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The marbling rate evaluation is difficult and expensive, requiring slaughter of the animal or ultrasound mea-
surement. Thus, this trait is generally not included in animal breeding programs. The use of molecular techni-
ques to elucidate intramuscular fat deposition may help improve this trait. In this respect, transcriptome studies
and differential gene expression analysis by RNA-Seq can contribute to advances in this area. The objective of
this study was to use RNA-Seq to identify differentially expressed genes (DEGs) in muscle tissue (longissimus

thoracis) of Nellore cattle divergently ranked on marbling, in order to increase our understanding of genes
involved in the expression of this trait. The results revealed 49 DEGs and three hub genes (CISH, UFM1, TSHZ1),
all of them involved in insulin and diabetes mellitus metabolism. These results indicating key genes and path-
ways, which may help to develop strategies designed to select animals with greater marbling.

1. Background

The Nellore breed (Bos indicus) is known for its low amount of in-
tramuscular fat when compared to Bos taurus animals. This type of fat,
called marbling, is associated with sensory traits such as color, flavor
and aroma. In addition, marbling, color and exudation are related to the
appearance of meat [1].

Despite the importance of marbling for [1], this trait is generally not
used as a selection criterion in breeding programs because of its late
expression in the animal and the complexity of obtaining phenotypic
data, which requires slaughter of the animal or ultrasound measure-
ment, a method that has been found to be little efficient in pasture-
raised Nellore cattle [2]. As an alternative, molecular biology techni-
ques can be used to enhance our understanding of the biological pro-
cesses related to meat quality and to help improve traits such as mar-
bling. Large-scale RNA sequencing (RNA-Seq) can contribute to
advances in this area since this tool permits the researcher to analyze
transcriptome profiles, to identify differentially expressed genes, and to

discover new genes and isoforms [3,4].

Previous studies using RNA-Seq have demonstrated differences in
the expression of genes involved in oxidative metabolism and cell ad-
hesion between muscle tissue and marbling fat in Hanwoo cattle (Bos
taurus coreanae) [5]. Chen et al. [6], studying longissimus thoracis muscle
in crossbred cattle (Fuzhou Yellow x Limousine X Wagyu) with high
and low marbling levels, found a large number of genes with known
and unknown functions that may help understand the mechanisms
underlining the fat deposition in cattle. In castrated Nellore cattle,
differentially expressed genes related to retinoic acid, IGF2 and
ANKRD26 were identified in longissimus thoracis muscle. These mole-
cules are important regulators of the mechanisms responsible for in-
tramuscular fat content analyzed by chemical analysis (total lipids) [7].

Marbling is a polygenic trait regulated by various genes, which are
directly or indirectly involved in adipogenesis and fatty acid metabo-
lism [8]. However, despite the studies cited above, the biochemical
mechanisms involved in intramuscular fat deposition have not been
fully unraveled. In this respect, the identification of differentially
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expressed genes for marbling may contribute to the understanding of
the mechanisms involved in the expression of this trait and the detec-
tion of potential genes that could be used as genetic markers in Nellore
cattle to permit the early selection for marbling.

The objective of the present study was to identify differentially
expressed and hub genes in muscle tissue (longissimus thoracis) of
Nellore cattle divergently ranked on marbling by high-throughput RNA-
Seq, providing data to increase our understanding of the genetic me-
chanisms related to this trait.

2. Methods
2.1. Animals and sample collection

Eighty non-castrated male animals with a mean age of 24 months
from the Capivara Farm, which participates in the Qualitas Nellore
breeding program, were studied. The animals belonged to the same
contemporary group (animals of the same sex, born in the same season
and maintained together until slaughter) and were slaughtered in a
commercial slaughterhouse, on the same day under commercial usual
process in accordance with guidelines for the Humane Slaughter of
Cattle. During slaughter, the carcasses were properly identified and
weighed, and longissimus thoracis muscle samples were collected using
scissors and tweezers sterilize (RNAse free), and stored in falcon tube
with RNAlater® solution (Ambion, ThermoFisher Scientific, USA) in ice
dry during the transport until the lab, where it was stored in a freezer at
—80°C. Next, the carcasses were cooled for 24h, and a longissimus
thoracis muscle sample, was removed during deboning, between the
12th and 13th rib of each left half-carcass, for determination of the beef
marbling score. None of them was aged.

