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Translatomics reveals the role 
of dietary calcium addition 
in regulating muscle fat deposition 
in pigs
Jingsu Yu 1,2, Xiangling Li 1,2, Xinyu Qi 1, Zhaoxuan Ding 1, Songtao Su 1, Lin Yu 1, Lei Zhou 1* & 
Yixing Li 1*

Intramuscular fat (IMF) in pork holds significant importance for economic performance within the 
pig industry and dietary calcium supplementation enhances the accumulation of intramuscular fat. 
Additionally, calcium ions inhibit translation and reduce protein synthesis. However, the mechanism 
by which calcium regulates IMF deposition in muscle through translation remains largely unknown. In 
this study, we compared the ribosome profiles of the longissimus dorsi muscles of Duroc × Landrace 
× Large white pigs from the normal calcium (NC) group or calcium supplement (HC) group by Ribo-
seq, and RNA-seq. By integrating multiple-omics analysis, we further discovered 437 genes that were 
transcriptionally unchanged but translationally altered and these genes were significantly enriched 
in the oxidative phosphorylation signaling pathway. Furthermore, experimental data showed that 
inhibiting the expression of COX10 and mtND4L increased triglyceride accumulation in C2C12 cells, 
providing new targets for intramuscular fat deposition. Finally, this work links dietary calcium, 
translation regulation and IMF deposition, providing a new strategy for both meat quality and 
economic performance within the pig industry.
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High-quality pork is growing in popularity among customers as people’s living levels rise. The quality of meat is 
influenced by various factors, with intramuscular fat (IMF) content being the primary factor1. Previous studies 
have exhibited that a high IMF content is believed to promote sensory experience during consumption, as IMF 
positively influences the juiciness, palatability, and flavor of various types of meat2,3. For a prolonged duration, 
intensive selection for growth rate and lean meat percentage has significantly enhanced the economic advantages 
of lean pigs but resulted in a significant reduction in meat quality traits4. Unfortunately, the simultaneous 
enhancement of carcass lean percentage and IMF content has become a conundrum. Therefore, it is crucial 
for animal performance research to explore strategies that can reduce carcass adiposity while regulating the 
increase in IMF.

Nutritional strategies based on increasing dietary calcium have been demonstrated as a successful approach to 
pig feeding, giving rise to enhanced IMF accumulation and reduced subcutaneous adiposity5,6. Brian Jensen and 
Pilar Parra et al. revealed that adipose differentiation was impeded by high concentrations of calcium through a 
receptor-mediated G-protein coupling mechanism7,8. Moreover, a diet replete with calcium and vitamin D was 
found to significantly decrease body weight and fat mass by 26–39% in rats through the downregulation of fatty 
acid synthase (FAS) gene expression in promotion of lipolysis9,10. These results displayed a potential relationship 
between dietary calcium and carcass adiposity. The excessive supplementation of calcium sources in the diet can 
increase muscle calcium ion concentration11. In addition, targeting supplementation of high levels of vitamin D3 
can increase intracellular calcium and activate the calcineurin pathway, thereby improving meat color and pork 
quality12. A previous study has demonstrated that dietary calcium (1.5%) significantly improved meat color and 
increased intramuscular fat content of longissimus dorsi muscle in pigs6. However, the specific mechanism by 
which calcium promotes the increase of IMF has not been clearly reported.
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Translational regulation is a critical step in the process of gene expression, controlling the synthesis of 
proteins from mRNA and playing a vital role in regulating more than half of gene expression13. Calcium ion is of 
considerable importance in the regulation of eukaryotic protein translation14. Since 1990, accumulating evidence 
has shown that calcium reduces protein synthesis and causes neurite growth arrest by inhibiting the expression 
of eukaryotic elongation factor 2 (eEF2)15,16. In addition, inhibiting the store of intracellular calcium ion reduced 
protein synthesis and led to the disappearance of multimers in rat acini and rabbit pancreatic lobules17,18. These 
results may be attributed to variations in the regulation of translation by calcium due to differences in cell or 
tissue-specific characteristics. However, the precise mechanism by which calcium regulates fatty acid metabolism 
in muscle through protein translation remains poorly understood.

Supplementation with dietary calcium promotes IMF deposition in pigs, and the role of calcium in the 
regulation of translation has been gradually uncovered. However, the specific role of calcium in the regulation 
of IMF through translation regulation remains to be further elucidated. In this study, translatomics and 
transcriptome sequencing were performed on the longissimus dorsi muscle of six intact male pigs (Duroc × Large 
White × Landrace cross-breed) to explore the translational regulation mechanism of calcium ions on IMF and 
identify differentially expressed genes (DEGs). Finally, we identified novel functional genes, Both cytochrome 
c oxidase assembly protein (COX10) and mitochondrial NADH dehydrogenase subunits 4L (mtND4L), 
whose translation regulated by calcium ion and is involved in IMF accumulation. These findings suggest novel 
mechanistic approaches for the use of calcium supplementation to enhance meat quality in animals.

Materials and methods
Animal ethics statement
All the experimental procedures applied in this study were in accordance with the guidelines of the care and 
use of laboratory animals of the Guangxi University. Animal experiments were permitted by the Committee on 
the Ethics of Animal Experiments of Guangxi University (No. GXU2020-287). We report the current study in 
accordance with ARRIVE guidelines.

Experimental animals, diets, and design
A total of 16 Duroc × Landrace × Large white pigs, aged 120 days, with an average body weight (BW) of 
108.357 ± 5.300 kg, were chosen for the examination. The pigs were bought from Guangxi Jinling Farming 
Group Co. LTD, Nanning, China. Boar-castrated pigs were divided into two groups by BW: the normal calcium 
group (NC group, n = 8) and the calcium supplement group (HC group, n = 8). As previously mentioned, calcium 
carbonate was utilized to modify the diet’s calcium content6. The HC group received a diet containing 1.5% Ca, 
while NC group received a diet containing 0.9% Ca6.

