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Summary 

 
 

Classical comparative anatomical hypotheses propose that the upper and lower jaw evolved 

through modification of dorsal and ventral gill arch skeletal elements, respectively. These 

hypotheses were based largely on the skeletal anatomy of chondrichthyans (sharks, skates 

and holocephalans), but remain largely untested from a developmental perspective. Here, I 

test 1) whether jaws and gill arches ancestrally shared common developmental patterning 

mechanisms, and 2) whether the mandibular arch might carry anatomical vestiges of an 

ancestral gill-arch-like condition. To do this, I have used embryos of a cartilaginous fish, the 

little skate (Leucoraja erinacea), which has retained an ancestral organisation of the jaw and 

gill arch endoskeleton, and which possesses a reduced gill-like structure (a “pseudobranch”) 

on the back of the mandibular arch. Using candidate and RNAseq/differential gene expression 

analysis and mRNA in situ hybridisation, I find broad conservation of dorsoventral patterning 

mechanisms within pharyngeal arches – embryonic structures which contain the progenitors 

of the jaw and gill arch skeleton – as well as unique transcriptional features that may underpin 

distinct jaw and gill arch morphologies. The latter include unique gene expression features of 

jaw and gill arch muscle progenitors, and of developing gill lamellae. Finally, it has been 

historically speculated that the chondrichthyan pseudobranch derives from the hyoid (i.e. 2nd 

pharyngeal) arch. I demonstrate here, by cell lineage tracing, that the pseudobranch is, in fact, 

mandibular arch derived, that it shares gene expression features with developing gills, and 

that its supporting spiracular cartilage develops under the influence of a shh-expressing 

signalling centre, in a manner that parallels that shh-dependent development of branchial 

rays (i.e. cartilaginous appendages that support the respiratory lamellae of the gill arches). 

Taken together, this dissertation presents evidence for serial homology of the jaw and gill 

arch skeleton, and of an ancestral gill-arch nature of the mandibular arch of vertebrates. 
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Chapter 1: 
Introduction 

 
 
There are few other events in the history of vertebrates that are of such singular importance 

as the origin of the jaws. Gnathostomes (jawed vertebrates, or ‘jawed mouths’) entered the 

evolutionary stage in the Silurian period, 444–416 million years ago, and about 85 million 

years later, by the late Devonian period, they were already climbing the prehistoric shores 

well on their way to the colonisation of land (Janvier, 1996; Sansom et al., 2001; Anderson et 

al., 2011). Silurian assemblages and the dominance of jawless fishes (agnathans) over them 

were replaced by new assemblages composed almost exclusively of gnathostomes. Today, 

more than ninety-nine percent of all living vertebrates are jawed (Nelson, 2006). They have 

successfully adapted to a wide variety of ecosystems on every continent, from the skies to 

the deep sea, and range in size from a few millimetres to over 30 metres in length (Kardong, 

2002). 

 

The early gnathostomes possessed traits that unite modern vertebrates: chief among them 

was an embryonic cell population called neural crest cells, but also a large tripartite brain 

defined by the telencephalon, an inner ear with a vestibular system and semicircular canals, 

and sensory placodes, among other features (York and McCauley, 2020). The acquisition of 

articulated jaws on top of these vertebrate characteristics has long been thought of as the 

primary reason for the sweep to dominance by gnathostomes (Denison, 1961; Carroll, 1988; 

Janvier, 1996; Purnell, 2002). According to this view, jaws are the key feature that allowed 

gnathostomes to displace agnathans and successfully take over their ecological niches. 

However, this perspective has shifted over time as fossil evidence accumulated that shows 

the loss of jawless taxa does not neatly align with the rise of gnathostomes, as scenarios of 

competition would predict (Purnell, 2001). Instead, more recent work has illustrated that 

rather than directly outcompeting jawless taxa, early gnathostomes likely succeeded due to 

new ecological opportunities that became accessible because of jaws (Anderson et al., 2011). 

For example, feeding strategies such as macropredation and durophagy (the ability to eat 

exoskeleton-bearing or hard-shelled animals) or pelagic lifestyles were not common amongst 



 

 2 

agnathans, but spread quickly amongst gnathostomes (Klug et al., 2010; Anderson et al., 

2011). The emergence of a robust, jaw-bearing pharyngeal endoskeleton likely made these 

new strategies and lifestyles feasible, driving early gnathostome evolution and laying the 

groundwork for the jawed diversity we see today.  

 

However, the exact origin of this body plan, i.e. the acquisition of a jaw from a jawless 

pharyngeal endoskeleton, remains an unanswered question in vertebrate evolution. The 

fossil record lacks key findings that show transitionary states between the jawless and jawed 

vertebrates. In the absence of this evidence, centuries of research on the anatomy and 

development of the vertebrate body plan has offered many key insights, but no definite 

answers. As such, jaws still present a flagship problem in the study of evolutionary novelty.  

 

The advent of evolutionary-developmental biology has shed new light on this long-standing 

question. Evolutionary-developmental biology, or evo-devo for short, is interested in the 

comparative link between development and morphology in order to infer ancestral 

relationships, or in other words, in the mechanisms of evolution and development that link 

the readout of the genotype with the structures of the phenotype (Hall, 2012a). This scientific 

strategy has led to an influx of research that frames the evolution of the jaw as the stepwise 

accumulation of changes in the development of the anterior pharyngeal endoskeleton across 

gnathostomes. However, the developmental data used to identify the set of changes that led 

to the origin of the jaw has almost exclusively stemmed from bony fishes, like zebrafish or 

mouse, and a jawless fish, the lamprey, as an outgroup. Chondrichthyans or cartilaginous 

fishes (sharks, rays, skates, and holocephalans) comprise the sister group to the bony fishes, 

but comparative data on pharyngeal development from this group has mostly been lacking 

from considerations on the origin of the jaw (Gillis et al., 2013; Compagnucci et al., 2013).  

 

This dissertation aims to fill this gap and link pharyngeal development and anatomy in a 

cartilaginous fish, little skate (Leucoraja erinacea), to jaw development known from bony 

fishes. Cartilaginous fishes have retained the primitive dorsoventrally segmented 

organization of the gnathostome pharyngeal endoskeleton (i.e. a jaw and gill arch skeleton 

that is segmented into prominent palatoquadrate/Meckel’s cartilage epi-/ceratobranchial 

elements, respectively), as well as a spiracle behind the jaw and open gill slits separating all 
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gill-bearing arches, as opposed to the presence of an opercular gill cover that permits for the 

reduction of individual gill-arch endoskeletal support in teleosts (Gillis et al., 2009a; Mallatt, 

1996; Gillis et al., 2012). Through comparisons with their sister group, the bony fishes, the 

anatomical and developmental conditions in the last common ancestor of gnathostomes may 

be inferred.  

 

In this introduction, I will briefly summarise pharyngeal development to discuss how the jaws 

first develop in the embryo. Then I will pair this developmental overview with the models of 

jaw evolution that have been constructed on its basis and discuss to what extent they match 

the evidence available from the fossil record. Finally, I will introduce the little skate as a model 

system and its power to connect pharyngeal development with anatomy to create an 

important step forward in solving the puzzle of jaw evolution.  
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1.1 Jaw development 

As the vertebrate head plays a key role in ecology and evolution, it is also arguably the most 

complex part of vertebrate morphology. Its development reflects this complexity and involves 

an elaborate interplay of all three germ layers as well as cranial neural crest cells. Most of the 

craniofacial skeleton, including jaws, derive from pharyngeal arches – transient columns of 

tissue forming on the lateral surface of the developing head (Fig. 1.1A, Graham, 2001, 2003; 

Richmann and Lee, 2003).  

1.1.1 Pharyngeal arch development 

Pharyngeal arches form as the foregut endoderm establishes a series of paired out-pockets. 

These endodermal pouches contact and fuse with overlying ectoderm on the lateral surface 

of the embryo, forming openings between the foregut and the outside of the animal—the 

presumptive gills slits (Fig. 1.1A). The serial architecture of pharyngeal arches in the embryo 

confers a segmented origin onto the oropharyngeal apparatus that is often absent in the adult 

anatomy of amniotes (mammals, reptiles, and birds). The degree to which the clefts open 

during development varies. For example, in amniotes like mice and chickens, the posterior 

arches are only demarcated by endoderm contacting ectoderm, rather than fusing and 

subsequent clefts creating an opening through the two layers.  

The columns of tissue left between the out-pocketing pouches of endoderm are the 

pharyngeal arches. Each arch consists of ectoderm on the external side of the embryo, 

endoderm on the interior side in the pharyngeal cavity, and a mesenchymal core of neural 

crest cells surrounding mesoderm (Fig. 1.1B). The neural crest component enters each arch 

after delaminating from the dorsal neural tube, undergoing an epithelial-to-mesenchymal 

transition and migrating along well-defined pathways (Theveneau & Mayor, 2012). Their 

migration occurs in three main streams, alongside a fourth population that migrates into the 

frontal-nasal region (Fig. 1.1C; Graham et al., 2003), outlined in detail below.  

Each of the different embryonic cell types that comprise the pharyngeal arches gives rise to 

distinct derivatives. The ectodermal epithelium gives rise to the epidermis and the sensory 

neurons associated with each arch, while the endodermal epithelium gives rise to the gills (in 
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fishes) and the epithelial lining of the pharynx. The neural crest cells within each arch give rise 

to skeletal and connective tissues, and the mesodermal core to arch musculature and 

endothelial cells (Graham, 2001). From these components, the nerves, muscles, skeletal 

tissues and epithelial specialisations of the jaw and pharynx are formed.  

1.1.2 Patterning the pharyngeal arches 

As such, the pharyngeal arches consist of an iterative series of parallel columnar tissues, each 

of which gives rise to the same basic components. However, despite this shared basic 

blueprint of each arch, they are also patterned along the anterior-posterior axis and each pair 

of arches has an individual identity. In fishes, the first (mandibular) pharyngeal arch gives rise 

to the jaw, while the second (hyoid) arch forms a gill bearing arch that also functions to 

suspend the jaw from the braincase and in bony fish gives rise to the gill covering (opercular) 

skeleton, and a variable number of gill arches give rise to the elements of the pharynx and 

the gills (Graham, 2003; Gillis et al., 2013). In amniote tetrapods, the mandibular arch gives 

rise to the jaw and middle ear ossicles (malleus and incus in mammals), the hyoid arch forms 

the stapes, styloid process, and hyoid bone, and the more posterior pharyngeal arches give 

rise to the tracheal cartilages and other specialised elements of the pharyngeal apparatus like 

the thyroid, parathyroids and thymus (Fraser, 1882; Schilling & Kimmel, 1994; Crump et al., 

2006, Medeiros & Crump, 2012; Graham & Richardson, 2012). Additionally, anterior to the 

mandibular arch there is a population of unsegmented neural crest cells that in tetrapods 

contribute to the frontonasal and maxillary prominences, which in turn give rise to the 

anterior skull, foreface, and parts of the upper jaw (Eberhart et al., 2006, Kontges & Lumsden, 

1996; Wada et al., 2005). Hence, the pharyngeal arches form in a morphologically similar 

fashion, but the embryonic cell types within each arch have to be coordinated to construct 

distinct morphologies at the right time in the right place in order to ensure that the correct 

anteroposterior identity of each arch is generated.  
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Figure 1.1: Pharyngeal arches and their skeletal derivatives in the little skate (Leucoraja 

erinacea).  

(A) Pharyngeal arches are columns of tissue characterising the lateral embryonic head and 

pharynx. (B) Horizontal section through gill arches 1-3 at stage (S)24 showing the mesodermal 

core surrounded by mesenchyme, which is encased by endoderm on the inside and ectoderm 

on the outside of the animal. (C) Wholemount in situ hybridisation of migrating neural crest 

cell marker ednrb showing trigeminal, hyoid and postotic neural crest cell streams populating 

mandibular, hyoid, and gill arches, respectively. (D) Wholemount skeletal preparation at S32 

shows dorsoventral jaw segmentation into palatoquadrate and Meckel’s cartilage, jaw 

suspension from the braincase by the hyomandibula, and dorsoventral gill arch segmentation 

into epi- and ceratobranchial elements. Branchial rays are projecting from the gill arches. br: 

branchial ray; cb: ceratobranchial; e: eye; eb, epibranchial; ec: ectoderm; ed: endoderm; gb: 

gill buds; ha: hyoid arch; o: otic vesicle; ph: pseudohyal; pq: palatoquadrate; m: mesoderm; 

ma: mandibular arch; mk: Meckel’s cartilage; ms: mesenchyme; sc: spiracular cartilage; 1-5: 

gill arches 1-5. 



 

 7 

A specific class of homeobox-containing transcription factor genes, called Hox genes, are key 

body plan regulators across the animal kingdom, and the development of pharyngeal arches 

is a classic example of their rule: nested expression of the ‘Hox code’ establishes arch identity 

along the anteroposterior axis of the embryonic vertebrate pharynx (Hunt et al., 1991; Hunt 

& Krumlauf, 1991). In the mandibular arch, Hox gene expression is absent and this arch is 

filled by the trigeminal stream of migrating cranial neural crest cells (Fig. 1.1C), which 

originates from the midbrain and rhombomeres 1 and 2 of the hindbrain. These neural crest 

cells will give rise to neurons of the trigeminal ganglion and the skeleton of the lower and 

upper jaw (Lumsden et al., 1991; Schilling & Kimmel, 1994). The second, hyoid arch is 

characterised by expression of Hoxa-2. Gain- and loss-of-function experiments on Hoxa-2 

result in the transformation of the mandibular arch into the hyoid or vice versa (Gendron-

Maguire et al. 1993; Rijli et al. 1993; Grammatopoulos et al. 2000; Pasqualetti et al. 2000). 

The hyoid stream of cranial neural crest cells migrating into this arch (Fig. 1.1C) originates 

from rhombomeres 3-5 of the hindbrain and will give rise to neurons of the proximal facial 

ganglion as well as the hyoid skeleton (Lumsden et al., 1991; Schilling & Kimmel, 1994). The 

post-hyoid, first gill arch is characterised by Hoxa-2 and Hoxa-3 expression, and in the 

posterior gill arches additional Hoxb-4 is expressed (Couly et al., 1998). The caudal arches are 

populated by the post-otic stream of neural crest cells (Fig. 1.1C), which originates from 

rhombomeres 6 and 7 of the hindbrain and will give rise to neurons of the proximal and 

jugular ganglia and the skeletal components of the posterior pharyngeal arches (Lumsden et 

al., 1991; Schilling & Kimmel, 1994).  

In addition to the anteroposterior polarisation, the gnathostome pharyngeal arches also give 

rise to an endoskeleton that is dorsoventrally segmented. This condition is most readily 

observed in extant chondrichthyans and, to a lesser extent, in bony fish like teleosts (Janvier, 

1996). In chondrichthyans, the pharyngeal endoskeleton is partitioned dorsoventrally into the 

palatoquadrate and Meckel’s cartilage in the jaws, into the hyomandibula and ceratohyal in 

the hyoid, and into epibranchial and ceratobranchial elements in the gill arches, from which 

gill-supporting branchial rays project laterally (Fig. 1.1D; DeBeer, 1937; Gillis et al., 2009a).  

This organisation can already be seen in the first jawed fishes that arose in the Silurian about 

444–416 million years ago (Anderson et. al., 2011; Kardong, 2012 DeLaurier, 2018). Amongst 
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these first gnathostomes were two main lineages: placoderms, whose exact 

interrelationships remain disputed, and acanthodians (Kardong, 2012; Brazeau & de Winter, 

2015). Both are distinguished by already well-developed jaws (Kardong, 2012). For example, 

the jaws of the placoderms Entelognathus and Romundina bear a striking resemblance to 

modern gnathostomes (Dupret et al., 2014; Zhu et al., 2013), and in the placoderm 

Compagopiscis croucheri the lower jaw has been homologised to the mandibular-derived 

Meckel's cartilage of extant gnathostomes (Rücklin et al., 2012). Acanthodians such as 

Ptomacanthus anglicus and Acanthodes bronni possessed pharyngeal skeletal elements 

similarly reminiscent of extant gnathostomes, including the jaw components palatoquadrate 

and Meckel's cartilage, the hyoid derived hyomandibula, and the gill arch derived 

ceratobranchials (Brazeau, 2009; Brazeau & de Winter, 2015; Friedman & Brazeau, 2010). 

Thus, a chondrichthyan-like organisation of the pharyngeal endoskeleton likely represents the 

ancestral condition found in the first jawed fishes. It should be noted, however, that there 

are also bony elements preserved from placoderms that have been lost in chondrichthyans. 

For example, endochondral bone and the bony skeleton it forms is an ancestral feature of 

jawed vertebrates that has been lost in chondrichthyans (Brazeau et al., 2020). 

In extant bony fishes, the dorsoventral segmentation of the pharyngeal endoskeleton is less 

readily observable. In teleosts like zebrafish, the principal segmentation is still visible, though 

the epibranchial elements of the gill arches are highly reduced as the hyoid arch derived 

opercle bone fulfils the function of covering the gills (Schilling & Kimmel, 1994). In amniotes, 

the endoskeletal organisation is even more derived: the mandibular arch gives rise to the 

dorsal maxillary and ventral mandibular processes, which are ossified during development 

and together form the jaw, but also to the lateral skull (Köntges & Lumsden, 1996), and in 

mammals elements of the middle ear, i.e. the malleus and incus (Reichert, 1837; see 

O’Gorman, 2005 for hyoid arch contributions to the middle ear). The post-hyoid arches do 

not undergo skeletogenesis or myogenesis while still in arch-form, and are instead largely 

remodelled into the larynx, which consists of cricoid and paired arytenoids, the thyroid and 

associated muscular and connective tissue elements, and which functions to connect the 

pharynx with the trachea (Poopalasundaram et a., 2019). As the Hox code patterns the 

anteroposterior axis of the pharyngeal arches, a ‘Dlx code’ patterns the dorsoventral axis 

(though not in post-otic arches in amniotes, Poopalasundaram et al., 2019), and underpins 
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the dorsoventral segmentation so readily observed in chondrichthyans (Depew et al., 2002; 

Gillis et al., 2013; for an in-depth discussion of the dorsoventral patterning beyond the Dlx 

code see chapters 2 & 3).  

1.1.3 Differences in pharyngeal arch development in jawed and jawless vertebrates 

 

In an evolutionary-developmental context, the origin of the jaw may be regarded as the 

accumulation of developmental changes to the anteroposterior and dorsoventral patterning 

programme outlined above that work together to sculpt the jaw out of the mandibular arch. 

In this respect, it is useful to also consider the development of pharyngeal arches in jawless 

vertebrates, as the differences in patterning and morphogenetic constraints exhibited in this 

lineage in contrast to jawed vertebrates may serve to illuminate the evolution of differences 

in their oral apparatuses. The only two remaining lineages of jawless vertebrates alive today 

are lampreys and hagfishes. Historically, the evolutionary relationships between lampreys, 

hagfishes, and gnathostomes has been contentious (Shimeld & Donoghue, 2012; York & 

McCauley, 2020). But advances in molecular phylogenetics now firmly group lampreys and 

hagfishes together as a monophyletic lineage of cyclostomes (‘round mouths’), which persist 

as the last living members of an ancient group of jawless fishes (Heimberg et al., 2010). Both 

lampreys and hagfish have migrating neural crest cells as well as most of the neural crest 

derivatives known from jawed vertebrates (Shigetani et al., 2002; Ota et al., 2007; McCauley 

& Bronner-Fraser, 2003). Lampreys are also characterised by distinct anatomies at larval 

(ammocoete) and adult stages, which are separated by a metamorphosis during which many 

larval tissues are remodelled into adult features (De Beer, 1937; Green & Bronner, 2014). 

 

The craniofacial organisation of lampreys and hagfishes differs considerably from 

gnathostomes in several important aspects. The most obvious difference concerns the jaw: 

while in gnathostomes the mandibular arch gives rise to the upper and lower elements of the 

jaw, the lamprey mandibular arch gives rise to the velum, a muscular pumping organ with a 

small cartilaginous element in the middle (Fig. 1.2). Lampreys also possess a muscular upper 

and lower lips that derive largely from the premandibular domain (Johnels, 1948).  
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The gnathostome pharyngeal arches give rise to an endoskeleton that is jointed and divided 

into subsections along the dorsoventral axis. In contrast, living cyclostomes possess thin, 

unjointed branchial bars, which are fused together in a condition often referred to as a 

‘branchial basket’ (Fig. 1.2; Janvier, 1996). These arise from pharyngeal arches three to nine 

(Morrison et al., 2000). In hagfish, the number of branchial bars is very low and stands at only 

two, although they still possess between 6 and 12 pairs of gill slits (Oisi et al., 2013). In 

lampreys, the branchial basket is also compartmentalised in a manner that has no immediate 

obvious equivalencies with the gnathostomes: respiration occurs in the ventral part, while 

the mouth is dorsally separated from it by the velum (Janvier, 1996).  

 

The differences between gnathostomes and cyclostomes have proven to be an insightful 

starting point for models of jaw evolution. As cyclostomes are an early branching vertebrate 

lineage, which predates the origin of the jaw, comparisons between their anatomy and 

development and the mechanisms at play in gnathostomes might reveal important clues as 

to how the jaw originated.  
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Figure 1.2 Larval (ammocoete) lamprey head. The upper lip (ul), lower lip (ll), first pharyngeal 

arch (pa1), second pharyngeal arch (pa2), and ventral pharynx (vm) are mainly comprised of 

mucocartilage. The mandibular arch derived velum (v) sits inside the anterior pharynx, 

outlined in pink. The posterior pharynx is supported by the branchial basket, consisting of 

fused, cartilaginous rods. Within this arrangement, dorsally and ventrally, the horizontal 

subchordal (sc) and hypobranchial (hb) bars frame the branchial bars (bb), from which the 

epitrematic (ep) and hypotrematic (hp) processes project laterally. na ca, nasal capsule; nc, 

notochord; o, otic vesicle; t, trabecula. Schematic adapted from Morrison et al., 2000, 

Meulemans & Crump, 2012, and Yokoyama et al., 2020. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 12 

1.2 A brief history of jaw evolution   

 

In the developmental terms discussed above, the evolution of the jaw can be framed as the 

stepwise acquisition of the transcriptional and signalling programme that patterns the 

pharyngeal arches in gnathostomes, which in turn ultimately give rise to the jaws on the one 

hand and the gill arches on the other hand. However, this framing is a relatively modern one 

that only arose as our understanding of craniofacial development deepened. Jaw evolution 

models have existed for much longer than this developmental viewpoint.  

 

Studies on the origin of the jaw predate Charles Darwin’s ‘On the Origin of Species’. One of 

the earliest treatises on jaw-gill arch similarities was published by embryologist and anatomist 

Heinrich Rathke in the first half of the 19th century (Rathke, 1827, 1832). Consistent with the 

worldview of natural philosophy at the time, Rathke framed all science as the search for the 

uniting laws that govern the natural world. In pursuit of this aim, he saw most value in an 

unbiased, comparative method, including ontogeny as well as anatomy. In his investigations 

in sharks, sturgeons, teleosts and frog larvae (and even lampreys, which he thought possessed 

fused jaw cartilages), Rathke was struck by the similar arrangement of gill-supporting 

cartilages to the jaw elements and speculated whether they might correspond (Rathke, 1832). 

Notably, Rathke also pointed out that all vertebrate embryos he studied, from lampreys to 

mammals, were united by the presence of pharyngeal arches separated by clefts early in 

development, an insight shared with von Baer, among others (Rathke, 1832). 

 

These early anatomical investigations gave rise to the classic morphological theory of jaw 

evolution, which was based on the apparent anatomical similarity and correspondence of the 

upper and lower jaws to the upper and lower gill arch elements, respectively, and which 

suggested that the jaw in gnathostomes arose out of the transformation of a rostral gill arch 

(in detail outlined below; Sewertzoff, 1911, 1928; Goodrich, 1930; de Beer, 1937; Romer, 

1966; Jarvik, 1980; Mallatt, 1984, 1996; Carroll, 1988; Janvier, 1996; Kuratani et al. 2001; 

Kuratani, 2004; DeLaurier, 2018). One of the main architects of this theory is Carl Gegenbaur, 

who also coined the term ‘gnathostomata’ (Gegenbaur, 1874). However, since the 19th 

century, the theory of jaw-gill arch serial homology has undergone transformations and faced 
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increasing opposition. Mainly due to the resolved phylogenetic relationships between living 

jawless and jawed vertebrates and an ever-increasing understanding of craniofacial 

organisation and development of the two groups, questions of homology between different 

parts of the oral and pharyngeal region in lampreys, gnathostomes, and fossil data have been 

raised (Janvier, 1996; Mallatt, 2008; Miyashita, 2016; Square et al., 2016; DeLaurier, 2018; 

Yokoyama et al., 2020). Today, the debate has mostly moved on to the specific evolutionary 

history of changes in the developmental programme that may create a set of jaws out of an 

ancestral jawless state, which is often assumed to be represented by a modern larval lamprey. 

To fully understand this paradigm shift—the rise and fall of transformational jaw-gill arch 

serial homology—we first have to trace the origins of this theory all the way back to the 19th 

century to first consider its origins and then discuss the emergence of subsequent models. 

 
It is possible to partition previous models of jaw evolution into three stages (analogous to 

Janvier’s ‘three historical periods of segmental theory’, 1996): classical models, new 

head/new mouth models, and finally modern evolutionary-developmental models (Table 

1.1). The history of the jaw-gill arch serial homology theory, which is tested by this 

dissertation, can be traced through these three stages, from its origins, rise to dominance and 

subsequent fall from grace, to its recent reappraisal. 
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 Main Authors Timeline Main ideas Main evidence 
Classical 
models  

Johann Wolfgang 
von Göthe and 
Lorenz Oken (pre-
Darwin) 

1820, 
1807 

Transformational 
vertebrae origin of the 
skull 

Segmentation  

Carl Gegenbaur 
(post-Darwin) 

1878 Serial homology of jaws 
and gill arches 

Chondrichthyan 
anatomy 

New 
heads/new 
mouths 

R. Glenn Northcutt 
and Carl Gans 

1980s Neural crest derived 
features including jaws 
turned filter feeders into 
active predators 

Neural crest 
cells, 
deuterostome 
phylogeny 

Jon Mallat 1996 Jaws first evolved for 
ventilation 

Comparative 
cyclostome and 
chondrichthyan 
anatomy  

Evo-devo 
models 

Shigeru Kuratani, 
Yasuyo Shigetani, 
et al. 

2002 Heterotopy Hypothesis: 
inductive tissue-
interactions shifted 
posteriorly; jaws evolved 
as a morphological 
novelty 

Gene expression 
in lampreys vs. 
amniotes 

Robert Cerny et al. 2010 Pre-Pattern and Co-
Option: jaws evolved by 
co-option of ‘joint genes’ 
into a molecularly pre-
patterned but unjointed 
mandibular arch 

Gene expression 
in lampreys vs. 
zebrafish and 
amniotes, 
fossils 

Tetsuto Miyashita 2016 Mandibular 
Confinement: jaws 
evolved in four 
successive stages as the 
mandibular arch lost a 
role in ventilation and 
was spatially confined to 
contribute only to the 
jaw 

Gene expression 
in lampreys vs. 
zebrafish and 
amniotes, 
fossils 

Claudia 
Compagnucci, 
Michael Depew et 
al. 

2002, 
2013 

Hinge and Caps: jaw 
evolution is the 
acquisition of proximo-
distal polarity into a 
branchial arch, forming 
appositional units 
separated by a hinge 

Gene expression 
in lampreys vs. 
zebrafish and 
amniotes vs. 
chondrichthyans 

 
Table 1.1: Models of jaw evolution from the late 19th century until today. 
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1.2.1 Classical models from the 19th century 
 

As briefly hinted at above, the oldest models of jaw evolution from the 19th century were 

based on comparative anatomical and morphological data. Proto-evolutionary thought was 

permeating through the natural sciences, though Charles Darwin had not formalised it yet 

with the twin formula of natural selection and descent with modification (Darwin, 1859). 

Scientists interested in anatomy, such as Geoffroy Saint-Hilaire (1818), were convinced they 

could identify a common pattern or archetype that was once shared by all animals, and as 

such, their research was an attempt to order the differences and similarities across animals 

by classifying their morphological relationships to this hypothetical common pattern (Janvier, 

1996). The first theories on transformations and homologies (at the time called 

‘correspondences’ or ‘analogies’) can be traced back to this time, and studies on the jaw were 

no exception to these ideas. Segmentation was thought to be one such unifying feature 

shared to varying degrees across all animals, and the first theories on the transformational 

nature of the jaw specifically emerged out of a wider discussion on the segmentation of the 

vertebrate head (Janvier, 1996). Göthe (1820) and Oken (1807) are among the first authors 

to suggest that the vertebrate head once originated from serially homologous segments, and 

they viewed the skull, including the jaw, as an assemblage of modified vertebrae (Janvier, 

1996). 

 

However, through Darwin, Huxley, and other evolutionary thinkers, the philosophical search 

for an archetypical pattern once common to all animals was cast out and gave way to formal 

evolutionary thought that attempted to order animal variety by phylogenetic relationships 

instead of their closeness to a hypothetical ideal. The theories on the segmented origin of the 

skull were picked up by Huxley, who regarded both Göthe’s and Oken’s transformational 

vertebrae arguments as nonsensical (1858; Janvier, 1996), but agreed fundamentally that 

segmentation played a role in the development of vertebrate heads (Huxley, 1858; Goodrich, 

1930). Finally, Carl Gegenbaur framed the problem of skull segmentation as one that included 

all craniofacial tissues, that is, also the nervous system, muscle, tendons, and other tissues in 

addition to endoskeletal elements (Gegenbaur, 1872, 1878; Janvier, 1996). Gegenbaur 

noticed the strikingly anatomical correspondence in the arrangement of jaws and gill arches 

in extant chondrichthyans, and suggested a theory of serial homology, whereby the jaw arose 
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out of the modified anterior-most gill arch (Fig. 1.3A; Gegenbaur, 1872). This theory considers 

the upper and lower jaws (palatoquadrate and Meckel’s cartilage, respectively) to be 

modified upper and lower gill arch elements (epibranchials and ceratobranchials), jaw 

muscles to be modified branchial constrictors, the spiracular pseudobranch to be a vestigial 

gill, the trigeminal nerve to be a modified branchiomeric nerve, and the maxillary or efferent 

pseudobranchial artery as a modified pharyngeal arch artery. In classical morphology, this 

view was cemented as the transformational origin theory of the jaw (Fig. 1.3B; Gegenbaur, 

1872; Goodrich, 1930; Romer, 1966).  
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Figure 1.3 Classical models of jaw evolution. (A) Carl Gegenbaur’s jaw-gill arch serial 

homology illustrated in a shark pharyngeal endoskeleton with anatomically equivalent dorsal 

and ventral skeletal elements in green and orange respectively. Redrawn after Owen, 1866. 

(B) Representative textbook scenario of jaw origin by transformation of an anterior gill arch. 

