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PUBLIC SUMMARY
= The obese Ningxiang pig-derived microbiota increases the muscle FA content and improves meat quality in lean DLY pigs.

= L. reuteri XL0930 isolated from obese Ningxiang pigs is the causal species that increases muscle FA levels.

= The SLC22A5-mediated carnitine system contributes to the role of the obese Ningxiang pig-derived microbiota in muscle FA deposition.
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The gut microbiota consistently shows strong correlations with lipid meta-
bolism in humans and animals, and whether the gut microbiota contrib-
utes to muscle fatty acid (FA) deposition and meat traits in farm animals
has not been fully resolved. In this study, we aimed to unveil the microbial
mechanisms underlying muscle FA deposition in pigs. First, we systemat-
ically revealed the correlation between the gut microbiome and muscle FA
levels in 43 obese Ningxiang pigs and 50 lean Duroc Landrace Yorkshire
(DLY) pigs. Mutual fecal microbial transplantation showed that the obese
Ningxiang pig-derived microbiota increased the muscle FA content and
improved meat quality by reshaping the gut microbial composition in
lean DLY pigs. Lactobacillus reuteri has been identified as a potential micro-
bial biomarker in obese Ningxiang pig-derived microbiota-challenged DLY
pigs. A gavage experiment using lean DLY pigs confirmed that L. reuteri
XL0930 isolated from obese Ningxiang pigs was the causal species that
increased the muscle FA content. Mechanistically, SLC22A5, a carnitine
transporter, was downregulated in L. reuteri XL0930-fed DLY pigs, resulting
in reduced muscle carnitine levels. Muscle and intestinal L-carnitine levels,
which correlated with the muscle FA content, impeded fat synthesis and
FA accumulation in in vitro and in vivo models. In conclusion, we uncov-
ered an unexpected and important role of the obese Ningxiang pig-derived
microbiota in regulating muscle FA metabolism via the SLC22A5-mediated
carnitine system.

INTRODUCTION

Meat quality, an economically important trait in the pig industry, is a deter-
mining factor in the overall acceptability of eating quality. Meat quality assess-
ment includes the intramuscular fat content, marbling scores, moisture content,
drip loss, color scores, and pH values, which are highly associated with the muscle
fatty acid (FA) composition.'” The most notable correlation is observed in the pos-
itive relationship between the intramuscular fat content and saturated fatty acids
(SFAs) in most pig breeds, while the intramuscular fat content, marbling score,
and back fat thickness are negatively correlated with polyunsaturated fatty acids
(PUFAs) due to their oxidizable nature.® Thus, the FA composition determines
meat quality and is closely related to the nutrition and eating quality of pork.*

Muscle FA composition is governed by heredity, age, diet, feeding environment,
and the gut microbiota. In recent decades, the role of the gut microbiota has been
widely confirmed in host metabolism, and germ-free and antibiotic-challenged
animals are resistant to diet-induced lipid uptake and deposition.”~" Previously,
we also observed diverse gut microbial profiles between obese Shaziling pigs
and lean Yorkshire pigs,® which may be associated with metabolic phenotypes.
Indeed, obese Jinhua pigs are characterized by a higher abundance of archaeal
species related to more efficient fat deposition.” However, it remains unclear
whether and which gut microbiota species contribute to the gut microbiota-medi-
ated muscle lipid accumulation and improvement in meat quality.

Here, we unveiled the relationship among the gut microbiota, muscle FA con-
tent, and meat quality by performing an association study between 43 obese
Ningxiang pigs (a native Chinese breed) and 50 commercial lean Duroc Landrace
Yorkshire (DLY) pigs. To further confirm whether the gut microbiome from Ning-
xiang pigs or DLY pigs governs swine fat metabolism, mutual fecal microbiota
transplantation was conducted, and increased muscle FA contents and meat

quality with shifts in the gut microbiome were observed in lean DLY pigs that
received Ningxiang pig-derived microbiota. Lactobacillus reuteri has been identi-
fied as a potential microbial biomarker in obese Ningxiang pig-derived micro-
biota-challenged DLY pigs. Colonization of L. reuteri XL0930 isolated from obese
Ningxiang pigs increased the muscle FA content in lean DLY pigs. Metabolomics
indicated that L-carnitine and its derivatives were involved in muscle FA deposi-
tion and meat quality by targeting the SLC22A5 transporter.