The pigs in this experiment were raised in a controlled environment with natural ventilation, a temperature of 
20 to 25 °C, and unlimited access to water. They also received three meals a day of food. The pigs were sampled 
after 60 days of feeding. According to the National Standards of the People’s Republic of China (GB/T 39235-
2020), the diets were designed to meet the nutritional needs of swine (meat-type pigs). Tables 1 and 2 display the 
composition and nutritional values of the trial diets. Based on the People’s Republic of China’s National Standards 
of GB/T 6436-2018, the amounts of calcium in the experimental diet were measured19,20. After the experiment 
began, the pigs were weighed on days 0 and 60. These weights were used to calculate the average daily growth 
rate (ADG; n = 8 per treatment).

Sample collection and processing
At the end of the experiment, the pigs were euthanized through bloodletting. Samples were taken from the 
selected pigs’ blood, backfat, and longissimus dorsi muscle. A portion of the muscle samples from the longissimus 
dorsi were measured for PH value, and Water holding capacity, in accordance with the guidelines provided in the 
Technical Specification for Determination of Pork Quality (NY/T 821-2019), which was released by the Ministry 
of Agriculture of the People’s Republic of China21,22. The procedures described in The Determination of Shear 

Table 1.   Ingredients of the experimental basal diet (%, as-fed basis). NC, normal calcium diet; HC, calcium 
supplement diet. a Provided per kilogram of complete diet: 3000 IU vitamin A; 2000 IU vitamin D3; 25 mg 
vitamin E; 3.5 mg of vitamin K3; 1.0 mg of vitamin B1; 2.0 mg of vitamin B2; 1.5 mg of vitamin B6; 0.010 mg 
of vitamin B12; 9.5 mg of nicotinic acid; 6.25 mg of calcium pantothenate; 0.25 mg of folic acid; 0.08% lysine; 
125 mg of choline chloride; 0.025 mg of biotin; 0.82 mg of Co; 15.63 mg of Cu; 150 mg of Fe; 62.5 mg of Mn; 
62.5 mg of Zn; 0.22 mg of Se; 0.75 mg of I.

Ingredients NC group HC group

Corn 63.48 62.50

Soybean meal 22.46 22.12

Wheat bran 2.93 2.88

rice skin 4.88 4.80

Pre-mixesa 3.91 3.85

Stonewash 2.34 3.85

Total 100.00 100.00
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Force for Meat Tenderness (Chinese Standard NY/T 1180-2006) were followed in order to calculate the shear 
force. The Electrical conductivity was measured according to the method of Driessen et al.23. The meat color of 
the longissimus dorsi muscle was measured using a meat color tester (OPTO-STAR, Matthaus) according to 
the method of Zhang et al.6. The experimental design of each sample was concealed from the testers, while the 
longissimus dorsi muscle was promptly dissected. The longissimus dorsi muscle samples from the lightest and 
heaviest pigs in each group were discarded, and the remaining six pigs in each group were collected and randomly 
paired to form three biological replicates for further sequencing.

Ribo‑seq library construction and sequencing
According to the previous study, with a small adjustment, the ribosome profiling and sequencing were carried 
out by a commercial service firm (Chi Biotech, Guangzhou, China)13. Total Ribosome profiling sequencing 
(Ribo-seq) libraries from the longissimus dorsi muscle of three biological replicates in Duroc × Landrace × Large 
white pigs were generated previously. In a nutshell, ribosome protected mRNA is obtained through MNase 
digestion and RNA purification. Briefly, the longissimus dorsi muscle samples were ground in liquid nitrogen 
and extracted with 800 μL of polysome lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl2, 24 U/mL 
TurboDNase, 100 μg/mL cycloheximide, 1 mM dithiothreitol (DTT), 1% Triton X-100, and protease inhibitor 
mixture) for 30 min. For Ribo-seq, equal amounts of total RNA were present in the sample lysates, which were 
then digested with 1 U/g RNase I (Epicentre) by shaking the mixture for 30 min at 750 rpm at 24 °C. Nuclease 
digestion reactions were promptly cooled and spun, and 15 μL of RNase inhibitor was added.

Ribo-seq libraries were prepared according to reference with a minor modification13. In total, 5 μg of 
ribosome-protected mRNA was used to prepare a library with the NEBNext Multiple Small RNA Library Prep 
Set for Illumina HiSeqX Ten. Briefly, adapters were added to both ends of Ribosome footprints (RFPs), followed 
by reverse transcription and PCR amplification. Raw reads containing more than 50% low quality bases, or more 
than 10% N bases were discarded. The FANSe2 algorithm was used to retain, and map reads between the lengths 
of 15 and 35 to the reference genome, while the edgeR package’s RPKM (Reads Per Kilobase of Transcript per 
Million mapped Reads) function was used to normalize the relative abundance between two groups. Genes with 
a fold change ≥ 2 and a P-value < 0.05 in a comparison were considered as differentially expressed genes (DEGs) 
at translational level using R package (http://​www.​rproj​ect.​org/). There were three biological replicates used.

RNA‑seq library construction and sequencing
The total RNA of a longissimus dorsi muscle sample was extracted by TRIzol reagent (Ambion, Inc., Austin, 
TX, USA) according to the manufacturer’s protocol. The quality of the total RNA was determined by 
electrophoresis using agarose gel electrophoresis, and the concentration of RNA was measured by NanoDrop 
2000 spectrophotometers (Thermo Fisher, MA, U.S.A.). Briefly, the mRNA was purified by Oligo (dT) magnetic 
beads and separated into short fragments using fragmentation buffer. The resulting cDNA was then end repaired, 
poly(A) was added, and Illumina sequencing adapters were ligated after being purified using a QiaQuick PCR 
extraction kit (QIAGEN Company, Dusseldorf, Germany). RNA libraries were prepared according to the VAHTS 
mRNA-seq v.3 Library Prep Kit for Illumina protocol, and the raw sequencing reads were generated on an 
Illumina HiSeqX Ten sequencer.

