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a b s t r a c t

The gut microbiome has great effects on the digestion, absorption, and metabolism of lipids. However,
the microbiota composition that can alter the fat deposition and the meat quality of pigs remains unclear.
Here, we used Laiwu (LW) pigs (a native Chinese breed with higher intramuscular fat) compared with
commercial crossbreed Duroc � (Landrace � Yorkshire) (DLY) pigs to investigate the effects of microbiota
on meat quality, especially in intramuscular fat content. A total of 32 DLY piglets were randomly allotted
to 4 groups and transplanted with fecal microbiota from healthy LW pigs. The results indicated that the
high dose of fecal microbiota transplantation (HFMT) selectively enhanced fat deposition in longissimus
dorsi (P < 0.05) but decreased backfat thickness (P < 0.05) compared with control group. HFMT signif-
icantly altered meat color and increased feed conversation ratio (P < 0.05). Furthermore, the multi-omics
analysis revealed that Bacteroides uniformis, Sphaerochaeta globosa, Hydrogenoanaerobacterium saccha-
rovorans, and Pyramidobacter piscolens are the core species which can regulate lipid deposition. A total of
140 male SPF C57BL/6j mice were randomly allotted into 7 groups and administrated with these 4 mi-
crobes alone or consortium to validate the relationships between microbiota and lipid deposition.
Inoculating the bacterial consortium into mice increased intramuscular fat content (P < 0.05) compared
with control mice. Increased expressions of lipogenesis-associated genes including cluster of differen-
tiation 36 (Cd36), diacylglycerol O-acyltransferase 2 (Dgat2), and fatty acid synthase (FASN) were
observed in skeletal muscle in the mice with mixed bacteria compared with control mice. Together, our
results suggest that the gut microbiota may play an important role in regulating the lipid deposition in
the muscle of pigs and mice.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The mammalian gut microbial community plays a pivotal role in
host health, including nutrientsmetabolism, immunity, and disease
iation of Animal Science and
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(Claesson et al., 2012; Desai et al., 2016). Numerous exploratory
studies have characterized the contribution of microbiota on host
health and indicated marked shifts in the relative abundance of
various phyla or species in various physiological statuses (Franzosa
et al., 2019; Li et al., 2017, 2020a). For instance, comparisons of the
gut microbiota of lean and obese people indicated that the relative
abundance of Bacteroidetes and Firmicutes are associated with
obesity, and a significantly greater increase in total body fat was
observed in ‘obese microbiota’ recipient mice than in ‘lean micro-
biota’ recipient mice (Ley et al., 2005, 2006; Turnbaugh et al., 2006).
Clearly, the individual-specific microbial composition is stable over
time in the mature mammalian intestine (Fassarella et al., 2020). A
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recent study has indicated that the reconstitution of the donor-
specific microbial community via fecal microbiota transplantation
(FMT) is possible by transferring the partly metabolic phenotype
from the donor to the recipient (Fabbiano et al., 2018). Thus, the
earlier intervention of mammalian gut microbial composition is a
possible strategy to modulate host functions.

Global meat consumption is rising and likely to continue in
the future (Godfray et al., 2018). The influence of factors like
price and income is likely to decline over time, so that meat
quality will become an important factor in consumer choice.
Growing evidence makes it clear that specific probiotic supple-
mentation is efficient in ameliorating animal health and
improving meat quality. For example, dietary inclusion of Clos-
tridium butyricum and Rhodobacter capsulatus have been sug-
gested to improve meat quality and fatty acid profile in the
broiler (Salma et al., 2007; Yang et al., 2010). It has also been
reported that direct-fed probiotics can improve growth perfor-
mance and feed efficiency in pigs (Kyriakis et al., 1999). Lipid
contents in farm animals, especially intramuscular fat (IMF)
content, is one of the most important traits which have a direct
impact on the aroma and tenderness of meat (Crespo-Piazuelo
et al., 2020). Intramuscular fat determines the oxidative stabil-
ity and the textural properties of muscle, which are positively
correlated with meat flavor, tenderness, juiciness, and overall
liking (Wood et al., 2008). However, the main object of breeding
strategies in cosmopolitan pig breeds has been to increase lean
meat percentage and growth efficiency, which has resulted in a
reduction of IMF content and compromised meat quality
(Lonergan et al., 2001). A previous study indicated that it is
possible to regulate the IMF and backfat deposition by dietary
lysine restriction during the finisher period of
Duroc � (Landrace � Yorkshire) (DLY) pigs (Suarez-Belloch et al.,
2015). Given the evidence that the IMF can be increased with no
significant effect on backfat thickness after feeding low protein
diets in pigs (Doran et al., 2006; Wood et al., 2004), it is plausible
to modulate fat deposition via nutritional manipulation. How-
ever, the use of microbiota on improving IMF content in pigs was
rarely reported. Metabolites and proteins reside at the critical
interface of the microbiome and the host lipid metabolism. To
study the complex biological process holistically, a few studies
have combined multi-omics data to highlight the interrelation-
ships of the revolved biomolecules and their functions (Dyar
et al., 2018; Li et al., 2020b; Mars et al., 2020). Here, we inte-
grate multi-omics analysis to provide specific insight into the
relationship between microbiota and fat deposition.

The Laiwu (LW) pig is a native Chinese breed characterized by its
high IMF content and excellent meat quality (Huang et al., 2018).
However, other commercial breeds such as Landrace, Duroc, York-
shire, and DLYarewidely used because of faster growth rates and an
increase in the lean-to-fat ratio, ignoring IMF content and meat
quality (Chen et al., 2017; Choi et al., 2014; Rusc et al., 2011; Wu
et al., 2013). Based on the studies outlined above, we hypothe-
sized that utilizing the specific gut microbial community in LW pigs
might provide a potential strategy to improve the meat quality of
commercial pigs. Therefore, the FMT was performed from LW pigs
to DLY pigs aiming to evaluate the effect of gut microbiota on IMF
content and pork quality.

2. Materials and methods

2.1. Animal ethics

The experimental protocols of this study were approved by the
Institutional Animal Care and Use Committee of Huazhong Agri-
cultural University, Wuhan, China (approval numbers: HZAUSW-
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2019-012, HZAUMO-2019-042). A total of 32 DLY pigs and 140
C57BL/6j mice were given free access to water and feed.

2.2. Stool sample connection and fecal suspension preparation

Fifty healthy LW pigs with similar body weights (80 kg) were
randomly selected and fresh feces were collected from these pigs.
The fresh fecal samples were diluted and homogenized in sterile
saline containing 10% glycerol and then passed through steel tea
strainers (sterilized) followed by a 0.224-mm stainless cell strainer
to remove particles as previously describes (Hamilton et al., 2012).
The suspension was dispensed to cryotubes and stored in liquid
nitrogen until used for FMT. Part of the fresh feces was collected
and stored in liquid N2 for 16S rDNA sequencing.

