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Am J Physiol Endocrinol Metab 300: E1124–E1134, 2011. First
published March 22, 2011; doi:10.1152/ajpendo.00707.2010.—The
potential utility of the Collaborative Cross (CC) mouse resource was
evaluated to better understand complex traits related to energy bal-
ance. A primary focus was to examine if genetic diversity in emerging
CC lines (pre-CC) would translate into equivalent phenotypic diver-
sity. Second, we mapped quantitative trait loci (QTL) for 15 metab-
olism- and exercise-related phenotypes in this population. We evalu-
ated metabolic and voluntary exercise traits in 176 pre-CC lines,
revealing phenotypic variation often exceeding that seen across the
eight founder strains from which the pre-CC was derived. Many
phenotypic correlations existing within the founder strains were no
longer significant in the pre-CC population, potentially representing
reduced linkage disequilibrium (LD) of regions harboring multiple
genes with effects on energy balance or disruption of genetic structure
of extant inbred strains with substantial shared ancestry. QTL map-
ping revealed five significant and eight suggestive QTL for body
weight (Chr 4, 7.54 Mb; CI 3.32–10.34 Mb; Bwq14), body composi-
tion, wheel running (Chr 16, 33.2 Mb; CI 32.5–38.3 Mb), body weight
change in response to exercise (1: Chr 6, 77.7Mb; CI 72.2–83.4 Mb
and 2: Chr 6, 42.8 Mb; CI 39.4–48.1 Mb), and food intake during
exercise (Chr 12, 85.1 Mb; CI 82.9–89.0 Mb). Some QTL overlapped
with previously mapped QTL for similar traits, whereas other QTL
appear to represent novel loci. These results suggest that the CC will
be a powerful, high-precision tool for examining the genetic architec-
ture of complex traits such as those involved in regulation of energy
balance.
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REGULATION OF BODY WEIGHT and composition is dependent
primarily on energy balance, the net sum of calories consumed
and calories expended. Complex interactions between many
genes and environmental factors modulate body weight, adi-
posity, and physical activity, contributing to the development
of obesity, obesity-related disease, and individual differences
in response to treatments and interventions to combat obesity
(5, 20, 26, 34, 49) including exercise (26). Human genome-
wide association studies have identified several loci associated
with body weight and obesity, although the individual contri-
butions of these loci to the genetic variance are relatively small
(38, 41), and the functions of identified genes are often difficult
to ascertain.

Studies in mice have identified hundreds of quantitative
trait loci (QTL) for body weight, obesity, and physical
activity traits (28, 29, 31, 33, 39, 46, 50). Most QTL studies
have used intercross or backcross (BC) mouse populations
to identify regions of the genome associated with metabo-
lism- and exercise-related phenotypes. These studies have
several limitations. First, QTL in these populations gener-
ally map to broad genomic intervals due to large regions of
linkage disequilibrium (LD) (11, 12). Recently, the use of
advanced intercross lines (AIL) and recombinant inbred
lines (RIL) has increased QTL mapping precision, but
identification of the underlying genetic variation remains
elusive in almost all cases (14, 16, 25, 30). Second, the
majority of QTL mapping crosses employ only the most
commonly used inbred strains, which harbor a relatively
small proportion of the genetic diversity of Mus musculus,
greatly limiting the search space for genetic variation control-
ling complex traits (44). In addition, a large fraction of the
genome are blind spots for genetic mapping because recent
shared ancestry leads to identity by descent in crosses based on
two parental strains (59).

The Collaborative Cross (CC) recombinant inbred panel was
conceived as an improved resource for mammalian systems
genetics and to overcome many of the limitations of traditional
QTL mapping populations (10, 55). To investigate the utility
and insights that can be learned from the CC, an experiment
was performed involving incipient CC lines that had undergone
at least five generations of inbreeding (pre-CC). CC lines
originated from a cross of eight founder inbred strains, includ-
ing three representing wild-derived strains from three of the
Mus musculus subspecies and traditional inbred strains genet-
ically predisposed to the development of complex disorders
such as types 1 and 2 diabetes, obesity, and insulin insensitivity
(36). Analysis of pre-CC genetic architecture revealed high
diversity, balanced allele frequencies, and well-distributed re-
combination, all ideal qualities for a mapping panel (2).

