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Abstract 

On the demographic history of the western house mouse, Mus musculus domesticus 

by 

Kennedy Agwamba 

Doctor of Philosophy in Computational Biology 

University of California, Berkeley 

Professor Michael W Nachman, Chair 

 

The human commensal, Mus musculus domesticus, is native to the Eurasian 

continent, having spread from north of the Indo-Pakistani subcontinent and the 

Middle East to western Europe by the end of the Iron Age. Wild populations of M. m. 

domesticus are now distributed across Africa, the Americas, and Oceania, a range 

consistent with the global migration of western Europeans that began in the late 15th 

century. Despite its standing as the premier mammalian model organism for 

biomedical, ecological, and evolutionary research, important details surrounding the 

population history of wild house mice remain a mystery. To investigate patterns of 

genetic structure and infer the demographic history of the western house mouse, I 

analyze collections of genomic and exomic sequences generated from mice sampled in 

western Europe and the Americas. First, I present evidence that connects the 

colonization history of house mice in eastern North America to the colonization 

history of the Americas by European settlers which began in the late 15th century. 

Then, I analyzed a genomic dataset from an expanded sampling of Western Europe, 

including 59 new whole genome sequences from historically relevant regions of 

Western Europe, and present evidence of population structure, population splits, and 

gene flow between distinct populations of Western European house mice. Lastly, I 

combine datasets comprised of Western European genomes and North and South 

American exomes to detail the recent colonization history of house mice in both 

American continents. Altogether, these results elucidate details around the recent 

introduction of Western European house mice to North and South America, 

highlighting the effects of human migration and global colonization on the concurrent 

spread of an invasive human commensal. 
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July 2017. 

 

I remember the first time I visited my parent’s house after spending nearly a year in 

New York City. I had moved to the Bronx from Seattle in the fall of 2016 without 

telling a soul. I went the entire year without seeing anyone I knew from my first 18 

years of life. 

 

At the age of 22, most people would refer to visiting their parent’s house as “coming 

home”. But that house had not been my home since I left for college. My father had 

harped all of his children to be out of that house when we turned 18. Given the way 

he ran his household, I was enthusiastic to make this a reality. 

 

I was a visitor in the house I grew up in. My younger sibling had fully colonized the 

room we once shared. To allow him to continue to revel in the experience of having 

his own room, I opted to sleep on the couch. Sleeping on the couch allowed me to settle 

into my new relationship with a once familiar environment. My mother, who I hadn’t 

seen in a year, slept on the couch perpendicular to the one I settled into. At the time, 

I wasn’t sure if this was an act of solidarity, or just her new regular sleeping 

arrangement. 

 

In the morning, I would wake up around 4:30am to the sound of my mother’s voice 

singing Igbo hymns. It was a practice she picked up when I was in high school. Back 

then, I would wake up every day around the same time to catch the Metro 210 North 

on Crenshaw and El Segundo for the first leg of my two-hour commute to North 

Hollywood High School. I had no idea that she would continue the practice for years 

to come. 

 

My sister once told me our mother prayed every day after I would leave the house for 

high school. She would pray that God would bring me home safely. We were like many 

other American families in this way: what we lacked in resources and personal 

agency, we made up for with prayer and hope. 

 

During this time at my parent’s house, I would learn some incredible details about 

my mother and her character. I realized it was from her that I inherited my sense of 

baseless optimism. And I believe this moment I have chosen to share speaks to her 

brand of humanity, and the humanity she instilled in her children. 

 

****** 

 

I would like to thank my advisor, Michael Nachman, for accepting me into your lab, 

and sharing your enthusiasm of scientific theory and the natural world with me. I 

would like to thank the members of the Nachman lab and the greater MVZ for 

creating a welcoming community for scientific discourse. I am thankful to my 
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the mice we sequenced and analyzed for these studies, and in particular, Lydia Smith, 

whose wet lab and sequencing experience proved invaluable for the completion of my 

second and third chapters. I am thankful to Kate Chase for being responsive, 

understanding, and patient with all of my administrative needs. I am also grateful to 

my committee members, Jeff Wall and Rasmus Nielsen, for all of your support and 

guidance. 

 

Lastly, to my friends, who constantly acknowledge my humanity, and to my mother, 

who bestowed me with it, please enjoy 15,000+ words of scientific prose about house 

mouse demography. 
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Chapter 1  

The demographic history of house mice (Mus 

musculus domesticus) in eastern North 

America 

 
This chapter is adapted from content published in G3 (Agwamba and Nachman 2023). 

 

Introduction 

 

Untangling the invasion histories of human commensals is helpful for 

understanding the impact of human migration on global ecosystems. Rats, pigeons, 

sparrows, zebra mussels and fruit flies are a few of the many invasive species that 

humans have accidentally or intentionally helped disperse around the world (Robbins 

1973; Astanei et al. 2005; Stringham et al. 2012; Jones et al. 2013; Puckett et al. 2016; 

Mallez and McCartney 2018; Arguello et al. 2019; Cucchi et al. 2020). The presence 

of these species often dramatically alters ecosystems, affecting the evolutionary 

trajectories of the organisms that interact with them and their shared ecological 

resources (Early et al. 2016; Doherty et al. 2016; Dueñas et al. 2018).  

One of the most successful invasive species in recent history is the house 

mouse, Mus musculus (Pimentel et al. 2000; Genovesi et al. 2012). Originating in Asia 

on the Indian subcontinent, Mus musculus split into three parapatrically distributed 

subspecies, Mus musculus castaneus, Mus musculus musculus, and Mus musculus 

domesticus. M. m. castaneus is now found primarily in southeast Asia. M. m. 

musculus is currently distributed throughout Northern Asia and Eastern Europe. M. 

m. domesticus was originally distributed across the Middle East, North Africa, and 

Western Europe, and has since been introduced worldwide in association with 

humans (Geraldes et al. 2008; Suzuki et al 2013; Didion & Villena 2013; Phifer-Rixey 

& Nachman 2015; Morgan et al. 2022).  

Commensalism between humans and house mice dates to roughly 12,000 – 

15,000 years ago (Cucchi et al. 2005; Weissbrod et al. 2017). As humans developed 

farming practices and adopted more sedentary lifestyles, house mice were able to 

adapt to a variety of climates and live in close association with humans, taking 
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advantage of stored grain as a readily accessible food source. From their origins in 

southwest Asia, zooarchaeological surveys have identified M. m. domesticus in the 

Near East and Eastern Mediterranean within the Neolithic approximately 10,000 

years ago, and within the Western Mediterranean and Western Europe during the 

Iron Age around 3,000 years ago (Cucchi et al. 2005; Cucchi et al. 2020). 

Only within the past 1000 years have house mice migrated out of Western 

Europe (Rosevear 1969; Gabriel et al. 2010; Jones et al. 2013; Phifer-Rixey and 

Nachman 2015). House mice were spread throughout the North Atlantic as 

passengers of Viking ships during the tenth century, with M. m. domesticus having 

reached Iceland, Greenland, and possibly Newfoundland and the Azores, and M. m. 

musculus having more recently colonized Greenland (Searle et al. 2009; Jones et al. 

2012; Gabriel et al. 2015). House mice from Western Europe likely similarly invaded 

the Americas as the unintended passengers of human migrants. The late 15th and 

early 16th centuries are known to have marked the beginning of significant 

interactions between the eastern and western hemispheres. The widespread 

exchange of organisms between the hemispheres played a tremendous role in shaping 

global biodiversity (Crosby 1972, Knight & Lisk 1991; McCusker 2006; Jones et al. 

2013). This event likely facilitated the establishment of M. m. domesticus populations 

in the Americas.   

However, the demographic details of this recent colonization history have not 

been explored. In particular, the colonization of new areas may result in founder 

effects, the loss of genetic variation associated with population bottlenecks.  

Reductions in genetic variation in North American populations relative to source 

populations have been documented for diverse species including starlings (Cabe 

1998), horses (Luis et al. 2006), and fruit flies (Arguello et al. 2019).  In contrast, 

multiple colonization events from different source populations may result in 

admixture within the founding populations, leading to increased levels of genetic 

variation.  Such a pattern is seen in brown rats which appear to have colonized North 

America from Asia multiple times (Puckett et al. 2016).  It is not known whether 

house mouse populations in North America experienced founder effects and 

associated reductions in levels of genetic variation or admixture and associated 

increases in genetic variation.  Finally, the timing of the colonization of North 

America by house mice has not been carefully studied.  It remains unclear whether 

the earliest Europeans brought house mice with them, or whether house mouse 

populations were not established until much later, for example during the industrial 

revolution when shipping between Europe and North America increased 

substantially. 

To study the demographic history of house mice in eastern North America, we 

analyzed whole-exome data of mice from five populations in North America and two 

populations in Europe, focusing on three primary questions. (1) Was the colonization 

of eastern North America associated with a population bottleneck? (2) Do North 

American populations show mixed ancestry, as would be expected if multiple 

colonization events occurred from different source populations? (3) When did house 
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mice begin to colonize North America? We discovered reduced genetic diversity and 

fewer rare alleles in North America than in Europe, consistent with a bottleneck. One 

population of house mice from Florida showed a strong signature of admixture, 

consistent with multiple introductions of mice to this region. Demographic modeling 

revealed recent split times between eastern North American populations, consistent 

with the timing of human migrants from Europe. These results highlight the close 

association between the movement of mice and humans and provide perspective into 

one of the world’s most successful invasive species. 

 

Materials and Methods 

 

Sample collection and sequencing dataset 

We compiled exome sequences of 66 wild house mice from published data 

representing five populations from eastern North America (Phifer-Rixey et al. 2018) 

and two populations from Europe (Harr et al. 2016) (Figure 1). The North American 

samples consisted of 50 mice from five localities along a latitudinal transect: New 

Hampshire/Vermont (NHVT); Pennsylvania (PA); Virginia (VA); Georgia (GA); and 

Florida (FL). In brief, DNA was extracted from samples of mice collected from North 

America and western Europe via DNAeasy kits (Qiagen, Hilden, Germany) or salt 

extractions. NimbleGen probes were used to capture exomes which were then 

sequenced at an average depth of ~15X, as described by Phifer-Rixey et al 2018.  

Sixteen M. m. domesticus samples from two European populations (Cologne-Bonn, 

Germany and Massif Central, France) and 8 samples of M. spretus (Spain) were 

obtained via the European Nucleotide Archive (ENA: PRJEB9450); these were 

sequenced with an average depth of ~20X (Harr et al 2016). Reads from North 

America and western Europe were mapped against the mouse GRCm38/mm10 

reference genome using novoalign and bwa-mem, respectively (Mu et al. 2012; Li et 

al. 2013). In all cases, wild mice were caught more than 500 m from one another to 

avoid sampling related individuals.  

Exomes were extracted from whole genome samples using bedtools (Quinlan 

and Hall 2010). The samtools ‘mpileup’ command was used to call variants (Li 2011), 

filtering away sites with greater than 50% missing data and/or quality scores less 

than 30. VCF files were then compressed, indexed, and merged at intersecting 

positions using vcftools (Danecek et al 2011). After this stage of filtering, 955,312 

SNPs were retained. Further filtering was done using PLINK to remove Hardy-

Weinberg outliers and prune for linkage disequilibrium using a window size of 50kb 

and a r2 threshold of 0.5. After LD pruning, 395,879 SNP were passed on for 

downstream analysis.  The final VCF file is available on Dryad 

(https://doi.org/10.6078/D1CX2R).  
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Population structure 

We estimated phylogenetic relationships among individuals using RAxML 

(Stamatakis 2014). A maximum likelihood phylogeny was constructed using 

concatenated SNPs representing all populations under the GTRGAMMA model with 

rapid bootstrapping, and using M. spretus as an outgroup.  

We conducted principal component analysis (PCA) using PLINK to examine 

population structure (Purcell 2007).  The eigenvectors and eigenvalues associated 

with the first 20 principal components were derived using PLINK and the first two 

principal components were plotted in R (R Core Team 2021). ADMIXTURE was used 

to infer shared ancestral tracts between sample subpopulations represented in the 

genomic datasets (Alexander 2009).  PLINK was used to generate the input bed file 

for ADMIXTURE from a filtered VCF file containing the seven M. m. domesticus 

populations included in the PCA and one population of M. spretus.  M. spretus was 

included in all admixture analyses since introgression between M. musculus and M. 

spretus is known to occur in Europe (Liu et al. 2015; Banker et al. 2022). 

