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3.1	 �Introduction

There are two major extant vertebrate groups: 
jawed and jawless vertebrates (“gnathostomes” 
and cyclostomes, respectively). The former 
includes jawless fossil taxa. The “ostracoderms” 
(i.e., arandaspids, heterostracans, thelodonts, 
galeaspids, osteostracans, pituriaspids; see Chap. 
2) are currently regarded as a paraphyletic group 
which are characterized by having an array of 
bone- and dentine-producing tissues and are 
therefore viewed as jawless stem gnathostomes 
(e.g., Janvier 2008). Here, I continue to use the 
term gnathostome throughout the chapter as jawed 
vertebrates are almost identical with modern 
gnathostomes. Cyclostomes are animals that on 
first sight resemble giant worms (Fig.  3.1) and 
comprise hagfishes (Myxiniformes) and lampreys 
(Petromyzontiformes) (Heimberg et  al. 2010). 
Their name indicates the presence of a round mouth 
(Fig. 3.1e, f), and they are often grouped with other 
jawless extinct vertebrates in the paraphyletic 
group agnathans (see Chap. 2), i.e., vertebrates 
without jaws, from which jawed vertebrates 
diverged 430–520 million years ago. The jawless 
vertebrates were diverse during the mid-Paleozoic, 
but only lampreys and hagfishes are still extant  

(Potter 1980). It is not the intention of this chapter 
to analyze the relationship between fossil and/or 
extant hagfishes and lampreys. Information about 
the fossil record can be found in diverse literature 
(e.g., Gess et al. 2006 and citations within).

There are currently 38 extant lamprey species 
known, which live in the sea but spawn in rivers 
(Gee 2018). Larval lampreys are commonly 
known as “ammocoetes” (Fig. 3.1d) because they 
were erroneously regarded as adult forms  (Leach 
1944). Lampreys are distributed antitropical and 
the distribution is dependent on the lethal tempera-
ture of the ammocoetes which lies between 28° C 
and 32° C (Potter 1980). As adults, lampreys are 
parasitic or nonparasitic, with the latter being 
marked by an extended larval live, reduced post-
metamorphic time, and smaller adult size (Potter 
1980). Furthermore, nonparasitic forms do not 
feed during postlarval life (Potter 1980). Lamprey 
larvae live burrowed in river mud with their front 
end exposed to the water from which they filter 
particles. Larval and adult lampreys are often char-
acterized by their mouthparts (dentition, tenta-
cles), length, coloration, and “tongue” precursor/
lingual apparatus. The body proportions are also 
important to distinguish different life stages from 
larval to adult specimens (Potter 1980). Adult par-
asitic lampreys have a circular sucker with many 
teeth (Fig.  3.1e) and a tongue that also contains 
teeth, which can be protruded from the mouth to 
grab onto passing fishes to rib chunks out of them. 
They only have a single, medial nostril which is 
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connected to the olfactory capsule. Seven gill slits 
are located behind the eye; in a historical descrip-
tion, the unpaired nostril, the lateral eye, and those 
seven gill slits together led to the misleading 
German name “Neunaugen” (nine eyes; Fig. 3.1c).

All extant hagfishes are benthic, opportunistic 
scavengers of marine invertebrates and verte-
brates (Auster and Barber 2006). Their feeding 
apparatus has teeth (Fig. 3.1f) and cartilage but is 
dominated by muscles; the proportions of the 
feeding apparatus and the number of horny teeth 
are used to distinguish different species (Clark 
and Summers 2007). Hagfishes are able to force-
fully remove tissue from carcasses and to ingest 
large pieces of food, despite having no jaws 
(Clark and Summers 2007). The use of gape 
cycles to grasp, ingest, and intraorally transport 
food was described by Clark and Summers 
(2007) and Clark et al. (2010).

It is often assumed that hagfishes are the more 
basal taxon in cyclostomes, partly because of the 
secondary loss of structures (Forey and Janvier 
1993; Gess et  al. 2006), which even included 
traits that are used to define vertebrates, as, for 
example, eyes and eye-related structures. 
However, developmental studies in hagfish have 
shown the presence of neural crest, somites, and 
even the appearance of putative vertebrae in the 
most caudal trunk region (Ota et al. 2007, 2011). 

There are also hagfish-specific traits such as the 
secondary opening of the nasohypophyseal duct 
into the pharynx (Oisi et al. 2013b) and the pos-
terior shift of the caudal branchial arches 
(Holmgren 1946).

The monophyly of cyclostomes, i.e., that lam-
preys and hagfishes belong to the same taxon, 
was long questioned, but more recent molecular 
and developmental studies support this view 
(e.g., Kuraku et  al. 1999; Delsuc et  al. 2006; 
Heimberg et al. 2010). Their phylogenetic posi-
tion as sister taxon to extant jawed vertebrates, 
Gnathostomata (Heimberg et  al. 2010), makes 
them the most interesting group to study the ori-
gin and evolution of vertebrate structures (e.g., 
Janvier 1996, 2007; Kuratani et al. 2001; Kuratani 
2004, 2005a, b, 2008a, b,). The comparative 
analysis of traits in those groups enables the 
uncovering of evolutionary patterns across early 
vertebrate lineages. In particular ammocoetes are 
often studied to understand vertebrate evolution 
as they resemble closer to the ancestral vertebrate 
(see below).

For example, cyclostomes are studied to 
understand the evolution of hypophyses and thy-
roid gland development (Leach 1944), thyroid 
hormone receptors (Holzer and Laudet 2017), 
adaptive immune system (Poole et  al. 2017), 
heart physiology (Augustinsson et  al. 1956), 
Tbx1/10 gene expression (Sauka-Spengler et al. 
2002; Tiecke et al. 2007), oxygen transport with 
hemoglobin (Hoffmann et al. 2010), telencepha-
lon (Sugahara et al. 2013), hindbrain segmenta-
tion (Parker et  al. 2014), neural crest gene 
regulatory network (Ota et al. 2007; Green et al. 
2015), vertebrate paired fins (Tulenko et  al. 
2013), and many other structures.

Comparing the two major taxa of living verte-
brates, the cyclostomes and gnathostomes, 
revealed many shared traits that had to be present 
in their last common ancestor (LCA), the verte-
brates (Oisi et al. 2013b). The LCA of vertebrates 
had a musculoskeletal body plan that only con-
sisted of branchial and axial structures, including 
skeletal arches that supported the gills, segmental 
myotomes, vertebrae, and median fins (Janvier 
1996; Ota et  al. 2011). Recently, it was shown 
that gills in cyclostomes and gnathostomes are 
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Fig. 3.1  Cyclostomes: (a) slime hag, Eptatretus sp. (for-
merly Bdellostoma); (b) hagfish, Myxine sp.; (c) lamprey, 
Petromyzon sp.; (a–c) from Romer (1950). (d) Ammocoete 
(larval lamprey), from Hardisty et  al. (1989). (e) 
Mouthpart from Petromyzon marinus, from Potter (1980). 
(f) Ventral view of the mouthpart of a hagfish during max-
imum gape, from Clark et al. (2010)
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homologous (Gillis and Tidswell 2017), a subject 
discussed for several decades (Mallatt 1984). 
There are also cyclostome-specific developmen-
tal and morphological traits that cannot be identi-
fied in gnathostomes.

This book focuses on the evolution of heads, 
jaws, and associated muscles in vertebrates. 
Therefore, I focus in this chapter on characters 
shared between jawless and jawed vertebrates. 
Those characters include extraocular muscles 
(e.g., Suzuki et al. 2016), branchiomeric muscles 
(e.g., Ziermann et al. 2014), and neural crest cells 
(Horigome et  al. 1999; Ota et  al. 2007). 
Importantly, neural crest cells interact with other 
tissues and influence not only the craniofacial but 
also the cranial musculoskeletal development 
(Green et al. 2015).

