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ABSTRACT 

 

TEIXEIRA, Susana Amaral, D.Sc., Universidade Federal de Viçosa, October, 
2020. Transcriptome analysis of prenatal development in pigs. Adviser: 
Simone Eliza Facioni Guimarães.  

 

The conceptuses (embryos and fetuses) developmental trajectory is characterized 

as a highly regulated biological event at the transcriptional level, which may be 

influenced by sexual dimorphism and maternal nutrition. Sexual dimorphism at 

early developmental period, in which the phenotypic sex differentiation is not 

evident, is mainly related to the expression of genes linked to sex chromosomes. 

Maternal nutrition is the main extrinsic factor that affects developmental 

programming, since the molecules from dietary metabolism affects the intrauterine 

environment, which are important not only to provide nutrients to the conceptuses 

growth, but also for transcriptional regulation of genes related to placental and 

conceptuses development. In this context, the effects of pregnant females’ 

supplementation with functional amino acids, such as arginine, have been well 

studied under productive and reproductive aspects in pig production. However, the 

influence of this supplementation on global gene expression during conceptuses 

development is still poorly understood. The proper development and functionality of 

organs and tissues are events determined during embryogenesis and the fetal 

period, which require an adjusted control of gene expression. Although in species 

affected by intrauterine growth restriction, such as pigs, the knowledge about 

genes expression related to organogenesis can help to understand various aspects 

associated with prenatal development, studies addressing this event are still 

scarce. Currently, the gene expression, as well as the biological processes and 

pathways involved in its regulation, has been performed by transcriptome analysis 

from RNA sequencing (RNA-Seq) and functional analyses. Thus, in the present 

study, from the RNA-seq of pig embryos at 25 days of gestation and fetuses at 35 

days of gestation, we aimed (1) the conceptuses sex determination; (2) to elucidate 



 

 

the effects of pregnant gilts supplemented with L-arginine on the conceptuses 

transcriptome; and, (3) to reveal the main molecular mechanisms involved in pig 

organogenesis, through the identification of genes differentially expressed between 

embryos and fetuses. The results of this thesis showed that Y chromosome-linked 

genes (DDX3Y, KDM5D, ZFY, EIF2S3Y, EIF1AY, LOC110255320, 

LOC110257894, LOC396706, LOC100625207 and LOC110255257) presented 

discrepant reads counts between the embryos and fetuses’ samples, which were 

used for conceptuses sex determination at early prenatal development. Dietary 

1.0% L-arginine supplementation of pregnant gilts resulted in downregulation of 

mitochondrial genes (ND1, ND2, CYTB, COX2, ATP8, and mt-rRNA type) and 

upregulation of the CYP1A1 gene in embryos, showing an adjusted transcriptional 

control at the metabolic level, while the transcriptional program during fetal 

development was not affected. During the pig organogenesis, 1,705 genes were 

differentially expressed between embryos and fetuses, from which several 

biological pathways and processes related to renal, skeletal and bone muscular 

organogenesis, as well as the development of the cardiovascular and neuronal 

systems were evidenced. This thesis provided relevant information about the pig 

prenatal development, which can be applied in studies related to pig production 

efficiency, as well as greater understanding of developmental biology.  

 

Keywords: Conceptuses. Functional amino acids. Organogenesis. Pigs. Prenatal 

development. RNA-seq. 



 

RESUMO 

 

TEIXEIRA, Susana Amaral, D.Sc., Universidade Federal de Viçosa, outubro de 
2020. Análise do transcriptoma do desenvolvimento pré-natal de suínos. 
Orientadora: Simone Eliza Facioni Guimarães.  

 

A trajetória do desenvolvimento dos conceptos (embriões e fetos) é caracterizada 

como um evento biológico altamente regulado a nível transcricional, podendo ser 

influenciada pelo dimorfismo sexual e nutrição materna. O dimorfismo sexual no 

início do desenvolvimento pré-natal, período no qual a diferenciação sexual com 

base no fenótipo é dificultada, está principalmente associado à expressão de 

genes ligados aos cromossomos sexuais. A nutrição materna é o principal fator 

extrínseco que afeta a programação do desenvolvimento, dada a influência que as 

moléculas resultantes do metabolismo dietético exercem sobre o ambiente 

intrauterino, as quais são importantes não apenas por proporcionar nutrientes para 

o crescimento dos conceptos, mas também por regular a transcrição de genes 

relacionados ao desenvolvimento da placenta e dos conceptos. Neste contexto, os 

efeitos da suplementação de fêmeas suínas gestantes com aminoácidos 

funcionais como a arginina sob aspectos produtivos e reprodutivos têm sido bem 

estudados. Entretanto, a influência dessa suplementação sobre a expressão 

gênica global durante o desenvolvimento dos conceptos ainda é pouco conhecida. 

O adequado desenvolvimento e funcionalidade de órgãos e tecidos são eventos 

determinados principalmente durante a embriogênese e o período fetal, e 

requerem um ajustado controle da expressão gênica. Embora em espécies 

acometidas por restrição do crescimento intrauterino, como os suínos, o 

conhecimento da expressão de genes relacionados a organogênese possa auxiliar 

no melhor entendimento de vários aspectos da biologia do desenvolvimento pré-

natal este ainda tem sido pouco explorado. Atualmente, o conhecimento da 

expressão gênica bem como dos processos biológicos e vias envolvidas na 

regulação gênica tem sido possibilitada pela análise do transcriptoma por meio do 

sequenciamento de RNA (RNA-Seq) e análises funcionais. Dessa forma, no 



 

presente trabalho, a partir do RNA-seq de embriões aos 25 dias de gestação e 

fetos suínos aos 35 dias de gestação, nós objetivamos (1) determinar o sexo 

desses conceptos em estágios iniciais do desenvolvimento; (2) elucidar os efeitos 

da suplementação de marrãs gestantes com L-arginina sobre o transcriptoma dos 

conceptos; e, (3) evidenciar os principais mecanismos moleculares envolvidos na 

organogênese em suínos, por meio da identificação de genes diferencialmente 

expressos entre embriões e fetos. Os resultados desta tese mostraram que os 

genes ligados ao cromossomo Y (DDX3Y, KDM5D, ZFY, EIF2S3Y, EIF1AY, 

LOC110255320, LOC110257894, LOC396706, LOC100625207 e LOC110255257) 

apresentaram contagens discrepantes entre as amostras de embriões e fetos 

suínos as quais foram utilizadas para a determinação do sexo dos conceptos. A 

suplementação dietética de marrãs com 1% de L-arginina provocou redução na 

expressão de genes mitocondriais (ND1, ND2, CYTB, COX2, ATP8, e mt-rRNA 

type) e aumento na expressão do gene CYP1A1 em embriões, evidenciando um 

ajustado controle transcricional a nível metabólico, enquanto não provocou 

alterações transcricionais durante o desenvolvimento fetal. Durante a 

organogênese em suínos, 1705 genes foram diferencialmente expressos entre 

embriões e fetos, a partir dos quais várias vias e processos biológicos 

relacionados à organogênese renal, muscular esquelética e óssea, bem como o 

desenvolvimento dos sistemas cardiovascular e neuronal, foram evidenciados. 

Esta tese proporcionou relevantes informações sobre o desenvolvimento pré-natal 

de suínos que podem ser aplicados em estudos relacionados à eficiência na 

produção de suínos, bem como no maior entendimento da biologia do 

desenvolvimento. 

Palavras-chave: Aminoácidos   funcionais. Conceptos. Desenvolvimento pré-natal. 

Organogênese. RNA-seq. Suínos.  
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CHAPTER 1 

General Introduction 

Prenatal development is determined by multiples factors, including the 

intrinsic potential of conceptuses (embryos and fetuses) growth and the availability 

of nutrients for growth (GODFREY, 1998; PUDDU et al., 2009). The intrinsic 

potential of growth can be affected by sexual differences, which are determined 

from sex chromosomes-linked genes at early of development and potentialized by 

gonad development and hormonal effects, mainly at postnatal development 

(DEEGAN; ENGEL; ARNOLD, 2019). Regarding nutrients for growth, the maternal 

nutritional status is important not only to provide nutrients to the conceptuses, but 

also to modulate the gene expression related to conceptuses and placental 

development (WU et al., 2004), since the dietary nutrients metabolism is intimately 

related to the gene expression modulation, mainly by epigenetics modifications 

(COSTA et al., 2019a; GLUCKMAN et al., 2007; PUDDU et al., 2009; SPINELLI; 

HAIGIS, 2018; WU et al., 2004).  

Among maternal dietary nutrients, arginine is a functional amino acid that has 

been reported to its positive effects on placental and conceptuses development, 

mainly by its metabolites, oxide nitric (NO) and polyamines, which are directly 

involved on placental development, vascularization and blood flow from the mother 

to the embryo (KESHET; EREZ, 2018; WU et al., 2004, 2009). Due to these 

versatile functions, the arginine endogenous synthesis does not meet the cellular 

requirements under certain conditions, such as pregnancy (WU et al., 2018; WU; 

MORRIS, 1998) and, therefore, it should be provided from diets for pregnant 
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mammals (LI et al., 2010, 2014; WU et al., 2009). These effects of L-arginine 

supplementation are mainly important to minimize the consequences of uterine 

crowding in pregnants sows, such as IUGR (intrauterine growth restriction), since 

highly-hyperprolific lines have been consistently used in the breed programs 

(FOXCROFT et al., 2006). 

In this context, several studies have reported the effects of maternal 

supplementation with dietary L-arginine on phenotypic parameters, such as 

number of surviving pig conceptuses, total number of piglets born and the total 

weight of the fetuses, which are influenced by supplementation period during 

pregnancy (for review, see COSTA et al., 2019a). Based on target genes, COSTA 

et al., (2019b) observed that embryos at 25 days of age from L-arginine 

supplemented gilts during 23 days of gestation showed increased expression of 

IGF-1 mRNA, which may result in enhanced embryo growth, since the weight of 

these embryos also tended to be increased. However, a more complete 

understanding about the effects of maternal L-arginine supplementation on 

transcriptional landscape during pig prenatal development is still scarce. 

In the prenatal development, the organogenesis is crucial to the 

establishment of main organs, tissue and body structures, which occurs mainly in 

embryonic stage (CARDOSO-MOREIRA et al., 2019; HU et al., 2018; HYTTEL et 

al., 2010). The proper organs and tissues development arise from numerous 

stimulus resulting of the cell-cell contact and extracellular signals, which are 

needed to coordinate several biological events, related to cell morphogenesis, 

proliferation, differentiation and apoptosis. In general, these stimulus act as 
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upstream signals that are involved in the activation of signaling pathways, initiating 

a cascade of events that culminate in the activation of transcription factors and, 

ultimately, the modulating of target genes expressions. Among these pathways, the 

Hippo and TGFβ/BMP4 signaling pathways are well recognized by their 

complementary functions (HALDER; JOHNSON, 2011; PAN, 2010), which are 

crucial to the control of gene expression, mainly related to cell proliferation and 

differentiation events.  

Once the organogenesis occurs, the organs and its associated structure are 

refined and the whole body grows, characterizing the fetal development 

(EDWARDS; SAUNDERS; SHIOTA, 2003). During this stage of prenatal 

development, the specialized pathways related to the cell differentiation and 

proliferation control, are important to ensure the correct functionally of organ and 

system (DAGNINO et al., 1997). Among these pathways, genes related to E2F2 

transcription factor plays key role required to cell cycle control and differentiation 

during many biological events, including cardiovascular system and muscle-

skeleton development (DAGNINO et al., 1997). Therefore, with the progression of 

prenatal development, there are mature and complexes organs, resulting in 

different transcriptional landscape, which means, different set of genes and 

pathways acting in the spatiotemporal restricted profile (CARDOSO-MOREIRA et 

al., 2019).  

The molecular mechanisms related to prenatal events using pig as model 

have been elucidated mainly considering embryos or endometrium in the pre-

implantation period (LIN et al., 2015; ZENG et al., 2019), since it is a critical period 
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for prenatal losses (FOXCROFT et al., 2006). On the other hand, during the post-

implantation period, which is mainly important in the context of uterine crowding 

(FOXCROFT et al., 2006), biological events regarding the muscle mass formation 

at fetal stage has been more evidenced, since in this period the muscle fiber is 

formed and it is closely related to meat production potential (SOLLERO et al., 

2011; TE PAS et al., 2005). However, an overall landscape of molecular events 

related to pig embryonic and fetal development is still poorly understood.  

The knowledge about the main molecular changes related to developmental 

biology, can be valuable for further studies addressing many aspects involving 

organogenesis and the overall prenatal development. Additionally, since 

embryogenesis is marked by high genomic plasticity (HYTTEL et al., 2010), the 

understanding about molecular changes can be valuable for studies addressing the 

effects of prenatal insults, such as maternal under or overnutrition, placental flux 

impairment and teratogens compounds (GODFREY, 1998; PUDDU et al., 2009). In 

this context, the use of pigs as a model for human prenatal development studies 

has been employed, since there are numerous genetic and physiological 

similarities among them (VERMA; RETTENMEIER; SCHMITZ-SPANKE, 2011).  

Transcriptome analysis 

The molecular basis of phenotypic variation among individuals under two or 

more conditions (e.g. diseases, nutritional plan, stages of development) has been 

successfully accessed by a set of differentially expressed (DE) genes, since the 

messenger RNA (mRNA) is an intermediate molecule between the information 

contained in the genome and the phenotypic features. Therefore, the identification 
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of DE genes and its involvement in pathways analyses allow a snapshot of 

transcriptional activity in different tissues or populations of cells (RITCHIE et al., 

2015), in addition to provide valuable information for further studies about the 

potential molecular mechanisms that modulate it effects (CHEN; LUN; SMYTH, 

2016). Due to these biological key roles, the identification and quantification of 

gene expression has been the core of several studies addressing molecular 

biology (CONESA et al., 2016).  

Among the tools available for identification and quantification of gene 

transcription, the RNA-Seq (RNA sequencing) tool provides a range of information 

about the differentially regulated genes through the identification of all groups of 

genes transcriptionally involved in the modulation of biological functions and 

signaling pathways, since it is based on high-throughput DNA sequencing (WANG; 

GERSTEIN; SNYDER, 2009). Moreover, the RNA-seq presents reduced technical 

variability, that associated with reduced sequencing costs, has been make this tool 

an attractive method for whole-genome expression studies (VAN VERK et al., 

2013). From the broader knowledge of transcriptome, it is possible to access 

pathways and biological events related to condition under investigation, resulting in 

a greater support to discuss the molecular mechanisms at transcriptional level 

(CHEN; LUN; SMYTH, 2016). 

The RNA-seq workflow for species in which the genome is well annotated, 

includes RNA extraction, library preparation and sequencing, raw reads aligning 

against the genome or transcriptome of the target specie, reads counting, filtering 

and normalization and, finally the input of these reads for statistical modeling to 
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obtain the DE genes (DÜNDAR; SKRABANEK; ZUMBO, 2018; VAN VERK et al., 

2013). These steps are briefly commented bellow. 

RNA extraction, library preparation and sequencing 

The RNA-seq uses the next-generation sequencing (NGS) methods to 

sequence the complementary DNA molecule (cDNA) (VAN VERK et al., 2013), in 

which the first step includes the total RNA extraction from a subpopulation of cell or 

tissue under evaluated experimental conditions (DÜNDAR; SKRABANEK; 

ZUMBO, 2018). In this step, the research interest should be considered based on 

mRNA or small RNA molecules evaluation, since the extraction protocols is 

specific for each case (DÜNDAR; SKRABANEK; ZUMBO, 2018). Most commonly, 

the extraction of the total mRNA is performed, followed by an enrichment protocol 

in order to increase the mRNA abundance, which is carried out by poly(A)-

enrichment or rRNA depletion (CONESA et al., 2016; DÜNDAR; SKRABANEK; 

ZUMBO, 2018; VAN DEN BERGE et al., 2019). The poly(A) selection is indicated 

when the mRNA abundancy is not a limiting factor and a minimal degradation of 

the extracted mRNA is observed, which can be determined from the RNA integrity 

number (RIN) value of at least eight (CONESA et al., 2016; VAN VERK et al., 

2013). 

Afterwards, the high-quality mRNA is chemically (e.g. metal ion exposure), 

enzymatically (e.g., RNAses) or physically (e.g., shearing) fragmented in a range of 

150 – 300 base pairs (bp) of length, and a reverse transcription into cDNA is 

performed (VAN DEN BERGE et al., 2019; DÜNDAR; SKRABANEK; ZUMBO, 

2018). At this moment, adaptors sequences are inserted in the cDNA molecules 3’ 
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and 5’ extremities, which are used as primers in the amplification phase by 

polymerase chain reaction (PCR) (VAN DEN BERGE et al., 2019). Numerous 

sequencing methods are available, including the sequencing by synthesis 

methodology of the Illumina platform (DÜNDAR; SKRABANEK; ZUMBO, 2018; 

VAN DEN BERGE et al., 2019).  

Briefly, this sequencing protocol is based on flow cell loading with cDNA 

fragments, which form clusters of double-stranded DNA from hybridization of the 

adapter sequences with complementary short oligonucleotide of the flow cell, 

producing several clusters of fragments that are massively and clonally sequenced 

(DÜNDAR; SKRABANEK; ZUMBO, 2018). In this platform, the sequencing can be 

performed by the single-end (SE) protocol, in which only one extremity of the cDNA 

insert is sequenced, or paired-end (PE) protocols, in which both extremities are 

sequenced, resulting in two reads of the opposite orientation, one from each 

extremity (VAN DEN BERGE et al., 2019). The choice of the best protocol for 

library sequencing preparation should be guided by the aims of the analysis and 

knowledge of the genome of the species studied (CONESA et al., 2016). 

Furthermore, in the sequencing protocols, the information about the strand from 

which the read is originated can be preserved (stranded) or not (unstranded). The 

stranded method can be advantageous, since the expressed RNAs can originate 

from opposite strands of the same genomic locus, while in the unstranded 

methodology, the analysis and quantification of antisense or overlapping 

transcripts is impaired (CONESA et al., 2016; VAN DEN BERGE et al., 2019).  
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Finally, each nucleotide base of each sequenced fragment emits a 

fluorescent signal from fluorescently labeled deoxynucleoside triphosphate (dNTP) 

that is added in each reaction (DÜNDAR; SKRABANEK; ZUMBO, 2018 VAN DEN 

BERGE et al., 2019). This fluorescent signal is recorded and, based on the 

excitation spectra, the bases are inferred and ordered (DÜNDAR; SKRABANEK; 

ZUMBO, 2018; VAN DEN BERGE et al., 2019). In the sequencing library, each of 

these sequenced fragments are known as “reads”, which are produced in the 

range of the millions and are used as an accurate measure of the gene 

transcription levels in the further RNA-seq steps (VAN VERK et al., 2013). 