2.2. Determination of marbling score

The marbling was rated in beefs colleted beetween 12th and 13th
rib of each left half-carcass, and with the aid of USDA marbling score
cards [9], all the 80 samples are analyzed and a score category was
assigned to each of them. The categories were (1 = devoid, 2 = prac-
tically devoid, 3 = traces, 4 =slight, 5 =small, 6 = modest,
7 = moderate, 8 = slightly abundant and 9 = moderately abundant).
However, in Brazil, this scale ranges from zero (devoid) to six (mod-
erate), because of the low degree of marbling in the Brazilian herd.

Based on these results, 20 samples were selected from animals with
phenotypically extreme degrees of marbling,10 with a high-marbling
grade (4.80 = 0.06) and 10 with a low-marbling grade (2.32 = 0.07),
for RNA-Seq analysis. The Student t-test was performed in the R en-
vironment and a significant difference was observed between the high
and low marbling groups (p < .05).

2.3. Total RNA extraction

Total RNA was extracted from 50 mg muscle tissue, adipose tissue
free, i.e., the sample used to extracts total RNA were totally separately
from adipose tissue before the starting the analysis. The extraction was
performed using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia,
CA, USA), according to manufacturer recommendations.

The purity of each RNA sample regarding the presence of protein or
phenol was checked in a NanoDrop 1000 spectrophotometer (Thermo
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Fisher Scientific, Santa Clara, CA, USA, 2007). The RNA concentration
and contamination with genomic DNA were determined in a Qubit® 2.0
fluorometer (Invitrogen, Carlsbad, CA, USA, 2010), while the quality of
the extracted RNA was evaluated in an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA, 2009).

2.4. RNA sequencing

RNA-Seq analysis of the samples were performed as follows: first,
the mRNA from each sample was purified from total RNA using mag-
netic beads conjugated with oligo-dT. After purification, the mRNA
were converted to double stranded cDNA by reverse transcriptase and
DNA polymerase and then fragmented randomly to generated frag-
ments with medium size of about 200 bp (sequencing library). The
cohesive ends of the cDNA double strands were converted into blunt
ends and an adenine base was added at each 3"-end of the fragments.
Adapters were attached to the cDNA fragments to permit identification
of the samples. The sequencing libraries were quantified by quantitative
PCR and quality was validated in an Agilent 2100 Bioanalyzer®. Finally,
the libraries were submitted to paired-end sequencing in an Illumina
HiSeq 2500. The TruSeq PE Cluster Kit v3-cBot-HS was used to bind the
libraries to complementary adapter oligos on flow cells, which were
then amplified, providing clonal clusters ready to be sequenced. The
TruSeq SBS Kit v3-HS (200 cycles) was used to determine the sequence
of clusters according to manufacturer recommendations. Each molecule
was sequenced at both ends (paired-end sequencing) and 100-bp frag-
ments were obtained from each end (2 x 100).

2.5. Processing and alignment of the sequences

The computational analyses were performed, by individual sample,
as follow: first, the quality of the sequences generated was evaluated
using the Fastqc v 0.10.1 program, and low-quality reads were filtered
with Trimmomatic v.0.36 [10]. The reads were mapped with the
HISAT2 v.2.0.5 [11] using the bovine genome (UMD3.1 Bos Taurus) and
chromosome Y (Btau 4.6.1), as a reference, both deposited in Ensembl
[12]. Descriptive statistics for alignment rate were presented in Table 1.

The expression of the following housekeeping genes was analyzed to
evaluate the quality of sequencing: beta glucuronidase (GUSB), ery-
throcyte hydroxymethylbilane synthase (HMBS), hypoxanthine phos-
phoribosyl-transferase 1 (HPRT1), phosphoglycerate kinase 1 (PGK1),
and TATA box binding protein (TBP). The expression pattern of these
genes was similar in the experimental groups (high- and low-marbling
grade) (Additional File 1: Fig. S1).

The data were explored and visualized using the CummeRbund
package [13], implemented in the R environment. A box plot was
generated for each group studied using the transformed log;o (FPKM)
values (Additional File 2: Fig. S2). The distribution of quartiles was
consistent between groups, indicating the high quality of the data. The
medians were similar in the groups and close to —1, demonstrating that
it was possible to identify low-expressed genes ().

