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Understanding of the structure and the origin of genetic variation patterns in the laboratory inbred mouse provides
insight into the utility of the mouse model for studying human complex diseases and strategies for disease gene
mapping. In order to address this issue, we have constructed a multistrain, high-resolution haplotype map for the
99-Mb mouse Chromosome 16 using ∼70,000 single nucleotide polymorphism (SNP) markers derived from
whole-genome shotgun sequencing of five laboratory inbred strains. We discovered that large polymorphic blocks
(i.e., regions where only two haplotypes, thus one SNP conformation, are found in the five strains), large
monomorphic blocks (i.e., regions where the five strains share the same haplotype), and fragmented blocks (i.e.,
regions of greater complexity not resembling at all the first two categories) span 50%, 18%, and 32% of the
chromosome, respectively. The haplotype map has 98% accuracy in predicting mouse genotypes in two other
studies. Its predictions are also confirmed by experimental results obtained from resequencing of 40-kb genomic
sequences at 21 distinct genomic loci in 13 laboratory inbred strains and 12 wild-derived strains. We demonstrate that
historic recombination, intra-subspecies variations and inter-subspecies variations have all contributed to the
formation of the three distinctive genetic signatures. The results suggest that the controlled complexity of the
laboratory inbred strains may provide a means for uncovering the biological factors that have shaped genetic
variation patterns.

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

The laboratory inbred mouse is the primary mammalian model
organism for human disease research owing in part to its utility
in identifying genetic components underlying complex common
diseases in humans. However, identifying candidate genes by
conventional mapping techniques after initial low-resolution
mapping is a labor-intensive and time-consuming process. An
accurate high-resolution multistrain haplotype map of the
mouse genome may accelerate the discovery of causative variants
in the initially large candidate regions. By making possible the
comparison of haplotype structure across different inbred strains
used in the crosses, researchers will be able to identify haplotype
blocks that segregate in concert with phenotypic differences,
thereby reducing the number of potential candidates for further
analysis from hundreds to a more manageable number (Grupe et
al. 2001; Park et al. 2003).

Two previous studies, one by the Whitehead Institute (WI)
(Wade et al. 2002) and the other by the Genomics Institute of the
Novartis Research Foundation (GNF) (Wiltshire et al. 2003), have
examined genome-wide genetic variation patterns in laboratory
inbred strains using low-resolution SNP data. Both studies have
concluded that there is lack of genetic heterogeneity in common
laboratory mouse strains and that the majority of the haplotype

blocks are >1 Mb long. In an earlier study, we constructed a
multistrain, medium-resolution haplotype map of an 8-Mb re-
gion on Chromosome 19 (Park et al. 2003), which reveals a dif-
ferent pattern. Nonhomogeneous SNP density was observed
across the region, and most of the haplotype blocks were only
80–100 kb long. Two recent studies (Frazer et al. 2004; Yalcin et
al. 2004) independently conducted multistrain high-resolution
SNP analyses of genomic regions of ∼5 Mb and in both cases
reported the discovery of a complex haplotype structure. These
detailed but regionally limited results suggest that higher-density
SNP data across multiple strains might reveal a haplotype struc-
ture different from what was derived from low-density, pairwise
strain analysis in the previous studies.

To gain insight into the high-resolution haplotype structure
of the common laboratory inbred mouse at the genome scale, we
analyzed genetic variation patterns of 70,795 SNPs discovered
from high-quality variations among the five laboratory strains in
the Celera whole-genomic shotgun sequence of the 99-Mb
mouse Chromosome 16 (Mural et al. 2002). The SNP density of
this data set is 30-fold and 185-fold higher than those in the WI
and GNF studies, respectively (Table 1). We discovered that the
laboratory mouse genome is composed of three distinctive ge-
netic variation patterns—large monomorphic haplotype blocks,
large polymorphic haplotype blocks, and fragmented haplotype
blocks—that are likely to be shaped by historic recombination as
well as intra- and inter-subspecies variation.
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Results

