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Abstract 
Derks, MFL. (2020). From sequence to phenotype: the impact of deleterious 
variation in livestock. PhD thesis, Wageningen University, the Netherlands 
 
The genome provides a blueprint of life containing the instruction, together with the 
environment, that determine the phenotype. In animal breeding, we try to 
understand this relationship between an animals genetic code (genome sequence) 
and its performance (phenotype) to select the best performing animals for the next 
generation. Recently, rapid improvements in genome sequencing have opened up 
new possibilities to explore and use the complete set of genetic variation seen in 
(livestock) animals that can be exploited by scientists to try and further close the 
genotype-phenotype link. However, despite the vast increase of molecular data, 
pinpointing the exact variants underlying a phenotype of interest is still challenging.  
In this thesis I provide an in-depth analysis of population genomics and 
transcriptomics data to identify deleterious and functional variation in livestock 
populations. More specifically, I report several variants that causes lethality in 
homozygous state within different stages of development. Moreover, I pinpoint the 
exact causal mutations and describe its functional consequences at the molecular, 
phenotypic, and population level. Subsequently, I focus on the identification of 
functional variation underlying important selection traits. I combine various sources 
of functional (epi)genomic data to predict the impact of variation in livestock. 
Together I provide a comprehensive overview of high-impact variation and 
molecular mechanisms affecting important phenotypes in various livestock breeds, 
and discuss that molecular genomics could benefit genomic prediction in livestock.  
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1.1 Genome variation 
The central dogma in molecular biology describes a process by which DNA is 
transcribed to RNA which is translated to proteins (Crick 1970). The proteins perform 
most of the work in our cells, which in return are responsible for the regulation, 
structure, and functioning of the individuals tissues and organs. The DNA provides a 
blueprint of life containing the instruction to grow, develop, survive, and reproduce. 
The complete genetic code (i.e. the genome sequence) defines the phenotype of an 
individual (Lehner 2013). Hence, the differences (i.e. genetic variation) in genome 
sequences contribute to the observed phenotypic variation in a population.  
 
Animal breeders try to utilize variation in genomes to select the best performing 
animals for the next generation (Georges et al. 2019). However, until recently, the 
characterization of the entire genome sequence of an individual was a costly and 
time-consuming procedure (Shendure et al. 2017). Yet, rapid improvements in 
genome sequencing have opened up new possibilities to explore and use the 
complete set of genetic variation seen in (livestock) animals. Within the department 
of Animal Breeding and Genomics at Wageningen University, hundreds of animals 
from various livestock populations have been sequenced. The sequences can be 
mapped back to a reference genome, built from a single individual to produce a high 
quality genome (Hillier et al. 2004; Groenen et al. 2012), to explore the millions of 
genetic variants present in the population. Most of these variants are substitutions 
of a single nucleotide that occurs at a specific position in the genome (SNPs), or short 
deletions or insertions (indels). Until recently, the livestock genomes were of much 
lower quality compared to the human or mouse genome. With the developments in 
long read sequencing technology, much improved reference genomes for chicken, 
cattle, and pig have been created (Warren et al. 2017; Warr et al. 2019). These 
improved reference genomes have significantly improved variant discovery and 
further downstream analysis.  
 
1.2 From sequence to phenotype 
 
Domestication constitutes a long-term biological experiment, started by early 
farming societies and currently done by animal breeders, to constantly improve 
stock. The ultimate goal in livestock genomics is to understand the relationship 
between the genome of the animal and its phenotype (i.e. the performance). 
However, this link between an animals genetic code, and the performance is 
extremely complex (Gjuvsland et al. 2013).  
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A major breakthrough in animal breeding was provided with the discovery of 
genomic selection, at the start of this century (Meuwissen et al. 2001), which led to 
enhanced rates of genetic improvement and shortening of generation intervals. In 
general, genomic selection uses a variant panel on a chip (SNP chip) that is 
distributed across the genome, allowing to capture within-breed genetic variation 
used to select the best animals for breeding. By that, a wealth of genomic 
information has become available for many species, including livestock (Dekkers 
2012). However, genomic selection uses the genome as a black box, as the SNPs on 
the chip are not causal, but genetically linked to the actual causal variants and genes 
(Habier et al. 2013).  
 
Despite the remarkable success of genomic selection, the molecular drivers 
underlying the selection traits are still largely unknown. One factor that explains the 
success of genomic selection is that most important traits (e.g. growth, fertility) are 
actually regulated by a large set of genes (Hayes and Goddard 2001), with often 
subtle effects (polygenic traits), while only a few important traits are inherited by a 
variant in a single gene, or a small subset of genes with large effects (monogenic 
traits). To unravel the genetic factors underlying these mono- and polygenic traits 
requires both genomic and phenotypic information to associate regions in the DNA 
with important traits, the so-called quantitative trait loci (QTL). Although thousands 
of such QTL have been reported by now (Hu et al. 2019), identification of the causal 
genes and variants underlying these QTL is still a major challenge. Hence, only few 
functional variants have been discovered that are currently used in animal breeding 
(Goddard et al. 2016).  
 
An additional type of functional (high-impact) variants are those that exhibit harmful 
effects (i.e. deleterious). Inferring the function of deleterious variants (e.g. 
underlying recessive defects), and underpinning the genetic basis of the disorder is 
still a major challenge. However, variants underlying severe phenotypes can likely be 
identified more easily compared to variation with small effects on important 
selection traits, thereby providing a starting point to study the genotype-phenotype 
link in livestock.  
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1.3 Deleterious alleles 
 
In animal breeding and genomics we try to predict the effect of specific genetic 
variants on the phenotype or performance of farm animals. The genetic variants can 
usually be classified in three categories (though context-dependent): (1) Variants 
with positive effects; (2) variants that are benign (neutral); and (3) variants with 
deleterious effects. With the emergence of noticeable genetic defects and a decline 

Glossary  
 
SNP: Single nucleotide polymorphism, resulting in another nucleotide at one 
single base in the genome. 
 
Indel: Small deletion or insertion of bases in the genome.  
 
Haplotype: A group of alleles in an organism that are inherited together from a 
single parent. 
 
Genetic drift: The random fluctuations of allele frequencies from generation to 
generation. 
 
Mutation load: The total genetic burden in a population resulting from 
accumulated deleterious mutations 
 
Recessive lethal: A variant resulting in a lethal phenotype in homozygous state 
(two copies of the variant) 
 
SNP array: A type of DNA microarray which is used to detect polymorphisms 
within a population 
 
WGS: Whole genome sequence 
 
Effective population size: The number of individuals in a population who 
contribute offspring to the next generation 
 
LoF variant: A variant that lead to a loss of function of a gene and the associated 
protein.  
 
Missense variant: A point mutation in which a single nucleotide change results 
in a codon that codes for a different amino acid 
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in fertility in various important livestock breeds (Cole et al. 2018), inbreeding (and 
deleterious variants) have now gained large interest among breeders. However, the 
level of genomic deleterious variation present in a particular breed depends on the 
past and present population structure and demography. In livestock species, the 
level of genomic variation is considerably higher compared to human, suggesting a 
large reservoir of both positive, benign, and deleterious variation in livestock 
populations (Groenen et al. 2012; Charlier et al. 2016). However, most deleterious 
alleles generally occur at low frequency, and their harmful effects are only expressed 
in homozygotes, usually only exposed by inbreeding, caused by inherited copies of 
genetic material from a recent common ancestor (Bosse et al. 2018). Hence, the set 
or rare variants in a population are often enriched for deleterious variants, while 
higher frequency variants are likely enriched for benign or positive variants. 
Moreover, most deleterious alleles only have mildly deleterious effects, i.e. only 
contributing to the phenotypic variation as such (Altshuler et al. 2012). However, 
some variants do have major impact, severely affecting individual fitness (Georges 
et al. 2019). These major impact variants are usually recessive, and the effect is only 
exposed in homozygous state. The majority of the currently known deleterious 
variants characterized in livestock populations directly affect the protein sequence. 
These can be readily identified using generic annotations of whole genome sequence 
data. However, other deleterious alleles, affecting the regulatory regions of the 
genome, are less well characterized, and require novel tools to be properly 
characterized (Zappala and Montgomery 2016).  
 
The number and frequency of deleterious genetic variants in a population is affected 
by several factors, genetic drift (i.e. the random fluctuation of allele frequencies in 
the population), mutation rate, and selection (Charlesworth 2009). The use of a small 
number of elite breeding-sires has caused a reduction in effective population size 
(Ne) in many livestock populations (i.e. the number of individuals in a population 
who contribute offspring to the next generation) (Hall 2016). As a result, small 
effective population size and artificial selection can impact population fitness 
substantially, and can lead to a higher risk of inbreeding depression (Howard et al. 
2017b). Inbreeding depression is the result of the accumulation of deleterious alleles 
that increase in frequency (Charlesworth and Willis 2009), mainly due to genetic 
drift. Other factors also contribute to the (local) landscape of deleterious alleles in a 
population, including recombination and genetic hitchhiking, which is a change in 
allele frequency due to the allele being passed along together with a variant that is 
under selection (Chun and Fay 2011). Therefore, the role of random drift and 
selection in increasing the frequency of deleterious variants is complex. But certainly, 
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when effective population size is small, drift effects can result in less effective 
selection (Jimenez-Mena et al. 2016), and some deleterious alleles will drift to 
relatively high frequency just by chance. 
 
1.3.1 Domestication has influenced the landscape of deleterious 
alleles in livestock 
 
Domestication of farm animals has coincided with severe population bottlenecks 
that played a major role in shaping the landscape of deleterious alleles in livestock 
populations. The domestication bottlenecks have resulted in elevated proportions of 
deleterious genetic variation in domestic animals, compared to their wild 
counterpart (Makino et al. 2018). An exception is the European domestic pig, which 
show no signs of a strong population bottleneck, likely due to a continuous gene flow 
from wild populations. Moreover, European pig populations underwent continues 
human-mediated introgression of Asian haplotypes over the last centuries (Bosse et 
al. 2014), which means most commercial pig populations are essentially hybrids 
between two subspecies. Hence, despite the bottlenecks associated with 
domestication, the general population genomic diversity and fitness does not need 
to decline as a result of domestication and selection.  
 
1.3.2 Detection of deleterious alleles from sequence data 
 
With the emergence of next generation sequencing technologies, the functional 
impact of alleles, in particular deleteriousness can potentially be assessed. However, 
the identification of deleterious alleles from WGS data is currently mainly focussed 
on variants that alter the protein, affecting the coding sequence of the gene. Tools 
like Sift (Kumar et al. 2009) and PROVEAN (Choi and Chan 2015) are regularly used 
to score the deleteriousness of missense variants, caused by a single nucleotide 
change resulting in a codon that codes for a different amino acid in the protein. A 
second class of deleterious variants are those that cause a loss-of-function (LoF) of 
the protein. This class includes variants affecting RNA splicing on the splice-donor or 
splice-acceptor dinucleotide sites, prone to disrupt proper splicing of the mRNA 
(Lewandowska 2013). Secondly, small deletions or insertions affecting the coding 
sequence can lead to a frameshift, resulting in a truncated or malformed protein 
(Watson 2014). Also variants affecting the start codon, or variants that induce a 
premature stop codon (stop-gained variant) usually cause a loss-of-function of the 
protein (Watson 2014). The missense and LoF variants can only be annotated in the 
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coding region of the genome, which only accounts for about 3% of the whole 
genome.  
 
Variants outside of the coding regions can also have a high impact. It is expected that 
the majority of phenotypic changes due to selection are due to changes in gene 
expression, rather than protein changes. Gene expression is mostly regulated by 
transcription factors and local epigenetic modifications in the DNA. Deleterious 
variants affecting (regulatory) sequences in the non-coding part of the genome, 
altering gene expression, have remained, so far, undetected. To solve this coding-
sequence bias for deleterious alleles, in human genetics, several tools have been 
developed to score the deleteriousness of any possible variant in the genome, 
including those in the non-coding part. One such popular tool is Combined 
Annotation-Dependent Depletion (CADD) (Rentzsch et al. 2019), providing impact 
scores of any nucleotide substitution in the genome. The CADD framework is built 
on many features of annotations including the sequence context, conservation 
scores, gene expression data, protein scores, and epigenomic data. One of the key 
features utilized by the CADD approach are the sequence conservation scores. 
Basically, the higher the evolutionary conservation of a site, the likely more 
important it is for the fitness of the organism. Hence, these conserved sites are 
sensitive to change, while sites that are less conserved are likely tolerant to change. 
The CADD scores can prioritize functional, deleterious and disease causing variants 
over the entire genome in human genetics.  
 
