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Abstract

The TT genotype of the ACTN-3 polymorphism (rs1815739) has been previously associated
with lower sprinting and jumping performance, higher frequency and severity of muscle
injuries and eccentric muscle damage in professional football players. This study examined
the influence of 151815739 polymorphism on maximal running speed (MRS) during official
matches in elite football players. MRS was collected, using a Global Position System (GPS)
at high sampling frequencies (50 Hz), from 45 footballers of the same team during 26 official
matches (707 match observations). A buccal swab was used to extract genomic DNA, and
an RFLP PCR technique was used to determine the ACTN-3 genotype. The main finding of
the present study was that CC players showed significantly higher MRS than TT players
(CC=3314+13kmh™1; CT =327 £ 1.6 km-h™!; TT = 31.5 &+ 1.9 km-h™!, p = 0.041).
Moreover, the players harboring a copy of the C allele showed a trend toward higher MRS
than TT genotype (CC + CT =32.9 = 1.5 km-h~! vs. TT =31.5 £ 1.9 km-h !, p = 0.06). We
found, for the first time, an association between the ACTN-3 polymorphism and match-
play MRS in elite football players. Our results bring new knowledge to the literature
regarding the advantage conferred by the C allele (CC and CT genotypes) of the ACTN-3
polymorphism on sprint performance in football providing perspectives for modulating the
speed training program in relation to ACTN-3 genotypes, enhancing performance avoiding
muscle lesions.

Keywords: alpha-actnin 3; gene; velocity; soccer; sprint performance

1. Introduction

Athletic performance is one of the most complex phenotypic variables that is influ-
enced by both hereditary and environmental influences. Genetic variables account for an
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average of 66% of the variance in athlete status [1], with environmental factors—such as
nutrition and training—accounting for the remaining variance [2,3]. According to a recent
study by Semenova et al. [4], a total of 251 DNA polymorphisms have been linked to athlete
status and, among them, the ACTN-3 ¢.1729C>T (rs1815739) polymorphism is one of the
most promising genetic markers.

The ACTN-3 ¢.1729C>T (rs1815739) polymorphism is localized in Chromosome 11 and
it codifies for the alpha-actinin-3, a binding protein localized in the Z-disc of the type II
muscle fibers, where it facilitates the myofibrillar actin filaments” anchoring [5]. The T
homozygous genotype (ACTN-3 577TT) is caused by a C to T nucleotide substitution in
exon 16 of the ACTN-3 gene, which leads to a change in the codon (from CGA to TGA),
resulting in a premature stop codon that causes the absence of the alpha-actinin 3 protein in
muscle fibers [6,7]. Among individuals homozygous for the 577T allele (TT genotype), the
lack of alpha-actinin 3 does not indicate any illness or clinical condition. On the other hand,
homozygous individuals with the 577C allele (CC genotype) or heterozygous individuals
with the CT genotype express x-actinin-3 in a dose-dependent manner (CC > CT) [8].

Higher strength and sprint/power performance have been connected to the wild-type
alleles, C or R, while improved muscle endurance performance has been linked to the
mutant alleles, T or X [9,10].

According to several studies, power/speed athletes are more likely than endurance ath-
letes or the general population to have higher CC genotype and C allele frequencies [11-14].
Therefore, it appears that the C allele and CC genotype confer an advantage in producing
strong, forceful muscular contractions, which are necessary for sprinting performance.

Researchers have focused a lot of attention on the relationship between ACTN-3
polymorphism and football, discovering a link between this genetic marker with muscle
damage and injuries [15-17], football performance [18-21] and football player status [22].

In more detail, the CC genotype was found to be significantly associated with a lower
incidence and severity of muscle injuries [16] with recovery times [17], and with increased
susceptibility to eccentric muscle damage [15] in elite football players.

Moreover, a recent systematic review and meta-analysis by McAuley et al. [22] found
significant correlations between professional footballer status and the presence of the
ACTN-3 C allele (OR = 1.35, 95% CI: 1.18-1.53), while the strongest associations were found
for the ACTN-3 CC genotype (OR = 1.48, 95% CI: 1.23-1.77). The CC genotype has also been
associated with sprinting speed and jumping performance in Brazilian [19,20], Italian [18]
and Turkish [21] professional football players, while the TT genotype seems to negatively
affect football career progression [23].

These findings could be explained by the link between the ACTN-3 TT genotype and
the higher frequency and severity of non-contact muscle injuries and muscle damage and
the association between the ACTN-3 CC genotype and power-oriented phenotypes.

High-intensity running is one of the essential components of modern football and
can set top players apart from those at a lower level. [24]. Players need to build a strong
capacity to undertake intense activities at maximal running speed because most goals are
scored following a fast run or a sprint by both the supporting player and the goal scorer [25].
The requirement for quick and skilled players is highlighted by the 15% rise in game speed
observed in FIFA World Cup Finals analyses from 1966 to 2010 [26]. Consequently, in
contemporary football, managers are increasingly looking for players who are fast, skilled,
and physically fit enough to undertake high-intensity exercises repeatedly, as well as who
can handle a heavy weekly training and game load [27].

