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The acquisition of the load-bearing dentary-squamosal jaw joint was akey step in
mammalian evolution'™. Although this innovation has received decades of study,
questions remain over when and how frequently a mammalian-like skull-jaw

contact evolved, hindered by a paucity of three-dimensional data spanning the

non-mammaliaform cynodont-mammaliaform transition. New discoveries of
derived non-mammaliaform probainognathian cynodonts from South America
have much to offer to this discussion. Here, to address this issue, we used micro-
computed-tomography scanning to reconstruct the jaw joint anatomy of three

key probainognathian cynodonts: Brasilodon quadrangularis, the sister taxon to
Mammaliaformes®®, the tritheledontid-related Riograndia guaibensis’® and the
tritylodontid Oligokyphus major. We find homoplastic evolution in the jaw joint in the
approachto mammaliaforms, withictidosaurs (Riograndia plus tritheledontids)
independently evolving a dentary-squamosal contact approximately 17 million years
before this character first appears in mammaliaforms of the Late Triassic period'® 2,
Brasilodon, contrary to previous descriptions®™®, lacks an incipient dentary condyle
and squamosal glenoid and the jaws articulate solely using a plesiomorphic quadrate-
articular joint. We postulate that the jaw joint underwent marked evolutionary changes
in probainognathian cynodonts. Some probainognathian cladesindependently
acquired ‘double’ craniomandibular contacts, with mammaliaforms attaining a fully
independent dentary-squamosal articulation with a conspicuous dentary condyle
and squamosal glenoid in the Late Triassic. The dentary-squamosal contact, whichis
traditionally considered to be a typical mammalian feature, therefore evolved more
than once and is more evolutionary labile than previously considered.

Mammals possess a unique secondarily evolved jaw joint between the
dentary and squamosal bones'?. The elements forming the ancestral
jawjoint, the quadrate and articular, were separated fromthe lower jaw
during the evolution of mammals from Mesozoic era fossil relatives,
the non-mammaliaform cynodonts'>. The evolution of the dentary-
squamosal articulation is therefore key to understanding the
origin of the unique mammalian body plan. Newly discovered
non-mammaliaform cynodonts fromthe Late Triassic of South America
are well placed, both in time and in the evolutionary tree, to answer
when and how often the precursor conditions to this load-bearing
jaw joint first evolved. Here we use micro-computed-tomography
(RCT) scanning to analyse the jaw joint morphology of three key
non-mammaliaform cynodont species and identify the oldest example
of adentary-squamosal contact in the fossil record in R. guaibensis®,
predating that seenin Mammaliaformes by approximately 17 million
years'°2, Our updated phylogenetic analyses show that this contact
evolved independently from that of mammal precursors, demon-
strating that this classical feature is more evolutionarily labile than

previously thought. B. quadrangularis, the sister taxon to Mammalia-
formes, does not possess adentary-squamosal jaw articulation as was
previously interpreted® . Evolutionary experimentation in jaw joint
morphology occurred across the cynodont-mammaliaform transition,
coinciding with the evolution of features such as thermoregulation,
insectivory and miniaturization that would become key elements of
the mammalian body plan for millions of years to come®® ™8,

Among the most important diagnostic features of mammals are a
unique middle ear containing three ossicles (malleus, incus, stapes)
and a load-bearing jaw hinge comprising a dentary condyle and
squamosal glenoid****?°, The definitive mammalian middle ear (also
called the detached middle ear®?) evolved within Mammaliaformes
during the Mesozoic, with fossil and developmental evidence suggest-
ing that this event occurred at least three times independently?*%%,
However, the major morphological changes needed to facilitate
this innovation took place in non-mammaliaform cynodonts (here-
after, cynodonts), the precursors of mammals®*, The fossil record
documents the evolution of the jaw from early diverging cynodonts
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Fig.1| Time-calibrated relationships of Cynodontia. The topology isbased
onthe phylogenetic analysis within this study (methodology and detailed
results areshownin the Supplementary Information). The black bars at the tree
tips show the stratigraphicrange of each taxon, with the geological timescale
below. Outlines of lower jaws and postdentaries for key cynodont taxa adapted
from the literature!>26-28464962.668384 e shown in medial view (not to scale),
with anexample Thrinaxodon jaw in the bottom left corner denoting the colour

to mammaliaforms®**, in which the postdentary bones (articular,
prearticular, surangular, angular) are reduced in size compared with
thetooth-bearing dentary to becomea collection of thin, rod-like ele-
mentsas their roleinjawarticulationisincrementally reduced (Fig. 1).
Eucynodonts experimented with several modifications to the skull that
improved sensorial and feeding habits, coupled with the formation of
asecondary jaw articulation in between the surangular boss and the
articular flange of the squamosal*?. Further morphological changes
led to the formation of the load-bearing dentary-squamosal joint,
consisting of adistinct dentary condyle that articulates to the glenoid
cavity of the squamosal bordered posteriorly by a glenoid ridge. In
early-diverging mammaliaforms such as Morganucodon, Sinoconodon
and others, the dentary-squamosal articulation lies alongside the ple-
siomorphic quadrate-articular joint? %, The formation of the dentary-
squamosal jaw articulation freed the postdentary bones from their
ancestralrole asload-bearing elements and allowed them to specialize
forsound detection and finally separate from the lower jaw entirely in
crown mammals (Fig.1). Understanding the phylogenetic history and
timing of evolution of the dentary-squamosal contact through the
cynodont-mammaliaform transitionis therefore crucial tointerpreta-
tion of the origin of this unique mammalian structure.

