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Meat quality is a key indicator of meat performance in ruminants, and its mechanism 
and regulation are also key to ruminant research. Studies have shown that animal 
meat quality is related to the gut microbiota. In this study, RT-qPCR and 16S omics 
were employed to assess meat quality and intestinal microbiota. The objective was 
to investigate the influence of seasonal variations on the meat quality of Tibetan 
sheep ewes by examining the rumen microflora, meat quality attributes, and 
associated gene expression profiles over three distinct months: May, August, and 
December.The results indicate that muscle tenderness was significantly greater 
(p < 0.001) in the grass period than in the regrowth and dry grass periods and 
was highest in the longest dorsal muscle. The cooking rate of the foreleg muscle 
was significantly greater (p < 0.05) than that during the regrowth and dry grass 
periods, and the pH24h significantly differed (p < 0.05) across the different seasonal 
periods. The crude protein content of the longest back muscle and the foreleg 
muscle was significantly greater (p < 0.001) than that of the wither and grass 
stages during the regrowth period and slightly decreased during the grass stage. 
The crude fat and crude ash contents of the three groups differed significantly, 
and the fat content during the grass stage was significantly (p < 0.05) greater 
than that during the regrowth stage and the wither stage. Expression analysis of 
genes related to meat quality revealed that the expression of the ADSL gene was 
significantly greater (p < 0.05) in the anterior and posterior leg muscles during the 
grass period than during the regrowth and wilting periods, whereas the expression 
of the FABP3 gene was lower than that during these two periods. Correlation 
analysis revealed that Rikenellaceae_RC9_gut_group was significantly positively 
correlated (p < 0.05) with shear forceand cooked meat percentage and significantly 
negatively correlated (p < 0.05). Ruminococcus and Butyrivibrio were significantly 
positively correlated (p < 0.05) with CAST and highly significantly positively correlated 
(p < 0.05). In conclusion, meat quality during different seasons is regulated by the 
rumen microbiota and their associated genes.
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1 Introduction

The Tibetan Plateau is the highest plateau on Earth and is 
frequently designated the “Roof of the World” or the “Third Pole.” This 
area has distinctive climatic features, including extreme coldness, a 
lack of oxygen, and intense ultraviolet radiation. This singular 
ecological setting has engendered exceptional adaptive traits among 
native organisms. Alpine vegetation faces severe constraints due to 
this rigorous environment, resulting in a brief growing season marked 
by seasonal fluctuations in nutrient composition (1). The greening 
phase (early April to early May), vegetative phase (June–September), 
and dormant phase (October–March) of alpine forage mirror 
variations in temperature (2). Vegetation during vegetative phases is 
diverse, rich in nutrients, and has elevated levels of proteins and 
carbohydrates (3), whereas during dormant or greening stages, the 
underdeveloped state leads to diminished nutritional value and quality 
(4). Phenological shifts within plateau ecosystems significantly 
influence plant life, cattle development, and the intestinal 
microbiota (5).

Tibetan sheep, the original breed bred at an altitude of more than 
2,000 m above sea level on the Qinghai–Tibet Plateau, serve as the 
primary livestock breed and genetic resource in this region. It is also 
a cornerstone industry for local herdsmen’s livelihoods and plays a 
crucial role in the ecosystem of the plateau (6). Compared with other 
sheep breeds, Tibetan sheep exhibit resistance to roughage feeding, 
exceptional meat production performance, and superior adaptation 
to the challenging ecological conditions of intense cold, hypoxia, and 
limited nutrition on the Qinghai–Tibet Plateau (7). Tibetan sheep 
meat is characterized by its high protein content, low fat content, and 
high amino acid and fatty acid contents (8). The quality of mutton is 
influenced by various factors, such as breed variety, sex, age, 
environment, feed nutrition and additives (9). Changes in these 
factors lead to variations in mutton characteristics. Among them are 
alterations in muscle nutrient composition—particularly changes in 
fat and protein content—which directly impact meat quality and 
nutritional attributes (10). The nutritional composition of feeds at 
different phenological stages can influence microbial metabolic 
pathways or gene expression. This modulation affects the physical and 
chemical properties of meat, which ultimately results in differences in 
meat quality (8, 11).

The rumen of ruminants is an ideal environment for anaerobic 
microorganisms. Rumen microorganisms are essential for ruminant 
health. Ruminants rely on the fermentation of microorganisms in the 
rumen to digest plant fiber and convert nutrients that cannot be used 
directly into animal protein for use by the host (12). The diet of 
ruminants is mainly forage-based, and the nutritional components of 
forage are closely related to the composition and abundance of rumen 
microorganisms (13). Rumen microorganisms play an important role 
in the digestion and utilization of forage. Changes in the abundance 
and composition of the flora can lead to changes in feed digestibility 
and rumen function (14), which in turn affect the quality of the meat. 
Therefore, the rumen microbial flora has an important influence on 
the meat quality of ruminants. For example, herbal tea residue, as a 
source of functional roughage, affects rumen fatty acid composition 
and muscle glycolipid metabolism by altering the microbial 
composition of the rumen to improve meat quality in steers (15). In 
addition, different proportions of roughage in the diet can lead to 
changes in rumen fermentation and can have potentially beneficial 

effects on meat quality (16). The addition of microbial fermented diets 
can improve growth performance and meat quality in beef cattle; but 
too high a proportion may reduce the negative impact of rumen 
energy metabolism on growth performance (17).

These changes may affect meat quality by altering the rumen 
environment. Until now, it has not been clear that the dynamics of the 
rumen microbiome of Tibetan sheep grazing during different seasonal 
periods correlate with their growth performance, intestinal health and 
meat quality when the rumen environment changes due to changes in 
the nutrient composition of the pasture. Therefore, in this study, 
we  identified rumen microorganisms in samples via 16S rDNA 
amplicon sequencing to elucidate the differences in rumen microbial 
diversity as well as the changes in species composition in Tibetan 
sheep during different phenological periods. The correlations between 
differential microorganisms in the rumen and meat quality-related 
genes, as well as the correlations between these factors and meat 
quality, provide a reference for improving the meat quality of Tibetan 
sheep grazing during different seasonal periods.

