
Fine mapping of a QTL on chromosome 13 for submaximal
exercise capacity training response: the HERITAGE Family
Study

Treva K. Rice,
Division of Biostatistics, Washington University, St. Louis, MO 63110, USA

Mark A. Sarzynski,
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

Yun Ju Sung,
Division of Biostatistics, Washington University, St. Louis, MO 63110, USA

George Argyropoulos,
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

Adrian M. Stütz,
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

Margarita Teran-Garcia,
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

D. C. Rao,
Division of Biostatistics, Washington University, St. Louis, MO 63110, USA

Claude Bouchard, and
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

Tuomo Rankinen
Human Genomics Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road,
Baton Rouge, LA 70808-4124, USA

Tuomo Rankinen: rankint@pbrc.edu

Abstract

© Springer-Verlag 2011

Correspondence to: Tuomo Rankinen, rankint@pbrc.edu.

Conflict of interest The authors declare there are no conflicts of interest.

Electronic supplementary material The online version of this article (doi:10.1007/s00421-011-2274-8) contains supplementary
material, which is available to authorized users.

NIH Public Access
Author Manuscript
Eur J Appl Physiol. Author manuscript; available in PMC 2014 July 24.

Published in final edited form as:
Eur J Appl Physiol. 2012 August ; 112(8): 2969–2978. doi:10.1007/s00421-011-2274-8.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Although regular exercise improves submaximal aerobic capacity, there is large variability in its

response to exercise training. While this variation is thought to be partly due to genetic

differences, relatively little is known about the causal genes. Submaximal aerobic capacity traits in

the current report include the responses of oxygen consumption (ΔVO260), power output

(ΔWORK60), and cardiac output (ΔQ60) at 60% of VO2max to a standardized 20-week endurance

exercise training program. Genome-wide linkage analysis in 475 HERITAGE Family Study

Caucasians identified a locus on chromosome 13q for ΔVO260 (LOD = 3.11). Follow-up fine

mapping involved a dense marker panel of over 1,800 single-nucleotide polymorphisms (SNPs) in

a 7.9-Mb region (21.1–29.1 Mb from p-terminus). Single-SNP analyses found 14 SNPs

moderately associated with both ΔVO260 at P ≤ 0.005 and the correlated traits of ΔWORK60 and

ΔQ60 at P < 0.05. Haplotype analyses provided several strong signals (P<1.0 × 10−5) for ΔVO260.

Overall, association analyses narrowed the target region and included potential biological

candidate genes (MIPEP and SGCG). Consistent with maximal heritability estimates of 23%, up

to 20% of the phenotypic variance in ΔVO260 was accounted for by these SNPs. These results

implicate candidate genes on chromosome 13q12 for the ability to improve submaximal exercise

capacity in response to regular exercise. Submaximal exercise at 60% of maximal capacity is an

exercise intensity that falls well within the range recommended in the Physical Activity Guidelines

for Americans and thus has potential public health relevance.
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Introduction

Numerous studies have established a strong association between low cardiorespiratory

fitness and increased cardiovascular disease morbidity and mortality (Blair et al. 1996;

Physical Activity Guidelines Advisory Committee 2008; US Department of Health and

Human Services 1996). Maximal oxygen uptake (VO2max), the maximal amount of oxygen

per unit of time that can be delivered to peripheral organs, is considered the gold standard

measure of cardiorespiratory fitness. Regular exercise results in increased VO2max due to

peripheral changes in muscle and to cardiovascular changes with increased stroke volume

and cardiac output in normal persons.

Endurance exercise training enhances submaximal exercise capacity, which is also

associated with cardiovascular health benefits (e.g. Cornelissen et al. 2009; Mendoza et al.

1991). It is believed that many of the benefits of endurance training occur at submaximal

exercise intensities that are close to everyday activity levels (Larson and Bruce 1987).