Construction of a multistrain haplotype map of mouse
Chromosome 16

The Celera data set consists of high-density SNPs from five labo-
ratory inbred strains, from which SNP genotypes can readily be
assembled into haplotypes across the entire chromosome. By
comparing haplotypes from multiple strains, it is possible to
identify haplotype blocks by patterns of linkage disequilibrium
between the SNPs, a procedure that has been used to define hap-
lotype blocks for the human genome (Patil et al. 2001; Gabriel et
al. 2002). Previous studies reported that most of the laboratory
mouse genome consists of two ancestral haplotypes (Bishop et al.
1985; Wade et al. 2002; Wiltshire et al. 2003), which suggests
that defining a haplotype block by requiring that the majority of
SNPs within a block be in perfect linkage disequilibrium (which
results in two haplotypes per block) is a reasonable starting point
for investigating the haplotype structure of the laboratory mouse
genome. Thus, we implemented the following procedure: A hap-
lotype block is initiated with two adjacent SNPs and is extended
one SNP at a time until more than two haplotypes are found; a
single SNP that breaks the two-haplotype structure is considered
an exception and does not affect block extension (see Methods
for details). Approximately 5% of the SNPs turned out to be such
“orphan” SNPs, while the remaining 95% form 2083 haplotype
blocks, resulting in an average of 38.5-kb haplotype block size
(see http://lpg.nci.nih.gov/mulan/ for details).

A close look at the haplotype structure reveals that, in some
regions, adjacent haplotype blocks with the same allelic variation
pattern are interrupted by small haplotype blocks (Fig. 1). Some
of these small blocks make only a minor contribution to the local
genetic diversity but can disrupt the contiguity of the global hap-
lotype structure. Therefore, we implemented a procedure to meld
neighboring blocks with the same haplotype variation pattern if
the number of inconsistent SNPs (i.e., the SNPs whose allelic
variation patterns are inconsistent with the haplotype variation
pattern) is <5% of the total SNPs in the melded block. In the
example in Figure 1, we were able to meld the two haplotype
blocks into a single 2.4-Mb block because only three out of 352
SNPs in this region are inconsistent with the dominant haplo-
type variation pattern. In all, 301 blocks were merged into 36
“melded” blocks. The average haplotype block size after melding
is 44.6 kb.

Three major patterns of genetic variation emerged from the
global haplotype structure. Large blocks with few polymor-
phisms (“monomorphic blocks”), defined as large regions (>1
Mb) with extremely low SNP density (<0.5 SNPs per 10 kb) and
inconsistent haplotype variation patterns (each haplotype varia-
tion pattern spans <10 SNPs), cover 18% of the chromosome. The
remaining regions consist of large polymorphic haplotype blocks
(�200 kb) that span 50% of the chromosome (Fig. 1) and frag-
mented haplotype blocks that span 32% of the chromosome and
include 42% of SNPs (Fig. 2). The fragmented blocks take four
forms: (1) erosion of a major haplotype pattern by a variety of
small haplotypes blocks (Fig. 2A); (2) segmentation of two or
three haplotype patterns over a long range (Fig. 2B); (3) segmen-
tation coupled with erosion (Fig. 2C); and (4) random scrambling
(Fig. 2D). There is an inverse relationship between gene density
and SNP density in the three major genetic variation patterns.
Large monomorphic blocks have the highest gene density and
the lowest SNP density, while the fragmented blocks have the
lowest gene density but the highest SNP density (Fig. 3).

Figure 1. Haplotype structure of a 2.4-Mb region at 82,865,855–
85,256,831 on Chromosome 16. The top horizontal line uses color to
label a distinct haplotype pattern. The region contains two large haplo-
type blocks (marked by the lines with cyan color at the top) that form a
2.4-Mb melded haplotype block because the small “disruptive” block at
the middle (the top line with orange color) contains <5% of all SNPs in the
region. Rectangles with different colors represent haplotypes in each
strain; (magenta rectangles) allelic variations different from the C57BL/6J
strain, (black rectangles) allelic variations identical to the C57BL/6J strain.
SNP density (defined as the number of SNPs per 10 kb) is displayed in
color at the bottom. Vertical gray lines across the strains display individual
SNP positions. The x-axis labels the base-pair position in the region. Dot-
ted vertical lines are regions that were selected for resequencing.

