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Part A. Supplementary Notes 

1. Geological setting
The neurocranium of Dwykaselachus oosthuizeni Oelofsen (1986) (SAM - South African Museum -

K5840) was preserved within a nodule of silicified radiolarian tests, collected from the base of the Prince

Albert Formation (Ecca Group, Karoo Supergroup), about 300mm above the contact with the underlying

glacial diamictites of the Dwyka Group (Karoo Supergroup (Oelofsen 1986). Zircon crystal dating of

volcanic ash layers within the lower portion of the Prince Albert Formation has produced dates of 289.6

(+/- 3.0) mya and 288.0 (+/- 3.4) mya (Bangert et al. 1999) or alternately 273.7 ± 2.7 Ma (Mckay et al.

2015), indicating an Early Permian age (early Artinskian or latest Kungurian) for Dwykaselachus.

Zircons within the latter study were selected from the youngest concordent zircon population which was

interpreted as being co-eruptive, and therefore capable of yielding a more precise age.

The Dwyka and Ecca Groups comprise the two lowermost geological units of the Karoo 

Supergroup. They were deposited in an intracontinental retroarc foreland basin to the north of the Cape 

Fold Belt (Catuneanu 1998), resulting from crustal shortening induced by subduction of the palaeo-

Pacific plate beneath the Gondwana plate (de Wit & Ransome 1992). The skull of Dwykaselachus was 

discovered in the southerly foredeep, the deepest part of the wedge-shaped basin, adjacent to the Cape 

Fold Belt mountains (Catuneanu et al., 2002). Paleolattitude for this part of the basin was between 50 and 

70 degrees south (Smith et al. 1981). 

During the initial deposition of the Dwyka and Ecca Groups, the Karoo Basin was transgressed 

by an interior seaway (Catuneanu et al. 2002) opening towards palaeo north (Visser 1994). Dwyka Group 

diamictites were deposited by melting oceanic ice sheets (Visser 1994) during the collapse of the middle 
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Carboniferous to early Permian south polar continental icecap (Catuneanu et al. 2002). Persistence of 

occasional dropstones into the lower 30 metres of the pelagic Prince Albert Formation sediments suggest 

persistence of icebergs derived from continental glaciers during the early deposition of this formation 

(Visser 1994, Cole 2005). The dark, fine grained, finely laminated shales of the lower Prince Albert 

Formation were derived from suspension settling of mud under anoxic bottom conditions (Visser 1994). 

Fossil evidence suggests that initially, at least in the southern parts of the basin, marine conditions 

predominated (Cole 2005). More cherty layers resulted from slow suspension fall out of siliceous skeletal 

material, perhaps during times of sediment starvation (Visser 1994). Intercalated carbonate nodule 

bearing layers suggest phases of reduced salinity (Herbert & Compton 2007) consistent with melt 

mediated salinity fluctuations reported by Sheffler et al. (2006). The preservation of Dwykaselachus 

within cherty radiolarian ooze is consistent with a phase of fully marine deposition. 

 

 

2. Comparative anatomy 

Institutional abbreviations  
AM, Australian Museum, Sydney, Australia; AMNH, American Museum of Natural History, New York, 

USA; BGS-GSE, British Geological Survey – Geological Survey England, Keyworth, UK; CMNH, 

Carnegie Museum of Natural History, Pittsburgh, USA; FMNH, Field Museum of Natural History, 

Chicago, USA; HM, Hunterian Museum, University of Glasgow, UK; HU MB, Humboldt Museum, 

Berlin, Germany; MHNAO, Museo de Historia Natural Alcide d’Orbigny, Cochabamba, Bolivia; NHM, 

The Natural History Museum, London, UK; NMS, National Museum of Scotland, Edinburgh, UK; 

OUZC, Ohio University Zoology Collection, Athens; SAM, South African Museum, Cape Town, SA; 

UALVP, University of Alberta Laboratory of Vertebrate Palaeontology, Alberta; UCL GM, Grant 

Museum, University College London, UK; UMCZ, University Museum of Zoology, Cambridge, UK. 

 

Morphological description 
Note on FMNH PF 13242 “Cobelodus”, Ozarcus mapesae, and Cobelodus aculeatus. 

 In the present analysis, FMNH PF 13242 (Extended Data Fig. 2a, b) described by Maisey (2007) 

and cautiously attributed to Cobelodus (Zangerl & Case 1976) (Extended Data Fig. 2c), is interpreted as 

conspecific with Ozarcus mapesae (Pradel et al., 2014) (Extended Data Fig. 2d, e). 

 FMNH PF 13242 is an isolated, three-dimensional, concretion-preserved braincase from the 

Fayetteville Shale of Arkansas. In many respects this specimen is closely comparable to Dwykaselachus 

(Extended Data Fig.2f, g). Other, likely symmoriiform braincases recovered from the same horizon and 

locality as FMNH PF 13242 include specimens OUZC 5300 – OUZC 5305, of which Maisey singled out 

OUZC 5300 because of its preserved articulation with jaws, gill arches and teeth (Maisey 2007, Figs. 33-
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35). Recatalogued as AMNH FF 20544, this specimen was erected as the holotype of a new genus and 

species, Ozarcus mapesae by Pradel et al. (2014) (Extended Data Fig. 2d, e). Although Maisey (2007, 

p.60) originally recognized that OUZC 5300 (AMNH FF 20544, Ozarcus) and FMNH PF 13242 

(“Cobelodus”) could be the same taxon, Pradel et al. (2014, Supplementary Information) concluded that 

the two braincases represented different genera because of the smaller ‘jugular canal relative to the 

(postorbital) arcade in Ozarcus as compared to “Cobelodus”’. 

 In addition to being derived from the same horizon and locality, these braincases are similarly 

sized, and in lateral view FMNH PF 13242 and AMNH FF 20544 map closely onto one another 

(Extended Data Figs 2a, d). Both show a characteristic projection dividing uncalcified spaces within the 

interorbital walls; in both the postorbital arcade (lateral commissure) curves smoothly towards the orbit 

floor (trabecular plate) without a prominent lateroventral prong; in both the otic region and occipital arch 

are similarly shaped and proportioned; the periotic process of FMNH PF 13242 maps onto an irregularity 

in the surface of the lateral otic ridge in AMNH FF 20544, and the dorsolateral extremity of the hypotic 

lamina in FMNH PF 13242 overlaps precisely with an identical feature in AMNH FF 20544; both 

specimens show the same concave profile in the lateral wall of the occipital cotylus.  

 A corresponding set of comparisons with Cobelodus aculeatus (Zangerl & Case 1976) is not 

possible because the vast majority of C. aculeatus crania are dorsoventrally flattened. Nevertheless, the 

ventral surfaces of all three can be compared, and all show the same ‘wasp-waisted’ parachordal plate 

with a distinct midline ridge, a deep ‘U’-shaped notch in the floor of the occipital cotylus, and a 

postorbital arcade that is deflected posteriorly. But details of Cobelodus aculeatus differ from both 

Ozarcus and FMNH PF 13242: the basicranial fenestra of C. aculeatus is either absent (Zangerl & Case 

1976) or positioned more anteriorly (Maisey 2007, Fig. 39: FMNH PF 7347), the periotic process is 

either absent (Zangerl & Case 1976) or positioned closer to the postorbital process and arcade (Maisey 

2007, Fig. 39: FMNH PF 7347), and the supraorbital shelves are broad, like those of Akmonistion 

(Zangerl & Case 1976; Coates & Sequeira 1998; Maisey 2007) (Extended Data Fig. 2h). 

 For these reasons, we suggest that FMNH PF 13242 (“Cobelodus”) (Extended Data Fig. 2a, b) is 

an incomplete Ozarcus braincase, with the anterior 50% of the orbit missing (Extended Data Fig. 2d, e). 

Therefore, in the following comparative description and analysis we combine data from FMNH PF 13242 

and OUZC 5300/AMNH FF 20544 to serve as a single operational taxonomic unit.  

 

Comparative morphology of Dwykaselachus 

The Dwykaselachus (SAM K5840) braincase is preserved with minimal postmortem distortion and breakage 

(Oelofsen, 1986), and consists exclusively of thin sheets of tessellated calcified cartilage (Fig. 1; Extended 

Data Figs. 1, 3, 5-8), with no evidence of multiple layering or trabecular reinforcement. As far as possible, the 

present work uses terminology employed in Maisey’s (2007) description of FMNH PF 13242. Other 
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comparable braincases include Akmonistion (Coates & Sequeira 1998), Denaea (Williams 1985, Maisey 

2008b), Symmorium (Williams 1985), Kawichthys (Pradel et al. 2011), and Ozarcus (Pradel et al. 2014). The 

Dwykaselachus braincase is almost 125mm in total length (Oelofsen 1986). Skeletal proportions from the 

similarly sized Symmorium reniform, near-complete skeletal remains of which are preserved in FMNH PF 

2202, suggest that the total length of the Dwykaselachus individual may have been nearly 1.5m.  
 

Ethmoid region. The ethmoid region has a broad, gently convex anterior margin (cf. Oelofsen 1986), and 

includes a pair of almost complete nasal capsules (Extended Data Fig.3). There is no clear evidence of a 

precerebral fontanelle, and the area reconstructed as such by Oelofsen (1986) is a wedge-shaped space 

between the anterior walls of the nasal capsules, which is seperated from the cranial cavity and was probably 

filled with cartilage in life (Extended Data Fig. 3a). In FMNH PF 13242 (Maisey 2007) the ethmoid region 

appears to be missing, whereas in Cobelodus aculeatus (Zangerl & Case 1976 fig.3; Maisey 2007 Figs. 39, 

48) the reconstructed precerebral fontanelle occupies the same position as the pre-nasal space in 

Dwykaselachus. In Akmonistion the precerebral fontanelle is unknown (Coates & Sequeira 1998 contra 

Maisey 2007, Fig. 50). Thus far, Falcatus (Lund 1985 Fig. 9A, 10B, Maisey 2007 Fig. 56A) provides the best 

evidence for a precerebral fontanelle in a symmoriiform, but in this fish the posterior rim of the fontanelle 

lies dorsal to the anterior part of the orbit and posterior to the nasal capsules. This kind of fontanelle is 

evidently absent in Dwykaselachus. 

 In agreement with Oelofsen (1986), the anterior rim of the Dwykaselachus snout bears a smooth 

internasal groove joining left and right nasal capsules (Extended Data Fig. 3d, f) resembling the internasal 

groove of sibyrhynchids (Pradel 2010). In lateral view the internasal plate is angled antero-dorsally, also 

comparable to the palatal crests of sibyrhynchids (Pradel 2010, Fig. 16). There is no ventral ethmoid keel. 

 The nasal capsules are large, and abut one another at the midline (Extended Data Fig. 3a, b). The 

enclosed capsule space is greater than hemispherical, and probably contained most of the olfactory organ. 

The main opening, directed anterolaterally and slightly dorsally, probably admitted incurrent and excurrent 

ducts. The capsule rear extends into a wide olfactory nerve canal, and the left and right canals unite into an 

olfactory trunk directly behind the capsular walls. The capsule floor, anterior and medial to the olfactory 

canal, includes an opening for a branch of the profundus nerve. Anterior and lateral to the profundal foramen, 

a narrow, ventrolaterally directed channel connects the capsule chamber to a subtriangular, subnasal space 

(Extended Data Figs 3c, d, 5a). This subnasal space might have been cartilage-filled in life, buttressing the 

anterior wall of the orbit. However, the communicating duct suggests the presence of a subnasal chamber, 

opening ventrally into the pre-oral cavity. Oelofsen (1986) identified these spaces as ventral openings for 

each nasal capsule. Williams (1985, Text-Fig. 6B; see also Maisey 2007 Fig. 49C) identified similar 

structures in Denaea as nostrils. We doubt that these openings housed nostrils, but note the complexity of 
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certain extant chondrichthyan olfactory organs (Howard et al. 2013), in which supplementary ducts augment 

function and regulate odorant molecule flow over sensory epithelia. 

