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Abstract The basal non-mammaliaform cynodonts from the
late Permian (Lopingian) and Early Triassic are a major source
of information for the understanding of the evolutionary origin
of mammals. Detailed knowledge of their anatomy is critical
for understanding the phylogenetic transition toward
mammalness and the paleobiological reconstruction of mam-
malian precursors. Using micro-computed tomography
(uCT), we describe the internal morphology of the interorbital
region that includes the rarely fossilized orbitosphenoid ele-
ments in four basal cynodonts. These paired bones, which are
positioned relatively dorsally in the skull, contribute to the
wall of the anterior part of the braincase and form the floor
for the olfactory lobes. Unlike procynosuchids and the more
basal therapsids in which the orbitosphenoids are well devel-
oped, dense, and bear a ventral keel, the basal epicynodonts
Cynosaurus, Galesaurus, and Thrinaxodon display cancel-
lous, reduced, and loosely articulated orbitosphenoids, a
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condition shared with many eucynodonts. The hemi-
cylindrical orbitosphenoid from which the mammalian condi-
tion is derived re-evolved convergently in traversodontid and
some probainognathian cynodonts.

Keywords Cynodontia - Orbitosphenoid - Braincase - uCT
scan - Thrinaxodon

Introduction

The late Permian (Lopingian)/Early Triassic cynodonts
Procynosuchus delaharpeae, Cynosaurus suppostus,
Galesaurus planiceps, and Thrinaxodon liorhinus (along with
a handful of less abundant taxa) are the basal-most offshoots
of the Cynodontia, the clade including Mammalia and their
ancestors (Hopson and Kitching 2001; Liu and Olsen 2010;
Ruta et al. 2014). As basal members of the cynodont clade,
they are important for understanding the emergence of mam-
malian characters as well as the paleobiology of mammalian
forerunners (Brink 1959; Rubidge and Sidor 2001; Abdala
2003; Kemp 2005; Fernandez et al. 2013; Jasinoski et al.
2015; Benoit et al. 2015, 2016a). Procynosuchus,
Cynosaurus, Galesaurus, and Thrinaxodon are found in the
South African Beaufort Group of the Karoo Supergroup,
which certainly is the richest fossiliferous area documenting
the evolution of non-mammaliaform (NM) therapsids
(Rubidge and Sidor 2001). Unlike other basal cynodonts, they
are abundant and with a good representation of cranial mate-
rial, which makes them even more critical for any discussion
about the evolution of NM cynodonts and the ancestry of
mammals. This is particularly true for Thrinaxodon, which
has a more widespread distribution and is represented by over
a hundred well-preserved specimens (Brink 1959; Estes 1961;
Fourie 1974; Colbert and Kitching 1977; Fernandez et al.

@ Springer


http://orcid.org/0000-0001-5378-3940
http://dx.doi.org/10.1007/s00114-017-1487-z
mailto:Julien.benoit@wits.ac.za
http://crossmark.crossref.org/dialog/?doi=10.1007/s00114-017-1487-z&domain=pdf

66 Page 2 of 10

Sci Nat (2017) 104:66

2013; Abdala et al. 2013; Jasinoski et al. 2015; Benoit et al.
2016a). Therefore, thorough knowledge of basal cynodont
anatomy is crucial for unfolding the radiation of NM
cynodonts and the deep evolutionary root of mammals.

