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Abstract

PURPOSE: We designed the study to determine whether mitochondrial DNA (mtDNA) 

haplogroup, sequence, and heteroplasmy differed between individuals previously characterized 

as low- (LR) or high-responders (HR) as defined by their VO2 max response to a standardized 

aerobic exercise training program.

METHODS: DNA was isolated from whole blood in subjects from the HERITAGE Family 

Study that were determined to be either HR (n=15) or LR (n=15). mtDNA was amplified by 

long-range polymerase chain reaction, then tagged with Nextera libraries and sequenced on a 

MiSeq instrument.

RESULTS: Different mtDNA haplogroup subtypes were found in HR and LR individuals. 

Compared to HR subjects, significantly more LR subjects had variants in 13 sites, including seven 

in hypervariable (HV) regions: HV2 (G185A: 0 vs 6, p = 0.02; G228A: 0 vs 5, p = 0.04; C295T: 0 

vs 6; p = 0.04), HV3 (C462T: 0 vs 5, p = 0.04; T489C: 0 vs 5; p = 0.04), and HV1 (C16068T: 0 vs 

6, p = 0.02; T16125C: 0 vs 6, p = 0.02). Remaining variants were in protein coding genes, mtND1 
(1 vs 8, p = 0.02), mtND3 (A10397G: 0 vs 5, p = 0.04), mtND4 (A11250G: 1 vs 8, p = 0.02), 

mtND5 (G13707A: 0 vs 5, p = 0.04), and mtCYTB (T14797C: 0 vs 5, p = 0.04; C15451A: 1 vs 8, 

p = 0.02). Average total numbers of heteroplasmies (p = 0.83) and frequency of heteroplasmies (p 

= 0.05) were similar between the groups.

CONCLUSIONS: Our findings provide specific sites across the mitochondrial genome that may 

be related to VO2 max trainability.
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INTRODUCTION

Cardiorespiratory fitness (CRF) is considered a powerful predictor of all-cause mortality, 

often surpassing typical risk factors such as smoking, diabetes, or coronary artery disease 

(1). CRF is assumed to a be a modifiable risk factor when individuals follow the physical 

activity recommendations set by the National Physical Activity Guidelines for Americans 
(2) for appropriate doses (duration, type, and frequency of exercise) of aerobic exercise. 

Unfortunately, not all individuals increase their CRF with exposure to a given dose of 

aerobic training: some are highly trainable and increase CRF, while others respond poorly 

or only marginally (3). Trainability in CRF with aerobic exercise training is a complex 

phenotype, and direct links between CRF and diseases related to all-cause mortality are 

not fully understood. Though, trainability in CRF can undoubtedly contribute to overall 

cardiometabolic health. Genetic background can contribute to the interindividual variation 

in adaptations to aerobic training in humans (3, 4) and animals (5). However, our current 

understanding of the genetics and underlying exercise responsiveness is limited primarily 

to the nuclear genome, as only a few laboratories have investigated the role of the 

mitochondrial genome (6) or its interactions with the nuclear genome predicting individual 

changes in CRF with aerobic training.

In the context of aerobic exercise training, a role for the mitochondrial genome is plausible 

given that mitochondria are integral to an individual’s ability to meet the metabolic 

demands of aerobic exercise. With exposure to aerobic exercise training, increases in CRF 

depend on mitochondria, primarily in skeletal muscle and cardiac tissue (reviewed in 7). 

Mitochondrial function is partially dependent on the interaction of coding instructions from 

nuclear DNA (nDNA) and its own DNA (mitochondrial DNA, mtDNA) (8, 9). Briefly, in 

humans, more than 1,000 nuclear genes encode mitochondrial proteins (10). Separate from 

nuclear encoding instructions to mitochondria are 37 genes in the mitochondrial genome 

that encode for components of the oxidative phosphorylation (OXPHOS) multi-subunit 

complexes (Complexes 1, 3, 4, and 5 only), 13 of which are protein coding (11). Thus, 

mtDNA mutations that code for specific subunits of OXPHOS could directly influence 

oxidative capacity and hence, energy production. Because aerobic metabolism, via oxidative 

phosphorylation, is at least partially dependent on mtDNA, mtDNA sequence variants could 

contribute to interindividual differences in aerobic exercise trainability.