For mRNA sequencing data sets, high quality reads were mapped to a RefSeq mRNA reference sequence (Sus_
scrofa.11.1) using the FANSe2 algorithm. Reads that corresponded to different splice variants of the same gene 
were combined. The mRNA in each sample was normalized using RPKM (reads per kilobase per million reads), 
whereas the relative abundance between two groups was standardized using the edgeR program. Differentially 
expressed mRNA were identified using the edgeR program with a fold change > 2 and P-value < 0.05. Three 
biological replicates were used.

Gene functional annotation
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were 
performed by DAVID. The significance limit for GO term and route identification was set at a P-value < 0.05. In 
order to assess if a preset gene set is significantly enriched or depleted across two phenotypes, we employed a 
computational method called gene set enrichment analysis (GSEA v2.2.3). By directly extracting pathway names 

Table 2.   Nutrient levels of the experimental basal diet (%, as-dry matter basis). NC,  normal calcium diet; 
HC,  calcium supplement diet.

Nutrient levels NC group HC group

Calcium 0.9 1.5

Total phosphorus 1.19 1.2

Crude ash 8.4 8.3

Crude fiber 8.51 8.4

Crude fat 9.3 9.2

Crude protein 44.2 44

Moisture 27.5 27.4

http://www.rproject.org/
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and gene ENTREZ IDs from the KEGG database and translating them into official gene symbols, we created 
KEGG pathway gene sets files.

Cell culture and differentiation
C2C12 cells were obtained as previously described24. C2C12 cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (1.8 mmol/L calcium, 
Gibco, Beijing, China) in a humidified incubator. The medium’s calcium concentration was adjusted using CaCl2. 
We employed a control group with a calcium concentration of 2 mmol/L and a calcium supplementation group 
with a calcium concentration of 3 mmol/L. Cells were grown in culture until they were 80% confluent and then 
differentiated for 7 days in DMEM differentiation media with 2% horse serum (Gibco). After that, cells were 
exposed to oleic and palmitic acids (OA/PA) for 24 h in order to induce the deposition of fat. DMEM containing 
oleic acid (200 μM, OA) and palmitic acid (100 μM, PA) was used to mimic the high-fat diet environment 
in vivo24.

Cell transfection
For the purpose to target COX10 and ND4L, Silencer Select predesigned siRNAs were acquired from a 
commercial service provider (Sheng gong, GUANZHOU, China). The siCOX10, simtND4L, or negative control 
siRNA (siNC) were transfected into C2C12 cells to provide an in vitro model of fat accumulation in muscle cells. 
Before transfection, the media were switched to vehicle DMEM medium (Gibco) with serum free after the cells 
achieved 60–70% confluence. For transfection, C2C12 myoblasts were plated into a 12-well plate and transfected 
with plasmids using Hieff TransTM Liposomal Transfection Regent, following the manufacturer’s instructions. 
Table S1 contains the siRNA sequences.

Oil red O staining
Longissimus dorsi muscle samples from pigs were cut into frozen sections, soaked in oil red dye solution for 
10 min, and then stained with hematoxylin reverse for 2 min. Finally, microscope inspection, image acquisition 
and analysis were performed.

Intercellular/tissue triacylglycerol (TG) assay
The intercellular/tissue triglyceride (TG) kit (Nanjing Jiancheng Bioengineering institute, Nanjing, China) was 
used to determine triglyceride content, following the manufacturer’s instructions. Each well’s cells were filled 
with 300 μL of RIPA lysis buffer containing 3 μL PMSF, and the cells were then incubated at 4℃ for 30 min. For 
tissue sample, 50 mg of tissue was placed in a centrifuge tube along with 1 mL of RIPA lysis solution and 10 μL 
PMSF. The lysate was centrifuged for 10 min at 4 °C and 12,000 rpm to extract the supernatant for triglyceride 
and protein analysis.

Quantitative RT‑PCR
Total RNA was isolated using TRIzol reagent (GenStar) from C2C12 cells, and then reverse-transcribed with 
ABScript III RT Master Mix to cDNA following the manufacturer’s instructions. Quantitative real-time PCR 
analysis was performed, and that cDNA was quantified using 2X Realstar Green Fast Mixture (Takara, Japan) 
as previously described. To calibrate the relative expression levels, the housekeeping gene β-actin served as the 
reference gene. Table S2 contains the necessary primer sequences.

Surface sensing of translation (SUnSET) assay
By detecting the amount of puromycin incorporation, the SUnSET test calculates the rate of mRNA translation25. 
After receiving treatment in calcium supplemented medium for 24 h, C2C12 cells were incubated for 30 min with 
10 mg/ml puromycin (Cat#A1113803, Thermo Fisher Scientific). To eliminate any remaining puromycin, cells 
were washed with PBS. They were then lysed with 1 × RIPA buffer, run on an SDS-PAGE gel, and transferred to 
a PVDF membrane for reaction with anti-puromycin antibody (Millipore, Cat#MABE343).

