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ABSTRACT  The vertebrate head characteristically exhibits a complex pattern with sense organs, 
brain, paired eyes and jaw muscles, and the brain case is not found in other chordates. How the 
extant vertebrate head has evolved remains enigmatic. Historically, there have been two conflicting 
views on the origin of the vertebrate head, segmental and non-segmental views. According to the 
segmentalists, the vertebrate head is organized as a metameric structure composed of segments 
equivalent to those in the trunk; a metamere in the vertebrate head was assumed to consist of a 
somite, a branchial arch and a set of cranial nerves, considering that the head evolved from rostral 
segments of amphioxus-like ancestral vertebrates. Non-segmentalists, however, considered that 
the vertebrate head was not segmental. In that case, the ancestral state of the vertebrate head may 
be non-segmented, and rostral segments in amphioxus might have been secondarily gained, or 
extant vertebrates might have evolved through radical modifications of amphioxus-like ancestral 
vertebrate head. Comparative studies of mesodermal development in amphioxus and vertebrate 
gastrula embryos have revealed that mesodermal gene expressions become segregated into two 
domains anteroposteriorly to specify the head mesoderm and trunk mesoderm only in vertebrates; 
in this segregation, key genes such as delta and hairy, involved in segment formation, are expressed 
in the trunk mesoderm, but not in the head mesoderm, strongly suggesting that the head meso-
derm of extant vertebrates is not segmented. Taken together, the above finding possibly adds a new 
insight into the origin of the vertebrate head; the vertebrate head mesoderm would have evolved 
through an anteroposterior polarization of the paraxial mesoderm if the ancestral vertebrate had 
been amphioxus-like. 
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Introduction

The evolution of the vertebrate head has been a fundamental 
issue in biology and highly controversial for more than two hun-
dred years (Goethe, 1790, Oken, 1807, Ahlborn, 1884, Goodrich, 
1930, Romer, 1972, Gee, 1996, Kuratani, 1997, Kuratani, 2003, 
Kuratani, 2008, Conway Morris and Caron, 2014). For addressing 
the issue, the cephalochordate (the amphioxus), belonging to the 
phylum Chordata (Chephalochordata, Urochordata, Vertebrata), 
has been one of the key animals for its phylogenetic position as the 
most basal living chordate, and sharing basic chordate structures 
such as the dorsal nerve cord, notochord, somites and pharynx 
(MacBride, 1897, Van Wijhe, 1902, Goodrich, 1930, Holland et al., 
2008a, Onai et al., 2014). In addition to the morphological similari-
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ties, the genomic study on the amphioxus revealed that the genome 
has evolved very slowly, sharing many conserved genomic regions 
with vertebrates, and that the amphioxus has never experienced 
the two rounds of whole genome duplication (a potential key event 
for vertebrate evolution) (Putnam et al., 2008, Holland and Onai, 
2011). In contrast, Urochordata, the sister group of vertebrates, 
has undergone rapid evolution and lost many developmental genes 
and somites (Onai et al., 2010, Holland, 2016). The developmental 
mode of tunicates is mosaic, in which cell fate is determined as 
early as cleavage stages, making it difficult to compare with other 
chordate development (Holland, 2016). Given these facts, among 
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extant invertebrate chordates, the amphioxus seems to be the best 
proxy to address the origin of the vertebrate body plan.

History of studies of the vertebrate head problem

Studies on the evolution of the vertebrate body plan, especially 
that of the head, has a long history and many problems. Therefore, 
it would be very informative to briefly summarize how synthesis 
has developed to recognize our current standing positions.

The pursuit of vertebrate body plan initiated in the 18th century 
when Goethe and Oken proposed ‘The vertebral theory’ (Goethe, 
1790, Oken, 1807). In this theory, the vertebrate skull was considered 
as a composition of several vertebrae and the body plan of head 
was the same as that of trunk. The theory had a great impact on a 
number of researchers and they followed this primitive segmental 
view (Owen, 1854, see below), even after the Croonian Lecture 
by Huxley (Huxley, 1858).

In the late 19th century, with Charles Darwin’s concept of evolu-
tion, anatomists and embryologists began to study the vertebrate 
head by using shark and skate, which were assumed to show the 
basic body plan of vertebrate. For instance, Gegenbaur classified 
cranial muscles, skeletons, and nerves of shark into segmental 
units of the head (Gegenbaur, 1871, Gegenbaur, 1872, Gegenbaur, 
1887). Following this study, Balfour discovered three pairs of epi-
thelial coeloms called head cavities (premandibular, mandibular, 
hyoid) in the shark and skate head mesoderm (Balfour, 1878). 
Van Wijhe scrutinized shark head cavities and cranial nerves, and 
redefined head segmentation; he separated somatic (a system for 
locomotion in the dorsal side) and visceral (a system for digestion 
in the ventral side) components in the head mesoderm, and identi-
fied head cavities as paraxial components of the mesoderm, but 
classified the pharyngeal arch mesoderm as visceral components 
(Van Wijhe, 1882). Before and after the discovery of head cavi-
ties in elasmobranch embryos, mesodermal segments were also 
observed in other vertebrates, such as amphibians and lampreys 
(Götte, 1875, Koltzoff, 1902, Goodrich, 1930), indicating an an-
cestral nature of head segments with vertebrates. Also Mitsukuri 
examined turtle embryos, and proposed that the head mesoderm 
of turtle embryos was comparable to rostral somites in amphioxus 
(Mitsukuri, 1893).