The orbitosphenoid in mammals is an endochondral bone
that forms the lateral wall and floor of the anterior braincase
supporting the anterior-most part of the brain. This element is
usually cartilaginous in extant sauropsids (de Beer 1985);
however, it is present in some squamates (e.g., Lacerta,
Shinisaurus), as well as in archosaurs (i.e., dinosaurs, includ-
ing birds, and crocodiles) due to the ossification of the metotic
pila (de Beer 1985; Currie 1997; Bever et al. 2005). In mam-
mals, this bone is an independent element that ossifies on the
orbital cartilage from the nasal capsule to the proximity of the
auditory capsule (de Beer 1985). It shows different degrees of
fusion with the remaining sphenoidal elements. In
mammaliaforms, the orbitosphenoid is always present and
ventrally closes the anterior part of the braincase participating
of the orbital mosaic (Kielan-Jaworowska et al. 2004). A dis-
crete orbitosphenoid has also been documented in most NM
therapsids (e.g., Olson 1938; Boonstra 1968; Kemp 1969;
Sigogneau 1970; Cluver 1971; Kemp 1972; Fourie 1993;
Kielan-Jaworowska et al. 2004; Sidor and Smith 2007;
Sigurdsen et al. 2012; Castanhinha et al. 2013; Laal} 2015;
Benoit et al. 2016b; Crompton et al. 2017). However, its pres-
ence has never been formally recognized in the basal
epicynodonts Cynosaurus, Galesaurus, and Thrinaxodon,
even though numerous skulls have been described. For in-
stance, despite the large number of specimens investigated
using computed tomography (CT) scans (e.g., Rowe et al.
1995; Jasinoski et al. 2015), serial-sectioning (e.g., Broom
1938; Fourie 1974), and gross anatomical observations (e.g.,
Estes 1961), there is no unequivocal report of the
orbitosphenoid in the endocranial cavity of Thrinaxodon.
This would make the condition in basal cynodonts more sim-
ilar to that of sauropsids than to mammals and other NM
therapsids. This presumed absence of the orbitosphenoid in
the ancestors of mammaliaforms is paradoxical and has im-
portant phylogenetic implications (Luo 1994).

Here, we describe in detail the previously unrecognized or
neglected orbitosphenoid of Cynosaurus, Galesaurus, and
Thrinaxodon using micro-computed tomography (nCT)
scanning.

Material and methods

The uCT technique is a non-destructive technique that allows
the observation of the internal structures of fossil skulls and
the in silico reconstruction of otherwise inaccessible anatom-
ical details. This technique and regular comparative anatomy
was used on 51 NM therapsid skulls (Online Resource 1). The
majority of specimens were LCT scanned at the Evolutionary
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Studies Institute (University of the Witwatersrand, South
Africa) using a Nikon Metrology XTH 225/320 LC dual-
source CT system. Two specimens were scanned using the
225 LC at DebTech (DeBeers, Johannesburg, ZA) (Online
Resource 1). Thrinaxodon specimens BPI/1/7199 and BP/1/
5905 and Microgomphodon specimen SAM-PK-10160 were
scanned at the European Synchrotron Radiation Facility,
Grenoble (see Fernandez et al. 2013 for details of
Thrinaxodon). Three-dimensional renderings were obtained
using manual segmentation under Avizo 8 (FEI VSG,
Hillsboro OR, USA). We also used published descriptions
and serial sections from the literature for comparison (see
Online Resource 1).

To reconstruct the evolution of the morphology of the
orbitosphenoid throughout therapsid phyogeny, we applied a
parsimony model of ancestral state reconstruction on a char-
acter matrix created for this study (Online Resource 2) under
Mesquite 2.75 and 3.2 (Maddison and Maddison 2009). The
phylogenetic tree used for the reconstruction of ancestral
states is based on Sigurdsen et al. (2012) and Ruta et al.
(2014) for therocephalian and NM cynodont, respectively.
The tree is rooted with Gorgonopsia that show little variation
in the gross morphology of their orbitosphenoid (see below).

Institutional abbreviations BP, Evolutionary Studies Institute
(formerly Bernard Price Institute for Palacontological
Research), University of the Witwatersrand, Johannesburg,
South Africa; NMQR, National Museum, Bloemfontein,
South Africa; RC, Rubidge Collection, Wellwood, Graaff
Reinet, South Africa; SAM, Iziko South African Museum,
Cape Town, South Africa.

Results and description

In the gorgonopsian Aelurosaurus, the orbitosphenoids are
fused ventrally into a long and hemi-cylindrical bone that
encapsulates a tubular braincase (Fig. 1a). The orbitosphenoid
is V-shaped in cross section, thin, and not cancellous (Fig. 1a).
This bone is articulated with the mesethmoid rostrally and
with the interorbital septum ventrally (Fig. 1a). These charac-
ters represent the plesiomorphic condition for cynodonts ac-
cording to the ancestral character state reconstruction (Fig. 2).

