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ABSTRACT

Background: Little data are available on the subject of gut microbiota composition in endurance
athletes as well as connections between diet and specific bacteria abundance. However, most
studies suggest that athletes’ microbiota undergoes major alterations, which may contribute to
increased physical performance. Therefore, we decided to investigate differences in gut micro-
biota between healthy controls and endurance athletes.

Materials and methods: Stools samples were collected from 14 marathon runners, 11 cross-
country skiers and 46 sedentary healthy controls. The athletes’ diet evaluation was performed with
24-h diet recall, using the Aliant programme. The 16S gene sequencing was performed using the
lon 16S Metagenomics Kit on lon Torrent PGM sequencer. Taxonomic classification and diversity
indices computation was performed with Mothur.

Results: 20 and 5 taxa differentiated healthy controls from marathon runners and cross-country
skiers, respectively. Both groups presented a lowered abundance of major gut microbiota genus,
Bacteroidetes and higher abundance of Prevotella. The athletes’ microbiome was also more diverse
in cross-country skiers than the one of sedentary controls (Simpson index p-value at 0.025). Thirty-
one strong correlations (Spearman’s coefficient > 0.6) were uncovered between bacteria abun-
dance and diet, including inverse correlation of Prevotella with sucrose intake,
Phascolarctobacterium with polyunsaturated fatty acids as well as positive correlation of
Christensenellaceae with folic acid intake and Agathobacter with fiber amount in diet.
Conclusions: The excessive training associates with both differences in composition and promo-
tion of higher bacterial diversity. Taxons enriched in athletes are known to participate in fiber
fermentation.
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Introduction . 1 : oo
immune system, which is particularly active in

The human gut microbiota is one of the most
complex sites of human body, comprising of
approximately 500 species of Bacteria, Archea,
Viruses, Fungi, and Eukaryota resulting in
a biomass of more than 1.5 kg.' > Microbial species
present in the gut are key contributors to host’s
metabolism, mostly through production of various
metabolites which bind to body membranes or
specific receptors. Gut bacterial cells are also in
direct contact with human cells, mainly using

large intestine.”

Three enterotypes can be distinguished within
adult human gut microbiota, depending on abun-
dance of three genera: Bacteroides, Prevotella, and
Ruminococcus. Subtle functional differences between
those enterotypes were also noted, including enrich-
ment for synthesis of various vitamins and amino
acids.” It has been proven consistently that the
mature human gut microbiota remains generally
stable during extended periods of time,’® with
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many factors such as diet and environment” affecting
its long-term composition. More volatile alterations
are prone to occur due to various diseases (including
inflammatory bowel diseases'® and bacterial
infections'') and administered medication — antibio-
tics are an obvious example here,'* but other drugs
such as proton pump inhibitor may alter the micro-
bial structure as well."

Recently, more attention has also been brought
to positive impact of physical exercise on micro-
biota composition and diversity (reviewed in'%),
however, in professional athletes those benefits
seem may be indiscernible from dietary regime
extremes."” Even less knowledge is available on
the subject of gut microbial composition on per-
formance in endurance sports. Carbohydrate
metabolism, performed by gut bacteria, seems to
be of crucial importance here, as the elite athletes
can derive up to 60% of their energy intake from
poly- and monosaccharides.'®'” Gastrointestinal
bacteria may also play an important role in mod-
ifying the activity of antioxidant enzymes'® and
preventing dehydration."

In order to verify association of professional
endurance training with altered gut microbiota
composition, we decided to investigate differences
in gut microbiota between healthy controls
(n = 46) and endurance athletes, including mara-
thon runners (n = 14, MR) and cross-country
skiers (n = 11, CCS). The analysis was conducted
on taxonomical as well as functional level.

Results
NGS sequencing results

On average, there were 103,000 reads generated
per sample, which passed the quality filtering
thresholds. In every sample, more than 99.99%
reads were classified into taxa. There were 470
taxa discovered, out of which 158 were present in
more than 0.01% of total number of classified
reads. Five most abundant genera were
Bacteroides, Prevotella, Alistipes, Sutterella and
Subdoligranulum (Figure 1).

Enterotyping revealed 3 distinct enterotypes:
enterotype 1 with prevalence of bacteria from
Ruminococcaceae family and Barnesiella genus,
enterotype 2 with prevalence of Prevotella and
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Figure 1. Taxonomic tree of genera present in marathon run-
ners, cross-country skiers and control samples. The rings con-
tain rough heatmap of bacteria abundance. The visualization
was prepared with GraPhlAn.%°

enterotype 3 with prevalence of Bacteroides. The
enterotype was dependent on experimental group
(Fisher’s exact test p-value 0.00052), with entero-
type 3 significantly overrepresented in controls
and underrepresented in MR and CCS, as well as
enterotype 2 underrepresented in controls and
overrepresented in MR (Table 1).

