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House mice (Mus musculus) have been associated with
humans since the beginning of sedentism, enabling them to
become successful global colonisers. Three main subspecies
originated approximately 0.5 Ma in a region extending from
Southwest Asia to northern India. Molecular data suggest
that a complex scenario of secondary admixture occurred
thereafter in the Iranian region, leading to the formation of
a Central Iranian lineage, but this evidence was overlooked
in previous bioarchaeological analysis. The early Neolithic
settlement of Ganj Dareh is located in this cradle area.
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It delivered remains of commensal house mice formerly attributed to M. m. domesticus. A geometric
morphometric analysis of the first lower molars is used here to characterize the signature of
hybridization between M. m. musculus and M. m. domesticus. The subspecific attribution of the
Ganj Dareh mouse remains is re-evaluated through the inclusion of modern specimens from
Central Iran as a separate group in the reference dataset. The results indicate that, contrary to
what was previously thought, the Ganj Dareh specimens are likely related to the Central Iranian
lineage. Their idiosyncrasy compared with modern representatives, however, suggests a complex
temporal dynamic of admixture, which may have been influenced by early human settlements and
movements.

1. Introduction
House mice (Mus musculus) have been associated with humans since the beginning of sedentism,
adapting to anthropogenic environments where they outcompete other species [1–5]. This close
relationship enabled them to act as stowaways on human-mediated transport [6] and to become
second only to humans as global colonisers [7]. The process left genetic signatures in modern mouse
populations, thereby providing insights into former patterns of human-mediated travel and exchange
[8–13]. For example, the evidence of a Northern European mitochondrial signature in house mice from
Madeira suggested that the Vikings visited this island, unintentionally transporting mice [11,14,15].
The hypothesis was subsequently tested with radiocarbon dating, confirming that house mice were
present on the island during the Viking period, thus preceding the Portuguese colonization [16].
This example illustrates the potential of integrating archaeological and natural science approaches to
unravel the dynamics of human–mouse interactions [17,18].

While ancient DNA provides critical insights, morphological analysis remains a fundamental
source of information about past animals, allowing researchers to trace complex evolutionary
history, including rapid responses to human-driven changes [19–21]. When studying small mammals,
particularly rodents, molars are the main element used for taxonomic identification. The development
of geometric morphometric (GMM) methods applied to the outline of the first lower molar (m1) has
proved efficient in distinguishing between wild and commensal mice within the genus Mus, and even
in separating the three subspecies of commensal M. musculus [2]. The application of GMM on the m1,
relying on modern reference datasets and applied to archaeological material, allowed researchers to
trace the dynamics of house mouse colonization of Southwest Asia and Europe in association with
the progression of sedentism and agriculture [2]. In Eurasia, the Western subspecies, M. m. domesticus,
which today occupies West and Central Europe and the entire Mediterranean area, expanded from
Southwest Asia northwards and westwards, via Cyprus as early as ca 9100–8600 BC, accompanying
the first agropastoral societies migrating from the mainland [22,23]. The subspecies M. m. musculus,
nowadays occupying Eastern Europe to Northern Asia, followed a route of progression along the
Danube and thus colonized northern and eastern areas of Europe [2,24]. These subspecies eventually
came into secondary contact, creating a hybrid zone extending from Denmark to Bulgaria [25–29].
This narrow tension zone is considered to be maintained by a balance between selection against
hybrids and dispersal [30,31]. The third subspecies, M. m. castaneus, accompanied human populations
in their eastward progression, leading to its current distribution in Southeast Asia. Although less well
understood due to limited archaeological research in this region, recent genetic data provide evidence
for an association between M. m. castaneus and the emergence of agricultural societies in Southeast Asia
[12].