Orbitosphenoids are present in five of the seven
Procynosuchus specimens that were examined (BP/1/650,
BP/1/3747, RC 5, BP/1/3748, and RC 92). The paired
orbitosphenoids loosely articulate with the frontals that form
the roof of the endocranial cavity, and in some cases, articulate
with each other ventromedially (Fig. 1b). The bones are
shorter anteroposteriorly than in Aelurosaurus, thin, and do
not have large cancellous spaces (Fig. 1b). A ventral keel only
is demonstrably present on specimen RC 92 (Fig. 3), whereas
a complete interorbital septum separating the internal cranial
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Fig. 1 Digital reconstruction and uCT section of the orbitosphenoids in a
gorgonopsian and some basal cynodonts. From left to right digital
reconstruction in anterior, dorsal, and lateral views; the position of the
orbitosphenoid on an oblique view of the skull (translucent); and a pCT

cavity medially appears to be present in two other specimens
(BP/1/650, BP/1/3747; Online Resource 1). Specimen BP/1/
3748 noticeably shows no evidence of an interorbital septum
or fusion between the two orbitosphenoids (Fig. 1b), two char-
acters that are reconstructed as apomorphic for Epicynodontia
(Fig. 2e). According to the results of the ancestral character
state analysis, Procynosuchus is either plesiomorphic or vari-
able for most characters of the orbitosphenoid (Fig. 2). It nev-
ertheless shares with epicynodonts a short orbitosphenoid and
the absence of direct (bony) articulation with the cranial roof
(Fig. 2a, d).

A paired ossification was discovered in four of the uCT
scanned specimens of Cynosaurus, but it was in situ in only
two specimens, SAM-PK-4333 and BP/1/1563 (Fig. 1c¢). In
these specimens, the ossification consisted of two thin plate-

cross section of the orbitosphenoid. Solid arrows show the
orbitosphenoid bones; dotted arrow shows the ventral keel. Scale
bar =10 mm

like structures that appear to articulate ventromedially (Fig.
Ic). The cross section of the structure is U-shaped (Fig. 1c).
It is located ventral to the frontals but does not directly artic-
ulate with the cranial roof (a connection was likely maintained
by soft tissues). In the smallest specimen of Cynosaurus (BP/
1/4469), the two bones are separated and loose inside the
endocranial space, which suggests that the fusion between
the two orbitosphenoids did not always occur. They are thin
and dense posteriorly but they become slightly thicker and
more cancellous anteriorly (Fig. 1c). In both SAM-PK-4333
and BP/1/1563, the cancellous bone is filled with metallic
nodules (Fig. 1c).

Disarticulated orbitosphenoid bones were observed inside
several skulls of Galesaurus (RC 845, NMQR 135, NMQR
3542, displaced but not far from in situ position in NMQR
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<« Fig. 2 Results of the ancestral character state reconstruction (based on
the character matrix in Online Resource 2). Names of the clades are
indicated on the tree on the bottom right corner of the figure

860; see Online Resource 1), but it is in situ only in SAM-PK-
K10468 (Fig. 1d). In cross section, these narrow curved bones
form a U-shaped structure similar to that in Cynosaurus (Fig.
1d), but the paired bones do not contact each other ventrally
and so the U-shaped structure remains mostly open ventrally.
The bones are completely filled with cancellous spaces. In
SAM-PK-K 10468, the bones are in close contact with the
ventral surface of the frontal, but they only loosely articulate
(Fig. 1d). Noticeably, the space that separates the ventral mar-
gins of both orbitosphenoids appears smaller caudally in
Galesaurus, whereas in Procynosuchus (BP/1/3748) and
Cynosaurus, this separation is smaller rostrally (Fig. 1b—d).
Here, for the first time, we report the definitive presence of
a paired ossification in three specimens of Thrinaxodon. In
specimen BP/1/7199, there are two ex situ bones that form a

Fig. 3 The phylogeny and
evolution of the orbitosphenoid in
Cynodontia (LCT photo of
specimens in cross section). /
anteroposteriorly short and
loosely articulated
orbitosphenoids (at least in some
specimens), direct (bony) articu-
lation with the cranial vault lost,

Diademodon

U-shaped structure (Fig. le), like in Galesaurus and
Cynosaurus. The bones are slightly displaced relative to each
other (Fig. le), and in life would not have articulated
ventromedially. The orbitosphenoids are thick and cancellous,
similar to Galesaurus (Fig. 1). In specimen BP/1/4263, two
curved and cancellous detached bones are preserved near the
dorsal part of the pterygoids (Fig. 1f). Specimen BP/1/5372
also displays one possible isolated and displaced
orbitosphenoid (Online Resource 1). In addition, an incom-
plete Thrinaxodon skull (UCMP 42880), broken at the level of
the postorbital bar, revealed an extremely thin bone continu-
ous with the frontal on the left side that might represent an
isolated orbitosphenoid (Online Resource 1).

