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Abstract 28 

In the study of genetic diversity in non-model species there is a notable lack of the low-cost, high 29 

resolution tools that are readily available for model organisms. Genotyping microarray 30 

technology for model organisms is well-developed, affordable, and potentially adaptable for 31 

cross-species hybridization. The Mouse Diversity Genotyping Array (MDGA), a single 32 

nucleotide polymorphism (SNP) genotyping tool designed for Mus musculus, was tested as a tool 33 

to survey genomic diversity of wild species for inter-order, inter-genus, and intra-genus 34 

comparisons. Application of the MDGA cross-species provides genetic distance information that 35 

reflects known taxonomic relationships reported previously between non-model species, but 36 

there is an underestimation of genetic diversity for non-Mus samples, indicated by a plateau in 37 

loci genotyped beginning 10-15 millions of years divergence from the house mouse. The number 38 

and types of samples included in datasets genotyped together must be considered in cross-species 39 

hybridization studies. The number of loci with heterozygous genotypes mapped to published 40 

genome sequences indicates potential for cross-species MDGA utility. A case study of seven 41 

deer mice yielded 159,797 loci (32% of loci queried by the MDGA) that were genotyped in these 42 

rodents. For one species, Peromyscus maniculatus, 6,075 potential polymorphic loci were 43 

identified. Cross-species utility of the MDGA provides needed genetic information for non-44 

model species that are lacking genomic resources. Genotyping arrays are widely available, 45 

developed tools that are capable of capturing large amounts of genetic information in a single 46 

application, and represent a unique opportunity to identify genomic variation in closely related 47 

species that currently have a paucity of genomic information available. A candidate list of 48 

MDGA loci that can be utilized in cross-species hybridization studies was identified and may 49 
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prove to be informative for rodent species that are known as environmental sentinels. Future 50 

studies may evaluate the utility of candidate SNP loci in populations of non-model rodents.  51 

 52 

53 
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Author Summary 54 

There is a need for a tool that can assay DNA sequence differences in species for which there is 55 

little or no DNA information available. One method of analyzing differences in DNA sequences 56 

in species with well-understood genomes is through a genotyping microarray, which has 57 

demonstrated utility cross-species. The Mouse Diversity Genotyping Array (MDGA) is a tool 58 

designed to examine known differences across the genome of the house mouse, Mus musculus. 59 

Given that related organisms share genetic similarity, the MDGA was tested for utility in 60 

identifying genome variation in other wild mice and rodents. Variation identified from distantly 61 

related species that were not of the same genus as the house mouse was an underestimate of the 62 

true amount of variation present in the genomes of wild species. Utility of the MDGA for wild 63 

species is best suited to mice from the same genus as the house mouse, and candidate variation 64 

identified can be tested in rodent populations in future studies. Identifying changes in genetic 65 

variation within populations of wild rodents can help researchers understand the links between 66 

specific genome changes and the ability to adapt to pressures in the environment, as well as 67 

better understand the evolution of rodents.   68 
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Introduction 69 

The study and characterization of genomic diversity of non-model organisms is complicated by 70 

limitations in knowledge and genomic resources available [1]. By contrast, researchers studying 71 

model organisms benefit from the advantage of working with species that have sequenced and 72 

annotated genomes, and high throughput platforms to survey genetic diversity at low cost. There 73 

is a lack of genomic sequence information available for non-model species, and a deficit of tools 74 

to assay genomic diversity in understudied organisms [2–4]. There is a need for custom tools to 75 

survey genomic diversity in non-model organisms, but the creation of these tools can be time 76 

consuming and expensive. There is an opportunity to explore existing technologies designed for 77 

model organisms and test the applicability of these tools in non-model species.  78 

 79 

Genotyping arrays are convenient tools that obtain large amounts of genetic diversity 80 

information in a single assay at low cost [5]. Genotyping arrays are designed to capture a large 81 

swath of diversity within a species, but the technology is typically tailored to the model species 82 

of interest. Hybridization of microarray oligos targeted to unique locations in test DNA of the 83 

organism of interest provides a picture of the genomic landscape of that sample [6].  Single 84 

nucleotide polymorphisms (SNPs) are single base pair genome variations found in at least one 85 

percent of individuals in a population, and are an informative type of genomic diversity that is 86 

captured by genotyping arrays [6,7]. SNPs are found in abundance throughout the genome, and 87 

this variation can be used as a metric of genomic diversity when comparing different individuals 88 

in a population, or different species of interest [8].  89 

 90 
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There is a precedent for exploring the possibility of applying existing genotyping array 91 

technologies to related, non-model species. The majority of research examining the applicability 92 

of existing mammalian genotyping arrays in cross-species analyses focus on applying array 93 

technologies designed for agricultural and domestic breeding purposes to related species [2–4,9–94 

14]. Researchers using a bovine genotyping array were able to identify a panel of over 100 95 

candidate SNPs conserved within two species of wild oryx, despite a 23 million year divergence 96 

time between oryx and modern cows [2]. Other researchers have applied domestic arrays to non-97 

model organisms that diverged from the model species millions of years ago to identify SNPs 98 

associated with an ideal physical trait that would inform breeding strategies [4], or to identify 99 

sexually selected traits that are associated with the fitness of a non-model organism [11].  100 

 101 

Looking at the research performed in the field of cross-species genotyping array use, we identify 102 

three metrics of success for the application of existing genotyping arrays to non-model species. 103 

The first metric of success for applicability of genotyping arrays cross-species is the 104 

identification of a panel of candidate SNPs that may be conserved between the model and non-105 

model organisms. This panel of SNPs represents variation that can be successfully genotyped in 106 

the non-model organism of interest. While one metric of success for genotyping array use is the 107 

number of loci or positions in the genome that can be accurately genotyped, the ability to detect 108 

heterozygous loci is the second metric. Heterozygous loci, or positions in the genome in which 109 

both the major and minor alleles in a population can be genotyped, are key when surveying 110 

diversity in populations [2,3,15,16].  The third and final metric of success we have identified is 111 

the ability to validate the candidate panel of SNPs and heterozygous loci either through in silico 112 
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methods for non-model species with some sequence information available, or by testing for the 113 

candidate SNPs in populations using alternative experimental methods.  114 

 115 

Genotyping arrays have demonstrated utility in identifying polymorphic SNPs, or sites of 116 

variability within non-model organisms, which is an important goal for conservation studies of 117 

endangered species, and molecular ecology [2,3,17]. In one particular study, researchers 118 

Hoffman et al. (2013) applied a Canine HD Beadchip genotyping array to a population of 119 

Antarctic fur seals, despite a 44 million year divergence time between the species of seal and 120 

dogs [3]. Using the Canine HD Beadchip which queries over 173,000 SNP loci in dogs, the 121 

researchers were able to identify a panel of 173 polymorphic SNP loci that were conserved 122 

between the Antarctic fur seals and dogs [3]. A subset of the loci genotyped were validated in 123 

silico using available transcriptomic data. Gene ontology analysis of shared loci between dogs 124 

and seals showed that the panel of loci were involved in energy metabolism, suggesting the 125 

genomic markers conserved between dogs and seals were a part of a highly conserved functional 126 

pathway.  127 

 128 

The identification of SNPs in non-model species can be used as markers of rapid evolution 129 

between populations [18], and a genotyping array would allow researchers to identify large lists 130 

of candidate SNP loci in a single application. The characterization of SNPs across the genomes 131 

of wild organisms is of keen interest to population geneticists as molecular markers for 132 

comparative studies [19]. Cross-species genotyping can provide information regarding variants 133 

that are involved in sexual selection [11], and variants tied to a phenotype of interest, which can 134 

inform breeding strategies [4]. A study by More et al. (2019) tested the utility of a Bovine SNP50 135 
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array on the alpaca species Vicugno pacos which is bred domestically for its hair fiber that is 136 

economically valued [4]. The cross-species application of the Bovine SNP50 array allowed 137 

researchers to identify a panel of 400 polymorphic SNPs in the alpaca, and they were able to map 138 