Mapping, counting, filtering and normalization of reads 

After the sequencing, the read alignment or mapping is a crucial step to 

designate each read to its more probable genomic region of origin (DÜNDAR; 

SKRABANEK; ZUMBO, 2018). The quality of mapping is a global indicator of the 

overall sequencing accuracy and of the presence of contaminating DNA, which is 

measured by the percentage of mapped reads, being 70 to 90% a range 

considered as a regular RNA-seq reads to map onto the human genome, for 

instance (CONESA et al., 2016). In order to improve the mapping rate, it is 

recommended to performed the trimming of the raw reads before to alignment step 

(BOLGER; LOHSE; USADEL, 2014; CONESA et al., 2016). This trimming is based 

on cutoff parameters that include low-quality reads, adaptor sequences, and poor-

quality of the nucleotide bases (BOLGER; LOHSE; USADEL, 2014; CONESA et 

al., 2016). Among trimming tools, the Trimmomatic software has been widely used, 
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given its flexibility to handle PE data and high performance, which are maximized 

for Illumina sequencing data (BOLGER; LOHSE; USADEL, 2014).  

Considering the structural complexity of the eukaryote genome, some reads 

can be derived from cDNA molecules that correspond to a fully (or partially) spliced 

transcripts, resulting in the exon-exon-spanning reads that can be separated by 

tens of thousands of nucleotides (DÜNDAR; SKRABANEK; ZUMBO, 2018; VAN 

DEN BERGE et al., 2019). The exon-exon-spanning reads alignment is considered 

the main challenge of RNA-seq data, since it can lead to inappropriate discard of 

the reads by multimapping (DÜNDAR; SKRABANEK; ZUMBO, 2018; VAN DEN 

BERGE et al., 2019). In order to minimize this, the use of the splice-aware aligners 

is recommended, such as the HISAT2 (Hierarchical Indexing for Spliced Alignment 

of Transcripts) and STAR (Spliced Transcripts Alignment to a Reference) algners 

that perform the spliced alignment against a reference genome (DOBIN et al., 

2013; KIM; LANGMEAD; SALZBERG, 2015; VAN DEN BERGE et al., 2019).  

From the alignment, the number of reads that were mapped within a 

genomic feature of interest (such as a gene or an exon) in the chromosomes, 

which is further used as a measure of the feature abundance in the analyzed 

sample (SONESON; DELORENZI, 2013), is accessed by software, such as HTSeq 

(high-throughput sequencing) (SRINIVASAN; VIRDEE; MCARTHUR, 2019) and 

featureCounts (LIAO; SMYTH; SHI, 2014). In the HTSeq, the reads count within 

exon or genes is obtained from a file containing genomic coordinates, which are 

values attributed to genomic positions (e.g. read coverage) or genomic intervals 

(e.g. exons or genes) (ANDERS; PYL; HUBER, 2015). 
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However, before directly compare the expression levels among the 

samples, the reads count need to be correctly filtered, in order to remove the 

consistently low counts among samples, since the low counts do not provide 

enough statistical evidence for a reliable biological interpretation of the outcomes 

and can alter the number of statistical tests (CHEN; LUN; SMYTH, 2016). 

Moreover, these reads need to be normalized to ensure the similarity among the 

expression distributions in each sample (SMYTH et al., 2016; VAN DEN BERGE et 

al., 2019). In general, normalization methods based on library size scaling factor 

for each sample is the most appropriate, such as the TMM (trimmed mean of M-

values, where M-values refers empirical fold changes between two samples) 

implemented in DE analysis programs, such as edgeR and limma (DÜNDAR; 

SKRABANEK; ZUMBO, 2018; VAN DEN BERGE et al., 2019).  

Differentially Expressed Genes Analysis 

In order to obtain the genes that are differentially regulated under 

investigated conditions, the RNA-seq experimental design requires sufficient 

numbers of replicates, which is influenced by the technical and biological variability 

(DÜNDAR; SKRABANEK; ZUMBO, 2018). The technical variability is the result of 

RNA-seq procedures, such as library preparation and distribution of samples in the 

sequencing lanes, while the biological variability is influenced by the heterogeneity 

of the experimental samples, such as gender and bacterial colonies (CONESA et 

al., 2016). Whereas the technical variation is lower and well controlled from RNA-

seq procedures well stablished for all samples, the biological variation is inherent 

to each individual and can greatly influence on the proper gene transcription 
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(HANSEN et al., 2011; DÜNDAR; SKRABANEK; ZUMBO, 2018). Therefore, 

minimizing the variations sources and establishing an adequate number of 

replicates, where a minimum of three biological replicates is recommended, in 

order to increase the statistical power, and detect DE genes that are statistically 

significant among the experimental groups of interest (CONESA et al., 2016). 

The first point in the DE analysis consists in summarizing the normalized 

reads for each feature (e.g. genes) into a counting matrix, which contain the reads 

counting that remained after filtering in each row, and the samples identification in 

each column (DÜNDAR; SKRABANEK; ZUMBO, 2018; RITCHIE et al., 2015; VAN 

DEN BERGE et al., 2019). This file is submitted to statistical modeling, which is 

based on multiple hypothesis tests for each gene DE among the samples, followed 

by a p-value adjust for multiple testing, in order to avoid an increased rate of false 

positives results (VAN DEN BERGE et al., 2019). This correction is commonly 

performed using Benjamini & Hochberg methodology (BENJAMINI; HOCHBERG, 

1995). 

With the decrease in DNA sequencing costs, the number of studies 

adressing DE analysis from RNA-seq has increased, resulting in the increase of 

data to statistical analyses as well as in the increases in the complexity of the 

experimental design (CUI et al., 2016). However, the DE analysis from the high 

throughput data as RNA-seq technology is relatively new, and numerous 

methodologies are being continuously developed (SONESON; DELORENZI, 

2013), which leads to lack of consensus about the best approach or software for 

these analyses (CONESA et al., 2016; ZHAO et al., 2016). Among the popular 
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softwares, the edgeR and DESeq, involve count-based models and negative 

binomial (NB) distribution (CONESA et al., 2016; LAW et al., 2014; VAN DEN 

BERGE et al., 2019). 

Recently, the use of the NB distribution for accurate DE analyses has been 

questioned in the context of various steps of data normalization, including TMM, 

which can change the nature of distribution from discrete to continuous (CONESA 

et al., 2016). In addition, the currently available count-based distributions methods 

limit statistical analysis of RNA-seq data from experiments containing random 

effects, including repeated measures on the same individual or RNA samples 

collected at the same time (LAW et al., 2014). In this context, methods based on 

reads counts transformation, such as the methods performed by limma, has shown 

reliable results even under these challenging conditions, associated with greater 

speed of RNA-seq data processing (LAW et al., 2014; RITCHIE et al., 2015).  

The limma methodology was firstly developed for microarray data and has 

been successfully implemented for RNA-seq data from minimal changes in the 

original pipeline, allowing differential expression analysis from complex 

experimental designs and testing flexible hypotheses, besides to allow reliable 

statistical conclusion even when the number of samples is limited (RITCHIE et al., 

2015). The general procedures to these analyses from limma, include the 

convertion of the normalized counting reads into logarithmic scale, which are fitted 

to linear models, and estimation of mean-variance relationship robustly and non-

parametrically by empirical Bayes statistical methods (LAW, 2014; RITCHIE et al., 

2015). The mean-variance relationship can be incorporated from a empirical Bayes 
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procedure (limma-trend) or from inclusion of the mean-variance trend information 

into a precision weight (limma-voom) (LAW et al., 2014; RITCHIE et al., 2015). The 

limma trend approach is recommended when the ratio of the largest to the smallest 

library size is less than three, while the limma-voom performance has been shown 

superior in cases where the library size between samples is more different 

(SMYTH; RITCHIE; THORNE, 2019; LAW et al., 2014).  

Once defined the methdology for acesses the DE genes, the high-

throughput transcriptome frequently generates a long list of genes, from which the 

main goal is the functional characterization of these genes, including molecular 

functions and pathways that are related to these genes, and their association with 

the experimental condition under investigation (CONESA et al., 2016; HUANG; 

SHERMAN; LEMPICKI, 2009a). This is one of the most challenging efforts in a 

typical transcriptome study, since there is no gold standart that defines how these 

long list should be analysed (HUANG; SHERMAN; LEMPICKI, 2009a; VAN DEN 

BERG et al., 2009). A simple and widely used strategy is to perform a grouping of 

genes based on their ontology, highlighting the biological processes, molecular 

function and cellular components that are overrepresentated (YOUNG et al., 2010), 

as discussed below.  

Functional Analyses 

Since 2002, several approaches have been developed to analyse the 

ontological terms related to differentially regulated genes, mainly from microarray 

studies, including DAVID, BiNGO, FatiGo and GOstats functional tools (HUANG; 

SHERMAN; LEMPICKI, 2009). Among these functional tools, DAVID (Database for 
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Annotation, Visualization and Integrated Discovered) is recognized as an web-

based database able to handle to any types of gene list from differents genomics 

platforms, including microarray and RNA-seq data, and it uses the most traditional 

algorithm to calculate the statistical enrichment of the gene from a set of pre-

selected genes by the user, such as the DE genes at determined p-value and fold 

change (HUANG; SHERMAN; LEMPICKI, 2009b).  

On DAVID, the users provide a gene list containing the gene identifier (ID) 

of the all sigificative DE genes, which is used as input list, and define a background 

list, a reference list from which the degree of gene enrichment in each functional 

annotation category is defined (HUANG et al., 2009). As result, the enriched 

functional categories (biological processes, cellular components and pathways) are 

discussed at level of a genes set, instead of an individual gene, which allows the 

proper identification of the most important biological events related to the study 

condition (HUANG; SHERMAN; LEMPICKI, 2009b). In order to guide the 

disscusion about the functional categories enriched by a set of genes under 

investigation, some parameters are provided by DAVID, including enrichment 

score, fold enrichment, p-value and corrected p-value for multiple testing, such as 

Benjamini and Bonferroni methods, which instead of establish a rule for the best 

analyse, emphasize a critical evaluation of the users regarding the biological 

relevance of the  DAVID outcomes (HUANG; SHERMAN; LEMPICKI, 2009a).  

As a consequence of the popularity of high-throughput techniques, more 

genes may be detected and thus, more gene ontologies can be released (SUPEK 

et al., 2011). This often results in a larger size functional annotation list, which 
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contains several similar GO terms, impairing the biological interpretation of the 

results. In order to mitigate these redundant similarities and facilitate the 

summarizing and visualizing of the relevant GO terms, some tools based on 

“semantic similarity” terms were proposed, including REVIGO (SUPEK et al., 

2011). Basically, from the output enriched GO terms provided by an enrichment-

based software, REVIGO forms clusters of the GO similar terms based on 

“semantic similarity” and displays only the representatives GO, which can be 

visualized and uploaded in several formats, including two-dimensional plots, 

interactive graphs and tree map (SUPEK et al., 2011). 

In the context of pathway databases, the Toppcluster is another usual tool to 

performer functional analyses. This web-based tool, in addition to perform gene 

ontology enrichment, allows a broader pathway enrichment analyses by integration 

of several pathways annotation databases, including KEGG, REACTOME, 

PantherDB and Pathway Interaction Database 

(https://toppgene.cchmc.org/navigation/database.jsp). Besides that, the 

ToppCluster yields a rich functional map as output that allow the visualization of 

specifics and shared list of functional features (KAIMAL et al., 2010).  

This thesis: objectives 

This thesis describes the transcriptional changes during pig conceptuses 

development from RNA-seq analysis. In Chapter 2, we proposed the conceptuses 

sex determination by reads counting mapped on chromosome Y-linked genes, 

since at early prenatal development, the gender is not phenotypically divergent. In 

Chapter 3, the transcriptional changes during embryos and fetuses’ development 
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from gilts dietary L-arginine supplemented during gestation were evaluated. 

Moreover, gene ontology network based on biological processes enriched for DE 

genes were performed to better understanding and visualization of the effects of 

maternal supplementation with dietary L-arginine on pig prenatal development. In 

Chapter 4, we unravel the main biological processes and pathways involved during 

embryonic to fetal transition, from the DE genes between the proposed 

developmental stages in pigs. Finally, in Chapter 5 an overall conclusion regarding 

the use of RNA-seq approach for transcriptome analysis of pig prenatal 

development was reported, highlighting the main outcomes obtained in this thesis.  
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Abstract: Sexual dimorphism is a relevant factor in animal science, since it can 

affect the gene expression of economically important traits. Eventually, the interest 

in the prenatal phase in a transcriptome study may not comprise the period of 

development in which male and female conceptuses are phenotypically divergent. 

Therefore, it would be interesting if sex differentiation could be performed using 

transcriptome data, with no need for extra techniques. In this study, the sex of pig 

conceptuses (embryos at 25 days-old and fetuses at 35 days-old) was determined 

by reads counts per million (CPM) of Y chromosome-linked genes that were 

discrepant among samples. Thus, ten genes were used: DDX3Y, KDM5D, ZFY, 

EIF2S3Y, EIF1AY, LOC110255320, LOC110257894, LOC396706, 

LOC100625207, and LOC110255257. Conceptuses that presented reads CPM 

sum for these genes (ΣCPMchrY) greater than 400 were classified as males and 

those with ΣCPMchrY below 2 were classified as females. It was demonstrated that 

the sex identification can be performed at early stages of pig development from 

RNA-sequencing analysis of genes mapped on Y chromosome. Additionally, these 

results reinforce that sex determination is a mechanism conserved across 

mammals, highlighting the importance of using pigs as an animal model to study 

sex determination during human prenatal development. 

Keywords: early gestation; conceptuses development; conceptuses sex 

determination; pig transcriptome  

1. Introduction 

Maternal nutrition may affect progeny anatomy, physiology and metabolism 

during critical periods of prenatal life, which is described as fetal programming [1]. 
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The effects of maternal nutrition on fetal programming have been recently 

addressed in several studies using pigs as a model organism [2–6], since there are 

striking similarities between pigs and humans regarding the anatomy, physiology, 

metabolism, and nutrition, which provide the basis for the use of this animal in 

several studies. In addition, Sus scrofa is a prolific specie with a relatively short 

developmental period, besides being a cheaper and easier mammalian model 

organism to maintain [7,8]. In this context, transcriptome studies using RNA-

sequencing (RNA-seq) performed in pigs highlight the relevance of the data 

obtained in this specie for human-related researches.  

The RNA sequencing (RNA-seq) approach generates a comprehensive 

picture of gene expression levels at different developmental stages and 

physiological conditions [9–11]. However, these analyses may be influenced by 

sexual dimorphism, since males and females are marked by significant biological 

differences that can modify the gene expression of economically important traits 

[12]. Therefore, researchers should take into account the conceptuses sex and sex 

ratios in their research before drawing any conclusion [13]. 

In mammals, sex determination is basically organized in four stages: 1) 

Determination of the chromosomal sex, which is established at fertilization when a 

Y- or a X-chromosome sperm fuses with the oocyte to determine the zygote 

genetic sex; 2) the differentiation of gonads into testicles or ovaries from the 

presence or absence of sex-determining region Y gene (SRY) at the critical time 

window during embryonic development; 3) the differentiation of male and female 

internal and external genitalia from the non-sexually dimorphic structures present 
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in the embryo, and 4) anatomical and physiological differences, i.e. sexual 

differentiation. Thus, all sex determination stages are mainly related to general 

gonadal function [14,15].  

At early pig development, the absence of gonadal phenotype may impair the 

accurate visual sex determination, since the tunica albuginea, a marker of testis 

formation, is histologically identified only at 27 days [16] and the beginning of 

testicular descent occurs around 60 days [17]. Therefore, if research projects are 

designed at early development stages in which male and female conceptuses are 

not phenotypically divergent and there is response to sexual dimorphism, the sex 

determination could be performed using alternative tools rather than phenotypic 

differences. 

Several studies have demonstrated how to identify the conceptuses sex at 

early stages of development using molecular techniques, as PCR (polymerase 

chain reaction) from Y chromosome-linked genes [13,18–20]. The PCR provides 

sensitive, precise, rapid, and reliable results [20]. However, if a RNA-seq study has 

already been performed on conceptuses to obtain a broader knowledge of the 

transcriptome under experimental conditions (e.g. inclusion of additives on 

maternal diets), these data can also be applied to determine the conceptuses sex 

with no need for extra techniques. A similar approach has been used by 

Petropoulos et al. [21] to determine the sex of human embryos through single-cell 

sequencing. 

Therefore, considering that in early prenatal pig development male and 

female conceptuses are not phenotypically divergent and the sexual dimorphism 
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may affect the transcriptome analyses, we aimed to demonstrate that the sex of 25 

and 35 days-old conceptuses can be determined by read counting of genes 

mapped on Y chromosome using already available RNA-seq data. 

2. Materials and Methods  

2.1. Experimental Animals and Design 

The experimental protocols used in this study have followed ethical 

principles in animal research (CONCEA, 2016) and were approved by the Ethical 

Committee on Animal Use of the Universidade Federal de Viçosa (UFV), MG, 

Brazil [protocol # 06/2017].  

All experimental protocols were performed according to the experimental 

design described in Costa et al. [22]. Briefly, 24 hours after the second 

insemination, 11 gilts received a basal diet for pregnant animals without 

supplementation (CONT) and 12 gilts received a CONT diet supplemented with 

1.0% L-arginine (ARG), and two gestational ages were considered (25 and 35 

days). From these gilts, 20 became pregnant. Additional details regarding 

reproductive management and nutritional information of the diets have been 

previously described in Costa et al. [22]. 

At 25 days of gestation, five females of CONT (n = 5) and five females of 

ARG (n = 5) were rendered unconscious using head-only electrical stunning (240V, 

1.3A) and immediately exsanguinated. The same procedure was followed for four 

females of CONT (n = 4) and six females of ARG (n = 6) at 35 days of gestation. 

