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Abstract
Molar morphology is shaped by phylogenetic history and adaptive processes related 
to food processing. Topographic parameters of the occlusal surface, such as sharp-
ness and relief, can be especially informative regarding diet preferences of a species. 
The occlusal surface can however be deeply modified by wear throughout an ani-
mal's life, potentially obliterating other signals. Age being difficult to assess in wild 
populations, especially small rodents, experimental studies of wear through age in 
laboratory populations may constitute a powerful way to assess its impact on molar 
geometry and topography, and to validate descriptors of molar morphology that could 
mitigate this issue. Molar morphology was therefore quantified using 3D geometric 
morphometrics and topographic estimates in four groups of house mice: wild-trapped 
mice, lab-bred offspring of these wild mice, typical laboratory mice, and their hybrids. 
Three descriptors of the molar morphology were considered: the surface of the whole 
molar row, the surface of the first upper molar, and a truncated template of the first 
upper molar mimicking advanced wear. Increasing wear with age was demonstrated in 
the different groups, with a more pronounced effect in the wild-trapped population. 
The geometry of the molar row is not only modified by wear, but also by the relative 
position of the late developing molars on the jaw due to loading during mastication. 
As a consequence, the alignment of the molars is modified in wild mice, showing a 
qualitative difference between wild animals and their lab-bred offspring. Results ob-
tained from the lab should thus be transferred with caution to the interpretation of 
differences in wild populations. Topographic estimates computed for the first upper 
molar seems to provide more stable parameters than those based on the whole molar 
row, because issues related to non-planar occlusal surface along the molar row are 
discarded. The truncated template was proven efficient in discarding the wear effect 
to focus on genetic differences, allowing an efficient characterization of the hybridi-
zation signature between wild and lab mice. Dominance of the wild phenotype for the 
first molar shape supports that the lab strain evolved in a context of relaxation of the 
selective pressures related to nutrition.
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1  |  INTRODUC TION

The evolution of the mammalian dental pattern participated to 
the successful radiation of the group, by allowing efficient occlu-
sion in face of various diets, and hence ecological diversification 
(Grossnickle et al., 2019; Hunter & Jernvall, 1995). Mammalian teeth 
therefore bear both a phylogenetic and an ecological signal. Being 
indurated, they have a good potential of preservation in the fossil 
record, even for otherwise fragile small mammals, and constitute a 
precious source of information to understand the history of the most 
speciose order of mammals, the rodents, including phylogenetic re-
lationships and migration history (López-Antoñanzas et al., 2019; 
Misonne, 1969) and inference of diet for extinct species (Firmat 
et al., 2010). The development of 3D imagery of teeth, by providing 
metrics of functional significance, such as sharpness and complex-
ity, opened new insights into the adaptive relevance of geometric 
differences observed between taxa (Boyer, 2008; Winchester et al., 
2014).

In teeth without permanent eruption, wear is the only factor 
modifying tooth geometry and functional properties after eruption, 
but it constitutes an important source of variation which can vary 
depending on the diet (Renaud & Ledevin, 2017) and even be adap-
tive through the process of molar sculpting (Pampush et al., 2018). 
Yet, wear can be problematic because it can obliterate all other 
signals, including genetic differences in tooth shape (Ledevin et al., 
2016; Pallares et al., 2017). The importance of wear signature on 
geometric and topographic tooth properties remain however largely 
unexplored, but may be important for the interpretation of differ-
ences between taxa (Pampush, Spradley, et al., 2016), and even more 
of differences between populations within a single species.

Assessing the effect of wear is challenging because it is depen-
dent both on food consistency and on age, which is difficult to es-
timate in wild animals, especially for small mammals. Working on 
laboratory models may be relevant to provide standardized con-
ditions of breeding and controlled ages, allowing a precise charac-
terization of wear patterns as a function of age and diet (Renaud & 
Ledevin, 2017). It remains to be addressed, however, if wear pat-
terns observed in standard laboratory conditions are comparable to 
those observed in wild populations. Two effects may be involved. 
First, most laboratory strains originated ~100 years ago (Wade et al., 
2002), a time long enough for evolution to occur, both due to drift in 
restricted populations and due to adaptation to the very special con-
ditions of lab breeding, including food ad libitum. Laboratory strains 
may thus be inadequate models for understanding mastication and 
its effect in the wild. Furthermore, the mere translocation of wild 
animals to lab conditions will change many aspects of their environ-
ment, including the quality and accessibility of food resources, possi-
bly changing wear trajectories compared to wild conditions.

The aim of the present study is thus to quantify molar shape 
and topography in a set of house mice (Mus musculus domesticus), 
documenting a classical laboratory strain, a wild population, and the 
effect of translocation to laboratory conditions. The relative impor-
tance of genetically driven morphological changes, and of all those 

occurring, primarily due to wear, as the teeth are being used (later on 
designed as “use-related” changes), may depend on the geometric 
descriptors of the molars. Three approaches were therefore com-
pared. The molar row, constituted of three teeth in murine rodents, 
may be considered as the functional unit in the chewing process, 
and thus the most adequate character to address functional issues 
(Renaud & Ledevin, 2017; Renaud et al., 2018). Alternatively, work-
ing on isolated molars facilitates an extrapolation to fossil material 
(Pampush et al., 2018; Winchester et al., 2014). Finally, wear-related 
changes may be discarded by focusing on unworn parts of the teeth, 
in order to focus on genetic differences (Ledevin et al., 2016; Pallares 
et al., 2017).

Four groups were therefore compared: (1) wild-trapped house 
mice, (2) offspring bred from this wild population in laboratory con-
ditions, (3) typical outbred laboratory mice from the Swiss strain, and 
(4) hybrids between wild-derived offspring (group 2) and Swiss (group 
3). For all mice, the geometry and topography of the upper molar row, 
of the first upper molar, and of its truncated model, were quantified 
and compared. The upper row, and within it the first molar, were se-
lected because they are more evolvable than their lower counterpart 
in house mice (Hayden et al., 2020; Renaud et al., 2011).

Hypotheses to be investigated were the following. (1) Rearing 
mice in laboratory conditions should affect use-related trajectory, 
even in mice sharing the same genetic background. (2) Laboratory 
strain should exhibit morphological differences compared with wild 
mice, due to their long history of evolution in isolation. (3) Neutral 
divergence due to drift and relaxation of adaptive pressure related to 
feeding behavior should lead to different patterns of hybridization. 
Neutral divergence, due to the accumulation of mutations in the two 
parental conditions, should lead to intermediate hybrids. By contrast, 
relaxation of selection may lead to the accumulation of unfavorable, 
recessive alleles in the lab strains, leading to a dominance of the wild 
phenotype in hybrids. (4) Regarding the descriptors of molar geome-
try, use-related effect should be the most important when consider-
ing the molar row as a whole, whereas genetic differences should be 
best described when focusing on unworn parts of the teeth.

