and lost in
gnathostomes or a derived expression gain in lampreys will remain
difficult to address.

goosecoid (gsc) genes exhibit unique expression profiles across
vertebrates (Cerny et al., 2010; Gaunt et al., 1993; Schultemerker et al.,
1994; Square et al., 2015), but are expressed within the same broad
populations of ectomesenchyme. In the early pharynx, this gene's
expression is relegated to mainly to PA1, PA2, and a subset of non-
PA mesenchyme just ventral to the brain in all lineages. However even
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within gnathostomes, gsc expression is plastic, exhibiting clear differ-
ences between different major groups. For example, zebrafish gsc
transcription is observed in dorsal PA1 (Schultemerker et al., 1994),
but this domain is not reflected in any other gnathostome addressed to
date. Generally speaking, in gnathostomes this gene is expressed in the
ventral PA1 and PA2, and also in mesenchyme of the future ventral
chondrocranium (beneath the eye, near the palate). Lamprey also
expresses gsc intricately in PA1, PA2, and the upper lip, although this
gene is essentially absent from the ventralmost domain, save a small
spot of expression in the distalmost lower lip (Cerny et al., 2010). So,
overall, it seems that gsc has an ancient role in specializing the regional
expression profiles of at least PA1, PA2, and some subset of dorsal or
pre-oral non-PA mesenchyme in vertebrates, though the precise
expression pattern of gsc in the vertebrate common ancestor is unclear.

Lamprey expresses alx in the dorsal and ventral portions of most
PAs (Cattell et al., 2011), similar to prrx expression (Fig. 3, Fig. S1).
This set of alx expression domains is not seen in any extant
gnathostome addressed to date, which instead express alx genes only
in the ventral PAs and chondrocranium adjacent to the dorsal PAs
(Beverdam and Meijlink, 2001; Cattell et al., 2011; Compagnucci et al.,
2013; Dee et al., 2013; McGonnell et al., 2011; Square et al., 2015).
Interestingly, alx and prrx are related genes; thus if preexisting gene
regulatory machinery was coopted for these pharyngeal expression
domains, the alx-negative dorsal PAs in gnathostomes might reflect a
loss of expression in the ancestral gnathostome alx gene, with prrx
having retained this expression. Given that some expression is con-
served between alx and prrx, this notion could be tested by work on alx
and prrx gene regulation in both gnathostomes and cyclostomes.

Other genes that are expressed dissimilarly in lamprey and
gnathostomes include nkx3.2 (bapx) (Cerny et al., 2010; Nichols
et al., 2013), barx (Cerny et al., 2010; Nichols et al., 2013), mef2
(Jandzik et al., 2014), and emx (Fig. S1). These genes offer a range of
observable differences: some are found in mesenchyme with different
skeletogenic potentials (barx), CNCCs in dissimilar locations (nkx3.2),
or absent from CNCCs in lamprey (emx and mef2). In the case of
lamprey emxA, it would appear that the dorsoventral cue that positions
the expression in the pharynx might be conserved with emx2 (an
“intermediate” PA patterning gene in gnathostome CNCCs), but the
lamprey ortholog is being deployed in epithelial ectoderm and en-
doderm instead of the future skeleton (Fig. S1). Similarly, lamprey
barx is found in the innermost, CNCC-derived mesenchyme of the PAs
(nearest the cavity of the pharynx), but this tissue does not give rise to
larval skeletal elements. With some functional assays, these curious
differences in expression might offer clues as to how these genes are
activated, and thus allow us to understand how cyclostomes and
gnathostomes become so different both morphologically and histolo-
gically during development.

