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A B S T R A C T   

This study aimed to evaluate the differentially expressed genes (DEG), their biological functions, and the main 
predictor genes in skeletal muscle of the offspring resulting from dams supplemented or not with protein during 
mid-gestation. From 100 to 200 days of gestation, 10 Tabapuã cows pregnant of males were assigned to one of 
two treatments: Control [(CON) - supply of basal diet achieving 5.5% of crude protein (CP); n = 6]; or Sup-
plemented [(SUP) - basal diet plus a supplement with 40% of CP provided at the level of 3.5 g/kg of body weight; 
n = 4]. Muscle samples were collected from the progeny at 260d of postnatal age to RNA-seq, Gene Ontology 
(GO) enrichment, and Random Forest (RF) analyses. A total of 310 DEG (q-value < 0.05) were identified for the 
effect of diet, being 187 and 123 genes down-regulated and up-regulated in the SUP diet, respectively. Within the 
SUP up-regulated genes, were genes related to insulin receptor signaling pathway (LOC107131843) and 
apoptosis regulation (KRT18, KRT8 and KRT19). While the enriched GOs terms are implicated in mitochondrial 
metabolism through the overrepresentation of the GO terms microtubule polymerization or depolymerization 
(GO:0031109, GO:0046785) and positive regulation of cellular component biogenesis (GO:0044089). Moreover, 
RF analysis revealed predictor genes related to the skeletal muscle development, including genes that partici-
pates in the PI3K/Akt pathways (PITPNA), myoblast proliferation (ALKBH1) and differentiation (CDK5R1 and 
miR-206). In conclusion, maternal protein supplementation during mid-gestation positively affected the energy 
metabolism and favored the hypertrophic processes of the skeletal muscle of the offspring.   

1. Introduction 

Mid-gestation is a critical period for skeletal muscle and adipose 
tissue development (Ford et al., 2007; Symonds et al., 2004). During 
such period, a pool of undifferentiated mesenchymal stem cells is pre-
sent, and either myocytes or adipocytes can differentiate from these cells 
(Du et al., 2010). Different nutritional status of the dam during 
mid-gestation affects fetal development, leading to long-term impacts on 

the production efficiency and meat quality via epigenetic effects and 
differential expression of myogenic and adipogenic genes (Gicquel et al., 
2008; Lillycrop et al., 2007). 

It is well established that the differential prenatal nutritional status 
can impact fetal development without noticeable phenotypic differences 
(Paradis et al., 2017). In this sense, gene expression analysis becomes 
important, as it identifies genes relevant to biological processes and 
provides insights into the complex regulatory networks in which they 
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are involved. There are several studies on fetal programming in the 
literature evaluating the gene expression of targeted genes in offspring’s 
muscle (Costa et al., 2021; Gionbelli et al., 2018; Paradis et al., 2017; 
Rodrigues et al., 2020), however, a few of them (Peñagaricano et al., 
2014; Sanglard et al., 2018) have used the whole-transcriptome 
profiling to investigate the underlying mechanisms for the changes 
observed in these animals. 

Moreover, the application of random forest (RF) analysis has pro-
vided useful insights into the regulatory hub genes of complex traits, 
establishing possible biomarkers. Nevertheless, we hypothesized that 
maternal protein supplementation during mid-gestation may cause 
changes in the expression of genes related to muscle development in beef 
calves. Thus, this study aimed to evaluate the effects of protein sup-
plementation at gestation on the skeletal muscle transcriptome of the 
offspring. 

2. Materials and methods 

2.1. Animals and diets 

All experimental procedures were previously approved by the UFLA 
Ethics Committee on Animal Use (CEUA) Protocol No. 015/17. Ten 
pregnant Tabapuã cows, gestating males, weighing 502 ± 83 kg and 
5.78 ± 3.80 years old, were confined in individual pens, and randomly 
assigned into two treatments at mid-gestation, from 100 to 200 days of 
gestation. The control group (CON; n = 6) received a basal diet (corn 
silage and sugarcane bagasse) achieving 5.5% crude protein (CP), plus a 
mineral mixture enough to achieve mineral requirements, whereas the 
supplemented group (SUP, n = 4) received a basal diet plus protein 
supplementation (40% CP offered at the level of 3.5 g/kg BW). 