In the 20th century, new authors joined the debate and proposed 
their models with new data (Kuratani and Adachi, 2016). Among 
them, Goodrich stressed the consistency of segmental unit including 
somatic and visceral components of both mesoderm and nerve in 
the vertebrate body, and claimed eight segments in an archetypal 
vertebrate head that evolved from an amphioxus-like animal. His 
model was so influential that many scientists followed and to some 
extent were biased (Goodrich, 1918, de Beer, 1922, Goodrich, 1930, 
Neal and Rand, 1936, de Beer, 1947, Gilbert, 1952, Jollie, 1962, 
Jarvik, 1980). Of course, non-segmentalists existed and highlighted 
differences between head and trunk (Kingsbury and Adelman 1924; 
Kingsbury 1926), the above segmentalists’ view has been prevalent 
and ascendant. For example, by using scanning electro microscopy 
(SEM) technology, Meier revealed mesodermal segments called 
somitomeres in chick and mouse embryonic heads (Meier, 1979, 
Meier and Tam, 1982, Jacobson, 1988). However, somitomeres 
were not clearly segmented like trunk somites, and no molecular 
studies have favored the presence of somitomeres so far. In lam-
preys, contrary to the previous study by Koltzoff, the SEM study 

showed that there were no somitomere-like mesodermal segments 
in the head mesoderm (Kuratani et al., 1999). Given that lampreys 
do not have any mesodermal segments in the head, and head 
cavities found in some gnathostomes might be a synapomorphy 
of jawed vertebrates, and rostral somites in the amphioxus might 
have evolved independently from head cavities. Conflicting to this 
idea, molecular studies on amphioxus embryos showed that rostral 
somites in amphioxus express some genes homologous to those 
expressed in the vertebrate head mesoderm (e.g. engrailed). With 
this evidence, Holland et al., have proposed homology - histori-
cally shared traits - between the amphioxus rostral somites and 
the vertebrate head mesoderm (Holland et al., 1997). In another 
paper, however, they found that amphioxus rostral somites shared 
homologous gene expression domains (e.g. pax3/7, delta) to that 
of the vertebrate trunk somites; amphioxus rostral somites have 
both vertebrate head and trunk mesodermal identities, and one 
to one relationship between amphioxus somites and vertebrate 
head mesoderm or trunk somites cannot be possible (Holland et 
al., 1999, Beaster-Jones et al., 2008).

As reviewed above, the controversy of vertebrate head seg-
mentation is long-standing, highly tangled, and mainly focusing 
on the vertebrate side. What is lacking is the understanding of 
amphioxus body plan, which is essential for the comparison with 
vertebrates. In the amphioxus, two conspicuous segmental units, 
somites and gill slits, constitute the body. So, in the following sec-
tions, we review accumulated knowledge on metamerism in the 
amphioxus body and discuss the vertebrate head evolution from 
the point of view of invertebrate side.

The amphioxus metamerism; ancestral or specialized?

To regard the amphioxus as a proxy of an ancestral vertebrate, 
some peculiar features are problematic. In the amphioxus, initial 
formation of gill slits is very asymmetrical; about twelve primary gill 
slits develop in the right side of the pharynx (Willey, 1891). During 
metamorphosis, secondary gill slits arise next to the primary gill 
slits, and these gill slits are gradually arranged symmetrically along 
with the left/right (L/R) body axis (Willey, 1891). Since develop-
mental sequences of gill slits are very peculiar, branchiomerism 
of the amphioxus was once thought as a specialized character, 
and nothing to do with ancestral traits in chordates (Romer, 1972). 
On the other hand, gill slits are a common trait shared in deutero-
stomes; a genomic organization of pharyngeal formation genes is 
well conserved in hemichordates, the amphioxus and vertebrates 
(Simakov et al., 2015); it is not likely that the amphioxus branchi-
merism is totally specialized.

On the anteroposterior arrangements of segments, the am-
phioxus larva has been assumed to experience a phase that 
somitomerism and branchiomerism correspond each other (Gold-
schmid, 1905, Kuratani, 1997, Kuratani, 2003, Yasui et al., 2014); 
reminiscent of the Goodrich’s hypothetical ancestral vertebrates. 
Furthermore, these larvae named ‘Amphioxides’ developed 
gonads before metamorphosis (Goldschmid, 1905), suggesting 
that somitomerism and branchiomerism depended each other, 
constituting a single metameric system in ancestral chordates. 
On the other hand in extant vertebrates, relative positions, as well 
as developmental sequences of somites and gill slits along with 
the anterior/posterior (A/P) body axis are very different. If head 
cavities are not counted as somatic segments, somitomerism and 
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branchiomerism are largely independent in extant 
vertebrates (Ahlborn, 1884, Dean, 1899, de Beer, 
1922, Damas, 1944, Kuratani, 2003). Therefore, in 
the vertebrate head/trunk evolution, a caudal shift of 
somitomerism and a rostral shift of branchiomerism 
might have occurred if ancestral vertebrates had been 
amphioxus-like (Kuratani, 1997).

