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A monotreme-like auditory apparatus in a 
Middle Jurassic haramiyidan

Junyou Wang1,2, John R. Wible1,3 ✉, Bin Guo2, Sarah L. Shelley3,6, Han Hu4 & Shundong Bi1,5 ✉

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 an increased range of audible—especially high—frequencies1. By contrast, 
the homologous bones in early fossil mammals and relatives also functioned in 
chewing through their bony attachments to the lower jaw2. 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, 
which is now widely accepted to have occurred at least three times in mammal 
evolution3–6. Here we report a skull and postcranium that we refer to the haramiyidan 
Vilevolodon diplomylos (dating to the Middle Jurassic 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 
found in this and other Mesozoic fossils, in extant monotremes and in early ontogeny 
in extant marsupials and placentals is a morphology 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 evolution7,8. Among the most note-
worthy and well-preserved finds are those of haramyidans from the 
Middle Jurassic Tiaojishan Formation of China, which have molars with 
multiple cusps in rows and include three gliders (as reconstructed from 
impressions of patagia)3,4,9–12. Along with increased knowledge of the 
Tiaojishan haramiyidans has come controversy regarding interpreta-
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 mammalian13,14—have been reported for 
mammaliaforms (Fig. 1). These terms are not descriptive15; for example, 
definitive mammalian is not present in all members of Mammalia. Here 
we propose terms grounded in morphology. The first type (Fig. 1a) 
represents the ancestral condition that is present in nonmammaliaform 
cynodonts. This type reconstructs the postdentary bones (including the 
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 ear2), in which auditory functions are coupled with mastica-
tion. In the second type (Fig. 1b), the postdentary trough is absent in 
adults and 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 ear14, in which the attachment is specifically through an ossified 

Meckel’s element. In the third type (Fig. 1c), which is present in all 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 ear15 (corresponding to the 
definitive mammalian middle ear2).

Of these three types of middle ear, the postdentary-attached and 
detached have been reconstructed in different Tiaojishan haramiyidans. 
Phylogenetic analyses that use the postdentary-attached interpretation, 
which is based on V. diplomylos4, place the Tiaojishan haramiyidans 
outside of crown Mammalia4,16 (Extended Data Fig. 1a). By contrast, phy-
logenetic analyses that use the detached interpretation—based largely 
on Arboroharamiya allinhopsoni3,17—place the Tiaojishan haramiyidans 
within crown Mammalia3,5,6 (Extended Data Fig. 1b). The position of this 
grouping and its relationship to the Late Triassic haramiyidans Hara-
miyavia18 and Thomasia19 affect our views on the timing of the origin of 
crown Mammalia, which range 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 China4. 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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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 chain in 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 
that reconstructed for other Tiaojishan haramiyidans (Extended Data 
Figs. 4–6, Supplementary Information).

The complete incus, malleus, ectotympanic and the mandible are 
preserved on the 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 
mandible in IMMNH-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 haramiyidans3,9,10,12,20 except the 
Vilevolodon holotype4—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, a long posterior limb and 
subequal anterior limb and reflected lamina, and a shallow attachment 
area for the tympanic membrane (Extended Data Fig. 5f). The malleus 
has a flattened body and an anterior process (prearticular) but lacks 
an ossified Meckel’s cartilage or surangular (an accessory postdentary 
bone), both of which were reconstructed on the fragmentary malleus of 
the holotype4 (Extended Data Fig. 4). The mallear body is sickle-shaped 
with the pointed manubrium curving anteriorly and, in life, 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. The incus is flat with a gently convex 
articular surface and triangular with a process at each angle: a slightly 
elevated stapedial process (crus longum), a blunt short process (crus 
breve) that probably contacted the petrosal bone on the skull base and 
an anterior prominence.

