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ABSTRACT 
 
The western European house mouse (Mus musculus domesticus Schwarz and Schwarz 1943) 

shows a particularly strong predisposition towards the occurrence and fixation of Robertsonian 

translocations; a type of chromosomal reorganization that entails centromeric fusion of 

chromosomes and, therefore, a decrease in diploid number. As a result, this house mouse 

subspecies displays great karyotypic diversity. The accumulation of Robertsonian translocations 

has the potential to hinder gene flow. Consequently, these chromosomal rearrangements are 

considered potential triggering factors of chromosomal speciation. Furthermore, restricted 

genetic exchange among populations could ultimately lead to their morphological divergence. 

The present PhD thesis intends to delve into the role that Robertsonian translocations may 

have on covariation among morphological traits, phenotypic diversification of skeletal structures, 

as well as on the growth of these structures over early postnatal ontogeny, in natural populations 

of the western European house mouse. The study area comprises the Barcelona Robertsonian 

system of Mus musculus domesticus, which is characterized by seven different metacentric 

chromosomes with a clinal distribution and includes metacentric populations with diploid 

numbers ranging between 27 and 39 chromosomes, as well as surrounding populations consisting 

of specimens with the standard karyotype of 40 chromosomes. The present research specifically 

focuses on comparative analyses of morphological covariation and phenotypic variation of the 

mandible and the cranium in adult specimens, as well as the pattern of mandible growth in 

ontogenetic series of juvenile specimens ranging from the second to the eighth week of postnatal 

life. Additionally, mandible growth is assessed in an ontogenetic series of the classical inbred 

strain of the house mouse (Mus musculus) C57BL/6J, with the aim of contextualizing the potential 

differences in mandible growth between wild mice with the standard karyotype and with 

Robertsonian translocations. While the study of the adult specimens is conducted by applying 

geometric morphometric techniques, the study of the ontogenetic series of juvenile mice involves 

a multi-method approach, including histological analyses of bone cross-sections and bone surface, 

as well as geometric morphometrics.  

The major results of the present research are the following: i) allometry has an important 

integrating effect over morphological structures, whose relevance increases as more 

Robertsonian translocations accumulate; ii) the modular structure of the mandible into the 

alveolar region and ascending ramus is maintained regardless of the number of Robertsonian 

translocations; iii) morphological integration between the dorsal and ventral cranial regions is 

not altered by Robertsonian translocations; iv) the modular organization of the cranium into the 

basicranium and face in ventral view, and into the neurocranium and face in dorsal view, is usually 

confirmed in all chromosomal groups; v) karyotypic differentiation in adult specimens, due to the 
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accumulation of metacentrics, is positively associated with morphological diversification of the 

dorsal and ventral regions of the cranium; vi) the structure of morphological covariation of the 

mandible and the phenotypic differentiation of the dorsal region of the cranium positively 

correlate with geographic distancing among chromosomal groups; vii) mandible growth patterns 

differ between wild mouse specimens with the standard karyotype and those with Robertsonian 

translocations, although differences are more notable between the standard wild mice and 

laboratory mice of the C57BL/6J strain; viii) between-group dissimilarities in mandible growth 

become more evident after weaning; ix) strength of morphological integration of the mandible 

decreases over early postnatal ontogeny in all mouse groups. 

In light of these results, Robertsonian translocations can modify the morphological covariation 

of skull traits and can have certain influence over the ontogeny of the mandible during early 

postnatal life. Accordingly, these chromosomal rearrangements would play an important role in 

divergent morphological evolution. 
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ABBREVIATIONS 
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PLS – Partial least-squares 

PC – Principal component 
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GENERAL INTRODUCTION 
 

. . Mus musculus domesticus as a paradigm of karyotypic variation  
 

. . . Evolution and distribution of the rodent genus Mus 
 

The rodent genus Mus, belonging to the family Muridae and the subfamily Murinae, comprises 

four subgenera: Coelomys, Mus, Nannomys, and Pyromys (Musser and Carleton 1993). The 

subgenus Mus is the most widely studied, and includes the species Mus musculus, commonly 

known as “house mouse” due to its commensal association with human populations (Boursot et 

al. 1993; Chevret et al. 2005; Phifer-Rixey and Nachman 2015).  

The evolutionary origin of Mus musculus is located in northern India and Pakistan, around one 

million years ago (Boursot et al. 1993; Bonhomme et al. 1994). From there, this species spread all 

over the world in synchrony with human migrations, originating distinct lineages (Figure 1.1; 

Wade and Daly 2005; Phifer-Rixey and Nachman 2015). Currently, three major lineages of Mus 

musculus, classified as subspecies and diverged roughly 0.5 million years ago, are distinguished in 

different geographical regions: Mus musculus domesticus, distributed in western Europe, the 

Middle East, Africa, America, Australia, and Antarctica; Mus musculus musculus, common in 

eastern Europe, Russia, northern China, and Japan; and Mus musculus castaneus, found in 

southeastern Asia, southern China, and Japan (Figure 1.1; Bonhomme et al. 1987; Auffray et al. 

1990; Boursot et al. 1993; Silver 1995; Guénet and Bonhomme 2003; Wade and Daly 2005; 

Salcedo et al. 2007; van Vuuren and Chown 2007; Geraldes et al. 2008, 2011; Duvaux et al. 2011).  

FIGURE 1.1. Worldwide distribution of the major Mus musculus subspecies. Red arrows indicate 
their colonization routes from the origin zone. Checkered areas indicate regions of 
hybridization (modified from Phifer-Rixey and Nachman 2015). 
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Instead of being completely isolated at the genetic level, some genetic exchange exists between 

the different house mouse subspecies. This is especially the case between Mus musculus 

domesticus and Mus musculus musculus along a narrow hybridization area in Europe (Duvaux et 

al. 2011; Baird and Macholán 2012), and between Mus musculus musculus and Mus musculus 

castaneus in China and Japan (Jing et al. 2014). The hybrid subspecies Mus musculus molossinus 

resulted from the latter interbreeding (Yonekawa et al. 1988). 

The extensive study of wild house mouse populations has made Mus musculus a prime model 

for research on a wide range of topics, such as the evolution of natural populations, genetics of 

adaptation, or speciation (Guénet and Bonhomme 2003; Britton-Davidian and Searle 2005; 

Mihola et al. 2009; Gabriel et al. 2010; Macholán et al. 2012; Phifer-Rixey and Nachman 2015; Harr 

et al. 2016).  

 

. . . Laboratory strains of the house mouse 
 

Over the last centuries, hybrid mice have also been originated from the artificial interbreeding 

between the abovementioned subspecies of Mus musculus. In the 18th century, mice derived from 

these three subspecies were bred, traded, and hybridized by mouse fanciers (Morse 1981). In the 

early 20th century, the inbreeding of these hybrid fancy mice, followed by their artificial selection 

in the laboratory, gave rise to most of the classical inbred mouse strains currently used in 

research, like the C57BL/6J strain (Morse 1981; Silver 1995; Festing 1996; Beck et al. 2000; Wade 

and Daly 2005; Didion and Pardo-Manuel de Villena 2013). Therefore, classical inbred strains 

have genomic segments from different Mus musculus subspecies found in nature, and so they are 

not representative of any of these subspecies (Bonhomme et al. 1987). Analyses of single 

nucleotide polymorphisms (or SNPs) have revealed that these laboratory strains represent 

complex genomic mixtures that mainly derive from Mus musculus domesticus and Mus musculus 

musculus (Wade et al. 2002; Wiltshire et al. 2003; Petkov et al. 2004; Frazer et al. 2007; Yang et al. 

2007, 2009, 2011). Several studies have also indicated that classical inbred mouse strains have a 

reduced amount of genetic variation compared to their wild ancestors; they share a single lineage 

of mitochondrial DNA derived from Mus musculus domesticus, and carry the Y chromosome of Mus 

musculus musculus (Ferris et al. 1982; Bishop et al. 1985; Yonekawa et al. 1994; Beck et al. 2000; 

Goios et al. 2007; Salcedo et al. 2007). Although there is no consensus on the exact relative genetic 

contribution of each mouse subspecies to the genetic mosaics of the inbred strains (Yang et al. 

2011), many studies agree that the contribution of Mus musculus domesticus was considerably 

higher (Bishop et al. 1985; Bonhomme et al. 1987; Boursot et al. 1993; Silver 1995; Wade et al. 

2002; Frazer et al. 2007; Yang et al. 2007, 2011; Keane et al. 2011; Collaborative Cross Consortium 

2012).  
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Due to the current profound genetic and molecular knowledge of the classical inbred mouse 

strains, these laboratory mice indisputably are the primary mammalian model system in many 

fields of biological, but especially biomedical, research (Beck et al. 2000; Wade et al. 2002; Wade 

and Daly 2005). 

 

. . . Chromosomal rearrangements: Robertsonian translocations 
 

Chromosomal rearrangements consist in spontaneous or induced reorganizations that affect the 

structure of chromosomes. Balanced chromosomal rearrangements do not alter gene dosage, and 

include inversions and translocations (Griffiths et al. 1999). Inversions consist in the change of 

orientation of chromosome fragments within chromosomes; a chromosome segment is broken, 

rotated through 180 degrees, and reinserted in the same location (Griffiths et al. 1999). 

Translocations consist in the change of position of chromosome fragments within or among 

chromosomes; accordingly, they are named intra-chromosomal or inter-chromosomal 

translocations, respectively (Rieger et al. 1991; Lacadena 1996). When rearranged chromosomes 

occur in the germ line, they can become fixed in the population. 

Robertsonian (Rb) translocations (after Robertson 1916) are a type of inter-chromosomal 

translocation commonly found in animals. These reorganizations originate from DNA double-

strand breaks in the centromeric regions of two non-homologous acrocentric or telocentric 

chromosomes, caused by different exogenous factors (e.g., ionizing radiation, chemical agents) 

and endogenous processes (e.g., stall of the 

replication fork, meiosis). The failure in the 

correct repair of these DNA lesions entails 

the joining of the ends of the two different 

breaks, which can lead to the fusion of the 

two non-homologous chromosomes at their 

centromeres (Gropp and Winking 1981). 

This process results in a new metacentric 

chromosome, and two small acentric 

chromosome fragments of pericentromeric DNA that cannot be inherited due to their lack of 

centromeres (Figure 1.2; Griffiths et al. 1999; Piálek et al. 2005). Although this type of 

rearrangement does not affect the final gene dosage, it modifies diploid number. 

The occurrence of chromosomal rearrangements is often ascribed to the presence of repetitive 

DNA elements, which can act as favorable sites for illegitimate crossing-over. Several types of 

repetitive sequences have been proposed to be involved in genome reshuffling, like segmental 

duplications, transposable elements (e.g., retrotransposons and DNA transposons), tandem 

repeats (e.g., minisatellites and microsatellites), and telomeric repeats (Slijepcevic 1998; Näslund 

FIGURE 1.2. Formation of a Robertsonian 
translocation (modified from Muñoz-Muñoz 2008). 
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et al. 2005; Bailey and Eichler 2006; Wicker et al. 2007). Telomeres guarantee the stability of 

chromosomes by preventing the chromosomal ends from being recognized as double-strand 

breaks; accordingly, their loss or inactivation, or alterations of their structure, are often related to 

a high occurrence of Rb translocations (Blasco et al. 1997; Zakian 1997; Slijepcevic 1998; Ruiz-

Herrera et al. 2008, 2010). Due to the presence of minor satellite DNA (i.e., the DNA sequences 

that organize the centromere) at the breakage and fusion point between two acrocentric or 

telocentric chromosomes, these sequences have also been suggested to be a molecular substrate 

for the occurrence of Rb translocations (Garagna et al. 2001a). Some studies have revealed that, 

following an Rb translocation, the telomeric sequences in the short chromosomal arms and part 

of the minor satellite DNA sequences are lost due to chromosomal breakage in the centromeric 

region (Garagna et al. 1995; Nanda et al. 1995).  

Depending on the number and the type of metacentric chromosomes originated through Rb 

translocations, different types of structural heterozygosis can be identified (Figure 1.3). When two 

homologous acrocentric or telocentric chromosomes respectively fuse with another pair of 

homologous chromosomes at their centromeres, so that two identic metacentrics are generated, 

the Rb translocation is in homozygous state. Instead, if the centric fusion occurs between only one 

pair of non-homologous acrocentric or telocentric chromosomes, the Rb translocation is in 

heterozygous state. Depending on whether the individual has a single or several metacentrics in 

heterozygosis, it is respectively called simple heterozygote or multiple simple heterozygote 

(Searle 1993). In these cases, chromosome pairing in meiosis leads to meiotic figures called 

trivalents (i.e., chain-of-three). Moreover, each of two homologous acrocentric or telocentric 

chromosomes can also fuse with a different non-homologous chromosome, so that two different 

metacentrics with a chromosomal arm in common are generated. This condition is called 

monobrachial homology, and the individuals bearing it are complex heterozygotes (Searle 1993; 

Britton-Davidian et al. 2002). In this case, complex meiotic configurations like quadrivalents or 

rings (i.e., meiotic chains longer than the trivalents; see King 1993; Searle 1993) are formed. 

FIGURE 1.3. Types of structural heterozygosis, according to the number and type of metacentric 
chromosomes originated from Robertsonian translocations (modified from Muñoz-Muñoz 2008). 
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. . . The chromosomal variability of Mus musculus domesticus 
 

Most species belonging to the Mus subgenus, like Mus musculus, have a standard (St) karyotype of 

40 acrocentric chromosomes (i.e., 19 pairs of autosomal chromosomes and one pair of sex 

chromosomes) with a conserved G-bands pattern (Figure 1.4; Gropp et al. 1972; Boursot et al. 

1993; Veyrunes et al. 2006). The highly conserved karyotype within the Mus subgenus contrasts 

with the exceptionally great karyotypic variability of the western European house mouse, Mus 

musculus domesticus Schwarz and Schwarz 1943, which is mainly due to Rb translocations (Piálek 

et al. 2005; Veyrunes et al. 2006). These chromosomal rearrangements involve all the 

chromosomes of this subspecies, except for the sexual chromosomes (Piálek et al. 2005). Up to 

nine pairs of metacentrics have been found to accumulate in single individuals, and all diploid 

numbers ranging between 2n=22 and 2n=40 chromosomes have been described in natural 

populations of Mus musculus domesticus (Britton-Davidian et al. 2005; Piálek et al. 2005; Hauffe 

et al. 2012). Nonetheless, the occurrence of metacentrics is non-random, because the relatively 

small and large chromosomes undergo Rb translocations less frequently (Gazave et al. 2003). In 

addition to the variation in the number of metacentrics, there is also variation in the arm 

combinations of these metacentrics; around 100 different arm combinations, and so metacentrics, 

out of the 171 potential ones have been described (Piálek et al. 2005; Hauffe et al. 2012). The great 

chromosomal diversification of Mus musculus domesticus seems to be also due to the introduction 

of new metacentrics in populations through whole-arm reciprocal translocations (WARTs), which 

consist in the exchange of chromosomal arms between two metacentrics or between a 

metacentric and an acrocentric (Capanna and Redi 1995; Hauffe and Piálek 1997; Castiglia and 

Capanna 1999; Britton-Davidian et al. 2005; Piálek et al. 2005; Mitsainas and Giagia-

Athanasopoulou 2009; Solano et al. 2009; White et al. 2010). However, the presence of 

metacentric chromosomes and the intrinsic decrease in diploid number depend on Rb 

translocations alone (Garagna et al. 2014). 

The populations of Mus musculus domesticus with Rb translocations occur like islands, because 

they are separated by populations with the St karyotype of 40 acrocentric chromosomes, which 

are the most prevalent ones (Boursot et al. 1993; Piálek et al. 2005). The populations with a 

FIGURE 1.4. Standard karyotype of Mus musculus domesticus, consisting of 40 
acrocentric chromosomes, showing the G-bands pattern (modified from Silver 1995). 
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delimited, small geographical distribution (hundreds or few thousands of km2), characterized by 

a particular set of metacentrics fixed in homozygous state, are called “chromosomal races” or 

“metacentric races” (Hausser et al. 1994). The specific set of Rb translocations that gets fixed in 

each chromosomal or metacentric race is usually different (Nachman and Searle 1995; Giménez 

et al. 2017). Many geographical groupings of Mus musculus domesticus with Rb translocations do 

not fit the strict definition of chromosomal or metacentric race: although they are characterized 

by the same set of metacentrics, these chromosomes not always are fixed in homozygous state. 

Consequently, the term “metacentric population” has been proposed to name them (Piálek et al. 

2005). An “Rb system” is a group of metacentric populations from a restricted geographical region 

that share a set of metacentrics 

apparently with a common evolutionary 

origin (Capanna et al. 1974). To date, 

around 100 chromosomal races and 

metacentric populations, and a dozen of 

Rb systems, of Mus musculus domesticus 

have been described in western Europe 

and northern Africa (Figure 1.5; Piálek 

et al. 2005; Hauffe et al. 2012), although 

the changes in the nomenclature have 

caused these numbers to fluctuate over 

time. The geographical regions where a 

metacentric race comes into contact either with a standard population or with another 

metacentric race are called “chromosomal hybrid zones” (Barton and Hewitt 1985; Searle 1993; 

Hauffe et al. 2012). These hybrid zones are areas of chromosomal polymorphism, because they 

present hybrids with intermediate karyotypes. The zones where a particular set of metacentric 

chromosomes has emerged, but that lack a metacentric race, cannot be considered as 

chromosomal hybrid zones, due to the absence of one of the two differentiated parental 

populations required for the origin of these hybrid zones. However, the geographical regions of 

transition between an Rb system without the presence of a metacentric race and populations with 

the St karyotype can be also designated as zones of chromosomal polymorphism.  

 

. . . Origin and fixation of chromosomal variation in Mus musculus 
domesticus 

 

Karyotype evolution, largely due to Rb translocations, occurs at different rates among mammals 

(King 1993; Searle 1993). The lineage leading to Mus musculus has particularly accumulated a 

great amount of chromosomal changes over time (Searle 1993; Burt et al. 1999). However, 

FIGURE 1.5. Map showing the location of the 
metacentric populations of Mus musculus 
domesticus described until 2005 in western Europe 
and northern Africa (modified from Piálek et al. 
2005). 
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karyotypic polymorphism due to Rb translocations and WARTs is almost entirely limited to Mus 

musculus domesticus (Nachman and Searle 1995; Giménez et al. 2017). In fact, the process of 

emergence and fixation of these chromosomal reorganizations in natural populations of Mus 

musculus domesticus can be exceptionally fast (Garagna et al. 1997; Britton-Davidian et al. 2000; 

White et al. 2010). This karyotypic differentiation, together with the status of the house mouse as 

an evolutionary model, have made this subspecies become a primary model for the study of 

chromosomal variation (Giménez et al. 2017). The high rate of occurrence of Rb translocations 

and WARTs in Mus musculus domesticus suggests that these chromosomal rearrangements might 

be promoted by inherent genomic traits of the centromeric region (i.e., the chromosome region 

where the breakpoints for these reorganizations occur) of this subspecies, as well as by attributes 

of its chromosome behavior (Garagna et al. 2014). Comparative analyses within the Mus subgenus 

have revealed that Mus musculus domesticus indeed has distinctive and exclusive genomic 

characteristics, like the amplification and homogenization in all chromosomes (except for the Y 

chromosome) of minor satellite DNA sequences in the pericentromeric area, and the accumulation 

of a certain type of retrotransposons (namely long interspersed nuclear element–1, or LINE–1) in 

the genome (Redi et al. 1990; Garagna et al. 1993; Rebuzzini et al. 2009). These features would 

make the genome of this subspecies highly prone to the Rb phenomenon (Garagna et al. 2014). 

The fact that Rb translocations entail the reduction of minor satellite DNA, as well as the loss of 

the p-arm and its telomeric sequences, makes it difficult for back-mutations to occur, which would 

explain the tendency towards the accumulation of metacentrics (Garagna et al. 1995, 2014). 

Although Mus musculus domesticus has a cosmopolitan distribution, most of the chromosomal 

variation that characterizes this subspecies has been described in western Europe (Auffray et al. 

1990; Cucchi et al. 2005). In this scenario, the question arises as to whether all the karyotypic 

variation in this region has a common evolutionary origin, or it is the result of independent Rb 

translocations. Several hypotheses have been proposed to explain the phylogenetic relationships 

among distinct metacentric populations. Regarding chromosomal variation within a limited 

geographical region, it has been proposed that a primitive metacentric population appears 

through the accumulation of Rb translocations. When this population subsequently expands, new 

metacentric populations with different accumulated metacentrics originate within its 

geographical range. This process ultimately gives rise to new populations karyotypically 

differentiated (Capanna 1980). Phylogenetic analyses have revealed that, in fact, metacentric 

populations within a certain Rb system are often related (Britton-Davidian et al. 2005; Piálek et 

al. 2005; Solano et al. 2009; White et al. 2010). According to this hypothesis, the chromosomal 

races of Mus musculus domesticus may have originated in situ, so that the differentiation between 

the parental populations in chromosomal hybrid zones occurred in sympatry. Therefore, the 

contacts between karyotypically different groups in these hybrid zones would be primary 
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contacts (Capanna 1982; Britton-Davidian et al. 1989; Nachman et al. 1994). In relation to this, 

recent empirical results have also evidenced that new chromosomal races of Mus musculus 

domesticus may have arisen not only through the fixation of new chromosomal rearrangements 

but also through hybridization between close chromosomal races (Giménez et al. 2016), giving 

support to inferences from phylogenetic studies of chromosomal races pointing to this hybrid 

origin (Piálek et al. 2005; White et al. 2010; Hauffe et al. 2012). Regarding the evolutionary 

relationships between geographically distant metacentric populations, two different hypotheses 

have been proposed: (1) the different Rb systems were independently originated in situ (Corti et 

al. 1986); and (2) Rb translocations were originated in certain areas, from which they extended 

to the rest of zones where they can be found nowadays (Tichy and Vucak 1987). Several 

metacentric populations are genetically more similar to the surrounding St populations than to 

other remote metacentric populations, a fact that suggests that distant metacentric populations 

have independent origins and evolved in situ (Britton-Davidian et al. 1989; Nachman et al. 1994). 

Nevertheless, some Rb translocations from distant regions have been detected to have a common 

origin (Riginos and Nachman 1999). Therefore, both hypotheses seem to be plausible. 

The fixation of Rb translocations in a population with an all-acrocentric background is difficult 

to justify, because natural selection tends to act against karyotypic heterozygotes, resulting from 

the hybridization between karyotypically different populations, due to their lower biological 

fitness (King 1993; Searle 1993). During meiosis, metacentrics in the heterozygous state need to 

pair with homologous acrocentrics or with homologous arms of other metacentrics. Rearranged 

chromosomes make karyotypic heterozygotes more prone to wrong chromosome pairing, and the 

resulting trivalents or more complex meiotic figures, like rings, hinder the progression of meiosis 

(Garagna et al. 2014). The presence of metacentrics in heterozygosis is thus detrimental because 

it entails meiotic aberrations, abnormalities in recombination and segregation, and so incorrect 

gametogenesis, which can result in a certain degree of infertility, whose severity depends on the 

number of metacentrics involved and the complexity of the resulting meiotic figures (Capanna 

1982; King 1993; Searle 1993; Baker and Bickham 1986; Garagna et al. 1990; Searle 1993; Wallace 

et al. 2002; Merico et al. 2003). In simple heterozygotes, the difficulties in orientation and the 

unbalanced segregation of the trivalents at the first meiotic division have been proposed as the 

main causes of fertility reduction (Garagna et al. 2001b; Merico et al. 2008). In this respect, female 

meiosis is more prone to segregation defects and thus to generate unbalanced gametes (Vogt et 

al. 2008). However, meiosis progresses in a reasonably normal way in these simple heterozygotes, 

which have near-normal fertility. In this case, the fixation of Rb translocations, one at a time, does 

not imply the overcoming of a large underdominance barrier (Wallace et al. 1992; Garagna et al. 

2014). Complex heterozygotes tend to result from the hybridization between two metacentric 

populations differing by multiple Rb translocations or WARTs (Garagna et al. 2014). These 



  GENERAL INTRODUCTION  

23 
 

complex heterozygotes generate more complex meiotic figures; as a result, they are more prone 

to delayed, incomplete, or inappropriate chromosome pairing, and show substantial unbalanced 

segregation, leading to death of germ cells (Searle 1993; Turner et al. 2005; Merico et al. 2013). In 

brief, complex heterozygotes suffer from more meiotic defects and in a more severe way, and 

show a higher degree of infertility, compared to simple heterozygotes. Thus, depending on the 

situation, the outcome of the errors of chromosome pairing and segregation may range from 

subfertility to sterility. This phenomenon could contribute to the impediment to gene flow, the 

reproductive isolation of metacentric populations and, eventually, to speciation (Garagna et al. 

2014). However, the paradox that burdens this model of chromosomal speciation sometimes 

renders it weak and unconvincing (Spirito 2000; Navarro and Barton 2003a). 

Although reproductive isolation might be expected between metacentric populations with very 

different sets of metacentrics, the fact is that all hybrid zones examined so far show some degree 

of hybrid fertility (Hauffe et al. 2012). However, partial reproductive isolation among metacentric 

populations or races in zones of chromosomal polymorphism is evidenced by decreased 

recombination rates during meiosis and consequent reduced gene flow among the rearranged 

chromosomes that differ between these populations, which evidences that chromosomal 

reorganizations are strong genetic barriers (Bidau et al. 2001; Castiglia and Capanna 2002; 

Castiglia et al. 2002; Dumas and Britton-Davidian 2002; Merico et al. 2013; Capilla et al. 2014; 

Garagna et al. 2014). Particularly the pericentromeric region of the rearranged chromosomes 

experiences a decrease in the rate of recombination, due to physical impedance to form chiasmata 

(Bidau et al. 2001; Castiglia and Capanna 2002; Dumas and Britton-Davidian 2002; Franchini et 

al. 2010; Capilla et al. 2014). In fact, the rearrangement breakpoints of the metacentrics resulting 

from Rb translocations are equivalent to unfitness loci in a genic system (Panithanarak et al. 

2004), and these unfitness loci are considered to act as “genomic islands of speciation” (Harrisson 

1990; Feder et al. 2012; Weetman et al. 2012). Since the probability of recombination between an 

unfitness locus and another locus is lower the closer this second locus is to the unfitness locus, 

gene flow among hybridizing metacentric populations or races is more reduced close to that 

unfitness locus (Barton and Hewitt 1981; Panithanarak et al. 2004). Therefore, the genes distant 

to the centromeres of the rearranged chromosomes may be able to flow relatively freely across 

the hybrid zone, as opposed to the genes in the vicinity of the chromosomal breakpoints (Searle 

1993; Panithanarak et al. 2004; Franchini et al. 2010; Giménez et al. 2013). Because gene flow 

between karyotypically distinct hybridizing forms will be reduced around such chromosomal 

breakpoints, pre-existing genetic differentiation in these positions would be retained and 

potentially expanded, which can also contribute to reproductive isolation (Noor et al. 2001; 

Rieseberg 2001). Additionally, though, genetic differentiation might also occur away from the 

rearrangement breakpoints (Giménez et al. 2013). The recombination suppression near the 
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breakpoints of the rearrangement chromosomes in chromosomal heterozygotes, reducing gene 

exchange in these regions, has been recently emphasized as having an important role in 

chromosomal speciation (Rieseberg 2001; Faria and Navarro 2010, Burri et al. 2015; Franchini et 

al. 2016; Ortiz-Barrientos et al. 2016).  

Therefore, in Rb systems and hybrid zones of the western European house mouse, both hybrid 

unfitness and recombination suppression may reduce gene flow and set the stage for reproductive 

isolation and, ultimately, for chromosomal speciation (Rieseberg 2001; Giménez et al. 2017). The 

restriction to gene flow among different chromosomal races or metacentric populations maintains 

and potentially allows the build-up of genetic differences among them (Giménez et al. 2017). In 

fact, metacentric populations and especially metacentric races are usually regarded as 

“evolutionary significant units” (Moritz 1994): they are distinct genetic entities that represent 

units of genetic diversity within a species (Giménez et al. 2017). The fact that Rb translocations 

and WARTs entail hybrid unfitness but also recombination suppression, which are the two major 

models of chromosomal speciation, makes Mus musculus domesticus a valuable model system for 

speciation (Rieseberg 2001).  

Despite the drawbacks encountered, Mus musculus domesticus evidently shows a high tendency 

for Rb translocation occurrence and fixation (Nachman and Searle 1995). What is more, the 

fixation of up to nine pairs of metacentrics in several metacentric populations of Mus musculus 

domesticus is believed to have occurred within the last 3,000 years (Cucchi et al. 2005). This huge 

degree of metacentrics accumulation suggests the existence of certain underlying conditions 

(Garagna et al. 2014). Although the fixation processes pertaining to the Rb phenomenon in the 

western European house mouse are still unclear, different processes and factors have been 

proposed to influence the probability of fixation of new chromosomal reorganizations in 

populations, like fragmentation and isolation of populations, genetic drift, endogamy, selective 

advantage of the homozygotes for the new karyotypic variant, and meiotic drive (Lande 1979a; 

Nachman and Searle 1995; Piálek et al. 2005; Kirkpatrick and Barton 2006). Additional factors, 

some of them already outlined, include the rate of occurrence of the reorganization in the 

population, which depends on the innate predisposition of each species; whether the 

reorganization occurs randomly or in association with any type of selection; whether the 

rearrangements occur sequentially or simultaneously; and whether the reorganizations fixate 

randomly or by distortion of the segregation pattern (King 1993). Where population sizes are very 

small, the fixation of Rb translocations is believed to be related to genetic drift (Nachman and 

Searle 1995). However, metacentric populations not always display lower genetic diversity than 

St populations (Britton-Davidian et al. 1989). This fact leads to think that the fixation of 

chromosomal reorganizations in small populations could be also favored by certain selective 

processes. Particularly, Rb translocations might bring together, into close linkage, a specific 
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combination of alleles at two loci that could be advantageous (Nachman and Searle 1995; 

Kirkpatrick and Barton 2006). The fixation of newly arisen metacentrics by meiotic drive (i.e., 

biased chromosome segregation) during female meiosis has been widely supported; in this case, 

metacentrics might tend to segregate to the egg rather than to the polar body in female 

heterozygotes (Pardo-Manuel de Villena and Sapienza 2001; Brown and O’Neill 2010; Rice 2013). 

Female meiotic drive is a mechanism that has also been found to induce selective sweeps in 

natural populations of Mus musculus domesticus (Didion et al. 2016). Recently, Chmátal et al. 

(2014) provided the first experimental evidence for the theory that chromosomes with stronger 

centromeres, namely with increased levels of centromere proteins, preferentially segregate to the 

egg (Henikoff et al. 2001). Particularly, it was found that metacentrics arising from Rb 

translocations preferentially segregated to the polar body when their centromeres were weaker 

than those of the non-rearranged chromosomes. Instead, in natural populations of Mus musculus 

domesticus with fixed metacentrics, the centromeres of these chromosomes were stronger than 

those of the non-rearranged chromosomes (Chmátal et al. 2014). Altogether, these mechanisms 

might explain why some populations of Mus musculus domesticus undergo fixation of Rb 

translocations and karyotypic conversion, while others discard the metacentrics and keep the St 

karyotype. 

 

. . . The Barcelona Robertsonian system 
 

The existence of populations of Mus musculus 

domesticus with Rb translocations in 

northeastern Iberian Peninsula was first 

described by Adolph and Klein (1981), who 

identified five different metacentric 

chromosomes (Rb(α.β), where α and β 

represent the chromosome arms of the 

metacentrics, homologous to unattached 

acrocentrics): Rb(4.14), Rb(5.15), Rb(6.10), 

Rb(9.11), and Rb(12.13). Some years later, two 

more metacentrics were described: Rb(3.8) 

(Gündüz et al. 2001), and Rb(7.17) (Sans-

Fuentes et al. 2007). Despite the thorough 

sampling work conducted over the subsequent years in this Rb zone, no individual with these 

seven Rb translocations fixed in homozygosis has been described to date; diploid numbers have 

been found to range between 27 and 39 chromosomes (Figure 1.6; Medarde et al. 2012). This has 

FIGURE 1.6. Karyotype of a specimen with 12 
metacentrics (2n=28) from the Barcelona 
Robertsonian system. Pairs of numbers 
indicate the acrocentric chromosomes 
involved in each Robertsonian translocation. 
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led to state that, exceptionally among the Rb zones of the western European house mouse, this Rb 

zone lacks a fixed metacentric race (sensu Hausser et al. 1994; Medarde et al. 2012). For this 

reason, in the present thesis we refer to the group of metacentric populations of Mus musculus 

domesticus present in northeastern Iberian Peninsula as the “Barcelona Rb system”, following the 

definition of “Rb system” provided by Capanna et al. (1974), and because of the first metacentric 

chromosomes characterizing this Rb system were discovered in the province of Barcelona. The 

Barcelona Rb system is surrounded by populations with the St karyotype (2n=40); altogether they 

form a zone of chromosomal polymorphism. 

The Barcelona Rb system of Mus musculus domesticus is located in an area of over 5,000 km2 

covering part of the provinces of Barcelona, Tarragona, and Lleida (Figure 1.7; Gündüz et al. 2001; 

Medarde et al. 2012). The seven different metacentric chromosomes that characterize this Rb 

system [Rb(3.8), Rb(4.14), Rb(5.15), Rb(6.10), 

Rb(7.17), Rb(9.11), Rb(12.13)] show a clinal 

distribution (i.e., a gradual change in their 

frequency along a geographical gradient), that 

leads to a progressive decrease in diploid number 

towards the center of the system (Adolph and 

Klein 1981; Nachman et al. 1994; Gündüz et al. 

2001; Sans-Fuentes et al. 2007). This staggered 

geographical distribution of the metacentrics has 

been maintained at least for over a decade 

(Gündüz et al. 2001; Medarde et al. 2012). More 

than 100 different karyotypes have been 

described within the Barcelona Rb system. Also, 

this Rb system shows a high degree of structural 

heterozygosis, since up to 7 Rb translocations in 

heterozygous state have been found in single 

individuals (Sans-Fuentes 2004; Medarde et al. 

2012). 

The geographic location and the characteristics of the Barcelona Rb system of Mus musculus 

domesticus have contributed to several hypotheses about its origin, which still remains unknown. 

The most likely hypothesis to date is the primary contact hypothesis, which suggests that the Rb 

translocations characterizing this Rb system appeared and accumulated in situ within populations 

with the St karyotype (Gündüz et al. 2001; Medarde et al. 2012).  

The peculiarities that characterize the Barcelona Rb system, including the high level of 

chromosomal polymorphism, the absence of a metacentric race, and the belief that it represents 

FIGURE 1.7. Map showing the geographic 
location of the Barcelona Robertsonian 
system and the clinal variation of mean 
diploid number. Black circles correspond to 
standard populations (mean diploid 
number = 40 chromosomes) surrounding the 
Barcelona Robertsonian system. The white 
part of the circles is proportional to the 
number of Robertsonian translocations. An 
entirely black circle would indicate a mean 
diploid number of 20 chromosomes. 
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a case of raciation process eventually leading to the formation of a metacentric race in sympatry 

(Sans-Fuentes et al. 2009), make it a unique example within the entire set of Rb zones of the 

western European house mouse. This Rb system is an exceptional scenario to study the origin, 

evolution, and effect of Rb translocations in various contexts in the stage prior to their fixation, 

and therefore to analyze the progression of a potential speciation process at its initial stage.  

To date, the Barcelona Rb system has been the object of several studies, which have revealed 

that the number of Rb translocations and/or the degree of karyotypic heterozygosity entail 

significant differences between Rb mice and St mice regarding the circadian rhythm of motor 

activity (Sans-Fuentes et al. 2005), skeletal morphology (Muñoz-Muñoz et al. 2003, 2006, 2011; 

Sans-Fuentes et al. 2009), spermatogenesis (Sans-Fuentes et al. 2010; Medarde et al. 2015), sperm 

head form and modularity (Medarde et al. 2013a,b), number and distribution of cross-overs in 

meiotic recombination (Capilla et al. 2014), and telomere length (Sánchez-Guillén et al. 2014). 

Moreover, it has been observed that meiotic drive in this Rb system is not strong enough to fix 

metacentrics, which contributes to explain the absence of a metacentric race (Chmátal et al. 2014). 

 

. . Morphological structures as models in evolutionary studies 
 

Morphology is the biological discipline focused in the study of the form of organisms and the 

transformations that it undergoes (from the Greek μορϕη, morphé, meaning “form”, and λόγος, 

lógos, meaning “study, research”). Despite the numerous debates in evolutionary biology 

confronting the validity of morphological data in front of molecular data (Goodman 1989; 

Lieberman 1995; Doyle 1998; Smith 1998; Benton 1999; Collard and Wood 2000, 2001), 

nowadays morphological evidences are not dismissed in the study of evolution. Morphological 

characters usually are the only source of information about extinct organisms, they are subjected 

to natural selection and can define points of divergence in phylogenetic trees, most of them can 

be registered in an easy and economical way through the direct observation of specimens, and 

they show variation from individual to interspecific levels (Benton 1999). However, the fact that 

the expression of morphological traits depends on the environment, in addition to the genome, is 

one of the reasons why these characters have been traditionally belittled in evolutionary research 

(Falconer and Mackay 1996; Rogers et al. 1999). Nevertheless, if environmental variation is 

random, a low heritability of morphological characters will just mean that there is a considerable 

level of “noise” in the analysis (Cheverud 1996). Despite the known susceptibility of 

morphological shape to environmental influences, studies with the house mouse have revealed 

that genetic effects on complex morphological structures are stronger than environmental effects 

(Boell and Tautz 2011). It should also be noted that most morphological characters are of 

polygenic nature (i.e., they are codified by several genes), so that the selective pressures acting 



Chapter   
 

28 
 

upon them are distributed among numerous loci (Pertoldi et al. 2006). The polygenic nature of 

morphological characters implies that the effects of several genes are taken into account in the 

study of morphologic traits, so that morphological studies confer a wide treatment of genetic 

variation. The thing is that, although morphological characters are far from being perfect, neither 

molecular data are. In fact, both types of characters sometimes face similar problems (Goodman 

et al. 1987; Benton 1999).  

The understanding of the origin and evolution of complex morphological structures, like the 

vertebrate craniomandibular region, requires the resolution of complicated questions at different 

hierarchical levels. At the level of the individual organism, these questions concern the 

developmental and genetical architecture of these structures. While the questions about 

developmental architecture focus upon the definition of the component parts of the complex 

structure and the ascertainment of how they are produced and assembled during ontogeny, the 

questions about genetic architecture include elucidating how many and which genes control the 

synthesis of the developmental parts and regulate their assembly (Atchley 1993). The resolution 

of questions about the origin and evolution of morphological diversity also requires to focus the 

attention at the population level. The evolution of morphology is considered to result from the 

evolution of the developmental processes that underlie the generation of the morphological 

structure itself, and the evolutionary diversity of complex morphological structures is believed to 

have arisen from selection acting upon genetic diversity in the ontogenies of their component 

parts (Atchley 1987; Atchley and Hall 1991). Therefore, since the long-term changes in the 

biological systems are due to evolutionary forces that act upon heritable alterations in the 

underlying ontogenetic processes, the understanding of how complex morphological structures 

evolve requires to previously know their underlying genotypic and developmental bases, namely 

how they are formed and how variability arises during the ontogenetic process (Atchley and Hall 

1991; Hallgrı́msson et al. 2007a). This is a real challenge, since complex phenotypes arise from 

many sequential interactions among genes, cells, tissues, organs, and the environment 

(Hallgrıḿsson et al. 2007a). Despite this complexity, simple modifications to developmental 

pathways might result in novel phenotypes by using basic genes that function in diverse 

developmental contexts (Atchley and Hall 1991; Davidson et al. 2002; Wilkins 2002; Carroll et al. 

2005; Hallgrıḿsson et al. 2007a).  

The existence of models that allow the study of the development, genetics, and evolution of 

complex morphological structures in an integrated way is essential to understand the ontogenetic 

and evolutionary changes of these structures and, more importantly, to understand how the 

heritable changes in the ontogenetic process affect the speciation process. In the present thesis, 

the mandible and the cranium (namely the main constitutive elements of the skull) of the house 

mouse are presented as models in the study of variation, growth, and evolution of complex 
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morphological structures. Their categorization as “complex” partially lies in the fact that their final 

form results from the integration of different component parts, characterized by distinct 

embryonic origins, ontogenetic pathways, and regulation factors, and have several different 

associated tissues (Atchley and Hall 1991).  

 

. . . The mandible of the house mouse  
 

The house mouse mandible has long been considered not only a model of the mammalian 

mandible, but also a paradigm in the study of the development, ontogeny, and evolution of 

complex morphological structures (Klingenberg 2010). This skeletal structure is made of two 

symmetric halves, the right and left hemimandibles, interconnected in their anterior region at the 

mandibular symphysis. Each hemimandible is formed by a single bone, called dentary, which is 

developmentally and functionally divisible into six major skeletal regions, derived from semi-

independent morphogenetic units: the horizontal ramus, the incisor alveolus, the molar alveolus, 

the coronoid process, the condylar process, and the angular process (Figure 1.8; Atchley and Hall 

1991; Atchley 1993). An additional seventh morphogenetic unit generates the mandibular 

symphysis, located in the lingual surface of the right and left dentary bones. The horizontal ramus 

is the cohesive element of the dentary, and the two alveolar components host the teeth; together, 

these three regions form the mandible corpus. The dentition inserted in the house mouse 

mandible consists of a pair of incisors, used for pre-oral processing and various non-feeding 

behaviors, and three pairs of molars, used for chewing; the canines are lacking, and a free space 

called diastema is present in their place (Carleton 1984). The three mandibular processes serve 

as essential insertion points for masticatory muscles, and contribute to the articulation of the 

mandible with the cranium.  

 

Two primary functional modules with partial autonomy have been identified in the mandible 

of the house mouse: the alveolar region (or tooth region), and the ascending ramus (or muscular 

region) (Figure 1.8; Atchley and Hall 1991; Atchley 1993; Leamy 1993; Klingenberg et al. 2003, 

2004). This modular structure receives support from several studies, which not only highlight 

FIGURE 1.8. Labial view of a left 
hemimandible of the house mouse, 
showing the six basic regions: the three 
processes, the two alveolar components, 
and the horizontal ramus. Two functional 
subunits or modules are distinguished: the 
ascending ramus, which articulates with 
the cranium and where most masticatory 
muscles attach to, and the alveolar 
region, which contains the teeth 
(adapted from Atchley 1993). 
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functional and developmental independence of the two mandibular modules, but also emphasize 

their different morphological and evolutionary variation, and reveal a certain degree of genetic 

independence between them (Cheverud 1996, 2004; Mezey et al. 2000; Ehrich et al. 2003; 

Klingenberg et al. 2004; Muñoz-Muñoz et al. 2011; Burgio et al. 2012; Franchini et al. 2016). 

However, this modular organization is not universally seen as plausible and several others have 

been proposed instead for the rodent mandible (see Zelditch et al. 2008, 2009). 

The complexity of the house mouse mandible not only is due to its several constituent parts, 

but also to the variety of tissues involved in the development, growth, function, and evolution of 

this structure. For instance, secondary cartilages cover the three mandibular processes and serve 

as articulation surfaces, and are involved in the joint of the two dentary bones at the mandibular 

symphysis. Also, the muscles responsible for mandibular movement mainly attach to the posterior 

region of the dentary bones, which makes this region especially complex at the ontogenetic level, 

bearing in mind that the attachment of muscles to bones entails interactions that affect bone 

development and growth (Figure 1.9; Atchley and Hall 1991). 

The masticatory musculature of rodents has been the focus of numerous studies, due to the 

importance assigned to feeding mechanics in the adaptive success of this group of mammals 

(Carroll 1988; Baverstock et al. 2013, for review). Following the terminology of Cox and Jeffery 

(2011), which reflects the anatomical relationships and positions of the musculature, several well-

defined masticatory muscles with different attachment areas on the mandible have been 

described in Mus musculus (Figure 1.9; Baverstock et al. 2013). The superficial masseter muscle, 

which accounts for 19% of the total muscle mass, attaches along the ventral border of the 

mandible, on both the lingual and labial surfaces. The deep masseter is the largest masticatory 

muscle in the house mouse (33% of overall muscle mass), and has a great attachment area in the 

labial side of the mandible, which runs from the angular process to a point ventral to the first 

molar. The zygomaticomandibularis (9% of total masticatory muscle mass) is made of three 

constituent parts (anterior, posterior, and infraorbital) that insert onto the dorsolabial surface of 

the mandible, from the molar region to the coronoid process. The temporalis muscle (22% of the 

overall muscle mass) is divided into two parts. The medial temporalis attaches to the lingual 

surface of the coronoid process and extends ventrally to the ventral ridge and posteriorly to the 

point of greatest curvature between the coronoid and condylar processes; the lateral temporalis 

inserts onto the labial surface of the coronoid process tip. The pterygoid muscles (16% of the 

overall masticatory muscle mass) consist of the external and internal pterygoid. The external 

pterygoid inserts onto the lingual surface of the condylar process, while the internal pterygoid 

attaches to the lingual surface of the angular process.  
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. . . The cranium of the house mouse 
 

The house mouse cranium, as opposed to the mandible, is a composite of several skeletal elements 

(Figure 1.10). The bones identifiable from dorsal cranial view, in a craniocaudal (or 

anteroposterior) direction, are a pair of nasal, premaxillary, maxillary, lachrymal, frontal, 

zygomatic (or jugal), parietal, and squamosal (or temporal) bones, followed by the one 

interparietal and occipital bones. On ventral cranial view, additional bones can be recognized, 

namely two palatines, the presphenoid, pterygoid, and basisphenoid bones, and a pair of tympanic 

bullae (Cook 1965). These main cranium bones encase and protect the brain and the organs of the 

sensory system (Enlow 1990; Santagati and Rijli 2003; Hallgrı́msson et al. 2007a). As in the 

mandible, the dentition in the cranium of the house mouse consists of a pair of incisors separated 

from three pairs of molars by the diastema (Carleton 1984). The incisors are inserted in the 

premaxillary bones, while the molars are inserted in the maxillary bones.  

 

 

 

 

The house mouse cranium consists of three main units that are embryologically distinct and 

partially independent: the basicranium, which is derived from the chondrocranium; the 

neurocranium, comprising the dermatocranial bones of the cranial vault; and the face, derived 

from the splachnocranium and showing dermatocranial elements (Hallgrıḿsson et al. 2007a). 

FIGURE 1.9. Attachment areas of the masticatory muscles in the labial and 
lingual surfaces of the mouse mandible (modified from Baverstock et al. 2013). 

FIGURE 1.10. Bones of the house mouse cranium, in dorsal (A), lateral (B), and ventral (C) views 
(modified from Muñoz-Muñoz et al. 2016). Legend: b, basisphenoid; f, frontal; i, interparietal; l, 
lachrymal; m, maxillary; n, nasal; o, occipital; pa, palatine; pm; premaxillary; pr, parietal; ps, 
presphenoid; pt, pterygoid; s, squamosal; tb, tympanic bulla; z, zygomatic. 
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These different regions have been found to behave as modules, since they show certain 

independent variation (Cheverud 1982a, 1989, 1995; Lieberman et al. 2000a; Hallgrı́msson et al. 

2004), although some studies have not detected such modular organization (see Martı́nez-

Abadı́as et al. 2012). The basicranium is located in the center of the cranium, below the brain and 

neurocranium but above and behind the face; it is the first part of the cranium to attain adult size 

and shape, slightly before the neurocranium and long before the face, and it is considered to act 

as the central integrator of the skull (De Beer 1937; Stamrud 1959; Moore and Lavelle 1974; 

Baughan et al. 1979; Farkas et al. 1992; Lieberman et al. 2000b; Hallgrı́msson et al. 2007a). 

Several different soft tissues are involved in the development, growth, function, and evolution 

of the house mouse cranium, including the brain, a large vascular supply (e.g., the arterial Circle 

of Willis), several sensory organs, and the muscular feeding apparatus (Jamniczky and 

Hallgrı́msson 2011). The masticatory musculature, whose attachment to the mandible has already 

been illustrated, also anchors to the cranium to operate the opening and closure of the mandible 

(Figure 1.11; Baverstock et al. 2013). The superficial masseter runs obliquely from the posterior 

portion of the mandible to the anterior portion of the cranium, and its tendinous origin attaches 

to a small process on the maxillary bone. The attachment of the deep masseter to the cranium 

originates from the ventrolateral surface of the zygomatic bone and spans almost the whole length 

of this bone; from their origin on the zygomatic bone, the muscular fibers run posteroventrally 

towards their attachment area on the mandible. The zygomaticomandibularis, viewed as a whole, 

begins in a fossa in the maxillary bone, anterodorsal to the infraorbital foramen; then it passes 

posteriorly through the infraorbital foramen, attaching along the length of the mediodorsal 

surface of the zygomatic bone, and from there it travels ventrally to attach onto the mandible. The 

medial temporalis has a broad attachment area on the lateral surface of the cranium, running from 

the suture between the occipital and parietal bones to the posterior boundary of the first molar; 

then it runs ventrally down the frontal bone towards the medial mandible surface. The lateral 

temporalis shows fibers running anteroventrally, passing medial to the zygomatic bone, until 

attaching to the mandible. The external pterygoid originates from the cranial base and attaches 

anteriorly to the tympanic bulla, from where it passes ventrolaterally to insert onto the lingual 

mandible surface. Finally, the internal pterygoid also originates from the cranial base, but runs 

medially from the palatine process to the pterygoid process and then passes posteroventrally and 

medially to insert onto the mandible. The masticatory musculature of Mus musculus conforms to 

the myomorph condition; the myomorphs have both the deep masseter and the 

zygomaticomandibularis muscles expanded up through the orbit and anteriorly on to the rostrum 

through the enlarged infraorbital foramen (Cox et al. 2012). 
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. . . Embryonic origin of the craniomandibular skeleton of the house mouse 
 

The craniomandibular skeleton of the house mouse is largely derived from the neural crest, which 

is a migratory, pluripotent, epithelial cell population that arises from the folds of the neural tube 

in the initial embryonic stages (Atchley and Hall 1991; Atchley 1993; LeDouarin and Kalcheim 

1999; Chai et al. 2000; Bronner and LeDouarin 2012). During embryonic development, neural 

crest cells undergo an epithelial-mesenchymal transition that modifies their aspect (Figure 1.12; 

LeDouarin and Kalcheim 1999). After this transformation process, the neural-crest-derived 

mesenchymal cells migrate away from the neural epithelium, towards different regions of the 

embryo. During their migration, these cells increase in number by undergoing a cell division 

process (Hall and Hörstadius 1988). Once they reach their final destinations, the neural-crest-

derived mesenchymal cells can differentiate into a wide range of cell types and contribute to the 

formation of different structures (LeDouarin and Kalcheim 1999).  

The cranial neural crest cells are a type of neural crest cells that particularly arise from the 

dorsal margins of the neural folds at the level of the diencephalon, the midbrain, and the 

hindbrain, and they have the potential to differentiate into cartilage, bone, and connective tissue 

(Noden 1978, 1988; LeDouarin and Kalcheim 1999). The cranial neural crest cells provide the 

source of mesenchyme for the formation of the mandible, the teeth, the face, the anterior portion 

of the basicranium, and the frontal bones. Instead, the skeletogenic mesenchyme that forms the 

neurocranium and the posterior portion of the basicranium is considered to derive from the 

cranial paraxial mesoderm (LeDouarin and Kalcheim 1999; Jiang et al. 2002; Santagati and Rijli 

2003; Bildsoe et al. 2013). Once at their destination, the mesenchymal cells aggregate into cellular 

condensations that represent the starting point for the expression of specialized molecules 

involved in the differentiation of the distinct cells that will generate the different tissue types, 

including cartilages, bones, teeth, and connective tissues (Hall 2003a).  

 

FIGURE 1.11. Attachment areas of the masticatory muscles in the dorsal and ventral 
regions of the mouse cranium (modified from Baverstock et al. 2013). 
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. . . Development and evolution of complex morphological structures 

 

The model described by Atchley and Hall (1991) for the development and evolution of complex 

morphological structures was initially applied to the house mouse mandible, but it is also 

applicable to other complex morphological structures, like the house mouse cranium. According 

to this model, the development of this type of morphological structures is an intricate 

embryological process with different checkpoints, named developmental units, which consist in 

fundamental regulatory mechanisms or structural entities needed for the assembly of the final 

complex morphological structure (Atchley and Hall 1991; Atchley 1993). Also, this model assumes 

that natural selection acts upon an array of phenotypes that originate from variation in underlying 

genetic and epigenetic controlling factors (Atchley and Hall 1991). Since these underlying 

developmental units are essential to determine the final size and shape of the morphological 

structures, their alteration can translate into morphological variation and evolution (Atchley and 

Hall 1991). As proposed for the mandible, during skeletal morphogenesis developmental units 

relate to activities occurring during migration of neural-crest-derived mesenchymal cells, but also 

to processes occurring once the mesenchymal cellular condensations are formed (Atchley and 

Hall 1991; Atchley 1993). Some of the checkpoints taking place during the migration of the 

mesenchymal cells include: (1) the number of cells that start the migration; (2) their migration 

rate; (3) the ratio of migrant cells that undergo division; (4) the minimum period of time between 

successive divisions; and (5) the number of cells that die along the way. After mesenchymal 

condensations are formed, the following checkpoints take place within each condensation: (1) the 

number of undifferentiated cells within the condensation; (2) the relative starting time of the 

condensation formation; (3) the ratio of cells that are active at the mitotic level; (4) the rate of cell 

division in the condensation; and (5) the rate of cell death (Atchley and Hall 1991). The alterations 

that occur before the differentiation of the mesenchymal cells into the different cellular types can 

entail changes in the size of the morphological structure, while the alterations that take place after 

this cellular differentiation can cause changes in shape (Atchley 1993). 

In summary, complex morphological structures originate from an array of constituent parts, 

whose assembly into the final structure depends on the coordination of activities that occur at 

FIGURE 1.12. Scanning electron microscope 
image, corresponding to a mouse in the 9th 
day of gestation. Neural crest cells undergo a 
transformation process into mesenchymal 
cells (red inset in the right of the image). The 
migration of these cells from the dorsal aspect 
of the neural tube is displayed in yellow 
(modified from http://www.med.unc.edu/ 
embryo_ images/). 
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distinct hierarchical levels of temporal and spatial organization. Consequently, morphological 

changes of these complex structures can arise not only from variation in features of the 

mesenchymal condensations, but also as a result of alterations in the regulation of the patterns 

and timing of integration of the constituent parts, which has been defined as a developmental 

choreography (Atchley et al. 1990; Atchley 1993).  

 

. . . Factors of morphological variability  
 

The ontogenetic process is characterized by three main features that should be taken into 

consideration in order to understand the origin and the controlling factors of variability in this 

process, and how this variability is involved in the evolutionary change. First, development is 

under genetic control, so developmental evolution and the corresponding morphological 

evolution result from heritable changes in the patterns of regulation or components of the 

morphological structures; second, development is a process of epigenetic nature that includes a 

cascade of interactions among regulatory factors; and third, development is a sequential and 

hierarchically organized process (Atchley and Hall 1991). In this context, evolutionary 

developmental biology (evo-devo) has arisen as a discipline aiming at identifying the 

developmental mechanisms that underlie evolutionary changes in the phenotype of individuals 

(Hall 2003b). 

Based on the fact that most morphological traits are under the control of two genomes (i.e., 

those of the individual and its mother) and are influenced by three different environments 

(uterine, nursing, and post-weaning), Atchley and Hall (1991) proposed a quantitative genetic 

model for the development of complex morphological structures, although particularly of the 

mandible, which takes into account four major categories of regulatory factors that can contribute 

to morphological variability by affecting the ontogenetic process. These factors include: 

Intrinsic genetic factors: Their role in morphogenesis is especially relevant during the initial 

developmental stages. They comprise genes with local expression, which codify for 

structural elements that generate the morphological structure, or for regulatory elements 

that regulate the development and selective expression of cells. Evolutionary divergence of 

complex phenotypes, like bone morphology, is more likely to result from changes in genes 

involved in the regulation of processes (e.g., patterns and timing of genic activation and 

repression) than from changes controlling structural aspects. 

Epigenetic factors: In this context, epigenetic or extrinsic control is the influence that 

regulatory genes from a cell or group of cells have on different cells or groups of cells. 

Epigenetic factors are, thus, heritable factors or processes with a local or global effect. 

Although they are extrinsic to the developing structure, the epigenetic factors have a genetic 
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basis, and thus they are not environmental factors. These extrinsic, epigenetic effects can 

arise from interactions with embryologically different tissues (e.g., interaction processes 

between bone and non-skeletal tissues, like muscles). 

Maternal factors: These are the influences that the mother exerts over the phenotype of the 

progeny, which are not due to the direct effect of the genes that have been genetically 

transmitted. These interactions occur during the prenatal and postnatal development, and 

condition the expression of the genetic material of the developing progeny; therefore, they 

are assumed to act epigenetically, but they are differentiated from the epigenetic factors 

intrinsic to the individual. These factors include the maternal metabolism and behavior, 

litter size, or the quantity and quality of milk. 

Environmental factors: They include non-heritable local or global conditions that occur around 

the individual and can have a significant impact on its development. Therefore, they can 

mask the contribution of genetic and epigenetic factors.  