Table 1. Summary of SNP mapping from Celera, WI, and GNF data

Sourcea All SNPs Laboratory inbred strains
Mapped

SNPs
Inconsistently
mapped SNPs

SNPs per
100 kb

Overlap with other data sets

Celera WI GNF

Celerab 70,795 C57BL/6J, 129S1/SvImJ, A/J,
DBA/2J, 129X1/SvJ

68,848 (97%) 306 (0.4%) 75 — 835 (1.2%) 25 (0.04%)

WIc 2347 C57BL/6J, 129S1/SvImJ,
C3H/He, BALB/cByJ

2347 (100%) 0 (0%) 2.6 835 (35.6%) — 1 (0.04%)

GNFd 477 C57BL/6J, A/J, BALB/cByJ,
AKR/J, DBA/2J,
129S1/SvImJ, C3H/He

391 (82%) 0 (0%) 0.4 25 (6.4%) 1 (0.2%) —

aAll SNP data were obtained from the Mouse Phenome Database at the Jackson Laboratory (http://www.jax.org/phenome).
bCelera SNPs were obtained from the file mpd147.zip in the project “Celera Genomics SNPs.” As described in Wiltshire et al. (2003), SNPs in the Celera
data set were discovered from Celera Assembly R13 in 2003. In this study, SNPs with inconsistent mapping order on the Celera and MGSCv3 assembly
were identified and excluded from haplotype analysis. There is no additional filtering other than that.
cWI SNPs were obtained from the file mpd127big.zip in the project “MIT mouse SNP data-2.”
dGNF SNPs were obtained from the files mpd133strains.zip and mpd133loc.zip in the project “GNF mouse SNP data.”
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Assessing the accuracy of the Chromosome 16 haplotype map
constructed in this study

A haplotype block is expected to capture the allelic variation
pattern of a genomic region. Therefore, the accuracy of a haplo-
type map can be measured by how well its blocks predict the
allelic variation of polymorphic markers that were not included
in haplotype block construction. To assess the accuracy of the
haplotype map constructed in this study, we measured the con-
sistency between the allelic variation patterns depicted in haplo-
type blocks derived from our study with genotypes of SNPs that
were assayed in WI and GNF studies. In this analysis, only SNPs
unique to the WI and GNF studies were included, and only the
strains common between the studies were analyzed. More spe-
cifically, C57BL/6J and 129S1/SvImJ are the strains common to
the WI and Celera data sets; C57BL/6J, 129S1/SvImJ, DBA/2J, and
A/J are common to GNF and Celera. We found that the haplo-
type blocks defined in this study from the Celera genotype data

were consistent with 98% and 91% of the genotype data in the
WI and GNF studies, respectively. In addition, the distribution of
WI SNPs across large polymorphic blocks, large monomorphic
blocks, and fragmented haplotype blocks is similar to that of the
Celera SNPs, even when including SNPs derived from the two
strains unique in the WI study, C3H/He and BALB/cByJ (Table 2).

Experimental validation by resequencing

To validate the predicted haplotype structure, to extend our
knowledge of the genetic diversity in the common laboratory
inbred strains and to better understand the origins of the patterns
of genetic variation, we resequenced 39,495 bp of genomic se-
quence. The regions selected for resequencing comprised 44 in-
ternally contiguous genomic segments at 21 distinct genomic
loci found in our initial analysis to consist of 10 large blocks and
11 fragmented blocks (Fig. 4; Supplemental Table S4). The target
regions were selected to validate or investigate the following: (1)
regions defined as SNP-poor across all strains in the WI study but
found to be SNP rich in our analysis; (2) large haplotype blocks
with varying SNP density but the same allelic variation pattern;
(3) the discrepancy between genotypes in the WI and GNF stud-
ies and the haplotype blocks constructed in this study; (4) the

Figure 2. Four types of fragmented haplotype blocks. (A) Erosion of a
major ancestral haplotype pattern (labeled as the black horizontal line at
the top) with a variety of small haplotypes in a 220-kb region between
34,013,629 and 34,233,629 bp. (B) Segmentation of three haplotype
patterns (in cyan, gray, and black color lines at the top) in a 1-Mb region
between 8,398,561 and 9,500,697 bp. (C) Erosion within segmentation
at 45,248,233–45,395,930 bp. (D) Random scrambling of multiple hap-
lotype blocks in a 500-kb region between 73,247,019 and 73,679,138
bp.

Figure 3. Distribution of large monomorphic haplotype blocks, large
polymorphic haplotype blocks, and fragmented blocks on Chromosome
16. The distribution of genes and exons was derived from the 455 mouse
RefSeq records mapped to Chromosome 16.

