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We used arrays of 2069 BACs (1303 nonredundant autosomal clones) to map sequence variation among Mus spretus

(SPRET/Ei and SPRET/Glasgow) and Mus musculus (C3H/HeJ, BALB/cJ, 129/J, DBA/2J, NIH, FVB/N, and C57BL/6)

strains. We identified 80 clones representing 74 autosomal loci of copy number variation (|log2ratio| � 0.4). These

variant loci distinguish laboratory strains. By FISH mapping, we determined that 63 BACs mapped to a single site on

C57BL/6J chromosomes, while 17 clones mapped to multiple chromosomes (n = 16) or multiple sites on one

chromosome (n = 1). We also show that small ratio changes (� log2ratio ∼ 0.1) distinguish homozygous and

heterozygous regions of the genome in interspecific backcross mice, providing an efficient method for genotyping

progeny of backcrosses.

[Supplemental material is available online at www.genome.org.]

Natural evolutionary forces and selective inbreeding have given

rise to many different mouse strains that exhibit specific charac-

teristics and traits (Beck et al. 2000). The publication of the

mouse genome sequence has accelerated investigation of ge-

nomic variation among different types of mice. Indeed, genome-

wide single-nucleotide polymorphism (SNP) comparison studies

across different inbred strains of mice have not only elucidated

haplotype structure (Wade et al. 2002; Wiltshire et al. 2003), but

have also provided markers for mapping phenotypic differences

between strains. Sequence analysis has also identified segmental

duplications in genomes, which are defined as stretches of DNA

sequence �1–5 kb in length with �90% sequence conservation

that are present in more than one location in the genome. They

make up ∼5% of the human genome (Bailey et al. 2002) and lesser

proportions of rodent genomes, 2.92% in the rat (Tuzun et al.

2004) and 1%–1.2% in the mouse (Cheung et al. 2003). These

studies have found that both intrachromosomal and interchro-

mosomal or transchromosomal segmental duplications are mo-

saics of sequences duplicated from within one chromosome or

nonhomologous chromosomes, respectively. Transchromosomal

duplications are predominantly located in regions close to the

centromere and/or telomere and contain few functional genes,

whereas intrachromosomal segmental duplications harbor func-

tional genes and gene families and are predominantly found in

euchromatic regions (Eichler et al. 1996; Jackson et al. 1999; Hor-

vath et al. 2001; Cheung et al. 2003; Tuzun et al. 2004). Since

both types appear to be recent evolutionary events (Cheung et al.

2001), they are likely to contribute to the generation of pheno-

typic diversity among laboratory mice.

In the course of application of BAC array comparative ge-

nomic hybridization (array CGH) to characterize tumors in

mouse models, we noticed large strain-specific ratio variations for

many BACs, indicating probable germ-line copy number varia-

tions. Since these relative increases and decreases in copy number

at particular loci could underlie certain strain specific pheno-

types, we undertook a systematic study to detect and map variant

loci among laboratory mouse genomes. This approach provides

complementary information to genome sequencing, because

large-scale copy number differences are not easily identified by

sequence analysis (Locke et al. 2003), and it allows investigation

of mouse genomes that have not been scheduled for whole-

genome sequencing. Here, we report on the substantial copy

number variation we found among mouse strains.

Careful analysis of the results of our interstrain comparisons

indicated that the BAC arrays also provided the ability to detect

small ratio variations that presumably reflect nucleotide level varia-

tion among the strains. We show that this capability can be used to

distinguish chromosomal regions of heterozygosity and homozy-

gosity in interspecific backcross mice. These regions differ by

log2ratio ∼ 0.1. Given the high density of genome coverage possible

on BAC arrays and the rate at which hybridizations can be per-

formed, this novel application of array CGH provides a highly ef-

ficient means to genotype progeny of interspecific backcross mice.

Results

Mapping large-scale variation in mouse genomes

We used arrays comprised of 2069 mouse BAC clones (1303

nonredundant, nonoverlapping autosomal clones) to map loci of
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segmental DNA copy number variation involving autosomes in

multiple different individuals from seven inbred Mus musculus

strains, including C3H/HeJ (n = 5), BALB/cJ (n = 4), 129P3/J

(n = 4), DBA/2J (n = 4), NIH (n = 4), FVB/N (n = 4), and C57BL/6J

(n = 9), as well as inbred (SPRET/EiJ; n = 8) and outbred (SPRET/

Glasgow; n = 4) Mus spretus individuals using genomic DNA from

a single FVB/N individual as the reference (Supplemental Tables

A–J). We identified loci with variant copy number by selecting

autosomal clones that gave adequate hybridization signals in at

least 95% of all hybridizations, and their log2ratios were �0.4 or

��0.4 in at least three individuals independent of strain in

which they were identified. Eighty clones, corresponding to 74

regions of copy number variation relative to FVB/N, met these

criteria (Fig. 1; Supplemental Fig. A). We observed that the vari-

ant loci represented both strain-specific (n = 5) and shared

(n = 69) ratio differences across multiple strains or species. Ag-

glomerative hierarchical clustering of all individuals from all

strains based on these 74 polymorphic regions (Fig. 2) was con-

sistent with divergence of the strains and species estimated by

other criteria and breeding history (Beck et al. 2000). Previous

reports of copy number polymorphisms in the major histocom-

patibility locus (Amadou et al. 2003) and in a long-range repeat

on Chromosome 1 (Agulnik et al. 1993) have shown similar phy-

logenetically related differences among strains and species.

