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RESUMO 

 

DINIZ, Daniele Botelho, M.Sc., Universidade Federal de Viçosa, julho de 2013. 
Estudo de associação genômica ampla para motilidade espermática em suínos. 
Orientador: Paulo Sávio Lopes. Coorientadores: Simone Eliza Facioni Guimarães 
e Fabyano Fonseca e Silva. 
 

A qualidade do sêmen de reprodutores suínos pode ser avaliada de acordo com 

vários critérios, sendo a motilidade espermática o mais utilizado e importante. A 

motilidade, essencial para a fertilização, refere-se ao movimento retilíneo dos 

espermatozóides. Apesar da importância da avaliação de características de 

qualidade do sêmen de reprodutores, tradicionalmente estes animais têm sido 

selecionados com ênfase em características de carcaça e crescimento, com pouca 

atenção dispensada à sua capacidade reprodutiva. Devido ao fato de características 

seminais poderem ser avaliadas nos reprodutores somente após a puberdade, 

técnicas moleculares e genotipagem dos animais utilizando chips de alta densidade 

de marcadores SNPs poderiam ser utilizados como ferramentas para avaliar e 

melhorar a seleção para fertilidade e qualidade de sêmen em reprodutores suínos 

em uma idade jovem. O estudo de associação genômica ampla (GWAS) requer o 

conhecimento de uma associação entre um marcador genético e alguma variação no 

fenótipo e assume que associação significativa pode ser detectada porque os SNPs 

estão em desequilíbrio de ligação (LD) com as mutações causais para as 

características de interesse, a nível de população. Assim, este estudo foi conduzido 

com o objetivo de identificar, através do GWAS, marcadores SNPs e genes 

candidatos relacionados com motilidade espermática em duas diferentes linhas de 

suínos. Os dados fenotípicos são provenientes de avaliações repetidas de motilidade 

de espermatozóides logo após a coleta do sêmen através do método denominado 

CASA (Computer Assisted Sperm Analysis). Animais de duas linhas (linha 1, n=760 

animais da raça Landrace e linha 2, n=645 animais da raça Large White) foram 

fenotipados para a construção do arquivo de dados, que possui 32884 observações 

para a linha 1 e 32576 para a linha 2. Um total de 1507 animais da linha 1 e 1383 

animais da linha 2 foram genotipados com o uso do chip de 60K da Illumina®. Os 

valores genéticos dos animais foram estimados utilizando o programa ASREML e 

os valores genéticos desregressados foram calculados para serem utilizados no
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GWAS. Após o controle de qualidade, 42551 SNPs e 602 animais genotipados 

(linha 1) e 40890 SNPs e 525 animais genotipados (linha 2) foram utilizados no 

GWAS. SNPs que possuíram q-valores baseados na taxa de falsos descobertos 

(FDR) menores ou iguais a 0.05 foram considerados significativos. Para a linha 1 

não foram encontrados SNPs significativos relacionados com motilidade. Já para a 

linha 2, seis SNPs localizados no cromossomo 1 (SSC1) foram significativamente 

relacionados com a característica estudada. Essa diferença pode ser explicada pela 

baixa correlação (r = 0.0926) entre os valores de LD entre marcadores calculados 

para as duas linhas na região que abrange os seis SNPs significativos. O alto valor 

médio de r2 (r2 = 0.7275), calculado para medir o LD entre os seis SNPs 

significativos para a linha 2, revela que todos esses SNPs podem estar ligados a um 

mesmo QTL. O gene metionil-tRNA formiltransferase mitocondrial (MTFMT) é 

um possível gene candidato controlando a característica. Esse estudo fornece 

marcadores SNPs e um gene candidato associados com motilidade espermática em 

suínos. No entanto, por ser o primeiro trabalho a encontrar tais marcadores 

relacionados com motilidade espermática em suínos em uma nova região do SSC1, 

é necessária replicação e validação do estudo em outra população para confirmação 

dos resultados encontrados a fim de incluir tais informações na seleção de melhores 

animais. 
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ABSTRACT 

 

DINIZ, Daniele Botelho, M.Sc., Universidade Federal de Viçosa, july, 2013. 
Genome-wide association study for sperm motility in pigs. Adviser: Paulo Sávio 
Lopes. Co-advisers: Simone Eliza Facioni Guimarães and Fabyano Fonseca e Silva. 
 

The boar semen quality can be evaluated according to several parameters. Sperm 

motility is the most widely used and important test. Sperm motility, essential for 

fertility, is measured as the proportion of sperm cells with a straightforward 

movement. Despite its importance, traditionally boar selection has been done based 

on growth rate and carcass traits and little attention has been given on their semen 

quantity and quality. Because reproductive traits and sperm quality traits can only 

be measured on boars after puberty, molecular techniques and animal genotyping 

using chips with high density of SNP markers could be used to evaluate and 

improve selection on boar fertility at a young age. The Genome Wide Association 

Study (GWAS) requires knowledge of an association of a genetic marker with some 

variation in phenotype and it assumes that significant association can be detected 

because the SNPs are in linkage disequilibrium (LD) with the causative mutations 

for the traits of interest at the population level. Therefore, this study was conducted 

with the objective of performing a GWAS in order to find markers and candidate 

genes in the pig genome associated with sperm motility in two different pig lines. 

