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Abstract

Background

The global population of obese individuals is increasing, affecting human health. High-fat
diets are a leading cause of this epidemic, and animal models, such as mice, are often used
in related research. Obese individuals have a different gut microbiota composition from non-
obese ones, characterized by a sizeable population of certain bacteria associated with fat
storage. The gut microbiome plays a significant role in regulating human physiological and
metabolic functions. Links between obesity, high-fat diets and gut microbiota have become
hot topics of discussion. Recently, research on the modulation of the gut microbiota has
focused on fecal microbiota transplantation (FMT), which has been recognized as an effec-
tive method of studying the function of gut microbiota.

Objectives

The purpose of this study was to investigate how the gut microbiota of Suncus murinus, a
naturally obesity-resistant animal, through FMT, affected the ecology of the gut microbiota
of high-fat diet induced obese mice.

Methods

In this study, Suncus murinus was used as a donor for FMT. High-fat diet induced C57BL/
6NCrSlc mice were used as recipients, the body weight changes were measured and
changes in their gut flora were analyzed using a 16S rRNA gene analysis.

Results

The study found that, after the FMT procedure, the FMT group tended to have a lower body
weight than the control group. At the phylum level, the most predominant phyla in all groups
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were Firmicutes and Proteobacteria, while Deferribacteres was not detected in the FMT or
antibiotic administration groups, and Bacteroidetes was not present in the antibiotic adminis-
tration group. At the genus level, the FMT group had significantly lower OTU richness than
the control group but greater diversity than the control group.

Conclusions

These results indicate that FMT from Suncus murinus can help reorganize and improve the
gut microbiota of mice in a balanced and diverse ecosystem.

Introduction

The prevalence of obesity has been on the rise globally, leading to significant negative impacts
on physical health in recent years. Various theories exist to explain the causes of obesity, and
one notable factor is the shift in people’s dietary patterns, with high-fat diets (HFD) being a
particular concern [1]. Currently, some animal models, especially mouse models, are widely
used in research on HFD-induced obesity [2, 3]. Studies have shown that obese individuals
tend to have a different composition of gut microbiota from those who are lean, with a lower
diversity of gut bacteria and an overrepresentation of certain types of bacteria that are associ-
ated with increased calorie extraction and storage of fat [4]. Links between obesity, HFD and
gut microbiota have thus become hot topics of discussion.

The microbial community within the human intestine is incredibly complex and diverse,
consisting of at least 10'* bacteria and archaea and approximately 1,100 prevalent species, with
an average of 160 such species per individual [5, 6]. This microflora is estimated to possess 150
times more genes than human host genomes [7] and plays a crucial role in regulating human
physiological and metabolic functions [8]. Recently, research on the modulation of the gut
microbiota has focused on fecal microbiota transplantation (FMT), which can reverse intesti-
nal microbiome dysbiosis in the recipient [9-12]. Given its advantages, FMT is considered an
innovative and effective technique for the treatment of challenging diseases [13, 14], although
there is controversy regarding FMT as a safe treatment technique [15].

Through animal studies, researchers have found that FMT can alter body phenotypes.
Germ-free mice that received microbiota from human donors with obesity became obese,
while those that received microbiota from human donors who had undergone bariatric sur-
gery remained lean [16-18]. Studies have shown that FMT from lean donors can increase
intestinal microbial diversity and improve insulin sensitivity in patients suffering from meta-
bolic syndrome [19]. However, these studies have mainly focused on obese animals, and the
transplantation of gut microbiota between naturally obesity-resistant and HFD animals has
not been reported.

The house musk shrew, Suncus murinus (S. murinus), is an insectivorous animal that has
been used in various fields of medicine due to its unique characteristics compared to labora-
tory rodents [20]. Our team has been mainly concerned with the peculiarities of its digestive
system [21-25], and our research in recent years has shown that S. murinus is a naturally obe-
sity-resistant experimental animal [26]; in particular, its resistance to mesenteric fat accumula-
tion is a desirable trait not found in general animals, including humans, that stimulated our
research interest. We previously found that even on an HFD, this animal was able to maintain
its body weight and mediate fat gain by controlling its energy intake [27]. A further study
found that the gut microbiota of S. murinus differs markedly from that of the general
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experimental animal C57BL, and the influence of antibiotic use for FMT on the transplanta-
tion effect was discussed [28].

In the present study, to further our research on naturally obesity-resistant animals, we
focused on the microbes that inhabit the gut of S. murinus, we explored whether or not the
ecological diversity of gut microbiota of obese mice fed an HFD could be improved by trans-
planting S. murinus gut bacteria.

Materials and methods
Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee
of Tokyo Metropolitan University, and all experiments were conducted in accordance with the
National Research Council Guide for Care and Use of Laboratory Animals (A3-22, A4-19).

S. murinus. Male house musk shrews, S. murinus (n = 6, 4 weeks old), obtained from a
closed breeding colony (JIc: KAT-c) at our laboratory were employed as donors for FMT
experiments in this study. All animals were housed in polycarbonate cages in a room main-
tained at 28 + 2°C with 50% + 5% relative humidity in the Functional Morphology Laboratory,
Department of Frontier Health Sciences, Tokyo Metropolitan University (Tokyo, Japan). S.
murinus individuals were randomly swapped between cages three times per week for three
weeks prior to the FMT procedure to minimize other variables that might cause differences in
the microbiota. The room was automatically lit between 09:00 and 21:00. The pellets consisted
of 45.0% protein, 4.0% fat, 3.0% fiber, 15.0% ash and 26.2% complex carbohydrates (Oriental
Yeast Co., Ltd. Bioindustry Division, Chiba, Japan), and the metabolizable energy content was
357 kcal/100 g. Pellets and water were supplied ad libitum [28].

C57BL/6NCrSIc mouse. As recipients of FMT, specific-pathogen-free C57BL/6NCrSIc
mice (male, n = 18, 4 weeks old) obtained from Sankyo Labo Service Corporation, Inc.
(Tokyo, Japan) were housed in high-efficiency, particulate air-filtered cages with sterilized
bedding with ad libitum access to food and water. All mice were kept on a 12-h light/dark
cycle at 25 + 2°C with humidity (50% + 5%) in our laboratory. The HFD (60 kcal% fat,
D12492; Research Diets Inc., New Brunswick, NJ, USA) was replaced every 2 days to keep it
fresh and the HFD feeding period was from beginning to the end of the experimental. To
avoid cross-infection of intestinal flora, recipient mice were kept in a private room after
transplantation.