Despite a long history of study®, questions remain surrounding
the evolution of the jaw joint in cynodonts. Probainognathian cyno-
donts show variationinjaw joint morphology suggesting evolutionary
experimentation among some, but not all, groups>**. Disagreement in
anatomical interpretation and scarcity of fossils have hindered inves-
tigation into jaw anatomy and function in key clades. Furthermore,

2 | Nature | www.nature.com

of eachbone. Taxastudied here (Brasilodon, Riograndia, Oligokyphus)

are highlighted inred. Ma, million years ago. Outlines of lower jaws and
postdentaries adapted with permission fromrefs. 4,26,84 (Springer Nature
Limited); ref. 28 (Cynognathus, Morganucodon; Oxford Univ. Press); ref. 5
(Thrinaxodon; Annual Review of Ecology, Evolution and Systematics); refs. 3,46
(Probainognathus, Diarthrognathus;John Wiley and Sons); and ref. 83
(Diademodon; Palaeontologia Africana).

the method by which cynodonts maintained a functioning jaw joint
before the formation of the load-bearing dentary-squamosal artic-
ulation while simultaneously reducing the postdentary bones for
improved sound detection remains unclear. Both reorganization
of adductor musculature**** and overall body miniaturization®
have been considered as hypotheses, although these are not mutu-
ally exclusive. Comparative studies of cynodont jaw anatomy have
to date largely focused on well-known taxa'>*? that are exemplary in
terms of preservation and usefulness in anatomical study, but gaps
remaininourunderstanding of cynodontevolution. The reliably dated
Candelaria Sequence of the Santa Maria Supersequence of southern
Brazil? has in recent years delivered a suite of derived Late Triassic
probainognathian cynodonts”*** many of which are represented by
multiple specimens including ontogenetic sequences. Of particular
note is B. quadrangularis, which has been recovered by most phylo-
genetic analyses’ *2%** as the sister taxon to mammaliaforms and
is purported to possess a dentary-squamosal joint similar to that of
Morganucodon®"8*%?¢, The robust-jawed R. guaibensis is also abun-
dantinthe Candelaria Sequence, being the key taxon of the Riogran-
dia Assemblage Zone, which includes Brasilodon. This Assemblage
Zone was dated using *°°Pb/>*8U, revealing a maximum deposition
age of 225.42 + 0.37 million years (early Norian)**. The phylogenetic
placement of Riograndia has varied through time, being considered
either a tritheledontid®, a non-tritheledontid ictidosaur® or allied
to other traditional ictidosaurs but not forming a monophyletic
clade®?%%45 Regardless, it is unambiguously a derived probainog-
nathian placed stemward of mammaliaforms. Previous descriptions



have indicated that Jurassic tritheledontids may possess a type of
dentary-squamosal contact**>**¢* although this contact lacks the
robust dentary condyle as seen in mammaliaforms such as Morga-
nucodon®*. The phylogenetic position and preservational quality
of Brasilodon, Riograndia and other recently described probainog-
nathian cynodonts makes these taxa key to understanding the ori-
gin of the mammalian jaw joint and middle ear, but the anatomical
information of these new fossils has yet to be integrated into the
wider picture of cynodont morphological evolution alongside better-
known species.

To better establish the evolution of jaw joint morphology at
this pivotal stage in mammalian history, we reconstructed the
three-dimensional anatomy of the jaw joint in Brasilodon, Riograndia
andthe tritylodontid Oligokyphus using a 3D dataset of cynodont fossils
obtained by pCT scanning (Supplementary Table 1; available at data.Bris
(Data availability)). We incorporate morphology revealed by our uCT
dataintoanupdated phylogenetic analysis (Fig. 4 and Supplementary
Information), demonstrating substantial homoplastic evolution of
thejaw hinge and middle ear charactersin the phylogenetic predeces-
sors of mammals. Brasilodon does not possess a dentary-squamosal
articulation as previously described, whereas Riograndia possesses a
clear dentary-squamosal contact similar to that of the closely related
tritheledontids. Riograndia predates the earliest-known mammalia-
form condyle-glenoid jaw joint by approximately 17 million years.
This demonstrates that the ictidosaur-tritheledontid clade (Fig. 4)
independently acquired the dentary-squamosal contact that bears
resemblanceto the jaw hinge of mammaliaforms. Evolutionary experi-
mentation with the jaw hinge occurredin derived cynodonts, and some
precursor characters evolved iteratively in probainognathians, and
thenin mammaliaforms.

