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HIGHLIGHTS GRAPHICAL ABSTRACT
o The bacteria from 9 of 106 deep—sea Deep-sea bacteria
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sediment samples could alter the gut
bacterial communities of mice and
induce glucose metabolism
deterioration, liver damage and
inflammatory symptom, thus yielding
alien species invasion of deep-sea
bacteria into mammal gut microbiota.
Bacillus cereus DP040, a bacterium
isolated from deep-sea sediment
DP040, could invade the gut
microbiota of mice to change the gut
microbial structure, leading to Alteration of gut microbiota
inflammatory symptom of mice.

The deep-sea sediments containing
the bacteria destroying the health of
mice were distributed in
hydrothermal vent, ocean basin and
hadal trench of the Indian Ocean, the
Atlantic Ocean and the Pacific Ocean.
Deep sea may be an important origin
of potential pathogenic bacteria.
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microbiota, acting as potential pathogens.

Objectives: Pathogenic bacteria are great threats to human health. However, the ultimate origin of patho-
genic bacteria has not been intensively explored. In this study, therefore, the influence of deep-sea bac-
teria on the gut microbiota was evaluated on a global scale.

I;‘:{;‘;Ogrg;c bacteria Methods: The bacteria isolated from each of 106 deep-sea sediment samples were transplanted into mice
Deep sea in our study to assess the infectiousness of deep-sea bacteria.

Sediment Results: The results showed that some bacteria from deep sea, an area that has existed since the earth
Mouse was formed, could proliferate in mouse gut. Based on the infectious evaluation of the bacteria from each
Gut microbiota of 106 deep-sea sediments, the bacteria isolated from 13 sediments invaded the gut bacterial communi-
Alien species invasion ties of mice, leading to the significant alteration of mouse gut microbiota. Among the 13 deep-sea sedi-

ments, the bacteria isolated from 9 sediments could destroy mouse health by inducing glucose
metabolism deterioration, liver damage and inflammatory symptom. As an example, a bacterium was iso-
lated from deep-sea sediment DP040, which was identified to be Bacillus cereus (termed as Bacillus cereus
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DP040). Bacillus cereus DP040 could invade the gut microbiota of mice to change the gut microbial struc-
ture, leading to inflammatory symptom of mice. The deep-sea sediments containing the bacteria destroy-
ing the health of mice were distributed in hydrothermal vent, mid-ocean ridge and hadal trench of the
Indian Ocean, the Atlantic Ocean and the Pacific Ocean.

Conclusion: Our findings demonstrate that deep sea is an important origin of potential pathogenic bacte-
ria and provide the first biosecurity insight into the alien species invasion of deep-sea bacteria into mam-

mal gut microbiota.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The human gut microbiota consists of several trillion microbes,
which has been found to be one of the most important factors
affecting human health. [1] With the fast technological develop-
ment, the understanding of the composition of gut microbiota, as
well as their functions and roles in human health and diseases,
has been advanced in the past decade. [2] Gut microbes can fer-
ment non-digestible polysaccharides, thereby producing short-
chain fatty acids and other metabolites to achieve evolutionarily
conserved roles in the metabolism, immunity, development and
behavior of the host. [3-4] The most abundant bacteria in gut
microbiota include Bacteroidales S24-7 group_norank, Lactobacillus,
Faecalibaculum,  Alloprevotella,  Bacteroides, Lachnospiraceae
NK4A136 group, Lachnospiraceae_uncultured, Escherichia- Shigella
and Enterorhabdus, while the core microbiota are Bacteroidales
$24-7 group_norank, Lactobacillus, Alloprevotella, Bacteroides, Lach-
nospiraceae NK4A136 group, Lachnospiraceae_uncultured, Alistipes
and Ruminiclostridium. [5] The change of the composition of gut
microbiota has been directly implicated in the etiopathogenesis
of a number of pathological states, such as obesity, inflammation,
colorectal cancer and autism. [6] Some intrinsic and extrinsic fac-
tors can change the composition of gut microbiota. Studies have
shown that diet, which counts as a host-extrinsic factor, has a
dominating role in shaping the structure of gut microbiota. [7]
Host-intrinsic factors, such as genetics, mostly cause differences
between individuals. The invasion of pathogenic bacteria is one
of the most frequent causes of food-borne gastroenteritis. In this
context, alien bacterial species that can alter gut microbiota may
cause human diseases. However, the role of alien bacterial species
that originate from inaccessible areas for human being, such as
deep sea, has not been explored.

As the largest biome on the earth, deep sea is rich in microor-
ganisms. [8] In the deep-sea ecosystems, the microbes can serve
important ecological functions, such as organic matter re-
mineralization, nutrient cycling and the transfer of energy to
higher trophic levels, [9-12] thus microorganisms are the most
important players in the biogeochemical cycles in deep sea.
Besides, deep-sea microbes are broadly regarded as important
resources for drugs, rare-earth elements and other applications.
[13-16] Due to the importance of deep-sea microbes for researches
and applications, more and more deep-sea samples, especially
deep-sea sediments, have been brought into the land. The deep-
sea samples, which are not properly treated for biosafety before
being brought into the land, contain a large number of microbes,
most of which are unidentified and may affect human health by
changing the composition of gut microbiota after intake. The anal-
ysis of deep-sea samples reveals the presence of the bacteria with
phenotypic and genotypic similarities to the human pathogenic
bacteria, such as Vibrio [17-18] and Bacillus toyonensis. [19] The
genomes of these deep-sea bacteria contain many homologs of vir-
ulence genes that are prevalent in the pathogenic bacteria of
humans and other animals. These deep-sea-originated microbes
may become invasive species in human gut microbiota. Up to date,
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however, the biosafety of deep-sea samples has not been
evaluated.

To evaluate the biosafety of deep-sea microbes to mammal
health by altering the composition of gut microbiota, the bacteria
isolated from deep-sea sediments were transplanted into mice in
this investigation. Since the microbial communities in ocean
waters are affected by currents, [20] the microbial communities
of ocean waters do not accurately represent their deep-sea coun-
terparts. Therefore the deep-sea sediments were used in this study.
The results indicated that the gut microbiota of mice was seriously
changed by the bacteria from some of the deep-sea sediments,
leading to the damage of mouse health.