Morphological variation therefore arises through variation in the developmental processes 

acting at many levels, including signaling interactions and cell behavior, or functional interactions 

among different tissues (Atchley and Hall 1991; Atchley 1993; Herring 1993a; Hall 2003b; 

Salazar-Ciudad et al. 2003). Developmental processes ultimately have the potential to generate 

phenotypic integration, or coordinated variation, among traits (Willmore et al. 2007; 

Hallgrı́msson et al. 2009). This property determines the structure of variation under different 

genetic and environmental perturbations, and so it is vital to understand evolutionary change 

(Hendrikse et al. 2007; Gonzalez et al. 2011a). The covariance structure conditions the 

evolvability of complex structures, since it determines how natural selection affects the 

evolutionary change (Lande 1979b). 

 

. . . Genetic basis of craniomandibular morphology in the house mouse 
 

One of the major challenges of biological research is the unraveling of the genetic basis of 

organismal form (Müller and Newman 2003; Mallarino and Abzhanov 2012; Pallares et al. 2014). 

Despite the increasing information about the developmental processes and genetic pathways 

involved in the determination of shape, the genetic architecture underlying morphological 

variation has just begun to be understood (Barrett and Hoekstra 2011; Mallarino and Abzhanov 

2012; Gray et al. 2015). In the case of the craniofacial skeleton of vertebrates, the genotype-

phenotype map translating genetic variation into craniofacial shape variation is far from being 

totally comprehended (Hallgrıḿsson et al. 2014; Percival et al. 2016).  

Over the last decades, many studies have focused on finding the genomic regions and candidate 

genes involved in the developmental mechanisms generating morphological variation of the skull 
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of the house mouse (Festing 1972; Bailey 1985; Johnson 1986; Lovell et al. 1986; Atchley et al. 

1988; Cheverud et al. 1991; Bonilla-Claudio et al. 2012; Attanasio et al. 2013; Boell et al. 2013). 

However, most of the currently available data on the genetics underlying morphology concerns 

the mandible, due to its lower anatomical complexity compared to the cranium (Klingenberg and 

Navarro 2012; Pallares et al. 2014).  

The identification of the genetic architecture of craniomandibular morphology in the house 

mouse has been recurrently approached through analyses of genome composition and genetic 

mapping studies, including quantitative trait loci (QTLs) analyses and genome-wide association 

studies (GWAS). The combination of geometric morphometrics (see section 1.4) with these 

approaches allows the quantification of subtle phenotypic variation, and so contributes effectively 

towards the identification of genomic regions and genes involved in complex traits (Klingenberg 

2010; Pallares et al. 2014). This kind of studies have revealed the association of many genomic 

regions with variation of skull shape in mice, and some of them have also enabled the 

identification, with high resolution, of candidate genes involved in craniomandibular shape 

variation (Cheverud et al. 1997; Leamy et al. 1997, 1999, 2000, 2008; Klingenberg et al. 2001a, 

2004; Ehrich et al. 2003; Wolf et al. 2005; Burgio et al. 2009; Roseman et al. 2009; Boell and Tautz 

2011; Boell et al. 2011, 2013; Boell 2013; Pallares et al. 2014, 2015, 2016; Maga et al. 2015; 

Navarro and Maga 2016). Moreover, several genomic regions underlying the morphology of the 

cranium and the mandible in the house mouse have been mapped near the centromeres and, 

regarding the mandible, more genomic regions also more widely distributed across the genome 

have been found to affect the traits of the ascending ramus, compared to the entire mandible or 

the alveolar region (Bailey 1986; Cheverud et al. 1991, 1997; Ehrich et al. 2003; Klingenberg et al. 

2004; Roseman et al. 2009). The fact that a great number of loci, distributed among different 

chromosomes, influence the morphology of the house mouse mandible and cranium shows that 

these morphological structures have a complex genomic architecture (Pallares et al. 2014). This, 

together with the fact that a positive correlation has been found between the length of genomic 

fragments and the magnitude of their effect on craniomandibular shape, is consistent with a 

polygenic architecture of the cranium and the mandible in mice, that is to say, many loci of small 

effect are responsible for morphological variation of these complex structures (Burgio et al. 2009; 

Boell et al. 2011; Attanasio et al. 2013; Pallares et al. 2014, 2015, 2016).  

 

. . Bone histology and the study of ontogenetic bone growth 
 

The study of skeletal structures has highlighted the relevance of knowing their developmental and 

differentiation processes, since in a phylogenetic context it is especially useful in order to 

recognize homologies (Lieberman 1995). This information can be obtained, for instance, from the 
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histological analysis of bones for the study of their growth patterns, and the analysis of the spatial 

relationships among the distinct component parts of complex skeletal elements (Lieberman 

2000). The comparison of developmental processes among species, or even populations, allows 

to glimpse the relationship between these processes and eventual changes in skeletal morphology 

(Martinez-Maza 2007). 

The knowledge of the histological processes directly involved in bone growth is a direct 

element for understanding bone development. Particularly in the study of hominids, it has been 

detected that the distinct structural patterns of the craniomandibular skeleton correspond to 

specific patterns of histological activity of bone cells, which leave characteristic microfeatures and 

thus a mosaic of activity fields in bone surface (Enlow 1982; Bromage 1989; Martinez-Maza et al. 

2006, 2013, 2015; Martinez-Maza 2007). Enlow (1963) and both Enlow and Harris (1964) were 

the first ones in studying and establishing the histological activities that take place in bone surface 

during ontogeny, which constitute the histological mechanism through which bones keep their 

spatial and functional relationships as they grow (Martinez-Maza 2007). The histological analysis 

of bones can thus allow to infer their dynamic growth processes, but the understanding of this 

information first requires the knowledge of bone biology. 

 

. . . Bone composition 
 

Bone is a type of specialized connective tissue consisting of cells, a mineralized extracellular 

organic matrix, and vascular canals. Four types of bone cells characterize the bone tissue: 

osteoblasts, lining cells, osteocytes, and osteoclasts. The first three cell types derive from 

osteoprogenitor cells located in the vascular osteogenic membranes that cover the outer and inner 

surfaces of bones, named periosteum and endosteum respectively, while osteoclasts originate 

from monocytes derived from the bone marrow (Bloom and Fawcett 1994; Marks and Hermey 

1996; Recker and Barger-Lux 1996). All these cell types are found adhered to bone surfaces, 

except for osteocytes, which are surrounded by the mineralized matrix. 

Before its mineralization, the bone matrix is made of type-I collagen fibers (95%), as well as 

proteoglycans and other non-collagenous proteins (5%). This non-mineralized bone matrix is 

called osteoid and is synthesized by osteoblasts during bone growth (Bloom and Fawcett 1994). 

The mineralization of the osteoid, also carried out by osteoblasts, occurs through the formation of 

hydroxyapatite crystals and their deposition along the collagen fibers (Boyde 1972; Bloom and 

Fawcett 1994). The mineralized matrix provides the bone with rigidity and strength, but also 

confers certain flexibility (Marks and Hermey 1996). Bones show appositional growth, by 

superposition of new bone layers from the outer bone surfaces. While synthesizing the osteoid, 

osteoblasts become trapped inside osteocytic lacunae within the bone matrix, where they 
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differentiate into osteocytes (Figure 1.13A). When the osteoblasts located in the osteogenic 

membranes become quiescent and do not produce osteoid, they turn into elongated and flattened 

cells, known as lining cells, which cover the inactive bone surfaces (Marks and Popoff 1988; 

Recker and Barger-Lux 1996). A three-dimensional network of small canals, or canaliculi, related 

to mechanosensitivity processes allows osteoblasts, osteocytes, and lining cells to interconnect 

through gap junctions (Figure 1.13B; Burger and Klein-Nulend 1999; Currey 2002). 

 

Bone resorption also takes place during bone 

growth. This activity is carried out by big 

multinucleated cells called osteoclasts (Figure 

1.14; Bloom and Fawcett 1994). By releasing 

lysosomal enzymes, osteoclasts generate an acid 

microenvironment that dissolves the 

hydroxyapatite crystals of the mineralized bone 

matrix. Then, these bone cells remove the 

demineralized organic matrix through the release 

of the collagenase enzyme (Väänänen and Zhao 

1996; Martin et al. 1998). As a result of their bone 

resorption activity, osteoclasts leave concavities in the surfaces of bone, called Howship’s lacunae. 

The variable sizes and shapes of these concavities are the result of the heterogeneous morphology 

of pseudopods, the functional units of osteoclasts in charge of bone resorption (Boyde 1972). 

 

. . . Bone development: ossification and remodeling 
 

Bone is a dynamic and complex tissue that grows throughout life, changing in size, shape, and 

position in response to several stimuli (Enlow 1982). The relationship between the activities of 

osteoblasts (bone deposition) and osteoclasts (bone resorption) varies along ontogeny, which 

leads to the identification of different processes along skeleton development. The histological 

features resulting from the activities of these bone cells provide fundamental information about 

the bone growth process (Martinez-Maza et al. 2006). 

FIGURE 1.14. Three osteoclasts (arrows) 
sitting on a piece of bone (modified from 
http://www.doctorc.net). 

FIGURE 1.13. (A) Histological 
section of a bone, showing 
osteocytes within osteocytic 
lacunae, osteoblasts, and the 
extracellular bone matrix. (B) 
Canaliculi radiating outward 
from each osteocytic lacunae 
(modified from http://www. 
doctorc.net). 
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Ossification is the process of formation of new bone tissue during embryonic development, and 

it is classified into two types: intramembranous and endochondral. In intramembranous 

ossification, mesenchymal cells group in specific areas of the mesenchyme or embryonic 

connective tissue, where the future bone will be created, and they turn into osteoblasts, which 

generate osteoid de novo (Sadler 1991; Bloom and Fawcett 1994). In endochondral ossification, 

mesenchymal cells also group in specific areas but they become chondroblasts instead, which 

generate a cartilaginous matrix with the form of the future bone. This cartilaginous model 

increases in size by interstitial and appositional growth, and then a center of primary ossification 

appears in the middle of it. New bone tissue formed by osteoblasts then replaces the cartilaginous 

model, and bone growth continues to occur by apposition and elongation (Sadler 1991; Bloom 

and Fawcett 1994; Ten Cate 1998). Therefore, intramembranous ossification is considered a 

direct process of ossification, whereas endochondral ossification is an indirect ossification 

process. The two types of ossification require vascular supply in order to create and mineralize 

the extracellular matrix, and both intramembranous and endochondral bones are histologically 

equivalent (Bloom and Fawcett 1994; Marks and Hermey 1996; Ten Cate 1998). In the case of the 

house mouse mandible, endochondral ossification gives rise to the three processes (coronoid, 

condylar, and angular), while the rest of the mandible is generated through intramembranous 

ossification (Ramaesh and Bard 2003). In the case of the mouse cranium, the basicranium grows 

mostly via endochondral ossification in the synchondroses, while the face and the neurocranium 

grow via intramembranous ossification in sutures (Hallgrıḿsson et al. 2007a).  

During the early stages of postnatal development, after ossification occurs, bones particularly 

grow and change in size and shape. Far from following an isometric pattern, characterized by bone 

deposition in the outer surface and bone resorption in the inner surface, bone growth in this life 

stage is differential because bone resorption is exceeded by bone deposition (Enlow and Hans 

1996; Marks and Hermey 1996). Bone growth occurs through a mechanism that entails 

coordinated bone deposition and bone resorption, carried out by osteoblasts and osteoclasts 

respectively, in different regions of the bone (Figure 1.15; Enlow 1982; Enlow and Hans 1996; 

Seeman 2003). In the literature, this mechanism involved in adult bone morphogenesis has been 

called both “bone growth remodeling” (Enlow 1963, 1982; Enlow and Harris 1964; Enlow and 

Hans 1996) and “bone modeling” (Frost 1987). Likewise, the mechanism involved in bone 

reconstruction in later stages of life has been called “Haversian remodeling” by Enlow (1963) but 

“bone remodeling” by Frost (1987). The use of these different terms depends on the field of 

knowledge; while the studies of biomechanics as well as molecular and cellular bone biology 

usually follow the terminology of Frost (e.g., Marks and Hermey 1996; Martin 2000), the studies 

related to the mechanisms and process of bone development and growth tend to use the 

terminology proposed by Enlow (e.g., Bromage 1989; O’Higgins et al. 1991; Enlow and Hans 1996; 
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Mowbray 2005). In the present research, the terminology used by Enlow in his studies of 

craniofacial growth is adopted (Figure 1.15; Enlow 1963, 1982; Enlow and Harris 1964; Enlow 

and Hans 1996), although the term “bone remodeling” will be used as a shorter synonym of the 

terminology “bone growth remodeling” to refer to the process of bone growth resulting from the 

activities of osteoblasts and osteoclasts. 

 

 

 

 

 

 

 

 

 

 

 

In bone (growth) remodeling, which takes place in early postnatal ontogeny, the activities of 

osteoblasts and osteoclasts are temporally and spatially coordinated but they are disengaged, in 

the sense that they are not equivalent (Figure 1.15; Marks 

and Hermey 1996). As a result of this process, the 

periosteum and endosteum show a mosaic of 

microfeatures related to the bone deposition and 

resorption activities. Microscopically, the bone surfaces 

where bone deposition occurs show bundles of 

mineralized collagen fibers (Figure 1.16A), while the 

regions where bone resorption takes place exhibit 

Howship’s lacunae (Figure 1.16B). The identification of 

the distribution of these cell activity fields makes it 

possible to establish the bone remodeling patterns 

(Enlow and Hans 1996). When bone deposition and 

resorption take place in opposite surfaces of the bone 

cortex, a change in the relative position of the cortex 

occurs. This displacement, known as cortical drift, allows 

the relocation of the different parts of the bone in order to keep the functional equilibrium (Enlow 

1963, 1982; Enlow and Hans 1996). Therefore, bone remodeling not only entails changes in bone 

FIGURE 1.15. Bone growth remodeling vs. Haversian remodeling (sensu Enlow 1963). 
In bone growth remodeling, the activities of osteoblasts and osteoclasts are not 
coupled, and sudden changes in bone position, amount, and shape can take 
place. In Haversian remodeling, osteoclasts activity is coupled to the prior activity 
of osteoblasts; in normal conditions, the changes in the amount and shape of 
bones are minimal (modified from Martinez-Maza 2007). 

FIGURE 1.16. Bone deposition (A) 
and bone resorption (B) surfaces 
(modified from Martinez-Maza et 
al. 2006). 
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size, but also changes in bone shape. Bone shape variations can be understood as variations in the 

distribution of modeling fields, or in the relative rates, starting time, or duration of the cellular 

activities (Enlow 1982; Enlow and Hans 1996). 

Once skeletal maturation is reached in adulthood, bone remodeling decreases notably, but the 

skeleton still requires a maintenance that entails internal bone reorganization through Haversian 

remodeling. This process is involved in the repair of bone microfractures, and in the maintenance 

of the calcium and phosphorus homeostasis (Ott 1996; Martin et al. 1998). Haversian remodeling 

implies bone resorption in a certain bone surface, followed by bone deposition, in a balanced way 

(Figure 1.15; Frost 1964). Therefore, this process requires the activities of osteoblasts and 

osteoclasts to be both coordinated and coupled (Martin 2000). 

 

. . . Bone histomorphology: types of bone tissue  
 

The skeleton displays a broad range of different bone tissues, which mainly differ in the 

proportion and/or organization of the constituent components of the bone matrix, the density and 

arrangement of bone cells, the rates of bone deposition and resorption, or the level of 

vascularization (Francillon-Vieillot et al. 1990). The different types of bone tissue, and therefore 

the structural features that characterize each of them, can be recognized at distinct levels of 

observation. 

At the macroscopic level, two main types of bone tissue can be identified from bone cross-

sections according to their porosity (Francillon-Vieillot et al. 1990). Cortical or compact bone is 

an outer solid bone layer with low porosity, presenting cavities that correspond to osteocytic 

lacunae, canaliculi, vascular canals, and resorption concavities (Martin et al. 1998; Currey 2002). 

Trabecular or cancellous bone has an inner position and is formed by interconnected bone thin 

plates; it is highly porous and its cavities contain bone marrow (Martin et al. 1998; Currey 2002). 

Cortical bone has mechanic and protective functions, while trabecular bone is involved in 

metabolism (Marks and Hermey 1996). 

At the microscopic level, three main different types of bone tissue can be identified from the 

observation of thin cross-sections of the cortical bone tissue, according to the organization of the 

collagen fibers and osteocytes: woven bone, lamellar bone, and parallel-fibered bone (Enlow 

1963; Francillon-Vieillot et al. 1990; Enlow and Hans 1996; Currey 2002; Martinez-Maza 2007). 

Woven bone tissue shows collagen fibers and osteocytes with an aleatory arrangement (Figure 

1.17A). This type of bone tissue is related to a high rate of bone deposition, which explains its 

loose spatial organization. It is found in the fetal skeleton, as well as in fast growing areas of the 

skeleton during the early postnatal stages. Lamellar bone tissue, typical of the adult skeleton, is 

associated with a slower bone deposition than woven bone and shows a stratified aspect. In this 



  GENERAL INTRODUCTION  

43 
 

type of bone tissue, the collagen fibers and the osteocytes are arranged in a highly organized 

manner, and the orientation of the collagen fibers in one layer is crossed with respect to the layer 

underneath (Figure 1.17B). Parallel-fibered bone tissue is structurally intermediate between 

woven and lamellar bone tissues, and is related to a relatively high bone deposition rate, although 

lower than in the case of woven bone. In this type of bone, collagen fiber bundles have a more 

parallel disposition than in woven bone, and flattened osteocytes with a more or less ordered 

disposition are observed. The different types of bone tissue can be also characterized according 

to their vascularization; highly vascular and avascular bone tissues are respectively related to high 

and low rates of bone deposition (Enlow 1982, 1990). 

 

 

 
 

 

 

 

 

 

 

. . Geometric morphometrics and the study of morphological variation 
 

Morphological variation and evolution, as stated, can result from a myriad of alterations that may 

take place during the developmental and growth processes of organisms, and have both a genetic 

and epigenetic basis. The study of craniomandibular morphological variation and evolution in the 

house mouse has been very active, and largely supports the previous notion (Auffray et al. 1996; 

Jones et al. 2007; Mikula and Macholán 2008; Renaud et al. 2009, 2012; Mikula et al. 2010; Boell 

and Tautz 2011; Muñoz-Muñoz et al. 2011; Siahsarvie et al. 2012; Anderson et al. 2014). 

The answer of many research questions related to morphological variation and evolution 

requires the characterization of organismal form and the quantification of phenotypic variation, 

which precisely are the focuses of the biological discipline called morphometrics (from the Greek 

μορϕη, morphé, meaning “form”, and μετρια, metría, meaning “measurement”). The core of the 

application of morphometrics has especially been in systematics and evolutionary biology, 

although its application in other fields of knowledge continues to increase.  

In traditional morphometrics, developed between the decades of 1960s and 1980s, the form of 

organisms and morphological structures is represented by sets of length measurements 

(Bookstein et al. 1985). By the end of the 1980s, geometric morphometrics arose as a reinvention 

of morphometrics, and implied the development of several geometric frameworks and statistical 

FIGURE 1.17. Collagen fibers and osteocytes are randomly distributed in 
woven bone tissue (A), but show an organized disposition in lamellar 
bone tissue (B) (modified from Martinez-Maza 2007). 
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tools for the analysis of form. In geometric morphometrics, the form of organisms and 

morphological structures is represented by configurations of morphometric points, called 

landmarks (Figure 18; Rohlf and Bookstein 1990; Bookstein 1991, 1996; Dryden and Mardia 

1998; Kendall et al. 1999).  

Landmark configurations correspond to the 

position of particular traits or anatomical points of the 

structure of interest, and are homologous among the 

specimens under study (Dryden and Mardia 1998). 

Form variation is thus analyzed from the displacement 

of these morphological landmarks. Therefore, this 

representation consists in an abstraction to simplify 

the information about the geometry of the structures. 

Landmarks can be arranged in a two- or three-

dimensional space, depending on the characteristics of 

the morphological structure. Accordingly, landmark coordinates are Cartesian coordinates that 

localize the position of landmarks with respect to two- or three-dimensional axes. Depending on 

whether the acquisition of landmark configurations is performed in two or three dimensions, 

different equipment and protocols are used. Landmarks should represent the structures of 

interest as accurately, comprehensively, and objectively as possible, and are classified into 

different categories according to anatomical and geometric criteria (Bookstein 1991). 

In geometric morphometrics, the terms used to describe the geometry of the morphological 

structures receive new technical meanings. This, together with the fact that this discipline entails 

a particular approach to the study of certain fundamental aspects of morphological variation, 

makes it appropriate to define and clarify certain concepts. 

 

. . . Size, shape, and form 
 

Size is the feature of scale of the structures, namely their spatial 

extent or dimensions. Shape is the feature of proportions of the 

structures; it is an inherently multidimensional property, and 

consists in the geometric information that allows the 

recognition of structures (Bookstein 1991; Dryden and Mardia 

1998). In other words, shape is considered to consist in the 

geometric information about a morphological structure, and by 

extension about a landmark configuration, that remains when 

information of position, orientation, and size is removed 

FIGURE 1.19. Changes in form 
result from changes in size 
and shape. 

FIGURE 1.18. Diagram of a landmark 
configuration corresponding to a 
hemimandible of the Syrian hamster 
(Mesocricetus auratus).  
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(Kendall 1977). For structures composed of several parts, shape also refers to the relative sizes 

and arrangement of these parts. Form is a term used to designate the combination of size and 

shape (Figure 1.19; Slice et al. 1996; Lele and Richtsmeier 2001). Therefore, the form of a 

structure includes all its geometric features except for its position and orientation. 

 

. . . Symmetric and asymmetric components of form 
 

Symmetry is the property of equivalence of size and shape at the two sides of a plane or axis. In 

bilaterial animals, the plane of symmetry is the sagittal plane, by which the right and left body 

sides are specular (i.e., morphological information on the right body side is repeated on the left 

body side). Two main types of symmetry can be distinguished in the context of geometric 

morphometrics (Mardia et al. 2000; Klingenberg et al. 2002). Matching symmetry is the symmetry 

of paired morphological structures that are present as two separate, mirror-image copies on the 

left and right sides of the body (e.g., left and right hemimandibles). Object symmetry is the 

symmetry of morphological structures that are internally symmetric, having an axis or plane of 

symmetry than runs through themselves (e.g., cranium).  

Regardless of the type of symmetry, the left and right sides are supposed to be identical. 

However, this is usually not the case, and different types of asymmetry can be identified (Van 

Valen 1962; Leamy 1984; Palmer and Strobeck 1986). Fluctuating asymmetry refers to random 

and subtle deviations from perfect symmetry; it is the difference of each individual’s asymmetry 

from the average asymmetry in the whole population (Figure 1.20A). Directional asymmetry is a 

systematic difference between the right and left sides; in this case, the asymmetry is in the average 

of the individual left-right asymmetries, and thus it is a property of the whole population (Figure 

1.20B). Antisymmetry is a deviation from symmetry in which the direction of asymmetry differs 

among individuals; as a result, the distribution of left-right asymmetry is bimodal or platykurtic 

(Figure 1.20C). In geometric morphometrics, size asymmetry can only be measured in structures 

with matching symmetry; in structures with object symmetry, size differences between the two 

halves affect the proportions of the structure, and thus are considered to be an aspect of shape. 

 

FIGURE 1.20. Three distributions of frequencies (f) for the differences between the values of 
the left (L) and right (R) sides of a bilateral trait, expressed as the difference L-R: (A) 
fluctuating asymmetry, signed left-right asymmetries are normally distributed with a mean 
near zero; (B) directional asymmetry; (C) antisymmetry (modified from Palmer 1994). 



Chapter   
 

46 
 

. . . Allometry 
 

Although the definition of shape makes it logically separate from size, this does not mean that size 

and shape are statistically independent or uncorrelated. In fact, shape variation commonly 

correlates with size variation, a phenomenon that is termed allometry. In other words, allometry 

refers to the size-related shape changes of morphological traits (Huxley 1950; Gould 1966; 

Mosimann 1970; Mitteroecker et al. 2013; Klingenberg 2016).  

Allometry can be classified in different levels according to the cause of size variation that 

underlies the allometric relationship (Cheverud 1982b; Klingenberg and Zimmermann 1992; 

Klingenberg 2014, 2016). In ontogenetic allometry, size variation is due to ontogenetic growth. In 

evolutionary allometry, size variation is due to evolutionary change or differentiation between 

different evolutionary lineages. Finally, static allometry results from size variation within a 

population within a single ontogenetic or growth stage; therefore, it is the remaining individual 

variation in size when the ontogenetic and evolutionary sources of size variation are controlled.  

 

. . . Integration and modularity 
 

Making inferences on developmental processes from the morphological variation of organisms 

has long been one of the goals of morphometric studies. Since traits related developmentally or 

functionally are expected to share more features of variation than traits that develop or function 

separately, the study of covariation among traits is considered to provide information about 

developmental and functional bonds (Olson and Miller 1958; Cheverud 1996). 

The coordinated variation among the constituent parts of complex morphological structures 

or organisms, related at developmental and functional levels, is known as morphological 

integration (Olson and Miller 1958). Modularity, which is a complementary concept to 

morphological integration, pertains to the division of developmental systems into components 

that are partially dissociated among them, but that are themselves integrated (Hallgrıḿsson et al. 

2009). The interactions underlying morphological integration, and by extension modularity, can 

occur in four interrelated contexts: genetic, developmental, functional, and evolutionary 

(Cheverud 1996; Klingenberg 2010). Both morphological integration and modularity are 

investigated, in a morphometric context, through measures of phenotypic covariation or 

correlation (Hallgrıḿsson et al. 2009). Along these lines, modularity is based on the idea of a net 

of interactions among component parts in which some regions have denser internal versus 

external connections (Wagner 1996; Schlosser and Wagner 2004; Wagner et al. 2007). In other 

words, modularity relates to the differences in the degree of integration or covariation within and 

between sets of traits (Klingenberg 2008). Accordingly, a module is a complex of traits or parts 

that show high integration (namely strong covariation) due to the presence of many and/or strong 
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interactions among them; conversely, 

different modules are relatively independent 

of each other, that is to say, they display low 

integration (namely weak covariation) 

because there are few and/or weak 

interactions among them (Schlosser and 

Wagner 2004; Klingenberg 2008, 2009, 2010). 

In a landmark configuration, the lowest 

covariation value is expected between the 

subsets of landmarks resulting from the 

partition that corresponds to the true 

boundary between modules (Figure 1.21; Klingenberg 2009).  

The fact that development structures the expression of phenotypic variation, on which natural 

selection acts, makes it relevant to evolution (Alberch 1982; Hall 1999). Since morphological 

integration and modularity are two interrelated ways by which this phenomenon occurs, they are 

considered key determinants of evolvability (Cheverud 1996; Wagner et al. 2007; Hansen and 

Houle 2008; Hallgrıḿsson et al. 2009). Both integration and modularity bias the direction of 

evolution; whereas integration does so via the correlated effects of mutations on phenotypic 

variation (i.e., it creates preferred directions of evolutionary change), modularity affects the 

evolvability of complex systems by constraining the effects of mutations to sets of traits showing 

functional or developmental relationship (i.e., it allows the accumulation of variation in a group 

of traits without entailing deleterious effects on other traits of the organism) (Raff and Sly 2000; 

Wagner and Mezey 2004; Wagner et al. 2007; Hallgrı́msson et al. 2009). Consequently, integration 

and modularity are fundamental concepts in evo-devo (Hendrikse et al. 2007). 

FIGURE 1.21. Subdivision of landmarks 
concurrent (purple line) and not concurrent 
(green line) with the true boundary between 
modules (modified from Klingenberg 2008). 
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OBJECTIVES 
 

Previous comparative research on chromosomal groups of adult Mus musculus domesticus 

specimens from the Barcelona Rb system and surrounding St populations has highlighted the 

existence of significant differences in distinct biological aspects, including skeletal morphology 

(Muñoz-Muñoz et al. 2003, 2006, 2011; Sans-Fuentes et al. 2009). Based on the attributes ascribed 

to Rb translocations at the chromosome level, it has been recurrently suggested that 

morphological variation linked to the presence of these chromosomal rearrangements likely 

pertain to the alterations that Rb translocations would exert on genetic architecture and gene 

flow. Nevertheless, prior research on the abovementioned zone of chromosomal polymorphism 

has not explored minutely the potential role of karyotypic differentiation in the patterns of 

morphological covariation of skeletal structures, and has approached the morphological variation 

of three-dimensional bony structures through two-dimensional geometric morphometric 

techniques. Furthermore, the existence of morphological divergence correlated with the presence 

of Rb translocations in adulthood leads to expect that this differentiation might be also detectable 

from the analysis of the growth patterns over early postnatal ontogeny. However, this notion has 

been largely unexplored in natural populations.  

 

The present PhD thesis has two main aims. The first one is to improve the knowledge of the 

role of Rb translocations in the patterns of morphological covariation and phenotypic variation of 

the mandible and the cranium of wild Mus musculus domesticus specimens from the zone of 

chromosomal polymorphism comprising the Barcelona Rb system and surrounding St 

populations. The second central aim of this thesis is to assess to what extent the process of 

postnatal mandible growth of wild Mus musculus domesticus with the St karyotype varies in the 

presence of the Rb translocations characterizing the Barcelona Rb system, taking a classical inbred 

mouse strain, C57BL/6J, as a control group.  

 

In order to achieve these two primary objectives, three specific goals have been established: 

 

. To characterize the morphological covariance patterns and phenotypic differentiation of the 

mandible and the cranium among distinct chromosomal groups of adult wild specimens of 

Mus musculus domesticus from the Barcelona Rb system and surrounding St populations, by 

analyzing the degree and structure of morphological integration of these skeletal elements as 

well as their patterns of morphological variation. 
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Two different studies have been undertaken in order to attain this objective. The first of 

them (chapter 4) applies two-dimensional geometric morphometric methods to the 

analysis of the structure of morphological covariation of the mandible. The second study 

(chapter 5) analyzes the phenotypic variation and covariance structure of the dorsal and 

ventral regions of the cranium by applying three-dimensional geometric morphometric 

techniques. 

 

. To perform a comparative assessment of the pattern of mandible growth during early 

postnatal ontogeny between wild specimens of Mus musculus domesticus from the Barcelona 

Rb system and from surrounding St populations, by using a multi-method approach 

comprising analyses of mandible microstructure, growth dynamics, remodeling patterns, and 

form variation. 

 

This goal is addressed in the third study (chapter 6), which characterizes mandible 

histomorphogenesis and growth from the 2nd to the 8th week of postnatal life through 

different methodologies, including the examination of histological cross-sections, the 

analysis of bone surface, and the use of geometric morphometric techniques in two 

dimensions. 

 

. To analyze the growth process of the mandible during early postnatal ontogeny in wild Mus 

musculus domesticus specimens with the St karyotype and compare it to the growth process 

in Mus musculus specimens of the inbred laboratory strain C57BL/6J, also by examining the 

microstructure, directions and rates of growth, remodeling patterns, and morphological 

variation of the mandible. 

 

This objective is approached in the two last studies. In the fourth study (chapter 7), 

mandible histomorphogenesis from the 2nd to the 8th postnatal week is analyzed through 

the examination of histological bone cross-sections. The fifth study (chapter 8) evaluates 

mandible growth during the same ontogenetic period through bone surface analyses and 

two-dimensional geometric morphometric methods. 
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MATERIALS AND METHODS 
 

. . Sample 
 

The sample analyzed in the present thesis can be divided into two clusters:  

1. Skeletal material from adult wild mice 

Includes a total of: 

a) 1233 right and left hemimandibles, corresponding to 163 specimens of Mus musculus 

domesticus with the St karyotype and 456 specimens of Mus musculus domesticus with 

Rb translocations. 

b) 317 crania, corresponding to 104 specimens of Mus musculus domesticus with the St 

karyotype and 213 specimens of Mus musculus domesticus with Rb translocations. 

2. Skeletal material from juvenile wild and laboratory mice 

Comprises a total of 260 right and left hemimandibles, corresponding to 36 specimens of 

Mus musculus domesticus with the St karyotype, 43 specimens of Mus musculus domesticus 

with Rb translocations, and 51 specimens of Mus musculus belonging to the C57BL/6J 

inbred strain.  

The age of the adult wild specimens was estimated according to the pattern of tooth wear of 

the upper molars (Lidicker 1996). The specimens ranged between the age categories 3–7, 

corresponding to 2–4 and 10–14 months old. After their capture, the animals were kept alive 

during three days at the most. 

For the studies of mandible growth under laboratory conditions, the obtainment of the juvenile 

specimens entailed the capture of evidently pregnant wild females of Mus musculus domesticus 

and the acquisition of breeding pairs of the C57BL/6J mouse strain from ENVIGO (Barcelona). 

After their birth in the laboratory, the juvenile mice were kept alive until the end of their 2nd–8th 

postnatal week (PW) of life. 

The adult wild specimens of Mus musculus domesticus involved in the different studies were 

live-trapped in several field trips taken to about 30 farms and horseback riding clubs from 

different localities of the provinces of Barcelona, 

Tarragona, and Lleida, within the geographic range of 

the Barcelona Rb system and the surrounding St 

populations of Mus musculus domesticus. The field work 

was conducted by different researchers of the “Biologia 

i parasitologia de mamı́fers terrestres” research group, 

recognized by the Generalitat de Catalunya 

(Government of Catalonia), in different time intervals 
FIGURE 3.1. Sherman trap used to 
capture wild mice. 
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between the years 1996 and 2014. For the captures, Sherman traps were used (Figure 3.1), which 

were placed at dusk and collected the following day at dawn. Once trapped, the adult wild 

specimens were immediately transferred to the laboratory and housed in standard cages for 

rodents, also used for the housing of the laboratory (lab) mice acquired. 

The obtainment of the skeletal material required animal euthanasia, which was performed by 

trained personnel using the cervical dislocation technique. The skeletal material was cleaned by 

hand or using dermestid beetle larvae (Coleoptera: Dermestidae), and was deposited at the Unitat 

de Zoologia of the Departament de Biologia Animal, de Biologia Vegetal i d’Ecologia (Universitat 

Autònoma de Barcelona). 

The sexual condition of all specimens was identified. The state of sexual activity of each 

individual was assessed according to the following criteria: (a) males: weight and major plus 

minor diameters of each testicle, and length of the seminal vesicle; (b) females: state of the vagina 

(open/closed), and number of placental scars and/or embryos in each uterus (Gosálbez 1987). 

Somatic measurements (i.e., head and body length, tail length, left ear length, and left hind foot 

length) and weight of all specimens were also obtained (Gosálbez 1987). 

 

. . Karyotyping 
 

Immediately after euthanasia, a protocol was followed to obtain the karyotype of each wild mouse 

from marrow cells of the femur in mitotic division (Ford 1966). In order to extract femur marrow, 

one of the femurs was sectioned at the level of the diaphysis after removing the musculature, and 

1ml of the culture medium 199 (Sigma-Aldrich) was injected with a syringe through the medullar 

cavity. The solution was collected with a Dreyer tube, and the bone marrow was disaggregated 

with a Pasteur pipette until the solution was homogeneous. The solution was centrifuged at 

1000rpm for five minutes and the supernatant was then removed. A hypotonic solution (KCl 

0.075M at 37°C) was added with a Pasteur pipette until ¼ 

part of the tube was filled, smoothly hitting the tube several 

times after decanting each drop to homogenize the 

precipitate. After 15 minutes of repose at 37°C, the solution 

was again centrifuged at 1000rpm for five minutes. The 

supernatant was removed and, without disaggregating the 

precipitate, 0.75ml of Carnoy’s fixative solution were 

decanted and immediately removed with a Pasteur pipette. 

This step was repeated twice, but the second time the 

solution was removed when the surface of the precipitate 

turned white. Carnoy’s solution was then decanted again, 

FIGURE 3.2. Karyotype of a Mus 
musculus domesticus specimen 
from La Granada (Barcelona), 
with 8 metacentrics (2n=32), 
stained with the G-banding 
technique. 
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homogenizing the precipitate by smoothly hitting the tube after each drop, until ¼ part of the tube 

was filled. An additional centrifugation was conducted at 1000rpm for five minutes; again, the 

supernatant was removed and Carnoy’s solution was added as in the previous step. Cellular 

extensions were then made in order to observe the chromosomes in metaphase. Using a micro-

capillary, three drops of the final solution were released on a slide, leaving space between them. 

Immediately after, drops of fresh Carnoy’s solution were decanted on top of each solution drop, 

and the slides were dried off. Several extensions were prepared for each individual, which were 

incubated at 65°C for 12 hours. Afterwards, chromosomes were stained with the G-banding 

technique (Figure 3.2), following the protocol of Evans (1987) in the case of the animals trapped 

before 1998, and the protocol of Mandahl (1992) in the case of the animals captured after 1998. 

Chromosomes were identified using an optic microscope (Nikon Eclipse 50i) and following the 

criteria established by the Committee on Standardized Genetic Nomenclature for Mice (1972). 

 

. . Histological examinations 
 

In the present thesis, two histological approaches are used for the study of mandible growth over 

early postnatal ontogeny in the different groups of juvenile house mice analyzed, as it will be 

explained in more detail in the corresponding chapters. One of these approaches follows the 

invasive methodology used by Martinez-Maza et al. (2012), consisting in the obtainment and the 

microscopic analysis of thin histological cross-sections of the right dentary bones. The 

examination of these bone cross-sections was performed with an inverted fluorescent microscope 

(Zeiss Axiovert 35). Observations were first conducted under natural light in order to identify the 

spatial distribution of two types of bone tissue (i.e., woven and parallel-fibered), typical of the 

early stages of postnatal development, but structurally different and associated with different 

rates of bone deposition. Observations were also performed under ultraviolet light to visualize 

fluorescent labels adhered to the bone, corresponding to the in vivo supply of a fluorochrome 

aimed at enabling the analysis of bone remodeling and the calculation of bone growth rates.  

The other histological approach is a non-invasive method consisting in the microscopic 

examination of the outer mandible surface and the identification of bone remodeling fields in the 

left dentary bones of all juvenile mice, in order to obtain their remodeling patterns. The 

microstructural features related to the bone deposition and resorption activities were examined 

with a reflected light microscope (Zeiss Axio Imager.A1) equipped with a digital camera (Zeiss 

ProgRes C10 plus), following the methodology established by Martinez-Maza et al. (2010). This 

method yields images of bone surface highly similar to those obtained with the scanning electron 

microscope, and thus has proved to be useful in the identification of bone remodeling fields 

(Martinez-Maza et al. 2010). The operation of the reflected light microscope is equivalent to that 
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of the conventional optic microscopes, the difference being that in the former the light is emitted 

from the upper part of the microscope. When examined under this type of microscope, the light-

colored bone samples reflect the light excessively, which complicates the observation of the 

superficial micro-relieves. The coating of the mandibles with a thin layer of gold with the sputter 

coater SC510 BioRad at the Servicio de Técnicas No Destructivas of the Museo Nacional de 

Ciencias Naurales (Madrid, Spain), or with a thin layer of platinum with the sputter coater Emitech 

K550X at the Servei de Microscòpia of the Universitat Autònoma de Barcelona (Barcelona, Spain), 

aimed at improving the bone surface examinations. 

 

. . Geometric morphometric analyses 
 

Geometric morphometric methods and the associated statistical tools are applied in the present 

thesis for the analysis of phenotypic variation and morphological covariation of the mandible and 

the cranium among the adult mice, and for the examination of the ontogenetic changes and inter-

group variation in mandible morphology over early postnatal ontogeny among the juvenile mice. 

This section summarizes the goals and statistical basis of several main techniques used in 

geometric morphometric studies in general, and in the present thesis in particular, in order to 

enable a better understanding of the aims and reasons behind their utilization. 

Among the different methods available for landmark data acquisition, in the present thesis the 

landmark configurations of the mandibles were acquired in 2D, using tpsDig2 (Rohlf 2010), from 

images obtained with a digital camera (Nikon COOLPIX P90) and a flatbed scanner (Epson 

Perfection V350 Photo). In the case of the crania, three-dimensional landmark coordinates were 

obtained with the metrology system Micro-Vu Vertex 251HC Multisensor Measuring CenterTM and 

the Micro-Vu’s Inspec Metrology Software. In each case, digitization of the landmark 

configurations in question was performed with the same scale. After landmarks acquisition, 

geometric morphometric analyses were conducted with MorphoJ and R (Klingenberg 2011; R 

Development Core Team 2016). 

Measurement error, which is the variability of repeated measurements of a particular trait 

taken on the same specimen relative to the variability among individuals in a particular group 

(Bailey and Byrnes 1990), can affect the acquisition of landmark data and is particularly a 

troubling concern when analyzing fluctuating asymmetry, since it can bias estimates of the 

between-sides variance (Palmer and Strobeck 1986). While systematic error, originated by the 

measuring equipment or by biases of the persons digitizing landmarks, causes a directional and 

repeatable deviation from the true value of measurements, random errors in individual 

measurements consist in small differences due to uncertainties of the observer in locating 

landmarks (Lee 1982; Yezerinac et al. 1992; Arnqvist and Martensson 1998; Rabinovich 1999). In 
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order to minimize random error, landmarks digitization was replicated (Bailey and Byrnes 1990; 

Yezerinac et al. 1992). Also, since accurate estimates of measurement error are important (Palmer 

1994), it was determined whether between-sides variation was significantly larger than 

measurement error (Palmer and Strobeck 1986). 

 

Extraction of size and shape data from landmark coordinates 
 

The measure of size most widely used in geometric morphometric studies, and applied in the 

present thesis, is centroid size (CS), which consists in the square root of the sum of the square 

distances of the set of landmarks from their centroid or center of gravity, defined as the mean of 

all landmarks coordinates (Bookstein 1996). The CS is a measure of the amount of dispersion of 

the landmarks around the centroid; the further the landmarks are spread around the center of the 

configuration, the bigger the size. 

In order to extract shape data from the sets of landmark configurations, the procedure used 

was Procrustes superimposition, also known as Procrustes fit or Procrustes analysis (Rohlf and 

Slice 1990; Bookstein 1996; Dryden and Mardia 1998). The name “Procrustes” stems from a 

character of the ancient Greek mythology, an evil-doer who “fitted” his victims to his bed: he 

would stretch those victims that were shorter than the bed, while he would chop the excess off if 

the victims were larger than the bed. The 

extraction of shape information in 

Procrustes superimposition proceeds in 

three steps or transformations: translation 

(shift of position), rotation (circular 

movement around a point or axis), and 

scaling (enlargement or shrinkage by a 

scale factor) (Figure 3.3; Sneath 1967; 

Rohlf and Slice 1990; Goodall 1991; 

Dryden and Mardia 1998). The translation 

or shift of the landmark configurations to a 

common position aims to remove differences in the landmark coordinates due to location or 

position; the rotation of the landmark configurations against each other to a standard orientation, 

and until the corresponding landmarks best fit to each other, aims to remove differences in the 

landmark coordinates due to orientation; and scaling the landmark configurations to a standard 

size aims to remove the differences in the landmark coordinates due to size. In Procrustes 

superimposition, the first step consists in scaling the landmark configurations to unit CS (CS=1), 

by dividing the coordinates of each landmark by the CS. The second step consists in translating or 

FIGURE 3.3. Summary of Procrustes superimposition. 
Components of variation other than shape are 
removed by scaling to the same size, translating to 
the same location of centroids, and rotating to an 
overall best fit of corresponding landmarks. 
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aligning the landmark configurations so that their centroids are placed in the origin of coordinates 

(0,0). This is done by subtracting the coordinates of the centroid from the coordinates of each 

landmark. Although these two steps can be in this order or the opposite, the third step needs to 

follow both of them. In this last step, the configurations are rotated around their centroids until 

an overall best fit is achieved. The “least-squares” criterion is usually used, according to which the 

sum of squared distances between the corresponding (homologous) landmarks of the landmark 

configurations is minimal. The remaining variation of the landmark configurations after 

Procrustes superimposition is therefore variation in shape (Rohlf and Slice 1990; Bookstein 1991; 

Goodall 1991; Dryden and Mardia 1998). 

To analyze the symmetric and 

asymmetric components of size or shape 

separately, an additional transformation 

of the landmark configurations needs to be 

done, which consists in reflection. In the 

case of landmark configurations with 

matching symmetry, the configurations 

from one body side are reflected to their 

mirror images by changing the sign of one 

coordinate (the x coordinate when 

comparing right-left sides) for all 

landmarks (Figure 3.4A). In landmark 

configurations with object symmetry, 

single landmarks are placed in the midline 

and paired landmarks occur as 

corresponding pairs on both sides of the 

midline. In this case, a copy of the original 

configuration is reflected and re-labeled, 

so that the paired landmarks match (Figure 3.4B). When the symmetric and asymmetric 

components of variation are to be analyzed, the original and reflected landmark configurations 

are superimposed with the Procrustes fit (Klingenberg and McIntyre 1998).  

The fitting of two landmark configurations to each other following the Procrustes 

superimposition is called “ordinary Procrustes analysis” (Rohlf and Slice 1990). The “generalized 

Procrustes analysis” is the iterative procedure followed when there are multiple landmark 

configurations; it is therefore used in the present thesis, and consists in the repetition in cycles of 

the pair-wise fit of each configuration to a common consensus (Rohlf and Slice 1990; Dryden and 

Mardia 1998). The generalized Procrustes analysis starts by taking a first landmark configuration 

FIGURE 3.4. Reflection of landmark configurations 
with matching (A) and object (B) symmetry 
(modified from Klingenberg et al. 2002). 
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as the reference and then, by following the steps of the Procrustes superimposition and the least-

squares criterion, fitting all other landmark configurations (targets) to this reference. At the end 

of the iteration, a consensus configuration is calculated by averaging the corresponding landmark 

coordinates among the superimposed configurations. This consensus configuration is then 

compared to the initial reference. If the consensus has changed significantly, the procedure is 

repeated for another round, taking this consensus as the new reference and fitting all landmark 

configurations to it. At the end of this second cycle, a new consensus is calculated, and it is 

compared to the one from the previous round. This process continues as long as the new 

consensus differs significantly from the one resulting from the previous round. When the new 

consensus is not significantly different, the cycle is stopped since additional rounds would not 

improve the fit. 

The variation that remains in the landmark coordinates of the superimposed configurations 

after the Procrustes superimposition is exclusively shape variation. This shape information can 

be presented in two equivalent ways: Procrustes coordinates or Procrustes residuals. The 

Procrustes coordinates are the coordinates of the landmarks in each configuration after the 

superimposition, while the Procrustes residuals are the deviations of the landmark coordinates 

from the position of the respective landmarks in the consensus or average of all configurations. 

The differences left between the coordinates of corresponding landmarks after the 

superimposition procedure are the shape differences between the landmark configurations; 

therefore, shape differences are those differences between the landmark configurations that 

cannot be removed through scaling, translation, or rotation (Bookstein 1991; Dryden and Mardia 

1998). In geometric morphometrics, Procrustes distance is the main measure of the magnitude of 

shape difference between landmark configurations after Procrustes superimposition. Following 

the criterion used for this superimposition, the Procrustes distance between two landmark 

configurations is the square root of the sum of squared distances between corresponding 

landmarks of the two configurations after Procrustes superimposition (Figure 3.5).  

 

 
 
 

FIGURE 3.5. Visual impression of Procrustes 
distance. Two configurations of 8 landmarks on 
mouse mandibles superimposed by a Procrustes 
fit are displayed. The red lines connect the 
corresponding landmarks. The sum of squared 
distances used in the calculation of Procrustes 
distance is proportional to the sum of the areas 
of the blue circles. 
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Morphometric spaces 
 

Different multidimensional morphometric spaces or morphospaces are generated depending 

on the particular transformations performed on the raw landmark data. The morphometric space 

generated after the Procrustes superimposition is called “shape space” or “Kendall’s shape space”. 

Procrustes distance is the distance between two points, corresponding to two different shapes of 

landmark configurations, over the surface of the shape space (Figure 3.6A). Taking “k” as the 

number of landmarks and “m” as the number of coordinates of each landmark (2 and 3 in 2D and 

3D, respectively), the dimensions of Kendall’s shape space are km-m-1-(m(m-1)/2), but 4 and 7 

dimensions are lost in 2D and 3D, respectively. This morphometric space is rather complex for 

configurations with four or more landmarks. Also, it is non-linear, so it is not appropriate for linear 

multivariate statistical analyses. When shape variation is not very high, a solution to overcome 

these difficulties is to only look at a small “neighborhood” around the average shape. For this 

neighborhood, the points corresponding to the shapes in the dataset can be projected onto a 

tangent space that is linear, as it was performed in the present thesis, within which the methods 

of linear multivariate statistics can be used (Figure 3.6B; Dryden and Mardia 1998; Rohlf 1999). 

However, this projection comes at a cost of distortion; for this reason, the tangent point between 

the two spaces is the abovementioned reference or consensus. The closer the reference to the 

projected points, the better the approximation; as points move away from the reference, the linear 

distances in the tangent space are smaller than the Procrustes distances. 

 

 
 

 

 

 

 

 

 

 
 

 

A key characteristic of geometric morphometrics is that points in the tangent space can be 

related back to actual shapes in the original plane or three-dimensional space of the landmark 

coordinates. Likewise, vectors in the shape tangent space correspond to shape changes. This 

relationship between the shape tangent space and the space in which the landmark configurations 

were digitized enables the direct visualization of the results of the statistical analyses. 

FIGURE 3.6. Cross-sections of Kendall’s shape space for triangles, (A) with the positions 
of two shapes (landmark configurations) and the Procrustes distance between them 
(ρ), and (B) with the position of the tangent space to Kendall’s shape space 
(modified from http://www.palass.org/publications/newsletter/palaeomath-101/ 
palaeomath-part-17-shape-theory). 
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Analysis of the sources of variation 
 

The quantification of the relative amounts of variation accounted for by different effects or 

factors, and the assessment of the statistical significance of these different effects as sources of 

variation, was performed with a two-way analysis of variance (ANOVA) for size, and a Procrustes 

ANOVA for shape data. In the case of objects with matching symmetry, these methods also make 

it possible to separate total variation into the symmetric and asymmetric components 

(Klingenberg and McIntyre 1998; Klingenberg et al. 2002; Klingenberg 2015). When there is 

object symmetry, the Procrustes fit directly performs this distinction, for shape data (Klingenberg 

et al. 2002). The two-way ANOVA of size uses CS data, whereas the Procrustes ANOVA of shape is 

a model extended from the two-factor ANOVA approach (Palmer and Strobeck 1986) that uses 

Procrustes distances, and therefore it is in fact a multivariate analysis of variance (MANOVA). In 

these ANOVAs, ‘individual’ was the random effect and stood for individual variation, ‘side’ was the 

fixed effect and stood for directional asymmetry (when considering size, only in the case of 

mandibles), and the interaction ‘individual x side’ represented fluctuating asymmetry. The 

‘individual’ factor accounts for the symmetric component of variation, which consists in the 

variation among individuals in the averages of the original and reflected landmark configurations. 

The interaction term ‘individual x side’ represents the asymmetric component of variation, which 

consists in the differences within individuals between the original and mirrored configurations, 

or equivalently, the landmark deviations of the original configuration from the symmetric 

consensus of the original and mirror images. Additional factors were taken into account, which 

varied depending on the study. To compute the statistics, an ANOVA is usually run for each 

coordinate separately, and the sums of squares are then added up over all the coordinates for each 

effect. The degrees of freedom for each effect are then multiplied by the shape dimension (for 2D 

data, twice the number of landmarks minus 4; for 3D data, three times the number of landmarks 

minus 7), and the mean squares are computed with the total sums of squares and these modified 

degrees of freedom. The ANOVA approach uses Goodall’s F to test the effects (Goodall 1991). The 

F statistics are calculated through the ratios of the mean square of the effect of interest to the 

mean square of the error term. The P-values can be consulted in standard tables for the F-statistic 

(Klingenberg and McIntyre 1998; Klingenberg et al. 2002). 

 

Allometry 
 

In geometric morphometrics, allometry is commonly estimated by means of a multivariate 

regression of shape (i.e., vector of landmark coordinates after Procrustes superimposition) on CS 

or log-transformed CS, using a generalization of the regression equation y=c+bx+e (Loy et al. 

1998; Monteiro 1999; Frost et al. 2003; Klingenberg et al. 2012; Mitteroecker et al. 2013). In this 
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equation, y is the vector of shape variables, x the size measure, c a vector of constants, e a vector 

of error terms, and b a vector of regression coefficients that represents the shape change per unit 

of size change (slope). In the present thesis, multivariate regressions of shape data were 

conducted on CS data. The multivariate regression analysis separates (1) the component of 

variation in the dependent variables (shape variables) that is predicted by the independent 

variable (CS), from (2) the residual component of variation in the dependent variables, which is 

uncorrelated with the independent variable (Monteiro 1999; Klingenberg 2016). The statistical 

test associated with this multivariate regression is a permutation test that simulates the null 

hypothesis of no association between size and shape (Good 1994). The test randomly reassigns 

observations for the dependent variables to observations for the independent variable. The vector 

of regression coefficients b is calculated for the reshuffled data, and the sum of squared regression 

coefficients is compared to the value obtained from the original data. The P-value for the test is 

the proportion of rounds in which the value of the reshuffled data matches or exceeds the value 

in the original data. The size correction method was applied when it was intended to eliminate 

the effect of size variation on shape variation, and consists in using the residuals from the 

multivariate regression of shape onto CS to conduct subsequent geometric morphometric 

analyses (Klingenberg 2016).  

 

Analysis of the distribution of variation 
 

Scatter plots are simple examples of morphospaces, where the two axes of the plot represent 

some measures of the morphology of the specimens, and the variation in the sample is 

characterized through the arrangement of data points, which represent the specimens. However, 

morphometric studies usually include more than two variables, so the concept of scatter plot 

needs to be generalized for morphospaces of higher dimensionality.  

To characterize the distribution of points in a morphospace, the descriptive statistics of the 

mean, variance, and covariance are used (Sokal and Rohlf 1995). The location of a cluster of points 

in a morphospace can be characterized by the coordinates of the centroid (i.e., center of gravity) 

of the cluster, which are calculated through the arithmetic means (averages) of the coordinates of 

the points. The spread or dispersion of the data points along each coordinate axis can be 

quantified by the variance of the coordinates, which consists in the mean of the squared deviations 

of the individual values from the mean. The covariance is a measure of the associations among 

variables, and consists in the mean of the products between the deviations from the means of two 

variables x and y. Considering that shape data are inherently multidimensional, the relationships 

among different shape features (and thus among different shape variables) were organized in 
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tables or matrices of the covariances of each variable with every other variable, known as 

covariance matrices. 

 

Comparison of covariance patterns 
 

The comparison between two different covariance matrices needs to approach two aspects: 

(1) to measure the similarity of the two matrices, and (2) to address whether they are related or 

unrelated. Matrix correlation was used to measure the similarity, or strength of association, 

between pairs of covariance matrices, and consists in the correlation between corresponding 

entries in the two matrices in question (Sneath and Sokal 1973; Cheverud et al. 1989). The 

correlation coefficient (r) is used for this purpose (Sokal and Rohlf 1995). The correlation 

coefficient varies from -1 to 1 (i.e., perfect linear relation with a negative and positive slope, 

respectively). Matrix permutation tests, also called Mantel tests, are tests of hypotheses used to 

assess the matrix correlation against the null hypothesis that there is no relationship between the 

matrices (Cheverud et al. 1989). The strategy of these tests is to randomly reshuffle the order of 

the variables in one of the covariance matrices, and to repeat this procedure many times. After 

each round, the matrix correlation with the other covariance matrix is computed, and the value is 

compared with the one originally obtained. The proportion of randomization rounds in which the 

correlation coefficient matches or exceeds the original value corresponds to the P-value of the 

test. In the case of landmark data, the permutation should be done among the landmarks instead 

of the individual coordinates, because landmark coordinates are not independent of each other 

(Klingenberg and McIntyre 1998).  

 

Principal component analysis 
 

Principal component analysis (PCA) is a data reduction and exploration technique that was 

applied to the examination of the structure or patterns of shape variation among data points, 

corresponding to the specimens, in a multidimensional space (Jolliffe 1986). This technique does 

not consider any internal structure of the data, such as group membership. The PCA performs a 

decomposition of the data, which eliminates redundant information of interrelated variables, by 

transforming the original variables into a smaller number of variables called principal 

components (PCs). The PCs are uncorrelated and orthogonal (i.e., perpendicular) to each other, 

and are ordered so that the first PC (PC1) is the variable that accounts for the greatest amount of 

shape variation in the data, whereas the last PC is associated with the smallest amount of 

variation. Because it is not possible to visualize all the variation in many dimensions directly, plots 

of pairs of PCs are constructed. 
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The transformation associated with PCA occurs in several steps (Figure 3.7). First, PCA shifts 

the origin of the coordinate system to the center of gravity of the cluster (i.e., to the mean values 

of the dataset for the two variables). Then, PCA rotates the coordinate system, so that it becomes 

aligned with the main axes of variation in the data. The resulting new variables or axes are the 

PCs. The PC scores are the values of the data points for the PCs. The eigenvectors are the directions 

of the PCs; they are perpendicular to each other and have an arbitrary sign. In other words, the 

eigenvectors are the vectors of PC coefficients, which consist in the cosines of the angles between 

the PC axis and the axis of the respective variable. PC coefficients indicate how closely the 

respective PC axis is aligned with the original coordinate axes (Figure 3.8). A PC coefficient near 1 

or -1 (i.e., cosines of 0° and 180°, respectively) indicates that the PC is closely aligned with the 

respective variable; a PC coefficient near 0 (i.e., cosine of 90°) indicates that the PC is more or less 

perpendicular to the variable.  