A plot of the principal components (PCA) revealed the formation of
different groups (high- and low-marbled beef), indicating differences in
the expression of genes between the groups with high and low-marbling
scores (Addition File 3: Fig. S3).

Table 1
Descriptive statistics for alignment rate (means for all samples separated by low or high marbling group).
Animal group Number of Samples Raw reads (Mb) Trimmed reads (Mb) Overall alignment rate (%) Uniquely mapped (%) Coverage
High marbling 10 29,272,698 26,363,068 96,67 87 45 %
Low marbling 10 20,550,334 17,534,936 96,64
Mean 20 24,911,516 21,976,535 96.65
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2.6. Assembly and quantification of transcripts

The Cufflinks2 v2.1.1 program [7] was used to assemble the aligned
fragments of each sample and to estimate the number of reads in
fragments per kilobase of transcript per million fragments mapped
(FPKM). This program normalizes the expression of transcripts to the
length and total number of fragments sequenced per sample. The output
file generated with Cufflinks2 for each sample contains the new tran-
scripts, genes and isoforms found. The result of Cufflinks2, per sample,
was concatenated in a single file using the Cuffmerge2 v2.1.1 program.
This single file was used as a reference in the analysis of differential
gene expression with the Cuffdiff2 program [14] as described below.

2.7. Analysis of differential gene expression

The alignment (.bam) files generated were divided into two con-
trasting groups for beef marbling score. The FPKM values of the tran-
scripts were compared in each sample using the Cuffdiff2 v2.1.1 pro-
gram [16]. This program uses a t-test to calculate p-values. The
Benjamini-Hochberg method was used to control the false discovery
rate (FDR), adopting a gq-value for FDR of < 5%.

2.8. Co-expression network analysis

Cytoscape v.3.4 and Expression Correlation Network plugin [15]
were used to generate a co-expression network using count reads from
HISAT2 v.2.0.5 program. The expression profiles of differentially ex-
pressed genes were used to compute similarity matrix by Pearson cor-
relation coefficient. A histogram was generated to choose a similarity
strength threshold (cut-off of > 0.7 and < —0.7) with NetworkAna-
lyzer app [16]. Cytohubba app [17] were used to determine the degree
of distribution and betweenness centrality, employed as a global metric
to identify the top three hub genes.

2.9. Gene set enrichment analysis

The Database for Annotation, Visualization, and Integrated
Discovery (DAVID) v6.7 [18], was used to annotate and interpret the
lists of differentially expressed genes. DAVID pathway mapping was
used to identify metabolic pathways in which the differentially ex-
pressed genes are involved.

3. Results
3.1. Differentially expressed genes

The analysis performed revealed 49 annotated differentially ex-
pressed genes, including 27 up-regulated and 22 down-regulated genes
in relation to the group with a low-marbling score (g-value < 0.05)
(Table 2). The log, fold change was used to characterize down-regu-
lated or up-regulated genes in relation to the low-marbling group.

The genes Pterin-4 alpha-carbinolamine dehydratase, Solute Carrier
Family 16 Member 7 and Nuclear Receptor Subfamily 4 Group A
Member 2 (PCBD1, SLC16A7 and NR4A2 respectively), and Solute
Carrier Family 6 Member 2, Carboxypeptidase E and Beta-globin
(SLC6A2, CPE and HBB respectively) were the top three genes with
smaller and larger fold change related to low-marbling group, respec-
tively.

3.2. Co-expression network analysis

The co-expression network analysis (Fig. 1) revealed 48 genes
(nodes) and 299 significantly correlated gene pairs (edges). The density
and the clustering coefficient were 0.041 and 0.309, respectively. The
presence of hub genes were indicate when scale-free topology were
analyzed (R2 = 0.723). The genes Cytokine Inducible SH2 Containing
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Protein (CISH), Ubiquitin Fold Modifier 1 (UFM1), Teashirt Zinc Finger
Homeobox 1 (TSHZ1) were evidenced as hubs. The genes CISH and
UFM1 were more expressed in high-marbling group, while TSHZ1 was
more expressed in low-marbling group.

