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Abstract

Here we provide the first genome-wide, high-resolution map of the phylogenetic origin of the
genome of most extant laboratory mouse inbred strains. Our analysis is based on the genotypes of
wild caught mice from three subspecies of Mus musculus. We demonstrate that classical
laboratory strains are derived from a few fancy mice with limited haplotype diversity. Their
genomes are overwhelmingly M. m. domesticus in origin and the remainder is mostly of Japanese
origin. We generated genome-wide haplotype maps based on identity by descent from fancy mice
and demonstrate that classical inbred strains have limited and non-randomly distributed genetic
diversity. In contrast, wild-derived laboratory strains represent a broad sampling of diversity
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within M. musculus. Intersubspecific introgression is pervasive in these strains and contamination
by laboratory stocks has played role in this process. The subspecific origin, haplotype diversity
and identity by descent maps can be visualized and searched online.

Introduction

Most mouse laboratory strains are derived from Mus musculus, a species with multiple
lineages including three major subspecies, M. m. domesticus, M. m. musculus and M. m.
castaneus, with distinct geographical ranges?. In historical times mice followed human
migratory patterns and colonized new regions. In regions of secondary contact between
subspecies there is evidence of gene flow!-3. Hybridization between M. m. musculus and M.
m. castaneus in Japan resulted in the M. m. molossinus subspecies?.

Laboratory strains can be classified into two groups based on their origin. Classical inbred
strains were derived during the 20t century from “fancy” mice. These strains have been the
preferred tools in biomedical research. Historical sources and genetic studies suggest that
fancy mice had significant inbreeding®. These sources indicate that three subspecies of Mus
musculus were represented in the genome of fancy mice making classical strains artificial
hybrids between multiple subspecies found in the wild. However, there is wide disagreement
about the relative contribution of each subspecies to classical inbred strains®”. Classical
strains have substantial population structure because of the limited genetic diversity present
in fancy mice and the complex schema used in their derivation.

Wild-derived laboratory strains are derived directly from wild caught mice®. Each strain has
been assigned to a subspecies or represents a natural hybrid between subspecies. The
population structure of wild-derived strains can be accounted for by their taxonomical
classification.

The genome sequence and annotation of the C57BL/6J classical inbred strain was reported
in 2002 (9), followed by an extensive SNP discovery effort in 15 laboratory strains® and the
ongoing whole genome sequencing of 17 inbred strains®. These data will inform hundreds
of projects that use the mouse as a model for biomedical research including the International
Knockout projects and the Collaborative Crosst112,

Despite this wealth of sequence data, our understanding of genetic diversity in mice is
shallow and biased. SNP discovery has involved only a limited number of strains resulting
in SNP panels with substantial ascertainment bias3. Pedigree records continue to serve as
the primary source of information about the origin and relationships among laboratory
strains®. Although such records are valuable, genetic studies and the experience of mouse
breeders indicate that contamination is common’. We have previously reported the presence
of intersubspecific introgression in three commonly used wild-derived strains’. However,
this conclusion has been controversial and the lack of data from wild caught mice has
prevented consensus. Finally, the M. musculus subspecies are undergoing the early stages of
speciation. There is shared variation among subspecies mostly due to polymorphisms that
have persisted from a common ancestor and introgression between subspecies in the wild.
Thus selection of a single reference genome for each subspecies cannot accurately reflect the
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population structure of these recently diverged taxa. Furthermore, the choice of a single
inbred strain to represent an entire taxon is particularly problematic because laboratory
strains were subject to many generations of selective mating in an artificial setting where
there is high potential for contamination”.

Given the contradictory conclusions reached regarding the origin of the genome of classical
and wild-derived laboratory mouse strains®714-16 it js crucial to select representative
reference samples along with a platform that can address the limitations of previous studies.
We have collected a geographically diverse sample of mice from natural populations of the
three major M. musculus subspecies to use as references and a large and diverse set of
laboratory strains that can be effectively used to infer the genome of most remaining strains
through imputation®3. Our platform is a custom high-density genotyping array for the
mousel’.

Sample and genotypes

We selected 198 samples for genotyping including 36 wild caught mice, 62 wild-derived
laboratory strains and 100 classical strains (Supplementary Table 1). Wild caught mice,
including representatives from M. m. domesticus, M. m. musculus and M. m. castaneus, were
used as references to infer the phylogenetic origin of laboratory strains (Supplementary
Figure 1). Our laboratory samples include strains derived from different stocks and by
different laboratories® as well as 13 sets of classical substrains that are thought to be closely
related to each other.