3.2	 �Skull and Jaw Evolution

The importance to compare cyclostomes with 
other vertebrates and even cephalochordates to 
understand the evolution of the cranium was 
already recognized in the nineteenth century 
(Huxley 1876). The chondrocrania of gnathos-
tomes and cyclostomes are very difficult to com-
pare, even at the modular level, but the results of 
comparative studies shed light onto the evolution 
of vertebrate crania. Furthermore, the origin of the 
vertebrate jaw has fascinated scientists for centu-
ries. Recent advances in the ability to study cyclo-
stomes lead to an abundance of studies that try to 
shed light on the emergence of jaws (Kuratani 
et al. 2001; Shigetani et al. 2002, 2005; Kuratani 
2004, 2012; Mallatt 2008; Cerny et  al. 2010; 
Medeiros and Crump 2012; Gillis et  al. 2013; 
Miyashita 2016).

In order to enable a comparison of cyclo-
stomes and gnathostomes, it is important to 
understand the homology of cranial elements 
between the taxa. Most studies compared each 
skeletal element, including the relation to cranial 
muscles and cranial nerves, in order to establish 
homology (e.g., Holmgren 1946; Yalden 1985). 
However, even the comparison between hagfish 
and lamprey crania is difficult because their ana-
tomical pattern differ substantially (Fig.  3.2; 

Fürbringer 1875; Oisi et  al. 2013a). Therefore, 
the evaluation of the development of the crania is 
essential for the homologization of the skeletal 
elements in cyclostomes (e.g., Johnels 1948).

Lampreys are the better accessible extant jaw-
less vertebrates, and therefore more studies are 
published about them than about hagfishes. The 
larval and adult crania in lampreys are well stud-
ied (Fig. 3.2b, c; e.g., Huxley 1876; Marinelli and 
Strenger 1954; Oisi et  al. 2013a and citations 
within). The embryonic development and meta-
morphosis of the lamprey cranium was described 
by Johnels (1948). In hagfish the adult cranium 
was described by several researchers (e.g., 
Fig.  3.2a; Marinelli and Strenger 1956b; 
Miyashita 2012; Oisi et  al. 2013a and citations 
within), but only few developmental descriptions 
exist (Holmgren 1946; Ota et al. 2007; Ota and 
Kuratani 2008; Oisi et al. 2013a and references 
within; Oisi et al. 2013b; Miyashita and Coates 
2015 and citations within). The most detailed 
description up to today of the development of the 
chondrocranium in hagfishes (Eptatretus burgeri, 
E. atami) is by Oisi et al. (2013a).

Hagfish embryos and lamprey larvae share 
similar ontogenetic skeletal features (Fig.  3.2; 
Oisi et  al. 2013a, b), but lamprey adults have 
structures they share with hagfish but that are 
underdeveloped in larvae. The lingual apparatus, 
for example, is present in both adult taxa but 
only appears after metamorphosis in lampreys 
(Yalden 1985). Larval lampreys (ammocoetes) 
are filter feeders, which are found usually in the 
soft sediment of streams (Moore and Mallatt 
1980); they possess some apparently plesiomor-
phic (“primitive,” ancestral) characters like an 
endostyle. Hagfish do not have an endostyle, and 
the homology of the lamprey’s endostyle with 
that of amphioxus or ascidians is also still ques-
tioned by some, as is the homology of thyroid 
gland and endostyle (e.g., Holland and Chen 
2001). The early embryonic pattern of lampreys 
is similar to that of hagfishes but their oral appa-
ratus, including the lips, resembles those of some 
adult fossil heterostracans or osteostracans bet-
ter than does the lips of adult lampreys (Kuratani 
et al. 2002).

3  Cranium, Cephalic Muscles, and Homologies in Cyclostomes
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3.2.1	 �The Cyclostome 
Chondrocranium

The hagfish chondrocranium includes the nasal 
capsule cartilages, otic capsule, neurocranial 
base (mesodermal neurocranium), lingual 

cartilages, other branchial arch cartilages, and 
premandibular cartilages (Fig.  3.2a; Oisi et  al. 
2013a). The latter includes also the cartilages that 
support the tentacles. The otic capsule, the tra-
becula, and the dorsal longitudinal bar present 
likely the entire mesodermal-derived neurocra-

ANP-derived nasal cartilages

PHP-derived premandibular cranium

Mandibular arch derivatives (1st branchial arch)

Hyoid arch derivatives (2nd branchial arch)
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Fig. 3.2  Cranial skeleton in cyclostomes. (a) Adult hag-
fish, (b) larval lamprey (ammocoetes), (c) adult lamprey, 
(d) hypothetical pan-cyclostome embryonic pattern. (a) 
Asterisk (*)—this cartilage is indicated as PHP derivative 
by Oisi et al. (2013a) but should be part of the nasal duct 
cartilages and was recolored as ANP derivative; (c) Oisi 
et  al. (2013a) mark the branchial cartilages in lampreys 
with the same abbreviation as the internal branchial arch 
in the adult hagfish. However, in their Table 1, they cor-
rectly homologize the extrabranchiale of hagfishes with 
the branchiale of lampreys. The styliform cartilage (stc) is 
listed as PHP-derivative in their Table 1, but their Fig. 1 
and Fig. 10 compared would conclude it is hyoid deriva-
tive as also shown here. (a–c) Recolored and modified 
from Oisi et al. (2013a), terminology follows Oisi et al. 
(2013a) if not otherwise mentioned; (d) recolored from 
Oisi et al. (2013b). adp anterior dorsal plate, alac anterior 
lateral apical cartilage, alp anterior lateral plate, anc annu-
lar cartilage, ANP anterior nasal process, avnb anterior 
vertical nasal bar, br 3 branchiale 3 (extrabranchiale sensu 

Marinelli and Strenger 1954; intrabranchiale sensu Oisi 
et al. 2013a), cc cornual cartilage, da dorsal arcualia, dc 
dental cartilage (after Marinelli and Strenger 1956b), 
exbr1/2 extrabranchiale 1/2, exhy extrahyal, exqp extra 
palatoquadrate, hcom hypophyseal commissure, hy hyoid, 
ibr1 internal branchial arch 1, jcv joint caput for velum, lc 
labial cartilage, lmp lateral mouth plate, MA Mandibular 
arch mp medial part of basal plate, mrp medio-rostral part 
of basal plate, mvc medioventral cartilage, nc nasal cap-
sule, ndc nasal duct cartilages, NHP nasohypophyseal 
plate, otc otic capsule, pc piston cartilage, pdp posterior 
dorsal plate, ph pharynx, PHP posthypophyseal process, 
plp posterior lateral plate, pvnb posterior vertical nasal 
bar, rdp rostrodorsal plate, snc subnasal cartilage, soca 
subocular arch, stc styliform cartilage, styc stylet carti-
lage, T1–T4 tentacles with supporting cartilages, tc tongue 
cartilage, trab trabecula, vb velar bar, vlp ventrolateral 
plate, vmlb ventromedial longitudinal bar
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nial elements (Oisi et  al. 2013a). Elements 
derived from the anterior nasal process (ANP in 
Fig.  3.2) are in hagfishes the cartilages of the 
supranasal region (nasal duct cartilages and carti-
laginous elements of the nasal capsule) and in 
lampreys the dorsal wall posterior to the nostril. 
Elements derived from the posterior hypophy-
seal process (PHP in Fig. 3.2) include also carti-
lages derived from both the premandibular crest 
and mandibular arch cells: tentacular (T1–4) car-
tilages (perhaps with the exception of the T4 car-
tilage) and the subnasal cartilage of hagfishes, 
along with the palatine bar and the hypophyseal 
commissure, and perhaps the dorsal longitudinal 
bar and the trabecula (Oisi et  al. 2013a). The 
mucocartilage in the upper lip of lampreys and 
possibly the rostral trabeculae parts appear to 
develop from the equivalent anlage (Fig.  3.2c). 
Therefore, all posterior hypophyseal process 
derived cartilages of hagfishes should be homolo-
gous to the rostral dorsal plate and lateral wall of 
the upper lip, the trabecula, and part of the nasal 
capsule of lampreys (Oisi et al. 2013a). Based on 
the innervation pattern in hagfishes and lampreys, 
the lateral wall in lampreys may correspond to 
the tentacular cartilages T1, T3, and T4  in hag-
fishes, while T2 seems to be more similar to the 
dorsal roof (Oisi et al. 2013a).

