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Synapsids are unique in having developed multirooted teeth and
complex occlusions. These innovations evolved in at least two
lineages of mammaliamorphs (Tritylodontidae and Mammalia-
formes). Triassic fossils demonstrate that close to the origins of
mammals, mammaliaform precursors were “experimenting” with
tooth structure and function, resulting in novel patterns of occlu-
sion. One of the most surprising examples of such adaptations is
present in the haramiyidan clade, which differed from contempo-
rary mammaliaforms in having two rows of cusps on molariform
crowns adapted to omnivorous/herbivorous feeding. However,
the origin of the multicusped tooth pattern present in haramiyidans
has remained enigmatic. Here we describe the earliest-known man-
dibular fossil of a mammaliaform with double molariform roots and
a crown with two rows of cusps from the Late Triassic of Greenland.
The crown morphology is intermediate between that of morganu-
codontans and haramiyidans and suggests the derivation of the
multicusped molariforms of haramiyidans from the triconodont mo-
lar pattern seen in morganucodontids. Although it is remarkably
well documented in the fossil record, the significance of tooth root
division in mammaliaforms remains enigmatic. The results of our
biomechanical analyses (finite element analysis [FEA]) indicate that
teeth with two roots can better withstand stronger mechanical
stresses like those resulting from tooth occlusion, than teeth with
a single root.
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ecent research suggests that early mammaliaforms under-
went an adaptive radiation in the Jurassic, shortly after the
acquisition of key mammaliaform characters during the Late
Triassic (1-8). The majority of these morphological novelties were
related to food processing and are visible in the structure and
function of the teeth (1-3). The disparity of tooth crown mor-
phology and transformation of molariform roots in Triassic mam-
maliaforms suggest that dietary diversification was a major factor in
early mammalian evolution (3). Molariforms with multiple rows of
cusps and divided roots are important traits, the appearance
of which played a significant role in the early diversification of
mammaliaforms, but the timing of their origin and their functional
advantage over triconodont molariforms remain poorly understood
(1, 9). Morganucodontans, kuehneotheriids, and haramiyidans, are
early mammaliaform groups that differ from each other in dental
morphology (1-8). Early haramiyidans with their complex teeth,
were well adapted to an omnivorous/herbivorous diet, whereas
contemporary morganucodontans and kuehneotheriids with trico-
nodont tooth patterns and triangular cusp arrangements were
clearly more insectivorous/carnivorous (6, 8).
Haramiyidans have a unique combination of anatomical fea-
tures (1-5) and represent one of the most diverse mammaliaform
clades of the Early Mesozoic. The oldest' known haramiyidan
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fossils are from the latest Norian and Rhaetian (Late Triassic),
and are represented by isolated teeth (10), incomplete cranial or
jaw remains, and postcranial elements (3). Significant differences
between the earliest haramiyidans and other contemporary
clades of mammaliaforms have complicated the problem of
haramiyidan ancestry and their purported relationships to other
stem or crown mammals. Haramiyavia from the early Rhaetian
of East Greenland is the best-known Late Triassic haramiyidan,
characterized by complex molars with longitudinal rows of mul-
tiple cusps (2, 3). Early haramiyidans (e.g., Haramiyavia and
Thomasia) have been variably considered as related to the poorly
known Late Triassic theroteinids (10) and eleutherodontids of
the Middle-Late Jurassic/earliest Cretaceous (11), to the more
derived multituberculates from the Middle Jurassic-Eocene
(12), or as stem mammaliaforms (13). Some species of euhar-
amiyidans with gliding adaptations (e.g., Arboroharamiya) from
the Middle Jurassic of China, as well as other haramiyidans, have
also been identified as basal “Allotheria” (14), a problematic
taxonomic group that was diagnosed by dentition and mode of
mastication (3, 15). These conflicting phylogenetic placements of
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Mammals underwent an adaptive radiation shortly after the
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Fig. 1.