3.3. Gene set enrichment analysis

Biological process Gene Ontology (GO) terms were found by DAVID
v6.7 database, to generate a functional annotation using all differen-
tially expressed (up- and down-regulated) genes for meat tenderness,
employing Bos taurus as reference. This analysis permitted the identi-
fication of 21 functional groups (annotation clusters; Additional file 4:
Table S1). The genes Pellino E3 ubiquitin protein ligase, Ubiquitin fold
modifier 1, Nuclear receptor subfamily 4 group A member 2, Peptidyl
arginine deiminase 2 (PELI1, UFM1, NR4A2, PADI2, respectively) are
related to terms response to lipid (GO:0033993) and cellular response
to lipid (GO:0071396). Other GO terms were also found as response to
abiotic stimulus (G0:0009628), response to stimulus (GO:0050896),
apparently related to intramuscular fat deposition.

The differently expressed genes Carboxypeptidase E (CPE), MHC
class II antigen (BLA-DQB), MHC Class T JSP.1 (JSP.1) and heat shock
protein family A (Hsp70) member 6 (HSPA6) were involved in five
pathways: type I diabetes mellitus; antigen processing and presentation;
graft-versus-host disease; allograft rejection; autoimmune thyroid dis-
case.

4, Discussion

The genes Pterin-4 alpha-carbinolamine dehydratase 1 (PCBD1),
solute carrier family 16 member 7 (SLC16A7) and nuclear receptor
subfamily 4 group A member 2 (NR4A2) were the top three genes that
expressed more in high-marbling group. Li et al. [19] reported an as-
sociation between PCBD1 gene and subcutaneous fat thickness in a
genome-wide association study (GWAS) of crossbred Angus x Charolais
cattle. The SLC16A7 gene is a member of Monocarboxylate transporter
family and, has a broad expression in fat [20]. Berton et al. [21]
studying fatty acids in Nellore cattle muscle tissue, found the SLC16A7
was upregulated for saturated fatty acids, myristic and stearic acids,
and downregulated for omega 3. The NR4A2 are related to GO terms
response to lipid (GO:0033993) and cellular response to lipid
(GO:0071396). These terms refer to adipogenesis and adipose cell dif-
ferentiation and, cellular response to triglyceride and cellular response
to fatty acid, respectively.

Other three differentially expressed genes, pellino E3 ubiquitin
protein ligase 1 (PELI1), Ubiquitin fold modifier 1 (UFM1) and peptidyl
arginine deiminase 2 (PADI2), are related to terms response to lipid and
cellular response to lipid, thus these genes act by transforming rela-
tively unspecialized cell in a cell specialized for the synthesis and sto-
rage of fat, as an adipocyte. The response to lipid stimulus refer to any
process that modifies the activity or state of a cell. The process could be
a movement, secretion, enzyme production or gene expression, between
others [22].

The genes beta-hemoglobin (HBB), solute carrier family 6 member 2
(SLC6A2) and carboxypeptidase E (CPE) were the top three genes that
expressed more in low-marbling group. Analysis in David pathways
revealed that all these genes have the function related to metal-binding
(G0:0046872). The HBB gene are associated with heme metabolism,
the main component of hemoglobin [23,24]. Hemoglobin rates may be
associated with the amount of fat in the organism. This association has
been observed in humans, in which normal weight subjects had higher
concentrations of hemoglobin, while overweight subjects exhibited low
levels of this molecule in blood [25]. The SLC6A2 gene, in a study with
human, presented SNP association with total fat and monounsaturated
fatty acids intake.

