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Abstract
Objective—To identify the genes controlling body fat, we carried out a quantitative trait locus
(QTL) analysis using C57BL/6J (B6) and 129S1/SvImJ (129) mice, which differ in obesity
susceptibility after consuming an atherogenic diet.

Methods—Mice were fed chow until 8 weeks and an atherogenic diet from 8 to 16 weeks; body
fatness was measured by X-ray absorptiometry in 528 (B6x129) F2 at 8 and 16 weeks. A high-density
genome scan was performed using 508 polymorphic markers. After identifying the genetic loci, we
narrowed the QTL using comparative genomics and bioinformatics.

Results—The percentage of body fat was significantly linked to loci on chromosomes (Chr) 1 (22,
68 and 173 Mb), 4 (74 Mb), 5 (73 Mb), 7 (88 Mb), 8 (43 and 80 Mb), 9 (55 Mb), 11 (115 Mb) and
12 (32 Mb); three suggestive loci on Chrs 6 (76 Mb), 9 (30 Mb) and 16 (26 Mb) and two pairs of
interacting loci (Chr 2 at 99.8 Mb with Chr 7; Chr 1 at 68 Mb with Chr 11). Comparative genomics
narrowed the QTL intervals by 20–57% depending on the chromosome; in most cases, haplotype
analysis further narrowed them by about 90%.

Conclusions—Our analysis identified 15 QTL for percentage of body fat. We narrowed the QTL
using comparative genomics and haplotype analysis and suggest several candidate genes: Apcs on
Chr 1, Ppargc1a on Chr 5, Ucp1 on Chr 8, Angptl6 on Chr 9 and Lpin1 on Chr 12.
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Introduction
Although environmental effects such as diet and exercise are important in the obesity
phenotype, variations in genes affecting energy balance, metabolism and behavior are believed
to be involved in the regulation of body weight and body composition in mammals.1 Thus,
genetic etiology of obesity is complex, involving multiple genes and environmental factors,
each of which may give rise to only a small quantitative difference in the phenotype, so that
identifying relevant genes in humans is difficult. The mouse is an excellent model for dissecting
the genes underlying obesity,2 because inbred strains differ widely in body size and adiposity
(www.jax.org/phenome) and diet and environmental factors can be controlled. Furthermore,
different genetic and genomic tools available for the mouse make gene discovery more feasible
in the mouse than in humans.
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Gene-targeted mice are usually initially created on a 129 background (several 129 substrains
are used), and the null mutation subsequently transferred into C57BL/6 (B6), a process that
carries some region of DNA flanking the targeted gene from 129 into the B6 background. A
difference in fat mass between the gene-targeted mice and B6 would usually be attributed to
the effects of the targeted gene but in fact it might be caused by the flanking linked locus if a
nearby allelic difference between 129 and B6 affected fat mass, thus leading to incorrect
conclusions.3 Thus, it is quite important to know the quantitative trait loci (QTL) causing a
difference in obesity between B6 and 129 when evaluating the impact of a gene deficiency in
targeted mice. Although previous crosses evaluated obesity QTL between B6 and 129,4
including one from our own laboratory,5 one cross evaluated only QTL found in chow-fed
mice and the other only QTL found in atherogenic diet-fed female mice. Thus, to obtain a
complete picture of the obesity QTL between B6 and 129, we generated a cross using the same
parental strains, but made the following changes: the cross is considerably larger (528
compared to 294 mice), both sexes were included allowing us to test for the dependence of
genetic effects on sex, more dense genotyping was used (508 single nucleotide polymorphism
(SNP) markers compared to 111 Mit markers) and fat mass was measured both in chow-fed
and atherogenic diet-fed mice. The atherogenic diet used contained 50 kcal% glucose, 32 kcal
% fat (30 kcal% butter fat and 2 kcal% corn oil), 1% (w/w) cholesterol and 0.5% cholic acid.

