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Abstract 

The focus of current genetic research in sport is on further understanding genotype-phenotype 

relationships. However, the majority of genetic research has centred on individual sports, which 

means there is currently a lack of studies on team sports such as football. Since sports vary in 

their contextual demands, it is likely there are also significant distinctions at the molecular level 

between athletes of different sports. As such, genetic associations with other sports cannot be 

generalised to a football-specific context and need to be investigated independently. 

Accordingly, the overarching aim of this thesis was to investigate the association of genetic 

polymorphisms with football phenotypes. 

 The second section of this thesis synthesised existing genetic association research in 

football. This facilitated the identification of specific methodological limitations and gaps in 

this research field that could be addressed in the subsequent experimental chapters. There was 

little evaluation regarding the extent of genetic testing in football, as well as a lack of cross-

sectional studies with youth cohorts investigating quantitative traits and development. 

Following an independent meta-analysis associations were shown between ACTN3 

(rs1815739), ACE I/D, and athlete status. An additional narrative synthesis also found ACTN3 

(rs1815739), ACAN (rs1516797), and VEGFA (rs2010963) may be associated with injury 

susceptibility. 

The first experimental study assessed the prevalence of genetic testing in professional 

football, with only 10% of coaches, practitioners, and players reporting they had utilised 

genetic testing. The second, third, fourth, and fifth experimental studies examined the 

association of several polymorphisms, with technical, psychological, physiological, and age 

phase phenotypes, respectively, in English academy football players. Significant associations 

were found between individual polymorphisms, polygenic profiles, and football phenotypes in 
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all studies. As such, the results of this thesis suggest inter-individual genetic variation does 

influence football phenotypes and has identified several novel associations that warrant further 

investigation in larger independent football cohorts. 
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1 General introduction 

 

McAuley, A. B. T., Baker, J., & Kelly, A. L. (2021). How nature and nurture conspire to 

influence athletic success. In A. L. Kelly, J. Côté, M. Jeffreys, & J. Turnnidge (Eds.), 

Birth advantages and relative age effects in sport: Exploring organizational structures 

and creating appropriate settings (pp. 159–183). Routledge. 

 

1.1 Introduction 

The central determinants of athletic performance have been a main area of investigation within 

sport science research. It is an enormously complex topic, as both an individual’s genetic 

architecture and environmental exposures require equal deliberation (Davids & Baker, 2007). 

It has been consistently demonstrated that participation in and commitment to appropriately 

designed training programmes can result in increases in performance (Kraemer & Ratamess, 

2004). However, even complete adherence to an optimally planned training programme may 

not always lead to expertise (Bouchard, 2012). In contrast, there are individuals who have 

produced exceptional levels of performance without significant involvement in extrinsic 

training interventions (Tucker & Collins, 2012). Importantly, adaptations to equivalent training 

approaches can also vary significantly between individuals (Bouchard, 2012). This unique and 

large inter-individual variation has an extensive research history. Specifically, the influence of 

inherited genetic traits versus environmental factors, more commonly known as the ‘nature vs. 

nurture’ debate. However, most contemporary researchers now agree that the previous 

dichotomous argument of nature or nurture is irrelevant, as both an individual’s inherited 

genetic material and their environmental exposures are inevitably jointly responsible for inter-
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individual performance disparities (Davids & Baker, 2007; Georgiades et al., 2017; Hambrick 

et al., 2018; Macnamara et al., 2016; Tucker & Collins, 2012; Ullén et al., 2016; Yan et al., 

2016). 

Heritability studies have provided strong evidence of a significant heritable component 

to the various parameters underpinning athletic performance, even when adjusting for 

environmental effects (Yan et al., 2016). The ‘heritability’ statistic was introduced with the 

purpose of measuring the proportion of overall phenotypic variance explained by inter-

individual genetic variance in specific environmental contexts (Fisher, 1918). For instance, 

anthropometric studies produced relatively high heritability estimates for height (~80%), 

mesomorphy (~80%), skeletal muscle mass (~80%), body mass (~60%), and body mass index 

(~60%) (Livshits et al., 2016; Peeters et al., 2007; Silventoinen et al., 2008; Visscher et al., 

2006). In physiological research, heritability studies have often focused on investigating 

maximal endurance, strength, and power capacities. Recent meta-analyses have amalgamated 

the results of these studies and reported relatively high weighted heritability estimates of 72% 

for VO2 max (Schutte et al., 2016), as well as 52% for strength and power measurements 

(Zempo et al., 2017). Similar estimates have been reported for mental traits such as motor 

control (~70%), motor learning (~70%), cognitive abilities (~50%), and personality dimensions 

(~50%) (Horsburgh et al., 2009; Missitzi et al., 2013; Pellicciari et al., 2009). A heritability 

estimate of 66% was also found for overall athletic status, irrespective of the sport (De Moor 

et al., 2007). In addition, the most comprehensive heritability meta-analysis conducted to date, 

which comprised ~14 million twin pairs and 17,804 human traits, produced a weighted 

heritability estimate of 49% across all traits (Polderman et al., 2015). Moreover, no trait 

produced a weighted heritability estimate of 0%, indicating that all human traits are influenced 

by heritable factors to some extent (Polderman et al., 2015). 
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Whilst heritability studies establish a foundation of the potential genetic influence on 

human traits, they do not reveal which specific biological variants directly contribute to the 

observed inter-individual differences (Georgiades et al., 2017). However, more sophisticated 

molecular biology techniques developed over the past two decades have enabled the analysis 

of specific genetic variants and their association with selected phenotypes (Pitsiladis & Wang, 

2011). The focus of current genetic research is on further understanding these genotype-

phenotype relationships using genetic association approaches (Guilherme et al., 2014; Visscher 

et al., 2012; Williams & Folland, 2008). The most common experimental approach employed 

to identify genetic associations is the candidate gene association study (CGAS; Guilherme et 

al., 2014). This design uses preselected (i.e., candidate) genetic variants according to their 

known or postulated biological function and previous results with a relevant trait in a particular 

cohort (Attia et al., 2009). Three main types of investigations have been performed: (a) case-

control, which compare the genotype/allele frequency between categorical variables (e.g., 

athletes and controls; Gineviciene et al., 2014; Juffer et al. 2009; Santiago et al., 2008), (b) 

cross-sectional, which compare genotype/allele associations with quantitative variables (e.g., 

sprint time and jump height; Massidda et al., 2012; Micheli et al., 2011; Pimenta et al., 2013), 

and (c) longitudinal, which compare genotype/allele associations with responses to specific 

interventions (e.g., resistance training and aerobic training modifications; Jones et al., 2016; 

Pickering et al., 2018; Pimenta et al., 2012). 

The positives of CGAS include its inexpensiveness and relatively ease to conduct 

(Guilherme et al., 2014). However, the major limitation is the limited number of genetic 

variants that can be assessed in each study. This limitation has led to new experimental 

approaches, with the genome-wide association study (GWAS) becoming one of the most 

common (e.g., Al-Khelaifi et al., 2019; Pickering et al., 2019; Rodas et al., 2019). A GWAS 
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does not involve the pre-selection of genetic variants based upon contemporary theoretical 

suggestions regarding their possible influence on particular traits (Attia et al., 2009). Instead, a 

GWAS is ‘hypothesis-free’, so it can analyse an extremely large number (i.e., >1,000,000) of 

genetic polymorphisms (i.e., variants with a frequency above 1% in the population) and suggest 

genotype-phenotype associations based solely on observed data (Visscher et al., 2012). This 

makes the GWAS a more robust genetic association tool as it increases the chance of finding 

novel genetic variants associated with investigated traits (Bouchard et al., 2011). However, a 

GWAS is more expensive and requires large homogenous samples in order to reach adequate 

statistical power (i.e., 5 x 10-8), due to the number of multiple comparisons being performed 

(McCarthy et al., 2008). This can be problematic, since high-performance cohorts in sport are 

very small and heterogenic by nature (Hughes et al., 2011). 

Another popular approach is that of the total genotype score (TGS). Analysis of genetic 

variants in isolation is useful, but also limited within a sporting context as athletic performance 

is polygenic (i.e., influenced by numerous genes and variants) (Flueck et al., 2010; Hoppeler 

et al., 2011). The combination of a range of genetic variants is known as a polygenic profile, 

which Williams and Folland (2008) proposed could be assessed using a simple mathematical 

equation. To be specific, a TGS is created by assigning each genotype of a genetic variant with 

a score between 0-2 based on its association with the phenotype. These genotype scores are 

subsequently summed and transformed into a 0-100 scale by dividing the total score by the 

maximum possible score and multiplying by 100. Therefore, a TGS assumes genetic variants 

have a dose-response effect on the phenotype under investigation (Eynon et al., 2011). The 

sensitivity of a TGS improves as the number of genetic variants included in the polygenic 

profile increases (Lucia et al., 2010). However, the chances of an individual possessing every 

favourable allele decreases exponentially as more genetic variants are added (Williams & 
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Folland, 2008). Hence, one of the limitations of this approach is that all genetic variants are 

viewed as having the same effect on a phenotype (Eynon et al., 2011). To counteract this, a 

weighting algorithm can be used, whereby each genetic variant has a multiplier attached that 

varies depending upon the strength of their association or supporting evidence. For example, 

Lall et al. (2017) showed that the hazard for incident type 2 diabetes was 3.45 times higher in 

the highest quintile compared with the lowest quintile using a TGS with a weighted algorithm, 

after adjusting for body mass index and other known predictors. Therefore, including more 

genetic variants in a TGS with an appropriate weighting algorithm may improve statistical 

power (Monnerat-Cahli et al., 2017). 

The similarity and frequency of genetic variations are not universal across all population 

groups. Genetic variation is contingent on a number of factors such as geographical ancestry 

(i.e., ethnicity) and sex. As such, depending on the characteristics that define particular cohorts, 

distinct genetic associations may emerge if the allele frequency of a specific genetic variant 

differs between population substructures (e.g., population stratification; Attia et al., 2009). If a 

significant association is found in a specific population, replication is required in other 

populations to substantiate findings and identify the underpinning biological mechanisms 

(Guilherme et al., 2014). A failure to replicate associations may also indicate that 

methodological limitations were present in the original study (Ioannidis et al., 2001). For 

instance, polymorphisms generally have small effects (i.e., odds ratios [OR] of ~1.2 and R2 of 

~1%) on complex traits (i.e., athletic performance; Bouchard, 2011; Tanisawa et al., 2020). 

Thus, studies that are not sufficiently powered with an adequate sample size and comprise 

athlete cohorts heterogenous in characteristics influencing associations with performance (e.g., 

sex, ethnicity, sport, and playing level) may produce false positive and/or negative results. 
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Genetic association studies have grown extensively in sport since the first polymorphism 

associated with athletic performance (i.e., ACE I/D) was discovered in 1998 (Gayagay et al., 

1998; Montgomery et al., 1998). Indeed, a literature review reported that, from the period of 

1998-2015, a total of 155 polymorphisms associated with athlete status in sport had been 

identified (Ahmetov et al., 2016). Interestingly, 77% were identified between 2010-2015, 

which showcased a remarkable rise of interest within this field of research. Most of this 

research has investigated genetic associations with athletes from individual sports such as 

sprinting, long-distance running, cycling, rowing, and swimming (Ahmetov et al., 2016). As 

such, 93 and 62 genetic polymorphisms were associated with ‘endurance’ and ‘strength/power’ 

sports at least once, respectively. However, only 17 and 14 genetic polymorphisms had their 

associations replicated in at least two independent cohorts of endurance and strength/power 

athletes, respectively. These numbers were reduced even further to five and seven respectively, 

when the criterion was at least three replicated associations in independent cohorts. As such, it 

is likely that as many as 128, if not more, of these genetic polymorphisms may have had false 

positive associations and still require further replicatory research (Ahmetov et al., 2016). 

Whilst genetic research has predominately focused on individual sports, some recent 

research has investigated team-sport athletes (e.g., football, rugby, basketball, and volleyball 

players). Team-sport studies have taken a variety of forms, with some studies having included 

both team-sport and individual athletes in their population sample (e.g., Orysiak et al., 2015; 

Durmic et al., 2017), as well as combining groups of different team-sport athletes together (e.g., 

Ahmetov et al., 2013; Eynon et al., 2014). These studies have limited findings due to the 

contrasting anthropometric and physiological characteristics between athletes of different 

sports. Indeed, these differences likely manifest at the molecular level, which weakens the 

sensitivity of identifying valid genetic associations (Guilherme et al., 2014). Thus, a key issue 
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within team-sport research is the heterogeneity of population samples. Some studies have been 

conducted specifically with athletes competing in one team-sport such as football (Santiago et 

al., 2008), rugby union (Bell et al., 2012), basketball (Garatachea et al., 2014), and volleyball 

(Ruiz et al., 2011). An important factor to consider in single team-sport studies with regards to 

senior athletes is inter-positional variations in match demands. Indeed, genetic associations 

with athlete status in team-sports can greatly depend on the number of players included relative 

to their on-field positions in sports such as rugby or football (Heffernan et al., 2016; Massidda 

et al., 2018). 

Football appears to be one of the most frequently studied team-sports in sports genomic 

research. Football is classified as an intermittent sport, with an activity profile comprising 

numerous variations of movement (e.g., accelerations, changes of direction, dribbling, heading, 

kicking, jumping, tackling) that fluctuate in frequency depending on factors such as 

competition level, on-field position, style of play, and tactics employed (Aziz et al., 2008; 

Bloomfield et al., 2007; Di Salvo et al., 2007). Overall, athletic performance in football is 

underpinned by a number of multidimensional performer constraints which include 

anthropometric (e.g., height, body mass), physiological (e.g., endurance, speed), psychological 

(e.g., personality dimensions, mental toughness), technical (e.g., passing, shooting), and 

tactical (e.g., perceptual-cognitive expertise, decision-making) capacities (Bergkamp et al., 

2019; Dodd & Newans, 2018; Gledhill et al., 2017; Haugen et al., 2014; Murr et al., 2018; 

Sarmento et al., 2018; Slimani & Nikolaidis, 2019). From an injury perspective, it is estimated 

that each player will likely sustain two injuries per season that affect their availability for match 

selection (Ekstrand et al., 2011), with a recent meta-analysis in professional football reporting 

an injury incidence rate of 8.1/1000 h of exposure (López-Valenciano et al., 2020). 
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Corresponding with genetic association research in other sports, football genomic studies 

appear to have mainly focused on case-control CGASs and have reported many contrasting 

findings. For example, one of the most studied genetic variants in football appears to be the 

ACTN3 (rs1815739) polymorphism. Santiago et al. (2008) reported that the ACTN3 R/R 

genotype was displayed at a significantly higher frequency in 60 elite Spanish footballers 

(48.3%) than 102 elite Spanish endurance athletes (26.5%) and 123 controls (28.5%). 

Subsequently, similar findings have been shown in Russian (Egorova et al., 2014), Turkish 

(Ulucan et al., 2015), and Iranian (Honarpour et al., 2017) populations. However, Massidda et 

al. (2014) found there were no significant differences in genotype frequency between 90 elite 

Italian footballers and 180 controls. Additionally, Cocci et al. (2019) found that the X allele 

was overrepresented (56.4%) compared to the R allele (43.6%) in 53 elite Italian footballers. 

Similar contrasting findings have also been reported in studies investigating other genetic 

variants such as the ACE I/D (e.g., Oh et al., 2007; Juffer et al., 2009; Micheli et al., 2011; 

Gineviciene et al., 2014) and PPARA (rs4253778) (e.g., Ahmetov et al., 2013; Proia et al., 

2014) polymorphisms. Corresponding to other team-sports, the heterogeneity and size of 

population samples, as well as the analysis of players as a team instead of on-field positions 

seem to be common methodological issues (Egorova et al., 2014; Massidda et al., 2018). Thus, 

currently no single gene or polymorphism appears to be irrefutably associated with 

performance in football. Although, studies employing TGS designs have found more consistent 

associations with athlete status and quantitative phenotypes in football (e.g., Egorova et al., 

2014; Massidda et al., 2014; Jones et al., 2016; Pickering et al., 2017; 2018). This suggests 

athletic performance in football may be underpinned by the additive effect of multiple genetic 

variants. However, at present it is still unclear which genetic variants and polygenic profiles 

may influence phenotypes in football-specific contexts. Therefore, further examination of 

genetic associations in football is warranted. 
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1.2 Philosophical position 

It is important that a researcher’s philosophical position is explicitly communicated to the 

reader as it reveals what assumptions the researcher is making regarding their research, which 

affects the choices applied to the overarching methodology, study designs, data analyses and 

interpretation of results. A pragmatic philosophical position was adopted during the preparation 

of this thesis. As a research philosophy, pragmatism embraces a variety of methodological 

approaches (Maxcy, 2003). Indeed, the philosophical foundation of pragmatism is scientists 

should employ the methodological approach that is most appropriate to answer specific 

research questions (Tashakkori & Teddlie, 1998). Pragmatism has been regularly associated 

with mixed-methods or multimethodology research, wherein the implications of the study are 

of more importance than following a particular philosophy (Biesta, 2010; Creswell & Plano 

Clark, 2011; Johnson & Onwuegbuzie, 2004; Maxcy, 2003; Morgan, 2014; Teddlie & 

Tashakkori, 2009). Pragmatism rejects the overly simplistic objective and subjective 

philosophical dualism (Biesta, 2010), and enables a pragmatic researcher to resist the artificial 

dichotomies of positivism and interpretivism (Creswell & Plano Clark, 2011). Instead of 

viewing positivism and interpretivism as two independent ontological and epistemological 

perspectives, pragmatism encourages the use of approaches underlying either or both 

perspectives where applicable (Morgan, 2014). 

Whilst positivists claim an objective knowledge attained by hypothesis testing and 

empirical evidence, and interpretivists suggest reality is more complex and knowledge is 

relative, pragmatists view the acquisition of knowledge as an objective and subjective 

continuum instead of two unconnected constructs and are positioned near the centre (Goles & 

Hirschheim, 2000). Indeed, as positivists typically use quantitative analysis alongside 

deductive reasoning, and interpretivists normally analyse qualitative data with inductive 
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reasoning, pragmatists employ a flexible approach by selecting the research design and analysis 

most befitting the research question (Feilzer, 2010; Morgan, 2007; Pansiri, 2005). As such, 

pragmatism is often associated with abductive reasoning, whereby the researcher can freely 

shift between deduction and induction, as well as use a single method, multiple methods, or a 

mix of methods (Feilzer, 2010; Goldkuhl, 2012; Morgan, 2007). Therefore, adopting a 

pragmatist philosophical position prioritised the research questions of each chapter and enabled 

the implementation of the required or optimal methods of inquiry, irrespective of their 

orientation in traditional philosophical doctrine. 

1.3 Thesis aim and project structure 

The overarching aim of this thesis was to investigate the association of genetic polymorphisms 

with phenotypes in football-specific contexts. This project is structured in an article-based 

format, whereby the forthcoming chapters comprise peer-reviewed journal publications. 

The first section is comprised of three research synthesis articles: 

(a) Genetic association research in football: A systematic review (Chapter 2). The purpose 

of this study was to synthesise genetic association studies involving football players to 

assess the current progress and methodological rigor of this research base, as well as 

identify limitations and outline future research avenues. 

(b) The association of the ACTN3 R577X and ACE I/D polymorphisms with athlete status 

in football: A systematic review and meta-analysis (Chapter 3). The purpose of this 

study was to assess the association of the ACTN3 R577X and ACE I/D polymorphisms 

with athlete status in football via a meta-analysis. 

(c) A systematic review of the genetic predisposition to injury in football (Chapter 4). The 

purpose of this study was to synthesise genetic association studies investigating injury 
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involving football players to identify which genetic variants have the most empirical 

evidence. 

The second section is comprised of five experimental articles: 

(a) Genetic testing in professional football: Perspectives of key stakeholders (Chapter 5). 

The purpose of this study was to assess the current practical application of genetic 

testing in professional football and provide an insight into the perspectives of key 

stakeholders (i.e., coaches, practitioners, players). 

(b) Genetic associations with technical capabilities in English academy football players: A 

preliminary study (Chapter 6). The purpose of this study was to examine the association 

of eight polymorphisms, both individually and collectively, with dribbling, passing, and 

shooting in youth male football players. 

(c) Genetic associations with personality and mental toughness profiles of English 

academy football players: An exploratory study (Chapter 7). The purpose of this study 

was to examine the association of ten polymorphisms, both individually and 

collectively, with personality dimensions and mental toughness in youth male football 

players. 

(d) Genetic associations with acceleration, change of direction, jump height, and speed in 

English academy football players (Chapter 8). The purpose of this study was to examine 

the association of twenty-two polymorphisms, both individually and collectively, with 

acceleration, change of direction, jump height, and speed in youth male football players. 

(e) Genetic variations between youth and professional development phase English 

academy football players (Chapter 9). The purpose of this study was to examine 

differences in the genotype frequency distribution of thirty-three polymorphisms, both 
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individually and collectively, between youth male football players of different age-

specific phases. 

The final section (Chapter 10) provides an integrative discussion, whereby the key points of 

the individual articles are summarised and amalgamated to offer a cohesive interpretation of 

this project’s findings and highlight novel contributions to the research field. Limitations of the 

project, proposed directions for future research, and implications for practice are also outlined 

before concluding. 

1.4 Contextual information 

The Football Gene Project is a collaboration between four professional football clubs in 

England and Birmingham City University to investigate genetic associations with phenotypes 

in football. The role of the partnered clubs was to collect and supply a wide-range of phenotypic 

and genotypic de-identified data that the author would then be granted access to for analysis 

purposes. The phenotypic data collected by the respective clubs were those already routinely 

measured and administered by appropriately qualified practitioners. The dataset encompassed 

a total of 177 under-12 to under-23 male academy football players containing the genetic 

information of each player, alongside 49 anthropometrical, environmental, physiological, 

psychological, sociological, technical, and tactical phenotypes. Chapters six to nine are the 

direct analyses of these data, with the phenotypes chosen based on the gaps identified in the 

literature from the research synthesis section and following extensive cleaning of the dataset.  
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2 Genetic association research in football: a systematic review 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Roos, T. R., Herbert, 

A. J., & Kelly, A. L. (2021a). Genetic association research in football: A systematic 

review. European Journal of Sport Science, 21(5), 714–752. 

https://doi.org/10.1080/17461391.2020.1776401 

 

Abstract 

Genetic variation is responsible for a large amount of the inter-individual performance 

disparities seen in sport. As such, in the last ten years genetic association studies have become 

more common across a range of sports, including football. However, the progress and 

methodological rigor of genetic association research in football is yet to be evaluated. 

Therefore, the aim of this paper was to identify and evaluate all genetic association studies 

involving football players and outline where and how future research should be directed. 

Firstly, a systematic search was conducted in the Pubmed and SPORTDiscus databases, which 

identified 80 eligible studies. Progression analysis revealed that 103 distinct genes have been 

investigated across multiple disciplines; however, research has predominately focused on the 

association of the ACTN3 or ACE gene. Furthermore, 55% of the total studies have been 

published within the last four years; showcasing that genetic association research in football is 

increasing at a substantial rate. However, there are several methodological inconsistencies 

which hinder research implications, such as; inadequate description or omission of ethnicity 

and on-field positions. Furthermore, there is a limited amount of research on several key areas 

crucial to footballing performance, in particular; psychological related traits. Moving forward, 

https://doi.org/10.1080/17461391.2020.1776401
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improved research designs, larger sample sizes, and the utilisation of genome-wide and 

polygenic profiling approaches are recommended. Finally, we introduce the Football Gene 

Project, which aims to address several of these limitations and ultimately facilitate greater 

individualised athlete development within football.  
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2.1 Introduction 

The major determinants of athletic potential is a key topic in the sport science domain. It is 

widely acknowledged that the dedication to a well-designed training programme will result in 

a performance increase (Tucker & Collins, 2012). However, dedication to a well-designed 

training programme does not guarantee elite status (Bouchard, 2012). Some individuals may 

display high performance levels without substantial extrinsic training interventions (Tucker & 

Collins, 2012). Furthermore, individuals vary in their response to equivalent training 

approaches (Bouchard, 2012). Recent research has shown considerable evidence of a 

significant association between genetics and performance. For instance, heritability studies 

have now shown that cognitive abilities, motor attributes, morphological dimensions, 

functional capacities, and personality traits are moderately to highly hereditary (Georgiades et 

al., 2017). Indeed, in a large cohort study of 4,488 female participants it was shown that 

genetics were 65.5% responsible for differences in athlete status (De Moor et al., 2007). 

However, while heritability studies are important, they fail to provide specific information 

concerning which genes and polymorphisms are responsible for the variations in athletic 

performance (Guilherme et al., 2014). Therefore, the focus of current genetic research is on 

further understanding genotype-phenotype relationships. 

Three of the most popular approaches for evaluating genotype-phenotype relationships are 

candidate gene association studies (CGAS), Genome Wide Association Studies (GWAS), and 

Total Genotype Scores (TGS). A CGAS is defined by selecting a single nucleotide 

polymorphism (SNP) in a gene and identifying if it is associated with a predefined outcome 

measure (Guilherme et al., 2014). A GWAS on the other hand, analyses the entire genome 

without a preceding hypothesis regarding the potential outcomes of genetic variants (Visscher 

et al., 2012). Hence, a GWAS can identify a substantial number of novel SNPs associated with 
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a predefined outcome measure (Visscher et al., 2012). In comparison, TGS studies investigate 

the combined contribution of SNPs on a predefined outcome measure, through the creation and 

utilisation of a polygenic profile (Williams & Folland, 2008). While all approaches have their 

own individual weaknesses, each approach contributes crucial pieces of evidence which 

enhance our understanding of genotype-phenotype associations in sport (Rankinen & 

Bouchard). Indeed, these approaches have discovered that genotype frequency can be 

influenced by sex and ethnicity (Ahmetov et al., 2013; Massidda et al., 2018; Yang et al., 2003). 

Furthermore, sample size significantly influences the potential to discover a significant 

difference in and between groups, when small differences are being observed (Eynon et al., 

2011). Thus, genetic association studies should consider population stratification when 

recruiting participants and sample size when interpreting results (Little et al., 2009).  

The most researched sports within genetic association research are individual sports, such 

as sprinting, long-distance running, cycling, rowing, and swimming (Ahmetov et al., 2016). 

However, there has been a recent increase in research interest on team-sports, such as football. 

Football is classified as an intermittent sport, consisting of rapid changes of speed and 

movement. Furthermore, each on-field position has a unique physiological demand. For 

example, forwards can complete up to twice as many sprints as midfielders and defenders per 

game (Massidda et al., 2018). Overall, football is characterised by several physiological (i.e., 

aerobic/anaerobic capacity, strength, power, speed, repeated sprint ability [RSA], agility), 

psychological (i.e., decision-making, anticipation, confidence, fear of failure), and technical 

(i.e., dribbling, passing, shooting) factors (Murr et al., 2018; Sarmento et al., 2018). 

Furthermore, the optimisation of these factors is greatly mediated by injury susceptibility 

(López-Valenciano et al., 2020). Thus, football is a sport which relies on a number or 

interconnected parameters in order to be successful. Consequently, numerous football genomic 
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studies have attempted to identify genetic variants associated with these and other factors. 

However, the full extent of genetic research in football remains unclear. One of the earliest 

genetic association papers including footballers was conducted two decades ago (Fatini et al., 

2000). Twenty years later, it appears there is yet to be a review that fully encompasses all 

genetic association research on football. As such, the progress and methodological rigor of 

genetic association research in football is yet to be fully evaluated. Therefore, this paper’s aim 

was to locate all genetic association studies involving footballers and correct this omission. 

2.2 Methodology 

2.2.1 Search strategy and eligibility criteria  

In accordance to the Preferred Reporting Items for Systematic reviews and Meta-Analysis 

(PRISMA) guidelines (Moher et al., 2009), the following search strategy was implemented. A 

comprehensive search of the Pubmed and SPORTDiscus databases was conducted on 

September 12th 2019, using the Boolean search of: (((football OR soccer)) AND ((gene) OR 

(genetics) OR (polymorphism) OR (genotype) OR (snp) OR (phenotype))). To ascertain if 

football players were included, studies were required to specify the sport of the athletes 

involved. Hence, any study that did not specify the sports of the athletes involved were 

excluded. Specifically, all primary genetic association studies published in English, involving 

football players, were included. 

2.2.2 Data extraction and analysis 

The key themes analysed were the progress and methodological rigor of football genetic 

association studies. Therefore, the year of studies and the number of studies within each year 

were analysed. Additionally, the type of study (i.e., status, physiological-phenotype, 

psychological, injury, health, bone-phenotype, career progression) was examined, along with 

the number of genes included in each study and year. This allowed the progress and growth of 
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football genetic association studies to be assessed. Secondly, sub themes such as; participant 

sex, age, ethnicity, status, and playing position were analysed, in order to assess if potential 

limitations exist. Finally, study designs and the types of athletes involved (individual, team-

sport, football) were investigated to support methodological assessment. 

2.2.3 Methodological assessment  

In order to comprehensively assess the methodological rigor of the genetic association studies 

included in this review, the STrengthening the REporting of Genetic Association studies 

(STREGA) initiative was used (Little et al., 2009). STREGA builds on the Strengthening the 

Reporting of Observational Studies in Epidemiology (STROBE) statement (Von Elm et al., 

2008). The additions concern items that are specifically relevant in genetic association studies, 

such as; population stratification, genotyping errors, Hardy–Weinberg equilibrium, and genetic 

variant selection rationale. The STREGA recommendations seek to enhance the quality and 

transparency of reporting in genetic association studies. 

2.3 Results 

2.3.1 Search process 

The systematic search process (see Figure 2.1) initially identified 993 studies. Following the 

removal of duplicates (122), article titles were then evaluated which resulted in the exclusion 

of 737 studies. The abstracts of the remaining 134 studies were then assessed, leading to the 

removal of 43 more studies. Full-text critical methodological assessment of the remaining 91 

studies followed, resulting in the exclusion of eleven more studies. This culminated in 80 

studies being judged as adequately meeting the predetermined inclusion criteria and 

subsequently being included in the final analysis. 
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Figure 2.1. Flow chart of systematic search process 

2.3.2 Study characteristics 

Of the 80 included studies (see Table 2.1), there were 66 CGAS, six TGS studies, seven 

epigenetic studies, and one study which included a GWAS and CGAS design. Fifty studies 

included only footballers, eight included team-sport athletes (including footballers), and 22 

included individual and team-sport athletes (including footballers). Fifty-eight studies focused 

exclusively on male subjects, three focused on females, and 16 included mixed sexes, whilst 

the remaining three studies did not include the sex of their subjects. Studies included a range 

of athlete statuses (elite = 48, sub-elite = 3, amateur = 2, youth = 16) with seven including a 
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combination of statuses, and four failing to report the players’ specific athletic status. Only five 

studies included the on-field positions of the football players, whilst the remaining 75 did not. 

The focus of the studies included: Injury (n = 22), Athletic Status (n = 20), Physiological 

Phenotype (n = 20), Epigenetic (n = 7), Health (n = 5), Psychological (n = 3), Bone-Phenotype 

(n = 2), and Career Progression (n = 1). The total number of football players included across 

all studies was 8,155 (Caucasian = 3754, Mixed = 2061, Unknown = 1562, Japanese = 480, 

Iranian = 147, Egyptian = 68, Korean = 58, Turkish = 25), ranging from four to 694 player 

sample sizes, with a median sample size of 60. Ethnicities were studied in isolation (Caucasian 

= 32, Iranian = 2, Korean = 2, Egyptian = 1, Japanese = 1, Turkish = 1) and mixed (22), while 

22 studies did not specify the ethnicity of the players. The age of the players ranged from ten 

to 71 years old. Finally, 103 distinct genes were included in the studies (see Figure 2.2 for the 

names and frequency of genes studied). The most frequently studied genes were actinin alpha 

3 (ACTN3; n = 27) and angiotensin I converting enzyme (ACE; n = 25). 

2.3.3 STREGA adherence 

Of the 80 full-text genetic studies that were included, 69 association studies were eligible for 

STREGA adherence analysis. The remaining 11 were either epigenetic (n = 7) or intervention 

(n = 4) studies. Overall, the average adherence score of the 69 studies to the STREGA 

guidelines was 84%. Furthermore, twelve (17%) studies scored between 50-74%, with 26 

(38%) studies scoring between 75-89%, and the remaining 31 (45%) scoring between 90-100% 

adherence. 
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Table 2.1. Study characteristics and STREGA adherence score 

Author/Year Sample 

Participants Study 

STREGA Genes 

Sport Ethnicity 
Football 

players 
Positions Sex Age Level Design Protocol Type 

Fatini et al. 

(2000) 

28 Italian elite Caucasian male 

footballers (aged 20.2 ± 4.4 years) 

vs 155 untrained Caucasian males 

(aged 23 ± 2.3 years) 

Football Caucasian 28 No Male 20.2 ± 

4.4 

Elite CGAS Observation Health 64% ACE, AT1R 

Rizzo et al. 

(2003) 

75 Italian male academy footballers 

(aged 15 ± 1.2 years) vs 52 

untrained males (aged 15 ± 1.6 

years) 

Football Unknown 75 No Male 15 ± 1.2 Youth CGAS Observation Health 73% ACE 

Oh (2007) 139 Korean elite male athletes (aged 

20.7 ± 1.3 years): basketball (n = 

15), football (n = 41), baseball (n 

= 31), gymnastics (n = 12), 

volleyball (n = 7), long-distance 

running (n = 8), judo (n = 8), ice 

hockey (n = 17) vs 163 non-

athletes 

Mixed Korean 41 No Male 20.7 ± 

1.3 

Elite CGAS Observation Status 68% ACE 

Santiago et 

al. (2008) 

60 elite male football players (17-32 

years) vs 102 Spanish elite male 

endurance athletes (19–38 years) 

vs 123 untrained Spanish males 

(aged 19–50 years) 

Mixed Mixed 60 No Male 17-32 Elite CGAS Observation Status 59% ACTN3 

Terrel et al. 

(2008) 

195 male college American football 

players vs 18 male and 18 female 

college football players (aged 18-

30 years). 

Team Unknown 36 No Mixed 18-30 Youth CGAS Observation Injury 95% APOE, MAPT 
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Juffer et al. 

(2009) 

54 elite male footballers (age 18–32 

years) vs 52 elite Spanish male 

endurance runners (aged 19–38 

years) vs 123 untrained Spanish 

males (aged 19–50 years) 

Mixed Mixed 54 No Male 18-32 Elite CGAS Observation Status 91% ACE, GDF8, 

AMPD1 

Diogenes et 

al. (2010) 

46 academy male Brazilian football 

players (aged 11–14 years) 

Football Mixed 46 No Male 11-14 Youth CGAS Observation Bone-

phenotype 

86% VDR 

Ginevičienė 

et al. (2010) 

193 elite male (n = 152) and female 

(n = 41) Lithuanian athletes (aged 

22.0 ± 6.3 years): biathlon (n = 5), 

cross-country skiing (n = 12), road 

cycling (n = 12), pentathlon (n = 

4), swimming (n = 13), rowing (n 

= 9), track and field (long 

distance) athletics (n = 9), track 

and field (short distance) athletics 

(n = 20), kayaking (n = 13), 

weightlifting (n = 31), boxing (n = 

6), wrestling (n = 10), tennis (n = 

3), football (n = 32), handball (n = 

14) vs 250 untrained Lithuanian 

controls (167 males and 83 

females aged 36.2 ± 7.2 years) 

Mixed Caucasian 32 No Mixed 22.0 ± 

6.3 

Elite CGAS Observation Physiological 

phenotype 

77% ACE, ACTN3, 

PPARGC1A, 

PPARA 

Kim et al. 

(2010) 

81 male Korean athletes (aged 21.3 

± 1.2 years): long-distance 

running (n = 8), football (n = 17), 

baseball (n = 8), basketball (n = 

10), volleyball (n = 8), ice hockey 

(n = 8), judo (n = 8), taekwondo (n 

= 6), gymnastics (n = 8) vs 33 

untrained Korean males (aged 

22.2 ± 1.9 years). 

Mixed Korean 17 No Male 21.3 ± 

1.2 

Sub-elite CGAS Observation Health 86% B3AR 
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Tierney et al. 

(2010) 

163 male college American football 

athletes and 33 college female 

football athletes (aged 19.7 ± 1.5 

years) 

Team Unknown 33 No Female 19.7 ± 

1.5 

Youth CGAS Observation Injury 95% APOE 

Holdys et al. 

(2011) 

119 trained males and 37 trained 

females vs 35 untrained males and 

48 untrained females. All 

participants were Caucasian and 

Polish (aged 18-26 years). 

Participants came from 23 

different sports (including 

football) and were characterized 

into 3 groups: speed strength, 

endurance speed strength and 

endurance sports. 

Mixed Caucasian Unknown No Mixed 18-26 Mixed CGAS Observation Physiological 

phenotype 

91% ACE 

Micheli et al. 

(2011) 

125 medium-high level Italian 

Caucasian male football players 

(aged U-17) vs 152 untrained 

controls 

Football Caucasian 125 No Male U-17 Youth CGAS Observation Physiological 

phenotype 

59% ACE, VDR 

Sessa et al. 

(2011) 

82 elite male Caucasian Italian 

athletes, 29 sprinters, short 

distance swimmers, and volleyball 

players and 53 football, 

basketball, and hockey players 

(aged 24.9 ± 8.5 years) vs 269 

untrained Italian males (aged 26.7 

± 2.5 years). 

Mixed Caucasian Unknown No Male 24.9 ± 

8.5 

Elite CGAS Observation Status 68% ACE, ACTN3, 

NOS3, UCP2, 

UCP3 
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Eynon et al. 

(2012) 

60 elite football players (aged 17-32 

years) vs 100 elite endurance 

athletes (aged 20-39 years) vs 53 

elite power athletes (aged 20-33 

years) vs 100 non-athletic controls 

(aged 19-32 years).  All 

participants were Spanish male 

Caucasians. 

Mixed Caucasian 60 No Male 17-32 Elite CGAS Observation Status 82% NOS3 

Pimenta et al. 

(2012) 

37 elite male footballers from the 

Brazilian first division 

Football Unknown 37 No Male Unknown Elite CGAS Intervention Physiological 

phenotype 

68% ACTN3 

Ahmetov et 

al. (2013) 

665 elite Caucasian male and female 

Russian athletes in badminton (n = 

16), baseball (n = 28), basketball 

(n = 85), beach volleyball (n = 10), 

court tennis (n = 33), football (n = 

241), futsal (n = 9), handball (n = 

24), ice hockey (n = 55), rugby (n 

= 48), softball (n = 31), table 

tennis (n = 14), volleyball (n = 

53), water polo (n = 18) vs 1706 

untrained Russian males and 

females. 

Team Caucasian 241 No Mixed Unknown Elite CGAS Observation Status 77% PPARA 

Ficek et al. 

(2013) 

91 elite male football players (aged 

23 ± 3 years) with surgically 

diagnosed ACL ruptures vs 143 

healthy male elite football players 

(aged 25.2 ± 2.6 years). All 

participants were Polish East-

Europeans. 

Football Caucasian 234 No Male 23 ± 6 Elite CGAS Observation Injury 95% COL1A1 

Pimenta et al. 

(2013) 

200 elite Brazilian footballers (aged 

24.4 ± 2.0 years) 

Football Unknown 200 No Male 24.4 ± 

2.0 

Elite CGAS Observation Physiological 

phenotype 

68% ACTN3 
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Pruna et al. 

(2013) 

73 elite male football players (aged 

19–35 years) of White, Black-

African and Hispanic origin 

Football Mixed 73 No Male 19–35 Elite CGAS Observation Injury 100% ELN, TTN, SOX15, 

IGF2, CCL2, 

COL1A1, COL5A1, 

TNC 

Andreeva et 

al. (2014) 

16 African Zulu female football and 

netball players (aged 20.8 ± 3.1 

years) and 23 Bulgarian 

Caucasian female football players 

(aged 22.6 ± 2.0 years). There 

were control groups of 23 and 42 

female students and population 

cohorts of 104 and 114 subjects 

respectively 

Team Mixed 32 No Female 20.8 ± 

3.1 

Youth CGAS Observation Status 86% ACE 

Egorova et al. 

(2014) 

246 male Russian football players - 

51 elite (aged 23.9 ± 0.6 years) 81 

sub-elite (aged 23.0 ± 0.7 years + 

114 non-elite (aged 10.6 ± 0.1 

years). elite and sub-elite football 

players with exact specialisation 

were classified as goalkeepers (n 

= 27), attackers (wing-forwards 

and centre-forwards) (n = 14), 

defenders (n = 29) and midfielders 

(n = 13). Controls were 872 

untrained males (aged 19.8 ± 0.2 

years). All participants were 

Caucasian. 

Football Caucasian 246 Yes Male 10-24 Mixed TGS Observation Status 86% ACE, ACTN3, 

PPARA, PPARG, 

PPARGC1A, 

PPARD, TFAM, 

UCP2 

Eynon et al. 

(2014) 

888 male Caucasian elite and 

national level athletes (305 

endurance, 378 sprint/power, 205 

team sport) vs 568 untrained 

controls, from Poland, Russia and 

Spain. 

Mixed Caucasian 53 No Male Unknown Mixed CGAS Observation Status 91% ACTN3 
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Gineviciene 

et al. (2014) 

199 Lithuanian sub-elite male 

footballers (aged 17-20 years) vs 

167 untrained men (aged 18-22 

years), forwards 

(n = 44), defenders (n = 63), 

midfielders (n = 75) and 

goalkeepers (n = 17). All 

participants were Caucasian. 

Football Caucasian 199 Yes Male 17-20 Sub-elite CGAS Observation Status 82% ACE, PPARGC1A, 

PPARA 

Massidda et 

al. (2014) 

90 elite male football players (aged 

25.5 ± 6.5 years) vs 180 randomly 

selected healthy nonathletic 

Italian males. 12 of the football 

players were not European, while 

the remaining 78 were of Italian 

descent. 

Football Mixed 90 No Male 25.5 ± 

6.5 

Elite TGS Observation Physiological 

phenotype 

77% ACE, ACTN3, 

BDKRB2, VDR 

Proia et al. 

(2014) 

60 male elite football players (aged 

22.5 ± 2.2 years) vs 30 untrained 

male students (aged 21.2 ± 2.3 

years). All participants were 

Caucasian. 

Football Caucasian 60 No Male 22.5 ± 

2.2 

Elite CGAS Observation Status 91% PPARA 

Saber-Ayad 

et al. (2014) 

68 elite male football players (aged 

17-21 years) vs 100 untrained 

male students (aged 17-21 years). 

All participants were 

asymptomatic Egyptians 

Football Egyptian 68 No Male 18.8 ± 

1.6 

Elite CGAS Observation Health 95% ACE 

Alfieri et al. 

(2015) 

5 male Caucasian recreational 

football players (aged 31.8 ± 5.4 

years) 

Football Caucasian 5 No Male 31.8 ± 

5.4 

Amateur N/A N/A Epigenetic N/A PPARG, ADIPOQ, 

AMPKA1, 

AMPKA2, TFAM, 

NAMPT, PGC1A, 

SIRT1 
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Atanasov et 

al. (2015) 

52 Bulgarian Caucasian male 

elite/sub-elite athletes (aged 21.3 

± 1.5 years) vs 109 untrained 

Caucasian males (aged 20.6 ± 1.9 

years). Athletes included, long 

and triple jump, javelin throw, 

running: 100m, 200m, 400m, 

swimming: 200m, 400m, sprint 

cycling, boxing, wrestling, 

football, volleyball, handball. 

Mixed Caucasian Unknown No Male 21.3 ± 

1.5 

Mixed CGAS Observation Physiological 

phenotype 

91% ACTN3, AMPD1 

Filonzi et al. 

(2015) 

50 elite athletes (16 females and 34 

males) belonging to Caucasian, 

Afro-American, Afro-European 

and Maori ethnicities. Sports 

included football (n = 4), 

basketball (n = 10), tennis (n = 6), 

volleyball (n = 6), canoeing (n = 

2), rugby (n = 10), baseball (n = 6) 

and track and field (n = 6) vs 100 

(40 females and 60 males age, sex 

and ethnicity-matched) practicing 

sport activity at lower levels 

Mixed Mixed 4 No Mixed Unknown Elite CGAS Observation Psychological 82% MSTN, 5HTT, 

SLC6A3, MAOA 

Jeong et al. 

(2015) 

9 males who regularly participated 

in team sport (aged 25 ± 4 years) 

Team Unknown Unknown No Male 25 ± 4 Amateur N/A N/A Epigenetic N/A PPARGC1A 

Massidda et 

al. (2015a) 

178 Italian elite and sub-elite male 

athletes in football (n = 64), 

hockey (n = 10), power (n = 64), 

endurance (n = 40) vs 190 

untrained males 

Mixed Caucasian 64 No Male Unknown Mixed CGAS Observation Status 95% ACTN3 

Massidda et 

al. (2015b) 

54 male Caucasian elite football 

players (aged 25.9 ± 4.3 years) 

Football Caucasian 54 No Male 25.9 ± 

4.3 

Elite CGAS Observation Injury 82% VDR 
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Massidda et 

al. (2015c) 

173 Italian Caucasian male elite 

football players (aged 19.4 ± 5.2 

years) 

Football Caucasian 173 No Male 19.4 ± 

5.2 

Elite CGAS Observation Injury 91% MCT1 

Pruna et al. 

(2015) 

73 elite male football players (aged 

19–35 years) of White, Black-

African and Hispanic origin 

Football Mixed 73 No Male 19-35 Elite CGAS Observation Injury 82% ELN, TTN, SOX15, 

IGF2, CCL2, 

COL1A1, COL5A1, 

TNC 

Ulucan et al. 

(2015) 

25 male Turkish professional 

footballers 

Football Turkish 25 No Male Unknown Elite CGAS Observation Status 59% ACE, ACTN3 

Varley et al. 

(2015) 

518 elite athletes (449 male and 69 

female). Sports included, football 

(n = 218), cricket (n = 156), track 

and field (n = 67, running events n 

= 62 ), rowing (n = 13), boxing (n 

= 2), tennis (n = 12), hockey (n = 

26) and gymnastics (n = 7). 

Athletes were mainly white 

Caucasian (83.2% in the stress 

fracture cases and 79.9% in the 

non-stress fracture controls) 

Mixed Mixed 218 No Mixed 24.2 ± 

5.5 

Elite CGAS Observation Injury 95% RANK, RANKL, 

OPG 

Artells et al. 

(2016) 

60 elite male European football 

players (aged 25.52 ± 2.5 years) 

Football Unknown 60 No Male 25.5 ± 

2.5 

Elite CGAS Observation Injury 82% ELN 

Bondareva et 

al. (2016) 

28 elite male footballers vs 70 non-

athletes 

Football Unknown 28 No Male Unknown Elite CGAS Observation Physiological 

phenotype 

73% UCP1, UCP2, 

UCP3, FTO 

Cięszczyk et 

al. (2016) 

106 elite Polish male footballers - 

forwards (n = 28), defenders (n = 

38), midfielders (n = 32), and 

goalkeepers (n = 8). Controls 

consisted of 115 untrained males. 

All participants were Caucasian. 

Football Caucasian 106 Yes Male Unknown Elite CGAS Observation Status 82% ACE 
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Coelho et al. 

(2016) 

353 Brazilian male soccer players of 

different age groups: 43 U-14 (14 

± 0.3 years), 68 U-15 (15 ± 0.4 

years), 44 U-17 (16 ± 0.6 years), 

115 U-20 (18 ± 0.7 years), 83 

Professionals (23 ± 1.7 years) vs 

100 Brazilian untrained males 

(aged 10-14 years). 

Football Mixed 353 No Male 14-24 Elite CGAS Observation Status 91% ACE 

Dinç et al. 

(2016) 

48 elite male footballers in Turkey 

vs 48 untrained males (aged 18-27 

years) 

Football Unknown 48 No Male 18-27 Elite CGAS Observation Physiological 

phenotype 

59% MTHFR 

Gill et al. 

(2016) 

15 - 8 male, 7 female (aged 19.4 ± 

1.5 years) National Collegiate 

Athletic Association Division III 

athletes with sports related 

concussion vs 16 non-concussed 

athletes - 7 male, 9 female (aged 

18.5 ± 0.4 years). 

Team Caucasian 4 No Mixed 19.4 ± 

1.5 

Youth GWAS Observation Epigenetic N/A N/A 

Jones et al. 

(2016) 

Study 1 - 28 Caucasian male athletes 

(aged 18-20 years) squash (n = 1), 

swimming (n = 7), running (n = 1), 

ski/snowboard (n = 4), football (n 

= 1), lacrosse (n = 2), badminton 

(n = 1), motorsport (n = 1), cycling 

(n = 4), cricket (n = 2), volleyball 

(n = 1), fencing (n = 1) and rugby 

union (n = 2). Study 2 - 39 male 

football players (aged 16-19 

years) 

Mixed Unknown 40 No Male 16-20 Youth TGS Intervention Physiological 

phenotype 

86% ACE, ACTN3, 

ADRB2, AGT, 

BDKRB2, COL5A1, 

CRP, GABPB1, IL6, 

PPARA, 

PPARGC1A, TRHR, 

VDR, VEGFA 

Massidda et 

al. (2016) 

128 elite Italian male football 

players (aged 16.3 ± 1.3 years) 

Football Caucasian 128 No Male 15.6 ± 

1.8 

Elite CGAS Observation Physiological 

phenotype 

82% MCT1 

Petito et al. 

(2016) 

133 elite male football, basketball 

and hockey players. 

Team Unknown 133 No Male Unknown Elite CGAS Observation Psychological 95% 5HTT 
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Wessner et 

al. (2016) 

56 power athletes - sprinters and 

jumpers (n = 49), throwers (n = 5), 

weightlifters (n = 2), 86 endurance 

athletes (middle and long distance 

runners (n = 63), road cyclists (n = 

17), triathletes (n = 5), biathletes 

(n = 1), 143 team sport athletes 

(football players (n = 82), 

handball players (n = 61), and 216 

healthy non-athletic controls. 

Participants included both sex and 

were all Caucasian (aged 18-83 

years). 

Mixed Caucasian 82 No Mixed 23.5 ± 

4.8 

Elite CGAS Observation Status 100% ACTN3, ADRB1, 

ADRB2, ADRB3 

Cauci et al. 

(2017) 

60 Italian athletes - 25 females and 

35 males (aged 33.9 ± 13.3 years) 

in swimming (n = 10) football (n 

= 7) volleyball (n = 7) rugby (n = 

6) weight lifting (n = 5) track-and-

field sports (n = 5) figure skating 

(n = 4) artistic 

gymnastics/competitive dancing 

(n = 4) basketball (n = 3) triathlon 

(n = 3) sailing (n = 3) discus throw 

(n = 2) martial arts (n = 1). 

Mixed Caucasian 7 No Mixed 33.9 ± 

13.3 

Unknown CGAS Observation Injury 91% VDR 

Cięszczyk et 

al. (2017) 

229 elite Polish football players who 

suffered an ACL - 158 males 

(aged 26 ± 4 years) and 71 females 

(aged 25 ± 4 years) vs 143 

uninjured athletes, 99 males (aged 

25 ± 3 years) and 44 females (aged 

29 ± 2 years). All participants 

were Caucasian. 

Football Caucasian 229 No Mixed 26 ± 4 Elite CGAS Observation Injury 95% ACAN, BGN, DCN, 

VEGFA 

Dionísio et 

al. (2017) 

220 elite male footballers (aged 14-

20 years) in Brazil 

Football Unknown 220 No Male 14-20 Elite CGAS Observation Physiological 

phenotype 

91% ACTN3, AMPD1, 

ACE, AGT 
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Domańska-

Senderowska 

et al. (2017) 

22 football players (aged 17.5 ± 0.7 

years) 

Football Unknown 22 No Unknown 17.5 ± 

0.7 

Youth N/A N/A Epigenetic N/A N/A 

Durmic et al. 

(2017) 

107 elite Caucasian male athletes: 

17 sprint/power (short-distance 

runners, swimmers competing in 

events < 200 m), 36 endurance 

athletes (rowers, football players, 

middle distance swimmers), and 

54 athletes from mixed sports 

(water polo, handball and 

volleyball) 

Mixed Caucasian Unknown No Male 24.7 ± 

4.3 

Elite CGAS Observation Health 82% ACE, ACTN3 

Galeandro et 

al. (2017) 

43 elite male football players vs 128 

untrained controls 

Football Mixed 43 No Male 25 ± 6 Elite CGAS Observation Status 77% ACE, ACTN3 

Honarpour et 

al. (2017) 

90 elite male Iranian football players 

vs 200 unrelated healthy males 

Football Iranian 90 No Male Unknown Elite CGAS Observation Status 82% ACTN3 

Mancini et al. 

(2017) 

10 lifelong football-trained men 

(aged 68.2 ± 3.0 years) and 10 

active untrained healthy men 

(aged 66.7 ± 1.3 years). 

Football Unknown 10 No Male 68.2 ± 

3.0 

Unknown N/A N/A Epigenetic N/A N/A 

Pickering et 

al. (2017) 

18 male college footballer players 

(aged 16-19 years) 

Football Unknown 18 No Male 16-19 Youth TGS Intervention Physiological 

phenotype 

N/A IL6, CRP, TNF, 

SOD2, GSTM1, 

GSTT1 

Pruna et al. 

(2017) 

74 elite male football players (aged 

19–35 years) of White, Black-

African and Hispanic origin. 

Football Mixed 74 No Male 19-35 Elite CGAS Observation Injury 77% LIF, CCL2, GEFT, 

MYF5, DES, HGF, 

MMP3, GDF5 

Żychowska et 

al. (2017) 

9 male football players (aged 19.8 ± 

0.6 years) vs 9 untrained males 

(aged 19.7 ± 0.87 years) 

Football Unknown 9 No Male 19.8 ± 

0.6 

Unknown N/A N/A Epigenetic N/A N/A 
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Cochrane et 

al. (2018) 

250 collegiate student-athletes - 66 

females, 184 males (aged 19.0 ± 

1.3 years). 95 American football, 

38 men’s baseball, 35 men’s 

football, 32 women’s football, 20 

women’s softball, 16 men’s 

basketball, 2 women’s basketball, 

1 women’s cross-country, and 1 

women’s track and field 

Mixed Unknown 67 No Mixed 19.0 ± 

1.3 

Youth CGAS Observation Psychological 91% APOE, COMT, 

DRD2 

Coelho et al. 

(2018) 

353 elite male Brazilian football 

players (aged 14-27 years) vs 100 

untrained - 50 males, 50 females 

(aged 8-14 years) 

Football Mixed 353 No Male 14-27 Elite CGAS Observation Career 

progression 

77% ACTN3 

Domańska-

Senderowska 

et al. (2018) 

22 male football players (aged 17.5 

± 0.7 years) 

Football Unknown 22 No Male 17.5 ± 

0.7 

Unknown N/A N/A Epigenetic N/A PPARD 

Larruskain et 

al. (2018) 

107 Caucasian male football players 

(aged 20 ± 4 years), 28 players 

belonged to the First team, 43 to 

the two Reserves teams, and 36 to 

the two U-19 teams. 

Football Caucasian 107 No Male 
20 ± 4  

 

Mixed CGAS Observation Injury 91% MMP3, COL5A1, 

MMP1, NOS3, 

DCN, HIF1A, 

MMP12, CASP8, 

ADAM12, SOX15, 

TNC, COL1A1, 

CCL2, VEGFA, 

ADAMTS5, ACTN3, 

ACAN, ADAMTS2, 

IL6, GDF5, ACE, 

COL12A1, SOD2, 

MLCK, TIMP2, 

IL6R, ADAMTS14, 

EMILIN1, CASP8, 

TTN, IGF2, TNF, 

IL1A, CCR2, IL1B 
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Lulińska-

Kuklik et al. 

(2018) 

A total of 134 elite male Polish 

football players (aged 23.4 ± 3.1 

years), with surgically diagnosed 

primary ACL ruptures vs 211 

apparently healthy, male elite 

football players (aged 25.3 ± 3.4 

years), without any self-reported 

history of ligament or tendon 

injury. 

Football Caucasian 134 No Male 
23.4 ± 

3.1 

Elite CGAS Observation Injury 95% COL5A1 

Massidda et 

al. (2018) 

A total of 1475 Caucasian males 

(694 top level football players and 

781 controls) from Italy (n = 360), 

Poland (n = 665), Lithuania (n = 

302), Ukraine (n = 136) and Malta 

(n = 12) participated in the study. 