Organization of variant loci in the genome

Analysis of duplication content in human, mouse, and rat ge-

nomes has revealed both a nonrandom chromosomal distribu-

tion and a bias toward clustering of segmental duplications at

pericentromeric and subtelomeric regions (Eichler et al. 1996;

Jackson et al. 1999; Horvath et al. 2001; Cheung et al. 2003;

Thomas et al. 2003; Tuzun et al. 2004). Therefore, to determine

whether these murine variant loci identified by array CGH map

to particular chromosomal regions, we mapped all 80 polymor-

phic BACs on C57BL/6J metaphase spreads using FISH. We as-

sessed the distribution of the variant loci by classifying the BAC

clones representing these loci as mapping to the proximal 1/3,

middle 1/3, or distal 1/3 of the chromosome based on end-

sequence mapping and FISH position. For this analysis, we con-

sidered BACs with overlapping positions in the genome sequence

as representative of a single variant locus. We observed that 63

clones mapped to a single site on C57BL/6J chromosomes

(Supplemental Fig. B), while 17 clones hybridized to multiple

places in the genome (Supplemental Fig. C).

Two clones, RP23-263M19 and RP23-206D2 mapped to

multiple centromeric sites on C57BL/6J chromosomes and

showed large ratio variation when M. spretus genomic DNA was

hybridized using M. musculus genomic DNA as a reference

(log2ratio < �3 and log2ratio < �0.5, respectively). FISH map-

ping revealed that these ratio variations, which are consistent

either with deletion of the region in M. spretus or amplification of

the sequence in M. musculus, corresponded to reduced represen-

tation of sequences in M. spretus compared to M. musculus

(Supplemental Fig. C). We determined that RP23-263M19 con-

tains sequence homologous to the M. musculus major satellite

consensus sequence (Horz and Altenburger 1981) by sequencing

small genomic subclones of RP23-263M19, whereas BAC end se-

quencing indicated that RP23-206D2 contains at least a portion

of the ribosomal DNA sequence. Furthermore, RP23-206D2 hy-

bridized to the centromeric regions of Chromosomes 12, 15, 16,

18, and 19 in C57BL/6J (M. musculus) metaphases, whereas it

hybridized to the telomeric regions of Chromosomes 4, 13, and

19 in SPRETUS/Ei (Supplemental Fig. C), consistent with the

known distribution of the rDNA in the genomes of these species

and inbred strains (Henderson et al. 1974; Elsevier and Ruddle

1975; Dev et al. 1977; Eicher and Shown 1993; Kurihara et al.

1994).

Fifteen other clones that mapped to multiple sites by FISH

(excluding the highly repetitive clones RP23-263M19 and RP23-

206D2) showed different patterns of ratio variation among the

different strains (Fig. 3). In C57BL/6J, we

found these BAC clones hybridized to 21

sites in the proximal 1/3, 15 sites in the

middle 1/3, and only seven sites in the dis-

tal 1/3 of the chromosomes, with an aver-

age number of three signals per BAC (range

2–8). We also observed that the distribution

of hybridization signals was nonrandom.

Moreover, we found that several BACs hy-

bridized to similar sites on the same chro-

mosomes. For example, we observed hy-

bridization more frequently to Chromo-

somes 1 (distal), 5 (middle), 7 (proximal), 9

(proximal and middle), 12 (proximal and

middle), 14 (proximal), and 17 (proximal/

middle). In some cases, BACs hybridized to

more than one of these sites (Fig. 4). The

fact that most of these BACs hybridize near

pericentromeric regions in addition to one

or more distal sites on the chromosome is

similar to the reported distribution of seg-

mental duplications in other mammalian

genomes (Eichler et al. 1996; Jackson et al.

1999; Horvath et al. 2001; Cheung et al.

2003; Thomas et al. 2003; Tuzun et al.

2004).

We found that the set of 60 single-site

Figure 1. Array CGH profiles. (A) Normalized genome-wide DNA copy number profiles of mouse
strain DBA/2J using FVB/N genomic DNA as a reference. BACs are ordered by position on the
genome starting with Chromosome 1 and ending with Chromosome X. Vertical bars indicate
chromosome boundaries. Each array (MouseArray 3.1) contained 2069 BAC clones, 1848 of which
have been mapped onto the draft sequence of the mouse genome (October 2003 freeze). We
highlighted in red data points corresponding to a number of the 75 polymorphic clones, which in
this individual showed |log2ratio| > 0.25. (B,C) Normalized DNA copy number profiles of Chromo-
somes 13 and 17 after hybridization with SPRET/Glasgow and C57BL/6J genomic DNA, respec-
tively, using FVB/N genomic DNA as a reference. Note the high-level DNA copy number polymor-
phism on the proximal arm of Chromosome 13 showing a gain (log2ratio ∼ 1) spanning three
overlapping BAC clones. The proximal part of Chromosome 17 shows a lower-level DNA copy
number polymorphism (log2ratio ∼ 0.5) encompassing one BAC clone.
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BACs that were mapped with respect to the May 2004 freeze

