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Abstract
Background  Gut microbiota ferment non-digestible substances to produce metabolites that accumulate in muscle 
and influence host metabolism. However, the regulatory mechanisms connecting gut microbiota, metabolites, and 
fat deposition across pig breeds remain unclear. This study explores the gut–muscle axis regulating fat deposition and 
meat quality in Chinese Songliao Black Pig (SBP) and Large White × Landrace Pigs (LWLDP). Digesta samples from the 
ileum, cecum, and rectum of both breeds were analyzed using 16 S rRNA sequencing for microbiome profiling and 
ultra-high-performance liquid chromatography (UHPLC) for metabolomics. Multi-omics data, including microbiota 
and metabolite profiles were integrated with our previously published data of transcriptomics and metabolomics 
insights into fat deposition in the longissimus dorsi (LD) muscle using the MixOmics DIABLO method.

Results  Microbiome analysis revealed that Fibrobacter, Unidentified_Peptostreptococcaceae, Sutterella, and 
Unidentifed_Rickettsiales were enriched in SBP, while Ruminococcus, Corynebacterium, and Streptococcaceae in LWLDP. 
Metabolomic analysis indicated that SBP was enriched in fatty acid biosynthesis pathways, including linoleic acid, 
α-linolenic acid, and arachidonic acid, whereas LWLDP was associated with insulin signaling, starch and sucrose 
metabolism. Integrated analysis identified Peptostreptococcaceae and Rickettsiales in SBP, along with metabolites 
phosphatidylcholine (PC(22:4)), N-acylethanolamine (NAE(20:4)), and lysophosphatidylcholine (LysoPC(24:1)) 
were correlated with key genes (EIF4E, MSTN, PPARGC1A, NR4A3, and SOCS1) regulating fat deposition. In LWLDP, 
Corynebacterium and Streptococcaceae were linked to the PPP1R3B gene, which is involved in glycogen metabolism, 
as well as metabolites 2-methyl-3-hydroxybutyric acid and 5-keto-gluconic acid, suggesting a shift toward glycolysis 
over lipolysis.
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Background
Fatty acids are key indicators of meat quality, playing 
a crucial role in the pig meat industry and significantly 
influencing overall consumer acceptability [1]. These are 
strongly linked to both nutrition and pork quality [2]. In 
recent decades, muscle fatty acid composition has been 
shown to be influenced by various factors, including 
heredity, age, diet, feeding environment, and gut micro-
biota. The gut microbiota is widely recognized for its role 
in regulating host metabolism, lipid absorption, and fat 
deposition in muscle tissues [3–5]. The gut harbors tril-
lions of microorganisms that form complex communi-
ties [6]. They play a crucial role in host metabolism by 
fermenting non-digestible compounds and producing 
metabolites [7, 8]. Recent studies have shown that these 
gut microbes significantly influence growth performance 
[9], meat quality [10], and fatty acid composition [11, 12]. 
These metabolites can be affected by diet [13], environ-
mental conditions [9], age [9, 14], and breed [15, 16], and 
they also vary among different regions of the intestine 
[17].

Gut microbes produce various classes of metabolites, 
such as bile acids, short-chain fatty acids such as butyr-
ate, and vitamins, including thiamine, folate, biotin, 
riboflavin, and pantothenic acid, and the composition 
and microbial diversity of these metabolites are shaped 
by several factors, including genetics, age, sex, and diet 
[18]. These metabolites are produced through the com-
bined act of the metabolic process of microorganisms 
and the host [19]. Metabolites encompass tangible com-
pounds generated during the metabolic process, serving 
as both substrates and outcomes of metabolic reactions 
[20]. Metabolomics is a powerful analytical technique for 
comprehensively analyzing and comparing the end prod-
ucts of metabolic processes. It provides a detailed over-
view of metabolic profiles, linking metabolic pathways to 
their biological functions. Moreover, metabolomics offers 
insights into an organism’s overall health by examining 
its complete metabolic network and investigating its pro-
cesses in depth [21].

Numerous studies have investigated microbial com-
position across different intestinal regions, but most 
have been restricted to specific pig breeds [22–24]. Host 
genetics play a crucial role in shaping gut microbial com-
munities across species [25]. Emerging research utiliz-
ing the MixOmics approach has demonstrated how gut 
microbiota-derived metabolites significantly influence 

fatty acid composition [11]. A recent breed-specific study 
revealed that microbiota derived from obese pigs can 
rewire carnitine metabolism, driving fatty acid deposi-
tion in the muscles of lean pig breeds [26]. Specific gut 
microbes—including Bacteroides uniformis, Roseburia 
inulinivorans, Bacteroides vulgatus, Clostridium catus, 
Eubacterium rectale, and Faecalibacterium prausnitzii—
have been positively correlated with muscle metabolism-
related genes (MSTN, ATP2A1, MYLPF, ACTN3, MYL1, 
and TNNT3), enhancing meat quality in cattle [27]. Simi-
larly, the superior meat quality and higher intramuscu-
lar fat (IMF) content observed in Jinhua pigs has been 
linked to their gut microbiota. Mice transplanted with 
Jinhua pig microbiota exhibited increased lipid accumu-
lation, triglyceride levels, and lipoprotein lipase activity, 
along with reduced ANGPTL4 expression in muscle [28]. 
Another study reported a higher Firmicutes/Bacteroide-
tes ratio and greater abundance of Romboutsia and Pre-
votella copri in pigs, suggesting a role in fat accumulation 
via TLR4 and mTOR pathways. This study also showed 
upregulation of lipogenesis-related genes (Fabp9, Scd1, 
Scd2, and Scd3), further supporting the influence of gut 
microbes on fat deposition and meat quality [29]. These 
findings collectively suggest that gut microbiota signifi-
cantly impact meat quality through modulation of mus-
cle gene expression. However, substantial breed-specific 
variations exist in fatty acid composition and meat qual-
ity, and the molecular mechanisms underlying these dif-
ferences—particularly the role of gut microbiota and 
their metabolic pathways in fat deposition remain poorly 
understood.