1.4 Purifying selection 
 
Deleterious alleles are generally held at low frequency by a balance between the rate 
at which they arise by mutation, and the effectiveness of purifying selection at 
removing them from the population (mutation - selection balance) (Hedrick and 
Garcia-Dorado 2016). The efficiency of purifying selection depends on the fitness 
effects of the deleterious alleles, but also on the effective population size, Ne, 
affecting the influence of genetic drift. For example, a severe and sudden population 
decline increases drift effects, boosting the frequency of some deleterious alleles in 
the population. However, for populations that undergo a more gradual population 
decline, deleterious alleles can be removed more efficiently (Hedrick and Garcia-
Dorado 2016). Most commercial populations are under long term selection, with a 
stable but generally low Ne, suggesting that most harmful deleterious alleles could 
be efficiently purged. However, since most deleterious alleles are of low impact (and 
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will therefore have low selection coefficient), the majority of deleterious alleles will 
be very difficult to purge. In addition, strong artificial selection could also lead to 
strong hitchhiking effects, i.e. deleterious alleles hitch hike along with alleles that are 
heavily selected, causing rapid increase in frequency (Barton 2000). Also 
recombination plays an important role to purge deleterious alleles, which is more 
effective in regions with high-recombination compared to regions showing low 
recombination levels (Stapley et al. 2017).  
 
1.4.1 Inbreeding 
 
Although deleterious alleles are generally widespread throughout populations, their 
effect is usually low because the overwhelming majority of these alleles are rare in a 
population. However, within domestic and wild populations that have small Ne, 
those alleles might be exposed due to inbreeding, caused by matings between 
related parents that inherited the same recessive deleterious allele from a recent 
common ancestor (Howard et al. 2017b). High levels of inbreeding, together with 
low recombination rate could lead to long stretches of homozygosity in the genome 
(i.e. runs of homozygosity) (Bosse et al. 2012), enriched for homozygous deleterious 
variants (Szpiech et al. 2013). In general, runs of homozygosity tend to become 
smaller over time (if further inbreeding is prevented), as a result of recombination 
and purifying selection, while recent inbreeding coincides with long runs of 
homozygosity (Curik et al. 2014). Inbreeding can ultimately result in a general fitness 
decline of the population (inbreeding depression). Hence, animal breeders try to 
minimize inbreeding by looking at kinship between selection candidates, but 
conceding as little as possible on the genetic gain (optimal contribution, Leroy 2014). 
Allowing for more inbreeding leads to stronger selection response on the short term. 
However, increased inbreeding coincides with a general loss of genetic diversity, 
which likely leads to decreased selection response on a longer term (Mulder et al. 
2019). Hence, animal breeders generally try to find a balance between genetic gain 
and the preservation of the genetic diversity within a breed.   
 
1.4.2 Balancing selection for deleterious alleles 
 
The number of deleterious alleles arising from mutation is expected to be equal to 
the number of deleterious alleles purged by (natural) selection, resulting in a 
mutation - selection balance (Charlesworth and Willis 2009). However, this 
equilibrium does not seem to apply to most livestock populations. First of all, the 
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effect of genetic drift is relatively large, because of low Ne. Secondly, more evidence 
arises that several (deleterious) alleles can be under balancing selection, for 
example, when heterozygotes exhibit higher fitness compared to homozygotes. In 
cattle, various examples of balancing selection have been described, driving 
deleterious alleles to higher population frequencies (Kadri et al. 2014). This effect of 
balancing selection is likely further driven by crossbreeding, since in the (terminal) 
crosses the alleles only appear in heterozygous state, likely underlying heterosis to 
some degree (Charlesworth and Willis 2009).  Also, in commercial breeding, the 
breeding goal is often determined by a combination of several traits, weighted on its 
importance. Many of these traits are negatively correlated, for which alleles could 
have pleiotropic effects on different traits in the population, positively affecting one 
trait, while negatively affecting another trait (Xiang et al. 2017).  
 
1.5 Recessive lethals 
 
1.5.1 Impact of selection and drift 
 
Recessive lethals cause mortality in homozygous individuals by affecting genes 
important for growth or development, which mostly manifest early in development 
(Gluecksohn-Waelsch 1963). Although lethal alleles are present in every population, 
the population structure and Ne have major impact on the frequency of lethal alleles; 
Small Ne leads to high extinction rates of de novo recessive lethals, but the few that 
are not lost tend to spread and increase in frequency (Charlier et al. 2016). The 
impact of genetic drift on recessive lethals is slightly different compared to mildly 
deleterious or neutral alleles, because of the absence of homozygous individuals in 
a mature population. Therefore, at a certain frequency, an equilibrium between drift 
and selection is reached (i.e. the maximum allele frequency solely reached by drift), 
at which the loss of homozygotes will prevent further increase assuming no 
heterozygote advantage.  
 
Most lethal recessives are thought to cause early lethality (i.e. in embryonic state), 
knocking out essential genes required for early embryonic development. However, 
other lethals might be expressed later in gestation, or postnatally, usually resulting 
in bigger economic loss for the breeders. In general, lethal recessives go unnoticed 
in the population, caused by the low-frequency nature, and marginal effect on 
fertility, exhibited only in carrier-by-carrier matings. Even recessive defects that 
reveal themselves postnatally (i.e. causing juvenile mortality) often go unnoticed 
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because of unawareness of genetic defects. Furthermore, many rare and indistinct 
defects often are unknown to have a genetic basis. Fortunately, the effects of 
recessive lethals are usually masked by crossbreeding, unless the same allele is 
segregating in multiple breeds, used for generating crossbred animals (Cassady et al. 
2002). Nevertheless, to effectively select against specific low-frequency syndromes 
in the purebred populations does require new approaches. 
 
1.5.2 Methods to identify lethal recessives 
 
Genomic selection is not very efficient in eliminating rare deleterious variation 
because the low-frequency alleles are not well captured by the SNPs on the selection 
chips (Zhang et al. 2019). Moreover, the recessive deleterious effects are only 
exposed in carrier-by-carrier (CxC) crosses, which only seldomly occur for low-
frequency alleles. However, the availability of a large number of genotyped, 
pedigreed individuals enables the unravelling of the genetic basis of rare disorders 
in the population by applying alternative methods. One of such method is to test for 
statistical depletion, or even the absence, of specific haplotypes in homozygous state 
in the population. This haplotype approach is a tool originally developed for cattle 
by vanRaden et al. (2011). The power of this method heavily depends on the number 
of genotyped individuals. If applied to tens of thousands of genotyped animals, a 
number now routinely attained in many commercial breeding lines, even very rare 
deleterious haplotypes (frequency < 2%) can be detected. An alternative method 
that does allow such rare deleterious alleles to be identified is to sequence the entire 
genome of tens to hundreds of animals from a single population (Charlier et al. 
2016), and to identify potential phenotype-altering variants from the sequence, 
ranging from embryonic lethal to only mildly deleterious mutations. Hence, 
population sequence data is potentially more powerful to detect deleterious alleles, 
allowing to identify functional genomic information that can be utilized in breeding. 
However, to assign function to (sequence) variation remains challenging, and 
requires novel bioinformatics approaches to tackle (Willet and Wade 2014).  
 
1.5.3 Essential genes 
 
The impact of a genic variant also depends on the gene that is affected. Not every 
gene is essential, and some large gene families are prone to be affected by loss-of-
function variants, leading to pseudo-genes, that lost its functionality. Studies in other 
mammals can be used to infer which genes are essential, in particular natural knock-
outs in humans, and experimental knock-out systems (especially in rodents). In 
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human, by sequencing thousands of human exomes, genes have been scored for 
their tolerance to loss-of-function mutations (Petrovski et al. 2013). Basically the 
observed rate of LoF variants given all the protein-coding variation found in the gene 
indicates whether a gene is tolerant to LoF variants, marking whether it is essential 
or not. Genes that are least tolerant to LoF mutations are the genes for which a single 
copy is not sufficient to produce a normal phenotype (i.e. leading to 
haploinsufficiency), while other genes need at least one working copy, that could be 
affected by recessive deleterious variants in homozygous state. A third class of genes 
are completely tolerant to LoF mutations, not leading to a notably reduced fitness if 
knocked-out. In mice, a large number of experimental gene-knockouts have been 
performed. The results are summarized in the Mouse Genome Informatics (MGI) 
database, providing a comprehensive resource for mice knockout phenotypes (Blake 
et al. 2017). The information from these human and mouse studies can be applied in 
livestock genome studies, since mammals share many conserved basic 
developmental pathways (Basson 2012). 
 
1.6 Functional variation 
 
1.6.1 Identification of selective sweeps 
 
Animal breeding has resulted in strong artificial selection on important traits in the 
breeding program (Andersson 2012). During selection, a number of beneficial 
variants with high impact have been selected to become fixed (i.e. homozygous) in 
the population. These regions where these high-impact variants reside show the 
result of ‘hitch-hiking’ and are usually referred to as “selective sweeps”. The 
hitchhiking effect results in a reduction of genetic variation near the beneficial locus, 
as a consequence of strong selection on it (Andersson 2012). Whole genome 
sequence data has led to the discovery of variants that are beneficial in commercial 
livestock population, e.g. by looking for regions in the genome that are under strong 
(recent) positive selection (Rubin et al. 2010; Rubin et al. 2012). A number of strong 
sweeps have been identified affecting genes responsible for important traits in 
livestock. However, an ongoing challenge for this approach is to differentiate true 
selected variants and variants that increased in frequency as a result of genetic drift.  
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1.6.2 Phenotypic variation explained by variants affecting 
regulatory sequences. 
 
The variants with large effects underlying strong selection signatures represent only 
a fraction of the total functional variants in the genome. This is because most 
important selection traits are regulated by a large number of genomic loci, any one 
with relative minor effects, not leaving clear selection signatures in the genome. 
Moreover, it is now completely evident that changes in gene expression, caused by 
changes in regulatory sequences, have a much larger impact on selection traits, 
whereas changes in the coding sequence only contribute sporadically (Georges et al. 
2019).  
 
To further close the genotype-phenotype gap in livestock, genome wide association 
studies (GWAS) are now routinely performed to associate genomic markers to 
important traits in livestock (Sharma et al. 2015). Despite the relative success of 
identifying QTL using GWAS approaches, the identification of the actual causal 
variants has been far less successful. Partly because the resolution of GWAS is limited 
by the correlation between neighbouring markers in linkage disequilibrium (LD), and 
because the causal variants often reside in the noncoding regions of the genome, 
enriched in predicted transcriptional regulatory regions affecting gene expression 
(Ponting and Hardison 2011). Therefore, further functional genomic and 
transcriptomic information will be key to pinpoint causal variation in livestock (Ron 
and Weller 2007).  
 