identified loci on all chromosomes except 9, 10, and 16. How-

ever, we found that there was not enough evidence to reject the

null hypothesis of a uniform distribution of these clones across

all chromosomes (Supplemental Fig. D). We observed no bias in

the position on the chromosome for these clones. Most often, we

observed only one hybridization signal by FISH, even in those

cases in which the clone showed a ratio difference between

Figure 2. Agglomerative hierarchical clustering of 74 regions of sequence variation. We used a Euclidian metric and Ward method to cluster both
samples and clones. For overlapping BACs in contigs, we used the one clone from the contig for which the greatest number of observations met the
threshold (clone denoted by an asterisk). Note that all mice cluster in two separate branches according to species in agreement with accepted
phylogeny. Within the M. spretus cluster, all SPRET/Ei mice cluster together and are more closely related to one another than to the outbred SPRET/
Glasgow mice. In the M. musculus branch, all individual mice from each of the strains cluster together. Furthermore, FVB/N and NIH are closest to each
other in the clustering dendrogram, which again agrees with the strain phylogeny.
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C57BL/6J and FVB/N, indicating that it is likely that the ratio

deviation between the strains reflects intrachromosomal differ-

ences in the number of copies of a sequence at the locus (i.e., too

close together to be resolved by FISH). Indeed, 14/44 BAC end

sequences showed multiple overlapping alignments on the ge-

nome sequence, consistent with local sequence duplications

(Supplemental Fig. B). On the other hand, in some cases when we

mapped BACs on chromosomes from different strains or species,

we observed different numbers of FISH signals, consistent with

the ratio variations measured by array CGH (data not shown).

Small-scale sequence variation between mouse species allows

mapping of genomic content in interspecific backcrosses

In addition to the clones with highly variant ratios representing

segmental copy number variation, we observed small ratio varia-

tions among all of the clones on the array. Since the magnitude

of the variation appeared to depend on which strain was being

compared to the FVB/N reference, it seemed unlikely that the

variation was due entirely to random fluctuations. Therefore, to

quantify the difference among strains, we removed clones with

absolute log2ratio � 0.3 to eliminate large ratio variants from the

analysis and calculated the average median absolute deviation

(MAD) of all clones for all strains (Supplemental Fig. E). We ob-

served a range in MAD from 0.07 for FVB/N and NIH strains to

0.12 for SPRET/Ei. We interpret the observed low MAD for the

FVB/N and NIH strains as due to the fact that NIH is closely

related to FVB/N, which was used as the reference for hybridiza-

tion. The increase in MAD in the SPRET/Ei, and to a lesser extent

in the other strains, is likely attributable to differences in se-

quence composition, ranging from DNA copy number variations

comprising a BAC clone down to single nucleotide differences

that affect hybridization efficiency.

Given this observation, we reasoned that BAC array CGH

would provide the capability to distinguish strain-specific com-

ponents of complex genomes, such as those present in interspe-

cific backcross progeny. Therefore, we obtained genomic DNA

from three previously characterized mice, which were the prog-

eny of the cross (NIH � SPRET/Glasgow) F1 � NIH as well as the

(NIH � SPRET/Glasgow) F1 parent. Owing to recombination in

meiosis, the chromosomes of the backcross mice will have ex-

tended regions that are either homozygous NIH or heterozygous

NIH/SPRET. The ratio profiles and a statistical analysis for the

hybridizations of three of these backcross mice using NIH ge-

nomic DNA as the reference are shown in Figure 5A,B,C. We

observed that there appeared to be two ratio states differing by

log2ratio ∼ 0.1, with each of the backcross progeny mice having a

unique constellation of subtle ratio changes. Hybridization using

DNA from the (NIH � SPRET/Glasgow) F1 individual with NIH as

the reference revealed no ratio changes (Fig. 5D). We compared

the observed ratio changes to available microsatellite data for

∼100 markers across the genome for all three of the backcross

mice and found very high concordance between ratio state and

genome composition. Specifically, we found that the higher ratio

state corresponded to regions in the genome homozygous for

NIH, while regions in the genome showing a lower ratio corre-

sponded to regions heterozygous for NIH (Fig. 5A,B,C). Together

these observations indicate that array CGH offers a new method

for genotyping the progeny of interspecific backcrosses. It allows

genome-wide mapping to be accomplished in a single experi-

ment at high resolution, which depends on the number and

spacing of clones on the array. For example, since genotype in-

formation is obtained for each clone on the array, then arrays of

∼3000 clones would provide 1 Mb mapping resolution across the

genome.