However, there is considerable inter-individual variation in submaximal aerobic capacity

and its response to exercise training. For example, in the HERITAGE Family Study

(HERITAGE) 475 adult Caucasians from 99 nuclear families completed a fully standardized

20-week endurance training program. Submaximal VO2 was measured at the power output

associated with 60% of VO2max (VO260). The training program induced an average VO260

increase of about 198 mL/min with a standard deviation (SD) of 170 mL/min and a range

from −231 to +780 mL/min (Perusse et al. 2001).
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Results from twin and family studies suggest that genetic factors are important in

determining the inter-individual variability in the response of submaximal aerobic capacity

traits to exercise training (Bouchard et al. 1992; Perusse et al. 2001). Studies with

monozygotic (MZ) twins trained under standardized endurance cycle exercise programs for

periods of 15 or 20 weeks revealed that changes in O2 consumption measured at a given

submaximal power output were characterized by a significant within MZ twin pair

resemblance (Bouchard et al. 1992), suggesting that genetic factors are involved in the

trainability of these phenotypes. The response of VO260 to endurance training (ΔVO260) in

HERITAGE Family Study was characterized by a significant heritable component, with

genetic factors accounting for 23% of the phenotypic variance (Perusse et al. 2001).

However, little is known about the genes and DNA sequence variants that account for this

genetic effect (Hagberg et al. 2011).

Here we present the identification of a putative quantitative trait locus (QTL) for ΔVO260

using a genome-wide linkage scan approach, followed by fine mapping of the QTL via

genotyping of a dense set of over 1,800 single-nucleotide polymorphisms (SNPs) within a

∼7.9 Mb region on chromosome 13q12. The purpose of the current report is to document

the association results from this dense SNP panel on chromosome 13q12.

Materials and methods

The HERITAGE Family Study was designed to investigate the role of the genotype in

cardiovascular and metabolic responses to aerobic exercise training. The sample, study

design, and exercise training protocol have been described elsewhere (Bouchard et al. 1995)

and will be briefly summarized below.

Study design

Families having both parents and at least two offspring who were healthy (i.e., no

cardiovascular, metabolic, or other chronic diseases) and able to complete a 20-week

exercise training program were targeted for recruitment. Parents were 65 years of age or

younger and offspring at least 17 years of age. Subjects were required to be sedentary at

baseline (i.e. not engaged in regular strenuous exercise lasting more than 30 min per week

for at least 6 months prior to entry into the study). Additionally, individuals with a body

mass index ≥40 kg/m2 were excluded unless they were approved by a physician to be able to

complete the exercise test and training requirements. Individuals were also excluded if they

had had a resting blood pressure ≥159/99 mmHg or were on antihypertensive or lipid

lowering or hypoglycemic medications. Several other exclusion criteria pertaining to the

ability to tolerate the exercise program and the exercise tests were used also as defined

elsewhere (Bouchard et al. 1995). Informed written consent was obtained from all

participants and the study was approved by the Institutional Review Board of each of the

clinical and data coordinating center institutions.

For the current report, a total of 475 individuals (228 males, 247 females) from 99 two-

generation Caucasian families had genotype and training response phenotype data. Sample

sizes and family structures are described in more detail in Online Resource 1, which outlines

the covariate adjustments, the sample statistics, and the frequency distributions.
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Exercise tests

Maximal, submaximal, and submaximal–maximal exercise tests were each performed on

separate days before and after the 20-week training program. Details of the exercise test

protocols are found elsewhere (Skinner et al. 2000). The tests were performed at about the

same time each day (about 48 h apart) on a SensorMedics Ergometrics 800S cycle

ergometer (Yorba Linda, CA, USA) connected to a SensorMedics 2900 metabolic

measurement cart. Before, during, and after each exercise test, heart rate (HR) was

monitored using an electrocardiogram. Gas exchange variables were recorded during each

exercise stage (O2 and CO2, among others) as rolling averages of three 20-s intervals. For

the maximal exercise test, subjects exercised at a power output of 50 W for 3 min, followed

by increases of 25 W each 2 min until volitional exhaustion. For older, smaller, or less fit

individuals, the test started at 40 W, with increases of 10–20 W each 2 min thereafter. The

criteria for attaining VO2max (during the maximum test) were defined as the respiratory

exchange ratio being >1.1, a plateau in O2 uptake (change of <100 mL/min in the last three

20-s intervals), or a HR within 10 beats/min of the maximal HR predicted for the

individual's age. Each subject achieved VO2max using one or more of the criteria.