The anterior-most gill slit becomes the spiracle. Upper anterior gill arch/jaw in green, lower 

anterior gill arch/jaw in orange, redrawn from Janvier, 1996 and references therein. Cb1-5, 

ceratobranchials 1-5; ch, ceratohyal; eb1-4, epibranchials 1-4; hm, hyomandibula; mk, 

Meckel’s cartilage; pq, palatoquadrate. 
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Some evolutionary thinkers of this time maintained assumptions that were tightly connected 

to the idealised theory of head segmentation, including Huxley. This mainly involves 

speculations on the hypothetical ancestral existence of a pre-mandibular arch (Huxley, 1874; 

Gegenbaur, 1898; Goodrich, 1930; Sewertzoff, 1928; de Beer, 1937; Jarvik, 1980; Kuratani, 

2012). According to those ideas, the mandibular arch was originally specified as the second, 

rather than the first arch, and in gnathostomes the pre-mandibular arch has been adapted 

into the trabecula cartilage, which provided a cranial base for the rostrally expanded forebrain 

(Huxley, 1874; Goodrich, 1930; de Beer, 1937; Kuratani & Ahlberg, 2018). The morphological 

evidence cited in favour of this view is built around innervation, neurocranial anatomy, and 

mesodermal cavities thought to be associated with each pharyngeal arch. First, the trigeminal 

nerve (the anterior-most member of the branchiomeric/pharyngeal nerves) emerges from 

two separate primordia, which was thought to reflect a dual-arch origin of this structure. The 

first one of these two trigeminal nerve primordia gives rise to the ophthalmic nerve and 

ganglion, while the second one gives rise to the maxillomandibular nerve components 

(Goodrich, 1930; de Beer, 1937). This led to the interpretation of the anterior, ophthalmic 

part of the trigeminal nerve as a secondarily degenerated nerve of the reduced 

premandibular arch (Kuratani et al., 2013). Secondly, the anterior neurocranium was thought 

to develop from paired rod-like cartilaginous primordia reminiscent of pharyngeal arches, and 

this was also interpreted as embryonic evidence of an ancestral pre-mandibular arch 

(Kuratani et al., 2013). Finally, elasmobranch embryos possess epithelial mesodermal cavities 

in the head during development, which were thought to correspond to the pharyngeal arches 

(Jarvik, 1980), and as the anterior-most one of these mesodermal cavities lacked such an 

association and was not linked to the mandibular arch, this was also weighed as evidence in 

favour of an ancestral premandibular arch that was assumed to have developed ventrally to 

this cavity. However, no pharyngeal pouch and no pharyngeal muscle develops anterior to 

the mandibular arch, no fossil jawless fish has been found to have possessed a premandibular 

arches (Janvier, 1996; Kuratani et al., 2013; Miyashita, 2016), and no Dlx genes are expressed 

anterior to the mandibular arch, and for these reasons the existence of such a hypothetical 

pre-mandibular arch has been discounted today (Kuratani et al., 2013). Nonetheless, 

speculations on this have been influential in previous models of jaw evolution; and the 

evolutionary history of the trabecula (part of the historical reason that invoked such an arch 

in the first place) has remained fruitful grounds for debate (Kuratani & Ahlberg, 2018). 
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1.2.2 New heads and new mouths in the 1980s 

 

Around a hundred and twenty years after Gegenbaur’s Elements of Comparative Anatomy 

(1859) became the standard textbook of evolutionary morphology, new insights from 

molecular and developmental data in the 1980s revolutionised our understanding of 

vertebrate phylogenetics. This led to a completely new conception of vertebrate evolution, 

jaws included (Northcutt & Gans, 1983; Mallat, 1984). In 1983, Northcutt and Gans put 

forward the ‘New Head Hypothesis’: they noted that most features unique to vertebrates are 

linked to the origin of the neural crest cells and the neurogenic placodes, and these embryonic 

features functioned together to derive a novel vertebrate head architecture (Gans and 

Northcutt, 1983; Gans, 1989, 93; Northcutt, 1996). The new head hypothesis framed the 

origin of vertebrates (and the subsequent origin of the jaws) as a transitional set of stages 

that started with benthic ciliary filter feeders, similar to living cephalochordates like 

amphioxus, followed by a shift to a proto-vertebrate lifestyle in which the pharynx became a 

muscular pump, consisting of neural-crest-derived pharyngeal bars and branchiomeric 

muscles, which in turn enabled the shift from suspension feeding to suction feeding and 

finally to more active predation as the anterior pharyngeal muscular pump transformed into 

the first set of jaws (Northcutt, 2005). Several new lines of evidence united in support of this 

theory: large advances were made in understanding deuterostome phylogeny, ammocoetes 

were discovered to be larval lampreys and could as such be used in comparative studies on 

the development of jawless vertebrates as an outgroup to gnathostomes, and finally tritiated 

thymidine labelling experiments showed how extensively neural crest and placodes are 

contributing to vertebrate tissues, particularly in the head (Janvier, 1996).  

 

It is important to note that this new head hypothesis modelled early vertebrate and 

subsequent gnathostome evolution as a transition from sessile filter feeding to active 

predation that could be represented by extant species, i.e. the non-vertebrate chordate 

amphioxus and the larval stages of jawless vertebrate lamprey. This marked a departure from 

mostly anatomical hypotheses that largely did not speculate on how ancestral lifestyles may 

have influenced the evolution of gnathostomes, to the broad assumption that the larval 

lamprey condition reflected a filter feeding lifestyle inherent to the ancestral condition of 
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gnathostome ancestors, and this assumption has influenced all subsequent theories on jaw 

evolution ever since.  

 

In 1996, the new head scenario was complemented by the new mouth hypothesis put forward 

by Mallatt (1996, 2008). Mallatt also agreed with the hypothetical stepwise transition through 

several different lifestyles by early vertebrates before the acquisition of the jaw, but 

emphasised the role of ventilation in this transition. The new mouth theory proposes that the 

first pharyngeal bars enlarged to prevent water reflux during forceful expiration, meaning the 

presumptive jaws first enlarged to fulfil a ventilatory function, and only then evolved to grasp 

prey. The associated pharyngeal bars tilted forward, which shaped the once large mouth into 

a thin slit between jaws and lips, forming the buccopharyngeal cavity of gnathostomes. Larval 

lampreys (Fig. 1.2) and extant chondrichthyans (Fig. 1.3) are thought to represent various 

intermediate step along this route, as these lineages both have retained the ancestral pre-

mandibular cheeks and lips that framed the primitive open mouth (Mallatt, 1996). Put 

together, this model suggests that the jawless ancestors of gnathostomes possessed 

unjointed branchial arches, akin to lampreys, but an increased level of activity associated with 

altered feeding strategies changed the way ventilation and prey-capture occurred, giving rise 

to jointed bars, a closing mouth, and jaws. This suggests few or no oral structures were lost 

during the acquisition of the jaw and nearly all of the retained homologs occupy the same 

relative positions in the head of chondrichthyans as in larval lampreys. For this reason, 

Mallatt’s ventilation theory also denies the existence of a hypothetical premandibular arch 

and suggests that the upper lip in lampreys (Fig. 1.2), which is derived from the premandibular 

domain and which contains trigeminal nerve-innervated muscles and endoskeletal elements, 

is thought to be retained as the “lips” around the mouth as the mandibular arches tilted 

forward in early branching gnathostomes and living chondrichthyans. 

 

1.2.3 Fossil evidence for a cyclostome-like arrangement of the pharyngeal 

endoskeleton in stem gnathostomes  

 

The rise to prominence by lampreys as models of gnathostome ancestry prior to the 

emergence of the jaws was further underpinned by palaeontological evidence that largely 
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centred around fossilised impressions and scars preserved in headshields of extinct jawless 

fishes on the gnathostome stem. The jawless fishes in question were osteostracans, which 

lived from the middle Silurian to Devonian and comprise a series of successive sister clades 

to jawed vertebrates (Sansom et al., 2015), and galeaspids, which comprise the extinct sister 

clade to the group that is formed by osteostracans and crown gnathostomes (Gai et al., 2011). 

Together, osteostracans and galeaspids form successive outgroups to jawed fishes, and they 

are more closely related to gnathostomes than cyclostomes (Fig. 1.4). As such they have been 

considered informative in inferring which traits are considered ancestral or derived along the 

gnathostome stem. 

 

Fossil evidence recovered from osteostracans and galeaspids includes casts of the trigeminal 

nerve, which supported the interpretation of a cyclostome-like upper lip deriving from a 

mandibular arch laterally overlapping with the premandibular domain (Wängsjö, 1952; Gai et 

al., 2011; Janvier, 1996; Miyashita, 2016). The preservation of muscle scars close to the 

second branch of the trigeminal nerve in osteostracans is also cited as cyclostome-like, as the 

muscle innervation of the equivalent branch of the trigeminal nerve in lampreys occurs in the 

same domain (Song & Boord, 1993; Janvier & Arsenault, 2007; Higashiyama & Kuratani, 2014; 

Miyashita, 2016).  
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Figure 1.4: Vertebrate phylogeny. Jawless galeaspids and osteostracans as well as jawed 

placoderms are extinct groups on the gnathostome stem. Adapted from Gai & Zhu, 2012. 
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Other lines of evidence for a cyclostome-like condition in these jawless stem gnathostomes 

are drawn from the prebranchial cavities, which appear large enough to have housed a velum, 

and in some specific osteostracans such as Dartmuthia, preservations of the prebranchial 

cavity even suggest traces of the ventral attachment of a velum in this cavity (Janvier, 1985; 

Miyashita, 2016). Similarly, trace evidence and impressions of the prebranchial cavity in 

galeaspids have been interpreted as consistent with the innervation and veins associated with 

the velum in lampreys (Gai et al., 2011; Miyashita, 2016). Finally, it has also been suggested 

on a theoretical level that the rigid head shields and dermal scales inherent to these jawless 

fishes likely prohibited constrictions of the branchial cavity, which in turn would have 

prevented sufficient ventilatory flow in the absence of an additional ventilatory structure, 

necessitating the presence of a feature like the velum (Miyashita, 2016). Taken together, 

these palaeontological findings pointed to a scenario whereby the cyclostome-like 

organisation of the oropharyngeal region and endoskeleton, which is retained in living 

lampreys, was ancestrally shared by stem gnathostomes, and from this organisation, jaws 

likely originated. 

 

1.2.4 The velum-transformational theory 

 

The fossil evidence suggesting a cyclostome-like pharyngeal organisation in stem 

gnathostomes resulted in an increasing drive to homologise the components of lamprey and 

gnathostome pharyngeal endoskeletons, especially the velum and the jaw, as both derive 

from the first pharyngeal arch in lampreys and gnathostomes, respectively. The velum (Fig. 

1.2) is a neural crest derived, cartilaginous structure unique to lampreys, which has a dual 

role in feeding and respiration in the anterior pharynx (Janvier, 1996). Attempts to 

homologise the velum with the gnathostome jaw have a long history (Ayers, 1931; Forey, 

1995; Janvier, 1996), since jaws evolving from a velum-like condition appears like the most 

parsimonious scenario, if the velum-bearing lamprey condition of the pharyngeal 

endoskeleton is indeed ancestral. From this point of view, the jaw-gill arch serial homology 

hypothesis appears less likely, since the latter scenario involves an ancestral gill-arch losing 

its respiratory function and gaining a role in feeding—whereas the velum transformational 
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theory merely suggests an ancestral oropharyngeal device already functioning in feeding was 

adapted to clasp prey.  

 

Consequently, the assumed cyclostome-like condition of stem gnathostomes and the 

increasing focus on comparative development and anatomy of extant jawed and jawless 

vertebrates ignited a debate on whether the ancestral mandibular arch had ever been gill-

bearing. This is a prediction of the jaw-gill arch serial homology hypothesis, and this was an 

assumption that had largely been accepted as a given up to that point (de Beer, 1937; 

Goodrich, 1930; Janvier, 1996; Mallat, 1996). Classical anatomists had speculated that there 

had once been a complete gill slit between the mandibular arch and the hyoid, and that the 

paired openings in this place possessed by elasmobranchs (sharks, rays skates), called 

spiracles, represent a vestige of such a gill slit (Goodrich, 1930; Forey, 1995). But new 

comparisons with lampreys did not support this theory as they do not possess either a gill or 

a gill slit behind the velum-bearing mandibular arch (Maisey, 1989; Janvier, 1996; Morrison 

et al., 2000). The reduced, epithelial element inside the elasmobranch spiracles, termed 

‘pseudobranch’, which anatomically strongly resembles a vestigial gill and had been 

interpreted as such, was discounted as a true gill since the water flow through the spiracles 

occurs in the opposite direction as across the gills in the gill arches (Janvier, 1996) and because 

its innervation and blood supply did not seem to match a gill-like organisation (Maisey, 1989; 

Miyashita, 2016). The clefts separating all arches, including the mandibular and hyoid arches, 

in the vertebrate embryo were discounted as evidence of serial homology, as they 

subsequently disappear in most groups. Developmentally, accumulating evidence of the 

power of Hox genes in body plan patterning and the ‘Hox-free default’ state of the mandibular 

arch further served to decouple the mandibular arch from the posterior gill arches on a 

molecular level (Gendron-Maguire et al., 1993; Rijli et al., 1993). These findings were 

interpreted as evidence demonstrating that the apparent similarities between the 

mandibular and non-mandibular pharyngeal structures in gnathostomes, such as shared 

dorsoventral segmentation in chondrichthyans, require a patterning mechanism that acts 

independently of the pharyngeal Hox code and that had been acquired later in evolution than 

the ancestral, fundamental differences between the mandibular arch and the hyoid and gill 

arches (Miyashita, 2016). Consequently, it was now assumed that lampreys had retained the 
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ancestral condition and the mandibular arch across vertebrates had never been gill-like 

(Janvier, 1996; Forey, 1995).  

 

Taken together, these findings have been interpreted as evidence consistent with the theory 

that the serially patterned derivatives of the mandibular arch in extant gnathostomes 

represent a derived, rather than ancestral, condition (Miyashita, 2016). According to this 

scenario, stem gnathostomes possessed a pharyngeal organisation reminiscent of 

cyclostomes, including a hypothetical velum or its equivalent structure that functioned for 

feeding or respiration. In the lineage leading to jawed fishes a reduction in the velar function 

occurred, and the velar cells were recruited to the novel structure of the jaw, particularly jaw 

articulation (Yokoyama et al., 2020). The velum-transformational hypothesis is challenged, 

however, by the fact that the velar muscles and cartilage develops from distinct mesodermal 

and mesenchymal subpopulations of mandibular arch cells, relative to the jaw cartilages 

(Yokoyama et al., 2020), which is reflected by the fact that the velar cartilages and muscles 

have no exact correspondences in gnathostomes and do not share a polarisation that could 

be compared to the upper and lower jaws, respectively (Miyashita, 2016). Nonetheless, the 

models of jaw evolution put forward since the 1980s all share one assumption: namely, 

cyclostomes have retained the ancestral pharyngeal endoskeletal organisation of vertebrates, 

and thus the jaw evolved out of a modified lamprey-like condition, as found in larval lampreys 

(Kuratani et al., 2005; Northcutt, 2005; Mallatt, 2008; Cerny et al., 2010; Square et al., 2016). 

 

1.2.5 Lamprey-based evo-devo models since the 2000s 

 

Current models of jaw evolution are still further advanced by novel developmental insights, 

such as the Dlx code (Depew et al., 2002) or transcriptional circuits regulating neural crest 

cells (Martik et al., 2019). Molecular biology techniques that extended the scope of 

developmental biology are continually improving, an ever-growing array of model species is 

becoming amendable to experimental manipulation, and high-resolution gene expression 

maps and gene regulation networks are being drawn. Consequently, the most recent suite of 

evo-devo hypotheses, put forward during the third era of jaw evolution models in my 

timetable of theories (Table 1.1), are mostly concerned with reconciling observed differences 
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in cell signalling, gene expression, and patterning functions between the lamprey and 

gnathostome pharyngeal arches, and aim to explain the derived gnathostome jaw as an 

elaboration upon a lamprey-like ancestral state. Specifically, the challenge has become to 

understand the genetic and developmental basis of how the robust and complex pharyngeal 

endoskeleton consisting of distinct cartilages connected by specialized joint tissue in 

gnathostomes emerged from the pharyngeal endoskeleton along the vertebrate stem, which 

is thought of as simple and unjointed like in lampreys. In molecular terms, the evolution of 

the jaw came to be viewed as the emergence of a patterning programme and inductive tissue 

interactions acting on the ectomesenchyme of the first pharyngeal arch to give rise to a 

dorsoventrally articulated jaw architecture, comprised of upper and lower elements, rather 

than a velum.  

 

The heterotopic shift hypothesis of changing epithelial-mesenchymal interactions in 

vertebrate jaw evolution is such a theory, based on comparative studies in lamprey, chick and 

mouse development (Kuratani et al., 2001; Shigetani et al., 2002, 2005; Kuratani, 2005). It 

diverges from the new head and new mouth hypotheses of the 1980s-90s by abandoning the 

underlying assumption that the jaw evolved through a series of intermediate stages. Instead, 

the upper jaw is thought to have replaced, rather than be derived by, pre-existing adult 

structures. This is explained by a positional (heterotopic) shift that is proposed to have 

occurred in inductive tissue-interactions in the pre-gnathostome embryo. Kuratani and 

Shigetani et al. observed that the expression of genes such as Bmp4, Msx1, Fgf8, and Dlx1 

appears shifted posteriorly in the head of gnathostome embryos if compared to lamprey 

embryos, implying both that different developmental signals are being imparted on different 

domains of neural crest cells in the two lineages, and that signalling pathways as well as 

orthologous homeobox genes have been decoupled from their respective derivatives across 

vertebrates, i.e. lips vs. jaws (Shigetani et al., 2002). As a consequence of this positional shift 

of epithelial-mesenchymal signalling interactions, gnathostomes may have lost the ancestral 

upper lip that is still observed in lamprey today, and instead evolved the upper jaw as a 

morphological novelty, under the influence of the same signalling cascade that ancestrally 

patterns the upper lip (Shigetani et al., 2002; Kuratani, 2004; Kuratani, 2005; Kuratani, 2012). 

However, this hypothesis has been challenged by the presence of upper lips in condrichthyans 

which correspond to premandibular-derived lamprey upper lips in terms of position, 
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innervation and vascularization: if jaws evolved through a posterior shift of signalling 

interactions that once functioned to pattern the premandibular upper lips in lamprey and are 

now pattering the mandibular-derived upper jaw, it seems difficult to reconcile this with the 

presence of bother structures in the same place in a group of extant gnathostomes (Mallatt, 

2008).  

 

The pre-pattern co-option model proposes a different scenario that is based on similar 

observations (Cerny et al., 2010), but which returns to a continuation between the lamprey 

oropharyngeal apparatus and the gnathostome mandibular arch. This model frames the 

evolution of the jaw as the emergence of the joint in a previously un-jointed mandibular arch-

derived skeleton. Cerny et al. (2010) observe gnathostome-like nested expression of Dlx 

genes, as well as combinatorial expression of Msx, Hand and Gsc genes along the dorsoventral 

axis of the lamprey pharyngeal arches, suggesting that gnathostome-like pharyngeal 

patterning predates the origin of the jaw. However, expression of the joint regulators Bapx 

and Gdf5/6/7 is lacking from the first arch in lamprey larvae (Cerny et al., 2010). These data 

are assembled into the pre-pattern co-option model, whereby the jaws evolved by 

incorporation of Bapx and Gdf5/6/7 into an already existing dorsoventral patterning program, 

which changed the hypothetical ancestrally unjointed, nonpolar first arch into the jointed, 

polarised mandibular arch of extant gnathostomes. However, this theory is challenged by the 

subsequent discovery that bapx1 and gdf5 expression is shared across all arches in skate, 

which decouples this joint specification programme from the jaw and instead indicates that 

this mechanism was ancestrally likely conserved across all arches in gnathostomes 

(Hirschberger et al., 2021; discussed in chapter 2). Furthermore, the mandibular arch in P. 

marinus is marked by Dlx gene expression that differs from gnathostomes: DlxA is expressed 

in a discontiguous manner, i.e. in distinct dorsal and ventral domains (Cerny et al., 2010). 

Ontogenetically, the oropharyngeal region in lamprey also does not simply give rise to an 

unjointed branchial bar, but a complex, multicomponent endoskeleton, and the velum 

transforms from a flow-generating structure to a valve that separates feeding (i.e. 

esophageal) and respiratory (i.e. pharyngeal) channels during morphogenesis (Johnels, 1948; 

Yao et al., 2011; Green & Bronner, 2014). Thus the lamprey mandibular arch lacks a clear 

polarised expression pattern of Dlx orthologues that corresponds to a ventral Dlx5/6 domain 

nested in a dorsoventrally more extensive Dlx1/2 domain as observed in gnathostomes, which 
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could be adapted into a jaw by the incorporation of Gdf5/Bapx1 to the intermediate region. 

Rather, the uniquely lamprey-like domains of discontiguous DlxA expression then go on to 

give rise to endoskeletal elements that cannot be clearly homologised to gnathostome 

endoskeletal elements in the adult forms, i.e. the velum, which as part of the cusped feeding 

apparatus of adult lampreys allows for feeding by suctorial pumping (Hardisty, 1979). Taken 

together, the observation of nested dlx and msx expression in lampreys is a valuable asset in 

understanding the evolution of developmental patterning mechanisms in the pharyngeal 

arches across vertebrates, but the absence of bapx and gdf from the first arch in lamprey is 

equally likely to reflect a loss of these genes as the velum evolved as it is to reflect an ancestral 

absence from the first arch in early vertebrates.  

 

The mandibular confinement hypothesis is also concerned with the apparent patterning 

similarities of the mandibular arch with the other pharyngeal arches, despite their assumed 

lack of shared ancestry (Miyashita, 2016). Miyashita postulates that if the latter is true, i.e. 

the jaw did not emerge out of a gill-arch-like condition, jawless stem gnathostomes should 

possess mandibular arch derivatives that were patterned in a different manner than the hyoid 

and gill arch derivatives. The observation that both developing mandibular and gill arches in 

extant gnathostomes are in fact patterned similarly thus requires an explanation. The 

mandibular confinement hypothesis suggests the gain of a gill-arch-like patterning 

programme by the mandibular occurred in tandem with the origin of jaws, owing to a spatial 

confinement of the mandibular arch mesenchyme by modified premandibular, hyoid, and 

hypobranchial interfaces. The newly confined mandibular derivatives of stem gnathostomes 

transformed from the musculoskeletal system that is highly expanded and derived in lamprey 

(lips, velum and first branchial bars of the branchial basket for feeding and ventilation) to its 

‘jaws-only’ state for feeding (Miyashita, 2016). This shift is thought to have occurred stepwise 

via four stages that successively restricted the space filled by the mandibular mesenchyme: 

first, the lamprey-like unconfined mandibular mesenchyme in stem vertebrates gave rise to 

a broad domain of oropharyngeal structures, reaching anteriorly from the premandibular 

region to the posterior velum in the hyomandibular extension; then secondly, the anterior 

premandibular mesenchymal interface with the postoptic stream of trigeminal neural crest 

cells shifted to a crown-gnathostome-like state and the lamprey-like nasohypophyseal 

placode was split into two, leading to the loss of the lamprey upper lip and the gain of 
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gnathostome-like trabecula from the preoptic stream of trigeminal neural crest cells; thirdly, 

the posterior hyomandibular extension was lost also, leading to a crown-gnathostome-like 

hyoid interface with a spiracle and the loss of the velum, while the velar joint became the jaw 

joint precursor; until fourthly and finally, the last, mid-ventral mandibular mesenchyme 

extension was lost and the crown-gnathostome-like, narrow mandibular arch domain 

emerged, which was modelled into the jaws as the posterior branchial bars shifted medially, 

allowing the hypobranchial muscles to extend dorsally along the pharynx to attach to the 

jaws. During this sequence, the mandibular arch cell populations that would otherwise have 

differentiated into specialized feeding and ventilation structures as seen in lamprey, including 

the velum and upper lips, lost these ancestral fates and remodelled into the jaw apparatus. 

However, this hypothesis and its complex set of changes to pharyngeal development does 

not align perfectly with the fossil record: the mandibular confinement hypothesis explicitly 

assumes that a serially patterned pharynx is not the plesiomorphic vertebrate condition, i.e. 

the mandibular arch derivatives were already patterned distinctly in the vertebrate stem 

before the split of cyclostomes and gnathostomes (Miyashita, 2016). As discussed in detail 

below, this may not be the case. Secondly, while the gnathostome jaws and the lamprey 

velum share an embryonic origin from the mandibular arch mesenchyme, any contributions 

of the velum, such as its joint, to the jaw remains contentious (Yokoyama et al., 2020). 

 

Finally, the hinge and caps model of jaw development first reframes jaw development as the 

evolution of a modular unit defined by two appositional components (Depew et al., 2002). In 

later incarnations, this model then attempts to bridge the developmental gap between the 

jawless lamprey and the jawed gnathostome condition by including developmental evidence 

from chondrichthyans (Depew et al., 2002; Depew & Compagnucci, 2007; Fish et al., 2011; 

Compagnucci et al., 2013). First, the hinge-and-caps model is based on the definition of the 

jaws as two modular, appositional units separated by a hinge. This architecture already 

predicts patterning polarity within the developing jaws, as the tissues within the appositional 

units, i.e. upper and lower jaws, have to acquire a positional identity relating to the hinge as 

well as to the neurocranium above the jaws. Hence, this approach frames jaw evolution as a 

question of changes in the polarity and varying mesenchymal competence along the 

dorsoventral axis. In testing this model, the authors observed that chondrichthyan embryos 

exhibit relative differences in gene expression locations (heterotopy) and timing 
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(heterochrony) if compared to amniotes like mice, and they consider this pattern to be the 

‘baseline molecular bauplan’ for pharyngeal arch derived-jaws, from which the amniote jaws 

emerged (Depew et al., 2002; Depew & Compagnucci, 2007; Compagnucci et al., 2013). 

However, while this model is an excellent strategy to understand how the jaws develop in 

gnathostomes, and how this development has changes across gnathostomes to give rise to a 

wide variety of different phenotypes, it does not offer clear answers as to the origin of the 

jaws beyond the acquisition of the hinge-and-caps polarity by the mandibular arch.  

 

While these models are supported by the trace evidence of cyclostome-like characteristics in 

stem gnathostomes (galeaspids and osteostracans), there is fossil evidence from the time 

period predating the split of the lineages leading to cyclostomes and stem gnathostomes (i.e. 

stem vertebrates) that conflicts somewhat with this view. If a cyclostome-like condition is 

indeed ancestral, we might expect species predating the split of cyclostomes and 

gnathostomes to possess these characteristics as well. In assessing whether the ancestral 

pharyngeal endoskeletal organisation of vertebrates really resembled modern cyclostomes, 

it is therefore important to test for the presence of these condition in stem vertebrates. 

 

1.2.6 Fossil evidence inconsistent with an ancestrally cyclostome-like condition in stem 

vertebrates 

 

The best place to start mapping the evolutionary history of the vertebrate pharyngeal 

organisation are the prehistoric oceans of the early- to mid-Cambrian (540 million years ago). 

There were no jawed fishes yet, but their early vertebrate ancestors were starting to populate 

the seas. During the early Cambrian era, stem vertebrates likely resembled modern 

amphioxus—a cephalochordate with a burrowing, suspension-feeding lifestyle that is driven 

by a muscular, ciliated, fibrous pharynx (Kardong, 2012). While it is difficult to ascertain 

whether this lifestyle is ancestral, the pharyngeal support for it is certainly shared by 

vertebrates recovered from this era. Haikouella, Haikouichthys, Myllokunmingia and 

Metaspriggina are four such fossil species, which all possessed a cartilaginous endoskeleton 

and a muscular pharynx, probably covered by gills (Holland & Chen, 2001; Mallatt & Chen, 

2003; Shu et al., 2003; Morris & Caron, 2014). Although their exact phylogenetic relationships 
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remain contentious (e.g. whether Myllokunmingia and Haikouichthys group more closely to 

gnathostomes, hagfish or lampreys, Janvier, 1999), they are arguably all early vertebrates, 

and therefore present good starting points from which to map the acquisition of a modern 

jawed pharyngeal endoskeleton. 

 

Haikouella is comparatively well studied, as more than three hundred specimens have been 

found to date (Holland & Chen, 2001). Extensive phylogenetic analyses suggest Haikouella is 

a sister lineage to craniates (chordates with skulls, i.e. the lineage comprising all living 

vertebrates including lampreys, hagfishes, and gnathostomes), and as such, the 

characteristics found in Haikouella may represent conditions found in the last common 

ancestor of cyclostomes and gnathostomes (Mallatt & Chen, 2003). While its mouth was 

fringed with buccal tentacles and likely supported by a cartilaginous band internally, the 

pharynx itself consisted of six bilateral pairs of branchial bars, which were in turn comprised 

of crossbanding discs and empty gaps, akin to the architecture of the mucocartilage in the gill 

arches of lamprey larvae (Holland & Chen, 2001). There is no evidence of gill filaments, and it 

is also not clear whether presumptive gill slits mapped onto the successive spaces between 

the pharyngeal arches, but each arch (seemingly including the first one) did bear conspicuous 

shadows on the posterior, which might be indicative of endoskeletal support points for gills 

(Holland & Chen, 2001; Mallatt & Chen, 2003). While the oral apparatus of Haikouella has 

been compared to the apparatus found in larval lampreys, this species does not appear to 

have possessed a branchial basket or a structure akin to a velum (Mallatt & Chen, 2003; 

Kuratani, 2004).  

 

Myllokunmingia and Haikouichthys were originally described on the basis of a single, partially 

preserved fossil each (Shu et al., 1999; Holland & Chen, 2001). The specimen of 

Myllokunmingia possessed six pharyngeal clefts, each one accompanied by a relatively large 

pharyngeal pouch, which likely housed the gills (Shu et al., 1999). Haikouichthys was first 

described on the basis of a single animal as well, but the additional discovery of around 500 

specimens has greatly improved our knowledge of this species (Shu et al., 2003). 

Haikouichthys possessed nine pharyngeal clefts and seven or eight associated branchial bars, 

which were posteriorly recurved and each apparently consisted of a single unit (Shu et al., 

1999). This organisation of the pharyngeal endoskeleton is markedly different from the 
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cyclostome branchial baskets, and has been interpreted as reminiscent of the gnathostome 

ceratobranchials and hypobranchials (Shu et al., 2003). Haikouichthys also seems to have 

possessed gill-like lamellae between the branchial cartilages on the ventral side of the head, 

and these gill-like regions are occasionally partitioned in a way that suggests they were 

originally housed by pouches (Shu et al., 2003). As mentioned above, both Myllokunmingia 

and Haikouichthys have been grouped closer to lampreys than to the gnathostome stem, but 

these analyses vary (Shu et al., 2003). Other Myllokunmingia interpretations group it as a 

stem vertebrate, and suggest Myllokunmingia, with its hemibranch-like gills housed by 

pharyngeal pouches and rounded pharyngeal bars, may represent the most primitive of the 

stem-group gnathostomes, i.e. it diverged from the lineage that would eventually lead to 

gnathostomes after the cyclostomes had already split off (Hou et al., 2002). Wherever they 

may truly fall on the phylogenetic tree of vertebrates, these fossils show that the cyclostome 

pharyngeal endoskeleton is likely not an ancestral feature found in stem vertebrates, and 

that, in fact, we may assume a degree of dorsoventral polarisation to be present in the fishes 

that predate the split of the cyclostome and gnathostome lineages.  

 

Most informative in this regard has been the recent reappraisal of Metaspriggina (Morris, 

2008; Morris & Caron, 2014), a stem vertebrate recovered from the Middle-Cambrian 

(Simonetta & Insom, 1993). Metaspriggina possessed seven paired, bi-partite pharyngeal 

bars, an organisation that bears striking similarities to the epibranchials and ceratobranchials 

of extant gnathostomes, even more than the endoskeleton of Haikouichthys (Morris & Caron, 

2014). Interestingly, the anterior-most pharyngeal bar of Metaspriggina is slightly thicker 

than the others, and also lacks an association with the posterior gills, which appear to have 

been housed by pouches much like in the other fossils described here. Phylogenetic analyses 

suggest Metaspriggina is a stem vertebrate, pre-dating the split of extant cyclostomes from 

gnathostomes, with close affinity to both Haikouichthys and Myllokunmingia (Morris & Caron, 

2014). This is even more informative than Myllokunmingia, since this suggests a 

dorsoventrally polarised, bi-partite arrangement of the branchial bars may be a plesiomorphic 

vertebrate condition. Furthermore, it is important to stress that from none of the 

reconstructions of these early vertebrates a velum was ever recovered. 
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Thus, there is also fossil evidence consistent with the idea that a degree of dorsoventral 

polarity inherent to the pharyngeal arches is an ancestral feature of the last common ancestor 

of all vertebrates. This in turn suggests that the lack of such a polarity apparent in the 

branchial baskets of cyclostomes is thus likely a derived cyclostome feature. While it is still 

difficult to reconstruct the exact phylogenetic relationships among these fossil lineages, and 

the degree to which the preservation of their endoskeletons actually matches their original 

anatomy is debated, they all point towards a pharyngeal skeletal organization more closely 

resembling that of extant gnathostomes. In other words, a serially repeated set of bi-partite 

skeletal elements, could, in fact, be plesiomorphic for vertebrates. Hence, while there is some 

trace evidence from galeaspids and osteostracans that does not preclude the existence of 

cyclostome-like characteristics in these groups, such as a lamprey-like velum, it seems striking 

that these characteristics were likely not present in stem vertebrates predating the last 

common ancestors of cyclostomes and stem gnathostomes.  
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1.3 The return to serial homology  

 
The fossils discussed above present a problem for the lamprey-based scenarios of jaw 

evolution. If the lamprey-like condition is a derived cyclostome feature, and a 

chondrichthyan-like organization of the pharyngeal endoskeleton represents the 

plesiomorphic condition of gnathostomes, might the evolutionary models that frame the 

acquisition of the jaw as a transformation of a lamprey into a modern jawed fish be based on 

the wrong assumptions? This line of thinking has led to a recent reappraisal of Gegenbaur’s 

classical transformational theory of jaw-gill arch serial homology (Gillis et al., 2013, Siomava 

et al., 2020). However, while the lamprey-based models have seen extensive testing from 

developmental perspectives (for example Shigetani et al., 2005; Cerny et al., 2010; Miyashita, 

2016), the serial homology theory has experienced comparatively little attention, despite 

initial positive results (Compagnucci et al., 2013; Gillis et al., 2013). This dissertation aims to 

rectify this situation: as Carl Gegenbaur recognized the striking similarities between the 

anatomical organization of the jaws and gills of chondrichthyans, his theory of serial 

homology of jaw evolution is rendered testable by the availability of cartilaginous and bony 

fish lineages with plesiomorphic pharyngeal endoskeletal organization for experimental 

manipulation.  

 

The concept of homology remains the unifying theme of comparative anatomy and 

evolutionary biology (Wagner, 1989). It is always homology that is invoked whenever two or 

more biological units are compared and their relationship to each other is investigated, be 

they genes, cells, tissues, organs, structures, or even behaviors (Wagner, 1989, 2007, 2014; 

Hall, 2012a, b). However, exactly because it concerns so many different biological 

circumstances, homology is famously difficult to pin down. Various theoretical approaches 

frame homology in accordance with the concepts it is thought to underpin. These include 

sameness and identity (Wagner, 1989, 2007, 2014), synapomorphy and phylogeny (Cacraft, 

2005), and morphological features as end-products of evolution and developmental 

processes, genes and gene networks as evolutionary processes themselves (Hall, 2012a). 