2.3. Fecal microbiota transfer experiments

Stool samples from LW pigs were selected and prepared as
described and inoculated into DLY pigs via oral gavage. A total of
32 age-matched crossbred pigs (DLY) with an average body
weight of 30 kg were randomly assigned to 4 treatment groups
and then divided into 16 pens (2 pigs per pen). The basal diets
composition is shown in Table S1. The pigs received 5 mL sterile
saline (control group, Ctrl), sterile FMT (SFMT group), low dose
of FMT (LFMT group, 107 CFU/mL), and high dose of FMT (HFMT
group, 108 CFU/mL) by oral gavage once every other day until
90 kg. All the pigs had unlimited access to feed and water during
the experimental period. The diarrheal pigs were recorded dur-
ing the first 30 d of FMT. The body weights of pigs were
measured every month and the feed intake of each pen was
recorded. At d 90, pigs were fasted for 12 h and slaughtered by
neck bleeding after electric shock. Fresh feces were collected
from the rectum and stored at �80 �C for microbiota analysis.
Segments of the small intestine (duodenum, jejunum, and
ileum) were taken and fixed in 4% paraformaldehyde for histo-
logical analysis. The longissimus dorsi muscle (500 g) was
removed for meat quality determination immediately. Part of
longissimus dorsi and small intestine tissues were excised and
immediately stored in liquid N2 for metabolic and proteomic
analysis.

2.4. Mouse intervention study with microbes

Bacteroides uniformis (DSM 6597T), Sphaerochaeta globosa (DSM
22777T), Hydrogenoanaerobacterium saccharovorans (DSM 24774T),
and Pyramidobacter piscolens (DSM 21147T) were purchased from
the DSMZ and cultured according to the manufacturer's in-
structions. Strains were stored in 10% glycerol at �80 �C until use.
Cohorts of male SPF C57BL/6j mice with similar weights
(11.4 ± 0.02 g) were weaned at 28 d of age and randomly divided
into 7 groups. The antibiotic cocktail dissolved in mouse drinking
water has previously been shown to suppress commercial gut
microbiota, and included 50 mg/mL streptomycin, 100 mg/mL
neomycin, 100 U/mL penicillin, 100 mg/mLmetronidazole, 50 mg/mL
vancomycin, 100 mg/mL ceftazidime,125 mg/mL ciprofloxacin, 1 mg/
mL bacitracin, and 170 mg/mL gentamycin (Chevalier et al., 2015).
We treated mice with a cocktail of antibiotics for 1 week before the
microbiota gavage experiment. Thereafter, themice underwent oral
gavage with sterile PBS (Ctrl group, and short-chain fatty acids
[SCFA] group), suspension (200 mL, 108 CFU/mL) containing
B. uniformis (B.uni group), S. globosa (S.glo group),H. saccharovorans
(H.sac group), and P. piscolens (P. pis group) respectively, for 4
weeks. In addition, the mice in the SCFA group were given a
mixture of 67.5 mmol/L sodium acetate, 40 mmol/L sodium buty-
rate, and 25.9 mmol/L sodium propionate dissolved in drinking
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water as previously described (Lahiri et al., 2019). The mice in the
Mix group were administrated with a mixed bacterial suspension
(200 mL, 108 CFU/mL), containing B. uniformis, S. globosa,
H. saccharovorans, and P. piscolens, by gastric gavage every other day
for 4 weeks. Mice were allowed free access to sterile water and feed
and the fresh sterile water was changed every day. At the end of the
experiment, mice were fasted overnight and euthanized, and so-
leus, tibialis anterior (TA), extensor digitorum longus (EDL),
gastrocnemius, and quadriceps were weighed and collected for
qPCR analysis. The IMF of gastrocnemius was measured with an
Elisa kit (jlc e A10563).

2.5. Microbial genomic DNA extraction, amplicon generation, and
sequencing

Genomic DNA was isolated from stool samples (stored
at �80 �C) using the combined method of cetyl trimethyl ammo-
nium bromide (CTAB) and bead-beating as previously described
(Hu et al., 2016). The V4 region of the 16S rDNA was amplified by
PCR with primers as F: 50-NNNNNNNNGTGTGCCAGCMGCCGCGG-
TAA-30 and R: 50-GGACTACHVGGGTWTCTAAT-30. Thereafter, the
amplicons were quantified and sequenced pair end on the Illumina
MiSeq platform. All 16S rDNA sequencing data were publicly
available in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive and are accessible under BioProject
accession number PRJNA683194.

2.6. Sequencing data analysis

Sequencing data were filtered and merged to tags with the
Connecting Overlapped Pair-End (COPE) software (v1.2.1) (Liu et al.,
2012). The tags were clustered to OUT at 97% sequence similarity.
Mothur (v1.31.2) software was used to classify the bacterial OUT
representative sequences based on Ribosomal Database Project
(RDP) database. The weighted UniFrac analysis was used to mea-
sure the b-diversity of the microbiome and analyzed with the
Quantitative Insights Into Microbial Ecology (QIIME, v1.80) soft-
ware package. The PCoA and clustering heat map were drawn with
R (v3.3.3) programming language based on weighted UniFrac di-
versity distance. Significant differences in relative abundance be-
tween the groups were determined by Metastats software. The
Linear discriminant analysis Effect Size (LEfSe) analysis was per-
formed by LEfSe software. The BrayeCurtis distancewas done using
the vegdist (method ¼ “bray”) function of a vegan package in R
(v3.3.3) and shown by the PCA analysis.

2.7. Histological analysis

To perform histology analysis, the small intestinal segments
(duodenum, jejunum, and ileum) were removed and gently flushed
with PBS, fixed in 4% paraformaldehyde. Subsequently, the intes-
tine was swiss rolled and embedded in paraffin. These segments
were sectioned at 5 mm and stained with hematoxylin and eosin
(H&E). Images of the intestine were obtained with a light micro-
scope at 40� and 100� magnification. The villi heights and crypts
depths were measured with Image-Pro Plus software.

2.8. Measurement of fecal SCFA

Feces stored at �80 �C were used to quantify fecal SCFA in pigs.
The concentration of SCFA was determined using gas chromatog-
raphy (Zhernakova et al., 2016). Briefly, 0.2 g feces were mixed with
Milli-Q water (100 mL per 100 mg of material) and extracted by
vortexing for 5 min. The pooled extraction was centrifuged at
12,000 � g for at least 3 min. The supernatant (0.2 mL) was mixed
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with 40 mL metaphosphoric acid to extract liposoluble components.
The samples were then centrifuged (12,000 � g for 15 min, 4 �C)
after overnight at 4 �C. The supernatants (1 mL each) were pipetted
and filtered through a 0.22-mm filter and then injected to Trace GC
1,300. The temperature of injector and flame ionization detector
were 150 and 250 �C, while the oven temperature was 140 �C.

