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Abstract 

The  aim  of  this  review  was  to  critically  appraise  the  literature  concerning  the  genetic

association with player status, physical performance and injury risk in soccer. The objectives

were to provide guidance on which genetic markers could potentially be used as part of future

practice  in  soccer;  and  to  provide  direction  for  future  research  in  this  area.  The  most

compelling  evidence  identified  six  genetic  polymorphisms  to  be  associated  with  soccer

athlete status (ACE I/D; ACTN3 rs1815739; AGT rs699; MCT1 rs1049434; NOS3 rs2070744;

PPARA rs4253778), six with physical performance (ACTN3 rs1815739; AMPD1 rs17602729;

BDNF rs6265;  COL2A1 rs2070739;  COL5A1 rs12722;  NOS3 rs2070744), and seven with

injury risk (ACTN3 rs1815739;  CCL2 rs2857656;  COL1A1 rs1800012;  COL5A1 rs12722;

EMILIN1 rs2289360;  IL6 rs1800795;  MMP3 rs679620).  As  well  as  replication  by

independent groups, large-scale genome-wide association studies are required to identify new

genetic  markers.  Future  research  should  also  investigate  the  physiological  mechanisms

associating  these  polymorphisms  with  specific  phenotypes.  Further,  researchers  should

investigate the above associations in female and non-Caucasian soccer players, as almost all

published studies have recruited male participants of European ancestry. Only after robust,

independently replicated genetic data have been generated, can genetic testing be considered

an additional tool to potentially inform future practice in soccer. 

Key words: physical performance, SNP, polymorphism, DNA, injuries, football
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Introduction 

Human physical performance and injury risk are influenced by various environmental and

genetic factors [1, 2]. The heritability of being a high-level athlete across a range of sports is

estimated to be 66% [2], which is itself dependent on the heritability of the other phenotypes,

including risk of soft-tissue injury [3, 4] and the physiological and anatomical characteristics

known to contribute to competitive sport performance  [5-8]. Although such characteristics,

e.g. strength, power, speed, agility and aerobic capacity  [9-17], and injury risk factors, e.g.

previous injury, maturity status, playing position,  match intensity,  etc.  [18-24], have been

extensively  investigated  in  soccer  players,  the  genetic  contribution  to  high-level  soccer

success  remains  unclear.  Variation  in  the  sequence  of  nucleotides  within  or  adjacent  to

certain genes has the ability to alter the type/abundance/function of the proteins encoded for

by those specific genes [25], thus having the potential to affect tissue characteristics [26, 27]

and ultimately physical performance [28] or injury risk [29]. Numerous case-control studies

have  identified  genetic  variants  (e.g.  single  nucleotide  polymorphisms,  or  SNPs)  that

distinguish talented soccer players from non-athletes  [28, 30-34], while some studies have

investigated  the  association  of  specific  SNPs  with physical  performance  [28,  35-37] and

injury risk [22, 38-47] in soccer players. However, some study designs are limited by small

sample sizes and/or cohorts of mixed sports (where soccer is but one), which restrict  the

ability to detect a genetic association due to a lack of statistical power, or may reveal false

positives. Such examples can confuse the perceived importance of genetic variation in high-

level  soccer.  The purpose of this  narrative review was therefore to critically  appraise the

scientific literature concerning the genetic association with high-level athlete status, physical

performance and injury risk in soccer. Having identified robust evidence, the main objectives

were to provide guidance for researchers and practitioners on which genetic markers could

potentially be used to identify talent and/or manage the training/recovery/injury prevention of
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talented players as part of future practice; and to provide direction for future research in this

area. 

Literature Search 

A literature search was conducted for empirical research studies and review articles using

PubMed  and  SPORTDiscus  databases  from  inception  to  March  2023.  Key  terms  were

searched for within the article  title,  abstract,  and keywords using conjunctions  “OR” and

“AND” with truncation “*.” Combinations of the following Boolean’s phrases comprised the

search terms: ‘Soccer’; ‘Football’; ‘Genetic’; ‘Genotype’; ‘Polymorphism’; ‘Power’; ‘Speed’;

‘Sprint’;  ‘Acceleration’;  ‘Agility’;  ‘Strength’;  ‘Force’;  ‘Aerobic’;  ‘Fitness’;  ‘Endurance’;

‘Injury’.  The included publications met the following criteria:  (1) contained relevant data

concerning genomics in soccer; (2) included soccer players; and (3) were written in English.

Studies were excluded on the basis that they: (1) did not contain any relevant genomics data;

and (2) were conference abstracts. Studies were not included/excluded on the basis of soccer

athlete status (i.e. standard of competitive soccer player) or the biological sex or geographic

ancestry of participants.

The genetic association with soccer athlete status 

Numerous  case-control  studies  have  associated  specific  gene  variants  with  soccer  athlete

status  [28,  30-34].  Logically,  and all  else  being  equal,  a  genotype  or  allele  that  is  more

prevalent  in  high-level  soccer  players  than  non-athletes  may  have  enhanced  soccer

performance  or  reduced susceptibility  to  injury,  thereby  increasing  the  likelihood  of  that

soccer player becoming successful. “Success” and “high-level athlete status” are defined here

as being selected to represent a professional soccer club (including their academy for youth
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athletes) and competing at the highest level in that particular country. Whilst acknowledging

the limitations of this broad classification, we will inform the reader of the athlete status in

each study, where that information is available.

Perhaps the most investigated gene variant regarding high-level athlete status is the

ACTN3 rs1815739 SNP.  ACTN3 XX homozygotes cannot produce  alpha-actinin-3  [48], a

structural sarcomeric protein found in type II skeletal muscle fibres that inhibits the transition

of larger, stronger, more powerful type II fibres towards a smaller, weaker more oxidative

phenotype [26]. This probably explains the association between this SNP and skeletal muscle

fibre type composition, with XX homozygotes presenting with a greater proportion of slow

twitch muscle fibres [49, 50]. Type I fibres are smaller and contract slower than type II fibres,

and therefore produce less force and power than type II fibres [51, 52]. Therefore, it follows

that muscle volume (the main determinant of power [53]), maximum strength and power are

all lower in XX homozygotes compared to R-allele carriers, which appears to be the case in

young, healthy men  [27]. Regarding high-level soccer, evidence suggests that professional

male players (n = 60) have a higher frequency of the ACTN3 R allele compared to 123 non-

athletes [34]. Hence, the ACTN3 rs1815739 SNP could be a determinant of high-level soccer

playing status, as it appears to predispose players to greater muscular power performance,

although it should be noted that the sample size of this relatively early study was relatively

small, thus larger-scale studies are required to confirm this finding. 

More recently,  it  has  been reported  that  the  frequency distribution  of  the  ACTN3

rs1815739 R allele (67.5 vs. 60.4%), the angiotensin-I converting enzyme insertion/deletion

polymorphism  (ACE I/D) D  allele  (65.0  vs.  48.9%),  peroxisome  proliferator-activated

receptor α (PPARA) rs4253778 C allele (24.3 vs. 17.3%) and uncoupling protein 2 (UCP2)

rs66033955 T allele (44.4 vs. 35.8%) were higher in  246  male soccer players representing

clubs in the Russian Premier (n = 51), National and Second Division leagues (n = 81) and
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academies (114 youth players aged  10.6 ± 0.1 years),  compared to 872 non-athletes  [30]

(Table 1). As the ACTN3 R, ACE D and PPARA C alleles have previously been associated

with strength/power phenotypes in over 20 case-control studies, and UCP2 rs66033955 has

been associated with endurance performance [54], these results provide evidence to support

the hypothesis that, whilst muscular endurance is important to meet the aerobic demands of

high-level soccer, strength, power and speed capabilities may play a more important role in

determining match and individual player success [10, 13, 55, 56]. 

In accordance with such findings in Russian soccer players [30], Juffer and colleagues

[32] reported that the ACE I/D II genotype was less common in 54 professional male soccer

players compared to 52 endurance athletes  [32],  thus suggesting that endurance is not as

important as strength and power in professional soccer players. However, similar to the study

by Santiago and colleagues [34], the sample size of this  relatively early study is modest.

Interestingly, these findings are somewhat in contrast to the study by Eynon et al. [57], who

reported a higher frequency of the NOS3 rs2070744 C allele in a similar sample (n = 60) of

professional  male players  compared to 100 non-athletes,  while  the opposing T allele  has

previously been found to be more common in high-level power-oriented athletes than non-

athletes [58, 59]. Contrary to the study by Eynon et al. [57], the T allele was found to be more

common in 536 high-level academy players than non-athletes [28] (Table 1). The reason for

this discrepancy between studies is not clear, especially considering the studies by Eynon et

al.  [57], Santiago et al.  [34] and Juffer et al.  [32] all appear to have been performed in the

same population (i.e. La Liga soccer players). In further support of the association between

strength and power genetic profiles and soccer playing status, academy male soccer players

from Italian  clubs  were  associated  with  a  higher  frequency  of  the  VDR  rs10735810  FF

genotype  [33],  which  has  previously  been  associated  with  greater  maximum  isometric

quadriceps strength in patients with chronic obstructive pulmonary disease and age-matched
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controls [60]. However, a study investigating the role of the ACE I/D polymorphism in 199

professional male soccer players representing Lithuanian clubs found a lower frequency of

ACE DD genotype compared to non-athletes, thus suggesting that endurance capacity may be

more important for professional soccer performance in the Lithuanian National League [31].