However, in livestock, the level of functional genomics information is rather limited. 
To improve this, the FAANG (Functional Annotation of Animal Genomics) consortium 
is running several projects to characterize the functional genome in various animal 
species, focussing on livestock (Giuffra et al. 2019). In addition, applying techniques 
such as CADD in livestock will provide much improved functional predictions of the 
variation, especially in the non-coding part of the genome. Hence, the data and 
framework that will be generated within the FAANG consortium will accelerate the 
discovery of functional variants in livestock species, and will provide the basis for 
generating livestock specific CADD tools. Applying selection directly to the causative 
variants will enhance the efficiency of selection (Xiang et al. 2019), establishing the 
use of functional genetic variation in genomic selection. 
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1.7 Thesis outline 
 
The main goal of my research is to further close the genotype phenotype gap in 
livestock. First I investigate deleterious alleles and recessive lethal alleles in purebred 
livestock breeds. Next, I investigate the functional basis for the deleterious variants, 
and the forces that maintain the deleterious variants in the population including drift 
and balancing selection. Finally, with a comprehensive set of functional annotations, 
I attempt to go beyond deleterious, and predict functional variation underlying 
important phenotypes in commercial livestock breeds. In chapter 2 I perform a 
survey to assess deleterious haplotypes that likely harbour a recessive lethal allele in 
three pig populations. Chapter 3 describes the causal mutation for feathering rate in 
turkey, which affects the same gene responsible for the slow-feathering phenotype 
in chicken, but with a different mutation. Chapter 4 provides a genomic perspective 
on deleterious and functional genetic variation in three egg-laying breeds, giving 
insight into the process of purifying selection for breeds under strong artificial 
selection. In chapter 5 I describe a large deletion under balanced selection that 
affects the BBS9 gene inducing late fetal mortality in homozygous animals, while 
having positive effects for growth and feed intake in heterozygotes. Chapter 6 
describes loss of function mutations in essential genes that cause embryonic lethality 
in pigs. I reflect on the effect of genetic drift on lethal recessive variants, and discuss 
the impact of the lethals on population fitness, and its role in the heterosis effect 
observed for crossbred litters. In chapter 7 I describe a recessive 16-bp deletion in 
the SPTBN4 gene causing severe myopathy and postnatal mortality in pigs. Chapter 
8 provides a framework (using pig CADD scores) to pinpoint likely causal variation 
and genes underlying important phenotypes in pigs. Finally, the applications and 
implementations of the findings are discussed in chapter 9, and several guidelines 
are discussed to prevent the consequences of such harmful mutations. 
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Abstract 
 
Lethal recessive variation can cause prenatal death of homozygous offspring. 
Although usually present at low-frequency in populations, the impact on individual 
fitness can be substantial. Until recently, the presence of recessive embryonic lethal 
variation could only be measured indirectly through reduced fertility. In this study, 
we estimate the presence of genetic loci associated with both early and late 
termination of development during gestation in pigs from the wealth of genome data 
routinely generated by a commercial breeding company. 
We examined three commercial pig (Sus scrofa) populations for potentially 
deleterious genetic variation based on 80 K SNP-chip genotypes, and estimate the 
effects on reproductive traits. 24,000 pigs from three populations were analyzed for 
missing or depletion of homozygous haplotypes. We identified 145 haplotypes 
(ranging from 0.5–4 Mb in size) in the genome with complete absence or depletion 
of homozygous animals. Thirty-five haplotypes show a negative effect on at least one 
of the analysed reproductive traits (total number born, number of stillborn, and 
number of mummified piglets). One variant in particular appeared to result in 
relative late termination of development of fetuses, responsible for a significant 
fraction of observed stillborn piglets (‘mummies’), as they die mid-gestation. 
Moreover, we identified the BMPER gene as a likely candidate underlying this 
phenomenon. 
Our study shows that although lethal recessive variation is present, the frequency of 
these alleles is invariably low in these highly managed populations. Nevertheless, 
due to cumulative effects of deleterious variants, large numbers of affected offspring 
are produced. Furthermore, our study demonstrates the use of a large-scale 
commercial genetic experiment to systematically screen for ‘natural knockouts’ that 
can increase understanding of gene function. 
 
Key words: Population genomics, Genetics, Deleterious variation, Embryonic 
lethality, Mummified piglets  
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2.1 Introduction 
Small effective population size can lead to inbreeding depression. The cause of 
inbreeding depression is the accumulation of (recessive) deleterious alleles 
increasing in frequency and becoming expressed in homozygous state due to drift in 
small populations (Charlesworth and Willis 2009). In domesticated populations, 
despite strong artificial selection for desired traits, selection on relatively rare 
variation (allele frequency < 10%) is usually very inefficient (Kearney et al. 2009). The 
eradication of deleterious variation is challenging by applying either traditional or 
even more recent ‘genomic’ breeding strategies. The inefficiency of purging 
deleterious variation, even from highly managed populations, is particularly 
apparent if there is an unpredictable, or poorly characterized relationship between 
genotype and phenotype. For instance, when a homozygous deleterious phenotype 
leads to very early death of the developing embryo, the only observed consequence 
is a (somewhat) lower fertility of the parents. It is estimated that livestock species 
harbour 2–4 fold higher variation in the genome compared to humans (Bosse et al. 
2014; Charlier et al. 2016). Accordingly, the number of non-synonymous mutations 
has been shown to be greater in livestock animals, suggesting a large reservoir of 
potentially deleterious variation in livestock (Charlier et al. 2016). 
 
Domestication in general, and modern breeding industry in particular, constitutes 
the largest and longest lasting genetic experiment ever conducted. In many cases, 
especially in pig and poultry breeding, commercial breeding organizations apply their 
genetic improvement efforts at a small number of elite breeding lines (Gonzalez-
Pena et al. 2015). These breeding lines are usually fairly closed, i.e. exchange 
between breeding lines is infrequent. Moreover, depending on species and breeding 
purpose, the effective populations sizes vary from small (several hundred at most) 
to very small (dozens of animals). With the adoption of genomic selection, a large 
proportion of the animals in the pure bred elite lines, i.e. the selection candidates, 
are genotyped using high to medium density SNP assays to estimate their genomic 
estimated breeding value (GEBV). Breeding values itself are not very efficient in 
eliminating rare deleterious variation. However, the availability of a large number of 
genotyped, pedigreed individuals enables the unravelling of the genetic basis of rare 
disorders in the population. Recessive deleterious variants can be identified by 
testing for statistical depletion, or even the absence, of specific haplotypes in 
homozygous state. This haplotype approach is a powerful tool (VanRaden et al. 2011; 
Fritz et al. 2013; Sahana et al. 2013; Pausch et al. 2015; Haggman and Uimari 2016) 
originally developed for cattle by vanRaden et al. (2011). The power of this method 
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heavily depends on the number of genotyped individuals. If applied to tens of 
thousands of genotyped animals, a number prohibitively large usually for academic 
budget, but routinely attained in many commercial breeding lines nowadays, even 
very rare deleterious haplotypes can be detected (frequency < 2%). Genotyping large 
numbers of domestic animals currently still relies on the use of dedicated SNP assays 
(‘SNP chips’). Since these assays are designed with a bias towards high minor allele 
frequency (MAF), causal variants of serious syndromes are unlikely to be present on 
the assay. The haplotype based approach is therefore more efficient in capturing 
deleterious variation compared to individual SNPs, which are expected to be often 
in low linkage disequilibrium (LD) with the causal variant. Significant depletion of 
haplotype homozygosity is an indication of decreased viability, and these haplotypes 
are likely to harbour deleterious mutations causing embryonic lethality (EL) in 
homozygous state. Studies in mouse showed a lethal knockout phenotype for about 
30% of mouse genes in homozygous state, suggesting a large proportion of potential 
embryonic lethal genes in Mammalia (Ayadi et al. 2012). 
 
Fertility traits, such as total number born (TNB), are among the relevant phenotypes 
systematically recorded in pig breeding that can provide phenotypic support for 
(early) embryonic lethality. In addition, recorded phenotypes, such as number of 
stillborn (NSB) and the number of mummified pigs (MUM), can provide additional 
information on genetic defects that are lethal, or seriously compromising the survival 
probability later in foetal development. In theory, assuming prenatal death of 
homozygotes, a loss of 25% of each litter is expected if two heterozygous carriers of 
the lethal variant mate (C x C mating). In mammals, death of an embryo or foetus 
usually does not result in spontaneous termination of the pregnancy, when also 
carrying living young. Instead, foetuses go through a process of desiccation and 
encapsulation, known as mummification (Christianson 1992). Foetal mummification 
can occur from day 35 of gestation until parturition (when the skeletal system is 
developing), and has been associated with several risk factors like large litter size and 
infectious disease (Dron et al. 2014). Also, several studies have already identified 
QTLs associated with pig reproductive traits, including mummified piglets (Onteru et 
al. 2012; Schneider et al. 2012; Hernandez et al. 2014; Verardo et al. 2016). 
Parameters, such as time of death and any morphological abnormalities found in 
mummified piglets (Christianson 1992), can provide insights in the developmental 
consequences of a specific genetic defect without any further welfare concerns for 
the mother or live siblings. A systematic analysis to identify specific genetic defects 
as risk factors, however, has not been conducted. 
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In this study, we aim to identify novel genetic loci associated with both early and late 
termination of development during gestation in pigs. Moreover, we examine the 
occurrence and frequency of lethal haplotypes in the studied breeds, as well as their 
impact on fertility related traits. Finally, we show that missing homozygosity in highly 
managed livestock populations can be a result of early lethality caused by low 
frequency recessive lethal haplotypes. 
 
2.2 Results 
 
2.2.1 Screening for haplotypes exhibiting missing or deficit 
homozygosity 
Breeding lines are used in three- or four way crosses to produce large numbers of 
slaughter pigs (Gonzalez-Pena et al. 2015). However, elite breeding lines are 
generally kept as closed populations, and selection is done within these populations. 
Because of this characteristic, these breeding lines meet two criteria for the method 
applied in this study to be successful: a) we can expect that not all deleterious 
variation is effectively purged from the population, and that low to moderate allele 
frequencies for some deleterious variation remains in the population, and b) because 
we specifically examine C x C matings, we expect 25% of the offspring to be 
homozygous for the carrier haplotype, a necessary prerequisite when scanning for 
missing homozygotes. In total, we scanned for missing homozygosity in 5517 pigs 
from a synthetic elite sire (BR) line with Large White and Piétrain genetic 
background, 5301 Landrace (LR) and 12,982 Large White (LW) pigs, the latter two 
representing two elite dam lines. The dam and sire lines are selected towards distinct 
breeding goals. Dam populations are primarily selected for female reproductive 
traits, whereas sire lines are primarily selected for production traits. We found no 
evidence of (recent) inbreeding in any of the three lines (F-coefficient close to zero, 
Additional file 1: Figure S1). The statistical power of our study stems from a total of 
23,800 animals from the three pure lines, genotyped on low to medium (10 K, 60 K, 
and 80 K) density SNP arrays (Additional file 1: Table S1-S2). Animals genotyped on 
either the 10 K or 60 K panel were imputed to 80 K with generally high accuracies 
(Additional file 1: Table S3). After filtering, a final set of 22,961 animals was used for 
further analysis (Additional file 1: Table S4). After haplotype phasing, we 
systematically examined the genome by using an overlapping sliding window 
approach to assess haplotype frequencies. Haplotypes were marked as potentially 
deleterious if a significant deficit (exact binomial test) in homozygotes was observed. 
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We identified 22, 10, and 56 haplotypes with missing homozygosity (MH), and 19, 6, 
32 haplotypes exhibiting a statistically significant deficit homozygosity (DH) in the 
BR, LR, and LW line, respectively (Table 2.1, Additional file 1: Figures S2-
S4, Additional file 2). DH haplotypes have either incomplete LD with the causal 
variant or incomplete penetrance of the variant at the phenotypic level in 
homozygous state. The haplotype lengths varies from 0.5 to 4 Mb and frequencies 
range from 0.8 to 11.4% for haplotypes with MH and from 2.6 to 15.8% for 
haplotypes with DH. The larger number of genotyped animals and trios (both parents 
and offspring genotyped) in the LW breed allowed for the identification of a high 
number of low frequency haplotypes (< 3%), compared to the other two breeds 
(Additional file 1: Figure S5). For the haplotypes with significant depleted 
homozygosity, the number of expected homozygotes ranged from 5.75 to 140.25 
animals per haplotype, with an overall average of 18.4, 22.2, and 24.3 expected 
homozygotes for LR, LW, and BR breeds, respectively (Additional file 1: Figure S6). 
We expect a larger proportion of heterozygous carriers from C x C litters due to the 
missing homozygote offspring. Hence, the percentage of heterozygous carrier 
offspring is greater than 50% for the majority of the haplotypes in all three breeds 
(Table 2.1 , Additional file 2). 
 
