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Jaboticabal, São Paulo, Brazil, 2College of Animal Science and Food Engineering, University of São
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Introduction: This study investigated the impact of creep-feeding supplementation

on the genome methylation of the Longissimus thoracis (LT) muscle in crossbred

beef cattle (Bos taurus × Bos indicus).

Methods: The experiment involved 48 uncastrated F1 Angus-Nellore males (half-

siblings), which were divided into two groups: NCF – no creep-feeding (n = 24)

and CF – creep-feeding (n = 24). After weaning at 210 days, all animals were

feedlot finished for 180 days under identical conditions. LT muscle biopsies were

collected at weaning for genomic DNA methylation analysis by reduced

representation bisulfite sequencing (RRBS).

Results and discussion: The groups differed significantly (CF > NCF: p < 0.05) to

weaning weight (243.57±5.70 vs. 228.92±5.07kg), backfat thickness (12.96±0.86

vs. 10.61±0.42mm), LT muscle marbling score (366.11±12.39 vs. 321.50±13.65),

and LT intramuscular fat content (5.80±0.23 vs. 4.95±0.20%). The weights at the

beginning of the experiment and at slaughter (390 days) did not differ

significantly. Mean methylation levels were higher in CF with 0.18% more CpG,

0.04% CHG, and 0.03% CHH. We identified 974 regions with differential

methylation (DMRs: > 25% and q < 0.05), which overlapped with 241

differentially methylated genes (DMGs). Among these genes, 108 were

hypermethylated and 133 were hypomethylated in CF group. Notably, 39 of

these DMGs were previously identified as differentially expressed genes (DEGs:

log2 fold change [0.5]) in the same animal groups. Over-representation analysis

highlighted epigenetic regulations related to muscle growth, PPAR signaling,

adipogenesis, insulin response, and lipid metabolism. Key DMGs/DEGs included:

ACAA1, SORBS1, SMAD3, TRIM63, PRKCA, DNMT3A, RUNX1, NRG3, and SLC2A8.

These epigenetic changes improved the performance of supplemented animals
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up to weaning and enhancedmeat quality traits, particularly higher intramuscular

fat. The results provided insights into the intricate interplay between nutrition,

epigenetics, gene expression and phenotypes in beef cattle production.
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1 Introduction

Beef cattle farming in Brazil has employed different strategies to

increase animal performance and the quality of the meat produced.

Particularly interesting strategies include the use of crossbred Bos

taurus × Bos indicus cattle and creep-feeding throughout the cow-

calf phase. Angus × Nellore animals are used to produce tender

meat with a higher intramuscular fat (IMF) content to add value to

the product and to meet the demands of consumers who are willing

to pay more for higher quality (Lopes et al., 2020). Creep-feeding

consists of supplementing calves during the suckling phase with a

grain-based diet rich in energy and protein to obtain heavier

individuals at weaning. This approach helps reduce the feeding

time during the phase when the carcass is finished for slaughter

(Dantas et al., 2010; Scheffler et al., 2014).

Although acetate is one of the main acetyl group donors for IMF

deposition, glucose derived from concentrate-rich supplements is

also considered an important substrate (Smith and Crouse, 1984).

The authors of that study highlighted that the adequate intake of

concentrates during the lactation period, especially those rich in

starch, favors the proliferation and growth of fat cells. This fact is

the result of increased glucose metabolism, which can enhance

marbling without increasing visceral fat, thus contributing to

improving meat quality (Baldassini et al., 2021). Furthermore,

Ferreira et al. (2020) proposed that higher levels of dietary crude

protein increase the digestion and intestinal absorption of starch

and promote an increase in plasma insulin and glucose which, in

turn, increase the deposition of IMF by favoring the synthesis of

fatty acid precursors. According to Stewart (2010), several studies

have demonstrated that energy supplementation throughout the

cow-calf phase can favor IMF deposition; however, to maintain this

increase until slaughter, it is necessary to continue feeding cattle

grain-based diets.

Animals are able respond to different environmental/nutritional

factors, exhibiting phenotypic plasticity because of changes in gene

expression patterns (Zhang, 2015). Thus, phenotypes can be

modified by nutritional modulations, i.e., dietary exposure can

have consequences for growth and for animal health (McKay and

Mathers, 2011). New evidence is constantly emerging that

nutritional stimuli can modify DNA methylation and thus affect

gene expression and the phenotypes of individuals (Day et al., 2015;

Farias et al., 2015; Farkas et al., 2015). DNA methylation is a
02
biological process that involves the addition of methyl groups (CH3)

to the cytosine nucleotides of chromosomes. This process

contributes to the epigenetic network that controls gene

expression and, consequently, phenotypes (Zhang, 2015).

Epigenetic marks in the genome, which can modify gene

expression but not the DNA sequence, can be acquired and

persist throughout an individual’s life (Stenz et al., 2018). These

marks can also be transmitted from cells of one generation to

another (Reik et al., 2001).

Based on the above, the aim of this study was to evaluate for the

first time the effects of creep-feeding supplementation on genome

methylation and, consequently, on gene expression in the

Longissimus thoracis (LT) muscle of crossbred F1 Angus x

Nellore cattle at weaning, as well as on performance, carcass, and

meat quality traits.
2 Materials and methods

2.1 Animals and experimental treatments

All procedures involving animals were approved by the Animal

Use Ethics Committee of the School of Agricultural and Veterinary

Sciences (FCAV), UNESP, Jaboticabal, São Paulo, Brazil (Protocol

number 013689/19).

Forty-eight uncastrated (intact) crossbred F1 Angus-Nellore

bulls born to the same Aberdeen Angus (Bos taurus) sire (half-

siblings) and their mothers (Nellore – Bos indicus) with a body

weight of 414 ± 45 kg were stratified according to the date and

number of births (primiparous or multiparous) and distributed in

two 20-hectare Brachiaria grass paddocks. Calves were randomly

assigned to two treatments from 30 days of age until weaning at 210

days. The following treatments were applied: no creep-feeding

(NCF, n = 24) and creep-feeding (CF, n = 24). In the creep-

feeding system, calves were kept with their mothers in the same

paddock but had exclusive and free access to a supplement (ad

libitum) corresponding to approximately 1% of their body weight.

The adjustment of the supplement amount provided per animal was

made weekly based on performance prediction using a diet

evaluation and formulation system. The supplement offered to CF

animals contained 22% crude protein and 65% total digestible

nutrients on a dry matter basis and consisted of ground corn
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(44.8%), soybean meal (40.4%), and mineral mix (14.8%). After

weaning, the animals of both treatments were taken to the feedlot

area where they remained for 180 days in collective covered pens

(three animals/pen with 10 m2 per animal). The two groups of

animals received the same diet (Table 1), formulated with the

maximum profit ration software RLM 3.3 (Lanna et al., 2011),

using the ESALQ Tropicalized NRC system, ad libitum, divided into

two equal parts (two times a day) at 8:00 am and 4:00 pm. The diet

contained 12.6% forage and 87.4% corn-based concentrate.
2.2 Collection of muscle tissue and
performance, carcass and meat
quality traits

At weaning, LT muscle samples were collected by biopsy from

12 animals randomly selected from each of the two treatments. For

biopsy performed at the level of the 13th rib, the thoracic region was

shaved and a local anesthetic (lidocaine 2%, 4mg/kg) was

administered subcutaneously. After cleaning the site, a 1-cm

incision was made and a sterilized Bergstrom biopsy needle was

used to obtain 1 g of muscle tissue, which was immediately stored in

liquid nitrogen and later in an ultrafreezer at -80°C. These muscle

samples were used to extract total RNA for analysis of differential

gene expression and DNA for analysis of differentiation of

genomic methylation.

