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Abstract 

In the study of genetic diversity in non-model species there is a notable lack of the low-cost, 

high resolution tools that are readily available for model organisms. Genotyping microarray 

technology for model organisms is well-developed, affordable, and potentially adaptable for 

cross-species hybridization. The Mouse Diversity Genotyping Array (MDGA), a single 

nucleotide polymorphism (SNP) genotyping tool designed for M. musculus, was tested as a 

tool to survey genomic diversity of wild species for inter-order, inter-family, inter-genus, and 

intra-genus comparisons. Application of the MDGA cross-species provides genetic distance 

information that reflects known taxonomic relationships reported previously between non-

model species, but there is an underestimation of genetic diversity for non-Mus samples. The 

number and types of samples included in sets genotyped together must be considered in 

cross-species hybridization. The number of loci with heterozygous genotypes mapped to 

published genome sequences indicates potential for cross-species MDGA utility. 
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Summary for Lay Audience 

There is a need for a tool that can assay DNA sequence differences in species that are 

understudied and for which there is little or no DNA sequence information available. One 

method of analyzing differences in DNA sequences in species with well-understood genomes 

is through a genotyping microarray, a technology with demonstrated utility cross-species. 

This tool is capable of examining the DNA sequence information at hundreds of thousands of 

sites across the genomes of well-studied organisms in a single assay. The Mouse Diversity 

Genotyping Array (MDGA) is a tool that was designed to examine known differences at 

493,290 sites across the genome of the house mouse, Mus musculus. Given that the MDGA 

was designed for the house mouse, and that closely-related organisms share genetic 

similarity, the MDGA was tested for utility in identifying genome variation in other wild 

(feral) mice and rodents. The MDGA was tested on 44 DNA samples from inbred laboratory 

mice and wild species that last shared a common ancestor millions of years ago. Variation 

identified from more distantly-related species that were not of the same genus as the 

laboratory house mouse was an underestimate of the true amount of variation present in the 

genome of wild species. The utility of the MDGA for use with DNA from wild species is 

best suited to mice from the same genus as the house mouse. Identifying changes in genetic 

variation within populations of wild rodents can help researchers understand the links 

between specific genome changes and the ability to adapt to pressures in the environment, as 

well as better understand the evolution of rodents. The MDGA is a cost-effective tool for 

rapidly identifying genetic variation in wild rodent species until the cost of sequencing the 

genomes of understudied species is reduced.   
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1 Introduction 

1.1 Non-model organisms lack tools to survey genomic diversity 

There is a lack of knowledge and resources for population geneticists to use in assaying 

and characterizing genetic diversity genome-wide within non-model species, or species 

that are not traditionally used in genetic research (DeMay et al., 2017; Grant and Grant, 

2002; Razgour et al., 2019). There is a bias for the study of the human genome and 

analytical methods to study human diversity (Lander et al., 2001; Sherry et al., 2001). 

Given challenges in the direct study of samples from humans, there is a historical reliance 

on model organisms that act as a proxy for the human genome (Keane et al., 2011; Zhao 

et al., 2004). In sum, there is a lack of genomic sequence information available for non-

model species and a lack of tools to assay genomic diversity in understudied organisms 

(Hoffman et al., 2013; More et al., 2019; Ogden et al., 2012). Custom tools for assaying 

genomic diversity are needed, but the creation of these tools is time-consuming and 

expensive. There is a need to explore existing technologies designed for use with human 

and model species and the effectiveness of the existing technologies for cross-species 

application.  

1.2 Model organisms are convenient proxies but remain approximations 

Model organisms are species that are chosen to act as a proxy for a system that is more 

complex and more challenging to study. A few key benefits to using model organisms in 

genetics research include ease of breeding and maintaining the species in captivity, short 

generation times, ability to mimic the effects of human disease, and perhaps most 
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importantly, the ability to manipulate the genomes of model organisms with greater ease 

(Aditi et al., 2016; Kuperwasser et al., 2005; Mungall et al., 2015; Styczyńska-Soczka et 

al., 2017; Zeef et al., 2012). The ability to genetically manipulate model organisms is 

aided by the vast wealth of genomic information available for these species. The 

information available includes fully sequenced genomes, and annotations on the location 

and effect of genomic variation (Eppig et al., 2015; Millburn et al., 2016; Shimoyama et 

al., 2016; Zhu et al., 2015). Despite the clear benefits of using model organisms to 

understand the links between genotype and the resulting phenotype, for certain research 

objectives model organisms often do not represent the vast genetic diversity of related 

wild or feral organisms.  

1.3 There is untapped genetic research potential in non-model organisms 

There are numerous species that are currently not considered model organisms but 

represent untapped avenues of research regarding the effects of the nature, utility, and 

impact of genetic diversity. Wild species are typically non-model organisms that could 

become useful models in the context of human health if greater genomic information was 

available. One example is the elephant, an interesting potential model of cancer resistance 

in a large mammal with a long lifespan (Abegglen et al., 2015). Population genetic 

studies of wild species would also benefit from a greater range of organisms that have a 

fully sequenced genome with gene annotations available (Harris et al., 2013; Montana et 

al., 2017). Analyzing genomes of non-model species can help elucidate more precise 

divergence times and landmark events in the evolution of mammals (Bennett et al., 2017; 

Li et al., 1990). Non-model organisms living in close proximity to humans can act as 



 

 

3 

environmental sentinels, providing data on genomic changes caused by environmental 

mutagens (Rodríguez-Estival and Smits, 2016). A key motivation for this study is the 

immediate opportunity and need for tools to assay genetic diversity in wild rodent species 

(Harris et al., 2013; Rodríguez-Estival and Smits, 2016).  

1.4 Genome variation tells a story of past, present, and future 

Genome variation, or differences in the DNA sequence between two or more organisms 

of interest, can inform researchers about the health of an organism. Understanding the 

links between differences in genotype and phenotype is paramount in determining the 

genetic root of disease aetiology (Lander et al., 2001). Deductions of the genetic cause of 

current phenotypic states and estimations of future disease risk can be identified by 

studying genetic variation of organisms (Wray et al., 2007). The ability to monitor 

genetic variation of a population allows a new degree of information to be gleaned from 

species of interest. Allelic differences between populations of the same species that 

separated geographically over time can be used to understand the effects of 

environmental pressures on the genomes of organisms (Coop et al., 2009; Natarajan et 

al., 2015). It is also possible to track the effects of environmental mutagens within the 

genomes of individuals in a population over time (Bickham et al., 2000; Štambuk et al., 

2013). Alleles at proximal loci in the genome that are inherited together are known as 

haplotypes. Haplotypes can be used to track the evolutionary history of a species 

(Johnson et al., 1998; Vonholdt et al., 2010).  
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1.5 Mammalian comparative genomics offers benefits to humans 

 

The primary benefit to humans of mammalian comparative genomics is that humans are 

members of the class Mammalia and share distinctive developmental characteristics with 

other mammals that other classes of organisms do not experience. The genes that humans 

and other mammals inherited from a common ancestor are known as homologs, and 

homologous genes are potential new targets for disease research and evolutionary studies 

(O’Brien et al., 1999). Mammalian comparative genomics can aid in mapping the 

location of genes of different species and in identifying syntenic regions. Syntenic 

regions of the genome between two or more species have a similar inherited linkage of 

genes due to common ancestry (Waterston et al., 2002). Perhaps the most significant 

comparative genomic study of its time was the comparison of the mouse genome to the 

human genome after sequencing. Through comparison of the human and mouse reference 

genomes, a large amount of synteny between human and mouse genomes that make mice 

tractable for human genetic studies was discovered (Waterston et al., 2002). There are 

also key biological similarities between humans and other mammals including 

reproductive and developmental pathways that are not shared between humans and non-

mammalian species (Luis Villanueva-Cañas et al., 2017). In a key comparative genomic 

study published this year, researchers identified a genetic basis underlying the evolution 

of inner ear development in mammals (Pisciottano et al., 2019).  

1.6 Single nucleotide polymorphisms are targets for comparative genomic analysis 

Single nucleotide polymorphisms, commonly referred to as SNPs, are single base 

positions in the genome that are variable in genotype for individuals in a population. The 
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minor, or less common, variant of a SNP allele must be present in at least 1% of a 

population (Wang et al., 1998). SNPs are the most abundant type of variation in the 

genome, making it an excellent target for comparative genomic studies (Marth et al., 

1999; Wang et al., 1998). Hundreds of thousands of SNPs can be conveniently assayed 

concurrently across the genome of a model organism with the advent of genotyping 

microarrays (Gunderson et al., 2005; LaFramboise, 2009). According to a 2018 price 

quotation from ThermoFisher Scientific (Applied Biosystems), the average price of 

purchasing and using a mouse genotyping array that assays hundreds of thousands of key 

SNPs is approximately $600 USD per sample for older array models like the Mouse 

Diversity Genotyping Array (Yang et al., 2009). Newer array models are even more cost 

effective, with a price of about $75.5 USD per sample. The cost of sequencing a whole 

mouse genome as of February 2019 was approximately $1,300 USD per sample, making 

the sequencing option approximately 17 times more expensive than the latest SNP 

genotyping technologies (Sivashankari and Shanmughavel 2007; Wetterstrand K 2019). 

Sequencing is cost prohibitive for population studies and large sample sets. Using SNPs 

for comparative genomics provides a large amount of genomic information in one 

application of the genotyping array, and the associated bioinformatics analysis is simpler 

and faster compared to traditional next generation sequencing methods. If the genome 

sequence and SNP genotypes are known, custom genotyping arrays can be created to 

assay specific SNP loci of interest (Keating et al., 2008; Voight et al., 2012).  

SNPs are a useful type of genome variation to target for comparative genomics because 

SNP loci are numerous and widespread in the genome. Trees that reflect the relative 

divergence times of species studied can be made through different types of genomic 
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information, but are referred to as SNP trees when generated from values known as SNP-

based genetic distances (Coll et al., 2014; Libiger et al., 2009; Locke et al., 2015). SNP-

based genetic distances are calculated by dividing the total number of SNP loci that have 

different genotypes between two organisms by the total number of SNP loci that are 

queried (Figure 1.6.1). A minimum SNP-based genetic distance value of zero reflects that 

at the loci queried, the two organisms have identical genotypes. can be A maximum SNP-

based genetic distance value of one reflects that at the loci queried, the two organisms 

have different genotypes at every locus (Locke et al., 2015). Using a neighbour-joining 

method of clustering samples with smaller SNP-based genetic distance comparisons 

between them, SNP trees reflecting genetic relatedness can be constructed (Saitou and 

Nei, 1987). Assessing SNP variation is informative for phylogenetic, evolutionary, and 

population genetic studies (Libiger et al., 2009; Locke et al., 2015; McCue et al., 2012).  

SNPs genotypes are informative when examined in the context of spatial position across 

the genome of the species analyzed. Spatial analysis of SNP genotypes can be used to 

distinguish populations of species from one another (Lah et al., 2016). SNP loci can be 

classified according to how the SNP genotypes change within a population for a 

particular locus (Hannigan et al., 2017; Morin et al., 2004). SNP loci that are variable in 

genotype within a population or SNP loci that are invariant in genotype for all individuals 

in a population can be visualized across the genome of the model species to identify 

trends in conservation and spatial position. To accomplish this, rainfall plots can be 

adapted for use to display the chromosomal distribution of SNP genotypes (Figure 1.6.2; 

Domanska et al., 2017; Nik-Zainal et al., 2012). Rainfall plots are scatterplots generated 

where genomic position is the x-axis and inter-SNP locus distance is the y-axis. Each  
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Figure 1.6.1 SNP genetic distance values based on genotype differences between 
individuals reflect genetic relatedness 
Single nucleotide genetic distances are calculated by dividing the number of genotypic 
differences between two individuals by the total number of loci queried. In the example, 
five loci are queried in two mice with a single difference in genotype between the two 
mice highlighted in a red box. The genetic distance derived from SNP genotypes between 
them is 0.2. A SNP-based genetic distance value of 0 indicates the individuals compared 
are genetically identical, and a SNP-based genetic distance value of 1 indicates that the 
individuals compared are genetically dissimilar. This determination was made for the 
493,290 loci assayed by the Mouse Diversity Genotyping Array.  
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Figure 1.6.2 Rainfall plot used to visualize inter-locus distance between SNP 
genotypes 
SNP genotypes of interest are displayed as red dots on the plot. Genomic position of 
SNPs and the inter-locus distance between them are displayed in base pairs (bp). 
SNP genotypes with a large inter-locus distance from the last queried locus in the 
mouse genome are represented by a dot positioned higher in the plot than a locus 
with a very small inter-locus distance from the previous queried locus. The first 
queried SNP genotype in the genome is not plotted as each dot represents a SNP 
locus plotted with respect to the inter-locus distance with a previous SNP locus. 
SNP genotypes that are uniformly distributed (inter-locus 106 bp spacing) across the 
genome compose the “cloud” of the rainfall plot, and SNP loci that are closely 
interspaced are the “rainfall”.  
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data point in the scatterplot represents a SNP locus of interest, and regions of the genome 

with proximal clusters of SNP loci have smaller inter-locus distances, appearing as 

‘rainfall’ from the cloud of SNP loci with greater inter-locus distances. SNP genotypes 

can also be utilized to analyze mutational signatures that are characteristic of the effect of 

environmental mutagens (Kucab et al., 2019). Analyzing the changes in SNP genotypes 

of an organism before and after exposure to a mutagen can indicate the nature of the 

mutagen and the mutational mechanism in environmental surveys of species. Mutational 

signatures examine DNA changes in a trinucleotide context (i.e. with consideration of the 

upstream and downstream adjacent nucleotide of the mutated nucleotide), with different 

possible transitions or transversions combining to create a unique signature (Figure 1.6.3; 

Alexandrov et al., 2013; Kucab et al., 2019; Nik-Zainal et al., 2012). Analyzing changes 

in SNP genotype signatures as a method of comparative genomics would allow for 

identification and analysis of mutagenic effects on the genome (Nik-Zainal et al., 2015).  

Previous research provides evidence for the ability to assess SNP diversity cross-species. 

SNP diversity has been evaluated in agricultural species to assess genetic welfare of 

populations maintained and manage breeding strategies (Wang et al., 2018; Williams et 

al., 2010). SNPs have also been utilized in identifying genomic sequence for non-model 

species and the creation of draft genomes (Miller et al., 2015; Ogden et al., 2012). SNP 

diversity is an important factor to consider for conservation genetic strategies where the 

identification of heterozygous SNP loci or SNP loci genotyped for both alleles in a 

population is key to surveying genome diversity in non-model species. (Hoffman et al., 

2013; McCue et al., 2012; Ogden et al., 2012).  
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1.7 Tools for cross-species SNP genotyping are limited 

Researchers studying model organisms benefit from a wide range of tools and 

technologies optimized to identify SNP variation within the species of interest. Chief 

among the potential approaches to identifying SNPs are the genotyping microarray 

technologies. Other approaches to SNP identification such as restriction fragment length 

polymorphism (RFLP) utilize specific restriction enzymes to target loci of interest. PCR-

based methods like PCR Amplification of Specific Alleles (PASA) amplify a single locus 

based on the presence of a specific SNP. Genotyping arrays surpass RFLP and PASA 

techniques because arrays can analyze hundreds of thousands of SNP loci at one time, a 

great many more SNP loci per assay than RFLP or PASA (Locke et al., 2015; Saifullah 

and Tsukahara, 2018; Yang et al., 2009; Ye et al., 2001). Lower-cost sequencing 

approaches like restriction-site associated DNA sequencing (RADseq) relies on 

restriction site-associated digestion of DNA to create libraries of specific sequence 

lengths. The sequence libraries can be used in conjunction with genotyping arrays to 

identify the potential hundreds of thousands of known SNPs that can be obtained in one 

genotyping assay (Wang et al., 2018; Zhao et al., 2018).  

Until prices of whole genome sequencing are lowered, genotyping microarrays are the 

clear choice for identifying SNP genotypes in a high-throughput and cost-effective 

manner (Wetterstrand K 2019). There are the obvious benefits of low cost and high 

number of loci queried per sample with use of microarrays, but there are a few 

challenges. Microarray-based genotyping is dependent on hybridization of test DNA to 

probe sequences affixed to the array slide. Suboptimal hybridization conditions can result 

in false genotyping results or fewer loci genotyped depending on the array hybridization 
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conditions and quality of the sample DNA (Bumgarner, 2013; Draghici et al., 2006). 

Hybridization of DNA from non-model species to genotyping arrays made for model 

organisms can be affected negatively if optimal hybridization conditions are very 

different from the model. Another issue to consider with utilizing genotyping arrays 

cross-species are the challenges presented during the genotyping process. A number of 

genotyping algorithms are employed to analyze raw microarray data and provide a 

genotype for each locus (Lamy et al., 2011; Rabbee and Speed, 2006). The genotyping 

algorithms often use a training set of samples that are separate from the test samples that 

are analyzed in a study (Lamy et al., 2011; Pounds et al., 2009). The purpose of the 

training set is to teach the genotyping algorithm to read typical raw array data and allow 

for greater accuracy in genotyping loci of test samples (Pounds et al., 2009). However, 

training sets should reflect the genetic diversity of the test set of samples. Most 

microarrays are made for specific model species and genotyping cross-species is a 

challenge. When genotyping cross-species, non-model organisms typically have greater 

genetic diversity that would exceed the maximum genetic diversity of the training set. 

The greater genetic diversity of the test set can result in false genotype assignments to 

occur. Underestimates or overestimates of the true number of SNP loci that are present in 

a non-model species and the diversity detected at SNP loci can also occur (Hong et al., 

2008; Miclaus et al., 2010).  

