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Fossil jawless fish from China foreshadows early

jawed vertebrate anatomy

Zhikun Gai®?, Philip C. J. Donoghue', Min Zhu?, Philippe Janvier? & Marco Stampanoni*>

Most living vertebrates are jawed vertebrates (gnathostomes), and
theliving jawless vertebrates (cyclostomes), hagfishes and lampreys,
provide scarce information about the profound reorganization of
the vertebrate skull during the evolutionary origin of jaws'~. The
extinct bony jawless vertebrates, or ‘ostracoderms’, are regarded as
precursors of jawed vertebrates and provide insight into this form-
ative episode in vertebrate evolution®'*. Here, using synchrotron
radiation X-ray tomography'*>'¢, we describe the cranial anatomy of
galeaspids, a 435-370-million-year-old ‘ostracoderm’ group from
China and Vietnam'”. The paired nasal sacs of galeaspids are located
anterolaterally in the braincase, and the hypophyseal duct opens
anteriorly towards the oral cavity. These three structures (the paired
nasal sacs and the hypophyseal duct) were thus already independent
of each other, like in gnathostomes and unlike in cyclostomes and
osteostracans (another ‘ostracoderm’ group), and therefore have
the condition that current developmental models regard as pre-
requisites for the development of jaws'™. This indicates that the
reorganization of vertebrate cranial anatomy was not driven deter-
ministically by the evolutionary origin of jaws but occurred step-
wise, ultimately allowing the rostral growth of ectomesenchyme that
now characterizes gnathostome head development' .

A key distinction in the structure of the head of cyclostomes, in
comparison with gnathostomes, is the presence of a single median duct,
or ‘nostril’, leading to the nasohypophyseal organ, which develops from
a single median nasohypophyseal placode*’. The separation of the nasal
and hypophyseal placodes and the development of paired, laterally
located nasal sacs have been considered fundamental prerequisites for
the origin of jaws, because the median position of the nasohypophyseal
placode in cyclostome head development precludes the anterolateral
growth of the mandibular neural crest from which a major portion of
the gnathostome jaw develops'~.

The 420-370-million-year-old osteostracans have been regarded as
the closest jawless relatives of the gnathostomes'®™"* because they share
with the latter a number of uniquely derived characters, such as girdle-
supported paired fins, cellular perichondral bone, a sclerotic ring and
an epicercal tail®’. However, their massive, mineralized braincase has
a median nasohypophyseal organ resembling the condition in
lampreys®**®. Consequently, osteostracans provide little insight into
the evolutionary origin of jaws and speculative hypotheses of salta-
tional evolution have therefore been proposed”. By contrast, the
cranial anatomy of the approximately coeval galeaspids, another
‘ostracoderm’ group and sister relatives of osteostracans plus gnathos-
tomes'*", is poorly known, despite a comparable quality of skeletal
preservation® >,

Class Galeaspida Tarlo, 1967
Order Eugaleaspiformes Liu, 1980
Shuyu gen. nov.

Etymology. Shu (Chinese Pinyin): dawn; yu (Chinese Pinyin): fish. But
essentially ‘jawed fish’; thus, Shuyu here means ‘dawn of gnathostomes’.

The new genus is erected for ‘Sinogaleaspis’ zhejiangensis*>** Pan, 1986,
from the Maoshan Formation (late Llandovery epoch to early Wenlock
epoch, Silurian period, ~430 million years ago) of Zhejiang, China.
Diagnosis. Small galeaspid (Supplementary Figs 6 and 7) distinct from
Sinogaleaspis in its terminally positioned nostril, posterior supraorbital
sensory canals not converging posteriorly, median dorsal sensory
canals absent, only one median transverse sensory canal and six pairs
of lateral transverse sensory canals'”*.

Description of cranial anatomy. To elucidate the gross cranial ana-
tomy of galeaspids, we used synchrotron radiation X-ray tomographic
microscopy'>'® to reconstruct seven skulls of Shuyu, one of the earliest
and most primitive galeaspid genera. Our interpretation of the endo-
cast is constrained by the comparative anatomy of extant vertebrates
that provide a phylogenetic bracket, with hagfishes and lampreys
representing a sister clade to ‘ostracoderms’ plus living jawed verte-
brates, and with galeaspids resolved as the sister group of osteostracans
plus gnathostomes'*™**?*. The braincase of Shuyu is a massive endos-
keletal structure that encloses the brain and sensory organs and wraps
a large oralobranchial chamber ventrally (Fig. 1a, b, e, g). The cranial
anatomy is inferred from the natural endocast (Fig. 1a, b) or the spaces
in the endoskeleton lined post mortem with diagenetic minerals
(Fig. 2a). The endocasts preserve the morphology of the brain, nerves,
sensory capsules and blood vessels, which we reveal here in three
dimensions. Our results confirm features of the galeaspid braincase
previously reconstructed on the basis of tenuous evidence***. They
also confirm the remarkable resemblance between galeaspid and
osteostracan braincases, except for the arrangement of the forebrain
and nasohypophyseal complex.

