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Abstract 

Part 1 of this genetic association series highlighted several genetic variants independently associated 

with elite status in rugby. However, it is highly likely that the genetic influence on elite status is 

polygenic due to the interaction of multiple genes. Therefore, the aim of the present study was to 

investigate whether polygenic profiles of elite rugby athletes differed from non-athletes utilising 13 

genetic polymorphisms previously associated with tendon/ligament injury. Total genotype score (TGS) 

was calculated and multifactor dimensionality reduction (MDR) was used to calculate SNP-SNP 

epistasis interactions. Based on our elite rugby data from Part 1, mean TGS was significantly higher in 

elite rugby athletes (52.1 ± 10.7) than non-athletes (48.7 ± 10.8). There were more elite rugby athletes 

(54%) within the upper TGS quartile, and fewer (46%) within the lower quartile, compared to non-

athletes (31% and 69%, respectively; P = 5·10-5), and the TGS was able to distinguish between elite 

rugby athletes and non-athletes (area under the curve = 0.59; 95% confidence interval 0.55-0.63; P = 

9·10-7). Furthermore, MDR identified a three-SNP model of COL5A1 rs12722, COL5A1 rs3196378 and 

MIR608 rs4919510 that was best able to predict elite athlete status, with a greater frequency of the CC-

CC-CC genotype combination in elite rugby athletes (9.8%) than non-athletes (5.3%). We propose that 

elite rugby athletes possess ‘preferable’ musculoskeletal soft-tissue injury-associated polygenic profiles 

that have helped them achieve success in the high injury risk environment of rugby. These data may, in 

future, have implications for the individual management of musculoskeletal soft-tissue injury. 

Highlights 

• Elite rugby athletes have preferable polygenic profiles to non-athletes in terms of genetic 
variants previously associated with musculoskeletal soft-tissue injury. 

• The total genotype score was able to distinguish between elite rugby athletes and non-
athletes. 

• COL5A1 rs12722, COL5A1 rs3196378 and MIR608 rs4919510 produced the best model for 
predicting elite athlete status. 

• We propose that elite rugby athletes may have an inherited advantage to achieving elite status 
due to an increased resistance to soft-tissue injury. 
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Introduction 

Part 1 of this genetic association series highlighted several genetic variants independently associated 

with elite status in rugby. The studied genetic variants were previously associated with soft-tissue injury 

risk and were deemed important to investigate due to rugby having one of the highest incidence of 

injury (83/1000 hours1) compared to other team sports. This may in part be down to the increasing size 

and strength of the athletes,2 which likely result in greater momentum during collisions, as well as 

accelerations and decelerations. The majority of injuries within rugby are to the tendon, ligament and 

muscle,1 with muscle/tendon (50%) and joint/ligament (32.7%) injuries accounting for >80% of all 

injuries. 3 More recent research that analysed match injury data across 16-seasons of the English 

Premiership found that sprains and ligament injuries had the highest incidence of injury and they also 

had the highest burden (22.6/1000 hours and 30 days, respectively).4 Injury incidence and severity 

appear to differ across rugby codes, with rugby league (RL) having approximately twice the incidence 

of rugby union (RU).5 Additionally, injuries differ across RU playing position with backs having a 

higher incidence and severity compared to forwards.6 Part 1 demonstrated differing genetic 

characteristics between elite rugby athletes and non-athletes across several genetic polymorphisms 

previously associated with soft-tissue injury. Therefore, investigating the polygenic components of 

these injuries including in the context of playing position which vary in terms of physiological demands, 

may increase knowledge of inter-individual variability of training load and match play exposure, which 

may enable a reduction in injury risk.   

 

In a recent investigation utilising a twin study approach, anterior cruciate ligament (ACL) rupture was 

found to be ~69% heritable.7 It is highly likely that this is polygenic in nature, rather than due to one 

genetic variant. Therefore, investigating the polygenic extent of a phenotype is a worthy proposition. 

Previous work has utilised the total genotype score (TGS) to indicate the magnitude of an individual’s 

genetic predisposition for disease risk and athletic performance.8-11 The TGS model established by 

Williams and Folland 9 is a genetic algorithm that indicates the proportion of ‘preferable’ genotypes 



possessed in relation to a specific phenotype.  Individuals with higher TGS results are thought to possess 

the more optimal polygenic profile for the targeted phenotype. This approach can be applied to 

determine an individual’s genetic predisposition to elite athlete status or injury risk. 

 

The potential polygenic nature of soft-tissue injury risk has been demonstrated previously by Raleigh, 

et al. 12 who found an interaction between the MMP3 rs679620 and the COL5A1 rs12722 single 

nucleotide polymorphisms (SNPs) modified risk of Achilles tendinopathy. When the A and C alleles of 

MMP3 rs679620 and COL5A1 rs12722, respectively, were combined (allele combinations), they were 

associated with absence of Achilles tendinopathy (P = 0.002).12 Similar research by Abrahams, et al. 13 

found that the combination of the CC genotype of MIR608 rs4919510 and the CA genotype of COL5A1 

rs3196378 was overrepresented in an Achilles tendinopathy cohort compared to uninjured controls. 

