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Abstract

Genetic profiling and direct-to-consumer (DTC) genetic testing have seen an exponential growth in the
last decade, driven by advancements in knowledge and technology making genetic information far
more accessible to the population. Specifically in the sports industry there are claims that the results
from these tests can inform training and dietary practises and even identify children’s athletic talents.
However, in some cases how this information is being utilised or promoted can be far removed from
the evidence base. Due to this it is very important for anyone involved in the sports industry, such as
strength and conditioning coaches, sports scientists, coaches, and parents to have a sound grasp of
what can and cannot be taken from genetic tests. Thus, the purpose of this article is to provide a brief
overview of genetics and heredity, highlight some of the key genetic findings to date regarding athletic

performance and injury and then finally to provide context as to how this information can be utilised.

Introduction

It is well established in the scientific and sporting communities that genetic characteristics are
fundamental to success in elite sport. Two hundred and fifty one DNA polymorphisms (forms of
genetic variants) have previously been associated with athletic status, of which 41 were related to
endurance, 42 to strength, 45 to power and 29 to soft-tissue injury (56). But what does this actually
mean, and should this data influence the practises of the strength and conditioning coach?
Furthermore, advances in technology have vastly reduced the cost of genetic testing, which has led to
an influx of companies offering direct-to-consumer (DTC) genetic testing. Given many companies claim
these results can inform training and dietary practises and even identify children’s athletic talents, is
this something sports teams should be investing in to test and screen their athletes? The aim of this

paper therefore, is to provide an overview of the genetics of athletic performance and injury and how



this may affect strength and conditioning coaches. Given the exponential growth of this area and the
availability of genetic testing to athletes, it is important for strength and conditioning coaches, sports
scientists, technical coaches, and parents, to have an awareness of the utility of these DTC tests and
how the current knowledge of the field of genetics is being misrepresented by DTC companies for
commercial use (65). This review will firstly identify the key principles and terms of this field, before
discussing the evidence on genetics and heredity of performance characteristics. Then lastly, this

review will try to contextualise the evidence and its utility in applied practise.

Genetics

Genetics is the study of heredity i.e., what is passed down by biological parents (table 1 provides some
key terms and definitions). Genetics research typically focuses on the study of genes and genetic
variation (57). As a starting point, it is important to try and grasp the complexity of the human genome
(which is the entire set of DNA instructions found in a cell) and thus how it may influence performance
characteristics such as strength, power, and aerobic capacity. The human genome can be found in
every cell with a nucleus (termed as eukaryote), red blood cells for example contain no nucleus and
thus no DNA. In non-reproductive cells there are 46 chromosomes (23 pairs), whereas reproductive
cells (i.e., sex cells - male or female) contain 23 chromosomes. Across the 46 chromosomes are 3.2
billion pairs of nucleotides (DNA building units, which are: adenine (A), cytosine (C), guanine (G) and
thymine (T)) which make up the genetic code. These form the DNA double helix which is twisted and
wrapped around protein complexes. If each of the 46 chromosomes were unravelled in a linear
fashion, it would reach up to 2 m in length, and this all fits within the nucleus of an individual cell.
There are ~20,500 protein coding genes (57) (i.e., genes which give specific instructions via the DNA

code on how to make a protein, such as the creation of a muscle cell) accounting for ~1.5% of the



