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ABSTRACT

Interaction between humans and the gut microbiota is important for human physiology. Here, the gut
microbiota was analyzed via metagenomic sequencing, and the fluctuations in the gut microbiota
under the conditions of spaceflight were characterized. The composition and function of the gut
microbiota were substantially affected by spaceflight; however, individual specificity was uncompro-
mised. We further confirmed the species fluctuations and functional genes from both missions.
Resistance and virulence genes in the gut microbiota were affected by spaceflight, but the species
attributions remained stable. Spaceflight markedly affected the composition and function of the
human gut microbiota, implying that the human gut microbiota is sensitive to spaceflight.

Introduction

The human gut microbiota is a large and diverse
microbial community in the human gastrointestinal
tract. The interaction between humans and their gut
microbiota is important in human physiology. Recent
studies have found that the distribution and diversity
of the gut microbiota are closely related to immune,
cardiovascular and osteoporotic diseases.' The inter-
action between humans and the gut microbiota plays
important roles in human health by producing short-
chain fatty acids (SCFAs), vitamins, and amino acids;
training the immune system; protecting against patho-
gens; and contributing to the maturation of the intest-
inal epithelium among other roles.’*

The composition and activity of the gut micro-
biota are unstable and are influenced by endogenous
and environmental factors."" Some studies have illu-
strated that specific human experiences and envir-
onments can quickly and profoundly perturb the gut
microbiota composition."*'® To confirm the influ-
ence of the environment on the human gut
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microbiota, Turroni et al. explored the changes of
human gut microbiota in the MARS500 project,
which was a 520-day ground-based space simulation
mission. The study found that the specific environ-
ment greatly influenced the human gut microbiota;
however, sharing life in the confined habitat did not
compromise the individual specificity of the gut
microbiota composition.'”

pace is a dangerous environment and a risk to
human health. Astronauts’ physiologies change pro-
foundly when exposed to the environment in
space.'®'” Recent studies found that the immune sys-
tem was influenced by spaceflight: blood lymphoid cell
reactivity and cytokine production decreased signifi-
cantly when astronauts were exposed to the space
environment.””*' Previous spaceflight studies showed
that astronauts were easily infected by bacteria,
viruses, and opportunistic pathogens because of
immune dysregulation.”>** In addition, spaceflight
reactivated the varicella-zoster virus (VZV) in astro-
nauts; this virus is always reactivated in immunosup-
pressed individuals.**** In addition to a dysregulated
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immune system, other factors, including increased
biofilm formation, virulence and antibiotic resistance
among some bacteria, can increase the risk of infection
during spaceflight. Our previous study found that
after short-term exposure to a simulated microgravity
environment, the biofilm formation ability of
Klebsiella  pneumonige increased —significantly.*®
Wilson et al. found that bacterial gene expression
and virulence in Salmonella typhimurium was signifi-
cantly affected by spaceflight, and the global regulator,
Hfq, was expressed in response to the space
environment.”” These studies revealed that spaceflight
affects the human immune system, bacterial biofilm
formation, and virulence. Because the human gut
microbiota is an enormous microbial community in
the human gastrointestinal tract and interacts with the
host immune system, we believe that the unique envir-
onment of spaceflight exerts important effects on the
human gut microbiota and immune system and the
intricate interaction between them. The NASA twins
study and the research by Voorhies et al have reported
the impact of long-term spaceflight on the human
microbiome .*** Such studies would shed light on
the bacterial abundance in each taxonomic hierarchy
after being influenced by spaceflight.

Missions one and two were spaceflight projects that
were successfully completed from China. Fecal sam-
ples from the astronauts were collected in sterile vials
and stored in a -80°C freezer. The fecal samples from
mission one were first analyzed by metagenomic
sequencing; however, no fecal samples from one
week prior to spaceflight were available for compar-
ison. We then collected and characterized the fecal
samples from mission two, and the results were used
to determine how the gut microbiota was influenced
by spaceflight. The results also provide the insights to
maintain the astronauts’ gut microbiota during space-
flight, which is critical for the countermeasure of side
effects and accomplishment of the spaceflight mission.

