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In non-mammaliaform cynodonts, the primary jaw joint 
served for both chewing (mastication) and hearing (sound 
transfer) functions. In mammals, the two functions and re-
lated structures are separated, characterized by a single-
boned lower jaw and a tri-ossicular middle ear. Although 
the primary jaw joint and postdentary bones differ from the 
mammalian auditory bones in morphology, their homolo-
gies have been demonstrated by developmental, genetic, and 
paleontological evidence (1–7). Here we report a new genus 
and species of symmetrodont mammal from the Early Cre-
taceous Jehol Biota, China. The unprecedented preservation 
of the specimens displays key structures related to hearing 
and chewing morphologies, such as tooth crown structures, 
ossified Meckel’s cartilage and its lodging groove on the 
dentary, and the auditory bones (the stapes, malleus, incus, 
ectotympanic, and surangular) (Figs. 1 to 3). The configura-
tion of the auditory bones most probably represents the be-
ginning stage of the definitive mammalian middle ear (1) 
and narrows the morphological gap between the former and 
the transitional mammalian middle ear (8). Given their ho-
mologies and similar developmental generic patterning 
mechanisms (2–6, 9), the hearing and chewing apparatuses 
are hypothesized as two integrated modules that were de-
coupled during mammalian evolution. The final disassocia-
tion of the two modules could have increased capacity to 
generate heritable phenotypic variations (10) and thus pro-

vided the potential for improvement of hearing and chewing 
functions in future therians. 

Origolestes lii, gen. et sp. nov. (11) has the acute-angled 
molars, typical for spalacotheriid ‘symmetrodontans’ (11–17), 
an extinct group of stem therian mammals (18) (Figs. 1 and 
2). The embrasure between upper molars is a narrow but 
transversely deep wedge-shaped space, corresponding to a 
narrow cusp a of the lower molar. In contrast, the lower 
molar is transversely narrower but mesiodistally long so 
that the embrasure between lower molars are open and 
shallow, being able to accommodate a broad cusp A of the 
upper molar. Palatal fossae on the palate exist lingual to 
upper molars (fig. S3) and must have received tall cusps of 
lower molars while the lower jaws were at rest position in 
life. During the evolution of the tribosphenic tooth pattern, 
the upper molar was lingually extended by addition of the 
protocone and the lower molar developed the talonid; these 
changes let the protocone bite in the talonid for grinding. 
Additionally, the lower molar cusps no longer rested by bit-
ing in the palatal fossae, which could help to protect the 
palate and gum as well as increase the space of the mouth 
cavity that may assist in food holding and processing. 

Because the lower teeth positioned lingual to the uppers 
at rest position, during mastication the opened lower jaw 
would close dorsolabially with a degree of eversion so that 
cusp a of the lower molar can fit in the narrow embrasure 
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between upper molars (Fig. 2). Then, the lower molar would 
move dorsolingually in a curved path during power stroke 
because the functional surfaces of the wedge-shaped tooth 
cusps are convex. Thus, in addition to the transverse com-
ponent of the jaw movement, the tooth shape and occlusal 
relation dictate that the mandible had to invert by rolling 
inward relative to its long axis during jaw closing, and the 
unfused symphysis (Fig. 3) allows such eversion and inver-
sion of the lower jaw, similar to other mammaliaforms (19). 
These features imply that components of both jaw yaw (20) 
and rolling (19) existed during mastication of Origolestes. 
The acute-angled molars of Origolestes are relatively wider 
than the triconodont molars but narrower than the tri-
bosphenic ones, the degree of the two movements would be 
intermediate between those with triconodont and tri-
bosphenic molars. While jaw yaw and rolling may be primi-
tive mammaliaform features (19, 20), they probably played a 
role in the decoupling of the auditory bones from the den-
tary and eventually from the Meckel’s cartilage during 
mammalian evolution. 

The long ossified Meckel’s cartilage is rod-like, broad 
posteriorly but tapering anteriorly, with its posterior end 
bending medially (Fig. 3 and fig. S6). The stapes has a large 
process for insertion of the stapedius muscle (Fig. 3 and figs. 
S6 and S7). The incus articulates with the malleus and pos-
sibly the surangular and anchors in the epitympanic recess 
by a dorsal plate; its stapedial process curves medially to 
articulate the stapes. The malleus has a short anterior pro-
cess and a blunt manubrium, a neomorphic structure in 
mammals (2, 3, 21). The surangular is present as a distinct 
bone dorsolateral to the malleus body. In some non-
mammaliaform cynodonts, a surangular boss is dorsolateral 
to the primary jaw joint and may have functioned to reduce 
the compressive load borne by the quadrate in life (1); a 
similar structure was interpreted in the same position in 
Liaoconodon (8) (Fig. 3). The surangular has been reported 
in the euharamiyidan Arboroharamiya but remains poorly 
known, or unknown, in other Mesozoic mammaliaforms; it 
may exist in some extant mammals as the accessory malleus 
(22). The ectotympanic is therian-like but has a slim and 
short ventral limb (= reflected lamina). The malleus, suran-
gular, and ectotympanic are tightly connected, with the thin 
ectotympanic partly wrapping around the other two ele-
ments, so that they likely have functioned as one unit to 
transmit sound vibrations. A gap is between the auditory 
bones and the distal end of the Meckel’s cartilage, probably 
left by a ligament in life. The lack of bone contact between 
the two units contrasts with the bone-contact condition of 
the transitional mammalian middle ear in Liaoconodon (Fig. 
3). 

A sizable stapedius muscle may be inferred from the 
distinct process for insertion of the stapedius muscle of Ori-

golestes, contrasting to the miniscule process on the stapes 
of extant therians. Moreover, we further postulated that the 
tensor tympani had inserted to the concavity on the medial 
side of the malleus body, near the base of the manubrium; a 
similar condition is present in the malleus of Liaoconodon 
(Fig. 3). The homologies of the two middle ear muscles have 
been treated in many studies (23–25). The tensor tympani 
was a derivative of the first arch and innervated by the tri-
geminal nerve, whereas the stapedius is a second arch de-
rivative innervated by the facial nerve (2). Although 
different interpretations have existed, it is generally accept-
ed that the tensor tympani (and tensor veli palatini) is de-
rived from the pterygomandibularis (23, 25) and that the 
stapedius was derived from the levator hyoideus/depressor 
mandibulae (24). These muscles were associated with masti-
cation in non-mammalian tetrapods but transformed into 
the middle ear of mammals for hearing. Contractions of the 
muscles dampen sound-induced oscillations of tympanum 
and middle ear bones and reduce sound amplitude, thus 
protecting the inner ear from intense sound signals (9, 26). 

