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An Early Cretaceous eutherian and the 
placental–marsupial dichotomy
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Molecular estimates of the divergence of placental and marsupial mammals and their broader clades (Eutheria and 
Metatheria, respectively) fall primarily in the Jurassic period. Supporting these estimates, Juramaia—the oldest purported 
eutherian—is from the early Late Jurassic (160 million years ago) of northeastern China. Sinodelphys—the oldest purported 
metatherian—is from the same geographic area but is 35 million years younger, from the Jehol biota. Here we report a new 
Jehol eutherian, Ambolestes zhoui, with a nearly complete skeleton that preserves anatomical details that are unknown 
from contemporaneous mammals, including the ectotympanic and hyoid apparatus. This new fossil demonstrates that 
Sinodelphys is a eutherian, and that postcranial differences between Sinodelphys and the Jehol eutherian Eomaia—
previously thought to indicate separate invasions of a scansorial niche by eutherians and metatherians—are instead 
variations among the early members of the placental lineage. The oldest known metatherians are now not from eastern 
Asia but are 110 million years old from western North America, which produces a 50-million-year ghost lineage for 
Metatheria.

Over the past 20 years, more than 120 new genera of vertebrates have 
been described from the Early Cretaceous Jehol biota of northeastern 
China1. However, therian mammals—which include living placentals 
and marsupials as well as their respective broader clades, Eutheria 
and Metatheria—are rare at Jehol, and are represented by only three 
monotypic genera. Two of these genera, Eomaia2 and Acristatherium3, 
are widely accepted as eutherians2–5, although the former was placed 
outside of Theria in a recent study6 that was limited taxonomically by its 
inclusion of only three of the more than 40 known Cretaceous eutheri-
ans. The third Jehol therian, Sinodelphys7, is generally considered to be 
the oldest known metatherian and to therefore provide morphological 
evidence for divergence of these two clades of living Theria. Here we 
describe a fourth Jehol therian and incorporate it into a phylogenetic 
analysis that supports all four Jehol therians as stem placentals.

Class Mammalia Linnaeus, 1758
Infraclass Eutheria sensu Huxley, 1880

Order incertae sedis
Family incertae sedis
Ambolestes gen. nov.

Ambolestes zhoui sp. nov.

Etymology. Ambo (Latin), both, in reference to the mixture of features 
previously held7 to be from eutherians and metatherians; lestes (Greek), 
robber, a common ending for Cretaceous eutherians. The specific name 
zhoui is given in reference to Zhonghe Zhou, for his pioneering studies 
of the Jehol biota.
Holotype. A nearly complete skeleton preserved on main and counterpart  
slabs A and B of STM33-5 (Tianyu Museum of Nature, Linyi, Shandong 
Province, China) (Fig.  1, Extended Data Fig.  1 and Supplementary 
Tables 1, 2).
Locality and horizon. The holotype is from the Lower Cretaceous 
Yixian Formation at Xisanjia, Inner Mongolia, China, dated to about 
126 million years ago (Ma)8.

Diagnosis. Tooth formula: I?:C1:P5:M3/I?:C1:P4:M3 (I, incisor; C, 
canine; P, premolar; M, molar; superscript and subscript denote upper 
and lower teeth, respectively) (Fig. 2 and Extended Data Figs. 2, 3).  
Differs from metatherians in that it has eight upper postcanine teeth, 
whereas metatherians have seven9,10. Differs from Jurassic and other 
Early Cretaceous eutherians known from full lower postcanine 
dentitions2–5,11—except for Sinodelphys (Extended Data Figs. 4, 5 and 
Supplementary Information) and Sasayamamylos12—in that it has seven 
lower postcanine teeth, whereas Jurassic and other Early Cretaceous 
eutherians have eight. Differs from Sinodelphys7, Sasayamamylos12 and 
Montanalestes13 that possess a slightly medially inflected mandibular 
angle and metatherians9,10 that possess a fully medially inflected angle: 
Ambolestes has a posteriorly directed mandibular angle as in Eomaia2 
and Prokennalestes11. Differs from Sinodelphys7 in that it has a large 
trapezium in the wrist (Fig. 3a). Differs from Sinodelphys7 and Eomaia2 
in that it has double-rooted upper canines. Differs from Sinodelphys7, 
Eomaia2 and Acristatherium3 in that it has a first upper premolar that 
is smaller than the second. Differs from Sinodelphys7, Juramaia5 and 
Eomaia2 in that it has a less-developed supraspinous fossa of the scapula 
and an enlarged parafibula. Differs from Juramaia5, Prokennalestes and 
Late Cretaceous eutherians4,11 in that it lacks a protocone or protoconal 
swelling on the ultimate upper premolar. Differs from Sasayamamylos12 
in that it has a lingual cingulid on the ultimate lower premolar, a 
Meckelian sulcus and masseteric foramen on the dentary (Extended 
Data Fig. 2). Differs from Durlstotherium and Durlstodon in that it has 
upper molars with a lower protocone and no conules14. Differs from 
the non-therians Aegialodon15, Kielantherium, Vincelestes, Peramus and 
Nanolestes4,11 in that it has a more-closed trigonid configuration on 
the lower molars.