2  |  MATERIAL

Western European house mice (M. m. domesticus) were collected 
during two trapping campaigns in a horse stable in Balan, nearby 
Lyon, France (45°49′09″N, 5°05′41″E). All mice were killed at cap-
ture in 2015. In 2017, two mice were killed at capture and 31 animals 
were brought to the animal facility (ACSED, Lyon University). After 
approximately 2 months of acclimation, they were paired to obtain 
offspring that were bred with standard rodent pellets (SAFE A04), 
with food and water ad libitum.

Adult Swiss mice (Hsd:ICR [CD-1®]) were bought from Envigo. 
This strain was chosen because among classical laboratory strains, it 
is phylogenetically the closest to M. m. domesticus (Yang et al., 2011). 
Two mixed pairs were formed, composed of one male Swiss with 
a F1 female, and another of one female Swiss with a F1 male, to 
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deliver hybrid descendants that were bred in the same conditions as 
offspring of wild-trapped mice.

Breeding was conducted in accordance with animal care guide-
lines in an accredited animal facility. The mice were killed according 
to the directive 2010/63/UE of the European Parliament on the pro-
tection of animals used for scientific purposes.

2.1  |  Material for the 3D morphometric analysis

The sampling for the 3D study included 30 mice ranging from 
3 weeks to almost 4 months of age (Table S1). Seven wild-trapped 
mice from Balan were included, together with 14 laboratory off-
spring. Five Swiss mice were also measured, as well as four hybrids 
issued from crosses between Swiss and Balan F1 mice. Sex has been 
demonstrated to have little effect on molar size and shape in house 
mice (Renaud, Hardouin, et al., 2017; Valenzuela-Lamas et al., 2011). 
Males and females were therefore pooled in the analysis. One young 
mouse at weaning (21  days of age) was included in the analysis. 
However, since its third molar was on the course of eruption, it did 
not display a continuous and fully grown molar row. This prevented 
its inclusion in the analysis of the molar row, but it was included in 
the analysis of the first upper molar as a reference of unworn tooth 
geometry.

3  |  METHODS

3.1  |  Acquisition and extraction of 3D surfaces

Skulls were scanned at a cubic voxel resolution of 12  µm (ex-
cept for SW01 and SW02 scanned at 13.5  µm) using a Phoenix 
Nanotom S microtomograph (µCT) on the AniRA-ImmOs platform 

of the SFR Biosciences, Ecole Normale Supérieure. For each 
mouse, the right upper molar row (UMR) was delimited using Avizo  
(v. 9.1—Visualization Science Group, FEI Company). In most cases, 
an automatic threshold was sufficient to isolate the molar row 
from the surrounding bone and generate a surface including the 
roots; in a few cases, connections with the bone had to be manu-
ally delimited. The first upper molar (UM1) was also delimited. Due 
to its contact with the second molar, it had to be manually isolated, 
starting from the volume extracted for the complete upper molar 
row.

3.2  |  3D description

Mouse molars are composed of transverse enamel ridges (Figure 1), 
the cusps of which align to form longitudinal rows that guide the 
propalinal (antero-posterior) movement during chewing. The molar 
row has a complex and variable geometry that prevents to reliably 
locate landmarks and delineate curves along the ridges. The ridges 
are delineated by a contact between enamel and dentine; therefore, 
the dentine surface is also affected by wear, preventing the use of 
the dentine surface as a wear-free descriptor of the tooth geom-
etry (Skinner & Gunz, 2010). Therefore, the molar morphology was 
described using surfacic templates describing the erupted part of 
the teeth and removing the roots (Ledevin et al., 2016; Renaud & 
Ledevin, 2017).

A specimen of intermediate age (Balan Lab #86) was selected for 
designing templates specific to the dataset (Figure 1). Three template 
surfaces were designed, describing (1) the upper molar row, with the 
three molars in contact (UMR); (2) the first upper molar (UM1) and 
(3) the truncated UM1 (UM1tr; Figure 1). This latter template was 
considered because the effect of wear on tooth shape can be a major 
cause of shape variation (Pallares et al., 2017; Renaud & Ledevin, 2017; 

F I G U R E  1  Descriptors of the mouse upper molars used in the morphometric study. (a) Original surface of the molar row, including the 
roots. (b–d, above) Templates describing the erupted part of the molar row (b), of the first upper molar (c) and truncated template mimicking 
wear (d). The red dots indicate the fixed landmarks used for the pre-orientation of the template; the red arrows point to hidden landmarks. 
The templates have been prepared on the specimen Balan Lab #86. (b–d, below) Set of semi-landmarks describing the surfaces

 Original surface UMR UM1 (d)(c)(a) (b) UM1 truncated

t1
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Renaud et al., 2018). By designing a truncated template with the top of 
the cusps cut to mimic an advanced degree of wear, the effect of the 
degree of tooth abrasion on the morphological signal can be mitigated 
(Ledevin et al., 2016; Pallares et al., 2017). The height at which the 
template was cut was decided empirically, assuring that the most worn 
teeth in the dataset were still adequately described with the template. 
The area of contact between the first and second molars was also 
removed to discard the impact of manual error during segmentation. 
This template will be referred as “truncated” or “wear-free.” A trun-
cated template was not designed for the upper molar row, because 
mechanical loading associated with mastication seems to even impact 
the alignment of the three molars (Renaud & Ledevin, 2017). Such an 
effect could not be removed using a truncated template.

The templates were used to extract new surfaces limited to the 
zone of interest in the molar row. Fixed landmark were manually 
collected on all original surfaces using IDAV Landmark Editor v.3.6 
(Wiley et al., 2005) in order to guide the application of the template 
on each of these surfaces. Eight landmarks were collected on the 
molar row for anchoring the UMR template (Figure 1): two on the 
UM1, one on the UM2, one on the UM3, and two at each junction 
between molars (UM1/UM2 and UM2/UM3). This was deemed 
sufficient to orient the structure according to anterior-posterior 
and lateral directions and allow the positioning of the template on 
each surface. When focusing on the first molar, the two previous 
UM1 landmarks were complemented by three additional landmarks 
which were located in valleys between the ridges or laterally rela-
tively low on the crown, so that they could be used for both UM1 
and UM1tr. These fixed landmarks were used as priors to guide the 
registration process of equally spaced sliding semi-landmarks on the 
new surfaces using the package Rvcg (Schlager, 2017). The number 
of semi-landmarks was automatically selected during the procedure, 
leading to 2186 landmarks for the UMR, 2199 for the UM1, and 
2293 for the truncated UM1 (Figure 1).

Furthermore, in order to retrieve a proxy of body size, the length of 
the mandible was extracted for each mouse from two points located 
on a 3D isosurfacic model at the anteriormost point of the mandibular 
bone along the incisor, and the posterior extremity of the condyle. 
This measure was selected because mandible size has been shown to 
display very little sexual dimorphism and to be well correlated to body 
size (head + body length; Renaud, Hardouin, et al., 2017).

