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Early Mesozoic burst

of morphological disparity

in the slow-evolving coelacanth fish
lineage

Christophe Ferrante?* & Lionel Cavin®

Since the split of the coelacanth lineage from other osteichthyans 420 million years ago, the
morphological disparity of this clade has remained remarkably stable. Only few outliers with

peculiar body shape stood out over the evolutionary history, but they were phylogenetically and
stratigraphically independent of each other. Here, we report the discovery of a new clade of ancient
latimeriid coelacanths representing a small flock of species present in the Western Tethys between 242
and 241 million years ago. Among the four species, two show highly derived anatomy. A new genus
shows reversal to plesiomorphic conditions in its skull and caudal fin organisation. The new genus

and its sister Foreyia have anatomical modules that moved from the general coelacanth Bauplau
either in the same direction or in opposite direction that affect proportions of the body, opercle and
fins. Comparisons with extant genetic models shows that changes of the regulatory network of the
Hedgehog signal gene family may account for most of the altered anatomy. This unexpected, short
and confined new clade represents the only known example of a burst of morphological disparity over
the long history of coelacanths at a recovery period after the Permian-Triassic Mass Extinction.

Coelacanth fish, or Actinistia, have been known as fossils since the early nineteenth century and by a living spe-
cies discovered along the eastern coast of Africa in 1938, followed by a second species in the western Pacific in
1998. Coelacanths are commonly referred to as ‘living fossils’ because since the Early Devonian', the majority
of taxa share a general body morphology that is somewhat constant over time. This conservative and monoto-
nous morphology has been interpreted by many studies as the sign of a relatively slow rate of morphological
evolution*™, which is congruent with the very slow metabolism of Latimeria associated with its particular life
history traits®. Exceptions to this morphologically constant general Bauplan exist in the fossil record with unusual
forms appearing sporadically in the Middle-Upper Devonian, Early Carboniferous, and Triassic”.

The Paleontological Institute and Museum, University of Zurich (PIMUZ) houses fossil material from the
locality of the UNESCO site of Monte San Giorgio (MSG) (Canton of Ticino, Switzerland) (Fig. 1) collected
during field campaigns in the mid-twentieth century, which are studied here for the first time, except a handful
of specimens studied by Olivier Rieppel in the 1980s. Rieppel described Ticinepomis peyeri from the Besano
Formation® and recorded another taxon he referred to cf. Holophagus picenus’, which corresponds to the new
genus and species described below. Another species of Ticinepomis is present in the MSG site, as well as in the
isochronous and spatially close Prosanto Formation (Canton of Graubiinden)'?. This last formation has already
yielded the bizarre coelacanth Foreyia maxkuhni'l.

Systematic palaeontology

Sarcopterygii, Romer 1955
Actinistia, Cope 1871
Latimeriidae, Berg 1940
Latimeriinae subfamily nov.

!Department of Geology and Palaeontology, Natural History Museum of Geneva, CP 6434, 1211 Geneva 6,
Switzerland. ?Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, 1205 Geneva,
Switzerland. ®email: paleo-ferrante.ch@bluewin.ch
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Figure 1. Geographical and stratigraphic location of Triassic coelacanths in Switzerland at the Monte San
Giorgio and the Ducanfurgga sites, with stratigraphic correlations. (a) Map of Switzerland (designed with the
software AFFINITY DESIGNER, Version 1.10.6, https://affinity.serif.com) showing location of sites (top), with
coelacanth taxa placed in correlated stratigraphic sections (bottom). (b) Paleogeographic map (modified from
Ref.’?) showing the location of the two sections in the Ladinian (Middle Triassic).
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Diagnosis. Latimeriidae coelacanths characterised by the following unique combination of characters: ante-
rior and posterior parietals of dissimilar size; supraorbito-tectal series composed of more than 10 elements; ante-
rior branches of supratemporal commissure present; dermal bones of the skull mostly or entirely unornamented;
infraorbital canal running along the anterior margin of the postorbital; anterior and/or posterior branches of
the infraorbital canal present; jugal sensory canal running along the ventral margin of the squamosal; coronoid
opposite to the posterior end of dentary modified; toothed area of the parasphenoid restricted to the anterior
half.

Ticinepomiinae subfamily nov.

Diagnosis. Latimeriidae coelacanths characterised by the following unique combination of characters: ante-
rior and posterior parietals of similar length; supraorbitals as wide as parietals; posterior margin of the skull
roof straight; preorbital present; postorbital reduced to a narrow tube surrounding the sensory canal only; lach-
rymojugal more or less thick, triangular in shape; splenial with an anterior portion curved downward; splenial
forming a symphyseal pore; medial branch of the otic canal on the postparietal absent; short body with less than
50 neural arches; ossified lung absent; lobe of the pectoral fin poorly developed; supplementary caudal lobe
enclosed in the caudal fin profile; denticles on the fin rays of the anterior dorsal fin and the caudal fin.

Rieppelia heinzfurreri gen. et sp. nov.

Etymology. The generic name honours Dr Olivier Rieppel who was the first to mention the presence of
this coelacanth taxon in the fauna of Monte San Giorgio. The specific name honours Dr Heinz Furrer for his
important contribution on the geology and palaeontology of Monte San Giorgio and the Triassic of Switzerland.