Materials and methods
Sampling

Spaceflight missions one and two included five
people (S1.01, S1.02, S1.03, S2.01 and S2.02),
and the duration of two flights were 15 and
35 days, independently. Of note, no detailed
information on dietary, similarities were obtained

among the subjects across the spaceflight mis-
sions. Each astronaut takes 2900 kcal calories
a day and four days for a diet cycle. Eating habits
is similar with the ground life. Fecal samples were
collected from each person at four or five time-
points, including one week before launch (L-7),
recovered one day after spaceflight (R + 1), recov-
ered one week after spaceflight (R + 7), recovered
two weeks after spaceflight (R + 14), and recov-
ered four weeks after spaceflight (R + 28).
However, the fecal samples from one week before
spaceflight from mission one were unavailable for
the study. All fecal samples were collected in
sterile vials and immediately transferred to a-80°
C freezer.

Sample preparation and Illumina HiSeq
sequencing

Stool samples (180-220 mg) were weighed in 2-ml
microcentrifuge tubes and placed on ice. Total DNA
from the fecal microbiotas was extracted using the
QIAamp Fast DNA Stool Mini Kit (QIAGEN,
Germany) per the manufacturer’s instructions (see
the QIAamp Fast DNA Stool Mini Kit Handbook,
www.qiagen.com/handbooks). The degradation
degree and potential contamination of the DNA
were analyzed using 1% agarose gels. The DNA
purity was determined using the NanoPhotometer®
spectrophotometer (IMPLEN, CA, USA), and the
DNA concentration was measured using the Qubit®
dsDNA Assay Kit in Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). One microgram of quali-
fied DNA was used to construct the library. DNA
samples were fragmented to 350 bp by sonication,
then the DNA fragments were end-polished,
A-tailed, and ligated with the full-length adaptor
for Illumina sequencing with further PCR amplifica-
tion. Libraries were analyzed for size distribution
using the Agilent2100 Bioanalyzer (Agilent, USA)
and quantified via real-time PCR. The libraries
were sequenced on an [llumina HiSeq platform.

Data analyses

Raw data obtained from the Illumina HiSeq sequen-
cing platform were preprocessed by Readfq (VS8,
https://github.com/cjfields/readfq), the estimated cov-
erage of all samples were shown in Supplementary
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table 1, and the acquired clean data were used for
subsequent analysis. The clean data were analyzed
using SOAPdenovo software (V2.04, http://soap.geno
mics.org.cn/soapdenovo.html), and the Scaftigs were
obtained.”*>* All the sample details of the quality of
their assemblies is present in Supplementary table 2.
The Scaftigs (= 500 bp) were used to predict the open
reading frame (ORF) using MetaGeneMark (V2.10;
http://topaz.gatech.edu/GeneMark/) and CD-HIT
software (V4.5.8; http://www.bioinformatics). The
website, org/cd-hit, was used to obtain the initial
gene catalog from the predicted ORF.*>” Clean data
from each sample were mapped to the initial gene
catalog using SoapAligner software (soap2.21; http://
soap.genomics.org.cn/soapaligner.html). The
obtained gene catalog (Unigenes) was eventually
used for subsequent analyses.”>” The obtained
Unigenes were used to blast the sequences for the
bacteria, fungi, archaea and viruses, which were
extracted from the NR database (V20161115; https://
www.ncbi.nlm.nih.gov/) of NCBI using DIAMOND
software (V0.7.9; https://github.com/bbuchfink/
diamond/).*® We used the lowest common ancestor
(LCA) algorithm to obtain the number of genes and
abundance information for each sample in each taxo-
nomic hierarchy (kingdom, phylum, class, order,
family, genus, and species).”>*' DIAMOND software
(V0.7.9) was used to blast Unigenes to functional
databases, including the KEGG (V201609, http://
www.kegg.jp/kegg/), eggNOG (V4.5; http://egg
nogdb.embl.de/#/app/home) and CAZy databases
(V20150704; http://www.cazy.org/), for the blast
results, and the best blast hit was used for subsequent
analysis.”>***> The Unigenes were blasted to the
CARD and VFDB databases using DIAMOND soft-
ware to analyze the resistance and virulence genes
(V0.7.9).%4

