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Abstract

Chromosomal evolution is widely considered an important driver of speciation because it can pro-

mote the establishment of reproductive barriers. Karyotypic reorganization is also expected to af-

fect the mean phenotype, as well as its development and patterns of phenotypic integration,

through processes such as variation in genetic linkage between quantitative trait loci or between

regulatory regions and their targets. Here we explore the relationship between chromosomal

evolution and phenotypic integration by analyzing a well-known house mouse parapatric contact

zone between a highly derived Robertsonian (Rb) race (2n¼ 22) and populations with standard

karyotype (2n¼ 40). Populations with hybrid karyotypes are scattered throughout the hybrid

zone connecting the two parental races. Using mandible shape data and geometric

morphometrics, we test the hypothesis that patterns of integration progressively diverge from

the “normal” integration pattern observed in the standard race as they accumulate Rb fusions.

We find that the main pattern of integration observed between the posterior and anterior part of

the mandible can be largely attributed to allometry. We find no support for a gradual increase in

divergence from normal patterns of integration as fusions accumulate. Surprisingly, however,

we find that the derived Rb race (2n¼ 22) has a distinct allometric trajectory compared with

the standard race. Our results suggest that either individual fusions disproportionately affect

patterns of integration or that there are mechanisms which “purge” extreme variants in hybrids

(e.g. reduced fitness of hybrid shape).
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Understanding how the evolutionary process produces phenotypic

disparity and species diversity—as well as their non-uniform distri-

bution across space, time and lineages—is a major goal of evolution-

ary research. Chromosomal rearrangements, large-scale genomic

modifications that involve portions or entire chromosomes, are con-

sidered key players in promoting the rapid establishment of repro-

ductive barriers between diverging taxa (Coyne and Orr 2004;

Charron et al. 2014; Merot et al. 2020). It is often the case that indi-

viduals bearing chromosomal rearrangements cannot interbreed

with individuals possessing the ancestral karyotype or that, if they

can, the hybrids thus obtained suffer from reduced fertility (Noor

et al. 2001; Lowry and Willis 2010). Chromosomal rearrangements

can also affect the phenotype by acting directly on the presence,

number or functionality of quantitative trait loci (QTL; the regions

of the genome containing the genes responsible for the variation in a

trait) or by affecting the genetic independence of multiple QTL

(Imprialou et al. 2017). For instance, the deletion of a QTL region

can affect directly the phenotype by removing the genes controlling

trait variation . Conversely, a fusion of two chromosomes each bear-

ing a QTL for a distinct trait creates a physical linkage between the

two QTL, which can in turn affects how independent the two traits

are. In this last example, a chromosomal rearrangement produces a

new constraint to phenotypic variation (if the two traits are not gen-

etically independent anymore) or alters an existing constraint (if the

two traits were already genetically non-independent for other rea-

sons). By simultaneously facilitating the establishment of reproduct-

ive barriers and affecting phenotypic variation, chromosomal

evolution can accelerate the accumulation of both new species and

phenotypic diversity.

Here, we will focus on the effect of a common type of chromo-

somal rearrangement—Robertsonian (Rb) fusions—on the pheno-

type and on how different parts of an organism are associated to

each other. We approach this topic using one of the most prominent

biological systems for the study of chromosomal evolution—the

house mouse. The Western European house mouse, Mus musculus

domesticus, is characterized by 40 acrocentric chromosomes

(2n¼40), the standard karyotype of the entire genus Mus.

However, Rb fusions, a class of large-scale chromosomal rearrange-

ments that consist in the joining of 2 non-homologous acrocentric

chromosomes at their centromere, are highly common in this sub-

species across its whole distribution area (Gropp and Winking

1981). The fixation of newly formed metacentric chromosomes has

led to a mosaic of Rb populations (harboring a combination of Rb

and acrocentric chromosomes) interspersed among mice with the

ancestral “Standard” karyotype. In some cases, Rb fusions become

fixed in homozygous state, entitling the population with such karyo-

type to be called a “chromosomal race”. Numerous chromosomal

races distinguished by different combinations of metacentric chro-

mosomes in homozygous condition have been described in the house

mouse (Pialek et al. 2005). This high karyotypic diversity has made

natural populations of M. m. domesticus an ideal experimental set-

ting to investigate the effect of large-scale translocations in establish-

ing reproductive isolation and in producing phenotypic variation

(Sage et al. 1993). The study of these evolutionary processes is fur-

ther facilitated by the occurrence of several hybrid zones between

house mouse populations differing in their karyotypes. In these hy-

brid zones, different stages of the “speciation continuum” can be

observed, ranging from uninterrupted gene flow with ongoing hy-

bridization to almost complete reproductive isolation. The hybrid

zones identified so far involve secondary contacts between chromo-

somal races characterized by different combinations of metacentric

chromosomes (Franchini et al. 2008; Hauffe et al. 2011), Rb

chromosomal races and populations with standard karyotype

(Capanna et al. 1975; Franchini et al. 2010) or primary intergrada-

tions areas with populations carrying heterozygous Rb chromo-

somes in which the fixation process has not been completed yet

(Sans-Fuentes et al. 2009; Castiglia et al. 2011; Mu~noz-Mu~noz et al.

2011). In these hybrid zones, the extent of gene flow between the

different populations is inversely proportional to their karyotypic in-

compatibility, that in turn leads to reduced fertility of hybrids

(Hauffe et al. 2011).