Following our reinterpretation of Vilevolodon, all Tiaojishan hara-
miyidans that preserve the medial surface of the mandible lack a 

postdentary trough and Meckelian sulcus3,9,10,12,20, and can be recon-
structed with a detached middle ear. Although isolated auditory 
elements are known for several Tiaojishan haramiyidans4,12,20, 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 them3,17 is built on a pattern unlike that of 
Vilevolodon or any other mammaliaform (Extended Data Fig. 5b, c). The 
widespread pattern in 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 Data Fig. 5d). By contrast, in the A. allinhopsoni 
reconstruction3,17, 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, c). Additionally, the bone reconstructed as the ectotympanic 
in A. allinhopsoni is sickle-shaped3,17 in contrast to the three-pronged 
element in Vilevolodon and other extinct nontherian mammaliaforms 
(Fig. 1a, b) or the more ring-shaped element in extant monotremes and 
many extant therians (marsupials and placentals) (Fig. 3b, h, Extended 
Data Fig. 5d, g). An isolated bone of A. allinhopsoni that has one robust 
and one needle-like end is purported to be a surangular3,17 (Extended 
Data Fig. 5a–c), a postdentary bone that is broadly present in nonmam-
malian cynodonts2 but is present in only a few instances in extinct mam-
maliaforms5,6,21,22 (Supplementary Information). The bone in question 
bears little resemblance to any surangular, which is invariably in broad 
sutural contact with other elements of the auditory apparatus—con-
tact that is lacking in the 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 Europe19, 
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Fig. 1 | Three types of middle ear in mammaliaforms. Mandibles and auditory 
elements (excluding stapes) in occlusal and medial views. a, In the postdentary- 
attached middle ear, the postdentary bones and Meckel’s cartilage are 
attached to the mandible via the postdentary trough and Meckelian sulcus 
(Late Triassic–Early Jurassic mammaliaform Morganucodon, based on refs. 13,45). 
b, In the Meckelian-attached middle ear, the postdentary trough is absent and 
the postdentary bones are attached to the mandible via Meckel’s cartilage 

(ossified in this example) in the Meckelian sulcus; Meckel’s element is bent 
medially (arrow), moving the postdentary bones away from the 
temporomandibular joint (Early Cretaceous eutriconodontan Liaoconodon, 
based on refs. 6,14,22). c, In the detached middle ear, the postdentary trough and 
Meckelian sulcus are absent and the auditory elements are detached from the 
mandible (Middle Jurassic haramiyidan Vilevolodon, as reported in this Article).



Nature  |  Vol 590  |  11 February 2021  |  281

Middle-to-Late Jurassic epochs of England23,24 and Siberia25, Late Jurassic 
epoch of China26, and Early Cretaceous epoch of Siberia27 (Extended 
Data Figs. 7, 8, Supplementary Information). The haramiyidan clade is in 
a polytomy with Cifelliodon from the Early Cretaceous epoch of North 
America16 and Multituberculata + Gondwanatheria, as recently sup-
ported28. These lineages are included in Allotheria, which also includes 
Haramiyavia from the Late Triassic epoch of Greenland18. Allotheria 
is included in Mammalia, which supports a ‘long fuse’ model in which 
crown mammals originated at least 215 million years ago29. However, in 
our Bayesian analysis (Extended Data Fig. 9) Allotheria is in a polytomy 
that includes 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 apparatus in 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 
Meckelian sulcus. By contrast, only 17% of the extinct taxa can be scored 
for features of the incus (quadrate). We are therefore more confident in 
differentiating the three types of middle ear than we are in elucidating 
the transformations of the auditory elements between these types.