Our survey found that Cynosaurus, Galesaurus, and
Thrinaxodon display the apomorphic conditions of
orbitosphenoid morphology that characterize Epicynodontia.
The only exception is the ventral articulation of the
orbitosphenoids, which is retained in Cynosaurus, but not in
the other two taxa (Fig. 2b). However, most of these characters

Trirachodon Massetognathus  Lumkuia

I

Tritylodon

ventral keel and interorbital sep-
tum variably present; 2 cancellous
bone present, ventral keel absent,
interorbital septum absent (large
interorbital vacuity); 3 large fused
orbitosphenoid articulated with
the cranial vault, ventral keel
present; 4 anteroposteriorly elon-
gated orbitosphenoid, interorbital
vacuity closed. Rdg ridge, Spt in-
terorbital septum, Sed sediment
filling. Solid arrow,
orbitosphenoid; dotted arrow,
ventral keel. Specimens (top to
bottom, lefi to right) BP/1/3776,
BP/1/4658, BP/1/4245, BP/1/
1669, BP/1/4778, BP/1/1563, BP/
1/10468, BP/1/7199, RC 92, BP/
1/3849, SAM-PK-10160, BP/1/
216. Images taken using Avizo 8
(FEI VSG, Hillsboro OR, USA).
Not to scale. Phylogeny after Ruta
etal. (2014)
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then reverse back to their plesiomorphic state at some point in
the Probainognathia and some Cynognathia (Fig. 2).

Discussion

The orbitosphenoids, here described for the first time in
Cynosaurus, Galesaurus, and Thrinaxodon, tend to become
displaced during fossilization, which can make their identifi-
cation difficult (Fig. 1). Fortunately, the paired ossification is
located in situ in one specimen of Cynosaurus (AM 4947) and
Galesaurus (SAM-PK-K10468) (Fig. 1c, d). The short hemi-
cylindrical structure they form in the anterior-most part of the
braincase, below the frontal, resembles the paired bones that
support the tubular forebrain in Procynosuchus, and other NM
therapsids (Figs. 1a, b and 3 and Online Resource 1). This
paired ossification is unequivocally identified as the
orbitosphenoid in Cynognathia (von Huene 1936; Brink
1955; Bonaparte 1962; Crompton et al. 2015), and
Probainognathia (Crompton 1958, 1964; Bonaparte and
Barberena 2001; Bonaparte et al. 2003; Kemp 2009; Soares
et al. 2011), including tritylodontids (Kiithne 1956; Hopson
1964; Sun 1984; Sues 1986; Gow 1986; Kielan-Jaworowska
et al. 2004; Liu and Olsen 2010), and Brasilodon (Bonaparte
et al. 2003, 2005).

Except for two reports in procynosuchids (BP/1/1821;
Brink 1961, 1963), orbitosphenoid bones have not been de-
scribed for any basal cynodont, including the abundant and
thoroughly studied Thrinaxodon. Thus, when examining the
sister group relationships of mammaliaforms, Luo (1994) con-
sidered the orbitosphenoid as unossified in Thrinaxodontidae.
There are, nevertheless, equivocal reports of the presence of
orbitosphenoid bones in basal cynodonts. Broom (1938, Fig.
2, Sect. 11) figured two unlabeled fragments of thin bone
occurring posterior to the orbits and ventral to the frontal
bones on a serial section of Thrinaxodon. It is possible that
the longer of the two bones he interpreted as a sclerotic
plate, a structure never corroborated in hundreds of spec-
imens of Thrinaxodon, might represent an orbitosphenoid
because it has a similar shape and position as those re-
ported here (Fig. le, f).

Haughton (1918, p. 201) briefly described in Cynosaurus
(SAM-PK-4333) two curved ossifications located close to
each other rostrally and then separating caudally identified
as “crushed sphenoids or orbitosphenoids.” His associated
figure (Haughton 1918, Fig. 53c) of a V-shaped structure in
cross section comprised of two distinct bones in close contact
but not fused ventrally indeed corresponds to the morphology
of the orbitosphenoids observed here in the pCT scanned
Cynosaurus specimen BP/1/4469 (Online Resource 1).