1.8 There is a precedence for utilizing SNP genotyping arrays cross-species 

Researchers have previously explored the possibility of cross-species application of 

several genotyping arrays (Figure 1.8.1). The primary types of genotyping arrays  



 

 

13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8.1 Summary of published research on mammalian cross-species 
genotyping using SNP genotyping microarrays 
(A) Published research is organized in increasing order of genetic divergence in millions 
of years divergence (MYD) of non-model test samples from the model reference 
organism. Authors, publication year, genotyping microarray technology, and approximate 
number of loci queried (in thousands) are listed for each publication. (B) The sample of 
publications on mammalian cross-species array studies with the 13th representing the 
contributions of this thesis to the cross-species genotyping array field.   
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previously used in 12 published cross-species genotyping studies are designed for 

agricultural species and arrays designed for domestic breeding purposes including 

bovine, ovine, canine, and equine array technologies (Kharzinova et al., 2015; Miller et 

al., 2012, 2018; Moravcikova et al., 2015; More et al., 2019; Ogden et al., 2012; Pertoldi 

et al., 2010; vonHoldt et al., 2010). The Bovine SNP50 genotyping array designed to 

identify over 50,000 SNPs in the genome of cows, was applied to two species of oryx 

which diverged from the modern cow 23 million years ago (Ogden et al., 2012). The oryx 

antelope species evolved to thrive in the desert, and wild populations have declined 

drastically due to poaching and habitat loss. With a single application of the Bovine 

SNP50 array, 148 SNPs were identified in the scimitar horned oryx (Oryx dammah), and 

149 SNPs were identified in the Arabian oryx (Oryx leucoryx). The novel loci discovered 

in the oryx species will be valuable in determining diversity and relatedness of oryx 

populations and aid in conservation efforts (Ogden et al., 2012). 

Recently, researchers have attempted to apply a genotyping array designed for an 

agricultural species to non-model species that are important economically. The Bovine 

SNP50 array was utilized cross-species with the alpaca (Vicugno pacos), a species with 

hair fibre valued economically (More et al., 2019). Though the cow and alpaca diverged 

from one another approximately 42.7 million years ago, researchers identified over 6,700 

alpaca SNPs that could be useful in managing breeding strategies to maximize the 

amount of high-quality alpaca fibre produced. This can be achieved by screening the 

genomes of alpaca, and breeding alpaca that have genomes enriched with SNPs identified 

as being linked to high quality hair fibre (More et al., 2019).  
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A domestic ovine SNP genotyping array has also been used cross-species to identify 

sexually-selected traits in the bighorn sheep (Ovis canadensis) in an effort to better 

understand the genetic underpinnings of fitness in this wild species (Miller et al., 2018). 

Over 3000 SNP loci were genotyped in a population of bighorn sheep, and one particular 

locus was found to be associated with body mass as a sexually-selected trait. Researchers 

concluded it was likely that sexually-selected traits were polygenic and this study marked 

a first step in better understanding associations of single nucleotide variation with fitness 

in the bighorn sheep (Miller et al., 2018).  

A final example demonstrating the applicability of genotyping arrays cross-species is 

from a landmark study that utilized the Canine HD Beadchip genotyping array with DNA 

of the Antarctic fur seal, Arctocephalus gazella (Hoffman et al., 2013). The canine array 

used was designed to assay over 22,000 SNPs in diverse domestic dog breeds. While 

researchers vonHoldt et al. (2010) had previously applied a canine genotyping array to 

wolf species, researchers Hoffman et al. (2013) attempted to use the canine array to 

characterize SNP variation within fur seal populations, which had become endangered 

due to effects of climate change. Despite a 44 million-year divergence time between dogs 

and Antarctic fur seals, 173 SNPs were identified as being conserved between these 

species. The conserved SNPs were associated with genes involved in energy metabolism 

and may become relevant in future studies that aim to understand the types of 

polymorphisms that are retained over vast evolutionary timespans (Hoffman et al., 2013).  
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1.9 Rodents are candidates for cross-species SNP genotyping 

While there are studies that utilize genotyping arrays that were designed for agricultural 

or economic breeding purposes for cross-species genotyping in related species, there is a 

lack of research that explores cross-species genotyping within rodents. Rodents are 

extremely fecund and live in a multitude of different environments across the globe. A 

number of rodents live commensally alongside humans in environment with unique 

selective pressures created by human influence that affect the genomes of rodents 

(Hulme-Beaman et al., 2016). Rodents adapting to rapidly changing human environments 

offer a unique opportunity to examine accelerated evolution (Harris et al., 2013; Hulme-

Beaman et al., 2016). Wild rodents living commensally with humans are exposed to 

similar environmental mutagens that humans are exposed to, and therefore are prime 

candidates for monitoring mutagenesis caused by environmental agents (da Silva et al., 

2000; Silva et al., 2000).  

There are many non-model rodent species that are of special interest for genetic research. 

One example is that of the naked mole rat, Heterocephalus glaber. This species of rodent 

lives in subterranean tunnels of the African desert and is one of the two eusocial 

mammals on Earth (Jarvis, 1981). Naked mole rats are the longest-lived rodents (Csiszar 

et al., 2007; Sahm et al., 2018) and also have very low cancer incidence rates (Seluanov 

et al., 2018; Tian et al., 2013). There has been preliminary work done in sequencing the 

genome of the naked mole rat, but the genome is currently composed of unplaced 

genomic scaffolds from shotgun sequencing (Keane et al., 2014). Further development 

and annotation of the naked mole rat genome is required to facilitate use of this unique 

organism in research.  
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Other interesting potential candidates of non-model rodents are species from the genus 

Peromyscus. Peromyscus species are referred to as deer mice, although they diverged 

from the house mouse (Mus musculus) over 30 million years ago (Bedford and Hoekstra, 

2015; Hedges et al., 2015). Deer mice live dispersed across all of North America in very 

diverse environments (Bedford and Hoekstra, 2015). Peromyscus species have been 

previously used in studies of environmental monitoring at Alberta oil sand sites as 

sentinels of the effects of environmental contaminants (Rodríguez-Estival and Smits, 

2016). The study focused on morphological differences caused by environmental 

contaminants found in tissues of deer mice, as there is a lack of genomic data available 

for Peromyscus species. Transcriptomic sequence changes from a group of deer mice 

living in urban and rural environments were analyzed by researchers who discovered 

evidence of rapid evolution (Harris et al., 2013). Peromyscus species of interest to both 

evolutionary and environmental monitoring studies would benefit from fully sequenced 

and annotated genomes to facilitate future research.  

Rodents compose over 2,000 species on Earth, live in diverse environments, and have a 

large amount of genomic diversity (Krubitzer et al., 2011). Rodent genomes seem to 

undergo rapid evolution in certain cases, with new exons frequently being created (Wang 

et al., 2005).  Peromyscus is a genus of species that are shown to undergo rapid genomic 

evolution, making them an interesting model for adaptation and population genetic 

studies (Harris et al., 2013; Ramsdell et al., 2008). Interestingly, though Peromyscus 

species are referred to as deer mice, they show greater genetic similarity to species of rats 

than species of the genus Mus (Ramsdell et al., 2008). Linkage group analysis between 

genomes of Rattus, Mus, and Peromyscus species established that Mus species have 



 

 

18 

undergone more recent genome rearrangements than rats or deer mice (Ramsdell et al., 

2008). The recent genomic rearrangements in the house mouse introduce a challenge 

when determining the spatial location of conserved variation in the genome that may be 

present between the model house mouse compared to distant relatives like deer mice.  

1.10 Estimations of divergence times for rodents are derived from molecular data 

The divergence time is the number of years from the most recent common ancestor 

(MRCA) between two species. Divergence time can be determined from geological data 

including fossil records (Tavaré et al., 2002). Molecular data such as ribosomal 

sequences (Guterres et al., 2018), highly conserved mitochondrial coding sequences 

(Nicolas et al., 2012; Rudra et al., 2016), and Y chromosomal sequences (Eusebi et al., 

2017) can be used to determine divergence time in conjunction with fossil record data. 

Divergence times may also be estimated using comparisons of inherited repetitive 

stretches of sequences known as microsatellites that are located throughout the genome 

(Sun et al., 2009). More recently, researchers have worked to create more precise 

estimates of divergence times between organisms from an amalgamation of molecular 

and geological data. The online public knowledge-base ‘Timetree - the timescale of life’ 

provides estimates of relative divergence times between taxa and draws this information 

from over 3,900 studies that represent over 97,000 species (Hedges et al., 2015).  

1.11 Mouse Diversity Genotyping Array is a candidate tool for cross-species study 

The house mouse, M. musculus, has been used widely in genetic studies and has a fully 

sequenced and annotated genome developed through wide use of this organism in 
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research. There are many tools that have been created to conveniently assess SNP 

diversity within the genome of the house mouse. The Mouse Diversity Genotyping Array 

(MDGA) is a tool designed to survey hundreds of thousands of SNP loci across the 

genome of the house mouse and was specifically created to maximize the amount of SNP 

diversity that can be identified within laboratory mouse strains and crosses (Yang et al., 

2009). The MDGA has better genome coverage than many other array technologies. 

Another array technology available that was designed to characterize SNP variation in lab 

mouse strains and crosses is the Mouse Universal Genotyping Array (MUGA) which can 

detect up to 141,090 SNPs (Morgan et al., 2016). By comparison, the MDGA is 

advertised as capable of detecting over 600,000 SNP genotypes in the genomes of 

laboratory mice, and the majority of the SNP genotypes detected are located in non-

coding regions of the genome (Yang et al., 2009). After testing and the removal of poorly 

performing SNP probes, the MDGA was found to genotype 493,290 SNP loci within the 

genome of the house mouse (Locke et al., 2015). The MDGA identifies hundreds of 

thousands more SNPs than MUGA, making the MDGA an attractive tool to test 

applicability cross-species with rodents.  

1.12 MDGA is a hybridization-based genotyping array technology 

The MDGA is a hybridization-based genotyping tool that relies on complementary 

binding of target DNA to interrogating probes affixed to the array slide. The MDGA is 

capable of assaying SNP genotypes at 493,290 SNP loci within laboratory strains of 

mice, and also contains over 900,000 probes that query copy number variants. In 

detecting SNP genotypes, there are eight probes that are located at different positions on  
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the array slide that all target the same SNP locus. Of the eight probes, four target the 

major or most common SNP allele, and four target the minor or less common SNP allele 

(Figure 1.12.1). The eight probes that target the two alleles are offset in genome sequence 

from one another to increase accuracy of genotyping. The redundancy of the probe design 

on the MDGA provides greater confidence in determining a genotype at each locus. The 

signal from all eight DNA fragments that have attached adaptors are amplified by PCR 

and a pool of the amplified DNA is created through purification using polystyrene beads  

 (Figure 1.12.2). The pool of amplified DNA is fragmented and labelled with a 

fluorescent signal. Labelled DNA is applied to the array and given time to hybridize to 

array probes. After hybridization, the array is washed to remove unbound DNA and raw 

fluorescence intensities are read by a scanner. An image file of raw genotype signals, 

known as a CEL file, is produced. The CEL file is produced can be used with a 

genotyping algorithm to assign genotypes at each queried locus. 
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No Call

Figure 1.12.1 Redundancy of MDGA probe design to target major and minor 
SNP alleles 
Four SNP probes target allele A (blue) and four SNP probes target the B allele 
(Purple). In total, 8 probes on the MDGA target each SNP locus of interest (red box) 
in the house mouse (M. musculus). Hybridization intensities are averaged across all 8 
probes in determining a genotype at a particular SNP locus queried. 
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DNA extraction and 
purification

NspI RE Digest StyI RE Digest 

Add Adaptors and PCR

PCR amplicons are pooled
Fragment and End Label

DNA

Hybridization of labelled 
DNA fragements to probes on 

array and wash of 
unhybridized DNAGeneration of raw MDGA data (CEL) 

files and hybridization intensity images
Genotype each queried locus for 

samples applied to the array

NspI RE Digest StyI RE Digest

SNP Locus

  
Figure 1.12.2 Mouse Diversity Genotyping Array SNP genotyping process 
DNA is extracted, purified, and prepared for hybridization to the MDGA. After 
hybridization, the array is washed, and hybridization intensity images are generated. 
Genotyping of SNP loci of DNA samples applied to the MDGA is performed with 
Affymetrix Power Tools (APT) Release 1.16.0.  
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1.13 Bioinformatic resources and tools to analyze SNPs in mice 

Mice are well-established model organisms and have a wealth of SNP information 

available through the Mouse Genome Informatics international database (Zhu et al., 

2015). The mouse genome database can be used to mine in silico information to search 

for phenotypic effects of SNP loci queried by the MDGA (Eppig et al., 2015). In silico 

validation of genotype assignments made from MDGA array data can be done with 

bioinformatic tools like the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 

1990). BLAST is a useful tool for aligning a relatively small number of sequences to a 

publicly available genome, but this tool is computationally taxing and slow when 

attempting to align hundreds of thousands of SNP array probe sequences to publicly 

available genomes. A new software tool ‘efficient computation of maximal exact 

matches’ (E-MEM) is capable of aligning hundreds of thousands of unique SNP array 

probe sequences to genomes of interest. By mapping array probe sequences to non-model 

genome sequences available online, SNP loci that are genotyped using the array 

technology can be cross-validated as being present in non-model organisms (Khiste and 

Ilie, 2015).  

1.14 Central Hypothesis 

Given that there is greater genetic identity between organisms of the same species than 

between species and beyond a genus, family, and order, it is hypothesized that the Mouse 

Diversity Genotyping Array will have greater utility with non-model Mus species than 

for non-Mus organisms. The MDGA contains probe sequences that are complementary to 

493,290 unique loci that contain known single nucleotide variation within 12 classical 
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inbred and 7 wild-derived strains of mice, and wild (feral) mice. It is hypothesized that 

application of the MDGA to wild rodent DNA samples will help elucidate potential 

polymorphic loci, or the number of loci that can detect both the A and B allele in a 

population, and that can be used cross-species. 

1.15 Experimental Aims 

The first experimental aim has three steps. The first step is to define the limits for cross-

species utility of the MDGA for publicly available samples organized at four levels of 

taxonomic classification that have different maximum divergence times from the 

reference house mouse. A test set is a set of samples from different organisms that are 

genotyped together in a group. The number of samples and the types of organisms affects 

the genotyping results. The first aim was accomplished by analyzing SNP genotypes of 

test sample sets including an intra-genus test set (9.5 MYD, n = 27), an inter-genus test 

set (32.7 MYD, n = 37), an inter-family test set (73 MYD, n = 31), and an inter-order test 

set (96 MYD, n = 40). A pairwise comparison of the differences in SNP genotypes 

between samples of different test sets and the reference house mouse was used to 

construct trees of genetic relatedness based on SNP genotypes at MDGA queried loci. It 

was predicted that genotyping results for wild rodents would reflect what would be 

expected for each species based on published determinations of species divergence from 

M. musculus. SNP trees of genetic relatedness are expected to reflect the known patterns 

of divergence established in literature.  

As a method of validating the experimental genotyping results obtained using the 

MDGA, the second step of aim one is to map MDGA probe target sequences to available 
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online genomes of test samples. An in-silico search was performed using the program E-

MEM to search for MDGA target sequences that are present a single instance in the 

available genomes of wild rodent species.  It was predicted that the number of unique 

matches will decrease as divergence time of non-model species from M. musculus 

increases. MDGA loci that are genotyped experimentally in wild samples using the array 

and are also mapped a single time in the available online genome are candidate SNP loci 

that may represent conserved SNP variation between the reference house mouse and wild 

rodent. In particular, SNP loci with heterozygous genotypes may represent potential 

polymorphic loci that can identify both the A and B alleles in non-model species.  

The third step of experimental aim one is to take the candidate loci that are genotyped 

using the array and can be mapped to an online genome and determine functional 

pathways that are shared between the non-model species and the reference M. musculus. 

Ensembl gene IDs associated with candidate loci will be analyzed with the functional 

annotation tool of the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID). It is predicted that pathways involved in already recognized, highly conserved 

functions will be shared between the house mouse and wild rodent species. 

The second experimental aim is to examine the potential for inter-genus and inter-family 

cross-species utility of the MDGA in two case studies of species of interest. The rodents 

examined in the case studies are the naked mole rat (H. glaber) which differs from M. 

musculus in taxonomic family (73 MYD), and species of the genus Peromyscus. 

Peromyscus species are commonly known as deer mice and are from a different genus 

than the house mouse (32.7 MYD). Four naked mole rat samples were examined in the 

first case study, and it was determined whether genotyping results can be utilized to 
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recapitulate the known relationships between the samples based on sex and colony of the 

organism. It was expected that at a divergence time of 73 million years from the house 

mouse, the array may have an insufficient number of informative SNP probe sequences to 

detect differences in source colony and sex of the organism. It is more likely that the 

major genetic differentiation between naked mole rats will be by sex differences. 

Conserved functional pathways between naked mole rats and the house mouse were also 

investigated. In the second case study, seven samples of deer mice composed of six 

different species (with one species P. maniculatus represented by two subspecies) were 

examined to determine if genotyping results produced from raw array data can be used to 

differentiate samples according to known divergence patterns established in literature. 

MDGA SNP loci that were genotyped in P. maniculatus subspecies were cross-validated 

using an in silico search for the unique presence of SNP loci in the genome assembly. 

Functional pathway associations shared between deer mice and the house mouse were 

examined for cross-genus conservation. It was expected that the genotyping results 

produced from MDGA data can be used to differentiate species according to established 

divergence times.  Given that conserved variation was detected between the dog and seal 

at 44 MYD by Hoffman et al. (2013), it was expected that conserved variation between 

the house mouse and Peromyscus species at 32.7 MYD would be detected.  

The third experimental aim is broken down into two steps. The first step was to examine 

the genomic distribution of variation genotyped within all 27 Mus samples across the 19 

chromosomal pairs of autosomes with the reference house mouse. Loci were classified 

according to the degree to which a genotype changes across all 27 Mus samples (is 

variable), or remains a constant (or invariant) genotype for all samples. Loci with 
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genotypes that are variable and invariant across test samples were plotted at the genomic 

position of the reference house mouse and analyzed for specific patterns or clustering of 

loci across the genome. It was expected that there will be fewer variable loci on the X 

chromosome than the autosomes due to the high degree of conservation associated with 

this sex chromosome.  

The second step was to create a visualization of genotype changes spatially across a 

chromosome and temporally for different Mus species differing in evolutionary 

divergence. The analysis is restricted to Mus species that contain 19 autosomes, the same 

number as the reference house mouse. It was expected that there will be an increase in the 

number of AB and BB genotypes in wild samples compared to the reference house 

mouse. There was also an expectation that changes in the genotypes across the genome 

and across Mus species will not be random. It was expected some SNP loci will be 

variable in genotype and that others will be invariant in genotype. Particular genotypes 

that remain unchanged at loci across species of different evolutionary divergence times 

may indicate conserved SNP variation between the model house mouse and its wild 

relatives.  
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2 Materials and Methods 

2.1 Assessing limits of cross-species applicability of the MDGA across forty 

samples of wild mammalian species. 

