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The effects of combined
environmental factors

on the intestinal flora of mice based
on ground simulation experiments

Peiming Sun'?, Jiaqi Yang'*°, Bo Wang?, Huan Ma*, Yin Zhang*, Jinhu Guo*, Xiaoping Chen3,
Jianwei Zhao?, Hongwei Sun?, Jianwu Yang?', Heming Yang'** & Yan Cui***

The composition and function of intestinal microbial communities are important for human health.
However, these intestinal floras are sensitive to changes in the environment. Adverse changes to
intestinal flora can affect the health of astronauts, resulting in difficulties in implementing space
missions. We randomly divided mice into three groups and placed each group in either a normal
environment, simulated microgravity environment or a combined effects environment, which
included simulated microgravity, low pressure and noise. Fecal samples of the mice were collected
for follow-up analysis based on metagenomics technology. With the influence of different space
environmental factors, the species composition at the phylum and genus levels were significantly
affected by the combined effects environment, especially the abundance of the Firmicutes and
Bacteroidetes. Furthermore, screening was conducted to identify biomarkers that could be regarded
as environmental markers. And there have also been some noticeable changes in the function of
intestinal floras. Moreover, the abundance of antibiotic resistance genes (ARGs) was also found to be
changed under different environmental conditions, such as bacitracin and vancomycin. The combined
effects environment could significantly affect the species composition, function, and the expression
of ARGs of intestinal flora of mice which may provide a theoretical basis for space medical supervision
and healthcare.

Abbreviations

SCFAs Short-chain fatty acids

ARGs Antibiotic resistance genes

ORFs The Open Reading Frames

Unigenes The gene catalogue

AGE Agar-gel electrophoresis

CARD Comprehensive antibiotic resistance database
PCA Principal component analysis

NMDS Non-metric multidimensional scaling
LEfSe Linear discriminant analysis Effect Size
LDA Linear discriminant analysis

NC Normal control

TS Tail-suspension

SM Simulated module
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The intestines of the human body harbor and reside a diverse population of symbiotic bacteria. Under normal
circumstances, the composition of intestinal flora is relatively stable and maintains a state of harmonious sym-
biosis with the body’. More importantly, the microbiota plays a pleiotropic role in human health and disease as
a gigantic community in the intestines®. It is involved in the digestion and absorption of nutrients from food on
the one side’. For example, gut microbiota can regulate the metabolism of short-chain fatty acids (SCFAs)*™,
vitamins’ and amino acids®. On the other hand, engaging with humans to induce and educate the immune system
for pathogen defense and contribute to the maturation of the intestinal epithelium, has a significant impact on
immune system development and homeostasis®'!. Specifically, several studies have proven that the development
and improvement of the human immune system cannot be achieved without intestinal floral diversity'>-!%. Slow
development and weakened immune systems have been found in rodent models with sterile intestines'>. When
the immune system of the body is weakened, opportunistic infections caused by opportunistic pathogens, such
as fungi or staphylococci.

The outer space environment is an extremely dangerous environment filled with more threats than the ter-
restrial environment'®. Common variation factors include weightlessness, intense radiation, extreme cold, and
hypoxia'’. Furthermore, astronauts on the International Space Station (ISS) spend the majority of their time
inside the spacecraft, where they are exposed to a noisy atmosphere. The fans, pumps, and ventilation associated
with environmental protection, life support, and thermal control systems are the primary sources of noise'®.
Crew operation has been blamed for other noise limit violations'. Existing studies have confirmed that the
human body experiences certain physiological and pathological changes in space environments, which are mainly
manifested as reduced bone density®®?', reduced orthostatic tolerance?, abnormal digestive function*, and
immune dysfunction”. Moreover, the composition and activity of gut microbes may be changed after they were
exposed to endogenous and environmental factors®, as well as the intestinal microecology of the organism, which
may undergo adverse changes in space environments. Meanwhile, the pathogenicity and resistance of intestinal
flora may also be enhanced in space environment, resulting in disruption of the balance between organisms
and flora?=!. These changes in immune function and intestinal microbiota may increase the risk of developing
diseases. Previous spaceflight studies have shown that astronauts were easily infected by bacteria, viruses, or
opportunistic pathogens***>*. In addition, if the astronaut has a history of using large doses of antibiotics due
to chronic intestinal diseases, treatment for infections would also be extremely difficult*.

The space environment is full of complex environmental changes, and most existing ground-based simula-
tion studies have explored the effects of single variables on organisms, such as focusing on microgravity>, low
pressure®, or noise***”. Moreover, functional changes of the astronaut may result in interactions between various
environmental factors. Therefore, we designed this experiment to explore changes in the intestinal flora of mice
affected by the combined effects environment, which included microgravity, low pressure, and noise environ-
ments, to provide the changes of microbiota for medical supervision and medical insurance for astronauts of
the immune or digestive diseases.

The intestinal microorganism community constitutes a gene pool that is large and complex and contains
both phylogenetic marker genes, as well as various metabolism genes, which are collectively known as the
metagenome’®. Researchers can analyze and forecast these genes to study the specific composition and function
of the microbial community. For example, the phylogenetic markers of different microbial identities of 16S rRNA
genes could be used to perform species identification. In this study, fecal samples of mice in the three different
groups were collected and a large quantity of biological data and an abundance of information on microorganisms
were obtained using Next-Generation Sequencing. Then, a bioinformatics analysis of these data was performed
to further elucidate the composition and functional changes and the abundance of resistance genes of the gut
microbes in the intestine. The project workflow is shown in Fig. 1 which was drawing with the BioRender’s mate-
rial (https://app.biorender.com/). Furthermore, we expect that the results of this study could provide a theoretical
basis for the maintenance of normal intestinal microecology of astronauts.

Results

Screening and identification of differentially expressed genes. We obtained a large amount of raw
data (Table S1) through the extraction and sequencing of DNA from mice stool samples. After further assem-
bling and screening of raw data, scaftigs were obtained to be used for gene prediction (Table S2). The results of
the prediction and comparison between the Open Reading Frames (ORFs) are shown in Table S3. A total of
939,480 effective genes were obtained through the above-mentioned process. It was observed that there were sig-
nificant differences in the number of effective genes among the three groups (Fig. 2a). Further analysis showed
that the total number of common genes between the three groups was 467,916, while 44,704, 82,421, and 18,096
genes were differentially expressed between the three groups (Fig. 2b).