One study recently investigated the influence of the ACTN-3 polymorphism on match
running performance in professional football players using the multicamera Mediacoach®
system (Spain) [28]. The authors found that TT players had lower match performance values
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than CC players in the total running distance (p = 0.046), the distance at 21.0-23.9 km/h
(p = 0.042), and the number of sprints (p = 0.042).

The current pilot study sets out to investigate, for the first time, the influence of
the ACTN-3 ¢.1729C>T (rs1815739) polymorphism on elite professional football players’
maximal running speed performance (MRS) during official games utilizing the Global
Positioning System (GPS). We hypothesized that football players harboring the C allele
achieve a higher MRS during matches than those footballers with the TT genotype. The C
allele is hypothesized to lead to higher MRS due to the role of alpha-actinin-3 alpha-ctinin-3
protein that is exclusively expressed in fast-twitch (Type II) muscle fibers and modifies
skeletal muscle function [10].

2. Materials and Methods
2.1. Participants

A total of 45 elite football players from a professional team competing in the first
division of football in Italy (i.e., Serie A and Primavera) participated in this study. All
the football players were of Caucasian descent for at least 3 generations. In the sample,
there were 11 forwards, 19 midfielders and 15 defenders. Written informed consent was
obtained from all the players. The University of Cagliari’s local ethical committee ap-
proved the study’s protocol on 30 January 2017, in compliance with the International
Federation of Sports Medicine’s consensus statement regarding genetic information and
the 1974 Declaration of Helsinki for Human Research, which was last updated in 2000 [29].

2.2. Genetic Testing

Genetic data were collected between July and August 2023. Genomic DNA was
obtained by buccal cells with a cotton swab, and it was extracted in October 2023, according
to the manufacturer’s directions provided with a commercially available kit (Qiagen S.r.1.,
Milan, Italy) [30]. Exon16 of the ACTN-3 polymorphism was amplified through polymerase
chain reaction (PCR) using the following primers:

forward 5-CTGTTGCCTGTGGTAAGTGGG-3'
reverse 5'-TGGTCACAGTATGCAGGAGGG-3'.

The Ddel enzyme was used to digest PCR products. The presence (577T) or the
absence (577C) of a Ddel restriction site in exon 16 identified the 577C and 577T alleles
(CGA and TGA codons, respectively). While allele 577C displays three fragments of 108,
97, and 86 bp, allele 577T displays two fragments with 205 and 85 bp. After separating
the resulting fragments using 10% polyacrylamide gel electrophoresis, Eurosafe solution
(produced by Euroclone S.p.A.) was used to stain them [30].

2.3. Maximal Running Speed (MRS) During Official Matches

MRS (km-h~!) performance was obtained from all players in the matches played in the
2023-2024 season (from 19 August 2023 to 26 May 2024) using the Global Position System
(GPS) (KSport® World Srl, Fano, Italy) with a sampling frequency of 50 Hz and previously
validated [31]. Numerous technical and educational studies of GPS have already been
published, describing how this technology allows for tracking three-dimensional movement
of individuals [32-34]. The expanded use of this technology in a range of contexts, including
football, has been made possible by the recent advent of portable GPS devices, which offers
another way to characterize and comprehend the spatial context of football performance.
With enough sensitivity to detect speed variations and analyze the physical demands [35]
and movement patterns [36] of professional football, GPS devices are a proven and efficient
tool that can be used to measure physical demands during a football match [37]. The
GPS was located in a vest that was properly fitted to the wearer’s body at the upper back.
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At the conclusion of each match, GPS-measured Maximal Running Speed (Vmax) data
was downloaded into an Excel spreadsheet. Players having fewer than 90 min of match
exposure over the course of the season were excluded from the study since their running
data was probably not indicative of their match performance. The match exposure was
calculated by adding up each player’s total minutes on the field (first, second, and extra
time) as derived from GPS output. The analyses contained only the data of players who
played for more than 90 min during the season. A subsample of 37 football players was
obtained after players who had played in fewer than 90 min of games during the entire
season were removed.

2.4. Statistical Analyses

Fisher’s method (x2) was used to determine the Hardy—Weinberg equilibrium (HWE)
for the ACTN-3 polymorphism. Additionally, a x2 test was carried out to confirm if the
genotype frequency in our football player group differed from that of ethnically matched
controls in the 1000 Genomes database (1000 Genome Database). For every genotype,
descriptive statistics were computed as mean =+ standard deviation for continuous variables
and frequencies for categorical variables. X2 tests were also used to identify genetic
differences for categorical variables (such as field position). The Kolmogorov-Smirnov test
was used to first verify normality for continuous variables (such as Vmax or anthropometric
variables), and a one-way analysis of variance (ANOVA) was used to compute genotype
differences in order to identify the primary effect of the ACTN-3 genotype. LSD post hoc
tests were used to find pairwise differences (CC vs. CT; CC vs. TT; CT vs. TT) where there
was a significant F test indicating a main effect of the genotype. Furthermore, unpaired
Student’s t-tests were used to determine the impact of a dominant model for the ACTN-3
genotype (CC vs. CT + TT) and a recessive model (CC + CT vs. TT) on the MRS performance
measure. For all statistical analyses, the significance level was set at p < 0.050. All statistical
analyses were performed with statistical software (Genepop v.4.8.2 and STATSoft V7).