During the submax test, subjects performed at submaximal levels at an absolute power

output of 50 W for 8–12 min and then 8–12 min at a relative power output equivalent to

60% of the associated VO2max (baseline or post-training), based on whether the test was

performed pre- or post-training. During the submaximal/maximal test, subjects completed

the submax protocol described above and then exercised for 3 min at 80% of VO2max.

Resistance was then increased to the highest power output attained in the maximal exercise

test. If subjects were able to pedal after 2 min, power output was increased each 2 min

thereafter until the subject reached volitional exhaustion.

During each of the submax and submaximal/maximal tests the same measurements were

made as during the maximal test. Other measurements included cardiac output (Q), which

was determined with a Collier CO2 rebreathing procedure (Collier 1956; Wilmore et al.

1982). The power output level or work level (WORK) indexed the amount of exertion in

Watts on the SensorMedics Ergometrics 800S cycle ergometer. WORK at 60% of maximum

(WORK60) corresponded to the power output in Watts when the subject was exercising at

60% of their VO2max. Thus, during submaximal testing all subjects performed at the same

relative work load (60% of maximum), although the absolute work load varied depending on

maximal fitness levels, which were based on baseline or post-training VO2max values

depending on whether the tests were performed pre- or post-training.

Submaximal aerobic capacity traits in the current report include oxygen consumption

(VO260 in mL/min), power output (WORK60 in Watts), and cardiac output (Q60 in L/min)

at the power output associated with 60% of VO2max (baseline or post-training). The Q60

was based on the average of two measurements as derived from the separate submaximal,

and submaximal/maximal exercise tests, while VO260 and WORK60 were continuously

monitored. The submaximal aerobic capacity traits in HERITAGE were reliably measured

(see Online Resource 1). For baseline VO260, the coefficients of variation (CVs) and

intraclass correlations (ICCs) were 3.6% and 0.99 for reliability. Similarly, for baseline Q60
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the CVs and ICCs for reliability were 5.9% and 0.93 (Wilmore et al. 1998). Thus, both

within subject variation and measurement unreliabilities for day-to-day and across-center are

generally small, particularly as compared with the between-subject variance in the responses

to the submaximal exercise.

20-week exercise training protocol

During the interval between baseline and post-training assessments, each subject trained by

exercising three times per week for 20 weeks on cycle ergometers. The intensity of the

training was customized for each individual based on their HR and VO2 measurements taken

at baseline. Subjects trained at the HR associated with 55% of baseline VO2max for 30 min

for the first 2 weeks. The duration and intensity were gradually increased every 2 weeks,

until reaching 50 min and the HR associated with 75% of baseline VO2max. This level was

maintained for the final 6 weeks of training. All training was performed on Universal

Aerobicycles (Cedar Rapids, IA, USA) and power output was controlled by direct HR

monitoring using the Universal Gym Mednet (Cedar Rapids) computerized system. The

protocol was standardized across all clinical centers and supervised by trained exercise

specialists who ensured that the equipment was working properly and that the participants

were compliant.

Genotyping

Genomic DNA was prepared from immortalized lymphoblastoid cell lines by commercial

DNA extraction kit (Gentra Systems, Inc., Minneapolis, MN, USA). For the genome-wide

linkage scan, a total of 701 markers covering the 22 autosomes with a mean spacing of 4.1

Mb on the physical map were used. PCR conditions and genotyping methods have been

reported previously (Chagnon et al. 2000). DNA sequencers from LI-COR were used to

detect the PCR products, and genotypes were scored semiautomatically using the software

SAGA.

The SNPs for fine mapping studies were selected from the Caucasian (CEU) data set of the

International HapMap consortium (data release 20 January 2006) using the pair-wise

algorithm of the Tagger program (de Bakker et al. 2005). The pairwise linkage

disequilibrium (LD) threshold for the LD clusters was set to r2 ≥ 0.80 and minimum minor

allele frequency (MAF) to 5%. The HapMap data set contained 7,256 SNPs with MAF of at

least 5% within the target region (Chromosome 13 from 21 to 29 Mb) and Tagger identified

1,902 tagSNPs. In addition, confirmed coding region SNPs were checked from the NCBI

dbSNP data base for each known gene within the region. Additional 18 SNPs were

uncovered from dbSNP, bringing the total number of SNPs to 1,920.

