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A B S T R A C T

The pathways involved in intramuscular fat (IMF) deposition in Longissimus dorsi muscle were investigated using
an integrated transcriptome-assisted label-free quantitative proteomic approach by High Definition Mass
Spectrometry. We quantified 1582 proteins, of which 164 were differentially abundant proteins (DAPs,
p < 0.05) between animals with high (H) and low (L) genomic estimated breeding values (GEBV) for IMF
content. Ingenuity pathway analysis (IPA) revealed that these DAPs were mainly involved in glycolysis meta-
bolism, actin cytoskeleton signaling, cell-cell adherens junction and pathways for MAPK and insulin. A com-
parative study between transcriptomic (mRNA) and proteomic data showed 17 differentially expressed genes
corresponding to DAPs, of which three genes/proteins did not agree on the direction of the fold change between
groups. Moreover, we investigated microRNAs data to explain these differences in fold change direction, being
able to unravel two of the three unexpected mRNA/protein relationships. Results demonstrated that changes in
protein/mRNA levels of sarcomere organization, intracellular signal transduction and regulation of actin cy-
toskeleton, are involved in IMF deposition. These findings provide a deeper understanding of the highly complex
regulatory mechanisms involved in IMF deposition in cattle and indicate target pathways for future studies.
Significance: Intramuscular fat is the amount of fat deposited inside muscle and plays an important role in human
health and meat quality attributes, influencing energy metabolism of skeletal muscle, as well as, tenderness,
flavor, and juiciness of beef. We performed for the first time the utilization of integrated transcriptome-assisted
label-free quantitative proteomic approach using High Definition Mass Spectrometry for characterization of the
changes in the proteomic profile of the Longissimus dorsi muscle associated with intramuscular fat deposition in
cattle. Furthermore, we compared the muscle proteome with the muscle transcriptome (mRNA and microRNAs),
obtained by RNA-sequencing, to better understand the relationship between expression of mRNAs and proteins
and to unravel essential biological mechanisms involved in bovine skeletal muscle IMF deposition.

1. Introduction

The amount of lipid accumulation between muscle fiber bundles is
of particular importance to human health and the beef industry since it
contributes to beef quality, nutritional content, and carcass value.
Intramuscular fat (IMF), also known as marbling, impacts energy

metabolism and insulin signaling in skeletal muscle [1], as well as
tenderness, juiciness, flavor and shelf life (lipid and pigment oxidation)
of beef [2,3].

IMF deposition occurs later in life. As the animal approaches mature
weight, there is a decrease in myofiber hypertrophy and an increase in
fat deposition. Cellular and molecular networks involved in
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adipogenesis and myogenesis regulate the dynamic balance between
the number and size of adipocytes and myocytes [4]. However, the
proportion fat and muscle is highly variable and influenced by genetics,
age, sex and nutrition [2,5].

Recent studies evaluating mRNA expression to elucidate molecular
processes involved in IMF deposition in skeletal muscle identified
hundreds of genes involved in several biochemical pathways and cel-
lular signaling mechanisms [6–8]. However, mRNA expression levels
are not highly correlated with protein abundance [9,10]. Hence, pro-
teomics has emerged as an important investigation tool to complement
genomic studies and provide a deeper understanding of complex bio-
logical processes.

Recent proteomic studies addressed differences in IMF deposition
between individuals from different breeds [11,12], between breeds
[13], and in distinct stages of IMF development [14,15]. Nevertheless,
genetic mechanisms involved in IMF deposition are not completely
clear.

Proteomic analysis based on two-dimensional electrophoresis and
mass spectrometry has been used successfully to study skeletal muscle
[16–19], but recent technological innovations in liquid chromato-
graphy, mass spectrometry, and bioinformatics have allowed more
concise and complex results in proteomics [20,21]. Label-free quanti-
tative proteomics by High Definition Mass Spectrometry (HDMSE) has
become an attractive and powerful analytical tool to analyze the
abundance of thousands of proteins in complex biological samples due
to its high technical reproducibility, improved proteome coverage, as
well as more confident peptide identification and quantification
[22,23].

In the present study, we investigated the differences on protein
profile of Longissimus dorsimuscle samples of animals with High (H) and
Low (L) genomic estimated breeding values for IMF content using an
integrated transcriptome-assisted label-free quantitative proteomic ap-
proach by High Definition Mass Spectrometry (HDMSE). Moreover, we
compared proteomic results with transcriptomic results of mRNAs and
microRNAs from the same animals [6,24], to better explore and clarify
the biological mechanisms that influence IMF deposition.

2. Materials and methods

2.1. Animals and samples

A population of 390 male Nelore animals, progenies of 34 unrelated
sires representative of the main Nelore genealogies used in Brazil, were
used in this experiment. The animals were raised on pasture until ap-
proximately 21months of age when they were allocated to feedlots. The
same diet and handling conditions were provided to all animals. The
animals were slaughtered at an average live weight of 452 ± 50 kg and
24 ± 1month of age. All procedures related to animal experiments
were undertaken following the Institutional Animal Care and Use
Committee Guidelines (IACUC) from Brazilian Agriculture Research
Corporation (EMBRAPA) and approved by the director Dr. Rui
Machado.

Samples were excised from Longissimus dorsi (LD) muscle located
between 12th and 13th ribs. For proteomics analysis, samples were
collected immediately after slaughter, snap frozen in liquid nitrogen
and stored at −80 °C. For measurement of the intramuscular fat (IMF)
content, samples was collected 24 h after slaughter, vacuum packaged
and stored at −20 °C.

