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Supplementary Note 1: Supplementary text 
 
The Mandibular Arch of Ptomacanthus 
 
In addition to the branchial skeleton presented in the main text the specimen also 
preserves some information on the mandibular arch.  Meckel's cartilages are visible 
overlapping slightly at the front of the specimen (Fig. 1b), although their exact shape 
is difficult to determine due to interference in the tomograms from the underlying 
gular squamation.  There is no evidence for their ossification in two parts as 
described by Miles 1 supporting Brazeau's 2 suggestion that this effect is created in 
NHM specimen P 19999 by a stump of matrix.  Both ventral tooth rows are 
preserved within the matrix, having become tipped and partially dissociated from the 
cartilage to varying degrees; these extend for at least half of the length of the 
mandible, diminishing in size posteriorly (Fig. 1b).  
 
Further notes on the results of the parsimony analysis 
 
The parsimony analysis we ran resulted in 78841 most parsimonious trees, with a 
length of 699 steps (Figs. 3, 4, Supplementary Fig. 4). The displacement of 
Gladbachus out of the acanthodian grade was supported unambiguously by the 
caudal extension of the pharynx, character 67, and by the relatively anterior extent of 
the pharynx, character 68, under ACCTRAN optimization, as well as unambiguously 
by the absence of a bony operculum (character 58).  
 
Proposed reinterpretations of Triodus sessilis 
 
Triodus sessilis is a Permian xenacanth in which the branchial arches are preserved.  
In recent analyses Triodus has been recovered as a relatively less-crownward stem-
group elasmobranch 3.  The description of its branchial skeleton by Heidtke et al. 4 
identified it as having had a broad basihyal and two anteriorly projecting hypohyals, 
in a manner not dissimilar to Debeerius 5. 
 
On the basis of recently described chondrichthyan branchial skeletons, such as 
Ptomacanthus, and Gladbachus, we suggest that the proposed hypohyals of this 
skeleton could more parsimoniously interpreted as having instead been a U-shaped 
basihyal, similar to that in Doliodus 6, and to a lesser extent in Gladbachus 3. The 
“basihyal” of Heidtke et al. could either be absent or comprise two hypohyals like 
those in Gladbachus.  This interpretation would bring its branchial skeleton more in 
line with seems to be the plesiomorphic chondrichthyan condition from this and other 
studies, as well as removing the need to explain hypohyals (homoplasic or 
otherwise) in both the elasmobranch and the holocephalan crown-groups. 
 
Pharyngeal patterning in early gnathostomes 
 

In living jawed vertebrates a basihyal is only present in chondrichthyans (eg. Fig. 
4i,k, Scapanorhynchus 7). In early gnathostomes it is far more widespread. As well 
as being present in early crown-group and stem-group chondrichthyan branchial 
skeletons (eg. Fig. 4, Gladbachus  3,8, Doliodus 6, Debeerius 5 and in Triodus 4 a very 
similar element is also present in placoderm-grade stem-gnathostome branchial 
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skeletons (eg. Paraplesiobatis 9, Cowralepis 10, Tapinosteus 11), and 
Pseudopetalichthys 9,12. This phylogenetic distribution suggests that the presence of 
a basihyal is the ancestral state for gnathostomes, retained in chondrichthyans. The 
basihyal in Ptomacanthus, contacting the ceratohyals and first branchial arch, fits 
this pattern. It also adds credence to Gardiner’s reconstruction of Acanthodes 13, 
with a similar arrangement contacting the hyoid and first branchial arch. From our 
observations of Acanthodes casts at the Natural History Museum, London, 
Gardiner’s reconstruction seems to be the most credible. Early examples of 
osteichthyan branchial skeletons also often have a single median element - the 
“basibranchial” (eg. Fig. 4 Raynerius 14, Glyptolepis 15). This is distinct from a 
basihyal in articulating with the hyoid arch via hypohyals, contacting more than one 
branchial arch, and extending further posteriorly in the pharynx 3. However, it is 
possible that this and the basihyal are homologous. 