The phenotypic data consisted of repeated records of fresh sperm motility evaluated 

with CASA (Computer Assisted Sperm Analysis), obtained from two pure dam 

lines: a Landrace based line (line 1), n=760 animals and a Large White based line 

(line 2), n=645. The phenotypic database had in total 32,884 observations for line 

1 and 32,576 observations for line 2, with 43.27 ± 36.81 observations per animal 

for line 1 and 50.51 ± 39.15 observations per animal for line 2. The PorcineSNP60 

Beadchip of Illumina (San Diego, CA, USA, Ramos et al., 2009) was used to 

identify the association between sperm motility and the SNP markers. After quality 

control, a total of 42,551 SNPs and 602 genotyped animals (line 1) and 40,890 SNPs 

and 525 animals (line 2) were used in the association analyses. A False Discovery 

Rate based q-value of 0.05 was used as threshold for significant association. Six 

SNPs on pig chromosome 1 (SSC1) were significantly associated with the trait in 
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line 2, whereas no SNPs were considered significantly associated with the trait in 

line 1. This difference can be explained by the low correlation (r = 0.0926) between 

the LD measurements (r2) between markers located in the region covering the six 

significant SNPs for line 2, calculated for both lines. The high average value of r2 

(r2 = 0.7275), calculated to measure the LD between the six significant SNPs for 

line 2 reveals that all these SNPs may be linked to one QTL. The mitochondrial 

methionyl-tRNA formyltransferase (MTFMT) is a possible candidate gene 

affecting sperm motility on SSC1. This study provides some SNPs markers and a 

candidate gene associated with the trait of interest in a novel region on SSC1. 

However, replication, validation in another population and confirmation of 

published QTL or candidate genes related to boar sperm motility in the same region 

that we found in this study is necessary before using such information in selection. 
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GENERAL INTRODUCTION 

 

 

Sperm motility 

 

The implementation of artificial insemination (AI) in swine production 

was remarkably important, allowing for improved selection on boars and increasing 

the potential impact and importance of boar reproductive performance (Wimmers 

et al., 2005). 

The semen quality can be evaluated according to several parameters. In 

general, four basic parameters are measured to evaluate boar semen quality: 

concentration, motility, morphology and acrosome integrity. Sperm motility, 

essential for fertility, is the proportion of sperm cells with a straightforward 

movement and is one of the most widely used tests to evaluate semen quality (Lin, 

2005).  

Despite the importance of boar semen quality traits, selection of boars has 

traditionally been done with the objective of producing the most valuable offspring, 

with little attention given to the reproductive fitness of the individual boar 

(Safranski, 2008). These boars are selected almost exclusively for growth and 

carcass characteristics, with minimum emphasis on semen quantity, quality or 

fertility (Flowers, 2008). According to Robinson and Buhr (2005), commercially 

important traits should not be the sole criteria for selection, because this strategy 

could ignore and possibly select for reduced semen quality due to the negative 

correlations between these traits. Therefore, semen traits, important to AI centers, 

should be scientifically investigated to determine heritabilities and permit their 

inclusion in selection methods (Wolf, 2010). 

According to Oh et al. (2006), if AI sires were also evaluated and selected 

on semen production and quality, it could be possible to reduce the number of boars 

required to service sows, thereby improving the productivity and profitability of the 

boar. Semen quantity and quality are main factors that affect the number of doses 

produced at an AI center and the costs associated with AI.
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 Reproductive traits and sperm quality traits can only be measured on boars 

after puberty, so marker-assisted selection could be tool of choice to improve boar 

fertility (Kaewmala, 2011). With the advancement in molecular techniques it is 

possible to increase the rate of response to selection. The possibility of realizing 

selection criteria on a molecular genetic level at a young age increases the accuracy 

and shortens the generation interval. Particularly for fertility traits, this is of greatest 

interest. Genotyping can be performed by using blood or tissue samples of new-

born piglets; it is not necessary to wait for the puberty of candidate boars or the 

results obtained by their offspring (Lin, 2005). 

The sperm motility can be evaluated microscopically by a technician or by 

objective methods, for instance the method CASA (computer assisted sperm 

analysis). Visual estimation of semen motility is a common laboratory test, but can 

generate discussion about the predictive value of fertility, its subjective nature and 

the human bias (Broekhuijse, 2012). Because of the need to obtain objective data 

for sperm motility (without the human bias), CASA was first proposed in 1979 

(Dott and Foster, 1979). CASA refers to an automated system (hardware and 

software) to visualize and digitize successive images of sperm, process and analyze 

the information to provide accurate, precise, and meaningful information on the 

movement of individual cells or mean values of a population of sperm cells (Amann 

and Katz, 2004). 

Some studies have been done with the objective of finding markers and 

genes related to boars’ sperm and fertility traits. Lin et al. (2006) investigated some 

candidate genes, as gonadotropin releasing hormone receptor (GNRHR), located on 

pig chromosome 8, for their association with sperm quality traits, including sperm 

motility. In total, 356 boars were included in the study. The boar population was 

composed of purebred Pietrain and crossbred Pietrain × Hampshire. Analysis of 

variance revealed significant association of GNRHR with motility. 

Xing et al. (2009) developed a work with the objective of identifying 

quantitative trait loci (QTL) for traits related to boars’ semen and ejaculation. They 

evaluated phenotypic data including sperm motility on 206 boars at 280 days from 

54 full-sib families in a White Duroc × Erhualian intercross. The animals were 

genotyped for 183 microsatellite markers covering the whole pig genome and a
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 genome-wide scan and QTL analysis were performed. As a result, 18 QTL were 

detected for the traits and one suggestive QTL on pig chromosome 1 (SSC1) was 

associated to sperm motility. 

Kaewmala et al. (2011) selected the cluster-of-differentiation antigen 9 

(CD9) gene (located on SSC5) as candidate gene for boar semen quality. This gene 

is expressed in the male germ line stem cells and is crucial for sperm–egg fusion. 

A total of 340 boars from purebred Pietrain and Pietrain × Hampshire crosses were 

used in this study. More than 46,000 ejaculates from these boars were obtained, 

including repeated measures of sperm concentration, semen volume per ejaculate, 

sperm motility, plasma droplets rate and abnormal spermatozoa rate. As one of the 

results of the study, a single nucleotide polymorphism in intron 6 of the gene was 

significantly associated with sperm motility.  