The IMF content (%), backfat thickness (BFT, mm) and ribeye area
(REA, cm2) data used herein were previously reported [6,25]. From this
data set, 20 samples from animals with extreme genomic estimated
breeding values (GEBV) for IMF content were selected for this pro-
teomic study. The subject group with higher GEBV values was named
High (H, n=10), and the subject group with lower GEBV values was
named Low (L, n=10). GEBV were computed under the Genomic Best
Linear Unbiased Prediction (GBLUP) model using ASREML 3.0 software

[26] as previously published [6] for 390 animals. The statistical model
included contemporary animal groups with the same origin, birth year
and slaughter date as fixed effect, and hot carcass weight as a covariate.
The Student's t-test was used to evaluate the differences between the L
and H groups for IMF, BFT, and REA by R software.

2.2. Muscle protein extraction

Pieces of frozen muscle were ground under liquid nitrogen, trans-
ferred to a microcentrifuge tube and weighed still frozen in order to
minimize protein degradation. Approximately 0.5 g of frozen muscle
were homogenized in 2.5 mL lysis buffer containing 8M Urea, 2M
Thiourea, 1% DTT, 2% CHAPS and 1% Protease Inhibitor Cocktails
(Sigma-Aldrich) in ULTRA-TURRAX® IKA homogenizer on ice. Extracts
were vigorously shaken for 30min on ice and centrifuged at 10,000×g
for 30min at 4 °C. The supernatants were collected and total protein
concentration determined by PlusOne 2-D Quant Kit (GE Healthcare).
Samples were stored at −80 °C until required for further analysis.

2.3. Sample preparation for mass spectrometry

The protein extract was desalted using a 3-kDa cutoff Amicon® Ultra
centrifugal filter (Millipore, Ireland), where the lysis buffer was ex-
changed with a solution of 50mM ammonium bicarbonate and 2M
urea for five times. The concentration of retained protein solution was
quantified using a Bradford Protein Assay Kit (BioRad). For protein
digestion, 50 μg of proteins of each sample were denatured with 25 μL
of 0.2% RapiGest SF (Waters Corporation, USA) at 80 °C for 15min,
reduced with 2.5 μL of 100mM dithiothreitol (DTT) (Sigma, USA) at
60 °C for 30min, and alkylated with 2.5 μL of 300mM iodoacetamide
(AA) (Sigma, USA) at room temperature in the dark for 30min.
Enzymatic digestion was performed with sequencing grade modified
trypsin (Promega) at a 1:100 (w/w) enzyme: protein ratio at 37 °C for
16 h. Digestion was stopped by the addition of 10 μL of 5% (V/V) tri-
fluoroacetic acid, and incubated at 37 °C for 90min to hydrolyze the
RapiGest [27]. The peptide mixture solution was then centrifuged at
18,000×g for 30min at 6 °C. The supernatant was transferred to a new
vial, dried down in a vacuum centrifuge and stored at −20 °C.

2.4. nanoUPLC-HDMSE analysis

Qualitative and quantitative bidimensional nanoUPLC tandem
nanoESI-HDMSE analyses were conducted using both 1 h reversed phase
gradient from 7% to 40% (v/v) acetonitrile (0.1% v/v formic acid) and
500 nL·min.−1 on a nanoACQUITY UPLC 2D Technology system [28]. A
nanoACQUITY UPLC HSS T3 1.8 μm, 75 μm×15 cm column (pH 3)
was used in conjunction with a reverse phase (RP) XBridge BEH130 C18
5 μm 300 μm×50mm nanoflow column (pH 10). Typical on-column
sample loads were 500 ng of total protein digests for each of the 3
fractions (500 ng/fraction/load). The ion mobility cell was activated
and filled with nitrogen gas, which operates at the cross-section resol-
ving power of at least 40Ω/ΔΩ [29]. The effective resolution with the
conjoined ion mobility were>1.5M FWHM [30]. Ionization of the
samples was performed using a NanoLockSpray ionization source
(Waters, Manchester, UK) in the positive ion mode nanoESI (+). Lock
mass channel was sampled every 30 s. The mass spectrometer was ca-
librated with a MS/MS spectrum of [Glu1]-Fibrinopeptide B human
(Glu-Fib) solution (100 fmol·uL−1) delivered through the reference
sprayer of the NanoLockSpray source. The [M+2H]2+=785.8426
was used for initial single-point calibration and MS/MS fragment ions
of Glu-Fib were used to obtain the final instrument calibration. Data
acquisition was performed using a Synapt G2-S HDMS mass spectro-
meter (Waters, Manchester, UK). Data was acquired under multiplexed
data-independent (DIA) scanning with added specificity and selectivity
of a non-linear ‘T-wave’ ion mobility (HDMSE) device. The mass spec-
trometer was automatically planned to do the following: (a) switch
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between standard MS (3 eV) and elevated collision energies HDMSE

(19–45 eV) applied to the transfer ‘T-wave’ CID (collision-induced dis-
sociation) cell filled with argon gas; (b) adjust the trap collision cell to
1 eV. Scan time was 500m-seconds, previously adjusted based on the
linear flow velocity of the chromatography peak delivered from nano-
binary pumps to obtain a minimum of 20 scan points for each in-
dividual peak, both in low energy and high-energy transmission on an
orthogonal acceleration time-of-flight (oa-TOF). A mass range from m/z
50 to 2000 was utilized. The radio-frequency (RF) offset (MS profile)
was adjusted so that the nanoUPLC-HDMSE data were effectively ac-
quired from m/z 400 to 2000, which ensured that any masses observed
in the high energy spectra with less than m/z 400 arose from dis-
sociations in transferring the collision cell.