Our phylogenetic trees relate a complex 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 it30,31 and—in turn—that Meckel’s cartilage 
has continuity with the malleus, given the embryonic origin of the 
latter from the former32. However, the presence of the sulcus does not 
mandate continuity between Meckel’s cartilage and the malleus, as the 
sulcus persists (for example) in a neonatal African palm civet well after 
the isolation of the malleus33. A recent report on the middle ear of the 
Early Cretaceous zhangheotheriid Origolestes6 described an ossified 
Meckel’s cartilage in the Meckelian sulcus that is separated from the 
malleus by a narrow gap (Fig. 3g), which was accepted as real and used 
to reconstruct a detached middle ear6. This is a possible interpretation, 
but the authors6 noted ‘In all 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 
groove in life and easily displaced in preservation’. It seems possible that 
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Fig. 2 | Vilevolodon diplomylos (IMMNH-PV01699A). a, Main slab; dark 
patches outside 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, Cranium in right oblique 
dorsal view, right mandible in lateral view and left mandible in medial view. 
Scale bars, 1 mm (d, e), 2 mm (c), 5 mm (b). c, Left mandible in medial view, 
showing the disposition of the auditory elements and the absence of 
postdentary trough and Meckelian sulcus. d, Left incus (blue) in ventral view, 
left malleus (green) in dorsal view and left ectotympanic (red) in ventral view.  
e, Left incus, malleus and ectotympanic restored to life position in oblique 
dorsal and ventral views (right and left, respectively). Colours for the auditory 

elements are as in Fig. 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; li, left incus; lm, 
left mandible; lma, 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.
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such displacement could separate the ossified Meckel’s element from 
the auditory apparatus, which means that the gap may be an artefact of 
preservation and 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 incus is tightly bound to the malleus by dense 
connective tissue and cartilage34,35. In situ, the monotreme incus lies 
dorsal to the malleus with a relatively flat articulation between them 
(which we term an overlapping joint) (Fig. 3), and the tympanic mem-
brane is roughly horizontal (Extended Data Fig. 5d). Given the notable 
similarities to the monotreme ossicles, we suggest Vilevolodon also 
had an incus dorsal to—and with little movement on—the malleus, and 
a roughly horizontal tympanic membrane. The arrangement of the 
incus and malleus in monotremes (and Vilevolodon) is unlike that in 
extant therians, in which the incus 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 breve34,36 
(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 been reported in the past few years. The 
overlapping incudomallear articulation in Vilevolodon resembles that 
described for the haramiyidan A. allinhopsoni3,17 (Fig. 3d, e) and the 
Early Cretaceous multituberculate Jeholbaatar5 and eutriconodontan 
Yanoconodon37. However, in Jeholbaatar, the element identified as the 
incus5 is now interpreted to be part of the malleus on the basis of the 
morphology of another Early Cretaceous multituberculate (Sinobaatar 
pani)22, and—in Yanoconodon—photographic or computed tomogra-
phy documentation of an overlapping articulation has not yet been 
provided37. Consequently, we treat the incudomallear articulation as 

unknown in Jeholbaatar and Yanoconodon. The morphology of the incus 
of Vilevolodon is similar to that of the Early Cretaceous eutriconodontan 
Liaoconodon6,14,22 (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 a gently convex mallear articular 
surface. The major difference between the incus morphology of these 
taxa is the degree of overlap with the malleus; the incus in Vilevolodon 
fully overlaps the malleus but the overlap is only partial in Liaoconodon, 
limited to the anterior prominence (Fig. 3 and supplementary movie 
5 of ref. 22). Another difference is the reconstructed angulation of the 
tympanic membrane as horizontal in Vilevolodon and vertical in Liao-
conodon6,22. A partial overlapping joint (also known as braced hinge 
joint22) also occurs in S. pani (Fig. 3f) and Origolestes22 (Fig. 3g); however, 
both differ from Liaoconodon in having a long stapedial process and, 
in addition, 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 cynodonts22. The partial overlapping 
joint is hypothesized to be the precursor of both the overlapping and 
saddle-shaped joints, by a dorsal shift of the incus in the former and a 
caudal shift of the incus in the latter22. 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 
overlapping joint (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 the incudomallear joint. 
A monotreme-like overlapping incudomallear condition appears first 
in therian ontogeny (Extended Data Fig. 10a, Supplementary Informa-
tion), with the main mass of the incus dorsal to the malleus and a more 
planar joint in marsupial pouch-young38,39 and placental embryos40,41. 
Moreover, on early ontogenetic appearance in monotremes and some 
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characters 415–419) associated with the overlapping joint optimize as primitive 
for Mammalia. Auditory ossicles are unknown in early members of Allotheria 
and Australosphenida (which includes monotremes), with their mandibles 
indicating a postdentary-attached middle ear (PAME); their incus (quadrate) 
may have been more weight-bearing (as in nonmammalian cynodonts), in which 
case the overlapping joint may have evolved convergently in these lineages. 
Colours for the auditory elements are as in Fig. 1. In b–g, the arrows labelled ‘mf’ 
indicate a malleus facet on the concealed surface of the incus. 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. 
Not to scale.
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marsupials and placentals, the incus has a broader abutment or fusion 
with the petrosal bone than in the adult42,43, which in the case of hatch-
ling monotremes and marsupial pouch-young is able to function sub-
stantially before the temporomandibular jaw joint does43.