Forty publicly available MDGA raw data (CEL) files were downloaded from the Center 

for Genome Dynamics at the Jackson Laboratory (2012, The Jackson Laboratory; 

ftp.jax.org/petrs/MDA/). The forty samples consist of twenty-seven Mus CEL files, two 

Rattus CEL files, seven Peromyscus (deer mouse) CEL files, one Apodemus (wood 

mouse) CEL file, and CEL files representing more highly diverged species including a 

squirrel, mountain tapir, and African Black Rhino (Table 2.1.1). The forty samples 

downloaded were grouped into different test sets that produced different results to 

analyze after genotyping. One additional M. musculus CEL file was utilized as a 

reference for the house mouse genome on which the MDGA was designed (Table 2.1.1).   

CEL file raw array intensity images were analyzed for quality control purposes and 

hybridization abnormalities in array images were noted (Appendix A). Two CEL files 

were noted for having an abnormal spot with uneven DNA hybridization to the array that 

is referred to as a “coffee ring” formation (Jose M. Moran-Mirabal et al. 2006; Hu and 

Larson 2006). The abnormal samples were not removed from the analysis due to the 

redundancy of probe design across the MDGA. There are also technical replicates for the 

abnormal M. saxicola and M. nannomys orangiae CEL files that are devoid of 

hybridization abnormalities included in the study. There were no exclusions of data from 

the sample sets utilized.  
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Table 2.1.1 Forty publicly available MDGA data (CEL) files of the present study 

CEL Filea Sex of 
Organism 

Scientific 
Name 

Common 
Name 

Divergence 
Timeb from  

Mus 
musculus 
(MYD) 

SNP_mDIV_A7-
7_081308.CEL Male Mus 

musculus 
House Mouse 

Reference 0 

SNP_mDIV_D3-
639_101509-

redoc 
Female 

Mus 
musculus 
castaneus 

Southeastern 
Asian House 

Mouse 
0.35 

SNP_mDIV_D3-
639_91809 Female 

Mus 
musculus 
castaneus 

Southeastern 
Asian House 

Mouse 
0.35 

SNP_mDIV_D9-
647_101509-

redo 
Male Mus dunni 

Earth-
Colored 
Mouse 

6.4 

SNP_mDIV_D9-
647_91809 Male Mus dunni 

Earth-
Colored 
Mouse 

6.4 

SNP_mDIV_D4-
640_101509-

redo 
Male Mus famulus Servant 

Mouse 6.4 

SNP_mDIV_D4-
640_91809 Male Mus famulus Servant 

Mouse 6.4 

SNP_mDIV_D8-
474_012209 Male Mus famulus Servant 

Mouse 6.4 

SNP_mDIV_D5-
642_101509-

redo 
Male Mus 

fragilicauda 
Sheath-

Tailed Mouse 6.4 

SNP_mDIV_D5-
642_91809 Male Mus 

fragilicauda 
Sheath-

Tailed Mouse 6.4 

 
a MDGA data (CEL) files were downloaded from the Center for Genome Dynamics at the Jackson 
Laboratory. 
b Divergence time is given in millions of years from the reference house mouse, Mus musculus 
(timetree.org). 
c “redo” files are a technical replicate of the CEL file with the same sample identifier code. Ex: 
SNP_mDIV_D3-639_101509-redo is a technical replicate of SNP_mDIV_D3-639_91809, where D3-639 is 
the sample identifier.  
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SNP_mDIV_D6-
643_101509-

redo 
Male Mus 

fragilicauda 
Sheath-

Tailed Mouse 6.4 

SNP_mDIV_D6-
643_91809 Male Mus 

fragilicauda 
Sheath-

Tailed Mouse 6.4 

SNP_mDIV_D7-
644_101509-

redo 
Male Mus caroli Ryukyu 

Mouse 7.41 

SNP_mDIV_D7-
644_91809 Male Mus caroli Ryukyu 

Mouse 7.41 

SNP_mDIV_D6-
472_012209 Male Mus caroli Ryukyu 

Mouse 7.41 

SNP_mDIV_D8-
646_101509-

redo 
Male Mus 

cervicolor 

Fawn-
Coloured 
Mouse 

7.41 

SNP_mDIV_D8-
646_91809 Male Mus 

cervicolor 

Fawn-
Coloured 
Mouse 

7.41 

SNP_mDIV_A2-
645_102109 Male Mus cookii Cook's 

Mouse 7.41 

SNP_mDIV_A3-
648_102109 Male Mus 

platythrix 
Flat-Haired 

Mouse 8.1 

SNP_mDIV_A4-
649_102109 Male Mus 

platythrix 
Flat-Haired 

Mouse 8.1 

SNP_mDIV_A5-
650_102109 Male Mus 

saxicola 
Rock-Loving 

Mouse 8.1 

SNP_mDIV_A6-
651_102109 Male Mus 

saxicola 
Rock-Loving 

Mouse 8.1 

SNP_mDIV_D7-
473_012209 Male Mus pahari Shrew Mouse 8.29 

SNP_mDIV_D1
1-653_101509-

redo 
Male 

Mus 
nannomys 
minutoides 

African 
Pygmy 
Mouse 

9.5 

SNP_mDIV_D1
1-653_91809 Male 

Mus 
nannomys 
minutoides 

African 
Pygmy 
Mouse 

9.5 
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SNP_mDIV_D1
0-652_101509-

redo 
Male 

Mus 
nannomys 
orangiae 

Orange 
Mouse 9.5 

SNP_mDIV_D1
0-652_91809 Male 

Mus 
nannomys 
orangiae 

Orange 
Mouse 9.5 

SNP_mDIV_A7-
654_102109 Male 

Mus 
nannomys 
mattheyi 

Matthey's 
Mouse 9.5 

SNP_mDIV_B8-
1190_082410 Male Apodemus 

sylvaticus Wood Mouse 14.5 

SNP_mDIV_A9-
656_102109 Male Rattus 

norvegicus 
Sprague 

Dawley rat 20.9 

SNP_mDIV_A1
0-657_102109 Male Rattus 

norvegicus 
Outbred 

Wistar rat 20.9 

SNP_mDIV_B1-
659_102109 Male Peromyscus 

aztecus Aztec Mouse 32.7 

SNP_mDIV_B3-
661_102109 Male Peromyscus 

californicus 
California 

Mouse 32.7 

SNP_mDIV_B5-
663_102109 Male 

Peromyscus 
maniculatus 

bairdii 

North 
American 

Deer Mouse 
32.7 

SNP_mDIV_B4-
662_102109 Male 

Peromyscus 
maniculatus 
sonoriensis 

Sonoran Deer 
Mouse 32.7 

SNP_mDIV_B2-
660_102109 Male Peromyscus 

melanophrys 
Plateau Deer 

Mouse 32.7 

SNP_mDIV_B6-
664_102109 Male Peromyscus 

polionotus 
Oldfield 
Mouse 32.7 

SNP_mDIV_B8-
666_102109 Male Peromyscus 

leucopus 
White-Footed 

Mouse 32.7 

SNP_mDIV_B9-
667_102109 Male Sciuridaea Squirrel 71 

 
a Only family level information available for CEL file SNP_mDIV_B9-667_102109; Genus and species of 
sample are unknown.  
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SNP_A2-
GES11_4907_A
GT-JLP-120115-

24-35517 

Male Diceros 
bicornis 

African 
Black Rhino 96 

SNP_A1-
GES11_4902_A
GT-JLP-120115-

24-35517 

Male Tapirus 
pinchaque 

Mountain 
Tapir 96 
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Forty samples were genotyped by Maja Milojevic in Dr. Kathleen Hill’s Laboratory 

using the protocol outlined by Locke et al. (2015). Affymetrix (Affy) Power  

Tools (Gao, Pirani, Webster 2013) was used to generate genotype calls of AA, AB, BB, 

or No Call (numerical representations 0, 1, 2, -1, respectively) using the BRLMM-P 

algorithm for 493,290 SNPs (Affymetrix (Affy) Power Tools (APT) Release 1.16.0). The 

SNP probes used in genotyping are a filtered list generated by previous members of the 

Hill laboratory (Eitutis, 2013, Thesis; Milojevic, 2019, Thesis; Locke et al. 2015). A 

training set of 114 classical laboratory mouse CEL files obtained from a set of 351 mice 

utilized by Didion et al. (2012) was used in conjunction with BRLMM-P to train the 

algorithm in accurate assignment of genotypes (Appendix A). The training set of 114 

classical laboratory mice are recommended for use with training the genotyping 

algorithm for MDGA data (Eitutis, 2013, Thesis; Milojevic, 2019, Thesis; Locke et al. 

2015). 

A Fisher’s exact test was utilized to assess the level of genetic differences between 

samples of genotyping sets. A nonparametric, unordered, Fisher-Freeman-Halton exact 

test (Monte Carlo simulation) was performed using the StatXact statistical analysis 

software package (CYTEL Software, Cambridge, MA). Pearson’s r was used in tests of 

the significance of correlations between the genotyping results of test set samples using 

Graphpad Prism 8 software.  

The estimated divergence time of each species within the forty CEL file sample set from 

the reference house mouse were obtained using an evolutionary timetree of life (Hedges 

et al., 2015) (http://www.timetree.org/) with a few exceptions. The estimated divergence 

time of the subspecies M. m. castaneus was determined through previous work by 



 

 

34 

Geraldes et al. (2012), and the evolutionary divergence time of the pygmy mouse species 

from the house mouse was determined by Kouassi et al. (2008).  

Different combinations of samples based on divergence times from M. musculus 

comprise different test sets of study (Table 2.1.2). The test sets were organized according 

to differences in taxonomic classifications and maximum divergence  

times of samples from M. musculus, including inter-order (96 MYD), inter-family (73 

MYD), inter-genus (32.7 MYD), and intra-genus (9.5 MYD) comparisons. The 

percentage of loci genotyped within test species using the MDGA and the percentage of 

loci with a heterozygous genotype were determined from the raw results generated by 

Affy Power Tools for the inter-order test set.  

Pairwise comparison of SNP genotypes between species in the inter-order test set was 

utilized to create SNP-based distance matrices using R. The distance matrix values used 

to create phenograms (SNP trees) were generated using an in-house R script courtesy of 

Marjorie E. Osbourne Locke. The in-house script utilized the ‘bionj’ R package to create 

a tree of genetic relatedness using the neighbour-joining method (Gascuel, 1997). The 

resulting trees were modified using Figtree (v1.4.3) software. Pairwise genetic distances 

were computed by dividing the total number of genotypic differences between two 

samples by the total number of loci queried by the MDGA, where 493,290 total loci were 

used in this study (Locke et al., 2015). The values in the distance matrix are a numerical 

representation of the amount of genetic diversity between test species analyzed and the 

reference house mouse. A genetic distance value of zero indicates the species are 

genetically the same at the loci queried, and a value of one indicates the species 

compared are completely genetically dissimilar from one another at the loci queried. The  
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Table 2.1.2 Genotyping sets of studya 
 
  

 
a Genotyping sets organized in descending order according to bounds of taxonomic classification and 
differences in maximum genetic divergence of a test set from the reference C57BL/6J (Mus musculus) 
organism 
b The naked mole rat samples are combined with the Mus samples to create the inter-family test set. 

Common Name Scientific Name 
House Mouse Mus musculus 

South-Eastern House Mouse Mus musculus castaneus 
Earth-Colored Mouse Mus dunni/Mus terricolor 

Servant Mouse/Bonhote's Mouse Mus famulus 
Sheath-Tailed Mouse Mus fragilicauda 

Ryukyu Mouse Mus caroli 
Fawn-Colored Mouse Mus cervicolor 

Cook's Mouse Mus cookii 
Flat-Haired Mouse Mus platythrix 

Rock-Loving Mouse Mus saxicola 
Gairdner's Shrewmouse Mus pahari 
African Pygmy Mouse Mus (nannomys) minutoides 
Orange Pygmy Mouse Mus (nannomys) orangiae 

Matthey's Mouse Mus (nannomys) mattheyi 
Wood Mouse Apodemus sylvaticus 

Sprague Dawley Rat Rattus norvegicus 
Wistar Rat Rattus norvegicus 

Aztec Mouse Peromyscus aztecus 
California Mouse Peromyscus californicus 

North American Deer Mouse Peromyscus maniculatus 
Sonoran Deer Mouse Peromyscus maniculatus 

sonoriensis Plateau Deer Mouse Peromyscus melanophrys 
Oldfield Mouse/Beach Mouse Peromyscus polionotus 

White-Footed Mouse Peromyscus leucopus 
Squirrel Sciuridae 

Naked Mole Ratb Heterocephalus glaber 
African Black Rhino Diceros bicornis 

Mountain Tapir/Wooly Tapir Tapirus pinchaque 
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estimated evolutionary relationships seen in the SNP trees generated were compared to 

the divergence times of test samples from the reference house mouse provided in 

literature and the Timetree database (Geraldes et al., 2012; Hedges et al., 2015; Kouassi 

et al., 2008). 

2.2 Naked mole rat case study of colony and sex differences in a eusocial mammal 

Four CEL files were generated in-house from genomic DNA extracted from tail tissue 

samples of four Heterocephalus glaber individuals given to the Hill Laboratory by Dr. 

Melissa Holmes (Assistant Professor at the University of Toronto, Mississauga Campus; 

Table 2.2.1; Appendix A Online). DNA extractions were performed by Chloe Rose 

(2013, Thesis), and application of DNA to the MDGA was performed by the London 

Regional Genomics Center. The four samples were genotyped separately from publicly 

available test samples by Maja Milojevic (2019, Thesis).  

The percentage of loci genotyped using the MDGA in the four naked mole rat samples as 

well as the percentage of loci with heterozygous genotypes were determined from the raw 

results generated by Affy Power Tools. Heterozygous loci represent potential 

polymorphic loci with utility cross-species in the naked mole rat. Pairwise distance 

measures were used in generation of SNP trees using the neighbour-joining method 

(Gascuel, 1997).  

In silico validation of loci genotyped from MDGA data was performed using the program 

E-MEM (efficient computation of maximal exact matches for very large genomes) 

designed by Khiste and Ilie (2015). The publicly available genomes of rodents were  

 



 

 

37 

Table 2.2.1 Naked mole rat case study samplesa 

MDGA Data (CEL) 
File Name Sex of Organism Colony of Origin 

DNA3340.CEL Male Colony Q 

DNA3339.CEL Male Colony Q 

DNA3338.CEL Female Colony Q 

DNA3337.CEL Female Desperado Colony 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
a Four Heterocephalus glaber samples were donated by Dr. Melissa Holmes, Assistant Professor at the 
University of Toronto, Mississauga Campus. 
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searched for the unique presence of MDGA probe sequences. E-MEM was employed to 

search a publicly available genome of H. glaber available on NCBI (Table 2.2.2) for 

perfect 25 nt MDGA SNP probe target sequences that have only one genomic match 

(ftp.ncbi.nlm.nih.gov/genomes/). Unique MDGA matches discovered via E-MEM were 

filtered for SNP loci with an associated Ensembl (https://useast.ensembl.org/index.html) 

gene ID using Python and Microsoft Excel software. 
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Table 2.2.2 Study species with publicly available nuclear genome sequence 
informationa 

Sample Name Scientific Name Newest Assembly 

House Mouse Mus musculus GRCm38.p6 

Ryukyu Mouse Mus caroli CAROLI_EIJ_v1.1 

Gairdner’s Shrewmouse Mus pahari PAHARI_EIJ_v1.1 

Sprague Dawley Rat Rattus norvegicus Rnor_6.0 

North American Deer Mouse Peromyscus maniculatus Pman_1.0 

Naked Mole Rat Heterocephalus glaber HetGla_female_1.0 

  
 

a Genomes accessed through the NCBI Genomes FTP site of samples under study    
(ftp.ncbi.nlm.nih.gov/genomes/) 
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2.3 Deer mouse case study of non-Mus intra-genus genetic diversity  

Seven Peromyscus (deer mouse) publicly available CEL files were genotyped together 

using Affy Power Tools. The percentage of queried loci that were genotyped and the 

percentage of genotyped loci with a heterozygous genotype were determined using the 

raw genotyping output. Heterozygous loci represented potential polymorphic loci that 

could have utility cross-species for Peromyscus. Pairwise distance measures and SNP 

trees were generated using the neighbour-joining method (Gascuel, 1997). The program 

E-MEM designed by Khiste and Ilie (2015) was utilized to search a publicly available 

genome of Peromyscus maniculatus available on NCBI for perfect 25 nt MDGA probe 

target sequences that map to the P. maniculatus genome only once 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/). MDGA loci that gave a genotype in the mouse and 

were mapped to the P. maniculatus genome were assessed for functional associations 

using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 

functional annotation tool (Huang et al., 2009a; b). The functional annotations used were 

mouse Ensembl gene IDs. The IDs were submitted to the DAVID functional annotation 

tool and pathways from The Kyoto Encyclopedia of Genes and Genomes (KEGG) that 

were significantly enriched (p<0.001) for genes associated with MDGA SNP loci were 

identified. 

2.4 Assessing cross-species applicability of the MDGA across 27 DNA samples of 

wild Mus species 

Twenty-seven publicly available CEL files of wild Mus species were genotyped together 

as the intra-genus test set using Affy Power Tools. Of the queried loci that could be 
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genotyped, the number of loci with heterozygous genotypes were identified. 

Heterozygous loci represent potential polymorphic loci with utility in surveying diversity 

cross-species as both the A and B alleles can be identified in a non-model organism. 

Pairwise distance measures were utilized with the neighbour-joining method of 

generating SNP trees (Appendix B; Gascuel, 1997). In silico cross-validation of loci 

genotyped using MDGA data was performed using the program E-MEM. E-MEM was 

used to search publicly available genomes of Mus pahari and Mus caroli from NCBI for 

unique genomic matches of MDGA target sequences (Table 2.2.2). Genotyped SNP 

target sequences of M. pahari and M. caroli that were also mapped to the publicly 

available genomes using E-MEM were utilized as candidate conserved SNP loci. 

Candidate SNP loci with associated mouse Ensembl gene IDs were analyzed using the 

DAVID functional annotation tool (https://david.ncifcrf.gov/). KEGG pathways found to 

be significant (p<0.001) were assessed.  

