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Abstract
Marbling is a key indicator of the meat quality of ruminants. Gastrointestinal microbiota may regulate the 
formation of marbling by influencing the nutritional metabolism of animals. This study analyzed the composition 
and functional differences of microbiota in the rumen and cecum, the differences in volatile fatty acids (VFAs) 
content in the longissimus thoracis muscle, and the differences in protein abundance in the longissimus thoracis 
muscle of ruminants with different marbling grades through microbiome-proteome analysis. The results showed 
that the diversity of gastrointestinal microbiota in high-marbling ruminants was significantly higher than that in 
low-marbling ruminants. The relative abundance of Firmicutes and Akkermansia in the gastrointestinal of high-
marbling ruminants was higher than that in low-marbling ruminants, while the relative abundance of Bacteroidetes 
and Prevotella was lower. In addition, PICRUST2 functional prediction results of the microbiota revealed that the 
gastrointestinal microbiota of high-marbling ruminants was mainly involved in the biosynthesis pathways of fat and 
lipids. The metabolomics results showed that the content of VFAs (acetic acid, propionic acid, butyric acid, isovaleric 
acid, valeric acid, and hexanoic acid) in the rumen of high-marbling ruminants was significantly higher than that 
in low-marbling ruminants. The proteome analysis results indicated that the differential proteins in the longissimus 
thoracis muscle of high-marbling ruminants were mainly involved in lipid transport and metabolism compared 
to low-marbling ruminants. In summary, the differences in the composition and function of the gastrointestinal 
microbiota led to higher levels of VFAs in the gastrointestinal tract of high-marbling ruminants, which provides the 
basis for lipid/fat synthesis. The proteome results of the longissimus thoracis muscle support the view that high-
marbling ruminants have richer lipid transport and metabolic functions in their muscle.
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Introduction
Marbled meat is a crucial indicator of animal meat qual-
ity. With the continuous improvement of meat produc-
tion efficiency in recent decades, the market niche for 
marbled meat has been steadily expanding [1, 2]. The 
formation of marbling in meat is a complex process that 
involves multiple chemical reactions, as well as the meta-
bolic changes in muscle fibers that facilitate intramuscu-
lar fat deposition, and is regulated by various hormones, 
enzymes, and transcription factors [3]. A marble-like 
pattern is an intuitive manifestation of intramuscular fat 
deposition, directly proportional to its fat content. Fat 
content remains the primary indicator for assessing meat 
quality in most countries and regions [4, 5]. Previous 
research on animal fat and muscle fiber usually focused 
on factors such as breed, age, nutrition, environment, 
and feeding management. However, recent studies have 
discovered a certain correlation between gastrointestinal 
microbiota and animal meat quality [6, 7].

The study found that the improvement of marbling 
score and the increase of lipid content in longissimus 
thoracis muscle were highly correlated with the increase 
of microbial richness, suggesting that the higher fat con-
tent of this muscle may be related to the more abundant 
bacterial species in the rumen [8]. High-fat animals have 
a higher abundance of methanogenic bacteria, leading to 
more efficient fat deposition [9]. In addition, studies have 
shown that aflatoxin can affect the gut microbiota and 
degrade the meat quality of ruminants [10]. Feeding rape-
seed increased the content of linolenic acid and various 
amino acids in muscle, while also increasing the abun-
dance of cellulose-decomposing bacteria in the rumen. 
This revealed a close relationship between the final body 
weight, loin eye muscle area, and microbial composition 
of ruminants, providing a clue for strategies to improve 
growth performance and carcass traits through micro-
bial intervention [11]. A study using multi-omics analy-
sis demonstrated that the structure of the microbiota 
was significantly correlated with the metabolome and 
gene expression in ruminant muscle [12]. Clearly, the gut 
microbiota plays a crucial role in nutrient utilization by 
the host, regulating fat deposition, and enhancing meat 
quality.