Previous research suggests a plausible role of the mitochondrial genome in aerobic exercise 

trainability (6, 12). From the large exercise training study known as the HEalth, RIsk factors, 

Exercise Training And Genetics (HERITAGE) Family Study, Bouchard and colleagues 

(3) demonstrated significant inter-family differences in exercise trainability, where the 

variation among families was approximately two times greater than within family variance. 

Interestingly, the authors identified a significant maternal influence on exercise trainability 

in VO2 max in the offspring, consistent with the speculation that mtDNA, which is 

maternally inherited, could make a substantial contribution to aerobic exercise trainability. 

Currently, the contribution of the mitochondrial genome to exercise trainability of VO2 max 

is unknown. However, Dionne et al. (6) assessed the relationship between the mitochondrial 

genome and intrinsic (sedentary) VO2 max and found that individuals carrying one mtDNA 
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polymorphism in the subunit 5 of the NADH dehydrogenase gene, and another in the tRNA 

for threonine, had a significantly higher intrinsic aerobic capacity, while carriers of one in 

subunit 2 of NADH dehydrogenase had a lower intrinsic VO2 max. Even though Dionne et 

al. (6) focused on intrinsic VO2 max, their findings suggest that the mitochondrial genome 

could also influence VO2 max responsiveness.

In addition to the major mtDNA sequence, other aspects of the mitochondrial genome, 

including its number of DNA copies and occurrence of heteroplasmy, could also contribute 

to exercise trainability in VO2 max. As compared to nDNA, mtDNA coexists in hundreds 

to thousands of copies in each cell of the organism (11). The number of mtDNA copies 

varies across cells, and the variance in copy number has been correlated with mitochondrial 

biogenesis (13). Across mtDNA copies, random sequence changes at specific loci can be 

subject to random selection (14), and/or the presence of a chronic disease or conditions 

where mitochondria are affected (e.g., aging, cardiometabolic diseases, and some forms of 

cancer; reviewed in 11). The co-existence of more than one type of mitochondrial genomes 

within a single cell or among cells within an organism is termed heteroplasmy (11). mtDNA 

heteroplasmy is common in healthy people, though more than 60 – 80% heteroplasmy at loci 

is associated with mitochondrial dysfunction or impairment, and has been associated with 

a wide range of chronic disease conditions (14). The influence of heteroplasmy frequency, 

under the disease threshold, is a new and complex area of research, and its influence 

on mitochondrial function and phenotypes affected by mitochondrial function remains 

poorly understood. In particular, site-specific mtDNA heteroplasmy may differentially 

affect mitochondrial function, thus overall cellular function. Adaptation to aerobic exercise 

training is highly dependent on mitochondrial function. Given that mitochondrial function, 

in part, is regulated by the mitochondrial genome, this raises the possibility that not 

only sequence variants but also the presence of heteroplasmy, affects the response and 

adaptation of mitochondria to the demands of exercise. To date, no study has considered the 

contribution of mtDNA heteroplasmy as it relates to VO2 max exercise trainability.

Therefore, the role of the mitochondrial genome in determining an individual’s ability 

to adapt to a given dose of aerobic training is not understood. We hypothesized that 

the mitochondrial genomes differed between individuals classified as low versus high 

responders based on their VO2 max training response.

Methods

Subjects:

The data presented in this study were obtained from whole blood DNA in healthy subjects 

who completed an exercise training program as part of the HERITAGE Family Study 

(15). Briefly, Bouchard et al. (3) identified significant interindividual variation in VO2 max 

following a standardized training regimen applied in a cohort of 481 Caucasian individuals 

(236 men, 245 women) (15). In the current investigation, we used a nested two-group 

comparison. We selected 15 of the highest responders (HR, among the top 6th percentiles) 

and 15 of the lowest responders (LR among the bottom 18th percentiles) in the VO2 max 

response distribution of the HERITAGE study (3) and sequenced the complete mitochondrial 
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genomes of these 30 subjects. All 30 subjects were Caucasian males from different families 

(i.e., biologically unrelated).

