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Introduction

To determine the impact of early weaning combined with concentrate supplementation on skeletal muscle energy metabolism, we profiled gene co-expression networks in Bos indicus (Nellore) calves.





Material and methods

Longissimus thoracis biopsies were collected from eight calves per treatment (conventional and early weaning) at 120 and 205 days of age (longitudinal sampling). All calves grazed Brachiaria decumbens pasture until 120 days. Subsequently, early weaned calves received a 1% body weight concentrate supplement (20% CP, 75% TDN) post-weaning. Total RNA was extracted, and 32 mRNA libraries were generated for RNA sequencing. Using normalized count matrix, we constructed gene co-expression modules using webCEMiTool and performed over-representation analysis (ORA) for pathway enrichment (KEGG). Additionally, we used Gene Set Enrichment Analysis (GSEA) to evaluate the regulatory activity (up- or downregulation) of identified gene modules.





Results

Results: Modules associated with pathways such as insulin signaling, unsaturated fatty acid biosynthesis, and PPAR signaling showed a significantly higher proportion of upregulated genes. Key hub genes within these early weaning-related modules were linked to lipid synthesis and adipocyte differentiation. Thus, early weaning followed by concentrate supplementation modified the gene expression profile, enhancing pathways involved in energy metabolism, adipogenesis, lipogenesis, and lipolysis inhibition.





Discussion

These findings suggest that early nutritional intervention can positively influence metabolic pathways associated with growth and body composition in Nellore calves. Despite the multifactorial nature of these traits and their susceptibility to modification during post-weaning phases, the current results demonstrate potential for long-term positive effects on carcass composition and final product quality.
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1 Introduction

Zebu cattle, predominantly Nellore, represent 80% of Brazil’s 238 million beef herd (de Nadai Bonin et al., 2021; Brazilian Institute of Geography and Statistics, 2023) due to their adaptability to tropical climates conditions. However, seasonal forage variability significantly impacts production (Santana et al., 2016; Pereira-Flores et al., 2023). To mitigate weight loss and improve carcass finishing, animal breeding and nutritional strategies are crucial (Schmidt and Olson, 2007; Novais et al., 2022; Londoño-Gil et al., 2022; Berton et al., 2022). Early weaning emerges as an important nutritional intervention. By reducing the energy demands of lactation, early weaning facilitates faster recovery of cow body condition, directly enhancing pregnancy rates and overall herd reproductive efficiency (Lamb et al., 2010; Ayres et al., 2014; Da Silva et al., 2017; Moorey and Biase, 2020; Alforma et al., 2023; Nishimura et al., 2023).

Although primarily aimed at improving the reproductive indices of a herd, especially of young cows, early weaning provides the opportunity to supplement early weaned calves with a concentrate diet in a controlled environment and with better pastures (Rasby, 2007). Depending on supplementation levels, the intake of concentrate at this stage can improve the development of these calves and potentially accelerate weight gain rates during the postweaning phase (Fluharty et al., 2000; Myers et al., 1999b). Furthermore, in the case of European breeds, studies have shown that feeding early weaned calves a grain-rich diet promoted greater fat deposition, higher marbling scores, and higher carcass yield and quality at slaughter (Myers et al., 1999a; Sithyphone et al., 2011; Scheffler et al., 2014; Moriel et al., 2014). There is also evidence suggesting that feeding concentrate combined with roughage or starch during the preweaning period has great potential to affect the expression of genes related to adipogenesis in Zebu cattle (Reddy et al., 2017; Pedro et al., 2023; Abitante et al., 2024).