Materials and methods
Deep-sea sediment samples

Deep-sea sediment samples were collected in the Pacific Ocean,
the Atlantic Ocean and Indian Ocean during the 22th, 26th, 30th,
34th, 39th, 40th and 45th cruises of oceanic vessel No.1 (Dayang
No. 1) geomicrobiology cruises of China from 2010 to 2018
(Table S1). The sampling environments included hydrothermal
vent (66 sediment samples), cold seep (8 sediment samples), ocean
basin (20 sediment samples), hadal trench (8 sediment samples)
and mid-ocean ridge (4 sediment samples). The depth of sampling
stations ranged from 1,100 to 6,682 m with an average of 3,241 m.
All samples were sealed into boxes in situ that were prefilled with
sterilized sea water to minimize contamination. After arriving on
deck, the surfaces of samples were removed using sterile shovels
to further prevent mixing with seawater. To ensure most of the
bacteria were survival, the sediment samples were immediately
stored at 20 °C until the bacteria were isolated.

Isolation of bacteria from deep-sea sediments

Each sediment sample (5 g) was vibrated with glass beads and
5 mL of SM buffer (10 mM Tris-HCI, 100 mM NacCl, 10 mM MgSQy,,
pH7.5) for 30 min. After centrifuge at 1000 x g for 7 min, the
supernatant was collected. Then 5 mL of fresh SM buffer was added
to the same sediment and vibrated for 30 min for the second time.
This process was repeated for 9 times. All of the supernatants were
pooled together, followed by centrifuge at 5000 x g for 20 min.
Subsequently the bacteria were collected and dissolved in steril-
ized water for later use. The isolated bacteria were examined using
transmission electron microscope.

Samples from the mice treated with deep-sea bacteria

A total of 6 ICR (Institute of Cancer Research) female and 6 ICR
male mice (8 weeks old) were randomly divided into two groups.
The 8-week-old mice are considered to be adult mice, which can
receive oral gavage. Each group contained 3 female mice and 3
male mice. To eliminate possible effects of bacteria in the environ-
ment on the gut microbiota of mice, all mice were kept in a steril-
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ized container and fed them with sterilized water and food. Both
groups of mice were raised in a sterilized condition for 3 days to
stabilize their gut microbiota. One group of the mice (experimental
mice) were fed with the isolated deep-sea bacteria (3 x 10°) dis-
solved in sterilized water, while the mice of another group (control
mice) were fed with sterilized water. After feeding with deep-sea
bacteria or sterilized water everyday for 3 days, both groups of
the mice were raised for 4 days in a sterilized condition to stabilize
their gut microbiota. To evaluate the influence of deep-sea bacteria
on the mouse gut microbiota, the body weight of mice was mea-
sured and the feces of mice were collected at Day 3 and Day 10.
At Day 10, all the mice were sacrificed. The blood and intestinal tis-
sues of mice were collected for later use.

Sequencing of bacterial 16S rRNA

Genomic DNA of bacteria was extracted from fecal samples
using the FastDNA® SPIN kit (MP Biomedicals, USA) following the
manufacturer’s protocols. The extracted DNA was used for the
amplification of bacterial 16S rDNA with gene-specific primers
(515F, 5'-GTGCCAGCMGCCGCGG-3/; 907R, 5'-CCGTCA
ATTCMTTTRAGTTT-3’) (M =A/C; R=A/G). Subsequently the
libraries were generated using NEB Next®Ultra™DNA Library Prep
Kit for Illumina (NEB, USA) following the manufacturer’s recom-
mendation. The libraries were sequenced on an Illumina MiSeq
platform.

Data analysis

Sequences analysis was performed by UPARSE software package
using the UPARSE-OTU and UPARSE-OTUref algorithms. For each
sample, about 12 Mb raw sequences of bacterial 16S rRNA gene
were obtained. After removal of the primers, the spacers, the
low-quality fragments and the sequences shorter than 50 bp, the
remaining sequences were further denoised and screened for chi-
meric sequences with the pre.cluster command and chimera.
uchime command in Mothur. Sequences with >97% similarity
were assigned to the same operational taxonomic units (OTUs).
One representative sequence for each OTU was picked and the
uclust was used to annotate taxonomic information. Community
richness, community diversity and rarefaction curve were analyzed
using mothur.

Analysis of blood routine, alanine aminotransferase (ALT) and blood
glucose (GLU)

Blood samples were collected from mice’s eye sockets with
anticoagulant [136 mM ethylene diamine tetraacetic acid (EDTA)-
Na;]. Blood routine test was performed using anticoagulated whole
blood on Sysmex xt-2000i whole blood cell analyzer (Sysmex,
Japan). The serum was subjected to ALT and GLU test on Roche
cobas c311 fully automatic biochemical analyzer (Roche,
Switzerland).

Detections of IL (interleukin)-25 expression level and tuft cells

The intestinal tissue samples were harvested from small intesti-
nes of mice. The expression level of IL25 was quantified by qPCR.
Briefly the total RNAs, extracted from tissue samples using RNA
isolation kit (Ambion, USA), were reversely transcribed with Pri-
meScript RT reagent kit (TaKaRa, Japan). Quantitative real-time
PCR was performed using 2 x ChamQ SYBR qPCR Master Mix
(Vazyme, USA). The PCR reaction mixture (10 pL) contained Rox
reference Dye, cDNA, ChamQ SYBR qPCR Master Mix (Vazyme)
and primers (IL25, 5'-CTAACCTGCTCCAGTCAGCC- 3’ and 5’-CACC
TAATCTGGGTCGCTCC-3; GAPDH, 5'-GGTATCGTGGAAGGA
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CTCATGAC-3' and 5'ATGCCAGTGAGCTTCCCGTTCAG-3'). GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was included for
normalization. The 2-(AACt) method was used to calculate the rel-
ative fold change of mRNA expression.

To detect tuft cells, the intestinal tissue samples of mice were
fixed in 4% paraformaldehyde solution and stored at 4 °C. Subse-
quently the sample was dehydrated with 10% sucrose solution
before embedding in paraffin. The paraffin block was sliced with
a frozen microtome and placed on clean glass slides. After drying,
the sample was washed with xylene for 15 min, anhydrous ethanol
for 10 min, 85% alcohol for 5 min and 75% alcohol for 5 min. Then,
the tissue sections were heated in a repair box filled with EDTA
antigen-repair buffer (pH9.0) (Wuhan Servicebio Technology,
China). The slides were washed with phosphate buffer saline
(PBS), followed by incubation with primary antibody (Abcam,
UK) overnight at 4°C and then with fluorescence-labeled sec-
ondary antibody (Abcam, UK) for 50 min at room temperature.
To detect tuft cells, the antibody against double cortin-like kinase
1 (DCLK1), a marker of tuft cells, was used. The nuclei were labeled
with 4’,6-diamidino-2-phenylindole (DAPI). Subsequently the sam-
ple was observed under fluorescence microscope. The antibodies
used were purchased from a commercial company (Abcam, UK).