Human Mitochondrial DNA Deep-Sequencing:

We amplified the mitochondrial genome with overlapping primers using long-range 

polymerase chain reaction (PCR) (SequalPrep Long PCR Kit, Life Technologies, Grand 

Island, NY). The following primers were used to amplify the mitochondria in two halves: 

Set 1 forward-AAC CAA ACC CCA AAG ACA CC, reverse-GCC AAT AAT GAC GTG 

AAG TCC, 9286 bp product; Set 2 forward-TCC CAC TCC TAA ACA CAT CC, reverse-

TTT ATG GGG TGA TGT GAG CC, 7626 bp product (16). PCR parameters for primer 

set 1 were 94°C for 2 minutes; 10 cycles: 94°C for 10 seconds, 63°C for 30 seconds, 

68°C for 10 minutes; 25 cycles: 94°C for 10 seconds, 63°C for 30 seconds, 68°C for 15 

minutes; 72°C for 5 minutes (Gene Amp PCR system 9700, Applied Biosystems, Foster 

City, CA). PCR Parameters for primer set 2 were 94°C for 2 minutes; 10 cycles: 94°C for 

10 seconds, 63°C for 30 seconds, 68°C for 9 minutes; 25 cycles: 94°C for 10 seconds, 63°C 

for 30 seconds, 68°C for 14 minutes; 72°C for 5 minutes. Subsequently, PCR products were 

cleaned with the Zymo clean and concentrator kit (Zymo) and the mtDNA was pooled for 

library preparation.

Nextera XT Mitochondrial DNA Library Preparation:

A total of 1 ng of mtDNA was used to prepare each library with the Nextera XT Sample 

Preparation Kit according to manufacturer’s instructions (Illumina, San Diego, CA). Briefly, 

fragmented mtDNA was amplified with limited-cycle PCR using a Nextera XT Index Kit. 

The PCR was completed using the following cycling parameters: 72°C for 3 minutes, 95°C 

for 30 seconds, 12 cycles of 95°C for 10 seconds, 55°C for 30 seconds, 72°C for 30 seconds, 

then a final extension of 72°C for 5 minutes, and a hold at 10°C. Small fragments were 

removed from the PCR reaction by incubating the sample for 2 minutes with 90 μl of 

Agencourt AMPure XP beads according to manufacturer’s instructions (Beckman Coulter, 

Indianapolis, IN). Cleared supernatants were transferred to a new microcentrifuge tube and 

the libraries were quantitated using the Qubit dsDNA High Sensitivity Kit (Invitrogen, Life 

Technologies). Libraries were sequenced on a MiSeq instrument (Illumina) using a 2×150 

bp paired-end protocol with 20 samples per lane.

Alignment and Variant Calling:

Read pairs were aligned using bowtie2, version 2.0.0-beta7, to an index composed of the 

human mitochondrial genome, acquired from GenBank May 2015 (accession NC_012920). 

The alignments were performed in “--local” mode using the “--sensitive-local” preset 

options to allow insertions and deletions relative to the reference, as well as clipping of 

ends extending beyond the edges of the artificially linearized reference sequence. Fragment 

lengths of up to 10kb were allowed, as well as a single mismatch per seed alignment (-X 

10000, -N 1). Variants were identified with a custom script, utilizing a method adapted 

from Hodgkinson et al. (17). For each sample, depth per allele, per strand was determined, 

allowing a minimum base and alignment quality score of 20. The depth calculation for sites 

adjacent to or within homopolymer runs considered only reads traversing the entire repeat. 

Sites with less than 1000x coverage were not considered, and variants were required to 
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be observed at a frequency of 1% or higher, with a plus to minus strand coverage ratio 

greater than 0.1 and less than 0.9. The probability of observing each alternate allele by 

chance was calculated using a Poisson distribution, with an expected error rate of 0.01 for 

single nucleotide polymorphisms (SNPs; derived from the quality score threshold) based 

on observations reported by Minoche et al. (18). These p-values were adjusted for multiple 

testing using the Benjamini and Hochberg FDR method, and a significance threshold of 

0.05 was applied. The p-values were calculated at each position within the mitochondrial 

genome based on the read counts supporting variants and reference alleles. The global null 

hypothesis was that no variants were present and all reads supporting alternate alleles were 

the result of PCR and sequencing error. The Benjamini and Hochberg FDR method for 

multiple testing correction was applied due to the large number of p-values calculated, as 

high as 49,707 for a single sample, if no positions or alternate alleles were filtered. Alternate 

amino acids were identified for all SNPs based on annotations and protein sequences 

downloaded from Ensembl, June 2015.

