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Abstract

Body mass (BM) is a classic polygenic trait that has
been extensively investigated to determine the
underlying genetic architecture. Many previous
studies looking at the genetic basis of variation in
BM in murine animal models by quantitative trait
loci (QTL) mapping have used crosses between two
inbred lines. As a consequence it has not been pos-
sible to explore imprinting effects which have been
shown to play an important role in the genetic basis
of early growth with persistent effects throughout
the growth curve. Here we use partially inbred
mouse lines to identify QTL for mature BM by
applying both Mendelian and Imprinting models.
The analysis of an F2 population (n � 500) identified
a number of QTL at 14, 16, and 18 weeks explaining
in total 31.5%, 34.4%, and 30.5% of total phenotypic
variation, respectively. On Chromosome 8 a QTL of
large effect (14% of the total phenotypic variance at
14 weeks) was found to be explained by paternal
imprinting. Although Chromosome 8 has not been
previously associated with imprinting effects, fea-
tures of candidate genes within the QTL confidence
interval (CpG islands and direct clustered repeats)
support the hypothesis that Insulin receptor sub-
strate 2 may be associated with imprinting, but as
yet is unidentified as being so.

Introduction

Body mass (BM) is an important phenotypic trait
because it has a pervasive effect on almost all other
aspects of animal physiology and ecology. As a clas-
sic polygenic trait, there has been sustained interest
in understanding the genetic basis of its variation for
over a century (since Galton 1889), probably initially
stimulated by the fact that the trait is easily mea-
sured, and more recently because it was recognized
that the normal distribution of the phenotype fits the
quantitative genetic model for continuous traits
reasonably well (Falconer and Mackay 1996). How-
ever, our understanding of the genetic basis of vari-
ation in BM is still far from being complete. Studies
of the genetic basis of BM have indicated that dif-
ferent genes are involved in different phases of
growth (Cheverud et al. 1996; Vaughn et al. 1999;
Rocha et al. 2004) and there appears to be some neg-
ative interaction between early (0-20 days) and late
(20-70 days) acting genes during these two growth
phases (Cheverud et al. 1983; Leamy and Cheverud
1984). Similar differential genetic age dependencies
have been found in humans younger and older than
20 years (Rice et al. 1999). Relatively few studies,
however, have addressed the genetic factors that
influence BM of mice during the period beyond 70
days of age. This is unfortunate because it is during
this phase that the gradual accretion of body fatness
occurs (Bunger et al. 1998b), a situation that is par-
alleled in the human growth curve. Therefore,
understanding the genetic factors that influence body
mass at this age is of considerable importance for our
understanding of the genetic component contribut-
ing to the global obesity epidemic.

Monogenic animal models, including natural
loss-of-function mutations and artificially produced
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transgenic overexpressing and knockout mice, have
been an important resource in elucidating the
physiology underpinning phenotypic variation in
BM (Doolittle et al. 1996; Efstratiadis 1998; Snyder
et al. 2004). However, there are limitations in
drawing conclusions about normal functional effects
from these major genetic perturbations because
these genes rarely act alone but interact with other
genes in complex physiological pathways (Efstratia-
dis 1998). In terms of determining areas of the gen-
ome associated with population variation in BM and
body composition, genetic analysis of crossbred
populations of mice, rat, and pig (for examples see
Snyder et al. 2004) has led to the identification of a
number quantitative trait loci (QTL). In human
populations, QTL for BM (and in particular BM in-
dex) have been identified (Snyder et al. 2004), some
of which correspond to model animal species QTL
by synteny [e.g., the BMI QTL on human 4p12 (Deng
et al. 2002) corresponds to Chromosome 5 mouse
BM QTL BW8 (Brockmann et al. 1998) and Bwem1, a
QTL for male 30-day BM (Le Roy et al. 1999)].

In model animal species, the basic starting point
for many QTL mapping studies is to take two inbred
lines that differ for the phenotype of interest and
produce a segregating population (including F2,
backcross and recombinant inbreds). The F2 inter-
cross has proven to be the most frequently used
population design because it allows both additive
and dominance QTL effects to be estimated and it
allows exploration of pleiotropy (Brockmann et al.
2000; Leamy et al. 2002) and epistatic interactions
(Brockmann et al. 2000; Yang 2004; Ishikawa and
Namikawa 2004). However, using an F2 design be-
tween two inbred lines precludes the study of
imprinting effects, where parental-specific epige-
netic modifications of DNA elements control the
differential expression of maternal and paternal al-
leles because it is impossible to determine the parent
of origin of any allele. As a consequence, the effect of
imprinting has not been explored significantly in
rodent models, despite substantial estimation in F2

pig population studies (Jeon et al. 1999; Rattink et al.
2000; Quintanilla et al. 2002; Thomsen et al. 2004).
The potential importance of imprinting effects in
QTL expression was demonstrated by De Koning
et al. (2000) using an F2 population generated by
crossing two outbred and genetically divergent pig
breeds; four of the five body composition QTL
identified were associated with significant imprint-
ing effects.