Twenty taxa differentiated MR group from con-
trols, including the most abundant Bacteroides and
Prevotella (Table 2 and Table S1). On the other
hand, 5 taxa differentiated CCS from controls,
including, again, the most abundant taxon in gut
microbiota — Bacteroides and Prevotella (Table 2
and Table S2). 16 and 4 of those taxa, respectively,
were present in more than 1000 reads. In addition,
3 taxa differentiated CCS from MR, including two

Table 1. Enterotypes by group. Enterotypes split by experimen-
tal group. Percentage of each enterotype in each group is given
between parentheses. Significant p-values in post-hoc test are
designated with star notation: <0.001: ****, <0.01: **, <0.05: *.

Enterotype 1 2 3
CONTROL 12(26) 7(15)*** 27(59)***
MR 4(29) 8(57)* 2(14)*
css 4(36) 6(55) 19)%

Enterotypes’ drivers: 1- Ruminococcaceae family and Barnesiella genus,
2 — Prevotella, 3-Bacteroides
MR - marathon runners, CCS — cross-country skiers
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Figure 2. Boxplots of Chaol species richness index (a) and Simpson community diversity index (b) in controls compared to
marathoners (MR) and cross-country skiers (CCS). * p-value < 0.05.

highly abundant taxa from Lachnospiraceae family.
The microbial diversity and richness indices
expressed as Simpson and Chaol indices were
significantly different (in comparison with healthy
controls) for CCS group with p-values at 0.025 and
0.00048, respectively, while for MR group p-values
for the respective indices were at 0.19 and 0.00059
(Figure 2).

The Firmicutes to Bacteroidetes (F/B) median
ratio was at 0.4. 0.6 and 0.69 for healthy controls,
MR and CCS, respectively, and reached
a significant value of p = .043 for healthy controls
vs CCS comparison. Thirty-eight and 5 metabolic
pathways differentiated MR and CCS groups from
controls, respectively, and the primary bile acid
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biosynthesis and D-Alanine metabolism pathways
were common for athletes’ groups (Figure 3,
Table S3).

Diet characteristics The basic diet characteristics
did not differ between discipline groups (Table 3
and Table S4). 75% of athletes declared that they
ate at least 250 g of vegetables daily and 83%
consumed at least one portion of fruit. Diversity,
as measured by Simpson index, was positively
correlated with quantities of nutrients consumed,
represented by measures such as overall energy
intake and amount of protein in diet. Diversity
was also associated with copper and zinc intake
(Table 4). 31 correlations (Spearman’s coefficients
absolute value higher than 0.6) were found

B CoNTROL
| Baccs
=V
[
g~

KEGG Pathways

Figure 3. Boxplot of negative logarithm of abundances of 5 most significant metabolic pathways based (from comparison from each
athlete group with controls) on KEGG pathway assignment to bacterial taxa in comparison between controls studied sportsmen
groups. MR — marathon runners; CCS - cross-country skiers. The abbreviations for each pathway are as follows: Biotin metabolism,
Btnm; Primary bile acid biosynthesis, Pbab; Arachidonic acid metabolism, Aram; D-Alanine metabolism, D-Am; Butirosin and
neomycin biosynthesis, Banb; Starch and sucrose metabolism, Sasm; Histidine metabolism, Hstm; Phenylpropanoid biosynthesis,

Phnb; Photosynthesis — antenna proteins, P-ap.
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Table 3. Dietary characteristics of disciplines — a summary.

CCs

Dietary characteristic mean median sd mean median sd

Calories intake [kcall 2650.32 2605.50 42470 2684.13 2813.67 840.49
% of energy derived from proteins 20.66 20.20 4.05 20.01 19.60 2.24
Protein [g] 136.61 136.07 31.55 131.76 140.35 35.31
% of energy derived from carbohydrates 44.99 45.90 6.62 44.01 44.40 5.65
Carbohydrates [g] 312.35 306.33 62.12 305.26 331.58 74.09
% of energy derived from fat 3435 34.65 3.83 35.98 35.45 6.41
Fat [g] 101.67 98.68 2229 111.51 110.78 52.29
Fiber [g] 24.76 24.28 7.06 2691 23.92 9.23

MR — marathon runners, CCS - cross-country skiers

Table 4. Dietary characteristics associated with microbiota
diversity. P-values, coefficient estimates and standard errors
are derived from multivariate linear regression models with
sex and discipline as cofounders.