Fst was used to quantify the extent of genetic divergence observed between 

populations in relation to the amount of variation observed within populations. 

Cockerman-Weir’s weighted Fst was computed using vcftools ‘—weir-fst-pop’ flag on 

filtered exomic SNPs from French, German, and eastern North American samples of 

M. m. domesticus. 

Nucleotide diversity (𝜋) and Watterson’s theta (𝜃) are estimators of the neutral 

mutation parameter, 4Ne where Ne is the effective population size and  is the 

neutral mutation rate.  Tajima’s D (Tajima 1989) is the normalized difference 

between 𝜋 and 𝜃.  These estimators, together with the distribution of allele 

frequencies for all SNPs (the site frequency spectrum), summarize present levels of 

variation and can be used to illuminate past demographic processes. We estimated 𝜋 

and 𝜃 using ANGSD (Korneliussen et al. 2014). ANGSD generates per-site sample 

allele frequency likelihoods, as well as the folded site frequency spectrum using 

realSFS. Log posterior probabilities were computed to derive 𝜋, 𝜃, and Tajima’s D 

from the folded SFS. 

 

Demographic inference and analysis 

We used f3 statistics to explore the possibility that multiple source populations 

contributed to present populations of house mice in eastern North America. This 

statistic is based on a three-population comparison, and negative values of the test 

statistic provide evidence of admixture.  We used the five North American and two 

European populations of M. musculus as well as the population of M. spretus, and we 

calculated f3 for each of the 56 possible three-way comparisons among these eight 

samples.  f3 statistics were computed using the ‘threepop’ command in TreeMix (Reich 
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et al. 2009, Patterson et al 2012). We used Admixture-induced Linkage 

Disequilibrium for Evolutionary Relationships (ALDER) to generate test admixture 

statistics and to infer the approximate time of mixture (Loh et al. 2013). Reported 

parameter results correspond to simultaneously computed 2-reference and 1-

reference models. 

We used the Diffusion Approximation for Demographic Inference (dadi, 

Gutenkunst et al. 2009) and Genetic Algorithm for Demographic Model Analysis 

(GADMA, Noskova et al. 2020) to explore the demographic history of M. m. 

domesticus populations. We estimated two-dimensional SFS from SNP allele 

frequencies using ANGSD, requiring a minimum mapping quality of 30, base quality 

score of 20, and the removal of poorly mapped, duplicate, non-unique, or unpaired 

reads. To mitigate the effects of selection, we restricted demographic analyses to 

synonymous SNPs, predicted using Variant Effects Predictor, when generating per-

site allele frequencies (McLaren et al. 2016).  

Folded joint SFS were prepared as input for dadi using realSFS with the ‘dadi’ 

flag option. We explored a variety of demographic models taking the general form of 

an ancestral population that gives rise to two descendant populations, with and 

without migration between them.  Parameters in the models included divergence 

time, population sizes, and migration rates.  dadi was used to estimate these 

parameters in a likelihood framework. We used GADMA to carry out a global 

heuristic search of parameter space via the genetic algorithm (GA) to infer the best 

fit demographic model. Parameter values in dadi are scaled to 𝜃 = 4𝑁𝑎𝑛𝑐𝜇, the neutral 

mutation parameter as a function of the ancestral effective population size and 

mutation rate per generation. We used this relationship to convert the output to 

standard units (e.g. 𝑁𝑒, t in years, and m) using the per-site mutation rate 𝜇 =
4 × 10−9 and a generation time of 1 year (Geraldes et al 2008). To generate confidence 

intervals for the parameter estimates, we divided each dataset into non-overlapping 

10kb sections and simulated pseudo-replicate datasets by sampling with replacement 

for bootstrapping under the parameters that generated the maximum likelihood for 

the best fitting model. The standard deviations for all parameters were derived from 

uncertainty analysis using the Godambe Information Matrix for composite 

likelihoods. 

 

Results 

 

Population structure 

Phylogenetic reconstruction with RAxML was used to uncover the 

relationships among mice from Europe and eastern North America (Figure 2a). Using 

M. spretus as an outgroup, mice from France were paraphyletic with respect to the 

remaining populations in the phylogeny.  Mice from Germany formed a monophyletic 

group, and this was the sister group to mice from North America. Among the samples 
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from North America, all populations except Florida formed monophyletic groups.  

Mice from Florida were paraphyletic with respect to the remaining North American 

populations. 

Samples from Germany, France, and eastern North American formed separate 

clusters when plotted with the first two principal components which together 

accounted for 29% of the variation (Figure 2b). Among the North American samples, 

individual localities largely formed distinct clusters, although the positions of these 

clusters did not correspond with the geographic distance between populations.  The 

Florida population was unique in clustering farther from other North American 

samples.  

To further examine the structure of populations, we used ADMIXTURE to 

infer shared ancestry proportions. When modeling for distinct ancestral clusters at K 

= 7 individuals from all populations except Florida showed little to no admixture 

(Figure 2c). In contrast, all individuals from the Florida population showed high 

levels of admixture.  Notable levels of admixture were inferred in the Florida 

population across all values of K (Supplementary Figure 1).  

The average Fst among populations in North America was 0.092 while Fst 

between the two European populations was 0.168, despite the fact that the European 

populations are separated by ~1,000 km while the most distant North American 

populations are separated by ~2,000 km.  Pairwise Fst among all populations ranged 

from 0.041 to 0.281, with the lowest levels of differentiation seen between Florida and 

Pennsylvania and the greatest levels of differentiation seen between France and New 

Hampshire/Vermont (Table 1).   

 

Reduced genetic diversity and the distribution of allele frequencies suggest a bottleneck 

associated with the founding of M. m. domesticus populations in eastern North 

America 

A reduction in genetic diversity in a derived population relative to the source 

population is expected following a recent population bottleneck. We estimated per-

site nucleotide diversity (𝜋) and Watterson’s theta (𝜃) from allele frequencies 

computed in ANGSD. The populations from Germany and France had substantially 

higher levels of nucleotide diversity (average π = 0.28%) than any of the North 

American populations (average π = 0.17%) (Table 2). Similarly, populations from 

Germany and France had a higher proportion of segregating sites (average 𝜃 = 0.26%) 

than any of the North American populations (average 𝜃 = 0.15%) (Table 2).   

Population bottlenecks are also expected to lead to a loss of rare alleles, thus 

skewing the shape of the allele frequency spectrum in comparison to source 

populations. The proportion of segregating sites was consistently lower than pairwise 

nucleotide diversity, leading to a positive Tajima’s D for all populations. However, 

Tajima’s D was consistently larger in populations from eastern North America than 

in European populations (Table 2), indicating a greater scarcity of rare alleles in the 
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American populations. This pattern can also be seen in the folded site frequency 

spectra for the individual populations (Supplementary Figure 2). In particular, the 

North American populations show more intermediate frequency alleles (relative to 

neutral expectations) compared to the European populations.  

 

Evidence of admixture in house mice from Florida 

To test the hypothesis that some North American populations may have arisen 

from multiple introductions, we used three-population f statistics.  We computed all 

56 (8 choose 3) possible f3 statistics using the seven population samples of M. m. 

domesticus and the single population sample of M. spretus. Of these 56 tests, eight 

returned a negative value, all involving the Florida population, suggesting that this 

population is admixed (Table 3). Four comparisons suggest that allele frequencies in 

Florida are intermediate between those of populations from France and populations 

from the remaining four North American populations (Table 3). The remaining four 

comparisons suggest that allele frequencies in Florida are intermediate between 

those of M. spretus and the remaining four North American populations. While it is 

unclear whether the sampled populations are the direct contributors to the admixture 

observed in Florida, a negative f3 statistic implies that a phylogenetic tree for the 

given populations is a poor fit to the data without admixture along an internal 

branch.  The inference of admixture in the Florida population is consistent with 

several other observations, including the fact that this population has the highest 

nucleotide diversity in North America (Table 2), the lowest levels of differentiation 

from the other sampled populations (Table 1), is phylogenetically paraphyletic with 

respect to the other North American populations (Figure 2a), and appears admixed 

in other analyses (Figure 2c).  

We further investigated the details of admixture in Florida using ALDER. 

ALDER estimates the dates of plausible admixture events while also providing a 

formal 2-reference weighted LD statistic to test if the two potential source 

populations are the probable contributors to the admixed population. This analysis 

returned no significant 2-reference weighted LD statistics using any two pairs of 

populations as the contributing populations for Florida’s admixture (Table 3). We did, 

however, observe significant 1-reference weighted LD statistics using France and 

New Hampshire/Vermont (p = 0.012874 and p = 0.001035, respectively). From the 

decay rate, we estimated a time to admixture from France (or a related population) 

of 102.08 ± 45.83 years, assuming 1 generation per year. We estimated a time to 

admixture from New Hampshire/Vermont (or a related population) of 87.25 ± 19.31 

years.  

 

Demographic modeling suggests a recent introduction of M. m. domesticus to eastern 

North America 

We used GADMA to infer divergence times and effective population sizes under 

a variety of two-population models for all pairs of populations from Germany, France, 
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and North America. First, we estimated demographic parameters between Germany 

and France.  Next, we compared each North American population with each 

European population, constraining the inferred divergence time to the recent history 

during which house mice are known to have emerged from the Middle East (past 

7,500 years).  Finally, we compared North American populations with each other, 

again using a constraint on divergence time of 7,500 years.  In all cases, we compared 

results under a simple divergence model without migration to a divergence model 

including migration (Figure 3). Since these models are nested, we used a likelihood 

ratio test (LRT) to determine if the inclusion of migration improved the fit of the 

models. The standard deviations of the estimated parameters in these models were 

generally large (Figure 3).  Thus, the estimates of parameter values should not be 

taken as precise; nonetheless several clear patterns emerged. 

The estimated divergence time under a simple split model without migration 

comparing Germany and France was 2,584 ± 11 ya. This is consistent with 

zooarchaeological evidence which suggests that M. m. domesticus spread through 

western Europe during the Iron Age, which ended inside of 2.5 kya (Cucchi et al 2005; 

Jones et al. 2013). When migration was incorporated into the model, a similar 

divergence time was inferred (2,871 ± 1,444 ya) and the inferred migration rates were 

zero. 

The estimated divergence times under two-population split models when 

comparing Germany and populations from North America were between 1-7 kya 

(Figure 3a), within the range of the late Neolithic/Copper Age and late Iron Age, and 

overlapping in confidence interval with the divergence time between Germany and 

France. Inference of demographic parameters under two-population modeling for 

France and eastern North American populations failed to converge under the 

specified time constraints for divergence time. Nonetheless, the deep age estimates 

between German and North American populations predate the known arrival of 

European settlers to the Americas by thousands of years, suggesting that the source 

populations for North American mice were not from France or Germany. 

In these models, the estimated effective population sizes for North American 

populations were generally smaller than those of the European populations (Figure 

3a), consistent with a bottleneck during the founding of most North American 

populations.  The one exception to this pattern involved the Florida population, which 

revealed a higher effective population size when compared to the population from 

Germany.  The higher estimated Ne most likely reflects admixture in Florida, as 

documented above.   

Finally, we considered models with pairs of North American populations.  

Under a simple split model without migration, inferred divergence times were mostly 

within the last 500 years, corresponding to the timing of human colonization (Figure 

3b).  Likelihood ratio tests almost uniformly supported divergence models without 

migration.  The one case where the LRT favored a model with migration was the 

Virginia- Pennsylvania comparison (p = 0.0143) (Supplementary Table 1).  In that 
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case, the model with migration also suggested a divergence time of 300 years ago.  

Similarly, the LRT narrowly failed to reject a model without migration for New 

Hampshire-Vermont and Pennsylvania (p = 0.0566), and a model with migration 

suggested a divergence time (856 years ago) whose confidence interval substantially 

overlaps the divergence times estimated from other populations pairs (Figure 3b, 

Supplementary Table 1).  In sum, these models indicate that pairs of North American 

populations share ancestry within the time frame of European colonization of the 

Americas.  