There are loci genotyped in Mus samples that share the same genotype for all samples of 

the study, and these were termed invariant genotype SNP loci (Figure 2.4.1). There can 

be invariant AA, AB, and BB loci that share the same genotype across all samples in a 

genotyping set. There are other loci that have different genotypes between samples in a 

genotyping set, and these loci were termed variable genotype SNP loci (Figure 2.4.1). A 

MDGA probe sequence that was attributed to only ‘No Calls’ or the inability to 

determine a genotype at a particular location in all samples of a genotyping set was 

termed an uninformative locus. There were no uninformative loci in any of the test sets of 

study. 
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Figure 2.4.1 Classification of loci as variable or invariant in genotype 
A locus is termed variable if each of the four genotyping results (AA, AB, BB, and No 
Call) occur at least once across all samples in a genotyping set. Loci were termed 
invariant if all samples in the genotyping set had the same genotype call at that locus. 
There are three types of invariant loci: invariant AA, invariant AB, and invariant BB. No 
Calls indicate an inability to determine a genotype at that locus. MDGA loci queried that 
return No Calls for all samples are called uninformative loci. There were no 
uninformative loci for any of the test sets.  
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The relationship between the distribution of these invariant and variable loci across the 

mouse genome was examined using adapted rainfall plot visualizations (Nik-Zainal et al., 

2012). SNP loci represented on the MDGA are associated with a genomic location in the 

genome of the house mouse (M. musculus). Variable and invariant loci were plotted with 

respect to the associated base-pair genomic position along the x-axis. The inter-locus 

distance is displayed on the y-axis. Trends in the spatial distribution of invariant and 

variable loci were examined.  

SNPs genotyped using the MDGA were analyzed in the context of particular trinucleotide 

mutational signatures (Nik-Zainal et al., 2012). The R program ‘deconstructSigs’ 

(https://github.com/raerose01/deconstructSigs) was utilized to assess possible biases in 

transitions and transversions with respect to possible adjacent nucleotides that occur over 

evolutionary time. The mutational signatures of the sample mice were compared to the 

reference signature plot of the MDGA. The reference displays all nucleotide changes 

between the A and B allele for all SNP loci represented on the MDGA.  

MDGA SNP loci queried in seventeen samples of wild Mus species that have 19 

autosomes in a haploid genomic state were compared to the reference house mouse for 

SNP changes over evolutionary time (Table 2.4.1) (Britton-Davidian et al., 2012; Bryja et 

al., 2014; Harr, 2006; Ohno et al., 1957; Sharma et al., 1986; Yosida, 1981). An in-house 

script that plots genotype changes spatially across the genome and temporally over 

evolutionary time was created (Appendix C). These plots, termed SNP Spatial-Temporal 

Plots (SNPSTeP), plot the genome position of SNP loci queried by the MDGA on the x-

axis, and Mus species are arranged ordinally in increasing divergence time along the y-

axis. Each SNP locus queried is represented by a plotted point and each point is coloured 
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Table 2.4.1 Number of haploid autosomes of Mus study species 

Scientific 
Name 

Common 
Name 

Divergence 
Timea from 

Mus musculus 
(MYD) 

Haploid Autosome 
Number 

Mus musculus House Mouse 
Reference  0 19 

Mus musculus 
castaneus 

Southeastern 
Asian House 

Mouse 
0.35 19 

Mus dunni Earth-Colored 
Mouse 6.4 19 

Mus famulus Servant Mouse 6.4 19 

Mus 
fragilicauda 

Sheath-Tailed 
Mouse 6.4 19 

Mus caroli Ryukyu Mouse 7.41 19 

Mus cervicolor Fawn-Coloured 
Mouse 7.41 19 

Mus cookii Cook's Mouse 7.41 19 

Mus platythrix Flat-Haired 
Mouse 8.1 12 

Mus saxicola Rock-Loving 
Mouse 8.1 10 or 11 

Mus pahari Shrew Mouse 8.29 23 

Mus nannomys 
minutoides 

African Pygmy 
Mouse 9.5 8 or 16 

Mus nannomys 
orangiae Orange Mouse 9.5 No data 

Mus nannomys 
mattheyi 

Matthey's 
Mouse 9.5 17 

  
 

a Divergence times of all Mus species of this study are listed in millions of years from the reference house 
mouse (M. musculus).  
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according to genotype at the locus. SNPSTeP was created for each of the nineteen 

autosomes and the X chromosome. The visual representation of changes in genotype was 

used to identify patterns between chromosomes and along a single chromosome. 

Visualizing genotype changes allows one to identify if particular genotypes are clustered 

across the genome or if there is uniform spacing.   
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3 Results 

3.1 The training set of 114 classical inbred mice utilized in training genotyping 

algorithms lacks the genetic diversity of the sample set 

The training set of DNA samples from 114 classical, inbred laboratory mice used in 

training the genotyping algorithm employed by Affy Power Tools has a maximum 

genetic distance of approximately 0.225 with respect to the reference C57BL/6J house 

mouse (Table 3.1.1, Figure 3.1.1). A genetic distance value of approximately 0.225 is 

over four times smaller in comparison to the maximum genetic distance value of 0.926 

from the inter-order genotyping set. The inter-family genotyping set has a maximum 

genetic distance of 0.930 and the inter-genus genotyping set had a SNP-based genetic 

distance maximum of 0.924, which are both four times larger than the range of genetic 

distance covered by the reference set. The maximum genetic distance value of 0.836 for 

the intra-genus genotyping set of all Mus species is over three times larger than the 

maximum genetic distance of the reference set of 114 classical inbred mice (Figure 

3.1.2). 

A Fisher’s Exact test revealed that the samples of all test sets are significantly different in 

genotypic composition and allele frequency (P<0.0001) (Appendix A). Two R. 

norvegicus samples were compared to one another and the genotypic composition is not 

significantly different (p = 0.0934). Differences in allelic composition between R. 

norvegicus samples are also not significant (p = 0.2232). The four H. glaber (naked mole 

rat) samples genotyped together are significantly different in the genotype composition 

(p<0.001), but not allelic composition (p<0.0038). 



 

 

47 

Table 3.1.1 Summary of maximum, mean, and minimum genetic distancesa from the 
house mouse reference sequence for the training and test sets 

Training 
Set and 

Test Sets 

Maximum 
Divergence 

Timeb of 
Set (MYDc) 

Minimum 
Genetic 
Distance 

from House 
Mouse 

Mean 
Genetic 
Distance 

from House 
Mouse 

Maximum 
Genetic 

Distance from 
House Mouse 

114 
Classical 
Inbred 

Training 
Set 

0 0.004 0.156 0.225 

Intra-
Genus 

Genotyping 
Set 

9.5 0.537 0.720 0.836 

Inter-Genus 
Genotyping 

Set 
32.7 0.553 0.780 0.924 

Inter-
Family 

Genotyping 
Set 

73 0.542 0.750 0.930 

Inter-Order 
Genotyping 

Set 
96 0.556 0.793 0.926 

  

 
a Genetic distance values were determined by dividing the total number of loci with a genotype difference 
between two test samples by the total number of loci queried 
b Divergence times from reference house mouse (M. musculus) estimated using TimeTree public 
knowledge base (www.timetree.org) 
c MYD  =  millions of years divergence 
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Figure 3.1.1 The distribution of genetic distances from the house mouse for samples 
in the training and test sets 
(a) Minimum genetic distance value of set of samples genotyped. (b) First quartile of 
genetic distance data of set of samples genotyped. (c) Median genetic distance value of 
set of samples genotyped. (d) Third quartile of genetic distance data of set of samples 
genotyped. (e) Maximum genetic distance value of set of samples genotyped. Training set 
(n = 114) was used to train the genotyping algorithm utilized by Affymetrix Power Tools 
software. Genetic distance values based on SNP genotypes are plotted for the training set, 
and four test sets Intra-Genus (n = 27), Inter-Genus (n = 37), Inter-Family (n = 31), and 
Inter-Order (n = 40).  
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Figure 3.1.2 Genetic distance of the intra-genus test set exceeds the maximum 
genetic distance of the training set 
Each sample in the training set (black dot) is a classical, inbred mouse used to teach the 
genotyping algorithm what typical genotype results should look like when using the 
Mouse Diversity Genotyping Array. Each sample in the intra-genus test set (red dot; 
n=27) is a wild Mus species that is a non-model organism. Genetic distances of the 
samples in the training set and the intra-genus test set from the reference house mouse 
Mus musculus are displayed. The minimum genetic distance of the intra-genus test set 
exceeds the maximum genetic distance of the training set.  
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3.2 Percentage of loci genotyped differs for the same sample depending on the 

composition of the test set 

 

Genotyping results reveal changes in the percentage of loci that were genotyped (AA, 

AB, or BB) depending on the number and nature (or composition) of samples included in 

the test set (Table 2.1.2, Appendix A, Tables A2 & A3). The percentage of loci 

genotyped for Diceros bicornis (African rhino) and Tapirus pinchaque (Mountain Tapir; 

96 MYD), and Sciuridae (71 MYD) is high (>89% of loci genotyped) when genotyped 

collectively with Mus samples. Comparatively, the percentage of loci genotyped of four 

naked mole rats (Heterocephalus glaber, 73 MYD) that were analyzed separately in a 

case study are approximately 44% (Appendix A Table A2, Table 3.2.1). Given that the 

naked mole rat has an approximate 44% of loci that can be genotyped using the MDGA, 

the 89% of loci genotyped for a rhino and tapir indicates an issue in test set composition. 

There are nine MDGA raw data (CEL) files of samples in the genus Mus that have a 

technical replicate or “redo” file included in the test set. The technical replicate files have 

an average of 2,130 fewer No Call genotype assignments than the original CEL file.  
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Table 3.2.1 Percentage of loci genotyped and the percentage of genotyped loci with a 
heterozygous genotype for samples of the naked mole rat case study 

MDGA Data 
(CEL) File 

Sample 
Scientific 

Name 

Colony 
Origin of 
Sample 

Sex of 
Organism 

Loci 
Genotyped 

(%) 
Heterozygosity 

(%) 

DNA3337.CEL H. glaber Desperado Male 43.6 27.0 

DNA3339.CEL H. glaber Colony Q Male 43.9 27.5 

DNA3338.CEL H. glaber Colony Q Female 44.2 27.7 

DNA3340.CEL H. glaber Colony Q Female 44.3 27.4 
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3.3 There is underestimation of genetic diversity in non-Mus samples  

For samples in the inter-order test set, a general decrease is observed in the percentage of 

loci genotyped as divergence time increases from M. musculus (r = -0.66; p-

value<0.0001) (Figure 3.3.1A). As divergence time increases from M. musculus, the 

number of ‘no calls’ increases. The percent homozygosity decreases as divergence time 

from M. musculus increases (Figure 3.3.2). There is an approximate 2% difference in the 

percentage of loci genotyped between the M. m. castaneus sample and the technical 

replicate file. There is a linear negative correlation between percentage of loci with an 

AA genotype and known divergence times from the house mouse (r = -0.64; p-

value<0.0001) (Figure 3.3.2A). A linear negative correlation is observed between the 

percentage of loci with a BB genotype and known divergence times from the house 

mouse (r = 0.64; p-value<0.0001) (Figure 3.3.2B). A general decrease in percent 

homozygosity is followed by a plateau in percent homozygosity for species beyond the 

genus Mus, beginning between 10-15 million years of divergence (MYD) from the house 

mouse (Figure 3.3.2). As percent homozygosity decreases in the inter-order test set, 

percent heterozygosity increases (Figure 3.3.3A). There is a positive correlation between 

increasing percent heterozygosity and the known divergence times from the house mouse 

(r = 0.63; p-value<0.0001). A plateau in percent heterozygosity is observed between 10-

15 million years divergence from M. musculus (Figure 3.3.3A). SNP-based genetic 

distance increases as divergence time increases, followed by a plateau in SNP-based 

genetic distance for non-Mus species between 10-15 MYD from the house mouse (r  =  

0.64; P-value <0.0001) (Figure 3.3.3B). When the maximum divergence time of the test 

set is reduced from 96 to 73 MYD, a plateau in SNP-based genetic distance is observed   
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Figure 3.3.1 Percentage of loci genotyped in inter-order test samples with respect to 
divergence time from the house mouse 
Divergence time is listed in millions of years divergence (MYD) from the reference 
house mouse, M. musculus for n = 40 samples of the inter-order test set.  
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Figure 3.3.2 Percentage of loci with homozygous genotypes for inter-order test 
samples 
(A) The percentage of loci genotyped with a homozygous AA genotype. (B) The 
percentage of loci genotyped with a homozygous BB genotype. Divergence time is 
displayed in millions of years (MYD) from the reference house mouse, M. musculus for  
n = 40 samples of the inter-order test set.  
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Figure 3.3.3 Percentage of loci with heterozygous genotypes and SNP-based genetic 
distance values from the reference house mouse for inter-order test samples  
(A) Of the loci genotyped for the inter-order test set, the percent of loci with a 
heterozygous genotype is displayed on the y-axis. (B) The SNP-based genetic distances 
for samples of the inter-order set with respect to the reference house mouse are displayed. 
Divergence time is displayed in millions of years (MYD) from the reference house 
mouse, M. musculus for n = 40 samples of the inter-order test set.  
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for the inter-family test set (n = 31; r = 0.71; p-value<0.0001; Figure 3.3.4A). A plateau 

in SNP-based genetic distance is observed between 10-15 MYD for non-Mus inter-genus 

test set samples (n = 37; r = 0.82; p-value<0.0001; Figure 3.3.4B).  

The SNP tree of genetic relatedness of samples of the inter-family (n = 31) test set does 

not distinguish between naked mole rat samples based on their source colony or sex of 

the organisms (Figure 3.4.1). Naked mole rat samples of the inter-family test set 

differentiate as pairs, rather than differentiation of samples by the 3:1 ratio of Colony Q 

to Colony Desperado, respectively (Table 2.2.1). The addition of H. glaber samples in the 

inter-family test set generally increased the genetic distances of the Mus samples in the 

inter-family set when compared to the genetic distances of the same samples included in 

the intra-genus all Mus test set (Appendix B, Table A5).  
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Figure 3.3.4 Increases in SNP-based genetic distance values from the reference 
house mouse for A) inter-family and B) inter-genus test samples 
Divergence time is displayed in millions of years (MYD) from the reference house 
mouse, M. musculus for n = 31 samples of the inter-family test set, and B) n = 37 non-
Mus samples of the inter-genus test set.  
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3.4 Greater divergence time creates challenges when applying the MDGA to 

naked mole rat samples 

In the case study of a test set comprised of only four naked mole rat DNA samples, there 

are approximately 217,048 loci (~44%) that could be genotyped per sample (Table 3.2.1).  

Of the 217,048 loci that could be genotyped per sample, there are 91,324 loci that were 

genotyped as heterozygous in all four naked mole rat samples (Appendix A, Table A7). 

Of the 91,324 heterozygous loci genotyped using the MDGA, there are 52 loci that were 

cross-validated as being present in the genome sequence available for the naked mole rat. 

The 52 loci that were genotyped as heterozygous and mapped to the naked mole rat 

incomplete genome sequence are potential polymorphic loci that may have utility cross-

species. An in silico search of the H. glaber partial genome available (Table 2.2.2), using 

the computational program E-MEM identifies only 1,179 MDGA probe sequences that 

are a perfect and unique match to the partial naked mole rat genome sequence (Appendix 

E, Online). SNP-based genetic distances of the four H. glaber samples do not reflect 

differentiation by source colonies but are consistent with the sex of the organisms (Figure 

3.4.2).  
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Figure 3.4.1 Inability to differentiate H. glaber inter-family test set samples by 
source colony or sex of the organism  
SNP tree of genetic relatedness derived from SNP genotypes of inter-family test set 
samples (n = 31). This test set contains naked mole rat and Mus samples that were 
genotyped together. M. m. castaneus nodes are coloured red to emphasize the species as 
being the most closely related to the reference house mouse, M. musculus. Naked mole 
rat samples are coloured pink, and the sex and source colony of the organisms are noted 
on the tree.  
 
 
 
 
  

0.05

Mus musculus castaneus
Heterocephalus glaber

Mus caroli

Mus nannomys orangiae
Mus nannomys minutoides

Heterocephalus glaber

Mus pahari

Mus fragilicauda

Mus caroli

Mus cervicolor

Mus saxicola

Mus dunni

Mus fragilicauda

Mus nannomys minutoides
Mus nannomys orangiae

Mus famulus

Mus dunni

Mus platythrix

Mus caroli

Mus nannomys mattheyi

Mus platythrix

Mus cervicolor

Mus famulus
Mus famulus

Mus fragilicauda

Heterocephalus glaber

Mus musculus

Mus fragilicauda

Mus saxicola

Mus cookii

Mus musculus castaneus

Heterocephalus glaberMale, 
 Desperado 

Male, Q  
Female, Q  

Female, Q  



 

 

60 

  
 

Figure 3.4.2 Differentiation of four naked mole rat samples by sex of the organism 
in case study using genetic distance values derived from SNP genotypes  
Intra-specific genetic differentiation of four naked mole rat samples derived from SNP 
loci genotypes. Sex and source colony are indicated where F denotes female naked mole 
rat samples and M denotes male naked mole rat samples. Naked mole rat samples were 
genotyped together as a separate test set. Genetic distance measures of the four naked 
mole rat samples differ from the test set where they were genotyped in isolation in 
comparison to the inter-family test set, where the four naked mole rat samples were 
genotyped with 27 Mus samples.  
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3.5 SNP-based genetic distances reflect known taxonomy for Mus species but not 

for the subspecies analyzed 

The Mus samples of the intra-genus test set (n = 27) have a 3.44% average decrease in 

the percentage of loci genotyped compared to the same Mus samples when they are 

included in the inter-order test set (Appendix A, Table A4). There is a decrease in loci 

genotyped between the same Mus samples when included in the two different test sets. 

There is an increase in loci genotyped for the two M. m. castaneus samples included in 

the inter-order and intra-genus test sets (Appendix A, Table A4). The number of loci 

genotyped decreases an average of 1.46% for loci genotyped in Mus samples in the inter-

family test set compared to those of the intra-genus test set (Appendix A, Table A5). 

There is an increase in loci genotyped for the two M. m. castaneus samples when 

included in the inter-family test set compared to the same two samples in the intra-genus 

test set (Appendix A, Table A5).  