Our previous study investigated the transcriptome and 
metabolome insights into key genes regulating fat depo-
sition and meat quality in Chinese Songliao Black Pigs 
(SBP) and Large White × Landrace pigs (LWLDP) [30]. 
Building on these findings, this study aims to elucidate 
the role of the gut microbiota and its metabolites in regu-
lating the molecular mechanisms underlying fat deposi-
tion and meat quality in pig breeds. Specifically, we aimed 
to (1) Investigate breed-specific differences in gut micro-
biota composition and metabolite profiles across distinct 
intestinal regions (ileum, cecum, and rectum). (2) Inte-
grate gut microbiota and metabolite with our previous 
transcriptomic and muscle metabolite study to identify 
microbial taxa and metabolites associated with fat depo-
sition and meat quality. This research seeks to advance 

Conclusion  This study concluded that cecum-associated microbes in LWLDP may enhance carbohydrate 
metabolism, leading to reduced fat deposition, whereas rectum-associated microbes in SBP contribute to 
docosahexaenoic acid (DHA) biosynthesis, thereby improving meat quality. These findings highlight gut microbiota-
derived metabolites as potential biomarkers for optimizing meat production and livestock breeding strategies.
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understanding of the gut‒muscle axis in pigs, potentially 
providing biomarkers for improved meat quality.

Methods
Study site, animals and experimental design
A total of one hundred male pigs (fifty Songliao Black 
Pigs (SBP) and fifty Large White × Landrace pigs 
(LWLDP)) were reared at Gongzhuling National Agri-
cultural Science and Technology Park (Feimas Animal 
Husbandry Co., Ltd., Gongzhuling, China) under uni-
form conditions. All animal procedures were approved 
by the Institutional Animal Care and Use Committee 
(IACUC) of Jilin Agricultural University (approval num-
ber KT2023023). Clinical trial number: not applicable. 
Pigs were reared under pen housing with same feeding 
management, diet composition, and environmental con-
ditions. At an average age of 210 ± 15 days, the pigs were 
transported to Gongzhuling Gaojin Food Co., Ltd. for 
slaughtering. Live weight was recorded before humane 
euthanasia by electric shock, followed by rapid exsan-
guinations. Longissimus dorsi (LD) muscle samples were 
collected for fatty acids, amino acids profiling, transcrip-
tomics, metabolomics and meat quality assessment,, as 
published in our previous study [30]. At the similar time, 
digesta samples were collected from the ileum, cecum, 
and rectum by opening the respective sections of the 
intestines of both breeds. The samples were immediately 
transferred into sterile 7  ml cryopreservation tubes and 
snap-frozen in liquid nitrogen to preserve microbial and 
metabolic integrity. These frozen samples were subse-
quently stored at − 80 °C for storage until further analy-
sis. Similar samples were used for microbial diversity 
analysis and metabolite profiling, as mentioned in our 
earlier study. The breed-specific comparison and integra-
tion of multi-Omics data for exploring the strong asso-
ciation between the gut and muscle axes regulating fat 
deposition and meat quality in pig breeds were followed 
a similar method of MixOmics Diablo analysis for the 
integrated analysis of multiple types of Omics data, as 
explained by [31].

Detection of intestinal metabolites
Five digesta samples from each intestinal segment (ileum, 
cecum and rectum) of both breeds were taken for metab-
olite detection, as described by [32]. Polar metabolites 
were analyzed via a UHPLC system (Vanquish, Thermo 
Fisher Scientific, Waltham, MA, USA) with a Waters 
ACQUITY UPLC BEH amide column (2.1 mm × 50 mm, 
1.7  μm) connected to an Orbitrap Exploris 120 mass 
spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA). The mobile phase included 25 mmol/L ammo-
nium acetate and 25 mmol/L ammonium hydroxide in 
water (pH 9.75) as phase A and acetonitrile as phase B. 
The autosampler was kept at 4  °C, and 2 µL of sample 

was injected. The mass spectrometer was operated in 
information-dependent acquisition (IDA) mode, with 
control via Xcalibur software (Thermo Fisher Scientific, 
Waltham, MA, USA). The electrospray ionization (ESI) 
parameters used were as follows: sheath gas flow rate of 
50 Arb, auxiliary gas flow rate of 15 Arb, capillary tem-
perature of 320 °C, full MS resolution of 60,000, MS/MS 
resolution of 15,000, stepped normalized collision energy 
(SNCE) of 20/30/40, and spray voltages of 3.8 kV (posi-
tive mode) or -3.4 kV (negative mode).

Analysis of intestinal metabolites
Untargeted metabolite analysis was performed via total 
ion chromatograms (TICs). The raw data for both posi-
tive and negative ion metabolite concentrations were 
processed with XCMS software [33], which manages 
peak alignment, retention time correction, and peak 
area extraction. Following data processing with XCMS, 
metabolite identification and data preprocessing were 
carried out [34]. Multivariate statistical analyses, includ-
ing principal component analysis (PCA), partial least 
squares discriminant analysis (PLS-DA), and orthogonal 
partial least squares discriminant analysis (OPLS-DA), 
were conducted via the R package Ropls [35]. Differen-
tial expressed metabolite (DEM) analysis was performed 
with a significance threshold of|Log2Fc| > 1 and an 
adjusted p value < 0.05 [36]. A volcano plot and a clus-
ter heatmap were generated to visualize the results [37]. 
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database was used to analyze the differentially expressed 
metabolic pathways [38].

DNA extraction and high-throughput sequencing
Five digesta samples from each intestinal region (ileum, 
cecum, and rectum) of both breeds, with two replicates 
for each sample were used for microbial analysis. Total 
genomic DNA was extracted via an Omega soil DNA 
kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA). 
The quantity and quality of the extracted DNA were 
measured via a NanoDrop NC2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and 
agarose gel electrophoresis, respectively. PCR amplifica-
tion of the bacterial 16 S rRNA gene V3–V4 region was 
performed via the forward primer 338  F (5’-​A​C​T​C​C​T​A​
C​G​G​G​A​G​G​C​A​G​C​A-3’) and the reverse primer 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’). Sample-spe-
cific 7-bp barcodes were incorporated into the primers 
for multiplex sequencing. The PCR components included 
5 µl of 5× reaction buffer, 0.25 µl of Fast Pfu DNA Poly-
merase (5 U/µl), 2  µl of dNTP mixture (2.5 mM each), 
1 µl of each forward and reverse primer (10 µM), 1 µl of 
the DNA template, and 14.75  µl of nuclease-free water 
(dd-H₂O). Thermal cycling consisted of initial denatur-
ation at 98 °C for 5 min, followed by 25 cycles consisting 
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of denaturation at 98  °C for 30 s, annealing at 53  °C for 
30 s, and extension at 72 °C for 45 s, with a final extension 
of 5 min at 72 °C. The PCR amplicons were purified with 
Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nan-
jing, China) and quantified via the Quant-iT PicoGreen 
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After 
the individual quantification step, amplicons were pooled 
in equal amounts, and pair-end 2 × 250  bp sequencing 
was performed via the Illumina NovaSeq platform with 
a NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai 
Personal Biotechnology Co., Ltd. (Shanghai, China).