Holotype. PIMUZ T 5902, complete specimen of 300 mm total length in left lateral view (Fig. 2a,b).

Paratypes. PIMUZ T 1638 (Fig. S1), almost complete skull roof of 105 mm long in internal view on part
and counterpart; PIMUZ T 3376 (Fig. 3), subcomplete juvenile/newborn specimen of circa 100 mm long with
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Figure 2. Skeleton of Rieppelia heinzfurreri gen. et sp. nov. (a) Photograph and (b) outline of the holotype
(PIMUZ T 5902). (¢) Reconstruction of the whole skeleton. Acl anocleithrum, ana.f anal fin, Ang angular, Bb
basibranchial, cau.f caudal fin, CI cleithrum, Co coronoid, d1.fanterior dorsal fin, d2.f posterior dorsal fin, d2.fB
basal plate of the posterior dorsal fin, Ext.] lateral extrascapular, Ext.m median extrascapular, h.a haemal arches,
L.j Lachrymojugal, n.a neural arches, Na nasal, Op opercle, Pb pelvic bone, p.io.s.c pore for the infraorbital
sensory canal, p.m.s.c pore for the mandibular sensory canal, Pa parietal, Part prearticular, pect.f pectoral fin,
pelv.fpelvic fin, Po+ Sq postorbital + squamosal, Pop preopercle, Pp postparietal, Ra radial, sn.bo snout bones,

So supraorbital, Spl splenial, Stt supratemporal, sup.cau.f.I supplementary caudal fin lobe, t.p.d tooth plate, Uhy
urohyal.

the entire skull (50 mm long) in internal view; PIMUZ T 5905 (Fig. S2), complete skull roof of 132 mm long in
external view.

Referred material. 39 specimens mostly represented by scattered bones (a complete list is provided in the
Supplementary Information).

Locality and horizon.  Monte San Giorgio (Canton of Ticino, Switzerland; Province of Varese, Italy); Besano
Formation, Middle and Upper Members, Nevadites secedensis Ammonoid Zone, Late Anisian (Middle Triassic).
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Figure 3. Juvenile or newborn specimen of Rieppelia heinzfurreri gen. et sp. nov. (a) Photograph and (b)
outline of the paratype PIMUZ T 3376 showing bones of the skull in internal view and the axial skeleton.
a.Cat anterior catazygal, a.w.Par ascending wing of parasphenoid, Acl anocleithrum, ana.f anal fin, Ang
angular, ant.pr antotic process, Aup autopalatine, Boc basioccipital, Bsph basisphenoid, cau.f caudal fin, Cb
ceratobranchial, Ch ceratohyal, CI cleithrum, Cla clavicle, Co coronoid, d1.f anterior dorsal fin, d2.f posterior
dorsal fin, De Dentary, Ecl extracleithrum, Ecpt ectopterygoid, h.a haemal arches, io.s.c infraorbital sensory
canal, j.s.c jugal sensory canal, L.j lachrymojugal, L.r lateral rostral, m.s.c mandibular sensory canal, n.a neural
arches, nos.a anterior nostril, nos.p posterior nostril, Op opercle, op.lig insertion point for opercular ligament,
p.Cat posterior catazygal, p.Co principal coronoid, Par parasphenoid, pelv.f pelvic fin, Pmx premaxilla, Po+ Sq
postorbital + squamosal, Pop preopercle, pop.s.c preopercular sensory canal, Pp postparietal, pr.con processus
connectens, Preo preorbital, Pro prootic, Pt pterygoid, Q quadrate, Ra radial, So supraorbital, Sp! splenial, Stt
supratemporal, t.p.Bb basibranchial tooth plate, v.pr. Pp ventral descending process of the postparietal, v.pr.Stt
ventral descending process of supratemporal.

Diagnosis. Ticinepomiinae coelacanth characterised by the following unique combination of characters:
intracranial joint sutured; cheek bones sutured; independent squamosal absent; lachrymojugal short and deep;
anterodorsal excavation of the postorbital absent; lateral rostral dorsally enlarged, separating the unique tec-
tal from the supraorbital series; opercle hypertrophied; point of attachment for the opercular ligament on the
supraorbital; cleithrum hypertrophied with a large branchial lamina; coronoid composed of a cluster of three
tiny curved and pointed teeth; dentary tooth plates bearing numerous tiny curved and pointed teeth; urohyal
short and ovoid shaped; posterior dorsal and pectoral fins hypertrophied; caudal fin with a one-to-two ratio
between radials and fin rays; scales subcircular-to-suboval with an exposed area ornamented with numerous
blunt spines.

Measurements and meristic.  Estimated total body length: 630 mm; d1.f=15; d2.f=38-46; pect.f=37-44;
pelv.f=30; ana.f=30; cau.f=30/24; n.a=35; h.a~ 14-16.

Nomenclatural act. The present work and its nomenclatural act are registered in ZooBank, the online
registration system for the International Commission on Zoological Nomenclature. The Life Science Identi-
fiers for this publication is “urn:Isid:zoobank.org:pub:5D84D650-A188-4B91-888B-87D28A445910” and can be
resolved appending the prefix “http://zoobank.org/” in any standard web browser.