entire human genome (28). However, there are numerous non-coding regions (i.e., these regions do
not give specific instructions on how to create a protein via DNA coding) within the human genome
which can influence the function of a gene (i.e., if it is turned on or off, if it increases or decreases
expression). Humans are diploid organisms meaning they inherit a genetic variant or allele at each
genetic loci from both biological parents. This combination of alleles within a gene is then called a
genotype. Within the human genome there can be mutations to genetic variants, and when these
mutations occur in over 1% of the population they are referred to as polymorphisms (26), with the
most common called single nucleotide polymorphisms or SNPs (pronounced “snips”). Each SNP in a
person’s genome indicates a change in a single nucleotide (DNA building unit). For example, if at a
certain genetic locus, such as the ACTN3 gene on chromosome 11, the common genotype within a
population was CT (i.e., one C allele and one T allele), someone carrying a SNP could be a CC (i.e., two
C alleles) carrier, hence a change in a single nucleotide (Figure 1 — gives an example using the ACTN3
gene) which potentially puts them in the minority of that given population. This variation may or may
not then influence how the final protein product is produced which could then influence a trait (a
specific characteristic of an individual). For example, in this case the CC genotype of ACTN3 has been
associated with speed and power traits (42) with significantly higher frequencies found in
international sprint and power athletes compared to international endurance athletes (x2 = 10.5, P =
0.001) and controls (x2 = 15.3, P < 0.001) (68). Naturally occurring SNPs in human DNA, such as those
within ACTN3, appear around every 300-2000 base pairs across the genome (3), so on average there
could be 84.7 million SNPs in a person’s genome (7). This would therefore allow for some individual

variation, thus potentially influencing athletic performance and injury risk.

********************************Insert Table 1 here****************************

Table 1. Key terms and Functions
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Figure 1 Schematic of alpha actinin-3 (ACTN3) gene, R577X (rs1815739) single nucleotide
polymorphism. ACTN3 produces the ACTN3 protein, which is a structural protein that interacts with
actin, primarily expressed in skeletal muscle tissue, specifically in type 2 muscle fibres.

Nature and Nurture

A common debate when discussing genetics is the extent to which nature (i.e., genetic) versus nurture
(i.e., environment, such as upbringing, training, diet) has on a trait (i.e., height, eye colour, disease,
aerobic capacity). It is important to distinguish that from a biological perspective traits fall into two
categories, they can be binary i.e., you have a disease or not (these are typically dependent on a single
gene which can be ‘normal’ or “faulty’), such as Duchenne Muscular Dystrophy (57). Or traits can be
guantitative i.e., they rely on the combination of actions of multiple genes, environmental factors and
their interactions. Most performance and injury-related characteristics would fall into the quantitative

trait category, thus being influenced by a combination of nature and nurture such as aerobic capacity.

There have been numerous investigations into the heritability of performance-related traits, which
aim to measure the contribution of genetics and the environment to the variability of the studied
guantitative trait. For example, Zempo et al. (69) found that isometric, isotonic, and isokinetic strength
and jumping ability was ~50% heritable. Muscle strength can be highly dependent on muscle cross
sectional area which has also been shown to be highly heritable with an estimate of 91% (24).
Furthermore, lean body mass has heritability estimates ranging between 60-80% (23, 59) and the

proportion of type | muscle fibres an individual carries are 45% heritable (58). This evidence highlights



that muscle strength and muscle mass are highly heritable. Similar findings have been reported for
aerobic capacity and injury-related phenotypes, with baseline VO,max levels found to be ~50% heritable
(10), frozen shoulder and tennis elbow 40% heritable (19) and anterior cruciate ligament rupture (ACL)
~70% heritable (32). Potentially of most interest to the strength and conditioning coach is that an
individual’s ability to adapt to training is highly heritable. Bouchard et al. (9) ran a controlled 20-week
aerobic exercise training study as part of the HERITAGE Family Study, which investigated the role of
genotype in the cardiovascular, metabolic, and hormonal response to aerobic exercise (11). They
found large interindividual differences in response to training for several training response traits for
example, the training response for VOamax varied from no change to increases of more than 1000 ml
0, mint(9). They had similar findings for heart rate, stroke volume, and cardiac output within further
studies (67). It is highly likely that this inherited ability to adapt to training would be found among

other performance traits, such as strength, speed, and flexibility.