Such  research  implies  that  specific  genetic  profiles  may  be  advantageous  for  high-level

soccer  performance  in  different  countries,  perhaps  due to  between-country  differences  in

playing demands [61] and/or differences in player anthropometry [62]. 

Indeed, research involving 535 high-level academy male soccer players from multiple

clubs  across  two  continents (an  English  Premier  League  academy  and  academies  of  the

highest national category in Uruguay) found that academy players had a higher frequency of

the PPARA rs4253778 C allele, AGT rs699 G allele and NOS3 rs2070744 T allele than age-

matched non-athletes  [28] (Table 1).  Interestingly, all three of these alleles have previously

been associated with elite power athlete status [63-66] and superior power performance [35,

63-65, 67]. However, the physical determinants of high-level youth soccer playing status are

known to depend on maturity status [28], so any investigation regarding genetic profiling in

youth  athletes  should  account  for  the  confounding  effect  of  maturation.  Indeed,  when

segregated according to peak height velocity (PHV, i.e. the peak rate of somatic growth that

is associated with puberty), academy male soccer players have distinct genetic profiles, with

post-PHV  players  demonstrating  a  greater  frequency  of  the  PPARA rs4253778  C  allele

(25.8%  vs. 19.0%  vs. 18.5%) and the  AGT rs699 G allele  (53.5%  vs. 44.8%  vs. 42.7%)

compared  to  pre-PHV players  and non-athletes,  respectively  [28].  Moreover,  the  ACTN3

rs1815739 XX genotype was more common in pre-PHV players than non-athletes (29.0% vs.

15.9%, respectively).  Thus, the differences in  PPARA rs4253778,  AGT rs699 and  ACTN3

rs1815739 allele/genotype frequency distributions between academy players and non-athletes

suggest that the polygenic profile of pre-PHV academy players favours fatigue resistance,
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rather than power/speed, and that post-PHV academy players would demonstrate a polygenic

profile more advantageous for power/speed performance [28] (Table 1). 

Recent  research  has  also  documented  that  the  G  alleles  of  two  SNPs  in  ADRB2

(rs1042713 and rs1042714), which have previously been associated with power athlete status

in a Polish population [68], were over-represented in a small group (n=48, age 12-18 years)

of academy male soccer players compared to non-athletes  [36]. However, this study had a

limited small sample size and did not account for the confounding factor of maturity status,

thus, results should be interpreted with caution. Moreover, this study only included academy

soccer players from a single club, which means the findings are not necessarily relevant in

other academies, either within the same national league, or between nations.

In another study, Massidda and colleagues [69] recruited 694 professional male soccer

players from Italy, Poland, Lithuania and Ukraine, and investigated the association between

the MCT1 (monocarboxylate transporter-1) rs1049434 SNP and playing position (by dividing

players  into  four  sub-groups:  defenders,  midfielders,  forwards,  and  goalkeepers).  In  this

study, the AA genotype was more frequent in forwards (n = 148) than non-athletes (n = 781).

As  this  SNP is  thought  to  be  associated  with  a  higher  lactate  clearance  [70-72],  it  was

postulated to contribute to the previously documented better repeated sprint ability (RSA) in

forwards  [73], who complete more sprints during a match than midfielders and defenders

[74]. The results from this study [69], and analyses documenting the unique demands of each

position in high-level soccer match-play [75], suggest that future case control genetic studies

in soccer should consider playing position. However, research measuring the activity profile

(and fitness requirements) of each position recommends that, due to the contrasting match-

play demands [75], there should also be a separation between central and lateral midfielders

and defenders. It is therefore recommended that future genetics studies recruit a large enough

sample to gain sufficient statistical power to perform playing position analyses by stratifying
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six positions in total (i.e. goalkeepers, wide defenders, central defenders, wide midfielders,

central midfielders, and forwards). 

A further two studies have investigated the genetic association with playing position

in professional men’s soccer  [76, 77]. However, regarding the above points and the limited

number  of  soccer  players  (n=43)  of  mixed  geographic  ancestry  (and the  lack  of  control

group) in the study by Clos et al  [76], it is unlikely that this study had sufficient statistical

power to detect an association of genotype with playing position. Although a recent study by

Petr et al.  [77] did include a control group (n=107) and a larger cohort  of soccer players

(n=99),  the  latter  sample  size  was  still  relatively  modest,  considering  this  needed  to  be

segregated into much smaller groups for playing position and genetic analyses. 

In summary, there is convincing evidence that genetic variation is associated with

high-level  soccer  playing  status,  and  that  this  association  favours  strength  and  power.

However, due to physical and technical requirements varying between national leagues [61],

and  to  be  representative  of  high-level  soccer  on  a  global  scale,  case-control  genetic

association  studies  should  include  large  sample  sizes  from  multiple  clubs  in  different

countries and continents. Further, the fact that physical performance [10] and physiological

factors associated with muscular power [78] differ according maturity status, not accounting

for maturation is likely to confound any genetic association with playing status in academy

soccer players. Studies that have segregated such players according to maturity status have

shown that  pre-PHV players  have  a  genetic  profile  that  favours  endurance  performance,

while  the  genetic  profile  of  post-PHV (physically  mature)  players  is  more  aligned  with

strength and power (in accordance with that of senior professional players). Finally, when

investigating the genetic association with soccer playing position, studies should include a

sample size large enough to account for the stratification into multiple positional groups and

subsequent genotype groups.
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The genetic association with muscular power in soccer players

While it is important to establish if a specific combination of gene variants may characterise

high-level  soccer  in  different  countries,  case-control  studies  alone  do  not  reveal  the

relationship between specific genetic polymorphisms and physical performance capabilities.

Cross-sectional studies, investigating associations between gene variants and specific soccer

performance  predictors,  may  provide  more  diagnostic  information  for  applied  soccer

practitioners. 

Previous research has found that acceleration (10 m speed) and sprint (20 m speed)

capabilities are important determinants of high-level male soccer player status in academy

players at all stages of maturity  [10, 79], whereas muscular power (horizontal and vertical

jump performance)  was only  a  determinant  of  playing status  in  post-PHV,  not pre-PHV

players [10]. The genetic association with explosive performance capacities could be due to

certain gene variants influencing the protein abundance/expression within key tissues (e.g.

skeletal muscle, tendon), which, in turn, affect the mechanical properties of those tissues and,

thus,  the  players’  force/power/speed-generating  capacity.  Of  these  specific  traits,

acceleration, sprint and agility performance have been shown to be independent capabilities

[80] underpinned  by  a  different  combination  of  physiological  factors.  While  early

acceleration  is  associated  with  longer  ground  contact  times  (0.12-0.20  s)  and  relies  on

contractile force capabilities  [81], sprinting is associated with shorter ground contact times

(0.09-0.12 s) and therefore relies more on the ability of the muscle-tendon unit to perform

fast  stretch-shortening  cycle  actions  [82].  Agility  is  associated  with  unilateral  reactive

strength capabilities  [83] and the main physiological  underpinning factors appear  to  be a

combination of neural (inter-muscular co-ordination, neural firing frequency and motor unit

recruitment and synchronization) and muscle-tendon unit mechanical properties. Similarly,
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vertical and horizontal-forward countermovement jump (CMJ) capabilities are independent

qualities  [13], and are controlled by different co-ordination strategies  [84], with horizontal-

forward CMJs requiring greater biceps femoris activation than vertical CMJs [85]. As power

assessed in the vertical and horizontal planes are underpinned by independent physiological

factors  in  high-level  soccer  players,  we  will  discuss  the  current  body  of  literature

documenting the genetic association with each performance capacity separately. 

Vertical jump performance

One of the main physiological determinants of vertical jump performance in soccer players is

quadriceps femoris muscle volume [11]. Indeed, genetic variants associated with muscle size

and hypertrophy have also been associated with  favourable vertical  jump capabilities  [35,

37]. The  ACTN3  rs1815739 R allele has previously been associated with increased serum

testosterone  [86], greater muscle volume  [27] and a greater composition of type II skeletal

muscle  fibres  [49],  which  are  larger  (therefore  produce  more  force)  and able  to  shorten

quicker, thus able to generate more power, than type I fibres [51, 52]. Pimenta and colleagues

[37] documented that the  ACTN3  rs1815739 R allele was associated with greater bilateral

vertical CMJ performance in 200 professional male soccer players from the Brazilian premier

division (Table 1). Furthermore, in 220 Brazilian youth players aged 14-20 years,  ACTN3

rs1815739 R-allele carriers and ACE DD homozygotes jumped higher than their XX and I-

allele  carrying  counterparts  [87],  although  it  should  be  noted  that  these  authors  did  not

account for maturity status in these participants, which may have affected the strength of their

associations. These results are partly supported by Ginevičienė et al.  [35], who showed that

ACTN3 RR genotype was associated with greater bilateral vertical CMJ performance in 152

male regional  or national  level  athletes,  although only 32 were soccer players.  The same

study also found that  PPARA rs4253778 (another SNP associated with muscle hypertrophy
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and  type  II  skeletal  muscle  fibre  composition  [88])  CC  homozygotes  also  had  greater

estimated total  body muscle mass and outperformed G-allele  carriers in the vertical  jump

assessment. However, the results of this study should be treated with caution due to the non-

elite standard of athletes, the small sample size of Caucasian only athletes, and the mix of

sports  the  athletes  competed  in,  of  which  only  a  small  proportion  were  soccer  players.