Taxonomic classification and phylogenetic tree construction

Bacteria were identified using the deposited reference
sequences in the National Center for Biotechnology Information-
Basic Local Alignment Search Tool (NCBI-BLAST) server (https://
blast.ncbi.nlm.nih.gov/blast/Blast.cgi). The BLAST results of the
identified bacteria were combined and aligned by the neighbour-
joining method with gap corrections. The phylogenetic tree,
including the identified bacteria, was annotated and visualized as
an unrooted tree using Blast Tree View (https://www.ncbi.nlm.
nih.gov/blast/treeview/treeView.cgi).

Bacterial diversity analysis

The alpha diversity of mouse gut bacteria was evaluated using
the online Mothur software (https://www.mothur.org/wiki). The
alpha diversity included Chao, Simpson and Shannon indices.

Principal co-ordinates analysis

The weighted unifrac algorithm was applied for principal co-
ordinates analysis at the OTU level to analyze beta diversity of bac-
teria. The v egan of package R (version 3.4.4) (https://www.r-pro-
ject.org/ Mingkebio, China) was used.

Correlation analysis

Correlation analysis was performed using the online OmicStu-
dio tools (https://www.omicstudio.cn). Based on Spearman’s rank
correlation coefficient, the vegan of package R (Version 3.6.1)
was used.

Isolation and identification of deep-sea bacteria

A deep-sea sediment was suspended in liquid enterobacteria
enrichment broth (Hope Bio, China) or beef extract peptone med-
ium (0. 3% beef extract, 1% peptone, 0.5% NaCl). After incubation
at 37 °C for 3 h, the liquid was plated onto agar media (liquid med-
ium containing 1.5% agar) and cultured for 12 h at 37 °C. Subse-
quently the colonies were subjected to bacterial 16S gene
sequencing. The bacteria, after purification, were identified based
on their 16S gene sequences. Transmission electron microscope
was used to examine the purity and morphology of the isolated
bacteria.
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Genome sequencing and sequence analysis

High-quality DNA was extracted from cultured bacteria using
Qiagen kit. DNA was sequenced using Oxford Nanopore Technol-
ogy on PromethION sequencer. A total of 2 Gb raw sequences were
generated. After quality control, the sequencing data were assem-
bled using unicycler (version 0.4.8), Pilon (version 1.23) and
NextPolish (version v1.4.13). Coding genes, tRNA genes and rRNA
genes were predicted by prodial, tRNAscan-SE (version 2.0) and
RNAmmer (version 1.2), respectively. The other non-coding RNAs
were predicted by searching the RFAM database (https://rfam.
xfam.org/) in Infernal (version 1.1.3). The proteins were annotated
using Interproscan (version 5.25-64.0), TIGRFAMs (https://tigr-
fams. jcvi.org/cgi-bin/index.cgi), Pfam (https://pfam.xfam.org/),
gene ontology (GO) (https://geneontology.org/), the Kyoto encyclo-
pedia of genes and genomes (KEGG) (https://www.kegg.jp/kegg/),
Refseq (https://www.ncbi.nlm.nih.gov/refseq/) and the clusters of
orthologous groups (COG).

Statistical analysis

The numerical data were analyzed by one-way analysis of vari-
ance. The difference between different treatments was analyzed
using Student’s t test. All experiments were performed three times
and the data were presented as mean + standard deviation.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of Zhejiang University, China (Approval no. 14843).

Results
Bacterial community in deep-sea sediments

To identify the bacterial community of deep-sea sediment sam-
ples from different environments, the mixed bacteria (total bacte-
rial community) were isolated from each of 106 deep-sea
sediments which were collected from five deep-sea environments
including hydrothermal vent, ocean basin, cold seep, mid-ocean
ridge and hadal trench (Fig. 1A and Table S1). The transmission
electron microscopy data demonstrated that the isolated deep-
sea bacteria were spherical-shaped or rod-shaped with an average
diameter of 0.4-1 pm (Fig. 1B).

Based on the 16S rRNA gene sequencing in our laboratory (Gen-
Bank accession no PRJNA721272), the bacterial communities of
106 deep-sea sediments contained 1,709 operational taxonomic
units (OTUs) at the genus level. Among them, 94.32% OTUs were
matched with the known bacteria, while 5.68% OTUs were unclas-
sified (Fig. 1C). Of the known genera, the most abundant bacterium
was Bacteroidales S24-7 group_norank, followed by Pseudomonas,
Lactobacillus, Halomonas and Rhodococcus. The dominant genera
were different in different geographical environments (Fig. 1D).

Effects of deep-sea bacteria on gut microbiota of mice

To evaluate the effects of deep-sea bacteria on the microbiota of
mammalian gut, the ICR (Institute of Cancer Research) mice were
fed with the mixed bacteria (total bacterial community) isolated
from each of 106 deep-sea sediments (experiment group) or steril-
ized water (control group) (Fig. 2A). A total of 106 experiment
groups and the corresponding 106 control groups were performed.
At Day 3 and Day 10, the mouse feces of experiment and control
groups were collected and subject to the analysis of gut microbiota
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(Fig. 2A). The sequencing analysis of bacterial 16S rRNA gene
revealed a total of 12,280,349 clean reads and identified 4,043
OTUs (Table S2) (GenBank accession no. PRJNA721276). Based on
OTUs with 97% similarity, the rarefaction curves of all samples
were approaching plateaus (Fig. 2B). At the same time, the cover-
age of sequencing for all samples ranged from 99.2% to 99.9%
(Table S2). These results showed that the sequencing data repre-
sented the bacterial communities of mouse gut microbiota which
could be used for the further analysis. Based on Shannon, Simpson
and Chao indices, the mouse gut bacteria possessed high diversities
(Table S2).

The principal co-ordinates analysis showed that the bacterial
communities of mouse gut between six repeats (3 female and 3
male mice) of each treatment of 106 experiment groups or 106
control groups were similar to each other (Fig. 2C), indicating that
the data were reliable and could be used for further analysis. At the
same time, there was no significant difference of mouse gut bacte-
rial communities between control groups at Day 3 and Day 10
(Fig. 2D), showing that the bacterial communities of mouse gut
were stable.

The results of principal co-ordinates analysis indicated that
among 106 deep-sea sediments, the bacteria from 13 sediments
significantly altered the bacterial communities of gut microbiota
of mice (Fig. 2E). These deep-sea sediments included DP0OS,
DP016, DP017, DP025, DP027, DP028, DP040, DP053, DP054,
DP070, DP074, DP085 and DP098.