Identification of Informative mtDNA Variants and Heteroplasmy:

We defined ‘informative positions’ as positions in the mitochondrial genome (16,569 total 

positions), where at least one individual among the 30 subjects differed from the reference 

allele. For the sites where we found at least one variant in any subject, we coded the 

observations as a binary variable - if the observation on a position was different from the 

reference of that position, 1; otherwise, 0. We defined a position as heteroplasmic for an 

individual under the following conditions: a position that had at least 1,000 read sequencing 

depth, and based on those reads, having a one percent or higher occurrence of a second allele 

measured in that same sample that differed from the majority in that sample.

Mitochondrial DNA Haplogroup Classification:

We scored the mtDNA sequence variations relative to the Cambridge Reference Sequence 

(19). All the mtDNA sequences were compared in MITOMAP (MITOMAP: A Human 

Mitochondrial Genome Database. http://www.mitomap.org), and mtDNA haplotypes (major 

haplogroups and their subtypes) were generated according to Mitomap-Phylogeny (20).

Statistical Analyses:

We conducted a chi-square test for each of the following parameters in order to determine 

whether there were frequency differences between the LR and HR: 1) The major 

Mitochondrial European Haplogroups identified in our subjects, 2) Informative mtDNA 

sequence variants (see definition above), and 3) mtDNA heteroplasmic positions. When 

the expected frequency for a cell of the 2 × 2 contingency table was less than five, chi-

squared tests become unreliable and we applied the two-sided Fisher’s exact test. Finally, 

to determine the influence of heteroplasmy on exercise trainability, we ran two separate 

analyses via a Wilcoxon Signed Rank test between the two independent response groups: 

1) comparison of the total number of heteroplasmic loci (positions), and 2) comparison of 

the mean percent heteroplasmy across all mtDNA loci classified as heteroplasmic (see above 

section describing our methods for classifying heteroplasmic positions). We conducted all 

statistical analyses using SPSS (version 23.0, IBM SPSS Statistics for Windows, Armonk, 

NY: IBM Corp), and statistical significance was based on a 0.05 two-sided alpha level.
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Results

Basic characteristics of LR & HR groups:

All 30 subjects were males, unrelated, and from the offspring generation of the HERITAGE 

cohort (Table 1). On average, the HR group was significantly older, had higher percent body 

fat, and a worse cholesterol profile than LR at baseline. In response to aerobic exercise 

training, almost 9 times larger increase in VO2 max was found in the HR group to LR, along 

with larger beneficial changes in LDL-C and fasting glucose (Table 1).

Ultra-deep Sequencing of Mitochondrial DNA:

The complete 16,569 base pair (bp) mtDNA sequence was covered by an average sequence 

depth of 11,929 (standard deviation, ± 28) and 14,102 (standard deviation, ± 33) reads per 

position in the LR and HR, respectively (see Document, SDC 1, All major mitochondrial 

DNA sequence data and reference sequence). As stated above, at least 1,000 reads per 

position was required to accurately identify mtDNA sequence variants and heteroplasmy. 

Thus, the numbers of reads per position in the mitochondrial genomes of all subjects were 

more than sufficient to meet the requirements for determining mtDNA sequence variants and 

heteroplasmy.

Mitochondrial DNA Major Haplogroups and their Subtypes:

The MITOMAP database (20) enabled discovery of mtDNA haplogroup subtypes. Among 

the 15 LR, we identified twelve haplogroups (Fig. 1). In the 15 HR, we identified 13 

haplogroups that were different from haplogroups identified in the LR.

We used a chi-square test on the major haplogroups to determine whether there was a 

significant difference between the groups in any of the haplogroups, though the limited 

number of individuals (n = 30) across six haplogroups constrained power for statistical 

analysis. All haplogroups were found in fewer than five individuals (Fig. 1). Because a 

frequency of less than five is generally considered not adequate for statistical analyses 

based on large-sample methods (21), we report the descriptive data. Potentially important, 

however, is that the LR and HR subjects did not share similar mtDNA haplogroup subtypes, 

while 4 of the 15 LRs had the same J1c haplogroup.