Bioinformatics analysis
The raw 16 S rRNA sequence data were analyzed via the 
QIIME2 and R packages (v3.2.0) [39]. Alpha diversity 
indices (Chao1, observed species, Shannon, Simpson, 
Faith’s PD, Pielou’s evenness, and Good’s coverage) were 
calculated from the ASV table in QIIME2 and visualized 
as box plots. Beta diversity analysis was used to assess 
microbial community structure variation via Jaccard, 
Bray‒Curtis, and UniFrac distance metrics, which were 
visualized through principal coordinate analysis (PCoA). 
Significance in microbiota structure differentiation was 
assessed via permutational multivariate analysis of vari-
ance (PERMANOVA) conducted via QIIME2. Taxo-
nomic compositions and abundances were visualized 
with MEGAN and GraPhlAn. Differentially abundant 
taxa were identified via linear discriminant analysis effect 
size (LEfSe) [39]. Orthogonal partial least squares dis-
criminant analysis (OPLS-DA) was performed with the R 
package Muma [40]. Microbial functions were predicted 
via PICRUSt2 and MetaCyc [41] and KEGG databases 
(http://www.genome.jp/kegg/).

Key genes analysis of DHA fatty acids
In our previous study, Pearson correlation analysis 
between differentially expressed genes (DEGs) and DHA 
fatty acid levels was performed via the Hmisc R package 
[35, 42]. The genes exhibiting a significant correlation 
(p < 0.05, r > 0.7) between DHA and DEGs were selected 
for further analysis. The STRING database was used to 
construct a protein‒protein interaction (PPI) network for 
these genes. Subsequently, cytoHubba plugin of Cyto-
scape software (v3.10.2) was used to identify the top 10 
hub genes characterized by the highest degree of connec-
tivity within the network [30].

Integrated mixomics analysis
The integration of significant microbial taxa, predicted 
microbial KO pathways, top 15 up- and down-regulated 
intestinal metabolites of ileum, cecum and rectum region 
along with longismuss dorsi muscle metabolites were 
selected based on (log2FC > ± 1 and p value < 0.05), and 
genes regulating fat deposition and meat quality in pig 

breeds was integrated via the DIABLO framework from 
the MixOmics (v 6.25.1) R package [43]. The LD mus-
cle metabolites and key genes regulating fat deposition 
and meat quality were selected from our previous study 
[30]. Initially, a DIABLO model was constructed via the 
sPLS-DA correlation function to establish relationships 
between multiple Omics data blocks. Various visualiza-
tion techniques, including Circos plots, correlation circle 
plots based on CCA analysis and cluster image maps 
(CIMs) plots, were subsequently designed to explore the 
relationships and interactions between blocks at a cor-
relation threshold of 0.8 for strong associations. We fol-
lowed a similar method as explained by [31].

Statistical analysis
The relative abundance of taxa at the genus level and 
the predicted microbial metabolic pathways were com-
pared via Student’s t test in SPSS version 26 (IBM Corp., 
Armonk, NY, USA). The significant differences between 
the SBP and LWLDP breeds were evaluated, with a p 
value < 0.05 considered statistically significant. Addition-
ally, correlations between intestinal metabolites, signifi-
cant taxa, and significant microbial KEGG Orthology 
(KO) pathways were analyzed via the Pearson correlation 
method implemented with the Hmisc R package. The 
results were visualized via the Pheatmap package [35, 42].

Results
Differentially expressed metabolites (DEMs) and functional 
analysis
Untargeted metabolomic analysis revealed an average 
of 18,089 metabolites in each intestinal section (ileum, 
cecum, and rectum), detected metabolites are shown in 
(Additional file S1). Multivariate analyses revealed dis-
tinct metabolic profiles between SBP and LWLDP pigs, 
and principal component analysis (PCA) indicated signif-
icant variations across intestinal regions in both breeds 
(Fig.  1A). Orthogonal partial least squares discriminant 
analysis (OPLS-DA) identified 2,183 metabolites com-
monly expressed across all the intestinal sections. In the 
ileum, 38 differentially expressed metabolites (DEMs) 
were identified (Fig. 1B), with 30 up-regulated in LWLDP 
pigs and 8 down-regulated in SBP pigs detailed in (Addi-
tional file S2). In the cecum, 42 DEMs were detected, 32 
of which were up-regulated in LWLDP and 10 of which 
were down-regulated in SBP (Fig.  1C) and detailed in 
(Additional file S3). Analysis of the rectum revealed 75 
DEMs (Fig. 1D), including 15 up-regulated and 63 down-
regulated metabolites detailed in (Additional file S4). The 
metabolite distributions of SBP and LWLDP in samples 
from the ileum, cecum and rectum are shown in (Fig. 1E).

Functional analysis of ileum, cecum, and rectum 
metabolites revealed different metabolic pathways in SBP 
and LWLDP pigs. In the ileum, the fatty acid biosynthesis 

http://www.genome.jp/kegg/
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pathway down-regulated capric acid and cis-9-palmi-
toleic acid metabolites in SBP pigs, which may have con-
tributed to altered fat deposition patterns compared with 
those in LWLDP pigs. Amino sugar and nucleotide sugar 
metabolism, as well as the biosynthesis of nucleotide sug-
ars, was up-regulated in glucuronic acid and N-acetyl-
muramic acid in LWLDP pigs. These metabolites could 
influence collagen biosynthesis and, consequently, meat 
tenderness. Additionally, inositol phosphate metabolism 
and ascorbate and aldarate metabolism were associated 
with the up-regulation of glucuronic acid in LWLDP pigs 
(Fig.  1F) detailed in (Additional file S5). In the cecum, 
amino sugar and nucleotide sugar metabolism, which are 
central to carbohydrate and lipid metabolism, was up-
regulated in glucuronic acid, glucose, and galactose in 
LWLDP pigs. These changes could reflect altered meta-
bolic activity influencing fat deposition in the LD mus-
cle. The glycerophospholipid metabolism pathway was 
enriched with sn-glycerol 3-phosphate and sn-glycerol 
1-phosphate in LWLDP pigs, suggesting that modifica-
tions in the phospholipid content may affect fat cell com-
position and storage capacity (Fig.  1G), and detailed in 
(Additional file S6) In the rectum, the retrograde endo-
cannabinoid signaling pathway included metabolites 
such as NAE (20:4) (AEA) and PC (16:0/16:1(9Z)) in 
SBP, indicating their involvement in neural signaling and 
lipid-based signaling mechanisms. Additionally, glycine, 

