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Abstract

The effects of genetic polymorphisms on muscle structure and function remain elusive. The

present study tested for possible associations of 16 polymorphisms (across ten candidate

genes) with fittness and skeletal muscle phenotypes in 17- to 37-year-old healthy Caucasian

male endurance (n = 86), power/strength (n = 75) and team athletes (n = 60), and non-ath-

letes (n = 218). Skeletal muscle function was measured with eight performance tests cover-

ing multiple aspects of muscular fitness. Along with body mass and height, the upper arm

and limb girths, and maximal oxygen uptake were measured. Genotyping was conducted

on DNA extracted from blood. Of the 16 polymorphisms studied, nine (spanning seven can-

didate genes and four gene families/signalling pathways) were independently associated

with at least one skeletal muscle fitness measure (size or function, or both) measure and

explained up to 4.1% of its variation. Five of the studied polymorphisms (activin- and

adreno-receptors, as well as myosine light chain kinase 1) in a group of one to three com-

bined with body height, age and/or group explained up to 20.4% of the variation of muscle

function. ACVR1B (rs2854464) contributed 2.0–3.6% to explain up to 14.6% of limb proxi-

mal girths. The G allele (genotypes AG and GG) of the ACVR1B (rs2854464) polymorphism

was significantly overrepresented among team (60.4%) and power (62.0%) athletes com-

pared to controls (52.3%) and endurance athletes (39.2%), and G allele was also most con-

sistently/frequently associated with muscle size and power. Overall, the investigated

polymorphisms determined up to 4.1% of the variability of muscular fitness in healthy young

humans.

Introduction

As early as during adolescence, low skeletal muscle fitness poses a significant risk for chronic

disease independent of cardiovascular fitness and overweight [1]. Although it is generally

accepted that genetic variation accounts for >50% of the variability in muscle mass and func-

tion, and exercise performance [2–8], little is known about what specific genetic variants con-

tribute to the ability to perform specific motor tasks, such as polymorphisms that predispose

to high muscle strength and power. In addition, most studies performed to assess the relation-

ship between polymorphisms and muscle function or exercise capacity lack precision in
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phenotyping the participants, as detailed measurements with a battery of physiological and

performance tests is time-consuming and challenging for both the subjects and the investiga-

tors. Yet, a study like this may help in “talent selection”, where a good panel of polymorphisms

may be used to direct people to sports they are "suited" best.

The ACE and ACTN3 genes are perhaps the most investigated genes and it has been

observed that for instance the ACTN3 R-allele was associated with greater muscle power [9,

10]. It is equivocal whether there are such associations with ACE polymorphisms, where some

studies do not find them [10] while the others did observe an association with muscle strength

[11]. Perhaps the discrepancies between studies are related to differences in the parameters of

muscle function that were studied and/or differences between populations, as Nazarov et al.

[12] observed a higher prevalence of D-allele carriers in power athletes than endurance athletes

and non-athletes.

The myostatin signalling pathway has emerged as one of the strongest candidates to explain

the inter-individual variation in skeletal muscle phenotypes [13–15]. Indeed, muscle strength has

been associated with polymorphisms in several genes involved in the myostatin signalling path-

way [16–19]. For instance, the amount of lean body mass in older women has been found to asso-

ciate with genetic variation in ACVR2B (rs2276541) [20] and the K153R polymorphism

(rs1805086) of the myostatin (MSTN) gene has been associated with muscle strength in young

men and women [21] and in aged women [22], and with muscle power in young men [23].

Another MSTN polymorphism (A55T) has been linked to muscle strength recovery after exer-

cise-induced muscle damage in young men [24], and both K153R and A55T polymorphism have

been associated with strength training-induced muscle hypertrophy [25]. As Mstn acts via its

receptors ACVR1B and ACVR2B, it is of interest to know whether associations also exist between

polymorphisms of the ACVR1B and ACVR2B genes with muscle size, strength and power.

Despite these reported associations between genotype and muscle mass and function, as

illustrated above for the associations of muscle structure and function with genetic polymor-

phisms, so far studied SNPs have failed to explain even half of the estimated heritability for the

trait [3, 26–28]. In fact, most investigated candidate genes have been shown to influence base-

line muscle phenotypes as well as their response to training (i.e. muscle plasticity) only to a

small extent at best [3, 10, 19, 29–31]. There thus still remains a long way to dissect the genetic

factors that affect muscular fitness in humans.

To obtain a better understanding of the associations between genotype and muscle struc-

ture and function, in the current study we assessed the association of sixteen common genetic

polymorphisms with a wide range of muscle fitness phenotypes in a large cohort of young

healthy men varying in their training and fitness characteristics. Among the most investigated

candidate genes ACTN3 and ACE, we have also included genes of the myostatin signalling

pathway (because of its primary relevance to muscularity), as well as those regulating myofi-

brillar contractile properties in smooth (MYLK1), skeletal (MYLK2) and cardiac (MYLK3)
muscle, and putative modifiers of resting and exercise energy metabolism and muscle blood

flow via differentiate sensitivity to catecholamine signalling (i.e. genes encoding adrenorecep-

tors ADRA2A and ADRA2B). We hypothesized that these less investigated candidate genes are

at least as important as ACTN3 and ACE for the muscular fitness.

Materials and methods

Subjects

The participants were 17- to 37-year-old Caucasian men from the Genetics and Epigenetics of

Lithuanian Athletes from Kaunas (GELAK) cohort recruited as described previously [32, 33].

Potential participants were excluded from taking part in the study if they were known to suffer

PLOS ONE Genetics of muscular fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0275179 September 27, 2022 2 / 17

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0275179


from cardiovascular diseases or hypertension. The vast majority of the athletes were competi-

tive, trained 3–14 times a week during the study, and were selected from the Registers of the

Lithuanian Sports Federations. The study was approved by the Lithuanian National Commit-

tee for Bioethics, adhered to the guidelines of the declaration of Helsinki, and participants pro-

vided written informed consent before participation in the study. Athletes were divided into 3

groups as described previously [33]: endurance athletes (n = 86; distance runners, road cyclists,

paddlers and skiers), power/strength athletes (n = 75; track and field sprinters, jumpers, throw-

ers, combat sport athletes and body builders) and team athletes (n = 60; basketball, soccer and

volleyball). Non-athletes (n = 218) trained for less than 2 h per week for the last 5 years. Char-

acterization of the participants is provided in Table 1.

Anthropometrics

Anthropometrics were determined before the performance tasks with the participants stand-

ing barefoot and wearing only shorts. Body height was measured using a metal stadiometer

with the subject not touching any surface, and girths were measured with the flexible strap,

both at 0.1 cm resolution. Dominant leg and dominant arm girths have been used for the anal-

ysis in this study. Body mass was measured after the overnight fast on a separate visit to the lab

with electronic scales (TBF 300; Tanita, Tokyo, Japan) to the nearest 0.1 kg.

Performance measurements

Muscular fitness. Subjects arrived at the lab at least 2 hours after the last meal. Before the

tests, subjects warmed-up with 6–8 min of cycling on an electromechanically braked cycle

Table 1. Anthropometrics, muscular performance and cardiovascular fitness of the participants.