Somatic/visceral systems in the context of 
the vertebrate head problem

Somitomerism arises in a somatic system while 
branchiomerism develops in a visceral system 
(Van Wijhe, 1882, Ahlborn, 1884, McMurrich, 1912, 
Kuratani, 2003); McMurrich, as well as Van Wijhe, 
considered the vertebrate body could be organized 
dualistically—somatic, visceral, which was pushed 
strongly later by Romer. According to Romer, some 
chordates have been very active for the presence of 
the somatic part of the body, which makes chordates 
contrast with other deuterostomes including the ambu-
lacraria (echinodermata and hemichordata) (Romer, 
1972). However, a current context does not support 

Fig. 1. Development of somitomerism and branchiomer-
ism in the amphioxus. (A) Development of somitomerism 
and branchiomerism in the amphioxus. The hypoblast dif-
ferentiates into the dorsal mesoderm (pink) and the endo-
derm (light blue). From the dorsal mesoderm, metameric 
structure (Somites) forms. In the endoderm, agd (anterior gut 
diverticulum) arises in the rostral tip. From the mid neurula 
to larva, the endostyle and club-shaped gland develop in 
the right side under the 1st somite whereas the 1st gill slit 
appears under the 2nd somite. The mouth arises left side 
including the 1st somite. The preoral pit is derived from the 
left side agd that is located just rostral to the mouth. Agd; 
anterior gut diverticulum, es; endostyle, cg; club shaped 
grand, pp; preoral pit. Schemes were drawn by referring 
to Hatschek (1881). (B) Genetic maps for somitomerism 
and branchiomerism in the amphioxus. In the amphioxus, 
three major genetic groups are keys for somatic and visceral 
organogenesis. Pink is the group for somitomerism. Light 
blue is for branchiomerism. Green is for segmental border 
generation between segments. At the early neurula, genetic 
components for somitomerism (pink) and branchiomerism 
(light blue) are partially overlapped in the rostral hypoblast 
where the agd will differentiate. Genetic components in 
somitomerism and branchiomerism share the effector genes 
(pax, six, eya) those are considered as important for cell 
shape formation (Kozmik et al., 2007). Segmental genes 
(green) are expressed in the boundary between somites and 
posterior end of agd. At the mid neurula stage, the agd is 
divided into two (left and right). The left agd will differentiate 
into the preoral pit that expresses members of the three 
(pink, light blue, green) genetic components. At the late 
neurula stage, morphologically visceral organs (endostyle, 
club-shaped gland, gill slits, mouth) become clear. Some 
segmental genes are expressed in the tail bud but en is 
not expressed (green). Also in the lagd, cg, gs1, segmental 
genes such as delta are expressed (green). Agd; anterior 
gut diverticulum, lagd; left anterior gut diverticulum, m; 
mouth, es; endostyle, cg; club-shaped gland, gs1; gill slit 1.

B

A
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this progressive evolution; a basal metazoan ctenophore swims 
actively in the ocean (Ryan et al., 2013); suggesting that somatic 
and visceral systems were present far before bilaterian evolution. 
When Romer claimed the theory, tunicates—a sessile organism 
on the ocean floor, but not the amphioxus—a free swimmer, was 
thought as the most basal living chordate, but now their positions 
are replaced each other in the tree, putting the amphioxus to the 
position of the most basal living chordate. Therefore, Romer’s 
scenario of chordate evolution is now out of date. It is important to 
consider the head problem with a focus on both the somatic and 
visceral systems; both somatic elements (e.g. eye muscles, sense 
organs, brain) and visceral ones (e.g. branchial bars, muscles 
and nerves) compose the vertebrate head, which is regarded as 
a united complex of somatic/visceral elements. In this review, to 
consider how the vertebrate head evolved from invertebrate chor-
date ancestors, we first summarize morphology and development 
of segments in somatic and visceral systems of the amphioxus 
with current progress in molecular studies. Next, we deal with the 
evolution of somatic and visceral systems in chordates, and how 
the two systems correlate with the origin of the vertebrate head.

Somitomerism; development of somites in the 
amphioxus

We will summarize current understanding of the amphioxus 
somite formation in morphology and genetic mechanisms. Dur-

ing early embryogenesis of the amphioxus, mesoblastic somites 
arise from the paraxial mesoderm located in the dorsal mesoderm 
(Hatschek, 1881). The dorsal mesoderm is regionalized along with 
the A/P, dorsal/ventral (D/V) and medial/lateral (M/L) body axes 
during the gastrula stages (Holland and Onai, 2011). By the late 
gastrula stage, the dorsal side consists of the two layers (the epiblast 
and hypoblast) and begins to flatten (Fig. 1A) (Hatschek, 1893). 
At the neurula stage, chordate basic organs such as somites, the 
neural tube and notochord form (Fig. 1A) (Hatschek, 1881). The 
period of neurula can be divided into two phases; firstly somites and 
the neural tube develop; after that the notochord formation occurs 
(Hatschek, 1881). In the first phase, two lateral longitudinal folds 
of presumptive somites arise in the dorsal mesoderm by the time 
the neural canal becomes visible (Hatschek, 1881). Each rostral 
somite will contain a small cavity after the boundary between somites 
becomes sharp (Fig. 1A) (Hatschek, 1881). This cavity originally 
arises as a diverticulum of the archenteron (Hatschek, 1881). The 
rostral somites pinch off from the dorsal roof of the archenteron and 
this process is defined as enterocoely that is generally shared in 
deuterostomes but not in protostomes (Adoutte et al., 1999). The 
rostral somites eventually accentuate its outline and segregate each 
other. The rostral somites (8-14 dependent on species) pinch off 
from the archenteron, while more caudal somites bud off from the 
tail bud directly (Hatschek, 1881, Holland et al., 1997).

Recent molecular studies on development of the amphioxus 
embryos have revealed many genes expressed during somite 

formation in the dorsal mesoderm (Table1)
(Beaster-Jones et al., 2008). During the 
early to mid gastrula stages, the hypoblast 
is regionalized into the dorsal mesoderm 
and endoderm ventrally along with the 
D/V axis (Holland and Onai, 2011). In the 
invaginating hypoblast, nodal, a member of 
TGF-b super family secreted protein, has 
an essential role on the dorsal mesoderm 
determination (Yu et al., 2002a, Onai et 
al., 2010); loss of Nodal signaling resulted 
in absence of somites and the notochord. 
Between each rostral somite in the dorsal 
mesoderm, a faint border becomes distinct 
gradually; during the late gastrula to neurula 
stages, genes are expressed in somites as 
segmental manner or continuously (Table1) 
(Fig. 2).