Fossil mammals leading to the haramiyidan and monotreme line-
ages—early members of Allotheria44 and Australosphenida13, 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 
a postdentary-attached middle ear in which the incus (quadrate) is 
preserved (for example, Morganucodon45) have a morphology for that 
element unlike that in 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 trochlea and a 
robust dorsal plate that broadly contacts the petrosal bone (Fig. 3a). 
It is uncertain whether early allotherians and australosphenidans with 
a postdentary-attached middle ear had a similar weight-bearing incus 
and, therefore, whether the overlapping articulation present in mono-
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 overlapping joint balanced the needs both for increased auditory 
acuity and for load-bearing through a small crus breve and incudomal-
lear joint with little movement. No matter which evolutionary trajec-
tory occurred, 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 proposed22,34,35,46, and that several long-lived mammalian 
lineages co-opted similar incudal morphologies.
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Methods

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

Computed tomography scanning
The main part and 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 μA and voxel size of 0.032707. The 
three-dimensional reconstructions were created with the software 
Mimics (version 16.1) and Amira-Avizo 2020.2.

Phylogenetic analysis
The data matrix consisting of 130 taxa and 509 characters was analysed 
using maximum parsimony and Bayesian inference. Parsimony analy-
sis was performed in TNT47 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 3.2.748 and 
run using Cyber Infrastructure for Phylogenetic Research49. To root 
the tree, we applied two topological constraints on the stem. For the 
likelihood model, we used a gamma-rate distribution and eight discrete 
rate categories to accommodate among character evolutionary-rate 
variation50–53.

The fossilized birth–death process54–57 was used to form a 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 chart58. The root 
age of the tree was assigned an offset exponential prior with a mean 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 
first appearance 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 (6,49559). We calculated a clock rate using APE60 
and fitdistrplus61 in R62 and applied a data-informed clock rate prior 
using a previously published method63 in R62, which indicated the best 
model according to Bayesian information criterion was probably a 
normal distribution with a mean of 0.00840185218218286 and a s.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-in for each run, and the remaining samples from the 2 runs were 
combined after checking convergence between runs (average s.d. of 
the split frequencies < 0.0564). Runs were viewed in Tracer65 to ensure 
stationarity was achieved. The dated phylogeny (Extended Data Fig. 9) 

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.

Code availability
The Batch commands for the Bayesian analysis are included in the Sup-
plementary Information.
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Extended Data Fig. 1 | Cladograms to illustrate various hypotheses 
regarding haramiyidan relationships. The Middle Jurassic Tiaojishan 
haramyidans are here included in Euharamiyida10 (a junior synonym of 
Haramiyida66 in our phylogenetic analysis (Supplementary Information)). 
Clades considered to be close relatives of euharamiyidans are in blue in each 
tree (simplified from the originals). a, Euharamiyidans are in a monophyletic 
Haramiyida, positioned outside of Mammalia (parsimony and Bayesian 
analyses in ref. 4). b, Euharamiyidans are in a monophyletic Haramiyida, 
positioned within Mammalia in Allotheria with multituberculates; the 
gondwanatherian Vintana (not shown) is within Trechnotheria (parsimony and 