3.3  |  Geometric morphometric analyses

The sliding procedure for surface semi-landmarks was done using 
minimum bending energy (Bookstein, 1997) via function slider3d() 
from the Morpho package (Schlager, 2017). A generalized Procrustes 
analysis was applied to the dataset including the semi-landmarks 
only. This superimposition extracted shape, described by aligned 
(Procrustes) coordinates, by removing extraneous effects of location, 
orientation, and position; it was carried out with function procSym() 
from Morpho. A principal component analysis (PCA) was applied to 
variance-covariance matrix of the Procrustes coordinates using the R 

package geomorph (Adams & Otarola-Castillo, 2013) to extract the PC 
scores later used as shape data in subsequent analyses. Centroid size, 
the most common and explicit measure of size in geometric morpho-
metrics, was computed as the square root of the sum of the squared 
distances of all landmarks from their centroid (Slice et al., 1996).

3.4  |  Topographic analyses

The topographic parameters were computed from the surfaces 
of the upper molar row and of the first upper molar used for the 
geometric morphometric assessment of their shape. The templates 
were used to discard the root portions of the original surface that 
would otherwise cause errors during computation of the complexity 
parameters.

Topographic calculations require that the occlusal surface of each 
tooth row is aligned with the X and Y planes, lying face-up, and oriented 
orthogonal to the Z-axis. First, the occlusal surface of the template 
dental row was manually oriented according to the aforementioned 
standardization using the “Align” module in MeshLab (Cignoni et al., 
2008). Second, the icp() function from the mesheR package (Schlager, 
2015) was used for pairwise automatic surface registration of each 
tooth row onto the standardized dental template using first the fixed 
landmarks for global registration followed by a series of iterations 
using the Iterative Closest Point family of algorithms (Besl & McKay, 
1992) to further refine the registration process. Third, all surfaces 
were simplified to 10,000 faces (Pampush, Winchester, et al., 2016) 
using function vcgQEdecim() from Rvcg package (Schlager, 2017).

Four parameters were used to characterize the topographic prop-
erties of the molar rows. Dirichlet normal energy (DNE) assesses 
tooth sharpness by measuring the curvature and undulation of the 
surface (Bunn et al., 2011). Orientation patch count (OPC) estimates 
the number of separately oriented facets on a tooth surface and is 
considered a proxy for dental complexity (Evans et al., 2007). It is 
measured by dividing a tooth surface into contiguous patches that 
share an orientation and then summing the number of such patches. 
The Orientation Patch Count Rotated (OPCR) averages OPC esti-
mates obtained by rotating the surface from its original orientation 
by 5.625° a total of eight times around the Z-axis (Evans & Jernvall, 
2009). Relief Index (RFI) corresponds to the log ratio between the sur-
face area of a tooth's crown (Area3D) and the area of the tooth plano-
metric footprint (Area2D; Boyer, 2008). Finally, slope corresponds to 
the average slope of the occlusal surface (Zuccotti et al., 1998).

The 3D surfaces of the UMR, UM1, and UM1tr have been de-
posited in MorphoMuseuM (Renaud et al., 2021). Data about the 
scanned specimens, centroid size, PC scores, and topographic pa-
rameters can be found in Table S1.

3.5  |  Statistical analyses

Differences in univariate parameters (size estimates and topographic 
parameters) between the four groups (Balan W, Balan L, Hybrids and 
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Swiss) were tested using non-parametric Kruskal–Wallis tests com-
plemented by pairwise Wilcoxon tests.

Next, statistical analyses were performed on various subsets of 
specimens in order to test the different hypotheses. (1) A first anal-
ysis tested the effect of breeding conditions on wear trajectories. 
Wild-trapped mice (Balan W) and their laboratory offspring (Balan L) 
were included in these analyses. The variations of molar geometry 
and topography were investigated as a function of different proxies 
for life stage (weight, age, and/or mandible length) depending on the 
group(s) considered. (2) A second analysis investigated the differences 
between laboratory strain (Swiss) and wild-derived mice (Balan L). 
Differences in molar geometry were tested using multivariate analy-
ses of variance using the package ffmanova (Langsrud & Mevik, 2012). 
Differences in size and topographic parameters were tested using  
t-tests that perform well even with very small sample sizes (de Winter, 
2013). Differences in age-related trajectories were tested using linear 
models. (3) A third analysis focused on hybridization between Balan L 
and Swiss mice (groups involved: Balan L, Swiss, and hybrids).

In order to characterize the position of the hybrids between pa-
rental groups, between-group PCA were performed, based either on 
all PC axes, or on the first three PCs only, for the UMR, the UM1 and 
the truncated UM1, using the package ade4 (Thioulouse et al., 2018). 
Hybrids were further characterized by dominance and transgressivity 
indices calculated from PC scores describing molar geometry. The de-
gree of transgression was assessed as the deviation of the hybrids from 
the theoretical expectations of them being along the range of possible 
intermediates between parents, hence d[(Hybrids, Balan L)  +  d(Hy-
brids, Swiss)  −  d(Balan L, Swiss)], expressed as a percentage of the 
inter-parental strains distance d(Balan L, Swiss) (Renaud et al., 2012). 
The degree of closeness to a parental strain, pointing to dominance-
like pattern, was estimated by assessing the difference in the distance 
to one parental strain (here, Balan L taken as reference) with respect 
to the average distance between the hybrids and the two parental 
groups, hence d[(Hybrids, Balan L) + d(Hybrids, Swiss)]/2 − d(Hybrids, 
Balan L)], expressed as the percentage of the average distance of hy-
brids to the parental strains d[(Hybrids, Balan L) + d(Hybrids, Swiss)]/2] 
(Renaud et al., 2012). Positive values then indicate closeness to Balan 
L, and negative values closeness to the Swiss parental group. The dis-
tances were estimated on the PCs based on the aligned coordinates. 
A first series of estimates was based on a reduced data set, focusing 
on the axes totaling most morphological variance (first three PCs).  
A second series of estimates was based on all PCs.

All analyses were performed under R (R Core Team, 2018).

4  |  RESULTS

4.1  |  Body, mandible, and molar size

Three possible indices to trace the signature of advancing use on 
tooth geometry were investigated: age, body weight, and mandi-
ble size. Age was known for lab-reared animals but not for wild-
trapped mice. Body weight was available for most mice, including 

wild-trapped mice. However, it can be affected by body size but also 
by health status and sex. Furthermore, it differs between the wild 
line and the much larger Swiss strain (mean weight Balan W = 14.4 g; 
Balan L = 18.9 g; Swiss = 39.5 g). Since weight is presumably more 
related to volume than to linear size, its cubic root was considered 
in the analyses. Increasing weight with age was demonstrated within 
Balan L (R = 0.7162, p = 0.0059), the only group with a satisfying 
sample size (N = 13) for these variables.