In vertebrates, Notch signaling pathway 
controls segmental boundary formation 
in somitogenesis (Pourquie, 2011). In the 
amphioxus, similar to vertebrates, Notch 
component genes (e.g. delta, hairy) are 
expressed segmentally in the rostral or 
caudal border of somites (Minguillon et al., 
2003, Rasmussen et al., 2007). Consistent 
with the expression pattern, suppression of 
Notch signaling in the amphioxus resulted in 
disruption of segmental boundary formation 
in somites; paraxial mesodermal cells were 
distorted and arranged irregularly (Onai et 
al., 2015b). Whereas in Notch signaling 
disrupted embryos, the expression level of 

TABLE 1

KEY GENES FOR SOMITOMERISM
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muscle differentiation gene muscle-actin was elevated compared 
with the wild type (Onai et al., 2015b). Therefore, Notch signaling 
has an important role not only in segmental border formation be-
tween somites but also in specification of somites in the amphioxus 
(Onai et al., 2015b).

Another key signaling pathway for somitogenesis is FGF signal-
ing in vertebrates (Pourquie, 2011). In the amphioxus, fgf8/17/18 
was expressed in the dorsal mesoderm during gastrula stages; 
FGF signaling pathway was essential for the rostral three somites 
differentiation (Bertrand et al., 2011). However, more caudal somites 
were little affected when FGF signaling was inhibited (Bertrand 
et al., 2011).

In the caudal somites developing from the tail bud, same genes 
(notch, fgfs, wnts) are expressed as seen in the rostral somites 
(Table1)(Fig. 1B). In the tail bud, there are presumably different 
types of cells such as undifferentiated stem cells and cells gained 
positional information to differentiate somites or the notochord. In 
histology, differences of these cell shapes were not clear (Schubert 
et al., 2001). Even so, Bfwnt3 was localized in the posterior tail 
bud, suggesting that Bfwnt3 may control differentiation of cells in 
the tail bud (Schubert et al., 2001). Supporting this notion, excess 

Wnt/b-catenin signaling from the early gastrula stage delayed the 
onset of muscle-actin expression in somites (Onai et al., 2012). 
Also the functional study of Notch signaling showed that Notch 
had an essential role in segmental border formation in the caudal 
somites (Onai et al., 2015b). 

The accumulation of genetic knowledge on somitogenesis pro-
moted our understanding on how somites are specified in amphi-
oxus embryos. But many developmental events in somitogenesis 
have not been examined at the molecular level. For examples: (1) 
Formation of the paraxial mesoderm folding from the late gastrula 
to neurula stages (2) Determination of edge of each somite (3) 
Segregation mechanisms between somites (4) Cavity formation 
in somites. In the future study, these events should be explained 
from genetic mechanisms and cell biological (e.g. transformation 
of extracellular matrix, cell migration) aspects.

The ventral mesoderm: oro-branchial muscles, blood 
vessels, cartilages

During somite formation, each somite is regionalized along 
with the D/V and M/L axes. By the late neurula stage, the medial 

gsc, pitx2, tbx1 pax3, delta, hox genes

Head mesoderm                    Trunk mesoderm

pmc mc

hc

ov

hbm (MMP)

myo

lpm

pfm(MMP)

lbx

hand

vent1

vent2

lbx

Segmental mesoderm
gsc, pitx, tbx1/10

pax3/7, delta, hox genes

Vertebrates

Amphioxus

hand

vent1/2

agd

gs1 gs2

ba1  2   3  4

m

Fig. 2. Evolution of the vertebrate head/trunk me-
soderm. In the amphioxus, the segmental mesoderm 
(somites) arises in the dorsal hypoblast and expresses 
two mesodermal gene groups (red and green). By the 
mid neurula, the segmental mesoderm sends ventral 
extension into the pharyngeal area that expresses 
yellow genetic components such as hand, vent1/2. 
In vertebrates, the head and trunk mesoderm differ-
entiate during gastrula stages and key mesodermal 
genetic groups (red, green) are separated in the head 
and trunk. In the head mesoderm, there are three 
coelomic cavities in some vertebrates that are probably 
synapomorphy of gnathostomes (Adachi et al., 2012). 
The head mesoderm can be divided into the dorsal 
and ventral part (dotted line) from the morphological 
view. Tbx1 is expressed in the ventral part of the head 
mesoderm. In amphioxus, tbx1/10 is also expressed 
in the ventral mesoderm but the expression domain 
is overlapped with hand, suggesting that A/P genetic 
polarization occurred in the ventral mesoderm of ver-
tebrates as well as the dorsal mesoderm. In the trunk, 
the lateral plate mesoderm develops during gastrula 
stage that expresses vent gene. In the myotomes, 
migrating muscle precursor (MMP) cells migrate 
ventrally which form the hypobranchial or pectoral 
fin muscles. These cells expresses lbx gene that is 
a paralog of vent (Neyt et al., 2000, Kozmik et al., 
2001). Therefore, the vertebrate may have evolved 
MMP cells by recapitulating the ventral mesodermal 
patterning seen in the amphioxus. In this process, the 
vertebrate might have innovated earlier differentiation 
of the ventral mesoderm compared with amphioxus.
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side of somites differentiates into myotome whereas the lateral 
side becomes the external cell layer (Mansfield et al., 2015). The 
ventral part of the external cell layer consists of cells migrating 
ventrally that sometimes named the ventral mesoderm or the lat-
eral plate mesoderm (Kozmik et al., 2001, Mansfield et al., 2015). 
Recent transmission electron microscopy (TEM) study showed 
that the ventral mesoderm reached base of the ventral end and 
was separated into somatic (parietal) and splanchnic mesoderm 
(Kozmik et al., 2001). Probably these cells differentiate into con-
nective tissues and striated muscles near the mouth and gill slits 
as well as blood vessels (Pascual-Anaya et al., 2013, Yasui et al., 
2014, Mansfield et al., 2015).