Dietary characteristic ~ Estimate  Std error ~ Statistic  p-value
Caloric intake 5.43E-05  2.23E-05 244 0.025426
Protein [g] 9.90E-04 4.62E-04 2.14 4.59E-02
Zinc [mg] 9.22E-03  3.81E-03 2.42 2.65E-02

between different taxa abundance and various
dietary characteristics (Figure 4, Table S5). The
most abundant taxa correlated with diet were
Prevotella (inverse correlation with sucrose
intake), Phascolarctobacterium (negatively corre-
lated with amount of polyunsaturated fatty acids
in diet), taxa from Christensenellaceae family (cor-
related with folic acid) and Agathobacter (corre-
lated with fiber intake).

N ) 3

o

VitB6 Vitg1,
0

Discussion

It has been consistently reported that physical
exercise contributes to higher microbial diversity
and compositional alterations in the gut.*>*
Microbial diversity is also elevated with higher
maximal oxygen uptake (VO2 max/kg), which in
elite athletes can be twice as high as in sedentary
subjects.”* In our study, both athletes’ groups were
characterized by elevated species richness and
diversity. The changes seemed more pronounced
in the CCS group, possibly due to sample collec-
tion during a more intensive training period. On
principle, the more diverse gut microbiota is per-
ceived as beneficial, as lack of diversity was found
to be associated with multiple diseases, including
arthritis,” diabetes type 1 and 2,°** arterial

0.72

Figure 4. Correlations between taxa abundance and dietary elements. The correlations presented are for Spearman coefficient with
absolute value larger than 0.6. Positive correlations are represented in red, while negative in blue. The visualization was prepared

with R package circlize.”’



stiffness*® and obesity.”” The more diverse micro-
biota is thought to be highly resistant against
harmful environmental factors.>

Bacteroidetes and Firmicutes are two most abun-
dant phyla in human gut microbiome, thus
Firmicutes/Bacteroidetes (F/B) ratio is often used to
characterize its general composition. Both groups of
athletes present with elevated F/B ratio, which has
been mostly associated with various disruptions to
metabolic homeostasis (such as obesity3 ). However,
different studies on this subject often contradict this
statement (for instance in>2), and there seems to be
no consensus on optimal or healthy F/B ratio values.
On the other hand, the increased abundance of
Firmicutes was associated with intensity of exercise
in mouse® and rat’™* models. Observed elevated
abundance of Firmicutes is also in accordance with
Clarke et al."” The exact significance of this finding
remains unknown. Unfortunately, our study lacks
a metabolic assay and therefore we were unable to
verify the existence of association between elevated
F/B ratio and higher butyrate concentration.
Recently, elevated F/B ratio was also correlated
with higher maximal oxygen uptake® (VO2 max/
kg), which is a key characteristic of elite athletes, as
mentioned above.

Another abundant gut taxon - Prevotella is
overrepresented in both MR and CCS groups,
with MR group displaying an overrepresentation
of Prevotella driven enterotype as well. This genus
is commonly associated with more “traditional”,
rural diet, rich in carbohydrates and vegetables
rather than animal fat and protein.”® Recently
Petersen and coworkers found high abundance of
the genus Prevotella (22.5%) in competitive
cyclists’ gut microbiota. The abundance was sig-
nificantly correlated with weekly duration of
exercise.”” It was also found to promote better
glucose tolerance and increased glycogen storage
in mice.*® Interestingly, in our study, Prevotella
shows a strong negative correlation with amounts
of sucrose consumed. It may suggest that this
particular genus tolerates poorly this relatively
new addition to human diet. We have also
observed a more than 4-fold increase of
Veilonella genus abundance in MR, which is in
line of recent findings by Scheiman et al., who
have recently proved the performance-enhancing
properties of Veilonella atypica.”
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While we did not perform analysis of metabo-
lome, we are able to indirectly infer metabolic
alterations from KEGG pathways, associated with
bacterial genera. Indeed, there is mounting evi-
dence that the human metabolome is significantly
affected by the gut microbiota.* Significant altera-
tions in the metabolic profiles of outstanding ath-
letes were previously reported. Recently, Al-
Khelaifi et al. showed that metabolome profiles
of top-level power and endurance athletes are
markedly distinct, reflecting steroid biosynthesis,
fatty acid metabolism, oxidative stress, and
energy-related metabolites.*' For instance, meta-
bolites pinpointing histidine metabolism differ-
entiate power athletes from sedentary controls,
while galactose metabolism markers differentiate
endurance athletes form controls. We can partially
confirm these findings in our study, with
D-alanine and primary bile acid biosynthesis dif-
ferentiating both athletes’ groups from controls,
while galactose and arachidonic acid metabolism
differentiate marathon runners. The question
remains to what extent the athletes benefit from
these potential functional changes in microbiome.
Alanine metabolism seems to be of crucial impor-
tance for athletes, as [-alanine along with
L-histidine forms a dipeptide carnosine. While
carnosine is synthesized in several tissues, it dis-
plays its highest concentrations in skeletal muscles
and plays a role as proton buffer and/or calcium
regulator.*> B-alanine serves as the rate-limiting
precursor for carnosine synthesis in muscle, and
raised muscle carnosine concentrations are asso-
ciated with performance-enhancing (ergogenic)
effects on high-intensity exercise.*> Arachidonic
acid is crucial for prostaglandins synthesis
(reviewed in**), which takes place in muscles dur-
ing intensive physical exercise. However, its
impact on muscle growth during supplementation
seems to be limited.*

