
 doi:10.1152/physiolgenomics.00116.2009 
 40:15-22, 2009. First published Sep 29, 2009;Physiol Genomics

Michael P. Massett, Ruzong Fan and Bradford C. Berk 

 You might find this additional information useful...

for this article can be found at: Supplemental material 
 http://physiolgenomics.physiology.org/cgi/content/full/00116.2009/DC1

65 articles, 37 of which you can access free at: This article cites 
 http://physiolgenomics.physiology.org/cgi/content/full/40/1/15#BIBL

including high-resolution figures, can be found at: Updated information and services 
 http://physiolgenomics.physiology.org/cgi/content/full/40/1/15

 can be found at: Physiological Genomicsabout Additional material and information 
 http://www.the-aps.org/publications/pg

This information is current as of January 27, 2010 . 
  

 http://www.the-aps.org/.the American Physiological Society. ISSN: 1094-8341, ESSN: 1531-2267. Visit our website at 
July, and October by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by
techniques linking genes and pathways to physiology, from prokaryotes to eukaryotes. It is published quarterly in January, April, 

 publishes results of a wide variety of studies from human and from informative model systems withPhysiological Genomics

 on January 27, 2010 
physiolgenom

ics.physiology.org
D

ow
nloaded from

 

http://physiolgenomics.physiology.org/cgi/content/full/00116.2009/DC1
http://physiolgenomics.physiology.org/cgi/content/full/40/1/15#BIBL
http://physiolgenomics.physiology.org/cgi/content/full/40/1/15
http://www.the-aps.org/publications/pg
http://www.the-aps.org/
http://physiolgenomics.physiology.org


Quantitative trait loci for exercise training responses in FVB/NJ and
C57BL/6J mice

Michael P. Massett,1,2 Ruzong Fan,3,4 and Bradford C. Berk2

1Department of Health and Kinesiology, Texas A&M University, College Station, Texas; 2Cardiovascular Research Institute,
University of Rochester School of Medicine and Dentistry, Rochester, New York; 3Department of Statistics, Texas A&M
University, College Station; and 4Department of Epidemiology, MD Anderson Cancer Center, University of Texas,
Houston, Texas

Submitted 7 July 2009; accepted in final form 22 September 2009

Massett MP, Fan R, Berk BC. Quantitative trait loci for
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Physiol Genomics 40: 15–22, 2009. First published September 29,
2009; doi:10.1152/physiolgenomics.00116.2009.—The genetic fac-
tors determining the magnitude of the response to exercise training are
poorly understood. The aim of this study was to identify quantitative
trait loci (QTL) associated with adaptation to exercise training in a
cross between FVB/NJ (FVB) and C57BL/6J (B6) mice. Mice com-
pleted an exercise performance test before and after a 4-wk treadmill
running program, and changes in exercise capacity, expressed as work
(kg �m), were calculated. Changes in work in F2 mice averaged 1.51 �
0.08 kg �m (94.3 � 7.3%), with a range of �1.67 to �4.55 kg �m. All
F2 mice (n � 188) were genotyped at 20-cM intervals with 103 single
nucleotide polymorphisms (SNPs), and genomewide linkage scans
were performed for pretraining, posttraining, and change in work.
Significant QTL for pretraining work were located on chromosomes
14 at 4.0 cM [3.72 logarithm of odds (LOD)] and 19 at 34.4 cM (3.63
LOD). For posttraining work significant QTL were located on chro-
mosomes 3 at 60 cM (4.66 LOD) and 14 at 26 cM (4.99 LOD).
Suggestive QTL for changes in work were found on chromosomes 11
at 44.6 cM (2.30 LOD) and 14 at 36 cM (2.25 LOD). When
pretraining work was used as a covariate, a potential QTL for change
in work was identified on chromosome 6 at 68 cM (3.56 LOD). These
data indicate that one or more QTL determine exercise capacity and
training responses in mice. Furthermore, these data suggest that the
genes that determine pretraining work and training responses may
differ.

treadmill running; genetic factors

LOW EXERCISE CAPACITY or cardiorespiratory fitness is compara-
ble to elevated systolic blood pressure, obesity, diabetes, and
smoking as a risk factor and predictor of future disease (33,
47). Improving cardiorespiratory fitness through increased
physical activity can significantly reduce the risk of all-cause
mortality (8), regardless of the level of initial fitness (22).
However, there is a high degree of individual variation in the
responses to exercise training. For example, there are some
individuals who might not show an increase in maximal oxy-
gen consumption (V̇O2max) in response to endurance training
(9, 12). Consequently, identifying the genetic factors modulat-
ing the adaptations to exercise may provide insight into indi-
vidual differences in responses to training. However, the ge-
netic factors determining the magnitude of the response to
exercise are poorly understood.

