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Summary 
 
Marbling is an economically important trait to the beef industry. In this study, we conducted 
transcriptome analysis of liver tissues between 6 high and 6 low marbling Charolais steers. Using 
a threshold of false discovery rate (FDR) <0.05 and fold change (FC) >2, 40 differentially 
expressed (DE) genes were identified with 26 genes downregulated and 14 genes upregulated           
in high marbling animals. TMEM45A was identified as the most downregulated (log2(FC) = -
11.574) gene, whereas SERPINA3 was the most upregulated gene (log2(FC) = 6.071). For the 
identified DE genes, 25 biological functions were found to be enriched, including molecular 
transport, protein synthesis, lipid metabolism, small molecule biochemistry, and vitamin and 
mineral metabolism as the most enriched functions. Based on the gene expression level of the 
identified DE genes, steers with more marbling were predicted to have downregulated liver lipid 
biosynthesis and relatively upregulated lipid concentration. The results may lead to a better 
understanding of the genetic mechanisms that regulate marbling in beef cattle.    
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Introduction  
 
<tab>Marbling or intramuscular fat content is an important carcass merit trait in beef cattle that 
partly determines the palatability of the meat and thus the market value of the carcass. In most beef 
production systems, marbling is enhanced through feeding the animals a high concentrate diet over 
a finishing period, i.e. the fattening stage. For beef breeds that are characterized by later maturity 
to fattening such as Charolais, a longer fattening period is required to achieve an optimal marbling 
score, which requires extra production costs. 
<tab>Variation of marbling is commonly observed among animals within a population with 
moderate to high heritability estimates (0.37 to 0.74) (Mao et al., 2013). Therefore, understanding 
the genetic influence on marbling in beef cattle will offer a great potential to select beef cattle with 
improved marbling at a similar fattening age. Although multiple chromosomal regions, DNA 
markers and differentially expressed (DE) genes associated with beef marbling have been reported 
in the literature (Hu et al., 2016; Wang et al., 2017), the precise genetic mechanisms that regulate 
deposition of intramuscular fat remain largely unknown. In this study, we employed liver 
transcriptome analysis via mRNA-seq technology of Charolais steers with divergent marbling 
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phenotypes to systematically identify genes and biological functions and processes that are 
involved in beef cattle marbling development.      
 
Material and methods  
 
<tab>The Charolais steers used in this study were from the Roy Berg Kinsella Ranch, University 
of Alberta, Canada. The Charolais beef cattle herd has been previously described (Mao et al., 
2013). The animals were born in the spring of 2014 and entered into a feedlot test at approximately 
7 months after weaning. The feedlot test was conducted using the GrowSafe system® under a 
finishing diet for about 72 days as previously described (Mao et al., 2013). The finishing diet 
consisted of 75% barley grain, 20% barley silage, 5% rumensin pellet (as fed basis). The steers 
were slaughtered about 2 weeks after the feedlot test at the AAFC Lacombe Research Centre 
(Lacombe, AB), and a liver tissue sample from each animal was collected immediately after 
slaughter. Liver samples were separately bagged and labelled, flash frozen in liquid nitrogen and 
transported on dry ice to a laboratory where they were stored at -80ºC until RNA extraction. 
Carcass merit data including marbling score were assessed by trained personnel. 
 <tab>Total RNA was extracted from the liver tissue samples of each of 12 Charolais steers (6 
high and 6 low marbling) using a Qiagen RNeasy Plus Universal Kit (Qiagen, Toronto, ON) and 
further purified using a Zymo RNA Clean & Concentrator (Zymo, Irvine, CA). RNA was 
quantified using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, 
USA). RNA integrity was confirmed using a TapeStation-Agilent instrument (Agilent 
Technologies, Canada, Mississauga, ON). cDNA library preparation and sequencing of each 
sample were performed by the Clinical Genomics Centre (Toronto, ON) where mRNA was 
purified and enriched from 1µg of each total RNA sample. The SuperScript II cDNA kit (Thermo 
scientific) and Illumina TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA) were used to 
synthesize the first and second strand of cDNA respectively. Synthesized cDNA from each sample 
was fragmented and indexed with unique adaptors for multiplex sequencing. Single end read 
sequencing was performed by either high output run mode (3 samples) or rapid run mode (9 
smples) of the Illumina Hiseq 2500 System. After quality assessment using FastQC (Version 
0.11.5) (Andrews 2010), RNAseq raw reads of each sample were aligned and mapped to the bovine 
reference genome UMD-3.1 using the TopHat2 RNA-seq read aligner with default single end read 
alignment parameters (Kim et al., 2013). Reads aligned per each of the 24,616 annotated genes in 
the database were counted using HTseq-count (Anders et al., 2015). Genes with less than one read 
count per million (cpm) of mapped reads were removed from analyses, and counts of retained 
genes were normalized using the trimmed mean of M-values (TMM) method (Robinson & 
Oshlack, 2010; Anders et al., 2013). Normalized read counts were then analysed for differential 
gene expression using a generalized linear model under a negative binomial distribution as 
implemented in egdeR (Anders et al., 2013). The generalized linear model included marbling 
group, sire group, and sequencing mode. Differentially expressed (DE) genes were identified using 
a threshold of false discovery rate (FDR)<0.05 and fold change (FC)>2. Subsequently, functional 
analysis for both up and downregulated DE genes combined was performed using Ingenuity 
Pathway Analysis software (IPA) (Redwood City, CA; www.qiagen.com/ingenuity).   
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Results and discussion  
 
