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Abstract 

Chromosomal evolution is widely considered to be an important driver of speciation, as karyotypic reorganization can 
bring about the establishment of reproductive barriers between incipient species. One textbook example for genetic 
mechani.sms of speciation are large-scale chromosomal rearrangements such as Robertsonian (Rb) fusions, a common 
dass of structural variants that can drastically change the recombination landscape by suppressing crossing·over and 
influence gene expression by altering regulatory networks. Here, we explore the population structure and demographic 
pattems of a well-known house mouse Rb system in the Aeolian archipelago in Southem ltaly using genome-wide data. 
By analyzing chromosomal regions characterized by different levels of recombination, we trace the evolutionary history 
of a set of Rb chromosomes occurring in different geographical locations and test whether chromosomal fusions have a 
single shared origin or occurred multiple times. Using a combination of phylogenetic and population genetic approaches, 
we find support for multiple, independent origins of three focal Rb chromosornes. The elucidation of the demographic 
pattems of the mouse populations within the Aeolian archipelago shows that an interplay between fixation of newly 
formed Rb chromosomes and hybridization events has contributed to shaping their current karyotypic distribution. 
Overall, our results illustrate that chromosome structure is much more dynamic than anticipated and emphasize the 
importance of large-scale chromosomal translocations in speciation. 

Key words: chromosomal speciation, demographic history, differential gene flow, ddRAD, Robertsonian races, zonal 
raciation. 

lntroduction 
The role and impact of chromosomal rearrangements (inver­
sions, deletions, duplications, and translocations) in specia· 
tion continues tobe debated in evolutionary biology (Coyne 
and Orr 2004; Faria and Navarra 2010; Kirkpatrick 2017). 
Species often differ substantially in their karyotypes, and ex· 
tensive chromosomal rearrangements are frequently ob­
served even between closely related taxa (White 1973; King 
1993). This has led to several hypotheses on how such struc­
tural changes may be driving speciation. For instance, these 
changes could lead to hypoferti li ty of hybrids that is related to 
the underdominant nature of these mutations. They could 
also favor reproductive isolation due to the initial localized 
reduction in both recombination rares and gene ftow be· 
tween diverging populations (Bush et al. 1977; Leache et al. 
2016). However, many chromosomal rearrangements seem to 
have little effect on fertility and scructural variants between 
species may accumulate only after the establishment of 

reproductive isolation rather than causing it (reviewed by 
Rieseberg (2001) and Faria and Navarra (2010)). 

Robertsonian (Rb) fusions and fissions are a prominent 
dass of large-scale chromosomal translocations and are likely 
the most common rearrangements in animals (King 1993). 
They occur in rv0.1% of human meiotic divisions (Evans et al. 
1982; Song et al. 2016) and are also frequent in sheep and 
cattle (Pagacova et al. 2011 ). Rb t:ranslocations involve the 
physical joining of two acrocentric chromosomes at their 
centromeres and the subsequent formation of a new meta­
centric chromosome. These fusions therefore lead to a kar­
yotypic reorganization that produces a change in diploid 
number, but not in genome content or number of chromo­
some arms (Garagna et al. 2001 ). New molecular tools and 
powerful bioinformatic algorithms now make it possible to 
gain detailed insights into the links between structural varia· 
tion and speciation. Rb rearrangemenrs are key candidates. 
For example, a recent phylogenomic study on a species-rich 
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genus oflizards, Sceloporus, revealed higher speciation rates in 
clades with extensive Rb fusions (Leache et al. 2016). 

Rb fusions are known to occur in high proportions in 
natural populations of the Western European house mouse 
(Mus musculus domesticus), making it an ideal model for 
addressing questions on chromosomal speciation. To date, 
more than 100 populations with metacentric chromosomes 
have been discovered (Pialek et al. 2005; Hauffe et al. 2011; 
Castiglia et al. 2015), and in many of them Rb fusions are fixed 
and form the so-called "chromosomal races" with diploid 
numbers ranging from 2n = 40 (all acrocentric; standard kar­
yotype of the genus Mus) to 2n = 22 (up to nine metacen­
trics; highest number of fused chromosomes). 

How do new chromosomal populations and chromosomal 
races arise? How easily do newly formed metacentric chro­
mosomes become fixed in a population despite their poten­
tial negative effects on fitness? Rb fusions can alter the 
recombination landscape either 1) because the frequency of 
meiotic chiasmata is reduced in genomic regions linked to the 
translocation, both in homo- and hetero-karyotypes (Bidau 
et al. 2001; Castiglia and Capanna 2002; Dumas and Britton­
Davidian 2002) or 2) because of aneuploidy of recombinant 
gametes that suffer strong fitness costs (underdominance). 
lndirect evidence for "recombination suppression" comes 
from genetic surveys targeting hybridization areas between 
Rb races characterized by different karyotypes. High genetic 
divergence was mainly localized in regions close to the cen· 
tromeres of Rb chromosomes due to their lower permeability 
to gene flow (Panithanarak et al. 2004; Franchini et al. 2010; 
Forster et al. 2013, 2016). The localized suppression of recom­
bination might promote adaptive evolution by building up 
linkage disequilibrium between advantageous allelic combi­
nations and therefore facili tate the fixation of chromosome 
changes despite reduced fertility of heterokaryotypes. Such 
rapid fixation of Rb chromosomes can be further promoted 
by meiotic drive or simply by beneficial effects of the altered 
chromosomal organization on gene expression (Franchini 
et al. 2016; Lindholm et al. 2016). Together with these selec­
tive processes, genetic drift may also be important in the 
fixation of new chromosomal rearrangements. especially 
when populations are small, as is often the case in the house 
mouse; a species mainly commensal with humans that com­
monly live in isolated rural areas. New Rb races can also arise 
without the formation and subsequent fixation of new Rb 
chromosomes, simply by exchanging existing Rbs through 
hybridization. The newly developed Rb combinations formed 
via this process, known as "zonal raciation" (Searle 1993; 
White et al. 2010), can face different fates and wil l either go 
extinct or become fixed, depending on the prevailing evolu­
tionary forces acting on them. 