2 Materials and methods

2.1 Experimental design and sampling

All studies involving animals were carried out in accordance with 
the regulations of the Administration of Affairs Concerning 
Experimental Animals (Ministry of Science and Technology, China; 
revised in June 2004), and sample collection protocols were approved 
by the Livestock Care Committee of Gansu Agricultural University 
(Approval No. GAU-LC-2020-27). Eighteen healthy 1-year ± 
1-month-old disease-free grazing Tibetan sheep with similar body 
weights of 30.23 ± 4.04 kg were randomly selected from the same 
pasture in Yeniugou Township, Qilian County, Qinghai Province, and 
marked with a digital ear tag, and they were randomly assigned to 
three groups, Each group contains 6 sheep. According to the plant 
phenology of the Qinghai–Tibet Plateau, Tibetan sheep with similar 
body weights were divided into the following three groups: (1) the 
regreening period group (Fr, n = 6); (2) the green-grass period group 
(Qr, n = 6); and (3) the withered grass period group (Kr, n = 6). All 
Tibetan sheep grazed on the natural grassland in Yeniugou Township, 
Qilian County, Qinghai Province (E101°02′, N36°05′, altitude 
approximately 3,200 m). The Tibetan sheep were provided ad libitum 
access to food and water throughout the duration of the experiment. 
The vegetation was characteristic of alpine meadows. In the study area, 
Tibetan sheep typically grazed in an all-grazing system, with alpine 
meadows serving as their sole forage. The species composition during 
the greening period was predominantly composed of cold- and 
drought-tolerant plants, including Stipa and Leymus secalinus. The 
grass period was characterized by a diverse array of grass species, 
including Tibetan grass (Kobresia pygmaea), alpine songgrass 
(Kobresia humilis), and a variety of grasses and sedge plants. The 
species composition of the dry grass period was characterized by the 
prevalence of hardy plants, including alpine tarragon and needle 
fescue. Throughout the experimental period, a series of measures were 
implemented to ensure the stability of the experimental conditions 
and the reliability of the results. First, pesticides and fertilizers were 
avoided in the grassland to prevent the effects of chemicals on the 
health of Tibetan sheep and the rumen microbiota. Furthermore, to 
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minimize grazing competition and the potential for cross-
contamination, the grazing of other livestock on the experimental 
grassland was strictly controlled, and access to the area by 
nonexperimental Tibetan sheep and other domestic animals was 
restricted. Concurrently, the vegetation cover and soil conditions of 
the grasslands were subjected to periodic monitoring to ascertain their 
overall health and the extent of grazing pressure.

In accordance with the ethical approval requirements of the Ethics 
Committee and the local traditional slaughter sampling method, 
immediately after cervical bloodletting and slaughter of the Tibetan 
sheep in each of the three seasonal periods, the gastrointestinal organs 
were removed, the rumen contents were collected, and approximately 
50 mL of ileal contents were collected from each sheep, dispensed into 
cryopreservation tubes, rapidly frozen in liquid nitrogen tanks, and 
returned to the laboratory for preservation at −80°C for subsequent 
16S rRNA analyses. Samples of the longest dorsal muscle (the muscle 
between the second thoracic vertebra and the second lumbar 
vertebra), the anterior hamstring (triceps brachii) and the posterior 
hamstring (biceps femoris) were then taken, placed in cryopreservation 
tubes, rapidly frozen in a tank of liquid nitrogen and returned to the 
laboratory for preservation at −80°C for subsequent RNA extraction. 
Subsequently, 500 g of dorsal longest muscle, anterior leg muscle and 
posterior leg muscle samples were collected, returned to the laboratory 
and placed in a refrigerator at −20°C for subsequent determination of 
meat quality. Eighteen 50 cm × 50 cm quadrats were randomly 
selected from grasslands grazed by Tibetan sheep. Six quadrats were 
sampled from each period. Edible pastures were stored and dried in 
an oven at 65°C until a constant mass was reached and then sieved 
at 1 mm.

2.2 Measuring indicators and methods

2.2.1 Forage nutrient content
The nutrient contents of a total of 18 grass samples were analyzed, 

with three technical replicates established for each biological sample. 
The Association of Official Analytical Chemists (AOAC) method (18) 
was employed for the determination of dry matter (DM) and ash in 
grasses. The dry matter (DM) content was determined by drying the 
samples in a blower oven at 105°C for 4 h. The DM content was also 
determined by drying the samples in a blower oven at 550°C for 4 h. 
The ash content was analyzed by complete combustion of the samples 
in a muffle furnace at 550°C for 6 h. The DM content was determined 
via the Association of Official Analytical Chemists (AOAC) method. 
The nitrogen content was determined via a protein tester (Shanghai 
Ruiphan International Trading Co., Ltd., Model KJELTEC8200) in 
accordance with the Kjeldahl method. The crude protein (CP) content 
was subsequently calculated as N × 6.25. The crude fat content was 
determined with a fully automated Soxhlet fat extractor (Shanghai 
Ruiphan International Trading Co., Ltd., Model SOXTEC2050). The 
analysis of neutral detergent fiber (NDF) and acid detergent fiber 
(ADF) contents was conducted in accordance with the methodology 
proposed by Van Soest et al. (19). Six quadrats per group.

2.2.2 Detection of the edible quality and 
conventional nutrients of meat

After thawing, the meat quality of the Tibetan sheep samples was 
determined via conventional methods, including pH at 1 h and 24 h, 

shear force, cooked meat percentage and water loss. pH was 
determined by fully immersing the electrode head of a calibrated pH 
meter (TESTO 205, DeTu Instrument Co., Ltd., TESTO 205) into the 
meat samples (avoiding fat and fascia at the same time) until it reached 
the center of the meat samples; after stabilization, the electrode 
remained in place for >5 min to read the values (20), and the average 
of three parallel measurements was taken. The shear force was 
determined via a constant-temperature water bath (Jiangsu Jintan 
Ronghua Instrument Manufacturing Co., Ltd., Type HH-2), and the 
shear force was measured by cutting in a direction perpendicular to 
the muscle fibers (meat sample size: 2 cm × 1 cm × 1 cm) with a 
tenderness meter (21). A representative lamb sample of approximately 
200 g was selected, and its initial weight W1 was recorded. The sample 
was placed in the steamer drawer of an aluminum steamer with 
boiling water on a 2,000 W electric cooker for 45 min, removed and 
left to cool for 30–45 min or hung indoors in a cool, sheltered place, 
weighed after 30 min and recorded as W2, and the percentage of 
cooked meat = W2/W1 × 100%. Water loss was determined according 
to the method of Honikel (22). All the experiments were repeated 3–5 
times to obtain the means.

