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A primitive placoderm sheds light on the origin of the

jawed vertebrate face

Vincent Dupret', Sophie Sanchez"?, Daniel Goujet®, Paul Tafforeau” & Per E. Ahlberg"

Extant vertebrates form two clades, the jawless Cyclostomata (lam-
preys and hagfishes) and the jawed Gnathostomata (all other verte-
brates), with contrasting facial architectures">. These arise during
development from just a few key differences in the growth patterns
of the cranial primordia: notably, the nasal sacs and hypophysis orig-
inate from a single placode in cyclostomes but from separate pla-
codes in gnathostomes, and infraoptic ectomesenchyme migrates
forward either side of the single placode in cyclostomes but between
the placodes in gnathostomes’~®. Fossil stem gnathostomes preserve
cranial anatomies rich in landmarks that provide proxies for devel-
opmental processes and allow the transition from jawless to jawed
vertebrates to be broken down into evolutionary steps”*'>. Here we
use propagation phase contrast synchrotron microtomography to
image the cranial anatomy of the primitive placoderm (jawed stem
gnathostome) Romundina®®, and show that it combines jawed verte-
brate architecture with cranial and cerebral proportions resembling
those of cyclostomes and the galeaspid (jawless stem gnathostome)
Shuyu''. This combination seems to be primitive for jawed vertebrates,
and suggests a decoupling between ectomesenchymal growth tra-
jectory, ectomesenchymal proliferation, and cerebral shape change
during the origin of gnathostomes.

One of the most distinctive features of cyclostome facial architecture
is the median nasohypophysial duct, which forms when the posthy-
pophyseal processes grow forward on either side of the nasohypophy-
sial placode to create the hood (lamprey) or oronasal membrane plus
tentacles (hagfish)>*”. In gnathostomes, by contrast, these processes
converge in the midline between the hypophysial and nasal placodes to
create the trabeculae, while the maxillary process of the mandibular
arch grows forward laterally to form the upper jaw"*”'*. Cyclostomes
have very short forebrains and nasal sacs that lie well posterior to the
upper lip of the mouth, whereas gnathostomes have longer forebrains
and nasal sacs located above the jaw margin*”. The cyclostome hypo-
physis projects ventrally into the nasohypophysial duct, whereas the
gnathostome hypophysis projects posteroventrally towards the palate;
the distance between hypophysis and nasal sacs is thus much greater in
gnathostomes than cyclostomes.

Comparative analysis of extant cyclostomes and gnathostomes alone
does not allow us to polarize this transformation or break it down into
steps. However, the lower part of the gnathostome stem group com-
prises fossil jawless vertebrates with nasohypophysial ducts'®, showing
that the cyclostome pattern precedes the gnathostome pattern and indi-
cating that fossils can potentially illuminate the transformation itself
(Fig. 1 and Extended Data Figs 1 and 2). The 430-million-year-old galeas-
pid (jawless stem gnathostome) Shuyu seems to show an early transitional
condition: nasal sacs and hypophysis are separated by a small trabecular
process, but open into a common nasohypophysial duct''. This suggests
that the posthypophysial processes of Shuyu followed a lateral growth
path as in cyclostomes, but that nasal and hypophysial placodes were
separate, and that a small component of the premandibular ectome-
senchyme grew into the midline above the hypophysial placode to form
the trabecular process (Supplementary Information).

Placoderms (extinct armoured jawed fishes) form the paraphyletic
upper part of the gnathostome stem group”'®'>. They may thus include
the most primitive examples of jawed vertebrate morphology. Romundina
stellina Qrvig, 1975 (ref. 13) (Fig. 2 and Extended Data Figs 3 and 4),
from the earliest Devonian period (410-419 million years ago) of Canada,
is one of a small number of placoderms that differ from all other jawed
vertebrates by having nasal capsules positioned between the eyes, well
behind the upper lip. These ‘posterior-nosed’ forms, which also include
Brindabellaspis and antiarchs, are consistently recovered among the
phylogenetically deepest placoderms®'®'>'>'¢ (Fig. 1, Supplementary
Information and Extended Data Figs 1 and 2). The position of the cap-
sules suggests that they had short forebrains, but their endocranial anat-
omy has remained largely unknown'>'7~*°. The only properly documented
cranial cavity of a posterior-nosed form is that of Brindabellaspis, recon-
structed from two acid-prepared braincases'®. Brindabellaspis has some
puzzling features, such as nasal sacs located within the orbits'®, which
make it difficult to assess whether its endocranial anatomy is repre-
sentative for posterior-nose placoderms in general.