Given the potential role of these large-scale karyotypic 
rearrangements in promoting speciation, determining the 
rate at which Rb chromosomes arise can indirectly inform 
us about the rate at which house mice natural populations 
might establish reproductive isolation (Riginos and Nachman 
1999). Estimating the evolutionary history of Rb races is an 
indirect way of measuring this rate, where evidence for 
the "multiple-independent origin" hypothesis (i.e., the 
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independent origin of the same Rb fusions in geographically 
separated populations) would support a high mutation rate 
and, therefore, indirectly a potentially repeated and active 
role of Rb translocations in speciation. Conversely, support 
for a "singte-origin" hypothesis (i.e., most Rbs derive from a 
sirngle lineage followed by long-distance dispersal) would 
speak for a lower mutation rate and therefore less of a 
chance that they may be involved in speciation (at least 
repeatedly). Recent studies suggest that a combination of 
these two mechanisms may have inAuenced the current 
distribution of Rb populations of house mice (Gimenez 
et al. 2016); however, we have yet to understand the rel­
ative contributions of single versus multiple origins in 
shaping current populations. 

To this end, we explored the evolutionary history of the 
Aeolian islands' Rb system using genome-wide double-digest 
restriction site-associated DNA (ddRAD) markers. The 
Aeolian archipelago, located off the shore of Southern ltaly 
(fig. 1 ), is composed of seven small islands of volcanic origin 
and is inhabited by populations with both Rb and standard 
karyotypes (fig. 1). Previous research on this system was in­
strumental in characterizing the karyotypes occurring on the 
islands (Solano et al. 2007, 2009). However, attempts to elu­
cidate the evolutionary history of the mouse populations 
using cytogenetics and mitochondrial DNA have so far 
been inconclusive. Genome-wide markers have the potential 
to provide the resolut.i on required for inferring evolutionary 
histories related to fusion events by enabling the accurate 
quantification of population genetic parameters along each 
chromosome. In particular, the centromeric-linked regions, 
characterized by low recombination rate, have been shown 
to be effective in depicting the evolutionary origin of Rb 
chromosomes (Riginos and Nachman 1999; Forster et al. 
2013; Gimenez et al. 2016). 

In this study, we investigate the population structure of 
the house mouse Rb system in the Aeolian islands and the 
demographic history of the focal mouse populations. We test 
whether a set of three metacentric chromosomes (Rb(l.2), 
Rb(3.9), and Rb(6.16)], found in the Aeolian islands, were 
inttroduced to the islands from a population in Central ltaly 
as previously hypothesized, or if they originated on the islands 
in situ (fig. 1). This permitted to reconstruct the colonization 
routes of the mice within the archipelago and to disentangte 
the relative contributions of the fixation of newly formed Rb 
chromosomes versus introgression/hybridization with the 
current distribution of rearranged karyotypes. 

Results 

Population Structure 
All analyses investigating genetic differentiation in our data 
set suggested well-defined population structure with no ev­
idence for recent gene Aow (fig. 2). SplitsTree identified a 
network in which all individuals of the eight populations 
form clearly distinguishable monophyletic groups with no 
evident reticulation (fig. 2a). This pattern was confirmed by 
an Admixrure analysis. When rhis Bayesian algorithm was sec 
to eight genetic clusters, corresponding to the number of 
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F1c;. 1. Karyotypes of the eight house mouse populations analyzed in this study. (a) Map of ltaly showing the mainland Ancarano population and 
the location of the Aeolian islands, displayed at a larger scale in (b ). Robertsonia n (Rb) chromosomes are highlighted in bold when they are shared 
by at least two populations. Robertsonian chromosomal races' names are in parentheses. Number of individuals per locality are as follows: 
Ancarano, 12; Alicudi, 14; Fi licudi, 14; Lipari, 12; Panarea, 4; Sali na, 7; Stromboli, 10; and Vulcano, 16. 

islands plus the mainland (K = 8), all individuals were 
assigned to the correct population of origin with very weak 
signatures of admixture in only three Lipari samples (fig. 2c). 
Other K values with high statistical support were 5, 6, 7, 9, and 
10 (supplementary fig. Sl, Supplementary Material online); as 
a general trend, Ks < 8 reflect a close evolutionary history of 
the islands collapsed in the same genetic clusters, whereas Ks 
> 8 indicate substructuring within islands that might reflect 
isolation by distance of different sampling localities. Eight 
distinct generic clusters were also apparenr in a principal 
component analysis (PCA) (fig. 2b). The PCA suggested 
that the most divergent populations were Vulcano and 
Ancarano, the former being clearly differentiated in the first 
axis of variation (PCl) and the laner in the second axis (PC2). 
Lipari and Stromboli, the populations sharing the same kar­
yotype (ILIP), though forming two distinguishable groups, 
were very close in PCA space. Finally, Fs1 statistics were con­
gruent with the pattern revealed by the clustering 
approaches. Generally, we found moderate to high pairwise 
levels of genetic differentiation across the whole data set (av­
erage FsT = 0.419, ranging from 0.227 to 0.626), with the 
highest FsT·values shown by Ancarano versus other popula­
tions (the average FST-values of the pairwise comparisons 
between Ancarano vs. all the other populations was 0.500; 

all pairwise FST·values are reported in supplementary table 52, 
Supplementary Material online). 