Gunawan et al. (2011) investigated the association of estrogen receptor 1 

(ESR1) gene polymorphisms with sperm quality and boar fertility traits (including 

sperm motility) in a total of 300 boars from purebred Pietrain and Pietrain × 

Hampshire crosses. A SNP in coding region of ESR1 was associated with sperm 

motility. This gene is located on SSC1. 

Gunawan et al. (2012) studied the association of estrogen receptor 2 

(ESR2) gene (located on SSC1) with boar sperm quality and fertility traits and 

investigated the ESR2 mRNA and protein expressions in sperm and reproductive 

tissues from boars with divergent phenotype. For this, they collected semen samples 

from Pietrain (n = 203) and Pietrain x Hampshire crossbred (n = 100) boars and 

used them for association analysis in this study. In brief, sperm samples of more 

than 31,000 ejaculates were repeatedly collected from these boars. As a result, 

association analysis of g.35547A>G with sperm quality and fertility traits revealed 

significant association with sperm motility. 

 

 

Single Nucleotide Polymorphisms (SNPs) 

 

 Molecular biology and animal selection have reached great advances with 

several animals` genome sequencing and development of dense maps of single
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nucleotide polymorphisms (SNPs). According to Brookes (1999) SNPs are single 

base pair positions in genomic DNA at which different sequence alternatives 

(alleles) exist in normal individuals in some population(s), wherein the least 

frequent allele has an abundance of 1% or greater. In principle, SNPs could be bi-, 

tri-, or tetra-allelic polymorphisms (Brookes, 1999). Although in principle, at each 

position of a sequence stretch, any of the four possible nucleotide bases can be 

present, SNPs are usually bi- allelic in practice (Vignal et al., 2002). 

 There are many kinds of commercial SNP chips available for domestic 

animals, as dogs (Illumina CanineSNP20 BeadChip and CanineHD BeadChip), 

cattle (Illumina BovineSNP50 BeadChip and Illumina BovineHD BeadChip), 

horses (Illumina EquineSNP50 BeadChip), pigs (Illumina PorcineSNP60 

BeadChip - Ramos e al., 2009) and sheep (Illumina OvineSNP50 BeadChip). 

 

 

Genome Wide Association Study 

 

The first Genome Wide Association Studies were performed to study 

complex diseases in humans. According to Visscher et al. (2012), although the first 

results from a GWAS were reported in 2005 and 2006, the 2007 Wellcome Trust 

Case Control Consortium (WTCCC) paper in Nature is taken as a starting point for 

these studies. The reason for this is that the WTCCC study was the first large, well-

designed GWAS for complex diseases using a SNP chip that had good coverage of 

the genome. 

 According to Pearson and Manolio (2008) genome wide association 

studies use high-throughput genotyping technologies to assay hundreds of 

thousands of the most common form of the genetic variant, the single-nucleotide 

polymorphisms (SNPs) and relate them to measurable traits. These studies became 

possible to be performed in domestic animals because the development of the SNP 

chips and, according to Zhang et al (2012), the development of cost-effective 

methods for large-scale SNP analysis.  

Contrasting with candidate gene studies, which test for association 

between phenotypes and variants in biologically selected genes, genome-wide
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association studies test many SNPs covering the entire genome without mention 

any particular gene (Benyamin et al., 2009). Candidate gene and QTL mapping 

strategies have been extensively used in domestic animals for the discovery of 

genetic markers suitable for marker assisted selection (MAS) (Fan et al., 2010). 

However, these approaches have limitations. The biological mechanisms of 

quantitative traits are complicated. The determination of candidate genes according 

to their putative physiological roles is often difficult, and candidate gene approach 

may miss the identification of novel genes and pathways associated with some 

traits. The regions with identified QTL are generally large and further fine mapping 

is necessary, and often the consistency of results from QTL mapping is limited 

among different resource families (Rothschild et al., 2007). 

GWAS can overcome these limitations. Because of the fact that the SNPs 

are spread in whole genome, in a little distance from the causative mutations, it is 

not necessary to work with families to follow the marker alleles through the 

generations. It is possible to work with any population because the possibility to 

occur a recombination between the marker and the causative mutation is small, so 

it is less probable to lose the marker. 

The typical GWA study can be performed in four parts, according to 

Pearson and Manolo (2008): 1) selection of a large number of individuals with the 

trait of interest and a suitable comparison group; 2) DNA isolation, genotyping, and 

data review to ensure high genotyping quality; 3) statistical tests for associations 

between the SNPs passing quality thresholds and the trait; and 4) replication of 

identified associations in an independent population sample or examination of 

functional implications experimentally. 

The GWAS assumes that significant association between a SNP and a trait 

can be detected because the SNPs are in linkage disequilibrium (LD) with the 

causative mutations for the traits of interest at the population level (Zhang et al., 

2012). The LD is a non-random association between alleles at different loci. The 

high density of SNP markers in the chip used in GWAS was sufficient to identify 

the LD between SNP markers and causative mutations (Zhang et al., 2012). 

In humans, Sham et al. (2000) showed that genome scans relying on 

association analysis of very dense SNPs with phenotypes are likely to be more 
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powerful than linkage analysis. According to these authors, the detection of a QTL 

by linkage analysis is only feasible when the proportion of phenotypic variance 

accounted for by the QTL is 10% or more. On the other hand, association analysis 

can feasibly detect a QTL accounting for as little as 1% of the phenotypic variance, 

provided that the degree of linkage disequilibrium between QTL and marker is 

strong (r2 > 0.5). r2 is a measure for linkage disequilibrium. 

