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            Abstract
The evolution of the mammalian middle ear is thought to provide an example of â€˜recapitulationâ€™â€”the theory that the present embryological development of a species reflects its evolutionary history. Accumulating data from both developmental biology and palaeontology have suggested that the transformation of post-dentary jaw elements into cranial ear bones occurred several times in mammals1,2. In addition, well-preserved fossils have revealed transitional stages in the evolution of the mammalian middle ear1,3,4. But questions remain concerning middle-ear evolution, such as how and why the post-dentary unit became completely detached from the dentary bone in different clades of mammaliaforms. Here we report a definitive mammalian middle ear preserved in an eobaatarid multituberculate mammal, with complete post-dentary elements that are well-preserved and detached from the dentary bones. The specimen reveals the transformation of the surangular jaw bone from an independent element into part of the malleus of the middle ear, and the presence of a restricted contact between the columelliform stapes and the flat incus. We propose that the malleusâ€“incus joint is dichotomic in mammaliaforms, with the two bones connecting in either an abutting or an interlocking arrangement, reflecting the evolutionary divergence of the dentaryâ€“squamosal joint4. In our phylogenetic analysis, acquisition of the definitive mammalian middle ear in allotherians such as this specimen was independent of that in monotremes and therians. Our findings suggest that the co-evolution of the primary and secondary jaw joints in allotherians was an evolutionary adaptation allowing feeding with unique palinal (longitudinal and backwards) chewing. Thus, the evolution of the allotherian auditory apparatus was probably triggered by the functional requirements of the feeding apparatus.
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                    Fig. 1: The Cretaceous multituberculate Jeholbaatar kielanae.[image: ]


Fig. 2: Middle-ear bones of Jeholbaatar kielanae.[image: ]


Fig. 3: Evolution of the mammalian middle ear in different mammaliaform clades.[image: ]
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The specimen (IVPP V20778) reported here is housed in the Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China. Character matrices are given inÂ theÂ Supplementary Information.
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Extended data figures and tables

Extended Data Fig. 1 Cranio-mandibular morphology of J. kielanae (holotype IVPP V20778).
a, Skull in dorsal view and right mandible in lateral view. b, Skull in ventral view, left mandible in lateral view, and right mandible in medial view. c, Close-up view of cranio-mandibular features. d, Close-up medial view of the right dentary. The flat glenoid fossa accommodates the mandibular condyle, which is positioned below the occlusal level of the lower molars and faces posteriorly in IVPP V20778. Together with the distinct masseteric fossaâ€”which presumably provides attachment for a well developed masseteric muscle, inserting anteriorly below P4â€”the glenoid fossa produces a palinal (posterior) power stroke with distinct posterior chewing.


Extended Data Fig. 2 Dentition of J. kielanae (IVPP V20778).
aâ€“c, Left upper cheek teeth (P1 to M2) in lingual (a), occlusal (b) and buccal (c) views. d, e, Right I1 in medial view (d) and lateral view (e). f, g, Right I2 in medial (f) and lateral (g) views. hâ€“j, Right I3 in lingual (h), buccal (i) and posterior (j) views. k, Right upper premolars (P1 to P5) in occlusal view. l, Right upper incisors (I1 to I3) in medial view. m, Right lower molars (M1 and M2) in occlusal view. n, p, Right lower teeth (I1, P2 to M2) in lingual (n) and buccal (p) views. A, anterior; B, buccal; L, lingual; O, occlusal; P, posterior. Scale bars, 0.2 mm.


Extended Data Fig. 3 Computed laminography images and reconstructions of left middle-ear bones.
aâ€“d, Computed laminography images on different levels. The path of the chorda tympani is marked with a yellow arrow in b. The stapedial foramen, identified by computed laminography, is shown in c, d. e, Three-dimensional reconstruction of left middle-ear bones in dorsal view. f, X-ray rendering of left middle ear, showing the differing thicknesses of different parts of the bones.