Based on development, innervation, and gene 
expression pattern, Oisi et  al. (2013a) summa-
rized the homologous relationship of cyclostome 
crania (Fig.  3.2); but see Kuratani et  al. (2016) 
for an updated interpretation of a cartilaginous 
element at the level of the hyoid arch. Several 
cyclostome-specific characters were identified 
(Oisi et al. 2013a): differentiation of the lingual 
apparatus and the velum in the ventral and middle 
mandibular arch region, respectively, and lateral 
and posterior hypophyseal process-derived 
cartilages. The (external) branchial arch skeleton 
is also thought to be cyclostome specific (Mallatt 
1984), but a recent cell lineage tracing study 
demonstrated an endodermal origin of gills in 
both gnathostomes and cyclostomes which 
supports the homology of the gills in both taxa 
(Gillis and Tidswell 2017). Compared to gna-
thostomes, cyclostomes lack homologues to the 
intertrabecula and have no occipital vertebrae 

(Oisi et al. 2013a). It is currently not clear which 
of those characters are plesiomorphic (retained 
from the LCA of vertebrates and lost in 
gnathostomes) or synapomorph (newly developed 
in the LCA of cyclostomes).

3.2.2	 �Development 
of the Chondrocranium

Oisi et al. (2013a, b) compared the development 
of the chondrocranium in Eptatretus with the 
development in a lamprey (Lethenteron reissneri). 
They not only showed that there is a conserved 
embryonic pattern of head development in 
cyclostomes but also that chondrocrania of 
lampreys and hagfishes can be compared at least 
at the module level (Fig.  3.2); the latter 
corresponds to the craniofacial primordia that 
build up the cyclostome morphotype (Oisi et al. 
2013a). The most conserved stage during cyclo-
stome development is the pharyngula stage, 
which is before the chondrification of the 
cranium. However, as adults, the crania are very 
different from each other (Fig. 3.2), and homology 
establishment is difficult because of the 
adaptations in both taxa and because of the highly 
apomorphic nature of the hagfish cranium.

Both hagfishes and lampreys have a neural 
crest development comparable to that of 
gnathostomes, but the nasohypophyseal pro-
cess/plate is unique to cyclostomes (Fig.  3.2d; 
Ota et al. 2007; Oisi et al. 2013b; Kuratani et al. 
2016), but it was suggested that this process 
might even be plesiomorphic present for all 
vertebrates. However, the similarity between the 
nasohypophyseal complex in lampreys and 
osteostracans is likely due to convergent evolu-
tion (Gai et al. 2011). Neural crest cells give rise 
to numerous skeletal elements of the head, con-
nective tissue, tendons, etc., but they do not from 
head muscles (Noden 1983; Noden and Francis-
West 2006). However, muscle fibers form within 
cranial neural crest-derived connective tissue in a 
coordinated manner (Ziermann et al. 2018). That 
leads to the association of muscles with the 
proper skeletal region; i.e., muscles of a certain 
branchial arch are associated with connective tis-
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sue and through this with skeletal elements from 
the same arch (Köntges and Lumsden 1996).

The observation of the growth and transfor-
mation of the posthypophyseal process in larval 
lampreys showed that the nostril (nasohypophy-
seal opening) is moved to the dorsal side of the 
larval head (Damas 1944; Kuratani et al. 2016). 
In hagfishes the process enlarges anteriorly and 
forms a septum that divides the oronasal cavity 
dorsoventrally, as well as the ventral margin of 
the nostril rostrally; the posterior root of this pro-
cess disappears during further development 
which leads to the formation of a continuous con-
nection between the nasohypophyseal duct and 
the pharynx (Oisi et  al. 2013b). Due to those 
developmental processes, the hagfish and lam-
prey heads are less comparable during later 
developmental stages, while during early devel-
opment, the set of craniofacial primordia are 
identical in cyclostomes (Kuratani et  al. 2016). 
This is just one example of how embryological 
studies can help to identify similarities and even 
homologies based on the assumption that all 
included taxa share the same ancestral develop-
mental plan. However, when studying the emer-
gence of the jaw it is important to keep in mind 
that the jaw elements (derivatives from the man-
dibular arch) evolved likely after the divergence 
of cyclostomes and gnathostomes. Therefore, 
Oisi et al. (2013a, b) used deeper levels of homol-
ogy to establish their homology hypotheses. In 
their first study (here “2013b” because of sorting 
in alphabetical order), they established a pan-
cyclostome embryonic pattern (Fig.  3.2d; see 
below), which is shared by cyclostomes but not 
by crown gnathostomes. They did not only com-
pare the embryological development of lampreys 
and hagfishes but also gene expression patterns in 
different tissues. In later studies it was suggested 
that this embryonic pattern might even represent 
the ancestral vertebrate embryonic pattern.

The pan-cyclostome embryonic pattern 
includes the presence of a nasohypophyseal 
plate (a single median placode that yields the 
nasal epithelium and adenohypophysis), which is 
bordered by an anterior nasal process and a 
posthypophyseal process (Fig.  3.2d). Both of 
those processes and the ventral part of the man-

dibular arch serve as craniofacial primordia in 
cyclostomes—similar to the nasal prominences 
and maxillomandibular processes in jawed verte-
brates (Oisi et  al. 2013a, b). The anterior nasal 
process of cyclostomes differentiates into the pos-
terodorsal margin of the nasohypophyseal duct, 
and the posthypophyseal process differentiates 
into the upper lip of lamprey larva (or the oral fun-
nel in adult lampreys) and the oronasohypophy-
seal septum in hagfishes (Oisi et al. 2013b).

The mandibular arch mesoderm gives rise to 
three parts: the dorsal one shifts rostrally to reside 
in the posthypophyseal process and its deriva-
tives (Kuratani et  al. 2004), the mid-part trans-
forms into the velum, and the ventral part 
differentiates into the tongue apparatus (Kuratani 
2012). The described pattern is not present in 
gnathostomes (Oisi et al. 2013b). Even with this 
knowledge, the comparison with the gnathos-
tome pattern is still difficult, e.g., comparing the 
undifferentiated mandibular arch mesoderm 
before the taxon-specific compartmentalization. 
It was furthermore shown that the trigeminal 
nerve divisions and pattern of innervation is com-
parable within cyclostomes but not between them 
and gnathostomes (Oisi et al. 2013b; Higashiyama 
and Kuratani 2014) (see below: trigeminal 
innervation).

Cephalic neural crest-derived ectomesen-
chyme contributes to craniofacial components in 
cyclostome embryos and to craniofacial primor-
dia in gnathostomes (Horigome et  al. 1999; 
Kuratani et al. 1999; Shigetani et al. 2002; Oisi 
et al. 2013b). Furthermore, the initial migration 
pattern and anteroposterior specification of neu-
ral crests as well as the expression patterns of 
regulatory genes are similar between those taxa 
(Horigome et al. 1999; McCauley and Bronner-
Fraser 2003; Green et  al. 2015). However, the 
otocyst is slightly more rostral in cyclostome 
embryos than in gnathostome embryos with 
respect to the hyoid arch, and the hyoid neural 
crest stream is found medial to the otocyst in 
cyclostomes (Horigome et  al. 1999; Oisi et  al. 
2013a, b).