Results

Spaceflight affected the composition of the
human gut microbiota

The gut microbiotas of the five subjects from mis-
sions one (S1.01, S1.02 and S1.03) and two (S2.01
and S2.02) were tracked over four or five time-
points. Four fecal samples per person from mis-
sion one and five fecal samples per person from
mission two were collected and characterized by
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metagenomic sequencing. We first characterized
the gut microbiota compositions for mission one
at the phylum and genus levels (Figure la,b). The
gut microbiotas at both the phylum and genus
levels fluctuated obviously between R + 1 and
R + 28. However, because fecal samples for L-7
of mission one were unavailable, we could not
compare the gut microbiotas before spaceflight
with those after spaceflight. We then characterized
the composition of the gut microbiota for mission
two at the phylum and genus levels (Figure 1c,d).
The gut microbiota at both the phylum and genus
levels were significantly influenced by spaceflight.
Clustering trees based on relative abundances at
the phylum and genus levels in missions one and
two were used to study the species similarities
between samples (Supplementary Figure 1).
According to the distance on the tree, we can see
that samples from the same person were closer
than the samples from different people. We
found fluctuations in the top ten microbial abun-
dances of the gut microbiotas at both the phylum
and genus levels (Supplementary figures 2 and 3),
exhibited a similar fluctuation trend in missions
one. Among them, the Firmicutes abundance was
gradually increased, while the Bacteroides abun-
dance was gradually decreased after spaceflight.
We also found a fluctuation in the top ten micro-
bial abundances of the gut microbiota at both the
phylum and genus levels in missions two
(Supplementary figures 4 and 5), but the composi-
tions between the two subjects as well as the fluc-
tuations were different. For example, the
Firmicutes abundance was increased in S2.01, but
decreased in S2.02, and the Bacteroides abundance
was decreased in S2.01, but increased in S2.02
between R + 1 and L-7. Thus, the space environ-
ment markedly affected the gut microbiota com-
position. Because the subjects shared a confined
habitat and similar diets across the spaceflight
mission, we confirmed that the space environment
influenced the individual specificity of the gut
microbiota. In addition, spaceflight also greatly
affected the gut microbiota abundances at the
other levels (kingdom, class, order, family and
species; Supplementary Figure 6). We found abun-
dance fluctuations in the top four gut microorgan-
isms at the kingdom level (Supplementary
figure 7), and the viral abundance in the gut
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Figure 1. Relative abundances in the gut microbiota at the phylum and genus levels. (a) Top ten phylum abundances in the gut
microbiota from mission one. (b) Top ten genus abundances in the gut microbiota from mission one. (c) Top ten phylum
abundances in the gut microbiota from mission two. (d) Top ten genus abundances in the gut microbiota from mission two.

microbiota was increased notably after spaceflight
except in subject S2.02. The clustering trees based
on relative abundances at the kingdom, class,
order, family and species levels in missions one
and two were the same as those at the phylum and
genus levels (Supplementary figure 8).