Meanwhile, Massidda and colleagues [89] recruited 90 high-level, professional, male Italian

soccer players and performed a total genotype score regression analysis, demonstrating that

the combination of the ACTN3 rs1815739, ACE I/D and bradykinin receptor B2 (BDKRB2)

rs1799722 polymorphisms explained 18–24% of the variance in vertical jump performance.

However, there  is  limited  research  on  the  association  between  polymorphisms  of  the

BDKRB2 gene and  power performance, and the ACTN3 rs1815739  [28, 90],  ACE I/D [91]

and  PPARA rs4253778 [28] polymorphisms have not always shown consistent associations

with vertical CMJ performance in high-level soccer players, so more research is required to

confirm such findings. 

While  greater  quadriceps  femoris  muscle  volume  is  thought  to  allow  the  knee

extensors  to  produce more force when propelling  the body in the  vertical  direction  [11],

research has also found an association between greater compliance of the  vastus lateralis

tendon–aponeurosis complex and higher vertical CMJ performance  [92].  COL5A1  rs12722

CC genotype has previously been associated with a more extensible patellar  tendon  [93],

thus, it is possible that the tendon of CC homozygotes can store and release more energy,

enabling power to be amplified during vertical jumps. More recent research showed that, in

535  academy  male  soccer  players  (age  8-23  years), COL5A1  rs12722  CC homozygotes

achieved  greater  bilateral  vertical  CMJ  height  than  TT  homozygotes  [28] (Table  1).

Assuming  that  COL5A1  rs12722  CC  homozygotes  have  more  elastic  tendons  than  TT

homozygotes [93], the findings by Murtagh et al. [28] are somewhat in agreement with Kubo
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and colleagues  [92],  who reported that greater compliance of the VL tendon–aponeurosis

complex facilitates  improved CMJ performance.  Interestingly,  the association  reported by

Murtagh et  al.  [28] was only significant  in  the academy soccer players (and not in  non-

athletes), possibly as the soccer players could co-ordinate the vertical  CMJ actions better,

thus  gaining  greater  utilisation of  the  stretch  shortening  cycle  and  elastic  tendon  recoil

properties. Nevertheless, this has only been investigated in one cohort and the association of

COL5A1  rs12722,  and  other  SNPs  related  to  tendon  elasticity,  needs  to  be  further

investigated. Overall, it appears that studies targeting genetic polymorphisms that are thought

to influence the physiological determinants of vertical jump performance could help elucidate

if genetic variation can influence such a task.

Horizontal jump performance

Horizontal  jump performance is  a  key determinant  of  soccer  playing status  in physically

mature academy soccer players  [10, 13]. Interestingly, this performance measure was also

shown to be a key physical  factor at  a young age,  influencing future contract  status and

playing minutes after reaching professional status  [94]. In a cohort of  535 academy male

soccer players and 151 age- and sex-matched non-athletes,  BDNF rs6265 CC homozygotes

demonstrated greater horizontal CMJ distance [28]. Neural function is largely determined by

neurotrophins, of which BDNF is one of the most active [95], regulating neuronal survival,

growth, maintenance,  neurogenesis and synaptic plasticity [96]. As the rs6265 C allele  is

associated with a greater abundance of exercise-induced serum BDNF concentration [97], the

findings by Murtagh and colleagues  [28] suggest that individuals with potentially enhanced

neuromuscular characteristics perform better in the performance tasks that require the body to

be  propelled  in  the  horizontal-forward  direction.  Such  findings  are  in  agreement  with

previous  research  documenting  that  high-level  soccer  players  produce  greater  hamstring
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activation during horizontal compared to vertical jumping  [13], and the horizontal jump is

believed to be a more complex action, requiring more inter-muscular co-ordination [84, 85].  

Overall,  there  is  limited  research  investigating  the  relationship  between  genetic

variants and horizontal jump performance in soccer players but the study by Murtagh and

colleagues [28] suggests the BDNF rs6265 SNP plays a role. Considering the importance of

horizontal power for determining high-level soccer playing status and future contract status,

more  research  investigating  the  association  between  genetic  variation  and  such  a  key

performance variable is of paramount importance if we are to fully understand the genetic

contribution to success in soccer.

The genetic association with maximum strength in soccer players

As  power  is  underpinned  by  strength,  it  follows  that  strength  is  likely  an  important

performance measure in  soccer  players.  Indeed, previous work has shown that  high-level

academy soccer players are stronger (using the isometric mid-thigh pull strength test) than

age-matched non-athletes  [9]. Although numerous studies have found genetic  associations

with strength in different populations  [98-102],  to our knowledge,  there are no published

studies that have investigated a genetic association with strength in soccer players. However,

work from a doctoral thesis did explore the association of four SNPs (PPARA rs4253778,

NOS3 rs2070744,  COLIA1 rs2249492 and  VDR rs2228570) with isometric  mid-thigh pull

maximum voluntary force (MVF) in 148 high-level male academy soccer players and 93 age-

and  sex-matched  non-athletes  [103].  Although  there  were  no  associations  with  MVF

regarding any of these four SNPs, subsequent genotyping for a further six SNPs (ACTN3

rs1815739;  AGT rs699;  AMPD1 rs17602729;  BDNF rs6265;  COL2A1 rs2070739;  COL5A1

rs12722) revealed  that  COL2A1  rs2070739 CC homozygotes  were stronger  than T allele
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carriers, regardless of maturity and athlete status (Fig. 1). This association may be due to the

SNP influencing RNA stability, potentially altering the structure of the collagen network in

and around the muscle (as proposed by Baumert et al. [104]). Increasing the number of lateral

attachments  within  the  muscle  has  the  potential  to  increase  the  force  per  muscle  cross-

sectional area, thus augmenting MVF [53, 105], although this hypothesis remains speculative.

It should be noted that the isometric mid-thigh pull test used in the aforementioned study is

an applied measure of strength commonly used in the field. However, it is not specific to a

particular muscle group and may therefore lack the sensitivity required to detect more than

this one genetic association with strength in soccer players. Thus, future studies may wish to

incorporate strength tests that isolate key muscle groups, such as the knee extensors, knee

flexors or plantar flexors. 

Although strength was not measured, a separate study demonstrated that fat-free mass

was  relatively  greater  in  T-allele  carriers  of  the  MCT1  A1470T SNP,  compared  to  AA

homozygotes in physically mature (~16-18 years of age) academy male soccer players [106].

Due to the association between muscle size and strength [53, 107], it is feasible that this SNP

may also be associated with MVF in physically mature soccer players, but this has not yet

been  investigated.  In  summary,  there  is  very  limited  research  investigating  the  genetic

association with strength in soccer players and, given the importance of strength in soccer [9],

further work is required to elucidate more genetic markers associated with strength in soccer

players. 

Insert Figure 1 near here.

The genetic association with acceleration and sprint performance
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Accelerating and sprinting require soccer players to optimise the production of peak power to

propel the body forward in a cyclical motion. In academy soccer players aged ~18 years, it

has been shown that peak power during vertical CMJ is correlated with quadriceps femoris

muscle  volume  [11],  and running speed has  recently  been associated  independently  with

greater  muscle volume  [108].  The  ACE D  [109, 110],  NOS3 rs2070744 T  [58] and  AGT

(rs699) G  [63, 65] alleles have all been associated with elite power athlete status and are

thought to exert their favourable effect on power performance by promoting skeletal muscle

hypertrophy [63, 65, 111]. Indeed, in a cohort of 212 high-level Brazilian professional male

players, ACE DD homozygotes demonstrated faster 20 m sprint speeds compared to players

of II genotype but there was no difference in muscular power (vertical CMJ) performance

[91]. In a separate  study from the same population (200 high-level Brazilian professional

male  players),  ACTN3  rs1815739 RR players  sprinted  faster  over  10,  20  and  30 m and

jumped higher than XX homozygotes [37]. Furthermore, in 220 Brazilian youth players aged

14-20 years,  ACTN3 rs1815739 R-allele carriers and ACE DD homozygotes sprinted faster

than their XX and I-allele carrying counterparts  [87], although it should be noted that this

study did  not  account  for  the  participants’  maturity  status,  which  may  have  affected  the

strength of the associations. Finally, in 535 high-level male academy soccer players,  NOS3

TT genotype was not associated with muscular power (neither horizontal nor vertical jump

performance), but TT homozygotes did exhibit greater acceleration/sprint performance than

their  C-allele  carrier  counterparts  (regardless  of  maturity  status)  [28] (Table  1).  It  could

therefore be postulated that the ACE DD, ACTN3 RR and NOS3 TT genotypes may stimulate

an increase in the number of sarcomeres  arranged in series,  thus increasing  muscle fibre

length,  which is the main determinant  of maximal muscle fibre contraction velocity  [53].

Alternatively,  simply  increasing  strength  (e.g.  through  muscle  hypertrophy)  is  known  to

increase  sprint  performance  [112],  thus by influencing muscle size,  these polymorphisms
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may indirectly affect sprint performance. Furthermore, in a pilot study, comprising 26 male

players from the under-19 youth team of a Serie A club in Italy,  MCT1 rs1049434 A-allele

carriers performed better than players of TT genotype in the final two sprints of an RSA

assessment (6 × 30 m sprints with an active recovery between sprints). This finding may be

linked to the contribution of monocarboxylate transporter-1 (MCT1) to increased metabolic

use of lactate after repeated sprinting activity [113]. However, given the limited sample size,

results should be interpreted with caution. Finally, the AGT G allele has been associated with

greater 5 and 20 m sprint performance in a small cohort (n = 48) of academy male soccer

players aged 12-18 years  [36]. Thus, given the age range of players, it is highly likely that

there  was  variation  in  maturity  status,  which  has  been  shown  to  influence  the  genetic

association with athlete status and sprint performance in high-level academy soccer players

[28].  Interestingly,  no  association  was  found  between  this  SNP  and  acceleration/sprint

performance in a much larger cohort of 535 high-level male academy players, where maturity

status  was  accounted  for  [28].  Consequently,  more  large-scale  research  (including  larger

sample sizes) is required to confirm the associations between acceleration/sprint speed and

the  NOS3 rs2070744 and  AGT rs699 SNPs, and between RSA and the  MCT1 rs1049434

SNP. 