Extended Data Fig. 4 Articular configurations of the malleusâ€“incus complex.
a, Left auditory bones of Ornithorhynchus in dorsal view (modified from ref. 16). b, Interpretive reconstruction of left auditory bones of Arboroharamiya in dorsal view (modified from ref. 4). c, Interpretive reconstruction of left auditory bones of Jeholbaatar in dorsal view. The yellow arrows in aâ€“c show that the incus lies dorsal to the malleus in Ornithorhynchus, Arboroharamiya and Jeholbaatar, demonstrating the â€˜abutting systemâ€™ (AS) arrangement of the malleusâ€“incus complex. d, Left auditory bones of Didelphis in medial view (modified from ref. 28), showing that the malleusâ€“incus complex maintains the interlocking system (IS) arrangement (yellow arrow), with a rostrocaudal contact between these two elements. e, Left auditory bones of Liaoconodon in medial view (modified from ref. 3). f, Left auditory bones of Morganucodon in medial view (modified from ref. 28). Here the incus (quadrate) has a medial trochlear facet to contact the concave surface of the malleus body (articular fossa) posteriorly.


Extended Data Fig. 5 Strict consensus of parsimony analysis based on data matrix A.
Tree length, 2,622; consistency index, 0.327; retention index, 0.795. On the basis of analysis using TNT 3.0, 14 most parsimonious trees are returned; tree length, 2,539, consistency index, 0.338; retention index, 0.804. The blue shading shows the monophyly of allotherians within crown mammals. Node supports are given as Bremer support values.


Extended Data Fig. 6 Results of Bayesian analysis of multituberculates.
This 50% majority-rule consensus was obtained from 10 million Markov Chain Monte Carlo generations with a 25% burn-in fraction. Node supports are listed as posterior probabilities (percentages). The blue rectangle shows the monophyly of eobaatarids, with Jeholbaatar closely related to Sinobaatar.


Extended Data Fig. 7 Manual and pedal structure, and ternary diagrams showing the proportions of phalanges from manual and pedal digit III.
a, b, Shoulder (a) and pelvic (b) girdles in dorsal view. c, d, Right manus (c) and pes (d) in lateral view. e, f, Ternary plots showing ratios of metapodial (metacarpal or metatarsal), proximal and intermediate phalanges for Jeholbaatar digit III from the manus (e) and pes (f), and comparison with some extant terrestrial and arboreal mammals. The lengths of these three phalanges are shown as ratios of the combined length of these elements. Mc, metacarpal; Mt, metatarsal. The lengths of Jeholbaatar manus and pes elements (in mm, with asterisks indicating damaged elements) are: Mc I, 2.76; Mc II, *2.84; Mc III, *3.70; Mc IV, *2.81; Mc V, 2.79; digit I proximal phalanx, 1.98; digit II proximal phalanx, 2.84; digit II intermediate phalanx, *1.60; digit III proximal phalanx, 2.40; digit III intermediate phalanx, 2.26; digit IV proximal phalanx, *2.22; digit IV intermediate phalanx, 1.83; digit V proximal phalanx, 1.92; digit V intermediate phalanx, 1.54; phalange index, that is, (proximal plus intermediate)/metacarpal, digit III, 126%; Mt I, 3.92; Mt II, 4.99; Mt III, 5.42; Mt IV, *1.69; Mt V, *3.33; digit I proximal phalanx, 3.51; digit II proximal phalanx, 3.58; digit II intermediate phalanx, 2.82; digit III proximal phalanx, 3.59; digit III intermediate phalanx, 3.46; digit IV proximal phalanx, *1.73; digit IV intermediate phalanx, 3.25; digit V intermediate phalanx, 2.63; phalanx index, that is, (proximal+intermediate phalanges)/metatarsal, digit III, 130%. The manual proportion of J. kielanae places it closer (thanÂ the other multituberculates in the sample)Â to the arboreal category; the pedal proportion clusters mostly with arboreal taxa. The data for extant taxa are derived from ref. 38.


Extended Data Table 1 Phalange indices for digit III of Jeholbaatar and comparison with other mammalsFull size table
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