Combined effects environment significantly affected the species composition of gut micro-
biotain mice. Overall results of species annotation. We used metaphlan2 software to predict effective genes
and analyze species-related information. The merged information obtained from all species was visualized to
determine the taxonomic composition of the intestinal flora of the mice based on GraPhlAn (Fig. 3a). From the
inside out, the diagram depicts annotated species in phylum to genus order. The average relative abundance of
species is represented by node size, and the same shade color corresponds to the same species source. To fur-
ther verify the differences in species composition among samples from different groups, principal component
analysis (PCA) and non-metric multidimensional scaling (NMDS) analysis were introduced to analyze the data.
The horizontal axis of the PCA (Fig. 3b) represents sample scores for the first principal components, while the
vertical axis represents sample scores for the second principal components. 60.34% of variances from 9 samples
were explained by the first principal components, while 26% of variances from 9 samples were explained by the
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Figure 1. The workflow diagram of the present study.

second principal components. The total degree of variance resolution was 86.34%. The distance between samples
of the same group is relatively close in the NMDS (Fig. 3¢c), whereas the distance between samples of different
groups is relatively far. This indicates that there are significant differences in species classification among the
groups in our samples. These results can be further presented in the species annotation obtained using KRONA
software based on the mean value of three groups is shown in Fig. 3d-f. The different taxonomic levels from
inside to outside are shown by the circles in the diagram, and the fan size represents the relative proportion of
species.

Relative abundance and cluster analysis of species.  To further clarify the differences of species between different
groups, we analyzed the relative abundance of species within different groups. The relative abundances histogram
of the top 15 species in each sample were drawn using the corresponding species annotation results based on the
relative abundance of different classification levels (Fig. 4a,b). The species with the highest relative abundance
ranking top 36 in each sample were used to construct the cluster treemap at phylum and genus levels (Fig. 4c,d).
At the phylum level, the changes of relative abundances of Firmicutes, Bacteroides, and Verminobacteria are
worth paying attention to. The abundance of Firmicutes in the TS group was increased in comparison to the NC
and TS+ SM groups (NC vs. TS P=0.0087; TS +SM vs. TS P=0.0142). However, there was no change between
the NC group and the TS+ SM group (TS+SM vs. NC P=0.3127). Compared with the NC group, the relative
abundance of Bacteroides only showed a downward trend in the TS+SM group (TS+SM vs. NC P=0.0352;
TS vs. NC P=0.0692). Meanwhile, Verrucomicrobia almost disappeared from the TS+ SM group (TS+SM vs.
NC P=0.0004). At the genus level, the relative abundance of 3-retroviruses showed a significant increase in the
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Figure 2. The results of the prediction of genes and their relationships. (a) The number of genes in the three
groups is shown in the violin plot. (b) The intersection of the predicted genes among the three groups.

TS+ SM group (NC vs. TS+SM P=0.0215), compared with the NC group. The abundance of Lachnospiraceae
in the TS group was increased in comparison to the NC and TS +SM groups (NC vs. TS P=0.035; TS +SM vs.
TS P=0.0377). However, there was no change between the NC group and the TS+ SM group (TS+SM vs. NC
P=0.06). The relative abundance of Anaerotruncus and Oscillibacter, in particular, differed significantly and
followed a similar pattern. The TS group and TS+SM group showed a large increase in comparison to the
NC group (NC vs. TS P=0.0151, 0.0003, respectively; NC vs. TS+SM P=0.0452, 0.0003, respectively), while
the abundance between the TS group and the TS+SM group experienced no improvement (TS+SM vs. TS
P=0.06). Moreover, Akkermansia almost disappeared from the TS + SM group (NC vs. TS + SM P=0.0004).

Screening of representative biomarkers. To explore the differences among species in the gut microbiota that
were affected by weightlessness or combined effect environment, we carried out a Linear discriminant analysis
of Effect Size (LEfSe) analysis to obtain species-specific biomarkers. The gut microbial compositions of three
groups were compared to obtain the Linear discriminant analysis (LDA) score of each species. Biomarkers with
statistical significance were listed in Fig. 5a (only biomarkers with score>3 were shown, the length of the bar
chart represents the impact of different species). After exposure to the environments with weightlessness or
combined effect environment, the abundances of 28 species decreased in the NC group, while the abundances
of 24 and 32 species decreased at all levels in the TS group and TS+ SM group, respectively. f-Bacteroidales,
f-Deferribacteraceae, and f-Coriobacteriaceae were found to be the biomarkers with the highest scores in the NC
group, TS group, and TS + SM group, respectively. All biomarkers with a significant differences are shown in the
cladogram of species differences at all levels for each different species (Fig. 5b).

Combined effects environment significantly affected the function of gut microbiota of
mice. To investigate the influence of different environments on gut microbiota function, we blasted the Uni-
genes to the Kyoto Encyclopedia of Genes and Genomes (KEGG) and evolutionary genealogy of genes: Non-
supervised Orthologous Groups (eggNOG) databases. The results showed that the microgravity or combined
environments markedly affected the gut microbiota function. In the KEGG database (Fig. 6a), compared with
the NC group, the proportion of metabolism in the TS and TS+ SM groups decreased, while the decrease was
most obvious in the TS +SM group. The pathways of Environmental Information Processing and Cellular Pro-
cesses of the TS+SM group and TS group increased. Based on the eggNOG database (Fig. 6b), the relative
proportion of various functions in the TS + SM group decreased significantly while the same increased in the TS
group, compared with the NC group. However, certain changes deserve further attention. Specifically, the func-
tion involving replication, recombination, and repair, and transcription increased in the TS group but decreased
significantly in the TS +SM group. All functional changes detected by the two databases were clustered and were
shown in Fig. 6¢,d.