However, over the last few decades these different approaches have largely been organized 

by an increasing re-thinking of the hierarchical nature of homology (Wagner & Hall, 1994; 

Dickinson, 1995; Hall & Kerney, 2012; Rutishauser & Moline, 2005; Hall, 2012b). This 
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theoretical framework positions homology at several levels, which may not be interlinked, 

and at different processes in evolution (Abouheif, 1997; Sommer, 2008). Thus, homology may 

affect genes, their regulation, embryonic origins, and morphology—though homologous 

genes may not give rise to homologous structures across different species and homologous 

structures may not arise from homologous developmental processes.  

 

The framework of homology as hierarchical in nature also transformed the understanding of 

serial homology. Serial homology was originally defined as “representative or repetitive 

relation in the segments of the same organism” (Owen, 1846), but through advances in 

developmental biology, concepts of serial homology now largely also include the repeated 

deployment of conserved developmental mechanisms (e.g. Van Valen, 1982; Roth, 1984; 

Wagner, 1989, 2007, 2014). In the original view, homology reflects continuity of descent: 

characters share ‘sameness’ when they share ancestry and when they can be connected 

through intermediate forms. In modern biology, and particularly through the lens of 

development, this shared ancestry can be unravelled on a molecular, genetic level: characters 

may be (serially) homologous on one level if they originate through the (iterative) deployment 

of shared or conserved developmental mechanisms.  

 

If the parallel anatomical organisation of the gnathostome jaw and gill arch skeleton, noted 

by Gegenbaur, is indeed a product of serial homology, this leads to a testable prediction: if 

the jaw originated as the anterior-most element of an ancestral bi-partite branchial series, 

we would expect these elements to be delineated by shared developmental patterning 

mechanisms. Conversely, their anatomical divergence should be attributable to arch-specific 

variations on a core, conserved developmental programme. Hence, comparisons of the 

developmental and anatomical conditions observed in chondrichthyans with their sister 

group, the bony fishes, allow us to infer anatomical and developmental conditions in the last 

common ancestor of gnathostomes, and thus the origin of the jaw. In other words, the 

anatomical ‘sameness’ of the jaw and gill arch skeletal elements apparent at the level of 

morphology, can be tested for by the comparative search for common molecular mechanisms 

underpinning this ‘sameness’.  
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The second and third chapters of this dissertation test this exact prediction, i.e. serial 

homology on the basis of shared patterning mechanisms during development. Using 

candidate and RNA-seq/differential gene expression analysis and mRNA in situ hybridisation, 

I find broad conservation of dorsoventral patterning mechanisms within the pharyngeal 

arches as well as unique transcriptional features that may underpin distinct jaw and gill arch 

morphologies. The latter include unique gene expression features of jaw and gill arch muscle 

progenitors and of developing gill lamellae. In the fourth chapter of this dissertation, I test for 

serial homology on the basis of anatomy and return to the question of whether the 

mandibular arch ancestrally possessed a gill arch-like nature. Within the hierarchical 

framework of homology outlined above, this is a test for the ‘sameness’ of the mandibular 

and gill arches predicted by serial homology on an anatomical level: if the jaw arose out of a 

gill arch-like condition, we might expect anatomical vestiges of this condition to be found in 

some forms. In this chapter, using lineage tracing experiments, functional tests of cell 

signalling, and gene expression experiments, I detail the development of the internal anatomy 

of the spiracles (comprising the pseudobranch and spiracular cartilage) in skate and 

demonstrate the presence of a vestigial gill-slit on the back of the jaw. 

 

The embryological model system that has been used for this project is the little skate, 

Leucoraja erinacea. The skate is emerging as a powerful developmental model system, with 

an increasing repertoire of experimental methods (Gillis et al., 2009b, 2012, 2016) and 

protocols for in situ gene expression analysis (Gillis et al. 2013, 2020). The skate pharyngeal 

arches are also relatively large and clearly segregated, which allows for the clear observation 

of gene expression features that are obscured or more difficult to image in more conventional 

bony fish model systems. Consequently, targeted studies that address specific comparative 

questions on pharyngeal arch patterning and development can easily be carried out in skate 

(Gillis et al., 2013, 2016b). In combination with its phylogenetic position as a representative 

of the sister group to bony fishes, this makes the skate the ideal model system to test Carl 

Gegenbaur’s classical jaw-gill arch serial homology theory from a developmental perspective. 
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1.4 Summary 

 

Research on the evolution of the jaw has a long and rich history. The earliest scenarios of jaw 

origins emerged from philosophical considerations on the segmentation of the vertebrate 

head. In 1878, Carl Gegenbaur noticed the striking similarity of chondrichthyan jaws and gill 

arches and put forward the jaw-gill arch serial homology hypothesis, which frames the 

acquisition of the jaw as the transformation of the anterior-most element of an ancestral 

branchial series of gill arches into the jaw. In the 1980s, large advances in vertebrate 

phylogenetics and developmental biology led to new head and new mouth models, which 

shifted the attention onto larval lampreys as models of jawless vertebrate ancestry. In 

combination with palaeontological evidence that supported this view, stem gnathostomes 

were assumed to have arisen from a larval lamprey-like condition. Increasing knowledge on 

the molecular mechanisms of craniofacial development across vertebrates refined these 

hypotheses and led to the modern evo-devo era of jaw evolution models, during which 

scenarios such as the heterotopy hypothesis, the pre-pattern co-option model, the 

mandibular confinement hypothesis, and the hinge-and-caps model were put forward. 

However, re-interpretation of the fossil record questions whether stem gnathostomes really 

emerged from a lamprey-like condition. In the light of these recent findings, the classical jaw-

gill arch hypothesis has received new attention. This dissertation aims to test the jaw-gill arch 

serial homology hypothesis on two levels of biological organisation: first, as recent advances 

in developmental biology have framed concepts of serial homology increasingly as the re-

deployment of shared developmental mechanisms, I test for conserved patterning 

mechanisms across the pharyngeal arches. Secondly, I test for serial homology on the level of 

anatomy by demonstrating the existence of vestigial anatomical evidence of the gill-arch-like 

past of the jaws. To this end, I use the little skate (Leucoraja erinacea) as a model system, as 

cartilaginous fishes like the skate have retained an ancestral organisation of the craniofacial 

and pharyngeal endoskeleton. Each of these chapters presents evidence that is consistent 

with Gegenbaur’s classical hypothesis of jaw-gill arch serial homology, first on the basis of 

development and secondly on the basis of anatomy. Together, I hope they serve to close 

significant gaps in the puzzle of gnathostome origins and shed new light on the shared 

ancestry of jaws and gill arches in vertebrates. 
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Chapter 2:  
Gnathostome jaw patterning mechanisms are 

conserved in the gill arches of the skate 
 

2.1 Abstract 

 

The origin of the jaw is a long-standing problem in vertebrate evolution. Over a century ago, 

the anatomist Carl Gegenbaur proposed that the upper and lower jaw arose through 

modifications of the dorsal and ventral elements of the anterior-most gill arch, based on the 

strikingly similar anatomical organization of the jaws and gill arches of chondrichthyans 

(cartilaginous fishes – sharks, skates and rays), though this theory has largely been abandoned 

since. Here, I used candidate gene expression analyses to revisit this classical hypothesis of 

serial homology from a developmental perspective in a cartilaginous fish, the little skate 

(Leucoraja erinacea). If the jaw and gill arches are derived members of a primitive branchial 

series, I predict that they would share common developmental patterning mechanisms. I find 

that dorsoventral patterning mechanisms that are central to patterning the jaw of bony fishes 

are largely conserved across the developing mandibular, hyoid and gill arches in skate. Shared 

features include expression of genes encoding members of the ventralising BMP and 

endothelin signalling pathways, the joint markers bapx1, gdf5, discontiguous markers barx1 

and gsc, and the dorsal marker pou3f3. Additionally, I find shared expression of the 

endothelin receptors A and B in cranial neural crest cells, akin to previously described 

expression in lamprey but distinct from the condition in other gnathostomes, in which ednra 

marks cranial and ednrb marks trunk neural crest cells. My findings also point towards 

mesenchymal expression of eya1/six1 as an ancestral feature of the dorsal mandibular arch 

of jawed vertebrates, while differences in notch signalling distinguish the mandibular and gill 

arches in skate. Taken together, these findings are consistent with serial homology of 

mandibular, hyoid and gill arch skeletal derivatives, but also highlight some molecular 

differences that may underpin the anatomical divergences of jaws and gill arches.  
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2.2 Introduction 

 

Jaws are an iconic example of anatomical innovation, and a uniting feature of the jawed 

vertebrate (gnathostome) crown group (Gans & Northcutt 1983; Mallatt, 1996; Northcutt, 

2005). The development of this feature is particularly well studied in bony fishes, though the 

anatomy of the oropharyngeal region varies widely across gnathostomes. While anatomically 

highly distinct, the bony and cartilaginous components of the jaws of bony fishes such as 

mouse and zebrafish (Fig. 2.1A) share a developmental origin from migrating cranial neural 

crest cells, which delaminate from the neural tube and undergo a set of complex epithelial-

mesenchymal interactions (Santagati & Rijli, 2003; Brito et al., 2006). The frontonasal skeleton 

is formed from neural crest cells that emerge from the posterior diencephalon and anterior 

mesencephalon, while the mandibular (first) pharyngeal arch is populated by neural crest 

cells from the posterior mesencephalon and from rhombomeres 1 and 2 (Kontges & Lumsden, 

1996; Santagati & Rijli, 2003). Along their path, a network of signalling interactions and 

transcription factors provide the spatial patterning information necessary for the correct 

formation of the dorsal and ventral segments of the jaw in bony vertebrates (Fig 2.1B). The 

complexity of this process and the delicate balance of cell signals and regulatory mechanisms 

required for coordinating cell growth, migration, differentiation, and apoptosis, is reflected 

by how often these steps are not finished completely: for example, cleft lips are some of the 

most common differential outcomes observed in human development (Leslie & Marazita, 

2013). At the heart of the dorsoventral patterning process of the jaw in bony fishes sits the 

‘Dlx code’, i.e. nested mesenchymal expression of genes encoding the Dlx family of 

transcription factors, which delineates upper (Dlx1-2), intermediate (Dlx1,2,5,6), or lower 

(Dlx1-6) mandibular arch derivatives (Depew et al., 2002). Upstream of the Dlx code, complex 

interactions of several signalling pathways, including endothelin-1, bone morphogenetic 

protein (bmp), and Jagged-Notch play a role in inducing correct Dlx expression. In turn, 

downstream of the Dlx code, other transcription factors mark dorsoventral identities of the 

developing jaw elements.  
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Figure 2.1: Jaw development in mouse and zebrafish. (A) Mouse (E18.5) and larval zebrafish 

(5dpf) pharyngeal anatomy, adapted from Clouthier et al., 2010. Bony or cartilaginous skeletal 

components in green or orange show defects if corresponding dorsal (green) or ventral 

(orange) patterning mechanisms outlined in (B) are genetically perturbed or suppressed. 

Shared colouration in green or orange across mouse and zebrafish skeletal elements does not 

imply homology. Rather, these elements comprise specialised mammalian or teleost jaw 

morphologies, which are nonetheless patterned by the same genes. (B) Patterning 

programme establishing dorsoventral identity in the jaw of bony fishes as established in 

mouse and zebrafish, adapted from Medeiros & Crump, 2012. bb, basibranchial; bh, basihyal; 

br, branchiostegal ray; cb, ceratobranchial; ch, ceratohyal; dnt, dentary; hb, hypobranchial; 

hs, hyosymplectic; ih, interhyal; in, incus; j, jugal; m, malleus; mc, Meckel's; mx, maxilla; op, 

opercle; p, palatine; pch, prechordal; pm, premaxilla; pq, palatoquadrate; ptr, pterygoid; s, 

stapes; sq, squamosal; th, thyroid; tr, trabecula; ty, tympanic ring. 
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2.2.1 Ventral patterning 

 

Endothelin-1 (edn1) signalling is a particularly well-known pathway involved in dorsoventral 

patterning of the pharyngeal skeleton, specifically in establishing the identity of the lower jaw 

(Clouthier et al., 1998; Thomas et al., 1998; Clouthier and Schilling, 2004; Clouthier et al., 

2000; Kimmel et al., 2003; Miller et al., 2000; Miller and Kimmel, 2001; Miller et al., 2003; 

Walker et al., 2006; Nair et al., 2007; Sato et al., 2008; Vieux-Rochas et al., 2010). In total, 

vertebrates possess three known Endothelin peptides, which all share an initial synthesis as 

a larger pre-pro-peptide, followed by modifications via furin proteases and endothelin 

converting enzymes (ECEs) to form mature ligands (Xu et al., 1994; Yanagisawa et al., 1998). 

Endothelin-1 signalling occurs through two G protein-coupled receptors, Ednra and Ednrb, 

both of which have been shown to cell-autonomously regulate neural crest development 

(Arai et al., 1990; Sakurai et al., 1990; Clouthier et al., 2003). Edn1 is expressed by cells in the 

ventral pharyngeal arches, including ectoderm, core paraxial mesoderm and pharyngeal arch 

endoderm (Clouthier et al., 1998, Maemura et al., 1996), while its receptor in cranial neural 

crest cells in bony fishes, Ednra, is expressed in the mesenchyme across the pharyngeal arches 

(Clouthier et al., 1998, Yanagisawa et al., 1998). In the ventral arches, Mef2C functions with 

Ednra to induce expression of Dlx5 and Dlx6 (Miller et al., 2007; Verzi et al., 2007; Hu et al., 

2015). 

 

Studies in mice and zebrafish have demonstrated that genetic perturbations and targeted 

deletions of Edn1 and Ednra result in severe bone malformations in the lower jaw, including 

homeotic transformations of lower jaw elements into upper jaw elements (Clouthier et al., 

1998; Kurihara et al., 1994; Yanagisawa et al., 1998; Miller et al., 2000; Walker et al., 2006). 

In zebrafish, the first characterised edn1 mutant was termed sucker due to characteristic 

malformations in Meckel’s cartilage that produce a downturned mouth (Miller et al., 2000). 

The loss of edn1 function affects ventral cartilages and bones of both the mandibular and 

hyoid arches, resulting in loss of the ceratohyal, the joints separating dentary (mandibular) 

and maxillary bones as well as cartilages, and a transformation of the rudimentary dentary 

bone into an element sharing similarities with the maxilla, suggesting a homeotic 

transformation of lower jaw elements into upper jaw elements. Posterior to the mandibular 

arch, similar defects occur, with the branchiostegal rays either missing or misshapen, and the 
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dorsal opercle bone assuming an enlarged form, again reminiscent of a homeotic 

transformation of the lower element into the upper element (Miller et al., 2000; Kimmel et 

al., 2003; Nair et al., 2007). In mice, deletion of Edn1 also causes ventral defects and homeotic 

transformation of mandibular arch-derived structures into more maxillary-like structures, 

such as the formation of ectopic dorsal bones in the lower jaw and ectopic whisker barrels in 

the surface ectoderm covering the mandible (Ozeki et al., 2004; Ruest et al., 2004; Vieux-

Rochas et al., 2010; Tavares et al., 2012). Endothelin-1 functions upstream of other signalling 

pathways and transcription factors, which together pattern the entire dorsoventral axis of the 

jaw in bony fishes, and consequently, lack of Edn1 expression also leads to a loss of other 

genes with known expression domains in lower jaw primordia, such as the transcription 

factors Dlx5/6, Hand2, Msx1, and Gsc (Charite et al., 2001; Fukuhara et al., 2004; Miller et al., 

2000).  

 

In addition to patterning the skeletal elements of the jaw, Edn1 may also play a role in 

patterning the jaw muscles. A classical model of cranial muscle development suggests that 

the mesodermal cores within each pharyngeal arch subdivide into distinct dorsal and ventral 

domains before assuming their individual arch-specific muscle identity (Edgeworth, 1935; 

Miyake et al., 1992; Kimmel et al., 2001; Ziermann & Diogo, 2018). The mesodermal 

expression of edn1 in the ventral zebrafish mandibular and hyoid arches has been suggested 

to play a role in this model by patterning the premyogenic condensations of the 

intermandibularis and constrictor hyoideus ventralis muscles, respectively (Miller et al., 

2000).  

 

Another important signalling pathway involved in establishing ventral identity in the jaw 

across bony fishes is BMP signalling. Bmp ligands are expressed across facial primordia, where 

disturbances of this pathway via bead-implantation experiments result in lip and palate fusion 

in chick (Ashique et al., 2002; Barlow and Francis-West, 1997; Francis-West et al., 1994; Mina 

et al., 2002; Parsons & Albertson, 2009). Bmp4 is also involved in the beak morphology 

variation observable in Darwin finches, a textbook example of species diversification by 

natural selection (Abzhanov et al., 2004). In this group of birds, Bmp4 expression in the 

mesenchyme of the upper beak primordia is associated with deep and broad beak 

morphology, and misexpression of Bmp4 in the upper jaw primordia of chick embryos akin to 
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the levels observed in broad-beaked Darwin finches leads to transformations in chick that 

strongly resemble the broad-beaked Darwin finch morphologies (Abzhanov et al., 2004). In 

mice, Bmp4 controls transcriptional regulators that guide self-renewal, osteoblast 

differentiation and negative Bmp autoregulation in the developing jaw (Bonilla-Claudio et al., 

2012). It is expressed in the oral epithelium of the lower mandible, where it induces the 

expression of lower jaw markers in the subjacent mesenchyme, such as Msx1 and Msx2, and 

inhibits expression of intermediately expressed joint genes, such as Barx1 (Tucker et al., 1998; 

Barlow et al., 1999), and Nkx3.2/Bapx1 in chick (Wilson & Tucker, 2004). Loss of Bmp4 in 

cultured mouse mandibles leads to a homeotic transformation of incisors to molars (Tucker 

et al., 1998), while ectopic Bmp4 signal in the presumptive joint mesenchyme in chick 

depletes Nkx3.2 expression and deletes the jaw joint, resulting in fusions of the quadrate and 

articular (Wilson & Tucker, 2004). Conversely, in zebrafish BMP signalling is required for the 

ventral expression of edn1, hand2, dlx6a, msx1 and nkx3.2 in the mandibular and hyoid arches 

and the correct formation of ventral and intermediate skeletal elements (Alexander et al., 

2011). The ventral patterning function of bmp4 is restricted by intermediate expression of 

grem2, which encodes a secreted Bmp antagonist (Zuniga et al., 2011). Ectopic BMP in the 

upper jaw primordia causes the expression of the ventral genes to expand dorsally, and 

results in malformations or transformations of dorsal skeletal elements into ventral ones, 

such as duplications of Meckel’s cartilage in the position of the pterygoid process (anterior 

palatoquadrate - Alexander et al., 2011). 

 

Taken together, endothelin-1 and bmp4 are key regulators of lower jaw identity across bony 

fishes. They promote ventral mesenchymal expression of hand2, msx1, dlx5/6, amongst other 

lower jaw markers, and confer lower jaw identity (Thomas et al., 1998; Yanagisawa et al., 

2003; Funato et al., 2016; Alexander et al., 2011; Zuniga et al., 2011). They also instruct the 

Dlx code, i.e. nested expression of combinatorial dlx genes, which sit at the heart of the 

dorsoventral patterning network in the developing jaw in bony fishes (Qiu et al., 1997; 

Beverdam et al., 2002; Depew et al., 2002; Talbot et al., 2010). 

 

Some of these ventralising genes are also expressed in the ventral pharyngeal arches of the 

jawless lamprey, suggesting they have a patterning role beyond the jaw. The core 

components of endothelin signalling are a vertebrate synapomorphy (Martinez-Morales et 
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al., 2007; Braasch & Schartl, 2014), and as such, the study of endothelin signalling has 

revealed interesting insights into vertebrate evolution as a whole. In the sea lamprey, 

Petromyzon marinus, edn1 is expressed in the ectoderm surrounding the mouth and the 

pharyngeal arches as well as the mesodermal cores of each arch, while ednra and ednrb are 

expressed in late migratory and post-migratory skeletogenic neural crest cells in the head, 

which will give rise to the upper and lower lips and mucocartilage of the lamprey branchial 

basket (Square et al., 2016). This points to an early split in the functions of endothelin 

receptors A and B after the divergence of cyclostomes and gnathostomes: while in lamprey 

ednra and ednrb expression and function is shared by cranial neural crest cells, in 

gnathostomes ednra is restricted to the cranial neural crest and ednrb is restricted to the 

trunk neural crest cells (Square et al., 2016, 2020). A previous study in a different lamprey, 

the Japanese river lamprey, Lethenteron japonicum, also found edn1 in the ectoderm around 

the mouth, in addition to the pharyngeal arch ectomesenchyme, while ednra was expressed 

in the same domains as in P. marinus (Kuraku et al., 2010; Square et al., 2016). The varying 

descriptions of the expression patterns of these genes in different lamprey species may 

reflect species-level differences, or differences in the observed stages, as Square et al. (2016) 

described lamprey larvae from mid-neurulation until the initial differentiation of the head 

skeleton, while Kurako et al. (2010) studied the mid-pharyngula stage. 

 

Lampreys also express homologs of dlx, hand and msx genes (Kurako et al., 2010; Cerny et al., 

2010). However, even more than differences in edn ligands, descriptions of observed dlx 

patterns have varied, with some authors describing uniform levels of dlx expression across 

the entire dorsoventral axis of the pharyngeal arches (Myojin et al., 2001; Neidert et al., 2001; 

Kuraku et al., 2010) and others describing nested expression akin to gnathostome-like 

expression patterns of the Dlx code (Cerny et al., 2010). These differences may also be a 

reflection of different stages being observed as well as difficulties in resolving orthology of 

lamprey and gnathostome dlx genes. The lamprey orthologs of hand and msx, however, are 

expressed in the ventral pharyngeal arches in all studies that examined them (Kurako et al., 

2010; Cerny et al., 2010). Taken together, these data suggest the ventralising functions of 

endothelin, hand and msx as well as the dorsoventral patterning roles of the Dlx code 

predates the emergence of the jaw, consistent with a conserved role in ventralising the 

pharynx across vertebrates, rather than patterning the jaw specifically.  
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2.2.2 Dorsal patterning 

 

The establishment of upper jaw identity is less well-studied than the lower jaw signalling 

pathways. This has led to an initial hypothesis that the upper jaw represents a default state 

of mandibular arch development, while the lower jaw requires specific signals. However, this 

view has changed over time, as specific regulators of upper jaw identity have been reported. 

One of the first markers of dorsal territory in the mandibular arch identified in mice was 

Pou3f3, which was discovered by systematically screening for downstream effectors of the 

Dlx code and which is expressed in the mesenchymal maxillary primordia (Jeong et al., 2008). 

 

Subsequent studies in zebrafish and mice have established additional drivers of dorsal 

identity across the mandibular and hyoid arch. Much like the ventralising pathways described 

above, these signalling pathways and transcription factors conferring dorsal identity also 

function to restrict joint genes and ventral genes. In mouse, Eya1 and Six1 function in middle 

ear and craniofacial development (Xu et al., 1999; Laclef et al., 2003; Ozaki et al., 2004). They 

are co-expressed in the upper jaw primordium of the mandibular arch, where they inhibit 

expression of Edn1 and induce expression of the dorsalising notch signalling component Jag1 

(Tavares et al., 2017). However, while loss of Edn1 or its cranial neural crest cell receptor 

Ednra results in a homeotic transformation of the lower jaw into an upper jaw like structure, 

loss of Jagged-Notch signalling in mice does not cause significant changes in maxillary 

development (Tavares et al., 2017). Instead, Six1 is required to restrict Edn1 to the ventral 

mandibular arch endoderm, and Six1-/- mice do show a partial homeotic transformation of 

the upper jaw into a lower jaw like structure (Tavares et al., 2017).  

 

In contrast, in zebrafish Notch signalling components jag1b and hey1 are expressed in the 

dorsal mesenchyme of the mandibular and hyoid arches and in the pouch endoderm, while 

notch2 is expressed more widely throughout the pharyngeal arches (Zuniga et al., 2010). 

notch2 morpholino and human jagged1 (JAG1) misexpression experiments have shown that 

in the absence of notch2 expression, dorsal skeletal elements like the hyomandibular cartilage 

or the opercle bone assume ventral-like morphologies, while JAG1 over-expression in 

zebrafish transforms the ventral Meckel’s cartilage and ceratohyal cartilage into structures 

resembling the dorsal palatoquadrate and hyomandibular cartilages (Zuniga et al., 2010). 
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Notch signalling confers this upper jaw skeletal identity through jag1b and hey1 and represses 

the transcription of edn1 as well as other intermediate and ventral patterning genes, including 

dlx3b/5a/6a, msxe, nkx3.2 and barx1 (Zuniga et al., 2010; Barske et al., 2016). The 

discrepancies in the involvement of notch signalling in craniofacial development in mouse and 

zebrafish may be a consequence of the different fates of the mandibular and hyoid arch 

mesenchyme in the two lineages: whereas in zebrafish the jaw and hyoid bones and cartilages 

are derivatives of the cranial neural crest cells populating the mandibular and hyoid arch in 

the embryo, in mouse the jaw bones receive contributions from frontonasal neural crest cells 

and the ventral mandibular arch, while the dorsal mandibular and hyoid arch give rise to the 

ossicles of the middle ear. Therefore, it might be expected that pathways and transcription 

factors active in the dorsal mandibular and hyoid arches patterning the upper jaw in zebrafish 

to be involved in inner and middle ear development in mammals. 

 

In contrast to the ventralising signal pathways and transcription factors discussed above, 

these dorsalising signalling cascades and transcription factors are not well studied in jawless 

fishes. This makes it difficult to resolve dorsal mandibular arch patterning mechanisms to the 

vertebrate stem and to understand whether these patterning activities are jaw-specific, or 

whether they were ancestrally more widely shared in the vertebrate pharyngeal arches prior 

to the emergence of the jaw, in parallel to how edn-1 possesses a ventral patterning role in 

the lamprey pharyngeal arches. 

 

2.2.3 Intermediate patterning 

 

Finally, in bony fishes, the jaw joint is specified at the interface of these upper and lower jaw 

gene expression domains. The expression of the transcription factor nkx3.2/bapx1 (Newman 

et al., 1997; Miller et al., 2003; Lukas & Olsson, 2018) and the secreted signalling molecule 

gdf5 (Miller et al., 2003) mark the presumptive joint domain. In amphibians and zebrafish, 

morpholino experiments and genetic perturbations have shown that in the absence of nkx3.2, 

Meckel’s cartilage and the palatoquadrate fuse, and this joint-less morphology may share 

similarities with the ancestral, jawless organisation of the pharyngeal endoskeleton in stem 

vertebrates before the origin of the jaw (Lukas & Olsson, 2018; Miyashita et al., 2020). 
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Zebrafish experiments have shown that nkx3.2 is controlled by edn1, and similarly to 

amphibians, functional nkx3.2 expression is required to form the jaw joint (Miller et al., 2003). 

Conversely, in mice, Nkx3.2 expression marks an intermediate region in the mandibular arch, 

an ancestral joint region that has been modified in mammals to form middle ear ossicles, i.e. 

malleus and incus (Tribioli et al., 1997). In contrast to zebrafish, inactivation of Nkx3.2 in mice 

does not affect the formation of a proper joint between malleus and incus (Tucker et al., 

2004). This suggests that the transformation of the proximal jaw bones modifying the jaw 

articulation (the primary jaw joint) into the mammalian middle ear ossicles did not involve a 

loss of Nkx3.2 expression in this region, but rather the loss of Nkx3.2 regulation of Gdf5 and 

Gdf6, which are both crucial joint regulators (Tucker et al., 2004). 

 

In bony fishes, the presumptive joint domain is further flanked by expression of the 

transcription factors barx1 and gsc (Miller et al., 2003; Nichols et al., 2013; Wilson & Tucker, 

2004; Newman et al., 1997, Lukas & Olsson, 2018; Tucker et al., 2004; Trumpp et al., 1999). 

In mouse and zebrafish, barx1 is expressed in the mesenchyme and is excluded from the joint-

forming intermediate arch domains (Sperber & Dawid, 2008; Tissier-Seta et al., 1995). Genetic 

perturbations in zebrafish have shown that a loss of barx1 expression results in ectopic joint 

formation, such as prominent gaps dividing Meckel’s cartilage, the ceratohyal cartilage and 

the ceratobranchial cartilages (Nichols et al., 2013). Also in zebrafish, the transcription factor 

gsc is expressed in dorsal and ventral domains of the mandibular and hyoid arch (Miller et al., 

2000; Miller et al., 2003). This expression is lost in edn1 mutants and to a lesser extent in 

hand2 mutants, which may explain the loss of the jaw joint in these fish (Miller et al., 2003).  

     

It has been suggested that the gnathostome mandibular arch is distinguished from the 

posterior arches by the discontiguous expression of dorsal and ventral gsc and barx and 

intermediate expression of nkx3.2 and gdf5 in the presumptive jaw joint domain (Cerny et al., 

2010). In the jawless lamprey P. marinus, gnathostome-like expression of Barx, Bapx, or 

Gdf5/6/7 is lacking from the first arch (Cerny et al., 2010). Instead, continuous expression of 

Barx marks the ventral and intermediate domains of the first arch, while Gdf5/6/7 and Bapx 

are completely absent from any pharyngeal arches in lamprey in this study (Cerny et al., 

2010). These data have been assembled into the pre-pattern co-option model of jaw 

evolution, which frames the emergence of the jaw as the acquisition of these joint formation 
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genes into the mandibular arch, on top of an anterior-most arch already dorsoventrally 

prepatterned by Dlx, Msx, and Hand genes (Cerny et al., 2010). However, in the absence of 

clear palaeontological evidence demonstrating that the lamprey joint-less condition of the 

pharyngeal arches represents the stem vertebrate condition, it remains difficult to ascertain 

whether the absence of joint patterning genes in the mandibular arch is also the ancestral 

vertebrate condition.  

 

2.2.4 Jaw patterning and serial homology 

 

Over a century ago, the anatomist Karl Gegenbaur proposed a scenario of serial homology, 

whereby the upper and lower jaw arose through modifications of the dorsal and ventral 

elements of an anterior gill arch (Gegenbaur, 1878). Elements of Gegenbaur’s hypothesis are 

testable from a developmental perspective. Over the past several decades, concepts of serial 

homology have evolved to centre largely around the iterative deployment or sharing of 

conserved developmental mechanisms (e.g. Van Valen, 1982; Roth, 1984; Wagner, 1989, 

2007, 2014). If the parallel anatomical organisation of the gnathostome jaw and gill arch 

skeleton is a product of serial homology, these elements may be delineated by shared 

patterning mechanisms – and, conversely, their anatomical divergence may be attributable 

to arch-specific variations on a core, conserved developmental programme. 

 

The little skate (Leucoraja erinacea) is uniquely suited to test for the presence or absence of 

such a shared patterning programme. As a cartilaginous fish, they are a member of the sister 

lineage to the bony vertebrates. By testing for features conserved between skate and other 

bony fish model systems, such as mouse, zebrafish, and chick, ancestral conditions for jawed 

vertebrates as a whole may be inferred. In comparison to these bony fish models, the 

pharyngeal arches in skate are also more readily observable on an anatomical level due to 

their size and clear dorsoventral segregation, which makes the skate an ideal system to 

answer targeted questions on pharyngeal arch patterning and development (Gillis et al., 2013, 

2016b). For example, nested mesenchymal expression of dlx genes, that is, the Dlx code that 

specifies upper and lower jaw identity in bony fishes, has previously been shown to be 

conserved across all pharyngeal arches in skate, thereby suggesting it is a primitive feature of 
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the mandibular, hyoid and gill arches of jawed vertebrates (Gillis et al., 2013). Furthermore, 

the principal dorsal and ventral endoskeletal elements that emerge from the mesenchyme of 

all arches in skate derive from equivalent domains of this combinatorial Dlx gene expression, 

i.e. dorsal dlx1/2 expressing arch mesenchyme gives rise to the palatoquadrate within the 

mandibular arch, the hyomandibula and pseudoepihyal within the hyoid arch, and the 

epibranchial within the first gill arch, while ventral dlx1-6 expressing arch mesenchyme gives 

rise to Meckel’s cartilage within the mandibular arch, the pseudoceratohyal within the hyoid 

arch, and the ceratobranchial within the first gill arch (Gillis et al., 2013). This developmental 

evidence from skate underpins how conserved axial patterning mechanisms give rise to 

putatively serially homologous skeletal elements. These data also point towards a common 

blueprint that primitively patterns the dorsoventral axis of all pharyngeal arches in jawed 

vertebrates. However, to what extent the signalling upstream and downstream of the Dlx 

code is conserved across all arches has not been determined yet, and this is what this chapter 

aims to test.  
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2.3 Methods 

 

2.3.1 Embryo collection 

 

L. erinacea embryos for mRNA in situ hybridisation were collected at the Marine Biological 

Laboratory (Woods Hole, MA, USA). Embryos were fixed in 4% paraformaldehyde overnight 

at 4°C, rinsed in phosphate-buffered saline (PBS), dehydrated stepwise into 100% methanol 

and stored in methanol at −20°C. Skate embryos were staged according to Ballard et al. (1993) 

and Maxwell et al. (2008). 