 

Discussion 

 

Here, we connect the invasion history of house mice in the eastern United 

States to the colonization of the Americas by European settlers which began in the 

16th century. Previous genetic studies on the recent colonization history of house mice 

have mainly used mitochondrial DNA and microsatellites and have focused on the 

colonization of islands in the Atlantic including Iceland, Greenland, New Foundland, 

Gough Island, and the Azores (Jones et al. 2012; Gray et al. 2014; Gabriel et al. 2015). 

These studies revealed close associations between human and mouse colonization 

histories, but did not address the connections between US and European house mice.  

Using genome-wide data, we found that North American populations of house 

mice underwent a bottleneck compared to European populations.  We discovered that 

one population in Florida shows evidence of considerable admixture, suggesting that 

house mice may have colonized parts of North America from distinct sources. Finally, 

we found that divergence times among North American populations of house mice 

correspond roughly to the timing of colonization by Europeans. Below we discuss each 

of these in turn.   

 Evidence for a bottleneck comes from several sources.  First, levels of genetic 

variation are substantially lower in North American populations of house mice than 

in the European populations.  For example, the average nucleotide diversity in North 

America (π = 0.17%) was only 60% of that seen in European populations (π = 0.28%).  

Second, Tajima’s D was more positive in North American populations than in 

European populations, consistent with the loss of rare alleles.  Finally, demographic 

modeling using dadi revealed smaller population sizes for most North American 

populations compared to the German populations (Figure 3b), with the one exception 

being the population from Florida, as discussed below.  In aggregate, these results 

indicate that the founding of North America was accompanied by a modest 

bottleneck.   

 From the 16th century onward, numerous ships from various parts of Western 

Europe landed on the shores of eastern North America. Many intentionally 

transported non-native species, such as horses, cattle, pigs, sheep, rock pigeons, 

house sparrows, and starlings (Robbins 1973; Cabe 1998; Guiffra 2000; Luis et al. 
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2006; Ajmone-Marsan et al. 2010; Sydney et al. 2012; Bertolini 2018). Several ships 

also unintentionally harbored invasive species, such as rats, mice, zebra mussels, and 

fruit flies (Duffy 1951; Astanei et al. 2005; Aplin et al. 2011; Jones et al. 2013; Puckett 

et al. 2016; Mallez & McCartney 2018; Arguello et al. 2019). In many cases, the 

resulting founder populations experienced modest bottlenecks through their 

introductions (Cabe 1998; Luis et al. 2006; Puckett et al. 2016; Bertolini 2018; 

Arguello et al. 2019). 

Evidence of multiple colonization events from distinct sources comes from 

observations of admixture in the Florida population (Figure 2c, Table 3). Lack of 

significance among all 2-reference weighted LD statistics using ALDER suggests that 

the Florida population is not the direct result of admixture from any of the 

populations included in this study (Table 3). Florida has a complex colonization 

history involving Spanish and British rule (Hudson 1997; Glanville 2009), and it is 

possible that both groups of people introduced house mice to the region. The Spanish 

first explored Florida in 1513, when Juan Ponce de Leon recorded his exploration of 

the peninsula. The Spanish ruled over Florida until 1763, when the British overtook 

Spanish rule for 20 years, before the Spanish reestablished sovereignty over Florida 

in 1783, though many British and American settlements in Florida remained. The 

second Spanish occupation of Florida lasted until 1821, at which point, Florida 

became an organized colony of the United States (Knight and Liss 1991; Hudson 

1997; McCusker 2006; Glanville 2009).  Future studies with better sampling across 

Europe would help to identify the possible source populations contributing to 

admixture in Florida. 

 To ask whether divergence times of mouse populations reflect the timing of 

human settlements, we estimated divergence times between each pair of populations 

using dadi. Direct comparisons of eastern North American populations with one 

another largely yielded split times within the past 500 years, consistent with the 

known period of European colonization in the Americas. Inferred divergence times 

between Germany and eastern North America fell within the range of the late 

Neolithic to Iron Age period (5,000 BC – 1000 AD) (Cucchi et al. 2005; 2012; 2020).  

Similarly, the divergence time inferred between Germany and France was around 2.5 

kya. Consistent with zooarchaeological evidence, the late Bronze Age to Iron Age are 

the time periods when house mice progressed toward western Europe from the Middle 

East.  These observations suggest a scenario in which mice in eastern North America 

came from an unsampled population in Western Europe.  The unsampled population 

likely diverged from the German and French populations sometime in the last few 

thousand years (Figure 4).    

Human colonization history suggests that source populations for North 

American mice are likely to have come from northern Europe (Knight and Liss 1991; 

McCusker 2006). Virginia is known to have included the first enduring British 

settlement of the Americas in Jamestown, beginning in 1607. Pennsylvania became 

a British colony in 1681. Prior to the British, the Dutch and Swedish had established 

colonies in Pennsylvania early in the 17th century. New Hampshire was also one of 
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the original thirteen colonies, with the first British settlements established around 

1623. For most of pre-American colonial history, New York and New Hampshire had 

split claim over the territory that is now the state of Vermont. Georgia, named after 

King George II of Great Britain, became the last of the thirteen colonies in 1752. 

Given the predominance of British rule through much of the recent colonization 

history of America, England is a reasonable source location for North American mice.  

Moreover, British migration through the eastern seaboard in establishing the 

thirteen colonies may have facilitated the spread of house mice from initial sites of 

introduction. 

Despite the strong British influence, the Spanish were the first Europeans to 

establish consistent transatlantic exchanges with North America and thereby had 

the earliest opportunities to introduce non-native organisms. A recent study by 

Morgan et al. (2022) used a SNP genotyping array to assess population structure 

across Europe and elsewhere and found that mice in Europe consist of a northern 

clade (including Germany, Denmark, Belgium, and Scotland) and several southern 

groups (including Greece, Italy, Portugal, and Spain).  Their study did not include 

samples from England, but one interesting possibility is that mice in eastern North 

America derive primarily from England, but that mice in Florida may represent a 

mixture of mice from England and mice from southern Europe.  This hypothesis could 

be tested by deep sampling of mice across Europe. 

 

Conclusion 

 

We conclude that house mice in the eastern United States arrived and 

dispersed largely within the past 500 years. Their arrival was associated with a 

genetic bottleneck, as US populations harbor only 60% of the average genetic 

variation seen within European populations. Since the arrival of the initial source 

population, at least one other source population successfully mixed with an 

established population in Florida.  Notably, Florida was also colonized by different 

Western European settlers within the past few centuries.  The overall similarity in 

the estimated divergence times of North American populations of house mice with 

the known timing of human colonization of eastern North America suggests a very 

close association between the movements of humans and mice and suggests that the 

earliest European settlers may have brought mice with them. 
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Figures 

 
 

Figure 1.1: Locations of house mouse samples from eastern North America 

and Western Europe. Map showing locations of sampled mice from New 

Hampshire/Vermont (green), Pennsylvania (purple), Virginia (pink), Georgia 

(brown), Florida (gold), Germany (red) and France (blue).   
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Figure 1.2: Analysis of population structure of eastern North American and 

Western European house mice. (a) Phylogenetic tree of M. m. domesticus 

constructed using RAxML with M. spretus as an outgroup. M. m. domesticus are from 

Florida (FL, n=10), Georgia (GA, n=10), Virginia (VA, n=10), Pennsylvania (PA, 

n=10), New Hampshire/Vermont (NHVT, n=10), Germany (GER, n=8), and France 

(FRA, n=8). Asterisks indicate nodes with > 80% bootstrap support. (b) Principal 

component analysis of 66 wild-caught M. m. domesticus. (c) Inferred admixture 

proportions for K = 7 distinct ancestral subpopulations for eastern North American, 

German, and French M. m. domesticus populations, and an outgroup M. spretus 

population. 
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Figure 1.3: Two-population split modeling using Europe and eastern North 

American populations. (a). The models depict a split occurring at time TDIV years 

ago, leading to present-day populations of NEUR and NENA, allowing for continued 

unidirectional migration from Europe to eastern North America. (b) The model is 

similar to (a) but allowing for bidirectional migration, reported as parameters m12 

and m21. Best fit demographic parameters inferred under these two divergence 

models are reported to the right. 

  

N� � �
± sd N� � �

± sd T� � ���
± sd m� � � � �

± sd

GER-NHVT 15,889 5,562 1,352 655 1,365 179 5.84e-05 5.57e-05

GER-PA 12,549 7,189 8,269 6,937 3,412 2,144 0 0

GER-VA 20,432 4,594 15,282 1,913 6,412 5,511 1.24e-05 6.11e-05

GER-GA 15,770 19,832 8,424 12,842 4,415 5,907 0 0

GER-FL 22,137 10,391 36,599 4,469 7,056 3,098 0 0��

�

�

N�
± sd N�

± sd T� � ��� ± sd m� �
± sd m� �

±sd

FL	– NHVT 123,585 534,609 944 41 397 27 0 0 0 0

FL	– PA	 85,622 193,396 885 59 189 8 0 0 0 0

FL	– VA 14,178 5,755 1,368 29 302 30 0 0 0 0

FL	– GA 140,956 539,165 1,037 61 307 15 0 0 0 0

PA	– NHVT 5,101 4,792 2,469 2,879 856 610 1.51e-4 1.39e-4 4.63e-7 2.55e-5

PA	– VA 1,727 4,473 1,714 4,131 330 466 1.28e-6 2.04e-5 3.5e-4 2.76e-4

PA	– GA 3,247 576 1,887 42 488 62 0 0 0 0

VA	– NHVT 4,303 245 1,723 248 611 12 0 0 0 0

VA	– GA 5,459 514 2,480 118 431 56 0 0 0 0

GA	– NHVT 2,580 125 1,701 154 549 19 0 0 0 0

��

�

�

�

b

a
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Figure 1.4: Recent progression of house mice from Western Europe to 

eastern North America. Hypothesized colonization history of house mice in eastern 

North America showing divergence times as inferred from demographic modeling.  

Black dashed arrow illustrates migration of house mice from Western Europe to 

eastern North America. Orange dashed arrow illustrates additional migration from 

Western Europe to Florida. Lines connecting North American populations illustrate 

possible spread across eastern coast of North America during founding period. 

Dashed arrows in Europe depict ancestral split between European populations from 

Cologne-Bonn, Germany and Massif Central, France. Colors match Figures 1 & 2. 
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Table 1.1: Pairwise Fst comparisons between two western European 

population (France and Germany) and five eastern North America 

population samples. 
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Table 1.2: Summary of genetic diversity in sampled M. m. domesticus 
populations.  
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Table 1.3: Summary and admixture statistics and inferred demographic 

parameters. Negative f3 statistic indicating admixture, standard error, and 

associated z-score were computed with TreeMix. Remaining columns are inferred 

demographic parameters generated using ALDER.
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Supplementary Figure 1.1: ADMIXTURE analysis for K = 2 through 8.  
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Supplementary Figure 1.2: Site frequency spectra comparison to 

expectation under neutral equilibrium.  Top: Site frequency spectra for the five 

eastern North American populations. Bottom: Site frequency spectra for the 

populations of Germany and France. 
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Supplementary Table 1.1: Results from likelihood ratio test. The first two 

columns give the reported maximum log composite likelihood from two divergence 

models. The third column is the Godambe adjusted D-statistic reported from the 

likelihood ratio test. The fourth column is the LRT associated p-value. 

  



 

 

22 

Chapter 2  

Genetic structure and demographic history 

of house mice in Western Europe inferred 

using whole genome sequences 

 

Introduction 
 

Detailing the history of demographic and evolutionary processes that has 

shaped modern populations is a fundamental goal in evolutionary and ecological 

studies. The house mouse (Mus musculus) is a premier mammalian model organism 

for biological research that has gained a near global distribution through their 

commensalism with humans (Phifer-Rixey and Nachman 2015). Despite its standing 

as a widely used model, important details regarding the genetic structure and 

demographic history of house mice are still unknown. House mice consist of three 

major subspecies which diverged from an ancestral population in the northern Indo-

Pakistani subcontinent and neighboring regions roughly 200,000–500,000 years ago 

(Salcedo et al. 2007; Geraldes et al. 2008; Duvaux et al. 2011; Geraldes et al. 2011; 

Bonhomme and Searle 2012; Suzuki et al. 2013; Phifer-Rixey et al. 2020; Fujiwara et 

al. 2022): Mus musculus castaneus in Southeast Asia, Mus musculus musculus in 

Eastern Europe and Northern Asia, and Mus musculus domesticus in the Middle East 

and Western Europe. In association with humans, M. m. domesticus extended its 

geographic range to Africa, Australia, and the Americas during the last several 

centuries, presumably as a consequence of human colonialism (Rosevear 1969; Searle 

et al. 2009; Gabriel et al. 2010; Jones et al. 2013; Suzuki et al. 2013; Phifer-Rixey and 

Nachman 2015; Lippens et al. 2017; García-Rodríguez et al. 2021). 

