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Introduction: Numerous studies have demonstrated that C57BL/6 mice exhibit
superior growth rates and overall growth performance compared to DBA
mice. To investigate whether this discrepancy in growth performance is linked
to the composition of gut microorganisms, we conducted fecal microbiome
transplantation (FMT) experiments.

Methods: Specifically, we transplanted fecal fluids from adult C57BL/6 mice,
high-fat C57BL/6 mice, and Wistar rats into weaned DBA mice (0.2mL/d),
and subsequently analyzed their gut contents and gene expression through
16S rRNA sequencing and transcriptome sequencing. During the test period,
C57BL/6 mice and Wistar rats were provided with a normal diet, and high-fat
C57BL/6 mice were provided with a high-fat diet.

Results: The results of our study revealed that mice receiving FMT from all
three donor groups exhibited significantly higher daily weight gain and serum
triglyceride (TG) levels compared to mice of CK group. 16S rRNA sequensing
unveiled substantial differences in the abundance and function of the gut
microbiota between the FMT groups and the CK group. Transcriptome analysis
revealed a total of 988 differential genes, consisting of 759 up-regulated genes
and 187 down-regulated genes, between the three experimental groups and
the CK group. Functional Gene Ontology (GO) annotation suggested that these
genes were primarily linked to lipid metabolism, coagulation, and immunity.
Pearson correlation analysis was performed on the differential genes and
clusters, and it revealed significant correlations, mainly related to processes
such as fatty acid metabolism, fat digestion and absorption, and cholesterol
metabolism.

Discussion: In summary, FMT from dominant strains improved the growth
performance of DBA mice, including body weight gain, institutional growth, and
immune performance. This change may be due to the increase of probiotic
content in the intestinal tract by FMT and subsequent alteration of intestinal
gene expression. However, the effects of cross-species fecal transplantation on
the intestinal flora and gene expression of recipient mice were not significant.
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1 Introduction

In recent years, there has been a significant focus on understanding
the impact of gut microbes on the performance of the host organism.
In mammals, the gut microbiota plays a pivotal role in regulating lipid
metabolism, primarily through the influence of compounds like short-
chain fatty acids, secondary bile acids, trimethylamine, and
proinflammatory agents derived from bacteria, such as
lipopolysaccharides (Schoeler and Caesar, 2019). This intricate process
predominantly centers around the bile acid signal transduction
pathway, with a heavy reliance on key receptors like the farnesoid X
receptor (FXR), the G-protein-coupled bile acid receptor (Gpbar/
TGR5), the short-chain fatty acid signaling pathway, and the
functioning of enteroendocrine cells (Yu et al., 2019). FMT is a
method of transplanting bacteria from the feces of a pre-selected
donor into the intestines of a recipient in order to restore the
homeostasis of the recipients intestinal flora, and thus restore its
normal physiological function (Higgins et al., 2005). However, the
development of FMT today is not only as a therapeutic method, but
also has more applications, such as adjusting the intestinal flora of
humans or animals through FMT to improve the growth rate or
production performance, or altering the metabolism of obese
populations as well as the establishment of disease models, and so on
(Elangovan et al., 2022). Remarkably, this method traces its origins
back 1,700 years to the fourth century when a Chinese scientist named
Ge Hong administered oral suspensions of human feces to treat
patients with food poisoning and severe diarrhea (McDonald et al.,
2005). The earliest documented case of FMT being employed to treat
C. difficile infection (CDI) dates back to 1983 (Higgins et al., 2005).
FMT has proven therapeutic applications in a range of gastrointestinal
disorders, including CDI, chronic fatigue syndrome, Inflammatory
Bowel Disease (IBD), Irritable Bowel Syndrome (IBS), and Ulcerative
Colitis (UC) (Lewin, 2001; Cammarota et al., 2014; Rossen et al., 2015;
Rodrigues et al., 2017). Moreover, research by Lin et al. (2018) has
revealed that FMT can enhance metabolic processes in the gut. In the
domain of aquaculture production, FMT has also demonstrated
potential by improving the intestinal flora of livestock and poultry,
consequently impacting their growth performance. A study conducted
by Rosa et al. (2021) involved the transplantation of feces from adult
dairy cows into newborn calves. The result showed that calves in the
FMT group exhibited a gradual increase in body weight from birth to
weaning, surpassing those in the CK group. This improvement was
attributed to the alteration in the relative abundance of the Firmicutes
and Bacteroidetes, suggesting that the interaction of transplanted
intestinal flora played a role in enhancing the growth performance of
the recipient calves. Similarly, Wang et al. (2019) conducted research
by transplanting feces from healthy adult pigs into weaned piglets,
with results that FMT significantly improved the growth performance
of the pigs. The intestinal microbial composition and stage
characteristics of the recipients did not change significantly, but the
abundance of Streptococcus spp. and Clostridium spp. increased, which
was hypothesized to be likely to promote the growth of the animals.
The use of donor chickens with higher feed utilization for FMT to
establish a more desirable microbiota in the intestinal tract of recipient
chickens may serve as a new way to regulate microbial colonization in
chickens at early stage (Siegerstetter et al., 2018).

Previous research has demonstrated that C57BL/6 mice tend to
exhibit more favorable body weight characteristics when compared to
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DBA/2 mice (Xi et al., 2011). To investigate whether this variance
might be linked to differences in their intestinal microbiota,
we embarked on a series of experiments. For the first group (T1
group), we transplanted fecal bacteria from C57BL/6 mice into DBA
mice. This was done to assess whether alterations in the intestinal flora
could impact body weight in DBA mice. Building upon these findings,
in the second group (T2 group), we transplanted fecal bacteria from
high-fat diet-fed C57BL/6 mice of the same age into the intestines of
DBA mice. Our goal was to explore how the high-fat diet affected the
intestinal microbiota of C57BL/6 mice and the subsequent
consequences on DBA mice’s body weight. Furthermore, to investigate
whether factors beyond genetic predisposition contribute to the
differential growth rates observed in rats concerning their gut
microbiota, we introduced an additional experimental group. In this
third group (T3 group), we transplanted fecal bacteria from Wistar
rats into the intestines of DBA mice. This was done to assess the
potential role of gut microorganisms in the growth disparities between
these species. During the test period, donors in the T1 and T3 groups
were provided with a normal diet, and donors in the T2 group were
provided with a high-fat diet.

2 Materials and methods

All procedures of animal experiments were carried out based on
protocols approved by the Animal Care Advisory Committee of
Zhejiang University, Hangzhou, China (No. Z]JU20220438).

2.1 Animals

Use 10 SPF male adult C57BL/6 mice at 6 weeks old, 10 SPF male
adult high-fat diet-fed C57BL/6 mice at 6weeks old, and 6 SPF male
adult Wistar rats at 10weeks old (Hans Biotechnology Co., Ltd.,
Hangzhou, China) as donors, male DBA mice (bred in SPF-grade
conditions at Hans Biotechnology Co., Ltd., Hangzhou, China) at 7 days
old as accepters. All DBA mice were housed with their mothers before
weaning, and after weaning, they were housed in separate cages, and
after 1 week of acclimatization feeding, mice of similar body weight
were selected for the experiment. All animals were housed under
controlled conditions, including a constant temperature range of
21-24°C, humidity maintained at 50-60%, and exposure to natural
lighting. Water was provided ad libitum to the animals throughout the
study. Donors in the T1 and T3 groups were provided with a normal
diet, and donors in the T2 group were provided with a high-fat diet.

All experimental procedures were conducted in strict adherence
to the guidelines for animal care and use. The research protocols were
approved by the Committee for Animal Research at Zhejiang
University, Hangzhou, China (approval number Z]JU20220438).

2.2 Experimental protocol

After a one-week acclimation period, the DBA mice were
randomly divided into four groups, each consisting of 12 mice:
Control group (CK); C57BL/6 mice fecal microbiota transplantation
(FMT) group (T1); High-fat C57BL/6 FMT group (T2); Wistar rats
FMT group (T3). Fresh fecal samples were collected daily from
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C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats to serve as
donors. The collected fecal material was placed in sterile tubes and
homogenized using sterile normal saline (Sinopharm Chemical
Reagent Co. Ltd., China). This mixture was then subjected to
centrifugation at 6,000 x g for 10 min, followed by filtration through a
70-pm filter (Nest, China). The resultant material was quantified to
achieve an optical density (OD) at 600 nm of 1.0, corresponding to an
estimated bacterial concentration of 10° colony-forming units (CFU)
per milliliter. Subsequently, the fecal bacterial slurry was diluted to a
final concentration of 5.0 x 10° CFU/mL using a 30% sterile medical
glycerin phosphate-buffered saline (PBS) (Sinopharm Chemical
Reagent Co. Ltd., China). Any remaining fecal fluid was stored at
—80°C for future use. The mice in the CK group were administered
sterile normal saline via gavage once a day for a duration of 28 days
using disposable sterile syringes (1 mL, DKBT, China) with sterile
gavage needles (45 mm, Shenzhen Longreen Lighting Co., Ltd., China)
(Zhang et al., 2020; Elangovan et al., 2022). In contrast, the mice in the
T1 group received fecal fluid from normal C57BL/6 mice, the T2
group received fecal fluid from high-fat C57BL/6 mice, and the T3
group received fecal fluid from Wistar rats through gavage over the
same 28-day period.