During the experiment, the animals were weighed at the

beginning of the cow-calf phase (initial body weight – BWi), at

weaning (weaning weight – WW), and at the end of the feedlot

period (final body weight – BWf). BWi and WW were used to

calculate average daily weight gain 1 (ADG1: beginning of the cow-

calf phase to weaning), and BWf and WW were used to calculate

ADG2 (weaning to the end of the feedlot period).

After 180 days of confinement, the 48 animals were transported

to a commercial slaughterhouse and slaughtered after fasting from

solids for 16 h by stunning and sectioning of the jugular vein. The
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carcasses were identified, washed, and divided into two halves. The

half-carcasses were weighed individually to obtain the hot carcass

weight (HCW) and chilled in the cold room for approximately 24 h

at 1oC. After chilling, the carcasses were removed from the room

and weighed. After weighing, the LT muscle of the left half-carcass

was separated from the remaining carcass and backfat thickness

(BFT) and ribeye area (REA: between the 12th and 13th thoracic

vertebrae) were measured before deboning.

During deboning, LT samples (portion of approximately 12 cm)

were collected between the 12th and 13th ribs of the left half-carcass,

vacuum packed, and transported to the laboratory under

refrigeration. In the laboratory, the samples were cut into 2.54-cm

thick steaks, vacuum packed, and aged for 7 and 14 days. After these

periods, physicochemical quality traits were analyzed, including

marbling score (MS), IMF content, and Warner-Bratzler shear

force (WBSF7 and WBSF14).

Additional information about the carcass andmeat quality analyses

used in this study can be found in Ramıŕez-Zamudio et al. (2023).
2.3 Statistical analysis of weight, weight
gain, carcass and meat data

Performance data and carcass and meat quality traits of the 48

animals (n = 24/group) [BWi (kg), WW (kg), ADG1 (kg), BWf (kg),

ADG2 (kg), HCW ( kg), REA (cm2), BFT (mm), MS (score), IMF

(%), and WBSF7 and WBSF14 (kg)] were analyzed regarding the

presence of discrepant information, homogeneity of variances, and

normality of residuals. The data were expressed as means and their

respective standard errors. Means were compared between the two

treatments by the t-test.
2.4 Analysis of differential gene expression

Differential gene expression was analyzed by RNA sequencing

(RNA-Seq) in 12 individuals from each treatment (NCF vs. CF). RNA

extraction, preparation of the cDNA libraries, and sequencing and

mapping of reads to the bovine reference genome (Bos taurus – ARS-

UCD1.3) were performed following protocols and parameters

recommended by the international scientific community.

Differentially expressed genes (DEGs) were identified using the

method implemented in the edgeR v.3.40.0 package (Robinson et al.,

2010) of the R software, which considers pairwise comparison and

assumes that the count data follow a negative binomial distribution.

Detailed information on the differential gene expression analysis used

can be found in Ramıŕez-Zamudio et al. (2023).
2.5 Analysis of DNA methylation

2.5.1 Genomic DNA extraction
DNA was extracted from LT muscle samples (50 mg) using the

DNeasy Blood & Tissue kit (Qiagen, USA) according to the
TABLE 1 Ingredients and chemical-bromatological composition of the
feedlot diet.

Ingredients (g/kg of DM)

Sugarcane bagasse 90

Tifton-85 hay 30

Ground corn 660.35

Soybean meal 175.3

Urea 3.80

Mineral-vitamin supplement 37.4
Chemical composition (g/kg of DM)

Crude protein 153.4

Neutral detergent fiber 256.8

Ether extract 35.3
DM, dry matter.
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manufacturer’s instructions. The extracted DNA was quantified in a

Qubit® 3.0 Fluorometer (Invitrogen, USA). DNA purity (260/280)

and integrity were analyzed in a NanoDrop Lite microvolume

spectrophotometer (Thermo Scientific, USA) and on 0.8% agarose

gel, respectively. After dilution to the concentration necessary for

methylation analysis (50 ng/µL), the DNA samples were stored in

1.7-mL minitubes at -20oC.

2.5.2 Library construction and reduced
representation bisulfite sequencing

For analysis of differential DNAmethylation, five DNA samples

were randomly selected from the 12 animals of each treatment

(NCF and CF) preliminarily submitted to RNA-Seq. The reduced

representation bisulfite sequencing (RRBS) technique was applied

using the Zymo-Seq RRBS Library kit (Zymo Research, USA) to

sequence genome regions enriches for 5-methyl cytosines.

Digestion of genomic DNA aliquots, bisulfite conversions, and

enrichment of the 10 libraries by PCR (one library/animal) were

performed by the US company Zymo Research. The protocol

consisted of digestion of 400 ng genomic DNA with 30 units of

MspI (New England Biolab, USA) at 37oC, a restriction enzyme

with a CCGG recognition site, followed by end repair of the

fragments of approximately 150 bp and addition of adapters.

The fragments were ligated to adapters containing 5-methyl

cytosine instead of cytosine as specified by Illumina (USA).

Adapter-tagged fragments ≥ 50 bp were recovered using DNA

Clean & Concentrator™-5 (Zymo Research, USA) and then treated

with bisulfite using the EZ DNAMethylation-Lightning™ kit (Zymo

Research, USA). The resulting PCR products for enrichment of the

libraries were again purified using DNA Clean & Concentrator™-5.

Clustering and sequencing of the libraries of the DNA fragments were

performed by Zymo (USA) using HiSeq2500 v4 2x100bp (Illumina,

USA) according to the manufacturer’s protocol on the NovaSeq 6000

platform (Illumina, USA).

2.5.3 Quality analysis of RRBS sequences and
alignment to the reference genome

The FastQC 0.11.9 program (Andrews, 2010) was used to

visualize the data obtained by RRBS, in which quality parameters

were evaluated for the complete set of raw sequencing reads. Initial

quality control was performed using TrimGalore v.0.6.4_dev (https://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/), in

which adapters and unknown or low-quality bases were removed

from the ends of the sequences.

The Bismark v.0.22.3 program (Krueger and Andrews, 2011)

was used to align the generated sequences previously treated with

bisulfite to the bovine reference genome (Bos taurus – ARS-

UCD1.2) using the -N1 option, which allows a single alignment

error. The reference genome was first transformed into a bisulfite-

converted version, with C-to-T conversion on the top original

strand and G-to-A conversion on the bottom strand, and finally

indexed using Bowtie2 (Langmead and Salzberg, 2012). The

sequences that produced the best unique alignments in the two
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processes (top and bottom original strand alignment) were

compared to the normal genomic sequence to confirm the

presence of a C in the reference sequence. The methylation status

of all cytosine positions in the sequences was inferred using the

methylation_extractor function of the Bismark program. The rate

or level of methylation ranged from 0% to 100% at each site

(nucleotide), considering that tissues frequently comprise different

populations of cells that can harbor different methylation signals.

2.5.4 Identification and characterization of
cytosines, chromosome regions and differentially
methylated genes

The metrics for cytosine methylation in the genome of the

individuals analyzed were obtained with MethylDackel 0.5.0

(https://github.com/dpryan79/MethylDackel). This tool groups all

cytosines into one of three sequence contexts – CpG, CHG and

CHH, where H is the IUPAC ambiguity code for any nucleotide

other than G.

