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Abstract
Variations in diabetic phenotypes are caused by complex interactions of genetic effects,
environmental factors, and the interplay between the two. We tease apart these complex
interactions by examining genome-wide genetic and epigenetic effects on diabetes-related traits
among different sex, diet, and sex-by-diet cohorts in a Mus musculus model. We conducted a
genome-wide scan for quantitative trait loci affecting serum glucose and insulin levels and
response to glucose stress in an F16 Advanced Intercross Line of the LG/J and SM/J intercross
(Wustl:LG, SM-G16). Half of each sibship was fed a high-fat diet and half was fed a relatively
low-fat diet. Context-dependent genetic (additive and dominance) and epigenetic (parent-of-origin
imprinting) effects were characterized by partitioning animals into sex, diet, and sex-by-diet
cohorts. We find that different cohorts often have unique genetic effects at the same loci, and that
genetic signals can be masked or erroneously assigned to specific cohorts if they are not
considered individually. Our data demonstrate that the effects of genes on complex trait variation
are highly context dependent, and that the same genomic sequence can affect traits differently
depending on an individual’s sex and/or dietary environment. Our results have important
implications for studies of complex traits in humans.
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The prevalence of type-2 diabetes mellitus (T2D) has increased steadily over the past two
decades, currently afflicting ≈ 8% of the adult population in the United States
(National_Diabetes_Information_Clearinghouse 2005). Hypotheses have been proposed to
explain this epidemic in terms of changing environmental factors, for example the thrifty
gene and the sedentary lifestyle hypotheses, which suggest that increased caloric intake
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combined with decreased caloric output is the major cause (Neel 1962). However, there is
clearly an underlying genetic component: T2D is highly heritable, ranging from ~50–90% in
monogenetic twin studies, and disease incidence varies with an individual’s percent ethnic
ancestry (Clee and Attie 2007; Permutt et al. 2005). Linkage analysis and positional cloning
have led to identification of several genes with large effect sizes associated with T2D,
generally through studies of relevant phenotypes such as pancreatic β-cell function (e.g. the
ATP-binding cassette, ABCC8, (Huopio et al. 2003)), insulin resistance (e.g. insulin-
degrading enzyme, IDE, (Farris et al. 2003)), and obesity (e.g. peroxisome proliferator-
activated receptor γ, PPARG (Altshuler et al. 2000)). More recently, genome-wide
association studies (GWAS) attempt to identify new variants with small effect sizes through
hypothesis-free testing (Wolfs et al. 2009).

The National Human Genome Research Institute compiled a hand-curated catalog of
published human GWAS (www.genome.gov/gwastudies) (Hindorff et al. 2009), and as of
this writing, there are 30 unique genes associated with T2D. However, these genes account
for a very small percentage, ≈ 5–10%, of the overall heritable variation of T2D in humans
(Salanti et al. 2009). This percentage could in fact be an inflation because gene-by-
environmental covariation and non-assortative mating are not accounted for in GWAS
(Falconer and Mackay 1996). This is partly because these meta-analyses were designed with
the common-disease/ common-variant hypothesis in mind. As such, they are effective in
identifying associations between common phenotypes and common allelic variants in
homogeneous populations, but they are not very effective in identifying such associations in
heterogeneous populations, such as humans (McCarthy et al. 2008). T2D is a common
disease, but the alleles underlying the phenotype are many and relatively rare, and most will
not pass the stringent multiple testing criteria necessary to claim association, hence the
“missing heritability” that is attracting so much attention in the wake of GWAS popularity
(McCarthy and Zeggini 2009). In addition to lack of statistical power to detect genes of
small effect size, other suggested culprits underlying the low proportion of heritable
variation explained include cryptic sub-population structure, epistatic interactions among
loci, and genomic structural polymorphisms such as copy number variants (Manolio et al.
2009). We suggest an additional factor contributes to this missing heritability in GWAS
studies: not accounting for the context-dependency of the genetic effects of the trait.