Western blotting
Tissue and cell proteins were extracted with RIPA lysis buffer and 1% protease inhibitor mixture (Solarbio). 
After undergoing sodium dodecyl sulfate–polyacrylamide gel electrophoresis, protein samples (20 µg) were 
transferred to PVDF membranes for reaction with antibodies against target genes (Details of the antibodies we 
used to be listed in Table S3). The membrane was incubated with each antibody for a whole night at 4 °C. After 
that, they were washed three times by TBST buffer and incubated with corresponding HRP-conjugated secondary 
antibodies (1:3000) for 1 h at room temperature. The Bio-Rad imaging equipment (Bio-Rad Universal Hood 
II; Bio-Rad, Hercules, CA, USA) was utilized to image the membrane, and Image J software was employed for 
quantitative analysis.

Statistical analysis
All data obtained are expressed as mean ± SD, data analysis was performed with a two-tailed Student’s t-test in 
two groups. At least three replicates were utilized in each group. GraphPad Prism Version 8.0 software was used 
for the statistical analysis, and the statistical significance level was set at P-value < 0.05.
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Results
Growth performance and meat quality traits in pigs
Regarding growth performance, there was no discernible difference between the NC and HC groups’ initial BW 
(P > 0.05); however, the HC group’s final BW and ADG were higher (P < 0.01) and its backfat thickness was lower 
(P < 0.01) (Table 3). In terms of longissimus dorsi muscle meat quality traits, the HC group exhibited an increase 
(P < 0.05) in meat color and intramuscular TG when compared to the NC group. Nevertheless, there were no 
significant differences (P > 0.05) observed in PH0h, PH24h, electrical conductivity, water holding capacity, and 
shear force between the two groups (Table 3).

Overview of Ribo‑seq and RNA‑seq in the Normal calcium and Calcium supplement‑diet 
groups
To understand the molecular mechanism by which calcium promotes intramuscular fat deposition from a 
translational perspective, we compared the ribosome profiles of the longissimus dorsi muscles of trigram pigs 
from the normal calcium (NC) group or calcium supplement (HC) group by Ribo-seq, and RNA-seq. Figure 1 
shows the experimental strategy of the present study. Oil O staining of the longissimus dorsi muscle samples 
revealed that calcium addition enhanced intramuscular fat formation (Fig. 2A,B), which was further supported 
by the triglyceride (TG) content of tissue samples and C2C12 cells (Fig. 2C,D). The NC and HC group’s Ribo-seq 
and RNA-seq libraries were created and sequenced on HiSeqX platforms, yielding 15.7–27.5 million and 9.6–14.6 
million clean reads for ribosome profiling in NC and HC pigs, respectively, as well as 16.7–23.1 million and 
2.94–21.0 million clean reads for the NC and HC group’s RNA-seq libraries (Table S4). The principal component 
analysis (PCA) of Ribo-seq and RNA-seq data showed that the NC samples were clustered and discriminated 
from HC samples (Fig. S1A,B and S2A,B). These results demonstrate high confidence in the distinction between 
NC and HC samples at the transcriptional and translational levels, as well as the dependable repeatability of our 
findings. These findings imply that the sequencing data had extremely good quality.

Ribo‑seq features of the longissimus dorsi muscle
We examined the fundamental ribosome profiles of RFPs between the NC and HC groups in order to investigate 
whether the ribosome footprint characteristic changes in response to calcium level therapy. According to 
Fig. S1C, the length distribution of RFPs for NC and HC both significantly peaked at 27–32 nt, comparable to the 
published RFP length distribution for mice and rats26. Figure 2E demonstrated that NC and HC had comparable 
RFP distribution ratio patterns. The vast majority of RFPs, with an average distribution ratio of more than 60%, 
were found near the CDS of both NC and HC mRNAs. The RFP distribution was similar to that observed in 
other mammal species27. This demonstrated the high quality of our Ribo-seq library.

Additionally, while comparing the mRNA-seq and Ribo-seq datasets, 8,575 genes were overlapped in NC 
group, and 8,716 genes were overlapped in the HC group, indicating that the majority of mRNAs entered the 
translation process in both groups (Fig. 2F,G). The average abundance of RFP in the NC and HC groups was 
approximately log-normally distributed (Fig. 2H,I). Similar distributions were observed when examining 
the abundance of mRNAs (Fig. S2C,D). In line with the prior study, both the NC and HC groups’ average 
RFP abundance displayed strong correlations with the mRNAs (both R2 > 0.6, P-value < 0.0001, Fig. 2J, and 
Fig. S2E–H). The three-nucleotide periodicity was clearly observed around the start and stop codon regions of 
RFPs (Fig. 2K). It’s interesting to note that the number of RFPs was much fewer in the HC group compared to 
the NC group, indicating that the addition of calcium has limited total horizontal translation. In summary, the 
overall ribosome binding profiles between NC and HC were comparable, but there were clear changes in the 
control of translation across the different calcium treatments.

Table 3.   Phenotypic record of meat quality traits in pigs. NC,  normal calcium diet; HC,  calcium supplement 
diet; BW, body weight; ADG,  average daily gain. The asterisk means significant different from Normal calcium 
diet group, *P < 0.05, **P < 0.01.