Discussion

Here we have described large- and small-scale DNA copy number

variants, measured by array CGH, that distinguish the genomes

of closely related mouse strains. We observed that 6% of the BAC

clones (74 BACs representing polymorphic regions/1303 nonre-

dundant BACs on the array) identified large-scale copy number

variations in M. musculus and M. spretus strains relative to FVB/N,

with the highest frequency of loci identifying probable intra-

Figure 3. Copy number differences among mouse strains compared to
FVB/N for BACs mapping to multiple sites by FISH. We display the aver-
age log2ratio computed over all individuals from each mouse strain or
species.

Figure 4. Cytogenetic mapping of a multisite BAC. Distribution of hy-
bridization signals on C57BL/6J metaphase spreads from clones RP23-
110E20 (red) and RP23-106H14 (green), marker for Chromosome 9.
RP23-110E20 was selected from the RP23 library by an STS that mapped
to 21.6 Mb on Chromosome 9. We observed hybridization signals at two
sites on Chromosome 9 in addition to regions on Chromosomes 5, 7, 12
(2 loci), 14, and 17. Note that at least four out of a total of eight hybrid-
ization loci showing hybridization with RP23-110E20 are located in the
proximal 1/3 of the corresponding chromosomes. The arrows indicate
the positions of the RP23-110E20 hybridization signals.
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chromosomal copy number variants (i.e., those identified by

single-site BACs). However, we expect that these variant se-

quences make up much less than 6% of the genome sequence,

because the magnitude of the ratio changes, which ranged from

our defined threshold of |log2ratio| = 0.4 to |log2ratio| > 3, indi-

cates that only a portion of a BAC is involved in most of the

variants. (For example, if the entire BAC were included in a du-

plicated or deleted region, then one would expect a ratio of 0.8–

1.0 for the duplication and <�3 for the deletion, since the re-

gions would be homozygous in one strain compared to another.)

We also note that ratios on other BACs did not exceed the thresh-

olds, indicative of even smaller segmental duplications, although

there is an increased possibility of spurious observations when

small ratio changes are measured.

We also found that only 17 of the BACs representing the 74

large-scale polymorphic regions hybridized to multiple places in

the genome by FISH, which may be because of the nature of the

copy number variant loci detectable by array CGH or the com-

position of the array (Locke et al. 2004). It is likely that regions of

high repeat sequence density have been underrepresented on

this array, and such regions may be sources of sequence variation

between mouse strains and species, which arguably might be

more likely to be distributed at multiple sites in the genome. It is

also possible that BACs that map to multiple sites by FISH may be

chimeric, containing genomic fragments from different parts of

the genome. However, while a low level of chimerism is present

in the RP23 library (estimated to be ∼1%) (Osoegawa et al. 2000),

we believe that ratio variation among strains is not due to clone

chimerism for several reasons. First, chimerism would not affect

ratios. Second, we would not have observed that strains and

species clustered if the variant loci were randomly formed

chimeric clones (Fig. 2). Third, BAC end-sequencing confirmed

the integrity of many of the clones that detected strain-specific

variation.

Figure 5. Array CGH mapping of interspecific backcrosses. (A,B,C) Genome-wide DNA copy number profiles of three different individuals from the
cross (NIH � SPRET/Glasgow) F1 � NIH using NIH genomic DNA as a reference. We normalized these ratios relative to the ratios from the hybridization
of the (NIH � SPRET/Glasgow) F1 parent versus NIH as a reference, in order to minimize fluctuation in ratios due to technical sources. Note the small
deviations in copy number ratio around zero (average log2ratio < 0.2). The panels on the right show the smoothed genome-wide DNA copy number
profiles and microsatellite mapping data for ∼100 markers across the genome for each of the different mice. Blue indicates regions determined to be
homozygous and red regions heterozygous for NIH by microsatellite mapping. We confirmed these observations by carrying out two more hybridiza-
tions. First, we repeated the hybridizations for all three mice and found all previously observed ratio changes, and second, we did a dye-swap
experiment, which resulted in the expected inversion of the ratio changes (data not shown). Microsatellite mapping agrees with the observed subtle
changes in the log2ratio and indicates that relative increases in the log2ratio are regions homozygous for NIH, while regions of the genome that exhibit
a relative decrease in the log2ratio correspond to regions heterozygous for NIH. (D) Genome-wide DNA copy number profile (left) and smoothed
genome-wide DNA copy number profile (right) of the (NIH � SPRET/Glasgow) F1 parent using NIH as a reference. Note the absence of subtle copy
number deviations as observed in A,B,C.
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Further research is needed to characterize the large-scale

variant loci among the strains, although we did identify previ-

ously described polymorphisms (Amadou et al. 2003; Cheung et

al. 2003) such as olfactory receptor genes (e.g., RP23-85A8) and

the major histocompatibility locus on Chromosome 17 (e.g.,

RP23-178C19 and RP23-143P23). Some of the other BACs that

map to single sites by FISH are also likely to identify regions that

contain gene families and/or low copy number repeats. For ex-

ample, Akr1b3, Akr1b8, and Akr1b7 map within the region

spanned by the contig of three polymorphic BACs on Chromo-

some 6. Similarly, several BAC end sequences align at two or

more overlapping positions on the genome sequence (UCSC

Mouse Genome May 2004; Supplemental Figs. B and C), indica-

tive of intrachromosomal duplication. Such low-copy repeated

sequences may have rendered the region more prone to unequal

crossover events and thus generated the copy number difference

between strains. In the human genome, rearrangements involv-

ing segmental duplications are associated with several diseases or

developmental anomaly syndromes (Ji et al. 2000; Emanuel and

Shaikh 2001; Shaw and Lupski 2004). Similarly, unequal crossing

over between repeated sequences appears to play a major role in

the evolution of yeasts grown under selective pressure in the

laboratory (Dunham et al. 2002) and in adaptive evolution of

sherry wine (flor) yeasts in which copy number variations may

comprise as much as 38% of the genome (Infante et al. 2003).