In the intra-genus test set, homozygosity decreases as divergence time increases (Figure 

3.5.1). There is a strong linear negative correlation between the decrease in homozygous 

AA genotyped loci with divergence time from the house mouse (r = -0.90; p-

value<0.0001) (Figure 3.5.1A). The decrease in homozygous BB loci for Mus samples is 

negatively correlated with divergence time from M. musculus (r = -0.91; p-value<0.0001) 

(Figure 3.5.1B). The increase in percent heterozygosity of Mus samples is positively 

correlated with an increase in divergence times (r = 0.93; p-value<0.0001) (Figure 

3.5.2A). There is a strong positive correlation between calculated SNP-based genetic 

distances from the house mouse and divergence time from M. musculus (r = 0.90; p-

value<0.0001) (Figure 3.5.2B). A tree of relatedness derived from SNP-based genetic  
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Figure 3.5.1 Decrease in homozygosity as divergence time increases for Mus samples 
of the intra-genus test set 
(A) For samples of the intra-genus test set (n=27), of the loci that could be genotyped, the 
percentage of loci with a homozygous AA genotype for each sample is displayed. (B) of 
the loci that could be genotyped, the percentage of loci with a homozygous BB genotype 
for each sample is displayed. For Mus samples of the intra-genus genotyping set (n = 27), 
divergence time is displayed in millions of years (MYD) from the reference house mouse, 
M. musculus. 
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Figure 3.5.2 Heterozygosity and SNP-based genetic distance increase with 
divergence time for Mus samples in the intra-genus test set 
(A) Of the loci that could be genotyped for the 27 sample intra-genus test set, the 
percentage of loci with a heterozygous genotype is displayed. (B) SNP distances of the 
non-model Mus samples from the reference house mouse are displayed on the y-axis. For 
samples of the intra-genus genotyping set (n = 27), divergence time is displayed in 
millions of years (MYD) from the reference house mouse, M. musculus.  
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distance values differentiates Mus samples of the intra-genus test set from one another at 

a species level (Figure 3.5.3). At 9.5 MYD, the pygmy mouse subspecies M. n. 

minutoides is grouped with the subspecies M. n. orangiae and not the “redo” data file of 

the same species (Figure 3.5.3).  
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Figure 3.5.3 Mus species, but not subspecies, in the intra-genus test set are 
differentiated according to known genetic relatedness by genetic distance values 
obtained from MDGA genotyped loci 
SNP-based genetic distance tree of relatedness of samples from the intra-genus test set   
(n = 27). At 9.5 MYD a pygmy mouse subspecies M. n. orangiae has SNP-based genetic 
distances that reflect greater genetic similarity to another pygmy mouse subspecies M. n. 
minutoides than the redo MDGA data file of the same M. n. orangiae sample.  
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3.6 Variable and invariant genotype loci are clustered in specific regions of the 

mouse genome 

Of the 493,290 loci queried by the MDGA, there are 24,331 loci considered variable, and 

the corresponding genomic positions are located more densely across autosomes (1-19) 

of the mouse genome (Figure 3.6.1). Diploid genotypes on X chromosome apply only to 

female samples (n=2) in 27 Mus samples. Hemizygous genotypes identified on the X 

chromosome of male mice are assigned AA or BB by the genotyping algorithm, despite 

being haploid. Only 256 of the 18,578 loci located on the X chromosome of the mouse 

reference genome are variable genotype loci, corresponding to approximately 1.4% of all 

loci located on the X chromosome. MDGA genotyped loci with a heterozygous genotype 

in all 27 samples are deemed invariant heterozygous loci. There are 1,307 loci that share 

a heterozygous genotype across 27 Mus samples. Invariant heterozygous loci are 

scattered across the 19 autosomes of the reference M. musculus genome (Figure 3.6.2). 

No invariant heterozygous loci are found on the X chromosome. Of the 493,290 MDGA 

loci queried, there are 2,412 loci that are considered invariant homozygous AA. 

Approximately 20%, or 485 loci termed invariant AA loci are located on the X 

chromosome, with the remaining 80% spread across the 19 autosomes (Figure 3.6.3). 

There are 1,736 loci genotyped of the 493,290 total loci queried that were termed 

invariant homozygous BB loci, with 284 of these loci, or 16%, located on the X 

chromosome (Figure 3.6.4).  
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Figure 3.6.1 Rainfall plot of the inter-locus spacing for M. musculus loci that are 
variable in genotype across 27 Mus samples 
Chromosome number is indicated above the plot. True diploid genotypes on X 
chromosome apply only to female samples (n=2) in 27 Mus samples. Hemizygous 
genotypes determined on the X chromosome of male mice are considered AA or BB, 
despite not being diploid. 
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Figure 3.6.2 Rainfall plot of the inter-locus spacing for M. musculus loci that are 
invariant AB across 27 Mus samples 
Chromosome number is indicated above the plot. True invariant AB genotypes on X 
chromosome apply only to female samples (n=2) in 27 Mus samples. 
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Figure 3.6.3 Rainfall plot of the inter-locus spacing for M. musculus loci that are 
invariant AA across 27 Mus samples 
Chromosome number is indicated above the plot. True invariant AA genotypes on X 
chromosome apply only to female samples (n=2) in 27 Mus samples. Hemizygous 
genotypes determined on the X chromosome of male mice are considered AA or BB, 
despite not being diploid.  
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Figure 3.6.4 Rainfall plot of the inter-locus spacing for M. musculus loci that are 
invariant BB across 27 Mus samples 
Chromosome number is indicated above the plot. True invariant BB genotypes on X 
chromosome apply only to female samples (n=2) in 27 Mus samples. Hemizygous 
genotypes determined on the X chromosome of male mice are considered AA or BB, 
despite not being diploid. 
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3.7 Mutational signature qualitative analysis reveals bias for transitions in mice 

The Mus samples of the intra-genus genotyping set (n = 27) were analyzed for qualitative 

trends or changes in the 96 possible trinucleotide mutational signatures (Figure 3.7.1). 

SNPs targeted by the MDGA are biased for T>C and C>T transitions. Across all Mus 

samples there is a similar bias for T>C and C>T transitions.  
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Figure 3.7.1 The mutation signatures of three Mus species, M. m. castaneus M. 
caroli, and M. n. minutoides of the intra-genus test set 
(Top) This mutation signature plot shows the relative proportions of the base 
substitutions detectable by the probe sequences on the Mouse Diversity Genotyping 
Array. Divergence time listed in millions of years from the reference house mouse, M. 
musculus. As an example, the notation A[C>G]A indicates a transversion of a C to a G in 
the context of A nucleotides at the 5’ and 3’ locations (5’ NNN 3’).  
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3.8 Visualization of SNP genotype changes cross-species 

Of the 27 Mus samples analyzed from the intra-genus test set, 17 samples have 19 

autosomal chromosomes like the reference M. musculus genome on which the MDGA 

was designed. The 17 samples that contain 19 chromosomes were analyzed both spatially 

across each of the 19 chromosomes, and temporally across the maximum 7.2 million 

years divergence from the reference M. musculus. This analysis design is named the SNP 

Spatial-Temporal Plot (SNPSTeP). In viewing the X chromosome as an example, at a 

chromosomal view of single nucleotide variation along this chromosome, a large expanse 

of heterozygosity can be seen in the central region of the chromosome within both M. m. 

castaneus samples when compared to the reference house mouse and the wild Mus 

species (Figure 3.8.1). There is a change in SNP genotypes moving from the reference 

house mouse with a majority of homozygous AA genotypes to wild Mus species with a 

greater number of homozygous BB genotypes and heterozygous loci. In contrast to the X 

chromosome, genotypes across chromosome 19 are much more variable (Figure 3.8.1). 

Greater resolution of the X chromosome and chromosome 19 through a visual window of 

5421 loci enables the identification of more subtle patterns of genotype changes between 

different Mus species (Figure 3.8.2).  
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Figure 3.8.1 Visualization of genotype changes cross-species in the context of M. 
musculus chromosomes X and 19 
SNP genotype changes across 17 wild Mus samples compared to the reference M. 
musculus on (A) the X chromosome and (B) chromosome 19. M. m. castaneus only 
female samples (n = 2) in X chromosome analysis. 
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Figure 3.8.2 Localized visualization of genotype changes cross-species in the context 
of M. musculus chromosomes X and 19 
SNP genotype changes across 17 wild Mus samples compared to the reference M. 
musculus at 5421 loci on (A) the X chromosome and (B) chromosome 19. M. m. 
castaneus only female samples (n = 2) in X chromosome analysis. 
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3.9 Successful differentiation of deer mouse samples based on known divergence 

times  

Seven Peromyscus species were genotyped in isolation from Mus species, with 159,797 

loci genotyped across all seven samples (32% of loci queried by the array) despite a 32.7 

million year divergence time from M. musculus (Table 3.9.1). P. maniculatus was 

examined as there is a partial genome sequence available online for in silico search of 

unique and perfect 25 nt MDGA probe target sequence matches. There are 226,265 loci 

on the MDGA genotyped (~52%) for both P. maniculatus bairdii and P. maniculatus 

sonoriensis within this study (Table 3.9.1). Of these loci that were genotyped, there are 

143,971 loci that were genotyped as heterozygous in both P. maniculatus samples 

(Appendix A, Table A7). There are 6,076 MDGA probe sequences that perfectly match a 

unique position within the P. maniculatus genome (Appendix D Online), and 481 of the 

in silico sequence matches are associated with heterozygous loci (Appendix A, Table 

A7). When comparing in silico and experimental results, 3,195 sequences were found to 

be both empirically genotyped using the MDGA and theoretically present in the genome 

(Appendix D Online). There are 1,909 mouse Ensembl gene ID matches associated with 

the list of 3,195 consensus sequences present theoretically and empirically for the 

subspecies of P. maniculatus (Appendix D Online). Among the top functional 

associations found utilizing DAVID are neurological signaling pathways and circadian 

entrainment (p-value<0.001) (Table 3.9.2). Despite 32.7 million years divergence from 

the house mouse, SNP-based genetic distances of Peromyscus species could be utilized to 

build trees of genetic relatedness that reflect the known divergence times of these species 

(Figure 3.9.1). The ability to accurately differentiate and group Peromyscus species 
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Table 3.9.1 Percentage of loci genotyped and percentage of genotyped loci with a 
heterozygous genotype for the case study of deer mouse species 

 
 

 

 

 

  

MDGA Data 
(CEL) File 

Sample 
Scientific 

Name 

Loci 
Genotyped 

(%) 
Heterozygosity (%) 

SNP_mDIV_B2-
660_102109.CE

L 
P. melanophrys  51.31  34.83  

SNP_mDIV_B1-
659_102109.CE

L 
P. aztecus  52.03  36.02  

SNP_mDIV_B3-
661_102109.CE

L  
P. californicus  52.13  36.27  

SNP_mDIV_B4-
662_102109.CE

L  

P. m. 
sonoriensis  

52.26  35.95  

SNP_mDIV_B5-
663_102109.CE

L  
P. m. bairdii  52.27  36.71  

SNP_mDIV_B6-
664_102109.CE

L  
P. polionotus  52.57  37.02  

SNP_mDIV_B8-
666_102109.CE

L  
P. leucopus  52.62  36.55  
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Table 3.9.2 Top associated house mouse pathways with MDGA probe matches to the 
P. maniculatus genome 

KEGG Pathwaya p-value 

Glutamatergic synapse 1.24E-08 

Circadian entrainment 5.11E-08 

Axon guidance 2.03E-06 

Retrograde endocannabinoid signaling 9.50E-06 

Dopaminergic synapse 1.36E-05 

Morphine addiction 1.15E-04 

Long-term depression 2.24E-04 

Hippo signaling pathway 2.51E-04 

cAMP signaling pathway 2.90E-04 

Cholinergic synapse 3.80E-04 

Rap1 signaling pathway 4.39E-04 

Long-term potentiation 4.82E-04 

GABAergic synapse 6.16E-04 

 
 

a Top KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways determined using the DAVID 
functional annotation tool 
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Figure 3.9.1 Intra-genus SNP tree of relatedness based on SNP-based genetic 
distance values between seven Peromyscus samples  
Peromyscus samples were genotyped separately from other publicly available data. 
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using genotyping results from the MDGA is possible with the addition of non-

Peromyscus samples (Figure 3.9.2). Pairwise genetic distances between Peromyscus 

samples in the intra-genus set genotyped separately are in the approximate range of 0.025 

and smaller (Appendix B, Online). The genetic distance values of Peromyscus samples 

are 0.16 and higher when genotyped with other non-Peromyscus samples in the inter-

genus test set (Appendix B, Online). 
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Figure 3.9.2 Tree of relatedness created from SNP-based genetic distance values for 
samples in the inter-genus test set differentiates Peromyscus species from Mus 
species 
SNP-based genetic distance tree of relatedness for samples genotyped in the inter-genus 
test set (n = 37).  
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3.10 Theoretical matches to publicly available wild rodent genomes reveal fewer 

unique matches when compared experimental genotype results  

An average of 382,968 loci that were genotyped between three available M. caroli CEL 

files using the MDGA, and there are 303,680 unique theoretical matches to the M. caroli 

genome determined through an in silico search using E-MEM. Of the possible theoretical 

and experimentally determined matches, there are 161,149 loci on the MDGA that are 

determined to be present in all three M. caroli samples using the MDGA and were 

determined to be theoretically present in the genome. A shrew mouse (M. pahari) applied 

to the array has 411,514 loci that were genotyped experimentally using the MDGA. 

Theoretically, there are 152,970 unique sequences from the MDGA that are present in the 

shrew mouse only once (Appendix D Online). There are 67,820 loci that are genotyped 

experimentally using the MDGA and were found to be theoretically present within the 

online M. pahari genome resource using the E-MEM program (Appendix D Online). The 

Sprague Dawley rat (R. norvegicus) has a fully sequenced and annotated genome 

available online. There are 170,156 loci that were genotyped experimentally in both R. 

norvegicus samples using the MDGA. Using the E-MEM in silico program, 61,372 

sequences were determined to be theoretically present within the genome (Appendix D 

Online). There are 11,582 sequences that match theoretically to the rat genome and were 

genotyped using the array (Appendix D Online).  

Special attention was given to potential polymorphic loci that were genotyped as 

heterozygous in samples using the MDGA and could be cross-validated as being present 

in the genome using an in-silico search of publicly available genomes. There is a trend of 

there being more heterozygous loci genotyped using the MDGA than the number of those 
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loci that can be cross-validated as being present in the publicly available genomes 

(Appendix A, Table A7). There are 147,452 heterozygous loci genotyped in all three M. 

caroli samples, and 9,413 of these loci were validated as being present in the publicly 

available genome. There are 9,341 of the 147,452 heterozygous loci genotyped in a M. 

pahari sample that were cross-validated as potential polymorphic SNP loci. In two R. 

norvegicus samples, there are 85,926 loci that were genotyped empirically using the 

MDGA, and 1,019 loci that were cross-validated using an in-silico genome search.  

3.11 Functional associations for SNP loci genotyped in wild rodent samples that are 

also present in available genome assemblies 

MDGA loci that were genotyped using the MDGA in wild rodent samples and have had 

associated probe sequences confirmed as being present within publicly available genomes 

are candidate loci that may represent conserved SNP loci between M. musculus and Mus 

samples. Candidate loci were analyzed for associated Ensembl mouse reference gene 

identifiers (IDs). MDGA candidate SNP loci with an associated gene ID were placed as a 

gene list within the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID 6.8). The MDGA has a total of 116,217 loci with an associated Ensembl mouse 

gene ID. The KEGG pathways enriched for all 493,290 SNP loci on the MDGA include 

olfactory transduction, neuroactive ligand-receptor interaction, and Mucin type O-glycan 

biosynthesis (p<0.001) (Appendix E Online). M. caroli and M. pahari test samples have a 

publicly available genome and of the top KEGG pathways (p<0.001) associated with 

these samples, there are 15 pathways that are shared between the current build 38 of the 

house mouse genome, and the two wild Mus species (Table 3.11.1, Appendix E Online).  
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Table 3.11.1 Top KEGG pathways enriched for house mouse gene annotations with 
genotype assignments across wild Mus and Rattus species  

KEGG pathwaysa significant (p<0.001) in 
reference house mouse (build 38) and wild Mus 

test samplesb 

KEGG Pathways significant 
(p<0.001) in Mus and Rattus test 

samplesc 

Focal adhesion Focal adhesion 

Rap1 signaling pathway cAMP signaling pathway 

Adherens junction ErbB signaling pathway 

cAMP signaling pathway Neuroactive ligand-receptor 
interaction 

ErbB signaling pathway Calcium signaling pathway 

cGMP-PKG signaling pathway Oxytocin signaling pathway 

Neuroactive ligand-receptor interaction  

Platelet activation  

Calcium signaling pathway  

Purine metabolism  

Phosphatidylinositol signaling system  

Amoebiasis  

Regulation of actin cytoskeleton  

PI3K-Akt signaling pathway  

Oxytocin signaling pathway  

 

  

 
a Enriched KEGG pathways determined using DAVID functional annotation tool 
b Mus test samples are M. pahari and M. caroli species 
c KEGG pathways are shared between the reference M. musculus, M. pahari, M. caroli, and R. norvegicus 
species 
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The pathways shared between these three species are primarily signaling pathways and 

pathways involved in maintaining the structural integrity of a cell, such as focal adhesion 

and adherens junction. There are six pathways that are shared between the reference M. 

musculus, M. pahari, M. caroli, and R. norvegicus test samples (Table 3.11.1, Appendix 

E Online). The pathways shared between the four species include focal adhesion and 

signalling pathways (p<0.001). 
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4 Discussion 

4.1 Array-based MDGA genetic distances between samples reflect known 

taxonomic relationships  

MDGA-based genetic distances between wild species reflect relationships based on 

published times of divergence. The number of loci genotyped decreased as divergence 

time from the house mouse increased. Cross-species findings for Bovine, Ovine, and 

Equine SNP50 Beadchip array genotyping data with respect to the reference organism 

reflected the cross-species findings using the MDGA (Miller et al., 2012). There was a 

loss of resolution at a subspecies level of examination for Mus samples of the intra-genus 

test set in the MDGA study. Incorrect differentiation between M. n. minutoides and M. n. 

orangiae may be attributed to the controversy surrounding the classification of M. n. 

orangiae. While considered a separate species, there is a paucity of molecular data for M. 

n. orangiae, and in fact, M. n. orangiae may be a cryptotype, or phenotypic variant of M. 

n. minutoides (Britton-Davidian et al., 2012; Chevret et al., 2014). The SNP data for the 

two species of African pygmy mice may indicate that these species are not 

phylogenetically separate but are the same species, but the sample size was very small 

and requires further testing. This is an interesting future direction to test at a population 

level using array-based genotyping and sequencing technologies with M. n. minutoides 

and M. n. orangiae, as these pygmy species are an understudied avenue of research. 