209 SNPs to alpaca gene sequence information that was available [4]. This study helped identify 139 

a number of SNP markers with utility cross-species that is currently needed to help guide 140 

breeding practices for the alpaca species that will maximize high-quality hair fiber yield in the 141 

future. This study also highlights the need for the development of genomic tools capable of 142 

genotyping non-model species of interest.  143 

 144 

There are a number of different genotyping arrays that have been applied cross-species to non-145 

model organisms, but there has been little research focusing on cross-species genotyping in mice 146 

and other rodents. Mice are a peculiarity in that most genomic tools are designed for classical, 147 

inbred mice used in research, but mice and related rodents can be found all across the world. 148 

There is a need for a tool that can survey diversity in non-model mice and other rodents.  149 

Wild rodents represent unique research opportunities because of the unique selective pressures 150 

that are placed on them through human influence, and their ability to rapidly adapt to changing 151 

human environments [18,20]. For instance, deer mice from the genus Peromyscus make 152 

interesting candidates for non-model research as they can be found across North America and 153 

despite lacking fully sequenced and annotated reference genomes, they have been previously 154 

used as sentinels of environmental contaminants [21], and are becoming key organisms for 155 

evolutionary studies and molecular genetics [18,22,23]. While some genetic resources are 156 

available for deer mice and other rodents of interest, there remains a paucity of genomic 157 
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information for these understudied species and few low-cost tools to assess genomic variation in 158 

a high-throughput manner.  159 

 160 

The Mouse Diversity Genotyping Array (MDGA) is a tool designed to survey hundreds of 161 

thousands of SNP loci across the genome of the house mouse and was specifically created to 162 

maximize the amount of SNP diversity that can be identified within laboratory mouse strains and 163 

crosses [24]. After testing and the removal of poorly performing SNP probes, the MDGA was 164 

found to genotype 493,290 SNP loci within the genome of the house mouse [25]. The aim of our 165 

study is to explore the use of the MDGA for its utility as a cross-species genotyping tool. The 166 

MDGA was tested on 44 samples ranging in relatedness to the model house mouse, Mus 167 

musculus, that span different Genus, Family, and Orders of taxonomic classification (Table 1, S1 168 

Table). The goal was to identify the three metrics of success that define MDGA cross-species 169 

utility in related organisms. This study represents an advance in the field of mammalian cross-170 

species genotyping that will add to the paucity of genomic sequence and SNP information 171 

available for non-model mice and rodents (Fig 1). It was hypothesized that application of the 172 

MDGA to wild rodent DNA samples will help elucidate potential polymorphic loci, or the 173 

number of loci that can detect both the A and B allele in a population, and that can be used cross-174 

species in non-model organisms. 175 

 176 

 177 

 178 

 179 

 180 
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Table 1 Genotyping sets of study 181 
 182 
 183 
 184 
 185 
 186 
  187 

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 Rat Heterocephalus glaber 
African Black Rhino Diceros bicornis 

Mountain Tapir/Wooly Tapir Tapirus pinchaque 

Genotyping 
Test Sets 

In
tra

-G
en

us
 

In
te

r-
G

en
us

 

In
te

r-
O

rd
er

  

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 
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RESULTS 188 

Cross-species test sets exceed maximum genetic diversity of the training set  189 

A training set of DNA samples from 114 classical, inbred laboratory mice was used in training 190 

the genotyping algorithm employed by Affymetrix Power Tools to provide accurate genotypes 191 

(S2 Table). Genetic distances reflect the relatedness between samples and were obtained from 192 

calculations of SNP distances derived from raw genotyping results. The maximum genetic 193 

distance of the training set is approximately 0.225 with respect to the reference C57BL/6J house 194 

mouse (Fig 2). The intra-genus test set of 27 species from the genus Mus has a maximum genetic 195 

distance value of 0.836 and is over three times larger than the maximum genetic distance of the 196 

reference set of 114 classical inbred mice (Fig 2). A case study of seven Peromyscus samples 197 

genotyped together has a maximum genetic distance of 0.941 from the house mouse, and far 198 

exceeds the diversity of the training set. Also, the maximum genetic distance of the inter-order 199 

test set (n=44, 96 MYD) is 0.938, and is over four times larger than the maximum genetic 200 

diversity represented in the training set (Fig 2). The training set used does not encapsulate the 201 

genetic diversity of the test sets. 202 

 203 

The samples of the inter-order test set are significantly different in genotypic composition and 204 

allelic frequency (P<0.0001; Fisher’s exact test with Monte Carlo simulation). The samples of 205 

the intra-genus test set of only Mus samples are also significantly different in genotypic and 206 

allelic frequency (P<0.0001). Two R. norvegicus samples were compared to one another as a 207 

control and the genotypic composition is not significantly different (p=0.0934). Differences in 208 

allelic composition between R. norvegicus samples are also not significant (p = 0.2232). The four 209 
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H. glaber (naked mole rat) samples genotyped together are significantly different in the genotype 210 

composition (p<0.0001), but not allelic composition (p=0.0038).  211 

 212 

Underestimation of genetic diversity occurs when genotyping across multiple genera 213 

For the inter-order genotyping set (n=44), a general decrease is observed in the percentage of loci 214 

genotyped as divergence time increases from M. musculus (r = -0.57; p-value<0.0001; Fig 3A). 215 

As divergence time increases from M. musculus, the number of ‘no calls’, or inability to 216 

determine a genotype at a locus, increases. A plateau in the percentage of loci genotyped is 217 

observed between 10-15 MYD for non-Mus samples from the inter-genus test set. Loci with 218 

heterozygous genotypes were of particular interest, as those loci have the potential to identify 219 

both the major and minor alleles in a population (polymorphic loci). The percentage of loci that 220 

had a heterozygous genotype increases as divergence time from the house mouse increases (Fig 221 

3B). There is a positive correlation between increasing percent heterozygosity and the known 222 

divergence times from the house mouse (r = 0.67; p-value<0.0001). Similar to the percentage of 223 

loci genotyped, a plateau in percent heterozygosity is also observed to begin between 10-15 224 

million years divergence from M. musculus (Fig 3B).  225 

 226 

MDGA captures the genetic diversity of wild samples from the genus Mus 227 

As seen in the inter-order test set, there is a general decrease in the percentage of loci that were 228 

genotyped in samples of the intra-genus test set (Fig 4A). There is a negative correlation between 229 

the percentage of loci genotyped and the known divergence times from M. musculus (r = -0.76; 230 

p<0.0001). In the intra-genus test set, heterozygosity increases as divergence time increases (Fig 231 

4B). The increase in percent heterozygosity of Mus samples is positively correlated with an 232 
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increase in divergence times (r = 0.93; p-value<0.0001). There is no plateau or obvious 233 

underestimate of genetic diversity for samples in the intra-genus test set.  234 

 235 

A tree of relatedness derived from SNP-based genetic distance values differentiates Mus samples 236 

of the intra-genus test set from one another at a species level (Fig 5). Enough genetic diversity is 237 

captured using the MDGA to reflect the known taxonomic relationships between the intra-genus 238 

samples at a species level. At 9.5 MYD, the pygmy mouse subspecies M. n. minutoides is 239 

grouped with the subspecies M. n. orangiae and not the replicate data file of the same species.  240 

