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A new symmetrodont mammal from the Early Cretaceous 
Jehol Biota of Ningcheng Basin, Inner Mongolia, 
Northeast China
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Zhang, H., Zhou, C.-F., and Luo, Z.-X. 2024. A new symmetrodont mammal from the Early Cretaceous Jehol Biota of 
Ningcheng Basin, Inner Mongolia, Northeast China. Acta Palaeontologica Polonica 69 (2): 315–327.

Recently, a dinosaur assemblage with three-dimensional preservation of the Early Cretaceous Jehol Biota has been 
discovered in the Ningcheng Basin, Inner Mongolia, China. Of the vertebrate fossils, a new spalacotherioid “symmetro-
dont” mammal is described here as Ningchengodon foxi gen. et sp. nov. The specimen is an incomplete right dentary 
characterized by a lower dental formula of i3/c1/p3/m5, with molar cusps in acute-triangulation. Cusps e and f embraced 
cusp d of the preceding molar forming a molar interlocking, reported here for the first time for acute-angled spalaco-
therioids. Phylogenetically, the new taxon is placed in the clade of Spalacotherioidea, and clustered at the base of the 
paraphyletic zhangheotheriids although its relationship is not further resolved with other zhangheotheriids. Additionally, 
the ultimate premolar replacement is simultaneous with the m5 eruption as in Origolestes lii and Zhangheotherium 
quinquecuspidens. This discovery enriches the biodiversity of spalacotherioids, and further highlights the complexity of 
the Zhangheotheriidae in evolution.
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Introduction
“Symmetrodont” mammaliaforms are characterized by 
having a simple reversed-triangle molar pattern in which the 
three main cusps have a triangular arrangement, and opened 
labially on upper molars and lingually on lower molars 
(e.g., Kielan-Jaworowska et al. 2004; Martin 2018). Based 
on the degree of triangulation, “symmetrodont” mammali-
aforms are roughly subdivided into the obtuse-angled and 
acute-angled morphotypes, which existed from the Late 
Triassic to the Late Cretaceous (e.g., Kielan-Jaworowska 
et al. 2004). Mammaliaforms with obtuse-angled molars 
include Kuehneotheriidae and Tinodontidae, but are para-
phyletic (Luo et al. 2002; Lopatin et al. 2005; Martin 2018). 
By contrast, the acute-angled “symmetrodonts” form a 

monophyletic clade of the superfamily Spalacotherioidea 
(including Zhangheotheriidae and Spalacotheriidae), a phy-
logeny widely supported by previous analyses (e.g., Li and 
Luo 2006; Sweetman 2008; Bi et al. 2016; Han and Meng 
2016).

The spalacotheriids are more derived in having more 
acute-angled molars, and are more broadly distributed geo-
graphically in Laurasia (e.g., Clemens 1963; Fox 1976; Cifelli 
and Madsen 1986, 1999; Ensom and Sigogneau-Russell 2000; 
Gill 2004a; Tsubamoto et al. 2004; Hu et al. 2005; Li and 
Luo 2006; Sweetman 2008; Han and Meng 2016; Mao et al. 
2022; Martin et al. 2022). In contrast, the zhangheotheriids 
are clustered as a basal group within the Spalacotherioidea, 
and are known from the Early Cretaceous of eastern Asia, 
especially from western Liaoning, China (Hu et al. 1997, 
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2005; Rougier et al. 2003; Luo and Ji 2005; Ji et al. 2009; Bi 
et al. 2016; Plogschties and Martin 2020; Mao et al. 2020; 
Zhang et al. 2022), but also from western Siberia of Russia 
(Lopatin et al. 2010). In the Jehol Biota of western Liaoning, 
four genera and five species have been established, such as 
Zhangheotherium quinquecuspidens (Hu et al. 1997) and 
Maotherium sinense (Rougier et al. 2003), which are pre-
served in two-dimensional slabs, and fossils in three-dimen-
sional preservation of Maotherium asiaticum (Ji et al. 2009), 
Anebodon luoi (Bi et al. 2016), and Origolestes lii (Mao et al. 
2020). The latter species, M. asiaticum, A. luoi, and O. lii, are 
only known from the Lujiatun beds of the Yixian Formation 
at the Lujiatun and Jinlingshi sites, famous for diverse fossil 
vertebrates in three-dimensional preservation. The 3D fos-
sils of mammals offer more valuable anatomical information 
for our studies of early mammalian evolution (Ji et al. 2009; 
Zhou et al. 2019; Mao et al. 2020).

Recently, a dinosaur assemblage from the Jehol Biota in 
the Xidayingzi site in the Ningcheng Basin, Inner Mongolia 
(Zhang et al. 2022, 2024) has been discovered. This site 
has also yielded three-dimensionally preserved fossils. The 
sole mammal fossil from this relatively new site is a partial 
right dentary, which has been preliminarily assigned to the 
Zhangheotheriidae (Zhang et al. 2022). Here, we provide a 
full description of its dental characteristics, to support its 
status as a new genus and species, and its phylogenetic af-
finities to the well-known zhangheotheriids.