In this study, we characterized phenotypic variation and
mapped QTL in the pre-CC population for a suite of traits
revolving around energy balance, including body weight and
body composition, both before and after a 12-day period of
voluntary exercise in running wheels. We found that the
pre-CC lines adequately captured and often exceeded the
phenotypic variation among the eight founder strains. In some
instances, such as wheel running distances and body weight
change in response to exercise, phenotypic variation in the
pre-CC far exceeded the range of variability afforded by the
progenitors. Importantly, many phenotypic correlations exist-
ing within the progenitor and also larger panels of extant inbred

Address for reprint requests and other correspondence: W. F. Mathes, Dept.
of Genetics, Univ. of North Carolina at Chapel Hill, 120 Mason Farm Rd., CB
#7264, Chapel Hill, NC 27599 (e-mail: wfmathes@med.unc.edu).

Am J Physiol Endocrinol Metab 300: E1124–E1134, 2011.
First published March 22, 2011; doi:10.1152/ajpendo.00707.2010.

0193-1849/11 Copyright © 2011 the American Physiological Society http://www.ajpendo.orgE1124

Downloaded from journals.physiology.org/journal/ajpendo at North Carolina State Univ (152.001.212.242) on March 6, 2024.



strains were disrupted in the pre-CC population with its ran-
domly assorted variation. Despite the absence of full homozy-
gosity in the pre-CC population and the small sample size,
which limit statistical power in this proof-of-concept study, we
identified five significant QTL and eight suggestive QTL for
many energy balance traits, including body weight, body fat,
levels of voluntary exercise, body weight change in response to
exercise, and food intake during exercise. QTL mapping in the
pre-CC population replicated existing QTL regions and iden-
tified novel QTL for the metabolism and exercise traits we
evaluated.

EXPERIMENTAL PROCEDURES

Origin of the mice and development of the pre-CC lines and their
husbandry prior to the current phenotyping screen are described
elsewhere (2, 7). Briefly, five traditional (129S1/SvImJ, A/J, C57BL/
6J, NOD/LtJ, NZO/H1Lt) and three wild-derived (CAST/EiJ, PWK/
PhJ, and WSB/EiJ) inbred mouse strains were outcrossed for two
generations, and the resulting G2:F1 population was inbred by sibling
matings at the Oak Ridge National Laboratories (ORNL). The pre-CC
lines used in the experiments described in this paper were a subset of
650 lines initiated at ORNL (7). Initial analysis of pre-CC lines
demonstrated that all eight of the founder alleles contributed equiva-

lently to the pre-CC population, suggesting that genetic contributions
from each of the eight founder alleles were present at all loci (2).
Recombination break points were distributed approximately evenly
across the genome in our sample.

Mice were weaned at ORNL and transferred to a phenotyping
facility at the University of North Carolina at Chapel Hill. One
hundred eighty-four lines ranging from generation G2:F5 to G2:F12
were transferred to the phenotyping facility, and 176 were included in
the final analyses. Animals were transferred according to availability.
Exercise and metabolism data were collected as part of a high-
throughput phenotyping screen (Table 1), and only these methods will
be discussed herein.

Adult male mice, 10–12 wk of age, from 176 pre-CC lines and the
eight CC founder strains (129S1/SvImJ, n � 10; A/J, n � 10;
CAST/EiJ, n � 11; C57BL/6J, n � 11; NOD/LtJ, n � 7; NZO/H1LtJ,
n � 9; PWK/PhJ, n � 11; and WSB/EiJ, n � 7) were housed
individually in standard laboratory cages with attached running
wheels (1.1 m diameter; Lafayette Industries, Lafayette, IN) in a
temperature- (23 � 1°C) and humidity-controlled vivarium with a
standard 12:12-h light-dark cycle (lights on at 0600). Access to the
running wheels was blocked for the first 8 days after the mice arrived
in the vivarium. Mice had ad libitum access to food and water. Ground
standard laboratory chow that had been dyed blue for easier spill
detection and collection (LabDiet 5053, blue; TestDiet, Richmond,

Table 1. Experimental time line

Day Phenotype Procedure

Day 1 Arrival
Days 4–7 Sedentary food intake (FI) Mice housed in cages attached to running wheels with guillatine doors closed to

prevent access to running wheel.
Day 7 Initial BW and BFP BW measured and BFP determined by MRI
Day 8 RER Indirect calorimetry (24 h)
Days 9–20 Wheel running and food intake: D1, D56, D12

S1, S56, S12 FIRun
Mice returned to home cages. Guillotine doors opened to allow access to

running wheels. FI measured every other day.
Day 21 BWpost and BFpost Guillotine doors closed.

BW measured and BFP determined by MRI
Day 22 RERpost Indirect calorimetry (24 h)
Day 23 Euthanasia and dissection

See text for definitions.