 241 

Peromyscus case study 242 

Seven Peromyscus species were genotyped together as a case study to determine if the MDGA 243 

could provide useful results that reflect known biological diversity for a number of species of a 244 

different genus from Mus. Of the Peromyscus samples queried, approximately 52% of loci 245 

queried by the array produce a genotype (Table 2). There are 159,797 loci genotyped across all 246 

seven samples (32% of loci queried by the array) despite a 32.7 million-year divergence time 247 

from M. musculus. SNP-based genetic distances of Peromyscus species were utilized to produce 248 

trees of genetic relatedness that reflect the known divergence times of these species (Fig 6). Top 249 

KEGG pathway annotations of the genotyped loci in Peromyscus samples are associated with 250 

neurological signaling (Table 3). 251 
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 252 

 253 

 254 

 255 

1Enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways determined using 256 
DAVID (Database for Annotation, Visualization, and Integrated Discovery) functional 257 
annotation tool 258 
 259 

 260 

Table 2 Percentage of loci genotyped and percent heterozygosity in a Peromyscus case study 
(n=7) 

MDGA Data (CEL) File Sample 
Scientific Name 

Loci 
Genotyped 

(%) 

Heterozygosity 
(%) 

SNP_mDIV_B2-660_102109.CEL P. melanophrys 51.31 34.83 
SNP_mDIV_B1-659_102109.CEL P. aztecus 52.03 36.02 
SNP_mDIV_B3-661_102109.CEL P. californicus 52.13 36.27 
SNP_mDIV_B4-662_102109.CEL P. m. sonoriensis 52.26 35.95 
SNP_mDIV_B5-663_102109.CEL P. m. bairdii 52.27 36.71 
SNP_mDIV_B6-664_102109.CEL P. polionotus 52.57 37.02 
SNP_mDIV_B8-666_102109.CEL P. leucopus 52.62 36.55 

Table 3 Top KEGG1 (Kyoto Encyclopedia of Genes and Genomes) pathways determined 
using the DAVID functional annotation tool 

KEGG Pathway associated with SNP loci genotyped in Peromyscus species (p<0.001) 
Glutamatergic synapse 
Circadian entrainment 

Axon guidance 
Retrograde endocannabinoid signaling 

Dopaminergic synapse 
Morphine addiction 

Long-term depression 
Hippo signaling pathway 
cAMP signaling pathway 

Cholinergic synapse 
Rap1 signaling pathway 
Long-term potentiation 

GABAergic synapse 
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In silico cross-validation of potential polymorphic loci 261 

P. maniculatus was examined given that there is a partial genome sequence available online for 262 

in silico search of unique and perfect 25 nt MDGA probe target sequence matches. There are 263 

226,265 loci on the MDGA genotyped (~52%) for both P. maniculatus bairdii and P. 264 

maniculatus sonoriensis within this study. Of the loci that were genotyped, there are 143,971 loci 265 

that were genotyped as heterozygous in both P. maniculatus samples (Table 4). Heterozygous 266 

loci represent potential polymorphic loci that can query both the common and uncommon allele 267 

in a population. There are 6,075 MDGA probe sequences that perfectly match a unique position 268 

within the P. maniculatus genome, and 481 of the in silico sequence matches are associated with 269 

heterozygous loci.  270 

 271 
Table 4 In silico validation of potential polymorphic loci conserved cross-species 272 

MYD=Millions of Years Divergence 273 
Candidate Polymorphic Loci are the number of loci identified that had a heterozygous genotype 274 
call for the samples using the Mouse Diversity Genotyping Array Data that could also be mapped 275 
to the available genomic sequences for these organisms. 276 

 277 

Common 
Name Scientific Name MYD from 

M. musculus 

Unique in 
silico 

matches of 
alleles 

queried 

Number of 
heterozygous 

loci in all 
samples 

Number of 
candidate 

polymorphic 
loci 

Ryukyu 
Mouse Mus caroli 7.41 303,680 147,452 9,413 

Gairdner's 
Shrewmouse Mus pahari 8.29 152,971 251,902 9.341 

Rat Rattus norvegicus 20.9 61,372 85,926 1,019 

Deer Mouse Peromyscus 
maniculatus 32.7 6,075 143,971 481 

Naked Mole 
Rat 

Heterocephalus 
glaber 73 1,179 91,324 52 
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An average of 382,968 loci were genotyped between three available M. caroli CEL files using 278 

the MDGA, and there are 303,680 unique theoretical matches to the M. caroli genome 279 

determined through an in silico search using E-MEM (Table 4). A shrew mouse (M. pahari) 280 

applied to the array has 411,514 loci that were genotyped experimentally using the MDGA. 281 

Theoretically, there are 152,971 unique sequences from the MDGA that are present in the shrew 282 

mouse only once (Table 4). The pathways associated with genotyped loci in M. musculus, M. 283 

caroli, and M. pahari that are shared between these three species are primarily signaling 284 

pathways and pathways involved in maintaining the structural integrity of a cell, such as focal 285 

adhesion and adherens junction (Table 5). The Sprague Dawley rat (R. norvegicus) has a fully 286 

sequenced and annotated genome available online. There are 170,156 loci that were genotyped 287 

experimentally in both R. norvegicus samples using the MDGA. Using the E-MEM in silico 288 

program, 61,372 sequences were determined to be theoretically present within the genome 289 

(Table 4).  290 

 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
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Table 5 Top KEGG pathways enriched for house mouse gene annotations with genotype 311 
assignments across wild Mus species 312 

KEGG pathways1 significant (p<0.001) in reference house mouse (build 38) and wild Mus test 
samples2 

Focal adhesion 
Rap1 signaling pathway 

Adherens junction 
cAMP signaling pathway 
ErbB signaling pathway 

cGMP-PKG 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 

1Enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways determined using 313 
DAVID (Database for Annotation, Visualization, and Integrated Discovery) functional 314 
annotation tool 315 
2Mus test samples are M. pahari and M. caroli species 316 
KEGG pathways are shared between the reference M. musculus, M. pahari, and M. caroli species 317 
 318 

 319 

Special attention was given to potential polymorphic loci that were genotyped as heterozygous in 320 

samples using the MDGA and could be cross-validated as being present in the genome using an 321 

in-silico search of publicly available genome sequences. There is a trend of there being more 322 

heterozygous loci genotyped using the MDGA than the number of those loci that can be cross 323 

validated as present in the publicly available genome sequence (Table 4). There are 147,452 324 

heterozygous loci genotyped in all three M. caroli samples, and 9,413 of these loci were 325 

validated as present in the publicly available genome sequence (Table 4). There are 9,341 of the 326 

147,452 heterozygous loci genotyped in a M. pahari sample that were cross validated as 327 
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potential polymorphic SNP loci (Table 4). In two R. norvegicus samples, there are 85,926 loci 328 

that were genotyped empirically using the MDGA, and 1,019 loci that were cross-validated using 329 

an in-silico genome sequence search (Table 4). 330 

 331 

 332 

 333 

  334 
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Discussion 335 

Specialized genotyping arrays have been successfully applied cross-species to closely related 336 

organisms in previous research [2–4,9–13,16,32–34]. Here we present evidence that the MDGA 337 

can be applied to wild rodents to produce SNP genotyping results that reflect the known 338 

taxonomic relationships between test samples and the reference house mouse. The identification 339 

of polymorphic SNPs within non-model organisms is of great interest, as these genetic markers 340 

can be used to assay diversity in wild populations in studies of population genetics [2–341 