Table 2.1: Description of the data for missing and depleted homozygous haplotypes in three 
pig breeds. Table shows average and standard deviation (between parenthesis) for all 
parameters per breed. The number of loci harbours the unique number of genomic windows 
containing significant haplotypes. 

Description Synthetic 
boar line 

Landrace Large white 

Number of samples 5,488 5,056 12,417 
Number of trios 3,806 2,548 8,778 
Number of haplotypes 41 16 88 
Number of loci 32 16 70 
Haplotype length (markers) 25.4 (18.5) 19.3 (22.3) 36.04 (37.0) 
Haplotypes in window (frequency > 0.5%) 16.3 (7.8) 22.2 (10.3) 25.1 (13.3) 
Number of carriers 707.5 

(348.9) 689.9 (290.8) 972.1 (545.3) 
Haplotype frequency 6.4 (3.2) 6.8 (2.9) 3.9 (2.2) 
Homozygous expected 24.3 (27.6) 18.4 (10.5) 22.2 (22.6) 
Carrier matings with genotyped offspring 29.9 (31.6) 36.1 (20.6) 33.6 (34.6) 
Carrier matings in pedigree 72.9 (69.5) 169.8 (119.0) 104.7 (107.8) 
Genotyped carrier progeny 96.8 (109.7) 73.75 (42.1) 88.8 (90.2) 
% Heterozygous carrier progeny  55.1 60.3 53.8 
Genes in window 21.2 (26.3) 15.8 (22.0) 19.0 (19.7) 
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2.2.2 Genomic regions enriched for missing or deficit 
homozygosity 
We identified four regions enriched for MH and DH haplotypes over all three breeds: 
SSC1:294–297.5, SSC2:156–159.75, SSC3:142–144, and SSC11:70–73.5 Mb 
(Additional file 3). Together these four regions account for 42 of the total of 145 
identified haplotypes identified in all three lines. These loci have previously been 
identified as copy number variable regions (Paudel et al. 2015), but were not 
extensively linked to reproductive traits (Hu et al. 2016). A gene-set enrichment 
analysis for the genes overlapping the 145 identified haplotypes revealed only one 
significant annotation cluster, i.e. related to olfactory receptors (DAVID enrichment 
score 3.45) (Additional file 3, Table S5). 
 
2.2.3 Association with reproductive traits and candidate gene 
selection 
We examined all 145 significant haplotypes for their effect on three reproductive 
traits: TNB, NSB, and MUM. Phenotypic records for all three traits were available for 
both dam lines. For the boar line, only records on TNB were available. We listed all 
phenotypes from C x C matings and carrier x non-carrier matings (C x NC) to identify 
missing or depleted haplotypes affecting these traits. Haplotypes significantly 
affecting fertility are named and ranked according to breed, affected phenotype, and 
genomic location. Figure 2.1 shows the genomic distribution of the haplotypes 
affecting fertility per breed. 
 
2.2.4 Total number born 
We identified 26 haplotypes exhibiting a significant reduction in TNB (Table 2.2), 
three in the BR line, 4 in LR, and 19 in LW. The reduction in TNB ranged from 2.84 to 
18.72% representing 0.45 to 2.97 piglets per litter. Candidate genes were identified 
based on early lethality in knockout mice studies and could be identified for 16 
haplotypes (Additional file 4). Fourteen regions were not previously associated with 
reproductive traits in livestock and can be considered as novel according to the 2016 
pig QTL database (Hu et al. 2016) (Additional file 4). Six haplotypes exhibit a large 
reduction (> 10%) of TNB. LR4, found on SSC13, shows a reduction of 17.13% in TNB 
based on 44 C x C matings. This 0.5 Mb region contains 12 protein coding genes 
(Additional file 4), of which KLHL40 and POMGNT2 cause early lethality in knockout 
mice (Eppig et al. 2015). Moreover, haplotype LW9, spanning a 4 Mb region on SSC7, 
exhibits a reduction in TNB of 15.61% and overlaps with 13 candidate genes that 
could potentially cause early lethality (Eppig et al. 2015). Haplotype LW14, previously 
associated with TNB (Schneider et al. 2012), shows a reduction of 11.25% in TNB. 
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This region contains two candidate genes, one causing early embryonic lethality 
before time of implantation in mice (UROS), and the other causing post-natal 
lethality (ADAM12) (Eppig et al. 2015). Finally, four haplotypes were identified on 
SSC18, of which LW19 spans a 1 Mb region (43–44 Mb) and exhibits the largest 
reduction on TNB (18.72%) based on 88 C x C matings. Moreover, this haplotype has 
been associated with a large increase in the number of mummified piglets and a 
strong candidate gene could be identified (BMPER described below: LW19 
homozygous foetuses become mummified in Large White). 

 
Figure 2.1 Genomic locations of the haplotypes affecting fertility in the BR (purple), LR (red), 
and LW (green) breed. Figure shows 18 autosomal chromosomes, line width indicates 
haplotype length. Black lines indicate the relative haplotype frequency ranging from 1.0 to 
11.5%. Pig graphics in the figure legend provided by Topigs-Norsvin, all rights reserved. 
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2.2.5 Number of stillborn 
Four haplotypes with a significant increase in the number of stillborn were identified 
(Table 2.3). The increase ranged from 29.8 to 57.7%, representing an increase of 0.42 
to 0.97 stillbirths per litter. Candidate genes could be assigned to each haplotype 
(Additional file 4), but none of the haplotypes has previously been associated with 
an increased number of stillbirths in livestock according to the 2016 pig QTL database 
(Hu et al. 2016). 
 
2.2.6 Number of mummified piglets 
Analysis of the number of mummified piglets revealed five haplotypes with a 
significant increase in mummified piglets per litter (Table 2.4). The increase ranged 
from 37.1 to 479.4%, accounting for an increase of 0.16 to 1.64 mummified piglets 
per litter for C x C matings compared to C x NC matings. Also, two haplotypes (LW17, 
LW23) were found in a region previously associated with other reproductive traits 
(Hu et al. 2016). One of these, LW23, located on SSC7 (6.75–7.25 Mb), shows a 2.5 
fold increase in MUM, but no candidate gene could be assigned (Additional file 4). 
Finally, three haplotypes were identified on SSC18, one of these, LW19, exhibits a 
complete lack of homozygotes, and shows the largest increase (about 5-fold) in the 
number of mummified piglets. The two additional haplotypes on SSC18 surrounding 
LW19 (LW17, LW18), exhibit similar, but less severe, phenotypic effects. We 
observed a low number of homozygous carriers for LW17 (2 homozygotes) and LW18 
(3 homozygotes), suggesting incomplete LD with the causal variant. 
 
Table 2.5: Haplotype LW19 characteristics. Difference is the percentual difference in the 
average TNB and MUM for C x C and C x NC matings. 

Haplotype ID LW19 
Position, Mb SSC18: 43 - 44 
Number of markers  26 
Starting marker ASGA0079708 
Ending marker ALGA0098146 
Haplotype frequency % 4.3 
Carrier frequency % 8.6 
Avg. TNB (difference %) 12.9 (-18.7) 
Avg.  NBA (difference %) 11.89 (-17.7) 
Avg. Mummified (difference %) 1.97 (479.4) 
Genes in window BMPER, BBS9 
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2.2.7 LW19 homozygous foetuses become mummified in large 
white 
Haplotype LW19 (SSC18:43–44 Mb) shows a five-fold increase in the number of 
mummified piglets, and a 18.71% decrease in TNB calculated from 88 C x C matings 
(Table 2.5). This locus has not been previously reported to be associated with an 
increase in the number of mummified piglets. Together these 88 matings produced 
173 mummified piglets, 1.97 on average per litter (Table 2.5 , Additional file 1 : 
Figures S7-S8). Moreover these 173 mummified piglets are responsible for 1.98% of 
the total number of mummified piglets (8726) recorded for this breed in a decade 
(December 2006–April 2016). The difference in the ratio MUM/NSB/NBA between C 
x C (1.97/1.01/11.89) compared to C x NC (0.34/1.43/14.44) is highly significant 
(P < .0001, Chi-Square). Especially the fraction of litters that contain 2 to 5 
mummified piglets per litter is significantly higher for C x C matings (Figure 2.2).  
 

 
Figure 2.2 Fraction of the number of mummified piglets per litter for haplotype LW19. The 
axes indicate the fraction of the total litters (y) with a certain number of mummified piglets 
(x). Figure shows a larger proportion of mummified piglets per litter for the C x C matings 
compared to C x NC matings, except when n = 1 
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The carrier frequency for this haplotype is 8.6%, meaning that about 0.74% of the 
litters in this breed are affected assuming random matings, and 0.185% of all piglets 
will be affected if penetrance is 100%. We tracked three recent C x C matings with a 
total of 9 mummified piglets to estimate the approximate age when the foetus has 
died (an example of a C x C mummified piglet is shown in Additional file 1: Figure S9). 
The length from crown to rump was about 10–11 cm which corresponds to an age of 
approximately 55 days (van der Lende and van Rens 2003). The haplotype overlaps 
with two protein coding genes (BMPER, BBS9). BBS9 has previously been associated 
with the Bardet-Biedl syndrome in human. This syndrome, however, does not usually 
cause early lethality (Khan et al. 2016). We therefore focused on the BMPER gene as 
the most likely candidate gene for the observed effect. We performed runs of 
homozygosity (ROH) and extended haplotype homozygosity (EHH) analysis on SSC18, 
and identified a region flanking the BMPER locus to be potentially under recent 
positive selection (SSC18:40–43 Mb, Figure 2.3). 
 

 
Figure 2.3 Runs of homozygosity (ROH) and extended haplotype homozygosity (EHH) on 
SSC18. A) Individual Large White pigs are represented as horizontal lines, with blue bars 
indicating a homozygous segment at that position on SSC18. The red bars on top indicate all 
significant haplotypes in the Large White, with the haplotype LW19 (SSC18:43-44 Mb) 
indicated in black. Clustered homozygous segments are an indication of a haplotype putative 
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under selection. B) Local breakdown of LD in the Large White population at the LW19 
haplotype locus. The bifurcation diagram displays haplotypes starting at the BMPER locus and 
extending either up- or downstream of the BMPER gene. Line thickness represents proportion 
of haplotypes. Red and yellow bars indicate locations of genes as annotated in Ensembl 
(release 87) 
 
2.3 Discussion 
Highly managed, domesticated populations are expected to be under selection 
against inbreeding depression. Indeed, our results show that high frequency 
occurrence of potentially monogenic lethal or debilitating alleles is rare in 
commercial populations, despite relatively low effective population sizes. This is in 
contrast to other domesticated populations that are far less well managed, such as 
dogs and horses, and that can carry high frequencies of deleterious alleles (Schubert 
et al. 2014; Marsden et al. 2016). The few examples that exist for commercial 
breeding populations, mostly from Holstein cattle, indicate that the effects of 
deleterious traits are often masked, because they involve early embryonic lethality, 
which reveals itself only indirectly as depressed parent fertility. Moreover, some of 
these lethal alleles are maintained in the population as a result of balancing 
selection, where heterozygotes show an advantageous phenotype (Kadri et al. 
2014). However, even in those cases, these alleles are usually kept at low frequency. 
 
It is unlikely that purging can remove all or even most of the detrimental variation 
because even modern genomic breeding programs are inefficient in capturing 
genotype-phenotype relations of low frequency alleles. Our study reveals that the 
frequency of the haplotypes exhibiting missing homozygosity ranges from 0.5–11%, 
showing that we have the statistical power to detect very rare deleterious 
haplotypes in our populations, but also confirming that, as expected, truly lethal 
recessive variants are invariably infrequent. 
 