Mandible size was further investigated as a proxy of body size, 
available for all mice. Mandible length was significantly related to 
body weight across the dataset including the four groups (Balan W, 
Balan L, Swiss, Hybridl; R = 0.8902, p < 0.0001). When considering 
group and sex as co-factors (Mandible Length~Weight^(1/3) + Grou
p + Sex), mandible length was still related to weight (p = 3.521e–08) 
but not to group (p = 0.5478) or sex (p = 0.8382).

The centroid size of the upper molar row increased with man-
dible size (R = 0.5929, p = 0.0007) (Figure 2A). Swiss and hybrids 
mice displayed larger molar rows than Balan mice (Figure 2B; 
Table 1) in agreement with their larger mandible and body size. By 
contrast, the relationship was not significant when considering the 
UM1 (R = 0.1951, p = 0.3016) and the truncated UM1 (R = 0.1653, 
p = 0.3826). The four groups displayed similar UM1 and UM1tr cen-
troid size (Table 1). Wild mice displayed a large variation in molar 
centroid size (Figure 2B–D). UM1 centroid size was even nega-
tively related to mandible size in this group (Balan W: R = −0.7656, 
p = 0.0448), suggesting that this variation was related to the abra-
sion of the cusps increasing with age.

4.2  |  Geometric and topographic differences 
between the four groups

4.2.1  |  Pattern of shape differences

When considering the upper molar row (Figure 3A,B), the first order 
signal was an important variation within wild-trapped mice along 
PC1 (30.4% of variance). This axis describes an increasing abrasion 
of the cusps toward positive scores, but also a change in the rela-
tive arrangement of the three molars. Whereas the molars are well 
aligned in unworn rows (negative scores), the UM1 becomes oblique 
relative to the UM2 and UM3 in rows characterized by advanced 
wear (positive scores). All laboratory-reared mice (Balan L, Swiss, 
Hybrids) appear clustered along PC1, toward low scores and hence 
low degree of wear and aligned UM1-UM2-UM3. Between-group 
differences are expressed along PC2 (17.7%) and PC3 (9.2%). Balan 
laboratory offspring differ from their wild relatives along PC2, es-
pecially due to the third molar (UM3) aligned with the two other 
molars in laboratory-bred mice while the UM3 is shifted toward the 
lingual side in wild-trapped mice. PC2 also differentiates four out 
of five Swiss mice from the wild mice and the hybrids. The differ-
ence between Swiss and wild mice is mostly expressed along PC3 
(Figure 3B), corresponding to a more elongated and lingually de-
flected anterior part of the first upper molar, and a labially expanded 
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t5 cusp in Swiss mice. Hybrids plot with the Swiss parental group 
along PC3 but with the Balan parental group along PC2.

Focusing on the first upper molar (UM1; Figure 3C), the first 
PC (41.9%) also describes an increasing abrasion of the cusp; wild-
trapped mice are very variable along this axis. Differences between 
groups are expressed along PC2 (11.7%), with Balan L and Balan W 
sharing a similar range of variation, Swiss mice being well differenti-
ated and hybrids plotting close to the Balan parental group.

When considering the truncated template of the first upper molar 
(UM1tr; Figure 3D), the difference between groups is expressed on 
the first axis (PC1 = 22.1%). Swiss mice are well differentiated while 
hybrids plot close to the Balan parental group. Lab and wild Balan 
mice share a similar range of variation in the morphospace.

4.2.2  |  Topographic parameters

Since these parameters describe the topography of the surface, they 
appeared to be meaningless on the truncated template. Therefore, 

only descriptors that include the occlusal surfaces (UMR and UM1) 
were used (Figure 4). Values obtained from the UMR and the UM1 
display similar trends, with less variation when focusing on the 
UM1, especially for RFI and OPCR. Laboratory-reared mice (Balan L, 
Hybrids, Swiss) display overall a moderate variance and their values 
overlap. Wild-trapped mice (Balan W) exhibit a much larger varia-
tion for all parameters, with values exceeding the range observed 
for laboratory-bred mice.

4.3  |  Differences along life history: Wild-trapped 
mice versus lab offspring

In order to assess the impact of acclimation to laboratory conditions, 
the next analyses focused on the comparison of wild-trapped mice 
(Balan W) and their lab-bred offspring (Balan L). Shape variations 
were first considered, taking scores on PC1 as estimates of the most 
important shape changes. The impact of life history was assessed 
by comparing shape to the available proxies for life stage: weight 

F I G U R E  2  Centroid size of the upper molar row (UMR), and of the first upper molar (UM1). (a) UMR centroid size as a function of 
mandible length, as a proxy of body size. (b–d) Centroid size in the four groups, for the molar row (b), the first upper molar (c) and the 
truncated first upper molar (d)
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TA B L E  1  Differences in centroid size between groups. The p-values of Kruskal–Wallis (KW) are provided, followed by p-values of 
pairwise post-hoc Wilcoxon tests. In bold: p < 0.001; underlined: p < 0.01; in italics: p < 0.05

KW BW-BL BW-Hyb BW-SW BL-Hyb BL-SW Hyb-Sw

UMR 0.0004 0.2293 0.0134 0.0028 0.0182 0.0126 0.9048

UM1 0.0485 0.60 0.17 0.60 0.15 0.60 0.60

UM1tr 0.1024 1.00 0.31 1.00 0.15 1.00 1.00
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and mandible size for Balan W, and age, weight and mandible size 
for Balan L (Table 2). Shape (PC1) was related to life stage for the 
UMR and the UM1, but this could only be shown using age and to a 
lesser degree, weight. UM1tr shape was not related to any proxy of 
life stage (Table 2).

Models including weight, group, and interaction as factors were 
further considered (Table 3). For both the UMR and UM1, the three 
effects were significant, showing that shape varied in both groups 
according to life stage, but with different slopes (Figure 5). Shape 
changes occurring with increasing weight were indeed much more 
pronounced in Balan W than in Balan L. No significant variation oc-
curred when considering the shape of truncated UM1, confirming 
that wear effect was efficiently discarded. Swiss mice, which were 
not included in the previous linear models, display UMR and UM1 
shape scores in the range of those observed in Balan L. This was 
further tested by models assessing the variations along PC1 in Balan 
L and Swiss mice as a function of age and population (Table 3). The 
effect of age was significant but not the population effect nor the 
interaction term, showing that in lab conditions, both genetic lines 
shared similar trajectories.

When considering Balan W and Balan L, the four topographic 
parameters appeared to vary throughout the lifespan. Most signif-
icant results were obtained for the UM1 alone. The variation in the 
alignment of the three molars may have rendered the orientation of 
the occlusal surface too variable for estimating comparable topo-
graphic parameters. Relief (RFI) was the most impacted by changes 
along life, with significant variations for the UMR and the UM1 
(Table 3). Related to abrasion, this signal was most pronounced in 

wild-trapped mice (Figure 6). Molar slope tended to decrease along 
life, as expected with an abrasion of cusp tips. This effect was much 
more pronounced in wild-trapped mice UM1. Decrease in sharpness 
(DNE) was less obvious, although marginally significant for the UM1 
of wild-trapped mice. By contrast, complexity (OPCR) tended to in-
crease along life, and this effect was similar in wild-trapped and lab-
born animals.