 

2.3.2 cDNA synthesis, gene cloning and mRNA in situ hybridisation probe synthesis 

 

Skate cDNA was generated using RNA extracted from S19-32 embryos. Total RNA was 

extracted from tissue samples on ice using 1mL Tri-Reagent (Sigma-Aldrich, UK) per 50-100mg 

of tissue in a manual glass homogenizer. After homogenisation, the sample was centrifuged 

at 12000g for 10 minutes at 4°C. The supernatant was isolated and left to rest for 5 minutes 

at room temperature. 200μL of chloroform was added per mL of Tri-Reagent used during 

homogenisation, before centrifugation at 13,000 rpm for 15 minutes at 4°C. The top aqueous 

layer was then isolated and mixed with 500μL of isopropanol per mL of Tri-Reagent used 

during homogenisation. Samples were allowed to rest for another 5 minutes at room 

temperature, followed by centrifugation at 13,000 rpm for 10 minutes at 4°C. The 

precipitated RNA pellet was washed with 1mL of 75% EtOH per 1mL of Tri-Reagent used 

during homogenisation. Samples were vortexed and centrifuged at 7500g for 5 minutes at 

4°C. The RNA pellet was air-dried for 5-10 minutes and resuspended in RNAse-free water.  

 

cDNA synthesis was performed using the SuperScript III First-Strand Synthesis System 

(Invitrogen) according to manufacturer’s instructions. Up to 5μg of previously isolated skate 

RNA was mixed with 1µl of 2µM oligo(dT) primer, 1µl of 10mM dNTP mix, and up to 10µl 

RNAse-free water. The mixture was incubated at 65°C for 5 minutes and placed on ice for 1 

minute. Then, 2µL of 10X RT buffer, 4µL 25mM MgCl2, 2µL 0.1 M DTT, 1µL RNAse-out, and 

1µL Superscript RT were combined, and 10 µL of this mixture was added to the RNA mixture. 
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After gentle mixing and brief centrifugation, the samples were incubated at 50°C for 50 

minutes, followed by termination of the reaction at 85°C for 5 minutes and placed on ice. 1µL 

RNAse H was added to the sample and incubated for another 20 minutes at 37°C. cDNA was 

stored at -20°C. 

 

Cloned fragments of skate cDNAs were PCR amplified from this embryonic cDNA template 

using REDTaq ReadyMix (Sigma). For 25µl polymerase chain reaction mixes, 18.25µl water, 

2.5µl 10X RedTaq buffer, 0.5µl 10 mM dNTP mix, 0.63µl each of forward and reverse primers, 

1.25µl cDNA template, and 1.25µl RedTaq were combined on ice. The PCR protocol consisted 

of 35 cycles of 30 seconds at 94°C, 30 seconds at 58°C and 1 minute at 72°C, followed by 1 

cycle of 10 minutes at 72°C. PCR products were isolated and purified using the MinElute Gel 

Extraction Kit (Qiagen) and ligated into the pGemT-easy Vector System (Promega). Resulting 

plasmids were transformed into JM109 E. coli (Promega), and plasmid minipreps were 

prepared using an alkaline miniprep protocol: after growing cells to saturation, they were 

spun at 8000 rpm for 1 minute. Supernatant was removed and cells were resuspended in 

150µL of 50mM glucose (0.9%), 25mM Tris, pH 8.0, 10mM EDTA buffer. 200 µl 0.2N NaOH, 

1% SDS solution was added, and samples were mixed by inverting 6 – 8 times, followed by 

incubation for 5 minutes at room temperature. 150µl of acetate solution (50mL 5M potassium 

acetate, 25mL 17.5M glacial acetic acid, 11mL H2O) was added, followed by mixing by 

inverting 6 – 8 times, and incubated for 5 minutes at room temperature. Samples were 

centrifuged for 2 minutes at room temperature. Supernatant was isolated and mixed with 

900µl 100% EtOH, followed by incubation for 1 minutes at room temperature. Samples were 

centrifuged at 13,000 rpm for 7 minutes at room temperature. The resulting DNA pellets were 

washed with 700µl 70% EtOH, air-dried, and resuspended in 50µL H2O.  

 

Insert sequences were verified by Sanger Sequencing (University of Cambridge, Dept. of 

Biochemistry). Linearized plasmid was used as a template for in vitro transcription of DIG-

labelled riboprobes for mRNA in situ hybridization, using 10X DIG-labelled rNTP mix (Roche) 

and T7 RNA polymerase (Promega), according to manufacturers’ directions. Probe reactions 

were purified using the RNA Clean & Concentrator kit (Zymo Research). Sequences are 

available in Table S2.1. 
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2.3.3 Histology and in situ hybridization on sections and in wholemount 

 

Prior to in situ hybridisations (ISH) on sections, embryos were embedded in paraffin and then 

cut. First, embryos were cleared with histosol twice for 20 minutes at room temperature, and 

then transitioned for 30 minutes each in 50% histosol:paraffin wax (Raymond Lamb, UK) at 

60°C, followed by one overnight and five 1 hour washes in paraffin wax at 60°C. Embryos were 

then transferred to plastic moulds and positioned for sectioning. 8μm sections were cut on 

rotary microtome and stored on Superfrost Plus slides (VWR). For section ISH, slides were 

dewaxed twice for 5 minutes in Histosol, then rehydrated through a methanol gradient as 

above, then washed with DEPC-PBT. Hybridisation was performed under a glass coverslip in 

a humidified chamber overnight at 70°C with dig-labelled riboprobe diluted to 1ng/uL in 

hybridisation solution. Prehybridisation and hybridisation were performed as described for 

wholemount ISH, under coverslips in a slide incubator (Boekel) humidified with 50% 

formamide, 2X SSC. Slides were rinsed three times for 30 minutes each in wash solution at 

70°C, then twice at room temperature in MABT. Antibody incubation and colour development 

were performed as described for wholemount ISH. Slides were mounted using Fluoromount 

G (SouthernBiotech). 

 

For wholemount ISH, embryos were rehydrated through a methanol gradient into 

diethylpyrocarbonate (DEPC)-treated phosphate-buffered saline (PBS) with 0.1% Tween-20 

(100%, 75%, 50%, 25% methanol in DEPC-PBT), then treated with a 1:2000 dilution of 

10mg/mL proteinase K in DEPC PBT for 15 minutes at room temperature. Following a rinse in 

DEPC-PBT, embryos were re-fixed in 4% PFA/DEPC-PBS for 15 minutes at room temperature 

and washed in DEPC-PBT again. Specimens were prehybridised in hybridisation solution (5x 

SSC, 50% formamide, 1% SDS, 50ug/ml yeast tRNA, 25ug/ml heparin) for 1 hour at room 

temperature. Hybridisation was performed overnight at 70°C with dig-labelled riboprobe 

diluted to 1ng/uL in hybridisation solution. Embryos were washed twice for 1 hour each at 

70°C in wash solution 1 (50% formamide, 2xSSC, 1% SDS), twice for 30 minutes each at 70°C 

in wash solution 3 (50% formamide, 1xSSC), then three times for 10 minutes at room 

temperature in MABT (0.1M maleic acid, 150mM NaCl, 0.1% Tween-20, pH 7.5). After 

blocking for 2 hours at room temperature in 20% sheep serum + 1% Boehringer blocking 

reagent in MABT, embryos were incubated overnight at 4°C with a 1:2000 dilution of anti-
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digoxigenin antibody (Roche) in blocking buffer. Embryos were then washed in MABT (two 

quick rinses then five 30-minute washes), stored overnight in MABT at 4°C and equilibrated 

in NTMT (100mM NaCl, 100mM Tris pH 9.5, 50mM MgCl2, 0.1% Tween-20). The colour 

reaction was initiated by adding BM Purple (Merck) to the embryos and stopped by 

transferring to PBS. Embryos were rinsed once in PBS, post-fixed in 4% PFA for 30 minutes, 

and graded into 75% glycerol in PBS for imaging. Negative controls (wholemount embryos 

and slides treated as above, but without added riboprobe) showed no signal. 

 

For gelatin embedding, wholemount ISH embryos were equilibrated in a 15% w/v gelatin 

solution in PBS at 50°C for 1 hour, before being poured into plastic moulds, positioned for 

sectioning and left to cool. Gelatin blocks were then post-fixed in 4% PFA at 4°C for 4 days 

and rinsed in PBS. 50μm sections were cut using a Leica VTS1000 vibratome and mounted on 

Superfrost slides (VWR) using Fluoromount G (SouthernBiotech).  
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2.4 Results 

 

2.4.1 Conservation of ventral gene expression patterns in the skate pharyngeal arches 

 

I carried out a series of mRNA in situ hybridisation (ISH) experiments to test for shared 

expression of ventral patterning factors known from bony fishes in the pharyngeal arches of 

skate embryos. I found that edn1 was expressed in the ventral/intermediate epithelium of 

the mandibular, hyoid and gill arches (Fig. 2.2A, B), while ednra was expressed throughout 

the mesenchyme of all pharyngeal arches (Fig. 2.2C, D). Additionally, skate embryos also 

exhibited shared expression of ednrb in ventral and intermediate mesenchyme across all 

pharyngeal arches, with a hint of polarising signal in the intermediate and ventral domains of 

the arches (Fig. 2.2E, F). I also found shared expression of edn signalling readout mef2C in the 

ventral and intermediate domain of all pharyngeal arches (Fig. 2.2G).  

 

I also tested for the expression of bmp signalling components in skate pharyngeal arches and 

found shared bmp4 expression in the ventral epithelium of all arches (Fig. 2.2H, I). Dorsal to 

this bmp4 domain, I observed shared intermediate and dorsal expression of secreted bmp 

antagonist grem2 in the mandibular, hyoid and gill arch epithelium (Fig. 2.2J, K). Finally, hand2 

and msx1 expression was also shared by the ventral mesenchyme of all pharyngeal arches 

(Fig. 2.2L-N), indicating conservation of ventral BMP signalling across all pharyngeal arches in 

skate. Taken together, my findings point to conservation of ventral pharyngeal arch 

patterning mechanisms between bony and cartilaginous fishes, and across the mandibular, 

hyoid and gill arches of the skate, as well as a shared role of endothelin receptor A and B in 

cranial neural crest cells.  
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Figure 2.2: Conservation of ventral gene expression patterns in the skate mandibular, hyoid 

and gill arches. (A) At stage (S)22, edn1 is expressed in the ventral domain of all pharyngeal 

arches, with transcripts localising to the (B) pharyngeal epithelium. (C) At S24 ednra is 

expressed along the entire DV axis of the pharyngeal arches, within (D) the mesenchyme. (E) 

At S23 ednrb is expressed in migrating neural crest streams, and also in distinct intermediate 

and ventral domains within (F) pharyngeal arch mesenchyme. (G) At S24 mef2C is expressed 

in the ventral and intermediate domains of all pharyngeal arches. (H) At S24 bmp4 is 

expressed in ventral pharyngeal arch (I) epithelium, and (J) at S23 grem2 is expressed in 

intermediate pharyngeal arch (K) epithelium. (L) At S23 hand2 is expressed in the ventral (M) 

mesenchyme of each pharyngeal arch. (N) At S24 msx1 is expressed ventrally in all pharyngeal 

arches. 1, 2, 3: gill arches; e, eye; h, hyoid; m, mesoderm; ma, mandibular; ms, mesenchyme; 

o, otic vesicle. Scale bars: A, C, E, G, H, J, L, N = 400um, B, D, F, I, K, M = 25um. 
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2.4.2 Conserved and divergent expression of dorsal patterning genes in the skate 

pharyngeal arches 

 

To test for conservation of dorsal patterning factors in the pharyngeal arches of the skate, I 

first characterised the expression of the transcription factors eya1, six1 and pou3f3 by ISH. I 

found that six1 (Fig. 2.3A-C) and eya1 (Fig. 2.3D-F) were both expressed broadly in the 

mandibular, hyoid, and gill arches in skate, though there are tissue-level differences across 

the arches. While six1 and eya1 expression in the epithelium and mesodermal core was 

shared across the mandibular (Fig. 2.3B, E), hyoid and gill arches (Fig. 2.3C, F), mesenchymal 

expression of these factors was uniquely observed in the dorsal mandibular arch (Fig. 2.3B, 

E). In contrast, pou3f3 expression was shared by the dorsal mesenchyme of the mandibular, 

hyoid, and gill arches (Fig. 2.3G-I). Taken together, these findings point towards an ancestral 

role for eya1/six1 in patterning the upper jaw skeleton of gnathostomes, while pou3f3 likely 

possesses a shared role in dorsal patterning across all pharyngeal arches. 

 

I next tested for expression of genes encoding the notch signalling components jag1 and hey1. 

jag1 was expressed in the hyoid and gill arches of skate, but not in the mandibular arch, with 

the exception of very restricted expression in the posterior mandibular arch epithelium (Fig. 

2.3J). In line with this, I also found strong expression of hey1 (a notch signalling readout) 

throughout the mesenchyme of the hyoid and gill arches, but only very restricted expression 

within a subdomain of the posterior mandibular arch mesenchyme (Fig. 2.3K, L). The 

divergence in hey1 signalling in the hyoid and gill arches and its near absence from the 

mandibular arch is not stage-specific and persisted through development. Spanning S24-27, 

the domain of hey1 expression in the mandibular arch resolved into a thin line in the posterior 

mandibular mesenchyme immediately subjacent to the epithelium that separates the 

mandibular arch from the hyoid arch (Fig. 2.3M-O).  
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Figure 2.3: Conserved and divergent dorsal gene expression patterns in the skate 

mandibular, hyoid and gill arches. (A) At S23 six1 is expressed in the (B) mesenchyme, core 

mesoderm and epithelium of the mandibular arch, and in the (C) the core mesoderm and 

epithelium of the hyoid and gill arches. (D) At S23 eya1 is expressed in the (E) mesenchyme, 

core mesoderm and epithelium of the mandibular arch, and in the (F) the core mesoderm and 

epithelium of the hyoid and gill arches. (G) At S24 pou3f3 is expressed in the dorsal 

mesenchyme of the (H) mandibular, (I) hyoid and gill arches. (J) jag1 is expressed in the S24 

mandibular, hyoid and gill arches, though (K) at S24 the notch signalling readout hey1 is 

expressed (L) in a very restricted pattern within the mandibular arch mesenchyme, but 
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broadly throughout the hyoid and gill arch mesenchyme. (M) At S25 and (N) at S27 hey1 is 

also expressed broadly throughout the hyoid and gill arches but only in a (O) very restricted 

domain in the mandibular mesenchyme. 1, 2, 3: gill arches; e, eye; h, hyoid; m, mesoderm; 

ma, mandibular; ms, mesenchyme; o, otic vesicle. Scale bars: A, D, G, J, K, M, N = 400um; B, 

C, E, F, H, I, L, O = 25um. 
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2.4.3 Conservation of joint gene expression patterns in the skate pharyngeal arches 

 

Finally, to understand the extent to which jaw joint patterning genes are shared across the 

pharyngeal arches in skate, I tested for the expression patterns of the transcription factors 

barx1, gdf5, nkx3.2, which are known to play a role in joint formation in bony fishes, and gsc, 

which is expressed in two discontiguous domains that flank the developing jaw joint in 

zebrafish. 

 

At S25, strong barx1 expression (Fig. 2.4A) was shared across the endodermal epithelium and 

mesenchyme of the developing mandibular, hyoid and gill arches (Fig. 2.4B) in skate. This 

expression domain is discontiguous, with strong dorsal and ventral expression surrounding 

the presumptive joint domain, and matches the discontiguous dorsal and ventral expression 

of gsc, which was shared across all arches in skate in the same stage (Fig. 2.4C). Later, during 

S29, which just precedes chondrogenesis in skate, mesenchymal gdf5 expression marked the 

intermediate domain of the mandibular, hyoid and gill arches (Fig. 2.4D, E). At S28, nkx3.2 

expression in the mesenchyme also marked the presumptive joint domains of all arches (Fig. 

2.4F, G).  
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Figure 2.4: Conserved expression of joint markers and pro-chondrogenic transcription 

factors in the skate mandibular, hyoid and gill arches. (A) At S25 barx1 is expressed in dorsal 

and ventral (B) mesenchyme across all pharyngeal arches, in a pattern that flanks the 

presumptive joint domain. (C) At S25 gsc is also expressed in dorsal and ventral domains of 

all pharyngeal arches, excluding the intermediate, presumptive joint domains. (D) At S29 gdf5 

is subsequently expressed in the intermediate (E) mesenchyme of all pharyngeal arches. (F) 

At S28 bapx1 is expressed in the intermediate (G) mesenchyme and epithelium of all 

pharyngeal arches. 1, 2, 3: gill arches; e, eye; h, hyoid; m, mesoderm; ma, mandibular; ms, 

mesenchyme; o, otic vesicle. Scale bars: A, C, D, F = 400um; B, E, G = 25um. 
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2.5 Discussion 

 

Taken together, these findings underscore a high degree of conservation of the jaw patterning 

mechanisms between bony and cartilaginous fishes. Additionally, as most of these jaw 

patterning mechanisms known from bony fishes are also conserved across all posterior 

pharyngeal arches in skate, this is consistent with shared patterning mechanisms 

underpinning the dorsoventral identity of all skeletal derivatives of the pharyngeal arches in 

gnathostomes. However, I also report some divergences in expression features between the 

mandibular, hyoid and gill arches in skate, which may underpin anatomical divergences 

observed between jaws and gill arches. 

 

2.5.1 Jaw patterning mechanisms known from bony fishes conserved across all 

pharyngeal arches in skate 

 

From amongst the suite of ventralising patterning mechanisms known from bony fishes, both 

endothelin-1 and bmp4 are shared by the ventral domains of all pharyngeal arches in skate. 

This is consistent with the conservation of the mechanisms conferring ventral jaw identity 

across bony fishes and cartilaginous fishes. However, the additional expression of endothelin-

1 and bmp4 in the ventral hyoid and gill arches in skate further points to a ventralising 

patterning role of these signals beyond the jaw, though functional experiments perturbing 

their activity are needed to confirm this scenario. Shared expression of their downstream 

effectors, hand2 and msx1, across all arches in skate is also consistent with this view. As 

endothelin-1 is found in ventral pharyngeal arches in lamprey (Square et al., 2016, 2020), this 

points to endothelin as a likely regulator of ventral pharyngeal arch identity that predates the 

origin of the jaw.  

 

Additionally, I find mesenchymal expression of ednrb in the pharyngeal arches of skate, an 

expression pattern previously unrecorded in other gnathostomes (Pla and Larue, 2003; 

Square et al., 2020). ednrb expression in craniofacial neural crest cells has so far only been 

described in a jawless fish, the lamprey (Square et al., 2020), suggesting that the expression 

observed in skate is a likely retention of ancestral ednrb expression in the pharyngeal arch 



 

 62 

mesenchyme of vertebrates. In gnathostome model systems like mouse and zebrafish, cranial 

neural crest cells express ednra, while ednrb is restricted to trunk neural crest cells (Pla and 

Larue, 2003; Braasch et al., 2009). My findings from skate suggest that this specialisation of 

endothelin receptors in distinct neural crest cell populations, i.e. ednra expression in cranial 

neural crest and ednrb expression in trunk neural crest, occurred in the bony fish stem, rather 

than the gnathostome stem, as a comparison solely of lamprey and derived tetrapods may 

suggest (Square et al., 2020). Further studies of these endothelin receptors across early 

branching bony fishes are needed to resolve the exact mode and acquisition of the endothelin 

pathway specialisations across extant gnathostomes. 

 
Interestingly, during the stage of skate development observed here, I was unable to detect 

edn1 expression in the mesoderm of the pharyngeal arches. This contrasts with findings in 

mice, chicken and zebrafish, in which edn1 is also expressed in mandibular and hyoid 

mesoderm (Clouthier et al., 1998; Nataf et al., 1998; Miller et al., 2000). The latter findings 

have led to the suggestion that edn1 signalling might underpin myogenesis as well as 

skeletogenesis (Miller et al., 2000). Whether this is a developmental role of endothelin that 

is confined to bony fishes or whether this may occur during later stages of skate development 

and myogenesis requires further investigation. 

 

2.5.2 Divergent expression of upper jaw markers known from bony fishes across all 

pharyngeal arches in skate 

 

With respect to the dorsal jaw patterning genes examined here, there is some divergence in 

expression patterns of these genes amongst the pharyngeal arches in skate. Only one of the 

known upper mandibular arch markers examined here, pou3f3 (Jeong et al., 2008), is shared 

across the dorsal mesenchyme of the mandibular, hyoid, and gill arches in skate, indicating a 

shared role in dorsal patterning across all pharyngeal arches. In contrast, my findings of 

mesenchymal six1/eya1 expression unique to the mandibular mesenchyme are consistent 

with six1 expression reported in mouse (Tavares et al., 2017) and chick (Fonseca et al., 2017), 

and point to an ancestral role for eya1/six1 in patterning the upper jaw skeleton of 

gnathostomes, rather than the dorsal pharyngeal arch mesenchyme more broadly. However, 

the epithelial eya1/six1 expression across the entire dorsoventral axis is shared across all 
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arches, implying a conserved role in epithelial patterning across the mandibular, hyoid and 

gill arches in skate, and revealing a level of tissue-specificity inherent to the function of 

eya1/six1. 

 

My observations of the expression of notch signalling components in the pharyngeal arches 

in skate differ from patterns previously reported in zebrafish, both in terms of dorsoventral 

extent of expression (i.e. expression along the entire dorsoventral axis of the arch in skate, as 

opposed to the dorsal localisation seen in zebrafish), and the near exclusion of mesenchymal 

hey1 expression from the mandibular arch in skate. It is possible that the upper jaw patterning 

function of jag1 signalling is an ancestral feature of the gnathostome mandibular arch that 

has been lost or reduced in skate, or that this mechanism is a derived feature of bony fishes. 

Gene expression data for notch signalling components in the pharyngeal arches of 

cyclostomes are needed to resolve this. 

 

2.5.3 Conservation of jaw joint genes across all pharyngeal arches in skate  

 

Finally, my observations of the expression of jaw joint markers known from bony fishes in 

skate also shed light on the ancestral organisation of joint formation in the gnathostome 

pharyngeal endoskeleton. The expression patterns I observed are consistent with 

conservation of the pro-chondrogenic function of barx1, the joint patterning function of 

bapx1 and gdf5, and the discontiguous expression of and gsc across all intermediate joints 

separating the principal elements of the pharyngeal endoskeleton in cartilaginous fishes. A 

previous study of axial patterning gene expression in the pharyngeal arches of the jawless 

lamprey reported broad conservation of dlx, hand and msx expression across all pharyngeal 

arches, but a conspicuous absence of the joint markers bapx and gdf expression in the 

intermediate region of the first arch (Cerny et al., 2010). These observations led to the 

suggestion that co-option of the joint patterning factors to the intermediate region of the 

mandibular arch, on top of a pre-existing and deeply conserved dorsoventral patterning 

programme, was key to the evolutionary origin of the jaw (Cerny et al., 2010). My findings are 

consistent with the acquisition of intermediate bapx1 and gdf5 expression as a key step in the 

origin of the jaw joint, but suggest that this developmental mechanism was not primitively 
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mandibular arch-specific, and instead a conserved mechanism specifying joint fate in the 

skeleton of the mandibular, hyoid and gill arches of gnathostomes.  

 

This candidate gene approach has revealed that a suite of transcription and signalling factors 

that confer upper and lower jaw and jaw joint identity also display polarised expression along 

the dorsoventral axis of the posterior pharyngeal arches in skate (Fig. 2.5A). Together with 

previous reports of shared expression of core components of the pharyngeal arch 

dorsoventral patterning network in cartilaginous and bony fishes (Gillis et al., 2013; 

Compagnucci et al., 2013), these findings point to a conserved transcriptional network 

patterning the dorsoventral axis of the mandibular, hyoid and gill arches in the gnathostome 

crown group (Fig. 2.5B, represented by the skate), and within the framework of serial 

homology as redeployment of shared patterning mechanisms, these findings are also 

consistent with serial homology of the gnathostome jaw, hyoid and gill arch skeleton. 
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Figure 2.5: Conserved and divergent expression of jaw patterning candidates known from 

bony fishes in the skate mandibular, hyoid and gill arches. A) Red and blue squares indicate 

mandibular arch and gill arch expression, respectively. Genes listed in the overlap of the two 

squares are expressed across all pharyngeal arches, whereas expression listed solely in 

mandibular arch or gill arch squares is arch specific. Mandibular arch-specific expression of 

eya1 and six1 is restricted to the mesenchyme. B) Skate hatchling pharyngeal anatomy, 

adapted from Gillis et al., 2009a & 2013. Skeletal components in green, purple or orange 

indicate corresponding expression patterns from A) found in the respective pharyngeal arch 

primordia during ontogeny (for skeletal components of the jaw, hyoid and gill arch 1, their 

embryonic origin is demonstrated via lineage tracing experiments by Gillis et al., 2013). cb 1-

4, ceratobranchials 1-5; eb 1-4, epibranchial 1-4; hm, hyomandibula; mk, Meckel’s cartilage; 

ph, pseudohyoid; pq, palatoquadrate.  
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2.6 Summary 

 

Here I have shown that jaw patterning mechanisms known from bony fishes are conserved in 

a cartilaginous fish, the little skate. Furthermore, I report that the vast majority of these 

patterning mechanisms are shared across all pharyngeal arches in skate, i.e. the hyoid and gill 

arches that sit posterior to the jaw. These signalling pathways and transcription factors 

include ventral endothelin signaling, bmp4, hand2, msx1, dorsal pou3f3, and joint regulators 

barx1, gsc, gdf5 and nkx2.3. In combination with previous reports of shared expression of 

core components of this pharyngeal arch dorsoventral patterning network in jawless fishes, 

these findings point to a pan-pharyngeal transcriptional program that functions to pattern 

the dorsoventral axis and serially delineates pharyngeal skeletal segments not just in the last 

common ancestor of the gnathostome crown group, but more generally, in the last common 

ancestor of vertebrates. Furthermore, dorsoventral patterning mechanisms conserved across 

all pharyngeal arches in skate are consistent with serial homology of their skeletal derivatives, 

i.e. the jaw and gill arches. 

 
Additionally, I also find divergent expression features that may underpin anatomical 

differences between the jaw and gill arches. In skate, mesenchymal six1/eya1 expression is 

unique to the dorsal mandibular arch, while notch signalling is shared across the hyoid and 

gill arches and largely missing from the mandibular arch. Together, these molecular 

differences may delineate skeletal derivatives arising from these domains, i.e. the upper jaw 

and hyoid/gill arch skeletal elements, on top of the shared pan-pharyngeal axial patterning 

programme. 
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Chapter 3: 
Comparative transcriptomics reveal conserved 

and divergent transcriptional features of 
pharyngeal arches in the skate 

 

3.1 Abstract 

 
While the transcriptome landscapes of jaw and pharyngeal arch development have been 

investigated extensively in bony fishes, comparative RNA-seq and differential gene expression 

analyses from the developing jaw and pharyngeal arches in cartilaginous fishes have been 

lacking. Here I have generated a de novo transcriptome assembly based on RNA-seq libraries 

generated from upper and lower jaw and gill arch progenitors in the little skate (Leucoraja 

erinacea). Using differential gene expression analyses, I have then tested for additional gene 

expression features that correlate with the common or distinct anatomical properties of the 

upper/lower jaw and upper/lower gill skeleton in skate. Within the mesenchyme, I report 

discontiguous expression of sfrp2 and twist2 in dorsal and ventral territories, and ventral 

expression of hand1, which are all shared across all pharyngeal arches. I also report scamp5 

as a novel marker of the dorsal mandibular arch mesenchyme in skate. Within the mesoderm, 

I report shared dorsal expression of foxG1 and six2, and within the endoderm I report shared 

ventral expression of nkx2.3 and foxe4. I also report novel transcriptional features that are 

differentially expressed within the mandibular arch vs. the gill arches. Within the mesoderm, 

I report mandibular arch-specific expression of six2, tbx18, and pknox2, and gill arch-specific 

expression of lhx9. Within the endoderm, I report gill arch-specific expression of foxl2, gcm2, 

wnt2b and foxq1 marking the presumptive gill buds. This approach reveals additional gene 

expression patterns that are shared across all pharyngeal arches, as well as distinct gene 

expression patterns that may contribute to the unique anatomical features of the mandibular 

and gill arches of the skate.  
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3.2 Introduction 

 
Next-generation high-throughput sequencing of transcriptomes (RNA-seq) has unlocked 

access to genetic ‘read-out’ information stored within any organism at an unprecedented 

scale and speed. By profiling the complete sets of RNA transcripts present in cells and 

quantifying the changing expression levels of each transcript during development and under 

different conditions, RNA-seq offers functional insights into cells, tissues, and organs at work 

(Wang et al., 2009). RNA-seq also stands in stark contrast to standard genomic applications. 

The latter are generally cost- and labour-intensive owing to genome sizes and repeat contents 

across vertebrates, and often require pre-existing high-quality genome sequences. RNA-seq 

data are comparatively inexpensive and provide rapid access to sequence information for 

routine downstream methods, such as primer design, phylogenetics, or marker construction 

(Haas et al., 2013).  

 

3.2.1 RNA-seq in “non-model” organisms and the Trinity pipeline 

 

RNA-seq methods also have the advantage of being applicable to non-standard model 

organisms, which may be of substantial developmental or evolutionary importance, but for 

which comprehensive assembled and annotated genomic sequences are lacking. The little 

skate (Leucoraja erinacea) is such a non-model organism. While the skate is emerging as a 

powerful experimental system amendable to lipophilic dye-based lineage tracing (Gillis et al., 

2013), in ovo treatment with cell signalling inhibitors and cell proliferation trackers (Gillis et 

al., 2016), and multiplexed in situ gene expression analysis (Criswell et al., 2020; Sleight et al., 

2020; Marconi et al., 2020), transcriptomic and genomic resources are limited. A previous 

skate transcriptome had been assembled based on sequences collected from six pooled 

embryos ranging in stage from 20–29 (King et al., 2011; Wyffels et al., 2014), while genomic 

DNA data was available based on data from a single stage 32 embryo, though no standard 

genome annotation data had been provided (King et al., 2011). The sequences of these 

previous transcriptome and genome datasets were generated using Illumina protocols for 

single-end sequencing on an Illumina Genome Analyzer II, while the transcriptome assembly 

was constructed using CLCBio Genome Workbench version 4 (King et al., 2011), which 
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possesses a de novo alignment algorithm that is not fully appropriate for RNA-seq projects. 

These resources are useful for downstream applications and routine molecular biology in the 

day-to-day laboratory work, but they lack tissue specificity and annotation data, and are also 

marred by misassembled sequences and overall low coverage. 

 

Here, I was specifically interested in complementing the candidate approach outlined in the 

previous chapter with a comparative transcriptomic analysis of the dorsal and ventral 

domains of the mandibular and gill arches of the little skate. To this end, I have made use of 

Trinity, a de novo transcriptome assembly pipeline (Grabherr et al., 2011; Haas et al., 2013). 

The Trinity pipeline constructs transcriptomes without genome-based guidance. It consists of 

three sequentially employed, independent software modules (Inchworm, Chrysalis, and 

Butterfly) that work together to efficiently and robustly reconstruct transcriptomes from 

Illumina RNA-Seq data.  

 

Briefly, the first and computationally most demanding software module, Inchworm, parses 

short-read data into the unique sequences of transcripts, which often generates full-length 

transcripts for dominant isoforms if the raw data is of appropriate quality, and then marks 

the unique portions of alternatively spliced transcripts. The assembled contigs (contiguous 

sequences generated by overlapping transcript reads representing consensus regions of RNA) 

are subsequently passed on to the Chrysalis module, which clusters the transcripts and 

computes de Bruijn graphs for each cluster. De Bruijn graphs are directed graphs representing 

pathways that connect pairs of nucleotide overlaps between the short sequences, akin to a 

game of dominoes in which the end point of one piece has to overlap with the beginning of 

the next piece, but in which connections can occur in parallel if end or start points match 

several other pieces. Each graph represents the transcriptional complexity (e.g. through 

splicing) at a given gene or locus. Finally, the last software module, Butterfly, assesses each 

de Bruijn graph and reports all the emerging transcripts, including full-length transcripts for 

alternatively spliced isoforms and transcripts that corresponds to paralogous genes (Grabherr 

et al., 2011; Haas et al., 2013).  

 

A difficulty in this process lies in the accurate capturing of transcripts with shallow expression 

levels, particularly with regards to loci that produce several transcripts (isoforms) due to 
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alternative splicing events. Illumina short reads that are ultimately derived from a single exon 

can be part of multiple paths in the de Bruijn graphs, which makes any graph structure 

ambiguous and challenging to resolve. These issues are exacerbated if variants or lowly 

expressed transcripts occur only in a subset of sampled tissue types or time points. This can 

be combatted by stringent filtering methods of the raw data, but this in turn may exclude 

transcripts with low expression values from the assembly process (Hölzer & Marz, 2019). 

Keeping these potential pitfalls in mind is important when assessing sequencing protocols, 

parameter settings, and statistical approaches, in order to ensure potential computational 

issues are counterbalanced efficiently and the most accurate and complete de novo 

transcriptome assembly is generated.  

 

3.2.2 Comparative transcriptomics of pharyngeal arch development in skate 

 

In skate, I have used the Trinity pipeline to assemble RNA reads extracted from dorsal and 

ventral domains of the mandibular and gill arches into a de novo transcriptome, and to 

quantify the representation of these de novo transcripts across my sampled pharyngeal arch 

domains. As I was specifically testing for shared and/or divergent patterning mechanisms 

between the jaw and gill arches, I focused on the time period that spans the expression of the 

Dlx code, a key regulator of axial identity in the pharyngeal arches, i.e. S23-24 and S25-26 (Fig. 