The monophyly of each of the eight ltalian populations 
was unambiguously recovered by a SVDquartets phylogenetic 
analysis (fig. 3), as each population node received full boot­
strap support (100%), except Panarea (97%). Further, high 
bootstrap values supported the clade formed by Lipari, 
Stromboli, and Vulcano (the populations with more meta­
centric chromosomes in the archipelago) and the clade in 
which these three populations are the sister group of Alicudi 
(95% and 85%, respectively). The monophyly of the Aeolian 
populations, with the exception of Panarea, was also recov­
ered with moderate bootstrap support (66%). The inference 
of Panarea being a sister group to all other populations, in­
cluding Ancarano from mainland ltaly, is congruent with the 
notion that extant Panarea karyotypes likely resulted from 
innogression of mice from Sicily (IPAL and ICAS chromo­
somal races) into the Aeolian populations (Solano et al. 
2009, 2013; Castiglia et al. 2015). Finally, we found lower sup­
port for a sister-group relationship between Salina and the 
other island populations (not considering Panarea) and be­
tween Filicudi and the metacentric populations. Salina and 
Filicudi are the two populations with ancestral standard kar­
yotype that rnight share a rnore recent evolutionary history. 
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F1c. 2. The eight populations are genetically d istinct wich no evidence of recent gene Aow. (a ) An individual-based phylogenet ic split network 
idemilied clearly distinguishable groups that correspond to ehe eight populations. (b) The three main axes of genet ic variation of a PCA grouped 
togecher individuals of ehe same populations and identilied divergent (Vulcano along PC1 and Ancarano along PC2) and genet ically more closely 
related (Lipari and Stromboli) populat io ns. (c) Genetic clusteringand individual ancestry at K = 8, oneofthe most supported number ofclusters in 
an Admixcure analysis, revealed no evidence of recent admixture between populations. The color code is identical eo ligure 1. 

Taken as a whole, the tree topology was consistent with Rb 
fusions originating in standard populations that had previ­
ously colonized the archipelago. 

Potential admixture between populations was further in­
vestigated using TreeMix. lt has long been acknowledged that 
simple bifurcating trees do not account for possible genetic 
exchange between populations, and thus may provide an 
incomplete representation of their histories. TreeMix imple­
ments a model that accounts for both splits and gene flow 
(Pickre!! and Pritchard 2012). The inferred maximum likeli­
hood bifurcating tree was tested by modeling up to live mi­
gration events/edges (m) on it. When we tested the 
robustness of the tree with no edges (m = 0), we find that 
the fit of the tree to the data was very good (j = 0.9947). 
Adding two edges (m = 2) resulted in the largest increase 
of likelihood and increased the fit slightly (j = 0.9983), 
whereas only slight likelihood changes where observed 
when adding additional edges (m = 3·5). The model wich 
two migration edges (m = 2) places the first edge between 
Lipari (source) and Alicudi (recipient) and the second edge 
between Alicudi (source) and Panarea (recipient). In this lat­
ter case, the migration edge originates from the basal part of 
the branch leading to Alicudi, close to the Salina-Alicudi bi­
furcation node (fig. 4). 

Linkage-Dependent Population Differentiation 
Different regions on a chromosome can experience differen­
tial permeability to genetic exchange due to different 
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recombination rates (Charlesworth et al. 1993). Meiotic re­
combination is known to be reduced in regions linked to the 
cen tromeres in all eukaryotic species (Talbert and Henikoff 
2010); especially when Rb translocations are involved. For this 
reason, loci linked to centromeres are more powerful in 
depicting the evolutionary relationships of populations car­
rying metacentric chromosomes. Here, we used two subsets 
of loci, linked to either centromeric or telomeric regions, to 
reconstruct the demographic history of the Aeolian 
populations. 

As a first hypothesis-free exploratory analysis, we con­
ducred PCAs wich all eight populations using either one of 
the two subsets of loci for all autosomes. The most striking 
difrference between the two PCAs is the position of Vulcano, 
which is well separated from the other populations along PCl 
using telomeric loci only, whereas it clusters together with 
Lipari and Stromboli when using centromeric loci only (sup­
plementary fig. 52, Supplementary Material online). 

We then used linkage-dependent population differentia­
tion approaches to explore different colonization scenarios 
that might explain the current karyotypes of the Aeolian 
mice. First, we wanted to test whether the occurrence of 
the three metacentric chromosomes [Rb(l .2) Rb(3.9) 
Rb(G.16)) found both in the archipelago (Lipari, Stromboli, 
arid Vulcano) and on the mainland (Ancarano population) 
could be explained by a single origin (in Ancarano) followed 
by colonization of the archipelago or by multiple, indepen­
dent origins of these metacentrics. lf the single-origin 
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hypothesis was correct, we would expect to observe lower 
genetic differentiation between the Aeolian population and 
Ancarano when using centromeric than telomeric markers of 
such three Rb chromosomes. PCA allowed us to reject this 
hypothesis as the clustering of Aeolian populations and 
Ancarano was similar in the rwo different PCAs conducted 
on the centromeric and telomeric marker set:s of the three 
focal metacentric chromosomes (supplementary fig. 53, 
Supplementary Material online). Admixture analyses con­
firmed this pattern, where mice of Alicudi, Lipari, and 
Ancarano were assigned to rwo genetic dusters (K = 2) using 
either [Rb(1.2) Rb(3.9) Rb(6.16)] or (Rb(S.14) Rb(S.12) 

Rb(l0.15)). In both cases, mice from Alicudi and Lipari formed 
one genetic duster and Ancarano's individuals were assigned 
to the second genetic duster (supplementary fig. 54, 
SL1pplementary Material online). This finding is consistent 
with patterns of Fsr• where the centromeric loci showed 
even higher divergence than the telomeric loci (supplemen­
tary table 52, Supplementary Material online). Since FST is a 
relative measure of differentiation and might show !arger 
values for centromeric loci due to their lower within­
population diversity, we also assessed Dxv and DA as absolute 
measures of population differentiation. As with F5r, we ob­
served generally larger values of DA for the centromeric versus 
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colors reflect intensity. (b) Heat map of the residual covariance among population pairs of the given tree on the left with two migration events. 

ehe telomeric regjons whereas more similar values of Dxv 
were found for the same two regions (fig. 5). 