Here we present the braincase of Romundina, reconstructed from
a propagation phase contrast synchrotron microtomography (PPC-
SRUCT) scan of specimen MNHN CPW1 (Fig. 2a, b and Supplemen-
tary Video 1). The specimen is complete apart from an oblique ventral
breakage and the absence of the rostronasal capsule. This capsule, com-
prising the nasal capsules and their dermal bone cover, was separated
from the braincase by an encircling optic fissure (Fig. 2a, b); it is known
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Figure 1 | Phylogenetic position of Romundina. Simplified vertebrate
phylogeny, based on the character matrix reported previously'? with the
addition of Romundina, showing the distribution of different nasal
architectures. Arrowheads indicate extant groups. For full analysis see
Supplementary Information.
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from other specimens of Romundina'>*° (Extended Data Fig. 4), allowing
us to reconstruct its position and internal spaces (Figs 2c-fand 3, Extended
Data Fig. 3c-f and Supplementary Video 2). The posterior part of the
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Figure 2 | Endocranial anatomy of Romundina. a, Photograph of specimen
MNHN CPW1 in left anterodorsolateral view. The red box indicates the area
enlarged in b. b, Orbital region and snout in close-up view. ¢, Braincase and
skull roof in left lateral view, modelled from PPC-SRUCT scan. Red box
indicates region shown in d-f. d—f, Cranial cavity and associated structures in
lateral (d), dorsal (e) and ventral (f) views. Outline of braincase shown in white.
Rostronasal capsule, nasal sacs and olfactory bulbs are reconstructed from
previously reported data'* (see also Supplementary Information). e and f both
extend slightly across the midline so that midline structures such as nerve 0 and
the hypophysial fossa are shown complete. Scale bars: a, 10 mm; b-d, 2 mm;
e, f, 1 mm. All images are original.

braincase is broadly similar to those of other early placoderms™'7'-*}

and will be the subject of a subsequent publication. We focus here
on the anterior region, from the canal for the hyomandibular branch
of the facial nerve (VII(hm)) to the tip of the snout (Fig. 2d—f and
Extended Data Fig. 3d-f), which differs radically from the correspond-
ing region of an extant gnathostome.

The telencephalic portion of the cranial cavity is extremely short
(Figs 2c—e, 3). It is bounded anteriorly by the lamina cribrosa of the
rostronasal capsule (Extended Data Fig. 4 and ref. 13), which carries on
its posterior face a central pair of foramina for the terminal nerve (nerve 0)
and two lateral concavities for the olfactory bulbs. Posterior to the optic
foramen (nerve II), which straddles the optic fissure, the diencephalic
portion of the cranial cavity passes down to the anteroventrally directed
hypophysial recess. Large recesses for the nerve V ganglia mark the level
of the pons. Nasal-hypophysial distance is much smaller than in an
extant gnathostome (Fig. 3). Similar proportions characterize the cra-
nial cavities of the posterior-nosed placoderms Brindabellaspis'® and
Jagorina®, the galeaspid Shuyu'', and the brains of extant cyclostomes'*
(Supplementary Information). We conclude that cerebral proportions
remained substantially unchanged through the transition from jawless
to jawed cranial architecture, and that the characteristic elongate telen-
cephalon and posteroventrally oriented hypophysis of extant gnath-
ostomes evolved later (Fig. 3).

The braincase of Romundina includes a large precerebral region and
broad suborbital shelves that terminate caudally at the canal for the
hyomandibular branch of the facial nerve (nerve VII(hm)) (Fig. 2 and
Extended Data Fig. 3). The suborbital shelves carry a series of articula-
tions for the palatoquadrate (known from detached examples'’) from
the anterior end of the precerebral region to immediately in front of the
VII(hm) nerve foramen. The spatial relationship of this region to the
palatoquadrate and rostronasal capsule, and the fissure separating it
from the latter, indicate that the precerebral braincase and suborbital
shelves are formed by the trabeculae. In extant gnathostomes, the pos-
terior part of the trabeculae consists of infraoptic ectomesenchyme,
whereas the anterior part seems to contain varying components of supra-
and infraoptic ectomesenchyme, depending on taxon®*?%; the nasal cap-
sules are always composed of supraoptic ectomesenchyme. In Romundina,
the sharp anterior demarcation and bounding fissure of the rostronasal
capsule suggest that it formed the anteriormost part of the supraoptic
ectomesenchyme and that the whole trabecular region was composed
of infraoptic material (Supplementary Information and Figs 3 and 4).