Before a Genome Wide Association Analysis is performed, it is important 

to do the quality control in the genotypic data in order to: 1) eliminate SNPs and 

animals that had high density of genotyping errors during the genotyping process; 

2) eliminate monomorphic SNPs and that one with low minor allele frequency 

(MAF), an important criterion, because rare SNP alleles are not estimated with good 

accuracy, they are low informative and they do not have genetic relevance in 

population; 3) eliminate SNPs that deviate from Hardy Weinberg Equilibrium 

(HWE). This last criterion is important because if some loci are not segregating 

according to HWE could be problematic to do a selection due to the fact that these 

loci can be highly influenced by population size, mutation, migration and selection 

(Silva, 2012). 

There are some problems that can induce false associations in GWAS. This 

is caused by a confounding factor, leading to identify wrong genetic associations 

between the marker and the trait. One of these problems is the relatedness between 

individuals (e.g. population structure or stratification) that can be solved by 

including the pedigree information in the GWAS model. According to MacLeod et 

al. (2010) if pedigree information is ignored in a GWAS model, this consistently 

will result in significantly more false positives than expected. Therefore, 

considering the polygenic effect in GWAS model is robust against population 

stratification and significant markers imply association with the trait. The “genomic 

inflation factor” (lambda) is the regression coefficient of observed statistic onto 

expected statistic. It is desirable that the lambda value will be around 1.0 to evidence 

that there are not confounding factors, as population structure, leading to false 

associations between the markers and the trait. The Quantile-Quantile graphics (Q-

Q plots) are also important tools to observe if there are confounders leading to false 

associations. In this graphics, p-values for each SNP are ranked in order from
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smallest to largest and plotted against the expected p-values (if there were no 

association between marker and phenotype). 

The multiple-testing problem, that appears due to a lot of tests are 

performed at the same time, can be solved by the use of the False Discovery Rate 

(FDR), which is the expected proportion of false positive results among the 

significant ones and is the best measure when multiple tests are performed, as 

mentioned above. 

The results of a GWAS can be seen on the “Manhattan plots”. These 

graphics show every SNP represented by one dot. On the x-axis are the physical 

positions of the SNPs by chromosome and on the y-axis are –log10(p-values). 

Therefore, it is possible to identify which SNPs were significantly related to the 

trait studied through the GWAS, as well as their location (in which chromosome or 

in what position within each chromosome).  

 

 

Deregressed breeding values 

 

The Genome Wide Association Study can use data of deregressed breeding 

values as dependent variable in the model in order to identify markers related to the 

trait of interest. In the literature there are some studies that have used the 

deregressed breeding values as response variable in a GWAS model (Bolormaa et 

al., 2011; Do et al., 2013; Sahana et al., 2013). A deregressed observation represents 

a single value that encapsulates all the information available on the individual and 

its relatives (Garrick et al, 2009). According to Garrick et al. (2009) deregressing is 

important because although the interest is to estimate the effect of a marker on 

phenotype, we get a lower value for the contrast if estimated breeding values 

(EBVs) with reliabilities ≤ 1 are used as data, rather than using phenotypes. A 

further complication is that training data based on EBVs typically comprise 

individuals with varying reliabilities. This problem can be avoided by deregressing 

or unshrinking the EBV. It is also recommended removing ancestral information 

from the deregressed breeding values for two reasons. First, some animals may have 

EBV with no individual or progeny information. These animals cannot usefully 
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contribute to genomic prediction. Second, if any parents are segregating a major 

effect, about half the offspring will inherit the favorable allele and the others will 

inherit the unfavorable allele. However, the EBV of both kinds of offspring will be 

shrunk towards the parent average. When deregressed breeding values are used is 

important to consider the weighting factor, because, as described by Garrick et al. 

(2009), deregressed breeding values have heterogeneous variance when reliabilities 

(r2) varies between individuals. 

 

 

Objective 

 

This study was conducted with the main objective of finding markers and 

candidate genes in the pig genome associated with sperm motility through a GWAS 

in two different pig lines. 
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Genome-wide association study for sperm motility in pigs 1 

 

Abstract 

Sperm motility is the proportion of sperm cells with a straightforward movement 

and is one of the most widely used tests in order to evaluate boar semen quality. In 

this study the PorcineSNP60 BeadChip (Illumina, San Diego, CA, USA) was used 

to help identifying the association between SNP markers and sperm motility in two 

different pig lines, through a Genome Wide Association Study (GWAS). After 

quality control, a total of 42,551 SNPs (line 1) and 40,890 SNPs (line 2) were used 

in GWAS. A total of 602 and 525 genotyped animals for lines 1 and 2 respectively 

were used to perform the GWAS, that included the polygenic effect and considered 

the deregressed breeding values as dependent variable in the model. A False 

Discovery Rate based q-value ≤ 0.05 was used as threshold for significant 

association. Six SNPs on pig chromosome 1 (SSC1 - position 117,260,234- 

119,556,999 bp) were significantly associated with the trait in line 2 and no SNPs 

were considered significantly associated with the trait in line 1, which can be 

explained by differences in linkage disequilibrium measurements between the lines. 

To our knowledge, this is the first time that SNP markers associated with sperm 

motility in pigs have been reported in this region on SSC1. The mitochondrial 

methionyl-tRNA formyltransferase (MTFMT) is a possible candidate gene 

affecting the trait on the region. This study provides SNP markers and a candidate 

gene associated with the trait of interest. Therefore, replication, validation in 

another population and confirmation of published QTL or candidate genes related 

to boar sperm motility in the same region where we found in this study is necessary 

before using such information in selection. 

 

Keywords  

Artificial insemination, semen, single nucleotide polymorphism, association 

analyses. 

 

______________ 

1Article written in the Livestock Science journal format.
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1. Introduction 

 The implementation of artificial insemination (AI) in pig production was 

remarkably important, increasing the potential impact and importance of the boar 

reproductive performance.  

 The semen quality can be evaluated according to several parameters. 

Sperm motility, essential for fertility, is measured as the proportion of sperm cells 

with a straightforward movement and is the most widely used and important test. 

