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Lipid metabolism is very important for meat quality in pigs. Accumulating evidence shows that gut
microbiota can contribute to this physiological process. However, the gut microbiota that function in lipid
metabolism and adipogenesis remains unclear. Here, we compared the characteristics of fat deposition
and gut microbial community between Laiwu pigs and Duroc � (Landrace � Yorkshire) (DLY) pigs. Fecal
microbiota transplantation (FMT) was performed to determine the possible impact of gut microbiota on
lipid metabolism in pigs. An integrated analysis of the gut microbiome and lipidome of the small in-
testine, plasma, and liver was conducted to investigate the effects of FMT on host lipid metabolism. The
comparative analysis of the gut microbiome showed higher abundance of Bacteroidetes (P ¼ 0.0018)
while lower abundance of Firmicutes (P ¼ 0.012) in Laiwu pigs, and the microbial composition can be
transferred from Laiwu pigs into DLY pigs. Transmission electron microscope and Oil red-O staining were
performed to analyze the effects of FMT on lipid deposition in liver, the main target organ for lipid
metabolism. The results showed that FMT significantly increased the number of lipid droplets
(P ¼ 0.0035) and lipid accumulation (P ¼ 0.0026) in liver. Furthermore, integrated multi-tissues lipidome
analysis demonstrated that the fatty acyls and glycerophospholipids were significantly increased
(P < 0.01) in intestine and liver, while glycerolipids and fatty acyls were reduced (P < 0.01) in plasma. In
the small intestine, FMT increased (P < 0.01) the relative abundance of polyketides and prenol lipids but
reduced (P < 0.01) the saccharolipids. Correlation analysis revealed the potential interactions between
microbiota and lipid metabolites. Together, our results indicated that the gut microbiota may regulate the
lipid metabolism and enhance the accumulation of lipid droplets in the liver of pigs.
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1. Introduction

The commensal gut microbiota is a complex microbial
ecosystem and is an essential component in the maintenance of
lipid metabolism (Suarez-Zamorano et al., 2015). Several studies
have indicated that hundreds of gut bacterial species across many
taxa may play a critical role in lipid metabolism (Cotillard et al.,
2013; Ghazalpour et al., 2016; Le Chatelier et al., 2013). For
example, intestinal microbiota contributes to improved host energy
and bile acid metabolism, and reduced diet-induced obesity upon
cold exposure (Zietak et al., 2016). Administration of Lactobacillus
gasseri restored fatty acid metabolism and glucose homeostasis in
high fat diet-induced disorders (Bauer et al., 2018). The guteliver
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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axis, as one of themost critical interactions between gut microbiota
and extra-intestinal organs, represents a close functional and
bidirectional link between the gut microbiota and the liver
(Konturek et al., 2018). Short chain fatty acids (SCFA), by-products
of microbial fermentation, are linked to hepatic lipid metabolism
and energy homeostasis (Ringseis et al., 2020). In addition, the
metabolites of carbohydrate, protein, lipids, and amino acids in
diets are transported to the liver through the portal vein, and may
then affect hepatic function (Tripathi et al., 2018). Thus, based on
the close association between the gut microbiota and lipid meta-
bolism in liver, the intestinal microbiota affected by the environ-
ment will impact lipid metabolism and glucose homeostasis
through “gutebloodeliver” axis, thereby altering the fat deposition
throughout the body.

Metabolic disorders such as obesity, diabetes, hepatic steatosis,
and non-alcoholic fatty liver disease, which pose major challenges
to health care, are closely associated with perturbed gut microbiota
(Boulange et al., 2016; Guo et al., 2016; Leung et al., 2016;
Turnbaugh et al., 2006). Murri et al. (2013) revealed that altered gut
microbiome is strongly linked to insulin sensitivity and diabetes.
Another study, reported by Chen et al. (2021), systematically
investigated the close association between Prevotella copri and fat
accumulation in pigs. This study indicated that host chronic in-
flammatory responses were activated by the metabolites of P. copri.
Meanwhile, increasing fat deposition and altering serum metabo-
lites associated with obesity were observed after P. copri adminis-
tration in germ-free mice (Chen et al., 2021). Pigs are an important
animal model to study human obesity-related diseases due to the
similarities of phenotype and physiology with humans (Kim et al.,
2004; Spurlock and Gabler, 2008).

In the pig industry, intramuscular fat (IMF) and subcutaneous fat
have great influence on pork quality and economic returns (Kucha
et al., 2018). Previous studies have indicated that the IMF content
has a positive correlation with the tenderness, juiciness, and sen-
sory quality of pork (Fortin et al., 2005; Jung et al., 2015). However,
the subcutaneous fat contains high amounts of saturated fatty acids
and cholesterol, which is a major risk factor for atherosclerosis
(Wolfram, 2003). Therefore, production of pork with reduced
subcutaneous fat and increased IMF content would be advanta-
geous for the pig industry. The Laiwu pig is a well-known Chinese
indigenous breed, characterized by a strong ability to accumulate
fat in body (Zeng et al., 2005). In contrast, the
Duroc � (Landrace � Yorkshire) (DLY) pig is a widely adopted
crossbreed with a faster growth rate but poor lipid storage (Liu
et al., 2015). Hence, the significant difference in the characteris-
tics of fat deposition between Laiwu pigs and DLY pigs makes them
as ideal models to study the effects of microbiota on lipid meta-
bolism and adipogenesis.

