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Laboratory mouse strains are known for their large phenotypic diversity and serve as a 
primary mammalian model in genotype-phenotype association studies. One possible 
attempt to understand the reason for this diversity could be addressed by careful 
investigation of the unique evolutionary history of their wild-derived founders and the 
consequence that it may have on the genetic makeup of the laboratory mouse strains 
during the history of human fancy breeding. This review will summarize recently 
published literature that endeavors to unravel the genetic background of laboratory 
mouse strains, as well as give new insights into novel evolutionary approaches. I will 
explain basic concepts of molecular evolution and the reason why it is important in order 
to infer function even among closely related wild and domesticated species. I will also 
discuss future frontiers in the field and how newly emerging sequencing technologies 
could help us to better understand the relationship between genotype and phenotype. 
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LABORATORY MOUSE STRAINS IN MEDICAL RESEARCH 

Although laboratory mouse strains all belong to the same species, Mus musculus, hundreds of laboratory 

mouse strains provide a collection of models owing to their differences in physiological, clinical, 

morphological, and behavioral traits[1,2,3,4]. Actually, to date, almost all scientific disciplines in medical 

research use the mouse as a model system to study disease, cancer, immunology, etc. in order to 

understand mammalian systems in general and as a model for human disease in particular[5,6,7,8]. So 

why are laboratory mice so particular? Why is it so uncommon to observe the same phenotypic diversity 

in other mammalian organisms? One of the answers for this question could be addressed by tracing back 

the evolution of their founders or understanding better the complexity of their chromosomal structure.  

THE GENETIC BACKGROUND OF LABORATORY MOUSE STRAINS 

Laboratory mouse strains are believed to have emerged from the human fancy breeding history of three 

wild-derived subspecies (M. m. domesticus, M. m. musculus, and M. m. casteneus)[9,10,11,12]. While M. 

m. musculus and M. m. casteneus subspecies occupy the regions of Eastern Europe and South Asia, the 
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subspecies M. m. domesticus inhabits Western Europe and followed human immigration to the New 

World (America and Australia)[13,14]. Some laboratory strains also include genetic material from M. m. 

molossinus, which is a relatively recent natural hybrid of the M. m. casteneus and M. m. musculus 

subspecies[15]. 

For obvious reasons, the odd breeding history by humans of the classical mice that potentially could 

be traced back hundreds of years, starting from their early domestication (when humans used mice as 

companion pets) until the early 20th century (when mice were used in clinical research), was not 

documented[16]. However, it is accepted that during this breeding history, humans traded mice across 

continents and probably selected mice that showed particular and desired phenotypic traits[17]. Such long 

domestication events by humans shaped a unique chromosome structure that could primarily give us 

some hints for the causality of its vast amount of phenotypes.  

We can distinguish between two predominant models that attempt to explain the genetic background 

of laboratory mouse strains (Fig. 1): 

1. The mosaic (polyphyletic)[11,18,19,20] – genome with intervals of low and high variation owing 

to different ancestral origins (low, intrasubspecific; high, intersubspecific). 

2. Intrasubspecific (monophyletic) origin[21] – genome represented mostly by contribution from the 

same subspecies population origin.  

 

FIGURE 1. The figure illustrates two phyletic models describing the genetic background 

of laboratory mouse strains. Different colors represent distinct subspecies origin, while 

variants of the same color represent genetic variation within the population origin. While 

the polyphyletic model suggests greater genetic variability between laboratory strains, the 

monophyletic model shows that most of the genetic variability between laboratory mouse 

strains derives from the M. m. domesticus subspecies.  
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The two models are discussed in the following three independent studies. Wade et al.[20] were the 

first to validate a previous hypothesis of the mosaic model[11] by using random shotgun reads. Their 

analysis revealed that the vast majority of genetic contribution derives from M. m. domesticus and M. m. 