2.5. Data analysis

Mass spectrometry data were acquired with Waters MassLynx v.4.1
software and processed using Progenesis QI for Proteomics (QIP) 2.0
software (Nonlinear Dynamics, UK). Progenesis QIP software was used
to run alignment, peak picking, ion drift time data collection, ion
abundance measurements, normalization, quantification, peptide &
protein identification and statistical analysis. The processing para-
meters for Progenesis included the following: automatic tolerance for
precursor and product ions based on peptide identification and a
normal distribution [31], one missed cleavage, carbamidomethylation
of cysteine as fixed modification, and oxidation of methionine as vari-
able modification. For protein identification and quantification, the
obtained raw data were searched against a Nelore transcriptome data-
base built from RNA-sequencing data from LD muscle. To access the
false positive rate of identification, the databases utilized were reversed
“on-the fly” during the database queries and appended to the original
database. A maximum false discovery rate (FDR) was set to 4%
[32–36]. Label-free protein quantification values were generated based
on the label-free Hi3 method, as described before [37,38].

Data quality assessment were performed accordingly [39], and
proteins were selected based on the detection and identification in at
least 8 of 10 biological replicates per group. Differentially abundant
proteins (DAP) were considered and filtered by ANOVA test (p-
value < 0.05).

The partial correlation coefficients between mRNA/microRNA and
protein/microRNA were computed by Partial Correlation with
Information Theory (PCIT) analysis [40] using the whole list of proteins
abundance data as well as microRNAs and mRNAs expression levels
data. The mRNA and microRNA data used in this study were previously
published [6,24], respectively.

2.6. Transcriptome database assembly

The LD muscle RNA-Sequencing data [5] from the 20 animals used
in this study, plus 23 extra from the same population to insure genetic
diversity, were used to build Nelore transcriptome database for this
study. All the dataset is available in the in the European Nucleotide
Archive (ENA) repository (EMBL-EBI), under accession PRJEB13188
[http://www.ebi.ac.uk/ena/data/view/PRJEB13188]. Seqyclean v1.9
software (https://bitbucket.org/izhbannikov/seqyclean/downloads)
was used to filter reads with a minimum Phred base quality of 26, and
reads longer than 65 bp (base pairs) in length; furthermore, vector and
adaptor sequences were identified by comparing reads to the Univec
database (https://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/) to
remove possible artificial sequence contaminants. Following this fil-
tering step, around 284 million reads were normalized using the script
normalize_by_kmer_coverage.pl from Trinity v2.1.1 [41,42]. A total of
133,384,146 reads obtained from the normalization step was used in
the assembly. The reference assembly was performed with Trinity
v2.1.1, and only the contigs longer than 300 bp were recovered. Re-
duction of redundant reads in the assembly was performed with CD-HIT

version 4.6 [43] using a threshold of 98% global similarity, followed by
identification and removal of low-complexity sequences using Dust-
Masker [44]. The reduced assembly was then processed in TransDe-
coder [42] to identify candidate ORFs within the transcripts. Assembled
data were compared to NCBI's UniProt database with the BLASTX tool
with a cutoff of 1 e−5. Sequences with hits to rRNA (ribosomal RNA)
sequences were excluded.

2.7. Functional enrichment analysis

Functional enrichment analysis was performed using the list of the
proteins with significant difference (p < 0.05) in abundance between
the H and L groups by Biological Network Gene Ontology – BiNGO
[45], an app from Cytoscape [46]. The redundant GO terms generated
were summarized in clusters by REVIGO tool [47]. Canonical pathways,
upstream regulators, and network analysis were performed by In-
genuity Pathway Analysis software (IPA-http://www.ingenuity.com)
using inputs of gene identifiers, log2fold-changes between H and L
groups. Protein-protein interactions were analyzed by STRING version
10 (http://string-db.org) [48] against Bos taurus database and con-
sidering a medium confidence score of 0.4 for interactions. Biological
processes, cellular components, molecular functions, and KEGG path-
ways analysis were conducted using DAVID (Database for Annotation,
Visualization, and Integrated Discovery) version 6.7 [49]. The DAPs
and DEGs lists were first analyzed separately and later combined for a
more comprehensive analysis.

3. Results

3.1. Phenotypic data

The intramuscular fat (IMF), backfat thickness and ribeye area for
the selected animals are presented in Table 1. More information on the
phenotypes and GEBV for each animal are reported in supplementary
Table S1 in Data in Brief article. Statistically significant differences
between H and L groups were observed only for IMF percentage
(p < 0.001) demonstrating the representative biological relevance of
samples selected for this trait. The genetic variance, residual variance,
and heritability obtained for IMF content from this population were
0.196; 0.490; 0.29 ± 0.16, respectively [50].

3.2. Proteomic data

To increase the coverage of the overall muscle proteome for dif-
ferential proteomics analysis between H and L groups, we used multi-
dimensional nanoUPLC combined with a hybrid Ion Mobility Q-Tof
mass spectrometer with step-wave ion optics. To enhance peptide de-
tection and confidence of proteins identification, we assembled and
used transcriptome data from Nelore LD muscle for proteomics data
analysis. The de novo transcriptome assembly contained 366,987 con-
tigs, with N50 of 3166 and a mean contig length of 1446.3 bp, after
reduction. From this total, 100,277 contigs had hit against the UniProt
database, and 113,178 contigs were translated by TransDecoder.

The label-free proteome profile identified 19,922 peptides with an
error < 5 ppm, of which 9110 were unique peptides. A total of 2529

Table 1
Mean values [± standard deviation] of intramuscular fat [IMF], backfat thickness and
ribeye area for High and Low groups based on genomic estimated breeding values [GEBV]
for IMF percentage from Longissimus dorsi muscle.