Location and stratigraphic section through Late Triassic of East Greenland and the section exposed at Liasryggen, the type locality of K. jenkinsi, gen

et sp. nov. (A and B) Location of Jameson Land in East Greenland. (C) Detailed position of the fossil-bearing locality. (D) Late Triassic section from East
Greenland showing the stratigraphic position of Liasryggen. Abbreviations: CFB, Carlsberg Fjord beds; and BJB, Bjergkronernes beds. Data from refs. 17-21.
(E) Section and fossiliferous beds exposed at Liasryggen. The position of the type specimen of K. jenkinsi gen. et sp. nov. (KNK 4152 = NHMD 231331) is
indicated with a yellow star. The stratigraphic position of Haramiyavia clemmenseni is indicated with a yellow circle.

early haramiyidans are in part attributable to uncertainties in

nterpretations of
from the early

Rhaetian of East Greenland (2, 3) and other haramiyidans from
the Middle—Late Jurassic (5, 14). Recently, more detailed studies
of a dentary of Haramiyavia (3) and a cranium of the large possible
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eleutherodontid Cifelliodon from the lowermost Cretaceous of
North America (15) suggested that haramiyidans are not a sister
group of multituberculates, and Haramiyida has been excluded
from the crown Mammalia.

Here, we report a partially preserved dentary of a mammalia-
form, Kalaallitkigun jenkinsi gen. et sp. nov., from the mid-late
Norian (Late Triassic) of East Greenland (Fig. 1). This fossil
(Fig. 2) fills substantial morphological and temporal gaps in our
understanding of the early evolutionary history of mammaliaforms.
Its age (ca. 215 Mya) and phylogenetic position (Fig. 34) make it
one of the oldest mammaliaform fossils in general. In addition, the
new taxon represents a haramiyidan with molariform character
states intermediate between the more derived Haramiyavia and
Thomasia (Fig. 3 B and C) and other contemporary mammalia-
forms with plesiomorphic triconodont tooth patterns (1-3).

Stratigraphic Background

The Late Triassic fossiliferous strata of the Fleming Fjord For-
mation are exposed in an area of the Jameson Land Basin, which
is located in central East Greenland between 70°05’ and 73°N

mand. ca. for.

OOOODQO

(Fig. 1). The terrestrial succession of this formation is largely
confined to the Jameson Land and Scoresby Land regions.
During the Late Triassic, Jameson Land was positioned in the
northern arid to semiarid belt, 20° to 35° north of the equator
(16, 17). The dating of both formations is rather imprecise, as is
often the case for early Mesozoic continental deposits.

The Fleming Fjord Formation, dated as early Norian-late
Rhaetian in age, contains cyclically bedded lacustrine and sub-
ordinary fluvial deposits and is subdivided into three members—
the lowermost Edderfugledal Member, the intermediate Malm-
ros Klint Member, and the upper @rsted Dal Member (18). The
@rsted Dal Member is composed of red mudstones of the
Carlsberg Fjord beds, which are overlain by greenish to brown
claystone, mudstone, and gray dolomitic limestone of the Tait
Bjerg beds. In the @Drsted Dal Member, the Carlsberg beds were
probably deposited in constant, dry climatic conditions, whereas
the Tait Bjerg beds sedimentology suggests a shift from dry to
more humid conditions during deposition (18). The Fleming
Fjord Formation is covered by deltaic and lacustrine deposits of
the mid-late Rhaetian-Sinemurian Kap Stewart Formation (18).