musculus. In another independent study, Frazer et al.[18] used whole genome sequencing analysis of 14 

laboratory and four wild-derived strains. This study confirmed the mosaic hypothesis with the following 

assignment: 68% domesticus, 6% musculus, and 3% castaneus. Interestingly, Frazer et al.[18] estimated 

that 20% of the single nucleotide polymorphisms (SNPs) present in laboratory mouse strains are invariant 

in the wild-derived subspecies, leaving the possibility of an additional founder hypothesis. In contrast 

with the mosaic model, but using the same dataset of Frazer et al.[18], Yang et al.[21] found that 92% of 

the genome was of M. m. domesticus subspecies and concluded that the limited genetic diversity was 

even more extreme than originally thought, decreasing the research potential of the classical inbred 

strains. The discrepancy between the two studies could be explained by the fact that both studies made 

different a priori assumptions about the likely number of different founder origins. While Frazer et al.[18] 

assumed four founders (M. m. domesticus, M. m. musculus, M. m. casteneus, and M. m. molossinus), 

Yang et al.[21] assumed three founders (M. m. domesticus, M. m. musculus, and M. m. casteneus). The 

discordance between the last two studies is notable and could be affected by misjudgment of prior 

assumptions of the hypothetic number of subspecies origin. The fact that 20% of the genome could not be 

assigned to any of the wild-derived ancestors could be due to the following possibilities: (1) a substantial 

fraction of the ancestry of classical strains is unsampled, thus the level of genetic diversity within a 

subspecies population is postulated to be very large; (2) a possible contribution from another M. musculus 

subspecies.  

NATURAL SELECTION AND THE EVOLUTIONARY HISTORY OF WILD MICE 

In order to better understand the genetic makeup of the laboratory mouse strains, it is essential to get an 

insight into the evolutionary history of their founder origin. As previously explained in the text, the M. 

musculus subspecies are known to inhabit naturally across three continents with a stringent barrier to gene 

flow for the last 1 million years (allopatric species)[22,23,24]. The fact that the branching from their last 

common ancestor was a relatively long time ago allowed substantial adaptation of mutations to different 

ecological niches. As a consequence of this, and since the three subspecies are reproductively isolated and 

they are near to their speciation[12,23,25], natural selection was particularly dominant in each population 

niche, allowing adaptation of genes and mutations to the surrounding environment. This fact should have 

a critical effect on the polymorphic spectrum. We would expect to observe strong selective removal of 

deleterious mutations, i.e., mutations that lower the fitness of an individual carrying the mutation on the 

one hand and, on the other hand, increase the probability for fixation of advantageous mutations, i.e., 

mutations that increase the fitness of the organism. In contrast to the polymorphic spectrum between 

different subspecies, careful examination of the genetic variation between two individuals from the same 

reproductive population should reveal a more complex organization of mutations in which natural 

selection is less effective. The last scenario circumvents clear differences between low- and high-fitness 

mutations, hence their tenability to have effect on the function[26,27]. In general, mutations on the coding 

regions could be classified into synonymous and nonsynonymous SNPs[28]. While the synonymous 

mutations maintain the correspondent protein sequence identically, the nonsynonymous mutations can 

provoke a change in the primary structure of the correspondent protein and, therefore, they are more 

exposed to removal[29]. Standard procedures in molecular evolution help to classify the strength of 

natural selection on the coding regions using the dN/dS ratio; dN being the nonsynonymous substitution 

rates and dS the synonymous substitution rates[28,30]. In general, natural selection promotes removal of 

nonsynonymous mutations. Therefore, between species with equal population size and during a long 

evolutionary period, the dN/dS ratio decreases in constant rates and should give some hints for the time 

elapsed since the divergence of the two branching species (Fig. 2)[29,31]. We can therefore classify  

two different dN/dS curves between laboratory strains: (1) dN/dS from within populations (i.e., among M. m.  
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FIGURE 2. The figure illustrates the adaptation process of coding mutations as a 

function of time. In the long run, natural selection should be effective enough to 

remove deleterious mutations (nonsynonymous, early divergence), while in the 

short run, the time is not sufficient for substantial fixation (late divergence). As a 

result, the distribution of the dN/dS ratio between mice from the same founder 

population should be elevated compared to the dN/dS distribution between two 

different subspecies.  

domesticus) and (2) dN/dS between diverged populations (i.e., between M. m. domesticus and M. m. 

musculus origin). It is noted in the literature that dN/dS can be properly applied to test positive selection 

(where dN/dS > 1) only between diverged species and that from within populations, the dN/dS ratio could be 

inflated by segregated nonsynonymous mutations so the dN/dS > 1 is violated[32,33,34]. Although the 

interpretation of the “from within population” dN/dS may be unjustified to infer positive selection, it still 

allows us to distinguish between early to late divergence of genes by using a molecular signature of 

whole-genome dN/dS[27,31,35]. In addition, it can provide evidence for genes under relaxed selective 

constraints when the examined species have the same population size, for example M. musculus 

subspecies[36]. 