Another important pathway differentiating both
athlete groups from sedentary controls is primary
bile acid metabolism. Primary bile acids are
ligands for fernesoid-X-receptor, which controls
hepatic de novo lipogenesis, very-low-density lipo-
protein-triglyceride export, and plasma triglycer-
ide turnover leading to improved lipid and glucose
metabolism.*® It is proposed that gut microbiota
can affect hepatic adiposity by altering bile acid
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circulation via FXR and TGR5 mechanisms.
Exercise training was also shown to alter circula-
tion of bile acids. It was demonstrated that
hypercholesterolemic mice heavily trained in
a running wheel displayed increased bile acid
secretion and increased fecal bile acid outputs
compared to sedentary mice.”” As the bile acids
are potent regulators of gut microbiota community
structure, changes in their pool could significantly
contribute to microbial alterations, associated with
exercise.

Several limitations of our study are to be noted,
especially concerning its cross-sectional design and
lack of direct metabolomics assay. A longitudinal
study would be beneficial to confirm our findings,
as well as the stability of the observed changes.

To conclude, in this study, we provide the over-
view of gut microbiota in Polish elite athletes. We
have confirmed previous findings that the physical
exercise promotes higher microbial diversity and
large alterations to microbial community compo-
sition. We have observed, as others previously did,
the higher abundance of complex carbohydrates
fermenters (from Prevotella genus and Firmicutes
phylum). Indirect analysis of microbial pathways
abundance suggests large alterations on metabolic
level as well.

Subjects and methods
Participants

The study group consists of 14 MRs, 11 profes-
sional CCSs and 46 healthy control individuals.
The control group consisted of 30 individuals
enrolled in our previous study*® and 16 under-
graduate students with a sedentary lifestyle.
There were 31 women and 14 men, aged 14-72

(data were wunavailable for one participant).
Sportsmen were elite Polish athletes representing
the highest level of training endurance sports (a
master class sports). All were multiple Polish
champions and most of the participants reached
the highest places at international competitions
and World Cups. The study was carried out during
the preparatory period of the annual training
cycle. The training protocol followed by individual
athletes was designed in line with the demands of
their sport, training objectives and the stage of the
preparatory period.

A lifestyle that includes duration and type of
daily physical activity, weekly frequency of physi-
cal efforts and training load characteristics were
assessed by means of a survey using
a questionnaire. Additionally, energy expenditure
was estimated using a heart-rate monitoring
method. The athletes trained on average
1.58 + 0.58 times a day, taking 7.25 + 2.17 training
units per week lasting 2.79 + 1.74 h per day on
average. Additional physical activity (apart from
endurance efforts) was undertaken by a small per-
centage of athletes (16.6%) and they were short-
term (1.5 h) training in the gym. The baseline
characteristics for athletes are presented in Table
5. The average value of VOyp,,y in the CCS group
was 66.57 [ml/kg/min] and average value of HR .«
was 197.2 [bpm]. In the group of MRs the main
measured parameter of sport level status was the
achieved time of a marathon run (one of investi-
gated runners - 2:07 h, seven runners - less than
2:30 h and six runners - 2:30-3:15 h). Exclusion
criteria included antibiotic treatment within the
previous 12 months and presence of gastrointest-
inal co-morbidities. Quantitative diet evaluation
was based on 24-h diet recall with the use of the
Aliant programme. Nutritional status (body fat,

Table 5. Anthropometric indicators and between-group differences in means.