serine, and threonine metabolism involves metabolites 
such as threonine and homoserine, which are essential 
for amino acid and protein biosynthesis. The lysine deg-
radation pathway involves 5-hydroxylysine, a metabolite 
linked to protein modification and collagen stability. In 
lipid metabolism, linolenic acid metabolism, alpha lino-
lenic acid and arachidonic acid are associated with sig-
nificant metabolites such as PC (20:3(5Z,8Z,11Z)/14:0), 
PC (18:0/18:3(6Z,9Z,12Z)), PC(22:4(7Z,10Z,13Z,16Z)/P-
18:1(9Z)), PC(14:1(9Z)/P-18:0), PC(20:2(11Z,14Z)/18:
3(9Z,12Z,15Z)), and LysoPC(24:1(15Z)) in SBP, which 
may impact fat composition and muscle fat deposition in 
the LD muscle (Fig. 1H), detailed in (Additional file S2). 
Overall, the analysis underscores the pivotal role of car-
bohydrate, lipid, and amino acid metabolism pathways 
in regulating fat deposition and influencing meat quality 
traits.

Comparative analysis of the gut microbiota
The raw 16  S rRNA sequencing data of the ileum, 
cecum, and rectum samples were subjected to filter-
ing, denoising, merging, and removal of chimeric and 
singleton sequences to ensure high-quality data for com-
parative analysis between the Songliao black pig (SBP) 
and LWLDP breeds, as detailed in (Additional file S8). 
A total of 28,283 to 66,113 high-quality non-singleton 
reads per sample were retained, providing sufficient 

Fig. 1  Intestine metabolites analysis (A) Principle component analysis of ileum, cecum and rectum region metabolites of SBP and LWLDP pigs breeds (B) 
Differential expressed metabolite analysis of ileum region (C) Differential expressed metabolite analysis of Cecum region (D) Differential expressed me-
tabolite analysis of Rectum region (E) Differential expressed metabolite distribution in samples of ileum, cecum and rectum of SBP and LWLDP (F) KEGG 
pathways of ileum region metabolites (G) KEGG pathways of cecum region metabolites (H) KEGG pathways of rectum region metabolites
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sequencing depth for robust microbial community analy-
sis. Notably, the ileum in both breeds presented the least 
sequence reduction, with LWLDP maintaining higher 
sequence counts across all the intestinal sections. Alpha 
diversity metrics revealed that LWLDP had greater 
microbial diversity in the cecum and rectum, whereas 
the ileum displayed similar diversity levels between the 
two breeds (Fig. 2A). In contrast, β diversity analysis via 
the Bray‒Curtis distance clearly distinguished the micro-
bial composition between the intestinal sections of SBP 
and LWLDP (Fig.  2B). The relative abundance analysis 
revealed that, compared with SBP pigs, LWLDP pigs pre-
sented greater microbial abundances across all intestinal 
sections. A cladogram with an LDA threshold of 3 iden-
tified for differences in microbial taxa between the two 
breeds. Interestingly, SBP was associated with greater 
microbial diversity, particularly in the rectum (Fig.  2C-
D). At the phylum level, Firmicutes, Bacteroidetes, Proteo-
bacteria, and Spirochaetes were the most prevalent phyla 

across both breeds (Fig.  2E). At the family level, Lacto-
bacillaceae, Ruminococcaceae, Streptococcaceae, Para-
prevotellaceae, and S24-7 were dominant (Fig. 2F). At the 
genus level, Lactobacillus, Streptococcus, Prevotella, and 
YRC22 were prominent (Fig.  2G). At the species level, 
Lactobacillus reuteri, Prevotellacopri, Streptococcus lute-
ciae, and Lactobacillus mucosae were identified as the 
most abundant taxa in both breeds (Fig. 2H).

Identification of significant taxa and predicted microbial 
KO pathways in different regions of the intestine
The relative abundance analysis of taxa at the genus level 
and the predicted abundance scores for microbial meta-
bolic pathways across regions in both breeds revealed 
distinct microbial profiles. We found no significant dif-
ferences in the ileum between the breeds. However, nine 
bacterial genera were significantly abundant in the cecum. 
In SBP, Fibrobacter and unclassified Betaproteobacteria 
were significantly more abundant (p < 0.05). In contrast, 

Fig. 2  Comprehensive microbial analysis of intestinal samples from SBP and LWLDP pig breeds. (A) Alpha diversity analysis indices insights into the di-
versity of microbial communities in the ileum, cecum, and rectum across both pig breeds. (B) Beta diversity analysis using Bray-Curtis distance, depicting 
distinct clustering of microbial communities between the ileum, cecum, and rectum. (C-D) LEfSe (Linear Discriminant Analysis Effect Size), displaying 
bacterial taxa with varying abundance between ileum, cecum and rectum of SBP and LWLDP breeds at LDA threshold of 3 for taxons contributing to 
microbial community differences. (E) Relative abundance at phylum level (F) relative abundance at family level (G) relative abundance at genus level (H) 
relative abundance at species level
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LWLDP had higher abundances of Corynebacterium and 
Desulfovibrio (p < 0.001), unclassified Streptococcaceae 
(p < 0.01), Bacillus, unclassified RFP12, unclassified Fir-
micutes, and Enterobacter (p < 0.05). In the rectum, five 
genera were significantly different; four of these unclas-
sified Peptostreptococcaceae (p < 0.001), unclassified Rick-
ettsiales (p < 0.01), and Sutterella (p < 0.05) were more 
abundant in SBP, whereas Ruminococcus (p < 0.05) was 
significantly enriched in LWLDP (Fig.  3A). The analysis 
of the predicted microbial metabolic pathways revealed 
no significant differences in the ileum. However, in the 
cecum region, four significant pathways, such as sys-
temic lupus erythematosus (p < 0.001), starch and sucrose 
metabolism, and sphingolipid metabolism (p < 0.05), were 
significantly more abundant in LWLDP, whereas the ABC 
transporter pathway (p < 0.01) was more enriched in SBP. 
In the rectum, the insulin signaling pathway (p < 0.01), 
porphyrin and chlorophyll metabolism, and plant hor-
mone signal transduction (p < 0.05) were more abundant 
in LWLDP. In contrast, ascorbate and aldarate metabo-
lism, atrazine degradation, lysine degradation, glycophos-
pholipid metabolism, biotin metabolism, linoleic acid 
metabolism, and carotenoid biosynthesis (p < 0.05) were 
significantly more common in SBP (Fig. 3B).