Initial studies investigating the genetic basis for exercise
capacity and training responses focused on familial resem-
blance and heritability of performance phenotypes. Results
from cross-sectional, twin, and prospective studies indicate that
the heritability for training-induced changes in V̇O2max and
submaximal power output ranges from 25% to 50% (11).
Heritability estimates from family studies also vary between
25% and 50%, depending on sample size (10, 13, 48). In the
HERITAGE Family Study, heritability for V̇O2max training
responses was estimated to be 47% on the basis of data from 98
two-generation families (9). In subsequent publications from
the HERITAGE Family Study, linkage analysis was used to
identify chromosomal regions affecting variation in V̇O2max in the
sedentary state as well as training responses in V̇O2max (13, 53).

More recently, animal models have been utilized to identify
the genetic basis for exercise and exercise training responses.
Strain-dependent differences in intrinsic or pretraining exercise
capacity measured during a graded treadmill test have been
reported for inbred mice and rats (2, 34, 36, 62). In a screen of
several inbred mouse strains, Lerman et al. (34) reported that
maximal speed achieved during a graded treadmill test was
highest in FVB/NJ (FVB) mice and lowest in C57BL/6J (B6)
mice. Using a similar protocol, Lightfoot et al. (36) also found
that B6 mice had relatively low intrinsic exercise capacity,
whereas Balb/cJ mice had high intrinsic exercise capacity.
Given these strain-dependent differences, quantitative trait lo-
cus (QTL) mapping has been used to identify QTL for intrinsic
exercise capacity in rats and mice (37, 65). In contrast, less is
known about the change in exercise capacity with training
across inbred strains of rodents (30, 42, 63). Large differences
were reported for training responses across several inbred
strains of rats, and these strain differences persisted whether
training was performed at the same relative or absolute work-
load (30, 63). Using a mouse model of exercise training,
Massett and Berk (42) reported that the change in exercise
capacity with training varied significantly across inbred (B6,
Balb/cJ, and FVB) and hybrid mouse strains. Interestingly,
FVB and Balb/cJ mice had similarly high levels of intrinsic
exercise capacity but disparate training responses. Estimated
broad-sense heritability for posttraining values for distance run
in mice ranged from 47% to 65%, suggesting that the variance
in adaptation responses to exercise in mice was significantly
influenced by genotypic variance. Collectively, these data in-
dicate that variation in both intrinsic exercise capacity and
exercise training responses depends, in part, on genotype.
Therefore, the aim of this study was to identify QTL affecting
changes in exercise capacity, defined as work, after 4 wk of
treadmill training in F2 progeny derived from B6 and FVB
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mice. QTL analysis was also performed to determine loci
influencing pretraining and posttraining exercise capacity in
mice.

METHODS

Animals. All procedures adhered to the established National Insti-
tutes of Health guidelines for the care and use of laboratory animals
and were approved by the University Committee on Animal Re-
sources at the University of Rochester. Standard inbred B6 and FVB
mice were obtained from Jackson Laboratories (Bar Harbor, ME).
Female FVB mice were mated to male B6 mice to generate F1

offspring. Nineteen F1 breeder pairs were used in an intercross
breeding scheme to generate 188 (FVB � B6) F2 mice. This required
22 litters of F2 offspring. All mice were housed in the same room in
the vivarium, maintained on a 12:12-h light-dark schedule, and
allowed food and water ad libitum. With R/qtlDesign (58), 188 F2

mice are sufficient to detect at least 1 QTL accounting for 10% of the
variance in either posttraining work or change in work with a power
of 80%.