C E P T

Age (y) 24.5 ± 4.3 (218) 22.3 ± 3.6 (86)a 22.7 ± 3.5 (75)a 21.5 ± 3.1 (60)a

Height (m) 1.80 ± 0.06 (216) 1.79 ± 0.05 (86) 1.81 ± 0.06 (75) 1.87 ± 0.08 (58)a,b,c

Body mass (kg) 77.4 ± 11.0 (218) 70.5 ± 6.7 (85)a 81.5 ± 11.9 (72)a,b 80.8 ± 9.1 (59)b

BMI (kg�m-2) 23.8 ± 2.9 (215) 21.9 ± 1.7 (84)a 25.0 ± 2.8 (72)a,b 23.1 ± 1.5 (58)b,c

Thigh girth (cm) 54.5 ± 5.6 (217) 53.0 ± 4.0 (86) 57.5 ± 4.7 (75)a,b 56.2± 2.8 (59)b

Upper arm girth (cm) 30.9 ± 3.7 (217) 28.0 ± 2.0 (86)a 33.7 ± 3.7 (75)a,b 31.2 ± 2.0 (59)b,c

Balance (no. of attempts) 8.02 ± 4.50 (216) 6.85 ± 7.14 (85) 7.36 ± 4.73 (73) 6.97 ± 3.34 (58)

Handgrip strength (kg) 68.7 ± 10.1 (216) 61.6 ± 8.7 (84)a 70.6 ± 11.4 (73)b 68.4 ± 8.8 (58)b

Knee extension PT (Nm) 251 ± 47 (215) 240 ± 37 (79)a 301 ± 68 (72)a,b 298 ± 46 (54)a,b

Knee flexion PT (Nm) 135 ± 25 (215) 134 ± 22 (79) 152 ± 35 (72)a,b 161 ± 25 (54)a,b

Vertical jump power (W�kg-1) 26.5 ± 2.0 (212) 26.3 ± 2.0 (80) 28.4 ± 2.3 (70)a,b 28.1 ± 1.8 (55)a,b

Shuttle agility run (s) 20.2 ± 1.3 (211) 19.6 ± 0.9 (85)a 19.7 ± 1.0 (73)a 19.7 ± 1.4 (50)

30 m run (s) 4.56 ± 0.24 (214) 4.43 ± 0.18 (84)a 4.38 ± 0.19 (73)a,b 4.31 ± 0.15 (58)a,b,c

Wingate (rev�30 s-1) 53.0 ± 5.8 (208) 59.6 ± 5.0 (78)a 56.6 ± 4.9 (72)b 58.3 ± 4.6 (58)a

Wingate fatigue resistance (%) 51.5 ± 7.9 (208) 61.6 ± 8.2 (79)a 53.8 ± 8.6 (72)b 56.2 ± 7.5 (58)a,b

Pull-ups (no.) 8.5 ± 4.8 (200) 9.6 ± 3.8 (82) 13.0 ± 5.0 (70)a,b 9.0 ± 4.2 (56)c

VO2max (ml�kg-1�min-1) 50.8 ± 6.0 (186) 64.1 ± 10.2 (74)a 51.7 ± 5.8 (67)b 54.6 ± 4.9 (48)a,b

C: Control; E: Endurance athletes; P: Power athletes; T: Team athletes; Values are mean ± SD; between parentheses number of individuals; BMI: body mass index; PT:

peak torque; VO2max: maximal oxygen uptake.
a: different from control at p�0.024
b: different from endurance athletes at p<0.05
c: different from power athletes at p<0.05.

https://doi.org/10.1371/journal.pone.0275179.t001
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ergometer (Ergometrics–800S, Ergo Line, Medical Measurement Systems; Bitz, Germany) at

~70 rpm at the power in Watts equal to the body mass in kg, and then performed some light

dynamic stretching exercises. The order of the tests was as follows: handgrip strength, Fla-

mingo balance test, isokinetic dynamometry, pull-ups, countermovement jump, 10 x 5 m shut-

tle run, 30 m sprint run, and Wingate test.

Handgrip strength

With the subject sitting with the hands on the table, handgrip strength at a comfortable grip

position was measured with a hydraulic dynamometer (SH5001, Saehan Corporation, Korea)

as the best of six attempts (three with each hand). The attempts were separated by ~1 min of

rest, and to ensure a good grip of the dynamometer, a towel was used to dry/clean/absorb any

sweat from the handle and the palms between the attempts.

Balance. The Flamingo balance test assesses one-leg standing ability on a 50 cm long, 5 cm

high and 3 cm wide rigid beam [34]. In brief, the subject had to flex the free leg and grip the

back of the foot with his hand of the same side, and after release of the support (and immediate

start of the stopwatch by the observing researcher) try to remain on the beam in this position

for 1 min. When balance is lost, (subject releases the suspended leg), the stopwatch is stopped

and the test resumed without delay by the subject. The number of attempts needed to accumu-

late a total 60 s standing time is counted and considered inversely related to the static balance

ability. Before the test, subjects were given one try with each leg to become familiar with the

test and to decide which leg is dominant (more convenient to stand on), and that leg was used

to start the test. Then the test was immediately performed on the other leg. For further analy-

ses, the average number of attempts of each leg was used.

Isokinetic dynamometry. Knee extension and flexion torque of the dominant (the right one

in most cases) leg was measured with the subject seated comfortably on a dynamometer (Bio-

dex Pro3, USA) as described in more detail in Degens et al. [35]. The peak torques achieved

for flexion and extension during three consecutive maximal effort full-range isokinetic flex-

ion–extension contraction cycles at 30˚�s-1 were used for further analysis.

Pull-ups. The number of full pull-ups (pronated grip) the subject is capable to perform in

one set was measured, with the execution technique supervised (full extension of the arms at

the end of eccentric phase, no leg swing to get make use of inertia, chin required to be raised

above the bar) by a researcher who was also giving verbal encouragement to perform as many

repetitions as possible with rests of no longer than 3 seconds between consecutive pull-ups.

One attempt was allowed; subjects were not permitted to release the bar with either hand dur-

ing the set. The bar was 3 cm in diameter, rigid and the width of the grasp was as preferred by

the subject but corresponded to about the width of the shoulders.

As a measure of maximal leg extension muscle power, the participants performed three

countermovement jumps (arms on the waist) separated by at least 1 min. The best jump was

used for further analysis. Jump velocity at take-off (v in m�s-1) was calculated as:

v ¼ a � tf=2

where ‘a’ is the gravitational acceleration (9.81 m�s-2) and ‘tf‘ the flight time of the jump. The

power was estimated as:

W ¼ body mass � a x v

and expressed relative to a subject’s body mass in kg.

To measure agility and anaerobic power, the subjects performed a 10 x 5 m shuttle run test

according to the protocol of the Eurofit battery [34, 36], followed by a 30-m sprint run from a
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standing start. Both running tests were conducted on concrete flooring, and the better of two

attempts in the shuttle run and the best of the three attempts in 30-m sprint run were used for

subsequent analysis. The time in the shuttle run was measured by an investigator with a stop-

watch while it was measured electronically for the 30-m sprint.