4.4  |  Differences between wild and laboratory 
strains, and their hybridization

Differences between wild-trapped and lab-bred Balan mice mostly 
involve the top of the cusps, and the torsion of the molar row oc-
curring in old animals. These differences seem to increase along 
life as a response to functioning. By contrast, differences between 
Balan and Swiss mice involves the position and size of several cusps, 
with the most prominent changes apparent on the UM1 (Figure 7) 
whereas the trajectory of geometric change along life is similar in 
the two genetic lines (Table 3). Compared with Balan mice, Swiss 
mice are characterized by a reduced anterior lingual cusp (t2), an 
expanded posterior labial cusp (t9) and a central cusp (t5) extended 
labially. These geometric differences are significant considering 
the UMR, UM1, and truncated UM1 (Table 4). They have conse-
quences on topographic parameters. The UM1 differed in sharp-
ness, relief, complexity, and slope between the two groups, being 
higher in Swiss mice compared with Balan L (Table 4; Figure 4). 
The strongest effect is observed for complexity, which also differs 

F I G U R E  3  Shape differentiation of the molars. (a, b) Upper molar row. (c) First upper molar. (d) Truncated template of the first upper molar.  
(a, c, d) Second versus first axis of a principal component analysis (PCA) on the aligned coordinates. (b) Third versus first axis of the PCA depicted in 
A. Shapes corresponding to extreme scores along the axes are represented along each axis
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when considering the complete molar row (UMR). An effect of age 
was further documented for relief only (Table 3), but these results 
should be considered with caution due to reduced sample size for 
the Swiss group.

The position of the hybrids relative to both parental groups varied 
depending on the character and the variable considered (Figure 8). 
When considering the total shape variation (all PC axes), hybrids dis-
played a transgressive morphology for the UMR, the UM1, and the 
truncated UM1. An example of this transgressive pattern is shown 

by the labial cusp t4, which decreases from Balan to hybrids, but 
increases from hybrids to Swiss, hence showing little differences be-
tween the parental groups (Figure 7). When focusing on the most 
prominent geometric signal, summarized on the first three PC axes, 
transgression faded away for the UM1 and the truncated UM1 
(Figure 8E,F). Dominance was low for the UMR, but was important 
when considering the UM1, being truncated or not. Always in favor 
of the Balan L parental group, it reached 25% when focusing on the 
first three PC axes.

F I G U R E  4  Topographic parameters estimated in the four groups for upper molar row (a–d) and the first upper molar (e–h). (a, e) tooth 
curvature (DNE, Dirichlet Normal Energy). (b, f) tooth relief (RFI, Relief Index). (c, g) tooth complexity (OPCR, Orientation Patch Count Rotated). 
(d, h) tooth slope. Next to each graph, visual representation of the variation of the topographic parameter on examples of the three main 
groups. Balan Wild #08 (17.3 g); Balan Lab #86 (template; 108 days, 24 g); Swiss #343 (74 days, 37.5 g). Scale of DNE and Slope: cold to warm 
color = low to high values; the three representations of a given panel at the same scale
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5  |  DISCUSSION

5.1  |  Different molar descriptors highlight different 
sources of morphological variation

The murine dental formula is reduced, with no premolar and three 
molars only. Designing adequate template is a way to capture the 
geometry of the whole molar row as a functional unit to focus on 
the first upper molar, or on a truncated model discarding parts first 
eroded by wear. Our results confirmed that the descriptors including 
the occlusal surface were heavily impacted by wear but that con-
sidering the truncated model mimicking wear discards this effect 
and pinpoints genetic differences in tooth shape for genome-wide 
mapping (Pallares et al., 2017) or for retrieving phylogenetic informa-
tion from wild-trapped populations for which age is not controlled 
(Ledevin et al., 2016). In the present case, the truncated model put 
the focus on genetic differences between wild mice and the labora-
tory strain. Despite the large parts of the molar surface that are not 
included in the description of the tooth, such a template proves to 
be efficient in describing the relative position and extension of the 

cusps, and therefore retains most geometric information relevant to 
morphological differences with a genetic basis. However, the geo-
metric information being retained is mostly located around the tooth. 
Compared with such truncated descriptor, 2D analysis of the molar 
outline may represent a moderate simplification, while allowing for 
a more extensive sampling than 3D analyses (Ledevin et al., 2016).

By contrast, the templates including the occlusal surfaces were 
both heavily impacted by variation occurring with use. For both the 
first upper molar and the upper molar row, abrasion of the cusps was 
an obvious effect of primary importance. Considering the molar row 
further showed that the relative arrangement of the three molars 
was modified as well. The alteration of the initial molar alignment 
suggests that the insertion of the molars changed on the jaw due to 
bone remodeling as a response to the functional constraints of oc-
clusion. Probably due to these rearrangements, topographic param-
eters evaluating functional performance of the teeth appeared to be 
less stable and informative considering the molar row than focusing 
on the first upper molar.

Therefore, the different templates highlight different aspects of 
molar geometry. The truncated first upper molar reveals heritable 

TA B L E  2  Relationship between shape, topographic parameters, and life stage. Shape is represented by scores on PC1 for the UMR, 
UM1, and UM1tr. Estimates of life stage are age, cubic root of weight, and mandible length (MdL). Coefficient of correlation and p-value of a 
Pearson's product-moment correlation computed within Balan W or within Balan L are provided. In bold: p < 0.001; underlined: p < 0.01; in 
italics: p < 0.05

Shape PC1 vs.

UMR UM1 UM1tr

R p-value R p-value R p-value

Balan W

PC1 Weight1/3 0.9542 0.0008 0.9250 0.0028 0.0794 0.8656

PC1 MdL 0.7047 0.0770 0.7658 0.0448 −0.0130 0.9779

Balan L

PC1 Age 0.7168 0.0058 0.8211 0.0003 −0.2187 0.4524

PC1 Weight1/3 0.2387 0.4549 0.6871 0.0095 −0.0181 0.9532

PC1 MdL −0.2645 0.3824 0.4319 0.1230 −0.0887 0.7630

Topography

Balan W

DNE Weight1/3 −0.1226 0.7934 −0.7132 0.0720

RFI Weight1/3 −0.7674 0.0440 −0.8826 0.0085

OPCR Weight1/3 0.7265 0.0644 0.1541 0.7415

Slope Weight1/3 −0.0886 0.8502 −0.8771 0.0095

Balan L

DNE Weight1/3 0.4418 0.1504 −0.1579 0.6064

RFI Weight1/3 −0.3452 0.2718 −0.4290 0.1435

OPCR Weight1/3 0.5385 0.0709 0.6476 0.0167

Slope Weight1/3 −0.7062 0.0103 −0.3902 0.1874

Balan L

DNE Age −0.4389 0.1335 −0.4020 0.1542

RFI Age −0.6788 0.0107 −0.6407 0.0136

OPCR Age −0.0475 0.8775 0.3887 0.1696

Slope Age −0.5690 0.0424 −0.5192 0.0571
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differences by discarding wear effects. Considering the complete molar 
row may provide best insights into functional constraints, because it will 
not only capture the signature of cusp abrasion but also of tooth rear-
rangement related to functional loadings during mastication. Finally, con-
sidering an isolated molar (here the first upper one) provides geometric 
description still heavily influenced by wear, but efficiently estimates of 
topographic parameters to get insight into the tooth response to diet.