Exercise performance test. After 2 days of familiarization with the
treadmill, mice completed a graded treadmill run to exhaustion on a
motorized rodent treadmill with an electric grid at the rear of the
treadmill (Columbus Instruments, Columbus, OH) as described pre-
viously (42). Mice performed a 9-min warm-up by walking on the
treadmill at 9 m/min and 0° grade. Speed was then increased by 2.5
m/min every 3 min from a starting speed of 10 m/min to a maximum
of 40 m/min. The incline progressively increased 5° every 9 min to a
maximum of 15° (20, 42). When exhaustion was determined, defined
as an inability to maintain running speed despite repeated contact with
the electric grid, each mouse was immediately removed from the
treadmill and returned to its home cage. Maximal exercise capacity
was estimated from each run to exhaustion trial with three parameters:
the duration of the run (in min), the distance run (in m), and vertical
work performed (in kg �m) (2, 42). In our laboratory, this protocol
yields a within-mouse coefficient of variation for work of 10 � 1% for
two tests conducted within 72 h by the same individual (M. P.
Massett, unpublished observations).

Exercise training. Exercise training responses were determined in
�8-wk-old male (n � 96) and female (n � 92) (FVB � B6) F2 mice
as described previously (42). Briefly, male and female mice com-
pleted an exercise performance test before and after a 4-wk treadmill
running program. The exercise training program consisted of treadmill
running 5 days/wk, 60 min/day at a final intensity of 19 m/min up a
10° incline on one of two six-lane rodent treadmills. Treadmill
assignment was rotated each day, and lane assignment was random-
ized for each mouse. Male and female mice from parental B6 (n � 8
male, n � 4 female) and FVB (n � 5 male, n � 6 female) strains were
exercise trained concurrently and showed training responses similar to
those previously described. A minimal number of sedentary F2 mice
were utilized as time controls. These mice were exposed to the
treadmill but not made to run and showed no changes in exercise
performance.

Genotyping. Approximately 24 h after the final exercise perfor-
mance test, heart, soleus, plantaris, and gastrocnemius muscle, and
liver samples were harvested from all mice, washed in ice-cold (4°C)
saline, frozen in liquid nitrogen, and stored at �80°C for future
analyses (42). DNA was extracted from liver samples by the Univer-
sity of Rochester Functional Genomics Center, and genotyping was
performed with a competitive allele-specific PCR single nucleotide
polymorphism (SNP) genotyping system (KBiosciences, Hoddesdon,
UK) (51, 52). All 188 F2 mice were genotyped at 20-cM intervals with
SNP markers from a published panel (51, 52).

QTL analysis. One-dimensional genomewide linkage scans were
conducted using R/qtl to identify QTL with main effects (16). Per-
mutation tests (1,000 repetitions) were used to calculate experiment-
specific threshold values for logarithm of odds (LOD) scores and

determine the significance of linkage between marker genotype and
phenotype (17). LOD scores � 3.5 were considered significant (P �
0.05), and those � 2.1 were considered suggestive (P � 0.63). QTL
confidence intervals were determined with the 1.5-LOD support
interval (15). For each exercise phenotype, potential covariates were
determined by stepwise regression analysis (SPSS 16.0 statistical
software, Chicago, IL). These covariates were then included as addi-
tive and interacting covariates in single genomewide linkage scans.
Differences in LOD scores (�LOD) � 2.0 between scans that in-
cluded additive and interacting covariates were considered significant
(31). Physiological variables included as covariates for posttraining
work were pretraining work (Pearson correlation: r2 � 0.23, P �
0.01) and heart weight in milligrams (r2 � 0.07, P � 0.01), and for
change in work soleus muscle weight in milligrams (r2 � 0.07, P �
0.01) was included as a covariate. Because pretraining work varied
considerably across F2 animals and was significantly different be-
tween parental strains, pretraining work was included as a covariate
for single genomewide linkage scans for change in work. The corre-
lation between pretraining work and change in work was relatively
small (r2 � 0.03) but significant (P � 0.05). No measured physio-
logical variables were significantly related to pretraining work as
determined by stepwise regression analysis. Separate genomewide
linkage scans were conducted with sex as an additive and interacting
covariate. However, subsequent analyses were not performed on male
and female mice separately because there were insufficient progeny
per genotype to conduct an analysis with sufficient power (19). To
determine the contribution of each QTL and associated covariates to
each exercise phenotype, multiple regression analysis was used. All
significant and suggestive QTL and covariates were included in the
analyses, and individual terms were dropped until all remaining
variables were significant (P � 0.05). Separate analyses were run for
each exercise phenotype. The percent variance ascribed to each term
was determined from this analysis.

