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Among extant vertebrates, mammals are distinguished by having a chain of three
auditory ossicles (the malleus, incus and stapes) that transduce sound waves and
promote anincreased range of audible—especially high—frequencies’. By contrast,
the homologous bones in early fossil mammals and relatives also functioned in

chewing through their bony attachments to the lower jaw?. Recent discoveries of
well-preserved Mesozoic mammals have provided glimpses into the transition from
the dual (masticatory and auditory) to the single auditory function for the ossicles,
whichis now widely accepted to have occurred at least three times in mammal
evolution®®, Here we report a skull and postcranium that we refer to the haramiyidan
Vilevolodon diplomylos (dating to the MiddleJurassic epoch (160 million years ago))
and that shows excellent preservation of the malleus, incus and ectotympanic (which
supports the tympanic membrane). After comparing this fossil with other Mesozoic
and extant mammals, we propose that the overlapping incudomallear articulation
foundin this and other Mesozoic fossils, in extant monotremes and in early ontogeny
in extant marsupials and placentals is amorphology that evolved in several groups of
mammals in the transition from the dual to the single function for the ossicles.

In the past 25 years, new discoveries of Mesozoic mammals and their
near relatives (Mammaliaformes) have substantially increased our
understanding of early mammal evolution”®. Among the most note-
worthy and well-preserved finds are those of haramyidans from the
MiddleJurassic Tiaojishan Formation of China, which have molars with
multiple cuspsinrowsandinclude three gliders (as reconstructed from
impressions of patagia)>*°'2. Along with increased knowledge of the
Tiaojishan haramiyidans has come controversy regardinginterpreta-
tions of their morphology (including of the middle ear) and its effect
on their phylogenetic relationships.

Three middle-ear morphologies—which are usually termed mandibu-
lar, transitional and definitive mammalian™“—have been reported for
mammaliaforms (Fig. 1). These terms are not descriptive”; for example,
definitive mammalianis not presentin allmembers of Mammalia. Here
we propose terms grounded in morphology. The first type (Fig. 1a)
represents the ancestral condition thatis presentinnonmammaliaform
cynodonts. Thistypereconstructsthe postdentarybones (includingthe
homologues of the malleus and ectotympanic of extant mammals) and
Meckel’s cartilage within a postdentary trough and Meckelian sulcus
on the medial surface of the mandible. We therefore refer to it as the
postdentary-attached middle ear (corresponding to the mandibular
middle ear?), in which auditory functions are coupled with mastica-
tion. In the second type (Fig. 1b), the postdentary trough is absent in
adultsand the postdentary bones are attached to the mandible through
only Meckel’s cartilage in the Meckelian sulcus. We refer to it as the
Meckelian-attached middle ear: this type encompasses the transitional
middle ear, inwhich the attachmentis specifically through an ossified

Meckel’selement. In the third type (Fig. 1c), whichis presentinall extant
adult mammals, the postdentary bones lack a bony or cartilaginous
attachment to the mandible and have an exclusive auditory function:
we refer to this as the detached middle ear® (corresponding to the
definitive mammalian middle ear?).

Of these three types of middle ear, the postdentary-attached and
detached have beenreconstructed indifferent Tiaojishan haramiyidans.
Phylogenetic analyses that use the postdentary-attached interpretation,
which is based on V. diplomylos*, place the Tiaojishan haramiyidans
outside of crown Mammalia** (Extended DataFig. 1a). By contrast, phy-
logenetic analyses that use the detached interpretation—based largely
onArboroharamiya allinhopsoni*—place the Tiaojishan haramiyidans
within crown Mammalia*>*® (Extended DataFig. 1b). The position of this
grouping and its relationship to the Late Triassic haramiyidans Hara-
miyavia® and Thomasia® affect our views on the timing of the origin of
crownMammalia, whichrange between the middle Late Triassic and late
Early Jurassic epochs—a difference of 30 million years.

Reinterpretation of haramiyidan ear ossicles

Vilevolodon diplomylos is central to this controversy. This gliding
mammal was named from a single relatively complete skull and post-
cranial skeleton found in the Middle Jurassic Tiaojishan Formation of
northeastern China*. In this specimen, much of the auditory ossicu-
lar chain is preserved bilaterally but both sides are fragmentary and
displaced. Here we report a second nearly complete skull and post-
cranial skeleton (accessioned as Inner Mongolia Museum of Natural
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Fig.1| Three types of middle earin mammaliaforms. Mandibles and auditory
elements (excluding stapes) in occlusaland medial views. a, In the postdentary-
attached middle ear, the postdentary bones and Meckel’s cartilage are
attached to the mandible viathe postdentary trough and Meckelian sulcus
(Late Triassic-Early Jurassic mammaliaform Morganucodon, based onrefs.>%),
b, Inthe Meckelian-attached middle ear, the postdentary troughis absentand
the postdentary bones are attached to the mandible viaMeckel’s cartilage

History (IMMNH)-PV01699) from the same locality and geological
formation as the holotype: we refer this material to V. diplomylos (Fig. 2,
Extended Data Figs. 2, 3, Supplementary Information). In contrast to
the holotype, the ossicular chainin IMMNH-PV01699 is well-preserved
and in near-life position, which enables us to address issues raised by
the more-fragmentary auditory apparatus of the holotype as well as
thatreconstructed for other Tiaojishan haramiyidans (Extended Data
Figs.4-6, Supplementary Information).