Genotyping of the SNPs was done using the Illumina (San Diego, CA, USA) GoldenGate

chemistry and Sentrix Array Matrix technology on the BeadStation 500GX. The 1,920 SNPs

were divided on one 1536-plex and one 384-plex Array Matrix. Genotype calling was done

with the Illumina BeadStudio software, with calls confirmed manually. Of the 1,920 SNPs,

1,815 (>94%) were successfully genotyped.
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For quality control purposes, one sample on each 96-sample Sentrix Array Matrix was

included in duplicate. In addition, five CEPH control DNA samples (NA10851, NA10854,

NA10857, NA10860, NA10861; all samples included in the HapMap CEU panel) were

genotyped. Concordance between the replicates as well as with the genotypes from the

HapMap database was 100%. Finally, two gender-specific control markers included in each

Illumina GoldenGate assay agreed 100% with the gender of the subjects.

A series of quality control tests were performed on the 1,815 SNPs including tests for

Mendelian consistency and for deviations from Hardy–Weinberg Equilibrium (HWE).

About 5% of the markers had a MAF of ≤5% (1 SNP = 0%, 4 SNPs = 2%, 16 SNPs = 3%

and 37 SNPs = 5%). Only the monomorphic SNP was excluded from further analyses.

Deviations from HWE were minimal, with a P value of <0.05 for 5.2% of the SNPs and the

smallest P value being 0.0021. Plots comparing the HWE and the MAF statistics with the

association tests for ΔVO260 demonstrate that there are no violations of HWE or MAF for

SNPs that are associated with ΔVO260 (see Online Resource 2, which provides plots for

HWE and MAF). After QC of the marker data, a total of 1,814 SNPs were available for

association analyses.

Statistical analyses

The computer program SAS was used to manage the data, conduct SNP quality control

analysis (e.g. allele frequencies and Hardy–Weinberg equilibrium), perform phenotype

adjustments, and compute sample statistics (means, variances, kurtosis). The response to

exercise training (Δ) was computed as the difference between the average post-training and

the average baseline measures. Responses were corrected for the effects of confounding

variables in both the mean and variance using a stepwise regression procedure (see Online

Resource 1, which outlines the covariate adjustments, sample statistics and frequency

distributions). The final analysis variables consisted of the corrected and standardized

responses to exercise for VO260 (ΔVO260), WORK60 (ΔWORK60), and Q60 (ΔQ60).

Multipoint linkage analysis was performed using a regression-based model as implemented

in MERLIN (Sham et al. 2002; Abecasis et al. 2002). Briefly, siblings who share a greater

proportion of alleles identical-by-descent (IBD) at the marker locus will also show a greater

resemblance in the phenotype. The phenotypic resemblance of the siblings is linearly

regressed on the estimated proportion of alleles that the sibling pair shares IBD at each

marker locus.

The computer programs QTDT version 2.6.1 (Abecasis et al. 2000) and PLINK version 1.04

(Purcell et al. 2007) were used to perform family-based SNP associations for the covariate-

adjusted phenotypes. Haploview version 4.1 (Barrett et al. 2005) was used to compute pair-

wise LD among all known SNPs in specific regions using the comparative (CEU) HapMap

population. PLINK was used to compute LD and to compute and analyze haplotypes in the

HERITAGE sample. Family-based association tests were performed using the computer

program QTDT. The total association model with additional sources of variance due to a

family component and a residual (-at -wega) was used. This model adjusts for family

membership using a between/within maximum likelihood variance components model as
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described by Fulker et al. (1999), and the non-independence of family members is modeled

using kinship coefficients in the total association model.

P values were adjusted for the effects of multiple tests using the SAS procedure multtest.

The adjusted P value is the significance level at which a hypothesis is rejected when all tests

are considered simultaneously. The adjusted P value is the proportion of P values from the n

samples that were smaller than the raw P value based on the original data.