Football Caucasian 694 Yes Male 
Unknown 

Elite CGAS Observation Status 86% MCT1 

McCabe and 

Collins 

(2018) 

289 male football players (aged 18–

32 years) including 46 

professional, 98 semi-professional 

and 145 amateur players. 

Football Unknown 289 No Male 
18-32 

Mixed CGAS Observation Injury 68% GDF5, AMPD1, 

COL5A1, IGF2 

Pickering et 

al. (2018) 

42 male football players (aged 16–

19 years) from a college football 

academy 

Football Unknown 42 No Male 
16-19 

Youth TGS Intervention Physiological 

phenotype 

N/A VEGF, ADRB2, 

CRP, PPARGC1A 

Terrell et al. 

(2018) 

817 college American football 

males, 155 male and female 

football, as well 84 male and 

female basketball, softball, men's 

wrestling and club men's rugby. 

Mixed Mixed 155 No Mixed 
19.7 ± 

1.5 

Youth CGAS Observation Injury 95% APOE, MAPT, IL6, 

IL6R 
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Varley et al. 

(2018a) 

117 male academy football players. 

Participants were made up from a 

variety of ethnicities (64 

Caucasian, 19 Caucasian/Black 

dual heritage, 11 Black Caribbean, 

4 Black African and 1 Asian) and 

were composed of differing 

playing positions (42 midfielders, 

29 defenders, 19 forwards and 9 

goalkeepers). 

Football Mixed 117 Yes Male 
>16 

Youth CGAS Observation Bone-

phenotype 

91% RANK, RANKL, 

OPG, WNT, P2X7R, 

SOST, MP3K, IL6 

Varley et al. 

(2018b) 

518 male (n = 449) and female (n = 

69) elite athletes (aged 24.2 ± 5.5 

years). Participating elite athletes 

competed in various sports 

including, football (n = 218), 

cricket (n = 156), track and field 

(n = 67, running events n = 62), 

rowing (n = 13), boxing (n = 2), 

tennis (n = 12), hockey (n = 26) 

and gymnastics (n = 7), with each 

sport having both stress fracture 

cases and non-stress fracture 

control participants. Elite athletes 

were mainly white Caucasian 

(83.2% in the stress fracture cases 

and 79.9% in the non-stress 

fracture controls). 

Mixed Mixed 218 No Mixed 
24.2 ± 

5.5 

Elite CGAS Observation Injury 95% VDR, WNT, SOST, 

COL1A1, LRP5, 

CTR, GC 

Clos et al. 

(2019) 

43 elite male football players (aged 

20-37 years) of Caucasian, Black-

African and Hispanic origin 

Football Mixed 43 No Male 
20-37 

Elite CGAS Observation Injury 91% ACTN3 
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Cocci et al. 

(2019) 

113 Italian Caucasian males. 37 

combat sport athletes (aged 25.9 ± 

9.3 years), 21 motorcycle riders 

(aged 22.5 ± 7.4 years) and 55 

football players (aged 24.5 ± 8.7 

years). 

Mixed Caucasian 55 No Male 
24.5 ± 

8.7 

Elite TGS Observation Status 91% ACE, ACTN3, 

PPARA, CKMM 

Falahati and 

Arazi (2019) 

29 elite Iranian male football players 

vs 28 untrained football players 

Football Iranian 57 No Male 
Unknown 

Elite CGAS Observation Physiological 

phenotype 

95% ACE 

Jeremic et al. 

(2019) 

27 female football players 

pertaining to the Serbian national 

U18 team (16-18 years old). 

Football Unknown 27 No Female 
16-18 

Elite CGAS Observation Physiological 

phenotype 

73% ACE, ACTN3 

Koku et al. 

(2019) 

100 healthy male Caucasian football 

players aged 18-30 years vs 101 

untrained males at similar age. 

Football Caucasian 100 No Male 
18-30 

Sub-elite CGAS Observation Physiological 

phenotype 

77% ACTN3 

Kumagai et 

al. (2019) 

1311 elite male (870) and female 

(441) athletes. Of which 480 were 

football players (aged 20.6 ± 2.9 

years). 

Mixed Japanese 480 No Mixed 
20.6 ± 

2.9 

Elite CGAS Observation Injury 100% ESR1 

La Montagna 

et al. (2019) 

30 elite football players from 

different nationalities 

Football Mixed 30 No Unknown 
Unknown 

Elite CGAS Observation Injury 77% ACTN3, COL5A1, 

MCT1, VEGF, HFE 

Lulińska-

Kuklik et al. 

(2019) 

229 elite football players who 

suffered an ACL injury - 164 

males and 65 females (aged 26 ± 4 

years) vs 192 controls - 107 males 

and 85 females (aged 25 ± 3 

years). 

Football Caucasian 229 No Mixed 
26 ± 4 

Elite CGAS Observation Injury 91% TNC 

Massidda et 

al. (2019) 

257 elite male Italian football 

players (aged 21.± 5.3 years) vs 

263 untrained males (aged 22.4 ± 

6.2 years) 

Football Caucasian 257 No Male 
21.± 5.3 

Elite CGAS Observation Injury 77% ACTN3 
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Monnerat et 

al. (2019) 

25 elite male football players (aged 

25.5 ± 4.3 years) vs 2504 

individuals from the populations 

deposited in the 1000genomes 

database. 

Football Mixed 25 No Male 
25.5 ± 

4.3 

Elite CGAS Observation Physiological 

phenotype 

86% AMPD1, ACTN3, 

PPARGC1A, MCT1, 

COL5A1, CHRM2, 

MMP3, FTO, 

CYP1A2 

Pickering et 

al. (2019) 

48 elite Caucasian youth football 

players (aged 12-18 years) 

Football Caucasian 48 No Unknown 
12-18 

Youth CGAS 

+ 

GWAS 

Observation Physiological 

phenotype 

95% ACE, ACTN3, 

ADRB2, AGT, 

AMPD1, CKM, 

GABRR1, 

HSD17B14, IGF1, 

IGF2, IL6, MTHFR, 

PPARA, PPARG, 

UCP2 

Stastny et al. 

(2019) 

146 male (n = 90) and female (n = 

56) youth players (aged 13–15 

years) of basketball (n = 54), 

soccer (n = 50), and handball (n = 

32) 

Team Unknown 146 No Mixed 
13-15 

Youth CGAS Observation Physiological 

phenotype 

86% COL5A1, GDF5, 

PPARA 

Note. CGAS = Candidate Gene Association Study; GWAS = Genome Wide Association Study; TGS = Total Genotype Score; ACL = Anterior Cruciate Ligament; U- = Under. 
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Figure 2.2. Names and frequencies of investigated genes. 
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2.4 Discussion 

The aim of this review was to identify and evaluate the genetic association studies involving 

football players, whilst also assessing the current progress and methodological rigor of the 

research. This will provide researchers with a comprehensive evaluation of current 

methodological protocols and recommendations for future practice within the discipline. To 

the authors knowledge, this is the first review of methodological rigor in genetic association 

studies involving football players, thus providing a timely insight into an expanding area of 

research.   

2.4.1 Progress 

From the genetic research identified in this review, it seems that genetic association research 

in football is an ever-growing area of investigation. Furthermore, the types of studies and genes 

investigated are also expanding. The earliest investigation completed by Fatini et al. (2000), 

studied the association of the ACE (rs4646994) and angiotensin II receptor type 1 (AT1R, 

rs5186) genes with left ventricular hypertrophy. From the year 2000-2005, only one other study 

was conducted with footballers (Rizzo et al., 2003); who also studied the association of the 

ACE (rs4646994) gene with left ventricular hypertrophy. From the period of 2006-2010, seven 

new studies were conducted; although these studies chose to focus on new associations. The 

predominant research area during this time period changed to genetic associations with athletic 

status (Juffer et al., 2009; Oh et al., 2007; Santiago et al., 2008). However, new fields also 

included bone-phenotypes (Diogenes et al., 2010), physiological-phenotypes (Ginevičienė et 

al., 2010), and injury (Terrell et al., 210; Tierney et al., 2010). This was also accompanied by 

a growth in the number of novel genes studied, which progressed to ten. The next five years 

(2011-2015) saw the first explosive growth in genetic research within football. Twenty-six new 

studies were conducted, which included the first studies on epigenetics (Alfieri et al., 2015; 

Jeong et al., 2015) and the first psychological study (Filonzi et al., 2015). Furthermore, 28 
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additional novel genes were analysed during this time. Finally, from 2016 until the time of 

writing, 44 more studies have been conducted. This included another research focus, career 

progression (Coelho et al., 2018) and the inclusion of 65 additional novel genes. The current 

research and evidence presented here, of the growing interest in football genetics, corresponds 

with that of genetics and overall athletic performance research. For example, Ahmetov et al. 

(2016) showcased that from 1998-2015 a total of 155 SNP’s had been associated with sporting 

physical performance. Of the identified polymorphisms, only 33% were identified in the first 

12 years, with the remaining 77% identified in the last six years. This closely resembles the 

research presented here, as 62% of the genes studied in footballers have been within the last 

four years; as opposed to only 38%, in the preceding 16 years (see Figure 2.3). Therefore, it 

would appear research within football and genetics is growing at a substantial rate and may 

continue to increase. 

 

Figure 2.3. Increase in studies and novel genes in football genomics.  
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2.4.2 Methodological Rigor 

Genetic association researchers should consider following the recommendations of the 

STREGA statement in the future. Only three studies (Cocci et al., 2019; Lulińska-Kuklik et al., 

2018, 2019) in this review stated they attempted to adhere to STREGA recommendations. This 

resulted in inconsistent study designs and scores that ranged from 59-100% adherence. The 

main areas of weakness included; laboratory name and location omission, weak or omission of 

a limitation section, inclusion criteria vague or not included, bias (blinding) not mentioned, 

ethnicity and confounding factors not considered, Hardy-Weinberg equilibrium not mentioned, 

and information about funding not given. However, it must be noted that the STREGA 

recommendations were only published in 2009. Therefore, some studies were conducted before 

they could consider the recommendations. Furthermore, some elements of the STREGA 

recommendations are subjective and consequently scores could change depending on the 

assessors. Subsequently, STREGA recommendations are only meant to be utilised as a 

guideline to establish consistency of study-design. However, consistency will allow 

comparisons between studies to be evaluated easier and more accurately and therefore, future 

adherence to STREGA recommendations may help prevent the current limitations revealed in 

this review.  

2.4.3 Research limitations 

Analysis of the participant characteristics in this review reveals there are several 

methodological weaknesses across all study types within genetic association research in 

football; with the largest concern being the number of unknown participant characteristics. 

Three studies failed to report sex and four failed to report the performance level of their 

participants; whilst five multi-sport studies failed to report the number of football participants. 

Additionally, 13 studies failed to report age, whilst 22 studies failed to report the ethnicity of 

their participants. Consequently, 1,562 participants included in these studies have an unknown 
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ethnicity, which severely impacts the conclusions and ability to generalise across different 

ethnic populations. For example, Massidda et al. (2018) recently demonstrated that in a cohort 

of Italian (n = 266), Polish (n = 212), Lithuanian (n = 167), and Ukrainian (n = 49) footballers, 

Polish footballers had a distinct difference in frequency of the MCT1 A1470T (rs1049434) 

polymorphism compared to the other ethnic groups. Therefore, for research to overcome the 

confounding factors of ethnic backgrounds, ethnicity must be consistently reported.  

Aside from some of the unknown factors mentioned above, additional gaps in current 

research include a limited number of female, GWAS, and TGS studies. Female-only studies 

are valuable as a genetic polymorphism’s allele frequency can be sex dependent (Ahmetov et 

al., 2013; Yang et al., 2003). Thus, while current research has elaborated on genetic 

associations with male footballers, little is known regarding females. Furthermore, whilst 

GWAS studies are limited due to the associated financial cost, they provide a hypothesis-free 

approach which could dramatically increase the number of novel genes identified in footballers 

(Visscher et al., 2012). Moreover, TGS studies consider the combined effect of genes, which 

is important as particular genes can have an impact on the expression of others (Williams & 

Folland, 2008). Furthermore, footballing performance is most likely the result of multiple 

genes and SNPs interacting with each other (gene-gene interactions), alongside the influence 

of environmental factors on those genes (gene-environment interactions) (Egorova et al., 

2014). Additionally, it should be noted that 29 studies have included under 50 football players 

in their samples. Moreover, 32 studies were conducted on non-elite players and only 16 on 

youth players. Therefore, significantly higher sample sizes, senior athletes of a higher 

competitive level, and youth studies are needed in the future, in order to enhance practical 

implications (Eynon et al., 2011).   

A lack of information concerning the on-field positions of players, is another significant 

limitation. Only five of the studies included the positional information of their football players. 
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Insufficient sample sizes may be the cause of this; or a lack of knowledge concerning inter-

positional physiological demands. As previously noted, different positions in football have 

varying physiological requirements. For example, RSA is a key physiological factor within 

football and is correlated with team success (Oliver et al., 2009); however, RSA is more 

imperative to forward players (Di Salvo et al., 2007). An analysis of elite footballers in Europe 

showcased that forward players complete nearly double the number of sprints per game as 

central defenders and midfielders (Massidda et al., 2018). Furthermore, forwards covered twice 

the sprint distance of central midfielders. These findings were reinforced by Di Salvo et al. 

(2007), who discovered that after 20 La Liga and 10 Champions League matches, central 

defenders and midfielders perform far fewer sprints. Additionally, Aziz et al. (2008) discovered 

that forward players have a substantially higher RSA than midfielders and defenders. 

Therefore, future studies should at least display the number of players from each position in 

their studies. Furthermore, if studies have a sufficient sample size, they should separate their 

sample into separate categories based on their specific positions during a game. For example, 

Massidda et al. (2018) analysed players based on their on-field position and discovered that the 

A/A genotype of the A1470T (rs1049434) polymorphism in the solute carrier family 16 

member 1 (MCT1) gene was twice as prominent in forward players than untrained subjects. 

This finding was most likely because the MCT1 A allele is associated with higher lactate 

clearance (Cupeiro et al., 2016), which aids in sprinting performance. Therefore, as forward 

players sprint more and further during a game, the MCT1 A allele could be advantageous for 

players in forward positions. Hence, not distinguishing between positions may inhibit the 

potential discovery of significant differences between players and controls; as physiological 

characteristics differ between positions, which indicates each position may be associated with 

distinct SNP alleles. Therefore, the number of players in a sample relative to their on-field 
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positions may significantly impact possible SNP associations and comparisons. However, 

these findings need to be replicated in other cohorts and ethnicities in order to be substantiated.  

2.4.4 Future reviews  

Of the genes that have been studied, ACTN3 is the most represented, appearing in 27 of the 

included studies. This is followed closely by the ACE gene, which is involved in 25 of the 

included studies. ACTN3 has also been conducted in the most fields of research including; 

athletic status, physiological phenotypes, injury, health, and career progression. The ACE gene 

has also appeared in; health, physiological phenotype, athletic status, and injury related studies. 

It is beyond the scope of this review to critically evaluate ACTN3 and ACE’s impact on specific 

traits and overall performance within football players. Therefore, future reviews should aim to 

address this, given the contrasting results of the studies included in this review. For example, 

the R allele of the R577X polymorphism in the ACTN3 gene has been positively (Galeandro et 

al., 2017; Santiago et al., 2008) and negatively (Massidda et al., 2014, 2015) associated with 

athletic status, along with a decreased incidence and severity of muscular injuries (Massidda 

et al., 2019). However, the contrasting results could be explained by a distinction in numerous 

variables (e.g., sample sizes, ethnicity, and sex). Therefore, independent reviews and meta-

analyses could help inform researchers of the mechanisms responsible for these variations. 

Furthermore, the most frequently studied fields of research (i.e., athletic status, 

physiological phenotypes, and injury) could be reviewed, given there are 20 or more studies in 

each. Although, it would be beyond the scope of this review, it would be useful to have an in-

depth analysis of the variations in study designs and methodological considerations of those 

areas. For example, in the 20 studies that focused on athletic status, only three polymorphisms 

were replicated at least once: ACE I/D (n = 6); ACTN3 R577X (n = 6); and, peroxisome 

proliferator activated receptor alpha (PPARA) intron 7 G/C  (rs4253778; n = 5). However, 

whilst the D allele of the ACE I/D polymorphism was consistently associated with athletic 
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status all six times, discrepancies were revealed in the ACTN3 and PPARA variants. 

Specifically, both alleles of the ACTN3 R577X (R/X) and PPARA intron 7 (G/C) 

polymorphisms were associated with athlete status (R = 5, X = 1; G = 2, C = 3). As such, the 

lack of consistent replication between studies may be explained by the aforementioned 

methodological limitations. However, until a specific review is completed, the exact reason for 

these inconsistencies will not be revealed. 

2.4.5 Future supplementary studies  

The traits required to be a successful footballer are known to be multifactorial and involve both 

physiological and psychological attributes. So far, only three studies have investigated the 

potential role of psychological factors and genes, which have involved football players. Filonzi 

et al. (2015) was the first to do this through investigation of four genes (myostatin [MSTN] 

rs1805086; solute carrier family 6 member 4 [5HTT] rs25531; solute carrier family 6 member 

3 [SLC6A3] VNTR; monoamine oxidase A [MAOA] rs6323), associated with psychological 

effects and elite performance. The authors reported that the SLC6A3 gene is associated with 

sport success; due to the association of the SLC6A3 gene with emotional control and anxiety 

management. Specifically, the authors found that the 9/9 genotype of the SLC6A3 VNTR 

polymorphism was displayed five times as frequently in elite athletes compared to controls. 

Petito et al. (2016) then studied the 5HTT gene in isolation, finding an association between the 

s/s genotype of the 5HTTLPR polymorphism and neuroticism, depression, and anxiety in elite 

athletes. Most recently, Cochrane et al. (2018) studied the association of three genes 

(apolipoprotein E [APOE] rs429358 + rs7412; catechol-O-methyltransferase [COMT] rs4680; 

dopamine receptor D2 [DRD2] rs1800497) on cognitive ability and concussion susceptibility 

in college athletes. The authors discovered that the APOE gene, e4 allele, was associated with 

significantly slower reaction times and the COMT gene, Val allele, was associated with 

significantly worse impulse control scores. There are some significant findings from these 
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studies, however in the context of footballers, there are some limitations. All studies were 

conducted with athletes from a range of different sports, with none focusing on footballers in 

isolation. Therefore, participants requiring distinct physiological and psychological attributes 

were inappropriately combined for analysis. Furthermore, Filonzi et al. (2015) only included 

four football players in their study, limiting their findings regarding footballers, whilst Petito 

et al. (2016) and Cochrane et al. (2018) failed to provide any information on the ethnicity of 

their participants. However, despite the limitations, these studies have provided valuable 

information for future studies, including identifying the potential genes to analyse in isolation 

or as part of a TGS. Therefore, future studies should attempt to replicate these findings on 

footballers and ensure adequate information is provided on participant characteristics. 

In addition, Coelho et al. (2018) was the first study within football to investigate the 

relationship between genes and career progression. The authors did this by examining 

variations of the R577X polymorphism in the ACTN3 gene between under-14, 15, 17, 20, and 

professional players. The authors reported there may be a trend towards a higher R/X genotype 

frequency in professional players than junior players, suggesting there could be a relationship 

between the R/X genotype and a football player’s career progression. Specifically, the authors 

discovered there was an increased frequency of the R/X genotype in professional players 

compared to under-14 players. Therefore, the R/X genotype may be associated with 

performance attributes which lead to successfully obtaining a professional contract. However, 

although this study involved a sample of 353 male players, there are several limitations. The 

participants varied in ethnicity and the on-field positions of the players involved weren’t 

disclosed. Ethnicity is particularly important regarding the R577X polymorphism, as a X/X 

genotype can facilitate a deficiency of a-actinin-3 protein (Yang et al., 2003), although this 

deficiency alters depending on the ethnic origin of the person. For example, the X/X genotype 

is prevalent in approximately 11% of Ethiopians compared to 18% in European ethnicities 
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(Yang et al., 2003). Therefore, populations of varied ethnic origins are already predisposed to 

different genotype frequencies which may influence results. Thus, any similar studies 

conducted in the future should aim to do so with an isolated ethnicity and analyse players 

according to their on-field position. However, it should also be noted that the population sample 

included very young players. As such, on-field positions may not be relevant, as during 

development a player may sample a variety of positions. Therefore, many players in the sample 

may not have had a fixed position. In addition, novel genes should be analysed either in 

isolation or as part of a TGS. This will facilitate an improved understanding of the specific 

mechanisms underpinning career progression in footballers.  

2.4.6 Future novel empirical studies  

While there is variation in the specific areas of research within genetic association research and 

football, there are some notable omissions and possible new areas for future research. There 

has yet to be a study into skill acquisition and ability involving football players. However, this 

has been investigated in other sports. For example, Jacob et al. (2018) investigated the 

association of nine SNPs on overall athleticism and skill in Australian Rules football. The 

authors revealed that the ACE (rs4343) gene was associated with overall athleticism and skill, 

while the brain derived neurotrophic factor (BDNF; rs6265), DRD2 (rs1076560), and COMT 

(rs4680) genes were associated with kicking skill assessments. It is interesting to note that the 

BDNF gene is yet to be studied within football, despite having already been established as a 

main contributor in motor control and learning (Fritsch et al., 2010; Morin-Moncet., 2014). 

Therefore, it would be interesting if this study was replicated, to an extent, within football to 

validate these results. Furthermore, in a separate study, Jacob et al. (2019) also assessed the 

association of nine SNPs on match performance within Australian Rules football. This study 

revealed that the BDNF (rs6265) and COMT (rs4680) genes were associated with a player’s 

direct game involvements, suggesting match performance and motor learning may have a 
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potential relationship. The study also highlighted the potential of the BDNF gene again within 

a team-sport, suggesting this study design would also be an interesting and novel addition to 

genetic research within football.  

2.4.7 Advanced genomic technology and consortia  

This review has emphasised the importance of utilising more advanced genomic technology 

(i.e., GWAS) and polygenic profiling (i.e., TGS) in the future. However, to sufficiently 

enhance our understanding of the molecular processes involved in football performance, the 

use of technology facilitating the identification of rare variants (i.e., whole-genome 

sequencing) is essential (Tanaka et al., 2016). For example, even a combination of 

polymorphisms may only explain a small proportion (1-3%) of phenotypic variability 

(Bouchard, 2015). Moreover, in order to fully understand all of the biological mechanisms 

underlying football performance, we will not only require genomic data, but also epigenomic 

data; potentially linked with transcriptomic and proteomic data (i.e., the application of ‘omics’) 

(Tanaka et al., 2016). However, accompanying a substantial increase in data is the number of 

multiple comparisons required during statistical testing. As such, this may result in an even 

greater genome-wide significance threshold, possibly 5 x 10-9 (Lin, 2019). Consequently, the 

sample sizes required to detect any potential association will need to be extensively larger and 

homogenous (Bouchard, 2015); which is already a significant issue limiting the field. A 

potential solution to this issue is the creation of an international football consortium (in 

accordance with similar suggestions of other researchers (Eynon et al., 2011, Mattsson et al., 

2016). More specifically, the Athlome (GENESIS) Consortium (Pitsiladis et al., 2016), which 

contained a particularly applicable RugbyGene Project (Heffernan et al., 2015), may offer a 

suitable framework. In light of this, the authors have already begun collaborating with multiple 

football clubs and organisations, to generate a large genotypic and phenotypic database for the 

impending “Football Gene Project”. The purpose of this project is to conduct a multi-
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disciplinary investigation, utilising a range of genomic approaches, to identify novel 

genotype/phenotype associations in football, enhance our understanding of the biological 

mechanisms underpinning football performance, and ultimately facilitating greater 

individualised athlete development. As such, the authors welcome any interest from parties 

wishing to collaborate and enhance this database further in pursuit of this goal.   

2.4.8 Limitations of this review 

This review has several limitations which may have influenced the number of studies identified 

and included. Firstly, this review included papers which were only published in the English 

language. Therefore, studies published in other languages have been excluded. Furthermore, 

only the Pubmed and SPORTDiscus databases were searched for relevant studies. Therefore, 

studies published in other databases may have been missed. Moreover, as this study only 

included published papers, publication bias is also a limiting factor.  

2.5 Conclusion 

Overall, this review assessed the current progress and methodological rigor of genetic 

association research within football. Studies have increased at a substantial rate and significant 

progress has been made with regards to study type and genes investigated. However, research 

has predominately focused on the association of the ACTN3 or ACE gene with performance 

parameters. Additionally, several sub-disciplines have also been explored; while some 

disciplines already require an independent review (i.e., injury), others require supplementary 

empirical research (i.e., psychological). Furthermore, there are several novel fields of research 

yet to be investigated in footballers which have been explored in other team-sports and revealed 

promising results (i.e., skill acquisition). There are also several methodological limitations 

within genetic association research in football which are currently preventing conclusive 

evaluations (i.e., population stratification). Therefore, adherence to STREGA guidelines, 

improved and consistent reporting, and an awareness of the influence of ethnicity and on-field 
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positions is advised. In addition, due to the relatively small sample sizes and the predominant 

use of CGASs, larger sample sizes and the utilisation of genome-wide and polygenic profiling 

approaches are recommended. The authors also wish to note that they realise the difficulty 

associated with some of the limitations raised in this review (i.e., sample size, ethnic 

conformation, and GWAS). Therefore, researchers should view the recommendations in this 

review as a guide towards future best practice, when more favourable conditions are available. 

The authors also introduced the Football Gene Project, which seeks to address several of these 

limitations through the collaboration of multiple professional footballing organisations, with 

the ultimate aim of facilitating greater individualised athlete development. The authors also 

suggest, in-line with the approach adopted by the aforementioned Athlome Project, that an 

international football consortium should be created. As such, this will enable the sharing of 

data between researchers to facilitate superior statistical power in future genetic association 

research in football.  
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Abstract 

The aim of this review was to assess the association of ACTN3 R577X and ACE I/D 

polymorphisms with athlete status in football and determine which allele and/or genotypes are 

most likely to influence this phenotype via a meta-analysis. A comprehensive search identified 

17 ACTN3 and 19 ACE studies. Significant associations were shown between presence of the 

ACTN3 R allele and professional footballer status (OR = 1.35, 95% CI: 1.18-1.53) and the ACE 

D allele and youth footballers (OR = 1.18, 95% CI: 1.01-1.38) compared to a control group. 

More specifically, the ACTN3 R/R genotype (OR = 1.48, 95% CI: 1.23-1.77) and ACE D/D 

genotype (OR = 1.29, 95% CI: 1.02-1.63) exhibited the strongest associations, respectively. 

These findings may be explained by the association of the ACTN3 R/R genotype and ACE D/D 

genotype with power-orientated phenotypes and the relative contribution of power-orientated 

phenotypes to success in football. As such, the results of this review provide further evidence 

that individual genetic variation may contribute towards athlete status and can differentiate 

athletes of different competitive playing statuses in a homogenous team-sport cohort. 

Moreover, the ACTN3 R577X and ACE I/D polymorphisms are likely (albeit relatively minor) 

contributing factors that influence athlete status in football.  

https://doi.org/10.1080/02640414.2020.1812195
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3.1 Introduction  

Actinin alpha 3 (ACTN3), a member of the actin family, is a sarcomeric protein which is 

greatly expressed in muscle tissue (Beggs et al., 1992). A function of the ACTN3 protein 

involves crosslinking fast-twitch (type II) actin filaments in skeletal muscle fibres (Mills et al., 

2001). Thus, the expression of the ACTN3 protein in glycolytic skeletal muscle is thought to 

be a contributing factor to the generation of powerful and explosive muscle contractions; 

through optimal coordination of type II muscle fibres (Garton et al., 2014). The coding of the 

ACTN3 protein is controlled by the ACTN3 gene, located on chromosome 11q13.2. A common 

genetic variant in the ACTN3 gene has been identified which significantly alters the production 

of the ACTN3 protein (North et al., 1999). The genetic variation is a nonsense single nucleotide 

polymorphism (SNP) which can introduce a premature stop codon within the gene at position 

577 (rs1815739) (Yang et al., 2003). Cytosine is the most common nucleotide at this position 

(i.e., CGA), which encodes the amino acid, arginine (R) (Mills et al., 2001). Alternatively, 

thymine can be possessed by an individual (i.e., TGA), producing the stop codon (X); resulting 

in X homozygotes being deficient in ACTN3 (North et al., 1999). As the ACTN3 gene portrays 

a role in force production, it has been hypothesised that the performance of activities requiring 

extensive force production (i.e., sprinting, jumping, weightlifting) would be influenced by 

whether an individual possesses the R allele or R/R genotype. Many studies have reported that 

either the R/R genotype was over-represented, or the X/X genotype was underrepresented, in 

power-related sports (e.g., 100m sprint, rowing, speed skating, artistic gymnastics, sprint 

swimming, Olympic weightlifting) across American, Polish, Finnish, Italian, Japanese, Israeli, 

and Russian cohorts (Ahmetov et al., 2011; Chiu et al., 2011; Cięszczyk et al., 2011; 

Druzhevskaya et al., 2008; Eynon et al., 2009; Massidda et al., 2009; Mikami et al., 2014; 

Niemi & Majamaa, 2005; Papadimitriou et al., 2008; Roth et al., 2008). Indeed, Ma and 

colleagues (2013) conducted a meta-analysis on 23 studies involving power and endurance 
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athletes and discovered that the R allele was only associated with power athletes. Moreover, a 

recent meta-analysis on solely power athletes reported similar associations between the R allele 

and power athletes across 38 studies (Tharabenjasin et al., 2019). 

Another commonly investigated gene in sport performance is the angiotensin I 

converting enzyme (ACE) gene. The angiotensin I converting enzyme catalyses the degradation 

of the inactive decapeptide angiotensin I, and subsequently generates the physiologically active 

peptide, angiotensin II; an oligopeptide of eight amino acids that binds to specific receptors in 

the body affecting several systems (Dzau, 1988; Munzenmaier & Greene, 1996). Angiotensin 

II can constrict blood vessels and stimulate aldosterone production, resulting in increased blood 

pressure, thirst, or the desire for salt. As such, the ACE enzyme is the most crucial component 

of the renin-angiotensin system (RAS), as it is a potent vasopressor and aldosterone-stimulating 

peptide which regulates blood pressure and fluid-electrolyte balance (Erdös & Skidgel, 1987). 

A polymorphism has been identified within intron 16 of the ACE gene, located on chromosome 

17q23.3 (NC_000017.11), which results in a substantial variation of RAS activity (Danser et 

al., 1995; Rigat et al., 1990). The polymorphism is known as an insertion/deletion (indel) 

polymorphism, with the insertion (I allele) and deletion (D allele) representing the presence 

and absence of a 287-bp Alu-sequence, respectively. Specifically, the I allele has been 

associated with lower serum and tissue ACE activity, alongside an increased percentage of 

slow-twitch (type I) muscle fibres; whilst the D allele has been associated with higher 

circulating and tissue ACE activity, alongside greater strength and muscle volume and an 

increased percentage of type II muscle fibres (Danser et al., 1995; Rigat et al., 1990; Zhang et 

al., 2003). In the context of sport, the I allele has been frequently associated with elite 

endurance performance. Specifically, higher I allele frequencies have been reported in middle- 

and long-distance rowers, swimmers, road-cyclists, runners, mountaineers, cross-country 

skiers, and tri-athletes across a range of diverse cohorts (e.g., British, Australian, Croatian, 
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Russian, Spanish, Italian, Turkish, Polish, Japanese, Indian) (Alvarez et al., 2000; Cieszczyk 

et al., 2009; Gayagay et al., 1998; Min et al., 2009; Montgomery et al., 1998; Myerson et al., 

1999; Nazarov et al., 2001; Scanavini et al., 2002; Shenoy et al., 2010; Turgut et al., 2004). 

Indeed, during the meta-analysis of Ma and colleagues (2013), the authors also assessed the 

influence of the ACE I/D polymorphism on endurance athletes over 25 studies, reporting that 

the I/I genotype was significantly associated with endurance athletes. However, the authors 

found no association between the ACE I/D polymorphism and power athletes. This may have 

been due to the large heterogeneity observed between studies (I2 = >75%), most likely a result 

of not analysing the power athletes independently based upon ethnicity. Indeed, a more recent 

meta-analysis did conduct an ethnic specific analysis of power athletes and reported significant 

associations with the ACE D allele (Weyerstraß et al., 2018).  

The collective results on the associations of the ACTN3 R577X and ACE I/D 

polymorphisms, with athletic performance, complicate the implications for sports which 

require both power and endurance related traits, such as football. Football is an intermittent 

sport which requires optimal utilisation of both the aerobic and anaerobic systems (Bangsbo et 

al., 2006; Buchheit et al., 2010; Dellal et al., 2011; Mallo et al., 2015); and as such, predicting 

whether a power or endurance-orientated allelic variant may be preferable is not 

straightforward. Therefore, genetic association studies began to investigate whether a power or 

endurance-orientated genotype was more important in football by analysing polymorphisms 

such as ACTN3 R577X and ACE I/D (Galeandro et al., 2017; Santiago et al., 2008; Ulucan et 

al., 2015). Moreover, studies began to assess if there was a difference between football players 

of various competitive playing levels (i.e., elite, non-elite; professional [PRO], non-

professional [NP]) and controls (CON), in order to determine if ACTN3 R577X or ACE I/D 

were associated with athlete status (Coelho et al., 2018; Egorova et al., 2014; Honarpour et al., 

2017). Currently, there is no general consensus on the importance of ACTN3 or ACE in 
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footballers, with studies reporting positive, negative, and contrasting allelic associations 

(Coelho et al., 2018; Egorova et al., 2014; Galeandro et al., 2017; Honarpour et al., 2017; 

Santiago et al., 2008; Ulucan et al., 2015). This is most likely because each gene or genotype 

has a small contribution to sporting performance and is dependent on numerous inter-individual 

variations (e.g., ethnicity and competitive playing level) (Monnerat et al., 2019; Wang et al., 

2013). As a result, studies require large homogenous sample sizes in order to have sufficient 

statistical power and demonstrate significant associations and replications (Sagoo et al., 2009; 

Wang et al., 2013). However, studies within football genomics have notoriously small sample 

sizes and many are heterogenic multi-sport studies; mainly due to the unique population and 

limited access available (McAuley, Hughes, et al., 2021a). Therefore, to overcome the 

limitation of sample sizes and heterogeneity, a meta-analysis can be used to pool the results of 

single homogenous studies together (Sagoo et al., 2009). As such, the aim of this study was to 

assess if the ACTN3 R577X and/or ACE I/D polymorphism are associated with athlete status 

in football by conducting a systematic review and meta-analysis. 

3.2 Methodology 

3.2.1 Search strategy and eligibility criteria 

In accordance to the Preferred Reporting Items for Systematic reviews and Meta-Analysis 

(PRISMA) guidelines (Moher et al., 2009), the following search strategy was implemented. A 

comprehensive search of the Pubmed, SPORTDiscus, and MEDLINE databases was 

conducted on March 3rd 2020. For ACTN3 the following Boolean search was used: ((football) 

OR (soccer)) AND (actn3) OR (alpha-actinin-3) OR (actinin-alpha-3) OR (R577X) OR 

(rs1815739)). For ACE the following Boolean search was used: ((football) OR (soccer)) AND 

(ace) OR (angiotensin I converting enzyme) OR (rs1799752) OR (rs13447447) OR (rs4341) 

OR (rs4646994)). Additionally, Google Scholar was searched using word combinations of the 

aforementioned Boolean searches, with no year restriction placed on any search. Furthermore, 
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reference lists of the identified articles were searched for additional relevant studies. At the 

initial screening stage studies were included if they: (1) were primary cohort or case-control 

investigations; (2) presented ACTN3 R577X or ACE I/D genotype frequencies of footballers in 

isolation; and (3) were published in the English language. Therefore, studies were excluded if 

they: (1) were reviews; (2) presented ACTN3 R577X or ACE I/D genotype frequencies of 

footballers combined with other sports; and (3) were published in a language other than in 

English.  

3.2.2 Data extraction and analysis 

We extracted the following data from all studies: first author’s name and year of publication; 

number of footballers and CON; nationality and ethnicity; sex; age range; competitive playing 

level; type of study (cohort or case-control); and distribution of genotype frequencies in 

footballers and CON. Extracted data was then analysed in the following order: (1) pooled 

genotype frequencies of case-control studies in isolation; (2) pooled genotype frequencies of 

case-control studies combined with cohort studies (with an ethnically matched independent 

CON population added); and (3) sub-group analysis of ethnicity, sex, and level of competition. 

Independent CONs were added to cohort studies from the 1000 genomes database 

(https://www.internationalgenome.org) or an independent non-included study. Each cohort 

study was assigned a CON which was not used by any other study in the analysis to bolster the 

number of unique individuals and decrease selection bias. All of the included CON were also 

subjected to risk of bias before being included.  

3.2.3 Risk of bias 

After initial primary inclusion, all studies were subjected to Hardy–Weinberg equilibrium 

(HWE) via chi-square (significance level p < .05); culminating in the removal of all studies 

violating this significance threshold, as deviations from HWE in a CON group can indicate 

potential genotyping errors, selection bias and stratification (Salanti et al., 2005). Furthermore, 

https://www.internationalgenome.org/
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as each study is tested for HWE, Benjamini-Hochberg false discovery rate (FDR) is used to 

correct p-values and these adjusted p-values are displayed in-text and in the tables below 

(Benjamini & Hochberg, 1995). Additionally, as this review only uses published studies, 

publication bias could be a limiting factor. Therefore, Egger’s test (Egger et al., 1997) in 

combination with funnel plots (Lau et al., 2006) were used to identify if publication bias was 

present and potentially skewing results (significance level p < .05).  

3.2.4 Statistical analysis  

To measure the strength of the association between the ACTN3 R577X and ACE I/D 

polymorphisms and football players, odds ratios (OR), 95% confidence intervals (CI), and 

forest plots were used via either a fixed-effects model or random-effects model to identify the 

individual and pooled effects of the studies. Determining which model was appropriate for 

each analysis was based on the level of heterogeneity revealed via the I2 (<50% = fixed-effects 

model; >50% = random-effects model) and Cochran’s Q (Whitehead & Whitehead, 1991) 

statistical test (significance level at p < .05). Four genetic models were used to assess genotype 

and allele differences between football players and CONs: (a) allele contrast; (b) recessive; (c) 

dominant; and, (d) over-dominant. Additionally, pair-wise comparisons were also conducted. 

Finally, a sensitivity analysis was conducted via a leave-one-out approach in order to test the 

robustness of results (Viechtbauer & Cheung, 2010). All analyses were conducted using the 

MetaGenyo online Statistical Analysis System software (http://bioinfo.genyo.es/metagenyo/) 

(Martorell-Marugan et al., 2017).   

3.3 Results 

3.3.1 Search process 

The systematic search processes initially identified 588 studies (ACTN3, n = 290; ACE, n = 

298). Following the removal of duplicates and the screening of titles and abstracts, full-text 

assessment commenced; culminating in 17 ACTN3 and 19 ACE studies being judged as 

http://bioinfo.genyo.es/metagenyo/
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adequately meeting the predetermined inclusion criteria and subsequently being included in 

the final analysis (see Figure 3.1 for full systematic search process). 

 

Figure 3.1. Flow diagram of systematic search process. 

3.3.2 Study characteristics  

The 17 ACTN3 studies consisted of nine case-control and eight cohort studies respectively. 

There were a total of 1759 football players included across all studies (aged 10-37 years), with 

sample sizes ranging from 25-353. The most frequently studied nationality was Brazilian (n = 

850), whilst the most frequently studied ethnicity was Caucasian (n = 587). Eleven studies 

included PRO players (n = 713; aged 17-37 years); four studies included NP players (n = 447; 

aged 14-30 years); and, two included both PRO and NP players (n = 599; aged 10-27 years). 
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Records after duplicates removed  

ACTN3 (n = 259) ACE (n = 264) 

Abstracts screened  

ACTN3 (n = 225) ACE (n = 229) 

Records excluded 

ACTN3 (n = 190) ACE (n = 184) 

 

Full-text articles assessed for eligibility 

ACTN3 (n = 35) ACE (n = 45) 

Full-text articles excluded  

ACTN3 (n = 18) ACE (n = 26) 

Reasons for exclusion: 

-Genotype frequencies of footballers 

not reported in isolation (n = 30) 

-Footballers not included (n = 12) 

-Data could not be obtained (n = 1) 

-Duplicate study (n = 1) 

Studies included in final synthesis 

ACTN3 (n = 17) ACE (n = 19) 
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The 19 ACE studies consisted of 15 case-control and four cohort studies. There were a total of 

1925 football players included across all studies (aged 10-27 years), with sample sizes ranging 

from 25-353. The most frequently studied nationality was Brazilian (n = 709), whilst the most 

frequently studied ethnicity was Caucasian (n = 802). Ten studies included PRO players (n = 

674; aged 17-26 years); seven studies included NP players (n = 652; aged 15-21 years); and, 

two included both PRO and NP players (n = 599; aged 10-27 years). 

3.3.3 Risk of bias   

Fifteen of the originally included 17 ACTN3 studies remained after risk of bias assessment. 

The studies excluded, with reasons for exclusion, were as follows: (a) Massidda et al. (2014) 

failed HWE assessment, and (b) La Montagna et al. (2019) failed to provide the specific 

nationality and ethnicity of the footballers, thus an ethnically-matched CON could not be 

added. Seventeen of the originally included 19 ACE studies remained after risk of bias 

assessment. The following studies were excluded due to failing HWE assessment: Gineviciene 

et al. (2014) and Galeandro et al. (2017). In addition, the Bulgarian sub-cohort of Andreeva et 

al. (2014) was excluded from analysis due to also failing HWE assessment. In all genetic 

comparison models that identified a significant association with ACTN3 and ACE, funnel plots 

did not reveal any signs of asymmetry and Egger’s test did not detect a significant indication 

of publication bias. 

3.3.4 Main analysis 

Several significant associations were observed between the ACTN3 R577X polymorphism and 

genetic comparison models with case-control studies in isolation: (a) allele contrast, (b) 

recessive, (c) dominant, (d) R/R vs. X/X, and (e) R/R vs. R/X. In addition, similar associations 

with the same genetic models were also observed in case-control studies combined with cohort 

studies; with the only exception being the additional significant association of R/X vs. X/X. 

The strongest association observed in both case-controls in isolation and combined with 
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cohorts was R/R vs. X/X (see Table 3.1 for ORs and CIs of each ACTN3 comparison). 

Sensitivity analysis assessed the robustness of the results and revealed that no study 

significantly altered pooled ORs. Conversely, no significant associations were observed 

between the ACE I/D polymorphism with case-controls in isolation or combined with cohorts 

using any genetic comparison model (see Table 3.2 for ORs and CIs of each ACE comparison). 

3.3.5 Sub analyses 

The first sub-analysis assessed the independent associations of PRO players and NP players 

vs. controls (CON). Several significant associations were observed between the ACTN3 R577X 

polymorphism and genetic comparison models in PROs: (a) allele contrast, (b) recessive, (c) 

dominant, (d) R/R vs. X/X, and (e) R/R vs. R/X. The strongest association observed was R/R 

vs. X/X. No significant associations were observed between the ACTN3 R577X polymorphism 

and genetic comparison models in NPs vs. CON. Conversely, no significant associations were 

observed between the ACE I/D polymorphism and PRO players. However, several significant 

associations were observed between the ACE I/D polymorphism and NP players: (a) allele 

contrast, (b) dominant, and (c) I/D vs. D/D. 

The second sub-analysis assessed the independent influence of ethnicity and nationality 

on associations. Due to the variance in geographical ancestry, Caucasian and Brazilian were 

the only ethnicity and nationality eligible for analysis. Several significant associations were 

observed between the ACTN3 R577X polymorphism and genetic comparison models in 

Caucasians: (a) allele contrast, (b) recessive, (c) dominant, and (d) R/R vs. X/X.  
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Table 3.1. Statistical analysis of all studies investigating the ACTN3 R577X polymorphism (n = 15). 

 Case-Control 

Model 
Association test Heterogeneity Bias 

OR 95% CI p p I2 Egger's 

Allele contrast  
1.30 1.15-1.46 < .001 0.68 0.00 0.88 

Recessive  
1.42 1.20-1.68 < .001 0.22 0.24 0.87 

Dominant  
1.35 1.06-1.72    .016 0.33 0.13 0.97 

Over-dominant 
0.84 0.66-1.07 .160 0.05 0.45 0.93 

RR vs. XX 
1.67 1.28-2.17 < .001 0.63 0.00 0.98 

RR vs. RX 
1.38 1.07-1.78    .013 0.08 0.41 0.76 

RX vs. XX 
1.17 0.90-1.51 .230 0.11 0.38 0.92 

Case-Control & Cohort 

Allele contrast  1.26 1.15-1.38 < .001 0.72 0.00 0.48 

Recessive  
1.31 1.15-1.50 < .001 0.23 0.18 0.89 

Dominant  
1.40 1.17-1.69 < .001 0.49 0.00 0.64 

Over-dominant  
0.93 0.78-1.12 .450 0.05 0.38 0.75 

RR vs. XX 
1.60 1.31-1.96 < .001 0.72 0.00 0.62 

RR vs. RX 
1.23 1.02-1.49    .029 0.08 0.34 0.83 

RX vs. XX 
1.29 1.06-1.57    .010 0.18 0.24 0.69 

PRO vs. NP 

Allele contrast 
PRO 1.35 1.18-1.53 < .001 0.77 0.00 0.34 

NP 
1.07 0.90-1.27 .440 0.90 0.00 0.30 

Recessive 
PRO 

1.48 1.23-1.77 < .001 0.30 0.14 0.70 

NP 
1.00 0.78-1.29 .970 0.74 0.00 0.46 

Dominant 
PRO 

1.40 1.09-1.81    .010 0.16 0.30 0.83 

NP 
1.27 0.91-1.76 .160 1.00 0.00 0.34 

Over-dominant 
PRO 

0.84 0.63-1.12 .240   .020 0.51 0.89 

NP 
1.13 0.89-1.43 .330 0.79 0.00 0.66 

RR vs. XX 
PRO 

1.77 1.34-2.34 < .001 0.57 0.00 0.61 
NP 

1.22 0.84-1.76 .290 0.95 0.00 0.21 

RR vs. RX 
PRO 

1.41 1.07-1.86    .014 0.07 0.40 0.98 

NP 
0.94 0.72-1.23 .680 0.72 0.00 0.52 

RX vs. XX 
PRO 

1.22 0.79-1.87 .360   .028 0.50 0.91 

NP 
1.30 0.92-1.84 .140 0.99 0.00 1.00 

Caucasian & Brazilian 

Allele contrast 
Caucasian 1.32 1.14-1.53 < .001 0.39 0.05 0.73 

Brazilian 
1.23 1.07-1.41    .003 0.45 0.00 0.47 

Recessive 
Caucasian 

1.41 1.14-1.74    .001 0.11 0.42 0.67 

Brazilian 
1.19 0.98-1.44 .070 0.64 0.00 0.69 

Dominant 
Caucasian 

1.49 1.11-2.00    .008 0.79 0.00 0.82 

Brazilian 
1.52 1.15-1.99    .003 0.17 0.35 0.92 

Over-dominant 
Caucasian 

0.91 0.75-1.12 .380 0.11 0.42 0.69 

Brazilian 
1.07 0.89-1.29 .480 0.59 0.00 0.45 

RR vs. XX 
Caucasian 

1.71 1.24-2.36    .001 0.60 0.00 0.60 
Brazilian 

1.61 1.19-2.16    .002 0.23 0.27 0.94 

RR vs. RX 
Caucasian 

1.36 0.96-1.92 .080 0.08 0.47 0.61 

Brazilian 
1.08 0.88-1.32 .460 0.66 0.00 0.85 

RX vs. XX 
Caucasian 

1.34 0.98-1.83 .060 0.61 0.00 0.97 

Brazilian 
1.48 1.10-1.98    .009 0.17 0.35 0.98 

Note. Allele contrast (R vs. X); Recessive (R/R vs. R/X-X/X); Dominant (R/R-R/X vs. X/X); Over-dominant (R/X vs. R/R-

X/X); OR = Odds Ratio; CI = Confidence Interval; PRO = Professional; NP = Non-Professional. 
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Table 3.2. Statistical analysis of all studies investigating the ACE I/D polymorphism (n = 17). 

 

Case-Control 

Model 
Association test Heterogeneity Bias 

OR 95% CI p p I2 Egger's 

Allele contrast  0.88 0.73-1.07 .21    .001 0.61 0.16 

Recessive  
0.84 0.69-1.03 .09 0.44 0.01 0.72 

Dominant  
0.84 0.62-1.15 .28 < .001 0.66 0.09 

Over-dominant 
0.93 0.74-1.16 .51    .040 0.44 0.04 

II vs. DD 
0.82 0.58-1.17 .27    .025 0.47 0.19 

II vs. ID 
0.98 0.79-1.21 .82 0.65 0.00 0.27 

ID vs. DD 
0.84 0.62-1.14 .26    .002 0.60 0.08 

Case-Control & Cohort 

Allele contrast  0.87 0.75-1.02 .09    .004 0.53 0.10 

Recessive  
0.86 0.72-1.03 .10 0.69 0.00 0.69 

Dominant  
0.82 0.63-1.07 .14 < .001 0.62 0.05 

Over-dominant  
0.90 0.73-1.10 .31    .019 0.45 0.03 

II vs. DD 
0.79 0.60-1.05 .10 0.08 0.34 0.12 

II vs. ID 
1.00 0.83-1.22 .97 0.75 0.00 0.21 

ID vs. DD 
0.81 

0.62-1.06 

 
.13    .001 0.58 0.05 

PRO vs. NP 

Allele contrast 
PRO 

1.01 0.86-1.19 .880 0.96 0.00 0.67 
NP 

0.85 0.73-0.99    .044 0.15 0.35 0.45 

Recessive 
PRO 

0.97 0.72-1.29 .820 0.99 0.00 0.99 

NP 
0.88 0.65-1.18 .390 0.20 0.29 0.38 

Dominant 
PRO 

1.05 0.82-1.34 .710 0.86 0.00 0.73 

NP 
0.78 0.61-0.98    .032 0.25 0.22 0.44 

Over-dominant 
PRO 

1.07 0.85-1.34 .570 0.81 0.00 0.62 

NP 
0.86 0.69-1.07 .180 0.22 0.27 0.95 

II vs. DD 
PRO 

1.05 0.74-1.49 .770 0.99 0.00 0.95 

NP 
0.77 0.55-1.08 .140 0.22 0.26 0.26 

II vs. ID 
PRO 

0.94 0.69-1.27 .690 0.98 0.00 0.85 
NP 

0.97 0.71-1.33 .850 0.20 0.28 0.51 

ID vs. DD 
PRO 

1.05 0.80-1.36 .730 0.80 0.00 0.55 

NP 
0.76 0.59-0.97    .030 0.38 0.07 0.56 

Caucasian & Brazilian 

Allele contrast 
Caucasian 

0.81 0.57-1.14 .230    .004 0.74 0.04 
Brazilian 

0.85 0.70-1.03 .090 0.37 0.07 0.63 

Recessive 
Caucasian 

0.75 0.57-1.00 .050 0.61 0.00 0.50 

Brazilian 
0.83 0.60-1.14 .250 0.25 0.26 0.07 

Dominant 
Caucasian 

0.75 0.42-1.34 .340 < .001 0.82 0.03 

Brazilian 
0.77 0.55-1.06 .110 0.17 0.38 0.73 

Over-dominant 
Caucasian 

0.83 0.53-1.29 .400    .009 0.70 0.08 

Brazilian 
1.05 0.64-1.71 .850    .018 0.67 0.29 

II vs. DD 
Caucasian 

0.65 0.38-1.10 .110 0.08 0.52 0.08 

Brazilian 
0.80 0.52-1.22 .290 0.31 0.17 0.58 

II vs. ID 
Caucasian 

1.05 0.77-1.44 .750 0.59 0.00 0.28 
Brazilian 

0.88 0.63-1.23 .450 0.10 0.48 0.19 

ID vs. DD 
Caucasian 

0.76 0.41-1.42 .390 < .001 0.82 0.07 

Brazilian 
0.82 0.47-1.42 .480 0.09 0.51 0.57 

Note. Allele contrast (I vs. D); Recessive (I/I vs. I/D-D/D); Dominant (I/I-I/D vs. D/D); Over-dominant (I/D vs. I/I-D/D); 

OR = Odds Ratio; CI = Confidence Interval; PRO = Professional; NP = Non-Professional. 
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Likewise, several significant associations were also observed between the ACTN3 R577X 

polymorphism and genetic comparison models in Brazilians: (a) allele contrast, (b) dominant, 

(c) R/R vs. X/X, and (d) R/X vs. X/X. The strongest association observed in both Caucasians 

and Brazilians was R/R vs. X/X. Conversely, no significant associations were observed 

between the ACE I/D polymorphism and Caucasians or Brazilians. 

3.4 Discussion 

The aim of this study was to assess if the ACTN3 R577X and/or ACE I/D polymorphism were 

associated with athlete status in football; and if so, determine which allele and/or genotypes 

are most likely to influence this phenotype via a meta-analysis. To the author’s knowledge this 

is the first review to do this within football; and moreover, it is the first meta-analysis in a 

homogenous team-sport cohort.  

3.4.1 Main analysis 

Following meta-analysis, this review identified several associations between the 

ACTN3 R577X polymorphism and all football players (PRO & NP combined) vs. CON. In 

summary, the main associations were observed in football players possessing the R allele, with 

the strongest association being the R/R vs. X/X genotype. These associations were observed in 

case-control studies in isolation and remained similar with the addition of cohort studies. 

Although, with the significant increase in sample size from cohort studies the CI was reduced, 

possibly indicating a more accurate estimation. The only notable difference between genetic 

comparison models was that the R/X vs. X/X pair-wise comparison was statistically significant 

with cohorts added vs. non-significant in case-controls in isolation. Therefore, only the over-

dominant model remained non-significant in both case-control studies in isolation and with the 

addition of cohort studies; most likely due to the strength of the association of the R/R 

genotype. As such, the results of this analysis showcase that in football players, similar to 

power athletes, there is an overrepresentation of the ACTN3 R/R genotype. For instance, this 
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can be illustrated by the similar recessive model and dominant model findings of the present 

study and Ma and colleagues (2013), respectively. This can likely be explained by the 

combination of several factors: (a) the number and frequency of powerful actions performed 

in a game (i.e., 1000-1400 acyclical bursts of activity, including; jumps, tackles, shots at goal, 

changes of direction, and, sprints), with a high-intensity sprint occurring every ~70s (Bradley 

et al., 2009; Stølen et al., 2005), (b) the contribution of the ability to repeat higher intensity 

actions to success in football (i.e., league position, goals scored, goals prevented, duel success) 

(Little & Williams, 2005; Oliver et al., 2009), and (c) the association of the R/R genotype with 

power-orientated phenotypes (i.e., vertical jumping and 10-30m sprints) (Dionísio et al., 2017; 

Pimenta et al., 2013). However, it is important to recognise that there are many other genetic 

polymorphisms, with each likely influencing performance to a limited extent (Monnerat et al., 

2019; Wang et al., 2013). Therefore, football players, power athletes, and indeed other team-

sports, may possess contrasting allele and genotype frequencies in other polymorphisms. 

Hence, the results of this review only indicate a difference between football players and non-

athletic CONs. However, this difference appears to be greatly mediated by competitive playing 

level, which may have contributed to the heterogeneity present between ACE studies; and as a 

result, the non-significant associations between ACE and PRO & NP players combined. Indeed, 

the results of the subsequent sub-analysis on competitive playing level revealed that ACE may 

play an important role in determining athlete status earlier in athlete development. Therefore, 

although ACE was not associated with athlete status in the main analysis, it is still an important 

genetic variant in football, depending on specific competitive playing levels.  

3.4.2 Sub-analyses 

The importance of the competitive playing level of footballers in this review was 

assessed via separating PRO players and NP players. PRO players were classified as players 

that studies specifically described as playing at a professional level, whereas NP players were 
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classified as players playing at a semi-professional, amateur, or youth level. This particular 

method of categorisation was chosen, as opposed to elite vs. non-elite, to circumvent the 

problematic classification issue of ‘eliteness’ (i.e., what constitutes elite status and how do we 

define it?) (Kirkland & O’Sullivan, 2018; Swann et al., 2015). For example, players may be 

internationals who represent their country (normally classed as elite), however what if their 

country is near the bottom of the international rankings? Furthermore, players may play for a 

European club positioned 1st in their country’s highest league (normally classed as elite), but 

what if the country and club both have a low UEFA coefficient ranking? Moreover, how do we 

define the highest performing youth players? Given that no irrefutable solution has been 

provided and no general consensus has been agreed, the term ‘elite’ is still inconsistently 

utilised in the literature to describe varying standards of performance (Kirkland & O’Sullivan, 

2018; Swann et al., 2015). Therefore, to reduce between-study-heterogeneity, the authors chose 

to compare PROs and NPs (limitations of this approach are discussed below). 