4. The early vertebrate head: general characteristics and
evolutionary trends

Fossilized early vertebrate relatives such as Haikouella (Mallatt and
Chen, 2003), Haikouichthys (Shu et al., 1999, 2003), Myllokunmingia
(Shu et al., 1999), and Metaspriggina (Morris and Caron, 2014) arose
during the early to mid-Cambrian, and are generally assumed to
predate the most recent common ancestor of all living vertebrates.
While phylogenies based on available character states usually place
these fossil animals at the base of all vertebrates, there is some
uncertainty: occasionally these fossils show a greater affinity for
gnathostomes, lampreys, or hagfish, depending on tree reconstruction
parameters and the traits chosen for analysis (Mallatt and Chen, 2003;
Morris and Caron, 2014; Sansom et al., 2010; Shu et al., 1999).
Regardless of disagreements over their exact phylogenetic position
(Donoghue and Purnell, 2009; Gess et al., 2006; Morris and Caron,
2014; Sansom et al., 2010; Shu et al., 1999, 2003), these fossils inform
us as to the timing of evolutionary events, confirming that a given

character state had arisen by a given epoch.
Like modern lamprey larvae, all of the aforementioned fossil

vertebrate relatives appear to have possessed a cartilaginous endoske-
leton composed mainly of simple pharyngeal cartilage rods (within the
PAs), with some oral and/or cranial chondroid tissue (Mallatt and
Chen, 2003; Morris and Caron, 2014; Shu et al., 1999, 2003).
Dissimilar to this condition, hagfishes display extremely derived
reduction of the pharyngeal skeleton, having apparently lost all but
two of their branchial arches despite still possessing a high number of
gill slits (between 6 and 12 pairs). Despite their reduced number,
hagfish branchial arch cartilages are also fused to the rest of their head
skeleton like in lampreys, in a basket-like condition (albeit a small
basket) (Oisi et al., 2013). Notably, the fossilized cartilage bars found in
specimens such as Metaspriggina (Morris and Caron, 2014) and
Haikouichthys (Shu et al., 2003) do not appear to be connected by
dorsal and ventral horizontal bars, nor are they juxtaposed at their
apices, suggesting the fused branchial basket might be a derived
character of cyclostomes. Like most modern gnathostomes, the recently
reported Cambrian fossilMetaspriggina (Morris and Caron, 2014) also
appears to have distinct dorsal and ventral PA skeletal elements. If
Metaspriggina diverged before the gnathostome and cyclostome
lineages split, this would raise the possibility that cyclostomes acquired
single vertical rods in each PA by secondarily fusing ancestrally
separate dorsal and ventral skeletal elements. Interestingly, modern
anurans possess both of these cyclostome-like characters in their
branchial arches: these lack any dorsoventral segregation, and are also
fused at their apices in a basket-like condition (Rose, 2014). Together,
this could explain why lamprey has gnathostome-like patterning of its
skeletal primordia, while also forming contiguous rods in each PA:
despite reverting to a fused morphology, the patterning scheme is
mostly retained (Cerny et al., 2010) (as is also seen in Xenopus
branchial arches (Square et al., 2015)). An alternative hypothesis is
that cyclostomes and gnathostomes diverged earlier than presumed,
andMetaspriggina split from the lineage leading to gnathostomes after
the evolution of distinct dorsal and ventral skeletal elements in that
lineage. It is also possible that Metaspriggina and gnathostomes
independently acquired separate dorsal and ventral elements.
Regardless of the precise scenario, the presence of gene expression
reminiscent of the gnathostome condition in the developing lamprey
head skeleton and the bipartite pharyngeal skeleton of Metaspriggina
strongly support the idea that the developmental mechanisms needed
to distinguish the dorsal from ventral pharyngeal skeleton precursors
predate jaws by 100 million years or more.

Looking above the PAs, one general trend in vertebrate head
skeletal evolution was the expansion of the chondrocranium (forming
the brain case, or neurocranium), which does not seem to be prominent
in the earliest vertebrate fossils, if present at all (Mallatt and Chen,
2003; Morris and Caron, 2014; Shu et al., 1999, 2003). In modern
gnathostomes, these more dorsal structures are partially or sometimes
largely derived from mesoderm, unlike the facial skeleton and PAs (the
viscerocranium) which are mainly derived from CNCCs (Kague et al.,
2012; Piekarski et al., 2014). While cyclostomes have small cartilages
near the brain, including “trabeculae”, these do not have any clear
structural homology to any specific gnathostome cartilages, though it is
suggested by their general position (Kuratani et al., 2016).
Nevertheless, a prominent and three-dimensionally complex eth-
moid/trabecular skeleton and the presence of an extensive braincase
are clearly derived characters of the gnathostome group. This means
that the head skeleton of the vertebrate common ancestor was
composed of mainly PAs and some oral-associated mesenchyme, the
majority of which were probably derived from CNCCs, similar to the
condition in modern lampreys.