The previously discussed evidence highlights that most performance traits and even trainability are
highly heritable. Typically, the next stage within genetics research once heritability for a trait has been
established is to then identify where the genetic variation exists within the DNA sequence that will
explain this variation. In doing this, scientists would then be able to identify specific genes or groups
of genes and potentially establish key mechanistic functions. Unfortunately, this stage has had limited
progress regarding identifying complete DNA signatures that explain the variance in performance
traits. This is likely due to a variety of reasons such as cost, sample size, methodological approach and
most likely, the complex nature of the human genome. One of the most common methodological
approaches is the case-control genetic association study (GAS). Researchers utilising this method will
target a gene or genes that have previously been identified as influencing a trait, for example the

ACTN3 gene and speed/power performance. They then investigate to see if the gene variant such as



the C allele has a higher frequency in speed/power athletes than endurance athletes or controls. As
previously stated, this appears to be the case for ACTN3 as the CC genotype has been associated with
speed and power traits (42). The issue with this approach is that genetic variants are being investigated
in isolation or in small numbers (~20-40). Furthermore, the researched genetic variants are typically
common polymorphisms which are likely to only have a very small effect on a trait, thus this form of
research may only explain a very small percentage of the variation in a trait e.g., 1%. However, if the
investigated genetic variant is a rare DNA sequence variation (<1% population), then it may have a
large effect. For example, a single nucleotide change in the myostatin (MSTN) gene results in the
absence of the myostatin protein, which limits muscle growth. There is only one case reported of this
in humans, which caused extreme hyper-muscularity with the quadriceps muscle mass 7.2 standard

deviations above the mean compared to sex and age matched controls (53).

Genetic association studies have had ample criticism due to limited replication (particularly across
differing populations) and a variety of underpowered studies (small sample sizes). A more robust
approach to identifying variation within a trait would be a genome wide association study (GWAS)
which enables researchers to scan the entire genome for common genetic variants. However, this
approach requires large sample sizes (typically >1000 -100,000 participants). Furthermore, GWAS are
costly at approximately $800 per participant, which is well beyond the reach of most organisations.
There are even more robust methods such as whole exome or whole genome sequencing which would
include rare and common genetic variants, but these can be even more costly. It is also important to
note here, that genetic variation within a trait or disease does not necessarily infer causation, thus
further mechanistic studies should follow association studies to truly identify the link. It is presently
unclear if the unexplained heritability for performance-related traits is due to rare genetic variants

(<1% frequency) or due to multiple known and as yet undiscovered polymorphisms (21% frequency).



Large-scale whole genome sequencing is required to answer this question. However, for quantitative
traits such as performance and injury, it is highly likely that multiple genetic variants, each having a
small effect (potentially common and rare), in combination (100s, potentially 1000s of genetic
variants) will account for the explained heritability estimates previously stated. Therefore, utilising
information from individual gene variants or even several to prescribe or predict performance and

injury is likely a fruitless task.

Genetics of Performance

Perhaps the most likely place to find genetic variability via common and rare variants is at the extreme
ends of the human spectrum. Indeed, this was highlighted by De Moor et al. (18) who found a 66%
heritability estimate for achieving elite status within a cohort of 4488 adult female twins. However,
much like the previously mentioned performance traits, despite this high heritability, the genetic
variants that contribute to this have been challenging to identify (30, 33, 55). Currently 251 DNA
polymorphisms have been associated with athlete status (56) however, it is likely that some of these
associations will not prove true as more data and varying populations are analysed. It is not the
purpose of this article to provide an exhaustive list of DNA polymorphisms associated with
performance, for this we would direct you elsewhere (1, 64). However, this section will briefly discuss
some of the more notable findings in relation to DNA polymorphisms associated with physical

performance.