In this study, partially inbred mouse lines
resulting from a long-term selection experiment
were used in a genome-wide QTL mapping analysis
including estimation of imprinting effects. The

parental lines were divergently selected for food in-
take between 8 and 10 weeks corrected for mean BM
(Hastings et al. 1997; Bunger et al. 1998a). At gen-
eration 47, Selman et al. (2001) showed both male
(M) and female (F) high-intake (H) mice at approxi-
mately 18 weeks were significantly heavier
(HM = 33.5 ± 0.46 g; HF = 34.2 ± 0.89 g) than low-
intake (L) contemporaries (LM = 31.0 ± 0.62 g;
LF = 31.2 ± 0.62 g). Although this line divergence is
relatively small (6% and 9% of mean BM in males
and females, respectively), QTL influencing the trait
may diverge in the two lines as a result of pleiotropic
effects and linkage. As a consequence both positive
and negative effects within the high and low line
may be present resulting in only a minor net BM
divergence. The selection for food intake corrected
for BM in mature animals has also resulted in a
significant pleiotropic response in resting metabolic
rate (RMR), where both male and female high-intake
mice were also associated with higher RMR (Bunger
et al. 1998a; Selman et al. 2001). As a result we
postulate that BM-associated QTL identified from a
cross of these selection lines may play a more
important role in energy balance than those identi-
fied in segregating populations made between lines
where BM is highly divergent.

Materials and methods

Mouse lines and phenotypic measurements. The
mouse lines used in this study (the Maintenance-
lines or M-lines) have been divergently selected for
high (MH) and low (ML) food intake between 8 and
10 weeks of age, corrected by phenotypic regression
on mean BM (Hastings et al. 1997). The base popu-
lation was created from a cross of the six control
lines (random mating for 20 generations) for the
Edinburgh divergent selection lines. The Edinburgh
selection lines, including the control lines, were
formed from an F1 between two inbred lines (JU and
CBA) crossed with an outbred population (CFLP)
(Sharp et al. 1984). For the first 24 generations of
selection, the M-lines were maintained as three
replicates in each direction of selection. At this point
the three replicates were intercrossed and only a
single line in each direction was maintained. At
generation 38 phenotypic selection was suspended
and from generation 43 onward the lines were
maintained by full-sib mating to produce inbred
lines (MHi and MLi).

QTL mapping analysis was performed using an
F2 intercross design. To ensure mice were the same
age during measurements, and because of the time-
consuming nature of subsequent measurements ta-
ken on the F2 population, the large sample size was
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generated from matings carried out in six different
batch time points. Using the inbred lines developed
and maintained at the University of Edinburgh, F1

crosses between MHi and MLi generations 54-60
(inbred generations 11-17 when the average
inbreeding coefficient had reached 0.908-0.974), with
the exception of generation 56, were made repre-
senting both reciprocal halves (MHi · MLi and MLi ·
MHi). After weaning (3 weeks of age), F1 individuals
were transported to the rodent facility at the Uni-
versity of Aberdeen, where single-pair F1 matings
were made at 12 weeks of age and included all the
possible reciprocal half pairings. The F2 mice were
maintained in their family groups until they were 3
weeks old at which time they were weaned into
single-gender groups (nmax = 10) and identified using
unique ear clips. Single-gender groups were kept in
MB1 cages (45 cm · 28 cm · 13 cm; North Kent
Plastics, Rochester, UK) under a photoperiod of
12 h:12 h light:dark (lights on at 07:00 h) at 20 ± 2�C.
All individuals had access to water and food ad lib-
itum (breeder and grower diet, Special Diets Ser-
vices, BP Nutrition, Witham, UK). At approximately
14 weeks of age animals were individually housed in
M3 cages (48 cm · 15 cm · 13 cm; North Kent
Plastics) until the end of the experimental period.
Sawdust bedding was provided at all stages. A total
of 515 F2 individuals were produced from 51 F1

pairings. BM was recorded at three different time
points, representing approximately 14, 16, and 18
weeks of age (there was minor variation in age
around these time-points). Here we present data on
the results of QTL mapping analysis for BM at 14,
16, and 18 weeks of age.