4,9,16,18,34,35]. Panels of candidate polymorphic SNPs have been identified for wild species of 342 

the genus Mus and Peromyscus. This study is a first step in contributing where there is a paucity 343 

of information available for non-model rodent species.  344 

 345 

Outside of the genus Mus, the plateau in SNP loci genotyped and the percentage of heterozygous 346 

loci is attributed to off-target mutations that hinder DNA hybridization to array probe sequences. 347 

When DNA hybridizes to a probe on the MDGA, the hybridization does not have to be a perfect 348 

25 nt match, where incomplete hybridization of the sample DNA to the probe is enough to result 349 

in a genotype assignment [36]. Determination of the divergence time from M. musculus at which 350 

genetic diversity is underestimated is limited by the samples available for use in this study. A 351 

greater number of species genotyped using the MDGA that have a divergence time between 10-352 

15 MYD from the house mouse would be beneficial in identifying situations where 353 

underestimations of genetic diversity occur. Miller et al. (2012), found previously that applying 354 

the Bovine, Ovine, and Equine SNP50 Beadchip arrays cross-species resulted in a linear decrease 355 

in genotyped loci as the millions of years of divergence from the model species increased [10]. 356 

Previous studies that have examined the utility of the cross-species application of commercially 357 
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available genotyping array technology have identified trends of decreasing ability to genotype 358 

loci as divergence time from the model organism increases as well [8,9]. This study is unique as 359 

it tests the array technology on a wide range of species spanning multiple millions of years 360 

divergence from the reference house mouse.  361 

 362 

Previous research has determined potentially conserved sequences between model organisms and 363 

the wild species of interest through application of commercial arrays to test samples [2,4]. This 364 

study of the MDGA cross-validates genotyped loci in rodent samples with an in silico analysis of 365 

available genomic sequences for wild species. The heterozygous SNP variation in rodent samples 366 

of this study cross-validated through in silico analyses represents candidate polymorphic SNPs 367 

that can be tested for conservation in populations of wild species of Mus and Peromyscus. To be 368 

truly considered a polymorphic SNP conserved cross-species, the variation must be validated in 369 

wild populations with the alternate, or minor allele present in at least 1% of the population. 370 

 371 

A major difficulty in cross-species genotyping using array data is the assembly of appropriate 372 

test sets that would allow for accurate genotyping. Previous research has demonstrated that the 373 

genotyping algorithm recommended by Affymetrix, BRLMM-P, is sensitive to the composition 374 

of the samples included in a test set [37,38]. Samples in a test set that are more similar to one 375 

another genetically will produce fewer false genotyping results [38]. The number of loci 376 

genotyped can become inflated if the samples in the test set are too genetically different, as was 377 

seen when samples of different orders of classification were genotyped together in the inter-order 378 

test set. The greater genetic homogeneity of only Mus samples in the intra-genus test set 379 

produced genotyping results that matched what was expected of the species based on divergence 380 
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times. The linear decrease in loci genotyped in Mus samples as divergence time increased 381 

reflected previous cross-species findings [10]. Recommendations for the construction of a test set 382 

of samples for an experiment utilizing the MDGA cross-species would be dependent upon the 383 

hypothesis tested. A large number of samples are needed to establish whether the minor allele of 384 

a SNP is present in populations of non-model species for at least 1% of the population [7,39]. 385 

Technical replicates should be included to assess the quality of DNA hybridization to array 386 

probes for a particular species. Optimization of hybridization conditions should be made to 387 

reduce differences in array hybridization intensities and the resulting differences in genotype 388 

assignments between technical replicates.  389 

 390 

The use of a training set that has sufficient genetic diversity to encompass that of the 391 

experimental test sets can assist in producing accurate genotyping of samples [40,41]. The 392 

training set of 114 classical inbred strains of mice used in this study does not encompass the high 393 

relative genetic diversity of the sample sets of this cross-species study. A training set optimized 394 

for cross-species genotyping would be composed of members of the same species as the test set 395 

and would be validated using another method such as sequencing. Inclusion of male and female 396 

samples would ensure more accurate genotype assignments on the X chromosome, as 397 

hemizygous males are assigned a diploid homozygous genotype [42]. Analyzing SNPs on the X 398 

chromosome separately from autosomal SNPs and separating male and female samples would 399 

aid in fewer false genotype assignments.  400 

 401 

In comparing the research knowledge gained through this study using the deer mouse (P. 402 

maniculatus) to the knowledge obtained from the study of Antarctic fur seals by Hoffman et al. 403 
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(2013), similar metrics of utility were obtained through cross-species genotyping (Table 6). 404 

Given that the mouse array targets over two times the number of positions than the canine array 405 

targets, there is a much larger number of loci that can be genotyped in the deer mouse than the 406 

Antarctic fur seal. Future studies will focus on validating a panel of SNPs that are polymorphic 407 

in deer mouse populations. Pathway analyses are limited by the information assayed by each 408 

technology and are with respect to the annotations of the model organisms. As new sequence 409 

information and genome annotations become available for the deer mouse, it will be interesting 410 

to see which SNP markers associated with conserved pathways will be found to be shared 411 

between the house mouse and the deer mouse. The deer mouse is an intriguing sentinel of 412 

environmental effects and a model for population studies that has a surprising lack of genomic 413 

information available [18,43]. Cross-species array use may be one technique to identify SNP 414 

diversity in these relevant species until genome sequencing prices become more affordable for 415 

non-model species. The use of a rat genotyping array in the future may be of use, as the deer 416 

mouse and rat share greater genetic synteny than with the mouse [44].  417 

Table 6. Comparison of the Hoffman et al. (2013) model study with the current study   418 
Hoffman et al.  Comparison Kelly et al.  

Antarctic fur seal Non-model species Deer Mouse 

CanFam2.0 Reference genome for array Mus musculus 
44 MYD from model species 32.7 

173,662 Loci queried by array 493,290 

33,324 Loci genotyped ~226,000 

2 of 5 Loci validated in silico 3,195 
173 Polymorphic loci 481 

2 Loci validated in a population  Future 
Energy 

metabolism 
Pathways shared between model and non-model 

species 
Neurological 

signaling 
MYD = Million years divergence 419 
 420 
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There is a great potential for cross-species MDGA utility for wild Mus species in providing 421 

genomic markers for research in mouse population genetics and studies of rodent evolution. 422 

Genotype data generated from application of the MDGA captured enough genetic diversity to 423 

differentiate Mus samples at a species level. Further testing is required to determine if the 424 

MDGA can capture enough diversity to differentiate between subspecies. As in the case of the 425 

deer mouse, wild Mus species represent an untapped wealth of genomic information that would 426 

benefit researchers of environmental mutagens, evolution, and population genetics. With newer 427 

mouse array technologies becoming available that have greater capacity for high-throughput 428 

analysis, novel polymorphic SNPs in non-model rodents can be identified through a low-cost and 429 

efficient manner.   430 

 431 

Utilizing the Mouse Diversity Genotyping Array for cross-species genotyping represents a first 432 

step towards development of a tool that can rapidly identify SNP variation in wild rodent species. 433 