Genetics of strength and power performance

Strength and power typically signify the opposite end of the performance spectrum compared to

endurance, as such, comparing DNA variant frequencies between elite strength and power athletes



and endurance athletes can aid in identifying possible DNA variants of interest. Strength and power
characteristics are highly heterogeneous traits influenced by several factors such as muscle
mechanics, morphological factors as well as neurological factors (16). We previously stated the high
heritability estimate for strength and power of ~50% (69) and muscle cross-sectional area of ~91%
(24). However, limited progress has been made in identifying the DNA variants that account for this
heritability estimate. The most widely studied DNA variant regarding strength and power performance
is the ACTN3 gene. ACTN3 (refers to the protein when written in non-italic text) is part of the actinins
family which are actin-binding proteins found in the Z discs of sarcomeres of skeletal muscle (57).
ACTN3 is only expressed in type Il muscle fibres (36) and contributes to force transfer during explosive
movements such as sprinting. A common SNP within this gene is the R577X (Figure 1) where a C-T
single nucleotide substitution results in the alteration of an arginine base (R, also known as C) to a
premature stop codon (X, also known as T) (42). This fundamentally changes the ACTN3 protein as the
premature stop codon creates a non-functional, shortened ACTN3 protein which is biologically
degraded (57). The R allele of ACTN3 has been associated with elite strength, power, and sprint
athletes (27, 51, 66, 68), and is considered to have a relatively robust relationship with strength and
power traits due to multiple replications studies (42). However, in relation to strength and power
traits, there are few other DNA variants that have as strong a relationship. According to Semenova et
al. (56) there have been 42 strength-related and 45 power-related DNA variants associated with
athlete status (see Figure 2 for examples) in at least two studies (1). However, individually these
markers are likely to have little effect on a performance trait. It is far more likely that multiple DNA
variants (each with a small effect) will influence a trait. Indeed, Homma et al. (22) found elite
weightlifters had higher total genotype scores (combined influence score from 6 previously associated
power-related DNA variants) compared to controls. However, upon further analysis, the total
genotype score of the weightlifters had no association with actual weightlifting performance,

suggesting other factors are far more influential (22).
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Figure 2. Promising genetic markers for athletic status and injury risk.

Genetics of endurance performance

Much like strength and power, endurance characteristics are highly heterogeneous traits influenced
by many factors such as maximal rate of oxygen consumption (VO2max), maximal cardiac output, lactate
threshold, distribution of slow-twitch muscle fibres, haemoglobin mass and many more (8). Evidence
suggests baseline VOamax levels are ~50% heritable (10) but the DNA variants that account for this are
still to be elucidated. Perhaps the most researched DNA variant in relation to endurance performance
is the insertion/deletion (I/D) variant (rs1799752) found on intron (non-coding section) 16 of the
angiotensin converting enzyme (ACE), a known regulator of blood pressure. The | allele, which denotes
the insertion of the 287 base pair DNA sequence, produces lower serum (49) and tissue (17) ACE
activity compared to the D allele (2). One of the main functions of the ACE protein is to degrade
inactive angiotensin | and produce angiotensin I, which is a vasoconstrictor. It has consequently been
hypothesised to effect mitochondrial oxygen consumption and thus exercise economy (45).
Potentially due to this and likely other mechanistic functions, the | allele has been associated with
improved endurance performance and exercise duration in a variety of populations (29, 45). While the
D allele has been associated with enhanced performance in strength, power, and sprint performance,
particularly in elite swimming (29, 45). However, several studies have found no association between

ACE (/D) and endurance performance (6, 31, 40, 54). Therefore, its true effect on endurance
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performance is yet to be determined. There have been up to 100 DNA variants associated with
endurance performance however, only 41 have been replicated in at least one further study (56) (see
figure 2 for examples). Again, it is highly likely that a combination of DNA variants will explain the
heritability estimate of ~50% for aerobic capacity. Indeed, evidence of this polygenic potential has
been found in the aerobic response to training, with a panel of 21 DNA variants (identified via GWAS)

accounting for 49% of the variance in VO,max trainability (12).

Genetics of Injury

The aetiology of sport injuries is complex and influenced by extrinsic factors such as training,
behaviour, rules of the sport and intrinsic factors such as genetic predisposition (63). Athletes who
possess injury ‘risk-associated’ gene variants may be deemed as more genetically susceptible to
specific injury such a tendinopathy or concussion (Figure 2). Knowledge of an individual’s genetic
predisposition to injury could provide a useful tool to inform the development of individualised
multifactorial risk assessment models, prehabilitation, and recovery strategies. Additionally, genetic
knowledge could empower an athlete and increase their compliance with personalised training, diet

and recovery strategies (52).