5.2  |  Use-related trajectories, tracers of 
breeding conditions

The comparison of wild-trapped and lab-bred mice showed that use-
related changes were very important on the molar morphology, and 
that they depended on the breeding conditions. Changes of tooth ge-
ometry along life were demonstrated in all well-documented groups: 
wild-trapped mice and their laboratory offspring, and Swiss mice. 
Laboratory-bred animals, being wild-derived or from the Swiss strain, 
shared a similar trajectory of molar shape change along life. By con-
trast, wild-trapped animals displayed a different trajectory leading to 
more advanced wear for the same estimated life stage. These results 
show that wear trajectories through the animals’ life, and more gener-
ally the signature of use on the molar row, can differ dramatically in 
response to diet. Differences in tooth row geometry have been docu-
mented between laboratory mice fed hard versus soft food (Ledevin 
et al., 2016). In that case, differences in wear trajectory due to diet 
were not as pronounced as here, possibly as the results of limited wear 
in laboratory mice compared with situations in the wild. The steeper 
wear trajectory in wild mice shows that the functional demand re-
lated to occlusion was much weaker in laboratory mice fed regular 
rodent pellets than in mice which, trapped in a stable, had access to 
straw, hay, and rests of flaked cereals. Either rodent pellets are easier 

to disintegrate with the sole action of the incisors, and/or mice fed ad 
libitum do not chew their food as thoroughly as their wild relatives.

Shift in diets can have an immediate impact on structures such 
as the mandible, due to bone remodeling (Anderson et al., 2014; 
Kiliaridis, 2006) or on teeth with permanent eruption such as the 
incisors, due to modulation of their growth rate (Renaud et al., 2019). 
By contrast, murine molars are characterized by a finite growth and 
are only affected by wear after eruption; they are therefore not 
prone to plastic variation along life. However, the present results 
show that shifts in diet, as those observed in sub-Antarctic mice 
switching from an omnivorous to more carnivorous behavior (van 
Aarde & Jackson, 2007; Le Roux et al., 2002), might get an imme-
diate and measurable geometric signature on the molar geometry, 
due to differences in wear trajectories. This opens perspectives to 
characterize short-terms variations in diet in wild populations and 
even in the fossil record, but a limitation will be to estimate a proxy 
of age. Weight appeared here as a convincing proxy to trace advanc-
ing use, and it is routinely available for wild-trapped animals, but it 
may exhibit between-populations differences due to nutrition and 
health conditions (Renaud, Hardouin, et al., 2017). Body length may 
avoid such drawbacks, but it can still vary due to local conditions, for 
instance in insular contexts (Lomolino, 2005). Mandible size could be 
measured even on museum specimens for which body size was not 
collected, but it appeared here to poorly trace wear trajectories. The 
problem will be even more difficult for fossil teeth found isolated.

5.3  |  A complex three-dimensional pattern  
of occlusion

Our results further showed that the geometric changes of the 
molar row occurring as age increases as a function of diet-related 

TA B L E  3  Effect of life stage, breeding conditions, and genetic line on shape and topographic parameters. Two comparisons are presented: 
Balan W/Balan L (life stage estimated by the cubic root of weight) and Balan L/Swiss (life stage directly provided by age). The models include 
life stage, group and interaction (W:G or Age:G) on shape (estimated by scores on PC1) and topographic parameters. p-values of linear 
models are provided for the analysis of the upper molar row (UMR) and the first upper molar (UM1). In bold: p < 0.001; underlined: p < 0.01; 
in italics: p < 0.05

Groups

UMR UM1

Weight1/3 Group W:G Weight1/3 Group W:G

Balan W vs. Balan L Shape (PC1) 0.0243 2.190e−06 4.292e−05 0.0006 0.0003 0.0024

Balan W vs. Balan L DNE 0.2713 0.5704 0.2989 0.2270 0.0387 0.0231

Balan W vs. Balan L RFI 0.0087 0.1592 0.0292 0.0204 0.0008 0.0011

Balan W vs. Balan L OPCR 0.0056 0.3311 0.5738 0.0197 0.5625 0.4440

Balan W vs. Balan L Slope 0.0323 0.5365 0.3175 0.0396 0.0002 0.0005

Age Group Age:G Age Group Age:G

Balan L vs. Swiss Shape (PC1) 0.0050 0.1000 0.0939 0.0003 0.3855 0.1736

Balan L vs. Swiss DNE 0.0679 0.1696 0.9086 0.2324 0.0035 0.8476

Balan L vs. Swiss RFI 0.0029 0.4894 0.8524 0.0314 0.0059 0.4509

Balan L vs. Swiss OPCR 0.6832 0.0089 0.4003 0.0761 0.0016 0.2266

Balan L vs. Swiss Slope 0.0678 0.0911 0.3339 0.1794 0.0074 0.2413
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masticatory demand did not merely involve wear strictly speak-
ing, but also the alignment of the three molars. Murine rodents are 
reported to grind food by sliding molar teeth from back to front, 
according to a propalinal movement (Lazzari et al., 2008). Being 
bracketed by two longitudinal rows on the lower molar, the median 
row of cusps is of primary functional importance and, accordingly, 
it is characterized by a longitudinal alignment of cusps constituting 
a guide to occlusion in unworn teeth (Figure 9, PC1min). This lon-
gitudinal alignment, however, is perturbed in wild-trapped mice. In 
molar rows characterized by an advanced wear, the second and third 
molar slightly form an angle with the first upper molar, pointing in-
wards the mouth (Figure 9, PC1max). Even in relatively unworn molar 
rows, the third molar is not aligned with the first two molars and it is 
slightly diverted toward the lingual side (Figure 9, PC2 max).

Analysis of the jaw motion during mastication shows that the 
closing movement consists of an arched, forward trajectory and 
that only the late closing phase occurs parallel to the sagittal plane 
(Utsumi et al., 2010). In wild and lab mice, little worn molar rows 
seem to display more elevated lingual cusps that may accommodate 
the lateral component of the lower jaw coming into occlusion from a 

slightly labial, posterior direction. With wear, this unbalanced height 
between the lingual and lateral cusps seems to be levelled out. By 
contrast, wild and lab mice differ consistently by the alignment of 
the third molar with the rest of the row.

