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A B S T R A C T   

This study collected the stools of 10-km open-water swimmers after race and probiotic supple
mentation, and 16S rRNA sequencing and metabolomic analysis were performed to clarify their 
intestinal microbiota characteristics. The findings revealed a relatively high proportion of Fir
micutes in all the athletes. Firmicutes in female athletes were significantly higher after probiotic 
supplementation. The intestinal microbiota of athletes was closely associated with the pathways 
of exercise against cancer, exercise against aging, exercise for improving cognition, sphingolipid 
metabolism and endocrine resistance. Future research should focus on the relationship between 
Firmicutes and Proteobacteria with super class metabolites in athletes. This report initially 
explored the changes in intestinal microbiota involved in metabolic pathways in athletes after 
race and after probiotic supplementation and provided a theoretical basis for the further 
improvement of the monitoring of their physical function after race and selection of nutritional 
strategies during exercise training.   

1. Introduction 

The human gastrointestinal tract is home to numerous microbes that outnumber even the total number of cells in the body[1]. The 
intestinal microbiota and human beings have a symbiotic relationship, and this symbiotic system is mutually beneficial for both parties 
[2]; J [3]. Athletes are a particular category of people. Compared with populations with no exercise experience, athletically experi
enced individuals have a more relatively complex intestinal microbiota and a relatively more stable gut microbiota structure, which 
means that the intestinal microbiota of athletes is of more valuable to investigate[4]. The 10-km open-water swimming (OWS) is a 
typical endurance race that is held in rivers, lakes, oceans or water channels[5]. Unlike regular general training and mock races, during 
official races, athletes must ensure proper starting conditions, including neural excitability, warm-up level and psychological factors, 
which are related to the gut-brain axis[6–8]. Intestinal microbiota could stimulate serotonin, dopamine and other neurotransmitters 
which control the hypothalamic axis in athletes to modulate altered physical and emotional states[9]. It has also been shown that 
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proposed interoceptomimetic molecules that stimulate the transmission of gut signals to the brain may enhance athletic performance 
in mice[10]. Having knowledge of the characteristics of and determining the changes in athletes’ intestinal microbiota during a race 
can provide targeted guidance for their post-competition recovery and help them achieve their best condition quickly. However, no 
detailed investigations have been conducted on the composition and characteristics of the intestinal microbiota of OWS athletes. 

Probiotics are dietary supplements that can promote the health of the body[11]. In humans, the combination of Lactobacillus gasseri 
OLL2809 and α-lactalbumin can alleviate the fatiguing effects on university-student athletes after strenuous exercise while enhancing 
their immune function[12]. The incidence of upper respiratory tract infections decreased after 12 weeks of multi-species probiotic 
supplementation in 33 winter-trained athletes[13]. These observations indicate that probiotic supplementation is of great research 
value for the intestinal microbiota of athletes. However, current studies on the intestinal microbiota of OWS athletes after probiotic 
supplementation are a few, particularly in 10-km OWS, and there are no current studies related to the athletic performance benefits of 
probiotic supplementation [4,14]. Therefore, in this study, through 16S rRNA sequencing and metabolomics techniques, 15 swimmers 
from Shandong, China’s swimming team were used to analyse the changes in intestinal microbiota before and after a 10-km OWS race 
and after probiotic supplementation. The results provide valuable clues for the monitoring of the physical function of OWS athletes and 
selection of their nutritional strategies after a race. 

2. Materials and methods 

2.1. Subjects 

In this study, 15 elite athletes (males/females, 8/7) from Shandong, China’s OWS team were selected as subjects (age: 18.32 ± 4.41 
years for males and 18.04 ± 2.96 years for females, BMI: 20.91 ± 2.36 for males and 20.81 ± 1.07 for females). Faecal samples were 
collected on regular training days as a control group. Probiotic mixtures were supplemented on five consecutive training days, and 
faeces were collected as a probiotic supplementation group, with two servings per day and a practical volume of 2 g each (mixture 
probiotic formula: inulin, oligofructose, lactitol, sterilised fermented carrot (vegetable juice solid drink) added at 7 %, Bifidobacterium 
lactis HN019, Lactobacillus acidophilus NCFM, Lactobacillus plantarum Lp-115, Bifidobacterium longum Bl-05 and calcium silicate). 
Athlete meals during probiotic supplementation include carbohydrate intake: 50%–60 %, protein intake: 10%–20 % and fat intake: 
20%–30 %. On the race day, the athletes maintained their regular diet and water intake. After the 10-km open-water swim, the faeces 
from the first defecation of the athletes were collected as the experimental group (within 8 h after the race) and stored at − 80 ◦C 
immediately after collection. Participants have completed informed consent form to indicate that they are participating in the study of 
their own free will. 