The braincase of Brindabellaspis resembles that of Romundina in
having a long precerebral region'®. The partly preserved braincase of
the antiarch Minicrania and attachment scars on the dermal skull bones
of other antiarchs indicate a similar configuration'**. The rostronasal
capsule was small and fissure bounded in antiarchs (as indicated by the
dermal component), whereas in Brindabellaspis the capsule was fused
to the braincase and the nasal sacs lay in the anterior corners of the
orbits'”'®. We conclude that the anatomical interpretation and inferred
ectomesenchymal map of Romundina are applicable to posterior-nosed
placoderms in general.

Although Romundina is an unambiguous jawed vertebrate, the pro-
portions of its brain closely resemble those of jawless vertebrates. Further-
more, its facial morphology suggests that the region formed from infraoptic
ectomesenchyme was proportionately much larger than in an extant
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gnathostome and projected anteriorly beyond the supraoptically derived
rostronasal capsule (Figs 3 and 4). This resembles the condition in extant
cyclostomes, where infraoptic material forms the bulk of the upper lip or
oronasal membrane (Fig. 3). The phylogenetic position of Romundina
and the similar morphology of other posterior-nosed placoderms suggest
that these characteristics are primitive for jawed stem gnathostomes.
Immediately crownward to Romundina, our phylogenetic analysis recov-
ersthe clade Arthrodira (Figs 1 and 3, Supplementary Information and
Extended Data Figs 1 and 2). Primitive arthrodires such as Kujdanowiaspis™**
and Dicksonosteus® have terminal rostronasal capsules, but their fore-
brains are still very short. Comparison with Romundina (Fig. 3) indi-
cates that this configuration was produced by shortening the trabecular
region anteriorly. In the gnathostome crown group the telencephalon,
trabecular region and supraoptic ectomesenchymal territory have all
been lengthened substantially, but their relative positions and propor-
tions remain similar to those of arthrodires (Fig. 3).

The transformation from cyclostome to gnathostome facial architec-
ture has been described as a heterotopic phenomenon, involving changes
in ectomesenchymal growth trajectories and ectoderm—-ectomesenchyme
interactions®. The data from stem gnathostomes support this interpre-
tation but add evidence for the intermediate steps of the transformation
and the decoupling of different processes (Fig. 3). Separate but closely
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Figure 3 | Transformation of the vertebrate face
and brain. a, Phylogeny of representative
vertebrates, with diagrammatic sagittal sections of
their heads. Heads are aligned on the exits of the
optic nerve (II) and vagus nerve (X); cyclostomes
are shown at a smaller scale because of their short
brains and large precerebral regions. Bar diagram
beneath each head shows the longitudinal position
and extent of cranial components. Posterior
boundary of supraoptic ectomesenchyme is
positioned arbitrarily at the level of nerve IL
Hagfish and lamprey are modified from ref. 7,
Shuyu is based on data from ref. 11, with
permission, all other images are original.

C, cyclostome crown group node; G, gnathostome
crown group node. Arrows indicate important
evolutionary steps. b, Brains/cranial cavities of
the same taxa, aligned on the optic nerve (II) and
vagus nerve (X), all in lateral view except
Kujdanowiaspis, which is shown in composite
dorsal (top)/ventral (bottom) view because no
lateral view is available. Diagrams of brains of
hagfish, lamprey, Erpetoichthys are modified with
permission from ref. 29; brain of Squalus is
modified with permission from ref. 30; cranial
cavity of Shuyu is modified with permission from
ref. 11; cranial cavity of Kujdanowiaspis is modified
from ref. 23.
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spaced nasal and hypophysial placodes, associated with a short telen-
cephalon, were established before the origin of jaws and retained an
unchanged geometry across the transition from agnathans to jawed
vertebrates. This shows that the heterotopic shift in ectomesenchymal
growth trajectory, which replaced the nasohypophysial duct with a
solid trabecular region, was not driven by a lengthening of the telen-
cephalon, leading to wider separation of the nasal and hypophysial
placodes. On the contrary, we suggest that the creation of a trabecular
region contributed to making this lengthening possible. By forming a
horizontal shelf between the nasal sacs and hypophysis, the trabeculae
also became a skeletal floor for the telencephalic part of the cranial cavity,
which could support and protect a long telencephalon. In cyclostomes
the telencephalon has no ventral support’. Consonant with this hypo-
thesis, telencephalic lengthening occurred independently at least twice
among placoderms (in Macropetalichthys and pholidosteid arthrodires™)
as well as in crown gnathostomes. Even within the crown group, some
early members such as the sarcopterygian Tungsenia®’ retain a relatively
short telencephalon, although the nasal-hypophysial distance is greater
than in Romundina or primitive arthrodires.