Besides some cyclostome-specific traits, it is 
likely that basic ectomesenchymal (neural crest) 
distribution and skeletogenic properties are very 
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similar in cyclostomes and gnathostomes. This in 
turn suggests that a craniofacial skeleton with 
pharyngeal arch components and prechordal neu-
rocranial elements can also be identified in cyclo-
stomes. In fact, the mesodermal cranial elements 
in hagfishes and lampreys (Fig. 3.2) are similar to 
gnathostomes, and the head mesoderm distribu-
tion in early lamprey embryos resembles that of 
gnathostome embryos (Kuratani et  al. 1999; 
Adachi and Kuratani 2012).

The so-called trabeculae are described in 
hagfishes, lampreys, and gnathostomes. However, 
as detailed in (Oisi et al. 2013a), they are likely 
not homologous, because they develop differ-
ently in all three taxa. Trabeculae in gnathos-
tomes are neural crest-derived prechordal cranial 
elements (Couly et al. 1993; Wada et al. 2011), in 
lampreys they are mesodermal elements 
(Kuratani et al. 2004), and in hagfishes they seem 
to be composites of the trabecula and the dorsal 
longitudinal bar (Oisi et  al. 2013a) (Fig.  3.2). 
However, the anterior portion of the trabeculae of 
hagfishes might be homologous to the gnathos-
tome trabeculae, which appears to be supported 
by its position within the posthypophyseal pro-
cess (Oisi et al. 2013a).

3.2.3	 �The Evolution of Jaws

As the name indicates, extant gnathostomes pos-
sess an upper and lower jaw that derives from the 
mandibular arch (see also Chap. 2 for discussion 
on the origin of the jaw). The cartilaginous pri-
mordia are usually called palatoquadrate (which 
is the main part of the upper jaw; the latter also 
includes premandibular components, e.g., trabec-
ula) and Meckel’s cartilage (lower jaw) (e.g., 
Goodrich 1930). The mandibular arch is charac-
terized by the absence of Hox gene expression, 
while all posterior arches have a specific Hox 
gene patterning (Rijli et al. 1993, 1998). This is 
also shared by lampreys (Takio et al. 2004, 2007). 
The homologizations of caudally located bran-
chial arch skeletons between hagfishes and lam-
preys are usually done by branchial muscle 
distribution (Marinelli and Strenger 1954, 1956b; 
Oisi et al. 2013b) and their cranial nerve innerva-

tion patterns (e.g., Song and Boord 1993; Oisi 
et al. 2013b), because each cranial nerve can be 
associated with a specific branchial arch (1st 
arch = mandibular arch = trigeminal nerve, cra-
nial nerve V; 2nd arch= hyoid arch = facial nerve, 
cranial nerve VII; 3rd and following arches = cau-
dal branchial arches  =  cranial nerves IX, X; 
Edgeworth 1935).

However, the cyclostome mandibular arch 
cannot easily be divided into upper and lower jaw 
elements. The dorsoventral patterning of bran-
chial arches is regulated by Dlx gene expression 
in the ectomesenchyme (Depew et  al. 2002, 
2005; Minoux and Rijli 2010; Gillis et al. 2013). 
In mouse, Dlx5 and Dlx6 are specifically 
expressed in the ventral (lower) half of the man-
dibular arch (Depew et al. 2002). The simultane-
ous disruption of those genes leads to an upper 
jaw morphology instead of a lower jaw morphol-
ogy. If in turn their upstream regulator Ednra is 
activated in the upper jaw domain, lower jaw 
morphology develops (Sato et al. 2008).

Lampreys have at least six Dlx genes (A–F); 
five of them are expressed in the branchial arch 
ectomesenchyme including the mandibular arch 
(Kuraku et al. 2010). However, there seems to be 
no dorsoventrally nested expression (see Chap. 
2); but, a dorsoventrally symmetrical nested 
expression pattern around the gill pores was sug-
gested (Cerny et  al. 2010). Bapx1 specifies the 
jaw joint in gnathostomes (Miller et al. 2003), but 
its lamprey homologue is not expressed in the 
lamprey’s mandibular arch (Cerny et  al. 2010; 
Kuraku et al. 2010). Yet, dHand cognate, a ven-
tral pole specifier, is expressed in a way support-
ing a dorsoventral patterning in lampreys, while 
the unpolarized Dlx expression is consistent with 
the dorsoventrally symmetrical morphology of 
its posterior branchial arches. Hagfishes also do 
not have an apparent dorsoventral polarity in the 
preliminary analyses of Oisi et al. (2013a). The 
lingual apparatus in hagfishes derives from the 
ventral portion of the mandibular arch, and the 
homology of this structure to the lingual appara-
tus in lampreys is well established (Yalden 1985). 
The musculoskeletal structure, however, seems to 
develop through a different mechanism as it is 
independent of Dlx expression, and it is therefore 
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not homologous to Meckel’s cartilage (lower 
jaw) of gnathostomes (Oisi et al. 2013a).

The dorsal half of the crown gnathostome 
mandibular arch is developmentally patterned as 
the default state of the Dlx code (Depew et  al. 
2002; Gillis et  al. 2013; see also Chap. 2). As 
those genes are ubiquitously expressed in the 
branchial arch ectomesenchyme (neural crest), it 
is assumed that the “upper jaw” is the default 
state of the Dlx code in gnathostomes (Kuratani 
et  al. 2013; Oisi et  al. 2013a). Therefore, Dlx 
expression in ectomesenchyme of branchial 
arches seems to be a common vertebrate charac-
ter. However, the patterning in those arches 
changes during the evolution of gnathostomes, 
which may play an important role in the estab-
lishment of the lower jaw (for a detailed discus-
sion, see Miyashita 2016) but also leads to 
questioning of the homology between palato-
quadrate (upper jaw) and dorsal mandibular arch 
skeletal derivates in gnathostomes (Oisi et  al. 
2013a).

3.3	 �Muscle Evolution

Cephalic muscles, that is, muscles associated 
with the head, can be grouped based on their 
developmental origin into eye (extraocular), man-
dibular, hyoid, branchial (including epibranchial 
and laryngeal muscles), and hypobranchial mus-
cles (Edgeworth 1935; Diogo and Abdala 2010). 
The muscles, except the extraocular and hypo-
branchial muscles, originate from mesodermal 
anlagen associated with the same named bran-
chial arches (aka pharyngeal arches) and are 
innervated by nerves associated with their respec-
tive region of origin (Edgeworth 1935; Diogo and 
Abdala 2010; Harel and Tzahor 2013). For exam-
ple, the first branchial arch is called the mandibu-
lar arch, and the tissues associated with this arch 
give rise to the upper and lower jaw elements, the 
associated mandibular muscles (e.g., muscles of 
mastication: adductor mandibulae), and the con-
nective tissue. The nerve innervating the muscles 
and receiving sensory information from the man-
dibular region is the trigeminal nerve (cranial 

nerve V). It is not the aim of this chapter to review 
the complete development of all the cephalic 
muscles; for more detailed information, see, for 
example, Diogo and Abdala (2010), Harel and 
Tzahor (2013), and references within.

