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Association analysis of the ACTN3 R577X
polymorphism and complex quantitative body
composition and performance phenotypes in
adolescent Greeks
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The functional allele (577R) of ACTN3, which encodes human a-actinin-3, has been reported to be
associated with elite athletic status and with response to resistance training, while the nonfunctional allele
(577X) has been proposed as a candidate metabolically thrifty allele. In a study of 992 adolescent Greeks,
we show that there is a significant association (P¼0.003) between the ACTN3 R577X polymorphism and
40m sprint time in males that accounts for 2.3% of phenotypic variance, with the 577R allele contributing
to faster times in an additive manner. The R577X polymorphism is not associated with other power
phenotypes related to 40m sprint, nor with an endurance phenotype. Furthermore, the polymorphism is
not associated with obesity-related phenotypes in our population, suggesting that the 577X allele is not a
thrifty allele, and thus the persistence of this null allele must be explained in other terms.
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Introduction
Two calcium-insensitive a-actinins are expressed in muscle

(a-actinin-2 and a-actinin-3; ACTN2, ACTN3). These form a

lattice structure, anchoring actin-containing thin filaments

at the sarcomeric Z-line.1 a-Actinin-2 is found in skeletal

and cardiac muscle, while a-actinin-3 is found only in

skeletal muscle, and almost exclusively in the primarily

anaerobic, glycolytic type 2b fibres.2 In addition to their

structural role, a-actinin-2 and a-actinin-3 also interact

with proteins involved in a variety of signalling3 and

metabolic pathways.4,5

The ACTN3 codon 577 polymorphism (R577X; dbSNP

rs1815739) originated as a result of a loss-of-function

nonsense mutation replacing arginine codon 577 (577R)

with a premature stop codon (577X). The nonsense allele

produces no detectable a-actinin-3 protein.6 This allele is

found in every human population tested, implying that it

has an ancient origin within the human lineage and that

both alleles may have been retained through balancing

selection. In no other mammal, including the chimpanzee,

has polymorphism for null alleles of ACTN3 been demon-

strated.7 Few studies of the impact of ACTN3 genotype on

human phenotypes have been carried out. Genetic varia-

tion in ACTN3 has been reported to be associated with elite

athletic status8 and response to resistance training,9 and
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ACTN3 has been proposed as a candidate for a metaboli-