The ultimate goal of QTL analysis is to identify the underlying gene. However, the confidence
intervals (CI) of the QTL identified from intercrosses are often quite large, and identifying the
underlying genes by positional cloning is challenging. Although several classic breeding
strategies can be used to resolve QTL,6 such as congenic lines, advanced intercross lines and
recombinant inbred segregation test, their usefulness is limited by the available resources, such
as time, animal space and money. Bioinformatics tools are an efficient and economical
approach for narrowing QTL and prioritizing candidate genes,7 which has been made possible
by publicly available sequence, genotype and expression databases. These tools, including
comparative genomics and haplotype analysis, allow stepwise narrowing of a QTL interval,
often reducing the list of candidate genes to a few, each of which can be tested.

The current study confirmed several of the QTL found previously, reports new genetic loci
and characterizes the interaction of QTL with sex. In addition, all significant loci were narrowed
using bioinformatics methods, and we suggest several candidate genes.

Methods
Mice and diets

C57BL/6J (B6) and 129S1/SvImJ (129) inbred mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). B6 female were mated to 129 male mice to produce the
F1 progeny, which were intercrossed to produce 528 F2 progeny (269 female and 259 male
mice). These F2 mice and separate B6, 129 and (B6 x 129)F1 were phenotyped as described.
Mice were housed in a climate-controlled facility with a 14:10 h light–dark cycle. After
weaning, mice were maintained on a chow diet containing 19% protein and 6% fat (LabDiet
5K52) and given unrestricted access to food and acidified water throughout the experiment.
At week 8, the mice were switched to an atherogenic diet containing 50 kcal% glucose, 32 kcal
% fat (30 kcal% butter fat and 2 kcal% corn oil), 1% (w/w) cholesterol and 0.5% cholic acid
as described previously 8 until they were euthanized at 16 weeks of age. All applicable
institutional and governmental regulations concerning the ethical use of animals were followed
during this research. The study was approved by the Institutional Animal Care and Use
Committee of The Jackson Laboratory.
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Measurements of body fat mass
Body fat mass was measured at 8 weeks of age in chow-fed mice and at 16 weeks of age in
mice fed atherogenic diet. The fat mass of each mouse was measured using peripheral dual-
energy X-ray absorptiometry (DEXA) in a Lunar PixiMus II densitometer (PIXImus; GE-
Lunar, Madison, WI, USA), which was calibrated daily according to the manufacturer’s
instructions using a quality control phantom (phantom values: percentage of fat=10.0%). Mice
anesthetized with 2% tribromoethanol were placed on a positioning tray ventral side down with
the legs extended away from the body. The DEXA method has been validated in normal and
obese mice as an accurate measure.9

DNA isolation and genotyping
DNA was isolated from tail tips using a genomic DNA purification kit (Gentra Systems,
Minneapolis, MN, USA). Genotyping was performed at the Mouse SNP Genotyping Service,
Division of Genetics, Brigham and Women’s Hospital, Boston, MA, USA
(http://www.brighamandwomens.org/research/Genetics/moran.asp) using a custom mouse
SNP array containing 508 SNPs polymorphic between B6 and 129. On average, for each mouse,
98.1 ± 1.3% (mean s.d.) of the SNPs were assigned a genotype. For mapping purposes, the
megabase (Mb) position of each SNP was ascertained from the National Center for
Biotechnology Information mouse genome build 36. Information about each SNP was retrieved
from the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/index.html), and the sequence
surrounding the SNP was used in a BLAT search
(http://genome.ucsc.edu/cgi-bin/hgBlat?command=start) against the mouse genome to verify
its position.

Statistical analysis
Data were analyzed using R/qtl10 (v. 1.07–12 available at http://www.rqtl.org) and
Pseudomarker (v. 2.03 available at http://www.jax.org/staff/churchill/labsite) software
packages. R/qtl was used to calculate the recombination frequency and markers that were not
placed appropriately were evident by visual plotting of the recombination frequency for each
chromosome.