2.2. Faecal DNA extraction and specific quantitative real-time polymerase chain reaction 

The total DNA of the microbiota in the faecal samples was extracted using OMEGA Soil DNA Kit (Omega Bio-Tek, Norcross, GA, 
USA), and the bacterial 16S rRNA gene V3–V4 region with a length of 468 bp was selected for amplification. The 16S rRNA V3–V4 
region specific primers were as follows: 338F: 5′- + ACTCCTACGGGAGGCAGCA-3′, 806R: 5′-GGACTACHVGGGTWTCTAAT-3′. Library 
construction was performed using Illumina’s TruSeq Nano DNA LT Library Prep Kit, and 2 × 250 bp double-end sequencing was 
performed using a NovaSeq 6000 SP Reagent Kit (500 cycles). 

High-resolution mass spectrometry data acquisition was performed using a high-performance liquid chromatograph (Thermo 
Scientific™ Dionex™ МltiMate™ 3000 Rapid Separation LC). The ion source parameters were as follows: spray voltage: 2500 v, 
capillary temperature: 320 ◦C; ion source: HESI. Mobile phase A was acetonitrile/water (60/40), and mobile phase B was isopropanol/ 
acetonitrile (90/10). Both A and B contained 0.1 % formic acid and 10 mmol/L ammonium, and the column was Waters ACQUITY 
UPLC BEH C8 (1.7 μm 2.1 mm*100 mm) for up sequencing. 

2.3. Statistics 

Sequence splicing was performed using FLASH[15]. Then, the spliced sequences were quality controlled using Mothur [16]; se
quences with a sequence clustering similarity higher than 97 % were clustered into one operational taxonomic unit (OTU) using 
USEARCH based on sequence similarity using the SILVA [17] database as a reference, and systematic classification of OTU sequences 
was conducted based on Bergey’s taxonomy; Metastats [18] and linear discriminant analysis effect size were used to test for differences 
in the relative abundance of species between groups, and PICRUST [19] was used to compare the OTUs’ functional genes based on the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 

The raw files (.uep) obtained from the mass spectrometry assay were imported into Progenesis QI 2.3 software, and data alignment 
was performed on different samples based on the retention time deviation of 0.2 min and mass deviation of 5 ppm, coefficient of 
variance of 30 %, signal-to-noise ratio = 3 and minimum signal intensity = 100000. Summed ions and other information for peak 
extraction anti-fold product were obtained while integrating target ions by molecular ion peaks and fragment ions for molecular 
formula prediction and comparison with the database. Normalisation and labelling matrix production were performed, and finally, the 
identification and quantitative results of the data were obtained. 
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3. Result 

3.1. High-throughput sequencing results of intestinal microbiota samples from 10-km open-water swimmers 

A total of 1772486 tags were available for all intestinal microbiota samples, and the sequences were clustered into OTUs based on 
sequence similarities with a similarity threshold of 97 %, i.e. sequences with a similarity higher than 97 % were clustered into one 
OTU. Fig. 1A shows the statistical plots of OTUs versus several sequences for each sample. Combined with the analysis of alpha di
versity index values, no statistical difference was observed Shannon, Simpson and Chao indexes (P > 0.05) (Fig. 1B and C). And the 
compositions of the intestinal microbiota of each athlete after the race and probiotic supplementation in terms of phylum and genus 
were as follows (Fig. 1D and E). 

The intestinal microbiota of male athletes mainly included Firmicutes, Bacteroides, Proteobacteria and Actinobacteria, accounting 
for 99.93 % of the total microbiota. The dominant phyla of male athletes were Firmicutes and Bacteroides, which accounted for 93.84 
% of the total intestinal microbiota. The sub-dominant phyla were Proteobacteria and Actinobacteria, which accounted for 6.09 % of 
the total intestinal microbiota, and the bacteria of other inferior phyla were less than 0.1 % of the total microbiota (Fig. 2A and 
Table 1). 

The intestinal microbiota of female athletes mainly comprised Firmicutes, Bacteroides, Proteobacteria and Actinobacteria, ac
counting for 99.96 % of the total microbiota. The dominant phyla of female athletes were Firmicutes and Bacteroides, which accounted 
for 87.73 % of the total intestinal microbiota. The sub-dominant phyla were Proteobacteria and Actinobacteria, which accounted for 
12.23 % of the total intestinal microbiota, and the bacteria of other inferior phyla were less than 0.1 % of the total microbiota (Fig. 2C 
and Table 2). 

3.2. Distribution and changes in intestinal microbiota in 10-km open-water swimmers after race 

Compared with the control group, the variation rate of Proteobacteria was 217.35 %, and the variation rate of Bacteroides and 
Actinobacteria were − 37.66 % and − 20.33 % in male athletes. A total of 146 genera of bacteria were detected, with 19 genera 
presenting significant differences (Fig. 2B and 3A and Table 3). Similarly, the female athletes showed the variation rate of Proteo
bacteria was 202.27 % and the variation rate of Bacteroides and Actinobacteria were − 24.78 % and − 60.18 %. A total of 162 bacterial 
genera were detected, with 15 genera presenting significant differences (Fig. 2D and 3B and Table 3). 