Genotyping. Genomic DNA was extracted from
spleen tissue using DNAeasy Tissue Kit (Qiagen,
Crawley, UK). All animals were genotyped using
microsatellite MapPairTM primers purchased from
ResGen (Huntsville, AL). DNA was amplified using
REDTaq ReadyMix (Sigma-Aldrich, Gillingham,
UK) and standardized PCR protocols: 40 ng of tem-
plate DNA in a total reaction volume of 10 ll. The
PCR amplifications were carried out using 96-well
microtiter plates on a GeneAmp PCR-System 9700
(Applied Biosystems, Foster City, CA). The main
amplification protocol was as follows: initial dena-
turization 96�C for 2 min, then 30 cycles at 94�C for
45 sec, 57�C for 45 sec, 72�C for 60 sec, ending with a
final extension period at 72�C for 7 min. Products
were run on 20-cm-long, vertical running 6% poly-
acrylamide gels (Protean II Xi 20 cm cells, Bio-Rad,
Hemel Hempstead, UK) for 2-3 h at 240 V. Gels were
photographed after 20 min of ethidium bromide
staining using a Syngene Genegenuis Gel docu-

mentation system (Syngene, Cambridge, UK) under
ultraviolet light. All gels were scored on two occa-
sions and, where discrepancies were present, geno-
typing was repeated.

High- and low-line parents were used to identify
markers segregating within the population. A total
of 300 mouse MapPairTM primers were investigated
yielding 87 informative loci where alleles segregate
in more than 50% of families (lower levels of infor-
mation content were tolerated in areas of poor map
coverage). The average information content of
markers was calculated according to Knott et al.
(1998) using the QTL Express software (Seaton et al.
2002). Markers were chosen to be distributed over all
chromosomes, yielding an average map distance of
20.5 cM (MGD 2004). Because the M-lines were not
completely inbred and markers were still segregating
within line, all individuals in the population were
genotyped so that QTL mapping methodologies for
outbred populations could be applied. For linkage
analysis, population-specific marker maps were
generated using CriMap 2.4 (Lander and Green 1987).

Data analyses. BM at 14, 16, and 18 weeks
(14wk, 16wk, 18wk) was analyzed to identify the
magnitude and location of QTL. All analysis was
carried out using GenStat 7.1 (GenStat 7 Committee
2003). Data were investigated for normality and
transformed by box-cox transformation where
appropriate. The most appropriate model for analysis
was identified using the Wald statistic in the resid-
ual maximum likelihood (REML) directive. The ef-
fects investigated included the fixed effects
associated with gender (levels = 2), number in litter
at weaning (levels = 12), reciprocal half of mating
structure (HL · HL, HL · LH, LH · LH or LH · HL;
levels =4), and batch effect (representing the six dif-
ferent mating time points), and the random effects of
dam (n = 51) and the covariate of age in days (to ac-
count for variation in age at weighing). The effects of
gender and litter size, random effect of dam, and
covariate of age were found to be significant for all
BM measurements and were included in the GenStat
7.1 (GenStat 7 Committee 2003) linkage analysis
model.

Data were analyzed using a methodology for
analysis of crosses between outbred lines as de-
scribed by Haley et al. (1994) where progenitor lines
are assumed homozygous for different QTL alleles
but markers may segregate within lines. Initial
analysis fitted single Mendelian QTL in a standard
interval mapping model. The F-ratio test statistic
was used to determine QTL position at 1-cM inter-
vals. Although Wald tests may be more appropriate
for REML analysis, correlations between Wald tests

K.A. RANCE ET AL.: PATERNALLY IMPRINTED MATURE BODY MASS QTL 569



and F-ratios were high (r2 > 0.99), thus, F-ratios were
used as an established QTL mapping test statistic.
The F-ratio was generated using a reduced model
(including fixed effects of gender and litter, random
effect of dam, and covariate of age) versus a full
model where all effects fitted in the reduced model
were included plus coefficients representing additive
(Pa) and dominance (Pd) components, resulting in 2
degrees of freedom (df) in the numerator. Following
the standard single-QTL analysis, estimates were
revised by fitting background genetic effects to re-
move variance due to QTL elsewhere on the genome
(Jansen 1993; Zeng 1994). These background genetic
effects were included as cofactors in the analysis,
beginning with the locus showing the largest esti-
mated variance followed by the second largest effect,
until no further loci were identified surpassing the
suggestive threshold. Following this process, a co-
factor was removed from analysis when estimating
its own QTL position and effect. Interaction terms
were tested for gender by additive genetic and dom-
inance effects.