Rb-fused chromosomes have been shown to locally reduce re-

combination rates, and thus gene flow between diverging popula-

tions (Rieseberg 2001; Panithanarak et al. 2004; Franchini et al.

2010). This acts as a mechanism which complements the hypofertil-

ity of hybrids due to the occurrence of aneuploid gametes in produc-

ing reproductive barriers and promoting phenotypic variation (Faria

and Navarro 2010). The Rb-induced reduced recombination, mainly

affecting pericentromeric regions of Rb chromosomes, can also pro-

mote adaptive evolution by building up linkage disequilibrium be-

tween advantageous allelic combinations or simply by altering the

regulatory landscape of genes, and ultimately their expression

(Lindholm et al. 2016). As a result, not only Rb fusions can induce

changes in traits that are inherited in a population, but they can also

alter their level of modularity and integration (Klingenberg 2010).

In other words, changes in the inter-dependence of chromosomal

regions may affect how and how strongly different traits co-vary (in-

tegration) and their grouping into suites of traits which are relatively

independent from each other (modularity). For these reasons, the

house mouse mandible has been intensively used as a focal trait in

morphometric studies aimed at investigating the effect of Rb fusions

in producing intra- and inter-population phenotypic differences

(Corti and Rohlf 2001; Li 2011; Mu~noz-Mu~noz et al. 2011;

Martı́nez-Vargas et al. 2014; Franchini et al. 2016; Martı́nez-Vargas

et al. 2018).

Furthermore, the mouse mandible has long served as a primary

model for developmental, genetic and morphological studies of com-

plex traits (Klingenberg et al. 2003). Within this complex bony

structure, several anatomically and functionally differentiated units,

with distinct embryological origin, have been identified (Atchley

and Hall 1991). In the last two decades, the genetic basis of man-

dible shape variation has been widely investigated revealing its poly-

genic architecture, and several QTL have been found to control

different units (Ehrich et al. 2003; Klingenberg et al. 2004). In par-

ticular, two main regions of the mandible showed a certain degree

of genetic independence, further corroborating the mouse mandible

as a model in studies of morphological integration and modularity.

These two relatively independent regions include an anterior, tooth-

bearing zone called “alveolar region,” and a posterior portion called

“ascending ramus,” where most of the muscles are inserted (Leamy

1993; Klingenberg et al. 2004) (Figure 1).

A well-known house mouse hybrid zone can be found in Central

Italy between the Cittaducale (CD) chromosomal race (2n¼22) and

the surrounding populations with all-acrocentric standard karyotype

(Capanna et al. 1975). Rb karyotypes are represented in the litera-

ture with a notation indicating which acrocentric chromosomes

found in the standard karyotype are fused in the Rb karyotype. For

instance, “Rb(1.7)” indicates a Rb fusion between chromosomes 1

and 7, which are distinct in the standard karyotype. The CD race is

characterized by 9 Rb chromosomes [Rb(1.7), Rb(2.18), Rb(3.8),

Rb(4.15), Rb(5.17), Rb(6.13), Rb(9.16), Rb(10.11), Rb(12.14)].

Populations with hybrid karyotypes are scattered throughout an
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�10 km-wide transect connecting the two parental races following a

clinal distribution displaying an increase of the number of metacen-

tric chromosomes along a Standard-CD (South-North) direction

(Figure 1). Previous research has shown a decreased fertility of

hybrids, highlighting how the number of heterozygous metacentrics

is directly related to the number of aneuploid gametes (Castiglia and

Capanna 2000). Furthermore, genetic analysis carried out with

microsatellite loci located in centromeric and telomeric regions of 5

Rb metacentrics and on chromosome 19 (the only acrocentric auto-

somal shared by the 2 parental races) showed that the hybrid zone

acts as a semi-permeable barrier to gene flow, with stronger resist-

ance to gene flow in centromeric regions of Rb chromosomes, char-

acterized by reduced recombination (Franchini et al. 2010).

Whereas previous genetic surveys clearly showed the occurrence of

gene exchange between the 2 parental races, no conclusion could be

drawn on the direction of gene flow. Taken together, these studies

allowed us to demonstrate how the interplay between hybrid fertility

and localized suppression of recombination could jointly drive gen-

etic divergence between the focal races and, ultimately, speciation.

In this study, we go one step further and investigate the impact

of chromosomal rearrangements in altering the morphology of mice

mandibles from the CD-Standard hybridization area, with a special

focus on the patterns of covariation between its main modules, the

alveolar region and the ascending ramus. The chromosomal struc-

ture of this hybridization zone, characterized by the presence of two

“pure” races (2n¼22 and 2n¼40) and a wide range of hybrids car-

rying intermediate karyotypes (Figure 1), allowed us to test several

hypotheses. In detail, we wanted to test for the effect of Rb translo-

cations on mandible morphology, especially whether the increase in

the number of metacentric chromosomes can be related to a progres-

sive disruption of normal patterns of integration. Additionally, in

consideration of the potential developmental and/or genetic disrup-

tion induced by Rb fusions in the ancestral all-acrocentric chromo-

some populations, we tested for an alteration of the amount of

mandible morphological variation (i.e. disparity) in the highly

derived CD race (as an effect of possible reduced fitness of individu-

als carrying maladapted mandible shapes).