Here we present results of a study investigating the context dependency of genetic effects on
glucose and insulin phenotypes in response to a high- and low-fat diet in an F16 Advanced
Intercross Line (AIL) formed from the LG/J and SM/J inbred mouse strains (Wustl:LG, SM-
G16). Variation in complex traits in LG/J x SM/J is due to many genes of small effect
interacting with each other and with the environment, and quantitative trait loci (QTL) have
previously been mapped for obesity, serum chemistry and growth-related phenotypes
(Cheverud et al. 2004; Cheverud et al. 1996; Ehrich et al. 2005; Fawcett et al. 2009;
Fawcett et al. 2008; Kenney-Hunt et al. 2006). In addition to reporting additive and
dominance effects, in this study we also present for the first time genome-wide parent-of-
origin imprinting effects. Genomic imprinting can be generally defined as the unequal
expression of maternally and paternally derived copies of a gene, and its effects have been
shown to play a role in development of T2D and its co-morbidities, such as obesity
(Rampersaud et al. 2008; Weinstein et al. 2009; Xie et al. 2008).

RESEARCH DESIGN AND METHODS
Mouse population

The mice used in this study are from the F16 generation of the LG/J x SM/J AIL (Wustl:LG,
SM-G16). The LG/J mice were generated as part of an experiment selecting for large body
size at 60 days (Goodale 1941). The SM/J mice were generated as part of a separate
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selection experiment for small body size at 60 days (MacArthur 1944). At this age, there is
~20g difference in body size between these two strains (Kramer et al. 1998). Animals from
each strain have been inbred by brother-sister mating for over 150 generations.

The LG/J x SM/J AIL is managed as a pseudo-randomly mated line starting from the F2
generation. Initially, 10 male SM/J mice were crossed with 10 female LG/J mice obtained
from the Jackson Laboratories. Animals are randomly mated except that brother-sister
mating is not allowed. As a further check on inbreeding, one male and one female are
chosen, when possible, from each family as breeders for the next generation. Eliminating
variation in familial contributions to the next generation doubles the effective population
size of a colony relative to its census size and is an effective method of reducing the rate of
inbreeding (Templeton 2006). The average number of breeding pairs in the production of the
AIL is 75, giving a census size of 150 and an effective size of approximately 300.

For this study, 71 pairs of F15 animals were double mated, resulting in an experimental F16
sample of 1,002 animals in 76 litters, with an average of 6.8 animals per sibship. Pups were
housed with their mothers until being weaned at 3 weeks of age and then separated into sex-
specific cages of four or five animals per cage. The animal facility operates on a 12-hour
light/dark cycle with a constant temperature of 21°C. Male (n=500) and female (n=502)
animals from each litter were each partitioned and fed low-fat (247 males; 254 females), and
high-fat (253 males, 248 females) diets. The diets were selected to be isocaloric and as
similar as possible in nutrient composition, except for fat (supporting information, Table
S1). Calories from fat are 15% and 43% in the low- (catalog TD88137, Harlan Teklad,
Madison, WI) and high- (catalog D12284, Research Diets, New Brunswick, NJ) fat diets,
respectively. All animals were fed ad libitum.

Phenotypic data
Animals were weighed weekly for 20 weeks. A subset of animals (217 females, 113 fed the
low-fat diet and 104 fed the high-fat diet; 213 males, 103 fed the low-fat diet and 110 fed the
high-fat diet) were subject to an intra-peritoneal glucose tolerance test (IPGTT) at 10 and 20
weeks of age as described in Ehrich et al. (2005). Briefly, a 4-hour fasting glucose level was
measured followed by an intra-peritoneal injection of 0.01ml of 10% glucose solution per
gram of body weight. Measurements taken over the course of 2 hours were used to calculate
the area under the curve (AUC), an overall measure of glucose tolerance. At 20 weeks of
age, animals were necropsied as described in Ehrich et al. (2005). Briefly, animals were
anesthesized by intra-peritoneal injection of sodium pentobarbital after a 4 hour fast. Serum
samples were obtained via cardiac puncture and processed to measure serum glucose and
insulin levels. Genetic mapping of fat pad weights (reproductive, renal, inguinal and
mesenteric) and organ weights (heart, liver, kidneys and spleen) is reported in (Cheverud et
al. 2010a) and (Lawson et al. 2010a).