To explore multi-marker hypotheses among SNPs, haplotype analysis for association with

ΔVO260 was performed using PLINK. Haplotypes were imputed by first phasing founders

using the E-M algorithm and then phasing all descendents of the founders given the set of

possible parental phases and assuming random-mating. In this application, haplotypes across

the entire region were imputed using a sliding window procedure by walking along the

chromosome one SNP at a time. Different window sizes were explored (3 through 9 SNPs).

When a larger window size was significant, we explored alternative (shorter) haplotypes

using only SNPs from each end of the longer haplotype to construct shorter ones.

Results

The submaximal fitness traits in HERITAGE were responsive to the training program. There

were significant increases in mean levels of VO260 (14%), Q60 (8%), and in WORK60

(30%) in HERITAGE Caucasians, with considerable between-subject variability for each

trait (Wilmore et al. 2001a, b).

Genome-wide linkage scan for ΔVO260

A genome-wide linkage scan was performed in Caucasian HERITAGE families to identify

genomic regions that may harbor gene(s) affecting ΔVO260. Results of the complete scan for

each autosome can be found in Figure 2 of the Online Resource 3. A total of five regions

(chromosomes 2p11.2, 2q13, 4p16.1, 13q12, 15q26.3) yielded suggestive linkage evidence

(logarithm of odds [LOD] score >1.1; Table 1). However, only linkage on chromosome

13q12 reached genome-wide significance (LOD > 3.0); the maximum linkage of LOD =

3.11 was detected with marker D13S787, located in intron 15 of the MIPEP gene, at ∼23.8

Mb from pter of chromosome 13. The 2-LOD drop interval around the maximum LOD score

of 3.11 ranged from ∼21.1 to ∼29.1 Mb from the p-terminus (see Figure 3 of Online

Resource 3). The 2-LOD drop interval represents a confidence interval for locating the QTL

(Lander and Botstein 1989).

Associations for single-SNP analyses

The ∼7.9 Mb linkage region was saturated with a dense set of about 1,800 (primarily tag)

SNPs using the Illumina platform in order to identify genetic variants that underlie the

ΔVO260 QTL. The average density of the marker panel is 227 SNPs/Mb. To assist in the

visualization and interpretation of results, the ∼7.9 Mb region was arbitrarily divided into

six general regions ranging from 0.2 to 1.0 Mb, shown in Fig. 1.

The association results for the dense SNP panel in this region of Chromosome 13 are

presented in Table 2 for all single-SNP results with adjusted P values ≤0.05, and graphically
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in Fig. 1a. The figure also shows the linkage results (using the original linkage scan

microsatellites and using the SNPs) superimposed.

The best results from the single-SNP analyses (highlighted rows in Table 2) are defined as

having a ΔVO260 association adjusted P value of ≤0.005 and corroborating evidence

(adjusted P value of ≤0.05) from either of the correlated traits of ΔWORK60 or ΔQ60. The

best single-SNP signal for ΔVO260 in Fig. 1 is rs9506903 (at 22.15 Mb, adjusted P =

0.0002), with correlated support from ΔWORK60 (P = 0.0002). The closest gene to this

SNP is FTHL7 (ferritin, heavy polypeptide-like 7) located about 17.9 kb downstream (see

Online Resource 4, which provides a list of genes and SNPs in the region). FTHL7 is a

pseudogene with no known function. Note that this general area (21.982–22.228 Mb) is

labeled Region 1 for convenience.

The general area labeled Region 2 (22.279–22.712 Mb) has several SNPs meeting the

criteria as shown in Table 2 (rs4770336, rs9506969, rs2019091 and rs7335200). While the

first marker (rs4770336) is within 20.9 kb of FTHL7, there are several other undefined loci

that are closer (LOC100131224, LOC401730, LOC100129167, LOC64 6201 and

LOC646208). In fact, the rs4770336 is only 76 bp from LOC646201.

Region 3 (22.735–23.767 Mb) maps underneath the original maximal linkage signal peak

(microsatellite D13S787). It is the largest region with at least eight known genes in the area.