2.9. Measurement of meat quality traits

At the end of the feeding trial, all pigs were individually
weighed and slaughtered to analyze meat quality. The longissimus
dorsi muscles (on the right side of the carcass) were removed and
used to measure meat quality traits. Marbling score was calcu-
lated according to National Pork Producers Council (NPPC)
guidelines. Meat color was measured after exposure to the air at
room temperature for 30 minwith a colorimeter (Minolta CR-400;
Konica Minolta, Tokyo, Japan). The pH values were measured at
approximately 45 min and 24 h after slaughter with a digital pH
meter. Drip loss was measured by cutting meat samples into
15 mm � 15 mm � 30 mm and storage at 4 �C for 48 h, calculating
the initial and final weight. The shear force was measured by
cooking samples to a final core temperature of 75 �C, then
removing a 1-cm round strip for Warner-Bratzler shear force
(Model 2356X; Salter Brecknell, Manhattan, KS, USA) test. The
contents of water, protein, and IMF in longissimus dorsi were
analyzed with near-infrared spectroscopy (Aquila Blue, Germany)
as described previously (Lambe et al., 2021). In addition, long-
issimus dorsi muscles from LW pigs (90 to 120 kg) were collected
to measure IMF by Near-infrared spectroscopy.

2.10. Untargeted metabolomics profiling

2.10.1. Sample preparation
Muscular metabolites were extracted by mixing thawed tissue

(25 mg) and chilled methanol-water (1:1, 800 mL) solution, ground
with TissueLyser and placed at �20 �C for 2 h. Samples were then
centrifuged at 30,000 � g (4 �C for 15 min) and 650 mL was trans-
ferred to a new tube. Each sample was centrifuged at 25,000 � g
(4 �C for 20min), and 550 mL supernatant was transferred to a clean
tube. Next, 1 mL mixture of acetonitrile, methanol, and acetone
(8:1:1) was taken to precipitate the proteins, and 400 mL super-
natant was transferred to the equilibrated and activated solid-
phase extraction (SPE) column after centrifugation. The superna-
tant was discarded after two rounds of centrifugation, recon-
stituted in 400 mL of 100% acetonitrile, then eluted solution was
transferred into a clean tube for metabolic analysis.

2.10.2. Metabolomics analysis
Liquid chromatographic separations were achieved on an ACQ-

UITY UPLC HSS T3 column (100 mm � 2.1 mm, 1.8 mm, Waters, UK)
using an ultra-performance liquid chromatography (UPLC) system
(Waters, UK), and MS was performed on a high-resolution tandem
mass spectrometer Xevo G2 XS QTOF (Waters, UK). The Q-TOF was
run in both positive and negative ion modes. The mobile phase was
composed of buffers: (A) water with 0.1% formic acid and (B)
acetonitrile with 0.1% formic acid. The follow ratewas set at 0.4 mL/
min with the following gradient elution conditions: 0 to 2 min,
100% buffer A; 2 to 11 min, 0 to 100% buffer B; 11 to 13 min, 100%
buffer B; 13 to 15 min, 0 to 100% buffer A. The data of the mass
spectrometer were acquired in Centroid MSE mode. The alignment,
extraction, normalization, deconvolution, and compound identifi-
cation of peak were monitored by Progenesis QI software (v 2.2).
Furthermore, QC samples were acquired to evaluate the stability of
LCeMS at acquisition. The local polynomial regression fitting signal
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correction which was performed on the real sample signal was
based on QC sample information (Dunn et al., 2011).

2.11. Proteomics analysis

Quantitative proteomics iTRAQ was conducted to determine the
protein profile of the small intestine and muscle. The samples were
mixed with lysis buffer (8 mol/L urea, 10 mmol/L dithiothreitol, 4%
CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate), 40 mmol/L Tris-HCl, 1 mmol/L PMSF (phenyl-
methanesulfonyl fluoride), 2 mmol/L EDTA, pH 8.5) and sonicated
with TissueLyser (50 Hz, 2min) to release proteins. The supernatant
was transferred into a clean EP tube after centrifugation (25,000 �
g, 4 �C for 20 min). To reduce the proteins, 10 mmol/L dithiothreitol
was added at 56 �C for 1 h, then the supernatant was alkylated with
55 mmol/L iodoacetamide for 45 min in dark conditions. Samples
were centrifugated at 25,000 � g (4 �C for 20 min), the superna-
tants were transferred to a clean polyethylene (PE) tub, the protein
concentration was quantified by Bradford assay. The quality of
protein extraction was measured with SDS-PAGE. Approximately
100 mg protein solution was diluted with 100 mmol/L TEAB (tet-
raethylammonium bromide) for 4 times and digested with Trypsin
Gold (trypsin-to-protein ratio¼ 40:1) at 37 �C for 16 h. The peptides
were desalted using Strata X C18 column (Phenomenex) after
digestion and dried by vacuum centrifugation. To dissolve peptides,
30 mL TEAB (0.5 mol/L) was added. The samples were combined and
labeled with iTRAQ reagents according to the manufacturer's pro-
tocol. The separation of labeled peptides was performed on a high
pH RP column using the Shimadzu LC-20AB HPLC Pump system.
The labeled samples were reconstituted in 2 mL buffer B (95% H2O
and 5% ACN, pH 9.8) and injected into a column (5 mm particles).
The peptides were eluted at the flow rate: 1mL/min for 10minwith
a gradient of 5% buffer B, 5% to 35% buffer B for 40 min, 35% to 95%
buffer B for 1 min, and then maintained in 95% buffer B for 3 min,
decreased to 5% within 1 min, and equilibrated with 5% buffer B for
10 min. The peptides elution was collected every 1 min and pooled
as 20 fractions following being vacuum dried.

2.11.1. LCeMS/MS analysis
The LCeMS/MS analysis was performed with Thermo Scientific

UltiMate 3000 UHPLC system. The fractions were resuspended
with buffer A (0.1% formic acid, 2% acetonitrile) and centrifuged
with 20,000 � g for 10 min, then 5 mL supernatant was loaded
onto a trap and an analytical column at 5 mL/min for 8 min, then
eluted onto a homemade nanocapillary C18 column (inner
diameter 75 mm � 25 cm). The gradient run was set: 300 nL/min
for 40 min in 5% to 25% buffer B, linear gradient to 80% buffer B for
2 min, then maintained at 80% buffer B for 2 min, finally returned
to 5% buffer B in 1 min and equilibrated for 6 min. The separated
peptides were analyzed with tandem mass spectrometry using Q
EXACTIVE HF X (Thermo Fisher Scientific, San Jose, CA) system
combined with online to the HPLC.