The battery of the muscular fitness tests was concluded with a Wingate test to estimate

anaerobic power and anaerobic endurance capacity [37]. In brief, the Wingate test was carried

out on a mechanically-braked cycle ergometer (Monark 824E, Sweden) and preceded with fast

unresisting acceleration to maximal pedaling cadence, after which the brake weight equaling

7.5% of body mass (to the nearest 0.1 kg) was applied at the signal of the subject, to initiate the

30-s all-out effort. Before and during the test, subjects were verbally encouraged to exert maxi-

mally during the entire 30 seconds of the test. The number of full pedaling cycles per 30 s was

then calculated, as was the power produced per each 5-s interval to derive a fatigue index,

which is the percentage of power drop during the test.

Aerobic capacity (cardiorespiratory fitness)

Aerobic capacity was measured with a VO2max test during a separate visit to the lab [35]. In

brief, a ramp treadmill (H/P/Cosmos Sports & Medical GMBH, Germany) protocol of contin-

uous incremental running until exhaustion was applied. After a warm-up of slow running for

some minutes to familiarize with the treadmill, participants started the test by jogging at 7

km�h-1 for 3 min at an initial gradient of 1%, and then the speed of the treadmill belt was

increasing by 0.1 km�h-1 each 6 seconds. The treadmill speed remained constant after it

reached 20 km�h-1, and then the gradient of the treadmill was increased by 0.05% every 6 s

from the initial 1%. Throughout the test, breath-by-breath gas analysis was performed using

an Oxycon Mobile gas analyzer (Viasys, Germany), and heart rate (HR) was recorded with a

HR meter (Polar 810s, Finland). During the later stages of the test, participants were verbally

encouraged to keep running as long as they can. VO2max was calculated as highest average of

20 consecutive seconds.

Genotyping

Venous blood was collected from an antecubital vein. DNA for genotyping was extracted from

the venous blood samples using the NucleoSpin Blood kit (Macherey-Nagel, GmbH & Co.

KG, Düren, Germany) according to the instructions by the manufacturer [37]. The polymor-

phisms analysed are listed in Table 2.

ACE I/D (rs4341) genotypes were determined as described in Moran et al. [38]. ACTN3
R577X (rs1815739), MSTN K153R (rs1805086), ACVR1B (rs2854464), ACVR2B (rs3792527

and rs7372545), MYLK1 (C49T, rs2700352; H21P, rs28497577; and rs820336), MYLK2
(rs6060965, rs4911532 and rs6119729), MYLK3 (rs36471), ADRA2A (rs553668) and ADRA2B
(rs4066772) genotypes were determined using PCR-RFLP described in detail in Moran et al.

[38] and below.

Copy number variation

Primer and hydrolysis probe assays (Integrated DNA Technologies Inc., USA) were designed

to amplify a region lying in the introns of the genes of interest. The Basic Local Alignment

Search Tool (BLAST, National Centre for Biotechnology Information) was used to ensure that

the primers and probes were specific to the genes of interest and did not recognise any other

sequences. All samples were run in triplicate and each plate contained a non-template control

also run in triplicate. A reaction volume of 12.5 μL was used for all reactions, containing

6.25 μL of 2x Type-it CNV Probe PCR Master Mix (Qiagen Ltd, UK), 0.5 μL of 25x Ref assay,
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Table 2. Genetic polymorphisms analysed and genotype distribution (%) in C: Control; E: Endurance athletes; P: Power athletes; T: Team athletes.

Genotype C E P T

ACE (rs4341) II 23.2 33.3 15.5 16.4

ID 50.0 48.1 62.0 52.7

DD 26.8 18.5 22.5 30.9

MYLK1 (rs2700352) AA 0.5 1.2 1.4 0.0

AG 32.0 32.1 26.8 21.8

GG 67.5 66.7 71.8 78.2

MYLK1 H21P (rs28497577) GG 82.5 85.2 90.1 81.8

GT 17.0 13.6 9.9 18.2

TT 0.5 1.2 0.0 0.0

MYLK1 (rs820336) CC 8.2 6.2 9.9 7.3

TC 42.3 42.0 35.2 36.4

TT 49.5 51.9 54.9 56.4

MYLK2 (rs6060965) AA 88.7 86.4 90.1 92.7

AG 11.3 13.6 9.9 7.3

GG 0.0 0.0 0.0 0.0

MYLK2 (rs4911532) CC 29.4 35.8 39.4 30.9

CT 54.1 40.7 45.1 50.9

TT 16.5 23.5 15.5 18.2

MYLK2 (rs6119729) CC 55.7 59.3 57.7 54.5

CT 37.6 28.4 33.8 38.2

TT 6.7 12.3 8.5 7.3

MYLK3 (rs36471) AA 66.5 59.3 63.4 60.0

GA 29.9 34.6 28.2 32.7

GG 3.6 6.2 8.5 7.3

MYLK3 V180L (rs28407821) AA 30.9 28.4 26.8 29.1

CA 46.4 50.6 56.3 47.3

CC 22.7 21.0 16.9 23.6

MSTN K153R (rs1805086) CC 0.0 0.0 0.0 0.0

TC 0.0 2.3 1.3 0.0

TT 100.0 97.7 98.7 100.0

ACVR1B (rs2854464) AA 47.7 60.8 38.0b 39.6a,b

GA 39.9 30.4 43.7b 32.1a,b

GG 12.4 8.9 18.3b 28.a,b

ACVR2B (rs3792527) CC 36.3 27.5 34.8 21.8

TC 50.0 47.5 39.1 49.1

TT 13.7 25 26.1 29.1

ACVR2B (rs7372545) GG 36.5 27.2 28.6 29.6

GT 36.0 43.2 38.6 37.0

TT 27.5 29.6 32.9 33.3

ACTN3 R577X (rs1815739) RR 34.9 35.8 38.0 41.8

RX 51.6 55.6 52.1 45.5

XX 13.5 8.6 9.9 12.7

ADRA2A (rs553668) AA 0.5 1.3 1.5 1.9

GA 26.3 24.1 14.7 28.3

GG 73.2 74.7 83.8 69.8

ADRA2B (rs4066772) II 40.7 27.2 38.0 43.6

ID 48.5 54.3 39.4 38.2

(Continued)
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0.5 μl of 25x assay, 2.75 μl of nuclease-free water and 2 μl of DNA normalised to 5 ng/μL. All

reactions were performed on the same LightCycler 480 (Roche Diagnostics Ltd, UK) system

and included activation at 95˚C for 5 min followed by 40 cycles of alternative 30-s periods at

95˚C and 60˚C as recommended by the Type-it CNV probe protocol.

The genotype score was calculated as the sum of the scores for each genotype, where 3 was

allocated to the homozygous genotype of a certain gene that according to the literature was

expected to correlate with fitness positively, while a score of 1 reflected the homozygous geno-

type that was expected to correlate with fitness negatively. A score of two was given to the het-

erozygous genotype.