Statistical analysis. Values are expressed as means � SE. Statis-
tical significance was set at P � 0.05. Comparisons among strains and
across genotypes for effect plots were made with analysis of variance
followed by Tukey’s post hoc comparisons. Pre- vs. posttraining
comparisons within a strain were made with paired Student’s t-tests.
Each exercise phenotype was tested for normal distribution with the
Kolmogorov-Smirnov test. Broad-sense heritability was calculated
with the following formula: H2 � [VF2 � (1/2VF1 � 1/4VP1 �
1/4VP2)]/VF2, where VP1 and VP2 are the variances of the isogenic
parental strains and VF1 and VF2 are the variances of the F1 and F2

offspring (25, 35).

RESULTS

Exercise capacity in parental strains and (FVB � B6) F2

mice. (FVB � B6) F2 mice were an average of 59.0 � 0.2 days
old at the start of the study. Exercise performance phenotypes
in F2 mice had a wide range of values and were normally
distributed (Fig. 1). Body weight and exercise performance test
results are shown in Table 1. There were no significant differ-
ences in body weight between B6 and FVB mice. F2 mice (96
male, 92 female) were significantly heavier than B6 and FVB
mice before training. After training F2 mice were significantly
heavier than B6 mice but not different from FVB mice. Within
each group, body weight increased significantly from pretrain-
ing to posttraining. However, changes in body weight were not
significantly different across groups, although B6 mice gained
less weight (0.6 � 0.2 g) than FVB (1.8 � 0.6 g) and F2 (1.3 �
0.1 g) mice. Pretraining, posttraining and change in work
varied significantly across groups (Table 1). Pretraining work
was significantly different across the three groups, with FVB
mice having the highest and B6 mice the lowest values for
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intrinsic exercise capacity. Four weeks of exercise training
significantly increased exercise capacity in all groups. Post-
training work was significantly different across all groups as
well. B6 mice had significantly lower posttraining work and
FVB mice had significantly higher posttraining work compared
with the other groups. Change in work was similar between
FVB and F2 mice and significantly lower in B6 mice compared
with the other groups. Broad-sense heritability was 0.37 for
pretraining work, 0.70 for posttraining work, and 0.53 for
change in work. These values are similar to those reported by
Lightfoot et al. (38) for voluntary wheel running in an F2

population of mice.
QTL analysis. All 188 (FVB � B6) F2 mice were genotyped,

and QTL analysis was performed with pretraining, posttrain-
ing, and change in work as phenotypes (Figs. 2–4). Significant
QTL for pretraining work were identified on chromosomes 14
and 19 (Fig. 2; Table 2). These QTL are designated as endur-
ance exercise QTL 3 and 4 (Eeq3 and Eeq4), respectively,
because QTL for a similar phenotype in mice have been
designated as Eeq1 and Eeq2 (37). Suggestive QTL were
identified on chromosomes 1, 2, 3, and 8, with the QTL on
chromosome 8 surpassing a LOD score of 3.0. For the peak
marker on chromosome 14, mice homozygous for FVB alleles
(FF, 2.4 � 0.1 kg �m) had significantly greater (P � 0.05)
pretraining work compared with mice carrying homozygous
B6 alleles (BB, 1.8 � 0.1 kg �m) and heterozygous (FB, 2.0 �
0.1 kg �m) mice, suggesting a recessive inheritance. Con-
versely, homozygous FF mice had significantly lower (P �
0.05) pretraining work (1.7 � 0.1 kg �m) compared with BB
mice (2.2 � 0.1 kg �m) for the peak marker on chromosome 19;
heterozygous FB mice (2.2 � 0.1 kg �m) were not different
from BB mice. This locus showed dominant inheritance, al-
though the increasing allele came from the B6 strain.

QTL for posttraining work were found on chromosomes 3,
4, 14, 17, and 19, with those on chromosome 3 (exercise

training QTL Etq1) and 14 (Etq2) surpassing the significance
threshold (Fig. 3). Genomewide linkage scans for posttraining
work with pretraining work and heart weight as covariates
identified additional QTL on chromosomes 1, 2, 5, 6, 10, and
17 (�LOD � 2.0) (Fig. 3). The genotypes for the SNP markers
closest to the peak on chromosome 14 showed dominant
inheritance, with mice homozygous for FVB alleles (FF mice;
3.8 � 0.2 kg �m) having posttraining work values similar to FB
mice (3.8 � 0.1 kg �m) and significantly greater (P � 0.05)
than BB mice (2.9 � 0.2 kg �m). In contrast, for the marker on
chromosome 3, the increasing allele came from the B6 strain
(4.0 � 0.2 kg �m) and the inheritance was dominant; posttrain-
ing values were similar to those for heterozygous F2 mice
(3.7 � 0.1 kg �m) and significantly greater (P � 0.05) than
those for FF mice (2.9 � 0.2 kg �m).