2.11.2. Bioinformatics pipeline for data analysis
Quantitation and analysis of labeled peptides were performed

by automated IQuant software (Wen et al., 2014). The data were
filtered based on a PSM-concentration and false discovery rate
(FDR) at 1% to reduce false positive results as previously described
(Savitski et al., 2015). The identified peptide sequence contains at
least 1 unique peptide. The differentially expressed proteins were
identified by fold change >1.5 or <0.5 (mean value of all groups),
P < 0.05 (t-test of all groups). The functional variation analysis and
details of the lipid metabolism pathway were performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The
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Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com)
was used to study functional characteristics and analyze interaction
networks. The LCeMS raw data have been deposited to the Pro-
teomeXchange Consortium via the PRoteomics IDEntifications
(PRIDE) database partner repository with the dataset identifier
PXD023197.

2.12. qPCR for target genes

Total RNA was extracted from the muscle of mice. The relative
expression of genes associated with lipogenesis was measured by
qPCR. Oligonucleotide primers were used to amplify target genes
are shown in Table S2. The quantitative polymerase chain reaction
(PCR) program consisted of an initial denaturation at 95 �C
(10 min) followed by 40 cycles of denaturation at 95 �C for 15 s,
60 �C for 30 s, 72 �C for 30 s, annealing at 60 �C for 30 s and
extension at 72 �C for 30 s.

2.13. Statistical analysis

The sample size for each group was chosen based on study
feasibility and all quantitative assays were performed using at least
three technical replicates unless specifically stated otherwise. We
performed unpaired two-tailed Student's t-test or one-way analysis
of variance ANOVA followed by Tukey's multiple comparison's test
to analyze the influence of treatments. The detailed descriptions of
the statistical methods are shown in each the legends of each
Figure. P < 0.05 was considered statistically significant (*P < 0.05,
**P < 0.01, ***P < 0.001). The data are shown as mean ± SEM and
produced by GraphPad Prism 7 software.

3. Results

3.1. Distinct microbiome and higher IMF content in Laiwu pigs

The IMF content is an important trait strongly correlated with
the sensory properties of meat. Previous studies have detected the
IMF content of different commercial pig breeds including Yorkshire,
1.54% (n ¼ 12); Landrace, 1.79% (n¼ 60); Duroc, 2.98 (n ¼ 200); and
DLY, 2.21% (n ¼ 132) (Chen et al., 2017; Choi et al., 2014; Rusc et al.,
2011; Wu et al., 2013). To confirm the IMF content in LW pigs,
longissimus dorsi muscles were collected from 28 LW pigs at the
market weight, and then the IMF content was measured using
Near-infrared spectroscopy. As expected, the IMF in LW pigs was
(10.78 ± 0.26)% (mean ± SEM), remarkably higher than that in
commercial pig breeds (Table S3). To investigate the characteristics
of the microbial composition between DLY and LW pigs, the feces
were collected and analyzed through 16S rDNA sequencing. Prin-
ciple component analysis (PCA) comparing bacterial diversity
within individual subjects revealed that LW pigs harbored a distinct
bacterial community compared to DLY pigs (Fig. 1A). The heatmap
of cluster analysis revealed a higher similarity of all genera among
different samples within-group (Fig. 1B). Furthermore, comparative
analysis of microbial composition at phylum and genus levels be-
tween LWand DLY pigs was performed based on metastats analysis
(Tables S4 and 5). At phylum level, Firmicutes was most dominated
in DLY pigs and Bacteroidetes was significantly higher in LW pigs.
The relative abundance of Proteobacteriawas significantly higher in
DLY pigs. Conversely, Elusimicrobia showed a higher abundance in
LW pigs (Fig. 1C). At genus level, Oscillospirawas themost abundant
among significantly higher bacteria in DLY pigs followed by
Escherichia. On the other hand, Phascolarctobacterium, Para-
bacteroides, Bacteroides, Anaeroplasma, Sphaerochaeta, and Akker-
mansia showed higher relative abundance in LW pigs (Fig. 1C). The

http://www.ingenuity.com


Fig. 1. Laiwu (LW) pigs harbor a distinct intestinal microbiota compared with crossbred (Duroc � [Landrace � Yorkshire]) DLY pigs. (A) PCA plot showing fecal microbiota
compositional differences between LW pigs and DLY pigs. Each dot represents one pig. (B) Heatmap of cluster analysis of genera in the fecal microbial community between LW and
DLY pigs. (C) Difference in microbial communities at phylum and genus level between LW and DLY pigs analyzed by metastats (the relative abundance > 1%).
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distinct gut microbial composition of LW pigs from DLY pigs could
be an efficient regulator in IMF deposition.

3.2. Fecal microbiota transplantation induced shifts on growth
performance and diarrhea rate

The FMT assay was performed to further investigate the
contribution of the microbial community to IMF deposition in pigs.
Fecal microbiota suspensions from healthy LW pigs were passively
transferred into the DLY pigs by oral administration (Fig. 2A).
Considering the slow growth and low diarrhea rate of LW pigs, we
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also investigated the effects of FMT on growth performance and
diarrhea rate. There was no significant difference (P > 0.05) in body
weight during the whole experimental period (Fig. 2B). HFMT
significantly increased (P < 0.05) feed conversion ratio but no dif-
ference was observed among the other three groups (Fig. 2C). In
addition, a significantly decreased (P < 0.05) backfat thickness was
also noticed in the HFMT group compared with control pigs
(Fig. 2D). The reduction in backfat thickness of HFMT pigs might be
correlated with the slow growth property of Chinese native pig
breeds. Transplantation with a high dose of microbial suspension
from LW pig into DLY pigs caused a similar decrease (P < 0.001) in



Fig. 2. Effect of fecal microbiota transplantation (FMT) on growth performance and diarrhea rate. (A) Experimental design. (B) Body weight was measured monthly. (C) Feed
conversion ratio of pigs during experimental periods. (D) Backfat thickness. (E) The mean diarrhea incidences of pigs during d 0e30 after fecal microbiota transplantation. Error bars
indicate SEM (*P < 0.05, **P < 0.01, ***P < 0.001) determined by one-way ANOVA. HFMT, high dose of fecal microbiota transplantation; LFMT, low dose of fecal microbiota
transplantation; SFMT, sterile fecal microbiota transplantation.
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diarrhea ratio (Fig. 2E), consistent with a previously published
study that FMT from healthy native pig breeds into recipients
significantly prevented stress-induced diarrhea (Hu et al., 2018).
However, a significantly decreased (P < 0.001) diarrhea ratio was
observed in SFMT pigs, whereas no reduction in diarrhea ratio in
LFMT pigs was found compared with control pigs. So far, the exact
functions of microorganisms and the risks of FMT are not yet fully
understood. Due to the lack of strict and standardized screening for
donoreacceptor in animal trials, FMT itself could turn out to be an
infection factor (Gupta et al., 2021). Therefore, whether or not FMT
ameliorated stress-induced diarrhea when a low concentration of
fecal microbiota was administered, could not be demonstrated, as
the SFMT pigs had less stress and did not show diarrhea.