Spaceflight influenced species diversity and
differences in the gut microbiota

The Shannon index based on the genus profile was
used to estimate the alpha diversity of each sample.
The a-diversity at the genus level was lower in R + 1
compared with thatin R+ 7, R + 14 and R + 28 in
mission one (P = .1235, R + 1 vs R + 7; P = .0116,
R+ 1vsR+14; P=.0737, R + 1 vs R + 28; Figure 2a).
The reduced richness in genera in the gut microbiota
after spaceflight suggests a possible deficiency of
healthy microflora. The a-diversity at the genus
level did not fluctuate significantly after spaceflight
in mission two (Figure 2b). The fluctuations in a-
diversity after spaceflight between each subject were
similar in mission one but dissimilar between the

two subjects in mission two (Supplementary fig-
ure 9). To explore the differences among species
that were affected by spaceflight in the gut micro-
biota, LEfSe analysis was used to obtain the species
biomarkers. We compared the gut microbiota com-
positions of R + 1 with R + 28 for mission one and
displayed the LDA score of the species. Figure 2c,
d show the distribution diagram of species differ-
ences at all levels and the cladogram based on differ-
ent species. Four weeks after spaceflight, the
abundances of 17 species were increased, while the
abundances of 5 species were decreased at all levels.
Using the different species abundances, we con-
structed a cluster heat map at the genus level
(Figure 2e). The abundances of Lactobacillus and
Bifidobacterium increased, while the Bacteroides
abundance decreased in R + 28 compared with
those of R + 1 in mission one. LEfSe analysis requires
at least three samples per group, and mission two
had only two subjects; therefore, we characterized
the fluctuations in species at the genus level in mis-
sions one and two (Supplementary figure 10). As in
mission one, the abundances of Lactobacillus and
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Figure 2. Comparison of a-diversity based on the Shannon index at the genus level and the species in the gut microbiota. (a)
Comparison of a-diversity across four timepoints in mission one. (b) Comparison of a-diversity across five timepoints in mission two.
(c) Distribution diagram of the LDA score in mission one and results of the LEfSe analysis based on the LDA score to screen the
species biomarkers. LDA scores of the above 4 species between R + 1 and R + 28 differed significantly. (d) Cladogram based on
different species from mission one. Red and green nodes represent the microorganisms that played important roles in each group.
(e) Cluster heat map based on different species at the genus level in mission one.

Bifidobacterium increased, and the abundance of
Bacteroides decreased in R + 28 compared with
those in R + 1 for subject S2.02; however, these
fluctuations were inconsistent for subject S2.01.

Spaceflight significantly affected the gut
microbiota function

To investigate the influence of spaceflight on the
gut microbiota function, we blasted Unigenes to

the KEGG, eggNOG, and CAZy databases, and the
relative abundances of KEGG, eggNOG, and
CAZy at level 1 in mission one and two are
shown (Figure 3). Spaceflight markedly affected
the gut microbiota function, especially the relative
abundance of environmental information proces-
sing in KEGG level 1, the relative abundance of
envelope biogenesis in eggNOG level 1, and the
relative abundance of glycoside hydrolases in
CAZy level 1. To analyze the influence of
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Figure 3. Relative abundances of KEGG, eggNOG and CAZy level 1 in missions one and two. (a) Relative abundance of KEGG level 1
in mission one. (b) Relative abundance of eggNOG level 1 in mission one. (c) Relative abundance of CAZy level 1 in mission one. (d)
Relative abundance of KEGG level 1 in mission two. (e) Relative abundance of eggNOG level 1 in mission two. (f) Relative abundance

of CAZy level 1 in mission two.

spaceflight on the metabolic pathway, we listed the
unique enzyme reactions from the KEGG pathway
overview in missions one and two (Supplementary
table 3). The only unique enzyme reactions
affected by spaceflight were the enzyme reactions
for biosynthesis of antibiotics. In addition, cluster-
ing trees based on KEGG, eggNOG and CAZy
level 1 in missions one and two was used to inves-
tigate the functional similarities between samples
(Supplementary figure 11), and the clustering
results were the same as those of the clustering
trees based on taxonomic hierarchy.