Materials and Methods

Data collection and preparation
We examined a total of 116 mice that were live-trapped in 17 local-

ities between 1996 and 1998, and between 2002 and 2005 in

Central Italy (Figure 1A). At the time of sampling, mice were

weighed and the karyotype of each individual was characterized

using bone marrow cytogenetic analysis and G-banding techniques

(Castiglia and Capanna 1999; Franchini et al. 2010). The sampling

area includes a well-known house mouse parapatric contact zone be-

tween a highly derived Rb race, Cittaducale (CD, 2n¼22) and pop-

ulations with standard all-acrocentric chromosomes karyotype

(2n¼40). Populations with hybrid karyotypes (2n¼24–39) are

scattered throughout the hybrid zone, a narrow mountain valley

connecting the 2 parental races �10-km wide (Figure 1A and

Supplementary Table S1). As the main aim of this study is to test the

hypothesis that an increase of Rb fusions is associated to higher de-

parture from normal patterns of integration, for several analyses we

used as a variable the diploid number of chromosomes, which is the

predictor that best reflects this hypothesis. However, the same num-

ber of chromosomes can be obtained with different fusions. To

quantify the extent to which diploid number reflects karyotypic vari-

ation, we performed a preliminary analysis and found out that dip-

loid number accounts for most of the variation in karyotype

(Supplementary Note S1).

For each specimen, the left and right side of the mandible were

separated at the mandibular symphysis and cleaned by Dermestid

beetles. To assess size and shape variation, we used the left man-

dible, as it was the side with the highest number of intact samples.

Photos of the lingual side of each mandible were collected and

15 landmarks were digitized (Figure 1B) as described in Franchini
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Figure 1. (A) Lingual side of the house mouse left mandible. The location of

the 15 selected landmarks are shown. The dashed line separates the two

main modules of the mandible, the alveolar region and the ascending ramus.

(B) Map of the CD-Standard hybrid zone in Central Italy. The 17 sampling

localities are indicated by full circles (different colors reflect different diploid

number). Localities with same acronyms follow population nomenclature as

in Franchini et al. (2010).
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et al. (2016). The configurations of points—all fixed landmarks—

were subjected to a generalized Procrustes analysis (GPA) (Dryden

and Mardia 1998) using the R package Morpho (Schlager 2017) and

centroid size was computed.

General linear models
To test for the effect of a few predictors on shape variation, we fitted

and tested the significance of a series of general linear models. In all

these models, shape data were the dependent variable. The predic-

tors of our most important model were mandible centroid size, dip-

loid number (the number of chromosomes in the diploid karyotype),

and their interaction. Testing this model equates to testing whether

allometry (the dependency of a trait on size) has a significant impact

on shape variation, as well as whether allometric trajectories are dif-

ferent between karyotypes. We also fitted the same model using only

the specimens with 2n¼22 and 2n¼40. Furthermore, to exclude

that sexual dimorphism was a confounding factor, we also separate-

ly tested a model with sex as a predictor, as well as a model with

sex, centroid size and their interactions as predictors.

It is well known that geometric morphometric data cannot be

directly used for testing general linear models because the covariance

matrix of shape variables is singular (which, in turn, is due to the

loss of dimensions when removing the effect of rotation, translation

and scale in GPA). To circumvent this problem, we used both a trad-

itional, and conservative, approach and a recently developed ap-

proach. In particular, the traditional approach consists in performing

a principal component analysis (PCA) and retaining only axes with

nonzero eigenvalues, using the scores on these axes as dependent vari-

ables in the linear model. The second approach (Clavel et al. 2019),

implemented in the R package mvMORPH (Clavel et al. 2015), uses

a penalized likelihood framework to circumvent the problem of singu-

larity of covariance matrices. This approach is more powerful than

both multivariate analysis of variance (MANOVA) on PCA scores

and distance-based approaches (Clavel and Morlon in press). Tests of

significance of models fitted in mvMORPH were performed using

1,000 permutations. For both the traditional and the penalized likeli-

hood approach, we used Pillai’s trace (Pillai 1955) as the test statistic.

To visualize predictions from general linear models, we used

plots of the scores along the first two PC axes which for the penal-

ized likelihood approach were obtained by subjecting the predic-

tions from the linear model to a PCA. We also plotted shape change

between predictions at extreme observed sizes for the 2n¼22 and

2n¼40 races.

Analyses of disparity
We also performed a series of analyses of disparity (also called

“morphospace occupation” in the literature) on the specimens with

2n¼22 and 2n¼40, to test the null hypothesis that these two races

have the same levels of mandibular morphological variation. We

also included in these analyses another group with all the intermedi-

ate karyotypes. Analyses in a group with a mixture of karyotypes

are generally hard to interpret and should be considered at best ex-

ploratory. However, if such group had particularly high disparity

compared with the pure races, then that may indicate that stabilizing

selection has not yet acted to reduce total diversity. Conversely, if

such group had particularly low disparity, then that may point out

to developmental perturbations producing a lower number of viable

phenotypes in this group. All the analyses of disparity were per-

formed using the R package GeometricMorphometricsMix

(Fruciano 2020). In particular, we used permutation tests to

compare the disparity between groups employing two test statistics:

multivariate variance and mean pairwise Euclidean distances. These

are statistics widely used to characterize the amount of variation in

both traditional and geometric morphometric samples (Ciampaglio

et al. 2001; Kaplan 2004; Fruciano et al. 2014; Fruciano et al.