In non-mammaliaform cynodonts, such as Thrinaxo-
don, the postdentary bones had functioned for jaw articula-
tion and sound transfer to the inner ear (1); even the stapes 
had played a role in mastication to resist medial displace-
ment of the quadrate during chewing (27). Thus, the hearing 
and chewing apparatuses formed a structurally and func-
tionally integrated complex. In the mandibular middle ear 
of Morganucodon, the postdentary bones greatly reduced 
and the secondary jaw articulation was formed. In the tran-
sitional mammalian middle ear of Liaoconodon, the audito-
ry bones were detached from the dentary but retained 
substantial bone contact with the Meckel’s cartilage so that 
hearing and chewing functions still interfere with each oth-
er. In Origolestes, such a bone contact is lost, showing the 
decoupling configuration of the hearing and chewing appa-
ratuses that had been predicted in previous studies (1, 21). 
Finally, in the definitive mammalian middle ear, the audito-
ry bones continue to reduce sizes and the Meckel’s cartilage 
no longer exists in adults. 

Although the postdentary bones in non-mammalian 
cynodonts are morphologically different from the auditory 
bones in mammals (Fig. 4), their homologies have been 
demonstrated by developmental, genetic, and paleontologi-
cal evidence (1–4, 6, 9) and can be traced back through am-
niotes (28). In particular, it has been shown that genes 
working in concert in regulating the middle ear bones of 
mammals also regulate patterning of the jaw joint in non-
mammal vertebrates (5). Moreover, developmental studies 
in extant mammals support the findings of the persisting 
Meckel’s cartilage and its groove in Mesozoic mammals (6, 
9, 29). Thus, it is rational to assume that similar genetic 
regulating mechanisms and developmental pathways exist-
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ed through the transition from the jaw joint bones to audi-
tory bones during synapsid evolution. Phylogenetically, the 
definitive mammalian middle ear may have evolved multi-
ple times (fig. S9) (8, 21), and the composition of the ear 
ossicles in different lineages remain the same. Based on fos-
sil and developmental genetic evidence we hypothesize that 
in synapsids the hearing and chewing apparatuses have 
evolved as two modules that were regulated by similar ge-
netic and developmental mechanisms, respectively. Starting 
as a highly integrated structural and functional complex in 
non-mammaliaform cynodonts, the hearing and chewing 
modules eventually decoupled, as evidenced in Origolestes 
(Fig. 4), which removed the physical constraint imposed on 
each other. Such modularity and dissociation would en-
hance the capacity to generate variation (or evolvability), 
which may confer a selective advantage on modular clades 
that possess it (10, 30). The Early Cretaceous Origolestes sets 
a phenotypic and temporal reference that supports the view 
that during the mammalian evolution the burden-free chew-
ing module could allow modification of jaws, teeth and their 
functions for more efficient processing on diverse foods, 
whereas the hearing module could be further improved for 
sensitive hearing of high-frequency airborne sounds without 
being disturbed by mastication (1, 8, 12, 28). 

 

REFERENCES AND NOTES 
1. E. F. Allin, Evolution of the mammalian middle ear. J. Morphol. 147, 403–437 

(1975). doi:10.1002/jmor.1051470404 Medline 

2. M. Takechi, S. Kuratani, History of studies on mammalian middle ear evolution: A 
comparative morphological and developmental biology perspective. J. Exp. Zool. 
B 314, 417–433 (2010). doi:10.1002/jez.b.21347 Medline 

3. M. Mallo, Formation of the middle ear: Recent progress on the developmental and 
molecular mechanisms. Dev. Biol. 231, 410–419 (2001). 
doi:10.1006/dbio.2001.0154 Medline 

4. K. K. Smith, Craniofacial development in marsupial mammals: Developmental 
origins of evolutionary change. Dev. Dyn. 235, 1181–1193 (2006). 
doi:10.1002/dvdy.20676 Medline 

5. A. S. Tucker, R. P. Watson, L. A. Lettice, G. Yamada, R. E. Hill, Bapx1 regulates 
patterning in the middle ear: Altered regulatory role in the transition from the 
proximal jaw during vertebrate evolution. Development 131, 1235–1245 (2004). 
doi:10.1242/dev.01017 Medline 

6. N. Anthwal, L. Joshi, A. S. Tucker, Evolution of the mammalian middle ear and jaw: 
Adaptations and novel structures. J. Anat. 222, 147–160 (2013). 
doi:10.1111/j.1469-7580.2012.01526.x Medline 

7. W. Maier, I. Ruf, Evolution of the mammalian middle ear: A historical review. J. 
Anat. 228, 270–283 (2016). doi:10.1111/joa.12379 Medline 

8. J. Meng, Y. Wang, C. Li, Transitional mammalian middle ear from a new 
Cretaceous Jehol eutriconodont. Nature 472, 181–185 (2011). 
doi:10.1038/nature09921 Medline 

9. Y. Wang, Y. Zheng, D. Chen, Y. Chen, Enhanced BMP signaling prevents 
degeneration and leads to endochondral ossification of Meckel’s cartilage in 
mice. Dev. Biol. 381, 301–311 (2013). doi:10.1016/j.ydbio.2013.07.016 Medline 

10. M. Kirschner, J. Gerhart, Evolvability. Proc. Natl. Acad. Sci. U.S.A. 95, 8420–8427 
(1998). doi:10.1073/pnas.95.15.8420 Medline 

11. See supplementary materials. 

12. A. Crompton, in Early Mammals, D. Kermack, K. Kermack, Eds. (Linnean Society 
of London, 1971), pp. 65–87. 

13. R. L. Cifelli, S. K. Madsen, Geodiversitas 21, 167–214 (1999). 

14. G. W. Rougier, B. K. Spurlin, P. K. Kik, A New Specimen of Eurylambda 
aequicrurius and Considerations on “Symmetrodont” Dentition and 
Relationships. Am. Mus. Novit. 2003, 1–16 (2003). doi:10.1206/0003-
0082(2003)398<0001:ANSOEA>2.0.CO;2 

15. Z.-X. Luo, P. Chen, G. Li, M. Chen, A new eutriconodont mammal and evolutionary 
development in early mammals. Nature 446, 288–293 (2007). 
doi:10.1038/nature05627 Medline 