Institutional abbreviations.—CAGS, Chinese Academy of 
Geological Sciences, Institute of Geology, Beijing, China; 
HGM, Henan Geological Museum, Zhengzhou, China; IVPP, 
Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Chinese Academy of Sciences, Beijing, China; JZT, Jizan-
tang Paleontological Museum, Chaoyang, China; PMOL, 
Paleontological Museum of Liaoning, Shenyang Normal Uni-
versity, Shenyang, China; YFGP, Yizhou Fossil & Geology 
Park, Jinzhou, China.

Other abbreviations.—We follow standard convention in 
abbreviating tooth families as I, C, P, and M, with upper 
and lower case letters referring to upper and lower teeth, 
respectively.

Nomenclatural acts.—This published work and the nomen-
clatural acts it contains have been registered in ZooBank: 
urn:lsid:zoobank.org:pub:66AE99DA-09C4-4562-8E05-
93C7225F104C

Material and methods
The fossil (PMOL-AM00036; Fig. 1) is a partial right den-
tary. It is three-dimensionally (3D) preserved and heavily 
fractured. Due to the fragile condition, the fossil could not 
be well exposed by manual preparation, but has been CT-
scanned at Zhejiang University (Hangzhou, China) using 
a High-Resolution X-ray CT scanner (Nikon XT H 320). 

The scanning process was performed without a filter and 
produced 2500 slices at 100 kV and 100 μA. Voxel size is 
0.00687×0.00687×0.00687 mm. The 3D reconstruction was 
processed using VG Studio 3.0 (Volume Graphics). The 
comparative speci men of Origolestes lii (JZT-DB0064) was 
CT-scanned at China University of Geo sciences (Beijing, 
China) using a High-Resolution CT scanner (Nikon XT 
T225) (Zhou et al. 2019).

Phylogenetic analysis is based on the data matrix of Bi et 
al. (2016), which has been updated from Sweetman (2008); 
the latter was originally derived from Li and Luo (2006) 
with characters developed by Cifelli and Madsen (1999). 
Here, we combine the coding of Lactodens sheni (Han and 
Meng 2016), and add our new taxon and O. lii to the matrix; 
the coding of O. lii is based on the detailed description from 
Mao et al. (2020, 2022) and our own CT scans of fossils. 
The matrix includes 20 taxa and 30 characters (see SOM, 
Supplementary Online Material available at http://app.pan.
pl/SOM/app69-Zhang_etal_SOM.pdf) and was performed 
with PAUP 4.0b10 (Swofford 1993) under the heuristic 
search option. All characters are treated as unordered and 
are equally weighted. Five most parsimonious trees were 
recovered with a length of 61 steps (consistency index = 
0.5738, retention index = 0.8045, rescaled consistency index 
= 0.4616).

Systematic palaeontology
Mammalia Linnaeus, 1758
Trechnotheria McKenna, 1975
Spalacotherioidea Marsh, 1887
Zhangheotheriidae Rougier et al., 2003
Genus Ningchengodon nov.
Zoobank LSID: urn:lsid:zoobank.org:act:B6DCF54E-BF1B-4EC5-8583-
BEDC50A44E86
Etymology: Combination of ningcheng, for Ningcheng Basin of Inner 
Mongolia where the type locality of Xidayingzi is located, and odon, 
tooth, a common suffix for fossil mammals.
Type species: Ningchengodon foxi sp. nov., by monotypy, see below.

Diagnosis.—As for the type and only known species.
Stratigraphic and geographic range.—Yixian Formation, 
Barremian–Aptian (Lower Cretaceous), Ningcheng Basin, 
Inner Mongolia, China.

Ningchengodon foxi sp. nov.
Figs. 1–10.

Zoobank LSID: urn:lsid:zoobank.org:act:00308FC8-03C1-48F4-802B-
4156F7B673EF
Etymology: In honour of the late Professor Richard Carr Fox (1933–
2022) for his great contribution to the knowledge of fossil mammals.
Holotype: PMOL-AM00036, a partial right dentary preserved with 
ultimate premolar and five molars plus tooth loci of other lower premo-
lars, canine and incisors, as represented by tooth alveoli.
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Type locality: Duanjiagou, Xidayingzi Village, Bisiyingzi Township, 
Ningcheng County, Inner Mongolia, China.
Type horizon: Yixian Formation, Barremian–Aptian (Lower Creta-
ceous).

Diagnosis.—A new zhangheotheriid with a lower dental 
formula of i3/c1/p3/m5, lack of distinct diastema between 
premolar loci, ultimate premolar molariform with a sym-
metrical crown and without cingulid lingually or buccally, 
acute-triangulation of main cusps of lower molars (m1, 82°; 
m2, ?; m3, 66°; m4, 88°), cusps e and f of anterior molars 
(m1–m3) embraced preceding cusp d to form e-f-d inter-
locking between lower molars m1 through m3, ultimate 
molar (m5) reduced and obtuse-angled (122°).