cally ‘thrifty’ gene.3 Among elite Caucasian athletes in

Australia, XX homozygotes are under-represented in power

athletes, including sprinters, relative to the general

population,8 with no XX homozygotes being found among

32 sprint Olympians. This effect was seen in both male and

female subjects. The XX genotype was present at a

significantly higher frequency in female elite endurance

athletes, suggesting that the 577X allele may be advanta-

geous for endurance performance. However, no significant

association was found in male endurance athletes. Similar

findings have been reported for Finnish athletes.10

The differences in effect of the R577X polymorphism on

phenotype in these different circumstances could be due to

differences in muscle metabolism engendered by the

presence or absence of a-actinin-3.3 Under the hypothesis

that the 577X allele has persisted as a metabolically

‘thrifty’ allele, it would be predicted that reduced levels

or the absence of a-actinin-3 from a subset of muscle fibres

would result in more efficient energy storage or use of

energy reserves.3,11 To test this hypothesis, and explore the

functional relationships between R577X and physical- and

performance-related phenotypes in an unselected popula-

tion, we carried out an association analysis using 992

adolescent Greeks previously phenotyped12,13 for body

composition-, strength/power- and endurance-related

traits. Studying young individuals can in some circum-

stances reveal genotype–phenotype associations in com-

plex traits more effectively than in adults because

confounding effects of the environment have had less

time to take effect.14

Materials and methods
The sample population has previously been described in

detail.12,13 Healthy subjects were drawn from 10 urban and

rural schools surrounding Trikala in central Greece. The

study was approved by the Glasgow University Ethics

Committee and local Greek authorities with written

informed consent and parental approval obtained for all

subjects. Overall compliance was over 90%. Body composi-

tion phenotypes measured were BMI, triceps and subscap-

ular skinfolds; power/strength-related phenotypes were

handgrip strength, sitting basketball throw, vertical jump,

40m sprint and agility run; as an endurance-related

phenotype, the shuttle run test, a proxy for aerobic

capacity/Vo2 max,15–17 was employed. All these tests

required little specialist equipment and so could be easily

carried out in schools on a large scale. Detailed protocols

for the basketball throw, 40m sprint, agility run and

shuttle run tests are given in the Supplementary Material

(Section 1). All assessments were carried out by trained

individuals following a period of protocol standardisation.

At entry to the study, subjects completed a health

questionnaire, and another documenting their participa-

tion in regular organised physical activity both inside and

outside of school. Individuals with up to two hours of

organised physical activity per week (the compulsory gym

class) were classified as ‘Inactive’, those with 2–4h per

week as ‘Mildly Active’, those with 4–6h per week as

‘Intermediately Active’ and those with more than 6h per

week as ‘Highly Active’. This classification gave a roughly

comparable number of male subjects in each physical

activity level group (124 inactives, 157 mildly actives, 97

intermediately actives and 134 highly actives). For female

subjects there were 205 inactives, 117 mildly actives, 76

intermediately actives and 54 highly actives. For ethical

and practical reasons, we were unable to include an

objective measure of puberty.

DNA extraction was carried out as described previously.13

Genotypes were determined using the TaqMan SNP Assay

C_590093_1 (Applied Biosystems, Melbourne, Australia).

The accuracy of the assay was validated in B10% of the

samples using a previously published RFLP technique,7 a

new RFLP assay (see Supplementary Material Section 2) or

direct sequencing.

All statistical analyses were carried out using Minitab

13.32. We chose to account for the effects of age by

grouping individuals according to single-year age classes,

and for gender differences by analysing male and female

subjects separately. To maintain equally large numbers

among age groups, 11- and 12-year-olds were grouped

together, and 17- and 18-year-olds were grouped together.

Data for each gender and age group were tested separately

for normality using the Ryan-Joiner test18 and subse-

quently transformed by logarithmic (log10) transformation.

The transformed data were then standardised for age by

conversion to z-scores within year groups. All analyses were

performed using z-scores; however, for presentation, z-

scores were reverse-transformed to measurements corre-

sponding to the 17- to 18-year-old group. Differences

between genotype groups for investigated phenotypes were

assessed using one-way ANOVA.

The critical value (a-value) of P, at which significance was

accepted, was corrected for multiple testing (in the ANOVA

tests) using the Dunn-Sidak19 method as implemented at

the Simple Interactive Statistical Analysis20 website (SISA;

http://home.clara.net/sisa/) and taking correlations be-

tween phenotypes into account (mean correlation 0.103;

see Supplementary Material Section 3). The corrected

a-value used was Po0.004. Differences judged to be

significant were further assessed to investigate the relation-

ship between genotype and phenotype distribution using

correlation analysis. Genotypes were assigned ‘dummy

variable’ values according to the genetic model (additive

allelic effects, R-allele dominant or X-allele dominant)

being tested. Values assigned to each genotype in the

correlation analysis for the Additive genetic model were 0,

0.5 and 1, representing homozygotes for one allele (RR),
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heterozygotes (RX) and homozygotes for the other allele

(XX), respectively; for the completely dominant genetic

models, the corresponding values were 0, 0, 1 or 0, 1, 1,

respectively, depending on which allele was being tested

for dominance. The proportion of the genetic contribution

to phenotypic variance explained by each genetic model

was estimated by expressing r2 from the correlation

analyses (taken as an estimate of percentage variance

explained under the model) as a percentage of the variance

explained by genotype effects in the model-free ANOVAs.