Mapped QTL were also tested for the effects
associated with imprinting, where the QTL effect is
dependent on the parental line of origin. Models
testing the effects of maternal and paternal
imprinting were explored according to De Koning
et al. (2000). In brief, to separate the probability of an
individual inheriting an allele from its sire or dam,
saturated Imprinting models including paternal
(Ppat), maternal (Pmat), and dominance (Pd) compo-
nents were fitted. The presence of imprinting was
tested initially using the F-ratio of imprinting effects
versus no QTL present on the chromosome, yielding
3 df in the numerator of the F-ratio. Where
imprinting effects were indicated, the Imprinting
model was compared with the single Mendelian
QTL model to test the significance of imprinting
effect, yielding an F-ratio with 1 df in the numerator.
To explore the individual contribution of maternal
and paternal imprinting, maternal (Pmat + Pd) and
paternal (Ppat + Pd) specific Imprinting models were
also applied (De Koning et al. 2002), which were
associated with 2 df in the numerator. Finally,
models testing the presence of two QTL on a chro-
mosome were applied as proposed by Haley and
Knott (1992) using an F-ratio testing the two-QTL
model against the one-QTL model. The two-QTL
models were applied to only QTL reaching the sig-
nificant (p < 0.05) threshold and scans were carried
out at 2-cM density.

Genome-wide empirical thresholds were esti-
mated for significant (p < 0.05) and highly significant
(p < 0.01) using the permutation test proposed by
Churchill and Dorge (1994). To apply consistent

thresholds to all traits, marker data were permutated
(n = 5000) against a simulated normally distributed
phenotype with mean of 0 and variance of 1. In
addition to the genome-wide significance threshold,
a threshold representing suggestive linkage was
determined as proposed by Lander and Kruglyak
(1995). The suggestive level represents the probabil-
ity of one false-positive result per genome-wide scan.
In a genome of 20 chromosomes pairs, this is
approximately equivalent to a chromosome-wide
significance threshold of p < 0.05. Significance
thresholds for the Imprinting models were calculated
as described in Quintanilla et al. (2002). Confidence
intervals for QTL position were determined using the
1-LOD dropoff method. This method has been shown
to be approximate to a 90%-95% confidence interval
(van Ooijen 1992; Visscher et al. 1996).

Results

Marker information. A total of 300 markers were
investigated to identify 87 markers segregating be-
tween lines (79 loci with 2 alleles and 8 loci with 3
alleles). Complete marker information was available
for all parental MHi and MLi and F1 individuals, and
the average map coverage for the F2 population was
97%. The average information content of the markers
genotyped on the F2 population was found to be 0.79
for additive and 0.72 for dominance effects. Estima-
tion of imprinting effects was associated with lower
information content being zero at 43% of markers
(with no information for Chrs 18 and 19) and 0.24 for
the remaining marker loci. The population-specific
map distances estimated using CriMap (Lander and
Green 1987) resulted in an expanded total map dis-
tance and increased mean marker density of 23.6 cM
(Fig. 1). However, there were only two large changes
in map distance with the distance betweeen
D9MIT129 and D9MIT136 increasing from 26 to 42.3
cM and the distance between D2MIT106 and
D2MIT266 increasing from 33.4to 56.1cM and
resulting in the largest marker interval.

Phenotypic variables. Phenotypic information
for the traits analyzed was available on between 435
and 515 of the F2 population (Table 1). All data were
transformed to normality using box-cox transfor-
mation to remove small significant deviations from
normality. No biological outliers were identified
within the data set. All BM traits showed moderate
variability with coefficients of variation (CV) of
approximately 16%. The phenotypic correlations
between the different measures of BM were high,
being 0.988 between 16wk and 14wk, 0.914 between
18wk and 14wk, and 0.906 between 16wk and 18wk.
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The location of mapped QTL. The empirical
genome-wide significance thresholds generated by
permutation were 7.56 for significant (p <0.05), 9.41
for highly significant (p < 0.01), and a suggestive
threshold (Lander and Kruglyak 1995) of 4.32. Using
the suggestive linkage threshold, a total of 23 QTL
were identified on 11 of the 19 autosomes; no X-
linked QTL were identified (Table 2). Of these, 9
QTL were significant (p < 0.05) and 5 surpassed the
highly significant threshold (p < 0.01). The total
phenotypic variance explained by the mapped QTL
was 31.5%, 34.4%, and 30.5% for BM at 14, 16, and 18
weeks, respectively.

For all three BM traits QTL have been identified
on Chrs 5, 7, 8, 9, and 18 (Table 2). The QTL on Chr 5
at the most proximal end (73 cM) was highly signif-
icant for 16wk, explaining 4.89% of total phenotypic
variance. On Chr 7 the QTL was associated with an
increase in variance explained with the increase in
age, from 3.6% at 14wk, 4.4% at 16wk, and the highly
significant QTL at 18wk being associated with 4.7%
of phenotypic variance. A QTL of large effect was
identified on Chr 8 reaching maximum F-ratios of
between 25.57 and 34.28 and explaining 12.34%,
12.29%, and 10.65% of total phenotypic variation for

BM at 14, 16, and 18 weeks, respectively (Table 2;
Fig. 2a). The QTL on Chr 9 was associated with be-
tween 2.7% and 3.6% of the total variance and, like
the Chr 7 QTL, explained more variance as age in-
creased. The QTL identified on Chr 18 for all BM
traits were identified at the suggestive linkage
threshold and explained between 2.4% and 3.2% of
total phenotypic variance. All QTL identified at the
genome-wide significance threshold were robust to
changes in the background genetic effects fitted in
the model. There was no evidence for the presence of
two QTL on any of the chromosomes analyzed.