Firstly, the results of this analysis revealed that the ACTN3 R577X polymorphism was 

associated with PRO players vs. CON. However, no statistically significant difference was 

observed between NP players and CON. Moreover, the strength of the association between the 

R allele, and specifically the R/R genotype, was even stronger in PRO players when separated 

from NP players. As such, these results indicate that the R allele is a likely (albeit small) 

contributing factor towards attaining PRO status in football. Secondly, whilst the ACE I/D 

polymorphism was not associated with PRO players vs. CON, it was associated with NP 

players vs. CON. To be specific, NP players were more likely to possess a D allele or D/D 

genotype. This is perhaps more easily demonstrated via inverse statistical analysis: (1) D vs. I 

(OR = 1.18, 95% CI: 1.01-1.38); (2) D/D vs. D/I-I/I (OR = 1.29, CI: 1.02-1.63); and, (3) D/D 

vs. D/I (OR = 1.32, CI: 1.03-1.69). Interestingly, the NP players consisted solely of youth 

players in the ACE I/D studies (n = 652; aged 15-21 years), showcasing that the D allele is only 



 85 

overrepresented specifically in youth football. Furthermore, the differences between PROs and 

NPs may have increased further given that Egorova and colleagues (2014) was not included in 

this analysis, due to not displaying the individual genotype frequencies of PRO and NP players 

in their study. However, the authors did report that when separated by competitive playing 

level, only elite players displayed a significantly higher frequency of the ACTN3 R allele 

compared to CON (81.1%, p < .001); whilst conversely, only youth players displayed a 

significantly higher frequency of the ACE D allele compared to CON (78.8%, p < .001). As 

such, the observed cumulative evidence suggests that whilst possessing the ACE D allele is 

potentially more beneficial to young players, the ACTN3 R allele is the only allele which likely 

has a (minor) role in attaining PRO status (see Figure 3.2). However, it is important to note 

the use of terms such as “albeit small” and “minor” when interpreting these findings. 

Polymorphisms account for very little of the inter-individual variance in complex traits such as 

athlete status (Wang et al., 2013). Indeed, even a combination of 97 polymorphisms (at p = 

5×10-8 or better) could only account for 2.7% of body mass index variance between individuals 

(Locke et al., 2015). Therefore, as evidenced by the relatively small odds ratios in this study, 

ACTN3 and ACE similarly play a minor role in determining athlete status in football. 

The explanation for the observed associations between the ACE D allele and ACTN3 R 

allele with youth and PRO players respectively is challenging. Both alleles have been 

previously associated with strength/power orientated sports and general strength/power 

characteristics (i.e., increased percentage of type II muscle fibres, strength, and muscle mass) 

(Ahmetov et al., 2011; Zhang et al., 2003). More specifically, in football cohorts both alleles 

have been positively associated with greater countermovement and squat jump performance, 

and faster 10m, 20m, and 30m sprint times (Dionísio et al., 2017; Pimenta et al., 2013). 
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Figure 3.2. Forest plots of significant PRO and NP comparison models. (A) ACTN3 R vs. X 

allele in PROs; (B) ACTN3 R/R vs. R/X-X/X in PROs; (C) ACE D vs. I allele in NPs; (D) ACE 

D/D vs. D/I-I/I in NPs. 

(A) 

(C) 

(D) 

(B) 
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As such, both alleles appear to be associated with the same side of the endurance-power 

continuum in football. Therefore, it is interesting that each allele is independently associated 

with different competitive playing levels. However, perhaps the categorisation method 

employed to distinguish competitive playing levels in this review could possibly be 

responsible. For example, whilst heterogeneity between studies in the PRO vs. NP analysis was 

mostly small, the age of NPs in ACTN3 ranged from 14-30 years; whereas the age of NP players 

in ACE ranged from 15-21 years. As such, it is possible that the NP ACE players had greater 

performance levels than the NP ACTN3 players, as the NP ACE players may play at the highest 

youth level in their respective age groups, whilst the ACTN3 players may not. Indeed, several 

previous studies have demonstrated that ‘elite’ youth players, aged 14-17 years, have 

outperformed non-elite players in acceleration, speed and jumping assessments (Gil et al., 

2007; Waldron & Murphy, 2013). Although, it could be argued that grouping young players 

(14-17 years) as elite and non-elite is not appropriate as factors such as maturation status may 

influence performance more than ACTN3 or ACE genotype. However, in truth, numerous 

potential explanations exist, including: (a) differences in competitive performance levels, (b) 

variations in geographical ancestry, (c) disparities in the distributions of players relative to their 

on-field position within samples, (d) distinct methods of genotyping, (e) individual gene-gene 

interactions, and (f) separate gene-environment interactions. Moreover, it is also important to 

note that the ACE gene is part of a very complex pathway, with serval interactions that can 

influence it’s activity; whilst ACTN3 represents the presence/absence of a structural protein 

(Dzau, 1988; Munzenmaier & Greene, 1996). As such, the specific cause of the distinction 

between the ACTN3 R577X and ACE I/D polymorphisms with PRO and NP players requires 

further research to elucidate these findings. 

In addition to competitive playing level, sub-analysis also assessed the influence of 

ethnicity and geographical ancestry on observed associations. Therefore, studies, and samples 
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within studies, were separated based upon their reported ethnic heritage and nationality. After 

separation, Caucasians and Brazilians collectively represented 81% and 79% of ACTN3 and 

ACE studies respectively. Therefore, only these could be assessed via comparison analysis. 

Firstly, in relation to the ACE I/D polymorphism, no significant associations were observed in 

either Caucasians or Brazilians. However, in relation to the ACTN3 R577X polymorphism, 

several significant associations were observed in both Caucasians and Brazilians between the 

R allele and football players vs. CON. However, in models with significant associations in both 

Caucasians and Brazilians (allele contrast, dominant, R/R vs. X/X), Caucasians displayed 

higher ORs. This suggests the R allele, and more significantly the R/R genotype, appear to be 

of greater importance to footballers of Caucasian heritage. This suggestion is bolstered by the 

significant associations observed solely between Caucasians and a recessive model, and 

between Brazilians and the pair-wise comparison of the R/X vs. X/X genotypes. This reveals 

that the R/X genotype may be more associated with footballing status in Brazilians, whilst the 

R/R genotype may be more associated with footballing status in Caucasians.   

The possible cause of the disparities in ORs between the R allele in Brazilians and 

Caucasians may be related to the ethnic diversity of the Brazilian population; and more 

specifically, the proportion of individuals with African ancestry. Individuals of African 

ancestry have greater frequencies of the R/R genotype (~78%) and significantly lesser 

frequencies of the X/X genotype (~1%), irrespective of athlete status, compared to the 

estimated frequencies of the world population (R/R ~40%; X/X ~18%) (1000 Genomes Project 

Consortium et al., 2015; Scott et al., 2010; Yang et al., 2007). As such, the ACTN3 R577X 

polymorphism does not differentiate elite athletes from CON of African ethnicity in either 

power or endurance-orientated sports (Scott et al., 2010; Yang et al., 2007). Using ancestry 

informative markers, previous studies have reported that the Brazilian population are formed 

of ~65% European SNPs, ~22% African SNPs, and ~13% Amerindian SNPs (Barbosa et al., 
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2017). Furthermore, these proportions vary in each independent region of Brazil. For example, 

it is estimated that the population of Rio de Janeiro is formed of ~55% European SNPs, ~31% 

African SNPs, and ~14% Amerindian SNPs (Saloum de Neves Manta et al., 2013). As such, 

given the genetic similarity of the Brazilian population with the genetic profile of African 

ethnicities, this potentially explains why the R/R genotype may contribute to footballing status 

in Brazil to a lesser extent. 

3.4.3 Strengths and limitations 

This study’s findings are reinforced due to the small-moderate heterogeneity identified 

between studies. Only two of the 28 total measurements regarding ACTN3 displayed an I2 value 

over 50% and violated Cochran’s Q statistical threshold (p < .05); although neither of these 

two measurements displayed a statistically significant result. Likewise, neither of the three 

associations identified between the ACE I/D polymorphism and NP players displayed 

significant heterogeneity. Furthermore, no suggestion of publication bias was identified 

regarding the observed significant associations, through analysis of funnel plots or Egger’s test 

(p < .05). 

 This review is not without limitations and each must be duly considered when 

interpreting the findings. Firstly, this review attempted to include both male and female football 

players, but unfortunately the authors could only locate one study involving female players 

(Andreeva et al., 2014) which met the pre-defined inclusion criteria. Therefore, the results from 

this review mainly apply to male football players. Secondly, the ethnic and geographic 

implications of this review mainly concern Brazilians and Caucasians, due to both representing 

the majority of the football players included in this review (ACTN3 = 48% & 33% respectively; 

ACE = 37% & 42% respectively). Thus, research is still required on players of diverse 

geographical ancestry. Thirdly, the division of players into PRO and NP categories was chosen 

to circumvent the well-known issues surrounding what constitutes ‘eliteness’ in sport; 
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however, the PRO level still encompasses substantial disparities in standards of play (e.g., 

English Premier League vs. English Football League Two). As such, this makes it difficult to 

objectively quantify player ability and consequently associate the findings with specific levels 

of performance. Finally, the on-field positions of footballers were rarely reported in the 

included studies. This is important considering the previously reported inter-positional 

associations between the ACTN3 R577X and ACE I/D polymorphism and football players, such 

as forwards and goalkeepers possessing significantly higher frequencies of the ACTN3 R allele 

and ACE D allele, respectively (Egorova et al., 2014). Therefore, it is unknown whether the 

associations in this review were influenced by the number of players included in each study 

relative to their on-field positions. 

3.4.4 Practical applications  

Limited evidence exists supporting the practical application of genetic information with 

athlete development. For example, it has been reported that individuals possessing the ACTN3 

R/R and ACE D/D genotypes may have an improved adaptive response in strength and power 

with heavy resistance training (Delmonico et al., 2007; Erskine et al., 2014). As such, Kikuchi 

and Nakazato (2015) suggested that individuals possessing power-orientated genetic variants, 

such as ACTN3 R/R, may benefit more from resistance training consisting of high weights with 

low-repetitions for strength and power. Jones and colleagues (2016) investigated this theory 

and reported that in 39 football players the ACE D/D and ACTN3 R/R genotypes demonstrated 

a greater improvement in countermovement jump performance in response to high-weight low-

repetition resistance training; whereas, the ACE I/I and ACTN3 X/X genotypes demonstrated a 

greater improvement with low-load high-repetition resistance training. However, this study 

comprised a small sample size, which consequently increases the likelihood of type 1 error 

occurrence (Karanikolou et al., 2017). Furthermore, to the author’s knowledge, the results 

presented by Jones and colleagues (2016) have yet to be replicated in an independent cohort. 
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Therefore, further intervention studies are required in order to establish a strong evidence base, 

before practical recommendations can be proposed regarding the results of this review. 

However, once a strong evidence base has been established which supports genetic-based 

programme design, this review can be used alongside a number of other extensively 

evidenced/researched genotypes to form the basis of genetic-based training. Indeed, studies 

have also showcased that differences in biomarkers of muscle damage, hormones, and 

inflammatory responses, may be influenced by genotype variation (Coelho et al., 2019; 

Pimenta et al., 2012). Therefore, the utilisation of genetic information in the future may not 

only aid in optimising training adaptation, but also the planning of athlete workloads and 

recovery. 

3.5 Conclusion 

The results of this review provide further evidence that individual genetic variation likely 

contributes towards athlete status. Our findings suggest that genetic variation can differentiate 

athletes of different competitive playing statuses in a homogenous team-sport cohort. 

Specifically, this review has showcased that the R allele and R/R genotype of the ACTN3 

R577X polymorphism are overrepresented in PRO football players; whereas the D allele and 

D/D genotype of the ACE I/D polymorphism are overrepresented in youth players. These 

overrepresentations may be explained by the association of the ACTN3 R/R genotype and ACE 

D/D genotype with power-orientated phenotypes and the relative contribution of these power-

orientated phenotypes to success in football. As such, the ACTN3 R577X and ACE I/D 

polymorphisms are likely (albeit relatively minor) contributing factors which influence athlete 

status in football.
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4 A systematic review of the genetic predisposition to injury in football 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Roos, T. R., Herbert, 

A. J., Jackson, D. T., & Kelly, A. L. (2022d). A systematic review of the genetic 

predisposition to injury in football. Journal of Science in Sport and Exercise. Advance 

online publication. https://doi.org/10.1007/s42978-022-00187-9 

 

Abstract 

Injury has a profound effect on a football team’s potential success and economic burden. 

Considerable research in football has been dedicated to finding ways to decrease injuries, 

which has seen a rising interest in genetic susceptibility. The aim of this review was to 

synthesise genetic association studies investigating injury involving football players to identify 

which genetic variants have the most empirical evidence to date. A comprehensive search of 

the Pubmed, SPORTDiscus, and MEDLINE databases until March 11th 2022 identified 34 

studies. There were 33 candidate gene studies and one genome-wide study, with 9642 

participants across all studies. Ninety-nine polymorphisms were assessed within 63 genes. 

Forty-one polymorphisms were associated with injury once. Three polymorphisms had their 

specific allelic associations with injury replicated twice in independent cohorts: ACTN3 

(rs1815739) X/X genotype was associated with an increased susceptibility to non-contact 

muscle injuries, ACAN (rs1516797) G allele was associated with increased susceptibility to 

anterior cruciate ligament (ACL) injuries, and VEGFA (rs2010963) C/C genotype was 

associated with an increased susceptibility to ACL and ligament or tendon injuries. However, 

several methodological issues (e.g., small sample sizes, cohort heterogeneity, and population 

stratification) limit the reliability and external validity of findings. At present, the evidence 

base supporting the integration of genetic information as a prognostic or diagnosis tool for 

https://doi.org/10.1007/s42978-022-00187-9
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injury risk in football is weak. Future participation of organisations in international consortia 

is suggested to combat the current methodological issues and subsequently improve clarity 

concerning the underlying genetic contribution to injury susceptibility.  
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4.1 Introduction 

Based on a squad of 25 players, a professional football team will sustain approximately fifty 

time-lost injuries a season (Ekstrand et al., 2011). Consequently, each player will likely sustain 

two injuries per season that affect their availability for match selection. A recent meta-analysis 

in professional football reported an injury incidence rate of 8.1/1000 hours of exposure (López-

Valenciano et al., 2020). This is problematic, as injuries which result in match-minutes lost 

have a strong association with team success. To be specific, player availability is strongly 

correlated with league position, total points, games won, and goals scored (Eirale et al., 2013; 

Hägglund et al., 2013). Injuries also significantly impact a club’s finances. For example, a 

professional player injured for a month costs a club competing in the men’s UEFA Champions 

League approximately €500,000 (Ekstrand, 2013). Moreover, across five seasons (2012/2013 

to 2016/2017) in the English Premier League, it was estimated that injuries cost clubs an 

average of £45,000,000 per season (Eliakim et al., 2020). Injury risk is multifactorial, but recent 

research into the identification of risk factors that predispose injury has seen a rise in interest 

in genetic susceptibility (McAuley, Hughes, et al., 2021a). 

 Genetic susceptibility studies utilising the ‘heritability’ statistic have shown that 

cognitive abilities, motor attributes, morphological dimensions, functional capacities, and 

personality traits are moderately to highly hereditary (Georgiades et al., 2017). The heritability 

estimates for injuries are unclear as the exact aetiology of these multifactorial conditions 

remains to be elucidated. However, several heritability studies have reported evidence of a 

genetic component to injuries. For example, Harvie et al. (2004) reported there was a greater 

risk to siblings suffering a full thickness tear of the rotator cuff, than the spouses of participants 

who had previously sustained the same injury. Similarly, Flynn et al. (2005) showed that 

individuals who reported a family history of sustaining an anterior cruciate ligament (ACL) 

rupture, were twice as likely to suffer an ACL rupture, compared to individuals with no prior 
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family history of ACL rupture. Moreover, Kraemer et al. (2012) revealed that Achilles 

tendinopathy occurs significantly more in individuals with a prior family history of sustaining 

the injury. In addition, a recent study on lifetime ACL rupture risk (involving 88,414 twins) 

reported a heritability estimate of 69% (Magnusson et al., 2021). 

 Although heritability studies are important, as they reveal the possibility of a genetic 

predisposition, they fail to provide information concerning which specific genetic variants (i.e., 

polymorphisms) are responsible (Guilherme et al., 2014). Therefore, the focus of current 

football genomic research is on further understanding genotype-phenotype relationships, 

through the exploration of genetic association. Many empirical studies have investigated 

genetic association with injury. However, to the author’s knowledge, no study has reviewed 

genetic associations with injury specifically in football players, with the only other team-sport 

review (non-systematic) having been completed in rugby (Brazier et al., 2019). Therefore, the 

aim of this review was to synthesise genetic association studies that have investigated injury 

involving football players to identify the genetic variants which have the most empirical 

evidence to date. 

4.2 Methodology 

4.2.1 Search strategy and eligibility criteria 

The search strategy followed the Preferred Reporting Items for Systematic reviews and Meta-

Analyses (PRISMA) 2020 guidelines (Page et al., 2021). A comprehensive search of the 

Pubmed, SPORTDiscus, and MEDLINE databases was conducted up until March 11th 2022, 

using the Boolean search of: ((football OR soccer) AND (injury OR injuries)) AND (genetics 

OR gene OR genotype OR snp OR polymorphism)). Additionally, Google Scholar was 

searched using word combinations of the aforementioned Boolean search. Furthermore, 

reference lists of the identified articles and reviews were searched for additional relevant 

studies and forward citation tracking was performed on all eligible studies. Studies were 
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included if they met the following inclusion criteria: (a) were primary cohort or case-control 

investigations, (b) reported that football players were included in their population sample, (c) 

examined the association of a genetic variant with injury, and (d) were published in the English 

language. 

4.2.2 Data extraction and analysis 

The following data was extracted from included studies: first author’s name and year of 

publication; number of participants, footballers, and controls; sex; age; nationality; ethnicity; 

study design; injury phenotype; injury measurement; names of genes and polymorphisms 

investigated; and, main findings. It was deemed that a statistically pooled quantitative synthesis 

of the extracted data could not be performed due to the variation in: genes; polymorphisms; 

injuries; and, ethnicities. Therefore, due to the observed heterogeneity between studies, a 

narrative synthesis was chosen as the appropriate method with which to summarise results. The 

methodological quality of the studies was assessed using the Newcastle-Ottawa Scale (NOS; 

Stang, 2010), as utilised in previous research (Lv et al., 2018; Wang et al., 2017). Studies were 

scored (0-9 stars) based on the items within the three factors of the appropriate case-control 

(selection; comparability; exposure) or cohort (selection; comparability; outcome) version of 

the NOS. 

4.3 Results 

4.3.1 Search process 

The literature search, selection of eligible studies, data extraction, and methodological quality 

was performed in duplicate and independently by the author and a co-author, culminating in 

34 studies being judged as adequately meeting the predetermined inclusion criteria and 

subsequently being included in the final analysis (see Figure 4.1).
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Figure 4.1. Flow diagram of search process.
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4.3.2 Study characteristics and quality 

Of the 34 included studies, there were 33 candidate gene association studies (CGAS) and one 

genome-wide association study (GWAS) (see Table 4.1). Of which, there were 13 longitudinal 

studies (ranging from 3 to 10 years follow up), ten cross-sectional studies, ten case-control 

studies, and one study used both cross-sectional and longitudinal analysis. The total number of 

participants across all studies was 9642, ranging from 43-1311 participant sample sizes, with 

a median sample size of 227. Twenty studies included only footballers, whilst the remaining 

14 studies included athletes of other sports alongside footballers. Fifteen studies focused 

exclusively on male subjects, whilst the remaining 19 focused on both male and female 

subjects. Ethnicity was reported in 25 studies, whilst the remaining nine failed to report 

ethnicity. Injuries were diagnosed by a medical professional in 27 studies, whilst the injuries 

in the remaining seven studies were self-reported. The injury phenotypes described in the 

studies included: ACL rupture (n = 8); concussion (n = 6); musculoskeletal soft tissue injuries 

(n = 4); muscle injuries (n = 5); stress fracture (n = 3); musculoskeletal injuries (n = 3); 

hamstring (n = 1); knee and ankle (n = 1); low-back pain (n = 1); medial collateral ligament 

(MCL; n = 1); tendinopathy (n = 1). The NOS scores of the case-control studies ranged from 

4-9, with a mean score of 7.1. The NOS scores of the cohort studies ranged from 3-8, with a 

mean score of 6.7. The overall mean NOS score across all studies was 6.8 (see Table 4.2).
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Table 4.1. Study characteristics and main findings. 
Study Participants Injury Polymorphism Main findings 

Kristman et 
al. (2008) 

318 college male and female athletes 
(aged 20.5 ± 2.4 years), including 

53 football players.  

Concussion APOE E4 isoform (rs429358 + rs7412) No association between APOE E4 and concussion. 

Terrel et al. 

(2008) 

195 male college American football 

players vs 18 male and 18 female 

college football players (aged 18-

30 years). 

Self-reported Concussion APOE (rs429358 + rs7412) isoforms 

(E2, E3, E4); APOE (rs405509); 

MAPT (rs2258689, rs10445337) 

College athletes may have an increased risk of concussion if they have APOE 

rs405509 TT genotype (OR = 2.7, 95% CI: 1.1-6.8; p = 0.03). 

Tierney et al. 

(2010) 

163 college male American football 

and 33 college female football 

athletes (aged 19.7 ± 1.5 years). 

Self-reported Concussion APOE (rs429358 + rs7412) isoforms 

(E2, E4); APOE (rs405509) 

There was a significant association (p = 0.05; OR = 9.8, CI: 1.00-96.55) between 

carrying all APOE rare alleles (E2, T allele; E4, C allele; rs405509, T allele) 

and the history of a previous concussion.  

 
There was also a significant association (p = 0.04; OR = 8.4, 95% CI: 1.03-

68.79) between carrying the APOE rs405509 T allele and experiencing 2 or 

more concussions. 

McDevitt et 

al. (2011) 

96 college American football and 

women’s football athletes (aged 
19.5 ± 1.4 years). 

Self-reported Concussion NEFH (rs165602) No association between NEFH rs165602 and concussion. 

Ficek et al. 

(2013) 

91 elite male Polish Caucasian 

football players (aged 23 ± 3 years) 

with surgically diagnosed ACL 

ruptures vs 143 healthy male elite 

football players (aged 25.2 ± 2.6 
years). 

ACL rupture (non-contact) COL1A1 (rs1107946, rs1800012) No significant differences in either polymorphism's genotype distributions and 

allele frequencies between groups. 

 

The G-T (rs1107946, rs1800012) haplotype was associated with decreased 

risk of injury (p = .048). 

Pruna et al. 

(2013) 

73 elite male Caucasian (n = 43), 

Black African (n = 11) and 

Hispanic (n = 19) football players 
(aged 19–35 years).  

Non-contact 

musculoskeletal soft 

tissue injuries 

ELN (rs2289360); TTN (rs2742327); 

SOX15 (rs4227); IGF2 (rs3213221); 

CCL2 (rs2857656); COL1A1 
(rs1800012); COL5A1 (rs12722); 

TNC (rs2104772) 

IGF2 GC genotype (p = 0.034) was associated with less severe muscle injuries.  

 

CCL2 GG genotype was associated with more severe muscle injuries (p = 

0.026).  

 

ELN AA genotype was associated with more severe ligament injuries (p = 

0.009); while the AG genotype was associated with faster recovery time (p = 

0.043).   
Ficek et al. 

(2014) 

91 elite male Polish Caucasian 

football players (aged 23 ± 3 years) 

with surgically diagnosed ACL 

ruptures vs 143 healthy male elite 

football players (aged 25.2 ± 2.6 
years). 

ACL rupture (non-contact) COL12A1 (rs970547) No significant differences in genotype distributions and allele frequencies between 

groups. 
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Mannion et 

al. (2014) 

227 Caucasian males and females 

with surgically diagnosed ACL 
ruptures (aged 26.8 ± 11.0 years) 

and 234 males and females without 

any history of ACL injuries (aged 

29.3 ± 11.3 years), including 14 

football players. 

ACL rupture (non-contact 

& contact) 

ACAN (rs2351491, rs1042631, 

rs1516797); BGN (rs1126499, 
rs1042103); DCN (rs13312816, 

rs516115); FMOD (rs7543148, 

rs10800912); LUM (rs2268578) 

The G allele of ACAN rs1516797 was significantly under-represented in the 

controls (p = 0.024; OR = 0.72, 95% CI: 0.55-0.96).  
 

For DCN rs516115, the GG genotype was significantly over-represented in 

female controls (p = 0.015; OR = 9.231, 95% CI: 1.16-73.01) and the AA 

genotype was significantly under-represented in controls (p = 0.013; OR = 

0.33; 95% CI 0.14-0.78) compared with the female non-contact ACL injury 
subgroup.  

 

ACAN haplotype containing alleles T–C–T was significantly over-represented 

(p = 0.001) in the CON group, while T–C–G was significantly under-

represented (p = 0.005) in the CON group. BGN C–G haplotype was 
significantly over- represented (p = 0.027) in the female CON group. LUM 

and DCN T–A–G inferred haplotype was significantly over-represented (p = 

0.038) in the CON group. 

Massidda et 

al. (2014) 

64 Caucasian male professional 

football players.  

Muscle injuries COL5A1 (rs12722), SLC16A1 

(rs1049434), VDR (rs1544410, 
rs7975232, rs2228570) 

No significant associations were found between injuries and polymorphisms. 

Rahim et al. 

(2014) 

227 Caucasian males and females 

with surgically diagnosed ACL 

ruptures (aged 26.8 ± 11.0 years) 

and 234 males and females without 
any history of ACL injuries (aged 

29.3 ± 11.3 years), including 14 

football players. 

ACL rupture (non-contact 

& contact) 

VEGFA (rs699947, rs1570360, 

rs2010963); KDR (rs2071559, 

rs1870377); NGFB (rs6678788); 

HIF1A (rs11549465) 

The VEGFA rs699947 CC genotype (p = 0.010; OR = 1.92; 95% CI: 1.17–3.17) 

was significantly over-represented within participants with non-contact ACL 

ruptures.  

 
The VEGFA rs1570360 GA genotype was significantly over-represented in the 

CON group (p = 0.007; OR = 1.70, 95% CI: 1.16–2.50).  

 

The KDR rs2071559 GA genotype was significantly over-represented in the 

female controls (p = 0.023; OR = 2.16, 95% CI: 1.11–4.22).  
 

VEGFA A-A-G haplotype was significantly over- represented (p = 0.017) in 

the CON group compared to the NON subgroup. 

KDR G-A haplotype was noted to be significantly under-represented in 

controls compared to the ACL group (p = 0.014), as well as the NON 
subgroup (p = 0.001). Similarly, the G-A haplotype was significantly under-

represented (p = 0.035) in the male controls compared to the NON subgroup. 

Massidda et 

al. (2015a) 

54 male elite Caucasian football 

players (aged 25.9 ± 4.3 years). 

Indirect musculoskeletal 

injuries 

VDR (rs2228570, rs1544410, 

rs7975232) 

No significant differences were identified in injury incidence and severity between 

genotypes 
 

However, rs7975232 genotypes accounted for 18% of injury severity (p = 

0.002). Therefore, rs7975232 genotypes may have an influence on the severity 

of muscle injury in top-level football players. 

Massidda et 

al. (2015b) 

173 Italian Caucasian male elite 

football players (aged 19.4 ± 5.2 

years). 

Indirect musculoskeletal 

injuries 

SLC16A1 (rs1049434) Significant differences were found between genotypes and incidence of muscle 

injuries (p = 0.048). Specifically, football players with the TT genotype had 

lower incidence of muscle injuries compared to AA genotype carriers 

(p = 0.044).  
 

No significant difference was found between genotypes, severity of injury and 

recovery. 
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Pruna et al. 

(2015) 

73 elite male Caucasian (n = 43), 

Black African (n = 11) and 
Hispanic (n = 19) football players 

(aged 19–35 years).  

Non-contact 

musculoskeletal soft 
tissue injuries 

ELN (rs2289360); TTN (rs2742327); 

SOX15 (rs4227); IGF2 (rs3213221); 
CCL2 (rs2857656); COL1A1 

(rs1800012); COL5A1 (rs12722); 

TNC (rs2104772) 

The frequency of the SNPs varied among the three ethnic sub-groups (p < 0.0001).  

 
Among Caucasians, a significant relationship was observed between ligament 

injuries and ELN (p = 0.001) and between tendinous injuries and ELN (p = 

0.05) and IGF2 (p = 0.05).  

 

Among Hispanics, there was a significant relation between muscle injuries and 
ELN (p = 0.032) and IGF2 (p = 0.016). 

Varley et al. 

(2015) 

518 elite male and female athletes, 

including 218 football players. 
Elite athletes were mainly white 

Caucasian (83.2% in the stress 

fracture Cases and 79.9% in the 

non-stress fracture Controls) 

Stress fracture  RANK (rs3018362); RANKL 

(rs1021188, rs9594738); OPG 
(rs4355801) 

RANK rs3018362 GA + AA genotypes (p = 0.049) and RANKL rs1021188 AA 

genotype (p = 0.024) were associated with stress fracture prevalence.  
 

RANKL rs1021188 AA genotype (p = 0.006) and OPG rs4355801 GA + GG 

genotypes (p = 0.042) were associated with multiple stress fracture injuries. 

Artells et al. 
(2016) 

60 elite European football players 
(aged 25.52 ± 2.5 years). 

 MCL ELN (rs2289360) No significant associations were observed. 

Varley et al. 

(2016) 

210 active duty Israel Defence Force 

soldiers and 518 elite male and 

female athletes, including 218 

football players. Elite athletes were 

mainly white Caucasian (83.2% in 
the stress fracture Cases and 79.9% 

in the non-stress fracture Controls) 

Stress fracture  P2RX7 (rs208294, rs1718119, 

rs2230912, rs3751143, rs1653624) 

The C allele of rs3751143 was associated with stress fracture injury, whilst the A 

allele of rs1718119 was associated with a reduced occurrence of stress fracture 

injury in military conscripts (p < 0.05).  

 

The C allele of rs3751143 was associated with stress fractures in elite athletes 
(p = 0.05), whereas the A allele of rs1718119 was associated with reduced 

multiple stress fracture cases in elite athletes (p < 0.01). 

Cauci et al. 

(2017) 

60 Italian Caucasian male and female 

athletes (aged 33.9 ± 13.3 years), 

including 7 football players. 

Self-reported LBP VDR (rs2228570) The FF genotype was significantly associated with LBP (p = 0.015; adjusted OR = 

5.78, 95% CI: 1.41–23.8).  

 
The F allele was a 2-fold risk factor to develop LBP (p = 0.046; adjusted OR = 

2.55, 95% CI: 1.02–6.43) while the f allele was protective. 

Cięszczyk et 
al. (2017) 

229 elite Polish Caucasian male and 
female football players who 

suffered an ACL vs 143 uninjured 

male and female athletes. 

ACL rupture (non-contact) ACAN (rs1516797); BGN (rs1042103, 
rs1126499); DCN (rs516115); 

VEGFA (rs699947) 

ACAN rs1516797 GT genotype was underrepresented in the CON group (p = 

0.017; OR = 1.68, 95% CI: 1.09-2.57) when all participants were investigated. 

 

BGN rs1042103 A allele was significantly under-represented in the male CON 

group compared to the male ACL group (p = 0.029; OR = 1.5, 95% CI: 1.05-

2.15). 

Pruna et al. 

(2017) 

74 elite male Spanish football players 

(aged 19–35 years). 

Non-contact 

musculoskeletal soft 
tissue injuries 

LIF (rs929271, rs737812); CCL2 

(rs1860189); GEFT (rs11613457); 
MYF5 (rs1163263); DES 

(rs60794845, rs58999456); HGF 

(rs5745678, rs5745697, rs1011694); 

MMP3 (rs679620); GDF5 

(rs143383) 

HGF (rs5745678) T allele protects against severe injuries (p = 0.002) and is 

associated with shorter recovery time (p = 0.009).  
 

Injuries associated with the CA/AA genotypes in HGF (rs5745697) were not 

severe (p = 0.008) and resulted in a shorter recovery time than the TT 

genotype (p = 0.020).  

 
Injuries associated with the AT/TT genotypes in HGF (rs1011694) were mild 

or moderate (p = 0.019). 

 

Injuries associated with the GEFT (rs11613457) GG genotype required less 

recovery time than the GA genotype (p = 0.004).  



 102 

Cochrane et 

al. (2018) 

250 collegiate student male and 

female athletes (aged 19.0 ± 1.3 
years), including 35 men’s football, 

and 32 women’s football players. 

Self-reported Concussion APOE (rs429358 + rs7412) isoforms 

(E2, E3, E4); APOE (rs405509); 
COMT (rs4680); DRD2 

(rs18000497) 

No polymorphism significantly predicted concussion history. 

Larruskain et 

al. (2018) 

107 elite male Spanish Caucasian 

football players (aged 20 ± 4 
years). 

Hamstring (non-contact) COL5A1 (rs16399, rs12722); COL1A1 

(rs1107946, rs1800012); CASP8 
(rs3834129, rs1045485); MMP3 

(rs679620); MMP1 (rs1799750); 

NOS3 (rs1799983); DCN 

(rs516115); HIF1A (rs11549465); 

MMP12 (rs2276109); ADAM12 
(rs3740199); SOX15 (rs4227); TNC 

(rs2104772); CCL2 (rs2857656); 

VEGFA (rs2010963); ADAMTS5 

(rs226794); ACTN3 (rs1815739); 

ACAN (rs1516797); ADAMTS2 
(rs1054480); IL6 (rs1800795); 

GDF5 (rs143383); ACE 

(rs1799752); COL12A1 (rs970547); 

SOD2 (rs4880); MLCK 

(rs2700352); TIMP2 (rs4789932); 
IL6R (rs2228145); ADAMTS14 

(rs4747096); EMILIN1 (rs2289360); 

TTN (rs2742327); IGF2 

(rs3213221); TNF (rs1800629); 

IL1A (rs1800587); CCR2 
(rs768539); IL1B (rs1143634) 

Five SNPs were found to be significantly associated with hamstring injury in a 

multivariable model:  
 

MMP3 rs679620 A vs G (p = 0.0000062; HR = 2.06, 95% CI: 1.51–2.81)  

 

TNC rs2104772 A vs T (p = 0.004; HR = 1.65, 95% CI: 1.17–2.32) 

 
IL6 rs1800795 GG vs GC + CC (p = 0.01; HR = 1.68, 95% CI: 1.11–2.53)  

 

NOS3 rs1799983 G vs T (p = 0.04; HR = 1.35, 95% CI: 1.01–1.79) 

 

HIF1A rs11549465 CC vs CT (p = 0.05; HR = 2.08, 95% CI: 1.00–4.29) 

Lulińska-

Kuklik et al. 

(2018) 

134 elite male Polish Caucasian 

football players (aged 23.4 ± 3.1 

years), with ACL ruptures vs 211 

male elite football players (aged 
25.3 ± 3.4 years), without any self-

reported history of ligament or 

tendon injury.  

ACL rupture (non-contact) COL5A1 (rs12722, rs13946) COL5A1 rs13946 (CC + CT vs TT) was associated with less injuries (p = 0.039) 

when a dominant mode of inheritance was tested.  

 

C-C haplotype was found to be overrepresented in the control group compared 
to the ACL group (p = 0.038) when the dominant model was tested. 

McCabe & 

Collins 
(2018) 

289 male football players (aged 18–32 

years). 

Knee and ankle GDF5 (rs143383); AMPD1 

(rs17602729); COL5A1 (rs12722); 
IGF2 (rs680) 

GDF5 TT genotype had more ankle injuries and total injuries (p < 0.001) 

compared to players with CC and CT genotypes and had more knee injuries (p 

< 0.001) compared to those in the CT group. 

 

AMPD1 CC genotype had fewer ankle, knee and total injuries (p < 0.001). 

 

COL5A1 TT genotype had more ankle, knee  and total injuries (p < 0.001). 
 

IGF2 GG genotype had more knee and total injuries (p < 0.001) compared to 

players with AA and AG genotypes and had more ankle injuries (p < 0.001) 

compared to those with AG genotype. 
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Terrell et al. 

(2018) 

1056 collegiate athletes, including 155 

male and female football players, 
(aged 19.7 ± 1.5 years). Ethnicity - 

59.4% Caucasian, 35.0% African-

American, and 5.6% other race. 

Concussion APOE (rs429358 + rs7412) isoforms 

(E2, E3, E4); APOE (rs405509); 
MAPT (rs2258689, rs10445337); 

IL6 (rs1800795); IL6R (rs2228145)  

Positive association between IL6R CC (p = 0.001) and a negative association 

between APOE E4 (p = 0.03) and the risk of concussion.  
 

Unadjusted and adjusted logistic regression analysis showed a significant 

association between IL6R CC and concussion (p = 0.002; OR = 3.48, 95% CI: 

1.58-7.65) and between APOE E4 and concussion (p = 0.04; OR = 0.61, 95% 

CI: 0.38-0.96). 

Varley et al. 

(2018) 

518 elite male and female athletes, 

including 218 football players 

(aged 24.2 ± 5.5 years). Athletes 

were mainly white Caucasian 

(83.2% in the stress fracture Cases 
and 79.9% in the non-stress 

fracture Controls). 

Stress fracture  VDR (rs1544410, rs731236, rs7975232, 

rs10735810); GC (rs7041, rs4588); 

WNT16 (rs3801387); SOST 

(rs1877632); COL1A1 (rs1800012); 

LRP5 (rs3736228); CTR 
(rs1801197) 

SOST rs1877632 and VDR rs10735810 and rs731236 were associated with stress 

fracture (p < 0.05).  

 

In the whole cohort, rs1877632 heterozygotes and homozygotes of the rare 

allele (T) combined made up 59% of stress fracture sufferers in comparison to 
46% in the non-stress fracture group (p = 0.05).  

 

In the multiple stress fracture cohort, homozygotes of the rare allele of 

rs10735810 (f) and rs731236 (T) showed an association with stress fracture 

when compared to those homozygotes for the common allele combined with 
heterozygotes (p = 0.03; p = 0.01). 

Clos et al. 
(2019) 

43 elite male Caucasian (53.5%), 
Black African (16.3%) and 

Hispanic (30.2%) football players 

(aged 20-37 years). 

Non-contact 
musculoskeletal soft 

tissue injuries 

ACTN3 (rs1815739) ACTN3 rs1815739 XX genotype was associated with non-contact musculoskeletal 
soft-tissue injury incidence (p = 0.003). Average number of injuries per 

season; XX (2.78), RR (1.51) and RX (0.83). 

Kumagai et 
al. (2019) 

1311 elite Japanese male and female 
athletes, including 480 football 

players (aged 20.6 ± 2.9 years). 

Self-reported non-contact 
muscle injuries 

ESR1 (rs2234693, rs9340799) Genotype frequencies for ESR1 rs2234693 CT were significantly different 
between the injured and uninjured groups in a C-allele dominant CC + CT vs 

TT (p = 0.016; OR = 0.62, 95% CI: 0.43–0.91; P) and additive CC vs CT vs 

TT (p = 0.008; OR = 0.70, 95% CI: 0.53–0.91) model in all athletes. 

 

Results suggest that the ESR1 rs2234693 C allele, in contrast to the T allele, 
provides protection against muscle injury. 

Lulińska-
Kuklik, 

Laguette, et 

al. (2019) 

229 elite Polish Caucasian male and 
female football players who 

suffered an ACL injury (aged 26 ± 

4 years) vs 192 male and female 

controls (aged 25 ± 3 years). 

ACL rupture (non-contact) TNC (rs1330363, rs2104772, rs13321)  Genotype and allele frequencies of TNC variants did not differ between cases and 
controls.  

  

Lulińska-

Kuklik, 
Leźnicka, et 

al. (2019) 

222 elite Polish Caucasian male and 

female football players who 
suffered an ACL injury (aged 26 ± 

4 years) vs 190 male and female 

controls (aged 25 ± 3 years). 

ACL rupture (non-contact) VEGFA (rs699947, rs1570360, 

rs2010963) 

VEGFA rs2010963 was associated with risk of ACL rupture in the codominant (p 

= 0.047) and recessive model (p = 0.017). In the latter, the CC genotype was 
overrepresented among individuals with ACL rupture (23.4% vs 14.2%, 

OR=1.85 [1.11-3.08]). 

Massidda et 

al. (2019) 

257 elite male Italian Caucasian 

football players (aged 21.± 5.3 

years) vs 263 untrained males 

(aged 22.4 ± 6.2 years). 

Non-contact muscle 

injuries 

ACTN3 (rs1815739) ACTN3 XX players were more susceptible to injury (p = 0.02; OR = 2.66, 95% CI: 

1.09-6.63) and severe injury (p = 0.0054; OR = 2.13, 95% CI: 1.25-3.74) than 

ACTN3 RR players.  
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Rodas et al. 

(2019) 

363 elite male and female team sport 

athletes, including 223 football 
players (aged 25 ± 6.5 years). 

Caucasian (n = 327), African 

American (n = 21), Brazilian (n = 

12), and Asian (n = 3). 

Tendinopathy GWAS - 495,837 initially and 

1,419,369 after synthetic variant 
imputation 

Suggestive association (P < 10-5) was found for GJA1 (rs11154027), VAT1L 

(rs4362400), and CNTP2 (rs10263021).  
 

Carriage of the A allele for rs11154027 (p = 1.01 × 10-6) and G allele for 

rs4362400 (p = 9.6 × 10-6) was associated with a higher risk of tendinopathy. 

Carriage of the A allele for rs10263021 (p = 4.5 × 10-6) was associated with a 

lower risk of tendinopathy. 
Massidda et 

al. (2020) 

710 male elite football players from 

Italy (n = 341, aged 19.9 ± 5 years) 

and Japan (n = 369, aged 20.8 ± 1.4 

years). 

Non-contact muscle 

injuries 

ACE (rs4341) In the Japanese cohort, the ACE I/D polymorphism was significantly associated 

with muscle injury using the D-dominant model (OR: 0.48, 95% CI: 0.24–

0.97, p = 0.04).  

 

The meta-analysis showed that in the pooled model (Italian and Japanese 
populations), the frequencies of the DD+ID genotypes were significantly 

lower in the injured groups than in non-injured groups (OR: 0.61, 95% CI: 

0.38–0.98, p = 0.04). 

Rodas et al. 

(2021) 

46 male and female players (aged 26.1 

± 4.6 years) from a top-level 
professional football team. 

Non-contact muscle 

injuries 

ACTN3 (rs1815739) There was a trend towards a higher risk of muscle injury associated with the XX 

genotype (P = 0.092, with no injury-free XX player during the 5-year study 
period) and a significant genotype effect for the time needed to return to play 

(p = 0.044, with the highest value shown for the XX genotype, i.e., 36 ± 26 

days, vs. 20 ± 10 and 17 ± 12 days for RR and RX, respectively). 

Hall et al. 
(2022) 

402 Caucasian male academy football 
players (aged 9-23 years) from 

England, Spain, Uruguay, and 

Brazil, whose maturity status was 

defined as pre- or post-peak height 

velocity (PHV). 

Musculoskeletal injuries ACTN3 (rs1815739), CCL2 
(rs2857656), COL1A1 (rs1800012), 

COL5A1 (rs12722), EMILIN1 

(rs2289360), IL6 (rs1800795), 

MMP3 (rs679620), MYLK 

(rs28497577), VEGFA (rs2010963) 

Pre-PHV COL5A1 rs12722 CC homozygotes had relatively higher prevalence of 
any musculoskeletal soft tissue (22.4% vs. 3.0%, p = 0.018) and ligament 

(18.8% vs. 11.8%, p = 0.029) injury than T-allele carriers, while VEGFA 

rs2010963 CC homozygotes had greater risk of ligament/tendon injury than G-

allele carriers (p = 0.011).  

 
Post-PHV IL6 rs1800795 CC homozygotes had a relatively higher prevalence of 

any (67.6% vs. 40.6%, p = 0.003) and muscle (38.2% vs. 19.2%, p = 0.013) 

injuries than G-allele carriers. Relatively more post-PHV EMILIN1 rs2289360 

CC homozygotes suffered any injury than CT and TT genotypes (56.4% vs. 

40.3% and 32.8%, p = 0.007). 

Note. ACL = Anterior Cruciate Ligament; MCL = Medial Collateral Ligament; LBP = Low Back Pain; GWAS = Genome-Wide Association Study; OR = Odds Ratio; CI = Confidence Interval. 

.
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Table 4.2. Quality assessment of studies. 

 Newcastle-Ottowa Scale Score 

Study Selection Comparability Outcome / Exposure Total 

Kristman et al. (2008) ★★★ ★★ ★★★ 8 

Terrell et al. (2008) ★★★ ★★ ★★ 7 

Tierney et al. (2010) ★★★  ★★ 5 

McDevitt et al. (2011) ★★★★ ★★ ★★★ 9 

Ficek et al. (2013) ★★★ ★★ ★★★ 8 

Pruna et al. (2013) ★★★★ ★ ★★★ 8 

Ficek et al. (2014) ★★★ ★★ ★★★ 8 

Mannion et al. (2014) ★★★★  ★★ 6 

Massidda et al. (2014) ★★★★ ★ ★★★ 8 

Rahim et al. (2014) ★★  ★★ 4 

Massidda et al. (2015a) ★★★★ ★ ★★★ 8 

Massidda et al. (2015b) ★★★★ ★ ★★★ 8 

Pruna et al. (2015) ★★★★  ★★★ 7 

Varley et al. (2015) ★★★ ★ ★★ 6 

Artells et al. (2016) ★★  ★★★ 5 

Varley et al. (2016) ★★★ ★ ★★ 6 

Cauci et al. (2017) ★★ ★ ★★ 5 

Cieszczyk et al. (2017) ★★★★ ★★ ★★ 8 

Pruna et al. (2017) ★★★★ ★ ★★★ 8 

Cochrane et al. (2018) ★  ★★ 3 

Larruskain et al. (2018) ★★★★ ★ ★★★ 8 

Lulińska-Kulik et al. (2018) ★★★★ ★★ ★★ 8 

McCabe & Collins (2018) ★★  ★★★ 5 

Terrell et al. (2018) ★★★★ ★ ★★★ 8 

Varley et al. (2018) ★★★ ★ ★★ 6 

Clos et al. (2019) ★★★★ ★ ★★ 7 

Kumagai et al. (2019) ★ ★ ★★ 4 

Lulińska-Kulik, Laguette, et al. (2019) ★★★★ ★★ ★★ 8 

Lulińska-Kulik, Leźnicka, et al. (2019) ★★★★ ★★ ★★ 8 

Massidda et al. (2019) ★★★ ★ ★★★ 7 

Rodas et al. (2019) ★★★ ★ ★★★ 7 

Massidda et al. (2020) ★★★★ ★ ★★★ 8 

Rodas et al. (2021) ★★★★  ★★ 6 

Hall et al. (2022) ★★★★ ★ ★★ 7 

Note. Selection = 4 items (1 star can be awarded for each item); Comparability = 1 item (2 stars can 

be awarded); Outcome / Exposure = 3 items (1 star can be awarded for each item). A maximum 

score of 9 is possible. 
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Table 4.3. Polymorphism investigations and associations.  

Gene Abbr Chr Polymorphism N + 

Collagen type 5 alpha 1 chain COL5A1 9q34.3 rs12722 7 2* 

Collagen type I alpha 1 chain COL1A1 17q21.33 rs1800012 6 0 

Actinin alpha 3 ACTN3 11q13.2 rs1815739 5 2 

Apolipoprotein E APOE 19q13.32 E4 rs429358 & rs7412 5 1 

Interleukin 6 IL6 7p15.3 rs1800795 4 2* 

Vascular endothelial growth factor A VEGFA 6p21.1 rs2010963 4 2 

Apolipoprotein E APOE 19q13.32 rs405509 4 1 

C-C motif chemokine ligand 2 CCL2 17q12 rs2857656 4 1 

Tenascin C TNC 9q33.1 rs2104772 4 1 

Apolipoprotein E APOE 19q13.32 E2 rs429358 & rs7412 4 0 

Aggrecan ACAN 15q26.1 rs1516797 3 2 

Elastin ELN 7q11.23 rs2289360 3 1 

Insulin like growth factor 2 IGF2 11p15.5 rs3213221 3 1 

Decorin DCN 12q21.33 rs516115 3 1 

Growth differentiation factor 5 GDF5 20q11.22 rs143383 3 1 

Matrix metallopeptidase 3 MMP3 11q22.2 rs679620 3 1 

Vitamin D receptor VDR 12q13.11 rs7975232 3 1 

Vitamin D receptor VDR 12q13.11 rs2228570 3 1 

Vascular endothelial growth factor A VEGFA 6p21.1 rs699947 3 1 

Apolipoprotein E APOE 19q13.32 E3 rs429358 & rs7412 3 0 

SRY-box transcription factor 15 SOX15 17p13.1 rs4227 3 0 

Titin TTN 2q31.2 rs2742327 3 0 

Vitamin D receptor VDR 12q13.11 rs1544410 3 0 

Biglycan BGN Xq28 rs1042103 2 1 

Elastin microfibril interfacer 1 EMILIN1 2p23.3 rs2289360 2 1 

Hypoxia inducible factor 1 subunit alpha HIF1A 14q23.2 rs11549465 2 1 

Interleukin 6 receptor IL6R 1q21.3 rs2228145 2 1 

Solute carrier family 16 member 1 SLC16A1 1p13.2 rs1049434 2 1 

Vascular endothelial growth factor A VEGFA 6p21.1 rs1570360 2 1 

Biglycan BGN Xq28 rs1126499 2 0 

Collagen type I alpha 1 chain COL1A1 17q21.33 rs1107946 2 0 

Collagen type XII alpha 1 chain COL12A1 6q13-q14.1 rs970547 2 0 

Microtubule associated protein tau MAPT 17q21.31 rs10445337 2 0 

Microtubule associated protein tau MAPT 17q21.31 rs2258689 2 0 

Adenosine monophosphate deaminase 1 AMPD1 1p13.2 rs17602729 1 1 

Angiotensin I converting enzyme ACE 17q23.3 rs4341 1 1 

Collagen type 5 alpha 1 chain COL5A1 9q34.3 rs16399 1 1 

Estrogen receptor 1 ESR1 6q25.1-q25.2 rs2234693 1 1 

Hepatocyte growth factor HGF 7q21.11 rs1011694 1 1 

Hepatocyte growth factor HGF 7q21.11 rs5745697 1 1 

Hepatocyte growth factor HGF 7q21.11 rs5745678 1 1 
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Insulin like growth factor 2 IGF2 11p15.5 rs680 1 1 

Kinase insert domain receptor KDR 4q12 rs2071559 1 1 

Nitric oxide synthase 3 NOS3 7q36.1 rs1799983 1 1 

Purinergic receptor P2X 7 P2RX7 12q24.31 rs1718119 1 1 

Purinergic receptor P2X 7 P2RX7 12q24.31 rs3751143 1 1 

Rho guanine nucleotide exchange factor 25 GEFT 12q13.3 rs11613457 1 1 

Sclerostin SOST 17q21.31 rs1877632 1 1 

TNF receptor superfamily member 11a RANK 18q21.33 rs3018362 1 1 

TNF receptor superfamily member 11b OPG 8q24.12 rs4355801 1 1 

TNF superfamily member 11 RANKL 13q14 rs1021188 1 1 

Vitamin D receptor VDR 12q13.11 rs731236 1 1 

Vitamin D receptor VDR 12q13.11 rs10735810 1 1 

ADAM metallopeptidase domain 12 ADAM12 10q26.2 rs3740199 1 0 

ADAM metallopeptidase with thrombospondin type 1 motif 14 ADAMTS14 10q22.1 rs4747096 1 0 

ADAM metallopeptidase with thrombospondin type 1 motif 2 ADAMTS2 5q35.3 rs1054480 1 0 

ADAM metallopeptidase with thrombospondin type 1 motif 5 ADAMTS5 21q21.3 rs226794 1 0 

Aggrecan ACAN 15q26.1 rs1042631 1 0 

Aggrecan ACAN 15q26.1 rs2351491 1 0 

Angiotensin I converting enzyme ACE 17q23.3 rs1799752 1 0 

C-C motif chemokine ligand 2 CCL2 17q12 rs1860189 1 0 

C-C motif chemokine receptor 2 CCR2 3p21.31 rs768539 1 0 

Calcitonin receptor CTR 7q21.3 rs1801197 1 0 

Caspase 8 CASP8 2q33.1 rs1045485 1 0 

Caspase 8 CASP8 2q33.1 rs3834129 1 0 

Catechol-O-methyltransferase COMT 22q11.21 rs4680 1 0 

Decorin DCN 12q21.33 rs13312816 1 0 

Desmin DES 2q35 rs58999456 1 0 

Desmin DES 2q35 rs60794845 1 0 

Dopamine receptor D2 DRD2 11q23.2 rs18000497 1 0 

Estrogen receptor 1 ESR1 6q25.1-q25.2 rs9340799 1 0 

Fibromodulin FMOD 1q32.1 rs10800912 1 0 

Fibromodulin FMOD 1q32.1 rs7543148 1 0 

GC vitamin D binding protein GC 4q13.3 rs7041 1 0 

GC vitamin D binding protein GC 4q13.3 rs4588 1 0 

Interleukin 1 alpha IL1A 2q14.1 rs1800587 1 0 

Interleukin 1 beta IL1B 2q14.1 rs1143634 1 0 

Kinase insert domain receptor KDR 4q12 rs1870377 1 0 

LDL receptor related protein 5 LRP5 11q13.2 rs3736228 1 0 

LIF interleukin 6 family cytokine LIF 22q12.2 rs737812 1 0 

LIF interleukin 6 family cytokine LIF 22q12.2 rs929271 1 0 

Lumican LUM 12q21.33 rs2268578 1 0 

Matrix metallopeptidase 1 MMP1 11q22.2 rs1799750 1 0 

Matrix metallopeptidase 12 MMP12 11q22.2 rs2276109 1 0 
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Myogenic factor 5 MYF5 12q21.31 rs1163263 1 0 

Myosin light chain kinase MLCK/MYLK 3q21.1 rs2700352 1 0 

Myosin light chain kinase MLCK/MYLK 3q21.1 rs28497577 1 0 

Nerve growth factor NGFB 1p13.2 rs6678788 1 0 

Neurofilament heavy NEFH 22q12.2 rs165602 1 0 

Purinergic receptor P2X 7 P2RX7 12q24.31 rs208294 1 0 

Purinergic receptor P2X 7 P2RX7 12q24.31 rs2230912 1 0 

Purinergic receptor P2X 7 P2RX7 12q24.31 rs1653624 1 0 

Superoxide dismutase 2 SOD2 6q25.3 rs4880 1 0 

Tenascin C TNC 9q33.1 rs13321 1 0 

Tenascin C TNC 9q33.1 rs1330363 1 0 

TIMP metallopeptidase inhibitor 2 TIMP2 17q25.3 rs4789932 1 0 

TNF superfamily member 11 RANKL 13q14 rs9594738 1 0 

Tumor necrosis factor TNF 6p21.33 rs1800629 1 0 

Wnt family member 16 WNT16 7q31.31 rs3801387 1 0 

Note. Abbr = Abbreviation; Chr = Chromosome location; N = Number of studies; + = Association; * = Contrasting allelic associations. 

