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The origin of the vertebrate jaw has been reviewed based on the molecular, developmental and paleontological evidences. Ad-
vances in developmental genetics have accumulated to propose the heterotopy theory of jaw evolution, i.e. the jaw evolved as a
novelty through a heterotopic shift of mesenchyme-epithelial interaction. According to this theory, the disassociation of the naso-
hypophyseal complex is a fundamental prerequisite for the origin of the jaw, since the median position of the nasohypophyseal
placode in cyclostome head development precludes the forward growth of the neural-crest-derived craniofacial ectomesenchyme.
The potential impacts of this disassociation on the origin of the diplorhiny are also discussed from the molecular perspectives.
Thus far, our study on the cranial anatomy of galeaspids, a 435-370-million-year-old ‘ostracoderm’ group from China and north-
ern Vietnam, has provided the earliest fossil evidence for the disassociation of nasohypophyseal complex in vertebrate phylogeny.
Using Synchrotron Radiation X-ray Tomography, we further show some derivative structures of the trabeculae (e.g. orbitonasal
lamina, ethmoid plate) in jawless galeaspids, which provide new insights into the reorganization of the vertebrate head before the
evolutionary origin of the jaw. These anatomical observations based on new techniques highlight the possibility that galeaspids
are, in many respects, a better proxy than osteostracans for reconstructing the pre-gnathostome condition of the rostral part of the
braincase. The cranial anatomy of galeaspids reveals a number of derived characters uniquely shared with gnathostomes. This
raises the potential possibility that galeaspids might be the closest jawless relatives of jawed vertebrates. Our study provides an

intriguing example of intersection between developmental biology-based model and fossil evidence.
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The invention of the jaw appears to be a crucial innovation
and perhaps the most profound and radical evolutionary step
in the vertebrate history [1,2]. The importance of this inven-
tion is obvious, as the jaw allows vertebrates to become
‘superpredators’ at the top of the food chain [3,4], and sub-
sequently gnathostomes (jawed vertebrates) expanded to
occupy a broad range of ecological niches and account for
99.8% of vertebrate diversity today [5]. However, the se-
quence leading to the evolutionary origin of the jaw is still
enigmatic largely due to the absence of data on the ancestral,
intermediate condition [6]. Hagfishes and lampreys are the
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only living jawless vertebrates (cyclostomes) which are gen-
erally considered as the sister group of crown gnathostomes
[7,8]. Their phylogenetic position makes them critical to un-
derstand the emergence of novelties at the agnathan-gnatho-
stome transition [9]. However, due to the large morphological
gap between extant jawless and jawed vertebrates [10], the
living cyclostomes actually provide little information about
the profound reorganization of the vertebrate skull and body
plan that occurred along with the origin of the jaw [11].

The extinct armoured jawless vertebrates, or ‘ostraco-
derms’, are regarded as precursors of jawed vertebrates
[12-16] (‘Ostracoderms’, Figure 1) and provide insights
into this formative episode in vertebrate evolution [11]. For

csb.scichina.com  www.springer.com/scp



3820 GaiZX,etal. Chin Sci Bull

October (2012) Vol.57 No.30

Vertebrates

Stem

gnathostomes

Cyclostomes

‘Ostracoderms’

Jawed vertebrates

Cephalochordates

I

Figure 1 Phylogenetic framework of vertebrates. The monophyly or paraphyly of cyclostomes (hagfishes and lampreys) has been the subject of heated
debate for over a century. As the jawless ‘ostracoderms’ are closer to jawed vertebrates than cyclostomes, they fall into the total-group gnathostomes. In
other words, the ‘ostracoderms’ are stem gnathostomes (note the distinction between gnathostomes and jawed vertebrates: the jawed vertebrates only include

placoderms and the crown-group gnathostomes). Modified from [7,16].