These three subspecies are believed to have originated ca 0.5 Ma in a ‘cradle’ region extending
from Southwest Asia to northern India [32,33], where they still coexist today [8,34,35]. From this
cradle, each subspecies diverged successively during interglacial stages, starting approximately 300 ka
[36–38], evolving into ‘peripheral’ populations along their respective dispersal route [39]. However,
the evolutionary history of M. musculus appears even more complex: recent whole-genome studies
revealed an additional lineage in the Himalaya, now assigned to the new subspecies M. m. gyiron‐
gus, alongside intricate hybridization patterns, e.g. in the Nepalese population from Sudurpashchim
[36] (cf. figure 1). These findings underscore that admixture and introgression have been recurrent
processes in house mouse evolution, shaped by both natural dispersal and human-mediated expan-
sion.
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A complex scenario of secondary admixture also occurred in the Iranian region [40]. This phase of
gene flow between the subspecies is estimated to have occurred approximately 200 000 generations
ago, thus clearly predating the onset of house mouse commensalism evidenced from 15 000 BP in
the Levant [5] and was probably due to natural dispersal during interglacial periods [2,40]. This has
left a complex genetic signature in the Iranian region. Mouse populations from Central Iran exhibit
mitochondrial DNA (mtDNA) that is related to M. m. castaneus [41,42]. In terms of microsatellite
variation, mouse populations from Central Iran and Southeast Iran possess distinct signatures. The
Central Iranian population, referred to here as the ‘Central Iranian lineage’, is intermediate between
the three subspecies [34] and is likely to be the result of an admixture between the domesticus and
the musculus lineages [40,43], possibly with an early input of M. m. castaneus, which provided the
aforementioned mitochondrial signature [42].

The evolutionary history of the Central Iranian lineage is thus based only on molecular analyses of
modern populations. Archaeological data may provide an original insight into the temporal dynam-
ics of admixture, provided that hybridization between the house mouse subspecies left a traceable
phenotypic signature. Understanding past spatial and temporal distributions of these hybrids could
potentially be used as a proxy for human trade and migration networks, expanding our understanding
of past human connectivity.

Indeed, one of the most important archaeological sites for understanding house mouse commensal-
ism—Ganj Dareh—is located in the Central Zagros of Western Iran, close to the distribution area of
both M. m. domesticus and the Central Iranian lineage (figure 1). This site is a sedentary settlement
dated to the Neolithic (8200–7600 cal. BC) [44] and comprised tightly packed structures made from
clay, mud-brick and wood [45]. It is renowned for having the earliest evidence for goat domestication
in the world [46,47] and is one of the first sites where it was suggested that the degree of sedentism

Figure 1. Map of the Iranian region, with the extension of the M. musculus subspecies and lineages, and the location of the
archaeological site of Ganj Dareh. (a) General location and distribution of the four house mouse subspecies and of the hybrid Nepalese
population from Sudurpashchim [36]. Thick grey dashed lines show the boundaries between subspecies. (b) The Iranian region
with the presumed extension of the different subspecies and lineages. Genetic identification of each modern locality is based on
microsatellite DNA data [34]. Arrows represent migration routes during Pleistocene interglacial periods [40]. The dotted line shows the
current Iranian border.
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could be inferred from the density of house mice [3]. Previous GMM analysis of house mice m1s from
Ganj Dareh confirmed the presence of commensal M. musculus [2], making this assemblage a good
candidate to trace early phases of admixtures between Iranian clades of house mice, even though such
events may predate human-mediated dispersal.

The aforementioned GMM analysis further identified the Ganj Dareh m1s as M. m. domesticus [2].
However, this study did not consider the Central Iranian lineage as a separate group in the compara-
tive dataset, potentially impacting identification. Only a few localities with genetic data inform about
the current distribution of the house mouse subspecies and lineages in Iran [34,41], and Ganj Dareh
appears to be located close to the occurrence of both M. m. domesticus and the Central Iranian lineage
(figure 1) [34,43]. Therefore, it is unclear whether the Ganj Dareh mice really correspond to ‘true’ M. m.
domesticus or if they are in fact part of the Central Iranian lineage.

To capture this complex process in the bioarchaeological record, it is necessary to characterize and
understand the morphological signature of hybridization. The characteristics of hybrids between M. m.
domesticus and M. m. musculus have been described for the mandible [48,49] and the first upper molar
(M1) [50] based on a cross between wild-derived strains. In both cases, the hybrids exhibit an inter-
mediate phenotype between the two parental groups, but with a ‘transgressive component’, setting
them apart from the expected midway shape between the parental groups. While the dominance
towards the larger parental size is consistent across all traits considered, there is no clear pattern of
dominance in shape. The mandible, for instance, displays a mosaic of traits that can show a dominance
towards the domesticus or the musculus parental strain [49]. The signature of hybridization on the m1
has not yet been described.

The aim of this study is to re-evaluate the subspecific identification of the Ganj Dareh mouse
remains using GMM analysis of the m1 (figure 2), incorporating M. m. musculus, M. m. domesticus and
the Central Iranian lineage [34] as reference groups. The research hypotheses were twofold. Firstly,
hybrid molars from wild-derived strains should be morphologically intermediate between the parental
groups, with a transgressive component. Secondly, if Ganj Dareh house mice are part of the Central
Iranian lineage, they should be morphologically intermediate between M. m. domesticus and M. m.
musculus and closer to the Central Iranian lineage than to either of these subspecies.