Anatomical descriptions of cyclostome mus-
culature were performed several times during the 
past 150 years, but without a comparison to gna-
thostomes or between cyclostomes (Fürbringer 
1875; Cole 1907; Tretjakoff 1926; Marinelli and 
Strenger 1954, 1956b). More recent publications, 
however, compare the morphology and develop-
ment of the head muscles between cyclostomes 
and gnathostomes (Miyashita 2012; Ziermann 
et  al. 2014; Diogo and Ziermann 2015). 
Functional analyses of feeding in hagfishes and 
lampreys reveal the underlying kinematics 
(Moore and Mallatt 1980; Rovainen 1996; Clark 
and Summers 2007; Clark et al. 2010).

In addition to the above-mentioned differ-
ences in the head skeleton between cyclostomes 
and extant gnathostomes, the associated muscu-
lature seems also to be quite different. Yet, com-
paring the morphology (attachments, number of 
bellies), innervation, overall position, and devel-
opment of muscles associated with the head in 
cyclostomes and jawed fishes can provide 
insights into the homology and evolution of those 
muscles. Such a comparative study was per-
formed, for example, by Ziermann et al. (2014) 
and Diogo and Ziermann (2015). The most 
intriguing observation, besides the obvious dif-
ferent morphology of the head muscles, is the dif-
ference in number of cranial muscles (Fig. 3.3). 
While cyclostomes have over 20 mandibular 
arch muscles, gnathostome fishes possess less 
than 10. The adult hagfish has four hyoid arch 
muscles which is similar to most of the gnathos-
tome fishes (2–3), but the larval lamprey has only 
one hyoid muscle that is absent in adult lampreys. 
The branchial arch muscles are largely reduced 
in hagfishes (3); the numbers are increased in 
adult lampreys (76) but similar in larval lampreys 
(32) and cartilaginous fishes (16–28).

Based on the dissection and comparison of 
cyclostomes with chondrichthyans (cartilaginous 
fishes like sharks, skates, chimera), Ziermann et al. 
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(2014) inferred the ancestral condition of cephalic 
muscles in cyclostomes, gnathostomes, and even 
vertebrates (Fig. 3.3). In order to study the ances-
tral condition in cyclostomes, they studied and 
reviewed the literature of embryonic, larval, and 
adult hagfishes (Fig. 3.4) and lampreys (Fig. 3.5). 
The last common ancestor (LCA) of vertebrates 
had a single intermandibularis (i.e., a ventral mus-
cle sheet) and other mandibular muscles (e.g., 
labial muscles), some constrictores hyoidei and 
branchiales, and epibranchial and hypobranchial 
muscle sheets (Ziermann et  al. 2014). From this 
condition, the number of mandibular arch muscles 
increased toward the LCA of cyclostomes (synapo-
morphy) and then further in the different lineages 
of hagfishes and lampreys with 24 and 26 mandib-
ular muscles in adult hagfishes and lampreys, 

respectively (red in Figs.  3.3, 3.4, and 3.5). 
Alternatively, the increase in mandibular muscles 
could have evolved independently from each other 
as the amount of branchial muscles also differs sig-
nificantly in both taxa (see below).

The number of hyoid muscles stays almost 
constant throughout vertebrates until the diversi-
fication of amniotes (reptiles, birds, mammals; 
Fig. 3.3; see also Table 11.2 in Chap. 11). 
Interestingly, adult lampreys do not have any 
hyoid muscles, but the associated nerve (facial 
nerve, cranial nerve VII) can clearly be identified 
(Figs. 3.3 and 3.5). However, hagfishes have four 
hyoid muscles and larval lampreys also have one 
(constrictor prebranchialis, Fig. 3.5b). Therefore, 
the LCA of cyclostomes had at least one hyoid 
arch muscle. The number of branchial muscles 

Dipnoi: Neoceratodus forsteri

Selachii: Squalus acanthias

Mammalia: Homo sapiens

Amphibians: Ambystoma mexicanum

Synapsids:
Reptiles & birds

M 4; H 4; B 21; Hy 2; L 2

M 5; H 3; B 19; Hy 3

M 6; H 3; B 14; Hy 6; L 3

M 8; H 26; B 3; Hy 9; L 6; P 8

M 7; H 2; B 4; Hy 5; L 2

M 7; H 2; B 15; Hy 5; L 2

M 6; H 4; B 21; Hy 2; L 2

M 3; H 3; B 16; Hy 2

M 6+; H 1+; B 4+; Hy 1+

M 3; H 1+; B 4+; Hy 1

LCA Amniotes

LCA Tetrapods

LCA Sarcopterygii

LCA Gnathostomes

Myxinoidea:
Myxine glutinosa

Petromyzonta:
Petromyzon marinus

Adult: M 24; H 4; B 3; Hy 3
Adult: M 26; H 0; B 76; Hy 1

Larval: M 10; H 1; B 32; Hy 1

LCA Cyclostomes

LCA Vertebrates

Fig. 3.3  Number of cephalic muscles in vertebrates 
(based on results from: Ziermann et al. 2014; Diogo and 
Ziermann 2015; Diogo et  al. 2015b). Cephalic muscles 
are colored according to their developmental origin: man-
dibular arch muscles (red); hyoid arch muscles (green); 

branchial arch muscles (blue); hypobranchial muscles 
(yellow); laryngeal muscles (purple); pharyngeal muscles 
(black). Comparing and homologizing the muscles of 
diverse vertebrates, it is possible to infer the muscles in 
the last common ancestor (LCA) of extant taxon
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in hagfishes and lampreys are quite different 
from each other, while adult lampreys have 76, 
larval lampreys possess 32, and adult hagfishes 
only 3. Cartilaginous fishes have on average 
about 19 branchial arch muscles. Ziermann et al. 
(2014) inferred from those numbers and their 
studies of vertebrate muscles that the LCA of 
cyclostomes had at least four branchial arch 
muscles, and with the evolution and adaptation 
to their specific lifestyles, lampreys increased 

and hagfishes reduced the number of branchial 
arch muscles. The number of hypobranchial 
muscles is almost constant throughout verte-
brates and only slightly increases in tetrapods 
(Fig. 3.3).

Based on the comparison of morphology, 
innervation, overall position, and development, 
Ziermann et  al. (2014) suggested to group the 
mandibular muscles of cyclostomes into five 
groups (red, orange, pink in Figs. 3.4 and 3.5): 
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Fig. 3.4  Muscles of the Atlantic hagfish, Myxine glutin-
osa. Specimens not to scale. Not all muscles are shown on 
both sides in ventral view. Cephalic muscles are colored 
according to their developmental origin: mandibular arch 
muscles (red, orange, pink); hyoid arch muscles (green); 
true branchial arch muscles (blue); epibranchial muscles 
(brown); hypobranchial muscles (yellow). (a) Embryo, 
left lateral view, redrawn from Miyashita (2012); somites 
(not shown) extend to just behind the otic capsule. (b) 
Adult, left lateral view; (c) Adult, ventral view. (b) 
Parietalis and decussatus cut to enable view of deeper lay-
ers; white box—velar muscles in window on the right side 
of the animal. (c) Basitentacularis (basitent.) cut on right 
side. (b, c) Modified from Ziermann et  al. (2014) and 
Diogo and Ziermann (2015). basitent. basitentacularis, 