Description
Rieppelia is a distinctively short coelacanth. The length of the head (without the enlarged opercle), the trunk and
the caudal fin are each one third of the total body length, giving Rieppelia a plump appearance (Fig. 2) shared
with Foreyia'.
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The skull roof of Rieppelia departs from the standard morphology of latimerioids coelacanths by its parieto-
nasal shield being approximatively the same length than the postparietal shield, a feature commonly found in
Palaeozoic coelacanths. All the bones making up the skull roof—except the snout bones—are tightly sutured to
one another. Parietonasal and postparietal shields are in close contact, and when a gap is visible for taphonomic
reasons the postparietals show areas of overlaps for suturing with the posterior parietals (Fig. S3a-c), indicating
that both shields were strongly sutured together and the intracranial joint not functionnal. This derived character
shared with Foreyia'! is unique among coelacanths.

Beside the unusual morphology of some dermal bones, the skull roof pattern of Rieppelia is characteristic of
coelacanths (Fig. 2, Supplementary Figs. S1, S2, S3a,b). The snout is composed of rostral ossicles and a pair of
premacxillae carrying a dorsal lamina not perforated for the anterior opening of the rostral organ, which opens
laterally to the lamina. The lateral series of the parietonasal shield is composed of a single small tectal and three
supraorbitals. The supraorbitals are as wide as the parietals, like in Foreyia and Ticinepomis and unlike the Latim-
eriinae. The tectal does not contacts the supraorbital series because the enlarged dorsal portion of the lateral
rostral separates them. The preorbital is not perforated by the posterior openings for the rostral organ that sup-
posedly open in the anterior part of the orbital space, in a position similar to that of Latimeria. The median series
is composed of one pair of nasals, sometimes separated by an internasal, and two pairs of parietals. The nasals
are considerably smaller than the parietals. The two pairs of parietals are of similar size, as in Ticinepomis and
Foreyia, unlike in the Latimeriinae. The postparietals are large bones each flanked by a smaller supratemporal.
Ventral descending processes are present on the posterior parietals, the postparietals and the supratemporals.
The extrascapular series includes a median extrascapular flanked on both side by a lateral extrascapular and
occupies half the area of the postparietal shield, each extrascapular being as large as a postparietal. Extrascapulars
hypertrophied to such a degree are unique among coelacanths, only possibly shared with Foreyia in which all
the postparietal shield bones are fused together and form a hypertrophied dome!*.

The cheek bones (Figs. 2a,b, 3, Supplementary Fig. S3a,b) show areas of mutual overlap and are tightly sutured
to each other, which is a unique condition among post-Palaeozoic coelacanths. At the posterior margin of the
orbit is a large bone interpreted as the fusion of the postorbital and the squamosal. The lachrymojugal is short
and thick and roughly triangular in shape, reminiscent of the lachrymojugal of Foreyia (lachrymojugal + squa-
mosal in Ref.!!) and, to a lesser extent, of Ticinepomis'®. At the junction of the lachrymojugal, preorbital and
lateral rostral, the bones are notched and form the outlet of the posterior nostril. The anterior nostril opens below
the lateral rostral. The opercle (Figs. 2, 3, Supplementary Figs. Sla,b, S3a,b, S4), ovoid-to-triangular shaped, is
hypertrophied, covering a greater area than the whole surface formed by the cheek and supraorbitals together.
The antero-dorsal corner of the opercle produced as a small ridged process which faces a similar ridged surface
on the posterior-most supraorbital, providing points of attachment for the opercular ligament.

The lower jaw is small but with an organisation comparable to that of other coelacanths. However, the denti-
tion (Figs. 2, 3, Supplementary Figs. Slc, S5a) is very distinctive with many small, pointed, curved teeth, either in
packs borne by dentary tooth plates or in clusters of three teeth corresponding to coronoids and dermopalatine.
The symphyseal margin of the splenial is notched such that it forms a large symphyseal pore upon contact with
its antimere. This character is shared with a few other coelacanths, notably Ticinepomis and Foreyia.

All of the dermal bones—except the gular plates, the oral margin of the premaxillae and the bones of the
pectoral girdles—are heavily ornamented with numerous distinct rounded and pointed odontodes (Fig. S6), an
ornamentation similar to that of Foreyia.

The cleithrum is broad and boomerang-shaped with an enlarged anterolateral lamina compared to other
coelacanths (Figs. 2, 3, Supplementary Fig. S4). The pectoral and the posterior dorsal fins are overdeveloped
compared to the pelvic and anal fins. The first anterior dorsal fin has a high number of rays with 15 rays, as in
Foreyia'!, but the rays are however shorter than in Foreyia. The axial skeleton is very short, composed of 35
neural and about 15 haemal arches. This low number of neural arches, identical to that of Foreyia, is one of the
lowest known among coelacanths but is not related to body size as Rieppelia is twice as large as Foreyia. In the
caudal fin, rays outnumber the radial supports by two-to-one, a ratio known only in Palaeozoic coelacanths. The
caudal fin has a rounded posterior contour that encloses the supplementary lobe, reminiscent of the caudal fin of
Foreyia''. The scales and all fin rays are ornamented with blunt denticles (Fig. S7). A more complete description
of Rieppelia is provided in the Supplementary Information.