2.3 Sample collection

At the end of the experiment, the finishing mice were fasted for
24h (6-h daytime and 16-h overnight) (Zhang et al., 2016) and at
which time, blood samples were collected at baseline into a vacuum
tube. Mice were anesthetized by intraperitoneal injection of 80 mg/kg
sodium pentobarbital and were euthanized by intraperitoneal
injection of 200 mg/kg sodium pentobarbital under deep anesthesia.
The colon and liver tissues were collected immediately from all mice.
After euthanasia of the mice, the same intestinal segments from the
posterior half of the colon were taken and their contents squeezed into
cryopreservation tubes, which were immediately stored at —80°C for
subsequent sequencing. A part of the liver and colon was fixed using
4% paraformaldehyde solution, the rest of liver and colon tissue was
saved at —80°C.

2.4 Growth performance indicators

The mice and food intakes were meticulously weighed at the end
of each week, specifically on the 1st, 2nd, 3rd, 4th, and 5th weeks. This
data was then used to calculate both the daily weight gain and the
daily feed intake of the mice.

2.5 Serum biochemical indicators

The level of serum biochemical indicators were measured by
Albumin (ALB) assay kit, Total Cholesterol (TC) assay kit, Triglyceride
(TG) assay kit and Superoxide Dismutase (SOD) assay kit (Nanjing
Jiancheng Institute of Bioengineering, China), as well as the
inflammatory markers of the mice including Immunoglobulin A
(IgA), Interleukin-1f (IL-1p), Interleukin-6 (IL-6), Interleukin-10
(IL-10), Interleukin-22 (IL-22), Tumor Necrosis Factor-o (TNF-),
Chemokine (C-X-C motif) ligand 1 (CXCL1) and Chemokine (C-X-C
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motif) ligand 2 (CXCL2) (Jiangsu Meimian Industrial Co., Ltd.,
China) were measured with assay kits according to the manufacturer’s
instructions with UV-VIS Spectrophotometer (UV1100, MAPADA,
Shanghai, China) following the manufacturer’s instructions.

2.6 Microbial 16S rRNA gene sequencing
library construction and sequencing

2.6.1 DNA extraction and PCR amplification

Total microbial genomic DNA was extracted from colon contents
samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek,
Norcross, GA, United States) following the manufacturer’s
instructions. The quality and concentration of DNA was
determined by 1.0% agarose gel electrophoresis and a NanoDrop®
ND-2000 spectrophotometer  (Thermo  Scientific  Inc.,
United States) and stored at —80°C before further use. The V3-V4
hypervariable region of the bacterial 16S rRNA gene was amplified
using primer pairs 341F (5'-CCTAYGGGRBGCASCAG-3") and 806R
(5"-GGACTACHVGGGTWTCTAAT-3’) on an ABI GeneAmp® 9700
PCR thermocycler (ABI, CA, United States) (Liu et al., 2016). The
PCR reaction mixture contained 4 pL 5 x Fast Pfu buffer, 2 pL 2.5 mM
dNTPs, 0.8 uL each primer (5pM), 0.4 pL Fast Pfu polymerase, 10ng
template DNA and ddH2O to a final volume of 20puL. PCR
amplification cycling conditions were as follows: initial denaturation
at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for
305, annealing at 55°C for 30s and extension at 72°C for 45s, and a
single extension at 72°C for 10 min, terminating at 4°C. All samples
were amplified in triplicate. The PCR product was extracted from a 2%
agarose gel and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, United States) according to the
manufacturer’s instructions and quantified using the Quantus™
Fluorometer (Promega, United States).

2.6.2 lllumina MiSeq sequencing

The main stages of library construction using the NEXTFLEX
Rapid DNA-Seq Kit (Bioo Scientific, United States), including linkage
of junctions, removal of junction self-associated fragments, PCR
amplification for library template enrichment, and PCR product
recovery. The sequencing process was performed using Illumina’s
Miseq PE300 (Illumina, United States), which involves complementing
one end of the DNA fragment with the junction bases embedded in
the chip to form a fixed bridge structure, followed by PCR
amplification to produce DNA clusters, which are subsequently
linearized into single strands. Sequence information of the template
DNA fragments is obtained by scanning the surface of the reaction
plate with a laser, synthesizing only one base per round, and by
chemical cleavage and counting fluorescent signals (Majorbio
Bio-Pharm Technology Co. Ltd., Shanghai, China').

2.6.3 Amplicon sequence processing and analysis
Following the demultiplexing process, the sequences produced

underwent quality filtration with fastp (version 0.19.6) (Chen et al.,
2018) and were merged with FLASH (version 1.2.11) (Magoc¢ and

1 https://cloud.majorbio.com
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Salzberg, 2011). Next, using DADA2 (Callahan et al., 2016) plugin
within the Qiime2 (Bolyen et al., 2019) (version 2020.2) pipeline with
recommended parameters, the high-quality sequences were de-noised.
This process obtained single nucleotide resolution based on error
profiles within samples, resulting in the creation of amplicon sequence
variants (ASVs) using the DADA?2 denoised sequences. Taxonomic
assignments of ASV's were made using the Naive Bayes (or Vsearch or
Blast) consensus taxonomy classifier implemented in Qiime2 along
with the SILVA 16S rRNA database (v138).

2.7 Transcriptomics

Colon RNA samples from 20 different male mice were used for
mRNA sequencing.

2.7.1 Extraction of total RNA

Total RNA was extracted from tissue samples, and the
concentration and purity of the extracted RNA were examined using
Nanodrop2000, RNA integrity was detected by agarose gel
electrophoresis, and RNA integrity number (RIN) value was
determined by Agilent2100. Total RNA amount >1ug, concentration
>35ng/pL, OD260/280> 1.8, OD260/230>1.0 were required for
single library construction.

2.7.2 Oligo dT mRNA enrichment

The 3’ end of eukaryotic mRNA has the structure of ployA tail,
and the magnetic beads with Oligo (dT) are utilized to perform A-T
base pairing with ployA. Using magnetic beads with Oligo (dT) to
perform A-T base pairing with ployA, mRNA can be isolated from
total RNA and used to analyze transcriptome information.

2.7.3 Fragmented mRNAs

The Illumina platform sequences short fragments, and the
mRNAs obtained from enrichment are complete RNA sequences,
averaging several kb in length, and therefore need to be randomly
interrupted. By adding fragmentation buffer, mRNA can be randomly
fragmented, and small fragments of about 300 bp can be separated by
magnetic bead screening.

2.7.4 Reverse cDNA synthesis

Under the action of reverse transcriptase, six-base random
hexamers are added, and mRNA is used as a template for reverse
transcription. One-stranded cDNA is synthesized by adding six-base
random hexamers under the action of reverse transcriptase, using
mRNA as a template for reverse transcription, followed by
two-stranded synthesis to form a stable double-stranded structure.

2.7.5 Linkage adaptor

The double-stranded cDNA structure has sticky ends, which are
made flat by adding End Repair Mix, followed by the addition of an
“A” base at the 3" end. Then an “A” base was added to the 3" end to
connect the Y-shaped connector.

Finally, we performed up-sequencing on the illumination
platform (Majorbiobio, Shanghai, China) (Schoeler and Caesar, 2019).
Library enrichment, PCR amplification of 15cycles; (Yu et al., 2019)
2% agarose gel recovery of the target bands; (Elangovan et al., 2022)
TBS380 (Picogreen) quantification, mixing the data proportionally on
the machine; (McDonald et al., 2005) Bridge PCR amplification on
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cBot to generate clusters; (Higgins et al., 2005) Sequencing on Illumina
platform (PE library, read length 2 x 150bp) (MiSeq Reagent Kit v3,
Illumina, United States).

2.8 Statistical analysis

All data except for the 16S RNA results were analyzed by one-way
analysis of variance (ANOVA) using SPSS statistical software (Ver.
20.0 for windows, SPSS, Inc., Chicago, IL, United States). Differences
among treatments were examined using the Tukey-Kramer’s multiple
range tests, which were considered significant when the p-value was
less than 0.05. Results are presented as means alongside their pooled
standard errors of means (SEM).

For 16S RNA analysis, based on the ASV's information, o diversity
indices (including the Sobs index, Chao richness estimator, Shannon
diversity index, and Simpson index) between the mice of three groups
were calculated to evaluate microbial species richness and evenness
(Schloss et al., 2009). The similarity among the microbial communities
in different samples was determined by principal coordinate analysis
(PCoA) based on Bray-curtis dissimilarity using Vegan v2.5-3 package.
Use Wilcox rank-sum test analysis to analyze which bacteria differ in the
intestinal flora of different groups of mice at the phylum level and genus
level, respectively. Using the two-sample t-test, we analyzed the
community abundance data and rigorously determined the significance
of differences in species abundance between the two groups of sampled
microbial communities. The hypothesis of species between the groups
was tested using R-3.3.1 (stat) software and enabled identification of the
species that exhibited significant differences between the groups
(Mojorbio, Shanghai, China). The raw sequencing reads were deposited
into the NCBI Sequence Read Archive (SRA) database (Accession
Number: PRINA1050037).

3 Results

3.1 Impact of FMT on the growth
performance of DBA mice

Initial body weights of DBA mice were measured at 4 weeks of
age, following 28 days of FMT gavage, the final body weight (FBW)
and average daily gain (ADG) of mice that received FMT from
C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats exhibited
substantial increased compared to the CK group, and the overall
growth curve was better than that of the mice in CK group (Figure 1).
These results suggested that FMT indeed enhances the growth
performance of DBA mice. Moreover, it is worth noting that the
growth performance improvement observed in DBA mice that
received FMT from high-fat C57BL/6 mice was significantly greater
than that in DBA mice receiving FMT from normal C57BL/6 mice
and Wistar rats. This observation implied that the high-fat model also
induces notable alterations in the intestinal flora of mice.