After 200 days of gestation, all animals received a diet containing 
corn silage (7% crude protein) and mineral supplement up to parturi-
tion. After calving, cow–calf pairs were transferred to a Brachiaria 
decumbens cv. Marandu pasture with creep-feeding supplementation for 
calves (offered at 3.5 g/kg of BW). Calves were weaned at 200 days of 
age and kept in a Brachiaria pasture receiving a concentrate supplement 
to provide a gain of 300 g /day until reaching 240 days of age when they 
were then transferred to the feedlot. Animals were housed in individual 
pens and fed the same diet. 

The chemical composition of the supplement and basal diet at each 
phase of gestation are shown in Supplementary Table S1. 

2.2. Maternal and progeny performance 

Maternal average daily gain (kg/d) and average maternal tissues 
daily gain (kg/d) were calculated based on the differences of weights at 
different time points divided by the number of days on evaluation. The 
fractioning of maternal tissues gain was estimated according to Gion-
belli et al. (2015) considering the gestational compounds and maternal 
tissues as different units. The progeny average daily gain was calculated 
considering the difference of weight at the weaning and birth weight 
divided by the postnatal age. These data were statistical analyzed trough 
the GLM procedure of SAS 9.4 (Statistical Analysis System Institute, Inc., 
Cary, NC, USA) considering the maternal nutritional treatment (main 
effect) and maternal initial body weight (covariate) as the fixed effects. 
Differences were declared at P < 0.05. 

2.3. Skeletal muscle tissue sampling 

Twenty days after the feedlot beginning (at 260d of progeny post-
natal age), a biopsy of the skeletal muscle Longissimus thoracis was per-
formed in each steer using a Bergstrom biopsy needle (Eskilds Tuna, 
Sweden) between the 12th and 13th rib for total RNA extraction. Skel-
etal muscle samples were placed in a 2-mL Cryovial tube containing 
RNAlater (Ambion Inc., Austin, TX, USA) and stored at a − 20 ◦C for 
subsequent analyses. 

2.4. Total RNA extraction, sequencing, and bioinformatics 

Total RNA was extracted using Trizol® (InvitrogenTM, Thermo 
Fisher Scientific®, Oregon, USA) following the manufacturer’s recom-
mendations. The RNA samples were sent to the ESALQ Genomics Center 
(Piracicaba, São Paulo, Brazil) for library construction and RNA- 
sequencing. The RNA quantity and quality were determined by Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, 
USA). Sequencing was performed on an Illumina HiSeq2500 instrument 
(Illumina, Inc., San Diego, USA), generating 100 bp paired-reads in a 
unique flow cell. 

The quality of raw reads were evaluated with FastQC (Andrews, 
2010). Samples showed high quality, with all of them having the median 
per base sequence quality score > 35 across 100 bp, average per 
sequence quality score > 35, the sum of the deviations from the expected 
GC content < 20% of the reads, per base N content < 5% across base 
pairs, and adapter content < 5% across reads. All samples were mapped 
to Bos taurus ARS-UCD1.2 reference genome, and the number of counts 
was obtained using STAR (Dobin et al., 2013). A total of 263,023,267 
paired-end reads were generated, with an average of 23,911,206 read-
s/sample. The lowest and highest number of reads/sample were 20,390, 
861 and 29,207,233, respectively. Reads were uniquely mapped to 21, 
119 genes, with an average of 17,061 (80.8%) genes/sample, ranging 
from 15,770 (74.7%) to 18,191 (86.1%) uniquely mapped gen-
es/sample. Of the 21,119 uniquely mapped genes 13,885 (65.7%) were 
represented in all samples, genes with less than two counts per sample 
and more than six samples with zero counts were eliminated to avoid 
low counts across multiple samples, resulting in a final set of 15,394 
genes. The Trimmed Mean of M-values (TMM) method was used to 
calculate normalizing factors in R software (Team, 2013) using the TMM 
package (Robinson and Oshlack, 2010). 

