






Protein accounted for considerably more of the total energy
intake of athletes than of controls
As expected, total energy intake was significantly higher in ath-
letes than either control group (table 2). Athletes consumed sig-
nificantly higher quantities of calories, protein, fat,
carbohydrates, sugar and saturated fat per day than either of the
control groups and consumed significantly higher quantities of
fibre, monounsaturated fat and polyunsaturated fat than the
high BMI control group (table 2). Protein accounted for consid-
erably more (22%) of the total energy intake of athletes, than of
the low BMI (16%) and high BMI (15%) control groups

(table 2). While meat/meat products were the top contributors
of dietary protein across all groups, supplements were the
second highest (15%) contributor to protein in athletes and did
not contribute considerably to protein consumption in controls
(see online supplementary figure S10). Visualisation of dietary
data with correspondence analysis highlighted a clear separation
between the types of foods consumed by athletes and controls
(figure 4A). The most discriminating food types were fruit,
vegetables (athletes) and snacks (controls), whose consumption
changes in a gradual manner along the y-axis (figure 4B).

Exercise and protein intake as drivers of increased gut
microbiota diversity in athletes
Correlations between health parameters (BMI, waist:hip ratio,
metabolic and inflammatory markers) or diet with the respective
taxa or microbial diversity were examined using Pearson correla-
tions. Significantly positive correlations were revealed between
leptin levels and BMI, body fat percentage and waist/hip meas-
urement, while significantly negative correlations between leptin
and lean body mass (see online supplementary figure S11), as
well as between adiponectin levels and BMI and lean body mass
(see online supplementary figure S12), were observed.
Significantly, positive associations were noted between microbial
diversity and protein intake (figure 5), CK levels (figure 6) and
urea (see online supplementary figure S13). No correlations
were observed after adjustment for multiple testing using false
discovery rate values between microbial taxa and health
parameters.

DISCUSSION
Although the relationship between diet, the gut microbiota, host
immunity and host metabolism is becoming more evident,10 11

the relationship between the microbiota and exercise has not
been fully explored. Our findings show that a combination of

Figure 2 Increased α diversity in athletes compared with controls. Comparison of microbiota indices across the three cohorts. (A) Phylogenetic
diversity; (B) Shannon index; (C) Simpson; (D) Chao1 and (E) Observed species. Mann-Whitney tests were performed for each pairwise comparison.
*p<0.05, **p<0.009, ***p<0.009. Kruskal-Wallis p values refer to tests performed across all three groups.

Figure 3 Unweighted UniFrac separates the athlete and control
microbiota. Unweighted UniFrac principal coordinate analysis (PCoA) of
faecal microbiota from 86 subjects. Subject colour coding: black, elite
athletes; green, high body mass index (BMI) controls; and red, low BMI
controls.
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exercise and diet impacts on gut microbial diversity. In particu-
lar, the enhanced diversity of the microbiota correlates with
exercise and dietary protein consumption in the athlete group.

Diversity is important in all ecosystems to promote stability
and performance. Microbiota diversity may become a new bio-
marker or indicator of health.31 Loss of biodiversity within the
gut has been linked to an increasing number of conditions such
as autism, GI diseases including IBD or recurrent Clostridium
difficile-associated diarrhoea and obesity-associated inflamma-
tory characteristics while increased diversity has been associated
with increased health in the elderly.5 6 32–34 In this study, the
diversity of the athlete gut microbiota was significantly higher
than both control groups matched for physical size, age and
gender. The proportions of several gut microbial taxa were also

altered in athletes relative to controls. However, few differences
were seen between the two control cohorts. Of note, the ath-
letes and low BMI group had significantly higher proportions of
the genus Akkermansia levels than the high BMI group.
Akkermansia muciniphilla has been identified as a mucin-
degrading bacteria that resides in the mucus layer and its abun-
dance has been shown to inversely correlate with obesity and
associated metabolic disorders in mice and humans.35 36

Everard et al35 recently showed that feeding Akkermansia, or
restoration of Akkermansia levels by prebiotic treatment in
diet-induced mice, correlated with an improved metabolic
profile possibly due to enhanced barrier function. Interestingly,
the athletes had lower inflammatory and improved metabolic
markers relative to controls, and in particular the high BMI

Table 2 Macronutrient intake in study participants

Macronutrients Recommended daily intakes

Athletes (n=40) Control BMI <25 (n=23) Control BMI >28 (n=23)