Item NC group (n = 8) HC group (n = 8) P-value

Initial BW (kg) 107.5 ± 4.504 108.75 ± 5.701 P > 0.05

Final BW (kg) 131.875 ± 2.588 141.000 ± 4.986** P < 0.01

ADG (kg) 0.772 ± 0.044 0.967 ± 0.033** P < 0.01

Backfat thickness(cm) 2.783 ± 0.194 1.933 ± 0.339** P < 0.01

PH0h 5.811 ± 0.237 5.881 ± 0.344 P > 0.05

PH24h 5.476 ± 0.381 5.296 ± 0.636 P > 0.05

Electrical conductivity 1.460 ± 0.342 1.85 ± 0.469 P > 0.05

Water holding capacity (ms) 1.460 ± 0.312 1.92 ± 0.437 P > 0.05

Shear force (N) 2.800 ± 0.699 3.282 ± 0.757 P > 0.05

Meat color 72.215 ± 7.544 83.353 ± 3.021* P < 0.05

Intramuscular TG (nmol/mg protein) 56.965 ± 5.783 71.062 ± 5.771* P < 0.05
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Differential transcriptional in the NC and HC group
Based on RNA-seq data, we were able to examine the transcriptional expression differences between the NC 
and HC groups. A total of 816 differentially expressed genes (DEGs) were found (Log2 Fold Change ≥ 1 and 
P-value < 0.05), comprising 257 upregulated and 559 downregulated genes (Fig. 3A). The expression patterns 
of these DEGs are constant within groups but varied across groups, according to the heatmap of these DEGs 
presented in Fig. 3B. Detailed information for all DEGs is shown in Table S5. In order to investigate the possible 
role of DEGs in calcium-promoted intramuscular fat deposition, GO term and KEGG pathway enrichment 
analyses were utilized. According to our research, the biological processes of GO analysis were mostly enriched in 
cellular respiration (GO:0045333), ATP metabolism (GO:0046034), muscular organ development (GO:0007517), 
etc., whereas cell components were predominantly enriched in mitochondrial membrane (GO:0005746), 
respiratory chain complex (GO:0070469), and contractile fiber (GO:0043292) (Fig. 3C). Detailed GO analysis 
pathways are presented in Table S6. In addition, KEGG analysis revealed that the DEGs were enriched in 
pathways related to metabolism, including thermogenesis, the FoxO signaling pathway, and the p53 signaling 
pathway (Fig. 3D). All of the DEGs at the transcription level in the thermogenic pathways were considerably 

Figure 1.   Overview of the experimental design. The longissimus dorsi muscles of the normal calcium (NC) 
group and the calcium supplement (HC) group were taken for Ribo-seq and RNA-seq detection.
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Figure 2.   Ribo-seq of the longissimus dorsi muscles in the NC and HC groups. (A,B) Oil-red O-stained 
transverse (A) and longitudinal (B) sections of longissimus dorsi muscle of pigs in the normal calcium (NC) 
and calcium supplement (HC) groups (n = 8, scale bar: 50 µm or 100 µm). (C,D) Triglyceride content of muscle 
tissue (C, n = 8), and C2C12 cells treated with different concentrations of calcium (D, n = 6). (E) The percentage 
of RFPs located in CDS, 5’UTR, and 3’UTR. (F,G) Venn diagrams of genes identified by RNA-seq and Ribo-seq 
in the NC and HC groups. (H,I) Distribution of the RFP abundance. (J) Correlation between mRNA and RFP 
abundance. (K) The RFP abundance along CDS start (left) and stop codon regions (right). NC, normal calcium 
diet; HC, high calcium diet. 2 mmol/L, normal calcium level; 3 mmol/L, calcium supplementation. The data are 
expressed as the mean ± SD. *P-value < 0.05, **P-value < 0.01.
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Figure 3.   Transcriptome analysis of the NC and HC groups. (A) Scatter plot of RNA-seq data. (B) Heatmap 
of the differentially expressed genes in transcription level. (C) GO (Gene Ontology) enrichment circle diagram 
of differentially expressed genes in transcription level (from the outside to the inside, the first circle represents 
20 significantly enriched pathways, and the number outside the circle is the coordinate ruler of the number 
of genes. The second circle represents the number and P-value of background genes in this pathway, and the 
more genes, the longer the bar. The third circle represents the number of DEGs in this pathway (the red color 
represents upregulated genes and the blue represents downregulated genes). The fourth circle represents the 
value of Rich Factor in each pathway). (D) Bubble chart of Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis of differentially expressed genes in transcription level. (E) Histogram of transcript 
levels of differentially expressed genes in the thermogenic pathway. X-axis represents 26 selected genes, and 
Y-axis represents the expression levels of genes from RNA-seq.
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downregulated in the HC group compared to the NC group (Fig. 3E). This shows that decreased muscle 
thermogenesis and energy metabolism is linked to calcium-promoted muscle fat accumulation.

Differential translational regulations in the NC and HC groups
We used a translatomics approach to perform Ribo-seq analysis of the longissimus dorsi muscle, filtering 
differentially expressed RFPs based on the criteria (Log2 Fold Change ≥ 1 and P-value < 0.05), in order to 
investigate the key functional genes of calcium supplementation on muscle IMF content at the translational 
level. In summary, 250 upregulated and 375 downregulated genes were found among the 625 differentially 
expressed RFPs (Fig. 4A). Figure 4B’s heatmap of these differentially expressed RFPs make it clear that there 
are differences in the expression patterns of DEGs between the two groups. Detailed information for all DEGs 
is shown in Table S7.

In order to investigate the potential role of DEGs in calcium-promoted intramuscular fat deposition, GO 
term and KEGG pathway enrichment analysis were used. We found that the biological process of GO analysis 
was primarily enriched in the ATP metabolic process, generation of precursor metabolism and energy, oxidative 
phosphorylation, etc., whereas cell components were mainly enriched in proton transmembrane transporter 
activity, structural constituents of muscle, and ATPase activity (Fig. 4C). Additionally, KEGG analysis revealed 
that the DEGs were prominent in pathways involved in metabolism, such as the pathways for oxidative 
phosphorylation, regulation of the actin cytoskeleton, MAPK signaling, and phospholipase D signaling (Fig. 4D). 
The interaction network of biological processes was also shown using the Cystoscope CLUEGO plug-in (Fig. 4E). 
The results also showed a considerable enrichment in oxidative phosphorylation (Fig. 4F). All of the translational 
DEGs in the oxidative phosphorylation pathways were considerably downregulated in the HC group compared 
to the NC group (Fig. 4G). This suggests that oxidative phosphorylation at the translational level is intimately 
tied to the stimulation of fat accumulation by calcium.