Fig. 1. Quality control of intestinal microbiota of all athletes. A: Distribution of the number of OTUs of samples before and after the 10-km open 
water swimming race; B: Alpha diversity sparsity curve of the intestinal microbiota of male athletes. The horizontal axis is the number of sequences, 
and the vertical axis is each diversity index; C: Alpha diversity sparsity curve of the intestinal microbiota of female athletes. The horizontal axis is 
the number of sequences, and the vertical axis is each diversity index; D: The horizontal distribution of the intestinal microbiota phylum of all 
athletes; E: The horizontal distribution of the intestinal microbiota genus of all athletes. 
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Fig. 2. Intestinal microbiota distribution of athletes. A&B: histogram of microbiota distribution after race and probiotic supplementation in 
male athletes (A: phylum level; B: genus level); C&D: Histogram of microbiota distribution after race and probiotic supplementation in female 
athletes (C: phylum level; D: genus level). The horizontal axis is the experimental grouping, and the vertical axis is the relative abundance of each 
taxonomic entry (taxon). The part of the histogram with less than 100 % is the taxa identified as unclassified at this taxonomic level. 

Table 1 
Variation in the intestinal microbiota of male athletes after race and probiotic supplementation.   

Control Race Probiotics Variation rate (C vs R) Variation rate (C vs P) 

Firmicutes 76.92 % 74.62 % 77.72 % − 2.99 % 1.04 % 
Bacteroidetes 16.92 % 10.55 % 15.28 % − 37.66 % − 9.72 % 
Proteobacteria 4.17 % 13.25 % 2.65 % 217.35 % − 36.52 % 
Actinobacteria 1.91 % 1.52 % 4.34 % − 20.33 % 127.03 % 
Others 0.07 % 0.06 % 0.01 % − 15.19 % − 88.05 % 

Note: ‘Control’, ‘Race’, and ‘Probiotics’ represent the percentage of the corresponding phylum to the total microbiota in each group, respectively; 
‘Variation rate (C vs R)’ represents the relative rate of change of the corresponding phylum to the total microbiota after the race; and ‘Variation rate 
(C vs P)’ represents the relative rate of change of the corresponding phylum to the total microbiota after probiotics supplementation. 

Table 2 
Variation in the intestinal microbiota of female athletes after race and probiotic supplementation.   

Control Race Probiotics Variation rate (C vs R) Variation rate (C vs P) 

Firmicutes 76.91 % 74.02 % 44.69 % − 3.76 % − 41.89 % 
Bacteroidetes 10.83 % 8.14 % 18.76 % − 24.78 % 73.29 % 
Proteobacteria 4.90 % 14.82 % 19.37 % 202.27 % 295.06 % 
Actinobacteria 7.32 % 2.92 % 17.16 % − 60.18 % 134.41 % 
Others 0.04 % 0.10 % 0.01 % 153.06 % − 69.10 % 

Note: ‘Control’, ‘Race’, and ‘Probiotics’ represent the percentage of the corresponding phylum to the total microbiota in each group, respectively; 
‘Variation rate (C vs R)’ represents the relative rate of change of the corresponding phylum to the total microbiota after the race; and ‘Variation rate 
(C vs P)’ represents the relative rate of change of the corresponding phylum to the total microbiota after probiotics supplementation. 
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Fig. 3. Differential microbiota volcano plots. A&B: Differential microbiota volcano plots for male athletes after race and probiotic supple
mentation. (A: [mean(C)/mean(AR)]; B: [mean(C)/mean(AP)]); C&D: Volcano plot of differential microbiota in female athletes after race and 
probiotic supplementation (A: [mean(C)/mean(AR)]; B: [mean(C)/mean(AP)]) Horizontal axis: log2[mean(A)/mean(B)] is the mean relative 
abundance of a taxon in group A divided by the mean relative abundance in group B, and then the logarithm of the base of 2 is taken. The vertical 
axis: log10(p-value) is the logarithm of the p-value with a base of 10 and a negative value; red dots: taxons that satisfy |log2[mean(A)/mean(B)]|>1 
and p-value<0.05 and q-value<0.05 (advanced criteria); green dots: taxons that satisfy only |log2[mean(A)/mean(B)]|>1 and p-value<0.05 
(primary criteria); grey dots: taxons that do not satisfy any of the above conditions. 

Table 3 
Differential bacterial genes in male athletes after race and probiotic supplementation.  

Male C vs R Total: 146 Male C vs P Total: 145 

Firmicutes 2 Firmicutes 7 

Bacteroidetes 2 Bacteroidetes 2 

Proteobacteria 4 Diff: 19 Proteobacteria 2 Diff: 19 
Actinobacteria 8 Actinobacteria 5 
Others 3 Others 3 

Note: ‘C vs R’ or ‘C vs P’ represents the change in microbiota after race or probiotic supplementation, respectively; ‘Total’ means the number of genus 
detected in total, and ‘Diff’ means the number of differences in significant genus. 
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3.3. Distribution and changes in intestinal microbiota in 10-km open-water swimmers after probiotic supplementation 

The most variation rate changes in the proportion of Actinobacteria were observed in male athletes. A total of 145 genera of 
bacteria were detected, with 19 genera presenting significant differences (Fig. 2B and 3C and Table 4). Compared with male athletes, 
the range of phylum changes was more prominent in female athletes, with a substantial reduction in Firmicutes with a change rate of 
− 41.89 % (P = 0.018). Meanwhile, the variation rates were 73.29 %, 295.06 % and 134.41 % for Bacteroidetes, Proteobacteria and 
Actinobacteria, respectively. A total of 163 genera of bacteria were detected, with 23 genera presenting significant differences (Fig. 2D 
and 3D and Table 4). 