Although the genetic background, age, feed nutrition 
and living environment of cattle are the same, the mar-
bled meat of the longissimus thoracis muscle of cattle 
often shows great differences. Some studies have shown 
that the marbled meat of longissimus thoracis muscle 
can be improved by changing the composition of cattle 
diet [11]. Therefore, it is speculated that the difference of 
gastrointestinal microbiota may be one of the important 
factors affecting marbled meat, because gastrointestinal 
microbiota plays an important role in nutrient diges-
tion and health, and the disturbance of gastrointestinal 

microbiota usually has some adverse effects. However, 
to date, it is unclear which microorganisms are involved 
in the formation of high-grade marbled meat. The rapid 
development of high-throughput sequencing technol-
ogy has greatly promoted the study of human and animal 
gut microbiota. Several studies have been conducted to 
explore the impact of gut microbiota composition on 
the host by using 16S rDNA gene sequencing and pro-
teome sequencing [13, 14]. In this study, high-through-
put sequencing technology (16S rRNA gene sequencing 
and protein sequencing technology) was used to analyze 
the differential microbiota (microbiota) in the rumen and 
cecum of the longissimus thoracis muscle with high- and 
low-grade marbling, as well as the differential proteins 
in the longissimus thoracis muscle. In depth study on 
the mechanism of ruminant gastrointestinal microbiota 
involved in meat quality formation has positive signifi-
cance for understanding the core microbiota of ruminant 
marbled meat quality formation and exploring new mea-
sures to improve meat quality.

Materials and methods
Experimental design and animal management
The experiment was conducted in June 2022 at Wang 
Zhongwang Agriculture Co., Ltd. in Luoyang City, Henan 
Province for feeding and slaughtering. The experimental 
process follows the operating procedures for experimen-
tal animals at Luoyang Normal University. Forty-eight 
Wagyu (26 months old) were randomly selected for this 
experiment and were randomly assigned to 12 fences (4 
cattle per fence). The feeding process designed accord-
ing to the NRC (2016) standard to meet the nutritional 
requirements of beef cattle at each stage [15]. The com-
position of the diet was shown in Supplementary Table 
S1. During the experiment, all cattle were free to access 
food and water.

Sample collection and grouping
Grouping: Marble Pattern Score: After slaughtering 
the experimental cattle (Electrodes were placed on the 
head and back waist of the cow to form circuits on its 
body. When power was turned on, the current entered 
the body of the cow from one electrode and flowed out 
from the other electrode. High voltage electricity passed 
through the cow’s body, causing it to become paralyzed 
and dizzy, followed by bloodletting through the arteries, 
ultimately resulting in death), the entire surface of the 
rib interface of the 12th to 13th thoracic vertebrae on the 
left side of the carcass was immediately cut, and the qual-
ity level was determined based on the quality level of the 
United States Department of Agriculture (a = moderately 
rich, b = mildly rich, c = moderate, d = moderate, e = small, 
f = mild). The marbling grades can be specified as fol-
lows: Prime (a and b): This grade represents the highest 
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level of marbling. The meat has abundant intramuscular 
fat with a fine and evenly distributed pattern. Choice (c 
and d): A good level of marbling. The intramuscular fat 
is less abundant than prime but still provides good flavor 
and tenderness. Select (e and f ): Lower marbling com-
pared to prime and choice. The cattle were divided into 
a high-grade group (marble pattern score is a-c grade) 
and a low-grade group (marble pattern score is e-f grade) 
(Fig. S1A). After determining the quality levels, a, b, c, d, 
e, and f were converted into values of 6, 5, 4, 3, 2, and 1, 
respectively, for statistical analysis (Fig. S1B). Initial body 
weight of the cattle was shown in Fig. S1C.

Sample collection: After the cattle was euthanized, 
the abdominal cavity was dissected and tissues such as 
the rumen and cecum were removed. The rumen fluid 
was carefully collected, filtered through four layers of 
gauze, and divided into 15 mL sterile cryogenic vials. 
Subsequently, the cecum was transected using aseptic 
methods and the cecal contents were divided into 5 mL 
sterile cryovials. The longest thoracis muscle tissue was 
collected and placed in enzyme-free, sterile cryovials. All 
collected samples were temporarily stored in liquid nitro-
gen and then transferred to -80 °C for long-term storage.

Rumen and cecal microbiota sequencing
DNA extraction and quality control
Take twelve samples (six for high-grade group and six for 
low-grade group) along with cattle rumen content and 
caecum content from − 80  °C. Extract DNA from both 
rumen content and caecum content according to the 
instructions of the Tiangen fecal DNA extraction kit. Use 
0.8% agarose gel electrophoresis (Beijing Liuyi Biotech-
nology Co., Ltd.) to judge the molecular size, and employ 
ultraviolet spectrophotometer (Thermo Fisher Scientific 
Co., Ltd., NanoDrop2000) for quantitative analysis.