There are accumulating evidence that distinct gut microbiota
composition between lean and obese humans can be transferred to
mice via fecal microbiota transplantation (FMT) (Backhed et al.,
2004; Ley et al., 2005), which has widely been adapted to recon-
struct gut microbial communities and host functions (Kootte et al.,
2017). In another study, obese Rongchang pigs exhibited a distinct
microbiota composition compared with lean Yorkshire pigs.
Furthermore, transferred microbiota from pigs to mice remarkably
affects fiber characteristics and fat deposition in skeletal muscle
(Yan et al., 2016). All together, these studies have suggested a strong
relation between microbiota and lipid deposition, and the lipid
metabolic phenotype and fat storage are transferable via microbial
transplantation. However, whether and how the gut microbiota in
obese pigs regulates lipid metabolic properties and fat accumula-
tion are poorly understood. The objective of this study was to
compare the differences in the gut microbial communities between
DLY pigs and Laiwu pigs and investigate the relationship between
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microbiota and lipid metabolism by transferring fecal microbiota
from healthy Laiwu pigs into DLY pigs. Integrated multi-tissues
lipidomic analysis was performed to reveal the lipid metabolites
profile affected by FMT. The experimental design is illustrated in
Fig. 1. To further investigate the relationships of microbiota and
lipid metabolites, correlation analysis of microbiome and lipidome
was performed.

2. Materials and methods

2.1. Animal ethics

The experiment was performed in the Hubei Provincial Engi-
neering Laboratory for Pig Precision Feeding and Feed Safety
Technology, and was approved by the Institutional Animal Care and
Use Committee of Huazhong Agricultural University, Wuhan, China,
under permit numbers HZAUSW-2019-012.

2.2. Experiment procedure and sampling

Feces were collected from mature healthy Laiwu pigs, and the
fecal suspension was prepared according to a previously described
protocol (Hu et al., 2018). Briefly, fresh feces were collected from
300-d-old healthy Laiwu pigs with similar body weight at the
Laiwu Pig Conservation Farm, Shandong. The feces samples were
diluted with sterile saline (2 mL sterile saline for 1 g feces) and
homogenized in a standard blender to slurry. After that, the slurry
was filtered with sterile gauze at least 3 times, followed by a 0.25-
mm stainless steel sieve to remove the undigested particles. Sub-
sequently, the filtrates were mixed with sterile glycerol at 10% final
concentration and stored at �80 �C immediately to improve the
survival rates of fecal microbiota. The count of the live microbes in
the fecal suspension was performed with optical microscopy
combined with methylene blue staining.

A total of 16 DLY piglets (initial body weight ¼ 29.6 ± 0.18 kg) at
the age of 70 days were randomly divided into 2 groups and each
group was assigned to 4 pens. The experimental diets were
formulated to meet the nutrient requirements recommended by
the NRC (2012), and were mainly composed of corn, soybean meal,
wheat bran, and rice bran (Table S1). All the pigs were housed in a
standard environment with natural light regime, humidity of 50%
to 60%, at a temperature of 25 ± 5 �C.

The pigs in control group were treated with 5 mL sterile saline,
and the pigs in FMT group were treated with 5 mL fecal filtrates by
oral administration every other day in the morning after a meal for
3 months. The pigs were not pre-treated with antibiotics to meet
the requirement of antibiotic-free production. Pigs were free access
to food and water throughout the experiment. Pigs were slaugh-
tered at market weight. The fresh feces samples were collected
from the rectum and stored at liquid nitrogen immediately for 16S
rDNA sequencing. Blood samples were drawn from the antecubital
vein and kept standing for 1 h at 4 �C, and then centrifuged at 3,000
� g for 15 min at 4 �C to obtained plasma samples. The small in-
testinal samples were cut from the middle of small intestine and
frozen at liquid nitrogen immediately. Liver samples were fixated
with 2.5% glutaraldehyde for transmission electron microscopy
analysis. The liver tissue samples also embedded in optimal cutting
temperature compound and frozen for Oil red-O staining.

2.3. Oil red-O staining

Frozen liver sections were placed in 0.25% Oil red-O solution in
isopropanol for 8 to10 min, then rinsed in 60% isopropanol and
counterstained with hematoxylin for 1 min. The villi heights, crypts



Fig. 1. Study design of the fecal microbiota transplantation assay. LW ¼ Laiwu; DLY ¼ Duroc � (Landrace � Yorkshire); FMT ¼ fecal microbiota transplantation.
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depths, and cross-sectional area of myofiber were measured using
Image-Pro Plus software (version 6.0).