example, these extinct bony jawless vertebrates provide
some evidence that many features, which are present in ex-
tant gnathostomes but absent in cyclostomes, such as the
exoskeleton, perichondral bone, sclerotic ring, pectoral fins,
and epicercal tail, have been acquired before the origin of
the jaw [12,17]. However, none of them shows any structure
that would possibly foreshadow a mandibular arch of the
gnathostome type, i.e., with a palatoquadrate and a Mecke-
lian cartilage [10]. In addition, as the visceral arches in extant
cyclostomes and jawed vertebrates are positioned differently
relative to the gill filaments (lateral in the former, but medi-
al in the latter), the homology of visceral arches between
jawless and jawed vertebrates had been a century-long
heated debate [10,18-24]. In a sense, the origin of the jaw
appears to be a sudden event in vertebrate evolution, proba-
bly lacking an ancestral, intermediate condition like the origin
of the horizontal semicircular canal of the inner ear [25].

In a somewhat different field from the comparative
anatomy of jawless and jawed vertebrates (searching for the
ancestral, intermediate condition of jaws) [10,26], a series
of advances in molecular, developmental and embryological
studies have accumulated to present a new scenario for the
developmental origin of the jaw. Kuratani and his collabo-
rators proposed the heterotopy theory of the jaw evolution
on the basis of the developmental genetics of the lamprey
and gnathostome head [6,27-32]. Their theory assumes that
the disassociation of the nasohypophyseal complex for the
development of trabecula is a fundamental prerequisite for
the origin of the jaw. Accordingly, the appearance of the
diplorhiny and trabecula should have preceded that of the
jaw [6,27-31]. The disassociation of the nasohypophyseal

complex is also regarded as a major event for the origin of
diplorhiny [10,12,13], possibly allowing the Hh gene family
to establish the lateral position of the nasal sacs. Recently,
our studies on the cranial anatomy of galeaspids, a 435—
370-million-year-old ‘ostracoderm’ group from China and
northern Vietnam [33], have provided the earliest fossil
evidence for the disassociation of nasohypophyseal complex
in vertebrate phylogeny [11]. Using Synchrotron Radiation
X-ray Tomography, here, we further show that some deriv-
ative structures of the trabeculae (e.g. orbitonasal lamina,
ethmoid plate) are also present in galeaspids. This indicates
that galeaspids at least partly possessed the true trabeculae
as in jawed vertebrates. The trabeculae cranii of jawed ver-
tebrates has long been regarded as a major developmental
advance over agnathans [34]. Previously, discussions on
whether the trabecula is present in the jawless ancestors of
gnathostomes mainly relied on the developmental biology-
based model because for lack of relevant fossil evidence.
The identification of trabecula-derived structures in jawless
galeaspids sheds new light on the reorganization of the ver-
tebrate head before the evolutionary origin of the jaw. Our
study discusses the potential bearings of galeaspid head
innovation on the vertebrate phylogeny, and provides an
intriguing example of intersection between developmental
biology-based model and fossil evidence.

1 Developmental model for the origin of the
vertebrate jaw: the heterotopy theory

The vertebrates are characterised by the presence of the
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neural crest and the placodes which provide the basis for the
formation of a new head (e.g. paired sensory organs, tra-
beculae cranii) and visceral skeleton [35,36]. The compara-
tive embryology of lampreys and gnathostomes indicates
that the initial distribution of neural crest cells is conserved
in both groups. From rostral to caudal, three distinct popula-
tions of neural crest cells—the trigeminal, hyoid and branchial
crest cells—can be distinguished at the stage of pharyngula
(pink, yellow and green, Figure 2(a),(b)) [27,37]. The tri-
geminal crest cells (pink, Figure 2(a),(b)) are distributed
mainly in the region rostral to the first pharyngeal pouch
(PA1, Figure 2(a),(b)). They can be further subdivided into
the premandibular crest cells (pmc, Figure 2(c)—(f)) and the
mandibular crest cells (mc, Figure 2(c)—(f)) which are the
basic materials differentiating into the oral supporting ap-
paratus (e.g. the jaw) [6,27,37].