Identification and classification of ARGs. We used the Antibiotic Resistance Genes Database (ARGD)
to annotate antibiotic resistance genes. Based on the results of the comparison between the Unigenes and the
data in the ARGD database, we performed differential analyses of the ARGs in all three groups (Fig. 7a). Then,
the ARGs were used to predict resisted antibiotics and the relative abundance of the histogram of the top 15
ranking antibiotics was drawn. As shown in Fig. 7b, compared with the NC group, the abundance of bacitracin
and vancomycin increased in the TS group (bacitracin, NC vs. TS P=0.000079483; vancomycin, NC vs. TS
P=0.0006), while kasugamycin decreased (NC vs. TS P=0.0006). In the TS +SM group, only the abundance of
the trimethoprim increased (NC vs. TS+ SM P=0.0004), while the others seem to be no changes. Notably, the
abundance of the cephalosporin decreased in two groups (NC vs. TS P=0.0001; NC vs. TS+ SM P=0.0002), but
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Figure 3. The overall results of species annotation and the correlation analysis of all samples. (a) Merged
species information of all three groups based on GraPhlAn. (b,c) The PCA and NMDS analysis of all samples.
(d-f) d, e, and f represent the species annotation of the NC, TS, and TS + SM groups, respectively.

the change was most pronounced in the TS group. The above changes were also observed in the cluster heat map
shown in Fig. 7c.

Discussion

During the execution of space missions, astronauts are not only affected by changes in the space environment
which mainly include weightlessness, high radiation, and hypoxia'”*, but are also restricted inside a narrow
and closed cabin environment. Under these conditions, changes in the symbiotic intestinal flora of the intestines
of astronauts may occur and further affect their physical health even further influence the success of a space
mission. The development of complex molecular biology technology has allowed us to conduct different types
of research studies®. In order to further explore the influence of complex space environments on the intestinal
flora, we used the ground-based simulated module and a TS model to explore the influence of a combined effect
on changes in species composition, function, and resistance genes of intestinal flora in mice.
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Figure 4. The relative abundances of species and heat maps of all samples. (a,b) The relative species abundance
at phylum level and genus level. (c,d) The heat map of species abundance at phylum level and genus level.

In the present study, we found that different environments could cause changes in the species composition of
intestinal flora in mice and these changes were distributed at different levels. This is consistent with the results
of the species annotation of the intestinal flora of crewmembers in the ground-based space simulation study
conducted by Turroni*. Especially at the phylum and genus levels, the effects of a simulated microgravity envi-
ronment and combined effects environment on the mice can be observed on species composition. Specifically,
when compared with the NC group, Firmicutes showed an increasing and decreasing trend in the TS group while
Bacteroidetes decreased in the TS + SM group at the phylum level. Under normal circumstances, Firmicutes and
Bacteroidetes are the main components of intestinal flora*!. Firmicutes may metabolize carbohydrates to pro-
duce butyrate, which is beneficial not only for energy metabolism but also for intestinal mucosa protection and
immune function®?. Firmicutes is a class of gram-positive bacteria and one of the largest families in the domain
bacteria. Most Firmicutes bacterial walls contain high levels of peptidoglycans (50%-80%) and are thick enough
to form spores, resulting in them being highly resistant to dehydration or extreme environments*. Besides,
several studies have shown that a large number of Firmicutes in the gut are associated with obesity**-*. Although
obesity would have been a knock-out criterion so that it wouldn’t have happened to astronauts, its associated
metabolic changes require further attention due to its metabolic dysfunction. Several studies have demonstrated
that many changes in the lipid metabolism of gastric cancer cells and epidermal stem cells have been observed
under simulated microgravity”’ 8, Bacteroidetes, a core flora of the human intestinal tract, contain a powerful
polysaccharide degrading system to digest dietary fibers consumed by the body and convert them into short-
chain fatty acids*. Relying on its powerful metabolic capacity, the dominant position of Bacteroidetes in the
absorption of nutrients in the human body is unrivaled®. However, this role depends on the balance between
nutrient absorption and consumption in the body®. Besides, the main source of Vitamin K in humans is also
synthesized by Bacteroides®*. Vitamin K deficiency affects various systems in the body, such as the coagulation
system and the musculoskeletal system®>**. Due to these important functions, Bacteroidetes are widely regarded
as beneficial bacteria that can decrease intestinal inflammation, immune dysfunction, and metabolic disorders,
and may even function in preventing the occurrence of cancer>. Moreover, the metabolites of Bacteroides, such
as propionate and acetate, can also block the absorption of enteric endotoxin®® and induce the apoptosis of
colon cancer cells”, playing a preventive and therapeutic role. Kuhn et al. found that the specific mechanism by
which the protective role of Bacteroides is exerted may be through recruitment of intraepithelial lymphocytes to
produce IL-6°%. Overall, Bacteroides is a protective barrier of the host intestinal tract®®. However, in certain cases,
Bacteroidetes can also become opportunistic pathogens that can cause diseases®. Although there was a decrease
in the number of Bacteroidetes in the present study, these changes need to be addressed due they indicate changes
in immune function in space extreme environment.
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Figure 5. The results of the screening of biomarkers from all three groups. (a) The LEfSe score of the
biomarkers in the three groups. (b) The cladogram of representative biomarkers and their evolutionary
relationship. Note The Biomarkers with no significant difference were uniformly colored yellow. The different
color nodes represented the microbial groups that played an important role in the three groups.

In addition, we screened biomarkers that could be used at the species level for the effects caused by simu-
lated weightlessness or complex environmental factors. The increase of Bacteroidetes in the NC group could be
used as biomarkers, which suggested that the relative abundance of Bacteroidetes decreased under weightless
environment and combined effects environment. This was consistent with the results obtained through species
annotation, and also indicated that the changes in Bacteroidetes abundance in combined effects environment
were very important for health.

The KEGG enrichment analysis showed that compared with the NC group, the proportion of metabolic
pathways under the two different environments decreased, while the decrease was most obvious in the combined
effects environment. The changes in these metabolic pathways were highly correlated with changes in intestinal
floral species composition. To respond to environmental changes, the functional genes involved in environmen-
tal information processing of the gut microbiota were increased in the combined effects environment, which is
consistent with the Liu’s research on the change of intestinal flora function in astronauts®!. Further studies are
needed to elucidate the possible effects of these environmental change-induced functional changes on the body
and intestinal flora. It is worth noting that changes in intestinal flora species composition and functional genes
in mice were not consistent with that of weightlessness and combined effects environment, which needs to be
confirmed through further studies.