After slaughter, four conceptuses were collected per female at each gestational 

age, totaling in average 20 conceptuses per treatment.  
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The conceptuses were quickly washed with PBS (Phosphate Buffered 

Saline) solution, individually identified, stored in liquid nitrogen and transported to 

the Animal Biotechnology Laboratory (LABTEC) at the Department of Animal 

Science, UFV. At LABTEC, each conceptus (embryos from gilts slaughtered at 25 

days and fetuses from gilts slaughtered at 35 days) was entirely and separately 

macerated in liquid nitrogen. Although an average of five gilts was initially used per 

treatment in the original trial described in Costa et al. [22], subsequent analyses 

were performed on a subset of gilts (n = 3) per treatment, since at least three 

biological replicates are recommended for describing results in RNA-seq 

experiments [9,23]. Moreover, three embryos from each CONT gilt (n = 3 gilts) and 

three embryos from each ARG gilt (n = 3 gilts) at 25 days of gestation (25DC and 

25DA, respectively) and three fetuses from each CONT gilt (n = 3 gilts) and three 

fetuses from each ARG gilt (n = 3 gilts) at 35 days of gestation (35DC and 35DA, 

respectively), totaling 36 samples, were randomly chosen for RNA-seq analysis. 

Afterwards, these samples were transported in liquid nitrogen to the Animal 

Genetics Laboratory at the Embrapa Swine and Poultry National Research Center, 

Concordia, SC, Brazil, for further RNA extraction and library preparation. 

2.2. RNA Extraction and Library Preparation 

Total RNA extraction of the 25- and 35-day-old conceptuses from the ARG 

and CONT females was performed with TRIzol (Invitrogen, San Diego, CA, USA). 

The macerated conceptuses (100 mg) and TRIzol (1 mL) were mixed with vortex 

and then incubated for 5 minutes at room temperature (RT, 25 °C). Then, 200 µL 

of chloroform were added, shaking vigorously for 15 seconds and incubated at RT 
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for 5 minutes. Centrifugation was performed at 11,000× g at 4 °C for 15 minutes. 

Approximately 600 μL of the clear upper aqueous phase containing only RNA were 

carefully removed and transferred to a new tube, and 600 μL of 70% ethanol were 

added and homogenized by inversion. This volume was added to the silica column 

RNeasy mini kit (Qiagen, Hilden, Germany) and centrifuged for 15 seconds at 

8000× g. The eluate was discarded and 700 μL RW1 buffer were added, followed 

by centrifugation for 15 seconds at 8000× g. Two washes with 500 μL RPE buffer 

were done and, finally, RNAs were eluted in 50 μL of RNase free water. 

After RNA extraction, the quantification was performed in a QUBIT fluorimeter 

(Thermo Scientific, Waltham, MA, USA) and the integrity was determined in 1.0% 

agarose gel. In addition, the Agilent 2100 BioAnalyzer (Agilent Technologies, 

Santa Clara, CA, USA) was used for integrity measurement, in which samples with 

RNA integrity number (RIN) higher than eight were used for library preparation. In 

this sense, one fetus sample was excluded from subsequent analysis due to low 

RIN score (RIN < 8). Therefore, the 35 remaining conceptuses samples (nine ARG 

and nine CONT at 25 days and eight ARG and nine CONT at 35 days) were 

submitted to RNA-seq library preparation using the TruSeq Stranded mRNA 

Library Prep Kit (Illumina, Inc., San Diego, CA, USA), followed by purification of the 

poly-A tail using 2 μg of total RNA, according to the manufacturer´s 

recommendations. 

2.3. Sequencing, Quality Control and Mapping 

The libraries were sequenced in Illumina HiSeq2500 (Illumina, Inc.; San 

Diego, CA, USA), following the 2 × 100 bp paired-end protocol, at the Functional 
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Genomics Center, ESALQ, Universidade de São Paulo, Piracicaba, SP, Brazil. The 

FASTQ files were deposited in the SRA database, with Bioproject number 

PRJNA576701 and Biosample numbers SAMN13003023, SAMN13003024, 

SAMN13003025, SAMN13003026, SAMN13003027, SAMN13003028, 

SAMN13003029, SAMN13003030, SAMN13003031, SAMN13003032, 

SAMN13003033, SAMN13003034, SAMN13003035, SAMN13003036, 

SAMN13003037, SAMN13003038, SAMN13003039, SAMN13003040, 

SAMN13003041, SAMN13003042, SAMN13003043, SAMN13003044, 

SAMN13003045, SAMN13003046, SAMN13003047, SAMN13003048, 

SAMN13003049, SAMN13003050, SAMN13003051, SAMN13003052, 

SAMN13003053, SAMN13003054, SAMN13003055, SAMN13003056 and 

SAMN13003057. 

The BAQCOM pipeline [24] was used to perform quality control (QC), 

mapping and reads counting. BAQCOM uses a set of software to analyze RNA-seq 

data, as Trimmomatic [25], version 0.38, to identify and remove adapter and low 

quality sequences, HISAT2 [26], version 0.11.2, to map reads against the genome 

and HTseq-count [27], version 0.11.2, to count reads in features. Using BAQCOM 

pipeline, only reads with Phred quality ≥ 20 and length ≥ 70 pb were mapped 

against the pig reference genome (Sus scrofa, v. 11.1) and the reads counting for 

each feature was based on Ensembl annotation release 95. 

2.4. Sex Identification 

The conceptuses sex determination (n = 18 embryos and n = 17 fetuses) 

was performed using discrepant reads counts per million (CPM) of Y chromosome-
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linked genes from the conceptuses RNA-seq dataset. After the samples 

classification as males or females, the HTseq files containing all samples 

transcripts were renamed and used to build a multi-dimensional scale (MDS) plot 

using plotMDS function of EdgeR package [28] of R software [29] to evaluate 

conceptuses dispersion. 

3. Results 

Averages of 15.3 and 14.4 million reads/samples were generated for 

embryos and fetuses, respectively. After the data QC, averages of 13.6 million 

reads/embryos and 12.9 million reads/fetuses remained for further analyses. More 

than 98% of the reads were mapped against the pig reference genome (Sus 

scrofa, v.11.1), with 83.8% and 79.8% of the reads counted into genes for embryos 

and fetuses, respectively. An average of 0.05% of the reads was uniquely mapped 

on Y chromosome. At 25 and 35 days of age, male and female conceptuses could 

not be phenotypically differentiated, since gonadal phenotype could not be 

observed (Figure S1).  

From 79 Y chromosome-linked genes, ten showed discrepant reads CPM 

among samples, i.e, high and low reads CPM values (Tables 1 and 2), and were 

selected for sex determination: DDX3Y (ATP-dependent RNA helicase DDX3X), 

KDM5D (Lysine demethylase 5D), ZFY (Zinc Finger Protein, Y-Linked), EIF2S3Y 

(eukaryotic translation initiation factor 2 subunit 3), EIF1AY (eukaryotic translation 

initiation factor 1A, Y-linked), LOC110255320 (lysine-specific demethylase 6A-like), 

LOC110257894 (gamma-taxilin-like), LOC396706 (U2 small nuclear 

ribonucleoprotein auxiliary factor 35 kDa subunit-related protein 2), 
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LOC100625207 (probable ubiquitin carboxyl-terminal hydrolase FAF-X) and 

LOC110255257 (oral-facial-digital syndrome 1 protein-like). The CPM sum for 

these genes (ΣCPMchrY) was calculated for each conceptus in order to determine 

its sex. In this way, conceptuses that presented ΣCPMchrY greater than 400 were 

classified as males and those with ΣCPMchrY below 2 were classified as females. 

Male conceptuses showed mean (standard deviation), minimum and maximum 

ΣCPMchrY of 499.08 (44.74), 427.29, and 573.09, respectively (Table 1), while 

females showed mean (standard deviation), minimum and maximum ΣCPMchrY of 

0.38 (0.42), 0.00 and 1.75, respectively (Table 2). In the MDS plot, a segregation of 

conceptuses into two distinct sex groups was observed (Figure 1).  
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Table 1. Reads counts per million of 10 genes located in the Y chromosome of male pig conceptuses. 

Conceptuses 
Sample_ID 1 

Counts Per Million (CPM)  

DDX3Y 2 KDM5D ZFY EIF2S3Y EIF1AY LOC110255320 LOC110257894 LOC396706 LOC100625207 LOC110255257 ΣCPMchrY
3 

E1-25DA-M 151.46 7.52 24.81 162.23 40.64 12.04 9.71 1.53 61.73 15.17 486.84 

E2-25DA-M 166.54 7.64 31.68 197.73 45.16 12.30 11.81 1.95 61.00 17.72 553.53 

E3-25DC-M 167.21 9.56 28.67 211.97 45.86 13.23 12.79 2.21 66.52 15.07 573.09 

E4-25DC-M 170.76 10.15 29.78 189.79 46.39 11.43 12.41 2.11 71.81 17.90 562.53 

E5-25DC-M 149.28 6.56 24.94 180.78 36.55 13.47 10.47 1.43 55.29 16.46 495.23 

E6-25DC-M 156.64 9.19 30.92 192.23 40.76 12.14 10.99 2.30 68.56 16.24 539.97 

E7-25DC-M 166.10 9.43 33.57 192.23 44.92 12.31 11.43 1.84 71.78 17.03 560.64 

F1-35DC-M 193.41 5.35 26.07 130.67 44.65 9.79 6.25 1.23 52.46 13.16 483.04 

F2-35DC-M 167.28 7.11 28.43 135.38 39.84 10.25 7.19 1.41 56.20 15.04 468.13 

F3-35DC-M 168.09 7.05 31.32 141.53 37.80 10.96 7.26 1.78 58.09 13.03 476.91 

F4-35DA-M 157.51 8.17 26.77 119.45 33.45 9.30 6.46 2.06 51.27 12.85 427.29 

F5-35DA-M 200.33 8.04 24.02 126.13 45.09 12.20 6.56 2.13 45.83 12.20 482.53 

F6-35DA-M 187.01 6.47 24.02 128.61 41.58 10.35 8.01 2.02 45.54 13.43 467.04 

F7-35DA-M 180.78 7.06 29.27 133.42 41.14 11.74 6.57 2.10 50.78 13.20 476.06 

F8-35DC-M 178.15 10.68 33.04 155.57 43.49 11.29 9.23 2.06 62.94 17.32 523.77 

F9-35DA-M 143.33 10.28 27.83 135.33 31.42 12.33 8.65 1.55 53.79 12.73 437.24 

F10-35DA-M 173.51 10.40 26.69 128.32 36.71 12.62 6.88 1.91 58.19 15.37 470.60 

1Conceptuses Sample Identification: Seven male embryos samples from supplemented (E-25DA-M) and non-supplemented (E-25DC-M) 
gilts; ten male fetuses samples from supplemented (F-35DA-M) and non-supplemented (F-35DC-M) gilts; 2DDX3Y: ATP-dependent RNA 
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helicase DDX3X; KDM5D: Lysine demethylase 5D; ZFY: Zinc Finger Protein Y-Linked; EIF2S3Y: eukaryotic translation initiation factor 2 
subunit 3; EIF1AY: eukaryotic translation initiation factor 1A, Y-linked; LOC110255320: Lysine-specific demethylase 6A-like; 
LOC110257894: Gamma-taxilin-like; LOC396706: U2 small nuclear ribonucleoprotein auxiliary factor 35 kDa subunit-related protein 2; 
LOC100625207: Probable ubiquitin carboxyl-terminal hydrolase FAF-X; LOC110255257: Oral-facial-digital syndrome 1 protein-like; 
3ΣCPMchrY: sum of reads CPM of 10 Y chromosome-linked genes in male conceptuses. 

 

Table 2. Reads counts per million of 10 Y chromosome-linked genes that showed reads counting in female pig conceptuses. 

Conceptuses 
Sample_ID 1 

Counts Per Million (CPM) 
ΣCPMchrY

3 
DDX3Y 2 KDM5D ZFY EIF2S3Y EIF1AY LOC110255320 LOC110257894 LOC396706 LOC100625207 LOC110255257 

E1-25DA-F 0.00 0.07 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.14 

E2-25DA-F 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.07 0.14 

E3-25DC-F 0.00 0.00 0.07 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.14 

E4-25DC-F 0.28 0.00 0.07 0.07 0.07 0.00 0.00 0.00 0.00 0.00 0.49 

E5-25DC-F 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.07 0.15 0.37 

E6-25DC-F 0.00 0.00 0.14 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.21 

E7-25DC-F 0.00 0.00 0.15 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.23 

E8-25DC-F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

E9-25DC-F 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.07 0.14 

E10-25DC-F 0.00 0.00 0.08 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.24 

E11-25DA-F 0.13 0.00 0.07 0.13 0.07 0.00 0.00 0.00 0.20 0.00 0.60 

F1-35DA-F 0.08 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.24 

F2-35DA-F 0.00 0.08 0.23 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.39 
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F3-35DA-F 0.16 0.00 0.00 0.25 0.08 0.00 0.00 0.00 0.08 0.00 0.57 

F4-35DC-F 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

F5-35DA-F 0.71 0.00 0.32 0.48 0.08 0.00 0.00 0.00 0.16 0.00 1.75 

F6-35DA-F 0.22 0.07 0.14 0.29 0.07 0.00 0.00 0.00 0.22 0.00 1.01 

F7-35DA-F 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

1Conceptuses Sample Identification: Eleven female embryos samples from supplemented (E-25DA-F) and non-supplemented (E-25DC-F) 
gilts; seven female fetuses samples from supplemented (F-35DA-F) and non-supplemented (F-35DC-F) gilts; 2DDX3Y: ATP-dependent 
RNA helicase DDX3X; KDM5D: Lysine-specific Demethylase 5D; ZFY: Zinc Finger Protein Y-Linked; EIF2S3Y: eukaryotic translation 
initiation factor 2 subunit 3; EIF1AY: eukaryotic translation initiation factor 1A, Y-linked; LOC110255320: Lysine-specific demethylase 6A-
like; LOC110257894: Gamma-taxilin-like; LOC396706: U2 small nuclear ribonucleoprotein auxiliary factor 35 kDa subunit-related protein 
2; LOC100625207: Probable ubiquitin carboxyl-terminal hydrolase FAF-X; LOC110255257: Oral-facial-digital syndrome 1 protein-like; 
3ΣCPMchrY: sum of reads CPM of 10 Y chromosome-linked genes in females conceptuses. 
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Figure 1. Multi-dimensional scale (MDS) plot showing segregation of pig conceptuses 
(25D: embryos at 25 days-old and 35D: fetuses at 35 days-old) into two distinct sex 
groups. Red: Female conceptuses; Black: Male conceptuses; Samples identification: male 
embryos from supplemented (E-25DA-M) or non-supplemented (E-25DC-M) gilts; male 
fetuses from supplemented (F-35DA-M) or non-supplemented (F-35DC-M) gilts; female 
embryos from supplemented (E-25DA-F) or non-supplemented (E-25DC-F) gilts; female 
fetuses from supplemented (F-35DA-F) or non-supplemented (F-35DC-F) gilts. 
 

4. Discussion 

The control of animals sex ratio is desirable in livestock production [20], 

since the expression of genes that affect a wide range of economically important 

traits may be influenced by sexual dimorphism [12]. Considering that the sex 

determination is equivalent to testis determination [30], the testis could be easily 

used to determine male and female individual rates. However, in pig conceptuses, 

the tunica albuginea, a marker of testis formation, is histologically identified only at 

27 days [16] and the beginning of testicular descent occurs around 60 days [17]. In 

this context, we demonstrated that it is possible to determine the sex of pig 

embryos (25 days) and fetuses (35 days) using reads CPM of ten Y chromosome-
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linked genes through RNA-seq analysis, with no need to use other molecular tools 

for this purpose, such as PCR. Although most often considered a cheaper and 

faster technique than RNA-seq, PCR would represent another cost source in this 

study, since RNA-seq analyses had been previously performed aiming to test a 

hypothesis on a maternal nutrition experiment [22].  

Several studies have also used Y chromosome-linked genes to determine 

the sex of pigs at early development stages [13,18,19], however, all of them have 

applied DNA-based approaches. The Y chromosome harbors genes that are 

essential for testis development and function, such as the master gene for testis 

determination (SRY), which is expressed during a critical period of embryonic 

development, and other genes that are important for spermatogenic function, as 

the ZFY, EIF1AY and KDM5D. The importance of these Y-linked genes during 

male development has been elucidated for mammals [31–34]. These genes are 

located in the non-recombining region of the Y chromosome (NRY), which is also 

known as the male-specific Y (MSY) region, transmitted from fathers to sons 

without recombination with the X chromosome [35]. The MSY region contains only 

27 genes coding for distinct proteins, as the SRY, EIF1AY, KDM5D, ZFY, 

EIF2S3Y, and DDX3Y [31,35,36].  

In this study, among all abovementioned genes, SRY was not used to 

differentiate male and female conceptuses (data not shown). This gene seems to 

follow a strict expression pattern during mammalian embryonic development. In 

mouse, its expression starts at 10.5 days post coitum (dpc), reaches a peak at 11.5 

dpc and then wanes by 12.5 dpc [32,37]. In pigs, the SRY expression is detectable 
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in the embryos genital ridge around 21 and 23 days, with faint expression at 26 

days and absence of expression at 31 days [38]. Consequently, both 25 and 35 

days of pig prenatal periods do not comprise the main SRY expression phase, 

reinforcing the critical time window during embryonic development in which SRY is 

expressed.  

Subsequently to the sex determination by the SRY gene, other male-specific 

genes are important to maintain testicular development and spermatogenesis [39]. 

According to Bellott et al. [40], during spermatogenesis, each stage of the 

molecular central dogma is regulated by the following Y-linked genes: KDM5D, 

ZFY, and EIF1AY. The KDM5D gene encodes a histone demethylase enzyme that 

acts removing tri- and di-methylations of lysine 4 of histone H3 at the start site of 

transcription in actively transcribed genes [41]. The transcription factor ZFY, the 

first coding gene identified in the human Y chromosome, regulates the transcription 

of a number of Y-linked genes [31] and mediates multiple aspects of 

spermatogenesis and reproduction, such as morphology, motility, capacitation, 

acrosome reaction, and oocyte activation, as well as chromosomal aberrations 

[42]. The translation initiation factor EIF1AY is requested for a high rate of protein 

biosynthesis and the absence of this gene may contribute to failures in the 

spermatogenic process [43].  

Another important translation initiation factor during spermatogenesis is the 

EIF2S3Y gene, located in the short arm of the Y chromosome. This gene has been 

identified as a key mouse-specific regulator of spermatogonia proliferation and 

differentiation [44]. Finally, the DDX3Y gene, along with KDM5D and EIF1AY, are 
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azoospermia factors (AZFa) [45]. Azoospermia is defined as the absence of sperm 

in at least two different ejaculates [31]. The DDX3Y is the major AZFa gene and 

belongs to a highly conserved subfamily of the DEAD-box RNA helicase family 

[33]. This gene family is involved in oogenesis and spermatogenesis, silencing 

mobile elements and other repetitive genomic regions in germinal tissues, and is 

important for gonads formation during embryo development [46]. Therefore, the 

KDM5D, ZFY, EIF1AY, EIF2S3Y, and DDX3Y genes showed discrepant reads 

CPM among samples and have important spermatogenic and gonadal functions, 

being crucial to differentiate male and female pig conceptuses in the present study. 