Informative Mitochondrial DNA Variants:

Compared to the reference genome, we identified 224 positions across the entire 

mitochondrial genome where at least one individual of the 30 had an alternate allele 

(see Tables, SDC 2, Ultra-deep mitochondrial DNA sequencing depth and SDC 3, 

Informative mitochondrial DNA variants). Among these variants, significantly different 

variant frequencies between the LR and HR were found for 13 positions (Table 2). Three 

of the positions that were significantly different between the groups were markers for 

haplogroup J (G228A, C295T, and C462T). Variant A10397G (mtND3 gene) was the only 

nonsynonymous position. Further, none of the total 13 positions was listed as ‘common’ 

variant of any of the European haplogroups based on the MITOMAP resource database (20).
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Mitochondrial DNA Heteroplasmy:

The average total number of mtDNA heteroplasmic positions were not different between 

response groups (LR: 6 ± 3 heteroplasmic positions; HR: 6 ± 4; Wilcoxon rank-sum test 

p = 0.83; Fig. 2). Based on the informative mtDNA positions with heteroplasmy (see 

Tables, SDC 4, Informative mitochondrial DNA positions with heteroplasmy), we also used 

a Wilcoxon Signed Rank test to determine whether the mean percent heteroplasmy across 

heteroplasmic loci differed by group. The mean percent heteroplasmy across heteroplasmic 

loci was 4 ± 2% in LR (range = 2% - 8%) and 9 ± 11% in HR (range = 2% – 

48%) (Wilcoxon rank-sum test p = 0.05; Fig. 3). Finally, we found three nonsynonymous 

heteroplasmic positions in one LR; it is unclear what the significance of these positions are 

in terms of exercise trainability in VO2 max.

Discussion

Previously, the role of genetic differences in regulating inter-individual variation in aerobic 

exercise trainability has primarily been investigated with a focus on variants of the nuclear 

genome, while only a few laboratories have considered the potential contribution of the 

mitochondrial genome (6, 12). Findings from those mitochondrial genetic studies, however, 

are limited because they only analyzed certain portions of mtDNA, rather than the entire 

mitochondrial genome. In the current investigation we employed advanced ultra-deep DNA 

sequencing methods to analyze the whole mitochondrial genomes of individuals who 

completed a standardized endurance exercise intervention and were characterized as either 

having low- or high aerobic exercise trainability, based on the change in VO2 max. Our 

methods also enabled accurate identification of heteroplasmy based on a high number 

of repeated reads per position (≥ 1,000 reads per position) and advanced bioinformatic 

approaches to identify the relevant variants. Based on these methods, we identified 13 

mtDNA sequence variants that were significantly more prevalent in LR compared to HR 

(one nonsynonymous variant), and observed that the mean percent heteroplasmy across 

heteroplasmic loci was greater in HR.

Most individuals, regardless of response group, harbored the major mtDNA haplogroup 

H (Fig. 1). Haplogroup H is the dominant European haplogroup (22); thus it is not 

surprising that most individuals in this cohort were of this haplogroup. We identified 15 

subtypes of mtDNA haplogroup H across the study subjects considered. The H haplogroup 

subtypes were widely dispersed across the individuals, and we found no two people had 

the same H haplogroup subtype. mtDNA haplogroup J was the second most prevalent 

haplogroup found among our subjects, and, interestingly, four of the 15 LR carried the same 

subtype (Haplogroup J subtype, J1c, Fig.1). None of the individuals with high VO2 max 

trainability was mtDNA haplogroup J, suggesting this haplogroup may negatively influence 

the ability to improve VO2 max in response to aerobic exercise training. While future 

studies will be needed to confirm a potential negative impact of haplogroup J on VO2 

max trainability, prior work on haplogroup relationships with measures of mitochondrial 

oxidative capacity supports this hypothesis (23). For example, Martinez-Redondo et al. (23) 

compared haplogroups H and J in sedentary Spanish Caucasian men and found a positive 

correlation between mtDNA haplogroup H with VO2 max and mitochondrial oxidative 
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damage. In contrast, individuals harboring haplogroup J had comparably lower intrinsic VO2 

max and ATP production. The authors speculated that reactive oxygen species production 

was responsible for the higher VO2 max found in the H haplogroup. However, in their study 

(23), individuals did not undergo exercise training and therefore it is unknown if the mtDNA 

haplogroups associated with VO2 max in sedentary individuals would predict a change in 

VO2 max.

In addition to haplogroup J, we identified haplogroup T in three of the 15 LR individuals 

(Fig. 1), a haplogroup that shares the same phylogenetic origin as haplogroup J. Supporting 

an association between haplogroup T and LR status, Castro et al. (24) compared 95 

elite Spanish athletes and 250 healthy male controls and found that haplogroup T was 

negatively associated with elite status. Additional work by others supports potential negative 

implications of mtDNA haplogroup T, as it has also been shown to be a risk factor for 

obesity (25), coronary artery disease and type 2 diabetes (26). Finally, we also identified 

major European descent mtDNA haplogroups, U, V, W, and X, though no contributions of 

these haplogroups with exercise traits had previously been reported.

