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Comprehensive analysis of common and rare
mitochondrial DNA variants in elite Japanese
athletes: a case—control study

Eri Mikami'%3, Noriyuki Fuku?, Qing-Peng Kong4, Hideyuki Takahashi®, Nao Ohiwa’, Haruka Murakami®,
Motohiko Miyachi®, Mitsuru Higuchi’, Masashi Tanaka®, Yannis P Pitsiladis® and Takashi Kawahara’

The purpose of the present study was to identify mitochondrial DNA (mtDNA) polymorphisms and rare variants that associate
with elite Japanese athletic status. Subjects comprised 185 elite Japanese athletes who had represented Japan at international
competitions (that is, 100 endurance/middle-power athletes: EMA; 85 sprint/power athletes: SPA) and 672 Japanese controls
(CON). The entire mtDNA sequences (16 569 bp) were analyzed by direct sequencing. Nucleotide variants were detected at
1488 sites in the 857 entire mtDNA sequences. A total of 311 variants were polymorphisms (minor allele frequency>1% in
CON), and the frequencies of these polymorphisms were compared among the three groups. The EMA displayed excess of seven
polymorphisms, including subhaplogroup D4e2- and D4g-specific polymorphisms, compared with CON (P<0.05), whereas SPA
displayed excess of three polymorphisms and dearth of nine polymorphisms, including haplogroup G- and subhaplogroup
G2a-specific polymorphisms, compared with CON (P<0.05). The frequencies of 10 polymorphisms, including haplogroup

G- and subhaplogroup G2a-specific polymorphisms, were different between EMA and SPA (P<0.05): although none of these
polymorphisms differed significantly between groups after correcting for multiple comparison (false discovery rate

g-value >0.05). The number of rare variants in the 12S ribosomal RNA and NADH dehydrogenase subunit | genes were also
higher in SPA than in CON (P<0.05). Analysis of the entire mtDNA of elite Japanese athletes revealed several haplogroup-
and subhaplogroup-specific polymorphisms to be potentially associated with elite Japanese athletic status.
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INTRODUCTION
Environmental factors such as physical training, nutrition, injury
prevention and recovery have an important role in sporting success.
Sporting success is also dependent on genetic factors with some 66%
of the variance in athlete status being attributed to genetic factors.!
To date, numerous studies have attempted to identify genetic
polymorphisms that relate to physical training and performance.
Over 200 genes in both nuclear DNA and mitochondrial DNA
(mtDNA) have been reported to associate with physical performance
and health-related fitness,>> and the number of genes associated with
physical performance-related phenotypes are expected to increase
dramatically with the application of genome-wide methods to elite
athlete cohorts; albeit such studies are only in their infancy.*
Almost all eukaryotic cells contain mitochondria with the primary
purpose to produce ATP through respiration and to regulate energy

metabolism. The human mitochondrial genome is 16569-bp in
length and comprises a total of 37 genes essential for mitochondrial
function (13 proteins of mitochondrial oxidative phosphorylation
(OXPHOS), 2 rRNAs and 22 tRNAs).> MtDNA is inherited almost
exclusively through the maternal lineage. As several familial studies
have found aerobic capacity to be more strongly influenced by
maternal rather than paternal inheritance,®8 maternally inherited
mtDNA is likely to contain candidate genes influencing aerobic
capacity and therefore potentially elite athlete status. In support of
this idea, we recently reported that mitochondrial haplogroups, which
are a set of tightly linked mtDNA polymorphisms, were associated
with elite endurance athlete status in elite Kenyan® and Japanese!®
athletes. We also found intriguing associations between mitochondrial
haplogroups with sprint/power athlete (SPA) status in elite Japanese!®
and African—-American'! athletes and with muscle power in Japanese
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non-athlete individuals.!? Associations of mitochondrial haplogroups
with elite Caucasian and Asian athlete status have also been reported
by others.!3-16

The matrilineal inheritance of mtDNA and linear accumulation of
polymorphisms have allowed the construction of detailed mtDNA
phylogenies.!” These phylogenies allow haplogroup identification
through the analysis of a small number of haplogroup-specific
polymorphisms in the hypervariable region-I and in certain gene-
coding regions. For practical/economic reasons, this approach has
been adopted in all previous studies that examined associations
between mitochondrial haplogroups and elite athlete status. From this
analysis, it is possible to infer the existence of haplogroup-linked
polymorphisms in gene-coding regions; however, this inference is
imperfect because of incomplete linkage between the polymorphisms
in the non-coding regions and those in the gene-coding regions.!®
Consequently, the functional polymorphisms, which are responsible
for the previously reported associations between haplogroups and
elite athlete status have not been identified to date.