Antibiotic resistance genes and mobile genetic
elements in the gut microbiota affected by
spaceflight as well as the species attributions
were stable

Recent studies on microbiology in space have
revealed that spaceflight has an important influence
on bacterial resistance genes. The results of this study
showed that the only unique enzyme reactions
affected by spaceflight were those involved in bio-
synthesizing antibiotics. Thus, we analyzed the resis-
tance genes in the gut microbiotas from missions
one and two. The total resistance genes in the gut
microbiota were no significant differences between
R + 1 and R + 28D in mission one (Figure 4a). We
also showed the top twenty abundances of antibiotic
resistance ontologies (AROs) in the gut microbiota
(Figure 4b). Some AROs had altered markedly after
spaceflight; for example, the abundance of evgS,

which is related to macrolide, fluoroquinolone,
penam, and tetracycline resistance, was increased in
R + 1 compared with that in R + 28 in mission one
(Supplementary figure 12a and 12b). The total num-
ber of resistance genes in the gut microbiota was
increased in R + 1 compared with that in L-7 in
mission two (Figure 4c) and was also increased
compared with that of R + 28 except in subject
§2.02. The top twenty ARO abundances in the gut
microbiota are shown (Figure 4d). Some of these
AROs were also influenced markedly by spaceflight,
but the fluctuation trend was inconsistent between
the two subjects. For example, the abundance of evg$S
in the gut microbiota of subject $2.02 was increased
in R + 1 compared with L-7 and R + 28, while in
subject $2.01 was decreased (Supplementary figure
12¢). LEfSe analysis was used to obtain the difference
AROs, and we compared the ARO abundance of
R + 1 with that of R + 28 from mission one. The
LDA score of the AROs above 2 and the distribution
diagram of the AROs and the cluster heat map are
shown (Figure 4e,f). The abundances of 5 AROs
were increased, and those of 3 AROs were decreased
in R + 1 compared with that in R + 28.

As the potential for transfer of antibiotic resistance
genes in human microbiota,"”** mobile genetic ele-
ments’ role in shaping the resistance genes in the
astronauts gut is unclear. We have analyzed mobile
genetic elements in astronauts’ gut microbiota. We
found that the relative abundances of plasmids and
integrons were significantly increased in R + 28 com-
pared with that in R + 1 and the relative abundances of
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Figure 4. Resistance genes and antibiotic resistance ontologies (AROs) affected by spaceflight in missions one and two; the ARO is
the core composition of the CARD database. (a) Total number of resistance genes affected by spaceflight in mission one. (b) Relative
abundance of the top 20 AROs affected by spaceflight in mission one. (c) Total number of resistance genes affected by spaceflight in
mission two. (d) Relative abundance of the top 20 AROs affected by spaceflight in mission two. (e) Distribution diagram of the AROs;
the LDA score of the top 2 AROs is shown. (f) Cluster heat map based on different AROs.

transposons had no differences in R + 28 compared
with that in R + 1 in mission one (Supplementary
figure 13a, 13b and 13c). We also listed the relative
abundances of the top 20 plasmids, integrons and
transposons in R + 1 and R + 28 in mission one
(Supplementary figure 13d, 13e and 13f).Thus, the
species abundance and resistance genes in the gut
microbiotas were both influenced by spaceflight;
therefore, we analyzed the relationship between spe-
cies attributions at the phylum level with the resistance
gene distribution (Figure 5). We found that no matter
how the species attribution fluctuated, the ARO

distribution for each species remained stable in both
missions one and two.