Phylogenetic analyses
Phylogenetic analysis using parsimony (Supplementary Information) 
places the four Jehol therians (Ambolestes, Sinodelphys, Acristatherium 
and Eomaia) within Eutheria (Fig. 4 and Extended Data Fig. 6). The 
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first three are in a clade along with Montanalestes from the Early 
Cretaceous period of western North America13, with Ambolestes in a 
sister relationship to Sinodelphys. The fourth Jehol therian, Eomaia, and 
the 160-million-year-old Juramaia—from the Tiaojishan Formation of 
northeastern China5—are sister to the clade that includes Placentalia. 
The major departure in our analyses that include Ambolestes from 
previous studies with a similar phylogenetic scope is the position 
of Sinodelphys, which had previously been identified at the base of 
Metatheria5,7 and used to support an Asian origin for this clade7. 
Moreover, features of the wrist and ankle that distinguished Sinodelphys 
from the roughly contemporaneous Eomaia were used to support a fun-
damental dichotomy in the ways in which metatherians and eutherians  
attained their scansorial locomotory modes7. With Sinodelphys moved 
to Eutheria in our analysis, the oldest metatherians are represented by 
the sub-clades Deltatheroida and Marsupialiformes, which are both 
from the Albian (approximately 110 Ma) of western North America16,17 
(Fig. 4); the earliest members of these sub-clades from Asia are 
at least 20 million years younger18,19. Additionally, in the context  
of the new phylogenetic arrangement, the postcranial differences 

between Sinodelphys and Eomaia are not the result of metatherian– 
eutherian cladogenesis as had previously been suggested7, but are 
instead variations within early eutherians. In the wrist example 
(Fig. 3a), Sinodelphys does share a large scaphoid, triquetrum, and 
hamate and small trapezium with many extant marsupials, and Eomaia 
shares the opposite state for these bones with some extant placentals. 
Ambolestes has a mixture of features of the two; it resembles Sinodelphys 
in possessing a large scaphoid, triquetrum and hamate, and Eomaia in 
possessing a large trapezium. The earliest members of Deltatheroida 
and Marsupialiformes are known only from isolated teeth and fragmen-
tary jaws16,17, and therefore provide no evidence of early metatherian 
locomotory adaptations.

Morphology of Ambolestes
In extant mammals, the ectotympanic bone is a component of the 
sound-conducting apparatus of the middle ear that provides an attach-
ment for the tympanic membrane and the malleus—the latter either 
directly through bone (Fig. 5), or indirectly by ligament. Because of 
its delicate nature and because it is usually only loosely attached to 
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Fig. 1 | Holotype specimen of A. zhoui STM33-5, Tianyu Museum of Nature, Shandong Province, China. a, Main slab A. b, Counterpart slab B.  
c, Restoration.
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other bones, the ectotympanic is poorly known in Mesozoic mamma-
liaforms and our understanding of the evolution of this bone is there-
fore extremely limited. Ambolestes preserves both the left (Extended 
Data Fig. 2) and right ectotympanic bones. This C-shaped bone has a 
simple ring-shaped anterior crus (leg) and an expanded posterior crus 
(Fig. 5); the reverse condition occurs in the Late Cretaceous eutherians 
Asioryctes20, Uchkudukodon21 and Zalambdalestes22, and in most extant 
therians. In the proportions of its crura, the ectotympanic of Ambolestes 
closely resembles that of some extant didelphid marsupials (opossums),  
especially Monodelphis (Fig. 5). As in opossums, the ectotympanic 
of Ambolestes has a distinct facet that curves around the rostral  
surface of the anterior crus (also seen in Uchkudukodon21), which held a  
similarly curved anterior process of the malleus (Fig. 5). In the C-shaped 
ectotympanic and curved anterior process of the malleus, Ambolestes 
and Monodelphis differ from non-therians such as the extant mono-
treme Tachyglossus and the eutriconodont Liaoconodon23, in which the 
ectotympanic shape is not as uniformly curved and the anterior process 
of the malleus is straight (Fig. 5). These characteristics of the ectotym-
panic and malleus in Tachyglossus and Liaoconodon are retentions of the 
primitive arrangement of homologous structures in Mesozoic mamma-
liaforms such as Morganucodon, in which there was an osseous connec-
tion to the lower jaw through the postdentary bones24. This connection 
is retained in Liaoconodon through the ossified Meckel’s cartilage23 but 
is lost in Tachyglossus, as it is in all extant mammals. The short, shallow  
Meckelian sulcus in Ambolestes (Fig. 2) is a primitive retention that 
is lost in most therians, and its ectotympanic was probably fully  
suspended from the skull base as in extant mammals. The phylogenetic 
transformation of the shape of the ectotympanic and anterior process of 
the malleus from the straight non-therian to the curved therian pattern 
is traceable in the ontogeny of extant marsupials25 (Fig. 5).