Each mitochondrial haplogroup comprises several subhaplogroups,
which are younger branches than haplogroups in the mtDNA
phylogenetic tree. Influential variants have been eliminated from the
older branches of the tree by ‘purifying selection’ in evolutionary
terms. Consequently, young branches (subhaplogroups) in the
mtDNA phylogenetic tree contain a higher proportion of non-
synonymous substitutions in the protein-coding genes and substitu-
tions in the rRNA and tRNA genes than old branches (hap-
logroups).!*?® Therefore, subhaplogroup-specific substitutions are
more likely to be associated with various health- and performance-
related phenotypes. Indeed, we previously reported that
subhaplogroup D4a belonging to the haplogroup D was selected for
longevity from the analysis of complete mtDNA sequences in
Japanese centenarians and semi-supercentenarians,”?? although we
originally reported that the m.5178C>A polymorphism, which
characterizes mitochondrial haplogroup D, was associated with
longevity.*> Therefore, the polymorphisms defining each haplogroup
but also those characterizing the subhaplogroups could have
functional influences on elite athletic performance.

On the other hand, homoplasic (haplogroup-nonspecific) poly-
morphisms, which are inferred from the presence of a substitution in
>1 lineages in the mtDNA phylogenetic tree, may also represent
good candidates of elite athletic performance. Although we previously
found that several haplogroup-nonspecific polymorphisms in the
control region were associated with elite Japanese athletic status,?* it
remains to be determined whether haplogroup-nonspecific
polymorphisms in the gene-coding region are associated with elite
athletic performance. Previous studies that attempted to identify
performance-associated variants have focused on common variants,
that is, polymorphisms. However, rare variants may account for the
‘missing heritability’ of common diseases.””> Therefore, there is an
urgent need to investigate both common but also rare variants that
may associate with elite athletic performance.

The aim of the present study was to revisit the previously published
cohort?* and identify the precise mtDNA polymorphisms and
possibly rare variants that associate with elite Japanese athletic status.

MATERIALS AND METHODS

Subjects

The subjects in the present study comprised 185 elite Japanese athletes (146
males and 39 females) from all over Japan. All athletes were international
athletes (participants in Olympic Games and/or World and Asian Champion-
ships held in 1964-2009) and the group included several medalists at these
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international competitions. A total of 185 athletes were classified as endurance/
middle-power athletes (EMA) (n=100) and SPA (n = 85) based on the criteria
of Yang et al.?® The EMA group included 21 endurance runners competing in
events of >800m, 10 sailing athletes, 9 swimmers competing in events of
>200 m, 10 rowers, 5 long-distance cyclists, 7 canoeists, 13 volleyball players, 6
basketball players, 6 hockey players, 5 soccer players, 5 water polo players, 2
boxers and 1 modern pentathlete. The SPA comprised 38 track and field
athletes (23 sprinters competing in events of <400m, 9 jumpers, 5 throwers
and 1 decathlete), 9 swimmers competing in events of <100m, 9 gymnasts, 8
competitive fencers, 7 divers, 5 wrestlers, 5 weightlifters, 2 short-distance track
cyclists and 2 judo athletes. The control group (CON) consisted of 672
Japanese individuals (387 males and 285 females), whose entire mtDNA
sequences'® were registered in our Human Mitochondrial Genome Single
Nucleotide ~ Polymorphism  Database  (http://mtsnp.tmig.or.jp/mtsnp/
index_e.shtml). In order to ascertain whether the control group used in the
present study represented an appropriate non-athletic control, we compared
mitochondrial haplogroup distribution between this control group and
another confirmed non-athletic healthy Japanese control (n=480) with
normal physical activity levels, and confirm that the frequencies of
mitochondrial haplogroups did not differ between the two groups
(P=0.352) (Supplementary Table S1).