Every sample was genotyped with the Mouse Diversity arrayl’. We performed additional
steps to improve the quality of the genotype calls and to detect residual heterozygosity and
deletions larger than 100kb. Our genotype dataset include SNPs and VINOs (Variable
INtensity Oligonucleotides). The latter represent previously unknown genetic variants that
substantially alter the performance of SNP detection probes (see Methods). We used
549,599 SNPs and 117,203 VINOs with six possible calls: homozygous for either allele,
heterozygous, VINO, deletion and no call. In analyses based on SNPs we treated VINOs as
no calls. In analyses based on VINOs we treated data as binary for presence and absence of
VINOs. SNPs and VINOs have complementary characteristics that can be used to strengthen
phylogenetic analyses (see Discussion).

Heterozygosity and deletions in laboratory strains

The local frequency of heterozygous calls was used to identify regions with two distinct
haplotypes in a sample. Such regions were deemed heterozygous. Wild caught mice are
predominantly heterozygous and the variation in the heterozygosity rate (Supplementary
Table 1) among subspecies is as expected from sequencing studies?. Wild-derived strains
have wide variation in heterozygosity and most classical strains are fully inbred. There are,
however, some blocks of residual heterozygosity of variable size and distribution among lab
strains (Supplementary Table 2). We detected the presence of deletions in 102 samples and
determined their boundaries by visual inspection of probe intensity plots (Supplementary
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Table 3). These large deletions were excluded from our phylogenetic analysis. The analysis
of structural variation in laboratory strains will be reported elsewhere.

Diagnostic alleles

Subspecific

We used the genotypes of the 36 wild caught mice to determine the ability of each SNP or
VINO to discriminate between subspecies allowing for some misclassification due to
genotyping error, homoplasy or gene flow in the wild. Alleles found in only one subspecies
were considered diagnostic. These include fully informative alleles, in which subspecies are
fixed for different alleles and partially informative alleles, in which an allele is restricted to
one subspecies but not fixed. We identified 251,676 SNPs and 96,188 VINOs with
diagnostic alleles distributed across every chromosome (Supplementary Figure 2). SNPs and
VINOs with nondiagnostic alleles are also distributed evenly across the genome but were
not used to infer ancestry.

We found significant differences between the number of SNPs and VINOs with diagnostic
alleles for each the three subspecies detected. For example, 55% of all informative SNPs
carry diagnostic alleles for M. m. domesticus, while only 27% and 18% carry diagnostic
alleles for M. m. musculus and M. m. castaneus, respectively. This situation is reversed
among VINOs where 17%, 24% and 59% of diagnostic alleles identify M. m. domesticus, M.
m. musculus and M. m. castaneus, respectively. These differences reflect two types of biases
with compensatory effects. On one hand, the selection criteria for inclusion of SNPs in the
array led to the overrepresentation of SNPs with M. m. domesticus diagnostic alleles and
underrepresentation of M. m. castaneus SNPs1’. On the other hand, our deeper knowledge
of the genetic variation present in the M. m. domesticus subspecies allowed screening of
candidate SNP probes with internal polymorphisms that could create VINOs. Whereas our
limited knowledge of the genetic variation present in the M. m. castaneus subspecies in
particular results in an excess of M. m. castaneus diagnostic VINOs?7,

We confirmed the taxonomic classification of the 36 wild caught samples by generating
phylogenetic trees for the autosomes, sex chromosomes and mitochondria. All trees are
consistent with the expected subspecific origin (Supplementary Figure 3).

origin of classical strains

We used informative SNPs and VINOSs to impute the subspecific origin of every region of
the genome of each sample. Figure 1 shows the overall contribution of each subspecies to
the autosomes while Figure 2a provides a map of the subspecific origin for chromosomes 6
and X (complete data is available at http://msub.csbio.unc.edu/PhylogenyTool.html). The
genome of classical inbred strains is predominantly derived from M. m. domesticus (94.3 =
2.0%) with variable contribution of M. m. musculus (5.4 £ 1.9%) and with a small
contribution from M. m. castaneus (0.3 + 0.1%). The contribution from subspecies other
than M. m. domesticus is not distributed randomly across the genome or among strains
(Figure 2). In the combined 100 classical inbred strains M. m. musculus haplotypes can be
found in only 46.9% of the genome and M. m. castaneus in 2.8%. Importantly, there is a
strong bias towards multiple strains sharing the same M. m. musculus haplotype in some
regions.
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Strikingly, the M. m. castaneus and M. m. musculus contributions are not independent from
each other, with the former frequently nested within or contiguous with the latter (Figure 2).
This association suggests a M. m. molossinus origin of the M. m. musculus contribution to
the classical inbred strains18-19, We tested this hypothesis by comparing the M. m. musculus
regions found in classical inbred strains to wild caught M. m. musculus mice from Europe or
Asia (Supplementary Figure 3). Over 90% of the M. m. musculus haplotypes found in
classical inbred strains cluster with Asian wild caught mice.

