
MSSE SPECIAL REPORT

The human gene map for performance and
health-related fitness phenotypes:
the 2001 update
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ABSTRACT

RANKINEN, T., L. PÉRUSSE, R. RAURAMAA, M. A. RIVERA, B. WOLFARTH, and C. BOUCHARD. The human gene map for
performance and health-related fitness phenotypes: the 2001 update. Med. Sci. Sports Exerc., Vol. 34, No. 8, pp. 1219–1233, 2002.
This review presents the 2001 update of the human gene map for physical performance and health-related phenotypes. It is based on
scientific papers published by the end of 2001. Association studies with candidate genes, genome-wide scans with polymorphic
markers, and single gene defects causing exercise intolerance to variable degrees are included. The genes and markers with evidence
of association or linkage with a performance or fitness phenotype in sedentary or active people, in adaptation to acute exercise or for
training-induced changes are positioned on the genetic map of all autosomes and the X chromosome. Negative studies are reviewed,
but a gene or locus must be supported by at least one positive study before being inserted on the map. By the end of 2000, there were
29 loci depicted on the map. The 2001 map includes 71 loci on the autosomes and two on the X chromosome. Among these genes or
markers, 24 are from prior publications on exercise intolerance and four relate to other pathologies. Finally, 13 sequence variants in
mitochondrial DNA have been shown to influence relevant fitness and performance phenotypes.

This paper constitutes the second installment in the
series on the human gene map for performance and
health-related fitness phenotypes. It covers the peer-

reviewed literature published by the end of December 2001.
The goal of these reviews is to include all genetic loci and
markers shown to be related to fitness or performance in at
least one study. Negative studies are briefly reviewed for a
balanced presentation of the evidence. However, the non-
significant results are generally not incorporated in the sum-
mary tables.

There are two important differences between the 2001
review as compared with the first installment. First, the
results of early case-control studies of Olympic athletes
based on common red blood cell antigenic systems and
polymorphic red blood cell enzymes, which were reviewed
in detail last year, have been dropped from this year’s
review. All these studies were essentially negative. The

interested reader can consult Table 2 of the first installment
of the gene map for a complete summary of these early
reports (78). Second, the decision was taken to include
exercise intolerance as a performance phenotype. There is a
strong body of data indicating that mutations in specific
genes are often characterized by a diminished ability to
exercise or perform. These cases are typically found for
genes encoding enzymes of pathways related to substrate
storage or mobilization. They provide excellent examples of
single genes having strong negative effects on physical
performance. Because these genes were not reviewed last
year, we have briefly summarized the evidence accumulated
to date in this paper.

The physical performance phenotypes for which genetic
data are available include cardiorespiratory endurance, elite
endurance athlete status, muscle strength, other muscle per-
formance traits, and exercise intolerance of variable de-
grees. Consistent with the first review, the phenotypes of
health-related fitness retained are grouped under the follow-
ing categories: hemodynamic traits including exercise heart
rate, blood pressure, and heart morphology; anthropometry
and body composition; insulin and glucose metabolism; and
blood lipid, lipoprotein, and hemostatic factors. Here, we
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are not concerned by the effects of specific genes on these
phenotypes unless the focus is on exercise, exercise training,
athletes, or active people compared with controls or inactive
individuals, or exercise intolerance. The studies incorpo-
rated in the review are fully referenced so that the interested
reader can access the original papers.

The 2001 version of the gene map includes many more
genes and markers than the 2000 version as can be seen by
comparing the pictogram of the chromosomes in Figure 1 of
Rankinen et al. (78) and Figure 1 of the present review.
Comments and suggestions are welcome. Our goal is to
make this publication a useful resource for those of you who
have to teach about the role of the genes on fitness and
performance traits. It is also our hope that the yearly update
of the fitness and performance gene map will be found
useful to the exercise scientists and the sports medicine
community.

PERFORMANCE PHENOTYPES

Endurance Phenotypes

Case-control studies. The case-control studies re-
porting statistically significant differences in allele and geno-

type frequencies between endurance athletes and sedentary
controls are summarized in Table 2. In 2001, two studies
investigated the angiotensin-converting enzyme (ACE) in-
sertion (I)/deletion (D) genotype frequencies in athletes and
controls (65,128). The frequency of the D allele was signif-
icantly higher in Caucasian elite swimmers from the Euro-
pean and Commonwealth championships than among more
than 1200 military recruits, who served as a control group
(128). The association was particularly evident among
swimmers competing over short distances (�400 m) but not
in longer events. Nazarov and coworkers (65) investigated
the ACE I/D polymorphism in 217 Russian athletes and 449
controls. ACE genotype and allele frequencies among all
athletes or among the outstanding athletes did not differ
from those observed in the control group. In a subgroup of
outstanding short-distance athletes, the D allele was more
frequent than in controls, whereas the outstanding middle
distance athletes showed an excess of the I allele (65).

Cross-sectional association studies. Two new
studies published in 2001 investigated cross-sectional asso-
ciations between DNA sequence variation and endurance-
related phenotypes (Table 3). Buemann and coworkers (11)
investigated submaximal exercise efficiency in eight val-55

FIGURE 1—The 2001 human performance and health-related fitness
gene map. The map includes all genes and markers that have shown
associations or linkages with exercise-related phenotypes summarized
in the article. The chromosomes and their regions are from the Gene
Map of the Human Genome web site hosted by the National Center for
Biotechnology Information, National Institutes of Health, Bethesda,
MD (URL:http//www.ncbi.nlm.nih.gov/). The chromosome number
and the size of each chromosome in megabases (Mb) are given at the
top and bottom of the chromosomes, respectively. Loci abbreviations
and full names are given in Table 1.
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allele homozygotes and eight age, body weight, and V̇O2max

matched homozygotes for the ala-55 allele in the uncoupling
protein 2 (UCP2) gene. Both incremental efficiency and
gross efficiency at 40% of V̇O2max were higher in the val/val
subjects compared with ala/ala-subjects (11). However,
gross efficiency at 30% and 60% of V̇O2max, as well as
respiratory exchange ratio at any intensity level, did not
differ between the genotype groups. Among 63 postmeno-
pausal women, the homozygotes for the Glu27 allele in the
adrenergic receptor �2 gene (ADRB2) had lower body
weight–adjusted V̇O2max than the Gln27 homozygotes and
the heterozygotes (59).

Association studies with training response phe-
notypes. Associations between the ACE I/D genotype and
changes in physical performance phenotypes during an

8-wk basic training program were investigated in 147 U.S.
army recruits. The training program induced significant
improvements in aerobic power phenotypes measured dur-
ing treadmill test and in 2-mile running time, but these
improvements were similar across the ACE I/D genotypes
(97). No relationship was found between mitochondrial
DNA polymorphism and a V̇O2max response to an 8-wk
training program in 41 sedentary Japanese males (61).