2016). In addition to these, we also computed in Geometric

Morpho-metricsMix rarefied estimates of the following statistics:

multivariate variance, mean pairwise Euclidean distances, proper

variance (Claramunt 2010), and multidimensional convex hull vol-

ume. All of these, except proper variance, are widely used measures

of disparity and computing race-specific rarefied estimates and con-

fidence intervals allow further comparison between groups of the

amount of dispersion around mean shape. In the procedure imple-

mented in GeometricMorphometricsMix, resampling is performed

with replacement (like in bootstrap, but resampling at a smaller

sample size than the observed). As to the best of our knowledge,

proper variance (Claramunt 2010) has never been used with geomet-

ric morphometric data, it is worth noticing that this statistic

accounts not only for the level of dispersion (like multivariate vari-

ance does), but also for how this variance is spread across dimen-

sions in terms of eigenvalues of the sample covariance matrix

(thereby accounting for integration). A linear shrinkage estimator of

the covariance matrix (Ledoit and Wolf 2004) was used to compute

proper variance, using the implementation in

GeometricMorphometricsMix. In all cases except convex hull vol-

ume, we used the Procrustes-aligned coordinates and rarefied at a

sample size of 15. For convex hull volume, computed using the

Quickhull algorithm (Barber et al. 1996), we used the scores along

the first 4 principal components and rarefied to a sample size of 10.

The choice of using a subset of principal components is common in

morphometric studies computing convex hull volume (Drake and

Klingenberg 2010; Fruciano et al. 2012, 2014), and it is necessary

because computing a convex hull requires fewer dimensions than

cases and because the resampling with replacement allows for cases

where the same specimen is sampled multiple times (thus further

reducing the number of dimensions that can be used).

We also performed the analyses of disparity outlined above—ex-

cept for the computation of multivariate convex hull rarefied esti-

mates—on data corrected for allometry, obtained as the residuals of

regressions of mandible shape on mandible centroid size performed

separately between the two races. We excluded from the analysis of

disparity on allometry-corrected data the intermediate karyotypes be-

cause the results of the general linear models and the lower number of

specimens for several diploid number suggest that it would not be pos-

sible to meaningfully correct for allometry these specimens.

Analyses of modularity and integration within and

between the two main races
For all the analyses of modularity and integration, we divided the

configuration of landmarks in two sets, corresponding to the ascend-

ing ramus (posterior part of the mandible) and alveolar region (an-

terior portion) (Figure 1). We first compared the levels of

association of ascending ramus and alveolar region between the two

races 2n¼22 and 2n¼40. This was obtained with the permutation

test developed by Fruciano et al. (2013), which is based on a permu-

tation of observations between groups, as implemented in

GeometricMorpho-metricsMix. This test uses as statistic the

Escoufier RV coefficient (Escoufier 1973), which is a measure of the

association between two blocks of variables (a multivariate analog

of the correlation coefficient). A smaller value of Escoufier RV can,

then, be interpreted as a lower association between the two parts of
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the mandible and, therefore, corresponds to higher levels of modu-

larity (independence between parts). Fruciano et al. (2013) have un-

equivocally shown that the value of Escoufier RV depends on

sample size and, for this reason, its value should not be compared

directly between groups with unequal number of observations (the

two chromosomal races in our case). However, both its use as the

test statistic in permutation tests and the computation of rarefied

estimates (rarefying both groups to the same sample size) are appro-

priate, as both approaches account for the dependency of the test

statistic on sample size (Fruciano et al. 2013). Therefore, in addition

to performing the permutation test, we also computed in

GeometricMorphometricsMix rarefied estimates of Escoufier RV

for both races, rarefying them to a sample size of 15. We performed

these analyses both using data containing allometric variation and

using allometry-corrected data, obtained by fitting separate regres-

sions of shape on centroid size for each race and using the residuals

in subsequent analyses. For the data containing allometric variation,

we also performed these analyses both using a single GPA for the

whole mandible and with separate GPAs for each part. This is be-

cause it is well known that GPA introduces strong non-

independence between parts of the landmark configuration. This, in

turn, has the potential of being particularly problematic for analyses

of modularity and integration by introducing spurious association

between modules (Cardini 2019).

To further test the patterns of integration between ascending

ramus and alveolar region, we used partial least squares (PLS) ana-

lysis (Rohlf and Corti 2000) which allows one to describe how one

part co-varies with the other. First, we fitted PLS models separately

for the two races 2n¼40 and 2n¼22 and tested the significance of

the association (i.e. how strongly the parts co-vary) using a permuta-

tional procedure with Escoufier RV as test statistic (1,000 permuta-

tions). As typical for this kind of analysis testing for the association

between two blocks of variables in one sample, the observations of

one of the blocks are permuted to reflect the null hypothesis of inde-

pendence between the blocks. We performed the same analysis both

using a single alignment for both blocks (the full mandible) and

using separate GPAs. In addition to testing for global association

between the two parts of the mandible using Escoufier RV as test

statistic, we also used the same permutation scheme to test for the

significance of individual PLS axis pairs based on both correlations

of PLS scores (i.e. for each pair of axes, correlation between

left PLS scores and right PLS scores) and singular values (Rohlf

and Corti 2000). Next, we tested whether the patterns of co-

variation detected by PLS (i.e. how shape of the two parts co-vary)

were different between the two races. To this aim, as PLS identifies

pairs of axes (one per module; called “singular axes”), we performed

in GeometricMorphometricsMix an angular comparison of the first

PLS axis (singular axis) obtained for the 2n¼40 race with the corre-

sponding axis obtained for the 2n¼22 race. We did this analysis for

both the data with a single GPA and the data with separate GPAs

and used for the testing the method in Klingenberg and Marugán-

Lobón (2013), which uses the formulas in Li (2011). With this

approach, a significant test implies that the angle is small enough

that the two multivariate vectors being tested are “significantly sim-

ilar,” whereas a non-significant test suggests that the vectors have

different directions (i.e. reflect distinct shape changes).