Integration of the Ribo‑seq results with RNA‑seq
To visually reflect the difference between mRNA level and translation level, we compared the differential genes 
and associated enriched pathways (KEGG pathways or Gene Ontology) between RNA-seq and Ribo-seq in 
Fig. S3. As shown in Figure S3A, only 12.9% of differentially expressed genes in the transcriptome and translation 
were overlapped. For the differentially expressed genes in the transcriptome and translation, 33.9% and 35.8% of 
the enriched pathways overlapped in the KEGG pathway and the GO Biological Process, respectively (Fig. S3B,C). 
These results suggest differential effects of dietary calcium supplementation on gene expression at the mRNA 
level and transcript translation.

A scatter plot of the fold changes in transcriptional and translational expression is presented in Fig. 5A to 
clarify the general pattern of changes in gene expression at the transcriptional and translational levels when 
compared between the HC group and the NC group. According to the criteria, patterns of change were divided 
into nine groups. The transcriptional and translational regulation of 11.49% of the genes in quadrants B, D, F, and 
H was inconsistent. GO and KEGG analyses were performed to analyze the gene pathways in which transcripts 
were translated without difference. Compared to the NC group, genes with no translation difference but 
differential transcription in the HC group were enriched in precursor metabolites, energy, purine ribonucleoside 
monophosphate metabolism, and energy pathways, while genes with no transcription difference but differential 
translation in the HC were enriched in organophosphate metabolism and oxidative phosphorylation pathways 
(Fig. 5B–E).

Translation efficiency (TE), a crucial translation indicator that measures the efficiency of RNA usage, is 
calculated as the ratio of the RPKM value of the ribosome map to RNA-Seq28. TE values were correlated with 
transcriptional and translational abundance29. A map showing TE’s volcanic alterations may be shown in 
Fig. 6A. There were 101 genes with considerably lower TE and 132 genes with significantly higher TE. Detailed 
information for all DEGs is shown in Table S8. A high connection between the average TEs in these two groups 
was discovered by analyzing the genes found in the pigs of the HC and NC groups (R2 = 0.8387, P-value < 0.0001; 
Fig. 6B). The slope, however, was less than 1 (Slope = 0.8501; Fig. 6B). In other words, when the TE value in the 
NC group was increasing, the TE value in the HC group often grew less than in the NC group. In comparison to 
the NC group, the HC group had a reduced percentage of genes with higher TEs (Log2 TE ≥ 1). Compared to the 
NC group, the HC group had a lower percentage of genes with higher TE (Fig. 6C). When examining whether 
mRNA length or quantity influenced TE, we observed that TE did not correlate well with mRNA abundance, 
either in the NC or HC groups (Fig. S4A–C). This implies that mRNA length and quantity have minimal effect 
on how translation is regulated. The ribosome binding mRNA readings in the HC group were considerably 
lower than those in the NC group (P-value < 0.01, Mann–Whitney U test, Fig. 6D,E). The cumulative curves 
indicated that the HC group’s translation was considerably less than the NC group’s. Additionally, the mean TE 
of the HC group was lower than that of the NC group (HC mean TE (Log2) = − 1.841, NC mean TE (Log2) =  
− 1.789, P-value < 0.05; Fig. 6F). Puromycin-treated cells were next submitted to Western blot analysis with 
whole cell lysates to determine the impact of calcium supplementation on translation in myocytes. Calcium’s 
inhibitory influence on translation was proven by Sunset (Fig. 6G). These findings collectively imply that calcium 
supplementation decreases the translation efficiency of transcripts, and that calcium may promote the deposition 
of IMF by preventing myocyte translation.

Calcium addition promotes IMF synthesis in pigs by inhibiting gene translation of the oxidative 
phosphorylation pathway
In our investigation, we found that oxidative phosphorylation is related to translational regulation and is 
essential for HC-induced IMF deposition. Thus, HC-induced intramuscular fat deposition may be influenced 
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Figure 4.   Translational regulation analysis of the NC and HC groups. (A) Scatter plot of Ribo-seq data. (B) 
Heatmap of the differentially expressed genes in translation level. (C) Bubble chart of GO enrichment analysis 
of differentially expressed genes in translation level. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis of differentially expressed genes in translation level. (E) PPI analysis of 9 pathway 
in KEGG using cytoscape. (F) GSEA analysis of Ribo-seq data suggested that oxidative phosphorylation 
signaling pathway was most significantly enriched. (G) Histogram of transcript levels of differentially expressed 
genes in oxidative phosphorylation signaling pathway. X-axis represents 19 selected genes, and Y-axis represents 
the expression levels of genes from Ribo-seq.
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by translational regulation. To test this hypothesis and, more crucially, to verify the function of prospective 
target genes, we screened two genes, COX10 and mtND4L, whose translatome level was substantially linked with 
oxidative phosphorylation. COX10 and mtND4L genes were screened by the Veen plot (Fig. 7A) and displayed 
in the nine-quadrant figure (Fig. 7B,C). IGV showed that there was no difference in the transcription level of 
COX10 and mtND4L in the NC and HC groups (Fig. 7D–G), but the expression levels of them at the translational 
level in HC were significantly lower than that in the NC group (Fig. 7H,I). Although the mRNA levels of COX10 
and mtND4L were the same across the HC and NC groups (Fig. 7J,K), the protein levels of COX10 and mtND4L 