3.3. Effect of FMT on meat quality

The results showed that significantly increased (P < 0.05) IMF
percentage of longissimus dorsi in the HFMT group was observed
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compared with other groups (Fig. 3A). Further, HFMT significantly
increased (P < 0.05) the value of L* and b* in longissimus dorsi
compared with control pigs (Fig. 3B and D). L* value was higher
(P < 0.05) in the LFMT group than that in the SFMT group (Fig. 3B).
Therewasno significant difference (P>0.05) in a*value among the4
groups (Fig. 3C).However, other traits ofpork including themarbling
score, value of pH at 45 min and 24 h, protein percentage, drip loss
and shear force of longissimus dorsi were not affected (P > 0.05) by
FMT (Fig. 3EeJ). These data revealed that FMT-mediated lipid
deposition in longissimusdorsi ismostefficient inhighdosesof FMT.
Thus, we next concentrated on investigating the underlying mech-
anism of microbiota-induced IMF deposition in the HFMT group.

3.4. HFMT restored gut microbial composition

To directly investigate the impact of HFMT on the gut microbial
composition of DLY pigs, the 16S rDNA gene of the microbiome was
sequenced by Illumina MiSeq platform. The scatterplot based on



Fig. 3. Meat quality affected by fecal microbiota transplantation. (A) Intramuscular fat percentage of longissimus dorsi (%). Meat color of longissimus dorsi was measured by a
Spectro colorimeter: (B) lightness (L*), (C) redness (a*), and (D) yellowness (b*). (E) Marbling score. (F and G) Value of pH at 45 min and 24 h. (H) Protein content in longissimus
dorsi. (I) Drip loss at 24 h. (J) Share force. *P < 0.05, determined by one-way ANOVA.
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principal coordinates analysis (PCoA) showed that the bacterial
communities among groups were formed into 3 clusters and the
cluster of samples in the HFMTgroupwas between DLYand LWpigs
(Fig. 4A). We observed that the microbial composition in HFMT and
LW are closer to each other than to the Ctrl pigs based on the
heatmap of UniFrac distance (Fig. 4B). In addition, the taxonomic
analysis indicated that HFMT induced a shift from DLY pigs to LW
pigs in the composition of fecal microbiota (Fig. 4CeG).

Analysis at the phylum level showed that fecal microbiota was
dominated by four major phyla: Bacteroidetes, Firmicutes, Spiro-
chaetes, and Proteobacteria. Compared to control pigs, HFMT
administration was associated with a bloom of Bacteroidetes and
reduction in Actinobacteria (Fig. 4C), whereas, the HFMT pigs had
lower proportions of taxa on Firmicutes phylum, including class
Clostridia, class Erysipelotrichia, order Clostridiales, order Erysi-
pelotrichia, family Erysipelotrichaceae, genus Blautia, lower pro-
portions of taxa on phylum Actinobacteria, including class
Actinobacteria, order Coriobacteriales, family Coriobacteriaceae,
and lower proportions of taxa on phylum Proteobacteria,
including class Gammaproteobacteria, order Enterobacteriales,
family Enterobacteriaceae. In contrast, HFMT induced higher
proportions of Bacteroidetes, including class Bacteroidia, order
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Bacteroidales (Fig. 4CeG), which are reported to have desirable
traits and the ability to metabolize complex carbohydrates and
generate SCFA directly or via cross-feeding mechanisms (Ridaura
et al., 2013). The significantly increased Bacteroides and
decreased Firmicutes observed in HFMT pigs were closer to the
property of microbial composition in LW pigs, indicating that FMT
transferred the microbiota composition characteristics from LW
pigs to DLY pigs.

3.5. HFMT affected small intestinal health and fecal SCFA
concentration

A well-developed and mature intestinal physiology can improve
intestinal function, regulate the uptake of energy by increasing gut
transit time, maintain barrier function and mucosal integrity, and
improve intestinal immunity (Hartenstein and Martinez, 2019;
Stanghellini et al., 2016; Vanheel and Farre, 2013). To investigate
whether HFMT contributes to the development and maturation of
the small intestinal morphology in pigs, we performed H&E staining
of the duodenum, jejunum, and ileum (Fig. 5A). The results indicated
that the HFMT significantly increased (P < 0.01) villi heights in the
duodenum, jejunum, and ileum (Fig. 5B) and decreased (P < 0.05)



Fig. 4. Effect of fecal microbiota transplantation (HFMT) on fecal microbiota composition. (A) Scatterplot from PCoA in bacterial communities based on weighted UniFrac distance.
(B) Heatmap showing the beta-diversity of bacterial community based on hierarchical clustering analysis of weighted UniFrac distances. Shifts in gut bacterial taxonomic com-
positions at several taxonomic levels after fecal microbiota transplantation, including (C) phylum, (D) class, (E) order, (F) family, and (G) genus. Upward and downward arrows show
that the relative abundance of the corresponding taxonomic levels significantly increased and decreased with fecal microbiota transplantation, respectively.
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crypts depths in the duodenum (Fig. 5C). Furthermore, a significant
increase (P < 0.05) in the ratios of villi heights to crypts depths was
observed from duodenum, jejunum, and ileum in HFMT pigs
(Fig. 5D). These results suggested that HFMT promotes intestinal
development and maintains intestinal villi integrity.

The complementary enzymes produced by gut microbiota depo-
lymerize and ferment dietary polysaccharides into host absorbable
SCFA (El Kaoutari et al., 2013). Specifically, SCFA have major impacts
on host energy metabolism, such as providing substrates for lipo-
genesis (Turnbaugh et al., 2006). The shifts of gut microbial commu-
nities might cause changes in the production of microbial
fermentation. Hence, we determined the concentration of acetic,
propionic, isobutyric, butyric, isovaleric, and valeric acids in fecal
samples using gas chromatography analysis. It is noteworthy that the
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concentration of isobutyric acid and isovaleric acid was significantly
higher (P < 0.05) in HFMT pigs than that in control pigs. In addition,
the HFMT pigs showed a tendency of a higher amount of acetic,
propionic, butyric, and valeric acids (Fig. 5E). These data suggested
that microbiota mediates the lipid deposition in muscle possibly by
increasing the production of SCFA from intestinal fermentation.