Musculo-skeletal soft-tissue injury

Acute and overuse soft tissue (skeletal muscle, tendon, and ligament) injuries are common
occurrences for athletes. Indeed, 30-50% of all sporting injuries are a form of tendon injury (25). Over
70 genetic variants have been associated with a range of soft tissue injuries (46). It is proposed that

genetic variation may modulate the structure and function of tendons and ligaments, thus impacting
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an individual’s risk to injury (13). Collagen plays a major role in the extracellular matrix (ECM) structure
of tendons and ligaments and is in a constant state of dynamic equilibrium between synthesis and
degradation as a result of training, competition, growth processes, and regeneration (50). Collagen
encoding genes (COL1A1, COL3A1 and COL5A1) and genes involved in ECM synthesis and degradation
(MMP1 and MMP3) have been previously associated with ACL injury and Achilles tendinopathy (15,
44, 60). The inter-individual variability of tendon and ligament properties in response to microtrauma
and macrotrauma could be influenced by possession of injury ‘risk’ alleles or more ‘protective’ alleles
of candidate genes. Earlier findings from Raleigh et al. (47) suggest that individuals who possess the
combination of the MMP3 rs679620 T allele and the COL5A1 rs12722 G allele have greater
predisposition to Achilles tendinopathy. Indeed, to achieve success in the high injury risk environment
of elite level rugby, athletes appear to possess more protective musculoskeletal soft-tissue injury-
associated polygenic profiles (COL5A1 rs12722 CC, COL5A1 rs3196378 CC and MIR608 rs4919510 CC)

compared to non-athletes (14).

Bone-mineral density

Low bone mineral density (BMD) can impact injury risk in a sporting environment and many factors
can influence BMD including, diet, hormonal status, physical activity, and genetics (20). For example,
excessive training volume and dietary restrictions can increase an endurance runner’s risk of
sustaining a stress fracture (41). Dependent upon the anatomical location, bone mineral density has
a heritability estimate range of 50-85% (48) and 98 genetic markers have been associated with BMD
(61). For example, the C allele of the P2RX7 rs3751143 polymorphism (Figure 2) has been associated
with reduced BMD via a process of osteoclast apoptosis (38). In a cohort of high-level female

endurance runners, athletes who possessed the protective P2RX7 rs3751143 AA genotype had a 4%
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higher total-body BMD compared to runners who possessed AC and CC genotypes (21). In addition, a
14% lower BMD of the lower lumbar spine has been observed in high-level male endurance runners
who possessed the WNT16 rs3801387 AA genotype compared to non-athletes (21). Possession of the
protective- or risk-associated BMD genotypes may influence injury risk across an athlete’s lifespan
particularly during childhood and periods of high training volume and relevant strategies could be

implemented to minimise risk on an individual basis.

Concussion

The potential short and long-term risks to athletes sustaining sports-related concussions over their
careers has been a well-publicised concern. Incidence of and recovery from concussion have a
substantial genetic component that probably involves the interaction of multiple genes in a polygenic
manner (5, 39). Genetic variation could affect predisposition for and recovery from concussion, thus
impacting time loss injuries, early retirement, and potential neuropathological consequences (5, 39).
Over 40 genetic markers have been proposed to affect concussion incidence and outcomes, with some
appearing to have multiple effects (see Figure 2 for examples) (5, 39). The COMT rs4680 polymorphism
effects dopamine levels within the brain which can in turn influence behavioural traits and concussion
risk. For example, rugby players who possess the A allele are 3-fold more likely to have a history of
concussion (34). In contrast, elite rugby players are more likely to possess the G allele than non-
athletes, which can be considered advantageous for stress resilience but also prone to poorer post-
concussion recovery (4). Genetic screening of concussion-associated risk polymorphisms in
combination with an individual’s medical history could facilitate more personalised management of

concussion and eventually help protect athletes from unfavourable longer-term health outcomes.
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Direct-To-Consumer Genetic Testing