Median IQR Median IQR Median IQR

Energy (kcal) 2400–280047 4449** 3610–5656 2937 2354–3917 2801 2358–3257
Protein (g) 248** 192–305 117 83–144 105 88–131
Protein (g/kg/bw) 2.36** 0.99–4.42 1.55† 0.88–2.82 1.1 0.55–1.66
Fat (g) 131** 113–186 100 80–152 101 78–127
Saturated fat (g) 44** 35–55 37 28–45 33 30–49

Monounsaturated fat (g) 41* 32–57 35 25–48 32 25–42
Polyunsaturated fat (g) 18* 16–31 17 12–29 15 11–22
Carbohydrate (g) 572** 442–875 375 288–529 316 266–423
Sugars (g) ≤10% TE47 330** 250–569 163 131–256 159 102–247
Fibre (g) ≥25 g47 39* 32–51 30 25–36 25 19–33
Total energy from protein (%) 10–35% TE48 22 17–27 16 11–20 15 13–19
Total energy from total fat (%) 20–35% TE47 27 23–37 31 25–47 32 25–41
Total energy from saturated fat (%) ≤10% TE47 9 7–11 11 9–14 11 10–16
Total energy from carbohydrate (%) 45–65% TE48 49 39–79 51 40–72 45 38–60

**p Value≤0.05 between athletes and both control groups. *p Value≤0.05 between athletes and >28 controls. †p Value≤0.05 between control groups.
BMI, body mass index; TE, total energy; bw, body weight.

Figure 4 Dietary patterns separate
elite athletes from controls. Food
correspondence analysis: (A) Food
frequency data visualised by
correspondence analysis. By describing
subjects’ responses according to their
dominant sources of variation (food
types), correspondence analysis can
produce a single score for a subject
from multiple measurements. Colour
codes green-high body mass index
(BMI) controls, red-low BMI controls
and black-elite athletes. (B) Driving
food types. Using the same scoring
system, food can be evaluated and
plotted on the same axis, providing a
visual aid to get an overall view of
how food drives the clustering. Colour
codes green-meat, red-fish, blue-bread
and cereal, brown-eggs,
yellow-carbohydrates, cyan-dairy,
maroon-spreads and sauces,
orange-fruit and vegetables,
black-snacks, violet-non-alcoholic
beverages and dark grey-alcohol.
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controls, demonstrating the enhanced health profile of this
group. While the microbiota diversity of the two control groups
did not differ significantly, it was noted that α diversity in the
high BMI controls was numerically, although not significantly,
lower than that of their low BMI counterparts. Reductions in
the diversity of microbial populations in high BMI individuals
has been reported in a recent study with a larger cohort size6

which also showed that dietary intervention can increase micro-
biota diversity in an obese cohort.10

Rugby is a vigorous contact sport requiring considerable fitness
and increased dietary requirements.37 The levels of plasma CK
and creatinine were significantly elevated in the elite athlete group
consistent with the high exercise loads.38–40 Furthermore, diet was
significantly different from that of controls, with increased intake
of calories, protein, fat and carbohydrate. Diversity in the diet has

been linked to microbiota diversity.5 In our study, microbiota
diversity indices positively correlated with protein intake and CK
suggesting that diet and exercise are drivers of biodiversity in the
gut. The protein and microbiota diversity relationship is further
supported by a positive correlation between urea levels, a
by-product of diets that are rich in protein and microbiota diver-
sity. Long-term diets have been linked to clusters in the gut micro-
biota with protein and animal fat associated with Bacteroides and
simple carbohydrates with Prevotella.41 Fermentation of protein
has also been suggested to result in the production of various
potentially toxic products, such as amines and ammonia (NH3),
and in one report, with growth of potential pathogens.42 In con-
trast, feeding of whey protein to mice mediates against the nega-
tive effects of a high fat diet.43 44 Indeed, in athletes, whey protein
supplements represented a significant component of the protein

Figure 5 Protein intake positively correlates with α diversity. Subject colour coding: black, elite athletes; green, high body mass index (BMI)
controls; and red, low BMI controls.

Figure 6 Creatine kinase positively correlates with α diversity. Subject colour coding: black, elite athletes; green, high body mass index (BMI)
controls; and red, low BMI controls.
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intake in athletes but not controls. Whey protein has been asso-
ciated with reductions in body weight and increased insulin sensi-
tivity in the past and is frequently a major component of the
athlete diet.45 46 Taken together, our results suggest that the rela-
tionship between exercise, diet and the gut microbiota warrants
further investigation.

In conclusion, exercise seems to be another important factor
in the relationship between the microbiota, host immunity and
host metabolism, with diet playing an important role. Further,
intervention-based studies to tease apart this relationship will be
important and provide further insights into optimal therapies to
influence the gut microbiota and its relationship with health and
disease.
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