The abuse of antibiotics leads to irreversible changes in the human body and microbial communities in the
environment, which poses risks to human health and the ecological environment®-%*. Therefore, the study of
resistance genes has attracted extensive attention from researchers. The changes of abundance in resistance genes
in intestinal flora may provide new insights for the application of antibiotics and the prevention of diseases. The
weightless environment and combined effects environment both significantly affected the abundance of resist-
ance genes in the intestinal flora of the mice. Although the total number of resistance genes was decreased in
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Figure 6. Functional enrichment analysis of all samples. (a,b) The results of the functional enrichment analysis
of all samples using the KEGG and eggNOG databases. (c,d) The heat map showing the enriched functions of all
samples obtained using the KEGG and eggNOG databases.

the TS and TS + SM groups, the fluctuation in the expression of the resistance genes was more meaningful. For
example, the decreased abundance of the cephalosporin in two groups may provide guidance on medication for
astronauts, which indicated that the treatment effect of cephalosporin still encouraging.

The manned spaceflight environment is a complex environment that is subjected to multiple physical changes.
In this study, we focused on the effects of combined effects environment on species composition and function of
intestinal flora in mice, but more studies on the effect of complex factors on intestinal flora are needed to con-
firm the applicability of these results. In addition, the specific reasons for the changes in intestinal floral species
composition and functions in mice under weightlessness or complex factors need to be further confirmed. Based
on previously reported results, it remains to be determined whether there is a correlation between the changes
in immune function and the changes in intestinal flora microecology under a microgravity environment, while
mutual influences induced by the two groups, as well as the recovery of intestinal flora after exposure to a space
environment are also worthy of attention.

Conclusion

We conducted this study to explore changes in intestinal flora of mice under the influence of different space
environmental factors to enrich our understanding and provide a theoretical basis for space medical supervi-
sion and healthcare. The results showed that different environments, especially a combined effects environment
could significantly alter the species composition and function of intestinal flora in mice. Besides, the changes
in ARGs under the influence of these environmental factors may be useful for the treatment and prevention of
diseases. These changes in intestinal flora caused by exposure to the space environment should be taken seri-
ously to avoid the adverse effects induced by participating in space missions. More importantly, further stud-
ies are warranted to analyze the mutualistic relationship between humans and gut microbiota under complex
environmental conditions.

Methods

Preparation of experimental animals and collection of specimens. Nine male C57BL/6 mice with
the same genetic history were randomly divided into three groups: normal control (NC) group (normal envi-
ronment), tail-suspension (TS) group (simulated microgravity environment), and tail-suspension in simulated
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Figure 7. The predicted ARGs and their relative abundance in all samples. (a) The number of ARGs identified
in the three groups. (b) The relative abundances of the top 15 ARGs in all samples. (c) The cluster heat map of
the ARGs in all samples.

module (TS +SM) group (the combined effects environment). The TS model was constructed using the Globus
method and the mice were suspended by their tails to restrict movement®. The ground-based simulated module
(SM) for animal research was used to build compound factors of the space environment. It contains 200 Ix Light
intensity, the circadian rhythm of 12 h light/darkness respectively; Atmosphere pressure (AP): 0.9 atm pressure;
and 85 dBA environment noise. The experiment period for all three groups was 45 days. The level of AP was
set according to data from China’s spacecraft®®. Noise level less than 100 dBA usually does not cause permanent
hearing threshold shift (PTS) for mice””. During the first 7 days, all mice were allowed to settle under normal
conditions (1 atmosphere and noiseless, 10 dbA) to adapt to the new environment. Beginning from the 8th day,
mice were kept under different environmental conditions based on their experimental grouping. An ambient
temperature of 25 degrees was maintained. In addition, because the SM was shielded and was not affected by
external light, the two other groups of mice were artificially exposed to the same lighting conditions. The total
duration of the experiment was set to 45 days to simulate a long-term spaceflight (usually > 1 month)®. At the
end of the 45th day, the fecal samples were collected from the ileocecal region for further analysis. All animal
experiments were approved by the Institutional Animal Care and Use Committee of the Strategic Support Force
Medical Center.

Sample preparation and treatment. The fecal samples (50 mg) were weighed in 1 ml microcentrifuge
tubes and placed in liquid nitrogen and were subsequently stored at -80°C until used. Total DNA was extracted
from frozen fecal samples for metagenomic sequencing using a QIAamp Fast DNA stool Mini Kit (QIAGEN,
Inc., Germany). The whole extraction process was performed as instructed by the manufacturer. Agar-gel elec-
trophoresis (AGE), Nanodrop, and Qubit 3.0 system (Thermo Fisher Scientific, Inc., America) were used to
determine the purity and integrity of the extracted DNA. DNA of sufficient purity and integrity were tested for
library construction and sequenced using an Illumina HiSeq high-throughput sequencing platform (Qinglian
Biotec. Co., Ltd, Beijing, China) along with a KAPA Hyper Prep Kit (KAPA Biosystems, Inc., America). The raw
data obtained from the sequencing were further filtered to obtain a higher quality of clean reads for subsequent
informational analysis. SOAPdenovo Assembly software was used to assemble the Clean Data and Scaftigs were
obtained®. The scaftigs were further filtered for statistical analysis and subsequent genetic prediction (fragments
cut-off: 500 bp).

Data analysis. The Open Reading Frames (ORFs) were predicted and mapped using CD-HIT and Soa-
pAligner software and were filtered using the scaftigs’®”!. Redundant genes were eliminated to obtain the gene
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catalogue (Unigenes). The abundance information of each gene in each sample was calculated and visualized
using a violin diagram. A Venn diagram was used to present the differently expressed genes. Then, DIAMOND
software’ (Version 0.7.9; https://github.com/bbuchfink/diamond/) was used to blast and compare the Unigenes
with sequences of the bacteria, fungi, archaea, and viruses extracted from the NR database (Version: 20161115;
https://www.ncbi.nlm.nih.gov/) of NCBI (e-value <0.05). An LCA algorithm was used for species annotation
to obtain abundance information of each sample at various classification levels. PCA and NMDS were used to
analyze the correlation between samples. All annotated results were visualized using Krona and heat maps. LEfSe
multivariate statistical analysis was used to screen the biomarkers of the representative groups. Then, the puta-
tive amino acid sequences were translated from the gene catalog and aligned against the proteins/domains in the
KEGG and eggNOG databases using default setting’>’%. Subsequently, the Antibiotic Resistance Genes Database
(ARGD) was used to annotate the Unigenes to antibiotic resistance genes (ARGs)”>. The ARGs were classified
and the specific antibiotics tolerated by them were also identified. Meanwhile, relative abundance analysis and
abundance clustering analysis were performed based on the results of each sample.