The patterning of visceral arches including mandibular
arch can be viewed as the neural crest cells in a Cartesian
grid of the regulatory gene expression (Figure 2(a),(b)) [31].
Hox genes, a specific class of homeobox, are expressed
along the antero-posterior axis of the embryonic pharynx.
Through a nested pattern of Hox gene expression, each
pharyngeal arch acquires its positional value to differentiate
into specific morphology (Hox, Figure 2(a),(b)). In gnatho-
stomes, the jaw is differentiated from the first pharyngeal
arch (PA1, Figure 2(b)), which is characterised by the Hox
code default state (no Hox genes expressed in mandibular
arch) [27,38]. Cohn [39] reported that one of the Hox genes,
HoxL6, is expressed in the mandibular arch of lampreys,
and suggested that loss of Hox expression from the mandib-
ular arch of gnathostomes may have facilitated the invention
of the jaw. However, more recent observations in lamprey
Lethenteron japonicum revealed no Hox cognate express-
sion in the mandibular ectomesenchyme at any stage of de-
velopment [38]. Kuratani [28] considered that the Hox-default
state in mandibular arch is still important for the origin of
the jaw (e.g. allowing the trigeminal ectomesenchyme to
vary its range easily without the constraints of Hox code),
and this default state was probably established in the com-
mon ancestor of lampreys and gnathostomes.

Similarly, DIx genes are expressed in a dorso-ventral
nested pattern to differentiate the dorsoventral pattern of
each visceral arch in gnathostomes (DIx, Figure 2(b)) [40].
However, such nested expression of Dlx genes has not been
detected in lampreys (Dlx, Figure 1(a)). Compared to the
Hox-code default, the nested expression of Dix genes can be
observed in the madibular arch of gnathostomes [40]. With
the aid of homeobox genes such as DIx and Msx (the oral
patterning program), the trigeminal ectomesenchyme dif-
ferentiates into the oral supporting apparatus in lampreys
and gnathostomes. According to the heterotopy theory [30],
the jaw evolution has involved a caudal shift of the oral
patterning program (e.g. DIx, Msx and their growth factors
FGF and BMP, Figure 2(c),(d)). In lampreys, the oral pat-
terning program is expressed in both the mandibular and
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premandibular ectomesenchyme (DIx, FGF8, BMP4, Figure
2(c)). Thus, the premandibular ectomesenchyme differenti-
ates into the upper lip (ulp, Figure 2(a),(c)), and the man-
dibular ectomesenchyme differentiates into the lower lip and
velum (llp, vel, Figure 2(a),(c)). By contrast, in gnatho-
stomes, the oral patterning program is restricted to the man-
dibular region (Dlx, FGF8, BMP4, Figure 2(d)), thus only
the mandibular ectomesenchyme differentiates into the oral
apparatus (mx, mn, Figure 2(b),(d)). The premandibular ec-
tomesenchyme that used to differentiate as the agnathan
upper lip (ulp, Figure 2(a),(c),(e)) is now utilized to form
the gnathostome trabecula (tr, Figure 2(d),(f)). Consequently,
the jaw evolved as an evolutionary novelty through tissue
rearrangements and a heterotopic shift of mesenchyme-
epithelial interaction [27].

