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Understanding the biological factors that influence carcass and meat quality traits in Nellore cattle 
requires a clear interpretation of molecular complexity and its variations at different levels of 
expression. Hence, this study aimed to elucidate the biological control of carcass and meat quality 
traits in Nellore cattle by integrating genome-wide association study (GWAS), transcriptomic, and 
proteomic data, focusing on identifying key genes and pathways. GWAS analysis was performed using 
weighted single-step GBLUP with two iterations. RNA-Seq and proteomic analyses were performed 
on 24 muscle samples from animals with divergent adjusted phenotypic values (12 for high and 12 for 
low), for meat tenderness, ribeye area (REA), marbling, and backfat thickness (BFT). The phenotypic 
values were adjusted for the systematic effects of contemporary groups and age. Differential 
expression analyses indicated that genes associated with the promotion of growth processes, such as 
FRZB, IGFBP5 and SEMA6C, exhibited overexpression within the group characterized by higher meat 
tenderness that inhibits cellular cycles and growth (RTN4 and RB1) were downregulated. Proteins 
related to heat shock, structural functions, and metabolic regulation also affected the higher meat 
tenderness group. For marbling, actin-binding proteins, microtubule-forming proteins, and structural 
proteins were downregulated, while genes involved in fatty acid composition and synthesis were 
upregulated, with the key genes and transcripts CAND1, ACTN4, FGFR2, and NCOR2 identified. 
For BFT, neuronal genes, transcripts, and proteins associated with actin cytoskeleton organization 
and microtubule formation were found. Key genes related to ubiquitination, regulation of energy 
metabolism, and tissue remodeling were also identified. These findings provide a better understanding 
of genes, transcripts, proteins, and metabolic pathways involved in carcass and meat quality traits in 
Nellore cattle.

Nellore cattle (Bos taurus indicus) are the main beef cattle breed raised in Brazil due to their heat resistance, 
ability to thrive on poor-quality forages, and easy calving1. Breeding programs for Nellore cattle have focused 
on enhancing both productive and reproductive traits, resulting in significant productivity improvements under 
a tropical production system1,2. Recently, breeding programs have expanded the selection criteria to include 
carcass merit traits such as hot carcass weight (HCW), ribeye area (REA), backfat thickness (BFT), and marbling 
score into selection index1,3. These traits directly affect the production system profitability, as they significantly 
influence both meat yield and quality grade, aligning with industry demands for higher-quality beef1,3. However, 
efforts to enhance carcass and meat quality through animal selection face notable challenges due to the high 
costs associated with phenotyping and the dependence on post-slaughter evaluations for these traits4.

Given these challenges, it is essential to understand the genetic mechanisms that control the carcass and meat 
quality variability in Nellore cattle to meet production standards that align with consumer demands. Meat quality 
and carcass traits are complex and affected by different biological factors that are not entirely understood5–7. 
Variations in meat and carcass traits have been exploited using genomic information through GWAS5,8 and 
selection signatures9 to elucidate their genetic architecture. These analyses identified major biological factors 
influencing meat quality and carcass traits, such as muscle growth differentiation and development and lipid 
metabolism, as well as pathways like INS/IGF-1, mTOR, and PPARγ that regulate muscle fiber composition, fat 

1Department of Animal Science, School of Agricultural and Veterinarian Sciences, São Paulo State University 
(UNESP), Jaboticabal, SP 14884-900, Brazil. 2National Council for Science and Technological Development, Brasilia, 
DF 71605-001, Brazil. email: flaviommota.zoo@gmail.com; galvao.albuquerque@unesp.br

OPEN

Scientific Reports |        (2025) 15:10467 1| https://doi.org/10.1038/s41598-025-93714-x

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93714-x&domain=pdf&date_stamp=2025-3-26


deposition and tenderness. In this context, multi-omics integration (i.e., GWAS, Transcriptomics, Proteomics) 
datasets from the same individuals have been proposed as an approach able to uncover the molecular information 
flow, offering a comprehensive view of complex traits10,11.

Multi-omics integration has emerged as a promising approach to a better understanding of the molecular 
architecture of complex traits, offering a comprehensive perspective on the biological pathways that affect 
phenotypic expression and enabling a better translation from genotypes to phenotypic variability12,13. Over 
the past decade, genome, transcriptome and proteome data have been separately explored to investigate the 
molecular basis of carcass and meat traits. Nevertheless, combining these data sources through functional 
enrichment analysis allows researchers to connect genotypic variations with phenotypic variability more 
effectively, providing insights into the biological control of these traits5,14,15.

The biological processes regulating meat quality and carcass traits involve complex mechanisms controlled by 
different genes and genetic variants that influence and explain their variability16. Functional enrichment plays a 
key role in multi-omics studies by identifying differentially expressed genes, proteins, or molecules and grouping 
them into biological groups using bioinformatics tools17,18. This approach facilitates the identification of the 
biological pathways driving trait expression and enhances our understanding of their molecular and cellular 
basis of phenotypic variability.

Advancements in genetic sequencing techniques have enabled the implementation of large-scale genomic 
studies, such as genome-wide association studies (GWAS), RNA sequencing (RNA-Seq), and proteomics (LC–
MS/MS). These methods provide opportunities to investigate the genetic architecture of complex traits at the 
molecular level, allowing for a more accurate determination of the factors that influence various aspects of meat 
quality5,19,20. Thus, as more omics information, such as genetic markers, transcript, and proteome, becomes 
available, its integration is able to explain the genetic influence on the trait better. Therefore, we hypothesize that 
combining information from GWAS, RNA-Seq, and proteomic information could help identify key genes and 
functional markers affecting carcass composition traits. Thus, we aimed to use an integrative biological approach, 
combining these data sources through functional analyses and identifying the main loci and biological pathways 
associated with meat quality and carcass traits in Nellore cattle.

Materials and methods
Carcass and meat quality traits
The carcass and meat quality traits were measured in 6,910 young Nellore bulls belonging to four Brazilian 
commercial breeding programs (DeltaGen, Cia do Melhoramento, Paint—CRV Lagoa, and Nelore Qualitas) that 
integrate the Nellore Alliance dataset (www.gensys.com.br). The animal procedures used in this research were in 
accordance with the Animal Care regulations of the São Paulo State University (UNESP), School of Agricultural 
and Veterinary Science (protocol number 18.340/16).

The database encompasses information for post-mortem carcass traits: ribeye area (REA) and backfat thickness 
(BFT), and meat quality traits: Warner–Bratzler shear force (meat tenderness) and marbling score. During the 
growth period, the animals were raised under a grazing production system with mineral supplementation during 
the dry season and finished in a feedlot system for approximately 90 days. During the feedlot period, the animal 
received a total mixed ration (corn silage, dry corn grain, sugarcane bagasse, soybean, urea, mineral salt, and 
potassium chloride). The young bulls measured for carcass and meat quality traits were raised in contemporary 
groups under the same nutritional management and slaughtered in commercial slaughterhouses with an average 
age of 706.5 ± 79.6 days.

After the animals’ slaughter, their carcasses were divided in half and weighed. The half-carcasses were then 
stored in a cooling chamber for 24 to 48 h. Subsequently, the meat was boned, and samples of the Longissimus 
thoracis muscle (12th and 13th ribs) were collected and frozen for later measurement of the REA, BF, and meat 
tenderness. Meat tenderness was determined using a Brookfield CT-3 Texture Analyzer (AMETEK Brookfield, 
Middleborough, MA, United States) following the procedure proposed by Wheeler et al.21. The REA was 
determined using a quadrant points method (in square centimeters)22 and BF (in millimeters) was measured 
using a digital caliper. The meat’s marbling was graded using a visual scale based on the USDA Quality and Yield 
Grade23. It is important to note that the carcasses had not undergone a dry age process, as this is not a standard 
procedure in Brazil. For more details regarding the animal procedures and traits assessments, see Arikawa et al.5.

Sampling information
The quality control (QC) for REA, BFT, marbling score, and meat tenderness was performed to remove 
phenotypic information with 3.5 standard deviations above or below the contemporary group (CG) means and 
maintain CG with at least five animals. After the QC, the phenotypic information was adjusted for the fixed 
effects (b) of the CG and animal age at slaughter as a linear covariate since the animals were slaughtered at 
different ages. The adjusted phenotypic information was analyzed using the animal model as follows:

	 y = Xb + Za + e

where y is a vector of observations for each trait; b is the vector of fixed effects; a is the vector of additive 
genetic effect, assumed as a ∼ N (0, Aσ2

a) and e is the residual effect assumed as e ∼ N (0, Iσ2
e). The X and 

Z correspond to the incidence matrices relating y to the fixed effects (b) and the additive genetic effects (a), 
respectively. The A is the relationship matrix based on the pedigree, σ2

a is the additive genetic variance; I is an 
identity matrix, and σ2

e  is the residual variance. The CG was defined considering the year and season of birth, 
herd (at birth, weaning, and yearling), and slaughter date. The birth season was split into two classes: animals 
born from August to January and from February to July.
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The analysis was implemented using blupf90 + software from the blupf90 suite24, and the phenotypic data 
was adjusted for fixed effects using the predictf90 software24. Thus, a total of 24 animals with extreme values 
of adjusted phenotype (12 lower and 12 higher) for each trait (meat tenderness, marbling, BFT, and REA) 
were selected, the number of common and specific animals by traits are shown in Supplementary Figure S1. 
The muscle samples of selected animals were used for transcriptomic and proteomic analyses. The descriptive 
statistics regarding the selected animals with extreme values are shown in Table 1.