While muscle fibre length (or specifically, the number of serial-aligned sarcomeres) is

the main determinant of maximal muscle contraction velocity  [53], the extensibility of the

tendon is related to speed and horizontal-forward power capabilities in sprinters  [114] and

post-PHV academy soccer players [12]. Recent research shows that, at all stages of maturity,

male  academy  players  and  age-matched  non-athletes  of  COL5A1  rs12722  CC  genotype

achieved quicker acceleration (10 m) and sprint (20 m) times than CT heterozygotes  [28]

(Table 1). As the CC genotype has previously been associated with a more extensible knee

extensor  tendon  [93],  it  is  feasible  that  the tendons of CC homozygotes  might  store and

17

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

Th
is

 a
rt

ic
le

 is
 p

ro
te

ct
ed

 b
y 

co
py

rig
ht

. A
ll 

rig
ht

s 
re

se
rv

ed
.

Ac
ce

pt
ed

 M
an

us
cr

ip
t

D
ow

nl
oa

de
d 

by
: L

iv
er

po
ol

 J
oh

n 
M

oo
re

s 
U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



release more energy, thus amplifying power during sprint and acceleration. As well as the

aforementioned  findings  in  COL5A1 CC homozygotes,  Murtagh  et  al.  [28] showed  that

COL2A1  rs2070739 CC homozygotes  accelerated and sprinted quicker  than their  T-allele

carrier counterparts, possibly due to having a greater capacity to store and release mechanical

energy in the tendon. However, this association was only significant in non-athletes and not

academy soccer players.  It is possible that the specific  training environment and physical

interventions in elite  soccer clubs, which are often tailored to improve individual athletic

weaknesses, could have confounded the association between the  COL2A1  rs2070739 SNP

and speed performance in academy soccer players. Overall, the limited research investigating

the  association  between  genetic  variation  (particularly  SNPs  potentially  associated  with

tendon properties) and speed performance in soccer players is positive but future research in

independent groups is required to confirm such findings.

In addition to having a more compliant patellar tendon [114], research showing that

sprinters producing more horizontal force during acceleration are able to highly activate their

hamstring muscles just before ground contact [115] suggests that neuromuscular activation is

also a major factor in determining sprint performance. In the study by Murtagh et al.  [28],

BDNF  rs6265  CC homozygotes  demonstrated  greater  horizontal  power,  acceleration  and

sprint  performance.  Therefore,  as  the  C allele  is  associated  with  a  greater  abundance  of

exercise-induced serum BDNF concentration  [97],  these findings  suggest  that  individuals

with potentially enhanced neuromuscular characteristics perform better in the performance

tasks that require the body to be propelled in the horizontal-forward direction. Research in

just 48 academy soccer players aligns with these findings, showing that three SNPs thought

to be related with neural function were associated with 5 m (acceleration) and 20 m (sprint)

speed performance [36]. The G alleles of the CPNE5 rs3213537 and CBLN2 rs8093502 SNPs

(both genes are thought to play a role in synaptic function  [116, 117]), and the A allele of
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CNTN4 rs62247016 SNP (the CNTN4 gene encodes contactin 4, which is thought to play a

role in the formation of axon connections in the developing nervous system [118]), were all

associated with greater sprint performance [36]. However, the findings of this study should

be interpreted with caution, as not only was the sample size limited, but it comprised players

from just one academy, and maturity status was not accounted for. Overall,  it  seems that

SNPs  associated  with  neural  function/adaptation  have  a  positive  impact  on  sprint

performance; however, the research is limited and more evidence is required from large-scale

independent studies.

Since  it  is  clear  that  neuromuscular  function  (e.g.  inter-  and  intra-muscular  co-

ordination [83]) primarily underpins speed performance prior to maturation, i.e. in pre-PHV

athletes  [78], it seems logical that certain genetic variants may have a greater influence on

speed/power performance in pre-PHV soccer players. While no neural related genetic variant

has  been shown to exert  this  association  specifically  in  this  population  to  date,  AMPD1

rs17602729 GG homozygotes did achieve quicker acceleration and sprint times in pre-PHV

academy players only [28]. It is possible that pre-PHV AMPD1 GG homozygotes can repeat

high  intensity  acceleration  and  sprint  efforts  more  frequently  during  soccer  match-play,

which may lead to preferential  adaptations  in acceleration  and sprint  performance in  GG

homozygotes compared to their A allele-carrying counterparts. The AMPD1 G>A SNP is the

only genetic  variant  to date that  appears  to  influence acceleration and speed in  pre-PHV

academy players on an individual SNP basis  [28]. Such findings support the argument that

genetic research in academy soccer players should be specific to maturity status.

The genetic association with agility performance
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Only one study to date has investigated the relationship between agility and genetic profile in

soccer players  [28]. The main physiological factors underpinning agility capacity appear to

be a combination of neural (inter-muscular co-ordination, neural firing frequency and motor

unit synchronization) and muscle-tendon unit mechanical properties. It is therefore logical

that  agility  performance  was  associated  with  a  combination  of  SNPs,  rather  than  one

individual  genetic  variant.  Indeed,  a  total  genotype  score model  derived from four SNPs

(AMPD1  G>A rs17602729,  BDNF  C>T rs6265, COL5A1  C>T rs12722, COL2A1  C>T

rs2070739)  that  were  individually  associated  with  various  power/sprint  performance

variables was shown to be positively correlated with agility performance in pre-PHV but not

post-PHV academy male soccer players. These significant correlations in pre-PHV players

could  be  due  to  the  academy  soccer  environment  increasingly  impacting  on  agility

performance (and overall physical performance) as the player matures. It has previously been

demonstrated  that  training  exposure  in  academy  soccer  increases  (and  includes  more

personalized athletic development and resistance training as well as soccer activities) as the

players  progress  to  older  age  group teams  [9],  thus  suggesting  environmental  influences

could increasingly confound any genetic effect. Nevertheless, such a novel polygenic analysis

shows that, while one SNP may not have a significant impact on explosive performance, a

combination of SNPs could have a favourable effect, especially in pre-PHV individuals. 

The genetic association with aerobic capacity in soccer players

Due  to  the  aerobic  underpinnings  of  soccer  [119],  potential  genetic  associations  with

endurance performance could also influence high-level soccer player status and/or endurance

capacity  in  soccer  players.  Perhaps  the  most  well-known genetic  variant  associated  with

prolonged  endurance  performance  is  the  ACE  I/D polymorphism,  i.e. the  II  genotype  is

commonly associated with greater endurance capacity/performance [120, 121], although not
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always  [122]. However, only two studies have investigated the association of the  ACE I/D

polymorphism with soccer athlete status  [31, 32]. The study by Juffer and colleagues  [32]

found that the II  genotype frequency was lower in professional male soccer  players than

endurance runners, supporting the hypothesis that  high-level  soccer players tend to have a

power/strength oriented genetic profile, as suggested by others [28, 32]. However, the study

by Ginevičienė and colleagues [31] found a lower frequency of DD genotype in 199 sub-elite

professional male soccer players representing Lithuanian clubs compared to non-athletes. The

contrasting results in these two studies  [31, 32] suggest the influence of  ACE genotype on

soccer athlete status may depend on the standard of player (e.g. elite [32] vs. sub-elite [31])

and the associated differences in training/match demands. 

A different  study in 200 professional  male soccer  players incorporated an applied

measure of aerobic capacity and found that ACTN3 XX homozygotes had a greater Yoyo test

score  than  RR and RX genotypes  [37],  i.e.  those  players  with  an  ‘endurance  genotype’

exhibited a greater aerobic capacity. In a different study of 212 participants from the same

population, higher frequencies of the  ACE II genotype (compared to I/D or DD genotypes)

were observed in “excellent and good performance groups” regarding the YoYo intermittent

recovery  test  [91].  In  a  separate  study  in  220  Brazilian  youth  soccer  players,  ACE II

homozygotes were found to perform better in the YoYo test than D-allele carriers, although

this was only in the under-16 year age group and thus a limited sample size of 41  [87].

Interestingly, a study in high-level academy male soccer players found that maturity status

was associated with allele and genotype frequency distribution, with pre-PHV players having

a greater frequency of  ACTN3 XX genotype  [28], and post-PHV players demonstrating a

greater frequency of the PPARA rs4253778 C allele and the AGT rs699 G allele compared to

pre-PHV players and non-athletes. This suggests that pre-PHV academy players are recruited

in part  due to their  high aerobic capacity.  In English Category 1 soccer academies,  male
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players do not compete 11 vs. 11 on a full-sized pitch until  they reach ~13 years of age

(approximately when PHV occurs in boys  [123]). While 11 vs. 11 match-play requires a

greater percentage of time spent at low speeds and more frequent explosive sprint actions,

match-play on smaller pitches with fewer players requires a greater distance per minute, more

time running at moderate speeds, and a higher work load per minute  [124], thus placing a

greater  physiological  demand  on  aerobic  rather  than  anaerobic  capacity.  The  playing

demands of  high-level  soccer therefore differ according to maturity status and, at pre-PHV

level, aerobic capacity appears to be more important than power/ speed, which would explain

the apparent endurance-favourable genetic profile of pre-PHV academy soccer players. 