Genotypic Data
DNA was extracted from liver tissue using the QIAGEN kit. We selected 1536 single
nucleotide polymorphisms (SNPs) from the CTC/Oxford SNP survey (www.well.ox.ac.uk/
mouse/INBREDS/) for scoring with the Illumina Golden Gate Assay. SNP typing was
performed at the Washington University Genome Sequencing Center, and 1402 autosomal
SNPs were reliably scored and used for this analysis (supporting information, Table S2). A
genetic map was created for these SNPs, based on their physical order as given in the mouse
genome database (mm9; NCBI build 37), and recombination fractions between the markers
were estimated using the package R/qtl (Broman and Saunak 2009). Due to the
accumulation of recombination over the generations, the F16 population described here has
approximately 8 times the recombination of the F2 generation.
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Using SNP data from families, ordered genotypes were reconstructed at each marker for all
F16 animals using the Integer Linear Programming algorithm as implemented in PedPhase
2.1 (Li and Jiang 2005). Additive (Xa) and dominance (Xd) genotypic scores were assigned
at each marker: Xa = 1, 0, −1 and Xd = 0, 1, 0 for the LG/LG, LG/SM and SM/LG, and SM/
SM genotypes, respectively. The ‘LG’ refers to an allele derived from the LG/J strain and
‘SM’ refers to an allele derived from the SM/J strain. Additionally, we assigned imprinting
genotypic scores (Xi) to distinguish between the two reciprocal heterozygotes, LG/SM and
SM/LG, where the first allele is inherited from the father and the second from the mother.
For the four ordered genotypes, LG/LG, LG/SM, SM/LG, and SM/SM, Xi = 0, +1, −1, 0,
respectively (Wolf et al. 2008). Additional genotypes were imputed at 1cM intervals among
the SNPs using the equations of Haley and Knott (Haley and Knott 1992) with the addition
of newly derived equations for imputing imprinting genotypic scores (supporting
information, Table S3).

QTL analysis
Single locus analyses were performed using maximum likelihood in the Mixed Procedure in
SAS 9.2. Our full mapping model included: sex, diet, the direct effects of the genomic
locations (Xa, Xd, Xi), and their two- and three-way interactions with sex and diet as fixed
effects. The full model explains variation in trait (Y) using the linear equation:

where μ is the population mean and e is the residual. Family and its interactions with sex
and diet, including the three-way interactions, were included as random effects in the model.
The addition of these random effects corrects for inflation of LOD scores caused by family
structure within the colony. The −2 ln(likelihood) of this model was compared to a null
model including only sex, diet and sex-by-diet interaction terms using a chi-square test with
12 degrees of freedom. Probabilities were transformed into LOD = −log10(Pr). The
regression coefficients are the additive [a = (GLG/LG)−(GSM/SM))/2], dominance [d =
((GLG/SM+GSM/LG)−(GLG/LG−GSM/SM))/2] and imprinting [i = (GLG/SM−GSM/LG)/2]
genotypic values, where G refers to the mean phenotype of all individuals sharing the
subscripted genotype, and their interactions with sex (s) and/or with diet (d).

The number of independent tests was calculated using the Li and Ji method based on the
eigenvalues of the correlation matrix of marker additive genotype scores (Li and Ji 2005).
This was then used to calculate Bonferroni adjusted significance thresholds, 1−(1−α)1/M,
where M is the number of independent tests. A significance threshold was calculated at the
genome-wide level (LOD ≥3.90) as well as separately for each autosome (supporting
information, Table S4). With chromosome-wise significance we expect 1 false positive
chromosomal result per trait in the study. These results overwhelm this expectation in that
there are 6- to 10-times the number of significant chromosomal results for each trait than
expected by chance under the null model of no QTL. QTL support regions were determined
using a standard one LOD drop from the peak of the QTL.

RESULTS
QTL Results

We find 70 trait-specific QTL mapping to 64 locations across the genome. Of these 70 QTL,
17 are significant at the genome-wide level and 53 are significant at the chromosome-wise

Lawson et al. Page 4

Mamm Genome. Author manuscript; available in PMC 2013 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



level. The most commonly mapped trait is glucose tolerance at 20 weeks with 25 QTL.
Glucose tolerance at 10 weeks has 17 QTL, followed by serum insulin level at necropsy
with 15 QTL, serum glucose level at necropsy with 6 QTL, basal glucose level at 10 weeks
with 4 QTL, and basal glucose level at 20 weeks with 3 QTL. Fifty-nine percent of these
QTL have significant additive effects, 54% have significant dominance effects and 59%
have significant imprinting effects. However, only ~9% have additive, dominance and
imprinting as main effects (n=6) without interactions. The majority of these QTL have
significant interactions with sex and/or with diet (Table 1; 91%, n=64).