Haplotype diversity and identity by descent in classical strains

The subspecific origin of classical inbred strains support the hypothesis that these strains are
derived from a small population of fancy mice that was itself subject to significant
inbreeding. To estimate the size of the fancy mice population from which classical inbred
strains are derived, we divided their genome in overlapping intervals that have no evidence
for historical recombination (see Methods). We identified 43,285 intervals (median size =
71kb, median number SNPs = 12). The distribution of the number of haplotypes in each
interval (median and mode = 5) indicates that the original population harbored a limited
number of distinct chromosomes (Supplementary Figure 4a). Over 97% of the genome can
be explained by fewer than ten haplotypes. In conclusion, classical strains can be partitioned
locally into a small number of classes within which all strains are identical by descent (IBD)
with respect to their common origin. Intervals with larger numbers of haplotypes often
reflect accumulation of new mutations in the past century as demonstrated by resequencing
projects®:7:10 and our analysis of substrains (Supplementary Figure 5).

Recombination intervals provide a natural scaffold upon which to build genome-wide maps
of haplotype diversity and IBD among classical strains. For each interval we estimated the
genotype identity among all pairs of strains and defined the minimum number and
composition of cliques required to represent the haplotype variation. A critical step in this
process was to determine a threshold of genotype identity that corresponds to IBD. This
lower bound on genotype identity should be consistent with the accumulation of new
mutations over several hundreds of generations and genotyping error. For this purpose we
carried out an analysis of local similarity among sister substrains. These closely related sets
of strains, such as BALB/cJ and BALBcBYJ, do not show evidence of substantial genetic
divergence or contamination (Supplementary Figure 5). We established that 99.0% genotype
identity is a suitable threshold for provisional assignment of local IBD status among strains.
To further refine this assignment and to address the shortcoming of hard thresholding, we
used clique completion to define sets of strains that are mutually IBD to each other and we
calculated the mean genotype identity within and between cliques. The distribution of
number of cliques is similar to the distribution of number of haplotypes per interval
(Supplementary Figure 4). Using this approach we generated a map of haplotype diversity in
100 classical inbred strains (http://msub.csbio.unc.edu/PhylogenyTool.html).

Haplotypes can differ from each other just slightly more than our threshold to declare IBD
(99%) or by as much as is typically observed between different subspecies (50%, see
Supplementary Figure 6). To estimate the local level of haplotype variation and to guide
interpretation of the maps, we determined the quantitative similarity between haplotypes at
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each interval based on phylogenetic distance trees. Figure 2 (c-e) shows two recombination
intervals with obvious differences in the number haplotypes and level of similarity among
them. This illustrates the complex relationship between haplotype number and haplotype
diversity among classical inbred strains.

Intersubspecific introgression in wild-derived laboratory strains

The recombination intervals computed for classical inbred strains cannot be easily extended
to the wild-derived strains. Instead, we computed the frequency of diagnostic alleles in non-
overlapping 1Mb intervals and for each wild-derived strain. The majority of the genome of
the 62 wild-derived laboratory strains originates from the expected subspecies or
combination of subspecies (Figure 1). However, only nine strains have a genome derived
entirely from a single subspecies, 18 have contributions from two subspecies and 35 have
contribution from all three subspecies. The prevalence and extent of multi-subspecific origin
is a defining characteristic of wild-derived laboratory strains as a group. Our set of wild-
derived strains includes 10 strains derived from natural intersubspecific hybrids
(Supplementary Table 1) all of which have, unexpectedly, contributions from all three
subspecies. The remarkable discordance in subspecific origin in several strains based on
phylogenetic trees (Supplementary Table 1 and Supplementary Figure 7) provides further
evidence for intersubspecific introgression. The sharing of patterns of subspecific origin
between classical inbred strains and some wild-derived strains (Figure 2) suggests that some
of the intersubspecific introgressions in the later group involved cross breeding to classical
strains.

