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ABSTRACT:	  The aim of this study was to estimate path-
ways that are associated with immune-capacity traits in 
large white pigs. Using 564 pigs, three immune-capacity 
traits associated with single nucleotide polymorphism (SNP) 
genotypes were examined. The immune-capacity traits in-
cluded phagocyte activity (PA), complement alternative 
pathway activity (CAPA), and antibody production against 
the swine erysipelas vaccine (AP). A genome-wide associa-
tion study was performed and SNPs with P-values <0.01 
were identified for each trait. To identify candidate genes 
affecting each trait, 1-Mb windows centered on each detect-
ed SNP were examined for concordance. The candidate 
genes for each trait were assembled into pathways using an 
online database, and several pathways were estimated. 
Pathway analysis revealed that “p53 signaling pathway” and 
“apoptosis” were related to CAPA and that “complement 
and coagulation cascades” was related to AP. 
Keywords: pig; disease resistance; immunity; genome-wide 
association study; pathway analysis 
 
 

Introduction 
 

Pig diseases are considered a major problem in 
modern swine production because it entails housing together 
of large groups of pigs in defined spaces, which increases 
the risk for transmission of infections. The occurrence of 
diseases in pigs not only results in mortality and a delay in 
their growth but also increases the cost of feeding to prevent 
the development of diseases, as well as for treatment. In-
creasing disease resistance contributes to a decrease in mor-
bidity and thus plays an important role in pig production. 

 
Genome-wide association studies (GWAS) based 

on single nucleotide polymorphisms (SNPs) are recently 
being used across a wide range of applications. Identifying 
the region related to important economic traits may improve 
the efficiency in livestock selection. Except for several suc-
cessful examples, however, the effects of SNPs have gener-
ally been quite small and do not explain the observed herit-
ability of most traits. Therefore, there has been a growing 
interest in simultaneously testing the association of sets of 
genes or SNPs with complex traits (Peter (2010)). In general, 
genes are biologically related to each other, falling within a 
biological pathway, and the analysis of gene sets is thus 
called pathway analysis. Moreover, it is expected that path-
way analysis could contribute not only to understanding 
gene interaction mechanisms but also to its application to 
genetic selection. 

The aim of this study was to estimate pathways re-
lated to immune-capacity traits in pigs. 

 
Materials and Methods 

 
Animals. The large white pigs used in this study 

were selected across 6 generations at the R&D Center of 
Nippon Meat Packers, Inc. The selection traits included 
phagocyte activity (PA), complement alternative pathway 
activity (CAPA), and antibody production against the swine 
erysipelas vaccine (AP). Estimated aggregate breeding val-
ues were calculated by using the summation of the estimated 
breeding values and dividing this by the estimated genetic 
standard deviation of particular selection trait. From this 
population, we extracted 564 pigs that represented the nega-
tive and positive tails of the estimated aggregate for analysis. 

 
Traits data. Each pig was vaccinate against swine 

erysipelas at from 50 to 95 days age and was immobilized 
using an upper-jaw sling and whole blood was collected 
from the cranial vena cava from 12 to 25 days after the vac-
cination. PA was determined in heparinized whole blood 
using a luminol-enhanced chemiluminescence assay. CAPA 
was measured as the change in light-scattering properties of 
rabbit erythrocytes upon lysis. AP was determined by meas-
uring the titer of IgG antibodies against swine erysipelas. 
The antibody titer to swine erysipelas was measured by us-
ing enzyme-linked immunosorbent assay (ELISA). The 
fixed effects of sex and the date of measurement were pre-
liminarily estimated and the adjusted phenotypic values 
were calculated using these estimators because phenotypic 
values should be corrected for fixed non-genetic effects. 

 
SNP data. Data were collected for 62,163 SNP lo-

ci using the standard protocol of the Illumina PorcineSNP60 
BeadChip. SNPs with a minor allele frequency of <0.05, 
call rate of <90%, and unknown genomic position as pro-
vided by Illumina were excluded from the datasets. After 
these quality controls were established, a total of 38,529 
SNPs out of all genotyped SNPs qualified for association 
analysis.  