The best single-SNP associations in this region for ΔVO260 are with rs9510730 (adjusted P

= 0.003) and rs9551012 (adjusted P = 0.004) with corroborating evidence from ΔQ60 (P =

0.04) and ΔWORK60 (P = 0.03), respectively. SNP rs9510730 is in an intron of the SACS

gene (spastic ataxia of Charlevoix-Saguenay (sacsin)), while rs9551012 is located in the

intron of the MIPEP gene (mitochondrial intermediate peptidase). Another SNP associated

with ΔVO260 (P = 0.009) in this region was also located in a gene, as rs9511156 is in an

intron of SPATA13 (spermatogenesis associated 13).

Region 4 (26.180–26.780 Mb) contains several SNPs (rs 2441075, rs9512361, rs1576168,

rs7326591) that are associated with ΔVO260 and ΔWORK60. The closest gene to the first

two SNPs is GPR12 (G-protein-coupled receptor 12). The closest gene to the last two

markers is LOC100129306 (a pseudogene).

Associations for haplotype analyses

The single-SNP results were inconclusive in terms of strongly implicating any particular

region or gene associated with ΔVO260. That is, signals that were within known genes are

only moderate in magnitude. Consequently, additional analyses for ΔVO260 were performed

using haplotypes, as shown in Fig. 1b and in Table 3. In the figure, open squares represent

association results for the haplotypes with adjusted –log P values of 1.3 or greater. Note that

multiple sets of analyses were performed using various window sizes ranging from three to

nine SNPs and using a sliding window approach. In contrast to most of the single-SNP

analysis, several haplotypes have strong signals (adjusted P value <0.001) that are located

within known genes.
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The strongest haplotype results (P values <0.0001) are in Regions 2 and 3. In Region 2,

three unique haplotypes occur between 22.464 and 22.652 Mb. The haplotype with the

strongest signal (P = 1.0 × 10−6) includes several SNPs (rs9552790, rs9578521, rs9506995

rs9510516, and rs17078046, spanning 22.464 to 22.484 Mb), one of which was also

detected in the single-SNP analysis (rs9510516 at 22.476 Mb) for ΔVO260 (P = 0.018) and

ΔWORK60 (P = 0.003). The third haplotype in this region (rs1415130, rs47700402,

rs4770403, rs3794370, rs512444, rs7322327 and rs3794368 between 22.651 and 22.659

Mb) is highly significant (P = 9.7 × 10−6) and implicates the SGCG gene (sarcoglycan,

gamma (35 kDa dystrophin-associated glycoprotein). The SNP rs4770403 is located in the

first (untranslated) exon of SGCG, and the other SNPs are in intronic regions.

There were three unique haplotypes in Region 3 which corresponded to the original maximal

linkage peak region. One haplotype in this region (rs12876596, rs2147995, rs2765114,

rs4769296, and rs7330124 from 23.419 to 23.436 Mb) was significantly associated with

ΔVO260 (P = 5.6 × 10−7). The rs12876596 marker is located in an intron of FLJ46358

which is a putative protein-coding gene, although no functional significance has been

attributed to it.

Haplotype analysis also implicates two additional genes. First, an additional region

upstream, noted Region 5 in Fig. 1, spans 25.377–25.660 Mb, and includes a haplotype

(rs3783139, rs912514, rs11616429, rs975508, and rs975506) associated with ΔVO260 (P =

9.3 × 10−5) and located near the ATPase aminophospholipid transporter-like, class 1, type

8A, member 2 gene (ATP8A2). Another downstream area labeled Region 6 (27.134–27.540

Mb) included a haplotype associated with ΔVO260 (P = 4.0 × 10−5) near the GS homeobox

protein 1 gene (GXS1).

Online Resource 5 provides a short summary of the association results for the 6 regions

labeled in the previous figures and tables. Summarized are the density of genotyped and

significant SNPs and characteristics concerning the haplotypes and genes in each region.