The fact that the orbitosphenoid remained unrecognized in
most basal epicynodonts for so long might be explained in
three ways. First, there is a lack of thorough description of

@ Springer

the braincase of adult specimens, based either on CT scans
or serial sections (with the exception of Thrinaxodon).
Second, the postmortem disarticulation of orbitosphenoids,
in which they are found “floating” within the endocranial
cavity, can lead to their misidentification or a lack of recogni-
tion (e.g., Haughton 1918; Broom 1938). Lastly, the
orbitosphenoid in basal epicynodonts tends to be a thin bone
with a cancellous structure, which might make it difficult to
differentiate it from the surrounding sediment during prepara-
tion of specimens, leading to its destruction. This last point
illustrates the importance of non-destructive pCT investiga-
tion prior to fossil preparation. These three explanations might
also account for inconsistencies in the interpretation of the
presence of this bone in other basal cynodont taxa such as
Dvinia (see Ivakhnenko 2013, contra Tatarinov 1974).

Evolution of the orbitosphenoid in NM cynodonts

A ventral ossification of the anterior-most part of the braincase
is absent in “pelycosaurs,” and the homology of the
orbitosphenoid with one or more of the bones of the
sphenethmoid region in these basal taxa is still not certain
(Romer and Price 1940; Hopson 1979; Kielan-Jaworowska
et al. 2004). Aside from cynodonts, the orbitosphenoid is
known in representatives of all the other NM therapsid line-
ages such as the biarmosuchians (=sphenethmoid; Sidor and
Smith 2007; Day et al. 2016), dinocephalians (Boonstra 1968;
Benoit et al. 2016b), anomodonts (Cluver 1971; Fourie 1993;
Castanhinha et al. 2013; Laa3 2015), gorgonopsians (Olson
1938; Kemp 1969; Sigogneau 1970), and therocephalians
(Kemp 1972; Sigurdsen et al. 2012; Benoit et al. 2016b). In
all of these taxa, the orbitosphenoid bones appear to be fused
ventrally forming a long and hemi-cylindrical V-shaped struc-
ture in cross section (Figs. 1a and 3). This structure itself is
indistinguishably fused to the mesethmoid rostrally (the
resulting bone is often called the anterior plate or
septosphenoid in anomodonts; Boonstra 1968; Cluver 1971;
Castanhinha et al. 2013) and to the interorbital septum ven-
trally (Fig. 3). Together with the epipterygoid, they form the
sphenethmoidal complex (Kielan-Jaworowska et al. 2004).
The dorsal margins articulate firmly with the frontals, except
in some therocephalians where the orbitosphenoids are often
loose in the endocranial cavity (Benoit et al. 2016b; Fig. 3 and
Online resource 1). The orbitosphenoid is not cancellous, ex-
cept in dinocephalians (Boonstra 1968; Benoit et al. 2016b),
some dicynodonts (Laall 2015), and the therocephalians
Hofmeyria and Olivierosuchus (Fig. 3 and Online Resource
1). According to the ancestral character state reconstruction
(Fig. 2), anteroposterioly elongated, paired, and dense
orbitosphenoids, attached dorsally to the cranial roof and
fused ventrally with the interorbital septum via a promi-
nent ventral keel, is the plesiomorphic condition of
Cynodontia (Fig. 2).
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In procynosuchids, the orbitosphenoids are not closely con-
nected to the ventral surface of the frontal and parietal bones
(Brink 1961, 1963; Figs. 1b and 3), like in some
therocephalians and other NM cynodonts (Fig. 2d). Thus, they
can easily be lost during the fossilization process or being
mistakenly identified as unimportant loose bones and
destroyed during preparation. This may explain the absence
of any ventral ossification of the forebrain in the otherwise
thorough cranial description of a Zambian Procynosuchus
specimen (Kemp 1979). Nevertheless, the orbitosphenoids
are in situ in four out of seven of our specimens and still form
a U-shaped structure (Figs. 1b and 3 and Online Resource 1),
which suggests that the soft-tissue connection to the underside
of the skull roof was quite strong. In BP/1/3748, the paired
orbitosphenoids seem to articulate loosely with each other,
like in epicynodonts (Haughton 1918; Figs. 1b and 2b), but
they are thin and devoid of cancellous spaces like in non-
cynodont therapsids (Figs. 1b, 2c, and 3). The presence/
absence of a ventral keel and its articulation with the interor-
bital septum remain unclear in Procynosuchus because of the
considerable variation of these characters (Figs. 1b, 2e, and 3
and Online Resource 1; Brink 1963). Perhaps this is the
result of the cartilaginous nature or partial mineralization
of the interorbital septum in Procynosuchus. Therefore, in
many aspects, the orbitosphenoid of Procynosuchus ap-
pears to be intermediate between the anatomy observed
in therocephalians and those of the basal epicynodonts
(Figs. 2 and 3, node 1).