3.6. HFMT induced muscle-specific metabolic profiling

Hypothesizing that intestinal microbiota was the critical medi-
ator for IMF deposition, we sought to further determine the effects
of microbiota transplantation on muscular lipidome. The untar-
geted lipidomic of longissimus dorsi was performed. Of the 7,109
ion features detected by LCeMS system, only 124 metabolites were



Fig. 5. The intestinal histological characteristic and fecal SCFA. (A) Representative H&E staining of intestine. The images of intestinal morphology are shown at 40� magnification
and 100� magnification. (BeD) Statistical analysis of villus height, crypt depth, and the ratios of villus height to crypt depth in pigs. (E) Levels of fecal SCFA in HFMT and Ctrl groups.
Data are shown as mean ± SEM (n ¼ 5), using the unpaired Student's t-test (two-tailed), *P < 0.05, **P < 0.01. SCFA ¼ short-chain fatty acids; HFMT ¼ fecal microbiota
transplantation.
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identified to be considerably altered (VIP � 1, fold change � 1.2
or < 0.833, P < 0.05, respectively) after FMT. Principal coordinate
analysis and heatmap of cluster analysis showed significant clus-
tering of samples between control and HFMT (Fig. 6A and B). An
altered abundance of metabolites suggested tissue physiology. For
example, fatty acyls comprised 21.73% of muscular metabolites and
made up only 11.4% altered by HFMT, while glycerophospholipids
comprised 30.42% yet 47.37% were altered by HFMT (Fig. 6C and D).
To characterize the correlations among the metabolites of different
classes, we analyzed the correlations of altered metabolites in
muscle. Comparative analysis of intra-tissue metabolite correla-
tions indicated that glycerophospholipids had the strongest cor-
relation with other metabolites (Fig. 6E).

3.7. HFMT induced changes in intestinal and muscular proteomic

The proteomic landscape of the small intestine and muscle, the
key tissue for lipid absorption and deposition, was assessed by
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iTRAQ quantification project. Highly stringent criteria in raw data
handling ensured the confident identification of 8,859 distinct
peptides, corresponding overall to 2,037 unique proteins in muscle.
In addition, 50,624 peptides and 7,866 proteins were identified in
the small intestine. Using critical stringent criteria of fold change
>1.5 or <0.5, P < 0.05, we identified 247 and 337 differentially
expressed proteins in muscle and intestine, respectively. However,
only 5 proteins were changed in bothmuscle and intestine (Fig. 7A).

To characterize the biological process and functions of the
differentially expressed proteins in the intestine and muscle after
FMT, the pathway analysis based on the KEGG database was
performed. In the tissue of the intestine and muscle, the
differential proteins affected by FMT were enriched in
pathways including lipid metabolism, carbohydrate metabolism,
and energy metabolism (Fig. 7B). We identified signaling
pathways involved in lipid metabolism of HFMT small
intestine and found that steroid hormone biosynthesis is signif-
icantly enriched in the top 40 KEGG pathways (Fig. 7C). In



Fig. 6. Muscle-specific metabolic profiling. (A) Scatterplot from PCA. (B) Heatmap of metabolite clusters in muscle, measured by LCeMS based metabolomics. (C) Relative metabolite
levels. (D) Relative levels of metabolites altered by HFMT. (E) Graphical visualization of significant correlations between the significantly altered metabolites of different class or
within the same class. Each ribbon indicates a significant metabolites correlation between or within each metabolite class. Ribbon thickness refers to number of significantly
correlated metabolites. Metabolites were ordered according to metabolite class as indicated in colored bar around the circumference. HFMT, high dose of fecal microbiota
transplantation. FA ¼ fatty acyls; GL ¼ glycerolipids; GP ¼ glycerophospholipids; PK ¼ polyketides; PR ¼ prenol lipids; SL ¼ saccharolipids; SP ¼ sphingolipids; ST ¼ sterol lipids.
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addition, the protein UniProt accessions and ratios of HFMT/Ctrl
were uploaded into the Ingenuity Pathway Analysis (IPA) soft-
ware in which the differentially regulated proteins were all
characterized with statistical significance. Based on the network
analysis using the IPA tool, we observed that the network “Lipid
metabolism” was more highly enriched in HFMT group than Ctrl
group (Fig. 7D and E).

To investigate the potential mechanisms of microbiota-
mediated lipid deposition, the differentially expressed proteins
associated with lipid metabolism are summarized in Table S6.
The lipogenesis-associated biomarkers including fatty acid
desaturase 1 (FADS1), fatty acid binding protein 4 (FABP4), and
fatty acid synthase (FASN) were up-regulated in HFMT. Adenosine
monophosphate-activated protein kinase (AMPK) which inhibits
the expression of sterol-regulatory element-binding protein 1
(SREBP1) target lipogenic enzymes and reduces lipid
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accumulation (Shimano and Sato, 2017), was downregulated in
HFMT pigs. In contrast, HFMT pigs had a decreased expression of
proteins involved in fatty acid oxidation at mitochondrion,
including acyl-CoA dehydrogenase medium chain (ACADM),
acetyl-CoA acyltransferase 2 (ACAA2), and mitochondrial delta3,
delta2-dienoyl-CoA isomerase (ECI1) (Table S6). Together, these
results suggested that selective improvement of IMF might be
through upregulating the expression of lipogenesis-associated
genes.

3.8. Screening the core species-associated to IMF deposition

The linear discriminative features effect size (LEfSe) analysis
(LDA > 2) was applied to identify specific bacterial taxa or
species-level phylotypes that contribute to the IMF deposition
and discover the taxonomic differences of specific bacteria in