Sequence variations found within an inbred mouse strain

include those that arise de novo, such as the highly polymorphic

pseudoautosomal region (Kipling et al. 1996) and the hypervari-

able mouse minisatellite locus, Ms6-hm (Kelly et al. 1991). Poly-

morphisms also are maintained in some inbred strains in spite of

many generations of inbreeding (Yuan et al. 1996). We looked for

ratio variations within strains for the clones that we initially

identified by their variation among strains. However, although

we observed some clones showing variation within a strain, we

could not rule out technical artifacts. Thus, we conclude that the

large-scale variations we detected by array CGH are generally

stable in a particular strain.

We also distinguished small-scale variations among mouse

strains and species that allowed us to apply array-based CGH to

differentiate regions of heterozygosity and homozygosity in in-

terspecific backcross (NIH � SPRET/Glasgow) mice. M. spretus di-

verged from M. musculus 3 million years ago, but the two species

still remain capable of interbreeding. It has been possible to map

a large number of genetic traits in backcrosses using these paren-

tal strains (Nagase et al. 1995; Staelens et al. 2002; Ewart-Toland

et al. 2003; Guenet and Bonhomme 2003), because highly diver-

gent strain combinations such as these offer the greatest oppor-

tunity to detect phenotypic differences and so maximize success

of identifying genes that control specific phenotypes. We note

that the approaches described in this report should be applicable

to other crosses involving distantly related strains such as Casta-

neous or Molossinus, and possibly even to crosses between M.

musculus strains. Furthermore, genotype information is obtained

for each clone on the array, which provides high-resolution map-

ping in a single experiment.

In the backcross experiments, we observed that regions het-

erozygous for NIH showed a decrease in log2ratio of ∼0.1 com-

pared to homozygous NIH regions in hybridizations using NIH as

the reference genome. We propose that the observed higher ratio

in regions homozygous for NIH is due to greater sequence con-

servation between NIH genomic DNA and the C57BL/6J BAC

DNA in the array spots compared to the SPRET/Glasgow genomic

DNA. On a linear scale, the relative ratio of the heterozygous to

homozygous portions of the genome is ∼0.93, implying that the

SPRET/Glasgow genomic DNA binds to the array elements with

∼85%–90% the efficiency of NIH. While detection of single

nucleotide differences by array hybridization is routine when us-

ing short oligonucleotides for array elements, it might at first

seem surprising that one can detect such sequence variations on

BAC arrays. However, we suggest that it is possible because of a

nonuniform distribution of the sequence differences in the ge-

nome, resulting in a significant reduction in hybridization to a

small proportion of the DNA fragments of a BAC. For example,

sequencing data (Wade et al. 2002; Wiltshire et al. 2003) and

estimates of the degree of sequence divergence compatible with

breeding (Sidman and Shaffer 1994) indicate that the average

sequence divergence between the two genomes is on the order of

somewhat less than 1%. If we assume that the average length of

base pairing for binding to a DNA fragment in an array spot is

∼100 bases, then for an average sequence divergence of 1%, one

expects ∼25% of the hybridization sites will have �2% diver-

gence and 8% of the fragments will have �3% divergence if the

differences are randomly distributed. It is also possible that the

sequence variation may be even more unequally distributed for

functional reasons. The fact that the ratios are always lower in

the regions heterozygous for NIH and M. spretus further supports

the view that the subtle ratio variations are due to sequence dif-

ferences distributed over the genome, rather than resulting from

copy number changes of large genomic segments, which, as we

have shown, result in both ratio increases and decreases in com-

parisons between two species. However, it is very likely that there

is a continuum of sequence differences between these two types

of genomic variation, each with its characteristic effect on com-

parative hybridizations. Thus, we expect that some of what ap-

pears to be “noise” in these measurements will eventually be

understood in terms of more subtle genomic characteristics.

Methods

Mouse strains

We obtained DNA from inbred M. musculus and M. spretus mice

from the Jackson Laboratory and outbred M. spretus (SPRET/

Glasgow) from a colony maintained by the Balmain laboratory at

the University of California San Francisco.