Linkage studies. No new linkage studies on perfor-
mance-related phenotypes were published in 2001 (Table 4).

Muscle Strength Phenotypes

Several studies dealing with muscular strength and an-
aerobic performance phenotypes were published in 2001.

TABLE 1. Symbols, full names, and cytogenic location of genes and loci of the 2001 Human Gene Map for Performance and Health-Related Fitness Phenotypes.

Gene or Locus Name Location

ACADVL Acyl coenzyme A dehydrogenase, very long chain 17p13-p11
ACE Angiotensin I converting enzyme 17q23
ADRA2A Alpha-2A-adrenergic receptor 10q24-q26
ADRB2 Beta-2-adrenergic receptor 5q31-q32
ADRB3 Beta-3-adrenergic receptor 8p12-p11.2
AGT Angiotensinogen 1q42-q43
ANG Angiogenin, ribonuclease, RNase A family, 5 14q11.1-q11.2
APOE Apolipoprotein E 19q13.2
ATP1A2 ATPase, Na�/K� transporting, alpha-2 polypeptide 1q21-q23
BDKRB2 Bradykinin receptor B2 14q32.1-q32.2
CKM Creatine kinase, muscle 19q13.2-q13.3
CNTF Ciliary neurotrophic factor 11q12.2
CPT2 Carnitine palmitoyltransferase 2 1p32
COL1A1 Collagen, type I, alpha 1 17q21.3-q22.1
EDN1 Endothelin 1 6p24.1
ENO3 Enolase 3, (beta, muscle) 17pter-p11
FABP2 Fatty acid binding protein 2 4q28-q31
FGA Fibrinogen, A alpha polypeptide 4q28
FGB Fibrinogen, B beta polypeptide 4q28
GDF8 (MSTN) Growth differentiation factor 8 (myostatin) 2q32.2
HLA-A Major histocompatibility complex, class I, A 6p21.3
HP Haptoglobin 16q22.1
IGF1 Insulin-like growth factor I 12q22-q23
KCNQ1 K� voltage-gated channel, KQT-like subfamily, member 1 11p15.5
LDHA Lactate dehydrogenase A 11p15.4
LPL Lipoprotein lipase 8p22
MTCO1 Cytochrome c oxidase I mtDNA 5904–7445
MTCO3 Cytochrome c oxidase III mtDNA 9207–9990
MTCYB Cytochrome b mtDNA 14747–15887
MTND1 NADH dehydrogenase 1 mtDNA 3307–4262
MTND4 NADH dehydrogenase 4 mtDNA 10760–12137
MTND5 NADH dehydrogenase 5 mtDNA 12337–14148
MTTE Transfer RNA, mitochondrial, glutamic acid mtDNA 14674–14742
MTTK Transfer RNA, mitochondrial, lysine mtDNA 8295–8264
MTTL1 Transfer RNA, mitochondrial, leucine 1 (UUR) mtDNA 3230–3304
MTTL2 Transfer RNA, mitochondrial, leucine 2 (CUN) mtDNA 12266–12336
MTTM Transfer RNA, mitochondrial, methionine mtDNA 4402–4469
MTTT Transfer RNA, mitochondrial, threonine mtDNA 15888–15953
MTTY Transfer RNA, mitochondrial, tyrosine mtDNA 5826–5891
NOS3 Nitric oxide synthase 3 (endothelial cell) 7q36
NPY Neuropeptide Y 7p15.1
PAI1 Plasminogen activator inhibitor 1 7q21.3-q22
PFKM Phosphofructokinase, muscle 12q13.3
PGAM2 Phosphoglycerate mutase 2 (muscle) 7p13-p12
PGK1 Phosphoglycerate kinase 1 Xq13
PHKA1 Phosphorylase kinase, alpha 1 (muscle) Xq12-q13
PON1 Paraoxonase 1 7q21.3
PYGM Phosphorylase, glycogen, muscle 11q12-q13.2
RYR2 Ryanodine receptor 2 (cardiac) 1q42.1-q43
S100A1 S100 calcium binding protein A1 1q21
SUR Sulfonylurea receptor 11p15.1
TGFB1 Transforming growth factor beta 1 19q13.2
UCP2 Uncoupling protein 2 11q13
UCP3 Uncoupling protein 3 11q13
VDR Vitamin D (1,25-dihydroxyvitamin D3) receptor 12q12-q14
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The results of the studies with positive findings are sum-
marized in Table 5. Norman and coworkers (66) investi-
gated the associations between the adenosine monophos-
phate deaminase 1 (AMPD1) polymorphism and skeletal
muscle adenylate catabolism and short-term high-intensity
performance in 18 healthy subjects. Homozygotes for the
mutant 34T allele, which is associated with low AMP
deaminase activity, showed no changes in skeletal muscle
ATP and IMP concentrations after a 30-s high-intensity

exercise bout, whereas the homozygotes for the normal
allele showed a normal ATP catabolism and IMP accumu-
lation responses. However, the AMPD1 genotype was not
associated with peak power and mean power during a 30-s
Wingate test (66). Tarnopolsky and coworkers (104) re-
ported a greater increase in adenosine monophosphate con-
centration in vastus lateralis in response to maximal exercise
in homozygous subjects for the AMPD1 C34T mutation (TT
genotype), whereas the increase in inosine monophosphate

TABLE 2. Endurance phenotypes and case-control studies (DNA polymorphisms).

Gene Location

Athletes Controls

P ReferenceN Sports Freq N Freq

ADRA2A 10q24-q26 140 Endurance 6.7/6.7:
0.77

141 6.7/6.7:
0.62

0.037 (127)

6.7/6.3:
0.21

6.7/6.3:
0.34

6.3/6.3:
0.02

6.3/6.3:
0.04

6.7: 0.88 6.7: 0.8 0.011
6.3: 0.12 6.3: 0.2

ACE 17q23 64 Endurance II: 0.30 118 II: 0.18 0.03 (28)
ID: 0.55 ID: 0.51
DD: 0.16 DD: 0.32
I: 0.57 I: 0.43 0.02
D: 0.43 D: 0.57

79 Running I: 0.57 ref. I: 0.49 0.039 (63)
D: 0.43 pop. D: 0.51

25 Mountaineering n.a. ref. n.a. 0.02 (58)
pop. 0.003

60 Elite athletes (cycling, running, handball) II: 0.25 ref. II: 0.16 0.0009 (1)
ID: 0.58 pop. ID: 0.45
DD: 0.17 DD: 0.39
I: 0.54 I: 0.38
D: 0.46 D: 0.62

56 Elite swimmers (subsamples of 103 swimmers) II: 0.15 1248 II: 0.24 0.004 (128)
ID: 0.39 ID: 0.49
DD: 0.46 DD: 0.27
I: 0.34 I: 0.48
D: 0.66 D: 0.52

TABLE 3. Endurance phenotypes and association studies with candidate genes.