The complete incus, malleus, ectotympanic and the mandible are
preserved onthe surface of the main slab of IMMNH-PV01699 (Fig. 2a);
we used computed tomography scans to supplement the surface view.
Both the left and right incus are in articulation with their respective
malleus and the left ectotympanic is in near-life position next to the
left malleus, all in dorsal view (Fig. 2b, c). The medial surface of the
mandibleinIMMNH-PV01699 is clearly without a postdentary trough
or Meckelian sulcus (Figs. 1c, 2c, Extended Data Fig. 3e), the condi-
tion reported for all other Tiaojishan haramiyidans*®**>% except the
Vilevolodon holotype*—which is contradicted by the well-preserved
IMMNH-PV01699. As it has no postdentary trough or Meckelian sulcus,
the middle ear of IMMNH-PV01699 is of the detached type (Fig.1c). The
left ectotympanic (Fig. 2d, e) has three prongs, along posterior limb and
subequal anterior limb and reflected lamina, and a shallow attachment
areafor the tympanic membrane (Extended DataFig. 5f). The malleus
has aflattened body and an anterior process (prearticular) but lacks
anossified Meckel’s cartilage or surangular (anaccessory postdentary
bone), both of which were reconstructed on the fragmentary malleus of
the holotype* (Extended DataFig.4). The mallear body is sickle-shaped
withthe pointed manubrium curving anteriorly and, inlife, contacting
the tympanic membrane; the dorsal surface of the body includes the
gently concave incudal articular facet (Fig. 2d). The mallear anterior
process tapers distally parallel to, and with a contact surface for, the
posterior limb of the ectotympanic. Theincusis flat with a gently convex
articular surface and triangular with aprocess at each angle: aslightly
elevated stapedial process (crus longum), ablunt short process (crus
breve) that probably contacted the petrosalbone on the skull base and
ananterior prominence.

Following our reinterpretation of Vilevolodon, all Tiaojishan hara-
miyidans that preserve the medial surface of the mandible lack a
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(ossifiedinthisexample) in the Meckelian sulcus; Meckel’s elementis bent
medially (arrow), moving the postdentary bones away from the
temporomandibular joint (Early Cretaceous eutriconodontan Liaoconodon,
based onrefs. ***??). ¢, In the detached middle ear, the postdentary trough and
Meckeliansulcus are absent and the auditory elements are detached from the
mandible (Middle Jurassic haramiyidan Vilevolodon, as reported in this Article).

postdentary trough and Meckelian sulcus**'*2?°, and can be recon-

structed with a detached middle ear. Although isolated auditory
elements are known for several Tiaojishan haramiyidans*'>?°, only
A. allinhopsoni has been reported to preserve all of the auditory ele-
ments (Extended Data Fig. 5a). However, the reconstruction that was
previously proposed for them*" is built on a pattern unlike that of
Vilevolodon or any other mammaliaform (Extended DataFig.5b, ¢). The
widespread patternin mammaliaforms is to have strong support for the
tympanic membrane formed by the posterior crus (limb) of the ecto-
tympanic (angular) buttressed by the anterior process of the malleus
(prearticular) and to have the opposite side of the tympanic membrane,
with the manubrium and the anterior crus (reflected lamina), more
open (Fig. 3, Extended DataFig. 5d). By contrast, in the A. allinhopsoni
reconstruction®’, both the posterior limb and anterior process of the
malleus are reduced and do not contact, and the opposite side of the
tympanic membrane is well-supported by a neomorphic medial pro-
cess of the malleus that contacts the ectotympanic (Extended Data
Fig. 5b, ). Additionally, the bone reconstructed as the ectotympanic
in A. allinhopsoni is sickle-shaped*” in contrast to the three-pronged
elementin Vilevolodon and other extinct nontherian mammaliaforms
(Fig.1a,b) or the morering-shaped element in extant monotremes and
many extant therians (marsupials and placentals) (Fig.3b, h, Extended
DataFig.5d, g). Anisolated bone of A. allinhopsonithat has one robust
and one needle-like end is purported to be a surangular®” (Extended
DataFig.5a-c),apostdentary bone thatisbroadly presentinnonmam-
malian cynodonts®but s present in only a few instances in extinct mam-
maliaforms>*?* (Supplementary Information). The bone in question
bearslittle resemblance to any surangular, whichis invariably inbroad
sutural contact with other elements of the auditory apparatus—con-
tact thatislackinginthe A. allinhopsoni‘surangular’. Informed by the
morphology of the specimen we refer to Vilevolodon, we reinterpret the
auditory apparatus of A. allinhopsoni to fit the pattern that is broadly
present across Mesozoic mammaliaforms (Extended Data Fig. 5d-i,
Supplementary Information).

Phylogenetic analysis using parsimony with the information from
IMMNH-PV01699 places Vilevolodon in a haramiyidan clade that
includes seven other species from the Tiaojishan Formation, along
with dental and gnathic taxa from the Late Triassic epoch of Europe®,
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Fig.2|Vilevolodondiplomylos IMMNH-PV01699A). a, Main slab; dark
patchesoutside the skeleton between the skull, forelimbs and hind limbs
indicate the patagium (gliding membrane). Scale bar,20 mm.b-e, Bones as
rendered from computed tomography scans.b, Craniuminright oblique
dorsalview, right mandible inlateral view and left mandible in medial view.
Scalebars,1mm (d, e),2mm (c), 5mm (b). ¢, Left mandible in medial view,
showing the disposition of the auditory elements and the absence of
postdentary troughand Meckeliansulcus.d, Leftincus (blue) in ventral view,
left malleus (green) in dorsal view and left ectotympanic (red) in ventral view.
e, Leftincus, malleus and ectotympanic restored to life positionin oblique
dorsaland ventral views (right and left, respectively). Colours for the auditory

Middle-to-LateJurassic epochs of England®?* and Siberia®, Late Jurassic
epoch of China®, and Early Cretaceous epoch of Siberia?” (Extended
DataFigs. 7,8, Supplementary Information). The haramiyidan cladeisin
apolytomy with Cifelliodon from the Early Cretaceous epoch of North
America' and Multituberculata + Gondwanatheria, as recently sup-
ported®. Theselineages are includedin Allotheria, whichalso includes
Haramiyavia from the Late Triassic epoch of Greenland®®. Allotheria
isincluded in Mammalia, which supports a ‘long fuse’ model in which
crown mammals originated at least 215 million years ago®. However, in
our Bayesian analysis (Extended DataFig. 9) Allotheriaisin a polytomy
thatincludes the monotreme and therian lineages.