2. Material and methods
2.1. Material

2.1.1. Hybridization between wild-derived strains

The two parental strains were bred from wild-trapped animals. The western European house
mouse M. m. domesticus was represented by the so-called WLA strain, derived from mice caught
near Toulouse (France) in 1976. The Eastern European subspecies M. m. musculus was represented
by the so-called PWK strain, derived from mice trapped in Prague (Czech Republic) in 1982. Both
strains have been established and maintained by brother/sister matings at the Institut Pasteur
(Paris, France) to obtain inbred wild-derived mouse strains, which were later housed at the
Conservatoire de la Souris Sauvage (ISE-M, France). The first-generation (F1) hybrids were bred

Figure 2. Examples of right first lower molars (m1) from the archaeological deposit of Ganj Dareh, and modern specimens from
Iranian localities attributed to the two subspecies M. m. domesticus and M. m. musculus, and to the Central Iranian lineage.
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from the WLA and PWK parental groups. Outlines of the m1 of 33 WLA, 24 PWK and 38 hybrids
were included in the present analysis.

2.1.2. Ganj Dareh and the Iranian region

As outlined above, Ganj Dareh is an internationally renowned early Neolithic site that was originally
excavated in the 1960s and 1970s under the direction of Canadian archaeologist Smith [45] and was
re-excavated in 2017 and 2018 by an Iranian-Danish team led by Darabi & Richter [44]. A former
morphometric study on Mus m1s from Smith’s excavation showed that the m1 shape was typical of a
commensal species and closer to M. m. domesticus than to the other subspecies [2]. The present analysis
was focused on comparing Ganj Dareh specimens from the excavations led by Darabi and Richter to
modern referentials restricted to commensal mice from Iran (see electronic supplementary material,
table 1, for details on the archaeological specimens).

The modern reference specimens are derived from the MouseTrack project dataset [2], and only
modern localities from Iran have been retained (table 1; figure 1). Given its geographic location,
Bandar Abbas and Isfahan, previously considered as M. m. castaneus, have been attributed to the
‘Central Iranian lineage’ based on microsatellite DNA data [34]. According to the same reasoning, the
locality of Birjand, previously considered as M. m. musculus, should be considered as belonging to the
‘Southeast Iran’ lineage (see [34] for a discussion about this lineage). However, as this lineage was only
represented by two specimens, it has been removed from the analyses.

The sampling comprised 95 m1s corresponding to the WLA × PWK cross, and 48 archaeological
specimens from the Ganj Dareh excavations led by Darabi and Richter. These archaeological specimens
were compared to 121 modern m1s, which were all wild-trapped and genetically identified [2,8].
For modern material, one m1 per skull was measured, preferably the right one, where available. All
available m1s were included in the analysis of the archaeological material. Pictures of left m1s were
mirrored for comparability.

2.2. Methods

2.2.1. Geometric morphometrics

The set of 64 points delineating the occlusal surface of the m1 was analysed as sliding semi-landmarks
[24]. The outline points were adjusted using a general Procrustes analysis (GPA) procedure, while
during the superimposition, semi-landmarks were allowed to slide along their tangent vectors until
their positions minimized the shape difference between specimens, the criterion being bending energy
following recommendations of a previous study [2]. Only the starting point of the outline, located at
the anterior part of the tooth, was treated as a true landmark. The GPA was performed using the R
package geomorph [51]. The size of the molar was estimated by the centroid size (i.e. the square root of
the sum of the squared distances from the points to their centroid).

Table 1. Mus musculus first lower molars (m1) included in the study.

dataset subspecies/lineages code strain/locality N m1

WLA x PWK cross M. m. domesticus WLA 33

M. m. musculus PWK 24

F1 hybrids F1 38

reference Central Iran CEI Bandar Abbas 16

Central Iran CEI Isfahan 34

M. m. domesticus DOM Ahvaz 22

M. m. musculus MUS Dargaz+Sarakhs 38

M. m. musculus MUS Kakhk+Gonabad 11

archaeological GD Ganj Dareh 48
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2.2.2. Statistical analyses

The two datasets were measured by different operators (SR for the hybridization dataset, KP for the
Iranian dataset). Inter-operator differences can occur, especially since the second lower molar (m2)
overlaps the m1 for modern, intact tooth rows in situ within the mandible, thus making some interpola-
tion necessary. The two datasets were therefore analysed separately, but following similar procedures
as far as possible, in order to deliver comparable results.