 
The eigenvalues are the variances associated with the respective PCs. The sum of the 

eigenvalues is the same as the sum of the variances of the original variables, so the relative amount 

of the total variance for which a PC accounts can be expressed as a percentage of the total variance.  

The graphical representation of the shape changes associated with the PCs facilitates their 

biological interpretation. It often involves the graphing of a suitable start shape, such as the overall 

mean shape, and then the addition to each coordinate of the respective PC coefficient, because PC 

coefficients indicate the shape change that is associated with the change exclusively of a particular 

PC of interest. The scaling factor provides the magnitude and sign of the shape changes; a scaling 

factor of -0.1 means a change of the PC score by 0.1 units in the negative direction of the axis.  

 

FIGURE 3.7. Transformation of variables in 
principal component analysis: (A) scatter plot 
of two variables; (B) the plot with a new 
coordinate system that is shifted to the mean 
values of the two variables; (C) the scatter of 
points with the PC axes added (Y1 and Y2), 
which are the major and minor axes of the 
scatter ellipse; (D) a plot of the PC scores. 

FIGURE 3.8. The relation between original 
variables (X1 and X2) and PCs (Y1 and Y2). The 
diagram shows a single data point P and its 
projections onto the original coordinate 
axes (Q and R) and onto the first PC (S), and 
the angles between the first PC and the 
original variables (a αnd b). 
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Canonical variate analysis 
 

Canonical variate analysis (CVA) is a data reduction and ordination method that was used to 

find the shape features that best distinguished among multiple groups of specimens. As opposed 

to PCA, CVA considers the internal structure of the data, such as group membership. Because 

within-group variation has an influence on the extent of overlap or separation between groups, 

CVA takes into account variation within groups and aims at maximizing the among-groups 

variation relative to the within-groups variation. The CVA performs a transformation of the data 

space; particularly, CVA transforms the among-groups covariance matrix B by multiplying it with 

W-1, which is the inverse of the within-group covariance matrix, and this is followed by a PCA of 

the matrix W-1B (Albrecht 1980; Campbell and Atchley 1981). The resulting set of new 

uncorrelated variables or axes, the canonical variates (CVs), are ordered so that the first CV (CV1) 

accounts for the maximum amount of among-groups difference relative to within-groups 

variation. The total number of CVs is one less than the number of groups or variables in the dataset 

(whichever is less). The computation of the CVs thus geometrically results from a rescaling and 

rotation of the coordinate system in two steps: first, a scaling of the multivariate space that makes 

variation within groups isotropic (i.e., equal in all directions); second, a rotation that aligns the 

CVs with the major axes of variation among groups (Figure 3.9).  

The distances in the transformed space measure the differences between groups relative to the 

within-group variation, and in multivariate statistics are known as Mahalanobis distances (Mardia 

et al. 1979). These distances directly reflect the degree of separation between groups. 

 
Integration and modularity 

 

The examination of covariation and the evaluation of hypotheses of modularity are important 

tasks in geometric morphometric studies, and are also included in the present thesis. To assess a 

certain hypothesis of modularity, the configuration of landmarks is subdivided into subsets of 

landmarks corresponding to the hypothesized modules (Figure 3.10), and the degree of 

covariation or magnitude of integration among these subsets is calculated. To quantify the 

FIGURE 3.9. Geometry of CVA. The first step (A to B) is a rescaling in the directions of the major and 
minor axes of within-group variation. The second step (B to C) is a rotation of the coordinate 
system. 
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magnitude of integration between two subsets of landmarks, the RV coefficient (Escoufier 1973) 

has been commonly used in geometric morphometrics. However, more recently the covariance 

ratio (CR) coefficient has been proposed as an alternative method for quantifying integration and 

thus testing modular structures (Adams 2016). As opposed to the RV coefficient, the CR coefficient 

is unaffected by sample size or the number of variables (Adams 2016).  

The RV coefficient is a ratio describing the degree of covariation between two subsets of 

landmarks relative to the variation and covariation within each subset of landmarks, as follows: 

RV = trace(S12S21) / √trace(S1S1) trace(S2S2) 

In this formula, S1 and S2 are the covariance matrices of the two sets of variables (i.e., the two 

subsets of landmarks), S12 is the covariance matrix between the variables of the two sets, and S21 

is the transpose of S12. Considering that the trace of a square matrix is the sum of its diagonal 

elements, trace(S12S21) is the sum of the squared covariances between the variables in the two 

blocks of landmarks, and thus it is a measure of the total amount of covariation (Bookstein 1991; 

Rohlf and Corti 2000). Likewise, trace(S1S1) and trace(S2S2) are the sums of the squared variances 

and covariances within the two blocks, and thus they are measures of the total amount of variation 

and covariation within the two blocks. The RV coefficient is a multivariate generalization of the 

squared correlation coefficient between two variables, and it ranges from 0 to 1. An RV value of 0 

indicates that the two subsets of landmarks or blocks of variables are completely uncorrelated 

with each other and thus independent, whereas an RV value of 1 indicates that the two subsets 

are completely integrated and so that one of the sets of variables differs from the other only by 

some combination of a rotation, reflection, scaling, or translation (Klingenberg 2009). 

Accordingly, RV values close to 0 indicate relatively less covariation between sets of variables, 

which is typical of more modular structures, while RV values close to 1 indicate relatively greater 

covariation between sets of variables and thus higher integration between them (Adams 2016).  

The CR coefficient, unlike the RV coefficient, only uses the pairwise covariances between 

variables to quantify modular structures, and is found as follows: 

CR = √[trace(S12S21) / √trace(S*11S*11) trace(S*22S*22)] 

In this formula, S*11 and S*22 are the covariance matrices within the first and second subsets of 

landmarks respectively, with zeroes replacing the diagonal elements, while S12 and S21 describe 

the covariation between modules. Thus, the denominator describes the total sum of squared 

covariation within each module minus the variation in each trait dimension. Therefore, the CR 

coefficient is a ratio of the overall covariation between modules relative to the overall covariation 

within modules (Adams 2016). The CR coefficient ranges from zero to positive values. For random 

sets of variables, the CR coefficient is expected to be 1, since levels of between-modules 

covariation should be, on average, the same as the within-modules covariation. When the CR 

coefficient ranges between 0 and 1, it indicates that the degree of covariation between modules is 
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less than that found within modules, which characterizes a relatively more modular structure. 

Instead, CR values larger than 1 describe greater covariation between modules than within 

modules (Adams 2016).  

The statistical evaluation of the RV and CR coefficients is accomplished via permutation tests 

(Good 1994; Manly 2007). In these tests, landmarks are reassigned to modules randomly, so that 

any association between sets is due to chance only; this procedure is repeated a large number of 

times, and each time the coefficient is recalculated (Klingenberg 2009). The original coefficient, 

corresponding to the degree of covariation for the hypothesis of modularity tested, is compared 

to the distribution of coefficients corresponding to either all or a large number of the possible 

alternative partitions or subdivisions of the entire landmark configuration into subsets with the 

same number of landmarks as those present in the hypothesized modules (Klingenberg 2009). 

The proportion of permuted values lower than the original one is an estimate of the significance 

of the test (Adams 2016). Therefore, if the hypothesized subsets of landmarks correspond to the 

true modules, the corresponding coefficient is significantly lower than the distributional values (P 

< 0.05). Even if the original coefficient corresponding to the hypothesis of modularity is low, such 

hypothesis is only accepted if this coefficient is significantly lower than those corresponding to 

the alternative partitions (Klingenberg 2009). In the case of the CR coefficient, the permutation 

generates a distribution of values expected under random associations of variables, since the 

covariance patterns within and between modules are randomized with each iteration and so the 

relationship between them is dissociated. The fact that, in consequence, levels of covariation 

within modules are not expected to be different from between-modules covariation, makes the CR 

coefficients obtained through permutation to be centered on a value of 1 (Adams 2016). In that 

case, the null hypothesis is that of random association of variables, that is to say, neither modular 

structure nor integration among modules, and it is precisely the CR value which informs whether 

the structure is modular or completely integrated (see Adams 2016). 

Within-modules integration is assumed to 

rely on tissue-bound developmental 

interactions, and modules are expected to be 

spatially contiguous (Klingenberg 2009). To 

determine the spatial contiguity between 

subsets of landmarks, Delaunay triangulation 

is available in MorphoJ, before testing the 

hypothesis of modularity with the RV 

coefficient, in order to create an adjacency 

graph where neighboring landmarks are 

connected by the edges (Figure 3.10; 

FIGURE 3.10. Diagram of a landmark 
configuration corresponding to a mouse 
cranium, showing two subsets of landmarks 
(red vs. blue circles) and the adjacency graph 
for establishing spatially contiguous partitions.  
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Klingenberg 2009). In the present thesis, the default Delaunay triangulations provided by 

MorphoJ both for the mouse mandible and cranium were modified by adding and removing edges 

of the adjacency graphs, as it will be displayed in the corresponding chapters, in order to better 

approximate the spatial relationships between landmarks (Klingenberg 2009). The analyses of 

the significance of the RV coefficients were usually limited to the spatially contiguous ones. For 

the calculation of the CR coefficient, not such constraint to spatially contiguous partitions was 

found available in R. 

The partial least-squares (PLS) analysis is a method used to examine covariation that was 

applied in the present thesis to the examination of covariation between pairs of sets of shape 

variables (two-block PLS), in the morphometric analyses of the mouse cranium (Rohlf and Corti 

2000). The RV coefficient is also used in this case as the test statistic to measure overall association 

between the two blocks or subsets of landmarks, and it takes values from 0 (i.e., completely 

uncorrelated data) to 1 (i.e., one set of variables can be obtained from the other by a rigid rotation 

and/or reflection). A permutation test is also conducted, against the null hypothesis of complete 

independence between the two blocks of variables.  

 

. . Ethical consideration 
 

For the performance of the present thesis, animal collection permits were granted from the 

Departament d’Agricultura, Ramaderia, Pesca, Alimentació i Medi Natural (Direcció General de 

Medi Natural i Biodiversitat) of the Generalitat de Catalunya (Government of Catalonia; Catalonia, 

Spain). The protocols followed in the studies of juvenile mice (chapters 6, 7, and 8) were ethically 

approved by the Comissió d’Ètica en l’Experimentació Animal i Humana (CEEAH) of the 

Universitat Autònoma de Barcelona (Barcelona, Spain). These protocols adhered to the legal 

requirements established by the Departament d’Agricultura, Ramaderia, Pesca, Alimentació i 

Medi Natural of the Generalitat de Catalunya (Permit Number: DAAM 6328), and to the AAA’s 

Guiding Principles in the Care and Use of Animals. Animals were handled in strict compliance with 

the guidelines approved by these entities. 
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EFFECT OF CHROMOSOMAL REORGANIZATIONS ON 

MORPHOLOGICAL COVARIATION OF THE MOUSE 

MANDIBLE: INSIGHTS FROM A ROBERTSONIAN SYSTEM 

OF MUS MUSCULUS DOMESTICUS 
 

. . Introduction 
 

Organisms are composed of several parts that need to be coordinated in order to allow them to 

function as a whole. In a morphological context, this coordination is known as morphological 

integration (Olson and Miller 1958), and it is expressed through statistical covariation. However, 

not all parts within an organism covariate with each other to the same extent. This heterogeneity 

in the degree of covariation is the basis of the concept of modularity (Schlosser and Wagner 2004). 

Accordingly, modules have been defined as complexes of tightly integrated traits, which are 

relatively independent from other such complexes (Klingenberg 2010). Therefore, modularity 

and integration are complementary concepts that emphasize different aspects of covariation. 

Morphological traits originate from the ensemble of molecular and cellular processes taking 

place during development, which are known as developmental pathways (Klingenberg 2008). 

Consequently, covariation between morphological traits also arises during development, 

specifically from direct interactions between developmental pathways and parallel variation of 

separate developmental pathways. Covariation emerging from direct interactions originates in 

the pathways themselves through different mechanisms, such as the division of a precursor tissue 

into parts that respectively give rise to a different trait, or the transmission of variation through 

inductive signaling from one pathway to another. Instead, covariation emerging from parallel 

variation is due to the simultaneous influence of the same external factor (e.g. environmental 

conditions) on separate developmental pathways (Klingenberg 2008). 

A substantial component of morphological covariation is genetic covariation, which can arise 

from genetic linkage between loci and pleiotropic effects of single loci (Klingenberg 2010). 

Presumably, both sources of genetic covariation can be affected by chromosomal reorganizations 

such as Rb translocations, which consist in the fusion of two non-homologous acrocentric 

chromosomes at their centromeres to originate a metacentric chromosome (Piálek et al. 2005). 

Rb translocations cause a decline in chiasma frequency and a more distal distribution of chiasmata 

during meiotic recombination (Bidau 1993; Bidau et al. 2001; Castiglia and Capanna 2002; Dumas 

and Britton-Davidian 2002; Capilla et al. 2014), which could affect the linkage between alleles of 

loci that influence different traits within a structure. Besides, the reduction in recombination 

entailed by Rb translocations can prompt the fixation of different positively selected alleles 
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(Navarro and Barton 2003a), which may have different pleiotropic effects (Graham 1992; Grant 

and Grant 1994; Wagner et al. 2007; Wagner and Zhang 2011). In relation to this, the 

hybridization between chromosomally different populations, differing in their fixed alleles, can 

entail developmental alterations and hence changes in terms of genetic covariation between traits 

in the subsequent generations (Grant and Grant 1994). 

The western European house mouse (Mus musculus domesticus Schwarz and Schwarz 1943) 

constitutes a model organism for the study of evolutionary processes linked to chromosomal 

reorganizations, as it shows great karyotypic diversity mainly due to Rb translocations (Piálek et 

al. 2005). Within the distributional area of Mus musculus domesticus, there are many geographic 

regions in which populations with different sets of metacentrics hybridize with each other and/or 

with populations with the St karyotype (40 acrocentric chromosomes). Jointly, these sets of 

populations are called Rb systems (Piálek et al. 2005). One of these, named Barcelona Rb system, 

is present on the northeastern Iberian Peninsula, specifically in part of the provinces of Barcelona, 

Tarragona and Lleida (Adolph and Klein 1981; Gündüz et al. 2001; Sans-Fuentes et al. 2007; 

Medarde et al. 2012). The set of metacentrics that characterizes this Rb system consists of Rb(3.8), 

Rb(4.14), Rb(5.15), Rb(6.10), Rb(7.17), Rb(9.11) and Rb(12.13), where the pairs of numbers refer 

to the acrocentric autosomes that gave rise to the metacentric in question. In this system, the 

frequency of metacentrics is distributed in a staggered way over 5,000 km2, leading to a 

progressive reduction in diploid number towards the center of the zone (Medarde et al. 2012). 

The mouse mandible has long been useful as a model system to study the development and 

evolution of complex morphological structures (Atchley and Hall 1991; Klingenberg and Navarro 

2012). The mandible of the mouse has been divided into two functional modules: a distal one 

bearing the teeth (alveolar region), and a proximal one that articulates with the skull and 

constitutes the attachment point for most of the masticatory muscles (ascending ramus; Atchley 

and Hall 1991). The study of the genetic basis of the mandible shape has revealed that genetic 

modularity also occurs in this structure, in the same way as functional modularity does (Ehrich et 

al. 2003; Klingenberg et al. 2004; Burgio et al. 2012). Besides, two concurring developmental 

modules can be distinguished in the mouse mandible, according to several lines of evidence (Hall 

2003a; Klingenberg 2009). Furthermore, evolutionary independence between these two 

mandibular modules has also been detected (Muñoz-Muñoz et al. 2011). Instead, scarce analyses 

have been performed on the intraspecific variation of the covariance structure of the mouse 

mandible in natural populations. Similarly, there is a shortage of studies on how changes in the 

covariance structure prompted by karyotypic variation can contribute to the processes of 

morphological evolution (but see Jojić et al. 2007, 2011). Covariance structure is a population-

level feature whose role in dictating the directions and pace of evolutionary transformations has 

long been discussed (Marroig and Cheverud 2001; Merilä and Björklund 2004). In this regard, 
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strong integration has been considered to constrain evolution because it implies that potentially 

favorable changes in some traits could entail adverse changes in associated traits (Schlosser and 

Wagner 2004). Instead, modularity has been regarded as a driving force of evolution because it 

enables changes in certain traits to happen without affecting notably the rest of traits, thereby 

making it easier for evolutionary transformations to occur (Schlosser and Wagner 2004). Keeping 

this in mind, it seems plausible that differences between populations in terms of their covariance 

structure could make them differ in their evolvability, or ability to evolve. If evolvability was itself 

the object of natural selection, which is actually a controversial hypothesis (Pigliucci 2008), 

variation between populations would then be expected to drive evolution within species. In this 

context, if chromosomal reorganizations turned out to affect the covariance structure, they could 

play a role in the evolvability of populations. In order to shed light on these topics, the present 

study aims to analyze the structure of morphological covariation of the mandible in wild 

populations of Mus musculus domesticus, and to assess the effect of Rb translocations on it. 

Since the Barcelona Rb system is characterized by a relatively large number of metacentrics 

and a wide range of diploid numbers, we considered it to be suitable for this study. While 

conducting it, several specific objectives were approached. In order to determine how Rb 

translocations affect morphological covariation of the mouse mandible, we assessed the 

magnitude and patterns of integration of this structure and tested its bimodular organization in 

groups with different karyotypes. Besides, given that allometry is considered to be a strong 

integrating factor (Klingenberg 2009), we evaluated its connection with these chromosomal 

reorganizations and its effect on the covariance structure of the mandible. As stated above, 

morphological covariation can result from both direct interactions between developmental 

pathways and parallel variation of separate developmental pathways. While covariation between 

symmetric shape changes can result from both sources, covariation between asymmetric shape 

changes is only due to direct developmental interactions (Klingenberg 2008). In order to know 

the relative importance of direct interactions and parallel variation of developmental pathways in 

generating morphological covariation in the mouse mandible, we studied symmetric and 

asymmetric shape changes separately, which are usually termed symmetric component and 

asymmetric component of shape variation respectively. Lastly, because chromosomal variation in 

the Barcelona Rb system is geographically arranged (Gündüz et al. 2001; Medarde et al. 2012), we 

also assessed the effect of geographic distance on the covariance structure of the mandible. 
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. . Materials and methods 
 

Sample and data acquisition 
 

The sample consisted of 1233 right and left hemimandibles from 619 adult wild mice (308 

females and 311 males) from the Barcelona Rb system and surrounding St populations. 

Chromosome preparations were obtained directly from bone marrow (Ford 1966) and stained 

using Wright’s stain for G-banding (Mandahl 1992).  

Once their karyotypes were determined (see Supporting information Table S4.1), the 

specimens were classified into six groups on the basis of their diploid number: 40St, n = 86; 40Rb, 

n = 77; Rb(38–39), n = 84; Rb(34–37), n = 107; Rb(31–33), n = 159; Rb(27–30), n = 106. Group 

40St included specimens with the St karyotype (40 acrocentric chromosomes) from localities 

where there is no evidence of metacentrics. 40Rb stands for the group including individuals with 

the St karyotype from localities where Rb translocations have been reported. Hemimandibles left 

and right of each individual were detached and laid on a black cardboard. Images of their lingual 

view, together with a scale in millimeters, were obtained with a Nikon COOLPIX P90 digital camera 

placed 21.5 cm from the cardboard. Seventeen twodimensional landmarks were digitized in all 

the images using the tpsDig2 software (Figure 4.1A). In a subsample of 454 hemimandibles (277 

right and 277 left; 36.82% of the total), a set of landmarks was digitized three times. 

 

FIGURE 4.1. Digitized landmarks and adjacency graph. (A) Layout of the landmarks on the lingual 
view of right hemimandible. The dashed line divides the set of landmarks into two subsets concurrent 
with the two functional modules. (B) Adjacency graph defining spatially contiguous partitions of 
landmarks. 
 

Analyses of integration and modularity 
 

Morphological integration and modularity of the mandible were analyzed by implementing the 

geometric morphometric methods included in the MorphoJ software, version 1.05e (Klingenberg 

2011). Size was estimated through CS (Dryden and Mardia 1998). The landmark configurations of 

all left hemimandibles were reflected to their mirror images. Then, the configurations obtained 

via reflection and those of the right hemimandibles were superimposed through a generalized 

least-squares Procrustes fit and were projected onto the shape tangent space (Dryden and Mardia 
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1998; Klingenberg et al. 1998, 2003). As a result of this procedure, variation due to size, position 

and orientation was eliminated, and so shape information was extracted (Dryden and Mardia 

1998; Klingenberg et al. 2004). 

Coordinates resulting from the Procrustes fit (Procrustes coordinates) were then analyzed by 

means of multivariate statistics methods. First of all, Procrustes ANOVAs were conducted on the 

three sets of replicated configurations in order to assess the influence of measurement error on 

size and shape data (Klingenberg and McIntyre 1998; Klingenberg et al. 2002). Individual and side 

were entered as random and fixed factors respectively, and Procrustes distances as the dependent 

variable. The individual factor stands for individual variation, the side factor for directional 

asymmetry, and the interaction between these two factors represents fluctuating asymmetry 

(Klingenberg et al. 1998; Klingenberg and Zaklan 2000; Klingenberg 2011). Measurement error 

was quantified from the residual variance component between replicates (Klingenberg and 

McIntyre 1998). Since size and shape variation due to measurement error was significantly lower 

than variation in fluctuating asymmetry, the ensuing analyses (listed below) were based on a 

single digitization of landmarks per hemimandible. Given that the study was intended to assess 

the effect of different numbers of Rb translocations on the patterns of morphological integration 

and modularity, these analyses were conducted for each chromosomal group separately. 

To begin with, Procrustes ANOVAs for size and shape were carried out. These analyses 

separated total variation into its symmetric component, which is the variation between 

individuals in terms of the averages of the original and reflected landmark configurations, and its 

asymmetric component, which is the variation within individuals regarding the landmark 

deviations of the reflected configuration from the original one (Klingenberg et al. 2002, 2003; Jojić 

et al. 2011). 

Allometry, that is, the scaling relationship between shape and size, was then evaluated through 

multivariate regressions of both the symmetric and asymmetric components of shape variation 

onto symmetric and asymmetric CS respectively. Significations were obtained through 

permutation tests with 10,000 iterations (Good 1994; Monteiro 1999). The association between 

chromosome number and percentage of shape variation explained by size was tested through the 

regression of the allometric percentages of groups onto their mean diploid number, for both the 

symmetric and asymmetric components. Since a significant allometric relationship was found in 

most of the chromosomal groups (see Results section), subsequent analyses were conducted with 

the covariance matrices obtained from raw data but also from the regression residuals, in order 

to assess the role of allometry as an integrating factor (Klingenberg 2009). However, and unless 

the converse is indicated, only the results obtained from size-corrected data are shown. 

Evaluations of the hypothesis of bimodular organization of the mandible were conducted for 

the two components of shape, using MorphoJ. The set of digitized landmarks was subdivided into 
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two subsets of eight and nine landmarks respectively, corresponding to the two mandibular 

modules (alveolar region and ascending ramus; Figure 4.1). The magnitude of integration 

between the two subsets was quantified in each group through the computation of the RV 

coefficient (Escoufier 1973). In order to assess the hypothesis of modularity, the resulting RV 

coefficients were compared with the distributions of RV coefficients obtained from alternative 

subsets of landmarks. These subsets were required to include the same number of landmarks as 

the tested subsets matching the mandibular modules. Since integration cannot occur between 

spatially separate units (Martínez-Abadías et al. 2012), comparisons were restricted to subsets 

whose landmarks were contiguous, that is, connected by the edges of the adjacency graph (Figure 

4.1B). By definition, subsets of landmarks resulting from a subdivision consistent with an actual 

modular organization are expected to show weaker covariation, and thus lower integration, than 

subsets not corresponding with actual modules (Klingenberg 2008, 2009). Accordingly, when the 

RV coefficient for the two tested subsets of landmarks was lower than 95% of the distributional 

values, it was considered to be statistically significant (P < 0.05) and the hypothesis of modularity 

was confirmed (Klingenberg 2009). However, it has recently been shown that the RV coefficient 

decreases when sample size increases (Smilde 2009; Fruciano et al. 2013). Therefore, a 

rarefaction procedure was used in order to obtain sample-size-corrected RV values. Through a 

sampling with replacement, 1,000 random samples of 77 observations (sample size of the smallest 

group, 40Rb) were drawn from each group. Then, the RV coefficient was computed for each 

dataset, and finally a mean RV value was computed for each group (Fruciano et al. 2013), which 

was the actual sample-size-standardized RV coefficient. In order to assess the dependence of the 

magnitude of morphological integration on allometry, a linear regression of the RV coefficients 

from raw data on the percentages of allometry of each group was conducted. Given the low 

dependence of the asymmetric component of shape variation on size (see Results section), this 

analysis was only performed for the symmetric component. Mantel and partial Mantel tests were 

then conducted with the aim of assessing the relationship between differences in the magnitude 

of morphological integration (RV coefficients) and both the karyotypic and the geographic 

distances between chromosomal groups (see Supporting information Table S4.2). These distances 

were calculated following the procedure used in a previous study (Muñoz-Muñoz et al. 2011). 

Both raw and size-corrected data, as well as data of the symmetric and asymmetric components, 

were used. 

Principal component analyses were carried out for the symmetric and asymmetric components 

of shape in order to extract the patterns of variation across hemimandibles (Jolliffe 1986). Shape 

changes associated with each of the first two PCs (PC1 and PC2) were visualized as diagrams of 

simultaneous displacements of landmarks (Klingenberg and Zaklan 2000). In order to quantify 

the degree to which these patterns differed, vector angles between normalized PCs were 
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calculated as the arccosine of their vector correlation (for details, see Klingenberg 1996; Young 

and Badyaev 2006). Calculations were conducted independently for PC1 and PC2. For each 

component of shape, vector angles were calculated between all pairs of groups. Additionally, the 

angles between corresponding PCs of the two components of shape were calculated in each group. 

Tests against the null hypothesis of vectors having random directions in the shape tangent space 

were performed through the “Compare Vector Directions” function on MorphoJ. 

Similarity in the patterns of morphological integration was tested computing matrix 

correlations between covariance matrices. The six groups were compared in pairs for each 

component of shape variation separately. Besides, the correlation between the covariance 

matrices of the symmetric and asymmetric components was calculated in each group 

(Klingenberg et al. 2003). Matrix correlations excluded the diagonal blocks of the covariance 

matrices (Klingenberg et al. 2001b). Statistical significances were determined through matrix 

permutation tests, with 10,000 iterations, against the null hypothesis of complete dissimilarity 

between the covariance matrices concerned (Cheverud et al. 1989). Mantel and partial Mantel 

tests were conducted with the aim of assessing the possible association between differences in 

the patterns of morphological integration and both karyotypic and geographic distances between 

groups (see Supporting information Table S4.2). Differences in the patterns of morphological 

integration between groups were calculated as 1-r, with r being the correlation coefficient 

between the covariance matrices of the pair of groups under comparison. Both raw and size-

corrected data, as well as data of the symmetric and asymmetric components, were used. 

In multiple comparisons, P-values were adjusted by implementing the false discovery rate 

procedure (Benjamini and Hochberg 1995). 

 

. . Results 
 

Sources of shape and size variation 
 

Procrustes ANOVAs carried out on the replicated subsample revealed a significant effect of the 

individual and side factors, as well as their interaction, on mandible shape (Table 4.1). On the 

other hand, a significant effect of the individual factor and the interaction term, but not of the side 

factor, was detected on mandible size (Table 4.2). Since the significant effect of the interaction 

term indicates that variation in fluctuating asymmetry exceeds variation resulting from 

measurement error, subsequent analyses were based on a single digitization of landmarks per 

hemimandible. 

Procrustes ANOVAs conducted on each chromosomal group separately (40St, 40Rb, Rb(38–

39), Rb(34–37), Rb(31–33), Rb(27–30)) consistently showed significant differences between 

individuals, regarding both shape and size variation. While directional asymmetry in shape was 
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detected in all groups, directional asymmetry in size was only detected in group Rb(31–33) (see 

Supporting information Table S4.3). 

 

TABLE 4.1. Procrustes ANOVA conducted on the replicated subsample to evaluate the influence of 
measurement error on shape data. 

 Shape 

Effect SS df MS F P 

Individual 1.919 4520 4.245 × 10-4 6.72 < 0.001 
Side 0.024 20 1.173 × 10-3 18.56 < 0.001 
Individual × Side 0.286 4520 6.318 × 10-5 4.62 < 0.001 
Measurement error 0.248 18160 1.367 × 10-5   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
 

TABLE 4.2. Two-way ANOVA conducted on the replicated subsample to evaluate the influence of 
measurement error on size data. 

 Centroid size 

Effect SS df MS F P 

Individual 8.068 226 3.570 × 10-2 191.33 < 0.001 
Side 0.001 1 4.670 × 10-4 2.51 0.115 
Individual × Side 0.042 226 1.870 × 10-4 2.28 < 0.001 
Measurement error 0.074 908 8.200 × 10-5   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
 

Allometry 
 

A significant dependence of the symmetric component of shape on size was detected in all 

groups (P < 0.001). Size accounted for low-to-moderate fractions of this component (40St: 

10.78%; 40Rb: 8.30%; Rb(38–39): 12.88%; Rb (34–37): 13.07%; Rb(31–33): 13.63%; Rb(27–30): 

23.78%). The asymmetric component of shape variation showed a significant dependence on size 

asymmetry (P < 0.05) only in groups 40St, 40Rb and Rb(27–30). On the whole, fairly low 

percentages of this component were predicted by size (40St: 2.41%; 40Rb: 4.08%; Rb(38–39): 

1.94%; Rb(34–37): 1.76%; Rb(31–33): 1.08%; Rb(27–30): 3.56%). The linear regression revealed 

a significant negative association between the percentage of symmetric shape variation explained 

by size and chromosome number (r = −0.86, P < 0.05). No significant association was observed for 

the asymmetric component (r = 0.15, P = 0.78). 

 

Modularity and magnitude of integration 
 

The RV coefficient for the tested partition of landmarks was significant for both components of 

shape variation in all groups, both for raw and size-corrected data (Figure 4.2). Therefore, the 

predicted hypothesis of modularity was always confirmed. Overall, the RV coefficients 

corresponding to the symmetric component were higher than those corresponding to the 
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asymmetric component (Figure 4.2; Table 4.3). When using the rarefaction procedure to 

standardize the RV coefficients to a given sample size (n = 77), they increased for both shape 

components. However, in both cases the pattern across groups was consistent with that displayed 

by the non-standardized RV coefficients (Table 4.3). 

The linear regression revealed a significant positive dependence of the magnitude of 

integration of the symmetric component on allometric percentage (r = 0.92, P < 0.01). 

Mantel and partial Mantel tests detected a significant positive correlation between distances 

in magnitude of integration of the symmetric component, calculated from raw data, and 

karyotypic, but not geographic, distances between groups (Table 4.4). This association was not 

obtained with size-corrected data. As for the asymmetric component, analyses with both raw and 

size-corrected data revealed no significant association between differences in the magnitude of 

integration and karyotypic or geographic distances. 

 

TABLE 4.3. RV coefficients non-standardized (NS) and standardized (S) to the same sample size. 

Group 

Symmetric component  Asymmetric component 

NS S  NS S 

40St 0.253 (0.357) 0.402  0.161 (0.164) 0.341 
40Rb 0.198 (0.300) 0.344  0.194 (0.204) 0.431 
Rb(38-39) 0.228 (0.394) 0.416  0.223 (0.227) 0.473 
Rb(34-37) 0.291 (0.448) 0.467  0.136 (0.132) 0.389 
Rb(31-33) 0.234 (0.372) 0.406  0.129 (0.127) 0.359 
Rb(27-30) 0.213 (0.530) 0.378  0.122 (0.117) 0.302 

Values between parentheses stand for RVs obtained from raw data. 
 

TABLE 4.4. Mantel and partial Mantel tests correlations between distances in magnitude (RV) and 
patterns (1-r) of morphological integration, and karyotypic and geographic distances. 

  Geographic distance Karyotypic distance 
  Mantel Partial Mantel Mantel Partial Mantel 
Raw data RVsym 0.01 -0.49 0.60* 0.72* 
 RVasym 0.17 0.00 0.32 0.27 
 1-rsym 0.75* 0.69* 0.39 -0.03 
 1-rasym -0.02 0.14 -0.25 -0.28 
Size-corrected data RVsym 0.00 0.23 -0.32 -0.39 
 RVasym 0.11 -0.04 0.26 0.24 
 1-rsym 0.77* 0.68* 0.50* 0.14 
 1-rasym -0.06 0.12 -0.31 -0.29 

*, P < 0.05. 
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FIGURE 4.2. Distributions of RV coefficients for the symmetric (A) and asymmetric (B) components 
for size-corrected data. The values of RV coefficients for the partition of landmarks concurrent 
with the hypothesis of modularity are indicated by arrows and highlighted. P-values are adjusted 
through the false discovery rate procedure. 
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Patterns of integration 
 

According to the results of the PCAs performed on size-corrected data, mandibular shape 

variation was mainly concentrated in the first few PCs. In all chromosomal groups, the first two 

PCs jointly accounted for a substantial fraction of shape variation, for both the symmetric and 

asymmetric components (Tables 4.5 and 4.6). Besides, all groups showed a similar distribution of 

the percentages of total variance accounted for by the first ten PCs (Tables 4.5 and 4.6). When the 

shape changes associated with the first two PCs were displayed as diagrams of eigenvectors, most 

of the variation was concentrated in the ascending ramus, particularly in the coronoid and 

condylar processes (Figure 4.3). While the pattern of variation corresponding to PC1 of the 

symmetric component turned out to be quite similar between groups, conspicuous differences 

affecting the angular and condylar processes were detected in group 40St (Figure 4.3A); in fact, 

vector angles between this group and the others were by far the greatest (Table 4.7). Regarding 

the pattern of shape changes associated with PC2 of the symmetric component, noticeable 

differences were detected between groups (Figure 4.3A). In this case, groups 40St and Rb(27–30) 

showed the comparatively most distinct patterns of shape variation (Table 4.8). As for both PC1 

and PC2 of the asymmetric component, some differences in the displacement direction of 

landmarks were detected between groups (Figure 4.3B), which was supported by vector angles 

(Tables 4.7 and 4.8). 

 

TABLE 4.5. Percentages of total variance accounted for by the first ten principal components of the 
symmetric component. 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 

40St 18.30 13.52 11.15 10.15 6.62 5.96 4.82 3.99 3.27 2.82 
40Rb 17.89 16.45 9.22 8.42 7.68 5.43 4.90 4.46 3.78 3.40 
Rb(38-39) 17.64 13.07 9.22 8.40 7.69 6.92 5.97 4.30 4.17 3.46 
Rb(34-37) 20.58 12.85 9.52 9.02 6.35 5.85 5.37 4.79 3.55 2.97 
Rb(31-33) 19.79 11.03 10.63 8.23 7.17 6.07 5.35 4.37 3.53 3.17 
Rb(27-30) 19.82 11.53 10.84 9.39 7.20 6.42 4.94 4.33 3.57 3.23 

 

TABLE 4.6. Percentages of total variance accounted for by the first ten principal components of the 
asymmetric component. 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 

40St 18.30 11.90 9.87 8.94 7.99 7.01 5.51 4.72 3.90 3.22 
40Rb 15.30 12.74 11.41 9.52 6.94 6.42 5.82 4.58 4.20 3.68 
Rb(38-39) 20.28 16.17 11.25 7.16 6.20 5.35 5.13 4.29 3.41 2.73 
Rb(34-37) 20.78 14.01 10.63 8.63 6.52 5.14 4.72 4.53 3.50 2.80 
Rb(31-33) 12.60 12.01 11.24 8.34 6.91 6.51 6.17 5.16 4.49 3.87 
Rb(27-30) 22.32 15.22 10.55 8.46 6.72 4.96 4.64 3.76 3.35 2.73 
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Significant positive correlations were detected when comparing the covariance matrices of 

both the symmetric and asymmetric components between groups (Table 4.9). Correlations 

between the covariance matrices of both components of each group were also positive and 

significant, and the correlation coefficient increased as the mean diploid number of the group 

decreased (Table 4.9). 

TABLE 4.7. Vector angles in degrees for PC1. Values between PC1 of symmetric and asymmetric 
components of each group (on the diagonal) and between PC1s of the symmetric (below) and the 
asymmetric (above) components among groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(27-30) 

40St 71.29 68.32* 71.68 65.49* 83.50 29.99** 
40Rb 76.14 48.23** 73.06 52.06** 43.97** 67.05* 
Rb(38-39) 60.87* 26.71** 84.21 81.65 87.77 75.24 
Rb(34-37) 67.80* 24.29** 25.80** 44.93** 78.75 47.47** 
Rb(31-33) 57.73* 29.90** 22.16** 20.83** 50.01** 80.46 
Rb(27-30) 63.36* 22.95** 23.58** 16.93** 22.64** 43.57** 

*, P < 0.05; **, P < 0.001. 
 

TABLE 4.8. Vector angles in degrees for PC2. Values between PC2 of symmetric and asymmetric 
components of each group (on the diagonal) and between PC2s of the symmetric (below) and the 
asymmetric (above) components among groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(27-30) 

40St 86.74 67.70* 56.84* 69.59 62.69* 42.51** 
40Rb 88.22 73.35 85.20 76.60 34.91** 62.15* 
Rb(38-39) 88.23 42.30** 82.22 49.28** 79.73 43.81** 
Rb(34-37) 80.38 53.34** 42.60** 83.06 75.51 57.72* 
Rb(31-33) 87.91 37.01** 39.86** 44.39** 84.44 54.20** 
Rb(27-30) 64.34* 63.13* 55.74** 49.40** 70.47 85.71 

*, P < 0.05; **, P < 0.001. 
 

TABLE 4.9. Correlation coefficients (r) between covariance matrices. Values between covariance 
matrices of symmetric and asymmetric components of each group (on the diagonal), and of 
symmetric (below) and asymmetric (above) components among groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(27-30) 

40St 0.473 0.587 0.432 0.414 0.626 0.644 
40Rb 0.681 0.504 0.475 0.574 0.704 0.586 
Rb(38-39) 0.665 0.742 0.506 0.489 0.538 0.474 
Rb(34-37) 0.640 0.702 0.731 0.539 0.623 0.657 
Rb(31-33) 0.681 0.719 0.760 0.824 0.520 0.667 
Rb(27-30) 0.617 0.683 0.689 0.756 0.780 0.583 

All coefficients are significant (P < 0.001). 
 

According to both Mantel and partial Mantel tests, distances in patterns of integration of the 

symmetric component, calculated from both raw and size-corrected data, were positively and 

significantly correlated with geographic distances between groups (Table 4.4). Although the 

Mantel test also detected a significant positive correlation between distances in patterns of 
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integration of the symmetric component, computed from size-corrected data, and karyotypic 

distances, this association was not detected by the partial Mantel test (Table 4.4). Distances in the 

patterns of integration of the asymmetric component were not correlated with karyotypic nor 

geographic distances, either with raw or size-corrected data (Table 4.4). 

 

 

FIGURE 4.3. Diagrams of eigenvectors for the first two principal components of the symmetric (A) and 
asymmetric (B) components of shape. The set of digitized landmarks and their respective 
eigenvectors are displayed on outlines of hemimandibles on their lingual side. Scale factor: 0.1 units 
in positive direction from the consensus (outline and center of coordinates). 
 

. . Discussion 
 

Rb translocations affect the magnitude of integration but not modularity 
 

The results of the tests of modularity lent support to the notion that the mouse mandible 

consists of two primary modules, the alveolar region and the ascending ramus (Hall 2003a; 

Klingenberg 2009; Muñoz-Muñoz et al. 2011; Burgio et al. 2012). Besides, the existence of the 

proximal module is backed by the fact that shape changes within that region were comparatively 

more coordinated, and that most of the variation in mandible shape was particularly concentrated 

there (Klingenberg et al. 2003, 2004; Renaud et al. 2012). Despite the confirmation of such 
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modular organization, the fact that only a few PCs accounted for a large part of shape variation 

indicates that the mouse mandible has a certain degree of overall integration (Cheverud et al. 

1983, 1997; Wagner 1984; Leamy 1993; Klingenberg 2009). As proved, the modular configuration 

of the mouse mandible is not altered by Rb translocations, regardless of the number of 

metacentrics. However, the magnitude of integration between the two mandibular modules 

varied notably among chromosomal groups, especially when allometry was not removed. Because 

the effects of size simultaneously affect all the parts of a structure, allometry is usually considered 

to have an integrating influence and thus to obscure modular organizations (Klingenberg 2009). 

In our study, despite significant allometric relationships, modularity was always detected. 

However, and as expected, magnitudes of integration between the two modules were higher when 

not correcting for the effect of size. Moreover, magnitudes of integration of the symmetric 

component of shape increased along with the percentage of allometry, whereas this percentage 

was negatively associated with diploid number. Thus, the greater dependence of shape on size in 

groups with low diploid numbers seems to be the reason why they showed a greater magnitude 

of integration between the two mandibular modules. At the same time, this would explain why 

Mantel tests performed with raw data detected an association between differences in karyotype 

and differences in magnitude of integration between groups. Previous studies have found many 

QTLs affecting the size and shape of the mandible (Leamy et al. 2008). Since Rb translocations 

reduce meiotic recombination (Bidau et al. 2001), their accumulation could progressively 

increase the probability of linkage between QTLs affecting size and QTLs affecting shape, which 

would explain the greater association between size and shape as diploid number decreases. 

When the effect of allometry was removed, no linear association was detected between 

differences in magnitude of integration of the mandible and neither geographic nor karyotypic 

distances, for none of the two components of shape variation. However, these results do not 

necessarily preclude an effect of Rb translocations on the integration of this structure. As 

previously stated (see Introduction section), these chromosomal reorganizations can affect 

morphological covariation by modifying the linkage between alleles of loci influencing different 

mandibular traits, and by entailing the fixation of positively selected alleles. The progressively 

lower RV coefficients obtained in groups Rb(34–37), Rb(31–33) and Rb(27–30) could be due to 

the modification of the linkage between alleles. Given that metacentrics show the lowest chiasma 

frequency around the centromere (Dumas and Britton-Davidian 2002), the formation of Rb 

translocations could progressively imply the emergence of new linkage groups around the 

centromere of the newly-formed metacentrics. In connection with this, far more QTLs have been 

assigned to the ascending ramus than to the alveolar region of the mouse mandible, and several 

of them are located close to the centromeres of acrocentric chromosomes (Ehrich et al. 2003). 

Therefore, it is likely that the new linkage groups prompted by Rb translocations would include 
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several QTLs with an effect only on the ascending ramus. If that was the case, covariation, and so 

integration, within this module would increase along with the amount of Rb translocations, and 

this would explain the observed decrease in the magnitude of integration of the mandible, in terms 

of RV, along with the decrease in diploid number. Instead, the increase in the magnitude of 

integration of the asymmetric component detected in group Rb(38–39) with respect to St 

populations might not be explained by this mechanism, but by the higher rate of fixation of alleles 

in metacentrics due to the decrease in meiotic recombination that they undergo (Navarro and 

Barton 2003a; Capilla et al. 2014). In these metacentrics, the fixed alleles could affect covariation 

in two different ways. On the one hand, as pleiotropic effects vary together with alleles (Graham 

1992; Grant and Grant 1994; Wagner et al. 2007; Wagner and Zhang 2011), the fixation of new 

favorable alleles in metacentrics would likely alter genetic covariation of morphological 

structures. On the other hand, it has been proved that hybrids between populations with different 

fixed alleles show greater genetic covariation than the parental generations (Grant and Grant 

1994). In particular, when Renaud et al. (2012) analyzed the strength of covariation between the 

two main mandibular modules in two subspecies of house mouse and the resulting hybrids, they 

found that it was higher in the filial 1 (F1) hybrids than in the parental groups and the filial 2 (F2) 

hybrids. Linking it to our study, given that new alleles are expected to become fixed in Rb 

translocations, hybridization between St and Rb mouse populations could probably give rise to 

hybrid populations showing greater covariation between the two mandibular modules. Bearing 

in mind the preceding argumentation, we suggest that the differences detected between 

chromosomal groups in terms of magnitude of integration of the asymmetric component might 

result from the balance between the divergent effects that the modification of genetic linkage, on 

the one side, and the differential fixation of alleles, on the other side, may have on morphological 

covariation in each of them. As it can be noticed by looking back on the results, this argumentation 

does not fit with the differences between groups in terms of the magnitude of integration of the 

symmetric component. As stated above, this component of shape variation, unlike the asymmetric 

one, takes account of variation due to the effect of external stimulus on developmental pathways, 

which can lead to covariation between traits if those factors affect different pathways 

simultaneously (Klingenberg 2008). Therefore, the impact of certain external sources of variation 

could be responsible for that discrepancy between results regarding the symmetric and 

asymmetric components. 

 

Morphological covariation arises from different developmental sources 
 

The degree of congruence between symmetric and asymmetric covariation is said to provide 

evidence for the relative importance of the two developmental origins of morphological 
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covariation, namely direct interactions between developmental pathways and parallel variation 

of separate developmental pathways (Klingenberg et al. 2003; Klingenberg 2008; Jojić et al. 2011). 

When comparing the covariance matrices of the symmetric and asymmetric components of shape 

variation in each group, intermediate correlation coefficients were generally obtained, which 

agrees with the results obtained in previous studies (Klingenberg et al. 2003). This indicates that, 

although covariation between symmetric shape changes of the mandible arises from direct 

developmental interactions to some extent, a considerable amount of this covariation is actually 

due to the parallel variation of separate developmental pathways. Moreover, the fact that these 

correlation values increase as diploid number decreases suggests that the accumulation of new 

Rb translocations might entail a greater importance of direct interactions over parallel variation 

in generating morphological covariation in the mouse mandible. However, the mechanisms by 

which this may happen remain unknown. 

 

Variation in the patterns of integration is geographically structured 
 

Correlation coefficients between the covariance matrices of the chromosomal groups revealed 

that, in general, they share similar patterns of integration of the mandible. However, diagrams of 

landmark displacements and vector angles indicated that particular aspects of integration 

patterns differ between groups. The positive association detected between the differences in the 

patterns of integration of the symmetric component and the geographic distances between groups 

suggests that morphological covariation of the mandible is geographically structured. As 

mentioned above, symmetric covariation takes account of covariation between morphological 

traits that arises from the simultaneous effect of an external factor on separate developmental 

pathways. Among these factors, one can distinguish environmental conditions and allelic 

variability in genes involved in different developmental processes (Klingenberg 2008), which are 

sources of variation that can be geographically structured. The positive association detected 

between differences in the patterns of integration of the symmetric component and geographic 

distances between groups suggests that such patterns might be influenced by environmental 

factors and/or genetic differences due to isolation by distance. Several studies state that 

covariation patterns are remarkably similar between closely related species, as well as between 

groups belonging to the same species (Debat et al. 2000; Marroig and Cheverud 2001; González-

José et al. 2004; Jojić et al. 2011), whereas others show that they can vary significantly at small 

taxonomic scales (Ackermann 2002; Drake and Klingenberg 2010). In reference to this, our results 

suggest that even though different populations of the same species may show, at first glance, 

considerably similar patterns of morphological covariation, intraspecific variability can still exist 

and be detectable. Besides, they highlight that the geographic structure of populations can affect 
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their patterns of morphological integration, and that this effect seems to take place mainly 

through the simultaneous influence of geographically-structured external factors on separate 

developmental pathways involved in generating the morphological structure in question. 
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. . Supporting information 
 

TABLE S4.1. Collection sites and individual karyotypes of the study sample, indicating the set of Rb 
translocations and their structural heterozygosity. 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

Anglesola 2 (1/1) 39 – H – – – – – 
 3 (2/1) 40 – – – – – – – 
Arbeca 5 (2/3) 40 – – – – – – – 
Avinyonet del 1 (1/0) 32 – M M – – M M 
Penedès 1 (1/0) 32 ? ? ? ? ? ? ? 
 1 (1/0) 33 – M H – – M M 
Badalona 2 (2/0) 39 – – – – – – H 
 8 (3/5) 40 – – – – – – – 
Bellaterra 1 (1/0) 38 – – H – – – H 
 1 (0/1) 38 – M – – – – – 
 4 (0/4) 39 – – H – – – – 
 2 (0/2) 39 – H – – – – – 
 1 (1/0) 39 – – – – – – H 
 17 (11/6) 40 – – – – – – – 
Bellvei del 1 (1/0) 35 – H – H – M H 
Penedès 1 (1/0) 35 – – M – – H M 
 1 (1/0) 36 – H – – – H M 
 1 (0/1) 37 – – – H – H H 
 1 (0/1) 37 – M – – – – H 
 1 (0/1) 37 – – M H – – – 
Calaf 1 (1/0) 38 ? ? ? ? ? ? ? 
 1 (1/0) 39 ? ? ? ? ? ? ? 
 1 (1/0) 39 – H – – – – – 
 5 (3/2) 40 – – – – – – – 
Calafell 3 (3/0) 35 – M H – – – M 
 2 (0/2) 35 – H H – – H M 
 2 (0/2) 35 – M – – – H M 
 3 (1/2) 36 – M – – – – M 
 1 (0/1) 36 – H – – H H H 
 1 (0/1) 36 – M H – – – H 
 1 (0/1) 36 – H – – – M H 
 2 (1/1) 37 H H – – – – H 
 8 (6/2) 37 – H – – – – M 
 1 (0/1) 37 H – – – – – M 
 2 (0/2) 37 – M – – – – H 
 2 (2/0) 38 – H – – – – H 
 1 (0/1) 38 – H – – – H – 
 1 (0/1) 38 – – – H – – H 
 3 (2/1) 38 – – – – – H H 
 1 (0/1) 38 ? ? ? ? ? ? ? 
 3 (1/2) 39 – – – – – – H 
Caldes de 
Montbui 

2 (2/0) 40 – – – – – – – 

Castellar del 
Vallès 

5 (2/3) 40 – – – – – – – 

Castelldefels 1 (1/0) 29 M M M H – M M 
 4 (4/0) 30 – M M M – M M 
 2 (2/0) 30 H M M H – M M 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 1 (1/0) 30 H M H M – M M 
 1 (1/0) 30 H H M M – M M 
 1 (1/0) 30 ? ? ? ? ? ? ? 
 1 (1/0) 31 – M M H – M M 
 1 (0/1) 31 H H H M – M M 
 1 (1/0) 36 – H H – – H H 
Castellfollit del 
Boix 

7 (3/4) 40 – – – – – – – 

Corbera de 1 (0/1) 36 – M H – – H – 
Llobregat 1 (0/1) 36 – M – – – H H 
 1 (0/1) 36 – – – – – M M 
 1 (0/1) 37 – H H – – H – 
 1 (1/0) 37 – – – – – H M 
 1 (1/0) 37 – M – – – H – 
Cubelles 1 (0/1) 32 – H M H – M M 
 1 (0/1) 34 – M M – – – M 
 1 (0/1) 34 – H M – – M H 
 2 (1/1) 34 – H H – – M M 
 1 (1/0) 35 – H H H – H H 
 1 (0/1) 35 – – M H – H H 
 1 (0/1) 35 – H H – – M H 
 1 (1/0) 36 – H H – – H H 
 1 (1/0) 36 – H – H – H H 
 1 (0/1) 36 – – H – – H M 
 1 (0/1) 37 – H – – – H H 
 1 (1/0) 38 – – – – – H H 
El Papiol 1 (0/1) 36 – – M – – M – 
 2 (0/2) 37 – – H – – M – 
 2 (0/2) 38 – H – – – – H 
 2 (1/1) 38 – – – – – M – 
 1 (1/0) 39 – – – – – H – 
El Prat de 1 (1/0) 29 H M M M – M M 
Llobregat 1 (0/1) 30 – M M M – M M 
 2 (1/1) 30 H M M H – M M 
 3 (3/0) 31 – M M M – H M 
 1 (0/1) 31 H M M – – M M 
 1 (0/1) 31 – M M H – M M 
 1 (0/1) 31 H M M H – M H 
 1 (1/0) 31 H H M M – H M 
 2 (1/1) 31 – H M M – M M 
 1 (1/0) 32 – H M M – H M 
 1 (0/1) 32 – – M M – M M 
 4 (1/3) 32 – H M H – M M 
 1 (0/1) 33 – M M H – H H 
 1 (1/0) 33 – M H H – M H 
 1 (1/0) 33 – H M H – H M 
 1 (1/0) 33 – H M M – H H 
 1 (1/0) 33 – H M H – M H 
 3 (1/2) 33 – H H H – M M 
 1 (0/1) 34 H H H – – H M 
 1 (0/1) 34 – H M H – – M 
 1 (1/0) 34 – H H H – M H 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

Fals 1 (0/1) 39 ? ? ? ? ? ? ? 
 3 (2/1) 40 – – – – – – – 
Fulleda 22 (13/9) 40 – – – – – – – 
Garraf 1 (1/0) 28 ? ? ? ? ? ? ? 
 3 (1/2) 28 M M M M – M M 
 3 (1/2) 29 ? ? ? ? ? ? ? 
 3 (1/2) 29 M M M M – M H 
 2 (1/1) 29 M M M H – M M 
 1 (0/1) 29 M H M H H M M 
 1 (1/0) 29 H M M M – M M 
 3 (1/2) 30 ? ? ? ? ? ? ? 
 1 (1/0) 30 M M M M – H H 
 1 (0/1) 30 M M M H – M H 
 1 (1/0) 30 M M H H H M H 
 1 (0/1) 30 M M H H – M M 
 1 (1/0) 30 H M M M – H M 
 1 (1/0) 30 H M M M – M H 
 2 (0/2) 30 H M M H – M M 
 3 (2/1) 31 ? ? ? ? ? ? ? 
 1 (0/1) 31 H M H H – M M 
 1 (0/1) 32 ? ? ? ? ? ? ? 
 1 (0/1) 32 – M M – H M H 
 1 (0/1) 32 H H H H H M H 
 1 (0/1) 32 H M – H – M M 
 1 (0/1) 32 – H M H – M M 
 1 (0/1) 32 – H H M – M M 
 1 (1/0) 33 ? ? ? ? ? ? ? 
 1 (0/1) 33 H – H H H M H 
 1 (1/0) 35 – H H H – M – 
 1 (0/1) 35 – – H H – M H 
Gavà 1 (1/0) 29 M M M M – M H 
 1 (1/0) 30 ? ? ? ? ? ? ? 
 1 (0/1) 30 M M M – – M M 
 5 (3/2) 30 H M M H – M M 
 1 (1/0) 31 H M M – – M M 
 1 (0/1) 32 – M M – – M M 
Jorba 1 (1/0) 39 – H – – – – – 
 2 (1/1) 40 – – – – – – – 
La Bleda 1 (1/0) 31 – M M – H M M 
 3 (0/3) 32 – M M – – M M 
 1 (0/1) 32 – M H – H M M 
 1 (1/0) 34 – M H – – H M 
 1 (0/1) 34 – M – – – M M 
 2 (1/1) 34 – M H – – M H 
La Granada 1 (0/1) 27 M M M M H M M 
 1 (0/1) 29 M M M H – M M 
 2 (2/0) 29 – M M M H M M 
 1 (1/0) 29 H M M H H M M 
 1 (1/0) 30 M M M – – M M 
 1 (1/0) 30 – M M M – M M 
 3 (1/2) 30 H M M – H M M 
 1 (0/1) 30 – M M H H M M 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 1 (1/0) 30 H M M M H H H 
 1 (1/0) 30 M M – M – M M 
 1 (0/1) 30 – M H M H M M 
 2 (1/1) 31 H M H H – M M 
 5 (4/1) 31 H M M – – M M 
 2 (1/1) 31 – M M H – M M 
 1 (0/1) 31 H M M H – M H 
 1 (0/1) 31 H M M H – H M 
 1 (1/0) 31 H M M H H – M 
 1 (1/0) 31 M M H H – M H 
 1 (1/0) 31 H M H M – M H 
 1 (1/0) 32 H M H H – H M 
 1 (1/0) 32 – M M H H H H 
 3 (2/1) 32 H M M – – H M 
 2 (0/2) 32 – M M H – M H 
 1 (1/0) 32 – M M – – M M 
 1 (0/1) 32 H M M H – H H 
 2 (2/0) 32 H M H H – M H 
 1 (0/1) 32 H M M – – M H 
 1 (0/1) 32 H H M – – M M 
 1 (1/0) 33 – H M – H H M 
 1 (1/0) 33 H M H – – M H 
 1 (1/0) 33 – H M H – M H 
 1 (1/0) 34 – H M H – H H 
 1 (1/0) 34 – M – H H H H 
 1 (0/1) 34 – M H – – M H 
 1 (1/0) 34 – M H – – H M 
 1 (0/1) 35 – M H – – – M 
La Llacuna 2 (2/0) 35 ? ? ? ? ? ? ? 
 1 (0/1) 36 ? ? ? ? ? ? ? 
 1 (0/1) 36 – H – – – H M 
 1 (0/1) 37 – – H – – – M 
La Riera 11 (7/4) 40 – – – – – – – 
L’Ametlla de 1 (1/0) 38 – M – – – – – 
Segarra 3 (1/2) 39 – H – – – – – 
 6 (3/3) 40 – – – – – – – 
Lavern 1 (0/1) 31 – M M M – M H 
 1 (0/1) 31 – M M H – M M 
 1 (1/0) 31 – M H M – M M 
 1 (1/0) 32 – M M – – M M 
 3 (0/3) 32 – M H H – M M 
 3 (2/1) 32 – H M H – M M 
 1 (0/1) 33 – M M – – M H 
 2 (1/1) 33 – H M – – M M 
 2 (0/2) 33 – H H H – M M 
Les Borges de 
Camp 

5 (1/4) 40 – – – – – – – 

Les Ordes 1 (1/0) 38 – M – – – – – 
Les Pobles 4 (1/3) 37 – H H – – – H 
 1 (1/0) 37 – – M – – – H 
 1 (0/1) 38 ? ? ? ? ? ? ? 
 1 (0/1) 38 H H – – – – – 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 2 (1/1) 38 – H H – – – – 
 1 (1/0) 38 – M – – – – – 
 1 (1/0) 39 ? ? ? ? ? ? ? 
 3 (0/3) 39 – – – – – – H 
 1 (0/1) 39 – H – – – – – 
 5 (4/1) 39 – – H – – – – 
 16 (7/9) 40 – – – – – – – 
L’Espluga 
Calba 

9 (5/4) 40 – – – – – – – 

Llorenç del 1 (1/0) 36 – M – – – H H 
Penedès 2 (1/1) 36 – H M – – – H 
 1 (0/1) 37 – – H – – H H 
 1 (1/0) 38 – H – – – H – 
Nulles 2 (2/0) 40 – – – – – – – 
Olesa de 1 (0/1) 29 M M H H H M M 
Bonesvalls 1 (1/0) 29 H M M M – M M 
 1 (1/0) 30 M M H H H H M 
 1 (0/1) 32 M M H – – M H 
 1 (1/0) 32 H M – H – M M 
 1 (1/0) 32 H M H H – M H 
 1 (1/0) 32 H H M H – H M 
 1 (1/0) 32 H H H H – M M 
 1 (0/1) 33 H M – – – M M 
 1 (1/0) 36 – H H – – H H 
 1 (0/1) 38 – H – – – – H 
 1 (0/1) 40 – – – – – – – 
Olost 1 (0/1) 39 – – – H – – – 
 11 (2/9) 40 – – – – – – – 
Sabadell 4 (3/1) 38 – – – – – – M 
 5 (1/4) 39 – – – – – – H 
Sant Martí 2 (2/0) 32 – M M – – M M 
Sarroca 2 (0/2) 33 – M M – – H M 
Sant Pau  5 (3/2) 28 M M M M – M M 
d’Ordal 6 (3/3) 29 M M M M – M H 
 10 (3/7) 29 H M M M – M M 
 3 (1/2) 30 ? ? ? ? ? ? ? 
 1 (0/1) 30 H M M M – H M 
 2 (2/0) 30 H M M M – M H 
 1 (0/1) 30 – M M M – M M 
 7 (4/3) 30 H M M H – M M 
 3 (2/1) 31 H M M H – H M 
 2 (1/1) 31 – M M M – H M 
 4 (2/2) 31 H M M – – M M 
 3 (3/0) 31 – M M H – M M 
 2 (0/2) 31 – H M M – M M 
 4 (3/1) 32 – M M H – H M 
 1 (1/0) 32 – M M – – M M 
 1 (1/0) 33 – M M – – H M 
 1 (1/0) 33 – H M – – M M 
 1 (0/1) 34 – H H M – H H 
 1 (0/1) 34 – – M – – M M 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

Sant Sadurní 1 (1/0) 33 – M H H – H M 
d’Anoia 1 (1/0) 33 – H M – – M M 
 1 (0/1) 34 – M H – – H M 
 1 (0/1) 34 – M H – – M H 
 1 (1/0) 35 – M – – – H M 
 1 (0/1) 35 – M – – – M H 
 1 (0/1) 35 – H – – – M M 
 1 (0/1) 35 – H M – – M – 
 1 (0/1) 36 – H – – – H M 
 1 (1/0) 36 – M – – – H H 
 2 (0/2) 37 – H – – – H H 
 1 (0/1) 37 – M – – – – H 
 1 (0/1) 37 – M – – – H – 
 1 (1/0) 37 – H M – – – – 
 2 (1/1) 37 – H – – – M – 
 2 (2/0) 38 – H – – – – H 
 2 (1/1) 38 – H – – – H – 
 1 (0/1) 38 – – – – – – M 
 1 (0/1) 39 – – – – – – H 
 2 (1/1) 39 – H – – – – – 
Santa Coloma 1 (1/0) 36 – M H – – – H 
de Queralt 1 (1/0) 37 ? ? ? ? ? ? ? 
 1 (0/1) 37 – H H – – – H 
 1 (1/0) 38 ? ? ? ? ? ? ? 
 3 (0/3) 38 – H – – – – H 
 1 (0/1) 38 – M – – – – – 
 2 (2/0) 39 – H – – – – – 
 1 (1/0) 40 – – – – – – – 
Santa 
Perpètua de 
Mogoda 

11 (2/9) 40 – – – – – – – 

Vacarisses 7 (6/1) 40 – – – – – – – 
Vallbona 1 (0/1) 37 ? ? ? ? ? ? ? 
d’Anoia 1 (0/1) 39 – – – – – – H 
 4 (1/3) 40 – – – – – – – 
Viladecans 1 (0/1) 29 H M M M – M M 
 1 (0/1) 30 ? ? ? ? ? ? ? 
 1 (1/0) 30 – M M M – M M 
 2 (1/1) 30 H M M H – M M 
 1 (1/0) 30 H H M M – M M 
 1 (1/0) 31 – M M M – H M 
 2 (2/0) 31 – M H M – M M 
 1 (1/0) 32 M H M H – H H 
 2 (1/1) 32 – M H M – M H 
 1 (1/0) 32 H H M M – H H 
 1 (0/1) 34 H H H – – M H 
 1 (0/1) 34 – H H H – M H 
Vilanova i la 1 (0/1) 30 ? ? ? ? ? ? ? 
Geltrú 1 (1/0) 31 ? ? ? ? ? ? ? 
 1 (0/1) 31 – M M H – M M 
 2 (0/2) 31 H M M – – M M 
 1 (1/0) 31 – M M – H M M 
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TABLE S4.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 1 (1/0) 31 – M H M – M M 
 1 (1/0) 31 – M – H M M M 
 1 (1/0) 31 – M H H H M M 
 4 (2/2) 32 ? ? ? ? ? ? ? 
 1 (0/1) 32 H M H – – M M 
 1 (0/1) 32 H H M – – M M 
 4 (4/0) 32 – M M – – M M 
 1 (1/0) 32 – M H H – M M 
 1 (1/0) 32 – H M H H M H 
 2 (0/2) 33 – M M – – H M 
 1 (0/1) 33 H M – – – M M 
 1 (1/0) 33 – H M H – M H 
 2 (2/0) 33 – H M – – M M 
 1 (1/0) 34 – M H – – H M 
 1 (0/1) 34 – M M – – H H 
 1 (0/1) 38 H – – – – H – 
n, number of specimens; f, females; m, males; 2n, diploid number; M, homozygous metacentric (two 
homologous autosomes are respectively fused with a second pair of homologous autosomes); H, 
heterozygous metacentric (one pair of non-homologous autosomes is fused, but not their respective 
homologs); –, absent metacentric (two pairs of non-homologous autosomes are found as 
homozygous acrocentrics); ?, non-identified metacentric (failed karyotyping). 
 