3. Results

All variables had a normal distribution (p > 0.05). With the following genotype
distribution—CC, 40.5%; CT, 43.2%; and TT, 16.2%—the ACTN-3 polymorphism did not
deviate from HWE and the genotyping success rate was 100% (Table 1).

Table 1. Main characteristics of 45 professional football players according to their ACTN-3 genotype.

Variables CcC CT TT p Value
Number (observed frequency, %) 18 (40.9) 20 (45.4) 7 (15.9) 0.433
Number (expected frequency, %) 17.3 (38.4) 21.3 (47.3) 6.3(14)

Age (years) 204 £5.7 193 £ 3.1 220+ 64 0.315
Height (cm) 180.7 £ 6.6 1775+ 85 1782 +11.2 0.717
Weight (kg) 741 4+9.2 720+ 6.7 71.8 +12.7 0.531

Our sample of professional football players had genotype frequencies that were com-
parable to those of the Caucasian population in the 1000 Genomes database (p = 0.484). Age,
body height, body mass, and match exposure did not differ between genotypes (Table 1).

Figure 1 shows the ACTN-3 genotype distribution according to the field position
in the sample of 45 football players. Although the genotype distribution did not differ
significantly among the various field positions (p = 0.435), it is noteworthy that no forward
football player had the TT genotype.
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Figure 1. Distribution (%) of ACTN-3 genotypes in 45 professional football players according to their
positional roles.

There was a main effect of the genotype on MRS performed during the official matches
in the subsample of 37 football players (Table 2).

Table 2. Main characteristics of the 37 professional football players according to their
ACTN-3 genotype.

Variables CC CT TT p Value
Number (frequency, %) 15 (40.5) 16 (43.2) 6 (16.2) 0.484
Age (years) 21.1+6.0 19.8 £ 3.3 233+59 0.345
Height (cm) 181.8 £ 6.0 176.6 + 8.1 181.0£9.3 0.163
Weight (kg) 76.1 + 8.7 710+ 6.3 754 +9.2 0.182
MRS (km/h) 33.1+1.3 32.7+1.6 315+ 19 0.041
Match time exposure (min) 1321.5 4+ 565.2 957.6 4+ 740.0 1109.9 + 501.9 0.298

TT players had a significantly lower MRS than CC players (CC =33.1 + 1.3 km-h!,
CT=327+16TT=315+19kmh '}, p = 0.041; Figure 2). A trend toward higher MRS
was also observed in players with a copy of the C allele compared to those with the TT
genotype (CC + CT =32.9 & 1.5 km-h~! versus TT = 31.5 & 1.9 km-h ™!, p = 0.06). A players
with the CC genotype recorded the higher maximal running speed (36.4 km/h~1), while a
player with the TT genotype showed the lower maximal running speed (29.8 km/h™1).
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Figure 2. MRS (km-h~!) according to positional roles.
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As a secondary finding, Figure 2 shows the MRS according to positional roles. Midfield-
ers showed a significantly lower MRS than forward players (Forwards, 33.5 + 1.6 km-h !
vs. Midfielders, 31.9 4 1.7 km-h~!, p = 0.02).

4. Discussion

Examining the impact of ACTN-3 polymorphism on professional football players’
maximum running speed during official games was the primary goal of this study. Al-
though previous studies have shown an association between the ACTN-3 polymorphism
with football player status [38] and some key factors of football performance, such as high
intensity running during match play [28] sprinting and jumping [19], none of them have
analyzed the maximal running speed during official matches using global position system
(GPS) data collection.

Recent studies performed using the GPS technology showed that physical demands
are ever increasing in football, particularly the number of high-speed runs and sprints [39].
Additionally, it has been noted that contextual factors like the playing position affect sprint
and acceleration-related characteristics (such as maximal speed or accelerations) [40].

The results of this study are in line with those of Del Coso et al. [41], who found that
the fastest players were forwards, with a maximum running speed of 33.03 & 1.35 km/h,
followed by defenders (32.72 £ 1.32 km/h; p = 0.025) and midfielders (32.08 & 1.63 km/h;
p <0.001).

Regarding the influence of the ACTN-3 polymorphism on MRS, the major finding of
the present work was that football players carriers of CC genotype showed a significantly
higher MRS than TT players. Furthermore, compared to players who carried the TT
genotype, those who possessed at least one copy of the C gene exhibited a tendency toward
higher MRS.

Our results agree with the study conducted by Del Coso et al. [28] that evaluated
the influence of ACTN-3 polymorphism on football running speed performance during
matches collected using a multicamera Mediacoach® system (Madrid, Spain) [28]. The
authors found that the professional football players with the TT genotype had a lower
match running performance, especially in variables associated with high-intensity running
and sprinting, than their CC counterparts.