A three-step QTL analysis was conducted to search for main effects and pair-wise gene
interactions and then to integrate all the main and interacting QTL into a multiple regression.
In single locus scans, the sex was first included as an additive covariate to account for overall
differences in phenotypes between the sexes. A second set of scans included an interaction
between sex and the putative QTL at each locus to identify sex-specific QTL. The difference
in LOD scores (ΔLOD) between these two scans constitutes a test for sex-specific effects. We
applied a significance threshold of LOD > 2.0 corresponding to P < 0.01, based on 2 d.f. chi-
square distribution of the log-likelihood ratio, for QTL-by-sex interactions.11 A multiple
imputation algorithm was used to account for missing marker genotypes. QTL were deemed
significant if they either met or exceeded 95% genome-wide adjusted threshold, which was
assessed by 1000 permutation analysis for each trait; they were deemed suggestive if they either
met or exceeded the 37% genome-wide adjusted threshold but were not significant. QTL CI
were calculated according to posterior probability.12 Simultaneous pair-wise genome scans
were performed to search for pairs of interacting loci.12 In the regression analysis, we combined
all significant and suggestive QTL and interactions in a multiple regression model. Terms that
did not meet the nominal 0.01 level in the regression were eliminated in a backward stepwise
manner with the exception that main effect terms involved in a significant interaction were
retained. Final models were reported for each trait.

To assess whether there were separate QTL on the same chromosome, we conditioned the trait
value on one of the markers and computed the LOD score at the second marker using the

Su et al. Page 3

Int J Obes (Lond). Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.brighamandwomens.org/research/Genetics/moran.asp
http://www.ncbi.nlm.nih.gov/SNP/index.html
http://genome.ucsc.edu/cgi-bin/hgBlat?command=start
http://www.rqtl.org
http://www.jax.org/staff/churchill/labsite


residual values and vice versa. The LOD score difference between 2 and 1-QTL ( LOD) was
used to judge whether there were two separate QTL on the same chromosome. Threshold LOD
differences were computed by permutation tests and the significant LOD is 1.99 (P<0.05).

One-way analysis of variance was used for determining whether the mean phenotype values
of progeny with different genotypes at a specific marker were significantly different. Pearson’s
correlation analysis was performed to assess the association of various traits. Data were
analyzed using GraphPad Prism (Windows v. 5.00; GraphPad Software, San Diego, CA, USA).

Comparative genomics and haplotype analysis
Homologous chromosomal regions between mouse and human were found at
http://www.informatics.jax.org/reports/homologymap/mouse_human.shtml. When human
and mouse QTL were located in homologous locations, we assumed they were caused by the
same gene and reduced the mouse QTL region to that homologous to the human QTL. If a CI
was not provided in the original report, we used a 1-LOD score drop from the peak; if no
chromosomal LOD score plot was provided, we used a CI of 20 Mb on either side of the reported
peak.

The region that was obtained after comparative genomics was further reduced by interval-
specific haplotyping. To perform interval-specific haplotype analysis, the genotype data
covering the QTL interval can be grouped into the strains that carry the high allele and those
that carry the low allele. Any region with genotypes that are shared between the high-allele
strains and different from the low-allele strains is considered a haplotype region likely to
contain the QTL gene. For example, the B6 strain conferred decreased obesity at the Obq25
locus at distal chromosome (Chr) 1 in B6 x129, B6 x C3H and B6 x A/J. We found the region
where the strains 129, C3H and A/J all conferring increased obesity, shared an identical
haplotype and this haplotype differed from the B6 strain conferring decreased obesity. At
Obq29 on Chr 7, B6 mice conferred increased obesity in two crosses, B6x129 and B6xKK.
Here, we used 129 and KK as low-allele strains and B6 as a high-allele strain. SNPs were
obtained from the extensive public database of SNPs such as Broad SNPs
(www.broad.mit.edu/snp/mouse) or the Mouse Phenome Database (www.jax.org/phenome).

Candidate gene analysis
We extracted gene lists for the narrowed QTL from Ensembl (www.ensembl.org) and searched
SNP databases (http://www.jax.org/phenome/snp.html) for any nonsynonymous SNPs
between B6 and 129 leading to an amino-acid difference in the candidate genes. The high-
priority candidate genes were then selected based on the gene with known obesity-related
functions and the presence of nonsynonymous SNPs between the parental strains.