Additional supporting evidence of a polygenic risk of injury has been found for Achilles tendon 

pathology involving the COL5A114 , MMP3 15 and VEGFA16 genes, and for anterior cruciate ligament 

injury involving polymorphisms within the MMP1, MMP3, MMP10 and MMP12 genes,17 and also 

COL5A1.18 It therefore appears that a combination of ‘preferable’ genetic variants might reduce the risk 

of musculoskeletal (MSK) soft-tissue injury. 

 

Given the association of genetic markers with injury risk individually and in combination, it is plausible 

that elite rugby athletes may possess an inherited resistance against MSK soft-tissue injury, which has 

enabled them to achieve elite status despite exposure to the high-risk environment of elite rugby. 

Previous work by Heffernan, et al. 19 found elite rugby athletes carried more of the protective C alleles 

of the COL5A1 rs12722 and rs3196378 polymorphisms than non-athletes and were more likely to 

possess the C-C inferred haplotype and the CC-CC SNP-SNP combination at those loci. Those data 

suggest an inherited resistance against MSK soft-tissue injury could increase the ability to withstand 

years of a high volume of intense training and match play, and thus contribute to the attainment of elite 

competitive status. Additionally, Part 1 identified several further MSK soft-tissue injury-associated 

genetic variants to also be associated with elite status in rugby. Consequently, the objective of the 



present study was to expand on the work presented in Part 1 and that of Heffernan, et al. 19 by 

investigating if more complex polygenic profiles, indicative of tendon and ligament injury risk, differ 

between elite rugby athletes and a non-athlete population. It was hypothesised that elite rugby athletes 

would have a lower frequency of the potential injury risk allele/genotype combinations than non-

athletes. 

 

Method 

Participants 

This study was conducted in accordance with the STROBE guidelines for a case-control observational 

study.20 Manchester Metropolitan University, the University of Glasgow and the University of Cape 

Town ethics committees granted approval of this study, which complies with the Declaration of 

Helsinki (Ethics code: 12.07.11 (i)). The participants were from the ongoing RugbyGene project which 

began in 2011, comprising elite Caucasian male rugby athletes (RA) (n = 663; mean (standard 

deviation) height 1.85 (0.07) m, mass 101 (12) kg, body mass index (BMI) 29.5 (2.2), age 29 (7) yr) 

including 62.2% British, 13.6% South African, 10.5% Irish, 8.7% Italian and 5% of other nationalities 

were recruited, having given written informed consent. Caucasian non-athletes (NA) had no competitive 

history in any sport (n = 909, 44% male, height 1.70 (0.10) m, mass 72 (13) kg, BMI 24.9 (3.1), age 41 

(23) yr) included 94.8% British, 3.5% South African and 1.7% other nationalities. For TGS and SNP-

SNP epistasis interaction analyses, 590 elite rugby athletes (height 1.86 (0.07) m, mass 100 (11) kg, 

body mass index (BMI) 28.9 (2.1), age 29 (7) yr) and 436 non-athletes (height 1.72 (0.9) m, mass 75 

(11) kg, BMI 25.4 (3.0), age 42 (22) yr) were utilised as they contained full data sets for each 

polymorphism. Rugby players were considered elite if they had competed regularly (~5 matches) since 

1995 in the highest professional league in the UK, Ireland, or South Africa for RU and the highest 

professional league in the UK for RL. 49.1% of the RU athletes had competed at international level for 

a “high performance union” (Regulation 16, http://www.worldrugby.org), and 42% of RL athletes had 

competed at international level. It should be noted that for COL5A1 (rs12722) and COL5A1 (rs3196378) 



data for 540 elite male rugby athletes and 565 non-athletes were utilised previously by Heffernan, et al. 

19 

 

Procedures 

The procedures are consistent with those reported in Part 1. Blood, buccal swab or saliva samples were 

attained via the following procedures. Blood was drawn from a superficial forearm vein into an EDTA 

tube, saliva samples were collected into Oragene DNA OG-500 collection tubes (DNA Genotek, 

Ottawa, Ontario, Canada) and sterile buccal swabs (Omni swab; Whatman, Springfield Mill, UK) were 

rubbed against the buccal mucosa of the cheek for ∼30 s.  

 

DNA isolation was performed in the Manchester, Glasgow, and Cape Town laboratories. In Manchester 

and Glasgow, DNA isolation was performed with the QIAamp DNA Blood Mini kit and standard spin 

column protocol (Qiagen, West Sussex, UK). Briefly, 200 μL of whole blood/saliva, or one buccal 

swab, was lysed and incubated, the DNA washed, and the eluate containing isolated DNA stored at 4°C. 

In Cape Town, DNA was isolated from whole blood by a different protocol.21 Briefly, 5 mL blood 

samples were lysed, washed, and incubated. Isolated DNA samples were stored at -20°C until further 

analysis. 