 

Orbit and interorbital walls. The large orbits are almost twice the length of the otic region (Fig. 1, Extended 

Data Fig. 5a). The flattened supraorbital shelf on left and right sides probably results from postmortem 

compression (Oelofsen 1986). The locations of cranial nerve foramina and the optic pedicel resemble those of 

FMNH PF 13242, except that in Dwykaselachus these features are clustered in the posterior third of the orbit 

(Extended Data Figs 5a, 6b). Like Ozarcus/FMNH PF 13242, Dwykaselachus has a septum-like interorbital 

wall (Extended Data Figs. 3e, 7) anterior to the large opening for the optic nerve. In Ozarcus/FMNH PF 

13242 (Maisey 2007) this region is identified as the internasal plate, but in Dwykaselachus the interorbital 

septum is shown to be mid-orbit level, posterior to the orbital articulation for the palatoquadrate. Presence of 

such an interorbital septum resembles chimaeroid conditions, but, in agreement with Maisey (2007), because 

the septum is ventral to the forebrain space (rather than dorsal) it represents a tropibasic neurocranial 

morphotype, unlike platybasic adult chimaeroids. Left and right orbits are interconnected by broad openings 

anteriorly (Extended Data Figs. 5a, 7) and posteriorly; the posterior recess resembles the posterior myodome 

of actinopterygians (Patterson 1975). The calcified walls of both interorbital openings indicate that these are 

not preservational artefacts. 

 The anterior wall of the orbit, the orbitonasal lamina, is unusually broad (Fig. 1; Extended Data Figs. 

3e, 5b). The antorbital foramen lies at the junction of the orbitonasal lamina with the medial wall of the orbit. 

A broad groove connects this foramen with the superficial ophthalmic foramen in the posterior wall of the 

orbit (Extended Data Fig. 6a, b). Unlike Orthacanthus (Shaeffer 1981) and Cladodoides (Maisey 2005), both 

of which preserve similarly grooved paths for the superficial ophthalmic nerves, in Dwykaselachus the 

superficial ophthalmic trunk feeds directly into an intracranial space between the nasal capsules above the 

channel for the olfactory tracts. However, there is no evidence of a cartilage floor, or any trace of an enclosed 

ethmoid canal (cf. chimaeroids: Didier 1995). Notably, de Beer and Moy-Thomas (1935) and de Beer (1937) 

argue that the chimaeroid ethmoid canal is not part of, or derived from, the cranial cavity sensu stricto 

because it lies outside the ‘dura mater’. They provide an explanatory scenario, in which an extracranial space 

is enclosed by the orbitonasal lamina rising in height to match the increased size of the orbit in chimaeroid 

fishes. Holmgren (1942) offers a different scenario, in which the ethmoid canal is interpreted as endocranial 

space separated by the formation of an interorbital septum. Patterson’s (1965) review of chimaeroid 

phylogeny is undecided between these alternative interpretations. Evidence from Dwykaselachus might 

slightly favour Holmgren’s (1942) interpretation, but further work is needed on the crania of ‘classic’ early 

holocephalans such as Helodus and Deltoptychius. At present, the convergent paths of the superficial 

ophthalmic trunks in Dwykaselachus and chimaeroids (Extended Data Fig. 9) might be homologous, but 

important details of phylogenetic origin of the chimaeroid ethmoid canal remain unresolved. 
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Supraorbital shelf. The lateral margins of the broad supraorbital shelf (Fig. 1; Extended Data Figs 5b, 6a, b), 

are poorly preserved where it thins out towards the orbital rim. The dorsalmost section was probably arched 

in life, continuing the smooth curvature of the postorbital rim. Dorsally, the supraorbital shelves show linear 

arrays of foramina marking exits for twigs of the superficial ophthalmic trunk that supplied the supraorbital 

sensory canal. 

 

Suborbital shelf. Like that of Akmonistion (Coates & Sequeira 1998) and Ozarcus (Pradel et al. 2014) the 

suborbital shelf (trabecular plate) of Dwykaselachus is narrow and parallel sided (Fig. 1; Extended Data Fig. 

5b). In all three genera the ventrolaterally expanded and ridged, orbital (palatobasal) articulation for the 

palatoquadrate, lies far to the anterior. Extended Data Figures 3d and 5b show the structure clearly in 

Dwykaselachus, and its relation to the nasal capsules. Cladodoides (Maisey 2005) displays a constrasting and 

perhaps plesiomorphic condition where the articular flange extends below the optic nerve foramen and 

anterior to the notch and groove for the efferent pseudobranchial artery. Maisey (2007) interprets the position 

of this articular region in FMNH PF 13242 as similar to the Cladodoides condition. In Dwykaselachus, the 

groove for the efferent pseudobranchial artery is faint, and there is no notch for the passage of the artery 

around the lateral margin of the suborbital shelf. Likewise, there is no opening in the dorsal surface of the 

shelf for the internal carotid artery. 

 

Postorbital arcade. Like Cobelodus and FMNH PF 13242, the Dwykaselachus postorbital arcade (Extended 

Data Fig. 6a, b) joins the suborbital shelf, rather than the ventrolateral wall of the otic capsule (cf. Maisey 

2007). As in Cobelodus, Akmonistion and other symmoriids, the postorbital arcade is large, wide, and 

anteroposteriorly slender. The near-circular jugular opening in Dwykaselachus (Extended Data Fig. 6b) is 

smaller than that of FMNH PF 13242. The rim of the opening extends from the anterior border of the 

trigeminal nerve foramen, and terminates ventrally just anterior to the facial nerve foramen. Thus both nerve 

foramina lie behind the level of the arcade and there is no trigeminofacial recess. Comparison with the 

dorsoventrally flattened specimens of Akmonistion suggests that these parts of the cranium are reasonably 

similar: the actual area in which such a recess might have been present is not well preserved, and at least 

some of the pocket-like features identified as such (especially those in Coates & Sequeira Fig.3) are edges of 

a similarly sized jugular foramen. 

 In ventral view the laterally extending edge of the arcade resembles that of Akmonistion (Extended 

Data Fig. 2h). In both taxa the articular surface for the palatoquadrate is located posteriorly, medial to 

thickened lateral rim of the arcade (Extended Data Fig. 6c, d). In lateral view, the arcade rim forms a 

sweeping, crescent-shaped prong (Fig. 1), the ventral extremity of which is grooved and pierced for the exit 
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of a mandibular branch of the trigeminal nerve. The posterior articular surface consists of a tall, slightly 

dorsomedially sloping groove, extending from the ventral prong to the level of the periotic process. 

 

Basicranium and arterial supply to the head. The basicranium of Dwykaselachus has a simple cruciform 

outline (Fig. 1; Extended Data Fig. 2g), much like Akmonistion (Extended Data Fig. 2h). Where the 

postorbital arcade meets the rear of the suborbital shelf, the basicranium shows a groove for the orbital artery. 

The basicranial fenestra is situated level with these in the ventral midline. Directly posterior to the postorbital 

arcade, the base of the otic region is waisted, but the hypotic lamina flares laterally, extending as a nearly 

horizontal plate beneath the otic capsules (Extended Data Figs 6c, d, 8b), a condition markedly unlike the 

FMNH PF 13242 hypotic lamina that curves dorsolaterally to join the otic capsular wall. 

 The cranial arterial supply was mostly embedded within the basicranial cartilage (Fig. 1; Extended 

Data Fig. 5a). The median dorsal aorta is marked by a midline foramen in the rear of the chordal plate 

(Extended Data Figs. 6c, d, 8b). This passes anteriorly as an enclosed canal for a short distance (Extended 

Data Fig. 7), but calcified remains cease before its divergence into the lateral dorsal aortae. The entrance of 

the efferent hyoid artery is marked by a prominent foramen that is dirceted laterally and slightly posteriorly. 

This matches a similarly directed foramen in Akmonistion (Coates & Sequeira 1998; re-identified by Maisey 

2007 as the foramen for the lateral dorsal aorta, although this appears unlikely because of the opening 

orientation). The basicranial fenestra (Extended Data Fig. 5a) shows no foramina or associated grooves. 

Consequently, the arrangement of the blood supply to the head via the internal carotids, if present, and the 

efferent pseudobranchial artery, is largely unknown (as in FMNH PF 13242, Maisey 2007). The small 

foramen with posterolateral groove situated between the orbital artery opening and the foramen for the 

efferent hyoid might provide an exit for a palatal branch of the facial nerve. The location relative to other 

openings resembles conditions in Cladodoides (Maisey 2005). 

 

Otic region. Prominent ridges of the otic wall and roof overlie the semicircular canals, and define the 

boundaries of major fossae (Extended Data Fig. 5b). Some areas of the otic wall are weakly calcified and 

missing, especially the covering of the ampulla of the posterior semicircular canal, ventral to the lateral otic 

ridge (Extended Data Figs 5a, 6d). This region is unfinished on both sides of the braincase, and in both 

instances calcified cartilage edges project laterally but not ventrally. As such, Dwykaselachus is unlikely to 

have possessed a ventral otic process similar to that of Kawichthys (Pradel et al. 2011). Additionally, there is 

no lateral otic process like those of Tamiobatis (Williams 1998) or Akmonistion (Coates & Sequeira 1998). 

 A large periotic process projects dorsolaterally from the anterior part of the lateral otic ridge, cf. 

FMNH PF 13242 (Maisey 2007) (Extended Data Figs 5, 6c, d). The robust process is incomplete distally, but 

sufficiently calcified to show that it was forked in life. The otic roof slopes dorsally and medially towards the 

central, chimney-like opening of the endolymphatic ducts at the apex of the median otic ridge. The full dorsal 
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extent of the walls of this opening is unknown; the distal profile is truncated by damage to the external 

surface of the nodule. The endolymphatic duct opening is closed posteriorly and separated from the otico-

occipital fissure by a calcified posterior tectum bearing a low median crest (Extended Data Figs. 5b, 7). 

 

Occipital region. The occipital unit of Dwykaselachus (Extended Data Figs 6c, d, 8a, b) encloses a foramen 

magnum and notochordal canal of similar widths, and a narrower dorsal aortic canal. As in FMNH PF 13242, 

the notorchordal canal rim bears dorsal and ventral paroccipital processes, and foramen magnum is situated 

dorsal to the level of the glossopharyngeal nerve exit (Maisey 2007). In posterior view, the occipital plate 

presents a near-rectangular outline, somewhat wider than that of FMNH PF 13242. Dwykaselachus is further 

distinguished by the presence of a tall, paired occipital crest, the height of which reaches the height of the 

dorsal otic ridge (Extended Data Fig. 8a, b). Each half of the crest extends anterodorsally from the apex of the 

foramen magnum (the right side is complete; the left side mostly missing), overlaps a low median crest on the 

posterior tectum, and follows the rear wall of the posterior dorsal fontanelle. 

 In lateral view (Fig. 1) the persistent otico-occipital fissure separating the occipital arch from the otic 

capsule (Extended Data Fig. 5a) is narrower than that of FMNH PF 13242. The suprachordal occipital plate 

fits closely around, but not between, the walls of the posterior semicircular canals (Extended Data Fig. 6d, 

8a). However, the ventral, parachordal component of the occipital arch intrudes between the saccular 

chambers; in Dwykaselachus slightly more deeply than in FMNH PF 13242. Correspondingly, in FMNH PF 

13242 two spino-occipital foramina are visible in lateral view, but in Dwykaselachus only one such foramen 

is visible. However, an intra-cranial perspective (Extended Data Fig. 7) shows that in both genera five canals 

for spino-occipital nerves perforate the ventrolateral wall of the foramen magnum. The short notochordal 

canal extends anteriorly only as far as the anterior rim of the occipital arch, level with the anteriormost spino-

occipital nerve canal. 

 

Cranial endocast including otic labyrinth. 

 Short olfactory nerve canals unite in the midline just posterior to the nasal capsules, and a long 

central space for the olfactory tracts and telencephalon passes between the orbits to join the mesencephalon 

cavity (Extended Data Fig. 4). No swelling or other marker clearly indicates the boundary between the 

olfactory tracts and the olfactory lobes/telencephalon. The floor of this region is at mid-orbit height, formed 

by the dorsal surface of the interorbital wall. The superficial ophthalmic nerves entered the endocranial space 

just above the union of olfactory nerve canals, with the trajectory of the superficial ophthalmic nerves 

directed towards the midline region, medial to the nasal capsules (Extended Data Figs 3c; 4a). 

 The large hypophyseal space is isolated from the roof of the mouth (Extended Data Fig. 7). Unlike 

FMNH PF 13242, in Dwykaselachus the anterior wall of the compartment is complete and the narrower, 

posterior part is overarched by the accentuated dorsum sellae (Goodrich 1930, de Beer 1937) (Extended Data 
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Fig. 7). The elevated mid-region of the endocranium (and mid-region of the brain) correlates with the 

exaggerated height of the dorsum sellae (de Beer 1937, Maisey 2007), the large diameter of the orbit, and 

height of the interorbital wall. Consequently, the anterior part of the roof of the cavity enclosing midbrain 

narrows and descends markedly at the junction with the telencephalon chamber (Extended Data Fig. 9a). 