Evolution of the mammalian middle ear

Our phylogenies have several implications for understanding the
evolution of the auditory apparatus. As noted above, the three types
of middle ear can be differentiated on the basis of the morphology
of the medial surface of the lower jaw (Fig. 1); however, elucidating
the details of the auditory apparatusin these three types requires the
auditory bones to be preserved. Of the 106 extinct taxa in our phylo-
genetic analysis, 76% can be scored for the postdentary trough and
Meckeliansulcus. By contrast, only 17% of the extinct taxa can be scored
for features of theincus (quadrate). We are therefore more confidentin
differentiating the three types of middle ear than we arein elucidating
the transformations of the auditory elements between these types.

elementsare asinFig.1.al,anterior limb of ectotympanic; an, angular process;
api, anterior prominence of incus; apm, anterior process of malleus; cb, crus
breve; co, mandibular condyle; cp, coronoid process; e, ectotympanic; fapm,
facet for anterior process of malleus; fe, facet for ectotympanic; fi, facet for
incus; fma, facet for malleus; fr, frontal; ju, jugal; lac, lacrimal; Ii, leftincus; Im,
left mandible; Ima, left malleus; mab, mallear body; mas, mandibular
symphysis; mf, mandibular foramen; mm, manubrium of malleus; mx, maxilla;
na, nasal; pa, parietal; pal, palatine; pl, posterior limb of ectotympanic; pmx,
premaxilla; ptf, pterygoid fossa; ri, right incus; rl, reflected lamina of
ectotympanic; rm, right mandible; rma, right malleus; smx, septomaxilla; sp,
stapedial process; sq, squamosal, ts, tympanic sulcus.

Our phylogenetic trees relate acomplex history of the postdentary
trough and Meckelian sulcus, which supports several independent
detachments of the postdentary bones. Optimized in the strict con-
sensus tree from the maximum parsimony analysis (Extended Data
Fig. 8), the postdentary trough is lost twice independently in mam-
mals (within Austalosphenida and in Boreosphenida, with a reacqui-
sition in Haramiyavia), whereas the Meckelian sulcus is lost eight
times independently (twice within Australosphenida, in the Middle
Jurassic Volaticotherium, within Allotheria, in the Early Cretaceous
Vincelestes, twice within Eutheria and in Metatheria, with a reacquisi-
tion in Kokopellia). It is generally held that a Meckelian sulcus has a
Meckel’s cartilage within it*** and—in turn—that Meckel’s cartilage
has continuity with the malleus, given the embryonic origin of the
latter from the former®. However, the presence of the sulcus does not
mandate continuity between Meckel’s cartilage and the malleus, as the
sulcus persists (for example) in aneonatal African palm civet well after
theisolation of the malleus®. A recent report on the middle ear of the
Early Cretaceous zhangheotheriid Origolestes® described an ossified
Meckel’s cartilage in the Meckelian sulcus that is separated from the
malleus by anarrow gap (Fig. 3g), which was accepted asreal and used
toreconstructadetached middle ear®. Thisis a possible interpretation,
but the authors® noted ‘Inall specimens we have, the ossified Meckel’s
cartilage has been displaced at various degrees, which suggests that
the ossified Meckel’s cartilage was held by soft tissue to the Meckelian
grooveinlife and easily displaced in preservation’. It seems possible that
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Fig.3| Theincudomallear articulation across Mammaliaformes.

a-h, Auditory apparatusesin medial (a, ¢, g, h) or dorsal (b, d-f) views.

a, Morganucodon'*. b, Ornithorhynchus anatinus (Carnegie Museum 50815).
¢, Liaoconodon hui®***.d, Vilevolodon diplomylos IMMNH-PV01699).

e, Arboroharamyia allinhopsoni (see Supplementary Information for the basis
of ourreinterpretation of refs.>").f, Sinobaatar pani**. g, Origoletes lii***.

h, Philanderopossum (Carnegie Museum 110578). We identify four types of
incudomallearjoint, asindicated on the malleus (articular) with articular facet
indarkgreen: trochlearjoint (TJ) (innonmammalian cynodonts), overlapping
joint (Q)), partial overlappingjoint (POJ) and saddle-shapedjoint (SS)) (in
therians). Black barsindicate the presence of these types of jointin the
simplified consensus tree of our parsimony analysis (Extended DataFig.7). The
characters from our phylogenetic analysis (Supplementary Information,

such displacement could separate the ossified Meckel’s element from
the auditory apparatus, which means that the gap may be anartefact of
preservationand the middle ear may be of the Meckelian-attached type.