This proportion was compared for each model to predict

the most accurate model tested.

To establish whether the genetic effects were influenced

by the habitual physical activity level of the subjects,

analyses were performed including the physical activity

level groups (defined above) with the established genetic

model in General Linear Model (GLM)-ANOVAs. GLM

modelling allows both qualitative and quantitative pre-

dictor variables to be assessed as factors explaining

quantitative dependent phenotypic distributions simulta-

neously. Similar tests were used to assess whether stage of

pubertal development was a confounding factor in the

analysis, by subdividing the male and female groups into

‘younger’ (age 11–13 years) and ‘older’ (age 14–18 years)

subgroups after converting the data to height-corrected

z-scores (rather than age-corrected z-scores).

The influence of genotype on the distribution of pheno-

types in the study population was assessed by calculating

odds ratios (ORs) and visualised using normal probability

plots. For significant genotype–phenotype associations (as

determined by ANOVA), male and female populations were

divided into top, pooled-middle and bottom quartiles of the

phenotype distribution. Odds ratios were calculated21 as the

likelihood of individuals of a given genotype being in a

selected quartile divided by the likelihood of their being in

the remaining quartiles. Significance of the odds ratios was

calculated using 2�2 w2-tests and 95% confidence intervals.

Normal probability plots were produced using the default

method in Minitab 13.32.

Results
In total, 1198 subjects were recruited from schools in

central Greece, of whom 1084 were included in the

analyses after collation of phenotypic data. Genotyping

of buccal cell DNA was successful in 992 individuals (525

male, 467 female). R577X genotype distributions

(RR¼34%, RX¼ 48%, XX¼18%) were similar to those

previously reported8 in a Caucasian Australian population

and were consistent with Hardy–Weinberg equilibrium

(w2[df¼1]¼0.358; P¼0.550); allele frequencies in the whole

sample were f(R)¼0.58 and f(X)¼0.42.

Genotypic associations between the R577X polymorph-

ism and measures of physical- and performance-related

phenotypes were assessed by ANOVA using age-based

z-scores. Males and females were analysed as separate

populations. Full analyses are presented in Table 1. Statis-

tically significant (Po0.004; Sidak-corrected a-value) ef-

fects of genotype on 40m sprint time were observed in

male subjects but not female subjects (Table 1). Using post

hoc t-tests, male subjects with both RR and RX genotypes

had lower (faster) 40m sprint times than individuals with

the XX genotype (Table 1), but the difference between RR

and RX means was not significant. We found no associa-

tion between R577X genotype and other strength/power-

related phenotypes (handgrip strength, basketball throw,

vertical jump and agility run), nor did we see any

association with the shuttle run results (as a proxy for

aerobic capacity) suggesting that R577X does not influence

endurance performance in this unselected adolescent

population. We also observed no association with measures

of body composition (BMI, triceps skinfold and subscapular

skinfold), which would have indicated a possible ‘thrifty’

effect of the polymorphism on metabolism.

To investigate further the pattern of association of

genotype with 40m sprint time (shown in Figure 1) the

data were tested against three genetic models (additive

allelic effects, R-allele completely dominant and X-allele

completely dominant) using correlation analysis. The

Additive allelic model, in which the mean of the RX

heterozygote group is modelled as being exactly midway

between the means of the RR and XX homozygote groups,

explained the largest portion of the genetic variance. An

additive model is mechanistically the most attractive

model, where increasing the dosage of a particular allele

linearly alters the relative size of its effect. The Additive

allelic model explains 96% of the genetic variance, the R-

allele dominant model 79% and the X-allele dominant

model 54%. More complex genetic models of partial

dominance would account for the remaining portions of

the genetic variance.