Correspondingly, the roof of the cerebellar and vestibulolateral chamber is somewhat higher than the level of 

the otic labyrinth (Extended Data Figs 4b, 7) and medullary region, matching conditions in FMNH PF 13242 

and chimaeroids, but quite unlike modern elasmobranchs and early chondrichthyans such as Cladodoides 

(Maisey 2005) and Orthacanthus (Schaeffer 1981).  

 Posteriorly, the hindbrain (medullary) chamber and otic labyrinth appear to be canted backwards, 

again resembling FMNH PF 13242 and modern chimaeroids. The vestibular or labyrinth space is continuous 

with the cranial cavity: there is no medial wall to the otic capsule (Extended Data Fig. 7). Outgroup 

comparisons with Cladodoides (Maisey 2005) and other early gnathostomes (Davis et al. 2012) indicate that 

this is the primitive condition. The crus commune space is confluent with the dorsolateral part of the 

medullary region. Medial to the crus, the endocast is raised into an elaborate chimney-like endolymphatic 

duct canal (Extended Data Fig. 4), taller than that of FMNH PF 13242 and modern chimaeroid examples. The 

anterior wall of this laterally narrow, midline space, is perforated by a circular foramen, communicating with 

the rear of the cerebellar chamber. The anterior semicircular canals hug the posterolateral boundary of the 

vestibulolateral space, and converge on the posterior of the base of the infilling of the endolymphatic ducts. 

 The small-radius external (horizontal) semicircular canal fits comfortably within the span of anterior 

and posterior canals (Extended Data Fig. 4a). The distinctive, inclined angle of the external canal is shared 

with those of FMNH PF 13242 and chimaeroids (Maisey 2007): a straight line projected through the canal 

intersects the anterior ampullae, but posteriorly passes below foramen magnum. External and anterior 

ampullae meet the utricular space independently; all three form well-defined bulges in the lateral wall of the 

vestibular chamber. In Dwykaselachus the posterior ampulla is separated more distinctly from the vestibular 

chamber than that of FMNH PF 13242, but there is no trace of pre-ampullary canal. 

 

 

Part B. Morphometric and Phylogenetic Analysis 

1. List of taxa 
Acanthodes: Benznosov 2009; Coates 1994; Davis et al. 2012; Heidtke 1993; Jarvik 1977, 1980; Miles 

1968, 1973a, b; Nelson 1968; specimens AMNH 1037b, 10370, 10376, 19628; CMNH 30725b, 

30726, 4591; FMNH PF2875; GM C145, 146, 180; HM V8251, 252; HU MB.F.4209, 4277, 4284, 

4285, 7286, MB3b, 4a & b, 5a & b, 7a & b, 8a & b, 11a & b, 12a, 13a &b, 14a &b, 16a &b, 17a & 

b, 18a & b, 23 (resin copy), 24, MM L1693, 1698, 9432B, W1994; NHM P.11287, P.13139, 13140, 

14558, 1728, 34912, 34914, 4057, 49941, 49944, 49959, 49967, 49979, 49980, 49990, 49995, 
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49996, 60928, 60939, 62138, 7335; NMS 2001.7.1, 3; UCL GM C1126; UMZC GN9, 11, 13, 14, 

15a &b, 16, 39, 756. 

Akmonistion: Coates & Sequiera 1998, 2001a,b; Coates et al. 1998. 

Brochoadmones: Bernacsek & Dineley 1977; Gagnier & Wilson 1996b; Hanke & Wilson 2006; 

specimens UALVP 32672, 41487, 41493, 41494, 41495. 

Callorhinchus/Hydrolagus: Cole 1896; De Beer 1937; De Beer & Moy-Thomas 1935; Didier 1995; 

Didier et al. 1994, 1998, 2012; Howard et al. 2013; Kesteven 1937; Patterson 1965, 1992; Pradel et 

al. 2008; Stahl 1999. 

Chondrenchelys: Finarelli & Coates 2012, 2014; Lund 1982; Moythomas 1935; specimens NMS 

1885.54.5/5A, 1891.53.33, 1998.35.1, 2002.68.1; BGS-GSE 13328; HM V.7173. 

Cladodoides: Gross 1937, 1938; Maisey 2005. 

Cladoselache: Bendix-Almgreen 1975; Harris 1938a, b; Maisey 1989a, 2007; Schaeffer 1981; Woodward 

& White 1938; specimens CMNH 8110, 8111, 8207, NHM P9273, P9285. 

Cobelodus: Zangerl & Case 1976. 

Cowralepis: Carr et al. 2009; Ritchie 2005; Long et al. 2009. 

Debeerius: Grogan & Lund 2000: specimens CM 35479, 35480, 48831, 62811. 

Denaea: Maisey 2008b; Williams 1985. 

Dicksonosteus: Goujet 1975, 1984. 

Doliodus: Miller et al. 2003; Maisey et al. 2009, 2013. 

Dwykaselachus: Oelofsen 1986: specimen SAM K5840 (Oosthuizen No. G50). 

Egertonodus: Maisey 1982, 1983; Lane 2010. 

Entelognathus: Zhu et al. 2013. 

Falcatus: Lund 1985; Maisey 2007. 

Gladbachus: Heidtke & Krätschmer 2001; Heidtke 2009; Burrow & Turner 2003, 2013. 

Guiyu: Zhu et al. 2009. 

Hamiltonichthys: Maisey 1989b. 

Helodus: Patterson 1965; Stahl 1999; specimens NHM P.6706, 8207, 8209, 8212, 8213. 

Iniopera: Zangerl & Case 1973; Pradel et al. 2009b, 2011; Pradel 2010; Pradel et al. 2010. 

Janusiscus: Giles et al. 2015. 

Kathemacanthus: Gagnier & Wilson 1996a; Hanke & Wilson 2010; specimens UALVP 32402, 42269, 

43113. 

Kawichthys: Pradel et al. 2011. 

Lebachacanthus: Heidtke 1982, 1999. 

Ligulalepis: Basden et al. 2000; Basden & Young 2001; specimen AM F101607. 

Mimipiscis: Gardiner & Bartram 1977; Gardiner 1984; Choo 2011; Giles & Friedman 2014. 
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Onychoselache: Dick & Maisey 1980; Coates & Gess 2007. 

Orthacanthus: Hiedtke 1982; Hotton 1952; Schaeffer 1981; Maisey 1983. 

Ozarcus and FMNH PF 13242: Maisey 2007; Pradel et al. 2014. 

Psarolepis: Yu 1998; Zhu & Schultze 1997; Zhu et al. 1999; Qu et al. 2013a. 

Ptomacanthus: Brazeau 2009; Denison 1979; Miles 1973a; specimens NHM P.19999, 24919b. 

Pucapampella: Maisey 2001a; Maisey & Anderson 2001; Maisey & Lane 2010; Janvier & Maisey 2010. 

Ramirosuarezia: Pradel et al. 2009a; uncatalogued peel of MHNAO 1313 provided by Phillipe Janvier to 

MIC. 

Squalus: Schaeffer 1981; Gans & Parsons 1964; Marinelli & Strenger 1959. 

Synechodus: Maisey 1985; NHM P.6135, 41675. 

Tamiobatis: Schaeffer 1981; Williams 1998. 

Tribodus: Lane 2010. 

Triodus: Soler-Gijon & Hampe 1998; Heidtke et al. 2004. 

Tristychius: Dick 1978; Coates & Gess 2007; specimens NMS 1972.27.455A, 1974.51.5A; HM V8299. 

Wapitiodus: Mutter et al. 2007. 

 

 

2. Morphometric data 
Supplementary Table 1: Orbital length, otic capsule length and basicranial length for holocephalan and non-

holocephalan taxa. The natural log of orbital and otic length, normalized to the basicranial length of the skull, 

has been calculated as a measure of the relative size of these regions of the skull. See Main Text Figure 3. 

Taxon Group Orb Oti BCL Ln[Orbit/BCL] Ln[Otic/BCL] 

Ligulalepis Non-holocephalan 4.6 4.6 12.5 -1.000 -1.000 

Mimipiscis Non-holocephalan 6.7 5.1 15.5 -0.839 -1.112 

Psarolepis Non-holocephalan 3.9 6.4 19.1 -1.589 -1.093 

Dicksonosteus Non-holocephalan 6.0 9.8 27.8 -1.533 -1.043 

Pucapampella Non-holocephalan 15.0 18.0 41.0 -1.006 -0.823 

Acanthodes Non-holocephalan 15.0 16.0 44.0 -1.076 -1.012 

Synechodus Non-holocephalan 14.6 23.1 58.5 -1.388 -0.929 

Squalus Non-holocephalan 26.0 26.0 59.0 -0.819 -0.819 

Doliodus Non-holocephalan 22.0 26.0 74.0 -1.213 -1.046 

Egertonodus  Non-holocephalan 38.0 36.0 112.0 -1.081 -1.135 

Gladbachus Non-holocephalan 31.0 43.0 112.0 -1.285 -0.957 

Tristychius Non-holocephalan 41.0 44.0 142.0 -1.242 -1.172 

Cladodoides Non-holocephalan 22.0 23.0 62.0 -1.036 -0.992 

Orthacanthus Non-holocephalan 56.0 85.0 236.0 -1.438 -1.021 

WWW.NATURE.COM/NATURE | 11

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature20806



 

  

Tamiobatis Non-holocephalan 95.0 112.0 297.0 -1.140 -0.975 

Tribodus Non-holocephalan 30.0 39.5 89.0 -1.087 -0.812 

Triodus Non-holocephalan 24.0 37.0 69.0 -1.056 -0.623 

Lebachacanthus Non-holocephalan 45.0 57.5 130.0 -1.061 -0.816 

Wapitiodus Non-holocephalan 28.0 30.7 67.0 -0.872 -0.780 

Callorhinchus adult Holocephalan 29.0 20.0 100.0 -1.238 -1.609 

Callorhinchus ‘late embryo’   Holocephalan 8.0 5.5 21.0 -0.965 -1.340 

Callorhinchus pre-hatchling  Holocephalan 4.5 3.5 12.5 -1.022 -1.273 

Callorhinchus stage 31+ Holocephalan 2.5 2.0 5.0 -0.693 -0.916 

Chondrenchelys Holocephalan 6.0 3.4 15.0 -0.916 -1.484 

Kawichthys Holocephalan 11.3 7.5 19.0 -0.520 -0.930 

Iniopera Holocephalan 11.0 8.2 25.4 -0.837 -1.131 

Cobelodus Holocephalan 31.0 19.0 60.0 -0.660 -1.150 

Ozarcus Holocephalan 43.0 23.0 76.0 -0.570 -1.195 

Akmonistion Holocephalan 33.0 24.0 79.0 -0.873 -1.191 

Cladoselache Holocephalan 46.0 35.0 110.0 -0.872 -1.145 

Dwykaselachus Holocephalan 62.0 39.0 124.0 -0.693 -1.157 

Falcatus Holocephalan 10.0 8.0 22.0 -0.788 -1.012 

Denaea Holocephalan 14.0 13.0 30.0 -0.762 -0.836 

 

 

 

Supplementary Table 2: Median percentages for the length of the orbit relative to BCL, 

the length of the otic capsule relative to BCL and the length of the orbit relative to the 

otic capsule for the holocephalan and non-holocephalan samples. Holocephalan taxa 

have significantly larger orbits than non-holocephalan taxa, whereas non-holocephalans 

have larger otic regions. The contrast in the size of the two regions relative to each other 

is striking across the groups. 

 
Median % 

Orbit vs. BCL 

Median % 

Otic capsule vs. BCL 

Median % 

Orbit vs. Otic capsule 

Holocephalans 44.4% 31.6% 141.3% 

Non-holocephalans 33.9% 37.1% 84.6% 
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3. Character list 
 The character list is developed primarily from sets assembled by Coates and Sequeira (1998, 

2001a,b), Brazeau (2009), Pradel et al. (2011), Davis et al. (2012), and Zhu et al. (2013). Other material 

has been incorporated from classic studies by Patterson (1965), Schaeffer (1981); Maisey (1984); Didier 

1994; and Stahl 1999. 

 

Skeletal Tissues 

1. Tessellate calcified cartilage: absent (0); present (1). Presence of the tessellate condition 

includes irregularly shaped and widely spaced tiles, near-hexagonal tiles with abutting 

intertesseral joints, and tesserae concealed beneath an outer sheet of continuously calcified 

cartilage. Tessellated calcified endoskeletal cartilage (Dean & Summers 2006; Dean et al. 2009; 

Maisey 2013) is unique to fossil and living shark-like fishes, has long been used as a 

chondrichthyan synapomorphy (Maisey 1984; Lund & Grogan 1997, 2004a,b; Coates & Sequeira 

2001a,b; Maisey 2001; Brazeau 2009; Davis et al. 2012; Grogan et al. 2012; Pradel et al. 2014). 