The approach chosen for this study relies on the premise that unexpected absence 
of homozygotes results from unviability of the homozygous deleterious allelic state. 
Ideally, if we would have sequence data for many thousands of animals, we would 
be able to directly infer the absence of specific homozygous allele states, e.g. alleles 
that impair the required protein function, or, alternatively, alleles that are in 
complete LD with such variants. However, we used low to medium density genotype 
data, and the SNPs on the chips have been primarily chosen based on their relatively 
high MAF in most breeds, unlikely to include deleterious variants. To overcome this 
problem, the haplotype based analysis chosen in this study applied a sliding window 
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approach from 0.5 to 4 Mb. Selecting optimum window sizes is not trivial and 
depends on population structure, SNP density, recombination rate, and haplotype 
frequencies within the examined genomic region. For example, by selecting large 
haplotypes, we increase the risk of analysing recombinant haplotypes. Moreover, by 
selecting very small haplotypes, non-unique haplotypes might be selected (overlap 
between distinct haplotypes). We solely used information from complete trios (both 
parents and offspring genotyped) to calculate the expected number of homozygotes. 
This number, however, is likely an underestimation, because not all genotyped 
animals are in genotyped trios. Also, the haplotype approach is unlikely to capture 
all deleterious variants, as any rare variant that resides only on a common haplotype 
will be missed. However, rare variants that coincide with rare haplotypes can be 
robustly detected, with the number of genotyped offspring being the limiting factor 
for statistical power. 
 
In total, 145 haplotypes showed a significant deficit of homozygotes. Of these, 35 
haplotypes showed a negative effect on at least one of the three fertility traits 
examined, indicating that indeed these 145 haplotypes are highly enriched for 
variation that can lead to embryonic lethality or prenatal death. The overwhelming 
majority of these haplotypes are located at chromosomal regions not previously 
linked to fertility (Hu et al. 2016). Only four genomic loci are shared between the 
three breeding populations, and all four of these were previously identified as copy 
number variable (CNV) regions (Paudel et al. 2015). We hypothesize that these four 
haplotypes are likely false positives, as these CNV events can cause duplication of 
genetic markers potentially introducing polymorphisms. This could lead to inter-
locus cross-hybridization of oligo’s on the chip, causing all individuals to become 
heterozygous for a particular marker, or a set of markers, generating haplotypes with 
missing homozygotes. 
 
Several of the identified haplotypes did not show a significant effect on fertility. In 
some cases, the number of C x C matings was too low to obtain significant statistical 
support. There are three additional explanations for the absence of an effect on 
fertility. First, recombination hotspots can potentially result in an excess of 
heterozygotes that carry recombinant haplotypes. This seems especially apparent at 
the chromosome ends. Second, since we are examining commercial breeding lines, 
there is selection on the animals that are genotyped. Piglets are selected for 
genotyping based on their performance on numerous traits depending on their 
particular breeding purpose, e.g. growth rate, back fat, fertility, number of teats, and 
leg quality. Piglets that exhibit unfavourable phenotypes early in life are likely not 
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genotyped and could end up as “missing homozygotes” in our analysis. One example 
of such a phenotype in pig breeding is the number of teats. Piglets with less than 12 
teats are often immediately removed from the population. Third, embryos dying very 
early (e.g. before time of implantation) are likely replaced by other embryos, as 
breeding sows are very likely to produce a far higher number of ova than can be 
accommodated in the uterus. 
 
For one specific haplotype (LW19), identified only in the Large White line, we found 
evidence from 88 carrier matings that homozygous animals die mid-gestation, and 
become mummified (fivefold increase in the number of mummified piglets). The 
association of mummified piglets and haplotype LW19 is very likely an 
underestimation, since the number of mummified piglets is not always recorded 
equally strict at all breeding farms, especially for the embryos that died early in 
gestation for which mummies are small. The haplotype showed a 19% reduction in 
TNB, less than the 25% loss expected under HWE. One explanation for this 
discrepancy is that the whole litter might potentially be aborted if a large proportion 
of the litter dies during gestation, and will therefore not be recorded. We identified 
the BMPER gene as a likely candidate gene causing the defect. In human, the 
perinatal lethal skeletal disorder diaphanospondylodysostosis (OMIM: 608,022) is 
associated with homozygous or compound heterozygous mutations in the BMPER 
gene (Funari et al. 2010). Characteristics include a small chest, abnormal vertebral 
segmentation, and posterior rib gaps (Funari et al. 2010). Homozygous knockout 
mice exhibit neonatal lethality associated with abnormal lung and skeleton 
development (Kelley et al. 2009; Helbing et al. 2011). Moreover, heterozygotes for a 
null allele exhibit abnormal lung development (Kelley et al. 2009). BMPER is involved 
in the negative regulation of bone morphogenetic proteins (BMPs), a group of 
growth factors involved in the formation of bone and cartilage (Moser et al. 2003). 
Variation in this gene has been associated with increased body size and rump length 
in cattle (Zhao et al. 2015), and higher intramuscular fat content in pig (Liu et al. 
2014). Evidence for similar early termination of development comes from human 
and mouse studies (Kelley et al. 2009; Funari et al. 2010). We observed multiple 
haplotypes with a deficit of homozygotes surrounding the LW19 haplotype 
associated with similar phenotypic effects (increase in number of mummified piglets, 
decrease in TNB). It is likely that these haplotypes are not in complete LD with the 
causal variant. Interestingly, these haplotypes are surrounding a region under 
selection, despite low LD with the selected haplotype, we hypothesize that this could 
be a remnant of genetic hitchhiking in the past as this locus has previously been 
associated with increased body weight and ovulation rate (Hernandez et al. 2014; 
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Rothammer et al. 2014). Therefore, LW19 might have been subjected to genetic 
hitchhiking, although we did not find direct evidence supporting this (LW19 is not in 
LD with the neighbouring haplotypes under selection). More recent recombination 
might have lowered the LD, but as a result of previous hitchhiking the haplotype still 
segregates in the population. 
 
Despite the limited impact on crossbred products, given that most haplotypes are 
population specific, eradication of these haplotypes is still desired. Especially 
because embryonic lethality leading to mummification does not only have negative 
economic consequences for the pig breeder, but also results in reduced animal 
welfare such as health risk for the sow (Christianson 1992). Our study can directly 
impact positively on current breeding programs, by avoiding C x C matings to lower 
the frequency of the lethal recessive haplotypes in the elite breeding lines. 
Furthermore, if a causal variant is found, avoiding homozygotes could be combined 
with a low-level selection to eradicate the variant after a number of generations. 
Many risk factors have been associated with an increase in mummified piglets (Le 
Cozler et al. 2002), most of them, however, are independent of the foetus’s genetic 
material. In our study, we found that about 2% of all recorded mummies in the Large 
White breed can be attributed to C x C matings for the LW19 haplotype. We believe 
that the majority of the total recorded mummified piglets are not a direct effect of a 
genetic defect carried by the unborn foetus, because several other factors, especially 
many pathogens can cause mummified or stillborn piglets. Therefore, this proportion 
of 2% likely represents a much larger fraction of the total number of mummified 
piglets directly caused by a genetic defect carried by the unborn foetus. 
 
The use of molecular tools, in particular in genomic selection, has considerably 
increased breeding progress over the past years. Despite this, identification of low-
frequency deleterious recessive alleles, present in livestock populations, remains a 
challenging task. The expected low frequency of this type of variation, and therefore 
marginal effects on fertility traits at the population, contribute to this challenge. 
However, the routine large scale genotyping of domesticated animals has opened up 
new possibilities to detect these low frequency deleterious alleles. A systematic 
genomic survey for missing homozygosity, as applied in this study, is especially 
promising when thousands of individuals are genotyped. Using this method, novel 
genetic defects can be identified and fully characterized. Moreover, the increased 
use of whole genome sequence (WGS) data for breeding purposes opens new 
opportunities to directly infer deleterious variants from the sequence itself (Charlier 
et al. 2016). 
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2.4 Conclusion 
Scanning for depletion of homozygous haplotypes provides a powerful tool to 
identify deleterious recessive alleles, especially for large genotyped livestock 
populations. Our results confirm the existence, relative rarity, and severe effects on 
fertility and welfare of lethal haplotypes in commercial livestock populations. We 
show that these haplotypes, apart from reduced fertility in the parent animal, also 
cause large numbers (several hundred at population level) of stillbirths (‘mummified 
piglets’), even within highly managed populations. Moreover, the method applied in 
this study is increasing in potential, as growing numbers of genotyped animals are 
becoming available for breeding purposes. Finally, this study will facilitate at least 
partial purging of lethal variation by avoiding matings producing affected or non-
viable progeny, demonstrating its value for current breeding programs and animal 
welfare. 
 
2.5 Methods 
 
2.5.1 Animals, genotypes and pre-processing 
The dataset consists of 5517 animals from a commercial synthetic boar line (cross 
between Large White and Piétrain), and 5301 Landrace and 12,982 Large White 
animals from two commercial sow lines. Three different SNP panels were used to 
genotype the animals for the analysis; the 10 K GeneSeek-Neogen Genomic Profiler 
10 k BeadChip comprising 10,241 SNP (10 K), the Illumina Infinium PorcineSNP60 v2 
BeadChip comprising 61,565 SNP (60 K), and the GeneSeek-Neogen PorcineSNP80 
BeadChip comprising 68,528 SNP (80 K). An overview of the number of animals per 
panel is provided in Additional file 1: Table S1. The chromosomal positions were 
determined based on the Sus scrofa reference assembly (Groenen et al. 2012). SNPs 
with unknown position on Sscrofa10.2 and sex-chromosomal SNPs were discarded. 
Additional file 1: Table S2 provides an overview of the number of SNPs that met the 
following requirements: Each marker had a MAF greater than 0.01, and a call rate 
greater than 0.85. Only one marker was used if a genomic position contained 
multiple markers. Moreover animals with frequency of missing genotypes greater 
than 0.30 were discarded from the analysis (Additional file 1: Table S4). All pre-
processing steps were performed using Plink v1.90b3.30 (Purcell et al. 2007). We did 
not filter for deviation of HWE because we expect the MH and DH haplotypes to 
deviate from HWE. The final dataset contained 22,961 animals with an average per-
individual call rate of 0.987, 0.955, and 0.983 for 10 K, 60 K and 80 K SNP panels, 
respectively (Additional file 1: Table S3). Inbreeding assessment was performed by 
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calculating the F coefficient (observed vs expected homozygous genotype counts) in 
Plink v1.90b3.30 (Purcell et al. 2007). 
 
2.5.2 Imputation from lower to higher density SNP panels 
We used the pedigree based BEAGLE version 4.0 genetic analysis software for 
phasing and imputation of samples (Browning and Browning 2007). First, 10 K 
samples were imputed to 60 K per individual breeding line. This differs for the boar 
line in which we imputed 10 K samples directly to 80 K due to the smaller number of 
60 K reference samples for this line. Thereafter 60 K was imputed to 80 K and one 
final round of phasing was performed to make full use of the family relationships 
(parent offspring duos and trios). Bcftools version 1.3–27-gf31e888 was used to 
merge vcf files (Li et al. 2009). Imputation accuracies are presented in Additional file 
1: Table S3. 
 
2.5.3 Identification of missing homozygote haplotypes 
We used a sliding window approach shifting along each chromosome ranging from 
0.5 to 4 Mb in steps of 0.5 × window size implemented in a python module. We 
tested a single haplotype per locus (in case of overlapping haplotypes) with lowest 
p-value for effect on phenotypes. Haplotypes with a frequency > 0.5% were retained 
for identification of missing homozygotes. The expected number of homozygotes 
was estimated using the parental haplotype information with the formula described 
in Fritz et al., 2013. Moreover, the number of heterozygous offspring from carrier 
matings was calculated to verify whether there is a deviation from HWE. An exact 
binomial test was applied to test the number of observed homozygotes with the 
number of expected homozygotes. Haplotypes were considered significant if 
P < 5 × 10−3 for haplotypes with MH (0 observed) and P < 5 × 10−6 for haplotypes 
exhibiting DH, similar to Pausch et al. 2015. Circos software was used to visualize the 
haplotypes in genomic ideograms (Krzywinski et al. 2009). 
 