Further testing of the MDGA is required with large populations of subspecies to 

determine if there are enough informative SNP loci conserved in wild Mus subspecies to 

identify differences between the population structures of specific subspecies.  
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4.2 Array-based SNP genotyping cross-species requires attention to the test set 

composition 

There are three considerations to take into account regarding the samples of a test set for 

a cross-species array genotyping study. The first consideration is that the criteria of which 

samples to include in a test set for a cross-species study is different from the criteria for a 

study that utilizes the model organism on which the array is designed. The MDGA is 

designed to capture the SNP diversity in strains of mice commonly used in research, and 

having greater than 97% of all loci genotyped in test samples is a benchmark for 

genotyping results to be included in a research analyses (Yang et al., 2009). Test samples 

of inbred mice that do not meet the inclusion criteria of having at least 97% of loci 

genotyped are removed from the test set and are considered poor quality DNA samples. 

Following the same inclusion criteria and standards when using the MDGA cross-species 

is not possible as the risk for off-target mutation increases with divergence time from the 

model organism.  

The second consideration is that DNA hybridization and preparation conditions can alter 

hybridization of DNA to array probe sequences. The technical replicate files had fewer 

no call genotype assignments than the original CEL data files, which may be attributed to 

differences in hybridization conditions of sample DNA to array probes. Optimal DNA 

preparation temperatures will be affected if the DNA GC content is significantly different 

between model mouse species and non-model species (Lesnik and Freier, 1995). 

Differences in composition of test DNA due to off-target mutations can indirectly result 

in variation of hybridization intensity that affects genotyping (Didion et al., 2012).  
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The third consideration is that the genotyping algorithm used is optimized to work most 

effectively when particular conditions are met. Previous research has demonstrated that 

the genotyping algorithm recommended by Affymetrix, BRLMM-P, is sensitive to the 

composition of the samples included in a genotyping set (Hong et al., 2008; Miclaus et 

al., 2010). Samples in a genotyping set that are more similar to one another genetically 

will produce fewer false genotyping results (Hong et al., 2008). Upon closer examination 

of the Mus samples of the inter-order test set, the number of loci genotyped for the 

majority of wild species was much higher than would be expected in comparison to the 

results of M. m. castaneus samples that are 0.35 MYD from the reference. The increased 

number of loci genotyped is thought to be caused by effects of including very genetically 

dissimilar samples the of the test set (Miclaus et al., 2010). The number of loci genotyped 

can become inflated if the samples in the genotyping test set are too genetically different. 

The greater genetic homogeneity of only Mus samples in the intra-genus test set 

produced genotyping results that matched what was expected of the species based on 

divergence times. An underestimate of the genetic diversity of Mus samples in the intra-

genus test set was not observed. The linear decrease in loci genotyped in Mus samples as 

divergence time increased reflected previous cross-species findings (Miller et al., 2012). 

Recommendations for the construction of a test set of samples for an experiment utilizing 

the MDGA cross-species would be dependent upon the hypothesis tested. A large number 

of samples would be required to establish whether SNPs are present in populations of 

non-model species since the minor allele of a polymorphism may be present in as little as 

1% of the population (Akey, 2003; Wang et al., 1998). Technical replicates should also 

be included to assess the quality of DNA hybridization to array probes for a particular 
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species. Optimization of hybridization conditions should be made to reduce differences in 

array hybridization intensities and the resulting differences in genotype assignments 

between technical replicates.  

4.3 Array-based SNP genotyping cross-species requires attention to the 

composition of the training set 

A training set of samples genotyped using the MDGA that are not a part of the study set 

is employed to teach the genotyping algorithm how to assign genotypes to experimental 

test samples (Huang et al., 2011; Yang et al., 2009; Zhang et al., 2013). A sample can 

differ in percentage of loci genotyped depending on the nature of the other samples 

included in a genotyping set. The use of a training set that has sufficient genetic diversity 

to encompass that of the experimental test sets can assist in producing accurate 

genotyping of samples (Huang et al., 2011; Zhang et al., 2013). A training set optimized 

for cross-species genotyping would be composed of members of the same species as the 

test set. The MDGA genotype assignments of the training set would be validated to 

ensure accurate training of the genotyping algorithm. Inclusion of male and female 

samples would ensure more accurate genotype assignments on the X chromosome (Zhao 

et al., 2018). Males are hemizygous for SNP genotypes on the X chromosome, and a 

challenge of the genotyping algorithm is that a hemizygous allele is assigned a diploid 

homozygous genotype (Zhao et al., 2018). Analyzing SNPs on the X chromosome 

separately from autosomal SNPs and separating male and female samples would aid in 

fewer false genotype assignments.  
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The reference set of 114 classical inbred strains of mice utilized does not encompass the 

high relative genetic diversity of the sample sets of this cross-species study. To increase 

the accuracy of genotyping using the BRLMM-P algorithm, creating a training set with 

greater genetic diversity could decrease the possibility of falsely genotyped loci. A future 

experiment examining wild Mus species at a population level could establish a number of 

wild Mus samples as a training set for the BRLMM-P algorithm, but the genotypes of the 

training set samples must be validated using a different method than the MDGA, such as 

sequencing. Using wild Mus genotyping data to train the BRLMM-P algorithm would 

allow for a fewer number of false genotype assignments by the genotyping algorithm.  

4.4 Limits and challenges in genotyping cross-species using the MDGA 

There is a general decrease in the number of loci genotyped using the MDGA and an 

increase in the number of heterozygous loci genotyped as divergence time increases from 

the reference house mouse. The decrease in the number of loci genotyped cross-species 

with increasing divergence time reaches a plateau in the number of loci that can be 

genotyped between 10-15 MYD from the house mouse. The increase in percent 

heterozygosity within samples observed as divergence time increases also reaches a 

plateau in the amount of heterozygosity observed for non-Mus samples. Outside of the 

genus Mus, the plateau in SNP loci genotyped is attributed to off-target mutations that 

hinder DNA hybridization to array probe sequences. The plateau in percent 

heterozygosity represents an increase in the number of off-target hybridization of sample 

DNA to array probes. When DNA hybridizes to a probe on the MDGA, the hybridization 

does not have to be a perfect 25 nt match, where incomplete hybridization of the sample 
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DNA to the probe is enough to result in a genotype assignment (Binder and Preibisch, 

2005). The nonspecific binding of DNA to MDGA probes and loss of allele specificity 

results in an inflation in the number of false heterozygous genotype assignments. 

Determination of the divergence time at which underestimates of genetic diversity begin 

is limited by the samples available for use in this study. A greater number of species 

genotyped using the MDGA that have a divergence time between 10-15 MYD from the 

house mouse would be beneficial in identifying when underestimations of genetic 

diversity begin. Researchers Miller et al. (2012), found previously that applying the 

Bovine, Ovine, and Equine SNP50 Beadchip arrays cross-species resulted in a linear 

decrease in genotyped loci as the millions of years of divergence from the model species 

increased (Miller et al., 2012). Along with a decrease in genotyped loci, there is an 

increase in heterozygous genotypes. Another aspect that reveals the challenges of 

applying the MDGA cross-species can be seen in changes of SNP-based genetic distances 

for the same samples depending on the composition of other samples in the test set. The 

interpretation of the relatedness through SNP-based genetic distances can be affected by 

the diversity of samples across the test set.  

4.5 Difficulties in differentiating naked mole rat samples 

The 73 million-year divergence time of the naked mole rat from the reference house 

mouse proved to be a challenge in genotyping samples. Only an approximate 44% of 

SNP loci were genotyped in naked mole rat samples, and a lack of genomic sequencing 

and annotation information makes in silico forms of genotype validation difficult. The 

naked mole rat genome that was available for use in the in silico sequence match analysis 
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is a collection of unplaced, unannotated genome scaffolding 

(ftp.ncbi.nlm.nih.gov/genomes/Heterocephalus_glaber/). With only an approximate 1000 

matches to the naked mole rat available genome sequence, it is difficult to determine 

cases of conserved variation between M. musculus and H. glaber without a more 

informative naked mole rat reference sequence. As more naked mole rat genomic 

sequence information and annotation becomes available, it will be easier to determine 

conserved variation between these two rodents (Keane et al., 2014).  

The genotyped four naked mole rat samples in the case study were primarily 

differentiated based on the sex of the samples and not by the colony population structure. 

Naked mole rats are eusocial organisms with extremely genetically similar populations 

due to the high inbreeding coefficient of the species brought about through 

consanguineous mating (Reeve et al., 1990). Not much is known regarding the population 

structure of the two colonies (Desperado and Q) from which the donated naked mole rat 

samples are from. It is possible that by being donated by the same source, the two 

colonies have been interbred, which would interfere with the ability to differentiate the 

naked mole rat samples based on population structure alone. Given that there are over 

18,000 probes on the MDGA that query the mouse X chromosome, the greatest 

difference between the samples would be differences in the sex chromosomes. The small 

sample size of this case study is a major limitation and a much larger sample size is 

needed to determine if naked mole rat samples can be differentiated from one another 

based on MDGA SNP loci. At a divergence time of 73 million years from the house 

mouse, the naked mole rat is too genetically distant and has populations with too little 
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genetic diversity for cross-species application of the MDGA to be feasible for this 

species.    

4.6 Deer mice are interesting candidate species for further analysis using the 

MDGA 

The genotyping results of Peromyscus species were used to create SNP trees of genetic 

relatedness that reflect the known patterns of divergence for the seven Peromyscus 

samples studied (Bedford and Hoekstra, 2015; Bradley et al., 2007; Natarajan et al., 

2015). The consensus of relative relatedness between Peromyscus samples determined 

using SNP genotypes and other molecular resources indicate that the MDGA may be a 

useful resource for learning more about conservation of variation between Mus and 

Peromyscus. The recapitulation of known divergence times for highly diverged species 

like the deer mouse (32.7 MYD) is possible if the test set of samples are from the same 

genus. Identifying polymorphic loci that are conserved between the model house mouse 

and non-model species is key to assessing population structure in the non-model species 

(Hoffman et al., 2013). In the two subspecies of P. maniculatus, there are over 140,000 

loci that were assigned a heterozygous genotype for both samples. The SNP loci with a 

heterozygous genotype represent potential polymorphic loci in P. maniculatus.    

Online genome sequence is available for one species of deer mouse, P. maniculatus. The 

3,195 MDGA unique probe matches to the P. maniculatus genome determined using E-

MEM that cross-validate loci genotyped using the MDGA represent a panel of candidate 

genome variation that may be conserved evolutionarily from the MRCA between 

Peromyscus and M. musculus. There are 481SNP loci with a heterozygous genotype in P. 
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maniculatus samples that were cross-validated to be present in the available genome 

assembly. The 481 loci may be informative polymorphic loci within P. maniculatus, but 

further validation of the SNPs in populations of deer mice are required in the future. 

Peromyscus species live in a variety of environments all across North America and as 

they are exposed to different environmental pressures, it would be interesting to learn if 

the panel of candidate conserved MDGA sequences in Peromyscus can reveal population 

specific genetic variation. The genic associations of population specific genetic variation 

discovered in Peromyscus may reveal information about genes undergoing directional 

selection as a response to a changing environment (Harris et al., 2013). The major KEGG 

pathways found to be significant for the mouse gene Ensembl IDs associated with the 

3,195 cross-validated SNP loci in P. maniculatus are primarily neurological signaling 

pathways that would be expected to be conserved between the house mouse and deer 

mouse. For example, the top pathway associated with SNP loci genotyped in P. 

maniculatus is the glutamatergic synapse pathway. Glutamate is an important 

neurotransmitter in mammalian species and identifying SNP loci that are associated with 

this pathway is not unexpected (Parmentier et al., 2000).  

 

4.7 Mutation signatures of wild Mus species 

Patterns of transitions and transversions within the genome have been used to identify 

markers of evolutionary change in humans (Harris and Pritchard, 2017). Understanding 

signatures of mutational change can aid in identifying genomic mechanisms that cause 

adaptive evolutionary traits and episodes of rapid evolution in Mus (Harris et al., 2013; 
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Linnen et al., 2013). The trinucleotide mutational signature visualization demonstrates a 

sampling bias for C>T and T>C transitions in MDGA genotyped loci. The C>T and T>C 

bias is reflected in all wild Mus species analyzed. It is known that there is a mutational 

bias for transitions in rodents (Collins and Jukes, 1994), but the bias for C>T and T>C 

transitions found in Mus samples may be a reflection of the bias in MDGA design. There 

is a need for a quantitative method to normalize the results for wild Mus species against 

the array bias and then analyze for significant differences in mutational signatures.  

4.8 Spatial visualization of variable and invariant loci with respect to the Mus 

musculus genome 

Rainfall plots of SNP loci genotyped in Mus samples demonstrated known expectations 

of clustering of SNP variation. Loci variable in genotype across the test set were 

primarily located on autosomes and invariant loci were located in high frequency on the 

X chromosome. Fewer loci variable in genotype on the X chromosome reflects the high 

genetic conservation of the X chromosome between mammals (Raudsepp et al., 2004). 

The challenge of genotyping the X chromosome in test samples must be considered. The 

intra-genus test set of Mus samples is composed of primarily male mice with only two 

female samples, affecting analysis of the X chromosome. Males are hemizygous for the 

X chromosome, and thus it is not possible for male samples to be heterozygous for SNP 

loci on the X chromosome. Zero SNP loci were genotyped as heterozygous in all samples 

as expected, but issues arise in genotyping homozygous SNPs on the X chromosome. The 

hybridization intensity of X chromosome DNA binding to MDGA probes is interpreted 

as a diploid genotype of AA or BB for male samples, leading to false genotype 



 

 

96 

assignments (Zhao et al., 2018). Rainfall plots of invariant AA and BB SNP loci on the X 

chromosome only reflect true AA and BB genotypes for the two M. m. castaneus 

samples. The X chromosome should be analyzed separately for male and female samples 

in future studies of cross-species hybridization. As more genomic information becomes 

available for wild species, it will be possible to quantitatively analyze clustering of SNP 

loci for populations of non-model organisms. 

4.9 Comparisons of Mus cross-species array utility to other mammalian cross-

species SNP-genotyping studies 

Previous studies that have examined the utility of the cross-species application of 

commercially available genotyping array technology have identified trends of decreasing 

ability to genotype loci as divergence time from the model organism increases (Hoffman 

et al., 2013; Miller et al., 2012; Ogden et al., 2012). The MDGA study is unique as it tests 

the array technology on a wide range of species spanning multiple millions of years 

divergence from the reference house mouse. Previous studies such as by Ogden et al. 

(2012) focused on testing the commercial array technology on a few wild species rather 

than experimenting to determine the limits of cross-species utility of the technology. 

Previous research has determined potentially conserved sequences between model 

organisms and the wild species of interest through application commercial arrays to test 

samples (More et al., 2019; Ogden et al., 2012). The study of the MDGA cross-validates 

genotyped loci in rodent samples with an in silico analysis of available genomic 

sequences for wild species. The in silico search for the presence of a unique match of the 

25 nt MDGA probe sequences within publicly available genomes of M. caroli and M. 
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pahari cross-validated 161,149 and 67,820 potentially conserved SNP variation shared 

respectively between these wild Mus samples and the reference M. musculus. The SNP 

variation of the MDGA study that was genotyped in rodent samples and cross-validated 

through in silico analyses are candidate SNPs that can be tested for conservation in 

populations of wild rodents. To be truly considered a SNP cross-species, the variation 

must be validated in wild populations with the alternate, or minor allele present in at least 

1% of the population. 

The study by Hoffman et al. (2013) that examined the cross-species utility of a canine 

genotyping array with Antarctic fur seals discovered 173 polymorphic SNPs that could be 

used to assay fur seal population structure. Heterozygous loci represent potential 

polymorphic loci in the MDGA study. After cross-validation of heterozygous SNPs 

genotyped in wild rodents, 481 potential polymorphic loci were found in P. maniculatus 

samples at a divergence time of 32.7 MYD from the house mouse. Given that there are 

fewer million years of divergence between the model house mouse and deer mice than 

the 44 MYD between the dog and seal, it was expected that a greater number of potential 

polymorphic SNP loci were discovered. For the two rat samples, over 1000 polymorphic 

loci appear to be conserved between R. norvegicus and the house mouse. The most 

closely-related samples with a genome assembly available M. caroli and M. pahari both 

had over 9000 potential polymorphic loci cross-validated with the in silico analysis. The 

presence of the potential polymorphic loci identified in the MDGA study should be 

investigated in wild populations in order to validate a set of SNPs that will be informative 

for non-model organisms.  
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The study by Hoffman et al. (2013) also identified pathways involved in energy 

metabolism as being conserved over the 44 MYD between the dog and seal. The study of 

the MDGA identified several signaling pathways and pathways associated in cellular 

integrity/functioning that are conserved between the house mouse and wild mouse 

species. The identification of a greater number of significant pathways in the MDGA 

study can be attributed to the shorter maximum divergence time of 8.29 MYD between 

the wild Mus species and the reference house mouse compared to the 44 MYD between 

the dog and the seal. The MDGA also surveys over 300,000 more loci than the canine 

array, contributing to an increased amount of genomic information to study. SNP 

variation associated with pathways that are significant in wild Mus samples and the 

reference house mouse may represent conserved SNPs between the reference and test 

species. Confirmation of the enrichment of the identified pathways in populations of the 

wild species must be made before variation shared between the samples can truly be 

considered conserved. The pathways that are significant in the reference and test samples 

are large pathways that include genes that are involved in multiple gene networks. 

Variation in genes key to multiple functional pathways may be involved in important 

biological functions that are less likely to rapidly evolve or tolerate mutations (Gussow et 

al., 2016; Wolf et al., 2009). The main caveats of the functional study are that all 

functional gene annotations are with respect to the reference house mouse. Due to the 

genome shuffling and rearrangements that occur during evolution, it is possible that the 

candidate conserved variants are associated with different regions of the genome and the 

functional associations are not the same between the house mouse and wild species (Zhao 

et al., 2004).  