To identify regions in the genome that are differentially

methylated between NCF and CF individuals (differentially

methylated regions – DMRs), i.e., regions that contain more than

one methylated cytosine, the calculateDiffMeth function of the

MethylKit 1.24.0 package was used (Akalin et al., 2012) in the R

statistical environment (R Core Team: https://www.r-project.org) of

the Bioconductor repository (https://bioconductor.org/packages/

release/bioc/html/ methylKit.html). First, all cytosines were

filtered for a minimum coverage of three reads and a maximum

percentile of 99.9%. The methylKit function that normalizes

coverage was applied using standard configurations. Next, the

sliding window approach was used, with a window size of 1,000

bp and a step size of 500 bp. DMRs were defined when 1) the

methylation difference was at least 25%; 2) the corrected p-value (q-

value) was less than 0.05, and 3) sequence coverage was greater than

10-fold across all samples. Fisher’s exact test was implemented to

calculate p-values, which were subsequently adjusted to q-values

using the SLIM method (Wang et al., 2011).

Genes with ensemble id’s overlapping with DMRs shared

between animals of the two groups were identified and termed

differentially methylated genes (DMGs). The annotation of DMGs

for identifying gene regions that harbor DMRs (promoter,

transcription start site – TSS, gene body – exon and intron) was

performed using the GenomationData package (version 3.8)

through the methylKit library 1.24.0 (Akalin et al., 2012) of the R

statistical software. The NCBI RefSeq annotation database file used

was obtained from the UCSC Genome Browser. Promoters were

defined 1,000 bp upstream and downstream of the gene’s TSS

following the methylKit pattern. Information on CpG islands

(CpGi) and shores was obtained from the UCSC Genome Browser.

2.5.5 Relationship between DMGs and DEGs
To identify genes exhibiting modified expression at weaning

due to methylation, the list of genes identified as DMGs was

contrasted with the list of DEGs, considering the filters of a 25%
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methylation difference and a log2 fold change (FC) of 0.5. In

eukaryotes, CpGi are mainly located in gene promoter regions

(regulatory regions), near the TSS. Methylation in these regions is

associated with gene silencing; thus, in the absence of methylation

of these islands, gene expression occurs (Oliveira et al., 2010; Portela

and Esteller, 2010; Yuferov et al., 2010). CpG dinucleotides found

outside these islands in regions known as “CpGi shores” are less

methylated than the islands themselves (Tsankova et al., 2007;

Robison and Nestler, 2011), but can also be associated with

transcriptional inactivation. However, when methylation occurs in

the body of genes (exons and introns), it may also be correlated with

their expression (Doi et al., 2009; Irizarry et al., 2009; Portela and

Esteller, 2010). CpGs in the gene body (exons/introns) and far from

the TSS can inhibit or enhance gene expression (as long as the

promoter is not methylated), depending on the genomic context.

Methylation (CpG) of the gene body that occurs in a CpGi may be

positively or negatively correlated with expression. On the other

hand, if methylation does not occur in a CpGi, there will be a

positive correlation with expression, i.e., increasing/decreasing

methylation will lead to an increase/decrease in gene expression

(Varley et al., 2013). These relationships were established and

described by Enright et al (2003); Tost (2010), and Varley et al.

(2013). Thus, the relationships found were classified as consistent

(expected) or inconsistent (not expected), as shown in Figure 1.

2.5.6 Functional enrichment analysis
The set of genes identified as differentially methylated and

differentially expressed – DMGs/DEGs – between NCF and CF

individuals at weaning was used in over-representation analysis

considering gene ontology (GO) terms (biological processes – BPs)

and metabolic pathways (KEGG Pathway and WikiPathway

databases). The WebGestalt tool, an online platform designed for

functional analysis and interpretation of biological data (Wang

et al., 2017), was used for this purpose. GO_BPs and pathways

were enriched when p < 0.05.
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3 Results

3.1 Performance, carcass and meat quality
traits and differentially expressed genes
at weaning

Regarding pre- and postweaning performance (Table 2),

significant differences (p < 0.05) were observed between groups

for WW and ADG1 during the cow-calf phase. For WW, CF

animals (creep-feeding) were heavier than NCF animals (no

creep-feeding) (p < 0.05). ADG1 was higher in CF compared to

NCF (p < 0.05). No significant differences in BWi, BWf, ADG2, or

HCW were observed between groups.

The meat quality and carcass traits are presented in Table 3. No

significant differences between groups were observed for REA,

WBSF7, or WBSF14. On the other hand, there were significant

differences (p < 0.05) in BFT, IMF, and MS. For all three traits

related to carcass fat deposition, CF animals (creep-feeding) had

higher mean values than NCF animals (no creep-feeding).

A total of 947 differentially expressed genes between NCF and

CF (log2 FC [0.5]; FDR 5%) were identified; of these, 443 were

downregulated and 504 were upregulated in CF (cow-calf phase

with creep-feeding). Detailed information on the results of DEG

analysis can be found in Ramıŕez-Zamudio et al. (2023).
3.2 Quality of extracted genomic DNA,
sequencing and alignment of reads

The genomic DNA extracted from LT muscle samples obtained

by biopsy at weaning had adequate quality for RRBS. The 260/280

ratio ranged from 1.87 to 2.01 and the 260/230 ratio from 1.48 to

1.97. The DNA concentration ranged from 83.4 to 752 ng/µL and

agarose gel electrophoresis showed high molecular weight DNA

samples, with no signs of degradation.
FIGURE 1

Expected relationships between the level of methylation in gene regions and expression in eukaryotic organisms.
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Sequencing of the bisulfite-converted DNA samples/libraries

generated an average of approximately 32 million raw reads for

samples of the two experimental groups. Approximately 33% of the

reads generated per sample showed unique alignment, i.e., they

aligned with only one region of the reference genome. About 45% of

the reads were mapped to two or more regions and about 22% could

not be aligned to the reference genome (Figure 2).

The rate of bisulfite conversion of unmethylated cytosines

exceeded 99% for CpG and non-CpG, indicating adequate

bisulfitation of the samples.

Among reads mapped to a unique site in the genome, an

average of seven million CpG cytosines were identified per

sample, with a mean coverage of approximately 7X for CpG, as

shown in Table 4.
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3.3 Identification and characterization of
differentially methylated regions

For animals in CF, the mean genome-wide methylation level

was 4.25% of CpG, 0.54% of CHG (where H = A, T or C), and

0.46% of CHH. The values for NCF animals were 4.07% of CpG,

0.50% of CHG and 0.43% of CHH, resulting in a higher mean

methylation level (0.18% of CpG, 0.04% of CHG, and 0.03% of

CHH) in animals of the supplemented group during the cow-

calf phase.

Based on the contrast established between the groups of

animals, 974 regions that differed in methylation levels at

weaning were identified (DMRs: > 25% and q-value < 0.05). In

CF, 431 regions showed hypermethylation, corresponding to
TABLE 3 Means and standard errors of carcass backfat thickness and ribeye area, fat percentage, marbling score, and shear force after 7 and 14 days
of aging obtained for the two treatments.

BFT (mm) IMF (%) MS REA (cm2) WBSF7 (kg) WBSF14 (kg)

NCF1 10.61 ± 0.42b 4.95 ± 0.20b 321.50 ± 13.65b 67.94 ± 1.16 4.52 ± 0.11 3.45 ± 0.11

CF1 12.96 ± 0.83a 5.80 ± 0.23a 366.11 ± 12.39a 65.50 ± 0.93 4.28 ± 0.12 3.42 ± 0.09
1NCF, no creep-feeding; CF, creep-feeding; BFT, backfat thickness; IMF, intramuscular fat percentage; MS, marbling score; REA, ribeye area; WBSF7, Warner-Bratzler shear force at 7 days post-
mortem; WBSF14, Warner-Bratzler shear force at 14 days post-mortem. a, bDifferent letters indicate significant differences (p < 0.05).
FIGURE 2

Percentage of reads generated by RRBS aligned or not to the bovine reference genome. RC1, RC2, RC8, RC9 and RC12: samples from NCF; RC16,
RC17, RC19, RC21 and RC24: samples from CF. Blue bar: percentage of reads aligned to a unique region of the reference genome; purple bar:
percentage of reads aligned to two or more regions of the reference genome; black bar: percentage of reads not aligned to regions of the
reference genome.
TABLE 2 Means and standard errors of animal weights at the beginning of the cow-calf phase, at weaning and at the end of the feedlot period,
average daily gain during the cow-calf and finishing periods, and hot carcass weight obtained for the two treatments.