Among extant mammals, the morphology of the incus of Vilevo-
lodon and its articulation with the malleus closely matches that of
monotremes (Fig. 3b, d). Both the platypus and echidna have a flat,
triangular incus with short stapedial process and crus breve, and an
anterior prominence; the incusis tightly bound to the malleus by dense
connective tissue and cartilage***. In situ, the monotreme incus lies
dorsal to the malleus with a relatively flat articulation between them
(which we term an overlappingjoint) (Fig. 3), and the tympanic mem-
braneis roughly horizontal (Extended DataFig. 5d). Given the notable
similarities to the monotreme ossicles, we suggest Vilevolodon also
hadanincus dorsal to—and with little movement on—the malleus, and
aroughly horizontal tympanic membrane. The arrangement of the
incus and malleus in monotremes (and Vilevolodon) is unlike that in
extant therians, inwhich theincus generally lies caudal to the malleus,
has a distinct body with complex concavoconvex or saddle-shaped
articular surfaces that contact reciprocally complex articular surfaces
on the malleus, and an elongate stapedial process and crus breve3**
(Fig.3h); the therian tympanic membrane is usually oblique or vertical.

Among extinct mammals, details of the morphology of the incus and
its articulation with the malleus are limited to a handful of Mesozoic
mammals, most of which have beenreported in the past few years. The
overlappingincudomallear articulation in Vilevolodon resembles that
described for the haramiyidan A. allinhopsoni*¥ (Fig. 3d, e) and the
Early Cretaceous multituberculate Jeholbaatar’® and eutriconodontan
Yanoconodon®.However, inJeholbaatar, the elementidentified as the
incus® is now interpreted to be part of the malleus on the basis of the
morphology of another Early Cretaceous multituberculate (Sinobaatar
pani)*, and—in Yanoconodon—photographic or computed tomogra-
phy documentation of an overlapping articulation has not yet been
provided®. Consequently, we treat the incudomallear articulation as
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characters 415-419) associated with the overlappingjoint optimize as primitive
for Mammalia. Auditory ossicles are unknownin early members of Allotheria
and Australosphenida (whichincludes monotremes), with their mandibles
indicating a postdentary-attached middle ear (PAME); their incus (quadrate)
may have been more weight-bearing (asin nonmammalian cynodonts), in which
casethe overlappingjoint may have evolved convergently in these lineages.
Coloursforthe auditory elementsareasinFig.1.Inb-g, the arrows labelled ‘mf’
indicate amalleus facet onthe concealed surface of theincus. A, Allotheria;
DME, detached middle ear; dp, dorsal plate; M, Mammalia; MAME, Meckelian-
attached middle ear; Mf, Mammaliaformes; mf, malleus facet; mh, malleus head;
rp, retroarticular process; sb, surangular boss; Tr, Trechnotheria; tr, trochlea.
Nottoscale.

unknowninjeholbaatarand Yanoconodon.The morphology of theincus
of Vilevolodonis similar to that of the Early Cretaceous eutriconodontan
Liaoconodon®*** (Fig. 3c, d), which has a Meckelian-attached middle
ear (Fig. 1b); in both, the incus is flat with a triangular outline, short
stapedial process and crus breve, and agently convex mallear articular
surface. The major difference between the incus morphology of these
taxaisthe degree of overlap with the malleus; the incus in Vilevolodon
fully overlaps the malleus but the overlapis only partial in Liaoconodon,
limited to the anterior prominence (Fig. 3 and supplementary movie
5ofref.?). Another difference is the reconstructed angulation of the
tympanic membrane as horizontal in Vilevolodon and vertical in Liao-
conodon®?. A partial overlapping joint (also known as braced hinge
joint?) also occursin . pani (Fig. 3f) and Origolestes® (Fig. 3g); however,
both differ from Liaoconodon in having a long stapedial process and,
inaddition, Origolestes has a thickened incudal body.

The partial overlapping joint has recently been proposed as primi-
tive for Mammalia, easily derivable from the trochlear joint (quad-
roarticular) of nonmammalian cynodonts?. The partial overlapping
jointis hypothesized to be the precursor of both the overlapping and
saddle-shapedjoints, by a dorsal shift of the incusin the former and a
caudal shift of the incus in the latter®. In contrast to this model, opti-
mization of the five characters of the incudomallear joint (characters
415-419 in Supplementary Information) in the consensus tree of our
parsimony analysis supports the overlapping joint as primitive for
Mammalia (Fig. 3). The partial overlapping joint is derived from the
overlappingjoint (and not vice versa) by the caudal shift of the incus
with regard to the malleus (Fig. 3). The ontogeny of extant therians
reflects this direction for the transformation of theincudomallear joint.
Amonotreme-like overlappingincudomallear condition appears first
intherian ontogeny (Extended Data Fig.10a, Supplementary Informa-
tion), with the main mass of the incus dorsal to the malleus and amore
planarjointin marsupial pouch-young®?* and placental embryos**.,
Moreover, on early ontogenetic appearance in monotremes and some



marsupials and placentals, the incus has abroader abutment or fusion
with the petrosal bone thanin the adult***, which in the case of hatch-
ling monotremes and marsupial pouch-youngis able to function sub-
stantially before the temporomandibular jaw joint does*.