Results
Percentage of fat mass in the parental, F1 and F2 mice

The percentage of fat (%fat) for the parental, (B6 x 129) F1, and 528 F2 mice are summarized
in Table 1. When mice were fed the chow diet, %fat was 19.6% (P = 1 × 10−4) higher in 129
male as compared with B6 male mice, but similar in female mice of both strains. After mice
consumed the atherogenic diet, %fat was 65.4% (P = 8 × 10−11) higher in 129 male and 40.6%
(P = 4 × 10−6) higher in 129 female mice compared with sex-matched B6 mice. F1 mice tended
to be intermediate between the parents but closer to B6 than 129 mice, and in the case of female
F1 fed chow mice, the %fat was lower than B6 female mice. The %fat in F2 progeny fed both
diets was normally distributed. Regression analyses revealed significant positive correlation
between the %fat in the mice fed chow and the atherogenic diets (r = 0.62, P < 0.0001).
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Identifying main-effect QTL in the F2 population
Single-locus genome scans with sex as an additive covariate were performed to account for
overall average differences between the sexes (Figures 1a and d). To identify sex-specific QTL,
we carried out a second set of single-locus genome scans with sex as an interactive covariate
(Figures 1b and e). The difference in LOD (ΔLOD) between the scans with sex as an additive
or interactive covariate constitutes a test for QTL-by-sex interaction (Figures 1c and f). Details
of the QTL were including peak marker locus, LOD score, 95% CI, allele conferring greater
obesity and significance as determined by 1000 permutation tests are summarized in Table 2.

QTL analysis revealed 11 significant and three suggestive QTL for %fat, mapping to Chrs 1,
4, 5, 6, 7, 8, 9, 11, 12 and 16 in the genome scan (Table 2 and Figure 2). QTL on proximal
Chrs 9 and 16 were reduced on the atherogenic diet while QTL on Chrs 5, 6, 11 and 12 were
specific to the atherogenic diet. Three significant QTL on Chr 9 at 55 Mb, Chr 11 at 115 Mb
and Chr 12 at 32 Mb, as well as all three suggestive loci on Chr 6 at 76 Mb, Chr 9 at 30 Mb
and Chr 16 at 26 Mb present strong evidence for sex-specific effects. QTL on Chrs 6 (Figure
3a), 11 (Figure 3b) and 12 (Figure 3c) affect the %fat mass only in female mice, whereas QTL
on Chr 9 (Figures 3d and e) and Chr 16 (Figure 3f) only affected male mice.

Resolution of multiple-linked loci
The shape of the LOD curves of Chrs 1, 8 and 9 in the single-locus genome scans suggested
that multiple QTL might be present (Figure 2). To resolve the multiple-linked QTL, we
compared models with one, two and three QTL. Maximum LOD scores were obtained from
each model by scanning the QTL simultaneously to find their optimal locations. Changes in
LOD scores (ΔLOD) between models were used to construct tests for multiple QTL. The
evidence indicates three QTL on Chr 1 (ΔLOD = 2.1), two QTL on Chr 8 for both diets and
both sexes (ΔLOD = 2.4) and two QTL on Chr 9 that were male specific (ΔLOD = 2.2).

Epistasis and interacting QTL
Pair-wise genome scans with sex as an additive covariate revealed two significant epistatic
interactions in mice fed chow diet. The main scan QTL on Chr 1 (68 Mb) interacted with Chr
11 (Figures 4a and b). The locus on Chr 11 did not affect fat mass by itself on the chow diet,
but its combined effect with the main scan QTL on Chr 1 on fat mass was strong. When the
Chr 1 locus was homozygous B6, 129 alleles at Chr 11 increased the fat content to 25.3% in
female (Figure 4a) and 20% in male mice (Figure 4b). A second significant interaction was
found between loci on Chrs 2 and 7 in a sex-specific fashion (Figures 4c and d). When the Chr
2 locus was homozygous B6, 129 alleles at Chr 7 increased fat mass to 25% in female mice
(Figure 4c); no such increase occurred in male mice (Figure 4d).