BWi (kg) WW (kg) ADG1 (kg) BWf (kg) ADG2 (kg) HCW (kg)

NCF1 61.29 ± 2.41 228.92 ± 5.07b 0.93 ± 0.02b 484.64 ± 5.96 1.36 ± 0.02 269.22 ± 8.23

CF1 57.55 ± 2.61 243.57 ± 5.70a 1.03 ± 0.03a 491.85 ± 7.85 1.32 ± 0.03 273.62 ± 9.28
1NCF, no creep-feeding; CF, creep-feeding; BWi, initial body weight; WW, weaning weight; ADG1, average daily gain between WW and BWi; BWf, final body weight; ADG2, average daily gain
between BWf and WW; HCW, hot carcass weight. a, bDifferent letters indicate significant differences (p < 0.05).
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44.25% of all regions identified, while 543 showed hypomethylation,

corresponding to 55.75%. Among DMRs, 54% occurred in

intergenic regions of the genome, while the remaining regions

were distributed across promoter and gene body regions

(Figure 3A). About 22% of the DMRs were in CpGi, while 25%

were present in island shores (Figure 3B).

The 974 prospected DMRs overlapped with 241 genes which, as

mentioned above, were called DMGs; among these genes, 108 were

hypermethylated and 133 hypomethylated in CF. Of the 241 DMGs,

39 were correlated with DEGs, with a log2 FC ≥ 0.5 between the two

experimental conditions. Part of the differentially expressed DMGs

(DMGs/DEGs) exhibited more than one DMR, totaling 79 DMRs

for 39 DMGs/DEGs (Table 5).

Twenty-one positively correlated DMGs/DEGs were identified;

among these, nine [AQP1, ATP2B2, CDK18, CLSTN2, CSF1R, CUX2,
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GNA12, HECTD2, and HERC1] were hypermethylated and

upregulated. Twelve genes [ACAA1, CCDC146, FHL2, RALGPS1,

RET, RFC2, RUNX1, SART1, SLC2A8, SORBS1, TNFRSF1B, and

VWF] exhibited hypomethylation associated with downregulation.

On the other hand, 18 DMGs/DEGs showed a negative correlation.

Among these, 10 [ANXA9, DAPP1, FERMT3, IL6R, LAPTM5, NRG3,

RBM47 , SPI1 , TP63 , and TRIM63] were identified as

hypermethylated and downregulated, while eight [COL27A1,

CSDC2, DNMT3A, ENO3, GADL1, PRKCA, SMAD3, and UNC5B]

were characterized as hypomethylated and upregulated genes.

Thirty-three (85%) of the 39 DMGs/DEGs showed a

methylation pattern compatible with the expression pattern

(expected/consistent – according to Figure 1) and only six (15%)

[ANXA9, ENO3, FHL2, GADL1, IL6R, and TP63] exhibited an

unexpected/inconsistent pattern.
TABLE 4 Data generated by reduced representation bisulfite sequencing.

Sample No. of reads
% BS conversion

(non-CpG)
% BS conversion (CpG) Uniq. CpG Avg. CpG coverage

RC1/NCF 38,689,684 99.4% 99.6% 7,440,987 10X

RC2/NCF 28,329,540 99.3% 99.5% 6,939,864 7X

RC8/NCF 30,538,031 99.4% 99.6% 6,946,079 7X

RC9/NCF 26,731,168 99.4% 99.7% 6,698,465 7X

RC12/NCF 37,295,594 99.3% 99.5% 7,724,811 9X

RC16/CF 25,249,436 99.3% 99.5% 6,778,697 6X

RC17/CF 37,041,812 99.3% 99.5% 7,373,151 8X

RC19/CF 33,405,004 99.3% 99.6% 7,129,808 8X

RC21/CF 32,170,424 99.3% 99.5% 7,198,074 8X

RC24/CF 27,669,506 99.3% 99.6% 6,915,952 7X
RC1, RC2, RC8, RC9 and RC12: samples from NCF; RC16, RC17, RC19, RC21 and RC24: samples from CF. % BS Conversion (non-CpG): percentage of successful bisulfite conversion of
unmethylated cytosines (non-CpG), % BS Conversion (CpG): percentage of successful bisulfite conversion of methylated cytosines (CpG), Uniq. CpG: methylated cytosines exclusive of CpG,
Avg. CpG coverage: average read coverage for CpGs.
FIGURE 3

Proportion of DMRs among NCF and CF detected in different parts of the genome. (A) Overlap with intergenic and gene regions (promoter,
transcription start site – TSS, exon and intron). (B) Overlap with CpG islands (CpGi), island shores, and others.
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TABLE 5 Set of genes differentially methylated (DMGs) and differentially expressed (DEGs) between groups 1 and 2.

DMG/DEG Gene Part CpGi/shores MeDiff logFC.Rna Correlation

ACAA1 exons_3 Yes -25.670 -0.511 Positive

ACAA1 promoters_0 Yes -25.670 -0.511 Positive

ACAA1 introns_2 Yes -25.670 -0.511 Positive

ACAA1 introns_3 Yes -25.670 -0.511 Positive

ANXA9 introns_7 No 25.287 -0.918 Negative

ANXA9 exons_9 No 25.287 -0.918 Negative

ANXA9 introns_8 No 25.287 -0.918 Negative

ANXA9 exons_8 No 25.287 -0.918 Negative

ANXA9 introns_9 No 25.287 -0.918 Negative

AQP1 introns_1 No -30.879 0.728 Negative

AQP1 exons_1 No 26.541 0.728 Positive

AQP1 TSSes_0 No 26.541 0.728 Positive

AQP1 introns_1 No 26.541 0.728 Positive

AQP1 promoters_0 No 26.541 0.728 Positive

ATP2B2 introns_20 Yes 30.690 2.221 Positive

CCDC146 exons_3 No -27.081 -0.685 Positive

CCDC146 introns_3 No -27.081 -0.685 Positive

CDK18 introns_2 No 36.149 0.576 Positive

CDK18 promoters_0 No 36.149 0.576 Positive

CDK18 introns_3 No 36.149 0.576 Positive

CDK18 exons_2 No 36.149 0.576 Positive

CDK18 exons_3 No 36.149 0.576 Positive

CLSTN2 introns_8 No 25.210 1.093 Positive

COL27A1 introns_37 No -34.545 0.550 Negative

CSDC2 exons_3 Yes -25.559 1.036 Negative

CSDC2 introns_3 Yes -25.559 1.036 Negative

CSDC2 introns_2 Yes -25.559 1.036 Negative

CSF1R exons_8 No -25.725 -1.810 Positive

CSF1R exons_9 No -25.725 -1.810 Positive

CSF1R introns_8 No -25.725 -1.810 Positive

CSF1R introns_9 No -25.725 -1.810 Positive

CUX2 introns_3 No 25.526 1.249 Positive

DAPP1 introns_4 No 26.740 -0.531 Negative

DNMT3A introns_1 No -26.425 0.792 Negative

ENO3 introns_9 No -39.722 0.839 Negative

ENO3 exons_8 No -39.722 0.839 Negative

ENO3 introns_10 No -39.722 0.839 Negative

ENO3 exons_10 No -39.722 0.839 Negative

(Continued)
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TABLE 5 Continued