The hyoid apparatus in extant mammals sits in the floor of the mouth 
and provides attachment for muscles of the tongue, pharynx and body 
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Fig. 2 | Dental and upper and lower jaw 
features of A. zhoui STM33-5. a, Left upper 
postcanine dentition in occlusal view. b, Left 
upper jaw in lateral view. c, Left dentary in 
lateral view. d, Left lower postcanine dentition 
in occlusal view. e, Right dentary in medial 
view. Lateral views in b, c are based on direct 
observation of the specimen; occlusal and 
lingual views in a, d, e are reconstructions 
based on direct observation of the specimen 
and on computed tomography scans. C, upper 
canine; iof, infraorbital foramen; ju, jugal; 
mf, mandibular foramen; mfo masseteric 
foramen; Ms, Meckel’s sulcus. For the 
postcanine teeth: M, molar; P, premolar; and 
superscript and subscript numbers denote 
upper and lower teeth, respectively.
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Fig. 3 | Forefoot and hyoid apparatus of A. zhoui compared with those 
of other mammals. a, Forefoot in dorsal view, of Sinodelphys (redrawn 
from a previous study7), Ambolestes STM33-5 and Eomaia (redrawn 
from a previous study7). b, Hyoid apparatus in ventral view in the extant 
didelphid marsupial Caluromys derbianus (Carnegie Museum of Natural 
History CM 119051), Ambolestes STM33-5 and the extant carnivoran 
Puma concolor (Carnegie Museum of Natural History CM 59940). bh, 
basihyal; ch, ceratohyal; eh, epihyal; ha, hamate; sc, scaphoid; sh, stylohyal; 
th, thyrohyal; tq, triquetrum; tz, trapezium. Scale bars, 2 mm.
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wall26. Three bones (the unpaired basihyal and paired thyrohyals) form 
a basal series possessed by all mammals. Four paired bones—the cera-
tohyals, epihyals, stylohyals and tympanohyals (for example, Puma in 
Fig. 3b)—are variably present and may form a suspensory series; tym-
panohyals are usually fused to the petrosal bone on the skull base. In sit-
uations in which one or more parts of the suspensory series fail to ossify 
(for example, Caluromys in Fig. 3b), the stylohyoid ligament connects 
the basal series to the basicranium. The number of individual bones 
varies from nine (for example, Puma in Fig. 3b) to as few as one (as in 
humans, albeit one formed from six ossification centres27). The number 
and shape of the elements has some phylogenetic value as, for example, 
all marsupials have the same five elements26 (see Caluromys in Fig. 3b). 
The evolution of the mammalian hyoid is poorly known because 
few of these bones are preserved in the fossil record. Possible hyoid 
fragments have been noted for some Mesozoic mammals (including 
Maotherium28, Liaoconodon23 and Vilevolodon29) but a complete series 
has not previously been reported. The hyoid apparatus in Ambolestes 
is complete and composed of seven elements (Fig. 3b). Of the extant 
mammals studied to date, the only ones to possess the same elements as 
those present in Ambolestes are in the squirrel family, including all tree 
squirrels and some terrestrial squirrels30. In the squirrels, the unpaired 
basihyal and paired thyrohyals, epihyals and stylohyals30 are present, 
and we identify the elements in Ambolestes accordingly. As with other 
parts of the anatomy, the hyoid of Ambolestes has a mosaic of marsupial 
and placental features. The basal series of Ambolestes resembles that 
of marsupials in terms of its basihyal, which is much shorter than the 

thyrohyals, but differs from marsupials and resembles many placentals 
in having a continuous ossified suspensory series (Fig. 3b).