A principal component analysis (PCA) was first performed on the aligned coordinates, followed by
a between-group PCA. While PCA is an eigenanalysis of the total variance—covariance of the dataset,
the bgPCA analyses the variance—covariance between group means weighted by the sample size of
each group. A canonical variate analysis (CVA), also known as discriminant analysis (DA), was also
performed, because this method is extensively used in the context of GMM, when looking at between-
group differences (e.g. [52,53]). The CVA aims at separating the groups by looking for linear combina-
tions of variables that maximize the between-group to within-group variance ratio, while the bgPCA
does not standardize the within-group variance (e.g. [54]). The CVA also allows a reclassification of
the original specimens and/or additional ones to the original groups, using a leave-one-out procedure.
Both methods are sensitive to over-fitting issues when the number of variables exceeds the number of
individuals, leading to ‘spurious groups’ appearing more differentiated than they really are based on
CVA [55,56] as well as on bgPCA [57,58]. An approach to dimensionality reduction was applied for the
CVA, retaining only the ‘optimal’ number of PC axes maximising cross-validated correct classification
[59]. Regarding the bgPCA, the over-fitting issue was assessed using a cross-validation approach [58].

Firstly, the bgPCA and CVA were used to visualize the relationships between groups. In this
context, the F1 hybrids in the WLA × PWK analysis, and the Ganj Dareh m1s in the Iranian populations
study, were considered as ‘active groups’ that participated in the bgPCA and CVA computations. The
modalities of the grouping factor were therefore WLA, PWK and F1 for the hybrid strains analysis, and
M. m. domesticus, M. musculus, the Central Iranian lineage and Ganj Dareh for the Iranian populations
study. To assess how the hybrids or the Ganj Dareh m1s would be classified if their status were
unknown, two additional CVAs were performed. In this, the F1 and Ganj Dareh m1s were considered
as ‘supplementary’ specimens and did not participate in the computation. They were then classified
according to the reference groups only: WLA and PWK, and M. m. domesticus, M. musculus and Central
Iranian lineages, respectively.

Shape differences between groups were tested using Procrustes ANOVA including pairwise tests,
as well as by a randomization procedure implemented with the bgPCA [60]. Differences in centroid
size were tested using non-parametric Kruskal–Wallis (KW) tests complemented by pairwise Wilcoxon
tests.

The degree of transgression was assessed as the degree of deviation of the hybrids from the
theoretical expectation of being midway between the parents, based on distances between group
means in the multivariate space, hence: d(F1, WLA) + d(F1, PWK) – d(WLA, PWK) expressed as a
percentage of the inter-parental strains distance d(WLA, PWK) [49].

The degree of closeness to a parental strain, pointing to a dominance-like pattern, was estimated
by assessing the difference in the distance to one parental strain with respect to the average distance
between the hybrids and the two parental strains, hence for F1 hybrids: [d(F1,WLA) + d(F1, PWK)]/2

Figure 3. Size and shape of the m1 in the WLA x PWK cross. (a) m1 size, estimated by the centroid size of the molar outline. (b) m1
shape, based on a PCA on the aligned coordinates of the molar outline. Shapes corresponding to scores at the extreme ends of PC1 are
shown.
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– d(F1, WLA), expressed as the percentage of the average distance of hybrids to the parental strains
[d(F1, WLA) + d(F1, PWK)]/2 [49]. Positive values then indicate closeness to WLA, and negative
values indicate closeness to PWK. Dominance and transgression were assessed based on two different
between-group distances. Euclidean distances corresponded to the geometry of the bgPCA, while
Mahalanobis distances correspond to the geometry of the CVA.

Similar indices were computed for the Central Iran population and Ganj Dareh, considering them as
potential ‘hybrids’ between the modern reference groups M. m. domesticus and M. m. musculus.

All permutation tests were performed with 9999 permutations. The analyses were conducted in R
[61]. The GPA, Permutation-based Procrustes ANOVA and the initial PCAs were performed using the
R package geomorph [51]. The bgPCAs were performed using the package ade4 [60]. The CVAs were
performed with Morpho [62] and the cross-validated reattribution with MASS [63].

Centroid size and aligned coordinates are provided as electronic supplementary material 2 for the
WLA × PWK cross and electronic supplementary material 3 for the analysis of the Iranian and Ganj
Dareh house mice.