For change in work, suggestive QTL were identified on
chromosomes 11 and 14 (Fig. 4). Soleus weight as a covariate
had no influence on any QTL for change in work. When
pretraining work was included as an additive covariate, QTL
peaks on chromosomes 3 and 14 were increased to LOD scores
above 3.0 (Fig. 4). A novel QTL peak on chromosome 6
(�LOD � 2.0) was identified when pretraining work was
included as an interactive covariate (Fig. 4).

Regression analysis was used to identify the contribution of
significant and suggestive QTL and physiological traits to each
exercise performance phenotype. For pretraining work, signif-
icant QTL on chromosomes 14 and 19 explained 8.5% and
4.6% of total variance, respectively. In the final model, signif-
icant and suggestive QTL combined accounted for 29% of the
total variance. Multiple regression models for posttraining
work and change in work are shown in Table 3. The majority
of the loci identified with pretraining work and heart weight as
covariates in genomewide scans dropped out in regression
analysis, yet the final model explained 38.7% of the total
variance (Table 3). Of the QTL included in the final model, the

Fig. 1. Frequency distribution of pretraining work (A), posttraining work (B), and change in work (C) in 188 [FVB/NJ (FVB) � C57BL/6J (B6)] F2 mice. F2

mice performed a graded exercise test to exhaustion before and after 4 wk of exercise training.

Table 1. Strain comparison of body weight and work before and after exercise training

Strain n

Body Weight, g Work, kg � m

Pretraining Posttraining Pretraining Posttraining Change

B6 12 21.7�0.6 22.3�0.5† 1.31�0.15† 1.65�0.20† 0.34�0.12*
FVB 11 21.8�0.5 23.6�1.1 2.88�0.16* 4.66�0.23* 1.78�0.17
(FVB�B6)F2 188 24.6�0.3* 25.9�0.3 2.08�0.06 3.59�0.09 1.51�0.08

Values are means � SE for n mice. C57BL/6J (B6): n � 8 males, 4 females; FVB/NJ (FVB): n � 5 males, 6 females; F2: n � 96 males, 92 females. *P �
0.05 vs. all other strains; †P � 0.05 vs. F2.
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QTL on chromosome 3 contributed the largest variance (9.6%),
followed by the QTL on chromosome 14 (6.5%). Pretraining
work accounted for the largest percentage of the total variance
(22.1%). For change in work, a model including pretraining
work as a covariate and significant and suggestive QTL ac-
counted for �17% of the total variance (Table 3). Pretraining
work accounted for 3.2% of the variance, whereas QTL on
chromosomes 3 and 6 contributed 5.4% and 3.5%, respec-
tively, to the total variance. Sex was also used as an additive
and interacting covariate for each exercise performance phe-
notype. The majority of the significant (defined as �LOD �
2.0) QTL identified with sex as an additive and interacting
covariate were very similar to the QTL identified with other
covariates, and most were not included in the final regression
model (Supplemental Table S1).1

DISCUSSION

There is a high degree of variation in adaptation to exercise
training, such that some individuals might not improve their
exercise capacity in response to training. Although there is a
genetic component influencing the response to training, the ge-

netic factors determining the magnitude of the response to exer-
cise training are poorly understood. With the use of QTL analysis
for a mouse model of exercise training, novel significant QTL
were identified for posttraining exercise capacity, defined as work,
on chromosomes 3 and 14. Suggestive QTL for the change in
work with exercise training were identified on chromosomes 11
and 14. These QTL represent novel regions of the mouse genome
related to the response to exercise training. Significant and sug-
gestive QTL were also identified for pretraining work on chro-
mosomes 14 and 19. QTL for the three exercise phenotypes were
found on chromosome 14, suggesting that genes on this chromo-
some may be associated with the ability to exercise. There was no
overlap among the other QTL for pretraining work (Chr 19),
posttraining work (Chr 3), and change in work (Chr 11), implying
that the genes that determine pretraining work and training re-
sponses might differ.

Pretraining work. Previous studies in mice, rats, and humans
demonstrated that intrinsic exercise capacity is determined, in
part, by genetic factors (13, 37, 53, 65). In the present study,1 The online version of this article contains supplemental material.