Transcriptomic analysis
RNA extraction and sequencing
Muscle samples (Longissimus thoracis) were collected immediately after animal slaughter and stored in Falcon 
tubes (15-mL) with a 5 mL RNA holder (BioAgency, São Paulo, SP, Brazil) at -80 °C until the RNA extraction. 
Total RNA extraction was done considering 50 mg of muscle using the RNeasy Lipid Tissue Mini Kit (Qiagen, 
Valencia, CA, USA) according to the manufacturer’s protocol. RNA purity was evaluated by determining the 
absorbance value in a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Santa Clara, CA, USA, 
2007) at wavelengths 260, 280, and 230 nm. The integrity of total RNA was assessed in an Agilent 2100 Bioanalyzer 
(Agilent, Santa Clara, CA, USA, 2009). The concentration of extracted RNA and contamination with genomic 
DNA was measured in a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA, 2010).

The RNA-Seq was done on an Illumina HiSeq 2500 System, and the messenger RNA was obtained from 
the total RNA extracted. The libraries contained, on average, 25 million reads per sample, and each sample was 
sequenced at both ends (pair-end sequencing), obtaining 100-bp fragments (2 × 100).

Quality control
The quality of RNA-Seq reads was checked using the FASTQC software25, which assessed quality scores, GC 
and N content, length distributions, duplication, overrepresented sequences, and K-mer content. The control of 
trimmed reads was performed by removing low-quality bases and adaptor sequences. Contaminating sequencing 
was removed in two steps. In the first step of data processing, the Atropos software26 was used to remove adapter 
contamination through two approaches. The first approach, called adapter-match, identifies the best alignment 
between each adapter and the corresponding read end. The second approach, insert-match, aligns read 1 with 
the reverse complement (rc) of read 2. If a valid alignment is found, the adapters are matched to the remaining 
extent26.

Adapter contamination and sequencing errors can increase the occurrence of unaligned reads or incorrect 
alignments, leading to potential errors in data analysis. To address this, a second software was used to mitigate 
any remaining sequencing errors and adapter contamination. The PrinSeq software27 was utilized in the second 
step of data processing. This tool allows for filtering, reformatting, and sequence removal while also providing 
a statistical summary of the data, similar to FASTQC. In this study, PrinSeq was specifically used to filter and 
remove sequences generated in the previous step, ensuring that only high-quality reads were used for data 
analysis, free from low-quality sequences or artifacts that could result in erroneous conclusions.

Sequence alignment
The STAR software28 was used for mapping and aligning the fragments to the bovine reference genome (ARS-
UCD1.3), available in the NCBI database (​h​t​t​p​:​/​​/​w​w​w​.​n​​c​b​i​.​n​l​​m​.​n​i​h​.​​g​o​v​/​g​e​n​o​m​e​/​?​t​e​r​m​=​b​o​s​+​t​a​u​r​u​s). For each 
library, a file with a bam extension that contained the fragments aligned to the reference genome was created.

The transcripts, derived from the reads of the RNA-Seq data that aligned to the reference genome, were 
assembled using StringTie29. Differentially expressed genes were identified using the DESeq2 program30, which 
employs raw transcript count data generated by the STAR aligner. Before statistical analysis, the raw RNA-seq 
counts were normalized using the DESeq2 program, which adjusts for variations in sequencing depth and RNA 
composition by calculating size factors based on the ratio of individual counts to the geometric mean of each 
gene. Thus, the normalized RNA-seq information was used to identify quantitative differences in expression 
levels between experimental groups (high vs low). The p-values were obtained, and the Benjamini–Hochberg 
test31 was used to calculate the false discovery rate (FDR) at 5% (q-value). The log2 fold change (Log2 FC) with 

Trait* Mean SD Minimum Maximum P-value

High tenderness 3.31 0.69 1.99 4.12
 < 0.01

Low tenderness 9.16 0.54 8.66 10.05

High marbling 4.00 0.27 3.60 4.40
 < 0.01

Low marbling 1.90 0.18 1.70 2.10

High BFT 8.20 1.61 7.10 10.50
 < 0.01

Low BFT 3.45 0.66 2.00 4.00

High REA 82.93 3.91 79.14 91.51
 < 0.01

Low REA 58.40 1.41 55.68 60.09

Table 1.  Number of animals (N), mean, standard deviation (SD), and minimum and maximum of the animals 
selected for extreme values (12 lower and 12 higher) based on pre-adjusted phenotype information for meat 
quality and carcass traits in Nellore cattle.
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an FDR lower than 0.05 was used to indicate differentially expressed (DE) genes for group comparison groups 
(high vs low).

Proteomic analysis
The muscle samples were first washed with phosphate-buffered saline solution (PBS) and then weighed 
and powdered in liquid nitrogen using a mortar and pestle. Protein extraction involved the addition of a 
buffer solution containing 8  M urea, 0.15  M Tris–HCl buffer (pH 8.8), 0.5% O.G detergent (1-S-octyl-b-D-
thioglucopyranoside), and 10 µL of protease inhibitor solution (Sigma–Aldrich, USA). Subsequently, the samples 
were submitted to three cycles of sonication for 1 min each, followed by centrifugation at 12,000 g for 5 min 
at 4 °C. Protein quantification was carried out using the Bradford Protein Assay method (Bio-Rad, Hercules, 
CA, USA)32, using different dilutions of Bovine serum albumin (BSA) as a standard curve. The samples were 
duplicated in microplates, and the absorbance at 595 nm was measured using a spectrophotometer (Molecular 
Devices, SpectraMax Plus384).

Sample preparation (50 µg) for mass spectrometry analysis involved three steps: 1—reducing and alkylating 
the proteins, 2—digesting proteins with trypsin, and 3—cleaning up and desalting the samples. Initially, disulfide 
bonds were reduced by adding dithiothreitol (DTT) at a ratio of 1 mg of DTT per mg of protein, followed by a 
2-h incubation at room temperature. Alkylation was then performed by adding iodoacetamide (IA) at a ratio of 
3 mg IA per mg of protein, and the sample was incubated in the dark at room temperature for 1 h. After that, 
the sample volume was diluted fivefold in a 0.1 M ammonium bicarbonate solution (pH ≥ 8.0) to reach a final 
volume of 500 µL. Following this, the samples were incubated overnight at 37°C with 1 µg of trypsin (Promega, 
Madison, WI, USA). Prior to mass spectrometry analysis, clean-up and desalting were conducted using an 
OASIS HLB 1 cc column as per the manufacturer’s instructions. Subsequently, the samples were dried using a 
speed vacuum and then subjected to mass spectrometry.

Peptide masses of 1 lg of each sample were obtained using an OrbiTrap fusion mass spectrometer, and the 
information was automatically processed using the Computational Proteomics Analysis System (CPAS)33. The 
ProteinProphet tools (​h​t​t​p​s​:​​​/​​/​b​i​o​i​n​f​o​r​m​a​t​i​c​s​h​o​​m​​e​.​c​o​​​m​/​t​o​o​​​l​s​/​p​r​o​​t​e​o​m​i​​​c​s​/​d​e​​s​c​r​i​p​t​​i​​o​n​s​/​P​​r​o​t​e​i​​n​P​r​o​p​​h​e​t​.​​h​t​m​l​​#​g​s​​
c​.​t​a​b​=​0) were used to screen the proteins from the identified peptides using the Bovine database deposited in 
UniProt. The protein intensity values were normalized using, first, the total ion current (TIC) normalization to 
correct for possible variability in instrument performance, followed by a log₂ transformation to stabilize variance 
and approximate a normal distribution. These normalized spectral counts were then used for the statistical 
analysis of differentially expressed proteins using the msmstests R package34 considering the negative binomial 
test considering a multiple test correction for false discovery rate (FDR). This package employs statistical tests 
for label-free LC–MS/MS data-based spectral counts to identify variations in protein expression between the two 
biological conditions (low vs high). The proteins were deemed DE when the FDR value was lower than 0.05 for 
the group comparison (low vs. high).

Functional enrichment
The GWAS analyses were previously performed by Arikawa et al.5 using a total of 23,859 genotyped animals 
with 435,447 SNP markers after QC. The SNP effects were estimated using the weighted single-step GBLUP 
(WssGBLUP) method35. The top 10 windows of 1  Mb explained 8.13%, 11.81%, 17.56%, and 14.95% of the 
additive genetic variance for REA (BTA 3, 4, 5, 9, 10, 12, 13, 14, 20, and 22), BFT (BTA 1, 3, 6, 11, 13, 17, 18, 20 
and 29), marbling (BTA 4, 7, 10, 11, 12, 13, 15 and 20), and meat tenderness (BTA 1, 2, 5, 7, 9, 10, 19 and 25). The 
top 10 windows regions harbored a total of 119, 143, 155, and 92 candidate genes according to the Bos taurus 
ARS-UCD1.2 assembly as a reference (https://www.ncbi.nlm.nih.gov/gene/?term=bos+taurus; Supplementary 
Material Tables S1, S2, S3, and S4). Providing insights into the genetic architecture of meat and carcass traits.