Statistical analyses

The Shapiro–Wilk test showed that the data were normally distributed. An ANOVA with a

Bonferroni-corrected post-hoc test was used to assess differences between groups. Hardy-

Weinberg equilibrium was tested for all genotypes with a χ2 test. A Kruskal-Wallis test was

performed to determine differences in the frequency distribution of polymorphisms between

groups. Stepwise linear regression was performed with group, age, height and all polymor-

phisms as factors to assess which polymorphisms correlated with muscle fitness phenotypes

Differences and correlations were considered significant at p<0.05. Phenotypic data is shown

as mean ± SD.

Results

Participant characteristics and indices of fitness

Table 1 shows participant characteristics and fitness parameters. The BMI and limb girths

were largest in power athletes and smallest in endurance athletes, while team sport athletes

were the tallest (p<0.05). Team and power athletes had large knee extension and flexion tor-

ques, jump power and sprint running abilities than endurance athletes and controls (Table 1).

Power athletes performed the largest number of pull-ups in 30 s. Anaerobic capacity, repre-

sented here as Wingate test average power and agility shuttle run time, was better in all three

groups of athletes compared to controls; maximal oxygen uptake (VO2max) and fatigue resis-

tance in the Wingate anaerobic test were highest in endurance athletes.

Genotype frequencies

Table 2 shows the distribution of genotype frequencies of the studied genetic polymorphisms

in the three groups. All studied polymorphisms were in Hardy-Weinberg equilibrium in all

groups. ACVR1B was the only polymorphism which differed between the groups with G allele

overrepresented over A allele among team/power athletes compared to controls and

Table 2. (Continued)

Genotype C E P T

DD 10.8 18.5 22.5 18.2

Genotype score 28.6 ± 2.4 (178) 28.8 ± 2.4 (79) 29.1 ± 2.4 (67) 29.7 ± 2.3 (52)

ACE: Angiotensin converting enzyme; MYLK1: myosin light chain kinase smooth muscle; MYLK2: MYLK skeletal muscle; MYLK3: MYLK cardiac muscle; MSTN:

myostatin; ACVR: activin receptors; ACTN3: α-actinin-3; ADRA2: α-2-adrenergic receptor
a: different from control P = 0.03
b: different from endurance p�0.037.

https://doi.org/10.1371/journal.pone.0275179.t002
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endurance athletes. Endurance athletes had a lower frequency of the GG genotype for the

AVCR1B (rs2854464) gene than power (p = 0.037) and team (p = 0.004) athletes. In controls,

the GG genotype frequency was also less than in team athletes (p = 0.03). There was no signifi-

cant difference in genotype score between groups.

Genotype effect on muscle size and exercise performance

Of the 16 polymorphisms tested, nine were associated with at least one of the muscular fitness

and/or size phenotypes (Table 3).

The polymorphisms associated with muscular size/fitness were of seven genes (Table 3):

ACVR1B plus MYLK1 (rs2700352) explained 2.7% of thigh girth, and 3.3% of upper arm girth

was explained by ACVR1B. For jumping power (W�kg-1) the GG genotype associated with

larger power (R2 = 0.024; p = 0.002). Balance and pull-ups were predicted by the combination

of ADRA2A and ACTN3 R577X for 2% and 1.8%, respectively. Knee extension torque was

explained for 4.1% by ACVR1B, MYLK1 (rs2700352), MYLK1 (rs820336) and MYLK3
(rs36471), and knee flexion torque for 1.7% by the MYLK1 (rs2700352) polymorphism. The

MYLK1 H21P polymorphism, together with ACVR2B (rs379527) explained 3.1% to the varia-

tion in the shuttle agility run performance. The ACVR2B (rs379527) explained 4.0% of the var-

iation of the Wingate test fatigue index.

Together with age, group and height as additional factors genotypes could explain up to

20.4% (knee extension torque) of the variation in muscular fitness (Table 4).

Discussion

The current study on young Caucasian men, including athletes from various sports and

healthy controls, found that nine of the 16 genetic polymorphisms tested and residing in

regions coding for seven genes–myostatin, myostatin signaling receptors Activins 1B and 2B,

myosin light chain kinases 1 and 3, alpha-actinin-3, and α-2-adrenergic receptor A–explained

up to 4.1% of the variation of muscular fitness phenotypes either separately or when in combi-

nation. Activin receptor 1B was the only polymorphism that separated the groups, with the G

allele overrepresented over the A allele among team/power athletes compared to controls and

endurance athletes. The G allele of this gene was also most consistently associated with muscle

size and power.

Multiple genetic polymorphisms have been identified to associate with the status of being a

power athlete [30, 39]. However, the contribution of particular genetic markers for muscular

fitness appears to be highly dependent on the specific characteristics of the population studied

(age, ethnicity, athletic status etc.). For instance, five out of ten tested candidate SNPs were

found to be associated with muscle power and sprint running performance in elite soccer play-

ers with their importance depending on the pubertal status of the athletes [40]. The polymor-

phisms associated with muscular fitness in our healthy young men irrespective of being a non-

athlete, power, endurance or team athlete, therefore warrants testing for replication on other

populations as aged people.

While myostatin (MSTN, GDF-8) is often included in power-oriented sport polygenic pro-

filing [41], the K153R polymorphism with the strongest effect on muscle mass and strength is

rather rare [42]. On its own, the K153R polymorphism explained up to 6.5% of the variance in

some parameters of muscular fitness, even though only 3 subjects (two endurance and one

power athlete) had the R allele in our cohort of 439 young men. The rarity of R allele in most

of the world populations explains why most of the studies are underpowered to confirm phe-

notypic effects of this polymorphism [43–45]. However, polymorphisms of ACVR1B have

been reported to modulate the response of muscle size and strength/power to rehabilitation of

PLOS ONE Genetics of muscular fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0275179 September 27, 2022 8 / 17

https://doi.org/10.1371/journal.pone.0275179


T
a

b
le

3
.

C
o

rr
el

a
ti

o
n

s
b

et
w

ee
n

p
o

ly
m

o
rp

h
is

m
s

a
n

d
fi

tn
es

s
p

a
ra

m
et

er
s.