Traditionally, selection and computation of estimated breeding values 

(EBVs) of boars have been done based on grown rate and carcass traits with the 

objective of producing the best offspring. Although boars’ semen quantity and 

quality have been evaluated on AI centers, EBVs for these traits have not been 

considered on selection programs. According to Robinson and Buhr (2005), 

commercially important traits should not be the unique criteria for selection, 

because this approach could ignore and select for reduced semen productions due 

to the negative correlations between these traits. Therefore, semen traits, important 

to AI centers, should be scientifically investigated to determine heritabilities and 

permit their inclusion in selection indices (Wolf, 2010).  

The major limitation about including fertility and sperm quality traits in a 

breeding program is that these traits can only be measured on boars after puberty, 

so molecular techniques and animal genotyping using chips with high density of 

single nucleotide polymorphisms (SNPs) markers could be used to evaluate and 

improve selection on these boar traits at a young age, shortening the generation 

interval. 

QTL linkage mapping using microsatellite markers and candidate gene 

approach have been used to study sperm motility in pigs. Lin et al. (2006) found 

significant association between gonadotropin releasing hormone receptor 

(GNRHR) gene with sperm motility. Using microsatellite markers and QTL study 

in a F2 pig population, Xing et al. (2009) found one suggestive QTL on pig 

chromosome 1 (SSC1) associated to sperm motility. Kaewmala et al. (2011) 

selected the cluster-of-differentiation antigen 9 (CD9) gene as candidate gene for 

boar semen quality, including sperm motility and found a SNP significantly 

associated with sperm motility. Gunawan et al. (2011) investigated the association
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of estrogen receptor 1 (ESR1) gene polymorphisms with sperm quality and boar 

fertility traits (including sperm motility) and found a SNP in coding region of ESR1 

associated with sperm motility. Gunawan et al. (2012) studied the association of 

estrogen receptor 2 (ESR2) gene with boar sperm motility and found a SNP in this 

gene significantly associated with sperm motility. 

QTL linkage mapping using microsatellite markers and candidate gene 

approach are limited because most of the traits studied in domestic animals are 

complex, with many biological mechanisms involved, making difficult the 

determination of candidate genes according to their physiological roles, therefore 

missing the identification of novel genes and pathways associated with some traits. 

In addition, the regions with described QTL are normally large, requiring fine 

mapping and frequently consistency of results from QTL mapping is limited among 

different resource families (Rothschild et al., 2007). 

Genome-wide association studies (GWAS), which can overcome these 

limitations, use high-throughput genotyping technologies to assay the most 

common form of genetic variation, the SNPs, and relate them to phenotypic traits 

(Pearson and Manolio, 2008). The GWAS is valuable to identify significant 

association between SNP markers and causative mutations and detect QTLs and 

candidate genes related to the traits of interest because the SNPs are in linkage 

disequilibrium (LD) with these causative mutations at the population level. The 

high density of SNP markers in the chip used in GWAS was sufficient to identify 

this LD (Zhang et al., 2012). The sequencing of the pig genome and the 

development of the pig SNP chip allowed the improvement of molecular and 

association studies on these animals. 

Genome-wide association studies have been performed in pigs related to 

many traits: boar taint (Duijvesteijn et al., 2010), body composition (Fan et al., 

2011), sow reproductive traits (Onteru et al., 2012), feeding behavior (Do et al., 

2013) and   many others. However, until this moment, a GWAS related to boar 

sperm motility have not been reported. Therefore, if markers, or more relevant, 

candidate genes are discovered governing an important trait such as sperm motility, 

the mechanisms involved in the control of the trait and differences in animals 

phenotypes could be better understood. Thus, this study was conducted with the
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objective of finding markers and candidate genes in the pig genome associated with 

sperm motility through a GWAS in two different pig lines. 

 

2. Material and Methods 

 

2.1 Animals and Phenotypes 

 

The phenotypic data consisted of repeated evaluations of fresh sperm 

motility (sperm motility evaluated just after the semen collection) in per cent, 

obtained from two pure dam lines: a Landrace based line (line 1), n=760 animals 

and a Large White based line (line 2), n=645. The data were collected from October 

2006 to December 2012, corresponding to repeated evaluations of sperm motility 

using the method CASA (Computer Assisted Sperm Analysis).  The phenotypic 

database had in total 32,884 observations for line 1 and 32,576 observations for line 

2, with 43.27 ± 36.81 observations per animal for line 1 and 50.51 ± 39.15 

observations for line 2. Table 1 shows the descriptive statistics for semen motility 

measurements used to construct the phenotypic database. The pedigree file 

contained a total of 38,425 animals for line 1 and 38,994 for line 2, with their 

respective sire and dam. 

 

Table 1 

Descriptive statistics for sperm motility (%).  

Line Number of observations Number of animals mean (%) SD min (%) max (%) 

1 32884 760 58.3625 25.0044 10 99 

2 32576 645 57.7284 25.2522 10 99 

Number of observations, number of animals, mean, standard deviation (SD), minimum (min) and 

maximum (max) values of phenotypic database. 

 

 

2.2 Genotyping and quality control 

 

A total of 1,982 animals from line 1 and 2,075 animals from line 2 were 

genotyped for more than 60,000 SNPs using the Illumina PorcineSNP60 BeadChip
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(Illumina, San Diego, CA, USA, Ramos et al., 2009). Among these animals, 346 

from line 1 and 233 from line 2 had their own performance of fresh sperm motility. 

Some criteria were used to maintain the quality of the data. Related to markers, 

were included on the analysis only the SNPs which met the following criteria: 1) 

percentage of missing genotypes less than 5%, removing from the data the SNPs 

with high quantity of lost information; 2) minor allele frequency (MAF) greater or 

equal to 5%, an important criterion, because rare SNP alleles are not estimated with 

good accuracy, they are low informative and they do not have genetic relevance in 

the population; 3) deviation of observed genotype frequencies from expected 

frequencies according to Hardy Weinberg Equilibrium (HWE) – only SNPs that 

had values of calculated X2 less than 600 were included in the analysis (according 

to Hayes et al., 2009). High deviation from HWE can represents genotyping errors. 

