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Abstract: The transition from jawless to jawed vertebrates (gnathostomes) resulted in the 
reconfiguration of the muscles and skeleton of the head, including the creation of a separate 
shoulder girdle with distinct neck muscles. We describe here the only known examples of 
preserved musculature from placoderms (extinct armored fishes), the phylogenetically most 
basal jawed vertebrates. Placoderms possess a regionalized muscular anatomy differing radically 
from the musculature of extant sharks, which is often viewed as primitive for gnathostomes. The 
placoderm data suggest that neck musculature evolved together with a dermal joint between skull 
and shoulder girdle, not as part of a broadly flexible neck as in sharks, and that transverse 
abdominal muscles are an innovation of gnathostomes rather than of tetrapods. 

 
Main Text:  

The most fundamental anatomical divide among living vertebrates is that between the jawless 

cyclostomes (lampreys and hagfishes) and the jawed gnathostomes (all other vertebrates). 

Although early development in the two groups is similar, differences in migration and 



proliferation patterns of cell populations produce profoundly different adult architectures in the 

head region, encompassing not only the skeleton but also the musculature (1). In conjunction 

with the presence or absence of jaws, a major difference between the groups is the absence of a 

shoulder girdle, paired appendages, and a differentiated neck region in cyclostomes. 

 

The gnathostome stem group contains jawless as well as jawed clades, suggesting the jawless 

condition is primitive for vertebrates (2). Some jawless stem gnathostomes, such as 

osteostracans, have pectoral fins and “shoulder girdles”, but the latter are immovably attached to 

the skull (2). Head-shoulder separation, and the origin of distinctive neck muscles such as the 

cucullaris, seems to have occurred at approximately the same time as the origin of jaws. The 

phylogenetically deepest and morphologically most primitive versions of jawed vertebrate 

anatomy are found in the placoderms, a paraphyletic array of Silurian-Devonian armored fishes 

that form the upper part of the gnathostome stem group (3,4) (Fig. 1A). 

 

Data on placoderm muscular anatomy would add considerably to the knowledge of gnathostome 

origins, given the functional and anatomical importance of the musculature in the transition from 

jawless to jawed vertebrates, as well as its significance as a probable indicator of cell population 

identity (5). Until now, such data have not been available, and conclusions about placoderm 

musculature have been based entirely on inferences from skeletal anatomy and functional 

morphology. Studies of muscular evolution in gnathostomes have often proceeded from the 

assumption that extant sharks are adequate models for the primitive gnathostome condition 

(6,7,8).  

 



We present here placoderm fossils with preserved three-dimensional musculature, from the 

Upper Devonian Gogo Formation of Western Australia. The presence of neck and trunk muscles 

in the eubrachythoracid arthrodires Eastmanosteus, Compagopiscis and Incisoscutum allow 

detailed reconstruction of this musculature (Figs 1B to D; 2 and 3; and figs S1 and S2). 

Additional information about tail muscles comes from the ptyctodont Austroptyctodus (fig. S2H 

to I). These specimens present an anatomy that differs radically from the shark model (6). 

 

Presence of a dermal neck joint (Fig. 2A) between the skull and trunk armor of placoderms 

implies vertical pivoting movement of the head, requiring elevator and depressor muscles (9,10). 

Such muscles are confirmed in our specimens (Figs 1B to C; 3A to F and J and fig. S1). A large 

medial levator capitis major and a small lateral levator capitis minor have palmately arranged 

muscle fibres radiating from the area of origin. Lateral to the articulation of the neck joint (Fig. 

2A), an oblique muscle that originates on the inner face of the dermal shoulder girdle and inserts 

in a hollow on the inner face of the skull roof is identified as the cucullaris muscle (see 

Supplementary text 1 and fig. S1F). It represents the phylogenetically deepest record of this 

characteristic gnathostome muscle. In mammals the cucullaris reaches the dorsal midline of the 

neck, whereas in sharks it is narrower and bounded dorsally by somitic epaxial muscles. The 

latter morphology is often viewed as primitive for gnathostomes (11), but both differ from the 

placoderm condition in forming part of a flexible neck region rather than operating a constrained 

pivoting joint.  