A panel of candidate SNPs on the MDGA have been identified for use with wild mouse species 434 

and was cross validated using an in silico genome search. Future work may address the 435 

validation of this candidate cross-species panel in wild populations. This research highlights the 436 

need for greater genomic resources for wild rodents and demonstrates the potential of the MDGA 437 

as a high-throughput genotyping tool for non-model organisms. The development of novel tools 438 

specialized for non-model species opens up previously inaccessible avenues of research. Next-439 

generation sequencing technologies are often not accessible and too costly for a majority of 440 

researchers with population-based research questions that require rapid, high-throughput genome 441 

wide analysis of variation. Until the price of sequencing and the complexity of assembling new 442 

reference genome assemblies is reduced, the adaptation of existing genomic tools for use with 443 
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closely related species is one method researchers can use to combat the genomic disparity 444 

between studying model and non-model species. 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 
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MATERIALS AND METHODS  467 

Cross-species samples 468 

Forty publicly available MDGA raw data (CEL) files were downloaded from the Center for 469 

Genome Dynamics at the Jackson Laboratory (2012, The Jackson Laboratory; 470 

ftp.jax.org/petrs/MDA/). Four MDGA CEL files of H. glaber DNA cross-hybridization to the 471 

MDGA were generated in-house. The forty-four samples consist of twenty-seven Mus CEL files, 472 

two Rattus CEL files, seven Peromyscus CEL files, one Apodemus CEL file, and CEL files 473 

representing more highly diverged species including a squirrel, four naked mole rats, a tapir, and 474 

an African Black Rhino (S3 Table). CEL file raw array intensity images were analyzed for 475 

quality and abnormalities in array images were noted. Two CEL files (S1 Fig) were noted for 476 

having an abnormal spot with uneven DNA hybridization to the array. Due to the redundancy of 477 

probes on the MDGA, it was determined that abnormal CEL file images still had sufficient 478 

genomic coverage to be used for further analysis and were not removed from the study.  479 

 480 

SNP genotyping 481 

Samples were genotyped using the protocol outlined by Locke et al. [25].  Affymetrix Power 482 

Tools was used to generate genotype calls of AA, AB, BB, or No Call (numerical representations 483 

0, 1, 2, -1, respectively) using the BRLMM-P algorithm for 493,290 SNPs [25] (Affymetrix 484 

Power Tools (APT) Release 1.16.0). A training set of 114 classical laboratory mouse CEL files 485 

obtained from a set of 351 mice utilized by Didion et al. (2012) was used in conjunction with 486 

BRLMM-P to train the algorithm in accurate assignment of genotypes [26].  The samples were 487 

organized into three test sets that were genotyped separately from one another. The first 488 

genotyping set (known as the inter-order test set) consists of all 44 CEL files representing species 489 
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spanning different orders of classification and a maximum divergence time of 96 million years of 490 

divergence (MYD) from the reference house mouse, Mus musculus (Table 1). The second test set 491 

(the intra-genus test set) is composed of the 27 samples from the genus Mus and has a maximum 492 

divergence of 9.5 MYD from the house mouse (Table 1). The third test set (Peromyscus case 493 

study test set) was composed of seven deer mouse species from the genus Peromyscus that have 494 

32.7 MYD from the house mouse (Table 1). The genotyping results obtained were analyzed and 495 

compared to reference genotyping data from Mus musculus. The reference Mus musculus data 496 

was obtained by averaging the genotyping results from 8 Mus musculus samples (percentage of 497 

loci genotyped > 99%).  498 

 499 

Estimation of divergence times 500 

The estimated divergence time of each species from the reference house mouse was obtained 501 

using an evolutionary timetree of life (http://www.timetree.org/) [27] with a few exceptions. The 502 

estimated divergence of the subspecies M. m. castaneus was determined through previous work 503 

by Geraldes et al. (2012) [28], and the evolutionary divergence time of the pygmy mouse species 504 

from the house mouse was determined by Kouassi et al. (2008) [29].  505 

 506 

Statistical analyses 507 

A Fisher’s exact test was utilized to assess the extent of genetic differences between samples 508 

genotyped together. A nonparametric, unordered, Fisher-Freeman-Halton exact test (Monte 509 

Carlo simulation) was performed using the StatXact statistical analysis software package 510 

(CYTEL Software, Cambridge, MA). Pearson’s r was used in tests of significance of correlations 511 

between the genotyping results of the test set samples using Graphpad Prism 8 software.  512 
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 513 

Genetic distance calculations 514 

Pairwise comparison of SNP genotypes between species in the inter-order test set was utilized to 515 

create SNP-based distance matrices using R. The distance matrix values used to create 516 

phenograms (SNP trees) were generated using an in-house R script courtesy of Marjorie E. 517 

Osbourne Locke. The in-house script utilized the ‘bionj’ R package to create a tree of genetic 518 

relatedness using the neighbour-joining method [30]. The resulting trees were modified using 519 

Figtree (v1.4.3) software. Pairwise genetic distances were computed by dividing the total number 520 

of genotypic differences between two samples by the total number of loci queried by the MDGA, 521 

where 493,290 total loci were used in this study [25]. The values in the distance matrix are a 522 

numerical representation of the amount of genetic diversity between test species analyzed and the 523 

reference house mouse. A genetic distance value of zero indicates the species are genetically the 524 

same at the loci queried, and a value of one indicates the species compared are completely 525 

genetically dissimilar from one another at the loci queried. The estimated evolutionary 526 

relationships seen in the SNP trees generated were compared to the divergence times of test 527 

samples from the reference house mouse provided in literature and the Timetree database [27–528 

29]. 529 

 530 

In silico validation of MDGA loci genotyped cross-species and pathway analysis 531 

In silico validation of loci genotyped from MDGA data was performed using the program E-532 

MEM (efficient computation of maximal exact matches for very large genomes) designed by 533 

Khiste and Ilie (2015) [31]. The publicly available genomes of rodents were searched for the 534 

unique presence of MDGA probe sequences. E-MEM was employed to search a publicly 535 
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available genome of wild rodents available on NCBI (S4 Table) for perfect 25 nt MDGA SNP 536 

probe target sequences that have only one genomic match (ftp.ncbi.nlm.nih.gov/genomes/). 537 

Unique MDGA matches discovered via E-MEM were identified and then compared with the list 538 

of heterozygous loci genotyped using the MDGA. Ensembl gene IDs associated with candidate 539 

loci genotyped were analyzed using the Database for Annotation, Visualization, and Integrated 540 

Discovery (DAVID).  541 

  542 
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 552 

Figure Legends  553 

Fig 1. Summary of published research on mammalian cross-species genotyping using SNP 554 
genotyping microarrays 555 
(A) Published research is organized in increasing order of genetic divergence in millions of years 556 
divergence (MYD) of non-model test samples from the model reference organism. Authors, 557 
publication year, genotyping microarray technology, and approximate number of loci queried (in 558 
thousands) are listed for each publication. (B) The sample of publications on mammalian cross-559 
species array studies with the 13th representing the contributions of this thesis to the cross-species 560 
genotyping array field. 561 
 562 
Fig 2. Genetic diversity of test sets exceeds maximum genetic diversity of training set 563 
Boxplots representing the minimum, first quartile, median, third quartile, and maximum genetic 564 
distances for the training set (n=114), intra-genus test set (n=27), case study of Peromyscus 565 
(n=7), and inter-order test set (n=44). All genetic distances are with respect to the reference 566 
house mouse Mus musculus.  567 
 568 
Fig 3. Underestimation of genetic diversity for highly diverged species in cross-species 569 
genotyping 570 
(A) The percentage of loci genotyped from the inter-order test set (n=44). (B) The percentage of 571 
loci from the inter-order test set with a heterozygous genotype call. MYD = Millions of years 572 
divergence, with respect to the reference Mus musculus.  573 
 574 