Written informed consent was obtained from each subject, and the study
was approved by the Ethics Committees of the Japan Institute of Sports
Sciences and Tokyo Metropolitan Institute of Gerontology.

Data collection and analysis
Total DNA was isolated from the venous blood or saliva using QlAamp DNA
Blood Maxi Kit (QIAGEN, Hilden, Germany) or OragenceDNA (DNA
Genotek, Ottawa, Ontario, Canada), respectively. Complete mtDNA
sequencing was carried out as previously described”” and was referred by
our website (http://mtsnp.tmig.or.jp/mtsnp/annex_e.html). Briefly, the entire
mitochondrial genome was amplified as six fragments (~3kb) by the first
polymerase chain reaction (PCR) and 60 overlapping segments ( ~1kb) by the
second PCR. The primer pairs and PCR conditions are shown in
Supplementary Tables S2 and S3, respectively. The sequences of primers are
shown in Supplementary Tables S4, S5. These second PCR products were
purified with MultiScreen-PCR Plates (Millipore, Bedford, MA, USA).
Sequence reactions were carried out with a BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA, USA). Sequences were
analyzed with an Applied Biosystems 3130xl Genetic Analyzer (Applied
Biosystems). In some cases, the light-strand sequences could not be deter-
mined on the 3’ side of long stretches of C due to T>C transitions at positions
m.310, m.961 and m.16189 or due to the poly-C sequences at m.568-m.573
and m.5895-m.5899. For such cases, the heavy-strand (reverse) sequences were
determined for five segments. The mtDNA sequences of 185 elite Japanese
athletes were deposited in GenBank as the following accession numbers:
AP013108-AP013292, and the sequences are attached in FASTA format in
Supplementary Data 1. Each of the mtDNA sequences was compared with the
original® and the revised®® Cambridge reference sequences, and nucleotide
variants were confirmed visually using DNA Sequencing Software Sequencher
version 4.2.2 (Gene Codes Corporation, Ann Arbor, MI, USA).

On the basis of the obtained mitochondrial genomes of 185 elite Japanese
athletes, a phylogenetic tree was reconstructed manually according to the
previously reported mtDNA scheme of East Asians.!$2°

Statistical analysis

MtDNA polymorphism (minor allele frequency (MAF)>1% in CON) and
rare variant (MAF<1% in CON) frequencies between the three groups were
compared using the 7> test and Fisher’s exact test, respectively. The P-value,
odds ratio (OR) and 95% confidence intervals (CI) were calculated. The
differences in mean number of rare variants between the three groups were
examined by performing the Wilcoxson rank sum test. False discovery rate g-
values were calculated (QVALUE software, version 1.0°°), to adjust for multiple
comparisons (g-value<0.05 was considered significant). All other tests were
conducted using JMP Genomics version 4 or JMP version 8 (SAS Institute
Japan, Tokyo, Japan).
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RESULTS

Definition of mtDNA polymorphisms and rare variants

All mtDNA variants detected in 185 elite Japanese athletes and
haplogroup classification are shown in the mtDNA phylogenetic
tree (Supplementary Figure 1). Sequence analysis of the entire
mtDNA of 185 elite Japanese athletes and 672 control subjects
detected a total of 1488 variants (1458 single-nucleotide variants,
7 length variants, 15 insertions and 8 deletions). Among these
variants, those with a MAF of equal to or higher than 1% in CON
were defined as ‘polymorphisms’, whereas those with a MAF of lower
than 1% in CON were defined as ‘rare variants. Consequently, we
detected 311 polymorphisms and 1177 rare variants in all
participants.

