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Introduction 

Scrotal Hernia (SH) is a developmental disorder among male piglets of concern due to its 

association with poor animal welfare and economic losses. PIC has been developing and 

using DNA markers in its genetic improvement program for many years. This paper 

discusses the challenges involved in conducting a case-control genome-wide scan for genetic 

markers associated with SH, statistical analyses, and implementation of significant markers 

in the breeding program. 

Material and methods 

Sample Selection. For the purpose of this study, SH was defined as the small intestines 

entering the scrotal sac via the inguinal canal prior to or following castration in crossbred 

commercial pigs, or a rupture occurring at any time in pure line entire male pigs. An equal 

number of affected and unaffected males (n=500 each) were selected from each of two PIC 

nucleus lines: one a Landrace-origin line and one a synthetic terminal sire-line. Additionally 

385 affected and 385 unaffected males from a commercial cross sired by boars from the 

synthetic sire line were selected, for a total of 2,770 animals. Cohorts were selected to match 

for birth-farm, birth-year, birth-week and farrowing room. A negative weighting was placed 

on sire to avoid half-sib samples. 

Markers. At the onset of this study the porcine 60k SNP chip had not been developed and 

limited numbers of single nucleotide polymorphism (SNP) markers were available in the 

public domain. Therefore we created a custom-built SNP chip targeting genomic regions 

previously associated with SH and maximizing polymorphism in our targeted lines and 

crosses. Candidate genes and QTL regions associated with SH were identified in the 

literature (e.g., PigQTLdb: Hu Z., Dracheva S., Jang W., Maglott D., et al. (2005)) and from 

prior PIC studies (Plastow G., Sasaki S., Yu T. et al. (2003)). PCR primers were designed in 

porcine sequence underlying the candidate genes and QTL regions. A DNA pool was created 

consisting of an equivalent amount of DNA from 87 sires with high and low SH prevalence 

within their progeny from two commercial lines. The DNA pool was then sequenced using 

the above PCR primers. A total of 603 new SNP were discovered. Additionally, a genomic 
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DNA pool was generated using equal numbers of high and low SH estimated breeding 

values (EBV) boars from two lines for a total of 20 individuals. DNA pools were sequenced 

on an Illumina Genome Analyser using Illumina’s Fasttrack Sequencing Service. Following 

a quality control process, selected SNPs were mapped to the human genome. A total of 6,063 

SNPs were selected. Pooling together the newly discovered SNPs, public SNPs and those 

from the existing PIC database, a total of 12,956 SNPs were combined and scored using the 

Illumina Assay Design Tool (ADT). A total of 9,214 SNPs with an ADT score greater than 

0.6 were selected. The final SNP selection was conducted using an evolutionary algorithm 

(Kinghorn, B.P., Meszaros, S.A., and Vagg, R.D. (2002)) to balance between equal coverage 

of the genome, location within the boundaries of a known QTL or candidate gene and minor 

allele frequency (MAF) in the different lines. A total of 6,742 SNPs were selected and 

genotyped on an Illumina Infinum assay.  

Statistical analyses. Multiple analyses were performed including single marker regression 

analysis, machine learning, and a Bayesian method. The single marker regression analyses 

were performed in two steps using GLIMMIX in SAS. First, a mixed-effects logistic model 

was used to estimate fixed environmental and polygenic effects. Single marker effects were 

estimated using the normally distributed residuals from the logistic regression in a second 

stage. Additive and dominance effects and their p-values were estimated for each marker. A 

two-step machine-learning algorithm for binary traits was used to identify relevant genetic 

markers. The first step consisted of filtering; subsets of markers were assembled using an 

information gain score to measure the association between individual SNPs and SH. In the 

second step, the cross-validation accuracy of the naïve Bayesian classifier was used to 

identify the optimal subset of SNPs as in Long, N., Gianola, D., Rosa, G. J. M. et al. (2007). 

Marker effects were also estimated from the data using a Bayesian analysis as implemented 

in GenSel (Fernando and Garrick, 2008). A subset of markers was selected from the full 

marker set based on their frequency of inclusion in the model using the so-called BayesC 

approach (Kizilkaya, Fernando and Garrick, (2010)). The BayesC analysis used a chain 

length of 41000 and discarded the first 1000 chains.  