<tab>The average marbling scores of the high and low marbling groups were significantly 
different (453.3 ± 52.49 vs. 321.7 ± 13.44) (p < 0.001) while their average slaughter ages in days 
were similar (522 ± 6 vs. 507 ± 8) (p>0.05). On average, Illumina sequencing produced 43 million 
high quality reads with an average Phred score of 36.7, of which, 87% ± 0.57% were uniquely 
aligned to the bovine reference genome, and 11,953 genes were found to be sufficiently expressed. 
Of the sufficiently expressed genes, 40 genes of known and characterized proteins were found 
differentially expressed with 26 genes downregulated and 14 genes upregulated in high marbling 
steers (Table 1). The IPA analysis identified 25 enriched biological functions and the top five 
biological functions included molecular transport, protein synthesis, lipid metabolism, small 
molecule biochemistry, and vitamin and mineral metabolism. Furthermore, 11 of the DE genes 
(AKR1C3, CES1, CYP2C19, CYP7A1, IGFBP2, MID1IP1, PLA2G7, SLC1A1, SOAT2, SULT1E1 
and TGM2) are involved in several lipid metabolic processes such as fatty acid metabolism, 
synthesis of lipid, and concentration of steroids. Moreover, fatty acid metabolism, biosynthesis of 
lipid especially steroids were predicted to be downregulated, whereas concentration of lipids 
including steroids such as cholesterol were predicted to be upregulated in high marbling steers 
(Figure 1).  
 
Table 1. Genes that were differentially expressed (DE) in the liver tissues of high marbling relative 
to low marbling Charolais steers with a false discovery rate (FDR)<0.05 and fold change (FC)>2.  
 

Symbol log2 (FC) FDR  Symbol log2 (FC) FDR 
TMEM45A -11.574 3.45E-66  MYO7B 3.46 0.000644 
SULT1E1 -7.627 1.07E-25  TGM2 2.377 0.000768 
SFRP2 -5.02 1.25E-18  SLC22A10 -2.578 0.000851 
CES1 -6.065 1.08E-17  PRAP1 2.831 0.00103 
REC8 -6.444 1.08E-17  GIMAP4 2.224 0.00104 
SERPINA3 6.071 5.49E-17  SOAT2 2.625 0.00104 
GPC3 -4.099 9.77E-12  NMNAT2 -2.769 0.00197 
HLA-B -4.258 1.03E-11  MCC -2.52 0.00291 
CYP2C19 -3.837 5.39E-11  Wfdc21 -2.049 0.00463 
TBATA -3.402 6.38E-09  CD22 2.457 0.00472 
CYP7A1 -3.316 1.16E-08  HLA-DQB1 -3.786 0.00844 
SFRP1 -2.931 0.00000177  FMO2 -2.222 0.00858 
CDHR5 2.777 0.00000926  TTC7A -1.979 0.00858 
PCDH19 3.736 0.0000241  EPCAM 2.122 0.0238 
ECEL1 -2.635 0.0000401  MID1IP1 -1.80 0.0249 
HEBP2 2.773 0.0000649  IGFBP2 1.952 0.0309 
HLA-DQA1 2.602 0.0000727  ROBO2 -1.985 0.0343 
PLA2G7 -2.513 0.000146  CLDN15 1.829 0.0343 
HLA-DQA2 -3.025 0.000157  FAM47E -2.331 0.0367 
AKR1C3 -2.585 0.000644  SLC1A1 -1.754 0.0367 

 
<tab> The liver is a central physiological and metabolic organ of ruminant animals and it is 
involved in important biological functions including glucose, lipid, protein, mineral and vitamin 
metabolism as well as immune function, steroid hormone catabolism and detoxification of 
ammonia and endotoxins (Drackley et al., 2005). Of the identified DE genes listed in Table 1, 
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REC8 and SERPINA3 were also found to be differentially expressed in the liver tissue of 
Simmental and Jinnan cattle with divergent intramuscular fat content (Wang et al., 2017). In our 
study, predicted increase of lipid concentration such as cholesterol and steroid in the liver tissue 
of high marbling steers may not directly reflect increased lipid accumulation in their livers, but 
rather a reflection of increased efficiency of fat accumulation in the fat storage tissue (adipose 
tissue) of the animals, as the liver is not a fat storage tissue. On the other hand, reduced gene 
activity in fatty acid metabolism and reduced synthesis of lipids including steroids as predicted in 
the liver tissue of high marbling steers could be a result of negative feedback effect of the increased 
lipid concentration in the animal.  Moreover, reduced gene activity with respect to lipid synthesis 
in the liver could also be an indication of reduced contribution of hepatic de novo fat to total 
marbling. Indeed, in ruminants such as cattle, fat biosynthesis primarily occurs in the adipose tissue 
rather than in the liver (Roh et al., 2006), although the liver still functions as an endocrine organ 
in the regulation of lipid, protein and glucose metabolism. Therefore, further transcriptome and 
proteome analyses of liver as well as other tissues especially muscle and adipose tissues will lead 
to better understanding of genetic mechanism that regulates marbling in beef cattle.  
 

 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1. Regulatory gene network for lipid metabolism biological function with predicted 
activation (upregulation) or inhibition (downregulation) of the different metabolic processes in 
high Charolais marbling steers. 
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