Similar pattern has already been observed in humans blastocyst [21], which 

highlights the importance of using pigs as an animal model to study sex 

determination throughout human prenatal development. 

The reads CPM observed for the Y-linked genes in female conceptuses may 

be considered technical artifacts from RNA-seq, since mammalian X and Y 

chromosomes share regions of high sequence similarity, causing mismapping of 

short reads to a reference genome [47]. In this context, Ballouz et al. [48] found 

reads of female samples mapped in Y chromosome, which was also characterized 

as reads mismapping. Although considered technical artifacts, these Y 

chromosome reads CPM found in females were not a major issue in the present 

study, since the discrepant reads CPM among samples for the ten Y chromosome-

linked genes were sufficient to differentiate males and females. 

The LOC110255257, LOC100625207, LOC110255320, LOC110257894, 

and LOC396706 genes are located in the Y chromosome, however, they have not 
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yet been fully characterized in Sus scrofa genome. According to Skinner et al. [49], 

there are few data available on the porcine Y chromosome. Therefore, although 

these genes are located on this chromosome and have shown contribution to sex 

determination of pig conceptuses due to the discrepant reads CPM among 

samples, their functions will not be addressed in this study. Further studies might 

be performed to characterize these Y-linked genes in pigs. 

5. Conclusions 

We have demonstrated that sex identification can be performed from read 

counts per million of genes mapped in the Y chromosome at early stages of pig 

development using already available conceptuses RNA-seq data, with no need for 

extra techniques. Additionally, the results reinforce that molecular sex 

determination is a mechanism conserved across mammalian species, since the 

role of these genes is also important during male development in humans, 

highlighting the applicability of pigs as an animal model to study sex determination 

during human prenatal development. 

Supplementary Materials: The following is available online at 

http://www.mdpi.com/2073-4425/10/12/1010/s1, Figure S1: 25 days-old pig embryo 

(left) and 35 days-old pig fetus (right) do not present evident gonadal phenotype. 
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ABSTRACT: Dietary L-arginine supplementation has been studied as a nutritional 

strategy to improve reproductive performance of pregnant sows, since arginine is a 

conditionally essential amino acid. However, reports addressing the molecular 

mechanisms that mediate the supplementation effects on fetal programming are 

still scarce. We hypothesized that maternal dietary L-arginine supplementation 

changes the conceptuses’ transcriptome. Therefore, we evaluated the molecular 

effects of dietary 1.0% L-arginine supplementation (ARG) of commercial pregnant 

gilts on global transcriptome profile of 25 and 35 days-old conceptuses (18 

embryos and 17 fetuses, respectively) using RNA-sequencing analysis. The 

mitochondrial genes ND1, ND2, CYTB, COX2, ATP8 and a rRNA type similar to 

16S rRNA were down-regulated in ARG embryos, while CYP1A1 gene was up-

regulated (adjusted P-value≤0.05), indicating energy metabolism adaptation 

against greater nutrients supply mediated by oxide nitric effects, since down-

regulation of mitochondrial genes is associated with lower ATP synthesis and up-

regulation of detoxification gene suggests increase of toxic metabolites in 

embryonic environment. On the other hand, the 35 days old fetuses’ transcriptome 

was not affected by L-arginine, providing support for further discussions regarding 

the optimal period of supplementation, in order to understand its impacts on swine 

prenatal life. 

Keywords: embryos metabolism, fetal programming, maternal nutrition, 

nutrigenomics, prenatal development.  

1. INTRODUCTION 
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The genetic selection for litter size has increased the proportion of IUGR 

(intrauterine growth restriction) piglets (J. Wang et al., 2017). The intrauterine 

environment, which provides molecules for placenta development, as well as for 

survival, growth and development of conceptuses, is related with IUGR and it is 

mainly determined by nutrients such as amino acids from maternal diet (Wu, 

Bazer, Cudd, Meininger, & Spencer, 2004; Zhang et al., 2019). Among these 

amino acids, arginine plays a key role in placental development and, consequently, 

in conceptuses growth (Wu, 2014; Wu et al., 2009, 2004; Wu, Bazer, Johnson, & 

Hou, 2018; Wu, Ott, Knabe, & Bazer, 1998).  

Arginine is one of the most versatile amino acids in animal cells, acting on 

synthesis of several biologically active molecules, such as nitric oxide (NO), 

ornithine, polyamines (putrescine, spermidine, and spermine), creatine, and 

agmatine, besides its role on protein synthesis (Wu & Morris, 1998). Among 

arginine metabolites, NO and polyamines stimulate cell proliferation and migration, 

cellular remodeling, angiogenesis (the growth of new vessels from the existing 

vasculature), dilation of blood vessels and immune response (Costa et al., 2019; 

Keshet & Erez, 2018; Wu et al., 2009). During gestation, these metabolites play 

important roles on the control of placental development, vascularization and blood 

flow from the mother to the embryo, which may increase the supply of nutrients 

and oxygen to conceptuses (Bird, Zhang, & Magness, 2003; Wu et al., 2008). Due 

to these versatile functions, the arginine endogenous synthesis does not meet the 

cellular requirements under certain conditions, as pregnancy (Wu et al., 2018; Wu 

& Morris, 1998) and, therefore, it should be provided from diets for pregnant 
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mammals to support prenatal survival and growth (Li et al., 2010, 2014; Wu et al., 

2009).  

Maternal nutrition may affect progeny anatomy, physiology and metabolism 

during critical periods of embryonic and fetal developments (fetal programming) 

(Godfrey & Barker, 2001; Kwon & Kim, 2017) through regulation of cell signaling 

and epigenetic mechanisms (Ji et al., 2017), influencing the nutrient transport, 

angiogenesis and relaxation of vascular tissues, proliferation, migration and cell 

remodeling (Costa et al., 2019; Bazer, Spencer, Johnson, Burghardt, & Wu, 2009). 

In this context, several reports have shown the beneficial effects of maternal L-

arginine supplementation on female reproductive performance (Gao et al., 2012; 

Mateo et al., 2007; Palencia et al., 2017; Wu et al., 2018). However, it is still 

unclear the molecular mechanisms that mediate L-arginine supplementation on 

fetal programming and transcriptome analysis by RNA-sequencing (RNA-seq) can 

be a powerful tool to measure molecular changes during development under 

different conditions (Z. Wang, Gerstein, & Snyder, 2009).  

Based on maternal nutrition effects on fetal programming, we hypothesized 

that dietary L-arginine supplementation of gilts during gestation impacts the 

molecular mechanisms involved in conceptuses development. Therefore, we 

aimed to evaluate the effects of 1.0% dietary L-arginine supplementation of 

commercial pregnant gilts on global transcriptome profile of 25 and 35 days-old 

conceptuses using RNA-seq analysis.  

2. MATERIAL AND METHODS 

2.1 Animals and samples collection 
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The experimental protocol has followed ethical principles in animal research 

(CONCEA, 2016) and was approved by the Ethical Committee on Animal Use of 

Universidade Federal de Viçosa (UFV), MG, Brazil [protocol # 06/2017].  

All protocols were performed according to the experimental design and 

reproductive management previously described in Costa et al. (2019). Briefly, after 

identification of the fourth estrus, 23 commercial gilts were inseminated 12 and 24 

hours after the beginning of estrus. The first insemination day was considered day 

zero of gestation and the supply of experimental diets occurred 24 hours after the 

second insemination. A total of 11 gilts were fed a control diet (CON) and 12 gilts 

were fed the CON diet supplemented with 1.0% L-arginine (ARG), and two 

gestational ages were considered (25 and 35 days of gestation). Additional details 

regarding reproductive management and nutritional information have been 

described by Costa et al. (2019). 

 From the 23 inseminated gilts, 20 became pregnant. At 25 days of 

gestation, five females of CON and five females of ARG were rendered 

unconscious using head-only electrical stunning (240V, 1.3A) and immediately 

exsanguinated. The same procedure was followed for four CON gilts and six ARG 

gilts at 35 days of gestation.  

Analyses from conceptuses (embryos from gilts slaughtered at 25 days and 

fetuses from gilts slaughtered at 35 days) samples were performed within each 

gestational age, considering a completely randomized design with two diets (CON 

and ARG) and five replicates on average per diet. After slaughter, four 

conceptuses were collected per female at each gestational age, totaling in average 
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20 conceptuses per diet. The conceptuses were quickly washed with PBS 

(Phosphate Buffered Saline) solution, individually identified, stored in liquid 

nitrogen and transported to the Animal Biotechnology Laboratory (LABTEC) at the 

Department of Animal Science, UFV.  

Each conceptus was entirely and separately macerated in liquid nitrogen. 

Three embryos from 3 CON gilts and three embryos from 3 ARG gilts at 25 days of 

gestation and three fetuses from 3 CON gilts and three fetuses from 3 ARG gilts at 

35 days of gestation were randomly chosen for RNA-seq analysis, totaling 36 

samples. Afterwards, these samples were transported in liquid nitrogen to the 

Animal Genetics Laboratory at the Embrapa Swine and Poultry Nacional Research 

Center, Concordia, SC, Brazil, for further RNA extraction and library preparation. 

2.2 RNA extraction and library preparation 

Total RNA extraction of the 25 and 35-days-old conceptuses (100 mg) from 

CON and ARG females was performed with TRIzol® (1 mL) (Invitrogen, San Diego, 

USA), as described in Teixeira et al. (2019). Afterwards, RNA quantification was 

performed in QUBIT fluorimeter (Thermo Scientific, Waltham, USA). RNA integrity 

was determined in 1.0% agarose gel and in Agilent 2100 BioAnalyzer (Agilent 

Technologies, Santa Clara, USA), in which samples with RNA integrity number 

(RIN) score higher than eight were used for library preparation. Due to low RIN 

score (RIN < 8), one fetus sample was excluded from subsequent analysis. The 35 

remaining conceptuses samples (nine CON and nine ARG at 25 days and nine 

CON and eight ARG at 35 days) had their total amount of extracted and purified 

were submitted to RNA-seq library preparation using the TruSeq Stranded mRNA 
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Library Prep Kit (Illumina, Inc., San Diego, USA), followed by purification of the 

poly-A tail using 2 μg of total RNA, according to the manufacturer´s 

recommendations. 

2.3 Sequencing, quality control and assembly  

The libraries were sequenced in Illumina HiSeq2500 (Illumina, Inc., San 

Diego, EUA), with a 2x100bp paired-end protocol, at the Functional Genomics 

Center, ESALQ, Universidade de São Paulo, Piracicaba, SP, Brazil.  The 

sequence data have been submitted to the GenBank databases under accession 

number PRJNA576701 and the BAQCOM pipeline 

(https://github.com/hanielcedraz/BAQCOM) (BAQCOM: Bioinformatics Analysis for 

Quality Control and Mapping) was used to perform quality control (QC), mapping 

and reads counting. BAQCOM uses the softwares Trimmomatic (Bolger, Lohse, & 

Usadel, 2014) version 0.38, HISAT2 (Kim, Langmead, & Salzberg, 2015) version 

0.11.2, and HTseq-count (Anders, Pyl, & Huber, 2015) version 0.11.2 to analyze 

RNA-seq data, as described in Teixeira et al. (2019). In these analyses, only reads 

with Phred quality ≥ 20 and length ≥ 70 pb were mapped against the pig reference 

genome (Sus scrofa, v. 11.1) and the reads counting for each feature was based 

on Ensembl annotation release 95 (https://www.ensembl.org). The identification of 

embryos (nine males and nine females) and fetuses' sex (10 males and seven 

females) in the RNA‐seq analysis was performed according to Teixeira et al. 

(2019). 

2.4 Differential expression analysis 
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The limma package (Ritchie et al., 2015) in R software (R Core Team, 2018) 

was used for data analysis and identification of differentially expressed (DE) genes. 

In these analyses, a mixed model with a random nested effect of diets (CON or 

ARG) within females was used, since conceptuses were considered false 

replicates of the females for each diet. The sex effect was considered as an 

adjustment factor in the statistical model. 

Genes with positive and negative log fold-change (FC) values were 

considered, respectively, down and up-regulated in ARG conceptuses, according 

to the following statistical model:  

Yijk = µ + Si + Dj+ d{D(j)}k + εijk 

wherein: Yijk is the logarithm of the reads counts per million; µ is the trait general 

mean; Si is the sex effect of i-th conceptus; Dj is the effect of the j-th diet (CON or 

ARG); d{D(j)}k is the random effect of j-th diet nested within k-th female and εijk is 

the random error. 

Significance threshold for DE genes was set at adjusted P-value≤0.05 after 

multiple correction tests to reduce type I error, following the Benjamini and 

Hochberg method (Benjamini & Hochberg, 1995). The DE genes with unknown 

names in Ensembl database had their nucleotide sequences aligned against the 

NCBI database using the BLAST tool nucleotide and Blastx programs (Camacho et 

al., 2009).  

2.5 Gene ontology and network analyses 

The DE genes were used as input list and all the identified expressed genes 

were set as background list in DAVID tool 6.8 (Huang et al., 2007) to identify the 



60 

 

 

gene ontology (GO) terms. The significant GO terms (adjusted P-value≤0.05) in 

GOTERM_BP_ALL category were used as input on REVIGO (Reduce and 

Visualize Gene Ontology) web server (Supek, Bošnjak, Škunca, & Šmuc, 2011) to 

summarize and remove redundant GO terms. The output of REVIGO analysis was 

used as input on Cytoscape (Shannon et al., 2003), version 3.7.2, to perform the 

gene network analysis, with each gene associated with the correspondent 

pathway. 

3. RESULTS 

3.1 RNA-seq data 

An average of 15.3 and 14.4 million reads/sample (2x100 bp) were 

sequenced for embryos (n=18) and fetuses (n=17), respectively. After the data QC, 

13.6 and 12.9 million reads were kept for embryos and fetuses, respectively. More 

than 98% reads were mapped against the pig reference genome (Sus scrofa, 

v.11.1), in which 83.8% and 80.3% of the reads were counted within genes for 

embryos and fetuses samples, respectively. 

3.2 Differentially expressed genes 

A total of 14,442 and 14,701 transcripts were obtained in the transcriptome of 

embryos and fetuses, respectively.  

Eight genes were DE between CON and ARG embryos groups: 

Mitochondrially Encoded NADH:Ubiquinone Oxidoreductase Core Subunit 1 (ND1), 

Mitochondrially Encoded NADH:Ubiquinone Oxidoreductase Core Subunit 2 (ND2), 

Mitochondrially Encoded Cytochrome B (CYTB), Mitochondrially Encoded 

Cytochrome C Oxidase II (COX2), Mitochondrially Encoded ATP Synthase 
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Membrane Subunit 8 (ATP8), ENSSSCG00000018063 (rRNA-MT type), 

ENSSSCG00000035520 (novel gene) and Cytochrome P450 Family 1 Subfamily A 

Member 1 (CYP1A1). The transcripts ND1, ND2, CYTB, COX2, ATP8 and rRNA-

MT type were down-regulated in ARG embryos, while ENSSSCG00000035520 

and CYP1A1 were up-regulated in this group compared to CON embryos (Table 

1).   

Table 1: Differentially expressed genes between control and arginine embryos from RNA-
sequencing data. 

Ensembl gene ID Gene symbol Description logFC1 Adj. P-
value2 

ENSSSCG00000018065 ND1 

Mitochondrially 
Encoded 
NADH:Ubiquinone 
Oxidoreductase 
Core Subunit 1 

1.63 3.14E-09 

ENSSSCG00000018069 ND2 

Mitochondrially 
Encoded 
NADH:Ubiquinone 
Oxidoreductase 
Core Subunit 2 

0.70 2.29E-02 

ENSSSCG00000018094 CYTB 
Mitochondrially 
Encoded 
Cytochrome B 

0.51 9.69E-03 

ENSSSCG00000018078 COX2 

Mitochondrially 
Encoded 
Cytochrome C 
Oxidase II 

0.75 1.65E-03 

ENSSSCG00000018080 ATP8 
ATP synthase F0 
subunit 8 5.58 4.49E-10 

ENSSSCG00000018063 rRNA-MT type 
type mitochondrial 
ribosomal RNA 1.49 9.69E-03 

ENSSSCG00000035520 ENSSSCG00000035520 novel gene -8.77 1.04E-19 

ENSSSCG00000001906 CYP1A1 

Cytochrome P450 
Family 1 
Subfamily A 
Member 1 

-1.75 4.95E-02 

1log fold-change; 2Adjusted P-value after multiple correction tests to reduce type I error; 
significance threshold: adjusted P-value≤0.05. 
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The DE rRNA-MT type gene and ENSSSCG00000035520 uncharacterized 

protein had their nucleotide sequences aligned against the NCBI database using 

the BLAST tool nucleotide and BLASTX programs, respectively. The rRNA-MT 

type showed 100% alignment with the mitochondrial 16S rRNA Sus scrofa gene 

(GenBank: AF034253.1), according to Sus scrofa mitochondrial genome (C. S. Lin 

et al., 1998) and the uncharacterized protein had 23.5% alignment with Sus scrofa 

NADH dehydrogenase subunit 1 (protein_ID: AGG55309.1). Due to low coverage 

(23.5%) with NADH dehydrogenase subunit 1 from Ensembl database, the 

ENSSSCG00000035520 gene was not fully explored in the present study.  

Regarding the fetuses, there were no DE genes on global transcriptome 

between CON and ARG diets.  

3.3 Gene ontology and gene network 

Using the DAVID tool, 48 GO terms were identified, of which 35 were 

significant associated with ND1, ND2, CYTB, COX2, ATP8 and CYP1A1 genes 

between CON and ARG embryos (Table 2). The rRNA type, similar to 16S rRNA 

gene, was not associated with GO terms, probably because functional annotation 

data for non-coding RNA are less pronounced than coding RNA (Conesa et al., 

2016). The significant GO terms were grouped into 11 GO terms by the REVIGO 

web server (Table 3). The ND1, ND2, CYTB, COX2, and ATP8 genes shared the 

biological processes (BP) of oxidation reduction, cellular respiration, and 

carbohydrate derivative, organophosphate, purine-containing compound, 

nucleoside triphosphate and glycosyl compound metabolic processes (Figure 1). 
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These genes also shared the BP of metabolism of organonitrogen compounds with 

the CYP1A1 gene (Figure 1).  