FMR FCCS MMR MCCS
Group Mean SD Min Max  Mean SD Min Max  Mean SD Min Max  Mean SD Min Max
Age (years) 34.5 35 32 37 28.6 4.6 23 35 29.8 3.9 24 35 21 33 18 27
BH (cm) 169 12.7 160 178 167 44 160 172 178.9 4.8 169 186 177.3 45 172 183
BM (kg) 50.4 7.1 454 554 59.4 52 517 637 65.8 5 54.8 75 719 54 624 785
TBW (It) 309 44 27.8 34 36.5 27 322 394 43.2 3.6 365 478 49 34 432 535
BF (kg) 8.2 1.1 74 9 9.3 1.8 7.2 1.3 59 2.7 23 9.7 49 1 34 6.3
FFM (kg) 422 59 38 46.4 50 3.9 44 54.2 59.8 5.1 499 653 67 4.74 59 73.4
MM (kg) 234 325 211 257 28.3 23 248 309 385 10.1 28.7 59.2 39.3 2.9 339 425

FMR - female marathon runners, FCCS - female cross-country skiers, MMR — male marathon runners, MCCS — male cross-country skiers
BH - body height, BM — body mass, TBW - total body water, BF — body fat, FFM - fat free mass, MM — muscle mass



lean body mass, muscle mass, cell mass and water
content) was evaluated with the BIA method using
the Akern Srl; body analyzer and Bodygram soft-
ware. This study was conducted in accordance
with the Declaration of Helsinki and approved by
Institute of Oncology Local Bioethics Board (deci-
sion 54/2017).

DNA extraction

The fecal samples were self-collected using a stool
specimen collection kit consisting of a Styrofoam
box containing a sterile tube with spatula for stool
samples, and an ice pack. Following the collection,
the samples were transported at 4°C to the labora-
tory. Each sample was divided in two 1.5 ml
Eppendorf tubes and stored at 80°C until DNA
isolation. DNA isolation was performed using the
QIAamp DNA Stool Kit protocol (Qiagen) accord-
ing to the manufacturer’s protocol, using 200 mg
of fecal sample. DNA measured with Nanodrop
(Thermo Scientific) spectrophotometer and is
stored in EB buffer at — 20°C until further analysis.

16 S rRNA hypervariable regions sequencing,
bacterial taxonomy identification, data
visualization, and statistical analyses of
taxonomy

Sequencing was performed using Ion 16S
Metagenomics Kit (Thermo) on the Ion Torrent
Personal Genome Machine (PGM) platform
(Thermo) as described previously.***° Unmapped
bam files were converted to fastq using Picard’s’!
SamToFastq. Additional steps of the analysis were
performed using Mothur®® version 1.38 software.
Fastq files were converted into the fasta format.
For analyses, only the sequences that were between
200 and 300 bases in length, had an average base
quality of 20 in a sliding window of 50 bases, and
had a maximum homopolymer length of 10 were
kept. Chimeric sequences were identified with the
UCHIME™ algorithm using default parameters and
internal sequence collection as the reference data-
base. Chimeric sequences were then removed. The
remaining 16 S rRNA sequences were classified
using the Wang method and the SILVA>* bacterial
16 S rRNA database for reference (release 132), at an
80% bootstrap cutoff. Simpson’s diversity index (D)
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and Chao richness index were counted with Mothur.
Enterotypes were assigned according to methods
described by Arumugam et al.,” using R code present
at https://enterotype.embl.de/enterotypes.html.
Relationship between experimental group and enter-
otype was verified with Fisher’s exact test. Post-hoc
analysis was performed according to methods
described by Shan and Gerstenberger.” Taxa abun-
dances differences between groups were assessed
with Mann-Whitney U-test. Diversity indices differ-
ences were assessed with Student’s t-test. All
p-values were corrected for multiple hypotheses test-
ing using the Benjamini-Hochberg procedure to
minimize the false discovery rate (FDR).*®

Functional analysis

The obtained sequences were re-classified with
greengenes’’ database reference (release 13_8_99)
for further functional analyses. Metagenome func-
tional content was assessed with PICRUSt ver. 1.0.>®
Differential pathway abundance was assessed with
Mann-Whitney U-test, taking only pathways from
KEGG “Metabolism” category into consideration.
Analysis of diet contribution to microbial diver-
sity Differences in intake of dietary elements were
assessed with Mann-Whitney U-test. Association
between diversity and richness indices was
assessed with linear regression, after correction
for gender and discipline. For this analysis,
Simpson’s index was defined as 1-D to facilitate
interpretation. For correlation between taxa abun-
dance and major dietary components, the
Spearman’s coefficients were computed.
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