On average, for QTL with additive effects among the sex- and diet-based cohorts, animals
that are LG homozygotes at the significant locus have higher serum glucose levels and lower
serum insulin levels, but respond better to a glucose challenge than animals that are SM
homozygotes. For QTL with dominance effects among the sex- and diet-based cohorts, the
LG allele is dominant to the SM allele 50% of the time for glucose tolerance, 60% of the
time for serum glucose levels (combined results from serum glucose levels measured at
necropsy and basal glucose levels measured at 10 and 20 weeks), and 40% of the time for
serum insulin levels. For QTL with imprinting effects among the sex- and diet-based
cohorts, 66% of imprinting values are positive for glucose tolerance at 10 weeks, indicating
that most often animals with the LG/SM genotype, inheriting their LG allele from their
father and their SM allele from their mother, have a higher AUC and thus a relatively poorer
response to a glucose challenge. At 20 weeks, 39% of imprinting values are positive for
glucose tolerance. Sixty-nine percent of imprinting values are positive for serum glucose
levels, and 43% are positive for serum insulin levels. Genotypic values for all 70 significant
trait-specific QTL for the full F16 population as well as for each sex- and diet cohort are
provided in supporting information, Table S5.

The average QTL interval is ~4 MB and contains 34 genes. Many of these intervals contain
genes associated with variation in glucose and insulin levels (Table 1). Of note are Pparg,
encoding peroxisome proliferator-activated receptor gamma, and Kcnj11, encoding the
potassium inwardly rectifying channel J11. These two genes are well studied not only in
mouse models of T2D, but also in human studies where variations associated with T2D-
susceptibility have replicated across populations (McCarthy and Zeggini 2009). Our results
suggest natural variants at these loci may be responsible for variation in diabetes-state in
mice as well.

Context Dependency
Phenotypic variation in response to high- and low-fat diets between the LG/J and SM/J
strains for glucose and insulin levels, as well as for T2D co-morbidities such as obesity, and
their heritabilities, have been reported for LG/J x SM/J parent strains (Ehrich et al. 2003).
This cross has proven an excellent model system for identifying QTL associated with
variation in these traits (Cheverud et al. 2004; Cheverud et al. 2009; Ehrich et al. 2005;
Fawcett et al. 2009; Fawcett et al. 2008). Phenotypic variation among sex-by-diet cohorts in
the F16 is illustrated here by response to glucose stress (Figure 1, IPGTT). Males have
higher basal glucose levels and a weaker overall response to a glucose challenge. However,
males fed a high-fat diet stand out among the cohorts with glucose levels that continue to
elevate for a longer time period, and then decline at a slower rate than in any other sex-by-
diet cohort. This phenotypic variation among the cohorts hints at the underlying genomic
complexity of glucose and insulin traits, and we are able to dissect the genetic underpinnings
using our mapping results.

Of the QTL showing significant interactions with sex, 78% affect males. Of the QTL
showing significant interactions with diet, 63% affect animals fed a high-fat diet. We find
most significant interactions affect individual sex-by-diet cohorts, and 72% of these QTL are
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found in males fed a high-fat diet. We find that 23 of these QTL show genotypic effects in
multiple cohorts, but in different ways, and that these effects are not always seen in the full
population. In the accounts that follow, the separate cohort effects described are supported
by significant interaction tests.

For example, a QTL on chromosome 3 (Figure2, Ddiab3c, INS) is associated with variation
in serum insulin levels. In males fed a low-fat diet, there is a significant bipolar dominance
imprinting effect (no additive or dominance effect). The imprinting value is positive,
meaning heterozygous animals in this cohort have higher insulin levels if they inherit their
LG allele from their fathers and their SM allele from their mothers. At this same QTL, there
are significant negative additive effects in males fed a high-fat diet, whereby animals
homozygous for the SM allele in this cohort have higher insulin levels. Additionally, high-
fat fed males show highly significant under-dominance, whereby heterozygous animals,
whether LG/SM or SM/LG, have lower insulin levels than animals homozygous with either
LG or SM alleles in this cohort. Although the two reciprocal heterozygotes do not show the
same magnitude of under-dominance, there is not a significant imprinting effect in the high-
fat fed males at this locus. There are no significant effects in females fed either high- or low-
fat diets, and the QTL does not register as significant in the full population. The absence of
significant genetic effects in the females washes out the significant effects found in the
males when all animals are considered together.