Most NM epicynodonts depart from the plesiomorphic
conditions described in Procynosuchus because their
orbitosphenoids never display a ventral keel and are com-
posed of delicate bone filled with large cancellous spaces
(Figs. 2c, e and 3, node 2). As the basal-most epicynodont
of this study, Cynosaurus display cancellous spaces only in
the anterior part of the orbitosphenoid. In addition, the
interobital septum is absent in most epicynodont taxa (Fig.
2e). The orbitosphenoids of NM epicynodonts form a hemi-
cylindrical structure that is anteroposteriorly shorter than in
other, more basal NM therapsids (Figs. 1 and 2a). The struc-
ture is U-shaped in cross section, and opens ventrally as a
result of the absence of articulation between the paired
orbitosphenoids, except in some specimens of Cynosaurus,
in which both orbitosphenoids remain articulated (Figs. 1c—
f, 2b, and 3). The absence of ossification of the interorbital
septum leaves a large interorbital vacuity between the orbits
(Kielan-Jaworowska et al. 2004). As a consequence,
orbitosphenoids are often found loose in the endocranial cav-
ity or disarticulated, especially in basal epicynodonts (Figs.
lc, e, fand 3). The presence of in situ orbitosphenoids, at least
in some specimens, suggests that they were supported by the
cartilaginous interorbital septum and walls of braincase (a
piece of a possible interorbital septum is ossified in a single
Galesaurus specimen AMNH 2223; Online Resource 1).

Among the Cynognathia, some Late Triassic traversodontids
such as Massetognathus and Exaeretodon re-developed a
strong attachment to the cranial vault and a ventral keel below
the elongated and medially fused orbitosphenoids (Figs. 2b, d
and 3, mark 3; von Huene 1936; Brink 1955; Bonaparte 1962;
Crompton et al. 2015). There is no visible interorbital septum,
which still leaves the large interorbital vacuity widely opened,
but a prominent ridge, produced by the palatine, is present on
the floor of the vacuity (Fig. 3), suggesting the presence of a
cartilaginous septum.

As in basal epicynodonts, an anteroposteriorly short and
cancellous orbitosphenoid, and a large interorbital vacuity is
maintained in the Probainognathia Lumkuia, Prozostrodon,
Tritheledontidae, Brasilodon, and possibly Therioherpeton
(Figs. 2 and 3; Hopson 1964; Kielan-Jaworowska et al.
2004; Bonaparte and Barberena 2001; Bonaparte et al. 2003,
2005; Soares et al. 2011). On the contrary, a long hemi-
cylindrical orbitosphenoid with a ventral keel resembling that
of Massetognathus and Exaeretodon is present in
Chiniquodon theotonicus (Kemp 2009), Probainognathus
(Crompton et al. 2017) (though the bone is rarely preserved
and, when present, displays variable anatomy in this taxon;
see, e.g., Romer 1970; Kielan-Jaworowska et al. 2004;
Crompton et al. 2017), and possibly in Ecteninion (Rowe
2002, Digimorph.org; note that the exact boundaries of the
orbitosphenoid are difficult to trace on the CT scan;
Martinez et al. 1996), which suggests that the mineralization
of the interorbital septum among Probainognathia was likely
subject to variability and homoplasy (Fig. 2). Unlike other
cynodonts, the orbitosphenoid, when present, is always artic-
ulated to the frontal in Probainognathia and the two
Traversodontidae represented in our sample (Fig. 2d).