Second, we wanted to test whether three other metacen­

tric chromosomes, characteristic of the archipelago (Rb(5.14) 
Rb(8.12) Rb(l0.15)), introgressed from Alicudi into ehe other 
populations carrying today three (Li pari and Stromboli) or 
two (Vulcano) of them, as previously suggested. This hypoth­
esis was rejected by ehe PCA results, which instead suggested 
an alternative scenario in which the Alicudi race could have 
arisen via a hybrid raciation event between mice with Lipari 
metacentric chromosomes and a standard population al­
ready present on the island of Alicudi. On the one hand, 
PCA carried out using the centromeric loci of the metacen­
trics shared between Alicudi and Li pari, Rb(5.14) Rb(8.12) 
Rb(l0.15), grouped Alicudi wich Lipari and Stromboli along 
ehe main axis of d ivergence (PC1; fig. 6b). On ehe other hand, 
Alicudi clusters with the islands inhabited by mice wich a 
standard karyotype when PCA was conducted using ehe cen­
tromeric loci of the chromosomes that are Rbs in Lipari and 
acrocentric in Alicudi (1, 2, 3, 6, 9, and 16; fig. Ge). This finding 
is supported by the Admixture analyses run on subsets of 
populations (Alicudi, Lipari, Stromboli, Fi licudi, and Salina) 
and chromosomes allowing K to range from 2 to 5. When 
admixture was restricted to two genecic groups, Alicudi clus­
tered with Lipari and Stromboli using Rbs 5.14, 8.12, and 10.15 
and with Filicudi and Salina when using chromosomes 1, 2, 3, 
6, 9, and 16 (supplementary fig. S5, Supplementary Material 
online). 

Third, using the same approach, we tested whether 
Vulcano island was colonized by the Lipari population and 
whether the current Vulcano (IVUL 2n = 26) karyotype had 
arisen through a type-C whole-arm reciprocal translocation 
(WART) (Capanna and Redi 1995). The latter is an additional 
mechanism of Rb formation involving chromosomal arm 
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exchange between two metacentric and one acrocentric 
chromosome (Pialek et al. 2005). To this end, we performed 
independent PCAs focusing on centromeric loci that mapped 
to all autosome arms of the island populations (fig. Gd) and to 
telomeric loci of the same chromosomes and populations 
(fig. 6e; Panarea was excluded from this analysis because of 
ehe low sample size and uncertain origin). Additionally, to 
further focus on the allelic variation explained by ehe three 
focal races, we analyzed ehe metacentric chromosomes 
shared by Lipari, Stromboli, and Vulcano [Rb(1.2), Rb(3.9), 
Rb(4.13), Rb(5.14), and Rb(S.12)), and on the two chromo­
somes that are in Rb state only in Vulcano [Rb(l0.16), 
Rb(15.17)). The two PCAs showed very similar results, where 
individuals of each island formed d istinguishable groups with 
comparable intercluster distances in the first three axes of 
variation (supplementary fig. 56, Supplementary Material 
online). 

Oiscussion 
Here, we investigated the evolutionary history of a well­
known Western European house mouse Rb system from 
ehe Aeolian archipelago off ehe coast of Southern ltaly. We 
used a genome-wide reduced-representation sequencing ap­
proach (ddRAD) to examine li nkage·dependent. localized. 
genetic divergence_ These genome-wide analyses led us to 
refute previous hypotheses suggesting that a sec of three 
metacentric chromosomes (Rb(1.2), Rb(3.9), and Rb(6.16)], 
present both in the Aeolian islands and in Central ltaly 
(Ancarano, IACR Robertsonian race), were introduced to 
the archipelago from the mainland population (Solano 
et al. 2009). Our data instead support the "multiple-indepen­
dent origjn hypothesis", that is, that the same Rb fusions arose 
independencly in geographically separated populations. 
Thereby, our results suggest that the origin and fixation of 
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regions of ehe three Robertsonian chromosomes potentially introgressed to the lslands' populations from Central ltaly. Although populations in 
the first two comparisons share ehe three focal Rb chromosomes and were us.ed to assess ehe two alternative hypotheses, ehe third comparison 

served as a control (Filicudi's mice have a 2n = 40 all-acrocentric standard karyotype with no fusions). The fourth comparison was used as a proof­
of-concept ofthe method demonstrating ehe expected patterns of a "single-origin" scenario of the three Rbs (Vulcano was colonized by mice from 
Lipari, clearly demonstrated by ehe other analyses). FsT·values suggested a "multiple·independent origin" of the focal Rb chromosomes as ehe most 
likely scenario. The higher centromeric values are likely a result of background selection in genomic regions characterized by low recombination, 
which was also suppo rced by lower centromeric Dxv-values, indicating reduced effective population size in ehe common ancestral populations. 
Net nucleotide divergence (DA), an estimator of population split time, was in line with FsT• suggesting a further reduction of recombination rates 
due eo recent postdivergence chromosome fusions. 

chis pocencially underdominanc type of large-scale cransloca­
tion mighc be more common than previously choughc. 
Additionally, we inferred ehe population structure ofthe focal 
mice wichin ehe Aeolian archipelago and reconscructed cheir 
evolucionary hiscory. This work highlighcs how fixacion of 
newly formed Rb chromosomes, hybridization events, and 
absence of recene gene fiow among populaeions could have 
shaped the current karyotypic distribution of the islands' 
mice. 

