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Introduction against the use of commercially available outbred mice in genetic
) research have appeared in the literature due to the presumption
CD-1 mice are an inexpensive, robust and readily availablenat genetic variation within outbred mice cannot be easily
outbred population commonly used in toxicology and cancermaintained and may be highly variable across breeders and over
research [1,2,3]. They have also been widely used for mousgme [13,14,15]. These warnings question whether outbred mice
transgenesis experiments, principally due to efficient breeding angre actually genetically diverse mouse populations. Most outbred
large litter sizes. Although spontaneous mutations have arisen iocks are derived from a small number of mice that were
CD-1 mice, very few have been mapped. The mutations that haveémported to the US by Clara J. Lynch in 1926 and are collectively
been identified in CD-1 mice involved commonly used inbredknown as Swiss mice [3]. Reports examining allelic variation
mouse mapping strategies, including complementation testing qfffecting enzymatic activity in outbred CD-1 mice and its inbred
candidate genes or mapping by outcrossing to a geneticalljerivatives concluded that random fixation, but not inbreeding or
characterized inbred strain [4,5]. However, CD-1 mice are population bottlenecks, accounted for slight losses in genetic
applicable to a broad range of genetic studies. While manyariation among outbred mouse colonies [1,2]. Although outbred
large-scale examinations of the genetic architecture of inbred miogice are commonly cited as models for outbred human
have been completed [6,7,8,9,10,11], no comparable evaluationsopulations [1,2,3], based on their histories, it is more likely that
of commercially available outbred strains, including CD-1 mice,outbred mice reflect human founder populations rather than
have been reported. This lack of genome-wide evaluation hasutbred human populations. Large-scale evaluation of the genetic
created a significant obstacle to realizing the utility of CD-1 micevariation within commercially available outbred mice would
for genetic research. resolve whether these mice are outbred and how they compare
Surprisingly little is known about the degree of heterogeneityto human populations.
that has survived within the various strains of outbred laboratory Currently, the mouse quantitative trait loci (QTL) mapping
mice during their extended period of captive breeding, despite theommunity is focused on creating novel inbred-based mouse
reasonably well-documented historical relationship among bottpopulations to increase recombination events and thereby reduce
inbred and outbred laboratory mice [3,12]. In fact, warnings linkage disequilibrium (LD) to facilitate fine-mapping studies. This
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Figure 3. Inbred mouse contributions to CD-1 genomic variation

as determined by structure analysis. Outbred CD-1 mice are

represented by three pie charts that are partitioned into K colored
segments to represent the CD-1 estimated membership K inbred
subpopulations. Among wild-derived inbred strains (K=3) representing
the Mussubspecies, CD-1 mice are mosth. m. domesticusAmong Swiss
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ancestry of CD-1 mice. Ancestry for 75% of the CD-1 genome
could be assigned to tid. m. domestistimin (WSB/EiJ), 19% to

the M. m. musculstsain (PWD/PhJ), and 6% to thil. m. castaneus
(CASTI/EIJ) strain. Therefore, of thélus subspeciesdomesticus
made the largest genetic contribution to the CD-1 genome, a
finding consistent with the genealogical reports of outbred Swiss
mice [3].

We also evaluated the genetic relationship between CD-1 mice
and other Swiss-derived inbred strains, including FVB/NJ,
NMRI/br and SWR/J, since these mice are all derived from
recent common ancestors. We specified three populations (K=3),
using prior population information for the inbred strains, and
partitioned the CD-1 mouse genome into its cognate Swiss inbred
mouse makeup. CD-1 mice were most similar to the NMRI/br
strain, followed by SWR/J, and finally FVB/NJ. We also
evaluated the genetic relationship between CD-1 and ICR, a
CD-1 strain maintained by another vendor (Harlan). When
analyzed together, CD-1 and ICR mice were most consistent with
a single population, though a two subpopulation model correctly
placed individual mice into either the CD-1 or ICR population
(Figure S3). As expected, comparison of ICR with the three Swiss
inbred strains produced results similar to those observed for CD-1
mice. Not surprisingly, when we specified prior population
information for the three Swiss inbred strains, and evaluated a
four subpopulation model (K =4) for the ICR and CD-1 oubred
strains, ICR and CD-1 were consistent with one subpopulation
rather than consisting of subpopulations of the Swiss inbred strains
(data not shown).

Finally, we evaluated the genetic relationship between CD-1
mice and the CC parental strains (A/J, C57BL/6J, 129S1/SvimJ,
NOD/LtJ, NZO/H1LtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ)
[16,17,18], specifying eight populations (K=8) in this analysis
(Figure 3). We observed that CD-1 mice were most similar to the
NOD/LtJ strain, with moderate similarity to the other 7 strains.
CD-1 mice were least similar to the nademesticusld-derived
strains CAST/EiJ and PWK/PhJ.