The CPE gene is responsible for insulin synthesis. Insulin resistances
hinders the absorption of glucose from the blood, leading to diabetes. In
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Table 2
Genes differentially expressed in samples with divergent marbling scores.
Gene Symbol Formal gene name Locus High- Low-marbling log2 p-Value q_value
marbled (fold_change)”
PCBD1 Pterin-4 alpha-carbinolamine dehydratase 28:27226793-27231724 595.951 0.318655 —422.513 0.00015 0.0366511
SLC16A7 Solute Carrier Family 16 Member 7 5:53987488-54214813 538.797 281.337 —238.449 5,00E-05 0.0137833
NR4A2 Nuclear Receptor Subfamily 4 Group A Member 2 2:39999673-40017692 651.644 18.709 —180.035 5,00E-05 0.0137833
BDH1 3-hydroxybutyrate dehydrogenase, type 1 1:72571510-72608859 489.623 16.591 —176.065 5,00E-05 0.0137833
HSPA6 heat shock protein family A (Hsp70) member 6 3:8027503-8030023 329.198 113.482 —153.649 5,00E-05 0.0137833
BLA-DQB MHC class II antigen 23:25855144-25863045 968.061 378.306 —135.554 5,00E-05 0.0137833
METTL21C methyltransferase like 21C 12:82906942-82918374 403.817 103.302 —135.509 5,00E-05 0.0137833
MICAL2 microtubule associated monooxygenase, calponin and 15:40914779-41195753 997.947 242.195 —127.913 5,00E—-05 0.0137833
LIM domain containing 2
LOC782631 60S ribosomal protein L9 pseudogene 13:59957495-59958191 235.817 105.141 —116.535 5,00E-05 0.0137833
LOC100847340 LOC100847340 20:65961543-65966689 699.273 324.921 —110.577 0.0002 0.0438816
NREP neuronal regeneration related protein 10:2161054-2193665 636.887 100.258 —0.654612 0.0001 0.0255976
IERS immediate early response 5 16:63689429-63691626 645.224 407.591 —0.662679 0.0001 0.0255976
CISH Cytokine Inducible SH2 Containing Protein 22:50320204-50325618 698.641 11.49 —0.717753 0.0002 0.0438816
NIPSNAP1 Nipsnap Homolog 1 17:70869033-70884644 938.073 553.279 —0.761691 5,00E—-05 0.0137833
OTUD1 OTU deubiquitinase 1 13:24654857-24657894 343.224 202.102 —0.764069 5,00E-05 0.0137833
ECHDC3 enoyl-CoA hydratase domain containing 3 13:12552171-12591181 537.079 31.128 —0.786922 5,00E—-05 0.0137833
ELTD1 adhesion G protein-coupled receptor L4 3:65921130-66062041 735.223 130.005 —0.822319 0.0001 0.0255976
LOC101905399 dual specificity mitogen-activated protein kinase 5:39463720-39857838 960.195 52.005 —0.884677 5,00E—-05 0.0137833
kinase 1 pseudogene
PELI1 Pellino E3 ubiquitin protein ligase 11:62471600-62528075 582.145 10.933 —0.909237 5,00E-05 0.0137833
UFM1 Ubiquitin fold modifier 1 12:23685100-23717494 970.133 186.143 —0.940158 5,00E-05 0.0137833
GNPTAB N-acetylglucosamine-1-phosphate transferase alpha 5:65912911-65996254 695.849 135.474 —0.961176 5,00E—-05 0.0137833
and beta subunits
PADI2 Peptidyl arginine deiminase 2 2:136049637-136106203  139.075 70.356 —0.983117 5,00E-05 0.0137833