 575 
 576 
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Fig 4. Genetic diversity of wild Mus species  577 
(A) The percentage of loci genotyped from the intra-genus test set (n=27). (B) The percentage of 578 
loci from the intra-genus test set with a heterozygous genotype call. MYD = Millions of years 579 
divergence, with respect to the reference Mus musculus. 580 
 581 
Fig 5. SNP distance-based tree of genetic relatedness reflects known taxonomic 582 
relationships between Mus species 583 
SNP distance-based tree of genetic relatedness of samples from the intra-genus test set (n = 27). 584 
At 9.5 MYD a pygmy mouse subspecies M. n. orangiae has SNP-based genetic distances that 585 
reflect greater genetic similarity to another pygmy mouse subspecies M. n. minutoides than the 586 
replicate MDGA data file of the same M. n. orangiae sample. MYD = Millions of years 587 
divergence, with respect to the reference Mus musculus. 588 
 589 
Fig 6. SNP distance-based tree of genetic relatedness reflects known taxonomic 590 
relationships between Peromyscus species 591 
Pairwise SNP distance-based tree of genetic relatedness of samples from the intra-genus test set 592 
of Peromyscus species (n=7).  593 
 594 
 595 
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Supporting Information 734 

S1 Fig. Abnormalities in two MDGA raw intensity CEL file images. CEL file raw array 735 
intensity images were analyzed for quality control purposes and abnormalities in array images 736 
were noted for two CEL files. The two samples were not removed from analysis. 737 
 738 
S1 Table. Forty-four MDGA data (CEL) files of the present study. 1MDGA data (CEL) files 739 
were downloaded from the Center for Genome Dynamics at the Jackson Laboratory, with the 740 
exception of the four H. glaber CEL files (generated in-house). 2Divergence time is given in 741 
millions of years from the reference house mouse, M. musculus (timetree.org). 3“redo” files are a 742 
technical replicate of the CEL file with the same sample identifier code. Ex: SNP_mDIV_D3-743 
639_101509-redo is a technical replicate of SNP_mDIV_D3-639_91809, where D3-639 is the 744 
sample identifier. 4Only family level information available for CEL file SNP_mDIV_B9-745 
667_102109; Genus and species of sample are unknown. 746 
 747 
S2 Table. Training set of samples for genotyping algorithm (n=114). CEL files of 114 748 
classically inbred laboratory mouse strains were downloaded from the Jackson Laboratory 749 
Center for Genome Dynamics for genotyping algorithm training. 750 
 751 
S3 Table. Genotype summary of 44 study samples genotyped at 493,290 single nucleotide 752 
polymorphic loci located across the genome of Mus musculus. Genotyping summary results 753 
for all 44 Mouse Diversity Genotyping Array data files.  754 
 755 
S4 Table. Study species evaluated with publicly available nuclear genome sequence 756 
information. Genomes accessed through the NCBI Genomes FTP site of samples under study    757 
(ftp.ncbi.nlm.nih.gov/genomes/). 758 
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Figures 764 

 765 

Fig 1. Summary of published research on mammalian cross-species genotyping using SNP 766 
genotyping microarrays 767 
(A) Published research is organized in increasing order of genetic divergence in millions of years 768 
divergence (MYD) of non-model test samples from the model reference organism. Authors, 769 
publication year, genotyping microarray technology, and approximate number of loci queried (in 770 
thousands) are listed for each publication. (B) The sample of publications on mammalian cross-771 
species array studies with the 13th representing the contributions of this thesis to the cross-species 772 
genotyping array field. 773 
 774 
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775 
Fig 2. Genetic diversity of test sets exceeds maximum genetic diversity of training set 776 
Boxplots representing the minimum, first quartile, median, third quartile, and maximum genetic 777 
distances for the training set (n=114), intra-genus test set (n=27), case study of Peromyscus 778 
(n=7), and inter-order test set (n=44). All genetic distances are with respect to the reference 779 
house mouse Mus musculus.  780 
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 784 

 785 
 786 
Fig 3. Underestimation of genetic diversity for highly diverged species in cross-species 787 
genotyping 788 
(A) The percentage of loci genotyped from the inter-order test set (n=44). (B) The percentage of 789 
loci from the inter-order test set with a heterozygous genotype call. MYD = Millions of years 790 
divergence, with respect to the reference Mus musculus.  791 
 792 
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 793 

 794 
 795 
Fig 4. Genetic diversity of wild Mus species  796 
(A) The percentage of loci genotyped from the intra-genus test set (n=27). (B) The percentage of 797 
loci from the intra-genus test set with a heterozygous genotype call. MYD = Millions of years 798 
divergence, with respect to the reference Mus musculus. 799 
 800 
 801 
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 802 
Fig 5. SNP distance-based tree of genetic relatedness reflects known taxonomic 803 
relationships between Mus species 804 
SNP distance-based tree of genetic relatedness of samples from the intra-genus test set (n = 27). 805 
At 9.5 MYD a pygmy mouse subspecies M. n. orangiae has SNP-based genetic distances that 806 
reflect greater genetic similarity to another pygmy mouse subspecies M. n. minutoides than the 807 
replicate MDGA data file of the same M. n. orangiae sample. MYD = Millions of years 808 
divergence, with respect to the reference Mus musculus. 809 
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 810 
Fig 6. SNP distance-based tree of genetic relatedness reflects known taxonomic 811 
relationships between Peromyscus species 812 
Pairwise SNP distance-based tree of genetic relatedness of samples from the intra-genus test set 813 
of Peromyscus species (n=7). 814 
 815 
 816 

817 
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Supporting Information 818 
 819 

 820 
S1 Fig. Abnormalities in two MDGA raw intensity CEL file images. CEL file raw array 821 
intensity images were analyzed for quality control purposes and abnormalities in array images 822 
were noted for two CEL files. The two samples were not removed from analysis. 823 
 824 
S1 Table. Forty-four MDGA data (CEL) files of the present study.  825 

CEL File1 Sex of 
Organism 

Common 
Name 

Scientific 
Name 

Divergence 
Time2 from  

Mus 
musculus 
(MYD) 

SNP_mDIV_A7-
7_081308.CEL Male House Mouse 

Reference Mus musculus 0 

SNP_mDIV_D3-
639_101509-

redo3 
Female 

Southeastern 
Asian House 

Mouse 

Mus musculus 
castaneus 0.35 

SNP_mDIV_D3-
639_91809 Female 

Southeastern 
Asian House 

Mouse 

Mus musculus 
castaneus 0.35 

SNP_mDIV_D9-
647_101509-redo Male Earth-Colored 

Mouse Mus dunni 6.4 

SNP_mDIV_D9-
647_91809 Male Earth-Colored 

Mouse Mus dunni 6.4 

SNP_mDIV_D4-
640_101509-redo Male Servant Mouse Mus famulus 6.4 

SNP_mDIV_D4-
640_91809 Male Servant Mouse Mus famulus 6.4 
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SNP_mDIV_D8-
474_012209 Male Servant Mouse Mus famulus 6.4 