Fossil mammals leading to the haramiyidan and monotreme line-
ages—early members of Allotheria** and Australosphenida®, respec-
tively—had postdentary-attached middle ears. As the incus and
malleus are not known in these early allotherians and australosphe-
nidans, this middle ear reconstruction is indicated by the presence
of a postdentary trough and Meckelian sulcus (Fig. 1a). Fossils with
apostdentary-attached middle ear in which the incus (quadrate) is
preserved (for example, Morganucodon®) have amorphology for that
element unlike thatin either Meckelian-attached or detached middle
ears (Fig. 3a). The quadrate in postdentary-attached middle ears is
more of a weight-bearing structure and has a rostrocaudal contact
with the malleus (articular) via a convex, cylindrical trochleaand a
robust dorsal plate that broadly contacts the petrosal bone (Fig. 3a).
Itisuncertainwhether early allotherians and australosphenidans with
apostdentary-attached middle ear had a similar weight-bearing incus
and, therefore, whether the overlapping articulation presentinmono-
tremes and Tiaojishan haramiyidans evolved convergently, or whether
the overlapping joint represents a shared innovation at the level of
Mammalia. Perhaps, during detachment of the postdentary bones,
the overlappingjoint balanced the needs both for increased auditory
acuity and for load-bearing through asmall crus breve and incudomal-
lear joint with little movement. No matter which evolutionary trajec-
toryoccurred, the specimen of Vilevolodon reported here clarifies the
morphology of the auditory apparatus in haramiyidans and shows that
monotremes are not unique in their auditory apparatus, as has previ-
ously been proposed****#¢, and that several long-lived mammalian
lineages co-opted similar incudal morphologies.
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Methods

Ethics oversight
Researchdesign and process followed the ethics guidelines of Carnegie
Museum of Natural History and Indiana University of Pennsylvania.

Computed tomography scanning

Themain partand counterpart were scanned using a three-dimensional
X-ray microscope, Zeiss Xradia 520 Versa at the Micro-CT Laboratory
of Nanjing Institute of Geology and Palaeontology, Chinese Academy
of Sciences (NIGPAS). The scanning had the following parameters:
voltage of 90 kV, current of 88 pA and voxel size of 0.032707. The
three-dimensional reconstructions were created with the software
Mimics (version16.1) and Amira-Avizo 2020.2.

Phylogenetic analysis

The datamatrix consisting of 130 taxa and 509 characters was analysed
using maximum parsimony and Bayesian inference. Parsimony analy-
sis was performed in TNT* using a new technology search (sectorial
search, ratchet, drift and tree fusing) set to 100 iterations, followed
by a traditional search. All characters are unweighted and nonaddi-
tive. The search procedure resulted in 30 most-parsimonious trees of
length 2,770 (consistency index = 0.311; retention index = 0.795). The
strict consensus tree (2,871 steps; consistency index = 0.300; reten-
tion index = 0.784) of these 30 most-parsimonious trees is presented
in Extended Data Fig. 8.

Tip-dating Bayesian analysis was performed in MrBayes 3.2.7*3 and
run using Cyber Infrastructure for Phylogenetic Research®. To root
the tree, we applied two topological constraints on the stem. For the
likelihood model, we used agamma-rate distribution and eight discrete
rate categories to accommodate among character evolutionary-rate
variation®**,

Thefossilized birth-death process>* ™" was used to forma prior prob-
ability distribution on the space of sampled-ancestor trees through
the modelling of speciation, extinction, fossilization and sampling.
The age of each fossil taxon was assigned a uniform prior with upper
and lower bounds that corresponded to a stage-level stratigraphic
range. Fossil occurrences were taken from the literature or from the
Fossilworks Paleobiology Database and recorded by stratigraphic
stage using the International Chronostratigraphy chart®®. The root
age of the tree was assigned an offset exponential prior with amean of
251 million years ago determined by the lower age range of the oldest
fossil taxon (Thrinaxodon) and a minimum of 228 million years ago,
corresponding to the beginning of the geological stage containing the
firstappearance of the next oldest fossil taxon (Massetognathus). For
inference, we assigned defuse priors parameterizing the speciation,
extinction and sampling rates. We used an exponential (100) prior for
net diversification and beta distributions (1,1) for turnover and fossil
sampling proportions. The sampling proportion of extant taxa (26
species) was set to 0.004, on the basis of the number of recognized
living mammal species (6,495%%). We calculated a clock rate using APE°
and fitdistrplus® in R and applied a data-informed clock rate prior
usinga previously published method®* in R®?, which indicated the best
model according to Bayesian information criterion was probably a
normal distribution withamean of 0.00840185218218286 and as.d. of
0.0130196175801974. This model and its parameter values were used
directly for the clock rate prior.

The posterior distribution was estimated using Markov chain Monte
Carlo algorithms. The analysis was executed with 2 runs, each with
4 chains (1 cold and 3 hot) per run for 10 million iterations and sam-
pled every 1,000 iterations. The first 25% samples were discarded as
burn-infor each run, and the remaining samples from the 2 runs were
combined after checking convergence between runs (average s.d. of
the split frequencies < 0.05%*). Runs were viewed in Tracer® to ensure
stationarity was achieved. The dated phylogeny (Extended DataFig. 9)

54-57

was estimated from the 50% majority rule consensus of the pooled post
burn-in trees. Posterior probabilities were calculated to assess node
robustness and posterior medians provide node ages.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The specimen (IMMNH-PV01699) studied here has been deposited in
the Inner Mongolia Museum of Natural History. The data matrix for the
phylogenetic analysis is deposited in MorphoBank (project number
3760); computed tomography data are deposited in MorphoSource
at https://doi.org/10.17602/M2/M167344.
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The Batch commands for the Bayesian analysis areincluded in the Sup-
plementary Information.
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Bayesian analysesinref.3). ¢, Haramiyidans are polyphyletic; euharamiyidans
fall withinMammaliain Allotheria with multituberculates, and Thomasia and
Haramiyaviaformaclade with tritylodontids outside Mammaliaformes;
gondwanatherians (not shown) are sister to multituberculates (parsimony
analysis in ref.?®). d, Haramiyidans are polyphyletic; euharamiyidans fall within
Mammalia, and Thomasia and Haramiyavia form aclade with tritylodontids
outside Mammaliaformes; the gondwanatherian Vintana (not shown) is within