2.4. Transmission electron microscopy

For transmission electron microscopy analyzing, liver and
muscle samples were collected and fixed in 2.5% glutaraldehyde
prepared in 0.1 M Sorensen's buffer (pH 7.4). Thereafter, the
samples were treated with 1% osmium tetroxide in 0.1 M Sor-
ensen's buffer and were sequentially dehydrated in graded alco-
hols and propylene oxide, followed by infiltration in Spurrs or
Epon. Ultrathin sections of the tissue samples were made using a
diamond knife and were visualized with a transmission electron
microscope.

2.5. Lipidomic analysis

Un-targeted lipidomic analysis was performed by BGI-
Shenzhen, China. The frozen samples of the small intestine and
liver were thawed on ice, and then weighed (25 mg) and homog-
enized with 800 mL frozen homogenization solution
(dichloromethane:methanol ¼ 3:1) in a 1.5-mL tube. Two small
steel balls were added to the sample tube, and grinded at 50 Hz for
2 min in the TissueLyser. The samples were placed in a refrigerator
at �20 �C for 2 h followed by centrifugationwith 30,000 � g at 4 �C
for 15 min. Taken 650 mL supernatant into a new tube and centri-
fuged at 4 �C, 25,000 � g for 20 min, 450 mL of the supernatant was
dried. A volume of 450 mL of lipid reconstituted buffer
(isopropanol:acetonitrile:water ¼ 2:1:1) was added and vortexed
for 60 s, followed by centrifugation at 4 �C, 25,000 � g for 15 min.
410 mL supernatant was collected to a new Eppendorf tube and
stored at �80 �C until use for LCeMS analysis. The plasma samples
were thawed on ice and taken 40 mL to a 300-mL 96-well plate,
120 mL of isopropanol added, then the samples were shaken for
1 min and kept at room temperature for 10 min. The samples were
placed in a refrigerator at �20 �C overnight, followed by
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centrifugation with 4,000 � g at 4 �C for 20 min. 25 mL supernatant
was added to a clean Eppendorf tube, with 225 mL buffer also added
(isopropanol:acetonitrile:water ¼ 2:1:1) to dilution, stored
at �80 �C until use.

The LCeMS analysis was performed on an ultra performance
liquid chromatography (UPLC) system (Waters, UK) coupled with a
high-resolution tandem mass spectrometer Xevo G2 XS QTOF (Wa-
ters, UK). In brief, 10 mL samples were injected, chromatographic
separations were performed on an ACQUITY UPLC CSH C18 column
(100 mm ⅹ 2.1 mm, 1.7 mm, Waters, UK) held at 55 �C. The flow rate
was 0.4 mL/min, the gradient elution buffers were solvent A
(acetonitrile:water ¼ 60:40, 0.1% formate acid and 10 mM ammo-
nium formate) and solvent B (2-propanol:acetonitrile ¼ 90:10, 0.1%
formate acid and 10 mM ammonium formate). The gradient elution
conditions: 40% to 43% phase B held for 0 to 2 min; 50% to 54% phase
B held for 2.1 to 7min; 70% to 99% phase B held for 7.1 to 13min; 40%
phase B held for 13.1 to 15 min. The metabolites were detected with
Xevo G2-XS QTOF (Waters, UK) mass spectrometer. The Q-TOF was
operated in both positive and negative ion modes. The capillary and
sampling cone voltages were set at 3.0 kV and 40.0 V for positive ion
mode, 2 kV and 40 V for negative ion mode. The Centroid MSE mode
was used for acquiring data with an acquisition rate of 5 scans every
second. In positive mode, the TOF mass range was from 100 to
2,000 Da; In negative mode, the TOF mass range was from 50 to
2,000 Da. The fragmentor voltage was 19 to 45 eV. The quality
control sample was acquired after every 10 samples to evaluate the
stability of the LCeMS. The mass spectrometry data were processed
and analyzed using Progenesis QI (version 2.2, Waters, UK) software
and package metaX in R (v3.1.1). The LipidMaps and KEGG database
were used for metabolite identification.
2.6. Fecal microbiome 16S rDNA sequencing