Key genes associated with DHA fatty acids
The DEGs correlated with DHA fatty acid levels (r > 0.7, 
p < 0.05) were identified, as reported in our previous 
study [30]. A total of 97 genes exhibiting significant cor-
relations with DHA were selected for further analysis, 
more detailed in (Additional file S9). Functional analysis 
of these genes was performed through protein‒protein 
interaction (PPI) network construction. From the PPI 

network, the top 10 hub genes (IL6, PTGS2, ICAM1, 
THBS1, MYC, PTX3, TNFAIP6, PLAU, ATF3, and 
SOCS3) were identified on the basis of their high degree 
of connectivity and interactions with other genes. These 
hub genes represent key regulatory factors modulated by 
the fatty acid DHA and may play critical roles in associ-
ated metabolic and biological processes.

Correlation analysis of intestinal microbes and predicted 
functional microbial KO pathways
Pearson correlation of bacterial genera and microbial 
KO pathways revealed significant associations (Fig.  4). 
Firmicutes was positively associated with sphingolipid, 
starch, and sucrose metabolism and negatively associ-
ated with the ABC transporter. Bacillus was positively 
correlated with the systemic lupus erythematosus path-
way. Corynebacterium was positively associated with 
starch and sucrose metabolism. Streptococcaceae was 
positively correlated with plant hormone signal transduc-
tion and starch and sucrose metabolism but negatively 
correlated with ABC transporters and lysine degrada-
tion. Moderate positive correlations were observed for 
Ruminococcus with plant hormone signaling and starch 
and sucrose metabolism. Desulfovibrio and RFP12 were 
positively correlated with the insulin signaling pathway, 
whereas Fibrobacter was associated with porphyrin and 
chlorophyll metabolism. Unidentified_Rickettsiales was 
positively correlated with lysine degradation, carotenoid 
biosynthesis, and the ABC transporters. Unidentifed_
Peptostreptococcaceae was negatively correlated with 
starch and sucrose metabolism, whereas Sutterella was 
positively associated with linoleic acid metabolism, atra-
zine degradation, and glycerophospholipid metabolism 

Fig. 3  Significant taxon and microbial KO pathways in different region of intestine of SBP and LWLDP pig breeds (A) Significant taxon in different regions 
of intestine of SBP and LWLDP (B) Significant microbial KO pathways in different regions of intestine of SBP and LWLDP
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and negatively associated with the insulin signaling path-
way and ascorbate and aldarate metabolism.

Correlation analysis of significant taxa and intestinal 
metabolites
Pearson correlations of significant microbial taxa and 
highly up- and down-regulated metabolites in the ileum, 
cecum and rectum regions revealed notable interac-
tions (Fig.  5). In the ileum, the g_SMB53 genus showed 
strong positive correlation with cis-9-palmitoleic 
acid, M1549.neg and 1-palmitoyl-2-docosahexaenoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) but strongly 
negatively correlated with apigenin 6,8-digalactoside. 
Sutterella was strong positively correlated with M1215.
neg. Unidentified_Rickettsiales were highly posi-
tively correlated with PC (P-18:0/18:1(9Z)). Unclassi-
fied_Desulfovirio were strongly correlated with apigenin 
6,8-digalactoside and 3-[(ethylanilino)methyl] benzene-
sulfonic acid but negatively correlated with cis-9-pal-
mitoleic acid, 2-hydroxy-2’,3’-dichlorobiphenyl, M1549.
neg and (24E)-12,15-dihydroxy-3-(pentopyranosyloxy)-
9,19-cyclolanost-24-en-26-oic acid. Ruminococcus was 
moderately significantly correlated with most of the 
regulated metabolites. In the cecum, Sutterella was 
strongly positively correlated with inosine 5’-mono-
phosphate (IMP), M1753.pos, N-oleoyltaurine, M1712.

pos, gabapentin, PC (P-16:0/0:0) and M1403.pos but 
moderately negatively correlated with N-benzylad-
enine and 4-phenoxy-N-(2-pyridinylmethyl) benza-
mide. Fibrobacter was highly positively correlated 
with 10-formyldihydrofolate. Bacillus, Corynebacte-
rium, Unidentified_Streptococcaceae and Firmicutes 
were strongly correlated with 2-methylbutylamine. 
Ruminococcus was highly positively correlated with 
5-Keto-Gluconic acid, 2-(4-Benzoyl-3-hydroxyphe-
noxy) ethyl acrylate, 4-Nitrophenol, ZON, M1843.neg, 
Dehydrogriseofulvin, N-Acetylgalactosamine_6-sul-
fate and Isoferulic acid but negatively correlated with 
(2,2,3,3-Tetrafluoropropoxy) acetic acid. In the rec-
tum, Enterobacter was highly positively correlated with 
2-methyl-3-hydroxybutyric acid, sterebin D, 3-(dodecy-
lsulfonyl) propanoic acid and Phe-(benzyloyl)-Leu-Arg, 
whereas Bacillus was strongly positively correlated 
with 16-oxopalmitate and 7-oxopimara-8(14),15-dien-
20-oic acid. Corynebacterium was strongly positively 
correlated with 3-[(3-carboxypropanoyl)amino]ben-
zoic acid, 7-oxopimara-8(14),15-dien-20-oic acid and 
5-(2-furyl)-1,3,4-oxadiazole-2(3 H)-thione but negatively 
correlated with 2-(1,4,5,7-tetramethyl-6  H-pyrrolo[3,4-
d] pyridazin-6-yl) aniline. Unidentified_Strep-
tococcaceae were strongly correlated with 
7-oxopimara-8(14), 15-dien-20-oic acid, erythronolactone 

Fig. 4  Pearson correlation analysis between significant taxa at genus level and significant microbial functional KO pathways of ileum, cecum and rectum 
of SBP and LWLDP pig breeds
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and 5-(2-furyl)-1,3,4-oxadiazole-2(3  H)-thione but 
strongly negatively correlated with 2-(1,4,5,7-tetra-
methyl-6  H-pyrrolo[3,4-d] pyridazin-6-yl) aniline. 
Unidentified_-Peptostreptococcaceae were strongly 
correlated with salicylic acid beta-D-glucoside and 
2-(1,4,5,7-tetramethyl-6 H-pyrrolo[3,4-d] pyridazin-6-yl) 
aniline. Unidentified Rickettsiales were strongly corre-
lated with PC (18:1(9Z)/18:1(9Z)), 2-Amino-4,5-dihy-
droxy-6-oxo-7-(phosphooxy) heptanoate, M755.pos, LPS 
(18:1), PC (22:4(7Z,10Z,13Z,16Z)/P-18:1(9Z)) and Lyso-
PC (24:1(15Z)).