Deviations from patterns of integration in the standard

race
The central question of this study is whether accumulating chromo-

somal rearrangements results in a progressive departure from

“normal” patterns of integration. To test this question, we used as

reference the pattern of integration between the alveolar region and

the ascending ramus observed in the standard race (2n¼40). The

expectation is, then, that as chromosomal arrangements accumulate,

the individuals bearing them will have a mandible shape progressive-

ly more dissimilar from the one predicted by the model of integra-

tion in the standard race. In this respect, it is worth noticing that

each individual of the standard, reference, race will show some level

of deviation from the general pattern predicted for the race as a

whole (Figure 2). When data from new specimens with a different

karyotype are projected onto the multivariate space spanned by the

first pair of PLS axes, these new observations will themselves show

some deviation from the general pattern (Figure 2). It is possible that

the deviations of the new observations will be larger than the devia-

tions from the original observations simply because the model has

been computed using the original observations. However, even in

this case, under the null hypothesis that the deviation from the

“normal” pattern of integration is not associated to the accumula-

tion of chromosomal rearrangements, one would not observe a pro-

gressive increase in deviations from the model. In our case, as we are

using the standard karyotype (2n¼40) as reference and chromo-

somal rearrangements accumulate up to the extreme case of

2n¼22, we expect under the hypothesis we want to test (accumulat-

ing chromosomal rearrangements result in a progressive departure

from “normal” patterns) an inverse relationship between diploid

number and deviation from the “normal” model. Here, based on the

PLS analysis on the standard (2n¼40) race, we define the model as

the major axis of the PLS scores for each block. This can be

*a

b

PLS 1 Block 1

PL
S 

1 
Bl

oc
k 

2

Figure 2. Conceptual representation of the computation of individual-level

prediction from the PLS model, as used in our analysis of divergence from

expectations under the model observed in standard house mice. Horizontal

and vertical axes represent the first pair of PLS axes (one axis per module), as

computed using only a subset of the specimens. Filled circles indicate the

specimens based on which the PLS model has been computed. Empty trian-

gles indicate new specimens projected on the PLS 1 space computed based

on the specimens represented by the circles. The solid blue line is prediction

line of the PLS model computed either as the first principal component of PLS

1 scores for filled circles or using major axis regression. The empty circle is

the individual-level prediction for individual a, obtained by projecting (dashed

line) the scores for individual on the prediction line. The asterisk represents

the individual-level prediction for individual b, obtained by projecting (dashed

line) the scores for individual b on the prediction line.
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equivalently computed as the first principal component of such PLS

scores or using major axis regression. Once this predicted model is

inferred, the individual scores along this axis can be computed by

projecting each observation on the axis itself (Figure 2). Each indi-

vidual projection on this axis can then be expressed as a shape by

first back-transforming this projection into scores on the first pair of

PLS axis and then back-transforming these scores into shape varia-

bles. This can be interpreted as the individual-level predicted shape

under the model of integration. For each individual, one can then

compute the deviation between the original shape of that individual

and the predicted shape for that individual under the fitted model.

Here, we express this deviation as the Procrustes distance between

the original shape and the prediction. We perform this analysis both

using the data from a single GPA and using the data from separate

GPAs. To facilitate the use of this approach in future studies, this

method has been implemented in GeometricMorphometricsMix.

Furthermore, to more quantitatively asses this potential relation-

ship, we compute and test for significance the correlation between

the deviation from the PLS model computed on the standard race

(expressed in Procrustes distance) and diploid number. To allow for

both linear and non-linear relationships, we employ both the usual

Pearson product moment correlation coefficient, which is best suited

for linear relationships, and a recently proposed correlation coeffi-

cient Xi (Chatterjee 2020) which is asymptotically comprised be-

tween 0 and 1 and is useful for non-linear and non-monotonic

relationships. As Xi is not a symmetric coefficient (Chatterjee 2020),

we computed it in the R package XICOR (Chatterjee 2020) consid-

ering Procrustes distance from standard integration as dependent on

diploid number (as per our biological hypothesis).

To test whether the association detected by PLS analysis could

be simply explained by allometry, we performed a further angular

test. For this test, we considered the case with separate GPAs and

for each module we tested whether the vector of coefficients of a

multivariate regression of shape on size for all specimens (including

also individuals with intermediate karyotype) was different from the

corresponding vector of PLS coefficients for the standard race. This

means asking whether the shape change due to allometry is approxi-

mately the same as the shape change due to “normal” co-variation

between modules.

Results

Chromosomal structure of the hybridization zone
Two parental chromosomal races are located at the extremes of our

sampling area, the CD race with 9 Rb fusions (2n¼22) at the north

end and the “Standard” (2n¼40) all acrocentric chromosomes at

the south end. The chromosome number generally increases along

the study transect, that includes 17 sampling localities, from the CD

to the standard area (Figure 1). All the Rb chromosomes that char-

acterize the CD race have frequencies that show a gradual decline

from north (Rb area) to south (standard area). The hybrid individu-

als have karyotypic number ranging from 24 to 28 in the northern

localities, and from 34 to 39 in the southern localities (Figure 1 and

Supplementary Table S1).