Fig. 2. Genomewide linkage scan for pretraining work in 188 (FVB � B6) F2

progeny. Significant and suggestive logarithm of odds (LOD) thresholds are
represented by top (LOD � 3.57) and bottom (LOD � 2.14) horizontal lines,
respectively. LOD thresholds were determined by permutation testing using
1,000 permutations.

Table 2. Significant and suggestive QTL for pre- and posttraining work and changes in work

Work, kg � m Chr Position, cM 1.5 LOD, cM LOD P Value Nearest Marker

Pretraining 1 92.0 2.32 0.501 rs4222922
2 48.0 3.02 0.159 rs4223268
3 56.9 2.22 0.572 rs3687177
8 36.0 3.36 0.079 rs3089148

14 4.0 0–38 3.72* 0.039 rs3689508
19 34.4 10–56 3.63* 0.040 rs3679049

Posttraining 3 60.0 46–76 4.66* 0.002 rs3687177
4 30.6 2.69 0.272 rs3667625

14 26.0 0–38 4.99* 0.000 rs3660830
17 70.3 2.14 0.626 rs3023460
19 52.0 2.35 0.454 rs3023517

Change 11 44.6 2.30 0.480 rs3023267
14 36.0 2.25 0.514 rs3660830

QTL, quantitative trait locus; Chr, chromosome; LOD, peak logarithm of odds score obtained in interval mapping; 1.5 LOD, support interval of 1.5 LOD drop
in centimorgans obtained from interval mapping; nearest marker, single nucleotide polymorphism (SNP) marker closest to the LOD peak. *Significant (P � 0.05)
QTL.

Fig. 3. Effect of pretraining work and heart weight as covariates on genomewide
linkage scans for posttraining work after 4 wk of exercise training in (FVB � B6)
F2 mice. Black line, genomewide linkage scan for posttraining work with no
covariates; red line, genomewide linkage scan for posttraining work with pretrain-
ing work and heart weight as additive covariates; blue line, genomewide linkage
scan for posttraining work with pretraining work and heart weight as interacting
covariates. Significant and suggestive LOD thresholds are represented by top
(LOD � 3.54) and bottom (LOD � 2.14) horizontal lines, respectively. LOD
thresholds were determined by permutation testing using 1,000 permutations with
no covariate. Differences in LOD scores (�LOD) � 2.0 were found on chromo-
somes 1, 2, 5, 6, 10, and 17 with interacting covariates.
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(FVB � B6) F2 mice completed a graded exercise test to
exhaustion before exercise training, and significant QTL for
pretraining work were identified on chromosomes 14 and 19.
Lightfoot et al. (37) used a similar exercise protocol to screen
several strains of mice for endurance exercise performance.
This group identified significant QTL on chromosomes 8 and X
in an F2 cross between Balb/cJ and DBA/2J mouse strains. The
confidence interval for the QTL on chromosome 8 was rela-
tively large but overlaps with a suggestive QTL for pretraining
work identified in the present study (Table 2). Ways et al. (65)
performed a genomewide linkage scan for intrinsic aerobic
exercise capacity in an F2 population derived from Copenha-
gen and DA rat strains. A significant QTL was identified on
chromosome 16 (D16Rat17), and two suggestive QTL local-
ized to chromosomes 3 (D3Rat56) and 16 (D16Rat55). The
two QTL on rat chromosome 16 are homologous to regions of
mouse chromosome 8, overlapping with QTL reported in the
present study (pretraining work) and by Lightfoot et al. (37)
(Supplemental Fig. S1). Several linkage markers for V̇O2max in
the sedentary state in humans (13, 53) also fall within the 1.5

LOD intervals for pretraining work (Supplemental Fig. S1),
suggesting potential concordance among mouse, rat, and hu-
man QTL.