co.ph constrictor pharynges, co.subna cornuosubnasalis, 
cran.bas craniobasalis, cran.hy craniohyoideus, cran.li 
carniolingualis, lev.cart.bas levator cartilagines basalis, 
lo.li longitudinalis lingua, cran.vel.a. d & v craniovelaris 
anterior dorsalis & ventralis, cran.vel.p. craniovelaris pos-
terior, pal.co palatocoronarius, pal.lat palatinalis lateralis, 
pal.subn palatosubnasalis, perpen. perpendicularis, pr.
cart.bas.a + p protractor cartilagines basalis anterior and 
posterior, pr.dent.prf protractor dentium profundus, pr.
dent.spf protractor dentium superficialis, retr.muc.o 
retractor mucosae oris, subna.ba subnasobasalis, subn.sa 
subnasonasalis, te.po tentacularis posterior, te.subn ten-
taculosubnasalis, trans.o transversus oris, tub. tubuatus
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derivatives of the intermandibularis muscle 
sheet, labial muscles, nasal muscles, lingual and 
dental muscles, and velar muscles. Importantly, 
it is argued that because there are significant dif-
ferences in the developmental patterning of 
mandibular arch derivatives (muscles, carti-
lages, nerves), no homologies can be established 
between mandibular muscles of cyclostomes 
and gnathostomes; this is because if there are 
homologies, then it would have to be concluded 
that there are upper and lower jaws in cyclo-
stomes (Kuratani pers. com.). As also pointed 
out with respect to the velar muscles (see 

below), gene expression does not always sup-
port homology. However, mandibular arch mus-
cles were present before the split of the 
cyclostomes from the stem gnathostomes. 
Therefore, even if there is no one-to-one homol-
ogy and if there is an increase of mandibular 
muscles in cyclostomes (addition), this does not 
exclude that at least some muscle groups are (as 
group) homologous to gnathostome mandibular 
muscles, as are the mammalian sternocleido-
mastoid and the trapezius together homologous 
to the protractor pectoralis of reptiles and adult 
amphibians (see Chap. 7).
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Fig. 3.5  Muscles of the sea lamprey, Petromyzon mari-
nus. Specimens not to scale. Cephalic muscles are colored 
according to their developmental origin: mandibular arch 
muscles (red, orange, pink); hyoid arch muscles (green); 
true branchial arch muscles (blue); epibranchial muscles 
(brown); hypobranchial muscles (yellow). (a) Ammocoete 
larva, left lateral view; redrawn from Tulenko et al. (2013). 
(b) Ammocoete larva, left lateral view; redrawn from 
Miyashita (2012). (c) Adult, left lateral view; all branchial 
muscles (blue) are present in each segment but not shown 
in each segment. (d) Adult, ventral view; not all muscles 
shown on both sides; the hypobranchialis (hypobr) extends 
backward but was cut to show the branchial basket; the 
subocularis (suboc) on the left of the animals was cut and 
reflected. Modified from Ziermann et al. (2014) and Diogo 
and Ziermann (2015). add.br.d + v adductores branchiales 
dorsales + ventrales, ann annularis, ann.gl annuloglossus, 
bas basilaris, bas.gl basilariglossus, bu.a buccalis anterior, 

bu.spf buccalis superficialis, cgl cornuoglossus, co.br.ext 
constrictores branchiales externi, co.bu constrictor bucca-
lis, co.cor.s constrictor cornualis superficialis, co.gl.p.e 
constrictor glossae profundus externus, co.pre constrictor 
prebranchialis, com.b.br.cir compressores bursae branchia-
les circulares, cop.r copuloglossus rectus, cop.o copulo-
glossus obliquus, cor.t cornuotaenalis, corn cornealis, 
epibr epibranchialis, hypobr hypobranchialis, ibr inter-
branchiales, lev.lab.v levator labialis ventralis, ph.a phar-
yngicus anterior, ph.p pharyngicus posterior, probr 
probranchialis, sp.br.ext.a + p sphincters branchiales ante-
riores + posteriores, pro.veli protractor veli, re.lab.d retrac-
tor labialis dorsalis, re.lab.v retractor labialis ventralis, re.
pap retractor papillaris, sp.co spinosocopularis, sta stylo-
apicalis, st.t stylotectalis, sub.oc subocularis, sup.oc supra-
ocularis, tcl tectolateralis, tsa tectospinosus anterior, tsp 
tectospinosus posterior, ve.hy velohyoideus, ve.thy 
velothyroideus
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The intermandibularis muscle sheet in gna-
thostomes derives from the ventral part of the 
mandibular muscle plate (Edgeworth 1935). The 
tubulatus muscle in hagfishes and the constrictor 
cornualis superficialis and constrictor glossae 
profundus internus of lampreys are suggested to 
belong to the intermandibularis group. Therefore, 
the LCA of vertebrates likely also possessed an 
intermandibularis muscle sheet.

The labial muscles were suggested to be con-
served across vertebrates (Mallatt 1996, 1997b, 
2008). However, the “upper lips” of cyclostomes 
and gnathostomes seem not to be homologous as 
they differ fundamentally in their developmental 
process (Horigome et  al. 1999; Noden and 
Francis-West 2006; Kuratani 2012; Kuratani 
et al. 2013; Oisi et al. 2013b). Based on their ana-
tomical comparisons, Ziermann et al. (2014) ten-
tatively suggested that the constrictor buccalis in 
larval lampreys (Fig.  3.5b), which seems to 
develop from the “mandibular branchiomere” 
(Mallatt 1996), is homologous to the labial mus-
cles in gnathostomes. The labial muscles in holo-
cephalans (e.g., ratfish) are innervated by cranial 
nerve V2 (CNV2; maxillary branch of trigeminal 
nerve) (Song and Boord 1993; Mallatt 1996). The 
hagfish Myxine glutinosa has six muscles that are 
innervated by CNV2 (retractor mucosae oris, 
longitudinalis linguae, protractor dentium pro-
fundus, protractor dentium superficialis, tubula-
tus, and perpendicularis; Fig. 3.4). Corresponding 
muscles in the lamprey Petromyzon marinus are 
all but one innervated by CNV2 ramus mandibu-
laris (sensu Marinelli and Strenger 1954) accord-
ing to the analyzes of Miyashita (2012) and 
(Ziermann et  al. 2014) (CNV2 ramus velaris: 
pharyngicus posterior; CNV2 ramus mandibu-
laris: levator valvulae velaris, cardioapicalis, 
annuloglossus, copuloglossus rectus, constrictor 
cornualis superficialis, constrictor glossae pro-
fundus internus). Those observations can be 
interpreted in two ways: (1) holocephalans 
retained a cyclostome-like innervation of labial 
muscles, which was lost in other gnathostomes 
and (2) cyclostomes and holocephalans indepen-
dently developed an innervation of labial muscles 
by CNV2. Currently, the latter hypothesis is sup-

ported as it is more parsimonious (two steps of 
independent gain of innervation, as compared to 
three steps: one gain and two losses of innerva-
tion by CNV2). Furthermore, it is questionable if 
the branches of the trigeminal nerve are homo-
logues as currently assumed (Miyashita 2012; 
Higashiyama and Kuratani 2014; Modrell et  al. 
2014).

Velar muscles are suggested to derive from 
the same anlage that also gives rise to the gna-
thostome levator arcus palatini. The levator arcus 
palatini and spiracularis are gnathostome mus-
cles that derive from the dorsal part (aka constric-
tor dorsalis) of the mandibular muscle plate 
(Edgeworth 1935). The expression of engrailed 
in the velothyroideus muscle of lamprey larvae 
(Fig. 3.5b) and in the gnathostome levator arcus 
palatini was used to infer homology between 
these muscles (Holland et  al. 1993). However, 
similar gene expression does not support unam-
biguously homology, and it is not clear if the lar-
val lamprey muscles degenerate during 
metamorphosis entirely or if they give rise to 
adult muscles; NB: the levator arcus palatini 
would corresponds to an “adult” muscle in gna-
thostomes (Miyashita 2012; Ziermann et  al. 
2014). With respect to the velothyroideus, two 
hypotheses exist: (1) the muscle is reduced at 
metamorphosis together with the larval velum 
and (2) the muscle becomes incorporated in adult 
velar muscles (e.g., depressor veli). Ziermann 
et  al. (2014) favored the latter hypothesis and 
suggested further that velar muscles of hagfishes 
and lampreys derive from the same anlage as the 
dorsal mandibular (“constrictor dorsalis”) mus-
cles of gnathostomes such as the levator arcus 
palatini. The description that in both hagfishes 
and lampreys, the velum arises from the middle 
portion of the mandibular arch, between the ros-
tral endodermal wall of the first branchial pouch 
and oral ectoderm, supports the homology of the 
velum in cyclostomes (Oisi et al. 2013b).