 

The cranial musculature is less well preserved. However, the levator arcus palatini (11) is 

observed attached to the ventral postocular process of Compagopiscis (Fig. 3K to L; fig. S2G 



and Supplementary movie). In addition, part of the dorsal branchial constrictor muscle can be 

seen on the visceral surface of the paranuchal plate, lateral to the cucullaris (fig. S1J). 

 

Normal segmented body muscles with anteroposteriorly oriented fibers are present under the 

dorsolateral parts of the trunk armor and in the tail. However, the posterior part of the ventral 

abdominal musculature contains two anteroposteriorly elongated muscle bands with transversely 

oriented fibers (Figs 1C to D and 2C to F see supplementary information 2), representing areas 

of stronger fiber development within a continuum of transverse fibers extending across the 

ventral midline. Dorsolaterally, the bands are in contact with the ventral ends of the myomeres. 

The existence of these transverse muscles had not been predicted (9). 

 

Mineralized tendinous attachments for the somitic muscles, inclined anterodorsally in a manner 

reflecting the W shape of the myocommata, are present in the median septum above the neural 

spines (Fig. 2B). In the eubrachythoracids, the myocommata are incompletely preserved (Fig. 3D 

to I and fig. S2F), but in Austroptyctodus they have a shallow w-shaped curvature (12) (fig. S2H 

to I). The medial myoseptal attachment probably spanned only two segments, in contrast to at 

least three segments in modern chondrichthyans and teleosts (13). In extant gnathostomes the 

connections between myosepta and skin are biomechanically important (13,14); preserved 

Incisoscutum skin contains obliquely oriented tendons similar to those in sharks (fig. S2C to E), 

suggesting a similar role for the skin as a store of elastic energy (13, 14). 

 

The musculature of eubrachythoracid arthrodires, characterized by shallow myoseptal curvature, 

differentiated head elevators positioned as antagonists to the cucullaris, and bands of transverse-



fiber muscles in the abdomen, differs greatly from that of sharks. The latter is dominated by 

deeply W-shaped myomeres, lacks transverse abdominal muscles, and includes a broadly 

flexible neck region with a narrow triangular cucullaris forming a dorsal edge to the branchial 

chamber (11,13). Most of the differences appear to reflect the overall contrast between a 

relatively uniform, flexible body in sharks and a regionalized body with a pivoting neck joint and 

rigid trunk armor in arthrodires. Their evolutionary significance hinges on whether 

eubrachythoracid musculature is specialized or primitive relative to that of sharks. Placoderms 

appear to be a paraphyletic segment of the gnathostome stem group (3,4), so if any components 

of eubrachythoracid musculature can be shown to be general for placoderms they can also be 

inferred to be primitive relative to the crown group. The status of the shallow myoseptal 

curvature cannot yet be determined in this regard, but the muscles of the neck joint and abdomen 

have specific skeletal associations that allow such phylogenetic inferences to be drawn. 

 

Most ostracoderms, a grade of jawless stem gnathostomes (2) (Fig. 1A), have 'head shields' that 

also encompass the shoulder girdle region (2). This suggests that the gnathostome shoulder girdle 

originated through subdivision of the shield. Almost all placoderms have a mobile joint between 

the skull and shoulder girdle, implying the need for elevator and depressor muscles like those 

observed in eubrachythoracids. A cucullaris operating this joint, antagonistic to specialized 

epaxial head elevators, is thus probably primitive relative to the crown gnathostome condition of 

a cucullaris without specialized antagonists that forms part of a broadly flexible neck.  

 

The transverse abdominal muscles of eubrachythoracids are not as directly tied to a skeletal 

structure with an identifiable mechanical function. Comparison with recent elephant shark 



indicates that they are not homologous with any muscles of the pelvic fin or male clasper 

(Supplementary text 2). However, they may modulate shear forces between the armor and 

laterally undulating body during tail-propelled swimming. A long ventral armor is also present in 

antiarchs, recovered as the most primitive placoderms in several recent analyses (3,4,15). 