RESULTS
Muscle FA levels and the mucosal microbiota differed between obese
Ningxiang pigs and lean DLY pigs

The marbling score (an index correlating intramuscular fat with meat quality)
was first analyzed from 43 local fatty Ningxiang slaughtering pigs and 50 com-
mercial lean DLY slaughtering pigs, and the Ningxiang pigs were predicted to
have higher marbling scores (Figure TA). The post-slaughter pH value of the mus-
cle is a key index of meat quality reflecting oxidative rancidity, but no significant
differences were noted for the pH values at 45 min and 24 h post slaughter be-
tween the two breeds (Figure 1C). Consistent with the marbling score, total FAs
(TFAs), SFAs, and PUFAs were enriched in the longissimus muscle of Ningxiang
pigs compared with the DLY subjects, but the unsaturated fatty acid (UFA) and
monounsaturated fatty acid (MUFA) concentrations did not change (Figure 1C).
Twelve FAs mainly contributed to the high TFA content in Ningxiang pigs, namely,
C8:.0, C12:0, C14:1, C15:1, C16:0, C17:0, C17:1, C18:0, C18:1n9t, C18:2n6t,
C18:2n6c, and C20:0 (Figure 1D). We further performed Pearson correlation ana-
lyses between the differential FAs and meat quality in Ningxiang pigs and identi-
fied three associations: positive correlations for C17:1 (pHasmin) and C18:0
(marbling score) and a negative correlation for C18:2n6¢ (pHa4) (Figure 1D).
Together, obese Ningxiang pigs have higher muscle FA contents, which might
partially explain the superior meat quality of Chinese indigenous pig breeds.

Our previous study indicated that the gut microbiota is involved in lipid meta-
bolism in local fatty pigs.? Thus, we further sequenced the mucosal microbiota in
the ileum using full-length 16S rRNA between obese Ningxiang and lean DLY
pigs. An average of 12,5655 circular consensus sequence reads per sample
were generated for species annotation and abundance analysis. Obese Ning-
xiang pigs exhibited a lowered a-diversity (Simpson, Chaol, and ACE indices)
(Figure 1F), which was widely consistent in obese animal models. B-Diversity
analysis revealed that the mucosal microbiota of the two pig breeds clustered
separately along the principal coordinate axis (Figure 1G), indicating a diverse mi-
crobial commmunity between the obese and lean breeds. Next, we analyzed the
top 10 bacterial phyla and found that Firmicutes and Proteobacteria were the
most predominant phyla in the two breeds (data not shown). The relative abun-
dances of Firmicutes, Bacteroidetes, Tenericutes, Spirochaetes, Fusobacteria,
and Kiritimatiellaeota were lower, whereas the abundance of Proteobacteria
was markedly enriched in obese Ningxiang pigs (data not shown). We further
used Pearson correlation analyses to identify the potential relationship between
muscle FA levels and the gut microbiota at the genus level, and 11 out of the top
100 genera were markedly correlated with the muscle FA content (Figure TH),
including the differentially expressed Acinetobacter, Ruminococcaceae_UCGO005,
Prevotellaceae_NK3B31_group, Photobacterium, and Pasteurella (data not
shown). Together, these results revealed a diverse gut bacterial profile between
obese Ningxiang pigs and lean DLY pigs, which might be associated with the
higher deposition of muscle FAs in Ningxiang pigs.
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Figure 1. Muscle FA and mucosal microbiota that were differentially expressed between obese Ningxiang pigs (NX) and lean DLY pigs The longissimus muscle and ileal mucosa
samples from 43 obese Ningxiang pigs and 50 commercial lean DLY pigs were collected for FA and gut microbiota analyses. (A) Marbling score. (B) pH value of muscle. (C) Muscle FA
concentrations. (D) Differential FAs between Ningxiang pigs and DLY pigs. (E) Pearson correlation analysis between FAs and meat quality. (F) Bacterial a-diversity (ACE, Chao1, and
Simpson indices). (G) Bacterial B-diversity (PCoA plot). (H) Marked associations between the top 100 genera and muscle FAs.