Traits High IMF Low IMF p-value

Intramuscular fat [%] 4.56 ± 0.40 1.54 ±0.25 <0.001
Back fat thickness [mm] 5.00 ± 1.75 5.30 ±1.35 0.688
Ribeye area [cm2] 61.35 ± 8.95 58.78 ±7.03 0.362
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proteins were identified with an average of 7 peptides per protein
(Supplementary Table S2, Data in Brief article). From these, only
proteins present in at least eight biological replicates and identified
with at least two peptides were used in differential abundance analysis,
resulting in 18,100 peptides and 1582 proteins quantified
(Supplementary Table S3, Data in Brief article). The average coefficient
of variation for protein abundance was 0.51 and 0.52 for H and L
groups, respectively. Of the 1582 quantified proteins, 164 were differ-
entially abundant proteins (DAPs, p < 0.05) between the two groups;
83 proteins were down-regulated and 81 up-regulated in H group
(Fig. 1, and Supplementary Table S4 in Data in Brief article). The lowest
fold change (−2.46) among the DAP was for the Copine-8 protein
(CPNE8), and the highest fold change (2.95) was for Protein FAM135A.

3.3. Functional enrichment and pathway analysis of DAPs

To better understand the biological processes in which the DAPs
were involved, we performed functional enrichment analysis of the 164
DAPs by Gene Ontology (GO) terms using BiNGO v.3.0.3. Twenty-eight
Biological Processes (BP), 50 Molecular Functions (MF) and 16 Cellular
Components (CC) were enriched (FDR < 0.1), which were summarized
in non-redundant GO terms by REVIGO. REVIGO assigned 20 GO terms
to BP, 37 to MF and 14 to CC (Supplementary Table S5, Data in Brief
article). The most significantly enriched terms for the biological process
included monosaccharide catabolism, alcohol catabolism, carbohydrate
catabolism, and small molecule catabolism. Enriched molecular func-
tion terms predominantly revealed proteins involved in binding, cata-
lytic activity, coenzyme binding, ATP binding, hydrolase activity,
purine nucleotide binding, ATPase activity, ion binding, cation binding,
and metal ion binding. With respect to the cellular component, we
identified proteins mainly related to cytoplasm and intracellular space
(Fig. 2).

Core analysis by IPA software identified four significant canonical
pathways (determined by Fisher's exact test right-tailed from DAP list,
adjusted p-value < 0.05, Table 2). All proteins involved in the glyco-
lysis pathway were down-regulated in the H group (Fig. 3).

IPA upstream regulator analysis was performed to help explain the
observed protein abundance changes, which predicted (p-value <
0.10) Insulin 1 (Ins1) and Mitogen-activated protein kinase 1 (MAPK1)
as significant activated upstream regulators (activation z-score 2.236
for both, Fig. 4). The z-scores infer the activation states of predicted

transcriptional regulators, being z-score > 2 or<−2 indicative that
the activity of a relevant function was significantly increased or de-
creased.

The top five associated network functions identified from the list of
DAP were related to development disorder; cellular assembly and or-
ganization; cellular function and maintenance; nucleic acid metabo-
lism, and cell death and survival (Supplementary Table S6, Data in Brief
article). We found six proteins associated with lipid metabolism within
these networks: Pyruvate dehydrogenase (PDK4), Pyruvate dehy-
drogenase E1 component subunit beta (PDHB), Long-chain-fatty-acid-
CoA ligase 1 (ACSL1), Microtubule-associated protein tau (MAPT),
Synaptojanin-1 (SYNJ), and Thymidine kinase 2, mitochondrial (TK2).

A network of physical and functional protein-protein interactions
(PPI) was built using STRING v. 10.0 online software against Bos taurus
database. A total of 206 known or predicted interactions (PPI enrichment
p-value=3.53 e−10) were formed among DAPs in the PPI network
(Fig. 5). The highest number of interactions was observed for Heat
shock protein HSP 90-alpha (HSP90AA1). Dense networks associations
were also observed around Beta-enolase (ENO3), CAD protein (CAD),
Inosine-5′-monophosphate dehydrogenase 2 (IMPDH2), L-lactate de-
hydrogenase B chain (LDHB) e Alpha-actinin-1 (ACTN1).

KEGG pathway analysis using STRING revealed three significant bio-
chemical pathways: carbon metabolism (bta:01200, FDR=3.29 e−05),
Glycolysis/Gluconeogenesis (bta:00010, FDR=0.00101), and microbial
metabolism in diverse environments (bta:01120, FDR=0.00255).

3.4. Comparative analysis of proteomic and transcriptomic data

A comparative study was carried out using our proteomic results
and the transcriptome data from a previous study of our group on the
same biological samples [6]. In the RNA-seq study, out of 16,101 genes
identified in LD muscle, 1129 were differentially expressed genes
(DEGs, p < 0.05) between H and L groups. In this study, 1582 proteins
were quantified and 164 were DAPs. There were 17 genes differentially
expressed at the mRNA and protein levels (Table 3).

Transcriptomic and proteomic results were not consistent on the
sign of the fold change between H and L groups for three genes/proteins
(DIS3L, DPYSL2, and LRRFIP1). Two (DPYSL2 and LRRFIP1) had lower
mRNA expression and higher protein abundance in H compared to L
group. While DIS3L demonstrated higher mRNA expression and lower
protein abundance in H compared to L group (Table 3). The results for

Fig. 1. Volcano plot shows ANOVA p-values [y-axis] plotted
against log2 values of protein fold changes [x-axis] for quanti-
tative analysis of proteins abundance comparing High vs. Low
groups, classified on genomic estimated breeding values for in-
tramuscular fat. Blue and red dots represent significant
[p < 0.05] up and down-regulated proteins, respectively. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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DIS3L, DPYSL2, and LRRFIP1 protein abundance could be explained by
a higher expression of microRNAs (miRNAs) that targets these genes.
Taking this into consideration, we investigated the miRNAs expression
from a previous study of our group [24]. Among the differentially ex-
pressed miRNAs (p < 0.05), eight had as target the DIS3L and higher
expression in the H group. Eight had as target the DPYSL and higher
expression in the L group. The correlation values were calculated be-
tween the expression levels of these miRNAs and the DIS3L and DPYSL2
proteins (Table 4).