High throughput sequencing
PCR was performed using universal primers (F: 5’- 
CCTACGGGNGGCWGCAG-3’ and R: 5’- GGAC-
TACHVGGTATCTAAT-3’) to amplify the 16S rRNA 
V3-V4 region. The PCR amplification system: 10×KOD 
Buffer 5 μL. dNTPs (concentration of 2.5 mmol/L) 5 μL. 
Upstream and downstream primers (concentration of 5 
μmol/L) 1.5 μL each. KOD polymerase 1 μL. DNA tem-
plate 100 ng, complete with ddH2O to 50 μL. The PCR 
amplification program: 95 ℃ pre denaturation for 2 min; 
98 ℃ denaturation for 10  s, 62 ℃ annealing for 30  s, 
68 ℃ extension for 30  s, 27 cycles; Extend at 68 ℃ for 
10 min. The PCR products were then cut and recovered, 
quantified, and sent to Guangzhou Jidio Biotechnology 
Co., Ltd. for library construction and sequencing on the 
HiSeq2500 PE250 platform.

Sequencing data processing and bioinformatics analysis
Quantitative insights into microbial ecology 2 (QIIME 
2) was used to perform alpha diversity analysis of rumen 
and cecal microbiota, which calculates the simpson and 
shannon indices for sample microorganisms. R language 
was used to conduct beta diversity analysis of rumen and 
cecal microbiota. QIIME2 was employed to visualize the 
composition and distribution of microorganisms at six 
classification levels: phylum, class, order, family, genus, 
and species. Microbial community function prediction 
analysis was performed through PICRUSt2.

Protein sequencing of the longissimus thoracis muscle
Protein extraction and peptide enzymatic hydrolysis
Take six samples (three each for high-grade group and 
low-grade group) of the longissimus thoracis muscle tis-
sue from back of the cattle, grind them in a mortar, and 
then add 30 mg of the sample to 900 μL SDT lysis solu-
tion (4% [w/v] SDS, 100 mM Tris HCL [pH 7.6], 0.1  M 
DTT). Subject the lysis solution to ultrasound treatment 
(80 W for 10  s, with a 15-second interval, for a total of 
10 cycles). Boil the solution for 15 min and centrifuge at 
12 000  rpm for 40  min to obtain uterine tissue protein 
samples. The protein concentration was detect using the 
BCA protein assay kit (Bio-Rad, USA), and the protein 
was detected using 10% SDS-PAGE and trypsin digestion 
was performed using the Filter-Aided Sample Prepara-
tion method.

LC-MS/MS analysis
Each graded sample was separated using an HPLC liquid 
chromatography system Easy nLC. The chromatographic 
column was equilibrated with 95% A solution (0.1% for-
mic acid aqueous solution). Subsequently, the sample 
was transferred from the automatic sampler to the load-
ing column (Thermo Scientific Acclaim PepMap 100 μm 
* 2 cm, nanoViper C18), and then separated through the 
analytical column (Thermo Scientific EASY column, 
10  cm, ID 75  μm, 3  μm, C18-A2) at a flow rate of 300 
nL/min. After the peptide fragments underwent nano-
electrospray ionization, mass spectrometry analysis was 
performed using the Q-Exactive (ThermoFisher Scien-
tific, USA) mass spectrometer to complete the mass-to-
charge ratio (m/z) collection of the peptides and peptide 
fragments.

Data analysis
Annotate and analyze the functions of differential pro-
teins using the cluster of orthologous groups of pro-
teins (COG) database, which is a database developed by 
NCBI for homologous protein annotation. By comparing 
proteins with databases, the function of proteins can be 
accurately predicted. The process involves several steps: 
(1) Functional annotation of unknown sequences using 
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known proteins; (2) By checking the number, presence, 
and absence of proteins corresponding to the specified 
COG number, it is possible to infer whether a specific 
metabolic pathway exists; (3) Each COG number rep-
resents a type of protein, and by performing multiple 
sequence alignment between the query sequence and the 
proteins aligned with the COG number, conserved sites 
can be identified and their evolutionary relationships can 
be analyzed.