Phenotypic plasticity, driven by metabolic adaptations to nutrient availability, is governed by intricate signaling cascades and transcriptional modulation of key genes (Cantalapiedra-Hijar et al., 2018). High-resolution gene expression profiling of metabolically active tissues, including muscle, rumen, and liver, provides critical insights into the scope of metabolic remodeling induced by nutritional management strategies in beef cattle (Fernandes et al., 2024; Abbas et al., 2020; Zarek et al., 2017). In contrast to differential expression analysis, which relies on statistical significance and arbitrary relative expression (fold-change) thresholds, co-expression network analysis employs correlation-based module detection. This system-level approach, integrated with functional annotation, elucidates gene interaction networks and infers functional associations. Given the inherent correlation of expression profiles among genes participating in shared biological processes, co-expression analysis effectively identifies co-regulated gene sets, offering a comprehensive understanding of adaptive metabolic responses (Rau and Maugis-Rabusseau, 2018; Cheng et al., 2020). Approaches to inferring co-expressed gene modules vary with experimental design. Commonly, Weighted Gene Co-expression Network Analysis (WGCNA) are employed for broad co-expression profiling treating samples without regard to experimental groups. Essentially, WGCNA identifies gene sub-networks that may or may not correlate with the conditions being studied. The webCEMiTool uses WGCNA and add a post-hoc Gene Set Enrichment Analysis (GSEA) to statistically assess the enrichment of up- or downregulated genes within each module. This allows us to find co-expressed network modules that are either linked or unlinked to the experimental conditions, providing a comprehensive view of gene co-expression changes. Moreover, through the integration of co-expression and interaction data, this analytical framework generates a discrete set of hub genes for each identified module.

Even though some efforts have been made to understand the impacts of feeding calves a whole grain-rich diet during the perinatal phase on phenotype and metabolism (Arthington and Kalmbacher, 2003; Meyer et al., 2005; Moriel et al., 2014; Myers et al., 1999a, b; Scheffler et al., 2014; Graugnard et al., 2009), studies involving tropical breeds are still scarce (Reddy et al., 2017; Pedro et al., 2023; Nishimura et al., 2023; Abitante et al., 2024). This study aims to compare co-expressed gene modules in Nellore calves under conventional vs. early weaning and evaluate metabolic pathway differences in skeletal muscle.




2 Material and methods



2.1 Animals and treatments

Forty male calves were divided into two groups: 20 early weaned animals (referred to as EW) and 20 conventionally weaned animals (CW). A field experiment was conducted on a properly regulated commercial farm located in the Pantanal biome, Mato Grosso, Brazil. All animals were born in the same month to contemporary cows of the same calving order, raised in the same batch and with similar weights to the beginning of the experiment 122.5 Kg ± 2.961 and 123.15 Kg ± 2.606 for CW and EW respectively. The CW group remained with their mothers on pasture until weaning at 205 days of age. The EW group stayed with their mothers on pasture until 120 days of age, when they were weaned and then transferred to a single Brachiaria decumbens paddock where they were supplemented with concentrate (Figure 1). The details of the diet are presented in Table 1.




Figure 1 | Representation of the experimental design. At 120 days of age, half of the calves from the initial group were weaned and moved to a Brachiaria paddock, where they received a diet based on natural pasture and supplementation composed of soybean meal, corn, additives, and minerals.




Table 1 | Supplementation and diets based on natural forage, mineral salt and technical feed containing soybean meal, corn, additives and minerals, provided to Nellore cattle at different stages of development and subjected to different weaning protocols.






2.2 Collection of muscle tissue and RNAseq

Longissimus thoracis muscle aliquots were collected from eight steers of the EW group and eight animals of the CW group at two time points: 120 days of age (beginning of early weaning, time point 1 - T1) and 205 days of age (end of conventional weaning, time point 2 - T2) (Table 2). The samples were used for subsequent total RNA extraction using the TRIzol™ protocol (Invitrogen, Carlsbad, CA). To ensure adequate total RNA quality, only samples with an RNA integrity number (RIN) ≥ 7 were used for sequencing. The mRNA underwent purification and fragmentation steps, resulting in 32 cDNA libraries prepared with the TruSeq RNA Library Prep Kit v2 (Illumina, USA), 16 CW and 16 EW (8 per treatment and time point). Sequencing was performed on the NextSeq 550® System platform (Illumina, USA), in order to produce 150 bp paired-end (PE) reads, with an expected average coverage of 10 million PE reads per sample. The pipeline described by Pedro et al. (2023) was followed to obtain count data from RNAseq outputs. First, FastQC v. 0.11.9 (Andrews, 2010) was used to analyze the quality of raw reads. Sequencing adapters, indexes and low-quality sequences (Phred score < 20) were removed using the fastp v.0.20.0 (Chen et al., 2018), the reads obtained were mapped to the bovine reference genome ARS-UCD1.2 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_002263795.1/) using STAR v.2.7.20 (Dobin et al., 2013). The reads were mapped independently for each sample and only sequences mapping to the reference genome and known chromosomes were considered. The MultiQC v. 1.13 software (Ewels et al., 2016) was used to evaluate the quality of alignment. The number of paired-end reads mapped per gene was then used to construct a count matrix (genes x samples) using the featureCounts v.2.0.3 software (Liao et al., 2014).