16. B. M. Davis, Evolution of the Tribosphenic Molar Pattern in Early Mammals, with 
Comments on the “Dual-Origin” Hypothesis. J. Mamm. Evol. 18, 227–244 (2011). 
doi:10.1007/s10914-011-9168-8 

17. J. A. Schultz, T. Martin, Function of pretribosphenic and tribosphenic mammalian 
molars inferred from 3D animation. Naturwissenschaften 101, 771–781 (2014). 
doi:10.1007/s00114-014-1214-y Medline 

18. T. Harper, G. W. Rougier, Petrosal morphology and cochlear function in Mesozoic 
stem therians. PLOS ONE 14, e0209457 (2019). 
doi:10.1371/journal.pone.0209457 Medline 

19. B. S. Bhullar, A. R. Manafzadeh, J. A. Miyamae, E. A. Hoffman, E. L. Brainerd, C. 
Musinsky, A. W. Crompton, Rolling of the jaw is essential for mammalian chewing 
and tribosphenic molar function. Nature 566, 528–532 (2019). 
doi:10.1038/s41586-019-0940-x Medline 

20. D. M. Grossnickle, The evolutionary origin of jaw yaw in mammals. Sci. Rep. 7, 
45094 (2017). doi:10.1038/srep45094 Medline 

21. E. F. Allin, J. A. Hopson, in The Evolutionary Biology of Hearing, D. B. Webster, A. 
N. Popper, R. R. Fay, Eds. (Springer, 1992), pp. 587–614. 

22. O. W. Henson Jr., in The Handbook of Sensory Physiology: The Auditory System 
V/I, W. D. Keidel, W. D. Neff, Eds. (Springer-Verlag, 1974), pp. 39–110. 

23. H. R. Barghusen, in The Ecology and Biology of Mammal-Like Reptiles, I. N. 
Hotton, P. D. MacLean, J. J. Roth, E. C. Roth, Eds. (Smithsonian Institution Press, 
1986), pp. 253–262. 

24. R. Diogo, V. Abdala, N. Lonergan, B. A. Wood, From fish to modern humans—
Comparative anatomy, homologies and evolution of the head and neck 
musculature. J. Anat. 213, 391–424 (2008). doi:10.1111/j.1469-
7580.2008.00953.x Medline 

25. J. M. Ziermann, R. E. Diaz, R. Diogo, Heads, Jaws, and Muscles: Anatomical, 
Functional, and Developmental Diversity in Chordate Evolution (Springer, 2019). 

26. S. Mukerji, A. M. Windsor, D. J. Lee, Auditory brainstem circuits that mediate the 
middle ear muscle reflex. Trends Amplif. 14, 170–191 (2010). 
doi:10.1177/1084713810381771 Medline 

27. K. A. Kermack, F. Mussett, H. W. Rigney, The skull of Morganucodon. Zool. J. Linn. 
Soc. 71, 1–158 (1981). doi:10.1111/j.1096-3642.1981.tb01127.x 

28. G. A. Manley, U. J. Sienknecht, in The Middle Ear: Science, Otosurgery, and 
Technology, S. Puria, R. Fay, A. Popper, Eds. (Springer, 2013), pp. 7–30. 

29. N. Anthwal, D. J. Urban, Z.-X. Luo, K. E. Sears, A. S. Tucker, Meckel’s cartilage 
breakdown offers clues to mammalian middle ear evolution. Nat. Ecol. Evol. 1, 
0093 (2017). doi:10.1038/s41559-017-0093 

30. S. B. Carroll, Chance and necessity: The evolution of morphological complexity 
and diversity. Nature 409, 1102–1109 (2001). doi:10.1038/35059227 Medline 

31. S. Bi, X. Zheng, J. Meng, X. Wang, N. Robinson, B. Davis, A new symmetrodont 
mammal (Trechnotheria: Zhangheotheriidae) from the Early Cretaceous of 
China and trechnotherian character evolution. Sci. Rep. 6, 26668 (2016). 
doi:10.1038/srep26668 Medline 

32. Y. Hu, Y. Wang, Z. Luo, C. Li, A new symmetrodont mammal from China and its 
implications for mammalian evolution. Nature 390, 137–142 (1997). 
doi:10.1038/36505 Medline 

33. G. W. Rougier, Q. Ji, M. J. Novacek, A new symmetrodont mammal with fur 
impressions from the Mesozoic of China. Acta Geol. Sin. Engl. Ed. 77, 7–14 