Population structure

Population stratification due to allele frequency differences
between cases and controls is well known to cause false positive
associations in human disease studies [39,40]. Genetic association
studies in inbred mice are similarly confounded by the problem of
spurious associations due to both population structure and genetic
relatedness [41,42]. We considered the evidence for detecting
unknown familial relationships, or cryptic relatedness, among
individual CD-1 mice by assessing departures from Hardy-
Weinberg equilibrium (HWE). We did not detect any significant
HWE deviations, with an excess of homozygotes at only 3% of
autosomal locio(= 0.05) in CD-1 mice. We also used PLINK [43]
to estimate the sharing of genetic information by estimating the
inbreeding coefficient (F) per individual and identity by descent
(IBD) between pairs of CD-1 mice. The mean F was 0.005 among
CD-1 mice in Cohort 1 and 0.05 in Cohort 2, consistent with
populations of unrelated CD-1 mice, with a few individual
exceptionsKigure S4). Further, the proportion of monomorphic
SNPs was highly correlated with F%®R0.99) for each animal.
IBD estimates also provided evidence that the CD-1 mice in this
study were unrelated with pi-hat0.25 for 99% and 98% pairs of
CD-1 mice within Cohorts 1 and 2, respectively. The CD-1 mice

inbred mice (K=3), CD-1 mice share the most genetic similarity with NMRI/ in cohort 2 appeared to be more closely related as compared with

br. CD-1 mice are 58% NMRI/br, 24% SWR/J and 18% FVB/NJ. Among C
inbred mice (K =8), outbred CD-1 mice are most geneticly similar to NOD/

e mice in Cohort 1, though this result may be an artifact of the

LtJ (27%) and less similar to the other 7 strains (3% WSB/EiJ, 4% CAST/ER, 63N Selection between the two groups. _ _
PWK/PhJ, 17% C57BL/6J, 14% NZO/H1LtJ, 18% A/, and 11% 129S1/SvimJ)CD-1 mice are expected to be a relatively genetically

doi:10.1371/journal.pone.0004729.g003
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homogeneous population since they originate from a small
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Figure 4. Estimated population structure among CD-1 mice. Each Cohort 2 individual is represented by a vertical bar that is partitioned into 3

colored segments (Black—NY, Yellow—MI, Blue-NC) to represent the individual’s subpopulation membership. Breeding facilities are labeled ladove t
panels. These results were consistent over 5 independent runs of the program.
doi:10.1371/journal.pone.0004729.g004

number of founder mice [3]. However, CD-1 colonies are overlapped by only 17 SNPT4ble S1), we were unable to
maintained at multiple breeding facilities. Therefore, we evaluategerform structur@nalysis on a combined data set. However, allele
the possibility that population substructure exists among unrelateffequency comparisons among these small numbers of SNPs
mice from different CRL breeding facilities, which would be a showed that Cohort 1 mice were most highly correlated with the
significant concern when using CD-1 mice for genome-wideNC group from Cohort 2 Table S2).

association studies (GWAS). As expected, indeperstemtture Population stratification can confound association studies
analysis of Cohorts 1 and 2 determined that both groups wergarticularly when the phenotype that is examined differs among
most consistent with a single populati®iglure S5). However,  populations. We therefore investigated whether genetically distinct
the CD-1 mice comprising Cohort 2 were deliberately obtainedpopulations of outbred CD-1 mice might be phenotypically
from three different breeding facilities, potentially representingdifferent across the three separate breeding facilities. We examined
population isolates. Usingfructureve specified three populations two behavioral traits in CD-1 mice: locomotor activity and
(K=3) and clearly partitioned the CD-1 mice into three conditioned freezing to tondigure 5). Locomotor activity was
subpopulations, consistent with their origins from three differennormally distributed among CD-1 mice, while skewing was
breeding facilitiesFigure 4). Individual mice obtained from the observed for conditioned freezing to tone. When breeding facility
same breeding facility were almost always most similar to eaclvas used as a between subjects factor, we detected a significant
other with the exception of a few outliers that were more similar todifference in conditioned freezing to tone among mice from the
mice from another facility. CD-1 mice from the NY facility were three facilities. Since so few mice were genotyped, we did not have
most similar to each other, whereas the mice from the MI facilitysufficient statistical power to perform GWAS mapping for these
were the most diverse. In agreement with theucturelata, traits. However, markers that are also correlated with location
multidimensional scaling (MDS) of pair-wise identity by state (IBSjvould tend to show inflated association with conditioned freezing
sharing data also clustered the CD-1 mice according to breedingp tone due to population structure; this would produce excessive
facility with the exception of a few outlierBigure S6). Since false positive errors. Our small pilot analysis cannot distinguish
Cohorts 1 and 2 were genotyped on different platforms thatwhether these behavior differences are due to genetic or
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Figure 5. Behavioral phenotypes observed in Cohort 2. Frequency histograms for locomotor activity in an open field and the percent time

spent freezing in response to a tone (freezing-to-tone) that was previously paired with a footshock are shown. The average freezing-to-tone scores
(6SEM) for CD-1 mice grouped according facility of origin (Black—NY, Yellow—MI, Blue-NC) are also sHew®.001.
doi:10.1371/journal.pone.0004729.g005
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