 

Genotyping for COLGALT1 (rs8090), COL1A1 (rs1800012), COL3A1 (rs1800255), COL5A1 

(rs12722), COL5A1 (rs3196378) KDR (rs1870377), MIR608 (rs4919510), MMP3 (rs679620, rs591058 

and rs650108), NID1 (rs4660148), TIMP2 (rs4789932) and VEGFA (rs699947) was performed using 

two protocols. Protocol one:  Approximately 40% of the DNA samples were genotyped via real-time 

PCR using a StepOnePlus (Applied Biosystems, Paisley, UK) as previously described 19, with 

adjustment of thermocycling conditions depending on reagents utilised. Protocol two: Approximately 

60% of the DNA samples were genotyped by combining 2 μL GTXpress Master Mix (Applied 

Biosystems), 0.2 μL Fast GT Sample Loading Reagent (Fluidigm, Cambridge, UK), 0.2 μL H2O and 



1.6 μL of purified DNA, for samples derived from blood and saliva. Furthermore, 1.78 μL assay 

(Applied Biosystems), 1.78 μL Assay Loading Reagent (Fluidigm) and 0.18 μL ROX reference dye 

(Invitrogen, Paisley, UK) were combined per assay inlet. An integrated fluid circuit controller RX 

(Fluidigm) was used to mix samples and assays using a Load Mix (166x) script. PCR was performed 

using a real-time FC1 Cycler (Fluidigm) GT 192X24 Fast v1 protocol. The 192X24 microchip plate 

was then placed into the EP1 Reader (Fluidigm) for end-point analysis. Duplicates of all samples were 

in 100% agreement for both protocols. For both protocols, the appropriate TaqMan assays were utilised 

(Applied Biosystems) and assay context sequences for each polymorphism are in the supplementary 

material. 

 

RU Forwards, Backs and Positional Roles 

To examine TGS results within the RU cohort, athletes were placed into subgroups according to their 

movement patterns. The two sub-groups were defined as RU forwards (props, hookers, locks, flankers, 

number eights) and RU backs (scrum halves, fly halves, centres, wings, full backs).22  

 

Calculation of TGS 

The current literature regarding genetic associations with soft-tissue injury is equivocal, therefore three 

different TGS models were utilised for analysis; (1) TGS based on prior literature for genetic 

associations with MSK soft-tissue injury, utilising all 13 aforementioned polymorphisms (Table 1); (2) 

TGS based on elite rugby athlete frequency data from Part 1 regardless of prior literature, utilising all 

13 aforementioned polymorphisms (Supplementary Material Table 1); and (3) TGS based on elite rugby 

athlete frequency data of the seven SNPs previously associated with elite status in rugby in Part 1 

(COLGALT1 (rs8090), COL3A1 (rs1800255), COL5A1 (rs12722 and rs3196378), MIR608 (rs4919510), 

MMP3 (rs591058) and NID1 (rs4660148) (Supplementary Material Table 2). 

To quantify the combined influence of the candidate polymorphisms (Table 1, and Supplementary 

Material Tables 2 and 3) an additive TGS algorithm was utilised 9, based on the assumption of 



codominant effects of the alleles. The homozygote genotypes associated with lower soft-tissue injury 

risk and therefore considered ‘preferable’ were allocated a ‘genotype score’ of 2, heterozygote 

genotypes were scored 1 and the ‘non-preferable’ homozygote genotypes were scored 0. 

 

Prior literature based TGS Model 1 and elite data-based Model 2: 

TGS algorithm: TGS = (100/26) * (COLGALT1rs8090 + COL1A1rs1800012 + COL3A1rs1800255 + 

COL5A1rs12722 + COL5A1rs3196378 + KDRrs1870377 + MIR608rs4919510 + MMP3rs679620 + MMP3rs591058 

MMP3rs650108 + NID1rs4660148 + TIMP2rs4789932 + VEGFArs699947) 

 

Previously associated elite status TGS Model 3: 

TGS algorithm: TGS = (100/14) * (COLGALT1rs8090 + COL3A1rs1800255 + COL5A1rs12722 + 

COL5A1rs3196378 + MIR608rs4919510 + MMP3rs591058 + NID1rs4660148)  

A TGS of 100 represents the ‘perfect’ polygenic profile for soft-tissue injury risk and 0 represents the 

‘worst’ possible outcome for the candidate genes examined in this study.



Table 1. Genotype score of each polymorphism based on literature (TGS Model 1), and genotype frequencies in elite rugby athletes and non-athletes from 
Part 1.  