Obese Ningxiang pig-derived microbiota improved meat quality in lean
DLY pigs

To validate the role of the gut microbiota in lipid deposition and meat quality,
we conducted mutual fecal microbiota transplantation between obese and lean

pigs for 16 weeks (Figure 2A). The body weight of Ningxiang pigs was lower than
that of DLY pigs, while transplantation with DLY fecal microbiota markedly
increased the body weight of Ningxiang pigs (Figure 2B). High lipid accumulation
was observed in Ningxiang pigs, as evidenced by the increased backfat thickness
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(also named subcutaneous adipose tissue), abdominal adipose tissue (AAT)
weight, and intramuscular fat compared to those of DLY pigs (Figures 2C—2E).
We also noticed an enhancement of the backfat thickness and intramuscular
fat content in fecal microbiota-transplanted DLY pigs (Figures 2C and 2E), while
the relative weight of the AAT was reduced (Figure 2D).

Next, we confirmed the better meat quality in Ningxiang pigs, as evidenced by
the higher marbling score, meat color (a, b, and L), and pH (24 h) indices
(Figures 2G and 2H). Interestingly, fecal microbiota transplantation from obese
Ningxiang pigs markedly increased the marbling score, meat color, and pH
(15 min) indices in the muscle of lean DLY pigs. We also noticed an improvement
in the azan and bogy, indices (Figure 2G). Together, the current data revealed an
effective means to improve meat quality, especially for commercial lean DLY
pigs, via fecal microbiota transplantation.

Fecal microbiota transplantation shifted FA absorption and accumulation

FA accumulation in muscles is strongly associated with intramuscular fat and
meat quality. Obese Ningxiang pigs had a higher FA content, including SFAs and
USFAs (Figure STA). Although meat quality was markedly improved after fecal
microbiota transplantation, there was only a slight increase in the muscle FA con-
tent of fecal microbiota-transplanted DLY pigs. Next, we analyzed the FA types
and compositions and found that seven SFAs (C6:0, C11:0, C13:0, C21.0,
C22:0, C23:0, and C24:0) and five USFAs (C20:3n3, C20:5n3, C22:1n9, C22:6n3,
and C24:1) (Figure STA) were enhanced in response to fecal microbiota trans-
plantation in DLY pigs. However, C21:0, C20:3n6, and C20:4n6 decreased in fecal
microbiota-transplanted Ningxiang pigs. We further quantified lipid metabolism-
related genes in the muscle but did not find any difference between the DLY and
fecal microbiota-transplanted DLY pigs (Figure S1B).

The major source of body FA is dietary fat, which is digested and absorbed in
the intestine. Thus, we analyzed intestinal genes related to FA uptake and found
that CD36, an FA sensor and transporter,'® was expressed at a higher level in the
jejunum and ileum of obese Ningxiang pigs (Figure S1C). Interestingly, fecal mi-
crobiota transplantation markedly upregulated DGATT in lean DLY pigs and in-
hibited jejunal DGATT, MOGAT2, and ileal CD36 expression in the fecal micro-
biota-transplanted Ningxiang pigs. The unabsorbed FAs in the distal ileum
were slightly reduced in the fecal microbiota of transplanted DLY pigs (Fig-
ure S1D), which might explain the higher FA content in the muscle. Indeed,
receiving fecal microbiota from obese Ningxiang pigs tended to decrease unab-
sorbed FAs (such as C15:0) in lean DLY pigs, indicating an improvement in FA
uptake. However, C22:6n3 and C24:1 were not detected in DLY pigs, while
both were increased in microbiota-transplanted DLY pigs, and C22:6n3 was
decreased in microbiota-transplanted Ningxiang pigs (data not shown). Further
studies are needed to confirm the role of the gut microbiota in intestinal FA ab-
sorption in obese Ningxiang pigs, especially for C22:6n3 and C24:1.