3.2 Impact of FMT on immune function in
DBA mice

In order to evaluate the effect of FMT on the immune function of
DBA mice, we performed a series of serum ELISA assays, including
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CXCL1, CXCL2, TNF-a, IL-1B, IL-6, IL-22, IL-10, and IgA
(Supplementary Table S2). The results demonstrated a significant
reduction in the levels of CXCL2 and IL-22 in the T1 group compared
to the CK group, a significant decrease in TNF-« levels in the T2
group compared to the CK group, a significant decrease in the levels
of IL-22 in the T3 group compared to the CK group, and a significant
increase in IgA levels (Figure 2).
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FIGURE 1
Comparison of growth curves of four groups of mice. CK: DBA mice
accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6
mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3:
DBA mice receiving FMT from Wistar rats.
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3.3 Impact of FMT on lipid profiles, liver
function, and antioxidant capacity in DBA
mice

To investigate the effects of fecal microbiota transplantation on
lipids, liver function and antioxidant capacity in DBA mice, serum
TG, TC, TP, ALB, and SOD were measured in four groups of mice
(Supplementary Table S3). Notably, serum triglyceride (TG) levels
exhibited a significant increase in both the T1 and T2 groups
compared to the CK group (Figure 3).

3.4 Microbial 16S rRNA gene sequencing
library construction and sequencing

Information on the richness, diversity and coverage of species in
the community was obtained through o diversity index analysis, and
the test of difference between groups was applied to detect whether
the values of A diversity index were significantly different between
every two groups and above. The results showed a significant increase
in a-diversity indices, including ace, chao and sobs indices of the gut
microbiota of T1 group than T3 and CK group (Figures 4A-C), which
suggested that FMT from normal C57BL/6 mice increased bacterial
richness of DBA mice (as determined by rising ace, chao and sobs
indices). Then, we analyzed the B-diversity with the Bray-Curtis
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FIGURE 2

Immunization factors with significant differences of mice in four groups. (A) Serum CXCL2 levels. (B) Serum IL-22 levels. (C) Serum TNF-« levels.
(D) Serum IgA level. CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-
fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats. **P<0.01.
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FIGURE 3
TG levels of mice in four groups. CK: DBA mice accepting saline
gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA
mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice
receiving FMT from Wistar rats. **P<0.05, **P<0.01

principal coordinate analysis (PCoA) on ASV level, to identify
potential principal components that influence differences in the
composition of the sample communities through dimensionality
reduction (Figure 4D). PCoA exposed significant difference in gut
microbiota between T1 group and CK group (R=0.622, p=0.003).
Also, T2 group and CK group showed significant difference in gut
microbiota (R=0.744, p=0.004), same was between T3 group and CK
group (R=0.507, p=0.004). These results indicated that FMT
modulates gut microbiota composition of DBA mice.

In order to identify high-dimensional biomarkers and reveal
genomic features, we performed Linear discriminant analysis Effect
Size (LFfSe) analysis of the flora in the mouse gut from the phylum
level to the genus level. Figures 4E-F shows the results for all LDA
values greater than 2. After FMT, the four groups of mice with
important roles in the gut of microbial taxa differed significantly.
Compared with the control group, mice in group T1 were significantly
enriched in RF39 at the Order level (LDA =3.014, p=0.022), at the
Family level Ruminococcaceae (LDA =3.375, p=0.047), Rikenellaceae
(LDA =3.980, p=0.21) and norank_o_RF39 (LDA =3.014, p=0.022)
were significantly enriched, at the Genus level unclassified_f_
Ruminococcaceae  (LDA=2.943, p=0.011), Negativibacillus
(LDA =2.865, p=0.020), Blautia (LDA =2.981, p=0.036), Alistipes
(LDA=3.817, p =0.047), g_norank_f_norank_o_RF39 (LDA =3.025,
p=0.022) and g Rikenellaceae_RC9_gut_group (LDA=3.345,
p=0.024) were significantly enriched. T2 group only enriched at
Genus level, which were Roseburia (LDA = 3.364, p=0.009), norank_f _

(LDA=3.094, p=0.026),
xylanophilum_group (LDA=2.950, p=0.017), Eubacterium_
oxidoreducens_group (LDA=3.045, p=0.027), NK4A214_group
(LDA =2.936, p=0.049) and Anaerotruncus (LDA=2.942, p=0.033).
T3 group only enriched in Genus A2 (LDA =2.871, p=0.044).

Thereafter, we assessed the relative abundance of bacteria on

Ruminococcaceae Eubacterium_

phylum and genus levels. Firmicutes and Bacteroidota were the most
abundant, accounting for over 80% of all microorganisms in all groups
at Phylum level (Figure 4G). At genus level, Lactobacillus and Bacillus
were the most abundant, accounting for over 50% of all
microorganisms in T1, T2, and CK groups, meanwhile Lactobacillus
and Staphylococcus were the most abundant accounting for over 50%
of all microorganisms in T3 group (Figure 4H).
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In order to assess the level of significance of the differences in
species abundance and to obtain information on the species that were
significantly different between the two groups, we utilized the
between-groups test of variance methodology, applying rigorous
statistical methods based on the community abundance data obtained
to test hypotheses about the species between the two groups of
sampled microbial communities. The results showed that only T2
group and CK group showed significant difference at Phylum level,
which was a significant rise in Verrucomicrobiota (p=0.045,
Figure 4I). At genus level, the abundance values of Alistipes,
Rikenellaceae_RC9_gut_group, unclassified_f_Ruminococcaceae,
Roseburia, and Family_XIII_AD3011_group in group T1 were all
significantly increased relative to CK group (Figure 4]). The abundance
of Bacillus, unclassified_f_Lachnospiraceae, ~Lachnospiraceae_
NK4A136_group, Rikenellaceae_RC9_gut_group, Roseburia, norank_f_
Ruminococcaceae, Eubacterium_xylanophilum_group, Anaerotruncus,
unclassified_f_Ruminococcaceae, norank_f_Erysipelotrichaceae,
norank_f_Peptococcaceae, Negativibacillus and Akkermansia of T2
group all showed a significant increase in abundance values relative to
the CK group, while Aerococcus and Staphylococcus showed a decrease
in abundance values relative to the CK group (Figure 4K). As is shown
in Figure 4L, T3 group significantly decreased the abundance of
norank_f_norank_o_RF39 and
Christensenellaceae_R-7_group. Thus, FMT altered the gut flora

composition of DBA mice.

increased the abundance of

3.5 Transcriptome construction and
sequencing

Since this experiment involved FMT across strains and breeds, in
order to investigate whether changes in intestinal flora would alter
gene expression in the gut, we took colon tissues from four groups of
mice for transcriptome sequencing. By quantitatively analyzing the
genes sequenced in the four groups of mice and obtaining their reads,
the samples were analyzed for differential expression of genes between
groups, identifying differentially expressed genes between groups, and
then studying the functions of the differential genes (Figures 5A,B).
Mice in group T1 had a total of 356 differential genes compared to CK
group, with 216 up-regulated and 140 down-regulated genes. Mice in
group T2 had a total of 222 differential genes compared to CK group,
with 176 up-regulated and 46 down-regulated genes. Mice in group
T3 had a total of 416 differential genes compared to CK group, with
367 up-regulated and 43 down-regulated genes.

Based on the information about the expression number of genes
in different samples, the distance between genes and samples is
calculated, and then an iterative method was used to classify the genes
and samples, and the differentially expressed genes between each
experimental group and the CK group were plotted as a heatmaps
(Figures 5C-E). Acceptance of FMT from normal C57BL/6 mice
up-regulated cholesterol metabolism related genes (Apoh, Apob,
Apoc3, Apoal, Apoa2), PPAR signaling pathway related genes (Apoa2,
Apoa5, Apoc3, Apoal, Fabpl) and complement and coagulation
cascades related genes (Fga, C8b, Fgb, Fgg, C8a, Plg) in DBA mice.
Acceptance of FMT from high-fat C57BL/6 mice similarly upregulated
genes that increase the cancer related genes (Mycn, C4bp) (Figure 5D).
The Pla2g3b gene was down-regulated by fecal microbiota transplants
from Wistar rats (Figure 5E).

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yeetal.