DMG/DEG Gene Part CpGi/shores MeDiff logFC.Rna Correlation

ENO3 introns_8 No -39.722 0.839 Negative

ENO3 exons_9 No -39.722 0.839 Negative

FERMT3 promoters_0 Yes 37.626 -0.744 Negative

FERMT3 introns_2 Yes 37.626 -0.744 Negative

FHL2 promoters_0 No -37.952 -0.526 Positive

GADL1 introns_14 No -33.765 3.082 Negative

GNA12 introns_1 No 25.339 0.840 Positive

HECTD2 introns_1 Yes 29.870 0.514 Positive

HERC1 introns_1 No 25.726 0.634 Positive

IL6R introns_9 No 32.843 -2.065 Negative

IL6R exons_10 No 32.843 -2.065 Negative

LAPTM5 introns_1 No 27.587 -0.583 Negative

NRG3 introns_1 No 25.066 -0.820 Negative

PRKCA introns_2 No -25.462 0.558 Negative

RALGPS1 introns_8 No -25.842 -0.719 Positive

RBM47 introns_3 Yes 29.249 -0.504 Negative

RBM47 exons_3 Yes 29.249 -0.504 Negative

RBM47 introns_2 Yes 29.249 -0.504 Negative

RET introns_1 No -25.355 -1.746 Positive

RFC2 exons_2 No -48.252 -0.520 Positive

RFC2 introns_2 No -48.252 -0.520 Positive

RFC2 introns_1 No -48.252 -0.520 Positive

RUNX1 introns_2 No -28.744 -0.885 Positive

SART1 introns_12 Yes -26.154 -0.585 Positive

SLC2A8 introns_9 No -32.060 -1.383 Positive

SLC2A8 exons_10 No -32.060 -1.383 Positive

SMAD3 introns_1 No -27.604 1.013 Negative

SORBS1 introns_7 Yes -31.747 -1.008 Positive

SPI1 TSSes_0 No 28.741 -0.533 Negative

SPI1 promoters_0 No 28.741 -0.533 Negative

SPI1 introns_1 No 28.741 -0.533 Negative

SPI1 exons_1 No 28.741 -0.533 Negative

SPI1 introns_1 No 25.330 -0.533 Negative

SPI1 promoters_0 No 25.330 -0.533 Negative

TNFRSF1B introns_1 No -29.221 -0.633 Positive

TP63 introns_3 No 28.317 -0.592 Negative

TRIM63 exons_2 No 27.249 -1.028 Negative

(Continued)
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3.4 Functional enrichment analysis of
DMGs/DEGs

Table 6 shows the BP-related GO terms enriched (p < 0.05) in

the analysis involving the 39 DMGs/DEGs identified in animals of
Frontiers in Animal Science 10
NCF and CF. Tables 7 and 8 list the enriched metabolic pathways

(p < 0.05) using information from the KEGG and WikiPathways

databases as a reference, respectively.

The higher WW, carcass fat coverage, and marbling (IMF and

MS) observed in CF animals indicate that supplementation during
TABLE 5 Continued

DMG/DEG Gene Part CpGi/shores MeDiff logFC.Rna Correlation

TRIM63 introns_2 No 27.249 -1.028 Negative

TRIM63 introns_1 No 27.249 -1.028 Negative

UNC5B introns_1 No -36.815 0.524 Negative

VWF introns_2 No -25.429 -0.536 Positive
DMG/DEG, differentially methylated and expressed genes; Gene Part, part of the gene where methylation occurred; CpGi/shores, CpG islands or shores; MeDiff, magnitude of differential
methylation (%); logFC.Rna, magnitude of differential expression.
TABLE 6 Enriched biological processes (GO_BPs) considering genes differentially methylated and differentially expressed (DMGs/DEGs) between
groups 1 and 2 at weaning.

Identification Description No. of genes p-value Genes

GO:0097191 Extrinsic apoptotic signaling pathway 5 <0.001 IL6R, RET, SMAD3, TNFRSF1B, UNC5B

GO:0051094
Positive regulation of
developmental process

11
<0.001 AQP1, CLSTN2, CUX2, IL6R, PRKCA, RET, RUNX1,

SART1, SMAD3, TNFRSF1B, TP63

GO:0048646
Anatomical structure formation
involved in morphogenesis

10
<0.001 AQP1, FHL2, HERC1, NRG3, PRKCA, RET, RUNX1,

SMAD3, TP63, UNC5B

GO:0045785 Positive regulation of cell adhesion 6 <0.001 IL6R, PRKCA, RET, RUNX1, SART1, SMAD3

GO:0044057 Regulation of system process 7
<0.001 AQP1, ATP2B2, CUX2, PRKCA, SMAD3,

TNFRSF1B, TRIM63

GO:0043502 Regulation of muscle adaptation 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0043500 Muscle adaptation 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0035239 Tube morphogenesis 9
<0.001 AQP1, CSF1R, PRKCA, RET, RUNX1, SMAD3, SPI1,

TP63, UNC5B

GO:0033993 Response to lipid 9
<0.001 AQP1, DNMT3A, FHL2, PRKCA, RET, RUNX1,

TNFRSF1B, TP63, TRIM63

GO:0030225 Macrophage differentiation 3 <0.001 CSF1R, PRKCA, SPI1

GO:0022610 Biological adhesion 11
<0.001 ANXA9, CLSTN2, FERMT3, IL6R, PRKCA, RET, RUNX1,

SART1, SMAD3, SORBS1, VWF

GO:0014897 Striated muscle hypertrophy 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0014896 Muscle hypertrophy 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0014743 Regulation of muscle hypertrophy 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0014741
Negative regulation of
muscle hypertrophy

3
<0.001

SMAD3, TNFRSF1B, TRIM63

GO:0010614
Negative regulation of cardiac

muscle hypertrophy
3

<0.001
SMAD3, TNFRSF1B, TRIM63

GO:0010611
Regulation of cardiac
muscle hypertrophy

4
<0.001

PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0007155 Cell adhesion 11
<0.001 ANXA9, CLSTN2, FERMT3, IL6R, PRKCA, RET, RUNX1,

SART1, SMAD3, SORBS1, VWF

GO:0003300 Cardiac muscle hypertrophy 4 <0.001 PRKCA, SMAD3, TNFRSF1B, TRIM63

GO:0001775 Cell activation 11
<0.001 ACAA1, FERMT3, GNA12, IL6R, PRKCA, RUNX1, SART1,

SMAD3, SPI1, TNFRSF1B, VWF
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the cow-calf phase favored muscle growth and development until

weaning and lipid metabolism (adipogenesis and lipogenesis) until

slaughter. Thus, BPs, metabolic pathways, and genes directly related

to muscle development and fat deposition in the carcass were

identified. The following BPs linked to muscle development can

be highlighted: negative regulation of muscle hypertrophy

(GO:0014741), regulation of muscle hypertrophy (GO:0014743),

muscle hypertrophy (GO:0014896), striated muscle hypertrophy

(GO:0014897), muscle adaptation (GO:0043500), and regulation of

muscle adaptation (GO:0043502). These processes are related to the

response of the muscle to different stimuli, not only for muscle

growth but also for functional adaptations that improve the

efficiency of this tissue. Another important process, response to

lipid (GO:0033993), is related to the mechanisms of lipid

metabolism. Regarding metabolic pathways, the following

pathways can be highlighted as the most relevant: PPAR signalin

pathway (hsa03320, WP3942) and factors and pathways affecting

insulin-like growth factor (IGF1)-Akt signaling (WP3850).
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Considering the enriched pathways and processes identified as the

most important for the contrasting phenotypes between groups, the

following DMGs/DEGs can be highlighted: ACAA1, SORBS1, SMAD3,

TRIM63, PRKCA, DNMT3A, FHL2, NRG3, RUNX1, and TP63. The

FHL2 and TP63 genes will not be included in the discussion since their

methylation and expression patterns were incompatible with the

expected. Although the SLC2A8 DMG/DEG is not part of any

enriched BP or pathway, this gene will be discussed due to its high

affinity for glucose in skeletal muscle and adipose tissues.
4 Discussion

4.1 Effect of supplementation on
genomic methylation

Although subtle, the difference in the global methylation pattern

between NCF and CF calves indicates changes in the genome in
TABLE 7 Enriched metabolic pathways (KEGG Pathways) considering genes differentially methylated and differentially expressed (DMGs/DEGs)
between groups 1 and 2 at weaning.