 

4.3.3 Genetic variants 

Across the 33 CGASs, a total of 99 unique polymorphisms were assessed within 63 genes (see 

Table 4.3). Forty-one unique polymorphisms were associated with injury at least once, 

whereas three polymorphisms had their specific allelic associations with injury replicated at 

least twice in independent cohorts: Actinin alpha 3 (ACTN3; rs1815739), Aggrecan (ACAN; 

rs1516797), and Vascular endothelial growth factor A (VEGFA; rs2010963). More 

specifically, the X/X genotype of ACTN3 (rs1815739) was associated with an increased 

susceptibility to non-contact muscle injuries (Clos et al., 2019; Massidda et al., 2019). Whereas 

the G allele and T/T genotype of ACAN (rs1516797) were associated with increased and 

decreased susceptibility to ACL injuries, respectively (Mannion et al., 2014; Cięszczyk et al., 

2017), whilst the C/C genotype of VEGFA (rs2010963) was associated with an increased risk 

of ACL rupture (Lulińska-Kuklik, Leźnicka, et al., 2019) and ligament or tendon injuries (Hall 

et al., 2022). In the only GWAS (Rodas et al., 2019), three additional polymorphisms had a 

‘suggestive’ association (p < 10-5) with tendinopathy; however, they failed to reach the study’s 

set (p < 10-7) and typical (p < 10-8) genome-wide statistical significance thresholds. 
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4.4 Discussion 

The aim of this review was to synthesise genetic association studies that have investigated 

injury involving football players to identify which genetic variants have the most empirical 

evidence to date. To the author’s knowledge, this is the first review to explore this within a 

football context. The main findings of this review show that of the 99 unique polymorphisms 

that have been assessed regarding genetic associations with injury in football players, only the 

ACTN3 (rs1815739), ACAN (rs1516797), and VEGFA (rs2010963) polymorphisms presented 

similar findings in independent cohorts. Replication is vitally important in genetic association 

research, as associations in preliminary studies are often overstated. Indeed, a meta-analysis 

showcased that it is common for subsequent studies to report more modest associations, 

compared to superior associations of initial studies when investigating novel genetic variants 

(Ioannidis et al., 2001). As such, preliminary reported genetic associations should be carefully 

interpreted until a subsequent study using an independent population sample replicates the 

results. Thus, as ACTN3 (rs1815739), ACAN (rs1516797), and VEGFA (rs2010963) were the 

only three isolated polymorphisms that appeared to replicate their specific allelic associations 

in more than one independent cohort, they will be discussed in greater detail. Furthermore, a 

critical evaluation of the intra- and inter-study methodological limitations will be provided to 

examine the reliability of their individual findings and validity of their replications.  

The R allele of ACTN3 (rs1815739) is regarded as beneficial to strength/power 

performance and in a recent meta-analysis has been associated with professional status within 

football (McAuley, Hughes, et al., 2021b). Regarding injury susceptibility, Moreno et al. 

(2020) recently reported that endurance runners with ACTN3 X/X genotype were at an 

increased risk of sustaining a muscle injury. One of the functions of ACTN3 involves encoding 

the actinin alpha 3 protein (North et al., 1999), which is a vital structural component of the Z-

line as it, along with actin-containing filaments, anchors and stabilises the muscle contractile 
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mechanism (Mills et al., 2001). The rs1815739 polymorphism can produce a deficient protein 

when a premature stop codon (X) replaces arginine (R) at residue 577 (Yang et al., 2003). As 

such, it is speculated that because X/X individuals have a lack of actinin alpha 3 protein, this 

reduces the capacity of the skeletal muscle to tolerate the consequent muscle contractions from 

long-term and exhaustive exercise that facilitate muscle injury (Baltazar-Martins et al., 2020). 

Specifically, a X/X genotype may create a less powerful link between the actin filaments and 

the Z-line, which then results in a structural deficiency, leading to a sarcomere more prone to 

suffering damage under high mechanical stress (Baltazar-Martins et al., 2020). Furthermore, it 

has been reported that actinin alpha 3 deficient individuals appear to sustain greater muscle 

damage following physical activity (Lee et al., 2016; Pimenta et al., 2012), but require less 

recovery time (Coelho et al., 2019; Lee et al., 2016). Therefore, it has also been speculated that 

although football players possessing a X/X genotype may recover at a faster rate, they are 

perhaps exposed to an intolerable amount of muscle damage, inhibiting the recovery process 

(Clos et al., 2019). Indeed, several studies found that X/X homozygotes sustained more severe 

injuries or were absent for a greater number of days following injury (Hall et al., 2022; 

Massidda et al., 2019; Rodas et al., 2021). A mechanistic explanation for an increased injury 

risk in those with the X/X variant has been proposed. The X/X genotype may result in an 

enhanced activation of calcineurin and a consequent shift in fast-twitch fibres toward oxidative 

metabolism (Seto et al., 2013). This inter-genotype metabolic handling resulted in significantly 

higher calcium release during muscle contractions in ACTN3 knockout mice (Quinlan et al., 

2010; Head et al., 2015). Moreover, an additional by-product of complete ACTN3 deficiency 

is the upregulation and accumulation of other Z-line proteins (Seto et al., 2011). Therefore, in 

X-allele carriers, this may decrease the stability and rigidity of type IIa fibres (Broos et al., 

2012), which may facilitate a greater susceptibility to muscle injuries (Baumert et al., 2019). It 

is important to note that these suggestions remain speculative, as the exact mechanism to 
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explain the potential higher incidence of sports-related muscle injury in X/X athletes is yet to 

be established (Baltazar-Martins et al., 2020). 

The ACAN (rs1516797) polymorphism was investigated in three independent population 

samples. Whilst only two of the three investigations found a significant association with injury, 

it is important to note that the study that showed no significant differences was only 

investigating associations with muscular (hamstring) injury (Larruskain et al., 2018). Whereas, 

the two studies that found a significant association with ACAN (rs1516797) and injury were 

investigating ligament (more specifically ACL) injuries. The role of ACAN in the structural 

governance of the ligament (Young et al., 2011), may provide an explanation for the findings 

shown. Both studies reported that individuals possessing a G allele of ACAN are more at risk 

of sustaining an ACL injury, with the T/T genotype being associated with increased protection. 

The genotype distribution of individuals who sustained an ACL injury was similar between 

studies (i.e., G/G = 11%, T/G = 47-49%; T/T = 40-42%). The ACAN gene encodes the aggrecan 

protein, which is a large structural proteoglycan mostly abundant in cartilage (Young et al., 

2011). Proteoglycans perform a synergistic role in fibrillogenesis, potentially through many of 

their direct/indirect interactions with several proteins; including, the collagen network and cell-

signalling molecules within the extracellular matrix (Heinegård, 2009). The alteration of 

collagen fibril properties may change various biomechanical and functional components of the 

ligament, possibly increasing injury risk. Indeed, lower levels of proteoglycan and 

glycosaminoglycan have been observed in ruptured versus non-ruptured human ACL tissue 

(Young et al., 2011). As such, proteoglycan encoding genes are deemed viable candidates 

worthy of investigation regarding associations with ligament injuries. However, the specific 

biological functions of the T/G genotypes within the ACAN (rs1516797) polymorphism are yet 

to be determined (Heinegård, 2009; Mannion et al., 2014). Until an exact mechanistic 

explanation for ACAN (rs1516797) is determined, it is currently unclear how the shown 
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associations can be used in the identification of genetic risk factors for injury in football 

players. 

The VEGFA (rs2010963) polymorphism was investigated in four studies using 

independent cohorts. The two studies that reported an association between VEGFA (rs2010963) 

and injury found associations with ACL ruptures (Lulińska-Kuklik, Leźnicka, et al., 2019) and 

ligament or tendon injuries (Hall et al., 2022). The two studies that reported no association 

between VEGFA (rs2010963) and injury were investigating ACL ruptures (Rahim et al., 2014) 

and hamstring injuries (Larruskain et al., 2018). The VEGFA gene encodes the vascular 

endothelial growth factor-A protein, which is considered the dominant inducer of angiogenesis 

(Schneider et al., 2008). Angiogenesis can be described as the formation of new capillary blood 

vessels from existing micro vessels, which has an important function in numerous biological 

processes (e.g., embryological development, inflammation, and wound healing) and the 

pathogenesis of several diseases (e.g., cancer, diabetic retinopathy, and rheumatoid arthritis) 

(Zhao et al., 2016). Functional polymorphisms of VEGFA can alter gene expression and protein 

production, an imbalance of which can have negative physiological consequences. For 

instance, it has been reported that an increase in VEGFA expression upregulates the expression 

of matrix metalloproteinases, which may adversely alter the biomechanical properties of 

ligaments via compromised extracellular matrix homeostasis (Wang & Keiser, 1998). The C/C 

genotype of VEGFA (rs2010963) has been associated with enhanced protein expression and 

plasma VEFGA concentration (Schneider et al., 2008). As such, the increased susceptibility of 

C/C homozygotes to ligament injuries in football may be due to these biological mechanisms 

associated with increased VEFGA expression. 

When critically analysing the methodological approach and cohort characteristics of each 

ACTN3, ACAN, and VEGFA study, it is clear that there are some significant within- and 

between-study limitations and variability. As such, this undermines the reliability and validity 
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of the reported associations. For instance, with regards to the ACTN3 studies, Massidda et al. 

(2019) reported on 169 Caucasian male football players of varying ages and competitive 

playing levels recorded via injury incidence (i.e., total injuries per 1000 hours). Whereas Clos 

et al. (2019) reported on 43 senior professional male football players of different ethnicities 

(Caucasian = 23; Hispanic = 13; Black African = 7) recorded via injury rate (i.e., total injuries 

per season). With regards to the ACAN studies, Cięszczyk et al. (2017) reported on a sample 

of 229 male (n = 158) and female (n = 71) Polish football players of a similar age but varying 

competitive playing levels who sustained an ACL injury via non-contact mechanisms. Whereas 

Mannion et al. (2014) reported on a sample of 227 male (n = 166) and female (n = 61) 

Caucasian athletes from multiple sports (football players = 14 males) of varying age and 

competitive playing levels who sustained an ACL injury via non-contact (n = 126) and contact 

mechanisms (n = 101). Finally, with regards to the VEGFA studies, Lulińska-Kuklik, Leźnicka, 

et al’s (2019) sample consisted of 222 senior Polish Caucasian male (n = 156) and female (n = 

66) football players of a similar age but varying competitive playing levels who sustained an 

ACL injury via non-contact mechanisms. Whereas Hall et al’s (2022) sample consisted of 402 

Caucasian male academy football players analysed separately based on maturity status who 

sustained an injury via contact and non-contact mechanisms. There are some evident issues 

present in these studies (e.g., small sample sizes, cohort heterogeneity, and population 

stratification), which are prevalent throughout all studies in this review and are discussed in 

more detail below (see limitations section). However, a specific limitation is the combination 

of male and females in regards to ACL injury risk. It is well reported that females are at a 

higher risk of ACL injury compared to males, with female football players in particular at a 2- 

to 3-fold higher risk than their male counterparts (see Waldén et al., 2011 for a review). As 

such, when factoring in these limitations and the considerable between-study variability, the 



 114 

evidence associating ACTN3 (rs1815739), ACAN (rs1516797), and VEGFA (rs2010963) with 

injury risk in football loses its credibility. 

Perhaps the most surprising result of this review was the lack of association and/or 

replication between some of the most heavily researched genes regarding injury susceptibility 

in sport; namely, the collagen type 5 alpha 1 chain (COL5A1) and collagen type 1 alpha 1 chain 

(COL1A1) genes. Both genes are involved in providing instructions for making components of 

collagen (Lv et al., 2018; Wang et al., 2017). The genetic variants of both genes have been 

extensively researched in a variety of sports, particularly the COL5A1 (rs12722) and COL1A1 

(rs1800012) polymorphisms. Indeed, two recent meta-analyses have reported that individuals 

possessing the T/T genotype of the COL5A1 (rs12722) polymorphism are predisposed to a 

higher risk of sustaining tendon and ligament injuries (Lv et al., 2018); whilst, individuals 

possessing the T/T genotype of the COL1A1 (rs1800012) polymorphism have a reduced risk 

of tendon and ligament injuries (Wang et al., 2017). Within this review, the COL5A1 (rs12722) 

polymorphism was studied the most frequently (seven studies), followed by the COL1A1 

(rs1800012) polymorphism (six studies). However, whilst the COL5A1 (rs12722) 

polymorphism was found to be associated with injury in two independent cohorts, contrasting 

allelic associations were reported in each study. More specifically, McCabe & Collins (2018) 

showed that the T allele was associated with knee and ankle injuries in senior players, whereas 

Hall et al. (2022) presented associations between the C allele and musculoskeletal soft-tissue 

injuries and ligament injuries in youth players. As such, with regards to football players, it 

would appear that the COL5A1 (rs12722) and COL1A1 (rs1800012) polymorphisms are not 

independently associated with injury. However, as also previously mentioned regarding the 

ACAN gene, not all studies investigated the COL5A1 (rs12722) and COL1A1 (rs1800012) 

polymorphisms with the most appropriate soft tissue injury (i.e., tendon and ligaments). Indeed, 

a number of studies instead chose to focus on muscular injuries, injuries as a whole, and/or 
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contact injuries. It is important to note the substantial variation in the underpinning 

mechanism(s) contributing to different injuries and that different injuries are likely to have 

dissimilar genetic predispositions. Moreover, contact injuries are likely to be less influenced 

by genetic predispositions and more a consequence of the contributing environmental factors. 

Consequently, the ability to draw valid conclusions based on genetic associations with contact 

injuries is extremely problematic. As such, the true association of the COL5A1 (rs12722) and 

COL1A1 (rs1800012) polymorphisms with injury in footballers remains unclear. 

4.4.1 Limitations 

Several methodological limitations exist across genetic association research investigating 

injury susceptibility in football. Thus, evaluations of many potential associations between 

polymorphisms and injury remain unclear and are currently inconclusive. Firstly, many of the 

studies were conducted using retrospective designs, with participants who self-reported their 

injuries. This is problematic, as many athletes have insufficient knowledge of what constitutes 

specific injuries and also allows for the possibility of recall bias (Fuller et al., 2006). Secondly, 

the sample size of most studies was very small. Consequently, many studies may have lacked 

the statistical power required to detect a significant association between a polymorphism and 

an injury, which may partly explain why most of the significant associations reported in this 

review were in studies with larger sample sizes. It is well known that a study investigating the 

association of a single polymorphism usually requires a sample size of hundreds, and in some 

cases, thousands (Hong & Park, 2012). This is because individual polymorphisms most likely 

only contribute a small amount to injury susceptibility, given that injury is such a multifactorial 

phenomenon (McCrea et al., 2017). It is also important to note that few studies attempted to 

investigate the combined influence of multiple polymorphisms with injury risk. Possible gene-

gene/gene-environment interactions are crucial regarding injury risk, in order to understand the 

complex mechanisms and polygenic nature underpinning each condition (McCrea et al., 2017). 
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Furthermore, the authors discovered only one GWAS within the literature. A GWAS is one of 

the most appropriate methods with which to assess genetic associations, given their ability to 

assess over 1,000,000 polymorphisms at once and identify novel genetic associations 

(Guilherme et al., 2014). As such, it is important that more advanced genomic technology is 

utilised in the future for studies that are appropriately designed for such. 

The heterogeneity of population samples via population stratification is also of concern. 

Individuals from different ancestral backgrounds inherit distinct allele frequencies. Thus, inter-

individual ethnic variation is problematic and can result in spurious associations (Freedman et 

al., 2004). However, many studies in this review have investigated footballers of diverse 

ethnicities together. Moreover, several studies have analysed participants of different sexes, 

playing levels, and sports together. This is problematic, as training and match loads differ 

across these population substructures, which consequently results in diverse injury 

susceptibility and further exacerbates sample heterogeneity (Lv et al., 2018). As such, it is 

essential that future research is conducted with improved methodological approaches and study 

designs (McAuley, Baker, et al., 2022). Recognisably, it is difficult to obtain a large 

homogenous cohort of athletes and afford the use of advanced genomic technology (Herbert et 

al., 2019; McAuley, Baker, et al., 2021; McAuley, Hughes, et al., 2022). Therefore, the 

participation of organisations in international consortia is imperative (McAuley, Hughes, et al., 

2021a; Pitsiladis et al., 2016). This will allow the sharing of data and resources, facilitate 

superior statistical power, and progress our understanding of the exact underlying pathobiology 

of injury susceptibility. Finally, it is also important to note that this review in itself is not 

without its limitations. Specifically, the inclusion of papers published only in the English 

language at the searching, screening, and analysis phases and the inclusion of solely published 

papers in general. As such, language restriction and publication bias may have had a significant 
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effect on the number of studies included in this review, and consequently the number of 

positive and/or negative associations. 

4.4.2 Practical Applications 

The utilisation of genetic information to aid in tailoring individualised training program designs 

for prehabilitation, and the recovery of players susceptible to injury, is an exciting prospect. 

However, at present, the evidence base supporting the use of genetic testing as a prognostic or 

diagnosis tool for injury risk in football is weak, and confounded by methodological limitations 

and inconsistencies. Future research via collaborations with improved methodological 

approaches and mechanistic studies will help identify significant biological pathways 

underpinning injury risk. Although, to truly have meaningful clinical application, genetic 

information will have to be used collectively alongside the various other intrinsic and extrinsic 

risk factors of injury (e.g., sex, age, injury history, anthropometrical differences, technique, 

equipment, and player loads) (López-Valenciano et al., 2020; McCall et al., 2015; Vlahovich 

et al., 2017). 

4.5 Conclusion 

Currently, 41 polymorphisms have been associated with injury in football at least once, 

whereas three polymorphisms (i.e., ACTN3 rs1815739, ACAN; rs1516797, and VEGFA 

rs2010963) have had their specific allelic associations with injury replicated at least twice in 

independent cohorts. However, there are several methodological issues (e.g., small sample 

sizes, cohort heterogeneity, and population stratification) that limit the subsequent reliability 

and external validity of findings. As such, within a football context, based on this review, there 

are currently no replicated and validated genetic variants that warrant the utilisation of genetic 

information as a prognostic or diagnosis tool for injury risk. The future participation of 

organisations in international consortia is suggested to combat the current methodological 
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issues discussed within this review and subsequently improve clarity concerning the underlying 

genetic contribution to injury susceptibility.



 119 

5 Genetic testing in professional football: Perspectives of key stakeholders 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Roos, T. R., Herbert, 

A. J., & Kelly, A. L. (2022e). Genetic testing in professional football: Perspectives of 

key stakeholders. Journal of Science in Sport and Exercise, 4(1), 49–59. 

https://doi.org/10.1007/s42978-021-00131-3 

 

Abstract 

Genetic research in football is currently in its infancy but is growing rapidly. However, the 

practical application of genetic testing in football and the views concerning its use are unknown. 

Thus, the purpose of this study was to assess the current practical application of genetic testing 

in professional football and provide an insight into the perspectives of key stakeholders (i.e., 

coaches, practitioners, players). In total, 122 participants completed an online anonymous 

survey. This consisted of 21 multiple choice and Likert scale questions, with the option of 

providing an explanation for each response. Findings revealed genetic testing is rarely utilised 

by key stakeholders (10%) or their respective organisations (14%). However, three quarters 

(75%) had the opinion that genetic testing will have great utility in the future. The majority 

(72%) believed genetic testing should be used for athlete development and injury risk, whilst 

35% believed that genetic testing should be utilised for talent identification purposes. However, 

most key stakeholders viewed their own (89%) and their colleagues’ (79%) knowledge related 

to genetic testing as insufficient; mainly due to ineffective current communication methods 

(91%). Most believed educational workshops are required (71%), whilst nearly all (91%) were 

interested in developing their expertise on the utility of genetic testing. Genetic testing is rarely 

used within professional football, although key stakeholders anticipate that it will be utilised 

https://doi.org/10.1007/s42978-021-00131-3
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more in the future. As such, educational support may prove valuable in improving key 

stakeholder knowledge and the practical application of genetic testing in professional football.  
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5.1 Introduction 

Achieving elite status in professional sport is a multifactorial process (Kelly & Williams, 

2020). More specifically, task constraints (e.g., deliberate practice; deliberate play), performer 

constraints (e.g., psychological characteristics; physiological factors), environmental 

constraints (e.g., relative age effects; birth place effects), and genetic factors have previously 

been shown to interact to facilitate sporting success at adulthood (Davids & Baker, 2007; Rees 

et al., 2016). To what extent each of these facets influences performance specifically in football 

remains unclear (Sarmento et al., 2018). Current research has estimated that the genetic 

contribution (i.e., heritability) to overall athletic status is ~66% (De Moor et al., 2007), with 

the estimated genetic influence on specific performance traits ranging broadly from 30-80% 

(Yan et al., 2016). Moreover, several genetic markers have been identified that may be 

associated with athlete status and specific performance-related phenotypes in football, such as 

the alpha-actinin-3 (ACTN3) R577X and angiotensin-I-converting enzyme (ACE) I/D 

polymorphisms (see McAuley, Hughes, et al., 2021b for a review). 

In light of this potential for genetic variation to influence performance, both direct-to-

consumer (DTC) and provider based genetic testing services are now offered by many 

companies (Webborn et al., 2015). Several DTC companies specifically target professional 

sport with advertising campaigns, which claim to provide personalised training and nutritional 

information to optimise performance and reduce injury susceptibility based on an athlete’s 

genotype (Goodlin et al., 2015a). Despite genetic testing in sport being a relatively new field, 

several athletes, practitioners, and organisations at the professional level have begun to 

embrace genetic testing as part of their training regime (Goodlin et al., 2015b). Indeed, genetic 

testing related to sport performance and injury susceptibility has been utilised within several 

sports in the UK (Varley et al., 2018). Furthermore, genetic testing in sport has been used in a 
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variety of circumstances throughout the world, such as identifying age, verifying sex, detecting 

doping, and revealing medical conditions (Patel & Varley, 2019). 

Interestingly, there is anecdotal evidence in football that suggests genetic testing is 

being used to identify and select talented performers (Scott & Kelso, 2008). This is concerning 

for many researchers and practitioners, not only because the existing evidence which DTC 

companies base their recommendations on is limited (Tanisawa et al., 2020), but also due to 

the accompanying social, ethical, and legal issues associated with potential genetic 

discrimination (Goodlin et al., 2015a). As such, several scientific consensus statements have 

deemed that the utilisation of genetic information, particularly for predicting future 

performance, is inappropriate and without scientific creditability (Vlahovich et al., 2017; 

Webborn et al., 2015). However, as genetic testing in sport is still in its infancy, there is 

currently limited formal regulation and legal legislation (Patel & Varley, 2019). As a result, 

organisations within football currently have little guidance on best practices, which may result 

in key stakeholders (i.e., coaches, practitioners, players) becoming vulnerable to 

misinformation (Tanisawa et al., 2020). 

Despite anecdotal evidence, it is not yet known the extent to which genetic testing is 

taking place in football and why key stakeholders may or may not use genetic testing. To the 

authors’ knowledge, there are only two peer-reviewed studies that have assessed the current 

use and opinions of genetic testing in sport (Pickering & Kiely, 2021; Varley et al., 2018). 

However, these studies only included 23 and 22 stakeholders employed in football respectively, 

limiting the application of their results to a football-specific context. As such, the aim of this 

study was to assess the current practical application of genetic testing in professional football 

by providing an insight into the perspectives of key stakeholders. 
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5.2 Methodology 

5.2.1 Recruitment 

Key stakeholders employed in professional football were contacted via email and by word of 

mouth from pre-existing personal and professional contacts. They were each invited to 

participate in this current study by completing the online anonymous survey and distribute it 

to other relevant parties. The study was also posted and advertised on various social media 

platforms. Invitations and posts included a link to the survey, whereby upon clicking the link, 

individuals would be subsequently directed to: (a) an information sheet detailing the survey’s 

purpose and eligibility requirements, and (b) an informed-consent form. The inclusion criteria 

consisted of: (a) being aged at least 18 years, (b) employed as a member of staff at a 

professional football club or organisation involving player development or contracted as a 

current player, and (c) providing informed consent. Ethical approval was granted by 

Birmingham City University via the Health, Education, and Life Sciences Academic Ethics 

Committee. 

5.2.2 Survey 

The survey was completed anonymously utilising an online survey tool 

(https://www.onlinesurveys.ac.uk), which is fully compliant with UK Data Protection laws and 

meets UK accessibility requirements. The survey comprised of 21 multiple choice and Likert 

scale questions (e.g., strongly disagree, disagree, unsure, agree, strongly agree; no influence, 

slightly, unsure, moderately, largely) regarding genetic association research and genetic testing 

in sport (see Appendix A for survey template). Respondents were also offered the opportunity 

to provide a qualitative explanation for their answers to enrich the quantitative data collected 

from the questions. Indeed, mixed-methodologies are encouraged in contemporary sport 

science research to ensure that findings are grounded in participants’ real-life experiences 

(Kelly & Turnnidge, 2021). The questions were broadly separated into the following six 

https://www.onlinesurveys.ac.uk/
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themes: (a) demographics, (b) utilisation, (c) awareness, (d) impact, (e) implementation, and 

(f) education. Data analysis consisted of frequency-based descriptive analysis, which was 

provided by the survey software directly, then exported for confirmation and further analysis. 

Methodological procedures are in accordance with Varley et al. (2018) and Pickering and Kiely 

(2021).  

5.3 Results 

5.3.1 Demographics 

In total, 122 key stakeholders completed the survey between July 13th, 2020 and September 4th, 

2020. The key stakeholders were predominately male (90%) and aged between 25-34 years 

(48%). Their specific employment roles included: Coach (n = 40), Player (n = 24), 

Physiotherapist (n = 16), Sport Scientist (n = 16), Strength and Conditioning Coach (n = 9), 

Performance Analyst (n = 5), and Nutritionist (n = 2). The remaining ten stakeholders specified 

their employment role as “Other”, which included: Football Consultant, Football 

Administrator, Hospitality and Sponsorship Manager, Manager, Operations Manager, 

Operations Manager of Charitable Projects, Performance Lead, Player Recruitment, 

Sponsorship Development and Management, and Sport Psychologist. There was a relatively 

even distribution between those working in Youth/Academy (52%) and Senior (48%) football 

(see Figure 5.1). The key stakeholders represented a wide spectrum of competitive playing 

standards at each level (e.g., Youth/Academy: International [n = 4], Academy Categories 1-4 

[n = 45], and Non-Academy [n = 6]; Senior: International [n = 6], Divisions 1-4 [n = 32], and 

Non-League [n = 17]). 
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Figure 5.1. Demographics of key stakeholders. 

5.3.2 Utilisation 

A small minority of respondents reported that they have used genetic testing to aid performance 

(9%) and/or mitigate injury risk (10%). Similarly, a slightly larger proportion of respondents 

recounted that an organisation they were employed at has used genetic testing to aid 

performance (15%) and/or mitigate injury risk (12%). However, the large majority of 

respondents suggested that they would consider utilising genetic testing in the future for both 

aiding performance (83%) and/or mitigating injury risk (84%) (see 
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Figure 5.2a). Explanations for selections were provided by some respondents. For example: 

“Pretty uncertain how will genetic tests give additional knowledge to what current 

performance/medical tests can give. The relationship between genetics, epigenetics, and 

environmental factors is too complex and poorly understood at the moment. It seems they 
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are deeply interrelated and probably best understood on whole system level. However, 

maybe advances in our knowledge may make me change my opinion” (Coach, aged 25-

34). 

5.3.3 Awareness 

Overall, power was viewed as the most genetically influenced trait, as it amassed the most 

‘largely’ selections (28%), along with the largest combined ‘moderately’ and ‘largely’ 

selection percentage (81%). In contrast, decision-making was viewed as the least genetically 

influenced trait, as it amassed the most ‘no influence’ selections (30%), and similarly the 

largest combined ‘slightly’ and ‘no influence’ selection percentage (71%) (see 
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Figure 5.2b). There was a clear pattern in the data showcasing that the majority of key 

stakeholders perceive genetics to be less influential on psychological-related traits (i.e., 

decision-making, technical ability, resilience), and more influential on physiological-related 
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traits (i.e., power, strength, endurance). Explanations for selections were provided by some 

respondents. For example: 

“Strength and power capabilities from what I have experienced always seem to be the 

most difficult to make significant and meaningful gains. Some players appear to make 

greater improvements doing similar or sometimes even less work than others. I typically 

see this is as a genetic advantage. The other categories in my experience can be more 

heavily influenced by environmental factors, the athlete’s upbringing and training 

history” (Strength and Conditioning Coach, aged 25-34). 

“Physical attributes can be bettered through training, but the baseline is dependent on 

genetics. Decision making is affected by experience and knowledge, which can only be 

learned. I believe nurture rules over nature for personality” (Performance Analyst, aged 

25-34). 

“I believe technical ability, decision making, resilience and personality are learnt practises 

whereas I believe most of the others can be influenced by genetics to some degree” 

(Athlete, aged 18-24). 

5.3.4 Impact 

Overall, the opinion of key stakeholders regarding the current utility of genetic testing in sport 

varied considerably, with 49% unsure, 33% agree/strongly agree, and 18% disagree/strongly 

disagree. However, the majority agree/strongly agree (75%) that in the future genetic testing 

will have great utility (see 
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Figure 5.2c). Explanations for selections were provided by some respondents. For example: 

“Currently an emerging area of research (relatively speaking) in the field of sport science. 

Not fully understood in health/medical fields yet, so much more research required before 

application can be considered” (Nutritionist, aged 35-44). 
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“Too little is known at the moment regarding the influence of genetics in sport, the work 

(and sample sizes) are way below anything known in disease” (Sport Scientist, aged 35-

44). 

“Genetics plays a small role in performance. Data on genetic factors can contribute 

towards overall analysis on a players' performance” (Coach, aged 18-24). 
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Figure 5.2. Selection percentages of key stakeholders concerning: (a) utilisation; (b) 

awareness; (c) impact. 
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5.3.5 Implementation  

5.3.5.1 How 

Overall, the opinion of key stakeholders regarding the use of genetic testing for talent 

identification/selection is unclear, as selections were almost evenly distributed: 

disagree/strongly disagree (36%), agree/strongly agree (35%), and unsure (29%). However, for 

athlete development/training and injury risk/prevention, the majority of respondents support 

genetic testing (agree/strongly agree = 70%; 74%) (see Figure 5.3a). Explanations for 

selections were provided by some respondents. For example: 

“I feel it is unethical to select a player based on their genetic potential or ability, they 

should be identified or selected on merit. When they're in the system genetic testing 

should then be used to optimise their potential” (Strength and Conditioning Coach, aged 

25-34). 

“I think it would definitely help in talent identification and picking players for certain 

sports and positions in respective sports. This is already done especially in America where 

the majority of sports science research comes due to the level of funding” 

(Physiotherapist, aged 18-24). 

“Research (that I'm aware of/read) the focus is on injury risk/prevention and would help 

provide an insight (by no means the only factor) into a risk that could be mitigated by 

adapted training, nutrition etc” (Nutritionist, aged 35-44). 

5.3.5.2 Barriers 

Overall, cost (64%) and knowledge/inability to interpret results (51%), amassed the most 

‘largely’ and only selection majorities. Whereas, the largest combined ‘moderately’ and 

‘largely’ selection percentages were: (a) cost (83%), (b) knowledge/inability to interpret results 

(81%), (c) time (68%), and (d) ethical issues (53%) (see Figure 5.3b). Explanations for 

selections were provided by some respondents. For example: 
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“For bigger clubs who have the money and time for long term results it would be 

beneficial, but for smaller clubs that need short term success to even just stay afloat then 

it wouldn’t be an option. A lot of management are stuck in tradition and recruit players 

on their/coaches opinion and don’t rely on data to tell them” (Performance Analyst, aged 

25-34). 

“Knowledge and inability to interpret results have the biggest impact. If we are sure they 

will help, someone will do it to gain an advantage. I am also not sure that any future 

knowledge and ability to interpret results will help. There is a probability they just present 

limited, non-contextual information” (Coach, aged 25-34). 

5.3.5.3 Payment 

Overall, the majority of respondents expected the pay between £1-100 for a genetic test (71%) 

and education/training (76%), with the largest selections being £76-100 (25%) and £26-50 

(29%), respectively. Whereas, the majority of respondents expected to pay between £26-100 

for a consultancy to analyse and interpret results (67%) and genetic counselling to explain 

results (69%), with the largest selections being £76-100 (26%) and £26-75 (48%), respectively. 

5.3.5.4 Access  

Regarding who should be allowed access to an athletes genetic data, the respondents selected 

the following: athlete (24%), scientific staff (19%), parents (14%), anyone athlete consents 

(14%), sports club (14%), genetic testing company (11%), national government (2%), and 

sports league/association (2%). Explanations for selections were provided by some 

respondents. For example: 

“I think it should be whoever the athletes consent and the club doctors. The information 

should belong to the athlete and should be subject to data protection” (Performance 

Analyst, aged 25-34). 
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“I think the athlete and the professional club should have access as long as the athlete is 

an adult i.e. 16 and above” (Coach, aged 35-44). 

“Scientific staff < Medical staff. Perhaps player or guardian would need to sign waiver 

agreeing to results being accessible to club medical staff at the very least” (Sport Scientist, 

aged 25-34). 

5.3.5.5 Influence 

Regarding to what extent specific information sources influenced the respondent’s opinions, 

scientific journal articles/conferences amassed the greatest number of ‘mostly’ selections 

(22%), along with the largest combined ‘mostly’ and ‘largely’ selection percentage (39%). This 

was followed by professional sport organisations (24%) and word of mouth (22%). In contrast, 

celebrity endorsement amassed the greatest number of ‘no influence’ selections (83%), along 

with the largest combined ‘no influence’ and ‘slightly’ selection percentage (94%). This was 

followed by television/press advertisement (83%), social media (78%), and online videos 

(76%) (see Figure 5.3c). 
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Figure 5.3. Selection percentages of key stakeholders concerning implementation. (a) how; (b) 

barriers; (c) influence. 
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5.3.6 Education 

The overwhelming majority of respondents indicated that their own individual knowledge 

(89%), along with their colleague’s (79%) of genetic research/testing is insufficient. In 

addition, the overwhelming majority (91%) believed genetic research is not communicated 

effectively to key stakeholders. Furthermore, the overwhelming majority indicated that they 

would be interested in learning more about genetic research in sport (89%), a large number 

believed that educational workshops are required at their organisation (71%), and a minority 

believed that the regular opportunity to speak to a genetic specialist or addition of a genetic 

consultant was required at their organisation (49%). Explanations for selections were provided 

by some respondents. For example: 

“Specialist subject area – although I aim to actively read relevant genetic research by no 

means do I consider myself qualified enough in this area, would require some consultation 

with appropriate professionals” (Nutritionist, aged 35-44). 

“Have BSc in Molecular Biology, but do not feel comfortable to make such decisions” 

(Coach, aged 25-34). 

5.4 Discussion 

The purpose of this study was to assess the practical application of genetic testing in 

professional football by providing an insight into the perspectives of key stakeholders. To the 

authors’ knowledge this is the first study to quantify the use and opinions of genetic testing 

from a wide range of key stakeholders specifically in football. 

Key findings suggest that, although genetic testing is utilised within professional 

football, it remains relatively rare. Interestingly, genetic testing may currently be used by 

organisations more frequently compared to four years ago. For example, Varley and colleagues 

(2018) reported that only 2% and 5% of their multi-sport respondents were aware of their 
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organisations having ever utilised genetic testing for performance or injury, respectively. In 

comparison, our current study revealed 15% and 12% of respondents were aware that their 

organisation had utilised genetic testing for performance and injury, respectively. This 

coincides with the recent findings of Pickering and Kiely (2021), as 11% of their respondents 

reported that their organisations have utilised genetic testing. This cumulative 10% increase 

could be due to a number of possible factors. First, this may represent an increased interest in 

genetic testing in sport, corresponding with the increase in sport genomic research in recent 

years (Tanisawa et al., 2020). More specifically in football, McAuley and colleagues (2021a) 

showed that 55% of genetic association studies involving football players have been published 

within the last four years. Second, this increased proportion could also illustrate a more 

accurate representation of the true, and larger, prevalence of genetic testing within professional 

football. This would not be surprising, as the superior financial situation of football compared 

to most other sports, especially in Europe (Nauright, 2004), would allow key stakeholders in 

football to afford a wider spectrum of potential performance measuring metrics. Finally, this 

increase could just simply be the result of genetic testing becoming more economically viable 

(Webborn et al., 2015). For instance, the cost of whole-genome sequencing now costs less than 

$1,000 compared to over $10,000 in 2010 (National Human Genome Research Institute, 2020). 

Furthermore, the recent surge of DTC companies has inevitably made genetic testing more 

accessible. Overall, it is most likely a combination of these factors. This is due to significant 

advances in genomic technologies coupled with rapid reductions in cost outpacing Moore’s 

law (Goodlin et al., 2015a). 

If key stakeholders in professional football were to use genetic testing, this study 

suggests they would mainly do so for physiological-related traits. For instance, the respondents 

in this cohort believed that genetics have a moderate to large influence on physiological traits, 

whereas they believed they have a very minor influence on psychological traits. This may be 
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explained by the paucity of genetic research on psychological traits in football. Indeed, a recent 

systematic review showcased that out of 80 genetic association studies involving football 

players, only three studies investigated psychological traits compared to 20 on physiological 

traits (McAuley, Hughes, et al., 2021a). As such, in football, there is currently a limited 

psychogenetic evidence base available to key stakeholders to form their opinions on genetic 

associations with psychological traits. However, it is important to consider that contemporary 

genetic studies in sport indicate that all traits, irrespective of physiological or psychological 

foundation, are moderately to highly hereditary (Georgiades et al., 2017). Indeed, the most 

comprehensive heritability meta-analysis to date (including ~14 million twin pairs and 17,804 

human traits) reported a weighted heritability estimate across all human traits of 49% 

(Polderman et al., 2015). Although, as genetic testing aims to reveal which variants (previously 

associated with specific traits) an individual possesses, it should be noted that very few 

psychogenetic variants have been identified and validated in sport (Valeeva et al., 2019). In 

light of this information, perhaps the perspectives of the key stakeholders should not be 

surprising regarding the genetic influence on psychological traits. 

This study suggests that there is limited knowledge of genetic research and/or testing 

amongst key stakeholders in professional football. For instance, almost half of the stakeholders 

(49%) in this study reported that they are unsure of genetic testing’s present utility. Moreover, 

the majority (81%) reported their inability to interpret results as a significant barrier to 

implementing genetic testing in football. This is exemplified by most of the stakeholders 

(84%), who believed that no employee at their organisation has sufficient knowledge of genetic 

research and testing. This may be due to the education methods accessible to stakeholders at 

football organisations, as an overwhelming majority of stakeholders (91%) indicated that 

genetic research is not currently communicated effectively with coaches, practitioners, and 

players. This is potentially problematic, especially when it is anticipated that genetic testing 
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will become increasingly common, which is reinforced by most stakeholders (75%) who 

believed genetic testing will have great utility in the future. For instance, it has been reported 

that China are implementing genetic testing as part of their athlete selection ahead of the 2022 

Winter Olympic Games (Haff, 2019). Indeed, a number of football organisations, such as FC 

Barcelona (Miller, 2016) and the Egyptian Football Association (Holmes, 2018), have recently 

begun to utilise genetic information for training optimisation and injury prevention. Thus, more 

effective education may be needed in football. This was also indicated by a large proportion of 

stakeholders (71%) in this current study, who reported that educational workshops are required 

at their organisations. It could be suggested, the implementation of an education programme 

on genetics may be well received in football, as nearly all of the stakeholders (91%) expressed 

a desire to learn more about genetic research and the validity of genetic testing. As such, future 

research is required to explore the most efficient and effective approaches to provide evidence-

based information on genetic research and practical application in professional football. 

Education may be particularly important for key stakeholders in professional football 

when considering uses of genetic testing. Specifically, although the majority of stakeholders 

(72%) believed genetic testing should be used for athlete development and/or injury risk, over 

a third (35%) believed genetic testing should also be utilised for talent identification and 

selection purposes. This may be considered problematic, as the use of genetic testing for talent 

identification and selection in sport is currently considered immoral, unethical, and unlikely to 

give useful information (Patel & Varley, 2019; Vlahovich et al., 2017; Webborn et al., 2015). 

Indeed, using genetic testing for these purposes could impede child development and constrain 

their right to an open future (Camporesi & McNamee, 2016). It is also important to consider 

that genetic research into athlete status has yielded few genetic variants that have been 

adequately replicated in independent cohorts (Ahmetov et al., 2016). This is due to their small 

effect sizes and consequent lack of explained inter-individual variance between athletes and 
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controls (Bouchard, 2015). For example, a recent review meta-analysed the most studied 

genetic variants associated with athlete status in football (i.e., ACTN3 R577X and ACE I/D), 

which reported only modest allelic odds ratios of 1.18-1.35 (McAuley, Hughes, et al., 2021b). 

In the future, it is also highly unlikely any genetic variant, or polygenic profile, will ever have 

the specificity/sensitivity to solely predict future sporting prowess (Pickering et al., 2019; 

Williams & Folland, 2008). Indeed, currently only 24.6% of height, which has an estimated 

heritability of 80%, has been explained by genome-wide significant polymorphisms (Yengo et 

al., 2018). This is underpinned by the complexity of gene-gene and gene-environment 

interactions, as well as the multifactorial and dynamic nature of athlete development (Baker et 

al., 2019; McAuley, Baker, et al., 2021; Tucker & Collins, 2012; Yan et al., 2016). Therefore, 

as high-performance is not an isolated, independent, or static trait, expertise in the sporting 

domain may never be fully quantifiable or predicted accurately via any performance measuring 

metric, including genetic information (Elhert et al., 2013; Mattsson et al., 2016). As a result, 

key stakeholders in professional football are recommended to act with caution when utilising 

genetic testing for these purposes, whilst researchers are encouraged to design, implement, and 

evaluate methods of education. 

5.4.1 Limitations 

Although this study has amassed the opinions from coaches, practitioners, and players across 

a wide-range of competitive playing levels in youth and senior football, it should be 

acknowledged that it is not without its limitations. Specifically, the sample size was relatively 

small, the majority of respondents were male, and the views expressed are not representative 

of the entire football ecosystem (e.g., no responses from medical doctors). Previous research 

has also demonstrated that there are gender, age, educational, and social/cultural related 

differences in the acceptance of genetic testing (Aro et al., 1997), which may have influenced 

the results based on our cohort demographics. Moreover, economic differences between 
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countries and organisations may have influenced the results as the authors’ pre-existing 

contacts were predominately U.K based. Since the survey was anonymous, sampling bias may 

also have skewed responses as it is unknown how many key stakeholders were from the same 

organisation. Furthermore, as the survey was circulated on social media, this may have biased 

the sample as the authors’ followers may be interested in genetic testing. Finally, the questions 

within the survey were not validated, but did comprise of similar questions to Varley et al. 

(2018) and Pickering and Kiely (2021) to allow comparisons. Moving forward, it is important 

that future research considers the use of a validated survey to capture more consistent datasets. 

Nevertheless, the collected responses provide a useful preliminary assessment of the existing 

knowledge and application of genetic testing in professional football from a diverse cohort of 

key stakeholders. 

5.5 Conclusion 

This study suggests that genetic testing is rarely used within professional football. However, 

key stakeholders anticipate that it will be utilised more in the future. Given the perceived lack 

of knowledge and education, implementation of education programmes may prove valuable in 

improving key stakeholders’ knowledge and the practical application of genetic testing in 

professional football. Further studies using larger cohorts with more representation from 

different stakeholders (e.g., medical doctors) and greater diversity within the roles represented 

(e.g., females) are encouraged in order to determine and validate the perspectives of key 

stakeholders. In addition, future studies should explore what methods are most effective in 

providing key stakeholders with evidenced-based information on genetic research and testing. 

Ultimately, it will be essential that future research critically examines the practical application 

of genetic testing within professional football.
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Abstract 

Technical capabilities have significant discriminative and prognostic power in youth football. 

Although, many factors influence technical performance, no research has explored the genetic 

contribution. As such, the purpose of this study was to examine the association of several single 

nucleotide polymorphisms (SNPs) with technical assessments in youth football players. Fifty-

three male under-13 to under-18 outfield football players from two Category 3 English 

academies were genotyped for eight SNPs. Objective (n = 26) and subjective (n = 27) technical 

performance scores in dribbling, passing, and shooting were collated from two independent 

cohorts. Simple linear regression was used to analyse individual SNP associations each 

variable, whereas both unweighted and weighted total genotype scores (TGSs; TWGSs) were 

computed to measure the combined influence of all SNPs. In isolation, the ADBR2 (rs1042714) 

C allele, BDNF (rs6265) C/C genotype, DBH (rs1611115) C/C genotype, and DRD1 (rs4532) 

C allele were associated with superior (8-10%) objective dribbling and/or shooting 

performance. The TGSs and/or TWGSs were significantly correlated with each technical 

assessment (except subjective passing), explaining up to 36% and 40% of the variance in the 

objective and subjective assessments, respectively. As such, this study suggests inter-

https://doi.org/10.23736/S0022-4707.22.13945-9
https://doi.org/10.23736/S0022-4707.22.13945-9
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individual genetic variation may influence the technical capabilities of youth football players 

and proposes several candidate SNPs that warrant further investigation.  
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6.1 Introduction 

In football (soccer), technical skills (e.g., dribbling, passing, and shooting) are some of the 

most frequently performed actions during match-play (Williams et al., 2020). There has been 

a significant increase in the frequency of technical skills completed within national and 

international competitions over time. For instance, an increased number of crosses, dribbles, 

and passes were attempted from the 1991/92 to the 1997/98 season in the top tier of English 

football (Williams et al., 1999). Similarly, from the 2006/07 to the 2012/13 season in the 

English Premier League there was an increased incidence of dribbling (~20%) and passing 

(~30%; Barnes et al., 2014). In the context of international competition, ball speeds (~15%) 

and passing rates (~35%) increased significantly between 1966 and 2010 in World Cup final 

matches (Wallace & Norton, 2014). 

The continued rise in the number of technical actions performed during match-play in 

football may be driven by their association with the relative success of the team. Indeed, 

Rampinini et al. (2009) reported that more dribbling, passing, and shooting were associated 

with a higher league position (1st to 5th vs. 16th to 20th) in the Italian Serie A. Moreover, 

technical actions such as passing and shooting frequency were related to a team’s league 

position (1st to 6th vs. 7th to 18th) in the Greek Superlegue first division (Gómez et al., 2018). 

Similar findings have also been reported in youth football, whereby teams that attempted a 

greater number of shots attained a higher placing (1st to 4th) at the under-17 Al Kass 

International Cup (Varley et al., 2017). 

Technical capabilities also have significant discriminative power with regards to 

individual playing levels and perceived potential within youth football (Koopmann et al., 

2020). For instance, Vaeyens et al. (2006) showcased that a technical testing battery (ball 

juggling, lob pass, shooting accuracy, and slalom dribble) could distinguish under-13 to under-

16 ability groups (i.e., elite, sub-elite, and non-elite). More recently, Kelly et al. (2020) reported 
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that ‘higher-potential’ under-12 to under-16 players in the same academy performed 

significantly better at the same four technical tests than ‘lower-potentials’. In addition, Keller 

et al. (2016) revealed that the Loughborough Short Passing Test, long passing test, shooting 

test, and speed dribbling test were able to differentiate under-18 youth football players, with 

the highest playing level achieving the highest scores. 

From a talent identification perspective, perhaps the most important factor is the 

significant prognostic value of technical skill possessed at younger ages on career progression 

and attainment (Murr et al., 2018). As an example, Huijgen et al. (2009) reported that 

professional players outperformed amateur players in dribbling during ages 14 to 18 years in 

the Netherlands. Similarly, Forsman et al. (2016) revealed that professional players 

outperformed non-professional players in dribbling and passing at age 15 years in Finland. In 

Germany, professionals outperformed both semi-professionals and non-professionals in ball 

control, dribbling, and shooting at the under-12 to under-15 age groups (Höner et al., 2017; 

Leyhr et al., 2018).   

Given the evidence supporting the influence of technical skills on a football match as 

well as their discriminative and prognostic power, it is not surprising coaches and scouts view 

technical skill as an integral part of evaluating a player’s current performance and future 

potential (Roberts et al., 2019). However, technical capabilities are the result of a complex and 

multifactorial relationship between several factors. Indeed, age, maturation, lean body mass, 

hours of practice, type of practice, and playing position have all been associated with 

influencing technical skill in some capacity (Sarmento et al., 2018). Although, a potentially 

important factor that is currently under-researched throughout talent identification and 

development in football is the contribution of genetics (McAuley, Hughes, et al., 2021a). 

More specifically, inter-individual genetic variation is responsible for differences in all 

observable human traits to some extent (Polderman et al., 2015). Heritability studies have 
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reported relatively high estimates for the influence of genetics on traits theoretically associated 

with technical capability, such as motor control and motor learning (~70%) (Fox et al., 1996; 

Missitzi et al., 2004, 2011, 2013, 2018; Pellicciari et al., 2009). A number of genetic 

polymorphisms have also already been identified that influence several of these traits, 

particularly polymorphisms in genes that encode for dopamine receptors and degradation 

enzymes within the dopaminergic system (Kitazawa et al., 2021; Tunbridge et al., 2019). These 

polymorphisms are consistently associated with traits such as motor control and motor learning 

due to the role of dopamine in several brain processes, including learning, movement, 

plasticity, and reward (Pearson-Fuhrhop et al., 2013). Therefore, as a by-product, these genetic 

polymorphisms may also be related to technical ability in football. 

The extent to which genetic variants may contribute to technical capabilities within the 

context of football is very limited. In Australian Rules Football (AFL), Jacob et al. (2018) 

found associations between several single nucleotide polymorphisms (SNPs) in the ACE, 

ADRB2, ADRB3, BDNF, COMT, and DRD2 genes and the Nathan Buckley kicking skill 

assessment. Although SNPs appear to impact technical skills in AFL, it is currently unclear to 

what extent inter-individual genetic variation influences technical skill specifically in football. 

Moreover, the genetic polymorphisms that are ultimately responsible for any association are 

yet to be identified. Therefore, this preliminary study examined associations between genetic 

polymorphisms and technical assessments in youth football players. 

6.2 Methods 

6.2.1 Participants 

Fifty-three male under-13 to under-18 (aged 16.28  1.27 years) outfield football players from 

two Category 3 English academies were examined. Objective technical performance scores (n 

= 26) were collected from one academy and subjective technical coach ratings (n = 27) were 

collected from the other academy, in adherence with each club’s standard player assessment 
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protocols. Informed assent from all players, consent from parents/guardians, and gatekeeper 

consent from each academy was collected prior to the commencement of the study. All 

experimental procedures were conducted in accordance with the guidelines in the Declaration 

of Helsinki and ethical approval was granted by Birmingham City University via the Health, 

Education, and Life Sciences Academic Ethics Committee. This study was conducted in 

accordance with the recommendations for reporting the results of genetic association studies 

defined by the STrengthening the REporting of Genetic Association studies (STREGA) 

Statement (Little et al., 2009). 

6.2.2 Objective data 

Objective data on three football-specific technical tests were collected: (a) slalom dribble, (b) 

lob pass, and (c) shooting accuracy. The slalom dribble test required players to control the ball 

through nine cones (2 m apart) from the start to the end line and return. Each player completed 

two trials and the quickest was recorded for analysis, measured via timing gates (Brower TC 

Timing System, Draper, Utah, USA). In the lob pass test, players had ten attempts (five with 

each foot) to kick and elevate the football from a distance of 20 m into a target area divided 

into three concentric circles. Each circle was different in diameter (3 m, 6 m, and 9.15 m) and 

each attempt received points (3, 2, and 1, respectively) depending on the circle in which the 

ball originally landed. In the shooting accuracy test, players had ten attempts (five with each 

foot) to kick the ball at a 16 m wide goal target from a shooting distance of 20 m central to the 

goal. The goal was divided into five parallel zones: centre (2 m wide), two areas on each side 

of the centre (3 m wide), and two areas 4 m wide at each extreme (4 m wide) that award 

different points (3, 2, and 1, respectively). All tests have been previously utilised in football 

research as valid indicators of technical skill in youth football populations (Kelly et al., 2020; 

Vaeyens et al., 2006). 
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6.2.3 Subjective data 

Subjective data on the technical skills of dribbling, passing, and shooting were collected. Two 

coaches from each age group (who possessed the minimum of a UEFA B licence) used a 5-

point Likert scale to rate the technical abilities of each player from their respective age group: 

1 = significant weakness; 2 = requires attention; 3 = competent; 4 = accomplished; and 5 = 

excellent. Each coach independently completed their technical ratings. The average rating on 

each technical skill from all coaches was then recorded for analysis. The coach-based 

subjective ratings used in this study have been utilised previously by researchers in youth 

football and demonstrate good reliability and validity (Ali, 2011; Dugdale et al., 2020; Henry 

et al., 2018). 

6.2.4 Genetic procedures 

6.2.4.1 Genotyping 

Saliva was collected from players via sterile, self-administered buccal swabs, following a 

minimum of 30 minutes since food or drink ingestion. Saliva samples were safely stored at 

room temperature and within 36 hours were sent to AKESOgen, Inc. (Peachtree Corners, GA, 

USA) for DNA extraction. Using Qiagen chemistry, DNA was extracted on an automated 

Kingfisher FLEX instrument (Thermo Fisher Scientific, Waltham, MA, US). The 

manufacturer’s recommended guidelines and procedures were followed throughout. To 

measure the extracted DNA’s quality and quantity, PicoGreen and Nanodrop measurements 

were taken. Input to the custom testing array occurs at 200 ng in 20 L. Amplification, 

fragmentation, and resuspension were performed using Biomek FXP. GeneTitan 

instrumentation (Thermo Fisher Scientific, Waltham, MA, US) was used to stain and scan the 

arrays, with hybridisation performed in a Binder oven at 48 degrees for 24 hours, following the 

Affymetrix Axiom high throughput 2.0 protocol. Data analysis was then performed using a raw 
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CEL file data input into the Affymetrix Axiom Analysis Suite (Affymetrix, Santa Clara, CA, 

US). Procedures are in accordance with Pickering et al. (2019). 

6.2.4.2 Polymorphism selection 

To identify polymorphisms potentially associated with technical skills in football, empirical 

research, review articles, book chapters, and the GWAS catalog (https://www.ebi.ac.uk/gwas/) 

were examined. Priority was given to GWAS results that were replicated in independent 

cohorts, followed by candidate gene studies with large homogenous sample sizes which 

produced similar associations in more than one study. The polymorphisms that were finally 

included were dependent on the coverage of the microarray and quality control procedures. 

After an extensive search of the literature, the following polymorphisms were selected based 

on their proposed biological function and relevant associations in previous studies: 

Adrenoceptor beta 2 (ADRB2; rs1042714), Angiotensin I converting enzyme (ACE; rs4341), 

Brain derived neurotrophic factor (BDNF; rs6265), Catechol-O-methyltransferase (COMT; 

rs4680), Dopamine beta-hydroxylase (DBH; rs1611115), Dopamine receptor D1 (DRD1; 

rs4532), Dopamine receptor D2 (DRD2; rs1076560), and Dopamine receptor D3 (DRD3; 

rs6280) (see Table 6.1). These gene names and symbols are in accordance with those officially 

approved by the Human Gene Nomenclature Committee (HGNC; 

https://www.genenames.org). Standard genomic quality control (QC) procedures and 

thresholds were applied when selecting polymorphisms: SNP call rate (>95), sample call rate 

(>95), fisher’s linear discriminant (>3.6), and minor allele frequency (>0.05).

https://www.ebi.ac.uk/gwas/
https://www.genenames.org/
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Table 6.1. Technical gene and single nucleotide polymorphism (SNP) information. 

Gene Symbol Chr Function SNP Consequence Associations MAF 

Adrenoceptor beta 2 ADRB2 5q32 

Expressed in the brain as part of the catecholamine 

system and acts as a receptor for adrenaline, 

noradrenaline, and dopamine. 

rs1042714 
Missense variant  

G > C (Glu > Gln) 

Receptor activity and sensitivity, 

neurodevelopmental disorders, white 

matter and cognitive functions. 

G = 0.41 

Angiotensin I converting enzyme  ACE 17q23.3 

Catalyses the degradation of the inactive decapeptide 

angiotensin I, and generates the physiologically active 

peptide, angiotensin II. 

rs4341 
Intron variant C > G  

(Insertion > Deletion)  

Serum and tissue activity, blood 

pressure, percentage of muscle fibre 

types, strength and muscle volume. 

C = 0.43 

Brain derived neurotrophic factor BDNF 11p14.1 

Encodes for a neurotrophin essential for neuronal 

development and survival, synaptic plasticity, and 

cognitive function. 

rs6265 
Missense variant  

C > T (Val > Met) 

Motor cortex plasticity, motor 

learning, neuromuscular activation, 

horizontal and vertical power.  

T = 0.20 

Catechol-O-methyltransferase COMT 22q11.21 

Catalyses the degradation of catecholamines, including 

neurotransmitters dopamine, epinephrine, and 

norepinephrine. 

rs4680 
Missense variant  

G > A (Val > Met) 

Enzymatic activity, dopaminergic 

tone, F-Dopa metabolism, motor 

learning, working memory, executive 

functioning and visuospatial tasks. 