on D
ecem

ber 5, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.sciencemag.org/
http://dx.doi.org/10.1002/jmor.1051470404
http://dx.doi.org/10.1002/jmor.1051470404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1202224&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1202224&dopt=Abstract
http://dx.doi.org/10.1002/jez.b.21347
http://dx.doi.org/10.1002/jez.b.21347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20700887&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20700887&dopt=Abstract
http://dx.doi.org/10.1006/dbio.2001.0154
http://dx.doi.org/10.1006/dbio.2001.0154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11237469&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11237469&dopt=Abstract
http://dx.doi.org/10.1002/dvdy.20676
http://dx.doi.org/10.1002/dvdy.20676
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16408286&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16408286&dopt=Abstract
http://dx.doi.org/10.1242/dev.01017
http://dx.doi.org/10.1242/dev.01017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14973294&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14973294&dopt=Abstract
http://dx.doi.org/10.1111/j.1469-7580.2012.01526.x
http://dx.doi.org/10.1111/j.1469-7580.2012.01526.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22686855&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22686855&dopt=Abstract
http://dx.doi.org/10.1111/joa.12379
http://dx.doi.org/10.1111/joa.12379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26397963&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26397963&dopt=Abstract
http://dx.doi.org/10.1038/nature09921
http://dx.doi.org/10.1038/nature09921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21490668&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21490668&dopt=Abstract
http://dx.doi.org/10.1016/j.ydbio.2013.07.016
http://dx.doi.org/10.1016/j.ydbio.2013.07.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23891934&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23891934&dopt=Abstract
http://dx.doi.org/10.1073/pnas.95.15.8420
http://dx.doi.org/10.1073/pnas.95.15.8420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9671692&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9671692&dopt=Abstract
http://dx.doi.org/10.1206/0003-0082(2003)398%3c0001:ANSOEA%3e2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2003)398%3c0001:ANSOEA%3e2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2003)398%3c0001:ANSOEA%3e2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2003)398%3c0001:ANSOEA%3e2.0.CO;2
http://dx.doi.org/10.1038/nature05627
http://dx.doi.org/10.1038/nature05627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17361176&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17361176&dopt=Abstract
http://dx.doi.org/10.1007/s10914-011-9168-8
http://dx.doi.org/10.1007/s10914-011-9168-8
http://dx.doi.org/10.1007/s00114-014-1214-y
http://dx.doi.org/10.1007/s00114-014-1214-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25091547&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25091547&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0209457
http://dx.doi.org/10.1371/journal.pone.0209457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31412094&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31412094&dopt=Abstract
http://dx.doi.org/10.1038/s41586-019-0940-x
http://dx.doi.org/10.1038/s41586-019-0940-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30760927&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30760927&dopt=Abstract
http://dx.doi.org/10.1038/srep45094
http://dx.doi.org/10.1038/srep45094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28322334&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28322334&dopt=Abstract
http://dx.doi.org/10.1111/j.1469-7580.2008.00953.x
http://dx.doi.org/10.1111/j.1469-7580.2008.00953.x
http://dx.doi.org/10.1111/j.1469-7580.2008.00953.x
http://dx.doi.org/10.1111/j.1469-7580.2008.00953.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18657257&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18657257&dopt=Abstract
http://dx.doi.org/10.1177/1084713810381771
http://dx.doi.org/10.1177/1084713810381771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20870664&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20870664&dopt=Abstract
http://dx.doi.org/10.1111/j.1096-3642.1981.tb01127.x
http://dx.doi.org/10.1111/j.1096-3642.1981.tb01127.x
https://doi.org/10.1038/s41559-017-0093
https://doi.org/10.1038/s41559-017-0093
http://dx.doi.org/10.1038/35059227
http://dx.doi.org/10.1038/35059227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11234024&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11234024&dopt=Abstract
http://dx.doi.org/10.1038/srep26668
http://dx.doi.org/10.1038/srep26668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27215593&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27215593&dopt=Abstract
http://dx.doi.org/10.1038/36505
http://dx.doi.org/10.1038/36505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9367151&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9367151&dopt=Abstract
http://science.sciencemag.org/


First release: 5 December 2019  www.sciencemag.org  (Page numbers not final at time of first release) 4 
 

(2003). doi:10.1111/j.1755-6724.2003.tb00104.x 

34. Z.-X. Luo, Q. Ji, New study on dental and skeletal features of the Cretaceous 
“symmetrodontan” mammal Zhangheotherium. J. Mamm. Evol. 12, 337–357 
(2005). doi:10.1007/s10914-005-6958-x 

35. Z.-X. Luo, Q. Ji, J. R. Wible, C.-X. Yuan, An Early Cretaceous tribosphenic 
mammal and metatherian evolution. Science 302, 1934–1940 (2003). 
doi:10.1126/science.1090718 Medline 

36. F. S. Szalay, E. J. Sargis, Cretaceous therian tarsals and the metatherian-
eutherian dichotomy. J. Mamm. Evol. 13, 171–210 (2006). doi:10.1007/s10914-
006-9024-4 

37. A. Averianov, J. Archibald, Therian postcranial bones from the Upper Cretaceous 
Bissekty Formation of Uzbekistan. Proc. Zool. Inst. RAS 321, 433–484 (2017). 

38. T. Plogschties, T. Martin, New information on the maxilla, dentary, and dentition 
of Maotherium sinense, with comments on the zhangheotheriid dental formulae. 
PalZ 10.1007/s12542-019-00460-3 (2019). doi:10.1007/s12542-019-00460-3 

39. Q. Ji, Z.-X. Luo, X. Zhang, C.-X. Yuan, L. Xu, Evolutionary development of the 
middle ear in Mesozoic therian mammals. Science 326, 278–281 (2009). 
doi:10.1126/science.1178501 Medline 

40. Y.-M. Hu, Y.-Q. Wang, C.-K. Li, Z.-X. Luo, Morphology of dentition and forelimb of 
Zhangheotherium. Vertebr. PalAsiat. 36, 102–125 (1998). 

41. G. Li, Z.-X. Luo, A Cretaceous symmetrodont therian with some monotreme-like 
postcranial features. Nature 439, 195–200 (2006). doi:10.1038/nature04168 
Medline 

42. G. Han, J. Meng, A new spalacolestine mammal from the Early Cretaceous Jehol 
Biota and implications for the morphology, phylogeny, and palaeobiology of 
Laurasian ‘symmetrodontans’. Zool. J. Linn. Soc. 178, 343–380 (2016). 
doi:10.1111/zoj.12416 

43. A. Lopatin, A. Averianov, E. Maschenko, S. Leshchinskiy, Early Cretaceous 
mammals of Western Siberia: 3. Zhangheotheriidae. Paleontol. J. 44, 573–583 
(2010). doi:10.1134/S0031030110050138 

44. A. Lopatin et al., Early Cretaceous mammals from Western Siberia: 1. 
Tinodontidae. Paleontol. J. 39, 523–524 (2005). 

45. A. Averianov, A. Lopatin, “Protocone” in a pretribosphenic mammal and upper 
dentition of tinodontid “symmetrodontans”. J. Vertebr. Paleontol. 28, 548–552 
(2008). doi:10.1671/0272-4634(2008)28[548:PIAPMA]2.0.CO;2 

46. B. Trofimov, Multituberculata and symmetrodonta from lower Cretaceous of 
Mongolia. Dokl. Akad. Nauk SSSR 251, 209–212 (1980). 

47. A. O. Averianov, Early Cretaceous symmetrodont mammal Gobiotheriodon from 
Mongolia and the classification of Symmetrodonta. Acta Palaeontol. Pol. 47, 
705–716 (2002). 

48. Y.-M. Hu, R. C. Fox, Y.-Q. Wang, C.-K. Li, A new spalacotheriid symmetrodont 
from the Early Cretaceous of northeastern China. Am. Mus. Novit. 3475, 1–20 
(2005). doi:10.1206/0003-0082(2005)475[0001:ANSSFT]2.0.CO;2 

49. T. Tsubamoto, G. W. Rougier, S. Isaji, M. Manabe, A. M. Forasiepi, New Early 
Cretaceous spalacotheriid symmetrodont mammal from Japan. Acta Palaeontol. 
Pol. 49, 329–346 (2004). 