3.4. Metabolite analysis of intestinal microbiota in 10-km open-water swimmers after race 

During the metabolomic analysis of the control and post-race athlete samples, the quality control samples showed central ag
gregation in principal component analysis (PCA), which indicates the good instrumental reproducibility of the samples during analysis. 
In addition, the results of PCA based on metabolomic data did not show considerable separation in positive and negative ion modes. 
Differences between groups were further distinguished using the orthogonal partial least squares discriminant analysis model, and the 
model fit was assessed by Q2 (cum) and R2Y (cum) (Fig. 4A). The post-race data indicated an R2Y value of 0.997 and a Q2 value of 
0.402 in the positive ion mode and an R2Y value of 0.992 and a Q2 value of 0.371 in the negative ion mode. The positive and negative 
ion modes identified 8502 and 7228 annotated metabolites. After functional classification and statistical analysis through the KEGG 
database, the identified metabolites can be classified into organismal systems, metabolism, human diseases, genetic information 
processing, environmental information processing, drug development and cellular processes, among which metabolites related to the 
circulatory system and metabolism accounted for relatively high percentages (Fig. 4B). 

The metabolites identified after the race were screened using variable importance in projection (VIP) > 1 and P < 0.05 as criteria. 
Cluster analysis was performed on the screened differential metabolites, and 67 and 117 annotated differential metabolites were 
identified in positive and negative ion modes, respectively (Supplementary Data 1). According to the Human Metabolome Database, 
these metabolites were classified into lipids and lipid-like molecules, organoheterocyclic compounds, organic acids and derivatives; 
benzenoids, phenylpropanoids and polyketides; organic oxygen compounds, alkaloids and derivatives (Fig. 5). 

3.5. Metabolite analysis of intestinal microbiota in 10-km open-water swimmers after probiotic supplementation 

Post-probiotic supplementation indicated an R2Y value of 0.996 and a Q2 value of 0.416 in the positive ion mode and an R2Y value 
of 0.993 and a Q2 value of 0.292 in the negative ion mode. Thus, the established model had a relatively good fit and reliable prediction 
for subsequent screening of differential metabolites (Fig. 6A). The positive and negative ion modes identified 8501 and 7229 annotated 
metabolites, respectively. After functional classification and statistical analysis through the KEGG database, the identified metabolites 
can be classified into organismal systems, metabolism, human diseases, genetic information processing, environmental information 
processing, drug development and cellular processes, among which metabolites related to the circulatory system and metabolism 
accounted for relatively high percentages (Fig. 6B). 

The metabolites identified after probiotic supplementation were screened using VIP >1 and P < 0.05 as criteria. The screened 
differential metabolites were subjected to cluster analysis, and 43 and 87 annotated differential metabolites were identified in the 
positive and negative ion modes, respectively (Supplementary Data 1). The positive metabolites were classified as hydrocarbons, 
nucleosides, nucleotides and analogues; organic nitrogen compounds, organosulfur compounds, lipids and lipid-like molecules; 
organoheterocyclic compounds, organic acids and derivatives; benzenoids, phenylpropanoids and polyketides; organic oxygen com
pounds, alkaloids and derivatives. By comparison, the negative metabolites were classified as lipids and lipid-like molecules, orga
noheterocyclic compounds, organic acids and derivatives; benzenoids, phenylpropanoids and polyketides; organic oxygen compounds 
(Fig. 7). 

Table 4 
Differential bacterial genes in female athletes after race and probiotic supplementation.  

Female C vs R Total: 162 Female C vs P Total: 163 

Firmicutes 5 Firmicutes 7 

Bacteroidetes 1 Bacteroidetes 2 

Proteobacteria 1 Diff: 15 Proteobacteria 0 Diff: 23 
Actinobacteria 7 Actinobacteria 10 
Others 1 Others 4 

Note: ‘C vs R’ or ‘C vs P’ represents the change in microbiota after race or probiotic supplementation, respectively; ‘Total’ means the number of genus 
detected in total, and ‘Diff’ means the number of differences in significant genus. 
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3.6. Prediction of gut microbiota function and changes in metabolic pathways in male and female athletes in the same conditions 

3.6.1. Differences in metabolic pathways between male and female athletes 
Metabolic pathway enrichment analysis of differential metabolites was performed through the KEGG database to analyse further 

the differences in the metabolic pathways of the intestinal microbiota of male and female athletes. After the race, enrichment was 
upregulated in nine metabolic pathways in the positive ion mode, including neurotrophin signalling pathway, adipocytokine signalling 
pathway, AGE-RAGE signalling pathway in diabetic complications and insulin resistance. Four metabolic pathways, including purine 
metabolism, biosynthesis of secondary metabolites, etc. (Fig. 8A and B and Supplementary Data 2), were downregulated in negative 
ion mode. 