10.3389/fmicb.2024.1352555

FIGURE 4

Kruskal-Wallis H test for ace index B Kruskal-Wallis H test for chao index
P=0.06314 P=0.06314
. 0T . o T
 ——— b ——
_ 800 : . T2 5 800 . . T
[ - [ °®
s T3 K] T3
S 6004 o o S 600 o o
7 [T ol T4 2 T T4
b | d
5 4004 | |° % 4004 | |7
% 3
2 k-]
B <
£ 200+ "5 200
8 g
o G
oLl a |
- T T T T v T T T T
T T2 T3 T4 ™ T2 T3 T4
D PCoA on ASV level (F Gi
Kruskal-Wallis H test for sobs index on ASV lovel (Four Groups)
P=0.06314 on
. °T1 054 ° :“
s
_ 800- ? N Tz 04 ®ock
g N o
S 600 T3 ol
- o0 ° £ 02
3 - T4 8
< < £ o1
E 4004 o 7 g
§ ‘ 0.1 ° é
— | 0.2
5 2004
e | 0.3
o |
o | 04
b T T T T
T T2 T3 T4 05 -04 -03 02 -01 01 02 03 04
PC1(32.92%)
LEfSe Bar
-
o_Alistipes
_Rumiococacens
o_Rikanolaceso RS oo o0y
plivepeyied
e
f_norank_o__RF39
o osa
9_unclassified_f{__Ruminococcaceae
T Nagetioacion
o Fosooa
o_norark {_Rumiaccacene
o Pibatatan_sidoraducn o
e Fubacc_sjanothen o
o Answonnne
o et g
i
fapar ool
- 9__Aerococcus. ]
1__Aerococcaceae ]
T B e S e
LDA SCORE(log10)
Communiy barlot snayse
: ) o o o o o o o & & & &
J
Wilcoxon rank-sum test bar plot on phylum level (T2 vs CK). )
5% coniderce intervas. P :: 95% consdance inervals. Pvake
Mm— —— s
B S - o
B e e SO ] -
o Bl - o
e T T [ .
Propertonsisy Offcromes bstween propertionstt) o 05 T 3 2 252 45 4 05 o5
Proportions(%) proportions(%)
Wicoxon ankutest ar ot angans v (12 S0 L Wikoxon ank.sum e b lot o genus vl (13 v K)
.
e v B bt
=
. m_,_m._mh — -
. s
o C,WAR.,,,‘F . -
P b B
itenc enen oot

FMT modulated microbiota composition. (A—C) Ace, chao, and sobs index of ASV level. (D) p-diversity between experiment groups and CK group on
ASV level. (E,F) LEfSe analysis of four groups. o: Order, f: Family, g: Genus. (G,H) The relative abundance of bacteria on phylum and genus.

(I) Comparative analysis of the relative abundance of bacteria at phylum level between T2 group and CK group. (J—L) Comparative analysis of the
relative abundance of bacteria at genus level between experimental groups and CK group; CK: DBA mice accepting saline gavage; T1: DBA mice
receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats.

Frontiers in Microbiology

07

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yeetal. 10.3389/fmicb.2024.1352555

A Differential statistics B Venn
400

367

L [
1 down

T1vs oK T2_vs K

Number of DEGs

T3_vs_CK

C Heatmap(T1_vs_CK) D Hestmen(T2_va000 E Heatmap(T3_vs_Ck)

F GO enrichment analysis(T1_vs_CK) G KEGG enrichment analysis(T1_vs_CK)
besd e -
cotagonconaingexvacellr s ol Complemant and coaguaton cascaces -
‘haptogiobin-hemoglobin complex-
exacetrrogon
SR TI Crolstor matasl

positve reguiaton ofkid metabolc process

oguatonof kpd metabolc process
egaive roguiaton of bood cosguiatn PPAR signaing pathway-
gatve reguaton of emostasis

roguiation ofbood coaguiaton

GO term

g ot digaston and seacpton

negatve regaton of conpuation g

foguiton of hemostasi

Jatonof congiaion
et eesa Atcan typanosamiass
Toguiaion of bormere secreion
ot matabose procass
negate rouiaton of wound hesing Retno metablism
proten actaton cascada
Toguiaion o i isyrinet process
oguiton of rormone evls Stood hormane bosyrinsi:

hem binging.

7 H 3s o 02 04 Gs ds 1 12 14 1s 18 5 22 24 26 28

13 3 7 s 3
“log10(Padjust) -log10(Padijust)

H GO enrichment analysis(T2_vs_CK)

JET— .
[T ———
[O—
J—
JE—
-
JEE——
S
J—
E regulation of ransport
§) et rimana o e
JO—
——
U ——
reguiation of developmental process
regulation of multicelluar organismal process.
‘positive regulaion of cell communication
[—
reguiation of cell development
S
T T T EE T AR R

“log10(Padjust)
FIGURE 5
Analysis of DEGs in the colon among four groups. (A,B) Differential gene expression statistics. (C—E) Heatmap showing the differential expression of
genes among the groups. (F-H) GO and KEGG pathway enrichment analysis of DEGs; CK: DBA mice accepting saline gavage; T1: DBA mice receiving
FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats.

Frontiers in Microbiology 08 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ye et al.

GO functional and KEGG pathway enrichment analysis were
performed with the DEGs among the four groups. Enrichment results
of top20 were shown at padjust <0.05, where T1 group versus CK group
had enrichment results in both GO and KEGG pathway, T2 group
versus CK group had only GO enrichment results, and T3 group versus
CK group did not produce enrichment results in both GO and KEGG
pathway. The results showed that the DEGs between T1 group and CK
group were categorized into three groups [molecular function (MF),
biological process (BP), and cellular component (CC)] based on GO
enrichment analysis, and many of them were associated with lipid
metabolic process, such as positive regulation of lipid metabolic process,
regulation of lipid metabolic process, lipid metabolic process, regulation
of lipid biosynthetic process, regulation of lipid biosynthetic process in
BP. There were also many related to hemostasis and coagulation, such
as negative regulation of blood coagulation, negative regulation of
hemostasis, regulation of blood coagulation, negative regulation of
coagulation, regulation of hemostasis, regulation of coagulation in BP,
and heme binding in CC. Other high enriched GOs were chylomicron,
collagen-containing extracellular matrix, haptoglobin-hemoglobin
complex, extracellular region and extracellular space in MF, regulation
of hormone secretion, negative regulation of wound healing, protein
activation cascade and regulation of hormone levels in BP (Figure 5F).
KEGG pathway enrichment showed that the DEGs between T1 group
and CK group were categorized into three groups [metabolism (M),
human disease (HD), organism system (OS)]. And many of them were
associated to fat and sterol such as Cholesterol metabolism, Fat digestion
and absorption in OS, and Steroid hormone biosynthesis of HD. Other
high enriched KEGG pathways were African trypanosomiasis of M and
Complement and coagulation cascades, PPAR signaling pathway in OS,
together with Retinol metabolism in HD (Figure 5G). The DEGs
between T2 group and CK group were categorized into biological
process (BP), and most of them are related to the regulation of cellular
activity (positive regulation of secretion by cell, positive regulation of
cell differentiation, positive regulation of multicellular organismal
process, regulation of secretion by cell, regulation of multicellular
organismal development, regulation of multicellular organismal
process, positive regulation of cell communication, regulation of cell
development, regulation of cell differentiation). Others were related to
neuron-related regulation, secretory regulation and the immune system
(Figure 5H).

3.6 Differentially expressed genes related
to the composition of gut bacterial
communities

Pearson correlation was used to infer the relationship between the
composition of the microbial communities on the genus level and
DEGs. The top candidate genes with genus-level relationships with the
bacterial community are listed in Supplementary Tables S4, S5.
Correlation analysis of the 357 differential genes in the T1 and CK
groups with the five genus-level differential flora yielded 111 genes
with significant correlations, most of which had KEGG functional
annotations related to fatty acid metabolism (Apoa5, Angptl4), fat
digestion and absorption (Dgat2), cholesterol metabolism (Apoa2,
Kngl), inflammation regulation (Cyp2c29) and coagulation (C8b,
Fgb, C8a, Plg) (Figure 6). Correlation analysis of 221 differential genes
from the T2 and CK groups with 15 genus-level differential flora
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yielded 111 genes with significant correlations, most of which had
KEGG functional annotations related to fatty acid metabolism
(Cyp8b1), cholesterol metabolism (Angptl8), and coagulation (C4bp)
(Figure 7). Correlation analysis of 416 differential genes from the T3
and CK groups with 2 genus-level differential flora yielded 7 genes
with significant correlations, most of which had KEGG functional
annotations related to cancer and cell apoptosis (Primal, Pidd1, Pmel,
Dner, Rnf208, Igfnl) (Sun et al., 2009; Izetti et al., 2014; Weiler et al.,
2022) and Nervous-System Function (Susd4, Elfn2) (Figure 8).

4 Discussion

4.1 Relationship between the gut bacterial
community structure and growth
performance

Normal steady-state intestinal flora is closely related to host health
and forms a reciprocal relationship with the host through complex
interactions. Its unique community structure and metabolites are
essential for the regulation of host metabolism, growth and
development, pathogen resistance, immunomodulation, adaptation,
and evolution (Bickhed et al., 2005; Engel et al., 2012; Ezenwa et al.,
2012; Zhang et al., 2016). To investigate whether the effect of fecal
transplantation on the growth performance of DBA mice is related to
the intestinal flora, mice from three experimental groups and CK
group were cultured in similar environments during the reproductive
period to explore the differences in the structure of their intestinal
bacterial communities. The PCoA analysis of the bacterial flora
revealed that the three experimental groups and CK group were
clearly distinguishable. The results showed that the T1 group
significantly enhanced five dominant bacteria genera including the
unclassified_f_
Ruminococcaceae, Roseburia, and Family XIII_AD3011_group.