Relationship between classical and wild-derived laboratory strains

To characterize the relationship between the classical and wild-derived laboratory strains we
determined the maximum local level of genotype identity between each wild-derived strain
and all classical inbred strains in non-overlapping 1Mb windows and generated genome-
wide similarity distributions (Supplementary Figure 6a). The distributions of local similarity
reveal the presence of distinct patterns for wild-derived strains of each of the three major
subspecies. M. m. domesticus and M. m. castaneus wild-derived strains have typically
unimodal distributions with distinct means (Figure 3). In contrast, M. m. musculusand M. m.
molossinus strains have a bimodal distribution of local genotype identity when compared to
classical inbred strains.

This analysis provides insight into the origins of intersubspecific introgressions that occur in
many of the wild-derived strains. Regions of near identity (> 98%) with classical inbred
strains indicate cross-breeding to extant classical strains or stocks descended from fancy
mice. For example, 15 wild-derived strains (Supplementary Table 1) show a distinct peak at
levels of genotype identity (>98%) that are only consistent with recent IBD. The fraction of
the genome involved ranges from 3.9 to 64.6%. Three wild-derived strains from three
different subspecies, PWD/PhJ, MOLF/EiJ and PERAV/EIJ, exemplify this pattern. In all
three cases regions of IBD to classical inbred strains are predominantly of M. m. domesticus
origin, but also include regions of M. m. musculus introgression (Figure 3). This is
particularly striking in the PERA/EIJ strain providing further evidence of the role classical
laboratory strains in intersubspecific introgression in wild-derived laboratory stocks.
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For each of the 15 wild-derived strains we tested whether a single donor classical strain can
explain the overall pattern of IBD with all classical strains. Using this approach we
identified the donor of introgressed regions in six wild-derived strains (Supplementary Table
1) including PERAV/EIJ. Contamination by CBA/CalJ explains all IBD regions in PERA/EiJ
whereas comparison with any of the other 99 classical inbred strains explains only a fraction
of intervals of high local similarity (Figure 4). Another six wild-derived strains appear to
have been contaminated by classical laboratory mice that are not among our set of classical
strains. The remaining 21 wild-derived strains that show evidence of intersubspecific
introgression are not contaminated by classical laboratory strains.

The distribution of local similarity between wild-derived and classical inbred strains
provides further insights into the origins of the non- M. m. domesticus regions in the
genomes of classical inbred strains. When wild-derived M. m. musculus strains are
compared to classical inbred strains (Figure 3e,f, Supplementary Figure 6), the peak with
lower genotype similarity corresponds to genomic regions in which classical inbred strains
completely lack M. m. musculus haplotypes. The peak with higher genotype similarity
corresponds to regions in which at least one classical inbred strain carries a M. m. musculus
haplotype and has an average SNP identity of 83%. When we make the same comparisons
with M. m. molossinus wild-derived inbred strains, the high peak is shifted towards near
complete identity (~98%). We conclude that the vast majority of M. m. musculus regions in
classical strains are of M. m. molossinus origin.

Discussion

There are two competing views on the origin and composition of the genome of classical
inbred strains®’. The first view claims that the genome of these strains is 68% M. m.
domesticus, 10% M. m. molossinus, 6% musculus, 3% M. m. castaneus and 13% of
unknown origin®. On the other hand, we concluded that 92% is of M. m. domesticus, 6% of
M. m. musculus and 1% of M. m. castaneus origin’. Both studies were based on NIEHS
data® but took different approaches to the use of wild-derived inbred strains as reference
genomes to infer subspecific origin. Frazer and coworkers assumed that the four wild-
derived strains, WSB/EiJ, PWD/PhJ, CAST/EiJ and MOLF/EiJ, were faithful representative
of four subspecies, M. m. domesticus, M. m. musculus, M. m. castaneus and M. m.
molossinus, respectively. We concluded that three of these wild-derived strains, PWD/PhJ,
CAST/EiJ and MOLF/EiJ, had introgressed haplotypes from other subspecies. Obviously, in
regions where a given wild-derived strain has undergone such intersubspecific introgression
the genotypes are not suitable as a reference for that subspecies. The results presented here
conclusively demonstrate that classical inbred strains are overwhelmingly derived from M.
m. domesticus, that the non M. m. domesticus contribution to their genomes is largely of M.
m. molosinus origin, and that intersubspecific introgression is common in wild-derived
laboratory strains.