Gene Location N Trait P-Value Reference

Acute exercise
ADRB2 5q31-q32 232 HF patients V̇O2peak 0.0001 (121)

63 post-menopausal women V̇O2max �0.05 (59)
HLA-A 6p21.3 8 MZ and 8 DZ twin pairs V̇O2max 0.001 (86)
UCP2 11q13 16 healthy subjects Exercise efficiency (gross) 0.02 (11)

Exercise efficiency (incremental) 0.03
HP 16q22.1 96 PAOD patients Walking distance �0.05 (18)
ACE 17q23 58 PM women V̇O2max �0.05 (34)

47 PM women Max a-vDo2 �0.05
91 (79 Caucasians) Running distance 0.009 (63)

CKM 19q13.2-q13.3 160 White parents V̇O2max 0.007 (82)
80 White offspring V̇O2max NS

MTTT 15888-15953* 46 V̇O2max �0.05 (20)
MTND5 12337-14148* 46 V̇O2max �0.05 (20)

Training responses
ATP1A2 1q21-q23 472 Whites V̇O2max 0.018 (76)

294 White offspring V̇O2max 0.017
ACE 17q23 294 White offspring V̇O2max 0.008–0.150 (77)

Power output 0.0001–0.003
78 army recruits Max. duration for repetitive

elbow flexion with 15 kg
0.001 (58)

58 army recruits Muscle efficiency �0.025 (126)
APOE 19q13.2 51 V̇O2max �0.05 (33)
CKM 19q13.2-q13.3 160 White parents V̇O2max 0.004 (82)

80 White offspring V̇O2max �0.025
MTND5 12337-14148* 46 V̇O2max �0.05 (20)

* Mitochondrial DNA; V̇O2max � maximal oxygen uptake; Wmax � maximal power output; a-vDo2 � arterious-venous oxygen difference; PM � post-menopausal; HF � heart failure;
HZ � homozygous; MZ � monozygous; CAD � coronary artery disease.
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concentration observed in controls was not seen in the TT
homozygotes. However, exercise performance, tricarboxy-
lic acid cycle anaplerosis, phosphocreatine hydrolysis, and
energy charge were similar in the AMPD1 C34T mutation
homozygotes, CT heterozygotes, and normal CC homozy-
gotes (104).

In postmenopausal women, the DD homozygotes of the
ACE gene polymorphism showed a significantly lower in-
crease in maximum voluntary force of the M adductor
pollicis than the I allele carriers after 1 yr of hormone
replacement therapy (129). However, in U.S. army recruits,
no ACE I/D genotype associated difference in training re-
sponse for sit-up and push-up performance was reported
(97). Associations between ciliary neurotrophic factor
(CNTF) genotypes and various muscular strength pheno-
types were investigated in 494 healthy subjects. Individuals
exhibiting the G/A genotype showed significantly greater
muscular strength and muscle performance at relatively fast
contraction speeds than the G/G individuals did (87). In
elderly men, the type I collagen �1 Sp1 polymorphism was
related to upper-limb muscle strength. The presence of the
s-allele was associated with lower grip and biceps strength
(116). Several polymorphic variations in the myostatin gene
were observed and tested for strength phenotypes in 286
women. The K153R polymorphism was more common in
African-American women (N � 55; R allele frequency 17%
vs 1.3% in Caucasians), and the R153 allele was associated
with lower strength (92).

HEALTH-RELATED FITNESS PHENOTYPES

Hemodynamic Phenotypes
Acute exercise. During the year 2001, two studies

reported associations between blood pressure measured dur-
ing acute exercise and markers in specific genes (Table 6).
Rivera and coworkers (83,84) investigated in the HERI-
TAGE Family Study cohort the associations between trans-
forming growth factor beta-1 (TGFB1) and angiogenin
(ANG) polymorphisms with exercise blood pressure. In
white subjects, the homozygotes for the Pro allele in codon
10 of the TGFB1 gene showed significantly greater systolic
blood pressure (SBP) during submaximal (at 50 W and 60%
of V̇O2max) and maximal exercise than the Leu10Leu ho-
mozygotes and the Leu10Pro heterozygotes (84). No asso-
ciations were found among black HERITAGE subjects.
However, in blacks the carriers of the G allele of the ANG
Ava II polymorphism had significantly lower SBP at 60%
and 80% of V̇O2max as well as at maximal exercise than the
noncarriers of the G allele (83). Diastolic blood pressure
(DBP) was not associated with the ANG genotype. No
associations were found in whites, except for slightly higher
DBP at 50 W in the G allele carriers versus noncarriers (83).

Two studies investigated the role of the Arg389Gly poly-
morphism in the adrenergic receptor beta 1 (ADRB1)
gene in the regulation of heart rate during exercise.
Buscher and coworkers (12) found no associations be-
tween the Arg389Gly genotype and heart rate measured

TABLE 4. Endurance phenotypes and linkage studies.

Gene Markers Location N Pairs Phenotype P-Value Reference

QTL D1S534 1p11.2 315 White �V̇O2max 0.009 (8)
ATP1A2 1q21-q23 309 White �V̇O2max 0.054 (76)

�Wmax 0.003
QTL D2S2739 2p16.1 315 White �V̇O2max 0.0095 (8)
QTL D4S3248 4q12 315 White V̇O2max 0.0038 (8)
QTL FABP2 4q28-q31 315 White �V̇O2max 0.0098 (8)
QTL D6S2439 6p21.33 315 White �V̇O2max 0.0098 (8)
QTL D8S592 8q24.12 315 White V̇O2max 0.0054 (8)
QTL SUR 11p15.1 315 White V̇O2max 0.0084 (8)
QTL ATA34E08 11p14.1 315 White �V̇O2max 0.0042 (8)
QTL D14S587 14q21.3 315 White V̇O2max 0.0031 (8)
CKM 19q13.2 260 White �V̇O2max 0.04 (85)

�, response to an exercise training program; V̇O2max, maximal oxygen uptake; Wmax, maximal power output.

TABLE 5. Muscular strength phenotypes and association studies with candidate genes.