Transverse abdominal muscles may thus be an attribute of the placoderm segment of the 

gnathostome stem group, and hence primitive relative to the absence of such muscles at the base 

of the gnathostome crown group. 

 

Outside of placoderms, transversely oriented abdominal muscle fibers are restricted to tetrapods 

and have been regarded as a tetrapod autapomorphy (16). Their associated connective tissues and 

tendons, which are derived from the somatopleure component of the lateral plate mesoderm (17), 

play an important role in hypaxial myogenesis (18). In lampreys, the posterior lateral plate 

mesoderm is not separated into splanchnic and somatopleuric components (19), meaning that it 

cannot give rise to somatopleure-derived structures such as paired fins. The presence of paired 

fins in placoderms shows that separation of somatopleure and splanchnopleure had occurred, 

supporting the inference that their transverse muscles may have been patterned by the same 

somatopleure-based mechanism as in tetrapods.  

 

The arthodires of the Gogo Formation reveal an elaborate regionalized musculature including the 

earliest and phylogenetically deepest examples of several muscle types. Particularly surprising is 

the extensive development of transverse-fibre muscles in the ventral body wall, which parallels 

the condition in tetrapods. Hypothetical reconstructions are not able to recover the full 

complexity of this musculature, either on the basis of biomechanical analysis or phylogenetic 



bracketing, and are thus liable to give a false picture of muscular evolution at the origin of 

gnathostomes. The study of exceptionally preserved fossils will continue to provide essential 

data for the reconstruction of vertebrate soft anatomy, particularly in groups with no close living 

relatives.   
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Fig. 1. Preserved musculature and placoderm phylogeny. A, Phylogeny showing position of 

placoderms relative to major extant vertebrate groups. Placoderm paraphyly indicated 

schematically by inclusion of two groups, antiarchs and arthrodires. Topology from references 

(3,4). B-D, Preserved musculature of eubrachythoracid placoderms.B, dorsal, C, lateral, and D, 

ventral views. Muscle fiber orientations indicated diagrammatically. Scale bar, 10 mm. 

 
Fig. 2. Dermal skeleton, mineralized tendons and transverse abdominal muscles. A, 

Eastmanosteus (AMF82185) lateral view showing dermal neck joint (indicated by red ring). B, 

Incisoscutum (WAM 03.3.28), mineralized tendinous attachments. C, Incisoscutum (NHM 

P57636A) dorsal view; red box enlarged in E. D, Incisoscutum (WAM 03.3.24), in ventral view 

showing body cavity infill; red box enlarged in F. E, transverse and longitudinal abdominal 

muscles in internal view (NHM P 57636A). F, corresponding muscles in external view (WAM 

03.3.24). Scale bars for A-D, 10 mm; for E-F, 1 mm. ADL, anterior dorsolateral plate; AL, 

anterior lateral plate; AVL, anterior ventrolateral plate; df, dorsal fin; lf, longitudinal muscle 

fibers; MD, median dorsal plate; MV, median ventral plate; mineralized tendons; nsp, neural 

spine; Nu, nuchal plate; mit, PNu, paranuchal plate; PVL, posterior ventrolateral plate; tf, 

transverse muscle fibers.  

 

Fig. 3. Muscle Preservation. A, Eastmanosteus (ANU V2582) in dorsal view showing the 

nuchal gap.  B, Detail ANU V2582. C, Compagopiscis (WAM 11.12.05) in dorsal view, 

showing levator capitis major and minor. D, Incisoscutum (WAM 10.01.02), levator capitis 

major and segmented trunk muscles underlying median dorsal plate, dorsolateral view. E, F, 