DNA extraction

We either obtained genomic DNA from different inbred strains of

mice from the Jackson Laboratories or isolated genomic DNA

from spleens dissected from mice. To isolate DNA, we first froze

the spleens on dry ice, and then thinly sliced them. We placed

the tissue into a buffer containing 10 mM Tris, 1 mM EDTA, 100

mM NaCl, and 1 mg/mL proteinase K, and incubated it overnight

at 56°C with shaking. Next, we added RNase to a concentration

of 0.25 mg/mL, incubated the mixture at 37°C for 1 h, and then

incubated the sample again in proteinase K (1 mg/mL) at 56°C for

2 h. We extracted the preparation with an equal volume of

buffer-saturated phenol, collected the aqueous phase, and ex-

tracted with an equal volume of chloroform-isoamyl alcohol (24:

1). We recovered the final aqueous phase; added sodium acetate

to a final concentration of 0.3 M followed by two volumes of

ice-cold ethanol, and inverted the mixture gently until the DNA

precipitate appeared. We collected the precipitate by spooling

the DNA, washed it in 70% ethanol, and resuspended it in TE. We

measured the DNA concentration using fluorometry.
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Preparation of mouse BAC arrays

We selected BACs covering the genome from the RP23 C57BL/6J

library by two routes: (1) by screening libraries with overgo

probes for mapped STS markers as described previously (Cheung

et al. 2001) and (2) by identifying BACs with particular STS mark-

ers using published information (Cai et al. 1998; Hodgson et al.

2001) or information from the mouse genome sequencing pro-

gram as the sequencing and radiation hybrid mapping projects

progressed. Given the available resources at the time we as-

sembled the array, this procedure resulted in redundant clones

and a nonrandom distribution of BACs among the different chro-

mosomes. In the assembly of the human BAC arrays we reported

previously (Snijders et al. 2001), we attempted to minimize the

number of potentially polymorphic or multisite clones on the

array by screening using both FISH (Cheung et al. 2001) and

array CGH with known aneuploid cell lines (Snijders et al. 2001).

However, for the mouse array, we included all selected BACs on

the array and subsequently carried out FISH mapping to identify

multisite clones or potentially erroneously mapped clones. Thus,

while there is some bias in the representation of the chromo-

somes on the arrays, we have not intentionally selected against

BAC clones representing regions of sequence variation among

strains. Information on the clone set is provided at http://

microarrays.roswellpark.org. We prepared DNA spotting solu-

tions from the BACs by ligation-mediated PCR as described pre-

viously for assembly of human BAC arrays (Snijders et al. 2001).

We printed each BAC clone in triplicate, with spots on 130-µm

centers in 12 � 12 mm area on chromium surfaces using a cus-

tom robot.

DNA labeling by random priming

For each labeling reaction, we used ∼300 ng each of test or ref-

erence genomic DNA in a volume of 15 µL containing 10 mM

Tris-1 mM EDTA (pH 7.5); 0.2 mM unlabeled dATP, dCTP, and

dGTP; 0.1 mM unlabeled dTTP; 1� random primer (Bioprime

DNA labeling system; Invitrogen); and 0.4 mM Cyanine-3 (test)

or Cyanine-5 (reference) conjugated dUTP (Amersham). We de-

natured the DNA in a thermal cycler at 100°C for 15 min and

cooled it to 4°C before adding 12 units of Klenow fragment

(Bioprime DNA labeling system; Invitrogen). Using a thermal cy-

cler we incubated the reaction at 16°C for 10 min and 37°C for 20

min for 30–40 cycles. We removed unincorporated nucleotides

from the labeling reaction using a Sephadex G-50 spin column

and visually assessed the labeling efficiency by the intensity of

the color of the flow-through.

Array hybridization

For each hybridization, we combined Cy3-dUTP-labeled test

DNA and Cy5-dUTP-labeled reference DNA with 40 µg of mouse

Cot-1 DNA (Invitrogen) and precipitated the mixture using so-

dium acetate at 0.3 M and two volumes of ice-cold ethanol. We

chilled the mixture at �20°C for 20 min and collected the pre-

cipitate by centrifugation at 17,400g for 25 min. We removed the

supernatant, wicked dry the pellet with a tissue, and resuspended

the pellet in a 40-µL hybridization solution consisting of 50%

formamide, 10% dextran sulfate (molecular weight ∼ 500,000),

2� SSC, 4% SDS, and water. To denature the probe mixture, we

heated it at 75°C for 20 min and then incubated it for several

hours at 37°C to allow preannealing of the Cot-1 DNA to the

probe DNA.

We applied a ring of rubber cement around the perimeter of

each array to contain the hybridization mixture. We added 50 µL

of hybridization solution containing no probe DNA within the

perimeter of the rubber cement to pre-wet the array for 15 min.

We aspirated the wetting solution and added the hybridization

mixture to the array and then placed the slide into a polyethyl-

ene slide-mailing container containing 40 µL of 50% formamide,

2� SSC to maintain humidity, sealed the container with Para-

film, and incubated it with rocking at 37°C for 60 h. After hy-

bridization, we rinsed off excess hybridization mixture using PN

buffer (0.1 M Na2HPO4/NaH2PO4 at pH 8.5, 0.1% NP-40) and

washed the arrays at 45°C in the following order: 50% for-

mamide, 2� SSC for 20 min, 2� SSC for 10 min, 0.1� SSC for 10

min, PN buffer for 10 min, and 0.1� SSC for 10 min. We re-

moved the rubber cement borders and drained off excess liquid.