Among 13 deep-sea sediments, the bacteria from DP008 signif-
icantly decreased or increased the relative abundance of the mouse
gut bacteria belonging to 30 genera or 7 genera (Fig. 2F and
Table S3). The bacteria from DP054 led to significant decrease or
increase of the mouse gut bacteria belonging to 4 or 21 genera
(Fig. 2F and Table S3). The bacteria from the remaining 11 deep-
sea sediments also significantly changed the bacterial communi-
ties of gut microbiota of mice (Fig. 2F and Table S3). In addition,
it is interesting that 24 bacteria, which were absent in the gut
microbiota of the control mice, were presented in the gut micro-
biota of the mice treated with the bacteria from 7 deep-sea sedi-
ments (Fig. 2G), indicating that these bacteria were originated
from deep sea. These 24 bacteria included Nitrospira, Opitutus, Pro-
pionibacterium, Pseudoxanthomonas, Lachnospiraceae NK4B4 group,
Pseudomonas, Eggerthella, [Eubacterium] oxidoreducens group, Sac-
charopolyspora, Ochrobactrum, Thiobacillus, Solibacillus, Blastocatel-
laceae  (Subgroup 4) uncultured, Xanthomonadales_norank,
Leptospira, Oceanisphaera, Caulobacter, Bacillus, Massilia, Enhy-
drobacter, Ferruginibacter, Pandoraea, Moheibacter and Romboutsia.
A total of 50 OTUs from deep sea were identified to be these 24
bacteria. These data demonstrated that the deep-sea bacteria could
invade the gut microbiota of mice to change the bacterial commu-
nity of mouse gut.

Collectively, the bacteria from 13 of 106 deep-sea sediments
invaded the bacterial communities of gut microbiota of mice, lead-
ing to the significant alteration of mouse gut microbiota.

Influence of deep-sea bacteria on the health of mice

To reveal the effects of deep-sea bacteria on the health of mice,
the blood and gut tissue samples of experiment groups and control
groups (Fig. 2A) were collected. The mice of experiment groups fed
the isolated bacteria from each of 106 deep-sea sediments, while
the mice of control groups fed water. The blood samples were sub-
jected to the detections of blood routine, alanine aminotransferase
(ALT) and blood glucose (GLU), and the intestinal tissue samples
were analyzed to detect the expression level of IL-25 and Tuft cells.
These physiological parameters could indicate liver disease, obe-
sity or/and colitis. For each of 106 treatments (bacteria or water),
there was no difference of physiological parameters between 6
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Fig. 1. Bacterial community in deep-sea sediments. (A) Distribution of deep-sea sediments. (B) Representative images of bacteria isolated from deep-sea sediments. The
bacteria were observed with transmission electron microscopy Scale bar, 1 um. (C) Pie diagram of known and unknown taxonomy of OTUs in deep-sea sediment samples at
the genus level. (D) The dominant genera of bacteria in different deep-sea geographical environments.

mouse individuals of experiment or control mice (Fig. 3A), indicat-
ing that the data were reliable.

The results showed that 7 of 15 physiological parameters
showed no significant difference between 106 experiment groups
and control groups (Fig. 3B). These physiological parameters
included basophilic granulocyte (BASO), red blood cell (RBC), ery-
throcyte mean corpuscular volume (MCV), erythrocyte mean cor-
puscular hemoglobin concentrate (MCHC), erythrocyte mean
corpuscular hemoglobin (MCH), hematocrit (Hct) and hemoglobin
(Hb). Of these parameters, BASO, an effector cell of allergy, was not
affected by the isolated deep-sea bacteria, indicating that the deep-
sea bacteria did not trigger allergic symptoms of mammals.

The bacteria isolated from each of 9 deep-sea sediments
(DP040, DP054, DP098, DP016, DP017, DP027, DP070, DP025 and
DP085) significantly increased or decreased 9 physiological param-
eters, including BW, PLT, NEUT, MONO, LYMPH, EO, WBC, ALT and
GLU. Of the bacteria isolated from 106 deep-sea sediments, the

105

bacteria from 5 sediments (DP029, DP070, DP098, DP123 and
DP125) significantly decreased the glucose (GLU) content of mice,
while the bacteria from the remaining sediments had no effect on
the mouse GLU level (Fig. 3B and Table S4). At the same time, the
bacteria isolated from 2 of 5 sediments, including DP098 and
DPO070, significantly decreased the body weight of mice (Fig. 3B
and Table S4), indicating that these deep-sea bacteria could cause
glucose metabolism deterioration of mice. Based on the detection
of alanine aminotransferase (ALT), the ALT levels of the mice fed
the bacteria isolated from 8 deep-sea sediments (DP025, DP027,
DP029, DP051, DP052, DP088, DP123 and DP125) were signifi-
cantly increased (Fig. 3B and Table S4). Among 8 sediments, the
bacteria from 2 sediments (DP025 and DP027) significantly
decreased the mouse body weight and gut bacterial communities
(Fig. 3B and Table S4), suggesting that the bacteria from deep-sea
sediments DP025 and DP027 caused liver damage of mice through
dysbiosis of gut microbiota.
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The number of white blood cells (WBC) in the mice fed the bac-
teria isolated from 3 deep-sea sediments (DP040, DP016 and
DP017) was significantly increased compared with that of the con-
trol mice (Fig. 3B and Table S4). The percentage of monocytes
(MONO) in the mice fed the bacteria from sediment DP085 was sig-
nificantly increased (Fig. 3B and Table S4). For sediments DP054
and DP098, the isolated bacteria significantly increased the per-
centage of mouse neutrophil (NEUT) (Fig. 3B and Table S4). At
the same time, the mice fed the bacteria from sample DP098
showed a significant weight loss. However, the percentage of lym-
phocyte (LYMPH) in the mice fed the bacteria from sediments
DP040, DP016, DP017, DP085, DP054 and DP098 was not altered.
These data indicated that the bacteria from deep-sea sediments
DP040, DP016, DP017, DP085, DP054 and DP098 caused inflamma-
tion of mice.

To further evaluate the influence of deep-sea bacteria on gut
inflammation, the number of tuft cells and the level of interleukin
(IL)-25 of the small intestine of the mice fed the bacteria from
DP040, DP016, DP017, DP085, DP054 and DP098, the parameters
of inflammatory symptom, were examined. Compared to the con-
trol groups, the tuft cell hyperplasia was observed in the small
intestine of experiment groups (Fig. 3C), indicating that the bacte-
ria from DP040, DPO16, DP017, DP085, DP054 and DP098 pro-
moted inflammation of mice. At the same time, IL-25, secreted
by tuft cells, [21] was significantly upregulated in experiment
groups (Fig. 3D). These results demonstrated that the bacteria from
deep-sea sediments DP040, DP016, DP017, DP085, DP054 and
DP098 could induce an inflammatory symptom.

