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Contrary to their reptilian ancestors, which had numerous dental
generations, mammals are known to usually develop only two
generations of teeth. However, a few mammal species have
acquired the ability to continuously replace their dentition by
the constant addition of supernumerary teeth moving secondarily
toward the front of the jaw. The resulting treadmill-like replace-
ment is thus horizontal, and differs completely from the vertical
dental succession of other mammals and their extinct relatives. De-
spite the developmental implications and prospects regarding the
origin of supernumerary teeth, this striking innovation remains
poorly documented. Here we report another case of continuous
dental replacement in an African rodent, Heliophobius argenteo-
cinereus, which combines this dental system with the progressive
eruption of high-crowned teeth. The escalator-like mechanism of
Heliophobius constitutes an original adaptation to hyper-chisel
tooth digging involving high dental wear. Comparisons between
Heliophobius and the few mammals that convergently acquired
continuous dental replacement reveal that shared inherited traits,
including dental mesial drift, delayed eruption, and supernumerary
molars, comprise essential prerequisites to setting up this dental
mechanism. Interestingly, these dental traits are present to a lesser
extent in humans but are absent in mouse, the usual biological
model. Consequently, Heliophobius represents a suitable model
to investigate the molecular processes leading to the development
of supernumerary teeth in mammals, and the accurate description
of these processes could be a significant advance for further appli-
cations in humans, such as the regeneration of dental tissues.
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Most nonmammalian vertebrates continuously replace their
dentition, entailing many generations of identical teeth. In

contrast, mammals develop a limited dentition composed at
most of two generations of heteromorphous teeth, decreasing in
number but generally increasing in shape complexity during
evolution (1, 2). This has contributed to the acquisition of a more
efficient masticatory apparatus than reptile jaws (3) that allowed
mammals to diversify their feeding habits (4) and to include
tough and abrasive plants in their diets. To withstand abrasive
intakes, many mammals acquired a more durable dentition by
way of diverse evolutionary trends (5). The most frequently ob-
served is the increase in tooth height (i.e., hypsodonty), which
leads in extreme cases to ever-growing teeth. Another trend to
improve durability is continuous dental replacement (CDR), an
extremely rare phenomenon in mammals. CDR corresponds to
a progressive replacement of the dentition by regular develop-
ment of additional teeth, which move from the rear to the front
of the jaw throughout the animal’s life. Among the ca. 5,500
species of mammals, only the three manatee species (Trichechus,
Sirenia) and the pygmy-rock wallaby (Petrogale concinna, Mac-
ropodiformes) are known to display this striking innovation (6, 7).
To date, this mechanism appears poorly documented. Further-
more, the genetic etiology and the developmental and molecular

mechanisms leading to CDR, notably the occurrence of super-
numerary teeth in mammals (8, 9), remain to be determined.
Here we report a case of CDR in a subterranean rodent, the

silvery mole-rat Heliophobius argenteocinereus, belonging to Af-
rican mole-rats (Bathyergidae, Rodentia), which could signifi-
cantly contribute to the understanding of this rare phenomenon.
The dental peculiarities of this species further underscore the
interest of African mole-rats as models for examining topical
issues, such as “eusociality” (10, 11), extreme longevity (12), and
cancer resistance (13). We investigated Heliophobius dentition
compared with Trichechus, P. concinna, and another African
mole-rat (the Cape mole-rat, Georychus capensis) to appraise the
main dental characteristics of this rodent on the one hand and to
identify the specific traits relevant to improved knowledge of the
CDR mechanism on the other.

Results and Discussion
Original System of Dental Replacement Among Mammals Combining
Hypsodonty and Continuous Dental Replacement. Heliophobius dis-
plays four to seven cheek teeth (Fig. 1 A–C and Tables S1 and
S2), whereas the maximum cheek tooth number per dental
quadrant does not usually exceed five in rodents and four in
African mole-rats. It is thus the only known rodent displaying so
many supernumerary cheek teeth. Although its abnormal tooth
number has previously been reported (14), the underlying dental
mechanism has never been properly interpreted. Heliophobius
has single-rooted and bilophate hypsodont teeth. Tooth occlusal
surfaces rapidly become flat and undergo a series of shape
transformations, finally resulting in upper heart-shaped and lower
pear-shaped teeth (Fig. 1 A–C) that lack enamel to varying
degrees and are covered by cementum. Morphometric compar-
isons between occlusal crown shapes observed from rear to front
and virtual transverse slices of an erupting tooth belonging to the
same row lead to the conclusion that the various crown shapes
result from an increasing degree of dental wear (Fig. 1D). All
teeth have an overall identical cone-like shape and only their
relative size is susceptible to change during life. We cannot say
whether the first erupting tooth is a premolar (Fig. S1), as in
most African mole-rats, but all subsequent teeth are molars.
Most specimens of Heliophobius show either one erupting or