The galeaspids are characterized by a large median dorsal opening
(‘no’; Figs 1c—g and 2c—f) in the anterior part of the headshield that
serves as both a common nostril and the main water intake device.
Beneath the median dorsal opening is a large median oronasal cavity
(‘on.c’; Supplementary Figs 5 and 7) that also opens ventrally to the
mouth (‘m’; Fig. 3) and caudally towards the pharynx (‘pha’; Fig. 3).
The olfactory bulbs are housed in a pair of small fossae (‘olf.b’; Figs 1c,
d, g and 2a, c-f, h) that are located high in the posterior wall of the
oronasal cavity and remain open anteriorly (‘pr.f; Fig. 2a-f, h).
Posteriorly, the olfactory bulbs are connected to the cerebral hemi-
spheres (‘cer.h’; Fig. 2¢) by paired canals for the olfactory tracts (‘olf.t’;
Figs 1c—e and 2c-e, h), accompanied dorsally by canals for a possible
terminal nerve (‘ter’; Figs 1e and 2b, h). Laterally, each olfactory bulb
receives two canals from the ophthalmic artery, the anterior and
posterior ethmoidal arteries (‘ac.a’ and ‘pe.a’; Figs 1d and 2h), which
are coupled with two branches of the profundus nerve (‘V;’; Figs 1c—e
and 2c-e, h). Medially, the paired olfactory bulbs are separated and
floored partly by an ethmoid rod (‘et.r’; Figs 1d, e, g and 2a, b, h)
protruding from what may correspond to the orbitonasal lamina in
jawed vertebrates (‘on.I’; Supplementary Fig. 5).

The nasal sacs (‘na’; Figs 1c—e, g and 2b, g, h) are housed in large,
paired, cone-shaped recesses located laterally in the oronasal cavity.
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Figure 1 | Shuyu zhejiangensis, Silurian of Zhejiang, China. a, b, Two

natural endocast specimens: V14334.1 (a); V14334.5 (b). ¢, d, Structure of nasal
and hypophyseal region magnified from the boxed region of V14334.5: digital
picture (c); three-dimensional (3D) reconstruction (d). e, Virtual endocast

(V14334.3). f, Restoration of external morphology. g, Synthetic restoration. ac.v,
anterior cerebral vein; ae.a, anterior ethmoidal artery; br.f, branchial fossa; dn.a,
dorsal nasal artery; ebr.a, efferent branchial artery; et.r, ethmoid rod; fr.a, frontal
artery; hy.a, hypophyseal artery; hy.d, hypophyseal or buccohypophyseal duct;

Posteriorly, each nasal sac is connected to the olfactory bulb by an
elongate space for the olfactory nerve (T; Fig. 1c) and receives two
arterial canals: a dorsal nasal artery (‘dn.a’; Figs 1d and 2h) branching
off from the ophthalmic artery, and a ventral orbitonasal artery (‘on.a’;
Fig. 1d), a collateral of the internal carotid artery. Dorsally, the nasal
sac is pierced by another canal for the orbitonasal vein (‘on.v’; Figs le
and 2g) that connects posteriorly to the large dorsal jugular vein (‘vcl’;
Fig. 1c-e, g).

The floor of the diencephalic cavity extends ventrally to form a large
funnel-shaped recess for the hypophysis (‘hy.r’; Figs 1c, d and 2a, b, d).
The hypophyseal recess extends rostrally as a single median horizontal
duct for the hypophyseal duct (‘hy.d’; Figs 1c, d and 2a, b, d), which
opens anteriorly to the oral cavity (‘or.c’; Fig. 2a) via the hypophyseal
opening (‘hy.o’; Fig. 2a, b, d, f, h). The hypophyseal recess is blind
caudally (Fig. 2a, b) and shows no posterior communication with the
pharynx. It is flanked by a pair of large canals for the internal carotid

hy.r, hypophyseal recess; ic.a, internal carotid artery; na, nasal sacs; no, nostril;
olf.b, olfactory bulb; olf't, olfactory tract; on.a, orbitonasal artery; on.v,
orbitonasal vein; oph.a, ophthalmic artery; orb, orbital opening; pe.a, posterior
ethmoidal artery; pi, pineal organ; ter, terminal nerve; vcl, lateral head vein or
dorsal jugular vein; I, IL, III, Vo, V3, Vi1, Va3, VIL, olfactory (I), optic (II),
oculomotor (III), superficial ophthalmic (Vy), profundus (V,), superficial
ophthalmic plus profundus (Vj ;), maxillomandibular (V) of trigeminal (V),
and facial (VII) nerves. Scale bars, 2 mm.

artery (‘ic.a’; Figs 1c, d and 2a, b, d, e). Laterally, it receives a minute
canal for the hypophyseal artery (‘hy.a’; Figs 1c, d and 2d).