Table 2. SNP distribution in the three genetic variation patterns

Data source

% of total SNPs
p-value
of �2

testa
Large

monomorphic
Large

polymorphic
Fragmented

blocks

Celera
All strains 0.6 57.65 41.75 N/A

WI
Common

strainsb 0.22 58.45 41.34 0.91
All strains 0.98 60.12 38.90 0.88

aThe p-value measures the similarity of SNP distribution in the WI data set
with that of the Celera SNPs in these three regions.
bThe two strains included in both the WI and the Celera samples are
C57BL/6J and 129S1/SvImJ.
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validity of “orphan” SNPs that break a haplotype block; (5) frag-
mented haplotype blocks (including segmentation and erosion);
(6) the validity of SNP-poor regions discovered in this study; (7)
the validity of SNPs in SNP-poor regions found in the current
analysis; (8) genetic variations between the two 129 strains
(129S1/SvImJ, 129X1/SvJ); and (9) the relationship between gene
structure and SNP density. Additional information about target

region selection can be found in the
Supplemental material and Supplemen-
tal Table S4. A total of 25 inbred mice
were assayed: 13 common laboratory
strains and 12 wild-derived strains from
four subspecies of the species Mus mus-
culus: domesticus, musculus, molossinus,
and castaneus as well as the species Mus
spretus. In what follows, we use the
mouse strain nomenclature developed
by the Jackson Laboratory, in which the
classical laboratory mouse stocks are re-
ferred to as “laboratory inbred strains”
and descendants of recently captured
wild mice as “wild-derived inbred
strains.” A total of 1004 substitution
SNPs (ss32467313–ss32468316 in the
NCBI dbSNP database), including six
triallelic markers, were found across
all strains, 225 of which were poly-
morphic among the laboratory inbred
strains. There were a total of 132 Celera

SNPs, 22 WI SNPs, and eight GNF SNPs in the regions selected for
resequencing. The validation rates were 99%, 95%, and 63% for
the SNPs previously described in the Celera, the WI, and the GNF
data sets in these regions, respectively. In each case, the rese-
quencing results are in agreement with the haplotype block
structure defined in this study (details are in the Supplemental ma-
terial and http://lpg.nci.nih.gov/mulan/).

Variations of SNP density within
a haplotype block

In the multistrain haplotype map that
we constructed using the Celera data,
the vast majority (>95%) of the SNPs
within a block have the same allelic
variation pattern, but the SNP density
can vary considerably. The number of
SNPs per segment in successive 10-kb in-
tervals ranges from 0 to more than 20.
For example, in the largest melded block
(5.2 Mb) located at 45.9–51.1 Mb on
Chromosome 16, in which the haplo-
type of C57BL/6J is different from the
one shared by the four other strains,
97% of the 4119 SNPs are consistent
with the dominant haplotype variation.
However, the SNPs are not evenly dis-
tributed over this large physical region.
SNP-poor segments (0 SNP per 10 kb),
which cover 15% of the block, are inter-
spersed with SNP-rich segments (>20
SNPs per 10 kb) (Fig. 5A). Such a pattern
of varying SNP rate across a large haplo-
type block is common on Chromosome
16. Of the nine largest (>1 Mb) melded
blocks in which C57BL/6J and 129S1/
SvImJ strains have different haplotypes,
eight show considerable variation in
SNP density (details in the Supplemental
material). Six of the eight melded blocks

Figure 4. Resequencing results of the 44 genomic segments at 21 genomic loci. The y-axis shows the
SNP density (number of the SNPs per kilobase) derived from resequencing that represents variations
in 13 laboratory inbred strains, intra-subspecies variations in wild-derived inbred strains of



with differing SNP density were split into multiple haplotype
blocks on the WI map of C57BL/6J and 129S1/SvImJ (Fig. 5B).
The one exception is a 2.4-Mb block located at 82.88–85.26 Mb in
which 85% of the genomic region has low SNP density (�1 SNPs
per 10 kb). However, even in this region, two subregions, one 90
kb and the other 60 kb long, are SNP-rich and contain 50% of the
SNPs of the entire block (Fig. 1).

We were interested in verifying the high variability of SNP
density within a haplotype block and investigating the cause of
sharp transitions in SNP density. In the resequencing experi-
ment, we selected juxtaposed regions of consistently high and
low SNP density in the 2.4-Mb large block described above (Fig. 1)
and a 77-kb small block located at 35.61–35.69 Mb (Fig. 6). The
second small block was particularly interesting because it in-
cludes a 12-kb genomic sequence that encodes a protein with
unknown function (GenBank accession NM_145481). As shown
in Figure 6, the genomic sequence that encompasses protein-
coding exons 1–4, including the introns, is SNP-poor (1 SNP per
10 kb), while the mostly noncoding exon 5 (86% of which is
3�-UTR) and its 3� downstream region are SNP-rich (10–29 SNP
per 10 kb).

