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Abstract

Spiracles are a general character of gnathostomes (jawed fishes), being present in
antiarch placoderms, commonly regarded as the most basal gnathostome group. The
presence of spiracular tubes in acanthodians has been deduced from grooves on the
neurocranium of the derived acanthodiform Acanthodes bronni from the Permian
of Germany, but until now these tubes were presumed to lack an external opening,
rendering them non-functional. Here we describe the external spiracular elements
in specimens of the Middle Devonian acanthodiforms Cheiracanthus murchisoni,
Cheiracanthus latus and Mesacanthus pusillus from northern Scotland, and the inter-
nal structure of these elements in C. murchisoni, demonstrating that the spiracle in
acanthodiforms differed from all known extant and extinct fishes in having paired
cartilage-pseudobranch structures. This arrangement represents a transitional state
between the presumed basal gnathostome condition with an unconstricted first gill
slit (as yet not identified in any fossil) and the derived condition with a spiracle and a
single pseudobranch derived from the posterior hemibranch of the mandibular arch.
We identify the main tissue forming the pseudobranch as elastic cartilage, a tissue

previously unrecorded in fossils.
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Osteostracan galeaspid agnathans had a single opening at the top

of the carapace which has also been considered analogous, but not

Spiracles are a general character of gnathostomes; however, their
presence or absence in agnathans (jawless fishes) was a controver-
sial topic during the 20th century. Some amphiaspid heterostracan
agnathans have bean-shaped openings in the carapace immedi-
ately behind the eyes which have been interpreted as true spiracles
(Halstead, 1971). However, it is unlikely that these paired openings
are equivalent to the spiracles of gnathostomes. They probably
had an inhalent function, as these amphiaspids were benthic ani-
mals (Janvier, 1996) living in a similar manner to modern rays, which
lie half buried in the sediment of the seafloor and use their spira-
cles for intake of clear water. The enigmatic pituriaspid agnathans
had comparable paired openings behind the orbits (Young, 1991).

homologous, to the gnathostome spiracle (Gai et al. 2018), with this
structure considered to have served the same function as the paired
openings in the amphiaspids and modern rays. In summary, all these
openings in agnathans are considered independent of the spiracle in
crown gnathostomes (Miyashita, 2016).

The supposed ancestral condition for gnathostomes, with an un-
constricted first gill slit, has never been identified in fossils. Zangerl|
and Williams (1975) claimed to have identified this arrangement in
Upper Carboniferous symmoriiform sharks, but this is a highly de-
rived group, and their proposal that this represented the most primi-
tive gnathostome condition was dismissed (e.g. Maisey, 1980). Paired

spiracles are present in arguably the most basal gnathostome group
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(Zhu et al. 2013), or equally most basal group (King et al. 2017), the
antiarch placoderms (Stensio, 1947; Young and Zhang, 1992). The spir-
acles are generally considered to represent the vestige of the first gill
slit, reduced in size and displaced dorsally by the anterior migration
of the hyoid arch to support the mandibular arch (i.e. the jaws). They
comprise a tube behind the jaws, extending between a dorsal open-
ing in the head (the spiracular cleft) and the oro-pharyngeal cavity. In
modern fish, they are present in most extant sharks, some rays, and
basal actinopterygian lineages (Graham et al. 2014). The presence of
spiracles in fossil vertebrates has typically been inferred from notches
in skull roofing bones (e.g. Graham et al. 2014: fig. 4) and/or by a spir-
acular groove on the cranial bones, for example in placoderms (Young
and Zhang, 1992) and actinopterygians (Gardiner, 1984).

The presence or absence of an unconstricted first gill slit in
acanthodians was a vigorously debated topic in the mid-20th cen-
tury, with D. M. S. Watson the main proponent of its presence.
Watson (1937) united the Acanthodii and Placodermi in the Class
Aphetohyoidea, intermediate between the Cyclostomata and Pisces,
based on their supposed unconstricted spiracular gill slit and a
non-suspensory hyoid arch. Contra to this interpretation, the hyoid
arch in both acanthodians and placoderms has been shown to at-
tach to the braincase and support the mandibular arch (Miles, 1964;
Young, 1986), and the presence of spiracular tubes in acanthodians
has long been advocated (e.g. Holmgren, 1942; Stensio, 1947). Miles
(1964) described a spiracular groove on the anterior basal ossifica-
tion of Acanthodes, and this interpretation has been supported (or at
least not debated) by subsequent authors. However, Miles (1965: p.
238) observed that ‘an external spiracular opening does not appear
to have been present in Acanthodes, and evidence of its presence is
also wanting in all other acanthodians, so that dorsally it is likely that
the spiracular tube ended blindly’. Here we provide evidence to con-
tradict this hypothesis, based on structures identified in acanthodian
body fossils from the Middle Devonian of Scotland.