Experimental design and procedure

C57BL mice were randomly assigned to three groups: the control group (Con group, n = 6),
the antibiotic administration group (AB group, n = 6) and the FMT group (FMT group,

n = 6). All groups were housed in high-efficiency, particulate air-filtered cages with sterilized
bedding with ad libitum access to food and water. The FMT group first received 10 days of
antibiotic treatment, and after 3 days of drug withdrawal, the group received daily FMT from
S. murinus for 3 consecutive days (Fig 1). The AB group received the same antibiotic treatment
but no transplantation. The Con group received neither antibiotic treatment nor transplanta-
tion. Antibiotic cocktail including ampicillin (1.0 g/L; Nacalai Tesque, Kyoto, Japan), vanco-
mycin (0.5 g/L; Shionogi, Osaka, Japan), neomycin (1.0 g/L; Nacalai Tesque, Kyoto, Japan)
and metronidazole (1.0 g/L; Nacalai Tesque, Kyoto, Japan) in drinking water [28].
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Fig 1. Schedual of experimental in each mouse group. Abx: antibiotic treatment period; FC: fecal microbiota collection; BW: body weight measurement; FT: fecal
microbiotal transplantation from S. murinus; PBS: phosphate buffer saline. FMT: fecal microbiota transplantation group; AB: antibiotics group; Con: control group.

https://doi.org/10.1371/journal.pone.0293213.9001

FMT

The FMT procedure was conducted in line with our previous research [28]. In brief, to collect
fecal content from the donor animal, all surgical instruments were aseptically sterilized before
the transplantation surgery. Age- and sex-matched donor animals (S. murinus) were deeply
anesthetized under inhalation anesthesia with isoflurane (concentration 5.0%, v/v) using a
continuous inhalation anesthesia machine (SN-487-OT Air, WAKENYAKU CO., LTD,
Kyoto, Japan), and then the abdominal skin was disinfected with iodine, and a midline abdom-
inal incision was made. The large intestine (S. murinus has no cecum) was cut open, and
approximately 100 mg of content was collected and transferred into a 5 ml sterile test tube,
with care taken to avoid external contamination. One hundred milligrams of fecal content was
collected and resuspended in 1 ml of sterile phosphate-buffered saline (PBS; pH = 7.2) (con-
taining 10% triglycerides) in a 5 ml sterile microtube, mixed with a vortex mixer for 10 s and
centrifuged at 805 x g for 3 min at 4°C to separate the supernatant that contained most of the
microbiota from the solid fecal matter. Approximately 600 ul of the supernatant was removed
and divided into 3 equal parts (200 pl/per tube), with 1 vial immediately available for trans-
plant experiments and the other 2 stored at —80°C in a freezer for use over the next 2 days.
Two hundred microliters of intestinal content supernatant was administered by oral gavage
for three days. The FMT group continued to be fed sterile water and an HFD after transplanta-
tion until the end of the experiment. The mice in the Con and AB groups received oral gavage
with an equal amount of PBS to match the stress of gavage manipulation during the same
three-day period. After completing sample collection from the donor animals, the donor ani-
mals were euthanized by overdose anesthesia.

Body weight

The body weight was measured twice a week (Fig 1).

Extraction of DNA from feces

Eight weeks after FMT, three groups of mice were anesthetized until they reached a state of leth-
argy. Under as sterile a condition as possible, the abdominal cavity of the mice was opened, and
the cecum was cut open. Approximately 200 mg of feces was collected from the cecum, and the
collected feces were immediately dissolved with reagents from the DNA Kit. Fecal DNA was
then extracted from the fecal samples using the ISOSPIN Fecal DNA Kit (Nippon Gene Co.,
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Ltd., Toyama, Japan) according to the manufacturer’s protocols. The concentration of the
extracted DNA was detected using a NanoDrop 2000 spectrophotometer (Thermo Fischer Sci-
entific, Wilmington, DF, USA). Any samples that did not meet the detection standards were
removed, and all DNA samples were immediately stored at -80°C before the next process.

Library construction and sequencing

Paired-end (2x300 bp) sequencing was performed by Macrogen (Seoul, South Korea) using
the MiSeq™ platform (Illumina, San Diego, CA, USA). The sequencing libraries were prepared
using the Illumina 16S Metagenomic Sequencing Library protocols to amplify the V3-V4
region. The gDNA input of 2 ng was amplified by polymerase chain reaction (PCR) with Her-
culase II fusion DNA polymerase (Agilent Technologies, Santa Clara, CA, USA) and 5x reac-
tion buffer, 1 mM dNTP mix and 500 nM each of the universal F/R PCR primers. The 1st PCR
cycle conditions included 3 min at 95°C for heat activation, followed by 25 cycles of 30 sec at
95°C, 30 sec at 55°C, and 30 sec at 72°C, and a final extension of 5 min at 72°C. The universal
primer pair with Illumina adapter overhang sequences used for the first amplifications was
V3-F: 5/ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3"
and V4-R: 5/ - GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC
TAATCC-3". The 1st PCR product was purified with AMPure beads (Agencourt Bioscience,
Beverly, MA, USA). After purification, 2 pL of the 1st PCR product was PCR-amplified for the
final library construction index using the NexteraXT Indexed Primer under the same PCR
conditions as the 1st PCR, except that there were 10 cycles. The PCR product was purified
with AMPure beads, and the final purified product was quantified by quantitative PCR
(qPCR) according to the qPCR Quantification Protocol Guide (KAPA Library Quantification
kits for Illumina Sequencing platforms) and qualified using TapeStation D1000 ScreenTape
(Agilent Technologies, Waldbronn, Germany).

Sequence analyses

For adapter trimming, adapter sequences were removed, and regions where two reads over-
lapped were error correction using fastp (v. 0.19.7) [29]. Subsequently, the paired-end
sequences created by sequencing both directions of the library using the FLASH software pro-
gram (v.1.2.11) resulting in the raw library and single long reads [30].

Operational taxonomic units (OTUs) were clustered with a 97% similarity cut-off and used
CD-HIT-OTU (cd-hit-otu-illumina-0.0.1, http://weizhong-lab.ucsd.edu/cd-hit-otu) [31]. A
BLAST+(v2.9.0) search (Query coverage > 85% and identity > 85%) was performed on each
16S rRNA gene sequence against the RDP version 11 database (RDP version 11 Update 4: May
26) to obtain the classification information.

Bioinformatics and statistical analyses

QIIME (V.1.9.1) [32] and R Language (version 3.4.4, https://www.r-project. org/) were used
for sequencing analysis of gut microbiota. The alpha diversity of microbial communities was
determined using different indices (Chaol, Shannon, Inverse Simpson, observed richness)
and calculated using QIIME (V1.9.1). The significance of differences in a-diversity index and
relative abundance of different taxonomic groups was determined using the Kruskal-Wallis
test and Wilcoxon rank-sum test. Furthermore, bacterial community diversity was analyzed
using rarefaction plots and boxplots and displayed using the R software program (version
3.4.4). Beta diversity was measured using Bray—Curtis dissimilarity, unweighted UniFrac,
weighted UniFrac and Jaccard distance measures. Tests for microbial community composition
dissimilarity between pairs of groups were performed using nonparametric multiresponse
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permutation procedures (MRPPs), analysis of similarities (ANOSIM), and nonparametric per-
mutational multivariate analysis of variance with the adonis function (Adonis) [33, 34] in R
(version 3.4.4). A principal coordinates analysis (PCoA) based on the Bray—Curtis distance
matrix was performed in R (version 3.4.4), and a PCoA figure was created using the R package
“ggplot2”. Visualization via nonmetric multidimensional scaling (NMDS) was used to evaluate
the structural variations in microbial communities and displayed using R (version 3.4.4). Dis-
tance-based methods, such as the arithmetic average (un)weighted paired group method
(UPGMA) [35], have been used to perform cluster analyses based on the similarities and dis-
similarities of bacterial communities in samples. Heatmaps (heatmaps of differential species
abundance clustering) were created using the “pheatmap” R package. Venn diagram created in
the R package “Venn Diagram” were used to illustrate unique OTUs and those shared between
samples [34]. Linear discriminant analysis (LDA) effect size (LEfSe) analysis [36] was used to
detect statistically significant differences in species between study groups.