3.1A). In mouse, nested dlx expression has typically been restricted to the mandibular and 

hyoid arches (Depew et al., 2002), while in zebrafish, nested dlx expression has been observed 

in the post-hyoid gill arches, though the effects of perturbations of dlx gene expression or 

lineage tracing experiments of dlx expressing cells have only been analysed in mandibular and 

hyoid arch derivatives (Ellies et al., 1997; Verreijdt et al., 2006; Walker et al., 2006; Talbot et 

al., 2010; Barske et al., 2020). In skate the nested expression of the dlx genes has been 

described in the developing mandibular, hyoid and gill arches, and it has been demonstrated 

through lineage tracing that from these molecularly equivalent domains of combinatorial Dlx 

gene expression the principal dorsal and ventral endoskeletal segments of the jaw hyoid and 

gill arches originate (Gillis et al., 2013). Here, RNA was extracted from dorsal and ventral 

domains of the mandibular and first gill arch were collected by manual dissection from skate 

embryos at S23/24 and S25/26 (Fig. 3.1B, C).  
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Figure 3.2: Pharyngeal arch domains sampled for RNA extraction. (A) Previously established 

Dlx gene expression was used to mark dorsal and ventral domain boundaries. (B) Dorsal and 

ventral mandibular arch domains and dorsal and ventral gill arch domains dissected at S23-

24. (C) Dorsal and ventral mandibular arch domains and dorsal and ventral gill arch domains 

dissected at S25-26. d, dorsal; e, eye; ma, mandibular arch; o, otic vesicle; v, ventral; 1, gill 

arch 1. Scale bars: 400um 



 

 72 

Based on the assembly and quantification of the resulting sequencing data, I then conducted 

a differential gene expression analysis to identify transcriptional differences associated with 

the progenitors of the jaw and gill arch endoskeleton in skate, using the R package EdgeR. 

After biological validation through in situ hybridisation, I identified foxG1, six2, sfrp2 and 

twist2, nkx2.3, hand1 and foxe4 as potential markers of dorsoventral identity across all 

pharyngeal arches in skate, and I report scamp5 as a novel marker of the dorsal mandibular 

arch. The unbiased comparative transcriptomics approach also revealed transcriptional 

features of arch-specific musculature and gill primordia: I report six2, tbx18, and pknox2 as 

markers of the mandibular arch mesoderm, lhx9 as a novel marker of the gill arch mesoderm, 

and finally endodermal foxl2, wnt2b and foxq1 as novel markers of the gill buds in skate. 

Taken together, these findings point to a conserved gene regulatory network underlying the 

primitively shared organisation of the gnathostome mandibular, hyoid and gill arch skeleton, 

and highlight additional transcriptional features that correlate with the developmental and 

anatomical diversification of jaws and gill arches within gnathostomes. 
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3.3 Methods 

 

3.3.1 RNA-seq and de novo transcriptome assembly 

 

Total RNA was extracted from upper mandibular arch (n=10), lower mandibular arch (n=6), 

upper gill arch (n=5) and lower gill arch (n=3) domains at stage (S)23/24 and from upper 

mandibular arch (n=6), lower mandibular arch (n=6), upper gill arch (n=4) and lower gill arch 

(n=4) domains at S25/26 (Table 3.1). Samples were only taken from one side of the embryo. 

S23-24 and S25-26 span the expression of the Dlx code, a key regulator of axial identity in the 

pharyngeal arches, and manual dissections of upper and lower arch primordia were guided 

by morphological landmarks correlating with dorsal (dlx1/2+) and ventral (dlx1-6+) expression 

(Gillis et al., 2013). Occasionally, dissected tissue samples from dorsal or ventral domains of 

the mandibular and gill arch were morphologically large enough to generate two tissue 

samples for library preparation at once (this was accounted for later during statistical testing). 

Tissue dissection of S23-26 embryos was performed by Dr. Andrew Gillis. In addition to the 

S23-24 and S25-26 samples, I also dissected upper mandibular arch (n=4), lower mandibular 

arch (n=4), upper gill arch (n=4) and lower gill arch (n=4) domains from 5 S29 embryos, though 

these libraries were not considered by the differential gene expression analysis.  
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Embryo Tissues sampled Stage 

A GAD, GAV, MAD (2x), MAV Stage 23-24 

B GAD, GAV, MAD (2x), MAV 

C GAD (2x), MAD (2x), MAV (2x) 

D GAD, GAV, MAD (2x), MAV (2x) 

E GAD, GAV (2x), MAD (2x), MAV (2x) Stage 25-26 

F GAD (2x), GAV (2x), MAD (2x), MAV (2x) 

G GAD, GAV, MAD (2x), MAV (2x) 

H GAD, GAV, MAD, MAV Stage 29 

I GAD, GAV, MAD, MAV 

J GAD, GAV, MAD, MAV 

K GAD, GAV, MAD, MAV 

L GAD, GAV, MAD, MAV 

 

Table 3.1: Pharyngeal arch domains dissected and subjected to RNA extraction. Individual 

embryos are labelled alphabetically A-L. GAD = gill arch dorsal, GAV = gill arch ventral, MAD = 

mandibular arch dorsal, MAV = mandibular arch ventral. 
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Dissected tissue samples were initially preserved in RNAlater, and total RNA was then 

extracted using the RNAqueous-Micro Total RNA Isolation Kit (ThermoFisher). Library prep 

was performed using Smart-seq2 (Picelli et al., 2014) with 10 cycles of cDNA amplification. 

Indexed S23/24 and S25/26 libraries were pooled and sequenced using the HiSeq4000 

platform (paired end sequencing, 150bp read length) at the CRUK genomics core facility 

(University of Cambridge, Cancer Research UK Cambridge Institute). cDNA library quality 

control and subsequent sequencing was performed by Dr. Stephen J. Clark at the Babraham 

Institute in Cambridge, UK. In addition to the above, I prepared libraries from the dorsal 

mandibular arch (n=5), ventral mandibular arch (n=5), dorsal gill arch (n=5) and ventral gill 

arch (n=5) domains of S29 skate embryos as described above, which were sequenced using 

the NovaSeq 6000 (paired end sequencing, 150bp read length) at Novogene Co., Ltd. Reads 

from these libraries were included in the de novo transcriptome assembly, but are not 

analysed further in this current work.  

 
A total of 2,058,512,932 paired raw reads were generated. Low quality read and adapter 

trimming was conducted with Trim Galore! (0.4.4) with the quality parameter set to 30 and 

phred cut-off set to 33. Reads shorter than 65 bp were discarded. After trimming adapters 

and removing low quality reads a total of 1,348,098,076 reads were retained. Normalisation 

(max coverage 30) reduced this to a further 54,346,196 reads. The de novo strand-specific 

assembly based on these reads was generated using Trinity 2.6.6 with default parameters 

(Grabherr et al., 2011; Haas et al., 2013). The N50 of that assembly was 1009bp, and the 

Ex90N50 (the N50 statistic computed as usual but considering only the topmost highly 

expressed transcripts that represent 90% of the total normalized expression data, meaning 

the most lowly-expressed transcripts are excluded) was 1906bp. Post-assembly quality 

control was carried out using Trinity’s toolkit or gVolante.  

 

The code used for assembling the transcriptome is available as Script S.3.1. For quality control 

and sample correlation analyses I employed scripts provided by the Trinity pipeline 

(https://github.com/trinityrnaseq/trinityrnaseq/wiki/QC-Samples-and-Biological-

Replicates). 
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3.3.2 Differential gene expression analysis 

 

Trinity transcript quantification was performed alignment-free using salmon (Patro et al., 

2017) to estimate transcript abundance in TPM (Transcripts Per Kilobase Million). The genes 

differentially expressed along the dorsoventral axis within each arch, or across the anterior-

posterior axis between dorsal and ventral domains of each arch, were screened for using 

edgeR with a cutoff of FDR (false discovery rate) ≤0.05. Table S3.1 for candidates for 

validation, Tables S3.2-5 for stages 24/25 and Tables S3.6-9 for stages 25/26 are available in 

the supplementary material to this dissertation. Within EdgeR, a negative binomial additive 

general linear model with a quasi-likelihood F-test was performed. Model design accounted 

for repeated sampling of tissues from the same individual and p-values were adjusted for 

multiple testing using the Benjamin-Hochberd method to control the false discovery rate (FDR 

≤0.05) (Fig. S1 A-D). This code is available in Script S3.1 and S3.2 in the supplemental material. 

The transcripts were putatively annotated based on sequence similarity searched with blastx 

against Uniprot (http://www.uniprot.org/). 

 

3.3.3 Gene cloning, mRNA probe generation, histology and in situ hybridization on 

sections and in wholemount 

 

Gene cloning of additional candidates identified through differential gene expression analysis, 

mRNA in situ hybridisation probe synthesis as well as histology and in situ hybridizations were 

performed as described in chapter 2. Probe sequences are also listed in in Table S2.1. 
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3.4 Results 

 

3.4.1 Quality control of the de novo pharyngeal arch transcriptome assembly 

 

After I had completed the de novo skate pharyngeal arch transcriptome using the Trinity 

pipeline, based on the tissue samples of skate upper and lower mandibular and gill arch 

primordia across S23/24, S25/26 and S29, I tested the quality of the resulting assembly.  The 

resulting read and assembly statistics as well as read representation and assembly quality 

control statistics are summarised in table 3.2 below.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 78 

 
Reads   
 Raw reads 2058512932 
 Trimmed reads 1348098076 
 Normalised reads 54346196 

   
Assembly   
 Total Trinity transcripts 549531 
 Total Trinity genes 364865 
 % GC 46.26 
   
Statistics based on all isoforms 
per gene 

  

 N50 1009 
 Ex90N50 1906 
 Median length 635 
 Average length 818 
   
Read representation  Average read content per library 93% 
   
BUSCO, Core Vertebrate Gene 
set  

Total # of core genes queried: 233 

 # of core genes detected  
 Complete: 207 (89.98%) 
 Complete + partial: 225 (96.57%) 
 # of missing core genes: 8 (3.43%) 

Table 3.2: Skate pharyngeal arch de novo transcriptome assembly statistics.  
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In order to assess the quality and degree of fragmentation inherent to the assembly, I next 

set out to compute the Nx and ExN50 statistic. The contig Nx statistic is widely used to assess 

transcriptome quality. It is defined as the sequence length of the shortest contig at x% of the 

total transcriptome and reflects the degree of fragmentation inherent to the assembly. 

Traditionally, the Nx is calculated as the N50 so that at least half (50%) of all assembled 

nucleotides are covered by transcript contigs of at least the N50 length value. A high N50 

number implies the transcriptome is characterised by a high number of full-length transcripts. 

Here, the N50 of this skate pharyngeal arch transcriptome is 1009bp, meaning half of the 

assembled nucleotides belong to contigs that measure at least 1009bp in length. While the 

Nx statistic is widely used in genomics and transcriptomics, the Trinity pipeline (Grabherr et 

al., 2011) also suggests computing the ExN50 statistic 

(https://github.com/trinityrnaseq/trinityrnaseq/wiki/Transcriptome-Contig-Nx-and-ExN50-

stats). In this elaboration of the N50 statistic, the N50 is computed for the top-most highly 

expressed genes that represent x% of the total normalized expression data. In order to 

calculate this statistic, the transcript abundance estimation has to be completed first. Then 

the gene expression is defined as all transcript isoform expression summed up, and the gene 

length is computed as the mean of the isoform lengths, weighted by expression. In other 

words, the N50 is calculated for a subset of top highly expressed transcripts covered by x% of 

sample-wise normalized reads. If high values of “x” in ExN50 are close to the maximum of the 

plotted curve, this means the assembly includes good coverage of long transcripts. 

Specifically, if the ExN50 curve has a maximum of “x” at 90%, the assembly is considered to 

provide good coverage and deeper sequencing is unlikely to improve the quality assembly. 

 

Here, a plot of the ExN50 of this skate pharyngeal arch transcriptome assembly (Fig. 3.2) 

reveals that while the original N50 value measures 1009bp in length, this statistic is influenced 

by a number of lowly expressed transcripts or transcript fragments. If these were excluded 

from the N50 calculation, i.e. if only the top highly expressed transcripts covered by 90% of 

sample-wise normalized reads were included (the 494577 most highly expressed transcripts 

out of the total of 549531 transcripts), the N50 would increase to 1906 bp. This is close but 

not quite the maximum of the curve shown in Fig 3.2., meaning the assembly likely contains 

some lowly expressed and short contigs that may be a result of somewhat low read coverage 

confounding the assembly. However, this spike is very close to the 90% threshold indicated 
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by the dotted line, suggesting that read coverage is very close to ideal values. Additionally, 

the very early spike in Fig. 3.2 also shows that there is a very small subset of transcripts, 

representing 5% or less of the normalised reads of the assembly, that measure up to 2500 bp 

in length. 

 

To further test the quality of the de novo assembled skate pharyngeal arch transcriptome, I 

employed the Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment through 

gVolante (Nishimura et al., 2017) and checked to what extent the original libraries aligned to 

the novel assembly. This approach revealed a high degree of completeness of the 

transcriptome. On average, 93% of each original library aligned to the de novo assembly, and 

97% of 233 vertebrate core genes (99.69% of 978 metazoan core genes) queried through 

gVolante (Nishimura et al, 2017) were found completely or partially within it.  
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Figure 3.2. Transcriptome assembly statistics: ExN50. Vertical dashed line is drawn through 

the Ex90N50 statistic, i.e. the N50 if only 90% of the topmost transcripts are considered. This 

shows that if the 10% most lowly expressed transcripts are excluded from the N50 

computation, the N50 increases to 1906 bp. The early spike in the curve suggests there are 

some transcripts that are very long (around 2500 bp) but represent only a very small 

percentage in the assembly (less than 5%).   
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3.4.2 Sample correlation and biological replication analysis  

 
After transcript quantification, I next set out to identify possible batch effects and other issues 

within the data to ensure that my biological replicates of dissected skate pharyngeal arches 

are correlated according to tissue type rather than their stages or the individual embryos from 

which the samples originated. To this end, I computed Principal Component Analyses (PCA – 

Fig. 3.3) and performed hierarchical clustering to generate a sample correlation matrix (Fig. 

3.4).  
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Figure 3.3: Principal Component Analyses (PCA) of the skate pharyngeal arch samples. A) 

Especially amongst S23-24 embryo samples but also amongst B) S25-26 embryo samples, the 

PCA shows a strong individual batch effect: samples group by embryo of origin, rather than 

tissue type.  GAD = gill arch dorsal; GAV = gill arch ventral; MAD = mandibular arch dorsal; 

MAV = mandibular arch ventral. 
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Figure 3.4: Sample Correlation Matrix of skate pharyngeal arch samples. This heatmap 

compares replicates across all samples and identifies strong clustering within groups of 

samples that originated from the same embryo, rather than clustering amongst samples 

representing the same tissue types. Within each group representing an individual embryo, 

samples group along the anteroposterior axis, i.e. by mandibular arch and gill arch origin. 
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Both the PCA plots and the hierarchical clustering via the sample correlation matrix identified 

a strong batch effect inherent to the sequenced samples. The PCA (Fig. 3.3) showed that after 

linear combinations of the original gene expression values to define a new set of unrelated 

variables (the principal components), the variance of the data is dominated by the identities 

of the embryos from which the samples originated (embryos A-D at stage 23/24 and embryos 

E-G at stage 25/26). The sample correlation matrix (Fig. 3.4) identified the same issue, but 

also showed that within each group of samples originating from the same embryo, the 

samples group along the anteroposterior axis. For example, in embryo E, which is colour-

coded blue in the hierarchical clustering, samples from the gill arch group together and 

samples from the mandibular arch group together, with the exception of a single ventral gill 

arch sample (Fig. 3.4).  
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3.4.3 ComBat batch effect correction   

 

Taken together, the sample correlation and biological replication analyses showed a strong 

batch effect that reflected variation due to the identity of the embryo from which the samples 

originated, rather than variation due to the tissue type of each sample (dorsal/ventral 

mandibular arch or dorsal/ventral gill arch). If this was left unattended prior to any 

subsequent differential gene expression analysis, this analysis may have inadvertently 

revealed genes differentially enriched across individual embryos, for example due to minor 

variations in age or other conditions during sampling, rather than genes involved in conferring 

axial identity across the pharyngeal arches.  To counteract the batch effect, I therefore 

employed a batch correction method, ComBat-Seq, which uses empirical Bayes methodology, 

i.e. a negative binomial regression model, to recover the signal of the biological tissue types 

within the sample data (Johnson et al., 2007; Leek et al., 2012; Zhang et al., 2020). 

 

Multi-dimensional scaling (MDS) analysis is a complementary means to PCA plots in visualising 

the level of variation amongst samples of a dataset (Mead, 1992). While PCA plots visualise 

percentile variation across data reduced into orthogonal principal components, MDS plots 

chart pairwise variations inherent to a group of samples into an abstract Cartesian space. 

Here, I have generated MDS plots of the pharyngeal arch samples prior to (Fig. 3.5A) and after 

ComBat batch removal (Fig. 3.5B), to visualise the results of this batch effect removal 

technique. The graphs show that ComBat effectively accounts for the batch removal during 

statistical testing. After this adjustment, MDS plots show samples clustering according to 

tissue type. In other words, passing the full gene expression matrix alongside a separate batch 

argument through the empirical Bayesian framework of the ComBat function results in 

corrected gene expression values from which batch effects have been removed. 

Consequently, MDS plot shows that the samples now group according to tissue type (Fig. 

3.5B). Interestingly, the MDS plot also visualises the anteroposterior and dorsoventral axes 

along dimension 1 and 2, respectively: while samples from dorsal gill arch tissue group with 

each other and samples from ventral gill arch tissue also group together, they form a bigger 

cluster that groups away from the other two clusters that represent mandibular arch samples. 
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Figure 3.5: Multidimensional scaling plots prior to and after ComBat batch removal. (A) 

Much like the PCA, the Multi-Dimensional Scaling (MDS) analysis of the original samples 

shows grouping according to individual embryo from which samples were derived. (B) After 

ComBat batch removal, the variation in the adjusted data is now explained by tissue type, 

rather than embryo of origin. Embryos A-D: S23-24, embryos E-G: S25-26; Tissue: GAD = gill 

arch dorsal, GAV = gill arch ventral, MAD = mandibular arch dorsal, MAV = mandibular arch 

ventral.  
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3.4.4 Differential gene expression analysis 

 

After quality control had been completed and the batch effect had been addressed, I next set 

out to complete a differential gene expression analysis across the sampled skate pharyngeal 

arch domains. First, within EdgeR, the ComBat method outlined above was used, i.e. a 

negative binomial additive general linear model with a quasi-likelihood F-test was performed. 

This model design accounted for repeated sampling of tissues from the same individual and 

p-values were adjusted for multiple testing using the Benjamin-Hochberd method to control 

the false discovery rate (FDR ≤0.05). Based on this method I identified a number of transcripts 

as differentially expressed, defined as greater than a 2-fold change between tissue types with 

an adjusted P-value less than 0.05 (log2-fold changes [log2FC] > 1, P-value adjusted using 

Benjamin-Hochberd method < 0.05), within and between arch types at S23-24 and S25-26 

(Table 3.3). Complete lists of differentially expressed genes are found in the appendix (Table 

S3.1 shows candidates selected for validation, Tables S3.2-5 show all differentially expressed 

genes for stages 24/25 and Tables S 3.6-9 for stages 25/26). Additionally, I visualised the gene 

expression analyses using Volcano plots (Fig. 3.6-7). 
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Dorsoventral 
comparisons 

Gill arch 
S23/24 

Mandibular Arch 
S23/24 

Gill Arch 
S25/26 

Mandibular Arch 
S25/26 

Dorsal 10 57 11 46 
Ventral 9 54 21 44  

Anteroposterior 
comparisons 

Dorsal  
S23/24 

Ventral  
S23/24 

Dorsal  
S25/26 

Ventral  
S25/26 

Gill arch 238 83 45 919 
Mandibular arch 200 105 71 691 

Table 3.3: Number of significantly expressed transcripts per differential gene expression 

analysis between and within mandibular and gill arches.  
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The identification of differentially expressed transcripts within and between arches was 

corroborated by the correct identification of several known or expected genes within the 

appropriate spatial territory – e.g. hand2 and edn1 were identified as differentially expressed 

within ventral territories (Fig. 3.6), and otx2 and hox genes were identified as differentially 

expressed within the mandibular and gill arch territories, respectively (Fig. 3.7). To further 

biologically validate the findings of this analysis, I selected up to eight of the topmost 

differentially expressed transcription factors or signalling pathway components per 

comparison (excluding those already queried by the candidate gene approach or those with 

well-known functions in axial patterning of the pharyngeal skeleton), and attempted to clone 

fragments for in situ gene expressions analysis. Out of these 37 uniquely identified genes 

(Table S3.1), I generated riboprobes for an additional 15 candidates, and tested spatial 

expression of these candidates by mRNA in situ hybridisation (ISH). 
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Figure 3.6: Differential gene expression analysis of dorsal and ventral domains of skate 

pharyngeal arches. Volcano plots illustrate genes that are significantly differentially 

expressed within the dorsal and ventral domains of the (A) mandibular arch at S23/24, (B) the 

first gill arch at S23/24, (C) the mandibular arch at S25/26 and (D) the first gill arch at S25/26. 

Genes with established roles in pharyngeal arch axial patterning are in simple italics, 

additional genes for which I provide in situ validation are in bold italics, and additional factors 

highlighted by this analysis but not validated by ISH are in grey italics. Schematic skate heads 

depict which tissues were compared: dorsal mandibular/gill arch in green, ventral 

mandibular/gill arch in orange. 
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Figure 3.7 Differential gene expression analysis of anterior and posterior upper and lower 

domains of skate pharyngeal arches. Volcano plots illustrate genes that are significantly 

differentially expressed (A) between the dorsal domains of the mandibular and the gill arch 

at S23/24, (B) between the ventral domains of the mandibular and the gill arch at S23/24, (C) 

between the dorsal domains of the mandibular and the gill arch at S25/26 and (D) between 

the ventral domains of the mandibular and the gill arch at S25/6. Genes with established roles 

in pharyngeal arch axial patterning are in simple italics, additional genes for which I provide 

in situ validation are in bold italics, and additional factors highlighted by this analysis but not 

validated by ISH are in grey italics. Schematic skate heads depict which tissues were 

compared: anterior mandibular/gill arch in red, posterior mandibular/gill arch in blue. 
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3.4.5 Additional dorsoventrally polarised transcriptional features of the pharyngeal 

arches in skate 

 

Among candidates differentially expressed in the dorsal mandibular or gill arch territories, I 

selected foxG1, sfrp2 and twist2 for validation by mRNA ISH. In my differential gene 

expression analysis, foxG1 was enriched in dorsal pharyngeal arch territories, while sfrp2 and 

twist2 were both overexpressed in the dorsal mandibular arch specifically. ISH confirmed this 

prediction for foxG1, but the expression patterns of sfrp2 and twist2 diverged from the 

differential gene expression results. foxG1 was expressed in the dorsal domains of the 

mandibular, hyoid and gill arches in skate (Fig. 3.8A), and this signal originated from the dorsal 

epithelium and dorsal core mesoderm of each pharyngeal arch (Fig. 3.8B). sfrp2 and twist2 

expression was not dorsal mandibular arch specific, rather, they were expressed in 

discontiguous dorsal and ventral domains to the exclusion of the presumptive joint domains 

across the mandibular, hyoid and gill arches in skate (Fig. 3.8C, E), localising to the dorsal and 

ventral mesenchyme in each arch (Fig. 3.8D, F). However, in each case, the dorsal mandibular 

arch domain displayed stronger levels of signal than the morphologically smaller upper and 

lower gill arch domains (Fig. 3.8C, E), which may explain why the differential gene expression 

showed both sfrp2 and twist2 transcripts enriched in upper jaw primordia.  
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Figure 3.8: Additional genes exhibiting polarised expression along the DV axis of skate 

pharyngeal arches. (A) At S26 foxG1 is expressed in dorsal (B) pharyngeal arch epithelium and 

core mesoderm of skate mandibular, hyoid and gill arches. (C) At S26 sfrp2 is expressed in 

dorsal and ventral (D) mesenchyme of each pharyngeal arch, excluding the intermediate 

domains. (E) At S24 twist2 is also expressed in dorsal and ventral (F) mesenchyme of each 

pharyngeal arch, excluding the intermediate domains. (G) At S24 nkx2.3 is expressed in the 

ventral and intermediate (H) epithelium of each pharyngeal arch. (I) At S26 hand1 transcripts 

localise to the (j) ventral (L) mesenchyme of each pharyngeal arch. (L) At S23 foxE4 is 

expressed in the ventral extreme of the pharyngeal region, (M) with transcripts localising to 

the epithelium. (N) At S23 scamp5 is expressed in the dorsal (O) mesenchyme of the 

mandibular arch. 1, 2, 3, 4: gill arches 1-4; e, eye; h, hyoid; m, mandibular arch; me, 

mesoderm; ms, mesenchyme; o, otic vesicle. Scale bars: A, C, E, G, I, J, K, L, N = 400um; B, D, 

F, H, M, O = 25um. 
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Among genes with enriched expression in ventral pharyngeal arch territories, I selected 

nkx2.3, hand1 and foxE4 for validation by mRNA ISH. My differential gene expression analysis 

predicted nkx2.3 as a marker of the lower mandibular arch, hand1 as a marker of all ventral 

territories, and foxe4 as a marker of the ventral gill arch. Much like the dorsally overexpressed 

genes selected for validation, ISH did not fully confirm these predictions. ISH showed nkx2.3 

was expressed in the ventral and intermediate endoderm not just within the mandibular, but 

also within the hyoid and gill arches in skate (Fig. 3.8G, H). hand1 was similarly expressed in 

ventral domains across all pharyngeal arches, though within the mesenchyme (Fig. 3.8I-K). 

foxE4 was also expressed in narrow domains of the ventral mandibular, hyoid and gill arches 

in skate (Fig. 3.8L), localising to the pharyngeal endoderm (Fig. 3.8M). 

 
Finally, this analysis also highlighted several transcripts that were differentially expressed 

between pharyngeal arch territories, but that were not immediately annotated by BLAST 

against UniProt/Swiss-Prot, and that required further manual annotation by BLASTing against 

the lager NCBI non-redundant (nr) database. Amongst these was scamp5, which was 

predicted to be a marker of the upper jaw in skate, as my differential gene expression analysis 

consistently recovered it as overexpressed in the dorsal mandibular arch if compared to the 

ventral mandibular arch, across S23-24 and S25-26. ISH confirmed that scamp5 is indeed a 

marker of dorsal mandibular arch mesenchyme in skate (Fig. 3.8N, O). 

 

3.4.6 Distinct gene expression features within the mandibular and gill arch mesoderm 

 

Additionally, I also used my differential gene expression analysis to test for genes with 

anteroposterior-specific enrichment, i.e. mandibular arch or gill arch-specific expression 

domains. Amongst candidates predicted to be differentially expressed in the mandibular arch, 

I selected six2 and pknox2 for validation by mRNA ISH. I also included tbx18 as a potential 

additional marker of mandibular arch identity, as previous work had discovered tbx18 

expression in the developing jaw, though not in the gill arches in skate (Criswell et al., 2020). 

Amongst candidates predicted to be overexpressed in the gill arch, I selected lhx9, foxl2, 

gcm2, wnt2b and foxq1 for validation. As opposed to the genes with predicted overexpression 

in dorsal or ventral domains, all predicted markers of anteroposterior identity were confirmed 
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by ISH. They did, however, differ in terms of the tissues that they were expressed in: one 

group of these genes, comprising six2, pknox2, tbx18 and lhx9 marked the mesoderm, 

whereas a second group, comprising foxl2, gcm2, wnt2b and foxq1, marked the endoderm.  

 
ISH showed expression of six2 in the mesodermal core of the skate mandibular arch as well 

as in the dorsal epithelium across all pharyngeal arches (Fig. 3.9A, B). pknox2 (Fig. 3.9C, D) 

and tbx18 (Fig. 3.9E, F) were expressed exclusively in the mandibular arch mesoderm, to the 

exclusion of the hyoid and gill arches in skate. lhx9, on the other hand, was expressed in the 

mesodermal cores of the hyoid and gill arches, excluding the mandibular arch (Fig. 3.9G-H). 

Together, these ISH results confirmed the differential gene expression analysis, which had 

returned all of these genes as putative markers of anteroposterior identity.  
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Figure 3.9: Distinct gene expression features of mandibular and hyoid/gill arch muscle 

progenitors. (A) At S24, six2 is expressed dorsally across all pharyngeal arches, in addition to 

a thin expression domain along the dorsoventral axis unique to the mandibular in skate. (B) 

six2 is expressed uniquely in the mesoderm of the mandibular across the dorsoventral axis, 

in addition to the dorsal epithelium of each arch. (B) At S24, pknox2 is also expressed solely 

in the mandibular (C) core mesoderm. (D) At S24, tbx18 expression uniquely marks the (E) 

mesoderm of the mandibular arch in skate. (G) At S24, lhx9 expression is restricted to the 

hyoid gill arches in skate, where (H) it marks the core mesoderm of each arch. 1, 2, 3, 4: gill 

arches 1-4; e, eye; h, hyoid; m, mandibular arch; me, mesoderm; ms, mesenchyme; o, otic 

vesicle. Scale bars: A, C, E, G = 400um, B, D, F, H = 25um. 
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3.4.7 Gene expression features of presumptive gill epithelium and external gill buds 

 

From amongst the genes with enriched expression in gill arch territories, I also selected foxl2, 

gcm2, wnt2b and foxq1 for validation by mRNA ISH. While they shared this predicted 

enrichment with lhx9, their expression domains differed from lhx9 in terms of the tissues they 

were expressed in: I found foxl2 expression was shared by the gill-forming endodermal 

epithelium and developing gill buds of all pharyngeal arches as well as in the core mesoderm 

of each pharyngeal arch (Fig. 3.10A, B). The endodermal expression domain of foxl2 also 

includes the presumptive spiracular primordium - i.e. the precursors of the reduced gill 

lamellae of the mandibular arch (Fig. 3.10A). gcm2 expression was similarly shared 

throughout the developing gill buds of the hyoid and gill arches (Fig. 3.10C, D), as was wnt2B 

expression (Fig. 3.10E, F) and foxq1 (Fig. 3.10G, H). In contrast to foxl2, expression of gcm2, 

wnt2b, and foxq1 was absent from the mandibular arch. This validation by ISH showed that 

my differential gene expression had accurately predicted the gill-arch specific expression 

patterns of gcm2, wnt2b, and foxq1, though not of foxl2, which was also found in the 

mandibular arch. However, as foxl2 marks the gill buds, the enrichment of foxl2 transcripts in 

samples originating from the first gill arch as opposed to the mandibular arch is likely an 

artefact of the morphology of the gill bud on the first gill arch, which is much larger if 

compared to the thin ridge of foxl2 expression in the presumptive spiracular primordium on 

the mandibular arch (Fig. 3.10A, B) 

 
 
 
 



 

 99 

 

 
 

Figure 3.10: Conserved and novel molecular markers of gill development. (A) At S24 foxl2 

expression marks the (B) gill-forming epithelium and core mesoderm of all pharyngeal arches 

in skate. (C) At S24 gcm2 expression also marks (D) the endoderm and developing gill buds of 

the hyoid and gill arches. (E) At S24 wnt2b is expressed in the (F) tips of the out-budding gills. 

(G) At S24, foxq1 is also expressed in the (H) tips of developing gill buds. 1, 2, 3, 4: gill arches 

1-4; e, eye; h, hyoid; m, mandibular arch; me, mesoderm; ms, mesenchyme; o, otic vesicle. 

Scale bars: A, C, E, G = 400um; B, D, F, H = 25um. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 100 

3.5 Discussion 

 
Here first assembled a de novo transcriptome from upper and lower mandibular and gill arch 

primordia in skate, and then subsequently tested these samples for differentially expressed 

genes through a series of differential expression analyses that screened for transcriptional 

features enriched within and between arch samples. From amongst the resulting additional 

candidates of axial identity markers, I further biologically validated 15 genes through in situ 

hybridisation, which extends the list of genes with known dorsoventrally and 

anteroposteriorly polarised expression in the gnathostome pharyngeal arches and reveals 

new molecular markers of mandibular and gill arch derivatives. 

 

3.5.1 Comparative transcriptomics add candidates to the dorsoventral patterning 

programme of developing pharyngeal arches in skate  

 

Some of the genes identified here by differential gene expression analysis and validated 

through in situ hybridisation as sharing expression patterns that are polarised along the 

dorsoventral axis of the pharyngeal arches in skate (Fig. 3.11), are known to play roles in 

craniofacial development. Therefore, the expression patterns established here in skate 

complement previous findings from bony fishes and, occasionally, lamprey. 
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Figure 3.11 Additional patterning candidates identified by differential gene expression 

analysis and ISH validation. Red and blue squares indicated mandibular arch and gill arch 

expression, respectively. Genes listed in the overlap of the two squares are expressed across 

all pharyngeal arches, whereas expression listed solely in mandibular arch or gill arch squares 

are arch specific.  
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foxG1, here shown to be expressed in the dorsal epithelium and mesoderm of the 

mandibular, hyoid and gill arches in skate (Fig. 3.8A, B), functions in the morphogenesis of the 

forebrain in mice (Tao & Lai, 1992; Dou et al., 1999; Hanashima et al., 2002). More recently, 

FoxG1 has been shown to play a role in neurocranial and pharyngeal skeletal development in 

mice, where it is expressed in the cephalic surface ectoderm (Compagnucci & Depew, 2020). 