Among the haplogroups are mutations that can arise due to several factors. Methods to 

detect such variants are relatively new, and by employing a pipeline of experimental 

and bioinformatic methodologies, we were able to successfully sequence the entire 

mitochondrial genome across the subjects selected from the HERITAGE cohort. Among 

all the informative mtDNA variants, we identified 13 positions where the variant was 

significantly more frequent in LR than HR (Table 2). The probability that 13 random 

differences would all go in the same direction out of 13 is less than 0.0002, suggesting these 

differences truly associate with VO2 max trainability. Among the 13 significant variants, 

three positions were markers for haplogroup J (G228A, C295T, and C462T), and one 

location (A10397G; mtND3 gene) was nonsynonymous (Table 2). We also identified a 

variant in subunit 5 of NADH dehydrogenase, a gene that was examined previously in the 

HERITAGE cohort (6). The subunit 5 of the NADH dehydrogenase variant found in our 

study (position 13707, Table 2) and by Dionne et al. (position 12406; 6) were not the same, 

though this difference could be due to several factors including the limitation of the RFLP 

techniques used by Dionne et al., and variability due to the random selection of individuals 

as subjects. Importantly, because significant mtDNA variants were found by both studies 

in the subunit 5 of NADH dehydrogenase, further exploration of this mitochondrial gene 

is warranted. One specific mtDNA variant (C295T) that we found in higher frequency in 

the low- compared to high-responders was investigated by Suissa et al. (27) who found 

this variant significantly increased mitochondrial transcription factor A binding and mtDNA 

copy numbers. Thus, the higher mtDNA transcription and copy number increase related 

to the C295T variant could accumulate high mtDNA copies of this variant and lead to 

detrimental effects, if indeed this variant negatively influences exercise trainability.

We also quantified heteroplasmy among the subjects. Previous studies (e.g., 28, 29) have 

investigated the contribution of specific heteroplasmic mutations to exercise intolerance 

among individuals with diagnosed mitochondrial diseases (e.g., Complex 1 Deficiency 28), 

but none have explored inherent heteroplasmies in healthy individuals and across the entire 

mitochondrial genome. In the present study, we asked two separate questions to assess 
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whether the total number of heteroplasmic loci and/or the mean percent heteroplasmy 

frequency across heteroplasmic loci differed between the groups. Surprisingly, the total 

number of heteroplasmic positions and mean percent heteroplasmy across heteroplasmic loci 

were similar for the response groups (Fig. 2).

Although we did not find an association with inherent numbers of heteroplasmic sites, 

there are reasons why the number of mitochondrial DNA heteroplasmies deserves 

further attention. Methods to accurately identify mtDNA heteroplasmy are relatively 

new and accurate determination of the presence of heteroplasmy with the association 

of heteroplasmy-coupled phenotypes is complicated. There is cell-cell variation in 

mitochondrial heteroplasmy, cellular variability in heteroplasmy can vary across different 

tissues, and the onset of disease and other external factors can alter its frequency (22). The 

present study examined heteroplasmy only in blood samples, though heteroplasmy could be 

different in other tissues, such as muscle, or cell types. A larger sample size is required to 

determine the contribution of heteroplasmy frequency to exercise trainability of VO2 max.

There are limitations to this current study. One is that all 30 subjects were males, which 

limits generalizability, and of European descent, which limited the observable haplogroup 

subtypes. Nevertheless, the number of haplotype subgroups observed suggests that there 

is considerable diversity, even among European males. The lack of overlaps for any one 

given haplogroup subtype between the LR and HR groups is an intriguing observation worth 

further investigation. Another limitation is that our findings are associative, and may not 

reflect a causal effect of mtDNA variants on VO2 max trainability. Importantly, however, a 

strong point of the research is that it is based on the sequence of the entire mitochondrial 

genome of individuals who were similarly sampled and then classified by their VO2 max 

response to a standardized and fully monitored aerobic exercise training program.