The joint functional enrichment analysis was conducted, taking into account the significant gene list from 
the GWAS, transcriptomics, and proteomics analyses, utilizing the ClueGO plugin of the Cytoscape software 
program36. The candidate gene list was also submitted to functional enrichment analysis (biological process 
terms) for each trait, using DAVID 6.8 Functional Annotation Tools37, considering the bovine database as a 
reference.

Results
Alignment statistics of RNA-Seq data
A total of 375 million reads (2 × 100 bp) and a 25 × sequencing coverage were obtained. On average, 25 million 
reads were generated per sample, and the overall alignment rate was 96.86% (Supplementary Tables S5, S6, 
S7, and S8). Principal component analysis showed distinct group formation and differences in gene expression 
between groups with divergent phenotypes (Supplementary Figure S2).

Analysis of differentially expressed genes
The sign of the log2 fold change, which refers to relative expression and positive values, indicates upregulated 
genes, while negative values indicate downregulated genes in relation to the high meat tenderness, high REA, 
high marbling, and high BFT groups. Differential expression analysis between the tenderness and tough meat 
groups revealed 139 differentially expressed genes, including 78 downregulated and 59 upregulated genes in the 
meat tenderness group (q-value < 0.05) (Table 2 and Table S9). Ten differentially expressed genes were identified 
for REA, including 3 downregulated and 7 upregulated genes for the high REA group (Table 3). For marbling, 21 
differentially expressed genes were identified, including 7 downregulated and 14 upregulated genes in the high 
marbling group (Table 4). For BFT, 40 differentially expressed genes were identified, including 15 downregulated 
and 25 upregulated genes in relation to the high BFT group (Table 5).
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Proteomic analysis
Log fold change values were used to describe proteins that were up- and down-regulated in relation to the groups 
with high vs. low meat tenderness, REA, marbling, and BFT. Positive values indicate an increase in expression, 
while negative values indicate a decrease in expression relative to the mentioned groups. Proteomic analysis of 
meat tenderness revealed 87 differentially expressed proteins, including 44 upregulated and 43 downregulated 
proteins for the meat tenderness group (q-value < 0.05; Supplementary Material Table S10). Considering REA, 
75 differentially expressed proteins were identified, including 30 proteins that were upregulated and 45 that 
were downregulated in relation to the high REA group (q-value < 0.05; Supplementary Material Table S11). 
For marbling, 48 upregulated proteins in relation to the high marbling group and 35 downregulated proteins 
were identified for the high marbling score group (q-value < 0.05; Supplementary Material Table S12). For BFT, 
86 differentially expressed proteins were identified, including 38 upregulated proteins and 48 downregulated 
proteins in relation to the high BFT group (q-value < 0.05; Supplementary Material Table S13).

ID Transcript log2FC SE p-value q-value

rna-XM_003586240.5_1 YJEFN3 -1.0247 0.3110 3.14E-05 0.0083

rna-XM_024997942.1_1 MYH6 -0.8988 0.3148 1.21E-04 0.0281

rna-NM_001046565.1_1 CCNB1IP1 -0.8747 0.2152 1.78E-06 0.0006

rna-NM_001163188.1_1 TRMU 0.5320 0.1609 3.18E-05 0.0083

rna-XM_005201589.4_1 TTC14 1.0456 0.3143 2.51E-05 0.0068

rna-XM_005223766.4_1 CDKAL1 2.3407 4.4291 2.99E-05 0.0079

rna-XM_015460792.2_1 EBF3 2.4342 1.9496 1.50E-04 0.0341

rna-XM_005227570.3_1 FMR1 3.1799 1.0423 6.34E-05 0.0158

rna-XM_015459875.2_1 BAG6 4.2399 1.8175 1.34E-04 0.0309

rna-XM_024976746.1_1 RERE 4.3852 1.8197 5.77E-06 0.0018

Table 3.  Differentially expressed transcripts identified in Longissimus thoracis muscle of Nellore cattle 
divergent for ribeye area (REA). ID: transcript identification; Transcript: gene symbol; log2FC: log2 fold 
change (relative expression); SE: standard error. The positive sign of the fold change estimates refers to the high 
REA group.

 

ID* Transcript log2FC SE p-value q-value

rna-XM_005212571.4_1 RTN4 -1.7345 0.5442 4.23E-05 0.0079

rna-NM_001024689.3_1 CSRP3 -1.464 0.4658 3.46E-05 0.0067

rna-NM_174290.2_1 CRYAB -1.1592 0.3917 9.21E-05 0.0136

rna-XM_005221342.4_1 MAP2K6 -1.1192 0.3151 1.75E-05 0.004

rna-XM_005204429.4_1 NEXN -1.0826 0.4519 5.45E-04 0.0422

rna-XM_024981823.1_1 DNAJA4 -1.0169 0.4213 4.28E-04 0.037

rna-XM_024982647.1_1 MYOM3 -0.9834 0.2081 1.41E-07  < 0.0001

rna-NM_001034416.1_1 IMPDH2 -0.9024 0.2988 1.30E-04 0.0171

rna-NM_001014959.1_1 DNAJB5 -0.8604 0.2968 1.57E-04 0.0196

rna-NM_203322.3_1 HSPA1A -0.7585 0.3107 5.14E-04 0.0412

rna-NM_001075148.1_1 HSPA5 -0.7112 0.2268 1.03E-04 0.0146

rna-NM_001193039.1_1 DNAJB9 -0.6801 0.2361 1.50E-04 0.019

rna-NM_001079637.1_1 HSP90AB1 -0.5739 0.2109 2.64E-04 0.0273

rna-NM_001114192.2_1 HSPA4 -0.5733 0.2321 5.65E-04 0.0431

rna-NM_001040521.2_1 IFT43 -0.5442 0.1885 1.82E-04 0.0211

rna-NM_001076907.1_1 RB1 -0.5097 0.1271 2.44E-06 0.0007

rna-XM_010802317.2_1 IGFBP5 0.681 0.2796 4.87E-04 0.0399

rna-XM_015462996.2_1 SEMA6C 1.0417 0.3145 1.81E-05 0.0041

rna-XM_005211821.4_1 MYEF2 1.8975 0.9056 4.99E-04 0.0404

rna-XM_015474623.2_1 FRZB 3.1243 2.0819 6.84E-04 0.0488

Table 2.  Prioritized candidate differentially expressed transcripts identified in Longissimus thoracis muscle 
of Nellore cattle divergent for meat tenderness. ID: transcript identification; Transcript: gene symbol; log2FC: 
log2 fold change (relative expression); SE: standard error. The positive sign of the fold change estimates 
refers to the tender meat group. *For the full list of the 139 differentially expressed transcripts identified, see 
Supplementary Material: Table S9.
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Functional enrichment
For meat tenderness, we conducted joint functional enrichment analyses using two techniques (ClueGO plug-
in of Cytoscape and DAVID 6.8). These analyses identified 14 and 18 significantly enriched Gene Ontology 
(GO) terms in the biological process category. In general, the transcribed genes and proteins are associated 
with the following GO terms: protein localization to membrane (GO:0072657); purine-containing compound 
biosynthetic process (GO:007252); response to heat (GO:0009408); cellular component organization or biogenesis 
(GO:0071840); negative regulation of growth (GO:0045926), and cytoskeleton organization (GO:0007010; 
Fig. 1, Supplementary Material Tables S14 and S15). Both transcriptomic and proteomic analyses indicated that 
the NEXN gene was downregulated in the higher meat tenderness group, while the ZNHIT6 gene was identified 
as upregulated. Additionally, the joint functional enrichment analysis pointed out key genes and proteins related 
to the trait variability, such as AUTS2, CAST, RDX, and PSMD, with effects on muscle type fiber and meat quality.

Joint functional enrichment analysis (ClueGO and DAVID) for REA identified 13 GO terms significantly 
enriched in the biological process category. In general, the transcribed genes and proteins are related to the 
following GO terms: cytoskeleton organization (GO: 0007010); apoptotic process (GO:0006915); regulation 
of catalytic activity (GO:0050790); enzyme inhibitor activity (GO:0004857); regulation of proteolysis (GO: 
0030162); negative regulation of cellular protein metabolic process (GO:0032269), and protein stabilization 
(GO:0050821; Fig.  2; Supplementary Material Tables S16 and S17). Both GWAS and proteomic analysis 
identified the YWHAB gene, which was downregulated in the high REA group. Joint functional enrichment 
analysis identified two key genes related to REA variability: FBXW7 and CDK7.

For marbling, functional enrichment analysis identified 4 and 8 GO terms significantly enriched in the 
biological process category. Enriched GO terms were related to cytoskeleton organization (GO:0007010), 
microtubule cytoskeleton organization (GO:0000226), negative regulation of catalytic activity (GO:0043086), 
and supramolecular fiber organization (GO:0097435; Fig. 3; Supplementary Material Tables S18 and S19). The 
analysis identified key genes and proteins related to marbling deposition, such as CAND1, ACTN4, YWHAZ, 
and FGFR2.