Ningchengodon foxi gen. et sp. nov. differs from all 
known zhangheotheriids (including Anebodon luoi Bi et al., 
2016, Maotherium sinense Rougier et al., 2003, Maotherium 
asiaticum Ji et al., 2009, Origolestes lii Mao et al., 2020, 
and Zhangheotherium quinquecuspidens Hu et al., 1997) in 
the absence of major diastemata between the canine and the 
first premolar and between premolars (Figs. 2–4). It differs 
from the species of Maotherium and O. lii in having four 
evenly spaced mental foramina on the lateral side of the den-
tary (Figs. 3 and 4). It differs from most zhangheotheriids by 
a more vertical orientation of posterior incisors, canine and 
anterior premolars (Figs. 2–4). Ningchengodon foxi gen. et 
sp. nov. differs from O. lii in having three incisors, although 
this is a plesiomorphic feature of most zhangheotheriids. 
Ningchengodon foxi gen. et sp. nov. has a symmetrical per-
manent ultimate premolar (Figs. 4 and 5), different from the 
asymmetrical ultimate premolar of O. lii. Ningchengodon 
foxi gen. et sp. nov. differs from all spalacotheriids in lack-
ing a distinct and crest-like lingual cingulid, and in having 
a molar interlock formed by the distal cusp d of a preceding 
molar and the mesial cusps e and f of the succeeding molar 
(Figs. 6 and 7).
Description.—Dentary: The partial right dentary is pre-
served with six intact cheek teeth in alveoli (Figs. 2–4), 
representing a late subadult stage of dental development 
(details described below). Of the dentary only the horizon-
tal body is preserved. The preserved dentary is fractured, 

and partially broken. The medial aspect of the dentary body 
is damaged with some tooth roots exposed. The horizontal 
body is slender and low, as in Maotherium spp., and slightly 
more robust than that of O. lii. The ventral margin is con-
vex. The dentary tapers rostrally in lateral view. Its dorsal 
border or alveolar margin is nearly horizontal, slightly con-
cave, and sculptured by the alveoli of the tooth row. The 
alveoli are more exposed laterally, because the labial side 
of alveoli is lower than the lingual side. In occlusal view, 
the dentary is nearly straight. The symphysis is elongate, 
oval and procumbent, being set at about 18° relative to the 
alveolar border. It terminates at the level of the posterior 
margin of the alveolus of the third incisor position. The 
symphysis is perforated by a nutrient foramen at its pos-
teroventral corner, as in O. lii (Mao et al. 2020: fig. S6) 
and Yermakia domitor (Lopatin et al. 2005). The foramen 
opens anteriorly. Posterior to the symphysis, the dentary is 
slightly compressed medio-laterally in occlusal view, rather 
than distinctly constricted as in Maotherium asiaticum (Ji 
et al. 2009). A thin Meckelian groove is identified under the 
ultimate premolar and the first molar, and close to the ven-
tral border of the mandible, although the groove along the 
rest of the mandible cannot be interpreted due to damage. 
On the labial side of the dentary, four evenly spaced mental 
foramina are lined along the dentary. The first foramen is 
positioned under the lower canine alveolus. This mental 
foramen opens more anteriorly than laterally, and it con-
tinues anteriorly as a shallow groove. The groove is fading 
out antero-dorsally. The other three mental foramina open 
laterally. The second foramen is slightly smaller than the 
other foramina, and is positioned in equal distance to the 
first foramen and the third foramen. The third foramen is 
slightly larger than the second one. It is positioned under 
the penultimate premolar. The posterior-most mental fora-
men is under the ultimate premolar. The foramen is larger 
than the anterior three foramina. A weak anterior crest of 
the masseteric fossa is developed, which extends under the 
third and fourth molars, suggesting an anterior extension of 
the masseteric fossa on the lateral side of the dentary body. 
Posterior to the tooth row, the dentary rises gradually, set-

Fig. 1. Zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (Mammalia, Spalacotherioidea). Holotype (PMOL-AM00036) from the Barremian–
Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Photography of the partial right dentary with teeth 
in lingual view, as exposed from rock matrix.
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ting an angle of about 22° with the alveolar border, which 
suggests that an oblique coronoid process was present in 
this animal, as in other zhangheotheriids.

Dentition: The whole lower tooth row can be identified 
by the intact teeth in situ (including un-erupted crowns of 
p3 and m5) and the empty alveoli for the rest of the teeth 
that are lost (not preserved). These alveoli represent four sin-
gle-rooted teeth (three lower incisors and one canine) and 
two double-rooted teeth (the first and second premolars). 
The four single-rooted teeth, which are rostrally positioned, 
are closely comparable to incisors and canine in the known 
zhangheotheriid species: Anebodon luoi, Maotherium sine-
nse, Maotherium asiaticum, Zhangheotherium quinquecuspi-
dens. In these species, the single-rooted teeth are identified as 
three incisors and one canine (Hu et al. 1997, 1998; Rougier et 
al. 2003; Luo and Ji 2005; Ji et al. 2009; Bi et al. 2016).

The anterior teeth of Ningchengodon foxi gen. et sp. 
nov. (PMOL-AM00036, holotype) have distinct character-
istics, by which it is distinguishable from Origolestes lii. In 
O. lii (Mao et al. 2020), the anterior-most four single-rooted 

teeth are identified, respectively, as two incisors, one canine 
(single-rooted), and one single-rooted premolar. The sin-
gle-rooted lower canine is in occlusion with the two-rooted 
upper canine in O. lii, and thus the identification of the 
canine position is well supported by the upper and lower 
canine crowns and roots that are visualized through CT 
scans (Mao et al. 2020: fig. S4). Given the position of the 
single-rooted canine in O. lii, it is a well-justified interpreta-
tion that O. lii has two single-rooted incisors anterior to the 
canine, and a single- rooted first premolar (Mao et al. 2020: 
fig. S4). In these features, O. lii differs from the specimen 
of M. asiaticum (HGM 41H-III-0321, holotype), which is 
also from the Lujiatun site (the same locality as O. lii), as 
previously discussed (Mao et al. 2020). Additionally, N. foxi 
gen. et sp. nov. lacks the large diastemata (Fig. 4). By con-
trast, the premolar diastemata are prominently developed, 
between canine and p1, between p1 and p2, and between p3 
and p4 in the specimens of O. lii (Mao et al. 2020: fig. S4). 
The diastemata are wider in other known zhangheotheriids, 
although to a varying degree. For instance, there is a large 