A similar example is seen at a QTL on chromosome 9 associated with glucose tolerance at
20 weeks, as measured by the IPGTT (Figure 3, Ddiab9b, AUC_20wks). There are
significant positive additive effects in the full population, whereby animals homozygous for
the LG allele at this locus have a poorer response to a glucose challenge. When this effect is
examined in individual cohorts, it is seen in all but the high-fat fed males. In this cohort,
there is a significant bipolar dominance imprinting effect (no additive or dominance effect).
The imprinting value is positive, meaning heterozygous animals inheriting their LG allele
from their father and their SM allele from their mother have a poorer response to a glucose
challenge. Genomic imprinting is not seen in any other cohort at this locus, and it does not
register as a significant effect in the full population.

At a QTL on chromosome 2 there are significant positive additive effects in the full
population, whereby animals that are homozygous for the LG allele have higher serum
glucose levels at necropsy (Figure 4, Ddiab2d, GLC). Significant imprinting effects are
found in both males and females, however the imprinting values are of opposite signs: In
females, the imprinting value is positive, meaning heterozygous females inheriting their LG
allele from their father and their SM allele from their mother have higher glucose levels. In
males, the imprinting value is negative, meaning heterozygous males inheriting their SM
allele from their father and their LG allele from their mother have higher glucose levels.
Imprinting is not significant in the full population because the opposite values in the male
and female cohorts cancel each other out. The imprinting effect in males is clearly maternal
expression. The imprinting effect in females reflects paternal expression, however the effect
is less clear than that seen in the males because females also have significant under-
dominance effects at this same locus. If the paternally and maternally inherited alleles are
not differentiated, all heterozygote females appear to have lower glucose levels than
expected from an additive model (Fig. 4d).

A converse example is seen at a QTL on chromosome 7 associated with variation in serum
insulin levels (Figure 5, Ddiab7c, INS). Significant positive additive effects and positive
imprinting values are found in the full population, meaning animals homozygous for the LG
allele and animals heterozygous that inherit their LG allele from their father and their SM
allele from their mother have higher serum insulin levels. However, when individual cohorts
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are examined, the imprinting effects are only significant in animals fed a high-fat diet.
Animals fed a low-fat diet show only additive effects at this locus, but because the
imprinting value in the high-fat fed animals is so highly significant (p < 0.001), the effect
registers as significant in the full population (p < 0.01). The genomic effects in the high-fat
fed cohort are a complex combination of a strong bipolar dominance imprinting effect with a
relatively weaker additive effect, and the bipolar dominance imprint effect is the overriding
pattern.

DISCUSSION
An intriguing result of this study is the ubiquity of genomic parent-of-origin imprinting
effects. As of this writing, more than 80 imprinted genes have been identified in both
humans and mice, and it is estimated that ≈30% of genes imprinted in one species are
imprinted in the other (Williamson et al. 2009). It is becoming apparent that imprinting is an
important aspect of the genetic architecture of many complex traits, including T2D
(Rampersaud et al. 2008; Weinstein et al. 2009; Xie et al. 2008), and the epigenetic patterns
identified are complex. Bioinformatic tools have been developed to identify imprinting
signatures, such as methylation and histone modification, and genome-wide scans indicate
that several hundred genes are likely to be imprinted across the genome (Luedi et al. 2005;
Mantey et al. 2005). We find that imprinting is not only a dynamic contributor to variation
in glucose and insulin traits in this population, but also an effect that is highly context
dependent. These results support previous findings that imprinting patterns vary among
genotypes and environments (Hager et al. 2009; Wolf et al. 2008).

Our results illustrate that context dependency is an important consideration when dissecting
the genetic architecture of a complex trait such as T2D. We show that genotype interacts
with environment in important ways, and that these interactions are not always consistent
among genotypes and across environments within the same population. Further, the results
presented here complement those found in this same population examining variation in
obesity-related traits and serum lipid levels (Cheverud et al. 2010b; Lawson et al. 2010b).
While most effects are seen in high-fat fed males for T2D-related traits, most effects are
seen in high-fat fed females for obesity and serum lipids levels. However, in general, the
majority of genetic effects are seen in multiple cohorts in different ways across all traits.

