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ABSTRACT: Wagyu cattle are well known for producing 
beef with superior marbling. In general, Wagyu cattle 
accumulate more intramuscular fat in carcass as compared 
to Angus cattle. Therefore, fibro/adipogenic progenitor cells 
derived from both breeds should present extremely valuable 
resources for unraveling molecular mechanisms involved in 
muscle adipogenesis.  Using the digital gene expression tag 
profiling (DGETP) method we found that there are at least 
8,038 genes expressed in bovine fibro/adipogenic 
progenitor cells.  Among them, 7,357 genes were assigned 
to relevant GO (gene ontology) terms. By careful 
examination of our experimental data using cells from three 
Wagyu and three Angus, we discovered only 32 genes that 
were differentially expressed between these two breeds.  
Understanding these genes and their functions would help 
develop strategies to enhance marbling and reduce 
connective tissue in beef.  
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Introduction 
 

Marbling and tenderness are the major factors that 
contribute to beef quality (Garcia et al., 2008 and McKenna 
et al., 2002). Both of these traits largely depend on the early 
development of intramuscular adipocytes and fibroblasts 
(Du et al., 2010 and 2013). During fetal development, a 
common pool of mesenchymal progenitor cells in 
primordial muscle contributes to formation of myogenic, 
adipogenic and fibrogenic cells. These progenitor cells first 
diverge to either myogenic or fibro/adipogenic lineages. 
Myogenic lineage cells further develop into muscle fibers, 
inter/intramuscular brown adipocytes, and satellite cells 
(Chalkiadaki and Guarente, 2012), while fibro/adipogenic 
lineage cells develop into the stromal vascular fraction of 
muscle, which develop into white adipocytes, fibroblasts 
and resident fibro/adipogenic progenitors (FAPs, the 
counterpart of satellite cells) (Murray et al., 2013; Xu et al., 
2011). It has been well established that stromal vascular 
cells are major sources of adipogenic cells in skeletal 
muscle (Hausman and Poulos, 2004; Hausman et al., 2002). 
Resident FAPs become largely quiescent and form the stem 
cell pool for later adipogenesis and fibrogenesis in mature 
muscle (Joe et al., 2010; Uezumi et al., 2010; Uezumi et al., 
2011). However, the mechanisms determining adipogenic 
or fibrogenic differentiation remain elusive. Wagyu cattle 
produce extremely high intramuacular fat (marbling). 
Therefore, it is an excellent model for studying 
intramuscular adipogenesis. In our recent study comparing 
the intramuscular adipogenesis between Wagyu and Angus 

cattle, we found that both intramuscular adipogenesis and 
fibrogenesis were higher in Wagyu, which is correlated 
with a higher density of FAPs (Duarte et al., 2013). We also 
observed enhanced adipogenic differentiation of Wagyu 
FAPs compared to Angus FAPs, but the mechanism leading 
to such a difference is unclear. In this study, we purified 
FAPs from both Wagyu and Angus muscle, and used next 
generation sequencing methods to analyze the differential 
expression of genes between these FAPs. 

 
Materials and Methods 

 
Animals and cell collection. Biopsies were taken 

from skeletal muscle of three Wagyu and three Angus 
steers at 12 months of age.  Adipogenic progenitor cells 
(Sca-1 positive sorted) were subsequently isolated and 
purified for the present study. In brief, intramuscular 
adipose tissues were rinsed and minced with a dissecting 
scissor and then transferred to tubes that contained 
collagenase D (0.75 U/ml; Roche, Germany) and Dipase 
(1.0 U/ml; Roche, Germany). The mixture was digested for 
1 h at 37°C with constant agitation and then filtered through 
a 100 µm followed by a 40 µm cell strainer. Filtrates were 
centrifuged at 400 g for 5 min. The pellet containing 
progenitor cells was re-suspended in DMEM +10% FBS 
media and incubated at 37°C in 5% CO2. Cells from each 
sample were subcultured and then stored in liquid nitrogen 
for further use.  These six cell samples were shipped to 
Beijing Genome Institute for RNA extraction and digital 
gene expression tag profiling (DGETP).   

 
Bovine mRNATag collection. In the public 

domain, over 80,000 bovine mRNA sequences and 
approximately 1.6 million bovine ESTs (expressed 
sequence tags) have been deposited at NCBI.  We 
downloaded all of these mRNA and EST sequences from 
the GenBank databases in the FASTA format.  A JAVA 
program, called “CutPoint” was used to record the 
GenBank accession number and gene symbol (if any) for 
each mRNA entry, identify enzyme cut site close to the 
polyA tail and collect tag sequence following the cut site.  
As DGETP was performed using the enzyme NlaIII 
(CATG), a 17 bp tag was collected from each cut site.  We 
were able to generate a total of 29,261unique tags ideally 
representing the 3’ most enzyme cut sites of mRNAs in the 
bovine genome.  