50. J. Meng, S.-L. Hou, Earliest known mammalian stapes from an early cretaceous 
eutriconodontan mammal and implications for evolution of mammalian middle 
ear. Palaeontol. Pol. 67, 181–196 (2016). 
www.palaeontologia.pan.pl/PP67/Meng.pdf 

51. J. A. Schultz, I. Ruf, T. Martin, Oldest known multituberculate stapes suggests an 
asymmetric bicrural pattern as ancestral for Multituberculata. Proc. R. Soc. B 
285, 20172779 (2018). doi:10.1098/rspb.2017.2779 Medline 

52. J. R. Wible, Origin of Mammalia: The craniodental evidence reexamined. J. 
Vertebr. Paleontol. 11, 1–28 (1991). doi:10.1080/02724634.1991.10011372 

53. S. Bi, X. Zheng, X. Wang, N. E. Cignetti, S. Yang, J. R. Wible, An Early Cretaceous 
eutherian and the placental-marsupial dichotomy. Nature 558, 390–395 (2018). 
doi:10.1038/s41586-018-0210-3 Medline 

54. G. Han, F. Mao, S. Bi, Y. Wang, J. Meng, A Jurassic gliding euharamiyidan 

mammal with an ear of five auditory bones. Nature 551, 451–456 (2017). 
doi:10.1038/nature24483 Medline 

55. J. Meng, R. C. Fox, Osseous inner ear structures and hearing in early marsupials 
and placentals. Zool. J. Linn. Soc. 115, 47–71 (1995). doi:10.1006/zjls.1995.0033 

56. M. Vater, J. Meng, R. C. Fox, in Evolution of the Vertebrate Auditory System, G. A. 
Manley, R. R. Fay, A. N. Popper, Eds. (Springer, 2004), pp. 256–288. 

57. R. C. Fox, J. Meng, An X-radiographic and SEM study of the osseous inner ear of 
multituberculates and monotremes (Mammalia): Implications for mammalian 
phylogeny and evolution of hearing. Zool. J. Linn. Soc. 121, 249–291 (1997). 
doi:10.1111/j.1096-3642.1997.tb00339.x 

58. M. Orliac, M. O’Leary, The inner ear of Protungulatum (pan-Euungulata, 
Mammalia). J. Mamm. Evol. 23, 337–352 (2016). doi:10.1007/s10914-016-9327-
z 

59. E. Panciroli, J. A. Schultz, Z.-X. Luo, Morphology of the petrosal and stapes of 
Borealestes (Mammaliaformes, Docodonta) from the Middle Jurassic of Skye, 
Scotland. Pap. Palaeontol. 5, 139–156 (2019). doi:10.1002/spp2.1233 

60. C. Köppl, G. A. Manley, A Functional Perspective on the Evolution of the Cochlea. 
Cold Spring Harb. Perspect. Med. 9, 033241 (2019). Medline 

61. X.-L. Wang et al., Vertebrate faunas and biostratigraphy of the Jehol Group in 
western Liaoning, China. Vertebr. PalAsiat. 38, 41–56 (2000). 

62. K.-Q. Gao, Y. Wang, Mesozoic anurans from Liaoning Province, China, and 
phylogenetic relationships of archaeobatrachian anuran clades. J. Vertebr. 
Paleontol. 21, 460–476 (2001). doi:10.1671/0272-
4634(2001)021[0460:MAFLPC]2.0.CO;2 

63. X. Xu, M. A. Norell, X.-L. Wang, P. J. Makovicky, X.-C. Wu, A basal troodontid from 
the Early Cretaceous of China. Nature 415, 780–784 (2002). 
doi:10.1038/415780a Medline 

64. X. Xu, M. A. Norell, A new troodontid dinosaur from China with avian-like sleeping 
posture. Nature 431, 838–841 (2004). doi:10.1038/nature02898 Medline 

65. J.-C. Lü, Y. Kobayashi, Y.-N. Lee, Q. Ji, A new Psittacosaurus (Dinosauria: 
Ceratopsia) specimen from the Yixian Formation of western Liaoning, China: the 
first pathological psittacosaurid. Cretac. Res. 28, 272–276 (2007). 
doi:10.1016/j.cretres.2006.08.005 

66. P. M. Barrett, X.-L. Wang, Basal titanosauriform (Dinosauria, Sauropoda) teeth 
from the lower cretaceous Yixian formation of liaoning province, China. 
Palaeoworld 16, 265–271 (2007). doi:10.1016/j.palwor.2007.07.001 

67. B. P. Hedrick, G. Chunling, G. I. Omar, Z. Fengjiao, S. Caizhi, P. Dodson, The 
osteology and taphonomy of a Psittacosaurus bonebed assemblage of the Yixian 
Formation (Lower Cretaceous), Liaoning, China. Cretac. Res. 51, 321–340 
(2014). doi:10.1016/j.cretres.2014.06.015 

68. J.-L. Li, Y. Wang, Y.-Q. Wang, C.-K. Li, A new family of primitive mammal from the 
Mesozoic of western Liaoning, China. Chin. Sci. Bull. 46, 782–785 (2001). 
doi:10.1007/BF03187223 

69. Y. Hu, J. Meng, Y. Wang, C. Li, Large Mesozoic mammals fed on young dinosaurs. 
Nature 433, 149–152 (2005). doi:10.1038/nature03102 Medline 

70. C.-K. Li, Y.-Q. Wang, Y.-M. Hu, J. Meng, A new species of Gobiconodon from the 
Jehol Biota and its implication to the age of the fauna. Chin. Sci. Bull. 48, 177–
182 (2003). 

71. J. Meng, Y.-M. Hu, Y.-Q. Wang, C.-K. Li, A new Triconodont (mammalia) from the 
early Cretaceous Yixian formation of Liaoning, China. Vertebr. PalAsiat. 43, 1–10 
(2005). 