Regression analysis
To evaluate the relative contributions of each QTL when considered together, we combined
all significant, suggestive and interacting QTL in a multiple regression model, eliminating
terms that did not meet the 0.01 significance level based on the multiple regression F-test (Table
3). In addition to these QTL, sex contributes significantly to the multilocus model on both diets
accounting for 38.7 and 13.7% of the total variance in chow and atherogenic diets, respectively.
These models confirm the importance of the QTL-by-sex and QTL-by-QTL interactions. The
results showed that we could account for 56.1% of variation for mice fed chow and 33.6% for
mice fed atherogenic diets (Table 3).

Narrowing the QTL interval using bioinformatics tools
All the QTL for the %fat mass identified in this study are homologous to human QTL for body
fat, body weight or body mass index (BMI);13, 14 and all have been also identified in other
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mouse crosses15 (Table 2). These homologous human QTL and colocalizing mouse QTL
combined with the completely sequenced genomes of the B6 and 129 strains, facilitate the
narrowing of the QTL regions using bioinformatics.7 Such narrowing is based on the
assumptions that the same gene underlies the QTL in different crosses and the same gene
accounts for homologous QTLs between mouse and human. We narrowed all significant mouse
QTL regions by first reducing the QTL to the interval in which they overlap with the
homologous human QTL (Figure 5 step B), a step that narrowed the QTL by a minimum of
20% for Chr 11 to a maximum of 57% for Chr 9. We then further reduced the QTL by using
SNPs of all the strains that were parents of the QTL crosses and finding those regions where
the strains carrying the high allele at that locus were identical but differed from the strains
carrying the low allele at that locus (Figure 5 step C). This step was particularly effective and
further narrowed the QTL regions on each chromosome leaving between 8 and 45 genes
depending on the QTL (Supplementary Table 1).

Proposed candidate genes
A QTL could result from a difference between parental strains in the expression or function of
a protein.16 A functional difference would result from a sequence difference in the coding
region. To evaluate which of the genes on our lists had a polymorphism changing an amino
acid (cSNP), we examined the SNPs in the Mouse Phenome Database
(http://www.jax.org/phenome/snp.html) on a gene-by-gene basis. The genes containing cSNPs
are listed in Supplementary Table 2. The most likely candidate genes, based on known function,
are in bold.

Discussion
The genetic basis of obesity in the B6x129 cross was clearly complex, involving multiple
genetic loci. Females and males share nearly identical genetic information, but vary widely
with respect to the phenotype. The findings in the present and previous17 studies highlighted
the importance of taking sex into account in the analysis of body fat QTL, because three loci
(Obq28, Obq33 and Obq34) affected only female mice and three (Obq5, Obq32 and Obq35)
affected only male mice. The strong sex effects were also seen in the analysis of the multiple-
QTL models. Sex contributes significantly to the multilocus model on both the chow and the
atherogenic diet, which accounts for 38.7 and 13.7% of the total variance, respectively. To
identify sex-specific QTL, it is not sufficient to carry out separate analyses of males and
females. This approach can be misleading, as the subdivided populations will be much smaller
than the combined population, and this increases the likelihood that real QTL effects would
fail to be detected in one or both subsets of the data.11 Furthermore, separate analyses would
not allow for the detection of QTL that have opposing, or sex-antagonistic, effects in females
and males and would hinder the detection of QTL specific to one sex. Analysis of the entire
population with and without a QTL-by-sex interaction provides a more appropriate basis for
interpretation. This strategy also applies for humans, where QTL analysis is commonly carried
out on mixed-sex populations.

Although the %fat in mice fed chow diet and the atherogenic diet were highly related (r=0.62),
they had somewhat separate traits, which was also reflected in the genetic loci controlling the
%fat. Most loci were common for the %fat for both diets; however, QTL on proximal Chrs 9
and 16 are specific to the chow diet while QTL on Chrs 5, 6, 11 and 12 are specific to the
atherogenic diet. This emphasizes the effect of interaction between genetic etiology and
environmental factors on the obesity phenotype.