 
TABLE S4.2. Karyotypic distances (below the diagonal) and geographic distances (above the 
diagonal) between chromosomal groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(27-30) 

40St  30.88 22.64 27.72 39.23 38.93 
40Rb 0.000  15.29 28.98 26.69 28.02 
Rb(38-39) 0.269 0.269  14.24 18.22 18.59 
Rb(34-37) 0.895 0.895 0.258  14.82 13.59 
Rb(31-33) 2.675 2.675 1.326 0.348  1.951 
Rb(27-30) 6.487 6.487 2.76 0.978 0.226  
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TABLE S4.3. Two-way ANOVA of centroid size and Procrustes ANOVA of shape for the study sample. 

  Centroid size 
Group Effect  SS df MS F P 

 Individual 127.298 85 1.498 65.65 < 0.001 
40St Side 0.007 1 0.007 0.32 0.572 
 Individual × Side 1.939 85 0.023   
 Individual 113.187 76 1.489 56.17 < 0.001 
40Rb Side 0.044 1 0.044 1.65 0.202 
 Individual × Side 2.015 76 0.027   
 Individual 133.830 83 1.612 87.76 < 0.001 
Rb(38-39) Side 0.001 1 0.001 0.03 0.867 
 Individual × Side 1.525 83 0.018   
 Individual 159.221 104 1.531 59.65 < 0.001 
Rb(34-37) Side 0.026 1 0.026 1.01 0.318 
 Individual × Side 2.669 104 0.026   
 Individual 299.450 156 1.920 73.88 < 0.001 
Rb(31-33) Side 0.194 1 0.194 7.46 0.007 
 Individual × Side 4.053 156 0.026   
 Individual 195.212 104 1.877 83.52 < 0.001 
Rb(27-30) Side 0.023 1 0.023 1.02 0.315 
 Individual × Side 2.337 104 0.022   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
 
 

  Shape 
Group Effect SS df MS F P 

 Individual 0.254  2550 9.956 × 10-5 6.04 < 0.001 
40St Side 0.002 30 6.382 × 10-5 3.87 < 0.001 
 Individual × Side 0.042 2550 1.647 × 10-5   
 Individual 0.206 2280 9.020 × 10-5  5.77 < 0.001 
40Rb Side 0.001 30 4.124 × 10-5 2.64 < 0.001 
 Individual × Side 0.036 2280 1.564 × 10-5   
 Individual 0.247 2490 9.901 × 10-5 5.56 < 0.001 
Rb(38-39) Side 0.001 30 4.260 × 10-5 2.39 < 0.001 
 Individual × Side 0.044 2490 1.782 × 10-5   
 Individual 0.323 3120 1.034 × 10-4 6.03 < 0.001 
Rb(34-37) Side 0.002 30 4.977 × 10-5 2.90 < 0.001 
 Individual × Side 0.054 3120 1.714 × 10-5   
 Individual 0.490 4680 1.046 × 10-4 7.41 < 0.001 
Rb(31-33) Side 0.002 30 7.071 × 10-5 5.01 < 0.001 
 Individual × Side 0.066 4680 1.412 × 10-5   
 Individual 0.341 3120 1.092 × 10-4 6.00 < 0.001 
Rb(27-30) Side 0.001 30 2.782 × 10-5 1.53 0.033 
 Individual × Side 0.057 3120 1.820 × 10-5   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
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THE ROLE OF CHROMOSOMAL REARRANGEMENTS IN 

CRANIAL FORM VARIATION: A CASE STUDY OF MUS 

MUSCULUS DOMESTICUS FROM THE BARCELONA 

ROBERTSONIAN SYSTEM 
 

. . Introduction 
 

The vertebrate cranium is arguably one of the most complex regions of the skeleton (Hallgrímsson 

et al. 2007a, 2014; Jamniczky and Hallgrímsson 2011). It comprises an array of bony capsules that 

surround and protect the brain, critical elements of the sensory system, and vital cavities (Moss 

and Young 1960; Enlow 1990). This complex anatomical constitution anticipates the existence of 

multiple integration mechanisms, and thus covariation, among the different components of this 

bony casing, but also between these hard tissues and the surrounding soft tissues. Such 

integration appears to be essential for enabling the growth, function, and evolution of this skeletal 

structure (Hallgrímsson et al. 2007a, Jamniczky and Hallgrímsson 2011). Accordingly, the 

cranium of vertebrates has become the focus of many studies on morphological integration (e.g., 

Cheverud 1982a, 1996; Bookstein et al. 2003; Ackermann 2005; Lieberman et al. 2008; 

Mitteroecker and Bookstein 2008; Hallgrímsson et al. 2009; Jamniczky and Hallgrímsson 2009), 

as well as on the developmental determinants of integration (Mitteroecker et al. 2005; 

Hallgrímsson et al. 2006, 2007a; Hallgrímsson and Lieberman 2008; Gonzalez et al. 2011b). In 

parallel to the anatomical complexity and the wide array of distinct functions that the cranium 

carries out, the vertebrate skull has complex genetic and developmental bases (Percival et al. 

2016). Particularly, the coordination of the development of the craniofacial complex requires the 

expression and interaction of many genes across numerous developmental, signaling, and 

structural pathways (Chai and Maxson 2006; Feng et al. 2009; Buchtová et al. 2010; Szabo-Rogers 

et al. 2010; Percival et al. 2016). Yet little is known about the genetic and developmental 

architecture underlying morphological variation of the skull (Percival et al. 2016). 

Craniofacial shape in the house mouse (Mus musculus) is a feature with considerable 

heritability (Leamy 1982; Richtsmeier and McGrath 1986). The morphological variation of the 

cranium in this species is influenced by several genomic regions, according to QTL analyses and 

GWAS (Leamy et al. 1999, 2008; Klingenberg et al. 2001a, 2004; Pallares et al. 2014, 2016). The 

western European house mouse (Mus musculus domesticus Schwarz and Schwarz 1943) is widely 

recognized for presenting a great karyotypic diversity across its distributional area mainly due to 

Rb translocations, a type of chromosomal rearrangement that entails the formation of a 

metacentric chromosome through the fusion of two non-homologous acrocentric or telocentric 
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chromosomes at their centromeres (Robertson 1916; Garagna et al. 2001a; Piálek et al. 2005; 

Hauffe et al. 2012). Since Rb translocations entail a decrease in the number of chromosomes but 

not in the number of chromosome arms, they are believed not to alter notably the genomic content 

of a species; however, they are known to have the potential to affect the genetic architecture 

(Garagna et al. 2001a; Franchini et al. 2016). 

The impact of Rb translocations on the phenotype of different morphological structures in Mus 

musculus domesticus has been widely addressed through geometric morphometric methods 

(Chondropoulos et al. 1996; Corti and Rohlf 2001; Hauffe et al. 2002; Kamilari et al. 2013). Among 

the various geographical regions where Rb populations of this mouse subspecies occur, the 

Barcelona Rb system is particularly peculiar due to the absence of a metacentric race (sensu 

Hausser et al. 1994), the staggered, clinal distribution of the large number of different 

metacentrics that it presents, and the resulting broad range of diploid numbers and karyotypes 

(Medarde et al. 2012). Different morphometric studies conducted within this Rb system have 

revealed morphological differentiation of various bony structures between Rb and all-acrocentric 

mouse populations, but also among groupings of Rb mice with distinct diploid number ranges 

(Muñoz-Muñoz et al. 2003, 2011; Sans-Fuentes et al. 2009; Martínez-Vargas et al. 2014).  

In the present work, 3D geometric morphometric techniques are applied for the first time to 

the analysis of the patterns of phenotypic variation and the covariance structure of the dorsal and 

ventral regions of the cranium in western European house mice from the Barcelona Rb system 

and surrounding St populations. The goal is to broaden the current knowledge of the 

morphological variation of this complex skeletal structure and the underlying phenomena across 

this so-called area of incipient zonal raciation (Sans-Fuentes et al. 2009). 

 

. . Materials and methods 
 

Sample and data acquisition 
 

The sample comprised 317 crania from adult Mus musculus domesticus specimens from the 

Barcelona Rb system and surrounding St populations. The animals were live-captured with 

Sherman traps between the years 1996 and 2010, and transferred to the laboratory, where they 

were euthanized by cervical dislocation. Chromosome preparations were obtained from bone 

marrow cells immediately after euthanasia, and dyed with Wright stain (Ford 1966; Mandahl 

1992). Chromosomes identification was conducted under a light microscope according to the 

Committee on Standardized Genetic Nomenclature for Mice (1972). The karyotypes (i.e., diploid 

number, specific set of metacentrics, and their state of structural heterozygosity) were identified 

for all individuals (see Supporting information Table S5.1). The specimens were classified into six 

groups according to their diploid number: 40St, n=54; 40Rb, n=50; Rb(38-39), n=51; Rb(34-37), 
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n=54; Rb(31-33), n=54; Rb(28-30), n=54. The difference between animals in groups 40St and 

40Rb, all with the St karyotype of 40 acrocentric chromosomes, is that 40St specimens were 

trapped in localities where no metacentrics have been described, whereas 40Rb specimens were 

captured in localities where Rb translocations occur (see Medarde et al. 2012). Sex ratio was 

balanced within each chromosomal group, and age was estimated based on the pattern of dental 

wear of the upper molars (Lidicker 1996). 

Crania were cleaned by hand or by exposure to dermestid larvae. Three-dimensional landmark 

coordinates were digitized directly from the crania with the Micro-Vu Vertex 251HC Multisensor 

Measuring CenterTM and the Micro-Vu’s InSpec Metrology Software, at 39 magnifications. A set of 

34 landmarks (6 median landmarks and 14 pairs on the left and right sides) was obtained from 

the dorsal region of the crania, while 38 landmarks (4 median landmarks and 17 pairs on the left 

and right sides) were digitized on their ventral view (Figure 5.1; Tables 5.1 and 5.2). Landmarks 

acquisition was repeated three times in a subsample of 18 crania in order to assess measurement 

error. Landmarks digitization was performed by the same person (JMV) at the Plateau de 

Morphométrie of the Muséum National d’Histoire Naturelle (Paris, France). 

 

 

 
 

 

 

FIGURE 5.1. Dorsal (A) and ventral (B) views of the house mouse cranium with the layout of 
the landmarks digitized (for anatomical definitions, see tables 5.1 and 5.2). Scale bars: 5mm. 
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TABLE 5.1. Definition of the landmarks digitized in the dorsal region of the crania. 

 

Geometric morphometric analyses 
 

Geometric morphometric and associated multivariate statistical analyses were performed on 

the landmark configurations with MorphoJ, version 1.06d (Klingenberg 2011), and with R, version 

3.3.3 (R Development Core Team 2016), using the packages rmorph (Baylac 2012), geomorph 

(Adams and Otárola-Castillo 2013; Adams et al. 2015), mass (Venables and Ripley 2002), ape 

(Paradis et al. 2004), and vegan (Oksanen et al. 2017). Analyses were conducted separately for the 

dorsal and ventral cranial regions, unless otherwise stated.  

The CS of the cranium, on each view, was extracted and used as a size estimator (Dryden and 

Mardia 1998). After reflecting the landmark configurations to their mirror images, a generalized 

Procrustes analysis (GPA) was performed by superimposing all original and reflected landmark 

configurations taking into account the object symmetry of the cranium, and the data were 

Landmark Description 

1 Cranial intersection point of nasal bones (nasale) 
2 Caudal intersection point of nasal bones (nasion) 
3 Intersection point of frontal bones with parietal bones at midline (bregma) 
4 Intersection point of parietal bones with cranial aspect of interparietal bone at 

midline 
5 Intersection point of interparietal bone with squamous portion of occipital bone 

at midline 
6 Dorsal midpoint of the foramen magnum 
7/8 Most craniolateral point of the nasal bones 
9/10 Most cranial point of the zygomatic plates, dorsal surface 
11/12 Intersection point of frontal process of maxillary bones with frontal and lacrimal 

bones 
13/14 Frontal-squamosal intersection points at temporal crests 
15/16 Intersection point of zygomatic process of maxillary bones with zygomatic (jugal) 

bones, dorsal surface 
17/18 Most cranial intersection point of zygomatic bones with zygomatic process of 

squamosal (temporal) bones, dorsal surface 
19/20 Most cranial joining point of squamosal body to zygomatic process of squamosal 

bones 
21/22 Change of curvature of the cranial margin of the zygomatic process of 

squamosal bones, caudal to its joining to squamosal body 
23/24 Most caudal point of the zygomatic fenestra on the zygomatic process of the 

squamosal bones 
25/26 Parietal-squamosal intersection points at temporal crests 
27/28 Change of curvature of the caudal margin of the zygomatic process of 

squamosal bones, cranial to its joining to squamosal body 
29/30 Most caudal joining point of squamosal body to zygomatic process of 

squamosal bones 
31/32 Intersections point of parietal, interparietal, and occipital bones 
33/34 Most caudolateral points of the occipital bone 
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projected onto the shape tangent space, in order to extract shape variables (Rohlf and Slice 1990; 

Dryden and Mardia 1998; Klingenberg et al. 2002). Depending on the aim, analyses were 

conducted on the dataset corresponding to the entire sample, or independently in subdatasets 

corresponding to each chromosomal group. Covariance matrices of the symmetric and 

asymmetric components of shape variation were generated, but only those of the symmetric 

component were used in further analyses, unless otherwise stated.  

After performing a Procrustes superimposition also on the sets of replicated landmark 

configurations, Procrustes ANOVAs were conducted on the shape data in order to assess the 

influence of measurement error, which was quantified from the residual component of variation 

among replicates (Klingenberg and McIntyre 1998). Measurement error was found to be 

negligible, since shape variation in fluctuating asymmetry significantly exceeded shape variation 

due to measurement error (see Results section). Consequently, the subsequent analyses were 

based on a single digitization of landmarks per cranium.  

 

TABLE 5.2. Definition of the landmarks digitized in the ventral region of the crania. 

 

Statistical differences in cranium size among the chromosomal groups were tested with a 

factorial ANOVA, with CS as the dependent variable and both chromosomal group and age as the 

Landmark Description 

1 Cranial intersection point of nasal bones (nasale) 
2/3 Most craniolateral point of nasal bones 
4/5 Most lateroventral point of incisor alveoli 
6/7 Most cranial point of greater palatine foramina 
8/9 Most caudomedial point of the processes cranial to the first molar  
10/11 Most cranial point of molar alveoli 
12/13 Most caudal point of greater palatine foramina 
14/15 Most caudal point of lesser palatine foramina 
16/17 Most caudal point of molar alveoli 
18/19 Lateral intersection point of maxillary bones with palatine bones, caudal to the 

molar alveoli 
20 Most caudal projection of the palate at midline 
21/22 Intersection point of zygomatic process of maxillary bones with zygomatic 

bones, ventral surface 
23/24 Most caudal intersection point of zygomatic bones with zygomatic process of 

squamosal bones, ventral surface 
25/26 Most craniomedial point of foramina ovale 
27/28 Most cranial process of tympanic bullae 
29/30 Most caudoventral point on the dorsal portion of the tympanic rings 
31/32 Most craniomedial point of carotid canals 
33 Midsaggital point on the cranial margin of foramen magnum (basion) 
34 Midsaggital point on the caudal margin of foramen magnum (opisthion) 
35/36 Most craniomedial point of occipital condyles 
37/38 Most caudolateral point of occipital condyles 
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independent variables. Statistical differences in cranium shape among the chromosomal groups 

were assessed with a MANOVA on shape variables. 

Allometry (i.e., the dependence of shape variation on size variation) was assessed in the entire 

sample through multivariate analyses of covariance (MANCOVAs) on symmetric shape data, with 

chromosomal groups as the factor and CS as a covariate. The allometric relationship was also 

tested separately within each group, by performing multivariate regressions of the symmetric 

shape component on CS. Centroid size was used instead of log-transformed CS because the linear 

relationships produced by CS and log-transformed CS were equivalent (Klingenberg 2016). Given 

that (a) the slopes of the allometric regressions were equivalent among groups (see Results 

section); (b) a significant allometric relationship was found in each chromosomal group (see 

Results section); and (c) it was intended to consider group structure for size correction in view of 

the performance of certain subsequent analyses, size correction in the dataset corresponding to 

the entire sample was based on a regression, pooled within chromosomal groups, of the shape 

variables on CS (Klingenberg 2016). Within the datasets corresponding to each chromosomal 

group, allometric regressions were conducted in the same way, but omitting the pooled-within 

groups option. Subsequent analyses were conducted with the covariance matrices of both raw 

data (i.e., symmetric shape component coordinates) and size-corrected data (i.e., regression 

residuals). However, only the results obtained from size-corrected data are displayed, unless 

otherwise stated.

Principal component analyses based on the covariance matrices of the whole sample were 

conducted to reduce the dimensionality of the datasets, explore the major axes of shape variation, 

and assess the distribution of the chromosomal groups in the morphospace (Jolliffe 1986; 

Klingenberg et al. 2002; Baylac and Frieß 2005). PCAs were also conducted within the subdatasets 

corresponding to each chromosomal group, and shape changes associated with the first PC (PC1) 

in each of them were visualized as diagrams of simultaneous landmark displacements, from the 

corresponding average cranium shape (Klingenberg and Zaklan 2000).  

Canonical variate analyses were performed to assess the arrangement of the chromosomal 

groups in the morphospace, display shape differences among the groups associated with the CVs, 

and quantify the between-group morphological distances in terms of pairwise Mahalanobis 

distances. In addition, neighbor-joining trees were created using the Mahalanobis distances 

among the chromosomal groups, obtained from linear discriminant analyses, in order to visualize 

phenotypic affinities among them. Because it is considered that morphological differentiation in 

Rb systems can be due to the gene flow decrease resulting from karyotypic differences but also 

from geographic isolation (Thorpe et al. 1982; Corti and Thorpe 1989; Saïd et al. 1999), the 

contribution of karyotypic and geographic distances to the morphological differentiation of the 

cranium was assessed. Geographical and karyotypic distance matrices among chromosomal 
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groups were calculated (see Supporting information Table S5.2), and Mantel tests were conducted 

to test for their association with morphological matrices of cranial shape variation, constructed 

from the Mahalanobis distances. Due to the staggered distribution of metacentrics in the 

Barcelona Rb system, geographical effects might be confounded with chromosomal effects 

(Muñoz-Muñoz et al. 2011). To deal with this fact, partial Mantel tests were used to partition the 

effect and thus assess the relative importance of these two isolating factors on cranial 

morphological differentiation (Smouse et al. 1986; Oden and Sokal 1992). 

Matrix correlations between the covariance matrices of the different chromosomal groups, in 

pairs, were calculated with the correlation coefficient (r) in order to assess their degree of 

similarity regarding the patterns of covariation, and thus of integration (Klingenberg and 

McIntyre 1998; Klingenberg et al. 2002). Correlations excluded the diagonal blocks of the 

covariance matrices (Klingenberg et al. 2001b). Statistical significances were determined with 

matrix permutation tests with 10,000 iterations (Cheverud et al. 1989). The association between 

differences in the patterns of morphological covariation and both karyotypic and geographic 

distances among groups (see Supporting information Table S5.2) was also assessed with Mantel 

and partial Mantel tests. The differences in the patterns of morphological covariation of the 

cranium among groups were defined as 1-r. 

Evaluations of two hypotheses of modular organization, corresponding to the neurocranium 

and the face in the case of the dorsal cranium view and to the basicranium and the face in the case 

of the ventral cranium view, were conducted for the symmetric and asymmetric components of 

shape variation in each chromosomal group. In the case of the symmetric shape component, 

evaluations were performed both with raw and size-corrected data, due to the detected significant 

dependence of symmetric shape variation on size variation in each chromosomal group. In the 

case of the asymmetric shape component, evaluations were only performed with raw data, due to 

the independence of shape variation from size variation observed in this case among groups (own 

data). The sets of landmarks digitized in the dorsal and ventral cranial regions were subdivided 

into two subsets in each case, in order to assess the abovementioned modularity hypotheses 

(Figure 5.2). The strength or magnitude of integration between the two landmark subsets in each 

case was quantified through the RV coefficient (Escoufier 1973), in MorphoJ. The assessment of 

the modularity hypotheses entailed the comparison of the RV coefficients for the tested subsets of 

landmarks with the distributions of RV values resulting from alternative landmark subsets. The 

alternative subdivisions were required to include the same number of landmarks as those present 

in the subsets corresponding to the hypothesized modules. Since morphological integration relies 

on tissue-bound developmental interactions among module parts, it seems reasonable to consider 

as morphological modules only those subsets of landmarks showing spatial contiguity 

(Klingenberg 2009). Accordingly, landmarks in these alternative subsets were also required to be 
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spatially contiguous, according to the adjacency graphs established (Figure 5.2; Klingenberg 

2009). Modularity hypotheses imply weaker covariation between the landmarks of each module 

than for other partitions of the landmarks into subsets of the corresponding sizes (Klingenberg et 

al. 2003; Klingenberg 2008, 2009). The hypotheses of modularity were confirmed if the RV 

coefficients for the tested landmark subsets were lower than 95% of the distributional RV values. 

FIGURE 5.2. Landmarks, and adjacency graphs defining spatial contiguity among them, 
corresponding to the dorsal (A) and ventral (B) regions of the cranium. The different types of circles 
indicate the two modules assessed in the modularity tests; the filled circles denote the landmarks of 
the facial module in both cases, while the open circles denote the landmarks of the neurocranial 
and basicranial modules in dorsal and ventral cranial regions, respectively. 

 

The RV coefficient has been remarked to be adversely affected by the attributes of data (i.e., 

sample size and the number of variables), which has recently boosted the relevance of the 

covariance ratio (CR) coefficient as an alternative method for quantifying modular structure and 

assessing hypotheses of modularity, since it is unaffected by sample size or the number of 

variables (Fruciano et al. 2013; Adams 2016). Therefore, again in order to test the modular 

structure of the cranium, we also quantified the strength of covariation between the two pairs of 

landmark subsets with the CR coefficient in R, in the same datasets where the RV coefficients were 

calculated. Since the implementation of the CR coefficient in R does not take into account 

contiguity among landmarks, the calculation of the RV coefficients was also conducted without 

limiting landmark subdivisions to contiguous partitions.  

The two-block PLS method was used for examining the patterns of covariation between the 

dorsal and ventral cranial regions within each chromosomal group (Sampson et al. 1989; 

Streissguth et al. 1993; Rohlf and Corti 2000). 

 

. . Results 
 

Size and shape variation 
 

The Procrustes ANOVAs conducted on shape data from the replicated subsamples yielded a 

significant effect of both the individual factor and the interaction between the individual and side 

factors on the shape of the dorsal and ventral cranium. However, the side factor only had a 
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significant effect on the shape of the dorsal cranium (Table 5.3). The significance of the interaction 

term in both cases indicated that shape variation in fluctuating asymmetry exceeded shape 

variation due to measurement error, so that measurement error could be considered negligible. 

This led to base the ensuing analyses on a single landmark digitization per individual. 

 

TABLE 5.3. Procrustes ANOVAs of shape conducted on the replicated subsamples to evaluate the 
influence of measurement error on shape data of the dorsal and ventral cranium. 

  Shape 

Region Effect SS df MS F P 

Dorsal Individual 7.206 × 10-2 595 1.211 × 10-4 11.35 < 0.001 
cranium Side 1.574 × 10-3 30 5.248 × 10-5 4.92 < 0.001 
 Individual × Side 5.444 × 10-3 510 1.067 × 10-5 2.74 < 0.001 
 Measurement error 9.131 × 10-3 2340 3.902 × 10-6   
Ventral Individual 4.480 × 10-2 833 5.378 × 10-5 8.94 < 0.001 
cranium Side 3.712 × 10-4 46 8.069 × 10-6 1.34 0.068 
 Individual × Side 4.704 × 10-3 782 6.015 × 10-6 7.09 < 0.001 
 Measurement error 2.900 × 10-3 3420 8.480 × 10-7   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
 

The factorial ANOVAs conducted on the entire sample to test for size differences revealed that 

dorsal and ventral cranium size differences among chromosomal groups were not statistically 

significant. However, size differences were statistically significant among age classes (P < 0.001); 

also, the interaction between age and chromosomal group was significant (P < 0.05), which 

indicated that the differences in cranium size among groups depended on the age stage 

considered. According to the MANOVAs, differences in dorsal and ventral cranium shape were 

statistically significant among groups (P < 0.001). 

The MANCOVAs revealed the existence of a significant allometric relationship in the entire 

sample (P < 0.001), but that the slopes of the allometric regressions were not significantly 

different among groups. The dependence of symmetric shape variation on size variation was 

significant in all chromosomal groups, both for the dorsal and ventral cranial regions (Table 5.4).  

 

TABLE 5.4. Proportions (%) of variation in the symmetric shape component accounted for by size 
variation, for the dorsal and ventral cranium. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(28-30) 

Dorsal cranium 11.829 16.790 12.963 13.805 19.189 16.848 
Ventral cranium 9.995 18.040 19.851 16.021 14.814 21.132 

All values are statistically significant (P < 0.001). 

 

The global PCAs revealed a mixed arrangement of the chromosomal groups in the 

morphospace defined by the PC1 and PC2 axes, which altogether accounted for a substantial 

fraction of total shape variation in each case (dorsal cranium, PC1: 17.88%, PC2: 10.14%; ventral 
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cranium, PC1: 14.71%, PC2: 9.26%). Within each chromosomal group, these first two PCs even 

accounted for greater fractions of shape variation, especially in the case of the dorsal cranium 

region (Tables 5.5 and 5.6). The display of the shape changes associated with PC1 as diagrams of 

eigenvectors revealed that shape changes of the dorsal cranium generally were more similar 

among groups than shape changes of the ventral cranium (Figure 5.3). The greatest amount of 

intra-group variation affected the length of the cranium, and its width at the level of the zygomatic 

arches. 

 
 
FIGURE 5.3. Diagrams of eigenvectors for PC1 corresponding to the dorsal (A) and ventral (B) cranium. 
The set of digitized landmarks and their respective eigenvectors are displayed on outlines of the 
cranium in each view. Scale factor: 0.1 units from the consensus (outline and center of coordinates), 
either in positive or negative direction. 
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TABLE 5.5. Proportion (%) of total symmetric shape variation of dorsal cranium accounted for by the 
first ten principal components. 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 

40St 21.35 13.78 10.91 6.95 5.07 4.55 4.23 4.01 3.53 3.02 
40Rb 19.86 14.83 10.45 7.78 6.45 4.96 4.49 3.94 3.49 2.64 
Rb(38-39) 23.72 12.72 10.75 7.48 5.55 4.86 4.09 3.67 3.37 2.98 
Rb(34-37) 21.93 12.32 9.54 7.80 6.07 5.26 4.35 3.92 3.33 3.05 
Rb(31-33) 20.02 9.83 9.02 7.82 6.94 5.13 4.74 4.30 3.64 3.25 
Rb(28-30) 19.25 14.97 9.48 8.66 6.87 5.20 4.72 3.82 3.24 2.96 

 

TABLE 5.6. Proportion (%) of total symmetric shape variation of ventral cranium accounted for by the 
first ten principal components. 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 

40St 18.21 11.00 8.47 6.66 6.09 5.42 4.70 4.37 3.83 3.41 
40Rb 18.77 11.38 10.07 6.88 6.16 6.04 4.69 4.31 3.85 3.37 
Rb(38-39) 16.60 11.69 9.43 7.68 6.82 5.55 4.88 3.89 3.51 3.42 
Rb(34-37) 19.25 9.27 8.28 7.44 5.86 5.51 5.01 4.01 3.68 3.51 
Rb(31-33) 16.69 13.68 9.05 7.58 5.58 4.63 4.42 3.84 3.48 3.01 
Rb(28-30) 15.35 9.82 8.87 8.15 7.05 6.02 4.68 4.22 3.79 3.37 

 

The CVAs revealed certain differentiation among chromosomal groups in the morphospace 

delimited by the CV1 and CV2, which altogether accounted for more than half of total variation 

among groups scaled for the within-group variation (Figure 5.4). Especially in the case of the CVA 

for the dorsal cranium, a slight trend in shape change was detected along CV1, since diploid 

number decreased in positive direction (i.e., from negative to positive scores). Furthermore, the 

40St group appeared to be slightly more differentiated along CV2. Except for the comparison 

between the 40Rb and Rb(38-39) groups, Mahalanobis distances among chromosomal groups 

were significant for both cranial views. Distances were generally higher between groups largely 

differing in diploid number range (Table 5.7). The neighbor-joining trees created from the 

Mahalanobis distances displayed the greater proximity between groups 40Rb and Rb(38-39), 

both for the dorsal and ventral cranium (Figure 5.5). Mantel tests detected a significant positive 

correlation between karyotypic distances and morphological distances among groups, both for 

the dorsal and ventral cranial regions. Instead, only morphological variation of the dorsal cranium 

correlated positively and significantly with geographic distances among groups (Table 5.8). 

Partial Mantel tests revealed that morphological distances of the dorsal cranium were more 

strongly correlated with geographic distances, whereas morphological distances of the ventral 

cranium showed a stronger correlation with karyotypic distances (Table 5.8). 

The comparison of the covariance matrices of the symmetric shape component among 

chromosomal groups yielded significant positive correlation coefficients, both for the dorsal and 

ventral cranium, although the values for the dorsal cranial view were slightly greater (Table 5.9). 
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According to Mantel tests, only differences in the patterns of morphological covariation among 

chromosomal groups for the ventral cranium were significantly and positively correlated with 

karyotypic distances (Table 5.8). Partial Mantel tests also highlighted that the correlation was 

stronger between the differences in the patterns of morphological covariation and the karyotypic 

distances, compared to the geographic distances (Table 5.8). 

 

TABLE 5.7. Mahalanobis distances for the shape of the dorsal cranium (above the diagonal) and the 
ventral cranium (below the diagonal) among chromosomal groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(28-30) 

40St  2.367** 2.147** 2.399** 2.411** 2.496** 
40Rb 2.182**  1.567 2.167** 2.082** 2.493** 
Rb(38-39) 2.320** 1.667  1.994** 2.118** 2.342** 
Rb(34-37) 2.103** 2.071** 2.212**  1.648* 2.270** 
Rb(31-33) 2.258** 2.310** 2.579** 1.949**  1.834** 
Rb(28-30) 2.551** 2.687** 2.698** 2.385** 2.367**  

*, P < 0.05; **, P < 0.001. 
 
 

 

FIGURE 5.4. Scatter plots of CV1 versus CV2 scores, for the dorsal (A) and ventral (B) cranium, 
according to chromosomal groups. The percentages of total variance explained by the CVs are 
displayed. In each case, diagrams of shape changes along CV1 and CV2 axes are displayed. Scale 
factor: 20.0 units in positive direction from the consensus (outline and center of coordinates). 
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TABLE 5.8. Mantel and partial Mantel tests correlations between Mahalanobis distances (MDs) and 
distances in the patterns of morphological covariation (1-r) for the symmetric component of shape 
variation, and both karyotypic and geographic distances. 

  Geographic distance Karyotypic distance 
  Mantel Partial Mantel Mantel Partial Mantel 
Dorsal cranium MDs 0.70* 0.55* 0.60* 0.36 
 1-r 0.12 0.01 0.20 0.16 

Ventral cranium MDs 0.13 -0.33 0.62* 0.67* 
 1-r 0.38 0.03 0.65* 0.57* 

*, P < 0.05. 
 

TABLE 5.9. Correlation coefficients (r) between covariance matrices of the distinct chromosomal 
groups. Values between covariance matrices of the symmetric shape components among 
chromosomal groups, for the dorsal cranium (above the diagonal) and the ventral cranium (below 
the diagonal). 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(28-30) 

40St  0.624 0.696 0.676 0.681 0.660 
40Rb 0.572  0.644 0.564 0.611 0.586 
Rb(38-39) 0.596 0.670  0.713 0.632 0.709 
Rb(34-37) 0.643 0.583 0.593  0.712 0.652 
Rb(31-33) 0.566 0.555 0.593 0.648  0.611 
Rb(28-30) 0.552 0.517 0.587 0.568 0.582  

All coefficients are statistically significant (P < 0.001). 
 

Modularity and integration 
 

The RV and CR coefficients revealed different results regarding the quantification of the 

modular patterns, depending on the cranium region and chromosomal group in question (Tables 

5.10 and 5.11). Since equivalent RV coefficients and P-values were obtained when requesting 

partitions to be contiguous or not, results are displayed for the contiguous partitions. In general 

terms, the CR coefficient most often led to the rejection of the null hypothesis of a random 

association of variables, and particularly to the validation of the modular structure.  

According to the PLS analyses, the covariation between the dorsal and ventral cranium was 

statistically significant in all chromosomal groups, the proportion of total covariation for which 

FIGURE 5.5. Neighbor-joining trees 
obtained from the Mahalanobis 
distances among groups, for the 
dorsal (A) and ventral (B) 
cranium. 
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the pair of PLS1 axes explained was considerably high in each case, and the high and positive 

correlations between the scores for each pair of PLS1 axes were statistically significant (Table 

5.12).  

 

TABLE 5.10. RV and covariance ratio (CR) coefficients for the hypothesis of modularity tested for the 
dorsal cranium region in each chromosomal group.  

Group 

Dorsal cranium 

Symmetric component  Asymmetric component 

RV (raw) RV (s-c) CR (raw) CR (s-c)  RV (raw) CR (raw) 

40St 0.341* 0.229* 0.670** 0.555**  0.329 0.698* 
40Rb 0.632 0.420 0.897 0.750*  0.371 0.733* 
Rb(38-39) 0.585 0.441* 0.856* 0.756*  0.323 0.693* 
Rb(34-37) 0.514* 0.386* 0.813** 0.715**  0.303 0.669* 
Rb(31-33) 0.537* 0.299* 0.824* 0.634**  0.418 0.769* 
Rb(28-30) 0.556 0.310* 0.829* 0.633**  0.270 0.634* 

s-c, size-corrected. *, P < 0.05; **, P = 0.001. 

 

TABLE 5.11. RV and covariance ratio (CR) coefficients for the hypothesis of modularity tested for the 
ventral cranium region in each chromosomal group. 

Group 

Ventral cranium 

Symmetric component  Asymmetric component 

RV (raw) RV (s-c) CR (raw) CR (s-c)  RV (raw) CR (raw) 

40St 0.481 0.454 0.806** 0.799*  0.382* 0.724** 
40Rb 0.583 0.474* 0.856** 0.800**  0.332* 0.680** 
Rb(38-39) 0.595 0.453 0.862** 0.786**  0.348 0.714** 
Rb(34-37) 0.580 0.478 0.866** 0.825*  0.389 0.732* 
Rb(31-33) 0.510 0.482 0.811** 0.813*  0.341* 0.701** 
Rb(28-30) 0.573 0.366* 0.842** 0.709**  0.316* 0.662** 

s-c, size-corrected. *, P < 0.05; **, P = 0.001. 

 

TABLE 5.12. RV coefficients measuring the overall strength of association between the dorsal and 
ventral cranial regions, proportion of total covariation for which the pair of PLS1 axes account, and 
the correlation between the PLS scores for the pair of PLS1 axes, in each chromosomal group. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(28-30) 

RV 0.478** 0.651** 0.594** 0.500** 0.471** 0.541** 
% covariation PLS1 58.087 75.327 68.600 53.528 64.191 72.528 
Correlation PLS1 0.879** 0.904** 0.888** 0.890** 0.797** 0.899** 

**, P < 0.001. 
 

. . Discussion 
 

Morphological differentiation  
 

Despite the PCAs and CVAs revealed certain dissimilarities among the different chromosomal 

groups regarding the patterns of shape variation, these groups had significantly similar patterns 
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of morphological covariation both for the dorsal and ventral cranium, according to the correlation 

of covariance matrices. The greatest similarities occurred between groups with near diploid 

number ranges, such as 40Rb and Rb(38-39), or Rb(31-33) and Rb(34-37), and the differences in 

the patterns of morphological covariation for the ventral cranium were in fact correlated with 

karyotypic distances among chromosomal groups. Likewise, the patterns of morphological 

differentiation among groups showed that, for both cranial regions, the morphological distance 

between 40Rb and Rb(38-39) mice was the lowest one and even was not significant, and the 

following pair of most similar groups was Rb(31-33) and Rb(34-37). The visualization of these 

numerical results in the form of neighbor-joining trees not only evidenced that the spatial 

arrangement of the chromosomal groups was equivalent for both regions of the cranium, but also 

that 40St mice appeared to have a midway position in these unrooted trees, between the cluster 

grouping 40Rb and Rb(38-39) groups on the one side, and the cluster grouping Rb(28-30), Rb(31-

33), and Rb(34-37) groups on the other side. Despite being quite similar, these results are not 

completely in agreement with those obtained by Sans-Fuentes et al. (2009) when analyzing 

morphological variation of the cranium among chromosomal groups of Mus musculus domesticus 

from the same study area. In their work, the trends in shape changes and the phenetic 

relationships, investigated through CVA and minimum-length spanning trees respectively, 

revealed that the patterns of morphological differentiation among groups were not homogeneous 

for the dorsal and ventral cranial regions. For instance, 40Rb was not the closest group to Rb(38-

39) in the case of the dorsal cranium, and 40St appeared as the most differentiated group in the 

case of the ventral cranium. The notable separation of 40St mice from the Rb groups was also 

observed for the mandible, which led to highlight the constraints to shape variation of both the 

ventral cranium and the mandible due to their shared role in feeding performance (Sans-Fuentes 

et al. 2009). As opposed to the present case, two-dimensional landmarks were used in the study 

of Sans-Fuentes et al. (2009). The collection of 2D data from 3D shapes has been a common 

practice due to the advantages that it entails compared to the obtainment of 3D data, regarding 

technical availability and feasibility, as well as processing speed (Cardini 2014; Navarro and Maga 

2016). However, the artificial flattening that the two-dimensional approximation of 3D shapes 

entails is known to incur measurement error and loss of information, largely due to the 

positioning of the object (Cardini 2014; Navarro and Maga 2016). Bearing this in mind, the 

different methodological approaches to the study of morphological variation of the cranium might 

be involved in the few discrepancies found between the two studies. Also, the fact of not obtaining 

exactly the same results in each case might be an indicator of the convenience of using a three-

dimensional geometric morphometric approach to the study of voluminous skeletal structures. 
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Morphological integration 
 

The existence, in all chromosomal groups and for both cranial regions, of considerably high 

proportions of shape variation explained by size variation and large fractions of shape variation 

accounted for by the first few PCs could be interpreted as an indicator of the relatively high degree 

of overall integration of the cranium (see Klingenberg 2009). The great morphological integration 

of the cranium, in vertebrates in general and in the house mouse in particular, is widely 

acknowledged. However, this does not preclude the existence of partially independent regions 

that behave as modules (namely the neurocranium, the basicranium, and the face), which also 

show unequal epigenetic interactions (see Cheverud 1989, 1995; Hallgrímsson et al. 2004, 2007a; 

Jamniczky and Hallgrímsson 2011). Despite the possibility to obtain three-dimensional landmark 

coordinates from our sample of crania, the characteristics of the equipment used hindered the 

obtainment of complete three-dimensional models. However, the PLS analyses revealed that, 

regardless of the chromosomal group considered, the degree of covariation between the dorsal 

and ventral regions of the cranium was significant, and high percentages of covariation were 

explained by the pairs of PLS1 axes, which highlights the integration of the structure as a whole 

in all chromosomal groups. Nevertheless, the abovementioned limitation made it necessary to test 

hypotheses of modularity separately for the dorsal and ventral views of the cranium. The results 

obtained in this regard were striking. The comparison of the RV and CR coefficients easily 

evidenced that the statistical signification of the results was ascribed to the coefficient being used. 

Particularly, RV values often failed to validate the hypotheses of modularity, especially when using 

raw data for the asymmetric shape component in dorsal cranium and for the symmetric shape 

component in ventral cranium, while the CR coefficients led to statistically significant values more 

often than the RV coefficients. Considering that the significant CR values ranged between 0 and 1, 

this indicated that the degree of covariation between the tested modules was significantly lower 

than within each module, which characterizes a modular structure (Adams 2016). Despite the 

discrepancies between the CR and RV coefficients regarding the significance values, the fact is that 

most of the tests confirmed the corresponding hypothesis of modularity. Furthermore, the trends 

of the RV and CR coefficient values across chromosomal groups were coincident. However, these 

trends of morphological integration across groups differed between the dorsal and ventral cranial 

regions, which might be linked to their different functional influences or ontogenetic complexity 

(see Zelditch et al. 1992). 

 

Sources of morphological variation 
 

The morphological differentiation, in terms of Mahalanobis distances, both of the dorsal and 

ventral cranium among chromosomal groups was detected to progressively increase in 
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association with the increase in the differences in diploid number. These results are concordant 

with the patterns of divergence obtained in previous studies conducted on the same study area 

(Muñoz-Muñoz et al. 2003, 2011; Sans-Fuentes et al. 2009). In the case of the ventral cranium, as 

stated, karyotypic distances among chromosomal groups were also found to correlate 

significantly with their differences in the patterns of morphological covariation, which indicates 

that among-groups divergence in such patterns might contribute to their morphological 

differentiation regarding that cranial region. 

Since metacentrics in the Barcelona Rb system follow a clinal, staggered distribution (Gündüz 

et al. 2001; Medarde et al. 2012), the increase in morphological differentiation linked to the 

increase in chromosomal divergence not only could be related to karyotype, but also might result 

from geographically structured variation (Muñoz-Muñoz et al. 2011). In fact, both factors have 

been found to be involved in morphological variability within Rb systems of Mus musculus 

domesticus (e.g., Thorpe et al. 1982; Corti and Thorpe 1989; Saïd et al. 1999; Corti and Rohlf 2001). 

In our study area, divergence regarding mandible morphology was congruent both with 

geographical and karyotypic distances among chromosomal groups, which led to indicate that 

both geographic distance and chromosomal rearrangements would act as isolation factors 

(Muñoz-Muñoz et al. 2011). However, when analyzing the effect of each factor on each mandible 

module (i.e., alveolar region and ascending ramus), morphological differentiation of the alveolar 

region was associated with geographical distance only, while both karyotypic and geographic 

distances were correlated with differences in the ascending ramus (Muñoz-Muñoz et al. 2011). 

This localized effect of the Rb translocations was considered to probably be related to the genetic 

and/or ontogenetic divergence of each mandible region. 

The fact that morphological distances among chromosomal groups regarding both the dorsal 

and ventral cranium were positively and significantly associated with karyotypic distances among 

them denotes that the morphological differentiation of the entire cranium is linked to the 

accumulation of metacentrics. In addition, the positive and significant association between the 

morphological distances concerning the dorsal cranium and the geographic distances among 

chromosomal groups suggests that morphological differentiation particularly of this cranium 

region also follows a geographic structuration. This finding indicates that morphological 

differences in dorsal cranium would be more influenced than those in ventral cranium by factors 

or sources of variation following a geographical pattern that may have an effect on developmental 

pathways as well (Klingenberg 2008). The fact that the ventral part of the cranium articulates with 

the mandible, and specifically with the ascending ramus region, in order to enable the vital feeding 

function might imply higher canalization of this cranial region, which may lead to its lower 

sensitivity to environmental changes compared to the dorsal cranial region (Badyaev and 

Foresman 2000). 
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The genetic basis of phenotypic variation is widely acknowledged. In addition, it is commonly 

recognized that Rb translocations can entail morphological variation because of the suppression 

of meiotic recombination and the repatterning of chiasmata that they trigger; these phenomena 

can promote new linkage groups, favor the fixation of certain positively selected alleles, as well as 

cause linkage disruption between alleles, which can lead to changes in the frequency of alleles 

involved in the developmental process of morphological traits (Bidau et al. 2001; Castiglia and 

Capanna 2002; Dumas and Britton-Davidian 2002). Particularly, these chromosomal 

rearrangements entail recombination disturbances in those chromosomal areas located in the 

vicinity of the chromosomal breakpoints (Rieseberg 2001). In fact, mice with Rb translocations 

from the present study area have been particularly found to show a reduction in the total number 

of meiotic cross-overs and in the chromosomal distribution of recombination events (Capilla et al. 

2014). The morphology of the house mouse cranium is known to be influenced by a large number 

of loci, widely distributed across the genome (Pallares et al. 2014). Provided that such 

chromosomal regions, involved in the development and morphology of the cranium, were located 

near the rearrangement positions of the acrocentrics involved in Rb translocations, this would 

make it more likely that phenotypic differentiation among karyotypically diverged populations 

was positively associated with karyotype changes, so that the accumulation of metacentrics would 

have a cumulative effect on morphological divergence, as detected in the present study. However, 

more research is needed in this direction to know if that is the case in the present study area. 
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. . Supporting information 
 

TABLE S5.1. Collection sites, sex, diploid number, and karyotypes, indicating the set of Rb 
translocations and their structural heterozygosity, of the study sample. 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

Anglesola 2 (1/1) 39 – H – – – – – 
 2 (1/1) 40 – – – – – – – 
Avinyonet del 1 (1/0) 32 – M M – – M M 
Penedès 1 (1/0) 32 ? ? ? ? ? ? ? 
 1 (1/0) 33 – M H – – M M 
Badalona 2 (2/0) 39 – – – – – – H 
 7 (2/5) 40 – – – – – – – 
Bellaterra 1 (1/0) 38 – – H – – – H 
 1 (0/1) 38 – M – – – – – 
 3 (0/3) 39 – – H – – – – 
 2 (0/2) 39 – H – – – – – 
 1 (1/0) 39 – – – – – – H 
 12 (8/4) 40 – – – – – – – 
Bellvei del 1 (1/0) 35 – H – H – M H 
Penedès 1 (0/1) 37 – M – – – – H 
Calaf 1 (1/0) 39 – H – – – – – 
 4 (2/2) 40 – – – – – – – 
Calafell 2 (2/0) 35 – M H – – – M 
 1 (0/1) 35 – H H – – H M 
 1 (0/1) 35 – M – – – H M 
 1 (0/1) 36 – H – – H H H 
 2 (0/2) 36 – M – – – – M 
 1 (0/1) 36 – H – – – M H 
 3 (1/2) 37 – H – – – – M 
 1 (0/1) 38 – H – – – H – 
 1 (1/0) 38 – – – – – H H 
 1 (0/1) 38 ? ? ? ? ? ? ? 
Caldes de 
Montbui 

1 (1/0) 40 – – – – – – – 

Castellar del 
Vallès 

3 (1/2) 40 – – – – – – – 

Castelldefels 2 (2/0) 30 – M M M – M M 
 1 (1/0) 30 H H M M – M M 
Castellfollit del 
Boix 

4 (1/3) 40 – – – – – – – 

Corbera de 1 (0/1) 36 – M H – – H – 
Llobregat 1 (0/1) 36 – M – – – H H 
 1 (0/1) 36 – – – – – M M 
 1 (0/1) 37 – H H – – H – 
 1 (1/0) 37 – – – – – H M 
 1 (1/0) 37 – M – – – H – 
Cubelles 1 (0/1) 34 – M M – – – M 
 1 (1/0) 36 – H H – – H H 
 1 (1/0) 36 – H – H – H H 
El Papiol 1 (0/1) 36 – – M – – M – 
 2 (0/2) 38 – H – – – – H 
 2 (1/1) 38 – – – – – M – 
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TABLE S5.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 1 (1/0) 39 – – – – – H – 
El Prat de 1 (0/1) 31 H M M H – M H 
Llobregat 1 (0/1) 32 – – M M – M M 
 1 (0/1) 32 – H M H – M M 
 1 (0/1) 33 – M M H – H H 
 1 (1/0) 33 – M H H – M H 
 1 (1/0) 33 – H M H – H M 
 1 (1/0) 33 – H M H – M H 
 1 (0/1) 33 – H H H – M M 
 1 (0/1) 34 H H H – – H M 
 1 (0/1) 34 – H M H – – M 
 1 (1/0) 34 – H H H – M H 
Fulleda 18 (11/7) 40 – – – – – – – 
Garraf 3 (1/2) 28 M M M M – M M 
 3 (1/2) 29 M M M M – M H 
 1 (0/1) 29 M H M H H M M 
 1 (1/0) 29 H M M M – M M 
 1 (1/0) 30 M M M M – H H 
 1 (0/1) 30 M M M H – M H 
 1 (0/1) 30 M M H H – M M 
 2 (0/2) 30 H M M H – M M 
 1 (0/1) 32 – M M – H M H 
 1 (0/1) 32 H M – H – M M 
 1 (0/1) 32 – H H M – M M 
 1 (1/0) 35 – H H H – M – 
 1 (0/1) 35 – – H H – M H 
Gavà 1 (0/1) 30 M M M – – M M 
 2 (1/1) 30 H M M H – M M 
 1 (0/1) 32 – M M – – M M 
Jorba 2 (1/1) 40 – – – – – – – 
La Granada 1 (0/1) 29 M M M H – M M 
 2 (2/0) 29 – M M M H M M 
 1 (1/0) 29 H M M H H M M 
 1 (1/0) 30 M M – M – M M 
 1 (1/0) 30 H M M M H H H 
 2 (0/2) 30 H M M – H M M 
 1 (0/1) 30 – M M H H M M 
 1 (1/0) 31 M M H H – M H 
 1 (1/0) 31 H M M H H – M 
 1 (0/1) 31 H M M H – H M 
 2 (1/1) 31 H M M – – M M 
 1 (1/0) 32 – M M H H H H 
 1 (0/1) 32 H M M H – H H 
 1 (1/0) 33 H M H – – M H 
 1 (1/0) 33 – H M H – M H 
 1 (1/0) 34 – H M H – H H 
 1 (1/0) 34 – M – H H H H 
 1 (1/0) 34 – M H – – H M 
 1 (0/1) 34 – M H – – M H 
 1 (0/1) 35 – M H – – – M 
La Llacuna 1 (0/1) 36 – H – – – H M 
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TABLE S5.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

La Riera 8 (6/2) 40 – – – – – – – 
Lavern 1 (0/1) 31 – M M M – M H 
 1 (1/0) 31 – M H M – M M 
 1 (1/0) 32 – M M – – M M 
 1 (0/1) 32 – M H H – M M 
 2 (1/1) 32 – H M H – M M 
 1 (0/1) 33 – M M – – M H 
 2 (1/1) 33 – H M – – M M 
 2 (0/2) 33 – H H H – M M 
Les Borges de 
Camp 

4 (1/3) 40 – – – – – – – 

Les Pobles 4 (1/3) 37 – H H – – – H 
 1 (1/0) 37 – – M – – – H 
 1 (0/1) 38 H H – – – – – 
 2 (1/1) 38 – H H – – – – 
 1 (1/0) 38 – M – – – – – 
 2 (0/2) 39 – – – – – – H 
 1 (0/1) 39 – H – – – – – 
 5 (4/1) 39 – – H – – – – 
 15 (7/8) 40 – – – – – – – 
L’Espluga 
Calba 

7 (3/4) 40 – – – – – – – 

Llorenç del 1 (1/0) 36 – M – – – H H 
Penedès 1 (1/0) 36 – H M – – – H 
 1 (0/1) 37 – – H – – H H 
Nulles 1 (1/0) 40 – – – – – – – 
Olesa de 1 (1/0) 29 H M M M – M M 
Bonesvalls 1 (1/0) 36 – H H – – H H 
 1 (0/1) 38 – H – – – – H 
Olost 4 (0/4) 40 – – – – – – – 
Sabadell 4 (3/1) 38 – – – – – – M 
 4 (1/3) 39 – – – – – – H 
Sant Martí 1 (1/0) 32 – M M – – M M 
Sarroca 1 (0/1) 33 – M M – – H M 
Sant Pau  4 (2/2) 28 M M M M – M M 
d’Ordal 6 (3/3) 29 M M M M – M H 
 7 (3/4) 29 H M M M – M M 
 2 (2/0) 30 H M M M – M H 
 2 (0/2) 30 H M M H – M M 
 3 (1/2) 31 H M M – – M M 
 1 (1/0) 31 H M M H – H M 
 1 (0/1) 31 – M M M – H M 
 1 (1/0) 31 – M M H – M M 
 1 (0/1) 31 – H M M – M M 
 1 (1/0) 32 – M M H – H M 
 1 (1/0) 33 – M M – – H M 
 1 (1/0) 33 – H M – – M M 
 1 (0/1) 34 – – M – – M M 
Sant Sadurní 1 (0/1) 34 – M H – – H M 
d’Anoia 1 (0/1) 34 – M H – – M H 
 1 (1/0) 35 – M – – – H M 
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TABLE S5.1. (continued). 