A negative correlation was observed between DIS3L protein and the
miRNAs bta-mir-339a, bta-mir-339b and bta-mir-423-5p. For the
DPYSL2 protein, a negative correlation was found with the miRNAs bta-
mir-1388-5p, bta-mir-143, bta-mir-30a-5p, and bta-mir-874. These re-
sults could explain the higher mRNA expression level and the lower

Fig. 2. The interactive graph view from REVIGO for the enriched terms [FDR < 10%] of biological processes [A], cellular component [B] and molecular function [C] for the differ-
entially abundant proteins between High vs. Low groups based on genomic estimated breeding values for intramuscular fat. The bubble colour indicates the p-value and bubble size
indicates the frequency of the GO term in the underlying GO database.

Table 2
Significant canonical pathways [adjusted p-value<0.05] identified by Ingenuity
Pathway Analysis [IPA] from the list of differentially abundant proteins.

Ingenuity canonical pathways B-H p-valuea Number of molecules

Glycolysis I 4.92E-03 4
Actin Cytoskeleton Signaling 4.92E-03 9
Remodeling of epithelial adherens

junction signaling
1.09E-02 5

Huntington's disease signaling 2.20E-02 8

a B-H p-value: p-value corrected for multiple testing by Benjamin-Hochberg False
Discovery Rate [FDR] procedure.

M.D. Poleti et al. Journal of Proteomics 179 (2018) 30–41

34



protein abundance for the DIS3L and DPYSL2 genes in H and L groups,
respectively. For the LRRFIP1 gene, miRNA expression could not ex-
plain the discrepancy between mRNA and protein level, since none of
the DE miRNAs had LRRFIP1 as a target gene.

To better understand the biological processes involved in IMF de-
position the functional enrichment was performed from three different
lists by DAVID software: (1) the list containing just the DEGs; (2) the list
containing just the DAPs; and (3) the list containing the DEGs plus the
DAPs. These results showed that the biological processes, such as sar-
comere organization (GO:0045214) and intracellular signal transduc-
tion (GO:0035556), and the KEGG pathway of regulation of actin cy-
toskeleton (bta04810) were enriched for both lists of DEGs and DAPs
(Supplementary Table S7, Data in Brief article). We also observed that
some proteins were involved in the same biological processes and me-
tabolic pathways when we used the list containing just the DEGs or the
list containing the DEGs plus the DAPs (Supplementary Table S8, Data
in Brief article). In agreement with IPA enrichment results, insulin re-
sistance, MAPK signaling and actin cytoskeleton regulation pathways,
as well as cell-cell adherens junction (cellular component) were also

found. Besides, DAPs were enriched for GO terms and metabolic
pathways divergent from those found for DEGs, such as carbon meta-
bolism (bta01200) and glycolysis/gluconeogenesis (bta00010)
(Supplementary Table S9 and S10, Data in Brief article).

4. Discussion

Understanding the molecular mechanisms related to fat deposition
in Longissimus dorsi muscle is key to improve our understanding of
metabolic disease, sensory characteristics and nutritional value of beef.
Previous research in LD muscle of Bos indicus observed similar con-
centrations of IMF as described here, ranging from 1.5 to 4% IMF in
Nelore cattle [51,52]. In this study, animals of the similar age and the
same breed, sex, and fed the same diet had different average of IMF
content between groups, indicating that this may be due to genetic
variation among animals.

Recent advances in proteomic methodologies have allowed a higher
proteome coverage and greater confidence in protein and peptide
identification in complex biological samples, such as skeletal muscle

Fig. 3. Canonical pathways enriched from the list of differentially abundant proteins between High vs. Low groups based on genomic estimated breeding values for intramuscular fat by
Ingenuity Pathway Analysis [IPA]. The shapes in green represent the pathways enriched, the blue shapes represent the up-regulated proteins in the High group, and red shapes represent
the down-regulated proteins in the High group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Differentially abundant proteins between High vs. Low groups based on genomic estimated breeding values for intramuscular fat regulated by Insulin 1 and MAPK1 upstream
regulators predicted as activated by Ingenuity Pathway Analysis [IPA]. Prediction legend shows the meaning of the colors schemes of shapes and connecting lines.
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tissue. Our study identified a higher number of proteins (2529) in the
LD muscle using label-free multidimensional nanoUPLC-HDMSE cou-
pled with protein database generated by transcriptome analysis in
comparison to previous studies [16,17,19,51,53]. The use of tran-
scriptome database to construct a protein database to identify peptides
detected by mass spectrometry have been reported in some studies
[54,55], with clear benefits for the identification of several distinct
proteins in a single experiment and better quality of genome functional
annotation [56].

We identified 164 differentially abundant proteins (p-value <
0.05) between the two groups for intramuscular fat deposition in
Nelore steers. Eight-three proteins were down-regulated and 81 up-
regulated in H group. The most prominent up-regulated proteins in H
IMF group were FAM135A (FC=2.95) and PLEKHA5 (FC=2.80).
FAM135A protein is involved in the cellular lipid metabolic process,
and PLEKHA5 interacts with phosphoinositides (PI3P, PI4P, PI5P and PI

(3,5)P2) and targets proteins to the membrane due to its PH (pleckstrin
homology) domain [57]. PLEKHA5 has been associated with in-
tracellular signaling and cytoskeletal organization [58]. Phosphoinosi-
tides are an important family of lipids present in eukaryotic cells and
responsible for regulating vesicular traffic and modulating lipid dis-
tribution and metabolism [59].