Fecal samples were collected from Laiwu pigs, DLYpigs, and FMT
recipient pigs, and stored at �80 �C until analysis. The bacterial
DNAwas isolated using Stool DNA Kit (Tiangen, DP712) according to
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the manufacturer's recommendations. The quality of DNA samples
was test before used to construct libraries. The primers 515F (50-
GTGCCAGCMGCCGCGGTAA-30) and 806R (50-GGAC-
TACHVGGGTWTCTAAT-30) were used to amplify the V3eV4 hy-
pervariable variable region of the bacterial 16S rRNA gene. The 16S
rDNA gene V3eV4 sequencing was performed by BGI-Shenzhen
using an Illumina HiSeq/MiSeq platform. The reads with
sequencing adapters, N base, poly base, low quality etc. were
filtered out to clean data. The consensus sequence was generated
by using FLASH (Fast Length Adjustment of Short reads, v1.2.11)
when the 2 paired end reads overlapped. The clean tags were
clustered into Operational Taxonomic Unit (OTU) with a 97% sim-
ilarity by using USEARCH (v7.0.1090). The Ribosomal Database
Project (RDP) Classifier (v.2.2) trained on the database Greengene
was used to classify the OTU representative sequences at a confi-
dence threshold of 0.5. The OTU not assigned or not assigned to the
target species were removed. The Beta diversity was calculated by
software QIIME (v1.80). BrayeCurtis and weighted UniFrac were
used to measure beta diversity. Furthermore, the principal coordi-
nate analysis (PCoA) was performed by QIIME (v1.80) software to
exhibit the differences between the samples according to the ma-
trix of weighted UniFrac distance. The significant difference at the
level of phylum, class, order, family, genus, and species between 2
groups were analyzed by Metastats (http://metastats.cbcb.umd.
edu/) and R (v3.1.1). The adjust P-value was calculated based on
Benjamini-Hochberg false discovery rate correction of function
'p.adjust' in the stats package of R (v3.1.1). The DNA sequences re-
ported in this paper are publicly available in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive and are
accessible under BioProject accession number PRJNA683194.

2.7. Correlation analysis

Correlations amongmetabolites in tissues were estimated based
on Pearson's test. All possible correlations between microbial spe-
cies and the metabolites in liver were calculated based on Spear-
man's test. Calculations and visualization were performed in R
(v3.1.1).

2.8. Statistical analysis

Statistical analyses were performed in GraphPad Prism software
(v7.0). The significant difference between groups was conducted by
unpaired two-tailed Student t-test, P < 0.05 was considered sta-
tistically significant. In the statistical analysis of lipidomic data,
false discovery rate (FDR) correction was performed to obtain the
adjust P-value. The Spearman correlation between microbiota and
metabolites was analyzed by the “cor” of R (v3.1.1). Metastats
(http://metastats.cbcb.umd.edu/) was applied to identify the
differentially abundant taxa of the fecal microbiome. The data were
shown as mean ± SEM.

3. Results

3.1. A significant difference in fecal microbiota composition
between Laiwu pigs and DLY pigs

Laiwu pigs exhibit a significantly higher intramuscular fat and
body fat content than imported commercial DLY pigs (Wang et al.,
2020). To identify whether the excellent performance of fat depo-
sition in Laiwu pigs is associated with specific microbiota compo-
sition, we performed 16S rDNA sequencing of feces samples
collected from finishing Laiwu pigs and DLY pigs. We observed that
the microbiota communities in Laiwu pigs were clearly segregated
from those in DLYpigs based on principal component analysis (PCA,
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Fig. 2A). The comparison of the BrayeCurtis distance within Laiwu
pigs and DLY pigs showed that the fecal microbiota composition in
DLY pigs exhibited greater variability compared to Laiwu pigs
(Fig. 2B). Alpha diversity analysis showed significantly increased
community richness and diversity in Laiwu pigs, as indicated by
increased Chao index (P < 0.0001), ace index (P < 0.0001), and
observed species (P < 0.01) (Fig. 2CeE). However, the Laiwu pig
showed a reduction in good coverage (P < 0.001) and there were no
significant differences in Shannon and Simpson indices (Fig. 2FeH).
The hierarchical cluster tree showed a closer distance within the
group, further confirmed a distinct difference of gut microbiome
community between DLY pigs and Laiwu pigs (Fig. 2I). To further
investigate the phylotype distribution at the phylum level, we
compared the community profile (Fig. 2I). The dominant phyla in all
samples were Bacteroidetes, Firmicutes, Spirochaetes, and Proteo-
bacteria, and a significantly higher proportion of Bacteroidetes
(55.4% versus 29%, P < 0.01) were observed in Laiwu pigs compared
to DLY pigs. In contrast, DLY pigs exhibited a higher relative abun-
dance of Firmicutes (60.4% versus 38.0%, P < 0.01) and Proteobac-
teria (1.69% versus 0.66%, P < 0.01) compared to Laiwu pigs.
3.2. The gut microbiota-induced lipid droplets accumulation in liver

To investigate the relationship between microbiota and fat
deposition, fecal microbiota collected from Laiwu pigs was trans-
ferred into DLYpigs every other day from 70 days tomarkedweight.
Transmission electron microscopy (TEM) analysis was performed
and revealed that, compared with control hepatic tissue (Fig. 3A,
upper panels), the hepatic tissue displayed a significant (P < 0.05)
increase in number of lipid droplets (Fig. 3A and B) after FMT.
Consistent with our TEM analysis, Oil red-O staining revealed that
hepatic tissue in FMT pigs showed more lipid droplets (Fig. 3C and
D). Our results indicated that FMT augmented the hepatic lipid
deposition and the phenotype of lipid deposition in liver were
closely associated with gut microbiota and can be transferred via
FMT. Metabolites reside at the important interface between
microbiota and lipid metabolism in different tissues. Here, we
combined lipidomic data from more than one tissue to reveal how
lipid metabolic pathways are gated to microbiota administration
and how tissue-specific and intra-tissues dynamics correlate after
FMT.
3.3. Relationship among microbiota-mediated multi-tissues
lipidomic profiling