genera Alistipes, Rikenellaceae_RC9_gut_group,

Alistipes and Rikenellaceae_RC9_gut_group belong to Bacteroidetes. It
has been shown that Alistipes may be protective against certain
diseases, including liver fibrosis, cancer immunotherapy and
cardiovascular disease. In addition to this, Alistipes spp. have been
directly linked to cardiovascular disease (CVD) and may also
be considered as a potential producer of short-chain fatty acids
(SCFA) (Jie et al., 2017; Kim et al., 2018; Parker et al., 2020). Genus
Rikenellaceae_RC9_gut_group was proved to promotes lipid
metabolism (Zhou et al., 2018). Unclassified_f_Ruminococcaceae
(Ruminococcus belongs to this family) and Alistipes are associated with
immune regulation and healthy homeostasis and are regarded as
potentially beneficial bacteria (Kong et al., 2016; Shang et al., 2016;
Wang et al, 2018), Which might relate to the decrease in
pro-inflammatory factors in T1 group. Alistipes have been shown to
produce sulfolipids (SL) as a marker of a high-fat diet (Walker et al.,
2017). This may explain why the growth performance of mice in the
T2 group was better than that of mice in other three groups, and why
the serum TG content of the mice in the T2 group was significantly
higher than that of the mice in CK group. Roseburia belongs to the
phylum Firmicutes, class Clostridia, order Clostridiales, and family
Lachnospiraceae. The five well-characterized species of Roseburia
(Roseburia intestinalis, Roseburia hominis, Roseburia inulinivorans,
Roseburia faecis, and Roseburia cecicola) all produce SCFA, such as
acetate, propionate, and butyrate (Nie et al., 2021). Roseburia has been
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shown to prevent intestinal inflammation and maintain energy
homeostasis through the production of metabolites (Kumari, 2013;
Rajili¢-Stojanovi¢ et al., 2013). Similarly, the Family_XIII_AD3011_
group has probiotic properties and improves intestinal health in
weaned piglets after inoculation (Yu et al., 2020). The main species
that significantly increased at the genus level in the T2 group
compared to the CK group were Bacillus, unclassified_f_
Lachnospiraceae and Lachnospiraceae_NK4A136_group, and the main

10.3389/fmicb.2024.1352555

species that significantly decreased were Staphylococcus and
Aerococcus. The genus Bacillus is a diverse group of gram-positive,
spore-forming aerobic bacilli (Weber and Rutala, 2016). Scientists at
the National Institutes of Health (NIH) found that probiotic Bacillus
can comprehensively eradicate intestinal as well as nasal S. aureus
colonization (Piewngam et al., 2018), this might be the reason why
Staphylococcus significantly decreased in T2 group compared to CK
group. Lachnospiraceae_NK4A136_group can produce SCFAs through
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FIGURE 7

Pearson Correlation Heatmap of microbial communities on the genus level and DEGs between T2 and CK groups.
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fermentation of dietary polysaccharides and has been negatively
associated with several metabolic diseases and chronic inflammation
(Truax et al., 2018; Hu et al.,, 2019; Ma et al., 2020). Staphylococcus
aureus is a gram-positive bacterium with a diameter of 1 pm that can
cause many forms of infection (Cheung et al., 2021). Aerococcus are
granulocyte-positive bacteria that grow in clusters, and studies have
shown that Aerococcus are human pathogens that can cause invasive
human infections, such as urogenital focal sepsis and infective
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endocarditis (Williams et al., 1953; Senneby et al., 2012; Senneby et al.,
2014; Senneby et al., 2015; Opota et al,, 2016). The improved growth
performance of mice in the T3 group may be associated with a
significant increase in Christensenellaceae_R-7_group bacteria spp.
Christensenellaceae_R-7_group is a member of the Christensenellaceae
family. The Christensenellaceae family is a relatively new family of
bacteria previously associated with host health (Waters and Ley, 2019).
Christensenellaceae have been shown to be associated with the
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proteolytic metabolism of god is animal proteins and intestinal
metabolites are positively correlated and are strongly associated with
butyrate production (Beaumont et al., 2017; Haas and Blanchard,
2017; Manor et al., 2018).

4.2 Relationship between the gene
expression in the gut and growth
performance

The productive performance of the host can be modulated by
regulating the structure of the gut microflora, which in turn is
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largely influenced by genetics and feed. Gut microbes are also able
to influence host gene expression and methylation levels (Levy
et al., 2015). Anhé et al. (2019) found that altering the intestinal
flora of mice can change gene expression in the gut and can prevent
obesity by increasing the energy trumpet in diet-induced obese
mice. Similarly, in the current study, we found significant differences
in intestinal gene expression in several experimental groups of mice
compared to CK group. In the T1 group, the up-regulated genes
mainly included lipid metabolism-related genes such as Apoh,
Apoa2, Apob, Apoa5, Apoc3, Apoal, and Fabpl. We found these
genes in the National Center for Biotechnology Information (NCBI)
database to be homologous to both human and mouse. The Apoh
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gene was found to inhibit fatty acid oxidation and promote lipid
synthesis (Pan et al., 2022). Zaki et al. (2013) found that Apoa2 is
strongly associated with obesity and lipid metabolism, and that it
has a potential role in regulating appetite in humans; the Apob gene
is also involved in fat digestion and absorption (Honda et al., 2022).
Apoa5 is a major gene involved in triglyceride metabolism (Tai and
Ordovas, 2008). Apoc3 is expressed predominantly in the intestine,
where it contributes to postprandial coeliac formation, and in the
liver, where it regulates central lipid metabolism and turnover
(Kohan, 2016). The in vivo association of Apoc3, Apoal, and Apoa5
with hyperlipidemia, particularly TG levels, has been demonstrated
in genome-wide association studies (GWAS) (Mar et al., 2004; Lai
et al., 2005; Qi et al., 2007; Pouwer et al., 2020). This may account
for the significant increase in serum TG levels in DBA mice that
received fecal microbiome transplants from normal C57BL/6 mice.
However, DBA mice that received fecal colony transplants from
high-fat C57BL/6 mice upregulated cancer-related genes containing
Mycn and C4bp (Kopylov et al., 2020; Masso-Vallés et al., 2020).
This may be due to the fact that a high-fat diet enhances cancer
incidence by modulating gut microbes and metabolites (Yang
et al., 2022).

4.3 Relationship between the DEGs and
bacterial community composition in the
gut

Generally, intestinal bacteria interact with the expression of
certain genes in intestinal epithelial cells (Larsson et al., 2012;
Broderick et al., 2014; Richards et al., 2019). When human colonic
epithelial cells (HCoEpiC) were treated with live gut microbiota
extracted from five healthy humans, the most intense response
(3,240 genes in any of the five microbiota samples) occurred at 2 h;
588 pairs of taxon-by-taxon unit transcripts corresponded to 121
host genes, and changes in expression correlated with the
abundance of 46 taxa (Richards et al., 2019). Larsson et al. (2012)
and Broderick et al. (2014) found that MyD88 is essential for
microbiota-induced colonic expression of the antimicrobial genes
Reg3p and Reg3y in the epithelium. Lack of MyD88 resulted in
altered bacterial diversity and a greater proportion of segmented
filamentous bacteria in the small intestine. Su et al. found that the
Aeromonas and Roseomonas percentage, as well as differential
expression of IL12, were related to anti-disease ability (Su et al.,
2021), and that the percentage of thick-walled bacteria was
associated with growth performance of a new strain of Yellow River
carp. Alenghant et al. found that a mouse model with tissue-
specific deletion of histone deacetylase 3 (HDAC3) resulted in
dysregulation of microbiome-dependent gene regulation in
intestinal epithelial cells (Alenghat et al., 2013). Specifically, an
intestinal epithelial cell-specific HDAC3 knockout mouse line
(HDAC3 AIEC) was bred to study IBD progression.
Conventionalized HDAC3 AIEC mice exhibit dysregulated host
gene expression and disrupted homeostasis in vivo. In contrast, no
such dysregulation was observed in the germ-free HDAC3AIEC
mouse model, suggesting that these effects are mediated by the
microbiome (Alenghat et al., 2013). From a molecular perspective,
transcription factors are host proteins that bind to DNA and
regulate gene transcription, and elements of the microbiome bind
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directly to transcription factors (Krautkramer et al., 2016; Davison
etal., 2017), which may be the molecular mechanism that facilitates
the linkage between microbiome and host gene expression. In this
study, we analyzed the selection and CK groups in conjunction
with the structure of gut bacterial communities and DEGs, and
identified the Apoa2 and Apoa5 genes that were significantly
associated with the Rikenellaceae_ RC9_gut_group bacteria, which
have been found to promote lipid digestion and absorption, and
Apoa2 and Apoa5, on the other hand, are important genes in lipid
metabolism. Thus, FMT from C57BL/6 mice might enhance the
lipid metabolism of DBA mice by increasing the Rikenellaceae_
RCY_gut_group and finally upregulated the expression of Apoa2
and Apoa5 genes in the colon.

These results suggest that gut bacteria can influence gene
expression in the gut, where dominant species or bacterial structure
may reflect the genetic characteristics of the host, C57BL/6 mice. Gene
profiling of gut bacteria in the gut contributes to host health and
performance. In this study, we used multisource FMT experimental
design, in which fecal bacterial fluids derived from C57BL/6 mice,
high-fat C57BL/6 mice, and Wistar rats were transplanted into DBA
mice. This multisource FMT design facilitated a more comprehensive
comparison of the effects of different microbial compositions on host
growth and physiological functions. In addition, the effects of FMT
on DBA mice were investigated by combining multilevel analyses such
as 16s rRNA sequencing and colonic gene expression sequencing.
This combined multi-omics analysis helps to deeply explore the
microbial regulatory mechanisms on the host, providing more precise
targets for future intervention and treatment of related diseases or
growth promotion. However, the mechanism of the interaction
between gut flora and intestinal gene expression, as well as the
mechanism of the differences between normal C57BL/6 mice and
high-fat C57BL/6 mice produced as donors still need to be validated
by further studies.

