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ABSTRACT: Genetic progress on litter size is often 
accompanied by a rise of piglet mortality. The most critical 
time for survival is the perinatal period. Piglet maturation 
occurs at the end of gestation between 90 and 110 days. 
Maturity is an important determinant of early survival. The 
skeletal muscle, via glycogen storage, plays a key role in 
thermoregulation and adaption to extra-uterine life. A 
microarray analysis was executed to identify biological 
processes and genes with roles in muscle piglet maturity. 
Progeny from two extreme breeds for maturity, Meishan 
and Large White, were used, and the parental genome 
impact was observed with production of both pure and 
crossed fetuses within the same litter. Functional 
enrichment studies underlined genes involved in muscular 
development around day 90, and genes involved in 
metabolic functions around day 110. Key genes were 
identified to explain differences observed between MS and 
LW at birth. 
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Introduction 
 

In the last decades, a substantial increase of 
mortality at birth was observed in the domestic pig (Sus 
scrofa) (Canario et al. (2006)). Maturation, which occurs at 
the end of gestation between 90 and 110 days of gestation, 
drives to the state of full development of piglets at birth and 
plays a determinant role in early survival (Leenhouwers et 
al. (2002)). The maturity of piglets is characterized by 
several criteria such as body size, body weight, organ 
characteristics or energy reserves like glycogen or lipids 
(Baxter et al. (2003)). Maturity is also coupled with the 
efficiency of physiological functions like thermoregulation 
(van der Lende et al. (2001)). Thermoregulation, which is 
the balance between heat loss and heat production, is 
promoted by glycogen storage (Herpin et al. (2002)). 
Glycogen is the main source of polysaccharides storage in 
animal cells. It is stored in liver and skeletal muscle at the 
end of gestation because of the absence of brown adipose 
tissue in piglet (Herpin et al. (2002)). Thermoregulation 
performance is an essential prerequisite for survival in 
extra-uterine life. 

 
Some transcriptomic studies have already been 

performed to compare different stages of fetal development 
in the pig. For example, Cagnazzo et al. (2006) compared 
seven prenatal stages (14, 21, 35, 49, 63, 77 and 91 days of 
gestation) of two breeds (Duroc and Pietrain), while Xu et 
al. (2012) compared prenatal stage (65 days of gestation) 

with postnatal stages (3, 60 and 120 days after birth). No 
transcriptomic study on the end of fetal development in 
connection with maturity has been done yet. Here, we 
develop a microarray analysis to identify genes and 
biological processes which are specifically involved in the 
difference in development between two extreme breeds: 
Large White (LW) and Meishan (MS). The LW breed is a 
highly selected breed with an increased rate of mortality at 
birth while the Chinese MS breed produces more robust 
piglets at birth (Canario et al. (2006)). Using statistical 
analyzes and functional enrichment, we highlighted some 
key genes and key biological functions of piglet maturity. 
This analysis will be helpful for improving our knowledge 
of maturity (biology and genetic controls) in the pig. 

 
Materials and Methods 

 
Data. mRNA was isolated from 61 fetal muscle 

samples with 8 different conditions: two fetal gestational 
ages (90 and 110 days of gestation) associated with four 
genotypes: two extreme breeds for mortality at birth (MS 
and LW) and two crosses (MSLW from MS sows and 
LWMS from LW sows). All studied fetuses were males. 
 
 Microarray description. The custom microarray 
GPL16524 (Agilent technology, 8×60K) used in this 
experiment consisted in 43603 spots derived from the 44K 
Agilent porcine specific microarray, 9532 genes from 
adipose tissue, 3776 genes from immune system and 3768 
genes from skeletal muscle. After quality control and a 
normalization step, 61 microarray data containing 44,368 
spots were kept for further analysis. 
 
 Statistical analyses. To analyze differences 
between breeds and gestational ages, a mixed linear model 
was fitted at each spot. This model included two factors, 
gestational age and fetal genotype as well as their 
interaction (fixed effects), and the sow as random effect. To 
identify differentially expressed genes (DEG), a F-type test 
was performed. Correction for multiple testing was then 
implemented using Bonferroni or False Discovery Rate 
(FDR). 
 The list of DEG was then partitioned into 4 sub-
models using the Bayesian information criterion (BIC). 
Sub-model 1 combined the two fixed effects and their 
interaction. Sub-model 2 involved the two fixed effects in 
an additive manner. Sub-model 3 included only the fetal 
gestational age effect whereas sub-model 4 included only 
the fetal genotype effect. 



 
Functional analysis. Functional annotation of genes from 
sub-model 1 was based on Gene Ontology (GO) using web 
application GeneCodis (Tabas-Madrid et al. (2012)). 
Enrichment analysis was applied for two gene lists selected 
for an absolute log2-fold change greater than 0.5 between 
the gestational ages. This fold change was used to obtain 
up-regulated genes at day 90 and up-regulated genes at day 
110. To set the statistical enrichment, a hypergeometric test 
was used and resulting p-values were adjusted with the 
FDR approach, giving so-called q-values. 