Gene name Gene 
abbreviation 

rs number  Polymorphism  Genotype score (GS) Frequency in 
non-athletes (%) 

Frequency in elite 
rugby athletes (%) 

Evidence 

Collagen beta(1-O) 
galactosyltransferase 1 

COLGALT1 8090 A/G AA = 2, GA = 1, GG = 0 23.0, 47.1, 29.9 27.3, 48.7, 24.0 Strongest association within genome-wide association 
screen (P= 6 x10-4) for ACL rupture. NB Not genome-wide 
significant (p <5 x 10-8).23 
 

Collagen type I alpha I COL1A1 1800012 A/C AA = 2, AC = 1, CC = 0 3.2, 28.8, 68.0 2.2, 30.3, 67.5 AA genotype underrepresented in ACL injury group 
compared to uninjured.24-26 
 

Collagen type III alpha I COL3A1 1800255 A/G GG = 2, GA = 1, AA = 0 54.3, 39.2, 6.5 59.8, 33.7, 6.5 AA genotype overrepresented in ACL injury group.27, 28 

Collagen type V alpha I COL5A1 12722 
 
3196378 

C/T 
 

C/A 

CC = 2, CT = 1, TT = 0 
 
CC = 2, CA = 1, AA = 0 

22.9, 50.4, 26.7 
 
23.8, 47.4, 28.8 

17.3, 49.5, 33.2 
 
17.8, 49.4, 32.8 

CC genotype of rs12722 underrepresented in Achilles 
tendinopathy injury group compared to uninjured14, 29, 30 and 
tennis elbow 31 groups. CC genotype of rs3196378 
underrepresented in Achilles tendinopathy group compared 
to uninjured.14, 30 
 

Kinase Domain Receptor KDR 1870377 A/T TT = 2, TA = 1, AA = 0 57.3, 36.7, 6.0 54.8, 39.1, 6.1 A allele overrepresented in ACL injury group as part of 
inferred haplotype compared to uninjured.32 

MicroRNA 608 MIR608 4919510 G/C GG = 2, GC = 1, CC = 0 5.8, 30.2, 64 8.7, 34.9, 56.4 CC genotype overrepresented in Achilles tendinopathy 
compared to uninjured.13 
 

Matrix metalloproteinase-3 MMP3 591058 
 
650108  
 
679620 

T/C 
 

G/A 
 

T/C 

TT = 2, TC = 1, CC = 0 
 
GG = 2, GA = 1, AA = 0 
 
TT = 2, TC = 1, CC = 0 

25.1, 51.8, 23.1 
 
53.8, 39.6, 6.6 
 
23.8, 51.6, 24.6 

31.2, 47.3, 21.5 
 
55.8, 36.5, 7.7 
 
28.7, 48.5, 22.8 

CC genotype of rs591058, AA genotype of rs650108 and 
GG (CC) genotype of rs679620 associated with Achilles 
tendinopathy.12 Additionally, rs679620 GG (CC) genotype 
and G (C) allele overrepresented in Achilles tendon rupture 
group compared to uninjured.33 
 

Nidogen 1 NID1 4660148 T/G TT = 2, TG = 1, GG = 0 10.4, 42.1, 47.5 6.7, 45.1, 48.2 Strongest association within genome-wide association 
screen (P = 5 x10-5) for Achilles tendon injury. NB: Not 
genome-wide significant (p <5 x 10-8).23 
 

Tissue inhibitors of 
metalloproteinases-2 

TIMP2 4789932 G/A GG = 2, GA = 1, AA = 0 33.4, 47.8, 18.8 35.1, 44.2, 20.7 GG genotype underrepresented in Achilles tendon pathology 
group compared to uninjured.34 
 

Vascular endothelial 
growth factor A 

VEGFA 699947 C/A CC = 2, CA = 1, AA = 0 27.8, 48.3, 23.9 24.6, 46.8, 28.6 CC genotype underrepresented in Achilles tendinopathy 
group compared to uninjured.16 

Tendon and ligament injury-associated alleles in previous literature are underlined.



Data Analysis 

TGS data for all groups was not normally distributed, therefore Mann-Whitney U tests were utilised to 

compare TGS differences between athlete groups and non-athletes. Means and extent of kurtosis were 

calculated to describe the distribution of TGS within groups. Pearson’s Chi-square (χ2) tests were used 

to compare the frequency of athletes and non-athletes in the top and bottom quartile of TGS scores. 

Bonferroni adjustment was utilised for each TGS approach where appropriate to control for false 

discovery. With 80% statistical power, analyses of all TGS models between all rugby athletes and non-

athletes were able to detect a small effect size (w) of 0.12 and analysis between positional subgroups 

(RU forwards and RU backs) and non-athletes were able to detect a small effect size (w) of 0.15. We 

also evaluated the ability of the TGS to correctly distinguish elite athletes from non-athletes by receiver 

operating characteristic (ROC) curves, calculating the area under the curve (AUC) and 95% confidence 

intervals (95% CI). Multifactor dimensionality reduction (MDR) software 

(https://sourceforge.net/projects/mdr/) was used to calculate SNP-SNP epistasis interactions.35 

Haplotypes were inferred using SNPStats.36 SPSS for Windows version 26 (SPSS, Chicago, IL) 

software was used for analysis. P values < 0.05 were considered statistically significant.  

 

Results 

TGS analyses 

Athletes (all male) were taller, heavier and had higher BMI (P < 0.05) than the male non-athletes. For 

the TGS based on prior literature (Model 1), there were no differences in TGS between any rugby 

athlete group and NA (RA vs NA, RU vs NA, RL vs NA, RU forwards vs NA and RU backs vs NA) 

(P ≥ 0.076, see Supplementary Material section 1). Mean (standard deviation) and kurtosis statistics are 

reported in supplementary Table 3, frequency distribution for RA and NA shown in Figure 1 (a). 

