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Jawed vertebrates possess two distinct groups of muscles in the trunk (epaxial and
hypaxial muscles) primarily defined by the pattern of motor innervation from the
spinal cord. Of these, the hypaxial group includes muscles with highly differentiated
morphology and function, such as the muscles associated with paired limbs, shoulder
girdles and tongue/infrahyoid (hypobranchial) muscles. Here we summarize the latest
findings on the evolutionary mechanisms underlying the morphological variety of
hypaxial musculature, with special reference to the molecular insights obtained from
several living species that diverged early in vertebrate evolution. Lampreys, extant
jawless vertebrates, lack many of derived traits characteristic of the gnathostomes, such
as jaws, paired fins and epaxial/hypaxial distinction of the trunk skeletal musculatures.
However, these animals possess the primitive form of the hypobranchial muscle. Of the
gnathostomes, the elasmobranchs exhibit developmental mode of hypaxial muscles
that is not identical to that of other gnathostomes in that the muscle primordia
relocate as coherent cell aggregates. Comparison of expression of developmental
genes, including Lbx genes, has delineated the temporal order of differentiation of
various skeletal muscles, such as the hypobranchial, posterior pharyngeal and cucullaris
(trapezius) muscles. We have proposed that the sequential addition of distal muscles,
associated with expression of duplicated Lbx genes, promoted the elaboration of
skeletal musculature. These analyses have revealed the framework of an evolutionary
pathway that gave rise to the morphological complexity and diversity of vertebrate
body patterns.

Keywords: vertebrates, lamprey, shark, skeletal muscle, hypobranchial muscles, fin muscles

INTRODUCTION

Among different types of vertebrate muscles, skeletal muscles are those connected to skeletal
elements to exert the force required for all kinds of movement. To achieve locomotion, respiration,
nutrition uptake and even communication among individuals, development of the skeletal muscles
must be precisely controlled to be positioned along the axes of the body. Histologically, the
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vertebrate muscles are also categorized into two major groups;
striated (skeletal and cardiac) and smooth muscles. Although
the contractile apparatus of all these muscle types utilizes
actomyosin, which originated in early eukaryotes, bilateral
paraxial muscle derivatives, all of which are skeletal muscles,
are considered a chordate innovation, as deduced from the
absence of homologous muscle in ambulacrarians (echinoderms
and hemichordates; Brunet and Arendt, 2016; Brunet et al.,
2016; Inoue and Satoh, 2018). In the vertebrate trunk, all
the skeletal muscles are derived from somites, the segmented
units of bilateral paraxial mesoderm aligned along the midline.
Somites contain precursor of skeletal muscles, axial skeletons and
connective tissues (tendons and ligaments) that differentiate in a
coordinated manner.

Amniotes such as mammals, birds and reptiles exhibit a
complex combination of skeletal musculature in the trunk
(Figure 1A). Muscle layers at the dorsal and the ventral sides
of the body are categorized into epaxial and hypaxial muscles,
each innervated by dorsal and ventral rami of spinal motor
nerves, respectively (Figure 1A). Epaxial and hypaxial distinction
is more conspicuous in cartilaginous and bony fish; the two
compartments are partitioned by the horizontal myoseptum, a
connective tissue sheet located at either side of the notochord
(Figure 1B). In the tail region, epaxial and hypaxial portions
occupy mirror-imaged bulks across the horizontal myoseptum.
Their coordinated contraction is suitable for S-shaped swimming
movement (Nair et al., 2015 and references therein).

In contrast to those in fish, the epaxial muscles in amniotes
comprise of minor members of trunk skeletal muscles, i.e., the
intrinsic back muscles connecting the vertebral columns. On
the other hand, the hypaxial portion includes a variety of body
wall muscles, limb muscles, some members of shoulder girdle
muscles such as the trapezius (cucullaris) muscles and tongue and
infrahyoid muscle (Figures 1A, 2A,C). Tongue and infrahyoid
muscles are collectively called hypobranchial muscles (HBMs), as
they develop from a bilateral pair of muscle primordia extending
rostrally from the anterior somites (for details, see below).
Hypaxial somites also contribute to mammalian diaphragm, a
component of the respiratory system. Thus, epaxial/hypaxial
muscle distribution in amniotes appear suitable for the terrestrial
life; epaxial muscles are specialized for maintenance of posture,
whereas hypaxial muscles are responsible for locomotion in the
terrestrial environment, prey-capturing, and respiration.