Conclusions:

Taken together, this work has two important implications. First, the pipeline of laboratory 

techniques (e.g., PCR amplification of the mitochondrial genome), followed by the 

bioinformatic methods, enabled complete and accurate alignment of the entire mitochondrial 

genome. These methods can be incorporated to study other exercise phenotypes of interest 

where the mitochondrial genome is hypothesized to play a significant role. Second, we 

identified specific variants in the mitochondrial genome that were significantly more 

prevalent in individuals characterized by low VO2 max trainability when compared to others 

with high trainability. While such findings are correlative, they provide a foundation for 

future research to not only identify the genetic contribution – both mitochondrial and nuclear 

– but also, to define mechanistic pathways involving mitochondrial biogenesis that may 

underpin individual differences in response to aerobic training.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Mitochondrial DNA Haplogroup Subtypes in Low- and High-responders. We identified the 

major mitochondrial DNA haplogroups, and their subtypes in low- and high-responders via 

the MITOMAP database (20).
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Figure 2: 
Total Number of Mitochondrial DNA Heteroplasmic Positions in Low- and High-

responders. Heteroplasmic loci = mtDNA position where an individual had a minor allele 

occurrence ≥ 1% (i.e., heteroplasmy) in each of the low- and high-responder individuals. 

Individual data points are presented in ascending order according to total number of 

heteroplasmic positions. Black bars = total number of heteroplasmic loci in the individuals 

categorized as low-responders; grey bars = total number of heteroplasmic loci in the 

individuals categorized as high-responders. Wilcoxon rank-sum test p = 0.83.
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Figure 3: 
Average Percent Mitochondrial DNA Heteroplasmy Frequency Across Heteroplasmic Loci. 

The average percent frequency of heteroplasmy across heteroplasmic loci = percent 

frequency of heteroplasmy across heteroplasmic loci in each of the low- and high-responder 

individuals. Heteroplasmic loci = mtDNA position where an individual had a minor 

allele occurrence ≥ 1% (i.e., heteroplasmy) in each of the low- and high-responder 

individuals. Individual data points are presented in ascending order according to the average 

percent heteroplasmy across heteroplasmic loci. Black bars = average percent heteroplasmy 

frequency across heteroplasmic loci in the individuals categorized as low-responders; grey 

bars= average percent heteroplasmy frequency across heteroplasmic loci in the individuals 

categorized as high-responders. Wilcoxon rank sum test p = 0.05.
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Table 1.

Characteristics of low and high responders at baseline and in response to exercise training.

Low responders (n=15) High responders (n=15)

Baseline Change Baseline Change

Age (yrs.) 20.6 (3.6)
a

27.4 (6.3)
a

BMI (kg/m2) 23.8 (6.2) −0.2 (0.3) 25.7 (2.7) −0.30 (0.9)

VO2 max (mL/min)
3565 (546) 102 (90)

b
3291 (395) 906 (100)

b

resting HR (bpm) 59 (8.3) −3.3 (4.6) 63 (9.4) −5.6 (8.1)

HR max (bpm) 196 (13.6) −4.2 (8.5) 196 (6.6) −6.3 (7.5)

SBP (mmHg) 119.2 (7.5) −0.71 (6.6) 116.8 (9.3) −0.6 (7)

% body fat
12.7 (9.9)

a
−1.52 (1.9) 20.7 (5.0)

a
−1.43 (1.5)

fat free mass (kg) 62.8 (8.6) 0.29 (0.9) 66.8 (6.7) 0.62 (1.4)

TG (mg/dL) 106.6 (78.4) −13.78 (26.4) 116.9 (64.2) −8.65 (29.9)

Total cholesterol (mg/dL)
143.8 (30.4)

a
0.44 (10.5) 172.3 (40)

a
−7.60 (13)

HDL-C (mg/dL) 35.0 (6.6) 1.22 (3.7) 35.9 (4.6) 1.44 (3.3)

LDL-C (mg/dL)
93.3 (24.3)

a
2.15 (9.1)

b
118.5 (34.1)

a
−6.89 (9.4)

b

fasting insulin (pmol/L) 72.9 (45.4) −3.67 (27.7) 71.1 (39.3) −15.29 (25.7)

fasting glucose (mmol/L)
5.0 (0.4) −0.10 (0.3)

b 5.0 (0.4) 0.13 (0.3)
b

Values listed as mean (SD).

a
p≤0.03 for difference between groups for mean values at baseline.

b
p≤0.03 for difference between groups for mean change values, but note this difference was the basis for sampling these 30 participants.
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