2.5.4 Phenotypic effects associated with lethal haplotypes 
 
Phenotypic records of TNB were available for all three lines. In addition, phenotypic 
records of NSB, and MUM were available for the two sow lines. In total, records of 
TNB for 4041 matings comprising 1566 sows and 432 boars were available in the 
boar line. Records of TNB, NSB, and MUM were available for 15,174 matings 
comprising 3159 sows and 1485 boars in the Landrace line and 26,961 matings 
comprising 6745 sows and 1671 boars in the Large White line. We examined each 
identified haplotype and records on TNB, NSB, and MUM are listed for all C x C 
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matings identified in the phenotypic records. We used a Welch t-test to assess if the 
phenotypes from the C x C matings significantly differ from C x NC matings. A P-
value <= 0.05 was considered significant. 
 
2.5.5 Candidate gene identification 
We selected all the genes (Ensembl gene IDs) in regions of missing and deficit 
homozygosity to perform gene-set enrichment analysis in DAVID (Huang et al. 2007), 
an enrichment score > 3.0 was considered significant. Also, all porcine genes 
(Ensembl release 87) within the identified haplotypes were analyzed for the 
observed phenotypes in gene knock-out/loss-of-function studies in other mammals 
(mainly for early lethality). Genes that, in knock-out mice, were lethal during 
developing life stages (embryonic, prenatal, perinatal, neonatal, postnatal or 
preweaning) were marked as candidate genes (Eppig et al. 2015). Moreover further 
phenotypic support in other mammalian species was obtained using the OMIM 
database (Amberger et al. 2015). 
 
2.5.6 Runs of homozygosity and extended haplotype homozygosity 
The Large white population was screened for a recent selective sweep at the BMPER 
locus with an EHH test using the R package rehh (Sabeti et al. 2002; Gautier and 
Vitalis 2012). First, the full dataset was phased with Shapeit v2 (recommended by 
the rehh package) with inclusion of pedigree information (O'Connell et al. 2014). EHH 
was generated for each SNP in both populations, identifying long and frequent 
haplotypes as implemented in the R package rehh (Gautier and Vitalis 2012). The 
origin and footprint of selection based on haplotype structure was examined using a 
bifurcation diagram (Sabeti et al. 2002). ROH were inferred using PLINK(v9, (Purcell 
et al. 2007)) with at least 20 markers covering a ROH, a maximum of one 
heterozygous call within a stretch and minimum size of 1 Mb. 
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Abstract 
 
Sex-linked slow (SF) and fast (FF) feathering rates at hatch have been widely used in 
poultry breeding for autosexing at hatch. In chicken, the sex-linked K (SF) and k+ (FF) 
alleles are responsible for the feathering rate phenotype. Allele K is dominant and a 
partial duplication of the prolactin receptor gene has been identified as the causal 
mutation. Interestingly, some domesticated turkey lines exhibit similar slow- and 
fast-feathering phenotypes, but the underlying genetic components and causal 
mutation have never been investigated. In this study, our aim was to investigate the 
molecular basis of feathering rate at hatch in domestic turkey. 
We performed a sequence-based case–control association study and detected a 
genomic region on chromosome Z, which is statistically associated with rate of 
feathering at hatch in turkey. We identified a 5-bp frameshift deletion in the 
prolactin receptor (PRLR) gene that is responsible for slow feathering at hatch. All 
female cases (SF turkeys) were hemizygous for this deletion, while 188 controls (FF 
turkeys) were hemizygous or homozygous for the reference allele. This frameshift 
mutation introduces a premature stop codon and six novel amino acids (AA), which 
results in a truncated PRLR protein that lacks 98 C-terminal AA. 
We present the causal mutation for feathering rate in turkey that causes a partial C-
terminal loss of the prolactin receptor, and this truncated PRLR protein is strikingly 
similar to the protein encoded by the slow feathering K allele in chicken. 
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3.1 Introduction 
Sex identification is an important management factor within many commercial 
livestock operations. In poultry, sexing can be performed by examining feathering 
rate, a non-intrusive approach to separate males and females at hatch. In turkey and 
chicken layer breeds, sexing at hatch is crucial for production. However, for broiler 
breeds this method is mainly applied at the parent stock level. In chicken, the sex-
linked dominant K locus, which is located on the Z-chromosome, is responsible for 
feather development and is associated with delayed emergence of primary and 
secondary flight feathers (SF), while the k + allele is associated with fast emergence 
(FF) of flight feathers (Siegel et al. 1957). The status at this locus is widely used for 
autosexing at hatch (Siegel et al. 1957). Elferink et al. (Elferink et al. 2008) studied 
the molecular basis of the K allele and identified a 176-kb tandem duplication, which 
includes part of the genes prolactin receptor (PRLR) and sperm flagellar 2 (SPEF2) 
that are associated with the K allele. Moreover, a molecular test was developed to 
distinguish between homozygous and heterozygous late feathering males (Elferink 
et al. 2008). The 176-kb duplication causes a 149-amino-acid (AA) C-terminal loss of 
the PRLR protein and is most likely the causal mutation for the SF phenotype (Bu et 
al. 2013b). PRLR is a receptor of the anterior pituitary hormone prolactin that 
belongs to the type I cytokine receptor family and is involved in various physiological 
processes including many reproductive and developmental processes, such as 
hair/coat morphology (Bu et al. 2013a). The PRLR gene is widely expressed in all 
embryonic and somatic tissues and its expression is higher in SF than in FF chicks (Luo 
et al. 2012). 
 
The domesticated turkey (Meleagris gallopavo), an important agricultural species 
and the second largest contributor to world poultry production (FAOSTAT 2017), 
shows similar SF and FF phenotypes in some commercial lines (Zakrzewska and 
Savage 1997), which are used for the same selection goal as in chicken, i.e. reliable 
and easy determination of sex at hatch. The SF phenotype differs between turkey 
and chicken with SF turkeys generally showing poor feathering even at a later age 
(Zakrzewska and Savage 1997). Zakrzewska et al. suggested that the dominant sex-
linked inhibited feathering (IF) allele K is responsible for the genetic feathering defect 
in turkey. Interestingly, expression of this defect ranges from almost complete 
absence of feathers to full feather covering at a later age (> 4 weeks of age), although 
until 4 weeks of age no apparent differences between SF birds were observed. 
Moreover, SF turkeys show inferior reproductive efficiency compared with FF 
turkeys (Renema et al. 2008) and differences in body weight and carcass 
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characteristics (Sikur et al. 2004). The SF phenotype that is under study here differs 
from a late feathering phenotype that was described in turkey by Asmundson and 
Abbott (Asmundson and Abbott 1961), which consists in poor feathering at physical 
maturity (> 20 weeks of age). In chicken, the SF phenotype has been associated with 
the sex-linked allele K, whereas in turkey, the underlying genetic components and 
causal mutation have never been investigated. In this study, we used whole-genome 
sequence data that were obtained from either slow- or fast-feathering turkeys to 
perform a case–control genome-wide association study (GWAS) for feathering rate 
at hatch and to investigate its relation to the chicken allele K. 
 
3.2 Methods 
 
3.2.1 Dataset used for sequencing and mapping 
We collected blood from 202 animals representing nine commercial turkey lines and 
that included 12 SF cases and 12 FF cases selected from the same line. For each 
sample, DNA was extracted and sequenced on the Illumina HiSeq 2000 sequencer, 
which generated paired-end 101 bp reads. We used the Sickle software to trim 
sequences (Joshi and Fass 2011), BWA-MEM (version 0.7.15) to map the whole-
genome sequencing data to the turkey reference genome (Melgal5) (Dalloul et al. 
2010), the Samtools dedup function to remove duplicate reads (Li et al. 2009), the 
GATK IndelRealigner to perform local realignments of reads around indels (McKenna 
et al. 2010a) and Qualimap to obtain mapping statistics (Okonechnikov et al. 2016). 
 
3.2.2 Variant detection and post-processing 
We performed population-based variant calling using the Freebayes software with 
the following settings: (1) min-base-quality 10 (to exclude alleles with support base 
quality < 10), (2) min-alternate-fraction 0.2 (at least 20% of the reads should support 
the alternate allele in order to evaluate the position), (3) haplotype-length 0 (to avoid 
generating haplotypes in VCF), (4) ploidy 2 (assuming diploid organism), and (5) min-
alternate-count 2 (to have at least two reads that support the alternate allele in 
order to evaluate position) (Garrison and Marth 2012). Post-processing was 
performed using bcftools (Li et al. 2009), and variants that were located within 3 bp 
of an indel, or with a phred quality score and call rate lower than 20 and 0.7, 
respectively, were removed. The average call rate was about 0.985, and the average 
transition/transversion (TS/TV) ratio was 2.62, in line with previous findings in turkey 
(Aslam et al. 2012). 
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3.2.3 Population statistics 
PCA analysis was performed using PLINK (Purcell et al. 2007) on the filtered vcf files 
and plotted using the default R plotting utilities. 
 
3.2.4 Functional annotation of variants 
SnpEffect (Cingolani et al. 2012) was used for variant annotation and the PROVEAN 
software for variant effect prediction in missense variants. The following variant 
classes were considered as potential candidate variants: missense, splice acceptor, 
splice donor, inframe indels, frameshift, stop lost, stop gained, and start lost variants. 
 
3.2.5 Association study and identification of candidate variants 
Single locus associations on the genotypes called by freebayes were tested for SNPs 
and indels in PLINK using permutations to generate uncorrected and corrected p 
values (Purcell et al. 2007). p values were generated by applying the Fisher’s exact 
test and an adaptive Monte Carlo permutation test was performed with 5000 
replications. Variants with a P lower than 1e-5 were considered significant. 
Manhattan plots were generated using qqman R package (Turner 2014). We selected 
all significant protein-altering variants and evaluated their putative effect on the 
protein based on PROVEAN scores and SnpEffect annotations. Moreover, gene 
ontology (GO) annotations were obtained from the Uniprot database (The UniProt 
2017). Phenotype information on PRLR null-mutant mice was from Craven et al. 
(Craven et al. 2001). The ClustalO alignment software (Sievers et al. 2011) was used 
to align chicken and turkey PRLR sequences. 
 
3.2.6 CNV analysis 
CNV-seq was used to perform CNV analysis using a log2-threshold of 0.6 and a p 
value threshold of 0.001 (Xie and Tammi 2009). The optimum window size was 
automatically computed and ranged from 2.5 to 7.1 kb. The FF sample MG-WUR-121 
and the SF sample MG-WUR-136 were used as control samples in CNV-seq analysis 
for analyses of SF and FF data, both exhibiting average to high coverage (see 
Additional file 1: Table S1). CNV-seq R utilities were used to plot the CNV events. 
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3.3 Results 
 
3.3.1 Case–control sequencing and variant detection 
To study the molecular mechanisms that underlie feathering rate at hatch in turkey, 
we selected 12 animals within each group (SF and FF) from one commercial line for 
whole-genome re-sequencing (WGS) (All female, [see Additional file 1: Table S1]). 
Moreover, DNA from 178 FF turkeys from various commercial turkey lines was 
sequenced for additional control samples. The SF turkeys in the population analysed 
here have phenotypes that are similar to those described for the dominant sex-
linked IF allele K by Zakrzewska et al. 1997. Whole-genome DNA was sequenced and 
resulted in a total amount of 2.17 Tbp (tera base pairs) from 22.48 × 109 paired-end 
101 bp reads. Mapping was performed with BWA—mem (version 0.7.15) to the 
Meleagris gallopavo build 5 (Melgal5) reference genome with an average 
mappability and coverage of 98.38%, and 10.5×, respectively. We performed 
population-based variant calling using Freebayes (Garrison and Marth 2012). Next, 
we filtered out variants with a low-quality (phred quality score < 20) or a call rate 
lower than 0.7, which resulted in 8,136,213 (post-filtering) variants including 
6,595,059 SNPs, and 1,197,170 indels, with an average variant density of 8.4 variants 
per kb (see Additional file 1: Table S2). We performed PCA analysis on the 24 cases 
and control animals to assess population stratification; no distinct clustering was 
observed between the two groups (see Additional file 2: Figure S1). 
 
3.3.2 Functional annotation of variants  
We used SnpEff to assign a range of functional classes to the identified variants 
(Cingolani et al. 2012). The majority of the variants were located in intronic, ncRNA, 
or intergenic regions (see Additional file 1: Table S3). We identified 231,073 coding 
(90,370 protein-altering) variants with an overall missense/silent ratio of 0.545, 
which means that for every two silent mutations (synonymous) one missense 
mutation is found (see Additional file 1: Table S4). 
 