Identification Description No. of genes p-value Genes

hsa05200 Pathways in cancer 8 0.001 CSF1R, GNA12, IL6R, PRKCA, RET, RUNX1, SMAD3, SPI1

hsa05221 Acute myeloid leukemia 3 0.002 CSF1R, RUNX1, SPI1

hsa04066 HIF-1 signaling pathway 3 0.006 ENO3, IL6R, PRKCA

hsa04659 Th17 cell differentiation 3 0.007 IL6R, RUNX1, SMAD3

hsa04380 Osteoclast differentiation 3 0.012 CSF1R, FHL2, SPI1

hsa04730 Long-term depression 2 0.021 GNA12, PRKCA

hsa04520 Adherens junction 2 0.029 SMAD3, SORBS1

hsa03320 PPAR signaling pathway 2 0.031 ACAA1, SORBS1

hsa05202 Transcriptional misregulation in cancer 3 0.032 CSF1R, RUNX1, SPI1

hsa05220 Chronic myeloid leukemia 2 0.033 RUNX1, SMAD3
TABLE 8 Enriched metabolic pathways (WikiPathways) considering genes differentially methylated and differentially expressed (DMGs/DEGs) between
groups 1 and 2 at weaning.

Identification Description No. of genes p-value Genes

WP4540 Pathways regulating hippo signaling 3 0.005 CSF1R, PRKCA, SMAD3

WP3850 Factors and pathways affecting insulin-like growth factor (IGF1)-Akt signaling 2 0.006 SMAD3, TRIM63

WP2848 Differentiation pathway 2 0.013 CSF1R, IL6R

WP3646 Hepatitis C and hepatocellular carcinoma 2 0.014 IL6R, SMAD3

WP4747 Netrin-UNC5B signaling pathway 2 0.015 PRKCA, UNC5B

WP2018 RANKL/RANK [receptor activator of NFKB (ligand)] signaling pathway 2 0.017 FHL2, SPI1

WP2849 Hematopoietic stem cell differentiation 2 0.022 RUNX1, SPI1

WP3945 TYROBP causal network 2 0.022 RBM47, TNFRSF1B

WP2324 AGE/RAGE pathway 2 0.024 PRKCA, SMAD3

WP3942 PPAR signaling pathway 2 0.025 ACAA1, SORBS1
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response to creep-feeding (increased methylation in CF). Andrés et al.

(2021) demonstrated that diet can influence DNAmethylation patterns

by analyzing global blood methylation patterns, biochemical profiles,

andmetabolomes of ewe lambs born tomothers subjected to early food

restriction or fed ad libitum. Results revealed significant enrichment in

functional categories related to cellular processes, phosphorylation,

nervous system, immune response, and reproductive function in lambs

born to mothers with food restriction, attributed to differences in gene

methylation within these categories. Nutrition can influence genome

methylation patterns by providing substrates necessary for adequate

DNA methylation or cofactors that modulate the enzymatic activity of

DNA methyl transferases (DNMTs). As a universal methyl donor for

methyltransferases, S-adenosylmethionine (SAM) is synthesized in the

methionine cycle from different dietary precursors (McKay and

Mathers, 2011; Feil and Fraga, 2012). All of these precursors enter

the methionine pathway at different points and contribute to the net

synthesis of SAM. Thus, increased availability of SAM results in global

DNA hypermethylation and vice versa (Zhang, 2015). In addition to

the indirect regulation of DNA methylation patterns by SAM

modulation, several other dietary compounds can directly influence

the expression or activity of DNMTs (Mukherjee et al., 2015).

Del Corvo et al. (2021) demonstrated an increase in methylation of

approximately 0.54% in CpG, 0.06% in CHG, and 0.02% in CHH in

Nellore cattle recovered after a period of heat stress. Values in Angus

were 67.7% CG, 0.3% CHG, and 0.2% CHH methylation in the

experimental period and 67.14% CG, 0.3% CHG, and 0.22% CHH

methylation in the post challenge period. Even if they do not reach

significance on a genomic scale, these changes can lead to distinct

patterns of gene expression and, consequently, to divergent phenotypes

(Ribeiro, 1994; Miller and Grant, 2012). Furthermore, analyzing the

bovine methylome, De Souza et al. (2022) identified epigenetic

mechanisms associated with meat tenderness in the Nellore breed, as

well as genes with differential methylation in contrasting groups for

meat tenderness. Taken together, these studies demonstrate the need to

investigate genes that show differential methylation in contrasting

groups of animals, either due to differences in a particular phenotype

of interest or as a result of exposure to different experimental

treatments, as well as to elucidate the metabolic pathways affected by

these changes. Given that supplementation affects production costs, a

limitation of this research was the absence of testing various

supplementation levels. This could potentially reveal similar

outcomes with lower supplementation levels or even more intriguing

results with higher levels.
4.2 Metabolic pathways related to muscle
and adipose tissue development

As practical implications, this study demonstrated that energy-

protein supplementation of F1 Angus x Nellore calves during the

rearing phase at 1% of their live weight was sufficient to promote,

through changes in DNAmethylation patterns and gene expression,

increased muscle and fat deposition in the carcass, traits of interest

to the market.
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The insulin-like growth factor 1 (IGF1)-Akt signaling pathway

plays a crucial role in muscle growth, influencing both protein

synthesis and degradation by activating the mTOR pathway

(Schiaffino and Mammucari, 2011; Jia et al., 2014; Yoshida and

Delafontaine, 2020) and by inhibiting GSK3B (Cross et al., 1994,

Cross et al., 1995) and FoxO transcription factors, thereby

preventing muscle atrophy (Sartori et al., 2021). Within this

context, calves that received a daily supplement of 1% of their

body weight containing 22% crude protein and 65% total digestible

nutrients, as well as inclusion of 44.8% ground corn as a glucose

source, responded with a higher body weight at weaning. This

improvement could be attributed to the activation of the IGF1-Akt

pathway; although not measured in this study, this activation was

possibly induced by the elevation of IGF-1 and insulin, thus

facilitating protein synthesis via mTOR activation. However,

supplementation during the cow-calf phase did not result in

significant differences in body weight (BWf and HCW) after

finishing or REA, an indicator of muscularity assessed during

slaughter, although the IGF1-Akt pathway was active at weaning.

This lack of a difference may indicate a change in gain composition

(Asher et al., 2018), specifically a reduction in the rate of lean tissue

deposition and an earlier onset of fat accumulation (Gerrits et al.,

1997) after the supplementation period. This hypothesis is

supported by the increase in BFT and marbling (IMF and MS) in

animals supplemented during the cow-calf phase, possibly due to

activation of the PPAR signaling pathway.