5 Conclusion

In the present study, we found that cross-strain FMT can improve
the production performance of mice, which may be due to FMT altering
the structure of the intestinal bacterial community in the recipient mice
and subsequently enhancing lipid metabolism production, and lipid
metabolites can alter intestinal gene expression in mice.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ncbinlm.nih.gov/sra/
PRINA1050037, NCBI-PRJNA1050037.

Ethics statement

The animal study was approved by Animal Care Advisory
Committee of Zhejiang University, Hangzhou, China. The study was

conducted in accordance with the local legislation and

institutional requirements.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/sra/PRJNA1050037
https://www.ncbi.nlm.nih.gov/sra/PRJNA1050037

Ye et al.

Author contributions

WY: Conceptualization, Formal analysis, Investigation,

Methodology, Supervision, Visualization, Writing — original draft,
Writing - review & editing. JF: Conceptualization, Visualization,
Writing - review & editing. WW: Formal analysis, Writing — original
draft. ZC: Investigation, Writing — original draft. QH: Methodology,
Writing - original draft. LQ: Supervision, Visualization, Writing —
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was supported by the National Key R&D Program of
China (Ministry of Science and Technology of China, no.
2021YFC2103005), Hangzhou Science and Technology Bureau
Agricultural Society Key Projects (no. 202003A02), and Zhejiang
Province Science and Technology Commissioner Team Project
(2020-2024).

References

Alenghat, T, Osborne, L. C,, Saenz, S. A., Kobuley, D., Ziegler, C. G. K., Mullican, S. E.,
et al. (2013). Histone deacetylase 3 coordinates commensal-bacteria-dependent
intestinal homeostasis. Nature 504, 153-157. doi: 10.1038/nature12687

Anhé, E E, Nachbar, R. T, Varin, T. V., Trottier, J., Dudonné, S., Le Barz, M., et al.
(2019). Treatment with camu camu (Myrciaria dubia) prevents obesity by altering the
gut microbiota and increasing energy expenditure in diet-induced obese mice. Gut 68,
453-464. doi: 10.1136/gutjn]-2017-315565

Biackhed, E, Ley, R. E., Sonnenburg, J. L., Peterson, D. A., and Gordon, J. I. (2005).
Host-bacterial mutualism in the human intestine. Science 307, 1915-1920. doi: 10.1126/
science.1104816

Beaumont, M., Portune, K. J., Steuer, N., Lan, A., Cerrudo, V., Audebert, M., et al.
(2017). Quantity and source of dietary protein influence metabolite production by gut
microbiota and rectal mucosa gene expression: a randomized, parallel, double-blind trial
in overweight humans. Am. J. Clin. Nutr. 106, 1005-1019. doi: 10.3945/ajcn.117.158816

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,
etal. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/s41587-019-0209-9

Broderick, N. A., Buchon, N, and Lemaitre, B. (2014). Microbiota-induced changes
in Drosophila melanogaster host gene expression and gut morphology. McFall-Ngai MJ,
editor. MBio 5, €01117-e01114. doi: 10.1128/mBio.01117-14

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W,, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon
data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Cammarota, G., laniro, G., and Gasbarrini, A. (2014). Fecal microbiota transplantation
for the treatment of Clostridium difficile infection a systematic review. J. Clin.
Gastroenterol. 48, 693-702. doi: 10.1097/MCG.0000000000000046

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/bty560

Cheung, G. Y. C,, Bae, J. S., and Otto, M. (2021). Pathogenicity and virulence of
Staphylococcus aureus. Virulence 12, 547-569. doi: 10.1080/21505594.2021.1878688

Davison, J. M., Lickwar, C. R,, Song, L., Breton, G., Crawford, G. E., and Rawls, J. F.
(2017). Microbiota regulate intestinal epithelial gene expression by suppressing the
transcription factor hepatocyte nuclear factor 4 alpha. Genome Res. 27, 1195-1206. doi:
10.1101/gr.220111.116

Elangovan, S., Borody, T. J., and Holsinger, R. M. D. (2022). Fecal microbiota
transplantation reduces pathology and improves cognition in a mouse model of
Alzheimer’s disease. Cell 12:119. doi: 10.3390/cells12010119

Engel, P,, Martinson, V. G., and Moran, N. A. (2012). Functional diversity within the
simple gut microbiota of the honey bee. Proc. Natl. Acad. Sci. USA 109, 11002-11007.
doi: 10.1073/pnas.1202970109

Ezenwa, V. O., Gerardo, N. M., Inouye, D. W,, Medina, M., and Xavier, J. B. (2012).
Animal behavior and the microbiome. Science 338, 198-199. doi: 10.1126/
science.1227412

Frontiers in Microbiology

14

10.3389/fmicb.2024.1352555

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1352555/
full#supplementary-material

Haas, K. N, and Blanchard, J. L. (2017). Kineothrix alysoides, gen. Nov., sp. nov., a
saccharolytic butyrate-producer within the family Lachnospiraceae. Int. J. Syst. Evol.
Microbiol. 67, 402-410. doi: 10.1099/ijsem.0.001643

Higgins, P. D. R. Schwartz, M, and Mapili, ], (2005). Patient defined dichotomous end
points for remission and clinical improvement in ulcerative colitis. Gut 54, 782-788. doi:
10.1136/gut.2004.056358

Honda, Y., Ogawa, N., Wong, M. K. S., Tokunaga, K., Kuraku, S., Hyodo, S., et al.
(2022). Molecular mechanism of nutrient uptake in developing embryos of oviparous
cloudy catshark (Scyliorhinus torazame). Angers a, editor. PLoS One 17:€0265428. doi:
10.1371/journal.pone.0265428

Hu, S., Wang, J., Xu, Y,, Yang, H., Wang, J., Xue, C,, et al. (2019). Anti-inflammation
effects of fucosylated chondroitin sulphate from Acaudina molpadioides by altering gut
microbiota in obese mice. Food Funct. 10, 1736-1746. doi: 10.1039/C8F002364F

Izetti, P, Hautefeuille, A., Abujamra, A. L., De Farias, C. B., Giacomazzi, J., Alemar, B.,
et al. (2014). PRIMA-1, a mutant p53 reactivator, induces apoptosis and enhances
chemotherapeutic cytotoxicity in pancreatic cancer cell lines. Investig. New Drugs 32,
783-794. doi: 10.1007/s10637-014-0090-9

Jie, Z., Xia, H., Zhong, S. L., Feng, Q, Li, S., Liang, S., et al. (2017). The gut microbiome in
atherosclerotic ~ cardiovascular disease. Nat. Commun. 8:845. doi: 10.1038/
541467-017-00900-1

Kim, S., Goel, R., Kumar, A., Qi, Y., Lobaton, G., Hosaka, K., et al. (2018). Imbalance
of gut microbiome and intestinal epithelial barrier dysfunction in patients with high
blood pressure. Clin. Sci. 132, 701-718. doi: 10.1042/CS20180087

Kohan, A. B. (2016). ApoC-III: A potent modulator of hypertriglyceridemia and
cardiovascular disease. Curr. Opin. Endocrinol. Diabetes Obes. 22, 119-125. doi: 10.1097/
MED.0000000000000136

Kong, F, Hua, Y., Zeng, B, Ning, R., Li, Y., and Zhao, J. (2016). Gut microbiota
signatures of longevity. Curr. Biol. 26, R832-R833. doi: 10.1016/j.cub.2016.08.015

Kopylov, A. T, Stepanov, A. A., Malsagova, K. A., Soni, D., Kushlinsky, N. E.,

Enikeev, D. V,, et al. (2020). Revelation of proteomic indicators for colorectal Cancer in
initial stages of development. Molecules 25:619. doi: 10.3390/molecules25030619

Krautkramer, K. A., Kreznar, J. H., Romano, K. A., Vivas, E. 1, Barrett-Wilt, G. A,,
Rabaglia, M. E., et al. (2016). Diet-microbiota interactions mediate global epigenetic
programming in multiple host tissues. Mol. Cell 64, 982-992. doi: 10.1016/j.molcel.2016.10.025

Kumari, R. (2013). Fluctuations in butyrate-producing bacteria in ulcerative colitis
patients of North India. W]G 19, 3404-3414. doi: 10.3748/wjg.v19.i22.3404

Lai, C. Q, Parnell, L. D,, and Ordovas, J. M. (2005). The APOA1/C3/A4/A5 gene
cluster, lipid metabolism and cardiovascular disease risk. Curr. Opin. Lipidol. 16,
153-166. doi: 10.1097/01.m01.0000162320.54795.68

Larsson, E., Tremaroli, V., Lee, Y. S., Koren, O., Nookaew, I, Fricker, A., et al. (2012).
Analysis of gut microbial regulation of host gene expression along the length of the gut

and regulation of gut microbial ecology through MyD88. Gut 61, 1124-1131. doi:
10.1136/gutjnl-2011-301104

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1352555/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1352555/full#supplementary-material
https://doi.org/10.1038/nature12687
https://doi.org/10.1136/gutjnl-2017-315565
https://doi.org/10.1126/science.1104816
https://doi.org/10.1126/science.1104816
https://doi.org/10.3945/ajcn.117.158816
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1128/mBio.01117-14
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1097/MCG.0000000000000046
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1080/21505594.2021.1878688
https://doi.org/10.1101/gr.220111.116
https://doi.org/10.3390/cells12010119
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1126/science.1227412
https://doi.org/10.1126/science.1227412
https://doi.org/10.1099/ijsem.0.001643
https://doi.org/10.1136/gut.2004.056358
https://doi.org/10.1371/journal.pone.0265428
https://doi.org/10.1039/C8FO02364F
https://doi.org/10.1007/s10637-014-0090-9
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1042/CS20180087
https://doi.org/10.1097/MED.0000000000000136
https://doi.org/10.1097/MED.0000000000000136
https://doi.org/10.1016/j.cub.2016.08.015
https://doi.org/10.3390/molecules25030619
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.3748/wjg.v19.i22.3404
https://doi.org/10.1097/01.mol.0000162320.54795.68
https://doi.org/10.1136/gutjnl-2011-301104

Ye et al.