Integrated mixomics analysis
Initially, a DIABLO model was created via the sPLS-DA 
method to explore the correlations between multiple 
Omics datasets from the gut and muscles (Fig. 6A). Posi-
tive and negative correlations among variables across the 
mixomics blocks were visualized in a Circos plot with a 
cutoff of 0.8 (Fig. 6B). Based on the multi-Omics molecu-
lar signature expression for each sample, the ten samples 
were clustered into two classes, consistent with the beed 
group to which they belonged (Fig. 6C). Data integration 
revealed that key genes—ATF3, EIF4E, ICAM1, PLAU, 
IL6, PTX3, MSTN, PPARGC1A, SOCS3, NR4A3, PTGS2, 
SOCS1, THBS1, MYC, INHBB, and TNFAIP6—regulate 
fat deposition and meat quality. Microbial taxa, includ-
ing Unidentified_Peptostreptococcaceae and Unidentifed_
Rickettsiales, were associated with lysine degradation, 
biotin metabolism, linoleic acid metabolism, and pre-
dicted orthologous KO pathways. Intestinal metabo-
lites, including PC (22:4(7Z,10Z,13Z,16Z)/P-18:1(9Z)/
P593.pos), NAE (20:4) (AEA), and LysoPC(24:1(15Z)) 

in the ileum; gabapentin in the cecum; and 2-benz-
imidazolinone, 1-benzyl-, cis-9-palmitoleic acid, (24E)-
12,15-dihydroxy-3-(pentopyranosyloxy)-9,19-cyclola-
nost-24-en-26-oic acid, 2-hydroxy-2’,3’-dichlorobiphenyl, 
and ethyldodecanoate metabolites in the rectum; and 
5-methoxycarbonylamino-N-acetyltryptamine, Sotalol, 
M967.neg, 2-(aminomethyl)-4-(tert-butyl)-6-(methyl 
sulfonyl)phenol, 7-methoxycoumarin-4-acetic acid, and 
2-(1,4,5,7-tetramethyl-6  H-pyrrolo[3,4-d]pyridazin-6-yl)
aniline, which are metabolites of LD muscle in SBP. These 
findings highlight the correlations between the gut and 
muscles, underscoring the complex metabolic activity of 
SBP and offering new insights into the unique regulatory 
mechanisms underlying its metabolic and physiological 
characteristics.

In contrast, LWLDP is characterized by the PPP1R3B 
gene, which is related to glycogen metabolism, and 
microbial taxa such as Corynebacterium and Unidenti-
fied_Streptococcaceae, which are associated with path-
ways involved in ascorbate and aldarate metabolism, 
starch and sucrose metabolism, and insulin signaling, all 
of which play critical roles in carbohydrate metabolism. 
Intestinal metabolites in the ileum, including apigenin 
6,8-digalactoside, 3-[(Ethylanilino)methyl]benzenesul-
fonic acid, N-(5-chloro-2-hydroxyphenyl)-2-(phenylthio)
acetamide, Progabide, and 16-phenoxytetranorpros-
taglandin F2α, as well as 5-keto-gluconic acid in the 
cecum, and metabolites in the rectum, such as 2-methyl-
3-hydroxybutyric acid and Val-Asn, were linked to 
metabolites in the LD muscle, including CMP-N-acetyl-
neuraminate, maltopentaose, mannose 6-phosphate, glu-
cose 6-phosphate, 3,6-dichloro-N-(pyridin-2-ylmethyl)

Fig. 5  Pearson correlation analysis of highly up-regulated and down-regulated metabolites of ileum, cecum and rectum metabolites with significant 
taxa at genus level of SBP and LWLDP pig breed
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pyridazine-4-carboxamide, fructose 1-phosphate, man-
nose 6-phosphate, fructose 6-phosphate, glucose 1-phos-
phate, 5’-amino-2,3’-bithiophene-4’-carboxamide, and 
D-myo-inositol-4-phosphate (Fig.  7). These results pro-
vide comprehensive insights into the complex interplay 
between the gut microbiome, intestinal metabolites, and 
muscle-related genes, illustrating the unique metabolic 

signatures associated with SBP and LWLDP. The findings 
enhance our understanding of the molecular and meta-
bolic networks governing fat deposition, meat quality, 
and carbohydrate metabolism in livestock.

Fig. 6  Multiple omics integrative analysis for the seven kinds omics data of two breeds (A) Sample scatterplot made with plotDiablo, displaying the 
first component in the seven data set (upper diagonal plot) and the Pearson correlation between each component (lower diagonal plot) (B) Circos plot 
showing positive (yellow lines) and negative (blue lines) correlations (r > 0.8) between selected features from each dataset (feature names appear in each 
quadrant) (B) Clustered image map (Euclidean distance, Complete linkage) of the multi omics signature. Information from the ten pigs of two breed in 
the study are represented by rows, whereas selected features from each of the seven omics datasets are represented by columns (according to the color 
code line below the cladogram)
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Discussion
Recent research is focusing on the crucial role of gut 
microbiota in host metabolism; however, the mecha-
nisms underlying the gut-muscle axis and its influence 
on fat deposition and meat quality in pig breeds remain 
poorly understood. Our previous study demonstrated 
that Songliao Black Pig (SBP) exhibits superior meat 
quality traits, including higher marbling scores, increased 
back fat thickness, lower pH, enhanced meat color, 
reduced shear force, and lower drip loss compared to 
Large White × Landrace crossbred pigs (LWLDP). Fatty 
acid (FA) profiling identified fifteen significantly differ-
ent FAs in LWLDP, with docosahexaenoic acid (DHA) 
was being more abundant in SBP. Integrative transcrip-
tomic and metabolomic analyses further revealed key 
regulatory genes and metabolic pathways associated 
with fat deposition and meat quality in SBP. Notably, an 

imbalance in the insulin signaling pathway in LWLDP 
favored glycolysis over lipolysis, disrupting fat metabo-
lism and compromising meat quality [30]. In the present 
study, we expanded on these findings by investigating gut 
microbiota composition and metabolite profiles across 
different intestinal regions and their relationship with 
key genes regulating fat deposition and meat quality. By 
integrating multi-omics data, our study provides novel 
insights into the gut-muscle axis and identifies potential 
microbial and metabolic biomarkers for improving pork 
quality.