Euharamiyida (tip-dated Bayesian analysisinref. ). A, Allotheria; M, Mammalia;
Mf, Mammaliaformes; T, Theria.
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Extended DataFig.1|Cladograms toillustrate various hypotheses
regarding haramiyidan relationships. The Middle Jurassic Tiaojishan
haramyidans are here included in Euharamiyida'® (ajunior synonym of
Haramiyida® in our phylogenetic analysis (Supplementary Information)).
Clades considered to be close relatives of euharamiyidansareinbluein each
tree (simplified from the originals). a, Euharamiyidans are ina monophyletic
Haramiyida, positioned outside of Mammalia (parsimony and Bayesian
analysesinref.*).b, Euharamiyidans areinamonophyletic Haramiyida,
positioned within Mammaliain Allotheria with multituberculates; the
gondwanatherian Vintana (not shown) is within Trechnotheria (parsimony and
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Extended DataFig.2|Dentition of V. diplomylos IMMNH-PV01699A). a-c, it; the lower incisor was identified asi,as it occludes with upper 1. DI?,
Upper left dentition in buccal (a), occlusal (b) and lingual (c) views. d-f, Lower deciduous upperincisor; di,, deciduous lower incisor; I, upper incisor; i, lower
leftdentitioninbuccal (d), occlusal (e) and lingual (f) views. Regarding the incisor; M!, upper first molar; m,, lower first molar; M?, upper second molar; m,,
numbering of theincisors, all haramiyidans for which the dentitionis known lower second molar; P, upper third premolar; P*, upper fourth premolar; p,,

have one upper and lower incisor (except for Xianshou linglong with two upper lower fourth premolar.
incisors'®). The distal enlarged incisor was identified as I with a tiny I' mesial to
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Extended DataFig. 3 | Reconstruction of the skull of V. diplomylos first molar; m,, lower second molar; maf, masseteric fossa; mas, mandibular
(IMMNH-PV01699A and B). a, Skullin lateral view. b, Craniumin dorsal view. symphysis; mef, mental foramen; mf, mandibular foramen; mx, maxilla; na,
c-e, Leftmandibleinocclusal (c), lateral (d) and medial (e) views. an, angular nasal; P, upper third premolar; p,, lower fourth premolar; pa, parietal; pmx,
process; cc, coronoid crest; co, mandibular condyle; cp, coronoid process; DI?, premaxilla; ptf, pterygoid fossa; smx, septomaxilla; sq, squamosal; vc, ventral
deciduous upperincisor; di,, deciduous lower incisor; ethf, ethmoidal crest.

foramen; fr, frontal; iof, infraorbital foramen; ju, jugal; lac, lacrimal; m,, lower
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Extended DataFig. 4 |Reconstructions ofauditory apparatusin
V.diplomyloson thebasis of the holotype versus the referred specimen. a,
Reconstruction onthe basis of the Vilevolodon holotype*, which has
more-fragmentary auditory elements: theincusis shownwithatrochleaand
dorsal plate (asin Morganucodon) (Fig.3a) inarostrocaudalincudomallear
articulation, and the malleus includes ossified Meckel’s cartilage and

posterior limb

surangular.b, ¢, Reconstruction on the basis of the Vilevolodon referred
specimen (IMMNH-PV01699A) with well-preserved auditory elementsin
ventral (b) and dorsal (c) views: theincusis flat and has a dorsoventral
incudomallear articulation, and the malleus does not have an ossified Meckel’s
cartilage or surangular. Colours for the auditory elements are asin Fig. 1.
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Extended DataFig. 5|Reinterpretation ofauditory apparatus of
A.allinhopsoni.a-c, e, h,Arboroharamiya allinhopsoni, left auditory
apparatus. a, Photograph of the holotypeinventral view (derived from
extended datafigure 5a of ref.3). b, ¢, Reconstruction in ventral (b) and dorsal
(c) views (modified from extended data figure Se, fof ref.?).e, h, The
reconstruction proposedin this Article, in ventral (e) and dorsal (h) views
(Supplementary Information).d, g, Ornithorhynchus anatinus (Carnegie
Museum 50815), left auditory apparatus rendered from computed tomography
scansinventral (d) and dorsal (g) views. f, i, Vilevolodon diplomylos IMMNH-
PV01699A), left auditory apparatus in ventral (f) and dorsal (i) views. The crus
breve of theincusineandhis based onref.". Colours for the auditory elements
areasinFig.1;stapesin purple; tympanic membrane (grey) is reconstructed on
theventralviewsinb, d** f.ac, anterior crus of ectotympanic; al, anterior
limb of ectotympanic; apm, anterior process of malleus; asa, anterior process