Levy, M., Thaiss, C. A., and Elinav, E. (2015). Metagenomic cross-talk: the regulatory
interplay between immunogenomics and the microbiome. Genome Med. 7:120. doi:
10.1186/s13073-015-0249-9

Lewin, R. A. (2001). More on Merde. Perspect. Biol. Med. 44, 594-607. doi: 10.1353/
pbm.2001.0067

Lin, C., Wan, ], Su, Y., and Zhu, W. (2018). Effects of early intervention with maternal
fecal microbiota and antibiotics on the gut microbiota and metabolite profiles of piglets.
Meta 8:89. doi: 10.3390/metabo8040089

Liu, C., Zhao, D., Ma, W,, Guo, Y., Wang, A., Wang, Q,, et al. (2016). Denitrifying
sulfide removal process on high-salinity wastewaters in the presence of Halomonas sp.
Appl. Microbiol. Biotechnol. 100, 1421-1426. doi: 10.1007/500253-015-7039-6

Ma, L., Ni, Y., Wang, Z., Tu, W,, Ni, L., Zhuge, E, et al. (2020). Spermidine improves
gut barrier integrity and gut microbiota function in diet-induced obese mice. Gut
Microbes 12, 1832857-1832819. doi: 10.1080/19490976.2020.1832857

Mago¢, T, and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to
improve genome assemblies. Int. Conf. Intell. Syst. Mol. Biol. Proc. 27, 2957-2963. doi:
10.1093/bioinformatics/btr507

Manor, O., Zubair, N., Conomos, M. P, Xu, X., Rohwer, J. E., Krafft, C. E., et al. (2018).
A multi-omic association study of trimethylamine N-oxide. Cell Rep. 24, 935-946. doi:
10.1016/j.celrep.2018.06.096

Mar, R., Pajukanta, P, Allayee, H., Groenendijk, M., Dallinga-Thie, G., Krauss, R. M.,
et al. (2004). Association of the APOLIPOPROTEIN A1/C3/A4/A5 gene cluster with
triglyceride levels and LDL particle size in familial combined hyperlipidemia. Circ. Res.
94, 993-999. doi: 10.1161/01.RES.0000124922.61830.F0

Masso-Vallés, D., Beaulieu, M. E., and Soucek, L. (2020). MYC, MYCL, and MYCN
as therapeutic targets in lung cancer. Expert Opin. Ther. Targets 24, 101-114. doi:
10.1080/14728222.2020.1723548

McDonald, L. C,, Killgore, G. E., Thompson, A., Owens, R. C., Kazakova, S. V.,
Sambol, S. P, et al. (2005). An epidemic, toxin gene-variant strain of Clostridium
difficile. N. Engl. ]. Med. 353, 2433-2441. doi: 10.1056/NEJM0a051590

Nie, K., Ma, K., Luo, W,, Shen, Z., Yang, Z., Xiao, M., et al. (2021). Roseburia
intestinalis: a beneficial gut organism from the discoveries in genus and species. Front.
Cell. Infect. Microbiol. 11:757718. doi: 10.3389/fcimb.2021.757718

Opota, O., Prod'hom, G., Andreutti-Zaugg, C., Dessauges, M., Merz, L., Greub, G.,
et al. (2016). Diagnosis of Aerococcus urinae infections: importance of matrix-assisted
laser desorption ionization time-of-flight mass spectrometry and broad-range 16S
rDNA PCR. Clin. Microbiol. Infect. 22, e1-e2. doi: 10.1016/j.cmi.2015.08.026

Pan, Z., Du, G, Li, G., Wu, D., Chen, X, and Geng, Z. (2022). Apolipoprotein H: a
novel regulator of fat accumulation in duck myoblasts. J. Anim. Sci. Technol. 64,
1199-1214. doi: 10.5187/jast.2022.e60

Parker, B. J., Wearsch, P. A., Veloo, A. C. M., and Rodriguez-Palacios, A. (2020). The
genus Alistipes: gut Bacteria with emerging implications to inflammation, Cancer, and
mental health. Front. Immunol. 11:906. doi: 10.3389/fimmu.2020.00906

Piewngam, P, Zheng, Y., Nguyen, T. H., Dickey, S. W,, Joo, H. S, Villaruz, A. E., et al.
(2018). Pathogen elimination by probiotic Bacillus via signalling interference. Nature
562, 532-537. doi: 10.1038/541586-018-0616-y

Pouwer, M. G., Pieterman, E. J., Worms, N., Keijzer, N., Jukema, J. W.,, Gromada, J.,
etal. (2020). Alirocumab, evinacumab, and atorvastatin triple therapy regresses plaque
lesions and improves lesion composition in mice. J. Lipid Res. 61, 365-375. doi: 10.1194/
jl.RA119000419

Qi, L., Liu, S., Rifai, N., Hunter, D., and Hu, E B. (2007). Associations of the
apolipoprotein A1/C3/A4/A5 gene cluster with triglyceride and HDL cholesterol levels
in women with type 2 diabetes. Atherosclerosis 192, 204-210. doi: 10.1016/j.
atherosclerosis.2006.05.006

Rajili¢-Stojanovi¢, M., Shanahan, E, Guarner, E, and De Vos, W. M. (2013).
Phylogenetic analysis of dysbiosis in ulcerative colitis during remission. Inflamm. Bowel
Dis. 19, 481-488. doi: 10.1097/MIB.0b013e31827fec6d

Richards, A. L., Muehlbauer, A. L., Alazizi, A., Burns, M. B., Findley, A., Messina, E,
et al. (2019). Gut microbiota has a widespread and modifiable effect on host gene
regulation. Grice EA, editor. mSystems 4, 00323-e00318. doi: 10.1128/
mSystems.00323-18

Rodrigues, R., Barber, G. E., and Ananthakrishnan, A. N. (2017). A comprehensive
study of costs associated with recurrent Clostridium difficile infection. Infect. Control
Hosp. Epidemiol. 38, 196-202. doi: 10.1017/ice.2016.246

Rosa, E, Michelotti, T. C., St-Pierre, B., Trevisi, E., and Osorio, J. S. (2021). Early life
fecal microbiota transplantation in neonatal dairy calves promotes growth performance
and alleviates inflammation and oxidative stress during weaning. Animals 11:2704. doi:
10.3390/ani11092704

Rossen, N. G., Fuentes, S., van der Spek, M. J., Tijssen, J. G., Hartman, J. H. A,
Duflou, A., et al. (2015). Findings from a randomized controlled trial of fecal
transplantation for patients with ulcerative colitis. Gastroenterology 149, 110-118.e4.
doi: 10.1053/j.gastro.2015.03.045

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B.,
et al. (2009). Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Appl.
Environ. Microbiol. 75, 7537-7541. doi: 10.1128/ AEM.01541-09

Frontiers in Microbiology

15

10.3389/fmicb.2024.1352555

Schoeler, M., and Caesar, R. (2019). Dietary lipids, gut microbiota and lipid
metabolism. Rev. Endocr. Metab. Disord. 20, 461-472. doi: 10.1007/s11154-019-09512-0

Senneby, E., Eriksson, B., Fagerholm, E., and Rasmussen, M. (2014). Bacteremia with
Aerococcus sanguinicola: case series with characterization of virulence properties. Open
Forum Infect. Dis. 1:0fu025. doi: 10.1093/ofid/ofu025

Senneby, E., Petersson, A. C., and Rasmussen, M. (2012). Clinical and microbiological
features of bacteraemia with Aerococcus urinae. Clin. Microbiol. Infect. 18, 546-550. doi:
10.1111/j.1469-0691.2011.03609.x

Senneby, E., Petersson, A. C., and Rasmussen, M. (2015). Epidemiology and antibiotic
susceptibility of aerococci in urinary cultures. Diagn. Microbiol. Infect. Dis. 81, 149-151.
doi: 10.1016/j.diagmicrobio.2014.11.009

Shang, Q., Shan, X., Cai, C., Hao, ], Li, G., and Yu, G. (2016). Dietary fucoidan
modulates the gut microbiota in mice by increasing the abundance of Lactobacillus and
Ruminococcaceae. Food Funct. 7, 3224-3232. doi: 10.1039/C6FO00309E

Siegerstetter, S. C., Petri, R. M., Magowan, E., Lawlor, P. G., Zebeli, Q., O’'Connell, N. E.,
et al. (2018). Fecal microbiota transplant from highly feed-efficient donors shows little
effect on age-related changes in feed-efficiency-associated fecal microbiota from
chickens. Dudley EG, editor. Appl. Environ. Microbiol. 84, €02330-¢02317. doi: 10.1128/
AEM.02330-17