Table 2. Descriptive statistics for metabolic and exercise traits in pre-CC lines

Trait n Mean (95% CI) SD Minimum Maximum

Preexercise
BW, g 176 23.74 (23.15, 24.33) 3.95 15.01 35.5
BFP 176 9.23 (8.56, 9.91) 4.91 1.09 31.65
FI, kcal/day/BW 174 0.61 (0.58, 0.64) 0.21 0.29 2.42
Nocturnal RER 130 0.92 (0.90, 0.93) 0.09 0.69 1.12

Exercise traits

Running distances, m
Day 1 176 4,096.73 (3,632.35, 4,561.11) 3,121.51 0 14,940.84
Days 5 and 6 176 4,850.18 (4,404.45, 5,295.91) 2,996.16 0.97 16,557.57
Days 11 and 12 175 5,610.96 (5,047.28, 6,174.63) 3,778.03 10.91 19,333.33

Running speeds, m/min
Day 1 176 8.63 (8.01, 9.24) 4.13 0 17.52
Days 5 and 6 176 13.66 (12.92, 14.40) 4.95 0.16 28.1
Days 11 and 12 175 15.54 (14.64, 16.43) 6 0.85 33.63
FI, kcal/day/BW 175 0.65 (0.63, 0.67) 0.12 0.29 1.33

Postexercise
BW, g 176 23.88 (23.32, 24.45) 3.78 14.7 36.34
BFP 176 6.52 (5.92, 7.11) 4.02 0.62 21.71
Change in BW, g 176 0.14 (�0.16, 0.45) 2.08 �6.57 8.35
Change in BFP 176 �2.67 (�3.14, �2.19) 3.17 �13.95 5.5

CC, Collaborative Cross; RER, respiratory exchange ratio (VCO2/VO2).
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IN) was presented in spill-resistant feeders (OYC Rodent Café; OYC
International, Andover, MA). Any spillage was collected and
weighed. Daily average food intake was calculated for 3 days prior to
wheel access [sedentary food intake (FI)] by dividing the total amount
of food consumed during this period by 3. During the 12 days of
wheel running, food intake (FIRun) was measured every other day,
and daily averages were calculated. Intakes were corrected for body
weight (BW) by dividing average intakes by the average BW for the
measurement period.

BW was measured at the beginning (BW) and end (BWpost) of the
sedentary and wheel running phases of the experiment (Table 1).
Body composition was evaluated prior to the start [body fat percent-
age (BFP)] of wheel running and again after the 12-day wheel trial
(BFpost) using MRI (EchoMRI, Houston, TX) to determine fat and
lean mass percentages. Change in BW and BFP in response to
exercise was calculated by subtracting the preexercise value from the
postexercise value (BWnet and BFnet, respectively). Negative values
indicate a loss of BW or fat in response to wheel running. Indirect
calorimetry was used to determine energy expenditure for each mouse
before [RER (respiratory exchange ratio)] and after running wheel
access (RERpost). The day before the mice were given access to the
running wheels, mice were placed into calorimetric chambers (TSE
calosys; TSE Systems, Germany) and O2 consumption, CO2 produc-
tion, and respiratory exchange ratios were measured for 24 h.

Wheel running was recorded continuously over a 12-day period
using an automated activity wheel monitoring program (AWM;
Lafayette Industries, Lafayette, IN). For data analysis, distance and
speed data were directly extracted for day 1(D1, S1), and running
distances and speeds were averaged for days 5 and 6 (D56, S56) and
days 11 and 12 (D12, S12) of wheel access.

Genotype data for QTL mapping were collected using intermediary
models of the Mouse Diversity Array (60). This array contained
181,752 high-performing single-nucleotide polymorphisms (SNP)
that spanned the entire mouse genome (2).

All procedures performed within this series of experiments were
approved by the University of North Carolina - Chapel Hill Institu-
tional Animal Care and Use Committee.

One-way ANOVA was used to assess strain effects among the
founder strains on each of the phenotypes measured. Tukey’s HSD
(honestly significant difference) post hoc comparisons were used to
determine significant differences among each of the strains. Pearson’s
correlations were performed to determine significant associations
among the phenotypes for individual mice within the founder and
pre-CC lines. Statistical analysis for QTL mapping is described by
Aylor et al. (2). Briefly, QTL mapping was performed using a
regression model (37) where each phenotype was regressed on ex-
pected haplotypes at each SNP interval. Resultant F-statistics were
transformed to LOD scores. Genome-wide significance of LOD scores
were determined by permutation.