of surangular; cb, crus breve; fv, fenestra vestibuli; gf, glenoid fossa; hy, hyoid
element;ic, incus; Ip, lenticular process; mab, mallear body; mm, manubrium
of malleus; mp, medial process of malleus; oc, occipital condyle; pc, posterior
crus of ectotympanic; pf, perilymphatic foramen; pic, stapedial process of
incus; pism, process for insertion of stapedius muscle of stapes; pl, posterior
limb of ectotympanic; pm, promontorium; ppr, paroccipital process of
petrosal; prs, posterior ridge of surangular; pss, posterior surface of
surangular; ptp, posttympanic process of squamosal; rl, reflected lamina of
ectotympanic; rtm, ridge for attachment for anterior part of tympanic
membrane; sa, surangular; sf, stapedius fossa; spg, groove for stapedial artery;
st, stapes; tm, transverse part of malleus; ts, tympanic sulcus; ty-d, lateral
ectotympanic part presumably equivalent to dorsal part of angular; ty-r,
ectotympanic part presumably equivalent toreflected lamina.
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Extended DataFig. 6 | Reinterpretation of ectotympanic of Qishouand
Arboroharamiya.a-c, Qishoujintzang, the so-called left ectotympanicin
ventral (a) and dorsal (b) views, derived from figure 8c, d of ref."’; interpreted
here asthe left malleus with broken anterior process and incusin dorsal view
(c).d, Arboroharamiya allinhopsoni, the so-called left ectotympanic in ventral
view, derived from figure 3 of ref.". e, f, Tachyglossus aculeatus (Carnegie
Museum 50812), isolated left ectopterygoid bone and the left basicraniumin
ventral view. g, Arboroharamiyajenkinsi, the so-called left ectotytmpanicin
ventral view, derived from figure 7c of ref. . h, i, Ornithorhynchus anatinus

Ornithorhynchus anatinus

(Carnegie Museum 50815), isolated left ectopterygoid bone and the left
basicraniumin ventral view. Colours for the auditory elements are asin Fig. 1.
api, anterior prominence of incus; apm(br), anterior process of malleus
(broken); arty, anterior edge of ectotympanic; cb, crus breve; cfm, contact area
for malleus; ep, ectopterygoid; frt, fracture; mm, manubrium of malleus; prty,
posterior edge of ectotympanic; rtm, ridge for attachment of anterior part of
tympanic membrane; sp, stapedial process of incus; ty-d, lateral ectotympanic
part presumably equivalent to dorsal part of angular; ty-r, ectotympanic part
presumably equivalent toreflected lamina.



— N /\/organucodon
S Docodonts

Monotremes & kinI

Yanoconodon
Liaoconodon

SN Cifelliodon

—ll Haramiyavia

—I Thomasia

—?— Cryoharamiya
Maiopatagium sibiricum

#l Maiopatagium furculiferum
-o '@ Hlll Shenshou
————{ Sharypovoia magna
ll Qishou
8 Millsodon
_— [ Sharypovovoia arimasproum
I ~/cutherodon

p————————{lll Sineleutherus
'@ —C: Arboroharamiya jenkinsi
Arboroharamiya allinhopsoni

Vilevolodon

Xianshou linglong

Xianshou songae

c Vintana
Adalatherium

Rugosodon

Kuehneodon

4l Jeholbataar
Plagiaulacids

|__ Sinobataar
C

E Origolestes
Maotherium

Dryolestoids

imolodontans

Marsupials & kin

Placentals & kin

s | 2| < |shlslsl s 18] s |5 2 |5ls| - | Eslsldl g [ Esldls] s
g1 2 (Gl S 2] 5|2 HEH g | el2lElE & | EEfez] €
§§531§g§§§§§§g§ SRR AL L
; 1] ! : il
Jurassic Cretaceous Paleogene
8 8 L 8 3 g 8 & 2 8 S 8 Q 8 3
Extended DataFig.7|Simplified strict-consensus parsimony tree, Allotheria; C, Cladotheria; El, Eleutherodontidae; Eu, Eutriconodonta; G,

highlighting relationships and relative ages of key mammaliangroups. The = Gondwanatheria; Ha, Haramiyida; M, Mammalia; Mf, Mammaliaformes; Mt,
fulltreeis shownin Extended DataFig. 8. Nodes are not time-calibrated. A, Multituberculata; Sp, Spalacotherioidea; T, Theria; Tr, Trechnotheria.



Article

—
L— Megazostrodon
(—— Haldanodon
— castorocauda

Haramiyavia
Cifelliodon

Thomasia

Maiopatagium furculferum
Shenshou

Sharypovoia magna
Qishou

Milsodon

Sharypovoia arimasporum
Eleutherodon
Sineleutherus

Vilevolodon

Xianshou linglong
Xianshou songae
Arboroharamiya jenkinsi
Ar. allinhopsoni
Maiopatagium sibiricum
Cryoharamiya
Adalatherium

Vintana

Rugosodon

Kuehneodon

Jeholbaatar

Plagiaulacids

Sinobaatar

Spalacotherium
Origolestes
Zhangheotherium
Maotherium
Dryolestes
Henkelotherium

H =

Peramus

Aegialodor
Juramaia
Eomaia

Daulestes

L [~ Ukhaatherium

\_: Asioryctes

Leptictis
Aspanlestes
[ Asa
L Protunguratum

Erinaceus
Canis

Felis

Bradypus
Tamandua
Glyptotherium
Dasypus
Chaetophractus
Euphractus
Rattus
Oryctolagus
Cimolestes
Gypsonictops

Ambolestes
5 =

Atokatheridium
Sulestes

Kokopellia
Turgidodon
Pediomys

.
Didelphis
Marmosa
P

Dasyurus
Perameles
Dromiciops

Acrobates
Phalanger
Pseudocheirus
Petauroides
Macropus
Phascolarctos
Vombatus
Gobiconodon

5
Wm_ﬂ [ (1171

.