3.3.3 Genome-wide association study for feathering rate at hatch 
The GWAS revealed a significant signal for 134 SNPs on the Z chromosome. None of 
the detected variants is in perfect LD with the phenotype (see Additional file 1: Table 
S5). SNPs associated with the SF phenotype are all located on the short arm of the Z 
chromosome between 7.95 and 9.79 Mb (Figure 3.1) and (see Additional file 2: 
Figure S2). This region contains 55 protein-coding genes including 
the PRLR and SPEF2 genes associated with the SF phenotype in chicken. 
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Figure 3.1 Manhattan plot for feathering rate association analysis. The − log10 (P) for each 
SNP is shown on the y-axis. A clear signal is observed on chromosome Z (8.1–9.5 Mb) 
 
3.3.4 A 5-bp deletion in the PRLR gene is associated with slow 
feathering rate in turkey 
We examined the putative effects of all significant variants associated with slow 
feathering. In total, we identified eight protein-altering variants (seven SNPs and one 
indel). The seven identified SNPs cause missense mutations in protein coding genes 
(Table 3.1). None of the missense variants were predicted to have a high impact on 
the corresponding protein (reaching a PROVEAN score < − 2.5). Moreover, none of 
the missense mutations were fixed within the group of SF turkeys (Table 3.1), and 
thus were unlikely to be the causal variant. The identified indel represents a 
hemizygous 5-bp deletion that is statistically associated with feathering rate and 
predicted to have a high impact on the PRLR gene by causing a frameshift (Figure 
3.2). This deletion, which is located within the terminal exon of the PRLR gene, 
produces a truncated PRLR protein by introducing a premature stop codon and 
adding six novel C-terminal amino acids (DSITET*, Figure 3.2). All SF turkeys were 
hemizygous for the alternate allele, while ten FF turkey controls and all additional 
178 FF turkeys were hemizygous or homozygous for the reference allele (Table 3.2).  
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Table 3.2 Genotypes of the 5-bp PRLR deletion for cases (SF) and control (FF) samples. 

Group Phenotype N Genotype 
GTTGGT/GTTGGT or GTTGGT/- GTTGGT/G G/G or G/-  

Cases SF 12 0 0 12 
Controls FF 12 10 0 2 
Test FF 178 178 0 0 

 
In addition, we performed a copy-number variation (CNV) analysis to test whether, 
as in chicken, a CNV event is associated with feathering rate at hatch. Although one 
region on chromosome Z between 7.9 and 8.1 Mb harboured copy number variants 
in various samples, none of them were associated with feathering rate at hatch (see 
Additional file 3). 
 

 
Figure 3.2 a) PRLR gene model showing the location of the 5-bp deletion in the C-terminal 
exon. b) C-terminal end of the PRLR protein sequence in SF and FF turkey. The deletion 
associated with SF phenotype introduces a frameshift and six novel AA before a premature 
stop-codon, which results in the deletion of 98 C-terminal AA. 
 
3.3.5 Chicken and turkey slow feathering 
Turkey and chicken PRLR proteins are very similar (90.24% sequence identity, (see 
Additional file 2: Figure S3) and both are 831 AA long. However, carriers of the 5-bp 
frameshift deletion in turkey lack the final 98 AA of the PRLR C-end tail (Figure 3.2), 
whereas carriers of the K allele in chicken lack the terminal 149 AA of the PLRP C-end 
tail (Bu et al. 2013b). The prolactin receptor forms a dimer to bind prolactin in the 
extracellular space on the N-terminal end of the protein (Bu et al. 2013a). Moreover, 
PRLR contains two fibronectin type 3 domains (FN3), a WSXWS motif that is 
important for proper protein folding, and a Box 1 motif that is necessary for Janus 
kinase (JAK) interaction and activation (Bu et al. 2013a). However, the function of 
the affected C-end tail, which is located in the cytoplasm, is mostly unknown, but 
likely shares similar functional relevance in chicken and turkey. 
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3.4 Discussion 
This study reveals the molecular mechanisms that underlie the rate of feathering at 
hatch in turkey. The use of NGS data provided a sufficient number of variants to 
describe the potential causal polymorphism, i.e. a 5-bp deletion within the last exon 
of the PRLR gene. This mutation is different from that of allele K in chicken, but 
impacts the same gene (Elferink et al. 2008) and moreover, in a similar manner, i.e. 
by loss of a substantial part of the C-end tail (98 AA in turkey; 149 AA in chicken). 
Unlike SF chickens, SF turkeys are poorly feathered, even at physical maturity 
(Zakrzewska and Savage 1997). Moreover, feathering of females can be so poor that 
carriers of this allele are not used commercially. Although strongly associated with 
SF, the PRLR 5-bp frameshift mutation is not in perfect LD with the phenotype since 
we observed two FF females that were hemizygous for this deletion. One possibility 
is that these two animals were mislabeled as FF turkeys, although they are SF 
turkeys; this is supported by the observation that none of the variants (including non-
coding ones) is in complete LD with the phenotype. 
 
The membrane-protein PRLR is a member of the cytokine receptor family that binds 
the prolactin hormone (PRL) within the extracellular space (Bu et al. 2013a). This 
hormone is involved in a diverse range of biological activities including various 
reproductive and developmental processes, such as hair replacement and follicle 
development (Bu et al. 2013a). Null mutant mice show different hair/coat 
morphologies and advanced hair replacement (Ormandy et al. 1997). Moreover, a 
frameshift variant, which introduces a premature stop codon in the bovine PRLR 
receptor and causes the loss of 120 C-terminal AA, is associated with abnormally 
short and sleek hair coat (Littlejohn et al. 2014). Moreover, hair development and 
feather development are considered to have an evolutionary homologous origin. 
Thus, these findings support the PRLR gene as a likely candidate for feathering 
development within both commercial poultry species, chicken and turkey. 
 
Other studies have suggested that feathering rate in chicken is caused by a higher 
expression of PRLR due to its partial duplication. Carriers of allele K show a 1.78-fold 
higher expression of PRLR in chicken (Luo et al. 2012). In contrast, Zhao et al. found 
no difference in PRLR expression between SF and FF chicks, but that the expression 
of the other gene involved in the duplication, SPEF2, was significantly higher in SF 
than in FF chicks, which suggested that a mutation in this gene was responsible for 
the SF phenotype (Zhao et al. 2016). We believe that the higher expression of SPEF2 
in chicken is due to the large duplication that underlies the K allele. The duplication 
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results in two partial PRLR genes (that lack both tails), while the SPEF2 gene remains 
complete (Elferink et al. 2008). Incomplete PRLR mRNA could be subject to the 
nonsense-mediated decay mechanism resulting in a lower abundance of PRLR mRNA 
compared to SPEF2 mRNA. Thus, based on our findings, we believe that, rather than 
a higher expression of PRLR, it is the lack of the C-terminal end of the protein that is 
responsible for the slow feathering rate at hatch in both chicken and turkey. 
Interestingly, Nakamura et al. reported that, in a late feathering chicken line, 
reversion to the fast feathering phenotype occurred in rare instances (Nakamura et 
al. 2011), but this was not observed in our population. 
 
The PRLR mutations in chicken and turkey are clearly independent, but lead to similar 
phenotypes, which strongly suggests that they have been favored by identical 
breeding goals being applied in these two species. Thus, the SF/FF phenotype shows 
a pattern that is similar to that observed for a small number of monogenic or 
oligogenic traits under domestication selection, which show independent mutations 
in the same genes in specific pathways (Cieslak et al. 2011). Coat colour is one of the 
most common domestication features, which is regulated by a small number of 
genes (e.g. KIT, MC1R, and TYR) in many domestic animals (Wright 2015). Another 
example in poultry is comb morphology, which is a monogenic trait regulated by the 
same set of genes but with independent mutations in different breeds (e.g. EOMES, 
MNR2, and SOX5) (Imsland et al. 2012). Thus, we hypothesize that the same 
independent selection applied for domestic feathering rate within and across species 
has resulted in independent mutations in PRLR. 
 
3.5 Conclusions 
We describe a case–control GWAS that detected a genomic region on the Z 
chromosome, which is statistically associated with rate of feathering at hatch in 
turkey. Within this genomic region, we identified a hemizygous 5-bp frameshift 
deletion in PRLR, which causes the loss of 98 C-terminal AA and is the causal 
polymorphism for low feathering phenotype in turkey. This is a clear example of 
similar selection pressures for the same trait (sexing at hatch) in two domestic 
poultry species that result in two distinct mutations but each affecting the C-terminal 
end of the same protein, i.e. PRLR. The function of the C-terminal end of this protein, 
located in the cytoplasm, remains mostly unknown, and further functional studies 
are necessary to gain more insight in the downstream molecular pathways affected 
by this mutation. 
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Abstract 
 
Deleterious genetic variation can increase in frequency as a result of mutations, 
genetic drift, and genetic hitchhiking. Although individual effects are often small, the 
cumulative effect of deleterious genetic variation can impact population fitness 
substantially. In this study, we examined the genome of commercial purebred 
chicken lines for deleterious and functional variations, combining genotype and 
whole-genome sequence data. 
We analysed over 22,000 animals that were genotyped on a 60 K SNP chip from four 
purebred lines (two white egg and two brown egg layer lines) and two crossbred 
lines. We identified 79 haplotypes that showed a significant deficit in homozygous 
carriers. This deficit was assumed to stem from haplotypes that potentially harbour 
lethal recessive variations. To identify potentially deleterious mutations, a catalogue 
of over 10 million variants was derived from 250 whole-genome sequenced animals 
from three purebred white-egg layer lines. Out of 4219 putative deleterious variants, 
152 mutations were identified that likely induce embryonic lethality in the 
homozygous state. Inferred deleterious variation showed evidence of purifying 
selection and deleterious alleles were generally overrepresented in regions of low 
recombination. Finally, we found evidence that mutations, which were inferred to 
be evolutionally intolerant, likely have positive effects in commercial chicken 
populations. 
We present a comprehensive genomic perspective on deleterious and functional 
genetic variation in egg layer breeding lines, which are under intensive selection and 
characterized by a small effective population size. We show that deleterious 
variation is subject to purifying selection and that there is a positive relationship 
between recombination rate and purging efficiency. In addition, multiple putative 
functional coding variants were discovered in selective sweep regions, which are 
likely under positive selection. Together, this study provides a unique molecular 
perspective on functional and deleterious variation in commercial egg-laying 
chickens, which can enhance current genomic breeding practices to lower the 
frequency of undesirable variants in the population. 
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4.1 Introduction 
In animal breeding, the number of deleterious genetic variants that are segregating 
in a population is affected by several factors, e.g. genetic drift, mutation rate, and 
selection. As a result, small effective population size and artificial selection can 
impact population fitness in domesticated populations substantially (Charlesworth 
and Willis 2009) and can lead to a high risk of inbreeding depression, which is the 
result of the accumulation of deleterious alleles that increase in frequency, mainly 
due to genetic drift (Charlesworth and Willis 2009). Deleterious alleles are expected 
to be purged from the population by purifying selection, and thus, generally remain 
at low frequencies in a population (Zhang et al. 2016b). However, many evolutionary 
forces shape the landscape of deleterious alleles in a population, including 
recombination and genetic hitchhiking, which is a change in allele frequency due to 
the allele being passed along together with a variant that is under selection (Chun 
and Fay 2011). Recent examples have shown a large impact of such deleterious 
alleles in several livestock populations (VanRaden et al. 2011; Derks et al. 2017). 
Therefore, effective purging of these deleterious variants is desired. However, most 
of these variants are rare, and selection on rare variants is usually inefficient, 
especially if the relationship between genotype and phenotype is poorly 
characterized (Kearney et al. 2009; Sitzenstock et al. 2013). 
 