RESULTS

Phenotypic variation among the pre-CC lines. The geno-
typic diversity among the founder strains resulted in high
phenotypic diversity. Metabolism- and exercise-related traits
were measured over a 3-wk period. Phenotypic measurements
included body weight and body fat percentage before and after
12 days of wheel running, respiratory exchange ratio, food
intake while sedentary or during wheel running, and running
phenotypes such as speed and distance measured on days 1, 5
and 6, and 11 and 12. There were highly significant differences
among the eight strains in the 15 phenotypes tested [P � 0.001;
Supplemental Table S1 (supplementary materials are found in
the online version of this paper at the Journal website)]. Initial
BW values ranged from 13.5 g in WSB/EiJ to 47.8 g in
NZO/H1LtJ and averaged 26.5 � 0.84 g across the eight

strains. Similar widespread variability was observed in initial
BFP, ranging from 2.4% in A/J to 32.6% in NZO/H1LtJ, and
in wheel running distance and speed at all time points evalu-
ated.

Phenotypic diversity in the pre-CC lines matched and often
exceeded that seen in the founder strains. Ranges of phenotypic
values for traits such as initial BW and initial BFP, although
highly variable in the pre-CC population, did not exceed those
observed in the founder strains (Table 2 and Fig. 1). However,
variability in wheel running traits, food intake (while sedentary
or while running), indirect calorimetry measures, and changes
in BW and BF in response to wheel running often exceeded
that seen in the founders (Table 2 and Supplemental Table S1).
For instance, nocturnal RER, an indicator of energy utilization,
measured prior to exercise ranged from 0.79 to 1.11 in the
founder strains, whereas the pre-CC lines showed a broader
range of variability with values from 0.69 to 1.12 (Fig. 2).
Likewise, average wheel running distances on days 5 and 6
(D56) and days 11 and 12 (D12) of the running period far
exceeded values in the founder strains, with maximum values
of 13,600 and 13,200 m/day evident in the PWK/PhJ founder
strain and 16,600 and 19,300 m/day in the pre-CC lines, respec-
tively (Fig. 3). The pre-CC lines also demonstrated greater vari-
ability in average daily food intake during wheel access, with

Fig. 1. Body weights (BW) and body fat percentages (BFP) in pre-CC and
founder lines prior to running wheel access. A: phenotypic variation among
founder strains exceeded the variation among the pre-CC lines for BW. BW for
all pre-CC lines fell within the low and high extreme values of WSB/EiJ and
NZO/H1LtJ, respectively. B: variation in BFP in pre-CC lines was comparable
to that of founder strains. Although several pre-CC lines held extreme low BFP
values, extreme high BFP were determined solely by NZO/H1LtJ. Group
means for each founder line are indicated in black with appropriate color-
coded asterisk above to indicate strain being depicted.
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individual mice consuming 0.29–1.33 kcal·day�1·g BW�1, while
individual intakes ranged from 0.36 kcal·day�1·g BW�1 in the
NZO/H1LtJ to 1.26 g in CAST/EiJ (Fig. 4). Additionally, BW
change after exercise (BWnet) ranged from a loss of 5.8 g BW
in NZO/H1LtJ to a gain of 3.3 g BW in 129S1/SlvmJ and from
a loss of 6.6 g BW to a gain of 8.4 g BW in the pre-CC mice
(Fig. 5). Body fat loss (g) during exercise in the pre-CC far
exceeded that of the founders, whereas body fat gain (g) was
greater in the founders than in the pre-CC. Net changes in BFP
ranged from a loss of 14.0% to a gain of 5.5% in the pre-CC
and a loss of 9.4% in NZO/H1LtJ and a gain of 7.5% in A/J
(Fig. 5).

Disruption of phenotype correlations. Recombination and
assortment of the genomes of founder strains within the pre-CC
lines led to disruption of phenotypic correlations commonly
seen in the founder strains. For example, significant correla-
tions were identified between most metabolism and exercise
traits in the founder strains. Specifically, correlation analysis
revealed significant correlations between BFP, both before and
after exercise, and the traits BW, BWpost, BWnet, BF change
after exercise (BFnet), food intake while sedentary (FI), food
intake during the 12-day exercise period (FIRun), RER, and all
wheel running distance and speed traits in the founder strains
(Table 3). Likewise, BW was significantly correlated with all
measured traits with the exception of RER and BFnet. In
contrast, initial BW and BFP were uncorrelated with wheel
running in the pre-CC mice, although they remained correlated
with other metabolic phenotypes such as FI, RER, BWnet, and
BFnet (Table 4). Nevertheless, running traits were correlated
with each other and with food intake during running (Table 4).
In the pre-CC lines, only running distance and speed on D1 of
the running period were correlated with RER, which was
measured on the night immediately prior to initiation of run-
ning (Table 4).