2. Multilayered tesserae in the outer wall of the neurocranium: absent (0); present (1). Pradel 

et al. (2011). Present in Tamiobatis, Orthacanthus (Pradel et al. 2011; Schaeffer 1981) and 

Akmonistion although not figured as such (Coates & Sequeira 1998). Specimens of Tristychius 

show limited areas of layered tesserae (pers. obs. MIC), but these might be the inner and outer 

calcified rinds of collapsed cartilage. Schaeffer (1981) codes multilayered tesserae as present in 

Cladodoides, but Maisey (2005) states that this condition is absent. 

3. Perichondral bone: present (0); absent (1). Janvier (1996); Donoghue & Aldridge (2001); 

Brazeau (2009); Davis et al. (2012). 

4. Extensive endochondral ossification: absent (0); present (1). Forey (1980); Gardiner (1984); 

Brazeau (2009); Davis et al. (2012). 

5. Dentine kind: mesodentine or semidentine (0); orthodentine (1). Donoghue et al. (2000); 

Brazeau (2009); Davis et al. (2012).  

6. Cosmine: absent (0); present (1). Cloutier & Ahlberg (1996); Janvier (1996); Brazeau (2009); 

Davis et al. (2012). 

7. Acrodin tooth caps: absent (0); present (1). Adapted from Zhu et al. (2013, 2009), Friedman & 

Brazeau (2010).  

 

Dermal Skeleton: scales and fins 
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8. Lepidotrichia or lepidotrichia-like scale alignment: present (0); absent (1). Davis et al. 

(2012). 

9. Trunk scales monocuspid (0); multicuspid (1). Revised after Davis et al. (2012). It has long 

been accepted that some Palaeozoic chondrichthyan scales show evidence of sustained growth 

(Nelson 1970, Zangerl 1981, Reif 1985), indicating that the non-growing condition is the derived 

state, and is possibly a synapomorphy uniting crown chondrichthyans. Morphological evidence of 

sustained, incremental growth can include presence of a variably multicuspid crown (state ‘1’: 

see Kathemacanthus or Tamiobatis) versus a monocuspid crown (state ‘0’: see Hamiltonichthys). 

10. Scale growth concentric: absent (0); present (1). Hanke & Wilson (2004); Brazeau (2009); 

Davis et al. (2012). 

11. Body scales with peg-and-socket articulation: absent (0); present (1). Gardiner (1984); 

Coates (1999); Brazeau (2009); Davis et al. (2012).   

12. Body scales with convex base: absent (0); present (1). Brazeau (2009); Davis et al. (2012). A 

convex scale base is present in numerous acanthodian-grade and placoderm-grade fishes, and in 

most instances presence indicates lamellar structure and sustained scale growth (cf. discussions 

in Nelson 1970 and Reif 1985). 

13. Body scales with flat base: absent (0); present (1). Brazeau (2009) ; Davis et al. (2012). 

14. Body scales with basal canal or open basal vascular cavity: absent (0); present (1). 

Chondrichthyan placoid scales are distinguished, in part, by the presence of a basal canal (Reif 

1978). Early chondrichthyan scales that depart from the standard placoid morphology also exhibit 

basal canals, e.g. Akmonistion (Coates & Sequeira 2001a, fig. 12E) and Antarctilamna (Young 

1982, p.830). However, the scales of Gladbachus and most taxa traditionally classified as 

acanthodians (Denison 1979) lack basal canals, including the decidedly chondrichthyan-like 

genus Brochoadmones (Hanke and Wilson 2006, fig.8).  

15. Neck canal: absent (0) present (1). Maisey (1984); Lund & Grogan (1997). Although 

considered a classic feature of placoid scales, the presence of a neck canal is more widespread 

among early vertebrates. Data on scales attributable to placoderm bodies are sparse (Burrow & 

Turner 1998, 1999), and acanthodians are not as well documented as might be expected. 

Osteichthyan scores are in part from Qu et al. (2013a, b). Chondrichthyan scores are from 

specimens and published descriptions, with notable exceptions of Cladoselache, pers. obs. MIC 

from specimen CMNH 8207, and Chondrenchelys (redescribed by Finarelli & Coates 2014) in 

which canals are observable at the margins of the scale crown and base. 

16. Sensory line canal perforates scales (0); passes between scales (1); scales C-shaped (2). 

Davis (2002); Friedman & Brazeau (2010); Davis et al. (2012); Zhu et al. (2013); Giles et al. 

(2015).  
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17. Sensory line network preserved as open grooves (sulci) in dermal bones (0); sensory lines 

pass through canals enclosed within dermal bones (1). (Davis 2002); Davis et al. (2012); Zhu 

et al. (2013). 

 

Dermal Skeleton: skull 

18. Dermal skull roof includes large dermal plates (0); consists of undifferentiated plates, 

tesserae or scales (1).  Forey (1980); Gardiner (1984); Brazeau (2009); Davis et al. (2012); Zhu 

et al. (2013). 

19. Tessera morphology: large interlocking polygonal plates (0); microsquamose, not larger 

than body squamation (1). Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

20. Series of paired median skull roofing bones that meet at the dorsal midline of the skull 

(rectilinear skull roof pattern): absent (0); present (1). Brazeau (2009); Davis et al. (2012); 

Zhu et al. (2013). 

21. Large unpaired median bone contributing to posterior margin of skull roof: absent (0); 

present (1). Zhu et al. (2013). 

22. Pineal opening perforation in dermal skull roof: present (0); absent (1). Brazeau (2009); 

Davis et al. (2012); Zhu et al. (2013). 

23. Parietals (preorbitals of placoderms) surround pineal foramen/eminence present (0); 

absent, uninterrupted suture (1). Zhu et al. (2009, 2013). 

24. Consolidated cheek plates: absent (0); present (1). Davis (2002); Brazeau (2009); Davis et al. 

(2012); Zhu et al. (2013). 

25. Dermal intracranial joint: absent (0); present (1). Zhu et al. (2009, 2013) 

 

Dermal Skeleton: operculogular series 

26. Bony hyoidean gill-cover series (branchiostegals): absent (0); present (1). Davis (2002); 

Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

27. Opercular (submarginal) plate: present (0); absent (1). Brazeau (2009); Davis et al. (2012); 

Zhu et al. (2013). 

28. Gular plates: absent (0); present (1). Gardiner (1984); Brazeau (2009); Davis et al. (2012); Zhu 

et al. (2013). 

 

Branchial skeleton 

29. Gill skeleton mostly beneath otico-occipital region (0); posterior to occipital region (1). 

Zangerl (1981); Lund & Grogan (1997); Stahl (1999). Chondrichthyan gill skeletons are 

generally located posterior to the braincase. Holocephalans represent a notable exception to this 

WWW.NATURE.COM/NATURE | 15

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature20806



 

  

condition (hence Zangerl’s ‘Subterbranchialia’), considered here as a secondarily primitive 

arrangement. The absence of direct articulation between chondrichthyan pharyngobranchials and 

the basicranium (unlike osteichthyan examples) is probably linked to the posterior displacement 

of the gill skeleton. 

30. Interhyal: absent (0); present (1). Maisey (1984); Davis et al. (2012); Zhu et al. (2013).  

31. Hypohyals: absent (0); present (1). Friedman & Brazeau (2010); Pradel et al. (2014). Friedman 

& Brazeau (2010) discuss hypohyal presence as a possible osteichthyan synapomorphy (the 

traditional view), and predetermine the hypohyals of Debeerius (Grogan & Lund 2000) as 

independently derived, while offering no comment on the hypohyal of Cobelodus (Zangerl & 

Case 1976). Alternatively, Pradel et al. (2014) argue for the presence of hypohyals in the last 

common ancestor of gnathostomes.  

32. Basihyal absent, hyoid arch articulates directly with basibranchial (0); present (1). Pradel et 

al. (2014); see also discussion in Carr et al. (2009). 

33. Pharyngobranchials absent (0); present (1). Pradel et al. (2014). 

34. Separate supra- and infra-pharyngobranchials absent (0); present (1). Gardiner (1984); 

Pradel et al. (2014). Formerly, character state ‘1’ was assumed to be an osteichthyan 

specialization because Acanthodes, in a traditional stem-osteichthyan position, has only single 

pharyngobranchials, as do known fossil and Recent chondrichthyans (see discussion in Gardiner 

1984). However, Pradel et al. (2014) reversed the polarity of this character, hypothesizing that 

the dual pharyngobranchial condition present in Ozarcus represents primitive conditions for 

crown gnathostomes. 

35. Pharyngobranchials directed anteriorly (0); posteriorly (1). Pradel et al. (2014). Posteriorly 

directed pharyngobranchials characterize the vast majority of chondrichthyans, including several 

Palaeozoic taxa (Orthacanthus, Debeerius, Tristychius, and others). However, those of 

Gladbachus and the infrapharyngobranchials of Ozarcus (Pradel et al. 2014) are oriented 

anteriorly, as in osteichthyes. 

36. Hypobranchials directed anteriorly (0); hypobranchials of second and more posterior gill 

arches directed posteriorly (1). Maisey (1984). Hypobranchials are generally present in early 

osteichthyans, chondrichthyans and Acanthodes. Posteriorly directed hypobranchials appears to 

be a synapomorphy of Recent elasmobranchs and several fossil clades including xenacanths and 

hybodontids. 

 

Dentition 

37. Oral dermal tubercles borne on jaw cartilages: absent (0); present (1). Hanke & Wilson 

(2004); Brazeau (229); Davis et al. (2012); Zhu et al. (2013). 
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38. Pharyngeal teeth or denticles: absent (0); present (1). Pharyngeal denticles are widespread 

among early gnathostomes. None, however, seem to be present in placoderm grade taxa and 

‘absent’ scores have been inserted where preservation is sufficiently complete to allow a 

plausible judgement. Early osteichthyan pharyngeal denticles usually consist of multiple crowns 

supported on a plate-like base. Early chondrichthyan examples are often in the form of small 

whorls, notable for having an apparently fused base, unlike tooth whorls on the mandibular arch 

(Zangerl & Case 1976; Coates & Sequeira 2001a). 

39. Tooth whorls: absent (0); present (1). Maisey (1984); Davis (2002); Hanke & Wilson (2004); 

Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

40. Bases of tooth whorls: continuous plate (0); some or all whorls consist of separate tooth 

units (1). Adjusted from Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); conditions in 

early chondrichthyans discussed by Maisey and colleagues (Maisey et al. 2013). 

41. Lingual torus: absent (0); present (1). Among early chondrichthyans, one of the most 

distinctive features of isolated teeth is the exposed platform on the lingual side of the toothbase. 

This platform or ledge, the ‘lingual torus’ (Ginter et al. 2010), is notably absent in outgroups, and 

Mesozoic and Recent elasmobranchs.  

42. Basolabial shelf: absent (0); present (1). The basolabial shelf (Ginter et al. 2010) projects 

ventrally into a gutter at the base of the lingual surface of tooth crown(s) in the next, 

ontogenetically senior, member of a tooth family. 

43. Tooth whorl restricted to symphysial region (0); distributed along jaw margin (1). Hanke & 

Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).  Revised in light of 

discussion by Tucker and Fraser (2014): the restriction of tooth whorls to the symphysial region 

appears to be the more general condition, whereas continuous distribution of tooth whorls along 

the jaw margin represents a likely chondrichthyan synapomorphy. 

44. Toothplates absent (0); present (1). 

45.  Toothplates consolidated into one to three large posterior plates, and one to three smaller 

anterior tooth plates, occupying each quadrant of the jaw: absent (0); present (1). Adapted 

from Stahl (1999), the character captures conditions in chondrenchelyids and cochliodonts, as 

well as more derived taxa. 

46. Toothplate complement restricted to two pairs in the upper jaw and a single pair in the 

lower jaw: absent (0); present (1). After Patterson (1965); as a condition of toothplates, the 

character is coded as inapplicable for taxa lacking toothplates. 

47. Dermal plates on biting surface of jaw cartilages: absent (0); present (1). Brazeau (2009); 

Davis et al. (2012); Zhu et al. (2013).  
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48. Mandibular teeth fused to dermal plates on biting surfaces of jaw cartilages: absent (0); 

present (1). Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

Coded as present in Ramirosuarezia, although we acknowledge that it is possible that the 

apparent teeth might be no more than enlarged outgrowths of the dermal bone, as has been 

identified in Bothriolepis (Rücklin et al., 2012). 