Collectively, these findings revealed that deep-sea bacteria did
not trigger allergic symptoms of mammals, but some deep-sea bac-
teria could destroy mouse health by inducing glucose metabolism
deterioration, liver damage or/and inflammatory symptom.

Relationship between mouse health and mouse gut bacterial
communities mediated by deep-sea bacteria

To explore whether the health damage of mice treated with
deep-sea bacteria resulted from the changes of mouse gut bacteria,
the relationship between mouse gut bacterial communities and
mouse health mediated by deep-sea bacteria was characterized.
The results showed that the bacteria from 9 deep-sea sediments
(DP0O17, DPO16, DP025, DP027, DP040, DP054, DP070, DP085 and
DP098) significantly altered the mouse gut bacterial communities,
leading to the damage of mouse health (Fig. 4A). The bacteria from
DP070 and DP098 significantly decreased the glucose level of
mouse blood, while the bacteria from DP025 and DP027 signifi-
cantly increased the alanine aminotransferase level of mouse blood
(Fig. 4A). The bacteria from DP016, DP0O17, DP040, DP054, DP085
and DP098 caused intestinal inflammation of mice by altering
the mouse gut bacterial communities (Fig. 4A). However, the bac-
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teria from 6 deep-sea sediments (DP029, DP051, DP052, DP08S,
DP123 and DP125) changed the physiological parameters of mice,
but did not alter the mouse gut microbiota.

The results showed that the bacteria from DP070 and DP098
significantly changed the abundance of 31 bacteria of mouse gut
microbiota at the genus level, resulting in the decrease of the glu-
cose level of mouse blood (Fig. 4B). To reveal the origins of the 31
bacteria, they were compared with the bacterial community of
mouse gut microbiota (GenBank accession no. PRJNA721276) and
the bacterial communities of deep-sea sediments (GenBank acces-
sion no PRJNA721272). It was shown that 3 bacteria were only
found in the mouse gut bacterial community, while 27 bacteria
were simultaneously found in the mouse gut bacterial community
and the deep-sea sediments (Table 1). Interestingly, the bacterium
Eggerthella only existed in deep-sea sediments (Table 1). The corre-
lation analysis demonstrated that based on the relative abundance
of bacteria, 4 of 31 bacteria at the genus (Blautia, Candidatus Sac-
charimonas and Clostridiales vadinBB60 group_norank) were nega-
tively correlated with the glucose level of mouse blood, and no
bacterium was positively correlated with the glucose level of
mouse blood (Fig. 4C).

When the mice were treated with the bacteria from DP025 and
DP027, the abundance of 21 bacteria of mouse gut microbiota at
the genus level was significantly altered and the alanine amino-
transferase level of mouse blood was significantly increased
(Fig. 4B). Among the 21 bacteria, 6 bacteria existed in the mouse
gut microbiota, while the remaining 15 bacteria could be found
in the deep-sea sediments and the mouse gut microbiota (Table 1).
The correlation analysis revealed that of the 21 bacteria, Desul-
fovibrio was positively correlated with the alanine aminotrans-
ferase level of mouse blood, while Coriobacteriaceae_uncultured
and Mollicutes RF9_norank were negatively correlated with the ala-
nine aminotransferase level of mouse blood (Fig. 4D).

In the mice treated with the bacteria from DP016, DP017,
DP040, DP054, DP085 and DP098, the abundance of 63 bacteria
of mouse gut microbiota at the genus level was significantly chan-
ged, resulting in intestinal inflammation of mice (Fig. 4B). Of the 63
bacteria, 6 bacteria, including Acetatifactor, Bilophila, Eggerthella,
Gordonibacter, Lachnospiraceae UCG-006, were found in the mouse
gut microbiota, while a bacterium Bacillus only existed in the
deep-sea sediments (Table 1). The remaining 56 bacteria co-
existed in the deep-sea sediments and the mouse gut microbiota
(Table 1). The correlation analysis showed that among the 63 bac-
teria, Bacillus, Prevotellaceae UCG-001, Alphaproteobacteria_Unclassi
fied, Staphylococcus, Corynebacterium 1, Faecalibaculum and Allobac-
ulum were positively correlated with inflammation, whereas Para-
sutterella was negatively correlated with inflammation (Fig. 4E).

Collectively, these results indicated that the deep-sea bacteria
could invade mouse gut microbiota, leading to the alteration of
gut bacterial community and further the damage of mouse health