Established associations (one-way ANOVA) were investi-

gated further using GLM–ANOVA. No associations were

established in female subjects; therefore GLM–ANOVA

analyses were performed to test for interactions in male

subjects only between the 40m sprint time association data

under the Additive allelic genetic model, physical activity

level, school attended and age. No significant effect of

physical activity level alone was found, nor was there any

interaction effect between genotype and physical activity

level (effect of R577X, P¼0.019; of physical activity level,

P¼0.205; of their interaction, P¼0.265). A predictable

effect of age was noted (faster times recorded in older age

groups), but no interaction between genotype and age

(R577X, P¼0.018; age, Po0.001; interaction, P¼ 0.344;

data normalised by height), suggesting that the influence

of genotype is unaffected by pubertal stage. Which school

each subject attended did influence 40m sprint time, but

there was no significant interaction (P¼0.466) between
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school and R577X genotype. When the effect of school was

included in the model, the association with R577X

genotype remained (P¼0.001, V¼ 2.6%), showing that

the effect of genotype was similar in all schools and that,

therefore, school differences in measuring 40m sprint time

cannot explain the observed evidence for genotype–

phenotype association. No association between activity

level and genotype was found (w2¼2.97, df¼6, P¼0.812),

nor between school and genotype (w2¼24.60, df¼ 18,

P¼0.137).

The distribution of 40m sprint times within each R577X

genotype group is shown in Figure 2 where cumulative

frequencies are plotted on a normal probability scale

against z-scores. A normally distributed variable gives a

straight-line relationship when plotted this way. This plot

illustrates the differing means and phenotype distributions

Table 1 ANOVA analysis of associations between R577X genotype and body composition-, strength/power- and endurance-
related phenotypes in male and female subjects

Total males (N¼172,242,93) Total females (N¼151,215,73)

Body composition
BMI (kgm�2) RR¼23.4 (22.8–23.9) RR¼21.9 (21.5–22.3)

RX¼23.5 (23.0–23.9) RX¼22.3 (21.9–22.6)
XX¼23.2 (22.5–23.9) XX¼22.0 (21.5–22.5)
V¼0.1%, P¼ 0.791 V¼0.5%, P¼0.332

Triceps skinfolds (mm) RR¼11.1 (10.3–11.8) RR¼16.7 (15.8–17.6)
RX¼11.6 (10.9–12.3) RX¼17.6 (17.0–18.3)
XX¼11.8 (10.8–13.0) XX¼17.4 (16.3–18.6)
V¼0.3%, P¼ 0.492 V¼0.6%, P¼0.234

Subscapular skinfolds (mm) RR¼11.4 (10.8–12.1) RR¼13.0 (12.4–13.7)
RX¼11.7 (11.1–12.4) RX¼13.6 (13.0–14.2)
XX¼11.5 (10.5–12.5) XX¼13.3 (12.5–14.3)
V¼0.1%, P¼ 0.799 V¼0.4%, P¼0.392

Strength/power-related
Handgrip strength (kg) RR¼80.3 (77.7–82.9) RR¼49.7 (48.2–51.2)

RX¼80.6 (78.8–82.5) RX¼49.8 (48.5–51.1)
XX¼78.4 (75.8–81.2) XX¼49.7 (47.7–51.7)
V¼0.3%, P¼ 0.488 V¼0%, P¼0.990

Basketball throw (m) RR¼6.87 (6.70–7.04) RR¼4.52 (4.42–4.63)
RX¼6.75 (6.61–6.89) RX¼4.47 (4.38–4.56)
XX¼6.88 (6.64–7.13) XX¼4.64 (4.50–4.77)
V¼0.3%, P¼ 0.475 V¼0.8%, P¼0.159

Vertical jump (cm) RR¼45.0 (43.9–46.1) RR¼31.2 (30.6–31.9)
RX¼44.5 (43.5–45.4) RX¼30.5 (29.9–31.2)
XX¼43.4 (42.2–44.6) XX¼31.2 (30.3–32.1)
V¼0.6%, P¼ 0.203 V¼0.5%, P¼0.291