2 Disassociation of the nasohypophyseal
complex as a fundamental prerequisite for
the origin of the jaw

According to the heterotopy theory [6,27-31], the hetero-
topic shift of tissue interaction should have taken place after
the acquisition of the diplorhiny and trabecula. A substantial
distinction in the head structures of cyclostomes, in com-
parison with gnathostomes, is the presence of a single me-
dian duct, or ‘nostril’ (no, Figure 3(a),(b)), leading to the
nasohypophyseal organ (na, hy.d, Figure 3(a),(b)), which
develops from a single median nasohypophyseal placode
(nhp, Figure 2(e)). By contrast, gnathostomes possess the
paired separate nasal sacs (na, Figure 3(e)) with individual
externalized nostrils (no, Figure 3(e)) and independent hy-
pophyseal organ (hy.d, Figure 3(e)). These three structures
developed from three independent placodes, the paired lat-
erally faced nasal placodes (np, Figure 2(f)) and the
Rathke’s pouch (Rp, Figure 2(f)). Such placodal morphology
allows premandibular crest cells (pmc, Figure 2(f)) of gna-
thostomes to grow rostrally to form the trabecula, and the
mandibular ectomesenchyme (mc, Figure 2(f)) to grow an-
terolaterally to form the jaw. However, in lampreys, the
rostral growth of the premandibular neural crests (pmc,
Figure 2(e)) is precluded by the median nasohypophyseal
placode. Thus, the invention of the jaw firstly required the
disassociation of the nasohypophyseal placode for the de-
velopment of trabecula. Kuratani [27] speculated that the
jawless ancestors of gnathostomes may be found in the
forms with paired nostrils and trabecula in the fossil record.

3 Hedgehog (Hh) gene family and the separation
of nasal sacs

The disassociation of the nasohypophyseal complex is also
regarded as a major event for the evolutionary origin of the
diplorhiny (nasal sacs with individual externalized nostrils)
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Figure 2 The comparative embryology of lampreys and gnathostomes. (a)—(b) Initial distribution of neural crest and the gene expression patterns of lam-
preys (a) and gnathostomes (b); pink, yellow, and green: trigeminal, hyoid, and branchial crest cells population, from Kuratani [27, fig. 3A]. (c)—(d) Distribu-
tion patterns of trigemnal crest cells and oral patterning program of lampreys (c) and gnathostomes (d), showing that the oral patterning program Dix, Msx
and their growth factors FGF8 and BMP4 have a caudal shift in gnathostomes, from Shigetani et al. [30, fig. 3A-D]. (e)—(f) Topographical relationships
between oral ectoderm, nasohypophyseal complex and trigemnal crest cells in lampreys (e) and gnathostomes (f), from Kuratani [27, fig. 5C] and Kuratani et
al. [6, fig. 9a]. In gnathostomes, the premandibular crest cells (pmc) grow rostrally between the Rathke’s pouch (Rp) and the paired nasal placodes (np) to
form a part of the trabecular cartilage (tr). The mandibular crest cells (mc) grow antero-rostrally to form the upper jaw halves that fuse in front of the hy-
pophysis. In lampreys, the rostral growth of the premandibular crest cells (pmc) is precluded by the nasohypophyseal plate (nhp) to form the upper lip. BMP,
bone morphogenetic factor; e, eye; FGF, fibroblast growth factor; hy, hyoid arch; llp, lower lip; mc, mandibular crest cells; mhb, mid-hindbrain boundary;
mn, mandibular process; mx, maxillary process; nas, nasal region; nc, nasal capsules; nhp, nasohypophyseal plate; np, nasal placodes; nt, notochord; oe, oral

ectoderm; o, otic vesicle; PA, pharyngeal arches; pm, premandibular mesoderm; pme, premandibular crest cells; r1-r5, rhombomeres; Rp, Rathke’s pouch; tr,
trabecular cartilage; ulp, upper lip; vel, velum; 1-8, pharyngeal slits or pouches.
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Figure 3 The early evolution of nasohypophyseal complex. Galeaspids are, in many ways, a better proxy than osteostracans for reconstructing the pre-
gnathostome condition of the rostral part of the braincase. This raises the potential possibility that galeaspids might be the closest jawless relatives of jawed
vertebrates, modified from [11]. ade, adenohypophysis; br, branchial duct or slit; eso, oesophagus; hy.d, hypophyseal or buccohypophyseal duct; hy.o, hy-
pophyseal opening; m, mouth; nc, neural cord; na, nasal sacs; no, nostril; nt, notochord; olf.b, olfactory bulb; pha, pharynx.