<

Fig. 2. Effects of deep-sea bacteria on gut microbiota of mice. (A) A flow diagram of the experiments. Male and female mice (8 weeks old) were fed with sterilized water in
a sterile environment for 3 days, followed by feeding with the isolated deep-sea bacteria or sterilized water for 3 days. After maintenance of mice for further 4 days, the mice
were sacrificed. Fecal sample collection and weight measurement of mice were conducted at Day 3 and Day 10. (B) Rarefaction curves of the bacterial 16S rRNA genes for all
samples. (C) Principal co-ordinates analysis of the mouse gut bacterial communities of 106 experiment groups and 106 control groups at Day 3 (left panel) and Day 10 (right
panel). For each of experiment groups or control groups, 3 female and 3 male mice were used. (D) Principal co-ordinates analysis of the gut microbiota of the control mice
(control group). The bacterial communities of the feces of 106 control groups at Day 3 and Day 10 were analyzed with principal co-ordinates analysis. Each dot represented
the bacterial community of mouse at Day 3 (blue) or Day 10 (green). (E) Principal co-ordinates analysis of the bacterial communities of the fecal samples of the mice treated
with the bacteria isolated from 106 deep-sea sediments. The mice were fed with the bacteria from one of 106 deep-sea sediment samples, followed by the analysis of gut
microbiota. Each dot represented an experiment group at Day 3 or Day 10. The enlarged images of the samples with significant alteration (p < 0.05) were shown at the lower
panel. “E” indicated the fecal samples of experiment group. (F) The bacteria significantly increased or decreased in the gut microbiota of the mice treated with the bacteria
isolated from deep-sea sediments. Based on the sequencing data of bacterial 16S rRNA gene, the mouse gut bacteria with significant fold change were indicated at the genus
level. The deep-sea-originated bacteria were shown. (G) The deep-sea-originated bacteria in the gut microbiota of mice. After treatment of deep-sea bacteria, 24 bacteria
appeared in the gut microbiota of mice. These 24 bacteria were absent in the gut microbiota of the control mice, showing they originated from deep-sea sediments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Influence of deep-sea bacteria on the health of mice. (A) Scatter plots of the value of 16 physiological parameters of control mice and experimental mice. Both
control mice and experimental mice consisted of 3 female and 3 male ICR mice. Each of the experimental mice was fed with the bacteria isolated from a deep-sea sediment,
while the control mice were fed with sterilized water. In total, 106 deep-sea sediments were used. Subsequently the physiological parameters of the experimental and control
mice were examined. Each dot represented the mean of a physiological parameter of 6 mice (3 female and 3 male mice). As an example, ALT of experimental mice was
enlarged. In the enlarged image, each line indicated the mean (on the right) of 6 ALT values of the mice treated with the bacteria from a deep-sea sediment (on the left). As
shown in the enlarged image, the ALT values of 6 mice were close to each other, showing that there was no difference of physiological parameters between 6 mouse
individuals. BW, body weight; BASO, basophilic granulocyte; RBC, red blood cell; PLT, platelet; NEUT, neutrophil; MONO, monocyte; MCV, mean corpuscular volume; MCHC,
mean corpuscular hemoglobin concentration; MCH, mean corpuscular hemoglobin; LYMPH, lymphocyte; Hct, hematocrit; Hb, hemoglobin; EO, eosinophil; WBC, white blood
cell, ALT, alanine aminotransferase; GLU, glucose. (B) Volcano plots showing statistical significance (y axis) versus fold change (x axis) of each physiological parameter of mice
after administration of the bacteria from each deep-sea sediment sample. The colored points above the horizontal dashed line indicated the significant changes with p < 0.05
(lower line) and p < 0.01 (upper line). The percentage of BASO was 0% in most of the samples. Therefore it was not shown. (C) Influence of deep-sea bacteria on the number of
tuft cells in the small intestine of mice. The small intestines of control and experimental mice were labeled with the antibody against DCLK1 (green), the marker protein of
tuft cells. The nuclei were stained with DAPI (blue). The tuft cells were indicated with arrows. Scale bar, 100 pm. (D) The expression level of IL-25 in the small intestine tissues
of control and experimental mice. Quantitative real-time PCR was used to examine the expression profiles of IL-25 (**, p < 0.01). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

such as inflammation, liver damage and decreased blood glucose
level.

Characterization of the deep-sea bacteria destroying mouse
health

To identify the deep-sea bacteria that could invade the gut
microbiota of mouse to destroy mouse health, the bacteria were
isolated from deep-sea sediments. Based on the screening of bacte-
ria from deep-sea sediments DP016, DP017, DP025, DP027, DP040,
DP054, DP070, DP085 and DP098, many bacterial colonies were
observed. More than 70 colonies were selected randomly for the
bacterial 16S rRNA gene sequencing. A total of 21 bacterial species
were identified (Fig. 5A). Among these bacteria, a bacterium from
DP040, identified to be Bacillus cereus (termed as Bacillus cereus
DP040) based on the bacterial 16S rRNA gene sequence (GenBank
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accession number 0K036352) (Fig. 5B), existed only in the gut
microbiota of the mice treated with deep-sea bacteria, but not in
the gut microbiota of control mice or experimental mice before
treatment (Fig. 2F and Table 1), suggesting that Bacillus cereus
DP040 might play important roles in destroying mouse health.
Therefore Bacillus cereus DP040 was further characterized. The
transmission electron microscopic data showed that Bacillus cereus
DP040 was rod-shaped (Fig. 5C).

As reported, Bacillus cereus, a Gram-positive bacterium, is an
important opportunistic human pathogen that can be well adapted
for growth in the intestinal tract of mammals, leading to food poi-
soning. [22] Therefore the influence of deep-sea Bacillus cereus on
mouse gut microbiota and health was explored. The results indi-
cated that the contents of 14 bacterial genera, including Candidatus
Soleaferrea, Oscillibacter, Roseburia, Tyzzerella, Lachnospiraceae
NK4A136 group, Ruminiclostridium 9, Anaerotruncus, Lach-
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Fig. 4. Relationship between mouse health and mouse gut bacterial communities mediated by deep-sea bacteria. (A) The deep-sea bacteria significantly changing the
mouse gut bacterial communities and destroying the mouse health. Among 106 deep-sea sediments, the bacteria from each of 9 sediments significantly altered the gut
bacterial communities of mice, leading to inflammation, the decrease of glucose level and/or the increase of alanine aminotransferase. (B) Influence of the invasion of deep-
sea bacteria on the gut microbiota and health of mice. The increase and decrease of the mouse gut bacteria, mediated by the bacteria from deep-sea sediments, led to the
decrease of the glucose level of mouse blood, the increase of the alanine aminotransferase level of mouse blood or/and the intestinal inflammation of mice. The increase or
decrease level of bacteria was shown using fold-change value. Only the bacteria with fold-change > 2 were indicated. (C) Correlation analysis of the bacterial community and
the glucose level of mouse blood. The correlation analysis was conducted using Spearman’s rank correlation coefficient. (D) Correlation analysis of the bacterial community
and the alanine aminotransferase level of mouse blood. (E) Correlation analysis of the bacterial community and the inflammatory parameters of mice.

nospiraceae_uncultured, [Eubacterium] nodatum group,
Christensenellaceae_uncultured, Anaerovorax, Candidatus Sacchari-
monas, [Eubacterium] brachy group and Ruminococcaceae UCG-014,
were significantly increased in the gut microbiota of the mice trea-
ted with Bacillus cereus DP040 (6 x 10 [8] bacteria/mouse)
(Fig. 5D). At the same time, the number of white blood cells
(WBC) and 1I-25 level of the mice fed Bacillus cereus DP040 were
significantly increased compared with the controls (Fig. 5E), which
were consistent with the previous data (Fig. 3B, 3D and Table S4).

Taken together, these results indicated that some bacteria in
deep-sea sediments, such as Bacillus cereus DP040, could invade
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the gut microbiota of mice to change its structure, leading to the
health damage of mice (Fig. 5F).

Genomic characterization of deep-sea Bacillus cereus DP040

To further characterize the bacteria isolated from deep-sea sed-
iment sample DP040, the whole genome of Bacillus cereus DP040
was sequenced. The results showed that Bacillus cereus DP040 con-
tained a 5,860,040-bp genome with an average GC content of 34%
(Fig. 6A and Table 2) (GenBank accession number PRJNA786723).
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Table 1
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The origins of the altered bacteria in the gut microbiota of mice treated with the isolated bacteria from deep-sea sediments.