40m Sprint (s) RR¼5.92 (5.85–5.99) RR¼7.43 (7.33–7.52)
RX¼6.00 (5.94–6.06) RX¼7.47 (7.39–7.55)
XX¼6.13 (6.04–6.22) XX¼7.51 (7.38–7.65)
V¼2.3%, P¼0.003 V¼0.3%, P¼0.567

Agility run (s) RR¼18.8 (18.7–19.0) RR¼21.2 (20.9–21.4)
RX¼18.9 (18.7–19.0) RX¼21.2 (21.0–21.5)
XX¼19.1 (18.8–19.3) XX¼21.4 (21.0–21.7)
V¼0.4%, P¼ 0.374 V¼0.2%, P¼0.674

Aerobic capacity
VO2 max (mlkg�1min�1) RR¼38.0 (37.0–39.1) RR¼30.1 (29.4–30.7)

RX¼36.7 (35.8–37.7) RX¼30.1 (29.5–30.6)
XX¼37.9 (36.4–39.5) XX¼29.3 (28.5–30.1)
V¼0.7%, P¼ 0.151 V¼0.5%, P¼0.316

No. of individuals of each genotype is given in the column headings (for RR, RX and XX genotypes, respectively). For each test, means and their 95%
confidence intervals are shown (to 3 significant figures) for each genotype as well as percentage variance explained in ANOVA (V) and its associated
probability (P). The reported means and confidence intervals have been converted back from z-scores (used for age-correction) to the equivalent
measurements in 17- to 18-year-olds. Tests significant after a Sidak correction (Po0.004) are shown in bold. Note that smaller values for 40m sprint
and agility run are faster.
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for the three genotypes and shows that while performances

for all three genotype groups approximate to normal

distributions, at the fast end of the distribution for the

XX genotype group, there are three outliers whose

performance is approximately one standard deviation

better than predicted from the remainder of the XX

genotype distribution. Even allowing for these three XX

outliers, the difference between genotype groups in the

distributions becomes steadily more marked towards the

faster end of the performance distribution.

Thus, the effects of genotype are seen most clearly at

the faster end of the distribution and this is highlighted by

the odds ratios (OR) for individuals of different genotypes

falling into the low and high quartiles. RR homozygotes are

significantly over-represented (OR¼1.7; 95%CI 1.1–2.5;

P¼0.013) and XX homozygotes under-represented

(OR¼0.3; 95%CI 0.1–0.7; P¼0.003) in the low (faster)

quartile group for 40m sprint time; in contrast, RR

homozygotes are not significantly under-represented

(OR¼0.7; 95%CI 0.4–1.1; P¼0.090) nor are XX homo-

zygotes significantly over-represented (OR¼1.6; 95%CI

0.9–3.0; P¼0.098) in the high (slower) quartile group. The

differential effect size at either end of the distribution

cannot be explained by an interaction between ACTN3

genotype and physical activity level on 40m sprint time

(GLM–ANOVA above).

Discussion
Our results demonstrate that genotype at the ACTN3

R577X polymorphism influences sprinting ability in an

unselected population of Caucasian origin. The association

of sprint performance in an unselected group of adolescent

males confirms the associations found in elite sprinters of

Caucasian origin,8 but the data do not reveal an association

in a large sample of unselected adolescent female subjects.

This is probably explained by differences between un-

trained adolescents and elite sprint athletes in terms of

their exercise environments and muscle physiology, which

may modify the interaction with genotype at the R577X

polymorphism.