In the absence of FoxG1, expression patterns of various transcription factors and signalling 

cascade components in the upper jaw primordium are disrupted: in FoxG1-/- mice, Bmp4 

expression in the lower jaw is unaffected, but an additional epithelial domain of Bmp4 

expression in the distalmost tip of the upper jaw primordia expands dorsally towards the eye, 

while Fgf8, usually expressed in the oral ectoderm (Abu-Issa et al., 2002), is lost from the 

upper jaw epithelium (Compagnucci & Depew, 2020), and the usually ventral expression of 

Pitx1 and the typical expression of Msx1 in the distal ‘caps’ of the upper and lower jaw in mice 

also expand within the upper jaw primordia (Compagnucci & Depew, 2020). In combination 

with the epithelial expression shared across the dorsal domains across all pharyngeal arches 

in skate, this points to a likely ancestral role of foxG1 in regulating dorsal polarity of 

pharyngeal arch derivatives across all arches within gnathostomes.  

 
In contrast to its role in cranial surface ectoderm patterning, the dorsal mesodermal 

expression of foxG1 in the pharyngeal arches I report here has not been extensively 

investigated. However, this mesodermal expression domain of foxG1 may underpin a classic 

model of cranial muscle development, which posits that pharyngeal arch mesodermal cores 

subdivide into distinct dorsal and ventral domains before assuming their individual muscle 

identity (Edgeworth, 1935; Kimmel et al., 2001). Not many transcription factors or signalling 

pathways have of yet been identified in playing functional roles in this model, with the 

exception of ventral edn1 (discussed in chapter 1) and dorsal engrailed expression in muscle 

progenitors in zebrafish (Kimmel et al., 2001). Dorsal foxG1 expression matches the first step 

in this scenario, which is the subdivision of dorsal and ventral domains of mesoderm inside 

the cores of each pharyngeal arch. Hence, foxG1 may be a promising new candidate in the 

developmental patterning programme underpinning this classical model of cranial muscle 

development across gnathostomes. 
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I find that sfrp2 (Fig. 3.8C, D) and twist2 (Fig. 3.8E, F) share discontiguous expression domains 

in the dorsal and ventral mesenchyme of skate pharyngeal arches, excluding the presumptive 

joint domains, reminiscent of gsc and prochondrogenic transcription factor barx1 (see 

chapter 2). In chick, sfrp2 is expressed in migrating cranial neural crest cells (Terry et al., 2000), 

while in mouse, it is expressed in the mesenchyme of the maxillary and mandibular domains 

of the mandibular arch (Leimeister et al., 1998). sfrp2 is also expressed in the pharyngeal 

arches in zebrafish (Tendeng & Houart, 2006), where RNA-seq experiments found it to be 

enriched in cranial neural crest cells of the dorsal mandibular and hyoid arches (Askary et al., 

2017). However, wholemount fluorescent in situ hybridisation in zebrafish detected sfrp2 

expression only in the dorsal mesoderm, and TALEN and CRISPR induced early frameshift 

mutations in this gene did not lead to any observable skeletal craniofacial phenotypes (Askary 

et al., 2017). My findings in skate conflict somewhat with the findings in zebrafish: in my ISH 

experiments I did not find corresponding expression of sfrp2 in the mesoderm, though I did 

detect expression in the dorsal pharyngeal arch mesenchyme domains—as well as in ventral 

mesenchyme domains across all arches. 

 
twist2 encodes a basic helix-loop-helix transcription factor that is expressed in the dermis, 

cranial mesenchyme, pharyngeal arches and tongue of the mouse (Li et al., 1995), and in the 

mesenchyme of the mandibular and hyoid arches in chick (Scaal et al., 2001). Human 

nonsense mutations in twist2 are linked to Setleis syndrome, a focal facial dermal dysplasia, 

and twist2 knockout mice exhibit a similar facial phenotype (Tukel et al., 2010). In 

combination with the findings in skate, i.e. dorsal and ventral domains to the exclusion of the 

presumptive joint domains across all arches, this is suggestive of a conserved role of sfrp2 and 

twist2 in cranial neural crest patterning. 

 
nkx2.3, foxE4 and hand1 were among the genes with predicted expression in ventral 

pharyngeal arch territories, and their shared ventral expression across all pharyngeal arches 

in skate matches previous findings on their expression and function across other taxa. nkx2.3 

is expressed in the endodermal lining of the pharynx in frog, mouse and zebrafish (Evans et 

al., 1995; Biben et al., 2004; Lee et al., 1996), and in addition to the expression in skate this 

suggests a conserved role of nkx2.3 in patterning the ventral pharynx across gnathostomes. 

hand1 functions in cardiac morphogenesis in mouse (Srivastava et al., 1995; Riley et al., 1998), 
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but is also expressed in the ventral mesenchyme of the pharyngeal arches (Clouthier et al., 

2000). Targeted deletion of hand1 alone does not result in craniofacial defects, though 

ablation of hand1 on a hand2 heterozygous background results in ventral midline defects 

within the jaw skeleton, suggesting a dosage dependent role for hand genes in mandibular 

skeletal patterning (Barbosa et al., 2007). Skate hand1 expression (Fig. 8I-K) largely overlaps 

with the ventral mesenchymal expression of hand2 (Chapter 2, Fig. 2.4), consistent with an 

ancestral combinatorial role for Hand genes patterning the ventral pharyngeal arch skeleton 

of gnathostomes. Finally, foxE4 is expressed in the pharyngeal endoderm of non-teleost ray-

finned fishes (Minarik et al., 2017), and in the endostyle (an endodermally-derived secretory 

organ and putative evolutionary antecendent of the thyroid gland) in amphioxus (Yu et al., 

2002; Hiruta et al., 2005). The conserved foxE4 expression in ventral pharyngeal endoderm in 

skate (Fig. 8L, M) points to an ancestral role for this transcription factor in pharyngeal 

endodermal patterning. Taken together, nkx2.3, hand1 and foxe4 may play a conserved role 

in patterning the ventral pharyngeal arches and their derivatives across gnathostomes (and 

potentially across chordates in the case of foxeE4).  

 
Finally, this work suggests scamp5 as a novel player in patterning the mandibular arch 

mesenchyme and upper jaw. scamp5 encodes a secretory carrier membrane protein 

expressed in the synaptic vesicles of neuroendocrine tissues (Fernández-Chacón & Südhof, 

2000; Han et al., 2009), and falls within the same topologically associated domain as single 

nucleotide polymorphisms associated with orofacial clefting in humans (Carlson et al., 2018). 

Although this gene has not been previously implicated in pharyngeal arch skeletal patterning, 

the above observations, combined with the novel in situ expression in skate, highlight this 

gene as promising candidates for further study. Expression analyses and functional 

characterisation of these genes in bony fish model systems will reveal whether the expression 

patterns reported here are general features of gnathostomes, or derived features of 

cartilaginous fishes, and possible undiscovered roles for these gene products in craniofacial 

skeletal development. 
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3.5.2 Divergent patterning programmes within the mesodermal progenitors of the 

mandibular and gill arches  

 

The mesodermal cores of vertebrate pharyngeal arches give rise to the branchiomeric 

musculature, i.e. the muscles of mastication and facial expression in mammals and the 

muscles of the jaw and gill arches in fishes (Tzahor & Evans, 2011; Ziermann & Diogo, 2019; 

Sleight & Gillis, 2020). The segmented arrangement of the mesoderm sequestered into the 

arch cores has long been of scientific interest and was studied in concert with questions on 

head segmentation of vertebrates (Kimmel et al., 2001). Some elements of the pharyngeal 

myogenic developmental programme are also serial in nature, and genes such as Tbx1 (Kelly 

et al., 2004), Islet-1 (Nathan et al., 2008), Lhx2 (Harel et al., 2012), myosin heavy chain 

(Ziermann et al., 2017) and MyoD (Schilling and Kimmel, 1997; Poopalasundaram et al., 2019) 

are shared across the mesodermal cores of all pharyngeal arches. Other genes are arch-

specific and regulate the development of distinct muscular features. For example, mandibular 

arch specific Pitx2 specifies jaw musculature in mice, in part through positive regulation of 

core mesodermal Six2 expression (Shih et al., 2007). It therefore appears as though 

pharyngeal arch myogenesis is regulated by a core transcriptional programme, with 

additional arch-specific gene expression directing specific branchiomeric muscle identities. 

 
six2, tbx18, and pknox2, the markers of mandibular arch mesoderm identified here through 

ISH in skate, as well as the mesodermal marker of the hyoid and gill arches, lhx9, may play a 

role in this muscle specification programme. Tbx18 expression within the mandibular arch has 

previously been reported in mouse (Kraus et al. 2001), zebrafish (Begemann et al., 2002) and 

chick (Haenig & Kispert, 2004), while Pknox2 has previously been reported from microarray 

analysis of the mouse mandibular arch (Feng et al., 2009). However, neither Tbx18 nor Pknox2 

have yet been implicated in the development of mandibular arch-derived musculature. 

Furthermore, lhx9 marking the mesodermal cores of the hyoid and gill arches, but not the 

mandibular arch is a feature so far unreported in any other taxon. Taken together, these 

findings highlight an ancestral role for six2 in patterning mandibular arch-derive musculature 

in jawed vertebrates, possibly in conjunction/parallel with tbx18 and pknox2, as well as lhx9 

as a novel marker of hyoid and gill arch muscle progenitors. 
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3.5.3 Novel gene expression features of the presumptive gill epithelium and external gill 

buds  

 

The gills of fishes derive from the endodermal epithelium of the hyoid and gill arches (Gillis & 

Tidswell, 2017; Hockman et al., 2017; Warga & Nüsslein-Volhard, 1999). In skate, gills form 

initially as a series of transient embryonic external gill filaments, which are eventually 

remodelled and resorbed into internal gill lamellae (Pelster & Bemis, 1992). The differential 

expression analysis presented here revealed a number genes to be differentially expressed 

between the mandibular and first gill arch, some of which proved, through ISH validation, to 

be markers of developing gills in skate. foxl2 is expressed in the gill-forming endodermal 

epithelium and developing gill buds of all pharyngeal arches, including the presumptive 

spiracular primordium - i.e. the putative precursors of the vestigial gill lamellae of the 

mandibular arch (see next chapter), as well as in the core mesoderm of each pharyngeal arch 

(Fig. 3.10A, B), which is consistent with previous reports of foxL2 expression from mouse 

(Jeong et al., 2008; Marongiu et al., 2015) and the shark, Scyliorhinus canicula (Wotton et al., 

2007). The gcm2 expression in the developing gills in skate (Fig. 3.10C, D) matches expression 

patterns observed in the developing gills of shark and zebrafish (Hogan et al., 2004; Okabe & 

Graham, 2004), and was therefore likely ancestrally required for gill development in 

gnathostomes. However, there are no previous reports of wnt2b or foxq1 expression during 

gill development in other taxa, pointing to a possible novel role for these factors in driving 

outgrowth of external gill filaments. 
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3.6 Summary 

 

Here I have generated a de novo transcriptome of the dorsal and ventral mandibular and gill 

arch territories of the skate, and I have used this assembly as the basis for differential gene 

expression analyses to identify potential novel gene expression features of these territories. 

From this analysis, I validate and report shared dorsal epithelial and mesodermal expression 

of foxG1, discontiguous expression of sfrp2 and twist2, and ventral expression of nkx2.3, 

hand1, and foxe4 across all pharyngeal arches in skate. Taken together, these expand the 

conserved transcriptional network patterning the dorsoventral axis of the mandibular, hyoid 

and gill arches in the gnathostome crown group, and provide further developmental evidence 

consistent with the hypothesis of serial homology of the gnathostome jaw, hyoid and gill arch 

skeleton.  

 

Additionally, this work also uncovered distinct transcriptional features of the mandibular and 

gill arches in skate, including dorsal mesenchymal expression scamp5 in the mandibular arch, 

mandibular arch mesoderm-specific expression of six2, tbx18 and pknox2, hyoid and gill arch 

mesoderm-specific expression of lhx9, and gill-bud specific expression of foxl2, gcm2, wnt2b 

and foxq1. These gene expression features may reflect arch-specific divergences from the 

ancestral pharyngeal dorsoventral patterning programme, possibly functioning downstream 

of global anteroposterior patterning mechanisms (e.g. the Hox code of the vertebrate head). 

According to this view, the mesenchymal scamp5 expression may be involved in upper jaw 

skeletogenesis while six2, tbx18 and pknox2 pattern the mandibular muscles, functioning in 

parallel with local signals from the oral epithelium to effect anatomical divergence of the 

mandibular arch derivatives. Conversely, mesodermal and endodermal gene expression 

features unique to the gill-bearing hyoid and gill arches, i.e. mesodermal lhx9 and endodermal 

foxl2, gcm2, wnt2b and foxq1 may underpin the evolution and development of arch-specific 

muscular and gill fates, respectively. 
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Chapter 4: 
Vestigial gill structures derive from the 

mandibular arch of the skate 
 

4.1 Abstract 

 
Behind the jaw of cartilaginous fishes (sharks, skates and rays) sits a gill-like epithelial 

elaboration called a “pseudobranch”. It was classically thought that this structure is a vestige 

of the ancestral gill-arch like condition of the jawed vertebrate mandibular arch. However, 

hypotheses of jaw evolution by transformation of a gill arch have been largely abandoned, 

owing to a gap in the jawed vertebrate fossil record, and the pseudobranch is now regarded 

as a derivative of the second (hyoid) pharyngeal arch. Here, I demonstrate by cell lineage 

tracing in the skate (Leucoraja erinacea) that the pseudobranch does, in fact, derive from the 

mandibular arch, and that it shares gene expression features and cell types with developing 

gills. I also show that the mandibular arch pseudobranch is supported by a spiracular cartilage, 

and that this cartilage is patterned by a shh-expressing epithelial signalling centre. This 

parallels the condition seen in gill arches, where cartilaginous appendages called branchial 

rays support the respiratory lamellae of the gills, and are patterned by a shh-expressing gill 

arch epithelial ridge (GAER). Taken together, these findings support serial homology of jawed 

vertebrate mandibular and gill arch derivatives, and an ancestral gill arch-like nature of the 

mandibular arch. 
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4.2 Introduction  

 

Most elasmobranchs (sharks, rays, and skates) possess a small hole behind each eye called a 

spiracle (Fig. 4.1A). These spiracles provide a passageway for water from outside the animal 

into the buccopharyngeal chamber (Ridewood, 1896; Goodrich, 1909, 1930; El-Toubi, 1947; 

Romer, 1970; Barry et al. 1988; Tomita et al., 2018). Inside each spiracle sits an epithelial, gill-

like feature, called pseudobranch (Fig. 4.1B). In elasmobranchs, the pseudobranch is 

internally supported by a small cartilaginous element in the anterior wall of the spiracle, 

called spiracular cartilage (Fig. 4.1C, Ci), which in skates is characterised by a leaf-shaped 

appearance. Spiracles first emerge during the embryonic development of the pharyngeal 

arches, when the first pharyngeal pouch contacts overlying surface ectoderm, delineating the 

mandibular (first) and hyoid (second) pharyngeal arches. Later in development, the resulting 

slit between these two arches is reduced to a small spiracular opening that shifts dorsally, and 

that sits immediately behind the eye (Goodrich, 1958; Barry et al., 1988). Spiracles are also 

found in early branching bony fishes (coelacanth, sturgeon, paddlefish and bichirs), and are 

therefore likely a plesiomorphic feature of gnathostomes (jawed fishes). In bichirs, which are 

known for lung-based respiration similar to lungfish and tetrapods, spiracles have been 

adapted for air-breathing (Graham et al., 2014) and they have been suggested to have 

possessed a similar function in stem tetrapodomorphs during the transition from water to 

land (Clack, 2007). Teleost fishes do not possess a spiracle, though they have retained a 

pseudobranch on the inner surface of the opercular gill cover (Laurent & Dunel-Erb, 1984). 

 

4.2.1 Interpreting the spiracle as evidence of the gill arch-like ancestry of the jaw 

 

The classical theory of jaw-gill arch serial homology in vertebrate evolution proposes that the 

gnathostome jaw originated through transformation of the anterior-most gill arch 

(Gegenbaur, 1878; Romer, 1970). This theory interprets the gnathostome jaw and other 

mandibular arch derived features as modified from a gill arch-like condition, implying the 

ancestral existence of a gill bearing mandibular arch. Because of the anatomical similarities 

between the mandibular pseudobranch and gills—i.e. the shared structure and histology of 

their lamellae, and their location in contact with water of the pharyngeal cavity (Fig. 4.1D)—
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the pseudobranch has historically been interpreted as a vestigial gill on the mandibular arch, 

while the spiracle has been interpreted as a vestigial gill slit (Mallatt, 1996; Wegner, 2015). 

Fossil evidence of spiracles support this view, as paired spiracles are indeed found in early 

stem gnathostomes as well as stem bony and cartilaginous fishes (Stensiö, 1947; Young and 

Zhang, 1992; Zhu et al., 2013, King et al. 2017; Burrows et al., 2020), and generally match the 

interpretation of a reduced first gill slit, which was displaced dorsally as the hyoid moved to 

support the jaws. The presence of spiracles in fossils is also often inferred from notches in 

skull roofing elements or spiracular grooves, for example in placoderms (Young & Zhang, 

1992) and actinopterygians (e.g. Gardiner, 1984; Basden et al., 2000), though these notches 

and grooves alone do not provide further insights into the interior organisation of the 

spiracles.  

 
Elasmobranchs also possess a series of paired appendages that project laterally from their gill 

arches, known as branchial rays (Fig. 4.1B, C), which function to provide skeletal support to 

the gills (Gillis et al., 2009a, Gillis & Hall, 2016). The relationship between branchial rays and 

their associated gill arch cartilages bears a striking resemblance to that of the spiracular 

cartilage and the jaw skeleton (Fig. 4.1E-G), and this has led to the interpretation of the 

spiracular cartilage as a vestige of mandibular arch branchial rays (Gegenbaur, 1872, 1878; 

Holmgren & Stensiö, 1936; El-Toubi, 1947). This proposed correspondence is rooted not only 

in their anatomical organisation and appearance—the latter is particularly apparent in some 

sharks, as their spiracular cartilages develop as slender rods, which closely resemble branchial 

rays—but also because they chondrify later than the jaw elements, much like the branchial 

rays chondrify later than the epi- and ceratobranchial cartilages of the gill arches (El-Toubi, 

1947). In skates, the spiracular cartilage is similarly positioned in association with the 

palatoquadrate of the jaw (Fig. 4.1E), but rather resembles a leaf-like sheet of cartilage that 

spans the space between two slender cartilaginous thickenings at either end (Fig. 4.1Ci, E). 
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Figure 1: Spiracle, pseudobranch and spiracular cartilage in the little skate (Leucoraja 

erinacea). 

(A) Dorsal view of a little skate hatchling. The spiracles behind the eyes are marked with white 

asterisks. (B) Horizontal section of a stage (S)33 skate embryo showing the spiracular region, 

including the spiracle, pseudobranch and spiracular cartilage, and two anterior-most gill slits. 

Section stained with Masson’s trichrome. (C) Lateral view of a skeletal preparation of a S32 

skate embryo showing the serial arrangement of upper and lower jaws (palatoquadrate and 

Meckel’s cartilage, respectively) and spiracular cartilage, and upper and lower gill arches 

(epibranchials and ceratobranchials, respectively) bearing branchial rays. (Ci) Frontal view of 

a dissected skate spiracular cartilage. (D) Horizontal section of the anterior wall of a S33 

spiracle: the gill-like pseudobranch is an epithelial feature projecting from the anterior wall 

of the spiracle, internally supported by the spiracular cartilage. (E) Lateral view of a hatchling 

skate jaw, demonstrating its close association with the spiracular cartilage. (F) Horizontal 

section of a S33 gill slit: the respiratory lamellae of the gills are internally supported by 

branchial rays. (G) Frontal view of a hatchling skate gill, with branchial rays projecting 
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laterally. br, branchial rays; eb, epibranchial; hm, hyomandibula; mk, Meckel’s cartilage; pb, 

pseudobranch; ph, pseudohyal; pq, palatoquadrate; s, spiracle; sc, spiracular cartilage; 

scalebars: A=3cm; B-Ci, E, G=500um; D, F=50um 
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4.2.2 Interpreting the spiracle as a secondary derived feature  

 

The classical interpretation of the pseudobranch as a vestigial gill and the spiracular cartilage 

as a vestigial branchial ray has recently been called into question. There is no evidence for a 

gill arch-like nature of the mandibular arch in extant jawless vertebrates (cyclostomes), in 

which the first arch gives rise to the velum, rather than to a gill-bearing branchial arch, and 

there is some fossil evidence that suggests a cyclostome-like oropharyngeal skeletal condition 

may reflect the condition in the gnathostome stem (Janvier, 1996; Miyashita, 2016). If the 

cyclostome condition is indeed ancestral, this would imply that the mandibular arch was 

always ancestrally distinct from the gill arches and this would instead suggest that the 

pseudobranch is a secondarily acquired and derived feature of jawed vertebrates.  

 
There is also little functional evidence for a respiratory role for the pseudobranch in 

elasmobranchs, which further undermines the idea that it represents a vestigial gill (Laurent 

& Dunel-Erb, 1984; Maisey, 1989). Water is taken in through the spiracles, rather than 

expelled as it is through the gill slits, and the pseudobranch blood supply is arranged in such 

a way that it receives only oxygenated blood (Allis, 1916; Mallatt, 1996; Miyashita, 2016). This 

anatomical organisation may allow for sustained ventilatory flow to the gills when the mouth 

is buried in substrate or engaged in prey manipulation (Graham et al., 2014). In teleosts, the 

blood supply to the pseudobranch is similarly arterialized. Hence, across fishes, the 

pseudobranch has been mainly investigated for its chemosensory and osmoregulatory 

functions (Laurent & Dunel-Erb, 1984). The assumption that the pseudobranch is mandibular-

arch-derived has also been questioned (Maisey, 1989; Miyashita, 2016). Its innervation by the 

facial nerve and partial blood supply from the lateral hypobranchial artery may reflect a 

different embryonic origin than from the mandibular arch. An alternative hypothesis has 

therefore been forward, which suggests that the pseudobranch is a hyoid arch derivative.  

 
Here I experimentally test serial homology of the pseudobranch and its supporting spiracular 

cartilage with the gill arch gill lamellae and branchial rays in the skate. I demonstrate by cell 

lineage tracing that the pseudobranch is indeed mandibular arch-derived, and I report shared 

molecular and cell type features of the skate pseudobranch and gills. I also investigate 

embryonic similarities between the spiracular cartilage and gill arch branchial rays, and 
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demonstrate that both derive from domains of skeletogenic mesenchyme that are responsive 

to corresponding sonic hedgehog (shh)-expressing epithelial signalling centre. Finally, I show 

that stage-specific loss of hedgehog signalling results in reduction or loss of the spiracular 

cartilage, in a manner that parallels the corresponding reduction of the gill arch branchial ray 

skeleton. Taken together, these findings are consistent with the historical interpretation of 

the pseudobranch and spiracular cartilage as vestigial gill arch structures that derive from the 

mandibular arch in skate. 
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4.3 Methods 

 

4.3.1 Embryo collection and fate mapping 

 

All animal work complied with protocols approved by the Institutional Animal Care and Use 

Committee at the Marine Biological Laboratory (MBL) in Woods Hole, U.S.A. Skate (Leucoraja 

erinacea) eggs were obtained from the Marine Resources Centre of the MBL. Staging was 

carried out according to Maxwell et al. (2008) and Ballard et al. (1993). Embryos for 

histological and gene expression analyses were fixed in 4% paraformaldehyde (PFA) in 1X 

phosphate-buffered saline (PBS) overnight at 4°C, prior to dehydration and storage in 

methanol at -20°C. Embryos for cell lineage tracing experiments were maintained in a flow-

through seawater system at ∼15°C. For labelling of skate embryos at S22 (for broad 

mandibular arch lineage tracing), eggs were windowed, and microinjection of the mandibular 

arch with CM-DiI was performed in ovo, according to Gillis et al. (2017). For labelling of skate 

embryos at S27 (for focal mesenchymal lineage tracing beneath the mandibular arch shh 

expression domain), embryos and attached yolk sacs were taken out of the egg and 

transferred to a Petri dish of seawater containing ethyl 3-aminobenzoate methanesulfonate 

salt (MS-222, Sigma). CellTracker CM-DiI (Invitrogen), diluted in 0.3M sucrose from a 5μg/μl 

stock in ethanol, was microinjected into the mandibular arch using a Picospritzer pressure 

injector. Eggs containing labelled S22 embryos were re-sealed using the cyanoacrylate 

adhesive Krazy glue and a piece of donor eggshell, while embryos labelled at S27 were 

allowed to recover in seawater and returned to their egg-cases. After development in a flow-

through seawater table for 6-10 weeks, embryos were fixed in 4% PFA in PBS overnight at 

4°C, rinsed three times in PBS and stored at 4°C in PBS with 0.01% sodium azide.  

 
4.3.2 mRNA in situ hybridisation  

 
mRNA in situ hybridisation for foxl2 (MW457610), gata2, shh (EF100667) and ptc (EF100663) 

was performed in wholemount and on paraffin sections according to the protocols detailed 

in Chapter 2. 
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4.3.3 Immunofluoresence on paraffin sections 

 

Slides to be used for immunofluorescence were dewaxed in histosol and rehydrated through 

a descending ethanol series into 1X PBS + 0.1% Triton X-100 (PBT). For antigen retrieval, slides 

were preheated in distilled water for 5 minutes at 60°C, transferred to prewarmed antigen 

retrieval solution (10mM sodium citrate, pH6.0) and incubated for 25 minutes at 95°C. Slides 

were then cooled in a freezer for 30 minutes. Slides were rinsed 3 × 10 min in PBT, blocked 

for 30 min in 10% sheep serum and incubated in primary antibody under a parafilm coverslip 

in a humidified chamber overnight at 4°C. Primary antibodies used for this experiment were 

rabbit anti-5HT (Merck S5545; diluted 1:250 in block) and mouse anti-SV2 (Developmental 

Studies Hybdridoma Bank; diluted 1:100 in block). The next day, slides were rinsed 3 × 5 min 

in PBT and incubated in secondary antibody under a parafilm coverslip in a humidified 

chamber overnight at 4°C. Secondary antibodies used for this experiment were goat anti-

rabbit 488 (ThermoFisher A11008; diluted 1:500 in block) and goat anti-mouse 633 

(ThermoFisher A21050; diluted 1:500 in block). Slides were then rinsed 3 × 10 min in PBT and 

coverslipped with Fluoromount G containing DAPI (Southern Biotech). Negative controls 

(slides treated as above, but with no primary antibody) showed no signal.  

 

4.3.4 in ovo cyclopamine treatment, wholemount skeletal preparations and statistical 

analysis 

 

Skate eggs have an approximate internal chamber volume of 12ml. In order to achieve an in 

ovo cyclopamine concentration of 20 μM, 25 μl of 9 mM stock solution of cyclopamine in 

dimethylsulfoxide (DMSO) was injected into skate eggs at S27 or S29, using a syringe and 30-

gauge needle (as per Gillis & Hall, 2016). For controls, an equivalent volume of DMSO was 

injected. Injected embryos were grown to S32, and surviving embryos (n=12/28 and n=7/19 

for cyclopamine treatment at S27 and cyclopamine treatment at S29, and n=4/5 and n = 5/5 

for DMSO control treatment at S27 and at S29, respectively) were fixed as described above 

and analysed for skeletal defects after skeletal preparation. 

 



 

 117 

For wholemount staining of the endoskeleton, skate embryos were transitioned from 100% 

methanol through 100% ethanol into 70% ethanol at room temperature. Embryos were then 

stained for cartilage matrix with 20% w/v Alcian Blue 8GX dissolved in acetic ethanol (3:7 

glacial acetic acid: absolute ethanol) for 24 hours with gentle rocking at room temperature. 

Embryos were destained in acetic ethanol for 24 hours, and then rehydrated through a 

descending ethanol series (70%, 50%, and 25% ethanol in ddHOH, 24 hours/wash). After a 

wash in ddHOH, embryos were soaked in 1% trypsin (Fisher) in 2% sodium tetraborate for 20 

minutes. Subsequently, embryos were cleared in a 0.5% KOH solution as needed. Embryos 

were then moved through a graded 0.5% w/v KOH/glycerol series of 24 hours each (3:1, 1:1, 

1:3 0.5% KOH:glycerol). Final skeletally prepared specimens were stored in 80% glycerol at 

4°C and manually dissected for photography. 

 

For the statistical analysis, dissected left spiracular cartilages of each embryo were imaged on 

a Leica M165FC stereomicroscope, and surface area of each cartilage was measured using Fiji 

ImageJ (Schindelin et al., 2012) and normalised against total embryo length. Measurements 

are available in Table S4.1 To test for statistically significant differences among the means of 

normalised spiracular cartilage area for each group (DMSO, cyclopamine at S27, cyclopamine 

at S29), a Kruskal-Wallis analysis of variance was performed, followed by a Dunn’s test with 

Bonferroni correction to identify which pairwise comparisons were statistically significantly 

different. The same statistical analysis confirmed no significant difference between 

normalised spiracular cartilage area of DMSO-treated vs. wild-type (n=3) spiracular cartilages 

at S32 (p=0.305).  
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4.4 Results  

 
4.4.1 The skate pseudobranch is mandibular arch-derived 

 
It has been speculated that, despite its close association with the jaw, the pseudobranch is 

actually a derivative of the hyoid arch (Maisey, 1989; Miyashita, 2016). I therefore sought to 

directly test the embryonic origin of the skate pseudobranch. We and others have previously 

reported expression of the transcription factor foxl2 in the pharyngeal arches of skate and 

shark embryos, in a pattern that seemingly delineates the presumptive gill-forming 

epithelium, including a domain of expression in the posterior mandibular arch which may 

correspond with the presumptive pseudobranch (Wotton et al., 2007; Hirschberger et al. 

2021 – Fig. 4.2A). To test the mandibular arch origin of the pseudobranch, I broadly labelled 

the dorsal-intermediate mandibular arch in skate embryos at S23 with the lipophilic dye CM-

DiI (Fig. 4.2B). By S23, the first pharyngeal endodermal pouch has fused with the surface 

ectoderm, permitting me to broadly and specifically label mandibular arch tissues without 

risk of contaminating the hyoid arch. 

 
Injected embryos were reared until S32, at which point the pseudobranch has fully 

differentiated. In 9/11 labelled embryos, I readily observed CM-DiI-positive cells throughout 

the entirety of the pseudobranch (Fig. 4.2C, C’). CM-DiI-positive cells were recovered 

throughout the pseudobranch lamellae (Fig. 4.2Ci), as well as in the endothelial lining of the 

pseudobranch vasculature (Fig. 4.2Cii). No CM-DiI positive cells were recovered in any hyoid 

arch-derived features. These findings conclusively demonstrate the mandibular arch origin of 

the pseudobranch in skate. 
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Figure 4.2: The skate pseudobranch is mandibular-arch-derived. (A) At S24, skate embryos 

express foxl2 in the mesodermal core of each pharyngeal arch, and in the presumptive gill 

epithelium of each arch (including an epithelial domain on the mandibular arch which may 

correspond with the future pseudobranch). (B) Microinjection of CM-DiI in the posterior 

dorsal-intermediate mandibular arch of skate embryos at S23 results in broad, specific 

labelling of mandibular arch derivatives at S32, including (C-Ci) the pseudobranch throughout 

the pseudobranch (Ci) gill-like lamellae and (Cii) blood vessels. ha, hyoid arch; ma, mandibular 

arch; sc, spiracular cartilage; 1-3: gill arches 1-3, scale bars: Ai, Aii, Aiii, Di, Dii, Diii, Ii, Iii= 5um, 

A-I=50um. 
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4.4.2 The skate pseudobranch and gills share cell and gene expression features 

 

If the pseudobranch is indeed a vestigial mandibular arch gill, we might expect the 

pseudobranch and gills to share cell types and gene expression features. Bony fish gills 

possess neuroepithelial cells (NECs), which function to mediate physiological responses to 

hypoxia, and which are identifiable by their immunoreactivity for serotonin and synaptic 

vesicle glycoprotein 2 (Dunel-Erb et al., 1982; Jonz & Nurse, 2003, 2005; Hockman et al., 

2017). Immunofluorescent detection of serotonin (5-HT) and synaptic vesicle glycoprotein 2 

(SV2) confirms conservation of this putative hypoxia-sensitive neuroepithelial cell type in the 

tips of the gill lamellae of S33 skate embryos (Fig. 4.3A, 2Ai-iii). Using mRNA in situ 

hybridisation (ISH), I also found that skate gill lamellae express the transcription factors foxl2 

and gata2 during development (Fig. 4.3B-C). foxl2 expression localised to the epithelium of 

the gill lamellae (Fig. 4.3B), white gata2 was found predominantly in the mesenchyme-

derived cores of the gill lamellae (Fig. 4.3C).  