freshly erupted molar behind the functional tooth row. After
eruption, each tooth drifts from rear to front. Evidence of hor-
izontal movements is demonstrated by continual remodeling of
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interalveolar bone septa (Fig. S2A). The stress is particularly
intense along the mesiodistal axis, inducing extremely thin
interalveolar bone and dental resorption (Fig. 1C). All teeth
display more intense resorption on the distal root side because of
the compressive stress of subsequent teeth (15) (Fig. 2 A and B).
Teeth that have drifted to the mesial extremity of the row display
crowns entirely worn by the combined action of wear and re-
sorption (Fig. 2C). These molars, which are no longer occluding,
have the highest rate of root resorption, which is probably in-
duced by a hypofunctional periodontium coupled with a contin-
uous dental drift (16). They are not truly shed, but their remains

are pushed out from the row alignment before being completely
resorbed inside the bone (Figs. 1C and 2C). Because the molar
progression is not synchronized between each quadrant, asym-
metric dental rows occur (Fig. 1 A and B), as do rare cases of
misalignment (Fig. S2B). Teeth also continue to grow and erupt
vertically while moving to the front (Fig. 2 A and D). The orig-
inality of the Heliophobius dental system relies on the superim-
position of CDR over preexisting hypsodonty resulting in an
escalator-like movement of teeth, constantly compensating for
intensive dental wear. This dental replacement is not observed
in other bathyergid rodents. Among other mammals, elephants
present an analogous dental replacement, but their regular
dentition develops sequentially, without the occurrence of any
supplementary teeth.
Unlike Heliophobius, Trichechus and P. concinna have low-

crowned and bi- or trirooted cheek teeth but are bilophodont as
well (Fig. 3 A and B). The replacement of their jugal dentition
works like a simple treadmill in which each freshly developed
molar erupts vertically at the rear of the row and then migrates
horizontally toward the front (Fig. 3 C–F). A part of the regular
dentition, including premolars (Fig. 3D), clearly develops before
the system changes course, such that a single molar could be-
come regularly ever-duplicated. Such an assumption relies on
the fact that additional molars are identical to the second molars
in manatees (6). The distal root is first intensively resorbed, and
the crown breaks away from the mesial root when the tooth
reaches the front of the row (Fig. 3 C–F). Even if the crown is
severely eroded during the drift, it is not resorbed and vertical
readjustments are not significant, contrary to what happens in
Heliophobius.

Dental Mechanism Adapted to High Dental Wear. Manatees and the
pygmy-rock wallaby consume, respectively, floating meadow
grasses and specific ferns, which contain highly abrasive hard
silica phytoliths (17, 18). Heliophobius feeds on underground
parts of plants such as tubers and bulbs, which are by far less
abrasive. At present, it is not clear why this dentition evolved in
Heliophobius and not in other African mole-rats. Nonetheless,
Heliophobius is the only solitary mole-rat living in mesic Afro-
tropics, where the soil is very hard and difficult to work during
the dry season (19) and, contrary to social bathyergids, this

Fig. 1. Dental characteristics of H. argenteocinereus (RMCA96.036-M-5467).
(A) X-ray synchrotron microtomographic 3D rendering of upper jugal tooth
rows. (B) X-ray synchrotron microtomographic 3D rendering of lower jugal
tooth rows. (C) Virtual cross-section of upper jugal tooth rows from syn-
chrotron microtomographic data. (D) Morphological correspondences be-
tween virtual transverse slices of erupting lower molar and dental wear
stages observed from the rear to front of the lower tooth row. D→M, distal-
to-mesial point.