Table 2 | Sample collection and subsets used for co-expression and enrichment analyses of gene modules in the experimental groups.






2.3 Identification of co-expressed gene modules

Co-expressed gene modules were determined using the webCEMiTool software (Cardozo et al., 2019). WebCEMiTool is a web-based version developed from the CEMiTool of the R package (Russo et al., 2018). For analysis, a count matrix file (genes x samples), a sample annotation file (to distinguish the experimental groups to which each sample belongs), a gene interactions file, and a gene set file based on the KEGG database for subsequent functional analysis were used. Briefly, in the first step, the software automatically filters the input genes. It assumes by default an inverse gamma distribution of the genes and selects genes based on a predetermined p-value, the most restrictive value was chosen to improve the reliability of the results (p = 0.01). Also, a variance-stabilizing transformation (VST), was applied this transformation is required when the data set shows mean-variance dependence. Additionally, the package removes by default 25% of the genes with the lowest mean expression across samples (Russo et al., 2018). In the next step, webCEMiTool determines the correlation values between each pair of genes present in the expression file; the method chosen for this study was Pearson correlation. First, we conducted correlation analysis between EW and CW at T2 (EW-T2 + CW-T2) and between the two different time points in the EW group (EW-T1 + EW-T2). To corroborate the results, we also performed correlation analysis between CW and EW at T1 (EW-T1 + EW-T2) and between the two time points in the CW group (CW-T1 + CW-T2). Each of these subsets contained 16 samples, eight per group. For further details, see Table 2.




2.4 Enrichment of functional terms

Using webCEMiTool (https://cemitool.sysbio.tools/), over-representation analysis (ORA) was performed based on the genes found in each module. For this purpose, a file containing KEGG pathway annotations was provided. This step was performed using the Enrichr tool (Chen et al., 2013) integrated in webCEMiTool. The analysis was based on the hypergeometric test corrected for false discovery rate using the Benjamini-Hochberg method, with significance considered at p-adj. ≤ 0.05.




2.5 Gene set enrichment analysis

Finally, to understand the relationship among gene modules and treatments applied in this study. Enrichment Analysis (GSEA) was performed using webCEMiTool to represent module activity within each experimental group. For this, a ranked list of all input genes (L) is generated based on z-score normalization of gene expression within each experimental group and a list of module genes (S). These lists were overlapped and then the module genes position on L is considered to calculate enrichment scores (ES). These values are used to perform a weighted Kolmogorov–Smirnov statistic test comparing the ranks of genes in S with the uniform distribution. If most of the genes in S are found at the top or the bottom of the list L, the set is considered to be enriched. However, if the distribution of genes in S was homogeneous across L, the set was not considered enriched. Then a normalized enrichment score is calculated, so that multiple modules can be compared in the same plot. The normalized enrichment score (NES) is visually represented by the intensity of the color and the size of the circles. Positive NES values indicate that genes in S were found at the top of L (upregulated), while negative values indicate they were at the bottom (downregulated). A value of zero indicates no enrichment (Subramanian et al., 2005; Russo et al., 2018).