Fecal microbiota transplantation shaped the gut microbiome in Ningxiang
and DLY pigs

We further performed shotgun metagenomic sequencing to analyze the gut
microbial profiles in the ileum after 16 weeks of fecal microbiota transplantation,
and an average of 24,233,489 clean reads per sample were generated for
splicing, assembly, and prediction of coding genes. We first performed a distance
heatmap analysis using the binary Jaccard tool at the species level on the
BMKCloud platform (www.biocloud.net), and distance differences were observed
in the four datasets (Figure 3A). The B-diversity analysis also showed two
different microbial clusters in the DLY ¢ont @and NXgont groups, while fecal micro-
biota transplantation tended to reprogram the microbial compositions according
to the principal coordinate analysis (Figure 3B). However, we did not observe any
differences in diversity (Shannon and Simpson indices) (Figure 3C). Here, the Fir-
micutes and Bacteroidetes abundances were not altered, but a higher ratio of Fir-
micutes to Bacteroidetes was observed in obese Ningxiang pigs (NXcont), and
fecal microbiota transplantation tended to enhance this ratio in lean DLY pigs
(DLYgmr) (Figure 3D). Venn analysis showed that obese Ningxiang pigs and
lean DLY pigs co-colonized 7,988 species, whereas 2,301 species were present
only in obese Ningxiang pigs. A total of 8,561 species were found in both Ning-
xiang pigs and fecal microbiota-transplanted DLY pigs; thus, the 573 species
might be derived from Ningxiang pigs (Figure 3E). Next, linear discriminant anal-
ysis effect size (LEfSe) (LDA score >4) was further used to identify the microbial
biomarkers and functional capacities of the gut microbiome with significantly

REPORT

different abundances between the four datasets, and Streptococcus gallolyticus,
Streptococcus equinus (DLY cony), Clostridium disporicum, Turicibacter sanguinis,
Clostridium celatum, uncultured Clostridium_sp (NXeont), Lactobacillus johnsonii,
L. reuteri, Lactobacillus amylovorus (DLYgmt), and Clostridium_sp__CAG_221
(NXgr) were enriched (Figure 3F). Microbial functional annotations identified
by KEGG analysis revealed six lipid metabolic pathways, including sphingolipid
metabolism, glycosphingolipid biosynthesis, glycerophospholipid metabolism,
FA elongation, FA degradation, and FA biosynthesis (Figure 3G). Together, we
proposed that obese Ningxiang pig-derived microbiota transplantation helped
the conversion of the DLY gut microbiota to the microbial phenotype of Ning-
xiang pigs, which might further reprogram muscle FA deposition in DLY pigs.

Obese Ningxiang pig-derived L. reuteri increased the muscle FA content
in lean DLY pigs

L. johnsonii, L. reuteri, and L. amylovorus were identified as microbial bio-
markers for fecal microbiota-transplanted DLY pigs (DLYgur) (Figure 3F), and
Pearson correlation analysis (p value < 0.1) was performed to reveal the
biomarker associations with meat quality and muscle FA levels. Eight associa-
tions were identified with positive correlations between L. reuteri and L. amylo-
vorus and muscle FAs (TFAs, SFAs, USFAs, and MUSFAs) (Figure 4A). Since L.
amylovorus failed to enhance muscle FA levels in a murine model (data not
shown), the role of obese Ningxiang pig-derived L. reuteri was the main focus
of this study.

We colonized Ningxiang pig-derived L. reuteri XL0930 in DLY pigs (90 days of
age) for 2 months, while body weight gain was not altered (Figure 4B). Interest-
ingly, the pH value (15 min) and serum HDL level were markedly increased in L.
reuteri XL0930-fed DLY pigs, indicating a role in the improvement in muscle
oxidative rancidity and enhancement of lipid metabolism (Figures 4C and 4D).
Backfat thickness, the relative weight of the AAT, and intramuscular fat were
not enhanced (Figures 4E—4G), whereas L. reuteri XL0930 treatment significantly
increased the muscle FA content (TFAs, SFAs, USFAs, MUFAs, and PUFAS) (Fig-
ure 4H), which was consistent with the correlations between L. reuteri and mus-
cle FAs. Specifically, C10:0, C12:0, C14:0, C15.0, C16:0, C16:1, C17:0, C17:1,
C18:1n9t, C18:2n6c, C18:3n3, C20:0, C20:1, C20:2, C20:3n6, C20:3n3, C22:0,
C22:1n9, and C24:0 were increased in L. reuteri XL0930-fed DLY pigs (Figure 41),
indicating that obese Ningxiang pig-derived L. reuteri XL0930 promoted FA meta-
bolism or absorption. Indeed, we found that supplementation with L. reuteri
XL0930 downregulated AAC and LXR expression in the subcutaneous adipose
tissue (SAT) but did not affect intestinal FA absorption-related genes (Figure S2).