 

 

99 

4.10 Future cross-species applications of the MDGA  

The proposed SNPSTeP method of visualizing SNP genotype changes across the genome 

can be used to identify regions characterized by specific SNP changes. The M. m. 

castaneus sample and technical replicate of the MDGA study comprise the only female 

samples of the dataset, and from the SNPSTeP visualization of the X chromosome a 

central region of high heterozygosity was found. The general low genetic diversity seen 

on the X chromosome can be attributed to highly conserved coding regions and the 

region of variability may represent variation associated with adaptive genes in the Mus 

sample (Chen et al., 2018; Mácha et al., 2012). SNPSTeP visualizations could inform 

researchers about key genomic regions of Mus species involved in adaptive variation and 

polymorphisms involved in rapid evolution (Harris et al., 2013). An example of adaptive 

variation in rodents is the introduction of a polymorphism into wild populations of mice 

that conferred resistance to harmful rodenticides (Song et al., 2011).  

The MDGA may be used in conjunction with current technologies like restriction-site 

associated (RAD) sequencing, which is based on fragmenting DNA with a restriction 

enzyme digest, and filtering fragments by size to reduce the DNA sequencing library. 

Fragments of a specific length are than sequenced to identify SNP variation in 

populations of model and non-model organisms (Peterson et al., 2012). Using array-based 

genotyping technologies cross-species will be useful in identifying known SNP variation 

conserved between model and non-model species, while technologies like RADseq can 

be used to identify novel SNPs in non-model species. As next-generation sequencing 

costs continue to decrease, the possibility of the creation of fully sequenced and 

annotated genomes for wild species becomes a greater possibility. Cross-species utility of 
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the MDGA is a first step in identifying SNP variation in the genomes of non-model 

organisms. The new generation of genotyping arrays such as the Axiom array 

(ThermoFisher Scientific) was designed for SNP genotype identification in the house 

mouse and was based on the design of the MDGA. The mouse Axiom array shares 

488,945 of the same SNP loci that are targeted by the MDGA. The new Axiom array also 

identifies genotypes at over 100,000 additional SNP loci compared to the MDGA, 

opening new cross-species research opportunities for the future.   
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5 Conclusions 
 

Due to the decreasing amount of genetic relatedness as divergence time increases 

between species intra-genus, to inter-genera, to inter-family, to inter-order, the cross-

species utility of the MDGA is best suited for species of the genus Mus. Within Mus, the 

number of loci genotyped decreases with increasing divergence time from the reference 

house mouse, but SNP-based genetic distances obtained from cross-species application of 

the MDGA reflect the known taxonomic relationships between Mus samples. The 

validation of the presence SNP loci with heterozygous genotypes in a population is 

necessary to identify informative polymorphic SNPs that can be used cross-species. 

Despite the 32.7 MYD between the house mouse and deer mouse, there is evidence for 

cross-species utility of the MDGA beyond the genus Mus, but special consideration must 

be made regarding the composition of the training and test sets of samples. For very 

highly diverged species from the house mouse like the naked mole rat (73 MYD) that 

also have populations with little genetic variation between them, the utility of the array is 

very limited.  

In silico analyses provided a cross-validation for the MDGA genotyped loci within the 

genomes of wild rodent species. A panel of SNPs was identified for M. caroli, M. pahari, 

R. norvegicus, and P. maniculatus that represent potentially conserved SNP variation 

between the reference house mouse and wild rodent samples. The cross-validated SNP 

loci identified as being potentially polymorphic are key loci to be targeted in tests of SNP 

conservation in wild populations. Learning the functional annotations of conserved 

variation will be a key step in discovering the interplay between genotype and phenotype 
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in non-model species.  New genotyping array technologies that are more cost and time 

efficient than the MDGA are valuable tools that can be used to identify SNPs cross-

species in conjunction with other current technologies RADseq that do not rely on a 

reference genome.  
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Appendix A. Supplementary Figures 
 

 
 

Figure A.1 Abnormalities in two MDGA raw intensity CEL file images 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CEL file raw array intensity images were analyzed for quality control purposes and 
abnormalities in array images were noted for two CEL files. The two samples were not 
removed from analysis. 
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Table A1 Reference set of 114 classical inbred laboratory mouse strains used to 
train the genotyping algorithm employed by Affymetrix Power Tools Software 

114 Reference Set 
MDGA data 
(CEL) Files 

Mouse Sample 
Strain Name 

Sex of 
Organism 

SNP Genetic Distancea 
from C57BL/6J Reference 

Mouse 

SNP_mDIV_A7-
7_081308.CEL C57BL/6J Male 0.004 

SNP_mDIV_A4-
SNP08_002_1030

08.CEL 
C57BL/6J Male 0.006 

SNP_mDIV_B1-
385_012709.CEL C57BL/6NCI Male 0.006 

SNP_mDIV_A9-
382_012709.CEL C57BL/6NCI Male 0.006 

SNP_mDIV_B1-
SNP08_004_1030

08_4.CEL 
C57BL/6NJ Male 0.006 

SNP_mDIV_A11
-

384_012709.CEL 
C57BL/6Tc Male 0.006 

SNP_mDIV_A9-
SNP08_003_1030

08.CEL 
C57BL/6NJ Female 0.007 

SNP_mDIV_A8-
381_012709.CEL C57BL/6Crl Male 0.007 

SNP_mDIV_A10
-

SNP08_004_1030
08.CEL 

C57BL/6NJ Male 0.007 

SNP_mDIV_A1-
SNP08_001_1030

08.CEL 
C57BL/6J Female 0.007 

SNP_mDIV_A11
-

SNP08_004_1030
08.CEL 

C57BL/6NJ Male 0.007 

 
a SNP genetic distance values calculated through pairwise comparison of SNP genotypes at 493,290 
genomic loci queried by the MDGA 
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SNP_mDIV_A6-
SNP08_002_1030

08.CEL 
C57BL/6J Male 0.007 

SNP_mDIV_A3-
SNP08_001_1030

08.CEL 
C57BL/6J Female 0.007 

SNP_mDIV_A5-
SNP08_002_1030

08.CEL 
C57BL/6J Male 0.008 

SNP_mDIV_A7-
SNP08_003_1030

08.CEL 
C57BL/6NJ Female 0.008 

SNP_mDIV_A8-
SNP08_003_1030

08.CEL 
C57BL/6NJ Female 0.009 

SNP_mDIV_A2-
SNP08_001_1030

08.CEL 
C57BL/6J Female 0.010 

SNP_mDIV_A10
-

383_012709.CEL 
C57BL/6Tc Male 0.011 

SNP_mDIV_A5-
378_121608.CEL C57BL/6J Male 0.017 

SNP_mDIV_B8-
85_090908.CEL C57BL/10J Male 0.023 

SNP_mDIV_D2-
SNP09_024_0227

09.CEL 
C57BLKS/J Male 0.072 

SNP_mDIV_A4-
150_111308_2.C

EL 
SSL/LeJ Male 0.099 

SNP_mDIV_B11-
88_090908.CEL C57L/J Male 0.101 

SNP_mDIV_B9-
86_090908.CEL C57L/J Male 0.102 

SNP_mDIV_B4-
118_091708.CEL AEJ/GnLeJ Male 0.103 

SNP_mDIV_D3-
129_090908.CEL CHMU/LeJ Male 0.104 
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SNP_mDIV_B8-
392_012709.CEL AEJ/GnRk Male 0.104 

SNP_mDIV_B10-
87_090908.CEL C57BR/cdJ Male 0.108 

SNP_mDIV_C2-
91_090908.CEL JE/LeJ Male 0.110 

SNP_mDIV_B10-
394_012709.CEL BXSB/MpJ Male 0.113 

SNP_mDIV_C1-
89_090908.CEL C58/J Male 0.113 

SNP_mDIV_D6-
412_012709.CEL STX/Le Male 0.125 

SNP_mDIV_A7-
153_111308.CEL TKDU/DnJ Male 0.139 

SNP_mDIV_C6-
401_012709.CEL LT/SvEiJ Male 0.145 

SNP_mDIV_A9-
155_111308.CEL 

ZRDCT 
Rax<ey1>/Ch

UmdJ 
Male 0.146 

SNP_mDIV_D11
-

146_103008_3.C
EL 

SH1/LeJ Male 0.165 

SNP_mDIV_B1-
432_022709.CEL ISS/IbgTejJ Male 0.167 

SNP_mDIV_A1-
147_111308.CEL 

SI/Col Tyrp1 
Dnahc11/J Male 0.168 

SNP_mDIV_B5-
123_091708.CEL BPH/2J Male 0.169 

SNP_mDIV_D4-
130_090908.CEL DLS/LeJ Male 0.169 

SNP_mDIV_A8-
427_022709.CEL COLD2 Male 0.174 

SNP_mDIV_A7-
425_022709.CEL HOT2 Male 0.175 

SNP_mDIV_B9-
142_103008_3.C

EL 
RHJ/LeJ Male 0.178 
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SNP_mDIV_B6-
124_091708.CEL BPN/3J Male 0.180 

SNP_mDIV_B10-
143_103008_3.C

EL 
RSV/LeJ Male 0.180 

SNP_mDIV_A6-
424_022709.CEL HOT1 Male 0.183 

SNP_mDIV_A9-
429_022709.CEL WSR2 Male 0.187 

SNP_mDIV_A5-
5_081308.CEL 

BTBR T<+> 
Itpr3<tf>-

Fbxl3<Ovtm>
/J 

Male 0.187 

SNP_mDIV_D7-
413_012709.CEL YBR/EiJ Male 0.188 

SNP_mDIV_A11
-

431_022709.CEL 
WSP2 Female 0.189 

SNP_mDIV_A3-
49_082108.CEL NOR/LtJ Male 0.191 

SNP_mDIV_B2-
433_022709.CEL ILS/IbgTejJ Male 0.193 

SNP_mDIV_A8-
154_111308.CEL TSJ/LeJ Male 0.194 

SNP_mDIV_A4-
4_081308.CEL BALB/cByJ Male 0.194 

SNP_mDIV_D5-
253_111308.CEL BALB/cJ Male 0.195 

SNP_mDIV_D11
-

139_090908.CEL 

PN/nBSwUma
bJ Male 0.197 

SNP_mDIV_B3-
316_120908.CEL BPL/1J Male 0.197 

SNP_mDIV_C5-
94_090908.CEL NZL/LtJ Male 0.198 
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SNP_mDIV_D10
-

145_103008_3.C
EL 

SEA/GnJ Male 0.198 

SNP_mDIV_D3-
409_012709.CEL SEC/1ReJ Male 0.199 

SNP_mDIV_D2-
408_012709.CEL SEC/1GnLeJ Male 0.199 

SNP_mDIV_D9-
136_090908.CEL NU/J Male 0.200 

SNP_mDIV_B9-
393_012709.CEL BDP/J Male 0.200 

SNP_mDIV_A2-
48_082108.CEL NON/ShiLtJ Male 0.200 

SNP_mDIV_D9-
144_103008_3.C

EL 
SB/LeJ Male 0.201 

SNP_mDIV_D5-
411_012709.CEL ST/bJ Male 0.201 

SNP_mDIV_B9-
138_091708.CEL P/J Male 0.201 

SNP_mDIV_A6-
152_111308.CEL 

TALLYHO/Jn
gJ Male 0.202 

SNP_mDIV_C11-
406_012709.CEL 

NONcNZO5/
LtJ Male 0.202 

SNP_mDIV_C7-
31_081308.CEL NZO/HlLtJ Male 0.202 

SNP_mDIV_D4-
410_012709.CEL SJL/Bm Male 0.203 

SNP_mDIV_D1-
36_081308.CEL SJL/J Male 0.204 

SNP_mDIV_B10-
21_081308.CEL FVB/NJ Male 0.204 

SNP_mDIV_A3-
3_081308.CEL AKR/J Male 0.204 

SNP_mDIV_C9-
120_090908.CEL ALS/LtJ Male 0.205 
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SNP_mDIV_C3-
92_090908.CEL LG/J Male 0.205 

SNP_mDIV_C8-
97_090908.CEL RIIIS/J Male 0.205 

SNP_mDIV_A5-
151_111308.CEL SWR/J Male 0.206 

SNP_mDIV_A6-
119_090908.CEL ALR/LtJ Male 0.206 

SNP_mDIV_C11-
125_090908.CEL BUB/BnJ Male 0.207 

SNP_mDIV_B9-
20_081308.CEL 

DDY/JclSidSe
yFrkJ Male 0.207 

SNP_mDIV_A8-
56_082108.CEL DDK/Pas Female 0.207 

SNP_mDIV_A1-
50_091708.CEL NZB/BlNJ Male 0.208 

SNP_mDIV_B11-
141_091708.CEL RF/J Male 0.208 

SNP_mDIV_C9-
404_012709.CEL NOD/ShiLtJ Male 0.209 

SNP_mDIV_B4-
15_081308.CEL CBA/CaJ Male 0.210 

SNP_mDIV_A2-
148_111308.CEL SM/J Male 0.210 

SNP_mDIV_C6-
30_081308.CEL NOD/ShiLtJ Male 0.210 

SNP_mDIV_D5-
131_090908.CEL 

EL/SuzSeyFrk
J Male 0.210 

SNP_mDIV_C3-
398_012709.CEL DBA/1LacJ Male 0.210 

SNP_mDIV_D7-
134_090908.CEL MRL/MpJ Male 0.211 

SNP_mDIV_B7-
18_081308.CEL DBA/1J Male 0.212 

SNP_mDIV_B8-
132_091708.CEL HPG/BmJ Male 0.212 
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SNP_mDIV_C6-
95_090908.CEL PL/J Male 0.213 

SNP_mDIV_D1-
126_090908.CEL C3HeB/FeJ Male 0.213 

SNP_mDIV_B8-
19_081308.CEL DBA/2J Male 0.213 

SNP_mDIV_A6-
6_081308.CEL C3H/HeJ Male 0.213 

SNP_mDIV_D10
-

137_090908.CEL 
NZM2410/J Male 0.214 

SNP_mDIV_B7-
391_012709.CEL A/WySnJ Male 0.214 

SNP_mDIV_D8-
256_111308.CEL CBA/J Male 0.215 

SNP_mDIV_C5-
400_012709.CEL 

DBA/2HaSmn
J Male 0.215 

SNP_mDIV_A2-
2_081308.CEL A/J Male 0.215 

SNP_mDIV_D6-
254_111308.CEL 129X1/SvJ Male 0.216 

SNP_mDIV_C8-
32_081308.CEL NZW/LacJ Male 0.217 

SNP_mDIV_A1-
1_081308.CEL 129S1/SvImJ Male 0.218 

SNP_mDIV_B5-
389_012709.CEL 

129T2/SvEms
J Male 0.219 

SNP_mDIV_B2-
90_091708.CEL I/LnJ Male 0.219 

SNP_mDIV_C4-
93_090908.CEL LP/J Male 0.221 

SNP_mDIV_A8-
199_091708.CEL 129S6 Male 0.221 

SNP_mDIV_D2-
128_090908.CEL CE/J Male 0.222 

SNP_mDIV_B3-
387_022709.CEL 129P1/ReJ Male 0.222 
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SNP_mDIV_B11-
22_081308.CEL KK/HlJ Male 0.222 

SNP_mDIV_C4-
399_012709.CEL DBA/2DeJ Female 0.224 

SNP_mDIV_B4-
388_012709.CEL 129P3/J Male 0.225 
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Table A2 Percentage of loci genotyped and the percentage of genotyped loci with a 
heterozygous genotype for samples of the inter-order genotyping set (n = 40)a 

MDGA Data 
(CEL) File 

Sample 
Scientific 

Name 

Loci Genotyped 
(%) Heterozygosity (%) 

SNP_A1-
GES11_4902_

AGT-JLP-
120115-24-

35517 

T. pinchaque 89.5 71.7 

SNP_A2-
GES11_4907_

AGT-JLP-
120115-24-

35517 

D. bicornis 89.6 72.8 

SNP_mDIV_
B8-

1190_082410 
A. sylvaticus 89.7 69.4 

SNP_mDIV_
B9-

667_102109 
Sciuridaeb 89.8 73.5 

SNP_mDIV_
B2-

660_102109 

P. 
melanophrys 90.1 71.7 

SNP_mDIV_
D7-

473_012209 
M. pahari 90.4 61.2 

SNP_mDIV_
B3-

661_102109 
P. californicus 90.5 73.4 

SNP_mDIV_
B4-

662_102109 

P. m. 
sonoriensis 90.5 72.8 

SNP_mDIV_
B5-

663_102109 
P. m. bairdii 90.6 74.4 

 
a Samples organized according to increasing percentage of loci genotyped 
b Only family level classification information available for this sample 
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SNP_mDIV_
B6-

664_102109 
P. polionotus 90.6 74.4 

SNP_mDIV_
A9-

656_102109 
R. norvegicus 90.6 71.0 

SNP_mDIV_
B1-

659_102109 
P. aztecus 90.7 73.6 

SNP_mDIV_
A10-

657_102109 
R. norvegicus 90.7 71.3 

SNP_mDIV_
D3-

639_91809 

M. m. 
castaneus 90.7 14.7 

SNP_mDIV_
B8-

666_102109 
P. leucopus 90.7 73.7 

SNP_mDIV_
A6-

651_102109 
M. saxicola 90.8 56.3 

SNP_mDIV_
A7-

654_102109 
M. n. mattheyi 90.8 59.9 

SNP_mDIV_
D6-

472_012209 
M. caroli 90.9 45.6 

SNP_mDIV_
A4-

649_102109 
M. platythrix 91.1 54.0 

SNP_mDIV_
A3-

648_102109 
M. platythrix 91.2 57.6 

SNP_mDIV_
D4-

640_91809 
M. famulus 91.2 39.6 

SNP_mDIV_
A5-

650_102109 
M. saxicola 91.2 55.0 
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SNP_mDIV_
A2-