Previously, QTL for individual adipose depot weights were reported in a C57BL/6ByJ x 129P3/
J cross.4, 18 There are several differences with our study. We did not observe the loci on Chrs
2, 10, 14 and 15 identified in the C57BL/6ByJ x 129P3/J cross, and although the loci on Chrs
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11 and 16 were identified in both crosses, they appear to be at different locations. The QTL
are at the most distal Chr 11 and proximal Chr 16 in our cross, whereas they are in the middle
of Chr 11 and at distal Chr 16 in the C57BL/6ByJ x 129P3/J cross.4 Several reasons could
account for the differences. First, different substrains of C57BL/6 and 129 were used. In
contrast with C57BL/6J, strain C57BL/6ByJ is resistant to diet-induced hypercholesterolemia,
19 and the 129 strains (129S1/SvImJ, 129P3/J and 129X1/SvJ) are genetically more distinct,
20 and exhibit different physical activity.21 Second, the age of the mice when they were
phenotyped was different. The mice were much younger in the present study (2 and 4 months
of age) than those in the C57BL/6ByJ x129P3/J cross (8 or 9 months of age). Third, the diets
differed between the two studies. We used a chow diet containing 6% fat compared to a chow
diet with 4.4% fat. Finally, the phenotype was measured in different ways. We measured the
whole body fat mass, while the regional adiposity was measured in the C57BL/6ByJ x 129P3/
J cross.

The ultimate goal of QTL mapping is to identify the underlying genes. All loci for fat content
identified in this study have been found in human homologous genomic locations.13 Because
rodent and human QTL for the same trait often map to homologous genomic locations,
comparison of these homology maps may reduce the QTL size in both species, if one assumes
that homologous QTL are caused by the same gene in both species. To date, there are many
examples of correspondence between alleles in particular genes and phenotypes in mice and
human. For instance, in the mouse, mutations in the leptin gene cause early-onset, extreme
obesity,22 and the same is true in humans.23 However, the pitfall of this strategy arises when
homologous QTL are caused by different genes in humans and mice. Since closely linked QTL
are often found, there may be circumstances where two genes control a trait on the same
chromosome, but one gene is polymorphic in the mouse and the other gene is polymorphic in
humans. In such a case, we would fail to find the QTL genes by assuming the same gene caused
the QTL in both species.

Because the majority of genetic variation among inbred mouse strains is ancestral, regions that
are identical by descent (IBD) between the parental strains of a cross can be identified using
SNP genotype data. Such regions are unlikely to contain QTL genes especially if the QTL has
been found in multiple crosses. Therefore, it is possible to narrow the QTL by excluding genetic
segments that are IBD between parental strains of the crosses by haplotype analysis. The B6
and 129 strains are well genotyped, which facilitates the identification of any polymorphism
causing amino-acid change between strains. The combination of amino-acid variant and the
known obesity-related function allows prioritizing of the candidate genes. The pitfall of this
strategy is that if the QTL is caused by the differential expression levels produced by
polymorphisms in regulatory regions, such as the promoter or UTR between strains, we may
fail to identify the genes.

The distal Chr 1 locus (Obq25) was reduced to only one gene, Apcs, by comparative genomics
and haplotype analysis (Supplementary Table 1). Several lines of evidence support the
candidacy of this gene, it is located at 174.7 Mb and the QTL peak is at 173.4 Mb; it contains
an amino-acid variant Ile43Ala (B6, 129); Apcs encodes serum amyloid P-component (SAP),
the QTL peak for plasma SAP concentrations and body weight are colocalized on the Apcs
position in a cross B6 x C3H,24 both 129 and C3H have identical haplotype in the Apcs region;
and most recently it has been reported that human SAP concentrations were positively
associated with BMI.25

Three of the genes at the Chr 5 locus (Obq27) contain cSNPs (Supplementary Table 2). The
strongest candidate is Ppargc1a, encoding the transcriptional coactivator peroxisome
proliferator-activated receptor- γ coactivator-1 α. Ppargc1α contains one amino-acid variant
Arg675His (B6, 129), Ppargc1a knockout mice develop abnormally increased body fat (more
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severe in females),26 a QTL for obesity in humans contains Ppargc1a,27 and Ppargc1a
polymorphisms are associated with type 2 diabetes and obesity in various human populations.
28, 29, 30, 31