In living osteichthyans an additional pair of bony struts - the hypohyals - connect the 
ceratohyals with the median basibranchial (Fig. 4). Hypohyals have long been 
identified as an unambiguous synapomorphy of osteichthyans 16,17 as they are 
entirely absent in extant chondrichthyans 7. The report of hypohyal-like structures in 
various early chondrichthyans - particularly symmoriids 3,18–20, but also in the group 
more widely (4,5) has led to the suggestion that they are instead a gnathostome 
symplesiomorphy 20. Evidence against their homology comes from the distinct 
anatomical differences in arrangement of osteichthyan and chondrichthyan 
hypohyals 21. The absence of mineralised hypohyals in Ptomacanthus again 
corresponds with Gardiner’s reconstruction of Acanthodes, as well as with their 
absence in Gladbachus 3. This apparent absence of hypohyals on the 
chondrichthyan stem, their apparent absence in placoderms, and the topology 
recovered in our phylogenetic analysis suggest that osteichthyan hypohyals are 
apomorphic for the clade, and that chondrichthyan hypohyals are homoplasious, and 
apomorphic for early holocephalans.  

A succession of paired and unpaired mineralisations support the floor of the pharynx 
posterior to the basihyal in living chondrichthyans (Fig. 4i,k). Paired elements - 
hypobranchials - are present in crown-chondrichthyans (and osteichthyans), with 
their posterior orientation in elasmobranchs possibly synapomorphic 3. Meanwhile an 
unpaired basibranchial copula element is present in living holocephalans and 
elasmobranchs, as well as in fossil taxa including Ozarcus, Gladbachus, and Triodus  
3,4,20, and could be apomorpic for a subset of total-group chondrichthyans. 
Ptomacanthus is distinct from these chondrichthyans in lacking any mineralised basi- 
or hypobranchial elements. Gardiner’s reconstruction of Acanthodes also lacks 
posterior basibranchial elements, although it does possess paired hypobranchials on 
the posterior three branchial arches. Like Ptomacanthus and Acanthodes, 
“placoderm”-grade stem-gnathostomes also seemingly lack an unpaired 
mineralization posterior to the basihyal 9–11. Instead a series of paired ventral 
elements with no space for median elements in between is present 9. The homology 
of these elements is unclear - they are possibly homologous with median 
basibranchials 10 but in other taxa more closely resemble ceratobranchials 9.  While 
the homology of paired elements is poorly understood, a mineralized basibranchial 
copula is likely derived in chondrichthyans. 

Other patterns comparable to other chondrichthyans can be observed in more dorsal 
parts of the gill skeleton of Ptomacanthus (Fig. 4). Despite the incompleteness of the 
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pharyngobranchials, they form an antero-posterior chain with dorsal ridges, like 
those in Acanthodes, Ozarcus, and Gladbachus 3,20. Like living chondrichthyans, 
Ptomacanthus possesses five epibranchials 22. The articulation of the posteriormost 
two of these on the same pharyngobranchial is very similar to the condition in 
Ozarcus 20, and is comparable to that in modern chondrichthyans where epibranchial 
V is fused to pharyngobranchial IV and articulates with epibranchial IV 22. Finally the 
lack of any articulation between the two posteriormost ventral paired branchial 
arches in Ptomacanthus contrasts with a condition shared by Paraplesiobatis 9, and 
in various sarcopterygians such as Glyptolepis 15, which may be a gnathostome 
symplesiomorphy. 
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Supplementary Note 2: Phylogenetic dataset 
 
Notes on taxa 
 
For our phylogenetic analysis we added additional information to the dataset of 
Coates et al. 3  Ptomacanthus was scored for branchial characters on the basis of 
this work.   Two additional taxon were added: Paraplesiobatis, a “placoderm” with 
three dimensionally preserved branchial arches 9, to increase sampling of stem-
gnathostome branchial arches, and Euthacanthus, an acanthodian with a potentially 
important combination of climatiid-like and acanthodiform-like traits 23. 
Nereipisacanthus was modified for a number of characters – notably character 225 
from 0 to ?.  Latviacanthus was changed from 1 to ? for character 228.  Ligulalepis 
and Ischnacanthus had scoring updated on the basis of recent descriptions. 
 
Sources used to score characters in addition to those listed by Coates et al. 2018 3 
are as follows: 
 
Euthacanthus 23–25 
Ischnacanthus 26 
Ligulalepis 27 
Paraplesiobatis - 9,12, KGM 1983/294 
Ptomacanthus – NHM P 24919a 
 
Institutional abbreviations: KGM - Schlossparkmuseum (Karl-Geib-Museum), Bad 
Kreuznach, NHM – Natural History Museum, London 
 
Notes on characters 
 
We modified and added a number of characters from the original matrix, several of 
which relate to the pharyngeal skeleton: these are detailed below.  Also included are 
recodings. 
 