Thejaw joint morphology of Brasilodon

KICT scans of nine Brasilodon specimens highlight notably different
jawjoint anatomy from that described previously (Fig.2). As in many
derived probainognathians'>?**8, the lateral and medial ridges of
the dentary in Brasilodon create a mediolaterally thickened articular
process that extends posteriorly beyond the postdentary bones. The
articular process was described previously as an incipient condyle
comparable to the condylar process seen in mammaliaforms®, but
the 3D data show that this thickening is much less developed thanin
Morganucodon and Sinoconodon, despite the pronounced posterior
extension (Fig. 2d-f). The puCT data of the well-preserved specimens
of Brasilodon (UFRGS-PV-929-T, UFRGS-PV-1030-T, UFRGS-PV-1043-T)
also do not support the presence of an incipient squamosal glenoid,
and there is no clear contact surface on the squamosal to accept the
lateral ridge of the dentary (Fig. 2e). Digital manipulation of the 3D
model of the well-preserved dentaries of Brasilodon UFRGS-PV-1043-T
to articulate the jaws shows that the articular process does not reach
the squamosal when the teeth are in occlusion, even in the largest
specimens. This condition is also present in the minimally distorted
left side of UFRGS-PV-1030-T (Fig. 2e), and other specimens such as
UFRGS-PV-929-T and UFRGS-PV-760-T, although more distorted, show
the same morphology. The lateral ridge of the dentary prohibits any
interaction between the surangular and squamosal, meaning that
Brasilodon also lacks the secondary surangular-squamosal articula-
tion found in many other eucynodonts*?®. We find that Brasilodon
possesses only the ancestral quadrate-articular jaw joint. The quadrate
itself has a well-developed stapedial process and a pronounced neck
around the articular surface resembling that of Morganucodon™. nCT
scans show that the quadrate surface for contacting the squamosal is
strongly concave, in a similar manner to Pachygenelus and especially
Morganucodon® . Tightly attached to the quadrate is the quadrato-
jugal, which is housed in its own notch in the squamosal separated
fromthe more medial quadrate notch by aventrally projecting lamina

Fig.2| Anatomy of B. quadrangularisinformed by pCT scans. a, Photograph
of UFRGS-PV-929-Tin the lateral view. The dashed areaindicates the region
showninb.b, Lateral view of the right jaw joint region of UFRGS-PV-929-T.

¢, Ventral view of sameregionasinb.d, Dorsal view of sameregionasinb.

e, Ventral view of surface model of right jaw of UFRGS-PV-1030-T, showing the
dentary-squamosal relationship while the teeth are in occlusion. f, The right
articular process of Morganucodon in the ventral view, for comparison.

g, Medial view of left jaw of UFRGS-PV-628-T. h, Medial view of the left jaw of
Morganucodon. ad, articular process of the dentary; an, angular; ar, articular;
cor, coronoid bone; cp, coronoid process; dc, dentary condyle; Ird, lateral
ridge of the dentary; Mkg, Meckelian groove; mrd, medial ridge of the dentary;
pa, prearticular; pdt, postdentary trough; q, quadrate; qj, quadratojugal;

rap, retroarticular process; rla, reflected lamina of the angular; sa, surangular;
sq, squamosal; sym, mandibular symphysis. Scale bars, 10 mm (aand g), 5mm
(band h),2 mm (cand d) and1 mm (e andf). lllustrations of Morganucodon are
modified fromref. 28 (fand h; Oxford Univ. Press).

of bone. The arrangement of the quadrate, quadratojugal and squa-
mosalin Brasilodontherefore represents the plesiomorphic condition
shown in other non-mammaliaform probainognathians*>*, contrary
to previous descriptions?. Our scans show that the postdentary bones
of Brasilodon (Fig. 2g) generally resemble those of cynodonts like
Probainognathus and Pachygenelus in size and shape>*®, rather than

the comparatively much smaller and more slender postdentaries of
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mammaliaforms such as Morganucodon (Fig. 2h), again contrary to
previous descriptions®’. The articular and prearticular are fused in all
of the specimens and the surangular is fused to the dorsal surface of
both in all but UFRGS-PV-1030-T, one of the smallest specimens. The
angular remains unfused to the other postdentary bones in all of the
specimens.

The jaw joint anatomy of Brasilodon presents a contradiction. The
lack of asquamosal glenoid and spatial separation between squamosal
and dentary indicates that the quadrate-articular joint is the main
point of articulation, but the dentary possesses numerous features
associated with the evolution of a dentary-squamosal joint, such
as the expanded lateral and medial ridges and long articular process
that extends posteriorly beyond the postdentary bones and prevents
any squamosal-surangular contact (Fig. 2). Posterior extension of
the articular process is a prerequisite condition for establishing a
dentary-squamosal contact, but this by itself does not necessarily
denote a dentary squamosal articulation. Tritylodontids possess an
articular process that extends posteriorly to the postdentary bones,
as in Brasilodon, but unambiguously show no evidence of a dentary-
squamosal contact (Supplementary Information). The large medial
ridge and posteriorly extended articular process of Brasilodon may
have braced the postdentaries from above during jaw movement in
the absence of asecondaryjoint (although such features are less devel-
oped in tritylodontids***°), resulting in a precursor condition to the
dentary-squamosal contact in which the articular process extends
posteriorly but does not yet reach the squamosal. Alternatively,
Brasilodon may have possessed some form of synovial or ligamen-
tous connection between the dentary and squamosal that provided
additional jaw joint support, producing a mismatch of plesiomor-
phic and derived features. Such a connection has been suggested for
Thrinaxodon as a precursor to the secondary surangular-squamosal
articulation®. There is some osteological evidence for this too: the
posterior surface of the articular process of the dentary does appear to
possess the type of rugosity commonly associated with cartilaginous
covering.