Cyclostomes and the earliest fossil vertebrate relatives lack cranial
bones (or any bones for that matter), which first appear in the fossil
record in jawless vertebrates of the subclass Pteraspidomorphi
(Janvier, 1996; Fig. 1). This means that the embryonic cartilaginous

T. Square et al. Developmental Biology 427 (2017) 219–229

226



head endoskeleton in bony vertebrates (osteichthyans) is more similar
compositionally to the earliest vertebrate head skeletons, rather than
the adult bony fish head skeleton, which comprises mainly dermal
bones with some ossified elements of the endoskeleton. However, it is
interesting to note that in modern osteichthyans, many bones of the
head develop from the same pool of CNCCs that give rise to the larval
cartilaginous head skeleton (Hirasawa and Kuratani, 2015).
Importantly, some key aspects of genetic patterning that occur within
the common progenitor pool of CNCCs affect the initial larval head
skeleton as well as the later ossified skeleton, such as the dlx (Depew
et al., 2002) and hox (Minoux et al., 2009) codes. So despite the
striking histological and morphological differences between a given
osteichthyan's larval and adult head skeletons, these two complex
structures are strongly tied to each other developmentally. Thus, the
patterning schemes described here presumably have effects on all
modern head skeletons, both larval and adult.

5. Differences in vertebrate head skeletons

What is the output of this extensive patterning via transcription
factor expression? Given that these modules do not correspond to
individual skeletal elements in gnathostomes, and head skeleton
elements are histologically contiguous in cyclostomes, the relationship
between this patterning scheme and eventual skeletal morphology is
quite abstracted, i.e. there is poor correspondence in shape and size
between individual gene regulatory modules (like those shown in
Fig. 3) and the delineation of cartilage and/or bony elements that will
arise from a given region later in development. All modern vertebrate
head skeletons are very complex, displaying intricate three dimensional
structure within skeletal elements, and also with respect to the
juxtaposition of these elements. In order to generate any sort of
three-dimensional variety in a given skeletal region, this requires that
cells within a given primordium divide at a different rate or on a
different axis than cells in other primordia, or in other parts of the
same primordium (Kimmel et al., 1998). While some studies are
beginning to understand how cell division is controlled to these ends
in the head skeleton (Le Pabic et al., 2014), much work is still needed to
place these events within the context of vertebrate transcription factor
patterning in the head. In gnathostomes, mutations in the transcription
factors that pattern head skeleton precursors cause the loss of joints as
well as changes in the shape of skeletal elements, showing that these
patterning genes drive some part of both the overall shape and
composition of the head skeleton. With modern developmental genetic
tools, the processes linking early patterning to later cell division and
histological composition will become more evident.

One general difference between cyclostomes and gnathostomes
relates to the high level of dorsoventral symmetry in transcription
factor expression within posterior lamprey PAs as compared to
gnathostomes. Interestingly, in lamprey, this symmetry starts at the
level of gene expression (Fig. 3), and is later reflected in their highly
symmetrical pharyngeal basket. Gnathostomes instead have more
polarized PAs with respect to both gene expression and eventual
morphology. This is at least in part dictated by the ventral secretion
of Edn1 protein in gnathostomes, which works to specify the ventral
and intermediate domains. Conversely, no sea lamprey edn ligand is
restricted to all or most ventral PAs; instead, ednA and ednE
transcripts are found in a more centralized pattern in the PAs
(Square et al., 2016), removing the possibility that any edn ligands in
sea lamprey work as ventral specifiers as they do in gnathostomes. We
speculate that the level of symmetry in these gene expression domains
might somehow contribute to the symmetry of the lamprey pharyngeal
basket by driving a similar identity, and thus morphology of these
domains in lamprey (namely the dark blue alx, dlx, msx, prrx domains
in Fig. 3). More functional studies in cyclostomes are needed to link
head skeleton gene expression and morphology, but in gnathostomes
the dlx genes alone have been shown to drive the general identity of

entire regions of PAs, which supports this notion given the expression
patterns known across vertebrates (Fig. 4).