at the agnathan—gnathostome transition [10,12,13]. Some
advances in evolutionary developmental biology might pro-
vide molecular insights into the potential impacts of this
event on the origin of the diplorhiny. The Hedgehog (Hh)
gene family plays a critical role in regulating vertebrate
organogenesis and patterning almost every aspect of the
vertebrate body plan [41]. A striking aspect of Hh function
is its role in establishing cell fates and gene expression pat-
terns characteristic of the ventral midline throughout the
neural tube [42]. In mice Shh mutant embryos (Shh™), the
normally paired lateral structures such as the telencephalon,
the mandibular and maxillary arches, the optic vesicles and
the nasal placodes are fused to form a single structure in
midline [42,43]. This phenotype is collectively known as
holoprosencephaly, which is accompanied by cyclopia,
fused single nasal chamber, fused single telencephalic vesi-
cle, and other forebrain and facial midline defects [42,43].
Intriguingly, the fused nasal chamber in Shh mutant mice
embryos [43] is reminiscent of the monorhiny in jawless
vertebrates. Recently, the previously unreported Hh expres-
sion in the nasohypophyseal plate was observed in lampreys
[44] (Figure 4). This probably indicates that the molecular
mechanism separating the nasal sacs has been established in
the common ancestor of lampreys and gnathostomes (Figure
4). In hagfishes and lampreys, the olfactory organs devel-
oped from an unpaired placode, the nasohypophyseal plate,
but its primordium always has an indication of a median
septum [45—47] which separates the olfactory organ into left
and right halves [48]. This septum disappears in adult hag-
fishes, but retains in adult lampreys [13,49]. Therefore, to
some extent, the olfacory organs can be regarded as paired,

but closely associated in cyclostomes. In addition, the pres-
ence of paired olfactory nerves and bulbs in all living verte-
brates also suggests that the presence of paired olfactory
organs represents the ancestral vertebrate condition [49].
This condition may have been establshied in such stem ver-
tebrates as the Cambrian myllokunmingiid Haikouichthys
[50-52]. If the key players involved in the development of
diplorhiny were already recruited in the common ancestor
of all vertebrates, it is intriguing to discuss why the mono-
rhinic condition is developed in cyclostomes.

The history of the olfactory organ is closely associated
with that of the adenohypophysis [12]. In lampreys, the ol-
factory organs and adenohypophysis develop as a median
nasohypophyseal plate. Although the Hh gene family ex-
presses on the whole nasohypophyseal plate [44], the sepa-
ration of the nasal placodes is probably constrained by the
nasohypophyseal complex. Thus, a fused nasal chamber
with a single nostril is developed in the midline. Like lam-
preys, the nasal and hypophyseal placodes of gnathostomes
are also located very close to each other at early develop-
mental stages [53], but the nasal placodes are topologically
independent from the hypophysis [32]. As discussed previ-
ously, this developmental independence has been regarded
as a key innovation for patterning the jaw and pituitary or-
gan because it allows the reorganization of premandibular
and mandibular ectomesenchyme in the head [6,27] and the
reorganization of adenohypophysis in the oral ectoderm
[32]. In gnathostomes, Shh is expressed throughout the ven-
tral diencephalon, the oral ectoderm, and nasal placodes, but
its expression is subsequently absent from the nascent
Rathke’s pouch, creating a Shh boundary within the oral
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Figure 4 The disassociation of nasohypophyseal complex and the evolution of jaw, diplorhiny, and pituitary. The previously unreported Hh expression in
the nasohypophyseal plate was observed in lampreys [44], probably indicating that the molecular mechanism separating the nasal sacs has been established
in the common ancestor of lampreys and gnathostomes, but their separation was possibly precluded by the nasohypophyseal complex in cyclostomes. The
separation of olfactory organs from the adenohypophysis is possibly a crucial innovation for the developmental origin of jaw [6,27] and diplorhiny

[10,12,13]. Modified from Uchida et al. [32, fig. 8].