Phylogenetic analysis

In order to appraise the systematic position of Rieppelia, we ran a maximum parsimony analysis based on a list
of characters modified from the analysis of Forey’. Compared to the last version of this list by Torifio et al."3,
we removed 16 characters, modified 15 other characters definitions and added 18 new characters, resulting in a
list of 112 characters. We found inconsistencies between the scorings and available descriptions for 37 taxa, and
consequently corrected 170 character states. Our data matrix includes 46 ingroup taxa and one outgroup taxon.
We removed Luopingcoelacanthus and Yunnancoelacanthus because they present too many uncertainties and
discrepancies. The systematic status of Styloichthys as a coelacanth is still debated' and we preferred to remove
this taxon from our analysis. We used Onychodus jandemarrai described by Andrews et al.'® as a new outgroup.
The character list and data matrix are provided in the Supplementary Information.

After running our phylogenetical analysis, we obtained 135 most parsimonious trees of 310 steps with a
consistency index of 0.397, a retention index of 0.701 and a rescaled consistency index of 0.278. The strict con-
sensus tree resolves Rieppelia as sister to Foreyia, with Ticinepomis as sister genus to the pair (Fig. S9a,b). The
three genera form the subfamily Ticinepomiinae nov., which is sister to the Latimeriinae nov. Both subfamilies
are among the best supported clades of our phylogeny and both, plus the sister genus Dobrogeria, form together
the Latimeriidae (Fig. 4).
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Figure 4. Time-tree phylogeny of Latimeriidae, plotted against the International Chronostratigraphic Chart,
with reconstructions of Foreyia and Rieppelia gen. nov. Artwork by Alain Bénéteau.

Discussion

The ticinopomiins are a newly recognised clade present within a very short time span, approximately one million
year, containing three genera, Ticinepomis, Rieppelia and Foreyia (Fig. S9¢c), the two latter with a highly derived
morphology. An indeterminate coelacanth thought to be a relative of Foreyia found in a slightly older locality
from Northern Dolomites, Italy, possibly belong to this clade'®. Except for the latter, Ticinepomiins were found in
the Prosanto and Besano Formations, which were deposited at the westernmost end of the Paleotethys in poorly
connected shallow intraplatform lagoons or basins due to the presence of carbonate platforms'®!” (Fig. 1b). These
environments were favourable to endemism, especially for organisms with low dispersal capacity. Most of the
biogeographical patterns detected in the evolutionary history of coelacanths are best explained by allopatric
speciation associated with plate tectonic-related vicariant or dispersal events'®, but ticinepomiin diversification
is an exception probably corresponding to sympatric speciation. This small burst of taxic and morphological
diversification is remarkable when placed in the lineage of the slow-evolving, morphologically monotonous
coelacanths, though in no way comparable in intensity to species flocks that may affect some teleost clades'®?°.

The relatively confined environment was favourable to speciation, with the production of specialist niches
characterised by morphologically original forms, especially when replaced within the larger pattern of recovery
of life still occurring 10 million years after the Permian-Triassic Mass Extinction (PTME)?!. The occupation
of new ecological niches by bony fish after the PTME, resulting in particular in new modes of predation and
defence, heralds the ongoing Mesozoic Marine Revolution in the Middle Triassic??. The recent discovery of the
Guiyang Biota in southern China, dated about a million years after PTME, indicates that this revolution may have
started earlier, shortly after the mass extinction?. Interestingly, the Guiyang Biota consists of a complex trophic
network, in which two large coelacanths occupied the position of apex predators®. This Early-Middle Triassic
diversification also affected basal neopterygians, with specialisations in their feeding apparatus®, and produced
deep-bodied forms*?®. The morphological characteristics of Foreyia and Rieppelia are comparable to the latter
forms, although they occupied a slightly different region of the morphospace than contemporary deep-bodied
ray-finned fishes due to their strong modification of the anatomy of the skull. Ticinepomiins exemplified a new
body shape pattern for the bony fishes of this time interval that lasted a very short time on the geological scale.

If the environment is at the origin of selective pressures necessary for sympatric speciation, the developmental
genetic machinery of the ticinepomiins must still be able to ensure the phenotypic variability necessary for the
action of selection. The discovery of Foreyia led to a search for potential genes involved in altered cranial and
postcranial anatomy'!. The discovery of Rieppelia, the sister genus of Foreyia, makes it possible to continue this
research.