Fig. 2. Digital reconstruction of the partial right dentary with dentition of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, 
holotype) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Dentary, teeth, and 
alveoli visualized from CT scans, in labial (A1), occlusal (A2), and lingual (A3) views. The lower m4 crown is separated as found and digitally re-attached 
to the roots in A1 and A3. Lower m4 crown was repositioned to its roots in A1 and A3, but not in A2. Arrows point to the mental foramina.
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diastema between p1 and p2 in Z. quinquecuspidens and 
M. sinense (Hu et al. 1997, 1998; Rougier et al. 2003; Luo 
and Ji 2005; Plogschties and Martin 2020), or between the 
canine and the single ultimate premolar in M. asiaticum (Ji 
et al. 2009: fig. 1). In A. luoi, there are only moderate gaps 
between p1, p2, and p3 (Bi et al. 2016: fig. 2).

Our identification of three incisors and one canine for 
N. foxi gen. et sp. nov. is consistent with the features in 
M. asiaticum, which is characterized by three single- rooted 
lower incisors, and one single-rooted lower canine matched 
by a two-rooted upper canine (Ji et al. 2009: fig. 1). The 
incisor count of N. foxi gen. et sp. nov. and M. asiaticum is a 
common pattern in zhangheotheriids (Hu et al. 1997, 1998; 
Rougier et al. 2003; Lopatin et al. 2010; Luo and Ji 2005; Ji 
et al. 2009; Bi et al. 2016). However, N. foxi gen. et sp. nov. 
is clearly different from other zhangheotheriids in premolar 
features in its three two-rooted premolars (indicated by their 
respective alveoli), including p1 that is closely packed to 
the canine, without a postcanine diastema. Its full comple-
ment of premolars differs from that of M. asiaticum, which 
has no anterior premolars (although still retaining a single 
lower premolar) in the ultimate premolar position. Based 
on this comparison, we determine that the lower dentition 
of PMOL-AM00036 has three incisors, one canine, three 
premolars and five molars (i3, c1, p3, m5).

Based on the shape and orientation of the alveoli, the 
three incisors appear to be large and procumbent. We infer 
that the first incisor is the largest (based on the largest size 
of its alveolus), as in most other known zhangheotheriids (Z. 
quinquecuspidens, Luo and Ji 2005; A. luoi, Bi et al. 2016; 

and O. lii, Mao et al. 2020), and differing from Kiyatherium 
cardiodens, in which the first incisor is smaller than the two 
posterior incisors (Lopatin et al. 2010). Ningchengodon foxi 
gen. et sp. nov. also differs from M. asiaticum, where the 
second incisor is much larger than the third (Ji et al. 2009). 
The canine, as the fourth single-rooted tooth, is more verti-
cally positioned in N. foxi gen. et sp. nov. The canine, third 
incisor and second incisor form a gradient from the more 
vertical orientation to less vertical orientation of these teeth 
(as inferred from the orientation of their alveoli), which is 
similar to that in M. asiaticum (Ji et al. 2009). But these 
teeth are distinctive from the more procumbent orientation 
of the canine and incisors of O. lii (Mao et al. 2020: fig. S4).

Three premolars (p1–p3) are identified. The permanent 
p3 is still mostly inside the dentary (Figs. 4 and 5), and the 
two anterior premolars are represented by two pairs of alve-
oli. The first two paired alveoli are converged toward each 
other, which we interpret to correspond to the double-rooted 
p1. The next two alveoli, which appear to be paired, are also 
convergent dorsally. We interpret these two alveoli to be for 
p2. The alveoli of the second premolar are stronger, deeper, 
and more vertically oriented, relative to those of the first 
premolar. From this we interpret that the second premolar 
was larger, and slightly more vertical than the first premolar. 
These premolar alveoli are aligned longitudinally to those 
of the incisors and canine, and they are closely packed, in-
dicating the lack of distinct diastemata. As expected from 
other zhangheotheriids for which the root morphologies are 
known, the alveoli of the two premolars are shallower than 