EGLN3 egl-9 family hypoxia inducible factor 3 21:44805297-44834310 393.162 627.382 0.674221 0.0002 0.0438816
PDE7A phosphodiesterase 7A 14:31801394-31907693 110.069 176.094 0.677941 5,00E-05 0.0137833
FAM134B family with sequence similarity 134 member B 20:56709602-56758648 354.557 594.804 0.746397 5,00E-05 0.0137833
LOC104973907 13:78185912-78,193,935 13:78185912-78193935 362.693 611.116 0.752699 5,00E-05 0.0137833
CACNA2D2 calcium voltage-gated channel auxiliary subunit 22:50442292-50557414 279.679 473.345 0.759121 0.00015 0.0366511
alpha2delta 2
ASB5 ankyrin repeat and SOCS box containing 5 27:6692311-6736965 210.415 356.904 0.7623 5,00E—-05 0.0137833
C8HOYorf41 C8HO9orf41 8:51341792-51384051 113.787 194.227 0.771412 5,00E-05 0.0137833
SCUBE2 Signal Peptide, CUB Domain And EGF Like Domain 15:44090649-44162339 557.635 966.177 0.792965 5,00E—-05 0.0137833
Containing 2
RASA4B RAS P21 Protein Activator 4B 25:35064266-35086722 102.019 586.068 0.7997 5,00E-05 0.0137833
JSP.1 MHC Class I JSP.1 23:28469732-28473374 135.242 751.157 0.848355 0.0002 0.0438816
MGC139164 uncharacterized LOC509649 18:61192240-61215946 29.795 539.186 0.85571 5,00E-05 0.0137833
METTL21E RIKEN ¢DNA 4832428D23-like 12:83099333-83115708 167.988 311.064 0.888855 5,00E-05 0.0137833
LCP1 lymphocyte cytosolic protein 1 12:16253902-16360476 226.835 430.083 0.922973 0.0002 0.0438816
TNFRSF12A TNF receptor superfamily member 12A 25:2435179-2441777 292.435 577.314 0.981242 5,00E—-05 0.0137833
CPXM1 carboxypeptidase X, M14 family member 1 13:52844203-52850550 300.673 595.403 0.985671 5,00E-05 0.0137833
OXT Oxytocin/neurophysin I prepropeptide 13:52575289-52576188 84.859 423.933 100.123 5,00E-05 0.0137833
ADAMTS20 ADAM metallopeptidase with thrombospondin type 1 5:37102284-37333841 331.945 689.235 105.405 5,00E-05 0.0137833
motif 20
LOC782233 ATP synthase, H+ transporting, mitochondrial Fo 3:28623286-28623761 434.366 907.754 106.339 5,00E-05 0.0137833
complex, subunit G pseudogene
C14HS8orf22 chromosome 14 open reading frame, human C8orf22 14:21617721-21,622,423 104.417 218.42 106.475 5,00E-05 0.0137833
TSHZ1 Teashirt Zinc Finger Homeobox 24:3673496-3752935 254.575 603.991 124.643 5,00E—-05 0.0137833
ESRRG estrogen related receptor gamma 16:20592131-21286840 267.299 635.796 125.011 5,00E-05 0.0137833
LOC781298 phosphatidylcholine transfer protein 19:6355394-6379570 160.311 383.149 125.703 5,00E—-05 0.0137833
LOC520016 multidrug resistance-associated protein 4-like 12:74453909-74520551 209.991 506.301 126.967 5,00E-05 0.0137833
RFX2 regulatory factor X2 7:19579227-19640152 220.598 542.335 129.776 5,00E-05 0.0137833
SLC6A2 Solute Carrier Family 6 Member 2 18:23941694-24013458 0.56811 158.049 147.612 5,00E-05 0.0137833
CPE Carboxypeptidase E 17:541678-697925 0.87449 260.317 157.375 5,00E-05 0.0137833
HBB Beta-globin 15:49022977-49024620 239.236 572.516 206.305 5,00E-05 0.0137833