MODIFIED Character 17 – Scale sensory line of body: (0) passes between or 
beneath scales, (1) passes over scales and/or is partially enclosed or 
surrounded by scales, (2) perforates or passes through scales 

This replaces character 17 of Coates et al. “Sensory line canal…”.  The original 
character attempts to capture the different morphologies of in the sensory line canals 
in: (1) most chondrichthyans, where it passes between scales 28, (2) those of some 
early chondrichthyans (eg. Akmonistion 19) which are carried by c-shaped scales, 
and of some acanthodians (eg. Homalacanthus 29) where the head sensory lines are 
carried in open gutter-like scale, and (3) those of osteichthyans and stem-
gnathostomes, where the canal passes through the scales themselves. 
 
However, in doing so it conflates states in the head and body, which can differ in the 
same animal, particularly in acanthodians.  In Homalacanthus for example the 
sensory lines of the head are carried by specialized scales, whereas lateral lines of 
the body pass between scales 29.  Here we have attempted to remedy this by 
distinguishing between two characters – one covering body squamation (17) and one 
for head squamation (18). 
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ADDED Character 18 - Scale sensory line of head: (0) passes between or 
beneath scales, (1) passes over scales and/or is partially enclosed or 
surrounded by scales, (2) perforates or passes through scales 
 
See above. 
 
MODIFIED Character 64 – Opercular flap/gill slits (0) complete operculum (1) 
separate gill covers and gill slits 
 
Originally this character coded for the multiple separate gill slits on either side of the 
pharynx. In osteichthyans (and holocephalans) there is instead a single pair of gill 
openings, covered by an operculum. This is also the case in "placoderm" grade 
stem-gnathostomes. The previous formulation of this character considered it in terms 
of a partial/complete dermal covering vs separate uncovered slits. However, a 
dermal operculum is already accounted for with a different character, which records 
the presence or absence of bony hyoidean gill covers (character 58). Many 
"acanthodian" grade chondrichthyans (for example Ptomacanthus) have both a bony 
hyoidean gill cover, and multiple gill slits in the dermal integument 1,30, while living 
holocephalans have no dermal bony covering, but a single fleshy operculum 31. For 
this reason we have explicitly linked this character to the number of openings to 
avoid redundancy. We have coded it conservatively - in many chondrichthyans, such 
as Acanthodes not enough of the dermal skeleton is judged to be preserved to be 
able to tell if multiple openings were present.  
 
MODIFIED Character 67 Gill skeleton extends posteriorly beyond occiput (0) 
absent, (1) present 
 
The branchial arches of osteichthyans and stem-gnathostomes are located beneath 
the neurocranium, whereas those of chondrichthyans have a pronounced posterior 
extension beyond the occiput (a notable, and certainly derived, exception being 
holocephalans).  Coates et al. 3 capture this with their character number 66, present 
in conventional chondrichthyans and some acanthodians (eg. Acanthodes). 
 
As discussed in the main text, here we consider that there is a subtlety to this 
character that is not considered – the anterior and posterior extents of the branchial 
skeleton.  This is covered by this and the next character. 
 
ADDED Character 68  First branchial arch meets neurocranium (1) ventral to 
otic region (1) posterior to otic region 
 
See above 
 
MODIFIED Character 73 - Anteriormost unpaired element of branchial skeleton 
contacted by: (0) one branchial arch only, (1) two or more branchial arches 
 
This is modified from and replaces character 71 of Coates et al. 3: Basihyal 
absent/present.  A basihyal is a median unpaired component of the hyoid arch – in 
living gnathostomes it is only present in chondrichthyans, where it articulates with the 
hyoid arch, and sometimes the hyoid arch and first branchial arch 7,20.  This is 
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distinct from the basibranchial/s of osteichthyans, an unpaired element or group of 
elements onto which the hyoid arch (via hypohyals) and branchial arches articulate 
(eg. Glyptolepis 15, or Raynerius 14).  Amongst extinct gnathostomes a basihyal is 
usually considered present in chondrichthyans – both crown-group (eg. Egertonodus 
32, and Debeerius 5) and stem-group (eg. Gladbachus 3) – as well as in various stem-
gnathostomes (for example, Paraplesiobatis 9).   
 