QTL mapping metabolism and exercise traits. QTL mapping
of the phenotypes presented above revealed five significant QTL
(P � 0.05) and eight suggestive QTL (P � 0.20) (Table 5). A
single significant QTL was observed for D12 and FIRun. One
significant and one suggestive QTL were identified for BW,
and two significant and three suggestive QTL were identified

for BWnet. Suggestive QTL were also identified for BF and
D56 running distances.

The largest effect QTL we found was for initial BW and it
mapped to proximal chromosome (Chr) 4 [peak at 7.54 Mb,
named Bwq14 (2)]. This locus overlaps a previously reported
QTL for BW in an F2 cross between C57BL6/J and KK/HIJ
mice (52, 53), a polygenic type 2 diabetes model with moderate
obesity that shares phenotypic similarity with NZO/HILtJ (22,
23). Similarly, a QTL for blood pressure associated with
metabolic syndrome in an NZO/HILtJ � C3H/HeJ F2 popu-
lation has been mapped in close proximity to this locus (40), as
does a BW QTL in ILS � ISS (LXS) RI strains (Chr 4, 9.9
Mb). The BW QTL in the LXS was not identified upon initial
analysis but was found to be significant using a multiple QTL
model that incorporated additive and epistatic interactions (4).
By analyzing SNP data and allele effects for each of the eight
founder strains at this locus in the pre-CC population, posi-
tional candidate genes were identified that potentially underpin
this body weight QTL (2). By further incorporating eQTL data,
a high-priority candidate for future functional analysis, aspar-
tate-�-hydroxylase (Asph), was identified from among the
positional candidate genes (2).

Two significant and one suggestive QTL were identified for
BWnet on Chr 6 (72.2–83.4 Mb, 39.4–48.1 Mb, and 69.5–
98.0 Mb, respectively). Additional suggestive QTL for BWnet
were identified on Chr 3 (47.63 Mb) and Chr 10 (111.13 Mb).
A suggestive QTL for BF was also identified on Chr 6
(126.7Mb). These findings overlap with previously mapped
BW- and BF-associated loci (1, 8, 9, 15, 16, 45, 48).

A significant QTL for D12 wheel running distance was
identified on Chr 16 (33.2 Mb) that accounted for 17.0% of the
observed phenotypic variance for this trait (Fig. 6). A similar
peak was observed for D56 wheel running distance, although
this peak failed to reach genome-wide significance thresholds.
This likely pleiotropic effect on voluntary exercise at different
ages is not surprising given the high degree of correlation
between the two traits (r2 � 0.84). Chromosome 16 has not
previously been associated with wheel running or locomotor
behavior. Previous studies using F2 intercrosses identified loci
associated with running distance on Chr 7 and 13 (27, 33, 39)

Fig. 2. Nocturnal respiratory exchange ration (RER) in
founder and pre-CC lines prior to exercise. RER (V̇CO2/
V̇O2), a measure of energy utilization, was far more variable
in pre-CC lines than in founders. RER values of 0.7 ad 1.0
represent using pure fat or carbohydrate, respectively, as
energy. Mixed diets tend to produce RER values between
0.8 and 0.9. Extreme values beyond 1.0 may indicate
hyperactivity, anxiety, or stress. Several pre-CC lines dem-
onstrated extreme low or high RER vs. founder lines. Group
means for each founder line are indicated in black with
appropriate color-coded asterisk above to indicate strain
being depicted.
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and loci associated with running speed and duration on Chr 9
and 13 (33). In addition, recent haplotype association mapping
revealed significant QTL for running distance on Chr 5, 6, 8, 11,
12, 13, 18, and 19 and for running speed on Chr 6 and 11 (32). Six
of the strains used in the Lightfoot study were the same founder
strains used to create the pre-CC population. However, significant
differences in phenotypic expression exist across these two stud-
ies. For example, running distances for CAST/EiJ and WSB/EiJ
were significantly shorter in the Lightfoot study than in the results
reported here. This brings to light the potential effect of differ-
ences in experimental procedures and laboratory environments on
the detection of QTL, especially for traits with behavioral influ-
ences. Moreover, running was presented as the total distance
averaged over 21 days of wheel access in the Lightfoot study,
whereas the current phenotypes were the average distances on
D56 and D12 of wheel access.