Virulence genes in the gut microbiota were
altered after spaceflight

Spaceflight influences bacterial virulence; thus, we
analyzed the virulence genes of the gut microbio-
tas from missions one and two. The total number
of virulence genes in the gut microbiota was
increased in R + 1 compared with that in R + 28
from mission one (Figure 6a). Figure 6b shows the
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Figure 5. Relationship between species attributions at the phylum level and the resistance gene distribution in the gut microbiota.
The inner circle is the ARO distribution in each species, and the outer circle is the distribution of the gut microbiota in a group. The
relationship between ARO distribution and species attribution in mission one includes four groups: (a) one day after spaceflight (S1.
R + 1), (b) one week after spaceflight (S1.R + 7), (c) two weeks after spaceflight (S1.R + 14) and (d) four weeks after spaceflight (S1.
R + 28). The relationship between ARO distribution and species attribution in mission two included five groups: (e) one week before
spaceflight (S2.L-7), (f) one day after spaceflight (S2.R + 1), g one week after spaceflight (S2.R + 7), (h) two weeks after spaceflight

(S2.R + 14) and (i) four weeks after spaceflight (S2.R + 28).

top twenty virulence factor (VF) abundances in
the gut microbiota. Some VFs altered markedly
after spaceflight; for example, the abundance of
VF0367, which is related to LPS formation and
leads to the formation of a protective barrier in
Brucella, was increased in R + 1 compared with
that in R + 28 (Supplementary figure 14a and 14b).
The total number of virulence genes in the gut
microbiota was increased in R + 1 compared
with those in L-7 and R + 28 in mission two
(Figure 6c). Figure 6d shows the top twenty VF
abundances in the gut microbiota; the abundance
of VF0367 for subject S2.02 was slightly increased
in R + 1 compared with L-7 and R + 28, while that
for subject $2.01 was decreased (Supplementary
figurel4c). LEfSe analysis was used to obtain the
difference VFs, and we compared the VF abun-
dance of R + 1 with that of R + 28 from mission
one. Figure 6e,f show the LDA score of the VFs
above 3, the distribution diagram of the VFs, and
the cluster heat map. The abundances of 8 VFs
were increased, while those of 7 VFs were
decreased in R + 1 compared with those in R + 28.

Discussion

During spaceflight, humans must endure a unique
environment that can negatively affect their health
and the entire mission.'®'? Spaceflight missions
one and two contained five people and provided

an invaluable opportunity to investigate the influ-
ence of spaceflight on the human gut microbiota.
In our study, we explored the composition and
function of the gut microbiota, including the per-
iod before and after spaceflight, for a total of four
or five timepoints per person. This study was the
first to elucidate the impact of short-term space-
flight on the human gut microbiota, as previous
studies only simulated the space environment,'””!
Turroni’s study found that the Bacteroides abun-
dance increased after simulated spaceflight, which
is consistent with our results. Our study demon-
strated that the composition and function of the
human gut microbiota were markedly affected by
spaceflight, but after four weeks of recovery, the
influence of spaceflight on the human gut micro-
biota almost disappeared. We found that the char-
acteristics of samples after four weeks recovery is
similar to the pre-flight samples in spaceflight
mission two. Turroni’s study also found that after
simulated spaceflight the composition and func-
tion of gut microbiota fluctuated markedly, and
the recovered samples look more like the before
simulated spaceflight samples. Recently, there are
two studies focused on the impact of long-term
spaceflight on the human gut microbiota including
NASA Twins Study and Voorhies’ study.”’®*” In
NASA Twins Study, there were no significant fluc-
tuations between subjects in the Shannon index
and there were significant differences of viral
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Figure 6. Virulence genes and virulence factors (VFs) affected by spaceflight in missions one and two; the VFs are the core
composition of the VFDB database. (a) Total number of virulence genes affected by spaceflight in mission one. (b) Relative
abundances of the top 20 VFs affected by spaceflight in mission one. (c) Total number of virulence genes affected by spaceflight
in mission two. (d) Relative abundances of the top 20 VFs affected by spaceflight in mission two. (e) Distribution diagram of the VFs;
the LDA score of the top 3 AROs are displayed. (f) Cluster heat map based on different VFs.