Dentary-squamosal contact in Riograndia

Our examination of Riograndia using nCT scanning has revealed the
3D morphology of its jaw joint region in fine detail (Fig. 3). We find a
dentary-squamosal contact in Riograndia (Fig. 4), making this the
oldest currently confirmed in the fossil record, although it differs in
morphology to the developed articulation first seenin the Late Triassic
(Norian-Rhaetian) mammaliaform Haramiyavia'®*"*, the Late Triassic
(Rhaetian) to Early Jurassic (Hettangian-Sinemurian) Morganuco-
don™%%3%* and the Early Jurassic (Sinemurian) Sinoconodon*>. The
medial ridge of the dentary forms the roof of the postdentary trough
and, together with the lateral ridge, it forms the mediolaterally broad
articular process. Asin Brasilodon, the articular process extends pos-
teriorly beyond the postdentary bones and therefore prevents any
articulation between the surangular and the squamosal (Fig. 3b,c,e,f).
Incontrast to Brasilodon and tritylodontids, the squamosal of Riogran-
diabears a clear indentation on the ventromedial surface that would
have contacted the lateral ridge of the articular process of the den-
tary (Fig. 3c,d). This contact surface is well described in the Jurassic
tritheledontids Pachygenelus and Diarthrognathus">**%%, which
belong to the moreinclusive ictidosaur clade including Riograndia®**
(Fig.1). The 3D morphology shown by our puCT scans, particularly that
of UFRGS-PV-596-T, enables us to firmly state that a similar contact
between the dentary and squamosal was also present in Riograndia.
The morphology of this contact differs in several important respects
from a condylar dentary-squamosal jaw joint, as seen in mamma-
liaforms such as Sinoconodon, Morganucodon and Haramiyavia.
In Riograndia, there is no distinct glenoid cavity on the squamosal
posteriorly rimmedby aridge, oratrue condyle onthearticular process
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Fig.3|Anatomy of thelower jaws and jaw joint of R. guaibensis.

a, Photograph of UFRGS-PV-596-T in the lateral view. b, Surface model

of UFRGS-PV-596-T in the lateral view. ¢, Ventral view of the right jaw joint

of UFRGS-PV-596-T.d, Medial view of the squamosal of UFRGS-PV-596-T,
showingthe contactsurface. e, Surface model of the articular process of the
leftjaw of MPDC-1Blin the posterior view. f, Lateral view of sameregionasine.
g, Linedrawing of the articular process of Pachygenelus sp., modified from
ref.27.h, Photograph of the left jaw of UFRGS-PV-833-T in the medial view.

i, Surface model of sameregionasinh, showingintact postdentary bones.
ap, angular process of the dentary; cs, dentary contact surface; ra, thickened
posterolateral rim of the articular process. Scale bars,10 mm (a, b, eandf),
Smm(c)and 2 mm (d).

of the dentary (Fig. 3c-f), and most of the articulating surface is on
the dorsolateral portion of the articular process, rather than on the
posterior. Overall, the squamosal configuration in Riograndia bears
resemblance to the surangular-squamosal articulation presentin some
other eucynodonts such as Probainognathus®. However, the flaring
lateral ridge of the dentary in Riograndia excludes the surangular from
directly contacting the squamosal. Despite damage to the zygomatic
arch, itis clear that the articular surface in Riograndia extended over
amuch larger area than the surangular-squamosal articulation of
more basal eucynodonts? (Fig. 3d). This condition also differs from
themorphology observedinthe South African]Jurassic tritheledontid
Diarthrognathus, which possesses a thickened and rounded postero-
lateralrim on the articular process of the dentary, superficially resem-
bling acondylar surface thatis absent, or atleast much less developed,
in Riograndia*®. Pachygenelus, another derived tritheledontid from
South Africa, probably also possesses this condition>?*¢* (Fig. 3g).
It appears then that ictidosaurs (including Riograndia and trithele-
dontids)* show some structural variation of the dentary-squamosal
contact: the early diverging Riograndia shows a simple convex articular
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thedentary and squamosal across the tree. Reconstructions of Brasilodon and
Riograndiajaws producedin this study are shown in the medial view. Topology
isadapted from the most parsimonious trees obtained here, including the
resolution of the Ictidosauria, and the additional medial jaw outlines are
adapted from the literature®2¢?74683-85 (Fig 1), Details of phylogenetic

process forming the dentary-squamosal contact, whereas the more
derived Pachygenelus and Diarthrognathus show more (albeit still
incomplete) resemblance to the dentary condyle and squamosal gle-
noid in mammaliaforms. Tritheledontids never evolved the dentary
condyle or posteriorly ridged glenoid of mammaliaforms, yet it does
appear that the Jurassic forms were approaching amore derived con-
dition with a more developed contact between the dentary and the
squamosal.