The magnitude of QTL effects. Positive esti-
mates of genetic effects indicate that the alleles from
the MHi line increase the trait, whereas negative
effects indicate alleles from the MLi line increase
the trait. The distribution of the direction of effect
associated with the different QTL shows that
increasing alleles originate from both the high and
low M-lines. The majority of QTL appear to be
additive in action, with no significant dominance
deviations. However, the 18-week QTL on Chr 7 is
associated with a significant additive effect of 0.146
SD units and negative dominance deviation of
)0.237 SD units. The suggestive BM QTL on Chr 2
was associated with large dominance deviations and
additive effects which fail to reach significance. For
BM at 14 and 16 weeks, the sum of all additive and
dominance deviations is close to zero, i.e., )0.118
and )0.106 SD units, respectively. However, for BM
at 18 weeks the sum of all QTL additive estimates
has a net negative effect of )0.314 SD units, larger

Fig. 1. The map of all markers
genotyped in the pedigree. Marker
positions are given according to
those calculated from the pedigree
specific data using CriMap (Lander
and Green 1987).

Table 1. Descriptive statistics for body mass

BM age (weeks) N Mean SD Range

14 515 31.54 5.20 21.05�51.27
16 435 31.21 5.26 19.81�51.37
18 457 30.81 4.82 20.00�54.10

SD = standard deviation.
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than the net effect at 14 and 16 weeks. Net domi-
nance deviations for all BM measurements are close
to zero, i.e., )0.029, )0.179, and )0.066 for 14, 16,
and 18 weeks, respectively. There was no evidence of
the presence of gender · genotype interactions for
any of the QTL identified.

Imprinting effects. The single large QTL for BM
traits mapped on Chr 8 to 7-8 cM from the most
proximal marker was explained by an additive effect
that equates to a total effect (2a) between the alter-
native homozygotes of approximately 2.9 g at 14
weeks declining to 2.6 g at 18 weeks. Analysis of the
data to investigate imprinting on the Chr 8 fitting
the full Imprinting model (Ppat + Pmat + Pd) indicated
that this QTL was associated with a significant (F-
ratio = 12.0, 1df, p < 0.05) imprinted effect versus the
Mendelian model. The associated QTL positions did
not change; however, there was an increase in the
percentage variance explained by the QTL to 14.4%,
14.2%, and 12.2% when applying the Imprinting
model for 14, 16, and 18 weeks, respectively. Esti-
mates for maternal (imat) and paternal (ipat)
imprinting and dominance deviations (d) for BM at

14 weeks were imat = )0.049, ipat = )0.235, and
d = 0.044 SD units; at 16 weeks imat = )0.042,
ipat = )0.225, and d = )0.010 SD. units; and at 18
weeks imat = )0.058, ipat = )0.211, and d = )0.006.
For all estimates only the paternal imprinting effect
was significantly (p < 0.05) different from zero. By
fitting separate maternal and paternal models, the
likelihood profiles suggest the imprinting effect was
explained by paternal imprinting (Fig. 2b). No other
significant imprinting effects were identified else-
where in the genome.

Discussion

We have analyzed a single pedigree F2 population
with the objective of mapping QTL associated with
BM at 14, 16, and 18 weeks. The resultant likelihood
profiles suggest five QTL associated with all three
BM traits on Chrs 5, 7, 8, 9, and 18; and additional
QTL detected at the suggestive threshold for one or
more BM traits being identified on six of the
remaining autosomes. Because the F2 mapping pop-
ulation was derived from progenitor lines that were
not fully inbred (less than 20 generations), we have

Table 2. Mendelian expressed QTL detected from the genome-wide interval mapping scan by chromosome