In our previous study [18], we found that the CC genotype was associated with
explosive power in Italian top-level football players, such as replicated in a study on
Turkish players [21]. The CC genotype was also found to be significantly associated with
higher quadriceps and hamstring strength [42], lower muscle injuries [16], football player
status [22], better jumping and sprinting performance [18,38], career progression [23], and,
more recently, with higher post-match creatine kinase (CK) levels and a higher number of
sprints during a match [43]. Moreover, the CC genotype was also associated with sprinting
speed and explosive power in Brazilian youth and professional players [19,20,44].

More in general, the C allele seems to influence the ability to express strong muscle
contractions at high speeds [6,45], giving an advantage to elite athletic performance in
power and sprint sports (events involving running, jumping, and throwing) [9]. Several
investigations have confirmed the link between sprint performance and the C allele and the
CC genotype in populations with a variety of ethnic backgrounds, including Russian [46];
European [38,47], American [48]; Greek [49]; Israeli [11], Japanese [50], Australian and
Brazilian athletes [51]. Consequently, it is highly probable that x-actinin-3 deficiency
impairs rapid skeletal muscle fiber performance in both elite athletes and the general
population [45].

Furthermore, the ACTN-3 TT genotype causes fast-type muscle fibers to lack
x-actinin-3, which would result in a weaker connection between the Z-line and actin
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filaments. This could cause a structural deficit that makes a sarcomere more vulnerable to
damage from high mechanical stress, such as sprint training.

Stolen et al. [52] describe soccer as a physically demanding team sport with an in-
termittent activity profile that alternates high-intensity activities like sprinting, jumping,
tackling, and accelerations with low-intensity phases of active recovery (such as walking,
jogging) and passive recovery (such as standing). One of the most important skills for
soccer players to compete at the professional level is the capacity to achieve and maintain
high-speed running and sprint [53].

Male soccer match play intensity has increased over the past 15 years, primarily
due to increased demands for high-speed running (distance covered at speeds between
19.8 km-h~! and 25.1 km-h~!) and sprinting (distance > 25.1 km-h~!), which now ac-
count for roughly 7-11% and 1-3% of the total distance covered during a match, respec-
tively [54-56]. Additionally, sprint and high-speed running movements are thought to
be significant variables for an optimal football performance [24]. For example, straight
sprinting, which can be done by the football player who scores or the one who assists,
has been found to be the most common locomotive action that occurs before goal scenar-
ios [25,57]. Therefore, it is essential for professional soccer coaches to strengthen their
players” high-speed running and sprinting abilities.

The small sample size used for the analysis is the main limitation of the current
study; therefore, additional research is required to replicate the findings in other football
player cohorts. However, the points of strength are represented by the high number of
observations made throughout the matches (707 observations), the approach used to gather
the highest running speed, and the exceptional homogeneity of the sample under study.
Additionally, only elite football players from the same team were included in the analysis
of the sample chosen for this study. Because football performance is influenced by the
training methodology, the pitch, the athletes” age, and their skill level, we think it is crucial
to reduce as much as possible the number of those confounding variables, even if it means
a smaller sample size [58].

5. Conclusions

Our preliminary data suggest, for the first time, that the ACTN-3 polymorphism is
associated with maximal running speed during match-play in elite football players. The
main findings of the present study were that CC players showed significantly higher
maximal running speed achieved during match than TT players. Moreover, the players
harboring a copy of the C allele showed a trend toward higher maximal running speed than
players carriers of the TT genotype. Our finding adds to the existing literature, bringing
new knowledge on the role of ACTN-3 gene as genetic marker associated with sprint
performance in football. Knowing the ACTN-3 genotype of their football players can help
coaches adjust their training program to best fit the player’s genotype, maximizing their
speed and avoiding health issues like muscle injuries.
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PCR Polymerase chain reaction

References

1. De Moor, M.H.; Spector, T.D.; Cherkas, L.F.; Falchi, M.; Hottenga, ].J.; Boomsma, D.I.; De Geus, E.J]. Genome-wide linkage scan for
athlete status in 700 British female DZ twin pairs. Twin Res. Hum. Genet. 2007, 10, 812-820. [CrossRef] [PubMed]

2. Beck, K.L.; Thomson, ].S.; Swift, R.J.; von Hurst, P.R. Role of nutrition in performance enhancement and postexercise recovery.
Open Access |. Sports Med. 2015, 6, 259-267. [CrossRef]

3.  Rees, T.; Hardy, L.; Giillich, A.; Abernethy, B.; Coté, J.; Woodman, T.; Montgomery, H.; Laing, S.; Warr, C. The Great British
Medalists Project: A Review of Current Knowledge on the Development of the World’s Best Sporting Talent. Sports Med. 2016, 46,
1041-1058. [CrossRef]

4. Semenova, E.A.; Hall, E.C.R.; Ahmetov, LI. Genes and Athletic Performance: The 2023 Update. Genes 2023, 14, 1235. [CrossRef]

5. North, K.N.; Beggs, A.H. Deficiency of a skeletal muscle isoform of alpha-actinin (alpha-actinin-3) in merosin-positive congenital
muscular dystrophy. Neuromuscul. Disord. 1996, 6, 229-235. [CrossRef]