Su, S., Jing, X., Zhang, C., Hou, Y., Li, Z., Yang, X., et al. (2021). Interaction between
the intestinal microbial community and transcriptome profile in common carp
(Cyprinus carpio L.). Front. Microbiol. 12:659602. doi: 10.3389/fmicb.2021.659602

Sun, P, Xia, S, Lal, B,, Eberhart, C. G., Quinones-Hinojosa, A., Maciaczyk, J., et al.
(2009). DNER, an epigenetically modulated gene, regulates glioblastoma-derived
Neurosphere cell differentiation and tumor propagation. Stem Cells 27, 1473-1486. doi:
10.1002/stem.89

Tai, E. S., and Ordovas, J. M. (2008). Clinical significance of apolipoprotein A5. Curr.
Opin. Lipidol. 19, 349-354. doi: 10.1097/MOL.0b013e328304b681

Truax, A. D., Chen, L., Tam, J. W,, Cheng, N., Guo, H., Koblansky, A. A., et al. (2018).
The inhibitory innate immune sensor NLRP12 maintains a threshold against obesity by
regulating gut microbiota homeostasis. Cell Host Microbe 24, 364-378.e6. doi: 10.1016/j.
chom.2018.08.009

Walker, A., Pfitzner, B., Harir, M., Schaubeck, M., Calasan, J., Heinzmann, S. S., et al.
(2017). Sulfonolipids as novel metabolite markers of Alistipes and Odoribacter affected
by high-fat diets. Sci. Rep. 7:11047. doi: 10.1038/s41598-017-10369-z

Wang, X., Tsai, T., Deng, E, Wei, X., Chai, J., Knapp, J., et al. (2019). Longitudinal
investigation of the swine gut microbiome from birth to market reveals stage and growth
performance associated bacteria. Microbiome 7:109. doi: 10.1186/s40168-019-0721-7

Wang, Y., Zhang, H., Zhu, L., Xu, Y,, Liu, N, Sun, X,, et al. (2018). Dynamic
distribution of gut microbiota in goats at different ages and health states. Front.
Microbiol. 9:2509. doi: 10.3389/fmicb.2018.02509

Waters, J. L., and Ley, R. E. (2019). The human gut bacteria Christensenellaceae are
widespread, heritable, and associated with health. BMC Biol. 17:83. doi: 10.1186/
512915-019-0699-4

Weber, D. J., and Rutala, W. A. (2016). Bacillus species. Infect. Control Hosp. Epidemiol.
9, 368-373. doi: 10.2307/30145465

Weiler, E. S., Szabo, T. G., Garcia-Carpio, L, and Villunger, A. (2022). PIDD1 in cell
cycle control, sterile inflammation and cell death. Biochem. Soc. Trans. 50, 813-824. doi:
10.1042/BST20211186

Williams, R. E. O., Hirch, A., and Cowan, S. T. (1953). Aerococcus, a new bacterial
genus. J. Gen. Microbiol. 8, 475-480. doi: 10.1099/00221287-8-3-475

Xi, X, Cheng, J., Tian, Y., Zhang, J., Zhang, W., and Wu, R. (2011). Determination of
growth curves and major organ weights in 3 SPF-grade mice. Heilongjiang Anim.
Husbandry Vet. Med. 61, 136-138. doi: 10.13881/j.cnki.hljxmsy.2011.01.061

Yang, J., Wei, H., Zhou, Y., Szeto, C. H,, Li, C,, Lin, Y,, et al. (2022). High-fat diet
promotes colorectal tumorigenesis through modulating gut microbiota and metabolites.
Gastroenterology 162, 135-149.e2. doi: 10.1053/j.gastro.2021.08.041

Yu, Y, Raka, F, and Adeli, K. (2019). The role of the gut microbiota in lipid and
lipoprotein metabolism. JCM 8:2227. doi: 10.3390/jcm8122227

Yu, S., Zhang, G, Liu, Z., Wu, P, Yu, Z., and Wang, J. (2020). Repeated inoculation
with fresh rumen fluid before or during weaning modulates the microbiota composition
and co-occurrence of the rumen and colon of lambs. BMC Microbiol. 20:29. doi:
10.1186/512866-020-1716-z

Zaki, M. E., Amr, K. S., and Abdel-Hamid, M. (2013). APOA2 polymorphism in
relation to obesity and lipid metabolism. Cholesterol 2013, 1-5. doi: 10.1155/2013/289481

Zhang, Z., Xu, D., Wang, L., Hao, J., Wang, J., Zhou, X, et al. (2016). Convergent

evolution of rumen microbiomes in high-altitude mammals. Curr. Biol. 26, 1873-1879.
doi: 10.1016/j.cub.2016.05.012

Zhang, W,, Zou, G., Li, B,, Du, X,, Sun, Z,, Sun, Y, et al. (2020). Fecal microbiota
transplantation (FMT) alleviates experimental colitis in mice by gut microbiota
regulation. J. Microbiol. Biotechnol. 30, 1132-1141. doi: 10.4014/jmb.2002.02044

Zhou, L., Xiao, X., Zhang, Q. Zheng, J., Li, M., Yu, M., et al. (2018). Improved glucose
and lipid metabolism in the early life of female offspring by maternal dietary Genistein
is associated with alterations in the gut microbiota. Front. Endocrinol. 9:516. doi:
10.3389/fend0.2018.00516

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1352555
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s13073-015-0249-9
https://doi.org/10.1353/pbm.2001.0067
https://doi.org/10.1353/pbm.2001.0067
https://doi.org/10.3390/metabo8040089
https://doi.org/10.1007/s00253-015-7039-6
https://doi.org/10.1080/19490976.2020.1832857
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1016/j.celrep.2018.06.096
https://doi.org/10.1161/01.RES.0000124922.61830.F0
https://doi.org/10.1080/14728222.2020.1723548
https://doi.org/10.1056/NEJMoa051590
https://doi.org/10.3389/fcimb.2021.757718
https://doi.org/10.1016/j.cmi.2015.08.026
https://doi.org/10.5187/jast.2022.e60
https://doi.org/10.3389/fimmu.2020.00906
https://doi.org/10.1038/s41586-018-0616-y
https://doi.org/10.1194/jlr.RA119000419
https://doi.org/10.1194/jlr.RA119000419
https://doi.org/10.1016/j.atherosclerosis.2006.05.006
https://doi.org/10.1016/j.atherosclerosis.2006.05.006
https://doi.org/10.1097/MIB.0b013e31827fec6d
https://doi.org/10.1128/mSystems.00323-18
https://doi.org/10.1128/mSystems.00323-18
https://doi.org/10.1017/ice.2016.246
https://doi.org/10.3390/ani11092704
https://doi.org/10.1053/j.gastro.2015.03.045
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1093/ofid/ofu025
https://doi.org/10.1111/j.1469-0691.2011.03609.x
https://doi.org/10.1016/j.diagmicrobio.2014.11.009
https://doi.org/10.1039/C6FO00309E
https://doi.org/10.1128/AEM.02330-17
https://doi.org/10.1128/AEM.02330-17
https://doi.org/10.3389/fmicb.2021.659602
https://doi.org/10.1002/stem.89
https://doi.org/10.1097/MOL.0b013e328304b681
https://doi.org/10.1016/j.chom.2018.08.009
https://doi.org/10.1016/j.chom.2018.08.009
https://doi.org/10.1038/s41598-017-10369-z
https://doi.org/10.1186/s40168-019-0721-7
https://doi.org/10.3389/fmicb.2018.02509
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.2307/30145465
https://doi.org/10.1042/BST20211186
https://doi.org/10.1099/00221287-8-3-475
https://doi.org/10.13881/j.cnki.hljxmsy.2011.01.061
https://doi.org/10.1053/j.gastro.2021.08.041
https://doi.org/10.3390/jcm8122227
https://doi.org/10.1186/s12866-020-1716-z
https://doi.org/10.1155/2013/289481
https://doi.org/10.1016/j.cub.2016.05.012
https://doi.org/10.4014/jmb.2002.02044
https://doi.org/10.3389/fendo.2018.00516

	Effects of fecal microbiota transplantation on metabolic health of DBA mice
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Experimental protocol
	2.3 Sample collection
	2.4 Growth performance indicators
	2.5 Serum biochemical indicators
	2.6 Microbial 16S rRNA gene sequencing library construction and sequencing
	2.6.1 DNA extraction and PCR amplification
	2.6.2 Illumina MiSeq sequencing
	2.6.3 Amplicon sequence processing and analysis
	2.7 Transcriptomics
	2.7.1 Extraction of total RNA
	2.7.2 Oligo dT mRNA enrichment
	2.7.3 Fragmented mRNAs
	2.7.4 Reverse cDNA synthesis
	2.7.5 Linkage adaptor
	2.8 Statistical analysis

	3 Results
	3.1 Impact of FMT on the growth performance of DBA mice
	3.2 Impact of FMT on immune function in DBA mice
	3.3 Impact of FMT on lipid profiles, liver function, and antioxidant capacity in DBA mice
	3.4 Microbial 16S rRNA gene sequencing library construction and sequencing
	3.5 Transcriptome construction and sequencing
	3.6 Differentially expressed genes related to the composition of gut bacterial communities

	4 Discussion
	4.1 Relationship between the gut bacterial community structure and growth performance
	4.2 Relationship between the gene expression in the gut and growth performance
	4.3 Relationship between the DEGs and bacterial community composition in the gut

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	 References