Table 2: Gene ontology from differentially expressed genes between control and arginine 
embryos, using DAVID tool 

Term1 Pathways Count2 
Adj. P-
value3 

GO:0009141 nucleoside triphosphate metabolic process 4 1.11E-03 
GO:0009123 nucleoside monophosphate metabolic process 4 1.19E-03 

GO:0009161 
ribonucleoside monophosphate metabolic 
process 4 1.26E-03 

GO:0006091 
generation of precursor metabolites and 
energy 4 1.30E-03 

GO:0009167 
purine ribonucleoside monophosphate 
metabolic process 4 1.35E-03 

GO:0009126 
purine nucleoside monophosphate metabolic 
process 4 1.35E-03 

GO:0009119 ribonucleoside metabolic process 4 1.38E-03 
GO:0042278 purine nucleoside metabolic process 4 1.38E-03 
GO:0046128 purine ribonucleoside metabolic process 4 1.45E-03 
GO:0009116 nucleoside metabolic process 4 1.51E-03 

GO:0009144 
purine nucleoside triphosphate metabolic 
process 4 1.58E-03 

GO:1901657 glycosyl compound metabolic process 4 1.73E-03 
GO:0009259 ribonucleotide metabolic process 4 1.80E-03 
GO:0006163 purine nucleotide metabolic process 4 1.85E-03 
GO:0019693 ribose phosphate metabolic process 4 1.85E-03 
GO:0042773 ATP synthesis coupled electron transport 3 1.91E-03 
GO:0009199 ribonucleoside triphosphate metabolic process 4 1.92E-03 
GO:0009150 purine ribonucleotide metabolic process 4 1.93E-03 
GO:0045333 cellular respiration 4 1.97E-03 
GO:0006119 oxidative phosphorylation 3 2.01E-03 

GO:0072521 
purine-containing compound metabolic 
process 4 2.02E-03 

GO:0022904 respiratory electron transport chain 3 2.31E-03 

GO:0009205 
purine ribonucleoside triphosphate metabolic 
process 4 2.43E-03 

GO:0015980 
energy derivation by oxidation of organic 
compounds 4 2.43E-03 

GO:0022900 electron transport chain 3 2.59E-03 
GO:0046034 ATP metabolic process 4 2.64E-03 
GO:0009117 nucleotide metabolic process 4 2.78E-03 
GO:0044710 single-organism metabolic process 6 2.81E-03 
GO:0006753 nucleoside phosphate metabolic process 4 2.81E-03 
GO:0055114 oxidation-reduction process 4 2.85E-03 
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GO:0055086 
nucleobase-containing small molecule 
metabolic process 4 3.21E-03 

GO:1901564 organonitrogen compound metabolic process 5 5.97E-03 
GO:0019637 organophosphate metabolic process 4 8.90E-03 
GO:1901135 carbohydrate derivative metabolic process 4 1.55E-02 
1Gene Ontology (GO) Term_Biological Processes (BP); 2Number of genes in GO term; 
3Adjusted P-value after multiple correction tests to reduce type I error; significance 
threshold: adjusted P-value≤0.05. 

Table 3:  Gene Ontology terms and pathways associated with differentially expressed 
genes between control and arginine embryos found using REVIGO tool 
Term1 Pathways 
GO:0009141 nucleoside triphosphate metabolic process 
GO:1901135 carbohydrate derivative metabolic process 
GO:0006091 generation of precursor metabolites and energy 
GO:0044710 single-organism metabolic process 
GO:1901564 organonitrogen compound metabolic process 
GO:1901657 glycosyl compound metabolic process 
GO:0045333 cellular respiration 
GO:0072521 purine-containing compound metabolic process 
GO:0055114 oxidation-reduction process 

GO:0055086 
nucleobase-containing small molecule metabolic 
process 

GO:0019637 organophosphate metabolic process 
1GO: Gene Ontology 
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Figure 1: Gene network showing connections between differentially expressed genes 
(circles) and biological processes (squares). The nodes size and gray scale colors indicate 
the number of directed edges and the neighborhood connectivity, respectively (small size 
and light gray represent low values). The edge colors indicate the betweenness of the 
edges (light gray represent low values). ATP8, ATP synthase F0 subunit 8; COX2, 
mitochondrially encoded cytochrome c oxidase II; CYP1A1, cytochrome P450 family 1 
subfamily A member 1; CYTB, mitochondrially encoded cytochrome b; ND1, 
mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1; ND2, 
mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 2. 

4. DISCUSSION 

Arginine is a functional amino acid, serving as a substrate for the syntheses 

of proteins and bioactive molecules, such as NO and polyamines, which play a key 

role in the development of conceptuses and placental membranes (Wu et al., 2009, 

2004). Due to its versatility, arginine endogenous synthesis is insufficient and this 

amino acid must be provided from diets during gestation. However, even knowing 

that maternal nutrition might affect fetal programming, studies adressing the effects 

of dietary L-arginine supplementation on the regulation of gene expression in the 

prenatal growth of conceptuses are still scarce (Wu et al., 2013; Zhang et al., 

2019).  

In the present study, from global RNA-seq of embryos, we have observed 

that 1.0% L-arginine supplementation in early gestation of gilts changed the 

expression of genes related with energy metabolism, especially mitochondrial 

genes involved in the oxidative phosphorylation system (OXPHOS). The biological 

processes highlighted by the gene network, mainly the oxidation reduction and 

cellular respiration, reinforced the association of the mitochondrial genes with 

OXPHOS. This system is the most well-known energy metabolic pathway in the 

mitochondria, which couples nutrient oxidation to ATP (adenosine triphosphate) 

(Dumollard, Carroll, Duchen, Campbell, & Swann, 2009). Upon implantation, the 
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mitochondria mass significantly increases in embryos (Lima, Burstaller, Sanchez-

nieto, & Rodríguez, 2018; H. Lin et al., 2015), considering their role in energy 

generation and production of essential metabolites for cell fate during 

organogenesis (Harvey, 2019; Lima et al., 2018).  

The mitochondria have their own genome and encode 13 essential OXPHOS 

subunits: seven subunits of Complex I (ND1-6 and ND4L), one subunit of Complex 

III (CYTB), three subunits of Complex IV (COX1-3) and two subunits of Complex V 

(ATP6 and 8) (Cruz-Reyes & Gray, 2018). The complexes I, III and IV are 

important to create a proton gradient across the mitochondrial inner membrane, 

which is necessary for ATP synthase catalysis (complex V). The mitochondrial 

genome also encodes two ribosomal RNAs (rRNAs; 12S rRNA and 16S rRNA) and 

22 transfer RNAs (tRNAs) (Cruz-Reyes & Gray, 2018; Yang et al., 2014). The 

1.0% L-arginine supplementation of gilts resulted in down-regulation of messenger 

RNA (mRNA) of subunits involved in the transfer of electrons by complexes I (ND1 

and ND2), III (CYTB), IV (COX2) and V (ATP8) and a mitochondrial rRNA similar to 

16S rRNA in embryos. This joint down-regulation was expected due to the nature 

of the polycistronic transcription in mammalian mitochondria genome (Scheibye-

Alsing, Cirera, Gilchrist, Fredholm, & Gorodkin, 2007).  

Mitochondria are important dynamic organelles for cell survival and their 

function is associated with the control of energetic cell metabolism and signal 

transduction (Guo et al., 2018) in order to promote cell homeostasis (Mark A. 

Johnson et al., 2014). During disturbances in energy metabolism, caused by the 

increase in energy demand and/or decrease in mitochondrial energy supply, 
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mitochondria proliferation occurs to restore the cellular energy status, which leads 

to greater mitochondrial genes transcription (Wiesner et al., 1999). Furthermore, 

disturbances in amino acid homeostasis might up-regulate ND1, ND2, ND3, COX3 

and ATP6/8 mRNA in embryonic kidney cells, suggesting that mitochondrial 

function stimulation may offer a way to inhibit nutrient-demanding anabolism that 

drives cellular proliferation (Mark A. Johnson et al., 2014). On the other hand, the 

greater energy supply by higher glucose levels or reduced insulin levels in diabetic 

individuals have shown down-regulation of OXPHOS genes and proteins 

expression (Hwang et al., 2010; Liang et al., 2018). Similarly, in the present study, 

embryos from L-arginine supplemented gilts presented down-regulation of ND1, 

ND2, CYTB, COX2 and ATP8 OXPHOS genes.  

During intra-uterine development, impairment of placental blood flow results 

in fetal under nutrition (Godfrey & Barker, 2001). Consequently, fetuses may 

reduce their metabolic dependence on glucose, increase oxidation of other 

energetic substrates, including amino acids, and reduce the concentration of 

anabolic hormones as insulin-like growth factor I (IGF-1) (Godfrey & Barker, 2001). 

In this context, our research group has observed increase of IGF-1 mRNA 

expression in embryos from dietary L-arginine supplemented gilts (Costa et al., 

2019). Arginine is a substrate for NO synthesis, the main endothelium-derived 

relaxing factor involved in the supply of respiratory substrates to mitochondria 

(Nisoli, Cozzi, & Carruba, 2008). In this way, Costa et al. (2019) also observed a 

trend toward a greater concentration of arginine in the blood plasma of ARG gilts at 

25 days of gestation, which could result in greater NO production (Bird et al., 
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2003). Considering that NO is involved in increasing the availability of nutrients and 

oxygen to conceptuses through control of blood flow (Bird et al., 2003; Wu et al., 

2008), the down-regulation of OXPHOS genes in embryos from ARG gilts may 

suggest that these embryos have received greater supply of nutrients and energy 

than embryos from CON gilts, consequently reducing ATP production by OXPHOS. 

In addition, since alterations in nutrition may impact progeny metabolism (Wu et al., 

2004) and considering that embryonic transcriptional program is strictly regulated 

(Campbell et al., 2005), the lower OXPHOS genes expression in embryos from 

ARG gilts may represent an adaptive metabolic response mediated by NO effects. 

Throughout embryonic development, the ATP cellular requirement increases, 

resulting in greater mitochondrial activity (Balaban, 1990). Insufficient ATP 

production may lead to cell apoptosis, indicating reduction of cell viability (Brown, 

2001; Dai et al., 2013). Although the lower expression of OXPHOS genes, 

especially the ATP8, may result in lower ATP synthesis, we did not identify 

changes in expression of apoptosis genes between CON and ARG embryos. 

Additionally, a previous study from our research group did not report differences 

between CON and ARG embryos for BAX, BCL2 and CASP3 apoptosis genes 

(Costa et al., 2019). Therefore, the reduction in mitochondria activity did not seem 

harmful for pig embryos development in the current condition. 

Besides increasing ATP synthesis, greater mitochondrial activity may result in 

increased ROS (reactive oxygen species) production, enhancing lipid peroxidation, 

protein oxidation, nuclear DNA strand breaks and mitochondrial alteration (Guérin, 

El Mouatassim, & Ménézo, 2001; Ufer, Wang, Borchert, Heydeck, & Kuhn, 2010). 
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After yolk-sac regression, utero-placental and embryonic circulation systems 

develop, exposing embryos to greater oxygen concentrations, which makes the 

ROS production a more disturbing process (Ufer et al., 2010). In this way, 

according to Guérin et al. (2001), early embryos can change their own metabolism 

from more “oxidative” to more “anaerobic” and this may reduce mitochondria ROS 

production (De Boo et al., 2005; Dumollard et al., 2009; Houghton, 2003). Manser 

et al. (2004) showed that lower oxygen consumption is associated with greater 

developmental competence of blastocyst and it might be advantageous for porcine 

embryonic development in vitro (Macháty, Thompson, Abeydeera, Day, & Prather, 

2001). Among OXPHOS complexes, complexes I and III are the most implicated in 

ROS generation (Hea et al., 2017). Then, since OXPHOS activity is closely related 

to the levels of gene expression encoding subunits of these respiratory complexes 

(Weller et al., 2013), a consequence of lower mRNA expression of complexes 

subunits I (ND1 and ND2) and III (CYTB) in ARG embryos may be to avoid 

increased ROS production, which may ensure a satisfactory competence of 

embryos development rather than impairment on energy production.  

Two rRNA are characterized and encoded by the mammalian mitochondrial 

genome: 12S rRNA and 16S rRNA (Yang et al., 2014). In the current study, we 

found a sequence similar to Sus scrofa mitochondrial rRNA 16 subunit (mt-rRNA 

type). The 16S rRNA gene is a member of the 23S-like family of large subunit 

ribosomal RNAs (Burk, Douzery, & Springer, 2002) and is necessary for translation 

of mRNAs into mitochondrial proteins (Yang et al., 2014). Therefore, since 

mammalian mitochondria genome presents polycistronic nature and mitochondrial 
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ribosome mediates protein synthesis in the mitochondria, the down-regulation of 

mt-rRNA type is in agreement with the reduced mRNA levels of ND1, ND2, CYTB, 

COX2 and ATP8 OXPHOS genes in ARG embryos. 

The placenta is an important organ during pregnancy, required for the 

transport of nutrients, oxygen and hormones from the mother to the fetuses and for 

the removal of waste products from the embryonic side (Hafez & E.S.E, 2000). 

Other components, such as xenobiotics, are also transferred across the placenta 

according to their physicochemical properties (Pacifici & Nottoli, 1995) and may act 

as chemical teratogens (Tayeboon et al., 2015). In this context, CYP1A1, encoded 

by CYP1A1 gene, is known as a molecular marker that mediates the response of 

an organism to environmental challenges (Choudhary, Jansson, Schenkman, 

Sarfarazi, & Stoilov, 2003), since it is involved in detoxification of potentially toxic 

substances that might pass from maternal blood to the developing embryo and 

fetus (Campbell et al., 2005; Choudhary et al., 2003). In the present study, 

CYP1A1 mRNA expression was greater in ARG embryos and this gene was 

associated with the biological process of nitrogenous compounds metabolism in 

the gene network. This result can be explained by increased supply of nitrogenous 

compounds or other organic metabolites from ARG mother to embryos mediated 

by arginine metabolites that increase blood flow, which may have led to the greater 

production of toxic or teratogen substances that might impair embryonic 

development (Choudhary et al., 2003).  Consequently, embryos may activate 

mechanisms, such as increased production of CYP1A1 protein, to metabolize 
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those foreign compounds that can act as chemical teratogens (Tayeboon et al., 

2015). 

Although the results obtained in the present study suggest that the 

modulation of embryonic metabolism occurs in response to increased placental 

energetic supply and, consequently, increased availability of metabolites from 

mother to embryos, future studies should be performed to help clarifying the 

relationship between nutrient flow and metabolic activity in embryos, since several 

studies address the metabolism in the pre-implantation stage (Dumollard et al., 

2009; Guérin et al., 2001; Leese, 2002; Liang et al., 2018; Macháty, Day, & 

Prather, 2005; Macháty et al., 2001; Manser et al., 2004).  

Regarding the pig fetuses’ development, the amino acid accretion, which 

represents minimal requirements of amino acids by the fetus, quickly increases 

with gestation and following fetal growth (Wu et al., 1998). It is mainly related to the 

quick skeletal muscle development, since the primary myogenic wave begins 

between 25-50 days of gestation and the secondary myogenic wave occurs 

between 50 and 90 days of gestation (Ji et al., 2017). In this context, Bérard & Bee 

(2010) reported that L-arginine supplementation of gilts between 14 and 28 days of 

gestation positively affected the primary phase of myofiber formation, possibly due 

to the improvement of the uterine environment, such as increased placental 

angiogenesis, resulting in enhanced supply of nutrients to developing fetuses.  

Therefore, a greater nutrient supply to fetuses around 30 days-old mediated by the 

effects of gilts L-arginine supplementation would be important to program the fetal 
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development, since the requirements for muscle development increase in this 

period.  

Nevertheless, L-arginine supplementation of pregnant gilts during 33 days of 

gestation did not affect the global fetuses’ transcriptome at 35 days-old in the 

current study. The lack of differences between global transcriptome of CON and 

ARG fetuses may be due to some main factors. Firstly, L-arginine supplementation 

during 33 days may have led to its greater metabolization by arginase activity, 

reducing its availability for NO production by endothelial NO synthases (Dioguardi, 

2011). In this context, data from a previous study of our research group showed 

that at 35 days of gestation, the arginine concentration in the blood plasma of L-

arginine supplemented gilts tended to be reduced compared with non-

supplemented females (Costa, et al., 2019). Therefore, although arginine 

supplementation in early gestation may be beneficial (Bérard & Bee, 2010; Bass, 

Bradley, Johnson, Boyd, et al., 2017; Palencia et al., 2017), the optimum period 

and duration of supplementation still need to be established (Costa et al., 2019; 

Palencia et al., 2017; Zhang et al., 2019), which justifies different research paths to 

determine L-arginine effects on pigs prenatal development.  

Secondly, L-arginine metabolites can also be recruited by other metabolic 

pathways rather than developing fetuses, since there are several other metabolic 

pathways in which this amino acid is involved, e.g. mammary gland growth. In this 

context, Pau & Milner, (1982) reported that deficiencies in dietary arginine during 

gestation in rats reduced the number of mammary cells and the gland functional 
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activity, suggesting that arginine is an essential amino acid for optimal mammary 

growth during pregnancy. 