Another study combined the genotype score of five other SNPs (VEGFA rs2010963,

ADRB2 rs1042713 and rs1042714, CRP rs1205 and PPARGC1A rs8192678), and found that

those male academy players with a favourable combination responded better to eight weeks’

aerobic  training  when measured with the Yo-Yo intermittent  recovery  test  level  1  [125].

Unfortunately, the authors of this study did not specify which alleles/genotypes were classed

as “favourable”, thus preventing replication by other groups, whether in research or applied

practice. Furthermore, it should be noted that this study only included 42 participants, who

were not associated with a high-level soccer academy. A combination of small sample size,

low sensitivity of field-based performance measure, and small effect size may have limited

statistical  power  in  this  study,  thus  these  results  should  be  interpreted  with  caution.  In

summary, very few studies have investigated the genetic association with endurance capacity

in soccer players, and more rigorous research is required to provide more confidence that

genetic variation influences these important phenotypes in soccer players. 

Insert Table 1 near here.
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The genetic association with injury risk in soccer players

Player  availability  is  negatively  affected  by  injury  [126].  Consequently,  team success  is

associated with low injury rates [127], having more players available for matches and training

[128],  and losing fewer  days  to  injury  during  a  season  [18].  Despite  scientific  advances

identifying a number of risk factors, including player age, previous injury and joint range of

motion  [1], as well as maturity status  [24], playing position  [23] and biological sex  [129],

inter-individual  variation  in  the  frequency  and  severity  of  soccer  injury  suggests  not  all

factors are fully understood. With injury prevention representing a key objective for players

and coaches, it is logical that athletes and practitioners believe there may be value in genetic

data concerning injury susceptibility [130], not least because previous injury increases future

injury risk [1]. 

The majority of soccer injuries occur in the lower extremities without external contact

[20]. Muscle strains commonly occur in the quadriceps, hamstrings and calves  [21], whilst

the  knee  and  ankle  are  the  most  common  sites  for  ligament  sprains  [21].  Extensive

mechanical stress during contractile activity, such as acceleration, deceleration and kicking,

are implicated in muscle strain, whilst ligament sprains occur when collagenous fibres are

excessively stretched as a joint is forced to go beyond its normative range. Common SNPs

have the potential to influence the structure, function or expression of proteins within tissues

and affect their phenotypes [25], and the heritability of soft-tissue injury is estimated to be as

high as 40% [3]. Therefore, genetic differences between players might alter the mechanical

properties of musculoskeletal soft-tissues, such as muscle, ligament and tendon, which are

commonly injured in soccer  [21, 131]. The complexity of soccer injuries means that any

genetic influence is likely to be polygenic, rather than being due to a single SNP. The high

cost and complexity of studying multiple SNPs and their interaction means that, to date, most
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genetic  associations  with  soccer  injuries  are  from candidate  gene  studies.  This  approach

involves selecting specific genes or variants known or suspected to contribute to a particular

phenotype.  For  example,  certain  SNPs  can  influence  the  structure  and/or  function  of

collagenous tissues  [132],  and several  SNPs in collagen genes have been associated with

ligament  and tendon  injuries  in  athletes  from other  sports  [133-135].  Whilst  there  are  a

growing number of SNPs related to injury in various cohorts [136], this section summarises

those SNPs associated with soccer injuries, offering potential mechanisms where possible. It

should be noted that a considerable number of SNPs have been associated with injury in

cohorts across multiple sports [136], and that the aetiology of soccer injuries is often similar

to injuries occurring in those sports. Consequently, it is possible that SNPs associated with

injury in other sports, of which some are not discussed in this section, may also be associated

with soccer injury.

ACTN3 rs1815739

As previously mentioned, carriers of the ACTN3 rs1815739 R allele have larger and stronger

muscles than XX homozygotes [27, 137], which is important because low muscle strength is

a  risk factor  for  soft-tissue injury  [138].  Research suggests  that  professional  male  soccer

players of  ACTN3 XX genotype exhibit  greater exercise-induced muscle damage than RR

homozygotes  [139], which may help explain why this genotype has been associated with a

higher rate  of non-contact  musculoskeletal  soft-tissue injuries  in professional  male soccer

players  [140], although this study included just 43 participants (Table 2). Another study of

169 professional male players reported a higher rate of non-contact muscle injuries in XX

homozygotes than R-allele carriers, with XX homozygotes most likely to suffer severe injury

[44] (Table 2). A separate study in professional players found X-allele carriers were most

likely  to  be injured,  with XX homozygotes  having the longest  absence after  injury  [47].
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However, this study comprised just 46 participants, of which 22 were male and 24 female. In

addition to the well-documented physiological and biomechanical differences between men

and women,  soccer  match demands  [141] and injury risk  [129, 142] also differ  between

men’s  and women’s  soccer,  thus  pooling  male  and  female  players  in  the  same study is

problematic  when deciphering the genetic  association with soccer injuries.  However,  it  is

worth noting that this is one of only two studies to include female participants in a study

investigating the genetic association with injury in soccer players. 

Elsewhere,  no  association  was  reported  between  the  ACTN3 rs1815739  SNP and

hamstring injuries in 107 male professional players  [40], nor with injury prevalence in 402

male academy players  [29].  Similarly,  a recent  study investigating the  ACTN3  rs1815739

SNP and  injury  in  191 female  soccer  players  found  no difference  in  non-contact  injury

incidence between genotype groups  [143]. Nevertheless, the study by Hall and colleagues

[29] demonstrated that high-level academy players with at least one X allele missed more

days following ankle injuries than RR homozygotes (Table 2), suggesting greater muscle size

and strength associated with the R allele  [26, 27] may enhance limb stability  and favour

return to  play.  It  appears  that  the  ACTN3  rs1815739 SNP may influence  soccer  injuries,

where potential  mechanisms include muscle strength enhancement and/or the provision of

structural stability to the sarcomere during contraction [144].

COL1A1 rs1800012

The rs1800012 SNP is a C>A substitution in the  COL1A1 gene  [145], encoding the type I

collagen α1 chain. This is important when considering injury risk, as type I collagen is the

major fibrillar collagen providing structural stability to ligaments and tendons [146]. The rare

AA genotype appears protective against ACL  [133] and Achilles tendon  [147] injuries in
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athletes, while professional male soccer players with ACL ruptures are also less likely to be

AA homozygotes [39] (Table 2), although others found no associations between this SNP and

injury  [29, 40, 46]. Differing conclusions in these studies may relate to the specific injury

types investigated,  as it  appears  COL1A1  variants are most likely to influence injuries  to

ligament and/or tendon. Nevertheless, the rs1800012 A allele has been associated (as part of a

haplotype)  with significantly higher  COL1A1 gene transcription  [148]. If  higher  COL1A1

transcriptional activity increases the structural stability of ligaments and tendons, this might

explain  the  apparent  protective  effect  of  the  rare  rs1800012  genotype  against  ACL and

Achilles tendon injuries. 

COL5A1 rs12722 and rs13946

The rs12722 SNP is a C>T substitution within the COL5A1 gene [149], encoding the type V

collagen α1 chain, a vital  structural  component of tendons and ligaments during collagen

fibrillogenesis  [150]. Two studies with relatively small sample sizes (both n < 80) reported

severe hamstring injuries in TC heterozygous professional male soccer players [45, 46], with

no association reported elsewhere [40, 42]. More severe musculoskeletal injuries appear to be

experienced  by TT homozygous players  than  C-allele  carriers  [42],  whilst  a  case-control

study comparing players with and without ACL rupture found that carrying C alleles in two

different COL5A1 SNPs (rs12722 and rs13946) was apparently protective [41] (Table 2). In

contrast, a higher prevalence of soft-tissue and ligament injuries has been reported in pre-

PHV academy male players carrying the C allele and CC genotype, respectively [29] (Table

2). Therefore, more research is required to determine which COL5A1 rs12722 allele is indeed

protective and why, although from this limited evidence, it is possible that it is linked to the

maturity status of the player. 
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EMILIN1 rs2289360

The rs2289360 SNP is a T>C substitution within the EMILIN1 gene [151], which encodes the

elastin microfibril interface-1 (EMILIN-1) protein. This protein assists the fusion of elastin

fibres during elastogenesis  [152] and provides elasticity to ligaments and tendons  [153]. In

professional  male soccer players,  the TT genotype has been associated  with more severe

MCL injuries, but not with the incidence or severity of muscle or tendon injuries  [38, 46]

(Table 2). Another study reported no association with hamstring injuries in 107 professional

male players  [40], whilst in 402 academy male players, CC homozygotes had the highest

overall injury prevalence and the ‘protective’ TT genotype was more frequent in post- than

pre-PHV players [29] (Table 2). These findings suggest that fewer ‘genetically pre-disposed’

(i.e.  CC  homozygotes)  players  progress  from  pre-  to  post-  PHV  in  a  soccer  academy.

However, in the same study, academy players carrying the T allele experienced the most days

missed following ankle injuries [29]. Together with the association of the TT genotype with

MCL injury in professional players  [38, 46], this  suggests that this  EMILIN1 SNP might

influence soccer-related ligament injury predisposition and recovery. However, contrasting

results exist between and within studies regarding which rs2289360 genotypes and/or alleles

are protective, requiring further investigation to understand a potential role in soccer injuries.