Obese Ningxiang pig-derived microbiota reprogrammed L-carnitine
metabolism in lean DLY pigs

Gut microbial metabolites and components act as signaling molecules to regu-
late the lipid-related endocrine system or act directly on metabolicorgans.'' Thus,
muscle metabolic profiles were further unveiled by LC-MS untargeted metabolo-
mics (Shanghai Majorbio Bio-pharm Technology Co.). Partial least squares
discriminant analysis (PLS-DA) was performed using the free online platform Ma-
jorbio Cloud Platform (www.majorbio.com), and the results revealed four clusters
(Figure S3A). Seventy-six differentiated metabolites (p value < 0.05) were identi-
fied, with 46 enriched metabolites in obese Ningxiang pigs and 30 enriched me-
tabolitesinlean DLY pigs (Figure S3B). Considering that meat quality and the mus-
cle FA content were notably improved in microbiota-transplanted DLY pigs, we
mainly focused on the 37 differentiated metabolites between the DLY oy and
DLYgyr datasets (Figure S3C). Interestingly, L-carnitine and its derivatives (i.e,,
3-hydroxyhexadecanoy! carnitine, 3-hydroxyoctanoyl carnitine, (+/—)-myristoyl
carnitine, (R)-3-hydroxybutyrylcarnitine, and DL-stearoylcarnitine) were enriched
in obese Ningxiang pigs, while Ningxiang pig-derived fecal microbiota transplan-
tation exhibited a markedly increased 3-hydroxyoctanoyl carnitine abundance in
lean DLY pigs, which might be associated with lipid accumulation in microbiota-
transplanted lean DLY pigs.

To evaluate whether muscle L-carnitine and its derivatives were derived from
the gut microbiota, intestinal metabolic profiles were further studied (Figure S3D).
The PLS-DA plot showed an obvious difference among the four clusters (Fig-
ure S3E),and 58 metabolites were differentially expressed between the Ningxiang
and DLY pigs (Figure S3D). Consistently, L-camitine and its derivatives were en-
riched in obese Ningxiang pigs (hydroxyisovaleroyl carnitine and acetylcarnitine)
(Figure S3D) and microbiota-transplanted DLY pigs (3-hydroxydodecanoyl
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Figure 2. Obese Ningxiang pig-derived microbiota improved meat quality in lean DLY

pigs Sixteen male DLY and 14 male Ningxiang pigs underwent mutual fecal microbiota

transplantation for 14 weeks. (A) Experimental design for the mutual fecal microbiota transplantation. (B) Body weight. (C) Backfat thickness (mm). (D) Relative weight of the AAT (%).

(E) Intramuscular fat (%). (F) Marbling score. (G) Meat color. (H) pH values.

carnitine, DL-stearoylcarnitine, heptadecanoyl carnitine, 9,12-hexadecadienoy
Icarnitine, alpha-linolenyl carnitine, (+/—)-myristoylcarnitine, decanoyl-L-carnitine,
and 3-hydroxyhexadecanoyl carnitine) (Figure S3F).

We next analyzed whether L-carnitine and its derivatives were from the gut mi-
crobiota, especially L. reuteri, and two positive associations between L. reuteri and
intestinal L-carnitine derivatives (alpha-linolenyl carnitine and pentadecanoylcar-
nitine) were identified (Figure S4A). However, most muscle L-carnitine derivatives
were negatively correlated with the abundance of L. reuteri, especially 2-methy!
butyrylcamitine and palmito-L-carnitine (Figure S4B). In vitro L-carnitine produc-
tion from L. reuteri was further validated, and the L-carnitine content was not
significantly increased in the culture medium (Figure 5A). Taken together, the re-
sults revealed that L. reuteri did not directly contribute to the changes in
L-carnitine and its derivatives, and the alterations in muscle L-carnitine and its de-
rivatives need to be further investigated.