Lipidomic technologies widely be used to elucidate their regu-
lation, function, and physiological impact and to discover how
these lipids interact to influence specific biological processes (Jha
et al., 2018). To determine whether the increase of hepatic lipid
deposition is correlated with shifts of lipid metabolites, we used
untargeted lipidomic analysis to measure the shifts of FMT-
modulated lipid metabolites profiling on 3 tissues: small intes-
tine, plasma, and liver. Principal coordinate analysis based on
UniFrac distance showed distinct clustering of metabolites between
Ctrl and FMT group in all tissues (Fig. 4AeC). Overall, total of 9,836,
6,060, and 14,472 filtered ions were detected in the intestine,
plasma, and liver, respectively. Out of these, 125, 232, and 289 lipid
metabolites were altered by FMT in the intestine, plasma, and liver,
respectively (Table S2). Heatmap of cluster analysis further indi-
cated that the remarkable changes in lipid metabolites were
induced by FMT. The volcano plots comparing Ctrl and FMT showed
significantly altered metabolites, and hepatic metabolites were
upregulated in FMT pigs. The intestinal microbiome is an important
factor for maintenance of lipid metabolic homeostasis.

http://metastats.cbcb.umd.edu/
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Fig. 2. Bacterial 16S rDNA sequence analysis reveals significant difference in the fecal microbiota composition between Laiwu pigs and DLY pigs. (A) Principal component
analysis (PCA) was used to visualize the b-diversity of the fecal microbiome. (B) Community variability determined based on the BrayeCurtis distances among stool samples for
within DLY pigs versus within Laiwu pigs. Alpha diversity estimates of microbiota community by Chao (C), ace (D), observed species (E), Shannon's diversity (F), Simpson's diversity
(G), and good's diversity (H). (I) Clustering analysis of the microbial composition at phylum level, the hierarchical cluster tree on the left represents the clustering of subjects, the bar
plot on the right represents the relative abundance of the bacterial phylum, **P < 0.01, ***P < 0.001, ****P < 0.0001, determined by two-sided unpaired Student t-test. LW ¼ Laiwu;
DLY ¼ Duroc � (Landrace � Yorkshire).
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While class distribution was similar across tissues (Fig. 5A),
relative metabolite abundance reflected tissue composition; these
tissues revealed mostly glycerophospholipids (25.75% to 37.33%,
284
Fig. 5B). The impact of FMT varied among tissues (Fig. 5C and D).
While more than 4,000 total metabolites were detected in both
intestine and liver, more than 2-fold metabolites were altered by



Fig. 3. Histological evaluation of hepatic lipid droplets accumulation after FMT in pigs. (A) Representative transmission electron microscopy images and (B) the number of lipid
droplets (LDs) in the liver. Red arrows show the lipid droplets. (C) Representative images and (D) quantification of lipid droplets area using Oil red-O staining of frozen liver sections
from FMT pigs and Ctrl pigs, error bars indicate SEM, **P < 0.01, determined by two-sided unpaired Student t-test. FMT ¼ fecal microbiota transplantation; Ctrl ¼ control.
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FMT in plasma than in intestine (242 significantly impacted in
plasma versus 100 in intestine; Fig. 5C and D). Intestinal metabo-
lites showed more resistant to FMT-induced alterations than
plasma and liver (Fig. 5C). The metabolites affected by FMT showed
a tissue specificity. For example, glycerophospholipids comprised
37.33% of intestinal metabolites and made up only 15% altered by
FMT, while glycerolipids comprised only 16.62% on plasma yet
36.36% altered by FMT (Fig. 5B and D). To characterize the corre-
lations among the metabolites of different classes, we analyzed the
correlations of altered metabolites in 3 tissues, respectively.
Comparative analysis of intra-tissue metabolites' correlations
indicated that glycerophospholipids had strongest correlation with
other metabolites in 3 tissues (Fig. 5E). The different lipid species in
plasma exhibited an increased variability compared to the intestine
and liver. We defined 4, 6, and 3 distinct lipid clusters in the in-
testine, plasma, and liver, respectively, using hierarchical clustering
(Fig. 5F). Moreover, within significant different lipid metabolites,
the correlation between the lipid profiles appeared higher vari-
ability in liver compared to the other tissues (Fig. 5F). Previously,
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our analysis characterized the lipidomic landscape in different
tissues and uncovered marked effects of FMT on the lipid metab-
olites profile of different tissues.