The lowest fold change estimate was found for Copine-8 (down
regulated in H IMF group). This protein is a calcium-dependent phos-
pholipid binding protein involved in membrane trafficking phenomena
[60,61]. Moreover, copines have demonstrated the ability to recruit
other target proteins to the membrane surface, mainly proteins that are
involved in intracellular signal transduction pathways [62]. Similar to
the copines, the annexins and synaptotagmin, which were also found to
be down-regulated in the H IMF group, have broad importance in the
assembly of proteins from cytosol to membrane surfaces involving
calcium-dependent regulation [62].

Fig. 5. Network of predicted protein-protein interactions against Bos taurus database from differentially abundant proteins between High vs. Low groups based on genomic estimated
breeding values for intramuscular fat was constructed by STRING 10.0 online software. The network nodes are proteins and the edges represent the predicted functional associations. Each
colored lines represent different evidences for each interaction: red, fusion; green, neighborhood; blue, co-occurrence; purple, experimental; yellow, text mining; light blue, database;
black, co-expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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One significant canonical pathway identified was glycolysis. There
were four proteins, Enolase 3 (ENO3), ATP-dependent 6-phospho-
fructokinase (PFKL), phosphoglycerate kinase 1 (PGK1), and Pyruvate
kinase (PKM) with lower abundance in H group. These results were
consistent with another study, which also demonstrated that two pro-
teins related to glycolysis, PGK1 e triosephosphate isomerase (TPI1),
were down-regulated in the High-fat group of Xiangxi yellow x Angus
crossbred cattle [12]. Therefore, appears that a decreased of glycolytic
enzymes is associated with intramuscular fat accumulation. However,
PGK1 was found in lower abundance in LD muscle from low marbling
score group in Hanwoo cattle [11]. Nevertheless, glycolytic proteins as
ENO3, PKM2, and GPI (glucose-6-phosphate isomerase) were found in
higher abundance in Longissimus lumborum muscle from Aberdeen
Angus sires steers with high intramuscular fat content [13].

The primary substrate for fat synthesis in ruminants is acetate de-
rived from fermentation in the rumen, but there is also evidence that
intramuscular adipocytes use glucose/lactate as a source of acetyl units
for lipogenesis [63]. Among the up-regulated proteins in H group were
L-lactate dehydrogenase B chain (LDHB), which catalyze the inter-
conversion of pyruvate and lactate, and Pyruvate dehydrogenase E1
(PDHB), which transform pyruvate into Acetyl-CoA, facilitating fat
synthesis in skeletal muscle. The utilization of lactate as a carbon source
for fatty acids synthesis in bovine adipose tissue has already been re-
ported [64]. Recently, lactate has been described as a primary source of
carbon for the tricarboxylic acid (TCA) cycle in mice [65]. Moreover,
Pyruvate dehydrogenase kinase isozyme 4 (PDK4), a kinase that in-
hibits pyruvate dehydrogenase activity, and thereby regulates meta-
bolite flux through the TCA cycle, was down regulated in H group.
Therefore, although these findings are not surprising, glycolytic meta-
bolism and the use of lactate as a source for marbling synthesis remains
unclear and merits further investigation.

Proteins from TCA cycle, such as Short-chain specific acyl-CoA de-
hydrogenase (ACADS), 2-oxoglutarate dehydrogenase (OGDH), and
Succinate dehydrogenase [ubiquinone] flavoprotein subunit (SDHA)
were in higher abundances in the H group. The presence of Acetyl-CoA
and reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH) is required for fatty acid synthesis [66]. Acetyl-CoA combines
with oxaloacetate from TCA cycle to produce citrate, which is trans-
ported to the cytoplasm and used in the fatty acid synthesis [67]. A
previous study reported higher abundance of Aconitase 2 and OGDH in
Aberdeen Angus compared with Belgian Blue steers, which are con-
trasting for adiposity [13]. However, succinate dehydrogenase is more

abundant in early versus late-fattening stage in Korean cattle [14].
Pathways related to cellular junctions and actin cytoskeleton sig-

naling may contribute to IMF deposition. Most of the actin-binding
proteins (ACTN1, ARPC2, SSH1, TTN) was down-regulated in the H IMF
group, suggesting a cellular rearrangement to make space for the adi-
pocyte. Decreased expression of actin, tubulin, integrin and other cy-
toskeletal proteins are very early events in adipocyte differentiation
[68,69]. Adipocytes differentiation causes a significant change in cel-
lular shape, resulting in the epithelial remodeling of the extracellular
matrix (ECM) and actin cytoskeleton rearrangements [4,70]. Altera-
tions in cytoskeleton organization and cell junctions have been shown
to participate in the accumulation of IMF during chicken development
[71]. Taye et al. [72] studying meat quality parameters, including IMF
deposition in Ankole cattle breed identified gene ontology terms of
cellular component organization and actin cytoskeleton involved in
adipocyte regulation, supporting our findings.

Moreover, our results revealed structural proteins differentially
abundant between groups. Myosin-15 (MYH15), Myosin light chain 6B
(MYL6B), and Titin (TTN) had decreased abundance in H group, while
Myosin 7B (MYH7B), and Nebulin (NEB) increased. Reduced abun-
dance of structural proteins has already been reported in high-fat group
animals in others proteomics studies [12,15]. Therefore, these findings
confirm changes in muscle structure during adipogenesis.

Additionally, IPA upstream regulator analysis predicted Ins1 and
MAPK1 pathways as significantly activated upstream regulators in our
Longissimus dorsi muscle samples. Insulin signaling plays a pivotal role
in maintaining basic cellular functions such as synthesis and degrada-
tion of glycogen, lipids, and proteins [73], and insulin resistance has
been linked to lipid accumulation in skeletal muscle and consequently
associated with metabolic diseases such as obesity [74]. Another im-
portant pathway that controls insulin resistance is MAPK, an in-
tracellular signaling pathway that plays a key role in cellular processes
of proliferation and differentiation [75] Several studies have associated
the role of MAPKs in the regulation of lipid metabolism [76–79].