QTL associated effects

Chra BM age (weeks) Max. F-ratiob Map positionc Additived Dominanced %Vare

2 14 6.08 11 0.012 )0.178 2.43
2 16 4.33 16 0.064 )0.134 2.08
3 16 5.37 61 )0.091 0.105 2.57
4 16 5.00 55 )0.104 )0.084 2.40
5 14 8.30 73 0.113 0.049 3.30
5 16 10.47 73 (66- ) 0.144 0.026 4.89
5 18 7.23 73 0.119 0.022 3.26
7 14 9.08 51 0.150 )0.073 3.60
7 16 9.37 50 0.178 )0.034 4.40
7 18 10.48 49 (35-68) 0.146 )0.237 4.66
8 14 34.28 7 (1-19) )0.281 0.029 12.34
8 16 28.52 7 (1-12) )0.266 )0.026 12.29
8 18 25.57 8 (2-23) )0.265 )0.018 10.65
9 14 6.77 40 )0.167 0.019 2.70
9 16 7.13 35 )0.177 0.086 3.38
9 18 7.98 47 )0.217 )0.101 3.59
14 14 5.05 8 0.070 )0.144 2.03
16 14 6.20 53 )0.151 0.067 2.48
16 18 6.26 62 )0.136 0.033 2.83
18 14 6.59 33 0.147 0.052 2.64
18 16 5.05 35 0.133 0.031 2.42
18 18 7.02 40 0.141 0.128 3.17
19 18 5.07 10 )0.101 0.108 2.31
aChr = chromosome.
bMax. F-ratio = Maximum F-ratio detected; those shown in italics reached only the suggestive linkage threshold.
cMap position = population-estimated position in cM from most proximal marker. For loci reaching the genome-wide highly significant
level (p < 0.01), the one-LOD support interval is given in parentheses.
dAdditive and dominance effects given in standard deviation units. Estimates shown in italics are not significantly different from zero
(p > 0.05). Positive estimates are associated with the increasing allele coming from the high line and negative effects associated with the
increasing allele originating from the low line.
e%Var = percentage variance explained by the QTL.
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been able to estimate imprinting effects, which have
rarely been explored in QTL mapping studies in
mouse populations. The QTL on Chr 8 was ex-
plained by paternal imprinting.

One of the most compelling routes to identifying
QTL of phenotypic importance is to have QTL con-
firmed across populations. Chromosomes 1, 2, 4, and
11 have been associated with adult mouse BM, with
each loci being replicated in more than seven sepa-
rate studies (Rocha et al. 2004). Although the QTL
mapped in this study are not representative of those
detected in previous studies, there is some agree-
ment with previously mapped QTL (Table 3). For
example, the QTL mapped to Chr 7 explaining 4.7%
of variation in 18-week mass is in agreement with
the QTL Bglq6 (Cheverud et al. 1996; Vaughn et al.
1999). In addition, although Bw14 identified by
Brockmann et al. (2000) and W10q18 identified by
Rocha et al. (2004) fall slightly outside our 1-LOD
dropoff confidence interval, this does not take into
account their associated confidence intervals, so it
may reflect commonality of QTL. Furthermore, the
highly significant 16-week mass QTL at the distal
end of Chr 5 seems to coincide with the QTL for 6-

week mass Bw13 explaining 6% of variance (Brock-
mann et al. 2000) and Bglq14 associated with late
growth mapped by Vaughn et al. (1999). It is feasible
that any lack of strong coincidence between QTL
mapped at 14-18 weeks and QTL previously identi-
fied could be a result of differences in the growth
phases measured as previous studies are generally
concerned with BM at 10 weeks of age or younger.

While there is some indication of agreement
between the QTL mapped in this study and loci
previously identified, it is particularly interesting
that the most significant QTL on Chr 8 associated
with an imprinting effect does not appear to have
been identified previously. Although QTL have been
mapped to Chr 8, e.g., W10q14 identified by Rocha
et al. (2004) explaining 1.3% of phenotypic variance,
the magnitude of the QTL effect and location do not
appear to agree with the current study. Studies by
Anunciado et al. (2001) and Corva et al. (2001) (Bwq3
and Wg3, respectively) identified QTL with locations
more distal to the QTL identified in our population.
The lack of coincidence could be a result of the M-
lines being genetically more distinct from mouse
lines used in other QTL mapping studies. However,
this hypothesis is not supported by mapping data
available from alternative mouse lines derived from
the same base population as the M-lines. Using the
same progenitor population as the M-lines, divergent
selection has been carried out based on protein and
later BM producing the P-line (Sharp et al. 1984).
QTL for BM were identified on Chr 6 (Christians
et al. 2004) and an X-linked QTL of large effect has
been identified (Rance et al. 1997) and fine mapped
(Liu et al. 2001). Single-marker associations (F2

population of 336, 49 markers) were also investi-
gated on Chrs 1-19 (except 11 and 15) with signifi-
cant associations on Chrs 2, 3, and 17 (Rance et al.
unpublished). These results do not preclude QTL
residing elsewhere on the genome of the P-line be-
cause the map coverage was poor and information
content of some markers was low. However, it is
interesting to note that on Chr 8, marker D8Mit31 at
33 cM did not show any marker-associated effects
despite an average information content of 0.95
(additive and dominance).