 

Immunostaining and ISH on sections also reveal conservation of the above gene expression 

features in the skate pseudobranch. I found 5HT/SV2+ NECs in the tips of the pseudobranch 

lamellae (Fig. 4.3D, Di-Diii), as well as expression in the pseudobranch of foxl2 (Fig. 4.3E) and 

gata2 (Fig. 4.3F). Much like in the hyoid and gill arch-derived gills, foxl2 expression in the 

mandibular-derived pseudobranch localised to the epithelium of the gill-like element (Fig. 

4.3E), white gata2 was expressed in the core of the pseudobranch (Fig. 4.3F). These 

experiments reveal shared cell types and gene expression features between the 

pseudobranch and gills of the skate, consistent with the serial homology of these structures.  
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Figure 4.3: The skate pseudobranch shares gene expression features with gills: (A, Ai-iii) The 

gills of a S33 skate embryo possess hypoxia-sensitive neuroepithelial cells (NECs), which may 

be recognised by their immunoreactivity for (Ai) serotonin (5HT) and (Aii) synaptic vesicle 

glycoprotein 2 (SV2). Skate gills also express (B) foxl2 and (C) gata2 during development. (D) 

The pseudobranch of a S33 skate embryo also possesses (Di-iii) 5HT/SV2+ NECs, and also 

expresses (E) foxl2 and (F) gata2 during development. sc, spiracular cartilage; scalebars: A, B, 

C, D, E, F = 50um; Ai-iii, Di-iii = 5um 
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4.4.3 The skate spiracular cartilage and branchial rays share an embryonic origin from 

equivalent domains of shh-responsive mesenchyme 

 
The cartilaginous branchial rays of that support the gill lamellae of the hyoid and gill arches 

of skates and sharks are patterned by a shh-expressing epithelial signalling centre called the 

gill arch epithelial ridge (GAER – Gillis et al., 2009b, Gillis et al., 2011; Gillis & Hall, 2016). In 

these arches, shh is initially broadly expressed in the posterior arch epithelium, and this 

expression then resolves into the GAER as the arches undergo their lateral expansion. Cell 

lineage tracing has shown that branchial rays develop from GAER shh-responsive 

mesenchyme, and inhibition of GAER shh signalling results in a truncation/reduction of the 

branchial ray skeleton (Gillis et al., 2009b; Gillis & Hall, 2016). 

 

To compare spiracular cartilage development to the branchial rays, I first characterised shh 

expression in the developing mandibular arch of the skate. I found that by S23, shh was 

broadly expressed in the posterior epithelium of the skate mandibular arch (Fig. 4.4A-B), with 

this expression resolving into a GAER-like ridge of shh-expressing cells along the posterior 

margin of the mandibular arch by S27 (Fig. 4.4C-D). This ridge of shh expression persisted into 

S29, when it delineated the anterior edge of the spiracle (Fig. 4.4E-F).  The patterns of shh 

expression in the mandibular arch closely resemble GAER shh expression of the branchial ray-

bearing hyoid and gill arches and led me to speculate about their possible skeletal patterning 

function within the mandibular arch. 

 
To test the fate of mesenchyme underneath the shh-expressing GAER of the skate mandibular 

arch, I labelled this tissue by microinjection of the lipophilic dye CM-DiI in skate embryos at 

S27 (Fig. 4.4G). Using this approach, I was able to label ptc+ (i.e. shh-responsive) mesenchymal 

cells underneath the mandibular arch GAER (Fig. 4.4H-I), rear injected embryos until S32, and 

then assess the contribution of that tissue to the mandibular arch skeleton. Histological 

analysis of labelled embryos revealed CM-DiI-positive cells throughout the spiracular cartilage 

(Fig. 4.4J, K; n=22/29, also see Fig. S4.1), as well as in the connective tissue surrounding the 

spiracular cartilage. These experiments indicate that, like gill arch branchial rays, the 

spiracular cartilage develops from GAER shh-responsive mesenchyme of the mandibular arch.  
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Figure 4.4: The skate spiracular cartilage derives from shh-responsive mandibular arch 

mesenchyme. 

(A) At S23, shh is expressed broadly throughout the posterior epithelium of all pharyngeal 

arches in skate, including (B) in the posterior endodermal lining of the mandibular arch. (C, D) 

At S27 and (E, F) S29 the pharyngeal arch shh expression has resolved to a thin ridge of cells 
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(the gill arch epithelial ridge – GAER) that runs along the leading edge of the hyoid and first 

four gill arches. GAER-like expression of shh is also present on the mandibular arch, adjacent 

to the spiracle (s), highlighted by white arrows. (G-I) Labelling of the ptc-expressing 

mesenchyme subjacent to the mandibular arch GAER at S26/27 results in (J-K) CM-DiI+ 

chondrocytes throughout the spiracular cartilage at S32. ha, hyoid arch; ma, mandibular arch; 

s, spiracle; 1-4: gill arches 1-4; scalebars: A, C, E, G = 300um, B, D, F, H, I, J, K = 30um, Ji, Jii = 

5um 
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4.4.4 The skate spiracular cartilage and branchial rays share patterning mechanisms 

 

Finally, I set out to test whether mandibular arch GAER shh signalling patterns the spiracular 

cartilage in a manner that is comparable to the GAER patterning function of the gill arches. 

Inhibition of sonic hedgehog signalling by cyclopamine treatment at S27 results in a reduction 

of gill arch mesenchymal cell proliferation and a reduction in the number of branchial rays 

(Gillis & Hall, 2016). To test the effects of hedgehog signalling inhibition on development of 

the spiracular cartilage, I conducted in ovo cyclopamine treatments with skate embryos at 

S27 and S29, and assessed surviving embryos for spiracular cartilage defects at S32. Given the 

2-dimensional sheet-like nature of the skate spiracular cartilage, my test for spiracular 

cartilage reduction consisted of unilateral (left) spiracular cartilage dissection, measurement 

of spiracular cartilage area (standardised against total embryo length), and pairwise 

comparisons of mean ratios between control and cyclopamine-treated embryo groups. 

 

Control (DMSO-treated) skate embryos (n=4 at S27, n=5 at S29) showed no observable 

spiracular cartilage defects (Fig. 4A, A’), and the spiracular cartilage area was not significantly 

different from wildtype S32 embryos (n = 3, not shown). Conversely, cyclopamine treatment 

at S27 led to striking spiracular cartilage defects (Fig. 4B, B’, C, C’; n= 11/12), and to an overall 

significant reduction in spiracular cartilage area, relative to control (Fig. 4D, D’). Defects with 

cyclopamine treatment at S27 ranged from complete loss of the spiracular cartilage to a highly 

reduced, rod-like phenotype. In contrast, cyclopamine treatment at S29 resulted in spiracular 

cartilages with some slightly abnormal morphology (Fig. 4D, D’), but no significant reduction 

in spiracular cartilage area, relative to control (Fig. 4E). These findings reveal a shared role for 

GAER shh signalling in patterning the spiracular cartilage and branchial rays, and a shared 

period in development during which shh signalling is required for development of the 

spiracular cartilage and branchial rays.  
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Figure 4.5: Shh-dependant patterning of the skate spiracular cartilage. Spiracular cartilage 

morphology from (A-A’) DMSO treated skate embryos, and from skate embryos treated with 

20uM cyclopamine in ovo at (B-B’, C-C’) S27 and (D-D’) S29. (E) Cyclopamine treatment at S27 

results in significant reduction of the spiracular cartilage (as measured by cartilage area/total 

embryo length) relative to DMSO controls (p=0.008), while cyclopamine treatment at S29 

resulted in no significant difference in the size of the spiracular cartilage (p=0.887). The 

Kruskal-Wallis test was performed as a non-parametric alternative to an one-way ANOVA, 

and followed by a Dunn’s test with Bonferroni correction (χ2 = 9.965, n = 28). hm, 

hyomandibula; ph, pseudohyal; pq, palatoquadrate; sc, spiracular cartilage. Scalebars = 

500um. 
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4.5 Discussion 

 

The spiracle and its associated structures – i.e. the pseudobranch and, in elasmobranchs, the 

spiracular cartilage – have long been regarded by classical anatomists and evolutionary 

biologists as vestigial gill elements on the back of the jaw (Gegenbaur, 1872; Ridewood, 1896; 

Goodrich, 1909; El-Toubi, 1947). This idea meshes well with the interpretation of the jaw as 

a derived gill arch, an idea put forward by the classical theory of jaw-gill arch serial homology. 

However, after fossil evidence emerged from stem gnathostomes that seemed to suggest a 

cyclostome-like organisation as the ancestral condition from which jaws evolved (Maisey 

1989; Janvier, 1996; Miyashita, 2016), the interpretation of the spiracle and its internal 

anatomy as the remnants of an ancestral gill arch has largely been abandoned. In cyclostomes 

like lamprey, the mandibular arch has no gill-bearing function, and no gill-slit exists between 

the mandibular and hyoid (Janvier, 1996), rendering the interpretation of the spiracle and its 

internal anatomy as vestigial gill slit elements highly unlikely. Consequently, the 

pseudobranch has been interpreted as a derived chemoreceptive structure that converges on 

a gill-like morphology (Miyashita, 2016), and as a derivative of the hyoid arch (Allis, 1916 in 

Polydontus; Maisey, 1989 and Miyashita, 2016 in elasmobranchs).  

 

4.5.1 The mandibular arch origin of the pseudobranch  

 

My fate-mapping experiments show unequivocally that the pseudobranch is derived from the 

mandibular arch in skate. Suggestions to the contrary (Maisey, 1989; Miyashita, 2016) are 

based on the partial irrigation of the pseudobranch from the oxygenated efferent hyoidean 

artery, described by Allis (1916), and its innervation by the facial nerve, which generally 

supplies the hyoid arch (Laurent & Dunel-Erb, 1984). However, these features are not 

necessarily diagnostic of an embryonic origin from the hyoid arch. For example, in earlier work 

Allis (1900) regarded the portion of the hyoidean artery that supplies the pseudobranch in 

the bowfin fish Amia as belonging to the mandibular, and further suggested that the dorsal 

portion of the efferent pseudobranchial artery relates to the palatoquadrate in the same way 

as the branchial arteries relate to their respective arches—an arrangement in line with the 

serial homology of these elements in Amia. In several elasmobranchs, Allis (1916) found the 
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afferent pseudobranchial artery that supplies the pseudobranch (which he called ‘spiracular 

gill’) to be formed by a merging of vessels deriving from the afferent mandibular artery as 

well as the anterior hyoidean artery. In a classical anatomical study of elasmobranchs, De Beer 

finds the same shared supply by both the true mandibular vessel and the cross-commissure 

from the efferent hyoid artery to the pseudobranch, and further describes the efferent 

pseudobranchial artery as the dorsal portion of the mandibular vessel (De Beer, 1924). This 

leaves no doubt that the mandibular-derived pseudobranch is also irrigated by mandibular-

derived vessels, which parallels blood supply to the gills on the gill arches (Mallatt, 1996), and 

corresponds to its embryonic origin in the first arch. 

 
Further, the facial nerve is also known to innervate non-mandibular derived structures. For 

example, in teleosts, the facial nerve broadly supplies chemoreceptive organs like taste buds 

and the anterior dorsal fin of the rockling Ciliata mustela (Kotrschal et al., 1993) or the 

maxillary barbels of the Japanese sea catfish Plotosus japonicus (Kanwal et al., 1987; Caprio 

et al., 2015). In cartilaginous fishes, the facial nerves have been described as forming a 

complex of four parts that supply part of the lateral line system on the head (ophtalmicus 

superficialis), the cheeks (buccal ganglion), the palatine (roof of the mouth), as well as the 

hyomandibular nerve (Ewart, 1889). Other cranial nerves also supply structures beyond the 

pharyngeal arch with which they are associated: for example, in mice, the maxillary aspect of 

the mandibular arch-derived trigeminal nerve also supplies structures that stem from the 

more anteriorly located frontonasal prominence, which is a derivative of the premandibular 

mesenchyme (Higashiyama & Kuratani, 2014). These morphological findings underscore the 

difficulty of ascertaining arch origin based on innervation alone, and the importance of direct 

cell lineage tracing for resolving questions of embryonic origin. 

 

4.5.2 Serial homology of the spiracular cartilage and branchial rays  

 

The skate pseudobranch is endoskeletally supported by the spiracular cartilage, and this 

element has been serially homologised with the branchial rays, which support the gill lamellae 

on the gill arches in the same anatomical arrangement (Gegenbaur, 1872; El-Toubi, 1947). My 

gene expression and lineage tracing analyses of the mandibular arch provide a developmental 

explanation for this anatomical correspondence: all pharyngeal arches in skate share a 
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common signalling centre—an epithelial ridge of shh signalling on the posterior margin, 

termed GAER, which patterns the subjacent shh-responsive mesenchyme (Fig. 4.6A). In the 

hyoid and gill arches, this shh-responsive mesenchyme gives rise to the branchial rays (Gillis 

et al., 2009; Gillis & Hall, 2016), while in the mandibular arch, the shh-responsive 

mesenchyme gives rise to the spiracular cartilage (Fig. 4.6B). Inhibition of hedgehog signalling 

via cyclopamine treatment results in a reduction of the spiracular cartilage, akin to defects 

observed in the endoskeletal elements of the branchial rays after the same treatment (Gillis 

et al., 2009; Gillis & Hall, 2016). The shared embryonic origin from equivalent domains of shh-

responsive mesenchyme on the pharyngeal arches is developmental evidence consistent with 

the historical interpretation of the spiracular cartilage as a vestigial branchial ray (Gegenbaur, 

1872; Holmgren & Stensiö, 1936; El-Toubi, 1947).  
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Figure 4.6: Schematic representation of the skate gill arch epithelial ridge (GAER) across all 

pharyngeal arches and serial homology of spiracular cartilage and branchial rays. A) All 

pharyngeal arches in embryonic skates possess an epithelial ridge of shh signalling (GAER) 

(purple) that signals to subjacent arch mesenchyme (orange). B) The shh responsive 

mesenchyme in the mandibular arch gives rise to the spiracular cartilage (orange), while the 

shh responsive mesenchyme in the hyoid and gill arches gives rise to the branchial rays 

(orange) in the adult skate. Thus the spiracular cartilage not only shares an anatomically 

similar arrangement with the branchial rays, i.e. they provide skeletal support to the gills 

(red), they are also patterned by the same shh pathway. br: branchial rays; eb 1-4, 

epibranchials 1-4; ha: hyoid arch; hm, hyomandibula; ph: pseudohyal; pq: palatoquadrate; 

ma: mandibular arch; sc: spiracular cartilage; 1-4: gill arches 1-4. 
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However, it should be noted that the shh signalling emanating from the GAER on the hyoid 

and gill arches also has a role in anteroposterior patterning the gill arches (Gillis & Hall, 2016), 

which could not be detected conclusively in the mandibular arch by my cyclopamine 

experiments. In chondrichthyans, gill arches are marked by a clear anteroposterior polarity as 

branchial rays articulate with the epi- and ceratobranchial cartilages along their posterior 

margins (Gillis et al., 2009a, b). If shh signalling is inhibited by cyclopamine at S22, though not 

at S27 or S29, this anteroposterior polarity is lost and misshapen epi- and ceratobranchial 

cartilages articulate along the midlines of the gill arches (Gillis & Hall, 2016). An equivalent 

polarity defect in the articulation of the spiracular cartilage to the upper jaw could not be 

established here: cyclopamine treatment at S22 results in complete deletion of the spiracular 

cartilage, and there is also no clear anatomical readout of the anteroposterior axis in the 

spiracular cartilage that is comparable to the articulation of the branchial rays to the gill 

arches and that could be quantified or qualified in a similar manner to establish 

anteroposterior polarity defects. 

 

4.5.3 Spiracular cartilages and branchial rays throughout the palaeontological record  

 

While this work presents the developmental mechanisms allowing for the anatomical 

correspondence of the pseudobranch to the gills and the spiracular to the branchial rays in 

extant elasmobranchs, there is still little fossil evidence available that traces the evolution of 

these features along the gnathostome stem. To date, both branchial rays and spiracular 

cartilages have only been resolved to the chondrichthyan stem and assessing the exact 

evolutionary history of branchial rays amongst chondrichthyans (i.e. elasmobranchs and 

holocephalans) is a long-standing issue in vertebrate evolution (Gillis et al., 2011). 

Elasmobranchs are characterised by open gill slits, in which an interbranchial septum projects 

beyond the respiratory gill lamellae. The branchial rays function in providing skeletal support 

to the gills from within these protective gill flaps (Gillis et al., 2009a). Holocephalans, the sister 

group of elasmobranchs, possess branchial rays only on the hyoid arch, where they form an 

opercular gill cover, and in the absence of clear branchial ray homologs outside of 

chondrichthyans it is difficult to polarise the acquisition of these endoskeletal arrangements, 

i.e. which of these two conditions is likely ancestral (Maisey, 1984, 1989, 2012; Gaudin, 1991; 
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Schaeffer & Williams, 1997; Lund & Grogan, 1997; Janvier, 1996). More recent developmental 

analyses of the holocephalan Callorhinchus milii indicate that branchial rays on the post-hyoid 

arches are indeed present as small, chondrified projections from the ceratobranchials of the 

first three post-hyoid gill arches, and that the holocephalan operculum likely originated via a 

change in shh signalling on the hyoid arch that ensures prolonged, operculum-forming 

branchial ray outgrowth—alongside holocephalan-specific changes in a deeply conserved 

enhancer element that drives expression of the gill cover regulator pou3f3 across 

gnathostomes in general (Gillis et al., 2011; Barske et al., 2020). In combination with 

palaeontological evidence suggesting the reduction of branchial rays in the post-hyoid gill 

arches along the holocephalan stem (Maisey, 1989; Coates & Sequeira, 2001; Janvier, 1996), 

the vestigial branchial rays in extant holocephalans may thus be interpreted as a feature 

retained from the ancestral elasmobranch-like organisation of the branchial rays across all gill 

arches in stem chondrichthyans (Gillis et al., 2011). However, there is also some fossil 

evidence consistent with a prominent bony opercular gill cover on the hyoid arch in a stem 

gnathostome (Zhu et al., 2013) and stem chondrichthyans (Dick, 1978; Dearden et al., 2019), 

which may be interpreted as pointing the other way, i.e. towards a single, hyoid arch-derived 

gill cover in the last common ancestor of extant gnathostomes, and the subsequent 

acquisition of separate, branchial ray supported gill covers in the posterior gill arches in the 

chondrichthyan stem. However, these separate findings of functional opercula components 

in stem group fossils can also be interpreted as independent origins of a similar gill cover 

strategy (and independent loss of branchial rays in some stem chondrichthyans – Gillis et al., 

2011). Fundamentally, our inability to resolve the acquisitions of these different conditions (a 

holocephalan-like single opercular gill cover on the hyoid vs. elasmobranch-like branchial ray 

supported septa across all gill arches) reflects a high level of anatomical variation found in a 

small number of pre-Devonian stem chondrichthyans available for study, which as a group 

are generally already under-sampled (Coates et al., 2018). As thin, filigree endoskeletal 

elements, branchial rays also preserve exceptionally poorly across the fossil record. To 

accurately reconstruct the evolutionary history of branchial ray expansion and reduction 

across chondrichthyans, a detailed reappraisal of chondrichthyan phylogeny and pharyngeal 

anatomy is necessary.  
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Spiracles, when present, are often difficult to interpret in the fossil record as well. For 

example, some placoderms—a paraphyletic assemblage of fishes which includes some of the 

earliest jawed vertebrates—possessed an opening in the position of a hypothetical spiracle 

(Young & Zhang, 1992; Arsenault et al., 2004), but distinguishing this feature from other gaps 

in their heavy dermal armour remains challenging. Similarly, tracing the internal vestiges of 

potential pseudobranch innervation and irrigation presents a difficult approach, though some 

have described fossilised grooves in stem gnathostomes and stem osteichthyan skulls that 

may represent the remnants of the efferent pseudobranchial artery (Goodrich, 1930; 

Gardiner, 1984; Basden & Young, 2001). 

 

A notable exception to this dearth of fossilised spiracular elements is the recent description 

of the spiracular endoskeleton of the Middle Devonian acanthodiform Cheiracanthus 

murchisoni, which provides the most complete fossilised spiracle in a stem chondrichthyan 

described to date (Burrow et al., 2020). Cheiracanthus appears to have been characterised by 

the presence of both gill bars and a sheet of cartilage in each spiracle, potentially forming a 

valve that allowed for controlled water flow over the pseudobranch. This gill bar-like 

condition of the spiracular cartilage bears a strong anatomical resemblance to branchial 

rays—instead of a continuous sheet of cartilage, Cheiracanthus possessed a set of thin rods 

arranged in parallel like branchial rays inside the spiracle (Burrow et al., 2020). Interestingly, 

Cheiracanthus was a nektonic fish that did not possess teeth and thus had no need to sustain 

waterflow through the buccopharyngeal chamber while its mouth was engaged in prey 

manipulation, and it does not seem to have lived a benthic life, meaning the spiracle would 

not have been needed for water intake while the mouth was buried in substrate (Burrow et 

al., 2020). Hence, the spiracle in Cheiracanthus may have retained an ancestral respiratory 

function. Cheiracanthus can thus be interpreted as the transitional state between 

hypothetical ancestral gnathostome with an unconstrained first gill slit and a gill-arch-like 

mandibular arch one the one hand, and the derived condition of extant elasmobranchs 

bearing paired spiracles containing a reduced pseudobranch and spiracular cartilage derived 

from the mandibular arch on the other hand. Historically, El-Toubi acknowledged that in 

dogfish hatchlings the spiracular cartilages are broader than at earlier developmental stages, 

meaning an oblique cross-section may very well represent them as small sheets rather than 

rods of cartilage (El-Toubi, 1947). Furthermore, the dorsal ends of dogfish hatchling spiracular 
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cartilages appear to merge and fill the space between them with connective cartilage—

perhaps indicating the transition from a rod-like branchial-ray-like appearance to the 

continuous sheet observed in skate. Further comparative studies on the anatomy and 

development of the spiracular cartilages across extant elasmobranchs are needed to establish 

the variety of spiracular cartilages, which may also aid in further understanding the 

evolutionary history of their morphology. 

 

Taken together, these findings support a scenario whereby a mandibular arch-derived 

pseudobranch is likely an ancestral feature of gnathostomes. While pseudobranchs are widely 

present in osteichthyans, lineage tracing data from osteichthyans are still needed to formally 

test the mandibular arch origin of the pseudobranch in this group. The presence of spiracular 

cartilages, however, cannot be inferred beyond the chondrichthyan stem, much like their 

putative gill arch serial homologues, the branchial rays. Nevertheless, the mandibular-arch 

origin of both features, and their apparent similarity to the gills and gill support skeleton in 

chondrichthyans is consistent with the spiracle as a vestigial mandibular arch gill structure 

that is serially homologous with those of the more posterior pharyngeal arches. This view is 

not compatible with scenarios that suggest stem gnathostomes were characterised by a 

cyclostome-like condition in their oropharyngeal region, as cyclostomes do not possess a gill 

slit behind the jaw (Janvier, 1996; Miyashita, 2016). In the absence of transitory fossils 

showcasing the stepwise acquisition of the jawed condition along the gnathostome stem, it 

is difficult to support or refute either hypothesis, i.e. jaw-gill arch serial homology or a 

transformational cyclostome scenario, on palaeontological evidence alone. However, the 

anatomical and developmental evidence reported here strongly point towards the ancestral 

gill slit-like nature of the spiracle in chondrichthyans. This stands in opposition to views that 

suggest that the mandibular arch was always ancestrally distinct from the gill arches and the 

spiracle and its internal anatomy converged on a secondarily derived gill-like nature for 

chemosensory or osmoregulatory reasons. 
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4.6 Summary 

 

Here I have reported cell lineage tracing evidence that shows conclusively for the first time 

that the pseudobranch, here in skate, is a mandibular arch derivative. By also identifying gene 

expression features and cell types (foxl2, gata2, NECs) shared between the pseudobranch and 

gills, I further present strong evidence in favour of interpreting the pseudobranch as a 

vestigial gill on the back of the jaw in skate. By identifying a shared signalling centre emanating 

sonic hedgehog signalling in the posterior margin of the mandibular, hyoid and gill arches, 

which drives spiracular cartilage and branchial ray development, and by demonstrating that 

equivalent domains of mesenchyme, equally competent to respond to this shh signal, give 

rise to both spiracular cartilage and branchial rays, I have also presented strong evidence in 

favour of interpreting the spiracular cartilage as a vestigial branchial ray on the mandibular in 

skate. As a vestigial gill slit that ancestrally separated the jaw and hyoid arch is a prediction 

of the classical anatomical hypothesis of jaw-gill arch serial homology, this work provides 

further developmental evidence consistent with an ancestral gill-arch-like condition of the 

mandibular arch and serial homology of the jaw and gill arches. 
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Chapter 5: 
Discussion 

 

The emergence of jaws was a critical event in vertebrate history, but the acquisition of this 

morphological innovation has been a long-standing question in vertebrate evolution. As 

outlined in chapter 1, most modern developmental hypotheses of jaw evolution aim to 

explain the origin of the gnathostome jaw by modification of a cyclostome-like condition – 

for example via a heterotopic shift in epithelial-mesenchymal interactions restricting 

skeletogenic transcription factor expression to the mandibular arch (Shigetani et al., 2002), 

by confinement of the embryonic progenitors of ancestrally distinct rostral pharyngeal 

skeletal elements to the mandibular arch, and subsequent assimilation of mandibular arch 

derivatives to segmented skeletal arrangement found in more caudal arches (Miyashita, 

2016), or by co-option of a developmental mechanism promoting joint fate into a mandibular 

arch that is otherwise largely gnathostome-like in its dorsoventral patterning (Cerny et al., 

2010). These hypotheses, in turn, are predicated on the assumption that the cyclostome-like 

pharyngeal skeleton reflects an ancestral vertebrate condition. There is some 

palaeontological support for this view, though this comes in the form of inferred cyclostome-

like skeletal conditions from casts of cranial nerve paths and muscle scars inside the dermal 

head shield of stem-gnathostomes, and not from direct observation of endoskeletal 

preservation (Janvier, 1996; Miyashita, 2016). 

 

More recent palaeontological data originating from Cambrian stem-vertebrates has started 

to shift this view. A recent reappraisal of the Cambrian stem-vertebrate Metaspriggina 

walcotti (Morris, 2008) has found that this animal possessed seven paired gill bars, each 

segmented into bipartite dorsal and ventral elements, reminiscent of the epi- and 

ceratobranchials of the gill arches of crown gnathostomes (Morris & Caron, 2014). If this 

reconstruction reflects an accurate preservation of the ancestral pharyngeal endoskeleton – 

and if the most rostral of these segmented bars is derived from the first pharyngeal arch – 

this would imply that a pharyngeal skeletal organization more closely resembling that of 

crown gnathostomes (i.e. with a serially repeated set of segmented skeletal derivatives arising 
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from each pharyngeal arch, exemplified by chondrichthyans) could, in fact, be plesiomorphic 

for vertebrates. It would follow that differences between cyclostome and gnathostome 

pharyngeal skeletons reflect cyclostome divergence from the plesiomorphic condition 

retained in gnathostomes, rather than vice versa. In light of this scenario, attention has 

returned to the parallel anatomical organisation of the gnathostome jaw and gill arch skeleton 

and the classical hypothesis of jaw-gill arch serial homology built on this observation (Gillis et 

al., 2013).  

 

Here I have tested the hypothesis of jaw-gill arch serial homology at two levels of biological 

organisation in a cartilaginous fish, the little skate (Leucoraja erinacea): first, at the level of 

gene expression features and axial patterning mechanisms, and second, at the level of 

vestigial gill arch-like features of the mandibular arch. Specifically, I used a candidate 

approach to demonstrate that conserved dorsoventral patterning mechanisms underpin the 

development of the jaw in bony fishes and the pharyngeal arches in skate. Then I used a 

comparative transcriptomics approach to identify additional members of this conserved 

pharyngeal patterning program as well as unique transcriptional features that may underpin 

distinct jaw and gill arch morphologies in skate. Finally, moving from the molecular level of 

patterning mechanisms to the level of anatomy, I tested for the vestigial presence of the 

ancestral gill-arch like condition of the jawed vertebrate mandibular arch in the form of the 

pseudobranch and spiracular cartilage on the back of the jaw of cartilaginous fishes. My 

findings contrast strongly with the view that the cyclostome-like pharyngeal skeleton reflects 

an ancestral gnathostome condition. Instead, this work suggests serial homology of jawed 

vertebrate mandibular and gill arch patterning mechanisms and their anatomical derivatives. 

However, before discussing these arguments in more depth, which combine patterning 

mechanisms and morphology to infer homology, I will briefly discuss the concept of homology 

itself, and how it has evolved over time to include criteria of anatomy as well as 

developmental biology. 
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5.1 A brief history of homology  

 

Famously, homology can be defined in many different ways, but on a broad level, it revolves 

around the manifestation of continuity or identity of information (Roth, 1984). Classical 

comparative anatomy of the 19th century was concerned with the search for common body 

plans or archetypes. In this context, homology originated as a concept that underpins 

‘sameness’ of morphological characters, famously defined as “the same organ in different 

animals under every variety of form and function” (Owen, 1843). Serial homology is a special 

case of homology, which was originally defined, also by Owen, as “representative or repetitive 

relation in the segments of the same organism” (Owen, 1848). In other words, serial 

homology applies when iterated parts (appendages, subunits) of the same organism are 

compared, and is most apparent in animals with a modular (metameric) body plan, i.e. when 

the manifestation of ‘sameness’ occurs within the same individual organism. As such, serial 

homology has been of longstanding interest to anatomists and evolutionary thinkers. For 

instance, Charles Darwin, the architect of modern evolutionary biology, invoked serial 

homology when he considered the origins of repeated vertebrae in back-boned animals or 

the iterated floral organs in the flowers of angiosperms (Darwin, 1859). However, since the 

times of Owen and Darwin, the concept of serial homology has been transformed 

considerably. Owen’s ‘sameness’ aimed to describe how serially homologous features are 

ultimately all variants of the same idealistic archetype, from which different organisms 

deviate in their own ways (Owen, 1843; Van Valen, 1982). In Owen’s words, serially 

homologous features are “manifestations of some higher type of organic conformity on which 

it has pleased the divine Architect to build up certain of his diversified living works” (Owen, 

1848). For Darwin, descent with modification and natural selection were the two workhorses 

of evolution (Darwin, 1859) and therefore also the explanation for (serial) homology: Owen’s 

archetype was simply an ancestral condition, and homologous characters are evidence of 

phylogenetic relationships and shared ancestry.  

 

In modern evolutionary biology, similarities in structure, in anatomical position, as well as  

embryonic origins are used as criteria to infer homology. Considerations on the ‘sameness’ of 

putative serially homologous features therefore also involve the mechanisms of development 
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that generate these features in the embryo. While previous definitions of homology mostly 

view homologous characters as the consequence of evolutionary diversification of 

morphologies over time and infer homology by reconstructing phylogenetic relationships, 

more recent developmental definitions explicitly view (serial) homologues as the 

consequence of common developmental mechanisms that are (iteratively) redeployed during 

ontogeny. Broadly, the continuity of information, from which all definitions of homology are 

ultimately drawn, thus became located in the same “subprograms” of development that may 

be re-used repeatedly (Van Valen, 1982), via developmental pathways that consist of 

phylogenetically related genetic components (Roth, 1984). In this view, serial homology 

amongst iterative features, such as vertebrae or limbs, may be inferred on the basis of an 

underlying modular developmental program, which is duplicated and then re-deployed in a 

new location or at a new time—in addition to common anatomical features (Hall, 1995). 

However, several new problems originated from the inclusion of development as a criterion 

to infer homology, which led to increasingly specific definitions of (serial) homology in 

attempts to circumvent these issues.  

 

A strict definition of homology as a result of development involving ‘genealogically-related’ 

genetic elements complicates homologising entire structures if they partially derive from 

different developmental pathways (Roth, 1984). This has led to suggestions of a continuum 

of serial homology on a developmental basis, from identical, strongly homologous features, 

e.g. two thoracic vertebrae in the same animal, to weakly homologous features that simply 

derive from the same germ layer, e.g. cranial and trunk muscles in the same animal, which 

are both mesoderm derivatives. Within this sliding scale framework, the continuum of serial 

homology was measured by the developmental steps at which developmental paths diverge 

(Roth, 1984). However, this definition eliminates all putatively (serially) homologous 

characters from consideration that do not originate via the same developmental pathways. A 

classic example often invoked to illustrate this point are body segments across insects: as a 

lineage, insects are nested within arthropods, which are exclusively comprised of segmented 

animals, and there is no unsegmented sister lineage to insects that could suggest a loss of 

arthropod-like segmentation prior to their emergence. Nonetheless, genes that are essential 

for segmentation in the fruit fly Drosophila melanogaster, i.e. the pair-rule genes fushi tarazu 

(ftz) and even skipped (eve), are not fulfilling a pair-rule function in the grasshopper 
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Schistocerca americana, in which they instead mark the central nervous system (Pankratz & 

Jackle, 1993; Patel et al., 1992; Dawes et al., 1994). However, their anatomical 

correspondence and their phylogenetic past leave no doubt that the fruit fly and grasshopper 

body segments are homologous features—but a strict developmental definition of serial 

homology revolving around the ‘genealogically’ related pair-rule genes would question their 

homology. 