Association analysis of mtDNA variants with elite athlete status
Table 1 displays the results of polymorphisms that reached P<0.05
when the frequencies of polymorphisms were compared between the
three groups by y? tests. For the mtDNA control region, we previously
examined associations between high-frequency polymorphisms
(MAF>5% at least in one group: CON, EMA or SPA) and elite
Japanese athletic status, and reported that the frequencies of five
polymorphisms (m.152T>C, m.204T>C, m.514(CA)n repeat
(n=5), poly-C stretch at m.568-573 (C>7) and m.16278C>T)
were significantly different between elite Japanese athletes and CON at
the level of P<0.052* However, the data of low-frequency
polymorphisms (MAF =not less than 1% and less than 5%) in the
control region and the data of comparisons between EMA and SPA
are presented here for the first time. When the frequencies of
polymorphisms were compared between the three groups, EMA
displayed excess of seven polymorphisms (m.4343A>G,
m.11215C>T, m.15518C>T, m.15874A>G, and our previously
reported three polymorphisms: m.152T >C, m.514(CA)>s, poly-C
stretch at m.568-573) compared with CON (P<0.05). Among these
polymorphisms, the frequencies of three polymorphisms (poly-C
stretch at m.568-573, m.4343A>G and m.15518C>T) in EMA and
SPA deviated in opposite directions (P<0.05). On the other hand,
SPA displayed excess of three polymorphisms (m.151C>T,
m.15314G > A and our previously reported m.204T>C) and dearth
of 9 polymorphisms (m.4833A>G, m.5108T>C, m.5601C>T,
m.7600G > A, m.9377A>G, m.13563A>G, m.14200T > C,
m.14569G>A and our previously reported m.16278C>T)
compared with CON (P<0.05). Among them, the frequencies of
five polymorphisms (m.16278C>T, m.204T>C, m.4833A>G,
m.5108T >C and m.14569G>A) were different between EMA and
SPA (P<0.05) (Table 1). In addition, when the frequencies of
polymorphisms were compared between EMA and SPA, other two
polymorphisms (m.16140T>C and m.13104A>G) were different
(P<0.05). However, none of these polymorphisms differed signifi-
cantly between groups after correcting for multiple comparisons (false
discovery rate g-value>0.05).

To examine whether these polymorphisms are subhaplogroup-
specific polymorphisms or haplogroup-nonspecific polymorphisms,
we determined the locations of these polymorphisms in the mtDNA
phylogenetic tree (Supplementary Figure 1 and Table 1). In all figures,
the numbers in blue indicate the variants that showed higher
frequencies in EMA than in SPA/CON, and those in red indicate
the variants that showed higher frequencies in SPA than in EMA/
CON. The polymorphisms with high frequencies in EMA are
clustered in the branches of haplogroup G (Figure 1), subhaplogroup
D4e/D4e2 (Figure 2a) and subhaplogroup D4g (Figure 2b). On the
other hand, in gene-coding regions, we did not find any haplogroup-
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nonspecific polymorphisms that are associated with the elite Japanese
athletic status (Table 1).

The frequencies of rare variants were also compared between the
three groups by the Fisher’s exact test. The list of rare variants that
reached statistical significance at the level of P<0.05 is shown in
Supplementary Table S6. Frequencies of 8 and 5 rare variants were
significantly different at the level of P<0.05 between EMA and CON
and between SPA and CON, respectively. When the frequencies of rare
variants were compared between EMA and SPA, there were no
variants that reached P<0.05.

Association of the number of rare variants per person with the elite
athlete status

To determine the effect of clustering of rare variants in certain genes,
we examined the association of the number of rare variants per
person with elite athletic status. When we analyzed each gene region
separately, there were two statistically significant differences between
SPA and CON. In the region of the 12S ribosomal RNA gene
(MT-RNR1) and the NADH dehydrogenase subunit I (MT-ND1)
gene, the numbers of rare variants were significantly larger in
SPA than in CON (P=0.002 and 0.049, respectively, Table 2).
For protein-coding region, rare variants that cause amino-acid
replacements were only included in this analysis.