The upper molar row is inserted at a slight angle from the sagit-
tal plane, the posterior end pointing labially. The third molar erupts 
around weaning, a time when presumably, the young mice had al-
ready incorporated a significant amount of adult food in their diet. 
The consistent difference observed in the alignment of the molars 
between wild and lab-bred mice sharing the same genetic back-
ground suggests that mechanical loadings related to the consump-
tion of demanding food influence the eruption of the third molar and 
its position in the jaw, pushing it away into a more lingual position. 
The insertion of the molars seems to be further modified later on 
due to a pivoting of the first molar relative to the second one, sug-
gesting a response to high loadings pushing the second molar into 
the first. Previous results have shown that the jaw system respond to 
the demand of chewing hard food by a remodeling of the lower jaw 
bone leading to increased insertion area for the masseter muscles 
(Anderson et al., 2014). The present results further show that bone 

F I G U R E  5  Variation of molar shape with weight (cubic root). Shape is represented by scores on PC1. (a) Upper molar row. (b) First upper 
molar. (c) Truncated first upper molar. Next to each graph, visualization of the deformation from minimum to maximum scores along PC1. In 
blue compression and in red expansion. Significant associations are represented with regression lines (green, Balan W; blue, Balan L). Swiss 
mice (in red) are represented but not included in the regressions
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remodeling is involved in accommodating the effect of mechanical 
loadings on the insertion of the molars. The geometry of the molar 
row, including the relative position of the teeth, could thus be in-
dicative of diet differences on very short time scales, due to bone 
plasticity and wear; in that respect, it could be even more informative 
than considering the first upper molar alone, only affected by wear.

5.4  |  Molar topography as a further insight into 
wear signature

Considering the geometry of the whole molar row appears to provide 
insights into the impact of the mechanical loadings related to masti-
cation. Because of this very process, however, the occlusal surface 
of the row is far from being planar. As a consequence, topographic 

estimates derived from the whole molar row appear to be more un-
stable than those estimated on the first molar row only. This molar, 
including its wear facets, seems to retain only traces of the late close 
phase, occurring along the sagittal plane (Lazzari et al., 2008).

Topographic parameters estimated from the tooth surface cap-
ture functionally relevant properties, such as sharpness and com-
plexity, which may vary with dietary specialization across species 
(Godfrey et al., 2012; Ungar, 2004). Herbivorous species tend to dis-
play higher molar complexity than carnivores (Evans et al., 2007) be-
cause many facets help crushing food items (Winchester et al., 2014). 
By contrast, carnivores tend to possess molars with sharp cusps 
for puncturing and shearing tendons, muscles, or insect cuticles. A 
high relief may constitute a resistance to abrasive diet (Evans et al., 
2007). Within species, however, these topographical parameters 
appear to mostly vary with wear (Pampush, Spradley, et al., 2016;  

F I G U R E  6  Variation of molar topographic parameters with weight (cubic root) for the upper molar row (a–d) and of the first upper molar 
(e–h) in the two Balan groups (Balan W and Balan L). (a, e) tooth curvature (DNE, Dirichlet Normal Energy). (b, f): tooth relief (RFI, Relief 
Index). (c, g) tooth complexity (OPCR, Orientation Patch Count Rotated). (d, h) tooth slope. Significant associations are represented with 
regression lines (green, Balan W; blue, Balan L)
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Renaud & Ledevin, 2017; Renaud et al., 2018). The present results 
confirm the important effect of wear on topographic parameters. 
Relief and slope are of course the most strongly associated with 
wear, since relief describes the abrasion of the tooth, and slope 
is necessarily decreased when the cusps become flattened. As a 
consequence, the variation of these parameters is more important 
within wild-trapped mice. Sharpness (DNE) varies as well through 
age, but contrary to monkeys (Pampush, Spradley, et al., 2016), it 

shows a progressive decrease because cusp tips become blunted, an 
effect that is not counterbalanced in murine rodents by the devel-
opment of new edges. By contrast, the mouse dentition maintains it 
complexity with age (Renaud & Ledevin, 2017) and even seems here 
to increase with advancing wear, possibly corresponding to a case 
of “molar sculpting,” when molar morphology can sustain and even 
increase functional performance through wear (Pampush, Spradley, 
et al., 2016). The quantification of topographic parameters at the 

F I G U R E  7  Shape differences between groups, and effects of hybridization between Balan laboratory offspring and Swiss mice. Group 
mean shapes are depicted from left to right (grey meshes); from top to bottom, the three molar descriptors. Colored meshes represent the 
change from one mean shape to another. Blue areas indicate compression and red expansion; all meshes to the same color scale for a given 
molar descriptor. Dominance and transgression value characterizing hybrids are given
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TA B L E  4  Differences in tooth geometry and topography between lab-bred offspring of wild mice (Balan L) and Swiss mice. Differences 
in shape between the two groups were tested using a multivariate analysis of variance (ffmanova) on the first three PC axes; differences in 
univariate parameters using t-tests. p-values are provided; in bold: p < 0.001; underlined: p < 0.01; in italics: p < 0.05

UMR UM1 UM1tr

Shape PC1-PC3 (ffmanova) 2.29e−06 9.05e−07 1 1.25e−06

Size Centroid Size 0.0001 0.2838 0.6306

Topography DNE 0.2375 0.0081

RFI 0.4008 0.0166

OPCR 0.0064 1.437e−05

Slope 0.1114 0.0022
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intra-specific scale may thus shed further light on the dynamics of 
wear as a function of age and occlusal demand. A wide dispersion of 
relief, sharpness, and slope indices within a population, as exempli-
fied in the wild-trapped mice, may point to a high abrasive demand 
strongly flattening and blunting cusps along the animals’ life.

5.5  |  Morphological differences between wild 
mice and lab strain

Among the classical mouse strains, the Swiss strain is the closest to 
M. m. domesticus (Yang et al., 2011). Derived in the early 20th century, 
it is characterized by a very large body size since it weighted twice 
as much as Balan mice considered here. By contrast, the first upper 
molar did not differ in size between the wild and Swiss mice. This 
discrepancy between body and molar size may appear surprising be-
cause molar size is considered as a good proxy of the animal size, but 
this relationship is valid at a broad taxonomic scale (Gingerich et al., 
1982) and not necessarily at an intraspecific level, as shown by com-
parisons among house mouse populations (Renaud, Hardouin, et al., 
2017). This is due to the fact that the size of the first upper molar is 

determined during prenatal growth, and is not necessarily impacted 
by large body size achieved during postnatal growth. However, if the 
first upper molar was of similar size in wild and Swiss mice, the upper 
molar row as a whole was significantly larger in Swiss mice. The size 
of the molar row also includes the second and especially the third 
molar, which erupts at weaning. Larger body size of Swiss mice may 
let more space for the late developing molars, explaining the discrep-
ancy between the molar row and the first molar.