Incisoscutum (WAM 95.1.1), internal view of median dorsal plate with muscle fibers. F, 



magnification of red box in E. G-I, Incisoscutum (NHM P50934). G, vertebral elements below 

median dorsal plate. H, Proposed horizontal myoseptum. I, Trunk muscles. J, Cucullaris muscle 

of Compagopiscis (WAM 11.12.05), attached to the internal surface of the anterior dorsolateral 

plate. K, L, Compagopiscis (WAM 12.8.1), showing levator arcus palatini attaching to the left 

ventral postocular process. K, lateral view. L, posteroventral view. Scale bars for A-B, 10 mm; 

for C-L, 1 mm. Abbreviations as for Fig. 2, plus: art con, articular condyle of neck joint; cuc, 

cucullaris; ?hs, possible horizontal septum; hsp, haemal spine; lap, levator arcus palatini; lcma, 

levator capitis major; lcmi, levator capitis minor; mc, myocomma; MDk, median dorsal keel; mf, 

muscle fibers; Nu gap, nuchal gap; om, orbital margin; sm, segmented muscle block; ve, 

vertebral elements. 
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Materials and Methods 
All fossil specimens were originally collected from the Gogo Formation, Western 

Australia. Preparation of Eastmanosteus followed the standard acid etching technique 
using dilute formic acid, whereas acetic acid (<10%) was used in the preparation of 
Compagopiscis and Incisoscutum. Compagopiscis (WAM12.8.1) was scanned at 
beamline ID19, European Synchrotron Radiation Facility (ESRF, Grenoble France) using 
propagation phase contrast (4m). The specimen was imaged using a white beam filtered 
with 9mm of copper and 2mm of aluminium, using a W150 wiggler with the gap set to 
41 mm. The resulting spectrum has an average energy of 131 keV, well adapted to 
scanning such a large sample. We used a 125 µm thick LuAG:Ce crystal (Lutecium 
Aluminium Garnet doped with Cerium) scintillator and a FReLoN (Fast Readout Low 
Noise) 2K14 CCD camera mounted on an optic delivering a pixel size of 7.45µm. The 
scan was performed in half-acquisition, continuous mode, over 360 degrees, with 5000 
projections. The exposure time was 0.1s. The data were reconstructed using a single 
distance phase retrieval algorithm (20, 21) to maximize the contrast of the structures in 
the data. The segmentation of the data was done using VGStudio Max 2.2 (Volume 
Graphics, Germany).  

Micro-core samples of Compagopiscis WAM (03.3.24) were imaged with a micro-
CT system build at ANU (22) using a 80kV/100 microA transmission source focused for 
2 micron radiographic resolution and a 1 mm Al filter. Specimens were photographed 
either with a Canon 550D and a Canon 100mm macro lens IS 2.8, or with a Canon20D 
camera and Canon 100mm macro lens and Leica microscope using Firecam software. 
Specimens which were resin-embedded or where muscle was embedded in calcite matrix 
were photographed through a layer of alcohol. Specimens of Callorhinchus milii 
(Elephant shark) were obtained from Western Port Bay, Victoria by hook and line 
(Permit number RP1003; ethics approval MAS/ARMI/2010/01 and were skinned to study 
muscle arrangements. 
 

Supplementary Text 
Head and neck musculature in placoderms 

Detailed inferences about placoderm musculature have been derived from functional 
arguments and preserved muscle scars on dermal bones (23,24). However, while these 
inferences are well founded they do not amount to a sufficient description of placoderm 
musculature. Head elevator muscles, previously hypothesised for the eubrachythoracids 
Dunkleosteus (“Dinichthys”) and Coccosteus (9,10, 23), are well preserved in our 
eubrachythoracids Incisoscutum, Compagopiscis and Eastmanosteus. Anteriorly, these 
muscles terminate inside the nuchal and paranuchal plates of the skull roof (Fig. 1B to C 
and figs S1H and K to I). The levator capitis major extends posteriorly to the anterior 
edge of the median dorsal keel (Figs 1B to C and 3D to F). Judging by the relative sizes 
of the muscles, head elevation was more powerful than head depression; this suggests a 
functional role in rapid jaw opening associated with prey capture by suction (9,10, 23, 
24). 
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The cucullaris of eubrachythoracids inserts on the inner face of the dermal shoulder 
girdle (fig. S1M to N) and its proximal end lies in a hollow on the inner face of the skull 
roof, previously identified as the cucullaris fossa on positional criteria (6).  