Location n (f/m) 2n 

Rb translocations 

3.8 4.14 5.15 6.10 7.17 9.11 12.13 

 1 (0/1) 35 – H M – – M – 
 1 (0/1) 37 – H – – – H H 
 1 (0/1) 37 – M – – – – H 
 1 (1/0) 37 – H M – – – – 
 1 (1/0) 37 – H – – – M – 
 2 (2/0) 38 – H – – – – H 
 1 (0/1) 38 – – – – – – M 
 1 (0/1) 39 – H – – – – – 
Santa Coloma 2 (0/2) 38 – H – – – – H 
de Queralt 1 (0/1) 38 – M – – – – – 
 1 (1/0) 39 – H – – – – – 
Santa 
Perpètua de 
Mogoda 

4 (2/2) 40 – – – – – – – 

Vacarisses 4 (3/1) 40 – – – – – – – 
Vallbona 1 (0/1) 39 – – – – – – H 
d’Anoia 4 (1/3) 40 – – – – – – – 
Viladecans 1 (0/1) 29 H M M M – M M 
 1 (1/0) 30 – M M M – M M 
 2 (1/1) 30 H M M H – M M 
 1 (1/0) 31 – M H M – M M 
 1 (0/1) 34 H H H – – M H 
Vilanova i la 1 (1/0) 31 – M H H H M M 
Geltrú 2 (2/0) 32 – M M – – M M 
 1 (0/1) 33 – M M – – H M 
 1 (0/1) 33 H M – – – M M 
 1 (1/0) 33 – H M H – M H 
 1 (0/1) 34 – M M – – H H 

n, number of specimens; f, females; m, males; 2n, diploid number; M, homozygous metacentric (two 
homologous autosomes are respectively fused with a second pair of homologous autosomes); H, 
heterozygous metacentric (one pair of non-homologous autosomes is fused, but not their respective 
homologs); –, absent metacentric (two pairs of non-homologous autosomes are found as 
homozygous acrocentrics); ?, non-identified metacentric (failed karyotyping). 
 
 
TABLE S5.2. Karyotypic distances (below the diagonal) and geographic distances (above the 
diagonal) between chromosomal groups. 

 40St 40Rb Rb(38-39) Rb(34-37) Rb(31-33) Rb(28-30) 

40St  30.88 22.64 27.72 39.23 38.93 
40Rb 0.000  15.29 28.98 26.69 28.02 
Rb(38-39) 0.269 0.269  14.24 18.22 18.59 
Rb(34-37) 0.895 0.895 0.258  14.82 13.59 
Rb(31-33) 2.675 2.675 1.326 0.348  1.951 
Rb(28-30) 6.487 6.487 2.76 0.978 0.226  
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MULTI-METHOD APPROACH TO THE EARLY POSTNATAL 

GROWTH OF THE MANDIBLE IN MICE FROM A ZONE OF 

ROBERTSONIAN POLYMORPHISM 
 

. . Introduction 
 

The western European house mouse, Mus musculus domesticus Schwarz and Schwarz 1943, has a 

St karyotype of 40 acrocentric chromosomes (2n=40), but shows high variability in chromosome 

number due to Rb translocations (Piálek et al. 2005). These spontaneous chromosomal 

rearrangements consist in the centromeric fusion of the long arms of two non-homologous 

acrocentric chromosomes, which results in the formation of metacentric chromosomes and, thus, 

in the decrease in diploid number (Gropp and Winking 1981). Because of its high karyotypic 

variability and diversity, Mus musculus domesticus is a widely used model organism for the study 

of evolutionary processes linked to chromosomal reorganizations, such as reproductive isolation 

and phenotypic variation (Piálek et al. 2005; Chmátal et al. 2014; Franchini et al. 2016). 

The Rb systems are defined as ensembles of populations, from restricted geographical areas, 

that share a set of metacentrics resulting from Rb translocations with a common evolutionary 

origin (Capanna et al. 1974; Piálek et al. 2005). In this scenario, Rb populations are surrounded 

by populations formed by specimens with the St karyotype. Within the distribution area of Mus 

musculus domesticus, many Rb systems with different sets of metacentrics have been formally 

recognized (for reviews, see Piálek et al. 2005; Gündüz et al. 2010; Hauffe et al. 2012; Garagna et 

al. 2014). The Barcelona Rb system, located in northeastern Iberian Peninsula, is characterized by 

seven different metacentrics (Rb(3.8), Rb(4.14), Rb(5.15), Rb(6.10), Rb(7.17), Rb(9.11), 

Rb(12.13)) with a staggered distribution over 5,000km2, a high level of chromosomal 

polymorphism, and the absence of a metacentric race (sensu Hausser et al. 1994; see Adolph and 

Klein 1981; Gündüz et al. 2001; Sans-Fuentes et al. 2007; Medarde et al. 2012). The broad study 

of this Rb system has highlighted that Rb translocations can affect several biological processes 

and patterns, such as spermatogenesis and sperm form (Sans-Fuentes et al. 2010; Medarde et al. 

2013, 2015), genetic recombination (Capilla et al. 2014), and morphological variation (Muñoz-

Muñoz et al. 2003, 2006, 2011; Sans-Fuentes et al. 2009; Martínez-Vargas et al. 2014).  

The mandible of the house mouse is a primary model system for evo-devo, genetic, 

morphological, and functional studies of complex morphological structures, as well as for research 

addressing the effect of Rb translocations on phenotypic traits (Atchley and Hall 1991; Corti and 

Rohlf 2001; Klingenberg et al. 2004; Muñoz-Muñoz et al. 2011; Klingenberg and Navarro 2012; 

Martínez-Vargas et al. 2014). This bony structure originates from the assemblage of six neural-
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crest-derived morphogenetic units: the incisor and molar alveoli, the ramus, as well as the 

coronoid, condylar and angular processes (Atchley and Hall 1991). These morphogenetic units 

are organized into two main developmental and functional modules: the alveolar region (or 

mandibular corpus), which bears the teeth, and the ascending ramus, where most of the 

masticatory muscles attach to (Atchley and Hall 1991). The mouse mandible, like the rest of bones, 

attains its adult form (i.e., size and shape) over postnatal life through bone remodeling. This 

mechanism involves the coordinated and ongoing activity of osteoblasts and osteoclasts, which 

carry out bone deposition and bone resorption, respectively (Bloom and Fawcett 1994; Enlow and 

Hans 1996). Although the activity of these bone cells is genetically controlled, it may be influenced 

by endogenous and exogenous factors (Robling et al. 2006; Burr and Allen 2013). Since the 

functions of osteoblasts and osteoclasts leave different characteristic histological microfeatures 

on bone surfaces, it is feasible to characterize the spatial distribution of bone deposition and 

resorption fields using bone surface histology. The resulting cell activity maps are the bone 

remodeling patterns (Bromage 1989; Enlow and Hans 1996; Martinez-Maza et al. 2010). 

Furthermore, the remodeling mechanism can be analyzed from histological cross-sections after 

the in vivo supply of vital fluorescent dyes that adhere to the mineralization front of the growing 

bone tissue (Pautke et al. 2005; van Gaalen et al. 2010). Moreover, the speed of bone deposition 

determines the internal microstructure of bones, whose histological analysis can also provide 

clues about the growth pattern: woven bone tissue is related to fast bone deposition, while 

parallel-fibered bone tissue is associated with slow bone deposition (Amprino 1947; de Buffrénil 

and Pascal 1984; Castanet et al. 2000; Currey 2002; de Margerie et al. 2004).  

Several studies have revealed variation in the form and the patterns of morphological 

covariation of the mouse mandible linked to the presence and amount of Rb translocations (e.g., 

Corti and Rohlf 2001; Muñoz-Muñoz et al. 2011; Martínez-Vargas et al. 2014; Franchini et al. 

2016). Nonetheless, these studies have been typically conducted with adult mice, while there is a 

shortage of information about the effect of Rb translocations on the growth of the mouse mandible 

during early postnatal ontogeny. Since the adult form of a morphological structure largely 

depends on its growth pattern over postnatal life, it would be reasonable to hypothesize that the 

early postnatal growth process of the mandible might also differ between mice with the St 

karyotype and mice with Rb translocations. Also, given that bone remodeling is responsible for 

postnatal bone growth, it could be hypothesized that potential differences between mice with and 

without Rb translocations in the early postnatal patterns of mandible form variation will result 

from differences between their patterns of mandible remodeling.  

With the aim of assessing the abovementioned hypotheses, here we examine and compare the 

histomorphogenesis and growth of the mouse mandible from the 2nd to the 8th week of postnatal 

life between two ontogenetic series: mice with Rb translocations from the Barcelona Rb system, 
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and mice with the St karyotype from surrounding St populations. The approach to the study of 

mandible growth includes different methodologies: (1) analysis of the internal microstructure, 

remodeling, and growth rates through the examination of a fluorescent label in histological cross-

sections; (2) characterization of the remodeling patterns with bone surface histology; and (3) 

analysis of form variation with geometric morphometrics. This comparative study intends to 

broaden the scarce knowledge of the effect of Rb translocations on phenotypic variation of the 

mouse mandible during early postnatal life. 

 

. . Materials and methods 
 

Sample 
 

Pregnant females of Mus musculus domesticus were live-captured in the Barcelona Rb system 

(n=11) and surrounding St populations (n=10) with Sherman traps between the years 2009 and 

2014. All females were transferred to an animal room at the Universitat Autònoma de Barcelona 

(Barcelona, Spain), with controlled conditions and a natural light cycle, and were separately 

housed in standard cages with environmental enrichment. They were supervised daily and the 

day of birth of each litter was noted. Water and standard rodent pellets were provided ad libitum 

in all cages. 

The newborn mice were housed together with their biological mothers and were not 

manipulated during their first week of postnatal life, with the aim of ensuring their survival. The 

sample used in this study consisted of 79 individual mice that survived this critical period just 

after birth and remained alive until their stipulated date of euthanasia: 43 individuals born from 

the females trapped within the Barcelona Rb system, and 36 individuals born from the females 

captured in surrounding St localities (Supporting information Table S6.1). Hereafter, we will refer 

to them as “Rb mice” and “St mice”, respectively. From their 7th day of postnatal life, each litter 

was housed in a cage with a breeding female of the C57BL/6J mouse strain and her biological 

offspring. Standard rodent pellets and water were always provided ad libitum. Own and adoptive 

offspring of each wet-nurse female were about the same age. When the final litter size of the foster 

mothers exceeded their average number (6-8 pups), some of their own pups were removed. The 

litters of these breeding females were not included in the study. Wild mammals are more prone 

to suffer, and recover worse, from stress in captivity than domesticated mammals, so the breeding 

performance of wild mammals can be more severely affected by stressful factors (Wallace 1976). 

Given that female mice perform communal nursing (Manning et al. 1995; Hayes 2000), we chose 

the aforementioned fostering strategy to avoid that the stress experienced by the wild females 

could compromise the survival and growth of their pups, and to guarantee that all mice grew 

under similar conditions. Therefore, mice fed on milk from females with the same breeding 
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performance until weaning, which in the house mouse occurs around the 21st postnatal day, and 

were fed the same diet (i.e., rodent pellets) after weaning. 

Mice were allowed to grow until the end of the 2nd–8th PW, and sample sizes were balanced 

among weeks, as much as possible, within the two mouse groups (Table 6.1; Supporting 

information Table S6.1). Specimens were euthanized by cervical dislocation, and their karyotypes 

were obtained from marrow cells of the femurs and dyed with Wright stain (Ford 1966; Mandahl 

1992). Chromosomes were identified under a light microscope (Nikon Eclipse 50i) according to 

the Committee on Standardized Genetic Nomenclature for Mice (1972). The diploid number, 

specific set of metacentrics, and their state of structural heterozygosity were recorded for as many 

individuals as possible. As expected, the Rb mice had metacentrics (2n=28–37), while the St mice 

had the St karyotype (2n=40) (Supporting information Table S6.1). The mandibles (or dentary 

bones) of all specimens were dissected, and the left and right side of each dentary bone were 

separated at the mandibular symphysis and cleaned by hand as carefully as possible. The timing 

of tooth eruption as seen from the lingual mandible view was examined in both ontogenetic series. 

Comparative analyses were performed between St and Rb mice on the basis of the methodologies 

described below. 

Analyzed samples were deposited in the collection of the Animal Biodiversity Research Group 

of Universitat Autònoma de Barcelona. Voucher numbers of the specimens are listed in Supporting 

information Table S6.1. 

 

TABLE 6.1. Sample sizes for the analyses conducted in the study. 

a, sample sizes of the two datasets grouping specimens according to their karyotype and origin, 
used in the geometric morphometric analyses; b, sample sizes of the fourteen datasets (seven per 
each group of mice) grouping specimens of the same age within each group, used to obtain the 
general bone remodeling patterns and to perform geometric morphometric analyses; c, sample 
sizes of the seven datasets grouping St and Rb mice according to age, created to conduct 
geometric morphometric analyses; d, sample sizes of the four datasets grouping distinct age classes 
within each group of mice, used to test the hypothesis of modularity. 

 
 

Postnatal week St mice Rb mice Total 

2nd 6b 7b 13c 

3rd 7b 7b 14c 
4th 7b 6b 13c 
5th 6b 6b 12c 
6th 4b 7b 11c 
7th 3b 7b 10c 
8th 3b 3b 6c 
Total 36a 43a 79 

2nd – 4th 20d 20d  
5th – 8th 16d 23d  
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Histological analyses of mandible cross-sections 
 

The characterization of the internal microstructure, the remodeling, and the rates of growth of 

the mandible over ontogeny was approached through the analysis of histological cross-sections, 

in accordance with Martinez-Maza et al. (2012). In order to analyze the bone remodeling and 

growth rates, intraperitoneal injections of the fluorochrome Xylenol Orange (80 mg kg-1 of body 

weight, pH=7) were supplied in vivo to each animal. Shortly after their supply, vital dyes like 

Xylenol Orange fix to the mineralization front of the growing bone tissue, generating fluorescent 

labels visible under ultraviolet light (Pautke et al. 2005; van Gaalen et al. 2010). These labels 

appear as lines in histological cross-sections and correspond to the outline of the bone at the time 

of the fluorochrome injection. All mice received the first injection of Xylenol Orange at their 7th 

day of postnatal life, and injections were then weekly supplied until one week before the 

stipulated date of euthanasia of each individual. 

The 79 right dentary bones were dehydrated in graded ethanol, defatted in trichloroethylene 

and acetone, dried at 38–40°C in a stove, and embedded in a polyester resin. Histological cross-

sections of 100µm (±10µm) thickness were obtained from four mandible regions using a 

diamond-tipped circular saw: diastema, first molar, second molar, and ascending ramus at the 

level of the condylar and angular processes (Figure 6.1). Each thin section was ground, polished, 

and mounted on a slide. Histological cross-sections were photographed under natural and 

ultraviolet light with a digital camera coupled to an inverted fluorescent microscope (Zeiss 

Axiovert 35). 

 

 

The pictures obtained under natural light were used to analyze the internal microstructure of 

the mandible, that is to say, the spatial distribution of woven and parallel-fibered bone tissue, in 

the different subregions of periosteal bone of each mandible region, in each individual animal 

(Figure 6.2). Woven bone tissue is characterized by collagen fibers with a low ordered spatial 

arrangement, and by rounded osteocytic lacunae with a random distribution (Figure 6.3). Parallel-

fibered bone tissue shows a parallel arrangement of collagen fibers, and flattened osteocytic 

FIGURE 6.1. Lingual view of a right dentary 
bone, with the layout of the landmarks 
used in the geometric morphometric 
analyses (numbers), and the localization 
of the histological cross-sections: (A) 
diastema region; (B) first molar region; 
(C) second molar region; (D) ascending 
ramus region at the level of the condylar 
and angular processes. The dashed line 
subdivides the landmarks according to 
the hypothesis of modularity. Scale bar: 
5mm. 
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lacunae in an ordered disposition (Figure 6.3). The spatial distribution of both types of bone tissue 

observed in more than half of the individual mice of the same age and group was noted. In this 

way, the general histological patterns were established for each mandible subregion and PW, 

separately for Rb and St mice. Although this procedure might have excluded legitimate population 

variation, it was followed to provide the most representative and consistent histological pattern 

in each case.  

 

The pictures obtained under ultraviolet light were used to analyze the remodeling and the rates 

of bone growth, based on the labeling patterns of Xylenol Orange. The presence in the periosteum 

of the fluorescent label corresponding to the last injection of fluorochrome, and bone in its 

periphery, was interpreted as evidence of bone deposition activity during the last week of life. The 

absence of fluorescent label was associated with bone resorption, due to osteoclastic activity 

either in the periosteal or endosteal surfaces, or with dormant bone (i.e., cessation of bone 

growth). In order to determine the cause behind the absence of label in the periosteal surface, 

these results were combined with the results from the analysis of bone surface histology (see the 

following subsection). Several subregions, based on the localization of observation points, were 

established in each mandible region to simplify the examinations (Figures 6.5–6.8). A general 

pattern of fluorescent labeling was generated for each mandible subregion and PW, separately for 

FIGURE 6.2. Histological cross-sections of a 
mandible of Mus musculus domesticus under 
natural light: (A) diastema region; (B) first molar 
region; (C) second molar region; (D) 
ascending ramus region at the level of the 
condylar and angular processes. Scale bar: 
1mm. 

FIGURE 6.3. Types of bone tissue identified in 
the histological cross-sections of the 
mandible of Mus musculus domesticus 
under natural light: (A) woven bone tissue; 
(B) parallel-fibered bone tissue. Scale 
bars: 100µm. 
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St and Rb mice, which summarized the pattern found in more than half of the specimens in each 

case.  

When periosteal bone deposition was evidenced, periosteal growth rates were calculated. The 

distance between the most peripheral fluorescent label and the periosteal bone surface was 

measured with the image processing package Fiji, a distribution of ImageJ (Schindelin et al. 2012). 

Several measurement points were established over the cross-section outlines (Figures 6.5–6.8). 

Since linear measurements are affected by measurement error (Bailey and Byrnes 1990), three 

replicates of all measurements were performed by the same person (JMV) in a subsample of ten 

individuals to assess intra-observer measurement error. Then, a model II one-way ANOVA was 

conducted to test whether variation among individuals was higher than among replicates 

(Arnqvist and Martensson 1998), and statistical significance was corrected with the sequential 

Bonferroni correction (Holm 1979; Rice 1989). Owing to the fact that variation among individuals 

significantly exceeded variation among replicates (F = 4.5–5547.0; P < 0.01 in all measurements), 

intra-observer measurement error was considered negligible and measurements were taken once 

from all individuals by the same person (JMV). Daily rates of periosteal bone growth (in µm day-

1) corresponding to the last week of life were obtained dividing the distances by 7 (i.e., the days 

elapsed between the date of the last injection of Xylenol Orange and the date of euthanasia). 

Adjacent measurement points showing similar growth rates over ontogeny were grouped, so that 

different subregions were delimited in each mandible region (Figures 6.5–6.8). For each 

individual mouse, the mean periosteal growth rate of each mandible subregion was calculated by 

averaging the growth rates corresponding to the measurement points included. Then, the mean 

values of each subregion were further averaged among the individuals of both the same group 

and age, and the standard deviations were also obtained. The mean bone growth rates of all 

subregions were compared between Rb and St mice of the same age with the non-parametric 

Mann-Whitney U test, since Shapiro-Wilk W test revealed that the data deviated significantly from 

a normal distribution. Statistical significance was corrected with the sequential Bonferroni 

correction (Holm 1979; Rice 1989). 

 

Histological analyses of mandible surfaces 
 

The characterization of the ontogenetic remodeling patterns of the mandible was approached 

through the histological analysis of bone surfaces. Since the remodeling patterns of the left and 

right mandible sides of each individual were comparable, we used the left dentary bones from the 

79 specimens for our analysis. The labial and lingual surfaces of the bones were coated with gold 

or platinum with sputter coaters (SC510 BioRad; Emitech K550X), and examined with a reflected 

light microscope (Zeiss Axio Imager.A1) at 100x and 200x. The two types of remodeling fields 
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were identified through characteristic histological microfeatures (Bromage 1989; Bloom and 

Fawcett 1994; Martinez-Maza et al. 2010). Bone deposition fields show packs of collagen fibers 

with a parallel and ordered disposition, as well as a predominant orientation (Figure 6.4). Bone 

resorption fields display randomly distributed concavities (Howship’s lacunae) with variable 

sizes and irregular shapes (Figure 6.4). Outlines of the labial and lingual views from each dentary 

bone were traced on paper, and the spatial distribution of the two types of remodeling fields 

observed in each specimen was mapped in these templates. As a result, the remodeling patterns 

of both mandible surfaces were obtained for each individual. Histological data was discarded 

whenever the identification of bone remodeling fields could not be performed with certainty. The 

remodeling patterns observed in more than half of the specimens from both the same group and 

age were represented in new outlines (see Martinez-Maza et al. 2013, 2015). In this way, the 

general bone remodeling patterns of the mandible were established for each age class within each 

mouse group. Again, this procedure was followed to provide the most representative and 

consistent remodeling pattern in each case. 

 

FIGURE 6.4. Fields of bone deposition (A) and bone resorption (B). Scale bars: 100µm. 
 

Geometric morphometric analyses of mandible form 
 

The characterization of the ontogenetic variation of mandible form was approached through 

geometric morphometrics. Images of the lingual surfaces of the 158 right and left dentary bones, 

along with a scale bar, were obtained with an image scanner (Epson Perfection V350 Photo). 

Eighteen two-dimensional landmarks were digitized twice in each scaled image by the same 

person (JMV) using tpsDig2 (Figure 6.1; Rohlf 2010). Geometric morphometric analyses were 

conducted with MorphoJ, ver. 1.06d (Klingenberg 2011). 

Sizes of all dentary bones were estimated as their CS. All landmark configurations were 

superimposed with a generalized Procrustes fit and projected onto the shape tangent space (Rohlf 

and Slice 1990). The resulting landmark coordinates (Procrustes coordinates) only accounted for 

shape variation (Dryden and Mardia 1998; Klingenberg and McIntyre 1998). The samples were 
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split into two datasets according to karyotype (St/Rb), which were further subdivided into seven 

datasets according to age (2nd–8th PW). Seven additional datasets were created by grouping St and 

Rb mice of the same age (Table 6.1).  

Centroid size and Procrustes coordinates were respectively subjected to two-factor and 

Procrustes ANOVAs in all datasets (Klingenberg et al. 2002). Individual and side were the random 

and fixed main effects, respectively. The former represents variation among specimens 

(symmetric component of variation), the latter represents directional asymmetry, and their 

interaction stands for fluctuating asymmetry (asymmetric component of variation) (Mardia et al. 

2000; Klingenberg et al. 2002). Mouse group and age were the additional main effects. The 

residual variation between replicates was the measurement error (Klingenberg and McIntyre 

1998). Subsequent analyses were conducted only with the symmetric component of variation. 

Mean CS and the corresponding standard deviation were calculated among individuals of both 

the same group and age, for the whole mandible, and for the alveolar region and ascending ramus 

separately. Ontogenetic allometry was assessed through multivariate regressions of shape onto 

CS (Monteiro 1999). Statistical significance of regressions was obtained through permutation 

tests with 10,000 iterations (Good 1994). Since allometry was found to be significant, subsequent 

analyses were usually based on both raw data (i.e., data not corrected for allometry) and size-

corrected data (i.e., data corrected for allometry), unless there was no interest in removing the 

allometric effects or in analyzing raw data. Difference in the slope of the allometric regressions 

between Rb and St mice was tested with an analysis of covariance (ANCOVA). 

A PCA was performed on the covariance matrix of raw data of the whole sample to examine the 

axes of greater shape variation (Jolliffe 1986). A separate PCA was conducted for each set of mice 

from both the same group and age, using the covariance matrix of size-corrected data, in order to 

explore the patterns of shape variation. Correlation coefficients (r) were calculated between the 

covariance matrices of St and Rb mice of the same age. Canonical variate analyses were conducted 

to further explore shape differences, as well as to calculate Mahalanobis distances, between the 

two groups of mice in each PW and, using raw data, among age classes within each group of mice. 

Statistical significance of the correlation coefficients and Mahalanobis distances resulted from 

permutation tests with 10,000 permutation rounds (Good 1994). 

The hypothesis of organization of the mouse mandible into the alveolar region and ascending 

ramus modules was assessed with the RV coefficient (Escoufier 1973). First, an allometric 

regression was conducted, pooled within age subgroups, for Rb and St mice separately. 

Subsequently, two datasets were created by grouping different age classes (2nd–4th PW and 5th–

8th PW), from the raw and size-corrected data from each group (Table 6.1). The chosen threshold 

aimed to increase and balance sample sizes, and also address whether the magnitude of mandible 

integration around weaning differed from that after weaning, or in other words, around the 
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attainment of sexual maturity, which in the house mouse occurs around the 5th–6th PW. In the four 

datasets, the RV coefficient was calculated between two subsets of eight and ten spatially 

contiguous landmarks, corresponding with the two mandible modules (Figure 6.1). Statistical 

significance resulted from the comparison of the obtained RV values against the distribution of RV 

values resulting from all possible pairs of subsets comprising eight and ten spatially contiguous 

landmarks (Klingenberg 2009). Because the RV coefficient depends on sample size, sample-size-

corrected RV values standardized to the lowest sample size (n=16) were obtained with a 

rarefaction procedure (Fruciano et al. 2013). 

 

. . Results 
 

Internal microstructure of the mandible 
 

The diastema of St and Rb mice exhibited woven bone tissue in the dorsal and ventral portions 

during the whole period. In the labial diastema subregion, both groups of mice showed both 

woven and parallel-fibered bone tissue especially from the 5th and 6th PW onwards respectively, 

although their spatial distribution differed. The two groups usually displayed both types of bone 

tissue in the lingual diastema subregion during most of the period (Tables 6.2 and 6.3). 

The first and second molar regions showed woven bone tissue between the 2nd and 5th PW in 

both groups. This pattern was generally observed in Rb mice over the following weeks. Instead, 

St mice usually displayed woven and parallel-fibered bone together in both molar regions from 

the 6th PW onwards, except for their lingual portions (Tables 6.2 and 6.3). 

The whole ascending ramus of St and Rb mice showed woven bone tissue alone until the 4th 

and 5th PW, respectively. Afterwards, the two groups exhibited parallel-fibered bone surrounded 

by woven bone in the ventral ascending ramus, and differed in the histological pattern of the 

condylar process (Tables 6.2 and 6.3). 

 

Remodeling and growth rates of the mandible from fluorescent bone labeling 
 

Endosteal resorption was observed in the ventral subregion of the diastema of Rb and St mice 

between the 2nd and 4th PW, although the specific localization of this remodeling activity differed 

in each case (Tables 6.4 and 6.5). Endosteal resorption was also detected in the ventral half of the 

first and second molar regions in both groups of mice, just during the 2nd PW in St mice, but up to 

the 3rd PW in Rb mice. However, the extension of this activity was more confined in Rb mice 

(Tables 6.4 and 6.5).  
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TABLE 6.4. Pattern of presence and absence of fluorescent labeling most frequently observed in the 
mandibles of standard mice. 

Mandible 
region 

Mandible 
subregiona 

Postnatal week 
2nd 3rd 4th 5th 6th 7th 8th 

Diastema 

1-3           
4-5        
6-8           
9-11           
12-14         
15-18           

         

First molar  

1-3         
4-5        
6-8         
9-11         
12-14         
15-17               

         

Second 
molar  

1-3               
4-5         
6-7        
8-10         
11-12        
13-14             

         

Ascending 
ramus 

1-3             
4-5        
6-9          
10-11        
12-16           
17-20            

White, presence of fluorescent labeling, indicating bone deposition; gray, absence of fluorescent 
labeling, likely due to endosteal bone resorption; black, absence of fluorescent labeling, likely due 
to periosteal bone resorption; blue, absence of fluorescent labeling, likely due to dormant bone; 
orange, absence of fluorescent labeling, unknown cause.  
a, mandible subregions (number ranges) are set based on the localization of the points used to 
calculate the bone growth rates (see Figs. 6.5–6.8). 
 

Absence of fluorescent labeling over the periosteal bone surfaces was noticed in the diastema 

of both groups from the 6th PW onwards, but in different subregions in each case, and generally 

seemed to result from dormant bone (Tables 6.4 and 6.5). The first molar region of Rb and St mice 

displayed lack of labeling along the periosteal bone of the dorsal half of the lingual area (points 

15-17), first due to dormant bone and after to bone resorption (Tables 6.4 and 6.5). As for the 

second molar region, periosteal resorption was observed in the dorsal half of the labial portion 

(points 1-3) from the 4th PW among Rb mice, but over the entire study period among St mice. This 

activity was also seen in the dorsal half of the lingual portion (points 13-14) from the 5th and 6th 

PW onwards in St and Rb mice, respectively (Tables 6.4 and 6.5). The St mice displayed periosteal 
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bone resorption in other areas of the two molar regions, unlike Rb mice (Tables 6.4 and 6.5). 

Regarding the ascending ramus, the labial area of the condylar tip (points 1-3) of St and Rb mice 

did not show fluorescent label from the 3rd and 4th PW onwards, respectively, but only Rb mice 

displayed evidence of periosteal resorption. This remodeling activity was also detected in the 

ventral area of the ascending ramus (points 4-16) in both groups towards the end of the period, 

although it was more noticeable in St mice (Tables 6.4 and 6.5). 
 

TABLE 6.5. Pattern of presence and absence of fluorescent labeling most frequently observed in the 
mandibles of Robertsonian mice. 

Mandible 
region 

Mandible 
subregiona 

Postnatal week 
2nd 3rd 4th 5th 6th 7th 8th 

Diastema 

1-3        
4-5        
6-8        
9-11        
12-14        
15-18                 

First molar  

1-3        
4-5        
6-8        
9-11        
12-14        
15-17                 

Second 
molar  

1-3        
4-5        
6-7        
8-10        
11-12        
13-14                 

Ascending 
ramus 

1-3        
4-5        
6-9        
10-11        
12-16        
17-20        

White, presence of fluorescent labeling, indicating bone deposition; gray, absence of fluorescent 
labeling, likely due to endosteal bone resorption; black, absence of fluorescent labeling, likely due 
to periosteal bone resorption; blue, absence of fluorescent labeling, likely due to dormant bone; 
orange, absence of fluorescent labeling, unknown cause.  
a, mandible subregions (number ranges) are set based on the localization of the points used to 
calculate the bone growth rates (see Figs. 6.5–6.8). 
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In the four mandible regions and the two groups of mice, the rates of periosteal bone deposition 

were relatively high in the 2nd PW, increased in the 3rd PW, and decreased progressively 

afterwards, in general terms (Figures 6.5–6.8; Table 6.6). Nonetheless, the patterns of mandible 

growth sometimes differed between the two groups of mice, in the diastema (Figure 6.5), first 

molar (Figure 6.6), second molar (Figure 6.7), and ascending ramus (Figure 6.8) regions (see also 

Table 6.6). In both mouse groups, periosteal deposition was relatively faster in the ventro-labial 

area of the diastema and the first molar region (points 6-11 in both cases), in the ventral area of 

the second molar region (points 6-10), and the ventral portion of the ascending ramus (points 4-

16), over ontogeny (Figures 6.5–6.8; Table 6.6). 

 

 

FIGURE 6.5. Histological cross-section of the diastema region under ultraviolet light with the 
measurement points (left), and ontogenetic patterns of periosteal bone growth rate (mean ± 
standard deviation, in µm day-1) of its subregions (right): (A) dorsal area, and dorsal half of the labial 
area (points 1-5); (B) ventral half of the labial area, and ventral area (points 6-11); (C) lingual area 
(points 12-18). Scale bar: 1mm. BGR, bone growth rate. See Table 6.6 for numerical values. 
 
 
 

 

FIGURE 6.6. Histological cross-section of 
the first molar region under ultraviolet 
light with the measurement points (left), 
and ontogenetic patterns of periosteal 
bone growth rate (mean ± standard 
deviation, in µm day-1) of its subregions 
(right): (A) dorsal half of the labial 
portion (points 1-5); (B) ventral half of 
the labial area (points 6-8); (C) ventral 
area (points 9-11); (D) lingual area 
(points 12-17). Scale bar: 1mm. BGR, 
bone growth rate. See Table 6.6 for 
numerical values. 
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FIGURE 6.7. Histological cross-section of the second molar region under ultraviolet light with the 
measurement points (left), and ontogenetic patterns of periosteal bone growth rate (mean ± 
standard deviation, in µm day-1) of its subregions (right): (A) labial area (points 1-5); (B) ventral area 
(points 6-10); (C) lingual area (points 11-14). Scale bar: 1mm. BGR, bone growth rate. See Table 6.6 
for numerical values. 
 
 

 

FIGURE 6.8. Histological cross-section of the ascending ramus region at the level of the condylar and 
angular processes under ultraviolet light with the measurement points (left), and ontogenetic 
patterns of periosteal bone growth rate (mean ± standard deviation, in µm day-1) of its subregions 
(right): (A) labial area of the condylar process (points 1-3); (B) labial area of the ventral half (points 
4-9); (C) ventral area of the angular process (points 10-11); (D) lingual area of the ventral half (points 
12-16); (E) lingual area of the condylar process (points 17-20). Scale bar: 1mm. BGR, bone growth 
rate. See Table 6.6 for numerical values. 

 

Differences in the mean periosteal bone growth rates between Rb and St mice were significant 

for the ventralmost portion of the first molar region (points 9-11) in the 6th and 7th PW (Table 6.6). 

Regarding the ascending ramus region, differences were significant for the labial area of the 

condylar tip (points 1-3) in the 2nd and 8th PW, and for the ventral area of the angular process 

(points 10-11) and the lingual area of the ventral half (points 12-16) in the 2nd PW (Table 6.6). 
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Mandible remodeling patterns from surface histology 
 

In the labial surface of the mandible, bone deposition fields were prevalent in both mouse 

groups over the entire study period, although the presence of bone resorption fields increased 

over time. In each PW, St and Rb mice exhibited a resorption field spreading from the base of the 

coronoid process towards the posterior region of the molars alveoli, although its extension 

increased over time and varied between groups. From the 6th to the 8th PW, the two mouse groups 

showed a resorption field extending from the base of the coronoid process to the base of the 

condylar process. Bone resorption was also detected in the base of their angular process in the 6th 

and 7th PW, and in the alveolus of their first molar in the 7th and 8th PW (Figure 6.9). Regarding the 

between-group differences in the remodeling pattern of the labial mandible surface, resorption 

was observed in the alveolar bone of the second molar of Rb mice in the 7th PW, but not among St 

mice. In the 8th PW, a field of bone resorption was detected in the base of the angular process of 

Rb mice but, instead, above the most concave point of the ventral mandible border in St mice 

(Figure 6.9).  

 

FIGURE 6.9. Bone remodeling patterns of the labial (A) and lingual (B) surfaces of the left dentary 
bone of standard and Robertsonian mice, most frequently observed in each postnatal week. Light 
gray areas represent bone deposition fields; dark gray areas represent bone resorption fields; white 
areas correspond to bone surfaces with no histological data. 
 

In the lingual surface of the mandible, bone deposition was the only remodeling activity found 

in the 2nd PW, and was also the predominant activity throughout the study period, in both groups 

(Figure 6.9). The ramal fossa of Rb and St mice displayed bone resorption activity in its 
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anteroventral area in the 3rd PW, but in all its extension between the 6th and 8th PW. In the 4th PW, 

and from the 6th to the 8th PW, both groups showed a resorption field between the base of the 

coronoid process and the molar region. Between the 6th and 8th PW, St and Rb mice displayed one 

or more resorption fields extending over the molars alveoli. In the 8th PW, they exhibited bone 

resorption in the base of the condylar process (Figure 6.9). As for the between-group 

dissimilarities in the remodeling pattern of the lingual mandible surface, only St mice showed 

resorption activity below the coronoid process in the 3rd PW, and over the molars alveoli in the 

5th PW. Instead, only Rb mice displayed a field of bone resorption below the coronoid process in 

the 5th PW and another one in the base of the condylar process in the 6th and 7th PW. In the 4th and 

5th PW, resorption was just detected in the anteroventral area of the ramal fossa in Rb mice but, 

instead, in the entire ramal fossa in St mice (Figure 6.9). 

Histological data could not be obtained from the tips of the coronoid, condylar, and angular 

processes, and from the anteroventral region of the diastema. 

 

Patterns of variation in mandible form  
 

The two-factor and Procrustes ANOVAs 

conducted on the whole sample revealed 

significant variation among individuals, 

directional asymmetry, and fluctuating 

asymmetry in mandible size and shape, as well 

as negligible measurement error (Tables 6.7 

and 6.8). Significant differences in mandible 

size and shape were detected among age 

classes within each mouse group (P < 0.05). 

Differences in mandible size between Rb and St 

mice of the same age were generally not significant (Figure 6.10; Table 6.9), while the two groups 

differed significantly in mandible shape from the 6th to the 8th PW (P < 0.001). 

 

TABLE 6.7. Two-factor ANOVA of centroid size conducted on the whole sample. 

 Centroid size 

Effect SS df MS F P 

Individual 68.570 71 0.966 48.73 < 0.001 
Side 2.807 1 2.807 141.61 < 0.001 
Individual × Side 1.546 78 0.020 10.50 < 0.001 
Age 348.829 6 58.138 60.20 < 0.001 
Group of mice 0.031 1 0.031 0.03 0.858 
Measurement error 0.298 158 0.002   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 

Figure 6.10. Symmetric centroid size (mean ± 
standard deviation) of the mandible in 
standard and Robertsonian mice over 
ontogeny. 
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TABLE 6.8. Procrustes ANOVA of shape conducted on the whole sample. 

 Shape 

Effect SS df MS F P Pillai tr P 

Individual 0.323 2272 1.421 x 10-4 5.72 < 0.001 23.50 < 0.001 
Side 0.032 32 9.979 x 10-4 40.15 < 0.001 0.96 < 0.001 
Individual × Side 0.062 2496 2.485 x 10-5 7.31 < 0.001 22.17 < 0.001 
Age 0.216 192 1.123 x 10-3 7.90 < 0.001 3.30 < 0.001 
Group of mice 0.017 32 5.180 x 10-4 3.64 < 0.001 0.80 < 0.001 
Measurement error 0.017 5056 3.399 x 10-6     

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value; Pillai tr, Pillai 
trace. 
 

TABLE 6.9. Symmetric centroid size (mean ± standard deviation) of the whole mandible, and each 
mandible module, of standard and Robertsonian mice. 

PW 

Centroid size 

Whole mandible Alveolar region Ascending ramus 

St mice Rb mice St mice Rb mice St mice Rb mice 

2nd 13.80 ± 0.53 13.79 ± 0.89 6.55 ± 0.16 6.58 ± 0.26 5.00 ± 0.30 4.97 ± 0.43 
3rd 15.13 ± 0.55 14.98 ± 0.38 6.94 ± 0.16 6.89 ± 0.17 5.75 ± 0.28 5.61 ± 0.17 
4th 15.65 ± 0.28 15.63 ± 0.59 7.08 ± 0.20 7.02 ± 0.17 6.02 ± 0.18 6.03 ± 0.32 
5th 15.93 ± 0.32 16.07 ± 0.60 7.09 ± 0.18 7.17 ± 0.17 6.21 ± 0.25 6.20 ± 0.29 
6th 16.55 ± 0.24 16.93 ± 0.29 7.17 ± 0.17* 7.38 ± 0.12* 6.37 ± 0.19 6.49 ± 0.20 
7th 16.83 ± 0.15 16.93 ± 0.33 7.22 ± 0.08 7.28 ± 0.10 6.73 ± 0.03 6.46 ± 0.22 
8th 16.86 ± 0.44 16.49 ± 0.82 7.24 ± 0.17 7.12 ± 0.28 6.68 ± 0.13 6.38 ± 0.35 

*, centroid sizes significantly different between the two mouse groups (P < 0.05). 
 

Ontogenetic size increase was relatively greater for the ascending ramus than for the alveolar 

region in both mouse groups (Table 6.9). The two groups exhibited a significant allometric 

component (P < 0.001), and a similar proportion of variance in shape accounted for by size 

variation (Rb: 39.46%; St: 35.77%). No significant interaction between group and CS was revealed 

by the ANCOVA, which indicated that St and Rb mice had similar allometric slopes. Both groups 

exhibited similar allometric shape changes over ontogeny, consisting of a relative shortening of 

the alveolar region, and a relative increase in height and length of the ascending ramus (Figure 

6.11). 

 

 

FIGURE 6.11. Diagrams of allometric shape changes (eigenvectors) in each mouse group over 
ontogeny, corresponding to an increase in centroid size of 4.0 units. 
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The PCA conducted with the entire sample set showed a gradation of consecutive age classes 

along the axis of the PC1, which accounted for 38.46% of total shape variation (Figure 6.12). The 

axis of the PC2, explaining 12.81% of total shape variation, revealed a clearer distinction between 

the two groups of mice during the last age stages (Figure 6.12). The main shape changes associated 

with PC1 principally involved the posterior region of the mandible and the incisor alveolus, while 

shape changes associated with PC2 mainly involved the ascending ramus (Figure 6.12). Until the 

4th and 5th PW, in Rb and St mice respectively, shape variation associated with PC1 involved the 

entire mandible to a similar extent (Figure 6.13). Instead, from the 5th and 6th PW onwards, in Rb 

and St mice respectively, shape changes linked to PC1 were particularly clustered in the ascending 

ramus (Figure 6.13). Nevertheless, the directions of landmark displacement revealed that the 

spatial patterns of shape variation corresponding to PC1 were notably different between St and 

Rb mice in each PW (Figure 6.13). The covariance matrices of Rb and St mice of the same age were 

positively and significantly correlated, but the low correlation coefficients highlighted the 

dissimilar patterns of morphological covariation between the two groups (Table 6.10). 

Mahalanobis distances between St and Rb mice were statistically significant in the 6th and 7th PW 

(Table 6.11). Statistically significant Mahalanobis distances (P < 0.05) resulted from the 

comparison between mice of consecutive age classes within each group. 

 

FIGURE 6.12. (A) Scatter plot of PC1 versus PC2 raw scores according to age and group. (B) Diagrams 
of shape changes (eigenvectors) along PC1 and PC2 axes. Scale factor: 0.1 units in positive 
direction from the consensus (outline and center of coordinates). 
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FIGURE 6.13. Diagrams of shape changes (eigenvectors) associated with the size-corrected PC1 of 
the symmetric component of shape, in each mouse group and postnatal week. The percentages 
of total variance explained by the PC1s are displayed. Scale factor: 0.1 units in positive direction 
from the consensus (outline and center of coordinates). 

 

 
 

The RV values corresponding to the period between the 5th and 8th PW were lower than those 

of the period from the 2nd to the 4th PW, in both mouse groups (Table 6.12). The RV coefficients 

confirmed the bimodular organization of the mandible only in the case of St mice (Table 6.12). 

 r 

Postnatal week Raw Size-corrected 

2nd 0.160* 0.256** 
3rd 0.148* 0.124* 
4th 0.236** 0.258** 
5th 0.124* 0.164* 
6th 0.223** 0.306** 
7th 0.044 0.040 
8th 0.513** 0.419** 

 Mahalanobis distances 

Postnatal week Raw Size-corrected 

2nd 2.154 2.353* 
3rd 1.070 1.181 
4th 1.166 1.219 
5th 1.659 1.795 
6th 3.732** 3.540* 
7th 3.258** 3.902* 
8th 0.729 1.192 

*, P < 0.05; **, P < 0.001. 

TABLE 6.10. Correlation coefficients (r) 
between the covariance matrices of 
standard and Robertsonian mice, using 
both raw and size-corrected data. 

TABLE 6.11. Mahalanobis distances between 
standard and Robertsonian mice, using both 
raw and size-corrected data. 

*, P < 0.05; **, P < 0.001. 
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The rarefaction procedure resulted in higher standardized RV coefficients compared to non-

standardized, but the trends were conserved (Table 6.12). 

 

TABLE 6.12. RV coefficients assessing the hypothesis of modular organization of the mandible, using 
both raw and size-corrected data. 

Postnatal weeks 

RV coefficient 

St mice Rb mice 

Raw Size-corrected Raw Size-corrected 

2nd – 4th 0.545* (0.658) 0.517 (0.637) 0.655 (0.714) 0.474 (0.616)  
5th – 8th 0.525* (0.646) 0.448* (0.596) 0.542 (0.628) 0.430 (0.573) 

*, RV coefficients significantly different between St and Rb mice (P < 0.05). 
Values between parentheses correspond to RV coefficients standardized to the same sample size 
(i.e., lowest sample size, n = 16). 
 

Timing of tooth eruption 
 

In the 2nd PW, just the cusps of the first molar (m1) and second molar (m2) could be seen in 

lingual mandible view in 33.33% of St mice and 28.57% of Rb mice. The cusps of m1 and m2, but 

also the basal portion of the m1 crown, were erupted in 33.33% of St mice but in 57.14% of Rb 

mice. Eruption of the crowns of m1 and m2 seemed to be complete in the remaining 33.33% of St 

mice and 14.29% of Rb mice. In the 3rd PW, the basal portion of the m2 crown was emerged 

through the alveolar bone in all St and Rb mice. Also, the cusps of the third molar (m3) were visible 

in lingual view in 57.14% of Rb and St mice, and in dorsal view in the remaining 42.86% of both 

groups. In the 4th PW, eruption of all molars appeared to be complete in both mouse groups. The 

eruption of the incisors looked complete in St and Rb mice by the 3rd PW, and no evident 

differences in their pattern of eruption were noticed between the two groups. 

 

. . Discussion 
 

Mandible growth from a histological perspective 
 

The analyses of the internal microstructure of the mandibles revealed that St and Rb mice 

shared a similar histological pattern over ontogeny: woven bone tissue was prevalent in the first 

half of the study period, while the presence of parallel-fibered bone tissue was more evident in 

the second half. According to Amprino’s rule (1947), woven bone results from fast deposition; 

therefore, it is typical of the early life stages characterized by fast growth, and ontogenetically 

precedes parallel-fibered bone, a type of bone tissue resulting from slower deposition. Indeed, our 

results showed that, in both groups of mice and all mandible regions, the speed of periosteal bone 

deposition was comparatively higher at the beginning of the study period and started decreasing 

notably after the 4th PW. Furthermore, the interpretation of the histological and growth rate data 
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together revealed that, in both groups, the range of growth rates corresponding to the sole 

deposition of woven bone had a higher upper threshold than the range associated with the 

deposition of woven and parallel-fibered bone together. Nonetheless, the lower threshold of these 

ranges was quite similar either when only woven bone or the two types of bone tissue were 

deposited. Therefore, an important overlap was detected between the broad ranges of growth 

rates corresponding to each histological characterization. According to our results, Amprino’s rule 

(1947) also applies to the growth of the mouse mandible. However, we believe that this rule 

should be carefully considered since bone histology may not always be an unequivocal predictor 

of the speed of bone growth, as previously highlighted (see Castanet et al. 2000; Starck and 

Chinsamy 2002; de Margerie et al. 2004).  

Since the ontogenetic transition from woven to parallel-fibered bone tissue is considered to 

result from the deceleration of bone deposition, this histological transformation has been 

regarded as an indicator of bone maturation (Amprino 1947; de Ricqlès 1975; Currey 2002). 

Based on this assumption, our results revealed that the mandibles of Rb and St mice resemble to 

some extent in their patterns of maturation: their diastema region started maturing early, while 

their molar and especially their ascending ramus regions started maturing some weeks later. 

Therefore, transformation from ‘immature’ to ‘mature’ bone tissue occurred in an anteroposterior 

direction in both groups of mice. This anteroposterior histological succession was also described 

in lab mice of the C57BL/6J inbred strain, but in that case the pattern of maturation of the entire 

molar region resembled more that of the diastema than that of the ascending ramus (Martinez-

Maza et al. 2012). As a result, the existence of the two main mandible modules (i.e., alveolar region 

and ascending ramus) at the histological level was supported for these lab mice. Instead, our 

histological results suggest a more anterior boundary between histological modules, which would 

be located between the diastema and the molar region. Despite the similar patterns of mandible 

maturation between St and Rb mice, parallel-fibered bone was relatively more prevalent among 

St mice, particularly in the molar region. Also, certain portions of the ascending ramus and the 

diastema started displaying parallel-fibered bone earlier in St mice. Altogether, these 

observations suggest that histological maturation of the mandible might be slightly faster in St 

mice, compared to Rb mice. 

The patterns of fluorescent labeling in the histological cross-sections revealed that, in both 

mouse groups, periosteal deposition in the ventral area of both the diastema and molar regions 

was especially fast at the beginning of the ontogenetic period. Also, the rate of bone deposition 

was relatively higher in these mandibular subregions than in the rest over the whole period. Given 

that the ventral area of the diastema and molar regions also showed evidence of endosteal bone 

resorption at the beginning of the study period, altogether this pattern of mandible remodeling 

would be expected to entail ventral cortical drift. Nonetheless, the differences between Rb and St 
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mice in the specific patterns of presence and absence of the fluorescent label indicate that the 

exact spatial direction of this cortical drift, as well as the cortical thickness in these mandible 

regions, might differ between the two groups. In order to preserve their respective functionality, 

mandible and teeth should have a synchronized development (Fraser et al. 2009). In fact, the 

pattern of dental development is related to the shape ontogeny of the mouse mandible over 

postnatal life (Swiderski and Zelditch 2013). Consequently, the timing of tooth eruption is 

expected to be also linked to the remodeling of this bony structure. The effective adult mouse 

dentition (i.e., incisors, m1, and m2) is in place around the 21st postnatal day, while the eruption 

of m3 is complete by the 26th postnatal day, as checked out from our sample and also described 

from mouse strains (Chlastaková et al. 2011; Swiderski and Zelditch 2013). However, the fact that 

ventral mandible drift below the alveoli of m1 and m2 was found to occur up to the end of the 3rd 

PW in Rb mice, but just until the end of the 2nd PW in St mice, initially suggested a faster timing of 

molars development and eruption among St mice. Indeed, although in the 3rd PW the two groups 

displayed the same pattern of dental eruption, the eruption of m1 and m2 in the 2nd PW was 

observed to be slightly faster in St mice than in Rb mice. Therefore, these results support the link 

between dental development and mandible remodeling. Nevertheless, the growth rates of the two 

molar regions were generally not found to be significantly different between the two groups of 

mice. Furthermore, the detection of ventral cortical drift in the diastema of St and Rb mice 

between the 2nd and 4th PW indicated that their temporal patterns of remodeling of this mandible 

region were equivalent. This notion was reinforced by the finding of the same pattern of incisor 

eruption in both groups. Considering that the mouse incisors show continuous growth throughout 

life, the observation of cortical drift in the diastema up to the 4th PW suggests that the roots of the 

mouse incisors might achieve their final thickness right after weaning. 

According to the histological analyses of mandible surface, Rb and St mice showed an increase 

in the number and extent of bone resorption fields over ontogeny. Also, the localization of these 

fields resembled notably between both groups. Despite this, the two mouse groups exhibited a 

prevalence of bone deposition fields throughout ontogeny. Considering that the deposition and 

resorption fields respectively face and oppose the direction of bone growth (Enlow and Hans 

1996), the similarities between St and Rb mice in the patterns of bone remodeling, as well as in 

the patterns of fluorescent bone labeling, allow us to infer a shared main pattern of ontogenetic 

mandible growth. First, in addition to the ventral cortical drift taking place in the anterior region 

of the mandible during the initial weeks, the diastema and the whole molar region underwent an 

increase in bilateral width, during the whole period and over the first weeks, respectively. 

Nonetheless, the molar region grew laterally on its anterior part, and narrowed especially on its 

posterior part, during the last weeks analyzed. Also, the ascending ramus displayed lateral growth 

of the area between the condylar and angular processes during most of the period, and of the 
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anterior margin of the coronoid process during the last weeks. Furthermore, the histological data 

indicated medial growth of the portion between the tips of the coronoid and condylar processes 

at the end of the study period, and narrowing of the area below the coronoid process and posterior 

to the molars row most of the time. Nevertheless, the finding of several dissimilarities between 

Rb and St mice in the patterns of bone remodeling and fluorescent bone labeling are supposed to 

reflect differences in the temporospatial patterns of growth, which would account for phenotypic 

variation of the mandible between the two groups.  

The histological analyses of bone cross-sections and bone surfaces were aimed at examining 

the remodeling mechanism. The combination of the results from these analyses revealed that the 

presence of bone resorption fields in mandible surfaces was not always linked to the absence of 

the fluorescent label from the histological cross-sections. Conversely, the absence of fluorescent 

labeling not always coincided with the detection of resorption fields. At this point, it should be 

recalled that the remodeling patterns obtained through bone surface histology corresponded to 

the moment when the animals died. Instead, the analyses of bone remodeling and bone growth 

rates from histological cross-sections were based on the examination of a fluorochrome that was 

supplied and attached to the bone one week before the date of euthanasia of the animals. 

Therefore, the first abovementioned incongruence might be due to the fact that the resorption 

activity that was supposed to be carried out by osteoclasts during the last week of life probably 

was not deep enough to remove the labeled bone. Instead, the second incongruence might result 

from the presence of dormant bone at least at the time of the fluorochrome injection. 

Consequently, the present study evidences that the combination of different methodologies to 

approach bone growth is likely to more effectively help understand this biological process.  

 

Mandible growth from a morphometric perspective 
 

The finding of similar allometric shape changes in the mandibles of St and Rb mice suggested 

that both groups share a large aspect of mandible growth. The stimulation of bone deposition or 

bone resorption depends to a great extent on whether the mechanical strains exerted by muscles 

on bones surpass or not a certain threshold, respectively (Robling et al. 2006; Herring 2011; Burr 

and Allen 2013). In this way, bone remodeling allows the skeleton to adapt to the changes in 

muscular loading (Burr and Allen 2013). The post-weaning change of diet promotes a change in 

the fiber properties and the forces of the masticatory muscles, which contributes to the correct 

performance of the gnawing and chewing functions. As a result, the mechanical loading exerted 

by these muscles on the mandible increases after weaning (Suzuki et al. 2007; Enomoto et al. 

2010). The fact that the ascending ramus of the mouse mandible is the attachment site for most 

of the masticatory muscles, so that muscular loading is supposed to particularly influence the 
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remodeling of this mandible region, could explain the relatively greater growth of the ascending 

ramus over ontogeny in both groups, in comparison to the alveolar region. Although the increase 

in bone resorption fields in the ascending ramus over ontogeny could seem contradictory, it might 

be the outcome of the diverse functions, and interactions with the bone, of the different 

masticatory muscles (see Herring 2011). Nonetheless, the muscular loading on the ascending 

ramus would probably trigger more intense deposition activity, at least in dorsoventral and/or 

anteroposterior direction, in this mandibular region than in the alveolar region. 

The magnitude of the ontogenetic shape changes within each mouse group was found to be 

particularly greater for the ascending ramus than for the alveolar region, in accordance with 

results from prior studies (see Burgio et al. 2012; Martínez-Vargas et al. 2014). Although the 

morphometric analyses were based on the mandible outline whereas the bone remodeling 

patterns resulted from the analysis of the mandible surfaces, the remodeling activities of 

osteoblasts and osteoclasts, and by extension the factors influencing these bone cells, are expected 

to affect all bone dimensions. Therefore, the fact that the spatial distribution of bone remodeling 

fields exhibited, in each age class within each mouse group, greater inter-individual variation in 

the posterior mandible region, compared to the anterior, might account for the different 

magnitude of the shape changes between the alveolar region and ascending ramus over ontogeny. 