The PPAR signaling pathway involves PPAR nuclear receptors,

which act as key transcription factors in the regulation of lipid and

glucose metabolism (Gross et al., 2017). These receptors respond to

environmental stimuli and modulate the expression of genes related to

lipid metabolism and energy homeostasis (Lamichane et al., 2018;

Attianese and Desvergne, 2015). During adipogenesis, specific

activation of PPARg, a key transcription factor of PPARs that is

highly expressed in mature adipocytes, is fundamental for the

commitment of mesenchymal stem cells to preadipocytes and their

eventual differentiation into mature adipocytes (Queiroz et al., 2009;

Wu et al., 1999). The inclusion of long-chain fatty acids in the diet has

been associated with higher expression of PPAR-related genes in cattle

and humans (Bionaz et al., 2012; Sampath and Ntambi, 2004),

highlighting the importance of dietary sources for the stimulation of

this pathway during adipocyte differentiation. Unsaturated fatty acids

such as linoleic and linolenic acids are found in oilseeds such as

soybeans (Ladeira et al., 2020). Although these acids undergo ruminal

biohydrogenation, a fraction can escape to the duodenum and be

absorbed (Duckett and Gillis, 2010). The present results of daily

supplementation of calves with 1% of their body weight of creep

feed, with the inclusion of 40.4% of soybean meal in the concentrate,

suggest that a fraction of the unsaturated fatty acids in the supplement

can reach skeletal muscle. This fact may contribute to the upregulation

of genes associated with the PPAR pathway, which would explain the

greater fat deposition in CF animals. The synergistic interaction

between the IGF1-Akt and PPAR signaling pathways thus indicates a

complex metabolic mechanism that regulates growth and

body composition.
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4.3 Main DMGs/DEGs related to muscle
hypertrophy, adipogenesis and lipogenesis

In the present study, hypermethylation and downregulation of

the neuregulin-3 (NRG3) gene at weaning were observed in calves

supplemented during the cow-calf phase. This gene encodes peptide

ligands for transmembrane tyrosine kinase receptors, which

regulate cell growth and differentiation, affecting different cell

types (Zhang et al., 1997). In humans, variants of NRG3 have

been associated with the body mass index and biological processes

that regulate body weight (Zhou et al., 2020).

Genes of the neuregulin family are important for the activation of

skeletal muscle satellite cells, which are essential for repair processes

(Gumà et al., 2010). Regarding muscle growth processes, satellite cells

play a fundamental role in muscle fiber hypertrophy (Picard and

Gagaoua, 2020). Although supplemented calves had higher WW, the

downregulation of NRG3, as well as of RUNX family transcription

factor 1 (RUNX1), in this case hypomethylated, may be a response to

anticipated muscle hypertrophy. RUNX1 is known to cooperate with

MyoD during the early stages of myogenesis (Zhou et al., 2022).

Therefore, the downregulation of NRG3 and RUNX1 suggests that

supplementation during the cow-calf phase triggered increased

satellite cell activity, leading to the early downregulation of genes

crucial to the anatomical structure formation involved in

morphogenesis pathway, which is mainly active during the early

periods of development such as the embryonic and fetal stages.

This hypothesis is strengthened by the hypomethylation and

upregulation of the SMAD3 gene observed in calves supplemented

during the cow-calf phase. This gene, which was enriched in the

factors and pathways affecting insulin-like growth factor (IGF1)-Akt

signaling pathway, plays an important role in the regulation of

cellular responses to TGF-b (Shi et al., 2016). During fetal

myogenesis, this gene is negatively regulated because of its

repressive activity on myogenic regulatory factors such as those of

the MyoD family (Liu et al., 2001). However, a study has shown that

upregulation of SMAD3 significantly increases the number of

satellite cells by self-renewal during postnatal myogenesis in mice,

which may contribute to muscle hypertrophy (Ge et al., 2011).

Additionally, these authors demonstrated that inactivation of

SMAD3 in mice can upregulate MuRF1 and the ubiquitin-

proteasome system responsible for muscle atrophy. Muscle ring

finger 1, also known as TRIM63, was hypermethylated and

downregulated in the supplemented calves studied here.

Suppression of the expression of this gene that integrates the

factors and pathways affecting insulin-like growth factor (IGF1)-

Akt signaling pathway promotes muscle hypertrophy (Peris-

Moreno et al., 2021), which would explain the higher WW

observed in supplemented calves.

Intramuscular fat, a qualitative meat trait of high commercial

value, is influenced not only by intense cell proliferation activity

during fetal life but also by a specific interval within the first 250

days after birth. During this period, known as the “marbling

window”, feeding a grain-rich diet specifically promotes the

generation of new intramuscular adipocytes through hyperplasia,

thereby establishing the sites for fat accumulation during the

finishing phase (Du et al., 2013). This process paves the way for
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the activation of genes and other metabolic pathways associated

with adipose tissue deposition. This hypothesis is strengthened by

the observation of enrichment of the PPAR signaling pathway,

accompanied by an increase in BFT and IMF at the end of the

finishing period in supplemented calves. Genes of the PPAR family,

particularly PPARg, are key transcription factors that regulate

preadipocyte differentiation and adipocyte metabolism (Duarte

et al., 2013). Although the PPARg gene was not directly

demonstrated in this study, hypomethylation and upregulation of

DNMT3A was observed in supplemented calves. Studies of

subcutaneous adipose tissue in adult pigs revealed an increase in

DNMT3A and PPARg expression when compared to piglets

(Qimuge et al., 2019). This increase in DNMT3A expression in

adult animals suggests that the gene plays a fundamental role in the

development and maturation of adipose tissue. Furthermore, the

same authors found an increase in DNMT3A expression during the

differentiation of intramuscular preadipocytes, indicating the

involvement of this gene not only in the early development of

adipose tissue but also in the maturation of adipocytes, a key

process for the elevation of adipose tissue mass and for local

metabolic regulation (Qimuge et al., 2019). The high expression

of DNMT3A in supplemented calves observed at weaning may thus

indicate that a high proportion of adipocytes were already mature

and ready to start the intensive lipogenic process during the

finishing period, which explains the greater marbling deposition

in meat (IMF and MS) (Table 3).

The SORBS1 gene, a strong candidate associated with higher

IMF content in cattle (Sasaki et al., 2006) that integrates the PPAR

signaling pathway in the present study, was hypomethylated and

downregulated at weaning in supplemented calves. SORBS1 is a

member of the SORBS family and encodes proteins involved in

insulin signaling and stimulation (Chang et al., 2016, Chang et al.,

2018; Germain et al., 2015). In 3T3-L1 adipocytes, an established

cell line commonly used to study adipocyte biology, SORBS1 plays

an important role in the regulation of glucose uptake (Baumann

et al., 2000). This gene was also found in C2C12 muscle cells (model

of muscle cell line); in addition, its downregulation is related to

insulin resistance due to AMPK activation in this cell type but not in

3T3-L1 adipocytes (Aye et al., 2023; Yang et al., 2024). This finding

suggests that the downregulation of SORBS1 at weaning in

supplemented calves is associated with a decrease in glucose

utilization by muscle fibers, reducing competition between the

latter and intramuscular adipocytes for this substrate for

lipogenesis. The fact that skeletal muscle is a heterogeneous tissue

that contains both muscle fibers and adipocytes (Ramıŕez-Zamudio

et al., 2023) implies that the downregulation of SORBS1 cannot be

necessarily attributed exclusively to adipocytes. Additionally,

hypomethylation and upregulation of the PRKCA gene were

detected in supplemented calves. Although PRKCA acts as a

negative regulator of insulin receptor signaling, it is important to

highlight that insulin is known for promoting adipose cell

differentiation, IMF deposition, and glucose oxidation in muscle

cells (Lim et al., 2011; Hausman et al., 2009). The results of this

study suggest a complex role of PRKCA in the metabolism of

supplemented calves, indicating that its upregulation may alter

the typical metabolic functions of insulin in unpredicted manners.
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Insulin, when present in supraphysiological levels, can also induce

adipogenic differentiation through the stimulation of IGF-1, a

process known as transactivation (Fernyhough et al., 2007). These

findings therefore reinforce our theory that muscle fibers of

supplemented animals consume less glucose, increasing its

availability for lipogenesis in adipocytes.