Suggestive QTL for spontaneous locomotor activity have
been identified on Chr 3, 8, 12, 13, and 19 (56), while novelty-
and stress-induced locomotor activity are associated with loci
on Chr 1, 4, 5, 8, 9, 13, 14, and 19 (17). Mice examined in the
aforementioned studies consisted of F2, BC, and AIL populations
with only one strain (C57BL6/J) in common with those used to
generate the pre-CC; thus, the suggestive QTL in the pre-CC may

be attributed to allele-specific effects not present in the other
genetic crosses. Additional suggestive QTL in the pre-CC study
were identified for D56 on Chr 1 and 9. Several regions of Chr 1
are associated with stress- and anxiety-related locomotor activity
in A/J � C57BL6/J (AXB/BXA) RI strains (17). Thus, stress and
anxiety may have contributed to variability in wheel running. The
locus on Chr 9 coincides with suggestive QTL for running
distance in a C57L/J � C3H/HeJ F2 population and also overlaps
with a speed QTL in that population (33).

Allele effect estimates and expression QTL (eQTL) analysis
for the wheel running QTL on Chr 1, 9, and 16 were performed
as described by Aylor et al. (2). Allele effect estimates suggest
that WSB/EiJ alleles consistently contributed to increased
wheel running distances at all QTL. Allele effect patterns were
similar between the novel D56 and D12 peaks on Chr 16, with
A/J and WSB/EiJ alleles contributing to increased wheel run-
ning distance at these two loci. Interestingly, when wheel
running among the founder strains was assessed, WSB/EiJ ran
the greatest distances, while A/J ran the second shortest dis-
tances of the eight founder strains. Moreover, wheel running
distances in the pre-CC population revealed extreme pheno-
types compared with the founder strains, providing evidence of
transgressive segregation in this population (42, 43).

Expression QTL analysis in liver for the D12 QTL region on
Chr 16 revealed 31 significant (P � 0.05 genome-wide) local
eQTL (Supplemental Table S2). Several of the transcripts
identified through eQTL analysis are involved with energy
homeostasis (e.g.. Atp13a3, Parp9, Tnk2, Atp6v1a) (Fig. 6).
Many of the identified genes are also implicated in smooth
muscle function and mitochondrial and lung disease (e.g.,
Heg1, Mylk, Ccdc58, ltgb5). Comparisons of allele effect
patterns specific to A/J and WSB/EiJ failed to refine the
candidate region to allow for the identification of specific
polymorphisms that might underpin the D12 QTL on Chr 16.

A significant QTL for food intake during exercise (FIRun)
was identified on Chr 12 (85.1Mb), accounting for 17.6% of
the observed phenotypic variance. Previously identified QTL
overlapping with this locus has been demonstrated to interact
with loci on Chr 2, exerting epistatic effects on BW and growth
in a C57BL6/J backcross with Mus musculus castaneus trapped
from the wild (24). Allele effect estimates indicate that the
C57BL6/J allele was the predominant contributor to increased
food intake during wheel running at this locus. Expression
QTL analysis in liver revealed local eQTL (P � 0.05 genome-
wide) for 18 genes within the FIRun QTL region (Supplemen-
tal Table S2). Three of these 18 genes (Acot2, Ptgr2, Dlst) are
directly related to metabolic processing and energy homeosta-
sis (21, 51, 58). Expression of an additional gene, Aldh6a1, is
altered in response to fluctuations in energy states such as
fasting (61). Although highly speculative, these findings sug-
gest interesting targets for future investigations into the genetic
architecture of energy homeostasis during exercise.

DISCUSSION

The CC was proposed as a model for systems biology and
high-precision complex trait analysis. The CC is expected to
capture unprecedented mouse genetic and phenotypic diversity
similar to that seen in the human population (44). This asser-
tion was validated in the present experiment. We demonstrated
that the significantly broad genetic diversity captured in the

Fig. 3. Average running distances in pre-CC and founder lines on days 5 and
6 (D56) and days 11 and 12 (D12) of ad libitum running wheel access. Mice
were given 12 days of ad libitum running wheel access. Running distances and
speeds were recorded continuously over 24 h in 1-min increments. Mean
distances for D56 (A) and D12 (B) were exceedingly more variable among
pre-CC lines than founder lines. Group means for each founder line are
indicated in black with appropriate color-coded asterisk above to indicate
strain being depicted.
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pre-CC population manifested into similarly impressive phe-
notypic diversity in a host of metabolism- and exercise-related
phenotypes. Moreover, mapping in the pre-CC study, exam-
ined as a proxy for eventual capabilities of the CC resource to
dissect the genetic architecture of complex traits, uncovered
novel QTL not previously observed in existing mouse re-
sources while also replicating several existing loci.