A = 0.50 

Dopamine beta-hydroxylase DBH 9q34.2 

Catalyses the oxidative hydroxylation of dopamine to 

norepinephrine modulating executive and motor 

function. 

rs1611115 
2KB Upstream variant 

C > T 

Enzymatic activity, metabolism of 

dopamine and norepinephrine, as well 

as neurodevelopmental disorders. 

T = 0.21 

Dopamine receptor D1 DRD1 5q35.2 

Encodes the D1 subtype of the dopamine receptor, 

which stimulates adenylyl cyclase and activates cyclic 

AMP-dependent protein kinases, regulating neuronal 

growth, development, and behaviour. 

rs4532 
5 Prime UTR variant  

C > T 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

C = 0.40 

Dopamine receptor D2 DRD2 11q23.2 

Encodes the D2 subtype of the dopamine receptor, 

which inhibits adenylyl cyclase activity and regulates 

neuronal growth, development, and behaviour. 

rs1076560 
Intron variant  

C > A 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

A = 0.15 

Dopamine receptor D3 DRD3 3q13.31 

Encodes the D3 subtype of the dopamine receptor, 

which inhibits adenylyl cyclase activity and is 

associated with cognitive and emotional functions. 

rs6280 
Missense variant  

C > T (Gly > Ser) 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

C = 0.33 

Note. Chr = Chromosome location; MAF = Minor allele frequency (according to European population; 1000 Genomes Project Consortium, 2015). 
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6.2.4.3 Total genotype score 

A total genotype score (TGS) was calculated to assess the combined influence of the included 

SNPs on each dependent variable. Since Williams and Folland (2008) first proposed and 

implemented the TGS, the mathematical algorithm has undergone various modifications to try 

and improve its accuracy. For instance, one approach has included incorporating a 

mathematical weight for each SNP based on its partial influence in a regression model 

(Massidda et al., 2014; Varillas Delgado et al., 2020). Both unweighted and weighted TGS 

approaches have demonstrated sufficient discriminatory power (Charlier et al., 2017). As such, 

both an unweighted and weighted TGS were calculated and implemented in this study (referred 

to herein as TGS and TWGS, respectively).  

To generate both the TGS and TWGS, each genotype of a respective SNP initially 

received a score between 0-2 based on the observed genotype associations with a dependent 

variable. Genotypes of co-dominant models (AA vs. Aa vs. aa) were assigned three scores (i.e., 

homozygous-associated genotypes received a score of two, the heterozygote received a score 

of one, and the alternate homozygous genotype received a score of zero), whereas genotypes 

of dominant (AA vs. Aa-aa) and recessive (AA-Aa vs. aa) models were assigned a score of two 

(i.e., associated genotype[s]) or zero (i.e., alternate genotype[s]) (Guilherme et al., 2020).  

For the TGS, the genotype scores (GS) were then summed and transformed into a 0-

100 scale by dividing the total score by the maximum possible score and multiplying by 100.  

TGS = (combined-GS / maximum-GS) * 100 

For the TWGS, a similar procedure to Varillas Delgado et al. (2020) was used. Each 

GS was multiplied by the standardised beta coefficients () of each SNP following multiple 

regression with each dependent variable to create weighted genotype scores (WGS). The 

WGSs were then summed and transformed into a 0-100 scale by dividing the total score by the 
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maximum possible score and multiplying by 100. Greater values in both models indicate a 

more advantageous polygenic profile. 

TWGS = (combined-WGS / maximum-WGS) * 100 

6.2.5 Data analysis 

Each SNP was tested for adherence with Hardy-Weinberg equilibrium (HWE) using an exact 

test via SNPStats (Solé et al., 2006). Linkage disequilibrium (LD) was analysed using LDlink 

(Machiela & Chanock, 2015) and data from the 1000 Genomes Project European ancestry 

population (1000 Genomes Project Consortium, 2015). All other data were analysed using 

Jamovi version 1.8.1 and IBM SPSS version 25. Normality was assessed with the Shapiro-

Wilk test and homoscedasticity was assessed using Levene’s test. Akaike information criterion 

(AIC) was used to select which genetic model (i.e., co-dominant, dominant, recessive) best fits 

the data and would be subjected to hypothesis testing. However, if MAF ≤ 0.25, a dominant 

model was utilised to retain statistical power (Murtagh et al., 2020). Simple linear regression 

was performed to assess the association of genotype models with each objective and subjective 

dribbling, passing, and shooting assessments. Age was controlled for in the objective analysis 

by adding it as a covariate. Multiple regression was used to calculate the standardised beta 

coefficients () of each SNP for the TWGS models. Simple linear regression was then 

performed to assess the association of each TGS and TWGS with each dependent variable. 

Pearson’s correlation coefficient (r) with thresholds values of ≤0.1 (trivial), >0.1-0.3 (small), 

>0.3–0.5 (moderate), >0.5–0.7 (large), >0.7–0.9 (very large), and >0.9–1.0 (almost perfect) 

were used to measure correlation (Hopkins, 2009). The coefficient of determination (R2) was 

computed to determine the variance explained by each TGS and TWGS. Statistical significance 

was set at p < .05. 
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6.3 Results 

Genotype and allele distributions of all SNPs were in HWE and all SNPs were in linkage 

equilibrium. Assumptions of normality and homoscedasticity were not violated. Descriptive 

statistics for objective and subjective technical variables and genotype frequencies are 

displayed in Table 6.2 and Table 6.3, respectively. 

6.3.1 Objective associations 

6.3.1.1 Dribbling 

There was a significant association between DRD1 (F (1, 23) = 6.51, p = .018), ADBR2 (F (1, 23) 

= 6.32, p = .019), DBH (F (1, 23) = 4.64, p = .042), and dribbling performance (see Table 6.4). 

More specifically, DRD1 T/T homozygotes were 10% slower than C allele carriers (B = 1.37), 

ADBR2 G/G homozygotes were 9.5% slower than C allele carriers (B = 1.46), and DBH C/C 

homozygotes were 8.2% faster than heterozygotes (B = -1.27). There were also significant 

associations with both the TGS (F (1, 24) = 7.02, p = .014) and the TWGS (F (1, 24) = 8.74, p = 

.007) and dribbling. While the TGS had a moderate negative correlation (r = -.48) and 

explained 23% of the variance, the TWGS had a large negative correlation (r = -.52) and 

explained 27% of the variance (see Figure 6.1). 

6.3.1.2 Passing 

There were no significant associations between any single SNP or the TGS (F (1, 24) = 1.33, p 

= .260) and passing performance. However, there was a significant association with the TWGS 

and passing (F (1, 24) = 5.23, p = .031), which had a moderate positive correlation (r = .42) and 

explained 18% of the variance (see Figure 6.2). 

6.3.1.3 Shooting 

There was a significant association between BDNF (F (1, 23) = 6.78, p = .016), DBH (F (1, 23) = 

4.52, p = .044), and shooting performance. More specifically, BDNF C/C homozygotes 

achieved 9.5% higher scores than T allele carriers (B = 2.27) and DBH C/C homozygotes 
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achieved 8.2% higher scores than T allele carriers (B = 1.96). There were also significant 

associations with the TGS (F (1, 24) = 10.86, p = .003) and the TWGS (F (1, 24) = 13.74, p = .001) 

and shooting. Both the TGS and TWGS had large positive correlations (r = .56; r = .60) and 

explained 31% and 36% of the variance, respectively (see Figure 6.3). 

6.3.2 Subjective associations 

6.3.2.1 Dribbling 

There were no significant associations between any single SNP and dribbling rating (see Table 

6.5). However, there were significant associations with the TGS (F (1, 25) = 8.91, p = .006) and 

the TWGS (F (1, 25) = 16.71, p < .001). More specifically, both the TGS and TWGS had large 

positive correlations (r = .51; r = .63) and explained 26% and 40% of the variance, respectively 

(see Figure 6.4). 

6.3.2.2 Passing 

No significant associations were identified between any single SNP, the TGS (F (1, 25) = 2.38, 

p = .135), or the TWGS (F (1, 25) = 3.08, p = .092) and passing rating (see Figure 6.5). 

6.3.2.3 Shooting 

There were no significant associations between any single SNP and shooting rating. However, 

there were significant associations with the TGS (F (1, 25) = 7.85, p = .010) and the TWGS (F 

(1, 25) = 11.97, p = .002). The TGS had a moderate positive correlation (r = .49) and explained 

24% of the variance, whereas the TWGS had a large positive correlation (r = .57) and explained 

32% of the variance (see Figure 6.6).  
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Table 6.2. Descriptive statistics of objective technical scores. 

Gene (SNP) Genotype = n (%) Dribbling Passing Shooting MAF HWE 

Overall 15.17 ± 1.98 16.50 ± 5.44 24.12 ± 2.34 N/A N/A 

ADBR2 

(rs1042714) 

G/G = 8 (31) 15.95 ± 1.77 17.25 ± 6.25 22.88 ± 2.10 

0.44 1 G/C = 13 (50) 14.26 ± 1.60 17.23 ± 4.49 24.46 ± 2.37 

C/C = 5 (19) 16.31 ± 2.40 13.40 ± 6.43 25.20 ± 2.17 

ACE  

(rs4341) 

G/G = 7 (27) 14.85 ± 2.43 16.29 ± 6.13 23.71 ± 3.64 

0.46 1 G/C = 14 (54) 15.16 ± 1.69 16.93 ± 5.15 24.43 ± 1.74 

C/C = 5 (19) 15.66 ± 2.41 15.60 ± 6.39 23.80 ± 1.92 

BDNF  

(rs6265) 

C/C = 16 (62) 15.48 ± 1.89 16.06 ± 5.01 24.88 ± 1.96 

0.21 1 C/T = 9 (35) 14.38 ± 2.00 18.44 ± 5.20 22.67 ± 2.50 

T/T = 1 (4) 17.43 ± N/A 6.00 ± N/A 25.00 ± N/A 

COMT  

(rs4680) 

A/A = 6 (23) 14.88 ± 1.76 18.50 ± 6.12 24.50 ± 3.73 

0.48 0.69 A/G = 15 (58) 15.48 ± 1.91 15.33 ± 4.37 24.13 ± 1.88 

G/G = 5 (19) 14.63 ± 2.63 17.60 ± 7.67 23.60 ± 1.95 

DBH 

(rs1611115) 

C/C = 17 (65) 14.58 ± 1.59 17.18 ± 5.36 24.82 ± 2.27 

0.17 1 C/T = 9 (35) 16.30 ± 2.23 15.22 ± 5.67 22.78 ± 1.92 

T/T = 0 (0) N/A ± N/A N/A ± N/A N/A ± N/A 

DRD1  

(rs4532) 

T/T = 13 (50) 16.03 ± 1.68 15.31 ± 5.06 24.15 ± 2.76 

0.35 0.10 T/C = 8 (31) 14.55 ± 2.40 17.38 ± 6.97 23.63 ± 2.00 

C/C = 5 (19) 13.93 ± 0.87 18.20 ± 3.70 24.80 ± 1.79 

DRD2 

(rs1076560) 

C/C = 15 (58) 14.97 ± 2.08 15.00 ± 5.64 23.53 ± 2.45 

0.23 1 C/A = 10 (38) 15.35 ± 1.96 18.30 ± 4.81 25.10 ± 2.02 

A/A = 1 (4) 16.56 ± N/A 21.00 ± N/A 23.00 ± N/A 

DRD3  

(rs6280) 

T/T = 11 (42) 14.95 ± 1.93 16.82 ± 5.72 23.73 ± 2.65 

0.33 0.67 T/C = 13 (50) 15.07 ± 1.79 16.77 ± 5.12 24.62 ± 2.22 

C/C = 2 (8) 17.09 ± 3.71 13.00 ± 8.49 23.00 ± 0.00 

Note. Technical scores presented in mean ± standard deviation. HWE = Hardy-Weinberg equilibrium; 

MAF = Minor allele frequency. 
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Table 6.3. Descriptive statistics of subjective technical scores. 

Gene (SNP) Genotype = n (%) Dribbling Passing Shooting MAF HWE 

Overall 3.06 ± 0.46 2.87 ± 0.45 2.83 ± 0.46 N/A N/A 

ADBR2 

(rs1042714) 

C/C = 10 (37) 3.24 ± 0.46 2.94 ± 0.43 3.06 ± 0.58 

0.44 0.24 C/G = 10 (37) 2.95 ± 0.47 2.74 ± 0.55 2.57 ± 0.25 

G/G = 7 (26) 2.95 ± 0.44 2.94 ± 0.34 2.90 ± 0.33 

ACE  

(rs4341) 

C/C = 8 (30) 3.21 ± 0.49 2.92 ± 0.50 2.80 ± 0.38 

0.46 1 C/G = 13 (48) 3.05 ± 0.48 2.80 ± 0.46 2.97 ± 0.60 

G/G = 6 (22) 2.84 ± 0.35 2.90 ± 0.42 2.64 ± 0.15 

BDNF 

(rs6265) 

C/C = 19 (70) 2.99 ± 0.44 2.93 ± 0.48 2.84 ± 0.44 

0.15 1 C/T = 8 (30) 3.22 ± 0.50 2.71 ± 0.38 2.83 ± 0.53 

T/T = 0 (0) N/A ± N/A N/A ± N/A N/A ± N/A 

COMT 

(rs4680) 

G/G = 8 (30) 2.92 ± 0.46 2.83 ± 0.42 2.95 ± 0.53 

0.46 1 G/A = 13 (48) 3.12 ± 0.51 2.86 ± 0.49 2.81 ± 0.49 

A/A = 6 (22) 3.12 ± 0.38 2.93 ± 0.49 2.74 ± 0.30 

DBH 

(rs1611115) 

C/C = 18 (67) 3.08 ± 0.49 2.83 ± 0.42 2.85 ± 0.50 

0.19 1 C/T = 8 (30) 3.04 ± 0.46 2.91 ± 0.57 2.79 ± 0.41 

T/T = 1 (4) 2.83 ± N/A 3.17 ± N/A 2.88 ± N/A 

DRD1 

(rs4532) 

T/T = 8 (30) 3.01 ± 0.46 2.97 ± 0.42 2.99 ± 0.57 

0.39 0.22 T/C = 17 (63) 3.05 ± 0.48 2.85 ± 0.49 2.79 ± 0.42 

C/C = 2 (7) 3.33 ± 0.47 2.56 ± 0.15 2.63 ± 0.18 

DRD2 

(rs1076560) 

C/C = 16 (59) 3.14 ± 0.47 2.83 ± 0.45 2.78 ± 0.38 

0.22 1 C/A = 10 (37) 2.99 ± 0.44 3.00 ± 0.42 2.97 ± 0.56 

A/A = 1 (4) 2.44 ± N/A 2.11 ± N/A 2.33 ± N/A 

DRD3 

(rs6280) 

T/T = 11 (41) 3.00 ± 0.33 2.93 ± 0.48 2.70 ± 0.30 

0.37 1 T/C = 12 (44) 2.95 ± 0.47 2.85 ± 0.49 2.82 ± 0.47 

C/C = 4 (15) 3.57 ± 0.51 2.74 ± 0.30 3.25 ± 0.65 

Note. Technical scores presented in mean ± standard deviation. HWE = Hardy-Weinberg equilibrium; 

MAF = Minor allele frequency. 
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Table 6.4. Objective simple regression analysis. 

Gene (SNP) Model Skill B SE B β t p 

ADBR2 

(rs1042714) 

G/G vs. 

G/C-C/C 

Dribbling 1.46 0.58 0.74 2.51 .019* 

Passing 0.46 2.14 0.08 0.21 .833 

Shooting -1.92 0.95 -0.82 -2.03   .054 

ACE 

(rs4341) 

G/G vs. 

G/C-C/C 

Dribbling -0.62 0.67 -0.32 -0.93 .360 

Passing 0.06 2.22 0.01 0.03 .978 

Shooting -0.49 1.06 -0.21 -0.47 .645 

BDNF 

(rs6265) 

C/C vs. 

C/T-T/T 

Dribbling 0.21 0.63 0.11 0.33 .741 

Passing 0.02 2.07 0.00 0.01 .994 

Shooting 2.27 0.87 0.97 2.60 .016* 

COMT 

(rs4680) 

G/G vs. 

G/A-A/A 

Dribbling 0.42 0.80 0.21 0.52 .606 

Passing -0.76 2.63 -0.14 -0.29 .775 

Shooting -1.07 1.24 -0.46 -0.86 .396 

DBH 

(rs1611115) 

C/C vs. 

C/T-T/T 

Dribbling -1.27 0.59 0.64 2.15 .042* 

Passing 1.01 2.09 -0.19 -0.48 .633 

Shooting 1.96 0.92 -0.84 -2.13 .044* 

DRD1 

(rs4532) 

T/T vs. 

T/C-C/C 

Dribbling 1.37 0.54 0.69 2.55 .018* 

Passing -1.70 1.95 -0.31 -0.87 .395 

Shooting 0.20 0.95 0.08 0.21 .839 

DRD2 
(rs1076560) 

C/C vs. 
C/A-A/A 

Dribbling -0.82 0.59 0.42 1.39 .177 

Passing -2.97 1.91 0.55 1.56 .133 

Shooting -1.30 0.92 0.55 1.41 .173 

DRD3 

(rs6280) 

T/T vs. 

T/C-C/C 

Dribbling -0.37 0.61 -0.19 -0.62 .544 

Passing 0.52 1.99 0.10 0.26 .795 

Shooting -0.68 0.94 -0.29 -0.72 .480 

Note. Bold values and * highlight statistical significance at p < .05. B = unstandardised beta; SE B 

= standard error; β = standardised beta. 
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Figure 6.1. Objective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with dribbling. * Statistically significant at p < .05. 
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Figure 6.2. Objective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with passing. * Statistically significant at p < .05. 
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Figure 6.3. Objective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with shooting. * Statistically significant at p < .05. 
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Table 6.5. Subjective simple regression analysis. 

Gene (SNP) Model Skill B SE B β t p 

ADBR2 

(rs1042714) 

C/C vs. 

C/G-G/G 

Dribbling 0.29 0.18 0.63 1.62 
.118 

Passing 0.12 0.18 0.27 0.66 
.514 

Shooting 0.35 0.17 0.77 2.05 
.051 

ACE 

(rs4341) 

G/G vs. 

G/C-C/C 

Dribbling -0.28 0.21 -0.61 -1.34 
.194 

Passing 0.04 0.21 0.08 0.18 
.859 

Shooting -0.25 0.21 -0.54 -1.17 
.254 

BDNF 

(rs6265) 

C/C vs. 

C/T-T/T 

Dribbling -0.22 0.19 -0.48 -1.15 
.261 

Passing 0.22 0.19 0.49 1.18 
.249 

Shooting 0.01 0.20 0.03 0.07 
.946 

COMT 

(rs4680) 

G/G vs. 

G/A-A/A 

Dribbling -0.19 0.19 -0.42 -0.99 
.332 

Passing -0.05 0.19 -0.12 -0.28 
.784 

Shooting 0.16 0.19 0.36 0.85 
.405 

DBH 

(rs1611115) 

C/C vs. 

C/T-T/T 

Dribbling 0.07 0.19 0.15 0.36 
.721 

Passing -0.10 0.19 -0.22 -0.54 
.593 

Shooting 0.05 0.19 0.11 0.25 
.802 

DRD1 

(rs4532) 

T/T vs. 

T/C-C/C 

Dribbling -0.07 0.20 -0.15 -0.35 
.732 

Passing 0.15 0.19 0.33 0.77 
.448 

Shooting 0.22 0.19 0.48 1.13 
.268 

DRD2 

(rs1076560) 

C/C vs. 

C/A-A/A 

Dribbling 0.21 0.18 0.44 1.14 
.265 

Passing -0.10 0.18 -0.21 -0.53 
.599 

Shooting -0.13 0.18 -0.29 -0.72 
.477 

DRD3 

(rs6280) 

T/T vs. 

T/C-C/C 

Dribbling -0.11 0.18 -0.24 -0.60 
.553 

Passing 0.11 0.18 0.25 0.63 
.536 

Shooting -0.23 0.18 -0.49 -1.27 
.215 

Note. B = unstandardised beta; SE B = standard error; β = standardised beta. 
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Figure 6.4. Subjective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with dribbling. * Statistically significant at p < .05. 
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Figure 6.5. Subjective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with passing. * Statistically significant at p < .05. 
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Figure 6.6. Subjective total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations with shooting. * Statistically significant at p < .05. 
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6.4 Discussion 

This preliminary study investigated the association of eight SNPs, both individually and 

collectively, with objective and subjective assessments of technical capabilities in youth 

football players. In doing so, this study has shown for the first time: (a) genetic variations may 

be associated with the technical capabilities of youth football players, (b) the genetic variants 

that may be responsible for inter-individual variability in technical skill, (c) phenotypic 

distinctions in the characteristics of objective and subjective assessments may alter allelic 

associations, and (d) advantageous genotypes may have an additive effect on technical 

performance in football, irrespective of assessment method. As such, these preliminary 

findings may have important implications for future football genomic studies. 

The single SNP analysis revealed four SNPs associated with objective dribbling and 

shooting assessments, but there were no associations with the objective passing assessments. 

This may reflect the different phenotypic characteristics of the tests and/or the much wider 

distribution of scores in the passing test compared to dribbling and shooting, which would have 

decreased statistical power in the passing test. The SNPs associated with either of the dribbling 

and shooting objective assessments were: ADBR2 (rs1042714), BDNF (rs6265), DBH 

(rs1611115), and DRD1 (rs4532). Studies in this area, with this type of unique sample, are 

typically underpowered, which can make it difficult to clearly make conclusions about what 

these findings mean. However, in early stages of development in a field, informed speculation 

based on prior knowledge may be important for informing future work. As a result, we have 

made informed speculation about our findings as a way of guiding subsequent work in this 

area. 

The C allele of ADBR2 (rs1042714) was associated with a faster completion time in the 

slalom dribble test and exhibited the largest effect of any SNP on this phenotype. These results 

correspond with those of Jacob et al. (2018), who reported that C allele carriers performed 
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significantly better during a skill assessment in AFL. The findings of both studies indicate that 

ADBR2 (rs1042714) may play a role in motor control and/or development. To the authors’ 

knowledge, the association of ADBR2 (rs1042714) with motor skills has yet to be investigated 

outside of the sport domain. The G allele has, however, been associated with an increased risk 

of autism (Cheslack-Postova et al., 2007). Although speculative, the proposed underpinning 

mechanisms of this association may help elucidate the results of this study, as autism is in part 

characterised by deficits in skill acquisition (Moraes et al., 2017). The ADRB2 gene encodes 

the beta-2-adrenergic receptor, which is widely expressed in the brain as part of the 

catecholamine system and acts as a receptor for adrenaline, noradrenaline, and dopamine 

(Brodde, 2008; Dohlman et al., 1991). The ADRB2 (rs1042714) SNP modulates receptor 

activity and sensitivity (Cagliani et al., 2009; Johnson 2006), whereby the G allele is associated 

with increased responsiveness to ligand and delayed desensitisation and downregulation. As 

the G allele is more responsive, it may increase vulnerability to the associated effects of 

overstimulation (i.e., altered cell replication, differentiation, morphology and distribution), 

causing neurodevelopmental disorders by modifying neural architecture (Cheslack-Postova et 

al., 2007), and consequently deficits in technical ability in football. Other research has also 

shown that ADBR2 (rs1042714) may be associated with changes in white matter and cognitive 

functions, although specific allelic associations have been inconsistent (Lyall et al., 2013). As 

such, further research with larger samples is required to validate the association of ADBR2 

(rs1042714) with technical ability in football as current mechanistic explanations are 

speculative. 

The C/C genotype of BDNF (rs6265) was associated with a higher score in the shooting 

accuracy test and exhibited the largest effect of any SNP on this phenotype. These results are 

in accordance with a plethora of research that suggests the T allele is associated with a 

decreased motor learning capacity. The BDNF gene encodes for the BDNF protein, which 
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influences cortical synaptic plasticity (Akaneya et al., 1997). Carriers of the BDNF (rs6265) T 

allele have shown lower increases in the amplitude of motor-evoked potentials and motor map 

reorganisation following motor training (Kleim et al., 2006). Moreover, following transcranial 

magnetic stimulation, there was no change in the neurological excitability of individuals 

possessing the T allele, whereas there was a 67% increase in C allele carriers (Missitzi et al., 

2011). This suggests T allele carriers may have a lower motor learning adaptation capacity due 

to less neurobiological excitability, which may be related to altered cortical synaptic plasticity. 

Indeed, it has been reported that the T allele produces a lower activity-dependent release and 

recruitment of BDNF in neurons, altered glutamatergic and GABAergic synaptic transmission, 

and changes of cortical and hippocampal morphology resulting in deficits in learning and 

memory (Deveci et al., 2020). As such, the association of BDNF (rs6265) with technical ability 

in football may be explained by its potential influence on motor learning. 

The C allele of DRD1 (rs4532) was associated with a faster completion time of the 

slalom dribble test. The DRD1 gene encodes the DRD1 protein, which helps regulate synaptic 

dopamine levels by subserving dopamine neurotransmission across motor cortices and the 

basal ganglia (Gu, 2002; Hauber, 1998). The DRD1 (rs4532) SNP is in a 5′ untranslated 

regulatory region that may affect mRNA stability and translation, as the C allele has been 

associated with several disorders associated with increased brain dopamine neurotransmission 

(Cichon et al., 1994; Comings et al., 1997). Increased dopamine levels have been found to 

promote motor learning and motor cortex plasticity, so long as an excess of dopamine is not 

accumulated (Matsumoto et al., 1997; Meintzschel & Ziemann, 2006). Indeed, when DRD1 

(rs4532) was incorporated into a TGS, with the C allele classified as an advantageous genotype, 

the TGS was associated with greater motor learning (Pearson-Fuhrhop et al., 2013). As such, 

the findings of this study suggest a role for DRD1 (rs4532) on technical ability in football due 

to the potential association with dopamine levels and consequently motor learning. 
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The C/C genotype of DBH (rs1611115) was associated with a faster completion time 

of the slalom dribble test and a higher score in the shooting accuracy test. The DBH gene 

encodes the DBH enzyme which catalyses the oxidative hydroxylation of dopamine to 

norepinephrine (Gonzalez‐Lopez & Vrana, 2020). DBH enzymatic activity modulates 

norepinephrine levels and influences executive and motor function (Mustapic et al., 2013). It 

has been estimated that the DBH (rs1611115) SNP explains between 30 to 50% of the variance 

in DBH activity, with the T allele associated with decreased DBH activity (Zabetian et al., 

2001). Since DBH plays an important role in the metabolism of dopamine and norepinephrine, 

decreased DBH activity may facilitate structural or functional neuronal damage, and 

consequently neurodevelopmental and neurodegenerative disorders (Gonzalez‐Lopez & 

Vrana, 2020). Therefore, as the C allele may be associated with higher DBH activity and 

consequently improved motor function, this mechanism may explain the association of DBH 

(rs1611115) with technical ability in football. 

There were no associations between a single SNP and the subjective coach ratings of 

any technical skill. This may in part be due to the specific characteristics of a different cohort, 

but it is also likely because of the unique criteria coaches use to judge player and technical 

ability. Unfortunately, coaches have found it difficult not only to describe technical 

proficiency, but also explicitly report the criteria they use to assess athlete abilities (Roberts et 

al., 2019). Indeed, as a recent review highlighted (see Lath et al., 2021), there is a lack of 

knowledge and clear understanding of how coaches subjectively assess the abilities of players 

throughout the literature, and as a result, the underlying mechanism(s) remains unknown. 

Therefore, the specific phenotypic characteristics coaches evaluate in players to infer technical 

ability, may be subtly different from those that facilitate improved performance in objective 

tests. 
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Research has indicated that objective and subjective assessments of player ability in 

football have similar prognostic validity (Honer et al., 2021; Sieghartsleitner et al., 2019). 

However, the levels of agreement between subjective and objective assessments of current 

performance have only been confirmed using physical assessments (Dugdale et al., 2020). 

Moreover, Dugdale et al. (2020) reported that coaches' subjective assessments of physical 

assessments only corresponded with the extremities (i.e., highest and lowest objective 

performances), suggesting that subjective assessments may lack sensitivity when 

discriminating between players of similar ability. Although these findings are yet to be 

replicated with technical assessments, they may help explain the non-significant results of this 

study due to the narrow distribution of subjective scores. 

The TGSs and TWGSs were associated with several objective and subjective technical 

assessments. This suggests the technical skills of dribbling, passing, and shooting in football 

are polygenic traits and the SNPs in this study have an additive effect on each skill. This finding 

is in accordance with a previous investigation on the collective influence of genetic 

polymorphisms on motor learning, which found advantageous alleles of genetic variants 

associated with dopamine neurotransmission influence the motor system in an additive manner 

(Pearson-Fuhrhop et al., 2013). This study also showed weighting SNPs by their partial 

influence improved the relationship between each GS model and the respective technical 

phenotype under investigation. This finding is congruent with previous research comparing 

unweighted and weighted TGSs using a similar approach. For instance, Massidda et al. (2014) 

found a TWGS explained 10% and 15% more of the variance than a TGS in countermovement 

jump and squat jump height, respectively. In this study, the TWGSs explained 4-13% and 2-

14% more of the variance than the TGSs in the objective and subjective assessments, 

respectively. These findings suggest each advantageous allele of a given SNP may have a 

different degree of influence on a specific technical phenotype. Moreover, these findings 



 171 

showcase that dribbling, passing, and shooting all have subtly different phenotypic 

characteristics, resulting in each having unique advantageous genotypes and polygenic 

profiles. However, some SNPs also have a pleiotropic effect, whereby they influence separate 

technical phenotypes in a similar manner (e.g., DBH C/C genotype on objective dribbling and 

shooting performance). 

This study has several limitations which should be acknowledged when interpreting its 

results. The main limitations derive from the size of the samples and the number of association 

tests performed without adjustment for multiple comparisons. However, the sample sizes used 

in this study are similar to that of other preliminary studies in this research area (e.g., Jacob et 

al. 2018) and indeed football genetics as a whole (see McAuley, Hughes, et al., 2021a for a 

review). Furthermore, adjustments for multiple comparisons in exploratory research are not 

recommended (see Althouse, 2016), as reducing Type 2 errors is the priority to ensure an 

important novel association is not missed, which can be confirmed or rejected in subsequent 

higher-powered studies. Nevertheless, the observed associations could be false positives or 

might only be specific to the samples under investigation, and consequently may not be 

generalisable to other football cohorts. As such, further research is required with independent 

and larger football cohorts to replicate and assess the external validity of these results before 

practical applications can be recommended. Building this research base with studies using 

transparent methodologies is important so they can contribute to research synthesis approaches 

in the future to draw more valid and reliable conclusions (McAuley, Baker, et al., 2022). There 

are many other factors that may influence performance in technical assessments that could not 

be controlled for. For instance, recent research has shown that maturation status is associated 

with distinct genetic profiles in youth football players (Murtagh et al., 2020). Capturing and 

adjusting for maturation status as well as chronological age and other confounding variables 

may provide greater context to findings. 
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6.5 Conclusion 

This study indicates inter-individual genetic variation may influence the technical capabilities 

of youth football players. These findings suggest ADBR2 (rs1042714), BDNF (rs6265), DBH 

(rs1611115), and DRD1 (rs4532), in isolation, may be significant predictors of dribbling and 

shooting performance when using objective assessment methods. In addition, the polygenic 

models of all the SNPs included in this study were shown to be significant predictors of 

technical capabilities, irrespective of assessment method. As such, these SNPs may prove to 

be a useful starting point in establishing a genetic profile tool capable of assisting with technical 

performance assessment and development. However, before the results of this study can be 

considered for practical applications, replications via higher-powered research designs are 

necessary.
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7 Genetic associations with personality and mental toughness profiles of 

English academy football players: An exploratory study 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Baker, J., Herbert, 

A. J., & Kelly, A. L. (2022). Genetic associations with personality and mental toughness 

profiles of English academy football players: An exploratory study. Psychology of Sport 

and Exercise, 61, 102209. https://doi.org/10.1016/j.psychsport.2022.102209 

 

Abstract 

Psychological characteristics influence the performance of youth football players and are 

significant predictors of development and success at adulthood. Although genetic factors may 

explain a considerable portion of inter-individual differences in psychological traits, 

psychogenetic research in football is scarce. As such, the purpose of this study was to examine 

the association of ten single nucleotide polymorphisms (SNPs) with personality and mental 

toughness profiles of academy football players. Seventy-three male under-12 to under-18 

football players from a Category 3 English academy were genotyped for ten SNPs. Personality 

and mental toughness were assessed using a 50-item IPIP Big Five personality traits 

questionnaire and the Mental Toughness Index, respectively. Simple linear regression was used 

to analyse individual SNP associations with personality dimensions and mental toughness, 

whereas both unweighted and weighted total genotype scores (TGSs; TWGSs) were computed 

to measure the combined influence of all SNPs. There was a significant association between 

DRD3 (rs167771) and agreeableness, where A/A homozygotes scored higher than G allele 

carriers. TGSs and/or TWGSs were significantly correlated with mental toughness and each 

https://doi.org/10.1016/j.psychsport.2022.102209
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personality dimension except openness, explaining between 3-17% of the variance. The results 

of this study suggest psychological characteristics of youth football players are partly 

determined by genetic factors.  



 

 

 

 

 

175 

7.1 Introduction 

Psychological characteristics are now an integral component of multidimensional athlete 

development models in football (soccer) (Vaeyens et al., 2008; Williams et al., 2020). Early 

research in football indicated higher performing youth football players possessed superior 

psychological capacities that facilitated greater development than their lower performing 

counterparts (Williams & Reilly, 2000). Psychological attributes have been researched 

frequently over the last two decades and have not only been regularly associated with current 

performance levels in youth football players, but are also significant predictors of development 

and success in adulthood (Murr et al., 2018). As a result, psychological aspects have been 

integrated into many countries’ multidisciplinary long-term youth development strategies (e.g., 

the Elite Player Performance Plan in England; Premier League, 2011). However, at present, 

research on the psychological aspects of performance in football is scarce compared to other 

multidimensional components, such as physiological and technical (Sarmento et al., 2018). 

Psychological research in football has identified a wide range of important 

psychological characteristics, which have been associated with objective performance metrics 

as well as through subjective coach, player, and scout perceptions (Williams et al., 2020). The 

predominant method of assessing psychological characteristics has been through self-report 

validated questionnaires/scales (Musculus & Lobinger, 2018). Several recent systematic 

reviews on football-specific research have synthesised the findings of these studies from both 

psychological (e.g., Gledhill et al., 2017; Murr et al., 2018; Ivarsson et al., 2020) and 

multidisciplinary (e.g., Bergkamp et al., 2019; Sarmento et al., 2018; Williams et al., 2020) 

perspectives. Overall, and similar to other multidimensional predictors, studies have generally 

reported small to moderate effect sizes for psychological variables on current and future 
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performance in football. Some of the more strongly supported psychological variables include: 

(a) achievement goal orientation, (b) achievement motives, (c) commitment, (d) concentration, 

(e) coping strategies, (f) effort, (g) motivation, (h) resilience, (i) self-determination, (j) self-

regulation, and (k) task orientation (Murr et al., 2018; Ivarsson et al., 2020). 

In psychological research, there are umbrella terms which encompass many of the 

psychological variables outlined, such as personality and mental toughness (Lin et al., 2017). 

Personality is most commonly assessed in contemporary sport research using the Big Five/Five 

Factor model, which contends that there are five main personality dimensions (i.e., 

extraversion, agreeableness, openness, conscientiousness, and neuroticism) that embody 

several more specific psychological facets (McCrae & John, 1992). More specifically, 

extraversion assesses the quantity and intensity of interpersonal interactions, agreeableness 

assesses individuals’ concern for cooperation and social harmony, openness assesses 

individuals’ tendency to seek out new experiences, conscientiousness assesses organisation and 

goal-directed behaviour, and neuroticism assesses the degree to which individuals are prone to 

emotional instability (Allen et al., 2013). Mental toughness on the other hand has been defined 

as a collection of psychological resources that facilitate an individual’s capacity to produce 

reliable objective and subjective performance in the presence of varying situational demands 

(Gucciardi et al., 2015). Unsurprisingly, several studies have reported significant associations 

between personality traits, mental toughness, and performance in sport (Allen et al., 2013; Liew 

et al., 2019). In general, more successful athletes tend to score lower on neuroticism and higher 

on mental toughness (Benítez-Sillero et al., 2021; Piepiora, 2021; Steca et al., 2018). 

To assess the underpinning mechanisms of psychological variables, behavioural 

scientists have investigated the extent to which genetic and environmental factors influence 
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inter-individual differences (Chabris et al., 2015). These studies identified a sizable genetic 

component in both personality and mental toughness (Allen et al., 2013; Lin et al., 2017; Power 

& Pluess, 2015). Specifically, the heritability estimate for overall personality and mental 

toughness is approximately 50%, with the sub-components of each generally ranging from 35% 

to 65% (Horsburgh et al., 2009). There is considerable evidence supporting the influence of 

genetics on psychological variables. For example, Turkheimer (2000) noted in a seminal article 

that the “Three Laws of Behaviour Genetics” are: (a) all human behavioural traits are heritable, 

(b) the effect of being raised in the same family is smaller than the effect of genes, and (c) a 

substantial portion of the variation in complex human behavioural traits is not accounted for 

by the effects of genes or families. These suggestions are further supported by a meta-analysis 

encompassing 50 years of twin research reporting an average heritability estimate across all 

behavioural and physical traits of 49% (Polderman et al., 2015). 

Grounded on the amalgamation of a vast amount of empirical evidence from molecular 

genetic research, a “Fourth Law of Behaviour Genetics” was proposed by Chabris et al. (2015). 

Namely, a typical human behavioural trait is associated with very many genetic variants, each 

of which accounts for a very small percentage of the behavioural variability. As such, 

analogous to physical phenotypes, the genetic architecture of psychological phenotypes is 

highly polygenic (i.e., many different genetic variants influence each trait) and pleiotropic (i.e., 

each genetic variant influences many different traits). Although, in comparison to physical 

phenotypes, psychological phenotypes may be more polygenic based on the number and mean 

effect sizes of the associated genetic variants identified in contemporary research (Chabris et 

al., 2015). Most of these common genetic variants (i.e., polymorphisms) are within genes in 

the serotonergic and dopaminergic systems (Ausmees et al., 2021; Balestri et al., 2014). 
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However, whilst there is considerable research on these and other variants, the validity of their 

associations with psychological traits requires further research (Karlsson Linnér et al., 2019; 

Sanchez-Roige et al., 2018; Strawbridge et al., 2018). 

Within a football-specific context, there is very limited psychogenetic research. For 

instance, a recent systematic review of genetic association research in football only identified 

three studies involving football players (see McAuley, Hughes, et al., 2021a). These studies 

reported significant genetic associations with overall athlete status (Filonzi et al., 2015) and 

specific psychological phenotypes such as anxiety, depression, impulse control, and 

neuroticism (Cochrane et al., 2018; Petito et al., 2016). However, the cohorts under 

investigation in these studies consisted of a combination of footballers and athletes from other 

sports, which limits the implications of their findings to a football-specific context. To the 

authors’ knowledge, there is yet to be a psychogenetic study on footballers in isolation. 

Accordingly, the aim of this exploratory study was to examine the associations amongst ten 

psychogenetic single nucleotide polymorphisms (SNPs) with personality and mental toughness 

profiles of academy football players. Identifying a panel of SNPs associated with relevant 

psychological phenotypes may enhance athlete development processes in football by enabling 

more individualised psychological intervention programmes, which may help manage athlete 

welfare and improve long-term performance. 

7.2 Methods 

7.2.1 Participants 

In total, 73 male under-12 to under-18 (aged 14.31  2.16 years) football players from a 

Category 3 English academy participated in this study. Prior to the study commencing, 

informed assent from all players, consent from parents/guardians, and gatekeeper consent from 
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each academy was collected. Coaches of each age group were present whilst players completed 

the questionnaires. All experimental procedures were conducted in accordance with the 

guidelines in the Declaration of Helsinki and ethical approval was granted by Birmingham City 

University via the Health, Education, and Life Sciences Academic Ethics Committee. This 

study was conducted in accordance with the recommendations for reporting the results of 

genetic association studies defined by the STrengthening the REporting of Genetic Association 

studies (STREGA) Statement (Little et al., 2009). 

7.2.2 Personality 

Personality was assessed using a 50-item Big Five personality traits questionnaire from the 

International Personality Item Pool (IPIP) (Goldberg et al., 2006). Each personality trait was 

measured by the sum of each participant’s answers to ten statements using a five-point Likert 

scale ranging from one (disagree) to five (agree). For example, ‘I am the life of the party’ 

(extraversion), ‘I am interested in people’ (agreeableness), ‘I am full of ideas’ (openness), ‘I 

am always prepared’ (conscientiousness), and ‘I get stressed out easily’ (neuroticism). Higher 

scores represent higher levels of each personality trait. Previous studies that applied this tool 

have reported good internal consistency (Cronbach’s alpha) across all trait measurements (i.e., 

extraversion = 0.87, agreeableness = 0.81, openness = 0.78, conscientiousness = 0.77, and 

neuroticism = 0.88) (Power & Pluess, 2015). 

7.2.3 Mental toughness 

Mental toughness was assessed using the Mental Toughness Index (MTI) (Gucciardi et al., 

2015). The MTI is an eight-item unidimensional measure which instructs participants to 

indicate how they typically think, feel, and behave as an athlete using a seven-point Likert scale 

ranging from one (False, 100% of the time) to seven (True, 100% of the time) (Cooper et al., 
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2022; Jones & Parker, 2019). The sum of the eight items yields a mental toughness score that 

is then used for analysis, with higher scores representing higher levels of mental toughness. 

Previous studies examining the internal consistency and reliability of the MTI have 

demonstrated both high Cronbach’s alpha (0.90) and composite reliability (0.90) levels (Jones 

& Parker, 2018). 

7.2.4 Genetic procedures 

7.2.4.1 Genotyping 

Saliva was collected from players via sterile, self-administered buccal swabs, following a 

minimum of 30 minutes since food or drink ingestion. Saliva samples were safely stored at 

room temperature and within 36 hours were sent to AKESOgen, Inc. (Peachtree Corners, GA, 

USA) for DNA extraction. Using Qiagen chemistry, DNA was extracted on an automated 

Kingfisher FLEX instrument (Thermo Fisher Scientific, Waltham, MA, US). The 

manufacturers recommended guidelines and procedures were followed throughout. To measure 

the extracted DNA’s quality and quantity, PicoGreen and Nanodrop measurements were taken. 

Input to the custom testing array occurs at 200 ng in 20 L. Biomek FXP was used to perform 

amplification, fragmentation, and resuspension. Hybridisation was performed in a Binder oven 

at 48 degrees for 24 hours and GeneTitan instrumentation (Thermo Fisher Scientific, Waltham, 

MA, US) was used to stain and scan the arrays, following the Affymetrix Axiom high 

throughput 2.0 protocol. Data analysis was then performed using a raw CEL file data input into 

the Affymetrix Axiom Analysis Suite (Affymetrix, Santa Clara, CA, US). Procedures are in 

accordance with Pickering et al. (2019). 
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7.2.4.2 Polymorphism selection 

To identify potentially associated polymorphisms, empirical research, review articles, book 

chapters, and the GWAS catalog (https://www.ebi.ac.uk/gwas/) were examined. Priority was 

given to GWAS results that were replicated in independent cohorts, followed by candidate gene 

studies with large homogenous sample sizes which produced similar associations in more than 

one study. The polymorphisms that were finally included were dependent on the coverage of 

the microarray and quality control procedures. After an extensive search of the literature, the 

following ten polymorphisms were selected based on their proposed biological function and 

relevant associations in previous studies: 5-hydroxytryptamine receptor 2A (HTR2A; rs6311), 

Brain derived neurotrophic factor (BDNF; rs6265), Cholinergic receptor muscarinic 2 

(CHRM2; rs1824024), Catechol-O-methyltransferase (COMT; rs4680), Catenin alpha 2 

(CTNNA2; rs7600563), Dopamine receptor D2 (DRD2; rs1800497), Dopamine receptor D3 

(DRD3; rs167771), Dopamine receptor D4 (DRD4; rs1800955), Gamma-aminobutyric acid 

type A receptor subunit alpha6 (GABRA6; rs3219151), and Oxytocin receptor (OXTR; 

rs2254295) (see Table 7.1). These gene names and symbols are in accordance with those 

officially approved by the Human Gene Nomenclature Committee (HGNC; 

https://www.genenames.org). Standard genomic quality control procedures and thresholds 

were applied when selecting polymorphisms: SNP call rate (>95), sample call rate (>95), 

fisher’s linear discriminant (>3.6), and minor allele frequency (>0.05).

https://www.ebi.ac.uk/gwas/
https://www.genenames.org/
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Table 7.1. Psychological gene and single nucleotide polymorphism (SNP) information. 

Gene Symbol Chr Function SNP Consequence Associations MAF 

5-hydroxytryptamine 

receptor 2A 
HTR2A 13q14.2 

Encodes one of the receptors for serotonin, a neurotransmitter 

with an important role in the brain reward system as well as 

cellular development and differentiation. 

rs6311 

Intron variant  

C > T 

Big Five personality traits and novelty 

seeking. 
T = 0.44 

Brain derived 

neurotrophic factor 

BDNF 11p14.1 

Encodes a neurotrophin essential for neuronal development and 

survival, synaptic plasticity, and cognitive function. 

rs6265 

Missense variant  

C > T (Val > Met) 

Novelty seeking and sensation 

seeking. 

T = 0.20 

Cholinergic receptor 

muscarinic 2 
CHRM2 7q33 

Muscarinic receptors influence many effects of acetylcholine in 

the central and peripheral nervous system. The muscarinic 

cholinergic receptor 2 is involved in mediation of bradycardia 

and a decrease in cardiac contractility 

rs1824024 

Intron variant  

C > A 

Big Five personality traits and 

sensation seeking. 
C = 0.29 

Catechol-O-

methyltransferase 

COMT 22q11.21 

Catalyses the degradation of catecholamines, including 

neurotransmitters dopamine, epinephrine, and norepinephrine. 

rs4680 

Missense variant  

G > A (Val > Met) 

Impulsivity, addiction disorders, 

extraversion, sensation seeking. 

A = 0.50 

Catenin alpha 2 CTNNA2 2p12 

Expressed in the brain with a role in synaptic plasticity, actin 

filament binding activity, regulation of Arp2/3 complex-mediated 

actin nucleation, neuron migration and projection development. 

rs7600563 

Intron variant  

T > G 

Excitement seeking and risk taking. G = 0.34 
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Dopamine receptor 

D2 

DRD2 11q23.2 

Encodes the D2 subtype of the dopamine receptor, which inhibits 

adenylyl cyclase activity and regulates neuronal growth, 

development, and behaviour. 

rs1800497 

Missense variant  

G > A (Glu > Lys) 

Sensation seeking, impulsive 

behaviour, and novelty seeking. 

A = 0.19 

Dopamine receptor 

D3 

DRD3 3q13.31 

Encodes the D3 subtype of the dopamine receptor, which inhibits 

adenylyl cyclase activity and is associated with cognitive, 

emotional, and endocrine functions. 

rs167771 

Intron variant  

G > A 

Sensation seeking and autism 

spectrum disorders. 

G = 0.20 

Dopamine receptor 

D4 

DRD4 11p15.5 

Encodes the D4 subtype of the dopamine receptor, which inhibits 

adenylyl cyclase activity and is associated with autonomic 

nervous system dysfunction, behaviour and personality traits. 

rs1800955 

2KB Upstream 

variant T > C 

Novelty seeking, sensation seeking, 

anxiety and impulsivity. 

C = 0.41 

Gamma-aminobutyric 

acid type A receptor 

subunit alpha6 

GABRA6 5q34 

GABA is the major inhibitory neurotransmitter in the mammalian 

brain where it acts at GABA-A receptors, which are ligand-gated 

chloride channels. 

rs3219151 

3 Prime UTR 

variant C > T 

Big Five personality traits, panic and 

major depressive disorder. 

C = 0.42 

Oxytocin receptor OXTR 3p25.3 

Encodes oxytocin a neuropeptide and hormone implicated in 

prosocial human social and emotional functioning. 

rs2254295 

Intron variant  

C > T 

Reward seeking, risk taking, and 

impulsivity. 

C = 0.11 

Note. Chr = chromosome location; MAF = minor allele frequency (according to European population; 1000 Genomes Project Consortium, 2015). 
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7.2.4.3 Total genotype score 

Unweighted and weighted total genotype scores (TGS; TWGS) were calculated to assess the 

combined influence of the included SNPs on each personality dimension and mental toughness. 

Both TGSs and TWGSs have demonstrated sufficient discriminatory power in previous sport 

genomic research (Massidda et al., 2014; Varillas Delgado et al., 2020; Williams & Folland, 

2008). To generate both the TGS and TWGS, each genotype of a respective SNP initially 

received a score between 0-2 based on the observed associations with a dependent variable. 

Genotypes of dominant (AA vs. Aa-aa) and recessive (AA-Aa vs. aa) models were assigned a 

score of two (i.e., associated genotype[s]) or zero (i.e., alternate genotype[s]), whereas 

genotypes of co-dominant models (AA vs. Aa vs. aa) were assigned three scores (i.e., 

homozygous-associated genotypes received a score of two, the heterozygote received a score 

of one, and the alternate homozygous genotype received a score of zero) (Guilherme et al., 

2020). 

For the TGS, the genotype scores (GS) were then summed and transformed into a 0-

100 scale by dividing the total score by the maximum possible score and multiplying by 100.  

TGS = (combined-GS / maximum-GS) * 100 

For the TWGS, a similar procedure to Varillas Delgado et al. (2020) was used. Each 

GS was multiplied by the standardised beta coefficients () of each SNP following multiple 

regression with each dependent variable to create weighted genotype scores (WGS). The WGSs 

were then summed and transformed into a 0-100 scale by dividing the total score by the 

maximum possible score and multiplying by 100. 

TWGS = (combined-WGS / maximum-WGS) * 100 
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7.2.5 Data analysis 

Each SNP was tested for adherence with Hardy-Weinberg equilibrium (HWE) using an exact 

test via SNPStats (Solé et al., 2006). Linkage disequilibrium (LD) was analysed using LDlink 

(Machiela & Chanock, 2015) and data from the 1000 Genomes Project European ancestry 

population (1000 Genomes Project Consortium, 2015). All other data were analysed using 

Jamovi version 1.8.1 and IBM SPSS version 25. Normality was assessed with the Shapiro-

Wilk test and homoscedasticity was assessed using Levene’s test. Akaike information criterion 

(AIC) was used to select which genetic model (i.e., co-dominant, dominant, recessive) best fit 

the data and would be subjected to hypothesis testing. However, if MAF ≤ 0.25 a dominant 

model was utilised to retain statistical power (Murtagh et al., 2020). Simple linear regression 

was performed to assess the association of genotype models with each personality dimension 

and mental toughness. Multiple regression was used to calculate the standardised beta 

coefficients () of each SNP for the TWGS models. Simple linear regression was then 

performed to assess the association of each TGS and TWGS with each personality dimension 

and mental toughness. Pearson’s correlation coefficient (r) with thresholds values of ≤0.1 

(trivial), >0.1-0.3 (small), >0.3–0.5 (moderate), >0.5–0.7 (large), >0.7–0.9 (very large), and 

>0.9–1.0 (almost perfect) were used to measure correlation (Hopkins, 2009). The coefficient 

of determination (R2) was computed to determine the variance explained by each TGS and 

TWGS. Statistical significance was set at p < .05. 

7.3 Results 

Genotype and allele distributions of all SNPs were in HWE except for DRD4 (p = .040), and 

all SNPs were in linkage equilibrium. Assumptions of normality and homoscedasticity were 

not violated. Descriptive statistics and genotype frequencies are displayed in Table 7.2.  
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Table 7.2. Descriptive statistics of personality dimensions and mental toughness. 

Gene (SNP) 
Genotype = n 

(%) 
O A C N E MT MAF HWE 

Overall 
25.47 ± 

5.46 
26.27 ± 

4.98 
27.67 ± 

5.07 
22.78 ± 

6.85 
23.67 ± 

6.75 
43.21 ± 

5.56 
N/A N/A 

HTR2A 

(rs6311) 

C/C = 28 (38) 
25.96 ± 

4.99 

25.18 ± 

4.59 

27.71 ± 

4.04 

23.79 ± 

7.41 

25.39 ± 

6.41 

43.46 ± 

5.57 

0.42 0.15 C/T = 29 (40) 
25.10 ± 

5.17 

27.59 ± 

5.58 

27.69 ± 

5.86 

22.03 ± 

6.11 

21.03 ± 

7.21 

42.63 ± 

5.60 

T/T = 16 (22) 
25.25 ± 

6.88 
25.81 ± 

4.17 
27.56 ± 

5.48 
22.38 ± 

7.31 
25.44 ± 

5.02 
43.75 ± 

5.76 

BDNF 
(rs6265) 

C/C = 45 (62) 
25.40 ± 

5.55 

26.91 ± 

4.54 

27.82 ± 

5.58 

23.47 ± 

7.31 

24.16 ± 

6.36 

43.53 ± 

5.29 

0.21 1 C/T = 25 (34) 
26.20 ± 

5.34 
25.68 ± 

5.67 
27.36 ± 

4.35 
21.16 ± 

6.12 
22.32 ± 

7.39 
42.25 ± 

6.28 

T/T = 3 (4) 
20.33 ± 

2.31 

21.67 ± 

3.06 

28.00 ± 

3.61 

26.00 ± 

2.00 

27.67 ± 

6.51 

45.50 ± 

3.32 

CHRM2 

(rs1824024) 

A/A = 23 (32) 
26.22 ± 

5.97 

27.09 ± 

5.83 

27.87 ± 

5.55 

20.83 ± 

8.01 

24.04 ± 

4.88 

42.48 ± 

6.80 

0.40 0.22 A/C = 41 (56) 
24.90 ± 

5.37 

25.73 ± 

4.48 

27.44 ± 

4.78 

23.78 ± 

5.84 

23.54 ± 

7.50 

43.97 ± 

4.32 

C/C = 9 (12) 
26.11 ± 

4.73 

26.67 ± 

5.07 

28.22 ± 

5.63 

23.22 ± 

7.66 

23.33 ± 

7.91 

41.78 ± 

6.94 

COMT 

(rs4680) 

A/A = 13 (18) 
26.31 ± 

5.02 
24.92 ± 

5.02 
27.69 ± 

4.61 
19.54 ± 

5.95 
21.46 ± 

5.61 
44.85 ± 

6.39 

0.41 0.81 G/A = 34 (47) 
25.00 ± 

5.05 

26.85 ± 

5.08 

27.41 ± 

5.31 

23.71 ± 

6.97 

24.59 ± 

6.58 

42.38 ± 

4.28 

G/G = 26 (36) 
25.65 ± 

6.27 

26.19 ± 

4.88 

28.00 ± 

5.15 

23.19 ± 

6.86 

23.58 ± 

7.43 

43.42 ± 

6.48 

CTNNA2 

(rs7600563) 

G/G = 3 (4) 
24.33 ± 

9.50 

24.67 ± 

4.16 

27.33 ± 

8.50 

26.00 ± 

7.55 

28.00 ± 

9.64 

44.33 ± 

5.13 

0.24 0.54 T/G = 29 (40) 
25.90 ± 

6.20 

25.72 ± 

4.83 

27.86 ± 

4.44 

22.69 ± 

7.84 

23.03 ± 

6.69 

43.89 ± 

5.86 

T/T = 40 (56) 
25.20 ± 

4.73 
26.60 ± 

5.11 
27.30 ± 

5.17 
22.70 ± 

6.19 
23.88 ± 

6.72 
42.56 ± 

5.49 

DRD2 
(rs1800497) 

A/A = 5 (7) 
25.20 ± 

5.40 

24.00 ± 

4.24 

26.60 ± 

2.30 

25.20 ± 

5.89 

24.80 ± 

5.89 

40.60 ± 

3.65 

0.25 0.75 

G/A = 26 (36) 
25.69 ± 

5.55 

26.54 ± 

5.62 

27.35 ± 

5.61 

22.38 ± 

6.31 

23.77 ± 

7.34 

42.91 ± 

4.43 
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7.3.1 Individual SNPs 

There was a significant association between DRD3 (F (1, 71) = 4.24, p = .043) and agreeableness, 

where A/A homozygotes scored higher than G allele carriers (B = 2.43). No other associations 

were found (see Table 7.3). 