The epaxial/hypaxial distinction of skeletal muscles would
have been acquired early in vertebrate evolution, but it is
not observed in the cyclostome species, the lampreys and
hagfish. Lamprey trunk muscle consists of concentric layers
of stacks of muscle sheets that are not compartmented in
dorsoventral direction (Figure 1C). The muscle fibers are
aligned parallel to the body axis with both ends attached
to the myosepta of chevron-shaped myotomes (Peters and
Mackay, 1961). This configuration appears similar to the
somatic musculature of amphioxus, a non-vertebrate chordate
(Figure 1D), which is composed of flat lamellae (Peachey,
1961). Thus, epaxial/hypaxial distinction of skeletal muscles
would have been acquired in the common ancestor of
jawed vertebrates (gnathostomes) after the divergence of the

cyclostomes (Kuraku and Kuratani, 2006; Figure 1). In this
review, we summarize the current understanding of the
developmental pathways and genetic control in action during
myogenesis in lampreys and sharks and discuss about the
developmental mechanisms that contributed to the elaborate
structure of the skeletal muscles found in extant vertebrates.

DEVELOPMENT OF THE TRUNK
SKELETAL MUSCLES

The vertebrate skeletal muscles develop exclusively from
mesodermal tissues of the embryo. In the trunk, all the
skeletal muscles originate from dermomyotomes, the myogenic
compartment of the somites (Figure 2A). During early
development, skeletal muscles originate from the dorsal and
ventral lips of the dermomyotomes, each of which is the
source of epaxial and hypaxial muscles, respectively. The
dermomyotomal lips serve as “growth zones” for the expanding
trunk musculature, as they add actively proliferating myogenic
cells to myotomes that develop medially (Hollway and Currie,
2003). Some hypaxial muscles undergo delamination from
the ventral lips and are directed distally to travel a long
distance to the sites of differentiation, where they fuse to
form multinuclear myofibers (Figure 2A). These cells remain
undifferentiated and mesenchymal during the migration. This
type of muscle differentiation occurs in the limbs, tongue and
mammalian diaphragm, all of which are organs distally located
from the axis or even in the head. These distally relocating
hypaxial muscle precursor cells have been called “migratory
muscle precursors” (MMPs) as opposed to the other myotomal
cells also formed from dermomyotomes but non-migratory
(Alvares et al., 2003).

Molecular mechanisms regulating the migration of MMPs
have been best studied in paired limb development in mouse
and chick (Christ and Ordahl, 1995; Birchmeier and Brohmann,
2000; Figure 2A). Pax3, a gene encoding a paired class of
homeobox transcription factor, is initially expressed in the whole
dermomyotome, but secondarily becomes restricted to hypaxial
muscle progenitors. At limb and occipital levels of the trunk,
Pax3-positive cells also express Lbx1, another gene encoding a
homeodomain transcription factor, required for delamination
and migration of MMPs. MMPs also express receptor proteins-
encoding genes such as c-met and CXCR4, whose products
are detected and bound by specific ligands, HGF and Sdf1,
respectively, distributed in the mesodermal mesenchyme filling
the limb bud (Dietrich, 1999; Dietrich et al., 1999; Vasyutina
et al., 2005). Interactions between these receptors and ligands lead
MMPs to the correct location to form muscles.