Much of our current understanding of the history of house mice in Western 

Europe comes from the zooarchaeological record (Cucchi et al. 2005; Cucchi 2008; 

Cucchi et al. 2020). This record suggests that human–house mouse commensalism 

dates to between 12,000 – 15,000 years ago (Cucchi et al. 2005; Weissbrod et al. 2017; 

Cucchi et al. 2020).  Some authors have argued that house mice have since become 

an anthrodependent species (Hulme-Beaman et al. 2016). The introduction of early 

farming practices is thought to have enabled the cohabitation of humans and house 

mice in the Near East during the Neolithic. Despite notable human migration from 

the Near East to Western Europe during the Neolithic, the spread of house mice was 

limited to movement from the Near East to the eastern Mediterranean and Anatolia 

around this time. Following the Neolithic, the next notable period of diffusion 

occurred in the late Bronze and early Iron Age, with rapid spread across the western 
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Mediterranean. Increased maritime transport is suspected to have played a major 

role (Cucchi et al. 2005; Cucchi et al. 2020). The first direct evidence of house mice 

found on ships was obtained from the shipwreck of a Late Bronze Age vessel found 

off the coast of Turkey (Cucchi 2008). The most recent zooarchaeological survey dates 

the arrival of M. m. domesticus in Southern Europe around 4,000 years ago, and in 

Western and Northern Europe around 3,000 years ago (Cucchi et al. 2020). 

A small number of studies have used genetic data from contemporary 

populations to analyze present-day population structure and reconstruct the diffusion 

history of house mice in Western Europe. For example, previous studies have 

identified “Mediterranean-like” and “Northern European-like” clusters with datasets 

based on mitochondrial DNA or microarrays using pre-ascertained single nucleotide 

polymorphisms (SNPs) (Suzuki et al. 2013; Morgan et al. 2022). A study using ancient 

mtDNA from the British Isles provided evidence for a Late Bronze to Iron Age 

colonization (García-Rodríguez et al. 2021). Whole-genome sequences provide an 

opportunity to more completely survey variation across the genome. They also 

provide data with which to estimate evolutionary relationships, patterns of historic 

gene flow, divergence times, and ancestral population sizes, all of which will generate 

a context for understanding the subsequent spread of house mice worldwide.  

Here, we assemble 83 whole genome sequences of wild-caught M. m. 

domesticus, including 59 new whole genome sequences of mice from England, 

Scotland, Wales, Guernsey (an island in the English Channel just off the coast of 

northern France), northern France, Italy, Portugal, and Spain. We present relevant 

metrics on the newly sequenced genomes, and then use these data to address (1) the 

genetic structure of house mice in Western Europe including the extent to which 

house mice cluster by geographic location and the genetic similarity of mice within 

groups versus between groups, (2) the phylogenetic relationships of populations, (3) 

the amount of gene flow between populations of house mice in Western Europe, (4) 

historical changes in population size, and (5) divergence times between lineages. We 

find that mice in Western Europe form genetic clusters that generally match human 

genetic clusters, and the timing of divergence between these mouse clusters is 

consistent with human migration history.  

 

Materials and Methods 
 

Samples and molecular methods 

We assembled 83 whole genome sequences of M. m. domesticus sampled from 

Western Europe and Iran. This included 24 samples from a previously published 

dataset representing populations from southern France, Germany, and Iran (Harr et 

al. 2016). The remaining 59 samples are newly sequenced genomes of wild-caught 

mice collected in northern France, Italy, northeast Spain (Catalonia), southwest 

Spain, Portugal, England, Wales, Scotland, and Guernsey. Specimen ID, sex, and 
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collecting locality for each individual are given in Table 1 and Supplementary Table 

1. Sampling of mice took place between 1987–2008, and the majority of mice from 

these localities were caught more than 500 meters apart to avoid sampling related 

individuals. Animals were sacrificed in the field and a subset of the mice were 

prepared as museum specimens (Supplementary Table 1). Liver was collected and 

stored in ethanol or flash frozen in liquid nitrogen. 

DNA was extracted using a MagBind Blood and Tissue DNA extraction kit 

(Omega Biotek). DNA quantity was assayed on a Qubit Fluorometer v.2 (Thermo 

Fisher Scientific) and relative fragment size was assessed through agarose gel 

electrophoresis. A portion of each extraction was diluted to 10 ng/µL at a volume of 

110 µL using 10 mM Tris elution buffer, pH 8. The aliquot was sonicated on a qSonica 

Q800R sonicator at 40% amplitude and 15s on/off pulse for 7.5 minutes of active 

sonication time for extractions that were fully intact. A double-sided SPRI bead 

cleaning process was used to size-select fragmented DNA to ~300-500 bp and to 

concentrate to a volume of 12.5 µL. The enzymatic steps of library preparation 

followed the Kapa Hyper Prep (Roche Diagnostics) protocol. A universal stub adapter 

was ligated, and then was extended to full length during amplification with TruSeq-

style unique dual-indexing oligos provided by the Functional Genomics Laboratory 

(University of California, Berkeley). Samples were assessed for sizing on a 

Bioanalyzer DNA 1000 chip (Agilent Technologies) and quantified using qPCR with 

Kapa biosystems standards (Roche Diagnostics). At the Vincent J. Coates Genomics 

Sequencing Lab, 20-24 libraries were pooled together per lane and sequenced on 

Illumina NovaSeq S4 to collect paired-end 150 bp data (QB3 Genomics, UC Berkeley, 

Berkeley, CA, RRID:SCR_022170). All sequence data generated in this study have 

been deposited in the National Center for Biotechnology Information Sequence Read 

Archive under accession BioProject ID (PRJNA1050608). 

 

SNP discovery 

Sequencing reads were processed using a standardized pipeline, following the 

general procedures and parameters outlined in Harr et al (2016). Raw Illumina 

sequencing reads were first cleaned and preprocessed using FastP (Chen et al. 2018), 

then aligned to the mouse reference genome (GRCm38/mm10, RefSeq: 

GCF_000001635.20) using BWA-MEM (Li 2013).  Following GATK4 Best Practices, 

we marked and filtered PCR duplicates using PicardTools, performed indel 

realignment to correct SNPs flanking regions containing insertion and deletions, and 

applied base quality score recalibration to mitigate the propagation of systematic 

errors from inaccurate base calling. The final recalibrated bams were merged by 

population using samtools ‘mpileup’ (Li 2011). All population vcfs were merged using 

‘bcftools merge’ (Danecek et al. 2021), resulting in 81,013,753 total SNPs, and is 

available on Dryad (https://doi.org/10.5061/dryad.s1rn8pkgh). 

Alignment statistics were generated using samtools (Li et al. 2009; Danecek et 

al. 2021). Specifically, total reads passing quality control and the percent of mapped 
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reads were computed using ‘samtools flagstat’, and average per-base autosomal and 

sex coverage was computed using ‘samtools depth’. Prior to downstream analyses, we 

additionally used VCFtools v0.1.15 (Danecek et al. 2011) to extract autosomes and 

filter out sites with quality scores lower than 30, variants with greater than 10% 

missing genotypes, and a minor allele frequency of less than 5%, retaining 3,548,561 

sites. 

Carriers of t-haplotypes were determined by measuring heterozygosity on 

chromosome 17 using ‘vcftools –het’ flag. The t-haplotypes are associated with 

inversions on chromosome 17 that suppress recombination and therefore result in 

high heterozygosity in carriers (i.e. t-haplotype heterozygotes) (Keleman and Vicoso 

2018; Keleman et al. 2022). Vcftools computes heterozygosity as a function of F, the 

inbreeding coefficient. A negative F value indicates an excess of heterozygotes 

relative to expectation. Vcftools’ ‘—relatedness2’ flag was also used to identify first 

degree relatives based on the method of Manichaikul et al. (2010). 

 

Population structure 

Phylogenetic relationships of populations were estimated from a maximum 

likelihood tree constructed using RaxML (Stamatakis 2014). The maximum 

likelihood tree was constructed first using RaxML under a GTRGAMMA model with 

bootstrapping and correcting for ascertainment bias using the Lewis model. Analysis 

of population structure was based on principal component analysis derived from 

PLINK and proportions of shared ancestry estimated using ADMIXTURE (Purcell 

2007; Alexander 2009). The optimal number of distinct ancestral source populations 

(K) for ADMIXTURE was selected using mean cross-validation error. For 

phylogenetic analyses and analyses of population structure, autosomal sites were 

extracted and pruned for pairwise linkage disequilibrium above 0.1 (PLINK v.1.9; 

−indep-pairwise 50 50 0.1). Following pruning, 659,303 sites were retained. 

ADMIXTURE analyses suggested that gene flow had occurred between some 

populations (see Results). To further study gene flow, we used the topology inferred 

with RaxML as a newick population tree to compute f-branch statistics using D-Suite 

(Malinksy et al. 2021). To get a better sense of the degree of shared drift between any 

two populations, we computed outgroup f3 statistics. Outgroup f3 statistics measures 

similarity in two populations by the degree of shared genetic drift relative to an 

outgroup. Normalized f3-statistics were computed using ADMIXTOOLS qp3Pop, 

specifying samples from Iran as the outgroup (Patterson et al. 2012). 

 

Population size and divergence times 

We used smc++ (vers. 1.15.2) to estimate the history of effective population size 

for each European population and divergence times between each pair of populations 

using default parameters (Terhorst et al. 2017). For each population, biallelic 

autosomal sites were extracted using vcftools options --min-alleles 2 and --max-alleles 
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2. Only one individual from each related set were retained for demographic inference. 

vcf2smc was called separately for each chromosome and stored in population specific 

data files. For each data file, cross validated historical population sizes were 

estimated using the smc++ cv command with the --fold option set to the number of 

provided population samples. Split times were inferred using the smc++ split 

command on the consensus best k-fold cross-validated parameter estimates provided 

by smc++ cv output. The mutation rate was set to 4 x 10-9 per generation per base 

pair, and we used a generation time of 1 year (Geraldes et al. 2008). In temperate 

climates, most house mice breed seasonally, although some commensal populations 

can breed year-round depending on the availability of food. We used a conservative 

estimate of one generation per year based on the assumption of seasonal breeding, as 

done in Gray et al. (2014), Phifer-Rixey et al. (2020), and Fujiwara et al. (2022).  

Estimates of divergence time are dependent on the estimates of mutation rate and 

generation time and thus should be interpreted accordingly.  

 

Results 

 

Genome sequences 

We sequenced whole genomes of 59 mice from Italy, France, Portugal, Spain, 

England, Scotland, Wales, and Guernsey to an average depth of 11x and aligned reads 

to the GRCm38/mm10 reference genome. The average depth of coverage on the 

autosomes was 11.41x (± 2.21 st dev), ranging from a minimum depth per individual 

of 6.51x (a mouse from La Roca del Vallès, Barcelona, Spain) to a maximum depth of 

18.35x (a mouse from Prado del Rey, Cádiz, Spain). Average per-base depth of 

coverage for each individual, separated by autosomes, X-chromosome, and Y-

chromosome, is provided in Table 1. 

The expected depth of coverage for the X-chromosome in males is half of the 

autosomal coverage, and the expected depth of coverage for the Y-chromosome in 

females is zero. We used these expectations to confirm the sex of samples recorded in 

the field and to determine the sex of individuals where sex was not provided. The sex 

of two individuals was corrected using this approach. Sample PT68 from Portugal 

was labeled as a female in the field while genomic data suggest that this individual 

was a male. Sample JBS41 from Scotland was recorded as a male in the field and 

genomic evidence suggests that this individual was a female. Six other individuals 

(MWN03-B_B4, MWN03-C_C6, MWN03-D_D2, MWN03-M_En, MWN03-N_JBS74, 

MWN03-P_JBS10) were previously missing information on sex and had this 

information provided using genomic coverage. 