At the same time, the greater inter-individual variation in the remodeling patterns of the 

ascending ramus might be linked to the high variety of muscular forces that could be exerted on 

the numerous muscle insertion sites of the ascending ramus; additionally, it may be due to inter-

individual variation in the sensitivity of the mandible to changes in muscular loading, since bone 

responsiveness to mechanical loading has a genetic basis (see Judex et al. 2002). Furthermore, 

genetic variation of mouse mandible shape is driven by many QTLs clustered into two 

morphogenetic components corresponding to the alveolar region and ascending ramus, and the 

ascending ramus is controlled by more QTLs than the alveolar region (see Ehrich et al. 2003; 

Cheverud et al. 2004; Klingenberg et al. 2004; Burgio et al. 2012). Therefore, the genetic 

independence and different polygenic architecture of the anterior and posterior regions of the 

mandible might also account for the independence of the morphological changes occurring in the 

two mandible modules. 

The finding that St and Rb mice particularly differed in the patterns of shape variation of the 

ascending ramus over ontogeny suggests a role of Rb translocations. In fact, this result appears to 

agree with the results from previous studies also including Rb mice. Muñoz-Muñoz et al. (2011) 

found that shape divergence of the alveolar region between adult Rb and St mice, respectively 

from the Barcelona Rb system and surrounding St populations, was correlated only with their 

geographical distances, while shape divergence between their ascending ramus was correlated 

both with karyotype differences and geographical distances. Similarly, in their study conducted 
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with two metacentric races of mice, Franchini et al. (2016) detected a significant association 

between morphometric and geographic distances regarding the alveolar region, whereas in the 

case of the ascending ramus significant associations were found between morphometric and both 

genetic and karyotypic distances. Therefore, the alveolar region of the mouse mandible is 

considered to be relatively more influenced by environmental factors than the ascending ramus 

(Franchini et al. 2016). At this point, it should be recalled that the Rb and St mice used in the 

present study were reared under equivalent conditions. Also, it should be taken into account that 

Rb translocations reduce meiotic recombination as well as affect gene architecture and 

expression, and that more QTLs are involved in the shape changes of the ascending ramus than of 

the alveolar region (Ehrich et al. 2003; Navarro and Barton 2003a; Klingenberg et al. 2004; Capilla 

et al. 2014; Franchini et al. 2016). Bearing all this in mind, it seems reasonable to believe that the 

presence of Rb translocations might explain the greater shape divergence of the ascending ramus, 

compared to the alveolar region, between our St and Rb mice. In addition, differences in shape of 

the entire mandible, between Rb and St mice, were statistically significant from the 6th PW 

onwards, which coincides with the attainment of sexual maturity in the house mouse. This finding 

suggests that this stage of postnatal life would be the starting point of the significant differences 

in mandible shape usually detected between adult St and Rb mice (see Martínez-Vargas et al. 

2014). 

The detection of an ontogenetic decrease in the RV coefficient in both mouse groups indicated 

a relatively lesser degree of covariation, and thus a relatively lesser strength of integration, 

between the alveolar region and the ascending ramus than within each of these two mandible 

regions over ontogeny. Therefore, this observation agrees with previous studies showing an 

ontogenetic increase in the degree of modularity (for review, see Goswami et al. 2014). However, 

the hypothesis of modularity was only validated in St mice, although the organization of the 

mandible into the alveolar region and ascending ramus modules was previously confirmed both 

in Rb and St adult mice from the same zone of Rb polymorphism (Martínez-Vargas et al. 2014). 

This result suggests that the karyotypic constitution of Rb mice might entail a modification of the 

ontogenetic patterns of morphological covariation of the mandible typical of the subspecies. 

Consequently, this would induce a delay among Rb mice in the organization of this skeletal 

element into two main modules, in comparison to St mice. Particularly, the reduction in the 

recombination rate prompted by Rb translocations might cause a decrease in gene exchange 

(Franchini et al. 2010), and prompt the fixation of certain alleles with specific pleiotropic effects 

(Franchini et al. 2016). Furthermore, this decrease in meiotic recombination might entail the 

linkage of genes underlying shape variation of the two mandible modules (Franchini et al. 2016). 

Also, the redistribution of chiasmata caused by Rb translocations may disrupt linkage groups 

including several alleles of loci with an effect on only one of the mandible modules. Eventually, 
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these scenarios would entail a relative decrease in the strength of intra-modular integration and, 

thus, in the degree of modularity during the early postnatal ontogeny of Rb mice, compared to St 

mice. Furthermore, the hypothesis of modularity was confirmed in St mice after weaning, 

regardless of the type of data used. This result suggests that the functional constraints induced on 

the mandible by the post-weaning change of diet might underlie the relatively higher within-

modules integration after weaning. Again, these constraints might have a later effect on the 

morphological covariation of the mandible in Rb mice. 

 

Robertsonian translocations and mandible growth 
 

The comprehensive evaluation of our histological and morphometric results supports the 

validation of the hypothesis that the early postnatal growth of the mandible differs between our 

St and Rb mice. However, the differences in mandible form between these mouse groups are not 

likely to be attributable solely to their dissimilarities in the spatial distribution of the two types of 

bone remodeling fields over ontogeny (see Brachetta Aporta et al. 2014, for a similar case).  

Phenotypic variation in animals from natural populations is known to result from a mix of 

genetic and environmental factors (Renaud et al. 2010). Despite the mice used in the present study 

were born from wild females trapped in different localities, their early postnatal growth took 

place under the same conditions. Therefore, environmental factors with an influence on mandible 

growth, such as diet and thus the forces exerted by masticatory muscles on the mandible 

according to food consistency, are not likely to account for the differences in the patterns of 

mandible growth here detected between Rb and St mice. Instead, these dissimilarities are more 

likely to have a genetic basis.  

Genetically-based phenotypic variation of the mouse mandible results from many genes with 

partly redundant and pleiotropic effects (Cheverud et al. 2004; Klingenberg et al. 2004). 

Compared to the original acrocentric chromosomes, metacentrics resulting from Rb 

translocations show a substantial reduction in the number of recombinational events, especially 

in the pericentromeric region, due to the redistribution of meiotic crossovers towards the 

telomeric regions (Castiglia and Capanna 2002; Dumas and Britton-Davidian 2002; Franchini et 

al. 2010; Capilla et al. 2014). As a result, Rb translocations could alter the genetic linkage, flow, 

and even the function of genes located in the chromosomes undergoing these rearrangements 

(Navarro and Barton 2003a). Although Rb translocations are considered to underlie skeletal form 

variation in adult mice (see Corti and Rohlf 2001; Sans-Fuentes et al. 2009; Muñoz-Muñoz et al. 

2011; Martínez-Vargas et al. 2014), few relations have been described between these 

spontaneous chromosomal reorganizations and bone growth in the house mouse before 

adulthood. Yet, mouse fetuses double heterozygous for the Rb translocations Rb(6.16) and 
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Rb(16.17) were found to display retarded and poorly ordered bone tissue development, 

diminished growth, decreased size, flattened snouts, and hypoplastic and smaller teeth (di Stefano 

and Provenza 1993, 1994). Therefore, this finding serves as a precedent to suggest that the 

differences here detected between the patterns of mandible growth of St and Rb mice might be 

due to alterations exerted by Rb translocations probably on genes involved in the remodeling 

process of the mandible or even in dental development. Nevertheless, different allelic 

constitutions in each group of mice due to genetic drift or natural selection might also account to 

some extent for these differences.  

The bone remodeling mechanism depends on the genetic program of osteoblasts and 

osteoclasts (Turner 1998). However, the activity of these bone cells and, therefore, bone growth 

are influenced by many genetically encoded signaling molecules such as hormones (Robling et al. 

2006). In fact, hormonal factors have been observed to mediate morphological changes in the 

craniofacial complex of the mouse and other mammals after birth (Fujita et al. 2004; Ramirez-

Yañez et al. 2005). The growth hormone (GH), which is essential for normal bone development 

and skeletal growth, has its receptors located in osteoblasts, and the dysfunction of the GH 

receptors causes decreased bone mineral content and disproportional skeletal growth (Sjögren et 

al. 2000; Ramirez-Yañez et al. 2005). The gene that codifies for the GH receptors in the mouse is 

mapped very close to the centromere of chromosome 15 (Chr15: 3,317,760-3,583,492 bp, - 

strand) (Barton et al. 1989; Sjögren et al. 2000). Interestingly, this chromosome is involved in one 

of the Rb translocations described in the Barcelona Rb system, Rb(5.15), which is found in a 

heterozygous or homozygous state in virtually all Rb mice included in the present study. Although 

we did not detect evident growth failure among Rb mice, some of our results pointed to a more 

retarded pattern of postnatal mandible growth and dental development in this group, compared 

to St mice. These observations support the possibility that the Rb translocations of our Rb mice 

might alter the expression or function of certain molecules with an effect on the activity of bone 

cells. Consequently, this would alter the temporospatial patterning and regulation of the 

remodeling process of the mandible over early postnatal ontogeny. Furthermore, sensitivity of 

murine bone to mechanical loading is suggested to have a strong genetic component, and subtle 

changes in the ability of bones to respond to mechanical loading and, therefore, slight changes in 

bone deposition rates during growth, can lead to significant differences in adult bone size and 

shape (Judex et al. 2002; Robling et al. 2003). Although all the genes involved in skeletal 

mechanosensitivity have not been identified yet, Robling et al. (2003) supported the existence of 

a genetic locus in mouse chromosome 4 that modulates bone sensitivity to mechanical strains. 

Again, chromosome 4 is involved in one of the Rb translocations present in the Barcelona Rb 

system, Rb(4.14), also found in practically all Rb mice included in our study. Even though the same 

ontogenetic pattern of muscular loading was expected to influence the mandibles of Rb and St 
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mice due to the diet pattern common to both mouse groups, the dissimilarities in mandible growth 

detected between these groups also suggest the potential existence of differences between them 

in bone mechanosensitivity.  

The present study encourages further investigation into the genetic mechanisms directing and 

regulating the remodeling process and, therefore, the postnatal growth of bones. Particularly, 

further research would be needed to elucidate which genes involved in the postnatal growth of 

the mouse mandible might be affected by specific Rb translocations. This could help to ascertain 

whether the different karyotypic and/or genetic constitutions of St and Rb mice truly account for 

the differences between these mice in the mandible growth process.  
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. . Supporting information 
 

TABLE S6.1. Specimen list with information on the individual karyotypes, indicating the set and 
structural heterozygosity of Robertsonian translocations. 

Specimen 
number 

Age 
(weeks) Sex 2n 

Rb translocationsa Mouse 
group Originb 3.8 4.14 5.15 6.10 7.17 9.11 12.13 

120511/1 2 f 29 H M M M – M M Rb CA 
120511/2 2 m 29 H M M M – M M Rb CA 
120611/1 2 f 31 H M M – – M M Rb CA 
090601/1 2 m 32 M M H – – M H Rb LG 
090605/1 2 m 32 H M H H – H M Rb LG 
090630/1 2 m 34 – H M – – M H Rb CU 
100608/1 2 m 36 – M H – – – H Rb SC 
120518/2 3 f 29 H M M M – M M Rb CA 
120518/1 3 m 29 H M M M – M M Rb CA 
090615/1 3 m 29 M M M M – H M Rb LG 
090608/1 3 m 31 H H M H – M M Rb LG 
120618/1 3 f 32 – M M – – M M Rb CA 
090708/1 3 m 33 – H M – – M M Rb CU 
100615/1 3 m 37 – H M – – – – Rb SC 
120525/1 4 f 29 H M M M – M M Rb CA 
120625/1 4 m 30 H M M H – M M Rb CA 
090615/2 4 m 32 – M H H – M M Rb LG 
090622/1 4 m 32 H M H H – H M Rb LG 
090714/1 4 f 35 – – M – – M H Rb CU 
100622/5 4 m 36 – M M – – – – Rb SC 
120601/1 5 f 29 M M M H – M M Rb CA 
131031/1 5 f 31 ? H? ? H? ? ? ? Rb LG 
090622/2 5 m 31 – M M H – M M Rb LG 
120702/1 5 m 32 – M M H – H M Rb CA 
090721/2 5 f 33 – M M H – M – Rb CU 
100629/1 5 f 37 – H H – – – H Rb SC 
120608/1 6 m 28 M M M M – M M Rb CA 
131203/1 6 f 31 ? ? ? ? ? ? ? Rb LG 
120709/1 6 m 31 – M M H – M M Rb CA 
090629/2 6 m 31 H M M – – M M Rb LG 
131108/1 6 m 31 ? H? H? H? ? ? H? Rb LG 
140210/2 6 m 32 H M M H – – M Rb LG 
140210/1 6 f ? ? ? ? ? ? ? ? Rb LG 
120615/1 7 m 28 M M M M – M M Rb CA 
131210/3 7 f 31 H? H? M ? ? M H? Rb LG 
131114/1 7 m 31 ? ? ? ? ? ? ? Rb LG 
131210/1 7 m 31 – M M H – M M Rb LG 
131210/2 7 m 31 ? ? ? ? ? ? ? Rb LG 
140218/1 7 f ? H? M ? ? ? ? M Rb LG 
140218/2 7 f 32? ? ? ? ? ? ? ? Rb LG 
131113/1 8 f 33 H? H? H? ? ? H? M Rb LG 
140225/1 8 m ? ? ? ? ? ? ? ? Rb LG 
140225/2 8 m 30? ? H? ? ? ? ? H? Rb LG 
100318/1 2 f 40 – – – – – – – St CB 
120618/2 2 f 40 – – – – – – – St CB 
120803/8 2 f 40 – – – – – – – St CB 
090603/1 2 m 40 – – – – – – – St CV 
120803/7 2 m 40 – – – – – – – St CB 
110411/2 2 m 40 – – – – – – – St SP 
120810/2 3 f 40 – – – – – – – St CB 
120810/1 3 f 40 – – – – – – – St CB 
091202/1 3 f 40 – – – – – – – St NU 
090610/2 3 m 40 – – – – – – – St CV 
100325/1 3 m 40 – – – – – – – St CB 
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TABLE S6.1. (continued). 

Specimen 
number 

Age 
(weeks) Sex 2n 

Rb translocationsa Mouse 
group Originb 3.8 4.14 5.15 6.10 7.17 9.11 12.13 

120625/2 3 m 40 – – – – – – – St CB 
090602/1 3 m 40 – – – – – – – St SP 
090617/1 4 f 40 – – – – – – – St CV 
120702/2 4 f 40 – – – – – – – St CB 
120817/2 4 f 40 – – – – – – – St CB 
120817/1 4 f 40 – – – – – – – St CB 
100401/1 4 m 40 – – – – – – – St CB 
091209/1 4 m 40 – – – – – – – St NU 
090609/1 4 m 40 – – – – – – – St SP 
120709/2 5 f 40 – – – – – – – St CB 
091216/1 5 f 40 – – – – – – – St NU 
090625/1 5 m 40 – – – – – – – St CV 
100408/1 5 m 40 – – – – – – – St CB 
120824/1 5 m 40 – – – – – – – St CB 
090612/1 5 m 40 – – – – – – – St SP 
150119/1 6 f 40 – – – – – – – St CV 
150119/3 6 f 40 – – – – – – – St CV 
150119/2 6 m 40 – – – – – – – St CV 
091223/1 6 m 40 – – – – – – – St NU 
150126/2 7 f 40 – – – – – – – St CV 
150126/3 7 f 40 – – – – – – – St CV 
150126/1 7 m 40 – – – – – – – St CV 
150109/3 8 f 40 – – – – – – – St CV 
150109/1 8 m 40 – – – – – – – St CV 
150109/2 8 m 40 – – – – – – – St CV 

a, pairs of numbers below indicate the pairs of acrocentric chromosomes involved in the Rb 
translocation and thus in the formation of the metacentric chromosome. 
b, origin refers to the collection sites of the biological mothers. 
f, female; m, male; 2n, diploid number; M, homozygous metacentric (two identic metacentrics, 
resulting from the fusion of the same non-homologous acrocentrics indicated, are identified); H, 
heterozygous metacentric (only one metacentric is identified, while the chromosomes homologous 
to the ones fused are found as acrocentrics); –, absent metacentric (the two non-homologous 
chromosomes indicated are not fused to form a metacentric, but present as acrocentrics); ?, non-
identified metacentric (the karyotyping failed, which impeded the identification of chromosomes); 
Rb, individual with Rb translocations, with a diploid number inferior to 2n=40; St, individual with the 
St karyotype of 2n=40 chromosomes, without Rb translocations; CA, Castelldefels; CB, Castellfollit 
del Boix; CU, Cubelles; CV, Castellar del Vallès; LG, La Granada; NU, Nulles; SC, Santa Coloma de 
Queralt; SP, Santa Perpètua de Mogoda. 
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COMPARATIVE POSTNATAL HISTOMORPHOGENESIS OF 

THE MANDIBLE BETWEEN WILD AND LABORATORY 

MICE 
 

. . Introduction 
 

Bone remodeling refers to changes in size and shape of vertebrate skeletal elements during 

postnatal ontogeny (Enlow and Hans 1996). This mechanism involves the coordinated activity of 

two types of bone cells: osteoblasts and osteoclasts (Enlow 1963; Bloom and Fawcett 1994; Baron 

and Kneissel 2013). Osteoblasts secrete and mineralize the organic bone matrix, mainly composed 

of collagen fibers, and finally get trapped inside cavities within this matrix called osteocytic 

lacunae, where they differentiate into osteocytes (Robling and Turner 2009). Osteoclasts 

demineralize and reabsorb the organic bone matrix, leaving concavities in the resorption front of 

bones named Howship’s lacunae (Gilbert 2000). The acquisition of the final bone shape and size 

is determined by the genetic program of bone cells, either inherited (phylogenetic signal) or 

species-specific (autapomorphies); however, it is also influenced by epigenetic factors: 

mechanical loads exerted by muscles, as well as metabolic and hormonal factors (Atchley and Hall 

1991; Enlow and Hans 1996; Cubo et al. 2005; Robling et al. 2006; Baron and Kneissel 2013; Burr 

and Allen 2013).  

Bone growth by deposition of periosteal tissue slows down over postnatal ontogeny (Amprino 

1947). This is concomitant with a gradual transformation of the histological bone microstructure: 

fast bone deposition results in woven bone tissue, while parallel-fibered bone tissue and 

especially lamellar bone tissue result from slower bone deposition (Amprino 1947; de Ricqlès 

1975; de Buffrénil and Pascal 1984; Castanet et al. 2000; Currey 2002; de Margerie et al. 2002). In 

addition to the analysis of bone microstructure, the labeling of bones with fluorochrome markers 

has long been applied to the histological study of the dynamics of bone growth in vertebrates 

(Harris 1960; Frost 1969; Rahn and Perren 1971; Meunier 1972, 1974; Pautke et al. 2005; van 

Gaalen et al. 2010). Shortly after their supply in vivo, these vital fluorescent dyes are naturally 

fixed to the active mineralization front of the growing bone tissue. As a result, fluorescent labels 

appear as lines in histological cross-sections under ultraviolet light, and these lines actually 

correspond to the outline of the bone tissue mineralizing front at the time of the fluorochrome 

fixation (Pautke et al. 2005; van Gaalen et al. 2010). This methodology allows to calculate 

periosteal bone deposition rate, and can inform about the lack of net bone growth resulting from 

bone resting or osteoclastic bone resorption (van Gaalen et al. 2010). The examination of bone 

microstructure, but also of the directions and rates of periosteal bone deposition from histological 
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cross-sections, has enabled the study of the postnatal histomorphogenesis and growth of several 

skeletal elements in different vertebrate species, like the long bones in humans and the mandible 

in mice (Bang and Enlow 1967; de Buffrénil and Pascal 1984; de Margerie et al. 2002; Martinez-

Maza et al. 2012; Gosman et al. 2013; Cambra-Moo et al. 2015).  

The mandible of the house mouse (Mus musculus) is a bony structure that originates from the 

assemblage of several neural-crest-derived morphogenetic units, and represents a key model 

system for research on the development, morphology, function, and evolution of complex 

morphological structures (Atchley and Hall 1991; Hall 2003a; Klingenberg et al. 2004; Renaud et 

al. 2010; Muñoz-Muñoz et al. 2011; Klingenberg and Navarro 2012). The early postnatal 

histomorphogenesis of the mouse mandible was recently characterized in the classical inbred 

mouse strain C57BL/6J (Martinez-Maza et al. 2012). The inbred laboratory mouse strains are 

indisputably very valuable and widely-used models in biological research; not only because mice 

have a shorter genetic distance with respect to humans than other model organisms, but also 

because these strains provide a wide range of different genotypes and phenotypes (Beck et al. 

2000; Wade et al. 2002; Wade and Daly 2005). However, the genomes of most classical inbred 

mouse strains, including C57BL/6J, consist of a mixture of segments from three house mouse 

subspecies found in nature and thus do not represent any of these subspecies, although Mus 

musculus domesticus is pointed out as having had a major role in the origin of these genetic 

mosaics (Bishop et al. 1985; Bonhomme et al. 1987; Boursot et al. 1993; Silver 1995; Beck 2000; 

Wade et al. 2002; Wade and Daly 2005; Frazer et al. 2007; Yang et al. 2007, 2011; Didion and 

Pardo-Manuel de Villena 2013).  

To date, it has not been assessed whether and, if so, how the postnatal histomorphogenesis of 

the mandible differs between the C57BL/6J strain and Mus musculus domesticus. The aim of the 

present study is to explore to what extent this biological process resembles between these two 

genetically different but closely related groups of mice. To this end, we first examine the 

histological characterization and growth dynamics of the mandible in an ontogenetic series from 

the 2nd to the 8th week of postnatal life of wild-derived specimens of Mus musculus domesticus. 

Then, we compare our results with those obtained by Martinez-Maza et al. (2012) from the 

C57BL/6J mouse strain, since the two samples were reared under the same conditions. 

 

. . Materials and methods 
 

Sample 
 

Ten pregnant wild females of the western European house mouse (Mus musculus domesticus 

Schwarz and Schwarz 1943) were live-captured with Sherman traps between 2009 and 2014 in 

Castellar del Vallès, Castellfollit del Boix, Nulles, and Santa Perpètua de Mogoda (northeastern 
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Iberian Peninsula). In these localities, only populations of Mus musculus domesticus with the St 

karyotype (2n=40) have been recorded (Medarde et al. 2012). Each pregnant female was 

separately housed in a standard cage with environmental enrichment, and placed in an animal 

room with controlled conditions at Universitat Autònoma de Barcelona (Barcelona, Spain). Litters 

were born after a few days, and the day of birth of each one was noted. Animals were daily 

supervised, and supplied with water as well as food ad libitum.  

To ensure their survival right after birth, the newborns were housed together with their 

biological mothers and were not manipulated during their first week of postnatal life. The sample 

used in this study consisted of 36 mouse pups that survived this critical period, and remained 

alive until euthanasia (Supporting information Table S7.1). It is worth noting the value of this 

sample, since several critical points conditioned its obtainment. First, the live-trapping of 

evidently pregnant wild females; then, their accommodation to the laboratory conditions despite 

their high susceptibility to stress; finally, the birth and survival of their pups during the whole 

process. After all, a sample size equivalent to that used by Martinez-Maza et al. (2012) was 

obtained. 

In order to equalize the growth conditions between our mice and those analyzed by Martinez-

Maza et al. (2012), each litter of wild mice was housed together with a foster mother of the 

C57BL/6J strain and her own pups from the 7th postnatal day. In each case, own and adoptive 

offspring of each wet-nurse female were about the same age. When the final litter sizes exceeded 

the average in normal conditions (6-8 pups), some of the biological pups were removed. The 

biological litters were not included in this study. In addition to being a standardizing measure, 

this fostering strategy was followed due to the better suitability of female mice from laboratory 

strains to breed in captivity; wild animals are more sensitive to stress in captive conditions and, 

therefore, stress affects more severely their breeding performance (Wallace 1976). Water and the 

same diet supplied by Martinez-Maza et al. (2012) to their sample, consisting of standard rodent 

pellets, were supplied ad libitum in all cages. Thus, the two mouse groups under comparison were 

fed the same diet before and after weaning, a developmental milestone that in the house mouse 

typically occurs around the 21st postnatal day. 

Mouse pups were allowed to grow until they were two to eight weeks old. Sample sizes were 

balanced among weeks approximately as in Martinez-Maza et al. (2012): 2 weeks, n=6; 3 weeks, 

n=7; 4 weeks, n=7; 5 weeks, n=6; 6 weeks, n=4; 7 weeks, n=3; 8 weeks, n=3. Specimens were 

euthanized by cervical dislocation. Due to the existence of populations of Mus musculus domesticus 

with Rb translocations in northeastern Iberian Peninsula (Medarde et al. 2012), all mice were 

karyotyped in order to avoid the potential inclusion of animals with this chromosomal 

rearrangement in our study. Karyotypes were obtained from marrow cells of the femurs and dyed 

with Wright stain (Ford 1966; Mandahl 1992). Chromosomes were identified under a light 
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microscope (Nikon Eclipse 50i) according to the Committee on Standardized Genetic 

Nomenclature for Mice (1972). As expected, all specimens had the St karyotype, and will be named 

“wild mice” hereafter. We will refer to the specimens of the C57BL/6J strain analyzed by Martinez-

Maza et al. (2012) as “lab mice”. 

 

Histological analyses of bone microstructure and growth dynamics 
 

The characterization of the postnatal histomorphogenesis of the mandible in wild mice was 

approached through the analysis of its internal microstructure and growth dynamics (i.e., 

directions and rates of bone growth) from histological cross-sections, in accordance with 

Martinez-Maza et al. (2012). In order to examine and quantify the dynamics of bone growth, 

intraperitoneal injections of the fluorochrome Xylenol Orange (80 mg kg-1 of body weight, pH=7) 

were supplied in vivo to all specimens. As indicated by Rahn and Perren (1971), this fluorescent 

dye reacts in the same way the fluorochrome dicarboxymethyl aminomethyl fluorescein (DCAF), 

used by Martinez-Maza et al. (2012), does. Therefore, both dyes can be used indistinctly without 

having any consequence on the results; the only difference is that Xylenol Orange labels the bone 

in orange instead of green. Because of the relatively high mortality rate among mice of the 

C57BL/6J strain when a fluorescent dye was supplied right after birth (own data), all mice in the 

present study received the first injection of Xylenol Orange at the end of the 1st PW (i.e., 7th 

postnatal day). Injections were then weekly supplied to each specimen, and ceased exactly one 

week before euthanasia (e.g., the 4-week-old specimens received three injections, specifically at 

the end of the 1st, 2nd, and 3rd PW, and were sacrificed one week after the last injection).  

Mandibles were dissected; the left and right dentary bones were then separated at the 

mandibular symphysis and carefully cleaned by hand. The 36 right dentary bones were 

dehydrated in graded ethanol, defatted in trichloroethylene and acetone, dried at 38–40°C in a 

stove, and embedded in a polyester resin. Using a diamond-tipped circular saw, histological cross-

sections of 100µm (± 10µm) thickness were obtained from four mandible regions, following 

Martinez-Maza et al. (2012): diastema, first molar, second molar, and ascending ramus at the level 

of the condylar and angular processes (Figure 7.1). After being ground and polished, each thin 

section was mounted on a slide. All the histological cross-sections were observed with an inverted 

fluorescent microscope (Zeiss Axiovert 35), and were photographed under natural light as well as 

ultraviolet light with a digital camera coupled to the microscope.  

The pictures taken under natural light were examined to identify and map the spatial 

distribution of woven and parallel-fibered bone tissue in the different subregions of periosteal 

bone defined in each mandible cross-section (Figure 7.1). Woven bone tissue is characterized by 

collagen fibers with a low ordered spatial arrangement, and rounded osteocytic lacunae randomly 
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distributed (Figure 7.2). Parallel-fibered bone tissue shows a parallel arrangement of collagen 

fibers, and flattened osteocytic lacunae in an ordered disposition (Figure 7.2). The distribution of 

these two types of bone tissue that was observed in more than half of the specimens of the same 

age was noted, which allowed us to establish a general histological pattern for each mandible 

region in each PW. 

 

FIGURE 7.1. Localization seen from the lingual side (left) and appearance under natural light (right) of 
the histological cross-sections of the Mus musculus domesticus mandible: (A) diastema region; (B) 
first molar region; (C) second molar region; (D) ascending ramus region at the level of the condylar 
and angular processes. Upper scale bar: 5mm; lower scale bar: 1mm. 

 

 

FIGURE 7.2. Bone tissue types identified in the histological cross-sections of the mandible of Mus 
musculus domesticus: (A) woven bone tissue; (B) parallel-fibered bone tissue. Scale bars: 100μm. 

 

The pictures taken under ultraviolet light were examined to determine the directions and rates 

of periosteal growth of the four mandible regions along ontogeny, through the Xylenol Orange 

labeling. The presence in the periosteum of the fluorescent label corresponding to the last 

injection of fluorochrome, together with new non-labeled bone tissue added in its periphery, was 

associated with bone deposition during the last week of life (Figure 7.3). The absence of the 

fluorescent label corresponding to the last injection could be associated either with bone 

resorption resulting from osteoclastic activity in the periosteal or endosteal bone surface (Figure 

7.3; Enlow and Hans 1996), or with resting bone (i.e., cessation of growth), during the last week 

of life. Because the local loss of fluorescent label from the endosteal bone surface was linked to 
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periosteal bone deposition in the immediate surrounding areas, it was considered to result from 

osteoclastic activity instead of a resting bone surface. In order to identify the phenomenon 

responsible for the absence of fluorescent label from the periosteal bone surfaces, a histological 

analysis of the mandibles surfaces was conducted, bearing in mind that Howship’s lacunae are a 

direct evidence of osteoclastic activity (Martinez-Maza et al. 2010). Following this method, we also 

complemented the information regarding the processes underlying the absence of fluorescent 

labeling in lab mice (see Martinez-Maza et al. 2012) by using another ontogenetic series of the 

C57BL/6J strain. Several subregions, according to sets of observation points, were established in 

the four mandible regions to simplify the examinations of the labeling (Figures 7.4–7.7). The 

patterns of presence and absence of fluorochrome detected in more than half of the specimens of 

the same age were noted, so that a general labeling pattern was established for each mandible 

region in each PW.  

 

 

 

 

When periosteal bone deposition occurred during the last week of life, periosteal growth rates 

were calculated. To this end, the distance between the most peripheral fluorescent label in the 

histological cross-sections, corresponding to the last injection of fluorochrome, and the periosteal 

bone surface was measured with the image processing package Fiji, a distribution of ImageJ 

(Schindelin et al. 2012). Measurements were taken at different points, which covered the whole 

outline of the histological cross-sections, following Martinez-Maza et al. (2012) (Figures 7.4–7.7). 

An effort was made to assess and reduce measurement error, because it affects linear 

measurements and could lead to biased growth rates (Bailey and Byrnes 1990). Following 

Rasmussen et al. (2001), inter-observer error was minimized by standardizing the measurements, 

and training the person who obtained them from the sample of wild mice (JMV) under the strict 

supervision of the person who performed them in the sample of lab mice (CMM). In order to 

evaluate intra-observer error, three replicates of all measurements were performed by the same 

person (JMV) in a subsample of ten individuals. A model II one-way ANOVA, with measurements 

as the dependent variables and ‘individual’ as the factor, was performed to test if variation among 

FIGURE 7.3. Patterns of fluorescent labeling 
resulting from bone deposition and 
resorption activities. The presence of 
fluorescent label in the periosteal region 
and accretion of bone tissue in its periphery 
evidences periosteal bone deposition. The 
absence of fluorescent label due to bone 
resorption can occur from the endosteal 
(left) and periosteal (right) bone surfaces. 
Scale bar: 1mm. 
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individuals was higher than among replicates (Arnqvist and Martensson 1998). Statistical 

signification was corrected with the sequential Bonferroni correction (Holm 1979; Rice 1989). 

Because variation among individuals significantly exceeded variation among replicates (P < 0.01 

in all measurements), intra-observer measurement error was considered negligible and 

measurements were obtained once from all individuals by the same person (JMV). Daily rates of 

periosteal bone growth (µm day-1) corresponding to the last week of life were obtained dividing 

the distances by 7 (i.e., the number of days elapsed between the last fluorochrome injection and 

euthanasia). Adjacent measurement points showing similar growth rates along ontogeny were 

grouped, which led to the delimitation of different subregions in each mandible region as in 

Martinez-Maza et al. (2012) (Figures 7.4–7.7). The mean periosteal growth rate of each mandible 

subregion was calculated for each specimen, by averaging the growth rates corresponding to the 

measurement points comprised, even if bone deposition was not the only or main activity 

detected. The mean growth rates of each subregion were then further averaged among the 

specimens of the same age, and the standard deviations for the mean values were obtained. 

Mean bone growth rates of all mandible subregions were compared between wild and lab mice 

of the same age. The values corresponding to the sample of lab mice studied by Martinez Maza et 

al. (2012) were recalculated from raw data available. Given that the Shapiro-Wilk W test revealed 

that data generally deviated significantly from a normal distribution (P < 0.05), the non-

parametric Mann-Whitney U test was used for the comparisons. Statistical signification was 

subjected to sequential Bonferroni correction (Holm 1979; Rice 1989). 

 

. . Results 
 

Mandible microstructure 
 

Wild mice exhibited woven bone tissue alone in the dorsal and ventral parts of the diastema, 

in the lingual side of the two molar regions, as well as in the labial side of the condylar process, 

during the whole study period. This histological pattern was also found in the labial and ventral 

sides of the two molar regions, as well as in the lingual side of the condylar process, between the 

2nd and 5th PW, and in the ventral ascending ramus from the 2nd to the 4th PW (Table 7.1). Parallel-

fibered and woven bone tissues were found together from the 2nd PW in the lingual side of the 

diastema, and from the 5th PW onwards in the labial side of the diastema and the ventral ascending 

ramus. From the 6th PW, both tissue types were also detected in the labial and ventral sides of the 

first molar region, as well as in the lingual side of the condylar process (Table 7.1). The histological 

results corresponding to lab mice can be found in Table 1 within Martinez-Maza et al. (2012). The 

differences detected between the two mouse groups under comparison are summarized in the 

following subsections. 
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Diastema region 

Although the two groups generally showed both types of bone tissue in the labial side over 

ontogeny, the presence of woven or parallel-fibered bone alone had a different timing in each 

group. In the lingual side, wild mice exhibited woven bone in its dorsal half and parallel-fibered 

bone in its ventral half most of the time, while lab mice displayed parallel-fibered bone alone 

especially from the 6th PW onwards. 

 

First molar region 

Wild mice exhibited a central area of parallel-fibered bone surrounded by woven bone, in the 

labial and ventral sides, from the 6th PW onwards. From the 3rd PW, lab mice displayed parallel-

fibered and woven bone respectively in the dorsal and ventral halves of the labial side, and only 

parallel-fibered bone in the lingual side. Woven bone was found in the ventral area of lab mice 

most of the time.  

 

Second molar region 

In wild mice from the 7th and 8th PW, the labial side displayed a central area of parallel-fibered 

bone surrounded by woven bone. In lab mice, the labial side exhibited parallel-fibered and woven 

bone respectively in the dorsal and ventral halves from the 4th PW. Only lab mice exhibited 

parallel-fibered bone in the lingual side from the 4th PW. 

 
Ascending ramus region 

Wild mice from the 5th PW onwards showed woven bone surrounding a central area of parallel-

fibered bone in the ventral ascending ramus, while lab mice started displaying both types of bone 

tissue in this region from the 6th PW. The condylar tip began to exhibit the two types of bone tissue 

in the 6th PW in wild mice, but in the 8th PW in lab mice. 

 

Mandible growth dynamics 
 

Endosteal bone resorption in wild mice was detected during the initial weeks in the diastema 

and the two molar regions. Instead, periosteal bone resorption was more evident towards the end 

of the study period, particularly in the molars alveoli and the ventral half of the ascending ramus 

(Table 7.2; Figures 7.4–7.7 for the visualization of the mandible subregions). The mean rates of 

periosteal bone growth in all mandible regions of wild mice were relatively higher at the 

beginning of the study period than towards its end (Figures 7.4–7.7; Table 7.3). The original 

results corresponding to lab mice can be found in Figures 4–5 and within the text in Martinez-

Maza et al. (2012), but are also represented here in the same format as those of wild mice (Figures 
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7.4–7.7; Tables 7.3 and 7.4). A summarized comparison between the two groups is provided in 

the subsections below. 

 

Diastema region 

Endosteal bone resorption in wild mice was observed in the ventral half of the labial side and 

the ventral area (points 6-8 and 9-11) from the 2nd to the 4th PW, but just until the 3rd PW in the 

ventro-lingual area (points 9-14) of lab mice (Tables 7.2 and 7.4). Absence of fluorescent labeling 

was detected in the dorsal area (points 1-3) and dorsal half of the lingual side (points 15-18) of 

wild mice between the 6th and 8th PW, but only in the latter region in lab mice from the 4th PW 

onwards (Tables 7.2 and 7.4). Resting bone surface seemed to be responsible for this pattern, as 

no Howship’s lacunae were detected. 

Diastema growth accelerated more evidently in wild mice in the 3rd PW, while it suddenly 

slowed down in the 4th PW and gradually decelerated afterwards in both groups. The ventro-labial 

area (points 6-11) grew at a comparatively greater speed in both groups, particularly during the 

initial weeks (Figure 7.4; Table 7.3). Wild mice exhibited significantly (P < 0.05) higher mean 

growth rates in the lingual side (points 12-18) during most of the study period, and in the ventro-

labial area in the 8th PW (Figure 7.4; Table 7.3). 

 

First molar region 

Endosteal bone resorption was detected in the whole ventral half (points 6-14) of wild mice 

just during the 2nd PW, but in the ventro-lingual area (points 9-14) of lab mice until the 3rd PW 

(Tables 7.2 and 7.4). Periosteal bone resorption was identified in the dorsal half of the lingual side 

(points 15-17) from the 5th and 6th PW onwards in wild and lab mice, respectively. Absence of 

fluorescent labeling in this region was also observed in wild mice between the 2nd and 4th PW, 

likely due to resting bone, as well as in lab mice from the 3rd to the 5th PW, although in this case 

the cause could not be ascertained (Tables 7.2 and 7.4).  

Growth of the first molar region slowed down gradually over ontogeny in both groups, although 

some subregions sometimes showed slight growth accelerations, like the ventral and lingual sides 

(points 9-11 and 12-17) of wild mice in the 3rd PW. Bone growth rates of the ventro-labial area 

(points 6-8 and 9-11) were comparatively higher over ontogeny in both groups (Figure 7.5; Table 

7.3). The mean growth rates of the lingual side (points 12-17) were usually significantly greater 

among wild mice (P < 0.05; Figure 7.5; Table 7.3). 
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TABLE 7.2. Pattern of presence and absence of Xylenol Orange labeling most frequently observed in 
each mandible region, subregion, and postnatal week among wild mice. 

Mandible 
region 

Mandible 
subregion 

Postnatal week 
2nd 3rd 4th 5th 6th 7th 8th 

Diastema 

1-3           
4-5        
6-8           
9-11           
12-14         
15-18           

         

First molar  

1-3         
4-5        
6-8         
9-11         
12-14         
15-17               

         

Second 
molar  

1-3               
4-5         
6-7        
8-10         
11-12        
13-14             

         

Ascending 
ramus 

1-3             
4-5        
6-9          
10-11        
12-16           
17-20            

White, presence of fluorescent labeling, indicating bone deposition; black, absence of fluorescent 
labeling, likely due to periosteal bone resorption; gray, absence of fluorescent labeling, likely due 
to endosteal bone resorption; blue, absence of fluorescent labeling, likely due to resting bone; 
orange, absence of fluorescent labeling, unknown cause. Mandible subregions are set based on 
the localization of the points used to calculate the bone growth rates (see Figs. 7.4–7.7). 
 
 

 

 
 
 
 
 
 
 
 
FIGURE 7.4. Histological cross-section of the diastema region under ultraviolet light with the 
measurement points (left), and periosteal bone growth rates (mean ± standard deviation, in μm 
day-1) of its different subregions in each postnatal week (right): (A) dorsal region and dorsal half of 
the labial side (points 1-5); (B) ventral half of the labial side and ventral region (points 6-11); (C) 
lingual side (points 12-18). BGR, bone growth rate. Scale bar: 1mm. Numerical values are displayed 
in Table 7.3. 
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TABLE 7.4. Pattern of presence and absence of Xylenol Orange labeling most frequently observed in 
each mandible region, subregion, and postnatal week among laboratory mice. 

Mandible 
region 

Mandible 
subregion 

Postnatal week 
2nd 3rd 4th 5th 6th 7th 8th 

Diastema 

1-3        
4-5        
6-8        
9-11          
12-14               
15-18             

         

First molar  

1-3        
4-5        
6-8        
9-11          
12-14          
15-17              

         

Second 
molar  

1-3        
4-5        
6-7        
8-10          
11-12          
13-14             

         

Ascending 
ramus 

1-3             
4-5        
6-9        
10-11        
12-16             
17-20        

White, presence of fluorescent labeling, indicating bone deposition; black, absence of fluorescent 
labeling, likely due to periosteal bone resorption; gray, absence of fluorescent labeling, likely due 
to endosteal bone resorption; blue, absence of fluorescent labeling, likely due to resting bone; 
orange, absence of fluorescent labeling, unknown cause. Mandible subregions are set based on 
the localization of the points used to calculate the bone growth rates (see Figs. 7.4–7.7). 
 

FIGURE 7.5. Histological cross-section of 
the first molar region under ultraviolet 
light with the measurement points 
(left), and periosteal bone growth rates 
(mean ± standard deviation, in μm 
day-1) of its different subregions in each 
postnatal week (right): (A) dorsal half 
of the labial side (points 1-5); (B) ventral 
half of the labial side (points 6-8); (C) 
ventral region (points 9-11); (D) lingual 
side (points 12-17). BGR, bone growth 
rate. Scale bar: 1mm. Numerical values 
are displayed in Table 7.3. 



Chapter  

172 
 

Second molar region 

Endosteal bone resorption in wild mice was detected above the mandibular crest of the labial 

side (points 4-5) and in the ventral area (points 8-10) just during the 2nd PW, while in lab mice it 

was observed in the ventro-lingual area (points 8-12) until the 3rd PW (Tables 7.2 and 7.4). 

Periosteal bone resorption was observed in the dorsal half of the lingual side (points 13-14) in 

wild and lab mice, from the 5th and 6th PW onwards respectively. This remodeling activity was also 

identified in the dorsal half of the labial side (points 1-3) of wild mice during the whole study 

period (Tables 7.2 and 7.4).  

An increase in the growth rate of the whole second molar region in wild mice, but of its ventral 

area (points 6-10) in lab mice, was detected in the 3rd PW. Growth deceleration in the 4th PW was 

steeper in wild mice, and a gradual growth slowdown was observed in both groups thereafter. 

The ventral area grew comparatively faster over ontogeny in both groups (Figure 7.6; Table 7.3). 

The mean growth rates of the labial and lingual sides (points 1-5 and 11-14) were often 

significantly higher in wild mice (P < 0.05). The ventral area grew significantly faster in lab mice 

in the 5th PW, but in wild mice in the 7th PW (P < 0.05; Figure 7.6; Table 7.3). 

 

 

FIGURE 7.6. Histological cross-section of the second molar region under ultraviolet light with the 
measurement points (left), and periosteal bone growth rates (mean ± standard deviation, in μm 
day-1) of its different subregions in each postnatal week (right): (A) labial side (points 1-5); (B) ventral 
region (points 6-10); (C) lingual side (points 11-14). BGR, bone growth rate. Scale bar: 1mm. 
Numerical values are displayed in Table 7.3. 

 

Ascending ramus region 

Absence of fluorescent label from the periosteal bone surface, of unknown cause, was detected 

in the labial side of the condylar tip (points 1-3) in both groups from the 4th PW onwards, and in 

its lingual side (points 17-20) only in wild mice from the 5th PW (Tables 7.2 and 7.4). The lingual 

side of the ventral half of the ramus (points 12-16) displayed periosteal bone resorption from the 

6th PW onwards in wild mice, but from the 4th PW in lab mice. In the 6th and 8th PW, only wild mice 

exhibited periosteal bone resorption in the labial side of the ventral half of the ramus (points 6-9) 

(Tables 7.2 and 7.4).  

The analysis of the bone growth rates was constrained by the limited fluorescent labeling. Bone 

deposition rates generally increased in the 3rd PW, and a sudden growth slowdown in the 4th PW 
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was followed by a gradual growth deceleration, in both mouse groups (Figure 7.7; Table 7.3). 

Apart from the lingual side of the condylar tip (points 17-20), all subregions grew significantly 

faster (P < 0.05) among wild mice in several weeks (Figure 7.7; Table 7.3).  

 

 

FIGURE 7.7. Histological cross-section of the ascending ramus region at the level of the condylar and 
angular processes under ultraviolet light with the measurement points (left), and periosteal bone 
growth rates (mean ± standard deviation, in μm day-1) of its different subregions in each postnatal 
week (right): (A) labial side of the condylar process (points 1-3); (B) labial side of the ventral part 
(points 4-9); (C) ventral region of the angular process (points 10-11); (D) lingual side of the ventral 
part (points 12-16); (E) lingual side of the condylar process (points 17-20). BGR, bone growth rate. 
Scale bar: 1mm. Numerical values are displayed in Table 7.3. 
 

. . Discussion 
 

Bone remodeling and dynamics of mandible growth 
 

The patterns of fluorescent labeling revealed that the wild and lab mice under comparison 

exhibited endosteal bone resorption, together with relatively fast periosteal bone deposition, in 

the ventral half of the diastema and of both molar regions at the beginning of the study period. 

The combination of these two remodeling activities indicated a prominent downward growth of 

the anterior mandible region in both groups. Different gene regulatory networks have been 

suggested to underlie mandibular growth and dental development. Nonetheless, these two 

processes must be synchronized in order to guarantee the functional viability of the mandible and 

teeth (Fraser et al. 2009; Paradis et al. 2013). The eruption of the effective adult mouse dentition 

(i.e., incisors and the first two pairs of molars) is complete around the 21st postnatal day 

(Swiderski and Zelditch 2013). Furthermore, tooth roots are generated later than crowns, and 

roots formation chronologically coincides with dental eruption (Jheon et al. 2013). Therefore, the 

increase in height, by ventral bone drift, of the diastema as well as the first and second molar 

regions would be expected to last until the end of the 3rd PW in the house mouse. Indeed, the lab 
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mice analyzed by Martinez-Maza et al. (2012) displayed ventral cortical drift in the anterior region 

of the mandible up to the end of the 3rd PW. Thus, in that case the abovementioned temporospatial 

synchronization between dental development and mandible remodeling is supported, as also 

observed in other works with inbred mouse strains (Lungová et al. 2011; Swiderski and Zelditch 

2013). Instead, the wild mice analyzed in the present study did not show evident ventral drift of 

the molar region beyond the 2nd PW, although their diastema underwent notable ventral growth 

until the 4th PW. These between-group differences in the timing of remodeling of the distal part of 

the mandible suggest between-group differences in the timing of teeth development. Particularly, 

our results indicate that molars development might be more accelerated in wild mice, compared 

to lab mice. When analyzing qualitatively the pattern of dental eruption in the sample of wild mice 

used in the present study and in a different ontogenetic series of the C57BL/6J strain from the 2nd 

to the 8th PW, eruption of the molars and incisors appeared to be slightly faster among wild mice. 

In particular, a relatively greater portion of the molars and incisors crowns had emerged through 

the alveolar bone in wild mice both in the 2nd and 3rd PW. Nevertheless, tooth eruption appeared 

to be complete in both mouse groups by the 4th PW (own data). Therefore, these patterns of dental 

development seem to be congruent with the remodeling patterns of the molar region detected and 

compared in this study. However, the different timing of eruption of the incisors does not seem to 

explain the between-group differences in the remodeling of the diastema region. In that case, and 

bearing in mind that mouse incisors show horizontal position and continuous growth throughout 

life, it might be that the incisors were relatively thicker in wild mice. If so, the ventral cortical drift 

of the diastema should indeed last longer in wild mice for the mandible to host the incisors roots. 

However, some other reasons may also explain the differences in the remodeling pattern of the 

diastema observed between the two groups, which would require further investigation. 

Deposition and resorption activities in bone surface respectively face and oppose the direction 

of bone growth (Enlow and Hans 1996). Also, even slight changes in bone deposition rates can 

result in notable differences in the final size and shape of bones (Robling et al. 2003). Therefore, 

the uneven distribution of the two remodeling activities, together with the differences in the speed 

of growth, detected in the different regions of the mouse mandible over ontogeny are very likely 

to contribute to the ontogenetic morphological variation of this bony structure (Robinson and 

Sarnat 1955; Bang and Enlow 1967). The wild and lab mice under comparison differed in the 

specific timing and spatial distribution of both periosteal and endosteal bone resorption activities 

in each mandible region. Furthermore, periosteal bone deposition particularly in the labial and 

lingual surfaces of the mandible tended to be significantly faster in wild mice from the 3rd PW 

onwards, which suggests a greater widening and, thus, robustness of the dentary bone in Mus 

musculus domesticus after weaning. Therefore, these between-group dissimilarities in mandible 

remodeling, resulting in evident between-group differences in the directions and magnitude of 
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mandible growth, would likely account to some extent for between-group variation in mandible 

morphology. Accordingly, the recent detection of variation in mandible growth and form between 

Mus musculus domesticus and the C57BL/6J strain during early postnatal ontogeny, through bone 

surface and geometric morphometric analyses, indeed pointed to differences in the remodeling 

process, probably of genetic nature, as a possible causing factor (Martínez-Vargas et al. 2017). 

The presence of periosteal resorption in the molar region was restricted to the molars alveoli 

in both groups of mice. However, while the spatial pattern of this remodeling activity would result 

in the lateral displacement of molars alveoli in lab mice, it would result in the narrowing of this 

mandible region in wild mice. Given that molars eruption was complete by the time these 

resorption patterns were noticed, the displacement but especially the narrowing of the molars 

alveoli could be aimed at fitting the mandible to the lesser width of the molars roots, compared to 

the molars crowns. This notion seems to be supported by the fact that the abovementioned 

remodeling pattern was detected earlier in the molar region of wild mice, bearing in mind that, as 

stated, molars development appeared to be faster in wild mice than in lab mice. 

Periosteal bone resorption in the ascending ramus appeared to be restricted to its ventral half 

in both mouse groups, since the cause behind the absence of fluorescent labeling in the condylar 

tip could not be ascertained. Nevertheless, different growth directions of this mandible region 

could be deduced in each group. In wild mice, the condylar tip stopped growing on its labial side 

in the 4th PW, and stopped widening from the 5th PW onwards, while the ventral part of the ramus 

narrowed from the 6th PW. Instead, lab mice displayed medial growth of the condylar tip and 

lateral growth of the ventral part of the ramus since the 4th PW, which implied a vertical 

arrangement of this mandibular region (Martinez-Maza et al. 2012). Despite these between-group 

differences in the remodeling pattern of the ascending ramus, both wild and lab mice lacked 

fluorescent labeling in this mandible region from the 4th PW onwards, that is to say, after weaning. 

Given that weaning implies a shift towards a solid diet, it also means the onset of active gnawing 

and chewing. As a result, the fiber properties of the masticatory muscles change, and the 

mechanical load on the mandible, but especially on the ascending ramus, increases (Shida et al. 

2005; Suzuki et al. 2007). The deformation of the bone matrix caused by the local tissue strains is 

detected by mechanosensors, which foster bone deposition or resorption depending on whether 

the muscular loading respectively exceeds or not a certain threshold (Robling et al. 2006; Robling 

and Turner 2009; Enomoto et al. 2010; Baron and Kneissel 2013; Burr and Allen 2013). 

Accordingly, the notable change in the remodeling pattern of the ascending ramus in both mouse 

groups after the 4th PW could be the reflection of the response of this mandible region to the new 

post-weaning mechanical loads. Although muscular loading might be expected to increase after 

weaning, the presence of bone resorption activity may be reflecting the fact that probably not all 
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masticatory muscles promote post-weaning bone deposition in this mandible region (Herring 

2011).  

 

Relationship between bone growth and bone microstructure 
 

The comprehensive interpretation of both the examinations of bone tissue types and the 

quantifications of periosteal bone growth in the mandible of Mus musculus domesticus indicates 

that our results support Amprino’s rule (1947), as happened with the lab mice analyzed by 

Martinez-Maza et al. (2012). The temporal succession from woven to parallel-fibered bone tissue 

was observed, since the proportion of woven bone tissue was greater during the first few weeks 

and parallel-fibered bone tissue was more extensive by the end of the study period. Furthermore, 

the relationship between bone growth rate and bone tissue type established in Amprino’s rule 

(1947) was detected, since the highest growth rates were observed during the initial weeks of 

postnatal growth. Likewise, growth rates over ontogeny were relatively higher in the mandible 

areas that retained woven bone tissue. The observation of the ranges of growth rates associated 

with each histological pattern revealed that the upper threshold was higher when only woven 

bone tissue was deposited, compared to when parallel-fibered bone tissue was also present. 

However, the lower threshold happened to be quite the same regardless of the histological 

characterization. Therefore, the ranges of growth rates ascribed to each histological pattern were 

wide and overlapped between them, in agreement with previous observations (Castanet et al. 

2000; de Margerie et al. 2002, 2004; Starck and Chinsamy 2002). Consequently, the present work 

supports that histological characterization of bones might not always be an unequivocal predictor 

of bone deposition rates, and that therefore Amprino’s rule should be carefully considered, as also 

suggested by prior studies (Castanet et al. 2000; de Margerie et al. 2002, 2004; Starck and 

Chinsamy 2002). Nevertheless, the fact that Mus musculus domesticus and the C57BL/6J mouse 

strain showed similar ranges of growth rates associated with each histological pattern suggests 

that the relationship between bone microstructure and the speed of bone deposition is quite 

conserved between these two mouse groups.  

 

Temporospatial pattern of histological maturation 
 

The fact that the histological transformation from woven to parallel-fibered bone tissue over 

ontogeny is correlated with a certain slowdown in bone growth makes this histological change to 

be regarded as a reflection of bone maturation (de Ricqlès 1975; Currey 2002). The shift from 

woven to parallel-fibered bone in the C57BL/6J mouse strain took place first in the diastema and 

the two molar regions, and later in the ascending ramus region. This temporospatial difference in 

the histological characterization of the mandible suggested a distinct developmental pattern 
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between its anterior and posterior regions (Martinez-Maza et al. 2012). As a result, this finding 

was interpreted as supporting the modular organization of the mouse mandible into the alveolar 

region (bearing the teeth) and the ascending ramus (serving as the main attachment region for 

masticatory muscles) from a histological point of view (Martinez-Maza et al. 2012), in accordance 

with previous studies with developmental or covariational focuses (Atchley and Hall 1991; 

Klingenberg et al. 2003; Muñoz-Muñoz et al. 2011; Burgio et al. 2012). Unlike in the lab mouse 

strain, in Mus musculus domesticus, the histological patterns of bone maturation of the diastema 

and the two molar regions were found to be asynchronic, whereas synchrony was detected 

between both molar regions and the ascending ramus region. Therefore, under the same rationale 

of results interpretation for the C57BL/6J strain, the timing of histological maturation of the 

different regions of the mandible in Mus musculus domesticus during early postnatal ontogeny 

would not support the abovementioned modular organization at the histological level. However, 

in both mouse groups the sampling of mandibular sections was relatively limited. Particularly, the 

histological sampling of the ascending ramus region was sparse compared to that of the distal part 

of the mandible. Therefore, this fact precludes an accurate assessment of synchrony in the 

patterns of histological maturation among the different subregions of the ascending ramus region, 

and across the entire mandible. Consequently, this limitation restricts the distinction among 

different hypotheses of modularity, and therefore cautions against making strong statements 

about the existence or inexistence of any kind of histological modularity in the mouse mandible. 

The assessment of which hypothesis of modularity, if any, might be validated in each mouse group 

at the histological level would likely require a more thorough sampling of mandibular sections in 

future studies. Nevertheless, the results of the present work reveal that, following the protocol 

established by Martinez-Maza et al. (2012), the temporospatial pattern of histological maturation 

of the mandible actually differs between the C57BL/6J strain and Mus musculus domesticus. 

Despite this discrepancy, the temporal pattern of change from immature (woven) to more mature 

(parallel-fibered) bone tissue seemed to follow an anteroposterior gradient in both mouse groups, 

which suggests that the polarity of mandible maturation might be also conserved between Mus 

musculus domesticus and the C57BL/6J strain. Again, though, a more exhaustive sampling of 

mandible sections would be needed in order to validate this notion. 
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. . Supporting information 
 

TABLE S7.1. Specimen number, age, sex, diploid number, and origin of the biological mothers, of the 
sample of wild mice. 