Bayesian analyses in ref. 3). c, Haramiyidans are polyphyletic; euharamiyidans 
fall within Mammalia in Allotheria with multituberculates, and Thomasia and 
Haramiyavia form a clade with tritylodontids outside Mammaliaformes; 
gondwanatherians (not shown) are sister to multituberculates (parsimony 
analysis in ref. 28). d, Haramiyidans are polyphyletic; euharamiyidans fall within 
Mammalia, and Thomasia and Haramiyavia form a clade with tritylodontids 
outside Mammaliaformes; the gondwanatherian Vintana (not shown) is within 
Euharamiyida (tip-dated Bayesian analysis in ref. 67). A, Allotheria; M, Mammalia;  
Mf, Mammaliaformes; T, Theria.



Extended Data Fig. 2 | Dentition of V. diplomylos (IMMNH-PV01699A). a–c, 
Upper left dentition in buccal (a), occlusal (b) and lingual (c) views. d–f, Lower 
left dentition in buccal (d), occlusal (e) and lingual (f) views. Regarding the 
numbering of the incisors, all haramiyidans for which the dentition is known 
have one upper and lower incisor (except for Xianshou linglong with two upper 
incisors10). The distal enlarged incisor was identified as I2 with a tiny I1 mesial to 

it; the lower incisor was identified as i2 as it occludes with upper I2. DI2, 
deciduous upper incisor; di2, deciduous lower incisor; I2, upper incisor; i2, lower 
incisor; M1, upper first molar; m1, lower first molar; M2, upper second molar; m2, 
lower second molar; P3, upper third premolar; P4, upper fourth premolar; p4, 
lower fourth premolar.
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Extended Data Fig. 3 | Reconstruction of the skull of V. diplomylos 
(IMMNH-PV01699A and B). a, Skull in lateral view. b, Cranium in dorsal view. 
c–e, Left mandible in occlusal (c), lateral (d) and medial (e) views. an, angular 
process; cc, coronoid crest; co, mandibular condyle; cp, coronoid process; DI2, 
deciduous upper incisor; di2, deciduous lower incisor; ethf, ethmoidal 
foramen; fr, frontal; iof, infraorbital foramen; ju, jugal; lac, lacrimal; m1, lower 

first molar; m2, lower second molar; maf, masseteric fossa; mas, mandibular 
symphysis; mef, mental foramen; mf, mandibular foramen; mx, maxilla; na, 
nasal; P3, upper third premolar; p4, lower fourth premolar; pa, parietal; pmx, 
premaxilla; ptf, pterygoid fossa; smx, septomaxilla; sq, squamosal; vc, ventral 
crest.



Extended Data Fig. 4 | Reconstructions of auditory apparatus in 
V. diplomylos on the basis of the holotype versus the referred specimen. a, 
Reconstruction on the basis of the Vilevolodon holotype4, which has 
more-fragmentary auditory elements: the incus is shown with a trochlea and 
dorsal plate (as in Morganucodon) (Fig. 3a) in a rostrocaudal incudomallear 
articulation, and the malleus includes ossified Meckel’s cartilage and 

surangular. b, c, Reconstruction on the basis of the Vilevolodon referred 
specimen (IMMNH-PV01699A) with well-preserved auditory elements in 
ventral (b) and dorsal (c) views: the incus is 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 as in Fig. 1.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Reinterpretation of auditory apparatus of 
A. allinhopsoni. a–c, e, h, Arboroharamiya allinhopsoni, left auditory 
apparatus. a, Photograph of the holotype in ventral view (derived from 
extended data figure 5a of ref. 3). b, c, Reconstruction in ventral (b) and dorsal 
(c) views (modified from extended data figure 5e, f of ref. 3). e, h, The 
reconstruction proposed in 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 
scans in ventral (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 the incus in e and h is based on ref. 17. Colours for the auditory elements 
are as in Fig. 1; stapes in purple; tympanic membrane (grey) is reconstructed on 
the ventral views in b, d35,68, 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; lp, 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 to reflected lamina.
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Extended Data Fig. 6 | Reinterpretation of ectotympanic of Qishou and 
Arboroharamiya. a–c, Qishou jintzang, the so-called left ectotympanic in 
ventral (a) and dorsal (b) views, derived from figure 8c, d of ref. 17; interpreted 
here as the left malleus with broken anterior process and incus in dorsal view 
(c). d, Arboroharamiya allinhopsoni, the so-called left ectotympanic in ventral 
view, derived from figure 3 of ref. 17. e, f, Tachyglossus aculeatus (Carnegie 
Museum 50812), isolated left ectopterygoid bone and the left basicranium in 
ventral view. g, Arboroharamiya jenkinsi, the so-called left ectotytmpanic in 
ventral view, derived from figure 7c of ref. 17. h, i, Ornithorhynchus anatinus 