645_102109 
M. cookii 91.2 41.5 

SNP_mDIV_
D11-

653_91809 

M. n. 
minutoides 91.5 61.0 

SNP_mDIV_
D10-

652_101509-
redo 

M. n. 
orangiae 91.5 58.8 

SNP_mDIV_
D11-

653_101509-
redo 

M. n. 
minutoides 91.5 60.2 

SNP_mDIV_
D7-

644_91809 
M. caroli 91.5 43.6 

SNP_mDIV_
D10-

652_91809 

M. n. 
orangiae 91.6 60.4 

SNP_mDIV_
D9-

647_101509-
redo 

M. dunni 91.8 36.2 

SNP_mDIV_
D3-

639_101509-
redo 

M. m. 
castaneus 91.9 14.9 

SNP_mDIV_
D9-

647_91809 
M. dunni 91.9 35.6 

SNP_mDIV_
D7-

644_101509-
redo 

M. caroli 92.0 42.4 

SNP_mDIV_
D4-

640_101509-
redo 

M. famulus 92.2 36.7 
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SNP_mDIV_
D8-

646_91809 
M. cervicolor 92.2 39.8 

SNP_mDIV_
D6-

643_91809 

M. 
fragilicauda 92.3 37.6 

SNP_mDIV_
D8-

646_101509-
redo 

M. cervicolor 92.4 40.4 

SNP_mDIV_
D8-

474_012209 
M. famulus 92.5 35.0 

SNP_mDIV_
D5-

642_91809 

M. 
fragilicauda 92.9 36.9 

SNP_mDIV_
D6-

643_101509-
redo 

M. 
fragilicauda 93.3 35.8 

SNP_mDIV_
D5-

642_101509-
redo 

M. 
fragilicauda 93.4 35.9 
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Table A3 Percentage of loci genotyped and the percentage of genotyped loci with a 
heterozygous genotype for samples of the intra-genus genotyping set (n = 27)a 

 
a Samples organized according to increasing percentage of loci genotyped 

MDGA Data 
(CEL) File 

Sample 
Scientific 

Name 

Loci 
Genotyped 

(%) 
Heterozygosity (%) 

SNP_mDIV_D7-
473_012209.CE

L  
M. pahari  83.1 53.1 

SNP_mDIV_A7-
654_102109.CE

L  
M. n. mattheyi  84.3 52.5 

SNP_mDIV_A4-
649_102109.CE

L  
M. platythrix  85.1 47.0 

SNP_mDIV_A6-
651_102109.CE

L  
M. saxicola  85.3 49.6 

SNP_mDIV_A3-
648_102109.CE

L  
M. platythrix  85.4 50.8 

SNP_mDIV_D1
1-

653_91809.CEL  

M. n. 
minutoides  

85.5 53.9 

SNP_mDIV_D1
0-

652_91809.CEL  
M. n. orangiae  85.8 53.5 

SNP_mDIV_A5-
650_102109.CE

L  
M. saxicola  86.0 48.6 

SNP_mDIV_D1
0-652_101509-

redo.CEL  
M. n. orangiae  86.0 52.3 

SNP_mDIV_D1
1-653_101509-

redo.CEL  

M. n. 
minutoides  

86.1 53.8 

SNP_mDIV_D6-
472_012209.CE

L  
M. caroli  87.7 40.7 
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SNP_mDIV_A2-
645_102109.CE

L  
M. cookii  88.0 37.0 

SNP_mDIV_D7-
644_91809.CEL  

M. caroli  88.8 39.2 

SNP_mDIV_D7-
644_101509-

redo.CEL  
M. caroli  89.0 37.9 

SNP_mDIV_D4-
640_91809.CEL  

M. famulus  89.1 35.5 

SNP_mDIV_D8-
646_91809.CEL  

M. cervicolor  89.2 35.4 

SNP_mDIV_D9-
647_91809.CEL  

M. dunni  89.3 31.4 

SNP_mDIV_D9-
647_101509-

redo.CEL  
M. dunni  89.5 32.2 

SNP_mDIV_D8-
646_101509-

redo.CEL  
M. cervicolor  89.5 36.0 

SNP_mDIV_D8-
474_012209.CE

L  
M. famulus  89.9 31.0 

SNP_mDIV_D4-
640_101509-

redo.CEL  
M. famulus  90.3 33.0 

SNP_mDIV_D6-
643_91809.CEL  

M. 
fragilicauda  

91.0 34.4 

SNP_mDIV_D5-
642_91809.CEL  

M. 
fragilicauda  

91.3 33.6 

SNP_mDIV_D6-
643_101509-

redo.CEL  

M. 
fragilicauda  

91.4 32.4 

SNP_mDIV_D5-
642_101509-

redo.CEL  

M. 
fragilicauda  

91.6 32.6 

SNP_mDIV_D3-
639_91809.CEL  

M. m. 
castaneus  

91.7 13.3 
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SNP_mDIV_D3-
639_101509-

redo.CEL 

M. m. 
castaneus  

93.0 13.5 
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Table A4 Differences in percentage of loci genotyped in Mus samples included in the 
inter-order genotyping set and the intra-genus genotyping seta 

MDGA Data 
(CEL) File 

Name 

Scientific 
Name of 
Species 

Loci 
Genotyped 

%  
(Inter-

Order Set) 

Loci 
Genotyped 
% (Intra-

Genus Set) 

Difference 
Between 

Inter-Order 
Set & Intra-
Genus Set 

SNP_mDIV_
D3-

639_101509-
redo 

M. 
castaneus 91.9 93.0 -1.1b 

SNP_mDIV_
D3-

639_91809 

M. 
castaneus 90.7 91.7 -1.0 

SNP_mDIV_
D6-

643_91809 

M. 
fragilicauda 92.3 91.0 1.3 

SNP_mDIV_
D5-

642_91809 

M. 
fragilicauda 92.9 91.3 1.6 

SNP_mDIV_
D5-

642_101509-
redo 

M. 
fragilicauda 93.4 91.6 1.8 

SNP_mDIV_
D6-

643_101509-
redo 

M. 
fragilicauda 93.3 91.4 1.9 

SNP_mDIV_
D4-

640_101509-
redo 

M. famulus 92.2 90.3 1.9 

SNP_mDIV_
D4-

640_91809 
M. famulus 91.2 89.9 2.0 

 
a Samples organized by increasing difference between percentage of loci genotyped in the inter-order test 
set vs intra-genus test set. 
b Negative difference values indicate an increase in percentage of loci genotyped for a sample in the intra-
genus set compared to the same sample in the inter-order set. 
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SNP_mDIV_
D9-

647_101509-
redo 

M. dunni 91.8 89.5 2.3 

SNP_mDIV_
D8-

474_012209 
M. famulus 92.5 89.9 2.6 

SNP_mDIV_
D9-

647_91809 
M. dunni 91.9 89.3 2.6 

SNP_mDIV_
D7-

644_91809 
M. caroli 91.5 88.8 2.7 

SNP_mDIV_
D8-

646_101509-
redo 

M. 
cervicolor 92.4 89.5 2.9 

SNP_mDIV_
D8-

646_91809 

M. 
cervicolor 92.2 89.2 3.0 

SNP_mDIV_
D7-

644_101509-
redo 

M. caroli 92.0 89.0 3.0 

SNP_mDIV_
D6-

472_012209 
M. caroli 90.9 87.7 3.2 

SNP_mDIV_
A2-

645_102109 
M. cookii 91.2 88.0 3.2 

SNP_mDIV_
A5-

650_102109 
M. saxicola 91.2 86.0 5.2 

SNP_mDIV_
D11-

653_101509-
redo 

M. n. 
minutoides 91.5 86.1 5.4 

SNP_mDIV_
A6-

651_102109 
M. saxicola 90.8 85.3 5.5 
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SNP_mDIV_
D10-

652_101509-
redo 

M. n. 
orangiae 91.5 86.0 5.5 

SNP_mDIV_
D10-

652_91809 

M. n. 
orangiae 91.6 85.8 5.8 

SNP_mDIV_
A3-

648_102109 

M. 
platythrix 91.2 85.4 5.8 

SNP_mDIV_
A4-

649_102109 

M. 
platythrix 91.1 85.1 6.0 

SNP_mDIV_
D11-

653_91809 

M. n. 
minutoides 91.5 85.5 6.0 

SNP_mDIV_
A7-

654_102109 

M. n. 
mattheyi 90.8 84.3 6.5 

SNP_mDIV_
D7-

473_012209 
M. pahari 90.4 83.1 7.3 
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Table A5 Differences in percentage of loci genotyped in Mus samples included in the 
inter-family genotyping set and the intra-genus genotyping seta 

MDGA Data 
(CEL) File 

Name 

Species 
Scientific 

Name 

Loci 
Genotyped 
(%) Inter-
Family Set 

Loci 
Genotyped 
(%) Intra-
Genus Set 

Difference 
Between 

Inter-Family & 
Intra-Genus 

Sets 

SNP_mDIV_D
3-639_101509-

redo 

M. 
castaneus 92.7 93.0 -0.3b 

SNP_mDIV_D
3-639_91809 

M. 
castaneus 91.5 91.7 -0.2 

SNP_mDIV_D
6-643_91809 

M. 
fragilicauda 91.8 91.0 0.8 

SNP_mDIV_D
5-642_91809 

M. 
fragilicauda 92.1 91.3 0.8 

SNP_mDIV_D
6-643_101509-

redo 

M. 
fragilicauda 92.3 91.4 0.9 

SNP_mDIV_D
5-642_101509-

redo 

M. 
fragilicauda 92.4 91.5 0.9 

SNP_mDIV_D
4-640_101509-

redo 
M. famulus 91.2 90.3 0.9 

SNP_mDIV_D
4-640_91809 M. famulus 90.1 89.1 1.0 

SNP_mDIV_D
9-647_101509-

redo 
M. dunni 90.5 89.5 1.0 

SNP_mDIV_D
9-647_91809 M. dunni 90.4 89.3 1.1 

SNP_mDIV_D
8-474_012209 M. famulus 91.0 89.9 1.1 

 
a Samples organized by increasing difference between percentage of loci genotyped in the inter-family test 
set vs intra-genus test set. 
b Negative difference values indicate an increase in percentage of loci genotyped for a sample in the intra-
genus set compared to the same sample in the inter-family set. 



 

 

136 

SNP_mDIV_D
8-646_101509-

redo 

M. 
cervicolor 90.9 89.5 1.4 

SNP_mDIV_D
8-646_91809 

M. 
cervicolor 90.6 89.2 1.4 

SNP_mDIV_D
7-644_91809 M. caroli 90.2 88.8 1.4 

SNP_mDIV_A
2-645_102109 M. cookii 89.4 88.0 1.4 

SNP_mDIV_D
7-644_101509-

redo 
M. caroli 90.4 89.0 1.4 

SNP_mDIV_D
6-472_012209 M. caroli 89.1 87.7 1.4 

SNP_mDIV_A
5-650_102109 M. saxicola 88.3 86.0 2.3 

SNP_mDIV_A
6-651_102109 M. saxicola 87.7 85.3 2.4 

SNP_mDIV_D
10-

652_101509-
redo 

M. n. 
orangiae 88.5 86.0 2.5 

SNP_mDIV_A
3-648_102109 

M. 
platythrix 87.9 85.4 2.5 

SNP_mDIV_A
4-649_102109 

M. 
platythrix 87.6 85.1 2.5 

SNP_mDIV_D
10-652_91809 

M. n. 
orangiae 88.3 85.8 2.5 

SNP_mDIV_D
11-

653_101509-
redo 

M. n. 
minutoides 88.7 86.1 2.6 

SNP_mDIV_D
11-653_91809 

M. n. 
minutoides 88.1 85.5 2.6 

SNP_mDIV_A
7-654_102109 

M. n. 
mattheyi 87.2 84.3 2.9 

SNP_mDIV_D
7-473_012209 M. pahari 86.2 83.1 3.1 
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Table A6 Fisher’s Exacta test of significance of genotypic composition and allelic 
frequencies across genotyping sets 

Genotyping Sets Genotyping p-value Allelic Frequency p-value 

Intra-Genus (Mus) <0.0001 <0.0001 

Inter-Genus (Mus + 
Apodemus + 

Peromyscus + Rattus) 
<0.0001 <0.0001 

R. norvegicusb 0.09336 0.2232 

Inter-Family (Mus + 
H. glaber) 

 
<0.0001 <0.0001 

 
Inter-Order <0.0001 <0.0001 

H. glaberc 
 

<0.0001 
 

<0.0038 

 
 

a Nonparametric, unordered Fisher-Freeman-Halton exact test (Monte Carlo Simulation) using Statexact 
(Cytel Studio) 
b Results for Rattus samples (n = 2) were obtained from the inter-genus genotyping set 
c Heterocephalus glaber samples (n = 4) were genotyped separately from other samples 
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Table A7 MDGA SNP loci with heterozygous genotypes and with perfect probe 
sequence matches in publicly available genomea sequences  

Number of M. 
caroli 

M. 
pahari 

R. 
norvegicus 

P. 
maniculatus 

H. 
glaber 

Number of samples 
genotyped 3 1 2 2 4 

Loci with 
heterozygous 
genotypesb 

147,4
52 

251,90
2 85,926 143,971 91,324 

Loci with probe 
sequences in the 

publicly available 
genome sequence 

with a heterozygous 
genotype 

9,413 9,341 1,019 481 52 

 

 

 

 

 

 

 
a Genomes accessed through the NCBI Genomes FTP site of samples under study    
(ftp.ncbi.nlm.nih.gov/genomes/) 
b If more than one sample was genotyped per species, the loci must have heterozygous genotypes in all 
samples 



 

 

139 

Appendix B. Online Distance Matrices 

Please see Appendix B online for large distance matrix data: 
(https://www.dropbox.com/sh/keuszhh8a0ornob/AABk5a0aMM4HEDqSyFnP2R8Oa?dl
=0) 
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Appendix C. R scripts 

SNP Spatial-Temporal Plot (SNPSTeP) Code for R 
This code will visualize Single Nucleotide Polymorphism (SNP) genotype changes across 
the genome as well as changes to genotypes at particular positions as evolutionary time 
increases from the model species (house mouse in this study).  
 
#Set the working directory. I set it to my desktop 
setwd("/Users/Your_Directory_Here") 
 
# Read in the csv file with data.  
# There is a header line in data, so header = TRUE 
# I assigned my csv data to the name musstackSNPs 
musstackSNPs <- read.csv('/Users/Your_Directory_Here/File_Name.csv', he
ader  =  TRUE) 
 
# Assign the SNP state column from my musstackSNPs dataframe as a facto
r. Stored the four possible genotype results (-1 or No Call, 0 or AA, 1
 or AB, 2 or BB) as levels 
#SNPstate <- factor(musstackSNPs$SNP_State, levels = c("-1", "0", "1", 
"2")) 
#change colours of SNP state by assigning new numbers corresponding wit
h colour 
 
SNPstate <- musstackSNPs$SNP_State 
SNPstate[SNPstate  =  =  1] <- 5 #blue 
SNPstate[SNPstate  =  =  -1] <- 1 #black 
SNPstate[SNPstate  =  =  0] <- 8 #grey 
SNPstate[SNPstate  =  =  2] <- 6 #pink 
 
 
 
# Assign the data from the Name column from my musstackSNPs dataframe a
s a factor. Stored the eight Mus species I examined as levels 
musstackSNPs$Name <- factor(musstackSNPs$Name, levels  =  c("M. musculu
s", "M. m. castaneus 1", "M. m. castaneus 2", "M. dunni 1", "M. dunni 2
", "M. famulus 1", "M. famulus 2", "M. famulus 3", "M. fragilicauda 1",
 "M. fragilicauda 2", "M. fragilicauda 3", "M. fragilicauda 4", "M. car
oli 1", "M. caroli 2", "M. caroli 3", "M. cervicolor 1", "M. cervicolor
 2", "M. cookii")) 
 
# Adjusted plot parameters. Added space to the left margin by increasin
g second value in mar vector to 7.  
# Adujsted the axis label locations (mgp) (first value in vector (origi
nal 3 changed to 4)) to move them further away from the inner axis labe
l 
# Set xpd = NA to allow for adding a legend outside of the plot area 



 

 

141 

par(mar =  c(5,7,4,2),mgp = c(4,1,0), xpd =  NA) 
 
# Create a plot. X axis is genome position & y axis will be the associa
ted species names 
plot( 
  musstackSNPs$Location,musstackSNPs$Name, 
  main  =  "Your Title Here", #title of plot. This plot displays SNPs o
n a chromosome  
  yaxt  =  'n', #Use this option to not display the y axis ticks and la
bels 
  ylab  =  "Your species", # y axis label 
  xlab  =  "Genome Position (bp)", #x axis label 
  xlim  =  c(genomic_start_position, genomic_end_position), #sets range
 for x axis. Put base-pair value of genomic start and end position of c
hromosome for species of interest 
  pch = 20, #sets the plot marker shape -- circle 
  col = SNPstate # Colour the plot points by SNP state factor 
  ) 
 
# Next line allows axis labels to be printed horizontally. value of 1  
=  horizontal always. 
par(las = 1) 
 
# add y axis in. value of 2 represents y axis. use 'at' to add labels a
t a regular sequence from 1-8 becuase I have 8 mice samples. I added a 
vector of the mouse species' names as the tick labels. 
#I adjusted the axis font size to be smaller using cex.axis 
axis(2, at = seq(1:18),  
     labels  =  c("M. musculus", "M. m. castaneus 1", "M. m. castaneus 
2", "M. dunni 1", "M. dunni 2", "M. famulus 1", "M. famulus 2", "M. fam
ulus 3", "M. fragilicauda 1", "M. fragilicauda 2", "M. fragilicauda 3",
 "M. fragilicauda 4", "M. caroli 1", "M. caroli 2", "M. caroli 3", "M. 
cervicolor 1", "M. cervicolor 2", "M. cookii"), 
     cex.axis = 0.5 
     ) 
 
#Add a legend. 
#legend is comprised of the four possible MDGA genotype results (-1, 0,
 1, 2) 
legend(-2829834,20.94821,  
       legend  =  c("No Call", "AA", "AB", "BB"),  
       pch  =  20, #Set legend symbols 
       ncol  =  2, # split genotype symbols and corresponding colours i
n two columns 
       cex  =  0.75, # reduced size of legend 
       col  =  c(1, 8, 5, 6) #added colours of genotype values  
       ) 
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Appendix D. Online In silico genome matches and Ensembl 

Gene ID matches 
 
Please see Appendix D online for in silico MDGA probe matches obtained using E-MEM 
and associated Ensembl gene ID lists. 
(https://www.dropbox.com/sh/ma2gwckh9ik711h/AADcd0f8Kr9pCNUcaSYZaGnya?dl 
= 0) 
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Appendix E. Top DAVID functional associations  
Please see online appendix E for full list of enriched KEGG pathways (p<0.001) from 
DAVID functional annotation tool results. 
(https://www.dropbox.com/sh/la2jzk26519ltu7/AAC4xUW3tZKFGABjd46zXu7Ua?dl = 
0) 
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