Specimen number Age (weeks) Sex 2n Origin 
090603/1 2 m 40 CV 
100318/1 2 f 40 CB 
120618/2 2 f 40 CB 
120803/8 2 f 40 CB 
120803/7 2 m 40 CB 
110411/2 2 m 40 SP 
090610/2 3 m 40 CV 
120810/2 3 f 40 CB 
120810/1 3 f 40 CB 
100325/1 3 m 40 CB 
120625/2 3 m 40 CB 
091202/1 3 f 40 NU 
090602/1 3 m 40 SP 
090617/1 4 f 40 CV 
120702/2 4 f 40 CB 
120817/2 4 f 40 CB 
120817/1 4 f 40 CB 
100401/1 4 m 40 CB 
091209/1 4 m 40 NU 
090609/1 4 m 40 SP 
090625/1 5 m 40 CV 
120709/2 5 f 40 CB 
100408/1 5 m 40 CB 
120824/1 5 m 40 CB 
091216/1 5 f 40 NU 
090612/1 5 m 40 SP 
150119/1 6 f 40 CV 
150119/2 6 m 40 CV 
150119/3 6 f 40 CV 
091223/1 6 m 40 NU 
150126/1 7 m 40 CV 
150126/2 7 f 40 CV 
150126/3 7 f 40 CV 
150109/1 8 m 40 CV 
150109/2 8 m 40 CV 
150109/3 8 f 40 CV 

2n, diploid number; f, female; m, male; CB, Castellfollit del Boix; CV, Castellar del Vallès; NU, Nulles; 
SP, Santa Perpètua de Mogoda. 
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POSTNATAL MANDIBLE GROWTH IN WILD AND 

LABORATORY MICE: DIFFERENCES REVEALED FROM 

BONE REMODELING PATTERNS AND GEOMETRIC 

MORPHOMETRICS 
 

. . Introduction 
 

Bone growth entails changes in size and shape in order to achieve the adult form. The 

transformation of bones over postnatal life is largely due to bone remodeling, a mechanism that 

involves ongoing bone deposition and bone resorption, respectively carried out by osteoblasts 

and osteoclasts (Enlow 1962; Bloom and Fawcett 1994; Enlow and Hans 1996). Because the 

activities of these bone cells leave distinctive microfeatures on the surfaces of bones, the spatial 

distribution of fields of bone deposition and resorption can be characterized through the analysis 

of bone surface (Figure 8.1). Bone deposition fields show uniformly oriented packs of collagen 

fibers, whereas bone resorption fields are characterized by pits called Howship’s lacunae 

(Martinez-Maza et al. 2010). The regions facing the direction of growth exhibit bone deposition 

fields, while bone resorption fields are present in the areas opposite to the direction of growth 

(Enlow and Hans 1996; Martinez-Maza et al. 2015). The cell activity maps detailing the spatial 

distribution of the bone deposition and resorption fields are the bone remodeling patterns (Enlow 

and Hans 1996). Although bone remodeling is an ongoing process, the study of bone surfaces only 

reveals the remodeling pattern right before the death of the animal. Therefore, the analysis of the 

bone remodeling patterns in an ontogenetic series is one way to understand the ontogenetic 

directions of bone growth underlying the morphological changes (Bromage 1989; Enlow and 

Hans 1996; Boskey and Coleman 2010; Martinez-Maza et al. 2013, 2015). Variation in bone form 

(i.e., the combination of size and shape) over postnatal ontogeny can be analyzed from a macro-

anatomical perspective using geometric morphometrics. This approach aims to characterize form 

and quantify morphological variation through the analysis of the displacement in a two- or three-

dimensional space of configurations of landmarks, which are morphometric points that 

correspond to the position of particular anatomical points (Bookstein 1991; Dryden and Mardia 

1998; Kendall et al. 1999).  

The mandible of the house mouse (Mus musculus) has long been used as a model system to 

analyze the development, integration, modularity, form variation, function, and evolution of 

complex morphological structures (Atchley and Hall 1991; Muñoz-Muñoz et al. 2011; Klingenberg 

and Navarro 2012). The mouse mandible originates from the assemblage of six neural-crest-

derived morphogenetic units: the incisor and molar alveoli, the ramus, as well as the coronoid, 
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condylar, and angular processes. These units are usually grouped into two main developmental 

and functional modules: the alveolar region, which bears the teeth, and the ascending ramus, 

which serves as the attachment site for most of the masticatory muscles (Figure 8.2A; Atchley and 

Hall 1991; Hall 2003a; Klingenberg et al. 2003; Baverstock et al. 2013). Variation in mouse 

mandible form during postnatal life is partially linked to the pattern of tooth development 

(Swiderski and Zelditch 2013). Additional postnatal form variation is related to genetic factors 

and the mechanical forces exerted by the masticatory muscles (Robling et al. 2006; Herring 2011; 

Burr and Allen 2013). These muscular forces modulate the activity of bone cells, and depend on 

food consistency as well as on muscular condition (Jones et al. 2007; Renaud and Auffray 2010; 

Renaud et al. 2010; Boell and Tautz 2011; Anderson et al. 2014).  

 

FIGURE 8.1. Bone deposition fields (A) are characterized by collagen fiber bundles and face the 
direction of bone growth, while bone resorption fields (B) are characterized by Howship’s lacunae 
and oppose the direction of bone growth. Bone remodeling patterns represent the spatial 
distribution of these remodeling fields and allow inference of bone growth directions. Scale bars: 
100μm. 
 

 

FIGURE 8.2. (A) Lingual view of a right dentary bone with the layout of the landmarks used in the 
geometric morphometric analyses. The dashed line divides the mandible into the alveolar region 
(left) and ascending ramus (right), in accordance with the hypothesis of bimodularity. Scale bar: 
5mm. (B) Adjacency graph used in the modularity tests to define spatial contiguity among 
landmarks. 
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Despite the large number of developmental and morphological studies conducted on the 

mouse mandible, little is known about the temporospatial patterning of the growth of this bony 

structure during postnatal life. Specifically, the growth of the mouse mandible over early postnatal 

ontogeny has been rarely explored using geometric morphometrics and examining bone surface, 

even though the combination of these two approaches has been proven to yield complementary 

data and to provide a particularly strong approach to the study of postnatal bone growth 

(Brachetta Aporta et al. 2014; Martinez-Maza et al. 2015; Freidline et al. 2017). Swiderski and 

Zelditch (2013) analyzed the postnatal shape trajectory of the mouse mandible from birth to the 

86th postnatal day, while Martinez-Maza and collaborators (2012) characterized the postnatal 

histomorphogenesis of this morphological structure from birth to the 8th week of postnatal life. 

Both studies focused on the versatile, classical inbred strain of laboratory mouse C57BL/6J, whose 

genome (like that of the other classical inbred mouse strains) consists of a mix of segments from 

different house mouse subspecies, although the greatest genetic contribution corresponds to Mus 

musculus domesticus (Wade et al. 2002; Frazer et al. 2007; Yang et al. 2007, 2011; Keane et al. 

2011; Collaborative Cross Consortium 2012). However, information is much scarcer regarding the 

early postnatal mandible growth in wild mice. Furthermore, the existence of the two 

aforementioned modules (alveolar region and ascending ramus) in the mandible of adult mice is 

broadly recognized (Klingenberg et al. 2003, 2004; Martínez-Vargas et al. 2014). Nevertheless, to 

our knowledge, this modular organization has not been assessed yet over the early postnatal 

ontogeny of the mouse mandible, despite the fact that modularity is a property that has been 

detected to change through ontogeny (Zelditch et al. 1992; Goswami et al. 2012, 2014).  

Because bone growth occurs through remodeling, the temporospatial variation in the 

remodeling patterns of skeletal elements over postnatal ontogeny results in changes in bone form, 

as it has been pointed out in previous works (Enlow and Hans 1996; Martinez-Maza et al. 2015; 

Freidline et al. 2017). Therefore, we hypothesize that this relationship will also be found during 

the early postnatal ontogeny of the mouse mandible, and that differences in the temporospatial 

patterns of mandible remodeling will account for differences in mandible form between wild and 

lab mice in early postnatal life. In addition, and taking into account previous data indicating an 

ontogenetic increase in the degree of modularity of morphological structures (Zelditch et al. 1992; 

Goswami et al. 2012, 2014), we hypothesize that the early postnatal growth of the mouse 

mandible will also entail a relatively greater strength of integration within the alveolar region and 

ascending ramus rather than between these two modules. In relation to this, we hypothesize that 

differences between wild and lab mice in the remodeling process and growth of each dentary bone 

module will lead to between-group differences in the ratio of between-modules to within-modules 

strength of integration, and perhaps in the timing of the organization of the mandible into two 

modules. 
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Testing these hypotheses, we present a comparative study of mandible growth between two 

different ontogenetic series from the 2nd to the 8th week of postnatal life, corresponding to wild 

populations of Mus musculus domesticus and the classical inbred mouse strain C57BL/6J. We 

intend to broaden the current knowledge of the early postnatal growth of the mouse mandible, 

and to assess variation in this process between wild and lab mice. We also aim to address whether 

it is justifiable to extrapolate the temporospatial pattern of mandible growth from a widely used 

lab mouse strain to wild mouse populations, even when these mice share a great portion of their 

genomes. 

 

. . Materials and methods 
 

Sample 
 

In 2012, breeding pairs of the C57BL/6J strain were obtained from ENVIGO (Barcelona, Spain), 

and mated. Ten evidently pregnant females of Mus musculus domesticus Schwarz and Schwarz 

1943 were live-captured with Sherman traps in the provinces of Barcelona and Tarragona 

(Catalonia, Spain). The acquisition of this sample resulted from field trips conducted between the 

years 2009 and 2014. Because populations of Mus musculus domesticus with Rb translocations 

occur in these provinces, the wild females were trapped in the following localities, where only 

specimens with the St karyotype of 40 acrocentric chromosomes were reported: Castellar del 

Vallès, Castellfollit del Boix, Nulles, and Santa Perpètua de Mogoda (Medarde et al. 2012). All 

pregnant females were transferred to an animal room with controlled conditions, at the 

Universitat Autònoma de Barcelona (Barcelona, Spain). They were separately housed in standard 

cages with environmental enrichment, where they gave birth, and the day of birth of each litter 

was noted. All animals were supervised daily, and water as well as standard rodent pellets were 

provided ad libitum in all cages. 

In an attempt to ensure the survival of all newborns, they were housed with their biological 

mothers and were not manipulated during their first week of postnatal life. The sample analyzed 

consisted of 87 mice that survived this critical period just after birth and remained alive until 

euthanasia: 51 individuals from the C57BL/6J strain, and 36 individuals from Mus musculus 

domesticus (Supporting information Table S8.1). Hereafter, we will refer to them as “lab mice” and 

“wild mice”, respectively. Within the two groups, mice were allowed to grow until the end of the 

2nd–8th PW and sample sizes were balanced among weeks as much as possible (Table 8.1). To 

standardize the growth conditions of all specimens, wild mice were housed with foster mothers 

of the C57BL/6J strain and their biological offspring from the beginning of the 2nd PW. The 

selection of this fostering strategy was also due to the better suitability of female mice from 

laboratory strains, compared to wild female mice, to breed under captive conditions (Wallace 
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1976). Own and adoptive offspring of each wet-nurse female were about the same age. If the final 

litter size of the foster mothers exceeded the average number in normal conditions (6-8 pups), 

some of their own pups were removed from the cages. The biological pups of these foster mothers 

were not included in the study. Thus, from the onset of the 2nd PW until weaning, which occurs 

around the 21st postnatal day in the house mouse, all mice fed on milk from females of the same 

strain, theoretically with the same breeding performance. As an additional standardizing 

measure, all animals were fed the same diet (i.e., standard rodent pellets) after weaning. Food and 

water were supplied ad libitum. 

 

TABLE 8.1. Sample sizes for the analyses performed in the study. 

Postnatal week Lab mice Wild mice Total 

2nd 6b 6b 12c 

3rd 8b 7b 15c 
4th 8b 7b 15c 
5th 8b 6b 14c 
6th 8b 4b 12c 
7th 7b 3b 10c 
8th 6b 3b 9c 
Total 51a 36a 87 

2nd–4th  22d 20d  
5th–8th  29d 16d  

a, sample sizes of the two datasets grouping specimens according to their origin, used in the 
geometric morphometric analyses; b, sample sizes of the fourteen datasets (seven per group of 
mice) grouping specimens of the same age and mouse group, used to obtain the general bone 
remodeling patterns and to perform geometric morphometric analyses; c, sample sizes of the seven 
datasets grouping wild and lab mice according to age, used to conduct geometric morphometric 
analyses; d, sample sizes of the four datasets grouping distinct age classes within each group of 
mice, used to test the hypothesis of modularity. 

 

Specimens were euthanized by cervical dislocation. The karyotypes of all wild mice were 

obtained from marrow cells of the femurs and dyed with Wright stain (Ford 1966; Mandahl 1992). 

Chromosomes identification was conducted under a light microscope (Nikon Eclipse 50i) 

according to the Committee on Standardized Genetic Nomenclature for Mice (1972). The St 

karyotype was corroborated in all wild mice. The mandibles (or dentary bones) of all individual 

animals were dissected, and the left and right sides of each dentary bone were separated at the 

mandibular symphysis. Soft tissues were removed by hand as carefully as possible. 

 

Bone surface examinations 
 

We first analyzed the labial and lingual surfaces of the mandibles to characterize the 

ontogenetic bone remodeling patterns in both mouse groups. We used only the left dentary bones 

from the 87 individuals for our analysis. Outlines of the labial and lingual views of each dentary 
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bone were traced on paper, for use as templates for representing the bone surface data. 

Hemimandibles were cleaned with 60% alcohol in order to remove any particles adhering to the 

microrelieves of bone surface. The alcohol was applied using a smooth hair brush to minimize the 

erosion of the bone surfaces and, thus, the destruction of the microstructural features of interest 

(Martinez-Maza et al. 2010, 2013, 2015). The lingual and labial surfaces of the left dentary bones 

were then coated with gold or platinum using sputter coaters (SC510 BioRad and Emitech K550X), 

and examined using a reflected light microscope (Zeiss Axio Imager.A1) equipped with a digital 

camera (Zeiss ProgRes C10 plus). 

Features related to the remodeling activities (i.e., bone deposition and resorption) were 

identified at 100x and 200x (Bromage 1989; Martinez-Maza et al. 2010). Bone deposition fields 

are characterized by bundles of collagen fibers (Figure 8.1A). These packs appear as parallel 

elongated fibrous structures, exhibiting ordered disposition and a predominant orientation. Bone 

resorption fields are characterized by randomly distributed concavities, known as Howship’s 

lacunae (Figure 8.1B). These pits have variable sizes and irregular shapes due to the variable 

morphology of pseudopods, the functional units of osteoclasts in charge of bone resorption. Once 

bone remodeling fields were identified in the labial and lingual surfaces of each hemimandible, 

we mapped their spatial distribution onto the corresponding templates of the dentary bones, 

outlining them manually. To determine the precise localization of all deposition and resorption 

fields, various anatomical points and regions of the mandible were taken as reference points (i.e., 

condyles, molars, foramens, fossae, etc.). As a result, the bone remodeling patterns of the labial 

and lingual surfaces of the dentary bone were obtained for each individual animal. Bone surface 

data was discarded whenever the microfeatures associated with deposition and resorption 

activities could not be identified with certainty. New templates of the labial and lingual views of 

the hemimandibles, one for each age class of each mouse group, were traced on paper. The bone 

remodeling patterns of the labial and lingual mandible sides were compared separately among 

the individual mice of the same age and group. Following previous studies (see Bromage 1989; 

Enlow and Hans 1996; Martinez-Maza et al. 2013, 2015), we outlined in the new templates the 

most common remodeling pattern in each case, which consisted in the spatial distribution of 

deposition and resorption fields observed in the majority (i.e., more than half) of the specimens 

of the same age and mouse group. Thus, we obtained the general bone remodeling patterns of the 

mandible for each PW separately for lab and wild mice, aimed at facilitating the interpretation of 

the general mandible growth directions in each mouse group. The variation observed around 

these general patterns sometimes consisted in particular remodeling fields showing an evidently 

different localization in a minority (i.e., less than half) of individuals; thus, these fields were not 

outlined in the corresponding general remodeling pattern. In addition, slight inter-individual 

variation was sometimes observed in the exact area of the most predominant fields; in these cases, 
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in the corresponding general pattern we represented the field area that best characterized the 

specimens in question. It should be stated that we acknowledge that the representation of the 

general bone remodeling patterns could have entailed the exclusion of normal and legitimate 

population variation in mandibular remodeling, that in fact might account for inter-individual 

anatomical variation. However, we used this criterion for the sake of providing the most 

characteristic, representative, and consistent bone remodeling pattern in each case, in accordance 

with previous works.  

Because the temporal pattern of dental development corresponds closely to the shape 

ontogeny of the mouse mandible (Swiderski and Zelditch 2013), it is also expected to be linked to 

the remodeling pattern of the anterior mandibular region. In order to provide a more accurate 

interpretation of the general remodeling patterns, we addressed the timing of teeth eruption as 

seen from the lingual mandible side in both groups of mice. 

 

Geometric morphometric analyses 
 

The ontogenetic variation of mandible form in our two groups of mice was analyzed using 

geometric morphometrics. The right and left sides of the dentary bones from the 87 specimens 

were analyzed (i.e., 174 right and left dentary bones in total). Images of the lingual sides of these 

bones, along with a scale bar, were obtained with an image scanner (Epson Perfection V350 

Photo). Eighteen two-dimensional landmarks were digitized twice in each scaled image by the 

same person (JMV) with tpsDig2 (Figure 8.2; Table 8.2; Rohlf 2010). We used MorphoJ, ver. 1.06d 

(Klingenberg 2011), to conduct the geometric morphometric analyses. Sizes of all dentary bones 

were estimated from their CS. Landmark configurations of the left dentary bones were mirrored, 

and all configurations were then superimposed with a generalized Procrustes fit and projected 

onto the shape tangent space. The resulting landmark coordinates (Procrustes coordinates) only 

accounted for shape variation (Dryden and Mardia 1998; Klingenberg et al. 2003). The samples 

were then subdivided into two datasets according to mouse group (wild/ lab). Both datasets were 

further divided into seven datasets according to age (2nd–8th PW). Seven additional datasets were 

created by grouping wild and lab mice of the same age (Table 8.1). 

 

Analyses of the sources of size and shape variation 

Centroid size and Procrustes coordinates were subjected to two-factor and Procrustes ANOVAs 

in all datasets (Klingenberg et al. 2002). Individual and side were the random and fixed main 

effects, respectively. The former stands for variation among specimens (symmetric component of 

variation), while the latter represents directional asymmetry (i.e., the average difference between 

the left and right sides of the mandible in the whole sample). The interaction between individual 
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and side represents fluctuating asymmetry (i.e., the variation of differences between the left and 

right dentary bones among specimens; asymmetric component of variation; Mardia et al. 2000; 

Klingenberg et al. 2002). Measurement error was quantified as variation between replicates. 

Mouse group and age were the additional main effects. Differences in size and shape were tested 

among age classes within each group, as well as between lab and wild mice of the same age, for 

the whole mandible and for each mandibular module separately. Subsequent analyses were 

performed only with the symmetric component of variation. 

 

TABLE 8.2. Definition of the 18 landmarks used in the geometric morphometric analyses. 

Landmark Description 

1 Most antero-dorsal point on mandibular symphysis 
2 Most postero-dorsal point on mandibular symphysis 
3 Most ventral point of the diastema 
4 Most antero-dorsal point of the first molar alveolus 
5 Most postero-dorsal point of the third molar alveolus 
6 Apex of coronoid process 
7 Most anterior point of the posterior edge of coronoid process 
8 Most ventral point between coronoid and condylar processes 
9 Most dorsal point of condylar process, at the joint with the articular disc 
10 Most dorsal point of condylar process 
11 Most ventral point of condylar process, at the joint with the articular disc 
12 Most anterior edge of mandibular foramen 
13 Most anterior point between condylar and angular processes 
14 Tip of angular process 
15 Most ventral point of angular process 
16 Most dorsal point of masseteric ridge 
17 Anterior edge of the coalescence of masseteric ridge with post-symphyseal 

rugged area 
18 Most ventral point on mandibular symphysis 

 

Analyses of size and allometry 

Mean CS and the corresponding standard deviation were calculated among specimens, of both 

the same age and group, for the entire mandible as well as for the two mandibular modules 

separately. The ontogenetic changes in size were examined within both mouse groups and 

compared between them. 

Ontogenetic allometry was tested through multivariate regressions of shape onto CS, because 

CS produced virtually the same linear relationship as log-transformed CS. In the datasets grouping 

wild and lab specimens of the same age, regressions were pooled within mouse subgroups. 

Statistical significance of regressions was assessed through permutation tests with 10,000 

iterations under the null hypothesis of independence between size and shape (Good 1994; 

Klingenberg 2011). Because a significant allometric relationship was generally found, subsequent 
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analyses were based on both raw data (i.e., data not corrected for allometry) and size-corrected 

data (i.e., data corrected for allometry; Klingenberg 2016). Yet, only raw data was used when there 

was no interest in removing the effects of size from shape values, and only the regression residuals 

were used when it was intended to exclude the effects of size on shape. In order to test for 

difference in the slope of the allometric regressions between wild and lab mice, an analysis of 

covariance (ANCOVA) was performed with the regression scores as dependent variables, group 

as a categorical factor, and CS as a covariate.  

 

Analyses of shape variation and morphological distances 

A PCA was conducted with the covariance matrix of raw data of the whole sample set in order 

to examine the axes of greater shape variation (Jolliffe 1986; Klingenberg et al. 2002). A separate 

PCA was performed for each set of mice from both the same group and age class, using the 

covariance matrix of size-corrected data, in order to examine the temporospatial patterns of 

mandible shape variation in lab and wild mice.  

The correlation coefficient (r) was calculated between the covariance matrices of shape 

variation of wild and lab mice of the same age, in order to compare the patterns of morphological 

covariation of the mandible between the two mouse groups week by week. Both raw and size-

corrected data were used, and diagonal blocks of the matrices were excluded. Statistical 

significance was assessed with landmarks permutation tests with 10,000 iterations under the null 

hypothesis of complete dissimilarity between covariance matrices (Good 1994; Klingenberg 

2011). 

Canonical variate analyses were conducted to further explore mandible shape differences and 

assess morphological distances, in terms of Mahalanobis distances, within and between groups. 

Mahalanobis distances were calculated, from raw data, between the samples of wild and lab mice, 

as well as between mice of consecutive age classes within each group. Mahalanobis distances were 

also calculated, from both raw and size-corrected data, between lab and wild mice of the same 

age. Statistical significance was assessed from permutation tests with 10,000 permutation rounds 

(Good 1994; Klingenberg 2011). 

 

Analyses of integration and modularity 

An allometric regression was conducted, pooled within age subgroups, separately for wild and 

lab mice. Then, we created new datasets by grouping distinct age classes (2nd–4th PW and 5th–8th 

PW), for both the raw and size-corrected data from each group (Table 8.1). The chosen threshold 

aimed to increase and balance sample sizes, as well as to address whether the magnitude of 

mandible integration around the attainment of sexual maturity (~5th–6th PW), and thus after 

weaning, differs from the magnitude of integration around weaning (~3rd PW). The hypothesis of 
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bimodular organization of the mandible was tested in the new eight datasets with the RV 

coefficient, which measures the covariation between two sets of landmarks (corresponding with 

two modules) with respect to the covariation within each set of landmarks (Escoufier 1973; 

Klingenberg et al. 2003). The RV coefficients were calculated between two subsets of eight and 

ten spatially contiguous landmarks, coincident with the two mandible modules (Figure 8.2). 

Statistical significance of the coefficients was assessed through the comparison of the obtained RV 

values against the distribution of RV coefficients resulting from all possible pairs of subsets 

comprising eight and ten spatially contiguous landmarks (Klingenberg 2009). Because the RV 

coefficient depends on sample size, a rarefaction procedure was used to obtain sample-size-

corrected RV values, standardized to the lowest sample size (n=16; Table 8.1; Fruciano et al. 

2013). 

 

. . Results 
 

Mandible remodeling patterns 
 

General remodeling patterns of the labial and lingual surfaces of the dentary bone were 

established, from the individual bone surface data, for each PW within each mouse group (Figure 

8.3). Bone deposition fields were prevalent in the labial and lingual surfaces of the mandible in 

both groups, particularly in the anterior mandible region and during the initial weeks. Thus, we 

will focus on the distribution of bone resorption fields in the general patterns to highlight the main 

similarities and differences between wild and lab mice. It should be noted that, in both groups, the 

analyses excluded the labial and lingual surfaces of the tips of the three mandible processes, as 

well as the lingual surface of the anteroventral region of the diastema, due to the recurrent lack of 

clear bone surface data. 

 

General remodeling patterns of the labial mandible surface 

Both mouse groups exhibited an elongated bone resorption field from the 2nd to the 5th PW, 

which was close and parallel to the anterior margin of the coronoid process and reached the 

alveolus of the second molar. In lab mice, resorption activity extended until the posterior region 

of the base of the coronoid process, whereas in wild mice the resorption field did not reach that 

point. From the 6th to the 8th PW, lab and wild mice displayed two fields of bone resorption: a small 

field extended from the posterior area of the base of the coronoid process to the anterior area of 

the base of the condylar process; a larger field extended from below the small one until the 

alveolus of the second molar. In the 8th PW, both groups showed a small field of bone resorption 

posterior to the most concave point of the inferior border of the mandible. 
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The main differences between wild and lab mice were observed toward the end of the analyzed 

period. Wild mice displayed a small bone resorption field at the base of the angular process in the 

6th and 7th PW, and another one in the first molar alveolus during the 7th and 8th PW. In contrast, 

lab mice showed a resorption field above the most concave point of the inferior mandible border 

in the 7th PW, and another one in the posterior region of the base of the condylar process in the 

8th PW. 

 

 

FIGURE 8.3. General bone remodeling patterns of the labial (A) and lingual (B) surfaces of the left 
dentary bone in each group of mice and postnatal week. Light gray areas represent bone 
deposition fields; dark gray areas represent bone resorption fields; white areas indicate lack of bone 
surface data. Bone deposition activity prevails although the presence of bone resorption fields 
increases over time. 
 

General remodeling patterns of the lingual mandible surface 

Bone deposition was the only remodeling activity detected in the lingual surface of the 

mandible in both mouse groups during the 2nd PW. From the 4th to the 8th PW, lab and wild mice 

showed a prominent bone resorption field in the ramal fossa (which is anterior to the angular 

process). During the same period, with the exception of the 5th PW in wild mice and the 6th PW in 
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lab mice, both groups displayed another resorption field extending from the base of the coronoid 

process to the molar row. Between the 6th and 8th PW, a resorption field along the alveolar bone 

of the molars was observed in the two groups. In the 8th PW, both mouse groups showed a small 

resorption field posterior to the mandibular foramen. 

Differences between wild and lab mice were evident from the 3rd PW onward. Only wild mice 

displayed resorption activity in the ramal fossa and below the coronoid process in the 3rd PW, and 

in the molar alveoli in the 5th PW. Conversely, lab mice showed a resorption field between the base 

of the coronoid process and the base of the condylar process from the 5th to the 7th PW, and 

another one below the resorption field located in the molar alveoli in the 7th PW.  

 

Timing of dental eruption  

In the 2nd PW, two out of six wild mice had the cusps of the first molar (m1) and second molar 

(m2) erupted in lingual view. Two other wild mice had the cusps of m1 and m2, and part of the 

basal portion of the m1 crown, erupted. The remaining two wild mice had the entire m1 and m2 

crowns emerged through the alveolar bone. Conversely, one and two out of six lab mice presented 

the first and second patterns of molars eruption mentioned above, respectively. In the remaining 

three lab mice, the cusps of m1 and m2 were only seen in dorsal view. In the 3rd PW, seven out of 

seven wild mice showed the basal portion of the m2 crown erupted in lingual view. However, the 

cusps of the third molar (m3) were visible from the lingual view in only four wild mice, while they 

could just be seen in dorsal view in the other three wild mice. Two out of eight lab mice displayed 

the first pattern of molars eruption, two lab mice showed the second pattern, while in the 

remaining four lab mice the m3 cusps were not visible and the m2 only had the cusps visible in 

lingual view. The eruption of all molars seemed to be complete in all seven wild mice and eight lab 

mice in the 4th PW. The eruption pattern of the incisors in the 2nd and 3rd PW seemed to be slightly 

more delayed in lab mice.  

 

Mandible form variation 
 

Sources of size and shape variation 

Significant variation among individuals, directional asymmetry (i.e., the average difference 

between the left and right sides), and fluctuating asymmetry (i.e., interaction between individual 

and side) in mandible size and shape were revealed by the two-factor and Procrustes ANOVAs 

conducted on the entire sample (Tables 8.3 and 8.4). Variation due to measurement error was 

negligible because variation between replicates was significantly exceeded by variation in 

fluctuating asymmetry (Tables 8.3 and 8.4). Mandible size and shape differed significantly among 

age classes within each mouse group (P < 0.05). Significant differences in whole mandible size 
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were detected between wild and lab mice in the 4th–6th and 8th PW (Figure 8.4; Table 8.5). When 

analyzing each mandible module separately, the two groups differed significantly in the size of the 

alveolar region from the 3rd to the 8th PW, and in the size of the ascending ramus in the 4th, 6th, and 

8th PW (Table 8.5). Shape of the entire mandible, as well as of each module, were significantly 

different between the two groups of mice in all PWs (P < 0.001), except for the shape of the 

ascending ramus in the 2nd PW. 

 

 
 
 

 
 
 
TABLE 8.3. Two-factor ANOVA for centroid size conducted on the entire sample. 

 Centroid size 

Effect SS df MS F P 

Individual 94.305 79 1.194 46.51 < 0.001 
Side 1.655 1 1.655 64.49 < 0.001 
Individual × Side 2.207 86 0.026 19.95 < 0.001 
Age 515.809 6 85.968 72.02 < 0.001 
Mouse group 19.073 1 19.073 15.98 < 0.001 
Measurement error 0.224 174 0.001   

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. 
 

TABLE 8.4. Procrustes ANOVA for shape conducted on the entire sample. 

 Shape 

Effect SS df MS F P Pillai tr P 

Individual 0.301 2528 1.189 x 10-4 4.24 < 0.001 21.76 < 0.001 
Side 0.029 32 9.047 x 10-4 32.21 < 0.001 0.94 < 0.001 
Individual × Side 0.077 2752 2.809 x 10-5 6.44 < 0.001 22.58 < 0.001 
Age 0.248 192 1.293 x 10-3 10.87 < 0.001 3.08 < 0.001 
Mouse group 0.101 32 3.153 x 10-3 26.51 < 0.001 0.95 < 0.001 
Measurement error 0.024 5568 4.364 x 10-6     

SS, sum of squares; df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value; Pillai tr, Pillai’s 
trace. 

 

 

 

FIGURE 8.4. Ontogenetic variation in 
symmetric centroid size (mean ± 
standard deviation) of the mandible in 
laboratory and wild mice. Although 
mandible size increases over time in both 
groups, the values corresponding to wild 
mice are significantly lower from the 4th 
postnatal week onward.  
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TABLE 8.5. Symmetric centroid size (mean ± standard deviation) of the entire mandible and each 
mandibular module, of laboratory and wild mice, in each postnatal week. 

PW 

Centroid size 

Whole mandible Alveolar region Ascending ramus 

Lab mice Wild mice Lab mice Wild mice Lab mice Wild mice 

2nd 13.63 ± 0.86 13.80 ± 0.53 6.72 ± 0.31 6.55 ± 0.16 4.87 ± 0.38 5.00 ± 0.30 
3rd 15.09 ± 0.62 15.13 ± 0.55 7.16 ± 0.14 6.94 ± 0.16 5.59 ± 0.40 5.75 ± 0.28 
4th 16.33 ± 0.37 15.65 ± 0.28 7.39 ± 0.19 7.08 ± 0.20 6.32 ± 0.14 6.02 ± 0.18 
5th 16.72 ± 0.59 15.93 ± 0.32 7.53 ± 0.18 7.09 ± 0.18 6.53 ± 0.33 6.21 ± 0.25 
6th 17.18 ± 0.19 16.55 ± 0.24 7.69 ± 0.13 7.17 ± 0.17 6.81 ± 0.16 6.37 ± 0.19 
7th 17.38 ± 0.69 16.83 ± 0.15 7.67 ± 0.28 7.22 ± 0.08 6.86 ± 0.41 6.73 ± 0.03 
8th 18.16 ± 0.57 16.86 ± 0.44 7.89 ± 0.11 7.24 ± 0.17 7.34 ± 0.25 6.68 ± 0.13 

Values in bold are statistically different between the two groups (P < 0.05). 
 

Size and allometry 

The significant between-group differences in the size of the entire mandible and each module 

corresponded to higher CS values among lab mice, but both groups displayed an ongoing increase 

in mandible size over ontogeny (Figure 8.4; Table 8.5). The ascending ramus showed a relatively 

greater ontogenetic increase in size than the alveolar region both in wild and lab mice, especially 

in the 3rd and 4th PW (Table 8.5).  

 

FIGURE 8.5. (A) Multivariate regression of shape onto symmetric centroid size in lab and wild mice. A 
significant ontogenetic allometric relation is detected in both groups. (B) Diagrams of allometric 
shape changes (eigenvectors) in each group of mice over ontogeny, corresponding to an increase 
in centroid size of 5.0 units. Relative expansion of the ascending ramus and shortening of the alveolar 
region over ontogeny are detected in both groups. 
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A significant allometric relationship was found in both mouse groups (P < 0.001), although the 

proportion of shape variation accounted for by size variation was greater in lab mice (lab: 54.45%; 

wild: 35.78%; Figure 8.5A). A significant association between group and CS was revealed by the 

ANCOVA (P < 0.05), indicating different slopes of the allometric regressions between lab and wild 

mice. Nevertheless, both groups exhibited similar allometric shape changes over ontogeny: a 

relative increase in length and height of the ascending ramus as a result of the notable expansion 

of the three processes, and a relative shortening of the alveolar region (Figure 8.5B). 

 

Shape variation and morphological distances 

The PCA of the covariance matrix of raw data from the entire sample set showed a gradation 

of consecutive age classes along the axis of the PC1, which explained 41.59% of total mandible 

shape variation (Figure 8.6A; Supporting information Table S8.2). The two groups of mice differed 

along the axis of the PC2, which accounted for 18.11% of total mandible shape variation (Figure 

8.6A; Supporting information Table S8.2). Taking into account that the length of the eigenvectors 

is proportional to the magnitude of shape variation, mandible shape changes associated with PC1 

mainly involved the incisor alveolus and the mandibular region posterior to the molar row (Figure 

8.6B). These changes corresponded to the allometric shape changes (Figures 8.5B and 8.6B). The 

major changes in mandible shape associated with PC2 involved the ventral margin of the alveolar 

region and the region posterior to the molar row (Figure 8.6B). The directions of landmark 

displacement associated with PC2 revealed remarkable between-group differences in the spatial 

patterns of mandible shape variation. Lab mice exhibited an alveolar region that was more 

expanded along the dorsoventral axis, deeper notches between the processes of the ascending 

ramus, a more elongated condylar process, as well as more anterior position of the tips of the 

coronoid and angular processes, in comparison to wild mice (Figure 8.6B). The diagrams of 

eigenvectors resulting from the PCAs of the covariance matrices of size-corrected data revealed 

that, within each mouse group, and especially from the 6th PW onward, most of mandible shape 

variation associated with PC1 was especially clustered in certain functional units, namely the 

coronoid, condylar, and angular processes (Figure 8.7; Supporting information Tables S8.3 and 

S8.4). Even so, from the 2nd to the 5th PW in both groups, shape variation associated with PC1 also 

involved the alveolar region to a great extent (Figure 8.7; Supporting information Tables S8.3 and 

S8.4). The displacement directions of the landmarks corresponding to PC1 revealed notable 

between-group differences in the ontogenetic spatial patterns of mandible shape changes (Figure 

8.7; Supporting information Tables S8.3 and S8.4). The different patterns of morphological 

covariation of the mandible between the two groups in each PW were supported by the low 

correlation coefficients between their covariance matrices (Table 8.6). 
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FIGURE 8.6. (A) Scatter plot of PC1 versus PC2 raw scores according to age and mouse group. The 
PC1 axis accounts for allometric shape variation, and the PC2 axis differentiates between laboratory 
and wild mice. The percentages of total variance explained by the PCs are displayed. (B) Diagrams 
of shape changes (eigenvectors) along PC1 and PC2 axes. Differences between laboratory and 
wild mice mostly involve the region posterior to the molar row and the ventral margin of the alveolar 
region. Scale factor: 0.1 units in negative direction from the consensus (outline and center of 
coordinates). 

 

TABLE 8.6. Correlation coefficients (r) between the covariance matrices of the symmetric component 
of shape variation of laboratory and wild mice, in each postnatal week, using both raw and size-
corrected data. 

 r 

Postnatal week Raw Size-corrected 

2nd -0.043 0.306** 
3rd 0.172* 0.245** 
4th 0.114* 0.214** 
5th 0.287** 0.153* 
6th 0.140* 0.255** 
7th 0.183* 0.196* 
8th 0.192* 0.374** 

*, P < 0.05; **, P < 0.001. 
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FIGURE 8.7. Diagrams of shape changes (eigenvectors) associated with the size-corrected PC1 of the 
symmetric component of shape in each group of mice and postnatal week. Shape changes are 
especially clustered in the ascending ramus from the 6th postnatal week, but the spatial pattern of 
shape variation differs between the two groups of mice along ontogeny. The percentages of total 
variance explained by the PC1s are displayed. Scale factor: 0.1 units in positive direction from the 
consensus (outline and center of coordinates). 

 

The CVA conducted with raw data of the whole sample revealed a significant Mahalanobis 

distance between the two groups of mice (MD=9.664; P < 0.001). The Mahalanobis distances 

between wild and lab mice of the same age were statistically significant (Table 8.7). The shortest 

and longest distances were detected in the 2nd and 4th PW, respectively, and the values were 

comparatively greater from the 4th PW onward (Table 8.7). Pairwise Mahalanobis distances 

between mice of consecutive ages of the same group generally were statistically significant (Table 

8.8). Within both groups, the greatest Mahalanobis distances occurred between the 2nd and 3rd PW 

(Table 8.8). 
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Integration and modularity 

The RV coefficients for the partitioning of landmarks spatially coincident with the alveolar 

region and the ascending ramus modules validated this modular organization in both mouse 

groups from the 5th to the 8th PW (Table 8.9). In wild mice, this hypothesis of modularity was also 

confirmed for the 2nd–4th PW when using raw data (Table 8.9). In both groups of mice and with 

both data types, RV values corresponding to the period between the 5th and 8th PW were lower 

than those of the period ranging from the 2nd to 4th PW (Table 8.9). RV coefficients standardized 

through the rarefaction procedure were higher than non-standardized, but the trends were 

conserved (Table 8.9). 

 

TABLE 8.9. RV coefficients for the hypothesis of bimodular organization of the mandible in each group 
of mice, using both raw and size-corrected data. 

Postnatal weeks 

RV coefficient 

Lab mice Wild mice 

Raw Size-corrected Raw Size-corrected 

2nd – 4th 0.901 (0.907) 0.560 (0.679) 0.547* (0.656) 0.519 (0.637) 
5th – 8th 0.486* (0.582) 0.414* (0.560) 0.527* (0.652) 0.451* (0.599) 

Values between parentheses correspond to RV coefficients standardized to the same sample size 
(i.e., lowest sample size, n = 16). *, P < 0.05. 
 
 

. . Discussion 
 

Features of mandible growth common to wild and laboratory mice 
 

Bone remodeling activities are influenced by the mechanical loading exerted by muscles on 

bones (Robling et al. 2006; Chen et al. 2009; Herring 2011; Burr and Allen 2013). The ascending 

ramus is the principal anchoring point of the mouse mandible for the masticatory muscles 

Postnatal 
week 

Mahalanobis distances 

Raw Size-corrected 

2nd 2.832* 3.636* 
3rd 4.315** 4.160** 
4th 7.928** 8.117** 
5th 4.795** 5.719** 
6th 5.485** 6.501* 
7th 6.940* 6.648* 
8th 4.330* 5.101* 

 Mahalanobis distances 

Postnatal weeks Lab mice Wild mice 

2nd vs. 3rd 9.536** 26.846** 
3rd vs. 4th 7.743** 18.834** 
4th vs. 5th 5.540** 16.901** 
5th vs. 6th 4.673** 12.209* 
6th vs. 7th 5.679** 11.300* 
7th vs. 8th 5.379** 17.655 

TABLE 8.7. Mahalanobis distances between 
laboratory and wild mice, in each postnatal 
week, using both raw and size-corrected 
data.  

TABLE 8.8. Mahalanobis distances between 
individuals of consecutive age classes within 
each mouse group, using raw data. 

*, P < 0.05; **, P < 0.001. 

*, P < 0.05; **, P < 0.001. 
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(Atchley and Hall 1991). Therefore, the ontogenetic patterns of bone remodeling of this 

mandibular region are expected to be especially conditioned by muscular loading (see Martinez-

Maza et al. 2015, and cites therein). According to the bone remodeling patterns obtained in the 

present study, inter-individual variation in the spatial distribution of the deposition and 

resorption fields, in each PW within each mouse group, was greater for the ascending ramus than 

for the alveolar region. This observation could be due to differences, within and among 

individuals, in the forces that masticatory muscles exert (Herring 2011). Especially in the case of 

wild mice, it could also be related to the fact that bone responsiveness to changes in mechanical 

loading is influenced by the genetic background (Judex et al. 2002). The higher inter-individual 

variation in the remodeling patterns of the ascending ramus seems to be congruent with the 

finding that, especially from the 6th PW, mandible shape variation in both groups was mostly 

clustered in the ascending ramus (see also Burgio et al. 2012). In relation to this, genetic variation 

of mouse mandible shape is driven by many pleiotropic QTLs, which are clustered into two 

morphogenetic groups corresponding to the alveolar region and the ascending ramus (Ehrich et 

al. 2003; Burgio et al. 2012; Boell et al. 2013). The fact that more QTLs have been assigned to the 

ascending ramus (Ehrich et al. 2003) might also contribute to the greater inter-individual shape 

variation detected in the posterior mandible region.  

The general bone remodeling patterns, and thus the general growth directions, of the 

mandibles of lab and wild mice showed several resemblances over ontogeny. In both mouse 

groups, bone deposition activity was predominant, but the extent of bone resorption fields 

increased over time especially in the ascending ramus. Both wild and lab mice exhibited a 

preponderant increase in bilateral width, and thus in robustness, of the dentary bone, especially 

regarding the alveolar region. During most of the period, their mandibles underwent lateral 

growth in the posterior region of the ascending ramus between the condylar and angular 

processes, as well as in the area below the coronoid process. The region below the notch 

separating the tips of the coronoid and condylar processes experienced medial growth toward the 

end of the study period, while the alveolar bone below the molars grew laterally in its anterior 

area and narrowed in its posterior area during the last weeks. In addition, wild and lab mice 

showed a narrowing of the region below the coronoid process and posterior to the molar row. 

These similarities highlight the conservation of the remodeling process of the mandible between 

the two mouse groups. Through this temporospatial growth pattern, the mouse mandible changes 

its size and shape, while keeping the functional contact with the rest of the craniofacial complex 

to fulfill the functional requirements (see Enlow and Hans 1996; Martinez-Maza et al. 2012, 2015; 

Burr and Allen 2013). 

The between-group similarities in the mandible remodeling patterns correlated with 

resemblances in the spatial patterns of ontogenetic shape changes. The mandibles of lab and wild 
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mice showed similar allometric shape changes, consisting in the relative enlargement of the 

ascending ramus and the relative shortening of the alveolar region, in accordance with the results 

of Swiderski and Zelditch (2013). Bone deposition is stimulated when the muscular loading 

exceeds a certain strain threshold (Robling et al. 2006; Chen et al. 2009; Herring 2011; Burr and 

Allen 2013). The functional capacity of the masticatory muscles, the mechanical demands on the 

mandible and, consequently, the growth and form of this skeletal element depend to a great extent 

on food consistency (Mavropoulos et al. 2005; Boell and Tautz 2011). The transition of diet linked 

to weaning in the house mouse is supposed to entail an increase in the mechanical loading exerted 

by the masticatory muscles, especially on the ascending ramus. This might enhance bone 

deposition in the ascending ramus, and could explain the comparatively greater growth of this 

mandible region in both groups, especially in the 3rd and 4th PW. The noticeable increase in bone 

resorption fields over ontogeny may seem to contradict the ontogenetic increase in muscular 

loading, but in fact it might indicate that not all masticatory muscles have the same influence on 

mandible remodeling (see Herring 2011, for details).  

The concordance of both bone surface and morphometric data between both mouse groups 

supports the notion that the form variation of the mouse mandible over early postnatal ontogeny 

arises from the variation in the temporospatial patterns of bone remodeling. The aforementioned 

resemblances between the wild and lab mice suggest that phylogenetic, developmental, physical, 

and, probably to a greater extent, functional constraints might be influencing mandible growth in 

both groups. Similar hypotheses have been previously proposed for other morphological 

structures and mammals (e.g., Martinez-Maza et al. 2015). The uncertainty in the characterization 

of bone remodeling fields in the tips of the coronoid, condylar, and angular processes in both 

mouse groups may be due to the fact that these regions remain cartilaginous at least until the 24th 

postnatal day (Swiderski and Zelditch 2013). The lack of clear bone surface data from these 

regions might also be related to the removal, during the cleaning process, of the masticatory 

muscles attached to them, as this could have damaged the bone surface. The union of both sides 

of the dentary bone at the mandible symphysis might explain the frequent lack of data from the 

lingual surface of the anteroventral region of the diastema.  

To our knowledge, this is the first time that the hypothesis of modular organization of the 

mouse mandible, into the alveolar region and ascending ramus, is assessed in early postnatal 

ontogeny. The finding that the RV values were higher when not correcting for the allometric effect 

supports the integrating influence of allometry (Klingenberg 2009). The fact that the RV 

coefficients decreased with age in both groups validates the hypothesis that the degree of 

modularity of the mouse mandible increases over early postnatal ontogeny. Counter to our 

hypothesis, the RV coefficients revealed that wild and lab mice do not differ evidently in the ratio 

of between-modules to within-modules strength of integration, nor in the timing of the bimodular 
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organization of the mandible; this despite exhibiting differences in the growth patterns of the 

mandibular modules. The fact that the hypothesis of modularity was statistically validated in both 

groups only for the period between the 5th and 8th PW means that our results do not support the 

existence of two modules in the mouse mandible prior to the 5th PW. 

The repatterning of integration and the increase in the level of modularity detected in wild and 

lab mouse mandibles are in agreement with observations from other species (see Zelditch et al. 

1992; Goswami et al. 2012, 2014). The existence of morphological integration in early ontogeny 

is said to reflect developmental forces, whereas functional influences are suggested to dominate 

the patterns of morphological integration later in ontogeny (Zelditch et al. 1992). The fact that the 

hypothesis of modularity was confirmed in both groups of mice after weaning suggests that the 

functional constraints induced on the mandible by the change of diet may contribute to the 

relatively higher integration within the two main modules, rather than between them. The relative 

independence of the anterior and posterior mandible regions might underlie some of the other 

morphometric results of the present study. Among them, we could highlight the findings that the 

alveolar region and ascending ramus had opposite spatial patterns of allometric shape variation, 

and that the significant between-group differences in size exhibited different timings for each 

module. These observations support the notion that the phenotypic variation of morphological 

structures is influenced by the modular organization of traits (Atchley and Hall 1991; Wagner et 

al. 2007; Goswami et al. 2014). 

 

Differences in mandible growth between wild and laboratory mice 
 

Despite the similarities existing between the mandible remodeling patterns of lab and wild 

mice, the two groups differed in the timing and localization of some bone remodeling fields over 

ontogeny. The remodeling pattern of the anterior mandible region is expected to be particularly 

related to the temporal pattern of dental development (see Swiderski and Zelditch 2013, for 

details). The finding of differences between both mouse groups in the remodeling pattern of the 

alveolar bone of molars, such as the earlier detection of a bone resorption field in the lingual 

surface in wild mice, suggests between-group differences in the timing or rate of molars eruption. 

Our observations of the timing of dental eruption suggest that the development of the molars and 

incisors might be slightly faster among wild mice. Because molar roots are narrower than molar 

crowns and resorption activity opposes bone growth, our data regarding the timing of molar 

eruption would support the earlier detection of bone resorption in the molar alveoli of wild mice. 

However, the evaluation of ontogenetic dental development was limited by sample sizes that were 

small in each PW, and sometimes different between both groups. Thus, our results do not support 

between-group differences in the timing of tooth eruption. Nevertheless, the differences in the 
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temporospatial remodeling patterns of the mandible observed between wild and lab mice, 

especially notable after weaning, are likely to result in between-group variation in the ontogenetic 

directions of mandible growth. 

Lab mice were characterized by larger mandibles particularly after weaning. Although the 

increase in bone size results from the favoring of bone deposition (Enlow and Hans 1996), the 

global extent of deposition fields over ontogeny was not too different between lab and wild mice. 

These observations suggest that the post-weaning rates of bone deposition were probably higher 

in lab mouse mandibles. Given that CS values were calculated from two-dimensional data, lab mice 

may exhibit higher bone deposition rates resulting in dorsoventral and/or anteroposterior 

mandible growth, compared to wild mice. Furthermore, significant between-group differences in 

the spatial patterns of shape changes and of morphological covariation of the mandible were 

detected from the 2nd PW onward, although the bone remodeling patterns of the wild and lab 

mouse mandibles were considerably similar over ontogeny (see also Boell and Tautz 2011). This 

finding indicates that some between-group differences in the shape and so in the growth patterns 

of the mandible are independent of weaning and the related diet transition. The aforementioned 

result also suggests that the lab and wild mice were born with innate shape differences in the 

dentary bone. Therefore, our result agrees with the observation that species-specific and strain-

specific mandible shape differences are established by or near birth (Boughner and Dean 2008; 

Boughner et al. 2008). Nevertheless, the greatest morphological distance between our wild and 

lab mice was detected in the 4th PW (i.e., right after weaning), and the morphological differences 

between the two groups were comparatively greater after the 4th PW than before then. Also, the 

largest morphological change was detected between the 2nd and 3rd PW within each group. These 

results suggest that the greater post-weaning muscular loading linked to diet transition at 

weaning underlies a marked ontogenetic change in mandible shape, increasing the between-

group differences in mandible growth patterns and shape too. The fact that the response of bone 

cells to changes in mechanical loading is influenced by the genetic background (Judex et al. 2002) 

might be related to these observations. 

Taking into consideration the abovementioned results, the post-weaning change of diet alone 

would probably not trigger all the significant differences between lab and wild mice regarding the 

ontogenetic changes in mandible form. Around the 5th–6th PW, when sexual maturation occurs in 

the house mouse, energy and resources initially assigned to somatic growth begin to be channeled 

toward the highly energy-consuming reproductive function, which results in the slowdown of 

periosteal bone deposition (Stearns 1992; Klevezal 1996). The strong selection pressures existing 

in the wild do not exist in laboratory conditions, so the trade-off between growth and 

reproduction could be inherently different between wild and lab mice. The different constraint 

between these two competing functions in each mouse group may contribute to between-group 
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differences in the patterns of mandible growth especially after weaning. This fact could explain 

the different slopes of the allometric regressions found between the two mouse groups, as well as 

the larger dentary bones of lab mice. In relation to this, the detection of both significant size 

differences and the greatest shape differences between lab and wild mouse mandibles particularly 

after weaning could suggest an important role of the allometric shape changes in the 

differentiation of mandible shape between the two groups (see also Boughner and Dean 2008). 

Nonetheless, the morphological distances between the wild and lab mouse mandibles were 

greater when correcting for allometry rather than when using raw data. This is likely due to the 

fact that the allometric shape changes were very similar between both groups. Therefore, 

differences in allometry would likely not underlie the larger post-weaning shape differences 

between lab and wild mouse mandibles. 

Our results suggest that the differences in mandible growth and morphology between the two 

groups of mice might not be merely attributable to the between-group dissimilarities in the spatial 

distribution of the bone remodeling fields during ontogeny (see also Brachetta Aporta et al. 2014). 

This interpretation rejects the hypothesis that there is a single causal relationship between 

variation in mandible remodeling patterns and variation in mandible form, when comparing lab 

and wild mice. Because both mouse groups were fed the same diet, the loading of the masticatory 

muscles on the mandible in response to food hardness was likely similar in both of them. This, 

together with the fact that all other environmental influences were the same for both groups of 

mice, supports the genetic basis of the differences detected here between lab and wild mouse 

mandibles. The inherently different genetic programs of wild and lab mice might cause their 

mandibles to respond differently to the post-weaning influences, and could result in different 

ontogenetic trajectories of mandible growth in these mouse groups. 

Bone architecture is largely determined by the genetic program of osteoblasts and osteoclasts 

(Turner 1998; Robling et al. 2006). The differentiation and activity of these bone cells over 

postnatal ontogeny are greatly influenced by several epigenetic factors, and by many genetically 

encoded signaling molecules, such as growth factors and hormones, that also have an influence on 

bone responsiveness to the variation in mechanical loading (Atchley and Hall 1991; Duncan and 

Turner 1995; Mina 2001; Judex et al. 2002; Ramirez-Yañez et al. 2005; Robling et al. 2006; 

Giustina et al. 2008; Grimston et al. 2008; Bidwell and Pavalko 2010). The two groups of mice used 

in the present study have different genetic backgrounds. The C57BL/6J strain, like the other 

classical inbred mouse strains, was derived in the early 20th century from an admixed population 

resulting from the artificial interbreeding of three subspecies of the house mouse: Mus musculus 

domesticus, Mus musculus musculus, and Mus musculus castaneus. Subsequently, this mouse strain 

underwent inbreeding and artificial selection in laboratory conditions, and became one of the 

mammal models par excellence in research (Boursot et al. 1993; Beck et al. 2000; Wade et al. 2002; 
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Wade and Daly 2005; Frazer et al. 2007; Yang et al. 2007, 2011). Although Mus musculus 

domesticus was the main contributor to the genomic constitution of the classical inbred mouse 

strains (Yang et al. 2007, 2011), these lab mice do not belong to any of the mouse subspecies found 

in the wild. The Mus musculus domesticus specimens used in this study were derived from natural 

populations present in a specific geographical area, possessed the St karyotype, and were not 

subjected to inbreeding constraints. Therefore, they could be considered a representative sample 

of the Mus musculus domesticus subspecies. The founder effect, genetic admixture, and artificial 

selection are processes that characterized the origin of the C57BL/6J strain, while the wild 

populations of Mus musculus domesticus have experienced genetic drift and natural selection over 

time. These phenomena could have contributed to the fixation, in each group of mice, of different 

alleles codifying for molecules involved in bone remodeling. Because the genetic background 

influences bone morphology, this genetic variation could perhaps explain some of the between-

group differences in mandible growth and form detected in this study. 
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. . Supporting information 
 

TABLE S8.1. Specimen number, age, sex, diploid number, membership group according to the 
background, and origin of the biological mothers, of the study sample. 

Specimen number 
Age 
(weeks) Sex 2n Group Origin 

090603/1 2 m 40 Wild CV 
100318/1 2 f 40 Wild CB 
120618/2 2 f 40 Wild CB 
120803/8 2 f 40 Wild CB 
120803/7 2 m 40 Wild CB 
110411/2 2 m 40 Wild SP 
090610/2 3 m 40 Wild CV 
120810/2 3 f 40 Wild CB 
120810/1 3 f 40 Wild CB 
100325/1 3 m 40 Wild CB 
120625/2 3 m 40 Wild CB 
091202/1 3 f 40 Wild NU 
090602/1 3 m 40 Wild SP 
090617/1 4 f 40 Wild CV 
120702/2 4 f 40 Wild CB 
120817/2 4 f 40 Wild CB 
120817/1 4 f 40 Wild CB 
100401/1 4 m 40 Wild CB 
091209/1 4 m 40 Wild NU 
090609/1 4 m 40 Wild SP 
090625/1 5 m 40 Wild CV 
120709/2 5 f 40 Wild CB 
100408/1 5 m 40 Wild CB 
120824/1 5 m 40 Wild CB 
091216/1 5 f 40 Wild NU 
090612/1 5 m 40 Wild SP 
150119/1 6 f 40 Wild CV 
150119/2 6 m 40 Wild CV 
150119/3 6 f 40 Wild CV 
091223/1 6 m 40 Wild NU 
150126/1 7 m 40 Wild CV 
150126/2 7 f 40 Wild CV 
150126/3 7 f 40 Wild CV 
150109/1 8 m 40 Wild CV 
150109/2 8 m 40 Wild CV 
150109/3 8 f 40 Wild CV 
3/165a/2a 2 m 40 Lab C57BL/6J 
3/166a/2a 2 m 40 Lab C57BL/6J 
3/167a/2a 2 m 40 Lab C57BL/6J 
3/167b/2a 2 f 40 Lab C57BL/6J 
Prueba1/2a 2 f 40 Lab C57BL/6J 
27 2 f 40 Lab C57BL/6J 
01/01/31/3a 3 m 40 Lab C57BL/6J 
01/01/32/3a 3 m 40 Lab C57BL/6J 
1/164a/3a 3 m 40 Lab C57BL/6J 
3/166b/3a 3 m 40 Lab C57BL/6J 
4/174a/3a 3 m 40 Lab C57BL/6J 
5/173a/3a 3 m 40 Lab C57BL/6J 
5/173c/3a 3 f 40 Lab C57BL/6J 
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 TABLE S8.1. (continued). 