Detection of SCFAs in the rumen
Take sample and place them into the 2 mL EP tubes. 
Extracted each tube with 1 mL H2O, then vortex mixing 
for 10 s. Homogenized the samples in ball mill for 4 min 
at 40  Hz. Subsequently, treated them with ultrasound 
for 5  min (incubated in ice water), and repeat 3 times. 
Centrifuge the tubes for 20  min at 5000  rpm and 4  °C. 
Transfer 0.8 mL of the supernatant into a fresh 2 mL EP 
tube. Add 0.1 mL of 50% H2SO4 and 0.8 mL of an extract-
ing solution (25  mg/L stock in methyl tert-butyl ether), 
which serves as an internal standard. Vortex mix for 10 s, 
then oscillate for 10  min. Treat the mixture with ultra-
sound for 10  min while incubating in ice water. Centri-
fuge for 15 min at 10 000 rpm and 4 °C. Keep the samples 

at -20 °C for 30 min. Finally, transfer the supernatant into 
a fresh 2 mL glass vial for GC-MS analysis.

Statistical analysis
The experimental data were statistically analyzed using 
the student’s t test of SPSS 24.0 software between the two 
groups, *P < 0.05 indicating significant differences and ** 
P < 0.01 indicating extremely significant differences.

Results
Rumen and cecal microbiota alpha and beta diversity
The alpha diversity results showed that the Simpson 
index and Shannon index of rumen and cecal microbiota 
in high-grade cattle were significantly higher than those 
in low-grade cattle (P < 0.01) (Fig. 1A&C). The beta diver-
sity results showed that the composition and structure of 
the rumen and cecal microbiota in high-grade cattle were 
more similar, while the composition and structure of the 
rumen and cecal microbiota in low-grade cattle were far-
ther apart (Fig. 1B&D).

Composition of rumen and cecal microbial communities
At the phylum level, the relative abundance of Firmicutes 
in the rumen and cecum of high-grade cattle was higher 

Fig. 1  Alpha and beta diversity. A Alpha diversity of rumen microbiota. B Beta diversity of rumen microbiota. C Alpha diversity of cecal microbiota. D 
Beta diversity of cecal microbiota
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than that of low-grade cattle, while the relative abun-
dance of Bacteroidetes and Proteobacteria was lower 
than that of low-grade cattle (Fig.  2A&C). At the genus 
level, the relative abundance of Prevotella in the rumen 
and cecum of high-grade cattle was lower than that of 
low-grade cattle, while the relative abundance of Akker-
mansia in the cecum of high-grade cattle was higher than 
that of low-grade cattle (Fig. 2B&D).

Functional prediction of rumen and cecal microbial 
communities
The MetaCyc analysis results showed that microorgan-
isms mainly participate in amino acid biosynthesis, 
nucleoside and nucleotide biosynthesis, cofactor, pros-
thetic group, electron carrier, and vitamin biosynthe-
sis, as well as fatty acid and lipid biosynthesis pathways 
(Fig. 3). The COG analysis results showed that microor-
ganisms mainly participate in pathways such as transla-
tion, ribosomal structure and biogenesis, amino acid 
transport and metabolism, translation, carbohydrate 
transport and metabolism, lipid transport and metabo-
lism (Fig. 4).

Differential protein abundance analysis
The hierarchical clustering method was used to perform 
clustering analysis on the differentially expressed proteins 
in the comparison group, and the data were presented 
in the form of a heatmap. The similarity of the data 
within each group was high, and the differences between 

groups were significant, allowing for effective distinction 
between them. The results of cluster analysis indicate 
that the differentially expressed proteins identified in this 
experiment are reasonable and accurate (Fig.  5A). We 
screened for differentially expressed proteins with a fold 
change greater than 1.2 (up regulation greater than 1.2 
times or down regulation less than 0.83) and P-value less 
than 0.05. Compared with lower-grade cattle, there were 
29 differentially expressed proteins in high-grade cattle, 
of which 11 were significantly upregulated and 18 were 
significantly downregulated (Fig. 5B). We used a sample 
difference distance matrix combined with principal coor-
dinate analysis (PCA) to analyze sample functional dif-
ferences in low dimensions. The closer the projection 
distance between two points on the coordinate axis, the 
more similar the functions of these two samples in the 
corresponding dimensions. The results showed that com-
pared with low-grade cattle, the protein functions of the 
longissimus thoracis muscle in the samples of high-grade 
cattle were more similar (Fig. 5C).

