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ABSTRACT: Intramuscular fat (IMF) quantity is an eco-
nomically important phenotype, which influences the sen-
sorial and nutritional value of beef. In this study RNA se-
quencing (RNA-seq) technology was used to identify im-
portant genes and pathways related with IMF deposition in 
Nellore beef cattle. Samples of Longissimus dorsi (LD) 
muscle from 14 Nellore steers (seven samples with high (H) 
and seven with low (L) Genomic Estimated Breeding Val-
ues (GEBV) for IMF) were used for RNA-seq. A total of 77 
DE genes were identified between H and L groups. Path-
way analysis revealed important gene networks associated 
with lipid metabolism, including retinoic acid pathway 
members: SLC2A4, SPARC, STAT5A and PTAFR.  
Keywords: Beef cattle; Intramuscular fat; Lipid metabo-
lism; Transcriptome 
 
 

Introduction 
 

Intramuscular fat (IMF) deposition is controlled in 
part by genes that participate directly or indirectly in adipo-
genesis and adipose metabolism.  IMF quantity is an eco-
nomically important trait that influences nutritional and 
sensory components in beef. Pathways and molecular phys-
iology involved in IMF deposition are not completely un-
derstood. Previous research has documented that muscle 
and adipose tissues from Bos indicus cattle develop in a 
different manner than Bos taurus breeds (Laborde et al., 
2001). Nellore is a Bos indicus subspecies and a major beef 
cattle breed raised in Brazil. The Nellore breed is resistant 
to high temperatures, various parasites, and diseases, and 
provides lean meat production (Prado et al., 2003). The 
objective of this study was to identify differentially ex-
pressed (DE) genes and pathways between individuals with 
extreme genomic estimated breeding value (GEBV) for 
IMF in Longissimus dorsi (LD) muscle of Nellore steers. 

 
Material and Methods 

 
Animals. Three hundred and ten Nellore steers 

from the Brazilian Agricultural Research Corporation 
(EMBRAPA/Brazil) experimental breeding herd were in-
cluded in this study. The steers were sired by 34 unrelated 
sires, which were selected based on heavy use for breeding 
the main genealogies marketed in Brazil according to the 
National Summary of Nellore by Brazilian Association of 
Zebu Breeders (ABCZ) and the National Research Center 
for Beef Cattle in Brazil. Animals were raised in feedlot 

system (under identical nutrition and handling conditions) 
and were slaughtered at an average age of 25 months. 
Steaks from LD muscle were collected between the 12th 
and 13th ribs at 24 hours after slaughter for intramuscular 
fat percentage (IMF) measurement according to the proce-
dure of AOCS (Official Procedure Am 5-04). Genomic 
Best Linear Unbiased Prediction (GBLUP) was applied 
using ASREML software (Gilmour et al., 2006) to select 14 
animals (seven for each extreme) based on GEBVs for IMF. 

 
RNA-Seq. Seven LD samples for the H and L 

GEBV (14 total) were used for RNA-seq. Total RNA was 
extracted from 100 mg of frozen LD muscle using the TRI-
zol reagent (Life Technologies, Carlsbad, CA). A total of 
2µg of RNA from each sample was used to prepare the 
libraries for sequencing. Samples were quantified using 
quantitative PCR with the KAPA Library Quantification kit 
(KAPA Biosystems, Foster City, CA, USA) and average 
library size was estimated using the Agilent Bioanalyzer 
2100 (Agilent, Santa Clara, CA, USA) with the Agilent 
DNA 1000 kit. Once the libraries were quantified, samples 
were diluted and pooled (three pools of six samples each). 
The samples were sequenced using HiScanSQ equipment 
(Illumina, San Diego, CA, USA) with a TruSeq SBS Kit 
v3-HS (200 cycles), according to manufacturer instruc-
tions. Paired-end, 100bps sequencing was performed at the 
Genomics Center at ESALQ, Piracicaba, São Paulo, Brazil. 