Heat shock protein 90 alpha (HSP90AA1) was shown as central core
of network predicted by STRING and down-regulated in LD muscle of
animals with High values of intramuscular fat content. HSP90 is a
chaperone essential for cell growth and survival [80]. HSP90 interacts
with several proteins including kinases, nuclear receptors, and tran-
scription factors [81]. Recently, HSP90 has been identified to regulate
lipid metabolism by controlling SCAP/SREBP (SREBP cleavage-acti-
vating protein/sterol regulatory element-binding proteins) complex

Table 3
Differentially expressed genes corresponding to differentially abundant proteins in both transcriptomic and proteomic analyses [p-value< 0.05] between High vs. Low groups based on
genomic estimated breeding values for intramuscular fat percentage from Longissimus dorsi muscle.

Ensembl ID Gene name Uniprot ID Description Log2FCa

mRNA Protein

ENSBTAG00000018255 ACTN1 P05094 Alpha-actinin-1 −0.40 −1.48
ENSBTAG00000014207 Adamts10 P58459 A disintegrin and metalloproteinase with thrombospondin motifs 10 −0.34 −0.37
ENSBTAG00000000667 APOL3 O95236 Apolipoprotein L3 −0.87 −0.34
ENSBTAG00000000371 DIS3L A0JN80 DIS3-like exonuclease 1 0.31 −1.73
ENSBTAG00000018373 DPYSL2 O02675 Dihydropyrimidinase-related protein 2 [DRP-2] −0.31 1.85
ENSBTAG00000006270 HSP90AA1 Q76LV2 Heat shock protein HSP 90-alpha −0.22 −0.50
ENSBTAG00000037951 KLHL6 Q8WZ60 Kelch-like protein 6 −0.93 −0.23
ENSBTAG00000005354 Lrrfip1 Q3UZ39 Leucine-rich repeat flightless-interacting protein 1 −0.46 0.21
ENSBTAG00000039682 MTUS1 Q5R9I1 Microtubule-associated tumor suppressor 1 homolog 0.33 2.17
ENSBTAG00000011465 MYBPH Q13203 Myosin-binding protein H −1.79 −0.56
ENSBTAG00000000698 MYO18B Q8IUG5 Unconventional myosin-XVIIIb −0.33 −1.03
ENSBTAG00000010195 PKN3 Q6P5Z2 Serine/threonine-protein kinase N3 −0.55 −0.34
ENSBTAG00000017233 RNF213 Q63HN8 E3 ubiquitin-protein ligase RNF213 −1.11 −1.11
– SRL P13666 Sarcalumenin 1.57 0.41
ENSBTAG00000000460 SYTL2 A6QP06 Synaptotagmin-like protein 2 −0.42 −0.56
ENSBTAG00000019314 USP25 Q9UHP3 Ubiquitin carboxyl-terminal hydrolase 25 0.31 0.57
– ZC3H6 P61129 Zinc finger CCCH domain-containing protein 6 0.60 0.39

a Fold Change [log2] High:Low.
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proteins [82]. The SREBPs are key transcription factors that modulate
the transcription of a range of lipogenic enzymes [83]. Other members
of the heat shock protein family (72 and 27) play a protective role in
insulin resistance in monocytes from obese patients via inhibition of
key stress kinases [84]. This suggests that decreased expression of heat
shock proteins may lead to greater fat deposition.

A comparative analysis between transcriptomic (mRNA) and pro-
teomic data allowed us to investigate the relationship between mRNA
expression level and protein abundance. Out of the 17 DAPs that were
also DE at the transcript level, we found a direct mRNA/protein re-
lationship for 14 genes and to unravel two of the three unexpected
mRNA/protein relationship by miRNA data. The relation of mRNA
expression with protein expression is influenced by several post-tran-
scriptional regulatory mechanisms [85]. Among them are miRNAs that
bind in mRNA and can degrade mRNAs and suppress translation [86].

Previous reports also demonstrated divergent results between
transcriptomic and proteomic data. In an integrative analysis of tran-
scriptomic and proteomic of skeletal muscle from pigs, only three genes
were found to be differentially expressed at the protein and mRNA level
[87]. Analysis of liver from Chianina and Holstein Friesian cattle

validated only three proteins of 39 differentially abundant by micro-
array analysis [88]. However, no previous studies have used miRNAs to
explain mRNA/protein relationship.

Apolipoprotein L3 (APOL3), HSP90AA1, Zinc finger CCCH domain-
containing protein 6 (ZC3H6), and RNF213-E3 ubiquitin-protein ligase
(RNF213) agreed in fold change direction for protein and mRNA, and
are potential candidates for IMF deposition.

Apolipoproteins are involved in the transport of lipids in the cyto-
plasm, including cholesterol, and may allow the binding of lipids to
organelles [89]. We found APOL3 mRNA and protein down-regulated in
H group. APOL3 was identified as a highly duplicate gene in the beef
breeds, revealing higher copy number of this gene in Angus animals
compared with Holstein, Hereford, and Nelore [90]. Furthermore, an-
other type of Apolipoprotein has already been reported in lipid droplet
proteome in rat skeletal muscle [91]. Therefore, APOL3 gene appears to
be a candidate gene for IMF deposition.