6.  North, K.N.; Yang, N.; Wattanasirichaigoon, D.; Mills, M.; Easteal, S.; Beggs, A.H. A common nonsense mutation results in
a-actinin-3 deficiency in the general population. Nat. Genet. 1999, 21, 353-354. [CrossRef] [PubMed]

7.  Pickering, C.; Kiely, J. ACTN3: More than Just a Gene for Speed. Front Physiol. 2017, 8, 1080. [CrossRef] [PubMed]

8.  Hogarth, M.W.; Garton, F.C.; Houweling, PJ.; Tukiainen, T.; Lek, M.; Macarthur, D.G.; Seto, ]J.T.; Quinlan, K.G.; Yang, N.;
Head, S.I; et al. Analysis of the ACTN3 heterozygous genotype suggests that x-actinin-3 controls sarcomeric composition and
muscle function in a dose-dependent fashion. Hum. Mol. Genet. 2016, 25, 866-877. [CrossRef]

9. Yang, N.; MacArthur, D.G.; Gulbin, J.P; Hahn, A.G.; Beggs, A.H.; Easteal, S.; North, K. ACTN3 genotype is associated with
human elite athletic performance. Am. J. Hum. Genet. 2003, 73, 27-631. [CrossRef]

10. MacArthur, D.G.; North, K.N. A gene for speed? The evolution and function of alpha-actinin-3. Bioessays 2004, 26, 786-795.
[CrossRef]

11.  Eynon, N.; Duarte, J.A.; Oliveira, J.; Sagiv, M.; Yamin, C.; Meckel, Y.; Sagiv, M.; Goldhammer, E. ACTN3 R577X polymorphism
and Israeli top-level athletes. Int. ]. Sports Med. 2009, 30, 695-698. [CrossRef]

12. Ahmetov, LL; Druzhevskaya, A.M.; Lyubaeva, E.V,; Popov, D.V,; Vinogradova, O.L.; Williams, A.G. The dependence of preferred

competitive racing distance on muscle fibre type composition and ACTN3 genotype in speed skaters. Exp. Physiol. 2011, 96,
1302-1310. [CrossRef] [PubMed]


https://doi.org/10.1375/twin.10.6.812
https://www.ncbi.nlm.nih.gov/pubmed/18179392
https://doi.org/10.2147/OAJSM.S33605
https://doi.org/10.1007/s40279-016-0476-2
https://doi.org/10.3390/genes14061235
https://doi.org/10.1016/0960-8966(96)00361-6
https://doi.org/10.1038/7675
https://www.ncbi.nlm.nih.gov/pubmed/10192379
https://doi.org/10.3389/fphys.2017.01080
https://www.ncbi.nlm.nih.gov/pubmed/29326606
https://doi.org/10.1093/hmg/ddv613
https://doi.org/10.1086/377590
https://doi.org/10.1002/bies.20061
https://doi.org/10.1055/s-0029-1220731
https://doi.org/10.1113/expphysiol.2011.060293
https://www.ncbi.nlm.nih.gov/pubmed/21930675

Sports 2025, 13, 331 9of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cieszczyk, P; Eider, J.; Ostanek, M.; Arczewska, A.; Leoriska-Duniec, A.; Sawczyn, S.; Ficek, K.; Krupecki, K. Association of the
ACTNS3 R577X Polymorphism in Polish Power-Orientated Athletes. J. Hum. Kinet. 2011, 28, 55-61.

Ma, F; Yang, Y.; Li, X.; Zhou, F;; Gao, C.; Li, M.; Gao, L. The association of sport performance with ACE and ACTN3 genetic
polymorphisms: A systematic review and meta-analysis. PLoS ONE 2013, 8, e54685.

Pimenta, E.M.; Coelho, D.B.; Cruz, LR.; Morandi, R.F; Veneroso, C.E.; de Azambuja, P.G.; Carvalho, M.R; Silami-Garcia, E.; De
Paz Fernandez, ].A. The ACTN3 genotype in soccer players in response to acute eccentric training. Eur. . Appl. Physiol. 2012, 12,
1495-1503.

Massidda, M.; Voisin, S.; Culigioni, C.; Piras, F; Cugia, P.; Yan, X.; Eynon, N.; Calo, C.M. ACTN3 R577X Polymorphism Is
Associated with the Incidence and Severity of Injuries in Professional Football Players. Clin. ]. Sport Med. 2019, 29, 57-61.
[CrossRef] [PubMed]

Rodas, G.; Moreno-Pérez, V.; Del Coso, J.; Florit, D.; Osaba, L.; Lucia, A. Alpha-Actinin-3 Deficiency Might Affect Recovery from
Non-Contact Muscle Injuries: Preliminary Findings in a Top-Level Soccer Team. Genes 2021, 12, 769. [PubMed]

Massidda, M.; Corrias, L.; Ibba, G.; Scorcu, M.; Vona, G.; Calo, C.M. Genetic markers and explosive leg-muscle strength in elite
Italian soccer players. J. Sports Med. Phys. Fitness. 2012, 52, 328-334. [PubMed]