Functional analysis of differentially expressed proteins
The functional analysis results of differential proteins 
revealed that proteins from the longissimus thoracis of 
high-grade cattle were more frequently involved in the 
biosynthesis, transport, and metabolism of secondary 
metabolites, lipid transport and metabolism, as well as 
energy production and conservation, compared to those 
from low-grade cattle (Fig. 6).

Fig. 2  Species composition. A The composition and distribution of rumen microbiota at the phylum level. B The composition and distribution of rumen 
microbiota at the genus level. C The composition and distribution of cecal microbiota at the phylum level. D The composition and distribution of cecal 
microbiota at the genus level
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Rumen short chain fatty acids
The results of short chain fatty acids in the rumen showed 
that the content of acetic acid, propionic acid, butyric 
acid, isovaleric acid, valeric acid, and caproic acid in the 
muscle of high-grade cattle were significantly higher than 
that of low-grade cattle (Fig. 7).

Discussion
With the improvement of people’s living quality and con-
sumption level, the dietary structure has changed from 
subsistence to quality-oriented. Consumers have higher 
and higher requirements for meat quality. Intramuscular 

fat (IMF) content is one of the key factors affecting meat 
quality and determines the sensory qualities such as ten-
derness, juiciness and flavor of meat [16]. Intramuscular 
fat deposition is mainly affected by factors such as the 
age, gender, breed, nutritional level and genetics of ani-
mals. However, more and more research reports have 
confirmed that intestinal flora can also regulate the depo-
sition of intramuscular fat in animals [17]. Therefore, 
elucidating the relationship between the gastrointestinal 
microbiota of ruminants and meat quality can provide 
a theoretical basis for fully exploring and improving the 
superior traits of ruminants, and provide technical means 

Fig. 3  MetaCyc functional prediction of microbial communities
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for improving the meat quality traits of ruminants. The 
majority of microorganisms in the gastrointestinal tract 
of ruminant animals are bacteria, with Firmicutes, Bac-
teroidetes, Proteobacteria, and Fibrobacteres accounting 
for about 60% of all bacteria in the gastrointestinal tract 
of ruminants. Other bacterial phyla include a small num-
ber of Tenerices and Actinobacteria [18].

There are significant differences in gastrointestinal 
microbiota among ruminants with different fat related 
traits [8, 19, 20]. Krause et al. compared and analyzed the 
differences in rumen microbiota and meat quality among 
24 Angus cattle fed the same diet [8]. The results showed 
that the Chao1 index, which reflects rumen microbial 
richness, and the number of operational classification 

Fig. 5  Analysis of differentially abundance proteins. A Cluster diagram of differentially expressed proteins in the longissimus thoracis muscle. B Volcano 
plot of differential abundance analysis of proteins identified in the longissimus thoracis muscle. C Principal component analysis analysis of differential 
proteins in the longissimus thoracis muscle

 

Fig. 4  Cluster of orthologous groups of proteins functional prediction of microbial communities
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units, as well as the Pielou’s evenness index, which 
reflects rumen microbial diversity, were positively corre-
lated with marbling score and longissimus thoracis mus-
cle fat content; Zhang et al. compared and analyzed the 
differences and correlations between rumen microbial 
communities and fat deposition in Hu sheep fed the same 
diet [20]. The results showed that there were significant 
differences in the Shannon and Simpson indices of rumen 
microorganisms between the lower fat deposition group 
and the higher fat deposition group of Hu sheep, both 
representing microbial diversity. The abundance of Pre-
votellaceae and Lachnospiraceae in the rumen of lower 
fat deposition group Hu sheep is higher than that of high 
fat deposition group, while the abundance of Ruminococ-
cus in the rumen of high fat deposition group Hu sheep 
is higher. In this study, the alpha diversity and the rela-
tive abundance of Prevotella in the rumen and cecum of 
them was significantly lower than that in the low-grade 
group. Prevotella is ubiquitous in the intestine and can 
improve glucose and insulin tolerance by fermenting 
dietary fiber to produce succinic acid [21, 22]. Some 
studies have compared the differences in gut microbi-
ota between the obese group and the control group and 
found that in addition to abnormal carbohydrate metabo-
lism in the obese group, there is a significant increase in 