2 | MATERIALS AND METHODS

Specimens are reposited in the fossil collections of the Natural
History Museum, London (NHM UK PVP), National Museums
Scotland, Edinburgh (NMS G), Natural History Museum of Sweden,
Stockholm (NRM-PZ), and Queensland Museum, Brisbane (QMF).
Thin sections were made by J. d. B. by grinding down slices glued to
glass slides, using various grain sizes of corundum grinding powder
down to 4 um. Sections were photographed using a Sony DSC-H2

camera on a Nikon Eclipse E400 microscope.

3 | DESCRIPTION

The dermal skeleton of the acanthodian head is micromeric, with most
taxa having polygonal tesserae over the anterodorsal head region.
Gill covers vary in form, comprising long branchiostegal rays in most

taxa, and often with smaller dermal structures over the gills above the
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branchiostegal rays (Denison, 1979). Watson (1937: p. 87) described
‘two small sickle-shaped bones’ above the main branchial cover that he
identified as the upper end of the hyoid arch, on the Middle Devonian
Cheiracanthus latus specimen NHMUK PVP.43273 (est. original length
170 mm) from the Orcadian Basin, northern Scotland (Figure 1a,b; We
note that Watson referred this specimen to Cheiracanthus murchisoni,
whereas it is labelled Cheiracanthus latus; the latter identification is
confirmed by examination of the squamation). We re-interpret these
structures as a spiracular valve formed of paired elements. We have
also identified other specimens showing evidence for spiracles. C. latus
NHMUK PVP.3253 (Figure 1c) has remnants of the left and right side
spiracles; an impression of a pseudobranch is preserved on C. murchisoni
NRM-PZ P1650 (Figure 1d; estimated total length of fish 140 mm); a
fractured pseudobranch is visible on C. murchisoni NMS G.2019.105.15
(Figure 1e); paired spiracle elements are preserved on C. murchisoni
QMF60005; and paired pseudobranchs were visible on C. murchisoni
NMS G.2019.3.6, which was sacrificed for sectioning (Figures 1f and
2a-e; estimated original length of fish ca. 70 mm). The sections are pre-
sumed to be oblique through the structure (Figure 2f), based on their
shape relative to the original surface appearance of the elements. One
section (Figure 2a-d) shows the opposing sides of the valve in ‘life’ posi-
tion as capsular elements with parallel, curving struts or plates formed
of a dense acellular tissue, presumed to be bone, over a cartilage core,
and a basal tissue we identify as elastic cartilage, characterised by round
chondrocyte spaces in a fibrous ground substance (https://www.anato
myatlases.org/MicroscopicAnatomy/Section03/Plate0342.shtml). The
other section through the end of the right capsule (Figure 2e) shows a
section through the thicker terminal elastic cartilages, and narrow ca-
nals in the bone of the capsule. The elements were close to the postero-
dorsal edge of the palatoquadrate cartilage and a sensory line canal, the
position expected for the spiracle based on its position on C. latus speci-
men NHMUK PVP.43273 (Figure 1a,b). Although the structure is esti-
mated to have been less than half the size of the spiracle on the other
Cheiracanthus specimens, the fish was also only half their length, or less,
so the smaller spiracle size is commensurate with the size of the fish.

In the Middle Devonian acanthodiform Mesacanthus pusillus, also
from the Orcadian Basin (Cromarty, Sutors), the spiracle elements have
a different shape, as exemplified by NMS G. 2019.3.10 (Figure 1g). In
this specimen, only the outer cover of the paired elements is visible.
These are subrectangular in outline, having a domed surface with
close-set parallel grooves running around the three outer sides. By
comparison with the spiracle structure in Cheiracanthus, the ‘grooves’
are the gaps between the separate lamellae forming the pseudobranch.
The internal structure is not visible.