With an estimated body weight of 34–44 g (Supplementary 
Information)—roughly equivalent to an extant mouse opossum 
(Marmosa)—Ambolestes is similar in size to other Jehol eutheri-
ans2,3,7, whereas the Jurassic Juramaia is smaller at 15–17 g5. Eomaia 
and Sinodelphys, both of which are known from postcranial bones, 
were originally suggested to be scansorial, primarily on the basis of 
their manual and pedal digit proportions2,7. A recent and more com-
prehensive study of these elements identified Eomaia as arboreal and 
Sinodelphys as scansorial31. The manual digit proportions and inter-
membral index of Ambolestes resemble those of Eomaia more than 
those of Sinodelphys (Extended Data Fig. 7); therefore, depending on 
which authors are followed, Ambolestes may be regarded as either scan-
sorial or arboreal—categories that do not in any case separate cleanly 
with most metrics31. Regardless of what may have been happening else-
where, the taxa from the Jehol biota demonstrate that arboreality was 
an important theme in the diversification of early Eutheria.

Eutherian–metatherian divergence
Merging recent molecular estimates for the divergence of Eutheria 
and Metatheria32,33 results in a broad temporal range for this 
event, from the earliest Cretaceous to the latest Triassic period 
(140−215 Ma). Only three therian fossils, each purported to be a 
eutherian5,14, have been found within this range and therefore have 
the potential to provide some support for the molecular estimates. 

Eutheria

Metatheria

0

020

40

4060

80
Millions of years

80100

120

120140

160

160

placentals
Extant 

Leptictis
Gypsonictops
Zalambdalestidae
Cimolestidae
Asioryctitheria

Zhelestidae
Eozhelestes

Paranyctoides
Batodon

Maelestes
Bobolestes

Murtoilestes
Prokennalestes

Eomaia
Juramaia

Mesozoic Cenozoic

Jurassic

Middle Late

Cretaceous

Early Late

Ambolestes
Sinodelphys

Acristatherium
Montanalestes

MarsupialiformesDeltatheroida
Aegialodon

Kielantherium
Nanolestes

Palaeoxonodon
Peramus

Vincelestes Meridiolestida

Henkelotherium
Dryolestes

Zhangheotherium
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These are 160-million-year-old Juramaia, represented by a relatively 
complete dentition5 (Extended Data Fig. 4), and the 145-million-
year-old Durlstotherium and Durlstodon from southern England, 
each of which is represented by only an incomplete upper ultimate 
molar14. Despite the 35 million years that separate Juramaia from the 
Jehol eutherian Eomaia, their dentitions share numerous similarities 
that form the primary basis for their sister-group relationship in our 
analysis (Fig. 4). Durlstotherium and Durlstodon exhibit a similar  
phenomenon; their upper ultimate molars are unexpectedly advanced 
and resemble those of younger taxa. However, for Durlstotherium and 
Durlstodon this separation is more in the range of 50 million years, 
as the younger taxa are early Late Cretaceous eutherians with upper  
ultimate molars that have conules and high protocones4,11. How 
can these unexpected resemblances across vast geological time be 
explained? For Juramaia, the stratigraphic position of the only known 
specimen has been questioned34, with a suggested younger age that 
appears to have been based on the notable similarities to geologically 
younger taxa. An alternative explanation for these unexpected resem-
blances is the early appearance of a derived morphology coupled to 
a slow rate of dental change. However, with so few data points across 
this initial phase of eutherian evolutionary history an informed con-
clusion is not possible. If the molecular estimates are appropriate, 
mammalian palaeontologists face the challenge of finding more fos-
sils that are contemporaneous with the molecular estimates for the 
eutherian side—and finding any fossils for the metatherian side, for 
which a 50-million-year ghost lineage now exists.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0210-3.
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Methods
Computed tomography scanning. The skull of the main slab (A) of Ambolestes 
STM33-5 (Fig. 1a and Extended Data Fig. 1a) was scanned with the 225-kV  
micro-CT at the Key Laboratory of Vertebrate Evolution and Human Origin of 
CAS. A total of 1,797 transmission images were reconstructed in a 518 × 518 
matrix of 727 slices in two-dimensional reconstruction software developed by the 
Institute of High Energy Physics, CAS. The three-dimensional reconstructions 
were created with the software Mimics (version 16.1).
Phylogenetic analysis. The data matrix consisting of 64 taxa and 401 characters 
was analysed in TNT35 under the new technology search (sectorial search, ratchet, 
tree fusing) set to 100 iterations, followed by a traditional search. All characters 
were equally weighted and non-additive. The search procedure resulted in four 
most-parsimonious trees (MPTs) of length 1,776 (consistency index = 0.319; 
retention index = 0.598). The strict consensus tree (1,779 steps; consistency 
index = 0.318; retention index = 0.597) of these four MPTs is presented in Fig. 4. 
The list of the synapomorphies common to the four MPTs was produced using 