Hall et al. [29] hypothesised that the C allele might augment collagen tissue stiffness, causing

stiffer tendons in CC homozygotes and increasing injury risk as a result of greater strain on

muscle fascicles during eccentric activity. In contrast, the T allele might protect against injury

in  general  (but  particularly  muscle  injury)  as  a  product  of  increased  tendon  compliance.

However,  such  increased  compliance  may  be  insufficient  to  withstand  more  excessive

external loads, leading to greater tendon damage (and even rupture) requiring a longer period

of healing and rehabilitation.  
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MMP3 rs679620 and rs3025058

The rs679620 SNP is a T>C substitution within the MMP3 gene [154]. The MMPs, a family

of collagen-degrading enzymes, are physiological regulators of extracellular matrix (ECM)

remodelling  [155] and  are  important  for  muscle  regeneration  [156].  The  T  allele  was

associated  with  hamstring  injury  in  107  professional  male  soccer  players  [40],  and with

longer absence following knee injuries in academy soccer players  [29] (Table 2). As the T

allele sits in linkage disequilibrium with the  MMP3 rs3025058 5A allele,  which increases

MMP3 expression [157], the rs679620 T allele might increase RNA expression and intensify

the degradation of proteins, such as collagen and elastin, thereby weakening the structural

integrity  of  ligament  and  ECM.  However,  further  research  is  required  to  confirm  this

hypothesis.  

CCL2 rs2857656

The rs2857656 SNP is a G>C substitution in the  CCL2 gene affecting plasma C-C motif

chemokine  ligand-2 (CCL2) levels  [158].  CCL2 is  expressed within the interstitial  space

between myofibres after damaging activity [159] and mediates systemic changes with chronic

exercise [160]. In professional male soccer players (n = 73-74), those with the GG genotype

suffered more severe muscle injuries than C-allele carriers [45, 46], although others report no

association with hamstring injuries in 107 professional male players  [40], nor with injury

prevalence or recovery time in male academy players [29] (Table 2). Plasma CCL2 is lower

in GG homozygotes  [158], who exhibit lower muscle strength than C-allele carriers  [161].

Considering the prospective role of CCL2 in satellite cell proliferation  [162], higher CCL2
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during recovery from muscle injury may be advantageous to players carrying at least one

rs2857656 C allele. 

IL6 rs1800795

The rs1800795 SNP is a C>G substitution within the  IL6 gene [163]. The myokine IL-6 is

produced in skeletal muscle after exercise and is functionally related to growth, atrophy and

collagen synthesis  [164, 165]. Interestingly,  the GG genotype was associated with greater

hamstring  injury risk in  107 professional  male players  [40] (Table  2).  Contrastingly,  CC

homozygotes had higher prevalence of any injury and muscle injury in 402 academy male

players  [29] (Table 2). Having both pro- and anti-inflammatory capacities  [166] makes it

plausible that IL-6 could increase or reduce injury risk. Increased plasma IL-6 associated with

the  G  allele  [163] may  heighten  soft-tissue  injury  risk.  Specifically,  because  eccentric

contractions induce pro-inflammatory IL-6 expression  [167], and because cytokines trigger

tenocyte  apoptosis  and  ECM degradation  [168],  GG homozygotes  may  experience  these

unfavourable changes via increased IL-6, thus heightening injury risk. This could explain the

association  of  the  GG genotype  with hamstring  injury  risk  [40] if  eccentric  contractions

initiate a process of elevated ECM degradation above that which is required for repair and

recovery. In contrast, increased injury risk in CC homozygotes reported in academy players

[29] could  relate  to  an  increased  inflammatory  response  following  eccentric  activity

associated  with  the  C  allele  [169],  where  recovery  between  intense  training  and/or

competition may be impaired by sustained inflammation. 

Insert Table 2 near here.
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Future directions for genetics research in soccer

In  addition  to  the  SNPs  highlighted  above,  several  other  SNPs  have  been  identified  as

potentially important but require further investigation, e.g. due to low sample size or lack of

replication by independent research groups. For example, there are currently no published

studies that have investigated the genetic association with strength in soccer players, although

previously  unpublished  work  from  our  group  suggests  the  COL2A1 rs2070739  SNP  is

associated with maximum strength in 148 high-level male academy soccer players and 93

age- and sex-matched non-athletes, regardless of maturity status and athlete status (Fig. 1).

Further, in a study with a limited sample size, the combined genotype score of five SNPs

(VEGF rs2010963,  ADRB2 rs1042713  and  rs1042714,  CRP rs1205  and  PPARGC1A

rs8192678)  was  associated  with  a  greater  adaptation  to  eight  weeks’  aerobic  training  in

academy players [125]. Thus, replication by independent groups is necessary to provide more

confidence in the results from these studies. 

Regarding  the  genetic  association  with  injury  risk,  numerous  studies  have  found

individual  SNP associations  that  require  replication by independent  groups.  For example,

IGF2  rs3213221 GC genotype,  GEFT  rs11613457 GG genotype,  HGF  rs5745678 T allele

and  LIF  rs9290271  T  allele  were  suggested  to  be  protective  against  severe  non-contact

injuries, whilst HGF rs5745697 CC and rs1011694 AA homozygotes suffered fewer injuries,

albeit in relatively small sample sizes [45, 46]. Male academy players with at least one MYLK

rs28497577  T  allele  required  longer  recovery  time  following  knee  injury  [29],  whilst

professional male players with the  SOX15 GG genotype were injured more often than T-

allele carriers [45], although not in another study by the same group [46]. Further, hamstring

injury risk was associated with the  TNC  rs2104772 A allele, and with the  HIF1A  CC and

NOS3 rs1799983 GG genotypes, in 107 professional male players [40]. However, others have

reported no association between the TNC rs2104772 SNP and injury [46], which could be due
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to the latter study having a smaller sample size (n = 73, potentially reducing statistical power

to detect an association). Recently, the ACE I/D D allele was associated with reduced muscle

injury risk in  710 professional  male  players  from Italy and Japan  [43],  and in  402 male

academy  players,  those  homozygous  for  the  VEGFA  rs2010963  C  allele  had  a  higher

prevalence of ligament and tendon injuries  [29], while the  MCT1  rs1049434 AA genotype

has been associated with higher muscle injury incidence in 173 high-level  soccer  players

[170].  It  is  pertinent  to mention additional  SNPs, which were not associated  with soccer

injury. These include no association between muscle injury and three  VDR  SNPs  [171] or

COL5A1  rs12722  [42],  between  COL12A1 rs970547 and ACL injury  [39],  between  TTN

rs2742327 and non-contact musculoskeletal injuries [46], or between hamstring injuries and

32 of 37 investigated SNPs [40]. 

As  well  as  replication  of  robust  studies  by  independent  research  groups,  further

investigation is required to conduct large-scale genome-wide association studies to identify

new genetic markers associated with athlete status, physical performance and injury risk in

soccer. To identify a substantial proportion of the gene variants with small effect sizes that

collectively contribute to the genetic  component of variability in a complex trait,  such as

athlete  status,  physical  performance  and  injury,  a  sample  of  at  least  2,000  is  probably

required [172]. Furthermore, only a handful of genetic markers have been investigated to the

extent whereby their function is known to impact physiology/biomechanics, which is crucial

if we are to truly understand the potential impact of genetic testing in soccer. Moreover, to

date, all genetic studies in soccer players have recruited almost exclusively male participants.

Given the differences in match demands between women’s and men’s soccer [141], as well

as the physiological and biomechanical sex differences, and variability in injury risk between

male and female soccer players  [129, 142], we cannot assume that the genetic associations

found with athlete status, physical performance and injury risk in male soccer players will be
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the  same  for  female  players.  Therefore,  future  research  should  investigate  the  genetic

association  with  athlete  status,  physical  performance  characteristics  and  injury  risk  in

women’s soccer. Finally, almost all studies published to date have recruited participants of

European  ancestry  due  to  the  evidence  that  genetic  variation  differs  between  geographic

ancestries [173]. To provide a more comprehensive understanding of the genetic contribution

to  success  as  a  soccer  player,  however,  future  studies  should  investigate  the  genetic

association with athlete status, physical performance characteristics and injury risk in soccer

players from different geographic ancestries.

Summary 

Throughout this review, we have critically appraised the literature pertaining to the genetic

association  with  physical  performance  and injury  risk  in  soccer  players.  Using the  most

robust evidence, we have suggested directions for future research in this area, and provided

guidance on the most compelling evidence to help practitioners understand the importance of

genetic variation and its influence on soccer athlete status, physical performance (Table 1)

and injury risk (Table 2). Gaining a more detailed insight into the genetic contribution to

soccer-related  physical  performance  and  injury  risk  could  potentially  help  future talent

selection and physical development procedures in elite soccer clubs. However, it should be

stressed  that  genetics  research  in  soccer  is  still  in  its  infancy,  and future  studies  should

attempt to replicate those more robust studies highlighted in this review by recruiting large

cohorts from various leagues around the world, and distinguishing between maturity status

when  recruiting  academy  players.  Further,  very  few  studies  have  investigated  genetic

associations with athlete status, physical performance or injury in female players, or players

of  non-European geographic  ancestry,  so future studies  should include  these populations.

