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Abstract

We designed a high-density mouse genotyping array containing 623,124 SNPs that capture the
known genetic variation present in the laboratory mouse. The array also contains 916,269
invariant genomic probes that are targeted to functional elements and regions known to harbor
segmental duplications. The array opens the door to the characterization of genetic diversity, copy
number variation, allele specific gene expression and DNA methylation and will extend the
successes of human genome-wide association studies to the mouse.

Array based hybridization platforms allow simultaneous genotyping of many single
nucleotide polymorphisms (SNPs). Among these platforms, whole genome sampling
analysis1, which reduces genomic complexity by selective amplification of restriction
fragments, has been used to genotype large human cohorts to conduct genome wide
association studies for a variety of human diseases. These studies have been highly
successful at identifying loci associated with certain diseases.

The laboratory mouse with its fully sequenced and annotated genome, targeted germline
modification, and many inbred strains, is a popular tool in biomedical research that
complements the strengths of human studies. Mice and humans are eutherian mammals
sharing genomes of similar size, content and organization. The mouse has been widely used
as a model of human disease and to characterize basic biological processes. However,
current microarray-based genotyping platforms are limited to a few thousand markers2 or
have not been available for wide use3. To overcome these limitations and to enable the
potential for genome wide association (GWA) studies in the mouse, we have developed a
high-density SNP array.

The Mouse Diversity array was designed to capture the full spectrum of genetic diversity
present in current stocks of laboratory mice, including classical and wild derived inbred
strains. Classical strains have been the most popular tools in mouse genetics and have
contributed disproportionately to the genotypes stored in databases. Genotyping platforms
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based on SNPs discovered by resequencing of classical strains, however, have shortcomings.
They lack SNPs that discriminate among subspecies and SNPs that tag variation within
subspecies other than M. m. domesticus, because, contrary to a previous hypothesis4 the
genome of classical strains includes only limited representation of subspecies other that M.
m. domesticus5. Furthermore, a significant fraction of the genome is identical by descent
among the classical laboratory strains5.

Biases due to SNP ascertainment plague all existing microarrays and databases6. The
methods used for SNP discovery and selection determine the type of variation that can be
observed in subsequent genotyping experiments. This can result in distorted allele
frequencies and inaccurate phylogenies if ascertainment is not taken into account. Thus,
future analysis and interpretation of array data requires documentation of ascertainment
strategies used to select SNPs. Previous SNP discovery projects that included wild-derived
strains, such as a project from NIEHS7, are critical to the design of a genotyping array that
will be useful for studies that include wild derived strains or wild-caught mice including the
Collaborative Cross (CC)8.

We employed several complementary strategies to select SNPs, giving rise to distinct
categories of SNP probes (Supplementary Fig.1 and Online Methods). Our aim was to
capture maximum diversity among the phylogenetic clades represented in laboratory mouse
stocks while retaining the ability to discriminate among commonly used classical inbred
strains. SNPs within each category have a uniform spatial distribution and most selection
strategies were iterated to ensure depth and redundancy. Only SNPs that are “chippable”
according to our criteria (see Online Methods) were selected and SNPs supported by
multiple public data sets were preferred. We initially selected 725,086 SNPs that were
printed on test arrays. From these, we selected 623,124 well performing SNPs for the final
array. The numbers of SNPs selected within each category are summarized in Table 1 and
further information is provided in Supplementary Table 1.

For the final array we also selected 916,269unique invariant genomic probes (IGPs)to tag
functional elements of the genome and putative structural differences (Supplementary Fig.1,
Table 1). These probes are devoid of known SNPs. IGPs were selected to capture 93.4% of
the 214,869 exons defined in Ensemble (version 49). For 125,390 exons (58.4%), we
identified three chippable probes (Exon 1). For 75,204 exons (35.0%), we selected three
probes regardless of chippable status (Exon 2). We tiled probes across 238 chippable ultra-
conserved elements. In regions of the mouse genome known to harbor segmental
duplications, most selected probes failed to meet the uniqueness criteria. We relaxed this
constraint and selected three probes on each chippable Nspl and Syl fragment in these
regions (Gap Filling probes in Supplementary Fig.1). Lastly, we attempted to identify probes
for sequences that are not present in the C57BL/6J reference genome using BAC-end
sequences from the MSM/Ms strain. IGPs were printed as complementary pairs, one on each
strand of DNA. Spatial distributions of SNPs and IGPs are shown in Figure 1, and the
distances between consecutive probes are shown in Supplementary Fig.2 (online).