Fig. 7. The differentially expressed proteins and enriched pathways in the Intestine and Muscle of HFMT Pigs. (A) Venn diagram showing the number of HFMT-induced differentially
expressedproteins in intestineandmuscle. (B)KEGGpathwayanalysisofdifferentiallyproteinsrelatedtometabolicprocess. (C) Scatterplot forpathways inKEGGenrichmentofdifferentially
expressed proteins. The impact was calculated according to the number of annotated differentially proteins in this pathway term. (D and E) The network generated by Ingenuity Pathway
Analysis (IPA) software shows enriched biological functions related to lipidmetabolism (D), and themost enriched interaction network (E) of the differentially expressed proteins inHFMT-
induced pigs. Red indicates up-regulated; green indicates down-regulated,white integrates proteins involved in certain network but not differentially expressed in this study. The degree of
change for protein expression is indicated by color depth. HFMT, high dose of fecal microbiota transplantation. ABCC4 ¼ multidrug resistance-associated protein 4; AKR1C1 ¼ aldo-keto
reductase family1memberC1;ALPI¼ intestinal-typealkalinephosphatase;BICD1¼proteinbicaudalDhomolog1;C3¼ complementC3;CES1¼ livercarboxylesterase1;FAAH¼ fatty-acid
amide hydrolase 1; FADS1¼ fattyacid desaturase 1;GDE1¼ glycerophosphodiester phosphodiesterase 1;GDNF¼ glial cell line-derivedneurotrophic factor isoform2;GPAT2¼ glycerol-3-
phosphate acyltransferase2; IGHV3-23¼ immunoglobulinheavyvariable3-23; IL1B¼multifunctional fusionprotein; INO80¼ chromatin-remodelingATPase INO80;KIF20B¼kinesin-like
protein KIF20B; KMT2C ¼ histone-lysine N-methyltransferase 2C; MPO ¼ myeloperoxidase; MTTP ¼ microsomal triglyceride transfer protein large subunit; OXCT2 ¼ succinyl-CoA:3-
ketoacid coenzyme A transferase 2; PIGQ ¼ phosphatidylinositol glycan anchor biosynthesis class Q; PIP5K1C ¼ phosphatidylinositol 4-phosphate 5-kinase type-1 gamma; PITPNM3 ¼
membrane-associatedphosphatidylinositol transferprotein 3; PNLIP¼ pancreatic triacylglycerol lipase; POMK¼ protein-O-mannose kinase; SLC27A1¼ solute carrier family 27member 1;
SLC44A1¼ choline transporter-like protein 1; SPP2¼ secreted phosphoprotein 24; STARD7¼ StAR-related lipid transfer protein 7; TPTE2¼ phosphatidylinositol 3¼4¼5-trisphosphate 3-
phosphatase TPTE2; UGT ¼ UDP-glucuronosyltransferase; VAPA ¼ vesicle-associated membrane protein-associated protein A.
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HFMT and LW pigs. The data revealed 50 discriminative features
in LW pigs and 6 in the microbiota of HFMT pigs (Fig. 8A). This
analysis also indicated that P. piscolens and S. globose were
biomarker species in HFMT and LW pigs, respectively. In addition,
we compared the relative abundance and found 5 bacterial
species showed significantly higher abundance in HFMT pigs
Fig. 8. Composite analysis to screen the core species-associated to IMF deposition. (A) The LE
software. (B) Venn diagrams of species. Upward arrows (red) showed that the relative abun
Bacteroides_uniformis, Sphaerochaeta_globosa, Hydrogenoanaerobacterium_saccharovorans, an
analysis between relative abundance of core bacterial species with fat deposition traits in
transplantation.
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than that in control pigs. Of these, 4 bacterial species
(B. uniformis, S. globosa, H. saccharovorans, and P. piscolens)
exhibited a significantly higher relative abundance in LW pigs
compared to control pigs (Fig. 8BeF). The relative abundance of
these 4 species is shown in Table S7. Furthermore, the correlation
analysis suggested that H. saccharovorans, and P. piscolens were
fSe analysis of intestinal bacterial communities. LEfSe analysis was performed by LEfSe
dances of microbial species were significantly increased by HFMT. (C to F) Bar plot of
d Pyramidobacter_piscolens relative abundance, respectively. (G) Spearman correlation
HFMT pigs. *, Spearman correlation test P < 0.05. HFMT, high dose of fecal microbiota



Fig. 9. Intestinal microbes administration changes fat deposition in mice. (A) Weights of soleus, gastrocnemius, tibialis anterior (TA), quadriceps, and extensor digitorum longus
(EDL) muscles from mice (n ¼ 13). (B) Intramuscular fat content in Quadriceps (n ¼ 5). (C) Cd36, Dgat2, and Fasn mRNA expression levels in muscle, respectively. Data are expressed
as means ± SEM. Data were analyzed using two-tailed unpaired Student t-test and were considered statistically significant at *P < 0.05 between indicated groups. Cd36 ¼ cluster of
differentiation 36; Dgat2 ¼ diacylglycerol O-acyltransferase 2; Fasn ¼ fatty acid synthase. Ctrl, control; SCFA, mice were inoculated with short-chain fatty acid; B.uni, mice were
inoculated with Bcteroides uniformis; S.glo, mice were inoculated with Sphaerochaeta globosa; P.pis, mice were inoculated with Pyramidobacter piscolens; H.sac, mice were inoculated
with Hydrogenoanaerobacterium saccharovorans; Mix, mice were inoculated with the mixture of B. uniformis, S. globosa, P. piscolens, and H. saccharovorans.
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positively correlated with IMF. B. uniformis and S. globosa were
positively correlated with marbling and B. uniformis, S. globosa,
and P. piscolens were negatively correlated with backfat thickness
in HFMT pigs (Fig. 8G). Thus, these four bacterial species were
considered as strong candidates that associate with the
improvement of IMF in longissimus dorsi of pigs.

3.9. Oral administration of IMF deposition-associated microbes
increased lipid accumulation in the muscle of mice

Next, we inoculated SPF C57BL/6j mice with the 4 bacteria
(B. uniformis, S. globosa, H. saccharovorans, P. piscolens) alone or
consortium by oral gavage every other day for 4 weeks. To ablate
the microbiota, the mice were given an antibiotic cocktail supple-
ment in drinking water for 1 week before the microbiota admin-
istration. SCFA generated by microbial fermentation of dietary
polysaccharides were widely revolved in several microbiota-
mediated effects on host lipid metabolism and obesity (Tremaroli
and Backhed, 2012), and the increased levels of fecal SCFA were
observed in this study. To investigate the causal relationship be-
tween the increased concentration of fecal SCFA and improvement
of IMF in HFMT pigs, we set up a group that a mixture of SCFA was
provided in the drinking water. Thus, the mice trial was performed
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to investigate and validate the mechanism of specific microbiota in
IMF deposition.

After transplantation with microbes for 4 weeks, mice inocu-
lated with bacteria consortium showed significantly higher
(P < 0.05) IMF content in quadriceps (Fig. 9B), but there was no
significant difference among other treatment mice. Mice inoculated
with B. uniformis displayed an increase in (P < 0.05) soleus and
quadriceps weight, and S. globosa and H. saccharovorans treated
mice were increased (P < 0.05) in TAweight compared with control
mice (Fig. 9A).

The AMPK mediated fat storage by regulating the expression of
lipogenesis-association genes. Our proteomic data also indicated
that the expression of AMPK was decreased, and lipogenesis-
associated biomarkers were increased in HFMT pigs (Table S6). To
further evaluate whether the mechanism of intestinal microbes-
mediated lipid accumulation is involved in the AMPK pathway,
the relative expression of genes associated with lipogenesis was
measured by RT-PCR. As expected, elevated expression (P < 0.05) of
Cd36, Dgat2, and Fasnwas observed in the muscle of mixed bacteria
recipient mice compared to control mice (Fig. 9C). Taken together,
our data show that bacteria supplementation has profound effects
on muscular fat deposition. The expression of lipogenesis-
associated genes induced by selected bacteria supplementation,



C. Xie, J. Teng, X. Wang et al. Animal Nutrition 9 (2022) 84e99
thus, represents a new regulatory pathway by which microbes
affect IMF deposition.