Joint enrichment analysis using the ClueGO plug-in and DAVID identified 7 and 12 enriched GO terms, 
respectively. These GO terms were related to cytoskeleton organization (GO:0007010), cellular component 
morphogenesis (GO:0032989), microtubule cytoskeleton organization (GO:0000226), and multicellular 
organismal process (GO:0032501; Fig. 4; Supplementary Material Tables S20 and S21). Three shared genes were 
identified by transcriptomic and proteomic analyses: HNRNPM, CAMK2B, and INTS3. The HNRNPM was 
downregulated in proteomic analysis and upregulated in transcriptomic analysis. The two techniques upregulated 
the CAMK2B gene, while INTS3 was downregulated in proteomic analysis and upregulated in transcriptomic 
analysis. Joint functional enrichment analysis identified key genes and proteins related to the traits, such as 
CTNNA2, CAND1, CAMK2D, and PAPPA. In addition, genes, transcripts, and proteins with pleiotropic effects 
affecting the carcass and meat quality traits were identified considering each specific omics (Fig. 4a–c) and all 
omics (Fig. 4 d; Table 6).

ID Transcript log2FC SE p-value q-value

rna-XM_005204886.4_1 MAST2 -0.9438 0.4139 3.097E-04 0.0379

rna-XM_024996354.1_1 PAPPA -0.7969 0.2739 9.003E-05 0.0126

rna-XM_010806712.3_1 NFIX -0.6914 0.2577 3.250E-04 0.0394

rna-XM_005204732.4_1 STK40 -0.6378 0.1984 3.932E-05 0.0058

rna-NM_001191513.1_1 MAD2L1 -0.6082 0.1789 2.895E-05 0.0044

rna-NM_001103338.1_1 ACTR1B -0.5196 0.1977 2.855E-04 0.0352

rna-NM_001098862.2_1 LZTS2 -0.5177 0.2045 4.074E-04 0.0477

rna-XM_005226675.4_1 PRSS23 0.6331 0.2499 2.866E-04 0.0353

rna_gene-LOC784938_1 LOC784938 0.6696 0.2464 1.858E-04 0.0240

rna-XM_024998852.1_1 UXS1 0.7010 0.1915 8.813E-06 0.0014

rna-XM_024986984.1_1 TNNT3 1.2860 0.4116 2.946E-05 0.0045

rna-XM_015473744.2_1 FAM207A 1.8300 0.6754 2.732E-04 0.0340

rna-XR_814213.2_1 KLC1 2.2797 0.2725 4.046E-04 0.0474

rna-XM_015471856.2_1 MRPL55 2.8558 0.0562 8.738E-05 0.0123

rna-XM_005217659.4_1 GLT1D1 3.0002 0.1162 7.602E-05 0.0109

rna-XM_024996758.1_1 TRPM2 3.3739 0.4989 2.183E-04 0.0277

rna-XM_005218229.4_1 SPECC1L 3.5168 0.7764 1.013E-05 0.0016

rna-XM_010808572.3_1 ENPP1 4.1372 0.8230 1.994E-05 0.0031

rna-XM_024986271.1_1 MYOM2 4.3302 0.1898 2.638E-05 0.0041

rna-XM_005223591.4_1 MOG 5.9177 0.0788 2.616E-05 0.0040

rna-XM_024989892.1_1 KIRREL1 7.1527 0.9366 2.253E-04 0.0284

Table 4.  Differentially expressed transcripts identified in Longissimus thoracis muscle of Nellore cattle 
divergent for marbling. ID: transcript identification Transcript: gene symbol; log2FC: log2 fold change (relative 
expression); SE: standard error. The fold change estimates refer to the high marbling group.

 

Scientific Reports |        (2025) 15:10467 6| https://doi.org/10.1038/s41598-025-93714-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Although functional analysis revealed GO terms shared between the different techniques, few genes were 
identified by more than one procedure for the same trait. Despite the expected, predictable correlation between 
expressed mRNA and protein, the complexity of biological regulation and methodological limitations suggest 
a weak relationship among them, causing a few shared genes to be identified in the analyses38. A range of 
complex mechanisms regulates protein abundance in particular, such as transcriptional control, mRNA 
processing and stability, translational regulation, post-translational modifications, protein folding and quality 
control, degradation pathways, and feedback mechanisms to maintain cellular homeostasis. Consequently, 
when quantifying mRNA, only the first steps in a long chain of regulatory events are observed. Although gene 
expression in an organism is generally regulated by the transcription of mRNA and its subsequent translation 
into proteins, many factors can affect the rate and efficiency of this process. One of the main reasons for the low 
correlation between mRNA and protein is post-transcriptional regulation. The mRNA can undergo alternative 
processing, rapid degradation, or inefficient translation, events that result in reduced protein production despite 
the presence of the mRNA transcripts. Furthermore, post-translational modifications such as phosphorylation, 

ID Transcript log2FC SE p-value q-value

rna-XM_024984829.1_1 LAT -2.5381 0.9189 5.18E-06 0.0009

rna-NM_001192074.1_1 SCN2B -1.4705 0.4910 4.30E-05 0.0065

rna-XM_024976612.1_1 LOC112441807 -1.3147 0.4478 1.26E-05 0.0021

rna-XM_005204886.4_1 MAST2 -1.0899 0.3608 3.89E-05 0.0060

rna-XR_233322.4_1 LOC101906451 -0.9269 0.2399 2.21E-06 0.0004

rna-XM_024996354.1_1 PAPPA -0.8959 0.2687 1.84E-05 0.0030

rna-XM_024983903.1_1 LOC788634 -0.8329 0.3469 3.09E-04 0.0382

rna-NM_001304328.1_1 OTOG -0.7579 0.3049 3.22E-04 0.0394

rna-XM_024990821.1_1 SMO -0.7293 0.2875 2.56E-04 0.0326

rna_gene-DEF8_1 DEF8 -0.7130 0.2247 4.49E-05 0.0068

rna-XM_010806712.3_1 NFIX -0.6869 0.2435 1.45E-04 0.0194

rna-NM_001205932.1_1 ARHGEF37 -0.5889 0.1368 6.77E-07 0.0001

rna-XM_005212120.3_1 ELMSAN1 -0.5857 0.1426 1.02E-06 0.0002

rna-XM_005217008.4_1 RERE -0.5833 0.2326 2.37E-04 0.0304

rna_gene-CASZ1_1 CASZ1 -0.5214 0.1843 1.50E-04 0.0200

rna-XM_024998852.1_1 UXS1 0.6775 0.2254 1.05E-04 0.0143

rna-XM_005226675.4_1 PRSS23 0.7166 0.2342 7.39E-05 0.0105

rna-XR_815563.3_1 LOC101908535 0.7169 0.2347 6.00E-05 0.0088

rna-NM_001035493.3_1 HSF2BP 0.7797 0.2813 1.76E-04 0.0232

rna-NM_001015603.1_1 STRADA 1.0149 0.3250 7.06E-05 0.0101

rna-NM_001205423.1_1 TP53INP1 1.3353 0.5523 1.51E-04 0.0201

rna-XM_002687401.6_1 FAM19A2 1.3489 0.4471 8.36E-05 0.0117

rna-gene-LOC112448874_1 LOC112448874 1.7195 0.5853 6.54E-05 0.0095

rna-XM_024991716.1_1 C5H12orf4 2.0142 0.6272 1.48E-05 0.0024

rna-XM_015473744.2_1 FAM207A 2.2929 0.7795 7.26E-05 0.0104

rna-NM_001034215.2_1 DIRAS3 3.4017 1.2274 3.61E-05 0.0056

rna-XM_024987378.1_1 INTS3 3.4639 1.4672 2.74E-06 0.0005

rna-XM_024994865.1_1 RFX1 3.9744 2.0297 1.92E-08 3.74E-06

rna-XR_003035385.1_1 SAP30L 4.0312 1.5011 6.09E-05 0.0089

rna-NM_001075867.1_1 APBB3 4.4777 1.6574 1.70E-07 3.15E-05

rna-XM_005223591.4_1 MOG 6.0383 2.1765 2.45E-05 0.0039

rna-XM_024987989.1_1 L1CAM 6.0949 1.8801 1.20E-09 2.84E-07

rna-XM_005208877.2_1 HNRNPM 6.1392 2.0415 5.87E-09 1.15E-06

rna-XM_024986271.1_1 MYOM2 7.3781 2.2776 1.10E-11 7.45E-09

rna-XM_024991324.1_1 PODXL 7.5089 2.6819 7.04E-05 0.0101

rna-XM_010808572.3_1 ENPP1 8.6715 1.7725 4.56E-11 2.15E-08

rna-XM_015460609.2_1 LZTS2 9.0225 3.8647 8.94E-05 0.0125

rna-XM_010804387.3_1 CAMK2B 9.1607 4.0171 7.27E-05 0.0104

rna-XM_024978741.1_1 MYBPC2 11.8260 3.9225 8.78E-13 1.19E-09

Table 5.  Differentially expressed transcripts identified in Longissimus thoracis muscle of Nellore cattle 
divergent for backfat thickness (BFT). ID: transcript identification; Transcript: gene symbol; log2FC: log2 fold 
change (relative expression); SE: standard error. The fold change estimates refer to the high BFT group.
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glycosylation, and ubiquitination can influence the stability and functionality of proteins. These modifications 
affect protein localization, interactions, and functional outcomes, impairing the prediction of protein quantity 
and function based solely on mRNA levels38–40.