Fig. 4. Assessment and statistical analysis of metabolomic identification results of the intestinal microbiota of athletes after the race. A: 
PCA and OPLS-DA scores in positive and negative ion mode and model prediction plots; (PCA: horizontal coordinate PC1 and vertical coordinate 
PC2 in the figure indicate the scores of the first and second-ranked principal components, respectively; different colored scatter points indicate 
samples from different experimental subgroups; ellipses are 95 % confidence intervals; OPLS-DA: R2Y and Q2 represent the variables explained by 
the model and the predictability of the model, respectively). B: Annotated and classified map of metabolite KEGG functions; (Note: horizontal 
coordinates are the number of each metabolite type as a percentage of the total number, left vertical coordinates are subclasses, right vertical 
coordinates are Class). 
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After supplementation with probiotics, enrichment was upregulated in 6 metabolic pathways in positive ion mode, including ether 
lipid metabolism, glycerophospholipid metabolism, histidine metabolism, etc. 13 metabolic pathways were upregulated, including 
endocrine resistance, oestrogen signalling pathway, gonadotropin-releasing hormone secretion, etc., in negative ion mode (Fig. 8C and 
D and Supplementary Data 2). 

3.6.2. Prediction of gut microbiota function in male and female athletes 
The predicted KEEG metabolic pathways involving 41 functional genes were obtained by calculating the 16S rRNA gene abundance 

values for each group of samples based on the PCRUSI abundance table and their comparison with the KEGG database. The intestinal 
microbiota of male and female athletes had high proportions of genes involved in membrane transport, carbohydrate metabolism, 
amino acid metabolism and energy metabolism (Fig. 9A and B). 

3.6.3. Correlation of differential microbiota with metabolite species in male and female athletes 
After the race, a joint analysis of differential genera and metabolites revealed a highly positive correlation between Proteobacteria 

and Organometallic compounds (P = 0.0217) in male athletes and a highly negative correlation between Firmicutes and Organo
nitrogen compounds (P = 0.0011) (Fig. 10A and B and Supplementary data 3). No significant correlation was found between the 
phylum and genus of female athletes and super class after the race (Fig. 10C and D and Supplementary data 3). 

After probiotic supplementation, Proteobacteria was highly positively correlated with organosulfur compounds (P = 0.0059), and 
Bacteroidetes was highly negatively correlated with alkaloids and derivatives (P = 0.0010) in male athletes. Firmicutes was highly 
positively correlated with organic acids and derivatives (P = 0.0030) in female athletes (Fig. 11A–D and Supplementary data 3). 

Fig. 5. Differential metabolites and differential metabolic pathways in the intestinal microbiota of athletes after race. Volcano plot and 
classification of differential metabolite changes in athletes’ microbiota after race (Horizontal dashed line indicates the dashed line corresponding to 
P = 0.05 taken logarithmically, a vertical dashed line indicates the dashed line corresponding to FC threshold taken logarithmically. The dots 
meeting above the horizontal dashed line and on both sides of the vertical dashed line are also highlighted, where the red highlight on the right side 
indicates upward adjustment, and the green highlight on the left side indicates downward adjustment. (Blue dots indicate that the set threshold 
requirement is not met); Pie charts correspond horizontally to the categorical share of all differential metabolites in the positive/negative ion model 
(Categories include lipids and lipid-like molecules, organoheterocyclic compounds, organic acids and derivatives; benzenoids, phenylpropanoids 
and polyketides; organic oxygen compounds, alkaloids and derivatives). 
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4. Discussion 

4.1. Intestinal microbiota characteristics of 10-km open-water swimmers 

The 10-km OWS, also known as the ‘marathon’ swim, is a typical endurance sport[20]. Intestinal microbiota can improve 
endurance exercise performance by breaking down polysaccharides in food into short-chain fatty acids (SCFAs), which can be used as a 
source of energy for the liver and skeletal muscle to maintain blood glucose stability[21]. However, current studies have not provided 
an in-depth understanding of human intestinal microbiota. Especially, the characteristics of microbiota in athletes of different sports 
have not been systematically summarised. 

According to Fig. 2A and Table 1, Firmicutes was the absolute dominant phylum in male athletes in daily training state, and it 
accounted for 76.92 % of the total bacterial microbiota, followed Bacteroidetes (16.92 %). The main inferior phyla were Proteobacteria 
and Actinobacteria, and they accounted for 4.17 % and 1.91 % of the total bacterial microbiota, respectively. The main 

Fig. 6. Assessment and statistical analysis of metabolomic identification results of intestinal microbiota in athletes after probiotic sup
plementation. A: PCA and OPLS-DA scores and model prediction plots in positive and negative ion mode; B: Annotated and classified map of 
metabolite KEGG functions. 
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disadvantageous phyla were Proteobacteria and Actinobacteria (4.17 % and 1.91 % of the total population, respectively). Firmicutes 
was the absolute dominant phyla in female athletes, and it accounted for 76.91 % of the total microbiota, followed by Bacteroidetes at 
10.83 %. The main inferior phyla were Actinobacteria and Proteobacteria, and they accounted for 7.32 % and 4.90 % of the total 
microbiota, respectively. Male and female distributions in swimming sports were similar, but female athletes had more Actinobacteria 
microbiota than male athletes. In the intestinal microbiota system of the general population, Firmicutes is the dominant phylum (about 
60 % of the total microbiota), followed by Bacteroidetes (20 %), whereas the abundances of Actinobacteria, Proteobacteria and 
Verrucomicrobia are relatively low[15]. Our data suggest that the characteristics of the intestinal microbiota composition in this type 
of movement differ significantly from those in the general population. 