Two-sided t-tests were used for the statistical analyses using R (version 3.4.4), and the
results are presented as the mean with the standard error of the mean (SEM). p values
of < 0.05 were considered statistically significant.

Results

As shown in Fig 1, this study completely completed the planned research plan. Fecal micro-
biota transplantation was completed for 3 consecutive days in the FMT group, and cross-infec-
tion was avoided between each group. No deaths or infectious complications from FMT were
observed in this study.

Body weight changes in each experimental group

To determine whether or not FMT causes changes in the body weight of recipients, body
weight was measured throughout the experiment. Compared with the Con group, the body
weights of the AB and FMT groups decreased significantly after antibiotic administration but
began to recover approximately four days after antibiotic withdrawal (S1 Fig).

The body weights showed no marked difference throughout the experimental procedure;
however, there was a tendency for the body weight of the FMT group to be lower than that of
the Con and AB groups after the FMT procedure. In addition, the AB group showed a higher
increase rate than the FMT and Con groups (S1 Fig).

Overview of the sequencing data

In total, after filtering for chimeric and low-quality OTUs, 337663 high-quality reads corre-
sponding to 431 OTUs were identified, and 81 genera were annotated. Sequencing metrics
from 16S rRNA gene sequencing (V3-V4 regions), the averaged coverage and subsampling
were sufficient to describe the gut bacterial community according to sequence-based rarefac-
tion curves (S2 Fig) after quality filtering. As shown by respective rarefaction curves (phyloge-
netic diversity whole tree index, Chaol index, and observed species), the rarefaction curves
showed the number of species/OTUs under different sequence numbers, indicating signifi-
cantly fewer gut microbiota species/OTUs in the FMT group than in the Con group (p < 0.01)
but more than in the AB group (p < 0.01) (S2 Fig).

Bacterial composition and relative abundance

A total of 11 phyla, 20 classes, 26 orders, 46 families and 81 genera were detected in the pro-
karyotic microbiota communities from all fecal samples. We chose the main phyla and genera
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Relative abundance (%)

Phylum

Con AB

based on species abundance to generate a histogram, which showed the percentages of relative
abundance in each sample or group (Fig 2).

At the phylum level (Fig 2A), the four most-abundant phyla were Bacteroidetes (54.73%),
Proteobacteria (19.34%), Deferribacteres (17.47%) and Firmicutes (8.39%) in the Con group.
In the FMT group, the most abundant phyla were Firmicutes (82.55%), Proteobacteria
(11.00%) and Bacteroidetes (5.79%), and the abundance ratio of the remaining phyla was <1%
in the FMT group, while the most abundant phyla in the AB group were Firmicutes (98.15%)
and Proteobacteria (1.84%), with the remaining phyla accounting for <1%. The proportion of
Firmicutes was significantly higher in the FMT group than in the Con group (p < 0.01), while
there was no significant difference between the AB and FMT groups (p > 0.05). The propor-
tion of Bacteroidetes in the Con group was significantly higher than in the FMT group (Fig
2A, p > 0.05), while Bacteroidetes was not present in the AB group at all. The Firmicutes/Bac-
teroides (F/B) ratio was significantly higher in the FMT group than in the Con group (Fig 1A,
p < 0.05). In summary, the most common phyla in all groups (Con, FMT, and AB) were Fir-
micutes and Proteobacteria, while Deferribacteres was not detected in the FMT or AB groups,
and Bacteroidetes was not detected in the AB group.

At the genus level (Fig 2B), the most abundant genera in the FMT group were Prevotella
(5.38%), Campylobacter (2.9%), Escherichia/Shigella (6.68%), Enterococcus (8.01%), Vagococcus
(1.68%), Lactococcus (5.89%), Clostridium sensu stricto (12.14%), Clostridium XIVb (7.29%),
Clostridium XI (1.23%), Anaerotruncus (5.35%) and Oscillibacter (7.19%), most of which
belonged to Bacteroidetes, Proteobacteria and Deferribacteres. In the AB group, the most
abundant genera were Enterococcus (6.62%), Lactococcus (2.86%), Clostridium sensu stricto
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Fig 2. Relative abundance ratio of the intestinal microbiome at the phylum (A) and genus levels (B) in each experimental group. Data are presented as the
percentage of species, and the results were obtained using the Kruskal-Wallis test. Con, control group; FMT, fecal microbiota transplantation group; AB,
antibiotic group.

https://doi.org/10.1371/journal.pone.0293213.9002
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(17.21%), Clostridium XIVa (28.98%), Roseburia (1.43%) and Clostridium XI (28.94%), most of
which belonged to Firmucutes. In the Con group, the most abundant genera were Bacteroi-
dales (6.9%), Barnesiella (2.64%), Alloprevotella (1.05%), Alistipes (6.02%), Bacteroides
(34.67%), Mucispirillum (17.47%), Desulfovibrionaceae (19.27%), Lactobacillus (1.08%) and
Lachnospiraceae (2.55%), most of which belonged to Firmicutes and Proteobacteria.

A hierarchical clustering analysis using the weighted Unifrac distance matrix was con-
ducted following the UPGMA clustering method (Fig 3).

~—

Analyses of discrepancies between groups

The comparison of the o diversity showed that there were significant differences in the species
abundance (Chaol) and Shannon indices among the groups. The gut microbiota of the AB
group featured a markedly decreased Shannon index and Chao index (Fig 4 and S1 Data) com-
pared to the Con and FMT groups. The richness in the AB group was significantly lower than
that in the Con and FMT groups, while there was no significant difference between the Con
and FMT groups. A comparison of the diversity among those groups showed that the FMT
group had significantly greater diversity than the Con and AB groups, and the AB group
showed significantly lower diversity than the Con and FMT groups (Fig 4 and S1 Data).