The crude ash, crude fat, crude protein contents of the meat samples 
were determined according to specified meat testing standards to reflect 
the nutritional quality of the meat. The crude protein content was 
determined via a Kjeldahl nitrogen analyzer (Shanghai Ruifen 
International Trading Co., Ltd., KJELTEC8200), the crude fat content 
was determined via an automatic Soxhlet fat extraction leachometer 
(Shanghai Ruifen International Trading Co., Ltd., SOXTEC2050), the 
crude ash content was determined via a precision blotting machine, 
Ltd., SOXTEC2050, and the crude ash content was determined using a 
precision blast drying oven (Shanghai YIHE Scientific Instrument Co., 
Ltd., BPG-9240A); for moisture content, the samples were heated in an 
oven at 150 ± 2°C until the weight was constant, and the meat samples 
were calcined in a crucible at 550°C for 4 h to determine the ash content. 
The determination was performed according to the AOAC method (23).

2.2.3 Analysis of mRNA levels in muscle tissue
Total RNA was extracted from muscle tissue following the 

protocol of the TRIzol kit (Ambion). The concentration and purity of 
the total RNA were determined via a NanoDrop One Ultra-Micro UV 
Spectrophotometer (Thermo, United  States). The RNA was 
subsequently reverse transcribed into cDNA using the EvoM-MLV 
Reverse Transcription Kit (Acres Bio, Hunan, China). The reverse 
transcribed cDNA was stored at −20°C for further use in detecting the 
expression of relevant genes. The primers for the CAST, MSTN, 
FABP3, ADSL, LPL and SCD genes were designed with Primer 5.0 
software (β-actin served as the internal reference gene) and 
synthesized by Beijing Auclean Ding Sheng Biotechnology Co., Ltd. 
The primer information is shown in Table 1.

Real-time fluorescence quantitative PCR was used to detect the 
relative expression of meat quality-related genes in three parts of 
muscle tissue according to the instructions of the ChamQ Universal 
SYBR Green PCR Kit Q711002/03 Vazyme. The total reaction volume 
was 20 μL. The entire reaction process was carried out on an Applied 
Biosystems Quant Studio6 Flex real-time PCR instrument (Thermo 
Fisher Scientific, MA, United States). The reaction conditions were 
predenaturation at 95°C for 30 s, denaturation at 95°C for 5 s, annealing 
at 60°C for 30 s, and extension at 72°C for 30 s. A total of 40 cycles of 
data analysis were performed using the TC2−∆∆  method (24).
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2.2.4 Analysis of microbial diversity in the rumen 
across different phenological stages

The bacterial DNA extraction kit MN NucleoSpin 96 Soi Omega 
Shanghai China Rumen microbiome DNA was extracted to encode 
bacterial ribosomal RNA. The conserved regions of the nucleotides were 
mainly the 16S region. The forward primer 38F: 
5′-ACTCCTACGGGAGGCAGCA-3′ and the reverse primer 806R: 
5′-GGACTACHVGGTWTCTAAT3′ were used to amplify the V3–V4 
region amplicon library of the 16S rRNA gene highly variable region via 
PCR amplification. End-to-end sequencing was performed at Beijing 
Biomarker Technology Co., Ltd., Beijing, China, 2 × 250, and the reads 
from the original sequencing data were double-end spliced via FLASH 
Version 1.2.11 to obtain the original label data. Trimmomatic 0.33 was 
used for quality filtering to obtain high-quality label data to identify the 
chimeric sequence, and QIIME2 Version 2020.6.0 was removed to obtain 
the final valid data and then cleanly read for feature classification. The 
ASV amplicon sequence variant was output by DADA2 (25) to filter the 
ASV circles less than 2 in all samples. On the basis of the naive Bayesian 
classifier in QIIME2 (26), the SILVA database (27) was used to classify 
ASVs, and the label confidence threshold was set at 70%. QIIME2 2020.6 
software (26) was used to evaluate the alpha diversity indices (ACE, 
Chao1, Simpson and Shannon indices) of the samples. The alpha 
diversity index was tested for a normal distribution prior to ANOVA via 
Shapiro–Wilk (SW) analysis at different taxonomic levels (phylum, 
genus, family and species), and the principal coordinate analysis (PCoA) 
diagram of the corresponding distance samples was obtained via the 
SILVA database Version 138.1 (27) on the basis of the distance matrix 
algorithm. PICRUSt software was used to perform KEGG Kyoto 
Encyclopedia of Genes and Genomes and COG Clusters of Orthologous 
Groups of protein function prediction on 16S sequencing data.

2.3 Statistical analysis

SPSS 26.0 software (IBM Corporation, Armonk, NY, United States) 
was used for statistical analysis. One-way ANOVA was used to analyze 
the rumen bacteria of the feed and meat nutrients. Duncan’s test was 
used for multiple comparisons of means. p < 0.05 indicates a significant 

difference; p ≥ 0.05 indicates no significant difference; and 
0.05 < p < 0.10 indicates a significant trend. To determine the correlation 
between meat quality and meat quality genes and the correlation with 
rumen microbial composition, the Pearson correlation coefficient was 
used to create a visual correlation map.

3 Results

3.1 Nutritional components of forage grass 
during different phenological periods

The nutrient composition of the forage grass in each phenological 
period is shown in Table 2. The DM and NDF contents during the 
withering period were significantly greater than those during the 
returning-green period and grass period (p < 0.01). However, the CP 
and CF contents in the grass period were greater than those in the 
returning-green period and the grass period and significantly greater 
than those in the other two periods (p < 0.01). There was no significant 
difference in ADF among the three periods (p > 0.05).

3.2 Meat quality and nutritional 
components of Tibetan sheep in different 
phenological periods

As shown in Table 3, the water loss rate of the hind leg muscle was 
significantly greater (p < 0.05) in the regreening period than in the 
wilting and green-grass periods. The tenderness of the three parts was 
significantly greater (p < 0.001) in the grass stage than in the 
regreening and withering stages, and the cooked meat percentage of 
the foreleg muscle was significantly greater (p < 0.05) than that in the 
withering and regreening stages. The pH at 1 h was 5.99–8.22 during 
the different periods, which was greater during the returning-green 
period than during the grass and hay periods. The pH at 24 h for the 
different periods ranged from 5.71–7.45. The lowest nutritional 
components in different parts of the hay period included moisture, 
crude protein, crude fat and ash.

TABLE 1  Primer for detection of meat quality related genes.

Gene Primers sequence (5′ → 3′) Length/bp Gene accession no.