Gene Location N Trait P-Value Reference

GDF8 2q32.2 286 women Hip flexion 0.01 (92)
55 AA women (subsample of 286) Overall strength �0.01 (92)

Hip flexion �0.01
Knee flexion �0.01

CNTF 11q12.2 494 KE con, fv �0.05 (87)
KE ecc, sv �0.05
KF con, sv �0.05
KF con, fv �0.05
KF ecc, sv �0.05

VDR 12q12-q14 501 PM women Grip and quadriceps strength �0.01 (29)
COL1A1 17q21.3-q22.1 273 men (71–86 yr.) Grip strength 0.03 (116)

Biceps strength 0.04
ACE 17q23 33 � muscle strength �0.05 (23)

83 post-menopausal women Specific muscle strength of
adductor pollicis

0.017 (129)

PM, postmenopausal; �, training response; KE, knee extensor; KF, knee flexor; con, concentric; ecc, eccentric; sv, slow velocity (0.52 rad�s�1); fv, fast velocity (0.34 rad�s�1).
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during submaximal exercise on a bicycle ergometer in a
supine position in 24 healthy volunteers. Similarly, Xie et
al. (130) reported comparable exercise heart rates in
healthy homozygotes for the Arg (N � 9) and Gly (N �
8) alleles. Finally, ECG findings recorded during maxi-
mal treadmill test did not differ between the carriers of
the apolipoprotein A-I (APOA1) Milano mutation (N �
21) and age- and sex-matched controls without the mu-
tation (N � 42) (96).

Training response. Two reports were published on the
associations between DNA sequence variation and exercise
training–induced left ventricular hypertrophy (Table 7).
Myerson and coworkers (64) reported a greater increase in
left ventricular mass (LVM) in the homozygotes for the
deletion allele (DD) in the ACE gene as compared with the
insertion allele homozygotes (II) after 10 wk of exercise
training in healthy normotensive white male army recruits.

In a subgroup of these army recruits, Brull and coworkers
(9) investigated the role of a bradykinin receptor B2 (BD-
KRB2) polymorphism in the left ventricular growth re-
sponse. The homozygotes for a nine-nucleotide deletion in
the first exon of the BDKRB2 gene showed a smaller in-
crease in LVM than those who carried two alleles without
the deletion (9). Furthermore, subjects who were homozy-
gotes for both the ACE insertion and the BDKRB2 9-base-
pair (bp) deletion alleles showed no LVM growth response,
whereas those who were homozygotes for the ACE deletion
and the presence of the 9-bp sequence in the BDKRB2 gene
had the greatest LVM response (9).

Linkage studies. The first genome-wide linkage scan
for submaximal exercise (50 W, 80% of V̇O2max) blood
pressure phenotypes was published in 2001 (74) (Table 8).
In the HERITAGE Family Study cohort, promising linkages
(logarithm of odds (Lod) score �1.75, P � 0.0023) were

TABLE 6. Summary of the association studies between candidate gene markers and acute exercise-related hemodynamic phenotypes.

Gene Location N Cases Phenotype P-Value Reference

AGT 1q42-q43 25 Submaximal exercise DBP �0.01 (47)
190 sedentary white men DBPmax 0.007 (75)

ADRB2 5q31-q32 232 HF patients Exercise cardiac index �0.05 (121)
Exercise systemic vascular res. �0.05
Exercise stroke volume �0.05

EDN1 6p24.1 873 SBPmax 0.03 (106)
372 with BMI � 26 SBPmax �0.0001

ANG 14q11.1-q11.2 257 blacks SBP at 60% and 80% V̇O2max �0.05 (83)
SBPmax �0.05

ACE 17q23 58 Max HR �0.05 (34)
66 DBPmax 0.010 (24)
96 Exercise ANP 0.043 (25)
19 COPD patients Exercise Ppa 0.008 (41)

Exercise Rpv �0.05

TGFB1 19q13.2 480 whites SBP at 50W, 60% V̇O2max �0.05 (84)
SBPmax �0.05

HF, heart failure; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; COPD, chronic obstructive pulmonary disease; Ppa, mean pulmonary artery pressure; Rpv, pulmonary
vascular resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.

TABLE 7. Summary of the association studies between candidate gene markers and hemodynamic phenotype training responses.

Gene Location N Cases Phenotype P-Value Reference

AGT 1q42-q43 226 white males DBP at 50 W 0.016 (75)

NOS3 7q36 471 whites DBP at 50 W 0.0005 (79)
HR at 50 W 0.077
RPP at 50 W 0.013

LPL 8p22 18 Resting SBP �0.05 (32)
Resting DBP �0.05

BDKRB2 14q32.1-q32.2 109 white army recruits LV mass 0.009 (9)

ACE 17q23 28 male soccer players LV mass 0.02 (22)
140 white army recruits Septal thickness 0.0001 (56)

Posterior wall thickness 0.0001
End-diastolic diameter 0.02
LV mass 0.0001
LV mass index 0.0001

49 white army recruits BNP �0.05
18 Resting DBP 0.005 (32)
294 white offspring HR at 50 W 0.0006 (75)
144 white army recruits LV mass 0.002 (64)

APOE 19q13.2 18 Resting SBP �0.05 (32)

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; RPP, rate pressure product; BNP, brain natriuretic peptide; LV, left ventricular.
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detected for baseline SBP at 80% of V̇O2max on chromo-
some 10q23-q24 and for SBP at 50 W training response on
chromosome 8q24.3 in whites and for baseline DBP at 50 W
and 80% of V̇O2max on chromosomes 18p11.2 and 11q13,
respectively, in blacks. Furthermore, several suggestive
linkages (Lod score 1.0–1.75, 0.01�P � 0.0023) were
observed for baseline DBP at 50 W (6q24-q27 in whites;
2p22-p25 and 11p15.5 in blacks), for baseline SBP at 80%
of V̇O2max (2p24, 2q21, 14q11.1-q12, and 16q21 in whites;
7q35, 12p12-p13, 15q26, and 17p11-q11 in blacks), for
baseline DBP at 80% of V̇O2max (6q13-q21 and 15q24-q25
in Whites), for DBP at 50 W training response (5q31-q33 in
Whites), and for DBP at 80% of V̇O2max training response
(10q21-q23 in Blacks) (74).

Grunig and coworkers (30) investigated two extended
families with familial primary pulmonary hypertension
(PPH). Among 52 family members examined, four had
diagnosed PPH. However, 14 asymptomatic subjects with
normal pulmonary artery systolic pressure (PASP) at rest
showed a pathological increase (�40 mm Hg) of PASP
during supine bicycle exercise, whereas in 27 subjects PASP
at rest and in response to exercise were within the normal
limits. When the family members showing an abnormal
PASP response to acute exercise were considered to be
affected, a multipoint linkage analysis revealed a Lod score
of 4.4 with markers on chromosome 2q31-q32 (30).