There has been a rapid increase in recent years in the number of companies offering DTC genetic
testing (43), likely due to the decreasing costs of genetic sequencing and the increasing demand to
establish the pinnacle of performance. Therefore, we would like to add a cautionary note if
considering utilising such companies. There are currently limited legal legislations, formal regulations,
and guidelines for best practice regarding genetic testing (35), which leaves consumers vulnerable to
misinformation. Furthermore, there is a consensus that the scientific rigour regarding the collection,
analysis, and interpretation of genetic tests by DTC companies is lacking, due to the absence of
monitored quality control within their laboratories (65). For example, a report by USA Government
Accountability Office (GAO), stated that samples of DNA from the same individuals were sent under
different names and to different laboratories but reported different genetic variants for the same
individual (37). In addition, there is a variety of misleading information utilised as a marketing tool by
DTC companies to overstate or manipulate the scientific evidence to promote their products. As stated
throughout this article, it is likely 100s, potentially 1000s of genetic variants, individually and in
combination will influence a trait, therefore, DTC companies suggesting that the limited number of
DNA variants (in isolation) they provide information on should influence training, diet and talent ID is
against the scientific evidence. It is beyond the realms of this article to detail the ethical and legal
procedures that should be followed for genetic testing best practice, however, we would like to guide

you to McAuley et al. (35) practitioners guide for genetic testing for more detailed information.

Practical applications

The cumulative body of evidence suggests that at the present time genetic testing should not be

utilised for talent identification, the individualised prescription of training or injury management (65).
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Potentially the most investigated polymorphisms regarding athletic performance are the ACTN3
R577X and ACE I/D variants as previously discussed. When analysed via meta-analyses the ACTN3 RR
genotype was associated with speed and power with an odds ratio (OR) of 1.2, while the ACE I
genotype was associated with endurance performance with an OR of 1.35 (29). These ORs are very
small and in isolation potentially meaningless for identifying future talent. To give an example utilised
by an expert panel from sports genomics (65); the ACTN3 RR OR of 1.2, suggests 20% increased odds
of an individual being an elite sprinter. Of the United Kingdom’s ~65 million inhabitants there are an
estimated 20 million people of RR genotype, however only a very small section of those people are
elite athletes. Thus, they suggest the interindividual variability that can explain sprint performance via
the ACTN3 genotype is likely < 1% (65). Therefore, strength and conditioning coaches, sports scientists,
technical coaches, and parents should be aware that genetic testing at its present stage should not be
utilised to inform current or future decisions in relation to performance. Due to the complex polygenic
nature of athletic performance, a far greater number of performance-enhancing genetic variants need
to be identified to develop a stronger scientific basis to inform talent identification at any level of

sporting ability.

It is still important to utilise the evidence behind heritability, particularly the evidence behind inter-
individual training response variability. Although, this is easier said than done if you are training and
programming for large squads, but none-the-less, individualising your programming and stimulus is
fundamental. For example, we know that some individuals may require more or less stimulus than
others to get the same adaptations. Therefore, are you accounting for this and truly measuring the
individual response to training? From a practical standpoint we would advise a statistical analysis
approach to measuring and classifying changes in athletes on an individual level (62), as opposed to

consulting with DTC companies. Currently, this may be the best approach to enable strength and
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conditioning coaches to accurately assess the effectiveness of their programming by identifying the
variability in ‘responders’ and avoid blanket programming which may work for some, but certainly will

not work for all.