β-actin
F: AGCCTTCCTTCCTGGGCATGGA

113 NM_001009428.3
R: GGACAGCACCGTGTTGGCGTAA

MSTN
F: AACAGCGAGCAGAAGGAAAA

145 NM_001009788.1
R: GGTTAAATGCCAACCATTGC

CAST
F: CGAGATTTCCGGTGGTGGAA

122 NM_001009394.1
R: GCTTGGATTCAACTGGCACG

LPL
F: TGGAGTGACGGAATCTGTGG

150 NM_001267884.2
R: ACGTTGGAGTCTGGTTCCCT

FABP3
F: GTCTCTTTCCCGACCTAGCC

118 XM_004007004.5
R: TAGCAAAACCGACACCGAGT

ADSL
F:CGCTTGCTTCCCGTTATGC

73 AJ_001048
R: CGCCAGGTCCGGAATTTGTA

SCD
F:CCCAGCTGTCAGAGAAAAGG

115 NM_001009428.3
R: GATGAAGCACAACAGCTTGT
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3.3 The expression of genes related to the 
meat quality of Tibetan sheep in different 
phenological periods

As shown in Figure 1, there were significant differences in the 
expression of muscle quality-related genes in Tibetan sheep during the 
three phenological periods (p < 0.05). Among these genes, the 
expression of the SCD gene in the longissimus dorsi muscle was 
highest in the grass period, and the expression of the CAST gene was 

significantly greater than that in the grass period and the grass period 
(p < 0.05). In the foreleg muscle, the level of LPL FABP3 was 
significantly greater in the regrowth period than in the grassy period 
and the regrowth period (p < 0.05). Among these genes, ADSL had the 
highest expression in the hind leg muscle during the grassy period and 
the lowest expression in the longissimus dorsi muscle. The expression 
of CAST and FABP3 in the hind leg muscle was significantly greater 
in the regreening period than in the grassy period and the grassy 
period (p < 0.05).

TABLE 2  Conventional nutrient content of forage in regreening stage and grassy stage (dry matter basis) %.

Items Regreen period Green period Hay period

DM 93.25 ± 0.14b 89.59 ± 0.64c 94.19 ± 0.23a

CP 6.45 ± 0.16b 19.02 ± 0.69a 5.71 ± 0.16c

EE 2.77 ± 0.16b 3.41 ± 0.26a 0.64 ± 0.03c

ADF 29.05 ± 2.22 27.20 ± 4.92 33.20 ± 2.60

NDF 44.97 ± 0.74c 55.52 ± 1.24b 58.44 ± 0.17a

Different lowercase letters indicate significant differences with p < 0.05.

TABLE 3  The objective of this study is to examine the meat quality parameters of Tibetan sheep at different seasonal periods.

Items Parts Regreen period Green period Hay period p

Water loss capacity/%

Longissimus dorsi muscle 0.33 ± 0.08 0.23 ± 0.02 0.26 ± 0.16 0.315

Musculi cruralis anterior 0.23 ± 0.08 0.25 ± 0.01 0.343 ± 0.14 0.116

Muscle of hind leg 0.33 ± 0.04ab 0.24 ± 0.01b 0.22 ± 0.09b 0.009

Shear force (N)

Longissimus dorsi muscle 46.51 ± 0.69b 75.21 ± 1.36a 43.68 ± 0.86c <0.001

Musculi cruralis anterior 37.36 ± 0.51c 55.81 ± 2.41a 47.17 ± 2.81b <0.001

Muscle of hind leg 60.29 ± 0.75a 59.05 ± 7.23a 41.40 ± 0.84b <0.001

Cooked meat rate/%

Longissimus dorsi muscle 0.48 ± 0.08 0.53 ± 0.06 0.55 ± 0.12 0.404

Musculi cruralis anterior 0.56 ± 0.07ab 0.65 ± 0.10a 0.45 ± 0.10b 0.05

Muscle of hind leg 0.55 ± 0.07 0.50 ± 0.09 0.56 ± 0.10 0.753

pH1h

Longissimus dorsi muscle 7.19 ± 0.46a 6.20 ± 0.21b 6.28 ± 0.03b 0.02

Musculi cruralis anterior 7.84 ± 0.38a 6.20 ± 0.17b 6.32 ± 0.13b <0.001

Muscle of hind leg 7.60 ± 0.58a 6.49 ± 0.14b 6.41 ± 0.03b 0.01

pH24h

Longissimus dorsi muscle 7.08 ± 0.40a 6.27 ± 0.10b 5.72 ± 0.01c <0.001

Musculi cruralis anterior 7.02 ± 1.06a 6.29 ± 0.03ab 5.90 ± 0.01b 0.02

Muscle of hind leg 6.81 ± 1.50 6.34 ± 0.16 5.87 ± 0.04 0.21

Moisture/%

Longissimus dorsi muscle 73.52 ± 1.31b 72.53 ± 0.28b 76.24 ± 0.39c <0.001

Musculi cruralis anterior 76.92 ± 1.75a 75.74 ± 0.16ab 74.85 ± 1.15b 0.03

Muscle of hind leg 75.71 ± 1.49ab 74.99 ± 1.00b 76.64 ± 0.34a 0.05

Crude protein/%

Longissimus dorsi muscle 22.55 ± 0.35a 20.21 ± 0.24b 19.59 ± 1.76b 0.02

Musculi cruralis anterior 21.23 ± 2.19a 19.38 ± 0.28b 14.94 ± 0.57c <0.001

Muscle of hind leg 20.60 ± 0.68ab 20.05 ± 0.34b 20.75 ± 0.40a 0.07

Crude fat/%

Longissimus dorsi muscle 2.56 ± 0.05ab 3.01 ± 0.42a 2.22 ± 0.55b 0.01

Musculi cruralis anterior 2.85 ± 0.11b 3.41 ± 0.15a 2.54 ± 0.19c <0.001

Muscle of hind leg 3.74 ± 0.12a 3.93 ± 0.27a 2.80 ± 0.58b <0.001

Ash/%

Longissimus dorsi muscle 1.08 ± 0.01b 1.08 ± 0.03b 2.08 ± 0.14a <0.001

Musculi cruralis anterior 1.00 ± 0.03b 1.04 ± 0.02b 1.65 ± 0.10a <0.001

Muscle of hind leg 1.06 ± 0.01b 1.16 ± 0.01b 1.97 ± 0.023a <0.001

pH1h and pH24h indicate the pH values of muscle cross-sections 1 h and 24 h after slaughter. Different lowercase letters in the same column indicate significant differences between different 
phenological stages at p < 0.05 level.
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3.4 Characteristics of the rumen microbial 
flora in Tibetan sheep at different 
phenological stages