Breed-specific gut microbial profiles and their functional 
implications
Gut microbiota analysis showed higher microbial abun-
dance in the cecum and rectum of LWLDP compared to 
the ileum. Firmicutes, Bacteroidetes, Proteobacteria, and 

Fig. 7  The correlation circle plot showing relationships between seven types of omics data for both breeds. Variables with color-coded according to 
their respective omics blocks are displaying on the right side of the plot. The plot highlights variables that exhibit correlation at threshold of 0.8 across 
all seven omics layers
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Spirochaetes were the dominant phyla, consistent with 
previous study [44]. The Lactobacillus and Streptococcus 
abundant genera similarly aligned with previous findings 
[45]. Previous study reported that breed-specific differ-
ences in cecum and rectum are match with our findings 
[15, 24]. However, similar findings have been reported 
previously, in which Lactobacillus and Bacteroides were 
the dominant taxa [22]. These differences may reflect the 
unique physiological or metabolic requirements of each 
breed, affecting microbial colonization and diversity. This 
study found breed-specific differences in microbial com-
position. SBP cecum microbiota, enriched with fibro-
blastic and Betaproteobacteria genera, may enhance fiber 
degradation, supporting nutrient absorption in fiber-rich 
diets [46]. In contrast, LWLDP showed higher levels of 
Corynebacterium, Unidentified_Desulfovibrio, Unidenti-
fiedStreptococcaceae, Bacillus, and Enterobacter, suggest-
ing enhanced sulfur and amino acid metabolism, which 
may influence host metabolism and immune function 
[47, 48]. The rectum of SBP exhibited breed-specific with 
increased abundances of Unidentified_Peptostreptococ-
caceae, Rickettsiales, and Sutterella, genera associated 
with short-chain fatty acid (SCFA) production, which 
are important for gut health and energy balance [49]. In 
contrast, Ruminococcus, associated with polysaccharide 
degradation, was more abundant in LWLDP, suggesting 
that a microbiota composition that may enhance carbo-
hydrate metabolism [50, 51]. These differences empha-
size the role of microbial communities in meat quality, 
with each breed’s microbiota influencing nutrient utiliza-
tion and metabolic pathways. Understanding these varia-
tions can aid in improving breeding strategies and feed 
formulations to enhance meat quality. Breed-specific 
microbial pathways in the cecum of LWLDP are linked 
to starch and sucrose metabolism, sphingolipid metabo-
lism, and immune regulation, indicating enhanced car-
bohydrate utilization and immune response [52]. The 
ABC transporter pathway was more enriched in SBP, 
indicating enhanced nutrient transport and environ-
mental tolerance [53]. In the rectum, LWLDP showed 
increased pathways for insulin signaling, porphyrin and 
chlorophyll metabolism, and plant hormone signaling, 
supporting glucose metabolism and gut health [54, 55]. 
A greater abundance of ascorbate and aldarate metabo-
lism, biotin metabolism, and linoleic acid metabolism 
pathways in SBP support vitamin and lipid biosynthesis 
and possibly enhance nutrient absorption and the oxida-
tive stress response [56]. A low-linoleic acid diet has been 
shown to increase the conversion of ALA to DHA. This 
is achieved by upregulating the enzymes involved in fatty 
acid metabolism, specifically elongases and desaturases, 
which are crucial for the conversion processes [57]. Based 
on available findings of microbial taxa and metabolic 

pathways, our study is expressing, they are playing cru-
cial role regulating the meat quality in pig breeds.

Microbial-metabolic pathways underlying meat quality 
and fat deposition in pigs
MixOmics analysis revealed that SBP is associated with 
key genes (EIF4E, MSTN, PPARGC1A, NR4A3, SOCS1, 
THBS1, and INHBB) linked to muscle and fat deposi-
tion. Peptostreptococcaceae, Fibrobacter, and Rickett-
siales were associated with lysine degradation, biotin 
metabolism, and linoleic acid metabolism, influencing 
ileum and rectum metabolites like phospholipids, palmi-
toleic acid, gabapectin, and 2-benzimidazolinone. Muscle 
metabolites, such as 5-methoxycarbonylamino-N-acetyl-
tryptamine and 7-methoxycoumarin-4-acetic acid, may 
regulate meat quality traits like marbling, drip loss, pH, 
and meat color. Previous studies have reported that Pep-
tostreptococcaceae is associated with high-quality beef, 
suggesting its potential role in enhancing tenderness and 
intramuscular fat deposition. This highlights the intri-
cate interplay between host genetics, gut microbiota, and 
metabolic pathways in determining meat quality [58]. The 
Tibetan pig is also known for its meat quality and has a 
relatively high abundance of Bacteroides and Fibrobacte-
rota under semi-grazing conditions [59, 60]. Lysine deg-
radation by gut microbes produces metabolites that can 
serve as biomarkers for meat quality, with altered levels 
potentially affecting livestock health and meat traits [61]. 
During lipid metabolism, PC (24:1) is catalyzed by phos-
phatidylcholine 2-acylhydrolase into PC (20:0/24:0), con-
verted to PS (18:0/22:6), and further processed into PE 
via phosphatidylserine synthase [62]. PC (20:0/24:0) can 
produce long-chain fatty acids like arachidonic, calendic, 
and linoleate. Aspergillus, under certain conditions, can 
convert these into small metabolites like aldehydes and 
ketones, enhancing flavor [63]. Palmitoleic acid has been 
shown to improve metabolic health by reducing triglycer-
ides and enhancing glucose metabolism. It acts as a lipo-
kine, influencing systemic metabolism and potentially 
serving as an insulin-sensitizing agent [64]. Research 
indicates that it may also be involved in regulating lipo-
genesis, which is the process of converting carbohydrates 
into fatty acids, thereby playing a crucial role in energy 
homeostasis [64]. Previous studies showing that gut 
microbial species B. uniformis, R. inulinivorans, B. vulga-
tus, C. catus, E. rectale, and F. prausnitzii were all found 
to be positively correlated with the muscular metabo-
lism-related genes including MSTN, ATP2A1, MYLPF, 
ACTN3, MYL1, and TNNT3 and have positive effect on 
meat quality in cattle [27]. Obese Jinhua pigs had bet-
ter meat quality that is associated with higher IMF con-
tent than lean Landrace pigs. To show that this trait was 
related to gut microbiota, mice were given microbiota 
from each pig species. The mice receiving Jinhua pig’s 
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microbiota had elevated lipid and triglyceride levels and 
the lipoprotein lipase activity, as well as reduced ANG-
PTL4 expression in the muscle [28]. This increase was 
also accompanied with an elevated ratio of Firmicutes/
Bacteroidetes and increased abundance of Romboutsia. 
Prevotella copri, and could increases fat accumulation by 
activating host chronic inflammatory responses through 
the TLR4 and mTOR signaling pathways. This also sig-
nificantly upregulated the expression of the genes related 
to lipogenesis and fat accumulation (Fabp9, Scd1, Scd2, 
and Scd3) [29]. These integrated MixOmics results are 
showing that microbial taxa and metabolites may influ-
ence meat quality in pigs by producing small molecules 
and degrading various compounds, which can alter gene 
expression of meat quality and ultimately affect meat 
quality.