 

Identifying t-haplotype carriers using measurements of excess heterozygosity 

The t-haplotype is associated with inversions along the proximal third of 
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chromosome 17 in house mice. It exhibits meiotic drive with male t-heterozygotes 

showing a transmission distortion of up to 99% t-haplotypes rather than the expected 

50% frequency (Bennett 1978; Bennett et al. 1983; Lenington et al. 1988; Hammer et 

al. 1989; Keleman and Vicoso 2018). Despite this extreme transmission distortion, t-

haplotypes are typically found at low frequencies in natural populations, in large part 

because homozygous t-haplotype mice suffer reduced fitness often due to embryonic 

lethality (Huang et al. 2002). Recombination is suppressed by inversions in t-

heterozygotes, leading to an excess of polymorphic sites and increased heterozygosity 

along the inverted regions of chromosome 17 (Keleman and Vicoso 2018; Keleman et 

al. 2022). We looked for increased heterozygosity on the proximal third of chromosome 

17 to identify t-haplotypes, first in the Harr et al. (2016) samples, where t-haplotypes 

had previously been identified from genotyping with diagnostic markers, and then 

among the 59 newly sequenced samples (Supplementary Table 2).  

We confirmed that four of the 16 European M. m. domesticus samples from 

Harr et al. (2016) were t-haplotype carriers (FRA_B2C, FRA_C1, FRA_F1B, and 

GER_TP51D). Additionally, we found that 17 of the 59 newly sequenced mice were t-

haplotype carriers (Table 1; Supplementary Table 2). Thus, we observed a total of 21 

t-haplotype carriers out of 83 individuals (25.3%), a frequency above the average of 

6% seen across many North American populations (Ardlie and Silver 1998) but 

consistent with many previous estimates (Lewontin and Dunn 1960; Bennett 1978; 

Bennett et al. 1983; Lenington et al. 1988; Ruvinsky et al. 1991; Ardlie and Silver 

1996).  

 
Relatedness 

We examined pairwise relatedness among the 59 new samples using vcftools 

‘relatedness2’ option. Two pairs and one trio of mice were found to be first degree 

relatives, having kinship coefficients approximately equal to or greater than 0.25 

(Table 2). One pair was from Birmingham, England, one pair was from Policastro, 

Italy, and the trio was from Sutherland, Scotland. No duplicate samples were 

detected (phi ≥ 0.5), nor were any first-degree relatives detected between different 

populations.  

 

Population structure  

Principal component analysis revealed four distinct groups (Figure 1a). 

Western house mice from Germany, northern France, Guernsey, England, Scotland, 

and Wales form a Northern European group. Mice from southern France, Italy, and 

northeast Spain form a Mediterranean group. Mice from Portugal and southwest 

Spain form an Atlantic Iberian group. Samples from Iran form their own distinct 

group. 

These groups are also seen in ADMIXTURE analysis. The ADMIXTURE level 

of K with highest support (by lowest cross-validation error) is K=4 (Figure 1d). At 
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K=4, we again observed a distinct cluster for Iran, the Northern European samples, 

the Mediterranean samples, and the Atlantic Iberian samples. ADMIXTURE results 

also identified ancestral tracts from the Mediterranean group in the populations of 

northern France, Guernsey, and Germany, suggesting gene flow across continental 

Europe from the Mediterranean to Northern Europe. 

In our analysis of population structure, eight samples from northern Scotland 

(6 from Sutherland and 2 from Perthshire) show greater affinity to one another than 

to the nine remaining UK samples (Supplementary Figure 1 and 2). In the following 

analyses, we consider these samples separately and refer to this group as northern 

UK. We refer to those nine remaining UK samples as southern UK. However, the 

southern UK samples are not exclusively sampled south of the northern UK samples. 

Eight of the nine samples come from various parts of England and Wales, and the 

Dumfries and East Lothian counties of Scotland, all which are located south of the 

northern UK samples. The remaining southern UK sample is found in Inverness, 

Scotland, which is located between Perthshire and Sutherland.  

Outgroup f3 statistics further corroborate the distinctiveness of the Northern 

European, Mediterranean, and Atlantic Iberian groups. The pairwise outgroup f3 

statistic measures shared drift between each pair of populations relative to a 

designated outgroup. Higher values indicate greater genetic similarity between the 

two test populations. We treated each labeled group in Figure 1c as a population and 

set Iran as the outgroup. Eight of the ten possible pairs of Northern European 

populations gave the highest values for the outgroup f3 statistics (Figure 2). It is 

interesting to note that the southern UK samples (England, Wales, and southern 

Scotland) and the sample from Guernsey share the most genetic drift of all measured 

samples. Guernsey is an island in the English Channel geographically close to France 

but with cultural and political ties with the UK. Other intra-group pairs also generate 

high values for the outgroup f3 statistics such that all intra-group pairs provide the 

highest fourteen values. The pairs of samples between different groups with high f3 

statistic values were between Italy and northern France, Italy and Guernsey, and 

Italy and Germany. Each of the Northern European populations in those pairings 

were previously inferred to have high levels of admixture from the Mediterranean 

group. 

 

Phylogenetic relationships 

Samples from Iran were paraphyletic with respect to the samples from Europe. 

Within Europe, we observed three major monophyletic groups, corresponding to the 

groups identified by PCA and ADMIXTURE: an Atlantic Iberian clade, a Northern 

European clade, and a Mediterranean clade (Figure 1c). The Atlantic Iberian clade 

was the sister group to the other two groups. Within the Atlantic Iberian clade, 

samples from Portugal were monophyletic as were samples from southwest Spain. 

Thus, despite their evenly spaced and continuous geographic sampling (Figure 1b), 

mice from Portugal and southern Spain clustered by geopolitical region. Within the 
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Mediterranean clade, mice were also grouped by country, with mice from 

northeastern Spain forming a clade that was the sister group to clades of mice from 

Italy and southern France. Finally, the Northern European group consisted of clades 

corresponding to Germany, northern France, northern UK, and Guernsey together 

with southern UK. Overall, these phylogenetic relationships agree well with PCA and 

ADMIXTURE analyses. Given that Guernsey was represented by a single individual, 

due to limitations of the methods used and the possibility of introducing bias from 

inadequate sampling, Guernsey was not included in the remaining analyses. 

 

Gene flow 

The f-branch statistic assigns gene flow to specific branches of a phylogeny 

based on excess allele sharing. This analysis revealed gene flow between the three 

major clades. The strongest signals of gene flow involved Portugal, northern France, 

northern UK, and Italy, as depicted through the shaded red cells along the 

corresponding rows of Figure 3. There are many possible four-taxon D tests in a 

phylogeny of even modest size. As a result of the phylogenetic non-independence of 

these tests, gene flow can introduce correlated D statistics in related lineages 

(Malinsky et al. 2021). For example, the horizontal red bars associated with Portugal 

probably reflect gene flow involving Portugal and one of the other populations in the 

North European or Mediterranean clades, with the remaining red squares reflecting 

the correlated signal in related lineages. The single largest signal was between 

northern France and Germany, where ADMIXTURE analysis inferred a similar 

admixture history. Northern France also appears to have a strong signal of gene flow 

with Portugal, suggesting gene flow along the Atlantic seaboard, a result consistent 

with previous studies (Gündüz et al. 2001; Förster et al. 2009; Gabriel et al. 2015; 

García-Rodríguez et al. 2021).  

 

Inferring past population bottlenecks  

All populations of house mice experienced a population size decline from 

500,000 to roughly 20,000 generations ago, at which point the effective population 

size in Iran began to stabilize (Figure 4). Using a generation time of one year 

(Geraldes et al. 2008), twenty thousand years ago coincides with the Last Glacial 

Maximum. After this time, the Western European populations continued to 

experience a reduction in population size relative to Iran. The first Western European 

populations began to stabilize inside of 10,000 generations ago, and all Western 

European populations stabilized to their present effective population size within the 

past 1,500–3,000 generations (Figure 4). 

 

Divergence times between lineages 

We estimated divergence times between all pairs of populations using smc++. 

All estimated divergence times were between 1,500 and 5,500 years ago (Table 3). 
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The estimated divergence times between Iran and Western European mice ranged 

from 3,700 to 5,500 years ago. Of the samples included in this study, the 

Mediterranean clade includes mice from populations that are geographically closest 

to the Levant, the geographic region from where mice in Western Europe are thought 

to have originated. Divergence times between Iran and the Mediterranean clade were 

roughly between 4,200 and 4,700 years ago. 

Divergence times between Northern Europe and Iran ranged roughly between 

3,700 and 5,100 years ago, while divergence times between Northern Europe and the 

other two Western European clades generally ranged from 2,400 to 4,600 years ago. 

Divergence times between Atlantic Iberian mice and Mediterranean mice were 

estimated to be approximately between 3,100 and 4,000 years ago. The wider range 

of divergence times for comparisons involving Northern European populations might 

reflect a more complex demographic history within the Northern European clade, as 

analysis of population structure and f-statistics suggests notable admixture in 

northern France and Germany.  

We also estimated divergence times among populations within major clades. 

These times ranged between 1,500 and 3,300 years ago, and if we only consider 

populations that geographically border one another, these divergence times are even 

younger, ranging from 1,500 to 2,500 years ago (Table 3; Figure 5). The populations 

with the most recent split times were those in Germany and northern France (1,500 

years ago), followed by Spain and Portugal (1,700 years ago). 

 

Discussion 
 

Mus musculus domesticus is the most widespread subspecies of Mus musculus, 

and can be found across the Middle East, Western Europe, Africa, the Americas, and 

Australasia. Western Europe is the historical range of M. m. domesticus from which 

mice have been introduced to other regions of the world within the past few hundred 

years. Understanding the history of house mice within their more ancestral range 

lays the groundwork for identifying the source populations for other regions of the 

world. A detailed understanding of the demographic history of house mice will also 

provide a useful null model for studies aiming to uncover signatures of selection and 

to identify the genetic basis of adaptive traits. 

We sequenced 59 whole genomes of M. m. domesticus from Western Europe 

and combined these with a previously published dataset of 24 whole genomes. We 

found that house mice in Western Europe fall into three major groups: a Northern 

European group, a Mediterranean group, and an Atlantic Iberian group. We found 

evidence of gene flow among populations within and between these groups, with the 

highest levels of gene flow being detected between populations in Germany and 

northern France. Interestingly, all sampled populations appear to have undergone a 

contraction in population size roughly coincident with the Last Glacial Maximum. 
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Finally, divergence times between Western European populations were estimated to 

be between 1,500 and 5,500 years ago, consistent with previous reports (Cucchi et al. 

2005; Cucchi et al. 2020; Garcia-Rodriguez et al. 2021). Below we discuss these results 

in light of human history in Western Europe. However, we emphasize that the dates 

obtained here should be construed as approximate and interpreted with caution. The 

exact dates depend on estimates of mutation rate and generation time. 

Since house mice are commensal with humans, we might expect patterns of 

historical relationships and migration in mice to reflect similar patterns in humans. 

This appears to be largely true. For example, house mice form three major clades in 

Western Europe (Figure 1).  Similarly, human populations from Western Europe form 

genetically distinct groups in the Iberian Peninsula, Mediterranean, and Northern 

Europe (Lazaridis et al. 2014; Gilbert et al. 2022). We found that mice from France 

are divided into those in the north that show clear affiliations with mice in the UK 

and Germany and those in the south that show clear affiliations with mice from Italy 

and northeastern Spain, a pattern also found in people from these regions (Lazaridis 

et al. 2014). The phylogenetic grouping of mice from the Atlantic coast of the Iberian 

Peninsula matches current geopolitical boundaries, despite the closer proximity of 

some Spanish mice to some Portuguese mice relative to other mice sampled within 

the same country. Mice along the Atlantic Iberian coast were sampled in an evenly-

spaced fashion, with the closest samples between Portugal and Spain being from 

Tavira (Portugal) and Aljaraque (Spain) which are only 65 km apart. Yet, mice from 

Portugal and mice from Spain formed two distinct phylogenetic groups (Figure 1c). 