The three genera of ticinepomiins deviate from the general Bauplan coelacanth mainly by changes in size pro-
portions of anatomical modules and changes in meristic features, especially pronounced in Foreyia and Rieppelia
(Fig. 5). The anatomical shifts in the same direction in Foreyia and Rieppelia are their proportionally enlarged
head and tail coupled with their shortened vertebral column, the sutured intracranial joint and a high number
of rays in the first dorsal fin. The anatomical changes in opposite directions in both genera are the number of
pectoral fin rays, reduced in Foreyia and over numbered in Rieppelia, and the size of the opercle compared to
Ticinepomis (and Latimeria), moderately reduced in Foreyia and hypertrophied in Rieppelia. It should be noted
that Latimeria has an unmineralised opercular flap’, the surface of which is approximately comparable to the
mineralised enlarged opercle of Rieppelia. All ticinepomiins are also characterised by reversal to plesiomorphic
conditions present in basal actinistians, namely the presence of a preorbital and the presence of a series of short
rays in front of the first dorsal fin. Finally, Rieppelia is characterised by supplementary reversals to plesiomorphic
conditions, namely the suturing of its cheek bones and the presence of two fin rays per radial in the caudal fin,
and Foreyia is characterised by the fusion of the bones of its postparietal shield.

Since the morphological changes affect similar morphological modules in Foreyia and Rieppelia, we hypoth-
esise that the relevant genetic mechanism more likely involves the gene regulation network, a process that has
long been considered a potential cause of “bursts of evolutionary advances™’.
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Figure 5. Hypothetical impacts of changes in the regulatory system of two Hedgehog genes that could explain
most of the altered anatomy of the Foreyia and Rieppelia gen. nov. (a) Presumed anatomical changes in relation
to genetic regulation of Sonic (Shh) and Indian (Ihh) hedgehog genes that may account for altered morphology,
in similar or opposite direction, mapped onto a time-tree phylogeny of Ticinepomiinae. (b) Morphological
modules potentially affected by changes in the regulatory system of Shh and Ihh (built on comparisons with
extant vertebrate models). PEM posterior ectodermal margin, ZPA zone of polarizing activity. Drawings of
Ticinepomis and Foreyia modified from Refs.'*!!, respectively.

Ticinepomiin genomes are obviously not accessible, but information from Latimeria and phylogenetic brack-
eting vertebrate models (tetrapods and teleosts) provides clues to identify possible genetic mechanisms under-
lying the altered anatomy of Foreyia and Rieppelia. Here we focus on the Hedgehog (Hh) signal gene family
that controls many critical steps of cell differentiation and patterning during development, in part because it is
known to play an important role in vertebrate skeletal morphogenesis, and in part because its genetic pathways
and regulatory network are well known in several clades of vertebrates?®*°. We do not assume here that Hh
activity was necessarily involved in the evolutionary process of ticinepomiins, but we have chosen this gene
family as a model to evaluate the potential impact of the regulatory mechanism of a morphogen on the observed
ticinepomiin phenotypes. The Indian hedgehog (Ihh) plays an important role in the skeletal differentiation of
endochondral bones, but also of cranial dermal bones®~**, as well as in fin ray bifurcation®*. It functions as an
enhancer of opercle development in teleosts, as shown in zebrafish ihha” mutant in which the opercle and sub-
opercle are fused**°. Indeed, the enlarged opercle of Rieppelia covers the area normally occupied by the opercle
and subopercle in other coelacanths, and a fusion of these two bones cannot be excluded during ontogenesis
in the genus. Sonic hedgehog (Shh), which functions as a morphogen, mitogen and differentiation regulator®,
is active in jawed vertebrates in an epithelial signalling center called the posterior ectodermal margin (PEM),
which acts on the underlying mesenchyme that generates the opercle®® and is a potential proliferative driver of
the posterior expansion of the second pharyngeal arch in the chick embryo and in the zebrafish which eventually
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extends posteriorly to form the opercle®. This gene plays roles in the craniofacial development®”*~*, but also
in the postcranial skeleton, particularly in ray bifurcation®**. The suppression of a repressor of Hh signaling
(Gli3) leads to craniosynostosis of the lambdoid suture in mice****. This suture is considered homologous to the
intracranial joint in coelacanths (with the addition of a neoformation, the posterior parietal intercalated between
the anterior parietal and the postparietal)*?, which indeed shows a craniosynostosis in Foreyia and Rieppelia.
The Shh glycoprotein, secreted from the zone of polarising activity (ZPA) in tetrapods and teleosts®***¢, and
expressed in the dorsal fin of teleosts*, plays a role in branching morphogenesis mechanism in the zebrafish*.
Regulatory mutations of the Shh gene can cause preaxial polydactyly in tetrapods*”*.

The cis-regulatory module of Shh in Latimeria is unique among vertebrates in that it contains midline enhanc-
ers that are absent in either actinopterygians or tetrapods, and therefore likely represents ancestral vertebrates
set of midline enhancers®. Lang et al.?® considered the conserved cis-regulatory architecture of this set of Shh
enhancers to be consistent with slow evolutionary rate of Latimeria. The full set of enhancers in the cis-regulatory
module may also have underpinned the phenotypic variations observed in Foreyia and Riepplia.

This brief overview indicates that altered regulation of the Hh gene family can underlie heterochrony, an
important source of evolutionary changes. Morphological features common to Foreyia and Riepplia potentially
caused by heterochronic shift of the onset of expression of Hh family genes are the fusion of the intracranial
joint and the enlarged first dorsal fin, potentially under the control of Ihh and Shh for the first, and Shh for the
second. Changes in regulation of these genes may also have caused the atrophied vs hypertrophied opercles and
pectoral fins of Foreyia and Rieppelia via the PEM and ZPA centers, respectively. Eventually, derived characters
of Rieppelia, such as the sutured cheek bones and the caudal fin rays bifurcation may have also been caused by
variations in the Ihh regulation. Why such a morphologically remarkable diversification occurred only once
during the coelacanth’s 420 million year evolutionary history, however, remains an open question.