A
C

E

(r
s4

3
4

1
)

M
Y

L
K

1

(r
s2

7
0

0
3

5
2

)

M
Y

L
K

1
H

2
1

P

(r
s2

8
4

9
7

5
7

7
)

M
Y

L
K

1

(r
s8

2
0

3
3

6
)

M
Y

L
K

2

(r
s6

0
6

0
9

6
5

)

M
Y

L
K

2

(r
s4

9
1

1
5

3
2

)

M
Y

L
K

2

(r
s6

1
1

9
7

2
9

)

M
Y

L
K

3

(r
s3

6
4

7
1

)

M
Y

L
K

3
V

1
8

0
L

(r
s2

8
4

0
7

8
2

1
)

M
S

T
N

K
1

5
3

R

(r
s1

8
0

5
0

8
6

)

A
C

V
R

1
B

(r
s2

8
5

4
4

6
4

)

A
C

V
R

2
B

(r
s3

7
9

2
5

2
7

)

A
C

V
R

2
B

(r
s7

3
7

2
5

4
5

)

A
C

T
N

3
R

5
7

7
X

(r
s1

8
1

5
7

3
9

)

A
D

R
A

2
A

(r
s5

5
3

6
6

8
)

A
D

R
A

2
B

(r
s4

0
6

6
7

7
2

)

T
h

ig
h

g
ir

th
R

=

-0
.0

2
5

;

p
=

0
.6

1
1

R
=

0
.1

6
8

;

p
=

0
.0

0
1

R
=

-0
.1

2
1

;

p
=

0
.0

1
5

R
=

0
.0

7
7

;

p
=

0
.1

2
4

R
=

-0
.0

9
7

;

p
=

0
.0

5
2

R
=

-0
.0

2
0

;

p
=

0
.6

9
4

R
=

0
.0

1
3

;

p
=

0
.7

8
8

R
=

-0
.0

3
2

;

p
=

0
.5

2
3

R
=

0
.0

2
9

;

p
=

0
.5

5
8

R
=

-0
.1

7
7

;

p
<

0
.0

0
1

R
=

0
.1

2
7

;

p
=

0
.0

1
1

R
=

-0
.0

0
5

;

p
=

0
.9

2
2

R
=

0
.0

1
2

;

p
=

0
.8

0
6

R
=

-0
.0

3
1

;

p
=

0
.5

3
9

R
=

0
.1

0
7

;

p
=

0
.0

3
5

R
=

-0
.0

1
1

;

p
=

0
.8

3
0

R
2

a
d

j
=

0
.0

2
7

;

p
=

0
.0

0
2

R
2

a
d

j
=

0
.0

1
7

;

p
=

0
.0

0
7

U
p

p
er

a
rm

g
ir

th

R
=

0
.0

6
7

;

p
=

0
.1

7
8

R
=

0
.1

0
2

;

p
=

0
.0

4
1

R
=

-0
.0

8
1

;

p
=

0
.1

0
4

R
=

0
.0

3
6

;

p
=

0
.4

7
1

R
=

-0
.0

3
0

;

p
=

0
.5

4
4

R
=

-0
.0

4
1

;

p
=

0
.4

1
2

R
=

0
.0

1
5

;

p
=

0
.7

6
8

R
=

0
.0

1
6

;

p
=

0
.7

4
1

R
=

0
.0

5
1

;

p
=

0
.3

0
8

R
=

-0
.0

3
8

;

p
=

0
.4

4
4

R
=

0
.1

7
5

;

p
<

0
.0

0
1

R
=

-0
.0

7
0

;

p
=

0
.1

6
5

R
=

-0
.0

1
1

;

p
=

0
.8

2
8

R
=

-0
.0

0
4

;

p
=

0
.9

4
4

R
=

0
.0

5
1

;

p
=

0
.3

1
6

R
=

-0
.0

1
4

;

p
=

0
.7

8
5

R
2

a
d

j
=

0
.0

3
3

;

p
<

0
.0

0
1

V
er

ti
ca

l

ju
m

p

p
o

w
er

(W
�k

g
-1

)

R
=

0
.0

0
2

;

p
=

0
.9

6
4

R
=

0
.0

5
6

;

p
=

0
.2

6
5

R
=

-0
.1

1
5

;

p
=

0
.0

2
2

R
=

0
.1

3
3

;

p
=

0
.0

0
8

R
=

-0
.0

9
8

;

p
=

0
.0

5
1

R
=

0
.0

1
3

;

p
=

0
.7

9
3

R
=

-0
.0

0
2

;

p
=

0
.9

6
6

R
=

-0
.0

2
2

;

p
=

0
.6

5
9

R
=

0
.0

2
0

;

p
=

0
.6

9
9

R
=

-0
.2

4
9

;

p
<

0
.0

0
1

R
=

0
.1

1
3

;

p
=

0
.0

2
6

R
=

-0
.0

0
2

;

p
=

0
.9

7
4

R
=

-0
.0

7
1

;

p
=

0
.1

6
5

R
=

-0
.0

3
5

;

p
=

0
.4

8
7

R
=

0
.0

4
5

;

p
=

0
.3

7
5

R
=

-0
.0

3
3

;

p
=

0
.5

2
0

R
2

a
d

j
=

0
.0

2
4

;

p
=

0
.0

0
2

B
a

la
n

ce

(n
o

.
o

f

a
tt

em
p

ts
)

R
=

0
.0

6
0

;

p
=

0
.2

3
1

R
=

-0
.0

2
4

;

p
=

0
.6

3
5

R
=

0
.0

8
5

;

p
=

0
.0

9
0

R
=

-0
.0

9
5

;

p
=

0
.0

5
8

R
=

0
.0

5
6

;

p
=

0
.2

6
2

R
=

-0
.0

3
1

;

p
=

0
.5

4
1

R
=

-0
.0

3
3

;

p
=

0
.5

0
5

R
=

0
.0

6
0

;

p
=

0
.2

3
1

R
=

-0
.0

1
1

;

p
=

0
.8

2
7

R
=

0
.2

5
5

;

p
<

0
.0

0
1

R
=

-0
.0

1
1

;

p
=

0
.8

2
4

R
=

-0
.0

3
1

;

p
=

0
.5

4
2

R
=

0
.0

1
9

;

p
=

0
.7

1
3

R
=

-0
.0

8
5

;

p
=

0
.0

9
1

R
=

0
.0

4
3

;

p
=

0
.3

9
3

R
=

-0
.0

4
9

;

p
=

0
.3

2
4

R
2

a
d

j
=

0
.0

2
0

;

p
=

0
.0

1
0

R
2

a
d

j
=

0
.0

1
1

;

p
=

0
.0

2
6

H
a

n
d

g
ri

p

st
re

n
g

th

R
=

0
.0

6
1

;

p
=

0
.2

2
2

R
=

-0
.0

1
1

;

p
=

0
.8

2
1

R
=

-0
.0

1
1

;

p
=

0
.8

2
8

R
=

0
.0

1
1

;

p
=

0
.8

3
3

R
=

0
.0

1
8

;

p
=

0
.7

2
6

R
=

-0
.0

3
5

;

p
=

0
.4

8
1

R
=

0
.0

7
6

;

p
=

0
.1

3
1

R
=

-0
.0

2
7

;

p
=

0
.5

8
8

R
=

0
.0

0
6

;

p
=

0
.9

0
0

R
=

-0
.0

7
0

;

P
=

0
.1

6
5

R
=

0
.0

9
2

;

p
=

0
.0

6
7

R
=

-0
.0

5
6

;

p
=

0
.2

6
9

R
=

-0
.0

6
8

;

p
=

0
.1

7
7

R
=

0
.0

0
1

;

p
=

0
.9

8
8

R
=

0
.0

3
8

;

p
=

0
.4

5
4

R
=

-0
.0

6
2

;

p
=

0
.2

2
0

K
n

ee

ex
te

n
si

o
n

p
ea

k

to
rq

u
e

R
=

0
.0

2
6

;

p
=

0
.6

0
7

R
=

0
.1

1
2

;

p
=

0
.0

2
7

R
=

-0
.0

4
3

;

p
=

0
.3

9
8

R
=

0
.1

0
7

;

p
=

0
.0

3
5

R
=

-0
.0

7
8

;

p
=

0
.1

2
4

R
=

-0
.0

0
3

;

p
=

0
.9

5
6

R
=

0
.0

5
5

;

p
=

0
.2

8
3

R
=

0
.1

0
1

;

p
=

0
.0

4
6

R
=

0
.0

4
9

;

p
=

0
.3

3
9

R
=

-0
.0

2
6

;