In this study, a total of 1,440,906 pairs of reads were obtained 
after quality control splicing of the reads. A total of 1,318,093 clean 
reads were generated after quality control splicing of the reads. Each 
sample produced at least 72,691 clean reads, and an average of 
73,227 clean reads were generated. The Good’s coverage of all 
samples was greater than 0.99. A total of 14,494 ASVs and 5,247 
samples were analyzed in the study, 5,202, and 6,236 specific ASVs 
were observed in the green-grass stage and the wilted-grass stage, 
respectively (Figure 2A). Alpha diversity analysis revealed that the 
ACE, Chao1, Shannon, and Simpson indices of rumen 
microorganisms in Tibetan sheep were significantly different 
(p < 0.05) (Figure 2B–E). The Shannon and Simpson indices of the 
returning-green period were significantly greater than those of the 
grass period and the withered-grass period (p < 0.05). The results 
revealed that the abundance of rumen microbial species in the 
returning-green period was significantly greater than that in the 
grass period and the withered-grass period, whereas the Chao1 and 
ACE indices were significantly greater than those in the grass 
period (p < 0.05). The Chao1 and ACE indices of the grass period 
were significantly lower than those of the wilted-grass period 
(p < 0.05). PCoA revealed that the clouds of the returning-green 
period and the withered-grass period were separated from each 

other. The distance of the rumen microorganisms in the three 
phenological periods was wide, indicating that there were 
significant differences in the rumen microbial species among the 
three groups (Figure 2F).

At the taxonomic level, a total of 28 phyla, 59 classes, 145 orders, 
257 families, 458 genera, and 546 species were detected. At the phylum 
level, Bacteroidetes, Firmicutes, Spirochaetota, Patella bacteria, and 
Patescibacteria were the dominant phyla, with relative abundances 
greater than 1% (Figure 3A). The relative abundances of Bacteroidetes 
and Firmicutes were highest in the different phenological periods, 
accounting for more than 90% of the total abundance. The abundances 
of Bacteroidetes and Spirochaetota were greater in the grassy period 
than in the returning-green period and grassy period. The abundance 
of Firmicutes was lower at the genus level. The Prevotella_1 
Rikenellaceae_RC9_gut_group was the dominant genus in the different 
phenological periods. A total of 28 differences were found in 458 
genera (p < 0.05). Among the top  10 species, the abundances of 
Prevotella_1 and Rikenellaceae_RC9_gut_group were greater in the 
grassy period than in the grassy period and the returning-green 
period. Compared with that in the returning-green period and the 
grassy period, the abundance of Butyrivibrio in the grassy period was 
greater than that in the returning-green period. In addition, this study 
also identified many Treponema species in the genus Succiniclasticum 
Prevotellaceae_UCG_001 (Figure 3B). LEfSe analysis revealed that 28 
genera were identified by discriminant analysis (Figure 3C) among the 
three groups of samples. p__Firmicutes, c__Clostridia, 

FIGURE 1

Analysis of gene expression in muscle tissue of Tibetan sheep at different phenological stages. (A) Dorsal longest muscle gene expression analysis. 
(B) Foreleg muscle gene expression analysis. (C) Hind leg muscle gene expression analysis. Different lower case letters indicate a significant difference 
between the age groups at the p < 0.05 level.
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o__Oscillospirales, g__Prevotellaceae_NK3B31_group, and f__
Oscillospiraceae, lospiraceae were enriched in the 5 genera in the 
replanting period. There were 14 genera, p__Bacteroidota, c__
Bacteroidia, o__Bacteroidales, f__Prevotellaceae, f__Rikenellaceae, 
g__Rikenellaceae_RC9_gut_group, g__Prevotella, s__unclassified_
Rikenellaceae_RC9_gut_group, s__uncultured_rumen_bacterium, 
f__p_251_o5, s__uncultured_rumen_bacterium_4C0d_8, s__
uncultured_rumen_bacterium, g__uncultured_rumen_bacterium, and 
s__uncultured_rumen_bacterium, in the grass stage. Nine genera were 

significantly correlated during the subtilling period: f__
Lachnospiraceae, s__unclassified_Pseudobutyrivibrio, g__
Pseudobutyrivibrio, s__uncultured_rumen_bacterium, g__uncultured_
rumen_bacterium, s__unclassified_Butyrivibrio, f__Muribaculaceae, 
g__Butyrivibrio, and o__Lachnospirales. There were significant 
differences between the three groups.

PICRUSt software was used to predict gene function from 16S 
rRNA sequencing data, and a total of 46 KEGG gene families and 25 
COG gene families were identified (Figure 4). Among them, 26 KEGG 

FIGURE 2

Diversity analysis of rumen flora in different seasonal periods. (A) QTU. (B) Shannon. (C) Chao1. (D) Simpson. (E) ACE. (F) PCoA. Fr represents 
regreening period group. Qr represents green grass group. Kr represents withered grass period group.

https://doi.org/10.3389/fvets.2024.1484175
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Chen et al.� 10.3389/fvets.2024.1484175

Frontiers in Veterinary Science 08 frontiersin.org

gene families and 16 COG gene families were significantly different in 
function. Compared with those in the hay period, membrane 
transport cofactors, vitamin metabolism and rumen flora signaling 
were significantly greater in the returning-green period. The level of 
amino acid metabolism was greater in the hay period than in the 
returning-green period. Compared with those in the returning-green 
period, the lipid metabolism and cellular metabolism of rumen 
microorganisms were greater in the hay period. However, the level of 
amino acid metabolism improved during the returning-green period.

3.5 Meat quality of the rumen microbial 
flora and interactions between related 
genes in Tibetan sheep

Correlation analysis of meat quality and related genes in Tibetan 
sheep at different phenophases revealed that the FABP3 gene was 
significantly negatively correlated with crude fat (p < 0.01). The water 

loss rate was significantly positively correlated with the crude fat and 
crude protein contents (p < 0.01). Shear force was significantly negatively 
correlated with the cooked meat percentage and crude protein content 
(p < 0.05). There was no significant difference in crude fat content 
(p > 0.05). Shear force was significantly negatively correlated with crude 
fat and crude protein contents (p < 0.05). Correlation analysis of the 
top 10 genera and meat quality-related genes revealed that there was a 
correlation between the rumen microbial flora and the physical indices 
of meat quality and meat quality-related genes in Tibetan sheep. 
However, the abundance of Butyrivibrio was significantly positively 
correlated with CAST (p < 0.01). There was a significant positive 
correlation with crude protein and the crude fat water loss rate (p < 0.05) 
and a significant negative correlation with shear force (p < 0.05). The 
Rikenellaceae_RC9_gut_group was significantly negatively correlated 
with crude fat content (p < 0.01) and significantly positively correlated 
with the cooked meat percentage and shear force (p < 0.01). Prevotella_1 
was significantly negatively correlated with the crude fat and water loss 
rates of the ADST gene (p < 0.05) and significantly positively correlated 

FIGURE 3

Analysis of microbial composition of Tibetan sheep at different phenological stages. (A) Microbial composition of phyla levels. (B) Microbial 
composition of genus levels. (C) The linear discriminant analysis (LDA) effect histogram between groups showed that the LDA score (log10) was greater 
than 4. Fr stands for the rejuvenation group. Qr stands for the grassy group. Kr stands for the wilting group.
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with shear force (p < 0.05). The abundance of Succiniclasticum 
Ruminococcus was significantly negatively correlated with CAST 
(p < 0.05). Succiniclasticum was significantly positively correlated with 
FABP3 (p < 0.05) and significantly negatively correlated with the water 
loss rate and crude protein content (p < 0.05). Treponema was 
significantly negatively correlated with the ADSL water loss rate and 
crude protein content (p < 0.05) and significantly positively correlated 
with shear force (p < 0.05).