The wild caught mice used here represent a wide geographically diverse sample. The
genomes of these mice are overwhelmingly derived from a single subspecies (mean:
99.84%; range: 100 — 98.42%). Half of wild caught mice carry small regions with
haplotypes from a second subspecies, mostly in heterozygous combinations. We
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acknowledge that a larger and more geographically diverse set of mice would be of great
interest but it would have little impact on our conclusions regarding the origin of the genome
of the laboratory mouse. We also acknowledge that our definition of diagnostic alleles in
SNPs and VINOs may change with the inclusion of more samples. However, this definition
provides a simple and robust method to assign phylogenetic origin while preserving enough
flexibility to account for genotyping error, homoplasy and gene flow among subspecies in
the wild. Although our method works very well at Mb genomic scale it has limitations in
providing subspecific assignments at finer scale (Supplementary Figure 8).

Excluding hybrid strains, 28 wild-derived strains have intersubspecific introgressions
covering between 1% and 27% of their genome (Figure 1; Supplementary Table 1). In
CAST/EiJ and PWD/PhJ, the two strains that were used as references in previous studies,
introgression covers 12% and 7% of their genome, respectively confirming 96% of regions
that were declared introgressed in our previous study (Supplementary Figure 9). We have
been able to identify additional regions of introgression in CAST/EiJ and PWD/PhJ due to
the better reference genotypes for each subspecies and the combined use of SNPs and
VINOs. Subspecies, time since derivation, and laboratory history appear to have a strong
effect on the prevalence and extent of intersubspecific introgression, which could have
occurred in the wild or in the laboratory. The limited extent of introgression in wild caught
samples suggests that breeding in the laboratory played a major role in shaping the genomes
of wild-derived strains. Independent confirmation was obtained by comparing the genome of
wild-derived and classical inbred strains. Fifteen wild-derived strains have inherited
haplotypes from classical inbred strains. Contamination by classical strains was expected,
and likely intentional, in some cases (i.e., SOD1/EiJ and RBB/DnJ) but not in others (i.e.,
CASAV/EiJ and CALB/RKJ). Introgression in the remaining wild-derived strains probably
arose though a combination of gene flow in the wild (in samples captured close to hybrid
zones and recently colonized regions) and breeding in the laboratory to non-classical mouse
stocks (most likely other wild-derived mice). Wild-derived inbred strains have been used
frequently as models in evolutionary studies 29. Our results suggest that new information
about the subspecific origin of the strains should be incorporated in the analyses.

A complementary strength of our study was the ability to account and correct for
ascertainment biases in the SNPs included in the array. Most of these SNPs were selected on
the basis of the local phylogeny among the NIEHS strains. This approach ensured that all
major local branches were represented while ignoring minor branches. However, the
approach also had limitations because locally all branches represented in the array were
allocated the same number of SNPs and, therefore, long and short local branches would
appear to be equal in lengthl”. Furthermore, there are subspecies-specific false negative
rates in SNP identification in the NIEHS study and prior identification of a SNP is a
necessary condition for its presence in the array’. Subspecies-specific false negative rates in
SNP discovery should also impact negatively the rate at which selected SNPs are converted
into successful genotyping assays!’. For example, M. m. castaneus SNPs should be
underrepresented compared to the true level of diversity due the combined effects of our
selection criteria and the higher assay failure rate. However, we were able to overcome the
high failure rate by using VINOs. For the purpose of this study, VINOs have the critical

Nat Genet. Author manuscript; available in PMC 2012 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang etal.

Page 9

advantage of being less subject to ascertainment biases within a given phylogenetic group.
However, VINOs can only be reliably detected in homozygosity resulting in a significant
undercounting of VINOs in some samples (Supplementary Table 1). We conclude that the
combination of SNP and VINO genotype data in wild caught mice has enormous value for
population studies.