From a clinical perspective, this result is intuitive: it is well known that T2D penetrances
vary within and between human sub-populations, and that, in general, women are less prone
than men of the same body mass (Cornier et al. 2008). While general lifestyle dietary and
activity modifications have proven therapeutic, individual response to such treatment varies
(Ordovas and Shen 2008). From a research perspective, this result implies that meta-
analyses such as GWAS miss an important aspect of the genetic architecture underlying
variation in T2D. While some human studies have successfully examined gene-by-
environmental interactions (Junyent et al. 2009; Kabagambe et al. 2009), these interactions
are typically regarded as nuisance factors in analyses, despite the fact that they may underlie
the increasing prevalence of T2D. Identifying context-dependent genetic effects is
challenging in human studies because it is generally not feasible to control and/or to record
an individual’s diet over time.

Mouse models are especially appropriate for addressing issues of context dependency
because the animals studied are of known genomic background with measurable phenotypic
differences in a controlled environment. Other studies using mouse models have found that
context dependency underlies variation in complex traits such as cholesterol metabolism
(Kitami et al. 2008), blood serum levels (Svenson et al. 2007), adiposity (Taylor et al. 1999;
York et al. 1996), bone density (Ackert-Bicknell et al. 2008), and hepatic carcinoma (Hill-
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Baskin et al. 2009). Further, experimental mouse populations contain no rare alleles as
polymorphisms are at 50% throughout the genome. This not only increases the power to
detect QTL, and eventually quantitative trait genes (QTG) or quantitative trait nucleotides
(QTN) having small effects (Mackay et al. 2009), but also allows for detailed analysis of
other aspects of genetic architecture such as epistasis. Indeed, recent work has implicated
epistasis in human insulin resistance (Baratta et al. 2003), and rodent models indicate that
epistasis is an important aspect of the genetic architecture of complex traits (Shao et al.
2008). Although our study did not examine epistasis, it is likely that gene-by-gene
interactions also contribute to variation in these traits. Mouse results such as those presented
here are directly applicable to human studies because loci identified in the mouse can be
translated to the homologous region in human, and then can be further used to elucidate
context-dependent genetic effects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Phenotypic variation in response to glucose stress, as measured by an intra-peritoneal
injection of 0.01ml of 10% glucose solution per gram of body weight (IPGTT).
Measurements taken over the course of 2 hours were used to calculate the area under the
curve (AUC), an overall measure of glucose tolerance, among each sex-by-diet cohort.
High-fat fed male glucose levels continue to elevate for a longer time period, and then
decline at a slower rate, than any other sex-by-diet cohort in this population.
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FIGURE 2.
QTL Ddiab3c associated with serum insulin level at necropsy (INS). There are no
significant genetic effects in the full population, in low-fat fed females, and high-fat fed
females (A–C). In low-fat fed males there is a significant bipolar dominance imprinting
effect (D). In high-fat fed males there are significant negative additive effects and significant
under-dominance effects, but no significant imprinting effect (E). The lack of significant
genotypic effects in females at this locus washes out the sex-by-diet effects found in males
when all individuals are pooled together as a full population. The different scales among the
cohorts reflect their different mean phenotypic scores for this trait. *p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001
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FIGURE 3.
QTL Ddiab9b associated with glucose tolerance at 20 weeks as measured by the IPGTT.
There are significant positive additive effects in the full population, as well as in all cohorts
(A–D) except the high-fat fed males. In males fed a high-fat diet, there is a significant
bipolar dominance imprinting effect (E). The different scales among the cohorts reflect their
different mean phenotypic scores for this trait. *p ≤ 0.05; **p ≤ 0.01
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FIGURE 4.
QTL Ddiab2d associated serum glucose level at necropsy (GLC). There are highly
significant positive additive effects in the full population (A), which is reflected in all
cohorts (B–C). Both males and females have significant imprinting effects, but the
imprinting values are of the opposite signs: in males the imprinting value is negative and the
effect is maternal expression. In females the imprinting value is positive and the effect is
paternal expression. Additionally, females show significant under-dominance, which affects
the magnitude of the imprinting effects seen in this cohort. The dominance effects are seen
when the two reciprocal heterozygotes are combined (D). *p ≤ 0.05; ***p ≤ 0.001
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FIGURE 5.
QTL Ddiab7c associated serum insulin level at necropsy (INS). Significant positive additive
effects and positive imprinting values are found in the full population, across all cohorts (A).
However, the imprinting effects are only found in ½ the population. The highly significant
bipolar dominance imprinting effects found in animals fed a high-fat diet register in the full
population even though there is no significant imprinting effect in animals fed a low-fat diet
(B–C). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001
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