Meiocic recombinacion is reduced ac regions linked eo ehe 
centromere in all eukaryocic species (Talberc and Henikoff 
2010), an effect chac is furcher pronounced in chromosomal 
arms wich Rb translocations (Dumas and Britton-Davidian 
2002; Franchini et al. 2010). Pericentromeric regions of Rb 
chromosomes are more resiscant eo gene ftow chan cheir 
distal councerparts as a resule of localized suppression of re­
combinacion (Panithanarak et al. 2004; Franchini et al. 2010; 

Forscer et al. 2013). This process was instrumental in conceiv­
ing the "recombination suppression" model, chat cogecher 
wich ehe "hybrid hypofercilicy" model, describes the theorec­
ical framework for explaining how Rb populacions can accu­
mulate genetic divergence and establish reproduccive 
isolation (Faria and Navarra 2010; Potter et al. 2017). 
Addieionally, as a consequence of ehe localized suppression 
of recombination, loci linked eo the centromere are particu­
larly useful for tracing the evolutionary history of Rb chromo­
somes (Riginos and Nachman 1999; Forster et al. 2013, 2016). 
When a Rb population colonizes a new island it may ex­
change genetic material with an autochthonous population 
already present. Similarly, source population can exchange 
genetic material wich surrounding mainland populacions. 
lmporcancly, in both cases, genetic divergence between ehe 
source populaeion and ehe colonizers is expected eo increase 
ac a slower rate at pericentromeric regions of Rb 
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F1c. 6. Evolutionary history of the Aeolian archipelago mice. (a) Colonization scenario suggested by the genomic analyses. (b) PCA conducted on 

the cencromeric loci of the three Rb chromosomes of th e chromosomal race from Alicudi island. Mice from Alicudi (red circle) d uster closer ro 
those from Lipari and St romboli (sharing the three Rb fusions wich Alicudi) than to Salina and Filicudi, inhabited by m ice carrying the 2n = 40 all· 

acrocentric standard karyotype. (c) PCA conducted on ehe cencromeric loci of ehe chromosomes that are Rbs in Lipari and acrocentric in Alicudi. 

M ice from Alicudi cluscer close eo ehe mice wich standard karyocype. (d, e) PCAs showing a differem cluscering ofVulcano when only cemromeric 

loci from all aurosomes (d) and only th e celomeric loci (e) were used. The centromeric daca sec clearly shows cighc cluscering (i.e., shared 
evolutionary history) of Vulcano, Lipari, and Stromboli. 
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chromosomes when compared with more distal regions. The 
pericentromeric regions of Rb chromosomes are less likely to 
incorporate divergent alleles from other populations (either 
island's autochthonous or surrounding mainland popula­
tions) because of suppressed recombination. 

In this system, if the three metacentrics (Rb(1.2), Rb(3.9), 
and Rb(6.16)) found in the Aeolian archipelago's mice were 
derived from metacentrics found on the mainland (as repre­
sented by the Ancarano population in our data set), we 
would consequently expect reduced divergence at the peri­
centromeric loci of these chromosomes in comparison to 
more distal chromosomal regions. However, the results we 
obtained using several approaches led us to reject this hy­
pothesis. Specifically, 1) F-statistics detected higher relative 
divergence at loci linked to the translocations, an effect prob­
ably caused by reduced levels of neutral variation due to 
purifying selection acting on deleterious mutations in low 
recombination regions (background selection: Charlesworth 
et al. 1993; lrwin et al. 2018). The same trend might be 
explained by the "centromere drive hypothesis," which pro­
poses that a centromere can act as a selfish element by in­
creasing its own transmission through female meiosis 
(Henikoff et al. 2001; Rosin and Mellone 2017). This mecha­
nism, coupled with low recombination rates, could lead to 
lower intrapopulation, but higher interpopulation, diversity in 
centromeric regions compared with telomeric regions of the 
chromosomes. We also found generally higher levels of net 
nudeotide divergence at these loci, indicating that recent 
postdivergence chromosome fusion events might have fur­
ther reduced recombination rates and therefore nudeotide 
diversity in these regions as compared with the ancestral 
population (fig 5). 2) Genetic dustering approaches (i.e. 
PCA and Admixture analysis) identified no dear pattern dis­
tinguishing centromeric and telomeric loci of the three po­
tentially introgressed metacentric chromosomes (fig 6). 
Region-specific F-statistics has already been applied to address 
such questions in other house mouse Rb systems using mi­
crosatellite loci (Riginos and Nachman 1999; Panithanarak 
et al. 2004; Franchini et al. 2010; Forster et al. 2013, 2016; 
Gimenez et al. 2016). Here, we used a dense set of genome­
wide markers to accurately trace divergence along chromo­
somes to address this issue. In addition, it has recently been 
shown that patterns of relatedness formed by population 
structure across the genomes can vary substantially, and ex­
ploratory methods (e.g, PCA) provide a flexible new way to 
discover biological drivers of genetic variation (Li and Ralph 
2019). Overall our analyses suggest that Rb(1.2), Rb(3.9), and 
Rb(6.16) have arisen independently at least twice in different 
geographical locations. An ancient event hypothesis, 
where mice from Central ltaly carrying the three focal 
Rb fusions colonized the islands, could challenge our con­
dusions. However, M . m. domesticus is known to have 
entered Eastern Europe within the last 12,000 years 
(Cucchi et al. 2005). The westward progression of mouse 
populations is even more recent and occurred within the 
last S,OOOyears following human migrations (Cucchi et al. 
2005; Gabriel et al. 2010). As Rb translocations are nearly 
absent outside Europe and absent in other species of the 

genus Mus, the origin of fused chromosomes in house 
mice is likely very recent. 