Among the most useful results of the present study are the maps of subspecific origin and
haplotype diversity of the genome of classical inbred strains (Figure 2). These maps should
allow researchers to combine information from multiple crosses to refine candidate
intervals. It should also extend the advantages of the very high-density genotype data in the
15 NIEHS strains (and eventually whole genome sequence) to many additional classical
strains®19, Our maps will enable researchers to determine not only which strains share the
same haplotype on a given region but the sequence divergence among those strains that do
not share them. We have also calculated the number of variants used to infer IBD and a
score to guide interpretation of these trees by potential users. In particular we have flagged
haplotypes with weak support. Our data and tools should allow researchers to rapidly
determine the number of haplotypes in a given region and the level of sequence divergence
among them. Both are important considerations for association mapping. These data will
also allow researchers to identify discrete regions of genetic divergence between substrains.
Finally, they may be used to select strains with the desired level and type of genetic
variation in any given region of the genome.

The spatial distribution of mean genetic variation observed in the 100 classical strains
analyzed here is very similar to the one reported previously for a set of only 12 classical
strains’ (Supplementary Figure 10).

Although our approach of recombination intervals cannot directly be extended to wild-
derived strains we have used a fixed window approach to determine the level of haplotype
diversity and IBD among these strains. This analysis demonstrates that, as expected, there is
much more diversity in wild-derived strains than in classical strains (Figure 2b-e) and,
therefore, opportunities to optimize genetic research. Analysis of the frequency distribution
of genotype identity in pairwise comparisons between wild-derived strains provides insight
into the natural history of these strains and the populations from which they were derived. In
contrast with comparison to classical inbred strains these distributions are typically
unimodal in intrasubspecific comparisons (Supplementary Figure 6b). However, we observe
also a strong signature of IBD in several pairwise comparisons. Some of the strongest cases
involve pairs of strains derived from mice trapped in geographically close localities
(Supplementary Table 1). Excess IBD can be explained by the presence of introgression
from classical inbred strains that are themselves IBD for significant fraction of their genome
(Supplementary Figure 6). There are some strains that are connected to several cliques
creating a complex network. Finally, all M. m. molossinus wild-derived strains
(Supplementary Table 1) have very high levels of IBD (~34%). This observation and the
unusually high level of genotype identity between the M. m. molossinus haplotypes present
in classical strains and wild-derived M. m. molossinus strains strongly suggest a recent
population bottleneck in this hybrid subspecies.
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In summary, our observation of residual heterozygosity among inbred mouse strains, the
striking local differences in the level of genetic similarity between substrains, the
identification of large deletions of different ages and prevalence of contamination
emphasizes the importance of deep, unbiased and frequent genetic characterization of
laboratory stocks. Our genome browser provides access to the trees and links between
recombination intervals, local trees, and the maps for subspecific origin and haplotype
diversity. Our analysis demonstrates that classical inbred strains are in fact mosaics of a
handful of haplotypes present in the founder fancy mice population. The genetic divergence
among these haplotypes varies widely both locally and across the genome. Furthermore, the
contribution of subspecies other than M. m. domesticus is limited and its distribution
highlights the complex population structure in these strains. On the other hand, wild-derived
laboratory strains represent a deep reservoir of genetic diversity untapped in classical strains
and are in many cases analogous to three-way intersubspecific hybrids that classical inbred
strains were thought to be. Our previous work’-2! combined with the results of the deep
survey of mouse resources presented here demonstrates that the laboratory mouse represents
an unparalleled model for genetic studies in mammals.

Sample preparation and Genotyping

Most DNA samples were prepared at the University of North Carolina and all were
genotyped using the Mouse Diversity Arrayl’ at The Jackson Laboratory. The processed
arrays were computationally genotyped using MouseDivGeno (http://cgd.jax.org/tools/
mousedivgeno.shtml), a genotyping software written in R language specifically designed for
the Mouse Diversity array. Genotyping of the samples involved three steps: normalization of
the intensity variation due to restriction fragment lengths in the genome amplification step
and the C+G content of probe sequences; genotype calling using a combined maximum
likelihood and hierarchical clustering algorithm; and identification of VINOs, as described
below. We excluded 73,525 SNPs out of a total of 623,124 based on poor performance
among our samples. We identified thousands of previously unknown genetic variants using
an algorithm designed for mutation discovery in the Affymetrix platform. VINOs are
characterized by a distinct clustering of samples with low hybridization intensity and
designated by the genotype “V”. The genotype of the target SNP in a sample with a VINO
call is missing. To confirm that VINOs do indeed represent novel genetic variation, we
selected 15 SNP probes with VINO calls and for each probe we selected at least four
samples of each genotype (homozygous for allele A, homozygous B, or VINO) for targeted
sequencing. Strains for resequencing were selected to maximally sample across subspecies
and strain-type (classical or wild-derived). Primers were designed approximately 200 bp
proximal and distal to each probe using PrimerQuest (Integrated DNA Technologies,
Coralville, IA). Probe regions were amplified by Polymerase Chain Reaction (PCR) and
sequenced by automated Sanger sequencing at UNC. Sequences were aligned using
Sequencher 4.9 (Gene Codes). Supplementary Table 4 lists all probes, strains and primer
sequences. All sequences have been submitted to GenBank under accession numbers
GU992455-GU992863. All homozygous SNP genotype calls were confirmed (211/211) as
were most of the VINO (14/15). Unconfirmed VINO calls could be explained by
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polymorphisms outside of the sequenced region that, for example, alter the cut sites for the
enzymes used for genome-wide amplification. Thus 100% validation was not expected.