Effect

Origin

Bacteria at the genus level

the decrease of the glucose level of

mouse blood

the increase of the alanine

aminotransferase level of mouse

blood

intestinal inflammation of mice

Mouse gut bacterial
community

Deep-sea sediments
Mouse gut bacterial
community and deep-sea
sediments

Mouse gut bacterial
community

Mouse gut bacterial
community and deep-sea
sediments

Mouse gut bacterial
community

Mouse gut bacterial
community and deep-sea
sediments

Candidatus Saccharimonas, Lachnospiraceae UCG-006, Gordonibacter

Eggerthella

Enterorhabdus, Lachnospiraceae UCG-001, Ruminiclostridium 5, Marvinbryantia, Butyricicoccus,
[Eubacterium] xylanophilum group, Peptococcaceae_uncultured, Clostridiales vadinBB60
group_norank, Lachnoclostridium, Blautia, Roseburia, Ruminococcus 1, [Eubacterium] nodatum
group, Anaerovorax, Oscillibacter, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-009,
Tyzzerella, Lachnospiraceae NK4A136 group, Ruminococcaceae UCG-014,
Lachnospiraceae_uncultured, Anaerotruncus, Ruminiclostridium 9, Ruminococcaceae_uncultured,
Lactobacillus, Parabacteroides, Bacteroides

Candidatus Arthromitus, Desulfovibrio, Family XIII UCG-001, [Eubacterium] xylanophilum group,
Blautia, Parvibacter

Peptococcaceae_uncultured, Enterorhabdus, Coriobacteriaceae_uncultured, Lachnoclostridium,
Ruminiclostridium, [Eubacterium] brachy group, Coprococcus 1, Parabacteroides, Tyzzerella,
Lachnospiraceae_uncultured, Alistipes, Oscillibacter, Anaerotruncus, Mollicutes RF9_norank,
Lachnospiraceae UCG-006

Acetatifactor, Bilophila, Eggerthella, Gordonibacter, Lachnospiraceae UCG-006, Lachnospiraceae
UCG-009

Achromobacter, Alistipes, Allobaculum, Alphaproteobacteria_Unclassified, Anaerotruncus,
Bacteroides, Blautia, Brevundimonas, Butyricicoccus, Butyricimonas, Candidatus Saccharimonas,
Christensenellaceae R-7 group, Clostridiales vadinBB60 group_norank, Coprococcus 1,
Corynebacterium 1, Desulfovibrio, Enterococcus, Enterorhabdus, Erysipelatoclostridium,
Faecalibaculum, Family XIII AD3011 group, Family XIII UCG-002, Lachnoclostridium,
Lachnospiraceae FCS020 group, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-001,
Lachnospiraceae UCG-008, Lachnospiraceae_uncultured, Lactobacillus, Marvinbryantia,
Maucispirillum, Nitrosomonadaceae_uncultured, Odoribacter, Oscillibacter, Pannonibacter,
Parabacteroides, Parasutterella, Peptococcaceae_uncultured, Prevotellaceae UCG-001, Roseburia,

Ruminiclostridium, Ruminiclostridium 1, Ruminiclostridium 5, Ruminiclostridium 6,
Ruminiclostridium 9, Ruminococcaceae UCG-005, Ruminococcaceae UCG-014,
Ruminococcaceae_uncultured, Staphylococcus, Tyzzerella, Tyzzerella 3, [Eubacterium] brachy
group, [Eubacterium] coprostanoligenes group, [Eubacterium] nodatum group, [Eubacterium]
xylanophilum group, [Ruminococcus] torques group

Deep-sea sediments Bacillus

Bacillus cereus DP040 shared 73.6% identity of genome sequence
with the known Bacillus cereus. The Bacillus cereus DP040 genome
contained 5,694 open reading frames (ORFs), ranging from 93 bp
to 15,033 bp in length with an average length of 854.23 bp
(Table 2). Of these ORFs, 4,068 ORFs were annotated into 26 cate-
gories in the Clusters of Orthologous Group (COG) database
(Fig. 6B). The largest COG group was the [E] group (amino acid
transport and metabolism), followed by the [K] group (transcrip-
tion). Based on KEGG analysis, 2,552 of 5,694 genes were involved
in amino acid metabolism (12%), carbohydrate metabolism (11%),
metabolism of cofactors and vitamins (8%), membrane transport
(8%) and energy metabolism (7%) (Fig. 6C).

Based on the genes encoded by Bacillus cereus DP040, Bacillus
cereus DP040 might affect the gut absorption and immunity. A total
of 372 genes participated in the biosynthetic process and 21 genes
were involved in the protein secretion (Fig. 6D), which could affect
the absorption ability of animal gut. There were 12, 138 and 56
genes related to pathogenesis, signal transduction and responses

to drug, antibiotic, heat and other types of stresses, respectively
(Fig. 6D), which played important roles in immunity. These results
indicated that the deep-sea Bacillus cereus DP040 had the capacity
to affect the intestinal functions of mice. The analysis of virulence
factors of Bacillus cereus DP040 genome revealed that 11 genes,
including cytK and hblA, could trigger immune responses of mice
to destroy mouse’s health (Fig. 6E).

Collectively, these findings revealed that Bacillus cereus DP040
could encode the proteins to alter the gut absorption and immu-
nity of mice, thus having the ability to destroy mouse’s health.

Distribution of deep-sea sediments containing the bacteria
destroying the mouse health

To reveal the distribution of the deep-sea sediments containing
the bacteria harmful to the health of mice, the deep-sea sediment
samples were analyzed. The results showed that among 106 deep-
sea sediment samples, the bacteria from each of 9 sediments