The actual diagnosis for what constitutes a basihyal as opposed to a basibranchial in 
a fossil is slightly opaque - compare codings for Giles et al. 21 character 73 with 
Coates et al. 3 character 71.  In their discussion of basihyals Coates et al. (3 – 
supplementary material) state that the “position, connectedness, and separation from 
other basibranchials” are what distinguish a basihyal from a basibranchial/copula.  
This diagnosis is a compound combination of traits.  Notwithstanding this the relative 
position of basihyals and basibranchials actually often differs little – the basibranchial 
of Raynerius, for example 14, is actually in much the same position relative to the 
hyoid arch as that of Paraplesiobatis 9 or Ptomacanthus.   
 
Here we attempt to break the remainder of this diagnosis down into characters – this 
character and the following.  One aspect of the connectedness of a “basihyal” is the 
absence of hypohyals – these are captured in the previous character.  We also note 
that there are two additional characters one could try, but which are uninformative 
with the current dataset.  The first could attempt to capture the spacing aspect of the 
basihyal definition sensu Coates et al. 3 a basihyal is usually well separated from the 
posterior basibranchial copulae in chondrichthyans – this is not observed in 
osteichthyans with posterior basibranchials (eg. Amia 33), Eusthenopteron34).). The 
second could attempt to code for the articulation of only the hyoid arch onto the 
basihyal, a state which at least present in some holocephalan (pers. obvs). 
 
This character distinguishes an attribute of connectedness that separates a basihyal 
sensu Coates et al. 3 from basibranchials/copulae – the number of branchial arches 
articulating with it in addition to the hyoid arch.  In taxa with a “basihyal” this is either 
one or none, whereas in osteichthyans it is typically two or more. 
 
ADDED Character 74 – Multiple unpaired branchial mineralisations (0) absent, 
(1) present 
 
Often gnathostomes have a chain of unpaired elements running along the base of 
the branchial basket – whether these be the copulae of chondrichthyans or the 
basibranchials of osteichthyans.  Ptomacanthus lacks any kind of mineralised 
unpaired structure posterior to its basihyal.  It shares this in common with 
placoderms such as Paraplesiobatis 9 and Cowralepis 10.  Contrastingly, in most 
chondrichthyans a basibranchial copula is present, eg. Ozarcus 20 and Gladbachus 3.  
Osteichthyans vary between having a chain of elements (eg. Amia 33) or a single 
element or complex of elements onto which all arches articulate (eg. Mimipiscis 13or 
Eusthenopteron 34).  Ozarcus 20 has been scored 1 despite the apparent absence of 
a basihyal as its elongate posterior ossification seems likely to equate to the 
basibranchial copulae of other chondrichthyans. 
 
ADDED Character 80: Posterior two ventral branchial arches (0) separate, (1) 
articulate ventrally 
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In the “placoderm” stem-gnathostome Paraplesiobatis, the posterior two branchial 
arches articulate ventrally 9.  A similar state is also observed in various 
sarcopterygians, such as Glyptolepis 15 and Gryphognathus 35.  Contrastingly, no 
such state is found in chondrichthyans, such as Ozarcus 20, Gladbachus 3, and now, 
Ptomacanthus .  It is possible that having fully separated ventral paired branchial 
arches is autapomorphic for chondrichthyans. 
 
ADDED Character 81: Posterior two dorsal branchial arches (0) separate, (1) 
articulate dorsally 
 
In living chondrichthyans the posteriormost (fifth) epibranchial forms a fused complex 
with the fourth pharyngobranchial 22.  Ptomacanthus has a separate fifth 
epibranchial: however, rather than having its own expanded end (presumed 
pharyngobranchial) it articulates with the posterior of the fourth pharyngobranchial.  
A similar state is observed in the stem-holocephalan Ozarcus 20.  Thus this possibly 
constitutes an autapomorphy, at some level, of chondrichthyans. 
 