When the trabecular region first evolved, its dimensions were sim-
ilar to an agnathan upper lip (Figs 3 and 4), suggesting that the change
of growth trajectory for the premandibular ectomesenchyme was not
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Figure 4 | Inferred neural crest composition of Romundina. PPC-SRuCT
model of Romundina specimen MNHN CPW!1 in left anterodorsolateral view,
with reconstructed rostronasal capsule, showing inferred extent of
premandibular infraoptic ectomesenchyme (pink) and supraoptic
ectomesenchyme (blue).

initially associated with a reduction in cell proliferation to produce a
smaller structure; relative size reduction of the trabeculae, which pro-
duced the spatial configuration characteristic of extant gnathostomes,
came later. This implies that trajectories and proliferation patterns
must have been regulated separately during the morphological trans-
formation from jawless to jawed facial architecture. We predict that
separate regulatory networks for these attributes are also present in
extant vertebrates.

METHODS SUMMARY

Specimens of Romundina stellina were partly freed from the surrounding lime-
stone matrix by dilute formic acid. One specimen was imaged with PPC-SRuCT at
beamline ID19 of the European Synchrotron Radiation Facility (see Supplemen-
tary Information and ref. 28 for technical specifications). Mimics v.12.3 and v.13.1
(Materialise) were used for three-dimensional modelling. Pictures and animations
were rendered in Maya 2012 (Autodesk).

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Acquisition and reconstruction of the PPC-SRuCT data set. The scan data set
has an isotropic voxel size of 7.46 um and was made using a monochromatic beam
with an energy of 51 keV using a double Sill1 crystal monochromator in Bragg
reflection. The distance between sample and detector was 900 mm. A total of 1,999
projections over 360 degrees was taken with a FreLoN CCD camera, with 0.9 s of
exposure time per projection. To image the complete specimen, four scans cover-
ing 7 mm vertically each were performed. The slices were reconstructed using a
filtered back projection algorithm (PyHST software). The reconstructed slices were
then converted into 16 bits .tif image stacks that were concatenated to obtain a single
stack covering the whole sample. To reduce the data size for general anatomical
observations, a second version of the reconstructed scan was calculated with a
2 X 2 X 2 binning and an 8 bits conversion.

Anatomical reconstruction. In addition to structures (bone and space fills) that
were modelled as preserved, the final three-dimensional model includes areas of

LETTER

reconstruction produced by left/right mirroring of structures that are only pre-
served on one side, and some prosthetics. Mimics v.12.3 and v.13.1 (Materialise)
were used for the three-dimensional modelling (segmentation, three-dimensional
object rendering and STL polygon creation). Maya 2012 (Autodesk) was used for
extra editing of the STLs (colour, texture, corrections) and kinematics, as well as
for mirroring and the construction of prosthetics.

Mirroring, which was particularly useful as a remedy for information loss
caused by the oblique break across the specimen, requires a certain amount of
positional and morphological adjustment because the specimen is not perfectly
bilaterally symmetrical. The prosthetics of the rostronasal capsule and other
reconstructed structures (for example, the nasal sacs and the anterior face of the
telencephalon) have all been given smooth, geometric surfaces to distinguish them
from actual scanned anatomy. All are based on preserved correlates, such as
cavities in the rostropineal capsule or nerve grooves on the subocular shelves of
the braincase.
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Extended Data Figure 1 | Majority rule (50%) consensus tree of the 17,620
most parsimonious trees from the phylogenetic analysis. Numbers at nodes
(white on black filled circle) indicate nodes for character state changes
described in Supplementary Information. Numbers on branches (black on
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Miguashaia
Onychodus
Osteolepis
Eusthenopteron
Gogonasus
Kenichthys
Porolepis
Styloichthys
Powichthys
Diabolepis
Youngolepis

white) indicate the occurrence percentage of these branches in the 17,620 trees
described in Supplementary Information. Jawless stem Gnathostomata

(‘ostracoderms’) are in turquoise blue, Placodermi in green, Acanthodii in pink,
Chondrichthyes in red, and Osteichthyes in blue.