Most strikingly, the paired nasal sacs of galeaspids are located
laterally in the anterior part of the braincase, and the hypophyseal duct
opens anteriorly and separately towards the oronasal cavity. Thus, in
galeaspids these three structures are independent of each other, as in
jawed vertebrates, rather than collocated, like the median nasohypo-
physeal complex of cyclostomes (hagfishes and lampreys) and osteos-
tracans. Distinct, paired nasal sacs are also apparent in the extinct
heterostracans®, but the position of their hypophyseal duct is
unknown. The nasohypophyseal complexes of galeaspids and hag-
fishes have been compared”® but the arrangement of the hagfish hypo-
physeal duct is quite distinct, opening to the exterior via a prenasal
sinus and to the pharynx caudally*” (Fig. 3). Although the endoskeletal
hypophyseal duct of galeaspids communicates with the diencephalic
division of the brain cavity, the membranous duct it housed was closed
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Figure 2 | The nasohypophyseal complex of Shuyu zhejiangensis. a, 512th of
1,024 sagittal slices of V14334.3, from a computerized tomography scan.

b, Sagittal section through the braincase (V14334.3), showing the relationship
between the hypophyseal duct and the nasal sacs. c—f, 3D reconstruction of the
forebrain, hypophysis and related nerves and blood vessels (V14334.7): dorsal

view (c); ventral view (d); lateral view (e); frontal view (f). g, h, 3D

caudally, as in lampreys, osteostracans and jawed vertebrates (Fig. 3),
and could not have conveyed water towards the pharynx. The hypo-
physeal duct of galeaspids does not show the dorsal bend seen in
lampreys and osteostracans, nor the ventral orientation of the bucco-
hypophyseal duct as in jawed vertebrates, perhaps illustrating the
intermediate state from which both conditions arose.

The evolution of the nasohypophyseal complex has proven contro-
versial because of the difficulty of distinguishing homologies from
parallelisms”®. However, we can now conclude that the arrangement
seen in galeaspids, that is, paired nasal sacs flanking an oral cavity into
which the hypophyseal duct also opens, is the shared primitive con-
dition inherited by jawed vertebrates. This is because, at the least,
separation of paired nasal sacs that seem to open towards the buccal
cavity can be seen in heterostracans, the sister lineage to the clade
including galeaspids, osteostracans and jawed vertebrates'®™'*. Given
this framework of phylogenetic relations, the resemblance between the
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reconstruction of the nasal region: right oblique lateral view (V14334.2)

(g); frontal view (V14334.3), showing the clear separation of the nasal sacs and
the hypophyseal duct (h). ao, dorsal aorta; cer.h, cerebral hemisphere; die,
diencephalon; hy.o, hypophyseal or buccohypophyseal opening; mes,
mesencephalon; or.c, oral cavity; pr.f, precerebral fenestra; IV, VI, trochlear
(IV) and abducens (V1) nerves. See Fig. 1 for other notation.

organization of the nasohypophyseal complex in osteostracans and
that in lampreys must be a consequence of convergent evolution
(Fig. 3). Osteostracans are derived, like galeaspids, from a generalized
stem-gnathostome condition.

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 biology models
for the origin of complete diplorhiny”® and jaws'~. Galeaspids reflect
an intermediate condition in the establishment of diplorhiny and jaws in
which this barrier to the forward growth of neural-crest-derived cranio-
facial ectomesenchyme was removed. Complete diplorhiny (nasal sacs
with individual externalized nostrils) and jaws arose later in the lineage
leading to the extinct placoderms and crown-group gnathostomes, but
galeaspids foreshadow the stepwise assembly of these characters®, in
the absence of any evidence for increasingly active feeding strategies that
are commonly invoked to explain the origin of the jawed vertebrates®**.
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Figure 3 | The nasohypophyseal complex in craniates. Left, oblique view;
right, sagittal section. The disassociation of the nasohypophyseal complex, an
evolutionary prerequisite for the origin of jaws, happened at least in the
common ancestor of galeaspids, osteostracans and gnathostomes (arrow). The
condition of osteostracans probably converged with that of lampreys. ade,
adenohypophysis; br, branchial duct or slit; eso, oesophagus; m, mouth; nc,
neural cord; nt, notochord; pha, pharynx. See Figs 1 and 2 for other notation.

METHODS SUMMARY

Our investigations were performed at the TOMCAT beamline® of the Swiss Light
Source at the Paul Scherrer Institute. The X-ray energy was optimized for maximum
absorption contrast and the magnification of the X-ray microscope was X4.
Isotropic voxels of 1.85 microns were used. Projections (1,501) were acquired
equiangularly over 180°, post-processed online and rearranged into flat-field-
and dark-field-corrected sinograms. Reconstruction was performed on a 20-node
Linux computer cluster using highly optimized filtered back-projection routines.
The full volumetric information was available within a few minutes of the end of the
scan. Slice data derived from the scans were then analysed and manipulated using
AVIZO software (http://www.tgs.com) for computed tomography on a Hewlett
Packard Workstation with a 2-GHz Intel processor and 16 GB of random-access
memory. Specimens are housed in the Institute of Vertebrate Paleontology and
Paleoanthropology, Beijing.
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