MODIFIED Character 262: Anteriormost intermediate spine associated with 
shoulder girdle 
 
This replaces Coates et al. 3 character 256: Admedian pectoral spines 
absent/present.  Intermediate, or prepelvic, fin spines form a paired series between 
the pelvic and pectoral fins of many stem-chondrichthyans (eg. Climatius, Doliodus)  
1,36,37. In some animals a pair of spines is positioned anteriorly, between the pectoral 
fin spines (eg. Vernicomacanthus 1). These were considered by Miles 1 to be the first 
pair of intermediate fin spines - more recently Burrow et al. 38 argued that they 
should instead be considered to be separate "admedian" fin spines. Given that these 
spines are in series with the intermediate spines where present and are seemingly 
not fixed to an endoskeletal element like other spines of the shoulder girdle we 
consider that they are most conservatively interpreted as being intermediate fin 
spines, and so have coded taxa with only these spines and no other intermediate 
spines as "present" for this character.  
Although Doliodus is described by Maisey et al.  37 as having admedian spines, 
comparing its position on the scapulocoracoid to other "climatiids" 1 we consider their 
second suggestion, that it is a prepectoral spine, far more likely - it is scored 
accordingly.  
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Notes on analysis 
 
To allow exact replication of our tnt analysis we have included a list of tnt commands 
used in the text file PtomCommands.txt in a .zip archive titled 
Supplementary_Software.zip.  If a directory contains both the tnt matrix 
(PtomMatrix.tnt) and this text file (PtomCommands.txt) then these commands can 
be automatically run in tnt (downloadable here: http://www.lillo.org.ar/phylogeny/tnt/) 
by entering the following. 
 

cdir INSERT DIRECTORY HERE; 
  proc PtomCommands.txt; 
 
The commands used for MrBayes are included in a Bayes block in the NEXUS file 
PtomBayes.nex. 
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Supplementary	Figure	1.		(a)	Dorsal	view	of	the	ventral	branchial	skeleton,	with	the	
groove	in	right	ceratobranchial	II	shown	(line	runs	approximately	through	groove)	in	
(b)	dorsal	and	(c)	posterior	aspect,	(d)	Dorsal	view	of	the	left	hand	dorsal	branchial	
skeleton,	with	views	of	(e)	the	right	hand	anterior	dorsal	skeleton,	(f)	displaced	fourth	
epibranchial,	and	(g)	the	junction	between	the	fourth	and	fifth	left	
epi/pharyngobranchials.	
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Supplementary	Figure 2.  Tomograms	showing	the	basihyal	in	(a)	the	approximate	
sagittal	plane,	and	reconstructed	sections	through	(b)	the	approximate	transverse	
plane,	and	(c)	the	approximate	coronal	plane.		Abbreviations:	br.	arch,	branchial	arch;		
cerhy.,	ceratohyal;	gul.	squam.,	gular	squamation;	Mck.,	Meckel’s	cartilage. 
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Supplementary	Figure	3.	Views of the surface mould of the specimen with (a) the entire 
branchial skeleton overlain, (b) the dorsal branchial skeleton overlain, and (c) no overlay.  A 
video linking these views is also included in the supplementary material.	
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Supplementary	Figure 4.(next page) The results of the parsimony analysis (a) the strict 

consensus tree, (b) the Adams consensus tree. The Adams tree includes nestings that are 

common to all trees, and so may contain groups that do not occur in any input tree 39. 

Silhouettes from3,13,30,40 and Phylopic. Phylopic images of Bothriolepis and Callorhinchus 

milii were submitted by Ghedoghedo and Tony Ayling (vectorised by Milton Tan) 

respectively, under a CC Attribution-ShareAlike 3.0 Unported license 

(https://creativecommons.org/licenses/by-sa/3.0/). Phylopic image of Heterodontus was 

submitted by M. Kolmann under a CC 1.0 Universal license 

(https://creativecommons.org/publicdomain/zero/1.0/). 
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Supplementary	Figure 5. The majority rule consensus tree of the Bayesian analysis, with 

nodes labelled with posterior probabilities - the percentage of sampled trees recovering that 

split. Silhouettes from3,13,30,40 and Phylopic. Phylopic images of Bothriolepis and 

Callorhinchus milii were submitted by Ghedoghedo and Tony Ayling (vectorised by Milton 

Tan) respectively, under a CCAttribution-ShareAlike 3.0 Unported license 

(https://creativecommons.org/licenses/by-sa/3.0/). Phylopic image of Heterodontus was 

submitted by M. Kolmann under a CC 1.0 Universal license 

(https://creativecommons.org/publicdomain/zero/1.0/). 
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