Methods

Provenance and preparation of the specimens. The specimens were collected from the UNESCO site
of Monte San Giorgio (Fig. 1a) during systematic excavations carried out by the Paleontological Institute and
Museum of the University of Zurich (PIMUZ) and during sporadic field trips between 1923 and 1978. Most of
the fossils, 34, were found in the Swiss locality of Meride (Canton of Ticino, Switzerland) and few others, 5, in
the Italian localities of Porto Ceresio and Besano (Province of Varese, Italy).

Among these 39 specimens, 8 specimens have been selected for more preparation, which was carried out by
one of us (CF) and by three preparators from the MHNG, PIMUZ and the JURASSICA Museum (Porrentruy,
Canton Jura, Switzerland). The very fragile fossil material preserved on slabs of black bituminous shales were
mechanically prepared using various methods. Final preparation was done under the microscope using a sand-
blaster, with sodium bicarbonate used as abrasive (harder abrasives were too destructive to the fossils). In order
to obtain the optimal effect, pressure and the quantity of grains ejected per second were modulated according
to the hardness of the matrix and the fossil. However, a very low pressure ranging between 0.5 and 1.5 bars was
mainly used. Few specimens, those preserved on bright dolomitic layer, were hard enough to be prepared using
pneumatic tool, and eventually finished with sand-blasting.

A specimen (PIMUZ T 5905) was scanned with the microtomography beamline at the European Synchrotron
Radiation Facility in June 2022 (https://doi.org/10.15151/ESRE-ES-788657609). Although not yet segmented,
preliminary image analysis shows that no endochondral bone of the neurocranium is preserved, contrary to our
expectation, and the 3D rendering of this imaging technique will likely yield little new information.

Thin sections. The thin sections were made and described in a previous study”, in which the method of
confection of thin sections is detailed.

Data availability

The holotype (PIMUZ T 5902), paratypes (PIMUZ T 1638; PIMUZ T 3376; PIMUZ T 5905) and all other speci-
mens of Rieppelia heinzfurreri used in this study (including those listed in the ‘Supplementary Information’) are
kept in the collection of the Paldontologisches Institut und Museum der Universitit Ziirich (Canton Ziirich, Swit-
zerland). The protocols used in the development of this study are available in the ‘Supplementary Information’

Received: 19 February 2023; Accepted: 28 June 2023
Published online: 13 July 2023

References
1. Zhu, M. et al. Earliest known coelacanth skull extends the range of anatomically modern coelacanths to the Early Devonian. Nat.
Commun. 3,772 (2012).

. Schaeffer, B. Rates of evolution in the coelacanth and dipnoan fishes. Evolution 6, 101-111. https://doi.org/10.2307/2405507 (1952).

. Cloutier, R. Patterns, trends, and rates of evolution within the Actinistia. Environ. Biol. Fishes 32, 23-58 (1991).

. Schultze, H.-P. Mesozoic Fishes 3—Systematics, Paleoenvironments and Biodiversity 463-492 (Verlag Dr Friedrich Pfeil, 2004).

. Cavin, L. & Guinot, G. Coelacanths as “almost living fossils”. Front. Ecol. Evol. 2, 49. https://doi.org/10.3389/fevo.2014.00049 (2014).

. Mahé, K., Ernande, B. & Herbin, M. New scale analyses reveal centenarian African coelacanths. Curr. Biol. 31, 3621 (2021).

. Forey, P. L. History of the Coelacanth Fishes 419 (Chapman and Hall, 1998).

. Rieppel, O. A new coelacanth from the Middle Triassic of Monte San Giorgio, Switzerland. Eclogae Geol. Helvetiae 73, 921-939
(1980).

9. Rieppel, O. A second actinistian from the Middle Triassic of Monte San Giorgio, Kt. Tessin, Switzerland. Eclogae Geol. Helvetiae

78,707-713 (1985).

0NN U W

Scientific Reports |

(2023) 13:11356 | https://doi.org/10.1038/s41598-023-37849-9 nature portfolio


https://doi.org/10.15151/ESRF-ES-788657609
https://doi.org/10.2307/2405507
https://doi.org/10.3389/fevo.2014.00049

www.nature.com/scientificreports/

10. Ferrante, C., Furrer, H., Martini, R. & Cavin, L. Revision of the Middle Triassic coelacanth Ticinepomis Rieppel 1980 (Actinis-
tia, Latimeriidae) with paleobiological and paleoecologial considerations. Swiss J. Palaeontol. https://doi.org/10.1186/
513358-023-00276-4

11. Cavin, L., Mennecart, B., Obrist, C., Costeur, L. & Furrer, H. Heterochronic evolution explains novel body shape in a Triassic
coelacanth from Switzerland. Sci. Rep. 7, 13695 (2017).