While genomic analysis evaluates the relationship between polymorphisms and the trait of interest, 
transcriptomics and proteomics are a portrait of the growth phase of the animal when the samples were 
collected, and the relationship may, therefore, not be as evident. Nevertheless, functional analysis of omics data 
might be fundamental to obtaining significant biological insights from complex sets of data that involve different 
molecular levels, such as genomics, transcriptomics, and proteomics. These data describe the samples from 
different perspectives and can complement each other in order to obtain relevant biological pathways associated 
with certain phenotypes, improving the understanding of the biology of the trait studied41,42.

Meat tenderness
Joint functional enrichment analysis of the omics data showed that the GO term negative regulation of growth 
(GO:0045926) was significant for meat tenderness. Transcripts belonging to this GO term, with positive effects 
on growth and development, were more expressed (FRZB, IGFBP5, SEMA6C) in the tender meat group, while 
cell cycle repressors (RB1) and growth inhibitors (RTN4) were downregulated in this group (Table 2). The FRZB 
gene is recognized for its role in skeletal development and adipogenesis43, but its specific impact on bovine 

Fig. 2.  Functional network based on GO terms enrichment analysis for ribeye area. Genes identified by 
GWAS are represented by circles, transcripts identified by RNA-Seq are represented by squares, and triangles 
represent proteins. The pie chart represents the percentage of each GO biological process term identified in the 
enrichment analysis.

 

Fig. 1.  Functional network based on GO terms enrichment analysis for meat tenderness. Genes identified by 
GWAS are represented by circles, transcripts identified by RNA-Seq are represented by squares, and triangles 
represent proteins. The pie chart represents the percentage of each GO biological process term identified in the 
enrichment analysis.
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Fig. 4.  Venn diagram for common and shared genes, transcripts, and proteins information identified for each 
GWAS (a), RNA-seq (b) and proteomics (c), and all Omics information (d), with pleiotropic effects for meat 
quality and carcass traits. Tenderness – meat tenderness; REA – ribeye area and BFT – backfat thickness.

 

Fig. 3.  Functional network based on GO terms enrichment analysis for marbling. Genes identified by 
GWAS are represented by circles, transcripts identified by RNA-Seq are represented by squares, and triangles 
represent proteins. The pie chart represents the percentage of each GO biological process term identified in the 
enrichment analysis.
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meat quality remains to be elucidated. The IGFBP5 plays a key role in muscle physiology by regulating growth, 
differentiation, regeneration, and apoptosis44 by modulating the biological activity of IGF-1 and IGF-2. This 
can influence muscle fiber size and the balance between muscle and connective tissue, thereby affecting meat 
tenderness. Supporting this, Wang et al.45 found the IGFBP5 gene to be associated with variations in pork meat 
quality with other QTLs on chromosome 15. Although direct evidence linking the genes FRZB, IGFBP5, and 
SEMA6C to meat tenderness in cattle remains unclear, their physiological and metabolic functions in muscle 
biology suggest that they could affect differences in meat tenderness. Therefore, the overexpression of these 
genes implies that factors affecting muscle physiology may lead to greater meat tenderness46.

The RB1 gene encodes a protein involved in the regulation of cell growth; in addition, its protein interacts 
with other proteins to influence cell survival47. In a microarray study of muscle tissue from pigs divergent for 
tenderness, Hamill et al.17 also found the expression of this gene to be repressed in the tender meat group. 
Furthermore, using GWAS, Hérault et al.48 identified this gene in a QTL region associated with meat quality and 
carcass composition traits in commercial pigs. These results suggest that the reduced activity of growth inhibitors 
has a positive effect on meat tenderness. The link between muscle growth and tenderness is characterized by 
the double-muscling phenotype, which is the result of an inactivating mutation in the myostatin gene49. Cattle 
carrying inactivated myostatin exhibit a greater capacity to synthesize muscle proteins and to produce more 
tender meat50.

The omics data also revealed that the biological process response to heat (GO:0009408) was significantly 
enriched for meat tenderness. Previous studies have linked the regulation of small heat shock proteins (HSPs) 
to various meat quality attributes, including tenderness. The antiapoptotic and chaperone functions of small 
HSPs suggest their involvement in the eating quality of meat51. The DNAJA4, HSP90AB1, and HSPA1 transcripts 
belonging to the term were downregulated in relation to the tender meat group, suggesting that their expression 
is negatively associated with meat tenderness in Nellore animals51–54. Additionally, higher protein expression 
of HSP90AB1 was observed in the low REA group. Although HSP90AB1 may play an important role in the 
maintenance of cellular function and protection against cellular stress, there is no evidence that this protein is 
directly involved in muscle growth.

The DNAJA4 gene encodes a chaperone belonging to the 40-kDa heat shock protein (Hsp40) family, which is 
a co-chaperone of the 70-kDa heat shock protein (Hsp70). The Hsp40/Hsp70 complex plays a role in preserving 
cellular functions and repairing damaged protein structures, and it also exhibits antiapoptotic activity55,56. The 
specific function of Hsp40 is likely responsible for the observed negative association of DNAJA4 gene expression 
with meat tenderness in the Nellore cattle studied. This result aligns with previous findings of Bernard et al.53, 
who reported lower expression of the DNAJA1 gene, which belongs to the same family as the DNAJA4 gene, 
in the tender meat group of Charolais cattle. Similarly, Malheiros et al.57 identified the downregulation of the 
DNAJA1 gene in the group with moderately tender meat. The transcripts encoding Hsp90-beta (HSP90AB1) and 
Hsp70 (HSPA1A) were also downregulated in relation to the tender meat group. Heat shock proteins (HSPs) 
exert an antiapoptotic function and can be activated to protect cellular proteins against denaturation18,58. Thus, 
decreasing expression levels of Hsp90 and Hsp70 probably affects the protection of myofibrillar proteins and 
favors myofibrillar proteolysis and consequent meat tenderness57,59.

The biological term associated with the cellular component organization or biogenesis (GO:0071840), which 
was significantly enriched for meat tenderness, plays a key role at the cellular level. This process leads to the 
assembly, arrangement, or disassembly of cellular components and is aligned with a series of events that occur 
during the transformation of muscle into meat. This biological process is consistent with biochemical processes 
that occur during the conversion of muscle to meat. Meat tenderization process involves the breakdown of the 
structural components of myofibrils through proteolysis, resulting in a decrease in toughness and a gradual 
increase in meat tenderness60. The CSRP3 transcript, which belongs to the term and was downregulated in 
relation to the tender meat group, plays an important role in muscle structure maintenance, including myofibril 
size and sarcomere length61. Therefore, the downregulation of this transcript in the tender meat group probably 
favors myofibril proteolysis and consequent tenderness.

The CRYAB (αB-crystalline) gene and protein were identified as downregulated in relation to the tender meat 
group both by transcriptomic analysis and by proteomic analysis. This protein, a member of the small HSP 
family, plays a fundamental role in the protection of intermediate filaments, stabilizing and protecting target 

Trait* ID Trait* ID

REA (gene) MT (gene) LOC107132664 REA (protein) MAR (transcript) ACTR1B

MT (gene) Marb (protein) CAST REA (protein) MAR (protein) CLIP1, DOCK7

MT (protein) MT (transcript) NEXN, ZNHIT6 REA (protein) BFT (protein) LOC101906513

BFT (protein) MT (protein) SCAPER, FGG REA (protein) MT (transcript) HSP90AB1

MT (protein) Marb (protein) MGA, TAGLN BFT (transcript) MAR (transcript) MAST2, FAM207A, MYOM2, NFIX, UXS1, PRSS23, MOG

REA (protein) BFT (gene) HPS4, PRDX5 REA (protein) MT (protein) CPLANE1, SIRT5, SERPINA4

BFT (protein) Marb (protein) GPR179, CAND1, UBA6, COX10 BFT (protein) BFT (transcript) HNRNPM, CAMK2B, INTS3

Table 6.  Genes, transcript and proteins with pleiotropic effects on the traits studied. *Refers to the phenotypic 
traits. REA – ribeye area; MT – meat tenderness; MAR – marbling; BFT – backfat thickness. Gene, transcript 
and protein correspond to the molecule obtained by GWAS, RNA-Seq and LC–MS/MS, respectively. ID: 
identification of gene, transcript or protein with pleiotropic effect.
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proteins such as desmin62. The hypothesis is that the higher expression of CRYAB in tough meat would prevent 
the degradation of intermediate filaments and consequently reduce meat tenderness.