Similarly, when the numbers of athletes (including discrete groups) and NA in the upper and lower 25% 

of TGSs were compared, no significant differences were found. Accordingly, the TGS could not 

https://sourceforge.net/projects/mdr/


distinguish between elite rugby athletes and NA (AUC = 0.519, 95% CI = 0.48 – 0.55; P = 0.305), nor 

between NA and any other athlete group (see Supplementary Material section 1). 

  

 

 
Figure 1.  Frequency distribution of TGS based on; a: Prior literature as calculated from Table 1 
(Model 1) Mean (SE) kurtosis statistics in all rugby athletes were -0.063 (0.201) and non-athletes was 
-0.130 (0.233). b: Elite rugby athlete data as calculated from Supplementary Material Table 1 (Model 
2). Mean (SE) kurtosis statistic in all rugby athletes was -0.320 (0.201) and non-athletes was 0.096 
(0.233). c: SNPs previously associated with elite status in rugby as calculated from Supplementary 
Material Table 2 (Model 3) Mean (SE) kurtosis statistic in All rugby athletes was -0.161 (0.201) and 
non-athletes was 0.296 (0.233). Non-athletes (n = 436), All rugby athletes (n = 589). 

 

For the TGS based on our data in elite rugby athletes (Model 2), there was a significant difference 

between the TGS of RA compared to NA (P = 8 x 10-7), and this pattern was seen across all sub-groups 

compared to NA (RU vs NA: P = 4 x 10-6, RL vs NA: P = 0.002, RU forwards vs NA: P = 1 x 10-5, RU 

backs vs NA: P = 0.002). Mean (standard deviation) and kurtosis statistics are reported in 
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Supplementary Material Table 3 and frequency distribution for RA and NA shown in Figure 1 (b). 

When the top and bottom TGS quartiles were compared between athletes (including discrete groups) 

and non-athletes, athletes had a significantly higher frequency in the top 25% as well as a lower 

frequency within the bottom 25% TGS (Top 25%: RA = 54% vs NA = 31%; Bottom 25%: RA = 46% 

vs NA = 69%; χ 2 = 16.4, P = 5 x 10-5). This persisted across all sub-groups compared to NA. 

Furthermore, the TGS could distinguish between elite rugby athletes and NA (AUC = 0.59; 95% CI: 

0.55-0.63; P = 9 x 10-7, Figure 2) and this pattern occurred across all sub-groups compared to NA (see 

Supplementary Material section 1).  

 

 
Figure 2. Receiver operating characteristic curve (ROC) summarizing the ability of TGS to classify 
elite status in rugby from non-athletes. AUC indicates the area under the curve (95% confidence 
intervals). 

 

 

For the TGS based on previous associations with elite status (Model 3), there was a significant 

difference between the TGS of RA compared to NA (P = 8 x 10-10) and this pattern was seen across all 

sub-groups compared to NA (RU vs NA: P = 2 x 10-9, RL vs NA: P = 0.002, RU forwards vs NA: P = 

8 x 10-9, RU backs vs NA: P = 5 x 10-5). Mean (standard deviation) and kurtosis statistics are reported 

in Supplementary Material Table 3 and frequency distribution for RA vs NA is shown in Figure 1 (c). 
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were compared, athletes had a significantly higher frequency in the top 25% as well as a lower 

frequency within the bottom 25% (Top 25%: RA = 75% vs NA = 50%; Bottom 25%: RA = 25% vs NA 

= 50%; χ 2 = 12.1, P = 0.001). This was also found across all rugby union sub-groups compared to NA. 

Consequently, the TGS could distinguish between elite rugby athletes and NA (AUC = 0.61; 95% CI: 

0.58-0.65; P = 1 x 10-9) and this persisted across all sub-groups compared to NA (see Supplementary 

Material section 1).  

 

Haplotype and SNP epistasis analysis 

Multifactor dimensionality reduction analysis found the COL5A1 rs12722, COL5A1 rs3196378 and 

MIR608 rs4919510 polymorphisms produced the best model for predicting elite athlete status. There 

was a greater frequency of the CC-CC-CC genotype combination in RA (9.8%), RU (10.6%), RU backs 

(9.6%) and to the greatest extent RU forwards (11.3%; OR = 2.3; 95% CI = 1.3-3.9) than in NA (5.3%; 

all comparisons P < 0.001). Accordingly, the T-A inferred haplotype frequency constructed from 

COL5A1 rs12722 and COL5A1 rs3196378 was higher in NA than all athlete groups (P < 0.022, Figure 

3, highest OR for NA vs RLA: OR = 1.69; 95% CI = 0.96-2.97; P <0.012, lowest OR for NA vs RU: 

OR 1.56; 95% CI = 0.89-2.73; P < 0.022). However, there were no differences between athlete and NA 

groups for the MMP3 T-G-A inferred haplotype frequency constructed from rs591058, rs650108 and 

rs679620 (P > 0.12).  