epithelium [32,43,54] (Figure 4). In subsequent develop-
mental stages, the paired nasal placodes and the Rathke’s
pouch are soon separated from each other. Kawamura and
Kikuyama [55] and Gleiberman et al. [56] attributed this
fast separation possibly partly to the rostral growth of the
part of the brain that vertically induces Rathke’s pouch.
Considering that the paired nasal placodes will form a fused
nasal chamber in Shh mutant mice embryos [43], here, we
suspect that this fast separation possibly has some relation-
ship to the Shh expression on the nasal placodes establish-
ing their lateral positions. If so, the disconnection of the
olfactory placodes from the hypophyseal tube might be a
key innovation for the Hh gene family to establish the lat-
eral position of nasal sacs before the rise of the diplorhiny,
as well as before the origin of the jaw.

4 Intersection with fossil evidence: galeaspid
head innovation

Compared with the only living jawless vertebrates (hag-
fishes and lampreys), the extinct jawless ancestors of jawed
vertebrates, or ‘ostracoderms’ were diverse and flourishing
during the Silurian and Devonian periods [12,57]. These
extinct groups have been consistently resolved as the stem

groups of gnathostomes (stem gnathostomes, Figure 1) and
provide grounds to establish the sequence in which gnatho-
stome characters appeared [12—-15,58-61]. Among these
‘ostracoderms’, the 420-370-million-year-old osteostracans
have been regarded as the closest jawless relatives of the
gnathostomes (Figure 1) because they share with the latter a
number of uniquely derived characters, such as girdle-sup-
ported paired fins, cellular perichondral bone, a sclerotic
ring and an epicercal tail [12,13]. However, their massive,
mineralized braincase has a median nasohypophyseal organ
resembling the condition in lampreys. Consequently, oste-
ostracans provide little insight into the evolutionary origin
of jaw.

Aside from osteostracans, the approximately coeval ga-
leaspids are the only other ‘ostracoderm’ group whose cra-
nial anatomy can conceivably be determined by virtue of
the exceptionally preserved mineralized or calcified skull
[11,62]. Using synchrotron radiation X-ray tomographic
microscopy, we have elucidated the gross cranial anatomy
of galeaspids and provided the earliest fossil evidence for
the disassociation of nasohypophyseal complex in verte-
brate phylogeny [11]. Our results indicate that the paired
nasal sacs (na, Figure 5(b)-(e)) of galeaspids are located
laterally in the oronasal cavity (on.c, Figure 5(c)), and the
hypophyseal duct (hy.d, Figure 5(a)—(c),(e)) opens anteriorly
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Figure 5 The cranial anatomy of Shuyu zhejiangensis, a 430-million-year-old jawless fish from Zhejiang, China. The derivative structures of the trabeculae
(rostrum, orbitonasal lamina, ethmoid plate) and the relative nervous and vascular canals such as the superficial ophthalmic nerve, profundus nerve, or-
bitonasal artery, and orbitonasal vein are shown by the synchrotron radiation X-ray tomography and restoration. (a) The 512th of 1024 sagittal slices of
V14334.3. (b) Middle sagittal section through the braincase (V14334.3), showing the relationship between the hypophyseal duct and the nasal sacs. (c) Res-
toration for the endocast of the braincase, ventral view. (d) Virtual endocast of the skull, anterolateral view, reconstructed from V14334.1. (e) 3D reconstruc-
tion of ethmoid region, frontal view, reconstructed from V14334.3. ac.v, anterior cerebral vein; ae.a, anterior ethmoidal artery; all, anterior lateral line nerve;
a0, dorsal aorta; dn.a, dorsal nasal artery; dn.v, dorsal nasal vein; ebr.a, efferent branchial artery; et.r, ethmoid rod; fr.a, frontal artery; fr.v, frontal vein; hy.r,
hypophyseal recess; ic.a, internal carotid artery; mc.a, middle cerebral artery; mc.v, middle cerebral vein; mes, mesencephalic division; met, metencephalic
division; olf.t, olfactory tract; on.a, orbitonasal artery; on.c, oronasal cavity; on.l, orbitonasal lamina; on.v, orbitonasal vein; orb, orbital opening; or.c, oral
cavity; pe.a, posterior ethmoidal artery; pi, pineal organ; pr.f, precerebral fenestra; ro, rostrum; ter, terminal nerve; vcl, lateral head vein or dorsal jugular
vein; 11, 111, IV, V, Vi, Vo1, Va3, VI, optic (II), oculomotor (III), trochlear (IV), superficial ophthalmic (V,), profundus (V,), superficial ophthalmic plus
profundus (V,;), maxillomandibular (V,3) of trigeminal (V), and abducens (VI). See Figure 3 for other abbreviations.