72. C.-X. Yuan et al., A new species of Gobiconodon (Mammalia) from western 
Liaoning, China and its implication for the dental formula of Gobiconodon. Acta 
Geol. Sin. Engl. Ed. 83, 207–211 (2009). doi:10.1111/j.1755-6724.2009.00035.x 

73. Y. Hu, J. Meng, C. Li, Y. Wang, New basal eutherian mammal from the Early 
Cretaceous Jehol biota, Liaoning, China. Proc. R. Soc. B 277, 229–236 (2010). 
doi:10.1098/rspb.2009.0203 Medline 

74. C.-L. Gao, G. P. Wilson, Z.-X. Luo, A. M. Maga, Q. Meng, X. Wang, A new mammal 
skull from the Lower Cretaceous of China with implications for the evolution of 

on D
ecem

ber 5, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.sciencemag.org/
http://dx.doi.org/10.1111/j.1755-6724.2003.tb00104.x
http://dx.doi.org/10.1111/j.1755-6724.2003.tb00104.x
http://dx.doi.org/10.1007/s10914-005-6958-x
http://dx.doi.org/10.1007/s10914-005-6958-x
http://dx.doi.org/10.1126/science.1090718
http://dx.doi.org/10.1126/science.1090718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14671295&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14671295&dopt=Abstract
http://dx.doi.org/10.1007/s10914-006-9024-4
http://dx.doi.org/10.1007/s10914-006-9024-4
http://dx.doi.org/10.1007/s10914-006-9024-4
http://dx.doi.org/10.1007/s10914-006-9024-4
https://doi.org/10.1007/s12542-019-00460-3
https://doi.org/10.1007/s12542-019-00460-3
http://dx.doi.org/10.1126/science.1178501
http://dx.doi.org/10.1126/science.1178501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19815774&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19815774&dopt=Abstract
http://dx.doi.org/10.1038/nature04168
http://dx.doi.org/10.1038/nature04168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16407951&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16407951&dopt=Abstract
http://dx.doi.org/10.1111/zoj.12416
http://dx.doi.org/10.1111/zoj.12416
http://dx.doi.org/10.1134/S0031030110050138
http://dx.doi.org/10.1134/S0031030110050138
http://dx.doi.org/10.1671/0272-4634(2008)28%5b548:PIAPMA%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2008)28%5b548:PIAPMA%5d2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2005)475%5b0001:ANSSFT%5d2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2005)475%5b0001:ANSSFT%5d2.0.CO;2
http://www.palaeontologia.pan.pl/PP67/Meng.pdf
http://www.palaeontologia.pan.pl/PP67/Meng.pdf
http://dx.doi.org/10.1098/rspb.2017.2779
http://dx.doi.org/10.1098/rspb.2017.2779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29467266&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29467266&dopt=Abstract
http://dx.doi.org/10.1080/02724634.1991.10011372
http://dx.doi.org/10.1080/02724634.1991.10011372
http://dx.doi.org/10.1038/s41586-018-0210-3
http://dx.doi.org/10.1038/s41586-018-0210-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29899454&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29899454&dopt=Abstract
http://dx.doi.org/10.1038/nature24483
http://dx.doi.org/10.1038/nature24483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29132143&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29132143&dopt=Abstract
http://dx.doi.org/10.1006/zjls.1995.0033
http://dx.doi.org/10.1006/zjls.1995.0033
http://dx.doi.org/10.1111/j.1096-3642.1997.tb00339.x
http://dx.doi.org/10.1111/j.1096-3642.1997.tb00339.x
http://dx.doi.org/10.1007/s10914-016-9327-z
http://dx.doi.org/10.1007/s10914-016-9327-z
http://dx.doi.org/10.1007/s10914-016-9327-z
http://dx.doi.org/10.1007/s10914-016-9327-z
http://dx.doi.org/10.1002/spp2.1233
http://dx.doi.org/10.1002/spp2.1233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30181353&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30181353&dopt=Abstract
http://dx.doi.org/10.1671/0272-4634(2001)021%5b0460:MAFLPC%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2001)021%5b0460:MAFLPC%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2001)021%5b0460:MAFLPC%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2001)021%5b0460:MAFLPC%5d2.0.CO;2
http://dx.doi.org/10.1038/415780a
http://dx.doi.org/10.1038/415780a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11845206&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11845206&dopt=Abstract
http://dx.doi.org/10.1038/nature02898
http://dx.doi.org/10.1038/nature02898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15483610&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15483610&dopt=Abstract
http://dx.doi.org/10.1016/j.cretres.2006.08.005
http://dx.doi.org/10.1016/j.cretres.2006.08.005
http://dx.doi.org/10.1016/j.palwor.2007.07.001
http://dx.doi.org/10.1016/j.palwor.2007.07.001
http://dx.doi.org/10.1016/j.cretres.2014.06.015
http://dx.doi.org/10.1016/j.cretres.2014.06.015
http://dx.doi.org/10.1007/BF03187223
http://dx.doi.org/10.1007/BF03187223
http://dx.doi.org/10.1038/nature03102
http://dx.doi.org/10.1038/nature03102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15650737&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15650737&dopt=Abstract
https://doi.org/10.1111/j.1755-6724.2009.00035.x
https://doi.org/10.1111/j.1755-6724.2009.00035.x
http://dx.doi.org/10.1098/rspb.2009.0203
http://dx.doi.org/10.1098/rspb.2009.0203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19419990&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19419990&dopt=Abstract
http://science.sciencemag.org/


First release: 5 December 2019  www.sciencemag.org  (Page numbers not final at time of first release) 5 
 

obtuse-angled molars and ‘amphilestid’ eutriconodonts. Proc. R. Soc. B 277, 
237–246 (2010). doi:10.1098/rspb.2009.1014 Medline 

75. S.-C. Chang, K.-Q. Gao, C.-F. Zhou, F. Jourdan, New chronostratigraphic 
constraints on the Yixian Formation with implications for the Jehol Biota. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 487, 399–406 (2017). 
doi:10.1016/j.palaeo.2017.09.026 

76. M.-M. Chang, P.-J. Chen, Y.-Q. Wang, Y. Wang, The Jehol Biota: The Emergence of 
Feathered Dinosaurs, Beak Birds and Flowering Plants (Academic Press, 2003). 

77. H.-Y. He, X. L. Wang, Z. H. Zhou, F. Jin, F. Wang, L. K. Yang, X. Ding, A. Boven, R. 
X. Zhu, 40Ar/39Ar dating of Lujiatun bed (Jehol Group) in Liaoning, northeastern 
China. Geophys. Res. Lett. 33, L04303 (2006). doi:10.1029/2005GL025274 

78. W. Yang, S.-G. Li, B.-Y. Jiang, New evidence for Cretaceous age of the feathered 
dinosaurs of Liaoning: Zircon U-Pb SHRIMP dating of the Yixian Formation in 
Sihetun, northeast China. Cretac. Res. 28, 177–182 (2007). 
doi:10.1016/j.cretres.2006.05.011 

79. C. C. Swisher, Y.-Q. Wang, X.-L. Wang, X. Xu, Y. Wang, Cretaceous age for the 
feathered dinosaurs of Liaoning, China. Nature 400, 58–61 (1999). 
doi:10.1038/21872 

80. C. C. Swisher et al., Further support for a Cretaceous age for the feathered-
dinosaur beds of Liaoning, China: New 40Ar/39Ar dating of the Yixian and 
Tuchengzi Formations. Chin. Sci. Bull. 47, 136–139 (2002). 