L-carnitine and most derivatives, both in the muscle and intestine, showed a
positive correlation with muscle FAs (Figure S4). While carnitine is generally
assumedto be necessary for the transfer of long-chain FAs across the inner mito-
chondrial membrane for subsequent B-oxidation,'” the positive association
cannot explain the enhanced muscle FA levels in L. reuteri-challenged DLY
pigs. As metabolomics analysis determined only the free L-carnitine level but
did not include the bound L-carnitine in organelles, such as mitochondria, we
further used ELISA kits to measure the total L-carnitine concentration in the mus-
cle. Compared with lean DLY pigs, the muscle total L-carnitine concentration was
slightly lower in obese Ningxiang pigs, while Ningxiang pig-derived fecal micro-
biota transplantation markedly reduced the total muscle L-carnitine content in
lean DLY pigs (Figure 5B). Similarly, oral L. reuteri treatment for two months
also reduced the total muscle L-camitine content (Figure 5C). In summary, total
L-carnitine was reduced in response to the Ningxiang pig-derived microbiota.
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Figure 3. Fecal microbiota transplantation shaped the gut microbiome in Ningxiang and DLY pigs Ileal chyme samples were collected from the fecal microbiota of obese Ningxiang
and lean DLY pigs for metagenomic sequencing. (A) Distance between samples. (B) PCoA plot. (C) a-Diversity (Shannon and Simpson indices). (D) Microbial abundance. (E) Venn
analysis. (F) Microbial biomarkers by LEfSe. (G) Microbial functional annotations by KEGG analysis.

Obese Ningxiang pig-derived microbiota targeted SLC22A5-mediated
carnitine metabolism to govern muscle FA deposition

To identify the initiating events in muscle carnitine alteration, we examined the
effects of obese Ningxiang pig-derived L. reuteri on carnitine-mediated FA
B-oxidation. Carnitine palmitoyltransferases (CPTs) aid in the mitochondrial
import of carnitine for mitochondrial FA B-oxidation, and CPT1 expression in
the muscle is negatively correlated with FA deposition in pigs.'®'* However,
CPT1 showed higher expression (Figure 5D), which was inconsistent with the
increased FA level in L. reuteri-administered DLY pigs (Figure 4H). Next, we
analyzed the expression of SLC22A5, a sodium-dependent carnitine transporter
responsible for the cellular uptake of carnitine, and we found that oral L. reuteri
significantly downregulated SLC22A5 (Figure 5E). Therefore, we proposed that
the obese Ningxiang pig-derived microbiota blocked SLC22A5-mediated carni-
tine uptake, accompanied by a reduction in cellular carnitine.

To confirm that the obese Ningxiang pig-derived microbiota-mediated muscle
FA deposition was controlled by SLC22A5 inhibition, we activated SLC22A5 in
mice using a specific agonist (40 mg/kg WY-14643).'° Although WY-14643 treat-
ment failed to affect body weight (data not shown), the SAT and AAT weights
were markedly reduced, at least in part due to SLC22A5 activation and FA

B-oxidation (Figure 5F). Mildronate, a competitive inhibitor of SLC22A5-mediated
carnitine uptake,'® was further used to mimic the role of L. reuteri. Predictably,
body weight and adipose weight tended to increase in response to the
SLC22A5 inhibition-mediated carnitine reduction (Figures 5G and 5H).

Next, we tested the effects of dietary supplementation with 100 mg/kg
L-carnitine on muscle FA metabolism in pigs. Dietary L-carnitine tended to reduce
muscle FA (Figure 5l), especially UFAs (ie, C144:1, C18:1n8t, and C20:5n3) (Fig-
ure 5J). Indeed, 3T3-L1 cells incubated with 100 uM carnitine for 8 days showed
markedly reduced lipid deposition without affecting cell viability (Figure 5K). How-
ever, we failed to observe a reduction in serum FA concentrations (Figure S5A),
indicating that dietary L-carnitine only reduced muscle FA but did not affect gut
FA absorption. In addition, the meat quality, pH value, and meat color were not
changed (Figures S5B—S5D), and studies on high dosages of L-carnitine and
its long-term effects are needed.