 

 

 

 

 

 

 



 

 

 
Figure 3. Inferred haplotype frequencies derived from COL5A1 rs12722 and rs3196378. Black bars = 
C-C, grey bars = C-A, diagonal line bars = T-A, clear bars = T-C. *different from all other groups (P 
< 0.022).  

 

 

Discussion 

The present study investigated MSK soft-tissue injury-associated genetic variants combined in 

polygenic profiles for determining elite status in rugby. For the 13 polymorphisms used in TGS Model 

2 based on elite rugby athlete data, differences were found between elite rugby athletes and non-athletes, 

persisting across all athlete sub-groups (RA vs NA, RU vs NA, RL vs NA, RU forwards vs NA and RU 

backs vs NA), indicating that a likely inherited resistance to MSK soft-tissue injury may enable career 

success. Furthermore, when seven polymorphisms previously associated with elite status in rugby were 

combined (Model 3), differences were found in TGS between elite rugby athletes and non-athletes and 

this was consistent for all sub-groups. This demonstrates that a polygenic approach utilising only 

polymorphisms previously associated with elite status in a given sport may be more precise. Indeed, 

multifactor dimensionality reduction analysis found that a three-SNP model of COL5A1 rs12722, 

COL5A1 rs3196378 and MIR608 rs4919510 was most able to predict elite athlete status, with a greater 
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frequency of the CC-CC-CC genotype combination in elite rugby athletes which persisted across all 

sub-groups.  

 

The TGS model based on prior literature (Model 1) showed no difference between elite rugby athletes 

and non-athletes. These findings would suggest that elite rugby athletes do not carry ‘preferable’ soft-

tissue injury-associated polygenic profiles compared to non-athletes. A possible explanation is the 

equivocal evidence within the prior literature regarding the identified ‘risk’ allele of each SNP. Of the 

13 SNPs investigated, only three (COL1A1 rs1800012, COL3A1 rs1800255 and COL5A1 rs12722) have 

had their identified ‘risk’ alleles replicated in a separate Caucasian cohort (reviewed in Brazier, et al. 

37).  Based on this TGS model, elite rugby athletes had a higher frequency (not all significant) of 

‘protective’ alleles for seven of the SNPs compared to non-athletes, while for the remaining six 

polymorphisms elite rugby athletes were found to have a higher frequency (not all significant) of the 

‘risk’ alleles. Evidently, using equivocal prior literature produced a TGS model with low discriminatory 

power. Hence, two further TGS models were employed within this study. 

 

When the TGS algorithm was based on elite rugby athlete data (Model 2) from Part 1, there was a higher 

mean TGS in elite rugby athletes across all groups (RA, RU, RL, RU forwards and RU backs) than non-

athletes. This aligns with previous research on elite athlete status reporting higher performance-

associated TGSs in elite cyclists and track and field athletes.10, 11 Elite rugby athletes were chosen for 

this study due to their relatively consistent exposure to a high environmental soft-tissue injury risk 

compared to other sporting populations. However, the consistent higher mean TGS across rugby codes 

and playing positions compared to non-athletes suggests that variation in physical characteristics, 

environmental risks and training/match loads in elite rugby do not affect the genetic association with 

elite status. Indeed, this was more apparent when the top and bottom TGS quartiles were compared, 

with elite rugby athletes more common in the top quartile and less common in the bottom quartile, 

which persisted across all groups. This suggests the possibility of ‘preferable’ polygenic MSK soft-



tissue injury-associated profiles for achieving elite status in rugby. For six of the included SNPs within 

this study, elite rugby athletes had higher frequencies (not all significant) of the perceived ‘risk’ allele. 

However, the evidence behind the ‘risk’ alleles and their mechanisms is relatively inconclusive and still 

needs to be fully elucidated. As such, it could be that some of the variants we observed in elite rugby 

athletes may be of benefit to achieving elite athlete status via a mechanism other than injury protection. 

 

The likelihood of an athlete carrying all the ‘preferable alleles’ related to MSK soft-tissue injury risk 

decreases as the number of polymorphisms included in the TGS increases. Furthermore, it has 

previously been reported that the inclusion of non-associated SNPs in a TGS model can reduce its 

accuracy.38  Of the 13 SNPs investigated using the elite data-based TGS (Model 2), seven have been 

previously associated with elite status using our rugby athletes (Part 1). Hence, it is possible that the six 

non-associated polymorphisms included may have little or no influence on soft-tissue injury risk and/or 

ability to achieve elite athlete status in rugby. Therefore, a further TGS model to improve the accuracy 

was utilised including only SNPs previously associated with elite athlete status (Model 3). When the 

seven SNPs associated with elite athlete status (Part 1) were combined, rugby athletes had a higher 

mean TGS than non-athletes and this pattern continued across all sub-groups. Furthermore, the seven-

SNP TGS (Model 3) provided a better discriminating accuracy for elite status than the 13-SNP Model 

2 (AUC = 0.61; P = 1 x 10-9, AUC = 0.59; P = 9 x 10-7, respectively). Although Model 3 did provide a 

better discriminating accuracy, it should be noted that both TGS models (2 and 3) only demonstrated a 

moderate ability to discriminate between non-athletes and elite status. 