Exercise and familial cardiac arrhythmias. De-
spite the cardioprotective effects of physical activity and
regular exercise training, acute strenuous exercise may trig-
ger pathological cardiac events, especially among individ-
uals with genetic predisposition to irregular heartbeat. The
advances in molecular genetics have facilitated the identi-
fication of several genes underlying the familial forms of
cardiac arrhythmias, such as the long-QT syndrome, famil-
ial ventricular fibrillation, and polymorphic ventricular
tachycardia. By using positional cloning and candidate gene
research approaches, six susceptibility genes for familial
arrhythmias have been discovered, all of them encoding

cardiac ion channels (43). Mutations in the cardiac ryano-
dine receptor 2 (RYR2, chromosome 1q42-q43) gene have
been shown to cause familial polymorphic ventricular
tachycardia (FPVT). FPVT is an autosomal-dominant syn-
drome characterized by episodes of bidirectional and poly-
morphic ventricular tachycardias, typically triggered by ad-
renergic stimulation or physical exercise (49,72). A QTL for
an autosomal-recessive form of FPVT was recently mapped
to chromosome 1p13–21, but the underlying gene has not
been identified yet (48).

Identification of the genes responsible for the long-QT
syndromes 1, 2, and 3 (LQT1, LQT2, and LQT3, respec-
tively) has greatly improved the diagnosis and the clinical
characterization of the disorders. It seems that the conditions
predisposing to cardiac events in LQT patients are in large
part gene specific. Schwartz and coworkers (91) investi-
gated the role of exercise, emotion, and sleep/rest as triggers
of cardiac events in 670 LQT syndrome patients with known
genotype. Patients with LQT1 experienced the majority of
their cardiac events during exercise, whereas the LQT2 and
LQT3 patients were less likely to have events during exer-
cise (91). The LQT1 patients also show lower maximum
heart rate during exercise stress test than the LQT2 patients
and healthy controls (100). The LQT1 is caused by muta-
tions in the KCNQ1 gene, which encodes the K� channel
subunit responsible for the delayed-rectifier K� current in
cardiac myocytes (123). LQT2 and LQT3 are caused by
KCNH2 (voltage-gated potassium channel, subfamily H,
member 2) and SCN5A (alpha subunit of the cardiac volt-
age-gated sodium channel) genes. For further description of
the genetics of LQT syndromes, see references 70,71.

Anthropometry and Body Composition Pheno-
types

Association studies. The results of association studies
for phenotypes related to anthropometry and body compo-
sition are summarized in Table 9. Only a few studies pub-
lished during the past year have provided evidence of gene-
physical activity/exercise-training interactions. The impact

TABLE 8. Exercise-related hemodynamic phenotypes and linkage studies.

Gene Markers Location N Pairs Phenotype P-Value Reference

QTL D1S189 1p13-p21 42 members from 7 families AR-FPVT Lod � 8.24 (48)
QTL D2S2952 2p24 344 white SBP at 80% V̇O2max 0.0026 (74)
QTL D2S1400 2p22-p25 102 black DBP at 50 W 0.0044 (74)
QTL D2S1334 2q21 344 white SBP at 80% V̇O2max 0.0031 (74)
QTL D2S364 2q31-q32 52 members from 2 families (14 affected) Abnormal PASP response to exercise Lod score 4.4 (30)
QTL D5S640 5q31-q33 344 white �DBP at 50 W 0.0046 (74)
QTL D6S1270 6q13-q21 344 white DBP at 80% V̇O2max 0.0037 (74)
QTL D6S2436 6q24-q27 344 white DBP at 50 W 0.0041 (74)
QTL D7S2195 7q35 102 black SBP at 80% V̇O2max 0.0046 (74)
QTL D8S373 8q24.3 344 white �SBP at 50 W 0.0005 (74)
QTL D10S2327 10q21-q23 102 black �DBP at 80% V̇O2max 0.0019 (74)
QTL D10S677 10q23-q24 344 white SBP at 80% V̇O2max 0.0018 (74)
QTL D11S2071 11p15.5 102 black DBP at 50 W 0.0042 (74)
QTL UCP3 11q13 102 black DBP at 80% V̇O2max 0.0023 (74)
QTL D12S1301 12p12-p13 102 black SBP at 80% V̇O2max 0.005 (74)
QTL D14S283 14q11.1-q12 344 whites SBP at 80% V̇O2max 0.0034 (74)
QTL D15S211 15q24-q25 344 whites DBP at 80% V̇O2max 0.0024 (74)
QTL D15S657 15q26 102 blacks SBP at 80% V̇O2max 0.0035 (74)
QTL D16S261 16q21 344 white SBP at 80% V̇O2max 0.0026 (74)
QTL D17S1294 17p11-q11 102 blacks SBP at 80% V̇O2max 0.0031 (74)
QTL D18S843 18p11.2 102 blacks DBP at 50 W 0.0012 (74)

�, response to an exercise training program; V̇O2max, maximal oxygen uptake; PASP, pulmonary artery systolic pressure; AR-FPVT, autosomal recessive familial polymorphic ventricular
tachycardia.
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of two vitamin D receptor (VDR) RFLPs (ApaI and TaqI) on
bone mineral density measured at the distal radius was
investigated in 120 Japanese girls aged 18–19 yr (46). The
results indicated that the VDR polymorphisms were asso-
ciated with an increased bone density, but only in inactive
girls. In another study, several VDR polymorphisms were
tested for association with bone mineral density assessed at
several sites in 99 Caucasian girls (50). Results showed
evidence of association between VDR polymorphisms and
bone mineral density, but only after adjustment of the data
for body weight and physical activity, which indicates a
possible interaction between VDR genotypes and physical
activity in determining bone mineral density. Kallio and
coworkers (39,40) investigated plasma neuropeptide Y,
growth hormone, ghrelin, and insulin-like growth factor 1
responses to acute submaximal exercise at 80% of V̇O2max

in healthy sex-, age-, and BMI-matched Leu7/Leu7 ho-
mozygotes and Leu7/Pro7 heterozygotes (N � 9 for both
genotypes) of the neuropeptide Y (NPY) gene. The Leu7/
Pro7 heterozygotes had higher overall plasma NPY levels
and a greater increase in plasma NPY in response to exercise
test than the Leu7-allele homozygotes (39). The heterozy-
gous subjects also showed a greater increase in plasma
growth hormone concentration during exercise than the ho-
mozygotes, whereas plasma ghrelin and IGF1 responses did
not differ between the genotypes (40).