 
GWAS. GWAS was carried out by using a linear 

mixed model approach as provided in the software package, 
Genome-wide Mixed-model Association (GEMMA) (Zhou 
and Stephens (2012)). For each marker, the software fits the 
following mixed model: 
 

y = Xβ + u + e 



where, y is a vector of adjusted phenotypic values; X repre-
sents a vector of marker genotypes at the locus tested; β is 
the corresponding effect size; and u is a vector of random 
genetic effects, with u ~ N (0,Gσg

2), where,σg
2 represents 

the genetic variance; and G is the genomic relationship ma-
trix proposed by VanRaden (2008). Finally, e is a vector 
random residual, with e~ N (0,Iσe

2), in whichσe
2 repre-

sents the residual variance; and I is an identity matrix. The 
alternative hypothesis of H1: β ≠ 0 was tested against the 
null hypothesis, H0 : β = 0 using the Wald test.  
 

Pathway analysis. First, we defined a SNP with a 
P-value <0.01 as a suggested SNP. Second, to extract candi-
date genes related to specific traits, we defined a gene 
whose exons were within the range of the 1-Mb windows 
(suggested SNP position ± 500 kb) as a candidate gene. 
Finally, for each trait, a list of candidate genes was uploaded 
to the Database for Annotation, Visualization, and Integrat-
ed Discovery (DAVID) website to assign our candidate 
genes to a specific pathway. Because far more number of 
human genes is annotated and more information in data-
bases is available for humans than for pigs, the human 
background was used for this analysis. In DAVID, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
with a P-value (EASE score) of <0.2 were retrieved. 

 
Results and Discussion 

 
GWAS. Our GWAS results are presented in Figure 

1. No significant SNPs were detected in this study using a 
threshold level defined by using the Bonferroni correction 
(Bonferroni P = 1.30 × 10-6 corresponding to P = 0.05). The 
Bonferroni correction generally provided very conservative 
critical values for GWAS that we could not detect signifi-
cant SNPs in this study, and therefore, we defined a SNP 
with a P-value <0.01 as a suggested SNP. The number of 
SNPs for each trait is presented in Table 1. 

 
 

Table 1. The number of suggested SNP, candidate genes, 
DAVID genes on immune-capacity traits. 
Trait1 PA CAPA AP 
suggested SNP2 420 473 489 
candidate genes3 1,056 1,364 1,343 
DAVID genes4 631 782 789 

1Trait, PA; phagocyte activity, CAPA; complement alternative pathway 
activity, AP; antibody production against swine erysipelas vaccine. 
2suggested SNP, the SNP which P-value was lower than 0.01. 
3candidate genes, the genes whose exons were located in 1-Mb window 
centered on each suggested SNP. 
4DAVID genes, the genes used for assembling with DAVID (Database for 
Annotation, Visualization and Integrated Discovery). 
 
 
 
 
 
 

 

Pathway analysis. Several candidate genes with 1-
Mb windows predicted to harbor QTLs were detected using 
the suggested SNPs (Table 1). The lists of these candidate 
genes for each trait were assembled into pathways using 
DAVID and the KEGG pathway database. However, more 
than 40% of the candidate genes were usable for DAVID 
analysis (Table 1) because these were not linked to a specif-
ic locus (“LOC”).  

 
Several pathways were extracted for each trait from 

the KEGG pathway database (Table 2). Unfortunately, most 
of the pathways that seemed to be directly related to immun-
ity were not found. On the other hand, convincing pathways 
were suggested for CAPA and AP. 

 
Pathway analysis revealed that “p53 signaling 

pathway” and “apoptosis” were related to CAPA. These two 
pathways were related to cellular apoptosis, which influ-
ences complement activity. A cell that has been infected by 
a bacterium or virus is often induced by a cytotoxic T lym-
phocyte to undergo apoptosis through the production of 
damage-associated molecular pattern molecules (DAMPs). 
The recognition of DAMPs results in the activation of the 
properdin, which facilitates the assembly and stabilization 
of the C3bBb complex, thereby leading to the activation of 
the complement alternative pathway (Ricklin et al. (2011)). 