the abundance of Prevotella copri in the gut microbiota. 
In the study by Chen et al., a systematic correlation study 
was conducted on the gut microbiota and lean meat per-
centage of pigs, and it was found that Prevotella copri was 
significantly correlated with fat accumulation in pigs [23]. 
The main products of Prevotella are butyryl phosphate 
transferase and butyrate kinase, which are key enzymes 
for the formation of butyrate. Butyrate can increase feed 
intake and body weight of cattle, promote the prolif-
eration of gastrointestinal epithelial cells, and enhance 
rumen fermentation. Prevotella uses the cellulose degra-
dation products of other cellulolytic bacteria as an energy 
source. The main fermentation products are acetic acid 
and succinic acid and including a small amount of iso-
butyric acid, isovaleric acid and lactic acid. Acetic acid 
is absorbed through the rumen epithelium and is a raw 
material for de novo synthesis of fatty acids, which may 
relate to fat deposition in the body [24].

The proteomic results of this study showed that differ-
entially expressed proteins are mainly involved in lipid 
transport and metabolism, energy production and con-
version, as well as carbohydrate transport and metabo-
lism. The gastrointestinal microbiota interacts with the 
host. The microbiota not only receives energy from the 
host to maintain normal growth, but also provides energy 

Fig. 6  Cluster of orthologous groups of proteins functional analysis of differentially abundance proteins
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to the host by releasing enzymes and metabolites such as 
short chain fatty acids, amino acids, bile acids, caseino-
lytic protein B, and lipopolysaccharides [25]. Gastrointes-
tinal microbiota can help hosts utilize fibrous substances 
and ferment them to produce volatile fatty acids (VFAs) 
and hydrogenated fatty acids [26]. Volatile fatty acids 
are the main source of energy for hosts and have a direct 
impact on their metabolism, while the gastrointestinal is 
the main site for microbial fermentation in the digestive 
tract of ruminants to produce VFAs [5]. Ruminant ani-
mals have fewer gut microbiota than rumen microbiota, 
and they also have functions such as producing VFAs and 
hydrogenated fatty acids, but they are more involved in 
polysaccharide and amino acid metabolism [27, 28]. In 
addition, gastrointestinal microbiota can help the host 
establish the intestinal immune system and maintain gas-
trointestinal health [29]. Fat is a triglyceride formed from 
glycerol and long-chain fatty acids, which is synthesized 
in the liver and adipose tissue of ruminants and stored 
in adipose tissue, thereby affecting the marble pattern, 
tenderness, and shear strength of meat products [30, 
31]. Both the fatty acids synthesized by animals them-
selves and those ingested through feed can be used for 
the synthesis of triglyceride (TG), and VFAs, the main 
metabolic products of ruminant gastrointestinal micro-
biota, especially rumen and cecal microbiota, are one of 

the important raw materials for the synthesis of TG [32]. 
In summary, the gastrointestinal microbiota of ruminant 
animals, especially the VFAs produced by gastrointesti-
nal microbiota fermentation, can be used as long-chain 
fatty acid synthesis materials to participate in fat regula-
tion, which may contribute to fat deposition.

Conclusion
The rumen and cecal microbiota of high-grade cattle 
are significantly different from those of low-grade cat-
tle, mainly reflected in the higher abundant Firmicutes, 
Akkermansia, and lower abundant Bacteroidetes and Pre-
votella in the rumen and cecum of the high-grade cattle. 
The functional prediction results of the microbiota, along 
with proteomic results, indicated that the gastrointes-
tinal microbiota of high-grade cattle was more involved 
in the biosynthesis and transport of fats and lipids. The 
differences in microbiota and their functions may further 
contribute to variations in the protein function related to 
lipid transport and metabolism in the longissimus thora-
cis muscle.

Abbreviations
PCA	� Principal component analysis
PICRUSt	� Phylogenetic investigation of communities by reconstruction of 

unobserved states
SCFAs	� Short-chain fatty acid

Fig. 7  Volatile fatty acids content in the rumen
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