Ethics declarations. The authors are accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. Experi-
ments were performed under a project license (NO.: K2019-098-01) granted by institutional ethics board of
Strategic Support Force Medical Center, in compliance with China national or institutional guidelines for the
care and use of animals. This study does not involve gene editing, nor does it involve bacteria or virus infection
experiments, but mainly physiological and behavioral experiments, so there is no potential harm from these
aspects. In the process of handling animals, we treated animals well according to the regulations of animal ethics
and properly disposed of animal carcasses according to the regulations. And our experiments were performed
in accordance with ARRIVE guidelines.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due request of the
project sponsor but are available from the corresponding author on reasonable request.

Received: 12 November 2020; Accepted: 17 May 2021
Published online: 31 May 2021

References

1. Eckburg, P. B. et al. Diversity of the human intestinal microbial flora. Science 308, 1635-1638. https://doi.org/10.1126/science.
1110591 (2005).

2. Gilbert, J. A. et al. Current understanding of the human microbiome. Nat. Med. 24, 392-400. https://doi.org/10.1038/nm.4517
(2018).

3. Tong, Y., Marion, T., Schett, G., Luo, Y. & Liu, Y. Microbiota and metabolites in rheumatic diseases. Autoimmun. Rev. 19, 102530.
https://doi.org/10.1016/j.autrev.2020.102530 (2020).

4. den Besten, G. et al. The role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism.
J. Lipid Res. 54, 2325-2340. https://doi.org/10.1194/jlr.R036012 (2013).

5. Koh, A., De Vadder, E, Kovatcheva-Datchary, P. & Backhed, F. From dietary fiber to host physiology: Short-chain fatty acids as
key bacterial metabolites. Cell 165, 1332-1345. https://doi.org/10.1016/j.cell.2016.05.041 (2016).

6. Kasubuchi, M., Hasegawa, S., Hiramatsu, T., Ichimura, A. & Kimura, I. Dietary gut microbial metabolites, short-chain fatty acids,
and host metabolic regulation. Nutrients 7, 2839-2849. https://doi.org/10.3390/nu7042839 (2015).

7. Degnan, P. H., Taga, M. E. & Goodman, A. L. Vitamin B12 as a modulator of gut microbial ecology. Cell Metab. 20, 769-778.
https://doi.org/10.1016/j.cmet.2014.10.002 (2014).

8. Agus, A., Planchais, J. & Sokol, H. Gut microbiota regulation of tryptophan metabolism in health and disease. Cell Host Microbe
23, 716-724. https://doi.org/10.1016/j.chom.2018.05.003 (2018).

9. Belkaid, Y. & Harrison, O. ]. Homeostatic immunity and the microbiota. Immunity 46, 562-576. https://doi.org/10.1016/j.immuni.
2017.04.008 (2017).

10. Ruff, W. E,, Greiling, T. M. & Kriegel, M. A. Host-microbiota interactions in immune-mediated diseases. Nat. Rev. Microbiol. 18,
521-538. https://doi.org/10.1038/s41579-020-0367-2 (2020).

11. Michaudel, C. & Sokol, H. The gut microbiota at the service of immunometabolism. Cell Metab. 32, 514-523. https://doi.org/10.
1016/j.cmet.2020.09.004 (2020).

12. Macpherson, A. ], de Agiiero, M. G. & Ganal-Vonarburg, S. C. How nutrition and the maternal microbiota shape the neonatal
immune system. Nat. Rev. Immunol. 17, 508-517. https://doi.org/10.1038/nri.2017.58 (2017).

13. Gongalves, P, Aratjo, J. R. & Di Santo, J. P. A cross-talk between microbiota-derived short-chain fatty acids and the host mucosal
immune system regulates intestinal homeostasis and inflammatory bowel disease. Inflamm. Bowel Dis. 24, 558-572. https://doi.
org/10.1093/ibd/izx029 (2018).

14. Lee, Y. K. & Mazmanian, S. K. Has the microbiota played a critical role in the evolution of the adaptive immune system?. Science
330, 1768-1773. https://doi.org/10.1126/science.1195568 (2010).

15. Round, J. L., O’'Connell, R. M. & Mazmanian, S. K. Coordination of tolerogenic immune responses by the commensal microbiota.
J. Autoimmun. 34, ]220-225. https://doi.org/10.1016/j.jaut.2009.11.007 (2010).

16. Kandarpa, K., Schneider, V. & Ganapathy, K. Human health during space travel: An overview. Neurol. India 67, S176-s181. https://
doi.org/10.4103/0028-3886.259123 (2019).

17. Barratt, M. R, Baker, E. S. & Pool, S. L. Principles of Clinical Medicine for Space Flight (Springer, 2019).

18. Allen, C. International Space Station Acoustics - A Status Report. In INTER-NOISE and NOISE-CON Congress and Conference
Proceedings.

19. Limardo, J. G., Allen, C. S. & Danielson, R. W. International Space Station (ISS) Crewmember’s Noise Exposures from 2015 to
Present. In International Conference on Environmental Systems.

20. Ferreira, R. et al. Evidences of apoptosis during the early phases of soleus muscle atrophy in hindlimb suspended mice. Physiol.
Res. 57,601-611 (2008).

21. Lee, S.J. et al. Targeting myostatin/activin A protects against skeletal muscle and bone loss during spaceflight. Proc. Natl. Acad.
Sci. US A 117, 23942-23951. https://doi.org/10.1073/pnas.2014716117 (2020).