? The fold change estimates (relative expression) refer to the group with a low-marbling score.

the body, insulin stops the fat breakdown and avoids the breakdown of
triglycerides into fatty acids. The EGL3N (Egl-9 Family Hypoxia
Inducible Factor 3) gene, expressed more in low-marbling group, also
act improving insulin sensitivity, and in humans, stimulating other
factors and helping to stabilize the diabetes. In a study with Nellore
cattle muscle tissue, the CPE gene was upregulated for myristic, pal-
mitic, stearic and sum of saturated fatty acids, and downregulated for
oleic, monounsaturated sum off fatty acids and omega 3 [21].

The CPE gene, together JSP.1 (MHC Class I JSP.1) and BoLA-BQB
(MHC class II antigen - bovine leukocyte antigen), all expressed more in
high-marbling group, also make part of the Type I diabetes mellitus
pathway. The JSP.1 and BLA-BQB are members of Major
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Histocompatibility Complex family, essential for adaptive immunity
[26]. The JSP.1 belongs to class I, which encodes glycoproteins ex-
pressed in almost all nucleated cells and has the function of killing cells
that display specific antigens to the body by other cells of the immune
system.

The BLA-BQB gene belongs to class II, which encodes glycoproteins
expressed primarily on antigen-presenting cells, including macrophages
that wrap foreign particles such as bacteria. Type I diabetes is an au-
toimmune disease, in which the immune system attacks the pancreas
and ends the natural production of insulin. Because this, in humans, the
patient with the disease will have to inject insulin in the body to put the
circulating glucose in the cells. Therefore, the application of high doses
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Fig. 1. Transcript correlation network for the differentially expressed genes in Nellore cattle muscle tissue divergently ranked on marbling (cut-off of > 0.7
and < —0.7). Genes circled in red were predicted as hubs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

of insulin amplifies the risk of obesity and episodes of hypoglycemia.
Thus, these differentially expressed genes may be related to the de-
position of intramuscular fat in cattle.

The term response to abiotic stimulus (GO:0009628) refers to any
process that results in a change in state or activity of a cell or an as a
result of a non-living stimulus [22]. The genes that make party of this
term are: Oxytocin/neurophysin I prepropeptide (OXT) and HSPA6.
The heat shock protein family A (Hsp70) member 6 (HSPA6) transcript
encodes a chaperon that is directly involved in the protection of pro-
teins against environmental and genetic stress, contributing to the
correct formation of their three-dimensional structure [27]. In a gene
expression study using blood cells from obese and normal weight hu-
mans, this gene was expressed more in obese subjects [28]. In the
present study, the HSPA6 gene was expressed more in animals with a
high marbling score.

The OXT transcript, encodes oxytocin, a hormone normally syn-
thesized in the hypothalamus and stored in the posterior pituitary. This
hormone is water-soluble and therefore circulates freely in the blood-
stream. The most important and known function of oxytocin is related
to lactogenesis [29]. In addition, oxytocin acts on lipid storage and
energy expenditure and plays a role in processes such as lipolysis, se-
cretory activity and plasticity [30]. In a study on Brahman cattle, De
Jager et al. [31] also reported expression of this gene in longissimus
thoracis muscle, quantified by microarray and qRT-PCR.

By means of a co-expression analysis, was possible to predict three
hub genes: cytokine inducible SH2 containing protein (CISH), ubiquitin
fold modifier 1 (UFM1) and Teashirt Zinc Finger Homeobox 1 (TSHZ1).

The hub genes are expected to play an important role in biology of
the organism studied [32]. The CISH gene is a member of negative
regulation of insulin receptor signaling pathway (GO:0046627). This
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pathway is responsible for any process that stops, prevents, or reduces
the frequency, rate or extent of insulin receptor signaling [22].

Other important biological process that CISH gene participates is
the negative regulation of JAK-STAT cascade (GO:0046426). According
to Xu et al. [33], Modulation of the JAKs-STATs pathway can regulate
lipid metabolism in adipocyte and lipid metabolism disorder, may re-
sult in metabolic syndrome including obesity, fatty liver and insulin
resistance.

The UFM1 gene is involved in fatty acid metabolism [34] and en-
richment analysis demonstrate that UFM1 is related to terms response
to lipid (G0:0033993) and cellular response to lipid (GO:0071396).
Other important action of this gene is in regulation of intracellular es-
trogen receptor signaling pathway (G0:0033146). In humans, studies
demonstrate that estrogens regulate a number of steps in lipid meta-
bolism and estrogen therapy and hormone treatment approaches can
protect against fatty liver, insulin resistance and diabetes.

TSHZ1 encondes a protein member of the teashirt C2H2-type zinc-
finger protein family and may be involved in transcriptional regulation
of developmental processes. According to Raum et al. [35], in humans
TSHZ1 is downregulated in type 2 diabetic islets. The same author
identified TSHZ1 as a new regulator of endocrine cell maturation and
function, that might be exploited for therapeutic benefit for diabetes.

As we demonstrated in this work, other differentially expressed
genes are related to insulin and diabetes mellitus, suggesting the im-
portance of the mechanisms to intramuscular fat deposition.

5. Conclusion

The transcriptome study of animals ranked divergently on marbling
revealed genes principally involved in lipid metabolism, insulin
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synthesis and type I diabetes mellitus. Three hub genes are identified
(CISH, UFM1, TSHZ1) and all of them are involved in insulin and
diabetes mellitus metabolism. These results demonstrate the complexity
of the molecular mechanisms underlying intramuscular fat deposition
in longissimus thoracis muscle, indicating key genes and pathways,
principally related to insulin and diabetes mellitus metabolism, which
may help to develop strategies designed to select animals with greater
marbling.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2019.06.001.
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