3. Results
3.1. Signature of hybridization between M. m. domesticus and M. m. musculus: the WLA × PWK

cross
There was an important size difference between the two parental strains (p-value = 5.3 × 10−16), with
the WLA strain having a much larger m1 than PWK (figure 3a). The F1 hybrids displayed a clear
dominance towards the largest parental size (F1-WLA, p-value = 0.470), leading to a marked difference
with the PWK parental strain (p-value < 2 × 10−16).

Regarding the m1 shape (figure 3b), the hybrids appear to be associated with WLA (M. m. domes‐
ticus) along the first axis, shifting towards even more negative values along PC1, hence showing a
transgressive signature. They are, however, intermediate between the two parental strains along PC2.
Consequently, the three groups were highly different (pairwise tests of the Procrustes ANOVA, p-value
= 1 × 10−4).

The impression varies when considering the scores on the bgPCA axes (figure 4a). The groups
explained 43.1% of the variance (randtest p-value = 1 × 10−4). The leave-one-out procedure did not
evidence over-fitting issues (delta Oij = 0). On the resulting morphospace, the hybrids appear in the
prolongation of the variation of the WLA parents (M. m. domesticus), but with positive scores along the
second axis, a trait shared with the PWK (M. m. musculus) parents.

When considering the CVA (figure 4b), 14 PC axes were deemed sufficient to maximize the
cross-validated reclassification; they were retained for the following analysis. The hybrids appear
more clearly intermediate between both parental strains, since the important within-group variance,
expressed along PC1 and bgPC1, has been standardized. Hybrids are not, however, midway between
parental strains, but shifted along the second axis, thus clearly showing a transgressive pattern.

The transgression of the F1 hybrids (table 2) was assessed as 162% based on the Euclidean distances
and 50% based on the Mahalanobis distances. In both cases, the F1 hybrids were closer to the WLA (M.

Figure 4. Patterns of between-group differentiation in m1 shape between WLA, PKW and their hybrids. (a) Morphospace
corresponding to a bgPCA. (b) Morphospace corresponding to a CVA, with mean shapes of the three groups. WLA (M. m. domesticus) in
dark blue, PWK (M. m. musculus) in dark orange, F1 hybrids in violet.
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m. domesticus) parental strain (dominance based on Euclidean distances 23%, based on Mahalanobis
distances 11%).

This pattern impacted the cross-validated classification rates based on CVAs. When the three groups
are considered, the correct classification rate was close to 100% (99%; one WLA classified as hybrid). If
the hybrids are considered as supplementary specimens, they are attributed to both parental groups,
but mostly to the WLA strain, due to the dominance effect (25 F1 hybrids classified as WLA, 13 as
PWK).

3.2. Reconsidering the m1s from Ganj Dareh when including Central Iran as a separate lineage
The modern Iranian groups are slightly different in m1 centroid size (figure 5a), with the M. m.
domesticus population from Ahvaz having smaller m1s than the M. m. musculus group and the Central
Iranian lineage group (table 3). Archaeological m1s from Ganj Dareh were larger than those in the
modern groups.

The shape differences among groups were all significant, despite a large overlap in the morpho-
space defined by the first and second PC axes (figure 5b). The less differentiated groups were Central
Iran from M. m. musculus (p = 0.0208), followed by Central Iran from M. m. domesticus (p = 0.0002) (table
3). The archaeological specimens from Ganj Dareh plotted partly outside the range of modern variation
(figure 5b). The shape difference involved the posterior part of the tooth, which is, as mentioned above,
overlapped by the second molar in modern, intact tooth rows. However, the posterior part can be
apparent in archaeological specimens if m1s are isolated (not within the mandible), or if, as was the
case in some of the Ganj Dareh specimens, they are slightly loose within the mandible, or if the m2 is
missing.

Considering a bgPCA (figure 6a), the groups explained 16.7% of variance (p-value = 0.0001), with
little over-fitting effect (deltaOij = 0.02). The Iranian populations of M. m. domesticus and M. m. musculus
were opposed along the second axis (28.2% of between-group variance). The mice from Central Iran
and from Ganj Dareh were intermediate along bgPC2 but varied in position along bgPC1, Ganj Dareh
being largely outside the range of modern variation.

A CVA was then performed on the 14 first PC axes (figure 6b), as for the analysis of the WLA ×
PWK cross. The resulting CV1 axis demonstrated the differentiation between M. m. domesticus and M.