 
It has been previously suggested that “complement 

and coagulation cascades” were related to AP. The comple-
ment system is activated by the invasion and infection of 
bacteria and viruses in the body. The colligation of com-
plement receptor 2 (CR2) with surface IgM using different 
C3 complexes results in enhanced intracellular calcium re-
lease, and proliferation and upregulation of co-stimulatory 
molecules on primary B lymphocytes or B cell lines (Aso-
kan et al. (2013)). These cascades are included in "comple-
ment and coagulation cascades," and CR2 plays important 
roles in this pathway. Additionally, our list of candidate 
genes included the CR2 gene. 

 
Conclusion 

 
Our GWAS involving three immune-capacity traits 

in pigs has revealed specific SNPs that were associated with 
immune-capacity traits. The identification of candidate 
genes based on the suggested SNPs and collated information 
from the KEGG pathway database using DAVID have de-
tected several pathways that were related to each of these 
traits. A convincing pathway was suggested for CAPA and 
AP. This information enables candidate genes not only for 
the establishment of the mechanism of immunity in pigs but 
also for its application to genetic selection for disease re-
sistance. 

 
 
 
 
 
 



Table 2. Pathways related to immune-capacity traits. 

1Trait, see Table 1. 
2Pathway, pathways with a p-value (EASE score) of <0.2 retrieved from 
KEGG database. 
 3Genes, the number of DAVID genes within each specific pathway. 
4EASE, EASE score of each pathway. 

 

 

 

 
 
Figure 1. Results of the GWAS for immune-capacity 
traits. For each trait, the negative decadic logarithms of the 
row P-values are depicted in a Manhattan plot. Horizontal 
dashed lines in the Manhattan plot indicated the threshold 
for significance at P < 0.01. 
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Trait
1 Pathway2 Genes3 EAS

E4 

PA 

Tyrosine metabolism 5 0.08  
Non-homologous end-joining 3 0.08  
Glycerolipid metabolism 5 0.08  
Neuroactive ligand-receptor interaction 15 0.09  
Axon guidance 9 0.10  
Gap junction 7 0.11  
Fructose and mannose metabolism 4 0.13  
Melanogenesis 7 0.16  
Glycosaminoglycan degradation 3 0.18  
Tryptophan metabolism 4 0.18  
Aminoacyl-tRNA biosynthesis 4 0.19  

CA-
PA 

DNA replication 6 0.02  
Homologous recombination 5 0.03  
Neuroactive ligand-receptor interaction 19 0.03  
Arachidonic acid metabolism 6 0.10  
Circadian rhythm 3 0.11  
Purine metabolism 11 0.14  
N-Glycan biosynthesis 5 0.14  
Leukocyte transendothelial migration 9 0.15  
p53 signaling pathway 6 0.18  
Apoptosis 7 0.19  
Endocytosis 12 0.19  

AP 

Purine metabolism 14 0.02  
Complement and coagulation cascades 8 0.04  
PPAR signaling pathway 8 0.04  
Pathways in cancer 23 0.04  
Butanoate metabolism 5 0.07  
Glutathione metabolism 6 0.08  
Biosynthesis of unsaturated fatty acids 4 0.08  
Mismatch repair 4 0.08  
Long-term depression 7 0.09  
RNA degradation 6 0.12  
Glycerolipid metabolism 5 0.15  
Pantothenate and CoA biosynthesis 3 0.15  
Other glycan degradation 3 0.16  
Citrate cycle (TCA cycle) 4 0.16  
Lysine biosynthesis 2 0.17  
Calcium signaling pathway 12 0.18  
Ascorbate and aldarate metabolism 3 0.18  
Colorectal cancer 7 0.18  
Hematopoietic cell lineage 7 0.20  