Gut microbial contributions to DHA enrichment and 
glycogen metabolism in pigs
The gut microbiota can influence the conversion of alpha-
linolenic acid (ALA), a precursor of DHA, into its longer-
chain forms through microbial linolenic acid metabolism 
[65]. We hypothesize that bacterial activity in the rectum, 
particularly within the linolenic acid and ALA pathways, 
may contribute to the higher muscle DHA concentra-
tion in SBP by modulating genes such as IL6, PTGS2, 
ICAM1, THBS1, MYC, and SOCS3. Previous research 
has linked bacteria from the Peptostreptococcaceae fam-
ily to linoleic acid metabolism, producing beneficial fatty 
acids like conjugated linoleic acid (CLA) and vaccenic 
acid, which can influence tissue fatty acid profiles [66]. 
Additionally, the metabolite PC(22:4/18:1) can release 
arachidonic acid upon hydrolysis, serving as a precur-
sor for eicosanoids involved in inflammation and cellular 
signaling [67]. Dietary ALA has been shown to alter gut 

microbiota composition and promote DHA synthesis, 
potentially through microbial modulation of linoleic and 
arachidonic acid metabolism [68]. This hypothesis is sup-
ported by the increased expression of DHA-associated 
genes observed in SBP (Fig.  8A). In contrast, LWLDP 
pigs presented increased abundances of key gut microbes 
and increased activity in metabolic pathways related to 
starch and sucrose metabolism, insulin signaling, and 
lipid metabolism. Intestinal and muscle metabolomic 
analyses revealed increased expression of gene involved 
in pathways linked to sugar metabolism, glycolysis, and 
glycogen storage. Our previous study revealed that the 
fatty acid concentrations of SFAs, MUFAs, PUFAs, and 
total fatty acids were much higher in LWLDP, along with 
PPP1R3B gene of insulin signaling pathway was corre-
lated with maltopentaose, mannose 6-phosphate, glu-
cose 6-phosphate, 3,6-dichloro-N-(pyridin-2-ylmethyl)
pyridazine-4-carboxamide, fructose 1-phosphate, man-
nose 6-phosphate, fructose 6-phosphate, glucose 1-phos-
phate LD muscle metabolites [30]. Notably, we found 
that gut microbes in the cecum exhibit active metabolic 
pathways linked to starch and sucrose metabolism and 
the insulin signaling pathway, trends that align with the 
pathways associated with gut and muscle metabolites. 
We hypothesize that these gut microbes may modulate 
the expression of the PPP1R3B gene. This regulation may 
contribute to increased glycogen storage in muscle. The 
subsequent breakdown of stored glycogen via the gly-
colysis pathway could disrupt the balance between fat 
metabolism and catabolism. This imbalance might occur 
through microbial fermentation processes involving 
sucrose and mannose metabolism or the insulin signal-
ing pathway in gut microbes (Fig.  8B). Our study con-
cludes that gut microbes play a crucial role in regulating 
overall meat quality in pig breeds. SBP exhibits a unique 

Fig. 8  (A) Showing the complex network of gut microbe and metabolites role in regulation fatty acids biosynthesis in longissimus dorsi muscle of LWLDP 
pig breed (B) Illustrates the complex network of gut microbe and metabolites role in biosynthesis of DHA fatty acid in longissimus dorsi muscle of SBP 
pig breed
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gut‒muscle interaction that influences meat traits, while 
optimizing the gut microbial composition may enhance 
meat quality in the LWLDP breed.

Conclusion
In conclusion, our study provides valuable insights into 
the regulatory role of gut microbiota in pork quality 
through the gut-muscle axis. We found that cecum-asso-
ciated microbes in LWLDP pigs enhance carbohydrate 
metabolism via insulin signaling and starch metabolism, 
potentially disrupting the balance between fat metabo-
lism and catabolism. This shift favors glycolysis over 
lipolysis, leading to reduced fat deposition and lower 
meat quality. In contrast, rectum-associated microbes 
in SBP pigs contribute to DHA biosynthesis, supporting 
higher fat deposition and improved meat quality. These 
findings suggest that gut microbiota-derived metabo-
lites could serve as biomarkers for optimizing pork pro-
duction. However, further research needs to validate the 
regulatory mechanisms of gut microbiota in DHA bio-
synthesis, as well as the role of biomarkers along with 
controlled dietary interventions in enhancing the meat 
quality. Additionally, exploring breed-specific differences 
on a larger scale based on metagenomics will be crucial 
for a more comprehensive understanding of each active 
microbial pathway at species level and selection of crucial 
microbial pathways regulating meat quality may helpful 
in improving the meat quality. Future studies can also 
integrate the multiple omics data, such as proteomics, 
lipidomics, and transcriptomics, alongside gut micro-
biota and metabolites may provide deeper insights into 
metabolic pathways and open new directions for genetic 
selection, nutritional strategies, and microbiome-based 
interventions to improve pork quality and livestock 
breeding.
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