81. S.-C. Chang, H.-C. Zhang, P. R. Renne, Y. Fang, High-precision 40Ar/39Ar age for 
the Jehol Biota. Palaeogeogr. Palaeoclimatol. Palaeoecol. 280, 94–104 (2009). 
doi:10.1016/j.palaeo.2009.06.021 

82. J. Meng, Y.-M. Hu, C.-K. Li, Y.-Q. Wang, The mammal fauna in the Early 
Cretaceous Jehol Biota: Implications for diversity and biology of Mesozoic 
mammals. Geol. J. 41, 439–463 (2006). doi:10.1002/gj.1054 

83. X. Xing, M. A. Norell, Non-avian dinosaur fossils from the Lower Cretaceous Jehol 
Group of western Liaoning, China. Geol. J. 41, 419–437 (2006). 
doi:10.1002/gj.1044 

84. Q. Meng, J. Liu, D. J. Varricchio, T. Huang, C. Gao, Parental care in an 
ornithischian dinosaur. Nature 431, 145–146 (2004). doi:10.1038/431145a 
Medline 

85. C. S. Rogers, D. W. E. Hone, M. E. McNamara, Q. Zhao, P. J. Orr, S. L. Kearns, M. J. 
Benton, The Chinese Pompeii? Death and destruction of dinosaurs in the Early 
Cretaceous of Lujiatun, NE China. Palaeogeogr. Palaeoclimatol. Palaeoecol. 427, 
89–99 (2015). doi:10.1016/j.palaeo.2015.03.037 

86. Z. Zhou, P. M. Barrett, J. Hilton, An exceptionally preserved Lower Cretaceous 
ecosystem. Nature 421, 807–814 (2003). doi:10.1038/nature01420 Medline 

87. B. Jiang, G. E. Harlow, K. Wohletz, Z. Zhou, J. Meng, New evidence suggests 
pyroclastic flows are responsible for the remarkable preservation of the Jehol 
biota. Nat. Commun. 5, 3151 (2014). doi:10.1038/ncomms4151 Medline 

88. K. G. D. Lopes, J. C. Bicca-Marques, Ambient temperature and humidity 
modulate the behavioural thermoregulation of a small arboreal mammal 
(Callicebus bernhardi). J. Therm. Biol. 69, 104–109 (2017). 
doi:10.1016/j.jtherbio.2017.06.010 Medline 

89. S. Bi, Y. Wang, J. Guan, X. Sheng, J. Meng, Three new Jurassic euharamiyidan 
species reinforce early divergence of mammals. Nature 514, 579–584 (2014). 
doi:10.1038/nature13718 Medline 

90. C.-F. Zhou, S. Wu, T. Martin, Z.-X. Luo, A Jurassic mammaliaform and the earliest 
mammalian evolutionary adaptations. Nature 500, 163–167 (2013). 
doi:10.1038/nature12429 Medline 

91. X. Zheng, S. Bi, X. Wang, J. Meng, A new arboreal haramiyid shows the diversity 
of crown mammals in the Jurassic period. Nature 500, 199–202 (2013). 
doi:10.1038/nature12353 Medline 

92. C.-X. Yuan, Q. Ji, Q.-J. Meng, A. R. Tabrum, Z.-X. Luo, Earliest evolution of 
multituberculate mammals revealed by a new Jurassic fossil. Science 341, 779–
783 (2013). doi:10.1126/science.1237970 Medline 

93. Z.-X. Luo, Q.-J. Meng, Q. Ji, D. Liu, Y.-G. Zhang, A. I. Neander, Evolutionary 

development in basal mammaliaforms as revealed by a docodontan. Science 
347, 760–764 (2015). doi:10.1126/science.1260880 Medline 

94. R. C. Fox, B. G. Naylor, Stagodontid marsupials from the Late Cretaceous of 
Canada and their systematic and functional implications. Acta Palaeontol. Pol. 
51, 13–36 (2006). 

95. W. G. Kühne, W. N. Edwards, The Liassic Therapsis Oligokyphus (British Museum, 
1956). 

96. H.-D. Sues, Skull and dentition of two tritylodontid synapsids from the Lower 
Jurassic of western North America. Bull. Mus. Comp. Zool. 151, 217–268 (1986). 

97. T. Martin, O. W. M. Rauhut, Mandible and dentition of Asfaltomylos patagonicus 
(Australosphenida, Mammalia) and the evolution of tribosphenic teeth. J. 
Vertebr. Paleontol. 25, 414–425 (2005). doi:10.1671/0272-
4634(2005)025[0414:MADOAP]2.0.CO;2 

98. R. L. Cifelli, Therian mammals of the terlingua local fauna (Judithian), Aguja 
formation, big bend of the Río Grande, Texas. Rocky Mountain Geol. 30, 117–136 
(1994). 

99. F. S. Szalay, Evolutionary History of the Marsupials and an Analysis of Osteological 
Characters (Cambridge Univ. Press, 1994). 

100. J. Meng, S. Bi, X. Zheng, X. Wang, Ear ossicle morphology of the Jurassic 
euharamiyidan Arboroharamiya and evolution of mammalian middle ear. J. 
Morphol. 279, 441–457 (2018). doi:10.1002/jmor.20565 Medline 

101. Z. Kielan-Jaworowska, D. Dashzeveg, Early Cretaceous amphilestid 
[‘triconodont’] mammals from Mongolia. Acta Palaeontol. Pol. 43, 413–438 
(1998). 

102. P. M. Butler, in Studies in Vertebrate Evolution, K. A. Joysey, T. S. Kemp, Eds. 
(Oliver and Boyd, 1972), pp. 253–265. 