The dentary-squamosal contact acts as reinforcement to the
quadrate-articular joint in Riograndia. The postdentary bones are
large, boxy and even more robust than those found in many basal
probainognathians (such as Probainognathus) and tritheledontids such
as Pachygenelus and Diarthrognathus*>*® (Fig.3b,c,h,i). Our nCT scans
confirm the key features of postdentaries of Riograndia as described
previously®: the fusion of the angular, articular and prearticular, and
aposteriorly projected retroarticular process of the articular, and the
reflected lamina on the angular is absent (or alternatively not ossified).
Riograndiahas aslender quadrate, and the new scans also confirm that
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analysesandresults are providedin the Supplementary Information. Medial
jawoutlines are adapted with permission fromref. 5 (Thrinaxodon; Annual
Review of Ecology, Evolution and Systematics); refs. 3,46 (Probainognathus,
Diarthrognathus, Oligokyphus;John Wiley and Sons); refs. 4,26,84 (Springer
Nature Limited); ref. 83 (Diademodon; Palaeontologia Africana); and ref. 28
(Morganocudon; Oxford Univ. Press).

itismore similar to that of Probainognathusinthe absence of stapedial
process (a plesiomorphic trait) than to Brasilodon and Morganuco-
don®¥. The uCT scans of UFRGS-PV-596-T also reveal the presence of a
tiny quadratojugalin Riograndia (Fig.3b,c), to our knowledge the first
time that thisbone hasbeen observed inanictidosaur. The quadrato-
jugalisanarrow splint of bone of which the ventral portionis accepted
by a shallow depression on the anterolateral surface of the quadrate,
although the abutting contact has disarticulated in UFRGS-PV-596-T.
Dorsally, the quadratojugal becomes flattened and plate-like and inserts
into a notch in the squamosal separated by a thin ridge of bone from
the more medial notch for the quadrate. The reported absence of a
quadratojugal in tritheledontids such as Pachygenelus>* may therefore
be due to small size and a lack of preservation rather than a genuine
loss, but this requires further investigation. The tiny quadratojugal
contrasts with the large, robust quadrate, and the loose connection of
the quadratojugal with the squamosal would have improved the ability
ofthe quadrate/quadratojugal torock forwards duringjaw opening to
prevent disarticulation?.

Nature | www.nature.com | 5



Article

Therobust construction of the quadrate-articularjoint alongside a
secondary dentary-squamosal contact may imply adaptation to higher
stresses inthe jaw joint of Riograndia, and perhapsictidosaursin gen-
eral. Characteristics such as enlarged and procumbent lower incisors,
reduced canines, leaf-shaped postcanines and the general robustness
of the skulland jaws suggest a herbivorous diet in Riograndia®, and the
boxy postdentaries may have been an additional adaptation to cope
withincreased loading at the jaw joint. The evolution of the jaw articu-
lation across the cynodont-mammaliaform transition may therefore
have been influenced by confounding ecological factors in specific
taxa, rather than being a simple stepwise reduction in postdentary
size. Intritheledontids like Diarthrognathus and Pachygenelus, the
more derived jaw joint may have been able to distribute more stress
acrossits thickened posterior contact surface than the simple convex
morphology of Riograndia and so allowed those taxa the freedom to fur-
ther reduce the size of their postdentary bones and quadrate-articular
jaw joint. Although a true dentary-squamosal joint with a developed
condyle and squamosal glenoid evolved only in mammaliaforms, the
morphology of Riograndia demonstrates that another clade of probain-
ognathian cynodonts independently evolved a dentary-squamosal
contact some 17 million years earlier.

Brasilodon has emerged as the sister to mammaliaforms in almost
every phylogenetic study since its discovery® #2343 Both trithele-
dontids”"%° and tritylodontids'*'*¢""® have been considered as the
sister clade to mammaliaforms in previous studies (summarized pre-
viously®); however, neither hypothesis invalidates our interpretation
that the dentary-squamosal contact evolved at least twice among
probainognathian cynodonts. The derived condition in Diarthrogna-
thus compared to Riograndia demonstrates that a more developed
contact surface between the dentary and squamosal must have evolved
independently within tritheledontids and mammaliaforms (Fig. 4).
Tritheledontids are united by a suite of shared characters not possessed
by mammaliaforms®¢%, so it is unlikely that they would represent a
grade of cynodonts leading towards mammaliaforms to the exclusion
of Brasilodon and tritylodontids. Considering the current spread of
phylogenetic results in the literature, our conclusions on homoplasy
present withinthe jawjoints of derived probainognathians are well sup-
ported. Toaddress what our revised morphological descriptions mean
for the phylogenetic position of taxa, we coded the new data obtainedin
this study (Supplementary Information) and found little change to the
topology of previously published trees. Brasilodon remains the sister
taxon to Mammaliaformes alongside the poorly known Botucaraith-
erium, to the exclusion of tritylodontids and ictidosaurs successively.
The strict consensus tree of eight most parsimonious trees (MPTs)
showstheictidosaur clade (Riograndia, Irajatherium, Diarthrognathus+
Pachygenelus) as monophyletic and sister to the clade composed of
tritylodontids, Botucaraitherium/Brasilodon plus Mammaliaformes
(Supplementary Fig. 1). In four out of the eight MPTs, Riograndia was
found to be the sister of Irajatherium in a clade that is itself the sister
to Diarthrognathus + Pachygenelus, whereas, in the other four MPTs,
Riograndiawas found to be the sister of Diarthrognathus + Pachygen-
elus, withIrajatheriumrecovered as the most basalictidosaur. We found
similar results using Bayesian analysis, with Ictidosauria forming a
monophyletic group that, alongside Therioherpeton, forms the sister
toaclade containing tritylodontids, Botucaraitherium/Brasilodon plus
Mammaliaformes (Supplementary Fig. 2). The more basal position ofa
monophyleticlctidosauriacompared to tritylodontids and Brasilodon
inall of the generated trees cements our conclusion that the dentary-
squamosal contact evolved twice within Cynodontia. The use of this
character as adefining feature of mammals is therefore problematic as
itarose not only within non-mammalian mammaliaforms but also sepa-
rately within probainognathian cynodonts. The evolution of adistinct
condyle and glenoid, specifically, separates the dentary-squamosal
jointin Mammaliaformes from the more basal dentary-squamosal
lateral contact in derived cynodonts™.
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Jawjointinnovationin Cynodontia