Beta diversity analyses of the multiresponse permutation procedure (MRPP) (Table 1),
based on the distance matrix, showed that vastly different bacterial community structures
existed among the groups. A two-dimensional PCoA also revealed clear site-specific clustering
with the different treatments (Fig 4A). In addition, An NMDS ordination plot (Fig 4B) of bac-
terial taxonomy data that demonstrated the microbial differences in samples and the distance
between samples reflected the degree of the discrepancy. Combined with ANOSIM analysis
(Fig 5A), the gut microbiota in the Con group proved significantly different from that in the
AB group (p = 0.001, R = 0.74) or the FMT group (p = 0.023, R = 0.31), and the bacterial popu-
lation structures in the samples from the AB and FMT groups (p = 0.025, R = 0.30) also showed
statistically significant differences from Con group. This suggests that FMT or antibiotic treat-
ment can change the microbiota composition in HFD-induced obese mice.
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and Coné6. Antibiotic group: AB1, AB2, AB3, AB4, AB5 and AB6. Fecal microbiota transplantation group: FMT1, EMT2, FMT3, FMT4, FMT5 and FMT6.

https://doi.org/10.1371/journal.pone.0293213.g003
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Fig 4. Comparisons of the alpha diversity, Chaol (A) and Shannon (B) index. The same letter indicates that there was
no significant difference between the groups; a different letter indicates a statistically significant difference between the
groups. Con, control group; FMT, fecal microbiota transplantation group; AB, antibiotic group.

https://doi.org/10.1371/journal.pone.0293213.9004

Bacterial composition difference analyses

At the genus level, as shown in the heatmap (Fig 6) and LDA score (S3 Fig) between groups,
there were 37 genera that differed significantly between the Con and FMT groups, of which 21
were significantly higher in the Con group, while 16 were significantly higher in the FMT
group (Figs 6 and S3). In addition, 34 genera showed significant differences between the Con
and AB groups, of which 23 were significantly higher in the Con group and 11 significantly
higher in the AB group. Intriguingly, 15 genera showed significant differences between the AB
and FMT groups, of which 10 were significantly higher in the FMT group and 5 were signifi-
cantly higher in the AB group (Figs 6 and S3).

The common bacteria between groups were also analyzed using a Venn diagram (54 Fig),
which exhibited five common elements in "Con vs. AB", "Con vs. FMT" and "AB vs. FMT":
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Table 1. The multiresponse permutation procedure difference analysis of the three groups.

Group Distance A Observe delta Expect delta P value P adj_BH
FMT vs. Con Bray-Curtis 0.532050871 0.318192754 0.67997296 0.002 0.006
FMT vs. AB Bray-Curtis 0.48982165 0.287108734 0.562761502 0.006 0.006
Con vs. AB Bray-Curtis 0.690341792 0.19318747 0.623873241 0.005 0.006

Test of significance for the differences between groups using the multiresponse permutation procedures based on species abundance. Measure of distance based on
Bray-Curtis. A significance of delta (P_Value) of P < 0.05 indicates that the difference is significant. A = chance-corrected within-group agreement, A > 0 indicates that
the difference between the groups is greater than the difference within the group, and A < 0 indicates that the intragroup difference is greater than the intergroup
difference. Observe_delta, the smaller the observed delta value, the smaller the intragroup difference. Except_delta, the larger the value of except delta, the larger the

difference between groups. Con, control group; FMT, fecal microbiota transplantation group; AB, antibiotic group.

https://doi.org/10.1371/journal.pone.0293213.t001

Denovo2_Oscillibacter, Denovo5_Anaerotruncus, Denovo9_Clostridium, Denovol3_Clostri-
dium XIVb and Denovo29_Roseburia. These analyses indicated that FMT from S. murinus
influences the gut composition of mice.

We also performed an LEfSe analysis and identified bacterial genera that were significantly
different among the groups (S3 Fig). These results were consistent with those of the heatmap
analysis.

Discussion

In the present study, FMT was conducted from the gut of S. murinus into the gut of C57BL

mice fed an HFD to evaluate the effect of the procedure on improving the gut microbiota in
these mice. 16S rRNA Illumina MiSeq high-throughput sequencing technology was used to
perform a comprehensive analysis of the gut microbiota in C57BL mice, showing that the
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Fig 5. A: Principal coordinate analysis (PCoA) of the bacterial community structures of mouse gut microbiomes based on the Bray-Curtis (weighted UniFrac)
distance. (A-Box): The analysis of similarity (ANOSIM) of the three groups. B: Nonmetric multidimensional scaling (MDS) based on the abundance of OTUs.
The closer the spatial distance of the sample, the more similar the species composition of the sample. Con, control group; FMT, fecal microbiota
transplantation group; AB, antibiotic group.

https://doi.org/10.1371/journal.pone.0293213.9005
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Fig 6. Heatmap of differential species abundance clustering between the AB and Con groups (A), the Con and FMT
groups (B) and the AB and the FMT groups (C). The heatmap shows the hierarchical clustering of samples based on
the relative abundance of fecal microbiota in the FMT, AB and Con groups. The relative values in the heatmap (after
normalization), depicted by color, indicate the degree of aggregation or content of bacterial species among samples at
the genus level. The color gradient from blue to red indicates low to high relative abundance, respectively. The vertical
clustering indicates the similarity in the richness of different species among different samples. The closer the distance
between two species, the shorter the branch length, indicating greater similarity in richness between the two species.
Horizontal clustering indicates the similarity of species richness in different samples. Similarly, the closer the distance
between two samples, the shorter the branch length, indicating greater similarity in species richness between the two
samples. Con, control group; FMT, fecal microbiota transplantation group; AB, antibiotic group.

https://doi.org/10.1371/journal.pone.0293213.9006

mouse group that received FMT from S. murinus had greater gut microbiota diversity than
others.

In this study, there were no significant differences in body weight among the groups
throughout the experiment; however, there was still a tendency for the body weight in the FMT
group to be lower than in the Con and AB groups after the FMT procedure. This may be due to
the influence of intestinal bacteria from the environment after FMT, which has a controlling
effect on the weight gain of Recipients. It has also been reported that antibiotic use alone with-
out transplantation resulted in weight gain relative to the transplantation group [37].

Analyses based on the operational taxonomic units (OTUs) showed significant changes in
the gut microbial communities between mouse groups. Alpha diversity showed statistically sig-
nificant differences among the FMT, AB and Con groups. The richness in the AB group was
significantly lower than that in the Con and FMT groups, while there was no significant differ-
ence between the Con and FMT groups. Regarding the diversity among those groups, the
FMT group showed significantly greater diversity than the Con and AB groups, while the AB
group showed significantly poorer diversity than the Con and FMT groups. Furthermore, the
beta diversity analysis indicated an apparent structural separation among the FMT, AB and
Con groups, suggesting that FMT from S. murinus may affect the overall composition of the
intestinal flora in C57BL mice.
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In the present study, in terms of the alpha diversity, Chaol and Shannon indices, the FMT
group had greater gut flora diversity and richness than the AB group. A greater diversity is
generally considered a mark of a healthy and resilient microbiota [38]. However, the Chaol
index revealed that the FMT group did not exhibit greater microbiota richness than the Con
group, although it was higher than in the AB group. This was considered to be related to the
dramatic decrease in richness after antibiotic treatment [39]. The antibiotic cocktail used in
this study was active against a broad spectrum of Gram-negative, Gram-positive, and anaero-
bic bacteria and was regarded as suitable for clinical application. As expected, pretreatment
with antibiotics decreased diversity and reduced the number of detected taxa. These findings
are consistent with those of Dethlefsen and Relman [40], who reported a shift in the distal gut
microbial composition and a decrease in diversity after antibiotic use. Interestingly, the micro-
biota diversity in the FMT group was significantly greater than that in the Con and AB groups,
and the results indicated that FMT from S. murinus could help restructure the gut microbiota
and improve the ecological diversity of the gut microbiota of the host.