DISCUSSION

From the analysis of entire mtDNA sequences of 185 elite Japanese
athletes and 672 Japanese controls, we found that 7 polymorphisms,
including subhaplogroup D4e2- and D4g-specific polymorphisms,
were associated with the elite EMA status, whereas 12 polymorphisms,
including haplogroup G- and subhaplogroup G2a-specific poly-
morphisms, were associated with the elite SPA status. In addition,
the frequencies of 10 polymorphisms, including haplogroup G- and
subhaplogroup G2a-specific polymorphisms, were different between
EMA and SPA. Although none of these differences remained
significant after correcting for multiple comparisons (false discovery
rate g-value>0.05), these polymorphisms are likely candidates
influencing elite Japanese athletic performance. Furthermore, the
numbers of rare variants in the MT-RNR1 and MT-ND1 genes were
significantly higher in SPA than in CON. To the best of our
knowledge, this is the first case—control study investigating, at the
level of subhaplogroups and/or rare variants, associations between
mtDNA variants and elite athletic status.

The frequencies of seven polymorphisms, that is, m.4343A>G,
m.11215C>T, m.15518C>T, m.15874A>G and three polymorph-
isms (m.152T>C, m.514(CA) 5, and poly-C stretch at m.568-573),
which we previously reported,?* were higher in EMA than in CON at
the level of P<0.05. Two of these polymorphisms, namely,
m.4343A>G and m.15518C>T polymorphisms, were specific for
the subhaplogroup D4g, and three polymorphisms, namely, poly-C
stretch at m.568-573, m.13104A>G and m.16278C>T, were mainly
linked with subhaplogroup D4g (Figure 2b and Supplementary
Figure 1). These EMA-associated polymorphisms in subhaplogroup
D4g may have functional influences on endurance performance. One
of these polymorphisms, namely m.4343A>G polymorphism, is
located at the TYC loop region of the tRNA for glutamine. tRNAs
have cloverleaf secondary structure due to four base-paired stems.
This cloverleaf structure comprises three non-base-paired loops: D,
anticodon and TC loop. As pathogenic mutations are often located
at stem structures and tended to disrupt Watson—Crick nucleotide
paring in stem,?!' the m.4343A > G located at the T\C loop region is
probably not deleterious. Indeed, this polymorphism has been
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predicted to be benign by an evolutionarily-based computational
analysis.*> Although there are no functional studies, Zhu et al?
reported that m.4343A>G polymorphism was associated with
essential hypertension and was highly conserved from bacteria to
humans. This substitution may result in a functional difference of
tRNA for glutamine. tRNAs encoded by mtDNA are essential for the
synthesis of the 13 subunits of mitochondrial OXPHOS. Therefore, it
is possible that this polymorphism could influence elite EMA status
through improved efficiency in protein synthesis within the mito-
chondria, that is, mitochondrial biogenesis, although detailed mecha-
nism of the association between m.4343A>G polymorphism and
elite EMA status remains unclear. On the other hand, m.11215C>T
and m.15874A > G were mainly linked with subhaplogroups D4e and
D4e2, respectively (Figure 2a and Supplementary Figure 1). As both
polymorphisms are synonymous substitutions, it is unclear why these
polymorphisms are enriched in the elite EMA. One possibility is the
‘golden mean hypothesis. We previously reported the absence of
certain mtDNA variants in centenarians and their presence in patients
with Parkinson’s disease.>* These findings imply that these variants are
not beneficial for long-term survival but appear to predispose
individuals to certain adult-onset diseases, and that centenarians

are genetically hitting the golden mean. In the present study, the
association between subhaplogroup D4e and elite EMA status could
be explained by improved mitochondrial function through the
absence of non-synonymous variants in subhaplogroup D4e.

The frequencies of nine polymorphisms (m.4833A>G, m.5108T
>C, m.5601C>T, m.7600G>A, m.9377A>G, m.13563A>G,
m.14200T>C, m.14569G>A and our previously reported
m.16278C>T) were lower in SPA than in CON at the level of
P<0.05. These polymorphisms were all observed at the branches of
haplogroup G or subhaplogroup G2a (Figure 1 and Supplementary
Figure 1) and may therefore suggest that haplogroup G and/or
subhaplogroup G2a possess variants not beneficial/essential for sprint/
power performance. One of these polymorphisms, namely,
m.4833A>G, is a non-synonymous substitution. This polymorphism
causes the Thr122Ala replacement in NADH dehydrogenase subunit
2, which is a subunit of the complex I. It is possible that this
replacement is radical, because the physicochemical difference
between the original and altered amino-acid residues is relatively
high, with a Grantham value of 58;35 the average of Grantham value is
50. Furthermore, this replacement is predicted to be deleterious with a
PolyPhen-2 score of 0.665. Notably, impairment in complex I activity
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Figure 1 The phylogenetic tree of haplogroup G. Nine polymorphisms