The distal Chr 8 locus (Obq31) was reduced to 35 genes, 7 of which contain cSNPs
(Supplementary Table 2). Several lines of evidence support the candidacy of Ucp1-encoding
uncoupling protein 1. Ucp1 contains the amino-acid variant Asn385Ser (B6, 129), which is
mainly expressed in brown adipose tissue and is important in energy homeostasis in rodents
and neonates of larger mammals including human,32 and promoter polymorphisms are
associated with body fat in several human studies.33, 34, 35, 36

Three genes at the proximal Chr 9 (Obq5) locus contain cSNPs. The strongest candidate is
Angptl6-encoding angiopoietin-like 6. This gene contains an amino-acid variant Ala80Val (B6,
129). Surviving Angptl6 knockout mice develop marked obesity, insulin resistance and reduced
energy expenditure, and hepatic overexpression leads to a significant body weight loss and
increased insulin sensitivity in mice fed a high-fat diet.37

The Chr 12 locus (Obq34) was reduced to 14 genes, 6 of which contain cSNPs. The highest-
priority candidate gene is Lpin1 encoding Lipin 1. This gene contains an Ala406Thr
polymorphism (B6, 129), Lipin deficiency impairs adipocyte differentiation and causes
lipodystrophy,38 and overexpression in either adipose tissue or skeletal muscle promotes
obesity.39

In addition to the list of genes for which a known amino-acid change existed between parental
strains of the QTL crosses and an obesity phenotype was found in knockout mice, we also
suggest some other candidate genes based on known function. For the middle Chr 1 locus
(Obq24), the likely candidate gene is Klf7 encoding Kruppel-like zinc-finger transcription
factor. It is located at 63.9 Mb and the QTL peak is at 67.8 Mb; the haplotypes of B6 and 129
differ, and other KLF proteins have been implicated in adipogenesis. KLF2, for instance, is
expressed in preadipocytes but not in mature adipocytes; it is a negative regulator of adipocyte
differentiation, and its overexpresion inhibits adipocyte differentiation and Pparg, C/ebpa and
Add1/Srebp1c expression.40 KLF5 is a key component of the transcription factor network
controlling adipocyte differentiation,41 and overexpression stimulates the differentiation of
preadipocytes into adipocytes.42 The Chr 4 locus was not effectively narrowed, and 7 of the
45 positional candidates contain cSNPs. A possible candidate gene is Xpa-encoding xeroderma
pigmentosum complementation group A. Double mutant mice lacking Xpa and Xpd were
completely free of body fat.43 The locus on Chr 11 was reduced to nine genes. The likely
candidate gene, Gga3, contains a cSNP, is under the QTL peak (at 115 Mb), and encodes the
Golgi-associated gamma-adaptin ear-containing ARF-binding protein 3. Adiponectin
secretion is dependent on GGA proteins.44