SNP_mDIV_D5-
642_101509-redo Male Sheath-Tailed 

Mouse 
Mus 

fragilicauda 6.4 

SNP_mDIV_D5-
642_91809 Male Sheath-Tailed 

Mouse 
Mus 

fragilicauda 6.4 

SNP_mDIV_D6-
643_101509-redo Male Sheath-Tailed 

Mouse 
Mus 

fragilicauda 6.4 

SNP_mDIV_D6-
643_91809 Male Sheath-Tailed 

Mouse 
Mus 

fragilicauda 6.4 

SNP_mDIV_D7-
644_101509-redo Male Ryukyu Mouse Mus caroli 7.41 

SNP_mDIV_D7-
644_91809 Male Ryukyu Mouse Mus caroli 7.41 

SNP_mDIV_D6-
472_012209 Male Ryukyu Mouse Mus caroli 7.41 

SNP_mDIV_D8-
646_101509-redo Male Fawn-Coloured 

Mouse Mus cervicolor 7.41 

SNP_mDIV_D8-
646_91809 Male Fawn-Coloured 

Mouse Mus cervicolor 7.41 

SNP_mDIV_A2-
645_102109 Male Cook's Mouse Mus cookii 7.41 

SNP_mDIV_A3-
648_102109 Male Flat-Haired 

Mouse Mus platythrix 8.1 

SNP_mDIV_A4-
649_102109 Male Flat-Haired 

Mouse Mus platythrix 8.1 

SNP_mDIV_A5-
650_102109 Male Rock-Loving 

Mouse Mus saxicola 8.1 

SNP_mDIV_A6-
651_102109 Male Rock-Loving 

Mouse Mus saxicola 8.1 

SNP_mDIV_D7-
473_012209 Male Shrew Mouse Mus pahari 8.29 

SNP_mDIV_D11
-653_101509-

redo 
Male African Pygmy 

Mouse 
Mus nannomys 

minutoides 9.5 

SNP_mDIV_D11
-653_91809 Male African Pygmy 

Mouse 
Mus nannomys 

minutoides 9.5 
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SNP_mDIV_D10
-652_101509-

redo 
Male Orange Mouse Mus nannomys 

orangiae 9.5 

SNP_mDIV_D10
-652_91809 Male Orange Mouse Mus nannomys 

orangiae 9.5 

SNP_mDIV_A7-
654_102109 Male Matthey's 

Mouse 
Mus nannomys 

mattheyi 9.5 

SNP_mDIV_B8-
1190_082410 Male Wood Mouse Apodemus 

sylvaticus 14.5 

SNP_mDIV_A9-
656_102109 Male Sprague 

Dawley rat 
Rattus 

norvegicus 20.9 

SNP_mDIV_A10
-657_102109 Male Outbred Wistar 

rat 
Rattus 

norvegicus 20.9 

SNP_mDIV_B1-
659_102109 Male Aztec Mouse Peromyscus 

aztecus 32.7 

SNP_mDIV_B3-
661_102109 Male California 

Mouse 
Peromyscus 
californicus 32.7 

SNP_mDIV_B5-
663_102109 Male 

North 
American Deer 

Mouse 

Peromyscus 
maniculatus 

bairdii 
32.7 

SNP_mDIV_B4-
662_102109 Male Sonoran Deer 

Mouse 

Peromyscus 
maniculatus 
sonoriensis 

32.7 

SNP_mDIV_B2-
660_102109 Male Plateau Deer 

Mouse 
Peromyscus 
melanophrys 32.7 

SNP_mDIV_B6-
664_102109 Male Oldfield Mouse Peromyscus 

polionotus 32.7 

SNP_mDIV_B8-
666_102109 Male White-Footed 

Mouse 
Peromyscus 

leucopus 32.7 

SNP_mDIV_B9-
667_102109 Male Squirrel Sciuridae4 71 

DNA3337 Female Naked Mole 
Rat 

Heterocephalus 
glaber 73 

DNA3338 Female Naked Mole 
Rat 

Heterocephalus 
glaber 73 

DNA3339 Male Naked Mole 
Rat 

Heterocephalus 
glaber 73 
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DNA3340 Male Naked Mole 
Rat 

Heterocephalus 
glaber 73 

SNP_A2-
GES11_4907_AG

T-JLP-120115-
24-35517 

Male African Black 
Rhino 

Diceros 
bicornis 96 

SNP_A1-
GES11_4902_AG

T-JLP-120115-
24-35517 

Male Mountain Tapir Tapirus 
pinchaque 96 

1MDGA data (CEL) files were downloaded from the Center for Genome Dynamics at the 826 
Jackson Laboratory, with the exception of the four H. glaber CEL files (generated in-house). 827 
2Divergence time is given in millions of years from the reference house mouse, M. musculus 828 
(timetree.org). 3“redo” files are a technical replicate of the CEL file with the same sample 829 
identifier code. Ex: SNP_mDIV_D3-639_101509-redo is a technical replicate of 830 
SNP_mDIV_D3-639_91809, where D3-639 is the sample identifier. 4Only family level 831 
information available for CEL file SNP_mDIV_B9-667_102109; Genus and species of sample 832 
are unknown. 833 
 834 
S2 Table. Training set of samples for genotyping algorithm (n=114).  835 

114 training set CEL file names Sample name Sex 
SNP_mDIV_B3-387_022709.CEL 129P1/ReJ M 
SNP_mDIV_B4-388_012709.CEL 129P3/J M 
SNP_mDIV_A1-1_081308.CEL 129S1/SvImJ M 

SNP_mDIV_A8-199_091708.CEL 129S6 M 
SNP_mDIV_B5-389_012709.CEL 129T2/SvEmsJ M 
SNP_mDIV_D6-254_111308.CEL 129X1/SvJ M 
SNP_mDIV_A2-2_081308.CEL A/J M 

SNP_mDIV_B7-391_012709.CEL A/WySnJ M 
SNP_mDIV_B4-118_091708.CEL AEJ/GnLeJ M 
SNP_mDIV_B8-392_012709.CEL AEJ/GnRk M 
SNP_mDIV_A3-3_081308.CEL AKR/J M 

SNP_mDIV_A6-119_090908.CEL ALR/LtJ M 
SNP_mDIV_C9-120_090908.CEL ALS/LtJ M 
SNP_mDIV_A4-4_081308.CEL BALB/cByJ M 

SNP_mDIV_D5-253_111308.CEL BALB/cJ M 
SNP_mDIV_B9-393_012709.CEL BDP/J M 
SNP_mDIV_B5-123_091708.CEL BPH/2J M 
SNP_mDIV_B3-316_120908.CEL BPL/1J M 
SNP_mDIV_B6-124_091708.CEL BPN/3J M 
SNP_mDIV_A5-5_081308.CEL BTBR T<+> Itpr3<tf>-Fbxl3<Ovtm>/J M 
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SNP_mDIV_C11-125_090908.CEL BUB/BnJ M 
SNP_mDIV_B10-394_012709.CEL BXSB/MpJ M 

SNP_mDIV_A6-6_081308.CEL C3H/HeJ M 
SNP_mDIV_D1-126_090908.CEL C3HeB/FeJ M 
SNP_mDIV_B8-85_090908.CEL C57BL/10J M 

SNP_mDIV_A5-378_121608.CEL C57BL/6J M 
SNP_mDIV_A1-

SNP08_001_103008.CEL C57BL/6J F 

SNP_mDIV_A2-
SNP08_001_103008.CEL C57BL/6J F 

SNP_mDIV_A3-
SNP08_001_103008.CEL C57BL/6J F 

SNP_mDIV_A4-
SNP08_002_103008.CEL C57BL/6J M 

SNP_mDIV_A5-
SNP08_002_103008.CEL C57BL/6J M 

SNP_mDIV_A6-
SNP08_002_103008.CEL C57BL/6J M 

SNP_mDIV_A7-7_081308.CEL C57BL/6J M 
SNP_mDIV_A9-382_012709.CEL C57BL/6NCI M 
SNP_mDIV_B1-385_012709.CEL C57BL/6NCI M 
SNP_mDIV_A8-381_012709.CEL C57BL/6Crl M 