G/G = 42 (58) 
25.36 ± 

5.53 
26.38 ± 

4.68 
28.00 ± 

5.02 
22.74 ± 

7.34 
23.48 ± 

6.60 
43.67 ± 

6.24 

DRD3 
(rs167771) 

A/A = 46 (63) 
25.41 ± 

6.07 

27.17 ± 

5.30 

28.15 ± 

5.09 

23.00 ± 

7.37 

24.07 ± 

7.52 

43.20 ± 

5.98 

0.21 0.72 A/G = 23 (32) 
25.39 ± 

4.25 
24.87 ± 

3.96 
27.26 ± 

4.96 
22.30 ± 

6.31 
23.65 ± 

5.12 
43.81 ± 

4.98 

G/G = 4 (5) 
26.50 ± 

5.26 

24.00 ± 

5.03 

24.50 ± 

5.51 

23.00 ± 

3.92 

19.25 ± 

4.86 

40.25 ± 

2.63 

DRD4 
(rs1800955) 

C/C = 18 (25) 
25.78 ± 

4.67 

27.06 ± 

5.77 

26.94 ± 

5.00 

20.39 ± 

7.92 

22.06 ± 

6.65 

41.94 ± 

7.30 

0.43 0.04 T/C = 27 (37) 
25.56 ± 

6.25 
27.04 ± 

4.90 
28.19 ± 

5.56 
23.22 ± 

6.41 
25.11 ± 

6.51 
44.21 ± 

4.74 

T/T = 28 (38) 
25.18 ± 

5.28 

25.04 ± 

4.41 

27.64 ± 

4.74 

23.89 ± 

6.37 

23.32 ± 

6.99 

43.13 ± 

5.07 

GABRA6 

(rs3219151) 

C/C = 11 (15) 
24.64 ± 

3.91 
26.73 ± 

4.50 
29.27 ± 

5.57 
21.82 ± 

6.68 
25.00 ± 

5.46 
42.83 ± 

5.13 

0.44 0.23 T/C = 41 (58) 
25.37 ± 

5.75 

26.49 ± 

5.22 

27.29 ± 

4.52 

23.07 ± 

6.40 

23.32 ± 

6.32 

43.53 ± 

5.39 

T/T = 19 (27) 
26.00 ± 

6.01 

24.95 ± 

4.62 

27.68 ± 

4.84 

23.47 ± 

7.95 

23.37 ± 

8.43 

42.70 ± 

6.42 

OXTR 

(rs2254295) 

C/C = 3 (4) 
21.67 ± 

5.03 

27.67 ± 

5.51 

29.00 ± 

8.19 

21.00 ± 

4.36 

21.00 ± 

6.00 

47.33 ± 

5.13 

0.16 0.36 T/C = 17 (23) 
26.12 ± 

5.06 

26.12 ± 

4.92 

27.65 ± 

4.36 

23.65 ± 

5.99 

23.71 ± 

7.50 

41.13 ± 

4.63 

T/T = 53 (73) 
25.47 ± 

5.60 
26.25 ± 

5.06 
27.60 ± 

5.20 
22.60 ± 

7.26 
23.81 ± 

6.63 
43.62 ± 

5.71 

Note. Data presented in mean ± standard deviation. O = openness; A = agreeableness; C = conscientiousness; N = neuroticism; E = 

extraversion; MT = mental toughness; MAF = minor allele frequency; HWE = Hardy-Weinberg equilibrium. 
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7.3.2 TGS 

Associations were also noted between the TGS and agreeableness (F (1, 69) = 6.31, p = .014), 

extraversion (F (1, 69) = 7.16, p = .009), mental toughness (F (1, 68) = 5.77, p = .019), and 

neuroticism (F (1, 69) = 8.40, p = .005). Moreover, small positive correlations were found with 

agreeableness (r = .29; R2 = .08) and mental toughness (r = .28; R2 = .08), whilst moderate 

positive correlations were found with extraversion (r = .31; R2 = .09) and neuroticism (r = .33; 

R2 = .11) (see Figure 7.1, Figure 7.2, and Figure 7.3). 

7.3.3 TWGS 

There were significant associations between the TWGS and agreeableness (F (1, 69) = 10.57, p 

= .002), conscientiousness (F (1, 69) = 4.30, p = .042), extraversion (F (1, 69) = 9.50, p = .003), 

mental toughness (F (1, 68) = 7.85, p = .007), and neuroticism (F (1, 69) = 14.58, p < .001). 

Moreover, a small positive correlation was found with conscientiousness (r = .24; R2 = .06), 

whilst moderate positive correlations were found with agreeableness (r = .35; R2 = .12), 

extraversion (r = .36; R2 = .13), mental toughness (r = .32; R2 = .10), and neuroticism (r = .42; 

R2 = .17) (see Figure 7.4, Figure 7.5, and Figure 7.6).  
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Table 7.3. Psychological simple linear regression analysis. 

Gene (SNP) Model B SE B β t p 

Openness 

HTR2A 

(rs6311) 
T/T-T/C vs. C/C -0.81 1.32 -0.15 -0.61 .542 

BDNF 

(rs6265) 
T/T-T/C vs. C/C 0.17 1.32 0.03 0.13 .897 

CHRM2 

(rs1824024) 
C/C-C/A vs. A/A -1.10 1.38 -0.20 -0.80 .429 

COMT 

(rs4680) 
G/G-G/A vs. A/A -1.02 1.68 -0.19 -0.61 .543 

CTNNA2 

(rs7600563) 
T/T vs. T/G-G/G -0.55 1.31 -0.10 -0.42 .676 

DRD2 

(rs1800497) 
G/G vs. G/A-A/A -0.26 1.30 -0.05 -0.20 .845 

DRD3 

(rs167771) 
G/G-G/A vs. A/A 0.14 1.33 0.03 0.11 .915 

DRD4 

(rs1800955) 
T/T vs. T/C-C/C -0.47 1.32 -0.09 -0.35 .726 

GABRA6 

(rs3219151) 
T/T vs. T/C-C/C 0.79 1.49 0.14 0.53 .598 

OXTR 

(rs2254295) 
T/T vs. T/C-C/C 0.02 1.44 0.00 0.02 .988 

Agreeableness 

HTR2A 

(rs6311) 
T/T-T/C vs. C/C 1.78 1.19 0.36 1.49 .139 

BDNF 

(rs6265) 
T/T-T/C vs. C/C -1.66 1.19 -0.33 -1.39 .168 

CHRM2 

(rs1824024) 
C/C-C/A vs. A/A -1.19 1.26 -0.24 -0.95 .348 

COMT 

(rs4680) 
G/G-G/A vs. A/A 1.64 1.52 0.33 1.08 .284 

CTNNA2 

(rs7600563) 
T/T vs. T/G-G/G 0.98 1.17 0.20 0.83 .408 

DRD2 

(rs1800497) 
G/G vs. G/A-A/A 0.25 1.19 0.05 0.21 .833 

DRD3 

(rs167771) 
G/G-G/A vs. A/A -2.43 1.18 -0.49 -2.06 .043* 

DRD4 

(rs1800955) 
T/T vs. T/C-C/C -2.01 1.18 -0.40 -1.70 .094 

GABRA6 

(rs3219151) 
T/T vs. T/C-C/C -1.59 1.32 -0.32 -1.20 .233 
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OXTR 

(rs2254295) 
T/T vs. T/C-C/C -0.10 1.32 -0.02 -0.08 .937 

Conscientiousness 

HTR2A 

(rs6311) 
T/T vs. T/C-C/C -0.14 1.44 -0.03 -0.10 .923 

BDNF 

(rs6265) 
T/T-T/C vs. C/C -0.39 1.23 -0.08 -0.32 .750 

CHRM2 

(rs1824024) 
C/C vs. C/A-A/A 0.63 1.82 0.12 0.35 .730 

COMT 

(rs4680) 
G/G vs. G/A-A/A 0.51 1.25 0.10 0.41 .683 

CTNNA2 

(rs7600563) 
T/T vs. T/G-G/G -0.51 1.18 -0.10 -0.43 .666 

DRD2 

(rs1800497) 
G/G vs. G/A-A/A 0.77 1.21 0.15 0.64 .523 

DRD3 

(rs167771) 
G/G-G/A vs. A/A -1.30 1.23 -0.26 -1.06 .293 

DRD4 

(rs1800955) 
T/T-T/C vs. C/C 0.96 1.38 0.19 0.70 .488 

GABRA6 

(rs3219151) 
T/T-T/C vs. C/C -1.86 1.56 -0.39 -1.19 .237 

OXTR 

(rs2254295) 
T/T vs. T/C-C/C -0.25 1.34 -0.05 -0.18 .855 

Neuroticism  

HTR2A 

(rs6311) 
T/T-T/C vs. C/C -1.63 1.65 -0.24 -0.99 .326 

BDNF 

(rs6265) 
T/T-T/C vs. C/C -1.79 1.65 -0.26 -1.09 .281 

CHRM2 

(rs1824024) 
C/C-C/A vs. A/A 2.85 1.70 0.42 1.68 .098 

COMT 

(rs4680) 
G/G-G/A vs. A/A 3.94 2.06 0.58 1.92 .059 

CTNNA2 

(rs7600563) 
T/T vs. T/G-G/G -0.30 1.64 -0.04 -0.18 .856 

DRD2 

(rs1800497) 
G/G vs. G/A-A/A -0.10 1.63 -0.01 -0.06 .951 

DRD3 

(rs167771) 
G/G-G/A vs. A/A -0.59 1.67 -0.09 -0.35 .724 

DRD4 

(rs1800955) 
T/T-T/C vs. C/C 3.17 1.83 0.46 1.73 .088 

GABRA6 

(rs3219151) 
T/T-T/C vs. C/C 1.38 2.24 0.20 0.62 .540 

OXTR 

(rs2254295) 
T/T vs. T/C-C/C -0.65 1.81 -0.09 -0.36 .722 
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Extraversion 

HTR2A 

(rs6311) 
T/T-T/C vs. C/C -2.79 1.60 -0.41 -1.74 .086 

BDNF 

(rs6265) 
T/T-T/C vs. C/C -1.26 1.63 -0.19 -0.78 .441 

CHRM2 

(rs1824024) 
C/C-C/A vs. A/A -0.54 1.71 -0.08 -0.32 .752 

COMT 

(rs4680) 
G/G-G/A vs. A/A 2.69 2.05 0.40 1.31 .195 

CTNNA2 

(rs7600563) 
T/T vs. T/G-G/G 0.37 1.62 0.06 0.23 .818 

DRD2 

(rs1800497) 
G/G vs. G/A-A/A -0.46 1.61 -0.07 -0.29 .776 

DRD3 

(rs167771) 
G/G-G/A vs. A/A -1.07 1.64 -0.16 -0.65 .519 

DRD4 

(rs1800955) 
T/T-T/C vs. C/C 2.14 1.83 0.32 1.17 .245 

GABRA6 

(rs3219151) 
T/T-T/C vs. C/C -1.67 2.22 -0.25 -0.75 .456 

OXTR 

(rs2254295) 
T/T vs. T/C-C/C 0.51 1.78 0.08 0.29 .775 

Mental toughness 

HTR2A 

(rs6311) 
T/T vs. T/C-C/C 0.70 1.59 0.13 0.44 .663 

BDNF 

(rs6265) 
C/C vs. C/T-T/T 0.82 1.36 0.15 0.60 .547 

CHRM2 

(rs1824024) 
A/A vs. A/C-C/C -1.08 1.41 -0.19 -0.77 .446 

COMT 

(rs4680) 
G/G-G/A vs. A/A -2.00 1.70 -0.36 -1.18 .244 

CTNNA2 

(rs7600563) 
G/G-G/T vs. T/T 1.37 1.35 0.25 1.02 .312 

DRD2 

(rs1800497) 
A/A-A/G vs. G/G -1.17 1.35 -0.21 -0.87 .388 

DRD3 

(rs167771) 
A/A vs. A/G-G/G -0.04 1.39 -0.01 -0.03 .975 

DRD4 

(rs1800955) 
T/T-T/C vs. C/C 1.67 1.55 0.30 1.08 .284 

GABRA6 

(rs3219151) 
T/T vs. T/C-C/C -0.66 1.49 -0.12 -0.44 .659 

OXTR 

(rs2254295) 
C/C-C/T vs. T/T -1.51 1.49 -0.27 -1.01 .315 

Note. Bold values and * highlight statistical significance at p < .05. B = unstandardised beta; SE B = 

standard error; β = standardised beta. 
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Figure 7.1. Openness total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations. * Statistically significant at p < .05. 
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Figure 7.2. Agreeableness total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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Figure 7.3. Conscientiousness total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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Figure 7.4. Neuroticism total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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Figure 7.5. Extraversion total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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Figure 7.6. Mental toughness total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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7.4 Discussion 

This study examined associations amongst ten psychogenetic polymorphisms, both 

individually and collectively, with the personality and mental toughness profiles of academy 

football players. To the author’s knowledge, this is the first assessment of the influence of 

genetic markers in isolation, and as part of a polygenic profile, on psychological traits within a 

homogenous football cohort. This study presents a novel association of DRD3 (rs167771) with 

agreeableness and a preliminary polygenic model that explains a small proportion of the inter-

individual variance in mental toughness and each personality dimension except openness. As 

such, these findings suggest several psychological characteristics of youth football players may 

be partly determined by genetic factors. 

 The A/A genotype of DRD3 (rs167771) was associated with higher levels of 

agreeableness compared to the G allele. The DRD3 gene encodes the DRD3 protein, which is 

the D3 subtype of the five dopamine receptors highly expressed in the limbic regions of the 

brain (e.g., hippocampus, nucleus accumbens, and ventral striatum) (Bouthenet et al., 1991; 

Gurevich & Joyce, 1999). The DRD3 (rs167771) SNP is an intron (i.e., non-coding elements 

of a gene), which are important for efficient splicing or other regulatory elements involved in 

transcription (Kim et al., 2008). In line with the present study, DRD3 has previously been 

associated with emotional and cognitive functions (Bouthenet et al., 1991; Gurevich & Joyce, 

1999). However, at the time of writing, there is no data available regarding the underpinning 

mechanism of the allelic association between DRD3 (rs167771) and psychological traits, so it 

remains unclear whether they have a functional effect or are in LD with the actual effect alleles 

(Staal, 2015). 
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To the authors’ knowledge, this is the first study to find a direct association between 

DRD3 (rs167771) and agreeableness. This may be due to the unique participants under 

investigation in this study. However, this finding is comparable to previous relationships 

between DRD3 (rs167771) and other relevant phenotypes. For instance, previous research has 

indicated that the G allele of DRD3 (rs167771) may be associated with an increased risk of 

autism (de Krom et al., 2009; Toma et al., 2013). Autism is an applicable phenotype to use for 

an indirect comparison, as lower levels of agreeableness have also been associated with an 

increased risk of autism (Austin, 2005). Although further research is required, these findings 

are consistent with the scientific literature associating DRD3 (rs167771) with psychological 

traits.  

There was no association between any other SNP in isolation and a personality 

dimension or mental toughness. Accurately measuring personality dimensions and mental 

toughness is notoriously difficult. Moreover, their overall phenotypic complexity means it is 

highly unlikely that inter-individual variance would be explained by individual SNPs. Indeed, 

identifying genetic associations between common variants and psychological traits may be 

even more challenging than with physical traits. For instance, whilst the SNPs associated with 

the largest effects on physical traits explain an estimated 0.3% of the inter-individual variance, 

the SNPs associated with the largest effects on psychological traits only explain an estimated 

0.02% of the inter-individual variance (Chabris et al., 2015). This suggests a larger number of 

SNPs with smaller effect sizes may account for the variability observed in psychological traits. 

Moreover, it was shown that a psychological condition (i.e., schizophrenia) was influenced by 

~5,000 more SNPs than four physical conditions (i.e., celiac disease, coronary artery disease, 

rheumatoid arthritis, and type 2 diabetes) (Ripke et al., 2013). 
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Candidate gene approaches are exemplified by numerous limitations in psychological 

research (see Munafò & Flint, 2011), but can also confer inferential advantages when sample 

cohorts are small and/or unique (e.g., athletic populations) (Jorgensen et al., 2009). However, 

evidence suggests a vast number of SNPs with small effect sizes may underpin psychological 

phenotypes. In light of this, polygenic profiles were used to assess the combined influence of 

the selected SNPs, as they have not only proved effective in psychogenetic research (Ausmees 

et al., 2021), but also previous research on phenotypes in football (e.g., athlete status, injury, 

physiological performance, and technical ability) (McAuley, Hughes, et al., 2021a). Moreover, 

applying a weight to each SNP based on its individual influence on a respective phenotype has 

been shown to increase the variance explained by a polygenic profile on physiological and 

technical phenotypes in football (Massidda et al., 2014). The results from this study correspond 

with and expand previous research, as the TGSs and TWGSs were associated with several 

psychological phenotypes, but the TWGS consistently explained more variance. 

The polygenic profiles in this study were associated with mental toughness and all 

personality dimensions except openness. The combined variance explained by the SNPs in the 

polygenic models differed between each psychological phenotype, where the strongest 

association was observed with neuroticism (e.g., neuroticism = 11-17%, extraversion = 9-13%, 

agreeableness = 8-12%, mental toughness = 8-10%, conscientiousness = 3-6%, and openness 

= 2-3%). All personality dimensions and mental toughness have been previously associated 

with differentiating successful and less successful individual and team-sport athletes (Benítez-

Sillero et al., 2021; Piepiora, 2021; Steca et al., 2018). That said, more consistent associations 

and larger effect sizes are generally reported with neuroticism, which is encompassed by facets 

such as anxiety, depression, hostility, impulsiveness, self-consciousness, and vulnerability 
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(Piepiora & Piepiora, 2021). As such, the most noteworthy feature of this study is the 

identification of a panel of SNPs that may be associated with one of the key psychological 

variables in sport, and more specifically football.  

These SNPs may prove useful in creating a genetic tool capable of assisting 

practitioners with implementing more individualised psychological intervention programmes 

in the future. That said, precisely how genetic information should be utilised by practitioners 

is still unclear and requires careful thought and consideration (McAuley, Hughes, et al., 2021b). 

Reducing the complex biological nature of psychological phenotypes to answers in a 

questionnaire is ill-advised. The intricacies of an individuals’ moment to moment experiences 

can be difficult to articulate, perceptual, and difficult to measure, even if more robust measures 

are used. Therefore, the validation of these results in larger homogenous and independent 

football cohorts is required, as well as the identification of more relevant genetic variants, 

before implementing the current findings into practice. However, even if these results are 

validated in larger independent cohorts, we believe they should not be used for talent 

identification purposes due to the multifactorial nature of performance in football and the 

accompanying social, ethical, and legal issues associated with potential genetic discrimination 

(McAuley, Hughes, et al., 2022). Instead, validated results could be used to enhance athlete 

development processes by managing athlete welfare to facilitate improved long-term 

performance. Genetic information should not be seen as an isolated determinant by 

practitioners, but rather as an additional objective tool to enhance often subjective decisions 

(McAuley, Baker, et al., 2021).  

This study has some limitations that should be acknowledged when interpreting its 

findings. First, the sample size was small, so the study may have been underpowered and 
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unable to detect more significant associations, increasing type 2 error. However, highly skilled 

athletic populations are generally small by nature and are notoriously difficult to gain access 

to. Indeed, this study’s sample (N = 73) is larger than the median sample size (N = 60) reported 

in a recent review of eighty genetic association studies in football (see McAuley, Hughes, et 

al., 2021a). Building this research base with studies using transparent methodologies is 

important so they can contribute to research synthesis approaches in the future to draw more 

valid and reliable conclusions (McAuley, Baker, et al., 2022). Second, this study did not make 

adjustments for multiple comparisons, which may have increased type 1 errors. However, due 

to the exploratory nature of this study, in regards to the novel experimentation methods 

employed and unique cohort, reducing type 2 errors was considered a priority. This is 

recommended in exploratory research (see Althouse, 2016), as a main aim is to ensure an 

important discovery is not missed in the first instance, which can be validated in subsequent 

dedicated replication studies. Third, the weighting of SNPs and the direction of the allelic 

associations in the polygenic models were data driven due to the unique population and lack of 

prior literature using high-powered research designs. As such, inaccurate weightings and 

opposite scores could have been assigned to specific SNPs and alleles, which may decrease 

external validity. Fourth, participants were only genotyped for SNPs and epistatic interactions 

were not considered. There are many other types of genetic polymorphisms associated with 

psychological phenotypes (e.g., insertions-deletions and copy number variants) and the 

interactions between genetic variants may alter associations, thus changing the accuracy of 

polygenic models. Therefore, the addition of more SNPs and other polymorphisms, whilst also 

considering their interactions, may increase the polygenic models’ accuracy. Lastly, due to the 



 

 

 

 

 

203 

age of the sample the psychological traits assessed may change over time or be different in 

adults and more validated questionnaires in children may also alter these reported measures 

7.5 Conclusion 

This study has presented novel evidence regarding the association of inter-individual genetic 

variation with the mental toughness and personality profiles of youth football players. These 

findings suggest that in isolation the DRD3 (rs167771) SNP G allele is associated with lower 

levels of agreeableness. In addition, the collective influence of all SNPs included in this study 

were shown to be associated with mental toughness and all personality dimensions except 

openness. As such, the findings from this exploratory study suggest that several psychological 

characteristics of academy footballers may be partly determined by genetic factors. Therefore, 

we suggest that future studies incorporate SNPs associated with psychological variables when 

conducting research into genetic associations with behavioural traits and/or athletic prowess. 

Successful independent replication in large homogenous cohorts may allow practitioners in the 

future to implement more individualised psychological intervention programmes during athlete 

development, which may help manage athlete welfare and facilitate improved long-term 

performance.  
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8 Genetic associations with acceleration, change of direction, jump height, 

and speed in English academy football players 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Baker, J., Herbert, 

A. J., & Kelly, A. L. (in press). Genetic associations with acceleration, change of 

direction, jump height, and speed in English academy football players. The Journal of 

Strength and Conditioning Research. 

 

Abstract 

High-intensity movements and explosive actions are commonly assessed during athlete 

development in football (soccer). While many environmental factors underpin these power-

orientated traits, research suggests there is also a sizeable genetic component. Therefore, this 

study examined the association of twenty-two single nucleotide polymorphisms (SNPs) with 

acceleration, change of direction, jump height, and speed in academy football players. One 

hundred and forty-nine male under-12 to under-23 football players from four English 

academies were examined. Participants performed 5 m, 10 m, 20 m, and 30 m sprints, 

countermovement jumps (CMJs), and the 5-0-5 agility test. Simple linear regression was used 

to analyse individual SNP associations, whereas both unweighted and weighted total genotype 

scores (TGSs; TWGSs) were computed to measure the combined influence of all SNPs. In 

isolation, the GALNT13 (rs10196189) G allele and IL6 (rs1800795) G/G genotype were 

associated with faster (~4%) 5 m, 10 m, and 20 m sprints and higher (~16%) CMJs, 

respectively. Furthermore, the TGS and TWGS were significantly correlated with all 

performance assessments, explaining between 6 and 33% of the variance. This study 
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demonstrates that some genetic variants are associated with power-orientated phenotypes in 

youth football players and may add value towards a future polygenic profile of physical 

performance.   
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8.1 Introduction 

Football (soccer) is an intermittent sport that is physiologically characterised by a variety of 

explosive movements and actions (Bangsbo et al., 2006; Dellal et al., 2011; Mallo et al., 2015). 

A typical match comprises ~1200 acyclical bursts of activity (e.g., change of direction [COD], 

jumps, and sprints), with high-intensity running occurring every ~70 seconds (s) (Bradley et 

al., 2009; Dodd & Newans, 2018). Whilst ~70% of a match requires players to perform low-

intensity activities, they travel 10-12 kilometres (km) with an average work intensity of 80% - 

90% of maximal heart rate (HRmax) and 70% - 80% of maximal oxygen uptake (VO2max), which 

is close to the anaerobic threshold (Bangsbo et al., 2014; Stølen et al., 2005). Research suggests 

the frequency of explosive activities performed during a game has rapidly increased. For 

instance, Barnes et al. (2014) reported that in the English Premier League from the 2006/07 to 

the 2012/13 season, high-intensity running distance, sprint distance, high-intensity actions, and 

the number of sprints all increased by ~30%, ~35%, ~50%, and ~85%, respectively. Continued 

increases in high-intensity running distances and number of sprints have been observed more 

recently in the Chinese Super League from the 2012/13 to the 2017/18 season (Zhou et al., 

2020) and in the Spanish La Liga from the 2015/16 to the 2018/19 season (Pons et al., 2021). 

The association of explosive activities with success in football may explain their rise in 

incidence and quantity. For instance, explosive activities constitute the more crucial moments 

in a match and directly contribute to winning/losing possession and scoring/conceding goals 

(Little & Williams, 2005; Oliver et al., 2009). Moreover, higher-intensity actions can 

distinguish teams of different competitive standards of play and are associated with a team’s 

final placing in their respective league (Di Salvo et al., 2009; Kalapotharakos et al., 2006; Mohr 

et al., 2003). Indeed, more successful players commonly display greater sprint times, high-
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intensity running distances, repeated sprint ability, jump heights, and one-repetition maximum 

back squat values (Bradley et al., 2009; Stølen et al., 2005). This has been further substantiated 

by multiple reviews revealing that players of higher competitive levels achieve superior scores 

on tests which measure acceleration, agility, anaerobic power, COD, speed, and strength (Dodd 

& Newans, 2018; Haugen et al., 2014; Sarmento et al., 2018; Slimani & Nikolaidis, 2019). 

Similar findings have been reported within youth football populations (e.g., Bennett et 

al., 2019; Gil et al., 2007, 2014; Höner et al., 2021; Kelly et al., 2021; Mirkov et al., 2010; Patel 

et al., 2020) and have been synthesised in recent reviews (see Kelly & Williams 2020; Vieira 

et al., 2019). However, from a talent identification perspective, the prognostic value of 

physiological characteristics possessed at younger ages on performance at adulthood may be 

of the greatest interest (Murr et al., 2018). For instance, in a longitudinal investigation in 

academy football players, Saward et al. (2020) reported that future professionals outperformed 

their non-professional counterparts in countermovement jumps (CMJ) and COD from the age 

of 12 years, and 20 m sprint throughout their entire development (aged 8-19 years) in England. 

Several other studies have reported significant prognostic associations with acceleration, speed, 

COD, and CMJ in different populations and/or specific age groups during development (e.g., 

Deprez et al., 2015; Emmonds et al., 2016; Forsman et al., 2016; Gonaus & Muller, 2012; 

Höner et al., 2017; Le Gall et al., 2010; Leyhr et al., 2018). 

Due to the contribution of explosive actions to success in football and their potential as 

significant predictors during athlete development, factors that influence physiological 

performance are of considerable interest to researchers and practitioners alike (Murr et al., 

2018). Several variables affecting physiological performance in youth football have been 

identified (e.g., stature, body mass, age, maturation, relative age effects, playing position, 
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flexibility, and training stimuli) (Abarghoueinejad et al., 2021; Dodd & Newans, 2018; Kelly 

& Williams, 2020; Leyhr et al., 2021; Radnor et al., 2021; Sarmento et al., 2018). However, a 

largely under-researched component of physiological performance in football is the influence 

of genetics (McAuley, Hughes, et al., 2021a; McAuley, Hughes, et al., 2022). All observable 

human traits are affected by the combination of many genetic variants to some extent 

(Polderman et al., 2015). More specifically, notable heritability estimates have been reported 

for several phenotypes associated with explosive actions in football (e.g., height = 80%, 

skeletal muscle mass = 80%, mesomorphy = 80%, explosive anaerobic power = 70%, body 

mass = 60%, leg strength = 60%) (Calvo et al., 2002; Livshits et al., 2016; Peeters et al., 2007; 

Silventoinen et al., 2008; Visscher et al., 2006). Indeed, a meta-analysis in this area produced 

an overall weighted heritability estimate of 52% for 58 strength and power measurements 

(Zempo et al., 2017), which further highlights the importance of better understanding genetic 

associations in youth football players. 

The evolution and advancement of molecular biology techniques have enabled the analysis 

of specific genetic markers to account for a proportion of these purported estimates. Indeed, 

several genetic markers have now been identified which may explain some of the inter-

individual variation observed in athletic performance traits (see Ahmetov et al., 2021 for a 

review). However, the majority of genetic research in athletic performance has focused on 

individual sports, whilst the studies that have investigated associations in football have 

predominately comprised case-control designs with senior cohorts (McAuley, Hughes, et al., 

2021a, 2021b). These studies have limited practical application in athlete development contexts 

as they do not reveal which genetic variants are associated with specific performance 

phenotypes (McAuley, Baker, et al., 2021). Moreover, due to the paucity of cross-sectional and 
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longitudinal study designs, and the lack of genetic research in youth populations, the effect of 

genetic variants on physiological traits during development is unclear (Murtagh et al., 2020). 

As such, the purpose of this study was to investigate the association of twenty-two relevant 

single nucleotide polymorphisms (SNPs) with acceleration, COD, jump height, and speed in 

youth football players. 

8.2 Methods 

8.2.1 Participants 

One hundred and forty-nine male under-12 to under-23 (aged 15.72  2.64 years) football 

players from two Category 1 and Category 3 English academies participated. Informed assent 

from all players, consent from parents/guardians, and gatekeeper consent from each academy 

was collected prior to the commencement of the study. All experimental procedures were 

conducted in accordance with the guidelines in the Declaration of Helsinki and ethical approval 

was granted by Birmingham City University via the Health, Education, and Life Sciences 

Academic Ethics Committee. This study was conducted in accordance with the 

recommendations for reporting the results of genetic association studies defined by the 

STrengthening the REporting of Genetic Association studies (STREGA) Statement (Little et 

al., 2009). 

8.2.2 Performance tests 

The 5 m and 10 m sprint, 5-0-5 agility, CMJ, and 20 m and 30 m sprint tests were used to assess 

acceleration, COD, jump height, and speed, respectively. All tests have been previously utilised 

in youth football research and provide valid and reliable assessments (Kelly et al. 2021; 

Murtagh et al., 2020). All participants were familiarised with the testing procedures before 

commencement. 
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For the 5 m, 10 m, 20 m and 30 m sprint tests, light gates (Brower TC Timing System, 

Draper, Utah, USA) were set up as per the manufacturer’s instructions and placed 5 m apart. 

Participants started approximately 0.5 m behind the first light gate, began the sprint at their 

own convenience, and continued sprinting until passing the final set of light gates. Three trials 

were completed, with a 3-minute rest between trials, and the quickest results were used for 

analysis. 

For the 5-0-5 agility test, a light gate (Brower TC Timing System, Draper, Utah, USA) 

was set up as per the manufacturer’s instructions. Participants started approximately 0.5 m 

behind the light gate and began the test at their own convenience. Participants sprinted towards 

a line 5 m ahead of the light gate, pivoted 180 degrees, and sprinted past the light gate at the 

start position. Two trials were completed, turning in different directions in each attempt, with 

a 3-minute rest between both trials. The quickest result was used for analysis.  

For the CMJ test, a jump mat (Just Jump system, Probotics Inc. 8602 Esslinger CT, 

Huntsville, Alabama, USA) was used. Participants were informed to not swing their arms 

during the jump and maintain hands on hips. The importance of using a countermovement and 

the need to take-off and land with straight legs was communicated and demonstrated to each 

participant. Three trials were completed, with a 3-minute rest between trials, and the greatest 

jump height was used for analysis. 

8.2.3 Genetic procedures 

8.2.3.1 Genotyping 

Saliva was collected from players via sterile, self-administered buccal swabs, following a 

minimum of 30 minutes since food or drink ingestion. Saliva samples were safely stored at 

room temperature and within 36 hours were sent to AKESOgen, Inc. (Peachtree Corners, GA, 
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USA) for DNA extraction. Using Qiagen chemistry, DNA was extracted on an automated 

Kingfisher FLEX instrument (Thermo Fisher Scientific, Waltham, MA, US). The 

manufacturers recommended guidelines and procedures were followed throughout. To measure 

the extracted DNA’s quality and quantity, PicoGreen and Nanodrop measurements were taken. 

Input to the custom testing array occurs at 200 ng in 20 L. Amplification, fragmentation, and 

resuspension were performed using Biomek FXP. GeneTitan instrumentation (Thermo Fisher 

Scientific, Waltham, MA, US) was used to stain and scan the arrays, with hybridisation 

performed in a Binder oven at 48 degrees for 24 hours, following the Affymetrix Axiom high 

throughput 2.0 protocol. Data analysis was then performed using a raw CEL file data input into 

the Affymetrix Axiom Analysis Suite (Affymetrix, Santa Clara, CA, US). Procedures were in 

accordance with Pickering et al. (2019). 

8.2.3.2 Polymorphism selection 

To identify potentially associated polymorphisms, empirical research, review articles, book 

chapters, and the GWAS catalog (https://www.ebi.ac.uk/gwas/) were examined. Priority was 

given to GWAS results that were replicated in independent cohorts, followed by candidate gene 

studies with large homogenous sample sizes which produced similar associations in more than 

one study. The polymorphisms that were finally included were dependent on the coverage of 

the microarray and quality control procedures. After an extensive search of the literature, the 

following twenty-two SNPs were selected based on their proposed biological function and 

relevant associations in previous studies: Angiotensin I converting enzyme (ACE; rs4341), 

Actinin alpha 3 (ACTN3; rs1815739), Adrenoceptor beta 2 (ADRB2; rs1042714), 

Angiotensinogen (AGT; rs699), Adenosine monophosphate deaminase 1 (AMPD1; 

rs17602729), Brain derived neurotrophic factor (BDNF; rs6265), Creatine kinase, M-type 

https://www.ebi.ac.uk/gwas/
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(CKM; rs8111989), Copine 5 (CPNE5; rs3213537), FTO alpha-ketoglutarate dependent 

dioxygenase (FTO; rs9939609), Polypeptide N-acetylgalactosaminyltransferase 13 

(GALNT13; rs10196189), Hypoxia inducible factor 1 subunit alpha (HIF1A; rs11549465), 

Hydroxysteroid 17-beta dehydrogenase 14 (HSD17B14; rs7247312), Insulin like growth factor 

1 (IGF1; rs35767), Insulin like growth factor 2 (IGF2; rs680), Interleukin 6 (IL6; rs1800795), 

Nitric oxide synthase 3 (NOS3; rs2070744), Peroxisome proliferator activated receptor alpha 

(PPARA; rs4253778), Peroxisome proliferator activated receptor gamma (PPARG; 

rs1801282), Solute carrier family 16 member 1 (SLC16A1; rs1049434), Superoxide dismutase 

2 (SOD2; rs4880), Thyrotropin releasing hormone receptor (TRHR; rs7832552), and 

Uncoupling protein 2 (UCP2; rs660339) (see Table 8.1 for more information). These gene 

names and symbols are in accordance with those officially approved by the Human Gene 

Nomenclature Committee (HGNC; https://www.genenames.org). Standard genomic quality 

control (QC) procedures and thresholds were applied when selecting polymorphisms: SNP call 

rate (>95), sample call rate (>95), fisher’s linear discriminant (>3.6), and minor allele 

frequency (>0.05).

https://www.genenames.org/
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Table 8.1. Physical gene and single nucleotide polymorphism (SNP) information. 

Gene Symbol Chr Function SNP Consequence Associations MAF 

Angiotensin I converting 

enzyme 

ACE 17q23.3 

Catalyses the degradation of the inactive 

decapeptide angiotensin I, and generates the 

physiologically active peptide, angiotensin II. 

rs4341 
Intron variant C > G 

(Insertion > Deletion) 

Serum and tissue activity, blood 

pressure, percentage of muscle fibre 

types, strength and muscle volume. 

C = 0.43 

Actinin alpha 3 ACTN3 11q13.2 

Primarily expressed in skeletal muscle and 

functions as a structural component of 

sarcomeric Z line. 

rs1815739 

Nonsense variant 

C > T (Arg > Ter) 

Protein deficiency, percentage of muscle 

fibre types, strength, muscle volume, 

acceleration, speed, and power.  

T = 0.43 

Adrenoceptor beta 2 ADRB2 5q32 

Expressed in the brain as part of the 

catecholamine system and acts as a receptor 

for adrenaline, noradrenaline, and dopamine. 

rs1042714 

Missense variant 

G > C (Glu > Gln) 

Receptor activity and sensitivity, 

neurodevelopmental disorders, white 

matter and cognitive functions. 

G = 0.41 

Angiotensinogen AGT 1q42.2 

Expressed in the liver and is cleaved by the 

enzyme renin in response to lowered blood 

pressure and produces angiotensin I. 

rs699 

Missense variant 

A > G (Met > Thr) 

Plasma levels, serum concentration, 

blood pressure, skeletal muscle 

hypertrophy and volume.  

G = 0.41 

Adenosine monophosphate 

deaminase 1 

AMPD1 1p13.2 

Catalyses the deamination of AMP to IMP in 

skeletal muscle. 

rs17602729 

Nonsense variant 

G > A (Gln > Ter) 

Enzyme functionality, AMP metabolism, 

muscle fatigue, weakness and cramping. 

A = 0.12 
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Brain derived neurotrophic 

factor 

BDNF 11p14.1 

Encodes for a neurotrophin essential for 

neuronal development and survival, synaptic 

plasticity, and cognitive function. 

rs6265 

Missense variant 

C > T (Val > Met) 

Motor cortex plasticity, motor learning, 

neuromuscular activation, horizontal and 

vertical power.  

T = 0.20 

Creatine kinase, M-type CKM 19q13.32 

A cytoplasmic enzyme involved in energy 

homeostasis and an important serum marker 

for myocardial infarction. 

rs8111989 

500B Downstream 

variant T > C 

Skeletal muscle performance, maximum 

oxygen uptake, trainability, power and 

endurance athlete status. 

C = 0.30 

Copine 5 CPNE5 6p21.2 

Calcium-dependent membrane-binding 

proteins may regulate molecular events at the 

interface of the cell membrane and cytoplasm 

rs3213537 Intron variant C > T 

Percentage of muscle fibre types, 

acceleration, speed, and power athlete 

status. 

T = 0.14 

FTO alpha-ketoglutarate 

dependent dioxygenase 

FTO 16q12.2 

Expressed in the hypothalamic nuclei that 

regulate energy balance. 

rs9939609 Intron variant T > A 

Fat mass, lean mass, muscle power, 

percentage of muscle fibre types, and 

power and endurance athlete status.  

A = 0.41 

Polypeptide N-

acetylgalactosaminyltransf

erase 13 

GALNT13 2q23.3-q24.1 

Expressed in the brain, B cells, kidney, and 

liver as well as potentially being involved in 

metabolism and energy pathways. 

rs10196189 Intron variant A > G Power athlete status and speed. G = 0.14 

Hypoxia inducible factor 1 

subunit alpha 
HIF1A 14q23.2 

Regulates cellular and systemic homeostatic 

response to hypoxia by activating transcription 

of many genes. 

rs11549465 

Missense variant 

C > T (Pro > Ser) 

Protein stability, transcriptional activity, 

percentage of muscle fibre types, and 

power and endurance athlete status. 

T = 0.10 
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Hydroxysteroid 17-beta 

dehydrogenase 14 

HSD17B14 19q13.33 

Involved in metabolism of steroids at the C17 

position and also of other substrates, such as 

fatty acids, prostaglandins, and xenobiotics. 

rs7247312 Intron variant A > G 

Power athlete status, acceleration, and 

speed. 

G = 0.10 

Insulin like growth factor 

1 

IGF1 12q23.2 

Protein similar to insulin in function and 

structure involved in mediating growth and 

development. 

rs35767 

Missense variant 

G > A (Gly > Val) 

Circulating IGF1 levels, body 

composition, power athlete status, and 

strength.  

A = 0.16 

Insulin like growth factor 

2 

IGF2 11p15.5 

A member of the insulin family of polypeptide 

growth factors, which are involved in 

development and growth. 

rs680 
3 Prime UTR variant 

C > T 

Acceleration, speed, and power athlete 

status. 

T = 0.32 

Interleukin 6 IL6 7p15.3 

A pleiotropic cytokine involved in glucose 

homeostasis, hypertrophic muscle growth, 

immune function, and muscle damage repair. 

rs1800795 Intron variant G > C 
Acceleration, speed, and power and 

strength athlete status. 

C = 0.42 

Nitric oxide synthase 3 NOS3 7q36.1 

A biologic mediator in several processes, 

potentially stimulating muscle hypertrophy 

through NO-mediated vasodilatation. 

rs2070744 Intron variant C > T 

Promoter activity, endothelial nitric 

oxide synthesis, muscle hypertrophy, 

acceleration, and power athlete status. 

C = 0.44 

Peroxisome proliferator 

activated receptor alpha 
PPARA 22q13.31 

Present in skeletal muscle and promotes 

uptake, utilization, and catabolism of fatty 

acids by upregulation of other genes. 

rs4253778 Intron variant G > C 

Percentage of muscle fibre types, 

strength, power, muscle mass, and power 

and endurance athlete status. 

C = 0.19 
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Peroxisome proliferator 

activated receptor gamma 

PPARG 3p25.2 

A central transcriptional regulator of 

adipogenic and lipogenic programs, insulin 

sensitivity and glucose homeostasis 

rs1801282 

Missense variant 

C > G (Pro > Ala) 

Receptor activity, insulin sensitivity, 

skeletal muscle glucose uptake, cross-

sectional area of muscle fibres. 

G = 0.12 

Solute carrier family 16 

member 1 

SLC16A1 1p13.2 

A monocarboxylate transporter that catalyses 

the movement of monocarboxylates, such as 

lactate and pyruvate. 

rs1049434 

Missense variant 

T > A (Asp > Glu) 

Lactate transport rate, lactate 

accumulation, maximum oxygen uptake, 

power and endurance athlete status.  

A = 0.44 

Superoxide dismutase 2 SOD2 6q25.3 

Catalyses the dismutation of superoxide 

radicals in mitochondria by converting anion 

superoxide into hydrogen peroxide and oxygen 

rs4880 
Missense variant 

A > G (Val > Ala) 

MnSOD efficiency against oxidative 

stress, MnSOD protein formation, CKM 

activity, power athlete status. 

G = 0.47 

Thyrotropin releasing 

hormone receptor 

TRHR 8q23.1 

Stimulates the release of thyrotropin and 

prolactin, having a role in the regulation of 

metabolic and hormonal functions. 

rs7832552 Intron variant C > T 

Lean body mass, strength, and power 

athlete status. 

T = 0.27 

Uncoupling protein 2 UCP2 11q13.4 

Involved in energy expenditure that facilitates 

the transfer of anions and protons in the inner 

and outer mitochondrial membrane. 

rs660339 

Missense variant 

G > A (Ala > Val) 

Energy expenditure, body mass, aerobic 

and anaerobic capacities, endurance and 

power athlete status. 

A = 0.40 

Note. Chr = chromosome location; MAF = minor allele frequency (according to European population; 1000 Genomes Project Consortium, 2015). 
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8.2.3.3 Total genotype score 

Unweighted and weighted total genotype scores (TGS; TWGS) were calculated to assess the 

combined influence of the included SNPs on each physical performance test. Both TGSs and 

TWGSs have demonstrated sufficient discriminatory power in previous sport genomic research 

(Charlier et al., 2017; Massidda et al., 2014; Varillas Delgado et al., 2020). To generate both 

the TGS and TWGS, each genotype of a respective SNP initially received a score between 0-2 

based on the observed genotype associations with a dependent variable. Genotypes of dominant 

(AA vs. Aa-aa) and recessive (AA-Aa vs. aa) models were assigned a score of two (i.e., 

associated genotype[s]) or zero (i.e., alternate genotype[s]), whereas genotypes of co-dominant 

models (AA vs. Aa vs. aa) were assigned three scores (i.e., homozygous-associated genotypes 

received a score of two, the heterozygote received a score of one, and the alternate homozygous 

genotype received a score of zero) (Guilherme et al., 2020).  

For the TGS, the original procedure of Williams and Folland (2008) was followed. 

Genotype scores (GS) were summed and transformed into a 0-100 scale by dividing the total 

score by the maximum possible score and multiplying by 100.  

TGS = (combined-GS / maximum-GS) * 100 

For the TWGS, a similar procedure to Varillas Delgado et al. (2020) was used. Each 

GS was multiplied by the standardised beta coefficients () of each SNP following multiple 

regression with each dependent variable to create weighted genotype scores (WGS). The WGSs 

were then summed and transformed into a 0-100 scale by dividing the total score by the 

maximum possible score and multiplying by 100. 

TWGS = (combined-WGS / maximum-WGS) * 100 
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8.2.4 Data analysis 

Each SNP was tested for adherence with Hardy-Weinberg equilibrium (HWE) using an exact 

test via SNPStats (Solé et al., 2006). Linkage disequilibrium (LD) was analysed using LDlink 

(Machiela & Chanock, 2015) and data from the 1000 Genomes Project European ancestry 

population (1000 Genomes Project Consortium, 2015). All other data were analysed using 

Jamovi version 1.8.1 and IBM SPSS version 25. Normality was assessed with the 

Kolmogorov–Smirnov test and homoscedasticity was assessed using Levene’s test. Akaike 

information criterion (AIC) was used to select which genetic model (i.e., co-dominant, 

dominant, recessive) best fits the data and would be subjected to hypothesis testing. However, 

if MAF ≤ 0.25 a dominant model was utilised to retain statistical power (Murtagh et al., 2020). 

Simple linear regression with age added as a covariate was performed to assess the association 

of genotype models with each performance test. To control for multiple testing, a Benjamini–

Hochberg false discovery rate (FDR) of 0.05 was applied to all (N = 132) genotype model 

comparisons (Benjamini & Hochberg, 1995). Multiple regression was used to calculate the 

standardised beta coefficients () of each SNP for the TWGS models. Simple linear regression 

was then performed to assess the association of each TGS and TWGS with each dependent 

variable. Pearson’s correlation coefficient (r) with threshold values of ≤0.1 (trivial), >0.1-0.3 

(small), >0.3–0.5 (moderate), >0.5–0.7 (large), >0.7–0.9 (very large), and >0.9–1.0 (almost 

perfect) were used to measure correlation (Hopkins, 2009). The coefficient of determination 

(R2) was computed to determine the variance explained by each TGS and TWGS. Statistical 

significance was set at p < .05. 
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8.3 Results 

Genotype and allele distributions of all SNPs were in HWE, except for GALNT13 (p < .001) 

and UCP2 (p = .030), and all SNPs were in linkage equilibrium. Assumptions of normality 

and homoscedasticity were not violated. Descriptive statistics and genotype frequencies are 

displayed in Table 8.2. 

Table 8.2. Descriptive statistics of physical assessments. 

Gene (SNP) Genotype = n (%) 
5 m 

(s) 

10 m 

(s) 

20 m 

(s) 

30 m 

(s) 

5-0-5 

(s) 

CMJ 

(cm) 
MAF HWE 

Overall 
1.04 ± 

0.08 

1.79 ± 

0.17 

3.11 ± 

0.32 

4.46 ± 

0.35 

2.39 ± 

0.13 

39.82 ± 

7.63 
N/A N/A 

ACE  

(rs4341) 

G/G = 39 (26) 
1.06 ± 

0.10 

1.85 ± 

0.14 

3.19 ± 

0.34 

4.58 ± 

0.38 

2.39 ± 

0.13 

38.95 ± 

8.83 

0.49 1 G/C = 75 (50) 
1.02 ± 

0.08 

1.76 ± 

0.18 

3.07 ± 

0.27 

4.40 ± 

0.32 

2.39 ± 

0.13 

40.37 ± 

6.33 

C/C = 35 (23) 
1.04 ± 

0.08 

1.81 ± 

0.13 

3.10 ± 

0.36 

4.49 ± 

0.35 

2.40 ± 

0.12 

39.68 ± 

8.69 

ACTN3 

(rs1815739) 

C/C = 55 (37) 
1.02 ± 

0.08 

1.78 ± 

0.17 

3.10 ± 

0.25 

4.40 ± 

0.65 

2.39 ± 

0.12 

39.31 ± 

7.64 

0.38 0.49 C/T = 75 (50) 
1.04 ± 

0.09 

1.80 ± 

0.17 

3.14 ± 

0.30 

4.50 ± 

0.34 

2.39 ± 

0.13 

40.24 ± 

7.90 

T/T = 19 (13) 
1.05 ± 

0.09 

1.82 ± 

0.13 

2.98 ± 

0.49 

4.54 ± 

0.36 

2.39 ± 

0.10 

39.55 ± 

6.99 

ADBR2 

(rs1042714) 

C/C = 43 (29) 
1.03 ± 

0.09 

1.81 ± 

0.14 

3.15 ± 

0.25 

4.45 ± 

0.36 

2.39 ± 

0.12 

38.5 ± 

7.63 

0.48 0.41 C/G = 69 (46) 
1.05 ± 

0.09 

1.79 ± 

0.20 

3.12 ± 

0.35 

4.52 ± 

0.35 

2.40 ± 

0.13 

40.38 ± 

8.02 

G/G = 37 (25) 
1.02 ± 

0.08 

1.79 ± 

0.13 

3.03 ± 

0.33 

4.38 ± 

0.32 

2.38 ± 

0.32 

40.01 ± 

7.13 

AGT  

(rs699) 
A/A = 47 (32) 

1.04 ± 

0.08 

1.78 ± 

0.20 

3.07 ± 

0.38 

4.52 ± 

0.36 

2.38 ± 

0.11 

39.84 ± 

6.57 
0.45 0.41 
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A/G = 69 (46) 
1.03 ± 

0.09 

1.79 ± 

0.16 

3.12 ± 

0.31 

4.43 ± 

0.35 

2.38 ± 

0.12 

38.60 ± 

8.41 

G/G = 33 (22) 
1.02 ± 

0.07 

1.82 ± 

0.12 

3.13 ± 

0.22 

4.47 ± 

0.32 

2.43 ± 

0.15 

41.95 ± 

7.43 

AMPD1 

(rs17602729) 

G/G = 119 (80) 
1.04 ± 

0.08 

1.80 ± 

0.16  

3.11 ± 

0.34 

4.47 ± 

0.35 

2.40 ± 

0.13 

40.57 ± 

7.72 

0.10 1 G/A = 29 (19) 
1.02 ± 

0.09 

1.76 ± 

0.17 

3.09 ± 

0.23 

4.42 ± 

0.32 

2.35 ± 

0.11 

37.11 ± 

6.18 

A/A = 1 (1) 
1.06 ± 

N/A 

1.89 ± 

N/A 

3.39 ± 

N/A 

4.87 ± 

N/A 

2.40 ± 

N/A 

27.50 ± 

N/A 

BDNF 

(rs6265) 

C/C = 99 (66) 
1.04 ± 

0.09 

1.80 ± 

0.17 

3.12 ± 

0.29 

4.47 ± 

0.37 

2.40 ± 

0.13 

39.62 ± 

6.83 

0.18 1 C/T = 45 (30) 
1.02 ± 

0.07 

1.79 ± 

0.16 

3.08 ± 

0.38 

4.46 ± 

0.30 

2.38 ± 

0.13 

40.66 ± 

8.64 

T/T = 5 (3) 
1.00 ± 

0.08 

1.75 ± 

0.11 

3.09 ± 

0.23 

4.34 ± 

0.32 

2.37 ± 

0.04 

35.91 ± 

10.12 

CKM 

(rs8111989) 

T/T = 80 (54) 
1.02 ± 

0.08 

1.78 ± 

0.14 

3.06 ± 

0.32 

4.43 ± 

0.32 

2.40 ± 

0.12 

40.20 ± 

7.83 

0.28 0.31 T/C = 55 (37) 
1.05 ± 

0.08 

1.81 ± 

0.19 

3.15 ± 

0.31 

4.48 ± 

0.36 

2.37 ± 

0.13 

39.37 ± 

7.07 

C/C = 14 (9) 
1.04 ± 

0.11 

1.80 ± 

0.18 

3.16 ± 

0.32 

4.62 ± 

0.44 

2.41 ± 

0.12 

39.16 ± 

9.26 

CPNE5 

(rs3213537) 

C/C = 103 (69) 
1.04 ± 

0.09 

1.79 ± 

0.17 

3.13 ± 

0.25 

4.47 ± 

0.35 

2.39 ± 

0.13 

40.23 ± 

8.04 

0.16 0.77 C/T = 43 (29) 
1.03 ± 

0.08 

1.79 ± 

0.17 

3.08 ± 

0.39 

4.46 ± 

0.36 

2.39 ± 

0.13 

38.40 ± 

6.35 

T/T = 3 (2) 
1.16 ± 

N/A 

1.89 ± 

0.03 

2.07 ± 

N/A 

4.46 ± 

0.14 

2.48 ± 

0.13 

42.39 ± 

9.20 

FTO 

(rs9939609) 

T/T = 45 (30) 
1.05 ± 

0.09 

1.81 ± 

0.14 

3.16 ± 

0.24 

4.46 ± 

0.35 

2.37 ± 

0.12 

39.35 ± 

7.70 

0.44 0.51 T/A = 78 (52) 
1.03 ± 

0.08 

1.77 ± 

0.19 

3.09 ± 

0.33 

4.47 ± 

0.35 

2.40 ± 

0.13 

39.47 ± 

7.65 

A/A = 26 (17) 
1.04 ± 

0.08 

1.82 ± 

0.13 

3.08 ± 

0.40 

4.47 ± 

0.36 

2.41 ± 

0.12 

41.71 ± 

7.69 
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GALNT13 

(rs10196189) 

A/A = 99 (66) 
1.05 ± 

0.08 

1.81 ± 

0.18 

3.16 ± 

0.33 

4.51 ± 

0.36 

2.39 ± 

0.13 

39.37 ± 

6.85 

0.22 <0.001 A/G = 34 (23) 
1.03 ± 

0.09 

1.80 ± 

0.12 

3.06 ± 

0.32 

4.50 ± 

0.28 

2.41 ± 

0.12 

40.95 ± 

9.36 

G/G = 16 (11) 
0.95 ± 

0.04 

1.67 ± 

0.07 

2.94 ± 

0.12 

4.13 ± 

0.18 

N/A ± 

N/A 

N/A ± 

N/A 

HIF1A 

(rs11549465) 

C/C = 116 (78) 
1.04 ± 

0.09 

1.81 ± 

0.16 

3.14 ± 

0.28 

4.50 ± 

0.35 

2.39 ± 

0.12 

39.36 ± 

7.31 

0.11 0.69 C/T = 32 (21) 
1.02 ± 

0.07 

1.75 ± 

0.16 

2.99 ± 

0.42 

4.36 ± 

0.31 

2.39 ± 

0.13 

41.39 ± 

8.93 

T/T = 1 (1) 
N/A ± 

N/A 

1.89 ± 

N/A 

N/A ± 

N/A 

4.45 ± 

N/A 

2.54 ± 

N/A 

43.10 ± 

N/A 

HSD17B14 

(rs7247312) 

A/A = 120 (81) 
1.03 ± 

0.09 

1.78 ± 

0.17 

3.08 ± 

0.33 

4.45 ± 

0.34 

2.40 ± 

0.13 

39.84 ± 

7.12 

0.11 0.38 A/G = 26 (17) 
1.05 ± 

0.08 

1.83 ± 

0.13 

3.18 ± 

0.24 

4.48 ± 

0.37 

2.38 ± 

0.11 

40.95 ± 

9.84 

G/G = 3 (2) 
1.09 ± 

0.08 

1.93 ± 

0.14 

3.39 ± 

0.23 

4.80 ± 

0.30 

2.35 ± 

0.11 

31.45 ± 

6.29 

IGF1 

(rs35767) 

G/G = 98 (66) 
1.05 ± 

0.08 

1.82 ± 

0.16 

3.14 ± 

0.32 

4.51 ± 

0.36 

2.39 ± 

0.13 

39.58 ± 

7.13 

0.18 0.79 G/A = 47 (32) 
1.01 ± 

0.08 

1.76 ± 

0.14 

3.04 ± 

0.31 

4.37 ± 

0.31 

2.41 ± 

0.13 

40.45 ± 

8.75 

A/A = 4 (3) 
1.02 ± 

0.11 

1.56 ± 

0.35 

3.04 ± 

0.18 

4.35 ± 

0.17 

2.30 ± 

0.10 

37.30 ± 

6.22 

IGF2  

(rs680) 

C/C = 77 (52) 
1.05 ± 

0.08 

1.81 ± 

0.18 

3.17 ± 

0.31 

4.51 ± 

0.35 

2.40 ± 

0.13 

40.21 ± 

7.94 

0.27 0.21 C/T = 65 (44) 
1.02 ± 

0.09 

1.77 ± 

0.13 

3.05 ± 

0.30 

4.41 ± 

0.35 

2.38 ± 

0.12 

40.00 ± 

7.23 

T/T = 7 (5) 
1.09 ± 

0.08 

1.79 ± 

0.29 

2.96 ± 

0.45 

4.47 ± 

0.27 

2.39 ± 

0.11 

31.54 ± 

1.98 

IL6 

(rs1800795) 

G/G = 52 (35) 
1.03 ± 

0.08 

1.80 ± 

0.17 

3.10 ± 

0.34 

4.45 ± 

0.35 

2.40 ± 

0.13 

44.64 ± 

7.35 

0.41 0.87 

G/C = 71 (48) 
1.03 ± 

0.09 

1.78 ± 

0.18 

3.09 ± 

0.28 

4.47 ± 

0.34 

2.40 ± 

0.13 

38.52 ± 

6.11 
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C/C = 26 (17) 
1.04 ± 

0.07 

1.82 ± 

0.13 

3.15 ± 

0.36 

4.49 ± 

0.37 

2.36 ± 

0.09 

34.36 ± 

7.68 

NOS3 

(rs2070744) 

T/T = 58 (39) 
1.04 ± 

0.09 

1.82 ± 

0.13 

3.12 ± 

0.30 

4.47 ± 

0.36 

2.39 ± 

0.13  

38.93 ± 

7.09 

0.37 0.60 T/C = 73 (49) 
1.03 ± 

0.08 

1.78 ± 

0.19 

3.11 ± 

0.30 

4.47 ± 

0.34 

2.39 ± 

0.12 

40.47 ± 

7.33 

C/C = 18 (12) 
1.04 ± 

0.10 

1.78 ± 

0.13 

3.06 ± 

0.43 

4.42 ± 

0.33 

2.39 ± 

0.12 

39.81 ± 

10.46 

PPARA 

(rs4253778) 

G/G = 96 (64) 
1.03 ± 

0.08 

1.79 ± 

0.14 

3.08 ± 

0.30 

4.43 ± 

0.32 

2.38 ± 

0.12 

40.17 ± 

7.84 

0.20 0.45 G/C = 45 (30) 
1.05 ± 

0.09 

1.81 ± 

0.22 

3.18 ± 

0.36 

4.57 ± 

0.39 

2.41 ± 

0.14 

38.37 ± 

7.15 

C/C = 8 (5) 
0.99 ± 

0.08 

1.76 ± 

0.10 

3.02 ± 

0.14 

4.27 ± 

0.13 

2.44 ± 

0.18 

46.30 ± 

4.80 

PPARG 

(rs1801282) 

C/C = 123 (83) 
1.04 ± 

0.09 

1.80 ± 

0.17 

3.11 ± 

0.34 

4.48 ± 

0.36 

2.40 ± 

0.12 

39.40 ± 

8.13 

0.09 0.62 C/G = 24 (16) 
1.03 ± 

0.05 

1.76 ± 

0.17 

3.11 ± 

0.17 

4.39 ± 

0.26 

2.36 ± 

0.14  

41.02 ± 

5.66 

G/G = 2 (1) 
1.06 ± 

0.05 

1.78 ± 

0.06 

3.06 ± 

0.10 

4.24 ± 

0.12 

2.30 ± 

0.01 

45.50 ± 

N/A 

SLC16A1 

(rs1049434) 

T/T = 50 (34) 
1.03 ± 

0.09 

1.79 ± 

0.17 

3.07 ± 

0.34 

4.44 ± 

0.33 

2.40 ± 

0.14 

41.35 ± 

8.73 

0.42 0.87 T/A = 74 (50) 
1.03 ± 

0.09 

1.80 ± 

0.16 

3.13 ± 

0.30 

4.48 ± 

0.38 

2.39 ± 

0.12 

39.54 ± 

6.67 

A/A = 50 (34) 
1.05 ± 

0.08 

1.78 ± 

0.19 

3.09 ± 

0.32 

4.47 ± 

0.28 

2.38 ± 

0.10 

37.35 ± 

7.06 

SOD2 

(rs4880) 

A/A = 40 (27) 
1.06 ± 

0.09 

1.83 ± 

0.13 

3.12 ± 

0.32 

4.50 ± 

0.34 

2.39 ± 

0.13 

38.62 ± 

5.95 

0.49 0.87 A/G = 73 (49) 
1.03 ± 

0.08 

1.79 ± 

0.16 

3.10 ± 

0.36 

4.46 ± 

0.35 

2.40 ± 

0.13 

42.23 ± 

8.42 

G/G = 36 (24) 
1.01 ± 

0.07 

1.76 ± 

0.21 

3.11 ± 

0.22 

4.44 ± 

0.34 

2.39 ± 

0.12 

36.20 ± 

5.88 

TRHR 

(rs7832552) 
C/C = 78 (52) 

1.03 ± 

0.08 

1.80 ± 

0.13 

3.10 ± 

0.25 

4.44 ± 

0.35 

2.40 ± 

0.13 

40.34 ± 

8.15 
0.30 0.12 
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C/T = 54 (36) 
1.05 ± 

0.09 

1.80 ± 

0.20 

3.10 ± 

0.42 

4.51 ± 

0.34 

2.39 ± 

0.13 

38.84 ± 

7.22 

T/T 17 (11) 
1.04 ± 

0.10 

1.76 ± 

0.20 

3.15 ± 

0.25 

4.45 ± 

0.35 

2.37 ± 

0.09 

41.64 ± 

6.54 

UCP2 

(rs660339) 

G/G = 37 (25) 
1.04 ± 

0.09 

1.83 ± 

0.15 

3.13 ± 

0.39 

4.47 ± 

0.42 

2.40 ± 

0.13 

42.07 ± 

7.00 

0.46 0.03 G/A = 88 (59) 
1.03 ± 

0.08 

1.77 ± 

0.18 

3.10 ± 

0.27 

4.45 ± 

0.32 

2.40 ± 

0.13 

39.19 ± 

7.52 

A/A = 24 (16) 
1.04 ± 

0.09 

1.82 ± 

0.13 

3.09 ± 

0.37 

4.51 ± 

0.32 

2.37 ± 

0.09 

38.98 ± 

8.89 

Note. Data presented in mean ± standard deviation. CMJ = countermovement jump; MAF = minor allele frequency; 

HWE = Hardy-Weinberg equilibrium. 