In summary, our results provide indirect evidence that Rb 
translocations can arise and become fixed quite often and 
quickly in house mice. Even though the independent forma­
tion of the same three Rb chromosomes is an event with low 
probability, we note that not all Rb fusions have the same 
probability of occurring Despite the prediction that the mo­
lecular processes governing Rb formation could occur ran­
domly (Redi et al. 1990), small acrocentric chromosomes are 
less commonly involved in Rb fusions than !arge ones (Gazave 
et al. 2003). Additionally, it is reasonable to assume that nat­
ural selection can favor specific Rb fusions because of the 
establishment of strong linkage disequilibrium between adap­
tive allelic combinations. Such fused chromosomes would 
then have an increased probabili ty of fixation in natural pop­
ulations, while disadvantageous fusions would be eliminated 
by purifying selection. 

The different approaches applied here identified high di­
vergence in all pairwise comparisons and distinct populations 
with no evidence of recent admixture. By testing several col­
onization scenarios, we find that the Rb fusions originated in 
situ and spread across some of the islands. The metacentric 
chromosomes of Panarea are an exception: individuals on 
Panarea likely hybridized with individuals from a more recent 
wave of colonization, induding genetic input from Salina (see 
e.g., PCA plots and TreeMix migration edge). Because only 
four individuals could be sampled from this island the inter­
pretation of the estimated genetic parameters needs to be 
taken with caution. The three Alicudi Rb chromosomes 
(Rb(5.14), Rb(8.12), and Rb(10.15)) are shared with Lipari 
and Stromboli (the two islands inhabited by mice with the 
same Rb karyotype). This observation, together with the po­
tential Rb input from Central ltaly, led to the previous hy­
pothesis that these metacentrics originated in Alicudi and 
then introgressed into mice of Lipari giving rise to the current 
Rb race (Solano et al. 2009). Our results support a different 
scenario where Rb fusions likely originated in Lipari and then 
spread to the other islands. Specifically, two main lines of 
evidence support this alternative scenario: 1) Several of our 
results suggest that mice carrying Lipari/Stromboli Rb fusions 
colonized Alicudi island came into contact with populations 
of the standard karyotype, and that hybridization between 
these karyotypically different mice gave rise to the current 
Alicudi chromosomal race. Support for this comes from the 
finding that the centromeric loci of the three metacentric 
chromosomes shared by the two islands (Rb(S.14), Rb(8.12), 
a111d Rb(10.15)] showed high genetic similariry in the Lipari 
versus Alicudi comparison. Alternatively, but sti ll in line with 
Rb fusions originating in Lipari/Stromboli, the chromosomes 
that are fused in Lipari and in acrocentric configuration in 
Alicudi showed high genetic affinity between mice from 
Alicudi and Filicudi, a race with a standard all-acrocentric 
karyotype. The geographic proximity of Fil icudi and Alicudi 
and their particular location in the archipelago (they branch 
off from the main and largest islands, Alicudi being the most 
remote) may have facilitated human traffic and commercial 
transportation between the two small islands. 2) Whether 
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colonizer mice arrived on Alicudi from Lipari or Stromboli 
(islands inhabited by mice with the same karyotype) is diffi­
cult to assess, but the relatively strong drift observed in 
Stromboli (see TreeMix analysis) makes the colonization of 
Stromboli by a small number of founders from lipari a more 
likely scenario. 

The hypothesis that Vulcano's chromosomal race origi­
nated from a type-C WART event from a lipari/Stromboli 
karyotypic background (Solano et al. 2007) was supported by 
our genomic analyses. Centromeric loci of either all auto­
somes or a subset of these (e.g., the metacentric fusions 
only present in Vulcano, which allowed us to test the hypoth­
esis of their different origin) always formed a very tight genetic 
duster, including mice from Lipari, Stromboli, and Vulcano 
(figs. 1 and 6). Mice from the three islands were also found to 
belong to a monophyletic group in the phylogenetic analysis. 
A very strong bottleneck. suggested by the high TreeMix drift 
parameter, could explain why such karyotypic reorganization 
promoted by a WART quickly became fixed and gave rise to a 
new chromosomal race. On the one hand, the occurrence of 
WART in house mouse natural populations has been fre­
quently considered a mechanism responsible for chromo­
some variabili ty (Pialek et al. 2005). On the other hand, 
WART can in some cases be considered unlikely to happen, 
mainly because hybrids carrying newly formed metacentric 
chromosomes through WART have to overcome potentially 
significant fert.ili ty problems due to the complex struaural 
heterozygosity that characterizes their karyotype (Hauffe and 
Pialek 1997). However, past observations and recent studies 
on meiosis progression investigating the fertility of these 
hybrids provide evidence for reduced, but not complete ste­
rility (Berrios et al. 2018; Ribagorda et al. 2019). Our study 
supports that such molecular mechanism may have been 
commonly involved in the formation of Rb races in house 
mouse wild populations. lntriguingly, the same analyses based 
on telomeric loci supported a different story, where Vulcano 
mice are genetically more differentiated from the other pop­
ulations. Strong genetic drift may have allowed allele frequen­
cies of loci linked to these genomic regions to deviate quickly 
from the islands' genetic pools and can thereby possibly ex­
plain the observed pattern. 