Regarding the phylum diversity among the groups, the proportion of Firmicutes phyla
(82.55%) in the FMT group was lower than that in the AB group (98.15%) but higher than that
in the Con group (8.39%), while Deferribacters were not detected in the FMT or AB group.
The AB group was deficient in Bacteroidetes, while Firmicutes was enriched in both the AB
(98.15%) and FMT (82.55%) groups. It is postulated that a Firmicutes-dominant gut micro-
biota is associated with the development of obesity, while the relative abundance of Bacteroi-
detes increases as individuals lose weight [41]. The findings of a deficiency of Bacteroidetes in
the AB group and lower proportion of Bacteroidetes (5.79%) in the FMT group than in the
Con group (54.73%) are consistent with our previous study [28]. We speculate that Bacteroi-
detes might be very susceptible to antibiotics but could be reestablished by FMT.

The abundance of Proteobacteria was significantly lower in the AB group (1.84%) than in
the FMT (8.21%) and Con (19.33%) groups (p < 0.01). Studies have shown that obesity is
caused by the host’s resistance to leptin [42]. Elevated levels of leptin in host serum are accom-
panied by an increased abundance of Proteobacteria flora [43]. We thus inferred that FMT
from S. murinus could help the FMT-treated mice re-establish their gut microbiota, which
might help increase the abundance of Proteobacteria.

In addition, our results showed that the F/B ratio between groups was significantly differ-
ent. Previous studies have shown that the F/B ratio is associated with obesity. However, a
recent meta-analysis of mostly adult studies did not detect any such association [44]. In healthy
mammals, the F/B ratio is relatively stable, and an increase or a decrease in the F/B ratio often
implies a disease state [45]. Thus, the association between the F/B ratio and obesity remains
controversial and may differ depending on the population studied. This study was consistent
with a previous study, which found that antibiotic treatment resulted in an increased abun-
dance of Firmicutes and a decreased abundance of Bacteroidetes [28]. Our study showed that
after receiving transplants of fecal bacteria from S. murinus, the F/B ratio seemed to be
reversed. We further found that the FMT group had a significantly higher F/B ratio (14.25)
than the Con group (0.15). The F/B ratio in the FMT group was significantly lower than that in
the AB group. Our findings suggest that FMT from S. murinus may have contributed to a
rational improvement in the gut microbiota and healthy body condition in the FMT group.

The abundance of Lactococcus in the AB group was higher than that in the FMT group.
This bacterium has been linked to conditions such as diabetes and obesity, and studies have
shown that it primarily produces lactate during glucose metabolism. An increase in acetic
acid-producing bacteria may contribute to obesity by enhancing the host’s ability to absorb
energy from food [46, 47]. In contrast, the AB group had significantly higher levels of Rose-
buria than the Con group, while the FMT group had lower levels of Roseburia than the Con
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group. It was speculated that FMT from S. murinus might have suppressed the growth of Rose-
buria. Anaerotruncus, a genus of anaerobic bacteria, was significantly more abundant in the
FMT group than in the Con and AB groups, possibly due to FMT from S. murinus promoting
a healthier gut environment. Anaerotruncus may contribute to gut health and promote the
growth of other beneficial bacteria.

Campylobacter, a Gram-negative bacterium, is involved in the production of short-chain
fatty acids (SCFAs), such as butyrate, which are crucial for maintaining gut health and regulat-
ing the immune system [48]. In the present study, the FMT group had significantly higher lev-
els of Campylobacter than the AB and Con groups, suggesting that accepting FMT from S.
murinus may help improve the gut condition of mice. Vagococcus and Enterococcus are bacte-
rial genera commonly found in the human gut and were shown to be enriched in the gut of S.
murinus in our recent study [28]. As lactic acid-producing bacteria, they are believed to possess
anti-obesity effects [37]. Clostridium sensu stricto, a group of anaerobic bacteria, is important
for various functions in the gut, including the breakdown of complex carbohydrates and pro-
duction of SCFAs. The FMT group showed significantly higher levels of Vagococcus, Entero-
coccus and Clostridium sensu stricto than the Con group, suggesting that FMT may have
beneficial effects on the gut health and limit the side effects of antibiotics.

In conclusion, the innovation of this experiment was that we transplanted the intestinal
flora of S. murinus, a naturally obesity-resistant experimental animal, into the intestines of
HFD-induced obese mice. Although the body weight among the mouse groups did not change
significantly, the HFD-induced obese mice that received gut microbiota from S. murinus
showed a significantly improved gut composition and increased bacterial diversity, which can
benefit the gut of mice. The mechanism underlying the relationship between the S. murinus
gut flora and obesity resistance should be explored in a future study.

Supporting information

S1 Fig. The body weight curves of the FMT group, AB group, and Con group. Con, control
group; FMT, fecal microbiota transplantation group; AB, antibiotic group. Abx start and Abx

end indicate the start and end of antibiotic administration, respectively. Three arrows indicate
the time point of the fecal microbiota transplantation.

(JPG)

S2 Fig. The species rarefaction curve of each experimental group. This graph represents the
numbers of observed species under different sequence numbers extracted randomly, Chao 1
(A), observed species (B) and PD whole tree (C). Chaol, Chao’s estimated richness; PD, phylo-
genetic distance; Con, control group; FMT, fecal microbiota transplantation group; AB, antibi-
otic group.

(JPG)

S3 Fig. Taxa with significant differences found by a linear discriminant analysis (LDA)
effect size (LEfSe) analysis. LEfSe results showing which bacteria were significantly different
in abundance between groups. Histogram of log;o(LDA scores) for features with differential
abundance between the AB and FMT groups (A), the AB and Con groups (B) and the Con and
FMT groups (C). Taxa of |logl0(LDA scores)| >3 are presented. Con, control group; FMT,
fecal microbiota transplantation group; AB, antibiotic group.

(JPG)

$4 Fig. Venn diagram of shared and unique taxa at the genus level among the Con, AB and
FMT groups. The numbers of shared and unique taxa in the three pairwise comparison groups
are shown based on the operational taxonomic units. Con, control group; FMT, fecal
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microbiota transplantation group; AB, antibiotic group.
(JPG)

S1 Data. Diversity and richness (mean + SD) of the fecal bacteria communities of mice.
OTUs, operational taxonomic unit; Chaol, returns the Chaol richness estimate for an OTU
definition; Shannon, the Shannon index takes into account the number and evenness of spe-
cies; Inverse Simpson, the Inverse Simpson index represents the probability that two randomly
selected individuals in the habitat will belong to the same species; Good’s Coverage, Coverage
is calculated as C = 1-(s/n). Con, control group; FMT, fecal microbiota transplantation group;
AB, antibiotic group; SD, standard deviation.