to the oronasal cavity in the middle of the head. Thus, these
three structures are independent of each other, as in jawed
vertebrates, rather than collocated, like the median nasohy-
pophyseal complex of cyclostomes (hagfishes and lampreys)
and osteostracans. Galeaspids, therefore, possessed the con-
dition that current developmental models regard as the pre-
requisite for the development of jaws. Here, we further de-
scribe some derivative structures of the trabeculae (e.g. or-
bitonasal lamina, ethmoid plate) in galeaspids, which are
speculated to be found in some jawless fossil ancestors of
jawed vertebrates by the heterotopy theory [27].

Galeaspids are characterized by a large median dorsal
opening (no, Figure 5(c)—(e)) in the anterior part of the head

(ethmoid region) that serves as both a common nostril and
the main water intake device. In the ethmoid region, the
large oval-shaped median dorsal opening is flanked by a
pair of scoop-like cartilage for the rostrum (ro, Figure 5(d),
(e)). Beneath the median dorsal opening is a large median
oronasal cavity (on.c, Figure 5(c)) that opens ventrally to
the mouth (m, Figure 3(d)) and caudally towards the phar-
ynx (pha, Figure 3(d)). The nasal sacs (na, Figure 5(e)) are
paired, large, cone-shaped, and located lateral to the base of
the rostrum in the oronasal cavity. As the paired nasal sacs
are located antero-lateral to the orbital cavity (orb, Figure
5(c)—(e)), a pair of large cartilaginous plates for the or-
bitonasal lamina (on.l, Figure 5(c),(d)) are present between
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the nasal sacs and orbital cavities which form the posterol-
ateral walls of nasal sacs and anterior walls of orbital cavi-
ties as in gnathostomes. Like gnathostomes, the orbitonasal
lamina is penetrated by the diagnostic nervous and vascular
canals such as the superficial ophthalmic nerve (V,, Figure
5(c)—(e)), profundus nerve (V,, Figure 5(c)—(e)), orbitonasal
artery (on.a, Figure 5(c)—(e)), and orbitonasal vein (on.v,
Figure 5(c)—(e)).

Medially, the orbitonasal lamina protrudes rostrally into
the oronasal cavity as the ethmoid process (et.r, Figure 5(a),
(b),(e)). The ethmoid process supports and partly floors the
paired olfactory bulbs (olf.b, Figure 5(a)—(c),(e)). Compared
to gnathostomes, the ethmoid plate of galeaspids is so small
that it does not extend rostrally enough to separate the nasal
sacs completely (nasal septum not formed). The rostrum,
the orbitonasal lamina and the ethmoid plate are regarded as
the main derivative structures of the trabeculae in gnatho-
stomes. Their identification in galeaspids indicates that ga-
leaspids at least partly possessed the gnathostome-like tra-
beculae. The trabeculae cranii of jawed vertebrates has long
been regarded as a major evolutionary advance over agna-
thans [34]. Although the ‘trabeculae’ of cyclostomes has
been reported [63,64], the ‘lamprey trabecula’ surrounds the
hypophysis and extends anteriorly to the olfactory capsules.
They are lateral rather than anterior to the notochord [65],
and probably represent the anterior prolongation of para-
chordal cartilage [64,66]. The developmental data indicate
that the ‘lamprey trabecula’ develops from the mandibular
mesoderm, and is not homologous with the gnathostome
trabecula, which develops from premandibular neural crest
cells [27]. Although the developmental process is impossi-
ble to access in fossil jawless vertebrates, the presence of
trabeculae cranii can be identified by its derivative struc-
tures. The nasohypophysial complex in osteostracans is also
separated from the orbits by the cartilage, however this
chondrous septum is located medial to the orbits and far
behind the mandibular arch, and even the hyoid arch [12,13].
In gnathostomes, all derivative structures of the trabeculae
(e.g. orbitonasal lamina, ethmoid plate) are developed from
the premandibular neural crest. They are topologically ros-
tral to the mandibular arch which is derived from the man-
dibular neural crest [6,27]. Therefore, the cartilage enclos-
ing the nasohypophysial complex in osteostracans hardly
corresponds to any derivative structures of the trabeculae. It
is more likely to be the anterior prolongation of parachordal
cartilage as in lampreys. As there is no mineralized or calci-
fied endoskeletal skull preserved in other ‘ostracoderms’,
the presence of trabecula remains unclear in these groups.
Thus, galeaspids might provide the first evidence for the
gnathostome-like trabeculae in jawless fishes.