Changes in body composition and fat distribution in re-
sponse to exercise training were also tested for association
with polymorphisms in the lipoprotein lipase (LPL) and
ADRB3 genes. The association between the LPL S447X
polymorphism and changes in various body fat phenotypes
after 20 wk of endurance training was investigated in 741
white and black subjects participating in the HERITAGE
Family Study (26). Results indicated that the X447 allele of
the LPL gene was associated with greater reductions of body

mass index, fat mass, and percent body fat in white women
(N � 249) and of abdominal visceral fat in black women (N
� 171). The changes in body composition in response to
exercise training were also investigated as a function of the
Trp64Arg polymorphism in the ADRB3 gene in 751 subjects
participating in the HERITAGE Family Study, but no as-
sociation was uncovered with any of the body fat pheno-
types tested (27).

Linkage studies. The results of linkage studies with
training-induced changes in body composition phenotypes
are summarized in Table 10. Two studies provided positive
evidence of linkage. The first study, reported in last year’s
review, showed evidence of linkage between training-in-
duced changes in fat-free mass (FFM) and a polymorphism
in the IGF1 gene (99). The second study was a genome scan
of BMI, subcutaneous fat, percent body fat, fat mass (FM),
FFM, and plasma leptin levels measured before and after 20
wk of endurance training in 522 subjects from 99 Caucasian
families of the HERITAGE Family Study cohort (14). The
responses (difference between pre- and post-training values)
phenotypes were tested for linkage using a panel of 344
autosomal markers. The strongest evidence of linkage was
found for training-induced changes in FFM with marker
S100A on 1q21 and the IGF1 gene on 12q22-q23. Evidence
of linkage with changes in FM or percent body fat was also
observed on 1q21-q23, 1q31.1, 9q34.11, 11q13-q21, and
18q21-q23. Finally, linkage was found between marker
D5S1725 on 5q14.1 and changes in BMI.

Insulin and Glucose Metabolism Phenotypes
Only two studies have tested gene-physical activity/exer-
cise-training interactions for the insulin and glucose metab-
olism phenotypes. In the first study involving 254 morbidly
obese subjects, no association was detected between the
Arg64Trp mutation of the ADRB3 gene and changes in
serum glucose and insulin levels in response to a 16-wk

TABLE 9. Evidence for the presence of associations between candidate genes and the response of BMI, body composition, or fat distribution phenotypes to habitual physical
activity or regular exercise.

Gene Location N Cases Phenotype P-Value Reference

Interactions with exercise/physical activity
GDF8 (MSTN) 2q32.2 18 men and 14 women Leg muscle volume NS (all) (38)

0.067 (women)
ADRB2 5q31-q32 420 men Weight 0.0001 (54)

BMI 0.0001
Waist circumference 0.0001
Hip circumference 0.0007
WHR 0.02

NPY 7p15.1 9 Leu7/Leu7 and 9 Leu7/Pro7 Plasma NPY during exercise �0.05 (39, 40)
Plasma GH during exercise �0.05

ADRB3 8p12-p11.2 61 obese diabetic women Weight �0.001 (88)
BMI �0.001
WHR �0.001

UCP3 11q13 368 obese patients BMI 0.015 (69)
VDR 12q12-q14 33 women Bone mineral density 0.03 (114)

120 girls Bone mineral density 0.04 (46)
99 girls Bone mineral density 0.02 (50)

Training responses
LPL 8p22 249 white women BMI, fat mass, percent body fat 0.01 � P � 0.05 (26)

171 black women Abdominal visceral fat 0.05
VDR 12q12-q14 20 men 1,25 dihydroxyvitamin D3 �0.05 (103)
IGF1 12q22-q23 502 men and women Fat free mass 0.005 (99)
ACE 17q23 81 men Body weight 0.001 (55)

Fat mass 0.04
Fat free mass 0.01

BMI, body mass index; WHR, waist-to-hip ratio; NPY, neuropeptide Y; GH, growth hormone.

1226 Official Journal of the American College of Sports Medicine http://www.acsm-msse.org



program combining very low calorie diet, and dietary and
exercise counseling (67). A study published one year later
and reported in last year’s review showed an association
between the Trp64Arg mutation in the ADRB3 gene and
changes in fasting glucose and glycosylated hemoglobin
levels (HbA1c) in response to a low-calorie and exercise-
training program (88).

Blood Lipid, Lipoprotein, and Hemostatic Factor
Phenotypes

Limited new data became available regarding genetic
polymorphisms and the response of blood lipids and li-
poproteins to physical activity (Table 11). During 2001, four
studies, three cross-sectional and one prospective, were pub-
lished. In a Spanish male population, an interaction effect (P
� 0.001) was reported between physical activity and Apo E
genotype on high density lipoprotein (HDL) cholesterol
level. As expected, sedentary men carrying the �2 allele had
the highest HDL cholesterol compared with other geno-
types. In contrast, physically active men carrying the �4
allele showed the highest, the �3 homozygotes intermediate,
and the �2 carriers the lowest HDL cholesterol (17). In an
elegant 7-yr follow-up study among young adults, the CAR-
DIA Study, physical fitness, measured as treadmill time, did
not influence the associations of Apo E phenotype with low
density lipoprotein (LDL) or HDL cholesterol. On the other
hand, the combined effect of physical fitness or physical

activity together with other modifiable variables, such as
dietary fat intake (indexed by a Keys’ score), smoking, oral
contraceptive use, education, body weight, and alcohol in-
take, contributed more than Apo E to the variance in
changes in lipoprotein cholesterol over time (89). In another
Spanish cross-sectional study, no interaction effect was
found between physical activity (yes/no categorization) and
HindIII polymorphism of the LPL gene with plasma lipids in
the whole cohort of a representative sample of men (94).
However, among smokers, sedentary homozygotes for the
H� allele showed higher triglyceride and lower HDL cho-
lesterol values compared with H� carriers. Furthermore,
among smokers, physically active H�H� men had higher
HDL cholesterol compared with sedentary H� homozy-
gotes. Finally, the Leu7/Pro7 heterozygotes of the NPY gene
showed more rapid decline in serum free fatty acid levels
after an exercise test than the age-, sex-, and BMI-matched
homozygotes for the Leu7 allele (39). No new studies on
performance-related phenotypes were published in 2001
(Table 4).

Exercise Intolerance

The vast majority of the exercise-related phenotypes cov-
ered in this review are multifactorial and polygenic in na-
ture, i.e., they are influenced by both environmental and
genetic factors, and the genetic component is determined by
several individual genes, interactions among the latter, and

TABLE 10. Summary of linkage studies with training-induced changes in body composition phenotypes.