SNP_mDIV_A10-
SNP08_004_103008.CEL C57BL/6NJ M 

SNP_mDIV_A11-
SNP08_004_103008.CEL C57BL/6NJ M 

SNP_mDIV_A7-
SNP08_003_103008.CEL C57BL/6NJ F 

SNP_mDIV_A8-
SNP08_003_103008.CEL C57BL/6NJ F 

SNP_mDIV_A9-
SNP08_003_103008.CEL C57BL/6NJ F 

SNP_mDIV_B1-
SNP08_004_103008_4.CEL C57BL/6NJ M 

SNP_mDIV_A10-383_012709.CEL C57BL/6Tc M 
SNP_mDIV_A11-384_012709.CEL C57BL/6Tc M 

SNP_mDIV_B9-86_090908.CEL Wrong sample name (not C57BLKS/J, close to 
C57L/J) M 

SNP_mDIV_D2-
SNP09_024_022709.CEL C57BLKS/J M 

SNP_mDIV_B10-87_090908.CEL C57BR/cdJ M 
SNP_mDIV_B11-88_090908.CEL C57L/J M 
SNP_mDIV_C1-89_090908.CEL C58/J M 
SNP_mDIV_B4-15_081308.CEL CBA/CaJ M 
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SNP_mDIV_D8-256_111308.CEL CBA/J M 
SNP_mDIV_D2-128_090908.CEL CE/J M 
SNP_mDIV_D3-129_090908.CEL CHMU/LeJ M 
SNP_mDIV_B7-18_081308.CEL DBA/1J M 
SNP_mDIV_C3-398_012709.CEL DBA/1LacJ M 
SNP_mDIV_C4-399_012709.CEL DBA/2DeJ F 
SNP_mDIV_C5-400_012709.CEL DBA/2HaSmnJ M 
SNP_mDIV_B8-19_081308.CEL DBA/2J M 
SNP_mDIV_A8-56_082108.CEL DDK/Pas F 
SNP_mDIV_B9-20_081308.CEL DDY/JclSidSeyFrkJ M 

SNP_mDIV_D4-130_090908.CEL DLS/LeJ M 
SNP_mDIV_D5-131_090908.CEL EL/SuzSeyFrkJ M 
SNP_mDIV_B10-21_081308.CEL FVB/NJ M 
SNP_mDIV_B8-132_091708.CEL HPG/BmJ M 
SNP_mDIV_B2-90_091708.CEL I/LnJ M 

SNP_mDIV_A11-431_022709.CEL WSP2 F 
SNP_mDIV_A9-429_022709.CEL WSR2 M 
SNP_mDIV_A8-427_022709.CEL COLD2 M 
SNP_mDIV_A6-424_022709.CEL HOT1 M 
SNP_mDIV_A7-425_022709.CEL HOT2 M 
SNP_mDIV_B2-433_022709.CEL ILS/IbgTejJ M 
SNP_mDIV_B1-432_022709.CEL ISS/IbgTejJ M 
SNP_mDIV_C2-91_090908.CEL JE/LeJ M 
SNP_mDIV_B11-22_081308.CEL KK/HlJ M 
SNP_mDIV_C3-92_090908.CEL LG/J M 
SNP_mDIV_C4-93_090908.CEL LP/J M 
SNP_mDIV_C6-401_012709.CEL LT/SvEiJ M 
SNP_mDIV_D7-134_090908.CEL MRL/MpJ M 
SNP_mDIV_C6-30_081308.CEL NOD/ShiLtJ M 
SNP_mDIV_C9-404_012709.CEL NOD/ShiLtJ M 
SNP_mDIV_A2-48_082108.CEL NON/ShiLtJ M 

SNP_mDIV_C11-406_012709.CEL NONcNZO5/LtJ M 
SNP_mDIV_A3-49_082108.CEL NOR/LtJ M 
SNP_mDIV_D9-136_090908.CEL NU/J M 
SNP_mDIV_A1-50_091708.CEL NZB/BlNJ M 
SNP_mDIV_C5-94_090908.CEL NZL/LtJ M 

SNP_mDIV_D10-137_090908.CEL NZM2410/J M 
SNP_mDIV_C7-31_081308.CEL NZO/HlLtJ M 
SNP_mDIV_C8-32_081308.CEL NZW/LacJ M 
SNP_mDIV_B9-138_091708.CEL P/J M 
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SNP_mDIV_C6-95_090908.CEL PL/J M 
SNP_mDIV_A1-147_111308.CEL SI/Col Tyrp1 Dnahc11/J M 
SNP_mDIV_D11-139_090908.CEL PN/nBSwUmabJ M 
SNP_mDIV_B11-141_091708.CEL RF/J M 
SNP_mDIV_B9-142_103008_3.CEL RHJ/LeJ M 

SNP_mDIV_C8-97_090908.CEL RIIIS/J M 
SNP_mDIV_B10-143_103008_3.CEL RSV/LeJ M 
SNP_mDIV_D9-144_103008_3.CEL SB/LeJ M 
SNP_mDIV_D10-145_103008_3.CEL SEA/GnJ M 

SNP_mDIV_D2-408_012709.CEL SEC/1GnLeJ M 
SNP_mDIV_D3-409_012709.CEL SEC/1ReJ M 

SNP_mDIV_D11-146_103008_3.CEL SH1/LeJ M 
SNP_mDIV_D4-410_012709.CEL SJL/Bm M 
SNP_mDIV_D1-36_081308.CEL SJL/J M 
SNP_mDIV_A2-148_111308.CEL SM/J M 

SNP_mDIV_A4-150_111308_2.CEL SSL/LeJ M 
SNP_mDIV_D5-411_012709.CEL ST/bJ M 
SNP_mDIV_D6-412_012709.CEL STX/Le M 
SNP_mDIV_A5-151_111308.CEL SWR/J M 
SNP_mDIV_A6-152_111308.CEL TALLYHO/JngJ M 
SNP_mDIV_A7-153_111308.CEL TKDU/DnJ M 
SNP_mDIV_A8-154_111308.CEL TSJ/LeJ M 
SNP_mDIV_D7-413_012709.CEL YBR/EiJ M 
SNP_mDIV_A9-155_111308.CEL ZRDCT Rax<ey1>/ChUmdJ M 

 836 
CEL files of 114 classically inbred laboratory mouse strains were downloaded from the Jackson 837 
Laboratory Center for Genome Dynamics for genotyping algorithm training. 838 
 839 
 840 
 841 
S3 Table. Genotype summary of 44 study samples genotyped at 493,290 single nucleotide 842 
polymorphic loci located across the genome of Mus musculus.  843 
Genotyping summary results for all 44 Mouse Diversity Genotyping Array data files.  844 
(Too large to display. Please see separate PDF file) 845 
 846 
 847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
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S4 Table. Study species evaluated with publicly available nuclear genome sequence 855 
information.  856 

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 

Genomes accessed through the NCBI Genomes FTP site of samples under study    857 
(ftp.ncbi.nlm.nih.gov/genomes/). 858 
 859 
 860 
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