At the three gill slits larva stage, gill muscles appear around the 
gill slits in the right side (Yasui et al., 2014). During metamorphosis, 
the primary and secondary gill slits move drastically and gill muscles 
degenerate rapidly (Yasui et al., 2014). After metamorphosis, the 
pterygial muscles, which surround the atrium and work to expel 
water from it, arise in the pterygocoel (Ruppert, 1997). Develop-
mental origin of the pterygial muscles is not sure. In the atrium, 
smooth muscles are found in the endostylar artery; the genital 
coelom; the lateral flagella between gill and tongue bars; cells 
derived from the ventral mesoderm may be the source of these 
smooth muscles (Ruppert, 1997).

In the amphioxus, the mouth is induced at the left side of the 
body near the 1st somite (Hatschek, 1881). Striated muscles 
develop inside of the epidermis near the mouth opening, which 
are probably derived from the ventral extension of the left side of 
the 1st somite and will disappear during metamorphosis (Yasui 
et al., 2014). Therefore, the left 1st somite is very unique com-
pared with other somites; some authors considered this somite 
was homologous to the mandibular mesoderm in vertebrates 
(MacBride, 1897, Masterman, 1898). During metamorphosis, the 
mouth migrates anteromedially, and the oral cirri from the mouth 
and velum in the pharynx, filled with striated muscles, arise (Willey, 
1891, Ruppert, 1997).

The amphioxus does not have a distinct heart with inflow and 
outflow tracts (Ruppert, 1997). Instead, the amphioxus has many 
pumping vessels, derived from the ventral mesoderm, throughout 
the body (Ruppert, 1997, Holland et al., 2003). This is one of the 
major differences between vertebrates and the amphioxus circula-
tory systems. Even so, similar to the vertebrates, the amphioxus 
venus sinus is located just posterior to the gill slits (Ruppert, 1997). 
While in tunicates, the heart is situated posterior to gill slits, and 
centralized, but much less complex than that of vertebrates; it is 
intriguing to know how the centralized heart evolved from chordate 
ancestors (Ruppert, 1997).

Developmental genes expressed in the amphioxus ventral me-
soderm have been isolated (Table1). By the mid neurula stage, a 
homolog of the vertebrate ventral mesoderm related homeobox gene 
vent1/2 expression is detected in the protruding ventral mesoderm 
(Kozmik et al., 2001). After migration, the ventral mesoderm in the 
pharynx expresses differentiation genes homologous to vertebrate 
neural crest cartilage genes such as twist, ets and cola (Table1) 
(Meulemans and Bronner-Fraser, 2007, Le Douarin and Kalcheim, 
2009). In vertebrates, skeletal elements in the pharyngeal region 
are derived from the neural crest cells (Kuratani, 2012). In the am-
phioxus, gill bar composition is controversial; it maybe collagenous 
or chitinous tissues probably derived from the ventral mesoderm 
(Leuckart and Paenstecher, 1858, Weiss, 1890, Rahr, 1982). If 

the ancestral condition of the vertebrate gill skeleton had been 
amphioxus-like, then genetic programs for making skeletons in gill 
bars may have been transferred to the neural crest (Meulemans 
and Bronner-Fraser, 2007). While it is unknown to what extend the 
visceral skeleton was originated from the neural crest in ancestral 
vertebrates. Cells in the head mesoderm might have contributed. 
In tunicates, neural crest like cells differentiate into pigment and 
neurons, but not clear whether it will form connective tissues in 
gill slits (Abitua et al., 2012, Stolfi et al., 2015).

In vertebrates, the transcriptional factor hand is expressed in 
the lateral plate mesoderm (Onimaru et al., 2011). The amphioxus 
homolog of hand is detected in the ventral mesoderm and Onimaru 
et al., proposed the homology between the ventral mesoderm in 
amphioxus and the lateral plate mesoderm in vertebrates (Onimaru 
et al., 2011). While in the amphioxus, the ventral mesoderm has 
the expression domain of tbx1/10, a homolog of branchial arch 
mesodermal gene tbx1 in vertebrates (Adachi et al., 2012, Onai et 
al., 2015a). Whether or not tbx1/10 and hand are co-expressed is 
not known; the overlapped expression domains along with the A/P 
axis of these genes, even they might not be co-expressed, indicates 
that the amphioxus ventral mesoderm has both the branchial and 
lateral plate mesodermal properties in vertebrates; as is the case 
in the rostral somites in the amphioxus, which have both head and 
trunk mesodermal properties in vertebrates (Onai et al., 2015a).