Post hoc regressions

In order to determine the magnitude of the effect of these SNPs on the ΔVO260 phenotype,

stepwise regression analysis was performed using the SNPs that were significant in single-

SNP (N = 16) and in haplotype analyses (N = 27) (see Online Resource 6). For the model

including the 16 SNPs that were significant in the single-SNP analyses, only ten SNPs were

retained in the model and accounted for 18.73% of the adjusted phenotypic variance. For the

model including only the SNPs from significant haplotypes, the five SNPs remaining in the

model accounted for 6.46% of the variance. Finally, for the model that included both the

single SNPs and the haplotype SNPs, a total of 20.10% of the variance was accounted for by

13 SNPs (see Online Resource 6).

Discussion

The QTL for VO260 response to exercise training on chromosome 13q12, identified by

genome-wide linkage scan, was followed-up with a fine mapping association study using a

dense set of 1,814 SNPs covering the 7.9-Mb linkage region. While the results from this
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study do not unequivocally implicate a single causal variant, they contribute valuable

information for further follow up. This is not unexpected for a complex trait such as ΔVO260

since by definition the etiology of complex traits includes a combination of multiple genetic,

environmental and epigenetic factors.

An interesting and significant feature of these results is that the combination of SNPs in this

general linkage region accounts for a significant portion of the phenotypic variance in

ΔVO260. That is, post hoc regressions show that the 16 single-SNPs and 5 haplotypes

(incorporating 30 SNPs) account for up to 20% of the total phenotypic variance. This

estimate of the magnitude of the effect is consistent with previously reported heritability

estimates (Perusse et al. 2001) which suggested that 23% of the variance in ΔVO260 is

attributed to genetic factors. Since the single SNPs (regions 1, 2, 3 and 4) and haplotypes

(regions 2, 3, 5 and 6) are spread across different regions, it is possible there are multiple

signals with additive or interactive effects. The genes that are implicated in the present study

include SGCG, MIPEP, ATP8A2, and GSX11, as well as several pseudogenes (FTHL7,

LOC646208, LOC1001 28337, LOC100129306 and FLJ46358).

Mitochondrial intermediate peptidase (MIPEP) is the most likely candidate gene and is

located within the peak linkage area in region 3 (microsatellite D13S787 is located within

intron 15 of the MIPEP gene). MIPEP targets the mitochondrial matrix or inner membrane

and is most highly expressed in the heart, skeletal muscle, and pancreas. The protein coded

by MIPEP is primarily involved in the maturation of oxidative phosphorylation proteins by

cleaving pro-peptides that are imported to the mitochondrion to their mature size (Chew et

al. 1997). It is also related to the clinical manifestations of Freidreich ataxia which is

characterized by defective coordination of limb movement as well as a host of other

disorders (Chew et al. 2000). This disease involves an iron build-up in the mitochondria

which results in secondary oxidative damage.

The SGCG gene is located upstream from the MIPEP gene and it is a plausible candidate

due to location and function. The gene is located on the hip of the original peak linkage

region (<500 kb from D13S787) and in the boundary between regions 2 and 3 in this dense

association scan. The primary phenotype associated with SGCG is limb girdle muscular

dystrophy, an autosomal recessive form of myopathy (Crosbie et al. 2000; Trabelsi et al.

2008). SGCG encodes a protein that, together with other isoforms of sarcoglycan (α and β),

participates in binding actin to the extracellular matrix of skeletal and cardiac muscle cells

and is involved in contractility. While the protein expression of the γ-form of sarcoglycan is

traditionally confined to striated muscle cells (Noguchi et al. 1995) its presence in smooth

muscle cells of the lung (and other organs) also has been demonstrated (Durbeej and

Campbell 1999; Barresi et al. 2000). Our report of an association of SGCG with a

cardiorespiratory trait (ΔVO260) appears to be novel. We noted at least two unique

haplotypes in the SGCG gene that were associated with ΔVO260. One is located in the 5'

untranslated exon region (P = 9.8 × 10−6). Another (rs1800354) was also located in an exon

but was not reported in Table 1 since the signal (unadjusted P = 0.0009) did not remain

significant after adjusting for multiple tests. This exon variant leads to a missense mutation

by substituting Asn for Ser at amino acid position 287 (N287S). This variant also occurs in
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the same exon as the C283Y variant that was recently identified as a variant for limb girdle

muscular dystrophy in Bulgarian gypsies (Todorova et al. 2002).