Scientific Reports |

(2021) 11:11373 | https://doi.org/10.1038/s41598-021-91077-7 nature portfolio


https://github.com/bbuchfink/diamond/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1126/science.1110591
https://doi.org/10.1126/science.1110591
https://doi.org/10.1038/nm.4517
https://doi.org/10.1016/j.autrev.2020.102530
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.3390/nu7042839
https://doi.org/10.1016/j.cmet.2014.10.002
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1038/s41579-020-0367-2
https://doi.org/10.1016/j.cmet.2020.09.004
https://doi.org/10.1016/j.cmet.2020.09.004
https://doi.org/10.1038/nri.2017.58
https://doi.org/10.1093/ibd/izx029
https://doi.org/10.1093/ibd/izx029
https://doi.org/10.1126/science.1195568
https://doi.org/10.1016/j.jaut.2009.11.007
https://doi.org/10.4103/0028-3886.259123
https://doi.org/10.4103/0028-3886.259123
https://doi.org/10.1073/pnas.2014716117

www.nature.com/scientificreports/

22.
23.
24.
25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.

36.

37.
38.
39.
40.
41.
42.

43.

44.

45.
. Turnbaugh, P. J. et al. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 444, 1027-1031.

47.
48.
49.
50.
51.
52.

53.

54,
55.
56.
57.
58.
59.

60.

Fu, Q. et al. Impact of prolonged spaceflight on orthostatic tolerance during ambulation and blood pressure profiles in astronauts.
Circulation 140, 729-738. https://doi.org/10.1161/CIRCULATIONAHA.119.041050 (2019).

Jones, C. B., Davis, C. M. & Sfanos, K. S. the potential effects of radiation on the gut-brain axis. Radiat. Res. 193, 209-222. https://
doi.org/10.1667/RR15493.1 (2020).

Alvarez, R. et al. A simulated microgravity environment causes a sustained defect in epithelial barrier function. Sci. Rep. 9, 17531.
https://doi.org/10.1038/s41598-019-53862-3 (2019).

Li, P. et al. Simulated microgravity disrupts intestinal homeostasis and increases colitis susceptibility. FASEB ] 29, 3263-3273.
https://doi.org/10.1096/1).15-271700 (2015).

Yang, J.-Q. et al. The effects of microgravity on the digestive system and the new insights it brings to the life sciences. Life Sci. Space
Res. 27, 74-82. https://doi.org/10.1016/j.1ss1.2020.07.009 (2020).

Crucian, B. E. et al. Countermeasures-based improvements in stress, immune system dysregulation and latent herpesvirus reac-
tivation onboard the international space station: Relevance for deep space missions and terrestrial medicine. Neurosci. Biobehav.
Rev. 115, 68-76. https://doi.org/10.1016/j.neubiorev.2020.05.007 (2020).

Candela, M. et al. Dynamic efficiency of the human intestinal microbiota. Crit. Rev. Microbiol. 41, 165-171. https://doi.org/10.
3109/1040841x.2013.813900 (2015).

Horneck, G., Klaus, D. M. & Mancinelli, R. L. Space microbiology. Microbiol. Mol. Biol. Rev. 74, 121-156. https://doi.org/10.1128/
mmbr.00016-09 (2010).

Karouia, E, Peyvan, K. & Pohorille, A. Toward biotechnology in space: High-throughput instruments for in situ biological research
beyond Earth. Biotechnol. Adv. 35, 905-932. https://doi.org/10.1016/j.biotechadv.2017.04.003 (2017).

Tirumalai, M. R. et al. The adaptation of Escherichia coli cells grown in simulated microgravity for an extended period is both
phenotypic and genomic. NPJ Microgravity 3, 15. https://doi.org/10.1038/s41526-017-0020-1 (2017).

Mermel, L. A. Infection prevention and control during prolonged human space travel. Clin. Infect. Dis. 56, 123-130. https://doi.
org/10.1093/cid/cis861 (2013).

Urbaniak, C. et al. The influence of spaceflight on the astronaut salivary microbiome and the search for a microbiome biomarker
for viral reactivation. Microbiome 8, 56. https://doi.org/10.1186/s40168-020-00830-z (2020).

Klaus, D. M. & Howard, H. N. Antibiotic efficacy and microbial virulence during space flight. Trends Biotechnol. 24, 131-136.
https://doi.org/10.1016/j.tibtech.2006.01.008 (2006).

Adak, A., Maity, C., Ghosh, K. & Mondal, K. C. Alteration of predominant gastrointestinal flora and oxidative damage of large
intestine under simulated hypobaric hypoxia. Z. Gastroenterol. 52, 180-186. https://doi.org/10.1055/5-0033-1336007 (2014).
Chi, H. et al. Environmental noise stress disturbs commensal microbiota homeostasis and induces oxi-inflammmation and AD-
like neuropathology through epithelial barrier disruption in the EOAD mouse model. J. Neuroinflamm. 18, 9. https://doi.org/10.
1186/512974-020-02053-3 (2021).

Cui, B. et al. Effects of chronic noise exposure on the microbiome-gut-brain axis in senescence-accelerated prone mice: Implica-
tions for Alzheimer’s disease. J. Neuroinflamm. 15, 190. https://doi.org/10.1186/s12974-018-1223-4 (2018).

Madhavan, A, Sindhu, R., Parameswaran, B., Sukumaran, R. K. & Pandey, A. Metagenome analysis: A powerful tool for enzyme
bioprospecting. Appl. Biochem. Biotechnol. 183, 636-651. https://doi.org/10.1007/s12010-017-2568-3 (2017).

Afshinnekoo, E. et al. Fundamental biological features of spaceflight: Advancing the field to enable deep-space exploration. Cell
183, 1162-1184. https://doi.org/10.1016/j.cell.2020.10.050 (2020).

Turroni, S. et al. Temporal dynamics of the gut microbiota in people sharing a confined environment, a 520-day ground-based
space simulation, MARS500. Microbiome 5, 39. https://doi.org/10.1186/s40168-017-0256-8 (2017).

Jeftery, I. B., Lynch, D. B. & O’ Toole, P. W. Composition and temporal stability of the gut microbiota in older persons. ISME J. 10,
170-182. https://doi.org/10.1038/ismej.2015.88 (2016).

Berni Canani, R. et al. Lactobacillus rhamnosus GG-supplemented formula expands butyrate-producing bacterial strains in food
allergic infants. ISME J. 10, 742-750. https://doi.org/10.1038/ismej.2015.151 (2016).

Pasalari, H., Gholami, M., Rezaee, A., Esrafili, A. & Farzadkia, M. Perspectives on microbial community in anaerobic digestion
with emphasis on environmental parameters: A systematic review. Chemosphere https://doi.org/10.1016/j.chemosphere.2020.
128618 (2020).