2.5. Statistical analyses for the differentially expressed genes (DEG) 
identification 

The gene expression data were analyzed with a negative binomial 
model using a log-link function (Di et al., 2011) to identify differentially 
expressed genes (DEG) between maternal dietary treatments, according 
to the following model: 

Yijk=μ + Ti + Rj + Pk + Lj  

where, Yijk is the raw number of read counts of the gene being analyzed; 
μ is the intercept, Ti is the fixed-effect of the ith Maternal Dietary 
Treatment; Rj is the covariate of RIN score of the jth individual; Pk is the 
cow parity level (primiparous or multiparous), and Lj is the TMM- 
normalized library size, used as an offset. Analyses were performed in 
SAS 9.4 with the GLIMMIX procedure. False-discovery rate was used to 
adjust the P-values (q-values) of model terms due to multiple testing. 
Significant DEG were identified at q-value ≤ 0.05. q-values were ob-
tained in R, using the function p.adjust of the stats package. Prior to 
subsequent multivariate and functional analyses, the gene expression 
data were pre-adjusted for the fixed effect of RIN score to allow for 
proper comparison between maternal dietary treatments (Tu et al., 
1997). In other words, the fitted gene expression data was adjusted to 
the average RIN score. 

2.6. Functional annotation analysis 

The enrichment of Gene Ontology (GO) terms associated with DEG 
was analyzed using PANTHER Enrichment Analysis (Mi et al., 2017). A 
DEG list were created based on the significance (q-value < 0.05) of diet 
effect in the model. The final set of genes identified in the samples (15, 
394 genes) was used as the background list. Biological Processes were 
considered significant at P-value < 0.05. 
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2.7. Random forest 

Random forest (Breiman, 2001) was used to identify genes that 
better discriminate between animals born from dams receiving the two 
dietary treatments. The goal of this analysis was to identify a set of genes 
that, together, could help describing the biological differences driven by 
the two maternal treatments. A greater q-value threshold compared to 
the one used for the overall identification of the DEG (q-value < 0.05) 
was used in this analysis (q-value < 0.1) to allow for suggestive DEG 
with potential biological relevance to be included in the final model. In 

other words, genes with potentially relevant physiological roles that 
were not identified in the overall DEG list, could now be included in the 
final model by accounting for the significant relevance of those in the 
overall DEG list. For this analysis, 533 DEG (q-value < 0.1) were used. 
The parameters used were 500 trees (ntree) and 23 variables tried at 
each split (mtry). A leave-one-out cross-validation (LOOCV) was used to 
assess the predictive ability of the selected genes to discriminate animals 
between the two maternal dietary treatments. Analyses were performed 
with the randomForest package (Liaw and Wiener, 2002) in R. 

3. Results and discussion 

3.1. Maternal and offspring performance 

Supplemented cows presented average daily gain of 0.308 kg/day 
from 100 days of gestation up to parturition, while CON cows lost 
− 0.010 kg/day (P ≤ 0.01, unpublished data). When only maternal tis-
sues average daily gain was considered, SUP cows gained in average 
0.008 kg/day while CON cows lost –0.232 kg/day (P ≤ 0.01, unpub-
lished data). Maternal gain differed between treatments according to the 
expected treatment application in a similar range of the previous studies 
performed for our group (Lopes et al., 2020; Rodrigues et al., 2020). The 
progeny from SUP cows gained more weight per day until weaning 
compared to CON progeny (0.875 vs 0.818 kg/day, respectively, P =
0.05, unpublished data). These data indicates that the treatment appli-
cation was effective to simulate different maternal nutritional conditions 
during gestation impacting long-term postnatal progeny growth. 

3.2. DEG identification, major DEG, and enrichment analysis 

A total of 310 DEG (q-value < 0.05) were identified in the muscle 
samples for the effect of diet. There were 187 and 123 genes down- 
regulated and up-regulated in the SUP diet, respectively. The volcano 
plot for the effect of diet is shown in Supplementary Fig. S1. From the 
DEG, we further identified the 10 genes most significant down- and up- 
regulated and their biological processes within treatments (Table 1). 
Many of these genes are involved in major complex biological processes, 
such as insulin signaling pathway, apoptosis, and mitochondrial meta-
bolism. Moreover, the enrichment analysis (Supplementary Table S2) 
revealed biological processes associated with the energy metabolism in 
the skeletal muscle. 