49. Large dermal plates forming outer arcade of biting edge: absent (0); present (1). Gardiner 

(1984), Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

 

Mandibular arch 

50. Palatoquadrate otic process large: absent (0); present (1). Coates & Sequeira (2001a); Davis 

(2002); Brazeau (2009); Zhu et al. (2009, 2013). Scored as absent in holocephalans because there 

is no portion of the upper jaw posterior to the rear margin of the orbit. Pradel et al. (2011) 

speculate that no such process was present in Kawichthys because the articulation for the upper 

jaw is on the ventral surface of the postorbital process. The current matrix is coded accordingly. 

51. Palatoquadrate with ventromedial fossa for adductor muscle insertion (0); ventromedial 

fossa absent, adductor muscle insertion mostly or exclusively on lateral surface, or 

bypassing it laterally (1). Adapted from Friedman (2007) character 154: placoderm-grade 

palatoquadrates generally include a ventral or medial fossa for the jaw adductor muscles (Miles 

1971; Schaeffer 1975; Young 1979, 1986; Goujet 1984) because the close and broad connection 

between the endoskeletal upper jaw and dermal cheek bones leaves little or no room for a lateral 

fossa. 

52. Oblique ridge or groove along medial face of palatoquadrate: absent (0); present (1). 

Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

53. Palatoquadrate articulation with the postorbital process directed anteriorly (0); laterally 

(1); dorsally (2). Among chondrichthyans and other early gnathostomes in which the 

palatoquadrate articulates with the postorbital process, the orientation of the articular surface 

varies considerably. In genera such as Acanthodes, Orthacanthus and Tamiobatis, the articular 

area faces anteriorly; in symmoriids such as Cobelodus, Akmonistion and Dwykaselachus the area 

faces anterolaterally or laterally; in Tristychius and other putative early elasmobranchs the 

surface may be a dorsally directed trough or groove. 

54.  Palatoquadrate fused to the neurocranium: absent (0); present (1). Homoplastic among 

crown group gnathostomes, in the present analysis the possibility of convergent instances of 

fusion among fossil relatives of modern chimaeroids appears likely. Debeerius was described as 

“autodiastylic” by Groagan and Lund (2000). Here it is scored as having a palate that is 

continuous with the neurocranium after further observation of specimen CM48510. Although the 
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palate is fused to the neurocranium in Iniopera (Pradel 2010), this is scored with an additional 

character state ‘2’ to reflect the strong likelihood that autostylic jaw suspension is not, as 

originally thought, a characteristic of the group (Stahl 1980; Zangerl 1996). 

55. Mandibular knob: absent (0); present (1). Brazeau (2009); Davis et al. (2012); Zhu et al. 

(2013). The mandibular knob (mesial or preglenoid articular process or condyle) is usually 

considered the secondary or auxiliary part of the double articulation present in chondrichthyan 

jaws (Hotton 1952; Maisey 1989a; Lane & Maisey 2012). The primary articulation is the cotylus 

or glenoid, accommodating the quadrate condyle, positioned laterally or posterolaterally. No such 

process is present in stem gnathostomes, Gladbachus, or, apparently, Pucapampella (Janvier & 

Maisey 2010, fig.7B).  

56. Jaw articulation located on rearmost extremity of mandible: absent (0); present (1). Davis 

et al. (2012); Zhu et al. (2013). 

57. Dental trough or sulcus adjacent to oral rim on Meckel’s cartilage and palatoquadrate: 

absent (0); present (1). Standard feature of chondrichthyans, although no trace of such a recess 

is present along the jaws of Gladbachus; similarly absent in toothplate-bearing holocephalans 

including Helodus (pers. obs. MIC). Iniopera includes a crest to support fused tooth whorls, but 

no sulcus. 

58. Scalloped oral margin on Meckel’s cartilage and palatoquadrate: absent (0); present (1). 

Characteristic of symmoriiform chondrichthyans, including Akmonistion, Ozarcus and 

Cladoselache, as well as the holocephalan Helodus (pers. obs. MIC). Such scalloped pockets for 

tooth families suggests that the dental lamina might have been subdivided into a series of discrete 

‘crypts’, sensu Tucker and Fraser (2014). 

59. Mandibular symphysis fused: absent (0); present (1). In numerous toothplate-bearing early 

gnathostomes, the halves of the lower jaw are fused across the mandibular symphysis. For the 

purposes of the present analysis this character might represent a further synapomorphy of 

holocephalans and less derived members of the stem lineage. 

60. Dermal plates on mesial (lingual) surfaces of Meckel’s cartilage and palatoquadrate: absent 

(0); present (1). Zhu et al. (2013). 

 

Neurocranium 

61. Parasphenoid: absent (0); present (1). Gardiner (1984); Brazeau (2009); Davis et al. (2012); 

Zhu et al. (2013). 

62. Precerebral fontanelle: absent (0); present (1). Schaeffer (1981); Lund & Grogan (1997); 

Coates & Sequeira (1998, 2001a,b); Maisey (2001a); Brazeau (2009); Pradel et al. (2011) Davis 

et al. (2012); Zhu et al. (2013). Evidence for a precerebral fontanelle can be difficult to pin down 
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in fossil braincases. The fontanelle is reported as present in Gladbachus (Heidtke & Krätschmer 

2001), but the notch in the cranial roof extends posterior to the level of the postorbital processes. 

If this represents a fontanelle rather than simply the anteromedial limit of cranial roof 

calcification, it would be precerebellar rather than precerebral opening. Conditions in Cobelodus 

are uncertain. Zangerl and Case (1976), Williams (1985) and Maisey (2007) show no clear 

evidence of a precerebral fontanelle in Cobelodus aculeatus or Denaea, except for indications of 

the wedge-shaped area identified as such in Dwykaselachus by Oelofsen (1986). Even in 

elasmobranchs with a largely pre-nasal precerebral fontanelle, the posterior limit of this opening 

is posterior to the nasal capsules. Pradel et al. (2011) find only a small, midline notch in 

Kawichthys, anterior to the orbits.  

63. Pronounced sub-ethmoidal keel: absent (0); present (1). Schaeffer (1981); Coates & Sequeira 

(1998); Brazeau (2009). A keel is present in Egertonodus (Maisey 1983), where it separates left 

and right anterior extremities of the palatoquadrates. A similar keel is present in Orthacanthus 

(Xenacanthus), labeled as the ‘rostrum’ in Schaeffer (1981, fig.6). No such keel is present in 

Dwykaselachus or Akmonistion (Coates & Sequeira 1998), but a keel is reported as present in 

Ozarcus (Pradel et al. 2014). Cladoselache and Cobelodus (Maisey 2007) are incomplete 

anteriorly, thus coded as uncertain. This keel appears to be absent in Doliodus (Maisey et al. 

2009; 2013, fig. 8a). 

64. Rostral bar: absent (0); present (1). Adapted from Maisey (1985): characteristic of 

elasmobranch crania, this outgrowth of the internasal plate contributes support for rostral soft 

tissue, and may interconnect with other rostral cartilages. 

65. Internasal groove absent (0); present (1). Identified by Pradel (2010) in Iniopera, this 

horizontal groove passes between the nasal capsules across the anterior of the snout. A second 

example is present in Dwykaselachus. 

66. Orbitonasal lamina dorsoventrally deep: absent (0); present (1). Patterson (1965); Davis et 

al. (2012); Zhu et al. (2013). Chimaeroids and other members of the holocephalan clade are 

characterized by the dorsoventral expansion (‘upgrowth’, Patterson 1965) of the orbitonasal 

lamina. Much of this might be linked to the development of an ethmoid canal, or possible 

preconditions in fossil holocephalans lacking an ethmoid canal (Patterson 1965). Examples occur 

in modern chimaeroids and Palaeozoic genera including Debeerius, Chondrenchelys, and 

Helodus. 

67. Canal or channel for the olfactory tracts and telencephalon elongate: absent (0); present 

(1). In chimaeroids the cavity for the forebrain extends anteriorly, medially and ventrally relative 

to the orbits, before diverging into the rear of the nasal capsules. In lateral view, this anterior 
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division of the endocranial space (between the optic nerve foramen and the rear of the nasal 

capsule) covers at least one third of the total endocranial cavity length. 

68. Position of myodome for superior oblique eye muscles: posterior and dorsal to foramen for 

nerve II (0); anterior and dorsal to foramen (1). Young (1986); Coates & Sequeira (2001a); 

Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).  

69. Supraorbital shelf broad with convex lateral margin: absent (0); present (1). Coates & 

Sequeira (1998); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). Classic examples are 

present in Akmonistion, Cladoselache, Kawichthys and Iniopera. 

70. Interorbital space narrow: absent (0); present (1). Brazeau (2009); Davis et al. (2012); Zhu et 

al. (2013). 

71. Palatobasal (or orbital) articulation posterior to the optic foramen (0); anterior to the optic 

foramen (1). Adapted from Pradel et al. (2011, character 26), which develops a discussion from 

Maisey (2005) on the homology between ethmoidal articulations in Palaeozoic sharks and the 

orbital articulation of living orbitostylic sharks. Here, coding is simplified: the outgroup 

condition (state ‘0’) exemplified by Dicksonosteus (Goujet 1984, fig. 12) and osteichthyans, is 

seemingly retained in Pucapampella, whereas the derived condition (state ‘1’) is expressed in 

most known sharks. Contra Pradel et al. (2011), Cobelodus is coded as uncertain because the 

region where the orbital arcticulation is located in more complete crania, such as those of 

Ozarcus, Akmonistion and Dwykaselachus, appears to be missing. 

72. Optic pedicel: absent (0); present (1). Dupret et al. (2014); Zhu et al. (2009, 2013). Among 

Osteichthyes a pedicel is present in Ligulalepis, and perhaps in Psarolepis. A pedicel is present 

in chondrichthyans such as Cladodoides (clearly visible in the original specimen but reduced in 

renderings of CT scans) and Pucapampella, but is absent in Tristychius and hybodontids. 

Ozarcus (Pradel et al. 2014) is tentatively coded as pedicel present, because of an elliptical 

outgrowth posterior to large opening for optic nerve. 

73. Ophthalmic foramen in anterodorsal extremity of orbit communicates with cranial 

interior: absent (0); present (1). In Dwykaselachus the foramen in the anterodorsal and medial 

extremity of the orbit appears to have transmitted the superficial ophthalmic branch of the 

anterior lateral line nerve and the profundus nerve from the orbit, into the neurocranial interior, 

passing dorsal to the forebrain and medial to the bulk of the nasal capsules (Extended Data Fig. 

9a). This condition also occurs modern chimaeroids: in adults the nerve trunk passes directly into 

the ethmoidal canal, but in late embryo stages, the nerve passes into the interior space of the 

developing chondrocranium (Extended Data Fig. 9b, c) prior to the ethmoid canal becoming 

separated from the rest of the endocranial cavity by the development of a cartilage floor beneath 

the ophthalmic trunk and above the telencephalon. De Beer and Moy-Thomas (1935), argue that 
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the ethmoidal canal is a secondarily enclosed extracranial space because the dura mater, which 

lies directly above the forebrain but ventral to the ethmoid canal nerves, marks the primary 

endocranial roof. Alternatively, Holmgren (1942) proposes that the ethmoid canal is an 

endocranial space that is separated from the main cranial cavity by the formation of an 

interorbital septum. Patterson (1965) reviews available evidence but is undecided between these 

scenarios. Dwykaselachus evidence tends to support an endocranial origin, but location of the 

dura mater in Dwykaselachus is unknown. The membrane might already have been separated 

from the ethmoid cartilage roof as a result of the ophthalmic trunk re-entering the cranium. 

Consequently, the extent of De Beer and Moy-Thomas’s defined endocranial (endomeningeal) 

space is unknown; for this reason, we use the less restrictive term ‘cranial interior’ in the 

character statement. 

74. Bucco-hypophyseal duct open (0); closed (1). Bucco-hypophyseal openings are primitively 

present in crown gnathostomes. The opening has closed independently in major clades, including 

elasmobranchs (primitively present in hybodontids: Maisey 1982) and holocephalans (possibly 

present in the holocephalan Helodus: Patterson 1965). Although a basal fenestra is present in 

FMNH PF 13242 (Maisey 2007) and Dwykaselachus, there appears to be no direct connection to 

the hypophyseal space. The character is retained in the present analysis as a plausible 

synapomorphy of more deeply nested groups. 

75. Internal carotids: entering single or paired openings in the basicranium from a 

posterolateral angle (0); entering basicranial opening(s) head-on from an extreme, lateral 

angle (1); absent (2). Canals and grooves within the basicranial cartilage reveal details of the 

cranial arterial supply in early chondrichthyans (Schaeffer 1981; Coates & Sequeira 1998; 

Maisey 2005). However, conditions in symmoriiforms are not entirely clear. Maisey (2007) 

speculates that in FMNH PF 13242 the internal carotids entered the basal fenestra, but later 

exited the basicranial cartilage into the floor of the orbit before re-entry into endocranial space. 