In tritylodontids, the orbitosphenoid contacts the palatine
rostroventrally and is expanded caudally so that it contacts the
epipterygoid posterodorsally and the prootic posteroventrally,
which results in the loss of the interorbital vacuity and the
consequent development of an interorbital mosaic formed by
the orbitosphenoid, palatine, and frontal (Figs. 2e and 3, node 4;
Hopson 1964; Sun 1984; Sues 1986; Gow 1986; Kielan-
Jaworowska et al. 2004). This condition is essentially identical
to that in stem mammaliaforms and represents a significant
departure from that represented in other NM cynodonts
(Hopson 1964; Sun 1984; Sues 1986; Gow 1986; Kielan-
Jaworowska et al. 2004). In tritylodontids, the orbitosphenoids
still form a long and tubular structure, but in early
mammaliaforms, they become divergent and separated medial-
ly by the presphenoid as the brain hemispheres grow larger
(Kermack et al. 1981; Kielan-Jaworowska et al. 2004; Rowe
etal. 2011; Rowe 2002, Digimorph.org). In Brasilitherium, the
orbitosphenoid as interpreted by Ruf et al. (2014, Fig. 5a) on
CT scans images, covers the orbital lamina of the lacrimal me-
dially, and does not contribute to the braincase. However, the
peculiar location of the bone is probably due to a postmortem
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displacement (Crompton et al. 2017). This is supported by (i)
the position of the orbitosphenoid in Brasilodon, the sister tax-
on of Brasilitherium, in which it is located in its regular place
(Bonaparte et al. 2003, 2005), and (ii) the ancestral character
state analysis that reconstructs the condition in Brasilitherium
as being similar to that in tritylodontids and mammaliaforms
(Fig. 2e).

As evidenced from the discussion above, eucynodonts
show a wide range of variation in the pattern of ossification
of the orbitosphenoid and they even tend to re-develop the
plesiomorphic condition of an anteroposteriorly elongated
and fused orbitosphenoid with a ventral keel in a convergent
manner in traversodontids and some probainognathians (Figs.
2 and 3). The retention of a cartilaginous support for the
orbitosphenoid in basal epicynodonts probably provided the
basis for this homoplasic evolution (Fig. 3). This transition
from a developed orbitosphenoid in procynosuchids to its re-
duction in basal epicynodonts (accompanied by a large inter-
orbital vacuity), followed by the re-acquisition of the
plesiomorphic condition and formation of a complete interor-
bital wall and the concomitant loss of the vacuity in derived
eucynodonts, is puzzling. The orbitosphenoid is usually carti-
laginous in extant sauropsids (de Beer 1937), which led Kemp
(1979) to hypothesize that the acquisition of a large interorbit-
al vacuity through the reduction of the orbitosphenoid in NM
cynodonts could result from the supposed persistence of a
primitive cranial kinetic mechanism. Complete ossification
of'the braincase, on the other hand, may have served to protect
the central nervous system in eucynodonts (both among
probainognathians and cynognathians), in which the brain be-
came an increasingly important organ to support improve-
ments in sensorial inputs and a more flexible behavior in those
likely nocturnal species (Rowe et al. 2011; Benoit et al.
2016b). If true, then this is not reflected in endocranial cast
size since the encephalization quotient (a measure of relative
brain size) does not vary significantly among NM therapids
(Jerison 1973; Rowe etal. 2011; Castanhinha et al. 2013; Laal3
2015; Rodrigues et al. 2013). The orbitosphenoid serves as a
support for the olfactory bulbs which began to grow larger in
the clade unifying Brasilitherium and Mammaliaformes
(Rodrigues et al. 2013). However, the ancestral character state
reconstruction does not reveal any particular change in the
anatomy of the orbitosphenoid at this level of the cladogram
(Fig. 2). In addition, the ossification of the orbitosphenoid into
a solid braincase provides support for the development of the
internal adductor musculature (e.g., levator pterygoidei),
which might have increased the power of the bite and efficien-
cy of mastication, particularly in herbivorous taxa such as
traversodontids and tritylodontids (Kemp 2005; Jones et al.
2009). This would, at least partially, account for the conver-
gent evolution of a longer and ventrally keeled orbitosphenoid
in these two groups (Figs. 2 and 3). These preliminary hypoth-
eses are thus not completely satisfactory but they may be

@ Springer

relevant for some of the cases of appearance and disappear-
ance of the orbitosphenoid in NM cynodonts. Further work is
necessary to address this baffling evolutionary transition.

Conclusion

The orbitosphenoid is an important component of the brain-
case that supports the olfactory region of the brain. This bone
is represented in all the therapsid lineages, generally as a
hemi-cylindrical element. For years, it was believed that the
orbitosphenoid was not ossified in basal epicynodonts (e.g.,
Thrinaxodon; Luo 1994), but here, for the first time, we dem-
onstrate the presence of thin, short, and cancellous
orbitosphenoids. This finding illustrates the importance of
non-destructive uCT investigation prior to physical prepara-
tion and shows that innovative imaging techniques can still
reveal new anatomical details, even in a well-known taxon
such as Thrinaxodon.
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