(m.4833A>G, m.5108T>C, m.5601C>T, m.7600G>A, m.9377A>QG,

m.13563A>G, m.14200T>C, m.14569G>A and m.16278C>T), which were significantly lower in SPA than in CON, were all observed at the branches
of haplogroup G or subhaplogroup G2a. The numbers along the links refer to nucleotide positions. Combination of alphabetic and numeric characters in
square boxes indicate haplogroup and subhaplogroup names. Alphanumeric characters with black and bold indicate subject ID. Suffixes A, C, G and T refer
to transversions; ‘Y’ means heteroplasmic variations (that is, C/T); ‘ins’ indicates an insertion event (the exact number of the inserted nucleotide(s) was
disregarded). Recurrent (homoplasic) variations are underlined. At marks (@) indicate revertants. ‘573insC’ indicates poly-C stretch at m.568-573. The
numbers in blue indicate the variants that showed higher frequencies in EMA than in SPA/CON.
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Figure 2 The phylogenetic trees of subhaplogroup D4e (a) and D4g (b). EMA associated with two polymorphisms (m.11215C>T and m.15874A>G) and
five polymorphisms (m.4343A>G, m.15518C>T, poly-C stretch at m.568-573, m.13104A>G and m.16278C>T) were linked with subhaplogroups D4e/
D4e2 and D4g, respectively. The numbers along the links refer to nucleotide positions. Combination of alphabetic and numeric characters in square boxes
indicates haplogroup and subhaplogroup names. Alphanumeric characters with black and bold indicate subject ID. Recurrent (homoplasic) variations are
underlined. At marks (@) indicate revertants. ‘573insC’ indicates poly-C stretch at m.568-573. The numbers in blue indicate the variants which showed

higher frequencies in EMA than in SPA/CON.

Table 2 Distribution of the number of rare variations between groups
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CON (h=672) EMA (n=100) SPA (n=85)
Region Gene EMA vs CON SPA vs CON EMA vs SPA
Mean Median s.d. Range Mean Median s.d. Range Mean Median s.d Range P-value P-value P-value
All region 1.38 1 1.67 0-10 1.52 1 198 0-8 1.49 1 1.61 0-8 0.973 0.343 0.500
Control region 0.47 0 081 0-7 04 0 0.75 04 047 0 0.73 0-3 0.367 0.752 0.359
rRNA AllrRNA  0.18 0 0.45 0-3 0.24 0 0.57 0-3 0.22 0 0.50 0-2 0.455 0.408 0.933
12S rRNA  0.06 0 0.25 0-2 0.08 0 0.31 0-2 o0.14 0 0.35 0-1 0.456 0.002 0.120
16S rRNA 0.12 0 0.36 0-3 0.16 0 0.42 0-2 0.08 0 0.28 0-1 0.392 0.402 0.207
tRNA All tRNA  0.17 0 0.42 0-2 0.26 0 063 0-3 0.14 0 0.38 0-2 0.502 0.555 0.356
Protein-coding All genes  0.56 0 0.89 06 0.62 0 099 04 0.66 0 0.85 04 0.823 0.115 0.290
region
ND1 0.04 0 0.21 0-1 0.07 0 0.26 0-1 0.09 0 0.29 0-1 0.268 0.049 0.550
ND2 0.05 0 0.24 0-2 0.04 0 0.24 0-2 0.04 0 0.19 0-1 0.439 0.606 0.850
ND3 0.00 0 0.04 0-1 o0.01 0 0.10 0-1 0.00 0 0.00 0 0.119 0.722 0.357
ND4 0.04 0 0.21 0-2 0.03 0 0.17 0-1 0.08 0 0.28 0-1 0.578 0.094 0.118
ND4L 0.00 0 0.05 0-1 0.01 0 0.10 0-1 0.00 0 0.00 0 0.293 0.615 0.357
ND5 0.06 0 0.25 0-2 0.09 0 0.32 0-2 0.08 0 0.28 0 0.315 0.316 0.970
ND6 0.05 0 0.24 0-2 0.02 0 0.14 0-1 0.01 0 0.11 0-1 0.191 0.117 0.659
Cytb 0.09 0 0.29 0-2 0.08 0 0.27 0-1 0.07 0 0.26 0-1 0.722 0.535 0.810
Cco1 0.04 0 0.22 0-2 0.07 0 0.26 0-1 0.11 0 0.38 0-2 0.208 0.087 0.721
Cco2 0.04 0 0.19 0-1 0.05 0 0.22 0-1 0.02 0 0.15 0-1 0.591 0.486 0.348
CO3 0.04 0 0.20 0-2 0.06 0 0.24 0-1 0.05 0 0.21 0-1 0.281 0.658 0.699
ATPase6  0.08 0 0.29 0-2 0.09 0 0.29 0-1 0.09 0 0.29 0-1 0.753 0.673 0.923
ATPase8  0.01 0 0.09 0-1 0 0 0.00 0 0.01 0 0.11 0-1 0.343 0.797 0.278