Figure 5.   Integration analysis of Ribo-seq and RNA-seq results. (A) Scatter plot of the fold change of the HC/
NC group at transcriptional and translational levels. (B) Bubble chart of GO enrichment analysis of genes in 
quadrants D, and F. (C) Bubble chart of GO enrichment analysis of genes in quadrants B, and H. (D) KEGG 
enrichment analysis of genes in quadrants D, and F. (E) KEGG enrichment analysis of genes in quadrants B, and 
H.
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Figure 6.   Differences in mRNA translation efficiency between the NC and HC groups. (A) Scatter plot of Fold 
Change of TE. (B) Relative TE in the NC and HC groups. (C) Relative TE distribution. Genes were classified 
based on their rounded log2 TE values. For NC or HC groups in each category, every bar represents the 
percentage of the gene counts in this group to the total gene count. (D) The cumulative distribution of genes 
based on RNA in NC or HC groups. (E) The cumulative distribution of genes based on TE in NC or HC groups. 
(F) Violin plot of TE in the NC and HC groups. *P-value < 0.05, Mann–Whitney test. (G) Representatives 
immunoblot of newly synthesized polypeptide labeled by puromycin in C2C12 cells treated with 2 mmol/L and 
3 mmol/L CaCl2. Gel images were cropped, and the original gels are presented in Supplementary Fig. S5.



13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12295  | https://doi.org/10.1038/s41598-024-62986-0

www.nature.com/scientificreports/

Figure 7.   Screening and functional verification of the IMF deposition-related candidate gene. (A) Overlap of 
differentially expressed genes in translation efficiency (TE), oxidative phosphorylation pathway, and translation 
of nine quadrants. (B) Scatterplot showing the translation efficiency (TE) level of COX10 and mtND4L changes 
at HC compared with NC. (C) Scatterplot showing the translational level of COX10 and mtND4L changes at 
HC compared with NC. (D,E) IGV snapshot for RNA-seq and Ribo-seq signals of COX10 (D) and mtND4L (E). 
(F,G) Quantification of RNA-seq data for COX10 (F) and mtND4L (G). (H,I) Quantification of Ribo-seq data 
for COX10 (H) and mtND4L (I). (J,K) The mRNA level of COX10 (J) and mtND4L (K). (L) The protein levels 
of COX10 and mtND4L. Gel images were cropped, and the original gels are presented in Supplementary Fig. S6. 
(M) Quantitative results of COX10 and mtND4L protein levels. (N–O) The mRNA levels of COX10 (N, n = 6) 
and mtND4L (O, n = 6) in C2C12 cells after transfected with siNC, siCOX10, and simtND4L. (P) Triglyceride 
content in C2C12 cells after transfected with siNC, siCOX10, and simtND4L (n = 6). The data are expressed as 
the mean ± SD. *P-value < 0.05, **P-value < 0.01.
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were lowered in the HC group (Fig. 7L,M). In C2C12 cells, the relative mRNA and protein levels of COX10 
and mtND4L were inhibited ~ 50% by siRNA (Fig. 7N,O). In these COX10- and mtND4L-inhibited cells, there 
was a corresponding 25% rise in intracellular TG levels, respectively. This offers two fresh targets for regulating 
intramuscular fat (Fig. 7P).

In conclusion, this investigation offers a fresh resource for pinpointing the translational regulation of calcium 
supplementation involved in controlling IMF deposition in pigs. We discovered numerous possible candidate 
genes for fat deposition, including COX10 and mtND4L, as well as pathways like oxidative phosphorylation 
signaling, by combining RNA-seq and Ribo-seq. These prospective candidate genes and pathways are crucial 
for understanding IMF deposition in pigs, and additional research is needed to determine the precise processes 
by which they influence IMF content.

Discussion
IMF content is an important economic trait that directly affects the quality and flavor of pork. The introduction 
of calcium has been observed to enhance the accumulation of fat within muscle tissue6. Earlier research employed 
transcriptomic analysis to identify messenger RNAs (mRNAs) linked to IMF deposition4,30. However, the 
differentially expressed genes (DEGs) and enrichment pathways identified in these studies exhibited notable 
variations. Calcium can drive translational changes in a variety of cells and coordinate translation through a 
variety of mechanisms16,31–33. In this study, we have identified potential mRNAs that are influenced by dietary 
calcium at the translational level, leading to changes in intramuscular fat (IMF) deposition by Ribo-seq combined 
with RNA-seq analysis.

It is well known that IMF includes extracellular lipids and intracellular lipids. The former is stored in adipocytes 
and widely distributed in muscle bundles. Muscle progenitor cells are capable of trans-differentiation into non-
myogenic cells, including adipocytes, and in addition, adipocytes may also be the adipogenic differentiation of 
mesenchymal stem cells (MSCs) derived preadipocytes34,35. Both mice fed a high-energy diet and obese pigs, 
especially those with dietary calcium supplementation6,36, showed an increase in intramuscular fat content, which 
is consistent with our study (Fig. 2A–D). Notably, it has been reported that excessive TG accumulation may 
induce negative feedback regulation of preadipocyte differentiation into mature adipocytes37. Consistent with 
this finding, the significant reduction in backfat thickness induced by dietary calcium supplementation in our 
study may be an important manifestation of whole-body adipocyte feedback regulation (Table 3). In addition, 
the feedback regulation of adipocyte differentiation in muscle bundles by high calcium concentrations needs to 
be further explored. In human disease studies, excessive lipid accumulation in muscle impairs muscle protein 
synthesis and leads to a decrease in muscle cell proliferation, and also leads to insulin resistance, obesity, and 
diabetes38,39. Therefore, exploring the balanced coordination of myogenesis and lipogenesis in muscle may be 
important in livestock production.