4 Discussion

Meat quality is one of the main concerns of consumers when 
purchasing meat and is dependent mainly on the tenderness and 
flavor of the meat. The water loss rate and cooked meat percentage 
have important effects on the edible quality of livestock meat, which 

mainly reflects the water holding capacity of muscle, such as meat 
texture, flavor and juiciness (28). In this study, the water loss rate of 
the longest back muscle increased, and the cooked meat percentage 
decreased during the greening period. The water loss rate and cooked 
meat percentage were negatively correlated, and the lower the water 
loss rate was, the higher the water retention capacity of the meat was, 
and the higher the cooked meat percentage was, the better the meat 
quality was (29), indicating that the meat quality was better in the 
greening and dead periods than in the rejuvenation period. Meat 
tenderness is expressed in terms of the shear force value, which to 
some extent reflects muscle hardness, cohesion and elasticity (30). Pigs 
fed high-fiber rations have a greater advantage in terms of tenderness 
(31). Increased levels of ADF and NDF and lower shear values during 
the dry period suggest that dietary fiber plays a role in meat tenderness 
(32). In addition, the intramuscular fat content has a positive effect on 
meat juiciness and tenderness, and it was found that a 4–5% 

FIGURE 4 (CONTINUED)
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intramuscular fat content was required to satisfy Australian consumers 
for palatability (33). In the present study, the shear force values during 
the greening period were lower than those during the greening and 
drying periods, and the muscle fat content was approximately 3% 
higher than that during the other periods, suggesting that nutritional 
status influences the shear force of Tibetan sheep muscle, which is 
similar to the findings of Matthews et al. (29). Further correlation 
analysis between meat quality and pasture nutrients revealed that 
shear force was significantly negatively correlated with crude fat and 
crude protein contents, indicating that meat shear force values 
decreased as the crude fat and crude protein contents of the 
pasture-fed sheep increased, which may be  related to the unique 
muscle fiber structure of Tibetan sheep and the changes in meat 
quality that occur during steaming. In pasture-fed lambs, the type of 
pasture influences the firmness of the fat cover because the proportion 
of legumes modulates the ratio of polyunsaturated fatty acids (PUFAs) 
to saturated fatty acids (SFAs) (34). Thus, grazing on legume-rich 

pastures results in less firm fat, an important consideration for organic 
farming that values legumes. pH is also an important factor in meat 
quality and has a direct effect on tenderness, cooking losses and shelf 
life (16). An accelerated glycolytic pathway facilitates ATP production 
and glycogen degradation in muscle after slaughter, which in turn 
affects the rate of pH decline and further influences meat tenderness, 
color and juiciness (35). In the present study, the muscle pH of the 
three parts ranged from 6.13 to 7.98, with a slightly acidic pH during 
the greening period and a neutral to slightly alkaline pH during the 
rejuvenation period, which may be  one of the reasons for the 
differences in meat tenderness between the different phenological 
periods. Differences in pH were also found before (1 h) and after 
(24 h) acid drainage, with the pH at 24 h after acid drainage being 
significantly lower in the warm season than in the cool season, which 
is consistent with the results of this experiment (36). In addition to the 
evaluation of the abovementioned physical indicators of meat quality, 
chemical indicators such as moisture, ash, protein, fat, etc., are also 

FIGURE 4

Functional analysis of rumen microorganisms in Tibetan sheep at different phenological stages. (A) Functional analysis of KEGG greening phase and 
dormant phase. (B) Functional analysis of KEGG vegetative phase and dormant phase. (C) Functional analysis of KEGG greening phase and vegetative 
phase. (D) Functional analysis of COG greening phase and dormant phase. (E) Functional analysis of COG vegetative phase and dormant phase. 
(F) Functional analysis of COG greening phase and vegetative phase.
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important nutritional indicators (8). Mutton contains a high level of 
protein, which is very close to the protein composition of the human 
body and is widely preferred by consumers for its high protein and low 
fat characteristics compared with pork and beef. With improvements 
in the quality of human consumption, consumers are increasingly 
concerned about the fatty acids, flavor and nutritional indicators in 
the muscle and the changes in the nutritional composition of the 
muscle, especially the changes in fat and crude protein content, which 
directly affect the quality and nutritional characteristics of the meat 
(10). In this study, the moisture and crude protein contents of the hind 
leg muscles during the regrowth period were significantly greater than 
those during the grass period, whereas the crude fat content of the 
longest back muscle was significantly lower than that during the grass 
period. This result may be due to changes in muscle as a result of 
changes in dietary nutrients during the transition from dry to green 
grass, which needs to be clarified by further studies. In this study, in 
the grass stage, the average intake of crude protein and crude fat rose 
significantly from 5.71 to 19.02% and from 0.64 to 3.31%, respectively. 
Analysis of meat quality revealed that the muscle tenderness of 
Tibetan sheep improved by 10.6%, while their water retention capacity 
increased by 0.03%. The CP and CF contents of pasture grasses in 
different phenological periods tended to increase, whereas the DM 
content tended to decrease. The CP content was highest in the 
glaucous stage and lowest in the wilting stage, at 19.71 and 5.87%, 
respectively. In alpine pastures, grass species accumulate nutrients 
rapidly in the glaucous stage, and this rapid increase is related to the 
accumulation of nutrients in a short period of time. In addition, 
according to the classification of forage CP (more than 16% is 
considered superior, 10 to 15% is considered medium, and less than 
10% is considered low) (37), the quality of forage in this experiment 
was medium in the green stage and low in the greening stage and the 
dead stage. Moreover, muscle metabolism requires catabolic fat for 
energy, resulting in high protein and low fat contents (38). However, 
these differences in meat phenotypes are also regulated at the host 
gene level. In this study, high expression of the SCD gene, a 
microsomal membrane-bound iron-containing enzyme required for 
the biosynthesis of unsaturated fatty acids, was detected in the longest 
muscle of the returning dorsal longus (39). ADSL is one of the major 
enzymes involved in inosine 5′-monophosphate (IMP) deposition in 
animals; it plays an important role in the synthesis of IMP and is 
closely related to the quality of meat (40). High expression of the 
combination of ADSL and GAR-AIRS-GART increased the content of 
IMP in chicken meat (41). In this study, the expression of the ADSL 
gene was significantly greater in the longest dorsal muscle during the 
greening period than during the greening and drying periods, which 
may be  attributed to the nutrients and bioactive components of 
pasture grasses in different seasonal periods that increase the mRNA 
expression of the ADSL gene in Tibetan sheep. CAST and CAPN are 
correlated with muscle tenderness (42, 43). In this study, high 
expression of the CAST gene in the muscle of Tibetan sheep during 
the dry period led to a decrease in the expression of the CAPN gene, 
which in turn affected the tenderness of the meat, whereas Tibetan 
sheep during the dry period presented greater tenderness. MSTN is a 
factor that acts as a counterregulator of muscle development, and 
inhibition of the expression of the MSTN gene can lead to 
overproliferation of myocytes, which can result in hypertrophy of 
myofibers (44). FABP3 is an important fatty acid binding protein 
involved in lipid metabolism and intracellular transport (45). In the 