12. Verard, C. Panalesis: towards global synthetic palaeogeographies using integration and coupling of manifold models. Geol. Mag.
156, 320-330 (2019).

13. Torifo, P, Soto, M. & Perea, D. A comprehensive phylogenetic analysis of coelacanth fishes (Sarcopterygii, Actinistia) with com-
ments on the composition of the Mawsoniidae and Latimeriidae: Evaluating old and new methodological challenges and con-
straints. Hist. Biol. 33, 1-21 (2021).

14. Schultze, H.-P. Hard tissues in fish evolution: History and current issues. Cybium 42, 29-39 (2018).

15. Andrews, S., Long, J., Ahlberg, P, Barwick, R. & Campbell, K. Osteology and functional morphology of the sarcopterygian
Onychodus jandemarrai n. sp. from Gogo, Western Australia. Trans. R. Soc. Edinb. Earth Sci. 176, 197-307 (2006).

16. Renesto, S. & Kustatscher, E. A coelacanth fish from the Anisian (Middle Triassic) of the Dolomites. Riv. Ital. Paleontol. Stratigr.
125, 343-353 (2019).

17. Rohl, H. et al. Microfacies, geochemistry and palaeoecology of the Middle Triassic Grenzbitumenzone from Monte San Giorgio
(Canton Ticino, Switzerland). Geol. Insubr. 6, 1-13 (2001).

18. Cavin, L. Fishes and the Breakup of Pangaea Vol. 295, 165-183 (Geological Society of London, 2008).

19. Salzburger, W,, Meyer, A., Baric, S., Verheyen, E. & Sturmbauer, C. Phylogeny of the Lake Tanganyika cichlid species flock and its
relationship to the Central and East African haplochromine cichlid fish faunas. Syst. Biol. 51, 113-135 (2002).

20. Sullivan, J. P, Lavoué, S. & Hopkins, C. D. Discovery and phylogenetic analysis of a riverine species flock of African electric fishes
(Mormyridae: Teleostei). Evolution 56, 597-616 (2002).

21. Romano, C. et al. Permian-triassic osteichthyes (bony fishes): Diversity dynamics and body size evolution. Biol. Rev. 91, 106-147.
https://doi.org/10.1111/brv.12161 (2016).

22. Benton, M. J. & Wu, F. Triassic revolution. Front. Earth Sci. 10, 992 (2022).

23. Dai, X. et al. A mesozoic fossil lagerstatte from 250.8 million years ago shows a modern-type marine ecosystem. Science 379,
567-572 (2023).

24. Biirgin, T., Arratia, G. & Viohl, G. Diversity in the Feeding Apparatus of Perleidid Fishes (Actinopterygii) from the Middle Triassic
of Monte San Giorgio (Switzerland) (F. Pfeil, 1996).

25. Biirgin, T. Basal ray-finned fishes (Osteichthyes%Actinopterygii) from the middle triassic of Monte San Giorgio (Canton Tessin,
Switzerland): Systematic palaeontology with notes on functional morphology and palaeoecology. Schweiz. Paldontol. Abhand. 114,
1-164 (1992).

26. Xu, G. & Wu, E A deep-bodied ginglymodian fish from the Middle Triassic of eastern Yunnan Province, China, and the phylogeny
of lower neopterygians. Chin. Sci. Bull. 57,111-118 (2012).

27. Valentine, J. W. & Campbell, C. A. Genetic regulation and the fossil record: Evolution of the regulatory genome may underlie the
rapid development of major animal groups. Am. Sci. 63, 673-680 (1975).

28. Lang, M. et al. Conservation of shh cis-regulatory architecture of the coelacanth is consistent with its ancestral phylogenetic posi-
tion. EvoDevo 1, 1-13 (2010).

29. Zuniga, A. et al. Conserved cis-regulatory regions in a large genomic landscape control SHH and BMP-regulated Gremlinlexpres-
sion in mouse limb buds. BMC Dev. Biol. 12, 1-15 (2012).

30. Pereira, J. et al. Evolutionary genomics and adaptive evolution of the Hedgehog gene family (Shh, Ihh and Dhh) in vertebrates.
PLoS ONE 9, e74132 (2014).

31. Abzhanov, A, Rodda, S. J., McMahon, A. P. & Tabin, C. J. Regulation of skeletogenic differentiation in cranial dermal bone. Devel-
opment 134, 3133 (2007).

32. Lenton, K. et al. Indian hedgehog positively regulates calvarial ossification and modulates bone morphogenetic protein signaling.
Genesis 49, 784-796 (2011).

33. Yang, J., Andre, P, Ye, L. & Yang, Y.-Z. The Hedgehog signalling pathway in bone formation. Int. J. Oral Sci. 7, 73-79 (2015).

34. Avaron, E, Hoffman, L., Guay, D. & Akimenko, M. Characterization of two new zebrafish members of the hedgehog family: A
typical expression of a zebrafish indian hedgehog gene in skeletal elements of both endochondral and dermal origins. Dev. Dyn.
235, 478-489 (2006).