To train the SNP calling algorithm and to establish the performance of the Mouse Diversity
array we analyzed 136 DNA samples. A complete list of strains and additional resources can
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be found in Online Methods. We have removed 41,452 SNPs (6.65%) with unreliable
genotype calls. (Supplementary Fig. 3). Performance among the remaining 581,672 SNPs
was assessed based on call rate, concordance with known genotypes, concordance rate with
test array, concordance between biological replicates and heterozygosity rate(Supplementary
Table 2). Among classical inbred strains there is good concordance with genotypes reported
in databases (99.6% of genotypes called in both resources) with little variation between
strains. There is also good concordance between the training and final arrays (mean 99.9%,
interquartile range(IQR),99.8%-99.9%). In addition, concordance across biological
replicates is good (mean 99.2%, IQR 97.6%-100%). The F1 hybrid genotypes provide an
additional consistency check, as these are predictable from the parental strain genotypes
(mean 99.1%, IQR 98.8%-99.3%). Finally, the array performed extremely well with 99.6%
average call rate (IQR 99.4%-99.7%) and 1.3% heterozygosity call rate (IQR 0.9%-1.6%).

Heterozygous calls are a useful indicator of performance in inbred strains, since these
samples should not have any heterozygosity. Heterozygous genotype calls can reflect true
heterozygosity at the relevant SNP due to incomplete inbreeding or homoplasy. We have
confirmed the ability of the Mouse Diversity array to detect and fine map these regions in an
inbred strain, SSL/LeJ, known to be segregating two historical mutations of biomedical
interest, piebald and piebald-lethal, at the Ednrb locus (Supplementary Fig. 4). However,
given the fact that we have filtered poorly performing SNPs and that heterozygosity rate
increases with phylogenetic distance from the C57BL/6J genome (i.e, M.m. domesticus) we
suspect that most of the apparent heterozygote calls are due to the presence of additional off-
target variation within the probes.

The NIEHS strain7 set includes four wild derived strains WSB/EiJ, PWD/PhJ, CAST/EiJ,
and MOLF/EiJ representing M. m. domesticus, M. m. musculus, M. m. castaneusand M. m.
molossinus subspecies, respectively. Among these strains WSB/EiJ has the highest call and
concordance rates and the lowest heterozygosity rate. Genotyping performance decreases for
PWD/PhJ, MOLF/EiJ and CAST/EIiJ as the genetic divergence from the C57BL/6J strain
increases. The C57BL/6J genome is 92% of M. m. domesticus origin, and classical
laboratory mice have a similar degree of M. m. domesticus 5, explaining the performance
difference between M. m. domesticus and other subspecies. We also genotyped SPRET/EiJ
and PANCEVO/EIJ, strains from M. spretusand M. spicilegus species, respectively, for
which call rates are substantially lower (92.4% and 92.1%), and heterozygosity rates are
higher (14.8% and 12.4%, respectively). Most of the observed heterozygosity is likely due to
off-target variation within probe sequences. Concordance rate with known genotypes
remains high (98.6%) indicating that the array works well in other Mus species. The array
performs best for classical laboratory or wild derived strains from M. m. domesticus
subspecies followed by strains from other Mus subspecies reflecting the degree of genetic
divergence from C57BL/6J.

To assess the performance of IGPs we compared the distribution of the hybridization
intensities of each type of IGP with the distribution of the perfect match SNP probes within
a given DNA sample (Supplementary Fig.5a). The latter distribution provides a standard
intensity that should be matched by the IGP. This expectation is fulfilled by the Exon 1
probes. Exon 2 probes show a distribution shifted towards lower intensities due to the larger
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length of the PCR amplicons (Exonl median 854bp, Exon2 median 1,955bp). Lower
intensity observed for UCE probes can be explained by their low G+C content. The gap-
filling probes show a much wider range of intensity as expected for probes in segmental
duplications. The performance of both SNP and IGPs benefits from normalization that
accounts for G+C content of the probe and the lengths of the Nspl and Syl fragments on
which probes reside(Supplementary Fig.5b). Gap filling probes should be excluded from
estimation of normalization parameters as they are highly enriched for repeated sequences,
and thus present a broad distribution of intensity values. Finally, the majority of MSM/Ms
IGPs have very low intensity (similar to background noise) because these probes were
selected to be absent from the C57BL/6J reference genome. MSM/Ms IGPs cannot be
normalized because we lack information on Nspl and Syl fragments on which each
probelies.

To assess the performance of the array to detect copy number variation we compared the
intensity of SNP and IGP probes on chromosome 17 between C57BL/6J and BALB/cByJ
(Fig.2). The Mouse Diversity array detects the presence of a 475kb duplication described
previously in the BALB/cBy genome9. We further analyzed 80 previously reported CNVs
using our array10. Among them 53 intervals can be mapped to Build 36, and we confirmed
83% (44) of these CNV using our array.