DISCUSSION

Germ-free animals, antibiotic exposure, fecal microbiota transplantation, and
probiotic treatments have widely confirmed the role of the gut microbiota in
host lipid metabolism.!"'® We previously compared gut microbial development
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Figure 4. Obese Ningxiang pig-derived L. reuteri increased muscle fatty acids in lean DLY pigs DLY pigs (90 days old) were orally administered 1 x 10" CFU Ningxiang pig-derived L.
reuteri XL0930 every day for 60 days (n = 8-9). (A) Correlations between muscle FA levels and microbial biomarkers. (B) Body weight of L. reuteri XL0930-fed pigs. (C) pH value of
muscle. (D) Serum lipid levels. (E) Backfat thickness (mm). (F) Relative weight of the AAT (%). (G) Intramuscular fat. (H and 1) Muscle FAs (ug/mg).

between obese Shaziling and lean Yorkshire pig breeds and observed a higher
a-diversity and greater abundances of probiotics (i.e., L. johnsonii, L. amylovorus,
and Clostridium butyricum) in fatty Shaziling pigs.® Here, 43 obese Ningxiang pigs
and 50 lean DLY pigs were screened, and 11 of the top 100 genera were identified
to be correlated with muscle FAs. Fat deposition traits, intramuscular fat, and
meat quality were the most relevant traits for FA composition in the genetic cor-
relations of 2,448 pigs.® These results indicated that the gut microbiota consis-
tently showed strong correlations with muscle FA levels and meat traits in pigs.

Microbial differences have been confirmed between obese pigs and lean pigs,
and whether the gut microbiota contributes to FA metabolism and meat traits is
of great interest in animal science. Wu et al. transplanted the fecal microbiota of
obese Jinhua pigs into antibiotic-treated mice, and the recipients exhibited a
similar obese phenotype with elevated lipid and triglyceride levels.'® Here, we
conducted mutual fecal microbiota transplantation between obese Ningxiang
pigs and lean DLY pigs and found that backfat thickness and intramuscular fat

were increased in fecal microbiota-transplanted DLY pigs with an improvement
in meat quality. Zhang et al. reported positive correlations between the intramus-
cular fat content and the pH values of the longissimus muscle and SFAs.®
Consistently, we also observed a marked increase in seven SFAs (C6:0, C11:0,
C13:.0, C21:0, C22:0, C23:0, and C24:0) in obese Ningxiang pig-derived micro-
biota-challenged lean DLY pigs, which might explain the improvement in meat
quality. The major source of body FA is dietary fat, which is digested and ab-
sorbed in the intestine. Obese Ningxiang pig-derived microbiota tended to
enhance the intestinal transporting ability of FAs, with a reduction in the levels
of unabsorbed FAs in the distal ileum. Germ-free mice are characterized by
impaired fat digestion and absorption within the small intestine, while lipid trans-
port is re-established after conventionalization with microbiota. Therefore, we
proposed that by fecal microbiota transplantation, gut microbial cues in this re-
gion may have a great impact on the manipulation of lipid metabolism and meat
quality in the pig industry.
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Figure 5. Fecal microbiota transplantation reprogrammed the muscle and intestinal metabolic profiles in Ningxiang and DLY pigs (A) Carnitine production of L. reuteri XL0930
in vitro (n = 6). (B) Muscle total carnitine content in fecal microbiota-transplanted obese Ningxiang pigs and lean DLY pigs. (C) Muscle total carnitine content in L. reuteri XL0930-fed
DLY pigs. (D) FA B-oxidation-related genes in L. reuteri XL0930-fed DLY pigs. (E) SLC22A5 expression in L. reuteri XL0930-fed DLY pigs. (F) WY-14643 reduced fat deposition in mice
(n=10). (G) Mildronate increased body weight in mice (n = 10). (H) Mildronate tended to increase fat deposition in mice (n = 10). (I and J) Muscle FA content in carnitine-fed DLY pigs

(n = 8). (K) Lipid accumulation in carnitine-incubated 3T3-L1 cells (n = 4).