Our result indicates that galeaspids are, in many respects,
a better proxy than osteostracans for reconstructing the
pre-gnathostome condition of the rostral part of the brain-
case. Aside from the presence of orbitonasal lamina and
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ethmoid plate, galeaspids also share with gnathostomes
some uniquely derived characters such as separate olfactory
bulbs, independent olfactory tracts, terminal nerves, paired
separate nasal sacs, the disassociation of nasohypophyseal
complex, and the hypophyseal duct opening to the oral cavity
[11,62]. This raises the potential possibility that galeaspids
might be the closest jawless relatives of jawed vertebrates
(Figure 3), and will add to our understanding of the early
evolution of jawed vertebrates.

5 Conclusions

(1) Some derivative structures of the trabeculae (e.g. or-
bitonasal lamina, ethmoid plate) in jawless galeaspids pro-
vide new insights into the reorganization of the vertebrate
head before the evolutionary origin of the jaw.

(2) The paired olfactory organs and the molecular mech-
anism for the separation of nasal sacs might have been es-
tablished in the common ancestor of lampreys and gnatho-
stomes, but their separation was probably precluded by the
nasohypophyseal complex in cyclostomes. The separation
of olfactory organs from the adenohypophysis is possibly a
crucial innovation for the Hh gene family to establish the
lateral position of nasal sacs before the rise of the diplorhiny.

(3) Galeaspids provide the earliest evidence for the clear
separation of the olfactory organs from the hypophyseal
duct in vertebrate phylogeny, a prerequisite condition in
evolutionary developmental models for the origin of the jaw
[6,27] and diplorhiny [12,13]. Galeaspids display an inter-
mediate condition in the establishment of diplorhiny and
jaw in which the barrier to the forward growth of neural-
crest-derived craniofacial ectomesenchyme was removed.
As evidenced by galeaspids, this event happened at least
435 million years ago.

(4) No fossil evidence indicates that the diplorhinic con-
dition (nasal sacs with individual externalized nostrils) has
been established before the invention of the jaw, but an in-
termediate condition, paired laterally positioned nasal sacs
and independent hypophyseal organ appeared in jawless
galeaspids. The complete diplorhiny and the jaw arose later
in the lineage leading to the extinct placoderms and the
crown-group gnathostomes.

(5) Galeaspids are, in many ways, a better proxy than os-
teostracans for reconstructing the pre-gnathostome condi-
tion of the rostral part of the braincase. This raises the po-
tential possibility that galeaspids might be the closest jaw-
less relatives of jawed vertebrates.

(6) In absence of any evidence for increasingly active
feeding strategies that are commonly invoked to explain the
origin of the jawed vertebrates [35,36], galeaspids provide
evidence that the assembly of gnathostome characters ac-
crued piecemeal before the origin of the jaw rather than as
bursts of innovations.
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