5. CONCLUSION 

1.0% L-arginine supplementation of gilts until 25 days of gestation changed 

global embryos’ transcriptome through down-regulation of OXPHOS and 

detoxification genes, suggesting a regulation of energy metabolism in response to 

greater supply of nutrients in embryos and reinforcing an adjustment of metabolism 

in order to ensure homeostasis during embryos’ development. On the other hand, 

the 35 days old fetuses’ transcriptome was not affected by L-arginine, providing 

support for further discussions regarding the optimal period of supplementation in 

order to understand its impacts on swine prenatal development. 
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CHAPTER 4 

Transcription landscape of the developmental biology in pigs 

ABSTRACT: During organogenesis, a tight transcriptional program is associated 

with the normal development of organs, tissues, and body structures. Since the 

trajectory of prenatal and postnatal developmental is usually programmed during 

prenatal life, studies that address the complete transcriptional landscape related to 

organogenesis are needed. Therefore, we aimed to evaluate the differentially 

expressed (DE) genes between embryos and fetuses from RNA-seq analysis using 

pig as a model organism. A total of 1,705 genes were DE between embryos at 25 

days-old and fetuses at 35 days-old. Several of these genes enriched crucial GO 

terms related to developmental biology, including anatomical structure 

development, regulation of cell growth, negative regulation of development process 

and regulation of biologic quality. Among the top DE genes are IBSP, COL6A6, 

HBE, HBZ, HBB, NEUROD6 genes, which were associated to events related to the 

physiology of embryonic to fetal developmental transition, such as ossification, 

cardiovascular system, skeletal muscle development, extracellular matrix 

organization, erythrocyte differentiation, and neuronal system. In addition, 

pathways related to myogenesis, neuronal development, cardiac and striated 

muscle contraction, were enriched for fetal development, reflecting the greater 

complexity of organs and body structures in this stage of development. On the 

other hand, the embryonic development was enriched by pathways mainly related 

to morphogenic signaling and cell interactions, which are crucial to the 
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transcriptional control at early prenatal development. Therefore, these findings 

unraveled several transcriptional changes associated with pig developmental 

biology, which can contribute to further prenatal issues, including the fetal program 

development as well as developmental anomalies.  
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1. Introduction 

The prenatal development in mammals is characterized by three main 

stages: the pre-implantation period, which comprise the fertilization to attachment 

of embryo into the uterine wall; the organogenesis, in which the main organs, body 

structures and tissues are formed; followed by its refinement and growth, 

characterizing the fetal period [1–3]. During embryogenesis, the development of 

complex and multicellular tissues and organs requires a well-orchestrated set of 

cellular events, involving cell-cell signaling and an intrinsic transcriptional program 

[4]. For this reason, the early prenatal development is highly susceptibility to 

developmental abnormalities, which can lead to impaired survival of conceptuses 

[3].  

In pigs, a substantial increase of prenatal losses has been reported as a 

consequence of the uterine crowding, mainly in high prolific breeds [5,6]. On the 

other hand, the surviving conceptuses under uterine crowding conditions may 

present the intrauterine growth restriction (IUGR) [6], resulting in developmental 

biology impairments, such as reduced number of pancreatic islets, kidney glomeruli 

and muscle fibers, and ultimately, compromising the productivity and functionality 

of the affected progeny in postnatal life [7]. As many of these adverse effects on 

postnatal life are usually programmed in the prenatal development [6], the 

knowledge of the key genes that regulate biological events during prenatal 

development can provide a valuable support for studies addressing the causes and 

consequences of the developmental abnormalities, from use of marker genes and 
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their signaling pathways to investigate prenatal programming in the molecular 

context. 

Several studies have reported the transcriptional changes during prenatal 

development using pig as model; however, most of them has been conducted in 

embryos or endometrium in the pre-implantation period [8–10], whereas others 

address the prenatal events mainly related to myogenesis from a limited set of 

genes obtained from microarray experiments [11,12]. Therefore, the complete 

background regarding the many events related to transcriptional program during 

the organogenesis of pig conceptuses remains poorly understood. 

Based on this, in the present study, a high-throughput transcriptome 

analysis was used to identify the differentially expressed genes between embryos 

(at 25 days-old) and early fetuses (at 35 days-old) from which the main 

transcriptional changes were revealed, as well as the biological processes and 

pathways associated with developmental biology. The biological events described 

in this study provide valuable information to improve swine production and support 

studies on human prenatal development, since pig is an useful animal model for 

various studies addressing human genetic diseases and developmental biology, 

given the genetic and physiological similarity among them [13]. 

Material and Methods  

Animal experiment 

The experimental protocol has followed ethical principles in animal research 

(CONCEA, 2016) and was approved by the Ethical Committee on Animal Use of 
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Universidade Federal de Viçosa (UFV), Minas Gerais, Brazil [protocol no. 

06/2017].  

The present study is part of a whole experiment that was initially designed to 

understand the effects of maternal dietary L-arginine supplementation at 25 and 35 

days of gestation in conceptuses development from transcriptome analyses 

[14,15]. Since the current study aimed to investigate the effects of development 

stages, instead of the effects of L-arginine supplementation, only data from 

embryos and fetuses from non-supplemented gilts (n=3 embryos from each three 

non-supplemented gilts at 25 days of gestation and n=3 fetuses from each three 

non-supplemented gilts at 35 days of gestation) were analyzed. Therefore, the 

experimental design is only briefly commented and additional details are available 

in Costa et al., [15].  

Briefly, 23 commercial gilts were inseminated 12 and 24 hours after the 

beginning of fourth estrus and the first insemination day was considered day zero 

of gestation. A total of 11 gilts were fed a control diet (CON) and 12 gilts were fed 

the CON diet supplemented with 1.0% L-arginine (ARG), using completely 

randomized experimental design with two diets (CON and ARG), and two 

gestational ages were considered (25 and 35 days of gestation). From 23 

inseminated gilts, 20 became pregnant. A total of five females of CON and five 

females of ARG (at 25 days of gestation) and four CON gilts and six ARG gilts (at 

35 days of gestation) were rendered unconscious using head-only electrical 

stunning (240V, 1.3A) and immediately exsanguinated. After slaughter, four 

conceptuses were collected per female at each gestational age. The conceptuses 
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were quickly washed with PBS (Phosphate Buffered Saline) solution, individually 

identified, stored in liquid nitrogen, and transported to the Animal Biotechnology 

Laboratory (LABTEC) at the Department of Animal Science, UFV. At the LABTEC, 

each conceptus was entirely and separately macerated in liquid nitrogen. 

From these, three embryos from 3 CON gilts and three embryos from 3 ARG 

gilts at 25 days of gestation and three fetuses from 3 CON gilts and three fetuses 

from 3 ARG gilts at 35 days of gestation were randomly chosen for RNA-seq 

analysis, totalizing 36 samples, and transported in liquid nitrogen to the Animal 

Genetics Laboratory at the Embrapa Swine and Poultry Nacional Research Center, 

Concordia, SC, Brazil, for further RNA extraction and library preparation.  

RNA extraction, library preparation and sequencing 

These analyses were performed as previously described in Teixeira et 

al.,[16]. Briefly, 100 mg of whole macerated conceptuses were mixed to 1 mL 

Trizol® reagent (Invitrogen, San Diego, CA, USA) and the Qiagen RNeasy® Mini kit 

(Qiagen, Hilden, Germany) was used to total RNA isolation, following the 

manufacturer’s instructions. After, the QUBIT fluorimeter (Thermo 

Scientific,Waltham, MA, USA) was used to quantify the extracted RNA and its 

integrity was determined in 1.0% agarose gel. In addition, the RNA integrity 

number (RIN) > 8 was evaluated using an Agilent 2100 BioAnalyzer (Agilent 

Technologies, Santa Clara, CA, USA). A total of 35 conceptuses samples were 

submitted to truSeq Stranded mRNA Library Prep Kit (Illumina, Inc., San Diego, 

CA, USA), followed by purification of the poly-A tail using 2 µg of total RNA starting 

material, according to the manufacturer´s recommendations. Sequencing was 
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performed in Illumina HiSeq2500 (Illumina, Inc.; San Diego CA, EUA), following the 

2x100bp paired-end protocol, at the Functional Genomics Center, ESALQ, 

University of São Paulo, Piracicaba, SP, Brazil.  

From the 35 sequenced samples, 18 conceptuses samples from the CON 

gilts (n=9 embryos at 25 days-old and n=9 fetuses at 35 days-old from CON gilts) 

were used in the present study to obtain an overview of transcriptional changes 

between the development of pig embryos and fetuses.  

RNA-Sequencing data analysis 

The sequence data were deposited in the Sequence Read Archive of the 

NCBI databases under Bioproject number PRJNA576701 and the 18 conceptuses 

samples used in the present study are under Biosample numbers SAMN13003040, 

SAMN13003041, SAMN13003042, SAMN13003043, SAMN13003044, 

SAMN13003045, SAMN13003046, SAMN13003047, SAMN13003048, 

SAMN13003049, SAMN13003050, SAMN13003051, SAMN13003052, 

SAMN13003053, SAMN13003054, SAMN13003055, SAMN13003056 and 

SAMN13003057. 

Raw reads were quality trimmed with Trimmomatic tool [17], version 0.38, 

using the Phred quality ≥ 20 and length ≥ 70 pb as parameters. Then, the 

remaining sequence reads were aligned against the pig reference genome (Sus 

scrofa, v. 11.1) using Hisat software [18], version 0.11.2, and the read counting 

was performed with Htseq count software [19], version 0.11.2, using Ensembl 

annotation (release 95). All these analyses were performed following the BAQCOM 
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pipeline [20]. The conceptuses’ sex was determined according to Teixeira et 

al.,[16].  

The differentially expressed (DE) genes between fetuses and embryos were 

accessed using limma [21] package in R environment [R Core Team] and the sex 

effect was used as an adjustment factor in this analysis. Positive and negative log2 

fold change (logFC) indicates genes up-regulated in fetuses and embryos, 

respectively. Genes were considered DE using a set of significance threshold at 

adjusted p-value for the false discovery rate (FDR) < 0.05, according to Benjamini-

Hochberg method [23] and |log2 fold change (logFC)| > 0.5.  

Functional Analyses 

The functional annotation of DE genes was performed in the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID) tool 6.8 

(https://david.ncifcrf.gov/tools.jsp) [24], using all DE genes as input list and the Sus 

scrofa genome as the background list. The biological process (BP) category was 

considered as functionally enriched at FDR < 0.05 after Benjamini-Hochberg 

procedure [23] and submitted to ReviGO [25] to summarize and visualize the gene 

ontology (GO) terms. The Toppcluster [26] online tool 

(http://toppcluster.cchmc.org) was used to visualize enriched pathways (FDR < 

0.05) among up-regulated genes in embryos (cluster 1) and up-regulated genes in 

fetuses (cluster 2). Finally, the visualization of functional enrichment from GO 

terms and network pathways were improved using Cytoscape [27], version 3.8.0. 

Results 
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RNA-Seq data 

From the whole transcriptome of conceptuses samples (n=9 embryos and 

n=9 fetuses), an average of 29.4 million reads/samples was generated. After the 

data quality control, an average of 26.1 million reads/samples was kept. Moreover, 

an average of 98.7% of the reads was mapped against the pig reference genome 

(Sus scrofa, v.11.1, Ensembl 95).  

Differentially expressed genes and functional analyses  

A total of 14,587 genes were expressed in conceptuses samples. A multiple 

dimensional scaling (MDS) analysis was performed from all these detected genes 

to evaluate the global transcriptome of the samples, which revealed an evident 

separation of the embryos and fetuses samples (Figure 1).  
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Figure 1: Multiple Dimensional Scale (MDS) plot of embryos samples at 25 days-old in red 
and fetuses samples at 35 days-old in black, based on all genes detected in pig prenatal 
transcriptome. 

In DE analyses, a total of 1,705 genes were differentially regulated (adjust 

p-value < 0.05 and |log2 fold change > 0.5|) between pig embryos and fetuses, 

where 447 genes were up-regulated in pig embryos and 1,258 genes were 

upregulated in pig fetuses (Figure 2).  
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Figure 2: Mean-difference (MD) plot showing the log-fold change and average abundance 
of each differentially expressed genes between pig fetuses and embryos. Significantly 
upregulated genes in fetuses are highlighted in red (1) and upregulated genes in embryos 
are blue (-1), respectively, and non-differentially expressed genes in black (0). 

The top 10 genes up-regulated in pig embryos and top 10 genes 

upregulated in pig fetuses according to the logFC (Table 1), were related to 

erythrocyte differentiation, heart development, ions transport, skeletal muscle 

system, neuronal development, ossification and renal function. The complete list 

containing all upregulated genes in pig embryos and upregulated in pig fetuses is 

available in Supplementary file 1 

(https://drive.google.com/file/d/1zIILTT23duA1W85jE_N5l_GtbnEwlbZS/view?usp=

sharing).     
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Table 1. Top 10 up-regulated genes in pig embryos and top 10 upregulated genes in pig fetuses  

Upregulated genes in pig embryos 
Ensembl ID logFC1 Gene Name Gene Description adj.P.Val2 
ENSSSCG00000014726 -6.764396328 HBE1 Hemoglobin subunit epsilon 1  1.38E-08 
ENSSSCG00000007975 -6.379504386 HBZ Hemoglobin subunit zeta 8.50E-10 
ENSSSCG00000031865 -5.217417343 AQP8 Aquaporin 8 8.04E-06 

ENSSSCG00000021902 -4.96041836 GABRP Gamma-aminobutyric acid type A 
receptor subunit pi 3.70E-12 

ENSSSCG00000040513 -4.537759202 AQP3 Aquaporin 3 1.18E-09 

ENSSSCG00000006731 -4.451641793 VTCN1 V-set domain containing T cell 
activation inhibitor 1  7.08E-10 

ENSSSCG00000031080 -3.795925653 HAND1 Heart and neural crest derivatives 
expressed 1 6.49E-07 

ENSSSCG00000000418 -3.699759861 TAC3 Tachykinin precursor 3  1.53E-11 
ENSSSCG00000030461 -3.607432588 HEPHL1 Hephaestin like 1 2.04E-09 

ENSSSCG00000002432 -3.418006247 KCNK13 Potassium two pore domain channel 
subfamily K member 13 1.87E-08 

Upregulated genes in pig fetuses 
Ensembl ID logFC1 Gene Name Gene Description adj.P.Val2 
ENSSSCG00000009219 7.553512845 IBSP Integrin binding sialoprotein 3.58E-12 
ENSSSCG00000014725 7.383041924 HBB Hemoglobin, beta 1.01E-10 
ENSSSCG00000040098 6.688192867  Uncharacterized 1.21E-11 
ENSSSCG00000037430 6.022006128 COL6A6 Collagen type VI alpha 6 chain 3.09E-10 
ENSSSCG00000039501 6.020672325 NEUROD6 Neuronal differentiation 6 4.32E-08 
ENSSSCG00000008072 5.978854537 ASPN Asporin 1.58E-14 
ENSSSCG00000009955 5.824620103 CRYBB2 Crystallin beta A2 9.52E-08 
ENSSSCG00000035520 5.774356588  Uncharacterized 0.01103 
ENSSSCG00000040641 5.70621141 CRYBA1 Crystallin beta A1 9.23E-05 
ENSSSCG00000031903 5.684525698 TNNT3 Troponin T3, fast skeletal type 2.33E-12 

1Log foldchange; 2Adjusted p-value after multiple correction tests to reduce type I error; significance threshold: adjusted p-value ≤ 0.05 
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In functional analyses, a total of 203 GO terms associated with BP 

categories were enriched (FDR < 0.05) on David tool and submitted to Revigo tool, 

resulting in 71 BP (Figure 3). The enriched GO terms highlighted several BP 

crucial for developmental biology, such as anatomical structure development, 

regulation of cell growth, negative regulation of development process and 

regulation of biologic quality. Additionally, other BP related to the physiology of 

embryonic to fetal transition, including ossification, extracellular matrix 

organization, skeletal muscle development, erythrocyte differentiation, neuronal 

system and cardiovascular system, were enriched by many of the top DE genes 

between pig embryos and fetuses. More detailed information about GO terms are 

available in Supplementary file 2 

(https://drive.google.com/file/d/1zIILTT23duA1W85jE_N5l_GtbnEwlbZS/view?usp=

sharing). 



93 

 

 

 

Figure 3: Biological processes (BP) (bubbles) network enriched for all differentially 
expressed (DE) genes between pig fetuses and embryos. Bubbles color indicates the 
adjust p-value of the gene ontology (GO) terms and the line width indicates the degree of 
similarity among GO terms. The design of this network was modified in Cytoscape version 
3.8.0. 

From the 173 pathways obtained in Toppcluster tool, 44 specific pathways 

were enriched by upregulated genes in pig embryos, among them are Hippo and 

TGF beta signaling pathways, pluripotency and proliferation pathways and cell-cell 

interaction. Even more pathways including myogenesis, collagen synthesis, and 

neuronal systems pathways (Figure 4) were enriched by upregulated genes in pig 

fetuses, which is line with the more differentiated tissues established at fetal 

development compared to embryonic stage. In addition, it was identified three 

pathways shared between upregulated genes in embryos and fetuses, related to 

transport of small molecules, transport of anions/cations and protein digestion and 
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absorption. Particularly, these pathways were enriched by genes that encoding 

different members of solute carrier (SLC) families, including the most upregulated 

gene in pig fetuses, the COL6A6. Additional details about the pathways enriched 

for embryos and fetuses’ development and those that were shared between them 

are available in Supplementary file 3 

(https://drive.google.com/file/d/1zIILTT23duA1W85jE_N5l_GtbnEwlbZS/view?usp=

sharing).  
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Figure 4: Pathway network for up-regulated genes in pig embryos and fetuses. All significant differential genes (HGNC Gene 
IDs) were classified as upregulated in embryos (cluster 1 in red) or in fetuses (cluster 2 in blue) and submitted to the 
ToppCluster online tool. Pathway category was used in functional enrichment and Cytoscape version 3.8.0 was used to modify 
the network design. Nodes for specific pathways are green and for shared pathways between embryos and fetuses are yellow. 
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Discussion 

Organogenesis is a crucial period of the prenatal development, in which 

organs, tissues and system are established [1,28]. During this period and after, 

tight transcriptional control of genes involved in cell-cell interaction, cell 

proliferation and cell differentiation is required to ensure the normal development 

and functionality of the organs [29]. By using RNA-seq, it was possible to identify 

several differentially regulated genes during pig prenatal development, which were 

associated with BP and pathways, such as “biological regulation of proliferation 

and differentiation”, “cell morphogenesis”, “growth” and “cell-cell signaling”. These 

events are determinants for success on establishment of organ, tissues and 

structures in pig and other related species, such as in humans.    

General signaling pathways during prenatal development 

The Hippo pathway, which was initially discovered during organs growing in 

Drosophila, is highly conserved in mammalian, and its core is composed by an 

integrated cascade of kinase proteins that cooperatively regulate the transcriptional 

program of proliferation, differentiation and apoptosis [29,30]. In the present study, 

the Hippo signaling pathway was enriched by upregulated genes in pig embryos, 

including FERMD1, CRB2, LLGL2, PARD6B, MPP5, PATJ, RASSF6 and AJUBA 

genes. These genes encode upstream modulatory components of the Hippo core, 

including FERM domain (FERMD1 and FERMD6), crumbs (CRB1, CRB2 and 

CRB3), LGL/LLGL Scribble Cell Polarity Complex (LGL1 and LGL2), PAR family 

(PAR3-6), Membrane Palmitoylated Protein 5 (PALS1/MPP5), PALS1-Associated 
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Tight Junction Protein (PATJ), RASSF family components (RASSF1-6) and AJUBA 

LIM Protein (AJUBA) [29,31]. Although the mechanism and critical physiologic 

functions of these upstream proteins in mammalian Hippo signaling are not 

completely clear, some of them are also components of cell-cell junctions (CRB1-3, 

PAR6, PALS1 and AJUBA) and cytoskeleton interaction (AJUBA and RASSF1-6), 

suggesting that the Hippo signaling cascade is modulated during the development 

by multiple inputs from cell density and extracellular environment interaction [29]. 