In summary, we identified QTL for fat content and some are sex specific. Furthermore, we
narrowed the QTL using bioinformatics and suggested some strong candidate genes. These
genes need to be tested further to determine if they are indeed the genes underlying these QTL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Genome-wide scans for the percentage of fat mass for mice fed chow or atherogenic diets. Sex
as additive covariate (a, d); sex as interactive covariate (b, e). The horizontal dashed lines
represent suggestive (P = 0.63) and significant (P = 0.05) levels as determined by 1000
permutation tests. The ΔLOD between sex as an additive and sex as an interactive covariate is
depicted in c and f (scans a and b for chow-fed mice, and d and e for atherogenic diet-fed mice.
ΔLOD > 2.0 (denoted by the horizontal dashed line) indicates a quantitative trait locus (QTL)
that differs significantly between sexes (P < 0.05).
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Figure 2.
Chromosomal LOD score plots for significant and suggestive quantitative trait locus (QTL).
The x axis depicts the marker positions in megabase (Mb) for each chromosome, and the y axis
depicts the LOD score. The evidence indicates three QTL on chromosome (Chr) 1 (Δ LOD =
2.1) and two QTL on Chr 8 for both diets and both sexes (ΔLOD = 2.4). When testing for
multiple QTL on Chr 9 on the chow diet, we allowed the QTL to have sex interaction and found
evidence (ΔLOD = 2.2) for two QTL.
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Figure 3.
The allele effects of the sex-specific quantitative trait locus (QTL). The impact of different
alleles in the F2 offspring at the peaks of chromosomes (Chrs) 6 (a), 11(b) and 12 (c) found in
females and Chrs 9 (d, e) and 16 (f) found in males. Chromosome number and the QTL position
in megabase (Mb) are given for each QTL. BB represents homozygosity for B6 alleles, SS is
homozygosity for 129 alleles and BS is heterozygosity.
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Figure 4.
The effects of gene interactions detected by the pair-wise genome scan. The interactions are
from females (a, c) and from males (b, d). BB represents homozygosity for B6 alleles, SS is
homozygosity for 129 alleles and BS is heterozygosity. Mean values of %fat are shown on y
axes, error bars represent s.e.m.
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Figure 5.
Narrowing quantitative trait locus (QTL) by bioinformatics. (A) The 95% confidence interval
(CI) and the number of genes in each QTL identified in cross B6 x 129; (B) Comparative
genomics: the QTL narrowed by homology with human obesity QTL; (C) Haplotype analysis:
each QTL was reduced by haplotype analysis of the strains involved in the QTL crosses.
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Table 1

%fat in B6, 129, F1 and F2 progeny fed chow diet for 8 weeks and atherogenic diet for 8 weeks

Chow diet Atherogenic diet

Female Male Female Male

B6 (n=10) 22.6 ± 2.5 17.9 ± 1.9 22.4 ± 2.4 18.5 ± 1.5
129(n=10) 23.5 ± 2.4 21.4 ± 1.2a 31.5 ± 3.7a 30.6 ± 2.5a
(B6 x 129) F1 (n=10) 20.5 ± 1.1b 18.2 ± 1.0c 24.5 ± 3.3c 24.1 ± 2.4b
F2 (n=528) 21.6 ± 2.5 17.8 ± 2.2 28.7 ± 6.5 24.5 ± 5.8

Data are presented as the means ± s.d.

a
P<0.01 vs. B6.

b
P<0.01 vs B6 and 129.

c
P<0.01 from 129 but not significantly different from B6.
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Table 3

Multiple regression analyses of variance for %fat in F2 progeny fed chow diet or atherogenic diet

Chr (Mb) d.f.a % varianceb F -valueP-value

Chow diet
Sex 1 38.7 411.6<2×10−16

Chr1@68 6 2.8 5.05.2×10−5

Chr2@99.8 6 1.9 3.33.2×10−3

Chr4@75.6 2 2.0 10.63.2×10−5

Chr7@88 6 1.9 3.43.0×10−3

Chr8@79.6 2 3.0 15.82.2×10−7

Chr9@54.6 2 1.0 5.16.7×10−3

Chr11@99.4 6 2.4 4.33.4×10−4

Chr1@62.6:Chr11@99.4 4 1.8 4.71.0×10−3

Chr2@99.8:Chr7@88 4 1.3 3.57.3×10−3

Total 23 56.1
Atherogenic diet
Sex 3 13.7 32.7<2×10−16

Chr1@28.6 2 4.1 14.76.7 ×10−7

Chr5@73.4 2 3.4 12.26.7 ×10−6

Chr7@89.4 2 4.3 15.43.1 ×10−7

Chr8@79.6 2 3.8 13.61.7 ×10−6

Chr11@117.4 2 1.2 4.50.01
Chr12@31.6 4 2.0 3.66.2 ×10−3

Chr12@31.6:sex 2 1.6 5.83.4 ×10−3

Total 15 33.6

Abbreviations: Chr, chromosome; d.f., degree of freedom; Mb, megabase.

a
d.f. includes main effect and any interactions.

b
%Variance indicates the percentage of the total F2 phenotypic variance associated with each marker.
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