The morphology of Brasilodon, ictidosaurs and tritylodontids demon-
strates that considerable experimentation with jaw joint morphology
occurred withinderived probainognathians, bothin the twoindepend-
entacquisitions of the dentary-squamosal jaw contact and the loss of
the surangular-squamosal jaw joint (Fig. 4). This is in contrast to both
basal probainognathians and cynognathians, the other large radiation
of eucynodonts (Fig. 1), which show little variation in their jaw joint
configuration. Among cynognathians, derived forms like the traver-
sodontid Massetognathus possess amore developed articular facet on
the squamosal and amore lateral articular surface onthe articular boss
than basal taxa like Diademodon? but the general topology of the bones
remains the same. Low disparity in the cynognathianjaw joint contrasts
with the general pattern of their evolution, which has previously been
characterized by higher diversity, morphological disparity and charac-
ter evolutionary rates compared to probainognathians®, alongside the
evolution of highly complex food processing and tooth replacement
systems’’. The surangular-squamosal joint of basal probainognathians
generally resembles that of derived cynognathians, with a laterally
placed squamosal flange similar to taxa like Massetognathus®. Initial
descriptions of the early Carnian cynodont Probainognathus described
the secondary articulation with the squamosal as involving both the
surangular and the dentary’”®, a description later repeated by Allin®.
Ifaccurate, this would constitute a third, older independent evolution
of dentary-squamosal contactin probainognathians, but subsequent
works*>? state that the secondary articulation in Probainognathus
involved only the surangular, as in most other eucynodonts.

This raises the question of why derived probainognathians show
muchmore plasticity injaw articulation than other non-mammaliaform
cynodonts. It hasbeen hypothesized that the reorganization of muscles
to a more mammalian arrangement reduced the mechanical load on
the primary jaw joint, allowing for areductioninthe postdentary bones
and promoting the evolution of secondary articulations>**4¢7 It is
likely that the majority of muscle reorganization had already occurred
at the base of Eucynodontia®, with the exception being the shift of
the pterygoideus from the postdentary rod to the dentary>3°3757¢,
However, uncertainty surrounding osteological correlates for the
pterygoideus has obscured the exact timing of this shift>**%”7, One
possible correlate, the angular process of the dentary (that may or
may not be homologous to the mammalian angular process’), evolved
sporadically across eucynodonts and occurs in many cynognathians;
itis extremely pronounced in taxa such as Massetognathus and Exaere-
todon.Cynognathians may therefore have evolved a fully mammalian
masticatory muscle arrangement but never evolved the diversity in
jawarticulation that derived probainognathians did. Moreover, recent
biomechanical studies have shown that the musculoskeletal system
of the cynodont jaw can be evolutionarily labile without affecting
jaw joint stress’®, and that changing the arrangement of masticatory
muscles probably had little effect on the reaction forces around the
quadrate-articular joint®. Rearrangement of muscles is therefore
unlikely tobesolely responsible for theincreased innovationin derived
probainognathians.

Our findings for Brasilodon and Riograndia are more consistent
with the hypothesis that body-size reduction would have facilitated,
and perhaps promoted, experimentation with jaw joint morphol-
ogy in derived probainognathian cynodonts including homoplastic
evolution of a dentary-squamosal contact®. Experimentation with
jawjoint morphology in derived probainognathians, but not in other
eucynodonts, is consistent with a reduction in absolute jaw joint
stress accompanying smaller body sizes in these taxa. The jaw joint of
Brasilodon was apparently capable of functioning without a reinforc-
ing secondary contact, and articulation took place solely through the
small quadrate-articular joint. Miniaturization has been correlated
with the evolution of other key mammalian traits including metabolic



rate, thermoregulation and insectivorous ecology”*”°-®, and it seems
likely that small body size was also involved in driving evolution of
the mammalian jaw joint. However, the relatively larger size of some
tritylodontids like Kayentatherium suggests further complexity, and
other factors such as muscle reorganization, feeding ecology and mas-
ticatory behaviour may have contributed®***”*52, The relatively larger
postdentaries of Riograndia alongside a secondary dentary-squamosal
contact represent adifferentinstance of evolutionary experimentation
that occurred earlier than the acquisition of a secondary jaw joint for
load bearing inmammaliaforms; one that appears to be characterized
by greater jaw joint robustness, possibly to cope with a more mechani-
cally demanding diet, even at small body sizes.