3 Results

Sixteen modules and a total of 1,883 genes were inferred from the EW-T2 + CW-T2 subset, while 11 modules comprising 1,522 genes were inferred from the EW-T1 + EW-T2 subset. In EW-T1 + CW-T1 and CW-T1 + CW-T2, four and five modules comprising a total of 1,030 and 1,096 genes were inferred, respectively (Supplementary Table S1).

All modules in each subset were submitted to functional enrichment of metabolic pathways (KEGG). In the EW-T2 + CW-T2 subset, there were eight modules with at least one enriched pathway, although the sum of all significantly enriched metabolic pathways in its eight modules was the smallest compared to the other subsets, with only 50% of the modules containing some enriched pathway (Figure 2B). At least one enriched pathway per module was observed in the EW-T1 + CW-T1 and CW-T1 + CW-T2 subsets (Figures 2A, C). In the datasets including supplemented individuals, some modules did not contain enriched pathways (Modules: 4, 7, 9, 11, 12, 13, 14, 15 and 16 in EW-T2 + CW-T2; Modules: 4, 6, 7 and 10 in EW-T1 + EW-T2) (Figures 2B, D).




Figure 2 | Functional enrichment based on over-representation analysis for modules prospected for each subset data: (A) EW and CW at T1; (B) EW and CW at T2; (C) T1 and T2 (CW); (D) T1 and T2 (EW). Venn diagram indicating overlapped KEGG pathways for data subset containing early-weaning information (E).



The metabolic pathways overlapped from the experimental groups revealed pathways shared by the datasets containing the supplemented experimental group (EW-T2 + CW-T2 and EW-T1 + EW-T2), including adipocytokine signaling, TOLL- and NOD-like receptors, and saturated fatty acid biosynthesis. In addition, exclusive pathways related to energy metabolism were found in EW-T1 + EW-T2 (glycolysis-gluconeogenesis and type II diabetes pathways) (Figure 2E).

The visualization of the enriched pathways (PPAR, insulin and adipocytokine signaling pathway; biosynthesis of unsaturated fatty acids; pyruvate, glutathione, glycerolipid metabolism, and glycolysis gluconeogenesis) from modules 2 and 3 in EW-T2 + CW-T2 and EW-T1 + EW-T2 indicated an effect of the early weaning treatment applied (Figures 2B, D).

GSEA (Figures 3A–D) demonstrated positive activity for these modules to lipid metabolism, suggesting an active role in energy homeostasis, indicating increased relative expression of the gene sets from module 2 in EW-T2 + CW-T2 and module 3 in EW-T1 + EW-T2 in the experimental group supplemented with the concentrate diet (EW-T2), with values of normalized enrichment score NES = 2.22 and adjusted p-value = 0.02133 for M2 in EW-T2 + CW-T2, and NES = 2.65 and adjusted p-value = 0.0006 for M3 in EW-T1 + EW-T2 (Figures 3E, F), in which a large part of the gene sets responsible for positive and significant scores were also enriched in energy metabolic pathways, especially those linked to lipids and fatty acids.




Figure 3 | Gene Set Enrichment Analysis (GSEA) representing the activity of modules within each experimental group and between the four comparisons performed. (A) EW and CW at T1; (B) CW and EW at T2; (C) T1 and T2 (CW); (D) T1 and T2 (EW). Normalized enrichment score (NES), color, and size indicate the direction (up or downregulated) and extent of normalized enrichment score; GSEA plot of modules associated to energetic metabolism pathways (E, F); and overlapped M2 and M3 genes (G).



The analysis of hub genes revealed the presence of the following lipid metabolism genes within the modules, 2 in EW-T2 + CW-T2 and 3 in EW-T1 + EW-T2: Perilipin 1 (PLIN1), an important gene that significantly contributes to the protection of lipid droplets from lipase enzymes; Cell death inducing DFFA like effector C (CIDEC), the product of this gene is a lipid droplet-associated protein that acts together with PLIN1 and that is involved in the suppression of lipolysis and increase in lipid droplet size; Acyl-coenzyme A synthetase short-chain family member 2 (ACSS2), this gene encodes an enzyme known as acetyl-CoA synthetase 2, which catalyzes the conversion of acetate to acetyl-CoA, a fundamental building block for the synthesis of fatty acids and cholesterol; Fatty acid binding protein 4 (FABP4), this protein binds to fatty acids and transports them into adipocytes, and ADIPOQ, the product of this gene, adiponectin, is secreted by adipocytes and promotes adipocytes differentiation, and is associated with increased lipid deposition in mature adipocytes (Supplementary Table S1) the presence of these genes in the context of early weaning possibly indicates the positive effect of supplementation on increased lipid storage and adipocyte differentiation.