In our analyses, we have used the BRLMM-P algorithm, originally developed for human
genotyping arrays11. It assumes that genotypes will form three clusters, whereas inbred
strains will generally have two distinct genotypes. We circumvented this problem by
including multipleF1 samples in our training set to ensure the presence of sufficient numbers
of heterozygous genotypes. Sex chromosomes presented additional challenges. For this
study we constructed specialized R scripts to analyze Y chromosome. The X chromosome
requires that male and female samples be distinguished. With this information BRLMM-P
calls are reasonably good, but modifications will be needed to achieve the same performance
levels as for autosomal loci. Performance statistics reported here do not include X, Y or
mitochondrial SNPs.

The Mouse Diversity array will allow the comprehensive analysis of the origin of all mouse
resources, detection of residual heterozygosity, contamination and drift in strains and cell
lines, and de novo copy number variation arising in mouse strain resources and in somatic
tissues such as tumor samples.

We have previously shown that reliable imputation is possible provided that density of typed
SNPs is sufficiently high12. Genotyping of most inbred stocks with the Mouse Diversity
array will immediately allow imputation of these strains and increase the reliability of
imputed genotypes. Projects are underway to obtain complete sequences of 17 inbred mouse
strains including several wild derived strains. This should substantially extend the range of
strains for which reliable imputation can be achieved. We envision that Mouse Diversity
array genotyping of the CC recombinant inbred strains together with the genome sequences
of the parental strains will enable us to impute the complete genome sequences of the CC
strains with high accuracy.
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The high density of SNP information will enable genome-wide association studies in both
advanced crosses and in wild mouse populations. Given the nature of the probes included in
the array and their extensive annotation, we expect that novel uses such as allele specific
gene expression and DNA methylation13-15 will become routine applications for this array.
The Mouse Diversity Array is distributed by Affymetrix (Santa Clara, CA).

Online METHODS

We implemented 11 selection strategies for SNP and IGP probes(Supplementary Fig. 1)

We first selected SNPs to represent variation among 25 widely used classical laboratory
strains. The genome was divided into non-overlapping 40 kb intervals and, in each interval,
three SNPs with high minor allele frequency and low missing rate were selected.

Next we selected SNPs based on local phylogenetic trees constructed on 100 kb non-
overlapping intervals using the 15 NIEHS strains7 plus C57BL/6J. The procedure was
repeated after shifting the window 50kb. This set represents the largest class of SNPs,
encompassing 67% of the total. Three substrategies were used to select SNPs. First, for
intervals with >20 SNPs in which 30% or more have complete genotypes, we constructed
local phylogenetic trees and corrected branch lengths to account for sampling bias in the
SNP discovery data6(Supplementary Fig.6, online). In each window, we selected one SNP
corresponding to each branch in the local tree until either 98% of the variation was
represented or a maximum of 22 SNPs were selected. The threshold of 22 SNPs allowed us
to capture over 98% of the variation in 90% of the intervals, and 95% of the variation in the
remaining 10% of intervals (Supplementary Fig.7, online). These SNPs represent 95%
(402,719) of the total SNPs in this strategy. Next, for intervals having >20 NIEHS SNPs7
but with less than 30% having complete genotypes, we used the same procedure but used
imputed SNP Genotypes12. These SNPs represent 4.9% (21,138) of the total SNPs in this
strategy. Finally, for windows having fewer than 20 NIEHS SNPs7, we selected SNPs from
other sources. These SNPs represent 0.008% (36) of the total SNPs in this strategy.

C57BL/6J singleton SNPs are completely absent from the NIEHS data7. Therefore, we
identified private C57BL/6J SNPs by comparing the genotypes of six strains used in other
SNP discovery experiments,27 C57BL/6J, A/J, DBA/2J,129X1/SvJ, 129S1/SvimJ, and
MSM/Ms. We selected three C57BL/6J singletons in every 1Mb interval.

The wild derived strains PWD/PhJ and MOLF/EiJ used in the NIEHS study7 each carry
substantial genomic regions of M. m. domesticus origin6. In order to identify non-
domesticus SNPs in these regions and to include additional M. m. molossinus variants, we
aligned the BAC end sequences from MSM/Ms27 with strains C57BL/6J, A/J, DBA/2J,
129X1/SvJ, and 129S1/SvimJ. We selected three MSM/Ms private SNPs in every 100kb
window. We note that the representative M. m castaneus strain in the NIEHS panel7, CAST/
EiJ, also has substantial introgression regions but there are no comparable resources to help
make up for this deficiency.