For animals, those with a proportion of missing genotypes greater or equal to 5% 

were removed from the analysis. After quality control 42,551 SNPs and 1,886 

genotyped animals (line 1) and 40,890 SNPs and 1,972 genotyped animals (line 2) 

remained for further analysis.  

 

 

2.3 Statistical analysis of phenotypes  

 

Variance components and heritabilities for both lines were estimated using 

a repeatability animal model in ASReml 3.0 software (Gilmour et al., 2009): 

 

yijkl = μ + AI*yyyymmi + labj + b1 * concijkl +  b2 * intijkl + b3 * ageijkl + 

pk + ak + eijkl 

 

Where: 

yijkl is the phenotypic measurement (fresh sperm motility); μ is the overall 

population mean; AI*yyyymmi is the combined effects of AI station, year and week 

of semen collection; lab
j
 is the effect of the laboratory of collection; concijkl is the 

effect of semen concentration as covariate; intijkl  is the effect of the interval between 

collections as covariate; ageijkl 
 
is the effect of boar age when the semen was 
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collected as covariate; pk is the permanent environmental effect of the kth boar; ak is 

the additive genetic effect of the kth boar and eijkl is the residual effect. 

  It is assumed that  p~N�0, Iσ�
��; a~N(0, Aσ�

�); �~N(0, Iσ�
�) where σ�

�  is 

the permanent environmental variance, σ�
� is the additive genetic variance, σ�

�  is 

the residual variance, I is an identity matrix and A is the pedigree based relationship 

matrix. 

The analyses were performed with the two lines separately because they 

are pure lines and there is no genetic connectedness between the animals. In 

addition, the significance of GWA analysis depends on the linkage disequilibrium 

between markers and causative mutations in the population level and the lines can 

be different regarding to LD measurements, resulting in different significant 

associations. 

Using ASREML the breeding values (EBVs) were estimated and with R 

software (version 2.15.3) the deregressed breeding values were calculated for 

genotyped animals and used in a weighted analysis (according to the methodology 

described by Garrick, et al. 2009). In the literature there are some studies that have 

also used the deregressed breeding values as response variable in a GWAS model 

(Bolormaa et al., 2011; Do et al., 2013; Sahana et al., 2013). 

 

2.4 Genome-wide association analysis 

 

Using the ASREML and R softwares, the Genome-wide association study 

was performed for the genotyped animals by doing the “Single SNP analysis”, 

where each SNP was fitted separately using a linear mixed model, which included 

the polygenic effect and considered the animals’ SNPs genotypes as fixed effects. 

The deregressed breeding values were used in the ASREML/GWAS model as 

dependent variable (phenotypes) and the weighting factors were considered. Only 

the animals with deregressed breeding values reliabilities greater or equal to 0.05 

were included in the analysis. According to Ostersen et al. (2011), this last criterion 

is used to assure the quality of the calculated deregressed breeding values. In total 

602 animals for line 1 and 525 animals for line 2 surpassed this last threshold and 

were used in the GWA analysis.
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The analysis of variance (ANOVA) was performed to statistically analyze 

each marker in the association study. The “genomic inflation factor” – lambda – 

was calculated using the results of ANOVA and the R package GenABEL 

(Aulchenko et al., 2007). The lambda is the regression coefficient of observed 

statistic onto expected statistic. It is desirable that the lambda value will be around 

1.0 to evidence that there are not confounding factors, as population structure, 

leading to false associations. 

 The False Discovery Rate (FDR) was used to correct for multiple-testing 

when GWAS was performed. Using the R package “qvalue” (Storey and Tibshirani, 

2003), FDR-based q-values were calculated to measure the statistical significance 

for the association study. Q-values ≤ 0.05 were set as threshold for significant 

association. 

The Quantile-Quantile graphics (Q-Q plots) were generated in R software. 

These graphics are important to help observing if there are some confounders 

leading to false associations between the markers and the trait.  

Using the results of ANOVA, the “Manhattan plots” were generated, where 

was possible to identify which SNPs were significantly related to the trait studied, 

as well as their location (in which chromosome or in what position within each 

chromosome).  

The Haploview software version 4.2 (Barret et al., 2005) was used to 

calculate the linkage disequilibrium (r2) between SNPs and create the LD plot for 

both lines, considering all the animals used in GWA analysis. The LD block was 

defined by the criteria of Gabriel et al. (2002). The analysis of the LD values 

between significant SNPs are important to help us see if significant SNPs are linked 

to one or more QTL. In order to evaluate the differences in LD among the lines, we 

compared the LD measures (r2) between the markers presented in the region among 

117,260,234 and 119,556,999 bp on SSC1 for the two lines and then we calculated 

in R software the correlation between these LD measurements. 

 

 

3. Results
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In the current study we performed a GWAS in order to find SNPs 

significantly associated with sperm motility in two different pig lines. For line 2 the 

calculated heritability of the trait was 0.14. The GWA analysis for this line, using 

the threshold for FDR-based q-value ≤ 0.05, showed that six SNPs were 

significantly associated with boar sperm motility. Table 2 lists these SNPs.  

 

 

Table 2 

Single nucleotide polymorphism that showed genome-wide significant association with boar 

sperm motility in line 2. 