Figure 5. First lower molar (m1) size and shape in Iranian populations. (a) Centroid size. (b) Shape variation, based on a PCA on the
aligned coordinates of the molar outline. Shapes corresponding to scores at the extreme ends of PC1 and PC2 are shown.

Table 2. Transgression and dominance characterizing the hybrid status of the F1, Central Iranian lineage and Ganj Dareh specimens.
Transgression and dominance refer to the shape of the related M. m. domesticus and M. m. musculus (WLA and PWK parental strains or
Iranian representatives, respectively).

transgression dominance → M. m. dom.

distances Euclidean Mahalanobis Euclidean Mahalanobis

data set group

WLA x PWK cross F1 162 50 23 11

Iran (modern + archaeo.) Central Iran 24 17 −31 −28

Ganj Dareh 77 59 4 −2
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m. musculus. The Central Iran population was found to be intermediate but slightly overlapping with
M. m. musculus. The archaeological specimens from Ganj Dareh were also intermediate between M. m.
musculus and M. m. domesticus, but clearly shifted from Central Iran.

The cross-validated correct classification rate was moderate (76.9%), with Central Iran being most
frequently misclassified as M. m. musculus, and M. m. musculus being frequently attributed to Central
Iran (table 4). When the molars from Ganj Dareh were considered as supplementary specimens, they
were attributed to all three reference groups, but mostly to the Central Iranian lineage (M. m. domesticus
= 10; Central Iran = 21; M. m. musculus = 17).

Transgression and dominance levels were assessed for Central Iran and Ganj Dareh (table 2), using
the same approach applied to the WLA × PWK hybrids. In the corresponding formulas, F1 was
replaced either by the mean shape of Ganj Dareh or Central Iran, WLA by Iranian M. m. domesticus and
PWK by Iranian M. m. musculus.

Transgression was moderate for Central Iran (Euclidean distances 24%, Mahalanobis distances 17%)
with a clear dominance towards M. m. musculus (Euclidean distances 31%, Mahalanobis distances
28%). Little dominance was found for Ganj Dareh (4% towards M. m. domesticus based on Euclidean
distances and 2% towards M. m. musculus based on Mahalanobis distances). Transgression, however,
was consistently important (77% based on Euclidean distances and 59% based on Mahalanobis
distances).

4. Discussion
4.1. A morphological signature of hybridization
The signature of hybridization observed between the wild-derived strains WLA (M. m. domesticus) and
PWK (M. m. musculus) for the m1 was consistent with previous observations regarding the existence
of transgression and dominance of the larger parental size for both the mandible [48,49] and the M1
[50]. Discrepancies however exist, with a clearer dominance towards the domesticus parental strain
WLA than observed for the mandible [48,49] or the M1 [50], despite strong morphological integration
between both occluding molars [64]. This underlines the mosaic signature of hybridization [49] in
such highly polygenic characters [65]. The occurrence of transgression and dominance would make it
difficult, if the hybrid nature of the specimens is ignored, to easily identify them as such, because they
are not simply an intermediate between both parental groups, with their position depending on the
degree of introgression [66,67].

4.2. Central Iran, a morphological signature of a hybrid lineage?
The house mouse as wild M. musculus originated in the region extending from Southwest Asia to
northern India, in Mediterranean-like or drier environments (savannah, steppes) with rocky places and
crevices presumably being its original biotope before commensalism [68]. The three subspecies M. m.
domesticus, musculus and castaneus diverged in allopatry within this cradle area [32,33], which appears
as a hotspot of genetic diversity within M. musculus [34,40,42,43].