5mm

lat. rid.

mas. fos.

premolar.

pm4 pm3 pm2 pm1 ¢
7 //

5 |—— mesial

1 2 lingual

Fig. 2. Digital rendering of the holotype left dentary (KNK 4152 = NHMD 231331) of K. jenkinsi, gen. et sp. nov., from the mid-to-late Norian of the Fleming
Fjord Formation, East Greenland. (A) The life position of the preserved part of the dentary. (B-D) The dentary in labial (B), lingual (C), and occlusal (D) views.
(E-G) The only preserved premolariform in labial (E), lingual (F), and occlusal (G) views. (H-J). The only preserved molariform (m2) in lingual (H), labial (/), and
occlusal (J) views. m1-3 mark the position of molariforms (2 is double rooted); pm1-4 mark the position of the premolariforms (1 is single, 2 is double rooted); c
marks the posmon of the canine; (A G, and B) 1-b4 indicate cusp assignments in the molariform. Abbreviations: ang. reg., angular region; cre., crest; pre-
oronoid process; cor. fos., coronoid fossa; M. tempo. fos., M. temporalis fossa; V3 no., V3 notch for the
.. Meckel’s sulcus; mand. ca. for., mandibular canal foramen; mas. fos., masseteric fossa; lat. rid.,
edial ridge; and sym., symphysis. Sources for anatomical nomenclature are refs. 1-3, 26, 27.
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Fig. 3. Time-calibrated phylogeny and transformations of mandibular and molariform structures among mammaliamorphs and mammaliaforms. (A)
Bayesian consensus cladogram for the analysis of 125 mammalian and nonmammalian synapsid taxa (+Kalaallitkigun jenkinsi gen. et sp. nov.) and 538
morphological characters based on ref. 15. For details of the phylogenetic analyses, see S/ Appendix. (B) Comparison of mammaliaform jaws showing the
differences in size and anatomy, mapped onto a simplified phylogeny. (C) Disparate molariform tooth (m2 and m3) occlusal patterns (cusps a-d or b1-b4) in
Morganucodon, Megazostrodon, Kalaallitkigun, and Haramiyavia (the earliest representatives of Haramiyida) mapped onto a simplified phylogeny. 1 = shift
of the b-a-c-d cusp row toward the labial margin, narrowing of cusp a, adding a lingual (cingular) row of more uniform cusps, development of a median
furrow; 2 = enlargement of all cusps in the lingual row, widening of the median furrow. Morphology and extent of wear on molariforms of Haramiyavia,

Morganucodon, and Megazostrodon based on refs. 2, 3, 8.

The mammaliaform specimen described here, KNK (Greenland
National Museum and Archives) 4152 = NHMD (Natural History
Museum of Denmark, University of Copenhagen) 2313312, was
found on the northwest slope of Liasryggen in fluvial brown to red
sandstone-mudstone sequence of the lower part of the Carlsberg
Fjord beds (lower part of the @rsted Dal Member) (Fig. 1 C and
D). Rare and poorly preserved invertebrate fossils, tetrapod body,
and trace fossils, and pollen spores suggest a late Carnian—early
Norian age for the Malmros Klint, and a mid-late Norian—early
Rhaetian age for the @rsted Dal Member (17, 18, 20, 21). Nu-
merous fish scales and bone fragments, including fragmentary
temnospondyl (plagiosaurid and capitosaurid) remains, a large ar-
chosaur tooth (of pseudosuchian or theropod (affinity), and the
proximal part of a small dinosaur femur were found in close

26864 | www.pnas.org/cgi/doi/10.1073/pnas.2012437117

proximity of KNK 4152 = NHMD 231331 (20). Above and below
these bone-bearing deposits, isolated tetrapod bone fragments,
numerous slabs with dinosaur tracks (Grallator isp.), and mass ac-
cumulations of poorly preserved conchostracan carapaces were
collected (Fig. 1E). This conchostracan assemblage includes a rel-
atively large form, which is morphologically similar to representa-
tives of the genus Shipingia. This genus is a characteristic Norian
component of freshwater strata and its fossils are commonly found
in late Norian successions in North America and Europe (22).

In summary, the lithostratigraphic position of the site (location
in the lower part of the Carlsberg Fjord beds of the @rsted Dal
Member) and faunistic data (co-occurrence with Shipingia clam shrimp,
dinosauriform, early dinosaur, and temnospondyl fossils) clearly suggest
a mid-late Norian age of KNK 4152 = NHMD 231331 (Fig. 1E).