(DOCX)

Author Contributions
Conceptualization: Mingshou Zhang, Shuang-Qin Yi.
Data curation: Mingshou Zhang, Rujia Li, Ke Ren, Jun Li, Maozhang He, Shuang-Qin Yi.

Formal analysis: Mingshou Zhang, Ke Ren, Jun Li, Maozhang He, Juefei Chen,
Shuang-Qin Yi.

Funding acquisition: Shuang-Qin Yi.

Investigation: Mingshou Zhang, Ting Yang.

Methodology: Ting Yang, Rujia Li, Maozhang He.

Project administration: Shuang-Qin Yi.

Resources: Ting Yang, Rujia Li.

Software: Rujia Li.

Writing - original draft: Mingshou Zhang.

Writing - review & editing: Ke Ren, Jun Li, Juefei Chen, Shuang-Qin Yi.

References

1. Pereira MA, Kartashov Al, Ebbeling CB, Van Horn L, Slattery ML, Jacobs DR, Jr, et al. Fast-food habits,
weight gain, and insulin resistance (the CARDIA study): 15-year prospective analysis. Lancet. 2005;
365(9453):36—42. https://doi.org/10.1016/S0140-6736(04)17663-0 PMID: 15639678.

2. ChoiHN, Kang MJ, Lee SJ, Kim JI. Ameliorative effect of myricetin on insulin resistance in mice fed a
high-fat, high-sucrose diet. Nutr Res Pract. 2014; 8(5):544-9. https://doi.org/10.4162/nrp.2014.8.5.544
PMID: 25324935.

3. Sinasac DS, Riordan JD, Spiezio SH, Yandell BS, Croniger CM, Nadeau JH. Genetic control of obesity,
glucose homeostasis, dyslipidemia and fatty liver in a mouse model of diet-induced metabolic syn-
drome. Int J Obes (Lond). 2016; 40(2):346-55. https://doi.org/10.1038/ijo.2015.184 PMID: 26381349.

4. Davis CD. The Gut Microbiome and Its Role in Obesity. Nutr Today. 2016; 51(4):167-74. https://doi.
0rg/10.1097/NT.0000000000000167 PMID: 27795585.

5. Dekaboruah E, Suryavanshi MV, Chettri D, Verma AK. Human microbiome: an academic update on
human body site specific surveillance and its possible role. Arch Microbiol. 2020; 202(8):2147-67.
https://doi.org/10.1007/s00203-020-01931-x PMID: 32524177; PMCID: PMC7284171.

6. Santhiravel S, Bekhit AEA, Mendis E, Jacobs JL, Dunshea FR, Rajapakse N, et al. The Impact of Plant
Phytochemicals on the Gut Microbiota of Humans for a Balanced Life. Int J Mol Sci. 2022; 23(15):8124.
https://doi.org/10.3390/ijms23158124 PMID: 35897699.

7. QinJ, LiR, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene cata-
logue established by metagenomic sequencing. Nature. 2010; 464(7285):59-65. https://doi.org/10.
1038/nature08821 PMID: 20203603.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293213 November 22, 2023 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293213.s005
https://doi.org/10.1016/S0140-6736(04)17663-0
http://www.ncbi.nlm.nih.gov/pubmed/15639678
https://doi.org/10.4162/nrp.2014.8.5.544
http://www.ncbi.nlm.nih.gov/pubmed/25324935
https://doi.org/10.1038/ijo.2015.184
http://www.ncbi.nlm.nih.gov/pubmed/26381349
https://doi.org/10.1097/NT.0000000000000167
https://doi.org/10.1097/NT.0000000000000167
http://www.ncbi.nlm.nih.gov/pubmed/27795585
https://doi.org/10.1007/s00203-020-01931-x
http://www.ncbi.nlm.nih.gov/pubmed/32524177
https://doi.org/10.3390/ijms23158124
http://www.ncbi.nlm.nih.gov/pubmed/35897699
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature08821
http://www.ncbi.nlm.nih.gov/pubmed/20203603
https://doi.org/10.1371/journal.pone.0293213

PLOS ONE

Gut microbiota of Suncus murinus improves the ecological diversity of the gut microbiota in obese mice

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Rowland |, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut microbiota functions: metabolism
of nutrients and other food components. Eur J Nutr. 2018; 57(1):1-24. https://doi.org/10.1007/s00394-
017-1445-8 PMID: 28393285.

He C, Shan'Y, Song W. Targeting gut microbiota as a possible therapy for diabetes. Nutr Res. 2015; 35
(5):361-7. https://doi.org/10.1016/j.nutres.2015.03.002 PMID: 25818484.

Barcena C, Valdés-Mas R, Mayoral P, Garabaya C, Durand S, Rodriguez F, et al. Healthspan and life-
span extension by fecal microbiota transplantation into progeroid mice. Nat Med. 2019; 25(8):1234—42.
https://doi.org/10.1038/s41591-019-0504-5 PMID: 31332389.

Heimesaat MM, Mrazek K, Bereswill S. Murine Fecal Microbiota Transplantation Alleviates Intestinal
and Systemic Immune Responses in Campylobacter jejuni Infected Mice Harboring a Human Gut Micro-
biota. Front Immunol. 2019; 10:2272. https://doi.org/10.3389/fimmu.2019.02272 PMID: 31616437.

Takagova M, Bomba A, Téthova C, Michaiova A, Turiia H. Any Future for Faecal Microbiota Transplan-
tation as a Novel Strategy for Gut Microbiota Modulation in Human and Veterinary Medicine? Life
(Basel). 2022; 12(5):723. https://doi.org/10.3390/life 12050723 PMID: 35629390.

Choi HH, Cho YS. Fecal Microbiota Transplantation: Current Applications, Effectiveness, and Future
Perspectives. Clin Endosc. 2016; 49(3):257-65. https://doi.org/10.5946/ce.2015.117 PMID: 26956193.

Kim KO, Gluck M. Fecal Microbiota Transplantation: An Update on Clinical Practice. Clin Endosc. 2019;
52(2):137—-143. https://doi.org/10.5946/ce.2019.009 PMID: 30909689.

Park SY, Seo GS. Fecal Microbiota Transplantation: Is It Safe? Clin Endosc. 2021; 54(2):157-60.
https://doi.org/10.5946/ce.2021.072 PMID: 33827154.

Tremaroli V, Karlsson F, Werling M, Stdhiman M, Kovatcheva-Datchary P, Olbers T, et al. Roux-en-Y
Gastric Bypass and Vertical Banded Gastroplasty Induce Long-Term Changes on the Human Gut
Microbiome Contributing to Fat Mass Regulation. Cell Metab. 2015; 22(2):228-38. https://doi.org/10.
1016/j.cmet.2015.07.009 PMID: 26244932.

Leong KSW, Derraik JGB, Hofman PL, Cutfield WS. Antibiotics, gut microbiome and obesity. Clin Endo-
crinol (Oxf). 2018; 88(2):185-200. https://doi.org/10.1111/cen.13495 PMID: 29023853.