Figure 6. Patterns of between-group differentiation in m1 shape between Iranian populations, including the archaeological
specimens from Ganj Dareh. (a) Morphospace corresponding to a bgPCA. (b) Morphospace corresponding to a CVA on the 14 first PC
axes, with mean shapes of the four groups.
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The Central Iranian lineage has been identified as an entity issued from an early secondary
admixture between the subspecies M. m. musculus and M. m. domesticus [40]. Based on autosomal
genomic data, its ancestry could be traced as 60% to musculus and 40% to domesticus [43]. Its mito-
chondrial DNA however displays a castaneus signature [42], probably due to an ancestral musculus
population predating allele sorting with the sister subspecies castaneus [40]. The proposed scenario
leading to this Central Iranian lineage is a first phase of divergence in allopatry, with the current
range of the Central Iranian lineage being occupied by a musculus-like ancestor, followed by the
phase of male-biased domesticus migration [43], that would have occurred approximately 200 000
generations ago [40]. It remains challenging to translate this estimation into absolute chronological
dating, as the generation time of M. musculus is poorly constrained and varies between one and
two generations per year [69]. Observations indicate that commensal mice can breed year-round
under favourable environmental conditions (e.g. stable food), with direct estimates of generation time
averaging 1.4 generations per year [70]. However, as feral populations breed seasonally, the genera-
tion time of pre-commensal house mice was probably shorter. Published studies have used various
estimates of generation time—1 [67], 1.5 [68] or even 2 generations yr−1 [36]—to model evolutionary
dynamics. This introduces substantial uncertainty when attempting to correlate divergence times
and admixture events with paleoclimatic fluctuations. Despite these challenges, it has been hypothe-
sized that interglacial periods facilitated lineages’ dispersal, divergence and admixture [36–38], as the
warmer and wetter conditions during these phases potentially opened dispersal corridors between
eastern/western and southern/northern Iran [71]. Conversely, glacial periods, which were characterized
by arid conditions, likely restricted gene flow, confining incipient lineages to isolated refugia [41].

The morphometric signature of the Central Iranian Lineage fits this scenario of a ‘hybrid lineage’
based on genetic analyses [34,40,43]. Central Iranian mice have been reported to display a larger skull
[41,72] and molar size [41] than other Iranian clades, in line with M. m. domesticus × M. m. musculus

Table 3. Pairwise comparison in m1 size and shape between groups of the modern referential and Ganj Dareh. Pairwise size
differences have been tested using pairwise Wilcoxon tests (p-values below the diagonal); shape differences using pairwise Procrustes
ANOVA (p-value above the diagonal, pairwise distances below the diagonal).

distance/

p‐value

M. m. d. Iran Central Iran Ganj Dareh M. m. m. Iran

centroid size M. m. d. Iran ̶
Central Iran 0.0257 ̶
Ganj Dareh <0.0001 0.0008 ̶
M. m. m. Iran 0.0245 0.6416 <0.0001 ̶

shape M. m. d. Iran ̶ 0.0002 0.0001 0.0001

Central Iran 0.031 ̶ 0.0001 0.0208

Ganj Dareh 0.032 0.038 ̶ 0.0001

M. m. m. Iran 0.038 0.016 0.035 ̶

Table 4. Reclassification of the m1 to the original groups based on a CVA performed on the 14 first PC axes. ‘GD as group’: percentages
of cross-validated attribution between the four groups, Ganj Dareh being considered as an ‘active’ group in the analysis (see figure 5b).
‘GD as supp’ (below): attribution of Ganj Dareh m1s considered as supplementary specimens, the three active groups being the Iranian
M. m. Domesticus, M. m. musculus and the Central Iranian lineage.

M. m. d. Iran Central Iran M. m. m. Iran Ganj Dareh

cross-validated %

GD as group M. m. d. Iran 18 1 0 3

Central Iran 5 32 9 4

M. m. m. Iran 1 11 36 1

Ganj Dareh 0 2 2 44

GD as supp. Ganj Dareh 10 21 17 ̶
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hybrids having mandibles larger than both parents [48]. This trend was not, however, confirmed here.
Central Iranian mice had m1s of similar size to the related group with the largest m1s (i.e. M. m.
musculus). This finding is consistent with previous research, showing that hybrid M1s are comparable
in size to the largest M1s in the parental groups [50]. In contrast, the archaeological Ganj Dareh m1s
are larger than those of any modern Iranian population. This may indicate a hybrid signature, or a
general trend of decreasing size over time, possibly related to human-driven environmental changes
[73]. Indeed, archaeological commensal house mouse populations are often larger than modern ones
[18,74], and this trend is also commonly seen in non-commensal rodent populations [19,75].

As for the m1 shape, Central Iranian mice display an intermediate morphology between M. m.
domesticus and M. m. musculus with a transgressive component. The dominance towards M. m.
musculus fits the genetic analyses, suggesting a majority musculus ancestry, while the transgressive
component agrees with the strong transgression observed in the m1 shape of F1 hybrids. Transgression
however appears moderate compared to the F1 hybrids of the WLA × PWK cross, a fact that might be
explained by the presumably ancient hybridization, leading to many generations of backcrosses that
tend to decrease transgression [50].