Fig. 3. Digital reconstruction of the dentition of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, holotype) from the 
Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Teeth and alveoli visualized from CT 
scans, rendered in labial (A1) and lingual (A2) views. The m4 crown is digitally repositioned to the roots. Individual teeth are illustrated in greater details 
in Figs. 5–9.
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Fig. 4. Comparison of zhangheotheriid mammals Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036) from the Barremian–Aptian, Lower Cretaceous; 
Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China (A, C1, D1, D2) and selected specimens of Origolestes lii Mao et al., 2020: 
JZT-DB0064 from Lower Cretaceous of Yixian Formation of Lujiatun, Beipiao, Liaoning, China (B, C3) and  IVPP V14383-1 from Lower Cretaceous 
of Yixian Formation of Lujiatun, Beipiao, Liaoning, China (C2, D2, D3). A. PMOL-AM00036 (holotype); right mandible and teeth in labial view. 
B. JZT-DB0064; right mandible and teeth in labial view (B1), left mandible in labial view (mirrored, B2). C. Differences in premolars: PMOL-AM00036, 
right ultimate premolar p3 (C1); IVPP V14383-1 (type specimen), left p4 in lingual view (mirrored, C2); and JZT-DB0064, right p4 in lingual view (C3). 
D. Differences in first molars: PMOL-AM00036, right m1 in lingual view (D1); PMOL-AM00036 (CT reconstruction), and IVPP V14383-1 (drawing) 
m1 in lingual views (D2); IVPP V14383-1, left m1 in lingual view (D3). C, D, CT reconstructions and drawings of teeth on same scale, showing m1 of 
O. lii 4–9% larger than that in N. foxi gen. et sp. nov. A, B, C1, D1, D2, CT reconstructions; C2, C3, D2, D3, stylistic stipple-drawings based on images 
published by Mao et al. 2020.
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the alveoli of the incisors and canine, and also shorter than 
the roots of the molars (e.g., O. lii, Mao et al. 2020).

The ultimate lower premolar (p3) is in the process of 
eruption and just about to break through the alveolar margin 
(Figs. 2–5). Its crown is molariform (Fig. 5). The crown is 
symmetric mesio-distally and compressed bucco-lingually. 
The main cusps are well developed. Of these, the protoconid 
(cusp a) is much larger than the paraconid (cusp b) and the 
metaconid (cusp c); the latter two are comparable in size, 
and slightly lingually positioned relative to the protoconid, 
forming an obtuse triangle of 129°. Cusp a is robust and buc-
cally more convex than lingually. Its tip is slightly curved 
distally and two crests extend down from the tip in mesial 

and distal direction. The cusps b and c are conical, and 
bucco-lingually more expanded than mesio-distally. Cusp b 
is well separated from cusp a. Cusp c is positioned slightly 
higher than cusp b, and moderately separated from cusp a. 
The hypoconid (cusp d) and mesial cusp e are present. They 
are nearly aligned mesio-distally with the cusps b and c. 
Cusp d is slightly larger than cusp e. A small and short crest 
extends buccally from cusp d. The base (or cingular part) of 
the crown is smooth and lacks a cingulid on both the lingual 
side and buccal side of the crown, distinct from the weak 
continuous lingual cingulid in A. luoi and O. lii (Bi et al. 
2016; Mao et al. 2020). The doubled roots of the growing 
tooth are not yet fully formed and only developed to about 

Fig. 5. Digital reconstruction of the ultimate premolar (p3) of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, ho-
lotype) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Tooth in labial (A1), 
mesial (A2), lingual (A3), distal (A4), and occlusal (A5) views.

Fig. 6. Digital reconstruction of the right first molar (m1) of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, holo-
type) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Tooth in labial (A1), 
mesial (A2), lingual (A3), distal (A4), and occlusal (A5) views.
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half of the crown height. The roots are divergent and the 
root tips are open. As in Maotherium sinense (YFGP 1724; 
Plogschties and Martin 2020), the anterior root is nearly 
cylindrical, while the posterior root is mesio-distally com-
pressed to form an oval outline in horizontal section.

Five molars (m1–m5) are preserved in situ (Figs. 6–10), 
but the second molar (m2) has lost its crown. The crown 
of m4 is broken off, but could be re-associated back to its 
two roots, and in original position (Figs. 2–4, 8). The m5 
is not yet fully developed with cusp a just breaching the 
dentary bone. The preserved crowns of the molars (m1, m3, 
m4, and m5) are bucco-lingually wide, but still longer than 
wide (Table 1). Cusps a, b, c, d, and e are cone-like and well 
separated from one another. These cusps are mesio-distally 
symmetric relative to the cusp a in m1, m3, and m4. In m1, 
cusps b and c are comparable in size, while cusp b is higher 
than cusp c in m3 and m4. Moreover, the main cusps form 
an acute trigonid in m1, m3, and m4 (Table 1). As in A. luoi 
and O. lii, the trigonid of the first molar (m1) has an acute 
angle about 82°, different from the obtuse- angled condition 
in K. cardiodens, M. sinense, M. asiaticus, and Z. quinque-
cuspidens (Hu et al. 1997; Luo and Ji 2005; Ji et al. 2009; 
Lopatin et al. 2010; Plogschties and Martin 2020). The trigo-

nid angle decreases in the third molar (m3) to about 66°, and 
then increases in the fourth molar (m4) to 88°. Finally, in the 
ultimate molar (m5), the trigonid angle becomes obtuse at 
122°. The b-a-c triangle on m5 is more asymmetrical than 
that of preceding molar.

The lower molar interlocking system is a noteworthy 
feature of the new taxon Ningchengodon foxi. In m1 and 
m3, the mesial cusp e is large, and it is either subequal to 
the associated distal cusp d, or even larger. Close to cusp 
e, an additional mesial cingular cuspule, cusp f, is present 
and positioned buccally to cusp e. For m1 and m3, an in-
terlocking mechanism is developed such that cusp d of the 
preceding p3 fits in to the mesial notch of m1, or a molar fits 
into the notch (or embayment) between cusps e and f of the 
succeeding molar. The m2 has a damaged crown, and only 
its cusp d is preserved and positioned between cusps e and f 
of m3. Because the part of the crown where cusps e and f are 
to be expected is damaged in m2, we can only hypothesize 
the presence of a cusp d-e-f interlock between m1 and m2.