Additional SNPs were identified by small scale resequencing of other Mus species (M.
spretus, M. spicilegus and M. macedonicus) and M. m. musculus subspecies.
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SNPs identified in the NIEHS study7 that represent the main branches of the Chromosome
Y phylogenetic tree6 were selected. In addition we searched the NCBI database for Y
chromosome sequences from M. spretus, M. spicilegus and M. macedonicus, SNPs present
in the NIEHS data7 were eliminated.

SNPs identified in resequencing studies that represent the main branches of the
mitochondrial phylogenetic tree were selected.

Ultraconserved elements (UCE) are short non-genic sequences with exceptionally high
degree of sequence conservation between species. Among the 481 UCEs identified between
human and mouse16 we tiled the entire sequence of 238 that were chippable in the
C57BL/6J genome.

For every annotated exon we selected three probes spanning the proximal, intermediate and
distal regions. The majority of exons (58%) (denoted Exon 1 probes) have probes that are
chippable according to Affymetrix specifications. We selected probes in most of the
remaining exons with unique sequences (35%), regardless of whether they were chippable
using the same procedure (denoted as Exon 2 probes).

We included probes from sequence reads of MSM/Ms BAC ends that had no corresponding
sequence in the C57BL/6J genome. We selected three probes per BAC end from the
proximal, middle and distal regions. The chippable status of most of these probes is
unknown.

At this stage, there were950 100 kb intervals with fewer than 10probes (SNP or IGP). The
majorities of these were contiguous and fell into genome regions known to contain
segmental duplications17. This is consistent with the absence of NIEHS data7 and the
failure of probes to satisfy the selection criteria for unique sequences. For these intervals, we
identified all chippable probes, either unique or nonspecific, and selected one or two probes
per Nspl or Syl fragment.

Chippable probes

SNP calling

To identify chippable probes we used the following criteria: 1) SNP should be on Nspl or
Syl fragments with sizes of 50bp to 1kb, computed on C57BL/6J reference genome; 2) SNP
should be at least 10bp away from cut site; 3) There should be no other known SNPs in +
12bp flanking sequences around target SNP; and 4) The 33mer centered on the SNP must
BLAT as unique with no alignments which have >28bp matches against C57BL/6J genome.

We used the BRLMM-P algorithm11 implemented in Affymetrix Power Tools to obtain
genotype calls. We used quantile normalization of probe intensities and median polish to
summarize probe sets. We then applied a transformation that converts intensities of the A-
allele (S,) and B-allele (Sp) into contrast (as in(K(S;—Sp)/(Sa+Sp)) and strength (log (S, +
Sp)) values. The parameter K in this transformation can be adjusted to optimize the contrast
between A and B allele intensities. We used K=2 for the test arrays and K=4 for the final
Mouse Diversity array. Genotype calls are based on clustering of contrast values. For
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genotyping we used only the contrast value, although there is clearly additional information
in the strength value. We used the silhouette scorel8 to assess genotype class separation and
we used variance of intensity as a measure of within cluster consistency to guide probe
selection. We used 116 samples, including 76 F1 hybrids, many with known genotypes, to
train the BRLMM-P algorithm. We have observed that performance continues to improve as
more samples are added to the training set.

Annotation of the Mouse Diversity array

We have extensively annotated the Mouse Diversity array to help users interpret results,
integrate array data with other genomic resources, and develop new uses for the array.
Annotation and information regarding probe performance can be obtained from the Center
for Genome Dynamics website (http://genomedynamics.org/tools/diversityarray.shtml).
Probe contrast, silhouette scores and heterozygous genotype calls in inbred strains are
important indicators of individual SNP performance. We have flagged poorly performing
SNPs in the annotation files on the basis of their performance. These SNPs should be
ignored or used with caution. In the future, we will annotate SNP and IGP for performance
in additional samples, including wild derived strains from different M. musculus subspecies
and other Mus species. Annotation files will be updated regularly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial distribution of SNP and invariant genomic probes
Number of SNP and IGPs in each 200Kb interval. IGPs are color coded by type (Exonl,

Exon2, UCE and Gap Filling). Invariant MSM probes are not shown. The left and right
histograms have different scales as indicated by the relative proportions of red and blue in
the horizontal bar (lower right).
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Figure 2. Detection of CNV using the Mouse Diversity array
Open circles of different colors represent different types of probesets. (a) Difference in

probeset intensity along the entire chromosome 17 between BALB/cByJ and C57BL/6J
strains. (b) Z-score of the intensity of each probe set in BALB/cBy in a 23 Mb window of
chromosome 17. (¢) Z-score of the intensity of each probe set in BALB/cBy in a 700kb
window that span a know duplication on BALB/cBY. Red lines are from HMM fit and black
vertical lines denote the boundaries of the duplication described previously9.
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