We wet-mounted the arrays under a coverslip in a solution con-

taining 90% glycerol, 10% PBS, and 1 µM DAPI. We stabilized the

coverslip using a border of fingernail polish along two edges.

Imaging and analysis

We acquired 16-bit 1024 � 1024 pixel DAPI, Cy3 and Cy5 im-

ages using a custom-built CCD camera system as described pre-

viously (Pinkel et al. 1998) and used “UCSF SPOT” software (Jain

et al. 2002) to automatically segment the spots based on the DAPI

images, perform local background correction, and to calculate

various measurement parameters, including log2ratios of the to-

tal integrated Cy3 and Cy5 intensities for each spot. We used a

second custom program SPROC to obtain averaged ratios of the

triplicate spots for each clone, standard deviations of the tripli-

cates, and plotting position for the BACs on the October 2003

freeze of the mouse genome sequence (http://genome.ucsc.edu).

We edited the data files to remove ratios on clones for which only

one of the triplicates remained after SPROC analysis and/or the

standard deviation of the log2ratios of the triplicates was >0.2.

We averaged the values for replicate clones and removed exact

replicates from the data set. We created two different versions of

the data set. For the copy number polymorphism analysis, we

included only autosomal clones that were present in at least 95%

of the hybridizations. We included clones that were present in at

least 75% of the samples when plotting ratios along the genome

and in the analysis of heterozygosity and homozygosity in back-

cross animals.

Statistical methods

We identified BAC clones representing putative copy number

variants using a conservative threshold of |log2ratio| = 0.4 in at

least three samples. When contiguous clones were identified, we

retained the one clone from the contig for which the greatest

number of observations met the threshold. We used the resulting

set of clones to cluster the samples using an agglomerative hier-

archical clustering algorithm with Euclidean metric and Ward

method. We reordered the samples within each branch according

to their means in such a way that tree topology was preserved.

We estimated the variability of the individual hybridiza-

tions by computing the Median Absolute Deviation (MAD) of all

clones for a given sample with |log2ratio| � 0.3. We considered

the clones that had absolute mean value �0.3 in a given strain

and �0.1 in the remaining strains to represent possible copy

number polymorphisms specific to that strain, even though they

might not meet the more conservative criteria described above.

We tested the uniformity of the distribution of the mapped

clones and of the single-site polymorphism clones among chro-

mosomes using the �2 goodness of fit test (Snedecor and Cochran

1989). Specifically, we tested the equality of the number of the

mapped clones per megabase on different chromosomes, as well

as the equality of the proportion of the single-site polymorphic

clones among clones mapped on the genome sequence of differ-

ent chromosomes.
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To identify heterozygous and homozygous regions in the

genomes of backcross animals, we first normalized each hybrid-

ization to the F1 hybridization in order to minimize systematic

ratio fluctuations due to technical sources. We then applied a

modification of the unsupervised Hidden Markov Model (HMM)

state-fitting method described previously (Fridlyand et al. 2004).

Here, we restricted the maximum number of states to be two and

fit an HMM to all chromosomes simultaneously by concatenat-

ing the neighboring chromosomes and assigning values to either

state 1 or 2. We selected the number of states (1 or 2) using a BIC

criterion with � = 1.5 (Schwarz 1978; Broman and Speed

2002a,b). We merged the states if their median values were <0.05

apart. For each hybridization, we plotted the smoothed value of

all clones that were not aberrations or outliers. The smoothed

value is computed as the median value of the corresponding state

for a given clone. In the case of one state only, we used the

median value of all clones for a given hybridization. We note that

the unsupervised HMM procedure used to assign individual BACs

to a given state (Fig. 5) does so by assigning a probability to each

BAC of being in a given state and then allocates each BAC to the

state with the largest probability (Fridlyand et al. 2004). Thus, a

natural output of the procedure is a measure of the confidence

with which a BAC is assigned as heterozygous or homozygous,

which allowed us to determine that the majority of BACs were

assigned to their respective states with >95% confidence.

BAC end-sequencing analysis

In order to verify the identity of the variant loci, we obtained

BAC end sequences for 54 clones. We subjected the end se-

quences to BLAT analysis on the May 2004 freeze of the mouse

genome (UCSC Genome Browser). We considered a BAC to be

properly aligned on the genome sequence if the sequence pairs

from both end sequences from any one BAC were on the same

chromosome, no more than 300 kb apart on opposite strands.

We determined that 63 of the clones mapped correctly based on

concordance of our FISH and/or BAC end-sequence data with

position in the May 2004 freeze as assigned by BAC end pairs or

STS position. However, we found that the positions of 11 clones

were discrepant, five were mapped on random segments and an-

other one was not mapped on the May 2004 freeze. We found no

evidence of chimerism based on the positions of the BAC end

sequences on the May 2004 freeze.