 

We cannot exclude the possibility that the three different TGS models included polymorphisms that 

have no influence on MSK soft-tissue injury risk. Furthermore, all three TGS models gave equal 

weighting to all polymorphisms, as it was assumed allelic effects would be codominant and that each 

polymorphism contributed equally. It is unlikely that this is the case, as indicated by MDR analysis that 

identified a three-SNP model of COL5A1 rs12722, COL5A1 rs3196378 and MIR608 rs4919510 as best 



able to predict elite athlete status. Indeed, the CC-CC-CC genotype combination was more common in 

all athlete groups apart from RL, compared to non-athletes. Interactions between COL5A1 and MIR608 

and risk of Achilles tendinopathy have previously been reported.13 Furthermore, the C alleles of 

COL5A1 rs12722 and COL5A1 rs3196378 have been identified as ‘protective’ from Achilles 

tendinopathy and ligament injury,25, 28, 30 which suggests that the C allele may be beneficial in protecting 

against tendon and ligament injuries. Conversely, the CC genotype of MIR608 rs4919510 was found to 

be associated with Achilles tendinopathy,13 however these results have not been replicated. To date, 

how these polymorphisms might influence injury risk has not been demonstrated mechanistically. 

Nevertheless, it appears that a combination of COL5A1 rs12722, COL5A1 rs3196378 and MIR608 

rs4919510 may be beneficial for rugby athletes to achieve elite status, possibly through a greater 

resistance to soft-tissue injury. This is further supported by the higher COL5A1 T-A inferred haplotype 

frequency constructed from rs12722 and COL5A1 rs3196378 in non-athletes than all athlete groups, 

with non-athletes having ~60% higher odds of carrying T-A than athletes.  

 

A limitation within this study is that only 13 polymorphisms were investigated, thus the addition of 

further polymorphisms related to potential soft-tissue injury risk should enhance discriminatory ability 

in future. An additional limitation is that the present study is focused on elite male rugby athletes, so 

these results might not be replicated in other populations and equivalent sport-specific investigations 

are encouraged. We also did not control for potential confounding factors such as age, height, BMI and 

sex (within non-athletes), as this study focused purely on genetics. Future studies investigating the 

combination of genetics and injury risk must control for these.  Elite athletic traits are extremely 

complex involving numerous intrinsic and extrinsic factors. Thus, these data should be considered 

within that context, having focused specifically on a relatively small number of possible genetic 

variants.  

 

Conclusion 



We have presented the first polygenic models that discriminate between elite rugby athlete status and 

non-athletes based on polymorphisms previously associated with MSK soft-tissue injury risk. We 

observed that rugby athletes possess differing polygenic profiles to non-athletes which may have played 

a part in enabling them to attain elite status despite the high injury risk of training and competing in 

rugby. Future research should seek to replicate the present results in other cohorts and other sports, as 

well as identify additional polymorphisms that influence MSK soft-tissue injury risk because including 

them in a polygenic model will enhance discriminatory ability. Furthermore, analysing genetic data 

with injury data from rugby matches and training would enhance this area considerably. Understanding 

the genetics of MSK soft-tissue injury risk would be an important advance towards risk stratification in 

sport and a possible future use of polygenic profiles in screening and management of injury risk. 
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Table 1. Genotype score of each polymorphism based on literature (TGS Model 1), and genotype frequencies in elite rugby athletes and non-athletes from 
Part 1.  

Gene name Gene 
abbreviation 

rs number  Polymorphism  Genotype score (GS) Frequency in 
non-athletes (%) 

Frequency in elite 
rugby athletes (%) 

Evidence 

Collagen beta(1-O) 
galactosyltransferase 1 

COLGALT1 8090 A/G AA = 2, GA = 1, GG = 0 23.0, 47.1, 29.9 27.3, 48.7, 24.0 Strongest association within genome-wide association 
screen (P= 6 x10-4) for ACL rupture. NB Not genome-wide 
significant (p <5 x 10-8).23 
 

Collagen type I alpha I COL1A1 1800012 A/C AA = 2, AC = 1, CC = 0 3.2, 28.8, 68.0 2.2, 30.3, 67.5 AA genotype underrepresented in ACL injury group 
compared to uninjured.24-26 
 

Collagen type III alpha I COL3A1 1800255 A/G GG = 2, GA = 1, AA = 0 54.3, 39.2, 6.5 59.8, 33.7, 6.5 AA genotype overrepresented in ACL injury group.27, 28 

Collagen type V alpha I COL5A1 12722 
 
3196378 

C/T 
 

C/A 

CC = 2, CT = 1, TT = 0 
 
CC = 2, CA = 1, AA = 0 

22.9, 50.4, 26.7 
 
23.8, 47.4, 28.8 

17.3, 49.5, 33.2 
 
17.8, 49.4, 32.8 

CC genotype of rs12722 underrepresented in Achilles 
tendinopathy injury group compared to uninjured14, 29, 30 and 
tennis elbow 31 groups. CC genotype of rs3196378 
underrepresented in Achilles tendinopathy group compared 
to uninjured.14, 30 
 