Pimenta, E.M.; Coelho, D.B.; Veneroso, C.E.; Barros Coelho, E.J.; Cruz, [.R.; Morandi, R.E;; De A Pussieldi, G.; Carvalho, M.R.;
Garcia, E.S.; De Paz Fernandez, ].A. Effect of ACTN3 gene on strength and endurance in soccer players. |. Strength Cond. Res.
2013, 27, 3286-3292. [CrossRef]

Dionisio, T.].; Thiengo, C.R.; Brozoski, D.T.; Dionisio, E.J.; Talamoni, G.A; Silva, R.B.; Garlet, G.P,; Santos, C.F.; Amaral, S.L. The
influence of genetic polymorphisms on performance and cardiac and hemodynamic parameters among Brazilian soccer players.
Appl. Physiol. Nutr. Metab. 2017, 42, 596-604. [CrossRef]

Atabas, E.G.; Yapici Oksiizoglu, A.; Turel, S.; Akca, H. The relationship of polymorphism with explosive forces in ACTN3, ACE,
and UCP3 genes in soccer players. Progr. Nutr. 2020, 22, e2020048.

McAuley, A.B.T.; Hughes, D.C.; Tsaprouni, L.G.; Varley, I; Suraci, B.; Roos, T.R.; Herbert, A.]J.; Kelly, A.L. The association of the
ACTN3 R577X and ACE 1/D polymorphisms with athlete status in football: A systematic review and meta-analysis. ]. Sports Sci.
2021, 39, 200-211. [CrossRef]

Coelho, D.B.; Pimenta, E.M.; Rosse, I.C.; de Castro, B.M.; Becker, L.K.; de Oliveira, E.C.; Carvalho, M.R.S.; Garcia, E.S. Evidence for
a Role of ACTN3 R577X Polymorphism in Football Player’s Career Progression. Int. J. Sports Med. 2018, 39, 1088-1093. [CrossRef]
[PubMed]

Carling, C; Le Gall, E; Dupont, G. Analysis of repeated high intensity running performance in professional soccer. J. Sports Sci.
2012, 30, 325-336. [CrossRef] [PubMed]

Faude, O.; Koch, T.; Meyer, T. Straight sprinting is the most frequent action in goal situations in professional football. J. Sports Sci.
2012, 30, 625-631. [CrossRef] [PubMed]

Wallace, J.L.; Norton, K.I. Evolution of World Cup soccer final games 1966-2010: Game structure, speed and play patterns. J. Sci.
Med. Sport 2014, 17, 223-228. [CrossRef]

Nassis, G.P.; Massey, A.; Jacobsen, P; Brito, J.; Randers, M.B.; Castagna, C.; Mohr, M.; Krustrup, P. Elite football of 2030 will not
be the same as that of 2020: Preparing players, coaches, and support staff for the evolution. Scand. ]. Med. Sci. Sports 2020, 30,
962-964. [CrossRef]

Del Coso, J.; Rodas, G.; Soler-Aguinaga, A.; Lépez-Del Campo, R.; Resta, R.; Gonzalez-Rodenas, ].; Ferrandis, ].; Moreno-Pérez, V.
ACTNB3 XX Genotype Negatively Affects Running Performance and Increases Muscle Injury Incidence in LaLiga Football Players.
Genes 2024, 15, 386. [CrossRef]

Tanisawa, K.; Wang, G.; Seto, J.; Verdouka, L; Twycross-Lewis, R.; Karanikolou, A.; Tanaka, M.; Borjesson, M.; Di Luigi, L.; Dohi,
M.; et al. Sport and exercise genomics: The FIMS 2019 consensus statement update. Br. J. Sports Med. 2020, 54, 969-975. [CrossRef]
Mills, M.; Yang, N.; Weinberger, R.; Vander Woude, D.L.; Beggs, A.H.; Easteal, S.; North, K. Differential expression of the
actin-binding proteins, alpha-actinin-2 and -3, in different species: Implications for the evolution of functional redundancy. Hum.
Mol. Genet. 2001, 10, 1335-1346.

Calderén-Pellegrino, G.; Gallardo, L.; Garcia-Unanue, J.; Felipe, J.L.; Hernandez-Martin, A.; Paredes-Hernandez, V.; Sinchez-
Sanchez, J. Physical Demands during the Game and Compensatory Training Session (MD + 1) in Elite Football Players Using
Global Positioning System Device. Sensors 2022, 22, 3872. [CrossRef] [PubMed]

Schutz, Y.; Herren, R. Assessment of speed of human locomotion using a differential satellite global positioning system. Med. Sci.
Sports Exerc. 2000, 32, 642—-646. [CrossRef]