Gene Markers Location N Pairs Phenotypes P-Value Reference

QTL S100A1 1q21 522 subjects from 99 families FFM 0.0001 (14)
ATP1A2 1q21-q23 522 subjects from 99 families %FAT 0.001 (14)

QTL D1S1660 1q31.1 522 subjects from 99 families FM, %FAT 0.0007 (14)
QTL D5S1725 5q14.1 522 subjects from 99 families BMI 0.0004 (14)
QTL D9S282 9q34.11 522 subjects from 99 families FM, %FAT, Sum of skinfolds 0.001 � P � 0.04 (14)
QTL UCP2, UCP3, D11S2002 11q13-q21 522 subjects from 99 families FM, %FAT 0.0009 � P � 0.02 (14)
IGF1 12q22-q23 308 sibpairs FFM 0.0002 (99)
QTL IGF1 12q22-q23 522 subjects from 99 families FFM 0.0001 (14)
QTL D18S878, 1371 18q21-q23 522 subjects from 99 families FM, %FAT 0.001 � P � 0.04 (14)

QTL, human quantitative trait locus identified from a genome scan; all findings in white families.

TABLE 11. Blood lipid, lipoprotein, and hemostatic phenotypes and association studies with candidate gene approach.

Gene Location N Trait P-Value Reference

Acute exercise
FGB 4q28 149 Fibrinogen 0.01 (57)
NPY 7p15.1 18 Serum FFA after acute exercise �0.05 (39)

Exercise training
FGA 4q28 125 Fibrinogen 0.002 (81)
PAI1 7q21.3-q22 132 Plasminogen activator inhibitor, type-1 0.025 (115)
LPL 8p22 18 HDL-cholesterol �0.05 (32)

HDL2-cholesterol �0.05
APOE 19q13.2 51 HDL-cholesterol �0.03 (33)

HDL2-cholesterol �0.01
Exercise-genotype interactions

FGA 4q28 159 Fibrinogen 0.024 (80)
PON1 7q21.3 256 Serum triglycerides 0.017 (93)

HDL cholesterol 0.018
LPL 8p22 379 Serum cholesterol 0.003 (6)

apolipoprotein B 0.003
HDL-cholesterol 0.03

APOE 19q13.2 713 Serum cholesterol 0.014 (102)
LDL-cholesterol 0.0082
HDL/serum cholesterol 0.0004

338 HDL cholesterol 0.001 (17)

HDL, high density lipoprotein; LDL, low density lipoprotein; FFA, free fatty acids.
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interactions with environmental agents. However, some-
times a mutation in a single gene can have a strong effect on
performance and health-related fitness phenotypes. Excel-
lent examples of such mutations are those affecting carbo-
hydrate or lipid metabolism pathways of skeletal muscle
resulting in a condition characterized by exercise intoler-
ance. These disorders are quite rare, sometimes described
only in a single patient, but they provide an interesting
example of performance-related “single-gene” disorders.
We have therefore decided to incorporate the exercise in-
tolerance–associated gene defects in the performance gene
map (Table 12).

Nuclear DNA. Muscle glycogen phosphorylase defi-
ciency (McArdle disease) was the first documented carbo-
hydrate metabolism disorder characterized by exercise in-
tolerance (53). The condition is characterized by partial or
total absence of glycogen phosphorylase in skeletal muscles,
resulting in impaired glycogenolysis. In 1993, Tsujino and
coworkers (110) identified three mutations in the muscle
glycogen phosphorylase (PYGM) gene, which were found in
almost 90% of the investigated patients. The most common
mutation was a substitution of thymine for cytosine at codon
49 in exon 1, which introduces a premature stop codon and
a truncated gene product. Additional mutations have been
reported in subsequent studies and currently the Online
Mendelian Inheritance in Man (OMIM, entry #232600)
database list 14 PYGM mutations related to McArdle dis-
ease. Seven of these mutations change an amino acid in the
final gene product, four introduce a premature stop codon,
two abolish the translation initiation codon, and one results
in activation of cryptic splice site. Activity of glycogen
phosphorylase is regulated by phosphorylase kinase, a mul-
timeric protein composed of four different subunits. An
X-linked muscle phosphorylase kinase deficiency is char-
acterized by myopathy and exercise intolerance. The gene

encoding the muscle-specific isoform of the � subunit of
phosphorylase kinase (PHKA1) is located on chromosome
Xq12-q13, and two mutations have been identified in pa-
tients with phosphorylase kinase deficiency: a nonsense
mutation (G3334T) changing a glutamic acid residue to a
stop codon (124), and a guanine to cytosine splice-junction
substitution at the 5' end of an intron, which causes skipping
of the preceding exon (10).

Muscle phosphofructokinase deficiency (Tarui disease;
OMIM #232800) is an example of hereditary disorder of
glycolysis featuring exercise intolerance as a clinical symp-
tom. Phosphofructokinase catalyzes the conversion of fruc-
tose 6-phosphate to fructose 1,6-biphosphate and is a rate-
limiting enzyme in the glycolytic energy production
pathway. The gene encoding muscle phosphofructokinase
(PFKM) is located in chromosome 12q13.3, and several
mutations in muscle phosphofructokinase deficiency pa-
tients have been reported (95,108,120) (see also OMIM #
232800). Phosphoglycerate kinase 1 and phosphoglycerate
mutase are also involved in glycolysis by catalyzing con-
versions of 1,3-diphosphoglycerate to 3-phosphoglycerate
and 3-phosphoglycerate to 2-phosphoglycerate, respec-
tively. Deficiencies of both enzymes have been shown to
cause myopathy and exercise intolerance (OMIM #261670
and 311800). At least four mutations in the muscle phos-
phoglycerate mutase (PGAM2) gene have been identified in
the phosphoglycerate mutase deficiency patients, one caus-
ing a premature stop codon and three changing amino acids
in the final gene product (31,107,112). Several mutations
have been identified in the phosphoglycerate kinase (PGK1)
gene. However, only four of these have been found in the
myopathic form of phosphoglycerate kinase deficiency
(35,68,98,113). Comi and coworkers (16) reported recently
two heterozygous missense mutations in the beta enolase
(ENO3) gene in a patient with severe muscle enolase defi-
ciency, exercise intolerance and myalgias. Enolase is a
glycolytic enzyme catalyzing the interconversion of 2-phos-
phoglycerate and phosphoenolpyruvate. Finally, also mus-
cle lactate dehydrogenase deficiency is characterized by
exercise intolerance. Three mutations in the lactate dehy-
drogenase A (LDHA) gene have been identified, and they all
induce a premature stop codon and result in a truncated gene
product (51,109).