P
=

0
.6

1
4

R
=

0
.1

1
4

;

p
=

0
.0

2
5

R
=

-0
.0

0
7

;

p
=

0
.8

9
9

R
=

-0
.0

2
5

;

p
=

0
.6

2
8

R
=

-0
.0

5
3

;

p
=

0
.2

9
6

R
=

0
.0

3
3

;

p
=

0
.5

2
2

R
=

-0
.0

3
1

;

p
=

0
.5

4
2

R
2

a
d

j
=

0
.0

2
3

;

p
=

0
.0

0
5

R
2

a
d

j
=

0
.0

3
3

;

p
=

0
.0

0
2

R
2

a
d

j
=

0
.0

4
1

;

p
=

0
.0

0
1

R
2

a
d

j
=

0
.0

1
3

;

p
=

0
.0

1
8

K
n

ee

fl
ex

io
n

p
ea

k

to
rq

u
e

R
=

0
.0

1
7

;

p
=

0
.7

3
8

R
=

0
.1

5
2

;

p
=

0
.0

0
3

R
=

-0
.0

7
5

;

p
=

0
.1

4
0

R
=

0
.0

6
4

;

p
=

0
.2

1
1

R
=

-0
.0

4
9

;

p
=

0
.3

3
9

R
=

0
.0

2
7

;

p
=

0
.5

9
2

R
=

0
.0

1
2

;

p
=

0
.8

1
8

R
=

0
.0

4
1

;

p
=

0
.4

2
0

R
=

0
.0

0
8

;

p
=

0
.8

7
3

R
=

0
.0

3
2

;

P
=

0
.5

2
3

R
=

0
.0

7
6

;

p
=

0
.1

3
9

R
=

0
.0

7
4

;

p
=

0
.1

4
9

R
=

0
.0

2
7

;

p
=

0
.6

0
2

R
=

-0
.0

2
4

;

p
=

0
.6

4
5

R
=

0
.0

6
4

;

p
=

0
.2

1
4

R
=

0
.0

1
6

;

p
=

0
.7

4
7

R
2

a
d

j
=

0
.0

1
7

;

p
=

0
.0

0
8

S
h

u
tt

le

a
g

il
it

y
ru

n

(s
)

R
=

-0
.0

1
9

;

p
=

0
.7

1
3

R
=

0
.0

6
9

;

p
=

0
.1

7
6

R
=

0
.1

0
2

;

p
=

0
.0

4
4

R
=

0
.0

3
8

;

p
=

0
.4

5
7

R
=

0
.0

5
7

;

p
=

0
.2

6
5

R
=

-0
.0

7
7

;

p
=

0
.1

3
1

R
=

0
.0

0
1

;

p
=

0
.9

8
2

R
=

-0
.0

2
7

;

p
=

0
.6

0
0

R
=

0
.0

3
5

;

p
=

0
.4

8
6

R
=

-0
.0

4
7

;

P
=

0
.3

5
4

R
=

0
.0

4
7

;

p
=

0
.3

6
1

R
=

-0
.1

4
9

;

p
=

0
.0

0
3

R
=

-0
.0

2
3

;

p
=

0
.6

6
0

R
=

0
.0

4
2

;

p
=

0
.4

1
4

R
=

0
.0

5
4

;

p
=

0
.2

9
6

R
=

-0
.0

9
0

;

p
=

0
.0

7
5

R
2

a
d

j
=

0
.0

3
1

;

p
=

0
.0

0
1

R
2

a
d

j
=

0
.0

2
0

;

p
=

0
.0

0
4

3
0

m
ru

n

(s
)

R
=

-0
.0

2
6

;

p
=

0
.6

1
0

R
=

-0
.0

1
2

;

p
=

0
.8

0
9

R
=

0
.0

4
5

;

p
=

0
.3

6
9

R
=

-0
.0

3
0

;

p
=

0
.5

4
6

R
=

0
.0

4
5

;

p
=

0
.3

6
8

R
=

-0
.0

1
3

;

p
=

0
.7

8
9

R
=

-0
.0

0
3

;

p
=

0
.9

5
9

R
=

0
.0

3
7

;

p
=

0
.4

6
6

R
=

0
.0

2
4

;

p
=

0
.6

3
1

R
=

-0
.0

6
4

;

P
=

0
.2

0
5

R
=

-0
.0

8
9

;

p
=

0
.0

7
9

R
=

-0
.0

8
4

;

p
=

0
.0

9
7

R
=

0
.0

1
7

;

p
=

0
.7

3
4

R
=

0
.0

1
0

;

p
=

0
.8

4
4

R
=

-0
.0

4
6

;

p
=

0
.3

6
8

R
=

-0
.0

0
8

;

p
=

0
.8

6
8

W
in

g
a

te

(r
ev
�3

0
s-

1
)

R
=

-0
.0

6
6

;

p
=

0
.1

9
5

R
=

-0
.0

2
7

;

p
=

0
.5

9
9

R
=

0
.0

5
1

;

p
=

0
.3

2
2

R
=

0
.0

3
8

;

p
=

0
.4

5
1

R
=

0
.0

5
4

;

p
=

0
.2

8
6

R
=

-0
.0

4
5

;

p
=

0
.3

7
8

R
=

-0
.0

1
1

;

p
=

0
.8

3
6

R
=

-0
.0

2
1

;

p
=

0
.6

8
2

R
=

-0
.0

6
3

;

p
=

0
.2

1
6

R
=

0
.0

0
8

;

P
=

0
.8

7
5

R
=

0
.0

9
0

;

p
=

0
.0

7
8

R
=

0
.1

0
6

;

p
=

0
.0

3
9

R
=

-0
.0

5
6

;

p
=

0
.2

7
4

R
=

-0
.0

4
5

;

p
=

0
.3

8
1

R
=

0
.0

4
6

;

p
=

0
.3

7
4

R
=

-0
.0

2
0

;

p
=

0
.6

9
0

W
in

g
a

te

fa
ti

g
u

e

re
si

st
a

n
ce

R
=

-0
.0

6
6

;

p
=

0
.1

9
7

R
=

0
.0

4
2

;

p
=

0
.4

1
0

R
=

-0
.0

8
3

;

p
=

0
.1

0
1

R
=

0
.0

2
1

;

p
=

0
.6

7
7

R
=

0
.0

1
7

;

p
=

0
.7

4
2

R
=

0
.0

4
0

;

p
=

0
.4

2
9

R
=

-0
.0

2
6

;

p
=

0
.6

0
6

R
=

0
.0

2
4

;

p
=

0
.6

3
2

R
=

0
.0

3
8

;

p
=

0
.4

5
8

R
=

-0
.0

5
4

;

P
=

0
.2

8
7

R
=

0
.0

2
7

;

p
=

0
.5

9
2

R
=

0
.2

0
2

;

p
<

0
.0

0
1

R
=

0
.0

7
7

;

p
=

0
.1

3
6

R
=

-0
.0

3
8

;

p
=

0
.4

5
9

R
=

0
.0

0
6

;

p
=

0
.9

0
1

R
=

0
.0

2
7

;

p
=

0
.5

9
6

R
2

a
d

j
=

0
.0

4
0

;

p
<

0
.0

0
1

(C
on
tin

ue
d)

PLOS ONE Genetics of muscular fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0275179 September 27, 2022 9 / 17

https://doi.org/10.1371/journal.pone.0275179


T
a

b
le

3
.