The inhibition of translational efficiency by calcium ions align with our observation that genes in the HC 
group exhibit lower TE compared to genes in the NC group16. Several investigators have demonstrated that 
calcium in the endoplasmic reticulum hinders translation initiation in nucleated mammalian cells40, and 
furthermore, elevated calcium levels result in a deceleration of peptide chain elongation41. However, several 
notable disparities have been observed. For instance, Anna S. Hui has documented that calcium plays a crucial 
role in stimulating the protein synthesis of hypoxia-inducible factor (HIFα) in hypoxic PC12 cells, achieved 
through the dispersion of HIFα mRNA into the larger multimeric fraction42,43. In fact, our findings point to a 
calcium ion-related regulation pathway (Figs. 4C,D, 5B–E). For more clarification, earlier research has shown 
that the amount of calcium ions in the cytoplasm affects the contractile state of cardiomyocytes. 44. In addition, 
diabetic cardiomyopathy45, amyotrophic lateral sclerosis46, Focal adhesion47, Alzheimer’s disease48, Huntington 
disease49, Mitochondrion50 and other pathways are intimately associated with the control of calcium ions. In 
the present investigation, we have successfully showcased in vitro that the existence of calcium ions led to a 
significant decrease of approximately 20% in the overall translation levels of muscle cells (Fig. 6G). Furthermore, 
the sequencing results revealed a noteworthy reduction in ribosomal binding RNA reads as a consequence of 
dietary calcium supplementation (Fig. 6D–F). Hence, it is plausible to hypothesize that the IMF deposition could 
be attributed to the suppressive impact of calcium ions on translation.

Oxidative phosphorylation plays a crucial role in the process of intramuscular fat accumulation within muscle 
tissue43,51,52. The present investigation revealed that steers exhibited a 45% higher intramuscular fat content 
compared to regular cattle, accompanied by a notable decrease in the expression of the oxidative phosphorylation 
protein ATP5B in the longest dorsal length of the steers53. The induction of heat shock protein 72 (HSP72) 
has been found to effectively mitigate triglyceride content in muscle tissue by augmenting the quantity and 
oxidative capacity of skeletal muscle mitochondria54,55. Brain and muscle arnt-like protein 1 (BMAL1) muscle-
deficient mice showed increased oxidative capacity and energy expenditure, as well as a further decrease in 
muscle triglyceride levels56. In addition, Silvie Timmers and Xiu-Fang Chen et al. demonstrated that inhibition of 
oxidative phosphorylation leads to muscle fat storage in rats 57,58. Together, these studies highlight that inadequate 
oxidative phosphorylation is a metabolic pathway that significantly promotes muscle fat accumulation 59.

In this study, we identified 625 mRNAs that exhibited differential translation between the HC and NC 
groups (Fig. 4A). KEGG enrichment analysis revealed a significant enrichment of these differentially translated 
genes in the oxidative phosphorylation pathway (Fig. 4D). Furthermore, PPI analysis highlighted the oxidative 
phosphorylation pathway as a central hub pathway (Fig. 4E). Notably, all differentially expressed genes 
(DEGs) involved in translational regulation within the oxidative phosphorylation pathways were significantly 
downregulated in the HC group, including ATP5F1A, ATP5F1D, ATP5F1E, ATP5MC1, ATP5MC3, ATP6, 
COX1, COX2, COX3, COX6A2, COX10, CYC1, mtND1, mtND2, mtND4, mtND4L, NDUFA11, NDUFS3, 
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and NDUFS6 (Fig. 4G). These findings underscore the importance of targeting the oxidative phosphorylation 
pathway to enhance intramuscular fat content and promote meat quality in animal husbandry.

Mammalian mitochondrial proteins are essential for the proper functioning of the oxidative phosphorylation 
system60,61. Our study demonstrates that siRNA-mediated inhibition of COX10 and mtND4L promotes 
intramyocellular lipid deposition (Fig. 7N–P). However, the precise role of IMF deposition in this context remains 
poorly understood. Previous investigations have revealed that COX10 encodes a heme a-farnesyl transferase 
crucial for assembling the COX with mutations in COX10 being associated with Charcot-Marie-Tooth disease62. 
Interestingly, biochemical and histochemical analyses of liver samples from COX10 knockout mice exhibit 
severe COX deficiency alongside significant lipid accumulation63. In addition, mtND4L is an upstream sequence 
adjacent to the mtND4L gene on human mtDNA responsible for encoding NADH dehydrogenase subunit 
4L involved in various cellular processes such as signal transduction, cancer development, immune response 
regulation, endocrine function modulation, and nerve signaling64–66. For instance, miRNA214 facilitates the 
progression of chronic kidney disease by disrupting mitochondrial oxidative phosphorylation and suppressing 
the expression of mtND4L67. We hypothesize that these mechanisms contribute to intramuscular fat deposition 
through a reduction in oxidative phosphorylation and identify COX10 and mtND4L as potential candidate genes 
for enhancing meat quality in animal husbandry.

Conclusion
In conclusion, this study presents a novel resource for elucidating the regulatory role of calcium ions in 
intramuscular fat (IMF) deposition at both transcriptional and translational levels. By integrating Ribo-seq 
and RNA-seq analyses, we have identified several potential candidate genes associated with fat deposition, such 
as COX10 and mtND4L, along with their involvement in the oxidative phosphorylation signaling pathway. 
These candidate genes and pathways demonstrate significant involvement in the regulation of calcium-mediated 
intramuscular fat (IMF) deposition in pigs, warranting further investigation into their specific mechanisms 
underlying IMF content modulation. To our knowledge, this is the pioneering study to investigate IMF 
traits using Ribo-seq combined with RNA-seq sequence analysis. These findings offer valuable insights into 
comprehending the regulatory mechanisms governing IMF deposition and facilitating genetic enhancement 
programs for meat quality.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request. To review GEO accession GSE264551: Go to https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​
cgi?​acc=​GSE26​4551
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