LETTER

Osteostraci
Galeaspida
Parayunnanolepis
=== Bothriolepis
N Pterichthyodes
Brindabellaspis
Macropetalichthys
- Romundina
Sigaspis
I Gavinaspis
Cowralepis
L Dicksonosteus
Buchanosteus

Coccosteus
Entelognathus
L = Campbellodus
Austroptyctodus
L: Rhamphodopsis
Kathemacanthus
Brochoadmones
Vernicomacanthus
Rhadinacanthus
L Lupopsyrus
Obtusacanthus
Gladiobranchus
Tetanopsyrus
Diplacanthus
Culmacanthus
Ptomacanthus
Climatius
— Parexus
Brachyacanthus
Euthacanthus
Ischnacanthus
Poracanthodes
Cassidiceps
Mesacanthus
Promesacanthus
Cheiracanthus
Homalacanthus
Acanthodes
Pucapampella
Tristychius
Chondrenchelys
— Debeerius
Hamiltonichthys
Onychoselache
Doliodus
Tamiobatis
Cladodoides
Orthacanthus
Cobelodus
Akmonistion
Cladoselache
Lophosteus
Dialipina
Meemannia
Ligulalepis
[| Cheirolepis

Osorioichthys
Howqualepis
Mimipiscis

Moythomasia

n=17620 '_ Gu:yu )
L=614 |_': Achoama_
Cl=0.4332 Psarolepis
RI=0.8119 g \liguashaia

R Onychodus
Osteolepis
Lgc, = 650 I
Clg., = 0.4092 | Eusthenopteron

z Gogonasus

Rl ., = 0.7924 Kenichthys
Porolepis
Styloichthys

Powichthys
Diabolepis
Youngolepis

Extended Data Figure 2 | Strict consensus tree of the 17,620 most parsimonious trees from the phylogenetic analysis.
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Outer surface of

braincase and nerves

. Dermal bone

Extended Data Figure 3 | Romundina stellina Qrvig, 1975 (ref. 13)
(specimen MNHN CPW 01). a, b, Skull in anterior oblique view, emphasizing
the premedian plate, the nasal region and the orbit (red box magnified in b).
¢, e, Synchrotron three-dimensional model in lateral (¢, red box magnified

in d), half-dorsal (e) and half-ventral (f) views. The endocranial cavity and
nerves are shown in yellow, perichondral bone in light pink, dermal bone

in orange (full transparent in d—f), veins in blue and arteries in red
(semi-transparent in d, e). e and f are cut slightly beyond the midline. 0,
terminal nerve; I, olfactory nerve; II, optic nerve; III, oculomotor nerve; IV,
trochlear nerve; V.r, trigeminal recess; V1, profundus nerve; V2, second branch
of the trigeminal nerve; V3(mn), mandibular branch of the trigeminal nerve 3;
V3(mx), maxillary branch of the trigeminal nerve 3; VI, pathetic nerve;
VII(hm), hyomandibular branch of the facial nerve; VII(op), opercular branch

Cranial cavity

. Veins . Arteries . Notochord . Inner ear

of the facial nerve; VII(pal)g, groove for the palatine ramus of the facial nerve; 2,
palatine nerve (from the trigeminal?); a.c.v, anterior cerebral vein; a.j.v, anterior
jugular vein; a.j.v.g, groove for the anterior jugular vein; acv, articulation of
the palatoquadrate; art, articulation of the palatoquadrate; asc, anterior
semicircular canal; cc, central sensory line groove; cc.a, common carotid artery;
e.c, endocranial cavity; e.s, eyestalk; eh.a, epihyal artery; hyp.a, hypophyseal
artery; hyp.d, hypophyseal duct; hyp.r, hypophyseal recess; hyp.v, hypophyseal
vein; i.c.a, internal carotid artery; ioc, infraorbital sensory line groove; j.v,
jugular vein; n.s, nasal sac; olf.b, olfactory bulb; op.a, opercular artery; opht.a,
ophtalmic artery; pi, pineal organ; pit.v, pituitary vein; PrM, premedian plate;
pse.a, pseudobranchial artery; RoPi, rostropineal plate; soc, supraorbital
sensory line groove.
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Extended Data Figure 4 | Romundina stellina @rvig, 1975 (ref. 13) cerebral vein foramen; cc, central sensory line groove; e.s, eyestalk;
(specimen MNHN CPW 13). a-e, Near complete skull roof with rostronasal  ioc, infraorbitsal sensory line groove; mpl, middle pitline groove; n.s, nasal sac;
caspule in articulation. a, b, Specimen in dorsal view (red box magnified in b).  pif, pineal fontanelle; PrM, premedian plate; RoPi, rostropineal plate;

¢, Specimen in anterior view. d, Specimen in left lateral view. e, Specimen in  soc, supraorbital sensory line groove; s.p, sensory pit. Photographs of specimen
right lateral view. ILf, optic nerve foramen; V1.f, profundus nerve foramen; MNHN CPW 13 were taken by D. Goujet.

IV £, trochlear nerve foramen; IILf, oculomotor nerve foramen; a.c.v.f, anterior
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