(C
o

n
ti

n
u

ed
)

A
C

E

(r
s4

3
4

1
)

M
Y

L
K

1

(r
s2

7
0

0
3

5
2

)

M
Y

L
K

1
H

2
1

P

(r
s2

8
4

9
7

5
7

7
)

M
Y

L
K

1

(r
s8

2
0

3
3

6
)

M
Y

L
K

2

(r
s6

0
6

0
9

6
5

)

M
Y

L
K

2

(r
s4

9
1

1
5

3
2

)

M
Y

L
K

2

(r
s6

1
1

9
7

2
9

)

M
Y

L
K

3

(r
s3

6
4

7
1

)

M
Y

L
K

3
V

1
8

0
L

(r
s2

8
4

0
7

8
2

1
)

M
S

T
N

K
1

5
3

R

(r
s1

8
0

5
0

8
6

)

A
C

V
R

1
B

(r
s2

8
5

4
4

6
4

)

A
C

V
R

2
B

(r
s3

7
9

2
5

2
7

)

A
C

V
R

2
B

(r
s7

3
7

2
5

4
5

)

A
C

T
N

3
R

5
7

7
X

(r
s1

8
1

5
7

3
9

)

A
D

R
A

2
A

(r
s5

5
3

6
6

8
)

A
D

R
A

2
B

(r
s4

0
6

6
7

7
2

)

P
u

ll
-u

p
s

(n
o

.)

R
=

0
.0

4
1

;

p
=

0
.4

2
3

R
=

-0
.0

3
6

;

p
=

0
.4

8
7

R
=

-0
.0

7
3

;

p
=

0
.1

5
4

R
=

0
.0

0
9

;

p
=

0
.8

6
4

R
=

0
.0

4
5

;

p
=

0
.3

7
8

R
=

-0
.0

5
2

;

p
=

0
.3

1
5

R
=

0
.0

7
8

;

p
=

0
.1

3
0

R
=

0
.0

4
9

;

p
=

0
.3

4
0

R
=

-0
.0

3
1

;

p
=

0
.5

3
9

R
=

0
.0

0
2

;

P
=

0
.9

7
0

R
=

-0
.0

1
8

;

p
=

0
.7

2
9

R
=

-0
.0

0
2

;

p
=

0
.9

6
3

R
=

-0
.0

1
4

;

p
=

0
.7

9
1

R
=

-0
.0

8
6

;

p
=

0
.0

9
4

R
=

-0
.0

8
8

;

p
=

0
.0

9
2

R
=

-0
.0

3
4

;

p
=

0
.5

0
2

R
2

a
d

j
=

0
.0

0
9

;

p
=

0
.0

4
5

R
2

a
d

j
=

0
.0

1
8

;

p
=

0
.0

1
6

V
O

2
m

a
x

(m
l�

k
g

-

1
�m

in
-1

)

R
=

-0
.0

8
9

;

p
=

0
.0

9
7

R
=

0
.0

0
4

;

p
=

0
.9

3
8

R
=

-0
.0

6
6

;

p
=

0
.2

1
6

R
=

0
.0

5
4

;

p
=

0
.3

1
1

R
=

-0
.0

3
5

;

p
=

0
.5

1
3

R
=

0
.0

5
5

;

p
=

0
.3

0
8

R
=

-0
.0

1
6

;

p
=

0
.7

6
0

R
=

0
.0

1
6

;

p
=

0
.7

6
6

R
=

-0
.0

0
6

;

p
=

0
.9

0
4

R
=

-0
.2

1
6

;

p
<

0
.0

0
1

R
=

-0
.0

6
9

;

p
=

0
.2

0
1

R
=

0
.1

0
7

;

p
=

0
.0

4
7

R
=

-0
.0

0
5

;

p
=

0
.9

3
2

R
=

0
.0

4
0

;

p
=

0
.4

6
0

R
=

0
.0

5
7

;

p
=

0
.2

9
4

R
=

0
.0

3
1

;

p
=

0
.5

6
2

If
th

er
e

is
m

o
re

th
an

1
ro

w
fo

r
a

p
h

en
o

ty
p

e,
th

e
se

co
n

d
ro

w
in

d
ic

at
es

w
h

ic
h

p
o

ly
m

o
rp

h
is

m
is

m
o

st
ex

p
la

n
at

o
ry

in
th

e
d

ar
k

es
t

g
re

y
,
w

it
h

th
e

co
n

tr
ib

u
ti

o
n

o
f

ad
d

it
io

n
al

p
o

ly
m

o
rp

h
is

m
s

ex
p

la
in

in
g

th
e

p
h

en
o

ty
p

e
to

a
le

ss
er

an
d

le
ss

er
,
b

u
t

st
il

l
si

g
n

if
ic

an
t,

ex
te

n
t

b
y

li
g

h
te

r
g

re
y

fi
el

d
s

(s
h

o
w

in
g

in
cr

ea
si

n
g

R
2

a
d

j
an

d
P

v
al

u
es

).

V
O

2
m

ax
,
m

ax
im

al
o

x
y
g

en
u

p
ta

k
e.

h
tt

p
s:

//
d
o
i.o

rg
/1

0
.1

3
7
1
/jo

u
rn

al
.p

o
n
e.

0
2
7
5
1
7
9
.t
0
0
3

PLOS ONE Genetics of muscular fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0275179 September 27, 2022 10 / 17

https://doi.org/10.1371/journal.pone.0275179.t003
https://doi.org/10.1371/journal.pone.0275179


cardiac patients [46], and the A allele (rs2854464) has been reported to be associated with

sprint/power performance, depending on the ethnicity of the athletes [47]. Although it has

been reported that the genetic polymorphisms of the myostatin signalling pathway are more

strongly associated with muscle strength than muscle mass [16, 48], in our cohort of young

men the ACVR1B genotype was associated more with muscle size than strength (Table 3).

While a positive association between ACVR1B A allele and muscle strength has been found in

untrained men [18, 19], we found that the G allele was positively associated with muscle fitness

phenotypes in our cohort of young individuals, and was also more prevalent among power

and team sports athletes than in endurance athletes and non-athletes. This suggests that con-

tradictory findings between the studies may occur also because of the different training status

of subjects.