In anamniotes, such as amphibians and fish, skeletal muscles
of the trunk differentiate in situ from the bulk of myogenic cells
initially occupying a large portion of the somites. Nevertheless,
a thin lateral layer of epithelium that covers the myotome
has been discovered in these animals (Kusakabe and Kuratani,
2005; Scaal and Wiegreffe, 2006). In teleosts, this thin layer
expresses Pax3 gene and contribute myogenic cells to the pectoral
and pelvic fins. Lbx1 gene is expressed in the progenitors
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FIGURE 1 | Morphological patterns of trunk skeletal muscles. In amniotes (A), trunk skeletal muscles consist of multiple muscle layers categorized into epaxial or
hypaxial muscle, innervated by dorsal or ventral ramus of spinal nerves, respectively. (B) Epaxial and hypaxial domains are clearly segregated by horizontal
myoseptum in cartilaginous and bony fishes. (C) Lampreys have concentric layers of muscle tissues that are not compartmentalized into epaxial/hypaxial groups.
(D) Amphioxus exhibits lamella-like body wall muscles consisting of layers of myofiber sheets.

of paired fin muscles, as well as the sternohyoid and the
posterior hypaxial muscles, both of which cover the ventrolateral
aspects of the anterior larval trunk (Sagarin et al., 2019).
Likewise, amphibian hypaxial muscles, including those in
the limbs that develop at metamorphosis, develop from the
dermomyotome-like layer covering the embryonic myotome
(Martin and Harland, 2006).

SKELETAL MUSCULATURE OF ADULT
LAMPREYS AND SHARK

As mentioned above, body wall muscles of cyclostomes are
not segregated into epaxial/hypaxial domains. Cyclostomes also
lack the development of paired fins similarly to amphioxus
(Figures 1C,D, 2B). However, lampreys possess bilateral HBMs
that cover ventrolateral wall of the pharynx (reviewed in
Kusakabe and Kuratani, 2020; Figure 2B). Lamprey HBMs are
innervated by hypoglossal nerve which is homologous to the
12th cranial nerve of mammals. This innervation pattern, as
well as the developmental process described below, supports
the homology of lamprey HBMs to the tongue and infrahyoid
muscles which derive from the hypaxial portion of anterior
somites (Kuratani, 1997; Kusakabe and Kuratani, 2005; for
the hagfish, see Oisi et al., 2015). Lampreys also possess the
supra- and infraoptic muscles derived from the most anterior
somites and they extend into the rostral head (Figure 2B).
The infraoptic muscle is innervated by a part of the spinal
nerve plexus located caudal to the vagal (X) motorneuron,
suggesting its possible linkage with trapezius muscle of the
amniote neck (Tada and Kuratani, 2015). Collectively, although

lampreys lack epaxial/hypaxial distinction of trunk skeletal
muscles, their myotomes exhibit characteristics similar to the
specialized hypaxial muscles found in amniotes.

Chondrichthyans, such as the shark, have served as models
for development of early vertebrates (Boisvert et al., 2019;
Figure 2C). In particular, chondrichthyan HBMs have been
intensively studied with anatomical and developmental
viewpoints (Edgeworth, 1935; Miyake et al., 1992; Kusakabe
et al., 2020). In sharks and rays, the hypobranchial group
of muscles has been documented as somite derivatives with
variable names depending on the species (Edgeworth, 1935). In
the catshark, HBMs are segregated into the posterior bilateral
domain (coracoarcualis muscle, CAC; also called rectus cervicus)
and the medially located anterior domain (coracomandibularis,
CMD; also called geniohyoideus; Miyake et al., 1992; Kusakabe
et al., 2020). Cucullais muscles are also conspicuous in these
animals; it appears as a thin single muscle plate covering the
dorsal aspect of the posterior branchial region. In skate, cucullaris
muscles are innervated by the vagus as well as the rostral spinal
nerves (Tanaka, 1988; Boord and Sperry, 1991).