The genes shared by module 2 in EW-T2 + CW-T2 and of module 3 in EW-T1 + EW-T2 (Figure 3G) included stearoyl-CoA desaturase (SCD1), fatty acid desaturase 1 (FADS1), ELOVL fatty acid elongase 6 (EVOLV6), phosphoenolpyruvate carboxykinase 1 (PCK1), phosphoenolpyruvate carboxykinase 2 (PCK2), protein kinase AMP-activated non-catalytic subunit gamma 2 (PRKAG2), protein kinase AMP-activated non-catalytic subunit gamma 3 (PRKAG3), carnitine palmitoyltransferase 1A (CPT1A), suppressor of cytokine signaling 3 (SOCS3), and PPARG coactivator 1 alpha (PPARGC1A), in addition to the transcription factor retinoid X receptor gamma (RXRG) genes, all of them essential components for fatty acid synthesis, fat deposition, adipocyte differentiation, and regulation of energy metabolism.




4 Discussion

The data obtained here demonstrated a change in the expression of genes related to energy and lipid metabolism in Nellore animals submitted to early weaning. Nutrition affects the expression of genes involved in lipid metabolism and studies on taurine breeds have shown that early weaning and dietary manipulation can alter the fat composition and marbling of beef (Myers et al., 1999a; Sithyphone et al., 2011; Scheffler et al., 2014; Moriel et al., 2014).

A larger number of co-expression modules was detected in the EW-T2 + CW-T2 and EW-T1 + EW-T2 subsets compared to EW-T1 + CW-T1 and CW-T1 + CW-T2. The last two sets were formed by data from animals that did not receive concentrate diet as nutritional supplementation. This is not necessarily a pattern, but at time point 1, when analyzing data from both experimental groups, no treatment effect is observed in either group. Similarly, when using CW data across two time points, no treatment effect is detected. As a result, in both cases, there is no variability in gene expression due to changes in metabolic pathways, unlike when data from supplemented animals are included.

In the same way, pathways enriched from modules derived solely from CW or EW pre-treatment result in fewer but larger modules, containing a greater number of genes. These genes are associated with pathways commonly activated during development, making them more easily enriched. Conversely, incorporating post-supplementation data reveals a greater number of metabolic pathways influenced by supplementation, generating many more modules, some with only a few genes, which often leads to no enrichment of pathways. Thus, the focus of this discussion will be in the EW-T2 + CW-T2 subset, which is the main comparison of this study, and in the module 2 which is more related to lipid and energy metabolism.

The insulin signaling pathway, which triggers a cascade of intracellular events in response to binding of insulin to its receptors (Abe et al., 1997), this pathway was upregulated in the EW group after supplementation with concentrate feed, possibly as a result of increased energy availability from the diet. In their late stage of differentiation, adipocytes acquire insulin sensitivity as a result of increased availability of the glucose transporter GLUT4 (Ladeira et al., 2016). GLUT4 belongs to the family of insulin-sensitive glucose transport proteins, which are exclusively expressed in muscle and adipose tissue (Abe et al., 1997). This increases intracellular glucose levels which, in the context of carbohydrate metabolism, result in enhanced glycolytic activity (adipose and muscle tissue), stimulate glycogen synthesis (adipose tissue, muscle, and liver), reduce the rate of glycogen depletion in muscle tissue and liver, and inhibit the rate of glycogenolysis and gluconeogenesis in the liver (Dimitriadis et al., 2011).