Many of the previous studies mapping QTL
associated with BM used progenitor mouse lines
with substantially higher divergence in BM. For
example, Brockmann et al. (1998) used the high-BM
selected DU6 and the unselected DUK lines which
differ in BM by 106% at 42 days, and in a recent
study by Rocha et al. (2004), lines with a mean BM at
10 weeks of 57.9 g vs. 18.4 g were used to form an F2

population. In the study described here, the progen-
itor M-lines lines were divergently selected for food

Fig. 2. The likelihood profiles associated the QTL mapped
for BM on Chr 8; (A) Mendelian QTL vs. no QTL at 14, 16,
and 18 weeks; (B) the three alternative Imprinting models
vs. no QTL at 14 weeks.
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intake between 8 and 10 weeks corrected for mean
BM, with the objective of keeping both lines at the
same BM (Hastings et al. 1997). As a consequence,
the relatively unique QTL associated with BM
identified in this study may have been anticipated.
The M-line selection criteria will prevent indepen-
dent divergence of QTL of large effect on BM because
any change in the frequency of loci within-line
associated with increasing BM would need to be
balanced with a change of frequency of alleles asso-
ciated with a decrease in BM so as to maintain an
unchanged BM. We postulate that the BM QTL
identified in the current study were allowed to
diverge as they were associated with pleiotropic ef-
fects of genes underlying the selection criterion
‘‘food intake at maturity’’ or other correlated re-
sponses associated with energy balance.

The QTL of large effect mapped to Chr 8 is
associated with an imprinting effect. The imprinting
effect appears to be a result of paternal imprinting as
shown when separate maternal and paternal
Imprinting models are fitted (Fig. 2b). The QTL was
found to be robust to changes in the model fitted,
remaining highly significant regardless of the cofac-
tors fitted and gender effect included in the model.
Evidence for the imprinting effect did not appear to
be influenced by the information content of markers
on Chr 8 which were representative of the rest of the
genome, i.e., 0.0, 0.20, 0.05, and 0.26 for markers
D8MIT141, D8MIT191, D8MIT85, and D8MIT56,
respectively, for imprinting and an average of 0.80
for additive and 0.63 for dominance information
content. Although the F-ratio of the imprinting

versus Mendelian model was sensitive to the
imprinting information content at marker
D8MIT191 (adjusted by removing data from families
where both parents were not homozygous), it is
worth noting that the magnitude of imprinting effect
remained robust regardless of the information con-
tent at both markers D8MIT191 and D8MIT56. All
marker loci conformed to the expected Mendelian
segregation ratios. The major contribution of pater-
nally inherited alleles is also supported by the QTL
estimates obtained from the Imprinting model fit-
ting both maternal and paternal imprinting and
dominance effects, where only paternal imprinting
estimates are significantly different from zero.

Evidence for an imprinted QTL on Chr 8 sug-
gests that any positional candidate gene proposed
should be paternally imprinted. Imprinting is
brought about during gametogenesis where parental
genomes undergo modification. The result is that
genes are differentially expressed when inherited
from either the maternal or paternal parent. A key
molecular mechanism resulting in imprinting is
DNA methylation where imprinted genes are
differentially methylated in egg and sperm, and
inheritance of these epigenetic marks leads to the
differential gene expression (Reik and Walter 2001).
To date, around 75 imprinted genes have been
identified in the mouse (Beechey et al. 2005) and the
distribution of these loci suggests that there are
several subchromosomal areas associated with
imprinting. The first imprinted genes were not
identified until the early 1990s and it is likely that
additional imprinted loci remain unidentified.

Table 3. Candidate genes for mapped QTL and body mass QTL mapped in other studies

Chra Position (cM)b Symbol Name Reference

5 79.0 Vgf VGF nerve growth factor inducible Hahm et al. (1999)
82.0 Ipf1 Insulin promoter factor 1 Ohlsson et al. (1993)
78.0 Bglq14 Body growth late, QTL 14 Vaughn et al. (1999)
81.0 Bw13 Body weight, QTL 13 Brockmann et al. (2000)

7 51.5 Tub Tubby candidate gene Coleman and Eicher (1990)
50.0 Ucp2 Uncoupling protein-2 Fleury et al. (1997)

Ucp3 Uncoupling protein-3 Gong et al. (1997)
18.2 W10q18 10 week weight, QTL 18 Rocha et al. (2004)
28.0 Bw14 Body weight, QTL 14 Brockmann et al. (2000)
50.0 Bglq6 Body growth late, QTL 6 Cheverud et al. (1996); Vaughn et al. (1999)