Kinase Domain Receptor KDR 1870377 A/T TT = 2, TA = 1, AA = 0 57.3, 36.7, 6.0 54.8, 39.1, 6.1 A allele overrepresented in ACL injury group as part of 
inferred haplotype compared to uninjured.32 

MicroRNA 608 MIR608 4919510 G/C GG = 2, GC = 1, CC = 0 5.8, 30.2, 64 8.7, 34.9, 56.4 CC genotype overrepresented in Achilles tendinopathy 
compared to uninjured.13 
 

Matrix metalloproteinase-3 MMP3 591058 
 
650108  
 
679620 

T/C 
 

G/A 
 

T/C 

TT = 2, TC = 1, CC = 0 
 
GG = 2, GA = 1, AA = 0 
 
TT = 2, TC = 1, CC = 0 

25.1, 51.8, 23.1 
 
53.8, 39.6, 6.6 
 
23.8, 51.6, 24.6 

31.2, 47.3, 21.5 
 
55.8, 36.5, 7.7 
 
28.7, 48.5, 22.8 

CC genotype of rs591058, AA genotype of rs650108 and 
GG (CC) genotype of rs679620 associated with Achilles 
tendinopathy.12 Additionally, rs679620 GG (CC) genotype 
and G (C) allele overrepresented in Achilles tendon rupture 
group compared to uninjured.33 
 

Nidogen 1 NID1 4660148 T/G TT = 2, TG = 1, GG = 0 10.4, 42.1, 47.5 6.7, 45.1, 48.2 Strongest association within genome-wide association 
screen (P = 5 x10-5) for Achilles tendon injury. NB: Not 
genome-wide significant (p <5 x 10-8).23 
 

Tissue inhibitors of 
metalloproteinases-2 

TIMP2 4789932 G/A GG = 2, GA = 1, AA = 0 33.4, 47.8, 18.8 35.1, 44.2, 20.7 GG genotype underrepresented in Achilles tendon pathology 
group compared to uninjured.34 
 

Vascular endothelial 
growth factor A 

VEGFA 699947 C/A CC = 2, CA = 1, AA = 0 27.8, 48.3, 23.9 24.6, 46.8, 28.6 CC genotype underrepresented in Achilles tendinopathy 
group compared to uninjured.16 

Tendon and ligament injury-associated alleles in previous literature are underlined.



 

  

 

 

Figure 1.  Frequency distribution of TGS based on: a:prior literature as calculated from Table 1 
(Model 1) Mean (SE) kurtosis statistics in all rugby athletes were -0.063 (0.201) and non-athletes was 
-0.130 (0.233). b:Elite rugby athlete data as calculated from Supplementary Material Table 1 (Model 
2). Mean (SE) kurtosis statistic in all rugby athletes was -0.320 (0.201) and non-athletes was 0.096 
(0.233). c: SNPs previously associated with elite status in rugby as calculated from Supplementary 
Material Table 2 (Model 3) Mean (SE) kurtosis statistic in All rugby athletes was -0.161 (0.201) and 
non-athletes was 0.296 (0.233). Non-athletes (n = 436), All rugby athletes (n = 589). 
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Figure 2. Receiver operating characteristic curve (ROC) summarizing the ability of TGS to classify 
elite status in rugby from non-athletes AUC indicates the area under the curve (95% confidence 
intervals). 
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Figure 3. Inferred haplotype frequencies derived from COL5A1 rs12722 and rs3196378. Black bars = 
C-C, grey bars = C-A, diagonal line bars = T-A, clear bars = T-C. *different from all other groups (P 
< 0.022).  
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Figure 1.  Frequency distribution of TGS based on: a:prior literature as calculated from Table 1 
(Model 1) Mean (SE) kurtosis statistics in all rugby athletes were -0.063 (0.201) and non-athletes was 
-0.130 (0.233). b:Elite rugby athlete data as calculated from Supplementary Material Table 1 (Model 
2). Mean (SE) kurtosis statistic in all rugby athletes was -0.320 (0.201) and non-athletes was 0.096 
(0.233). c: SNPs previously associated with elite status in rugby as calculated from Supplementary 
Material Table 2 (Model 3)Mean (SE) kurtosis statistic in All rugby athletes was -0.161 (0.201) and 
non-athletes was 0.296 (0.233). Non-athletes (n = 436), All rugby athletes (n = 589). 

 

Figure 2. Receiver operating characteristic curve (ROC) summarizing the ability of TGS to classify 
elite status in rugby from non-athletes AUC indicates the area under the curve (95% confidence 
intervals). 

 

Figure 3. Inferred haplotype frequencies derived from COL5A1 rs12722 and rs3196378. Black bars = 
C-C, grey bars = C-A, diagonal line bars = T-A, clear bars = T-C. *different from all other groups (P 
< 0.022). 

 