Sulej et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012437117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2012437117

Downloaded at Palestinian Territory, occupied on December 4, 2021

Results

KNK 4152 = NHMD 231331 (holotype of Kalaallitkigun jenkinsi
gen. et sp. nov.) is a partial left dentary, with two teeth still
preserved in their respective alveoli (Fig. 2). The dentary lacks its
anterior and most of its posterior portions, but the anterior edge
of the coronoid process and the medial ridge above the post-
dentary trough are preserved (Fig. 2C).

The preserved part of the dentary is broken into three frag-
ments, but these fragments are only slightly displaced from each
other. The medial surface of the dentary is well preserved, but
the lateral surface is damaged posteriorly, so that the masseteric
fossa is poorly preserved and the proximal area is eroded
(Fig. 2B). However, enough of the mandibular body is preserved
to show that the masseteric fossa did not extend onto the hori-
zontal ramus below the tooth row. The visible part of the mas-
seteric fossa is bound by a low, but prominent, crest on its ventral
margin (Fig. 2B). The dentary condyle is not preserved in KNK
4152 = NHMD 231331, but was probably connected with the
lateral ridge, which is still recognizable in the area of the eroded
fragment of the masseteric fossa (Fig. 2B). The medial side of
the dentary shows a prominent postdentary trough, which is
connected to Meckel’s sulcus. The premolariform (pm1) has one
constricted root, whereas the molariform (m2) bears two roots.
In the molariform, tooth cusp c is broken and cusp €’ is slightly
displaced due to a crack located at its base. Both roots are
broken, and the crown is slightly displaced anteriorly. The finite
element analysis (FEA) and phylogenetic results are described in
detail in ST Appendix.

Systematic Paleontology

Clade Mammaliaformes Rowe, 1988
Clade Haramiyida Hahn, 1989

Kalaallitkigun jenkinsi gen. et sp. nov. Sulej and Niedzwiedzki
(Fig. 2)

Etymology. The generic name meaning "Greenlandic tooth" de-
rived from Kalaallit (Inuit, “Greenland”) and kigun (Inuit word
meaning “tooth”). The specific epithet jenkinsi is in honor of
Farish A. Jenkins, Jr., former professor at Harvard University
who devoted his illustrious career to studies of Mesozoic mam-
mals, functional anatomy of tetrapods, and who discovered the
first fossils of mammaliaforms in the Late Triassic of Greenland.

Holotype. KNK 4152 = NHMD 231331 (Fig. 2) is an incomplete
left dentary with two teeth (premolariform pm1 and molariform
m2) exposed in labial view.

Locality and Horizon. KNK 4152 = NHMD 231331 was collected
in brown/red mudstone in the Liasryggen site (N71°1826.0";
W22°31'22.5") located on the left bank of the Carlsberg Fjord,
Jameson Land, East Greenland (Fig. 1). There are rocks rep-
resenting the Carlsberg Fjord beds (lower part of the @rsted Dal
Member, Fleming Fjord Formation). Biostratigraphic dating and
lithostratigraphic correlation place the age between the middle
and late Norian (see Stratigraphic Background).

Differential Diagnosis. A Triassic haramiyidan is characterized by the
following combination of characters (* denotes autapomorphies):
1) medial ridge forming the upper boundary of the postdentary
trough beneath the coronoid process pronounced [less well developed
in Erythrotherium (23) and Morganucodon (24)]; 2) Meckel’s sulcus
dorsoventrally narrow approximately halfway along its ante-
roposterior length and dorsoventrally wide at the posterior end [in
morganucodontans and docodontans Meckel’s sulcus is dorsoven-
trally narrow along its entire anteroposterior length (23, 25-27)]; 3)

Sulej et al.