4. Discussion

Fecal microbiota transplantation, followed by integration
analysis of metabolome, proteome, and microbiome, was used to
investigate the hostemicrobiota interactions in meat quality, IMF
content, intestinal morphology, and lipid metabolic function in
pigs. Our study indicated that the inoculation of combined
(B. uniformis, S. globosa, H. saccharovorans, and P. piscolens) mi-
crobes screened from gut microbiota can improve IMF deposition
via upregulating the expression of lipogenesis-associated genes.
Altogether, microbiota-mediation in the improvement of com-
mercial pig production is summarized by: (1) improvement in IMF
content and reduction of diarrhea rate, (2) alterations in the
metabolism of small lipid molecules (fatty acyls, glycerolipids, and
glycerophospholipids) in muscle, (3) enhancement of small in-
testine physiological functions (villi heights and the ratios of villi
heights to crypts), and (4) upregulation of lipogenesis-associated
genes in muscle.

To uncover the underlying mechanism of gut microbiota on
lipid metabolism, we performed FMT and 16S rDNA sequencing.
The data on intestinal taxonomic compositions at species level
revealed that both B. uniformis, S. globosa, H. saccharovorans, and
P. piscolens showed higher abundance in LW pigs and HFMT pigs
than that in control pigs. These results suggested that B. uniformis,
S. globosa, H. saccharovorans, and P. piscolens in the recipient pigs
may consist of those strains harbored in recipient DLY pigs and
those strains derived from donor feces. Moreover, the spearmen
correlation analysis revealed that these 4 species were positively
correlated with IMF and marbling, but negatively correlated with
backfat thickness. It is known that species within Bacteroides
exhibit remarkable diversity in polysaccharide utilization
(Sonnenburg et al., 2010; Xu et al., 2007) and positive correlation
with low-density lipoprotein (LDL), and high-density lipoprotein
(HDL) cholesterol levels were found in a recent study with Japa-
nese cedar pollinosis patients (Harata et al., 2017). In addition,
commensal bacteria from phylum Bacteroidetes were critical for
maintaining intestinal symbiosis and homeostasis via producing
sphingolipids (Brown et al., 2019). The elevated levels of Bacter-
oidetes in HFMT pigs, as well as the consistent results from pre-
vious studies, suggest that the dominant Bacteroidetes may
correlate with improvement of intestinal physiology and health in
HFMT pigs. Nonetheless, limited data are available concerning the
causality of FMT on the relationship between intestinal functions
and IMF deposition, as well as the underlying mechanism, which
remains to be further confirmed.

However, multiple studies have shown that obesity is associated
with an altered microbial proportion characterized by depleted
levels of Bacteroidetes and elevated levels of Firmicutes (Bervoets
et al., 2013; Riva et al., 2017; Xu et al., 2012). The increased ratio of
Firmicutes to Bacteroidetes may be associated with increased ca-
pacity for energy harvest from colon fermentation and contribute to
the pathophysiology of obesity (Fernandes et al., 2014; Turnbaugh
et al., 2006). Other evidence indicated that B. uniformis was more
abundant in lean women (Dugas et al., 2018), and ameliorated lipid
metabolic dysfunction in high-fat diet induced obesity (Gauffin Cano
et al., 2012). Here, the 16S rDNA sequencing indicated that the most
abundant phylum in feces of HFMT pigs and LW pigs were Bacter-
oidetes which shown a significantly higher relative proportion in LW
pigs than that in DLY pigs. In addition, the HFMT pigs harbored a
significantly higher abundance of B. uniformis. We, therefore, spec-
ulate that the high abundance of phylum Bacteroidetes and species
B. uniformis may relate to decreased backfat thickness in HFMT pigs.
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Earlier studies also indicated that manipulation of dietary composi-
tion can selectively increase IMF percentage without impact on
subcutaneous backfat deposition (Doran et al., 2006; Wood et al.,
2004). Consistent with previous studies, our evidence supports the
view that genetic correlation between IMF and backfat is not always
strong and that is possible to regulate them independently by
microbiota or dietary manipulation.

We did not observe a significant change in the fat deposition but
showed an effect on increasing muscle weight after B. uniformis
inoculation of mice. Besides, increased IMF content and high
expression of lipogenesis-associated genes were observed only in
mice inoculated with consortium microbes. Thus, the B. uniformis
may promote muscle development, and compound microorgan-
isms can selectively improve IMF deposition. Notably, HFMT pigs
produced a higher amount of fecal SCFA compared with control
pigs. However, there were no significant differences in IMF and
muscular weight in SCFA treatment mice. Therefore, the effects of
gut microbiota on IMF deposition were not via production of SCFA.

Gut microbiota and the microbial metabolites in mammals play
a crucial role in lipid metabolism and fat storage (Martinez-Guryn
et al., 2018; Suarez-Zamorano et al., 2015). The mechanism by
which the gut microbiota influences lipid metabolism may involve
the AMPK pathway. Inhibition of AMPK activity results in an in-
crease in nuclear translocation of the SREBP1 (Porstmann et al.,
2008), which regulates gene expression of lipogenic enzymes
(FASN, ACACA, ELOVL6, SCD). Moreover, the expression of AMPK has
a direct effect on lipid synthesis by hydroxymethylglutaryl-CoA
reductase and acetyl-CoA carboxylase (ACC1) (Gwinn et al.,
2008). In this study, proteomic analysis revealed that the gut
microbiota suppresses skeletal muscle expression of AMPK
(Table S6), promotes expression of FASN (Fig. 9C), and thereby
improves fat storage in muscle. In addition, studies indicated that
CD36 is a key protein involved in facilitating the transport of fatty
acids into myocytes (Bonen et al., 2004a). The increase in sarco-
lemma CD36 content correlated well with rates of fatty acid
transport in muscle (Bonen et al., 2004b). Consistent with these
studies, we identified an increased expression of Cd36 gene in
consortium microbes treated mice, suggesting that an altered
abundance of members in these species contribute to the trans-
lation and deposition of muscular fat.

5. Conclusion

In summary, our data demonstrated that gut-specific microbial
communities are efficient in promoting lipid accumulation in
skeletal muscle, and this effect is at least, in part, mediated by the
expression of AMPK and lipogenesis-associated genes. Our results
indicated that the microbiome of Chinese indigenous pigs has an
increased capacity for IMF deposition and this trait can be trans-
ferred via FMT. Thus, precision discrimination and administration
of the functional microorganisms may be a potential strategy to
modulate IMF and subcutaneous fat individually. In the context of
the reduction in meat quality and IMF content of the livestock in-
dustry, our study showed that the manipulation of gut microbiota
can promote muscular fat deposition in pigs and mice, implying
that the gut microbiome is an efficient mediator improving the IMF
content and meat quality, with a large potential application.
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