On the other hand, we found that mice along the Atlantic Iberian coast grouped 

separately from mice in northeastern Spain (Catalonia), a pattern that may reflect 

socio- and ethnolinguistic differences found in Spain, but is not similarly observed in 

patterns of human genetic variation (Lazaridis et al. 2014; Gilbert et al. 2022). 

Some of the patterns documented here using whole genome data are consistent 

with previous studies of house mice. Searle et al. (2009) and Garcia-Rodriguez et al. 

(2021) found that British populations of house mice exhibit high mitochondrial DNA 

variation, and that northern Germany and southern and central British populations 

contained a different haplogroup from that seen in mice from northern Scotland and 

Ireland. We observed similar patterns in the distinctness of northern and southern 

UK populations. These differences are likely due to greater gene flow among 

populations in southern and central Britain than between these populations and 

those in northern Scotland, reflecting migration patterns observed in human British 

populations (Leslie et al. 2015; Antonio et al. 2022). 

More generally, gene flow highlights the importance of maritime routes in the 

spread of house mice. The populations with the most evidence of gene flow were in 

coastal nations with notable histories of migration across the Mediterranean Sea and 

the Atlantic Ocean. Evidence of gene flow between Portugal and Northern Europe 

supports previous reports of house mice in some islands of the North Atlantic having 

come from Northern Europe, despite greater proximity and historical links to 

mainland Portugal (Gündüz et al. 2001; Förster et al. 2009; Gabriel et al. 2015). 
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Studies of ancient DNA have revealed high mobility among human populations 

across Europe over the past 3,000 years (Antonio et al. 2022). Leslie et al. (2015) 

estimated that human populations in Britain possess substantial genetic 

contributions from human populations in northern France and Germany. They 

suggest that the historical context of this contribution centered around waves of 

human migration associated with the expansion of the Roman Empire. Mirroring this 

pattern in humans, admixture analysis revealed that house mice from Germany and 

northern France experienced gene flow from the UK and the Mediterranean (Figure 

1d). 

The estimated divergence times between geographically close populations 

within each of the three major clades were between 1,500 – 2,500 years ago. Cucchi 

et al. (2005) emphasized the Iron Age as being the time of mass movement of mice by 

humans, but our molecular dating also would suggest some movement slightly later 

– in the Roman period. The Roman Republic began about 2,500 years ago and lasted 

until about 2,000 years ago, and was followed by the Roman Empire which ended 

approximately 1,500 years ago (Heather 2007; Harper 2017). The estimated 

divergence time between populations of mice in Italy and northeastern Spain was 

2,277 years ago, and the estimated divergence time between populations of mice in 

Italy and south France was 2,339 years ago. Both of these inferred times fall within 

the period of the late Iron Age and early Roman Republic. 

Roman conquest of the Iberian Peninsula began around 2,200 years ago and 

occupation lasted until the end of the Roman Empire, at which point the Visigoths, 

whose invasion began around 1,600 years ago, occupied much of Iberia (Heather 2007, 

Harper 2017). The inferred divergence time between mice from Portugal and Spain 

of 1,700 years ago falls within that period, and this human invasion, migration, and 

occupation history may have played a role in the dispersal of house mice in that 

period. 

The fall of the Roman Empire came with constant invasions from nomadic 

tribes. The Franks moved across Northern Europe from current Germany to current 

north France in their invasion of the Roman Empire. This invasion and occupation 

occurred from 1,700 years ago through to the collapse of the Roman Empire, similar 

to the Visigoths in Southern Europe (Heather 2007; Harper 2017). The inferred 

divergence time between mice from Germany and mice from northern France was 

estimated to be 1,500 years ago, hence around the fall of the Roman Empire. While 

being largely consistent with zooarchaeological records (Cucchi et al. 2005; Cucchi et 

al. 2020), estimates of divergence times from smc++ should be interpreted with 

caution, as molecular dating is sensitive to assumptions of fixed model constraints, 

such as generation time and mutation rate. Nonetheless, these examples illustrate 

how patterns in the demographic history of house mice may reflect the movement of 

the ancient humans that likely facilitated their spread, as has been previously 

reported with black rats (Yu et al. 2022).  
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In summary, many of the patterns we observe in house mice match patterns 

previously reported in human populations or aligned with human history. We also 

uncovered some phylogeographic patterns in mice that do not align to geopolitical 

boundaries, but most of these agree with previous genetic findings in house mice. We 

conclude that house mice in Western Europe dispersed within the past several 

thousand years, diffusing from east to west, in agreement with previous studies based 

on the zooarchaeological record. We also introduce genomic resources of house mice 

from regions of historical relevance that were previously not represented in public 

datasets. This sampling will enable future researchers to explore the dispersal 

history of house mice outside of Western Europe and connect potential source 

populations to extant populations worldwide. 
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Figures 
 

 
 

Figure 2.1: Sample distribution and population structure of western house 

mice. (a) Principal component analysis (PCA). (b) Sample map depicts locations in 

Portugal (green), southwest Spain (green), southern France (purple), Italy (purple), 

northeast Spain (purple), England (red), Wales (red), Scotland (red), Guernsey (red), 

northern France (red), Germany (red), and Iran (cyan) from which western house 

mouse genomes were obtained or were previously available. (c) Maximum-likelihood 

phylogeny and (d) ADMIXTURE analysis identifies four distinct groups 

corresponding to samples from Northern Europe (red), the Mediterranean (purple), 

the Atlantic coast of Iberia (green), and Iran (cyan).  
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Figure 2.2: Outgroup f3 statistics for pairwise analysis of western house 

mouse populations. (Left) Biplot of normalized f3 statistics. (Right) Table of 

normalized f3 statistics, with z-score computed using qp3Pop.  

  

Pop 1 Pop 2 f3 std err Z SNPs

South UK Guernsey 0.242682 0.002818 86.107 6354312

North UK South UK 0.224673 0.002385 94.222 7382637

North UK Guernsey 0.208231 0.00274 75.987 6273338

North France Guernsey 0.20196 0.002094 96.469 5337671

North France North UK 0.195873 0.001791 109.362 6246824

North France South UK 0.18923 0.001796 105.388 6303346

Germany Guernsey 0.178415 0.00251 71.069 6179775

Germany North France 0.177757 0.001769 100.485 6192626

NE Spain Italy 0.17735 0.002111 84.03 6606218

Portugal SW Spain 0.176282 0.001619 108.868 6968925

South France Italy 0.176151 0.002146 82.079 6640886

Germany North UK 0.173944 0.002029 85.728 7218408

Germany South UK 0.16921 0.002042 82.877 7265949

South France NE Spain 0.165273 0.001984 83.305 6800688

North France Italy 0.149435 0.001728 86.488 5883561

Italy Guernsey 0.142961 0.002305 62.024 5847706

Germany Italy 0.141708 0.001975 71.758 6817315

North France Portugal 0.141135 0.001414 99.841 6026903

Portugal Italy 0.140534 0.001606 87.522 6590308

Portugal Guernsey 0.13657 0.002 68.281 5995285

North France NE Spain 0.133494 0.001523 87.669 6035122

Portugal NE Spain 0.131586 0.001478 89.016 6753093

Germany South France 0.131457 0.001752 75.033 7017118

Italy North UK 0.131092 0.001948 67.309 6900855

South France Guernsey 0.130438 0.002106 61.926 6035862

NE Spain Guernsey 0.129737 0.002045 63.438 6002266

Germany NE Spain 0.129004 0.001759 73.33 6980768

South France North France 0.1288 0.001536 83.86 6070623

Portugal North UK 0.128605 0.00171 75.229 7050287

Germany Portugal 0.123317 0.001602 76.991 6959545

NE Spain North UK 0.121878 0.001727 70.559 7071185

SW Spain Guernsey 0.121237 0.001936 62.609 6226578

South France North UK 0.119835 0.001787 67.044 7108825

NE Spain SW Spain 0.119053 0.001424 83.617 7001165

Italy SW Spain 0.118991 0.001506 78.988 6838205

Portugal South UK 0.117493 0.00159 73.913 7125258

Germany SW Spain 0.117263 0.001539 76.214 7200060

North France SW Spain 0.115775 0.001344 86.141 6242007

South France Portugal 0.115355 0.001423 81.079 6796309

North UK SW Spain 0.110013 0.001587 69.311 7298539

SW Spain South UK 0.109638 0.001594 68.799 7364350

Italy South UK 0.107247 0.001963 54.639 6983533

NE Spain South UK 0.106458 0.001676 63.53 7150872

South France SW Spain 0.106317 0.001402 75.847 7046361

South France South UK 0.104172 0.001664 62.588 7185316
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Figure 2.3: Depiction of gene flow between Western European house mouse 

populations. Colored cells in the matrix highlight excess allele sharing between 

populations along the x-axis and branch along the expanded phylogeny on y-axis. 

Cells are shared from white (fb=0) to dark red (highest value) according to fb, the f-

branch statistics, as described in Malinksy et al. (2021). The program sets fb to 0 for 

any non-significant tests, since very short internal branches can lead to large but 

non-significant values even in the absence of gene flow. Grey squares correspond to 

cells whose value cannot be computed because of the structure of the tree. For 

example, there is no four-taxon test that enables comparison of the most basal 

internal lineages (e.g. the top row). 
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Figure 2.4: Demographic history of western house mice inferred using 

smc++. Plot of effective population size changes in (a) all populations (b) Northern 

European populations (c) Mediterranean populations (d) Iberian populations. Plots 

were generated using a per site mutation rate of 4 x 10-9 per generation and a 

generation time of 1 year. 
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Figure 2.5: Model of diffusion using inferred divergence times of sampled 

house mouse populations. Each clade comparison found in Table 3 reports inferred 

split time used to construct the time intervals summarized here in grey. Intra-clade 

comparisons of neighboring geographic regions connected by the black line are 

provided in red and highlighted in yellow. 
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Table 2.1: Summary of WGS data. Detailed sample information and summary 

statistics from DNA sequencing of 59 wild caught house mice from Western Europe 
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Table 2.2: List of first-degree relatives among all studied house mouse 

populations. The kinship coefficient, Phi, was computed in vcftools using the 

method of Manichaikul et al. (2010)  

  

Sample 1 Sex Sample 2 Sex Population N_AaAa N_AAaa N1_Aa N2_Aa PHI 

MWN01Q_1316 male MWN01R_1317 male England 324533 7032 495270 475980 0.319659 

MWN01T_1319 male MWN01U_1320 female Scotland 397330 35534 660960 632492 0.252241 

MWN01T_1319 male MWN01V_1321 female Scotland 431176 49995 660960 635834 0.255388 

MWN01U_1320 female MWN01V_1321 female Scotland 387684 40375 632492 635834 0.241999 

MWN01M_1204 male MWN01N_1206 female Italy 514821 23333 801909 757616 0.300191 
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Table 2.3: Clade comparison of inferred divergence times between western 

house mouse populations. For each comparison, the table reports the inferred 

split time in years into the past. 
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Supplementary Figure 2.1: ADMIXTURE analysis for levels of K = 2 to 10 for 

European house mice samples based on WGS data. The mean cross-validation 

error for each level of K are as follows: K2 = 0.457, K3 = 0.449, K4 = 0.444, K5 = 0.457, 

K6 = 0.456, K7 = 0.467, K8 = 0.480, K9 = 0.498, K10 = 0.523 

 

 
 

Supplementary Figure 2.2: Phylogenetic tree and principal component 
analysis colored by specific sampling location of all analyzed house mouse 

populations. 



 

 

43 

Supplementary Table 2.1: Population location and collector information for 

new European genome samples of western house mice. All mice collected by 

Anonymous have been deposited as specimens in the University of Michigan Museum 

of Zoology. Population location information in parentheses match labeling derived 

from structural analyses later used for admixture and demographic analyses. 

Parenthetical notes are not intended to indicate exact geographic locations. 
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Supplementary Table 2.2: Heterozygosity of Western European house mice. 