The most common recessively inherited lipid metabolism
disorder that affects skeletal muscle is carnitine palmitoyltrans-
ferase II (CPT II) deficiency. Patients with CPT II deficiency
have recurrent episodes of myoglobinuria triggered by exer-
cise, fasting, or infection. Some patients also manifest muscle
stiffness and soreness after exercise (7). The exercise-induced
symptoms are worsened by fasting and by high-fat diet, and
alleviated by a low-fat, high-carbohydrate diet. The carnitine
palmitoyltransferase II gene is located in chromosome 1p32,
and several mutations have been identified in patients with
CPT II deficiency (52,101,105,119). The Ser113Leu missense
mutation is the most prevalent one, found in about 50% of
mutant alleles (7).

Another gene pertaining to exercise intolerance and de-
fects in lipid metabolism is very-long-chain acyl-CoA de-

TABLE 12. Genes encoded by nuclear and mitochondrial DNA in which mutations
have been reported in patients with exercise intolerance.

Gene
OMIM

# Location Reference

Nuclear DNA
CPT2 255110 1p32 (52, 101, 105, 119)
PGAM2 261670 7p13-p12 (31, 107, 112)
LDHA 150000 11p15.4 (109)
PYGM 232600 11q12-q13.2 (110)
PFKM 232800 12q13.3 (95, 108, 120)
ENO3 131370 17pter-p11 (16)
ACADVL 201475 17p13-p11 (90)
PHKA1 311870 Xq12-q13 (10)
PGK1 311800 Xq13 (111)

Mitochondrial DNA
MTTL1 590050 3230–3304 (13)
MTND1 51600 3307–4262 (62)
MTTM 590065 4402–4469 (117)
MTTY 590100 5826–5891 (73)
MTCO1 516030 5904–7445 (42)
MTTK 590060 8295–8364 (60)
MTCO3 516050 9207–9990 (36)
MTND4 516003 10760–12137 (5)
MTTL2 590055 12266–12336 (118)
MTTE 590025 14674–14742 (37)
MTCYB 516020 14747–15887 (2–4, 44)

OMIM, Online Medelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db�OMIM).
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hydrogenase (ACADVL). Scholte and coworkers (90) inves-
tigated a patient with a long history of exercise intolerance,
myoglobinuria, and low fasting ketogenesis. Muscle mito-
chondria did not oxidize palmitoylcarnitine, and palmitoyl-
CoA dehydrogenase enzyme was deficient in muscle and
fibroblasts. The patient was homozygous for a 3-bp deletion
in exon 9 of the ACADVL gene, which deleted lysine residue
in position 238 (90).

Mitochondrial DNA. Human mitochondrial DNA
(mtDNA) contains 13 polypeptide genes that encode com-
ponents of complexes I, III, IV, and V of the respiratory
chain. It also encodes 22 mitochondrial transfer RNA
(tRNA) genes, as well as 12S and 16S ribosomal RNA
genes required for mitochondrial protein synthesis (122).
The principles of mitochondrial genetics differ from those
of nuclear DNA. First, mitochondria are inherited from the
mother. Second, harmful mutations in mtDNA are usually
found in some but not all mitochondria within an individual,
a tissue or even a cell. Third, the resulting phenotype is
dependent on the portion of mitochondria carrying the mu-
tated DNA in a given tissue. Therefore, mtDNA mutations
resulting in exercise intolerance are usually found only in
skeletal muscle but not in other tissues. Finally, during cell
division the relative amount of mitochondria with mutant
DNA in daughter cells may vary and the phenotype may
change accordingly (122,131).

Mutations in five mtDNA genes encoding components of
respiratory chain complexes and in six mitochondrial trans-
fer RNA (tRNA) genes have been reported in patients with
exercise intolerance. The most frequently reported mtDNA
mutations in exercise intolerant patients are those in the
cytochrome b gene (MTCYB). At least 10 patients have been
reported so far, all of them carrying a different mutation
impairing the function of the enzyme (2–4,19,21,44,125).
No maternal inheritance has been observed, and the muta-
tions were not found in other tissues than skeletal muscle,
suggesting that they were somatic mutations that occurred in
myogenic stem cells (4,19). Other mtDNA genes involved
in the respiratory chain, which are found to carry mutations
in exercise-intolerant patients include cytochrome c oxidase
I and III (MTCO1 and MTCO3) (36,42,45) and subunits 1
and 4 of the NADH dehydrogenase (MTND1 and MTND4)
(5,62). Mutations in the mitochondrial tRNA(Glu) (MTTE)
(37), tRNA(Leu(CUN)) (MTTL2) (118), tRNA(Leu(UUR))
(MTTL1) (13,15), tRNA(Lys) (MTTK) (60), tRNA(Met)
(MTTM) (117), and tRNA(Tyr) (MTTY) (73) genes have

been reported in individual patients with exercise intoler-
ance. The patient with the MTTY mutation also carried a
mutation in the MTCYB gene (73).

SUMMARY AND CONCLUSIONS

This review constitutes the 2001 update of the human
gene map for physical performance and health-related phe-
notypes. It is based on scientific papers published by the end
of 2001. Association studies with candidate genes, genome-
wide scans with polymorphic markers, and single gene
defects causing exercise intolerance to variable degrees are
included. The genes and markers with evidence of associ-
ation or linkage with a performance or fitness phenotype in
sedentary or active people, in adaptation to acute exercise or
for training-induced changes are positioned on the genetic
map of all autosomes and the X chromosome. By the end of
2000, there were 29 loci depicted on the map. The 2001 map
includes 71 loci on the autosomes and two on the X chro-
mosome. Among these genes or markers, 24 are from prior
publications on exercise intolerance and four relate to other
pathologies. In addition, 13 sequence variants in mitochon-
drial DNA have been shown to influence relevant fitness
and performance phenotypes.

Despite these apparent advances, the human fitness and
performance gene map is obviously in its infancy. Appro-
priately designed expression studies are needed to generate
new and better-justified candidate genes. Genome-wide
scans based on large numbers of polymorphic markers fol-
lowed by extensive positional cloning efforts are needed to
evidence new candidate genes. These explorations of the
genome should be undertaken not only on cohorts of human
families but also with informative rodent crosses. Trans-
genic mice overexpressing a targeted gene in relevant tis-
sues are needed to refine our understanding of the role of
potential candidate genes. Similarly, engineered mice in
which specific genes have been knocked out would be
useful for the definition of their roles on fitness and perfor-
mance phenotypes. Candidate gene studies need to move to
a higher level of sophistication not only in terms of study
design but also by more detailed exploration of DNA vari-
ation in exons, splicing sequences, and promoter regions.

Address for correspondence: Claude Bouchard, Ph.D., Penning-
ton Biomedical Research Center, Human Genomics Laboratory,
6400 Perkins Road, Baton Rouge, LA 70808-4124; E-mail:
bouchac@pbrc.edu.
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