 

ACKNOWLEDGMENTS 
We thank Haijun Li, Jilun Li, Zhijuan Gao, and Xianghong Ding (Jizantang 
Paleontological Museum, Chaoyang City, Liaoning Province, China) for providing the 
studied specimens housed in their collections; Shuhua Xie (Institute of Vertebrate 
Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing-IVPP) 
for specimen preparation; Yemao Hou, Pengfei Yin (IVPP), Shuyuan Hou (Yinghua 
Inspection and Testing Co., Ltd., Shanghai) for CT scanning of the specimens; Nicole 
Wong (American Museum of Natural History) and Aijuan Shi (IVPP) for drawing and 
designing the figures. Zhonghe Zhou and Xiaolin Wang (IVPP) for discussions of 
localities and stratigraphies. Funding: This work was supported by the National 
Natural Science Foundation of China (41688103; 41404022), the Strategic Priority 
Research Program (B) of the Chinese Academy of Sciences (XDB26000000), the 
Youth Innovation Promotion Association CAS (2019076), and the Kalbfleisch 
Fellowship, Richard Gilder Graduate School, American Museum of Natural History. 
Author contributions: F.M. and J.M. conceived the study and wrote the paper. F.M., 
M.H., and A.S. conducted the CT work. Y.H., C.L. and Y.W. initiated the work and 
curated the specimens; all authors (except for Y.H.) edited and approved the 
manuscript. Competing interests: The authors declare no competing interests. 
Data and materials availability: The specimens are accessioned in IVPP and JZT, 
China; all data are available in the manuscript or the supplementary materials. 
 

SUPPLEMENTARY MATERIALS 
science.sciencemag.org/cgi/content/full/science.aay9220/DC1 
Materials and Methods 
Systematic Paleontology 
Supplementary Text 
Figs. S1 to S9 
Table S1 
References (31–102) 
 
29 July 2019; accepted 21 November 2019 
Published online 5 December 2019 
10.1126/science.aay9220 

on D
ecem

ber 5, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.sciencemag.org/
http://dx.doi.org/10.1098/rspb.2009.1014
http://dx.doi.org/10.1098/rspb.2009.1014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19726475&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19726475&dopt=Abstract
http://dx.doi.org/10.1016/j.palaeo.2017.09.026
http://dx.doi.org/10.1016/j.palaeo.2017.09.026
http://dx.doi.org/10.1029/2005GL025274
http://dx.doi.org/10.1029/2005GL025274
http://dx.doi.org/10.1016/j.cretres.2006.05.011
http://dx.doi.org/10.1016/j.cretres.2006.05.011
http://dx.doi.org/10.1038/21872
http://dx.doi.org/10.1038/21872
http://dx.doi.org/10.1016/j.palaeo.2009.06.021
http://dx.doi.org/10.1016/j.palaeo.2009.06.021
http://dx.doi.org/10.1002/gj.1054
http://dx.doi.org/10.1002/gj.1054
http://dx.doi.org/10.1002/gj.1044
http://dx.doi.org/10.1002/gj.1044
http://dx.doi.org/10.1038/431145a
http://dx.doi.org/10.1038/431145a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15356619&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15356619&dopt=Abstract
http://dx.doi.org/10.1016/j.palaeo.2015.03.037
http://dx.doi.org/10.1016/j.palaeo.2015.03.037
http://dx.doi.org/10.1038/nature01420
http://dx.doi.org/10.1038/nature01420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12594504&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12594504&dopt=Abstract
http://dx.doi.org/10.1038/ncomms4151
http://dx.doi.org/10.1038/ncomms4151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24495913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24495913&dopt=Abstract
http://dx.doi.org/10.1016/j.jtherbio.2017.06.010
http://dx.doi.org/10.1016/j.jtherbio.2017.06.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29037369&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29037369&dopt=Abstract
http://dx.doi.org/10.1038/nature13718
http://dx.doi.org/10.1038/nature13718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25209669&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25209669&dopt=Abstract
http://dx.doi.org/10.1038/nature12429
http://dx.doi.org/10.1038/nature12429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23925238&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23925238&dopt=Abstract
http://dx.doi.org/10.1038/nature12353
http://dx.doi.org/10.1038/nature12353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23925244&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23925244&dopt=Abstract
http://dx.doi.org/10.1126/science.1237970
http://dx.doi.org/10.1126/science.1237970
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23950536&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23950536&dopt=Abstract
http://dx.doi.org/10.1126/science.1260880
http://dx.doi.org/10.1126/science.1260880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25678660&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25678660&dopt=Abstract
http://dx.doi.org/10.1671/0272-4634(2005)025%5b0414:MADOAP%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2005)025%5b0414:MADOAP%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2005)025%5b0414:MADOAP%5d2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2005)025%5b0414:MADOAP%5d2.0.CO;2
http://dx.doi.org/10.1002/jmor.20565
http://dx.doi.org/10.1002/jmor.20565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27228358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27228358&dopt=Abstract
https://science.sciencemag.org/cgi/content/full/science.aay9220/DC1
https://science.sciencemag.org/cgi/content/full/science.aay9220/DC1
http://science.sciencemag.org/


First release: 5 December 2019  www.sciencemag.org  (Page numbers not final at time of first release) 6 
 

 
  

Fig. 1. Skeleton of V14383-1, the holotype specimen of Origolestes. (A and B) The skeleton in roughly ventral and 
dorsal views. See also figs. S1 and S2. 
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Fig. 2. Dental morphology of Origolestes. (A) Labial view of right dentitions (V14383-1, holotype). (B) Occlusal 
views of M1-2 and M4 (V13604); (C and D) Crown and labial views of left lower molars (V13604). (E) Lingual view of 
M1-2 (V13604) showing the wedge-shaped embrasure (shearing facets marked by yellow and red); (F to H) 
Diagram showing tooth occlusal relationships (at rest, open, and power stroke with red arrow indicating the path). 
See also figs. S3 to S5. 
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Fig. 3. Skull, lower jaws, and auditory bones of Origolestes. (A) Ventral view of the skull (JZD-DB0064), showing the 
relationship of the lower jaws, ossified Meckel’s cartilage, auditory bones and the right inner ear with the petrosal bone 
digitally removed (see fig. S8). (B to D) Lateral, medial and dorsal views of the left mandible, Meckel’s cartilage, and 
auditory bones. (E to G) Close-up medial, dorsal, and lateral views of left auditory bones. (H and I) Medial views of 
auditory bones and Meckel’s cartilage of Origolestes and Liaoconodon. (B) and (G) are horizontally flipped. Red arrows 
point to the gap between auditory bones and Meckel’s cartilage in Origolestes and bone contact in Liaoconodon. See 
also figs. S6 and S7. 
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Fig. 4. Diagram illustrating evolutionary stages from the condition in non-mammaliaform cynodonts to that of 
mammals. See text for discussion. The simplified phylogeny is based on our phylogenetic analysis (fig. S9) and most 
figures were modified from Meng et al. (8). 
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