4.3. Ganj Dareh archaeological remains: a witness to complex hybridization dynamics in the
Central Iranian region

Remains from Ganj Dareh had already been analysed using the GMM of the m1 shape. They were
clearly identified as belonging to the commensal species M. musculus, and within the species, to the
Western European subspecies M. m. domesticus [2], although they displayed some divergence from the
modern sampling of this subspecies. In that study, however, the complexity of the genetic situation
in the Iranian area [34,40,42] was overlooked. Consequently, in the modern reference dataset, Iranian
populations from the range of the Central Iranian Lineage (Bandar Abbas, Isfahan) were considered as
belonging to M. m. domesticus, while Eastern Iranian localities such as Birjand were attributed to M. m.
castaneus instead of the Southeast Iranian Lineage [34].

In terms of m1 shape, when Central Iran is considered a distinct lineage, the relative majority of
the Ganj Dareh molars are classified as belonging to it. As for modern populations in Central Iran,
the m1 shape of Ganj Dareh mice is intermediate between M. m. domesticus and M. m. musculus. This
supports the interpretation that Ganj Dareh mice are related to the Central Iranian lineage, contradict-
ing earlier studies that attributed them to M. m. domesticus [2]. This highlights the potential difficulty
of identifying the house mouse at the subspecies level in the biologically complex cradle area of the
species, although this may remain valid for peripheral populations.

Putting aside the issue of subspecific identification, the archaeological population from Ganj Dareh
displays idiosyncratic characteristics when compared to all modern genetic groups. Contrary to
expectations for the Central Iranian Lineage [43], it does not display a dominance towards M. m.
musculus, and transgression is much higher. The important transgressive component documented by
the current morphometric analysis may be partly due to the posterior part being apparent in many
m1s at Ganj Dareh, because they were slightly loose within their alveolar settings, or revealed by the
loss of the m2 behind them. While such an effect might be negligible when considering morphological
variation on a broad phylogeographic scale (e.g. [2]), it may be significant in the present case study that
focuses on small-scale variation within the Iranian region.

Discrepancies between Ganj Dareh and the modern Central Iranian Lineage may also point to
the local divergence of a lineage, as observed in the Himalayan region today [36], and/or a dynamic
process of admixture. The formation of the Central Iranian Lineage by admixture would date back to
an interglacial period, when M. musculus was still a wild, non-commensal species, but evidence of this
ancient admixture between M. m. domesticus and M. m. musculus does not exclude the occurrence of a
much more recent introgression [76]. At the onset of commensalism, human population density was
low, and mouse populations were presumably small and isolated. Early Neolithic human trade and
exchange may have favoured translocations [77] and hybridization, as is suggested by the Nepalese
population from Sudurpashchim nowadays [36]. The shape of the m1 in Ganj Dareh might therefore
result from an M. m. domesticus input into a Central Iranian population, possibly as a consequence
of eastward human-mediated translocation. Similarly, the clearer musculus-like dominance in modern
Central Iran compared to Ganj Dareh may result from increased input from northern regions, as
suggested by genetic relationships between people from Ganj Dareh and Caucasus hunter-gatherers
[78].
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Such transient changes in the distribution patterns of the Iranian house mouse lineages may
represent the signature of discontinuous human occupation, leading to extinction and recolonization
of mice [11,18]. As human and mouse populations increased in density by the Neolithic period,
mouse populations would have become more stable and resilient to further introductions. This case
thus exemplifies the complex interplay between humans and their fellow traveller, the house mouse.
Further light on this possible process, where early human settlements and movements may have
influenced admixture between Iranian house mouse lineages, might be shed by ancient DNA, to
validate the hybridization signal, and/or GMM analysis of the faster evolving M1 [79].

5. Conclusion
GMM analysis of the lower first molar of M. musculus from the iconic Neolithic site of Ganj Dareh in
Iran indicates that, contrary to previous studies, these specimens are not typical M. m. domesticus [2].
Instead, they are likely related to what is known as the ‘Central Iran lineage’, which is thought to be
a hybrid population of M. m. domesticus and M. m. musculus that has so far only been documented in
modern populations [34,41,43].

Evidence of admixture between the house mouse subspecies in their Iranian cradle calls for a
re-evaluation of faunal archaeological assemblages from this region, highlighting the importance of
interdisciplinary collaboration between archaeology and evolutionary biology. Although house mice
are well known as proxies for tracing the historical dynamics of human exchange and movement, this
case highlights a complementary dynamic: zooarchaeological data can also provide key insights into
the complex evolutionary dynamics of the house mouse, which may have been driven by early human
mobility and population dynamics.
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