Fluorescent in situ hybridization (FISH)

In order to verify the identity of the variant loci, we mapped all

80 polymorphic BACs on C57BL/6J metaphase spreads using

FISH. We carried out two-color FISH using two different BAC

DNAs, one labeled with Cy3-dUTP and the other with fluores-

cein-dCTP, so that a control probe hybridizing to a known chro-

mosomal region could be incorporated into the same hybridiza-

tion as the test probe. We labeled 20 ng of BAC DNA in a 10-µL

reaction containing 0.2 mM each of unlabeled dATP, dCTP, and

dGTP and 0.1 mM dTTP if cy3-dUTP was the label; or 0.2 mM

unlabeled dATP, dGTP, and dTTP and 0.1 mM dCTP if fluores-

cein-dCTP was the label; 1� random primer (Bioprime DNA la-

beling system, Invitrogen); and 0.4 mM Cy3-dUTP or fluorescein-

dCTP. We denatured the BAC DNA along with random primers

and nucleotides at 100°C for 15 min and then cooled the mixture

to 4°C after which we added 20 units of Klenow fragment

(Bioprime DNA labeling kit; Invitrogen) and incubated the reac-

tion at 37°C for ∼16 h. We combined 5 µL each of a Cy3 and a

fluorescein labeling reaction with 6 µg of mouse Cot-1 DNA and

precipitated the mixture using sodium acetate at 0.3 M and two

volumes of ice-cold ethanol. We removed the supernatant and

wicked dry the pellet with a tissue and then resuspended it in 10

µL of a hybridization solution consisting of 50% formamide, 10%

dextran sulfate (molecular weight ∼ 500,000), 2� SSC, and 2% SDS.

We then denatured the hybridization solution at 75°C for 20 min.

To prepare metaphases for hybridization, we washed micro-

scope slides containing metaphase spreads from M. musculus or

M. spretus embryonic fibroblasts in 2� SSC at 37°C for 30 min,

dehydrated them in an ethanol series, and allowed them to air

dry. We then denatured the metaphase spreads in 70% for-

mamide, 2� SSC (pH 7.0) at 75°C for 4 min, dehydrated them

again in an ethanol series, and allowed them to air dry. After

warming the metaphase spreads to 37°C, we applied the dena-

tured probe to the metaphases. We hybridized the probes under

a coverslip in a humidified chamber at 37°C for 40 h. We then

removed the coverslip and excess hybridization solution by im-

mersing the slide in PN buffer and washed the arrays at 45°C in

the following order: 50% formamide, 2� SSC for 20 min, 2� SSC

for 10 min, 0.1� SSC for 10 min, PN buffer for 10 min, and 0.1�

SSC for 10 min. After removing excess liquid we coverslip

mounted the slide in Vectashield (Vector Laboratories) and used

a CCD-based imaging system to capture three color images.

Preparation and sequencing of small genomic subclones

of RP23-263M19

We fragmented RP23-263M19 DNA by sonication, blunt-end-

cloned the DNA into pBluescript II KS+ linearized by SmaI diges-

tion, and transfected the plasmids into competent Escherichia coli

(TOP10; Invitrogen). We picked 189 colonies into microtiter

plates and then prepared colony blots by seeding bacteria from

the microtiter plates onto positively charged membranes. In or-

der to investigate which sequences in RP23-263M19 were over-

represented in M. musculus compared to M. spretus, we lysed the

colonies, fixed the DNA, and hybridized the membrane with a

mixture of biotin labeled M. musculus genomic DNA and excess

unlabeled M. spretus genomic DNA to suppress homologous se-

quences. After chemiluminescent detection of the hybridized la-

beled DNA using streptavidin coupled to alkaline phosphatase,

we picked 10 clones showing strong hybridization signals and

sequenced these plasmids unidirectionally. We performed se-

quence alignment using CLUSTAL W.

Note added in proof

While this paper was under review, Li et al. (2004) reported simi-

lar findings using BAC arrays comprised of only clones mapped

on the mouse physical map as reported in 2002 (Gregory et al.

2002). A comparison of the 74 polymorphic loci reported here

with a list of 346 clones from the Li et al. publication revealed no

obvious overlap between the two sets of clones. We suggest two

possible reasons for the lack of concordance. First, different se-

lection criteria may have been used, but we cannot determine

whether this is true, because the ratio data and cutoffs for calling

polymorphic clones were not published by Li et al. (2004). Sec-

ond, clones for our arrays were selected with STS markers prior to

extensive mouse genome sequencing. By end sequence and STS

content, several of our BACs identifying polymorphisms were

mapped to sequence contigs that are yet to be included in the

assembly (e.g., RP23-199A7 and RP23-104D1; Supplemental

Table A and Supplemental Fig. B). Some others did not map to

any sites on the current assembly. In addition, FISH mapping of

our polymorphic clones revealed that several map to multiple

sites in the mouse genome including pericentromeric regions.

Arguably, clones harboring copy number polymorphisms might

be more likely to pose problems for sequence assembly, but will
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in time be placed on the genome as the sequence nears comple-

tion. Nevertheless, taken together this publication and the Li et

al. (2004) report indicate an abundance of copy number poly-

morphisms in mouse genomes.
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