Almost 1,000 species of gut microbiota inhabit the gastrointestinal tract. An
unsolved question is which species contribute to obese Ningxiang pig-derived mi-
crobiota-mediated muscle lipid accumulation and meat quality improvement.
Chen et al. systematically screened the correlation between the gut microbiome
and lean meat percentage in 698 commercial Duroc pigs and identified that
obese pigs had a significantly higher abundance of Prevotella copri, which was
correlated with fat accumulation and the metabolites associated with obesity.?!
In this study, we identified L. reuteri in obese Ningxiang pig-derived microbiota-
challenged DLY pigs. Interestingly, a high relative abundance of L. reuteri was re-
ported to be associated with a greater risk of obesity in several cross-sectional
studies.?”?® Here, obese Ningxiang pig-derived L. reuteri XL0930 was first iso-
lated, and its colonization was demonstrated to enhance the muscle FA content
in lean DLY pigs. Based on these observations, we predicted that gut microbial
manipulation, especially of L. reuteri, would be effective in improving meat quality.
However, we failed to observe a marked improvement in the meat quality of L.
reuteri-fed DLY pigs except for the pH index; thus, studies including high dosages
and long-term effects are needed to validate the merit of L. reuteri in the pig in-
dustry. Several studies have also reported an anti-obesity effect of L. reuteri in

diet-induced obesity via energy metabolic remodeling and gut microbial reshap-
ing.”*~?® The reason might be associated with strain specificity, and whole-
genome sequencing of these strains is needed to unveil the inconsistent results
and to guide clinical application.

The mechanism of the gut microbiota has been widely proposed to be the pro-
duction of a myriad of metabolites.?® For example, lipid uptake and accumulation
are enhanced in Desulfovibrio species cell-free supernatant-cultured intestinal
epithelial cells, whose species have been demonstrated to favor intestinal FA ab-
sorption.>® Nevertheless, the specific metabolites that contribute to L. reuteri
XL0930-mediated FA deposition are still elusive. Fortunately, free L-carnitine
and its derivatives have been identified to correlate with muscle FAs, and lower
contents of total L-carnitine have been confirmed in Ningxiang pig-derived micro-
biota or L. reuteri XL0930-challenged DLY pigs. Dietary L-carnitine tended to
reduce muscle FAs in lean DLY pigs. Indeed, camitine is generally assumed to
be necessary for the transfer of long-chain FAs across the inner mitochondrial
membrane for subsequent B-oxidation'? thus, the decreased level of
L-carnitine seems to explain the higher FA accumulation due to the reduced FA
B-oxidation.®' However, we did not observe a reduction in FA p-oxidation-related
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genes in L. reuteri-treated DLY pigs, indicating that there is no causality between
the reduced muscle carnitine and FA B-oxidation in DLY pigs. Defects in the
SLC22A5 carnitine transporter are characterized by decreased intracellular carni-
tine accumulation, increased loss of carnitine in the urine, and low serum carnitine
levels.'>? We also confirmed the role of SLC22A5 in obese Ningxiang pig-derived
microbiota-mediated total carnitine reduction and FA accumulation in the muscle.
Microbial-derived metabolites or miRNAs are widely reported to be the agents
responsible for the interaction between the gut microbiota and host meta-
bolism,?***% and future studies are needed to identify the potential L. reuteri-
derived molecules that regulate SLC22A5, which would provide new insights
into the interaction among the obese Ningxiang pig-derived microbiota,
SLC22A5-mediated carnitine uptake, and FA deposition in the muscle.

CONCLUSION

The discovery of a link between the gut microbiota, microbial metabolites, lipid
deposition, and meat quality has broad implications for animal husbandry. Our
study revealed a new potential correlation between the gut microbiota and mus-
cle FA content (related to meat quality) in obese Ningxiang pigs and lean DLY
pigs. Mutual fecal microbiota transplantation between obese Ningxiang pigs
and lean DLY pigs suggests a new potential microbial strategy for muscle FA-
based meat quality manipulation. Furthermore, our studies isolated obese Ning-
xiang pig-derived L. reuteri XL0930, which might serve as a novel dietary supple-
ment and additive to improve meat quality in animal production. Our results also
suggest that SLC22A5 downregulation resulted in lowered total muscle carnitine
levels, which might be the key point between the gut microbiota and muscle FA
levels.

MATERIAL AND METHODS
See the supplemental information for details.

DATA AND CODE AVAILABILITY
The data supporting the conclusions of this article are available in the NCBI
Sequence Read Archive (SRA) repositories: PRINA855271 and PRINA855286.
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