Gray, A.],; Jenkins, D.; Andrews, M.H.; Taaffe, D.R.; Glover, M.L. Validity and reliability of GPS for measuring distance travelled
in field-based team sports. J. Sports Sci. 2010, 28, 1319-1325. [CrossRef]


https://doi.org/10.1097/JSM.0000000000000487
https://www.ncbi.nlm.nih.gov/pubmed/28817413
https://www.ncbi.nlm.nih.gov/pubmed/34069995
https://www.ncbi.nlm.nih.gov/pubmed/22648472
https://doi.org/10.1519/jsc.0b013e3182915e66
https://doi.org/10.1139/apnm-2016-0608
https://doi.org/10.1080/02640414.2020.1812195
https://doi.org/10.1055/a-0753-4973
https://www.ncbi.nlm.nih.gov/pubmed/30399645
https://doi.org/10.1080/02640414.2011.652655
https://www.ncbi.nlm.nih.gov/pubmed/22248291
https://doi.org/10.1080/02640414.2012.665940
https://www.ncbi.nlm.nih.gov/pubmed/22394328
https://doi.org/10.1016/j.jsams.2013.03.016
https://doi.org/10.1111/sms.13681
https://doi.org/10.3390/genes15030386
https://doi.org/10.1136/bjsports-2019-101532
https://doi.org/10.3390/s22103872
https://www.ncbi.nlm.nih.gov/pubmed/35632281
https://doi.org/10.1097/00005768-200003000-00014
https://doi.org/10.1080/02640414.2010.504783

Sports 2025, 13, 331 10 of 11

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Larsson, P. Global positioning system and sport-specific testing. Sports Med. 2003, 33, 1093-1101. [CrossRef] [PubMed]

Bastida Castillo, A.; Gémez Carmona, C.D.; De la Cruz Sanchez, E.; Pino Ortega, ]. Accuracy, intra- and inter-unit reliability, and
comparison between GPS and UWB-based position-tracking systems used for time-motion analyses in soccer. Eur. J. Sport Sci.
2018, 18, 450-457. [CrossRef]

De Hoyo, M.; Saftudo, B.; Suarez-Arrones, L.; Carrasco, L.; Joel, T.; Dominguez-Cobo, S.; Ntfiez, FJ. Analysis of the acceleration
profile according to initial speed and positional role in elite professional male soccer players. J. Sports Med. Phys. Fitness 2018, 58,
1774-1780. [CrossRef]

Carling, C.; Bloomfield, J.; Nelsen, L.; Reilly, T. The role of motion analysis in elite soccer: Contemporary performance measure-
ment techniques and work rate data. Sports Med. 2008, 38, 839-862. [CrossRef]

Santiago, C.; Gonzélez-Freire, M.; Serratosa, L.; Morate, EJ.; Meyer, T.; Gomez-Gallego, F.; Lucia, A. ACTN3 genotype in
professional soccer players. Br. |. Sports Med. 2008, 42, 71-73.

Mifiano-Espin, ].; Casdis, L.; Lago-Penas, C.; Gémez-Ruano, M.A. High speed running and sprinting profiles of elite soccer
players. J. Hum. Kinet. 2017, 58, 169-176. [CrossRef] [PubMed]

Oliva-Lozano, ].M.; Fortes, V.; Krustrup, P.; Muyor, ]. M. Acceleration and sprint profiles of professional male football players in
relation to playing position. PLoS ONE. 2020, 15, e0236959.

Del Coso, J.; Brito de Souza, D.; Moreno-Perez, V.; Buldd, ].M.; Nevado, E; Resta, R.; Lopez-Del Campo, R. Influence of Players’
Maximum Running Speed on the Team’s Ranking Position at the End of the Spanish LaLiga. Int. . Environ. Res. Public Health
2020, 17, 8815. [CrossRef] [PubMed]

Petr, M.; Thiel, D.; Katefina, K.; Broz, P.; Maly, T.; Zahalka, F.; Vostatkova, P.; Wilk, M.; Chycki, J.; Stastny, P. Speed and
power-related gene polymorphisms associated with playing position in elite soccer players. Biol. Sport. 2022, 39, 355-366.
[CrossRef]

de Almeida, K.Y.; Zempo, H.; Saito, M.; Cetolin, T.; Dos Santos Guimaraes, R.; Marrero, A.R.; Aguiar, A.S., Jr.; Kikuchi, N. Influence
of ACTN3 R577X Polymorphism on Blood Creatine Kinase Levels Relative to Number of Sprints in Brazilian Professional Soccer
Players. Genes 2024, 15, 896. [CrossRef]

Coelho, D.B.; Pimenta, E.; Rosse, 1.C.; Veneroso, C.; Becker, L K.; Carvalho, M.R.; Pussieldi, G.; Silami-Garcia, E. The alpha-
actinin-3 R577X polymorphism and physical performance in soccer players. |. Sports Med. Phys. Fitness 2016, 56, 241-248.
[PubMed]

MacArthur, D.G.; North, KN. ACTN3: A genetic influence on muscle function and athletic performance. Exerc. Sport Sci. Rev.
2007, 35, 30-34. [CrossRef]

Druzhevskaya, A.M.; Ahmetov, LL; Astratenkova, I.V.; Rogozkin, V.A. Association of the ACTN3 R577X polymorphism with
power athlete status in Russians. Eur. J. Appl. Physiol. 2008, 103, 631-634. [CrossRef]

Niemi, A.K.; Majamaa, K. Mitochondrial DNA and ACTN3 genotypes in Finnish elite endurance and sprint athletes. Eur. J. Hum.
Genet. 2005, 13, 965-969. [CrossRef]