Regarding  the  genetic  association  with  soccer  playing  position,  studies  should  include  a
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sample  size  large  enough to  account  for  the  stratification  into  six  positional  groups (i.e.

goalkeepers,  wide defenders,  central  defenders,  wide midfielders,  central  midfielders,  and

forwards)  and  subsequent  genotype  groups.  Furthermore,  the  candidate  gene  approach,

although practical, relies on a degree of prior knowledge and is restricted to the specific SNPs

selected for analysis. However, reduced costs and improved accessibility to more powerful

approaches, such as genome-wide association studies, may aid the discovery of new SNPs to

be investigated in larger cohorts. Studies with broader scope in terms of sample size, injury

frequency and the number SNPs investigated are required to advance the existing evidence

for  a  genetic  contribution  to  soccer  injuries.  If  large-scale  studies  following  our

recommended criteria could be initiated through collaborative analyses (and replicated by

independent groups), genetics research could have a positive impact in elite soccer clubs by

improving the level and detail of individual physical programming aimed to overcome and/or

develop potential genetic deficiencies and/or strengths, respectively. 
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Figure legend 

Figure 1. Association between the  COL2A1 rs2070739 SNP and isometric mid-thigh pull

maximum voluntary force (MVF) normalised to body mass (BM) in 148 high-level  male

academy soccer players (ASP) and 93 age- and sex-matched non-athletes (NA). * Main effect

for genotype between CC (black bars) and CT/TT (chequered bars) genotypes (P = 0.033), ^

main effect for cohort and maturity status (P < 0.001).

Table headings

Table 1. Key polymorphisms associated with athlete status and physical performance

phenotypes in soccer players. Alleles for each polymorphism are reported according to the

forward DNA strand. 

Table 2. Key polymorphisms associated with injury risk in soccer players. Alleles for

each polymorphism are reported according to the forward DNA strand. 
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Table 1. Key polymorphisms associated with athlete status and physical performance phenotypes in soccer players. Alleles for each polymorphism are reported 

according to the forward DNA strand. 

Gene Encoded protein Protein function
Alleles and
rs number

Polymorphism function Associations with phenotypes of interest in soccer

ACE Angiotensin-I
converting

enzyme

ACE  converts
angiotensin-I (Ang I)
to  Ang  II  and  is
expressed  in  SkM
[174],  where  Ang  II
modulates  SkM
hypertrophy  after
mechanical  loading
[175].

Insertion (I)/
Deletion (D)
of 287 base

pairs
rs1799752 /

rs4340 /
rs13447447 /

rs4646994

D-allele  carriers  express
higher ACE activity than II
homozygotes [176]. 

Phenotype: Athlete status
 D allele more frequent in pro players vs. NA [30, 32]. 
 Possibly  due  to  D allele  influencing  circulating  ACE and  Ang II  in  SkM,

potentially leading to larger [177], more powerful muscles. 

Phenotype: Sprint Performance 
 DD genotype associated with faster 20 m sprint speed compared to II genotype

but no difference in vertical CMJ performance in 212 high-level pro players
[91]. 

ACTN3 α-actinin-3 Binds actin to the Z-
line  in  type  II  SkM
fibres  [48];  blocks
calcineurin, inhibiting
fast-to-slow myofibre
transition [26].

C(R)>T(X)
rs1815739

X  allele  leads  to  a  stop
codon  at  amino acid  577,
preventing  protein
production  [178].
Consequently, the R allele
is  associated  with  greater
type  II  SkM  fibre
composition [49].

Phenotype: Athlete status
 X allele  (generally  associated with endurance phenotypes)  more frequent  in

pre-PHV academy players vs. non-athletes (NA) [28];
 R allele (generally associated with strength/power phenotypes) more frequent

in pro players vs. NA [30, 34];
 Above discrepancy probably due to variability in match demands between pre-

(endurance-based) and post-PHV/adult (power/speed-based) players [28]; 
 Combination  of  ‘favourable’  alleles  from  PPARA rs4253778  (C),  NOS3

rs2070744 (T),  ACTN3 rs1815739 (R), and  AGT rs699 (G) SNPs correlated
with agility performance in pre-PHV academy players [28]. 

Phenotype: CMJ (Vertical Power) Performance 
 R allele associated with greater  bilateral  vertical  CMJ height in pro players

[37]. 

Phenotype: Aerobic Capacity 

XX genotype associated with greater YoYo score in pro players [37]. 

AGT Angiotensinogen Precursor of Ang II. A>G rs699 G  allele  associated  with
higher  blood  AGT
concentration  and  higher

Phenotype: Athlete status
 D allele more frequent in pro players vs. NA [30, 32]. 
 G allele more frequent in academy players vs. NA [28]; 
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blood pressure [179].
 Combination  of  ‘favourable’  alleles  from  PPARA rs4253778  (C),  NOS3

rs2070744 (T),  ACTN3 rs1815739 (R), and  AGT rs699 (G) SNPs correlated
with agility performance in pre-PHV academy players [28]. 

AMPD1 Adenosine
Monophosphate

Deaminase 1

Enzyme  catalysing
the  deamination  of
AMP to IMP in SkM

G>A
rs17602729

A  allele  results  in  a
premature  stop codon and
non-functional  enzyme,
causing  impaired  AMP
metabolism,  which  can
lead  to  muscle  fatigue,
weakness  and  cramping
[180].

Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 GG genotype associated with faster 10 m acceleration and 20 m sprint times

than pre-PHV A-allele carriers in pre-PHV academy players [28]. 

Phenotype: Agility (Change of Direction) Performance 
 Combination  of  ‘favourable’  alleles  from  AMPD1 rs17602729  (G),  BDNF

rs6265 (C),  COL5A1 rs12722 (C),  COL2A1 rs2070739 (C) SNPs correlated
with agility performance in pre-PHV academy players [28].

BDNF Brain-derived
neurotrophic

factor

Promotes  neurone
growth,
differentiation,  and
maintenance [95].

C>T rs6265 C  allele  results  in  valine
rather  than  methionine  (T
allele)  at  amino  acid  66,
leading  to  greater
abundance  of  exercise-
induced  serum  BDNF
concentration [97].

Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 CC  genotype  associated  with  greater  10  m  acceleration  and  20  m  sprint

performance in academy players  [28],  possibly linked to C allele’s  relation
with  higher  exercise-induced  serum  BDNF  concentration  [97],  potentially
enhancing  neuromuscular  activation/control  during  acceleration/sprint
performance. 

Phenotype: Agility (Change of Direction) Performance 
 Combination  of  ‘favourable’  alleles  from  AMPD1 rs17602729  (G),  BDNF

rs6265 (C),  COL5A1 rs12722 (C),  COL2A1 rs2070739 (C) SNPs correlated
with agility performance in pre-PHV academy players [28].

COL2A1 Pro-α1 (II) chain Major  component  of
type  II  collagen,
providing  structure
and  strength
to connective  tissue,
e.g.  at  the  enthesis
[181]. 

C>T
rs2070739

Not yet known but 3’-UTR
SNPs have the potential to
alter the level, location, or
timing of  gene expression
[25].

Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 CC genotype  associated  with  faster  10  m acceleration  times  than  T  allele

carriers in academy players [28].

Phenotype: Agility (Change of Direction) Performance 
 Combination  of  ‘favourable’  alleles  from  AMPD1 rs17602729  (G),  BDNF

rs6265 (C),  COL5A1 rs12722 (C),  COL2A1 rs2070739 (C) SNPs correlated
with agility performance in pre-PHV academy players [28].

COL5A1 Pro-α1 (V) chain Major  component  of
type  V  collagen,
which  regulates  the
diameter  of  collagen
fibrils [182].

C>T
rs12722

Not yet known but 3’-UTR
SNPs have the potential to
alter the level, location, or
timing of  gene expression
[25].

Phenotype: CMJ (Vertical Power) Performance 
 CC genotype associated with greater bilateral vertical CMJ height in academy

players  [28], possibly linked to  more extensible knee extensor tendon in CC
homozygotes  [93],  enabling  greater  storage  and  release  of  energy,  thus
amplifying power during vertical CMJ. 
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Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 CC genotype associated with quicker acceleration, sprint and horizontal CMJ

performance  in  academy  players  [28],  possibly  linked  to  CC  genotype
associated with more extensible knee extensor tendon  [93], enabling greater
storage  and  release  of  energy,  thus  amplifying  power  during  acceleration,
sprint and horizontal CMJ. 

Phenotype: Agility (Change of Direction) Performance 
 Combination  of  ‘favourable’  alleles  from  AMPD1 rs17602729  (G),  BDNF

rs6265 (C),  COL5A1 rs12722 (C),  COL2A1 rs2070739 (C) SNPs correlated
with agility performance in pre-PHV academy players [28].

MCT1 Monocarboxylate
transporter-1

Transports lactate and
H+ across  SkM
sarcolemma,  found
predominantly  in
oxidative  fibres
[183]. 

A>T
rs1049434

Not yet known but intronic
SNPs have the potential to
influence  gene  expression
and  mRNA  stability  [25].
T allele results in  aspartic
acid  replacing  glutamic
acid  at  position  490,
potentially causing a defect
in  MCT1’s  ability  to
transport lactate. 

Phenotype: Athlete status
 A allele and AA genotype more frequent in 148 pro forwards than 781 NA

[69]. 

Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 A-allele associated with faster  time in final  two sprints of RSA assessment

compared to TT homozygotes in 26 academy players [184]. 
 The above associations may be linked to increased blood lactate accumulation

after high-intensity exercise in T-allele carriers vs. AA homozygotes [71].