Abbreviations: Cytb, cytochrome b; CO, cytochrome ¢ oxidase; CON, controls; EMA, endurance/middle-power athletes; ND, NADH dehydrogenase; SPA, sprint/power athletes.

For protein-coding region, the distribution and P-value of the number of non-synonymous variations per person is shown. Values in bold indicate significant differences between groups.

has been reported in cybrid cells with the m.4833A>G therefore other polymorphisms or rare variants may have caused the
polymorphism;*® albeit mtDNA with m.4833A>G polymorphism  impairment in complex 1. Further extensive studies are required to
was obtained from only one patient with type 2 diabetes mellitus and  clarify the functional significance of m.4833A>G polymorphism.
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Similarly, m.5601C>T polymorphism in the TyYC loop region
of tRNA for alanine and m.16278C>T polymorphism in the
control region also appear to be non beneficial for sprint/power
performance.

The frequencies of three polymorphisms (m.151C>T, m.15314G
>A and our previously reported m.204T >C) were higher in SPA
than in CON at the level of P<0.05. Among these polymorphisms,
m.151C>T and m.204T > C are located in the control region and the
frequencies of these polymorphisms tended to deviate in opposite
directions in SPA and EMA. These results could be explained, in part
at least, by our previous contention that different genotypes at a single
locus in the mtDNA control region may have opposite effects on elite
SPA and EMA status through alterations in muscle fiber-type
composition and the capacity for OXPHOS and glycolytic flux.?*
The other polymorphism, namely, m.15314G>A, is a non-
synonymous substitution causing the Alal90Thr replacement in
cytochrome b, which is a subunit of the complex III. Although the
Grantham value of this substitution is relatively high, having a value
of 58, this replacement was predicted to be benign with a PolyPhen-2
score of 0.00. Thus, the impact of this Alal90Thr replacement is
largely unknown.

The frequencies of 10 polymorphisms were different and in
opposite directions between EMA and SPA (P<0.05). Similarly, we
previously reported that mitochondrial haplogroup F and N9a were
associated with type 2 diabetes in opposite directions, namely,
haplogroup F was associated with an increased risk of type 2 diabetes
mellitus, whereas haplogroup N9a was associated with resistance
against type 2 diabetes mellitus.3”*® Interestingly, Hwang et al.*®
reported that cybrid cells harboring these haplogroups, that is, F
and N9a, exhibited significant differences in their nuclear gene
expression pattern; mitochondrial haplogroup F showed a decreased
gene expression of the mitochondrial OXPHOS pathway and an
increased gene expression of the cytosolic glycolysis pathway
compared with mitochondrial haplogroup N9a. This observation
can be regarded as a compensatory response for decreased ATP
production caused by a defective mitochondrial haplogroup, resulting
in an increased expression of nuclear genes involved in glycolysis. This
phenomenon might explain, at least partly, the opposite effects of
mtDNA polymorphisms on elite SPA and EMA status.