35. Huycke, T. R, Eames, B. F. & Kimmel, C. B. Hedgehog-dependent proliferation drives modular growth during morphogenesis of
a dermal bone. Development 139, 2371-2380 (2012).

36. Kimmel, C. B. Skull developmental modularity: A view from a single bone-or two. J. Appl. Ichthyol. 30, 600-607 (2014).

37. Groves, L, Placzek, M. & Fletcher, A. G. Of mitogens and morphogens: Modelling Sonic Hedgehog mechanisms in vertebrate
development. Philos. Trans. R. Soc. B 375, 20190660 (2020).

38. Barske, L. et al. Evolution of vertebrate gill covers via shifts in an ancient Pou3f3 enhancer. Proc. Natl. Acad. Sci. 117, 24876-24884
(2020).

39. Richardson, J., Shono, T., Okabe, M. & Graham, A. The presence of an embryonic opercular flap in amniotes. Proc. R. Soc. B Biol.
Sci. 279, 224-229 (2012).

40. Chiang, C. et al. Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function. Nature 383, 407-413
(1996).

41. Nagase, T. et al. Craniofacial anomalies of the cultured mouse embryo induced by inhibition of sonic hedgehog signaling: An
animal model of holoprosencephaly. J. Craniofacial Surg. 16, 80-88 (2005).

42. Teng, C.S., Cavin, L., Jnr, R. E. M., Sanchez-Villagra, M. R. & Crump, J. G. Resolving homology in the face of shifting germ layer
origins: Lessons from a major skull vault boundary. Elife 8, 52814 (2019).

43. Ahi, E. P. Signalling pathways in trophic skeletal development and morphogenesis: Insights from studies on teleost fish. Dev. Biol.
420, 11-31 (2016).

44. Braunstein, J. A., Robbins, A. E., Stewart, S. & Stankunas, K. Basal epidermis collective migration and local Sonic hedgehog signal-
ing promote skeletal branching morphogenesis in zebrafish fins. Dev. Biol. 477, 177-190 (2021).

45. Rice, D. P. et al. Gli3 Xt— J/Xt— ] mice exhibit lambdoid suture craniosynostosis which results from altered osteoprogenitor pro-
liferation and differentiation. Hum. Mol. Genet. 19, 3457-3467 (2010).

46. Letelier, J. et al. A conserved Shh cis-regulatory module highlights a common developmental origin of unpaired and paired fins.
Nat. Genet. 50, 504-509 (2018).

47. Lettice, L. A. et al. A long-range Shh enhancer regulates expression in the developing limb and fin and is associated with preaxial
polydactyly. Hum. Mol. Genet. 12, 1725-1735 (2003).

48. Wieczorek, D. et al. A specific mutation in the distant sonic hedgehog (SHH) cis-regulator (ZRS) causes Werner mesomelic
syndrome (WMS) while complete ZRS duplications underlie Haas type polysyndactyly and preaxial polydactyly (PPD) with or
without triphalangeal thumb. Hum. Mutat. 31, 81-89 (2010).

49. Mutter, R. J. & Heckert, A. B. Re-investigation of Enigmatic Fish Bones Known as Colobodontid/Perleidid Toothplates from the Upper
Triassic Chinle Group (Southwestern USA) (New Mexico Museum of Natural History and Science, 2006).

Scientific Reports|  (2023) 13:11356 | https://doi.org/10.1038/s41598-023-37849-9 nature portfolio


https://doi.org/10.1186/s13358-023-00276-4
https://doi.org/10.1186/s13358-023-00276-4
https://doi.org/10.1111/brv.12161

www.nature.com/scientificreports/

Acknowledgements

The authors thank H. Furrer for information, C. Klug for access to specimens, R. Martini for supervising CF’s
PhD, J. Mondéjar-Fernandez for discussion on the histology, P. Gueriau, G. Clément and P. Brito for construc-
tive discussion, P.-A. Proz, C. Obrist and R. Roch for preparation of some of the specimens and P. Wagneur for
photography of most of the material. They acknowledge the support of the Swiss National Science Foundation
for founding the project ‘Evolutionary pace in the coelacanth clade: New evidence from the Triassic of Switzer-
land’ (200021-172700).

Author contributions

C.E. described and interpreted the fossil material, conducted the phylogenetic analysis and designed the figures.
L.C. participated in the interpretation of the material and the writing of the paper. The project was conceived by
L.C. Both authors discussed the results and commented on the manuscript at all stages.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-37849-9.

Correspondence and requests for materials should be addressed to C.F.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:11356 | https://doi.org/10.1038/s41598-023-37849-9 nature portfolio


https://doi.org/10.1038/s41598-023-37849-9
https://doi.org/10.1038/s41598-023-37849-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Early Mesozoic burst of morphological disparity in the slow-evolving coelacanth fish lineage
	Systematic palaeontology
	Diagnosis. 
	Diagnosis. 
	Etymology. 
	Holotype. 
	Paratypes. 
	Referred material. 
	Locality and horizon. 
	Diagnosis. 
	Measurements and meristic. 
	Nomenclatural act. 

	Description
	Phylogenetic analysis
	Discussion
	Methods
	Provenance and preparation of the specimens. 
	Thin sections. 

	References
	Acknowledgements