 

This problem can be addressed in several different ways. For example, it has been proposed 

to distinguish between homologous characters that result from shared pathways or divergent 

developmental pathways, i.e. syngeny vs. allogeny (Butler & Saidel, 2000). A different 

approach is taken by the theory of ‘character identity networks', which is concerned with the 

historical continuity of the gene regulatory networks that underpin putatively homologous 

characters, rather than the expression of individual homologous genes (Wagner, 2007, 2014). 

Through testing for these character identity networks, it can be established whether a body 

part is a novelty or a derived feature serially homologous to a different structure—for 

example, if the gnathostome jaw and gill arches share a character identity network that 

specifies their identities during development. 

 

Taken together, this era of developmental homology concepts ignited a long-standing (and 

ongoing) debate on the presence and absence of homology at the molecular level at which 

developmental processes and patterns operate (Dickinson, 1995). In other words, re-

deployed developmental programs may diverge with or without consequences for the 

phenotypic readout (Hall, 1995), which decouples homology on the morphological and the 

developmental level. One solution to this conundrum is considering homology as a 

hierarchical concept: while some characters may be homologous on an anatomical level, they 

may not be generated by homologous developmental processes (Dickinson, 1995; Abouheif, 

1997; Wagner, 2014). This renders hypotheses of homology testable from different 

perspectives, and allows us to revisit classical hypotheses, which were originally based on 

anatomy, using modern techniques of developmental biology.  
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5.2 Jaw-gill arch serial homology and the evolution of gnathostome 

jaws   

 

Here, I have applied the hierarchical line of thinking about homology to the question of jaw 

origins in gnathostome vertebrates by testing for serial homology on molecular and 

anatomical levels of biological organisation: I report common patterning mechanisms in the 

form of gene expression domains that unite all pharyngeal arches, and I demonstrate the 

presence of gill-arch vestiges on the back of the jaw in skate.  

 

The combination of candidate and differential gene expression analysis outlined in chapters 

two and three has revealed a suite of transcription and signalling factors that display polarised 

expression along the dorsoventral axis of the pharyngeal arches in skate. The overwhelming 

majority of these genes, for example dorsal territory marks such as pou3f3 and foxg1, joint 

factors such as bapx1 and gdf5, and ventralising endothelin and bmp4, share expression in 

the mandibular, hyoid and gill arches (serially shared genes in Fig. 5.1A). Together with 

previous reports of shared expression of core components of the pharyngeal arch 

dorsoventral patterning network in cartilaginous and bony fishes, such as the dlx genes (Gillis 

et al., 2013; Compagnucci et al., 2013), these findings point to a conserved transcriptional 

network patterning the dorsoventral axis of the mandibular, hyoid and gill arches in the 

gnathostome crown group, and serial homology of the gnathostome jaw, hyoid and gill arch 

skeleton (Fig. 5.1B).  

 
Additionally, I report distinct transcriptional features of the mandibular and gill arches in skate 

(arch specific genes in Fig. 5.1A). These include mandibular arch-specific expression of six1, 

eya1 and scamp5 in the dorsal mesenchyme and expression of six2, tbx18 and pknox2 in the 

mesoderm; and hyoid and gill arch-specific mesodermal expression of lhx9 and endodermal 

expression of gcm2, wnt2b and foxq1 in developing gills. The mandibular arch-specific 

mesenchymal gene expression features may reflect jaw-specific divergence from the 

ancestral pharyngeal dorsoventral patterning program and may function downstream of 

global anteroposterior patterning mechanisms (e.g. the Hox code of the vertebrate head) and 

in parallel with local signals from oral epithelium to effect anatomical divergence of the 
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mandibular arch skeleton (Hunt & Krumlauf., 1991; Rijli et al., 1993; Couly et al., 1998, 2002; 

Hunter and Prince, 2002). The mesodermal and endodermal gene expression features may 

underlie the evolution of arch-specific muscular and gill fates, respectively. Expression of 

eya1, six1, six2, tbx18 and pknox2 may therefore be ancestral features of the gnathostome 

mandibular arch, while lhx9, gcm2, wnt2b and foxq1 may be ancestral features of the 

gnathostome gill arches. However, depending on comparative expression data from other 

lineages, it is also feasible to infer that some of these expression patterns may be skate- or 

chondrichthyan-specific: for example, as notch signalling has been found to play a critical role 

in patterning the mandibular arch derivatives in mouse and zebrafish (Zuniga et al., 2010; 

Barske et al., 2016; Tavares et al., 2017), the near absence of expression of the notch signalling 

readout hey1 from the mandibular arch may be a derived feature of the skate or 

chondrichthyans more broadly, or a retention of an ancestral vertebrate condition that has 

been lost in bony fishes. Comparative data on notch signalling from jawless fishes is needed 

to resolve the likely ancestral role of notch signalling in patterning the vertebrate mandibular 

arch. 

 

In light of Cambrian stem vertebrates displaying a bi-partite, dorsoventrally polarised 

organisation of the pharyngeal endoskeleton in the fossil record, i.e. Metaspriggina, it is 

worth speculating whether the pan-pharyngeal transcriptional program described here in 

skate could have functioned to pattern the dorsoventral axis and to serially delineate 

pharyngeal skeletal segments not just in the last common ancestor of the gnathostome crown 

group, but more generally, in the last common ancestor of vertebrates (Fig. 5.1B). In other 

words, the serially shared core components of the pharyngeal arch patterning network as 

found in skate might predate the origin of the gnathostome body plan and could reflect the 

retention of a patterning program ancestral to vertebrates, while arch specific gene 

expression patterns, such as dorsal mandibular arch eya1/six1 expression in the mesenchyme 

(Fig. 5.1A), may be associated with the evolution of the jaw.  
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Figure 5.1: The origin of gnathostome jaws via molecular and anatomical serial homology. 

(A) Summary of polarised gene expression patterns within skate pharyngeal arches. Serially 

shared genes possess expression patterns that are serially repeated across the mandibular, 

hyoid and gill arches in skate. These expression features may comprise an ancestral core 

pharyngeal arch dorsoventral patterning program for gnathostomes, and underlie serial 

homology of the jaw, hyoid and gill arch skeleton. Genes in bold italic are likely candidates of 

such an ancestral network as they are also found in lamprey (though their expression in larval 

lampreys may not correspond exactly to the dorsoventral expression pattern found in skate). 

Arch specific genes possess expression patterns that are unique to one or to a subset of 

pharyngeal arches in skate and may underlie the anatomical divergences of jaws and gill 

arches, on top of primitively similar molecular and anatomical identities of all arches. (B) The 

evolution of dorsoventral patterning in the pharyngeal endoskeleton of vertebrates and serial 

homology of jaws and gill arches. As the dorsoventrally patterned pharyngeal endoskeleton 

derived from neural crest cells evolved in stem vertebrates, such as Metasprigginia, this was 

likely underpinned molecularly by the gradual gain of the dorsoventral patterning code active 

during pharyngeal arch development. Ancestrally, jawless stem gnathostomes thus possessed 

pharyngeal arches that were patterned dorsoventrally by a shared transcriptional network, 

which iteratively gave rise to serially homologous, bi-partite gill arches in the adult anatomy, 

each separated by gill slits. In the lineage leading to cyclostomes, this bi-partite, 

dorsoventrally segregated organisation was lost and the velum and branchial basket instead 

evolved as pharyngeal arch derivatives. In the lineage leading to gnathostomes such as skate 

or zebrafish, however, the mandibular arch eventually gained a unique molecular patterning 

mechanism on top of the pan-pharyngeal code that transformed its derivative, the ancestral 

first gill arch, into jaws. The gill slit ancestrally separating the first, mandibular-arch-derived 

arch from the second, hyoid-arch-derived arch was transformed into the spiracle. bb, 

basibranchial; bh, basihyal; br, branchial rays; brr, branchiostegal ray; cb, ceratobranchial; ch, 

ceratohyal; eb, epibranchial; hb, hypobranchial; hs, hyosymplectic; hm, hyomandibula; mc, 

Meckel's; mk, Meckel’s cartilage; op, opercle; pch, prechordal; pq, palatoquadrate, pb, 

pseudobranch; ph, pseudohyal; s, spiracle. 
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In the fourth chapter of this dissertation, I investigate the theory of jaw-gill arch serial 

homology on an anatomical level by testing whether the ancestral nature of the mandibular 

arch may have been gill arch-like. This is a prediction of the classical theory of jaw-gill arch 

serial homology, which proposes that jaws originated through transformation of the anterior-

most gill arch (Gegenbaur, 1878; Romer, 1966). In contrast, most modern developmental 

hypotheses of jaw evolution assume the jaw originated out of a non-gill bearing, cyclostome-

like condition, and since lampreys do not possess a gill slit separating the first two pharyngeal 

arches, this also implies that ancestrally no gill slit separated the jaw and hyoid arch. 

Therefore, the idea that the jaw might bear remnants of a gill arch-like past has been largely 

discounted and features reminiscent of a gill slit on the back of the jaw, i.e. the spiracle, have 

been interpreted as secondarily derived. However, I find strong evidence consistent with a 

vestigial gill element in the spiracle of the skate.  

 

I report that the embryonic mandibular arch in skate possesses a signalling centre that 

strongly resembles the gill arch epithelial ridge (GAER) on the hyoid and gill arches. These 

serially repeated epithelial signalling centres all express shh, which functions to pattern the 

subjacent, skeletogenic mesenchyme, giving rise to the spiracular cartilage on the mandibular 

arch and the branchial rays on the hyoid and gill arches in skate. The shared embryonic origin 

from equivalent domains of shh-responsive mesenchyme on the pharyngeal arches is 

developmental evidence consistent with the historical interpretation of the spiracular 

cartilage as a vestigial branchial ray (Gegenbaur, 1872; Holmgren & Stensiö, 1936; El-Toubi, 

1947). Furthermore, I report that in skate the pseudobranch is indeed mandibular arch-

derived, and that it shares molecular and cell type features with the respiratory gill filaments 

of the gill arches. These conserved anatomical, developmental, and molecular similarities—

i.e. shared endoskeletal support for the gill filaments by cartilage elements derived from shh-

responsive mesenchyme, shared gene expression during gill morphogenesis, and shared 

NECs, respectively—strongly point to the pseudobranch being a vestigial gill element. Taken 

together, this work provides a mechanistic explanation for the correspondence of the 

pseudobranch to gill filaments and the correspondence of the spiracular cartilage to branchial 

rays. In the context of a putative branchial series in stem gnathostomes, this further suggests 

the mandibular arch and hyoid arch were ancestrally separated by a gill slit, unlike in modern 
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cyclostomes, and that this ancestral gill slit has been retained in the form of the spiracle (Fig. 

5.1B).  

 

Pseudobranchs are also widely present in bony fishes, suggesting that this feature is likely 

ancestral to gnathostomes, though lineage tracing experiments are needed to confirm 

whether the bony fish pseudobranch is a mandibular arch derivative as well. However, there 

is currently no evidence for a spiracular cartilage homologue or branchial rays outside of 

elasmobranchs, which indicates that these elements are likely derived features of 

cartilaginous fishes. While the spiracular cartilage-branchial ray correspondence can 

consequently only be resolved to the chondrichthyan lineage, my findings still lead to the 

conclusion that the spiracle indeed represents a vestigial gill slit. Within it, a reduced gill 

element is retained, which in chondrichthyans is supported by a vestigial branchial ray, i.e. 

the spiracular cartilage. These interpretations of the anatomy and development in skate are 

in agreement with the classical interpretations of these structures as vestiges of the gill-arch 

like past of the mandibular arch (Gegenbaur, 1872; Ridewood, 1896; Goodrich, 1909; El-

Toubi, 1947), but stand in stark contrast to most modern developmental hypotheses of jaw 

evolution, which frame the acquisition of this morphological novelty as a transformation of a 

cyclostome-like past. Instead, the evidence presented here, in combination with recent 

reappraisal of Metasprigginia and the changing view on the ancestral pharyngeal 

endoskeleton as dorsiventrally polarised and bi-partite (Morris & Caron, 2014), suggests that 

the differences between cyclostome and gnathostome pharyngeal skeletons reflect 

cyclostome divergence from the plesiomorphic condition retained in gnathostomes (Fig. 

5.1B), rather than vice versa.  

 

Further evidence for this shift in thinking on gnathostome origins comes from the recent 

recovery of larval stem lampreys from the Paleozoic that lack the typical characteristics of 

ammocoetes and instead show adult-like traits, including a cusped feeding apparatus and 

posteriorly united branchial baskets (Miyashita et al., 2020). The morphological similarities 

between larval lampreys and invertebrate chordates thus likely resulted from the 

convergence of these two lineages on a similar lifestyle, i.e. filter-feeding, rather than a 

retaining of an ancestral condition in ammocoetes (Miyashita et al., 2020). It follows that the 

pharyngeal endoskeletal condition found in the larvae of extant lampreys is a derived 
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condition of crown group lampreys. Given this fossil evidence, the larvae of extant lampreys 

cannot provide a model of the hypothetical ancestral conditions of the pharyngeal 

endoskeleton in early jawless vertebrates or stem gnathostomes. While there is still a dearth 

of comparable fossil evidence on the condition in the gnathostome stem to fill this gap, this 

shifts the focus back on scenarios that do not assume a larval lamprey-like condition in stem 

gnathostomes, such as jaw-gill arch serial homology. 

 

Consequently, when considered alongside comparative data from bony fishes, the findings 

reported here may lead to a new model of jaw evolution that combines the anatomical 

arguments in favour of jaw-gill arch serial homology put forward by Carl Gegenbaur with the 

molecular and developmental data provided by the little skate. As outlined above, the serially 

shared, pan-pharyngeal transcriptional program (Fig. 5.1A) may have functioned to pattern 

the dorsoventral axis and to iteratively confer pharyngeal skeletal identity not just in the last 

common ancestor of the gnathostome crown group, but more generally, in the last common 

ancestor of vertebrates, coincident with the origin of pharyngeal endoskeletal segmentation 

(Fig. 5.1B). Over the course of evolution, along the anteroposterior axis of the pharyngeal 

endoskeleton, this may have given rise to a primitive series of dorsal, intermediate, and 

ventral skeletal elements and associated nerves, muscles and connective tissues, which 

through changes in functions associated with ventilation and predation have been modified 

into the jaw, hyoid and gill arches of modern gnathostomes. It seems feasible to speculate 

that stem gnathostomes underwent large-scale changes in life history strategies in terms of 

increasing reliance on predation as mode of feeding, as suggested by the new head and new 

mouth models of vertebrate evolution (Northcutt & Gans, 1983; Mallat, 1984), though their 

ancestral state likely did not resemble the oropharyngeal organisations of modern-day 

lampreys.  

 

To test this hypothesis and better understand the acquisition of this patterning mechanisms 

in the vertebrate stem, it would be of considerable interest to test for the expression of 

orthologous genes in the chordate sister groups to vertebrates, i.e. urochordates (tunicates) 

and cephalochordates (amphioxus), to determine whether or to which degree the pharyngeal 

patterning mechanisms are conserved across chordates. The neural crest cell derived, 

collagenous pharyngeal endoskeleton is a vertebrate-specific innovation (Janvier, 1996), as 
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are some of the pharyngeal patterning components, e.g. endothelin ligands (Martinez-

Morales et al., 2007; Braasch & Schartl, 2014). However, other aspects of the pharynx, such 

as out-pocketing endoderm and associated transcription factors, are deeply conserved within 

deuterostomes (Gillis et al., 2012; Simakov et al., 2015). Similarly, the oral skeleton of the 

cephalochordate amphioxus Branchiostoma floridae, which otherwise lacks neural crest cells, 

has been shown to possess cellular cartilage akin to the cartilage found in vertebrates (Jandzik 

et al., 2015). This has led to the suggestion that the evolution of the vertebrate head skeleton 

involved the recruitment of the genetic mechanisms in the mesendoderm that drives cellular 

cartilage differentiation in amphioxus (a gene encoding a clade-A fibrillar collagen, ColA, and 

the transcription factors SoxE and SoxD) by the novel neural crest cells, and the spread of the 

resulting collagenous cartilage from the oral region into the pharynx and the head (Jandzik et 

al., 2015). As the robust pharyngeal endoskeleton evolved, the developmental changes in the 

vertebrate head may have been intertwined with the acquisition of the axial patterning 

program outlined in Fig. 5.1A., giving rise to the ancestrally polarized mandibular, hyoid and 

gill arches and their derivatives from cranial neural crest cells in stem vertebrates.  

 

Three different scenarios underpinning the acquisition of the axial patterning program seem 

feasible: The first possibility is the redeployment of transcription factors or epithelial 

signalling interactions from previous functions in development to the pharynx, akin to how 

the collagen-generating SoxD/E-ColA gene regulatory network in the oral apparatus of 

cephalochordates has likely been recruited by the neural crest cells in stem vertebrates. For 

example, the dorsal marker pou3f3, the joint markers nkx3.2 and gdf5, and ventral markers 

hand1, hand2 and msx1 may have each been recruited from elsewhere during development 

by the same neural crest cells as they incorporated SoxD/E and ColA. This may have 

underpinned the dorsoventral polarisation across the pharyngeal endoskeleton in stem 

vertebrates as the collagenous endoskeleton of the pharynx evolved. If this is the case, we 

may predict expression of orthologous genes fulfilling patterning roles outside the pharynx in 

non-vertebrates. This may be the case for the hand transcription factors, which function in 

early heart formation, a process that has a deep metazoan origin and is largely conserved in 

flies and mammals, and accordingly expression of hand orthologues is also found during 

cardiogenesis in flies and vertebrates (Srivastava et al., 1995; Han & Olson, 2005; Han et al., 

2006). As the vertebrate pharynx evolved, expression of hand orthologues originally from the 
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developing heart may have been extended into the ventral pharyngeal arch mesenchyme to 

confer lower arch identity. Testing for the presence and expression of hand genes in larval 

amphioxus may resolve this question.  

 

The second possibility is the components of the pharyngeal patterning program may have 

already played a role in patterning the non-neural crest derived head and pharynx across non-

vertebrate chordates and maintained this function as the novel neural crest cells begun 

migrating into the new, vertebrate-specific pharynx. Members of the patterning network that 

underwent this scenario can be expected to be expressed in equivalent domains of the 

pharynx in non-vertebrate chordates. A possible candidate for this scenario is foxe4, which in 

skate marks the ventralmost pharyngeal endoderm and has already been shown to also be 

expressed in the amphioxus pharyngeal endoderm (Yu et al., 2002). Similarly, on the dorsal 

side of the patterning program, expression of Brn1/2/4, a member of the POU3 class of 

transcription factors and potential amphioxus orthologue of pou3f3, has been described in 

the dorsal amphioxus pharynx (Candiani et al., 2002). 

 

The third possibility is de novo evolution of genes in the vertebrate stem as the vertebrate 

pharynx evolved. These genes and signalling pathways are expected to be vertebrate specific 

novelties. This scenario is exemplified by endothelin ligands and receptors, which pattern the 

ventral pharynx in the earliest branching lineage of vertebrates, i.e. cyclostomes (Square et 

al., 2016, Square et al., 2020), but are not found in non-vertebrate animals (Martinez-Morales 

et al., 2007; Braasch & Schartl, 2014). This suggests the role of endothelins in patterning the 

neural crest cells originated alongside this vertebrate-specific cell population (Square et al., 

2020).  

 

Finally, it should be noted that there is no evidence of a comparable patterning network in 

another tissue that predates the origin of vertebrates, which makes a ‘wholesale’ re-

deployment by the patterning network outlined in Fig. 5.1A highly unlikely. Similarly, the 

mesenchyme populating the pharyngeal arches in vertebrates is a novelty, and not found in 

non-vertebrate chordates. Therefore, it seems feasible that the acquisition of the pharyngeal 

patterning program was a gradual process, and its individual components, like mesenchymal 

hand genes, were redeployed for novel functions in the pharynx on top of previous gene 
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expression, such as endodermal foxe4, while others arose de novo, like endothelin signalling. 

Nonetheless, only comparative studies in non-vertebrate chordates can resolve the exact 

mode of acquisition by which the axial patterning program achieved its role within the 

pharyngeal arches of stem vertebrates. 

 

Consequently, previous hypotheses of jaw evolution like the heterotopic shift in epithelial-

mesenchymal interactions (Shigetani et al., 2002) or the pre-pattern co-option model (Cerny 

et al., 2010) that frame the acquisition of the jaw by rewiring the patterning mechanisms in 

the oropharyngeal region of a lamprey-like stem gnathostome, may actually highlight the 

developmental changes that correlate with the loss of dorsoventral polarity in the pharyngeal 

endoskeleton, the emergence of the branchial basket, and other peculiarities of cyclostomes. 

For instance, the epithelial signalling acting upon the pre-mandibular mesenchyme caudal to 

the eye in the lamprey, which gives rise to upper lip and which is shared by the mandibular 

arch in gnathostomes (Shigetani et al., 2002) may reflect a unique adaptation of the 

premandibular mesenchyme in lampreys (i.e. the upper and lower lips) that cannot easily be 

homologized with gnathostome derivatives of this region, rather than an ancestral state of 

patterning mechanisms, which had to be adapted to allow for the emergence of jaws from 

this region. The loss of Gdf5 and Nkx3.2/Bapx1 expression from the intermediate region of 

the mandibular arch in lampreys (Cerny et al., 2010) may underpin the development of a 

different morphological novelty, i.e. the velum and its cartilaginous support element. The 

patterning mechanisms conserved between lamprey and gnathostomes, such as ventral edn1 

and hand expression (Square et al., 2016; Square et al., 2020), have often been interpreted 

as a ‘ground plan’ upon which gnathostomes have added transcriptional elaboration, e.g. 

Gdf5 and Nkx3.2/Bapx1 expression, but in accordance with the scenarios described above it 

also seems feasible to hypothesize that the patterning mechanisms found in lamprey 

represents a reduced or simplified version of the ancestral patterning network, in which core 

features, such as endothelin signals patterning migrating neural crest cells, are preserved, 

while others have been lost, simplified, or otherwise derived, relative to the gnathostome 

pharyngeal patterning network.  
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5.3 Serially homologising beyond the jaws and gill arches in 

gnathostome body plan evolution 

 
Recent fate mapping experiments in skate have shown that the mandibular and hyoid arch 

skeleton derives exclusively from neural crest cells, but the gill arch skeleton is characterized 

by a dual origin from both the neural crest and the mesoderm, while the pectoral fin skeleton 

is exclusively mesoderm derived (Sleight et al., 2020). As skeletogenic primordia in the skate 

hyoid and gill arches and in the tetrapod limb bud share responsiveness to shh signalling in 

terms of anteroposterior axis establishment and proliferative expansion (Gillis et al., 2009b; 

Gillis & Hall, 2016), these findings demonstrate a common competence of gill arch and 

fin/limb skeletal progenitors to respond to shh signals in cartilaginous fishes. This conserved 

competence has been interpreted as consistent with putative serial homology of the skeletal 

derivatives of the gill arches and the fin/limbs (Sleight et al., 2020). Traditionally, serial 

homology has been thought of as necessitating shared embryonic origin (Hall, 1995), but this 

new view decouples serial homology on an anatomical level from strict germ layer fates, and 

instead shifts the focus on conserved developmental competence, in this case within the 

vertebrate skeleton. 

 

Here I have shown that a shared shh signalling centre (GAER) also plays a role in patterning a 

mandibular arch-derived appendage in skate, i.e. the spiracular cartilage. Thus, I provide 

evidence for further anterior competence of skeletogenic mesenchyme to respond to shh in 

a similar fashion as the gill arches and fins. In this context, it is interesting to note that the 

subsequent patterning of the skeletal derivatives of pharyngeal arches and fin/limb buds, i.e. 

the jaw, gill arches, and pectoral fin/limb skeleton, also share commonalities across 

gnathostomes. For example, genes like barx1, nkx3.2 and gdf5 are also active in 

skeletogenesis in the mesoderm-derived skeleton of the fins/limbs in bony fishes, e.g. in 

synovial joint formation (Tissier-Seta et al., 1995; Church et al., 2005, Crotwell et al., 2007; 

Storm & Kingsley, 1996; Brunet et al., 1998; Merino et al., 1999; Hartmann & Tabin, 2001). 

Another example is Bmp4 and its expression in the apical ectodermal ridge at the distal end 

of the limb bud, which is a key player in regulating limb development (Duprez et al., 1996; 

Pizette et al., 2001; Ahn et al., 2001; Selever et al., 2004; Wang et al., 2004)—as well as in 
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lower jaw development. The overlap of these developmental patterning programs, i.e. axial 

patterning of the pharynx and the limbs across gnathostomes, seems striking. As the jaw and 

paired fins are both gnathostome synapomorphies, the evolution of the developmental fates 

of the skeletogenic mesenchyme and mesoderm in the pharyngeal arches and fin buds, 

respectively, may have been driven by the acquisition the patterning mechanisms as outlined 

in Fig. 5.1A, as a shared response or common competence to respond to similar signalling 

centres such as the GAERs. In other words, these two evolutionary innovations of the 

gnathostome body plan—jaws and paired fins—may share ancestry as pharyngeal arch 

derivatives and may therefore have shared a common, serially-repeated patterning program. 

This scenario is based on the decoupling of germ layer origin, meaning the axial patterning 

program was retained by all skeletogenic tissues, i.e. the mesenchyme of the mandibular and 

hyoid arches, the mesenchyme and mesoderm of the gill arches, and the mesoderm of the 

fin buds.  

 

This view provides a mechanistic framework for the putative serial homology across the jaw, 

gill arches, and the pectoral fin skeleton originally suggested by Carl Gegenbaur (1878): while 

the skeletogenic primordia of the jaw, gill arches, and the pectoral girdle and fin do not share 

common embryonic origins from the same germ layer, they do share a conserved competence 

to respond to shh signalling emanating from posterior marginal ridge (Sleight et al., 2020) and 

they share the repeated deployment of axial patterning mechanisms, such as regulators of 

joint formation or bmp signalling. However, there is currently no clear evidence from the fossil 

record to support or refute this theory (Coates, 2003), and in the absence of such 

palaeontological data other theories such as the fin-fold hypothesis (Thacher, 1877; Balfour, 

1881; Mivart, 1879; Tanaka et al., 2002; Tulenko et al., 2016) have been put forward. The 

shared expression of joint markers and chondrogenesis regulators across pharyngeal arches 

and developing limb buds also lacks a neat correspondence that complicates inferring clear-

cut serial homology on a developmental basis alone. In the original theory put forward by 

Gegenbaur, the (shoulder) girdle of tetrapods represents a modified gill arch and the limb/fin 

skeleton (stylopod, zeugopod, autopod) represents modified branchial rays, but the signalling 

I have described in the pharyngeal arches in skate cannot be easily mapped from the 

pharyngeal arches onto the limb bud: in skate, intermediate expression of gdf5 in the 

pharyngeal arches marks presumptive joint domains in the gill arches, i.e. the hypothetical 
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ancestral girdle, whereas in tetrapods, gdf5 marks presumptive joint domains in the digits, 

i.e. the autopod (e.g. Hartmann & Tabin, 2001). This may imply two different scenarios if the 

gill arch-fin serial homology view holds true: on the one hand, if there is a correspondence 

between these different joint domains in gill arches vs. limbs, the classical gill arch-fin serial 

homology could also have involved a topographic shift of gene expression patterns playing a 

role in joint formation. In other words, the putative shoulder girdle antecedent, i.e. the gill 

arch, ancestrally possessed a joint marked by gdf5 expression, which then shifted to the limb 

skeleton as the limb evolved. On the other hand, the shared expression of gdf5 in the skate 

gill arches and in tetrapod limb buds may simply be a reflection of a conserved role of gdf5 in 

joint formation, and lack any meaningful role in the putative serial homology of gill arches 

and limbs. Further comparative gene expression studies of known limb bud regulators across 

the pharyngeal arches are needed to test this more comprehensively. Nonetheless, the 

expression features of pharyngeal arches of a cartilaginous fish presented here may thus 

prove to be informative with regards to other evolutionary theories on the gnathostome body 

plan and may provide insightful developmental data to rework the framing of serial homology 

across vertebrate evolution. 

  

To find out what truly differentiates the jaw from the gill arches on a molecular level, it would 

be interesting to pair the RNA-seq and differential gene expression experiments presented 

here with chromatin immunoprecipitation and DNA sequencing (ChIP-seq) and assays for 

transposase-accessible chromatin with high-throughput sequencing (ATAC-Seq). ChIP-seq 

and ATAC-Seq are used to profile epigenetic modifications and chromatin accessibility on a 

genome-wide scale, i.e. they reveal the non-coding DNA regions such as transcription factor 

binding sites involved in the spatiotemporal regulation of gene expression at base-pair 

resolution (Park, 2009; Buenrostro et al., 2015). However, both techniques require the 

availability of a high-quality genome for reference—which has only been recently completed 

in skate (by Professor José Luis Gómez-Skarmeta, unpublished). In the context of jaw 

evolution and patterning of the pharyngeal endoskeleton in skate, these methods could be 

used to map the genome regulatory landscapes along the dorsoventral and anteroposterior 

axis of the developing jaw and gill arches (particularly the skeletogenic mesenchyme). This 

approach might yield the exact gene regulatory network that commands cell population 

differentiation into the principal components of the pharyngeal endoskeleton in skate, i.e. 
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Meckel’s cartilage and palatoquadrate in the mandibular arch, and cerato- and epibranchial 

cartilages in the gill arches, respectively. For example, by comparing the epigenomic profiles 

of each of these skeletogenic cell populations, putative cis-regulatory elements may be 

mapped that underpin how dorsal expression of the transcription factors eya1 and six1 in the 

mandibular arch mesenchyme informs differentiation into the skeletal elements of the upper 

jaw. Additionally, by comparisons of the dynamics of gene expression and chromatin 

accessibility within skate to the genome regulatory landscapes across vertebrates, the 

evolution of the diversity of pharyngeal skeletal derivatives may be elucidated—i.e. the 

changes in the regulatory elements that underpin how for example despite shared dlx 

transcription factor expression across cyclostomes as well as gnathostomes, the pharyngeal 

arches in lamprey form a velum and a branchial basket, while they give rise to the jaws and 

gill arches in fishes, and finally the jaw and middle ear ossicles in tetrapods.  

 

Hence, while there still is a gap in the fossil record and no evidence exists to support or refute 

the hypothesis of jaw-gill arch serial homology on palaeontological evidence alone, the 

combination of anatomical and developmental data from skate which I have assembled here 

may serve as a stepping-stone in the bridge across this gap. There is now a consistent wealth 

of developmental and anatomical evidence that suggests the jaw is indeed a derived, serially 

homologous element of an ancestral branchial series, and my data from skate further 

describe a vestigial gill on the back of the jaw in chondrichthyans—consistent with a gill-arch-

like past of the mandibular arch, and consistent with Gegenbaur’s classical hypothesis of jaw-

gill arch serial homology. Put together, it is my hope that these findings serve to answer 

important questions in vertebrate evolution. 
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Supplementary files 
 
 

Chapter 1:  

There are no supplementary files associated with this chapter. 

 

Chapter 2:  

Table S2.1.xlsx = List of accession numbers and sequences associated with the skate genes 

whose expression I have described throughout chapters 2-4. 

 

Chapter 3:  

Script S3.1.xlsx = Bash script containing the code used to assemble the Leucoraja erinacea 

pharyngeal arch transcriptome from trimmed, cleaned, and normalised read data. 

Script S3.2.R = R script containing the code used to identify differentially expressed genes and 

generate associated plots across pharyngeal arch samples from S23-24. 

Script S3.3.R = R script containing the code used to identify differentially expressed genes and 

generate associated plots across pharyngeal arch samples from S25-26. 

Table S3.1.xlsx = Differentially expressed Leucoraja erinacea genes selected for validation 

through ISH and associated expression patterns, if available 

Table S3.2.xlsx = Leucoraja erinacea genes differentially expressed in ventral vs dorsal gill 

arches at S23/24. 

Table S3.3.xlsx = Leucoraja erinacea genes differentially expressed in ventral vs dorsal 

mandibular arches at S23/24. 

Table S3.4.xlsx = Leucoraja erinacea genes differentially expressed in dorsal mandibular arch 

vs dorsal gill arch at S23/24. 

Table S3.5.xlsx = Leucoraja erinacea genes differentially expressed in ventral mandibular arch 

vs ventral gill arch at S23/24. 

Table S3.6.xlsx = Leucoraja erinacea genes differentially expressed in ventral vs dorsal gill 

arches at S25/26. 
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Table S3.7.xlsx = Leucoraja erinacea genes differentially expressed in ventral vs dorsal 

mandibular arches at S25/26. 

Table S3.8.xlsx = Leucoraja erinacea genes differentially expressed in dorsal mandibular arch 

vs dorsal gill arch at S25/26. 

Table S3.9.xlsx = Leucoraja erinacea genes differentially expressed in ventral mandibular arch 

vs ventral gill arch at S25/26. 

 

Chapter 4:  

Figure S4.1.jpg = Additional mandibular arch cell lineage tracing results showing broad CM-

DiI+ chondrocyte contributions throughout spiracular cartilages at S32. 
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