Specimen number 
Age 
(weeks) Sex 2n Group Origin 

36 3 f 40 Lab C57BL/6J 
01/01/22/4a 4 f 40 Lab C57BL/6J 
1/163a/4a 4 m 40 Lab C57BL/6J 
2/161a/4a 4 f 40 Lab C57BL/6J 
3/165/4a 4 m 40 Lab C57BL/6J 
3/165b/4a 4 f 40 Lab C57BL/6J 
3/166b/4a 4 m 40 Lab C57BL/6J 
4/174a/4a 4 m 40 Lab C57BL/6J 
45 4 f 40 Lab C57BL/6J 
01/01/15/5a 5 m 40 Lab C57BL/6J 
01/01/16/5a 5 m 40 Lab C57BL/6J 
01/01/17/5a 5 m 40 Lab C57BL/6J 
01/01/18/5a 5 m 40 Lab C57BL/6J 
2/162a/5a 5 f 40 Lab C57BL/6J 
3/158/5a 5 f 40 Lab C57BL/6J 
4/174a/5a 5 m 40 Lab C57BL/6J 
39 5 f 40 Lab C57BL/6J 
1/163b/6a 6 f 40 Lab C57BL/6J 
1/163c2/6a 6 f 40 Lab C57BL/6J 
1/164a/6a 6 m 40 Lab C57BL/6J 
2/161a/6a 6 m 40 Lab C57BL/6J 
2/162/6a 6 m 40 Lab C57BL/6J 
2/162a/6a 6 f 40 Lab C57BL/6J 
3/165a/6a 6 m 40 Lab C57BL/6J 
25 6 f 40 Lab C57BL/6J 
01/01/01/7a 7 m 40 Lab C57BL/6J 
01/01/08/7a 7 f 40 Lab C57BL/6J 
1/163b/7a 7 m 40 Lab C57BL/6J 
1/167a/7a 7 m 40 Lab C57BL/6J 
54 7 f 40 Lab C57BL/6J 
56 7 f 40 Lab C57BL/6J 
57 7 m 40 Lab C57BL/6J 
01/01/05/8a 8 m 40 Lab C57BL/6J 
1/163c/8a 8 m 40 Lab C57BL/6J 
2/162b/8a 8 m 40 Lab C57BL/6J 
3/165/8a 8 f 40 Lab C57BL/6J 
3/166b/8a 8 f 40 Lab C57BL/6J 
3/166b2/8a 8 m 40 Lab C57BL/6J 

2n, diploid number; f, female; m, male; CB, Castellfollit del Boix; CV, Castellar del Vallès; NU, Nulles; 
SP, Santa Perpètua de Mogoda; C57BL/6J, C57BL/6J mouse strain. 
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TABLE S8.2. Eigenvalues (in the original units of Procrustes variance and as percentages of total 
variance), and factor loadings (eigenvectors · √eigenvalues) of the landmark coordinates, for the 
first two principal components (PC1 and PC2) of the symmetric shape component, corresponding 
to raw data from the entire sample. 

 PC1 PC2 
Eigenvalues   

Procrustes variance 7.86·10-4 3.421·10-4 
% variance 41.59 18.11 

Factor loadings   
X1 -6.85·10-3 -1.24·10-3 
Y1 7.79·10-4 -1.40·10-4 
X2 -7.69·10-3 -1.41·10-3 
Y2 3.88·10-3 -1.08·10-3 
X3 -1.65·10-3 -8.25·10-4 
Y3 -7.95·10-4 -6.57·10-4 
X4 -2.40·10-4 -9.47·10-4 
Y4 -2.85·10-3 -3.09·10-3 
X5 1.26·10-2 -7.78·10-4 
Y5 -1.38·10-3 -8.20·10-3 
X6 5.77·10-3 3.53·10-3 
Y6 -3.75·10-3 -1.15·10-3 
X7 3.68·10-3 2.79·10-3 
Y7 -3.44·10-3 2.80·10-3 
X8 2.04·10-3 8.10·10-4 
Y8 -5.00·10-4 4.13·10-3 
X9 -4.08·10-3 -4.92·10-3 
Y9 -2.05·10-3 -9.82·10-4 
X10 -7.08·10-3 -2.47·10-3 
Y10 -1.96·10-3 -1.84·10-3 
X11 -1.52·10-3 -2.60·10-3 
Y11 -1.94·10-3 1.37·10-3 
X12 4.13·10-3 1.59·10-3 
Y12 -1.31·10-3 3.45·10-5 
X13 -3.24·10-3 6.67·10-3 
Y13 1.01·10-3 3.82·10-3 
X14 -7.11·10-3 3.65·10-3 
Y14 7.65·10-3 -8.50·10-4 
X15 5.28·10-4 -4.46·10-3 
Y15 6.69·10-3 -2.48·10-3 
X16 1.15·10-2 -2.75·10-3 
Y16 -5.41·10-5 -1.65·10-3 
X17 2.66·10-3 1.36·10-3 
Y17 -5.58·10-4 4.77·10-3 
X18 -3.37·10-3 2.00·10-3 
Y18 5.82·10-4 5.20·10-3 
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TABLE S8.3. Eigenvalues (in the original units of Procrustes variance and as percentages of total 
variance), and factor loadings (eigenvectors · √eigenvalues) of the landmark coordinates, for the 
first principal component (PC1) of the symmetric shape component, corresponding to size-
corrected data from lab mice in each postnatal week. 

 PC1 

Postnatal 
week 

2nd 3rd 4th 5th 6th 7th 8th 

Eigenvalues        
Proc. 
variance 2.02·10-4 1.61·10-4 1.20·10-4 1.52·10-4 2.86·10-4 2.20·10-4 1.64·10-4 

% variance 33.55 29.42 27.68 37.97 46.09 53.60 45.24 
Factor loadings       

X1 1.53·10-3 9.57·10-4 1.71·10-3 2.59·10-4 5.77·10-4 1.14·10-3 -6.73·10-5 
Y1 1.72·10-4 2.49·10-3 4.81·10-4 8.45·10-4 2.30·10-3 1.78·10-3 2.09·10-3 
X2 8.42·10-5 -6.06·10-4 3.88·10-4 2.22·10-4 -5.43·10-4 1.63·10-3 -1.39·10-3 
Y2 -7.30·10-4 8.35·10-4 4.81·10-4 7.41·10-4 3.05·10-3 1.19·10-3 2.08·10-3 
X3 1.21·10-3 1.18·10-3 -3.86·10-4 1.02·10-3 -4.21·10-4 -2.81·10-4 2.88·10-4 
Y3 5.15·10-4 1.28·10-3 -1.01·10-4 4.84·10-4 1.57·10-3 1.02·10-3 6.09·10-4 
X4 8.10·10-4 -6.19·10-4 5.80·10-4 8.68·10-4 1.92·10-3 -5.20·10-4 2.07·10-5 
Y4 -2.12·10-3 -1.80·10-3 4.70·10-4 8.55·10-4 4.88·10-5 -6.15·10-4 -8.54·10-5 
X5 -6.38·10-3 2.46·10-3 1.13·10-3 -1.24·10-3 3.44·10-3 -1.04·10-3 8.85·10-4 
Y5 1.20·10-3 -5.96·10-3 -2.47·10-3 7.85·10-4 -1.09·10-4 -2.85·10-3 -1.30·10-3 
X6 1.39·10-3 9.26·10-4 -5.22·10-3 -7.74·10-3 -6.26·10-3 -2.48·10-4 -6.85·10-3 
Y6 1.58·10-3 3.58·10-3 -7.20·10-4 1.23·10-3 1.30·10-3 4.98·10-4 -1.53·10-3 
X7 -9.18·10-4 -7.09·10-4 -4.77·10-4 -4.35·10-3 -1.51·10-3 -2.35·10-3 -3.77·10-3 
Y7 -2.04·10-3 -4.99·10-4 9.55·10-4 -9.84·10-5 -1.26·10-3 3.16·10-5 7.75·10-5 
X8 -4.27·10-3 -5.33·10-3 -8.97·10-4 -1.06·10-3 -2.98·10-3 -7.61·10-3 -5.04·10-3 
Y8 1.38·10-3 -8.66·10-4 -7.06·10-4 -1.46·10-4 -2.23·10-3 1.99·10-3 5.50·10-4 
X9 1.76·10-3 -1.21·10-3 1.67·10-4 5.50·10-3 -5.38·10-3 5.20·10-4 4.47·10-3 
Y9 4.77·10-4 9.89·10-4 1.07·10-3 -1.80·10-3 -1.50·10-3 4.97·10-4 -8.15·10-4 
X10 1.09·10-3 -3.06·10-3 2.03·10-3 1.88·10-3 -2.14·10-3 4.46·10-4 1.28·10-3 
Y10 -9.84·10-5 1.40·10-3 1.22·10-3 -2.35·10-3 -1.45·10-3 2.31·10-5 -9.50·10-4 
X11 9.86·10-4 -5.76·10-4 -4.80·10-4 7.78·10-4 -3.68·10-3 -2.00·10-3 -1.08·10-3 
Y11 2.31·10-4 2.81·10-3 1.04·10-3 -6.31·10-4 2.04·10-3 6.62·10-4 3.19·10-4 
X12 1.82·10-3 1.93·10-3 3.19·10-4 -7.48·10-4 -4.71·10-5 -2.43·10-3 -1.12·10-3 
Y12 1.77·10-3 2.68·10-4 -4.25·10-4 -2.89·10-4 -2.82·10-4 1.16·10-3 -2.76·10-4 
X13 4.36·10-3 2.08·10-3 1.55·10-3 1.99·10-3 2.68·10-3 -1.05·10-3 2.44·10-3 
Y13 -4.33·10-3 6.84·10-5 3.47·10-3 -7.93·10-4 3.87·10-4 3.30·10-4 -2.08·10-3 
X14 1.19·10-3 1.17·10-3 -6.24·10-4 1.02·10-3 5.30·10-3 2.76·10-3 2.62·10-3 
Y14 6.55·10-4 -3.63·10-3 -3.24·10-3 4.22·10-4 -2.70·10-3 -4.66·10-3 -1.33·10-3 
X15 1.00·10-5 1.03·10-3 3.75·10-3 8.20·10-4 7.36·10-3 7.38·10-3 1.91·10-3 
Y15 -7.47·10-4 -1.93·10-3 -2.69·10-3 1.96·10-3 -3.32·10-3 -5.04·10-3 4.26·10-4 
X16 -7.79·10-3 -1.27·10-3 -4.33·10-3 -6.65·10-5 4.24·10-3 1.76·10-3 2.19·10-3 
Y16 5.89·10-4 -1.58·10-3 -9.93·10-4 -2.65·10-4 -7.51·10-4 1.69·10-3 9.29·10-4 
X17 8.77·10-4 -2.32·10-4 -3.14·10-4 2.21·10-3 1.73·10-4 1.01·10-3 2.35·10-3 
Y17 1.12·10-3 8.37·10-4 8.56·10-4 -1.61·10-3 9.23·10-4 1.34·10-3 8.44·10-4 
X18 2.23·10-3 1.88·10-3 1.10·10-3 -1.36·10-3 -2.74·10-3 8.83·10-4 8.69·10-4 
Y18 3.75·10-4 1.71·10-3 1.30·10-3 6.61·10-4 1.98·10-3 9.62·10-4 4.47·10-4 
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TABLE S8.4. Eigenvalues (in the original units of Procrustes variance and as percentages of total 
variance) and factor loadings (eigenvectors · √eigenvalues) of the landmark coordinates, for the 
first principal component (PC1) of the symmetric shape component, corresponding to size-
corrected data from wild mice in each postnatal week. 

 PC1 

Postnatal 
week 

2nd 3rd 4th 5th 6th 7th 8th 

Eigenvalues        
Proc. 
variance 6.48·10-4 3.92·10-4 4.54·10-4 3.83·10-4 5.49·10-4 2.13·10-4 4.75·10-4 

% variance 45.34 36.06 42.37 35.46 74.28 59.22 70.81 
Factor loadings       

X1 2.41·10-3 4.23·10-3 -5.08·10-3 -5.00·10-3 -1.94·10-3 8.22·10-4 2.18·10-3 
Y1 1.72·10-3 9.44·10-4 -3.39·10-4 5.15·10-4 -1.70·10-3 1.46·10-3 1.58·10-3 
X2 2.74·10-3 2.91·10-3 -4.91·10-3 -4.46·10-3 -2.54·10-4 -1.10·10-4 1.86·10-4 
Y2 6.40·10-4 1.16·10-3 -5.01·10-4 1.06·10-3 -2.32·10-3 5.45·10-5 2.22·10-3 
X3 -1.24·10-3 5.19·10-3 -1.41·10-3 -2.15·10-3 -4.68·10-3 1.46·10-3 -3.14·10-5 
Y3 9.29·10-4 1.06·10-4 4.32·10-4 1.49·10-3 3.47·10-3 7.11·10-4 1.49·10-3 
X4 9.32·10-4 6.29·10-4 4.26·10-7 -1.56·10-4 -2.25·10-3 -4.04·10-4 1.57·10-4 
Y4 -2.15·10-3 1.31·10-3 2.96·10-4 1.58·10-3 2.53·10-3 5.97·10-5 9.82·10-4 
X5 1.16·10-2 -4.52·10-3 1.05·10-3 4.89·10-4 7.60·10-4 -1.11·10-3 -2.32·10-3 
Y5 -4.87·10-3 -1.43·10-3 1.46·10-3 2.26·10-5 3.78·10-3 1.28·10-3 3.11·10-3 
X6 -1.19·10-3 -7.28·10-3 9.12·10-3 1.80·10-3 5.84·10-4 -3.60·10-3 -1.21·10-2 
Y6 -2.90·10-3 2.32·10-3 -2.97·10-3 -2.79·10-3 -4.68·10-3 2.18·10-5 -2.19·10-3 
X7 -4.00·10-3 -3.82·10-3 4.40·10-3 6.41·10-4 -1.20·10-3 -1.82·10-3 -6.83·10-3 
Y7 -1.46·10-3 2.87·10-3 -4.12·10-3 -8.56·10-4 -4.97·10-3 -1.25·10-4 -3.84·10-3 
X8 -3.61·10-3 1.15·10-3 7.47·10-4 -7.58·10-4 -3.88·10-4 -5.14·10-3 -3.46·10-3 
Y8 -1.38·10-3 1.86·10-3 -4.33·10-3 -2.85·10-4 -4.24·10-3 1.02·10-3 -2.04·10-3 
X9 -2.82·10-3 2.17·10-3 -2.48·10-3 -4.64·10-3 5.04·10-3 -1.77·10-3 5.49·10-3 
Y9 -4.07·10-4 5.07·10-4 -1.38·10-3 -1.49·10-3 -3.29·10-3 -1.12·10-3 -5.73·10-6 
X10 -3.25·10-4 -7.03·10-3 -8.15·10-3 -5.39·10-4 -2.72·10-3 1.95·10-3 1.10·10-3 
Y10 4.50·10-4 1.76·10-3 -8.82·10-4 -3.47·10-3 -2.68·10-3 -2.01·10-3 1.17·10-3 
X11 -4.06·10-4 1.79·10-3 -1.91·10-4 -2.53·10-3 2.81·10-3 1.36·10-3 2.08·10-3 
Y11 5.38·10-4 3.84·10-4 -5.12·10-4 -3.56·10-3 -4.88·10-3 -4.17·10-3 1.32·10-3 
X12 -3.06·10-3 8.68·10-4 -6.64·10-4 1.91·10-3 -5.61·10-3 -5.84·10-4 -1.68·10-3 
Y12 9.97·10-4 -1.44·10-3 -1.23·10-3 -1.95·10-3 -3.94·10-3 1.43·10-3 1.65·10-3 
X13 -1.93·10-3 8.10·10-3 -4.54·10-3 6.03·10-5 -8.57·10-4 -2.63·10-3 5.29·10-4 
Y13 8.54·10-3 1.18·10-3 -2.18·10-3 -1.46·10-4 1.33·10-3 -2.87·10-3 -2.94·10-3 
X14 4.52·10-3 4.89·10-3 -7.87·10-5 3.09·10-3 1.83·10-3 5.31·10-3 7.86·10-4 
Y14 -2.57·10-3 -4.28·10-3 3.90·10-3 6.20·10-3 6.65·10-3 -1.31·10-3 -4.10·10-3 
X15 5.15·10-3 -2.65·10-3 8.19·10-3 -3.95·10-3 1.05·10-2 7.62·10-3 1.10·10-2 
Y15 -1.25·10-3 -4.80·10-3 5.17·10-3 2.60·10-3 9.24·10-3 2.39·10-3 -2.91·10-3 
X16 9.65·10-3 -1.91·10-3 3.75·10-3 9.42·10-3 1.24·10-3 5.21·10-4 8.84·10-5 
Y16 3.69·10-4 -2.29·10-3 3.48·10-3 -4.87·10-4 3.50·10-3 2.22·10-3 2.27·10-3 
X17 -1.08·10-2 -2.04·10-3 -7.45·10-4 9.19·10-3 1.22·10-3 -3.08·10-3 2.05·10-3 
Y17 8.78·10-4 -1.13·10-3 3.34·10-3 1.17·10-3 1.29·10-3 1.25·10-3 1.75·10-4 
X18 -7.64·10-3 -2.68·10-3 9.89·10-4 -2.41·10-3 -4.10·10-3 1.21·10-3 7.46·10-4 
Y18 1.92·10-3 9.81·10-4 3.81·10-4 3.94·10-4 9.12·10-4 -2.91·10-4 2.09·10-3 
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GENERAL DISCUSSION 
 

The role of chromosomal rearrangements in the speciation process is an enduring topic (see 

Searle 1993; Rieseberg 2001; Kirkpatrick and Barton 2006; Brown and O’Neill 2010; Faria and 

Navarro 2010; Feder et al. 2014; Garagna et al. 2014; Förster et al. 2016). The fact that closely 

related species sometimes differ from one another in their karyotypes has recurrently led to 

wonder whether chromosomal reorganizations might have promoted their reproductive isolation 

(King 1993; Förster et al. 2016). Some studies have cast doubt on the notion that the karyotypic 

variation caused by chromosomal rearrangements could lead to speciation (Coyne and Orr 2004; 

Butlin 2005). Despite the controversy in this respect, the fact is that several lines of evidence point 

that as long as chromosomal rearrangements (and particularly Rb translocations) overcome the 

hurdle to become fixed and especially if they get to accumulate, they become important potential 

triggering factors of speciation (King 1993; Noor et al. 2001; Rieseberg 2001; Machado et al. 2002; 

Ortiz-Barrientos et al. 2002; Förster et al. 2016). The model of chromosomal speciation based on 

the suppression of meiotic recombination presents chromosomal rearrangements as strong 

genetic barriers, since this mechanism is particularly considered to carry limited gene flow and 

thus a buildup of genetic differences, especially in the rearranged chromosomal regions, among 

populations karyotypically differentiated (Noor et al. 2001; Rieseberg 2001; Ortiz-Barrientos et 

al. 2002; Navarro and Barton 2003b). This genetic divergence could result from alterations in the 

linkage between alleles, fixation of allelic variants with different pleiotropic effects, accumulation 

of incompatible alleles, or disruption of genomic co-adaptation, and therefore could contribute to 

the differential expression of certain phenotypic traits and lead to morphological differentiation 

(Alibert and Auffray 2003; Navarro and Barton 2003b; Franchini et al. 2016). 

Bearing in mind that the formation of chromosomal races is the first stage of the speciation 

process (Giménez et al. 2016), the predisposition and tendency of the western European house 

mouse to fixate and accumulate Rb translocations make it a fundamental model organism for the 

study of the mechanisms of chromosomal speciation (Rieseberg 2001). Accordingly, it can help to 

shed light on how chromosomal rearrangements might play a role in affecting phenotypic traits 

(Rieseberg 2001; Faria and Navarro 2010; Franchini et al. 2016). Along this line, the Rb systems 

and hybrid zones of Mus musculus domesticus constitute interesting scenarios where to study how 

large-scale chromosomal rearrangements can modify the phenotype of a species, while 

contributing to reproductive isolation and so altering its evolutionary potential (Franchini et al. 

2016). In the present thesis, the craniomandibular skeleton of the western European house mouse 

has particularly been studied in the zone of chromosomal polymorphism comprising the 

Barcelona Rb system and surrounding St populations. The features characterizing this Rb system, 

including its clinal, staggered distribution of metacentrics, make it an interesting model to 
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approach the potential role of Rb translocations in generating morphological differentiation of 

skeletal structures in an incipient stage of an eventual evolutionary process of raciation or, 

ultimately, speciation.  

Despite the extensive and intensive search for a metacentric race of Mus musculus domesticus 

in the Barcelona Rb system, no individuals homozygous for all seven Rb translocations have been 

detected to date, which supports the chromosomal polymorphic condition of the study zone of the 

present thesis (Medarde et al. 2012). Recently, a study of meiotic drive performed with gametes 

of specimens from this Rb system, with diploid numbers of 2n=27-35 chromosomes, revealed 

inter-individual variability in a major microtubule binding protein at kinetochores (HEC1) and 

absence of statistical difference between metacentric and acrocentric chromosomes in the 

staining of the histone H3 variant that defines the centromere (CENP-A) (Chmátal et al. 2014). 

These results suggested that meiotic drive in the Barcelona Rb system is not strong enough to fix 

metacentrics, and thus contributed to explain the absence of a metacentric race. The fact that this 

Rb system is characterized by a wide range of diploid numbers and distinct karyotypes, but lacks 

a metacentric race, precludes the establishment of any clear association between the 

morphological patterns of variation and covariation detected in the present thesis, and specific Rb 

translocations. However, the results of this research work indicate that even in the absence of a 

metacentric race, and thus even if there is no completion of an eventual raciation or speciation 

process, increasing differentiation in the structure of morphological covariation and in the 

morphology of skeletal elements can arise as a result of the accumulation of rearranged 

chromosomes. Therefore, these results provide support to the notion that chromosomal 

rearrangements, and particularly Rb translocations, are drivers of morphological divergence and 

particularly affect the way morphological traits covariate. 

Viewed as a whole, the analyses conducted on the mandible of adult specimens (chapter 4) 

indicated that the group of 40St mice had the most differentiated pattern of morphological 

variation compared to the rest of chromosomal groups, as also highlighted in previous works (e.g., 

Sans-Fuentes et al. 2009). Some studies have indicated that gene flow between the metacentric 

populations of the Barcelona Rb system and the surrounding St populations is not severely 

interrupted (Gündüz et al. 2001; Sans-Fuentes et al. 2010). However, the absence of great changes 

in the staggered spatial structure of this zone of chromosomal polymorphism along a decade 

suggests the existence of a certain degree of reproductive isolation among populations with 

different karyotypic ranges (Medarde et al. 2012; Medarde 2013). As stated, the fertility and 

fitness reduction, as well as the recombination decrease, resulting from the presence of Rb 

translocations in heterozygosis are important barriers to genetic exchange (Thorpe et al. 1982; 

Corti and Thorpe 1989; Searle 1993; Hauffe and Searle 1998; Corti and Rohlf 2001; Hauffe et al. 

2002; Capilla et al. 2014). In relation to fertility reduction, specimens from the Barcelona Rb 
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system with one to three Rb translocations in heterozygosis were not found to suffer from drastic 

fertility reduction (Medarde et al. 2015). However, the scarcity of individuals with more than five 

metacentrics in heterozygosis in this Rb system indicated that selection could be acting against 

the individuals with a high degree of structural heterozygosity (Medarde et al. 2015). Also, the 

specimens with the lowest diploid numbers showed more anomalies in spermatogenesis and 

higher frequency of apoptotic spermatogenetic cells, which evidenced that Rb translocations 

might be an important factor in the hindering of meiosis and so in the establishment of barriers 

to gene flow in our study area (Medarde et al. 2015). Nevertheless, bearing in mind the clinal 

distribution of Rb translocations and the frequency of germ cell death characterizing the 

Barcelona Rb system, it has been acknowledged that the partial barrier to gene flow that these 

spermatogenetic alterations represent are not enough to cause drastic reproductive isolation 

among the metacentric populations (Medarde et al. 2015). In relation to recombination decrease, 

the analysis of the patterns of recombination in animals from the Barcelona Rb system indicated 

a significant reduction in the number of recombination nodules in the metacentrics, and a 

tendency to a spatial redistribution of genetic exchange regions toward the terminal parts of the 

rearranged chromosomes (Capilla et al. 2014), as also detected in hybrid zones (see Franchini et 

al. 2010). Altogether, these evidences support the notion that restrictions to gene flow do occur 

within the zone of chromosomal polymorphism analyzed in the present thesis, which could 

account for the particularly evident morphological differentiation of the mandible especially 

between the 40St animals and the groups with Rb translocations. In contrast, the analyses 

conducted on the cranium (chapter 5) were not so conclusive in particularly distinguishing the 

40St group from the rest of chromosomal groups at the phenotypic level. Nevertheless, a positive 

association was detected between the morphological differentiation of both the dorsal and ventral 

cranial regions and karyotypic distances among groups, and also between these karyotypic 

distances and differences in the patterns of morphological covariation for the ventral cranium. 

This denotes the apparent role of Rb translocations also in the structure of covariation of this 

skeletal structure, despite this may not translate into as evident changes as in the case of the 

mandible between St and Rb mice. In this respect, this would support the notion that the 

phenotypic effect of chromosomal reorganizations on particular traits depends on the 

morphological structure, and therefore on the number and position of genes coding for these traits 

(see Muñoz-Muñoz et al. 2011). 

The case of the specimens belonging to the 40Rb group, having the St karyotype of 40 

acrocentric chromosomes but being trapped in localities where animals with a reduced number 

of Rb translocations have also been captured, is particularly interesting. Different between-groups 

comparisons regarding skull form (chapters 4 and 5) revealed the greater resemblance between 

the 40Rb and Rb(38-39) mice, than between the 40Rb and 40St animals. Bearing in mind the 
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geographic origin of the 40Rb mice, these results suggest that these mice could have originated 

from the mating between heterozygous mice with high diploid numbers (i.e., 2n=38-39 

chromosomes), rather than from the mating between 40St mice (see also Sans-Fuentes et al. 

2009). Thus, the results here obtained concur with prior studies in supporting the classification 

of specimens with 40 chromosomes into two groups, 40Rb and 40St, depending on whether they 

cohabitate or not with specimens bearing Rb translocations (Sans-Fuentes et al. 2009). Also, they 

encourage further genetic research on these peculiar specimens, in order to unravel the causes 

underlying their rather unexpected phenotypic divergence from 40St mice. 

The recurrently divergent patterns of variation detected between the anterior and posterior 

regions of the house mouse mandible (chapters 4, 6, 7, and 8) suggest that it is not a homogeneous 

morphological structure. The genetic and ontogenetic divergence between these mandible 

regions could account for the differences found regarding their patterns of morphological 

variation and covariation over early postnatal ontogeny and adulthood. The underlying notion is 

that those traits belonging to a bone region that develops from the same cellular condensation, is 

affected by the insertion of the same muscle, and/or is codified by particular alleles, will be more 

related among them than with the traits of a different bone region (Muñoz-Muñoz 2008). 

Modularity is considered to be a ubiquitous property of complex systems, and has been the focus 

of many studies addressing questions in developmental and evolutionary biology contexts, from 

a macroevolutionary to an intraspecific perspective (Drake and Klingenberg 2010; Sanger et al. 

2012; Goswami et al. 2014; Esteve-Altava 2016, for review). The independent variation of distinct 

characters, which is the basis of modularity (Klingenberg et al. 2003, 2004; Wagner et al. 2007), 

anticipates an independent evolutionary pathway for each of them. Consequently, the concept of 

modularity has been linked to evolvability, which is the ability of a biological unit to respond to a 

selective challenge (Hansen 2003). In this respect, the maintenance of the modular structure of 

the mandible despite the accumulation of metacentrics (chapter 4) highlights that Rb 

translocations do not modify the potentially different evolutionary pathways of each mandible 

region. Despite the detection of bimodular organization of the mandible in adulthood, this 

modular structure was not validated during the first half of the ontogenetic postnatal period 

analyzed in the studies of mandible growth (i.e., 2nd–4th PW), neither in St, Rb, nor laboratory mice 

(chapters 6 and 8), and Rb mice also did not display modular organization of the mandible 

between the 5th and 8th PW (chapter 6). These findings indicate that compartmentalization of 

covariation is not an absolute attribute of the mouse mandible, and that actually differs depending 

on the mouse group and the ontogenetic stage. The covariation among phenotypic traits is 

considered to arise from the influence of developmental processes on certain traits or structures; 

that is to say, the variance of the developmental processes that generate covariation determines 

the covariation structure of the phenotypic traits (Zelditch et al. 1993; Hallgrıḿsson et al. 2007b; 
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Mitteroecker and Bookstein 2007). In this respect, the covariation structure of complex 

phenotypes has been proposed to result from an overlay of sequential and interacting 

developmental processes, each of which leaves its imprint on the eventual phenotypic structure 

of covariation, which is known as the “palimpsest” model (Hallgrı́msson and Lieberman 2008). 

This model has been proposed as a better theoretical framework for the approach of the patterns 

of morphological integration than the models of integration partitioning morphological traits into 

discrete groups (Roseman et al. 2009). However, it should be noticed that the assessment and 

validation of certain modular hypotheses does not rule out the existence of different patterns of 

integration at different hierarchical levels; in fact, according to Klingenberg et al. (2003), 

morphological modularity is a matter of degrees, instead of an all-or-nothing phenomenon. 

Therefore, the detection of a bimodular structure of the mandible in some ontogenetic stage does 

not mean that this morphological structure is strictly compartmentalized, nor in that sole way. 

The adult morphology of complex skeletal structures, such as the craniomandibular region, 

results from intricate developmental processes that involve temporospatial features of bone 

growth and displacement pertaining to the bone remodeling mechanism, which allow to maintain 

a proper alignment and proportionate growth as well as conserve a structural and functional 

balance (Moss and Young 1960; Björk 1969; Björk and Skieller 1972, 1976; Moss et al. 1980, 1985; 

Enlow and Hans 1996; Martinez-Maza et al. 2006; McCollum 2008; Lieberman 2011a; Renaud et 

al. 2012; Brachetta Aporta et al. 2014; Martinez-Maza et al. 2015). The numerous factors of 

different nature (e.g., genetic, biomechanical, hormonal) influencing postnatal bone growth 

ultimately regulate the onset, offset, rate of activity, and spatial distribution of the areas of bone 

deposition and resorption that constitute the bone remodeling patterns (O’Higgins et al. 1991; 

Enlow and Hans 1996; Lightfoot and German 1998; Turner 1998; Donahue 2000; Martin 2000; 

Hallgrı́msson et al. 2002; Robling et al. 2006; Young and Badyaev 2007; Giustina et al. 2008; 

Gonzalez et al. 2013; Brachetta Aporta et al. 2014). Since modifications in any of these parameters 

are believed to contribute to the morphological variation observed among populations and 

species, but also along evolution (Bromage 1989; Enlow and Hans 1996; McCollum 2008; 

Lieberman 2011a; Lacruz et al. 2013; Martinez-Maza et al. 2013), the analysis of the process of 

bone growth provides essential clues to understand skeletal morphology and its changes through 

ontogeny and phylogeny. Bone remodeling patterns have been useful tools for the inference of the 

growth dynamics of the craniomandibular skeleton in several species, including extant and extinct 

hominids as well as other primates (Enlow 1963; Boyde 1972; Bromage 1989; O’Higgins et al. 

1991; Enlow and Hans 1996; Wealthall 2002; Martinez-Maza et al. 2006, 2010, 2011, 2013, 2015; 

McCollum 2008; Lacruz et al. 2013). These studies have led to the identification of species-specific 

bone remodeling patterns indicating differences in growth directions related to particular 

morphological features (Martinez-Maza et al. 2015). However, the study of the role of bone 



Chapter  

218 
 

remodeling patterns in intraspecific morphological variation has been more scarce (McCollum 

2008; Martinez-Maza et al. 2013; Brachetta Aporta et al. 2014). The novel analyses of mandible 

remodeling in the house mouse conducted in the present thesis through the examination of bone 

surface (chapters 6 and 8) revealed that the individual bone remodeling patterns were mosaics of 

remodeling fields of variable size, shape and, to some extent, position. Bone remodeling mosaics, 

although of greater complexity, have also been described in Pan troglodytes, Gorilla gorilla, as well 

as in extinct and extant Homo (McCollum 2008; Rosas and Martinez-Maza 2010; Martinez-Maza 

et al. 2011, 2013, 2015). These patchy bone remodeling patterns are believed to reflect the 

complexity of the bone developmental process taking place in each individual (Martinez-Maza et 

al. 2015). The bone surface analyses included in the present research also evidenced certain 

coincidences within and among the three different groups of juvenile mice analyzed and 

compared. Specific regions of variable and constant bone remodeling patterns were detected 

among the individuals of the same group along ontogeny, and the anatomical distribution of these 

regions was also broadly similar among the three mouse groups, which suggests that this 

distribution could be phylogenetically preserved. Particularly, the ascending ramus displayed the 

greatest ontogenetic changes in bone remodeling patterns, the greatest inter-individual 

variability in the distribution of bone remodeling fields within each mouse group over ontogeny, 

and the greatest between-group variation in bone remodeling activity. This result was concordant 

with the greatest intra-group and inter-group morphological variation in this mandible region, 

not only in juvenile mice but also in adult specimens in the case of wild mice (chapters 4, 6, and 

8). The greatest divergence of the remodeling patterns of the ascending ramus might reflect its 

greater genetic and ontogenetic complexity, including the complex dynamics of bone remodeling 

required to preserve its functional contact with the basicranium while growing (Enlow and Hans 

1996; Martinez-Maza et al. 2015). In the case of the alveolar region, bone deposition recurrently 

characterized its lingual and labial sides in all mouse groups throughout ontogeny. This constant 

bone remodeling pattern might be reflecting the existence of phylogenetically preserved 

constraints associated to the developmental processes involved in the growth dynamics of this 

region, probably in association with odontogenesis. Taking everything into account, differences 

in bone remodeling variability across the mandible may reflect differences in the genetic or 

epigenetic factors acting on its different anatomical regions (Enlow and Hans 1996; Klingenberg 

2008; McCollum 2008; Neaux et al. 2015). 

The combination of bone surface and geometric morphometric analyses (chapters 6 and 8) 

yielded complementary approaches to the knowledge of the growth dynamics of the mouse 

mandible, as occurred in previous studies on great apes and humans (Brachetta Aporta et al. 2014; 

Freidline et al. 2014). Geometric morphometrics provided clues on the directions and magnitudes 

of mandible growth, unavailable to the analysis of bone remodeling from bone surface data. 
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Likewise, bone remodeling patterns provided direct evidence of the cellular processes underlying 

mandible growth, which otherwise could have been overlooked. The complementarity of the 

results from both approaches highlights the potential of integrating them in the analysis of the 

growth dynamics underlying skeletal morphology, since each approach provides unique pieces of 

information that, when taken as a whole, allow a better comprehension of the complex 

ontogenetic bone growth phenomenon. The global interpretation of the ontogenetic bone 

remodeling patterns indicates that the three mouse groups present differences in the spatial 

distribution of bone remodeling fields over ontogeny; however, putting them into context, these 

differences are minor, and apparently they would not entail drastic differences in the main growth 

directions of the mandible during postnatal development. Also, the global interpretation of the 

geometric morphometric data indicates that all mouse groups are characterized by relatively 

greater dorsoventral and craniocaudal growth of the ascending ramus linked to the ontogenetic 

increase in size. However, the comprehensive interpretation of the data both from the geometric 

morphometric and bone surface analyses conducted on the three different mouse groups also 

leads to the detection of some common apparent incongruences between the results obtained 

from the different approaches, which contributes to the discussion regarding the mechanisms 

responsible for bone growth and morphological variation. Because the mechanical loads exerted 

by muscles on bone tissue are among the most important factors to stimulate bone deposition, 

remodeling of the ascending ramus (i.e., the mandible region most directly involved in feeding 

mechanics) would be expected to show more extensive bone deposition fields (see Robling et al. 

2006; Baverstock et al. 2013; Brachetta Aporta et al. 2014). Although the geometric morphometric 

results showed a relatively greater growth of the ascending ramus over ontogeny in all mouse 

groups, this mandible region incongruently showed more variable remodeling activity and, in fact, 

a relatively greater extension of bone resorption activity, which might be regarded as indicative 

of limited growth. Conversely, although the areas of constant bone deposition characterizing the 

alveolar region could be believed to correspond to pronounced size increase, this mandible region 

showed a relatively more restricted growth than the ascending ramus throughout ontogeny. The 

presence of bone resorption surfaces at sites of muscle attachment has led some researchers to 

deny a relationship between muscle loading and osteogenesis (Hoyte and Enlow 1966). 

Nonetheless, as Herring (2011) indicates, muscle contraction sometimes creates pressure rather 

than tension on the bone, which could explain an eventual resorption activity. Along these lines, 

muscle contraction and targeted remodeling might account for the resorption activity detected in 

the ascending ramus, and probably could induce the more variable remodeling pattern of this 

mandible region across mouse groups (Martinez-Maza et al. 2015). Although the ascending ramus 

does not appear to display a one-to-one correspondence in any mouse group between bone 

remodeling patterns inferred from bone surface data and growth trajectories inferred from 
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geometric morphometric data, the results from both types of analyses indicate that the high 

variability in this region does not compromise its function (see Lieberman 2011b; Martinez-Maza 

et al. 2015).  

Following with the discrepancies noted from the study results, especially in the comparison 

between wild mice with the St karyotype and lab mice (chapter 8) considerably similar mandible 

remodeling patterns were detected along ontogeny. Instead, notable between-group differences 

in mandible form variation were observed, being especially remarkable the significantly bigger 

mandibles of laboratory mice during most of the study period. Due to the two-dimensional 

approach of mandible growth, and bearing in mind that significant differences in mandible size 

were not detected from the first age stage analyzed (i.e., 2nd PW), higher rates of bone deposition 

at least in the dimensions or anatomical axes comprised in the calculation of centroid size (i.e., 

craniocaudal and/or dorsoventral axes) were attributed to laboratory mice (chapter 8). The 

histological approach to the dynamics of mandible growth was complemented with the 

assessment of the rates of mandible growth (chapters 6 and 7). Regarding the comparison 

between wild St and laboratory specimens, a further discrepancy is detected when comparing 

geometric morphometric data and the quantification of bone growth: bone growth rates in the 

dorsoventral axis not only were not significantly higher among laboratory mice, but in fact the 

speed of bone deposition in the labial and lingual sides of the sectioned mandible regions was 

usually significantly higher in wild St mice (chapter 7). These differential patterns of mandible 

growth would likely result in bigger, narrower, and slenderer mandibles in laboratory mice, as 

opposed to smaller, wider, and more robust mandibles in wild St mice. These results suggest that 

the higher selective pressures existing in nature and affecting the wild populations, and the 

phenomena involved in the origin of inbred strains, might have favored the respective mandible 

morphologies. Since the ability to process hard food would provide selective advantage in nature, 

selection might have favored greatly-developed masticatory muscles and/or robust mandibles, 

enabling powerful biting and chewing, in wild St mice. Instead, the constraints underlying the 

origin of the inbred lab mice, like the founder effect, might account for their slenderer and bigger 

mandibles. This phenotypic differentiation of the mandible between the lab and St wild mice 

appears to be consistent with the results obtained by Corti and Rohlf (2001) when comparing 

mandible form between chromosomal races of Mus musculus domesticus from northern Italy: in 

the race showing higher levels of social aggression, the mandibles were found to be smaller and 

their shape pattern consisted in longer and more posteriorly projected coronoid and angular 

processes, shorter condylar process, and narrower molar alveoli region. These behavioral and 

morphological features in fact also characterize the St wild mice analyzed in the present thesis, in 

comparison to the laboratory strain. As discussed by Corti and Rohlf (2001), the mandible shape 

pattern in the more aggressive animals would allow a better performance during social aggression 
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and attack, since it would provide a larger attachment surface for head and neck muscles, which 

were also found to be comparatively larger in highly aggressive specimens. Following this 

rationale, the greater aggressive behavior among wild mice, which would be adaptive in natural 

conditions, could be somehow linked to the phenotypic characterization of these mice, compared 

to that of laboratory specimens. However, the mechanism underlying this correspondence is not 

clear, and no quantitative measures are available in the present case to support the higher 

aggressiveness of the wild mice. Nevertheless, as noted, the interrelation of results obtained with 

different methodologies applied to the study of the same biological phenomenon (i.e., bone 

growth through remodeling) allows a more complete and consistent approach, and helps to 

elucidate the underlying biological processes or factors. The divergent and apparently 

contradictory results, but also the coherent and complementary findings, outlined in the present 

research highlight the complexity of the process of mandible growth, and by extension of bone 

growth. Furthermore, they support the interest and the need of combining different 

methodologies to the approach of this biological process, since each method can provide valuable 

information sometimes unattainable with other methods. 

As the different parts of a complex morphological structure develop, grow, and function, they 

interact with each other in order to accommodate high levels of variation without disturbing the 

function (Lieberman 2011b; Martinez-Maza et al. 2015). Accordingly, variation in bone 

morphology and thus in the bone growth process may be assigned to the genetic program but also 

to epigenetic factors, such as physical factors or complex stimuli like diet (Kurihara et al. 1980; 

Enlow and Hans 1996; Hallgrímsson et al. 2007a; Young and Badyaev 2007; Gilbert and Epel 2008; 

Klingenberg 2008; McCollum 2008; Wund et al. 2008; Ventura and López-Fuster 2010; Ventura 

and Casado-Cruz 2011; Brachetta Aporta et al. 2014). The standardization of the growth 

conditions for the three groups of juvenile mice compared in the studies of mandible growth 

anticipated that diet consistency would trigger a similar muscular loading on the mandible in all 

groups. Consequently, the between-group dissimilarities in the patterns of mandible growth were 

ascribed to the inherently different karyotypic and/or genomic characterization of each mouse 

group (chapters 6, 7, and 8). Evolutionary divergence of complex phenotypes, like the form of 

bones, has been suggested to originate from changes in the patterns and timing of genic activation 

and repression during development, instead of resulting from actual structural changes (Atchley 

and Hall 1991). Thus, the genetic differentiation among the groups of mice here analyzed could 

have particularly entailed between-group variation in the signaling and regulation processes of 

mandible remodeling, and so in the activity of bone cells. The structural success of the skeleton is 

considered to be largely due to the capacity of bones to recognize aspects of their functional 

environment as stimuli, and to their ability to respond to their mechanical environment in order 

to achieve a structurally suitable morphology (Donahue 2000). The deformation of the bone 
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matrix due to mechanical loads derived from function is the main epigenetic signal that stimulates 

bone remodeling (Herring 1993b; Burr et al. 2002; Harris et al. 2004; Henderson et al. 2004). The 

mechanism through which mechanical loads are transformed into signals relevant to bone cells 

has been elusive, and the molecular mechanisms underlying the response of bone cells to 

mechanical load remain to be elucidated (Donahue 2000; Grimston et al. 2008). Nevertheless, 

several studies have supported that osteocytes act as mechanosensors and communicate load-

induced biophysical signals to osteoblasts, and ultimately throughout a cellular network, through 

gap junctional intercellular communication, which provides aqueous continuity between adjacent 

cells (Duncan and Turner 1995; Donahue 2000; Taylor et al. 2007; Grimston et al. 2008, 2011). In 

this way, this mechanism contributes to the regulation of bone cell differentiation. The fact that 

both the sensitivity of bone tissue to mechanical loads and the ability of bone cells to transform 

mechanical stimuli into cellular responses have a genetic basis (Judex et al. 2002; Robling and 

Turner 2002, 2009) suggests the possible existence of differences among the mouse groups under 

comparison in this respect, as stated. However, addressing this point would require further 

research on the molecular mechanisms regulating the postnatal growth, and ultimately defining 

the final form, of the mouse mandible (Swiderski and Zelditch 2013).  

In the context of the present thesis, analyzing morphological variation and covariation of 

complex skeletal structures in chromosomal groups belonging to the same subspecies (chapters 

4 and 5) that show differences at the chromosomal structure level but among which there is not a 

complete interruption of gene flow, the absence of striking differences is quite expected. 

Nevertheless, the results here obtained highlight the fact that, even when studying morphological 

variation in a zone of chromosomal polymorphism lacking a metacentric race, geometric 

morphometric techniques allow to detect small morphological variations encompassing the 

variation in diploid number. Likewise, in the analysis of the patterns of mandible growth, 

geometric morphometrics allowed to detect that mandible shape differentiation between St and 

Rb wild mice was significant since the 6th PW (chapter 6). Therefore, the results here presented 

evidence that, despite being slight, a trend exists toward the morphological differentiation of 

chromosomal groups together with the accumulation of Rb translocations. With regard to the 

patterns of mandible growth, the differences between the wild St mice and the inbred mouse 

strain were more evident in comparison with the differences found between the mandible growth 

patterns of wild St and Rb mice (chapters 6, 7, and 8). This observation evidences the apparent 

relevance of the particular genetic program in the morphogenesis and phenotypic 

characterization of the complex morphological structures. Therefore, it highlights the 

comparatively greater potential for bone remodeling modification and morphological 

differentiation of the directed selection involved in the origin of the laboratory mice, compared to 

the natural, spontaneous evolutionary processes undergone by Rb mice. Laboratory mice from 
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classical inbred strains, like C57BL/6J, have indisputably become the primary mammalian model 

system in biological research (Beck et al. 2000; Wade et al. 2002; Wade and Daly 2005), although 

their use has been considered controversial or even inappropriate in some instances (see Silver 

1995; Serpi et al. 2013). The validity of the inferences from laboratory animals to natural 

populations concerning any biological phenomenon depends on to what extent laboratory cases 

resemble natural situations (Renaud et al. 2010). The fact that the results from the present thesis 

highlight differences in early postnatal mandible growth between the C57BL/6J mouse strain and 

wild-derived populations of Mus musculus domesticus cautions against over-extrapolating, and 

suggests that inferences regarding mandible growth over early postnatal ontogeny should be 

carefully made, particularly from this mouse strain to the natural populations of the mouse 

subspecies studied. However, the present thesis also indicates that the C57BL/6J strain would be 

an appropriate model for certain aspects of mandible growth in Mus musculus domesticus during 

early postnatal ontogeny (chapters 7 and 8). 

 

Future perspectives 
 

The combination of histological examinations and geometric morphometric analyses 

conducted in the present research constitutes the first application of both methodological 

approaches altogether to the study of postnatal mandible growth in Mus musculus. The lack of 

further studies on craniomandibular bone remodeling in the house mouse impedes the 

comparison and contextualization of the histological results obtained in the present thesis. 

Undoubtedly, it would be interesting to assess whether the ontogenetic patterns of mandible 

remodeling and growth here described are particular features of the populations under study, or 

actually reflect the variability of the species. The usefulness of the approximation here presented 

toward the study of ontogenetic morphological variation in the Barcelona Rb system of Mus 

musculus domesticus, lacking a defined metacentric race, anticipates its utility in the study of real 

hybrid zones of this mouse subspecies, comprising hybrids between karyotypically different 

metacentric races and for which genetic information is available. For this, the analysis of 

ontogenetic series from these other geographic regions would be of interest. In this respect, the 

study of larger sample sizes would be advisable, which also could help to assess more reliably the 

timing of dental development and eruption in the context of these studies, bearing in mind the 

apparent relevance of this process in mandible remodeling. 

Furthermore, it would be interesting to combine the histological examinations presented in 

this thesis with the geometric morphometric approach that consists in digitizing landmarks and 

semilandmarks on three-dimensional models of surface scans of the mouse skull, both in 

adulthood and during the postnatal ontogenetic period analyzed, in Mus musculus domesticus 
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specimens from the Rb system analyzed but also from diverse hybrid zones. This would likely 

allow the generation of detailed ontogenetic skull models, and may help to assess the ontogenetic 

mechanisms involved in phenotypic variation of the skull. 

The studies included in the present thesis open new frontiers to further research focused on 

ascertaining the genetic basis of growth and morphological characterization of the house mouse 

craniomandibular skeleton, as well as aimed at assessing how the genetic control of complex 

morphological structures such as the skull is altered by Rb translocations. Following these lines, 

it would be particularly interesting to conduct more research directed toward the identification 

of the different alleles codifying for signaling molecules involved in the regulation of the postnatal 

remodeling of the craniomandibular skeleton, and aimed at assessing the particular effect of these 

alleles on mandible and cranium morphology in different strains, wild populations, and hybrid 

zones of the house mouse. Because bone growth appears to be influenced by multiple interrelated 

factors underpinned by developmental genetics and epigenetic signals, a combination of different 

analytical approaches is likely to be more effective at elucidating the genetic variation that 

underlies the postnatal growth process and the phenotypic characterization of the mouse 

mandible and cranium. More in-depth studies combining QTL analyses and GWAS with 

morphological and histological analyses of the craniomandibular skeleton are likely to be helpful 

toward the identification of genomic regions and genes involved in craniomandibular phenotypic 

differentiation between distinct mouse groups. Further lines of research are definitely also 

essential to unravel the actual mechanisms by which Rb translocations modify particular features 

of the phenotype of complex morphological structures, and thus entail the divergent 

morphological evolution of populations. 
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CONCLUSIONS 
 

. The organization of the mandible into two main modules (alveolar region and ascending 

ramus) in the adult western European house mice (Mus musculus domesticus) from the 

Barcelona Robertsonian (Rb) system is a stable attribute neither distorted by the presence of 

Rb translocations nor by the integrative effect of allometry. 

 

. The accumulation of Rb translocations positively correlates with an increase in the proportion 

of mandible shape variation depending on size variation, as well as in the magnitude of 

morphological integration between the two modules of the mouse mandible. The difference 

in the integrating effect of allometry between different chromosomal groups of mice would 

account for the different strength of integration between the mandibular modules in each 

case. The accumulation of Rb translocations might progressively induce linkage between 

genes affecting mandible size and shape. 

 
. Modifications in genetic linkage caused by Rb translocations, leading to an increase in 

covariation especially within the ascending ramus, could explain the decrease in the 

magnitude of morphological integration of the mandible linked to the increase in the number 

of Rb translocations, in the absence of an allometric effect. Also, new allelic combinations in 

populations with a mixture of different karyotypes, having Rb translocations and high diploid 

numbers, could account for their higher magnitude of mandible integration. 

 
. The accumulation of new Rb translocations appears to entail a more prominent role of direct 

interactions among developmental pathways, as opposed to parallel variation of such 

pathways, in generating morphological covariation in the mouse mandible. 

 
. Geographically structured sources of variation affecting separate developmental pathways in 

parallel, could be the causative factors of the geographic structuring of variation in the 

patterns of morphological covariation of the mandible among natural populations of Mus 

musculus domesticus from the Barcelona Rb system.  

 
. The magnitude of variation in the covariance structure of the ventral region of the cranium 

among natural populations of Mus musculus domesticus is positively linked to the 

accumulation of Rb translocations. This association is also detected for the mandible, although 

it appears to be weaker in that case. 
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. Morphological integration between the dorsal and ventral regions of the house mouse 

cranium is not disrupted by Rb translocations. The modular structure of the dorsal (i.e., face 

and neurocranium) and ventral (i.e., face and basicranium) cranial regions is generally 

confirmed, regardless of the diploid number range. However, the trends of the two coefficients 

quantifying the magnitude of morphological integration (RV and CR) across chromosomal 

groups differ between the dorsal and ventral cranium, and the CR coefficient more often 

validates the hypotheses of modularity. 

 
. Karyotypic differentiation, due to the accumulation of metacentrics, is positively associated 

with morphological differentiation of the dorsal and ventral cranial regions among 

chromosomal groups. Higher canalization of the ventral region of the cranium, likely due to 

its role in feeding mechanics, could explain why morphological differentiation of only the 

dorsal region of the cranium correlates positively with the geographic distances among 

chromosomal groups. 

 
. In the Barcelona Rb system, and bearing in mind the polygenic nature of skull morphology, 

both geographic distances and karyotypic differences would act as barriers limiting the flow 

of genes involved in the development of morphological skull traits. 

 
. Phylogenetic, developmental, and functional constraints could lead to features of mandible 

histomorphogenesis and growth common to wild mice with the St karyotype, wild mice with 

Rb translocations, and laboratory mice of the C57BL/6J inbred strain during early postnatal 

ontogeny. These common features include: similar main directions of growth, growth 

acceleration around weaning, link between bone microstructure and the speed of bone 

deposition (in accordance with Amprino’s rule), anteroposterior gradient of histological bone 

maturation, predominance and constancy of bone deposition activity in the alveolar region 

but variability of bone remodeling activity in the ascending ramus, and relatively greater 

expansion of the ascending ramus linked to the ontogenetic size increase of the entire 

mandible. 

 
. Natural populations of Mus musculus domesticus with the St karyotype and with Rb 

translocations differ in certain aspects of mandible growth during early postnatal ontogeny. 

These differences include the timing of histological maturation of the mandible, the 

localization of bone remodeling fields, the temporospatial patterns of mandible shape 

variation, and the timing of modular organization of the mandible. A slight delay in mandible 

growth, as well as alterations in genetic architecture particularly of the ascending ramus, 

induced by Rb translocations would probably account for these differences.  
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. Postnatal mandible growth differs more evidently between natural populations of Mus 

musculus domesticus with the St karyotype and the C57BL/6J inbred laboratory strain of Mus 

musculus. The main dissimilarities involve the timing, directions and rates of mandible 

growth, the temporospatial pattern of distribution of bone tissue types and thus of histological 

maturation, the localization of bone remodeling fields, and the temporospatial patterns of size 

and shape variation. 

 
. Both in wild mice with the St karyotype and with Rb translocations, the temporospatial 

patterns of histological maturation of the molar and ascending ramus regions are synchronic, 

whereas asynchrony is detected between these two mandible regions and the diastema 

region. This pattern differs from that detected in the laboratory mouse strain C57BL/6J, 

characterized by synchrony between the diastema and molar regions, and asynchrony 

between these two mandible regions and the ascending ramus region. Therefore, the pattern 

in wild St and Rb mice would not support the organization of the mouse mandible into the 

alveolar region and ascending ramus modules at the histological level. 

 
. Ontogenetic decrease in the strength of morphological integration of the mandible, likely due 

to functional influences, occurs in natural populations of Mus musculus domesticus with the St 

karyotype and with Rb translocations, as well as in the C57BL/6J strain of Mus musculus.  

 
. The modification of the ontogenetic patterns of morphological covariation of the mandible 

prompted by Rb translocations could explain the absence of statistical support for the 

bimodular structure of the mandible between the 5th and 8th PW in Rb mice, as opposed to 

what is observed in St and laboratory mice. 

 
. Allometry has an integrating influence over the house mouse cranium and mandible, 

regardless of the ontogenetic period or mouse group analyzed.  

 
. Functional constraints linked to the post-weaning change of diet could not only account for 

features of mandible growth and covariation common to the wild populations of Mus musculus 

domesticus and the C57BL/6J inbred mouse strain, but also increase some dissimilarities 

among them, since they are particularly evident after weaning. Differences in the trade-off 

between growth and other vital functions may also be involved in bone growth dissimilarities 

between mouse groups. 

 
. The combination of different methodological approaches to the study of skull growth provides 

complementary results that allow a better comprehension of this complex process. 
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. Inherent differences in genetic architecture of Mus musculus domesticus with the St karyotype, 

Mus musculus domesticus with Rb translocations, and Mus musculus of the C57BL/6J strain 

could account for the discrepancies regarding their patterns of postnatal mandible 

development, since all mice grew under equivalent laboratory conditions and certain 

between-group dissimilarities were already detected before weaning. Karyotypic and genetic 

diversification could have specifically resulted in between-group variation in the genetic 

regulation of the bone remodeling mechanism, including bone sensitivity to perceive 

muscular loading and the ability of bone to transform these mechanical stimuli into responses 

from bone cells. 

 
. The smaller magnitude of differentiation in mandible histomorphogenesis and growth 

between wild mice with the St karyotype and wild mice with Rb translocations, compared to 

that between wild mice with the St karyotype and laboratory mice of the C57BL/6J strain, 

suggests a difference in potential of each deviation from the original condition (represented 

by wild St mice) to induce modifications in the process of bone remodeling. 

 
. The discrepancies in the patterns of postnatal mandible growth between wild mice with the 

St karyotype and laboratory mice caution against the over-extrapolation of results from 

laboratory animals to natural populations regarding this biological process. 

 
. Chromosomal rearrangements, and particularly Rb translocations, have the potential to 

trigger divergent morphological evolution of populations by inducing modifications in the 

structure of covariation of morphological traits, as well as inducing alterations in their growth 

patterns. Therefore, they can play a significant role in intraspecific differentiation processes 

at the morphological level. 
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haver fet que m’hi trobés com a casa durant tot aquest temps. Voldria fer extensiu el meu 

agraım̈ent a tots els membres de la secretaria del Departament de Biologia Animal, de Biologia 

Vegetal i d’Ecologia, especialment a la Pilar Lurbe i l’Oscar Santasusagna, aixı́ com a la 

coordinadora del programa de Doctorat en Biodiversitat, Dra. Assumpció Malgosa, per la seva 
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Ana Filipa, Ana Caterina y Rainer, les agradezco su constante interés por cómo me iban las cosas 
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malauradament entenent-me des de l’experiència. Hi ha fets a la vida que et fan més forta, i jo he 

tingut la sort de poder-me fer forta al teu costat. Has estat, i ets, una peça clau en la meva vida. Ara 

que ja ha tornat la calor, hem de tornar a pels nostres gelats i gots d’orxata al Portal de l’Angel, eh! 
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