Results and discussion 

Although SH has been a consistent irritant in pig production for many years, little is known 

about the genetic architecture of the disorder. Equally unclear are the unknown 

environmental factors that can cause a sudden and temporal surge in the prevalence of SH 

while genetics (lines, breeds, sires, etc) remain constant. In the sample selection we 

accounted for these factors through the selection of cohort (affected and unaffected) animals 

that shared the same “micro-environment” such as birth-week and farrowing room.  

We have created a custom built porcine chip of 6,742 unique markers that covered all QTL 

regions and known candidate genes for SH and filled the remaining gaps with equally spaced 



SNPs with high MAF in multiple PIC lines. For technical reasons, 189 markers failed to 

create genotype calls in all three populations. The majority of the remaining markers, 

however, had MAF>0.05 in all three populations (m=5,149) and the majority of the markers 

that had low MAF were population specific (Figure 1).  

 

Figure 1: Distribution of the number of SNPs based on number of populations (1 only, 

2, or all 3) within MAF category.  

In general, information gain (IG) from the Machine Learning approach was highly correlated 

with a marker’s p-value for additive or dominance effects. Similarly all markers selected 

using “model frequency” in GenSel were also significant for the additive effect in the single 

marker analysis. Therefore information from the three analysis methods was considered 

simultaneously in selecting a subset of SNPs used for further validation. The consistency of 

the results (markers’ effects) between lines and the existence of a known QTL region from 

the literature also contributed to the selection. Additionally, linkage disequilibrium (LD) was 

calculated (Deeb, N., Forni S., and Cleveland M.A. (2010)) and selection of markers in high 

LD within genomic region was avoided. 

Considering results from the different analyses, genomic regions, and LD; a total of 130 

markers were selected, represented regions on 16 autosomal chromosomes and SSCX. This 

wide distribution of significant markers across most of the pig genome demonstrates the 

polygenic nature of this disorder. Despite the fact that the selected markers were unique for 

each population, in a few cases they were within the same genomic region, but due to 

differences in allele frequency and LD pattern that tended to be unique for each population, a 

different set of markers were selected for each population.  This illustrates the difficulty in 

creating a standardized panel of markers that is appropriate for multiple lines or crosses. 

Once the pig genome sequence is completed and a genome assembly created this task should 

become easier. In the current study, however, we used the human genome and pig-human 
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comparative maps as a larger number of the markers were mapped to the human genome 

than to the pig map.  

To validate the results and to quantify the markers effects, we genotyped about 400 animals 

from the same synthetic sire line used in the discovery project that had high accuracy (r>0.8) 

EBV for SH. A cross-validation approach was used in which marker effects were estimated 

for about 300 randomly selected individuals using BayesA and genomic breeding values 

(gEBV) predicted for the remaining 100 animals, repeated 1,000 times. The accuracy of 

gEBV was calculated as the mean correlation between gEBV and high-accuracy EBV. The 

results indicated that using the selected markers, EBV accuracy (r) is expected to improve by 

70 to 100% over what can be achieved using phenotypic information only at an early age.  

Summary and Conclusion 

This study describes some of the challenges in conducting a whole genome scan for SH in 

multiple commercial lines, including: the challenges and considerations in discovering and 

choosing SNPs to be used in a custom-chip genome scan; the difficulties in accounting for 

unknown environmental factors that influence the trait of interest in the experimental design; 

the differences in statistical methods that can lead to different estimates of marker effects; 

the challenges in extending marker effects discovered and validated in one line to another; 

and finally the difficulty in quantifying the marker effect in units that are compatible with a 

commercial breeding program. Despite these difficulties, we assembled a 7k custom SNP 

chip and conducted a genome scan resulting in the discovery of many markers with 

predictive ability. We have subsequently shown that using these markers will improve our 

ability to select against SH at an early age, and have implemented these tools to aid in our 

continued effort to eradicate susceptibility alleles from PIC lines.  
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