 SNP Chr1 Pos2 -log10(p-value) q-value3 

ALGA0005389 1 117260234 5.818307298 0.02795 

ASGA0004144 1 117301395 5.818307298 0.02795 

ASGA0004149 1 117234927 5.657473298 0.02795 

ALGA0005448 1 119454475 5.331475895   0.036815 

          DIAS0003184 1 119556999              5.31598355   0.036815 

MARC0005035 1 119497046 5.169731429   0.042963 

Chr1= chromosome; Pos2= position on the chromosome (in base pairs); q-value3 = FDR-based q-value 

 

 

All the significant SNPs were located on chromosome 1 (SSC1), between 

117,260,234 and 119,556,999 bp. In figure 1 (a) the Manhattan plot for line 2 is 

represented. In this plot all the autosome chromosomes are showed in x-axis. Only 

the SNP with known genome position are represented, because, as Sahana et al. 

(2013) mentioned on their study, without the known marker position, it will not be 

possible to link significantly associated SNPs to candidate genes. Each band 

(yellow or white) in the Manhattan plot is related to one chromosome and its 

extension.  In y-axis we have the –log10(p-value) for each SNP. The SNPS which 

were not significantly related with the trait are represented as a gray dot. The 

significant SNPs are symbolized as a blue triangle, all of them on SSC1. The red 

line represents the maximum –log10(p-value) associated with the FDR q-value ≤ 

0.05, that was the value 5.169731.
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Figure 1 (b) shows the Q-Q plot for this line. In y-axis, –log10(p-values) 

observed (blue dots) are plotted against –log10(p-values) expected under the null 

hypothesis of no association between the markers and the trait (red line).  

 

 

Figure 1: Graphics for line 2. (a) Manhattan plot for association analysis of sperm motility. 

Cut-off value is 5.169731, which is associated with a FDR-based q-value ≤ 0.05. (b): 

Quantile-Quantile plot.
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For line 1 the calculated heritability for the trait was 0.11. No significant 

SNPs were found when GWAS was performed for this line, as we can see in the 

Manhattan plot on Figure 2 (a). Figure 2 (b) represents the Q-Q plot for this line. 

 

 

Figure 2: Graphics for line 1. (a) Manhattan plot for association analysis of sperm motility. 

Cut-off value is 5.548968, which is associated with a FDR-based q-value ≤ 0.05. (b) 

Quantile-Quantile plot.
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 Boxplots with the means for boars’ sperm motility (%) of the three 

genotypes (0, 1 and 2) of each SNP that was considered significantly associated 

with the trait for line 2 are shown in figure 3. Differences of 1.5%, 1.5%, 1.5%, 

1.7%, 1.8% and 1.7% for sperm motility between the mean level of the two 

homozygous genotypes was observed for SNPs ALGA0005389, ASGA0004144, 

ASGA0004149, ALGA0005448, DIAS0003184 and MARC0005035 respectively. 
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Figure 3: Boxplots of the distribution of sperm motility for the six significant SNPs for line 2. The 

numbers written on the graphics represent the means. 
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Linkage disequilibrium (r2) between all the SNPs in the region between 

117,260,234 and 119,556,999 bp on SSC1 was calculated in Haploview 4.2 for both 

lines. Figure 4 (a) and (b) shows the LD plots for lines 1 and 2, respectively. Inside 

each square in the graphic is the r2 value between the SNPs. Squares without values 

represent r2=1.  Three haplotype blocks were observed for both lines. We can see 

that three significant SNPs for line 2 (represented by numbers 1, 2 and 4 on the plot) 

are in the same haplotype block (Block 1) and the last three significant SNPs 

(numbers 24, 25 and 27) are inside block 3. Blocks 1 and 2 were different in their 

extension between the lines. 
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a 

b 

Figure 4: LD plot for the region between 117,260,234 and 119,556,999 bp on SSC1, involving the 6 

significant SNPs for line 2 and others. (a) LD plot for line 1 and (b) LD plot for line 2. SNPs numbers 1, 2, 4, 

24, 25 and 27 represent the six significant SNPs for line 2.  
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 The value of the correlation between the LD measures (r2) calculated for 

all common SNPs presented in the region between 117,260,234 and 119,556,999 

bp for both lines was 0.0926. 

The average value of linkage disequilibrium (r2) between significant 

markers for line 2 was 0.7275, a high value, indicating that these SNPs are linked 

to the same QTL. 

The proportion of the variance of the deregressed breeding value explained 

by the QTL was calculated based on allele frequencies and SNP effect of the most 

significant SNP of the QTL region. The result was expressed as a percentage of 

total deregressed breeding value variance resulted from the model used to perform 

the GWAS. This proportion was 4.35% for line 2. 

In summary, these results demonstrate that the GWAS was powerful to 

detect significant SNPs associated with sperm motility for one of the pig lines 

studied. 

 

 

4. Discussion 

 

In this study we aimed to find SNPs associated with boar sperm motility 

through a GWAS in two different pig lines. SNPs located in one region on pig 

chromosome 1 showed significant association with sperm motility in line 2. To our 

knowledge, this is the first time that markers associated with sperm motility in pigs 

have been reported in this region (117,260,234-119,556,999 bp) on SSC1. Studies 

using QTL linkage mapping and candidate gene approach have described genes 

associated with boar sperm motility in the same chromosome (Xing et al., 2009; 

Gunawan et al., 2011; Gunawan et al., 2012), but in different and far away regions. 

Therefore, the QTL identified on SSC1 in this study may be a novel one.  

 In the Q-Q plot for line 2 the deviation of the p-values under the null 

hypothesis was low (lambda=1.05), showing that the GWAS including the 

polygenic effect in the model was robust against population stratification and the 

deviation above the expected (red line) represents a possible association between 

the SNPs and the trait. For line 1 the lambda=1.04 also showed that the inclusion 
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of the pedigree information on GWAS model was robust against population 

stratification, but the deviation from the expected line that can be seen in figure 2 

(b) was low and did not represent a significant association. 