Conclusions

3D pCT data of Brasilodon and Riograndiaillustrate homoplastic evo-
lution of the dentary-squamosal contact within probainognathian
cynodonts and reveal the oldest occurrence of this feature in stem
mammals. Although only Mammaliaformes evolved a fully developed
dentary condyle and squamosal glenoid, the presence of an extensive
lateral dentary-squamosal contact in Riograndia and the thickened,
more condyle-like posterior rim of the articular processin more derived
Jurassic tritheledontids demonstrates that at least two cynodont
lineages were evolving features of the jaw articulation that are typi-
cally associated with mammals. Although traditionally considered a
mammalian character, both non-mammalian mammaliaforms and
non-mammaliaform probainognathian cynodonts evolved adentary-
squamosal contact, making the use of this character in defining the
unique features of mammals problematic. Despite occurringin multiple
lineages of derived probainognathians, innovation injaw joint morphol-
ogy occursrelatively infrequently among other groups of cynodonts,
and the miniaturization of the cynodont body plan may have been vital
tothe development of the dentary-squamosal jaw joint, demonstrating
theimportance of studying the cynodont-mammaliaform transition
for understanding mammalian evolution.
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Methods

Sampling

Many cynodont specimens from the Triassic of Brazil are available
for study, but we chose to focus on those with well-preserved lower
jaw anatomy, especially those with postdentary bones. Numerous
specimens used in this study were loaned for scanning from the Uni-
versidad Federal do Rio Grande do Sul (Porto Alegre, Brazil). Further
information for each specimenis provided in Supplementary Table 1.

Scanning and data processing

The 26 specimens used for this study were scanned either in the Nikon
XTH225 ST Micro CT scanner at the University of Bristol, the Nikon
Metrology HMX ST 225 or Zeiss Xradia Versa 520 at the Natural History
Museum, London, the Phoenix High-Resolution X-ray x|s Nanofocus
system at the University of Finland or the SkyScan 1173 High Energy
Micro-CT system at the Pontifical Catholic University of Rio Grande
do Sul. Transverse TIFF slice number in the scanned specimens ranged
fromaround 1,500 to >3,000 and the scans produced had a voxel size
range of 0.0057 mm to 0.026 mm. Scans were processed using the 3D
visualization software Avizo 3D 2021.1 (Thermo Fisher Scientific) or
Dragonfly 2022.2 (Object Research Systems) to transform scan datainto
3Dreconstructions. Density thresholding was used to distinguish fossil
material fromair and surrounding matrix. Scans were then segmented
manually slice by slice, interpolating across no more than five slices at
atime, to separate the relevant bones. The dentary was segmented in
each case alongside any postdentary elements that could be recovered,
including disarticulated or fragmented material. Where available, the
quadrate, quadratojugal and squamosal were also segmented to allow
description of the jaw joint. Reconstructions of complete postdentary
anatomy were estimated for Brasilodon and Riograndia by manipulat-
ing individual bone surfaces and placing them into the hypothesized
life position, informed by in situ position on other specimens. Further
repairs for missing elements were carried outin Blender 3.4, details of
which are provided below.

B. quadrangularis. Specimens included in Brasilodon were initially
considered to represent three separate species'’® ?but, more recently,
have been suggested to represent an ontogenetic series (refs. 38,86,87
and additional work in preparation by the authors), which is how they
aretreated inthis work. All nine Brasilodon specimens used in this study
(Supplementary Table 1) were recovered from the Riograndia Assem-
blage Zone, Candelaria Sequence, Santa Maria Supersequence in the
Rio Grande do Sul State, Brazil™. To create the reconstruction of shown
inFig. 4, the dentary, postdentaries and splenials of UFRGS-PV-1043-T
were first moved into the hypothesized life position and minor cracks
were repaired using the segmentation editor in Avizo®®. Some post-
dentary elements from the right jaw were mirrored over to the left
jaw, which had a complete coronoid process. The coronoid was seg-
mented from UFRGS-PV-628-T (Fig. 2g) and scaled using equivalent
measurements of the jaws and skull. Once moved into the life position,
the remaining missing portions were repaired in Blender v.3.4 using
previously established protocols®. The initial segmented surfaces
of UFRGS-PV-1043-T before restoration can be viewed in Extended
DataFig.1.

R. guaibensis. Nine specimens of Riograndia were used in this study,
all of which originate from the Riograndia AZ of the Candelaria
Sequence®. Thereconstruction of the jaw of Riograndia showninFig. 4
was amalgamated using elements from UFRGS-PV-596-T (dentary),
UFRGS-PV-833-T (postdentaries and teeth) and UFRGS-PV-624-T
(coronoid). The broken elements of the dentary of UFRGS-PV-596-T
were moved into the life position relative to each other in Avizo and
minor cracks were repaired in the segmentation editor®. The remain-
ing elements were scaled from their respective specimens using

equivalent measurements of the skull and jaws and positioned in the
reconstruction based on information from additional specimens.
The postdentary bones of UFRGS-PV-624-T were also reconstructed
in Avizo to compare to those of UFRGS-PV-833-T. Once positioned, all
elementswere exported toBlenderv.3.4 as .stl files and restored using
information from additional specimens to produce the final recon-
struction®, The various stages of this process are shown in Extended
DataFig. 2.