The insulin receptor substrate 1-like gene (LOC107131843), upre-
gulated in SUP, participates in insulin pathways. During periods of 
nutrient abundance, insulin-like signaling stimulates the Akt3-mTOR 
pathway in skeletal muscle, which increases amino acid uptake and 
promotes protein synthesis (Glass, 2003; Long et al., 2011), leading to 
hypertrophy. Moreover, apoptosis may also be an indicative of protein 
turnover and hypertrophy. Three cytokeratins, related to apoptosis 
biological processes, named Keratin, type II cytoskeletal 8 (KRT8); 
keratin, type I cytoskeletal 18 (KRT18) and keratin, type I cytoskeletal 
19 (KRT19) were upregulated in SUP treatment. The cytokeratins are 
responsible to maintain the stability of cell structure, and to modulate 
cell size and protein synthesis (Sun et al., 2013), playing crucial roles in 
tissue development and differentiation (Sinkemani et al., 2020). Hence, 
the upregulation of genes related to insulin and apoptosis pathways in 
SUP offspring is expected to exert influences on promoting muscle hy-
pertrophy and development compared to CON animals. 

Besides muscle development, our treatment may have contributed to 
alter mitochondrial metabolism in the skeletal muscle of the offspring. 
Through the enrichment analysis, we found an overrepresentation of the 
GO terms microtubule polymerization or depolymerization 
(GO:0031109, GO:0046785). Microtubules are the major components of 
cytoskeletal systems that are responsible for the regulation of the 
mitochondrial distribution in the cell. It has been proposed that ROS 
cause microtubules depolymerization, which in turn induces mito-
chondrial biogenesis (Lee et al., 2005). Besides that, positive regulation 

Table 1 
The 10 most significant down- and up-regulated differentially expressed genes1 

in muscle tissue for the effect of Diet2.  

Gene Symbol Biological Process Log2FC 
[CI] 

q- 
value 

AK9 Nucleobase-containing 
compound metabolic process 

− 3.02 
[− 5.20, 
− 0.84] 

3.98E- 
02 

ENSBTAG00000043480 N/A − 2.78 
[− 4.79, 
− 0.78] 

3.93E- 
02 

LOC510904 Amino acid transport; L- 
arginine import across plasma 
membrane; L-ornithine 
transmembrane transport 

− 2.75 
[− 4.32, 
− 1.18] 

3.37E- 
03 

CEACAM19 N/A − 2.70 
[− 3.92, 
− 1.48] 

3.48E- 
05 

ENSBTAG00000031354 N/A − 2.56 
[− 4.38, 
− 0.73] 

3.72E- 
02 

RRH N/A − 2.53 
[− 4.35, 
− 0.72] 

3.87E- 
02 

ENSBTAG00000032057 ATP synthesis coupled proton 
transport 

− 2.22 
[− 3.59, 
− 0.85] 

9.24E- 
03 

SIM2 Regulation of transcription by 
RNA polymerase II 

− 2.21 
[− 3.66, 
− 0.75] 

1.95E- 
02 

ENSBTAG00000051469 N/A − 2.18 
[− 3.71, 
− 0.65] 

3.41E- 
02 

LOC112449293 Steroid metabolic process − 2.07 
[− 3.20, 
− 0.94] 

1.62E- 
03 

LOC107131843 Insulin receptor signaling 
pathway 

2.78 [0.84, 
4.73] 

3.27E- 
02 

ENSBTAG00000055063 N/A 2.94 [0.90, 
4.97] 

3.15E- 
02 

CLSTN3 Homophilic cell adhesion via 
plasma membrane adhesion 
molecules 

2.96 [1.35, 
4.56] 

1.60E- 
03 

ANGPTL4 Negative regulation of 
apoptotic process; negative 
regulation of lipoprotein lipase 
activity 