Further considering differentially expressed genes and proteins, the NEXN transcript was also identified 
by both transcriptomic and proteomic analyses, with the transcript being downregulated in the tender meat 
group in both analyses. The NEXN gene has an essential role in maintaining the Z line and sarcomere integrity 
and is directly involved in the cytoskeleton organization and apoptotic signaling pathway63. The process of 
transforming muscle to meat is known to be mediated by a combination of intrinsic and extrinsic factors. The 
degradation of Z-line proteins catalyzed by proteolytic enzymes contributes to the weakening of the myofibrillar 
structure and, consequently, to meat tenderness64. Thus, the higher expression of this gene in tough meat appears 
to inhibit somehow the activity of enzymes responsible for the degradation of muscle fibers and the consequent 
decrease in tenderness.

Joint functional enrichment for meat tenderness
Joint functional enrichment analysis identified the AUTS2 and CAST genes and the upregulated RDX and PSMD7 
proteins as key components (Table S1). The AUTS2 gene has been associated with brain development and central 
nervous system functioning. Studies suggest the involvement of this gene in diverse processes, including the 
formation of synapses, the regulation of expression of other genes, and the organization of the cerebral cortex65. 
We found no evidence of the gene’s action related to meat quality traits.

The CAST (calpastatin) gene plays a fundamental role in beef quality, particularly tenderness66. Calpastatin 
is a natural inhibitor of the calpain enzyme, which is responsible for the breakdown of muscle proteins during 
the aging process of meat67. The activity of calpain is essential for meat tenderness since it breaks down muscle 
proteins into smaller fragments, rendering the meat more tender and juicy68. High expression of the CAST 
gene leads to a reduction in calpain activity, which can result in meat with a tougher texture. On the other 
hand, calpain activity is increased when CAST expression is low, resulting in more tender meat60,64. Previous 
studies have associated the CAST gene with lower meat tenderness in cattle69–71. The CAST protein was also 
upregulated in the high-marbling group. Polymorphisms of the CAST gene have been found to be linked with 
meat quality characteristics like tenderness, color, and intramuscular fat (IMF) content in pigs72. However, 
additional biological or functional evidence is required to validate the genetic influence of the calpain system 
on marbling trait.

The RDX (radixin) gene encodes a protein of the actin-binding protein family. These proteins play an important 
role in maintaining the structural and functional integrity of cells by connecting the plasma membrane to the 
actin cytoskeleton73. Evaluating differences in gene expression between pork muscles with different tenderness 
levels, Hamill et al.17 found the RDX gene to be more expressed in samples related to greater meat tenderness, 
highlighting the importance of pathways related to cellular organization for increasing meat tenderness.

The PSMD7 gene encodes a subunit of the 26S proteasome, a large protein complex present in the cytoplasm 
of eukaryotic cells that plays an important role in the degradation of intracellular proteins. The PSMD7 subunit 
is a non-ATPase that is part of the 19S particle of the 26S proteasome, which is responsible for recognizing and 
unfolding damaged or unnecessary proteins for degradation by the 20S particle of the proteasome74. Members 
of the ubiquitin–proteasome play a key role during the transformation of muscle to meat and are involved in 
proteolysis, leading to the degradation of myofibrillar proteins in muscle cells75 and probably favoring meat 
tenderness.

Ribeye area
The functional enrichment analysis of omics data for REA identified the cytoskeleton organization (GO:0007010) 
as a significant term. Cytoskeletal organization is a cellular process that involves the assembly, arrangement, or 
disassembly of cytoskeletal structures aligned with the muscle development process. Complex gene interactions 
influence muscle development and growth in animals, muscle growth occurs in two distinct phases, hyperplasia 
(increase in cell number) during embryonic development and hypertrophy (increase in cell size), during the 
postnatal phase. Both processes are important for the growth of muscle mass and are regulated by genetic factors, 
genes and hormones related to growth factors, as well as environmental factors76–78.

The CFL1 (cofilin 1) protein, which belongs to the term, was downregulated in relation to the high REA 
group. Cofilin is an intracellular actin-modulating protein that regulates the dynamic balance between actin 
depolymerization and polymerization, preserving cytoskeletal function79. In addition to directly cleaving actin, 
CFL1 also affects gene expression and cell proliferation and plays an important role in the maintenance of cellular 
homeostasis80. Previous studies on mice have shown that expression of the CFL1 gene tends to decrease as muscle 
development progresses, while expression of the CFL2 gene tends to increase. Thus, CFL1 is almost undetectable 
in adult skeletal muscle, which mainly expresses CFL281. Furthermore, comparative functional analysis of the 
cofilin family during the differentiation of bovine myoblasts revealed a tendency towards a gradual decrease in 
the expression of the CFL1 gene as muscle development progresses82.

The GO term apoptotic process (GO:0006915) was also considered significant for REA. The processes of 
protein synthesis and degradation, also called protein turnover, affect muscle growth rates and can thus alter 
carcass traits in beef cattle83–85. In the case of muscle hypertrophy, there is a positive protein balance, i.e., protein 
synthesis exceeds degradation, which results in protein deposition and consequent muscle growth77. Together, 
these processes lead to differences in muscle deposition, which directly affects REA. The BAG6 transcript, which 
was upregulated in relation to the high REA group, encodes an antiapoptotic ubiquitin-like protein86. According 
to Gomes et al.85, genes encoding proteins of the ubiquitin–proteasome complex, which are related to processes 
of protein turnover, can influence improvements of economically important traits such as REA in Nellore cattle.

The BCL2L13 protein was downregulated in relation to the high REA group. This protein is a member of the 
Bcl-2 family that plays a key role in the regulation of apoptosis87. The first pro-apoptotic activity of BCL2L13 
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was reported in HEK cells (derived from human embryonic kidney cells). Overexpression of BCL2L13 induced 
apoptosis in HEK cells, while apoptosis inhibitory proteins effectively blocked cell death88. Furthermore, studies 
on mice demonstrated that increased transcription of the BCL2L13 gene led to greater loss of muscle mass89.

The PRDX5 protein was upregulated in relation to the high REA group, while the gene was associated with 
BFT. Peroxiredoxins (PRDXs) are members of a highly conserved family of peroxidases that play a role in the 
maintenance of intracellular reactive oxygen species (ROS) homeostasis. Members of this family are expressed 
in most organisms and are involved in various biological processes, such as cellular protection against ROS90. 
As individuals age, oxidative damage to tissues tends to increase, particularly in highly oxidative tissues such 
as skeletal muscle91. Oxidative damage, in turn, leads to the induction of genes that neutralize the effects of 
oxidative stress, such as PRDX5, which has antioxidant activity. Oxidative stress can accelerate muscle loss and 
atrophy, with a consequent reduction in muscle mass92. The RIPK2 protein was also upregulated in relation to the 
high REA group. RIPK2 encodes a member of the receptor-interacting protein (RIP) family of serine/threonine 
protein kinases. Its function is related to the modulation of the innate and adaptive immune responses. The gene 
has been associated with growth traits and meat production in sheep93, representing a potential biomarker for 
growth traits.

The term regulation of proteolysis (GO:0030162) was also significant for the trait. It is defined as any process 
that modulates the frequency, rate, or extent of hydrolysis of a bond or peptide bonds within a protein. Together 
with the number and size of muscle cells and the rate of protein turnover or protein renewal, this process is 
essential for muscle growth since the final muscle protein content is the result of a balance between the amount 
of protein synthesized and the amount of protein degraded94.

The UBE2O protein, which belongs to the same term, was upregulated in relation to the high REA group. The 
ubiquitin-conjugating enzyme (E2) is a critical component of the ubiquitin–proteasome system that controls 
protein degradation95. Specific roles in different biochemical processes other than ubiquitination have been 
reported, including growth and differentiation in genes belonging to the same family as the UBE2O protein96, 
supporting the gene’s positive influence on greater REA.

Joint functional enrichment for ribeye area
Joint functional enrichment analysis identified the FBXW7 transcript upregulated in the high REA group and the 
CDK7 gene associated with the trait. The FBXW7 transcript encodes a protein that acts as a substrate recruiter 
of E3 ubiquitin ligase. The function of this protein is to regulate the degradation of key proteins involved in cell 
cycle regulation, as well as in the regulation of cell signaling and development. The FBXW7 protein is responsible 
for directing target proteins to the ubiquitin-dependent proteasomal degradation pathway, consequently 
reducing the concentration of these proteins in the cell97. Gomes et al.85 suggested genes that encode ubiquitin’s 
to be associated with growth and carcass traits in Nellore cattle. In a GWAS of Nellore cattle, Fernandes Júnior 
et al.98 also found GO terms related to protein turnover for carcass traits such as REA. The findings suggest an 
important role of ubiquitins in muscle growth and, consequently, in the development of REA.

The CDK7 gene encodes cyclin-dependent protein kinase 7 (CDK7), an enzyme that plays an important role 
in the regulation of the cell cycle and gene transcription99. The cell cycle is fundamental for the proliferation of 
myoblasts and consequent muscle growth. Thus, the CDK family may be indirectly related to muscle growth 
since it is involved in the regulation of the cell cycle and gene transcription, fundamental processes for the 
development and maintenance of muscle tissue100.