while there existed some difference in the fluctua-
tions of the two subjects in mission two. We spec-
ulate that the reasons for this difference mainly
resulted from individual differences. Interestingly,
our results showed that the viral abundance in the

community structures and functional gene content
between subjects. In Voorhies’ study, the Shannon
index of the gut microbiota significantly increase
during spaceflight missions, However, our results
demonstrated that the Shannon index of the gut

microbiota significantly decreased after spaceflight
in mission one. In mission one, the composition
and function of the gut microbiota fluctuated con-
sistently across the three subjects after spaceflight,

gut microbiota was increased notably after the
spaceflight, this result was consistent with previous
reports that the abundance of latent viruses in
blood significantly increased after spaceflight.”*>
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By analyzing the species biomarkers affected by
spaceflight, we observed that after spaceflight, the
Bacteroides abundance increased, while the
Lactobacillus and Bifidobacterium abundances
decreased in missions one and two, except in sub-
ject S2.01. Bacteroides in the human gut are effi-
cient degraders of dietary fiber and can efficiently
produce propionate and phenolic acids; this genus
is an opportunistic pathogen that often breeds
rapidly under several stress conditions.”>> The
conditions in space induced immune system
injury, and as an opportunistic pathogen, the
Bacteroides abundance increased prospectively,
which is consistent with simulated space environ-
ment tests.'” Lactobacilli are the major producers
of lactic acid in the human gut. Bifidobacterium
can produce acetic acid and lactic acid from sugars
at a 3:2 ratio.”® Several taxa of Lactobacillus and
Bifidobacterium are known probiotics that can
regulate host immune systems, enhance gut meta-
bolic capacities and maintain balance in the gut
microbiota.””*®  Decreased Lactobacillus and
Bifidobacterium abundances in the gut can affect
host immune system function and the balance of
the gut microbiota, and the immune systems
impaired by spaceflight could influence reactiva-
tion of latent viruses and breeding of opportunistic
pathogens in the gut. Whether the gut microbiota
or the immune system is the major factor influ-
enced by spaceflight remains unclear, and further
studies are warranted. Our study found that genes
related to environmental information processing
and envelope biogenesis were increased after
spaceflight. To respond to environmental changes,
the functional genes involved in environmental
information processing in the gut microbiota fluc-
tuation. In addition, consistent with previous stu-
dies on biofilm formation under space conditions,
the genes involved in envelope biogenesis in the
gut microbiota, which are related to biofilm for-
mation, were increased after spaceflight. The clus-
tering trees based on species abundance and
functional genes all showed that spaceflight mark-
edly affected the gut microbiota; however, the
individual steady states of the gut microbiota
could still be identified, and the influence of space-
flight on the gut microbiota did not compromise
individual specificity. The resistance genes of the
gut microbiota were affected by spaceflight, but

the species attribution remained stable, which is
similar to the individual steady states of the gut
microbiota. These fluctuations in antibiotic resis-
tance genes and mobile genetic elements in the gut
microbiota after spaceflight may provide insight
for antibiotic use in space. In addition, the fluctua-
tions in virulence genes after spaceflight may pro-
vide insight for prevention; for example, the
increased VF0367 could suggest that Brucella has
increased virulence and infection opportunities in
spaceflight missions. Because of the limited num-
ber of subjects and the unique environment, we
could not distinguish the influences of micrograv-
ity, isolation, stress, and other factors on the
human gut microbiota during spaceflight.
Another important question is whether the gut
microbiota or the immune system is the major
factor influenced by spaceflight and whether the
two affect each other.

Conclusions

Fecal samples obtained from two spaceflight mis-
sions enabled evaluating the influence of spaceflight
on the human gut microbiota. This was the first
study to elucidate the impact of short-term space-
flight on the human gut microbiota. Our results
revealed that spaceflight markedly affected the com-
position and function of the human gut microbiota;
however, the steady states of individual specificity
and the species attribution of resistance genes can
always be identified. Our results suggest that the
human gut microbiota should be considered during
future spaceflight missions. More studies are war-
ranted to analyze the mutualistic relationship
between humans and the gut microbiota under
unique environmental conditions.
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