In m4, the cusp f is reduced to a short blunt ridge, form-
ing a shallow notch with cusp e (Fig. 8). Nearly parallel to 
the ridge, a comparable crest extends buccally from cusp e. 
The crest is not developed in m1 and m3; it is either absent, 
or possibly obliterated by the extensive wear facets between 
cusps b and f (Fig. 10). In m5, cusp f is vestigial and con-
fluent to the crest extending buccally from cusp e. From the 
available information, and with caveats, we infer that there 
is a morphological gradient along the molar row of the molar 
interlocking: it starts with p3–m1, and is most developed in 
m1–m3, but its development is progressively less prominent 
in m4 and m5, toward the posterior end of molar row.

Molar interlocking structure first evolved with some of 
the early divergent mammaliaforms, such as morganucodon-

Table 1. Measurements (in mm) of the lower premolar and molars of 
Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036). ?, unknown.

Tooth Width Length Trigonid angle
p3 0.82 1.71 129°
m1 1.02 1.71 82°
m2 ? ? ?
m3 1.02 1.65 66°
m4 0.84 1.48 88°
m5 0.72 1.17 122°

Fig. 7. Digital reconstruction of the right third molar (m3) of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, holo-
type) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Tooth in labial (A1), 
mesial (A2), lingual (A3), distal (A4), and occlusal (A5) views.
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tans and kuehneotheriids (e.g., Crompton 1974; Luo 1994; 
Gill 2004b; Jäger et al. 2019). However, Kuehneotherium spe-
cies are distinct from other mammaliaforms such as morga-
nucodontans in having cusps d-e-f interlocking, formed as the 
consequence of development of a neomorphic cusp f (Kielan-
Jaworowska et al. 2004). This leads to the imbricating inter-
lock in which cusp d of the preceding molar wedged between 

cusps e and f of the succeeding molar. Also, a similar inter-
locking is frequently present in obtuse angled “symmetro-
donts” geologically younger than Kuehneotherium species, 
including Gobiotheriodon infinitus, Tinodon spp., Yermakia 
domitor (e.g., Kielan-Jaworowska et al. 2004). However, it 
was either absent, or simply unknown in spalacotherioids, 
because spalacotherioid species have not been examined for 

Fig. 8. Digital reconstruction of the fourth molar (m4) of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, holotype) from 
the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. The crown is digitally re- attached to 
the roots. Tooth in labial (A1), mesial (A2), lingual (A3), distal (A4), and occlusal (A5) views.

Fig. 9. Digital reconstruction of the ultimate molar (m5) of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, ho-
lotype) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. The m5 is still in 
development inside the dentary. Tooth in labial (A1), mesial (A2), lingual (A3), distal (A4), and occlusal (A5) views.
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this feature in enough details (Hu et al. 1997; Averianov 2002; 
Kielan-Jaworowska et al. 2004; Lopatin et al. 2010; Luo and Ji 
2005; Ji et al. 2009; Plogschties and Martin 2020; Mao et al. 
2020). Ningchengodon foxi gen. et sp. nov. represents the first 
evidence of the lower molar interlock in a spalacotherioid, 
and shows a morphological gradient of the interlocking along 
the molar row, better developed in m1 through m3 (Figs. 6 
and 7), than m4 and m5 (Figs. 8 and 9).

The molar crowns are smooth on the buccal side, and 
lack a labial cingulid around the base of the crown. On the 
other side of the crown, the lingual cingulid is present, al-
though weak and discontinuous between two tiny cuspules 
that are positioned near the mid-length of the crown, respec-
tively associated with the base of cusp b and base of cusp c 
in m1 and m3. The cuspules are comparable in size and in 
their symmetrical position near the mid-length of the molar, 
as the two cuspules in some molars of Z. quinquecuspidens 
(Hu et al. 1997, 1998; Luo and Ji 2005). A short and distinct 
sulcus separates the two cuspules, and extends upward to 
become confluent with the lingually-opened trigonid basin. 
The tiny cuspules are absent in m4 and m5. A continuous 
lingual cingulid of the lower molars is developed in K. car-
diodens and A. luoi (Lopatin et al. 2010; Bi et al. 2016), but 
absent in other zhangheotheriids (e.g., Z. quinquecuspidens, 
Maotherium spp., and O. lii; Hu et al. 1997, 1998; Luo and Ji 

2005; Ji et al. 2009; Plogschties and Martin 2020; Mao et al. 
2020). A continuous and crest-like lingual cingulid is also 
present in spalacotheriids (e.g., Cifellitherium suderlandi-
cum, Martin et al. 2022).