Here, FMNH PF 13242 is coded as uncertain, although it might represent an apomorphic 

condition. Pradel (2010) reconstructs Iniopera as lacking internal carotids like modern 

chimaeroids (state ‘2’); Kawichthys is coded as uncertain (Pradel et al. 2011). 

76. Canal for efferent pseudobranchial artery within basicranial cartilage: absent (0); present 

(1). Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

77. Ascending basisphenoid pillar pierced by common internal carotid: absent (0); present (1). 

Miles (1973b); Brazeau (2009); Friedman & Brazeau (2010); Davis et al. (2012); Zhu et al. 

(2013). 

78. Spiracular groove on basicranial surface: absent (0); present (1). Davis et al. (2012); Zhu et 

al. (2013). 
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79. Spiracular groove on lateral or transverse wall of jugular canal: absent (0); present (1). 

Davis et al. (2012); Zhu et al. (2013).  

80. Orbit larger than otic capsule: absent (0); present (1). Lund & Grogan (1997) and Grogan & 

Lund (2000) have drawn attention to the likely phylogenetic signal in holocephalan cranial 

proportions. For the present analysis, a data set is provided (Supplementary Table 1) 

documenting maximum oribit length, otic capsule capsule length (measured from hindmost part 

of the posterior semicircular canal to the anteriormost part of the anterior canal) and basicranial 

length. 

81. Postorbital arcade: absent (0); present (1). Pradel et al. (2011). Here, ‘postorbital arcade’ is 

used in the sense of Maisey’s (2007) description of the postorbital process and associated wall 

enclosing the jugal opening. The general condition of the chondrichthyan postorbital arcade is to 

have a broad postorbital wall extending ventrally or anteroventrally from the postorbital process 

to the basicranium. This wall forms a complete arcade surrounding the jugular canal. A lateral 

portion of the wall, in non-holocephalans at least, probably developed from an embryonic ‘lateral 

commissure’, a topic discussed at length elsewhere (De Beer 1937; Gardiner 1984; Maisey 2007; 

Coates & Friedman 2010; Pradel 2010; Zhu et al. 2013). For discussion about possible lateral 

commissure contribution to holocephalan postorbital arcades, see De Beer (1937) and Pradel 

(2010). 

82. Postorbital process articulates with palatoquadrate: absent (0); present (1). Schaeffer 

(1981); Coates & Sequeira (1998); Maisey (2001a); Pradel et al. (2011); Davis et al. (2012); Zhu 

et al. (2013).  The ‘archaeostylic’ (Maisey 2008) condition (state ‘1’) is characteristic of early 

chondrichthyans such as Cladodoides, Pucapampella and Gladbachus, as well as acanthodian 

grade genera such as Acanthodes and Promesacanthus. A weak and perhaps secondarily derived 

version of archaeostyly is present in Synechodus (Maisey 1985). 

83. Postorbital process and arcade width not more than maximum width of braincase 

(excluding arcade) (0); process and arcade width exceeds maximum width of braincase (1); 

process and arcade reduced to the dorsal part (2). Symmoriiforms, have a characteristic, 

anterioposteriorly slender arcade (Maisey 2007) enclosing an exceptionally large opening for the 

jugular vein (Zangerl & Case 1976; Williams 1985; Maisey 2007). Ventral perspectives of the 

Dwykaselachus baincase indicate that a similarly large opening was present in Akmonistion. 

84. Jugular canal in postorbital arcade small (0); canal large (1); canal absent (2). Adapted from 

Pradel et al. (2011); scored as inapplicable for taxa in which the postorbital arcade is reduced to 

the dorsal part. A large canal is defined here as one in which the dorsal rim is level with or dorsal 

to the level of the lateral otic ridge, and the ventral margin is ventral to the level of the pituitary 

vein.  
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85. Trigeminofacial recess: absent (0); present (1). For detailed discussion, see Goodrich (1930), 

Pradel (2010), Pradel et al. (2011) and Davis et al. (2012). Notably, this characteristic of the 

crown gnathostome braincase is secondarily absent in modern holocephalans, Kawichthys (Pradel 

et al. 2011), FMNH PF 13242 (Maisey 2007; Pradel et al. 2011), Dwykaselachus, and putative 

stem holocephalans including Iniopera (Pradel 2010), Helodus (Patterson 1965; pers.obs. MIC) 

and Chondrenchelys (Finarelli & Coates 2014). The trigeminofacial recess identified in 

Akmonistion (Coates & Sequeira 1998 figs 3A, B) is probably the rim of the jugular opening: 

compare with Extended Data Fig. 5b. For this reason, Akmonsition is coded as uncertain. Pradel 

et al. (2009a, fig. 5c) identify a possible recess in Ramirosuarezia, although detail of the interior 

morphology is unknown.  

86. Postorbital fossa: absent (0); present (1). Zhu et al. (2013). 

87. Hyoid ramus of facial nerve (N. VII) exits through posterior jugular opening: absent (0); 

present (1). Friedman (2007); Brazeau (2009); Friedman & Brazeau (2010); Davis et al. (2012); 

Zhu et al. (2013). 

88. Posterior postorbital process and supravagal process: absent (0); present (1). In many jawed, 

stem-gnathostomes (placoderms), the braincase bears a ‘Y’-shaped lateral outgrowth, the anterior 

component of which is identified as the posterior postorbital process and the posterior part as the 

supravagal process (Young 1980, text-fig. 24). Notably, this structure is present in Entelognathus 

but absent in Ramirosuarezia and crown group gnathostomes including the otherwise primitively 

proportioned braincase of Gladbachus. 

89. Periotic process: absent (0); present (1). Maisey (2007) describes the periotic process of 

FMNH PF 13242, tentatively restores the process in Cobelodus aculeatus and notes its presence 

in a several other symmoriiform sharks. A well-formed example is present in Dwykaselachus. 

90. Lateral otic process: absent (0); present (1). Schaeffer (1981); Coates & Sequeira (1998); 

Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). The lateral otic process is generally linked 

to the neurocranial articulation with the head of the hyomandibula (Schaeffer 1981; Coates & 

Sequeira 1998). Clear examples are present in Orthacanthus and Tamiobatis, where the process 

is most prominent dorsally, projects laterally almost as far as the postorbital process, and the 

anterolateral face is distinctly concave below the level of the lateral otic ridge. The short but 

heavily mineralized lateral otic process of Akmonistion (Coates & Sequeira 1998, figs 1a, c and 

4) is notably absent in FMNH PF 13242, Cobelodus, Kawichthys and Dwykaselachus. 
91. Sub-otic occipital fossa: absent (0); present (1). In genera such as Orthacanthus and 

Tamiobatis (Schaeffer 1981) a distinctive concavity flanked by the lateral otic process and the 

posteriorly projecting occipital arch, lies beneath the rear of the otic capsule. No such fossa is 

present in Cladodoides (Maisey 2005) or Akmonistion (Coates & Sequeira 1998). 
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92. Otic capsule extends posterolaterally relative to occipital arch: absent (0); present (1). 

Maisey (1985): suggested synapomorphy of crown elasmobranchs.  

93. Postotic process: absent (0); present (1). Pradel et al. (2011) characterize this as different from 

the lateral otic process because it projects posteriorly, contains the glossopharyngeal nerve canal 

but does not contain the posterior semicircular canal (identified in Synechodus as the lateral otic 

process: Maisey 1985). 

94. Otic capsules: widely separated (0); approaching dorsal midline (1). In stem gnathostomes 

left and right semicircular canal arrays are widely separated: the commissural union of anterior 

and posterior semicircular canals lies close to, but does not overlap dorsally, the boundary 

between myencephalic and metencephalic regions of the neurocranial cavity. Examples of the 

primitive condition are depicted clearly in jawless (Gai et al. 2011; Janvier 1985, 1996) and 

jawed taxa (Stensio 1963; Young 1980, 1986; Goujet 1984). In these genera, a dorsal view of the 

cavity enclosing the hindbrain-midbrain junction is uninterrupted, irrespective of whether otic 

labyrinths are large (Dicksonosteus) or small (Brindabellaspis). In crown gnathostomes, the 

plesiomorphic condition persists early in ontogeny, but the adult condition is markedly different. 

The crus commune of left and right otic capsules approaches the dorsal midline above or 

posterior to the level of the hindbrain-midbrain junction. This condition is present in taxa both 

with and without substantial walls dividing the labyrinth from the main endocranial cavity 

(Schaeffer 1981; Lane 2010; Pradel 2010). In taxa where the endocranial spaces are not directly 

visible, the condition can, occasionally, be scored from neurocranial roof ridges overlying 

anterior and posterior canals (e.g. Akmonistion: Coates & Sequeira 1998). Janusiscus (Giles et al. 

2015, fig. 2) appears to retain the primitive condition. 

95. Endocranial cavity (infill) anterior to otic capsules smoothly convex dorsally and 

anteriorly: absent (0); present (1). Endocranial cavities in most early gnathostomes more-or-

less reflect the principal divisions between forebrain, midbrain and hindbrain (numerous 

examples shown in Janvier 1996). In this respect, Kawichthys and Iniopera are unusual because 

the endocranial spaces are remarkably simple and featureless. In both genera, the endocranial 

roof anterior to the otic region is slightly domed dorsally and anteriorly, without narrowing above 

the orbits or broadening towards the nasal capsules and precerebral fontanelle (notably, both 

crania are just over 20mm long).  

96. Roof of skeletal cavity for cerebellum and mesencephalon significantly higher than dorsal-

most level of semicircular canals: absent (0); present (1). 

97. Roof of the endocranial space for telencephalon and olfactory tracts offset ventrally relative 

to level of mesencephalon: absent (0); present (1). The roof of the forebrain cavity is distinctly 

lower than the height of midbrain endocranial cavity in chimaeroid crania (Kesteven 1932; 
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Howard et al. 2015). This change in level is abrupt or stepped rather than a gradual sloping of the 

forebrain, and coincides with narrowing of the endocranial cavity. However, these two features 

(narrowing and ventral offset) are not co-dependent. For contrasting conditions, see cranial 

endocasts of early actinopterygians in which the forebrain and olfactory tract space narrows but 

remains at the level of the orbit roof (Gardiner 1984; Giles & Friedman 2014).  

98. Labyrinth cavity separated from the main neurocranial cavity by a cartilaginous or ossified 

capsular wall (0); skeletal medial capsular wall absent (1). Pradel et al. (2011); Davis et al. 

(2012); Zhu et al. (2013). 

99. Crus commune connecting anterior and posterior semicircular canals present (0); absent 

(1). As noted by Daniel (1922), Maisey (1984, 2001b), Maisey & Lane (2010), Pradel et al. 

(2011) and others, modern elasmobranchs exhibit a derived condition in which the posterior 

semicircular canal is separated from the anterior canal. 

100. Sinus superior: absent or indistinguishable from union of anterior and posterior canals 

with saccular chamber (0); present, elongate and nearly vertical (1). Davis et al. (2012); Zhu 

et al. (2013). Primitively absent, this is secondarily lost in hybodontids (Maisey & Lane 2010). 

Notably, in Squalus (Marinelli & Strenger 1959, Abb. 195-197), although there is no crus 

commune, the sinus persists, above the level of the saccular chamber, although difficult to 

distinguish from a dorsally and posteriorly extended utricular chamber. A sinus superior is scored 

present in Kawichthys on the basis of its similarity to the labyrinth configuration of Iniopera. 

101. Angle of external semicircular canal: in lateral view, straight line projected through canal 

intersects anterior ampulla, external ampullae, and base of foramen magnum: absent (0); 

present (1). Maisey (2007) notes the unusually tilted angle of the external canal in FMNH PF 

13242; this is markedly similar to conditions in Dwykaselachus as well as modern chimaeroids 

(examples shown in Pradel et al. (2013) supplementary movie; Finarelli & Coates (2014) fig. 6a). 

102. Left and right external semicircular canals approach or meet the posterodorsal midine of 

the hindbrain roof: absent (0); present (1). This highly unusual labyrinth arrangement is 

present in Iniopera (Pradel 2010, fig. 27) and the limited remains of Kawichthys (Pradel et al. 

2011, fig. 12) are sufficiently complete to demonstrate that this genus exhibits the same 

condition. This specialized arrangement is very likely linked to the unusually elevated level of 

the external canal in both taxa. 