Martinez, K. B., Leone, V. & Chang, E. B. Western diets, gut dysbiosis, and metabolic diseases: Are they linked?. Gut microbes 8,
130-142. https://doi.org/10.1080/19490976.2016.1270811 (2017).

Pascale, A. et al. Microbiota and metabolic diseases. Endocrine 61, 357-371. https://doi.org/10.1007/s12020-018-1605-5 (2018).

https://doi.org/10.1038/nature05414 (2006).

Li, B. B. et al. Simulated microgravity significantly altered metabolism in epidermal stem cells. In Vitro Cell Dev. Biol. Anim. 56,
200-212. https://doi.org/10.1007/s11626-020-00435-8 (2020).

Chen, Z. Y. et al. Effect of simulated microgravity on metabolism of HGC-27 gastric cancer cells. Oncol. Lett. 19, 3439-3450.
https://doi.org/10.3892/01.2020.11451 (2020).

Rakoff-Nahoum, S., Coyne, M. J. & Comstock, L. E. An ecological network of polysaccharide utilization among human intestinal
symbionts. Curr. Biol. 24, 40-49. https://doi.org/10.1016/j.cub.2013.10.077 (2014).

Faith, J. ]. et al. The long-term stability of the human gut microbiota. Science 341, 1237439. https://doi.org/10.1126/science.12374
39 (2013).

Coyne, M. J., Zitomersky, N. L., McGuire, A. M., Earl, A. M. & Comstock, L. E. Evidence of extensive DNA transfer between
bacteroidales species within the human gut. MBio 5, €01305-01344. https://doi.org/10.1128/mBi0.01305-14 (2014).

Gibbons, R. J. & Engle, L. P. Vitamin K compounds in bacteria that are obligate anaerobes. Science 146, 1307-1309. https://doi.
org/10.1126/science.146.3649.1307 (1964).

Fujita, Y. et al. Association between vitamin K intake from fermented soybeans, natto, and bone mineral density in elderly Japa-
nese men: The Fujiwara-kyo Osteoporosis Risk in Men (FORMEN) study. Osteoporos. Int. 23, 705-714. https://doi.org/10.1007/
s00198-011-1594-1 (2012).

Olson, R. E. The function and metabolism of vitamin K. Annu. Rev. Nutr. 4, 281-337. https://doi.org/10.1146/annurev.nu.04.
070184.001433 (1984).

Tan, H., Zhai, Q. & Chen, W. Investigations of Bacteroides spp. towards next-generation probiotics. Food Res. Int. 116, 637-644.
https://doi.org/10.1016/j.foodres.2018.08.088 (2019).

Fukuda, S. et al. Bifidobacteria can protect from enteropathogenic infection through production of acetate. Nature 469, 543-547.
https://doi.org/10.1038/nature09646 (2011).

Cruz-Bravo, R. K. et al. The fermented non-digestible fraction of common bean (Phaseolus vulgaris L.) triggers cell cycle arrest
and apoptosis in human colon adenocarcinoma cells. Genes Nutr. 9, 359. https://doi.org/10.1007/s12263-013-0359-1 (2014).
Kuhn, K. A. et al. Bacteroidales recruit IL-6-producing intraepithelial lymphocytes in the colon to promote barrier integrity.
Mucosal Immunol. 11, 357-368. https://doi.org/10.1038/mi.2017.55 (2018).

Zitomersky, N. L. et al. Characterization of adherent bacteroidales from intestinal biopsies of children and young adults with
inflammatory bowel disease. PLoS ONE 8, e63686. https://doi.org/10.1371/journal.pone.0063686 (2013).

Johnson, E. L., Heaver, S. L., Walters, W. A. & Ley, R. E. Microbiome and metabolic disease: Revisiting the bacterial phylum Bac-
teroidetes. J. Mol. Med. (Berl) 95, 1-8. https://doi.org/10.1007/s00109-016-1492-2 (2017).

Scientific Reports |

(2021) 11:11373 | https://doi.org/10.1038/s41598-021-91077-7 nature portfolio


https://doi.org/10.1161/CIRCULATIONAHA.119.041050
https://doi.org/10.1667/RR15493.1
https://doi.org/10.1667/RR15493.1
https://doi.org/10.1038/s41598-019-53862-3
https://doi.org/10.1096/fj.15-271700
https://doi.org/10.1016/j.lssr.2020.07.009
https://doi.org/10.1016/j.neubiorev.2020.05.007
https://doi.org/10.3109/1040841x.2013.813900
https://doi.org/10.3109/1040841x.2013.813900
https://doi.org/10.1128/mmbr.00016-09
https://doi.org/10.1128/mmbr.00016-09
https://doi.org/10.1016/j.biotechadv.2017.04.003
https://doi.org/10.1038/s41526-017-0020-1
https://doi.org/10.1093/cid/cis861
https://doi.org/10.1093/cid/cis861
https://doi.org/10.1186/s40168-020-00830-z
https://doi.org/10.1016/j.tibtech.2006.01.008
https://doi.org/10.1055/s-0033-1336007
https://doi.org/10.1186/s12974-020-02053-3
https://doi.org/10.1186/s12974-020-02053-3
https://doi.org/10.1186/s12974-018-1223-4
https://doi.org/10.1007/s12010-017-2568-3
https://doi.org/10.1016/j.cell.2020.10.050
https://doi.org/10.1186/s40168-017-0256-8
https://doi.org/10.1038/ismej.2015.88
https://doi.org/10.1038/ismej.2015.151
https://doi.org/10.1016/j.chemosphere.2020.128618
https://doi.org/10.1016/j.chemosphere.2020.128618
https://doi.org/10.1080/19490976.2016.1270811
https://doi.org/10.1007/s12020-018-1605-5
https://doi.org/10.1038/nature05414
https://doi.org/10.1007/s11626-020-00435-8
https://doi.org/10.3892/ol.2020.11451
https://doi.org/10.1016/j.cub.2013.10.077
https://doi.org/10.1126/science.1237439
https://doi.org/10.1126/science.1237439
https://doi.org/10.1128/mBio.01305-14
https://doi.org/10.1126/science.146.3649.1307
https://doi.org/10.1126/science.146.3649.1307
https://doi.org/10.1007/s00198-011-1594-1
https://doi.org/10.1007/s00198-011-1594-1
https://doi.org/10.1146/annurev.nu.04.070184.001433
https://doi.org/10.1146/annurev.nu.04.070184.001433
https://doi.org/10.1016/j.foodres.2018.08.088
https://doi.org/10.1038/nature09646
https://doi.org/10.1007/s12263-013-0359-1
https://doi.org/10.1038/mi.2017.55
https://doi.org/10.1371/journal.pone.0063686
https://doi.org/10.1007/s00109-016-1492-2

www.nature.com/scientificreports/

61. Liu, Z. et al. Effects of spaceflight on the composition and function of the human gut microbiota. Gut Microbes 11, 807-819. https://
doi.org/10.1080/19490976.2019.1710091 (2020).