In adipocytes, increased glucose availability can lead to a decrease in lipolysis (Dimitriadis et al., 2011). Furthermore, saturation of the glycolytic pathway triggers the activation of de novo lipogenesis (Ameer et al., 2014) and provides pyruvate for conversion to acetyl-CoA, feeding the tricarboxylic acid cycle, which consequently promotes upregulation of the entire fatty acid synthase (FASN) biosynthetic pathway (Baldwin et al., 2006; Ameer et al., 2014). Thus, the impact of early weaning on the insulin signaling pathway observed in the Zebu animals studied here corroborates the proposal by Schoonmaker et al. (2003) that activation of de novo lipogenesis improves the performance of intramuscular fat deposition. In protein metabolism, the insulin pathway signals an increase in the rate of transport of some amino acids to tissues, increases the rates of protein synthesis in muscle, adipose tissue, liver and other tissues, and decreases the rates of protein degradation in muscle (Dimitriadis et al., 2011).

Another pathway highlighted in module 2 of this study was the peroxisome proliferator-activated receptor (PPAR) signaling pathway, which is involved in the regulation of lipid and glucose metabolism (Bionaz et al., 2013; Ladeira et al., 2016). PPAR are a family of nuclear receptors activated by fatty acids. Their isoforms form a heterodimer with the retinoid X receptor (RXR) for activation and consequent binding to regulatory sites of numerous energy metabolism genes, where they can induce or repress expression (Lemay and Hwang, 2006). The PPARα isoform is highly expressed in the liver, followed by the intestine, adipose tissue and heart (Bunger et al., 2007), and plays a key role in fatty acid oxidation (Tyagi et al., 2011). PPARγ is encoded by the PPARG gene, which was identified as a hub gene in module 2 of this study. This isoform is highly expressed in adipose tissue and, to a lesser extent, in muscle tissue (Kersten, 2014) where it plays a fundamental role in the control of adipogenesis, lipogenesis, and insulin sensitivity (Olefsky and Saltiel, 2000).

PPARγ plays a central role in adipogenesis, and its upregulation in cattle is likely responsible for the observed increase in intramuscular fat deposition, as reported by Lim et al. (2011) Studies using in vitro cell cultures suggested that PPARγ and CCAAT/enhancer-binding proteins (C/EBP) are crucial factors for controlling gene expression during adipogenesis, from multipotent stem cell commitment to adipocyte differentiation (Cho and Jefcoate, 2004; Fernyhough et al., 2007).

Moisá et al. (2014) also found altered expression of PPARG in early weaned Angus and Angus × Simmental calves. In that study, early weaned animals (141 days, day 0 of treatment) were fed an exclusive high-starch diet, while animals that remained with the cows on pasture received high-starch feed in a creep-feeding regimen until they were weaned at 222 days of age (Moisá et al., 2014). The authors observed alterations in the expression of PPARG and other adipogenic and lipogenic activators in the early weaning group, in addition to genes encoding enzymes that participate in intramuscular fat deposition (Moisá et al., 2014). There was a gradual increase in these fat deposition pathways in early weaned animals, reaching its peak between 96 and 167 days of treatment, which was not observed in the conventional weaning group. Furthermore, after slaughter, the highest marbling scores occurred in the group of early weaned crossbred Angus × Simmental animals, followed by the group of early weaned purebred Angus animals (Moisá et al., 2014). Also comparing early and conventional weaning (70 and 250 days of age, respectively) of beef calves with Zebu genetic influence, Moriel et al. (2014) found that early exposure to a high-concentrate diet improved the growth performance of early weaned calves and induced adipocyte differentiation, concomitant with higher expression of PPARG compared to the conventional weaning group. Thus, the alteration in the PPAR pathway observed in our study indicates positive regulation of genes and pathways involved in adipocyte differentiation and lipogenesis in the early weaned group supplemented with concentrate.