Two zinc finger proteins, Zinc finger-containing CCCH domain-
containing protein 6 (ZC3H6) and Protein ZGRF1 (ZGRF1), were
identified in this study in higher abundance in the H group: The first
one also showed higher mRNA expression in H group. Zinc finger

Table 4
Expression level of differentially expressed microRNAs [p < 0.05] between High vs. Low groups for intramuscular fat that targets DIS3L and DPYSL2 genes, and partial correlation
coefficient values obtained from microRNAs expression and protein abundance. The microRNAs more representative to explain differences in mRNA expression and protein abundance
are highlighted in bold.

microRNAs target DIS3L microRNAs expression microRNA-protein correlation

H L H L

bta_let_7a_5p 1908.20 1526.04 0.16 −0.52
bta_let_7e 118.23 70.99 0.10 −0.36
bta_miR_100 840.72 1968.02 0.34 −0.19
bta_miR_1388_5p 59.64 63.43 −0.05 0.87
bta_miR_143 27,539.78 32,275.17 0.71 −0.26
bta_miR_2284x 55.35 48.45 0.51 −0.25
bta_miR_2284y 55.35 48.45 0.51 −0.25
bta_miR_30a_5p 12,141.64 13,282.18 0.43 −0.12
bta_miR_339a 71.51 57.20 −0.25 0.44
bta_miR_339b 71.51 57.20 −0.25 0.44
bta_miR_376e 0.12 0.80 −0.26 0.07
bta_miR_423_5p 488.05 311.91 −0.18 0.08
bta_miR_454 0.54 2.07 −0.02 −0.09
bta_miR_504 25.82 21.21 0.46 0.48
bta_miR_665 4.27 6.99 −0.28 −0.32
bta_miR_874 16.49 22.40 −0.25 0.46

microRNAs target DPYSL2 microRNAs expression microRNA-protein correlation

H L H L

bta_let_7a_5p 1908.20 1526.04 −0.20 0.21
bta_let_7e 118.23 70.99 0.35 −0.41
bta_miR_1271 13.86 42.14 −0.45 0.10
bta_miR_1388_5p 59.64 63.43 −0.36 −0.42
bta_miR_143 27,539.78 32,275.17 0.14 −0.44
bta_miR_222 8.47 4.70 −0.25 0.24
bta_miR_22_3p 11,510.50 9426.42 0.66 −0.34
bta_miR_2284x 55.35 48.45 0.63 −0.37
bta_miR_2284y 55.35 48.45 0.63 −0.37
bta_miR_30a_5p 12,141.64 13,282.18 0.16 −0.38
bta_miR_30c 610.48 526.56 −0.07 0.77
bta_miR_324 0.08 0.71 −0.10 0.04
bta_miR_339a 71.51 57.20 −0.17 0.07
bta_miR_339b 71.51 57.20 −0.17 0.07
bta_miR_376e 0.12 0.80 −0.04 0.22
bta_miR_423_5p 488.05 311.91 0.16 −0.01
bta_miR_454 0.54 2.07 −0.05 0.16
bta_miR_487b 5.26 3.55 0.13 0.54
bta_miR_504 25.82 21.21 −0.17 −0.06
bta_miR_874 16.49 22.40 −0.17 −0.36
bta_miR_98 141.73 105.68 0.20 0.35
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proteins (ZFPs) family act by controlling the differentiation of me-
senchymal stem cells into myogenic, adipogenic or osteogenic cells
[66]. ZFPs are one of the largest classes of transcription factors present
in the eukaryotic genome, regulating various processes such as cell
proliferation, growth, differentiation, metabolism, immunity, and adi-
pogenesis through DNA/RNA binding, protein-protein interactions,
transcription activation and apoptosis [92]. Some ZFPs have already
been described as participants in the adipogenesis process, such as
Zfp423, Zfp467, Zfp52 and ZNF396 [92].

RNF213 (E3 ubiquitin-protein ligase RNF213) is a protein char-
acterized by the presence of a RING finger domain, a type of specialized
zinc finger domain. This protein is involved in angiogenesis [93], in the
protein ubiquitination pathway and the negative regulation of the non-
canonical Wnt signaling pathway [94]. The Wnt signaling pathway,
once activated, restricts adipogenesis by inhibiting the expression of
PPARγ and CEPA (CCAAT/enhancer-binding protein-α), central tran-
scriptional regulators of adipogenesis [95]. On the other hand, the role
of the non-canonical Wnt pathway is to antagonize the effects of the
canonical pathway, promoting adipogenesis. These reports agree with
our finds, where higher mRNA and protein levels of RNF213 were de-
tected in the group with lower IMF deposition.

Although the proteomic and transcriptomic results had limited
overlap, functional enrichment analysis demonstrated that biological
processes and metabolic pathways were shared between DEGs and
DAPs, especially regulation of actin cytoskeleton and cell-cell adherens
junction and pathways for MAPK and insulin. Moreover, proteomic data
complemented transcriptomic study with proteins found to be involved
in glycolysis metabolism. The integrative analysis provided a deeper
understanding of complex biological processes associated with in-
tramuscular fat deposition.

5. Conclusions

The results demonstrated that proteins involved in glycolysis me-
tabolism, actin cytoskeleton signaling, cell-cell adherens junction and
pathways for MAPK and insulin are important biological mechanisms
involved in bovine LD muscle IMF deposition. Particularly, lactate ap-
pears to be an important source of carbon for fat deposition in rumi-
nants. In addition, the overall transcriptome and proteome changes
associated with IMF demonstrated that sarcomere organization, in-
tracellular signal transduction and regulation of actin cytoskeleton are
mechanisms altered for IMF deposition. The integration of mRNA,
miRNA and protein levels allowed us to better understand the re-
lationship between expression of mRNAs and proteins. These findings
provide a deeper understanding of the highly complex regulatory me-
chanisms involved in IMF deposition in cattle.

Nomenclature

IMF intramuscular fat
HDMSE High Definition Mass Spectrometry
GEBV genomic estimated breeding values
LD Longissimus dorsi
BFT backfat thickness
REA ribeye area
GBLUP genomic best linear unbiased prediction
DAP differentially abundant proteins
DEG differentially expressed genes
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