the ‘Common Synapomorphies’ options in TNT. A list of synapomorphies for the 
clades Eutheria, Metatheria and the clade formed by Ambolestes and Sinodelphys 
is provided in the Supplementary Information.
Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this paper.
Data availability. The new specimens analysed in this study have been deposited 
at the Tianyu Museum of Nature, Linyi, Shandong Province, China. Graphics and 
phylogenetics data are provided in the Supplementary Information. Life Science 
Identifiers (LSID) for the new genus and species are registered with Zoobank 
(http://zoobank.org): urn:lsid:zoobank.org:act:6DC5CD12-44DE-4C5E-B90C-
EDA0481695E3 and urn:lsid:zoobank.org:act:4A18FEDF-039B-46F7-836F-
A6B147E50DCC. The data matrix for the phylogenetic analysis has been deposited 
in MorphoBank (http://morphobank.org/permalink/?P2799).
 
	35.	 Goloboff, P. A., Farris, J. S. & Nixon, K. C. TNT, a free program for phylogenetic 

analysis. Cladistics 24, 774–786 (2008).
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Extended Data Fig. 1 | Line drawings of A. zhoui STM33-5. a, Main slab. b, Counterpart slab.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 2 | Close-up views of craniodental features of  
A. zhoui STM33-5. a, Partial skull and left dentary of the main slab in 
lateral view. b, Partial skull and right dentary of the counterpart slab in 
medial view. M and m, upper and lower molars, respectively; P and p, 

upper and lower premolars, respectively. ch, choanae; ec, ectotympanic; 
end, entoconid; fm, foramen magnum; hyld, hypoconulid; iof, infraorbital 
foramen; ju, jugal; mf, mental foramina; mfo, masseteric foramen; oc, 
occipital condyle; ppt, postpalatine torus; pr, promontorium of petrosal.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 3 | Left upper and lower teeth of A. zhoui STM33-5 
as preserved on the main slab (A) of the specimen from 3D rendering 
(Mimics) of computed tomography scans. a, Buccal view.  

b, Lingual view. c, Occlusal view. The lingual face of M1–M3, including the 
entoconid and hypoconulid, has been sheared off.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 4 | Comparison of left upper and lower jaws 
in lateral view of Ambolestes, Sinodelphys, Juramaia and Eomaia. 
Sinodelphys was redrawn from a previous study7 and reversed from the 

original; Juramaia was redrawn from a previous study5; and Eomaia was 
redrawn from a previous study2 and reversed from the original. Scale bars, 
2 mm.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 5 | Left upper dentition of Sinodelphys szalayi. 
a, Dental formula redrawn from a previous study7. b, Dental formula 
proposed in this work on drawing of CM 79002 (a cast of the holotype). 
Note that the tooth identified as M1 in the previous study7 is not 

molariform, but is instead built on the same pattern as the tall, trenchant 
premolariform tooth that is mesial to it. On the M1 and M2 (as interpreted 
here), the paracone and metacone are hidden by the stylar shelf.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Article RESEARCH

Extended Data Fig. 6 | The strict consensus tree of four equally most-parsimonious trees. The consensus tree length = 1,779, consistency 
index = 0.318 and retention index = 0.597. A simplified version of this consensus tree is presented in Fig. 4.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 7 | Analysis of limb elements of A. zhoui STM33-5 
for locomotor behaviour. a, Ternary plot showing intrinsic manual ray III 
proportions. b, Box plots of the intermembral index. The line that divides 

the box into two parts represents the median, the box shows the upper and 
lower quartiles, and the whiskers show extreme values for each group.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Data collection No software was used.
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conducted in the large, diverse collections of the Section of Mammals, Carnegie Museum of Natural History, Pittsburgh, USA.

Data exclusions We sampled extinct taxa as broadly as possible, but excluded several poorly represented and poorly described fossils that we were unable to 
study firsthand.

Replication We built a taxon-character matrix from scratch rather than relying on prior published matrices. The authors worked together in scoring taxa, 
which meant the data were internally verified.

Randomization Our study only reports a single specimen; no randomizations were used.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Palaeontology
Specimen provenance The specimens were collected from the Lower Cretaceous Yixian Formation at Xisanjia, Inner Mongolia, China. The collection 

permits were obtained from the Department of Land and Resources of China in 2008.

Specimen deposition All specimens of this study have been deposited at the Tianyu Museum of Nature, which is accessible to other researchers. 

Dating methods No new dates are provided.
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