correlation analysis, there was a strong correlation between water loss 
and crude protein content, crude fat content and shear force, and 
FAST was significantly negatively correlated with crude fat content, 
suggesting that meat quality is regulated by related genes.

Gastrointestinal microorganisms in ruminants are important 
factors affecting animal production and health, and these 
microorganisms also have a major influence on meat quality (46). An 
analysis of the rumen microorganisms of Tibetan sheep during the 
three seasonal periods revealed that the rumen flora of Tibetan sheep 
was dominated by Bacteroidetes and thick-walled bacteria at the 
phylum level, which is consistent with the findings of Zhang et al. (47). 
The Anabaena phylum is well known for its role in oligosaccharide 
hydrolysis and acetic and propionic acid production (48), and acetic 
acid plays an extremely important role in fat synthesis. However, the 
greater proportion of the Anabaena phylum and lower proportion of 
the thick-walled phylum during the dieback stage than during the 
regrowth and grass stages may be due to the lower rumen pH during 
the dieback stage, which resulted in a significantly greater proportion 
of the Anabaena phylum and a lower proportion of the thick-walled 
phylum in the rumen microbiota (49). The thick-walled phylum is 
involved in the degradation of cellulose, hemicellulose, starch and 
oligosaccharides, as well as the production of acetic, propionic and 
butyric acids. Although the ADF content may not differ significantly 
between forages, the structural properties of forages can still have a 
selective effect on the composition of microbial communities. The 
physical structure of forages, such as their fiber arrangement, cell wall 
thickness and cellulose crystallinity, can influence the environment for 
microbial attachment and growth. These structural properties can 
provide more suitable habitats for certain microorganisms, thereby 
influencing the diversity and abundance of microbial communities. 
For example, thick-walled bacteria may be  better able to grow in 
environments with higher cellulose crystallinity, whereas other 
microbes may prefer looser fibrous structures (50). Thus, even if the 
ADF content is similar, microstructural differences in forages can still 
selectively affect microbial composition by altering microbial living 
conditions and nutrient access. These effects can trigger a series of 
chain reactions in microbial ecosystems, which in turn can affect the 
functioning and stability of the whole ecosystem. Nevertheless, the 
thick-walled bacterial phylum is likely associated with the pasture 
with the highest hemicellulose content and the lowest ADF content, 
and the ADF content did not differ in this study; thus, the changes in 
the thick-walled bacterial phylum may be due to differences in the 
hemicellulose content of the pasture. Moreover, there is a predatory 
relationship between rumen protozoa and bacteria, which can change 
the structure of the rumen microbial community. As reported by Kim 
et  al. (51), in the phylum Bacteroidetes, the dominant genera in 
different phenological periods were all mainly composed of 
Proteobacteria and Bacteroidetes, with Proteobacteria accounting for 
the largest proportion, which is consistent with the results of a 
previous study. A similar phenomenon was observed in the present 
study. Bacteroidetes are closely associated with protein and 
carbohydrate degradation (52), and in this study, these groups were 
more abundant during the dieback period. In contrast, Ruminalococcus 
spp. and Fibrobacter spp. were enriched during the regrowth period, 
which may be due to their need to degrade dietary fiber and adhere to 
feed particles (53). KEGG functional analysis revealed that the rumen 
bacteria of the Tibetan sheep during the withering period were 
enriched in terms of cofactor and vitamin metabolism, signal 
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transduction function and amino acid metabolism to meet the 
nutritional requirements during this period. Moreover, during the 
regrowth period, rumen microorganisms enhance lipid metabolism 
and cellular metabolism to help Tibetan sheep extract energy from 
fiber-rich pastures and promote glucose metabolism and fat 
accumulation (54, 55). COG functional analyses revealed that energy 
production and conversion, secondary metabolite biosynthesis, 
translocation and catabolism, and cofactor transport and metabolism 
were increased during the withering period. These results suggest that 
rumen microorganisms play an important role in energy metabolism 
during the withering period, while lipid metabolism was also 
significantly enhanced during the rejuvenation period. This result is 
consistent with previous studies that have shown that the fat area and 
myofiber density of muscle and adipose tissue increase significantly 
during regrowth (56). However, the underlying biological mechanisms 
remain to be elucidated by further research.