The adductor mandibulae of gnathostomes is 
related to “biting” of the jaw and derives from the 
transversely medial and dorsoventrally intermedi-
ate part of the mandibular muscle plate (Edgeworth 
1935). However, it is currently not possible to 
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identify a clear homologue to the adductor man-
dibulae in cyclostomes. Furthermore, it was sug-
gested that the mandibular muscle development in 
gnathostomes is tightly linked to the patterning of 
the jaw skeleton (Noden 1983; Rinon et al. 2007; 
Medeiros and Crump 2012), which is supported 
by developmental defects observed in knockdown 
mutants (Schilling et al. 1996; Heude et al. 2010; 
Hinits et al. 2011).

Hagfishes have four hyoid muscles (green in 
Fig. 3.4), from which only two (craniolingualis, 
craniohyoideus) are likely homologous to the 
constrictor hyoideus dorsalis of gnathostome 
fishes (Ziermann et  al. 2014). Adult lampreys 
have no hyoid muscle, but larval lampreys pos-
sess the constrictor prebranchialis (Miyashita 
2012; Diogo and Ziermann 2015).

True branchial muscles include branchial 
muscles sensu stricto (sensu Diogo and Abdala 
2010) and the cucullaris muscle and its deriva-
tives. Laryngeal and epibranchial muscles are 
included as “other” branchial muscles, but laryn-
geal muscles do not evolve until gnathostomes 
(Ziermann et al. 2014). Interestingly, larval lam-
preys and sharks share two functions of their 
branchial muscles sensu stricto, as in both (1) the 
expiration is due to peristaltic action of superfi-
cial branchial constrictors and interbranchiales, 
and (2) the inspiration is caused by a passive 
recoil of the branchial arches (Mallatt 1996). 
This might indicate that this type of ventilation 
could be ancestral for the LCA of vertebrates. 
However, while the superficial branchial con-
strictors seem to be homologous throughout ver-
tebrates, the interbranchiales could not be 
identified in cyclostomes and osteichthyans 
(bony fishes and tetrapods), which weakens this 
idea as both or one of those muscles could have 
been present in the LCA of vertebrates or gna-
thostomes (Ziermann et al. 2014).

The cucullaris muscle was discussed inten-
sively in recent literature (e.g., Diogo and Abdala 
2010; Diogo and Ziermann 2015) and basically 
two hypothesis regarding its developmental ori-
gin are most common: (1) the cucullaris is a true 
branchial muscle (Diogo and Abdala 2010; 
Ziermann et al. 2014), and (2) it is from somitic 

origin (Kusakabe and Kuratani 2005; Kusakabe 
et  al. 2011; Sambasivan et  al. 2011) (see also 
Chaps. 2 and 7 for discussion on the evolution of 
the cucullaris and its derivatives). Due to topo-
graphic similarities of the “infraoptic” muscles 
in lampreys (Fig.  3.5a) and the gnathostome 
muscle cucullaris, and based on the observation 
that the infraoptic muscles derive from anterior 
somites, it was suggested that those muscles are 
homologous and that they resemble epibranchial 
muscles (Kusakabe and Kuratani 2005; Kusakabe 
et  al. 2011; Sambasivan et  al. 2011). However, 
there are three infraoptic muscles in lampreys 
(subocularis, cornealis, and probranchialis) 
(Kusakabe et al. 2011), and developmentally the 
cucullaris resembles closer the hypobranchial 
migratory muscles of lampreys (Matsuoka et al. 
2005). The cucullaris and its derivatives are in 
most gnathostomes innervated by cranial nerve 
XI (CNXI; accessory nerve; spinal accessory 
nerve) but might also be innervated by spinal 
nerves (Edgeworth 1935). Based on ontogenetic 
studies and comparative anatomical studies, it 
was suggested that the cucullaris derives from 
the same anlage as true branchial muscles do, 
followed by an extension toward the pectoral 
region (Diogo and Abdala 2010). This is further-
more supported by genetic studies in mice, 
where branchiomeric muscle differentiation is 
regulated by Pitx2 and Tbx1, while trunk mus-
cles (somitic origin) are regulated by Pax3. Pax3 
mutant mice lack somitic-derived muscles, but 
the cucullaris derivatives trapezius and sterno-
cleidomastoid are still present (Tajbakhsh et al. 
1997; Ericsson et al. 2013; Minchin et al. 2013). 
Further supporting the branchial identity of 
cucullaris and derivates is that Tbx1 mutant mice 
lack branchial muscles, including trapezius and 
sternocleidomastoid (Theis et  al. 2010). As the 
presence of a cucullaris homologous muscles in 
cyclostomes is not proven yet, I infer that the 
muscle evolved in the LCA of gnathostomes and 
was not present in the LCA in vertebrates 
(Ziermann et al. 2014).

Epibranchial and hypobranchial muscles arise 
from anterior myotomes, migrate into the head 
below the pharynx, and retain spinal innervation 
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(Edgeworth 1935) (brown, yellow in Figs. 3.4 and 
3.5). Epibranchial muscles derive from anterior 
parts of somites, whereas hypobranchial muscles 
derive from ventral parts of somites (Edgeworth 
1935; Lours-Calet et al. 2014). Cyclostomes have 
one (hagfish) or more (lamprey) epibranchial 
muscles and three (hagfish) or one (lamprey) 
hypobranchial muscles. As those muscles are 
present in cyclostomes and gnathostomes, the 
LCA of vertebrates also possessed an undifferen-
tiated epibranchial muscle sheet and an undiffer-
entiated hypobranchial muscle sheet (Ziermann 
et al. 2014).

Extraocular muscles (EOMs) are highly con-
served throughout vertebrates, and all vertebrates 
have six, with the exception of (some) placo-
derms that have seven (Burrow et  al. 2005). 
While cell lineage studies in mice suggest that 
EOMs are not branchiomeric muscles (Harel and 
Tzahor 2013), clonal studies also performed in 
mice suggest that they are branchiomeric muscles 
that are related to mandibular arch and right ven-
tricle (heart) musculature  (Lescroart et al. 2010). 
The latter scenario is supported by cell-labeling 
studies in lampreys, which showed that mandibu-
lar mesodermal cells migrate near the eye; how-
ever, it is unclear if those cells differentiate to 
EOMs (Kuratani et al. 2004). Interestingly, dis-
ruption of the Pitx2 gene during mesoderm dif-
ferentiation disrupts the morphogenesis of all 
EOMs and some mandibular arch muscles, but 
also the myogenesis of the body wall and appen-
dicular muscles (Shih et  al. 2007; Sambasivan 
et al. 2011).