Conclusions 
We show that a comprehensive genetic analysis based on a 
dense sec of markers permitted a rigorous analysis and inter­
pretation of the evolutionary history of a well-known Rb 
syscem of M. m. domesticus. Nocably, our resulcs allowed us 
to determine the complex patterns of chromosomal evolu­
tion in which an interplay between fixation of newly formed 
Rb chromosomes and hybridization events have contributed 
to shaping the karyotypic distribution of the islands' popula­
tions. These analyses support a new scenario of independent 
origins of the same Rb fusions in geographically separated 
populations. Assuming that hybridization between different 
karyotypes is associated wich reduced ferti lity, this suggests 
chac Rb fusions might be a more common source of repro­
ductive isolation than previously thought. This evidence, 
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combined wich ehe observed propensity of mice carrying 
metacentrics eo form hybrid products (i.e., the formation of 
chromosomal races by hybridization and fixation of new 
combinations of Rb chromosomes), suggests that large­
scale chromosomal translocations play an active role in ehe 
speciation process. 

Materials and Methods 

Sampling 
We examined a total of 94 wild house mice (M. m. domes­
ticus) from eight localities in ltaly (fig. 1). Mice were collected 
becween 2005 and 2006 from all seven islands of ehe Aeolian 
archipelago in Sicily, and between 1998 and 2000 in an 
Apennine valley in Central ltaly (see supplementary table 
Sl, Supplementary Material online). The samples include Rb 
and standard populations, whose karyotypes were character­
ized at the time of sampling by bone marrow cytogenetic 
analysis (Castiglia et al. 2002; Solano et al. 2009). The islands/ 
po pulations have both all-acrocentric 2n = 40 scandard 
(Filicudi and Salina) and Rb karyotypes (Alicudi, IALC: 
2n = 34; lipari and Stromboli, ILIP: 2n = 26; Panarea, IPAN: 
2n = 35- 37; and Vulcano, IVUL: 2n = 26). Among the latter, 
Panarea (IPAN) is the only population in which structural 
heterozygote individuals were found The population from 
Central ltaly belongs to an Rb race wich a high number of 
metacentric chromosomes (2n = 24, Ancarano, IACR) and 
shares three Rb chromosomes with the ILIP race (Lipari and 
Stromboli) from the archipelago (fig. 1 and supplementary 
table Sl, Supplementary Material online, show ehe Rb chro­
mosomes shared by ehe eight focal populations). 

ddRAD Sequencing, Mapping, and Genotyping 
Genomic DNA was extracted from muscle tissue stored in 
ethanol using ehe Qiagen DNeasy Blood & Tissue Kit (Qiagen, 
Valencia, CA) following the manufacturer's protocol and in­
cluding an RNase treatment to remove residual RNA. The 
DNA integrity of each sample was assessed by agarose gel 
electrophoresis and quantified using a Qubit v2.0 fluorometer 
(Life Technologies, Darmstadt, Germany). Approximately 
200 ng of DNA per sample was used to construct ddRAD 
(Peterson et al. 2012) libraries following the modifications 
im:roduced by Franchini et al. (2014). DNA digestion was 
carried out using the restriction enzymes Pstl (rare cutter) 
and Mspl (frequent cutter). Two ddRAD libraries including 47 
barcoded individuals each were constructed and size-seleaed 
from 380 to 480 bp in two different channels of a Pippin Prep 
syscem (Sage Science, Beverly, MA). The final libraries, further 
purified wich 0.8x AMPure XP beads (Beckman Coulter, Brea, 
CA), were single-end sequenced in two lllumina lanes of a 
HiSeq2500 platform wich 101 cycles at the genome faci lity of 
Tufts University (TUCF Genomics, Boston, MA). A total of 
242.3 million (M) raw reads were processed by the process_­
radtags script implemented in the Stacks vl.48 (Catchen et al. 
2011) package. lndividuals were demultiplexed and low­
quality reads were filtered out (options: -c -q). A final data 
sec of 211.SM reads (averaging 2.2M reads per individual), 
each 96 bp in length (after removing the 5-bp barcode), was 



aligned to the Mouse Genome assembly release GRCm38.p6 
(NCBI accession number GCA_000001635.6) using the pro­
gram bwa-mem v0.7.15 (Li and Durbin 2009) with default 
parameters. Variant and genotype calling were performed 
using the ref_map wrapper script of Stacks with default set­
ting; and applying a minimum read depth threshold of three 
reads to create a stack (-m parameter). On average, we 
obtained 146,743 ::!:: 47,621 (SD) loci per individual with a 
mean coverage of 11.6 ::!:: 4.2 (SO) reads per locus per individ­
ual after excluding five samples due to exceptionally low read 
or locus coverage. Unless otherwise noted, all analyses were 
performed on the 19 mouse autosomes only. Variant files 
were handled and filtered with VCFtools v0.1.15 (Danecek 
et al. 2011) and Plink vl .9 (Purcell et al. 2007). 