Fig. 2. Dental resorption and replacement in the silvery mole-rat. (A) Lateral view of X-ray synchrotron microtomographic 3D rendering of right upper and
lower jugal tooth rows of Heliophobius (RMCA96.036-M-5467). (B and C) Focus on slightly and highly resorbed mesial upper teeth. (D) Dental replacement
system in Heliophobius. The green arrow indicates dental drift.
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chisel-tooth digger builds extended burrow systems alone to find
food resources (20, 21). Such extensive burrowing activity could
induce important attrition on its dentition and an ingestion of
higher amounts of abrasive dust compared with other bathy-
ergids. We therefore suppose that the dental system of Helio-
phobius might be a striking adaptation to hyper-chisel tooth
digging, necessary to counterbalance the effects of severe friction
(both attrition and abrasion) and to maintain the dentition
functional throughout its life.
In manatees, tooth movement rate is correlated to food intake

(6). Whereas growing tooth germs at the rear of the jaw princi-
pally generate the forward pressure, the dental movement is
controlled by the quality and amount of ingested food, which
impact on mechanical stress during mastication. As it mainly
affects tooth wear, one can say that abrasion plays a major role in
mechanical stress. In fact, the tough component of fibrous
grasses mainly regulates the rate of displacement. For instance,
a high exogenous grit intake, such as sand, can lead to severe
wear and high loss of teeth coupled with a low tooth-movement
rate in manatees. In the case of Heliophobius, where the in-
gestion of exogenous abrasive matter is inevitable during digging,
and notably foraging, hypsodonty limits the effect of severe wear.
This dental characteristic might comprise one of the components
that regulate, even indirectly, the rate of dental regeneration of
this mole-rat.

Three Dental Traits Are Essential for Continuous Dental Replacements
in Mammals. Trichechus, P. concinna, and Heliophobius have
highly different ecological traits, and are very distant phyloge-
netically. CDR is clearly a convergent mechanism resulting in
similar strategies closely related to high rates of dental wear.
However, these mammals share three dental traits that we as-
sume to be crucial prerequisites to setting up CDR: dental mesial

drift, delayed eruption, and the occurrence of supernumerary
molars. Interestingly, these dental characteristics have been
identified in some of their extant or extinct relatives (Fig. 4).
Mesial drift corresponds to a forward movement of teeth as

a result of distal pressure. It is well-known in elephants and exists
in dugongs (22), the sister group of manatees. It also occurs in
macropods, especially in grazing forms (e.g., kangaroos), in-
cluding other Petrogale species (23). To date, mesial drift has
never been described in African mole-rats. However, our analysis
of some specimens of the bathyergid species G. capensis revealed
that mesial drift, even slight, is not only confined to Heliophobius.
The Cape mole-rat displays root resorption of the mesial teeth
(notably the fourth premolars) as well as remodeling of inter-
alveolar septa, as does the silvery mole-rat (Fig. S3 A–C). These
features are due to both subsequent eruption and forward pres-
sure of the last molars. The presence of large mesial diastemata
in these rodents, as in other mammals showing mesial drift (e.g.,
elephants, sirenians, and macropods), is also essential to prevent
orthodontic problems that sometimes occur in humans, inasmuch
as diastemata can act as a buffer between jugal and frontal teeth.
The delayed dental eruption extends dentition longevity and

corresponds to the acquisition of a definitive dentition during
adulthood; this means that the last tooth erupts after the age of
sexual maturity is reached. Three stages of eruption can be de-
fined. As most mammals acquire a definitive dentition by sexual
maturity, this stage is defined as “normal eruption.” A “slightly
delayed eruption” corresponds to the completion of dentition
before twice the age of sexual maturity is reached, as in humans
(∼20 y for a permanent dentition and ∼13 y for sexual maturity)
and many primates (24). After this limit, mammals can be con-
sidered as having a true “delayed eruption,” and this is the case
for most of the afrotherian species, which spend the majority of
their lifespan without a complete dentition (24). Such delayed