3.10 [1.14, 
5.06] 

1.25E- 
02 

ANKEF1 N/A 3.28 [1.13, 
5.43] 

1.84E- 
02 

KRT8 Extrinsic apoptotic signaling 
pathway 

3.44 [1.59, 
5.30] 

1.46E- 
03 

KRT18 Negative regulation of 
apoptotic process 

3.72 [1.71, 
5.74] 

1.49E- 
03 

KRT19 Sarcomere organization 4.08 [1.23, 
6.93] 

3.24E- 
02 

KCNH3 Potassium ion transmembrane 
transport 

4.53 [1.40, 
7.65] 

3.06E- 
02 

ENSBTAG00000055143 Electron transport chain 5.45 [2.84, 
8.05] 

1.41E- 
04 

Log2FC = Log2 fold change. 
CI = 95% Confidence Interval. 

1 q-value < 0.05. 
2 Down- and up-regulated in the supplemented group compared with the 

control are represented by values negative and positive values, respectively. 

E.B. Carvalho et al.                                                                                                                                                                                                                             



Livestock Science 263 (2022) 104995

4

of cellular component biogenesis (GO:0044089) was also a biological 
process overrepresented, reinforcing the hypothesis of mitochondria 
proliferation. These results indicate that cow’s supplementation in 
mid-gestation may imply adaptation mechanisms in muscle energy 
metabolism at the mitochondrial level. 

3.3. Random forest 

In the current study, the Random Forest (RF) algorithm was able to 
classify the 10 predictors genes (i.e., those with higher mean decrease in 
accuracy) that better discriminate our experimental treatments (Fig. 1). 
Among these genes, some have biological relevance controlling the 
myogenic processes. 

The phosphatidylinositol transfer proteins alpha (PITPNA) gene, 
classified as the main predictor gene of our experimental treatment, may 
modulate the PI3K/Akt signaling pathways (Cosker et al., 2008). Pre-
vious studies reported the central role of Akt in cell growth, metabolism, 
apoptosis, in addition to induce muscle hypertrophy (Rommel et al., 
2001) and the differentiation of myoblast (Rotwein and Wilson, 2009). 
Similarly, cyclin-dependent kinase 5 regulatory subunit 1 (CDK5R1), 
and the microRNA miR-206, both showing importance levels in our 
experimental treatment, are known by their role in skeletal muscle 
development. The protein p35 encoded by the gene CDK5R1 is the main 
activator of cyclin dependent kinase 5 (CDK5) which is required for 
myoblast differentiation (Sahlgren et al., 2003). While the inhibitory 
mechanisms of miR-206 target a set of genes related to the maintenance 
of myoblast proliferation, and consequently favors myoblast differenti-
ation into myotubes, in addition to cell regeneration and growth (for 
review see: Ma et al., 2015). Moreover, the demethylase protein encoded 
by the gene AlkB homolog 1 (ALKBH1), identified in RF analysis, in-
fluence the abundance of N6-methyladenine (N6-mA), a recognize DNA 
methylation marker. Therefore, the evidence shows that the over-
expression of ALKBH1, down-regulate the levels of N6-mA, accompanied 
by the decrease and increase in C2C12 cells differentiation and prolif-
eration, respectively (Diao et al., 2021). 

Taken together, RF analysis revealed that the predicted genes are 
involved mainly with the biological processes related to the balance 
between cell proliferation and differentiation, highlighting the impor-
tance of maternal supplementation during a critical period of gestation 
that reflects in skeletal muscle development of the offspring. 

4. Conclusion 

Maternal protein supplementation during mid-gestation increased 
the expression of genes related to insulin uptake and apoptosis, indi-
cating the balance between synthesis and degradation and muscle cells 
hypertrophy. In agreement with the small subset of predicted genes that 
better discriminate our experimental treatment, the balance of myoblast 
proliferation and differentiation are under a constant control in a 
maternal supplementation scenario. Furthermore, the energy meta-
bolism of the offspring’s skeletal muscle may have been affected by 
maternal protein supplementation during mid-gestation, promoting 
mitochondria biogenesis. 
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