In another case-control study there was a trend towards lower frequency of ACVR1B A

allele in Brazilian athletes, while Caucasian Power athletes had a higher frequency of the A

allele compared to controls [47]. One may argue that these conflicting findings are due to dif-

ferent gene interactions in the two ethnicities, or just limitations of sample size. However, a

Table 4. Adjusted determination coefficients (R2
adj) of height, age, group and polymorphisms on the muscularity and fitness.

Height Age Group ACVR1B ACVR2B MYLK1 MYLK1 H21P ADRA2B

(rs2854464) (rs379527) (rs2700352) (rs28497577) (rs4066772)

Thigh

girth

0.096��� +0.006���!0.111 +0.009���!0.105 +0.020���!0.131

Upper arm

girth

0.057��� +0.038���!0.095 +0.017���!0.146 +0.036���!0.129

Handgrip

strength

0.014���

Vertical

jump

power

(W�kg-1)

0.080��� +0.015���!0.095

Isokinetic

knee

extension

torque/

thigh girth

0.248��� +0.053���!0.301

Shuttle

agility run

(s)

0.018�� +0.013��!0.031 +0.008��!0.039

Wingate

fatigue

resistance

+0.014���!0.096 0.049��� +0.033��!0.082

VO2max

(ml�min-

1�kg-1)

+0.009���!0.102 0.093��� +0.009���!0.120 +0.009���!0.111

Knee

extension

peak

torque

+0.038���!0.188 0.150��� +0.008���!0.196 +0.008���!0.204

Note. Only the significant determination coefficients

(��� @ P < 0.001

�� @ P < 0.01) are presented. The coefficient of prime determinant of the phenotype is underscored, and the final estimation of the explained variance is highlighted in

bold.

VO2max, maximal oxygen uptake.

https://doi.org/10.1371/journal.pone.0275179.t004
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more likely explanation for the discrepancy is the dissimilar representation of the Power sport

disciplines and training background between the two cohorts as in our Caucasian cohort we

found that the A allele of the ACVR1B gene was underrepresented in Team sports athletes

compared to Controls, and the A allele was also less frequent in both Team and Power com-

pared to Endurance athletes. In this context, it is important to note that downregulated myos-

tatin pathway activity is counterproductive for the endurance capacity [49, 50].

Caution should be exercised as to whether the inhibition of MSTN signaling benefits, as

occurs in the ACVRB1 G allele, muscle function since, for instance, the downregulation of acti-

vin 1 receptor (Alk4) expression not only decreased skeletal muscle mass to an even lower

level in mdx mice (model of muscular dystrophy) but also induced marked muscle atrophy in

normal animals [51]. In addition, lower myostatin signalling activity has recently been

reported in patients with inflammatory myopathies as compared with healthy subjects, and

there was no clear association between the activity of the myostatin signalling pathway and the

functional state of the patients [52].

As with the ACE I/D polymorphism, studies on the effects of ACTN3 R577X polymorphism

on muscle characteristics have yielded so far inconsistent results [53], but the general impres-

sion is that the R-allele harbours benefits for sprinting performance and muscle power [54].

Also, the muscle damage response to intense exercise is not consistently associated with the

ACTN3 genotype [37, 55, 56]. Here we detected only a minor contribution of ACTN3 R577X

SNP to muscular fitness (adding not more than 1% of the explanation of the variance in two of

the muscle fitness tests out of eight implemented) and any association to sprinting or jumping

performance, which confirms the limited role of this genotype on strength and power in the

healthy young population of European decent. This is in line with our previous observation

that even though 2.4% of the variance in 40 m sprint run time has been explained by R577X

polymorphism in Greek schoolboys, this was not the case in schoolgirls [38].

It has been suggested that polymorphisms of the skeletal muscle isoform of myosin light

chain kinase (MYLK2) associates with exertional muscle damage [29] and may thus modulate

the training response. It appears, however, that Clarkson et al. 2005 [29] did not study the skel-

etal muscle isoforms of MYLK and this may explain the discrepancy from the current study

where we found no associations to muscular phenotypes with variants of MYLK2, while there

were associations with genetic variants of MYLK1 (smooth muscle isoform) and MYLK3
(myocardial isoform). The MYLK1 rs28497577 GT genotype has recently been shown to asso-

ciate with slower recovery after knee injury in soccer players [57]. Intriguingly, polymorphisms

of MYLK1 might modulate the pro-inflammatory state of the bowel and nutrient absorption

[58], which are important for the anabolic response in resistance training. It was surprising to

see that polymorphism of cardiac myosin light chain kinase isoform (MYLK3) associates with

muscle strength. This finding is new and needs confirmation by other studies. However,

MYLK3 plays an important role in sarcomerogenesis in the heart [59] and its detection in skel-

etal muscle [60] suggests a similar role in skeletal muscle sarcomere assembly.

Study limitations

One limitation is that we have pre-selected the set of candidate genes rather than screened for

polymorphisms across the genome to pick up most of genetic markers associated with the

muscular fitness of young healthy subjects. As in most other genotype-phenotype association

studies, especially those of large cohorts of athletes, we have limited our study population to

men and therefore direct extrapolation of the findings to women may not be applicable, as

some other studies on functional SNPs on muscular fitness phenotypes have shown sexually

dimorphic outcome [38, 61].
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Study participants included into each of the Endurance, Power and Team sports category

were from different sports and performance level. In addition, heterogeneity within the groups

of athletes was high due to some of them being trained largely for their upper body while most

of the athletes largely trained the leg or all body muscles. This disproportionally enhanced

training of the upper body occurred particularly in the Power athletes where participants

included not only sprinters but also body builders that clearly require different adaptations to

succeed in their sport. However, they all trained their muscles with mostly high to maximal

intensity short bursts of exercise, thus must develop overlapping adaptations which are some-

what contrasting to those of the endurance athletes.

Finally, while the study population used in the current study is smaller than that used in

some association-seeking studies, it is not of unusual sample size of many other similar studies

[62, 63]. In fact, the sample size was adequate to detect significant, and hence physiologically

meaningful, associations, and one may query the physiological significance of any additional

association if it can only be detected with investigating very large populations.

Conclusions

Genetic polymorphisms in myostatin (MSTNK153R), the myostatin receptors Activins 1B

(ACVR1B) and 2B (ACVR2B), myosin light chain kinases (MYLK) isoforms 1 and 3, and α-

2-adrenergic receptor, and actinin (ACTN3R577X) were found to explain 1–4% of the varia-

tion in muscle fitness in young healthy male Caucasians, either separately or when combined.

ACVR1B and ACVR2B polymorphisms associated independently to both muscle size and

functional measures of muscular fitness, and the allele frequency distribution of ACVR1B
rs2854464 differed between groups, with power and team athletes having higher frequency of

the G allele. Variation in MYLK 1 and 3 genes contributes to some of the phenotypic variation

of muscle size and power. Even though the contribution of these genetic polymorphisms to

muscular fitness was quite large (up to 4.1%) given that only a limited number of gene poly-

morphisms were analysed, this also indicates that many more polymorphisms contribute to

the 50% heredity of muscle mass and strength as has been recently shown by another group of

researchers [64].
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