 
Results and Discussion 

 
Genomic reprogramming. A total of 12,326 

DEG was identified with a significance threshold of 1% 
with Bonferroni correction. Table 1 shows the partitioning 
of DEG into the four sub-models. 97% of DEG were 
influenced by the gestational age (genes in sub-models 1, 2 
and 3). Moreover, principal component analysis (PCA) on 
all expressed genes (Figure 1) also showed the prime 
importance of the gestational age. This high number of 
DEG may be explained by a switch of gene expression 
between 90 and 110 days of gestation. Muscle development 
ends at 90 days of gestation; afterwards, muscle acquires its 
differentiated functions (especially metabolic activities). 
Furthermore, studies of Wilson et al. (1998) and Biensen et 
al. (1998) suggest that fetal development is determined by 
the uterine environment until 90 days of gestation, 
regardless of the fetal genotype. Then, the end of fetal 
development is preferentially modulated by the fetal 
genotype with mechanisms specific to each genotype. 

 
Table 1. Partitioning of the 12,326 DEG into 4 possible 
sub-models. Two crossed factors are gestational age (A) 
and fetal genotype (G). 

Sub-model Number of genes % 
1 (A × G) 2000 16 
2 (A + G) 5016 41 

3 (A) 4936 40 
4 (G) 374 3 

 
 

 

 
 

Figure 1. Principal Component Analysis using all 
expressed genes (44,368 spots). 
 

Biology of maturity in MS and LW. To identify 
biological processes, functional enrichment analysis was 
performed on two gene lists from sub-model 1 with 
interaction between genotypes and gestational ages (1,180 
unique annotated genes): one containing 458 up-regulated 
genes at day 90 and the other one containing 411 up-
regulated genes at day 110. Enriched biological processes at 
90 days of gestation were involved in muscular 
development (Table 2). Muscular development is biphasic: 
a first generation of myofibers occurs between 35 and 55 
days of gestation, followed by a second one between 55 and 
90 days of gestation (Lefaucheur et al. (1995); Picard et al. 
(2002)). Enriched biological processes at 110 days of 
gestation were involved in metabolisms, especially in 
glucose metabolism (Table 2). These processes are essential 
to promote glucose homeostasis and thermoregulation for a 
better survival at birth. Glycogen storage takes place in 
skeletal muscle in piglet because brown adipose tissue is 
not available at birth. Glycogen has a first function in 
regulating thermogenesis and growth during the postnatal 
period (Herpin et al. (2002)). Glycogen is thus stored in 
large amount in muscle at the end of fetal development and 
storage drastically decreases at birth to produce energy and 
then ensure thermoregulation (Herpin et al. (2002)). 

 
Table 2. Top 16 enriched Gene Ontology Biological 
Processes (GOBP) at day 90 and at day 110. 
Day GOBP Terms Genes q-values 
90 Cell adhesion 43 5.49e-18 

skeletal system development 15 6.95e-08 
collagen fibril organization 9 6.99e-08 
multicellular organismal development 38 1.31e-07 
axon guidance 21 2.00e-07 
platelet activation 18 3.64e-07 
nervous system development 23 5.97e-07 
negative regulation of cell 
proliferation 

20 2.25e-06 

110 respiratory electron transport chain 12 1.83e-07 
transport 27 2.05e-07 
transmembrane transport 27 2.49e-07 
gluconeogenesis 9 2.70e-07 
cellular nitrogen compound metabolic 
process 

16 3.79e-07 

carbohydrate metabolic process 19 4.80e-07 
glucose metabolic process 11 1.52e-06 
cellular lipid metabolic process 12 2.43e-06 

 
Differences between extreme breeds LW and 

MS. As in the previous paragraph, GO functional 
enrichment analysis was performed on gene lists from sub-
model 1 in each extreme breed LW and MS respectively. 
Even if the overall maturation process is the same in each 
genotype, some relevant differences between extreme 
breeds were found. Some genes involved in KEGG 
pathway gluconeogenesis were up-regulated at day 110 
only in MS (Figure 2). These genes may be crucial and 
beneficial in the establishment of necessary metabolic 



processes to ensure thermoregulation at birth. A lower 
expression of these genes may cause the maturity delay in 
LW which could explain the largest number of deaths at 
birth in this breed. In LW, genetic selection for prolificacy 
and meat quantity may affect biochemical factors involved 
in survival at birth. 

 

 
 
 
Figure 2. Example of a gene expression in 

muscle. 
 
 

Conclusion 
 
This experimental design was highly powerful and 

relevant. Biological processes and key genes have been 
identified: the end of muscle development occurs around 90 
days of gestation and metabolic processes to ensure 
thermoregulation at birth are activated around 110 days. 
Results suggest that some genes are up-regulated only in 
MS at the end of gestation (Voillet et al., in prep.). These 
genes could be crucial for maturity and may explain why 
LW piglets are less mature at birth than MS (Canario et al. 
(2007)). Grants: ANR ANR-09-GENM005 PORCINET, 
INRA (dpt GA et PHASE), and Région Midi-Pyrénées.   
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