4 | DISCUSSION
4.1 | Comparison with the spiracles of extant fishes
As acanthodians are now generally considered to be a group of stem

chondrichthyans (e.g. Maisey et al. 2019), extant sharks are the best

models for interpreting the acanthodian spiracular structure. Sharks
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FIGURE 1 Spiracle structures in acanthodians from the Middle Devonian Orcadian Basin, northern Scotland. (a,b) Cheiracanthus latus
NHMUK PVP.43273 from Tynet Burn, showing spiracles from left and right sides. (a) Part, branchial region, (b) counterpart, branchial region.
br, branchiostegal rays; fs, fin spine. (c) C. latus NHMUK PVP.2353 from Tynet Burn. (d-f) C. murchisoni specimens (d) NRM-PZ P1560 from
Tynet Burn, impression of spiracular pseudobranch; () NMS G.2019.105.15 from Cromarty, crushed spiracular pseudobranch; (f) NMS
G.2019.3.6 from Tynet Burn, right half pre-sectioning, spiracular pseudobranchs. (g) Mesacanthus pusillus NMS G.2019.3.10, from Cromarty,
Sutors. Scale bars: 10 mm (a,c), 2 mm (d,g). Arrows indicate anterior direction

lack any dermal mineralisations delimiting the spiracle, presumably
including a lack of specialised scales (none is mentioned by Reif,
1985). Unfortunately, very few details have been published on the
internal structure of the spiracle in chondrichthyans, with most in-
vestigations carried out in the 19th century (e.g. Ridewood, 1896)
using standard dissection and serial sectioning techniques. Features
that have been identified are the spiracular tube connecting the in-
ternal and external openings, dorsal and ventral caeca branching off
the tube, a pre-spiracular cartilage, and a pseudobranch on the wall
of the tube close to the external opening. Recent work has focused
on the spiracular sense organ, found in the dorsal caecum (Barry
et al. 1988), but very little work has been done on the other features.
Even in the Order Orectolobiformes, the spiracle shows wide varia-
tion in its external size, and the presence or absence of gill filaments
(in the pseudobranch) and spiracular caeca (Goto, 2001). However,
the only illustrations provided were rough sketches lacking details.
An investigation of the spiracle in the Japanese Bull Shark (Tomita
et al. 2018) used 3D computed tomography (CT) scanning to repro-
duce the exact shape and structure of the tube and its components.
An epithelial pseudobranch with eight gill filaments is developed just
inside the aperture, on the anterior side of the inner wall of the tube;

the filaments lie parallel to the axis of the tube. The pseudobranch is

supported anteriorly by a square cartilaginous plate, the pre-spirac-
ular cartilage (Tomita et al. 2018), which has also been described in
Squalus acanthias and Scyliorhinus canicula (Ridewood, 1896). A pair
of pre-spiracular cartilages were identified in embryos of S. acanthias
by El-Toubi (1947), who considered them to be modified mandibular
rays; and the pre-spiracular cartilage in Rajiformes was identified as
part of a movable valve (Goodrich, 1909).

The pseudobranch has usually been interpreted as the remnant
of the posterior hemibranch of the mandibular arch (Wegner, 2015),
although the common view that the spiracle represents a vestigial gill
slit has been contradicted (Miyashita, 2016), with a suggestion that
the spiracular epithelium secondarily acquired the folded structure
forming the pseudobranch for non-respiratory functions. However,
the mineralised structure of the pseudobranch in Cheiracanthus and
Mesacanthus supports the general view that the spiracle represents
a vestigial gill.