In line with this, in the present study, the Hippo related genes, namely CRB2, 

MMP5, PARD6B and PATJ, also shared the pathways tight junction and cell 

junction enriched for embryos development in the present study. Since events 

related to cell morphogenesis and cell differentiation are mediated from cell-cell 

contact mainly at embryonic development [3], the upregulation of genes related to 

Hippo pathway in pig embryos reinforce the transcriptional regulation from cell-cell 

interaction during embryonic stage.   

The extracellular inputs are important to modulate the phosphorylation 

status of the kinases in the core of Hippo pathway and, thus controlling the activity 

of the downstream effectors, such as YAP (Yes1 Associated Transcriptional 

Regulator) [29], which was also upregulated in pig embryos and associated with 

Hippo pathway. The Hippo downstream effectors bind to transcription factors in the 

nucleus and promote the expression of genes related to cell proliferation and 

differentiation [29]. During the development, the YAP that can also act 

independently of the Hippo core cascade, has been associated with organogenesis 
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of heart, liver, kidney and brain (for review, see [32]), and cell fate determination in 

preimplantation embryos [33,34].  

Therefore, the upregulation of Hippo related genes in pig embryos highlights 

the involvement of this pathway in biological events related to organ development, 

since multiple inputs related to cell interaction are crucial for organ and tissue 

morphogenesis, differentiation and apoptosis during embryogenesis [3]. Moreover, 

considering some divergences regarding the mammalian Hippo signaling 

involvement in the control of organ size or cell cycle exit (for review, see [30]), and 

that many authors suggest the deletion of Hippo components in multiple organ and 

at different times during development [29,30], our findings related to Hippo 

signaling enrichment in pig embryos may open possibilities for studies that address 

the main role of this signaling during organs development, using pig as an 

accessible model.  

Despite the key role that Hippo signaling plays in transcriptional control, a 

possible crosstalk among Hippo and other signaling pathways, such as the BMP 

(Bone Morphogenic Protein)/ TGFβ (Transforming Growth Factor beta) pathway, 

can be required to enhance the transcriptional responses during critical stages of 

developmental biology [30,31]. The TGFβ and BMP proteins belong to TGFβ 

signaling superfamily, which are involved in cell patterning, organogenesis, and 

tissue homeostasis [35–37]. Based on this and in line with a possible crosstalk 

between signaling pathways, the TGFβ signaling pathway was enriched by 

upregulated genes in pig embryos, where TGFBR1 (Transforming Growth Factor 
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Beta Receptor type 1) and BMP4 (Bone Morphogenetic Protein 4) genes were also 

associated with Hippo signaling pathway. 

The BMP4 gene is expressed in several organs during mouse development, 

including heart, brain, muscle, and limb buds development [4], and during 

craniofacial development in avian embryos [38]. In these stages of development, 

the BMP4 gene has been reported to be co-expressed with BMP and activin 

membrane-bound inhibition (BAMBI) gene in several embryonic organisms models 

[36,38–40]. The BAMBI gene encodes a transmembrane protein (BAMBI) 

structurally similar to receptors type I of TGFβ family, except by the kinase activity 

required for signaling [35]. This decoy receptor dimerizes with I and II receptors of 

TGFβ family, inhibiting the transcriptional response mediated by TGFβs and BMPs, 

which may be important for developmental homeostasis [38,41]. Hence, the BAMBI 

was also associated with TGFβ signaling pathway together with TGFβR1 and 

BMP4 genes. These upregulated genes in pig embryos also shared several BP, 

including development processes, cell surface receptor signaling, cellular response 

to stimulus, cell morphogenesis involved in differentiation, biological regulation, 

positive regulation of biological processes and anatomical structure. Taken 

together, our findings highlight important mediators of the TGFβ superfamily 

signaling, which are relevant for developmental homeostasis during organogenesis 

mainly from the control of cell proliferation, growth, and differentiation. 

As long as the prenatal development advances, the maintenance of 

appropriated cell and tissue functions require greater degree of cell specialization, 

which depends on strict control of cellular fate, including proliferation and 
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differentiation [42,43]. The E2F family of transcription factors and its regulators are 

well-known in this context (for review, see [43]). During mouse organogenesis, 

E2F2 and E2F4 cooperatively act to maintain the proliferative stages of epithelial 

cells in tissues, such as skin and intestine [42]. The proliferative activity control of 

E2F2 is mediated exclusively by the RB (Retinoblastoma) phosphorylation [43]. 

The RB phosphorylation status during the cell cycle progression depends on the 

CDK/cyclins complex activity (cyclins-kinases dependents; CDK/ cyclins; CCN 

gene) (for review, see [43–45]), which is regulated by two families of Cdk inhibitors: 

the INK4 and Cip/Kip [46]. In line with this, the E2F transcription factor network was 

enriched by upregulated genes in pig fetuses, including E2F2, RB1, CCND3 (D3-

type cyclin), CCNE2 (E2- type cyclin) and cyclin regulators, namely CDKN1A 

(Cyclin Dependent Kinase Inhibitor 1A, encoding a component of Cip/Kip inhibitor 

family) and CDKN2C (Cyclin Dependent Kinase Inhibitor 2C, encoding a 

component of INK4 inhibitor family) genes. Furthermore, BP such as biological 

regulation, negative regulation of cell proliferation, striated muscle cell 

differentiation and erythrocyte differentiation were enriched by RB1, CDKN2C and 

CCNE2 genes. Taken together, these findings support that there is a tight 

transcriptional regulation to ensure the correct decision on cell fate during fetal 

stage, since specialized organs and tissues are formed and this control is crucial to 

maintain the adequate tissue function. 

Another level of transcriptional control during development may involve 

histone modifying enzymes, such as the histone acetyltransferases (HATs), which 

potentializes the accessibility of transcriptional machinery in the promotor region of 
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the target gene [47–49]. However, some HAT, such as the p300/CBP-associated 

factor that contain a HAT domain, encoded by the PCAF/KAT2B gene, have been 

associated with acetylation of non-histone proteins [49], such as E2F members, 

particularly the E2F1, increasing its ability of DNA binding, stabilization and 

activation potential [50]. Hence, the KAT2B gene that was upregulated in pig 

fetuses is also associated with E2F transcription factor network, and shares with 

other E2F related genes (RB1 and CDKN2C) the biological regulation and negative 

regulation of cell proliferation BPs. Moreover, recently KAT2B gene has been 

related to cell growth and differentiation during craniofacial and cartilage 

development in zebrafish and mouse embryos, which appears to be mediated by 

acetylation activity of the encoded protein [51]. These findings can reinforce 

important levels of gene transcription control related to proliferation and 

differentiation mediated by E2F transcription factors, as well as its patterns, which 

is in line with the development and maintaining of specialized organs and systems 

in fetal rather than embryonic stage, as highlighted in further sections of this article. 

Cardiovascular system 

As long as the development advances, the conceptuses nutritional 

requirements are not met by placental diffusion, demanding the establishment of 

the circulatory system [3,52]. In this context, the heart morphogenesis from a 

primitive tube to four-chambers based-system is required to allow the pumping of 

blood based on routes instead of unidirectional flow [52,53]. Among the marks of 

the cardiac chambers is the HAND1 (Heart And Neural Crest Derivatives 

Expressed 1) gene, which is exclusively expressed in left ventricle during heart 
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development and induces the expression of cardiac genes [3,54]. The chamber 

septation is visible at similar ages in mammalian embryogenesis, such as in equine 

embryos at 25 days-old [55], dog and cat embryos around 23-25 days-old [2]. In 

pig prenatal development, the HAND1 gene was one the most upregulated in 

embryos, suggesting the heart development and septation at embryonic stage, 

which is important to provide satisfactory nutritional support to many organs and 

tissues that have been formed and will continue to grow at fetal stage.   

During the cardiovascular system development, members of semaphorin 

genes family has been related to blood vessels formation [53]. In this context, the 

cardiovascular system BP was enriched by members of semaphorins proteins 

class 3, namely, SEMA3E (semaphorin 3E) gene that was upregulated in pig 

embryos, and SEMA3C (semaphorin 3C) gene, which was upregulated in fetuses. 

The SEMA3E gene is associated with vascular patterning (vasculogenesis), in 

which the blood vessels are originated from endothelial progenitor cells (EPCs) or 

angioblasts, while the SEMA3C gene has been associated with angiogenesis, 

defined as new blood vessels formation from preexistent vessels (for review, see 

[53]). The vessel stabilization, homeostasis and anastomosis are mediated by 

Notch signaling pathway, while the response to angiogenic stimulus, which 

destabilize the quiescent vasculature and activate the endothelial cells 

differentiation to form new vessels, are stimulated by angiopoietin-2 (ANGPT2) 

[56]. In line with this, the cardiovascular system was also enriched by NRARP 

(Notch-regulated ankyrin repeat protein) and ANGPT2 genes, which were 

upregulated in pig embryos and fetuses, respectively. The upregulation of genes 
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related to vasculogenesis (SEMA3E and NRARP) in embryos and upregulation of 

genes related to angiogenesis (SEMA3C and ANGPT2) in fetuses, suggest a 

differential regulation of the blood vessels formation during prenatal development 

in pigs, since vasculogenesis is an event primarily related to embryonic 

development, responsible to form primitives vascular plexus, while in the 

angiogenesis all blood vessels originate from preexistent blood vessels [52].  

The first cells identified as blood cells during prenatal development are 

erythrocytes, which undergo many stages of differentiation until became mature 

and definitive blood cells [57]. The primitive erythrocytes, produced in yolk sac, 

mainly express genes of the globin epsilon (HBE1), a member of β-like globin, and 

beta (HBZ) subunits, a member of α-like globin, known as embryonic globin genes, 

while the definitive erythroid cells are produced in the fetal liver and mainly express 

fetal globin genes of gamma subunit (HBG) and adult globin, such as beta subunit 

(HBB) [58,59]. According to tight transcriptional control of globin genes during the 

development, these genes that enriched BP related to blood cells, including 

erythrocyte differentiation and transport, were the most differentially regulated in 

prenatal pig transcriptome, being the HBZ and HBE1 genes the most upregulated 

genes in embryos, while the HBB gene was one of the most upregulated gene in 

fetuses. The switch from primitive to definitive erythrocytes mediated by globin 

gene expression is compatible with the quickly growth of fetal stage, since prenatal 

developmental progresses, more oxygen needs to be extracted from maternal 

blood, which is supported by enucleated definitive erythrocytes [57].  
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Furthermore, other DE genes required for blood cell formation were also 

associated with erythrocytes differentiation BP, including the EPO gene, which 

synthetases the erythropoietin, a cytokine that mediate the early signals needed to 

maturation of the primitive erythroid cells (for review, see [60]) and definitive 

erythropoiesis in mouse embryos [61], and thus was upregulated in pig embryos; 

and GATA1 and KLF1 genes, which coding the transcription factors GATA1 (GATA 

Binding Protein 1) and KLF1 (Kruppel Like Factor 1) involved on transcription of 

genes related to definitive erythropoiesis (for reviews, see [60,62]), and therefore, 

these coding genes were upregulated in pig fetuses.  

As the circulatory system develops, which involves the establishment of 

heart, vessels and blood cell [3], as highlighted by the DE genes in this study, the 

heart presents fast and irregular contractions that start around 21-22 days of 

gestation in mammalian species [3,63,64]. However, in humans, the first 

expressive increase in the heart contraction is detected from embryos to fetuses 

transition, as a consequence of increased heart size and circulatory system 

maturation, which are events needed to ensure adequate blood supply for the body 

growth [63,65]. In line with the morphological changes and greater activity of the 

heart in fetal stage, the cardiac conduction pathway, were specifically enriched by 

upregulated genes in pig fetuses, including those coding by families of proteins 

involved in contractile activity, such as ATPases (ATP1A2, ATP1B2, ATP2A1, 

ATP2B4), Calcium Voltage-Gated Channel (CACNA1D, CACNA1S, CACNA2D1, 

CACNA2D2, CACNA2D3, CACNB1, CACNG1, CACNG5), Ryanodine receptor 3 

(RYR3), alpha actin cardiac isoform (ACTC1) and troponin cardiac isoforms 



105 

 

 

(TNNC1, TNNI1). Furthermore, some of these genes, including TNNC1, TNNT2 

and ACTC1, enriched the Hypertrophic cardiomyopathy (HCM) pathway, which is 

associated with defectives in the sarcomeric proteins, resulting in failures on heart 

contraction as primary defect, followed by cardiac cells hypertrophy as 

compensation mechanism to this stress [66]. The enrichment of pathways related 

to cardiac conduction during pig fetal development is according with the greater 

nutritional apport required for the faster body growth during fetal stage. 

Kidney development 

The mammalian kidney development involves transition of the three main 

structures, the pronephros, mesonephro (intermediary kidney) and metanephros 

(definitive kidney) [55,67]. During this transition, a temporal overlapping, mainly 

related to mesonephro and metanephros development, is observed in several 

mammalian species, including human and pigs [68]. Therefore, many key factors 

have been described in both these stages of kidney development, including the 

transcription factors, such as SALL1 (Spalt Like Transcription Factor 1; SALL1) 

and WT1 (Wilms tumour suppressor; WT1), and morphogens inductors, such as 

WNT9b (Wnt Family Member 9B; WNT9B) [69,70]. Particularly, the SALL1 and 

WT1 are required for mesonephric tubules development, renal vesicles formation 

and metanephros function [70,71], and WNT9B, besides to be related to 

development of the mesonephric kidney tubules and initial responses to 

morphogenic stimulus need to renal vesicle formation [69–71], is also crucial to 

initial induction of nephron development, the structural and filtering units of the 

kidney [70]. The encode SALL1, WT1 and WNT9B genes related to mesonephro 
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and metanephric development were upregulated in pig embryos at 25 days-old. 

This result can be explained by common role of the encoding proteins in 

mesonephro and metanephros development, since in pigs the development of 

mesonephro is observed to 15 from 24 days of gestation, overlapping with 

metanephros development, which starts around 20 days of gestation [68]. 

Furthermore, in the functional analyses, SALL1 and WT1 genes, share the 

anatomical structure, biological regulation and cell morphogenesis BP, and the 

WNT9b gene was associated with the “regulating pluripotency of stem cells 

signaling” pathway enriched for embryonic stage, which can be events associated 

with kidney development. 

The nephron, which is a common filtering unit among stages of kidney 

organogenesis, is composed mainly by glomerulus, proximal and distal ducts, 

during early stages of kidney development [72]. The glomerulus is the most 

complex filtering structure, and podocytes are the main specialized cells that 

maintaining its function [69,73]. There are many genes expressed by glomerular 

podocytes during kidney development, including the abovementioned WT1 gene, 

and NPHS1 and NPHS2 genes, encoding nephrin and podocin, respectively 

[3,69,74], which were also upregulated in pig embryos in the current study. 

Moreover, other important genes related to the physiologic function of the proximal 

and distal ducts in the prenatal kidney of humans were also upregulated in pig 

embryos. Among these upregulated genes in pig embryos, the members of Solute 

Carrier family (SLC), including SLC9A2 (Solute Carrier Family 9 Member A2) and 

SLC39A2 (Solute Carrier Family 39 Member 2) genes, are expressed in the 
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collecting duct in prenatal human kidney development, while SLC3A1 (Solute 

Carrier Family 3 Member 1) and SLC34A3 (Solute Carrier Family 34 Member 3) 

genes, are expressed in proximal duct in prenatal human kidney development [74]. 

Furthermore, the members of aquaporins (AQP3) and carbonic anhydrase (CA2), 

which are involved in water reabsorption and acid-basic equilibrium, are also 

considered as marker of collecting and proximal ducts in human kidney prenatal 

[74].  

The upregulation of genes related to kidney filtering physiological function, 

mainly associated with functional markers of glomeruli (NPHS1 and NPHS2 genes) 

and distal and proximal tubules (SLC genes members, AQP3 and CA2 genes) in 

pig embryos, which enriched pathways related to renal function, such as nitrogen 

metabolism, mineral absorption, and proximal tubule bicarbonate reclamation, 

suggests the development and the high activity of the kidneys. During pig, human 

and sheep embryonic development, the intermediary kidneys are considered 

organs highly actives [68,75], which are well-developed at 25 days-old in pig 

embryos [75]. Taken together, our findings may indicate the transcriptional control 

compatible with the development and functionality of mesonephros during pig 

embryogenesis rather than fetal stage. Moreover, these findings provide valuable 

information for further investigation about this intermediary structure, since only 

recently the prenatal stages of kidney development have been reported in pig [75] 

and many of the current knowledge at molecular level of kidney organogenesis is 

based on metanephros [71,76].  

Skeletal muscle development 
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Myogenesis is the most well-described biological event during the prenatal 

development in livestock, mainly because the number of muscle fibers is 

determined in the fetal stage and it is closely related to muscle mass [77,78]. The 

myogenesis transcriptional core is composed by muscle regulatory factors (MRFs), 

namely myogenic factor 5 (MYF5), myogenic differentiation 1 (MYOD/MYOD1), 

which are important for myoblasts differentiation from myogenic precursor, and 

myogenic factor 6 (MYF6/MRF4) and myogenin (MYOG), which are marker of 

multinucleated myotubes from myoblasts fusion [77,79–81]. The myotubes also 

express myosin heavy chain (MYH) isoforms, including the embryonic (MYH3) and 

fetal/neonatal (MYH8) [79]. The formation of the primary myotubes characterizes 

the first myogenic wave [79], which in pigs, occurs around 35-55 days of gestation 

[82]. Accordingly, the MRFs genes and MYH3 and MYH8 genes were upregulated 

in pig fetuses at 35 days-old. Furthermore, the MRFs genes enriched the 

myogenesis pathway together with ME2FC gene, which were also upregulated in 

pig fetuses. The ME2FC gene encodes one member of MEF2 transcription factor 

family, which is involved in the development of striated, cardiac and smooth 

muscles, as well as in neuronal cells (for review, see [83]). Particularly, in the 

skeletal muscle, the MEF2C acts jointly with MRFs genes to enhance and stabilize 

the expression of genes muscle-specifics during prenatal myogenesis in mouse 

[81]. According to functional cooperation among MRFs genes and MEF2C gene, 

many enriched BP were shared, including developmental process, growth, 

anatomical structure, biological regulation, striated muscle cell differentiation and 

striated muscle tissue development. 
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In order to provide a normal muscle development, the balance between 

positive and negative stimulus for cell proliferation and differentiation is required 

during prenatal development. In this context, the myostatin (MSTN) acts as a 

negative regulator of myoblasts proliferation, stimulating the muscle fiber 

differentiation [84] and the Myomaker Myoblast Fusion Factor (MYMK/TMEM8C) is 

a key muscle-specific factor required for myoblast fusion [85]. In line with the pig 

developmental stage in which the myoblasts proliferate and fuse, the MSTN and 

MYMK genes were upregulated in pig fetuses. Moreover, regarding the 

physiological role during muscle development and differentiation, MSTN and 

MYMK genes shared many BP, including developmental process, homeostatic 

process, muscle structure development and anatomical structure. These findings 

highlight the transcriptional control required for normal skeletal muscle 

development, which are mainly important during fetal development, when the 

biological events related to muscle cell proliferation, differentiation and fusion are 

more expressive. 