Fig. 3. Characteristics of the dental dynamics of manatees and the pygmy-rock wallaby. (A and B) Palatal view of skulls of T. manatus (NHM1985.6.30.2) and
P. concinna (WAM-M4169). (C) Lateral X-ray radiograph of a left lower tooth row of T. senegalensis (Poulard’s Coll. M201). (D) Lateral view of X-ray syn-
chrotron microtomographic 3D rendering of the left lower tooth row of a juvenile specimen of P. concinna (WAM-M9346). DP, deciduous premolar; M, molar.
Red arrows indicate root resorption. (E and F) Dental replacement systems of Trichechus and P. concinna. Green arrows indicate dental drift; red arrows
indicate molar loss.
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eruption also occurs in macropods (23). Mammals with CDR can
be considered as having a delayed eruption because their den-
tition is apparently endless. As with some subterranean rodents,
Georychus displays a slightly delayed eruption of its dentition
according to its pronounced dental wear gradient (Fig. S3 D and
E) compared with other rodents. For instance, the last perma-
nent teeth of Georychus generally erupt after its sexual maturity
[∼15 mo for a permanent dentition and ∼10 mo for sexual ma-
turity (25)], whereas the whole adult dentition of the mouse
becomes functional well before sexual maturity (∼4 wk for a
permanent dentition and ∼6 wk for sexual maturity), as in most
of rodents (24).
Supernumerary teeth are rare in mammals because they gen-

erally cause functional pathologies. For instance, they are fre-
quently associated with diseases caused by gene mutations in
humans (9), but they can sometimes be related to nonsyndromic
cases transmitted between generations (26). More generally,
permanent supernumerary teeth are often associated with a
lengthening of the jaws, as with simplified and nonreplaced teeth
observed in odontocete cetaceans. The earliest true manatee, the
Miocene Potamosiren, did not have supernumerary molars,
whereas the Pliocene form, Ribodon, already had CDR (17).
Additional molars frequently occur in kangaroos (23), even if
these molars appear later in life history. A fourth molar probably
occurred in the earliest known bathyergid Proheliophobius as in
their extinct sister Bathyergoides (27), but actually cases of su-
pernumerary molars remain scarce in bathyergid rodents.

Developmental Implications and Prospects Concerning Supernumerary
Teeth in Mammals. Such shared biological traits suggest that
analogous molecular processes probably control CDR and were
independently activated at least three times in recent mamma-
lian history. The fossil record indicates the capacities to vertically
replace molars and to possess more than three or four molars
were lost since nearly 200 Mya in mammals [e.g., Sinoconodon
(1)]. CDR could not involve the same developmental pathways,
given that the pathways concerned were probably lost well over
the time lapse generally assumed to coincide with irreversible
losses of gene function [i.e., from 16 to 24 Mya (28)]. Although
the developmental mechanisms remain unknown, it is likely that
epithelial odontogenic tissues contain a permanent dental lam-
ina permitting continual replacement of the previously erupted

teeth, as documented in dental families of nonmammalian ver-
tebrates (29, 30). Dental lamina and associated stem cells could
indeed play a major role in CDR because of their deep in-
volvement in vertebrate tooth renewal (31), notably in mammals
(32). Considering that supernumerary molars are the result of
a putative duplication of one molar (6), they probably derive
from an extension of the dental lamina arising from first molars.
This assumption needs further investigation, particularly fo-
cusing on the potential genes that have a bearing on such an
extension.
A complex network of signaling pathways drives tooth de-

velopment. Among all these actors, Runx2, Il11, Apc, and some
master genes from the Wnt/β-catenin signaling pathway appear
to be suitable candidates to explain the origin of supernumerary
teeth (9). Indeed, they have been demonstrated to be involved in
the development of such abnormalities in humans and, some-
times, mutant mice (33–36). However, when their expression is
affected, the occurrence of supernumerary teeth is generally
accompanied by disorders or diseases: Cleidocranial dysplasia
(CCD) is related to heterozygous mutations (haploinsufficiency)
in Runx2 (33); craniosynostosis is linked to Il11 loss of function
(34); and adenomatous polyposis, tumors, and odontomes can be
related to Apc loss of function (35) or activation of Wnt/β-cat-
enin signaling (35, 36). Runx2 seems to be the best candidate
given that delayed eruption is also one of the symptoms of CCD,
in addition to supernumerary teeth. Even if a comparison has
already been drawn between some afrotherian anatomical traits
and CCD symptoms (24), the presence of addition molars in
manatees has not been discussed in relation to Runx2. To the
extent that mutations in Runx2 are extremely variable and spo-
radically induce isolated dental anomalies (9), implications of
this gene in CDR are likely for the three concerned mammalian
genera, even if its accurate role remains to be tested. Il11 could
also be involved in CDR, because delayed eruption is also as-
sociated with Il11 loss of function. However, additional molars
were never noticed among supernumerary teeth, and dental
anomalies cannot be dissociated from bone disorders (34), con-
trary to some cases of haploinsufficiency for Runx2.
Our study demonstrates that Heliophobius presents striking