Overall it seems that the adult basal gnathos-
tomes share more similarities with hagfish 
embryos and larval lampreys than with adult 
cyclostomes due to peramorphic events that 
occurred in the evolutionary history of cyclo-
stomes (Diogo and Ziermann 2015). Peramorphic 
events describe the appearance of ancestral adult 
characters in descendant juveniles due to addi-
tions to terminal somatic developmental stages 
(McNamara 1990). As described above, Ziermann 
et al. (2014) and Diogo and Ziermann (2015) pre-
sented hypotheses about the homology and evo-
lution of adult and larval muscles in cyclostomes 
and gnathostomes. According to them, the LCA 

of extant vertebrates had an undifferentiated 
intermandibularis muscle sheet, labial muscles, 
and some other mandibular muscles, at least one 
hyoid muscle (constrictor hyoideus = constrictor 
prebranchialis), at least some constrictores bran-
chiales (branchial muscles), and undifferentiated 
epibranchial and hypobranchial muscle sheets. 
The adductores branchiales (branchial muscles) 
were likely independently acquired in lampreys 
and chondrichthyans. Furthermore, lamprey lar-
vae seem to be a better model for cranial muscles 
of adults of the LCA of gnathostomes and LCA 
of vertebrates, than is the adult lamprey, because 
the inferred adult muscles in LCA of vertebrates 
is amazingly similar to lamprey larva. The 
absence of a hyoid muscle in adult lampreys as 
compared to the presence of one larval hyoid 
muscle is the most striking supporting this 
hypothesis. Another example is the presence of 
two muscles within the labial and intermandibu-
laris group in lamprey larvae and LCA of verte-
brates, while the adult lamprey has many more 
labial muscles. At least one velar and/or dorsal 
mandibular muscle was inferred for the LCA of 
vertebrates, and lamprey larvae have two of these 
muscles, while adult lampreys seem to have no 
muscles that can be easily put into this group. 
Also, branchial arch muscles are more similar in 
larval lampreys to the LCA of vertebrates, 
because the adult branchial muscles are far more 
complex. This is also true for epibranchial mus-
cles. Therefore, larval lampreys are more similar 
to adult members of the LCA of extant gnathos-
tomes, supporting the idea that peramorphic 
events occurred in the history of cyclostomes.

Metamorphosis is a process in which larval 
structures are remodeled into an adult form; the 
adult form differs from the larval form in mor-
phology and ecology (see Chap. 7). In lampreys, 
the mouth, eyes, gut epithelium, larval kidney, 
and endostyle (thyroid gland in adults) are remod-
eled during metamorphosis (Youson 1980, 1997). 
Hagfishes have direct development. The adult 
cephalic muscles in lampreys develop from blas-
tema as larval cephalic muscles degenerate during 
metamorphosis. Currently, it is not clear if the lar-
val muscles are direct precursors of adult muscles. 
The rebuilding process during metamorphosis 
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(Marinelli and Strenger 1954) is so dramatic that 
it is hard to make any assumptions about corre-
spondence of larval and adult muscles. However, 
if one would accept the homology as proposed by 
Holland et  al. (1993) that the larval velothyroi-
deus in lampreys is homologous to the levator 
arcus palatini and dilatator operculi of embryonic 
and adult teleosts, then the velum of lampreys 
could be homologous to the palatoquadrate (upper 
jaw) of gnathostomes, or at least homogenic 
(Miyashita 2012). The velum is reduced during 
metamorphosis of lampreys, and instead a lingual 
apparatus develops; this would be another exam-
ple where larval lampreys represent better adult 
gnathostomes than adult lampreys do.

3.3.1	 �Evolution of the Gnathostome 
Jaw and Mandibular Arch 
Muscles

Some species develop their mandibular (first) 
arch muscles before or simultaneously with 
hyoid (second) arch muscles; however, others 
develop first hyoid arch muscles (see Table 2 in 
Ziermann et  al. 2017). Furthermore, it appears 
that the most anterior (first) arch in basal 
chordates (cephalochordates and fossils like 
Haikouella) corresponds to the hyoid (second) 
arch of vertebrates (Mallatt and Chen 2003; 
Mallatt 2008). This in turn would imply that the 
mandibular arch of vertebrates was secondarily 
incorporated into the branchial arch series in 
derived chordates; the similarity between the 
jaws and the patterning of branchial arches are 
suggested to have evolved due to functional rea-
sons (Janvier 1996). Supported is this view by the 
expression of Hox genes in all branchial arches, 
except the mandibular arch (see above). Miyashita 
(2016) followed up on this idea, and based on his 
studies and an extensive literature review, he sug-
gested the “mandibular confinement theory” 
(see Chap. 2 for more details). Specifically, this 
theory proposes that the jaw in gnathostomes 
evolved through a developmental spatial confine-
ment of an ancestral oral (anterior) chordate 
structure. This confinement lead to a co-option of 
genetics and patterning that is normally found in 

more posterior arches which lead to the evolution 
of the mandibular arch and its derivatives (in par-
ticular the gnathostome jaw).

A problem with the mandibular confinement 
theory is that it depends on the assumption that 
the common ancestor of cyclostomes and 
gnathostomes would be similar to modern 
cyclostomes, which has yet to be proven. For 
example, Miyashita (2016) assumes that LCA of 
vertebrates would have possessed a lingual appa-
ratus and a velum (anteroposteriorly elongated 
mandibular arch) like cyclostomes; however, an 
equally likely hypothesis is that this is a cyclo-
stome synapomorphy (Oisi et  al. 2013a). 
Furthermore, the mandibular confinement theory 
is dependent on refuting several previous “bran-
chial arch theories” for the origin of the jaw, 
including those of Goodrich (1930), Mallatt 
(1996, 1997a, 2008), Kuratani (2004, 2005b, 
2012), and many others. Therefore, carefully 
designed experiments (e.g., gene manipulation), 
detailed comparative developmental and anatom-
ical studies, etc., will be necessary in the upcom-
ing years to test the proposed hypotheses 
regarding the evolution of the vertebrate jaw.

The findings that the cardiopharyngeal field 
(Diogo et al. 2015a; see Chap. 1 for more details) 
gives rise to branchiomeric (head) muscles and to 
the myocardium (heart musculature) partially 
supports the hypothesis from Miyashita (2016), 
because the oral siphon muscles in ascidians, 
which are urochordates, derive not from the car-
diopharyngeal field, while the atrial siphon mus-
cles do. However, the oral siphon is said to 
correspond to the mandibular region of gnathos-
tomes, where all branchiomeric muscles includ-
ing the mandibular muscles derive from the 
cardiopharyngeal field (Diogo and Ziermann 
2015). Therefore, the mandibular arch was inte-
grated secondarily into this field. As mentioned 
above Tbx1 is a branchiomeric muscle marker, 
and in lamprey development, Tbx1/10 is 
expressed first in the mesodermal core of the 
branchial and pharyngeal region below the otic 
vesicle and only later in the labial/oral and velar 
muscle-deriving mesoderm that corresponds to 
the mandibular mesoderm (Sauka-Spengler et al. 
2002). This would furthermore explain why it is 
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so difficult to homologize the mandibular arch 
muscles of cyclostomes with those of gnathos-
tomes (see above: adductor mandibulae).

3.4	 �Summary

Cyclostomes are very peculiar and fascinating 
animals. Both the larval chondrocrania (Oisi 
et al. 2013a, b) and the larval muscles of cyclo-
stomes (Diogo and Ziermann 2015) resemble the 
adult plesiomorphic vertebrate and gnathostome 
condition better than adult cyclostome structures 
do. This is currently best explained by peramor-
phic events during the evolution of cyclostomes. 
The upper jaw development is the default devel-
opmental mode in vertebrates. The lower jaw, 
however, is a novelty that evolved in the LCA of 
gnathostomes. The musculature associated with 
the different branchial arches can be homolo-
gized in vertebrates based on gene expression 
patterns, attachments, innervation, and overall 
position.

Acknowledgments  I would like to thank Shigeru 
Kuratani and Philippe Janvier for their constructive 
reviews which improved the chapter.

Further Reading

From the extensive literature list in this chapter, I suggest 
for further reading on the relevance of cyclostomes 
to understand vertebrate and gnathostome evolution: 
Janvier (2008), Kuratani (2008a), and Miyashita 
(2016).
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