We resequenced 2.2 kb of the SNP-rich region and 2.0 kb of
the SNP-poor region. Among the 13 laboratory inbred strains, 27
and three SNPs were found in the SNP-rich and SNP-poor regions,
respectively. The SNP-poor region contains the only missense
variation (Phe200Leu in the protein sequence NP_663456.1) in

the laboratory inbred strains. In both SNP-poor and SNP-rich
regions, the haplotypes of the laboratory inbred strains can be
found in the wild-derived inbred strains of domesticus but in no
other subspecies (Fig. 6C). There is no transition from inter-
subspecies to intra-subspecies in the ancestral origin of genetic
variations in the laboratory inbred strains even though there is a
sharp transition from high SNP rate to low SNP rate at this locus.
Similar results were obtained in the resequencing of one SNP-rich
segment and three SNP-poor segments in the 2.4-Mb large hap-
lotype block (details in the Supplemental material).

Analysis of haplotypes and SNPs in laboratory inbred strains
and wild-derived inbred strains

A total of 276 haplotypes were assembled in the 44 contiguous
genomic segments that were resequenced. Of the haplotypes, 110
were found in the laboratory inbred strains, while the remaining
ones were found only in wild-derived inbred strains. Three wild-
derived inbred strains, SF/CamEi, PERA/Ei, and PERC/Ei, cur-
rently listed as Mus mus musculus subspecies on the Jackson Labo-
ratory’s mice data sheet Web page (http://jaxmice.jax.org), have
70%–77% of haplotypes in common with domesticus strains and
<10% of their haplotypes in common with the two other muscu-
lus strains (CZECHII/Ei and SKIVE/Ei) (details in Supplemental
Table S10). In all analyses presented here, we refer to SF/CamEi,
PERA/Ei, and PERC/Ei as strains of domesticus subspecies instead
of musculus subspecies.

Of the 110 haplotypes in the labo-
ratory inbred strains, 91 (84%) were also
found in the wild inbred strains of do-
mesticus subspecies, while none matched
exclusively to the European musculus
strains (CZECHII/Ei and SKIVE/Ei). An-
other 5% and 1% of the haplotypes in
the laboratory strains were found in the
Asian mice molossinus and castaneus, re-
spectively. The remaining 10% of haplo-
types could only be found in the labora-
tory inbred strains.

The 44 contiguous genomic seg-
ments were sampled from 21 distinct
genomic loci. In 17 out of the 21 ge-
nomic loci, SNPs in the laboratory in-
bred strains arise from intra-subspecies
variations in the wild-derived inbred
strains of domesticus subspecies (Fig. 4).
These 17 loci include 80% of all SNPs in
the laboratory inbred strains discovered
by resequencing. In contrast, inter-
subspecies variations between molossi-
nus and domesticus contribute to SNPs in
the laboratory inbred strains at only two
loci. At the remaining two loci, SNPs in
laboratory strains arise from variations
between haplotypes of domesticus sub-
species and haplotypes found only in
the laboratory inbred strains.

Analysis of the origin of segmentation
and erosion blocks

We conjecture that historical recombi-
nation is the cause of the alternating

Figure 6. (A) SNP density (defined as the number of SNPs per 10 kb) of a 70-kb haplotype block. The
x-axis labels the 10-kb intervals in this block. (B) The 11-kb genomic region within this block encodes
mRNA NM_145481. The region was split into two sections labeled with red and blue lines to represent
SNP-rich and SNP-poor segments, respectively. (Gray boxes) Regions with repetitive sequence. The
mRNA is transcribed in reverse orientation, and the exons are labeled with black rectangles. (Magenta)
The coding regions. (Black diamonds) The SNPs in the Celera data. The last SNP in this region (with
a red underline) is the only missense variation in this region. (Dotted rectangles) The regions selected
for resequencing. (C) Haplotypes constructed with SNPs discovered by resequencing. (Black) The SNPs
discovered in the five Celera strains. The two alleles of a SNP are labeled as 0 or 1; (N) an ambiguous
allele. The wild-derived inbred strains are labeled in bold, with colors indicating strains of the domes-
ticus (black), musculus (red), molossinus (magenta), and castaneus (blue) subspecies. (Green) M. spretus
species.
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