In the holocephalan Callorhinchus milii, the cucullaris originates from a fossa on the 
posterior part of the neurocranium (fig. S3) and has several areas of insertion on the 
pectoral girdle. From dorsal to ventral, it inserts onto the rostral edge of the pectoral 
girdle, wraps round and inserts on the lateral face of the girdle, and finally inserts by 
means of a tendon onto a process at the base of the pectoral girdle. In arthrodires, the 
muscle is observed on the internal face of the ADL plate (Fig. 3J) and there is a small pit 
on the anterior face of the ADL, which is possibly the site for a tendon attachment. Thus 
the position and attachment of the eubrachythoracid cucullaris muscle appears in most 
respects similar to that found in holocephalans. The Gogo eubrachythoracids have 
unossified and thus unpreserved braincases, but in arthrodires with ossified braincases, 
such as buchanosteids, the braincase walls bear muscle attachment scars (fig. S1E). It is 
thus likely that the cucullaris of the Gogo eubrachythoracids originated on the braincase 
wall medial to the cucullaris fossa. 

In extant gnathostomes the connective tissue of the cucullaris muscle incorporates 
pharyngeal neural crest (13) and its muscle cells are either derived mainly from the 
anterior somites (5, 25- 28)), from the occipital lateral plate mesoderm (29) or from the 
head mesoderm (Patel, conference communication). This issue is hotly debated but 
current consensus is that the cucullaris is a somite derivative. 

 
Comparison between the transversus abdominis muscle of eubrachythoracids and the 
clasper and pelvic musculature in Callorhinchus milii. 

In the eubrachythoracids, areas of transverse muscle fibres are found as far 
anteriorly as the inner face of the anterior median ventral plate, and can be seen in dorsal 
view through the nuchal gap of Eastmanosteus (Fig. 3b). Posteriorly, the transverse fibres 
end immediately anterior to the pelvis, which is equipped with claspers in males (30). 
This suggests the possibility that the muscles could be specifically for movement of the 
clasper. In order to test this hypothesis we dissected the pelvic musculature of a male 
elephant shark (holocephalan), Callorhinchus milii. The morphology of the pelvic fin and 
clasper in this fish is in many respects similar to that of that of eubrachythoracids, and the 
claspers are believed to be homologous (24). 