Chondrichthyans have also attracted attention concerning
their paired fins musculature (Goodrich, 1930; Ziermann et al.,
2017; Turner et al., 2019). Skates and rays have evolved
extraordinarily broad paired fins that generate strong forward
propulsion, whereas sharks exhibit narrower pectoral and pelvic
fins separated by a broad flank region. Based on a series
of classical observations performed on catshark Schyliorhinus
canicula, shark pectoral fin muscles have been believed to
emerge as a direct extension of myotome cells into fin bud,
a developmental mode suggested to be primitive (Galis, 2001;
Hollway and Currie, 2003). This view has also been supported
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FIGURE 2 | Development of hypaxial muscles controlled by specific regulatory genes. (A) In amniotes, Pax3-positive dermomyotome supplies precursor cells of
epaxial and hypaxial muscles. At the limb levels, precursor cells of appendicular muscles delaminate and migrate distally in the limb bud. In these cells, Lbx1 is
specifically expressed. These cells also express c-met and CXCR4 receptors that detect ligands in the limb bud mesenchyme. See text for details. (B) Updated and
modified scheme from Kusakabe and Kuratani (2005), based on Kusakabe et al. (2020). Lampreys have no epaxial/hypaxial distinction, no paired appendages, but
possess hypobranchial muscle (HBM) that require the unique Lbx gene during development. iom, infraoptic muscle; supom, supraoptic muscle. (C) On the other
hand, gnathostomes (e.g., shark) have epaxial (orange) vs. hypaxial (pink) distinction of skeletal muscles and paired appendages. Lbx paralogs Lbx1 (blue) and Lbx2
(green) are differentially expressed in many of the hypaxial muscles. Developmental origin of shoulder girdle muscles, such as cucullaris (red), remains controversial
(see also Figure 5).

by nerve supply to the paired fins; each myotome extending
into the fin bud receives motor neurons from the ventral roots
of the neighboring spinal nerves (Goodrich, 1930). However,
recent progress of molecular analysis in chondrichthyan embryos
provided important clues that their paired fin muscles would
develop with a similar developmental mechanism to that in
MMPs in amniote limbs, as detailed below (Okamoto et al., 2019;
Turner et al., 2019; Kusakabe et al., 2020).

DEVELOPMENT OF LAMPREY
HYPOBRANCHIAL MUSCLE

During lamprey embryogenesis, although the earliest
differentiation of somitic skeletal muscles takes place at

early neurula stage, the HBMs differentiates as late as pre-
ammocoete larval stage (stage 29; Tahara, 1988; Kusakabe
et al., 2020). HBMs first appear as bilateral rods lying on the
ventrolateral aspects of the pharynx, spanning between the
velum and the pericardium, being segmented in correspondence
to the pharyngeal arches, not to the myotomes (Kuratani et al.,
1999; Figure 3). Prior to differentiation of HBMs, at stage 28,
the hypoglossal nerve (XII) extends its axons, circumventing
the posterior edge of the pharyngeal region (Tada and Kuratani,
2015; Figure 3A).

Extension of hypoglossal axons matches well with the
distribution of precursor cells of HBMs that leave anterior
somites, proceed initially ventrally, and then anteriorly along the
ventral floor of the pharynx. The streams of these myogenic cells
are comparable with the hypoglossal cord, the tightly condensed
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FIGURE 3 | Formation of somitic muscles during lamprey development. The embryos and larva were stained with phalloidin (green; skeletal muscles) and acetylated
tubulin antibody (magenta; neurons) as described in Kusakabe et al. (2020). (A) Head region of a stage 28. Extending hypoglossal nerve (XII) can be observed, but
no hypobranchial muscle (HBM) has yet to be differentiated. (B) Stage 30 pre-ammocoete embryo. Initial differentiation of HBM is visible. (C) A 13-mm ammocoete
larva in bright field viewed from left side. (D–F) Anterior region of the larva in (C) stained with phalloidin and acetylated tubulin antibody. HBM has undergone growth
in width, and the XII nerve has fully extended its axon into the oral region. iom, infraoptic muscle; supom, supraoptic muscle. Scale bars: 2 mm (C), 0.2 mm (A,B,F).