Conclusion

There is substantial evidence that genetics plays a fundamental role in athletic performance and injury
risk. This may predispose some individuals to achieve elite athletic status and others a higher risk of
injury. However, it is also very clear that it is the combination of nature and nurture of an individual
that will influence their overall athletic performance and injury risk. Currently what is not evident are
the DNA variants (in isolation or combination) that definitively account for the genetic contribution of
these traits. Thus, as suggested by the expert statement on genetic testing for sports performance
(65), genetic testing at this point in time should not be utilised to predict or inform performance.
However, with the constant advances in technology and understanding of genetic variability, there
may be a time in the future where genetic information may be able to be utilised to individualise

training and injury management programmes within elite sport.
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Table 1. Key terms and Functions

Term Role/Function
Genetics Study of heredity, genes, and genetic variation.
Gene Basic unit of heredity. A region of DNA made up of

sequences of nucleotides, that occupies a fixed locus on a
chromosome.

Nucleotide (when paired together on
the DNA double helix can be referred
to as base pairs)

DNA building unit: Molecules - adenine (A), cytosine (C),
guanine (G) and thymine (T)

Allele Differing versions of DNA sequence (a single base or a
segment of bases) at a specific genetic location. Each
individual inherits two alleles, one from each parent e.g.,
AorT

Genotype The alleles of variants an individual carries at a specific

genetic location i.e., AA, ATor TT

Single Nucleotide Polymorphism (SNP)

Most common type of DNA sequence variant or
mutation. Typically, a single genomic variant at a specific
base position in the DNA sequence.

Genome Wide Association Study

Screening the entire genome (the whole genetic code) of
large numbers of individuals to look for associations
between genetic variants (common variants) and e.g.,
types of injury or athletic performance traits

Whole genome sequencing

Screening the entire genome (the whole genetic code) of
large numbers of individuals to look for associations
between genetic variants (rare and common variants)
and e.g., health and disease, and perhaps in future
athletic performance traits

Quantitative trait

Measurable trait/phenotype that relies on the
combination of actions from genes and the environment
e.g., muscle strength.
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Figure 1 Schematic of alpha actinin-3 (ACTN3) gene, R577X (rs1815739) single nucleotide polymorphism. ACTN3 produces the ACTN3 protein, which is
a structural protein that interacts with actin, primarily expressed in skeletal muscle tissue, specifically in type 2 muscle fibres.
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Concussion-associated genetic markers

APQE rs429358, rs7412, rs405509, BONF rs6265,
COMT rs4680, DRD2 rs12364283, rs1076560,
DRD4 rs1800955, MAPT rs2435211 rs2435200,
NEFH rs165602, and SLC6A4 rs4795541 rs25531.

.

r.

\
Endurance-associated genetic markers
AMPD1 rs17602729, CDKNIA rs236448, HFE
rs1799945, MYBPC3  rs1052373, NFIA-AS2

,,Soft tissue injury-associated genetic markers
ACTN3 rs1815739, COLIAI rs1800012, COL5A1
rs12722, COL12A1 rs970547, MIR608 rs4919510,
MMP1  rs1799750, MMP3 rs679620, TIMP2
154789932, and TNCrs2104772.

(N

-l rs1572312, PPARA rs4253778, and PPARGCIA
rs8192678.

S

N\

gt

Strength-associated genetic markers
ACTN3 rs1815739 C, AR = 21 CAG repeats, LRPPRC
rs10186876 A, MMS22L rs9320823 T, PHACTRI
rs6905419 C, and PPARG rs1801282.

Gone mineral density -associated genetic markers
AXINI  rs0921222, BDNF-AS rs6265, COLIA1
rs1800012, COMT rs4680, LRP5 rs3736228, P2RX7
rs3751143, TNFRSFI1A rs3018362, TNFRSF11B
rs4355801, VDR rs2228570, and WNTI6
rs3801387.

.

Pi iated genetic

ACTN3 rs1815739, AMPD1 rs17602729, CDKN1A
5236448, CPNE5 rs3213537, GALNTLG rs558129,
IGF2 rs680, IGSF3 rs699785, NOS3 rs2070744, and

TRHR rs7832552.
J

Figure 2. Promising genetic markers for athletic status and injury risk.
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