 

8.3.1 Individual SNPs 

8.3.1.1 5 m and 10 m sprint 

There were significant associations between ACTN3 (F (1, 120) = 5.95, p = .016), CKM (F (1, 120) 

= 4.51, p = .036), GALNT13 (F (1, 120) = 14.22, p < .001), SOD2 (F (1, 120) = 4.71, p = .032) and 

5m sprint times (see Table 8.3). Significant associations were also found between ACE (F (1, 

143) = 4.32, p = .039), CKM (F (1, 143) = 5.88, p = .017), GALNT13 (F (1, 143) = 14.67, p < .001), 

HIF1A (F (1, 143) = 5.41, p = .021), IGF1 (F (1, 143) = 5.42, p = .021) and 10 m sprint times. 

However, following FDR correction, only GALNT13 remained significant, with G allele 

carriers 4.9% (B = -0.05) and 3.3% (B = -0.06) faster than A/A homozygotes in 5 m and 10 m 

sprints, respectively. 

8.3.1.2 20 m and 30 m sprint 

There was also a significant association between GALNT13 and 20 m sprint times (F (1, 117) = 

18.66, p < .001), with G allele carriers 4.2% faster than A/A homozygotes (B = -0.13). Other 

significant associations were observed with ACE (F (1, 117) = 4.24, p = .042), CKM (F (1, 117) = 
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7.24, p = .008), IGF2 (F (1, 117) = 5.89, p = .017) and 20 m sprint times, as well as ACE (F (1, 130) 

= 5.89, p = .017), GALNT13 (F (1, 130) = 8.55, p = .004), IGF1 (F (1, 130) = 5.74, p = .018) and 30 

m sprint times, but these did not remain significant following FDR correction. 

8.3.1.3 5-0-5 agility 

There were no significant associations between any single SNP and 5-0-5 agility performance, 

even before FDR correction.  

8.3.1.4 Countermovement jump 

There were significant associations between AMPD1 (F (1, 84) = 6.01, p = .016), IL6 (F (1, 84) = 

17.72, p < .001) and CMJ performance. However, following FDR correction, only IL6 

remained significant, with G/G homozygotes jumping 15.7% higher than C allele carriers (B = 

6.42). 

8.3.2 TGS 

The TGS was significantly associated with 5 m (F (1, 121) = 20.34, p < .001) 10 m (F (1, 144) = 

26.06, p < .001), 20 m (F (1, 118) = 17.85, p < .001), and 30 m (F (1, 131) = 15.23, p < .001) sprints, 

as well as 5-0-5 agility (F (1, 106) = 6.84, p = .010) and CMJ performance (F (1, 85) = 18.38, p < 

.001). More specifically, moderate negative correlations were found with 5 m (r = -.38; R2 = 

.14), 10 m (r = -.39; R2 = .15), 20 m (r = -.36; R2 = .13), and 30 m (r = -.32; R2 = .10) sprint 

times, whilst a small negative correlation with 5-0-5 agility (r = -.25; R2 = .06) and a moderate 

positive correlation with CMJ performance (r = .42; R2 = .18) were shown (see Figure 8.1, 

Figure 8.2, and Figure 8.3). 

8.3.3 TWGS 

There were significant associations between the TWGS and 5 m (F (1, 121) = 29.93, p < .001) 10 

m (F (1, 144) = 38.47, p < .001), 20 m (F (1, 118) = 36.15, p < .001), and 30 m (F (1, 131) = 28.71, p 
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< .001) sprints, as well as 5-0-5 agility (F (1, 106) = 10.79, p = .001) and CMJ performance (F (1, 

85) = 41.66, p < .001). More specifically, moderate negative correlations were found with 5 m 

(r = -.45; R2 = .20), 10 m (r = -.46; R2 = .21), 20 m (r = -.48; R2 = .23), and 30 m (r = -.42; R2 

= .18) sprint times, whilst a small negative correlation with 5-0-5 agility (r = -.30; R2 = .09) 

and a large positive correlation with CMJ performance (r = .57; R2 = .33) were shown (see 

Figure 8.4, Figure 8.5, and Figure 8.6). 

Table 8.3. Physical simple linear regression analysis. 

Gene (SNP) Model B SE B β t p 

5 m 

ACE 

(rs4341) C/C-C/G vs. G/G -0.02 0.01 -0.28 -1.72 .088 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.03 0.01 -0.37 -2.44 .016* 

ADBR2 

(rs1042714) C/C vs. C/G-G/G -0.01 0.01 -0.17 -1.05 .294 

AGT 

(rs699) G/G-G/A vs. A/A -0.02 0.01 -0.27 -1.74 .084 

AMPD1 

(rs17602729) G/A-A/A vs. G/G -0.01 0.01 -0.07 -0.41 .680 

BDNF 

(rs6265) T/T-T/C vs. C/C -0.03 0.01 -0.30 -1.98 .050 

CKM 

(rs8111989) T/T vs. T/C-C/C -0.03 0.01 -0.30 -2.12 .036* 

CPNE5 

(rs3213537) T/T-T/C vs. C/C -0.01 0.01 -0.06 -0.38 .702 

FTO 

(rs9939609) T/A-A/A vs. T/T -0.02 0.01 -0.18 -1.18 .240 

GALNT13 

(rs10196189) G/G-G/A vs. A/A -0.05 0.01 -0.55 -3.77 < .001** 

HIF1A 

(rs11549465) T/T-T/C vs. C/C -0.03 0.01 -0.32 -1.79 .075 

HSD17B14 

(rs7247312) A/A vs. A/G-G/G 0.00 0.02 0.00 0.00 .997 

IGF1 

(rs35767) A/A-A/G vs. G/G -0.02 0.01 -0.28 -1.82 .071 
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IGF2 

(rs680) T/T-T/C vs. C/C -0.01 0.01 -0.12 -0.83 .409 

IL6 

(rs1800795) G/G vs. G/C-C/C 0.00 0.01 -0.02 -0.15 .885 

NOS3 

(rs2070744) C/C-C/T vs. T/T 0.00 0.01 0.00 -0.01 .993 

PPARA 

(rs4253778) C/C-C/G vs. G/G 0.00 0.01 -0.03 -0.17 .864 

PPARG 

(rs1801282) G/G-G/C vs. C/C -0.01 0.02 -0.07 -0.34 .732 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A 0.00 0.01 -0.02 -0.13 .897 

SOD2 

(rs4880) G/G vs. A/A-A/G -0.03 0.01 -0.35 -2.17 .032* 

TRHR 

(rs7832552) C/C vs. C/T-T/T -0.02 0.01 -0.21 -1.47 .145 

UCP2 

(rs660339) G/G vs. G/A-A/A 0.00 0.01 -0.05 -0.30 .762 

10 m 

ACE 

(rs4341) C/C-C/G vs. G/G -0.04 0.02 -0.28 -2.08 .039* 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.03 0.02 -0.21 -1.67 .098 

ADBR2 

(rs1042714) C/C vs. C/G-G/G -0.01 0.02 -0.05 -0.41 .683 

AGT 

(rs699) G/G-G/A vs. A/A -0.01 0.02 -0.11 -0.80 .422 

AMPD1 

(rs17602729) G/A-A/A vs. G/G 0.00 0.02 -0.04 -0.24 .808 

BDNF 

(rs6265) T/T-T/C vs. C/C -0.02 0.02 -0.12 -0.97 .334 

CKM 

(rs8111989) T/T vs. T/C-C/C -0.04 0.02 -0.29 -2.42 .017* 

CPNE5 

(rs3213537) T/T-T/C vs. C/C 0.00 0.02 0.00 0.03 .979 

FTO 

(rs9939609) T/A-A/A vs. T/T -0.01 0.02 -0.05 -0.38 .706 

GALNT13 

(rs10196189) G/G-G/A vs. A/A -0.06 0.02 -0.47 -3.83 < .001** 

HIF1A 

(rs11549465) T/T-T/C vs. C/C -0.04 0.02 -0.34 -2.33 .021* 

HSD17B14 

(rs7247312) A/A vs. A/G-G/G -0.01 0.02 -0.10 -0.63 .529 
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IGF1 

(rs35767) A/A-A/G vs. G/G -0.04 0.02 -0.29 -2.33 .021* 

IGF2 

(rs680) T/T-T/C vs. C/C -0.03 0.02 -0.24 -1.96 .052 

IL6 

(rs1800795) G/G vs. G/C-C/C 0.01 0.02 0.08 0.60 .552 

NOS3 

(rs2070744) C/C-C/T vs. T/T -0.02 0.02 -0.13 -1.09 .279 

PPARA 

(rs4253778) C/C-C/G vs. G/G 0.01 0.02 0.10 0.79 .432 

PPARG 

(rs1801282) G/G-G/C vs. C/C -0.03 0.02 -0.20 -1.23 .219 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A 0.00 0.02 -0.02 -0.17 .866 

SOD2 

(rs4880) G/G vs. A/A-A/G -0.03 0.02 -0.25 -1.76 .080 

TRHR 

(rs7832552) C/C vs. C/T-T/T -0.02 0.02 -0.15 -1.24 .216 

UCP2 

(rs660339) G/G vs. G/A-A/A 0.01 0.02 0.07 0.49 .622 

20 m 

ACE 

(rs4341) C/C-C/G vs. G/G -0.07 0.04 -0.29 -2.06 .042* 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.06 0.03 -0.24 -1.89 .062 

ADBR2 

(rs1042714) C/C vs. C/G-G/G 0.00 0.03 -0.01 -0.04 .969 

AGT 

(rs699) G/G-G/A vs. A/A -0.02 0.03 -0.08 -0.57 .572 

AMPD1 

(rs17602729) G/A-A/A vs. G/G 0.00 0.04 0.02 0.12 .907 

BDNF 

(rs6265) T/T-T/C vs. C/C -0.01 0.03 -0.05 -0.37 .715 

CKM 

(rs8111989) T/T vs. T/C-C/C -0.08 0.03 -0.32 -2.69 .008* 

CPNE5 

(rs3213537) T/T-T/C vs. C/C 0.01 0.03 0.03 0.21 .838 

FTO 

(rs9939609) T/A-A/A vs. T/T -0.03 0.03 -0.11 -0.86 .391 

GALNT13 

(rs10196189) G/G-G/A vs. A/A -0.13 0.03 -0.53 -4.32 < .001** 

HIF1A 

(rs11549465) T/T-T/C vs. C/C -0.07 0.04 -0.28 -1.81 .072 
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HSD17B14 

(rs7247312) A/A vs. A/G-G/G -0.02 0.04 -0.06 -0.39 .694 

IGF1 

(rs35767) A/A-A/G vs. G/G -0.06 0.03 -0.24 -1.87 .063 

IGF2 

(rs680) T/T-T/C vs. C/C -0.07 0.03 -0.30 -2.43 .017* 

IL6 

(rs1800795) G/G vs. G/C-C/C 0.00 0.03 0.02 0.13 .899 

NOS3 

(rs2070744) C/C-C/T vs. T/T -0.01 0.03 -0.05 -0.40 .687 

PPARA 

(rs4253778) C/C-C/G vs. G/G 0.03 0.03 0.12 0.95 .346 

PPARG 

(rs1801282) G/G-G/C vs. C/C -0.05 0.04 -0.19 -1.15 .254 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A -0.02 0.03 -0.10 -0.71 .481 

SOD2 

(rs4880) G/G vs. A/A-A/G -0.04 0.04 -0.17 -1.23 .223 

TRHR 

(rs7832552) C/C vs. C/T-T/T -0.05 0.03 -0.22 -1.77 .080 

UCP2 

(rs660339) G/G vs. G/A-A/A 0.01 0.04 0.06 0.38 .706 

30 m  

ACE 

(rs4341) C/C-C/G vs. G/G -0.10 0.04 -0.30 -2.43 .017* 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.06 0.04 -0.16 -1.42 .159 

ADBR2 

(rs1042714) C/C vs. C/G-G/G -0.04 0.04 -0.13 -1.06 .293 

AGT 

(rs699) G/G-G/A vs. A/A -0.05 0.04 -0.13 -1.11 .269 

AMPD1 

(rs17602729) G/A-A/A vs. G/G 0.00 0.05 -0.01 -0.05 .957 

BDNF 

(rs6265) T/T-T/C vs. C/C -0.04 0.04 -0.13 -1.08 .284 

CKM 

(rs8111989) T/T vs. T/C-C/C -0.06 0.04 -0.17 -1.56 .121 

CPNE5 

(rs3213537) T/T-T/C vs. C/C 0.00 0.04 0.01 0.06 .953 

FTO 

(rs9939609) T/A-A/A vs. T/T 0.00 0.04 -0.01 -0.05 .962 

GALNT13 

(rs10196189) G/G-G/A vs. A/A -0.12 0.04 -0.33 -2.92 .004* 
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HIF1A 

(rs11549465) T/T-T/C vs. C/C -0.08 0.05 -0.22 -1.73 .086 

HSD17B14 

(rs7247312) A/A vs. A/G-G/G 0.00 0.05 0.00 0.02 .981 

IGF1 

(rs35767) A/A-A/G vs. G/G -0.10 0.04 -0.28 -2.40 .018* 

IGF2 

(rs680) T/T-T/C vs. C/C -0.05 0.04 -0.15 -1.35 .179 

IL6 

(rs1800795) G/G vs. G/C-C/C 0.01 0.04 0.04 0.37 .712 

NOS3 

(rs2070744) C/C-C/T vs. T/T -0.02 0.04 -0.04 -0.38 .703 

PPARA 

(rs4253778) C/C-C/G vs. G/G 0.03 0.04 0.08 0.72 .475 

PPARG 

(rs1801282) G/G-G/C vs. C/C -0.06 0.05 -0.17 -1.22 .224 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A -0.03 0.04 -0.09 -0.73 .466 

SOD2 

(rs4880) G/G vs. A/A-A/G -0.02 0.04 -0.07 -0.57 .572 

TRHR 

(rs7832552) C/C vs. C/T-T/T -0.07 0.04 -0.21 -1.92 .057 

UCP2 

(rs660339) G/G vs. G/A-A/A 0.03 0.04 0.08 0.65 .517 

5-0-5 agility 

ACE 

(rs4341) C/C-C/G vs. G/G 0.01 0.03 0.09 0.46 .649 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.01 0.02 -0.06 -0.31 .758 

ADBR2 

(rs1042714) C/C vs. C/G-G/G -0.02 0.03 -0.12 -0.58 .561 

AGT 

(rs699) G/G-G/A vs. A/A 0.01 0.02 0.06 0.30 .768 

AMPD1 

(rs17602729) G/A-A/A vs. G/G -0.03 0.03 -0.25 -1.05 .298 

BDNF 

(rs6265) T/T-T/C vs. C/C -0.02 0.02 -0.12 -0.63 .528 

CKM 

(rs8111989) T/T vs. T/C-C/C 0.02 0.02 0.18 1.00 .321 

CPNE5 

(rs3213537) T/T-T/C vs. C/C 0.00 0.03 0.01 0.06 .950 

FTO 

(rs9939609) T/A-A/A vs. T/T 0.03 0.03 0.23 1.14 .256 
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GALNT13 

(rs10196189) G/G-G/A vs. A/A 0.03 0.03 0.22 1.04 .302 

HIF1A 

(rs11549465) T/T-T/C vs. C/C 0.00 0.03 0.04 0.16 .877 

HSD17B14 

(rs7247312) A/A vs. A/G-G/G 0.04 0.03 0.29 1.26 .210 

IGF1 

(rs35767) A/A-A/G vs. G/G 0.02 0.02 0.14 0.70 .488 

IGF2 

(rs680) T/T-T/C vs. C/C -0.01 0.02 -0.06 -0.33 .744 

IL6 

(rs1800795) G/G vs. G/C-C/C 0.02 0.02 0.16 0.82 .412 

NOS3 

(rs2070744) C/C-C/T vs. T/T 0.00 0.02 -0.02 -0.09 .927 

PPARA 

(rs4253778) C/C-C/G vs. G/G 0.02 0.02 0.15 0.78 .438 

PPARG 

(rs1801282) G/G-G/C vs. C/C -0.05 0.03 -0.37 -1.58 .117 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A 0.01 0.02 0.10 0.51 .610 

SOD2 

(rs4880) G/G vs. A/A-A/G -0.02 0.03 -0.14 -0.64 .526 

TRHR 

(rs7832552) C/C vs. C/T-T/T 0.01 0.02 0.08 0.43 .671 

UCP2 

(rs660339) G/G vs. G/A-A/A -0.01 0.03 -0.07 -0.31 .755 

CMJ 

ACE 

(rs4341) C/C-C/G vs. G/G 0.80 1.79 0.10 0.45 .656 

ACTN3 

(rs1815739) C/C vs. C/T-T/T -0.08 1.62 -0.01 -0.05 .960 

ADBR2 

(rs1042714) C/C vs. C/G-G/G -1.16 1.82 -0.15 -0.64 .527 

AGT 

(rs699) G/G-G/A vs. A/A 1.33 1.69 0.17 0.79 .431 

AMPD1 

(rs17602729) G/A-A/A vs. G/G -4.77 1.95 -0.62 -2.45 .016* 

BDNF 

(rs6265) T/T-T/C vs. C/C 0.67 1.58 0.09 0.43 .671 

CKM 

(rs8111989) T/T vs. T/C-C/C 0.72 1.56 0.09 0.46 .648 

CPNE5 

(rs3213537) T/T-T/C vs. C/C -1.34 1.69 -0.18 -0.79 .430 



 

 

 

 

 

231 

FTO 

(rs9939609) T/A-A/A vs. T/T 0.39 1.72 0.05 0.23 .821 

GALNT13 

(rs10196189) G/G-G/A vs. A/A 1.32 1.71 0.17 0.77 .442 

HIF1A 

(rs11549465) T/T-T/C vs. C/C 2.45 1.86 0.32 1.31 .193 

HSD17B14 

(rs7247312) A/A vs. A/G-G/G -1.15 2.03 -0.15 -0.57 .573 

IGF1 

(rs35767) A/A-A/G vs. G/G 0.31 1.62 0.04 0.19 .851 

IGF2 

(rs680) T/T-T/C vs. C/C -1.67 1.56 -0.22 -1.07 .289 

IL6 

(rs1800795) G/G vs. G/C-C/C 6.42 1.53 0.84 4.21 < .001** 

NOS3 

(rs2070744) C/C-C/T vs. T/T 1.68 1.60 0.22 1.05 .298 

PPARA 

(rs4253778) C/C-C/G vs. G/G -0.42 1.64 -0.06 -0.26 .799 

PPARG 

(rs1801282) G/G-G/C vs. C/C 2.12 1.83 0.28 1.16 .251 

SLC16A1 

(rs1049434) T/T vs. T/A-A/A 2.76 1.57 0.36 1.76 .083 

SOD2 

(rs4880) G/G vs. A/A-A/G -3.56 1.82 -0.47 -1.95 .054 

TRHR 

(rs7832552) C/C vs. C/T-T/T 0.81 1.55 0.11 0.52 .602 

UCP2 

(rs660339) G/G vs. G/A-A/A 3.37 1.81 0.44 1.86 .066 

Note. Bold values and * highlight statistical significance at p < .05. Bold values and ** highlight statistical 

significance following false discovery rate correction at 0.05. CMJ = countermovement jump; B = 

unstandardised beta; SE B = standard error; β = standardised beta. 
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Figure 8.1. 5 m sprint total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations. * Statistically significant at p < .05. 
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Figure 8.2. 10 m sprint total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations. * Statistically significant at p < .05. 
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Figure 8.3. 20 m sprint total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations. * Statistically significant at p < .05. 
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Figure 8.4. 30 m sprint total genotype score (TGS) and total weighted genotype score (TWGS) 

correlations. * Statistically significant at p < .05. 
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Figure 8.5. 5-0-5 agility total genotype score (TGS) and total weighted genotype score 

(TWGS) correlations. * Statistically significant at p < .05. 
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Figure 8.6. Countermovement jump (CMJ) total genotype score (TGS) and total weighted 

genotype score (TWGS) correlations. * Statistically significant at p < .05. 
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8.4 Discussion 

The purpose of this study was to examine the association of twenty-two SNPs, both 

individually and collectively, with acceleration, COD, jump height, and speed in academy 

football players. Before FDR correction this study showed associations between ten SNPs in 

isolation with 5 m, 10 m, 20 m, and 30 m sprint times as well as CMJ performance. Namely, 

ACE (rs4341), ACTN3 (rs1815739), AMPD1 (rs17602729), CKM (rs8111989), GALNT13 

(rs10196189), HIF1A (rs11549465), IGF1 (rs35767), IGF2 (rs680), IL6 (rs1800795), and 

SOD2 (rs4880). However, following FDR correction, only the associations between GALNT13 

(rs10196189) and IL6 (rs1800795) remained significant. Moreover, the T(W)GS models 

derived from all twenty-two SNPs demonstrated that the advantageous genotypes of each SNP 

have small but additive effects on all performance assessments. To the author’s knowledge, 

this is the most comprehensive polygenic profile within football genomics that highlights the 

relationship between genetic variation and physical performance in football. 

 The GALNT13 (rs10196189) SNP was associated with performance in the largest 

number of physical performance assessments and had the strongest individual effect of any 

SNP. More specifically, the G allele was associated with faster 5 m, 10 m, and 20 m sprint 

times, compared to the A/A genotype. These findings correspond with Wang et al. (2014), who 

initially discovered a significant overrepresentation of the G allele in a group of high 

performing African American, Jamaican, and Japanese sprinters compared to controls, 

following three genome-wide association studies (GWASs) and subsequent meta-analysis. To 

the authors’ knowledge, this is the first validation of the potential influence of GALNT13 

(rs10196189) on sprinting performance, and the first to explore associations with specific 

quantitative traits. The GALNT13 gene encodes the GALNT13 protein, which is highly 
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expressed in the brain, B cells, kidney, and liver as well as potentially being involved in 

metabolism and energy pathways (Maciejewska-Skrendo et al., 2019). The GALNT13 protein 

is a member of the GALNT family, which initiate O-linked glycosylation of mucins by the 

initial transfer of N-acetyl- galactosamine with an alpha-linkage to a serine or threonine 

residue, and thus catalyses the initial reaction in O-linked oligosaccharide biosynthesis (Ten 

Hagen et al., 2003). The rs10196189 SNP is an intron variant, however, currently there are no 

data regarding the mechanism(s) underpinning the allelic associations. As such, mechanistic 

studies are required to elucidate the associations of GALNT13 (rs10196189) with power-

orientated phenotypes.  

The G/G genotype of IL6 (rs1800795) was associated with a higher CMJ, compared to 

the C allele. These findings align with those of Eider et al. (2013) and Ruiz et al. (2010), who 

both reported that the G allele and G/G genotype were significantly overrepresented in high-

performing Polish and Spanish Caucasian power athletes (i.e., jumpers, short-distance 

swimmers, sprinters, throwers, and weightlifters) compared to controls. Furthermore, Pickering 

et al. (2019) reported that in a group of British Caucasian youth football players, G allele 

carriers were significantly faster in 5 m and 20 m sprint tests. As such, the results of this study 

provide further quantitative data that supports the proposed role of IL6 (rs1800795) on power-

orientated phenotypes. The IL6 gene encodes for interleukin-6 (IL-6), which is a pleiotropic 

cytokine involved in several biological processes, including glucose homeostasis, hypertrophic 

muscle growth, immune function, and muscle damage repair (Febbraio & Pedersen, 2002; 

Serrano et al., 2008; Yamin et al., 2008). The IL6 (rs1800795) SNP alters transcriptional 

response and the subsequent plasma levels of IL-6, with the G allele associated with higher 

levels (Fishman et al., 1998). Increased IL-6 activity reduces muscle inflammation by 
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stimulating and inhibiting the production of anti-inflammatory and proinflammatory cytokines, 

respectively (Petersen and Pedersen, 2005). In addition, an increase in IL-6 released by skeletal 

muscle fibres following acute exercise enhances adenosine monophosphate-activated protein 

kinase activity, which can improve glucose utilisation and sustain muscle energy demands 

(Carey et al., 2006). Moreover, the C allele has been associated with higher creatine kinase 

activity following eccentric exercise (Yamin et al., 2008). During powerful muscle contractions 

the G allele may therefore protect skeletal muscle, aid in repair, and promote beneficial 

adaptations during power training, which may explain why G/G homozygotes jumped higher 

than C allele carriers. 

Eight other SNPs were nominally associated (i.e., before FDR correction) with at least 

one of the power-orientated phenotypes assessed. The advantageous genotypes/alleles of five 

SNP associations (i.e., ACTN3 rs1815739 C/C, AMPD1 rs17602729 G/G, HIF1A rs11549465 

C/C, IGF1 rs35767 A allele, and SOD2 rs4880 G/G) correspond with most of the previous 

research on power/strength athletes (see Ahemetov et al., 2021 for a recent review). As such, 

although these SNPs did not pass the statistical threshold in this study, the current evidence 

base provides support for the direction of their associations. However, the advantageous 

genotypes/alleles of the remaining three SNP associations (i.e., ACE rs4341 C allele, CKM 

rs8111989 T/T, and IGF2 rs680 T allele) do not align with most of the previous research on 

power/strength athletes. This suggests the direction of these associations may be less 

trustworthy and have lower external validity. Although, it should be noted that previous 

research is predominately comprised of athlete status studies that use case-control designs to 

compare the genotype frequencies of athletes to non-athletes or athletes of endurance-

orientated sports. As such, it is unclear which functional phenotypes underpinning athlete status 
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are being influenced by the allelic changes via these SNPs. Further research on the relationship 

between genotype frequency and physiological measures with larger sample sizes is required 

to better understand how genetic variation affects performance and consequently athlete status. 

The TGSs were associated with every physical performance test. This suggests 

acceleration, COD, jump height, and speed are influenced by the combination of several 

genetic variants with small but additive effects. These results are not surprising, as they are in 

accordance with the findings of previous polygenic case-control investigations on power-

orientated athletes. For instance, Ruiz et al. (2010) originally reported a TGS derived from six 

SNPs (five of which were used in this study) differentiated high-performing Spanish Caucasian 

jumpers and sprinters from distance runners, road cyclists, and non-athletic controls. Whilst, 

more recently, Moreland et al. (2020) found high-performing Russian Caucasian weightlifters 

and powerlifters had a significantly higher TGS comprising 28 SNPs (three of which were used 

in this study) than controls. The findings of other cross-sectional studies investigating 

quantitative power-orientated phenotypes are also comparable. For example, Murtagh et al. 

(2020) revealed a TGS derived from four SNPs (two of which were used in this study) was 

associated with the performance of youth footballers in England and Uruguay in 10 m and 20 

m sprints, horizontal and vertical CMJs, and a modified 5-0-5 agility test. Moreover, Petr et al. 

(2021) found a TGS comprising seven polymorphisms (five of which were used in this study) 

was positively correlated with the CMJ and squat jump height of Caucasian professional 

football players in the Czech Republic. 

The TWGSs were also associated with acceleration, COD, jump height, and speed, but 

consistently displayed stronger relationships than the TGSs across all physical performance 

tests. This suggests that whilst the SNPs have small additive effects on every power-orientated 
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phenotype, each advantageous allele of a given SNP has a different degree of influence as 

suggested previously (see Massidda et al., 2014). These TWGS associations correspond and 

expand on the work of Varillas Delgado et al. (2020), who found a TWGS derived from four 

SNPs differentiated high performing Spanish Caucasian road cyclists and endurance runners 

from sedentary controls. Furthermore, TWGSs displaying superior relationships than TGSs 

with quantitative physical performance phenotypes is also congruent with previous research 

using similar approaches. For instance, Charlier et al. (2017) reported a TWGS comprising 

nine polymorphisms was a better predictor of isometric strength, isokinetic strength, and 

ballistic movement speed in Flemish Caucasian males. Whereas Massidda et al. (2014) 

revealed a TWGS derived from three polymorphisms (two of which were used in this study) 

explained more CMJ (10%) and squat jump (15%) variance in professional football players in 

Italy. In this study, the TWGSs explained 3-15% more of the variance than the TGSs across all 

performance tests. 

The associations of the T(W)GSs reinforce the utility of polygenic profiles to identify 

higher performing players in power-orientated performance assessments. However, the 

findings also demonstrate that subtle distinctions in the phenotypic characteristics of different 

power measurements may alter allelic associations and consequent relationships with 

polygenic profiles. Therefore, the specific characteristics underpinning a phenotype require 

careful evaluation before utilising a polygenic profile to optimise its practicality. This is 

because each gene has very specific biological functions that can affect individual phenotypes 

differently depending on their underlying physiology. The largest amount of variance 

explained by the polygenic profile in this study was in CMJ performance (33%) and the least 

amount of variance explained was in 5-0-5 agility performance (9%). As such, this polygenic 



 

 

 

 

 

243 

profile may be best utilised for jump height assessments and development, however, further 

replicatory research is required. Given the importance of physical performance in football, 

successful independent replication in large homogenous cohorts may allow future 

implementation of more individualised physical intervention programmes during athlete 

development. 

Whilst this study does present several significant findings, it is important to 

acknowledge it does have some limitations. First, although chronological age was controlled 

for during analysis, there are many other factors that influence performance in power 

assessments that could not be controlled for. For instance, recent research has shown that not 

only does maturation status influence physiological capacities, but it is also associated with 

distinct genetic profiles in youth football players (Murtagh et al., 2020). Capturing and 

adjusting for maturation status as well as chronological age and other confounding variables 

may provide greater context to findings. Second, the participants in this study differed in ethnic 

origin which may have introduced population stratification issues (i.e., systematic differences 

in allele frequencies between subpopulations). However, participants were included from 

multiple academies regardless of ethnicity to more accurately reflect academy player profiles 

in England and raise external validity. Third, the sample size was relatively small despite 

recruiting participants from four academies, as higher-performing athletic populations are 

generally small by nature. Although, the number of participants in this study (N = 149) is 

considerably higher than the median sample size (N = 60) of eighty previous football genetic 

studies (see McAuley, Hughes, et al., 2021a for a review). Building this research base with 

studies using transparent methodologies is important so they can contribute to research 
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synthesis approaches in the future to draw more valid and reliable conclusions (McAuley, 

Baker, et al., 2022).   

8.5 Conclusion 

This study has shown that inter-individual genetic variation is associated with acceleration, 

COD, jump height, and speed in youth football players. These findings suggest that GALNT13 

(rs10196189) and IL6 (rs1800795) may be significant predictors of 5 m, 10 m, and 20 m sprint 

times and CMJ height, respectively. However, the polygenic models derived from all twenty-

two SNPs were associated with all physical performance assessments. As such, all the SNPs 

included in this study may add value to a genetic profile tool that could facilitate more 

individualised physical training programmes during athlete development. Although, before 

practical applications can be contemplated, the external validity of these findings should be 

assessed via replication studies in larger independent and homogenous football cohorts. 

Moreover, the identification of more SNPs and other genetic variants relevant to performance 

is necessary to improve the sensitivity and specificity of polygenic profiles.  
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9 Genetic variations between youth and professional development phase 

English academy football players 

 

McAuley, A. B. T., Hughes, D. C., Tsaprouni, L. G., Varley, I., Suraci, B., Baker, J., Herbert, 

A. J., & Kelly, A. L. (2022c). Genetic variations between youth and professional 

development phase English academy football players. Genes, 13(11), 2001. 

https://doi.org/10.3390/genes13112001 

 

Abstract 

The purpose of this study was to examine differences in the genotype frequency distribution of 

thirty-three single nucleotide polymorphisms (SNPs) between youth development phase (YDP) 

and professional development phase (PDP) academy football players. One hundred and sixty-

six male football players from two Category 1 and Category 3 English academies were 

examined within their specific age phase: YDP (n = 92; aged 13.84  1.63 years) and PDP (n 

= 74; aged 18.09  1.51 years). Fisher’s exact tests were used to compare individual genotype 

frequencies, whereas unweighted and weighted total genotype scores (TGS; TWGS) were 

computed to assess differences in polygenic profiles. In isolation, the IL6 (rs1800795) G allele 

was overrepresented in PDP players (90.5%) compared to YDP players (77.2%; p = .023), 

whereby PDP players had nearly three times the odds of possessing a G allele (OR = 2.83, 95% 

CI: 1.13-7.09). Furthermore, the TGS (p = .001) and TWGS (p < .001) were effective in 

distinguishing YDP and PDP players (AUC = 0.643-0.694), with PDP players exhibiting an 

overall more power-orientated polygenic profile. If validated in larger independent youth 

https://doi.org/10.3390/genes13112001
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football cohorts, these findings may have important implications for future studies examining 

genetic associations in youth football.  



 

 

 

 

 

247 

9.1 Introduction 

The process of athlete development and ultimately reaching senior professional status in a sport 

such as football (soccer) is both dynamic and multifactorial (McAuley, Baker, et al., 2021). 

Indeed, task constraints (e.g., the value of deliberate practice and deliberate play, or the 

importance of early engagement), performer constraints (e.g., differences between skill levels 

on anthropometric/physiological factors, psychological characteristics, and technical or tactical 

skill), and environmental constraints (e.g., the influence of birth-place and relative age effects 

and/or socio-cultural influences) have all been associated with the performance of youth 

football players and their potential to achieve adult success (Sarmento et al., 2018). Despite 

being heavily researched, the extent to which each of these elements impact performance and 

affects the likelihood of achieving senior professional status in football remains unclear 

(Williams et al., 2020). 

The failure to clearly identify a set of variables that uniformly predicts performance levels 

is, in part, due to methodological issues identified throughout talent identification and 

development research in football (see Bergkamp et al., 2019). Prospective and longitudinal 

analyses in youth football have also revealed that specific performer characteristics may be 

more important at different time-points throughout development (see Abarghoueinejad et al., 

2021 for a review). For instance, when comparing English academy football players of different 

age groups (i.e., under-9 to under-11 vs. under-12 to under-16) Kelly and colleagues showed 

important differences in physical characteristics and decision-making (Kelly et al., 2021a), 

technical skill (Kelly et al., 2020), as well as differentiating those who ‘play-up’ an age group 

(Kelly et al., 2021b). From a longitudinal perspective, Saward et al. (2020) performed a ten-

year prospective investigation of 2,875 male youth football players (aged 8-19 years) from 16 
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English academies, and found that future professionals only began to significantly outperform 

their non-professional counterparts in vertical countermovement jump (CMJ; > 0.6 cm) and 

slalom agility performance (< 0.03 s) at the age of 12 years. Moreover, at the age of 18 years 

these differences were significantly greater (i.e., > 1.7 cm and < 0.14 s, respectively), and thus 

had superior prognostic power. 

Although under-researched within a football context, inter-individual genetic variation 

also appears to influence performance and development in football (see McAuley, Hughes et 

al., 2021a for a review). Moderate to high heritability estimates (i.e., 30-80%) have been 

reported for anthropometric (e.g., height and skeletal muscle mass = 80%), physiological (e.g., 

strength and power = 52%), psychological (e.g., personality dimensions and mental toughness 

= 50%), and technical (e.g., motor control and motor learning = 70%) factors (Horsburgh et 

al., 2009; Livshits et al., 2016; Missitzi et al., 2013; Silventoinen et al., 2008; Zempo et al., 

2017). Moreover, there have been sizeable heritability estimates reported for specific injuries 

such as anterior cruciate ligament rupture (69%) and overall athlete status (66%) (De Moor et 

al., 2007; Magnusson et al., 2021). 

Recent studies have also begun to explore which specific genetic variants may explain 

some of the genetic influence on performance and development in football (e.g., McAuley, 

Hughes et al., 2022a, 2022b; 2022e; Murtagh et al., 2020). However, the majority of genetic 

research in football is comprised of case-control athlete status designs, which have had limited 

success (McAuley, Hughes, et al., 2021a, 2021b). Given that the importance of specific 

characteristics during development in football appears to alter depending on age, the genetic 

profiles of youth players may also differ between distinct age groups. Indeed, recent research 

on maturation showed that the genotype frequency distributions of four genetic variants (i.e., 
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ACTN3 rs1815739, AGT rs699, PPARA rs4253778, and NOS3 rs2070744) were significantly 

different between pre- (aged 10.6 ± 1.4 years) and post- (aged 16.8 ± 2.3  years) peak height 

velocity academy football players (Murtagh et al., 2020). 

In England, the structure of football academies is governed by the Elite Player 

Performance Plan (EPPP; Premier League, 2013), with age groups divided into three 

development phases, two of which include the youth development phase (YDP; under-12 to 

under-16) and professional development phase (PDP; under-17 to under-23). The purpose of 

this study was to examine differences in the genotype frequency distribution, both individually 

and collectively, of thirty-three single nucleotide polymorphisms (SNPs) between YDP and 

PDP academy football players. Such information may have important implications for future 

studies examining genetic associations in youth football, as well as advance methodological 

approaches within this field of research. 

9.2 Methods 

9.2.1 Participants 

One hundred and sixty-six male football players from two Category 1 and Category 3 English 

academies participated within their specific age phase: YDP (n = 92; aged 13.84  1.63 years) 

and PDP (n = 74; aged 18.09  1.51 years). Informed assent from all players, consent from 

parents/guardians, and gatekeeper consent from each academy were collected prior to the 

commencement of the study. All experimental procedures were conducted in accordance with 

the guidelines in the Declaration of Helsinki and ethical approval was granted by the 

corresponding author’s institutional Ethics Committee. This study was conducted in 

accordance with the recommendations for reporting the results of genetic association studies 
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defined by the STrengthening the REporting of Genetic Association studies (STREGA) 

Statement. 

9.2.2 Genetic procedures 

9.2.2.1 Genotyping 

Saliva was collected from players via sterile, self-administered buccal swabs, following a 

minimum of 30-minutes since food or drink ingestion. Within 36-hours, saliva samples were 

sent to AKESOgen, Inc. (Peachtree Corners, GA, USA) for DNA extraction. Using Qiagen 

chemistry, DNA was extracted on an automated Kingfisher FLEX instrument (Thermo Fisher 

Scientific, Waltham, MA, US). To measure the quality and quantity of extracted DNA, 

PicoGreen and Nanodrop measurements were taken. Input to the custom testing array occurs 

at 200 ng in 20 L. Amplification, fragmentation, and resuspension were performed using 

Biomek FXP. GeneTitan instrumentation (Thermo Fisher Scientific, Waltham, MA, US) was 

used to stain and scan the arrays, with hybridisation performed in a Binder oven at 48-degrees 

for 24-hours, following the Affymetrix Axiom high throughput 2.0 protocol. Data analysis was 

then performed using a raw CEL file data input into the Affymetrix Axiom Analysis Suite 

(Affymetrix, Santa Clara, CA, US). Procedures were in accordance with Pickering et al. (2019). 

9.2.2.2 Polymorphism selection 

Thirty-three SNPs were selected based on their proposed biological function and relevant 

associations with physiological, psychological, technical, and injury phenotypes in previous 

studies with academy football players (Hall et al., 2022; McAuley, Hughes, et al., 2022a, 

2022b; Murtagh et al., 2020; Pickering et al., 2019) (see Table 9.1). Gene names and symbols 

are in accordance with those officially approved by the Human Gene Nomenclature Committee 

(HGNC; https://www.genenames.org). Standard genomic quality control (QC) procedures and 

https://www.genenames.org/
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thresholds were applied when selecting polymorphisms: SNP call rate (>95), sample call rate 

(>95), fisher’s linear discriminant (>3.6), and minor allele frequency (>0.05). 

9.2.2.3 Total genotype score 

Unweighted and weighted total genotype scores (TGS; TWGS) were calculated to assess the 

differences in polygenic profiles between YDP and PDP players. Both TGSs and TWGSs have 

demonstrated sufficient discriminatory power in previous sport genomic research (Varillas 

Delgado et al., 2020; Williams & Folland, 2008). To generate both the TGS and TWGS, each 

genotype of a respective SNP initially received a score between 0-2 using a data-driven 

approach based on the observed genotype associations with PDP status. Genotypes of dominant 

(AA vs. Aa-aa) and recessive (AA-Aa vs. aa) models were assigned a score of two (i.e., 

associated genotype[s]) or zero (i.e., alternate genotype[s]), whereas genotypes of co-dominant 

models (AA vs. Aa vs. aa) were assigned three scores (i.e., homozygous-associated genotypes 

received a score of two, the heterozygote received a score of one, and the alternate homozygous 

genotype received a score of zero). 

For the TGS, the original procedure of Williams and Folland (2008) was followed. 

Genotype scores (GS) were summed and transformed into a 0-100 scale by dividing the total 

score by the maximum possible score and multiplying by 100. 

TGS = (combined-GS / maximum-GS) * 100 

For the TWGS, a similar procedure to Varillas Delgado et al. (2020) was used. Each 

GS was multiplied by the beta coefficients of each SNP following multiple regression to create 

weighted genotype scores (WGS). The WGSs were then summed and transformed into a 0-100 

scale by dividing the total score by the maximum possible score and multiplying by 100. 
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TWGS = (combined-WGS / maximum-WGS) * 100 

9.2.3 Data analysis 

Data were analysed using Jamovi version 1.8.1 and IBM SPSS version 25. Fisher’s exact tests 

were used to test SNPs for adherence with Hardy-Weinberg equilibrium (HWE) and to 

compare genotype frequencies between YDP and PDP players. Akaike information criterion 

(AIC) was used to select which genetic model (i.e., co-dominant, dominant, recessive) best fit 

the data and would be subjected to hypothesis testing. However, if MAF ≤ 0.25 a dominant 

model was utilised to retain statistical power (Murtagh et al., 2020). An independent t-test was 

used to assess differences in TGS and TWGS between YDP and PDP players. Additionally, 

receiver operating characteristic (ROC) curves and area under the curve (AUC) were used to 

evaluate the discriminatory power of the TGS and TWGS to distinguish YDP and PDP players 

with threshold values of: >0.5-0.7 = poor, >0.7-0.8 = acceptable, >0.8-0.9 = excellent, and >0.9 

= outstanding (Hosmer et al., 2013). Odds ratios (OR) and 95% confidence intervals (CI) were 

also calculated to estimate the effect size of individual genotypes and polygenic models (split 

into equal thirds using tertiles). Statistical significance was set at p < .05.
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Table 9.1. Gene and single nucleotide polymorphism (SNP) information. 

Gene Symbol Chr Function SNP Consequence Associations MAF 

5-hydroxytryptamine 

receptor 2A 
HTR2A 13q14.2 

Encodes one of the receptors for serotonin, a neurotransmitter 

with an important role in the brain reward system as well as 

cellular development and differentiation. 

rs6311 

Intron variant 

C > T 

Big Five personality traits and 

novelty seeking. 
T = 0.44 

Actinin alpha 3 ACTN3 11q13.2 

Primarily expressed in skeletal muscle and functions as a 

structural component of sarcomeric Z line. 

rs1815739 

Nonsense variant 

C > T (Arg > Ter) 

Protein deficiency, percentage of 

muscle fibre types, strength, muscle 

volume, acceleration, speed, and 

power.  

T = 0.43 

Adenosine 

monophosphate 

deaminase 1 

AMPD1 1p13.2 Catalyses the deamination of AMP to IMP in skeletal muscle. rs17602729 

Nonsense variant 

G > A (Gln > Ter) 

Enzyme functionality, AMP 

metabolism, muscle fatigue, 

weakness and cramping. 

A = 0.12 

Adrenoceptor beta 2 ADRB2 5q32 

Expressed in the brain as part of the catecholamine system and 

acts as a receptor for adrenaline, noradrenaline, and dopamine. 
rs1042714 

Missense variant 

G > C (Glu > Gln) 

Receptor activity and sensitivity, 

neurodevelopmental disorders, white 

matter and cognitive functions. 

G = 0.41 
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Angiotensin I 

converting enzyme 

ACE 17q23.3 

Catalyses the degradation of the inactive decapeptide 

angiotensin I, and generates the physiologically active peptide, 

angiotensin II. 

rs4341 

Intron variant C > G 

(Insertion > Deletion) 

Serum and tissue activity, blood 

pressure, percentage of muscle fibre 

types, strength and muscle volume. 

C = 0.43 

Angiotensinogen AGT 1q42.2 

Expressed in the liver and is cleaved by the enzyme renin in 

response to lowered blood pressure and produces angiotensin I. 

rs699 

Missense variant 

A > G (Met > Thr) 

Plasma levels, serum concentration, 

blood pressure, skeletal muscle 

hypertrophy and volume.  

G = 0.41 

Brain derived 

neurotrophic factor 

BDNF 11p14.1 

Encodes for a neurotrophin essential for neuronal development 

and survival, synaptic plasticity, and cognitive function. 

rs6265 

Missense variant 

C > T (Val > Met) 

Motor cortex plasticity, motor 

learning, neuromuscular activation, 

horizontal and vertical power.  

T = 0.20 

Catechol-O-

methyltransferase 

COMT 22q11.21 

Catalyses the degradation of catecholamines, including 

neurotransmitters dopamine, epinephrine, and norepinephrine. 

rs4680 

Missense variant 

G > A (Val > Met) 

Impulsivity, addiction disorders, 

extraversion, sensation seeking. 

A = 0.50 

Catenin alpha 2 CTNNA2 2p12 

Expressed in the brain with a role in synaptic plasticity, actin 

filament binding activity, regulation of Arp2/3 complex-

mediated actin nucleation, neuron migration and projection 

development. 

rs7600563 

Intron variant 

T > G 
Excitement seeking and risk taking. G = 0.34 
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Cholinergic receptor 

muscarinic 2 
CHRM2 7q33 

Muscarinic receptors influence many effects of acetylcholine in 

the central and peripheral nervous system. The muscarinic 

cholinergic receptor 2 is involved in mediation of bradycardia 

and a decrease in cardiac contractility 

rs1824024 

Intron variant 

C > A 

Big Five personality traits and 

sensation seeking. 
C = 0.29 

Copine 5 CPNE5 6p21.2 

Calcium-dependent membrane-binding proteins may regulate 

molecular events at the interface of the cell membrane and 

cytoplasm 

rs3213537 
Intron variant 

C > T 

Percentage of muscle fibre types, 

acceleration, speed, and power 

athlete status. 

T = 0.14 

Creatine kinase, M-type CKM 19q13.32 

A cytoplasmic enzyme involved in energy homeostasis and an 

important serum marker for myocardial infarction. 

rs8111989 

500B Downstream 

variant T > C 

Skeletal muscle performance, 

maximum oxygen uptake, 

trainability, power and endurance 

athlete status. 

C = 0.30 

Dopamine beta-

hydroxylase 

DBH 9q34.2 

Catalyses the oxidative hydroxylation of dopamine to 

norepinephrine modulating executive and motor function. 

rs1611115 

2KB Upstream variant 

C > T 

Enzymatic activity, metabolism of 

dopamine and norepinephrine, as 

well as neurodevelopmental 

disorders. 

T = 0.21 
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Dopamine receptor D1 DRD1 5q35.2 

Encodes the D1 subtype of the dopamine receptor, which 

stimulates adenylyl cyclase and activates cyclic AMP-

dependent protein kinases, regulating neuronal growth, 

development, and behaviour. 

rs4532 
5 Prime UTR variant  

C > T 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

C = 0.40 

Dopamine receptor D2 DRD2 11q23.2 

Encodes the D2 subtype of the dopamine receptor, which 

inhibits adenylyl cyclase activity and regulates neuronal 

growth, development, and behaviour. 

rs1076560 
Intron variant  

C > A 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

A = 0.15 

Dopamine receptor D3 DRD3 3q13.31 

Encodes the D3 subtype of the dopamine receptor, which 

inhibits adenylyl cyclase activity and is associated with 

cognitive, emotional, and endocrine functions. 

rs6280 
Missense variant  

C > T (Gly > Ser) 

Dopaminergic tone, dopamine 

neurotransmission, motor learning, 

neurodevelopmental and 

neurodegenerative disorders. 

C = 0.33 

Dopamine receptor D4 DRD4 11p15.5 

Encodes the D4 subtype of the dopamine receptor, which 

inhibits adenylyl cyclase activity and is associated with 

autonomic nervous system dysfunction, behaviour and 

personality traits. 

rs1800955 

2KB Upstream variant 

T > C 

Novelty seeking, sensation seeking, 

anxiety and impulsivity. 

C = 0.41 
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FTO alpha-

ketoglutarate dependent 

dioxygenase 

FTO 16q12.2 
Expressed in the hypothalamic nuclei that regulate energy 

balance. 

rs9939609 
Intron variant 

T > A 

Fat mass, lean mass, muscle power, 

percentage of muscle fibre types, 

and power and endurance athlete 

status.  

A = 0.41 

Gamma-aminobutyric 

acid type A receptor 

subunit alpha6 

GABRA6 5q34 

GABA is the major inhibitory neurotransmitter in the 

mammalian brain where it acts at GABA-A receptors, which 

are ligand-gated chloride channels. 

rs3219151 
3 Prime UTR variant 

C > T 

Big Five personality traits, panic and 

major depressive disorder. 

C = 0.42 

Hydroxysteroid 17-beta 

dehydrogenase 14 

HSD17B14 19q13.33 

Involved in metabolism of steroids at the C17 position and also 

of other substrates, such as fatty acids, prostaglandins, and 

xenobiotics. 

rs7247312 

Intron variant 

A > G 

Power athlete status, acceleration, 

and speed. 

G = 0.10 

Hypoxia inducible 

factor 1 subunit alpha 
HIF1A 14q23.2 

Regulates cellular and systemic homeostatic response to 

hypoxia by activating transcription of many genes. 
rs11549465 

Missense variant 

C > T (Pro > Ser) 

Protein stability, transcriptional 

activity, percentage of muscle fibre 

types, and power and endurance 

athlete status. 

T = 0.10 

Insulin like growth 

factor 1 

IGF1 12q23.2 
Protein similar to insulin in function and structure involved in 

mediating growth and development. 

rs35767 
Missense variant 

G > A (Gly > Val) 

Circulating IGF1 levels, body 

composition, power athlete status, 

and strength.  

A = 0.16 
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Insulin like growth 

factor 2 

IGF2 11p15.5 

A member of the insulin family of polypeptide growth factors, 

which are involved in development and growth. 

rs680 

3 Prime UTR variant 

C > T 

Acceleration, speed, and power 

athlete status. 

T = 0.32 

Interleukin 6 IL6 7p15.3 

A pleiotropic cytokine involved in glucose homeostasis, 

hypertrophic muscle growth, immune function, and muscle 

damage repair. 

rs1800795 
Intron variant 

G > C 

Acceleration, speed, and power and 

strength athlete status. 