One of the lipid metabolism genes highlighted in our study in early weaned animals is PLIN1, which was identified as a hub gene in module 2 and was enriched in the PPAR signaling pathway). Under basal conditions, PLIN1 (hypo-phosphorylated) protects lipid droplets from lipases present in the cytosol by acting as a valve that prevents the enzyme from entering the droplets, thus contributing to lipid storage (Maurizi et al., 2018). PLIN1 is phosphorylated by protein kinase A (PKA). After phosphorylation, it promotes lipolytic activity by transporting hormone-sensitive lipase (HSL) to the surface of lipid droplets to facilitate lipolysis under energy-deficient conditions (Raza et al., 2020; Shijun et al., 2020).

A detailed analysis of the PLIN1 gene by Shijun et al. (2020) provided information about its function in cattle. The highest expression levels of PLIN1 are observed in subcutaneous fat, followed by heart and muscle (Longissimus). Peak expression occurs during adipocyte differentiation from day 2 to day 6, followed by a decrease from day 6 to day 10 (Shijun et al., 2020). Knockdown of PLIN1 and of its transcription factors in adipocytes upregulated the expression of lipase genes, HSL, and adipose triglyceride lipase (ATGL) and inhibited the expression of stearoyl-coenzyme A desaturase 1 (SCD1), acetyl-CoA carboxylase (ACC) encoded by ACACA gene, and sterol regulatory element-binding protein 1 (SREBP-1c), consequently inhibiting fatty acid synthesis and increasing lipolysis (Shijun et al., 2020). The transcription factors E2F1, C/EBPβ, PLAG1, and SMAD3 are the main transcriptional regulators of PLIN1 and the joint action of these genes plays an important role in bovine adipogenesis and lipogenesis (Shijun et al., 2020). The presence of this gene in the positively enriched module for early-weaned animals suggests an increased ability to store lipids, as this gene plays a crucial role in protecting lipid droplets from lipases, thereby promoting greater fat retention in adipose tissue (Maurizi et al., 2018).

Similarly, other genes that play a broad role in lipid metabolism in cattle, such as SCD1, ACACA, and FASN, were also found in module 2 and enriched in the PPAR and Insulin signaling pathway. Sterol regulatory element binding protein-1c (SREB-1c) encoded by the sterol regulatory element-binding transcription factor 1 (SREBF1) gene and PPARγ are reported as the main transcription factors involved in lipid metabolism in beef cattle (Ladeira et al., 2016). SCD1 encodes stearoyl-Coenzyme A-desaturase 1 (SCD), an enzyme that converts saturated to unsaturated fatty acids. Its expression has been shown to be regulated by SREBPF1 (Bénédicte et al., 2006; Sampath and Ntambi, 2006). Within this context, changes in the expression of SREBF1 have been shown to alter the synthesis of SCD, leading to differences in the fatty acid composition of animal adipose tissue (Sampath and Ntambi, 2006). ACACA and FASN are also controlled by SREBP-1c and are the main enzymes involved in the de novo synthesis of fatty acids (Ladeira et al., 2016). Although SREBF1 is not present within module 2, it is regulated by PLIN1 as demonstrated by Shijun et al., 2020, and yet SREBF1 is associated with the regulation of SCD1, ACACA and FASN.

The cell death inducing DFFA like effector C (CIDEC) gene, identified as a hub gene in module 2, is also involved in lipid metabolism. Kim et al. (2008) demonstrated that the transcriptional activity of CIDEC is induced by PPARγ2 during adipocyte differentiation. The product of CIDEC is a lipid droplet-associated protein that colocalizes with PLIN1 and that is involved the suppression of lipolysis, enhancement of droplet size, and accumulation of triglycerides (Puri et al., 2007). Also identified as a hub gene in module 2, retinol binding protein 4 (RBP4) encodes a circulating protein (RBP4 gene) that acts as a transporter of retinol (vitamin A) from the liver to peripheral organs (Liu et al., 2019). However, its function could be much broader since it has been proposed that RBP4 can bind and transport fatty acids (Perduca et al., 2018). Furthermore, RBP4 has been associated with intramuscular fat deposition in Longissimus muscle of cattle (De Jager et al., 2013). Analyzing taurine and Zebu breeds, the authors identified RBP4 among a set of genes involved in the lipid metabolism of intramuscular adipocytes and demonstrated a positive correlation between the expression of the gene and intramuscular fat deposition.