Branchiomerism; development of gill slits, the anterior 
gut diverticulum (agd), the club-shaped gland and the 
endostyle in the amphioxus

Differentiation of somites starts during gastrula stage in the am-
phioxus (Table1). Through the neurula to larva stages, myotomes 
develop segmentally along with the A/P axis. The ventral mesoderm 
derived from the somites extends to the pharynx and intestine in 
the amphioxus (Holland et al., 2003, Holland and Onai, 2011, Yasui 
et al., 2014). In the visceral system, there are segments arising 
from the gut wall. These segments include gill slits, the agd, the 
club-shaped gland and the endostyle.

Gill slits

Gill slits form by the thirteen somites stage (Fig. 1) (Hatschek, 
1881). The sign of first gill slit arises as a right endodermal fold 
below the second somites (Fig. 1) (Hatschek, 1881). During early 
larva stages, anterior three gill slits protrude to the outside (Fig. 
1) (Holland and Holland, 1996, Yasui et al., 2014). In the amphi-
oxus, more than ten gill slits develop in the right side (the primary 
gill slits) and during metamorphosis, the secondary gill slits arise 
that are arranged symmetrically after metamorphosis (Willey, 
1891). After the three to four gill slits form, it takes a while before 
more caudal ones start to differentiate (Willey, 1891, Yasui et al., 
2014). Gill muscles are well developed when the three gill slits 
form (Yasui et al., 2014). When seventeenth gill slits are formed, 
each gill muscle is located as a segmental manner, and seems 
to organize a single metameric unit with myotomes (Goldschmid, 
1905, Yasui et al., 2014).

In the amphioxus, genes expressed in the gill slits also partici-
pate in somitogenesis (Table 1 and Table 2). Whereas pax1/9, a 
paired box family member, is specifically expressed in the anterior 
endoderm except for gill opening regions (Holland and Holland, 
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1996). The expression pattern of pax1/9 indicates that this gene is 
essential for specification of gill slits. Upstream signaling pathway 
of pax1/9 is probably retinoic acid (RA) signaling that is important 
for gill slits formation in the amphioxus (Holland and Holland, 1996). 
When the embryos were treated with RA, gill slits disappeared, and 
pax1/9 expression was not down regulated in the prospective gill 
opening regions (Holland and Holland, 1996). RA signaling also 
controlled hox1 expression in the anterior endoderm (Holland and 
Holland, 1996). Hox code is known as a genetic code for giving 
positional information to cells; and precise location of gill slits are 
controlled by RA signaling and Hox code (Holland and Holland, 
1996). Although many genes expressed in gill slits or the mesoderm 

in the pharynx have been reported, their exact functions are little 
known except for tbx1/10 and pax1/9 (Koop et al., 2014, Liu et al., 
2015). How genetic systems regulate segmentation of gill slits is still 
largely unsolved; the asymmetrical formation of gill slits, together 
with the large numbers, is one of the most interesting features of 
the amphioxus branchiomerism, few molecular studies have been 
done on these developmental events so far.

The anterior gut diverticulum

The agd is regionalized in the dorsoanterior hypoblast just anterior 
to rostral somites by the late gastrula stage (Fig. 1A) (Hatschek, 

TABLE 2

KEY GENES FOR BRANCHIOSMERISM

1893). By the stage when rostral somites 
are morphologically obvious, the agd, 
separated from the anterior gut wall, shifts 
ventroposteriorly with the anterior exten-
sion of the rostral somites and notochord 
(Fig. 1A) (Hatschek, 1893). Soon after the 
agd is separated from the gut, it is divided 
into the left and right coeloms and the right 
one will become the rostral coelom of the 
larva, but will degenerate during metamor-
phosis (Hatschek, 1881, Willey, 1891). 
The left agd fuses with the epidermis to 
conduct the preoral pit (Hatschek, 1881). 
The preoral pit has monociliated cells, 
and has been thought as a sense organ 
or glandular cells (Stach, 1996, Candiani 
et al., 2008). The preoral pit later moves 
into the mouth and will form the Hatschek’s 
pit (an adenohypophisis homolog of verte-
brates) just beneath the brain as well as 
the wheel organ (Stach, 1996).

At the molecular level, the presumptive 
agd expresses both the dorsal mesoder-
mal markers (e.g. gsc, six3/6, pax3/7) 
and the endodermal genes (e.g. otx, hex, 
pax1/9) (Fig. 1B)(Table 1 and Table 2); 
six3/6, pax3/7 expression patterns have 
been kept until the early larva stage. This 
suggests that the agd is an endodermal 
structure but has the mesodermal and en-
dodermal genetic identities (Fig. 1). By the 
five somites stage, the boundary between 
the caudal edge of the agd and the dorsal 
roof of archenteron becomes clear, and 
the agd expressed a segmental gene delta 
(Fig. 1A) (Rasmussen et al., 2007). This 
suggests that similar to somitogenesis, 
separation of the agd from the anterior 
gut is controlled by Notch signaling. After 
separation into left and right, the left agd 
has the two distinct gene expression 
domains along with the A/P axis: six3/6, 
eya, six1/2 are expressed in the rostral 
region and pax6, pit1 in the caudal one 
(Table 2)(Glardon et al., 1998, Kozmik et 
al., 2007, Candiani et al., 2008). Pit1 is a 
pituitary marker in vertebrates (Candiani 
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et al., 2008). Whether or not the two expression domains dictate 
cell fates in the agd is unknown.