Another obvious aspect of derived morphology is the specialization
of the oral skeleton (pre-oral mesenchyme, PA1, and PA2) in all
modern vertebrate lineages. In lamprey, oral skeletogenic mesenchyme
gives rise to the oral hood, velum, and elongated lower lip, whereas in
gnathostomes it forms the mandible, maxilla, palate and nasal region.
How these differentiated structures are related to each other has been a
topic of debate for more than a century. Despite striking differences in
final morphology, developmental gene expression has the potential to
show how the precursor cell populations that generate disparate
skeletal structures might be related, at least on the level of transcrip-
tional identity. The lamprey upper lip is a skeletal element positioned
just rostral to the mouth, similar to the maxillary/nasal elements of the
gnathostome head skeleton. Despite this spatial similarity, nearly the
entire lamprey upper lip has a transcriptional identity similar to the
dorsalmost anterior PA1 of gnathostomes, while most of the lower lip
has the transcriptional identity of the gnathostome ventral PA1.
Interestingly, the lower lip demonstrates an anterior expansion per-
pendicular to the dorsoventral axis of PA1, rather than an extension
ventrally/distally with a bent axis.

The head skeletons of both gnathostomes and cyclostomes are
composed of multiple morphologically distinct skeletal elements
(though these elements are connected in cyclostomes), and several
histologically distinct skeletal tissue types (Cattell et al., 2011). These
include joint tissue in gnathostomes, various types of mucocartilage in
lampreys, and soft and rigid collagen-containing, proteoglycan-rich
cellular cartilage in both groups. Future work in both gnathostomes
and cyclostomes will help elucidate if the conserved targets of the genes
that confer these local transcriptional identities include structural
genes such as collagens, lecticans, and glypicans.

Based on work in gnathostomes, it is likely that patterning via
transcription factor expression in stem vertebrates provided a frame-
work for position-specific morphogenesis and tissue differentiation,
though precisely how this occurred is unclear. Given the conserved
aspects of early head skeleton development, it is likely changes
developmentally downstream of genes such as hox, alx, dlx, hand,
msx, and prrx were major players in the generation of the different
major vertebrate forms. These genes’ expression patterns seem to have
evolved prior to the most recent common ancestor of all living
vertebrates – at least in large part. However, the nuanced differences
we do see in these genes might contribute to large differences amongst
vertebrates in the shape or composition of some regions of the head
skeleton, such as less symmetrical alx in the gnathostome PAs, or dlx
expression in the lamprey upper lip.

6. Conclusion

Based on detailed comparisons of living jawed and jawless verte-
brates, it is likely that the head skeleton of the most recent common
ancestor of all living vertebrates formed mainly from CNCCs. These
cells migrated as three molecularly distinct populations, and expressed
a core set of chondrogenic transcription factors. After migration into
the oropharyngeal region, those cells activated a set of transcription
factors which conferred regional identities upon different skeletal
precursor subpopulations along multiple axes, including a set of at
least 10 transcription factors (hox1, hox2, hox3, hox4, dlx2/3/5A, dlx2/
3/5B, alx, hand, msx, and prrx). Similarities in this head skeleton
patterning system across jawed and jawless vertebrates likely reflect
homology of many of these precursor subpopulations, but it is
important to recognize that these regulatory cassettes could be
deployed in new regions of the head, in which case it would be more
appropriate to consider them deeply homologous (see Shubin et al.
(2009)). It is unclear, however, if the specific skeletal structures derived
from these developmental units should be considered homologous
sensu stricto, even if they are similarly juxtaposed with other elements
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and tissues in the head. By further dissecting the gene expression and
function of different genes in different lineages, we will continue to
build our understanding of what all heads share, how they are
developmentally constrained, and also how genetic changes underlie
changes in morphology.
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