These genes are directly related to lipogenesis and adipogenesis, metabolic characteristics that are greatly influenced by feeds with higher energy levels, indicating a possible association of these modules with the supplementation provided to early weaned calves. This becomes more evident by the fact that hub genes with similar functions were not detected in sets involving non-supplemented calves.

The results indicate that early weaning combined with concentrate supplementation significantly impacts the expression of genes involved in lipid metabolism. These changes are associated with increased adipogenesis, lipogenesis, and de novo fatty acid synthesis, along with reduced lipolysis. The regulation of these genes and pathways in response to early weaning and concentrate supplementation may enhance intramuscular fat deposition and muscle growth, leading to improved marbling and fat accumulation in Nellore cattle, which is essential for enhancing beef quality.
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Gene co-expression network analysis
reveals positive effects of concentrate
supplementation on energy metabolism
in early-weaned Nellore calves
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Co-expression analysis EW-T1 + EW-T2
and GSEA

EW-T1 + CW-T1
CW-T1 + CW-T2

EW-T2 + CW-T2

EW, Early weaning; CW, Conventional weaning; GSEA, Gene Set Enrichment Analysis.
1 First sampling at 120 days of age (T1).
2 Second sampling at 205 days of age (T2).

Description of subsets

EW at two time points: T1 and T2
EW and CW at T1
CW at two time points: T1 and T2

EW and CW at T2
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Cow-calf phase 1
From birth to 120 days

Pre-Treatment, Male Calves N=40

Calf nursing conventionally on Brachiara pasture.

Cow-calf phase 2
120 - 205 days

Conventional Weaning N=20 Early Weaning N=20

Kept under conventional suckling regime on Brachiara pasture + concentrate
Brachiara pasture. (20% of CP!; 75% of TDN?)
2 g of DM?*/Kg BW*
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1CP= crude protein, 2TDN= total digestible nutrients, 3DM= dry matter, *BW= body weight






OEBPS/Images/table1.jpg
Breeding Stages  Early Wean Conventi | Wean

From birth to 120 days | Kept under conventional suckling regime on Brachiaria decumbens pasture in a rotational grazing system.

of age

120 days to 205 days Supplementation of Brachiaria decumbens pasture with concentrated feed Conventional suckling and kept on Brachiaria decumbens
containing 20% of CP and 75% of TDN ', offered in a proportion of 10g of DM/  pasture in a rotational grazing system and mineral salt
kg of Body weight ad libitum.

CP, Crude protein; TDN, Total Digestible Nutrients; DM, Dry Matter.

! Crude Protein (Minimum) 200 g/kg; TDN (Minimum) 780 g/kg; Fibrous Matter (Minimum) 140 g/kg; Calcium (Maximum) 35 g/kg; Calcium (Minimum) 25 g/kg; Phosphorus (Minimum)
5000 mg/kg; Magnesium (Minimum) 1000 mg/kg; Sulfur (Minimum) 1150 mg/kg; Cobalt (Minimum) 3.75 mg/kg; Copper (Minimum) 67 mg/kg; Ether Extract (Minimum) 30 g/kg; Iodine
(Minimum) 5.2 mg/kg; Zine (Minimum) 188 mg/kg; Manganese (Minimum) 65 mg/kg; Chromium (Minimum) 0.50 mg/kg; Iron (Minimum) 12.3 mg/kg: Mannans (Minimum) 75.8 mg/kg:
Glucomannans (Minimum) 35.5 mg/kg; Selenium (Minimum) 0.85 mg/kg; Sodium (Minimum) 2600 mg/kg; Mineral Matter (Minimum) 50 g/kg; Moisture (Minimum) 130 g/kg; Saccharomyces
cerevisiae 3x10° CFU/kg; Salinomycin (Minimum) 37.50 mg/kg; Acid Detergent Fiber - ADF (Maximum) 180 g/kg.