3.4. Comparison of the multi-tissues lipidome under FMT

In order to provide the specific insights into the effects of FMTon
the shifts of lipid metabolism, we ranked and visualized the top 50
most differentially abundant metabolites by fold change
(Table S3e5). In the liver, clustering heatmap showed that out of
the 32 increased lipids in FMT, 14 (43%) were classified as glycer-
ophospholipids (Fig. 6A). The most changed lipids in liver were
norlithocholic acid (Fig. 6B) and cyclophosphamide (Fig. 6C) by P-
value (P ¼ 0.0008) and fold change (FMT:Ctrl ¼ 8.66), respectively.
As expected, the FMT increased the total relative abundance of
glycerophospholipids (P < 0.01) in the differential lipid metabolites
(Fig. 6D). Moreover, FMT increased the relative abundance of fatty
acyls (P < 0.01), prenol lipids (P < 0.05), saccharolipids (P < 0.05),
and sterol lipids (P < 0.05), while decreased the relative abundance



Fig. 4. Fecal microbiota transplantation (FMT) shifted metabolite profiles of the small intestine, plasma, and liver in DLY pigs. (A to C) Metabolites for each tissue are plotted
from up to down according to scatterplot from partial least squares discrimination analysis (PLS-DA), tissue-specific metabolites volcano plots, and the heatmap of metabolite
clusters measured by liquid chromatographyemass spectrometry (LCeMS) based on lipidome. DLY ¼ Duroc � (Landrace � Yorkshire).
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of glycerolipids and polyketides (P < 0.05) in the differential lipid
metabolites of liver (Fig. 6D).

In the intestine, out of the 37 increased lipids, 12 (32%) classified
as fatty acyls, and only 3 were glycerophospholipids (Fig. S1).
However, there was no significant difference in the fatty acyls
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(P > 0.05) of the total differential lipids between FMT and Ctrl pigs.
FMT increased the relative abundance of glycerophospholipids
(P < 0.05), polyketides (P < 0.01), and prenol lipids (P < 0.01), while
decreased (P < 0.01) the relative abundance of saccharolipids
(Fig. 6D). Interesting, in the plasma of FMT pigs, 47 lipids were



Fig. 5. Global metabolite profiling reveals common and tissues-specific metabolic signatures in Pigs. (A) Counts and class of detected metabolites for each tissue. (B) Tissue
metabolite class composition according to relative metabolite masses (sum of standardized abundances). (C) Counts and class of significantly impacted by FMT. (D) FMT-altered
metabolite class composition for each tissue (relative metabolite masses affected by FMT). (E) Inter-tissue metabolite correlation, each ribbon indicates a significant correlation
between or within each metabolite class, ribbon thickness refers to number of significant correlated metabolites, metabolites were ordered according to metabolite class as
indicated in colored bar around the circumference. (F) Correlation matrix of the lipidome of the intestine, plasma, and liver, using hierarchical clustering. FMT ¼ 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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decreased in the top 50 most differentially metabolites, only 3 lipid
metabolites (22:6 cholesteryl ester, orsellinic acid, and PS [P-20:0/
20:5]) were increased. Out of these decreased lipids, 25 (53%) were
classified as glycerolipids (Fig. S2). As expected, the total relative
287
abundance of glycerolipids in the differential metabolites of plasma
were decreased. Moreover, plasma from FMT pigs showed
decreased levels of fatty acyls (P < 0.01), glycerophospholipids
(P < 0.01), polyketides (P < 0.05), and prenol lipids (P < 0.01) than



Fig. 6. Fecal microbiota transplantation (FMT) induced shifts on lipid metabolites in intestine, plasma, and liver. (A) The top 50 significant different lipid metabolites by fold
change in the liver, clustered using Euclidean distance. The most changed features in FMT pigs were (B) norlithocholic acid and (C) cyclophosphamide. (D) Comparison the relative
abundance of the main classes of lipids in the differential metabolites. Statistical analysis was performed using unpaired Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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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those Ctrl pigs, while increased (P < 0.05) the level of sphingolipids
(Fig. 6D). Taken together, these data revealed a distinct lipid
metabolism response in different tissues under microbial
mediation.

3.5. Difference in microbial community composition after FMT
treatment

We investigated the microbial alterations associated with
increased hepatic lipid deposition using 16S rDNA sequencing
analysis of fecal microbiota in pigs after FMT experiment. Bray
Curtis-based PCA differentiated FMT pigs from the Ctrl pigs
(Fig. 7A). The analysis of PCA based on Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway further indicated that a significant
difference in the microbial community between FMT pigs and Ctrl
pigs and suggested that FMT caused variation in the function of
microbiota (Fig. 7B). At class level, all pigs in the FMT and Ctrl were
dominated by Bacteroidia and Clostridia, which belongs to Bacter-
oidetes and Firmicutes respectively (Fig. 6C). The result also indi-
cated that FMT caused shifts from DLY pigs to Laiwu pigs in the
bacterial community structure (Fig. 7D). For instance, the relative
abundance of Clostridia in Ctrl pigs was 51.3%, and it was reduced to
35.4% in FMT pigs, which is close to the levels of Laiwu pigs (37.4%).
Consistently, FMT-derived fecal samples showed significant in-
crease in Bacteroidia (46.6%), which had higher relative abundance
in fecal samples of Laiwu pigs than DLYpigs (55.4% versus 33.8%). At
genus level, the difference in the microbial composition induced by
FMT was shown in Fig. S3. The gut microbial community in FMT
pigs had higher proportions of Pyramidobacter.