Meckel’s sulcus anterior to the inferior mandibular foramen pro-
portionately wider than that in Morganucodon and similar in size to
that in Haramiyavia; 4) dental lamina groove (=Crompton’s groove)
absent, which differs from morganucodontids (25, 28); 5) dental
formula is ?.cl.pm4.m3 and corresponds to that of Haramiyavia
(i3.cl.pm4.m3); 6) molariform m2 with an arrangement of dental
cusps in two rows; 7) enlarged cusps ¢€’, g, and the next distal lingual
(cingular) cusps®; 8) presence of widespread basins (anterior and
posterior parts of median furrow) in m2—basins are located be-
tween cusps a, b, and cusps e + €’, mesially, and between cusp ¢ and
cusp d, and the g, g, 1, i cusps, distally*, which differentiates it from
Morganucodon and Megazostrodon (6, 8, 23, 24); 9) differs from
nonmammaliaform mammaliamorphs, with the exception of Tri-
tylodontidae, Mitredon, and Meurthodon, in the development of a
full division of molariform roots; 10) roots are very massive and
circular in cross-section at their bases (Fig. 2); 11) coronoid fossa
well separated from postdentary trough (inferred from the presence
of the coronoid bone); 12) a discernible and massive angular region
located beneath the postdentary trough; 13) poorly developed lat-
eral ridge located in the masseteric fossa; 14) masseteric fossa
bound by a crest on its ventral margin; and 15) masseteric fossa not
extending onto the ascending ramus of the dentary.

Discussion

Some anatomical aspects make Kalaallitkigun unique. Firstly, the
described dentary is unexpectedly large, being nearly twice as
large as all known dentaries of morganucodontids, but similar in
size to the dentary of Haramiyavia (Fig. 3B). This bone is also
relatively more massive in relation to the length of the molariform
alveoli. The dentary of Kalaallitkigun is twice as deep as those of
Morganucodon and Megazostrodon. Secondly, the derived mor-
phologies of the dentary and molariform of Kalaallitkigun are sur-
prising, despite its older stratigraphical age. Most interesting is the
lack of a dental lamina groove, which is a derived character state
shared with Haramiyavia (3). The dental formula of Kalaallitkigun,
as well as the postdentary trough with a flat floor, also correspond
to those of Haramiyavia. Similarly to Haramiyavia, Kalaallitkigun
possesses a large coronoid process, a mammaliaform plesiomorphy,
with a relatively large area for the insertion of the temporalis
muscle. Kalaallitkigun has a well-developed postdentary trough,
indicating the presence of a plesiomorphic mandibular middle ear.
The preserved molariform (m2) shows complex and derived mor-
phologies of the crown and two fully distinct roots.

These derived features in the molariform of Kalaallitkigun
suggest changes in dental function, and an adaptation to an
omnivorous/herbivorous diet. Dietary diversification and spe-
cialization occurred early in mammaliaform evolution—by the
mid-late Norian (2, 3). This was previously indicated by various
findings of isolated complex molariforms (e.g., Thomasia, Ther-
oteinus) from the latest Norian and Rhaetian of Europe (4, 8)
and the more complete material of Haramiyavia from the early
Rhaetian of Greenland (2, 3). However, it was not clear from
which predecessor lineages the first mammaliaforms with par-
allel cusp rows evolved (2, 3). The morphology of the molariform
and jaw of Kalaallitkigun show intermediate conditions between
morganucodontans on one hand and the more specialized
structures present in Haramiyavia on the other (2, 3). This sug-
gests that haramiyidans may have evolved from a hypothetical
ancestor with a triconodont molariform pattern.