Our results showed that the mtDNA sequences of elite SPA
contained a higher number of rare variants in the MT-RNR1 and
MT-ND1 genes than in CON. It has been argued that a higher
number of rare variants in certain genes could influence susceptibility
to Alzheimer’s disease*™*! and hypertriglyceridemia.?> These rare
variants were predicted to have comprised function.”® In addition, it
was suggested that rare variants comprise the largest part of disease-
associated variants by use of a comprehensive weighted scoring system
(MtSNPscore).*? In the present study, three rare variants with amino-
acid replacements in the MT-ND1 observed in SPA (m.3410A>T
(Lys35Met), m.3571C>T (Lue89Phe) and m.4136A >G (Tyr277Cys)
were predicted to be deleterious with PolyPhen-2 scores of
0.984-1. Therefore, it is possible that these rare variants reduce
mitochondrial function and enhance the potential for glycolytic flux
as compensation, and hence the association with elite SPA status. In
the present study, we also compared the frequencies of rare variants
between groups and found eight variants (m.2857T > C, m.3434A >G,
m.8296A >G, m.8962A>G, m.9711C>T, m.12630G > A, m.12684G
> A and m.13140A >G) were different between EMA and CON and
five variants (m.5261G>A, m.7694C>T, m.7852G>A, m.10103A
>G and m.11150G>A) between SPA and CON; whereas no
differences between EMA and SPA were found. Among these
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variants, four variants (m.2857T>C, m.8962A>G, m.9711C>T
and m.13140A>G) with high frequencies in EMA are clustered in
the branches of haplogroup A3 (Supplementary Figure 1 and
Supplementary Table S6). We previously reported that haplogroup
A was associated with elite endurance status.*> Therefore, these rare
variants may influence elite athletic performance solely and/or
through clustering.

We previously reported that mitochondrial haplogroups F and G1
were associated with elite Japanese SPA and EMA status, respec-
tively.!? The distribution of major mitochondrial haplogroups in
EMA, SPA and CON in the present study is shown in Supplementary
Table S7. In the present study, the frequency of haplogroup F-specific
polymorphism (m.3970C>T) was not significantly different between
SPA and CON, although this polymorphism tended to be different
(SPA: 9/85 vs CON: 40/672, P=0.1017, OR: 1.87 (95% CI 0.87-4.01),
data not shown). However, when we combined SPA with EMA into
one group as an all-athlete group, this group showed higher frequency
of haplogroup F-specific polymorphism (m.3970C>T) compared
with CON (all athlete: 20/185 vs CON: 40/672, P=0.0218, OR: 1.92
(95% CI 1.09-3.36), data not shown). These results imply that
haplogroup F is associated with elite performance regardless of event
specialization. On the other hand, the frequency of haplogroup G in
EMA was significantly higher than in SPA. Further replication studies
are necessary to confirm these associations.

Although the results of the present study are intriguing, there are
several limitations. The first limitation is that our athlete cohort is
made up of athletes from a variety of different sporting disciplines.
However, the truly elite nature of our athlete cohort combine with the
technical approaches used provides a fairly unique opportunity to
study genetic associations with sporting success. A second key
limitation is the problem of multiple comparisons and the finding
that no polymorphisms differed significantly between groups after
correcting for multiple comparisons; a reflection most likely of a lack
of sufficient statistical power, hence all associations significant at
P<0.05 have been reported in the present study in order to avert type
2 errors. Therefore, replication studies are required to confirm the
presently reported associations between mtDNA variants and elite
athletic performance and functional studies to investigate the under-
lying mechanisms of these associations. In the present study, we
focused exclusively on the mitochondrial genome. However, it is
acknowledged that a comprehensive analysis of the nuclear genome
will be essential in order to significantly enhance our understanding
of the genetic basis of elite performance. Elucidating these genetic
contributions to athletic performance will substantially enhance the
possibility of using genetics to enhance the detection of sporting
talent.

In conclusion, analysis of the entire mtDNA of elite Japanese
athletes revealed several haplogroup- and subhaplogroup-specific
polymorphisms to be potentially associated with elite Japanese
athletic status. Furthermore, the presence of rare variants in the
MT-RNRI and MT-ND1 genes may also contribute to sprint/power
performance.
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