103. Perilymphatic fenestra: absent (0); present (1). Pradel et al. (2011). Fenestrae communicate 

with the posterior semicircular canals. The derived condition is synapomorphic for crown 

elasmobranchs (Daniel 1922) and seems likely to include hybodontids (Maisey & Lane 2010) and 

Tristychius. 
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104. Endolymphatic ducts: posteriodorsally angled tubes (0); tubes oriented vertically through 

median endolymphatic fossa/endolymphatic foramen (1). Schaeffer (1981); Coates & 

Sequeira (1998, 2001); Davis (2002); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

105. Posterior dorsal fontanelle/external opening for endolymphatic ducts anterior to crus 

commune: absent (0); present (1). In taxa where the crus commune is absent, the level of the 

fontanelle or duct is assessed relative to the dorsal origin of the anterior semicircular canal. 

106. Posterior dorsal fontanelle connected to persistent otico-occipital fissure (0); posterior 

tectum separates fontanelle from fissure (1). Schaeffer (1981); Coates & Sequeira (1998); 

Pradel et al. (2011).  

107.  Subcircular endolymphatic foramen: absent (0); present (1). Pradel et al. (2015) character 15 

defines this feature as a ‘small, rounded and unfloored endolymphatic fossa’; see also Maisey & 

Lane (2010) who recognized this feature as a likely holocephalan synapomorphy. The present 

character describes the opening as a foramen because there is no fossa as such (cf. Squalus, or 

Tamiobatis). In other respects the general homology hypothesis is the same, that this condition is 

present in chimaeroids, other holocephalans and symmoriids. 

108. Dorsal otic ridge forms a horizontal crest posteriorly, and flanks the anterior rim of the 

endolymphatic fossa: absent (0); present (1). Coates & Sequeira (1998, 2001); Pradel et al. 

(2011).  

109. Dorsal ridge divided posteriorly by an anteroposteriorly elongate recess enclosing the exits 

of the endolymphatic ducts: absent (0); present (1). The presence of a slot-shaped opening is 

characteristic of the otico-occipital roof in ctenacanths, Cladodoides, Tristychius and 

hybodontids. 

110. Endolymphatic or parietal fossa: absent (0); present (1). Pradel et al. (2011). Character state 1 

indicates presence of a cartilage floor within the posterior dorsal fontanelle. The floor is 

perforated laterally or medially by further openings for the endolymphatic ducts and 

perilymphatic chamber. Clear examples of the fossa are present in Orthacanthus and 

Egertonodus. Examples of an endolymphatic opening in which a floor is absent include 

Cobelodus, Pucapampella and Cladodoides.  

111. Ventral cranial fissure: absent (0); present (1). Janvier (1996); Coates & Sequeira (2001); 

Maisey (2001); Davis (2002); Brazeau (2009); Pradel et al. (2011); Davis et al. (2012); Zhu et al. 

(2013). Contra Davis et al. (2012), Chondrenchelys, despite condition of the basicranium of 

NMS 2002.68.1, is revised to state ‘0’: fissure absent (Finarelli & Coates 2014). 

112. Endoskeletal intracranial joint: absent (0); present (1). Janvier (1996, and references therein); 

Davis et al. (2012); Zhu et al. (2013). 
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113. Metotic (otic-occipital) fissure: absent (0); present (1). Schaeffer (1981); Janvier (1996);

Coates & Sequeira (1998); Maisey (2001); Davis (2002); Brazeau (2009); Pradel et al. (2011);

Davis et al. (2012); Zhu et al. (2013). Consistent with Pradel et al. (2011), Kawichthys is scored

as uncertain. In Akmonistion (Coates & Sequeira 1998, fig. 4), FMNH PF 13242 (Maisey 2007,

fig. 7), and Dwykaselachus (Extended Data Fig. 5b) the posterior rim of the otic roof is gently

concave. The condition in Kawichthys is different: the posterior margin of the otic roof is convex,

and projects posteriorly. In this context, it is also noteworthy that the glossopharyngeal nerve

exits the endocranium by means of a foramen in the otic wall.

114. Hypotic lamina: absent (0); present (1). Schaeffer (1981); Maisey (1984, 2001); Brazeau

(2009); Pradel et al. (2011); Davis et al. (2012); Zhu et al. (2013). Pradel et al. (2013) define a

hypotic lamina as ‘a lateral extension of the parachordal plate which floors the glossopharyngeal

canal’. They demonstrate that in Callorhinchus, although the parachordal plate is extended

laterally, it barely underlies the otic capsule, and is thus unlikley to form the floor of the

glossopharyngeal canal or channnel through the metotic fissure. This contrasts with conditions in

modern elasmobranchs, as well as Palaeozoic taxa including Cladodoides, Tamiobatis and

symmoriiforms such as Cobelodus, FMNH PF 13242 and Dwykaselachus, in which a hypotic

lamina is undoubtedly present.

115. Glossopharyngeal nerve path: directed laterally, across floor of the saccular chamber and

exits via foramen in side wall of the otic capsule (0); directed posteriorly, and exits through

metotic fissure or foramen in posteroventral wall of otic capsule (1); exits laterally through

a canal contained ventrally (floored) by the hypotic lamina (2); exits through a foramen

anterior to the posterior ampulla (3). Schaeffer (1981); Coates & Sequeira (1998, 2001);

Brazeau (2009): Davis et al. (2012); Zhu et al. (2013); Pradel et al. (2011, 2013). The plethora of

conditions exhibited by the glossopharyngeal canal are here reduced to four: the apparently

derived condition of passing posteriorly from the endocranium (state ‘1’), and the alternative

laterally directed pattern, beneath the otic capsule and above the hypotic lamina, secondarily

derived (state ‘2’) in elasmobranchs and in Iniopera and Kawichthys (state ‘3’) in which the

glossopharyngeal exit is situated ventral and anterior to location of posterior canal ampulla. This

not considered homologous with the outgroup condition exhibited by Dicksonosteus (Goujet

1984).

116. Basicranial morphology: platybasic (0); tropibasic (1). Brazeau (2009); Pradel et al. (2011);

Davis et al. (2012); Zhu et al. (2013). Here, the definition of tropibasic versus platybasic follows

discussions in Maisey (2007) and Pradel et al (2011), and reference of the term is confined to

adult morphologies. A tropibasic skull displays an interorbital septum ventral and anterior to the

bulk of the cranial cavity. We agree with Pradel et al. (2011) that Kawichthys is tropibasic, and
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score Dwykaselachus and FMNH PF 13242 similarly. Cobelodus is scored uncertain because the 

endocranial conditions are unknown. 

117. Canal for dorsal aorta and/or lateral dorsal aortae within basicranial cartilage: absent (0); 

present (1). Schaeffer (1981); Coates & Sequeira (1998); Brazeau (2009); Pradel et al. (2011). 

118. Dorsal aorta divides into lateral dorsal aortae posterior to occipital level (0); anterior to 

level of the occiput (1). Pradel et al. (2011). Pucapampella is coded tentatively as state ‘0’, after 

Janvier and Maisey’s (2010, fi. 9b) illustration of basicranial material with infilled canals. Other 

codings are in agreement with interpretations of dorsal aortic conditions from Giles et al. (2015). 

119 Ventral portion of occipital arch wedged between rear of otic capsules: absent (0); present 

(1). Schaeffer (1981); Coates & Sequeira (1998); Maisey (2001a); Brazeau (2009); Pradel et al. 

(2011); Davis et al. (2012); Zhu et al. (2013). Generally present in conventional fossil and recent 

chondrichthyans: the ventral part of the arch is overlapped by the wall of the posterior 

semicircular canal, obscuring the anteriormost exits of the occipito-spinal nerve foramena in 

lateral view. This condition is absent Acanthodes, Gladbachus, Doliodus, Pucapampella, and 

osteichthyan outgroups (notably including early actinopterygians in which the occipital arch is 

similarly proportioned to those of symmoriiforms). 

120 Dorsal portion of occipital arch wedged between otic capsules: absent (0); present (1). 

Schaeffer (1981); Coates & Sequeira (1998); Maisey (2001a); Brazeau (2009); Pradel et al. 

(2011); Davis et al. (2012); Zhu et al. (2013). This condition is most clearly displayed by 

Cladodoides, Tamiobatis, Orthacanthus and elasmobranchs. In symmoriiforms and 

holocephalans the degree of occipital arch instrusion between the otic capsules is minimal at the 

level of the foramen magnum and more dorsally. In most respects, the condition in these groups 

is barely distinguishable from osteichthyans. 

121. Occipital crest anteroposteriorly elongate, and extends from the roof of the posterior 

tectum: absent (0); present (1). Here, the occipital crest is distinguished from those of 

Orthacanthus and hybodontids that rise from the occipital arch wedged deeply between the 

posterior semicircular canals of left and right otic capsules (Schaeffer 1981; Maisey 1982). The 

occipital crest of Callorhinchus develops as median keel of the posterior tectum and extends 

posteriorly to the level of the foramen magnum (see Finarelli & Coates 2014, fig. 6a-c). The same 

condition is present in Kawichthys (Pradel et al. 2011, fig. 5) and Iniopera (Pradel 2010, fig. 5). 

In Dwykaselachus the posterior tectum bears only an anterioposteriorly short crest that terminates 

at the concave anterior margin of the occipital fissure (Extended Data Fig. 5b). The same 

condition is present in FMNH PF 13242 (Maisey 2007, fig. 7) and Akmonistion (Coates & 

Sequeira 1998, fig. 4). The condition in Helodus is uncertain: Patterson (1965) reconstructs the 

cranial roof as detail-free because the best available specimen (P 8212) is incompletely exposed. 
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122. Unconstricted basicranial notochord: absent (0); present (1). Zhu et al. (2009, 2013); Pradel 

et al. (2011). 

 

Axial skeleton, paired fins and girdles 

123. Calcified vertebral centra: absent (0); present (1). Maisey (1985); suggested synapomorphy of 

crown elasmobranchs. 

124. Chordacentra: absent (0); present (1). Stahl (1999); Coates and Sequeira (2001): chordacentra, 

or circumchordal rings (Stahl 1999) are an established characteristic of holocephalans (Patterson 

1965; Lund 1982; Finarelli & Coates 2014). Examples occur as complete, tightly packed rings in 

the majority of modern chimaeroids (absent in Callorhinchus) and as anteroposteriorly broader 

half-rings in Palaeozoic examples (Finarelli & Coates 2014). Similar, half-ring chordacentra 

occur in certain symmoriiforms, most notably in Damocles (Lund 1986; CM 48760). A 

distinctive line of likely chordacentra (here coded as uncertain) is also present in the caudal 

extremity of Akmonistion (Coates & Sequeira 2001). However, no traces of such centra 

whatsoever are visible in Debeerius, in agreement with Grogan & Lund (2000), and the condition 

of Helodus remains uncertain because the axial region is obscured by scales and/or poor 

specimen preparation. 

125. Chordacentra polyspondylous and consist of narrow closely packed rings: absent (0); 

present (1). Derived from Patterson (1965). 

126. Synarcual: absent (0); present (1). Stahl (1999); Brazeau (2009); Davis et al. (2012); Zhu et al. 

(2013). It seems highly unlikely that the synarcuals of ‘placoderms’ are homologous with those 

of holocephalans, but there appears to be no simple alternative means of characterizing these 

structures as different. Both can occur associated or unassociated with dorsal fins. Both appear to 

represent fusion of all parts of the vertebral skeleton. 

127. Macromeric dermal pectoral girdle (0); micromeric or lacking dermal skeleton entirely (1). 

Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

128. Scapular process with posterodorsal angle. Absent (0); present (1). Coates & Sequeira (2001a); 

Davis et al. (2012); Zhu et al. (2013). 

129. Dibasal pectoral fin: absent (0); present (1). Lund & Grogan (1997); Stahl (1999). 

Holocephalans exhibit a highly stereotypical pectoral fin endoskeleton. Palaeozoic genera 

exhibiting well-preserved examples include Helodus, Debeerius and Chondrenchelys. 

130. Meptapterygial whip: absent (0); present (1). Coates & Sequeira (2001a,b); Giles et al. (2015). 

131. Pelvic girdle with fused puboischiadic bar: absent (0); present (1). Maisey (1984); Coates & 

Sequeira (2001a). 
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132. Mixipterygial/mixopterygial claspers: absent (0), present (1). Maisey (1984); Coates and 

Sequeira (2001a,b). In contrast to the claspers of placoderm clades (Long et al. 2015), those of 

male chondrichthyans, both fossil and Recent, are supported by an axial rod plus terminal 

cartilages and spurs, and these are linked to the metapterygium-like pelvic basipterygium by a 

series of short intermediate cartilages (Compagno, 1999). The entire musculoskeletal entity is 

variously named the mixopterygium (Compagno 1999), mixipterygium (Trinajstic et al. 2014) or 

mixipodium (Liem & Summers 1999). This pattern of clasper support is known in modern and 

fossil chondrichthyans. 