Leong KSW, O’Sullivan JM, Derraik JGB, Cutfield WS. Gut microbiome transfer-Finding the perfect fit.
Clin Endocrinol (Oxf). 2020; 93(1):3—10. https://doi.org/10.1111/cen.14183 PMID: 32181906.

Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, et al. Transfer of intestinal
microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome. Gastro-
enterology. 2012; 143(4):913-6.e7. https://doi.org/10.1053/j.gastro0.2012.06.031 PMID: 22728514.

Shinohara A, Nohara M, Kondo Y, Jogahara T, Nagura-Kato GA, Izawa M, et al. Comparison of the gut
microbiotas of laboratory and wild Asian house shrews (Suncus murinus) based on cloned 16S rRNA
sequences. Exp Anim. 2019; 68(4):531-9. https://doi.org/10.1538/expanim.19-0021 PMID: 31217361.

Yi SQ, Shimokawa T, Akita K, Ohta T, Kayahara M, Miwa K, et al. Anatomical study of the pancreas in
the house musk shrew (Suncus murinus), with special reference to the blood supply and innervation.
Anat Rec A Discov Mol Cell Evol Biol. 2003; 273(1):630-5. https://doi.org/10.1002/ar.a.10075 PMID:
12808647.

Yi SQ, Akita K, Ohta T, Shimokawa T, Tanaka A, Ru F, et al. Cellular localization of endocrine cells in
the adult pancreas of the house musk shrew, Suncus murinus: a comparative immunocytochemical
study. Gen Comp Endocrinol. 2004; 136(2):162—70. https://doi.org/10.1016/j.ygcen.2003.12.014
PMID: 15028519.

Yi SQ, Ohta T, Miwa K, Shimokawa T, Akita K, Itoh M, et al. Surgical anatomy of the innervation of the
major duodenal papilla in human and Suncus murinus, from the perspective of preserving innervation in
organ-saving procedures. Pancreas. 2005; 30(3):211-7. https://doi.org/10.1097/01.mpa.0000158027.
38548.34 PMID: 15782096.

Yi SQ, RuF, Ohta T, Terayama H, Naito M, Hayashi S, et al. Surgical anatomy of the innervation of
pylorus in human and Suncus murinus, in relation to surgical technique for pylorus-preserving pancrea-
ticoduodenectomy. World J Gastroenterol. 2006; 12(14):2209-16. https://doi.org/10.3748/wjg.v12.i14.
2209 PMID: 166100283.

Yi SQ, Ohta T, Tsuchida A, Terayama H, Naito M, Li J, et al. Surgical anatomy of innervation of the gall-
bladder in humans and Suncus murinus with special reference to morphological understanding of gall-
stone formation after gastrectomy. World J Gastroenterol. 2007; 13(14):2066—71. https://doi.org/10.
3748/wjg.v13.i14.2066 PMID: 17465449.

Yi SQ, LiJ, Qu N, Wang HX, Itoh M, Yamaguchi T, et al., House musk shrew, Suncus murinus: A novel
and natural obesity-resistant animal model, Obe Metab. 2010; 6 (1) 22—-28.

Zhang M, Dai Y, Sasaki H, Terayama H, Ren K, Wang Z, et al., High Fat Diet Load Study in a Natural
Obesity-Resistant Animal Model, Suncus murinus, J Veterina Sci Res. 2020; 2:19-29, https://doi.org/
10.36811/jvsr.2020.110011

PLOS ONE | https://doi.org/10.1371/journal.pone.0293213 November 22, 2023 15/17


https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1007/s00394-017-1445-8
http://www.ncbi.nlm.nih.gov/pubmed/28393285
https://doi.org/10.1016/j.nutres.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25818484
https://doi.org/10.1038/s41591-019-0504-5
http://www.ncbi.nlm.nih.gov/pubmed/31332389
https://doi.org/10.3389/fimmu.2019.02272
http://www.ncbi.nlm.nih.gov/pubmed/31616437
https://doi.org/10.3390/life12050723
http://www.ncbi.nlm.nih.gov/pubmed/35629390
https://doi.org/10.5946/ce.2015.117
http://www.ncbi.nlm.nih.gov/pubmed/26956193
https://doi.org/10.5946/ce.2019.009
http://www.ncbi.nlm.nih.gov/pubmed/30909689
https://doi.org/10.5946/ce.2021.072
http://www.ncbi.nlm.nih.gov/pubmed/33827154
https://doi.org/10.1016/j.cmet.2015.07.009
https://doi.org/10.1016/j.cmet.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26244932
https://doi.org/10.1111/cen.13495
http://www.ncbi.nlm.nih.gov/pubmed/29023853
https://doi.org/10.1111/cen.14183
http://www.ncbi.nlm.nih.gov/pubmed/32181906
https://doi.org/10.1053/j.gastro.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22728514
https://doi.org/10.1538/expanim.19-0021
http://www.ncbi.nlm.nih.gov/pubmed/31217361
https://doi.org/10.1002/ar.a.10075
http://www.ncbi.nlm.nih.gov/pubmed/12808647
https://doi.org/10.1016/j.ygcen.2003.12.014
http://www.ncbi.nlm.nih.gov/pubmed/15028519
https://doi.org/10.1097/01.mpa.0000158027.38548.34
https://doi.org/10.1097/01.mpa.0000158027.38548.34
http://www.ncbi.nlm.nih.gov/pubmed/15782096
https://doi.org/10.3748/wjg.v12.i14.2209
https://doi.org/10.3748/wjg.v12.i14.2209
http://www.ncbi.nlm.nih.gov/pubmed/16610023
https://doi.org/10.3748/wjg.v13.i14.2066
https://doi.org/10.3748/wjg.v13.i14.2066
http://www.ncbi.nlm.nih.gov/pubmed/17465449
https://doi.org/10.36811/jvsr.2020.110011
https://doi.org/10.36811/jvsr.2020.110011
https://doi.org/10.1371/journal.pone.0293213

PLOS ONE

Gut microbiota of Suncus murinus improves the ecological diversity of the gut microbiota in obese mice

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Zhang M, SasakiH, Yang T, Chen J, Li R, Yi C, et al. Fecal microbiota transplantation from Suncus mur-
inus, an obesity-resistant animal, to C57BL/6NCrSlc mice, and the antibiotic effects in the approach.
Front Microbiol. 2023; 14:1138983. https://doi.org/10.3389/fmicb.2023.1138983 PMID: 37089571.

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics.
2018; 34(17):i884—-i890. https://doi.org/10.1093/bicinformatics/bty560 PMID: 30423086.

Mago¢ T, Salzberg SL. FLASH: fast length adjustment of short reads to improve genome assemblies.
Bioinformatics. 2011; 27(21):2957—-63. https://doi.org/10.1093/bioinformatics/btr507 PMID: 21903629.

Li W, Fu L, Niu B, Wu S, Wooley J. Ultrafast clustering algorithms for metagenomic sequence analysis.
Brief Bioinform. 2012; 13(6):656—68. https://doi.org/10.1093/bib/bbs035 PMID: 22772836.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335-6. https://doi.
org/10.1038/nmeth.f.303 PMID: 20383131.