4.2. Alterations in the intestinal microbiota of athletes after race 

According to Fig. 2C and Table 1, the variation rate of Firmicutes abundance were − 2.99 % (P > 0.05) and − 3.76 % (P > 0.05) in 
male and female athletes after the race, respectively. As the main dominant phylum, Firmicutes is the basis for athletes to train and 
maintain metabolic homeostasis continuously[22,23]. The results of this study suggest that the abundance of Firmicutes in this type of 
athletes almost did not change after the race, which suggests that the stable structure of the microbiota comprised by the main 
dominant phylum in endurance athletes is a vital indicator reflecting their athletic quality. Firmicutes is a part of the immune response 
and attenuates the inflammatory response of an organism[24]. At the phylum level, in the male athletes, after a race, a highly negative 
correlation between Firmicutes and Organonitrogen compounds (P = 0.0011) (Supplementary data 3). Organonitrogen chemicals are 
essential in many aspects of modern life[25], we have not found any relevant research on intestinal microbiota and Organonitrogen 
compounds, but there have been relevant studies indicating that biomass has begun to gradually replace chemical energy sources, and 
that joint research on intestinal microbiota and Organonitrogen compounds may be a future research direction. In addition, the 
variation rate in the abundance of Bacteroidetes in male and female athletes after the race were − 37.66 % (P > 0.05) and − 24.78 % (P 
> 0.05), respectively. Similar to Firmicutes, Bacteroidetes includes beneficial bacteria in humans and plays a crucial role in the sta
bility of the intestinal microbiota structure[26,27]. 

The present study confirmed that the variation rate in the abundance of Proteobacteria reached 217.35 % (P > 0.05) and 202.27 % 
(P > 0.05) in male and female athletes after the race, respectively. In addition, we found a high positive correlation between Pro
teobacteria and organometallic compounds (Fig. 10A), a specific class of metal complexes, in male athletes after race[28]. 

Fig. 7. Differential metabolites and differential metabolic pathways of the intestinal microbiota of athletes after probiotic supplemen
tation. Volcano diagram and classification of differential metabolite changes in athletes’ microbiota after probiotic supplementation; Pie charts 
correspond horizontally to the categorical share of all differential metabolites in the positive/negative ion model. 
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Fig. 8. Differential metabolic pathways of intestinal microbiota in male and female athletes after race and probiotic supplementation. 
A&B: bubble diagram of metabolic pathways of intestinal microbiota differences between male and female athletes after race; C&D: bubble diagram 
of metabolic pathways of intestinal microbiota differences between male and female athletes after probiotic supplementation. (Note: horizontal 
coordinates are the number of each metabolite type as a percentage of the total number, left vertical coordinates are subclasses, correct vertical 
coordinates are Class. 

Fig. 9. Functional enrichment of intestinal microbiota and correlation of differential microbiota with metabolite species in male athletes 
after race and probiotic supplementation. A: Gene functional profile of the intestinal microbiota in male athletes (vertical coordinates are gene 
functions, horizontal coordinates are functional abundance.); B: Gene functional profile of the intestinal microbiota in female athletes. 
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Organometallic compounds have outstanding physicochemical properties. These compounds are usually associated with catalysis and 
are critical components of numerous drugs, such as anticancer drugs, antimalarials and enzyme inhibitors in biology[28,29]. Pro
teobacteria are often considered a representative of an imbalance in the intestinal microbiota, which is triggered by inflammation, 
metabolic dysregulation and other abnormalities[30]. We also observed that the rate of change in Actinobacteria abundance reached 
− 20.33 % (P > 0.05) and − 60.18 % (P > 0.05) in male and female athletes after the race, respectively. Actinobacteria accumulate 
triglyceride-based neutral lipids[15], and their abundance in mice decreased sharply after exercise intervention [31]. The present 
study confirmed that the abundance of Actinobacteria in athletes decreased after the race. We assessed the training and fatigue of 
athletes based on the change in the ratio of Proteobacteria to Actinobacteria abundance before and after the race (male athletes: 
pre-race: 2.18, post-race: 8.69; female athletes: pre-race: 0.67, post-race: 5.08). 