We mapped regions of heterozygosity in each laboratory strain by calculating the frequency
of heterozygous calls in 500kb windows with 250kb overlaps and applied a Hidden Markov
Model (HMM) with strain specific noise level. We found that most heterozygous calls (H) in
inbred strains reflect genotype calling errors that are randomly distributed throughout the
genome, whereas in truly heterozygous regions H calls occur in clusters. Array probe design
was based on the reference C57BL/6J genome which is mainly M. m. domesticus. Thus
genotype error rates are higher in strains that do not share common subspecific origin with
C57BL/6J. All heterozygous calls (H) in laboratory strains outside of heterozygous regions
were replaced by no calls (N).

We identified large deletions that resulted in hybridization failures (VINOSs) in multiple
consecutive probes by calculating the VINO frequency in 500kb windows with 250kb
overlap. Using an HMM we identified contiguous intervals in which VINO frequencies were
higher than the strain-specific noise level. We visually mapped the start and end of deletions
and designated genotypes in these regions as “D”. We validated nine of the putative
deletions using PCR to amplify markers within and flanking the deletions in DNA samples
with or without the deletions. There is 100% concordance between our predictions and the
results of this test.

All genotypes are available at http://cgd.jax.org/datasets/popgen.shtml.

Identification of SNPs and VINOs with diagnostic alleles

We used 10 M. m. domesticus, 16 M. m. musculus, and 10 M. m. castaneus wild caught mice
to identify informative SNPs and VINOSs. For each subspecies we identified SNPs and
VINOs for which all mice from the remaining two subspecies share the same allele and
denoted the alternative allele as diagnostic. For instance, if all M. m. domesticus mice have
an A allele, and all M. m. musculus and all M. m. castaneus mice have a B allele at a SNP,
then the A allele at that SNP is a fully informative and diagnostic for M. m. domesticus. We
assigned fully informative SNPs a score of 1. In addition, there are cases where the A allele
occurs in only one subspecies but is not fixed in that subspecies. These partially informative
SNPs are assigned a score that is the fraction of mice with homozygous A genotype over the
total number of mice in the subspecies. We allowed for up to two misclassifications due to
genotyping errors (typically H calls), homoplasy or gene flow in the determination of
diagnostic alleles and penalized the score by a factor of 0.5 (one genotype error) or 0.3 (two
genotyping errors). No calls and VINOs were ignored in this procedure. We then applied the
same rule to find fully and partially informative VINOs based on dichotomized genotypes -
VINO or no VINO.

Assignment of subspecific origin

We assigned subspecific origin based on diagnostic alleles and scores from a given
subspecies in each region of a sample. An HMM was used to identify the boundaries, and
subspecific origin based on the cumulative scores within these regions.
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Recombination intervals and perfect phylogeny trees

The genome of classical inbred strains was partitioned into overlapping intervals that show
no evidence of recombination using the four-gamete test. Maximal intervals were computed
by a left-to-right scan, adding successive SNPs to an interval until one is not four-gamete
compatible with any SNP in that interval. The starting point of the next interval is found by
removing SNPs from the left side until all incompatibilities have been removed, and left-to-
right scan resumes. All resulting intervals are maximal, and cannot be extended in either
direction. A minimal subset of these intervals is found that covers the entire genome while
maximizing their overlap. This is computed by finding the longest path in a k-partite
graph?2. For each such compatible interval there exists a “perfect” phylogenetic tree, in
which each node correspond to an haplotype and each edge to SNPs with the same strain
distribution.