strand of myoblasts giving rise to tongue and infrahyoid muscles
of amniotes (Kuratani et al., 1999; for hagfish, see Oisi et al., 2015;
reviewed in Kusakabe and Kuratani, 2020). These cells express
Pax37A and LbxA genes, the cognate genes of amniote Pax3 and
Lbx1, respectively (Kusakabe et al., 2011). These genes are initially
expressed broadly in somitic mesoderm, but become intense in
the hypoglossal cord as it extends anteriorly. Targeted deletion of
LbxA gene leads to the specific deficiency of HBMs, suggesting
the molecular mechanism involving Lbx gene is required for
the formation of HBMs, as is the case in amniote MMP-derived
muscles (Brohmann et al., 2000; Kusakabe et al., 2020).

At the dorsal region of the head, infra- and supraopitic
muscles are readily observed as phalloidin-positive anterior
myotomes directly extending in chevron-shape as early as stage
26 (Kuratani et al., 1999; Kusakabe et al., 2020; Figure 3A). In
the growing ammocoete larvae, these muscles, together with late-
differentiating HBM, expand in width and cover the entire head
(Figures 3B–F). Unlike the tongue muscle of the amniotes, HBM
of the lamprey do not fuse in the midline but remain in the
lateral pharyngeal wall. Caudally the HBMs are continuous to the
body wall muscle, which form as the ventral edges of the trunk
somites extending toward ventral midline (Kusakabe et al., 2020;
Figures 3D,F). Thus, the lamprey somitic muscles as a whole can
be viewed as the simplified “hypaxial” muscles of vertebrates in

the absence of paired appendages, but associated with MMP-like
developmental pattern.

DEVELOPMENT OF THE SHARK
SKELETAL MUSCLES

In early development of a catshark Schyliorhinus torazame,
skeletal muscle differentiation is first observed in trunk somites
aligned bilaterally along the axis (Figures 4A–C). Unlike
that of the lamprey, early shark somites exhibit conspicuous
epaxial/hypaxial domains segregated by horizontal myoseptum
(arrowheads in Figure 4). As the pectoral and pelvic fin buds
become prominent (stage 28 and onward; Ballard et al., 1993),
the flank region exhibits secondary muscle differentiation as
a ventral extension of the neighboring hypaxial myotomes
(Figure 4E). Each segment of this muscle extension has a
gradient in maturation of fibers, as shown by immunoreactivity
to myosin heavy chain antibody, in a way that muscle
differentiation proceeds from anterior-to-posterior direction
(Figure 4E). Distribution pattern of the differentiated myofibers
is complementary to the expression pattern of Lbx2 gene,
the paralog of Lbx1 of the shark, at slightly earlier stage
(detailed below; Kusakabe et al., 2020; Figure 4D). These
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FIGURE 4 | Development of skeletal muscles during catshark development.
The embryos were stained with the myosin heavy chain antibody (Brown;
A–C,E–H) and antisense probe for Lbx2 mRNA (D) as described in Kusakabe
et al. (2020). Black arrowhead indicates the boundary of epaxial and hypaxial
domains. (A) A stage 24 embryo. Muscle differentiation starts at trunk
somites. The heart (h) is also stained. (B) A transverse section of stage 24
embryo at the level of the heart stained with myosin heavy chain antibody.
(C) Magnified view of (A). Body wall muscle has yet to be differentiated
(dotted bracket). (D) Lbx2 gene expression is observed in undifferentiated
body wall muscle primordia (dotted bracket). (E) A stage 28 embryo. Body
wall muscle is now undergoing differentiation (dotted bracket). (F) A stage 31
embryo. (G) Ventral view of the embryo in (F). Coracomandibularis (cmd) and
coracoarcualis (cac) muscles consist the hypobranchial muscles of catshark.
Pectoral fin muscles are also visible (arrow). (H) A stage 32 embryo associate
viewed from the left. cac, coracoarcualis muscle; cmd, coracomandibularis
muscle; cu, cucullaris muscle; h, heart; pec, pectoral fin; pel, pelvic fin. Scale
bars: 2 mm (F), 1 mm (A,H), 0.5 mm (D,E,G), 0.1 mm (B).

later differentiating body wall myofibers will form the rectus
abdominus muscle that extends to meet at the ventral midline
(Figures 4F,H).