 
Quality control and read alignment. Quality 

control and read statistics were analyzed with FASTQC 
software (version 0.10.1). Subsequently, TopHat v. 1.2.0 
software was used to map reads to the Bos taurus UMD3.1 
reference assembly available at Ensembl (Flicek et al. 
2013). Novel transcripts were identified using Cufflinks 
version 2.0.2 with a minimum alignment count per locus of 
10 (Langmead et al., 2009). A combined set of novel and 
reference transcripts were used as a reference for read quan-
tification.  The abundance (read counts) of mRNAs for all 
annotated genes, was measured using HTSeq software 
(version 0.5.4) (Anders, 2010). Only uniquely mapping 
reads (excluding reads mapped to unassigned contigs) were 
used in this analysis.  

 
DE analysis. The number of DE genes was deter-

mined using the DESeq software (Anders and Huber, 
2010). The read count data was filtered using the following 
criterions: i) genes with zero count were removed (unex-
pressed); ii) genes with less than 1 read per sample on aver-



age were removed (very lowly expressed); iii) genes that 
were not present in at least three samples were removed 
(rarely expressed). After filtering, a total of 16,102 genes 
were analyzed for differential expression using the 
“nbinomTest” function of DESeq to fit a negative binomial 
distribution of the expression level. The DE genes were 
detected between the high and low groups after Benjamini-
Hochberg correction to control false discovery rate (FDR) 
at 10%. To detect pathway level changes, enrichment of 
curated gene ontology terms was tested using the Database 
for Annotation, Visualization and Integrated Discovery 
(DAVID) v6.7 tool (Huang et al., 2009).  Pathway enrich-
ment analysis was performed using Pathway Studio (Arian-
de Genomics, MD)(Nikitin et al., 2003), which is based on 
literature databases. 

 
Results and Discussion 

 
A summary of the IMF percentage, GEBVs, and 

total read mapping statistics are presented in Table 1. A 
total of 77 DE genes were identified between the H and L 
groups. Pathway analysis from Pathway Studio software 
revealed 13 important gene networks related to lipid metab-
olism (Table 2). The retinoic acid pathway (Figure 1) was 
investigated in more detail in this study due to its associa-
tion with ß-oxidation of fatty acids, involvement with pe-
roxisome proliferator-activated receptor (PPAR) signaling, 
and adipocytokine signaling according to Kenehisa et al. 
(2012). In this study, 12 DE genes were identified in the 
retinoic acid pathway, including: SLC7A4, CSRP3, PTAFR, 
RGS16, CPM, TGM2, SLC2A4, FLNA, SPARC, ELN, 
STAT5A, ROCK2. In Figure 1 the genes shown in red were 
more expressed in the low IMF GEBV group, while genes 
shown in blue were more expressed in in the high IMF 
GEBV group. 

 
Table 1. Intramuscular fat percentage (IMF), genomic esti-
mated breeding values (GEBV) and number of paired-end 100 
bp reads mapped to the Bos taurus UMD3.1 assembly for each 
Nellore steer.  

Animal IMF (%) GEBV Mapped reads (M1) 

Low1 1.70 -0.31 23.09 
Low2 1.94 -0.29 11.13 
Low3 1.86 -0.24 25.11 
Low4 1.60 -0.59 13.32 
Low5 1.32 -0.77 14.34 
Low6 1.58 -0.50 14.58 
Low7 1.62 -0.57 17.85 
High1

3 4.42 0.44 22.65 
High2 4.35 0.57 17.53 
High3 4.38 0.71 17.58 
High4 5.27 0.85 16.31 
High5 5.02 0.47 15.73 
High6 4.74 0.81 15.13 
High7 4.35 0.61 13.76 
Mean Low 1.56 -0.45 17.06 
Mean High 4.65 0.65 19.39 

1 Million of reads 
 
 

Table 2. Pathway enrichment using Gene Set Enrichment 
Analysis (GSEA) methodology in Pathway Studio software. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Retinoic acid pathway genes identified as differen-
tially expressed between the high and low groups for IMF 
GEBV are shown here (p-value ≤ 0.10, adjusted for multiple 
testing using Benjamini-Hochberg method). The genes shown 
in red had higher expression in the low IMF group and those 
in blue had higher expression in animals from the High IMF 
group. 