The anterior four molars (m1–m4) are double-rooted. 
The roots are long, straight, and tapered basally. They are 
compressed mesio-distally to show an oval outline in hor-
izontal section. Paired roots are divergent towards the root 
tips. The roots are the longest in m2, and become succes-
sively shorter in more posterior molars along the molar se-
ries. A similar pattern is also present in Maotherium sinense 
and O. lii (Plogschties and Martin 2020; Mao et al. 2020). 
This posteriorly decreasing size (length) gradient of molar 
roots is also present in cladotherian mammals, and is likely 
because the teeth erupting earlier in development had more 
time for growth and lengthening the roots, than younger 
teeth that erupted later in molar row (Luo and Martin 2023).

The ultimate molar (m5) is partially erupted (Figs. 2 
and 3). Its crown is complete, but the roots are not yet fully 
formed (Figs. 3 and 9). Its crown is reduced in size, compa-
rable to the reduced ultimate molar in the relatively com-
plete molar series of other zhangheotheriids, except for A. 
luoi, in which the ultimate molar is comparable in size with 
the preceding molars (Bi et al. 2016). The m5 crown is 
asymmetrical due to the extremely reduced cusps c and d 

Fig. 10. Tooth wear facets of the first (A) and third (B) molars of the zhangheotheriid mammal Ningchengodon foxi gen. et sp. nov. (PMOL-AM00036, 
holotype) from the Barremian–Aptian, Lower Cretaceous; Yixian Formation of Xidayingzi, Ningcheng Basin, Inner Mongolia, China. Teeth in labial 
(A1, B1), mesial (A2, B2), distal (A3, B3), and occlusal A4, B4) views. Brown, wear facet 1; yellow, wear facet 2; green, wear facet A; blue, wear facet B; 
purple, wear facet 3.
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(Fig. 9), which are much smaller than the mesial cusps b 
and e. Cusp b is also well separated from cusp a, and nearly 
lined with the latter. Behind m5, no tooth germ could be 
identified on the CT scan, implying that m5 represents the 
ultimate molar. The trigonid angle of m5 is obtuse at 122°, 
which is wider (more obtuse) than m1 and m3. The widen-
ing of the trigonid angle in the last one or two teeth also 
occurs in other zhangheotheriids (Luo and Ji 2005; Chen 
and Luo 2008; Plogschtie and Martin 2020; Mao et al. 2020). 
By comparison, in the spalacotheriids, the ultimate lower 
molars or the last two molars tend to have the three main 
cusps set at a more acute triangle (Cifelli and Madsen 1999; 
Kielan-Jaworowska et al. 2004; Chen and Luo 2008; Han 
and Meng 2016).

Wear facets on the prevallid and postvallid are well de-
veloped on the mesio-buccal and disto-buccal side of the 
first molar (m1; Fig. 10A). The prevallid shearing surfaces 
are positioned between cusp a and cusp b, and these fac-
ets are corresponding to wear facets 2, A, and B on lower 
molar of Kuehneotherium praecursoris as interpreted by 
Crompton (1971: fig. 7). Wear facet 2 is apically positioned 
at cusp a, and oriented nearly vertical along the mesial side 
of cusp a. This facet is discontinuous from wear facet A that 
located on the oblique buccal side of cusp b. Facet A is set at 
an angle with wear facet B. The latter is well developed and 
located basally between cusps b and f, forming a distinct 
notch on m1, although this notch was not yet developed on 
m3. The postvallid shearing surfaces positioned between 
the taller cusp a and lower cusp c, corresponding to facets 
1 and 3 of lower molar of K. praecursoris as interpreted by 
Crompton (1971). Based on this comparison, we interpret 
the postvallid facets as wear facets 1 and 3. Wear facet 1 is 
located on the periapical sides of cusp a and cusp c. Wear 
facet 3 is positioned distal to facet 1, and is more extensive 
and positioned basally between cusps c and d, forming a 
V-shaped outline on m1, although not yet fully developed 
on m3. In the third molar (m3; Fig. 10B), only wear facet A 
of the prevallid shearing surface is weakly developed on the 
buccal side of cusp b. The pattern of discontinuous prevallid 
shearing surfaces, as evidenced in N. foxi gen. et sp. nov. 
here, is more widely present in primitive “symmetrodonts”. 
In contrast, the continuous shearing surface is a diagnostic 
feature for derived spalacotheriids (e.g., Cifelli and Madsen 
1999; Kielan-Jaworowska et al. 2004; Tsubamoto et al. 
2004; Martin et al. 2022).
Stratigraphic and geographic range.—Type locality and 
horizon only.

Discussion
The holotype specimen of Ningchengodon foxi gen. et sp. 
nov. (PMOL-AM00036) was still undergoing development 
at the time of death, although it already reached a late stage 
of growth close to adulthood, as evidenced by the partially 

erupted ultimate premolar (p3) and the ultimate molar (m5) 
with a formed crown, but not yet fully developed roots.