NOS3 Nitric oxide
synthase-3

Potentially
stimulating  muscle
hypertrophy  through
NO-mediated
vasodilatation [58].

C>T
rs2070744

T  allele  increases  gene
promoter  activity,  thus
increasing  eNOS  and  NO
synthesis [185]. 

Phenotype: Athlete status
 T allele greater in academy players vs. NA [28].  
 Combination  of  ‘favourable’  alleles  from  PPARA rs4253778  (C),  NOS3

rs2070744 (T),  ACTN3 rs1815739 (R), and  AGT rs699 (G) SNPs correlated
with agility performance in pre-PHV academy players [28]. 

Phenotype: Horizontal Acceleration/ Sprint/ Agility Performance 
 TT genotype associated with greater  acceleration and sprint  performance in

academy  players  [28],  possibly  linked  to  greater  number  of  sarcomeres  in
series, thus increasing SkM contraction velocity [53]. 

PPARA Peroxisome
proliferator-

activated
receptor-α

Present  in  SkM  and
promotes  uptake,
utilization,  and
catabolism  of  fatty

G>C
rs4253778

Not yet known but intronic
SNPs have the potential to
influence  gene  expression

Phenotype: Athlete status
 C allele more frequently distributed in post-PHV academy [28] and pro players

[30] vs.  NA, possibly due to C allele’s association with greater SkM type II
fibre composition [187].
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acids  (FAs)  by
upregulation of genes
involved  in  FA
transport, FA binding
activation,  and
peroxisomal and mito
chondrial FA β-
oxidation [186].

and mRNA stability [25].
 Combination  of  ‘favourable’  alleles  from  PPARA rs4253778  (C),  NOS3

rs2070744 (T),  ACTN3 rs1815739 (R), and  AGT rs699 (G) SNPs correlated
with agility performance in pre-PHV academy players [28].  

SNP, single nucleotide polymorphism;  MAF, minor allele frequency (according to European ancestry  [188]);  SkM, skeletal muscle;  NA, non-athletes;  PHV, peak height

velocity; RSA, repeated sprint ability.
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Table 2. Key polymorphisms associated with injury risk in soccer players. Alleles for each polymorphism are reported according to the forward DNA strand. 

Gene Encoded protein Protein function
Alleles and
rs number

Polymorphism function Associations with injury/ poor recovery 

ACTN3 α-actinin-3 Binds actin to the Z-
line  in  type  II  SkM
fibres  [48];  blocks
calcineurin, inhibiting
fast-to-slow myofibre
transition [26].

C(R)>T(X)
rs1815739

X  allele  leads  to  a  stop
codon  at  amino acid  577,
preventing  protein
production  [178].
Consequently, the R allele
is  associated  with  greater
type  II  SkM  fibre
composition [49].

 XX  genotype  associated  with  greater  indices  of  exercise-induced  muscle
damage than RR genotype in pro players [139], possibly due to less structural
stability  of  the  sarcomere  during  contraction  [144] and/or  having  smaller,
weaker and less powerful muscles [27], thus potentially experiencing relatively
greater ground reaction forces. 

 XX genotype associated with higher rate of non-contact musculoskeletal soft-
tissue injuries in 42 pro players [140]. 

 XX genotype associated with higher rate of non-contact muscle injuries in XX 
homozygotes than R-allele carriers in pro players, with XX homozygotes most 
likely to suffer severe injury [44]. 

 X-allele carriers most likely to be injured in pro players, with XX homozygotes
having the longest absence after injury [47]. 

 X-allele carriers missed more days following ankle injuries than RR 
homozygotes in academy players [29], suggesting greater muscle size and 
strength associated with the R allele [27] may enhance limb stability and 
favour return to play. 

 No association with hamstring injuries in pro players [40].  

CCL2 C-C motif
chemokine

ligand-2 (CCL2)

CCL2  is  expressed
within  the  interstitial
space  between
myofibres  after
damaging  activity
[159] and  mediates
systemic  changes
with chronic exercise
[160].

G>C
rs2857656

Affects  plasma  CCL2
levels [158]. Plasma CCL2
is  lower  in  GG
homozygotes  [158],  who
exhibit  lower  muscle
strength  than  C-allele
carriers [161].

 GG genotype associated with more severe muscle injuries than C-allele carriers
in pro players [45, 46]. 

 Not associated with hamstring injuries in pro players [40]. 
 Not associated  with injury prevalence  or  recovery  time in academy players

[29]. 
 Considering the prospective role of CCL2 in satellite cell proliferation  [162],

higher  CCL2 during  recovery  from muscle  injury  may be  advantageous  to
soccer players carrying at least one C allele.

COL1A1 Pro-α1 (I) chain Major  component  of
type  I  collagen,  a
structural  protein
found  in  most
connective  tissues,

C>A
rs1800012

Affects binding site for the
COL1A1 Sp1 transcription
factor.  A allele  associated
with  greater  α1  (I)  chain

 Rare AA genotype appears protective against ACL [133] and Achilles tendon
[147] injuries in athletes. 

 Pro soccer players with ACL ruptures are less likely to be AA homozygotes
[39]. 
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including  ligament
and tendon [189]. 

mRNA and protein [145].  However, others found no associations between this SNP and injury  [29, 40,
46]. 

COL5A1 Pro-α1 (V) chain Major  component  of
type  V  collagen,
which  regulates  the
diameter  of  collagen
fibrils [182].

C>T
rs12722

Not yet known but 3’-UTR
SNPs have the potential to
alter the level, location, or
timing of  gene expression
[25].

 TC genotype associated with severe hamstring injuries in pro players [45, 46]
but sample sizes were low in these studies (n=74). 

 More severe musculoskeletal injuries are exhibited by TT homozygous players
than C-allele carriers [42]. 

 C-allele carriers in two different  COL5A1 SNPs (rs12722 and rs13946) was
protective against ACL rupture in pro players [41]. 

 Higher prevalence  of soft-tissue and ligament injuries in pre-PHV academy
players with the C allele and CC genotype, respectively [29]. 

 Considering  rs12722  may  influence  mRNA  stability  and  affect  the  tensile
strength and stiffness of collagen fibrils [149], the COL5A1 rs12722 SNP has a
plausible association with musculoskeletal injuries in soccer.

EMILIN1 Elastin microfibril
interfacer-1

ECM  glycoprotein
that  assists the fusion
of  elastin  fibres
during  elastogenesis
[152] and  provides
elasticity to ligaments
and tendons [153].

C>T

rs2289360

Currently  unknown.  CC
genotype  associated  with
hypertension,  possibly  by
reducing  arterial
compliance [190]. 

 CC genotype associated with the highest overall injury prevalence, while T-
allele  carriers  missed  the  most  days  following  ankle  injuries  in  academy
players [29]. 

 TT  genotype  associated  with  more  severe  MCL  injuries,  but  not  with  the
incidence or severity of muscle or tendon injuries in pro players [38, 45]. 

 Not associated with hamstring injuries in pro players [40]. 

IL6 Interleukin-6 (IL-
6)

IL-6  is  a  myokine
produced  in  SkM
after  exercise  and  is
functionally  related
growth,  atrophy  and
collagen  synthesis
[164,  165].  Potential
role  as  signaling
molecule  associated
with  post-exercise
satellite  cell
proliferation. 

C>G
rs1800795

Possibly  affects
glucocorticoid  receptor
and transcription.  G allele
associated  with  increased
plasma IL6 [163]. 

 GG genotype associated with greater hamstring injury risk in pro players [40]. 
 Contrastingly, CC homozygotes associated with higher prevalence of all injury

types and specifically muscle injury in post-PHV academy players [29]. 
 Having both pro- and anti-  [166] inflammatory capacities, it is plausible that

IL-6 could increase or reduce injury risk. 
 Increased plasma IL-6 associated with the G allele  [163] may heighten soft-

tissue injury risk. 
 Because eccentric contractions induce pro-inflammatory IL-6 expression [167],

and because cytokines trigger tenocyte apoptosis and ECM degradation [168],
GG homozygotes  may experience  these unfavourable changes via increased
IL-6, heightening injury risk. 

MMP3 Matrix
metalloproteinase

One  of  >20  MMPs
that  can  catalytically

C>T Currently  unknown.  C>T
substitution  replaces

 rs679620 T allele associated with hamstring injury in pro players [40]. 
 rs679620 T allele associated with longer absence following knee injuries in

Th
is

 a
rt

ic
le

 is
 p

ro
te

ct
ed

 b
y 

co
py

rig
ht

. A
ll 

rig
ht

s 
re

se
rv

ed
.

Ac
ce

pt
ed

 M
an

us
cr

ip
t

D
ow

nl
oa

de
d 

by
: L

iv
er

po
ol

 J
oh

n 
M

oo
re

s 
U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



- 3 degrade  collagens
and  ECM  substrates
[155].  Also  activates
other  MMPs  and
important  for  SkM
regeneration [156]. 

rs679620 glutamate  residue  with
lysin residue but  does not
affect  MMP3  protein
function [191]. 

academy soccer players [29]. 
 rs679620  T  allele  is  in  linkage  disequilibrium  with  MMP3 rs3025058  5A

allele, which increases MMP3 expression [157]. 
 rs679620  T  allele  might  increase  RNA  expression  and  intensify  the

degradation of proteins, such as collagen and elastin, weakening the structural
integrity of ligament and ECM. However, further research is required.  

SNP, single nucleotide polymorphism; MAF, minor allele frequency (according to European ancestry [188]); SkM, skeletal muscle; PHV, peak height velocity.
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