>

Fig. 5. Characterization of the deep-sea bacteria destroying mouse health. (A) The bacteria isolated from deep-sea sediments. All bacteria were isolated using beef extract
peptone medium or enterobacteria enrichment broth at 37 °C. The bacteria were identified based on the bacterial 16S rRNA gene sequencing. (B) Phylogenetic tree of Bacillus
cereus isolated from deep-sea sediment DP040. The tree was constructed using the neighbor-joining analysis of a distance matrix obtained from a multiple-sequence
alignment. Scale bar represented the genetic distance (1 substitution per 100 nucleotides). (C) Image of Bacillus cereus DP040. The bacteria were observed under a
transmission electron microscope. Scale bar, 500 nm. (D) Influence of Bacillus cereus DP040 on the gut bacterial communities of mice. The mice (8 weeks old) were fed with
sterilized water in a sterile environment for 3 days to stabilize the mouse gut bacterial communities. Then 3 male and 3 female mice were fed with the purified deep-sea
Bacillus cereus DP040 for 3 days. After maintenance of the mice for further 4 days, the mice were sacrificed. At Day 3 and Day 10, the fecal samples were collected and
subjected to the bacterial 16S rRNA gene sequencing. (E) Detection of inflammatory symptom of the mice treated with Bacillus cereus DP040. Mice were fed Bacillus cereus
DP040 or PBS. Seven days later, the number of white blood cells (WBC) and 11-25 level of mice were examined (**, p < 0.01). (F) Model for the invasion of deep-sea bacteria into
mouse gut microbiota. The bacteria from deep sea invaded the gut microbiota of mice to alter the mouse gut microbiota, leading to the damage of mouse health.
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Fig. 6. Genomic characterization of deep-sea Bacillus cereus DP040. (A) Circos plot showing the Bacillus cereus DP040 genome. The coding sequence, tRNA (orange), rRNA
(purple) were integrated to draw the circos plot of the nuclear genome of Bacillus cereus DP040. (B) Functional classifications of the genes encoded by Bacillus cereus DP040
based on the Clusters of Orthologous Group (COG) database. (C) The percentage of the genes assigned in KEGG categories. (D) The genes assigned with functions that affected
the functions of gut. (E) The identified virulence factors in Bacillus cereus DP040 genome. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(DPO16, DP017, DP025, DP027, DP040, DP054, DP070, DP085 and
DP098) could destroy the health of mice via altering the structure
of mouse gut microbiota. These 9 deep-sea sediment samples were
distributed in the Indian Ocean (DP025, DP054, DP085 and DP098),

the Atlantic Ocean (DP027 and DP040) and the Pacific Ocean
(DP016, DP017 and DP070) (Fig. 7A). Of the 9 samples, 6 samples
(DP025, DP027, DP040, DP054, DP085 and DP098) came from
hydrothermal vents, 1 sample (DP070) was from ocean basins,
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Table 2

Characteristics of the Bacillus cereus DP040 genome.

Characteristics

Bacillus cereus DP040

Length (bp) 5,860,040
GC content 35.11%
No. of plasmid 1

No. of coding genes 5,694

Ns (%) 0

No. of non-coding RNA 278

No. of ribosomal RNA 42

No. of transfer RNA 108

and 2 (DP016 and DP017) were hadal trench samples (Fig. 7A). The
9 sediments were mainly distributed at about 10°north.

The results showed that the depth of the 9 sediment samples
ranged from 2295m to 5192 m with an average depth of
3490.44 m (Fig. 7B). Four samples (DP040, DP054, DP085 and
DP098) were distributed between 2000 and 3000 m (Fig. 7B).

Taken together, these results demonstrated that among 106
deep-sea sediment samples, 9 samples containing the bacteria
destroying the health of mice were distributed in hydrothermal
vent, ocean basin and hadal trench of the Indian Ocean, the Atlantic
Ocean and the Pacific Ocean.

Discussion

Pathogens, including bacteria, viruses, fungi and microscopic
protozoans, possess an inherent capacity to cause diseases in hosts.
[23] The human diseases caused by pathogens include but not lim-
ited to enteritis, [24] hepatitis, [25] pneumonia, [26] cholera and
gastritis. [27-28] As one of the main pathogens, bacteria have
evolved to exploit humans as a rich source of nutrients to support
bacterial survival and replication, [29] therefore colonizing and
causing clinical symptoms. The sources of pathogenic bacteria
can be foods, animals and even environments. [30-32] In recent
years, environments have become the important sources of patho-
genic bacteria, such as waters and soils in which the bacterial
pathogens can cause sepsis, traumatic infection, gastroenteritis
and even death. [33-34] Up to date, however, whether there exist
pathogenic bacteria in deep sea, one of the less explored and

>
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extreme environments on the earth, has not been explored. In this
study, based on the characterization of the bacteria isolated from
106 deep-sea sediments on a global scale, the bacteria from 9 sed-
iments of three oceans (the Indian Ocean, the Atlantic Ocean and
the Pacific Ocean) could destroy mouse health via altering the
mouse gut microbiota, suggesting the existence of potential patho-
genic bacteria in deep sea. As an example, our findings showed that
Bacillus cereus DP040, which was isolated from the deep-sea sedi-
ment, had the ability to invade mouse gut microbiota, leading to
the damage of mouse health. Our study clearly demonstrates for
the first time that the alien species invasion of potential pathogenic
bacteria from deep sea is a great threat to mammal health.

Deep sea, covering more than 50% of the planet’s surface and
66% of global sea-floor area, [35] has existed for more than 4.2 bil-
lion years. [36] Deep sea, one of the most ancient and extreme
environments on the earth, is characterized by high pressure, lack
of light, extreme oxygen and salinity concentration, along with
extreme temperature. [37] In the deep-sea ecosystems, there are
abundant biological communities, of which microbes are the most
abundant.[38] Among the deep-sea microorganisms that can be
isolated and cultured, bacteria are a main type of microbes, most
of which belong to Gamma-proteobacteria subgroup, including She-
wanella, Moritella, Psychromonas, Photobacterium and Colwellia. Our
findings revealed that 9 deep-sea sediment samples from
hydrothermal vent, ocean basin and hadal trench of the Indian
Ocean, the Atlantic Ocean and the Pacific Ocean contained the
potential pathogenic bacteria that were harmful to mice. These
deep-sea sediments were mainly distributed in hydrothermal
vents. The potential pathogenic bacteria from deep sea could
invade the gut microbiota of mice to alter the gut bacterial com-
munity and further to destroy the mouse health. The numerous
adaptation genes and virulence factors encoded by deep-sea bacte-
ria enabled the potential pathogenic bacteria from deep sea to
quickly proliferate in the mouse gut, thus leading to alien species
invasion of deep-sea bacteria into mouse gut microbiota. Due to
their proliferation in mouse gut, the deep-sea bacteria altered the
mouse gut microbiota and further resulted in the damage of mouse
health, such as intestinal inflammation, liver damage and decrease
of blood glucose level. The underlying mechanism of the invasion
of deep-sea bacteria into mammal gut microbiota merited to be
explored in the future work. At the same time, the biosecurity of
deep-sea bacteria needed to be further investigated.
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Fig. 7. Distribution of deep-sea sediments containing the bacteria destroying the mouse health. (A) Distribution of deep-sea sediments containing the bacteria
destroying the mouse health. (B) The sampling depth of deep-sea sediments containing the bacteria destroying the mouse health.
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