General linear models
Both the traditional approach of fitting and testing general linear

models on scores along non-zero PC axes and the more recent ap-

proach based on penalized likelihood produced consistent results.

For this reason, the results based on the penalized likelihood

framework will be provided in the main text, whereas the ones

based on the traditional approach will be provided in the

Supplementary Material.

Sex has no significant effect on shape, neither when tested alone

(P¼0.37 with both approaches) nor when tested in conjunction

with size (Supplementary Table S2).

Conversely, both diploid number and centroid size—as well as

their interaction—had a significant effect on mandible shape

(Table 1 and Supplementary Table S3). This result was broadly con-

firmed when testing exclusively the 2n¼22 and 2n¼40 specimens.

This suggests that allometry has a significant impact on mandible

shape, and that allometric trajectories vary depending on chromo-

somal number. This is evident when examining plots of PCA scores

for predictions (Figure 3), as well as when comparing predicted allo-

metric shape change within the 2 main chromosomal races

(Figure 4). It is worth noticing that, as the diploid number changes,

we do not observe a gradual change in the predicted slope of the re-

lationship between shape and size (Figure 3). Rather, we observe a

fairly abrupt difference between low diploid number and high dip-

loid number. It is, however, possible that this pattern is driven by

small sample sizes for intermediate diploid numbers, as well as the

absence of karyotypes with diploid number comprised between 28

and 34.

Analyses of disparity
In all cases, the two races (2n¼22 and 2n¼40) did not show sub-

stantial differences in disparity. Specifically, all permutation tests

were nonsignificant and, therefore, we failed to reject the null hy-

pothesis of equal disparity between the two races (Table 2). In a

similar fashion, rarefied estimates of disparity statistics do not sug-

gest substantial differences between the races, as 95% confidence

intervals are largely overlapping and the mean of one group is al-

ways within 2 standard deviations from the mean of the other

(Supplementary Table S4). When the focal races were compared

with individuals characterized by intermediate karyotypes

(Supplementary Table S4), the latter showed always the lowest point

estimates of disparity measures. However, tests of differences were

always not significant and confidence intervals for rarefied estimates

always overlapped (Supplementary Table S4).

Analyses of modularity and integration within and

between the two main races
All the analyses comparing levels of modularity between the

chromosomal races 2n¼22 and 2n¼40 fail to reveal any substan-

tial difference between them. Indeed, all permutation tests based on

the difference in Escoufier RV between the two races were nonsigni-

ficant (single GPA, observed absolute difference in RV¼0.086,

Table 1. MANOVA based on a penalized-likelihood approach and

type III sum of squares

All specimens Two main races only

Term Pillai’s trace P-value Pillai’s trace P-value

(Intercept) 1 0.001 1 0.001

Centroid size 1.291 0.044 1.5316 0.114

Diploid number 1.25 0.018 1.4027 0.059

Centroid size x

Diploid number

1.224 0.011 0.4804 0.045

Significant P-values are in bold.
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P¼0.843; separate GPAs, observed absolute difference in

RV¼0.097, P¼0.802; single GPA and allometry correction,

observed absolute difference in RV¼0.204, P¼0.295). The same

pattern is confirmed by computing rarefied estimates of Escoufier

RV, which overall show similar levels of association between

ascending ramus and alveolar region, as well as largely overlapping

95% confidence intervals (Supplementary Table S5).

The analyses of the association between ascending ramus and al-

veolar region provided evidence of significant association between

these modules in the standard race (2n¼40; single GPA,

RV¼0.314, P<0.001; separate GPAs, RV¼0.164, P¼0.008).

Conversely, the results for the 2n¼22 race were mixed (single GPA,

RV¼0.4, P¼0.043; separate GPAs, RV¼0.261, P¼0.252).

Permutation tests of the significance of individual axes broadly
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Figure 3. Scores along the first two principal components obtained subjecting to a PCA the predictions of the linear models fit using shape variables as depend-

ent variables and both diploid number and size (centroid size) as predictors. (A) Using a continuous color scale for diploid number. (B) Using a discrete color scale

for diploid number. (C) Restricting the analysis to the standard (2n¼40) and the CD (2n¼22) races.
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Table 2. Tests for difference in disparity between the two main races

Using the original data

Observed 2n¼ 22 Observed 2n¼ 40 Difference P-value

Multivariate variance 0.002 0.002 <0.001 0.145

Mean pairwise Euclidean distance 0.064 0.058 0.006 0.150

Using data after allometric correction

Observed 2n¼ 22 Observed 2n¼ 40 Difference P-value

Multivariate variance 0.002 0.002 <0.001 0.069

Mean pairwise Euclidean distance 0.061 0.055 0.006 0.084
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confirmed the results of the analyses based on Escoufier RV, with

fewer axes significant when performing separate GPAs

(Supplementary Table S6). This result is expected under the reason-

able assumption that a common GPA is more likely to induce spuri-

ously significant association between modules (Cardini 2019).