Our data indicate the significant downregulation of the prolactin signalling pathway, cancer and prostate cancer signalling 
pathways in athletes and significant upregulation of the phosphatidylinositol signalling system after the race (Fig. 8A and B and 
Supplementary data 2). Prolactin is a typically multifunctional hormone; circulating prolactin concentrations increase with exercise, 

Fig. 10. Correlation of differential microbiota with metabolite species in male and female athletes after race. A&B: Heat map of correlation 
between differential microbiota and metabolite super class in male athletes after race (A: phylum level; B: genus level); C&D: Heat map of cor
relation between differential microbiota and metabolite super class in female athletes after race (C: phylum level; D: genus level (The results of 
correlation analyses are generally expressed as correlation coefficients, and the values of correlation coefficients are generally between − 1 and 1. 
The closer the absolute value of correlation coefficients is to 1, the stronger the correlation is; the closer the absolute value is to 0, the weaker the 
correlation is). The vertical coordinates are the names of microorganisms in the "phylum" or "genus," and the horizontal coordinates are the names of 
metabolites. The red color represents a positive correlation, the blue color represents a negative correlation, and the heat map color in the upper 
right corner represents a strong (dark) and weak (light) correlation). 
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and the increase is about proportional to the intensity of exercise[32]. The prolactin response to sub-maximal exercise intensity in men 
is diminished after training but enhanced after performing maximal exercise intensity training; prolactin is one of the critical factors of 
the hypothalamic–pituitary–thyroid axis. Growth hormone–insulin-like growth factor (IGF), thyroid and prolactin are interconnected 
to regulate the body’s immune response[33]. In the present study, prolactin signalling was downregulated after the race, which 
suggests that intensity of 10-km OWS may affect the athletes’ intestinal microbiota involved in immune response. The phosphati
dylinositol signalling pathway is commonly associated with anti-aging effects[34]. Swimming stimulates the IGF1–phosphatidyli
nositol-3 kinase–Akt signalling pathway in the rat hippocampus and thereby achieves an anti-aging effect(J. Y [35]. The present study 
detected an upregulation of the phosphatidylinositol signalling pathway, which suggests that intestinal microbiota may be involved in 
the metabolic process of exercise anti-aging. In addition, the results of this study imply that metabolic pathways associated with cancer 
are significantly downregulated after race, which also provides research evidence for the involvement of metabolic processes of in
testinal microbiota in exercise against cancer. The neurotrophin signalling pathway was one of the most pronounced pathways with 
differential metabolic pathway changes in male and female athletes after the race. Exercise can effectively improve human cognitive 
function, especially endurance exercise, which can increase the hippocampal size and blood flow and enhance synaptic plasticity in 
humans[36,37]. The expression of brain-derived neurotrophic factor (BDNF), which interacts with Fibronectin type III 
domain-containing protein 5 (FNDC5) and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) in the 
periphery, can be induced during endurance exercise [38]. In addition, the neurotrophin signalling pathway is an essential pathway in 
the intestinal–brain axis that regulates human emotions[39]. Our data shows that athletes need not only physical function monitoring 
after significant races but also targeted adjustment of their psychological state based on gender differences as an essential indicator of 

Fig. 11. Correlation of differential microbiota with metabolite species in male and female athletes after probiotics supplementation. A&B: 
Heat map of correlation between differential microbiota and metabolite super class in male athletes after probiotics supplementation (A: phylum 
level; B: genus level); C&D: Heat map of correlation between differential microbiota and metabolite super class in female athletes after probiotics 
supplementation (C: phylum level; D: genus level). 
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excellent performance. 

4.3. Alterations in the intestinal microbiota of athletes after probiotic supplementation 

After probiotic supplementation, the change rates of phylum abundance in male and female athletes were significantly different, 
and male athletes retained the original distribution ratio of intestinal phylum and relatively optimised original microbiota structure. 
We observed that Proteobacteria, which are often found as dietary fibre in several natural vegetables or food additives [40], in male 
athletes were highly positively correlated with organosulfur compounds, which are essential compounds for antibacterial, antipara
sitic, antiviral, immunomodulatory and anticancer purposes [41]. Thus, probiotic supplementation is a fundamental cause of the 
relationship between Proteobacteria and organosulfur compounds in male athletes; organosulfur compounds benefit intestinal health 
in mice, and ingestion of these compounds can effectively regulate the intestinal imbalance of intestinal microbiota and treat colitis in 
mice[42]. However, current research on humans has not directly complemented organosulfur compounds. 

The abundance of Firmicutes decreased substantially after probiotic supplementation in female athletes, with a change rate of 
− 41.89 % (P = 0.018). Our data show that after probiotic supplementation, Firmicutes in female athletes were highly positively 
correlated with organic acids and derivatives, which are commonly used as essential food additives or preservatives[43]. At the genus 
level, in the male athletes, Lactobacillus from Firmicutes was highly positively correlated with organophosphorus compounds after 
probiotic supplementation. Lactobacillus can promote intestinal mucosal homeostasis and the barrier function of an organism. In 
addition, the products secreted by Lactobacillus are closely related to immune function and intestinal barrier function (X. B [44]. During 
exercise, human intestinal microbiota usually produces several beneficial SCFAs, which are an essential source of energy for intestinal 
epithelial cells (IECs) and regulate the proliferation and differentiation of IECs and the function of subpopulations, such as enter
oendocrine cells through different mechanisms; thus, intestinal microbiota affects intestinal motility and enhances intestinal barrier 
function and metabolism[45]. Current studies on organic acids and intestinal microbiota have mainly focused on the level of SCFA and 
the whole phylum. Exercise can increase SCFA content by altering the composition of microbiota, for endurance athletes, SCFA could 
be an ergogenic resource to promote energy metabolism and boost exercise performance so that exercise and SCFA complement each 
other[46,47]. Our data narrowed the relationship between organic acids and Firmicutes as intestinal microbiota while demonstrating 
that SCFAs are more closely related to female athletes with OWS. 