The club-shaped gland

The club-shaped glandular is an organ secreting mucus for 
food capturing in the pharynx. In development, primordium of the 
club-shaped gland arises by the nine somites stage in the right side 
of the alimentary canal below the 1st somite (Fig. 1A)(Hatschek, 
1881). An endodermal fold of the club-shaped gland increases 
its size ventrally and reaches the left side (Hatschek, 1881). The 
club-shaped gland consists of two parts: dorsal glandular cells 
and the ventral duct that opens just beneath the mouth (Olsson, 
1983). Cells in the duct have long cilia that produce a strong 
current, and thought as an internal pore or otherwise an external 
pore (Olsson, 1983, Lacalli, 2008). The recent study by using a 
ruthenium red has proved the club-shaped gland is an internal 
pore (Holland et al., 2008b). The gland has single layer of cells that 
contain many globules and rich microvilloid processes (Holland 
et al., 2008b). These cells secrete a mucosubstance (a neutral 
glycoprotein), for capturing food particles (Holland et al., 2008b). 
During metamorphosis, the club-shaped gland disappears (Hol-
land et al., 2008b). Since the club-shaped gland is located near 
the endostyle, a homolog of the thyroid gland, it was considered 
as a thyroid homolog as well (Olsson, 1983). Interestingly, foxe4 a 
homolog of vertebrate thyroid specific transcription factor-2 (TTF2) 
is expressed specifically in the developing club-shaped gland (Table 
2)(Yu et al., 2002b). Since other chordates have no homologs of 
the club-shaped gland, the evolution of the club-shaped gland 
is unclear. Even so, the club-shaped gland expresses important 
genes for somitogenesis such as delta, fgfr1 (Table 2)(Fig. 1B)
(Rasmussen et al., 2007). Therefore, it is possible that Notch and 
Fgf signaling control separation of the club-shaped gland primor-
dium from other endodermal cells; in that case, segmental genes 
found in somitogenetis might have been co-opted.

The endostyle

The endostyle is a gland organ, used for food capture, which 
has been considered as a chordate common trait (Ruppert, 1997). 
The endostyle in the larval amphioxus is located just anterior to the 
club-shaped gland and arises as a right side fold from the eight to 
nine somites stages (Fig. 1A) (Hatschek, 1881). The amphioxus 
endostyle is highly ciliated and consists of two epithelial thick 
bands (Olsson, 1983). From the TEM study, cells in the endostyle 
have plenty of ER (Endoplasmic reticulum) and large granules 
(Olsson, 1983). In the apical region, the microvilli and single cilium 
are seen and cells secrete a mucoprotein by exocytosis (Olsson, 
1983). During metamorphosis, the endostyle migrates into the 
ventral floor of the pharynx and becomes symmetrical (Willey, 
1891). The endostyle is a vertebrate thyroid homolog, and the 
functional study indicates that it is essential for metamorphosis 
in the amphioxus (Paris et al., 2008).

During development, the endostyle expresses homeobox gene 
hex, an anterior endodermal marker in vertebrates (Onai et al., 
2009). Hex is firstly expressed in the entire anterior endoderm at 
the gastrula stage, and during embryogenesis the expression do-
main is restricted to the presumptive endostyle (Onai et al., 2009). 
For differentiation of the endostyle, ttf1 (nkx 2.1), a thyroid related 

homeobox gene, is expressed in the anterior endoderm from the 
early neurula stage and later specifically expressed in the endostyle 
at the later stage (Table 2) (Venkatesh et al., 1999, Ogasawara 
et al., 2001). The endostyle also expresses amphioxus specific 
genes fgfa and fgfc (Bertrand et al., 2011). However, segmental 
genes such as delta, hairy are not expressed (Minguillon et al., 
2003, Rasmussen et al., 2007). Therefore, the endostyle has very 
different developmental programs compared with somites and 
gill slits. Given that, the endostyle and club-shaped gland, once 
considered as a homolog of gill slits, might not be serial homologs 
of gill slits (Wijhe, 1914).

Chordate somatic/visceral systems and vertebrate 
head evolution

A visceral system cannot exist without a somatic system and 
vice versa in chordates. In terms of developmental origins, so-
matic and visceral systems are dependent on each other in the 
amphioxus; visceral musculatures and skeletal elements are 
probably derived from somites (Ruppert, 1997, Yasui et al., 2014). 
Enormous contributions of somatic elements to the visceral system 
in the amphioxus and similar cases in vertebrate embryos (for 
example, hypobranchial muscles derived from somites locate and 
connect ventral part of visceral skeletons) suggest that vertebrate 
somatic and visceral systems retain dependency between the 
two that might have evolved before the split of amphioxus from 
vertebrates (Romer, 1972).

In vertebrates, positional segregation of somitomerism and 
branchiomerism along with the A/P axis might have occurred that 
correlates with the head/trunk subdivision if ancestral vertebrates 
had been amphioxus-like (Fig. 2) (Kuratani, 1997, Conway Mor-
ris and Caron, 2014). In this process, two genetic groups in the 
mesoderm were likely to have been important (Fig. 2)(Onai et al., 
2015a); genes responsible for segment formation seem to be in 
the group for trunk mesoderm, while such genes seem not to be 
involved in the head mesoderm formation. If so, during the extant 
vertebrate head evolution, mesodermal genes might have become 
separated spatially into two domains (one for the head and the other 
for the trunk) from an amphioxus-like ancestor (Kuratani, 2003).