Although significant phenotypic diversity in a broad array of
metabolism and exercise traits exists among the genetically
diverse founder strains of the CC, transgressive variation for
many of these traits was observed in the pre-CC strains. For
instance, there was a 19 km/day difference in running distance
between the highest and lowest running pre-CC mice and only
a 13 km/day difference among the highest and lowest running
founders after 12 days of wheel running. Although this was not
the case for all traits (e.g., no pre-CC strains exceeded NZO/
H1LtJ for body weight), these findings complement an inde-
pendent evaluation of pre-CC lines (7) to demonstrate that the
CC will likely exhibit an extremely broad phenotypic diversity
across many different sets of traits. Such diversity is rooted in
the eight founder strains, but the existence of strong transgres-
sive variation is likely based on new allele combinations and
haplotypes within the pre-CC lines.

Residual heterozygosity within the pre-CC population may
have contributed to transgressive variation observed in the
pre-CC mice. Transgressive variation due to hybrid vigor has
been demonstrated for decades across several agricultural,
insect and mammalian species. Although hybrid vigor is usu-
ally diminished by the F2 generation, its effects on transgres-
sive variation in the pre-CC mice cannot be completely ruled
out (47).

Selective breeding experiments, which have been used for
decades to gain an understanding of the genetic underpinnings
of growth, fatness, and other traits related to energy balance,
can expand the range of phenotypic variation to extremes far
beyond the range of the founding population (6). For example,
high-growth selection lines have been established with mean
body weights of up to 77 g, far exceeding the body weights
within the base populations from which these lines were
selected, as well as body weight in 400 additional inbred
mouse strains (6, 54). The range of variation in BW in the CC
founder strains pales compared with variation produced with
high selection lines, and no pre-CC mice exceeded the BW
within the founder NZO/H1LtJ strain. Selective breeding for
increased wheel running activity has also been successful in
dramatically increasing exercise phenotypes. For example, 27
generations of selection led to a high runner line (HR) with
running distances that were 2.7 times greater than randomly

Fig. 5. Net change in BW and BFP in pre-CC and founder lines after ad libitum
access to running wheels for 12 days. BW (A) and BF (B) change in response
to exercise was again more variable in pre-CC lines than in founders. Group
means for each founder line are indicated in black with appropriate color-
coded asterisk above to indicate strain being depicted.

Fig. 4. Average daily food intake in founder and pre-CC
mice during wheel access. Food intake was measured every
other day during 12 days of running wheel access. Intakes
were averaged across the 12 days and corrected for BW.
Intakes are expressed as kcal·day�1·BW�1. Although NZO/
H1LtJ held the extremely low food intake values, food
intake among pre-CC lines varied greatly, with a few of the
pre-CC lines representing extremely high food intake val-
ues. Group means for each founder line are indicated in
black with appropriate color-coded asterisk above to indi-
cate strain being depicted.
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selected ICR controls (18). In contrast to the comparison with
high body weight lines, running distances for several of the
pre-CC mice significantly exceeds the mean distance run by
HR lines (13). Thus, in this instance, the pre-CC population
captured more variation and extremes in wheel running than
either the founder strains or long-term selection lines. Given
that the wild-derived founder strains, CAST/EiJ, PWK/PhJ,
and WSB/EiJ, demonstrated greater levels of wheel running
compared with the other founder strains, it is probable that
allele combinations contributed by the three wild-derived
strains may have driven expression of extreme running pheno-
types in the pre-CC lines. Furthermore, it is tempting to
speculate that phenotypic extremes in the pre-CC lines for any
trait will be dictated primarily by the phenotypic characteristics
of the wild-derived strains. For BW, where the wild-derived
strains are small, the pre-CC mice do not exhibit extreme
phenotypes on the high end of the phenotypic distribution. But
for running distance, where the wild-derived strains have high
phenotypes, the pre-CC lines exceed any other mice measured
to date, including long-term selection lines.

Other methods for describing phenotypic diversity in labo-
ratory mice include using the mouse phenome strains (19).
Since these strains come from four Mus musculus subspe-

cies, they represent a sampling of high genetic diversity
(54). Phenotypic variation in BW and BF among the inbred
strains listed in the Mouse Phenome Database is similar to that
seen in the pre-CC founder strains. Phenotypic variation within
surveys that included mice of similar age and strains known for
extreme BF, such as NZO/H1LtJ, or those with low BF such as
the wild-derived strains, was highly consistent with the vari-
ability demonstrated in the CC founders and in the pre-CC
lines (3) (http://www.jax.org/cranio, MPD:115).

Correlations between metabolism and exercise traits tradi-
tionally seen in inbred strains or long-term selection lines were
disrupted in the pre-CC lines. For example, nocturnal RER was
positively correlated with running traits in the founder strains
but not in the pre-CC lines. RER was correlated with running
distance and speed only on the first day of running wheel
access (D1) in the pre-CC mice. Wheel running on D1 may be
an indicator of increased stress or anxiety (27, 57), which also
increases respiratory exchange (35). Thus, the relationship
between RER and wheel running may be evidence of stress and
anxiety-induced locomotor activity in the pre-CC mice.