NOVEL METHOD TO UNRAVEL THE GENESIS OF LABORATORY MOUSE STRAINS 

Building on the same dataset of Frazer et al.[18], Reuveni et al.[37] developed a novel unbiased method 

to estimate the number of subspecies founders, excluding prior assumption of ancestral origin. In 

addition, a pool of genes that may have been under relaxed selective constraints in the ancestral 

population was proposed. The basic assumption in this study was that a comparison of coding regions 

between laboratory strains is sufficient to understand the phyletic origin without any clear statement of 

the correct assignments to the subspecies origin. The approach described in the paper made two prior 

hypotheses regarding the expected polymorphic spectrum of the laboratory mouse: (1) multifounder 

origin should be represented by a bimodal distribution when comparing the genetic distance of neutral 

coding mutations and (2) the dN/dS distribution between haplotypes of laboratory strains should keep the 

molecular signature of its founder origin. The strength behind this approach is that it reduces the 

likelihood of making a faulty assignment of haplotypes due to evolutionary or sampling effects. 

Additionally, but more importantly, it allows the drawing of some conclusions regarding the degree of 
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fitness of the genome (or the proportion of mutations that survived selective removal), therefore, to get a 

more reliable prediction of candidate beneficial mutations. The methods described by Frazer et al.[18] and 

Yang et al.[21] assigned laboratory mouse haplotypes to their wild-derived ancestors using the latter as 

the frame sequence. In many cases, the sequenced haplotypes of the wild-derived strains contain large 

genetic variability that cannot be observed in the laboratory haplotype. For example, individuals from the 

same population may differ extremely between loci due to the consequence of positive and purifying 

selection or due to a large genetic drift. Such evolutionary effects can result in one of the following 

possibilities: (1) the laboratory haplotype is not appropriately classified or (2) the laboratory haplotype is 

classified as “of an unknown genetic background”. Thus, each one of the two possibilities will fail to state 

the correct ancestral origin. 

There are few reasons to believe that the evolutionary approach is less vulnerable to sampling errors. 

Reuveni et al.[37] demonstrated that pair-wise comparison of the dN/dS distribution is similar between the 

three subspecies for the same gene set and validates the expectation that in a genome-wide manner, 

natural selection will have, on average, the same impact among each one of the subspecies. However 

when two rodents from the same subspecies population are examined, a significant up-shift in the dN/dS 

distribution was observed, suggesting that the efficacy of natural selection is proportional to the time 

since the branching event. Since natural selection may have a variable effect on different genes, gene-by-

gene comparison could lead to a faulty statement for the nature of each one of the haplotype origins. 

However, careful examination of the cumulative dN/dS distribution in a genome-wide manner may 

eliminate errors that could occur due to a single gene affair and support evidence of a common mutability 

space that is shared between different subspecies. The first interesting finding, and in concordance with 

their expectations, was that the comparison of 2,000 coding genes of laboratory mouse strains revealed 

that the dN/dS distribution was extremely similar to the one that was observed between different 

subspecies, but different from the within rodent comparison. This was the first confirmation to the 

assumption that laboratory mouse strains have inherited genetic materials from several mouse subspecies. 