Amphilestes
Jeholodens
Yanoconodon
Liaoconodon
Trioracodon
Priacodon
Fruitafossor
Volaticotherium

[1 Wﬁﬂ

Pseudotribos

Ambondro

Bishops
Steropodon
Teinolophos
Tachyglossus
Obdurodon
Omithorhynchus

Extended DataFig. 8| Full parsimony consensus tree. The datasetcomprises  Theallotherians (Haramiyavia, Cifelliodon, haramiyidans, multituberculates

130 taxa and 509 morphological characters. The strict consensus tree of and gondwanatherians) are highlighted inblue. A, Allotheria; Au,
30 equally most-parsimonious trees was found in TNT¥. Consensus tree Australosphenida; C, Cladotheria; El, Eleutherodontidae; Eu, Eutriconodonta;
length=2,871; consistencyindex=0.300; retentionindex=0.784.The G, Gondwanatheria; Ha, Haramiyida; M, Mammalia; Mf, Mammaliaformes; Mt,

simplified version of this consensus treeis presented in Extended Data Fig. 7. Multituberculata; Sp, Spalacotherioidea; T, Theria; Tr, Trechnotheria.



Massetognathus
Probainognaius

Titylodontids
Pachygenelus
o Sinoconodon
Hogacostrodon

T Hatdanodon
oo

Y]

dénsho Ingiong
Xianshou songae.
Aborharamia enkisi
‘Atboroharamiya allinhopsoni

;
[ -
Shenshou

ou
‘Sharypovoia magna p B

Sinobaatar
Jeholbaatar
Plagiauacios

A Kyehneodon
- Maiopalagium furcublerum
Maiopatagium sibricum )

Cryoharamiya
Cifelliodon

Hararyav
Hadrocodium

T Ovrodon  ominortynctus
Tachygiossus

Daylestes.
‘Aspaniestes
‘Eoungulatum

Dic s
————
nceaios
Porameles
Tivcomyso
Fhmmlo!
1y
o
Petauroides
p——Albertatherium
-
L « A Turgidodon
e Toderns
Ambolestes
gl s s |s sls|l s o gls sl s | <lslslld s
8| & s|§lg| <2 § s |§| E] s 5| S |s|g &
=é§§’5§ e HH RS HHHHHH L
H K HHE K §~§.z R HEEEEHEE

Lower
Upper
Paleocene
Eocene
Oligocene
Miocene
Pliocene

Cretaceous Paleogene Neogene
10t
g &8 § §8 § g8 & & & & 8 B8 & 8 & 2 8 8 8 R 8 8 € 8 8& 2 o
Extended DataFig.9|Bayesian consensustree. Fifty-per-cent majority rule posterior density intervals)); however, the topology is different from the

consensus tree for Mesozoic mammals from a tip-dated analysis using Bayesian  strict-consensus tree inferred from the parsimony analysis®’. Allotherians are
inferencein MrBayes®*. Tip-dating analysis confirms that mammals originated inblue.
inthelate Triassic (213.82 million years ago (207.98,221.48 95% highest



Article

Monodelphis domestica

a
incus
malleus
>—— gonial
pnd-0
b
Felis pardus
anterior process
manubrium

oss. access. mall.

muscular process

head

5 mm

Extended DataFig.10|Ontogeny of auditory ossiclesin extant therian
mammals. a, Right malleus, incus and gonial on postnatal days 0,12 and 30 of
the didelphid marsupial Monodelphis domesticain medial view (redrawn from
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Software and code
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Data collection  The morphological features of the middle ear ossicles were observed under the microscope or interpreted from CT scans.

Data analysis Phylogenetic Analysis was performed using TNT 1.5 (freely available from the Willi Hennig Society) and MrBayes 3.2.7 (open source); Bayesian
MCMC runs were viewed in Tracer 1.7 (https://github.com/beast-dev/tracer/releases/latest); the clock rate was calculated using ape package
(http://ape-package.ird.fr/) and the fitdistrplus package (https://github.com/aursiber/fitdistrplus) in R 4.0.3; the three-dimensional
reconstructions were created using the software Mimics (version 16.1) and Amira-Avizo 2020.2.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data matrix for the phylogenetic analysis is deposited in MorphoBank (Project number 3760); CT data is deposited in MorphoSource (https://doi.org/10.17602/
M2/M167344).
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Our study is based on a single fossil specimen, which is deposited in the Inner Mongolia Museum of Natural History, Inner Mongolia,
China.
Research sample Comparisons with other Mesozoic fossils were constrained by the number of specimens recovered for particular taxa; all were

included where possible. Comparisons with extant mammals were conducted in the collections of the Section of Mammals, Carnegie
Museum of Natural History, Pittsburgh, USA. The data matrix consists of 130 taxa and 509 characters.

Sampling strategy The comparative sample was assembled to include purported close relatives of the fossil under study as well as representatives of
the major mammalian lineages and outgroups.

Data collection Data were collected by direct study of fossils and extant museum specimens or indirect study from the literature.

Timing and spatial scale  As the fossil understudy was Middle Jurassic in age, our comparative sample included primarily Mesozoic fossils along with extant
mammals.

Data exclusions As noted in the Supplementary Information, we excluded one Middle Jurassic fossil, Megaconus, from our comparative sample
because of ongoing controversy about the interpretations of fundamental features of this fossil and because our team has not had
the opportunity to study this fossil directly.

Reproducibility Explicit phylogenetic methods allow other researchers to reproduce our study.
Randomization NA, randomization is not applicable to our study.
Blinding NA, blinding is not applicable to our study.

Did the study involve field work? |:| Yes |X| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Palaeontology and Archaeology

Specimen provenance The fossil was collected from the Tiaojishan Formation in Qinglong County, Hebei Province, China and the fossil collecting permit was
obtained from the Department of Land and Resources, Inner Mongolia, China.

Specimen deposition The fossil is accessioned in the collection of the Inner Mongolia Museum of Natural History, Inner Mongolia, China.

Dating methods The age is based on stratigraphical correlation and previous radiometric data.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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Ethics oversight Research design and process followed the ethics guidelines of Carnegie Museum of Natural History and Indiana University of
Pennsylvania.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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