Differentiated muscles in the pectoral fin buds are observed
as late as stage 31 (Figures 4F,G), followed by those observed
in pelvic fin buds at stage 32 (data not shown) Delayed
differentiation of pelvic fin muscles is also the case in another
shark species Schyliorhinus canicula (Ziermann et al., 2017),
as well as in many of the teleosts in which pelvic fin
development occurs postembryonically (Parichy et al., 2009).
As mentioned above, shark fin muscles had long been thought
to emerge as a direct extension of neighboring epithelial
myotomes and thus called “muscle bud” by Goodrich (1930).

Recently, however, molecular evidence from sharks and skates
showed that “muscle bud” in the paired fins express Pax3
and Lbx1 genes, and that muscle precursors detach from
the dermomyotomes at the base of the fin bud and move
distally before the onset of muscle differentiation (Okamoto
et al., 2017; Turner et al., 2019; Kusakabe et al., 2020). This
implies that shark fin muscles are regulated by a genetic
mechanism common to the amniote MMPs described above.
It is noteworthy, however, that muscle precursors of shark
paired fins leave the ventral lip of dermomyotomes as cell
aggregates, not as dispersed mesenchymal cells, unlike MMPs
in amniote limb bud (Kusakabe et al., 2020). Accordingly, these
aggregates of myogenic cells are positive for ZO-1 antibody, an
indicator of epithelial characteristics (Mayeuf-Louchart et al.,
2016; Kusakabe et al., 2020).

In addition to the appendicular muscles, shark HBMs also
exhibit more characteristics in common with the amniotes, rather
than to that of the lamprey. Initial differentiation of HBM can be
observed as a pair of muscle fibers flanking the heart (Kusakabe
et al., 2020). These rods of skeletal muscle are a derivative of
anterior somites and express Lbx2 (Kusakabe et al., 2020) and give
rise to the CAC muscle (Figure 4G). The most anterior tips of
forming CAC join at the ventral midline and connect to the CMD
muscle, which appears later than CAC (Kusakabe et al., 2020;
Figure 4G). CMD muscle originates from the precursor cells at
the tip of the bilateral CAC which is marked by expression of Lbx1
gene (Kusakabe et al., 2020). CAC and CMD muscles of the shark,
together with laterally oriented CHY muscles (see Kusakabe et al.,
2020), show conspicuous homology to those of amphibians as
well as of the amniote tongue and infrahyoid muscles, with
respect to the anatomical structure and developmental gene
expression (Miyake et al., 1992).

Another member of the hypaxial muscles found in the
late shark embryo is the cucullaris muscle (Figure 4H). It
differentiates as a triangular muscle located at the dorsal
side of the posterior pharyngeal arches, inserting into the
scapulocoracoid catilage. It has been shown in skates that
cucullaris muscles are innervated by both vagus (X) and rostral
spinal nerves (Boord and Sperry, 1991), which is a characteristic
of the neck muscles of amniotes. Thus, developmental patterns of
HBM and fin-associated muscles collectively suggest the ancestral
status of distal hypaxial formation in chondrichthyans with
respect to the vertebrate evolution.

DISCUSSION

The epaxial/hypaxial distinction of skeletal muscles would have
appeared in the ancestral vertebrate, primitively associated with
a simple locomotive action driven by the somitic musculature.
Spatial segregation and mutually independent innervation of
the two domains might have facilitated the adaptation to the
terrestrial habitat of tetrapods—epaxial muscles have become
specialized for the protection of the internal organs and
maintenance of posture, whereas hypaxial muscles become highly
functionally specialized to support a wide variety of locomotive,
respiratory and feeding movement. Consistently, during the
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FIGURE 5 | Developmental order of somitic skeletal muscles with emphasis on the embryonic origins based on the observation in Kusakabe et al. (2020). Here the
muscles are named in generalized terms for vertebrate anatomy based on Miyake et al. (1992). Numbers (1–6) indicate the temporal order of muscle differentiation.
Body wall muscle (1, rectus abdominus) and the posterior portion of hypobranchial muscles (2, rectus cervicus, or coracoarcualis) express Lbx2 and are possibly
homologous to the lamprey body wall muscle and hypobranchial muscles, respectively. Lbx1 regulates the distal hypobranchial muscle (geniohyoideus, or
coracomandibularis) and both lateral and median fins.