(Carnegie Museum 50815), isolated left ectopterygoid bone and the left 
basicranium in ventral view. Colours for the auditory elements are as in 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 to reflected lamina.



Extended Data Fig. 7 | Simplified strict-consensus parsimony tree, 
highlighting relationships and relative ages of key mammalian groups. The 
full tree is shown in Extended Data Fig. 8. Nodes are not time-calibrated. A, 

Allotheria; C, Cladotheria; El, Eleutherodontidae; Eu, Eutriconodonta; G, 
Gondwanatheria; Ha, Haramiyida; M, Mammalia; Mf, Mammaliaformes; Mt, 
Multituberculata; Sp, Spalacotherioidea; T, Theria; Tr, Trechnotheria.
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Extended Data Fig. 8 | Full parsimony consensus tree. The dataset comprises 
130 taxa and 509 morphological characters. The strict consensus tree of 
30 equally most-parsimonious trees was found in TNT47. Consensus tree 
length = 2,871; consistency index = 0.300; retention index = 0.784. The 
simplified version of this consensus tree is presented in Extended Data Fig. 7. 

The allotherians (Haramiyavia, Cifelliodon, haramiyidans, multituberculates 
and gondwanatherians) are highlighted in blue. A, Allotheria; Au, 
Australosphenida; C, Cladotheria; El, Eleutherodontidae; Eu, Eutriconodonta; 
G, Gondwanatheria; Ha, Haramiyida; M, Mammalia; Mf, Mammaliaformes; Mt, 
Multituberculata; Sp, Spalacotherioidea; T, Theria; Tr, Trechnotheria.



Extended Data Fig. 9 | Bayesian consensus tree. Fifty-per-cent majority rule 
consensus tree for Mesozoic mammals from a tip-dated analysis using Bayesian 
inference in MrBayes64. Tip-dating analysis confirms that mammals originated 
in the late Triassic (213.82 million years ago (207.98, 221.48 95% highest 

posterior density intervals)); however, the topology is different from the 
strict-consensus tree inferred from the parsimony analysis69. Allotherians are 
in blue.
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Extended Data Fig. 10 | Ontogeny of auditory ossicles in extant therian 
mammals. a, Right malleus, incus and gonial on postnatal days 0, 12 and 30 of 
the didelphid marsupial Monodelphis domestica in medial view (redrawn from 
ref. 39), anterior to the left and dorsal to the top. Incus is initially dorsal to the 
malleus and shifts caudally in later ontogenetic stages. b, Left malleus of the 
juvenile felid carnivoran Felis pardus (Carnegie Museum of Natural History 

(CM) 21006) in ventral view, medial to the left and anterior to the top, showing 
the ossiculum accessorium mallei70 or processus internus praearticularis71. c, 
Left ear region of newborn golden mole Amblysomus corriae in ventral view, 
medial to the left and anterior to the top (modified from ref. 72), showing the 
small, rod-like dermal element medial to the gonial that is posited to be the 
surangular. Colours for the ossicles are as in Fig. 1.
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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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Policy information about availability of data

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 
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- 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
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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 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
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Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq
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MRI-based neuroimaging

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 
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