When reconstructing the primitive vertebrates, fossil find-
ings are informative. Even so, whether the first vertebrate was 
amphioxus-like or not is enigmatic; Mettaspriggina, a primitive 
vertebrate from a Cambrian stratum, had metameric W-shaped 
myotomes into the rostral end; but other stem vertebrates—Myl-
lokunmingia, Haikouichthys—seemed not have myotomes in 
the rostral end (Conway Morris and Caron, 2014). Although the 
rostral structures of these fossils are not clear, often squashed, 
making it very difficult to reconstruct the actual shape. In addition 
to the first vertebrate, whether the first chordate is amphioxus-
like is vague and controversial (Lacalli, 2012, Pani et al., 2012, 
Mallatt and Holland, 2013, Holland et al., 2015). One problem 
is that fossils, classified in stem chordates from the Cambrian 
period—about 500 million years ago, are limited, making it very 
difficult to reconstruct ancestral forms. Therefore, dependent on 
authors, a character matrix based cladistic analysis resulted in a 
different position of Pikaia, a Cambrian fossil known as a basal 
chordate (Mallatt and Holland, 2013). Regarding the amphioxus, 
the evolution of some traits including the agd is unclear. Since 
the agd is situated anterior to rostral somites and the notochord, 



The metamerism and chordate evolution    629 

several scientists have proposed that the agd is homologous to 
the premandibular head mesoderm in vertebrates and the pro-
tocoelic mesodermal cells in hemichordates (Masterman, 1898, 
Van Wijhe, 1902, Kuratani et al., 1999).

In hemichordates, mesoderm arises from the three separate 
regions (the protomere, mesomere, metamere) along with the 
A/P body axis (Morgan, 1891, Lowe et al., 2015); the tripartite 
mesoderm is also found in echinoderm larvae, suggesting the 
deuterostome grand plan. If this homology is correct, the agd may 
be an endodermal structure modified from the rostral mesoderm 
in an ancestral chordate, a part of which is specified into the pre-
oral pit and later the adenohypophysis. The dorsal mesodermal 
and endodermal gene expression patterns in the agd fit with this 
scenario (Fig. 1). Based on the view, the agd is a segmental unit 
transferred from somatic into visceral. In evolution, transfers of 
embryonic character in segments from somatic to visceral system 
and vice versa may occur to generate a novel functional organ.

Although the agd might be an endodermal structure evolved 
from the protocoelic mesoderm, this does not mean that the ex-
tension of rostral somites to the anterior tip during development, 
is a derived condition, and the mesodermal formation in the 
amphioxus is nothing to do with the evolution of the vertebrate 
head/trunk mesoderm. As mentioned above (Fig. 2), separation 
of the paraxial mesodermal genes into the prospective head/trunk 
mesoderm of vertebrates occurs during gastrula stage, much 
earlier than the stage when somites and the notochord extend 
anteriorly, from mid neurula to larva stages, in the amphioxus 
(Onai et al., 2015a). Furthermore, separation of mesodermal 
genes anteroposterioly in vertebrate gastrulation seems to require 
the cell adhesion protein cadherin degradation complex FLRT3/
RND1—FLRT3 is a membrane protein which binds to the small 

GTPase RND1—expressed in the involuting mesodermal cells that 
originate from the outer layer; this system might be a vertebrate 
innovation (Onai et al., 2015a). The amphioxus gastrulation is done 
by simple invagination with little involution (Zhang et al., 1997), 
and suppression of mesodermal involution in vertebrate embryos 
recapitulated amphioxus-like mesoderm formation (Onai et al., 
2015a). Therefore, the evolution of the vertebrate head mesoderm 
might have occurred in gastrulating embryos of amphioxus-like 
ancestral vertebrates (Fig. 3).

Conclusion and perspectives

The vertebrate head problem, started as a comparative mor-
phological question, is now addressed by molecular embryology. 
Historically, comparative morphologists tended to count number 
of segments in embryos, and had been troubled by cognitive 
bias. Adding molecular embryology changed the context of the 
problem, and has offered new perspectives to the problem. The 
major question is mesodermal organization and its evolution in the 
head in chordates. In the vertebrate head mesoderm evolution, a 
genetic segregation into an anterior and a posterior domain with 
contrasting patterns of developmental gene expression might 
have occurred in an ancestor of vertebrates; a new gastrulation 
movement, massive involution, is likely to be essential for this divi-
sion of the anterior mesoderm into two developmental territories. 
However, exact genetic mechanisms for the event are not clear. 
Also if the latest common ancestor of chordates is amphioxus-like, 
when did the mesodermal patterning of them evolve? Did stem 
deuterostomes have already? To address such questions, it would 
be important to compere A/P mesodermal patterning between 
chordates and ambulacrarians.

hemichordates echinoderms Pikaia amphioxus tunicates Metaspriggina cyclostomes gnathostomes

gill slits

somites
notochord

paired eyes

・unsegmented paraxial head mesoderm

  (eye muscles, branchial muscles, cartilage)

lost somites

neural crest-like cells

VertebratesInvertebrate chordates

・anteroposterior separation of mesodermal genes

  during gastrulation to specify the head/trunk mesoderm

・trunk development became earlier (late gastrula)

Vertebrate head

lost gill slits rostral 

myotomes

rostral 

myotomes

rostral 

myotomes

trimeric mesoderm

Fig. 3. An evolutionary scenario of the vertebrate head in deuterostomes. Before the evolution of the vertebrate head, key traits— gill slits, so-
mites, the notochord, nerve cord and neural crest-like cells present in deuterostome ancestors. In vertebrates, head/trunk formation starts during the 
gastrula stage through A/P genetic segregation of the mesodermal genes; these genes are largely overlapped in the amphioxus gastrula. Through 
the A/P mesodermal gene segregation, skeletal muscles—eye muscles, branchial muscles and skulls might have formed to organize the head. Since 
Metaspriggina might have had a cranial cartilage lateral or rostral to the notochord (orbital or parachordal cartilage?), un-segmented head mesoderm 
could have evolved before the split of several vertebrate lineages.
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