Training responses. Although intrinsic exercise capacity has
been measured in a wide range of inbred strains, little data is
available for training responses across mouse strains. Previ-
ously, we reported (42) significant differences in posttraining
work and change in work among B6, Balb/cJ, and FVB mice
after 4 wk of exercise training on a treadmill. On the basis of
our previous finding and the common use of B6 and FVB
strains in generating genetically modified mice, these strains
were chosen for QTL analysis of exercise training responses.
In the present study, (FVB � B6) F2 mice completed a similar
exercise training program and showed a wide variation in
posttraining work and change in work (Table 1; Fig. 1).
Linkage analysis revealed two novel significant QTL for post-
training work on chromosomes 3 and 14. In the final regression
model, these loci explained �9.6% and 6.5% of the variance in
posttraining work (Table 3). Genomewide scans for change in
work identified suggestive QTL on chromosomes 11 and 14.
These QTL contributed �2% each of the total variance in the
response to exercise training in the final multiple regression
model. However, QTL peaks on chromosomes 3, 6, and 14
were identified with the addition of pretraining work as a
covariate. The QTL on chromosomes 3 and 14 overlap with
Etq1 and Etq2, whereas the locus on chromosome 6 was not
previously identified. Several peak markers for QTL related to
changes in V̇O2max or mean power output (MPO) identified in
the HERITAGE Family Study fall within the 1.5 LOD inter-
vals for QTL for posttraining work (13, 53) (Supplemental Fig.
S1). Unfortunately, only peak markers are reported, so the
degree of overlap between mouse and human exercise training-
related QTL cannot be determined from the present data.
However, the finding that several of these markers for QTL for
training responses in V̇O2max and MPO in humans map to
locations homologous to QTL regions identified in the present
study suggests potential concordance between mouse and hu-
man exercise training QTL.

Earlier reports suggested that the genes influencing variation
in pretraining exercise capacity are different from those deter-
mining the responses to training (9, 13, 53). A comparison of
significant and suggestive QTL for pretraining work and

Fig. 4. Effect of pretraining work as a covariate on genomewide linkage scans
for change in work after 4 wk of exercise training in (FVB � B6) F2 mice.
Black line, genomewide linkage scan for change in work with no covariates;
red line, genomewide linkage scan for change in work with pretraining work
as an additive covariate; blue line, genomewide linkage scan for change in
work with pretraining work as an interacting covariate. Significant and sug-
gestive LOD thresholds are represented by top (LOD � 3.53) and bottom
(LOD � 2.10) horizontal lines, respectively. LOD thresholds were determined
by permutation testing using 1,000 permutations. �LOD � 2.0 was found on
chromosome 6 with pretraining as an interacting covariate.

Table 3. Multiple regression model for posttraining work and changes in work

Work, kg � m Nearest Marker Covariate LOD % Variance P Value

Posttraining Pretraining work, kg �m 22.1 3.35E-07
Heart weight, mg 6.6 0.0003

rs3687177 Chr 3 @ 60 cM 4.66 9.6 0.002
rs3667625 Chr 4 @ 30.6 cM 2.69 3.6 0.039
rs4225021 Chr 5 @ 6 cM 3.92* 1.1 0.06
rs3717445 Chr 10 @ 41.4 cM 5.35* 2.9 0.029
rs3660830 Chr 14 @ 26 cM 4.99 6.5 0.021

Model 38.7 0.000
Change Pretraining work, kg �m 3.2 0.002

rs3687177 Chr 3 @ 56 cM 3.59* 5.4 0.001
rs3727110 Chr 6 @ 68 cM 3.56* 3.5 0.016
rs3023267 Chr 11 @ 45 cM 2.30 1.9 0.05
rs3660830 Chr 14 @ 36 cM 3.03* 1.3 0.04

Model 17.2 0.0001

LOD, peak LOD score obtained in interval mapping; % variance, % of phenotypic variance accounted for by variable; nearest marker, SNP marker closest
to the LOD peak. *LOD score is from genomewide scan with covariate(s).
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change in work identified in the present study support this
concept. There is minimal overlap between QTL for pretrain-
ing work and change in work with or without covariates (Figs.
2 and 3A; Tables 2 and 3). In contrast, there is some overlap
between pre- and posttraining and considerable overlap be-
tween posttraining and change in work QTL. This is not
surprising given the strong relationship between posttraining
work and either pretraining work (r � 0.47, P � 0.01) or the
change in work (r � 0.78, P � 0.01). However, the significant
QTL for pretraining work on chromosome 19 was not present
in posttraining work, and one new QTL on chromosome 3 was
identified in the scan for posttraining work, suggesting that the
effect of some gene or genes on exercise capacity is modified
(increased or decreased) by exercise training.

Exercise performance is a polygenic trait determined by
multiple genes each having a small effect on the phenotype.
Each of the QTL detected in this study explains �10% of the
variation in the exercise performance phenotypes. The percent
variances attributed to the QTL in the present study are
comparable to those for blood pressure (21, 61), circadian
behaviors (59), and blood parameters (49) in similarly sized F2

populations. Although larger F2 sample sizes can improve the
power to detect QTL of small to medium effects (4), some
balance is required between phenotyping large populations and
QTL discovery (38). In addition, the finding that there is some
overlap of QTL for intrinsic exercise capacity in independent
crosses (present study and Ref. 37) as well as the agreement
across mouse, rat, and human studies for exercise and exercise
training QTL (Supplemental Fig. S1) support the validity of the
QTL identified in the present study (1).