fin-to-limb transition, a relative quantity of locomotor muscles,
all of which belong to hypaxial muscles, drastically increased
(Mansuit and Herrel, 2021).

The timing of acquisition of HBM, which develops as a
part of hypaxial muscles in gnathostomes, remains unclear—
it could precede the appearance of epaxial/hypaxial boundary,
as HBM is present in the cyclostomes (reviewed in Kusakabe
and Kuratani, 2020). With reference to the behavior of muscle
precursor cells, Burke and Nowicki (2003) proposed a different
context for categorization of somite derivatives. According
to their scheme, the somites are divided into primaxial and
abaxial domains. The abaxial group consists of muscles primarily
categorized into the hypaxial and also associated with MMP-like
mode of development (Nowicki et al., 2003); that is, the
ventral lips of dermomyotomes at specific anteroposterior levels
undergo delamination and long-distance migration, and become
associated with skeletons and tendons of non-somitic origins.
The primaxial muscles, on the other hand, consist of all epaxial
muscles and non-migratory population of hypaxial muscle, both
of which become associated with somitic skeletons.

Primaxial/abaxial distinction well explains the developmental
mode of complex hypaxial musculature in gnathostomes.
In abaxial muscles, such as appendicular muscles, shoulder
girdle muscles and the ventral abdominal muscles, prolonged
expression of Pax3 and Lbx genes are correlated with the
maintenance of proliferating muscle progenitors during the
relocation from the paraxial somites. In this regard, HBMs
also can be categorized as abaxial—they undergo long-
distance extension from the ventral portion of anterior
somites, and differentiate into mature muscle fibers in non-
somitic, environment (cephalic neural crest cells and pharyngeal
mesoderm; reviewed in Kusakabe and Kuratani, 2020). In
the trunk, the boundary of primaxial/abaxial domains, termed
lateral somitc frontier (LSF), exists at the dorsal edge of the
lateral plate mesoderm. LSF-equivalent can also be defined for

HBM development which involves extension of hypoglossal
cord into the pharyngeal region. This boundary would overlap
with S-shaped head-trunk interface, on which a variety of
neck/shoulder muscles differentiate under the influence from
neural crest cells giving rise to cephalic cartilages and connective
tissues (Kuratani, 1997).

Shark fin muscles have long been thought to develop as a
direct extension of epithelial myotomes and thus to represent
the primitive mode of appendicular muscle formation (Goodrich,
1930; Neyt et al., 2000; Galis, 2001; Hollway and Currie,
2003), a concept contradicting with the acquisition of Pax3- and
Lbx-positive HBM in the common ancestor of cyclostomes and
gnathostomes (Kusakabe et al., 2011). Recent insights from
catshark have provided a clearer view of the evolutionary events
that occurred during the establishment of hypaxial muscles
in early vertebrates (Figure 5). Lbx2-positive hypaxial muscles
(equivalent to rectus abdominus and rectus cervicus) would
represent the ancestral abaxial muscle which is equivalent to
the lamprey body wall muscle and HBM. Lbx1-positive muscles
in the shark (equivalent to geniohyoideus and fin muscles)
would represent the anatomical modification which occurred
in the distal somitic muscles that underlying the complex
skeletal musculature of gnathostomes. These observations have
led to a novel evolutionary hypothesis in which the ancestor
of vertebrates acquired a primitive version of hypobranchial
muscle that represents the advanced mode of somitic muscle
development (Kusakabe et al., 2020).
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