0. major.Seven specimens of Oligokyphuswere scanned for use in this
study, all of which are held at the Natural History Museum, London.
These specimens were excavated by W. Kiinhe from the Windsor Hilll
quarry in Somerset, a terrestrial fissure deposit that has been inter-
preted as Hettangian to early Sinemurian in age®*°. No complete jaw
or skull exists for O. major, although between the specimens scanned
in this study, the dentary at least can be reconstructed with some
accuracy. Our uCT scans corroborated the findings of previous descrip-
tions, including the absence of both a dentary-squamosal joint and a
surangular-squamosal joint (Extended DataFig.3 and Supplementary
Information for more details). Details of all specimens used are pro-
vided in Supplementary Table 1.

Phylogenetic analysis

To ensure that our conclusions about character evolution within
derived probainognathians are robust, we performed a phylogenetic
analysis of non-mammaliaform cynodonts with updated characters
based onour anatomicalinterpretations. The full character listand an
outline of all changes made can be found in the Supplementary Informa-
tion. The final datamatrix includes 158 morphological characters and
42 terminal taxa of specificlevel. The data matrix was analysed in TNT
(v.1.5)% under a heuristic search including random addition sequence +
tree bisectionreconnection, with 1,000 replicates of Wagner trees (with
random seed = 0) and using tree bisection reconnection and branch
swapping (holding 10 trees save per replication). All characters were
considered as unordered and with the same weight. Time calibration
ofthe strict consensustree (Supplementary Fig.1) was performedinR
using the ‘equal’method implemented in the paleotree package®. The
firstand last appearance dates (Supplementary Table 2) were sourced
from the literature®*****', Moreover, a Bayesian phylogenetic analysis
was performed in MrBayes (v.3.2.7)°? with four Markov chain Monte
Carlo chains, using a discrete morphological character model. The
analysis was run over 1 milliongenerations and was sampled treesevery
100 generations which, using aburn-in of 25%, resulted in 7,500 retained
trees (Supplementary Fig. 2).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datamatrixusedinthe phylogeneticanalysisis providedin separate
filesin Mesquite and TNT formats. Videos showing rotating views of the
3D surface models of UFRGS-PV-628-T (Brasilodon), UFRGS-PV-929-T
(Brasilodon), UFRGS-PV-1030-T (Brasilodon), UFRGS-PV-1043-T
(Brasilodon), MPDC-1B1 (Riograndia), UFRGS-PV-596-T (Riograndia),
UFRGS-PV-833-T (Riograndia) and UFRGS-PV-1319-T (Riograndia); STL
files of figured specimens; and jaw reconstructions for Brasilodon and
Riograndia shownin Fig. 4 (the method for reconstruction described
above) are available at the University of Bristol data repository data.
bris (https://doi.org/10.5523/bris.2ie8neiry701e23iayx9gdsytv).
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Extended DataFig.1|Reconstruction of the jaw of Brasilodon articular process of the dentary and postdentaries; e, medial view of fully

quadrangularis. a, Medial view of the postdentary bones and left dentary restored lower jaw including all repairs (see methods) and scaled coronoid
of UFRGS-PV-1043-T, as preserved; b, lateral view of same; ¢, medial view of from UFRGS-PV-628-T. Abbreviations as in main text plus: spl, splenial. Scale
same showing postdentary elements moved into hypothesized life position, barsrepresent10 mmor2 mm (C).

including mirrored elements; d, fully reconstructed posterior view of the
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Extended DataFig.2|Reconstruction ofthe jaw of Riograndiaguaibensis.
a, Medial view of the right dentary and postdentary bones of UFRGS-PV-596-T,
as preserved; b, medial view of same showing fragments of dentary and
postdentary elements moved into hypothesized life position; ¢, medial view of
theleftjaw of UFRGS-PV-833-T, postdentary elements moved into hypothesized

life position; d, posterior left jaw of UFRGS-PV-624-T in medial view, as
preserved; e, medial view of same with coronoid fragments and postdentary
bone fragments restored to hypothesized life position; f, medial view of fully
restored right jaw including all repairs (see methods). All scale bars represent
10 mm.
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CSsa
Extended DataFig. 3 | Surface models of specimens of Oligokyphus major view of NHMUK-PV-R7189, left posterior postdentaries; j, lateral view of same;
scanned in thisstudy. a, Medial view of NHMUK-PV-R7119, aright dentary; k, lateral view of NHMUK-PV-R1790, right posterior postdentaries. Anatomical
b, lateral view of same; ¢, medial view of NHMUK-PV-R7121, a partial right abbreviations as in main text plus: cf, contact facet; cb, coronoid boss;
dentary;d, medial view of NHMUK-PV-R7373, a partial left dentary; e, medial csa, contactsurface for the angular; csp, contact surface for the splenial;
view of NHMUK-PV-R7204, aright dentary; f, lateral view of same; g, medial tcl, lateral trochlear condyle; tcm, medial trochlear condyle Scale bars

view of NHMUK-PV-R7196, aright quadrate; h, posterior view of same; i, medial represent 10 mm (a-f) or1mm (g-k).
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