We find no equivalent of the eubrachythoracid transversus abdominis in the elephant 
shark (fig S4). Two large muscles, the abdominal adductor (yellow) and pubic protractor 
(green), occupy part of the corresponding region in both males and females, but the 
muscle fibres for these muscles are oriented in an anteroposterior direction. The clasper 
muscles of males have the same anteroposterior orientation, with the exception of the 
obliquely oriented clasper obturator, which is positioned on the clasper itself. 
Callorhinchus thus lacks a homologue of the eubrachythoracid transversus abdominis, 
notwithstanding the morphological similarity of the pelvis and clasper in chondrichthyans 
and eubrachythoracids. This in turn suggests that the transversus abdominis did not 
primarily serve to move the pelvis or clasper. 
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Fig. S1. 
Nuchal gap musculature. A, Compagopiscis (WAM 11.12.5) posterior view of transverse 
break between head and trunk armour showing muscles under headshield. B, 
Compagopiscis (WAM 11.10.12) close up dorsal view of levator capitis minor and part 
of levator capitis major. C, same specimen, dorsal view of levator capitis minor and 
levator capitis major; red box indicates area shown in B. D, same specimen, counterpart 
showing detail of levator capitis major on the internal surface of the nuchal plate. E, 
internal posterolateral view of the skull and braincase (right side) of a buchanosteid 
placoderm showing muscle scars on the perichondral bone anterior to the cucullaris fossa. 
F, Internal view of the headshield of Eastmanosteus indicating the position of the 
cucullaris fossa. G, Incisoscutum (WAM 85.9.668) dorsal view of the head shield. H, 
internal view of same specimen showing nuchal gap muscles; red box enlarged in K, 
further enlargement in L; blue box enlarged in I, further enlargement in J. M, 
Compagopiscis (WAM 86.9.673) Internal view of the anterior dorsolateral plate; red box 
indicates area where the cucullaris muscle extends onto the plate. N, Compagopiscis 
(WAM 11.12.5) cucullaris muscle extending from the paranuchal plate to the anterior 
dorsolateral plate. O. Incisoscutum ritchiei (WAM 95.1.1 juvenile) musculature from 
under the median dorsal plate. P, Compagopiscis (WAM 12.9.1) extent of the levator 
capitis major visible through the dermal bone surface of the median dorsal plate; red box 
enlarged in Q.  Scale bars for A, C-H, M, O-P; 10 mm; for B, J-K, N 1 mm. ADL, 
anterior dorsolateral plate; art.con, articular condyle of dermal neck joint; cuc, cucullaris 
muscle cuf, cucullaris fossa; dc dorsal branchial constrictor; MD, Median dorsal plate; 
mf, muscle fibres; ms, muscle scars; Nu, Nuchal plate; lcma, levator capitis major; lcmi, 
levator capitis minor; PNu, paranuchal plate. Arrows without labels indicate muscle fibre 
direction. 
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Fig. S2 
Skin and musculature of the tail. A, Compagpopiscis croucheri (WAM 03.3.24), showing 
location of µCT sample cores in body (1,2) and tail (3). B, µCT model of body infill with 
natural mold of the internal surface of the bone, from sample site 1 in (A). C, individual 
muscle fibres from beneath the posterior ventrolateral plate. D-E, tendons beneath the 
epithelium from sample site 3 in (A) F , Incisoscutum ritchiei (NHM P57640) showing 
one muscle block straddling two vertebrae. G, Three images from the PPC-SRµCT scan of 
Compagopiscis (WAM12.8.1), showing the ventral postocular process and the attached 
muscle. H, Australolepis gardineri (WAM 86.9.662), a ptyctodont with well-preserved 
trunk musculature. I, Close-up of region indicated by red box in (H), showing dorsal half 
of myocommata (highlighted in red); the curvature is very shallow compared to recent 
chondrichthyans or bony fishes. Scale bars, for A, H-I,10 mm; for B-G, 1 mm. con, 
connective tissue of muscle; ha, haemal arch; m, muscle; mf, mc, myocomma; muscle 
fibres; pg, pelvic girdle; PVL, posterior ventrolateral plate; td, tendon; vpoc, ventral 
postocular process. 
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Fig. S3 
Positioning and attachment area of the cucullaris muscle in the extant holocephalan 
Callorhinchus milii. A) Skinned whole specimen showing the cucullaris in place 
originating behind the orbit and inserting on the shoulder girdle underneath the 
mandibular constrictor dorsalis. B) Skeletonised specimen showing the origin and 
insertion points of the cucullaris on the cucullaris fossa and the posterior pectoral process 
respectively. Drawn from photos of the dissected specimens. Scale bars: 1 cm. 
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Fig. S4 
Pelvic musculature in Callorhinchus milii, dorsal surface of the fin. Both male and 
females display the same pelvic muscle arrangement. Fibres of the pubic protractor and 
abdominal adductor are arranged anteroposteriorly. In males, the fibres of the clasper 
musculature follow the same anteroposterior orientation except for the clasper obturator, 
where the fibres are arranged obliquely to the body musculature. Black lines indicate 
muscle fibre orientation.  
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Movie S1 
Scroll-through movie of PPC-SRµCT scan showing the levator arcus palatini attached to 
the ventral postocular process of Compagopiscis (WAM12.8.1). Same scan as images in 
fig. S2G. 
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