8 9.8 Adrb3 Adrenergic receptor ?-3 Nahmias et al. (1991)
5.1 Irs2 Insulin receptor substrate 2 Sun et al. (1995)
26.4 W10q14 10 week weight, QTL 14 Rocha et al. (2004)
45.0 Wg3 Weight gain QTL in high growth mice 3 Corva et al. (2001)
56.0 Bwq3 Body weight, QTL 3 Anunciado et al. (2001)

9 48.0 Bglq7 Body growth late, QTL 7 Cheverud et al. (1996); Vaughn et al. (1999)
53.9 W10q14 10 week weight, QTL 14 Rocha et al. (2004)
61.0 Bwq6 Body weight, QTL 6 Reed et al. (2003)

18 47.0 Bglq12 Body growth late, QTL 12 Anunciado et al. (2001)
aChr = Chromosome number.
bPosition = mapped position in cM (MGD 2004).
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While a number of loci known to influence
growth and development have been shown to be
imprinted (including Igf2, Igf2r, Ins1, and Ins2) and
shown to cause the imprinting effect associated
with identified QTL (IGF2, Van Laere et al. 2003),
mouse Chr 8 is not considered to be associated with
imprinting (Beechey et al. 2005). However, using
comparative mapping, human chromosome loca-
tions 13q34 and 8p11-p23 have been associated
with reports of imprinting effects (Piantanida et al.
1997; Strichman-Almashanu et al. 2002) although
there is conflicting evidence (Jarvela et al. 1998).
Despite the lack of any imprinted candidate genes
to explain the QTL on Chr 8, Insulin receptor
substrate 2 (Irs2) and Adrenergic receptor b-3
(Adrb3) are both good positional candidates for a
QTL associated with BM, and it is possible that
these genes are imprinted but are as yet unidenti-
fied to be so. Knockout mice exist for both Irs2 and
Adrb3, and as a result it would be simple to test the
hypothesis that these genes were imprinted by
making reciprocal crosses between homozygous
knockout and wild-type mice. If Irs2 or Adrb3 were
imprinted, there would be phenotypic differences
between the progeny dependent on the gender of
the parent of origin of the wild-type allele. We have
not been able to find published evidence to support
an imprinting effect for either Irs2 or Adrb3.

Unfortunately, there are no common features
present in the protein sequences of imprinted genes
to aid identification. However, there are two general
features associated with imprinted genes. First, a
large proportion of imprinted genes, approximately
88%, are associated with CpG islands compared with
an average figure of 47% (Reik and Walter 2001).
These CpG islands are believed to be unmethylated
in normal cells, with the two exceptions being
inactive X chromosome genes and imprinted genes
(Strichman-Almashanu et al. 2002). The second
feature of imprinted genes is a common occurrence
of clustered, direct repeats near to or within the CpG
islands. Neumann et al. (1995) proposed that these
repeats could be associated with bringing about or
maintaining differential methylation. In the study
by Strichman-Almashanu et al. (2002), novel
imprinted genes were identified using methodolo-
gies based on isolation and screening of normally
methylated CpG islands. Analysis of the candidate
gene Irs2, using the software package CpG Island
Explorer (Wang and Leung 2004) identified a large
CpG island of 6956 bp with a GC content of 70.1%
and CpGobs/CpGexp (observed-to-expected ratio
based on GC content) of 0.89 encompassing the en-
tire 3¢ exon. Further screening of the CpG islands
using the EMBOSS program etandem (website

www.uk.embnet.org/Software/EMBOSS/) also iden-
tified evidence of clustered direct repeats. This
might suggest that Irs2 may be imprinted, although
it should be noted that these features common to
imprinted genes are not fully demonstrative (Reik
and Walter 2001). Screening of the candidate gene
Adrb3 also identified a CpG island encompassing
much of the 3¢ area of exon 1; however, no clustered
direct repeats were identified. Although CpG islands
and clustered direct repeats are associated with im-
printed genes, they do not provide conclusive evi-
dence of imprinting. In fact, Yamada et al. (2004)
suggests that CpG islands are strongly predictive of
methylation but not necessarily imprinting.

To further test the hypothesis that Irs2 and
Adrb3 are potentially imprinted candidates, we
searched the Candidate Imprinted Transcripts from
Expression database (Nikaido et al. 2003). Both can-
didate genes were not present; however, it is inter-
esting to note that the X-linked Irs4 does show
evidence of paternal imprinting.

We have identified QTL for mature BM in a
population derived from lines selected for ‘‘food in-
take at maturity.’’ The loci identified are not repre-
sentative of QTL for BM identified in previous
studies, most notably including a novel paternally
imprinted QTL of large effect on mouse Chr 8. Be-
cause of the nature of the gene action, screening of
candidates for paternal imprinting will provide an
additional means of screening positional candidates
and may therefore hasten identification of the
underlying causative mutations.
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