The distribution of SNPs around the R577X polymorph-

ism, and the presence of 577X in all African and non-

African populations investigated so far,7 suggest that the

polymorphism has existed for a considerable amount of

evolutionary time and that balancing selection may have

been involved in its maintenance. In this study we show a

complexity of phenotype associated with the R577X

polymorphism. We have confirmed an advantageous effect

on sprinting speed for the 577R allele, but without any

observable effect of this allele on other predominantly

strength/power-related phenotypes. The polymorphism

produces no observable effect on an aerobic capacity-based

proxy for endurance. Similarly, our studies on elite East

African endurance athletes failed to find any association

with R577X (Yang N, MacArthur DG, Wolde B et al. ACTN3

genotype is not associated with elite endurance athlete

status in Ethiopians and Kenyans. American College of

Sports Medicine Annual Meeting, Nashville, USA. Med Sci

Sport Exer, 2005; 37: S472, personal communication). Nor

does the polymorphism produce an observable association

with measures of body composition, phenotypes that

might have demonstrated compensatory advantages for

the 577X allele (eg metabolic ‘thriftiness’, expressing itself

in the modern Western cultural environment as increased

adiposity or BMI). Our sample size is sufficient to detect a

quantitative trait association with a polymorphic locus if

N Mean ANOVA

5.89 6.01  6.12 6.24

Genotype

RR 172 5.92 P=0.003 
RX 242 6.00 V=2.3% 

XX 93 6.13

RR

RX

XX

Figure 1 Effect of R577X genotype on 40m sprint times of total
male subjects. Mean 40m sprint times (Z-scores) back-transformed
using the 17/18-year-old mean and standard deviation are plotted
(black squares), together with 95% confidence limits of the mean
(hatched bars), for each of the three genotypes, RR, RX and XX.
ANOVA results (from Table 1) are also shown for ease of interpretation.
N¼number within group, P¼probability, V¼percentage observed
variance explained by genotype.
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Figure 2 Normal probability plot for male 40m sprint times by
ACTN3 R577X genotype. Centiles were calculated for each genotype
separately and plotted against z-score for each individual using
Minitab 13.32. For illustrative purposes, the z-scores used for the
scale have been back transformed to equivalent 17- to 18-year-old
male times. Note that all z-scores were multiplied by �1 so that higher
centile values represent quicker times, this also means that quicker
times (on the X axis) are further to the right. N-values are 172, 242 and
93 for RR, RX and XX, respectively.
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the locus explains Z1.2% (Pr0.05) or more of the trait

variance. The underlying properties of the R577X poly-

morphism that could produce this complexity of pheno-

type are unclear, especially as no other power/strength

phenotype is affected. The sprinting phenotype is asso-

ciated with power generation by repeated cycles of muscle

contraction, in contrast to phenotypes associated with

force generated by a single muscle contraction event (eg

vertical jump). The molecular advantage of the 577R allele

to phenotypes associated with cyclical generations of force

(involving repeated contractions and relaxations) could be

either structural (eg stabilisation of the Z-line in the

myofibrils) or physiological (eg differential recruitment of

nonstructural proteins to the Z-line). One possible expla-

nation for the advantage of the 577R allele, that it confers

protection against muscle damage during repetitive force

generation, predicts as a consequence a structurally non-

adaptive functional state for the 577X allele that could

reasonably be predicted to be exposed to negative selection

in a precivilisation environment. The compensatory

advantage of the 577X allele that could therefore account

for its persistence may lie in other aspects of muscle

structure and function, but any connection with metabolic

‘thriftiness’ remains elusive.

We have shown that the ACTN3 R577X polymorphism is

associated with a complex phenotypic characteristic in an

unselected population, namely sprinting ability. This

finding is consistent with previous studies that have

reported association between the ACTN3 577R allele and

elite sprint athlete status. In this nonelite population there

was no evidence, however, for association with other

power/strength-related phenotypes involving single mus-

cle contraction events, suggesting that R577X is influen-

cing the cyclical component of sprinting rather than

strength or power generation. We also investigated the

hypothesis that the 577X null allele might have been

selected on the basis that it contributes to a metabolically

‘thrifty’ phenotype. We found no evidence that R577X

genotype is associated with endurance- or obesity-related

phenotypes. Further study should be directed at elucidat-

ing the molecular mechanisms by which variation in

ACTN3 can affect muscle physiology.
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