RDocumentation. adonis: Permutational Multivariate Analysis of Variance Using Distance Matrices.
2022 Oct 11 [Cited 2023 June 20]. Available from: https://rdocumentation.org/packages/vegan/
versions/2.6—4

Oksanen J, Simpson G, Blanchet FG, Kindt R, Legendre P, Minchin P, et al., vegan: community ecology
package (version 2.6—4). 2022 Oct 11 [Cited 2023 June 20]. Available from: https://CRAN.R-project.
org/package=vegan. 2022.

Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing microbial communities. Appl
Environ Microbiol. 2005; 71(12):8228-35. https://doi.org/10.1128/AEM.71.12.8228-8235.2005 PMID:
16332807.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker dis-
covery and explanation. Genome Biol. 2011; 12(6):R60. https://doi.org/10.1186/gb-2011-12-6-r60
PMID: 21702898.

Wang S, Huang M, You X, Zhao J, Chen L, Wang L, et al. Gut microbiota mediates the anti-obesity
effect of calorie restriction in mice. Sci Rep. 2018; 8(1):13037. https://doi.org/10.1038/s41598-018-
31353-1 PMID: 30158649.

Petersen C, Round JL. Defining dysbiosis and its influence on host immunity and disease. Cell Micro-
biol. 2014; 16(7):1024-33. https://doi.org/10.1111/cmi.12308 PMID: 24798552.

Ceylani T, Jakubowska-Dogru E, Gurbanov R, Teker HT, Gozen AG. The effects of repeated antibiotic
administration to juvenile BALB/c mice on the microbiota status and animal behavior at the adult age.
Heliyon. 2018; 4(6):e00644. https://doi.org/10.1016/j.heliyon.2018.e00644 PMID: 29872772.

Dethlefsen L, Relman DA. Incomplete recovery and individualized responses of the human distal gut
microbiota to repeated antibiotic perturbation. Proc Natl Acad Sci U S A. 2011; 108 Suppl 1(Suppl
1):4554—61. https://doi.org/10.1073/pnas.1000087107 PMID: 20847294.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature. 2006; 444(7122):1027-31. https://doi.
org/10.1038/nature05414 PMID: 17183312.

Morris DL, Rui L. Recent advances in understanding leptin signaling and leptin resistance. Am J Physiol
Endocrinol Metab. 2009; 297(6):E1247-59. https://doi.org/10.1152/ajpendo.00274.2009 PMID:
19724019.

Lecomte V, Kaakoush NO, Maloney CA, Raipuria M, Huinao KD, Mitchell HM, et al. Changes in gut
microbiota in rats fed a high fat diet correlate with obesity-associated metabolic parameters. PLoS One.
2015; 10(5):e0126931. https://doi.org/10.1371/journal.pone.0126931 PMID: 25992554.

Cani PD, Moens de Hase E, Van Hul M. Gut Microbiota and Host Metabolism: From Proof of Concept to
Therapeutic Intervention. Microorganisms. 2021; 9(6):1302. https://doi.org/10.3390/
microorganisms9061302 PMID: 34203876.

LiY,SuX,GaoY, LvC, Gao Z, LiuY, et al. The potential role of the gut microbiota in modulating renal
function in experimental diabetic nephropathy murine models established in same environment. Bio-
chim Biophys Acta Mol Basis Dis. 2020; 1866(6):165764. https://doi.org/10.1016/j.bbadis.2020.165764
PMID: 32169506.

Park DY, Ahn YT, Park SH, Huh CS, Yoo SR, Yu R, et al. Supplementation of Lactobacillus curvatus
HY7601 and Lactobacillus plantarum KY1032 in diet-induced obese mice is associated with gut micro-
bial changes and reduction in obesity. PLoS One. 2013; 8(3):€59470. https://doi.org/10.1371/journal.
pone.0059470 PMID: 23555678.

Wu CC, Weng WL, Lai WL, Tsai HP, Liu WH, Lee MH, et al. Effect of Lactobacillus plantarum Strain
K21 on High-Fat Diet-Fed Obese Mice. Evid Based Complement Alternat Med. 2015; 2015:391767.
https://doi.org/10.1155/2015/391767 PMID: 25802537

PLOS ONE | https://doi.org/10.1371/journal.pone.0293213 November 22, 2023 16/17


https://doi.org/10.3389/fmicb.2023.1138983
http://www.ncbi.nlm.nih.gov/pubmed/37089571
https://doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1093/bioinformatics/btr507
http://www.ncbi.nlm.nih.gov/pubmed/21903629
https://doi.org/10.1093/bib/bbs035
http://www.ncbi.nlm.nih.gov/pubmed/22772836
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://rdocumentation.org/packages/vegan/versions/2.64
https://rdocumentation.org/packages/vegan/versions/2.64
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332807
https://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1038/s41598-018-31353-1
https://doi.org/10.1038/s41598-018-31353-1
http://www.ncbi.nlm.nih.gov/pubmed/30158649
https://doi.org/10.1111/cmi.12308
http://www.ncbi.nlm.nih.gov/pubmed/24798552
https://doi.org/10.1016/j.heliyon.2018.e00644
http://www.ncbi.nlm.nih.gov/pubmed/29872772
https://doi.org/10.1073/pnas.1000087107
http://www.ncbi.nlm.nih.gov/pubmed/20847294
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
https://doi.org/10.1152/ajpendo.00274.2009
http://www.ncbi.nlm.nih.gov/pubmed/19724019
https://doi.org/10.1371/journal.pone.0126931
http://www.ncbi.nlm.nih.gov/pubmed/25992554
https://doi.org/10.3390/microorganisms9061302
https://doi.org/10.3390/microorganisms9061302
http://www.ncbi.nlm.nih.gov/pubmed/34203876
https://doi.org/10.1016/j.bbadis.2020.165764
http://www.ncbi.nlm.nih.gov/pubmed/32169506
https://doi.org/10.1371/journal.pone.0059470
https://doi.org/10.1371/journal.pone.0059470
http://www.ncbi.nlm.nih.gov/pubmed/23555678
https://doi.org/10.1155/2015/391767
http://www.ncbi.nlm.nih.gov/pubmed/25802537
https://doi.org/10.1371/journal.pone.0293213

PLOS ONE Gut microbiota of Suncus murinus improves the ecological diversity of the gut microbiota in obese mice

48. Hanfrey CC, Pearson BM, Hazeldine S, Lee J, Gaskin DJ, Woster PM, et al. Alternative spermidine bio-
synthetic route is critical for growth of Campylobacter jejuni and is the dominant polyamine pathway in
human gut microbiota. J Biol Chem. 2011; 286(50):43301-12. https://doi.org/10.1074/jbc.M111.
307835 PMID: 22025614.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293213 November 22, 2023 17/17


https://doi.org/10.1074/jbc.M111.307835
https://doi.org/10.1074/jbc.M111.307835
http://www.ncbi.nlm.nih.gov/pubmed/22025614
https://doi.org/10.1371/journal.pone.0293213