To identify the specific microbes that affect fat deposition, we
compared the relative abundance of fecal microbial species iden-
tified in Ctrl pigs and FMT pigs. Differentially abundant species
between the 2 groups were performed usingmetastats analysis and
the data showed that the relative abundance of 5 bacterial species
(Bcteroides uniformis, Treponema_pectinovorum, Sphaerochaeta glo-
bosa, Hydrogenoanaerobacterium saccharovorans, and Pyr-
amidobacter piscolens) in FMT pigs were significantly higher than
that in Ctrl pigs (Fig. 7E). In contrast, seven bacterial species
(Clostridium methylpentosum, Blautia wexlerae, Vampirovibrio
chlorellavorus, Corynebacterium stationis, Robinsoniella peoriensis,
Escherichia, and Actinobacillus porcinus) exhibited lower relative
abundance in FMT pigs (Fig. 7E).

3.6. Correlation analysis between microbial species and lipid
metabolites

To gain insights into the relationships between identified spe-
cific bacterial species and differential lipid metabolites, we per-
formed an integrated microbiome and lipidome analysis based on
Spearman's correlations. The differential metabolites were
screened with the P-value <0.05 and the fold change >1.5. The
correlation heatmap showed that the glycerophospholipids was
main class affected by FMT in liver (Fig. 8). We observed a strong,
positive correlation between up-regulated bacterial species and
glycerophospholipids-classified metabolites (Fig. 8), suggesting
that the up-regulated bacterial species might strongly linked to the
increased lipid accumulation in liver. The 4-hydroxynonenal and
sabinene hydrate in intestine showed a significant positive corre-
lation with the microbial species which were increased in FMT pigs
(Fig. S4A). Nevertheless, glycerolipids was the most covered
metabolite changed by FMT in plasma (Fig. S4B) and showed a
strong negative correlation with the increased microbial species in
FMT pigs. Of note, Treponema pectinovorum shown strong correla-
tionwith most of metabolites which altered by FMT in 3 tissues. On
the contrary, C. stationis showed significant positive correlations
289
with the most of glycerolipids which were decreased in the plasma
after FMT (Fig. S4B). Therefore, these data suggested microbiota
change was strongly related to peripheral region lipid metabolites
and would affect hepatic lipid metabolism and deposition.

4. Discussion

Laiwu pigs and DLY pigs exhibit notable differences in fat
deposition (Liu et al., 2015; Zeng et al., 2005). Some studies have
reported that Chinese indigenous pig breeds (obese type) showed
distinct microbial communities from commercial pig breeds (Xiao
et al., 2018; Yang et al., 2014). The Bama sows, which exhibit
many properties such as high intramuscular fat content and
excellent meat quality, showed higher gene copy of Bacteroidetes
compared to Duroc pigs (Yang et al., 2014). Consistent with previ-
ous studies (Allen et al., 2011; Yan et al., 2016), the fecal microbiota
divided into 2 different clusters between Laiwu pig and DLY pig,
and dominated by Bacteroidetes, Firmicutes, Spirochaetes, and
Proteobacteria both in Laiwu and DLY pig. In addition, a higher
relative abundance of Bacteroides was observed in Laiwu pigs and
their FMT recipients. Bacteroides, predominant intestinal symbiotic
bacterium, have sophisticated ability to degrade polysaccharides
for energy acquisition (Sonnenburg et al., 2005). The significantly
higher abundance of Bacteroidetes in Laiwu pigs and their micro-
biota recipients may be related to the excellent roughage tolerance
of Chinese indigenous pig breeds. A significant reduction in abun-
dance of Clostridia was observed in pigs with FMT administrated.
The decrease in Clostridia communities was also observed in the
fecal microbiome of obese adults compared to normal adults (Li et
al., 2021). It was reported that Clostridia is associated with fat ab-
sorption and alleviation of obesity in mice (Petersen et al., 2019).
Moreover, the significantly reduced proportion of Clostridia in
diabetic patients suggests that their reduction is associated with
pathogenic properties (Qin et al., 2012). Thus, the transplantation of
fecal microbiota from healthy Laiwu pigs might improve the health
of DLY pigs by decreasing the relative abundance of Clostridia.

Mounting evidence confirmed that the gut microbiome re-
sponds to environmental stimuli in ways that impact a variety of
metabolic properties including carbohydrate, lipid, and protein
metabolism (Holscher, 2017). A strong association between mi-
crobial communities and lipid metabolism in humans and animals
were established in recent years, but the mechanisms and causal
relationship remain unclear. A previous study has shown that the
gut microbial inoculation induces expression of stearoyl-Coenzyme
A desaturase (Scd1) and ELOVL fatty acid elongase 5 (Elovl5)
resulted in significant alterations in glycerophospholipid acyl-chain
profiles in liver (Kindt et al., 2018). Glycerophospholipids are crit-
ical components of cellular membrane and exhibits high structural
diversity, which strongly links to biological and physiological
functions of animal (Antonny et al., 2015). Our data also shown that
the lipid metabolites altered by FMT were mainly classified into
glycerophospholipids in liver and showed positive correlations
with B. uniformis, Treponema_pectinovorum, S. globosa, H. saccha-
rovorans, and P. piscolens (Fig. 8). A previous study reported that the
abundance of Bifidobacterium pseudolongum was strongly corre-
lated with the glycerophospholipid metabolism (Zhao et al., 2020).
Thus, it can be speculated that the hepatic glycerophospholipid
metabolism is significantly modulated by gut microbiota. However,
the mechanism of glycerophospholipid synthesis promoted by FMT
as identified in this study needs to be clarified in further study.