 
Experimental data analysis. As indicated above, 

three Wagyu and three Angus samples were used to 
conduct the DGETP sequencing.  After sequencing of each 
library, the count and frequency (tags per million, TPM) of 



each unique tag was calculated.  In the present study, we 
investigated the tags that had TPM≥10 across these six 
samples.  The selection yielded a list of 15,026 
experimental tags for further analysis.  Using the list of 
29,261 unique tags collected from mRNA and ESTs 
described above as a filter, we assigned 14,409 tags to 
nuclear encoded genes and 70 tags to mitochondrial 
encoded genes.  The remaining 547 tags were unassigned.  
The “DESeq” R package (Anders and Huber, 2010) was 
used to identify differentially expressed tags/genes with 
FDR adjusted p-values of 0.10.    

 
Results and Discussion 

 
By filtering the experimental tags using the Refseq 

tags collected from the GenBank database and by assigning 
tags derived from bovine ESTs to mammalian ortholgs, we 
found at least 8,038 genes expressed in fibro/adipogenic 
progenitor cells.  Among them, some are functionally 
known genes, and some remain uncharacterized. Gene 
ontology analysis could assign 7,357 genes to relevant GO 
terms.  

 
The top 10 enriched GO terms included cellular 

metabolic process (4,217 genes, P = 1.62 e-91), cellular 
protein metabolic process (1858 genes, P=3.36 e-80), 
mRNA metabolic process  (482 genes, P=3.37 e-76), 
metabolic process (4489 genes, P=5.02 e-71), single-
organism process (4384 genes, P=2.89 e-70), intracellular 
transport (763 genes, P=9.98 e-68), primary metabolic 
process (4164 genes, P=9.09 e-67), cellular macromolecule 
metabolic process (3319 genes, P=9.09 e-67), organic 
substance metabolic process (4288 genes, P=4.90 e-67) and 
RNA processing (482 genes, P=3.26 e-60), respectively.   

 
The “DESeq” R package (Anders and Huber, 

2010) was used to normalize the raw counts of six samples 
and then rank the mean of six normalized counts to generate 
the most abundantly expressed gene list.  The top 10 most 
abundantly expressed genes were: COX3 (cytochrome c 
oxidase subunit III, TPM= 149,247), FTH1 (ferritin, heavy 
polypeptide 1, TPM= 119,145), LOC102332477 
(uncharacterized, PTM= 103,252), COL1A1 (collagen, type 
I, alpha 1, TPM= 97,083), RPL13A (ribosomal protein 
L13a, TPM= 96,436), ACTG1 (actin, gamma 1, TPM= 
95,586), RPL10 (ribosomal protein L10, TPM= 87,759), 
LOC102162895 (uncharacterized, TPM= 86,898), FRMD8 
(FERM domain containing 8, TPM= 80,291) and ENO1 
(enolase 1, (alpha), TPM= 80,259), respectively.  

 
We also calculated the ratio of the standard 

error/mean for each tag to identify the most and the least 
variable tags among these six samples.  When we used 
FDR≤0.10, we observed 239 tags that were differentially 
expressed in the fibro/adipogenic progenitor cells between 
Wagyu and Angus cattle.  Interestingly, some of these 
differentially expressed tags were eventually caused by the 
allele usage.  After tags were annotated, we identified only 
32 genes that were differentially expressed (FDR≤0.10) in 
FAPs cells between these two breeds.    

 

The proliferation and renewal of FAPs, and their 
fibrogenic and adipogenic differentiation generate new 
intramuscular adipocytes and fibroblasts. Because 
adipogenic and fibrogenic cells share immediate common 
progenitor cells, it provides an opportunity for us to 
manipulate the differentiation of progenitor cells to favor 
adipogenesis. Enhancing adipogenesis in developing 
muscle increases intramuscular fat (marbling), which 
improves beef flavor. On the other hand, less fibrogenic 
differentiation reduces intramuscular connective tissue, 
which decreases background toughness of beef. In 
combination, the eating quality of beef can be improved.  
We will characterize these differentially expressed genes 
and develop strategies to enhance intramuscular fat content 
and reduce connective tissues in beef.  
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