The molecular mechanism that culminates in muscle growth is also 

mediated by the mitogenic factors, such as IGFs (insulin-like growth factors) that 

binds to IGF1R (insulin-like growth factor 1 receptor) [86,87]. The availability of 

IGFs is regulated by IGFBPs (Insulin Growth factors Binding Proteins), which can 

result in increased or reduced IGF release for binding to its receptor [86]. In this 

context, several IGFBP coding genes were upregulated in pig fetuses, including 

the IGBP4, IGFBP5, IGFBP6 and IGFBP7 genes that enriched the regulation of 

cell growth BP. Particularly, during myogenesis, the greater levels of IGBP-5 are 
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needed for myoblasts differentiation, since the increase in the IGBP-5 levels 

increases the local concentration of the IGF-2 ligand, increasing its release to 

IGFR1 (for review, see [86]). In line with this, the IGFBP-5 gene shared response 

to endogenous stimulus, growth and biological regulation BPs with MRFs genes. 

Based on several genes that belong to IGFBP family that were upregulated in pig 

fetuses, and the lack of DE genes related to IGFs ligands between embryos and 

fetuses, it is suggested that IGF binding proteins rather than IGF itself can act as 

major molecular mediators of growth during pig prenatal development. 

Skeleton development 

The skeleton development occurs simultaneously with myogenesis, given 

the complementary functional properties of the musculoskeletal system, such as 

locomotion, protection of internal organs and body stability [88]. The early skeleton 

patterning involves the body segmentation in the three major skeletons, namely 

craniofacial, axial and appendicular, which is mediated by several transcription 

factor and signaling molecules [89]. Among them, the BARX1 (BARX Homeobox 

1), MSX1 (Msh Homeobox 1), ALX1 (ALX Homeobox 1), HOXA1 (Homeobox A1), 

HOXA2 (Homeobox A2) and HOAX13 (Homeobox A13) genes which encode 

transcription factors that belong to Hox genes family (for review, see [89]), and 

SHH (Sonic Hedgehog Signaling Molecule) gene were upregulated in pig embryos. 

According to the role in the skeletal patterning during prenatal development, some 

of these genes enriched head development (SHH, MSX1, HOXA2 genes) and 

anatomical structure development (SHH, HOXA1, HOXA2, BARX1 and MSX1 

genes) BP. Besides these genes, the TWIST1/TWIST (Twist Family BHLH 
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Transcription Factor 1) and DLL3 (Delta Like Canonical Notch Ligand 3) genes, 

which have been also associated with skeletal patterning [89], were also 

upregulated in pig embryos. These findings are accordingly with the body 

patterning from transcription factors and signaling molecules, which induce the 

specific gene transcription mainly at embryonic stages.   

The ossification process in vertebrates can involve the endochondral or the 

intramembranous ossification [90,91]. Regardless of the ossification model, the 

bone matrix is synthetized by osteoblasts that differentiate from the mesenchymal 

progenitor cells [89]. Among the pathways that mediate the osteoblasts 

differentiation, the WNT-dependent signaling involve the activation of the Frizzled 

(FZD) receptor and/or the lipo-protein receptor-related protein (LRP5/LRP6) by 

WNT molecules binding and stabilization of the β-catenin, which stimulates the 

expression of the pro-osteogenic factors, including RUNX2 (RUNX Family 

Transcription Factor 2) and its downstream factor, OSX/SP7 (Osterix/Sp7 

Transcription Factor) [92,93]. In the current study, the WNT9A/WNT14 (Wnt Family 

Member 9A/14), LRP5 and SP7 genes which are components of WTN-signaling 

required for osteoblasts differentiation [94,95], were upregulated in pig fetuses. 

Moreover, the WNT9A and FZD9 genes shared the cell surface receptor and 

anatomical structure development BP. Therefore, these results may provide an 

important molecular mechanism involved in osteoblast differentiation in pig fetuses. 

Upon differentiation, the osteoblasts start to express markers involved on 

extracellular matrix mineralization, which is required for bone ossification [93]. In 

line with this, several genes encoding proteins involved on extracellular matrix 
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mineralization, including osteopontin, as known as secreted phosphoprotein 1 

(SPP1), bone sialoprotein (IBSP/BSP), osteomodulin (OMD), dentin matrix acidic 

phosphoprotein-1 (DMP1) and phosphate-regulating gene with homologies to 

endopeptidases on the X chromosome (PHEX) [93,96–100], were upregulated in 

pig fetuses. Additionally, these genes enriched the ossification, biomineral tissue 

development and bone mineralization BPs, which are associated with its function. 

Based in our findings, it was possible highlight initial cues that can be crucial to 

onset of the bone development and mineralization at early pig fetuses, which are 

important events related to the embryonic-fetal transition in pig [101].  

Extracellular matrix and prenatal development 

The extracellular matrix (ECM) is copiously synthetized by differentiated 

cells to maintain the mechanical and biomechanical features of the specialized 

tissue, besides to acts as a microenvironment important to cell-cell signaling 

[102,103]. The most abundant component of the ECM is collagen, which is crucial 

to give stability and support to organs, such as bone, skin, kidney and liver 

[102,103]. Due to this, many of the DE genes in the current study encode members 

of collagen family, including members of collagens type V (COL5A3), VI (COL6A2, 

COL6A3 and COL6A6) and VIII (COL8A1 and COL8A2), XI (COL11A2) and XII 

(COL12A), which were upregulated in pig fetuses and enriched collagen 

biosynthesis pathway and many others related to ECM assembly pathways.  

Among these, the members of collagen type VI, including the up-regulated 

COL6A2, COL6A3 and COL6A6 genes in pig fetuses, are components of the ECM 

and are crucial to maintain the skeletal muscle functional integrity [104]. 
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Particularly, the COL6A6 gene, that was one of the most DE gene in pig fetuses, is 

widely expressed in human fetal tissues, including kidney and skeletal muscle 

[105]. Since myogenesis was a biological process more evidenced from MRF 

genes upregulated in pig fetuses at 35 days-old instead of embryos, and kidney for 

embryonic development, the upregulation of COL6A6 gene in fetuses can suggest 

its major contribution during skeletal muscle development. Supporting to this, the 

collagen type IV (COL4A4), the unique member of collagen families that was 

upregulated in pig embryos, is one of the main components in glomerular region 

[106,107]. Indeed, the COL4A4 gene mutation results in progressive loss of kidney 

function, characterizing the Alport's syndrome [106]. In addition, the COL6A6 and 

COL4A4 genes enriched the Protein digestion and absorption pathway, which was 

shared between embryonic and fetal development of pig. This pathway can reflect 

the functional involvement of the COL6A6 and COL4A4 genes in muscle and renal 

tissues metabolism, respectively.  

The cartilaginous tissue is recognized to synthesize and secrete abundantly 

ECM components, mainly glycoproteins and proteoglycans, in addition to collagen 

proteins [108]. Among the non-collagen proteins, Matrilin 1 (Crtm/MATN1) is a 

glycoproteic component, while the aggrecan (Agc1/ACAN), is a proteoglycan 

almost unique to cartilage, which both are synthesized and secreted by highly 

active chondroblasts during chondrocytes differentiation [109]. In the pig prenatal 

transcriptome, the MATN1 and ACAN genes were upregulated in pig fetuses, 

which can be associated with increased activity of differentiated chondroblast in pig 

fetuses at 35 days-old. Similarly, equine embryos at the same of prenatal 
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development presented abundant number of chondrocytes and chondroblasts in 

the bud of limbs and in some developing vertebrae [55].  

The greater differentiation and activity of chondrocytes at pig fetal 

development can be associated with abundant cartilaginous ECM synthesized and 

used as a stable template for endochondral ossification, since in this process the 

cartilage undergoes remodeling to allow the invasion of ossification front cells, 

including osteoblasts, bone marrow and blood vessels [91,109]. This remodeling is 

mediated by the matrix metalloproteinase (MMPs) and the tissue inhibitors of 

metalloproteinases (TIMPS) [102]. Among these, the MMP2, which is encoded by 

MMP2 gene upregulated in pig fetuses, have major role in the control of 

angiogenesis during endochondral ossification [109], while the TIMP2, which is 

encoded by TIMP2 gene that was also upregulated in pig fetuses, is the major 

expressed inhibitors of metalloproteinases in bone development [109]. According 

to its angiogenic control during endochondral ossification, the MMP2 gene was 

associated with cardiovascular system and ossification BP, while the biological 

events potentially involved in the modulation of its proteolytic activity, such as 

response to endogenous stimulus and biological regulation, were enriched by 

TIMP2 gene. Taken together, these findings can highlight the function of these 

genes during bone formation in pig fetuses at 35 days-old of gestation, trough ECM 

remodeling and angiogenic control.  

Neuronal development 

The neurogenesis is a crucial biological event responsible to the 

differentiation of stem cells or progenitor cells in neurons [110,111]. The neural 
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basic helix-loop-helix (bHLH) are important transcription factors required for 

inducing the neurogenesis program and activating the neuronal differentiation 

effectors, which are temporally expressed in order to ensure the correct neuronal 

identity during prenatal development [112]. Regarding this, members of neural 

bHLH were differentially regulated in pig prenatal transcriptome, including the 

NEUROG1 (Neurogenin 1) gene, which was upregulated in pig embryos, and the 

NEUROD6 (Neuronal Differentiation 6) gene, which was one of the most 

upregulated gene in pig fetuses. This differential expression reflects the functional 

role of neurogenin during embryogenesis, which acts as a cell fate determination 

factor and is exclusively expressed by neuronal proliferative cells [110], while the 

NEUROD6 gene is exclusively expressed by differentiated neurons [111]. 

Therefore, the upregulation of the NEUROG1 gene in pig embryos suggest an 

initial transcriptional program required for neuronal differentiation during 

embryogenesis, which was also evidenced by its association with Signaling 

pathways regulating pluripotency of stem cells pathway, while the upregulation of 

the NEUROD6 gene in pig fetuses highlight the presence of differentiated neuronal 

cells at fetal stage.  

Once differentiated, early neurons migrate from ventricular zone to primitive 

cortical plate [113]. During neurodevelopment, the neuronal migration is a well-

described biological event, being characterized as radial and tangential migrations 

[114]. Basically, in the radial migration, excitatory neurons migrate from 

proliferative zones to the surface of the cerebral cortex, while in the tangential 

migration, inhibitory neurons migrate from ganglionic eminence also toward cortical 
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region [114]. The receptors for excitatory, namely, glutamatergic (Glutamate 

Ionotropic Receptor AMPA type – GRIA and Glutamate Ionotropic Receptor 

Kainate type - GRIK), and inhibitor neurotransmitters GABAergic (Gamma-

Aminobutyric Acid Type A Receptor - GABR), are involved in the migration of 

cortical neurons at early development [115,116]. In pig prenatal transcriptome, 

many genes encoding different subunits of the glutamatergic receptors, such as 

GRIA1, GRIA2, GRIA3, GRIA4, GRIK2, GRIK3, and GABAergic receptors, such as 

GABRA3, GABRA4, GABRA5, GABRB1, GABRB2, GABRB3, GABRG2, were 

upregulated in pig fetuses and enriched the neuronal system pathway. In addition 

to these receptors, the gene encoding Roundabout Guidance Receptor 3 

(ROBO3), which has been also related to cortex development and neuronal 

migration [117], was also upregulated in pig fetuses. In humans, an intense 

neuronal migration is observed at fetal stage in order to create a population of 

cortical neurons [113]. Our results suggest important signals to neuronal migration 

in pig fetal development rather than embryonic stage, since events related to 

neurogenesis was also highlighted for fetal stage in the present study, beside to 

reinforce the similarities between pigs and human regarding brain development.  

Disturbs during neuronal migration impair the suitable balance between 

excitatory and inhibitory neurons in the cortex, which mainly affect the synaptic 

transmission [115,118]. In human prenatal development, the synaptogenesis starts 

from the embryos to fetuses transition as transitory circuits, which are important to 

ensure normal brain development and function [113,118]. In line with this early 

synaptogenesis, several upregulated genes in pig fetuses were associated with 
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synapse organization, regulation of synapse structure, regulation of synapses 

activity and chemical synapses transmission BP. The genes associated with these 

BP include, in addition to GABAergic and glutamatergic receptors encoding genes, 

genes that encode molecules directly involved in the synaptogenesis, including 

Synaptotagmin 1 (SYT1), Synapsin I (SYN1), Synaptophysin (SYP), leucine rich 

repeat transmembrane proteins (LRRTMs) and neurexins (NRXN1) [116,118], 

indicating the occurrence of events related to synaptic transmission during pig fetal 

development. On the other hand, the first synapses and synaptogenic molecules, 

including Synaptotagmin 1, Synapsin I and Synaptophysin, are detected only in 

mouse postnatal life [120]. The earlier prenatal synaptogenesis is related to greater 

complexity of the neurodevelopment [119]. Previous studies have reported the 

relevance of pig use in neuroscience, since pigs present similarities with human 

nervous system development rather than rodents species [120,121]. Therefore, our 

findings besides to suggest the transcriptional control related to synaptogenesis as 

an event required for proper neurodevelopment at fetal stage, reinforce the 

similarities between pig and human fetuses regarding neuronal development, 

which can feasible further studies addressing human prenatal issues related to 

synaptic plasticity, such as learning and memory [116].   

Conclusion 

In summary, this study provides a comprehensive landscape about the 

transcriptional changes associated with embryonic and early fetal development, 

which is important for understanding the key events mediating the morphogenesis 

and organogenesis in pigs. By the embryonic stage, genes related to Hippo 
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signaling and TGFβ/BMP4 signaling pathways evidenced events related to 

transcriptional regulation from morphogens, which are important mainly at early of 

prenatal development, while at fetal stage, pathways involved in cell differentiation 

for organs and tissues establishment were enriched by genes related myogenesis, 

extracellular matrix synthesis, and neuronal development. In addition, biological 

processes related to cardiovascular development and ossification processes 

reinforced important aspects of the developmental transition from embryos to 

fetuses. Therefore, the current study has emphasized data that may be relevant to 

future issues in developmental biology, instead of ensure a complete discussion of 

all molecular aspects involved in prenatal development. 
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CHAPTER 5 

General conclusions 

In the present study, we have demonstrated the pig prenatal transcriptome 

analysis by using RNA-seq tool. As a high throughput tool, we assessed all genes 

on all chromosomes in the genome of the interest specie, which allowed us to 

identify genes linked to sexual chromosomes that presented discrepant reads 

counts across the embryos and fetuses (conceptuses) samples and thus were 

used to perform the conceptuses sex determination. In the Chapter 2, we proposed 

the sex identification of pig conceptuses (embryos at 25 days-old and fetuses at 35 

days-old) from read counts per million (CPM) of 10 genes mapped on Y 

chromosome, namely DDX3Y, KDM5D, ZFY, EIF2S3Y, EIF1AY, LOC110255320, 

LOC110257894, LOC396706, LOC100625207 and LOC110255257, using 

available conceptuses RNA-seq data, with no need for extra techniques. This is 

valuable considering that in the evaluated prenatal stages of pig development, the 

phenotypic sex was not divergent among the samples. Additionally, from the genes 

used for conceptuses sex determination, is possible reinforce that molecular sex 

determination is a mechanism conserved across mammalian species, since the 

role of these genes is also important during male development in humans, 

highlighting the applicability of pigs as an animal model to study sex determination 

during human prenatal development. 

In the context of maternal nutrition, several studies have reported the use of 

RNA-seq analysis as a powerful tool to identify the genes and molecular 
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mechanism related to fetal program. In the Chapter 3, we identified important 

changes on global embryos transcriptome at 25 days-old from gilts supplemented 

with 1.0% L-arginine maternal, while the global transcriptome of pig fetuses at 35 

days-old was not affected by maternal dietary 1.0% L-arginine supplementation. At 

25 days-old, we identified the downregulation of mitochondrial genes related to 

oxidative phosphorylation, namely ND1, ND2, CYTB, COX2 and ATP8, and protein 

synthesis (16S rRNA similar sequence, mt‐rRNA type), and upregulation of 

detoxification gene (CYP1A1), suggesting a regulation of energy metabolism in 

response to greater supply of nutrients in embryos and reinforcing an adjustment of 

metabolism in order to ensure homeostasis during embryos’ development. On the 

other hand, the maternal dietary L-arginine supplementation did not affect the 

global transcriptome of the pig fetuses at 35 days-old, providing support for further 

discussions regarding the optimal period of supplementation in order to understand 

its impacts on swine prenatal development. 

Regarding the developmental biology, many studies have reported gene 

expression analyses, using pig as model. However, these analyses are based on 

restrict set of known genes. Here, in the Chapter 4, by using RNA-seq analysis, we 

provided a general view about main transcriptional changes between pig embryos 

and fetuses, emphasizing data that may be relevant to future issues in 

developmental biology. From the 1,705 differentially regulated genes, we 

highlighted important biological events related to systems development, including 

cardiovascular, neuronal and skeletal muscle, which were more evidenced during 

fetal stage. On the other hand, more general biological events, such as cell 
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proliferation, cell-cell signaling, cell morphogenesis, were highlighted during 

embryonic development. The knowledge about these molecular changes is 

valuable to related species studies, such as human developmental biology, as well 

as to improve pig production from use of marker genes and their signaling 

pathways to investigate prenatal programming in the molecular context. 
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