As far as we can determine, the pre-spiracular cartilage/s and
the pseudobranch, if both are present, are separate elements in all
extant chondrichthyans, and there is only one pseudobranch in each
spiracular pouch. In Cheiracanthus, however, the paired mineralised
spiracular capsules each combine both a cartilage plate and ves-

tigial gill bars, indicating that remnants of two hemibranchs were
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FIGURE 2 Cheiracanthus spiracle structure and reconstruction. (a-e) Thin section of spiracle elements on NMS G.2019.3.6, specimen
sacrificed for serial sectioning, (a-d) NMS G.2019.3.6.26, oblique section through in situ spiracular valves; (€) NMS G.2019.3.6.25, oblique
section through the end of the right valve. (f) Reconstruction of the spiracle in Cheiracanthus, showing orientation of thin section NMS
G.2019.3.6.26. (g) Head and branchial region of Cheiracanthus showing position of spiracle. Scale bars: .2 mm (a,c-e)

preserved in each spiracular pouch. If the anteriormost one derived
from the posterior hemibranch of the mandibular arch, then the
second would likely be the anterior hemibranch of the hyoidean gill
arch. The histological section of the pseudobranch and basal plate
of C. murchisoni specimen NMS G.2019.3.6 (Figure 2a-e) shows that

a tissue we identify as elastic cartilage forms the capsule, and the

pseudobranch bars have a cartilage core inside a dense bone (the
typical structure of perichondral bone). The spiracular tube evolved
into the eustachian tube (Graham et al. 2014), and elastic cartilage is
now found supporting the ears in many animals, perhaps represent-
ing a holdover from 400 Mya rather than coincidence (J. A. Long,

pers. comm.).
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In the one example of Mesacanthus that we were able to identify,
only the outer layers of the spiracular structure appear to have been
mineralised. As the chondrichthyan crown evolved from an ancestor
within the climatiid acanthodian group, the latter must also have had
a functional spiracle, but we have not yet identified one in institu-
tional specimens. The spiracular structure we have identified in these
acanthodiforms surely represents a transitional state between the
ancestral, functional first gill arch of the (as yet unidentified) most
basal gnathostome, and the separate spiracular cartilage and single
pseudobranch in chondrichthyans. Current understanding of early
vertebrate phylogeny places acanthodians, i.e. stem chondrichthyans,
crownwards of placoderms, suggesting that this group also had paired
structures in both spiracles, but these have not yet been identified.

4.2 | Function

The spiracle in fishes serves two main functions. The basal actinop-
terygian Polypterus is the only extant osteichthyan known to use the
spiracle for air-breathing, but this function has also been proposed
for fossil taxa including stem tetrapodomorphs (Clack, 2007). In ex-
tant sharks and rays, however, the spiracle is for intake of water, the
opposite process to that of the functional gills through which water
is expelled. It is not used for respiration, as it receives only oxygen-
ated blood (Mallatt, 1996). One function is to sustain ventilatory
flow to the gills when the mouth is obstructed by substrate or en-
gaged in prey manipulation (Graham et al. 2014). The pseudobranch,
if present, is for chemosensory, secretory, and/or thermoregulatory
functions (Laurent and Dunel-Erb, 1984).

The elaborate development of the mineralised spiracular
structures in Cheiracanthus indicates the spiracle was functional
(Figure 2f). The individual rays of the pseudobranch, with their elas-
tic cartilage ends, could separate to allow water to flow through the
capsule. The opposing pair of elements presumably also could be
pressed together by muscles to form a valve, as in extant sharks and
rays, closing the spiracular tube to prevent water flow. The venti-
latory function associated with prey manipulation ascribed to the
spiracle in extant fishes appears to be inapplicable in Cheiracanthus
and Mesacanthus, which were nektonic fish lacking oral teeth and
so unlikely to be predators. The ventral fin spines on the specimens
lack any signs of abrasion from the substrate, and no fin spine drag
trace fossils have been identified in the Orcadian Basin deposits, so
it seems unlikely that these fish were even casually benthic, ruling
out the likelihood of intake via the spiracle to avoid muddy water.
The small size of the Cheiracanthus spiracle compared with the large
size of the spiracle in benthic skates and rays is also an indicator

that its function was more likely to be chemosensory than physical.

5 | CONCLUSION

At least some acanthodian stem chondrichthyans possessed a func-

tional spiracle, comprising a pair of opposed elements each formed
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of an encapsulating cartilage and a pseudobranch constructed of
parallel bone gill bars with cartilaginous ends and cores. The elastic
cartilage of the capsule facilitated opening and closing of inlet and
outlet ducts between the gill bars for water flow through the pseu-
dobranch. Cheiracanthid and mesacanthid acanthodiforms were
nektonic fishes, and the spiracle and pseudobranch most likely had a

chemosensory function.
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