The angular comparisons performed on the result of separate

PLS fits for the two races were always nonsignificant whether per-

forming a single GPA (alveolar region, angle¼69.33�, P¼0.082;

ascending ramus, angle¼73.22�, P¼0.148) or separate GPAs (al-

veolar region, angle¼77.45�, P¼0.201; ascending ramus,

angle¼76.23�, P¼0.196). The critical angle—the angle below

which the test would be significant, which depends on the dimen-

sionality of the multivariate vectors being tested—was 65.65� for

the alveolar region, and 63.84� for the ascending ramus. This means

that the patterns of co-variation between parts of the mandible

detected by PLS analysis are different between the two main races

studied here.

Deviations from patterns of integration in the standard

race
We found no evidence of a gradual departure of shape from the

“normal” pattern of integration as chromosomal rearrangements ac-

cumulate. Indeed, by fitting a PLS model describing the covariation

between the alveolar region and the ascending ramus in the standard

race (2n¼40) and then projecting all observations in the space

described by the first pair of PLS axes does not show any clear pat-

tern (Figure 5). In particular, this plot does not show evidence of

larger deviations in the other karyotypes (Figure 5). The only pattern

that is somewhat evident is some association between PLS scores

and mandible centroid size (Figure 5), which is suggestive of the fact

that the main pattern of integration between parts of the mandible is

largely driven by allometry. An exploratory plot of individual-level

deviations from overall patterns of integration described in the

standard race (Figure 6) further confirms the absence of a clear pat-

tern of larger deviations at lower diploid numbers (lower diploid

number in our case means more chromosomal rearrangements

departing from the standard 2n¼40 race). This result holds whether

we use data from a single GPA for the whole mandible or separate

GPAs for each module as starting data. When more explicitly testing

for the correlation between diploid number and the Procrustes dis-

tance of each individual shape from its predicted shape under the

PLS model computed for the standard race, this was always small

and not significant, except for the ascending ramus in the analysis

with separate GPAs. Indeed, using a single GPA, Pearson correlation

was �0.09 (P¼0.335) and Xi was 0.04 (P¼0.245). Using separate

GPAs, for the alveolar region, Pearson correlation was �0.12

(P¼0.19) and Xi was 0.06 (P¼0.14) although for the ascending

ramus Pearson correlation was �0.22 (P¼0.019) and Xi was 0.1

(P¼0.04). However, when computing the correlation using separate

GPAs on the ascending ramus but excluding the two main races, this

became positive and not significant with Pearson correlation equal

to 0.1 (P¼0.538) and Xi equal to 0.06 (P¼0.28).

The comparison of the allometric patterns found for the full sam-

ple with the patterns of co-variation between modules obtained in

the standard (2n¼40) race supported the idea that the “normal”

pattern of co-variation can be largely explained by allometry (alveo-

lar region, angle¼30.04�, P¼3.57E-6; ascending ramus, angle¼
45.87�, P¼0.002).

Discussion

The role of chromosomal evolution in promoting genetic and pheno-

typic divergence is a hotly debated topic in evolutionary biology

(Coyne and Orr 2004). Among the different types of chromosomal

rearrangements (e.g. translocations, inversions, duplications, and

fusions), Rb fusions are a prominent class of structural variants

often associated with speciation (Faria and Navarro 2010;

Kirkpatrick 2017). Rb fusions are likely the most common chromo-

somal rearrangements in animals (King 1993) and they occur in

�0.1% of human meiotic divisions (Evans et al. 1982; Song et al.

2016). These fusions are also frequent in sheep, cattle (Pagacova

et al. 2011), and in the Western European house mouse, a model

system in chromosomal speciation (Pialek et al. 2005). Here, we

analyzed morphological variation in the house mouse mandible in a

hybrid zone between a highly derived chromosomal race (CD race:
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2n¼22, 9 Rb fused chromosomes) and surrounding all-acrocentric

standard populations (Capanna et al. 1975). The most striking pat-

tern we observe in our results is that individual-level deviations from

“normal” patterns of integration do not simply increase as the

chromosomal fusions increase. Conversely, we do observe an im-

portant effect of allometry in driving the main patterns of integra-

tion and a difference in allometric trajectories between the standard

(2n¼40) populations and the most derived race studied here

(2n¼22). In particular, as in this study we analyzed mandibles from

adult specimens only, these patterns can be attributed to static al-

lometry (Klingenberg 1998).

More in detail, the two main races do not appear to have neither

different levels of overall disparity (amount of mandible morpho-

logical variation) nor different levels (strength) of integration be-

tween modules. As the two main races studied here have similar

disparity, we can reject the reasonable hypothesis that a high num-

ber of Rb fusions produces—through developmental or genetic dis-

ruptions—a reduced number of viable phenotypes. It is interesting

to notice that the lowest point estimates of disparity were obtained

when analyzing intermediate karyotypes. This is particularly inter-

esting as almost all individuals with intermediate karyotypes are het-

erozygous for at least one fusion. However, as these differences are

not significant, this result should be confirmed in future studies with

a more homogeneous sampling of intermediate karyotypes. This re-

sult is interesting as previous research suggested how Rb fusions in a

heterozygous state might affect developmental stability of several

house mouse tooth traits (Chatti et al. 1999; Auffray et al. 2001).

While contrasting results on the developmental disruption in popu-

lation differing by a single Rb fusion have been observed, an addi-

tive and/or a threshold relationship would be expected between the

number of Rb fusions and disruption of genomic coadaptation that

can affect hybrid viability (Graham 1992). In our study, the 2 focal

parental races are highly different in their chromosome number, and

thus a developmental disruption reflected in different level of overall

disparity was a reasonable hypothesis to test. At least two explana-

tions, not mutually exclusive, might suggest why we did not observe

the expected pattern of difference in disparity between the two

races. First, even though the occurrence of developmental instability

might have been prominent during the fixation of the Rb fusions,

the relatively old age of the CD race could have allowed multiple po-

tential evolutionary forces to shape a number of coadapted geno-

types. Second, the type of Rb fusions characterizing the CD race

may have had little and not easily detectable effect on normal

development.