Marbling
Functional analysis indicated the term cytoskeleton organization (GO:0007010) to be significant for the trait. 
Most actin-binding proteins (TMP2, XIRP2, and ACTR1B), microtubule-forming proteins (TUBB4A, MAST2, 
and TPG2), and structural proteins (RAC1) belonging to the term were downregulated in relation to the high 
marbling group, suggesting cellular rearrangement to provide space for the adipocyte. Decreased expression 
of actin, tubulin, and other cytoskeletal proteins are events that precede adipocyte differentiation101,102. The 
differentiation of adipocytes causes a significant change in cell shape, which results in epithelial remodeling of 
the extracellular matrix and rearrangements of the actin cytoskeleton103,104. Studies have shown that changes 
in the organization of the cytoskeleton and cell junctions actively participate in marbling deposition during 
the development of chickens105 and cattle106. The results agree with those of Taye et al.107, who evaluated meat 
quality parameters, such as marbling deposition, in Ankole cattle. They observed that the organization of cellular 
components, specifically the GO terms related to actin cytoskeleton organization (GO:0030036), regulates 
adipocytes.

Furthermore, our results revealed differentially abundant genes and structural proteins between groups. There 
was decreased expression of myosin7b (MYH7B) and myosin heavy chain 11 (MYH11) in the high marbling 
group, while the expression of myosin L1 (MYL1) and myosin L6 (MYL6) was increased. Reduced abundance 
of structural proteins in animals with high marbling content has also been reported in other transcriptomic 
and proteomic studies108–110. Within this context, other authors observed greater myogenesis in Angus cattle 
compared to Wagyu animals. This finding can be explained by the fact that myogenesis tends to be lower in 
animals with high marbling since the deposition of intramuscular fat is associated with less proliferation of 
muscle cells and greater accumulation of adipocytes111.

The MYLK2 gene, which is involved in myosin light chain binding, is predominantly expressed in skeletal 
muscle fibers and makes up the main myofibrillar proteins in muscle cells112. The kinase encoded by this gene 
is responsible for the phosphorylation of the myosin light chain and plays an important role in the transport 
of glucose in adipocytes113. Within this context, considering the importance of glucose in the synthesis of fatty 
acids, glycerol, and ATP in adipocytes, MYLK2 may influence intramuscular fat deposition. In a transcriptome 
study, Silva et al.20 found alternatively spliced transcripts of the MYLK2 gene to be differentially expressed 
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in Nellore animals grouped for high intramuscular fat. These findings confirm the occurrence of changes in 
muscle structure during adipogenesis and support the theory that adipogenesis and myogenesis are competitive 
processes110.

The GO term negative regulation of catalytic activity (GO:0043086) was also identified as significant by 
functional enrichment analysis. It is defined as any process that interrupts or reduces the activity of an enzyme. 
The ARL6IP1 gene enriched to the term, which was downregulated in relation to the high marbling group, 
encodes an antiapoptotic protein located in the endoplasmic reticulum (ER) that is involved in the formation of 
ER tubules114. A previous study identified higher methylation and lower expression levels of this gene in obese 
women, indicating an association between the gene and fat deposition115.

The FASN (fatty acid synthase) gene, which was upregulated in relation to the marbling group, encodes 
an enzyme involved in fat deposition and fatty acid composition in cattle116,117. Polymorphisms in the FASN 
gene have been shown to alter milk fat content in dairy cattle118, as well as the composition of fatty acids in 
bovine subcutaneous and intramuscular fat119. In view of its role in mammalian adipogenesis, the FASN gene is 
a potential marker in cattle selection and breeding aimed at increasing intramuscular fat deposition in order to 
improve meat or carcass quality traits based on subcutaneous fat120.

The ACAA2 (acetyl-CoA acyltransferase 2) gene, which was also upregulated in relation to the marbling 
group, is essential for fatty acid synthesis and is involved in the activation of long-chain fatty acids and their 
degradation via beta-oxidation121. ACAA2 is expressed in the subcutaneous adipose tissue of beef cattle and is 
directly involved in adipogenesis122,123.

Joint functional enrichment for marbling
Joint functional enrichment analysis identified upregulated genes and proteins related to the trait, such as 
CAND1, ACTN4, FGFR2, and NCOR2. The A7MBJ5 protein, encoded by the CAND1 gene, plays an important 
role in the regulation of the activity of multiprotein complexes involved in cellular protein degradation. Dubiel 
et al.124 investigated the role of the CAND1 gene in the regulation of adipogenesis and lipid metabolism. The 
authors showed that CAND1 is expressed at high levels in mature adipose cells when compared to immature 
cells and that suppression of CAND1 protein expression in adipose cells reduces lipid accumulation and the 
expression of adipogenesis-related genes. ACTN4, which was also upregulated, is an important structural 
protein for cytoskeleton organization and the maintenance of cellular integrity in different tissues. Hackl et al.125 
demonstrated upregulation of the gene during adipogenesis in mice. In a comparative analysis of the perirenal 
fat transcriptome of lambs, Suárez-Vega et al.126 also identified expression of the gene related to intramuscular 
fat in these animals.

The FGFR2 (fibroblast growth factor receptor 2) gene encodes a membrane receptor that binds to specific 
fibroblast growth factors (FGFs) and activates a series of signaling pathways. The FGFs are important for the 
growth, development, and repair of tissues from different organs of the body. In a gene co-expression analysis to 
characterize genes related to marbling in Hanwoo cattle, Lim et al.127 also found the FGFR2 gene to be related 
to a higher marbling score.

The NCOR2 gene encodes nuclear receptor corepressor 2. This protein is a transcription factor that binds to 
specific DNA regions and regulates the expression of various genes, inhibiting or activating their transcription. 
Although the role of NCOR2 in adipocyte function is unclear, a recent study suggests that it may decrease the 
insulin sensitivity of adipocytes and also reduce the expression of leptin, a protein hormone produced mainly by 
adipose cells, limiting the capacity of adipocytes to expand with increasing calorie intake128.

Backfat thickness
Neuronal genes are intimately linked to fat accumulation129,130. GWAS of pigs has identified neuronal genes 
related to BFT129. Although the different analyses performed in the present study for this trait did not detect 
shared genes, the GO term neuron development (GO:0048666), as well as genes and proteins (CAMK2B, 
CTNNA2, FRYL, L1CAM, LOC525592, MARK2, NFASC, RAB17, RERE, SMO, SRGAP2, TIAM1, TRIM46, 
and UBA6) related to neuron development, were identified by functional enrichment analysis. Genes related 
to actin cytoskeleton organization (FRYL and CTNNA2) and microtubule formation (MARK2 and TRI46) are 
considered neuronal genes and are classified in the GO term neuron development (GO:0048666).

These genes not only exert a neuronal function but are also involved in actin cytoskeleton organization 
and cell morphogenesis. Interestingly, these neuronal genes have been associated with brain function, nerves, 
and disease. Thus, some of the genes associated with BFT also exert a neuronal function. Although neuronal 
genes are not directly involved in fat deposition, the process of embryogenesis and the expression of certain 
genes during this process can influence the development of adipose cells131. During embryogenesis, stem cells 
differentiate into different types of cells, including adipose cells. The expression of neuronal genes during this 
process may play a role in the differentiation and maturation of these cells131. However, more studies are needed 
to elucidate how BFT expression and neuronal genes are related to one another.

Enrichment analysis also revealed genes and proteins involved in the GO term cytoskeleton organization 
(GO:0007010). Most genes, actin-binding proteins, and structural proteins (ACATA1, MARK2, MYOM2, NRAP, 
and TPM4) were associated (considering the GWAS analysis) or downregulated in relation to the high BFT 
group. According to the literature, decreased expression of actin, tubulin, integrin, and other cytoskeletal proteins 
are early events in adipocyte differentiation101,102. A previous study found that, in cells undergoing adipose 
differentiation, actin synthesis decreased by 90%, while the decrease in tubulin synthesis was greater than 95%, 
suggesting that biosynthetic events specific to adipocyte differentiation may be influenced by alterations in the 
cytoskeleton101.

Three shared genes were identified from transcriptomic and proteomic results. The HNRNPM transcript 
was downregulated in proteomic analysis and upregulated in transcriptomic analysis. CAMK2B was found 
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to be upregulated in both analyses, while INTS3 was downregulated in proteomic analysis and upregulated 
in transcriptomic analysis. HNRNPM belongs to the subfamily of heterogeneous nuclear ribonucleoproteins 
(hnRNPs), which are RNA-binding proteins that form complexes with heterogeneous nuclear RNA (hnRNA). 
These proteins are associated with pre-mRNAs in the nucleus and are thought to influence pre-mRNA processing, 
as well as other aspects of mRNA metabolism and transport132. The CAMK2B gene is directly involved in the 
calcium signaling pathway. Cui et al.133 suggested that the calcium ion participates in the regulation of lipid 
metabolism and regulates fat deposition in adipose tissue in mice. The INTS3 transcript encodes a protein that 
forms a complex with other proteins, mediating genome stability and the response to DNA damage. INTS3 is 
believed to be involved in the regulation of the expression of various genes, including those that control cell 
proliferation, cell differentiation, and cell survival134.