Roth, S.M.; Walsh, S.; Liu, D.; Metter, E.J.; Ferrucci, L.; Hurley, B.F. The ACTN3 R577X nonsense allele is under-represented in
elite-level strength athletes. Eur. J. Hum. Genet. 2008, 16, 391-394. [CrossRef]

Papadimitriou, I.D.; Papadopoulos, C.; Kouvatsi, A.; Triantaphyllidis, C. The ACTN3 gene in elite Greek track and field athletes.
Int. J. Sports Med. 2008, 29, 352-355. [CrossRef]

Mikami, E.; Fuku, N.; Murakami, H.; Tsuchie, H.; Takahashi, H.; Ohiwa, N.; Tanaka, H.; Pitsiladis, Y.P.; Higuchi, M.; Miyachi,
M.; et al. ACTN3 R577X genotype is associated with sprinting in elite Japanese athletes. Int. |. Sports Med. 2014, 35, 172-177.
[CrossRef] [PubMed]

Papadimitriou, I.D.; Lucia, A ; Pitsiladis, Y.P.; Pushkarev, V.P,; Dyatlov, D.A.; Orekhov, E.E; Artioli, G.G.; Guilherme, J.P.; Lancha,
A.H., Jr; Ginevidieng, V.; et al. ACTN3 R577X and ACE I/D gene variants influence performance in elite sprinters: A multi-cohort
study. BMC Genom. 2016, 17, 285.

Stelen, T.; Chamari, K.; Castagna, C.; Wisleff, U. Physiology of soccer: An update. Sports Med. 2005, 35, 501-536.

Chmura, P.; Andrzejewski, M.; Konefat, M.; Mroczek, D.; Rokita, A.; Chmura, ]J. Analysis of Motor Activities of Professional
Soccer Players during the 2014 World Cup in Brazil. J. Hum. Kinet. 2017, 56, 187-195. [CrossRef]

Barnes, C.; Archer, D.T.; Hogg, B.; Bush, M.; Bradley, P.S. The evolution of physical and technical performance parameters in the
English Premier League. Int. |. Sports Med. 2014, 35, 1095-1100. [CrossRef] [PubMed]

Reynolds, J.; Connor, M.; Jamil, M.; Beato, M. Quantifying and comparing the match demands of U18, U23, and 1ST team English
professional soccer players. Front. Physiol. 2021, 12, 706451. [CrossRef] [PubMed]

Lago-Penas, C.; Lorenzo-Martinez, M.; Lopez-Del Campo, R.; Resta, R.; Rey, E. Evolution of physical and technical parameters in
the Spanish LaLiga 2012-2019. Sci. Med. Footb. 2023, 7, 41-46.


https://doi.org/10.2165/00007256-200333150-00002
https://www.ncbi.nlm.nih.gov/pubmed/14719979
https://doi.org/10.1080/17461391.2018.1427796
https://doi.org/10.23736/S0022-4707.17.08003-3
https://doi.org/10.2165/00007256-200838100-00004
https://doi.org/10.1515/hukin-2017-0086
https://www.ncbi.nlm.nih.gov/pubmed/28828087
https://doi.org/10.3390/ijerph17238815
https://www.ncbi.nlm.nih.gov/pubmed/33261014
https://doi.org/10.5114/biolsport.2022.105333
https://doi.org/10.3390/genes15070896
https://www.ncbi.nlm.nih.gov/pubmed/25650734
https://doi.org/10.1097/JES.0b013e31802d8874
https://doi.org/10.1007/s00421-008-0763-1
https://doi.org/10.1038/sj.ejhg.5201438
https://doi.org/10.1038/sj.ejhg.5201964
https://doi.org/10.1055/s-2007-965339
https://doi.org/10.1055/s-0033-1347171
https://www.ncbi.nlm.nih.gov/pubmed/23868678
https://doi.org/10.1515/hukin-2017-0036
https://doi.org/10.1055/s-0034-1375695
https://www.ncbi.nlm.nih.gov/pubmed/25009969
https://doi.org/10.3389/fphys.2021.706451
https://www.ncbi.nlm.nih.gov/pubmed/34276425

Sports 2025, 13, 331 11 of 11

57.  Martinez-Hernandez, D.; Quinn, M.; Jones, P. Linear advancing actions followed by deceleration and turn are the most common
movements preceding goals in male professional soccer. Sci. Med. Footb. 2022, 7, 25-33. [CrossRef]

58. Robles-Palazén, EJ.; Lopez-Valenciano, A.; Croix, M.D.; Oliver, J.L.; Garcia-Gémez, A.; de Baranda, P.S.; Ayala, F. Epidemiology
of injuries in male and female youth football players: A systematic review and meta-analysis. J. Sport Health Sci. 2022, 11, 681-695.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/24733938.2022.2030064
https://doi.org/10.1016/j.jshs.2021.10.002
https://www.ncbi.nlm.nih.gov/pubmed/34700052

	Introduction 
	Materials and Methods 
	Participants 
	Genetic Testing 
	Maximal Running Speed (MRS) During Official Matches 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