Heterozygosity as measured by the inbreeding coefficient, F, computed using vcftools 

‘--het’. Specifically, F = (O.HOM-E.HOM)/(N_SITES-E.HOM), where O.HOM is 

observed homozygotes, E.HOM is expected homozygotes, and N_SITES is the number 

of sites genotyped  
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Chapter 3  

New country for old mice: On the recent 

colonization history of Mus musculus 

domesticus in the Americas 
 

Summary 

Humans have had an enormous impact on the distribution of species across 

the globe. The western house mouse, Mus musculus domesticus, is a human 

commensal whose ancestral range extended from the northern Indo-Pakistani 

subcontinent to the Middle East.  Following the development of agriculture, house 

mice spread with humans into Western Europe several thousand years ago.  House 

mice have since been introduced very widely around the globe, presumably by 

European colonizers. Using an exomic dataset of 276 mice sampled from Western 

Europe, North America, and South America, we investigate the recent colonization 

history of western house mice in the Americas. Admixture graphs reveal that house 

mice from the Atlantic coast of the Iberian Peninsula are the sister group to all 

populations of house mice in North and South America.  A secondary introduction of 

house mice from the southern half of the UK to North America is indicated by a 

migration edge from southern UK to the base of the North America clade. 

Complementary analysis of genetic structure provides evidence of shared genetic 

ancestry between the Atlantic coast of the Iberian Peninsula and both American 

continents, between the UK and North America, between Portugal and Brazil, and 

between Spain and Argentina. Demographic modeling reveals that American 

populations diverged roughly within the last 500 years, consistent with the timing of 

European colonization history in the Americas. Together, these results identify the 

Western European source populations involved in the recent introduction of house 

mice to North and South America, and support a connection between human 

colonization history with the spread of house mice across vast geographic regions. 
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Result and Discussion 

During the Anthropocene, human migration facilitated the global dispersal of 

many species outside of their native range (Hulme 2009; Pimentel et al. 2000; 

Genovesi et al. 2012). With the advent of agriculture, house mice developed a close 

association with humans roughly 12,000 - 15,000 years ago and have consequently 

migrated with humans to various new geographic areas (Pocock et al. 2005; Cucchi 

et al. 2005, 2020; Weissbrod et al. 2017; Agwamba and Nachman 2023). In particular, 

the western house mouse, Mus musculus domesticus, initially migrated with humans 

from the Fertile Crescent to Western Europe over the last few millennia (Cucchi et 

al. 2020, Agwamba et al. Chapter 2). Most recently, M. m. domesticus expanded its 

geographic range to the Americas, Africa, and Oceania, presumably in association 

with European colonization, although the details of this recent expansion have not 

been well studied.  Previous studies have provided evidence for the westward 

movement of house mice in their colonization history of the islands in the North 

Atlantic (Mathias and Mira 1992; Gündüz et al. 2001; Förster et al. 2009; Gabriel et 

al. 2010; Jones et al. 2012; Jones et al. 2013; Rando et al. 2014; Gabriel et al. 2015). 

However, these studies did not trace the colonization history of house mice found 

throughout continental North and South America, and were limited in both the 

inferential methods used to reveal demographic history and the datasets used to 

power those methods. 

The Americas have a mixed recent human colonization history which notably 

involved an outsized colonial presence from the Portuguese, Spanish, and English. 

We hypothesize that the ancestry contributions of house mice in the Americas will 

reflect the imprints of this human colonization history. Here, we investigate this 

hypothesis to trace the origins of house mice in the Americas using genomic data from 

276 mice sampled across Western Europe, North and South America.   

 

Globally distributed populations of mice form distinct genetics clusters 

We gathered an exomic dataset consisting of 193 North and South American 

house mice derived from latitudinal transects in North, Central and South America 

(Phifer-Rixey et al. 2018, Ferris et al. 2021, Gutierrez-Guerrero et al. 2024).  We 

combined those samples with the exomic intersect taken from whole genomes of 83 

Western European house mice (Harr et al. 2016, Agwamba et al. Chapter 2) (Figure 

1a).  

Principal component analysis shows that house mouse samples cluster based 

on geographic location, as their relative locations in PC space approximately mirror 

their relative locations on a map (Figure 1, Supplementary Figure 1). Human genetic 

variation also closely mirrors geography in densely sampled human populations such 

as in Western Europe (Novembre et al. 2008, Lazaridis et al. 2014, Gilbert et al. 

2022).  
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Phylogenetic analyses reveal a Western Iberian origin for all mice in the Americas and 

a secondary migration wave into North America from the southern UK 

We investigated the genetic relationship between European and American 

house mice using TreeMix, a model which builds maximum likelihood population 

trees while accounting for gene flow between diverged populations using migration 

edges (Pickrell and Pritchard 2012). The TreeMix hill-climbing method starts from 

an optimal mixture free tree, and sequentially adds migration edges to account for 

deviations between the model predictions and the observed data. This ensures that 

the fit of the model improves with the addition of each edge, but it also leaves the 

TreeMix algorithm susceptible to falling into local optima (Molloy et al. 2021, Nielsen 

et al. 2023). To ensure that we selected an optimal number of migration edges in the 

TreeMix analysis, we used OptM, which exploits the second order rate of change in 

likelihood to select an ideal number of edges across incremental values on the number 

of edges (Fitak 2021). The number of edges with the greatest second-order rate of 

change in likelihood was m = 1 (Figure 2a and 2b). In this admixture graph, house 

mice from the Atlantic coast of the Iberian Peninsula (i.e. Portugal and southwest 

Spain) are depicted as sister to all populations of house mice from the Americas. The 

sole migration edge goes from the southern UK to the base of the clade containing all 

North American house mice. 

The next optimal admixture graph supported under OptM contained four edges 

(i.e. m = 4; Figure 2c). At m = 4, in addition to the migration edge from southern UK 

to North America, we observed a migration edge from Spain to Mexico, a migration 

edge from the UK to the base of eastern North America, and a migration edge from 

Mexico to Arizona. 

The results obtained using TreeMix are consistent with the history of human 

colonization. Following the voyages of Columbus, numerous ships potentially 

harboring rodents as stowaways crossed the Atlantic Ocean to transport human 

migrants and cargo to North and South America (Crosby 1972, Jones et al. 2013, 

Gabriel et al. 2014). Having commissioned the exploration of Columbus, the Spanish 

were among the first Western European people to have significant exchanges with 

the Americas, followed by the Portuguese (Knight and Liss 1991). House mice from 

the Atlantic coast of the Iberian Peninsula being phylogenetically sister to all house 

mice in the Americas reflects this historical relationship (Figure 2). The UK 

commissioned voyages to the Americas in the late 16th century, and concentrated 

their colonization efforts to North America beginning in the 17th century (Knight and 

Liss 1991, McCusker 2006). The migration edge from the southern UK to North 

America reflects this secondary wave of migration following the initial introduction 

of house mice from the Iberian Peninsula. 

To provide further support for the migration events inferred using TreeMix, 

we used D-suite to compute the f-branch statistic to highlight populations connected 

by excess allele sharing (Figure 2d) (Malinsky et al 2021). The strongest signal 
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indicates that mice from Mexico share excess derived alleles with mice from 

southwest Spain, and to a lesser degree, Portugal. This draws a direct connection 

between the Mexican population and the Spanish population, or more broadly, the 

Atlantic Iberian house mice, that reflects human colonization history and 

recapitulates the results found in our phylogenetic analysis. The next strongest signal 

of gene flow suggests that the ancestral lineage leading to the southern UK shares 

excess derived alleles with Florida. This signal extends to all the North American 

samples to a lesser extent, suggesting gene flow from the southern UK to North 

America, as depicted in the TreeMix analysis (Fig. 2a). The strength in the signal to 

Florida may be due to a more recent gene flow event into Florida or a higher frequency 

of introgressed alleles. We also observed signals of admixture in Florida in a previous 

study (Agwamba and Nachman 2023) using the f3 statistic and populations from the 

east coast of North America and France. Here, we used the f3 statistics as a test for 

admixture and demonstrate that mice from Florida can be explicitly modeled as a 

mixture of mice from the UK or North America and mice from the Atlantic Iberian 

Peninsula or South America (Table 1). The third largest f-branch signal indicates 

gene flow between southwestern Spain and the internal branch leading to all South 

American house mice. 

 

Ancestral contributions of house mice from Atlantic Iberia and southern UK to the 

Americas 

The phylogenetic tree in Figure 2a shows contributions of mice from the 

Atlantic coast of the Iberian Peninsula and from the southern UK to mice in the 

Americas.  To directly infer the relative genetic contributions of mice in Atlantic 

Iberia and southern UK to the mice in the Americas, we performed supervised 

inference of shared ancestral fractions using ADMIXTURE. 

In a supervised estimation of Atlantic Iberian and UK shared ancestral tracts 

in the American populations (Figure 3a), much of South America’s ancestral 

proportions mapped to Atlantic Iberian ancestry (between 92% and 99%). In the 

Mexican population, between 5% and 24% mapped to UK ancestry. In the North 

American population, UK ancestry makes up most of the inferred ancestral tracts. 

However, both Florida (between 14% and 28%) and western North America (between 

0.7% and 25%) possess notable levels of ancestry with Atlantic Iberia.  

We also observe similar patterns in the distribution of private alleles (Figure 

3b). The proportion of UK private alleles in North America is significantly greater 

than the proportion of UK private alleles in South America (t-test; p = 1.64e-69). 

Conversely, the proportion of Atlantic Iberian private alleles is significantly greater 

in South America compared to North America (t-test; p = 4.61e-06). Analyzing the 

distribution of private alleles also allowed us to distinguish disproportionate genetic 

contributions from different Atlantic Iberian populations to South America 

(Supplementary Figure 2). The northern South American populations, all sampled 

from Brazil, had a higher proportion of Portuguese private alleles (t-test; p = 2.99e-
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12). The southern South American populations, consisting of three Argentinian 

populations and one Brazilian population directly bordering Argentina, had a lower 

proportion of Portuguese private alleles and a higher proportion of Spanish private 

alleles (t-test; p = 5.18e-09). This pattern is also reflected in a supervised admixture 

analysis which infers largely Portuguese shared ancestral tracts in northern South 

America, and majority Spanish ancestral tracts in southern South America 

(Supplementary Figure 2). These patterns closely mirror human history. Spain and 

Portugal famously divided their claims to the land and resources of the Americas with 

the 1494 Treaty of Tordesillas (Knight and Liss 1991) which established a meridian 

granting Spain the lands to the West and granting Portugal the lands to the East. 

Under this treaty, the western portion of South America, including Brazil, was 

claimed, and subsequently colonized by the Portuguese. 

 

Patterns and timing of divergence and admixture links house mouse introduction to 

human colonization history 

To determine the approximate time of divergence between Iberian and 

American populations, we estimated split times using dadi via GADMA for 

representative populations from different geographic areas. Given a generation time 

of 1 year (Geraldes et al. 2008, Gray et al. 2014), the demographic models of the 

highest composite likelihood estimated divergence times of approximately 250 to 550 

years ago. Each of the four models determined a constant population size for the 

Iberian population following divergence, while modeling exponential growth for the 

American populations post-divergence (Figure 4). Notably, the estimated divergence 

time for eastern North America (551 ± 220 years ago) predates the divergence time 

for western North America (253 ± 313 years ago). This is also the case for northern 

South America (439 ± 570 years ago) relative to southern South America (315 ± 287 

years ago). Inferred divergence times are dependent on the accuracy of fixed model 

parameters, such as mutation rate and generation time. Provided the assumption of 

accuracy in these constraints, the relative timing of the arrival of house mice to each 

region of the Americas aligns well with human colonization history. 

We estimated the timing of admixture from the UK to North America using 

ALDER. Of the North American populations, only Virginia, Arizona and the 

populations from northern and southern Utah had significant LD statistics (p-values: 

0.0143, 0.0257, 0.0058, and 0.0003) when testing for admixture with the UK (Table 

2). The estimated admixture dates based on LD decay rate for those four populations 

were 209.85 ± 85.80, 114.80 ± 27.70, 331.85 ± 148.84, and 265.80 ± 55.74 years ago, 

respectively. Therefore, when ALDER successfully detected signals of admixture, the 

estimated admixture dates were within the past few hundred years, consistent with 

the timing of European colonization of the Americas. 
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Parallels between humans and house mice 

Humans historically have had a tremendous influence on their environment, 

impacting ecosystems and affecting the ecology of natural populations. House mice, 

for example, have lived in association with humans since at least 8000 BCE (Cucchi 

et al. 2005). Since the advent of agriculture, house mice have exploited stored grain 

and other accessible food storage, and have lived in human dwellings. As different 

human populations have migrated and colonized different regions of the world, mice 

have presumably traveled with them. This study highlights this unique connection 

between house mice and humans within recent history. The western house mouse 

(Mus musculus domesticus) began to spread throughout Western Europe roughly 

3000 years ago (Cucchi et al. 2005). The population structure of house mice in 

Western Europe includes three genetic clusters corresponding to Northern Europe, 

the Mediterranean, and the Atlantic coast of the Iberian Peninsula (Figure 1). These 

genetic clusters generally match well with the genetic structure found among human 

populations in Western Europe (Lazaridis et al. 2014; Gilbert et al. 2022). 