Fatty acyls are synthesized by chain elongation of acetyl-CoA
with malonyl-CoA groups under the elongases, which are impor-
tant energy sources and building blocks of complex lipids (Xicoy
et al., 2019). The esterification of fatty acyls with glycerol gives
rise to the glycerolipids and the fatty acyls usually derived from



Fig. 7. Fecal microbiota transplantation (FMT) shifts gut microbial composition in DLY pigs. (A) A principal components analysis (PCA) score plot showing a distinct
microbial composition between Ctrl pigs and FMT pigs, each data point represents one pig. (B) Scatterplot from PCA based on Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) in intestinal bacterial communities of pigs. (C)
Clustering analysis of the stool microbiota composition at class level. The hierarchical cluster tree on the left represented the clustering of subjects. The bar plot on the right
represented the relative abundance of the bacteria. (D) Relative abundance of Bacteroidia and Clostridia, statistical analysis was performed using unpaired Student's t-test,
*P < 0.05. (E) Comparison of the relative abundances of different bacterial species of Ctrl pigs and FMT treated pigs, statistical difference was assessed through metastats
analysis. DLY ¼ Duroc � (Landrace � Yorkshire); Ctrl ¼ control.
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Fig. 8. Heatmap showing the spearman correlation between significant difference bacteria's relative abundance at species level and metabolites in liver. The spearman
correlation matrix was constructed in R using the heatmap2 function, *P < 0.05, **P < 0.01, red and blue indicate positive and negative correlations, respectively. FA ¼ fatty acyls;
GL ¼ glycerolipids; GP ¼ glycerophospholipids; LP ¼ lipids and lipid-like molecules; PK ¼ polyketides; PR ¼ prenol lipids; ST ¼ sterol lipids; SP ¼ sphingolipids.
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phospholipids or triglycerides. Our data has shown that FMT
reduced the relative level of glycerolipids and increased the glyc-
erophospholipids and fatty acyls in liver. These results perhaps
indicate that microbiota facilitate the conversion of glycerolipids to
fatty acyls. Furthermore, in the plasma of FMT pigs, the levels of 7
classes of lipids were reduced except sphingolipids, but 5 classes of
lipids were increased in liver. The results suggested that the
Fig. 9. Integrative diagram of the effects of gut microbiota on lipid metabolism. Red arr
down regulation in experimental group. Microbiome: Bcteroides uniformis, Treponema_pec
amidobacter piscolens.

291
microorganisms promote the accumulation of lipids in the liver and
reduce the catabolism of fat. Lipids in sphingolipids play important
roles in regulating inflammation and immunity (Hannun and
Obeid, 2018). Gut microbiota could have several sphingolipids-
related effects. The production of sphingolipid by Bacteroides
species promotes intestinal health and the deficiency of bacterial
sphingolipid correlates with inflammatory bowel diseases in
ows represent the up regulation in experimental group and green arrows represent the
tinovorum, Sphaerochaeta globosa, Hydrogenoanaerobacterium saccharovorans, and Pyr-
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humans (Brown et al., 2019). Bacteroidetes are the most dominant
members known to synthesize sphingolipids in animal intestine
(Yatsunenko et al., 2012). In our results, a significantly higher
proportions of Bacteroidetes in Laiwu pigs and FMT pigs combined
with the increased of sphingolipids in plasma of FMT pigs revealed
that the characteristic of bowel disease resistance in Chinese
indigenous pig breeds may be related to the production of sphin-
golipids by Bacteroidetes species.

5. Conclusions

In this study, we compared the fecal microbiome between Laiwu
pigs and DLY pigs using 16S rDNA sequencing analysis and found
that obese Laiwu pigs exhibit a distinct microbial composition
compared to lean DLY pigs. Furthermore, we transferred fecal
microbiota from Laiwu pigs into DLY pigs and found that the FMT
replicates the characteristics of hepatic lipid droplet deposition of
the donors. The integrated multi-tissues lipidomic analysis indi-
cated that gut microbiota plays a critical role in mediating lipid
metabolism and revealed a markable distinct lipid metabolism
response in different tissues. The correlation analysis between
microbiota and metabolites enhanced our ability to screen the
specific bacterial species with potential biological significance in
lipid accumulation. The proposed results are summarized in Fig. 9.
In summary, our microbial transplantation studies highlight that
we can leverage multi-tissues lipidomic analysis to advance un-
derstanding the interactions of lipid metabolic profile and micro-
bial communities to identify potential biomarkers involved in lipid
deposition of pigs.
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