Candidate genes. Association studies in humans have dem-
onstrated to varying degrees that polymorphisms in genes for
endurance phenotypes [i.e., angiotensin-converting enzyme
(ACE), actinin, 	3 (ACTN3), creatine kinase, muscle (CKM),
hypoxia-inducible factor 1, 	 (HIF1A), nitric oxide synthase 3
(NOS3), peroxisome proliferator-activated receptor, 
, coacti-
vator 1, 	 (PPARGC1A)] influence endurance performance or
training responses (14). Transgenic or knockout mice have
been generated to alter the expression level of genes already
known to be relevant to acute or chronic exercise. In most
cases, deletion or overexpression of genes globally or in heart
or skeletal muscle results in marked changes in exercise per-
formance or responses to training (23, 26, 29, 41, 45, 46, 64).
Yet, based on searches of NCBI and MGI databases, few, if
any of these well-known genes associated with exercise or
exercise training were located in the QTL regions for Etq1 or
Etq2. However, a number of genes are found on chromosomes
3 and 14 that are related to cardiac or skeletal muscle contrac-
tion or signaling. These genes include calsequestrin 2 (Casq2)
(54), epidermal growth factor (Egf) (27), and gap junction
membrane channel protein 	5 (Gja5 or Cx40) (3) on chromo-
some 3 and myosin, heavy polypeptide (Myh6) (28), annexin
A7 (Anxa7) (56), and bone morphogenic protein 4 (Bmp4) (24,
39) on chromosome 14. All but one of these genes (Bmp4)
contain multiple SNPs that are polymorphic between B6 and
FVB strains, and two, Casq2 and Anxa7, contain SNPs that are
classified as coding nonsynonymous SNPs. Abnormalities in
Casq2 genes are associated with exercise-induced ventricular
arrhythmias (55). Anxa7-deficient mice exhibit disturbances in
electrical conduction in the heart and increased incidence of
ventricular tachycardia (56). Anxa7 has also been linked to

excitation-contraction coupling in skeletal muscle and is redis-
tributed from the plasma membrane to the cytoplasm in mus-
cular dystrophy (6).

In the final multiple regression model for posttraining work
heart weight was included as a covariate. Heart weight ac-
counted for �7% of the variance in posttraining work. We
reported previously (42) that exercise-trained FVB mice ex-
hibited higher heart weights and higher ratios of heart weight
to body weight than sedentary control mice. This cardiac
hypertrophy was not observed in exercise-trained B6 mice
compared with their sedentary controls (42). Therefore, genes
related to cardiac structure and function are logical candidates
for posttraining work QTL. However, despite the common
themes among a number of genes found in the intervals for
Etq1 and Etq2, it is premature to identify any as true candidate
genes because of the large number of genes contained in these
QTL regions.

In contrast to posttraining work, the suggestive QTL for
change in work contain genes more closely associated with
exercise and exercise training. The QTL on mouse chromo-
some 11 contains angiotensin I-converting enzyme (Ace), sar-
coglycan, � (Sgcd) (18), and nitric oxide synthase 2 (Nos2).
The potential QTL interval on chromosome 6 includes several
genes associated with maintenance of blood glucose levels and
obesity. Among these genes are ankyrin repeat domain 26
(Ankrd26) (5), calcium channel, voltage-dependent, L type,
	1C subunit (Cacna1c) (57, 60), and adiponectin receptor 2
(Adipor2) (7, 66), which have all been linked to regulation of
insulin and blood glucose levels. Obesity-related genes include
peroxisome proliferator-activated receptor 
 (Pparg) (32, 43),
arachidonate 5-lipoxygenase (Alox5) (44), and histamine re-
ceptor H1 (Hrh1) (40), which may regulate fat mass. Polymor-
phic SNPs have been identified in most of these genes for the
parental FVB and B6 strains, except Nos2 and Ace. The
suggestive QTL for the change in work identified in the present
study contained 500 or more genes per interval, which is
expected for an initial genomewide linkage scan (50). There-
fore, additional efforts to narrow these regions are required
before true candidate genes can be identified.
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