Meanwhile, after probiotic supplementation, a significant downregulation of differential pathways, such as endocrine resistance, 
oestrogen signalling pathways and breast cancer, occurred in athletes. These pathways were relatively more relevant in female ath
letes. Endocrine resistance usually accompanies the treatment process of breast cancer[48,49]. Combined with the relatively signif
icant changes in the intestinal microbiota that occurred in female athletes after probiotic supplementation, the downregulation of 
these associated pathways further emphasised the effect of probiotics on female athletes. The downregulation of pathways associated 
with breast cancer following probiotic supplementation suggests that probiotic supplementation is beneficial to a certain extent, 
especially for female athletes. In addition, after probiotic supplementation, Pusillimonas, Acinetobacter, Aeromonas and Steno
trophomona (Proteobacteria) in female athletes were associated with phenylpropanoids, polyketides and organic oxygen compounds, 
and organic acids and derivatives were highly correlated. Aeromonas is mainly associated with gastroenteritis and wound infections 
[50], and Acinetobacter is a common cause of acquired pneumonia, especially late-onset ventilator-associated pneumonia. This genus 
can cause other infections, including skin and wound infections, bacteraemia and meningitis[51]. Bacillus from Firmicutes, a common 
spoilage microorganism, is significantly and positively correlated with benzenoids[52]. Bacillus clausii is closely associated with the 
intestinal barrier and immune system[53]. However, the abundance of Actinobacteria related to energy supply during exercise and the 
inflammation-related Proteobacteria abundance increased significantly. Probiotics enhance the overall health and immunity, and 
probiotic supplementation can enhance the athletic performance and exercise adaptation of athletes[54]. The intestinal microbiota of 
female athletes is more likely to respond to exogenous probiotics and thus change their microbiota structure than male athletes[55]. 
This study revealed that the change in the microbiota structure after probiotic supplementation showed gender differences, and the 
results determining the more optimal structure between male and female athletes are inconclusive. 

The relationship between the intestinal microbiota of athletes and gender differences needs further exploration. There are sig
nificant differences between males and females in the diversity, composition and metabolic profiles of intestinal microbiota. From 
birth, changes in sex hormones, daily activities and many other factors are associated with sex differences in intestinal microbiota[56]. 
A cohort study indicated that the composition of intestinal microbiota in athletes of different sport types also showed gender 
dependence, with female athletes typically having higher shannon diversity than non-athletes. Meanwhile the gender of the athlete is 
also significant in the potential risk of inflammation due to microbiological changes (Y [57]. Another study examined the composition 
of intestinal microbiota based on differences in skeletal muscle mass index (SMI) between men and women, and showed that males’ 
SMI was more closely related to the compositional diversity of the intestinal microbiota[58]. Our data found significant changes in 
Firmicutes after probiotic supplementation in 10-km OWS female athletes, but not in male athletes. This relationship between in
testinal microbiota and gender differences needs to be further explored. We also discovered insulin resistance-related pathways 
upregulated after race, and downregulation of sphingolipid metabolism occurred after probiotic supplementation. This finding sug
gests that we can reduce the adverse effects after a primary race by appropriately supplementing athletes with probiotics. Therefore, 
targeted interventions, personalized dietary treatment and recovery tools based on gender can be applied during the training and 
monitoring of athletes. 

In order to reduce the bias caused by artificial control of the diet, we did not make additional restrictions on the athlete’s diet and 
which caused limitations in our research process. Therefore, gender-based targeted interventions, personalized dietary treatments and 
rehabilitation tools could be used to regulate and optimize the intestinal microbiota during future training and monitoring of athletes. 
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5. Conclusion 

The present work used faecal metabolomics combined with 16S rRNA gene sequencing to analyse the intestinal microbiota 
characteristics and metabolic features of 10-km open-water swimmers after race and probiotic supplementation. This type of athlete 
had unique proportions of intestinal microbiota phylum distribution, with Firmicutes in female athletes more likely to respond to 
exogenous probiotics. The intestinal microbiota of athletes was closely associated with pathways, such as exercise against cancer, 
exercise against aging, exercise for improving cognition, sphingolipid metabolism and endocrine resistance. In addition, Firmicutes 
and Proteobacteria were relatively closely associated with metabolite species. Overall, our findings present the intestinal microbiota 
characteristics of 10-km open-water swimmers and preliminarily explored the athletes’ post-race and changes in intestinal microbiota 
involved in metabolic pathways after probiotic supplementation to provide a theoretical basis for further refining the relationship 
between athletes’ intestinal microbiota and exercise performance. 
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