In additional analysis, but this time using neutral (synonymous) polymorphisms to estimate the 

amount of genetic distance between genes, Reuveni et al.[37] demonstrated that it is possible to assign a 

cutoff value that distinguishes laboratory mouse haplotypes into close and distant divergence, the closely 

diverged haplotypes assigned as from an intrasubspecific origin and the distantly diverged haplotypes as 

from an intersubspecific origin. Interestingly, using different approaches, previous studies have reported 

the same cutoff value, supporting the validity of the new study[18,20,38]. In contrast to the laboratory 

mouse haplotypes, the genetic distance of wild-derived strains (within and between population origins) 

demonstrated Gaussian distribution, indicating a more homogeneous origin. By using clustering 

approaches, Reuveni et al. confirmed the mosaic hypothesis with the following assignment: 27% same 

subspecies, 42% two subspecies, and 23% three subspecies, while 8% of the haplotypes could be assigned 

to a more-than-three subspecies origin. The fact that the evolutionary hypothesis was further validated by 

the clustering approach provides a novel insight into the genetic makeup of those animals. Furthermore, 

as a generic approach, this method could be implemented to unravel the genetic makeup of other 

domesticated species. 

DOMESTICATED SPECIES AND NEW FRONTIERS IN SEQUENCING TECHNIQUES 

The cross-continental immigration history of humans was followed by the domestication of a variety of 

species, including plants, yeast, and animals that were bred in order to improve agricultural crops or as 

companion pets[39,40,41,42]. In many cases, such domestication forced gene flow between species that 

were reproductively isolated for thousands of years, creating hybrids that would never have been made 

under natural circumstances. Usually, these hybrids followed human artificial selection[41] and contain 

an abnormal spectrum of phenotypes, such as improved yields in crops[43] or showing a large variability 

in morphological traits. One of the most challenging questions is to understand how such human artificial 

selection helped to shape those traits, and their association with the genetic variation and allelic 
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interaction. Due to their unusual genetic makeup and as a result of their unusual breeding, domesticated 

strains provide us with a unique resource to address these questions. 

In addition to their ability to exhibit unusual phenotypes, domesticated species can help us to 

understand the mechanism of reproductive isolation and speciation[44,45,46]. It is already known that 

certain laboratory mouse strains create hybrid male sterility with other M. musculus subspecies[47] and 

recently it has been shown that Prdm9 is the causative gene for this allelic incompatibility[48]. The most 

common model of speciation is known as the Dobzhansky-Muller incompatibilities (for review[49,50]), 

and usually occurs between two or more alleles that create deleterious interactions in the hybrid, while 

having a benign or advantageous effect within the same population. The same mechanism of reproductive 

isolation can be observed in various species with strict geographic barriers and, in the last decade, few 

speciation genes were identified between species or subspecies of Saccharomyces[51], Drosophila[52], 

Oryza sativa (Asian Rice[53]), and more. Since genetic barriers can be observed not only between natural 

species, but also between laboratory strains, unraveling the phylogenic origin of those animals is an 

elementary task when looking for speciation genes.  

Up until recent years, old and highly costly sequencing technologies allowed the full genomic profile 

of only a restricted number of species to be obtained. This allowed us to study the evolution of the 

genome only between distantly related organisms, leaving our understanding of its mechanism within 

closely related species very vague. However due to the reduction in the cost on the one hand and better 

accuracy of the read calls on the other[54], new sequencing technologies allow us to get the precise 

genomic profile of organisms down to population scales and thus provide a better resolution to genomic 

variation, including high-confidence SNP calls[55], copy number variation (CNV)[56], zooming into 

transcriptomics[57,58], epigenomics[59], or even into the spliceosomic machinery[60]. Moreover, it is 

inevitable that, in the near future, getting the genomic profile of an organism will be a customary 

procedure in small laboratories, and it will provide a better understanding of short-term evolutionary 

mechanisms and better accuracy of the phylogenomic origin of wild species in general or of domesticated 

animals in particular.   

CONCLUSIONS 

Unraveling the genetic background of domesticated animals is a great challenge and one step forward in 

our understanding of the evolution of selected traits. Being the most-studied mammalian species, the 

laboratory mouse strains provide an undeniable source of phenotypes that may help us to get a better 

comprehensive view of the link between the genotype and the phenotype. In this review, I have described 

a novel approach to unravel the genetic architecture of domesticated animals by using mouse evolution as 

a probe. From an evolutionary perspective, I have explained that natural selection was particularly 

effective on the removal of deleterious mutations from the ancestral wild-mice populations. The evidence 

that many of the polymorphisms are fixed in the laboratory mouse strains confirms the polyphyletic origin 

of those animals and facilitates the ability to do fine mapping of quantitative trait loci (QTL) underlying 

complex traits[61].  
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