Transgressive variation and the breakdown in phenotypic
correlations demonstrate the effects of new allele combinations
in the pre-CC lines. Random genetic assortment disrupted

Table 5. QTL for metabolism and exercise traits

Trait LOD Significance Threshold Chromosome Peak Position Mb (CI, 1.5 LOD drop) Allele Effects

Preexercise
BW 7.90 0.05 4 7.54 (3.32–10.34) C57BL6/J, NZO/H1LtJ

6.16 0.20 15 86.72 (84.56–87.53) Multiple classes
BFP 6.47 0.20 6 126.70 (122.37–129.55) Multiple classes

Exercise traits
Running distances

D56 6.34 0.20 1 171.72 (167.05–174.40) WSB/EiJ, A/J
6.64 0.20 9 98.42 (94.73–102.43) WSB/EiJ, A/J
6.44 0.20 16 33.25 (29.25–39.50) WSB/EiJ, A/J

D12 7.13 0.05 16 33.25 (32.54–38.34) WSB/EiJ, A/J
FIRun 7.39 0.05 12 85.13 (82.86–89.02) C57BL6/J

Postexercise
BWnet 7.23 0.05 6 77.72 (72.74–83.45) Multiple classes

6.93 0.05 6 42.76 (39.42–48.13) Multiple classes
6.17 0.20 3 47.63 (36.69–51.00) Multiple classes
6.33 0.20 6 93.88 (69.55–98.01) Multiple classes
6.43 0.20 10 111.13 (97.55–114.23) Multiple classes

QTL, quantitative trait loci.

Fig. 6. Quantitative trait loci (QTL) maps for novel QTL identified on Chr 16 for average wheel running distances on days 5 and 6 (blue) and days 11 and 12
(red) in pre-CC mice. Dashed red and blue lines designate genome-wide significance threshold, P � 0.05. Select functionally relevant genes with colocalized
expression (e)QTL are listed in their approximate locations within the region.
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long-range linkage disequilibrium in the founder strains as well
as repeated SNP distribution patterns that resulted from the shared
ancestry of the classical inbred strains. Congenic analysis has
demonstrated that some major-effect QTL are actually due to the
combined effect of multiple closely linked loci (e.g., Refs. 14, 25).
Thus, the phase of closely linked genes may have been disrupted
during the course of CC breeding. When a sufficient number of
lines is available, the CC (in combination with the Diver-
sity Outcross; http://jaxmice.jax.org/jaxnotes/514/514b.html) will
have the power to resolve closely linked QTL and to support the
identification of valid phenotypic correlations caused by pleiot-
ropy rather than by nonrandom population structures.

Despite our limited power to map QTL in the pre-CC
relative to expectations for completed CC lines (see Ref. 2), we
replicated previously described QTL and identified novel QTL
for metabolism and exercise traits. QTL mapping revealed five
significant and eight suggestive QTL for metabolism- and
exercise-related traits. QTL for BW, BW change after exercise,
food intake during exercise, and wheel running distances primar-
ily replicated previously identified locations for QTL for these
traits, although for many such phenotypes a large number of QTL
have been mapped, and thus it is hard to differentiate colocaliza-
tion from coincidence. A novel QTL for wheel running distance
was identified on Chr 16, with pleiotropic effects on both D56 and
D12. This QTL is in a region that had previously been relatively
devoid of QTL for any complex trait. In fact, there is little genetic
variation on Chr 16 among the classical inbred mouse strains (59).
This demonstrates the value of new variation contributed to this
resource from the wild-derived strains.

The results of this experiment provide compelling evidence
that the genetic diversity of the pre-CC population translates
into equally broad phenotypic diversity. Phenotypic diversity
in metabolism- and exercise-related traits among the pre-CC
lines was equivalent to, or exceeded, that seen among the eight
progenitor strains from which they were derived. QTL map-
ping in this population both replicated known loci and uncov-
ered new loci important for metabolism and voluntary wheel
running. These results suggest that the CC will be a powerful
tool for examining the genetic architecture of complex traits.

Genetic analysis of complex traits is one of the methods by
which novel pathways can be discovered through the use of a
phenotype-driven, forward-genetics approach. Although a
large number of mouse populations and mouse crosses have
been used for the study of metabolism, obesity, and exercise,
these resources have largely uncovered effects from a limited
sample of mouse diversity (59). With the greatly expanded
allelic diversity and allelic combinations present in the CC
relative to conventional mouse resources, we now have the
potential to uncover these pathways.
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