Identity by descent

To identify IBD regions in classical strains, we first performed pairwise comparisons, and
then expanded the IBD strain set using a clique finding algorithm. IBD regions were defined
based on the compatible intervals framework described above. The sizes of the compatible
intervals were often too small to calculate robust statistics, thus we merged consecutive
compatible intervals for pairs of strains sharing the same terminal leaf node of consecutive
perfect trees. Based on the merged intervals, we calculated a pairwise genotype similarity
score as the proportion of matching variants (SNPs and VINOS) in that interval. After we
assigned the score to each pair in each compatible interval, we identified the cliques in each
interval. We connected pairs of strains with similarity scores >0.99. To accommodate poorly
performing samples and noise, we implemented a clique extension algorithm, and generated
a single clique if at least 80% of edges were connected and the mean average similarity is
>0.99. Strains belonging to the same clique in an interval were considered IBD over that
interval. The reliability of this IBD analysis depends on the number of variants used to
calculate the similarity score. Thus to estimate the degree of reliability in each clique, we
calculated a clique penalty score. First, we calculated Pjj = log10(number of variants used to
calculate the similarity score) for every pair of strains and we capped the number of variants
per interval at 100. Then, the penalty score is calculated as a variance of Pjj. The logarithmic
transformation inflates the variance from pairs with small number of variants. If the number
of variants from all pairs of strains are bigger than 100, the penalty is zero. We flagged
cliques with less than 20 variants, or less than 40 variants with high clique penalty score. We
excluded regions with very low SNP density from the IBD analyses. Excluded regions are
listed in Supplementary Table 5. Finally, we excluded a single region with a pattern
consistent with structural variation (Supplementary Table 6).

To identify regions of IBD in comparisons involving wild-derived strains we calculated the
genotype similarity in pairwise comparisons using 1Mb non-overlapping intervals. We
declared regions to be IBD based on a threshold of 0.98 identity but we also considered the
overall shape of the frequency distribution.
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Distance trees

Each distance tree is based on the mean score of strains belonging to the same clique, and
provides a quantitative measure of difference among strains belong to different cliques. In
each compatible interval, we generated a similarity clique score matrix M of size NxN,
where N is the number of cliques, and each element M[i,j] was a mean similarity between
strains belonging to clique i and clique j. We built a neighbor-joining tree based on this
matrix.

Cligue coloring

Using eight pastel colors, we assigned unique colors to each haplotype in an interval such
that the total color change across all intervals was minimized. For the first interval, colors
were assigned arbitrarily to each haplotype. If there were more than eight haplotypes in an
interval, the least frequent were not assigned colors and remain white. For each subsequent
interval, every haplotype was assigned a color such that the total number of color transitions
in each interval was minimized. There were no constraints on the color differences among
intervals that were not adjacent, so this method does not ensure that large blocks of identity,
perhaps punctuated by a discordant interval, are of a consistent color.

Web browser

The Mouse Phylogeny Viewer (MPV, http://msub.csbio.unc.edu/PhylogenyTool.html) is
intended to provide visual summaries of the results of this study and to allow downloading
of the relevant information for selected strains in selected regions of the genome. A tutorial
and the LAMP capabilities and meaning of the different analysis is provided online. The
complete set of genotypes are available at http://cgd.jax.org/datasets/popgen.shtml.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overall contribution of each subspecies to the genome of wild and laboratory mice. For each

sample the figure depicts the cumulative contribution of M. m. domesticus (D, blue), M. m.
musculus (M, red) and M. m. castaneus (C, green) subspecies for the autosomes. H, hybrid
strains.
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Figure 2.

Subspecific origin and haplotype diversity of chromosomes 6 (left) and X (right). A)
Subspecific origin. Colors follow the same conventions as in Figure 1. B-E) Phylogenetic
trees for classical and wild-derived strains for two compatible intervals, one spanning
positions 143,009,892-143,140,072 on chromosome 6 (C and D) and the other spanning
positions 37,770,186-42,329,981 on chromosome X (E and F).
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Intersubspecific introgression and contamination by classical strains in the wild-derived
inbred strains. For each 1Mb interval we identified the classical inbred strain with maximum
genotype similarity to a given wild derived strains. Panels A-H show the frequency
distribution of similarity for eight strains. Colors follow the same conventions as in previous
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Identification of donor strain. Panels A-D provide examples of the approach used in the
identification of the donor classical strain that contaminated a wild-derived strain. Red
circles represent 1Mb intervals in which a wild-derived strain is IBD to an haplotype present
in classical inbred strains and black circles represent 1Mb intervals that are not IBD.
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