 Another objective of our study was identify candidate genes related to boar 

sperm motility. Thus, we have examined the genes located close to the significant 

associated SNPs on SSC1. Several genes are presented in the region of these SNPs, 

but genes related to boar sperm motility trait in this region have not been reported 

yet in the literature. Nevertheless, some studies have been reported in humans that 

can help us to find new candidate genes for boar sperm motility in the region of 

interest. The mitochondrial methionyl-tRNA formyltransferase (MTFMT) gene is 

located on SSC1, position 117,634,619-117,665,093 bp. For humans, this gene has 

been reported as critical for efficient mitochondrial translation (Tucker et al., 2011). 

Gur and Breitbart (2006) using mitochondrial translation inhibitors demonstrated 

that protein translation in mammalian sperm involves mitochondrial but not 

cytoplasmatic ribosomes. The authors, in order to evaluate the physiological 

importance of protein synthesis in sperm, tested some semen quality traits, as sperm 

motility. All the traits were affected by the mitochondrial translation inhibitors and 

they concluded that inhibition of protein translation significantly reduced sperm 

motility. Making a link between these two studies, we can conclude that the normal 

function of mitochondrial translation is essential for normal sperm motility and if 

the MTFMT gene is critical for mitochondrial translation, this gene can be 

considered a candidate gene related to sperm motility in pigs. We could not find an 

association between the other genes located in the region with the trait. 

Is this study we found significant SNPs associated with boar sperm 

motility in one line (line 2), but we did not find significant SNPs in the other line 

(line 1). Both lines are pure dam lines. Line 1 is a Landrace based line and line 2 is 

a Large White based line. There are some evidences to explain why this difference 

occurred. According to Resende et al. (2012), based on other authors studies, the 

power of the association test, which is the ability to detect a QTL in the population 

when it really exists, depends on some factors: 1) the statistical measure of linkage 

disequilibrium (r2) between the marker and QTL; 2) proportion of phenotypic 

variance explained by the QTL; 3) number of evaluated animals; 4) significance
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level; 5) minor allele frequency (MAF). Regarding the number of evaluated 

animals, we showed that it was almost the same for both lines and the significance 

level used in the association test was equal for the lines. We have checked the MAF 

of the significant SNPs for line 2 and compared with the MAF of the same SNPs 

for line 1. All of them had a MAF greater or equal to 0.05 (the threshold used in 

this study) and there was not big differences between them (r=0.9783). We have 

calculated the proportion of phenotypic variance explained by the QTL just for line 

2, for which we found a QTL. The correlation value (r=0.0926) between calculated 

LD (r2) among SNPs in the same region for both lines was low, indicating that the 

differences in LD among the lines could be responsible for the fact why we found 

six significant SNPs for one line and none for another.  

Figure 5 shows the plot of absolute SNPs effects of line 1 against the 

absolute SNP effects of line 2. Each dot of the graphic represent one SNP. We can 

see that most of the SNPs have low effects for both lines, but some of them reveal 

higher effect for one line compared to the other. The correlation between the SNP 

effects of each line was very low (r=-0.0124), evidencing that the SNP effects are 

different and almost not correlated between the lines. This graphic is another 

evidence that the lines are different and should be evaluated separately, besides the 

fact that it helps to explain (in association with differences in LD) why we found 

significant associated SNPs for one line and none for the other.
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Figure 5: SNP effects for line 1 plotted against SNP effects for line 2. The correlation 

coefficient is represented as “r”. 

 

 In the boxplots generated we can see the distribution of boars sperm 

motility according to the animals’ SNP genotypes and the means for sperm motility 

of each genotype. There were differences between the homozygous genotypes, but 

they were low and both genotypes exhibited high mean levels of sperm motility 

(greater than 80%). This result could be explained by the fact that most of the boars 

have high quality of semen parameters, once they have their sperm motility 

regularly available.
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 The linkage disequilibrium (r2) observed for line 2 was quite high (average 

r2 = 0.7275) between significant markers, indicating that they may be all linked to 

the same QTL.  

 Three haplotype blocks were observed in the region among 117,260,234 

and 119,556,999 bp on SSC1 for both lines in this study. Blocks 1 and 2 were 

different in their extension between the lines. Differences in haplotype block size 

can be explained by several factors, mainly differences in recombination rates in 

the ancestors of the population (Gabriel et al., 2002). These differences in haplotype 

block sizes between the lines, together with the dissimilarities in LD can help us to 

understand the variation in our GWAS findings among the lines. 

In humans, Sham et al. (2000) showed that association analysis of very 

dense SNPs with phenotypes are expected to be more powerful than linkage 

analysis. According to these authors, the detection of a QTL by linkage analysis is 

only appropriate when the proportion of phenotypic variance accounted for by the 

QTL is 10% or more. On the other hand, GWAS can detect a QTL accounting for 

as little as 1% of the phenotypic variance, considering that the degree of linkage 

disequilibrium between QTL and marker is strong (r2 > 0.5). In this study the 

proportion of the variance of the deregressed breeding value (phenotypic) explained 

by the QTL was 4.35%, showing that the association analysis is an appropriate 

method for detecting QTLs. 

  

 

5. Conclusion 

 

 This study provides some SNPs markers associated with boar sperm 

motility and also a new candidate gene related to the trait of interest. The results 

presented herein could be used, for instance, to study deeper the pathways where 

the genes presented in the region are involved or fine-mapping the region to better 

understand the mechanisms involved in the regulation of the trait. Hence, if 

markers, or more relevant, candidate genes are discovered governing an important 
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trait such sperm motility, the mechanisms involved in the control of the trait and 

differences in animals phenotypes could be better understood. 

This is the first time that SNPs associated with boar sperm motility were 

found in the region between 117,260,234 and 119,556,999 bp on SSC1. Therefore, 

replication, validation in another population and confirmation of published QTL or 

candidate genes related to boar sperm motility in the same region where we found 

in this study is necessary before using such information in selection. 
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