 
 
 Solute carrier family 2 (facilitated glucose trans-

porter), member 4 (SLC2A4), secreted protein, acidic, cys-
teine-rich (SPARC), and signal transducer and activator of 
transcription 5A (STAT5A) have been well characterized in 
the literature due to their roles in fat deposition. In this 
study, SLC2A4 was more highly expressed in animals with 
lower IMF (shown in red in Figure 1). SLC2A4 is associat-
ed with glucose homeostasis and is also known as glucose 
transporter type 4 (GLUT4). This gene is expressed in white 
and brown adipose tissue, muscle and heart tissue. The 
SLC2A4 is less expressed in adipocytes of obese animals 
and higher expressed in skeletal muscle (Minokoshi, Kahn 
and Kahn, 2003). Transgenic mice with the highest expres-
sion of this gene had increased transport of glucose into 
adipocytes, which lead to higher proliferation of immature 
pre-adipocytes and differentiation into mature adipocytes, 
thereby resulting in an increased number of fat cells (Gnudi, 
Shepherd, Kahn, 1996). Differences in the physiological 
impact of SLC2A4 expression on adipose development in 
rodents and ruminants could be due to the fact that glucose 

Name of Pathways Type Total # of 
Neighbors 

# of Measured 
Neighbors p-value 

L-cysteine Pathway 366 5 0.0112814 
Zn2+ Pathway 905 6 0.0207693 
Oxidized LDL Pathway 424 5 0.0234863 
Inflammatory cytokine Pathway 774 9 0.0252063 
H2O2 Pathway 1142 8 0.030214 
Mg2+ Pathway 562 5 0.0334191 
ATP Pathway 1167 9 0.0607524 
IL1B Pathway 1191 12 0.0634595 
Retinoic acid Pathway 1605 12 0.0744938 
NF-kB Pathway 1125 9 0.084637 
Protein tyrosine kinase Pathway 823 7 0.0923953 
NO Pathway 862 8 0.0967228 
ROS Pathway 787 8 0.0981094 

!



is a minor substrate for fatty acid synthesis in ruminants 
(Bergen and Mersmann, 2005).  
 

In the present study, animals with lower amount of 
IMF presented a higher expression of SPARC (shown in 
red in Figure 1), which corroborates findings of Bradshaw 
et al., 2003 and Nie and Sage, 2009. SPARC, also known as 
osteonectin, was first identified in bone and is expressed in 
most tissues. This gene has been associated with insulin 
resistance (Wu et al., 2011). High plasma levels of SPARC 
inhibit the growth of subcutaneous adipose tissue leading to 
increased abdominal fat reserves in the liver and skeletal 
muscle. Recently it was suggested that the SPARC is in-
volved in obesity and can be used as a potential target gene 
in the treatment of insulin resistance (Shen et al., 2013). 
The deletion of the SPARC in mice resulted in greater fat 
deposition, but no significant change in body weight despite 
high leptin levels (Bradshaw et al., 2003; Nie and Sage, 
2009).  

 
The animals that showed a higher amount of IMF 

presented higher expression levels of STAT5A (shown in 
blue in Figure 1). STAT5A belongs to the group of signal 
transducers and activators of transcription, which are im-
portant components of cytokine signaling pathways. Cyto-
kines together with growth factors, hormones and other 
enzymes are secreted by mature adipocytes, which are 
involved in energy homeostasis. STAT5A has been associ-
ated with regulation of food intake and energy balance in 
response to endogenous neural signals (Lee et al., 2008).  

 
Animals with low IMF GEBVs showed higher ex-

pression of PTAFR, which is in agreement with the findings 
of Sugatani et al. (2013) in mice (shown in red in Figure 1). 
PTAFR has an anti-obesity function, which depends on 3-
AR/UCP1 expression levels in brown adipose tissue. 
PTAFR deficiency can cause brown adipose tissue dysfunc-
tion that leads to obesity due to impaired thermogenic activ-
ity (Sugatani et al., 2013). 

 
Conclusion 

 
RNA-Seq and pathway analysis revealed im-

portant gene networks associated with lipid metabolism. 
Differential expression analysis identified several genes 
such as SCL4A, SPARC, STAT5A and PTAFR genes, which 
are involved in the retinoic acid pathway.  Several genes 
identified as DE have known roles in traits closely related 
to lipid deposition and metabolism, including: energy ho-
meostasis, glucose update, insulin resistance, and obesity.   
These genes merit further research to determine if they have 
specific roles in IMF development. 
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