In addition, an association analysis of the rumen microbiota with 
meat quality indicators and their associated genes (Figure  5) was 
performed in this study, and the top 10 genus-level microbiota were 
selected for association with meat quality phenotypic traits and their 
associated genes. Rikenellaceae_RC9_gut_group and Prevotella spp. 
were significantly associated with crude fat. It has been shown that the 
Rikenellaceae_RC9_gut_group can affect lipid and glucose metabolism 
in grazing sheep by promoting the deposition of glycodeoxycholic 
acid, α-linolenic acid and glycolenylcholic acid (57). The 
Rikenellaceae_RC9_gut_group was significantly negatively correlated 
with the SCD gene, which in the animal body is mainly responsible for 
the conversion of saturated fatty acids to monounsaturated fatty acids 
(58), a process important for improving meat quality, and the 
Rikenellaceae_RC9_gut_group and Prevotella were the dominant 
genera in the wilting period. In addition, Prevotella abundance was 
significantly negatively correlated with crude protein content and 
shear strength. It has been reported that Prevotella possesses enzymes 
and gene clusters necessary for the fermentation and utilization of 
complex polysaccharides and is able to efficiently degrade proteins 

and carbohydrates, which in turn leads to the synthesis of microbial 
proteins (59). The important role of Prevotella in the rumen ecosystem 
and its effect on meat formation were confirmed. Succiniclasticum spp. 
was significantly negatively correlated with CAST, significantly 
positively correlated with FABP3 and significantly negatively 
correlated with water loss and crude protein content. As the main 
acid-producing bacteria of succinic acid in the rumen, Succiniclasticum 
plays a key role in the conversion of succinic acid to propionic acid 
(60). The conversion of propionic acid to glucose (GLU) in the liver 
via gluconeogenesis in the rumen wall is important during the 
fattening period of Tibetan sheep (61). In the present study, 
Ruminococcus spp. and Butyrivibrio spp. were highly significantly 
positively correlated with CAST genes, and Butyrivibrio_2 was 
significantly associated with fatty acids in meat (62), which may play 
a role in butyric acid production (63). In the present study, dense 
spirochetes (Treponema) were significantly negatively correlated with 
the ADSL gene, water loss and crude protein content and significantly 
positively correlated with shear strength. A possible explanation is that 
these dense spirochete species, which are unable to utilize cellulose, 
may have established a strong synergistic relationship with cellulose-
degrading bacteria to obtain nutrients by utilizing the soluble sugars 
released during fiber degradation (64). Dense spirochetes with low 
cellulose degradation capacity have been identified in sheep rumen, 
suggesting that they may assist other bacteria in the utilization of 
cellulose substrates (65). In previous functional analyses of KEGG and 
COG, it was observed that rumen microflora across different 
phenological stages regulate energy utilization mechanisms by 
influencing pathways related to lipid, energy, and amino acid 
metabolism within the host’s metabolic framework. This, in turn, 
impacts meat quality. Beneficial rumen bacteria are intricately linked 
with metabolites, such as amino acids and fatty acids, which are 
crucial to meat nutrients, playing a significant role in lipid metabolism 
(28). Our study found a high relative abundance of bacteria associated 
with lipid metabolism (e.g., o__Oscillospirales) and beneficial 
functions (Lactobacillus and Clostridium) (65), further substantiating 

FIGURE 5

Correlation analysis of rumen microbiome, meat quality and meat quality-related genes. (A) Meat quality correlates with gene expression. (B) Microbial 
correlation with meat quality and related gene expression. LP (LPL); SC (SCD); FA (FABP3); AD (ADSL); CA (CAST); MS (MSTN); water loss rate (WLC); 
shear force (SFMR); cooked meat percentage (CMR); crude fat (CF); crude protein (CP); *p < 0.05, **p < 0.01, and ***p < 0.001.
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our hypothesis. By integrating 16S rDNA sequences with fleshy and 
related genes, we  uncovered novel relationships between rumen 
bacteria and genes associated with meat characteristics (Figure 6). 
These findings offer the potential to enhance the feeding system of 
Tibetan sheep on the Tibetan Plateau, thereby improving the quality 
of sheep meat.

Modifications in the nutrient profile of pasture significantly 
influence the structure and functionality of the rumen microbial 
community across various phenological stages, with profound 
implications for meat quality. During the early growth phase, pasture 
grasses exhibit high protein content. Consumption of these high-
protein feeds not only enhances muscle protein synthesis and 
improves meat tenderness but may also alter the rumen microbial 
community’s composition and metabolic activity through increased 
ammonia production (15). These changes in the rumen microbiota 
can affect the host’s metabolic state and the expression of genes related 
to fatty acid synthesis and muscle fiber types. As pasture progresses to 
maturity, its fiber content rises, potentially reducing the animal’s 
digestive efficiency and consequently impacting meat quality (66). The 
rumen microbial community exhibits adaptability, allowing it to 
adjust its composition to better handle the challenges posed by high-
fibre diets. This adaptability can influence meat tenderness by affecting 
gene expression and influencing muscle growth and fibre type. 
Additionally, the phenological stage of pasture consumption affects 

the growth rate and metabolic state of the animal, which is closely 
linked to changes in muscle fibre type (67, 68). For example, high-
protein diets can promote the development of fast-growing muscle 
fibre types, thus improving meat tenderness. These changes not only 
illustrate the direct impact of nutrients on meat quality but also 
underscore the roles of rumen microbial communities and gene 
expression in meat quality regulation. Ultimately, the consumption of 
pasture at different phenological stages leads to variations in meat 
quality due to changes in nutrient composition, rumen microbial 
communities, and associated gene expression. These findings suggest 
new avenues for optimizing meat quality and highlight the need for 
comprehensive studies on the interactions between forage nutrient 
composition, microbial communities, and gene expression.

5 Conclusion

This study aimed to elucidate the effects of different seasonal 
periods on meat quality, the microbiota and related gene expression 
in Tibetan sheep. The analysis of Tibetan sheep during three seasonal 
periods revealed that changes in the seasonal period not only directly 
affected meat quality in terms of water holding capacity and 
cookability but also closely correlated with the levels of nutrients, such 
as CF and CP, in the meat. Notably, grazing during the season 

FIGURE 6

Regulation of rumen flora and meat quality related genes of Tibetan sheep at different phenological stages on meat quality. Green solid arrowhead: 
positive correlation. Red solid arrowhead: negative correlation.
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modulates the meat quality of Tibetan sheep by influencing the 
composition of the rumen microbial community. This mechanism is 
highly dependent on microbial effects on the expression of relevant 
genes. In particular, during the dry period, the expression level of the 
ADSL gene was reduced in the hind leg muscles, which was directly 
related to changes in meat fat content. Conversely, high expression of 
the CAST gene led to changes in meat tenderness, which manifested 
as a reduction in muscle shear force values. These alterations in gene 
expression were closely associated with variations in rumen microbial 
communities across different phenological stages. The microbial 
community regulates the rumen environment at different times, 
which in turn affects the expression of genes related to fatty acid 
metabolism and meat tenderness and thus influences meat quality 
traits. In conclusion, this study elucidated the important regulatory 
effects of pasture on the rumen microbial composition of Tibetan 
sheep during different phenological periods. This study not only 
provides insights at the gene level for understanding meat quality 
changes but also provides a scientific basis for enhancing lamb meat 
quality and improving feeding management strategies. Further studies 
could investigate the potential for optimizing meat quality through 
adjustments to pasture cropping strategies or microbial 
supplementation interventions.
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