The reduced glucose utilization by muscle fibers in

supplemented calves may also be supported by the observation of

hypomethylation and downregulation of SLC2A8 at weaning. The

SLC2A8 gene encodes GLUT8 transporters with high affinity for

glucose in brain cells, as well as in skeletal muscle and adipose

tissues (Gawlik et al., 2008). However, translocation of these

transporters to the surface for insulin-stimulated glucose uptake

has only been observed in murine muscle cells (Carayannopoulos

et al., 2000) but not in adipocytes (Lisinski et al., 2001).

Additionally, a study using cultured 3T3-L1 adipocytes suggested

that GLUT8 expression is markedly increased during the phase of

cell differentiation (Scheepers et al., 2001). This finding suggests

that creep-feeding from day 30 of age until weaning of calves at 210

days, almost at the end of the “marbling window” (250 days) (Du

et al., 2013), may have accelerated the differentiation of

intramuscular adipose tissue cells when compared to the

unsupplemented group. This anticipated adipocyte differentiation,

facilitated by supplementation, may be associated with the

downregulation of SLC2A8. This reflects complex metabolic

dynamics involving various cell types and developmental stages

within the muscle tissue that, in an integrated manner, affect glucose

metabolism, energy homeostasis, and fat deposition.

The PPAR signaling pathway enriched in this study is essential for

cell differentiation and lipid and carbohydrate metabolism (Feige

et al., 2006). The ACAA1 gene associated with the PPAR signaling

pathway was found to be hypomethylated and downregulated in

animals submitted to creep-feeding. This gene plays an essential role

in the synthesis and regulation of enzymes involved in the beta-

oxidation of long-chain fatty acids (Wanders et al., 2010). Studies on

sheep (Wang et al., 2021), birds (Li et al., 2019) and pigs (Yao et al.,

2021) generally reported that ACAA1 expression is inversely

associated with IMF deposition. These data are consistent with the

results obtained here for supplemented calves, in which

downregulation of ACAA1 was correlated with greater deposition

of marbling fat. Thus, our theory is that the downregulation of

ACAA1 in supplemented calves is due to the glucose-rich

environment provided by the high dietary inclusion of corn

(44.8%). Additionally, the decreased competition between muscle

fibers and adipocytes for glucose, as demonstrated by regulation of

the SORBS1 and PRKCA genes, which are members of the PPAR

signaling pathway and regulators of glucose metabolism in muscle

fibers, reduces the beta-oxidation of fatty acids in adipocytes.
5 Conclusion

The results of the present study support the hypothesis that the

implementation of creep-feeding supplementation during the cow-

calf phase induces changes in DNA methylation and gene

expression levels, modifying the regulation of biological processes
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and metabolic pathways related to muscle growth and fat deposition

(adipogenesis and lipogenesis) in beef cattle. Epigenetic regulations

of genes that play key roles in muscle growth and development,

PPAR signaling, adipogenesis, insulin response, and lipid

metabolism were identified. These biological changes help explain

the phenotypes observed in supplemented animals in terms of both

performance until weaning (higher weight and weight gain until

weaning) and traits related to meat quality (higher marbling).
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of feed restriction on DNA methylation, feed efficiency, metabolome, biochemical
profile, and progesterone patterns in the female filial generation (F1) obtained from
early feed restricted ewes (F0). Front. Physiol. 12. doi: 10.3389/fphys.2021.779054

Andrews, S. (2010). FastQC: a quality control analysis tool for high throughput
sequencing data. Gitbub.

Asher, A., Shabtay, A., Cohen-Zinder, M., Aharoni, Y., Miron, J., Agmon, R., et al.
(2018). Consistency of feed efficiency ranking and mechanisms associated with inter-
animal variation among growing calves. J. Anim. Sci. 96, 990–1009. doi: 10.1093/jas/
skx045

Attianese, G. M. G., and Desvergne, B. (2015). Integrative and systemic approaches
for evaluating PPARb/d (PPARD) function. Nucl. Receptor Signaling 13, 13001.
doi: 10.1621/nrs.13001

Aye, C. C., Hammond, D. E., Rodriguez-Cuenca, S., Doherty, M. K., Whitfield, P. D.,
Phelan, M. M., et al. (2023). CBL/CAP is essential for mitochondria respiration
complex I assembly and bioenergetics efficiency in muscle cells. Int. J. Mol. Sci. 24.
doi: 10.3390/ijms24043399

Baldassini, W. A., Ferreira, M. S., Santiago, B. M., Chardulo, L. A. L., Curi, R. A.,
Lanna, D. P., et al. (2021). Intake, performance, meat quality and fatty acid profile of
Nellore bulls finished in feedlot with diets containing dry corn gluten feed. Livestock Sci.
253, 104715. doi: 10.1016/j.livsci.2021.104715

Baumann, C. A., Ribon, V., Kanzaki, M., Thurmond, D. C., Mora, S., Shigematsu, S.,
et al. (2000). CAP defines a second signalling pathway required for insulin-stimulated
glucose transport. Nature 407 6801, 202–207. doi: 10.1038/35025089

Bionaz, M., Thering, B. J., and Loor, J. J. (2012). Fine metabolic regulation in
ruminants via nutrient–gene interactions: saturated long-chain fatty acids increase
expression of genes involved in lipid metabolism and immune response partly through
PPAR-a activation. Br. J. Nutr. 107 2, 179–191. doi: 10.1017/S0007114511002777

Carayannopoulos, M. O., Chi, M. M., Cui, Y., Pingsterhaus, J. M., McKnight, R. A.,
Mueckler, M., et al. (2000). GLUT8 is a glucose transporter responsible for insulin-
stimulated glucose uptake in the blastocyst. Proc. Natl. Acad. Sci. U.S.A. 97, 7313–7318.
doi: 10.1073/pnas.97.13.7313

Chang, T. J., Wang, W. C., Hsiung, C. A., He, C. T., Lin, M. W., Sheu, W. H. H. S.,
et al. (2016). Genetic variation in the human SORBS1 gene is associated with blood
pressure regulation and age at onset of hypertension: a SAPPHIRe Cohort Study.
Medicine 95 10, e2970. doi: 10.1097/MD.0000000000002970

Chang, T. J., Wang, W. C., Hsiung, C. A., He, C. T., Lin, M. W., Wayne, H. S., et al.
(2018). Genetic variation of SORBS1 gene is associated with glucose homeostasis and
age at onset of diabetes: A SAPPHIRe Cohort Study. Sci. Rep. 8 1, 12. doi: 10.1038/
s41598-018-28891-z

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. (1995).
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B.
Nature 378 6559, 785–789. doi: 10.1038/378785a0

Cross, D. A., Alessi, D. R., VanDenheede, J. R., McDowell, H. E., Hundal, H. S., and
Cohen, P. (1994). The inhibition of glycogen synthase kinase-3 by insulin or insulin-
like growth factor 1 in the rat skeletal muscle cell line L6 is blocked by wortmannin, but
not by rapamycin: evidence that wortmannin blocks activation of the mitogen-
activated protein kinase pathway in L6 cells between Ras and Raf. Biochem. J. 303 1,
21–26. doi: 10.1042/bj3030021

Dantas, C. C. O., De Mattos Negrão, F., Geron, L. J. V., and Mexia, A. A. (2010). O
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