C = 0.42 

Nitric oxide synthase 3 NOS3 7q36.1 

A biologic mediator in several processes, potentially 

stimulating muscle hypertrophy through NO-mediated 

vasodilatation. 

rs2070744 

Intron variant 

C > T 

Promoter activity, endothelial nitric 

oxide synthesis, muscle 

hypertrophy, acceleration, and 

power athlete status. 

C = 0.44 

Oxytocin receptor OXTR 3p25.3 

Encodes oxytocin a neuropeptide and hormone implicated in 

prosocial human social and emotional functioning. 
rs2254295 

Intron variant  

C > T 

Reward seeking, risk taking, and 

impulsivity. 
C = 0.11 

Peroxisome proliferator 

activated receptor alpha 

PPARA 22q13.31 

Present in skeletal muscle and promotes uptake, utilization, and 

catabolism of fatty acids by upregulation of other genes. 

rs4253778 

Intron variant 

G > C 

Percentage of muscle fibre types, 

strength, power, muscle mass, and 

power and endurance athlete status. 

C = 0.19 

Peroxisome proliferator 

activated receptor 

gamma 

PPARG 3p25.2 
A central transcriptional regulator of adipogenic and lipogenic 

programs, insulin sensitivity and glucose homeostasis 

rs1801282 
Missense variant 

C > G (Pro > Ala) 

Receptor activity, insulin sensitivity, 

skeletal muscle glucose uptake, 

cross-sectional area of muscle fibres. 

G = 0.12 
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Polypeptide N-

acetylgalactosaminyltra

nsferase 13 

GALNT13 

2q23.3-

q24.1 

Expressed in the brain, B cells, kidney, and liver as well as 

potentially being involved in metabolism and energy pathways. 
rs10196189 

Intron variant 

A > G 
Power athlete status and speed. G = 0.14 

Solute carrier family 16 

member 1 

SLC16A1 1p13.2 

A monocarboxylate transporter that catalyses the movement of 

monocarboxylates, such as lactate and pyruvate. 

rs1049434 

Missense variant 

T > A (Asp > Glu) 

Lactate transport rate, lactate 

accumulation, maximum oxygen 

uptake, power and endurance athlete 

status.  

A = 0.44 

Superoxide dismutase 2 SOD2 6q25.3 

Catalyses the dismutation of superoxide radicals in 

mitochondria by converting anion superoxide into hydrogen 

peroxide and oxygen 

rs4880 

Missense variant 

A > G (Val > Ala) 

MnSOD efficiency against oxidative 

stress, MnSOD protein formation, 

CKM activity, power athlete status. 

G = 0.47 

Thyrotropin releasing 

hormone receptor 

TRHR 8q23.1 

Stimulates the release of thyrotropin and prolactin, having a 

role in the regulation of metabolic and hormonal functions. 

rs7832552 

Intron variant 

C > T 

Lean body mass, strength, and 

power athlete status. 

T = 0.27 

Uncoupling protein 2 UCP2 11q13.4 

Involved in energy expenditure that facilitates the transfer of 

anions and protons in the inner and outer mitochondrial 

membrane. 

rs660339 

Missense variant 

G > A (Ala > Val) 

Energy expenditure, body mass, 

aerobic and anaerobic capacities, 

endurance and power athlete status. 

A = 0.40 

Note. Chr = chromosome location; MAF = minor allele frequency (according to European population; 1000 Genomes Project Consortium, 2015). 
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9.3 Results 

Genotype and allele distributions of all SNPs were in HWE, except for GALNT13 (p < .001) 

and UCP2 (p = .010) in the PDP group (see Table 9.2). The genotype frequency distribution 

of IL6 was significantly different between YDP and PDP players (p = .023) (see Figure 9.1). 

More specifically, the G allele was overrepresented (13.3%) in PDP players (90.5%) compared 

to YDP players (77.2%). Furthermore, PDP players had 2.83 times the odds of possessing a G 

allele (OR = 2.83, 95% CI: 1.13-7.09) compared to YDP players. No significant differences in 

genotype frequency distribution between the age-specific phases for any other SNPs existed 

(see Table 9.3). 

The TGS of players ranged from 31 to 69 in the YDP group and 38 to 73 in the PDP 

group (see Figure 9.2). The mean TGS of PDP players (54.9 ± 8.41) was significantly higher 

than YDP players (50.6 ± 8.62; t (164) = 3.26, p = .001). The YDP tertile distribution was: lower 

= 27, middle = 43, and higher = 22, whereas the PDP tertile distribution was: lower = 16, 

middle = 24, and higher = 34. Compared to YDP players, PDP players had 2.61 times the odds 

of having a TGS in the higher third (i.e., 58-73) than a TGS in the lower third (i.e., 31-47; OR 

= 2.61, CI: 1.15-5.91), as well as 2.77 times the odds of having a TGS in the higher third than 

a TGS in the middle third (i.e., 48-57; OR = 2.77, CI: 1.33-5.76). The ROC analysis determined 

that TGS frequency distribution showed significant, but poor, discriminatory power in 

distinguishing YDP and PDP players (AUC = 0.643, 95% CI: 0.560-0.726). 

The TWGS of players ranged from 31 to 74 in the YDP group and 24 to 78 in the PDP 

group (see Figure 9.3). The mean TWGS of PDP players (56.5 ± 9.63) was significantly higher 

than YDP players (50.0 ± 9.54; t (164) = 4.34, p < .001). The YDP tertile distribution was: lower 

= 39, middle = 29, and higher = 24, whereas the PDP tertile distribution was: lower = 11, 
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middle = 24, and higher = 39. Compared to YDP players, PDP players had 5.76 times the odds 

of having a TWGS in the higher third (i.e., 57-78) than a TWGS in the lower third (i.e., 24-48; 

OR = 5.76, CI: 2.49-13.35), as well as 2.93 times the odds of having a TWGS in the middle 

third (i.e., 49-56) than a TWGS in the lower third (OR = 2.93, CI: 1.24-6.94). The ROC analysis 

determined that TWGS frequency distribution showed significant, but poor, discriminatory 

power in distinguishing YDP and PDP players (AUC = 0.694, 95% CI: 0.615-0.773). 

 

 

Figure 9.1. The IL6 (rs1800795) frequency distribution in youth development phase 

(YDP) and professional development phase (PDP) English academy football players. * 

Statistically significant at p < .05. 

  



 

 

 

 

 

262 

Table 9.2. Descriptive statistics of youth and professional development phase English 

academy football players. 

Gene (SNP) Genotype YDP = n (%) PDP = n (%) All = n (%) MAF HWE 
 

HTR2A  

(rs6311) 

C/C 39 (42) 25 (34) 64 (39) 

0.40 0.26 

 

C/T 36 (39) 36 (49) 72 (43)  

T/T 17 (18) 13 (18) 30 (18)  

ACE  

(rs4341) 

G/G 27 (29) 21 (28) 48 (29) 

0.47 0.76 

 

G/C 45 (49) 35 (47) 80 (48)  

C/C 20 (22) 18 (24) 38 (23)  

ACTN3 

(rs1815739) 

C/C 34 (37) 26 (35) 60 (36) 

0.39 0.42 

 

C/T 46 (50) 38 (51) 84 (51)  

T/T 12 (13) 10 (14) 22 (13)  

ADBR2 

(rs1042714) 

C/C 27 (29) 20 (27) 47 (28) 

0.48 0.44 

 

C/G 43 (47) 35 (47) 78 (47)  

G/G 22 (24) 19 (26) 41 (25)  

AGT  
(rs699) 

A/A 26 (28) 24 (32) 50 (30) 

0.45 1 

 

A/G 48 (52) 34 (46) 82 (49)  

G/G 18 (20) 16 (22) 34 (20)  

AMPD1 

(rs17602729) 

G/G 74 (80) 59 (80) 133 (80) 

0.11 0.70 

 

G/A 17 (18) 14 (19) 31 (19)  

A/A 1 (1) 1 (1) 2 (1)  

BDNF  

(rs6265) 

C/C 60 (65) 50 (68) 110 (66) 

0.19 1 

 

C/T 28 (30) 22 (30) 50 (30)  

T/T 4 (4) 2 (3) 6 (4)  

COMT  

(rs4680) 

G/G 30 (33) 22 (31) 53 (32) 

0.43 0.87 

 

G/A 47 (51) 36 (49) 83 (50)  

A/A 15 (16) 15 (20) 30 (18)  

CTNNA2 
(rs7600563) 

T/T 44 (52) 37 (51) 81 (51) 

0.28 1 

 

T/G 34 (40) 31 (42) 65 (41)  

G/G 7 (8) 5 (7) 12 (8)  

CHRM2 

(rs1824024) 

A/A 37 (40) 31 (42) 68 (41) 

0.36 0.87 

 

A/C 42 (46) 36 (49) 78 (47)  

C/C 13 (14) 7 (9) 20 (12)  

C/C 63 (73) 48 (66) 111 (70) 0.16 0.77  
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CPNE5 
(rs3213537) 

C/T 21 (25) 24 (33) 45 (28)  

T/T 2 (2) 1 (1) 3 (2)  

CKM  

(rs8111989) 

T/T 45 (49) 41 (55) 86 (52) 

0.28 0.85 

 

T/C 38 (41) 28 (38) 66 (40)  

C/C 9 (10) 5 (7) 14 (8)  

DBH  

(rs1611115) 

C/C 56 (61) 44 (59) 100 (60) 

0.22 0.50 

 

C/T 33 (36) 27 (36) 60 (36)  

T/T 3 (3) 3 (4) 6 (4)  

DRD1  

(rs4532) 

T/T 35 (38) 33 (45) 68 (41) 

0.34 0.30 

 

T/C 46 (50) 36 (49) 82 (49)  

C/C 11 (12) 5 (7) 16 (10)  

DRD2  

(rs1076560) 

C/C 65 (71) 46 (62) 111 (67) 

0.19 0.61 

 

C/A 23 (25) 25 (34) 48 (29)  

A/A 4 (4) 3 (4) 7 (4)  

DRD3  

(rs6280) 

T/T 36 (39) 28 (38) 64 (39) 

0.37 0.74 

 

T/C 42 (46) 38 (51) 80 (48)  

C/C 14 (15) 8 (11) 22 (13)  

DRD4  

(rs1800955) 

C/C 20 (25) 14 (22) 34 (23) 

0.44 0.18 

 

C/T 32 (40) 32 (49) 64 (44)  

T/T 29 (36) 19 (29) 48 (33)  

FTO  

(rs9939609) 

T/T 31 (34) 20 (27) 51 (31) 

0.44 0.87 

 

T/A 41 (45) 43 (58) 84 (51)  

A/A 20 (22) 11 (15) 31 (19)  

GABRA6 

(rs3219151) 

T/T 27 (30) 22 (30) 49 (30) 

0.44 0.35 

 

T/C 47 (52) 40 (55) 87 (53)  

C/C 17 (19) 11 (15) 28 (17)  

GALNT13 

(rs10196189) 

A/A 63 (68) 46 (62) 109 (66) 

0.22 <0.001 

 

A/G 23 (25) 18 (24) 41 (24)  

G/G 6 (7) 10 (14) 16 (10)  

HIF1A 

(rs11549465) 

C/C 69 (75) 57 (77) 126 (76) 

0.13 1 

 

C/T 22 (24) 16 (22) 38 (23)  

T/T 1 (1) 1 (1) 2 (1)  

HSD17B14 

(rs7247312) 

A/A 72 (78) 62 (84) 134 (81) 

0.11 0.39 

 

A/G 17 (18) 12 (16) 29 (17)  

G/G 3 (3) 0 (0) 3 (2)  
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IGF1  
(rs35767) 

G/G 65 (71) 44 (59) 109 (66) 

0.18 0.60 

 

G/A 26 (28) 27 (36) 53 (32)  

A/A 1 (1) 3 (4) 4 (2)  

IGF2  
(rs680) 

C/C 49 (53) 35 (47) 84 (51) 

0.28 0.34 

 

C/T 37 (40) 35 (47) 72 (43)  

T/T 6 (7) 4 (6) 10 (6)  

IL6  

(rs1800795) 

G/G 32 (35) 29 (39) 61 (37) 

0.40 0.75 

 

G/C 39 (42) 38 (51) 77 (46)  

C/C 21 (23) 7 (9) 28 (17)  

NOS3  

(rs2070744) 

T/T 37 (40) 28 (38) 65 (39) 

0.36 0.41 

 

T/C 42 (46) 40 (54) 82 (49)  

C/C 13 (14) 6 (8) 19 (11)  

OXTR  

(rs2254295) 

T/T 68 (79) 57 (78) 125 (79) 

0.12 0.06 

 

T/C 15 (17) 14 (19) 29 (18)  

C/C 3 (3) 2 (3) 5 (3)  

PPARA 
(rs4253778) 

G/G 55 (60) 52 (70) 107 (65) 

0.20 0.34 

 

G/C 33 (36) 17 (23) 50 (30)  

C/C 4 (4) 5 (7) 9 (5)  

PPARG 
(rs1801282) 

C/C 77 (84) 60 (81) 137 (83) 

0.09 0.64 

 

C/G 15 (16) 12 (16) 27 (16)  

G/G 0 (0) 2 (3) 1 (1)  

SLC16A1 

(rs1049434) 

T/T 32 (35) 23 (31) 55 (33) 

0.42 0.87 

 

T/A 46 (50) 37 (50) 83 (50)  

A/A 14 (15) 14 (19) 28 (17)  

SOD2  

(rs4880) 

A/A 26 (28) 19 (26) 45 (27) 

0.49 0.64 

 

A/G 40 (43) 40 (54) 80 (48)  

G/G 26 (28) 15 (20 41 (25)  

TRHR  

(rs7832552) 

C/C 51 (55) 38 (51) 89 (54) 

0.29 0.09 

 

C/T 30 (33) 29 (39) 59 (36)  

T/T 11 (12) 7 (9) 18 (11)  

UCP2  
(rs660339) 

G/G 27 (29) 17 (23) 44 (27) 

0.44 0.03 

 

G/A 49 (53) 48 (65) 97 (58)  

A/A 16 (17) 9 (12) 25 (15)  

Note. YDP = youth development phase; PDP = professional development phase; MAF = minor 

allele frequency; HWE = Hardy-Weinberg equilibrium. 
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Table 9.3. Genetic associations with youth and professional development phase English 

academy footballers. 

Gene (SNP) Model YDP (%) PDP (%) B 
OR  

(95% CI) 
p 

 

HTR2A 

(rs6311) 

C/C 42 34 

1.35 
0.69 

(0.37-1.31) 
.260 

 

C/T-T/T 58 66  

ACE  

(rs4341) 

G/G 29 28 

0.31 
0.95 

(0.49-1.88) 
1 

 

G/C-C/C 71 72  

ACTN3 

(rs1815739) 

C/C 37 35 

0.28 
0.92  

(0.49-1.75) 
.871 

 

C/T-T/T 63 65  

ADBR2 

(rs1042714) 

C/C 29 27 

0.24 
0.89 

(0.45-1.76) 
.863 

 

C/G-G/G 71 73  

AGT  

(rs699) 

A/A 28 32 

0.74 
1.22 

(0.63-2.37) 
.611 

 

A/G-G/G 72 68  

AMPD1 
(rs17602729) 

G/G 80 80 

0.37 
0.96 

(0.44-2.06) 
1 

 

G/A-A/A 20 20  

BDNF 

(rs6265) 

C/C 65 68 

0.11 
1.11 

(0.58-2.13) 
.869 

 

C/T-T/T 35 32  

COMT 

(rs4680) 

G/G-G/A 84 80 

1.57 
0.77 

(0.35-1.69) 
.547 

 

A/A 16 20  

CTNNA2 

(rs7600563) 

T/T 52 51 

0.42 
0.96 

(0.51-1.79) 
1 

 

T/G-G/G 48 49  

CHRM2 

(rs1824024) 

A/A 40 42 

0.25 
1.07 

(0.58-2.00) 
.875 

 

A/C-C/C 60 58  

CPNE5 

(rs3213537) 
C/C 73 66 0.40 

0.70 

(0.36-1.38) 
.386  
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C/T-T/T 27 34  

CKM 

(rs8111989) 

T/T 49 55 

0.72 
1.30 

(0.70-2.40) 
.437 

 

T/C-C/C 51 45  

DBH 

(rs1611115) 

C/C 61 60 

0.03 
0.94 

(0.50-1.76) 
.874 

 

C/T-T/T 39 40  

DRD1 

(rs4532) 

T/T 38 45 

0.02 
1.31 

(0.70-2.44) 
.430 

 

T/C-C/C 62 55  

DRD2 

(rs1076560) 

C/C 71 62 

1.26 
0.68 

(0.36-1.31) 
.320 

 

C/A-A/A 29 38  

DRD3 

(rs6280) 

T/T 39 38 

0.32 
0.95 

(0.50-1.78) 
.874 

 

T/C-C/C 61 62  

DRD4 

(rs1800955) 

C/C 25 22 

0.36 
0.84 

(0.38-1.82) 
.697 

 

C/T-T/T 75 78  

FTO 
(rs9939609) 

T/T 34 27 

0.93 
0.73 

(0.37-1.43) 
.400 

 

T/A-A/A 66 73  

GABRA6 

(rs3219151) 

T/T-T/C 81 85 

0.33 
1.29 

(0.56-2.97) 
.677 

 

C/C 19 15  

GALNT13 
(rs10196189) 

A/A 68 62 

0.01 
0.76 

(0.40-1.44) 
.415 

 

A/G-G/G 32 38  

HIF1A 

(rs11549465) 

C/C 75 77 

0.13 
1.12 

(0.54-2.29) 
.856 

 

C/T-T/T 25 23  

HSD17B14 

(rs7247312) 

A/A 78 84 

0.63 
1.44 

(0.65-3.17) 
.431 

 

A/G-G/G 22 16  

IGF1 
(rs35767) 

G/G 71 59 

1.34 
0.61 

(0.32-1.16) 
.142 

 

G/A-A/A 29 41  
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IGF2  

(rs680) 

C/C 53 47 

0.94 
0.79 

(0.43-1.45) 
.532 

 

C/T-T/T 47 53  

IL6 
(rs1800795) 

G/G-G/C 77 91 

3.00 
2.83 

(1.13-7.09) 
.023* 

 

C/C 23 9  

NOS3 

(rs2070744) 

T/T 40 38 

0.21 
0.90 

(0.48-1.70) 
.873 

 

T/C-C/C 60 62  

OXTR 

(rs2254295) 

T/T 79 78 

0.07 
0.94 

(0.44-2.02) 
1 

 

T/C-C/C 21 22  

PPARA 
(rs4253778) 

G/G 60 70 

0.00 
1.59 

(0.83-3.05) 
.193 

 

G/C-C/C 40 30  

PPARG 

(rs1801282) 

C/C 84 81 

1.49 
0.83 

(0.37-1.86) 
.685 

 

C/G-G/G 16 19  

SLC16A1 
(rs1049434) 

T/T 35 31 

0.68 
0.85 

(0.44-1.62) 
.624 

 

T/A-A/A 65 69  

SOD2 

(rs4880) 

A/A-A/G 72 80 

0.64 
1.55 

(0.75-3.20) 
.279 

 

G/G 28 20  

TRHR 

(rs7832552) 

C/C 55 51 

0.11 
0.85 

(0.46-1.57) 
.640 

 

C/T-T/T 45 49  

UCP2 
(rs660339) 

G/G 29 23 
0.48 

0.72 

(0.36-1.45) 
.381 

 

G/A-A/A 71 77  

Note. Bold values and * highlight statistical significance at p < .05. YDP = youth development 

phase; PDP = professional development phase; B = unstandardised beta; OR = odds ratio; CI = 

confidence interval. 
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Figure 9.2. Frequency distribution of total genotype score (TGS) in youth development phase 

(YDP) and professional development phase (PDP) English academy football players. 

Figure 9.3. Frequency distribution of total weighted genotype score (TWGS) in youth 

development phase (YDP) and professional development phase (PDP) English academy 

football players.  
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9.4 Discussion 

This study examined differences in the genotype frequency distribution of thirty-three SNPs, 

both individually and collectively, between YDP and PDP English academy football players. 

Key findings showed an overrepresentation of the IL6 (rs1800795) G allele in PDP players 

compared to YDP players. In addition, the T(W)GS models demonstrated that the combination 

of these thirty-three SNPs was effective in differentiating YDP and PDP players. As such, these 

results suggest there is significant genetic variation between youth football players of distinct 

age groups. To the author’s knowledge, this is the first assessment of genotype frequency 

distribution in isolation, and as part of a polygenic profile, between two age-specific phases of 

academy football players in England. Therefore, these findings may have important 

implications for future studies examining genetic associations in youth football. 

The IL6 gene encodes for the pleiotropic cytokine interleukin-6 (IL-6), previously 

associated with multiple biological processes relevant to sport performance (i.e., glucose 

homeostasis, muscle hypertrophy, and repairing damaged muscle) (Yamin et al., 2008). The 

circulating levels of IL-6 can vary depending on specific variants within the gene. For instance, 

the G and C alleles of the IL6 (rs1800795) SNP alter promoter activity and consequently result 

in higher and lower IL-6 levels, respectively (Fishman et al., 1998). Higher IL-6 levels have 

been associated with greater muscle hypertrophy, improved glucose uptake, and increased 

protection against exercise-induced muscle damage, possibly due to reduced muscle 

inflammation by positively regulating the pro- and anti-inflammatory cytokine production 

balance (Carey et al., 2006; Petersen & Pedersen, 2005). In contrast, lower IL6 levels may 

increase the possibility of sustaining a muscular injury, inhibit recovery, and hinder athletic 
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performance, with higher creatine kinase activity reported in response to eccentric exercise in 

C allele carriers (Yamin et al., 2008). 

More recent sport-specific research has shown that IL-6 may be an important biomarker 

in power-orientated sports and performance phenotypes. Studies assessing Polish and Spanish  

high performing athletes have reported an overrepresentation of the IL6 (rs1800795) G allele 

in those who take part in power-based sports (i.e., jumpers, sprinters, and weightlifters) 

compared to controls (Eider et al., 2013; Ruiz, Buxens, et al., 2010). Cross-sectional 

quantitative data supporting these findings also exist, as youth footballers in Britain possessing 

the G allele performed significantly better than C allele carriers in acceleration and speed 

assessments (i.e., 5 m and 20 m sprint) (Pickering et al., 2019). Therefore, due to the 

mechanistic properties associated with  IL6 (rs1800795), the G allele may better protect skeletal 

muscle and aid in repair during powerful muscle contractions, which subsequently allows for 

a higher volume of training that stimulates favourable adaptations, and ultimately results in 

superior performance in high-intensity activities. 

Although power-orientated phenotypes such as acceleration, speed, and vertical jumps 

are important across all youth football age groups (Kelly & Williams, 2020), they appear to 

become more important as players age and mature (Murtagh et al., 2018). For instance, in many 

male English football academies, youth players do not progress to compete on a full-sized 

pitch, with eleven players on each team, until the under-13 age group. With this increase in 

pitch size, players spend more of their competitive match-play time at low speeds and perform 

a greater number of sprint actions, placing a greater physiological demand on anaerobic 

capacity (Casamichana et al., 2012). Furthermore, in a longitudinal investigation of English 

academy football players, it was reported that whilst future professionals began to outperform 
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their non-professional counterparts in vertical CMJ from the age of 12 years (> 0.6 cm), 

differences became more pronounced in older age groups (e.g., aged 18 years > 1.7 cm) 

(Saward et al., 2020). 

As competitive match-play demands shift more towards anaerobic capacities, academy 

recruitment teams may choose to retain players displaying superior power rather than 

endurance capabilities (Murtagh et al., 2018). This may explain the overrepresentation of the 

IL6 (rs1800795) G allele in the PDP group compared to the YDP group due to its association 

with several power-orientated phenotypes. However, recent research in academy football has 

also shown that the G allele may protect PDP players from injury. More specifically, Hall et 

al. (2022) reported that only post-peak height velocity players (aged 17.5 ± 2.1 years) 

possessing the IL6 (rs1800795) C/C genotype suffered significantly more injuries than G allele 

carriers. The authors noted that the association was possibly due to the combination of greater 

muscle damage and inflammation experienced by C allele carriers, alongside the higher-

intensity of match actions, and increased frequency of training and/or competitive match-play 

in older age groups. As such, the overrepresentation of the G allele in the PDP group may be 

explained by a pleiotropic effect of IL6 (rs1800795) on power and injury. 

The TGS and TWGS models showed that YDP and PDP football players have distinct 

polygenic profiles, with the TWGS demonstrating greater discriminatory accuracy. This 

suggests that whilst each SNP has a small additive effect, favourable alleles of individual SNPs 

have different degrees of influence. This corresponds with previous research in academy 

football players on physiological, psychological, and technical phenotypes that underpin 

differences in these age-specific phases (see McAuley, Hughes, et al., 2022a, 2022b; Murtagh 

et al., 2020). The general frequency distribution of the genotypes across all SNPs also aligns 
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with the IL6 (rs1800795) findings. Specifically, PDP players had a greater proportion of alleles 

previously associated with power-orientated phenotypes. This indicates PDP players have an 

overall more power-orientated polygenic profile, which corresponds with similar findings 

reported in post-peak height velocity (aged 16.8 ± 2.3 years) academy football players using 

only four of these SNPs: ACTN3 (rs1815739), AGT (rs699), PPARA (rs4253778), and NOS3 

(rs2070744) (Murtagh et al., 2020). 

The polygenic models also showed that in general YDP players had a greater proportion 

of favourable alleles in SNPs previously associated with psychological (i.e., personality 

dimensions and mental toughness) and technical (i.e., dribbling, passing, and shooting) 

phenotypes in academy footballers (see McAuley et al., 2022a, 2022b). The importance of 

these psychological and technical phenotypes in youth football has been demonstrated in 

previous research by effectively differentiating higher and lower performers in adolescence 

and predicting success at adulthood (Sarmento et al., 2018; Williams et al., 2020). However, 

these findings suggest having an increased frequency of these preferred 

psychological/technical alleles may be more advantageous in younger age groups. This 

corresponds with previous research that reported coaches and recruiters consider technical, 

tactical, and psychological factors as the most important during this stage of development 

(Fuhre et al., 2022; Larkin & O’Connor, 2017). As such, the polygenic models collectively 

showcase that English academy football players of different age-specific phases may have 

distinct genetic profiles, with PDP players more power-orientated and YDP players more 

psychological- and technical-orientated. 

Although the polygenic models distinguished YDP and PDP players, they still had 

relatively poor accuracy, which indicates they should not be considered for practical 
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implementation. Moreover, given the data-driven cross-sectional nature of the analyses, these 

findings may not generalise well to other youth football cohorts and may reflect cohort effects. 

Therefore, the external validity of these results should be assessed in larger independent 

samples alongside the addition of many more relevant genetic variants. It is also important to 

note that the previous associations of the SNPs included in this study with specific 

physiological, psychological, technical, and injury phenotypes may not be reliable due to the 

relatively small sample sizes in football genomic research (McAuley, Hughes, et al., 2021a). 

Therefore, the inferences made with regards to genetic profile orientation in YDP and PDP 

players should be interpreted with caution. 

Studies with this type of unique sample are typically underpowered so it is important 

to be relatively conservative with any conclusions, as meaningful implications cannot be made 

from one study in isolation. However, in the early stages of development in a field, informed 

speculation based on prior knowledge may be important for informing future work. As a result, 

we made informed speculation about our findings as a way of guiding subsequent work in this 

area. Moreover, building this research base with studies using transparent methodologies is 

important so they can contribute to research synthesis approaches in the future, and draw more 

valid and reliable conclusions before these findings are implemented into applied settings 

(McAuley, Baker, et al., 2022). 

9.5 Conclusion 

This study has presented novel evidence with regards to the genetic profiles of YDP and PDP 

male academy football players in England. To be specific, the IL6 (rs1800795) G allele was 

overrepresented in PDP players compared to YDP players, possibly due to its theorised 

pleiotropic effect on power and injury phenotypes. Moreover, the T(W)GS models derived 
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from all thirty-three SNPs effectively distinguished YDP and PDP players, with PDP players 

exhibiting an overall more power-orientated polygenic profile. As such, this study has shown 

for the first time that there is significant inter-individual genetic variation between youth 

football players of specific age phases in English academies. If validated in larger independent 

youth football cohorts, these findings may have important implications for future studies 

examining genetic associations in youth football. 
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10  Integrated discussion 

Considerable evidence now exists that suggests there is a significant genetic component to the 

various parameters that underpin athlete development and performance, even when adjusting 

for environmental effects (Georgiades et al., 2017; Yan et al., 2016). Indeed, heritability studies 

have reported that a range of anthropometric (e.g., height) physiological (e.g., power), 

psychological (e.g., personality), technical (e.g., motor control), and injury traits (e.g., ACL 

rupture), as well as overall athlete status are moderately to highly hereditary (De Moor et al., 

2007; Horsburgh et al., 2009; Magnusson et al., 2020; Missitzi et al., 2013; Polderman et al., 

2015; Silventoinen et al., 2008; Zempo et al., 2017). Whilst heritability studies establish a 

foundation of the potential genetic influence on human traits, they do not reveal which specific 

biological variants directly contribute to the observed inter-individual differences (Georgiades 

et al., 2017; Guilherme et al., 2014). However, more sophisticated molecular biology 

techniques developed over the past two decades have enabled the analysis of specific genetic 

variants and their association with selected phenotypes (Pitsiladis & Wang, 2011).  

The focus of current genetic research is on further understanding these genotype-

phenotype relationships using various genetic association approaches (e.g., CGAS, GWAS, 

and TGS) (Guilherme et al., 2014; Visscher et al., 2012; Williams & Folland, 2008). However, 

the majority of genetic association research has centred on individual sports (Ahmetov et al., 

2016), which means there is currently a lack of studies focused on associations in team sports 

such as football. Since sports vary greatly in their defining characteristics and contextual 

demands, it is likely there are also significant distinctions at the molecular level between 

athletes of different sports (Guilherme et al., 2014; Heffernan et al., 2015). As such, genetic 

associations cannot be generalised across all sport settings and need to be investigated with 
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independent homogenous cohorts (Mattsson et al., 2016). Accordingly, the overarching aim of 

this thesis was to investigate the association of genetic polymorphisms with phenotypes in 

football-specific contexts to enhance understanding of the underpinning biological 

mechanisms, which may contribute towards facilitating greater individualised athlete 

development in the future. 

The purpose of this chapter is to provide an integrative discussion, whereby the key 

points of the individual articles are summarised and amalgamated to offer a cohesive 

interpretation of this project’s findings and highlight novel contributions to the research field. 

Limitations of the project, proposed directions for future research, and implications for practice 

are also outlined before concluding. 

10.1 Research syntheses section 

The purpose of the first study (Chapter 2) was to identify and synthesise genetic association 

studies involving football players to assess the current progress and methodological rigor of 

this research base by conducting a systematic review of the published literature. This provided 

a comprehensive scoping evaluation of the present methodological protocols and study designs 

adopted by researchers, as well as the genes and phenotypes investigated within the discipline. 

Moreover, this facilitated the identification of major limitations in this research field that need 

to be addressed and outlined future research avenues that could be explored in subsequent 

chapters. To the author’s knowledge, this is the first review of genetic association studies 

specific to a football context, providing a timely insight into an expanding area of research and 

a novel contribution to the scientific literature. 

 In summary, 80 eligible studies were identified, of which 55% (n = 44) were published 

within the last four years at the time of the search (i.e., September 2019), showcasing that 
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genetic association research in football has increased at a substantial rate. Studies 

predominately focused on the association of the ACTN3 or ACE gene with athlete status, used 

case-control CGAS designs with senior male cohorts, grouped athletes of different sports 

together with footballers, used participants of different defining characteristics (e.g., 

competitive playing level, ethnicity, sex, and on-field position), and had a median sample size 

of 60. Of the sub-disciplines that were explored, some already required an independent review 

(i.e., injury), whilst others required supplementary empirical research (i.e., psychological). 

Furthermore, there were several novel fields of research yet to be investigated in footballers 

(i.e., technical skill).  

Overall, this review identified several methodological limitations currently preventing 

conclusive evaluations (i.e., cohort heterogeneity, population stratification, and sample size). 

In some cases there were also inadequate descriptions or complete omissions of information 

pertaining to participant characteristics. Therefore, adherence to STREGA guidelines (Little et 

al., 2009), transparent and consistent reporting, and a greater awareness of cohort 

individualities are advised. In addition, due to the relatively small sample sizes and the 

predominant use of case-control CGASs, larger sample sizes, cross-sectional and/or 

longitudinal study designs, and the utilisation of genome-wide and/or polygenic profiling 

approaches are recommended. It is important to note the difficulty associated with some of 

these limitations (i.e., sample size, ethnic conformation, and GWAS). Therefore, researchers 

should view these recommendations as a guide towards future best practice, when more 

favourable conditions are available. 

The purpose of the second study (Chapter 3) was to assess the association of the ACTN3 

R577X and ACE I/D polymorphisms with athlete status in football via a meta-analysis. 
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Although the first study highlighted the association of ACTN3 and ACE with athlete status is 

the most studied within football genomics, there was no general consensus on their importance 

as studies reported contrasting allelic associations (e.g., Egorova et al., 2014; Galeandro et al., 

2017; Santiago et al., 2008; Ulucan et al., 2015). This is most likely because each allele has a 

small contribution to performance alongside studies having small heterogenic cohorts 

(Monnerat et al., 2019; Wang et al., 2013). Therefore, to overcome these limitations, a meta-

analysis was used to pool the results of small homogenous studies together. To the author’s 

knowledge, this is the first meta-analysis of genetic associations with athlete status in a 

football-specific context. Moreover, it is the first meta-analysis of a homogenous team-sport 

cohort, representing a significant original contribution to this field of research. 

  To summarise, the systematic search identified 17 ACTN3 and 19 ACE studies that 

presented the genotype frequencies of footballers in isolation. The ACTN3 studies comprised 

1759 football players, whereas the ACE studies comprised 1925 football players. Significant 

associations were shown between presence of the ACTN3 R allele and professional footballer 

status and the ACE D allele and youth footballers, compared to a control group. These findings 

may be explained by the combination of several factors: (a) the number and frequency of 

powerful actions performed in a game (i.e., 1000-1400 acyclical bursts of activity, including; 

jumps, tackles, shots at goal, changes of direction, and, sprints) (Bradley et al., 2009; Stølen et 

al., 2005), (b) the contribution of the ability to repeat higher intensity actions to success in 

football (i.e., league position, goals scored, goals prevented, duel success) (Little & Williams, 

2005; Oliver et al., 2009), and (c) the association of the ACTN3 R allele and ACE D allele with 

power-orientated phenotypes (i.e., acceleration, speed, and vertical jump height) (Dionísio et 

al., 2017; Pimenta et al., 2013). 
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In conclusion, the results of this meta-analysis provide further evidence that inter-

individual genetic variation likely contributes towards athlete status in football. Moreover, the 

findings suggest that genetic variation can differentiate athletes of different competitive playing 

statuses in a homogenous team-sport cohort. Specifically, this study has showed in the largest 

sample of footballers to date, the ACTN3 R577X and ACE I/D polymorphisms are likely (albeit 

relatively minor) contributing factors which influence athlete status in football. Cross-sectional 

and longitudinal studies are required to establish a strong evidence base regarding the specific 

phenotypes influenced by these polymorphisms and how different interventions can optimise 

development based on genotype. Once a strong evidence base has been established which 

supports genetic-based programme design, these results could be used alongside a number of 

other extensively evidenced/researched genotypes to form the basis of genetic-based training. 

The purpose of the third study (Chapter 4) was to synthesise genetic association studies 

investigating injury involving football players to identify which genetic variants have the most 

empirical evidence. The first study revealed that injury was the most examined phenotype in 

football genomic research, however it was beyond the scope of that review to perform an in-

depth analysis of the allelic associations within the context of the intra- and inter-study 

limitations and variability. Identifying risk factors that predispose injury is important, not only 

for player welfare and performance, but also because of the profound effect on a football team’s 

potential success and economic burden (Eirale et al., 2013; Eliakim et al., 2020; Hägglund et 

al., 2013). To the author’s knowledge, whilst injury-specific genetic association reviews have 

been completed in other team-sports such as rugby (Brazier et al., 2019), no study reviewed 

genetic associations with injury specifically in football players. As such, this study represents 

a novel addition to this research field and a meaningful advancement in knowledge. 
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 Due to the observed heterogeneity between studies, a statistically pooled quantitative 

synthesis of the extracted data could not be performed so a narrative synthesis summarised 

results. Firstly, the systematic search process culminated in the inclusion of 34 studies, of which 

there were 33 CGAS and one GWAS. Across the 33 CGASs, a total of 99 unique 

polymorphisms were assessed within 63 genes. Forty-one unique polymorphisms were 

associated with injury at least once, whereas three polymorphisms had their specific allelic 

associations with injury replicated at least twice in independent cohorts. More specifically, 

ACTN3 (rs1815739) X/X genotype was associated with an increased susceptibility to non-

contact muscle injuries, ACAN (rs1516797) G allele was associated with increased 

susceptibility to ACL injuries, and VEGFA (rs2010963) C/C genotype was associated with an 

increased susceptibility to ACL and ligament or tendon injuries. 

However, when critically analysing the methodological approach and cohort 

characteristics of each ACTN3, ACAN, and VEGFA study, there were some significant within- 

and between-study limitations and variability limiting the subsequent reliability and external 

validity of these findings. Moreover, some of the issues present in these studies (e.g., small 

sample sizes, cohort heterogeneity, and population stratification) were prevalent throughout all 

studies identified in this review. As such, within a football injury context, currently there 

doesn’t appear to be any replicated and validated genetic variants. Therefore, although the 

utilisation of genetic information to manage injury susceptibility in football is an exciting 

prospect, the evidence base supporting the use of genetic testing as a prognostic or diagnosis 

tool is weak. Future research via collaborations with improved methodological approaches and 

mechanistic studies may help identify significant biological pathways underpinning injury risk. 
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Although, to truly have meaningful clinical application, genetic information will have to be 

used collectively alongside the various other intrinsic and extrinsic risk factors of injury. 

10.2 Experimental section  

The purpose of the first experimental study (Chapter 5) was to assess the current practical 

application of genetic testing in professional football and provide an insight into the 

perspectives of key stakeholders (i.e., coaches, practitioners, players). The initial scoping 

review of the literature identified that there was little evaluation regarding the extent of genetic 

testing in football. More specifically, there were only two peer-reviewed studies that assessed 

the current use and opinions of genetic testing in sport (Pickering & Kiely, 2021; Varley et al., 

2018). However, these studies only included 23 and 22 stakeholders employed in football 

respectively, limiting the application of their results to a football-specific context. To the 

authors’ knowledge, this is the first study to quantify the use and opinions of genetic testing 

from a wide range of key stakeholders specifically in football. Moreover, it is the first survey 

in sport genomics to gather qualitative data alongside quantitative data to facilitate a deeper 

understanding of the reasons behind responses, providing a significant original contribution to 

the scientific literature. 

 In summary, 122 participants completed an online anonymous survey. This consisted 

of 21 multiple choice and Likert scale questions, with the option of providing an explanation 

for each response. Findings revealed genetic testing is rarely utilised by key stakeholders (10%) 

or their respective organisations (14%). However, three quarters (75%) had the opinion that 

genetic testing will have great utility in the future. The majority (72%) believed genetic testing 

should be used for athlete development and injury risk, whilst 35% believed that genetic testing 

should be utilised for talent identification purposes. However, most key stakeholders viewed 
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their own (89%) and their colleagues’ (79%) knowledge related to genetic testing as 

insufficient; mainly due to ineffective current communication methods (91%). Most believed 

educational workshops are required (71%), whilst nearly all (91%) were interested in 

developing their expertise on the utility of genetic testing. 

 In conclusion, whilst this study suggests that genetic testing is rarely used within 

professional football, key stakeholders anticipate that genetic testing will be utilised more in 

the future. Given the perceived lack of knowledge and education, implementation of education 

programmes may prove valuable in improving key stakeholders’ knowledge and the practical 

application of genetic testing in professional football. Especially since over a third of 

participants believed genetic testing should be utilised for talent identification and selection, 

even though using genetic testing for such purposes is considered immoral, unethical, and may 

lead to legal issues associated with genetic discrimination (Patel & Varley, 2019; Vlahovich et 

al., 2017; Webborn et al., 2015). Future studies should design and implement methods of 

education, and evaluate which are the most effective in providing key stakeholders in football 

with evidenced-based information on genetic research and testing. 

The purpose of the second, third, fourth, and fifth experimental studies (Chapters 6 - 9) 

was to examine the association of several polymorphisms, with technical, psychological, 

physiological, and age phase phenotypes in English academy male football players, 

respectively. The first review found there was a lack of cross-sectional studies with youth 

cohorts investigating quantitative traits and development. Discovering factors that underpin 

technical abilities, psychological characteristics, and physiological capacities are important due 

to their association with the relative success of a team, and their discriminative and prognostic 

power in youth football (Sarmento et al., 2018; Williams et al., 2020). Moreover, the 
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importance of these performance phenotypes during development in football appears to alter 

depending on age (Murtagh et al., 2018; Saward et al. 2020), which means the genetic profiles 

of youth players may also vary between different developmental phases. 

 Findings revealed ADBR2 (rs1042714), BDNF (rs6265), DBH (rs1611115), and DRD1 

(rs4532) were associated with objective dribbling and shooting assessments. In addition, DRD3 

(rs167771) was associated with levels of agreeableness,  whereas GALNT13 (rs10196189) was 

associated with 5 m, 10 m, and 20 m sprints. Moreover, IL6 (rs1800795) was associated with 

countermovement jump and age phase. The data-driven polygenic profiles were also associated 

with football phenotypes in all studies, but the TWGS consistently displayed stronger 

associations than the TGS. This suggests that whilst each polymorphism has a small additive 

effect on football phenotypes, advantageous alleles of a given polymorphism have different 

degrees of influence. Overall, these results suggest genetic polymorphisms explain a small 

proportion of the inter-individual variance in quantitative football phenotypes, and there is 

significant genetic variation between youth football players of distinct age groups. 

 To the author’s knowledge, these studies represent the first investigations of genetic 

associations with technical, psychological, and age phase phenotypes within a football-specific 

context. Moreover, the physiological and age phase studies used the most comprehensive 

polygenic profiles (i.e., comprised the largest number of polymorphisms) within football 

genomics to date. Therefore, these studies greatly expand knowledge in this research field and 

provide novel contributions to the scientific literature. If validated in larger independent youth 

football cohorts, these findings may aid practitioners in the future when individualising training 

programs to optimise athlete development. However, the identification of more genetic variants 
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relevant to these and other football phenotypes is also necessary to improve the sensitivity and 

specificity of the polygenic profiles. 

10.3 Limitations 

The specific limitations of the separate studies within this thesis have already been provided at 

the individual article level. In summary, the research synthesis studies were primarily limited 

by database and language restrictions and the inclusion of only peer-reviewed publications. 

Future reviews should search more databases, include studies in languages other than English, 

and possibly incorporate grey literature. The first study of the experimental section did amass 

the opinions from a wide-range of coaches, practitioners, and players, however the sample was 

still relatively small, predominately male, and the questions in the survey were not validated. 

Moving forward, future research should consider the use of a validated survey, try to recruit 

larger samples, and capture the views of more female stakeholders. The other four experimental 

studies shared similar limitations. For instance, the sample sizes were relatively small and some 

confounding variables could not be controlled for (e.g., ethnicity, maturation status). As high-

performance football cohorts are notoriously difficult to gain access to, and are generally small 

and heterogenic by nature, researchers in the future should consider joining an international 

football consortium to facilitate improved methodological approaches. 

10.4 Future directions 

Aside from addressing the limitations noted above, researchers in the future should also explore 

some of the areas that were beyond the scope of the current thesis. For instance, although a 

multidisciplinary approach was adopted, genetic associations with the tactical dimension (i.e., 

perceptual-cognitive expertise) of football performance could not be examined. Furthermore, 

the initial scoping assessment of the literature found that only three of the 80 identified studies 
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in this research field have been dedicated to female football players. Moreover, only five 

studies analysed players according to their on-field position. Female football players were not 

able to be recruited for this project and on-field positions were not considered due to youth 

players occupying several playing positions before settling on one at older ages. If sample sizes 

are able to be dramatically increased, the incorporation of more advanced genomic approaches 

such as GWAS and whole-genome sequencing to facilitate the discovery of novel 

polymorphisms and rare variants will also be important. Moreover, further research is required 

on epigenetic modifications (e.g., DNA methylation) and epistatic interactions. 

10.5 Practical implications 

The prospective utility of genetic information in applied settings within football appears to 

have great potential. However, the current scientific evidence base does not yet support the 

implementation of genetic tests to enhance overall athlete development processes. The findings 

of this thesis have widened research avenues by showcasing the possible association of specific 

genetic variants and polygenic profiles with phenotypes underpinning football performance 

and development. Although, the results of these studies have to be replicated in larger 

independent cohorts and many more relevant genetic variants must be identified before 

practical applications can be contemplated. Once a strong evidence base exists with regards to 

specific genotype-phenotype relationships using cross-sectional study deigns, longitudinal 

studies will be required to establish how different environmental interventions can optimise 

development based on genotype. It will be important to enhance the knowledge of key 

stakeholders concerning the nuances of genetic information and progress in this emerging field 

by implementing education programs within alacritous organisations. 
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10.6 Reflections and prospects 

In the future, it is likely additional genetic variants will be discovered and incorporated into 

polygenic profiling tools with more accurate weightings to enhance prognostic capabilities 

(Pickering et al., 2019). As these significant genomic advances are made, genetic information 

may have more utility in sport, but not necessarily for talent identification. All human traits are 

thought to be influenced by genetic factors, although there is considerable between-trait-

variance in heritability estimates (Polderman et al., 2015). Moreover, nearly all traits are 

complex (i.e., influenced by more than one gene) and even those with high heritability are still 

influenced by a very large number of genetic variants (e.g., height; Yengo et al., 2018). 

As discussed, athletic performance is a complex trait underpinned by a multitude of 

other complex traits, each regulated by an intricate network of interconnected biological 

pathways and independently influenced by environmental exposures (McAuley, Baker, et al., 

2021; Tucker & Collins, 2012). In addition, the degeneracy of biological systems (i.e., 

structurally different elements performing similar functions) and compensatory nature of 

athlete development (i.e., weaknesses in some attributes compensated by strengths in others), 

coupled with the characteristics that encompass optimal performance changing over time 

(Davids & Baker, 2007; Baker et al., 2019), means distinct genetic profiles will likely be 

associated with expertise in the sporting domain. Moreover, will these genetic profiles ever be 

predictive a-priori based on evidence-driven analyses and not just a-posteriori as a result of 

data-driven analyses? This is before considering simple serendipity (i.e., low probability 

events). Overall, athletic performance is a qualitative phenotype, not a physiological 

measurement (Mattsson et al., 2016). 
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Practitioners are encouraged to utilise research that has established genetic associations 

with specific physiological, psychological, and injury traits to improve athlete development 

(e.g., modify training interventions to elicit optimal adaptations, manage athlete welfare, and 

reduce injury susceptibility). However, practitioners should always remember that genetic 

information should not be used in an isolated deterministic manner, but rather as an additional 

objective tool that may help with subjective development decisions; similar to how 

anthropometric measures, fitness tests, performance analysis statistics, and psychological 

profiles are currently used (McAuley, Baker, et al., 2021). It has also been proposed that genetic 

testing may aid in screening young athletes for risk of cardiomyopathies (e.g., hypertrophic 

cardiomyopathy) and channelopathies (e.g., congenital long-QT syndrome), which are major 

causes of sudden cardiac death (Tanisawa et al., 2020). Genetic information itself should not 

be feared, however, fears regarding deterministic misunderstandings and reductionist 

applications are warranted. 

Even if the complexity of processes such as epistasis are fully untangled, environmental 

contingencies can always alter phenotype outcomes as no trait is 100% heritable (Polderman 

et al., 2015). Genetic information is simply one piece of the developmental puzzle within a 

holistic bioecological approach (i.e., an additional column in an athlete profile spreadsheet). 

There are still appropriate concerns with regards to the area of the genome screened in genetic 

tests, as some genetic variants could reveal serious health conditions, not only of the athlete 

but of immediate family members (e.g., cystic cbrosis, Huntington’s disease, sickle cell 

anaemia; Tanisawa et al., 2020). Moreover, screening unnecessary genomic regions increases 

the possibility of reidentifying anonymised genotype data. Therefore, it is imperative that only 
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variants with explicit relevance to the chosen sporting trait (which are still yet to be determined) 

are included in a genetic panel. 

Moving forward it will be important to try to grow the Football Gene Project into an 

established national consortium possibly by networking with other researchers and 

organisations that have genotyped youth footballers in the UK (e.g., Hall et al., 2022; Murtagh 

et al., 2020; Pickering et al., 2019). In addition, with the anticipated rise in the utilisation of 

genetic testing, coupled by the lack of knowledge by stakeholders in football, future research 

related this project should investigate the value of educational resources as well as more 

accessible and/or digestible summaries of the genetic literature. The misunderstanding of 

genetic information is of concern as it could have a profound impact on important sporting 

choices. Indeed, deterministic views may hold negative consequences as beliefs about the 

inherent origin of talent affect individuals’ behaviour, motivation, and performance. For 

athletes, this may reflect their willingness to train, level of effort, and response to failure, 

whereas in coaches, this may reflect their attentiveness, patience, and time dedicated to the 

development of individual athletes (Baker et al., 2018). How stakeholders would respond after 

being informed of their own or others genetic information is another important research avenue 

that should be explored. 

10.7 Conclusion 

The overarching aim of this thesis was to investigate the association of genetic polymorphisms 

with phenotypes in football-specific contexts. In doing so, this thesis has provided a holistic 

and novel addition to the scientific literature through the completion of the multidisciplinary 

studies contained within. The results of these studies suggest inter-individual genetic variation 

does influence football phenotypes and has identified several novel associations that warrant 
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further investigation in larger independent football cohorts. If replicated and validated, the data 

generated by this thesis may prove to be a useful starting point in establishing a genetic profile 

tool in the future capable of assisting practitioners with implementing individualised athlete 

development programs. However, genetic information should not be seen as an isolated 

determinant, but rather as an additional objective tool with which to enhance subjective 

development decisions. Genetic information is simply one piece of the developmental puzzle 

within a holistic bioecological approach (i.e., an additional column in the athlete profile 

spreadsheet). The formation of an international football consortium will be important to enable 

the sharing of resources between researchers and facilitate superior methodological approaches 

in future genetic association research in football. Furthermore, key stakeholders in football are 

recommended to act with caution if utilising genetic testing, whilst researchers are encouraged 

to design, implement, and evaluate methods of educational support. 
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12 Appendices 

12.1 Appendix A: Survey template 

1. Which of the following best describes your primary job role? 

• Athlete 

• Coach 

• Doctor 

• Nutritionist 

• Performance Analyst 

• Physiotherapist 

• Sport Scientist  

• Strength and Conditioning Coach 

 

If other, please specify: _______________________________________________________ 

 

2. Which age range do you belong to? 

• 18-24 

• 25-34 

• 35-44 

• 45-54 

• 55-64 

• 65+ 

 

3. Which sex are you? 

• Male 

• Female 

• Prefer not to say 

 

If other, please specify: _______________________________________________________ 
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4. What level of football do you currently work/play at? 

• Senior 

• Academy 

 

5. Which division is your club currently playing in? 

• 1st Division (i.e., Premier League, La Liga, Serie A) 

• 2nd Division (i.e., EFL Championship, Segunda Division, Serie B)  

• 3rd Division (i.e., EFL League 1, Segunda Division B, Serie C) 

• 4th Division (i.e., EFL League 2) 

• Non-league (i.e., National League, Tercera Division, Serie D) 

 

If other, please specify: _______________________________________________________ 

 

6. In your opinion, to what extent are genetics responsible for the following: 

 Largely Moderately Slightly No influence Unsure 

Strength  
•  •  •  •  •  

Power 
•  •  •  •  •  

Endurance 
•  •  •  •  •  

Technical ability 
•  •  •  •  •  

Decision making 
•  •  •  •  •  

Resilience 
•  •  •  •  •  

Personality 
•  •  •  •  •  

Injury 
•  •  •  •  •  

 

Please feel free to comment further: __________________________________________________ 
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7. Are you or have you ever been at a club or organisation that have used genetic testing to: 

 
a) aid performance 

• Yes 

• No 

 

b) mitigate injury risk 

• Yes 

• No 

 

Please feel free to comment further: 

__________________________________________________________________________ 

 

 

8. Have you ever utilised genetic testing in the past to:  

 

a) aid performance  

• Yes 

• No 

 

b)   mitigate injury risk 

• Yes 

• No 

 

Please feel free to comment further: 

__________________________________________________________________________ 
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9. Would you consider utilising genetic tests in the future to: 

 

b) aid performance  

• Yes 

• No 

 

b)   mitigate injury risk 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 

 

 

10. Genetic testing is beneficial and has great utility in sport: 

 

 

Strongly 

agree 

Agree Unsure Disagree 

Strongly 

Disagree 

Currently 
•  •  •  •  •  

In the future 
•  •  •  •  •  

 

Please feel free to comment further: 

___________________________________________________________________________ 
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11. Genetic testing in sport should be used for the following: 

 

Strongly 

agree 

Agree Unsure Disagree 

Strongly 

Disagree 

Talent 

identification/selection •  •  •  •  •  

Athlete 

development/training •  •  •  •  •  

Injury risk/prevention 
•  •  •  •  •  

 

Please feel free to comment further: 

___________________________________________________________________________ 
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12. In your opinion, to what extent do the following factors limit the implementation of genetic 

testing in sport?   

 

 Largely Moderately Slightly No influence Unsure 

Cost 
•  •  •  •  •  

Time 
•  •  •  •  •  

Knowledge/inability 

to interpret results •  •  •  •  •  

Fear of data privacy 

issues •  •  •  •  •  

Culture/tradition 
•  •  •  •  •  

Ethical issues 
•  •  •  •  •  

Media reaction 
•  •  •  •  •  

 

Please feel free to comment further: 

___________________________________________________________________________ 
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13. How much would you expect to pay for the following: 

 

 £0 

£1-

£25 

£26-

£50 

£51-

£75 

£76-

£100 

£101-

£150 

£151-

£200 

£201-

£250 

Genetic test 
•  •  •  •  •  •  •  •  

Consultancy to 

analyse & interpret 

results (per hour) 

•  •  •  •  •  •  •  •  

Genetic 

counselling session 

to explain results 

(per hour) 

•  •  •  •  •  •  •  •  

Education/training 

for staff, players, 

parents (per hour) 

•  •  •  •  •  •  •  •  

 

Please feel free to comment further: 

___________________________________________________________________________ 
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14. In your opinion, who should be allowed to access and/or use genetic information on athletes?  

(Please select all that apply) 

 

• Athlete  

• Genetic testing company  

• National government  

• Parents  

• Scientific staff  

• Sports club  

• Sports league/association  

• Anyone athlete consents for data sharing 
 

Please feel free to comment further: 

___________________________________________________________________________ 
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15. To what extent have the following sources of information influenced your opinions regarding 

genetic associations and genetic testing in sport? 

 

 Mostly Largely Moderately Slightly No influence 

Scientific journal 

articles/conferences •  •  •  •  •  

Professional sport 

organisations •  •  •  •  •  

Television or press 

advertisement •  •  •  •  •  

Online videos 
•  •  •  •  •  

Social media 
•  •  •  •  •  

Word of mouth 
•  •  •  •  •  

Celebrity 

endorsement •  •  •  •  •  

 

Please feel free to comment further: 

___________________________________________________________________________ 
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16. In your opinion, do you think you have sufficient knowledge of the relationship between 

genetics and performance/injury risk to make an informed decision on whether genetic testing 

should take place within your club? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 

 

 

17. In your opinion, do you think other key stakeholders at your club/organisation have sufficient 

knowledge of the relationship between genetics and performance/injury risk to make an informed 

decision on whether genetic testing should take place within your club? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 

 

 

18. In your opinion, is genetic research communicated effectively to athletes and coaches for them to 

make informed decisions regarding genetic testing? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 
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19. In your opinion, are educational workshops required at your club regarding genetic research in 

sport? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 

 

 

20. In your opinion, is the regular opportunity to speak to a genetic specialist or the addition of a 

genetic consultant at your club required? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 

 

   

21. Would you personally be interested in learning more about the contribution of genetics to 

sporting performance/injury risk and the validity of genetic testing? 

 

• Yes 

• No 

 

Please feel free to comment further: 

___________________________________________________________________________ 
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