133. Pre-pelvic clasper or tenaculum: absent (0); present (1). After Patterson (1965). 

 

Fin spines and other spines of the dermal skeleton 

134. Dorsal fin spines: absent (0); present (1). Zhu et al. (2001); Zhu & Yu (2002); Friedman 

(2007); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). 

135. Dorsal fin spines with rows of large denticles on posterior surface: absent (0); present (1). 

Maisey (1989b); Davis et al. (2012); Zhu et al. (2013).  
136. Dorsal fin spine at anterior (pectoral level) location only: absent (0); present (1). Coates & 

Sequeira (2001a); Ginter et al. (2010). This character is coded as inapplicable in taxa with a 

continuous dorsal fin extending throughout the length of the trunk. 

137. Anal fin spine: absent (0); present (1). Maisey (1986); Davis (2002); Brazeau (2009). Coded as 

inapplicable where anal fin is absent. 

138. Pectoral fin spines: absent (0); present (1). Davis (2002); Brazeau (2009); Davis et al. (2012); 

Zhu et al. (2013). 
139. Cephalic spines: absent (0); present (1). Maisey (1989b). 

 

Median fins 

140. Number of dorsal fins, if present: one (0); two (1); continuous dorsal fin (2); continuous 

dorsal to caudal fin (3). Coates & Sequeira (2001a); Brazeau (2009); Davis et al. (2012); Zhu et 

al. (2013). 
141. Posterior or pelvic-level dorsal fin with calcified base plate: absent (0); present (1). Coates 

& Sequeira (2001a,b). Present in Tristychius, hybodontids, modern elasmobranchs, Ctencanthus 

costellatus and Goodrichthys. For the purposes of the present analysis, Tamiobatis, a token 

‘ctenacanth’ is coded as having a posterior dorsal fin baseplate. If coded as lacking such a plate, 

the present data set yields a spurious result with this character as a synapomorphy of hybodontids 

and more crownward elasmobranchs. 
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142. Posterior dorsal fin with delta-shaped cartilage: absent (0); present (1). Coates & Sequeira 

(2001a,b). Present in a wide variety of symmoriids including Falcatus (Lund 1985) but absent in 

Cladoselache. 

143. Anal fin: absent (0); present (1). Coates & Sequeira (2001a,b); Giles et al. (2015). 

144.  Caudal neural and/or supraneural spines short (0); long (1). Coates & Sequeira (2001a,b). 

See comparative description and discussion in Coates and Sequeira 2001b.  

145. Caudal axis upturned steeply supporting high aspect ratio (lunate) tail: absent (0), present 

(1). Coates and Sequeira (2001a,b). Present in symmoriids including Cladoselache. 

 

4. Character state transitions and taxon exclusion tests 
Supplementary Table 3: Apomorphy table mapping unambiguous character state transitions on the strict 

consensus cladogram of the 240 MPTs. Characters were optimized using DELTRAN. Node numbers in the 

table correspond to those presented in Extended Data Figure 9a. 
Branch Optimized Character Description Character CI State Change 

Node 1 to Node 2 26 Branchiostegals 0.50 0 to 1 

Node 2 to Node 3 88 
Posterior postorbital 

process 
1.00 1 to 0 

Node 3 to Node 4 50 PQ otic process large 0.25 0 to 1 

   81 Postorbital arcade 0.50 0 to 1 

   86 Postorbital cavity 1.00 1 to 0 

   113 
Metotic & occipital cranial 

fissure 
0.25 0 to 1 

Node 4 to Node 5 12 Scale base convex 0.25 0 to 1 

   18 Dermal skull plates 1.00 0 to 1 

   20 Paired dermal plates 0.50 1 to 0 

   21 
Large median cran. dermal 

bone in posterior  
1.00 1 to 0 

   24 Cheek plates 1.00 1 to 0 

   27 
Submarginal/opercular 

plate 
1.00 0 to 1 

   137 Anal finspines 0.50 0 to 1 

Node 5 to Node 6 43 
Adsymphyseal whorl/gape 

margin 
1.00 0 to 1 

   47 Jaw dermal plates 1.00 1 to 0 

Node 6 to Node 7 3 Perichondral bone 0.33 0 to 1 

   19 Dermal skull tesserae 1.00 0 to 1 

   26 Branchiostegals 0.50 1 to 0 
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Node 7 to Node 8 1 
Tessellate calcified 

cartilage 
1.00 0 to 1 

   8 Lepidotrichia 1.00 0 to 1 

   76 
Efferent pseudobranchial 

canal 
1.00 0 to 1 

   117 
Dorsal aorta canal in 

basicranium 
0.20 0 to 1 

Node 8 to Node 9 14 Scale basal canal 0.50 0 to 1 

   40 Whorls fused/separate teeth 1.00 0 to 1 

   55 Mandibular knob 0.50 0 to 1 

   104 
Endolymphatic duct 

orientation 
1.00 0 to 1 

   106 
Postdorsal fontanelle 

posterior tectum 
1.00 0 to 1 

   119 Basioccip. arch wedged 1.00 0 to 1 

   138 Pectoral fin spines 0.50 1 to 0 

Node 9 to Node 18 16 Sensory line scales 1.00 1 to 2 

   80 Orbit large 0.33 0 to 1 

   85 Trigeminofacial recess 0.50 1 to 0 

   97 
Telencephalon roof offset 

ventrally 
1.00 0 to 1 

   107 
Subcircular endolymphatic 

foramen. 
1.00 0 to 1 

   118 Dorsal aorta split 0.33 0 to 1 

   136 
Dorsal finspine only at 

pectoral level 
1.00 0 to 1 

   143 Anal fin 0.50 1 to 0 

Node 18 to Node 24 41 Lingual torus 0.33 0 to 1 

   42 Basolabial shelf 0.50 0 to 1 

   58 Scalloped margin 0.50 0 to 1 

   84 Jugular canal 1.00 0 to 1 

   89 Periotic process 0.50 0 to 1 

   145 Lunate tail 1.00 0 to 1 

Node 24 to Node 26 69 Supraorbital shelf wide 0.33 1 to 0 

   74 Bucco-hypophyseal space 0.20 0 to 1 

   116 Platybasic/tropibasic 0.25 0 to 1 

Node 18 to Node 19 29 Gill skeleton position 0.50 1 to 0 

   44 Toothplates 0.50 0 to 1 

   50 PQ otic process 0.25 1 to 0 
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   56 Jaw artic. posterior 1.00 0 to 1 

   59 
Mandibular symphysis 

fused 
0.50 0 to 1 

   62 Precerebral fontanelle 0.50 1 to 0 

   72 Optic pedicel 0.33 1 to 0 

   113 Metotic cranial fissure 0.33 1 to 0 

Node 19 to Node 21 54 PQ fused to neurocranium 1.00 0 to 1 

   66 
Orbito-nasal lamina 

dorsoventrally deep 
1.00 0 to 1 

   84 Jugular canal 1.00 0 to 2 

   129 Dibasal pectoral fin 1.00 0 to 1 

Node 21 to Node 22 117 
Dorsal aorta canal in 

basicranium 
0.20 1 to 0 

Node 22 to Node 23 39 Tooth whorls 0.25 1 to 0 

   124 Chordacentra 1.00 0 to 1 

Node 19 to Node 20 95 Domed endocranial space 1.00 0 to 1 

   102 
External semicircular 

canals meet 
1.00 0 to 1 

   115 Glossopharyngeal path 0.67 1 to 0 

Node 9 to Node 10 36 Hypobranchial direction 1.00 0 to 1 

   120 Occipital arch dorsal wedge 1.00 0 to 1 

   141 Posterior dorsal baseplate 1.00 0 to 1 

Node 10 to Node 16 41 Lingual torus 0.33 0 to 1 

   42 Basiolabial Shelf 0.50 0 to 1 

   108 
Dorsal ridge with 

horizontal crest 
0.33 0 to 1 

Node 16 to Node 17 2 Multilayered tesserae 0.50 0 to 1 

   90 Lateral otic process 0.50 0 to 1 

   91 Subotic occipital fossa 1.00 0 to 1 

Node 10 to Node 11 98 Medial capsular wall 0.50 1 to 0 

   99 Crus commune 1.00 0 to 1 

   103 Perilymphatic fenestra 1.00 0 to 1 

   113 Metotic cranial fissure 0.33 1 to 0 

   117 
Dorsal aorta canal in 

basicranium 
0.20 1 to 0 

Node 11 to Node 13 72 Optic pedicel 0.33 1 to 0 

   100 Sinus superior 0.50 1 to 0 

   135 
Dorsal finspine posterior 

denticles 
1.00 0 to 1 
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Node 13 to Node 14 139 Cephalic spines 1.00 0 to 1 

Node 14 to Node 15 9 
Trunk scales 

mono/polycuspid 
0.25 1 to 0 

   131 Puboischiadic bar 0.50 0 to 1 

Node 11 to Node 12 64 Rostral bar 1.00 0 to 1 

   74 Bucco-hypophyseal space 0.20 0 to 1 

   75 Internal carotids 1.00 0 to 1 

   83 Postorb. arcade shape 0.67 0 to 2 

   92 
Otic capsules extend 

posteriorly 
1.00 0 to 1 

   93 Postotic process 1.00 0 to 1 

   115 Glossopharyngeal path 1.00 1 to 2 

   123 Vertebral centra 1.00 0 to 1 

Node 4 to Node 27 4 Endochond bone 1.00 0 to 1 

   79 
Spiracular groove on lateral 

commissure 
1.00 0 to 1 

Node 27 to Node 28 23 Parietals surround pineal 1.00 1 to 0 

   87 
Hyoid ramus of facial nerve 

exit 
0.50 0 to 1 

Node 28 to Node 29 25 Dermal intracranial joint 1.00 0 to 1 

   81 Postorbital arcade 0.50 1 to 0 

   112 Intracranial joint 1.00 0 to 1 

   122 
Unconstricted cranial 

notochord 
1.00 0 to 1 

 

 
Supplementary Table 4: Taxon deletion test results  
Results of sequential taxon deletion analysis on chondrichthyan phylogeny. Chondrichthyan taxa were deleted one at a time and 

subjected to a maximum parsimony analysis in PAUP*. The impact of the taxon deletion was assessed through the number of nodes 

lost upon excluding the taxon. These are reported in the second column. The recovery of selected significant nodes observed in the 

strict consensus of all of the taxa is given in the remaining columns. The topology of chondrichthyan phylogeny recovered in the all-

taxa analysis is exceedingly stable, with minimal impact of taxon deletion on resolution and only two instances of significant nodes 

disappearing in the taxon-pruned analyses. Node numbers given refer to the numbering scheme in Extended Data Fig. 10a 

Taxon 

Deletion 

Loss of 

resolution 

(nodes 

lost) 

Total group 

Chondrichth-

-yes  

(Node 8) 

Crown clade 

chondrichth--

yes  

(Node 9) 

“Cladodont” 

sharks with 

elasmobranchs 

(Node 10) 

Symmoriiforms 

with total group 

holocephalans 

(Node 18) 

Inioperans 

with 

holoceph- -

alans 

(Node 19) 

Monophyletic 

symmoriifor- 

-ms  

(Node 24) 

Akmonistion 26 X X X X X X 
Chondrenchelys 21, 22 X X X X X X 
Cladodoides None X X X X X X 
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Cladoselache None X X X X X X 
Cobelodus None X X X X X X 
Debeerius None X X X X X X 
Doliodus None X X X X X X 
Dwykaselachus None X X X X X X 
Egertonsodus 13, 14 X X X X X X 
Gladbachus None * X X X X X X 
Hamiltonichthyes None X X X X X X 
Helodus None X X X X X X 
Iniopera 21, 22, 23 X X X X X X 
Kawichthyes 22 X X X X X X 
Onychoselachae 13 X X X X X X 
Orthacanthus None X X X X X X 
Ozarcus 24 X X X X X  
Pucapampella None X X X X X X 
Synechodus 13, 14, 15 X X X X X X 
Tamiobatis 10 X X  X X X 
Tristychius 14, 15 X X X X X X 

* Excluding Gladbachus from the analysis results in the formation of a novel topology. When Gladbachus is removed Pucapampella, 

Doliodus, and the taxa traditionally referred to as “acanthodians” form an unresolved clade that is the sister to crown clade 

Chondrichthyes. 
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