The Swiss mice also differ from the wild ones in their molar ge-
ometry. The Swiss strain differs from wild mice by details, such as 
its more pronounced posterior labial cusp (t9), and by characteristics 
that seem to affect the longitudinal alignment of median row of cusps 
(Figure 9): the central cusp of the UM1 (t5) is slightly expanded labially 
whereas the anterior part of the tooth point inwards (lingually). Such 
shape changes may appear functionally unfavorable by disrupting the 
postero-anterior guide to the lower jaw movement. Nevertheless, 
this geometry corresponded to a higher complexity index than in wild 
mice, although higher complexity is generally considered of adaptive 
value. Possibly, given the slight torsion of the molar row, the change 
in the orientation of the t5 does not deeply affect the alignment of 
the cusps and is not maladaptive (Figure 9). Alternatively, since the 

F I G U R E  8  Molar shape differentiation between Balan and Swiss mice, and their hybrids. The first two axes of a between-group principal 
component analysis (bgPCA) on all axes of the PCA (a–c) and on the first three axes of the PCA (d–f) are shown. (a, d) UMR. (b, e) UM1. (c, f)  
truncated UM1. The size of the grid is indicated on the upper right of each graph. “Trans” indicates the percentage of transgression of the 
hybrids relative to the inter-parent distance. “Dom” indicates the percentage of dominance; positive value corresponds to a dominance of 
the wild parent (Balan L)

(a)

(d)

(b)

(e)

(c)

(f)
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Swiss strain evolved in a context of captivity with food ad libitum, the 
relaxation of the mastication demand may also have allowed unfavor-
able morphological changes to evolve. This suggests that small dental 
changes involved in most intra-specific variation, which may occur 
due to inbreeding in small populations functioning as demes (Pocock 
et al., 2004) or in strains as in the case of the Swiss mice, can lead to 
a small increase in complexity but that their interpretation in terms of 
functional advantage should be cautious (Renaud et al., 2018).

5.6  |  Morphological signature of hybridization

Beyond their difference in body size, Swiss and wild-derived mice 
thus appear to be characterized by molar size and shape differences. 
Their offspring displayed a mosaic response to hybridization, with 
an intermediate body mass, as expected for additive effects, but a 
dominance of the larger Swiss parent for the size of the molar row 
and a dominance of the wild parent for molar shape, associated with 
a more or less pronounced transgressive pattern. The molar row 
consistently displayed the most important transgressive component, 
whereas transgression was almost fully absent of the first-order 
shape signal when considering the first molar alone.

Transgressive phenotypes are most often explained as due to 
the accumulation of genes with antagonistic effects in each parental 
group, which can produce transgression from the F2 generation on-
wards (Rieseberg et al., 1999). However, such process cannot explain 
transgression in F1 hybrids, as those considered here, and epistasis 
in complex traits is a more likely explanation (Stelkens & Seehausen, 
2009). The geometry of the molar row describes both the shape of 
each molar, and their relative size. It thus includes both a component 
of dominance toward the wild parental group for the UM1  shape, 
and a dominance toward the Swiss parent for the relative size of the 
second and third molars. This combination may alone generate trans-
gressive hybrid phenotypes, as a novel mosaic of features derived 

from both parental groups (Renaud et al., 2012). Furthermore, the 
molar row is known to develop as a cascade, the first molar influenc-
ing the development of the subsequent ones (Kavanagh et al., 2007). 
Epigenetic interactions between molar teeth, and with neighboring 
tissues, may be more important in late developing molars, leading to 
higher degrees of transgression; similarly, higher transgression was 
found in late developing parts of the UM1 (Renaud, Alibert, et al., 
2017).

Regarding the first molar itself, dominance toward the wild pa-
rental group was found, most pronounced when considering the 
first shape axes only. Such pattern can be expected if the divergence 
of the Swiss strain involved the accumulation of recessive alleles 
and further argues for a morphological evolution due to inbreed-
ing in a context of relaxed selection. Transgression was not present 
when focusing on the most prominent shape features, but reached 
~40% of the parental divergence when considering all components 
of shape. This complex structure of transgression, weak along 
the axes expressing the divergence between parental groups but 
overall relatively high, may echo the finding that in molars of inter-
subspecific hybrids, the most differentiated regions were the less 
transgressive (Renaud, Alibert, et al., 2017). Hybrids between well-
differentiated parents also often appear as intermediate (Savriama 
et al., 2018), whereas transgression is important in hybrids of poorly 
differentiated parents (Kozitzky, 2021), in agreement with the gen-
eral observation that transgression is negatively correlated to the 
amount of genetic divergence between hybridizing taxa (Stelkens & 
Seehausen, 2009). This may correspond, at the scale of the tooth, 
to the fact that most differentiation between Swiss and wild mice 
involves few genes segregated among the parental groups, display-
ing dominance toward the wild parent but no transgression. Molar 
shape determinism is however highly polygenic (Pallares et al., 
2017), and epistasis may buffer phenotypic differentiation for many 
genes, but promotes transgression on these very traits showing no 
differentiation.

F I G U R E  9  Comparison of upper 
molar row morphologies. From left to 
right: molar rows displaying little and 
advanced wear, summarized by minimum 
and maximum scores respectively on PC1 
(see Figure 5a); molar row corresponding 
to young wild mice (PC2max); molar row 
mean shape in lab offspring of wild mice 
and in Swiss mice. Above: view of the 
molar row along its main axis; below: 
molar row closer to its functioning 
position, with the insertion on the jaw 
close to horizontal and the posterior side 
slightly diverted labially

PC1min PC1max Balan Lab Swiss

anterior

lingual

PC2max
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6  |  CONCLUSIONS

The analysis of the molar row appeared the most efficient to cap-
ture in all its complexity the dental response to use, by quantifying, 
together with wear strictly speaking, changes in the insertion of the 
late developing molars due to loading during mastication. Focusing 
on the first molar still characterized wear patterns and improved 
the estimates of topographic parameters. The truncated model of 
the first molar was confirmed as a “wear-free” descriptor that em-
phasizes differences with a genetic basis. Because of their different 
sensitivity to the sources of genetic and non-genetic variation, com-
paring the different descriptors could pinpoint several key features.

Wild-trapped mice and their laboratory offspring displayed im-
portant differences ascribed to the effect of mastication on the 
dentition. Wear, as documented on the first upper molar, appeared 
to be more pronounced but qualitatively similar in the wild popula-
tions compared with lab-bred offspring. By contrast, molar rows of 
wild and lab-bred mice differed qualitatively because of changes in 
molar insertion related to loading during mastication. Swiss and wild 
mice displayed a consistent difference in molar shape pointing to a 
genetic differentiation despite the relatively recent isolation of the 
laboratory strain and its phylogenetic closeness to M. m. domesticus. 
This confirms that molar shape can evolve fast in isolation (Chevret 
et al., 2021), but these differences are of second order compared 
with the impact of wear on the molar geometry.

Diet changes in wild populations could thus leave a measurable 
signature on the molar geometry and topography, but because these 
changes seem to be mostly recognized on the age-related trajectory, 
they may be difficult to infer in fossil specimens. Wear-effects could 
anyway generate variation in molar shape and topography that are 
as or even more important than genetic differences between pop-
ulations, urging for cautious interpretations of these results when 
comparing wild populations.
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