Similarly, the two races do not display significant differences in

the strength of association between ascending ramus and alveolar re-

gion when tested directly (permutation tests and rarefied estimates

based on Escoufier RV). When testing for the association between

ascending ramus and alveolar region within the two main races

(2n¼40, 2n¼22) we do get mixed results, but these are most likely

due to different statistical power caused by the substantial difference

in sample sizes between these races. In fact—although performing

separate alignments certainly protects from spuriously significant

results due to the non-independence induced by the GPA (Cardini

2019)—it also makes it harder to detect the co-variation.

Considering that all the other analyses directly comparing the two

races for the levels of association between modules show no evi-

dence of differences between races, a lower statistical power for the

2n¼22 race appears the most likely explanation for the discrepancy

of these within-race analyses. The modular behavior of the mandible

has been investigated in previous studies targeting contact areas
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Figure 6. Individual-level deviations from the pattern of integration predicted

by the first pair of PLS axes computed on the standard race for (A) a single

GPA and (B and C) separate GPAs for each of the two modules. The box plot

visualizes intra-karyotype variation. The box delimits the first and third quar-

tile, whereas the dark line within the box is the median. The lower and upper

whiskers refer to the smallest observation greater than or equal to lower

hinge �1.5 * interquartile range (IQR) and the largest observation less than or

equal to upper hinge þ 1.5 * IQR. All observations with values larger or

smaller than the one at the whiskers are marked as outliers (dot). Notice that

this is just a visual representation of the individual deviations from patterns

predicted by the first pair of PLS axis and no statistical testing has been per-

formed using diploid number as a categorical predictor. Notice also that to

compute the predicted shape under the model, the mean subtracted prior to

projection (see Figure 5 legend) is added back so that the difference between

the actual shape and the shape estimated under the model is not

overestimated.
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involving different chromosomal races and Rb fusions. For instance,

a previous morphometric survey of house mouse mandibles in the

“Barcelona” Rb system has reported a significant association be-

tween variation in levels of modularity and variation in karyotype

for data not subjected to allometric correction. This association van-

ished when accounting for allometry (Martı́nez-Vargas et al. 2014).

However, similar to what we have found in this study, no significant

differences in the strength of association between modules was

observed in a contact area involving two highly metacentric races in

Central Italy (the same CD race of this study and the ACR race with

8 Rb fusions) (Franchini et al. 2016).

While the two races do not have clear differences in the levels of

integration between ascending ramus and alveolar region (i.e. how

strong is the co-variation between these two parts), this does not

mean that the patterns of co-variation (i.e. in which way these two

parts co-vary) have also to be the same. Indeed, this is exactly what

we find in our analyses. The two parts co-vary in a different way

across the two races because we find that the PLS axes describing

this co-variation are different between races. We do find a similar

pattern when testing for allometry. That is, we observe different

allometric trajectories for the two races (significant interaction term

between diploid number and centroid size in general linear models).

The impact of different environmental pressures on the morphology

of individuals with different karyotypes cannot be completely ruled

out as an explanation for this pattern. For instance, it is known that

the bioclimatic conditions at the sampling sites where we collected

the standard and CD races are slightly different (Castiglia and

Capanna 1999). Italy covers two macrobioclimates (i.e.

Mediterranean and Temperate). The Mediterranean macrobiocli-

mate is characterized by at least two consecutive arid summer

months, whereas the Temperate macrobioclimate does not have any

summer aridity (Pesaresi et al. 2017). The hybrid zone is at the bor-

der between the two macrobioclimates, where populations with

2n¼22 and 2n¼40 karyotype are settled in the Temperate and in

the Mediterranean zone, respectively. However, it is doubtful

whether this would have a substantial effect on the house mouse,

which is a commensal of humans and in this area is found associated

to farms (and therefore subjected to a comparable diet regime).

Additionally, a comprehensive study on the role of Rb rearrange-

ments on the growth pattern of the house mouse mandible over early

postnatal ontogeny showed significant differences between Rb and

standard mice (Martı́nez-Vargas et al. 2018). Notably, these differ-

ences were found to be more evident in individuals around sexual

maturity. The two groups of experimental mice were reared under

similar laboratory conditions, thus allowing the authors to exclude

morphological variability induced by different environmental pres-

sures. As in our study we used adult mice, it is reasonable to assume

that the different patterns of integration we detected could be under-

lined, at least in part, by a genetic component (i.e. in the form of

presence/absence of Rb rearrangements). Furthermore, our results

point to the fact that most likely individual Rb fusions have a dis-

proportionate effect on adherence to “normal” patterns of integra-

tion, as opposed to a gradual change at increasing number of

fusions. Finally, we also highlight that even a highly derived Rb race

might have adjusted its development to produce a perfectly viable

new race with a distinct allometric trajectory. In the light of all these

results, future studies combining high-resolution genomic informa-

tion and advanced morphometrics will have to tease apart which

regions of the genome are most responsible for the observed change

in trajectories and whether these are regions of reduced gene flow

during incipient chromosomal divergence.
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