Overall Population Structure and Genetic 
Differentiation 
We applied a combination of different approaches to assess 
the degree of overall population structure and pairwise ge­
netic differentiation among our samples. For the former, loci 
with more than 10% missing data were removed and only 
one marker per 1 kb was retained (1-kb thinning) to reduce 
the effect of nonindependence of markers due to physical 
linkage. For the latter, all called variable sites were retained. 
except for markers with more than 20% missing data in any 
focal population or a minor allele frequency of < O.l. First, to 
investigate ehe possible presence of genetic clustering in the 
whole data ser. we used the model-based algorithm imple­
mented in Admixture v1.23 (Alexander et al. 2009). 
Admixture analyses were run with default parameters and 
allowing the number of predefined genetic clusters (K) to 
range from 1 to 12. Statistical support for the different num­
ber of inferred clusters was assessed using the cross-validation 
technique implemented in Admixture. Second, a PCA was 
run with the program Eigensoft v5.0.2 (Patterson et al. 2006). 
The scatterplot3d (Ligges and Mächler 2003) library run in the 
R v3.2.2 (R-Core-Team 2015) environment was used to plot 
PCA scores. Third, a phylogenetic split network was generated 
based on uncorrected P distances using SplitsTree v4.13.1 
(Huson and Bryant 2006). The support for the splits in the 
network was assessed with 1,000 bootstrap replicates. Finally, 
pairwise genetic differentiation among populations was de­
termined using VCFtools. 

Phylogenetic Reconstruction 
T o reconstruct the phylogenetic relationships, we used the 
program SVDquartets (Chifrnan and Kubatko 2014) imple­
mented in ehe PAUP* v4a159 package (Swofford 2001), eval· 
uating all possible quartets and assessing robustness with 500 
bootstrap replicates. SVDquartets allows the estimation of 
phylogenetic relationships using single-nucleotide polymor­
phism (SNP) data in a coalescent framework. In order to root 
the phylogenetic tree, a whole genome-sequenced (WGS) 
individual of Mus musculus from the Czech Republic 
(European Nucleotide Archive, sample accession ID: 
ERS9574%, depth of coverage rv30x ) (Harr et al. 2016) was 
included for this analysis. Because we wanted eo combine 
ddRAD and WGS reads and call genotypes at every callable 

position that satisfied our criteria without the need to create 
read stacks across the entire genome (requirement of the 
program Stacks), we used the dDocent v2.2.25 pipeline 
(Puritz et al. 2014) wich default parameters. Briefly, dDocent 
called Trimmomatic v0.36 (Bolger et al. 2014), bwa-mem 
v0.7.15 (Li and Durbin 2009), and Freebayes vl.1.0 (Garrison 
and Marth 2012) to perform quality control and trimming of 
raw reads, align the filtered sequences to the reference ge­
nome and infer individual genotypes at polymorphic loci. We 
further set all individual genotypes supported by a read depth 
smaller than three to missing and only retained loci with a 
maximum of lO"Ai missing data. Again, a 1-kb thinning pro­
cedure was applied. The final phylogenetic data set comprised 
12,219 polymorphic sites. 

Historical Relationships among Populations 
The program TreeMix v.1.12 (Pickrell and Pri tchard 2012) was 
used to infer patterns of population splits and mixtures in the 
history of the house mouse populations of this study. To this 
end. a maximum likelihood phylogenetic tree was built from 
allele frequency data (these are the same data that were used 
for population structure analyses; see above), grouping to­
gether blocks of ten adjacent SNPs (-k 10) to account for 
physical linkage in ehe implemented jackknife resampling pro· 
cedure. As genomic region-dependent analyses suggested no 
(recent) shared ancestry between the islands populations and 
Ancarano from Central ltaly (see Results section), this latter 
population was used to root the tree. 

Genomic Region-Dependent Population 
Differentiation and Divergence 
We applied Admixture and PCA approaches separately to 
subsets of centromeric and telomeric loci in selected popu­
lations to investigate potential linkage-dependent genetic 
structure. This approach was used as loci linked to metacen­
tric centromeric regions are most li kely to reflect the evolu­
tionary history of populations harboring such chromosomes 
(Forster et al. 2013; Gimenez et al. 2016). For each autosomal 
chromosome, we created data sets including loci fall ing 
within the first (proximal loci) and last (distal loci) 10 centi· 
morgan (cM), respectively, using the vcfintersect script of the 
vcflib package (https://github.com/vcRib/vcRib; last accessed 
December 2019). The Mouse Genome Database (Smith et al. 
2018) was used to link recombination distance (cM) to phys­
ical distance (Mb), and thus retrieve the target genomic 
regions for each chromosome. 

As F51values were already calculated at each site for each 
chromosome, these values were analyzed and compared for 
the same proximal and distal 10 cM regions used in the 
Admixture and PCA analyses. These subsets of loci were 
used to test different evolutionary scenarios that could 
have shaped the karyotypic and genetic structures of the 
house mouse populations. 

We calculated average pairwise sequence divergence (DxY) 
and net nucleotide divergence (DA) (Nei 1987) between all 
pairs of populations and separately for the centromeric and 
telomeric regions of each autosome. In contrast to F5r, Dxv 
and DA are absolute measures of population differentiation, 
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which require accurate estimates ofthe proportion of variable 
sites along the genome. To achieve this, we calculated site­
wise read coverage for each sequenced individual using the 
depth subcommand of SAMtools (Li et al. 2009) with a min­
imum base quality filter of20 and a minimum mapping qual­
ity filter of 30. Using this site-wise coverage data in 
combination with the genotype calls from the dDocent pipe­
line, we applied a custom Perl script to calculate mean pair­
wise sequence differences within (n) and between 
populations (Dxv) for all pairwise population comparisons. 
We excluded sites where more than 20% of individuals had 
coverage of less than three reads in any of the two popula­
tions for a given comparison or where the number of ob­
served alleles over all individuals was !arger than 2. We treated 
all genotypes at variant sites as missing for the calculation of 
pairwise differences if the coverage after input read filtering 
was < 3. 
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