Joint functional enrichment for backfat thickness
Joint functional enrichment analysis to identify the most relevant nodes within the network revealed genes 
and proteins such as the CTNNA2 gene discussed earlier, as well as the CAND1 and CAMK2D genes and the 
PAPPA protein, which were upregulated in relation to the high BFT group. The CAND1 gene encodes a negative 
regulator of the ubiquitin signaling pathway. Dubiel et al.124 investigated the role of the CAND1 gene in the 
regulation of adipogenesis and lipid metabolism. The results indicated that CAND1 is expressed at higher levels 
in mature adipose cells compared to immature cells. Furthermore, the suppression of CAND1 protein expression 
in adipose cells led to a reduction in lipid accumulation and the expression of adipogenesis-related genes. These 
findings may explain why the CAND1 protein was more expressed in both the high marbling group and the high 
BFT group.

CAMK2D is an enzyme that participates in important cellular processes, including the regulation of energy 
metabolism and cell signaling. A study on mice found that inactivation of the CAMK2B gene led to a significant 
reduction in body fat mass and blood lipid levels135. However, it is important to note that the relationship 
between the CAMK2B gene and fat deposition is not yet fully understood, and further studies are needed to 
elucidate the role of this gene in lipid metabolism.

PAPPA is a proteolytic enzyme involved in various biological processes, including hormonal regulation, 
tissue remodeling, and fetal development. In addition to its role in pregnancy, PAPPA is also involved in the 
regulation of the activity of IGF, a growth factor that regulates the growth and development of different cells 
and tissues. PAPPA cleaves an IGF inhibitory protein so that the growth factor can be released and execute its 
regulatory function136. The IGF system is involved in adipose tissue development, although its roles are not yet 
well defined137. In addition, elevated PAPPA levels have been implicated in the accumulation of visceral fat in 
mice138.

Pleiotropy between traits
Transcripts and proteins with pleiotropic effects (Fig.  4) were identified for marbling and BFT (MAST2, 
FAM207A, MYOM2, NFIX, UXS1, PRSS23, MOG, PAPPA, ENPP1, LZTS2, GPR179, CAND1, UBA6, COX10, and 
HNRNPM). This is consistent with the fact that body fat deposition is regulated by similar mechanisms involving 
various metabolic pathways and genes, which explains the genetic correlation (0.29 ± 0.08) between marbling and 
BFT139. Fat deposition in mammals occurs in specific body regions such as the abdominal cavity (internal fat), 
intermuscular spaces (between muscle groups), subcutaneous layers, and intramuscular tissues (marbling)140. 
Internal fat, particularly around the internal organs, is the first to be deposited, followed by intermuscular fat, 
subcutaneous fat, and, finally, intramuscular fat. However, nutritional mechanisms can promote greater and 
earlier deposition of intramuscular fat141. For marbling and BFT, the FAM207A, MYOM2, and UXS1 transcripts 
and proteins were upregulated in animals with the high marbling and BFT. The FAM207A transcript encodes 
a protein that could be involved in the regulation of cell proliferation and the development of some diseases. A 
previous study identified this gene by considering alternative splicing events during adipogenesis in human stem 
cells142.

The MYOM2 gene encodes M-protein, which is found in heart and skeletal muscle cells. M-protein plays 
an important role in the organization and stability of actin and myosin filaments, the main contractile proteins 
in muscle. MYOM2 has been associated with marbling and fat deposition in studies on cattle143. UXS1 gene 
encodes an enzyme called UDP-glucuronate decarboxylase, which is involved in the synthesis of ascorbic acid 
(vitamin C) in mammals. A previous study has associated the gene with greater intramuscular fat deposition144. 
PAPPA, which was downregulated in relation to the high marbling and high BFT groups, is an enzyme that 
cleaves IGF-binding proteins in blood plasma, releasing IGFs to interact with their receptors. Growth hormones 
like IGF are known to exert effects on fat deposition in animals. In addition, elevated PAPPA levels have been 
implicated in the accumulation of visceral fat in mice138.

Among the proteins with pleiotropic effects on the traits studied, MGA and TAGLN were identified for 
marbling and tenderness, explaining the genetic correlation (0.15 ± 0.15) observed by Arikawa et al.139. However, 
while MGA was more expressed in the tender meat and high marbling groups, TAGLN was more expressed in 
the tough meat and low marbling groups. MGA is a transcriptional regulator involved in the regulation of genes 
that control the cell cycle, cell proliferation, apoptosis, and cell differentiation145. The TAGLN protein regulates 
the contraction of smooth muscle cells present in organs such as the gastrointestinal tract and blood vessels146. 
TAGLN is also involved in the regulation of cell migration, cell adhesion, and cytoskeleton remodeling. These 
proteins participate in basal cell functions, but there is no evidence that they are associated with meat quality 
traits.

The SCAPER and FGG proteins exerted pleiotropic effects on meat tenderness and BFT. While FGG was 
upregulated in relation to the tender meat and high BFT groups, SCAPER was more expressed in the low BFT 
and tender meat groups. Located in the ER, SCAPER plays a fundamental role in the regulation of cell division 
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and cell cycle progression. Studies suggest that SCAPER is involved in the regulation of G1/S transition during 
the cell cycle, which is considered a checkpoint ensuring that cells are ready to progress to DNA replication and 
cell division147. The FGG (fibrinogen gamma chain) is one of the three subunits that make up the fibrinogen 
molecule, a plasma protein important for blood clotting. Studies suggest that fibrinogen may also play important 
roles in other biological processes, such as the immune response, angiogenesis (formation of new blood vessels), 
and the regulation of platelet function148. SCAPER and FGG participate in basal processes within cells, but we 
found no studies in the literature that associate these proteins with meat quality traits.

Considering marbling and REA, two proteins with pleiotropic effects were identified: F1N3L7, encoded by 
the DOCK7 gene, and E3W9A2, encoded by the CLIP1 gene. Both proteins showed higher expression in the 
high marbling and low REA groups. DOCK7 is involved in many biological processes, including the regulation 
of cell migration, wound healing, and immune response. Its involvement in the formation of neuronal synapses, 
which are important for the communication between nerve cells in the brain, has also been reported149. There 
is no evidence associating the function of DOCK7 with marbling deposition or REA. On the other hand, the 
CLIP1 gene encodes a protein involved in the regulation of cytoskeleton organization150. The CLIP1 protein 
contains a CAP-Gly domain that is capable of binding to microtubules. The latter play important roles in cell 
division, intracellular transport of molecules, and maintenance of cell shape and structure151. We found no 
evidence associating the function of the gene with REA or marbling. However, a previous study reported an 
interaction between the CLIP1 gene and mTOR, a protein kinase that regulates cell growth, proliferation, 
and survival in response to environmental and nutritional stimuli152. The mTOR protein is important for the 
regulation of metabolism, protein synthesis, autophagy, and cell differentiation153. Also, the mTOR signaling 
pathway is involved in adipogenesis and has been previously associated with marbling scores in the same Nellore 
population used in the present study5.

The results suggest that the identified genes and proteins may have pleiotropic effects through multiple 
biological pathways that impact meat quality traits. However, to confirm this pleiotropic effect, future research 
should prioritize functional validation. The investigation of pleiotropy becomes even more significant when 
integrating multiple omics layers, such as genomic, transcriptomic, and proteomic data. This integrated 
approach can help uncover shared functional connections between different traits, increasing the chances of 
finding genetic variants that affect gene expression, protein levels, and metabolite profiles. This suggests that 
some genes may have multifaceted complex biological effects. To support the pleiotropy hypothesis, systems 
biology methodologies, such as co-expression network analysis and molecular pathway mapping, can be used to 
identify functional modules linked to multiple traits. Moreover, advanced integrative frameworks, such as matrix 
factorization and component-based integration techniques, provide robust tools for discovering molecular 
signatures indicative of pleiotropic activity. Nonetheless, definitive evidence of pleiotropy requires not only the 
convergence of multi-omics data but also functional validation.

Conclusions
Understanding the molecular mechanisms related to meat quality and carcass traits is fundamental for explaining 
phenotypic variability. In summary, this study provided a broad view of the biological pathways involved in 
carcass and meat quality traits of Nellore cattle. Genes related to growth, cell cycle regulation, and HSPs were 
associated with meat tenderness, while transcribed genes and proteins related to cytoskeleton organization and 
apoptotic processes were associated with REA. For marbling, proteins related to actin binding and microtubule 
formation, as well as to fatty acid synthesis and composition, were identified. Finally, genes associated with 
ubiquitin signaling, regulation of energy metabolism, and tissue remodeling were identified as being important 
for BFT. These results provide a better explanation of the complex metabolic pathways involved in these traits 
and indicate target pathways for future studies.

Data availability
The phenotypic information that supports this study’s findings comes from commercial breeding programs. 
Restrictions are applied to the availability of these data, which were used under license for the current study and 
are not publicly available (https://gensys.com.br). However, data are available by contacting Dr. Lucia G. ​A​l​b​u​q​
u​e​r​q​u​e (galvao.albuquerque@unesp.br), and the 20 RNA-seq samples are available in NCBI site ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​
c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​s​r​a​/​?​t​e​r​m​=​P​R​J​N​A​7​8​0​4​7​2​​​​​)​.​​
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