62. Ianiro, G., Tilg, H. & Gasbarrini, A. Antibiotics as deep modulators of gut microbiota: Between good and evil. Gut 65, 1906-1915.
https://doi.org/10.1136/gutjnl-2016-312297 (2016).

63. Hutchings, M. I, Truman, A. W. & Wilkinson, B. Antibiotics: Past, present and future. Curr. Opin. Microbiol. 51, 72-80. https://
doi.org/10.1016/j.mib.2019.10.008 (2019).

64. Tirumalai, M. R. et al. Evaluation of acquired antibiotic resistance in Escherichia coli exposed to long-term low-shear modeled
microgravity and background antibiotic exposure. MBio https://doi.org/10.1128/mBi0.02637-18 (2019).

65. Globus, R. K. & Morey-Holton, E. Hindlimb unloading: Rodent analog for microgravity. J. Appl. Physiol. 120, 1196-1206. https://
doi.org/10.1152/japplphysiol.00997.2015 (2016).

66. Chen, J. D., Liu, W. B. & Chen, S. G. The system design and flight application of astronaut EVA in Shenzhou VII mission. Manned
Spaceflight 15, 1-9. https://doi.org/10.3969/j.issn.1674-5825.2009.02.001 (2009).

67. Maison, S. E,, Usubuchi, H. & Liberman, M. C. Efferent feedback minimizes cochlear neuropathy from moderate noise exposure.
J Neurosci 33, 5542-5552. https://doi.org/10.1523/J]NEUROSCI.5027-12.2013 (2013).

68. Bai, P. et al. Decreased metabolism and increased tolerance to extreme environments in Staphylococcus warneri during long-term
spaceflight. Microbiologyopen 8, €917. https://doi.org/10.1002/mbo3.917 (2019).

69. Luo, R. et al. SOAPdenovo2: An empirically improved memory-efficient short-read de novo assembler. GigaScience 1, 18. https://
doi.org/10.1186/2047-217x-1-18 (2012).

70. Fu, L, Niu, B., Zhu, Z., Wu, S. & Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics
(Oxf., Engl.) 28, 3150-3152. https://doi.org/10.1093/bioinformatics/bts565 (2012).

71. Gu, S., Fang, L. & Xu, X. Using SOAPaligner for short reads alignment. Curr. Protoc. Bioinform. https://doi.org/10.1002/04712
50953.bil111s44 (2013).

72. Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59-60. https://doi.
org/10.1038/nmeth.3176 (2015).

73. Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: New perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Res. 45, D353-d361. https://doi.org/10.1093/nar/gkw1092 (2017).

74. Huerta-Cepas, J. et al. eggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res. 47, D309-d314. https://doi.org/10.1093/nar/gky1085 (2019).

75. Alcock, B. P. et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic
Acids Res. 48, D517-d525. https://doi.org/10.1093/nar/gkz935 (2020).

Acknowledgements
We acknowledge the technical support provided by China Astronaut Research and Training Center.

Author contributions

The conception and design of the present research were performed by PM.S, ].Q.Y, H.M.Y,, and Y.C. Material
provision, data collection, and analysis were performed by PM.S, ].Q.Y., BW.,, H.M, Y.Z.,, and J.H.G. The first
draft of the manuscript was written by PM.S., ].Q.Y,, and B.W,, X.P.C., JW.Z,, HW.., JW.Y,, HM.Y,, and Y.C.
interpreted the data. All authors commented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Fundin

This workg was supported by (1) The National Basic Research Program Grants of China (2013CB945501); (2)
The Key Program Grants of Planning Technology Research of Chinese PLA (SYFD 1500128); (3) The Fund of
Strategic Support Force Medical Center (092X25); (4) The Open Fund of the National Key Laboratory of Human
Factors Engineering in the Astronaut Center of China (SYFD 180051809 K); (5) The Open Fund of the State Key
Lab of Space Medicine Fundamentals and Application in the Astronaut Center of China (SYFD 150061806).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-91077-7.

Correspondence and requests for materials should be addressed to H.Y. or Y.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11373 | https://doi.org/10.1038/s41598-021-91077-7 nature portfolio


https://doi.org/10.1080/19490976.2019.1710091
https://doi.org/10.1080/19490976.2019.1710091
https://doi.org/10.1136/gutjnl-2016-312297
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1128/mBio.02637-18
https://doi.org/10.1152/japplphysiol.00997.2015
https://doi.org/10.1152/japplphysiol.00997.2015
https://doi.org/10.3969/j.issn.1674-5825.2009.02.001
https://doi.org/10.1523/JNEUROSCI.5027-12.2013
https://doi.org/10.1002/mbo3.917
https://doi.org/10.1186/2047-217x-1-18
https://doi.org/10.1186/2047-217x-1-18
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1002/0471250953.bi1111s44
https://doi.org/10.1002/0471250953.bi1111s44
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1038/s41598-021-91077-7
https://doi.org/10.1038/s41598-021-91077-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effects of combined environmental factors on the intestinal flora of mice based on ground simulation experiments
	Results
	Screening and identification of differentially expressed genes. 
	Combined effects environment significantly affected the species composition of gut microbiota in mice. 
	Overall results of species annotation. 
	Relative abundance and cluster analysis of species. 
	Screening of representative biomarkers. 

	Combined effects environment significantly affected the function of gut microbiota of mice. 
	Identification and classification of ARGs. 

	Discussion
	Conclusion
	Methods
	Preparation of experimental animals and collection of specimens. 
	Sample preparation and treatment. 
	Data analysis. 
	Ethics declarations. 

	References
	Acknowledgements