The Late Triassic mammaliamorphs also displayed a gradual
tendency toward root division of the molariforms. This pro-
cess occurred probably independently in at least two lineages
(tritylodontids and mammaliaforms; 9, 29, 30). Until now, the
oldest two-rooted molariforms are those of morganucodontans
and haramiyidans of the latest Norian—Rhaetian (ca. 210 to 201
Mya) of Europe (1, 8, 31-33) and Greenland (2, 3, 34). The jaw
of Kalaallitkigun, like other finds of isolated double-rooted pre-
molariforms from Greenland (34), was found in part of the
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Fig. 4. Stress distribution on the lingual and labial surfaces of 3D models of single- and double-rooted molariforms (for details of analyses, see S/ Appendix).
(A and B) The reconstructed molariform of KNK 4152 = NHMD 231331, the holotype of K. jenkinsi gen. et sp. nov., with a double root in lingual and labial
views. (C and D) Hypothetical molariform with a single root, based on the second molariform (m2) of KNK 4152 = NHMD 231331. Colors represent distribution
of von Mises forces, with warmer colors indicating higher stresses. (E and F) Scatterplots showing maximum von Mises stress within the dentary bone structure
against Young's modulus of the dentary (£, vertical force, y axis; F, lingual force, x axis). (G and H) Stress distribution in the mandible for both models. Warmer
colors indicate higher stresses. (I and J) Pressure applied at the crown surfaces (I, vertical force, y axis; J, lingual force, x axis).

upied on December 4, 2021

section securely dated as mid-late Norian. Therefore, this indi-  recent studies have shown a well-constrained relationship between
entition in mam-  developmental pathways responsible for crown differentiation and
ary event. Some  root formation (35). However, the exact evolutionary sequence of
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these developmental steps has not been examined due to the lack of
relevant fossils. This transition is extremely important, as multiple-
rooted teeth have been retained in nearly all mammaliaform line-
ages. It has been speculated that root division is linked to changes
in the masticatory system and the evolution of occlusion (36). We
hypothesize that the root division in molariforms was one of the key
innovations that enhanced the biomechanical properties of the
dentition and perhaps allowed subsequent feeding diversification of
early mammaliaforms (Fig. 4). We tested this hypothesis using three-
dimensional (3D) models and FEA of double- and single-rooted
molariforms (Fig. 4 A-D) bearing the same crown (modeled from
the holotype of K jenkinsi), implanted in the same dentary (Fig. 4
G and H). The teeth were placed in the model of a virtual dentary
and exposed to typical loads generated during food processing
(Fig. 4 I and J). This was done in order to isolate the relevant factor
responsible for the mechanical properties (SI Appendix).

In both cases, the highest stresses appeared in the root im-
mediately below the base of the crown and near the crown-root
junction. The double-root model shows lower levels of stress in
that area (Fig. 4 A and B and see SI Appendix). This means that
during food processing, the crown base of the double-rooted
tooth would have been more resistant to failure.

Our simulation demonstrates that the division of the molari-
form root improves the biomechanical properties of the entire
tooth. This apomorphic structure conveys mechanical advantage.
This suggests that the disparate morphologies of molariform
crowns of mammaliaforms evolved together with biomechani-
cally optimized roots. The root division is made feasible by some
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similar development as in the cervical tongue patterning of ex-
tant mammals that regulate the process of root division (37).

Materials and Methods

The specimen KNK 4152 = NHMD 231331 was micro-CT scanned at the
Laboratories of Cathodoluminescence Microscopy and Microtomography,
Institute of Paleobiology, Polish Academy of Sciences, Warsaw, Poland using
a Zeiss XRadia MicroXCT-200 scanner equipped with a low-energy X-ray
source (from 20 to 90 kV). The reconstructed computed tomography (CT)
data were converted into TIFF image stacks that were subsequently im-
ported and segmented in VGStudio MAX version 3.0 (Volume Graphics Inc.).

Data Availability. The data supporting the findings of this study (specimen, scan
data, virtual sections, additional photos) are available at the Institute of Paleobi-
ology, Polish Academy of Sciences, Warsaw, Poland (the data will be shared by
jkobylinska@twarda.pan.pl). All FEA analysis datasets and scripts are presented in
SI Appendiix. The specimen KNK 4152 = NHMD 231331 belongs to the collection of
the Natural History Museum of Denmark, University of Copenhagen and is tem-
porarily deposited at the Institute of Paleobiology, Polish Academy of Sciences.
All study data are included in the article and supporting information.
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