Other genes were statistically implicated in the current study, although we are unable to

define a potential reference to cardiorespiratory fitness for any of them. In region 1, FTHL7

(ferritin, heavy polypeptide-like 7), a pseudogene, is near the largest single-SNP signal.

Another gene (FLJ46358) is in the linkage region (region 4). While the location of this gene

is relevant with a strong association signal (adjusted P = 5.6 × 10−7), it is unclassified with

unknown function. The remaining two signals are further away from the linkage region (2–4

Mb upstream). The ATP8A2 gene drives the uphill transport of ions across membranes.

Although the association signal with ΔVO260 was robust (adjusted P = 9.3 × 10−5), this

haplotype is distant from the linkage region (over 2 Mb), with no primary phenotype

associated with this gene in the Online Mendelian Inheritance in Man (OMIM 605870) and

no associations with cardiorespiratory function found in the literature. Similarly, the GSX1

gene is distant from the linkage region (over 4 Mb) and the association signal with ΔVO260

is quite strong (P = 4.0 × 10−5). The only associations previously reported with this gene

have been with conduct disorder and attention deficit hyperactivity disorder (Anney et al.

2008).

In conclusion, our genome-wide linkage scan followed by a fine mapping study narrowed

the most promising signal close to the original linkage peak on chromosome 13. The

genomic area includes two candidates with possible biological relevance (MIPEP and

SGCG). However, these findings need to be confirmed, replicated, and potentially extended

to other types of exercise programs in future studies. Identifying the exact causes of human

variation in the response to regular exercise of submaximal exercise traits may have public

health implications. Submaximal exercise capacity at 60% of maximum falls within the

Physical Activity Guidelines for Americans (Physical Activity Guidelines Advisory

Committee 2008). Identification of the true genetic causes of human variation in

responsiveness of submaximal exercise capacity to exercise training would potentially open

possibilities for more targeted exercise recommendations, perhaps in the context of

personalized preventive medicine.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Family-based associations for ΔVO260 (labeled as DVO260) and correlated traits

(ΔWORK60 and ΔQ60, labeled as DWORK60 and DQ60), with –log P values adjusted for

multiple comparisons for chromosome 13q12.11-q12.3. The X-axis represents the SNP

locations (in Mb units) and the Y-axis represents the –log P values for the association

models (circle) or the LOD scores for the linkage models (solid lines). Noise was reduced

by plotting only for –log P values that are at least 1.0. Linkage plots are presented for both

micro satellites (original linkage scan) and SNPs (fine mapping). Blocks 1–6 represent
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arbitrary regions where the signals are large or concentrated. The top panel (a) represents

the results for the single-SNP analyses. In the bottom panel (b), the superimposed square

symbols represent the haplotype analysis results. SNP (or haplotype) signals that are located

within genes are shown at the top of the bottom panel (SGCG, FLJ46358, MIPEP, ATP12A,

ATP8A2, GSX1, FLT3, FLT1, PAN3). For the four best single-SNP results (–log P > 3.0),

the closest genes are defined as Near FTHL7 (rs9506903 138,483 bp), Near LOC646208

(rs971206 6,460 bp), Near LOC100128337 (rs2104257 1,421 bp), Near LOC100129306

(rs7326591 69,878). See text for details
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Table 1
Summary of the LOD-scores > 1.1 observed in the genome-wide linkage scan for VO260

training response

Chr Map MARKER LOD P value

2 84.987 D2S1790 1.102 0.012

2 114.26 D2S121 1.156 0.011

4 13.427 D4S403 1.485 0.004

13 21.74 D13S115 1.442 0.005

13 21.849 D13S1275 1.321 0.007

13 23.279 D13S787 3.112 0.00008

13 23.706 D13S1243 2.094 0.001

13 25.375 D13S1294 1.368 0.006

13 27.186 D13S243 1.328 0.007

13 28.043 D13S1242 1.409 0.005

15 97.41 D15S120 1.493 0.004

See Figure 2 of the Online Resource 3 for complete linkage scan results
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