Analysis of population structure, phylogenetic relationships, and gene flow 

supports a connection between American mice and house mice from the Atlantic coast 

of the Iberian Peninsula, as well as a connection between North American mice with 

mice from the southern UK populations of the Northern European cluster.  These 

associations agree with human history, as the Spanish and Portuguese were the first 

to explore and settle in the Americas in the 16th century, followed by the English in 

the 17th century. Broadly, the timing of their introduction to America can be gathered 

from inferred divergence and admixture dates (Figure 4), which all land roughly 

within the past several hundred years. 

These three populations were responsible for the majority of Western 

European colonization and settlements in the Americas. Ships starting in Western 

Europe and ultimately ending up in the Americas transported material and human 

cargo and likely carried mice and other rodents as stowaways (Hopkins 1973, Knight 

and Liss 1991, Thorton 1998, McCusker 2006, Coleman 2018). Our results support 

this historical context, drawing a connection between these European population’s 

transatlantic activities and their opportunities to facilitate the introduction of house 

mice to the Americas (Figure 2, Figure 3). 

 A supervised estimation of ancestry proportions also corroborates the 

historical associations between Spain and Portugal to South America, and the UK to 

North America (Figure 3). The larger relative ancestral imprint of the Atlantic 

Iberian population in North America compared to the UK ancestral proportions in 

South America may reflect the Atlantic Iberian population’s earlier arrival to the 

American continents, which was eventually overtaken in North America by mice 

introduced from the UK. Furthermore, analysis of gene flow specifically highlights a 

connection between Spain and Mexico (Figure 2). The Spanish colonized Mexico in 

1521 and maintained a significant presence until Mexico gained independence in 
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1821. Arizona also shares a genetic connection to Spain, possibly a vestige of its 

history as a Spanish and Mexican territory. 

 Altogether, we discovered striking connections between the house mice found 

throughout North and South America, and their source populations found in the 

Western Europe. These connections are in agreement with human colonization 

history, and reflect the impact of human migration on the distribution of a commensal 

species. 

 

Methods and Materials 

We assembled a genomic dataset comprised of 100 North American house mice 

derived from two latitudinal transects sampled in eastern and western North 

America (Phifer-Rixey et al. 2018, Ferris et al. 2021), 93 Central and South American 

house mice (Gutierrez-Guerrero et al. 2024), and 83 Western European house mice 

(Agwamba et al. Chapter 2) (Figure 1a). All sequences are publicly available from the 

NCBI Short Read Archive (SRA PRJNA1050608, PRJNA397150, PRJNA718321, 

PRJNA776897) or European Nucleotide Archive (ENA PRJEB9450). We extracted 

the exomic intersect using bedtools and generated a merged vcf using vcftools, 

retaining sites with a quality score greater than 30 and for which genotypes were 

successfully called for 95% of sites (Quinlan and Hall 2010, Danecek et al. 2011). 

Following filtering, 82,704 sites remained for analysis. 

Principal components were computed using PLINK to generate a broad scale 

genetic comparison of these samples based on genetic variation (Purcell et al 2007). 

To investigate phylogenetic relationships and obtain a better understanding of global 

gene flow, we used TreeMix to infer a maximum likelihood population tree with 

migration events (Pickrell and Pritchard 2012). We use OptM to determine the tree 

with the ideal number of migration edges using the second order rate of change in 

likelihood (Fitak 2021). To further support evidence of gene flow, f3 statistics were 

computed using qpfstat in ADMIXTOOLS and f-branch statistics were computed 

using D-suite (Patterson et al. 2012, Malinsky et al. 2021). 

We used ADMIXTURE to perform a supervised estimation of southern UK and 

Atlantic Iberian ancestry proportions in the American populations by first subsetting 

the original variant call file to include only UK, Atlantic Iberian, and American 

populations. Next, we created a .pop file to specify the individual samples of known 

ancestry from the UK and Atlantic Iberian populations. We then ran ADMIXTURE 

using the --supervised flag for K = 2. We computed the number of southern UK and 

Atlantic Iberian private alleles shared among all samples, and Portuguese and 

Spanish private alleles shared among South American samples using a custom script. 

We defined a UK private allele as an allele segregating in the UK but not in the 

Atlantic Iberian populations, and an Atlantic Iberian private allele as an allele 

segregating in the Atlantic Iberian populations but not in the UK.  Similarly, we 

defined Spanish private alleles as alleles segregating in southwest Spain but not in 
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Portugal, and Portuguese private alleles as alleles segregating in Portugal but not in 

southwest Spain. Samples MWN02F and MWN02H from Portugal were removed for 

these analyses for having an abnormally higher proportion of shared private alleles 

with the UK populations and were inferred to have higher non-Iberian ancestry 

proportions than the remaining samples in our unsupervised analysis. 

Two-dimensional site frequency spectra were obtained for each Iberian-

American population pairing using the realSFS program in ANGSD. We restricted 

demographic analyses to synonymous SNPs, predicted using Variant Effects 

Predictor, to mitigate the effects of selection (McLaren et al. 2016). We maintained 

the filters used by Agwamba and Nachman (2023), requiring filtered sites to have a 

mapping quality of 30, base quality score of 20, and removing of poorly mapped, 

duplicate, non-unique, or unpaired reads.  

We inferred divergence times using dadi through GADMA (genetic algorithm 

for demographic analysis). We limited our inference of estimated split times to 

representative populations from different geographic areas. Mid-latitude populations 

of Virginia and Provo, Utah were selected to represent eastern and western North 

America, respectively. Similarly, Manaus was chosen to represent northern South 

America for being the most central sampled population longitudinally. Chubut was 

chosen for being most central latitudinally of the southern South America 

populations. 

GADMA uses a global search heuristic in order to return the best-fit 

demographic model based on composite likelihood scores. We allowed for 50 

independent runs of GADMA, restricting population size changes to a single event 

before and after divergence. For all demographic analysis, we used a generation time 

of 1 year and a mutation rate of 4 x 10-9 (Geraldes et al. 2008). 

To generate confidence intervals for the parameter estimates, we divided each 

dataset into non-overlapping 10kb sections and simulated pseudo-replicate datasets 

by sampling with replacement for bootstrapping under the parameters that 

generated the maximum likelihood for the best fitting model. The standard deviations 

for all parameters were derived from uncertainty analysis using the Godambe 

Information Matrix for composite likelihoods. 
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Figures 

 
 
Figure 3.1: Geographic locations and population structure of house mouse 

samples from Europe, North America, and South America. (a) Map displaying 

sampling locations of house mice from North America (cyan), Mexico (gold), South 

America (coral), Atlantic Iberia (red), Mediterranean (forest green), Northern Europe 

(blue), and Iran (pink) (b) Principal component analysis of house mice from sampled 

geographic locations based on exomic data  
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Figure 3.2: Phylogenetic modeling of genetic relationship between Western 

European and American house mice. (a) Admixture graph of M. m. domesticus 

constructed using TreeMix with one migration edge. The migration edge depicts gene 

flow from the UK to the base of the North American clade (b) Results from OptM 

(Fitak 2021). The y-axis of the top figure depicts mean log likelihood and percent of 

variance explained as a function of the number of migration edges on the x-axis. The 

bottom graph depicts second order rate of change in likelihood as a function of the 

number of migration edges. (c) Admixture graph with 4 migration edges. (d) D-suite 

results depicting f-branch statistic in scaled colored matrix. The top axis maps 

individual populations to columns. The left axis maps internal nodes and individual 

sampled populations to rows of matrix. Location abbreviations (in alphabetical order): 

Arizona (AZ), Brasilia (BRAS), Edmonton (EDM), Florida (FL), Gaiman (GAIM), 

Georgia (GRG), Germany (GER), Guernsey (GUER), Iran (IRA), Italy (ITA), Manaus 

(MANA), Maringa (MRNGA), Mexico (MEX), Missoula, Montana (MSSL), North 

France (N. FRA), Northeast Spain (NE SPA), New Hampshire/Vermont (NHVT), 

Northern UK (N. UK), Pennsylvania (PENN), Porto Velho (POVE), Portugal (PTGL), 

Provo, Utah (PROVO), South France (S. FRA), Southern UK (S. UK), St. George, 

Utah (USTG), Southwest Spain (SW SPA), Tandil (TAND), Uruguaiana (URGA), 

Ushuaia (USHU), Virginia (VIRG)  
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Figure 3.3: Analysis of shared UK and Atlantic Iberian ancestry in North 

and South America. (a) Schematic detailing the historical relationship between UK 

and Iberian house mice with recently introduced populations in North and South 

America. (b) ADMIXTURE plot using supervised analysis mapping ancestral tracts 

found in North and South America shared with Atlantic Iberian (red) and UK 

populations (blue) of house mice. (c) Distribution of shared UK private alleles found 

in North and South America (d) Distribution of shared Atlantic Iberian private alleles 

found in North and South America. In both figures (c) and (d), the x-axis shows 

populations with abbreviations as in Fig. 2, and the y-axis shows counts of private 

alleles. The blue dashed line depicts the mean count for North America. The red 

dashed line depicts the mean count for South America. The p-value from a one-tailed 

t-test comparing these means is given in the top right corner of each figure 
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Figure 3.4: Demographic inference of population divergence time 
parameter between Atlantic Iberia and populations in the Americas. 

GADMA was used to infer the best demographic model by log-likelihood provided a 

single population size change before and after divergence. Graphical depiction of 

GADMA results for Eastern North America, Western North America, Northern South 

America, and Southern South America are provided on the right. Each of these four 

figures generated by GADMA depict time on the y-axis and split from an ancestral 

population leading to relative present-day populations. This demographic model is 

generically depicted on the top left. The inferred divergence times from each of these 

models are provided on the bottom left. 
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Table 3.1: Admixture f3 statistics for select UK or eastern North American, 

Atlantic Iberian or South American, and Florida trios. Florida is the only 

population to confer a negative f3 statistic as the target population, indicating 

admixture. This table lists negative f3 statistics indicating the UK or eastern North 

American and the Atlantic Iberian or South/Central American as the admixing 

populations, as first suggested in Agwamba and Nachman (2023).  

 

 
  



 

 

58 

 
Table 3.2: ALDER results for all North and Central American populations 

testing admixture from the UK and southwest Spain. All North and Central 

American populations have a significant 1-reference LD decay rate with SW Spain. 

All but the Central American population have a significant 2-referernce z-score. 

However, ALDER test for admixture minimally requires both 1-reference test to 

convey significance along with the 2-reference test. This was only accomplished for 

the North American populations of Virginia; Provo, Utah; St. George, Utah; and 

Tucson, Arizona.  
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Supplementary Figure 3.1: Detailed sample locations and PCA of exomic 

data from house mouse samples. This figure is identical to Figure 3.1, but 

provides the specific localities of each population sample (a) Map of sample locations 

and (b) PCA of house mouse from Western North Americas (shades of turquoise), 

Eastern North America (shades of tan), Mexico (gold), northern South America 

(shades of olive drab green), southern South America (shades of coral), Portugal 

(orange), SW Spain (red), Italy (forest green), northeast Spain (dark red), southern 

France (blue), Germany (dark green), northern France (orchid), southern UK 

(purple), northern UK (slate blue), Guernsey (gray), and Iran (pink)  
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Supplementary Figure 3.2: Distribution of Atlantic Iberian private alleles in 

South America. (a) Comparison of Portuguese private alleles found in South 

America (b) Comparison of Spanish private alleles (c) Supervised inference of Spanish 

and Portuguese ancestry in South America 
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