Phylogenetically, the new taxon N. foxi forms a basal 
polytomy with other “zhangheotheriids” within the clade of 
Spalacotherioidea (all of the acute- angled “symmetrodonts”; 
Fig. 11). Zhangheotheriidae is para phyletic as in most previ-
ous analyses (e.g., Sweetman 2008; Bi et al. 2016; Han and 
Meng 2016), although its monophyly was supported by some 
analyses that had sampled fewer taxa (e.g., Sweetman 2008; 
Mao et al. 2020). Furthermore, N. foxi gen. et sp. nov. has 
several derived features of dental morphology, and is clearly 
distinguishable as a new taxon, among “zhangheotheriids” 
(A. luoi, K. cardiodens, Maotherium spp., O. lii, and Z. quin-
quecuspidens). For example, N. foxi gen. et sp. nov. lacks a 
distinct diastema which is common among other “zhangheo-
theriids”, and plesiomorphic for this group. The ultimate pre-
molar is molariform and lacks a lingual or buccal cingulid, 
different from the weak lingual cingulid seen in A. luoi and 
O. lii (Bi et al. 2016; Mao et al. 2020). Ningchengodon foxi 
gen. et sp. nov. has five molars, one more molar than A. luoi 
and Kiyatherium cardiodens, and lacks a continuous lingual 
cingulid typical of the latter taxa (Lopatin et al. 2010; Bi et 
al. 2016) and of spalacotheriids (Martin et al. 2022); the first 
molar (m1) is acute-angled, in contrast to the obtuse- angled 
patterns in K. cardiodens, Maotherium spp., and Z. quinque-
cuspidens (Lopatin et al. 2010; Luo and Ji 2005; Plogschties 

Fig. 11. Phylogenetic relationship of Ningchengodon foxi gen. et sp. nov. 
among spalacotherioids and mammaliaform outgroups. The strict consensus 
tree of five most parsimonious trees (tree length = 61 steps; consistency index 
= 0.5738, retention index = 0.8045, rescaled consistency index = 0.4616). 
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and Martin 2020); the molars of N. foxi gen. et sp. nov. are 
less than half the size of the corresponding teeth in A. luoi 
(Bi et al. 2016), but comparable with those of other “zhang-
heotheriids” (Hu et al. 1997; Luo and Ji 2005; Ji et al. 2009; 
Lopatin et al. 2010; Plogschties and Martin 2020; Mao et al. 
2020). More importantly, the molar interlocking pattern of N. 
foxi gen. et sp. nov., characterized by cusps e and f of the ante-
rior molars embracing cusp d of the preceding p3 for p3–m1 
interlocking, and molar in m1–m3 positions (Figs. 6 and 7), 
is a new finding for the clade of Spalacotherioidea, although 
it frequently occurs in obtuse-angled “symmetrodonts” such 
as Gobiotheriodon infinitus, Kuehneotherium spp., Tinodon 
spp., Yermakia domitor (Luo et al. 2002; Kielan-Jaworowska 
et al. 2004; Gill 2004b; Lopatin et al. 2005).

The specimen of N. foxi gen. et sp. nov. shows two fea-
tures related to diphyodont tooth replacement: (i) its ulti-
mate premolar (p3) is preserved in situ and has erupted 
partially with cusp a breaching the gum surface, just having 
breached the alveolar margin; (ii) the replacement of the ul-
timate premolar (p3) occurs at the same time as the eruption 
of the ultimate molar (m5). Both these features have also 
been reported for Z. quinquecuspidens (CAGS97-07352, 
Luo and Ji 2005). Furthermore, it has been reported for Z. 
quinquecuspidens that premolar replacement occurred in al-
ternative positions (p1→p3→p2) (Luo and Ji 2005). Because 
the anterior premolars are not preserved in N. foxi gen. et sp. 
nov. (Figs. 1 and 2), it is unclear if it had a similar alternating 
replacement pattern of the premolars as seen in Z. quinque-
cuspidens (Luo and Ji 2005), or a sequential pattern as in 
other mammaliaforms (Luo et al. 2004).

In a recent study on O. lii, Mao and colleagues (2020) 
have illustrated that the permanent tooth co-existed with 
the deciduous tooth during eruption in the p2 position 
in one specimen (IVPP V14383-1). In another specimen 
(JZT-DB0064), the second incisor and the first premolar are 
in the process of replacement. At the ultimate premolar (p4) 
locus, the timing of eruption of the permanent premolar may 
be variable, relative to the eruption of m5 (Mao et al. 2020: 
fig. S4). In O. lii (JZT-DB0064, Mao et al. 2020: fig. S4), 
the ultimate premolar is not fully erupted relative to the 
well-erupted ultimate molar (m5). Meanwhile, the holotype 
of O. lii (IVPP V14383-1, Mao et al. 2020: fig. S4) shows a 
slightly different pattern: the ultimate permanent premolar 
appears to have already erupted and to be fully in place, 
earlier than the ultimate molar (m5) that is still inside the 
mandible. Timing of the premolar replacement relative to 
eruption of the ultimate molar may be more variable among 
individuals of the same species than previously suspected. 
Despite this variability, the timing of the ultimate premolar 
replacement and simultaneous eruption with the m5 erup-
tion is broadly similar in N. foxi gen. et sp. nov., O. lii, and Z. 
quinquecuspidens. But it is not clear whether N. foxi gen. et 
sp. nov. and O. lii had the same alternate pattern of premolar 
replacement as Z. quinquecuspidens, or if their replacement 
pattern is sequential. Lastly, it appears that in A. luoi, the 
ultimate premolar is less erupted due to its position lower 

than the adjacent molars and the ultimate molar (m4) of this 
species is already fully erupted (Bi et al. 2016: fig. 3). It is 
possible that A. luoi had a later timing in replacement of the 
ultimate premolar locus than the eruption of the ultimate 
molar locus, in comparison to N. foxi gen. et sp. nov. and 
Z. quinquecuspidens.
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