dental characteristics related to CDR, including supernumerary
molars. These characteristics are partially present in humans, but
are absent in mice. Heliophobius therefore represents a model

Fig. 4. Phylogenetic relationships and main dental characteristics of mammals developing CDR and some of their closest extant and extinct relatives. (1 and
nodes) Jugal dental formula. (2) Presence of dental mesial drift (MD). (3) Presence of supernumerary teeth (ST). (4) Presence of delayed dental eruption (DE).
(5) Presence of hypsodonty (H). (6) Jugal tooth replacement: premolar (P), molar (M), continuous dental replacement (CDR). In gray: occasional characteristic
(for ST) or slightly manifested characteristic (for MD and DE).
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more appropriate than mice to explore the genetic etiology of
supernumerary teeth in mammals. Maintaining a perennial den-
tition in a context of hyperabrasive intakes mainly involves two
radically different adaptations in mammals. Although hypsodonty
is inappropriate for the human dental system, the understanding of
both CDR and the molecular processes leading to supernumerary
molars could constitute a basis for further studies on regeneration
of dental tissues and their applications in tooth engineering (37).

Materials and Methods
Skulls. Fifty-five skulls of H. argenteocinereus were investigated. These
specimens are mainly housed in the Royal Museum for Central Africa (RMCA)
of Tervuren (Belgium), and others come from the Museum National
d’Histoire Naturelle (MNHN) of Paris. The skulls of T. senegalensis from
Poulard’s Collection (Poulard’s Coll. M201) of Lyon (France), T. manatus
(NHM1985.6.30.2) from the National History Museum (NHM) of London, and
P. concinna (WAM-M4169 and WAM-M9346) from the Western Australian
Museum (WAM) of Perth (Australia) were also used here for comparison and
illustrations. Fifteen skulls of G. capensis from the NHM and MNHN were
studied to draw comparisons. The main interest of this bathyergid species
concerns its dental eruption sequence, which is already known and accu-
rately detailed (25).

Two- and Three-Dimensional Data Acquisition of Dentitions. Dentitions of H.
argenteocinereus were digitized using a stereomicroscope (Leica; M165C)
connected to a spot CCD camera (Leica; DFC420) at 7.3× magnification.
Different X-ray methods were performed to more accurately depict and
analyze tooth morphologies, including roots and osteological characteristics.
X-ray radiography from the Ecole Nationale Vétérinaire of Lyon was used to
image a skull of Trichechus. High-quality images of two skulls of Helio-

phobius, including a young specimen (Fig. S2), were obtained using X-ray
synchrotron microtomography at the European Synchrotron Radiation Fa-
cility (ESRF; Grenoble, France), beamlines ID19 and BM5, with a mono-
chromatic beam at an energy of 25 keV and using a cubic voxel of 5.06 μm. A
pink beam at an energy of 60 keV, using a cubic voxel of 7.46 μm (beamline
ID19; ESRF), was also used to scan the skull of P. concinna. This method has
been proven to be very useful for accurate imaging of small elements (38,
39) such as teeth (40). Noninvasive virtual extraction of entire teeth (i.e.,
crown and roots) is also permitted (41). Three-dimensional renderings and
virtual slices were then performed using VGStudio Max 2.0 software
(Volume Graphics).

Statistics. Dentitions of Heliophobius are described according to the number
of erupting teeth, functional teeth, and worn-out teeth; skull lengths were
also measured (Table S1). Percentages were then calculated for the whole
sample (Table S2). Similar descriptions were realized on Georychus speci-
mens (Table S3).
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