In this study, we examined chicken layer lines that have been primarily selected for 
production traits, including mortality, egg production, egg composition, shell quality 
(Ellen et al. 2008), and traits related to animal welfare (Savory 1995). In spite of the 
many positive consequences of this artificial selection, several health issues are 
associated with intense selection for production traits in laying hens, including 
excessive comb growth, brittle bones, feather pecking, and ovarian cancer (Savory 
1995; Webster 2004; Johnson et al. 2015). To date, the underlying genetic 
architecture of these deleterious effects has not been characterized. Therefore, it is 
essential to better understand the relationship between genotype and phenotype, 
which is, to a large extent, still a black box (Habier et al. 2013). 
 
Purebred chickens are routinely genotyped by breeding companies using SNP 
genotyping panels to accelerate genetic progress by applying genomic selection 
(Meuwissen et al. 2001). Although genomic selection itself may not be very efficient 
in eliminating low-frequency deleterious variants, the large number of routinely 
genotyped and pedigreed individuals does allow for the identification of deleterious 
variation. A powerful method is to systematically assess missing homozygosity in the 
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genome by identifying haplotypes that cause early lethality by statistical depletion, 
or even absence, of the homozygous state, suggesting that they carry a lethal 
recessive mutation (VanRaden et al. 2011). This approach can detect even very rare 
(frequency < 2%) deleterious haplotypes if a large number, at least several 
thousands, of animals are genotyped in a population. One disadvantage of this 
method is that low-frequency deleterious variants that reside on common 
haplotypes will be missed (Derks et al. 2017). An alternative method that does allow 
such rare deleterious alleles to be identified is to sequence the entire genome of tens 
to hundreds of animals from a population. Whole-genome sequencing (WGS) can be 
used to identify potential phenotype-altering variants, which can range from 
embryonic lethal (EL) to only mildly deleterious mutations in coding regions, and to 
predict their effects using various tools (Charlier et al. 2016). The use of WGS data 
from a population can lead to the discovery of variants that are beneficial for 
breeding programs (Rubin et al. 2010; Gheyas et al. 2015), e.g. by looking for regions 
in the genome that are under (recent) positive selection. A challenge for this 
approach is to differentiate true selected variants and variants that increased in 
frequency as a result of genetic drift. In addition, the incompleteness of current 
genome annotations in most livestock species hampers the identification of such 
variants. 
 
In this study, we combined two complementary approaches to identify deleterious 
and functional variation (positively selected variants in relation to traits under 
selection) in purebred commercial layer lines. First, we showed that missing 
homozygosity can result from early embryonic lethality. Second, we mined the 
genomes of 250 whole-genome-sequenced individuals for deleterious (including 
embryonic lethal) and functional variants. The result is a comprehensive catalogue 
of putative deleterious and functional variants, which will be an important resource 
for future functional studies in chicken and should facilitate the purging of 
deleterious variants in breeding populations. 
 
4.2 Methods 
 
4.2.1 Animals, genotypes and pre-processing 
We genotyped six different commercial chicken breeds using the 60 K Illumina SNP 
BeadChip: one purebred white layer dam line (WA), one purebred white layer sire 
line (W1), two crossbred lines (CB: W1-WA, W1-WD) and two brown layer lines (B1, 
B2) (see Additional file 1: Table S1). All animals from multiple generations were 
genotyped as part of a routine data collection from Hendrix-Genetics breeding 
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programs. Chromosomal positions were determined based on the Gallus 
gallus GalGal5 reference assembly (Schmid et al. 2015). SNPs with an unknown 
position on the Galgal5 reference assembly and SNPs on sex chromosomes were 
discarded. Pre-processing was performed using PLINK v1.90b3.30 (Purcell et al. 
2007; Chang et al. 2015) based on the following criteria: each SNP had to have a 
minor allele frequency higher than 0.01 (1%) and a call rate higher than 0.85 and 
animals with a call rate lower than 0.7 were discarded from the analysis. We did not 
filter for deviations from Hardy–Weinberg equilibrium (HWE) because haplotypes 
that exhibit a deficit in homozygosity were expected to deviate from HWE. 
 
4.2.2 Phasing and identification of missing homozygous haplotypes 
We used the BEAGLE version 4.0 genetic analysis software for phasing of the SNP 
genotypes (Browning and Browning 2007). We used a sliding-window approach 
using window sizes ranging from 0.25 to 1 Mb in steps of 0.5 times the window size. 
Haplotypes with a frequency higher than 0.5% were retained for identification of 
missing homozygotes. The expected number of homozygotes was estimated using 
the parental haplotype information with the formula described by Fritz et al. (Fritz 
et al. 2013). The number of heterozygous offspring from carrier matings was also 
calculated to verify whether there was a deviation from HWE. An exact binomial test 
was applied to compare the number of observed versus expected homozygotes. 
Haplotypes were considered significantly depleted of homozygotes if the p value for 
this test was less than 0.005. 
 
4.2.3 Population sequencing and mapping 
We used WGS data from three commercial white layer lines, two dam lines (WA: 71, 
WD: 78) and one sire line (W1: 101), and sequenced a total of 3.502 Tbp (tera base 
pairs) from 35.94 billion paired-end 100 bp reads sequenced on an Illumina HiSeq 
machine. We used Sickle software to trim the sequences (Joshi and Fass 2011), BWA-
MEM (version 0.7.15, (Li and Durbin 2009)) to map the WGS data to the chicken 
reference genome (Galgal5) (Schmid et al. 2015), the Samtools dedup function to 
discard duplicate reads (Li et al. 2009), and GATK IndelRealigner to perform local 
realignments of reads around indels (McKenna et al. 2010b). 
 
4.2.4 Variant detection and post-processing 
We performed population-based variant calling using Freebayes software taking the 
aligned BAM files as input with the following settings: —min-base-quality 10—min-
alternate-fraction 0.2—haplotype-length 0—pooled-continuous—ploidy 2—min-
alternate-count 2 (Garrison and Marth 2012). Post-processing was performed using 
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bcftools (Li et al. 2009) and variants that were located within 3 bp of an indel, or with 
a phred quality score and call rate below 20 and 0.7, respectively, were discarded. 
Moreover, genotype calls were filtered for sample depth (min: 4, max: AvgDepth * 
2.5). 
 
4.2.5 Candidate gene identification 
We imputed the 250 WGS animals to 60 K genotypes, to match 60 K-based 
haplotypes to the available sequence data. The software Confirm-gt (Browning and 
Browning 2007) was used to match chromosome, strand, and allele to the phased 
60 K reference population. BEAGLE version 4.0 was used for imputation and phasing. 
Carriers of haplotypes that were significantly depleted of homozygotes were 
examined for causal variants by selecting protein-altering variants carried uniquely 
by the haplotype carriers. We used the variant effect predictor (VEP, Ensembl-
release 86) to predict the impact of the candidate variants identified (McLaren et al. 
2016). The impact of the missense variants were assessed using the SIFT and 
PROVEAN software tools (Kumar et al. 2009; Choi and Chan 2015). 
 
4.2.6 Population statistics 
Principle component analysis was performed using PLINK on the filtered vcf files and 
plotted using the R package ggplot2. PLINK was used with the --het option to 
calculate the inbreeding coefficient of each individual to assess the level of genetic 
diversity within each line. 
 
4.2.7 Functional annotation of variants 
Annotation of the freebayes-called variants was performed using Variant Effect 
Predictor (McLaren et al. 2016). Variant effect prediction for protein-altering variants 
was performed using SIFT (Kumar et al. 2009) and PROVEAN (Choi and Chan 2015). 
The following variant classes were considered as potentially causing loss of function: 
splice acceptor, splice donor, inframe indels, frameshift, stop loss, stop gain, and 
start lost variants. Moreover, only variants that were annotated in genes and which 
were (mostly) 1:1 orthologous in Ensembl (release 86) were retained to minimize the 
effect of off-site mapping of sequence reads, as this leads to miscalls, which can be 
particularly problematic for large gene families (e.g. olfactory receptors). In addition, 
compensation of function by (recent) paralogous genes will likely ameliorate the 
effects of damaging mutations in these genes. Also, since gene models might be 
incorrect, variants that did not have a combined RNA-seq expression coverage of at 
least 200 in the Ensembl (release 86) merged RNA-seq dataset were discarded. The 
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number and load of deleterious variants for each line were inferred from the final 
set of deleterious variants. 
 
4.2.8 Spectrum of allele frequencies for different classes of variants 
We determined the distribution of allele frequencies for different classes of variants 
(synonymous, missense tolerated, missense deleterious, stop-gained) to test 
whether predicted deleterious mutations have generally lower allele frequencies. 
We generated a histogram with 20 bins (with steps of 0.05 allele frequency) starting 
from a very low (0–0.05) to very high allele frequency (0.95–1) for the different 
classes of variants using the PyVCF and SciPy software packages. 
 
4.2.9 Candidate embryonic lethal variants in protein coding genes 
To identify putative embryonic lethal (EL) variants, we selected all LoF and 
deleterious missense variants, for which no individuals that were homozygous for 
the alternate allele were observed. For every EL candidate we examined whether the 
gene is known to cause early lethality in mice obtained from the MGI database 
release 6.10 (i.e. phenotypes from null-mutant mice) (Blake et al. 2017). We 
manually examined all predicted EL variants in JBrowse (Skinner et al. 2009) to 
exclude false positives that derived from sequencing and mapping errors. Significant 
differences in hatchability between carrier by carrier versus carrier by non-carrier 
phenotypes were assessed using a two-sample t-test, assuming equal variances. 
 
4.2.10 Relative position of indels and stop-gained variants in the 
protein 
We divided proteins from Ensembl release 86 in 10 bins (from N- to C-terminal end) 
and we determined the relative position of the indel and stop-gained variants by 
dividing the position of the affected amino acid by the total protein length. 
 
4.2.11 Fixed and line-specific “evolutionary-intolerant” variants 
We considered all alleles with a frequency higher than 0.9 (within each line) as fixed 
or nearly fixed variation. To identify regions under selection, we used an approach 
similar to that described by Elferink et al. (Elferink et al. 2012), but we applied a 
window size of 20 kb with a minimum number of 20 variants in each window. We 
selected a threshold of zHp ≤ − 2.7 representing the extreme lower end of the zHp 
distribution (see Additional file 2: Figure S1). Windows below this threshold were 
assumed to be enriched for regions of selective sweeps. We selected line-specific 
high-frequency variants (i.e. absent in the other two populations) with an allele 
frequency higher than 0.7. 
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4.2.12 Gene-set enrichment analysis 
We tested whether certain gene families are enriched for deleterious mutations. 
Therefore, gene-set enrichment analysis was performed using the DAVID functional 
annotation and classification tools (Huang et al. 2009). Enrichment clusters (as 
produced by DAVID) with a score higher or equal to 1.3 were considered to be 
enriched (Huang et al. 2009). 
 
4.2.13 Deleterious alleles in regions of low recombination 
The recombination rate is the genetic length in centimorgans divided by the physical 
genomic distance in mega base pairs and was calculated for bins of approximately 
750 kb on macrochromosomes 1 to 5 using the linkage map of Elferink et al. (Elferink 
et al. 2010). Microchromosomes were excluded because of their extreme high 
recombination rates (Megens et al. 2009). The ratio of predicted deleterious to 
predicted tolerated mutations (prediction by SIFT) was calculated within each bin by 
dividing the number of deleterious missense mutations by the sum of the 
synonymous and tolerated missense mutations over all three breeding lines. Pearson 
correlation was used to infer the relationship between the ratio of predicted 
deleterious to predicted tolerated mutations and the recombination rate. 
 
4.3 Results 
 
4.3.1 Screening for haplotypes that exhibit missing or deficient 
homozygosity 
In layer breeding programs, genetic improvement is primarily achieved on elite 
purebred lines. These purebred lines are then crossed to produce parent stock 
production animals that are again crossed to produce the final laying hen production 
animals, which benefit from the full exploitation of heterosis (Amuzu-Aweh et al. 
2015). To successfully screen these purebred lines for missing homozygosity, we 
assumed that not all deleterious variation has been purged, and that some low-
frequency deleterious variation remains in the population. Since we examined 
carrier by carrier (C × C) matings, 25% of the offspring were expected to be 
homozygous for the carrier haplotype. In total, we examined six lines for missing 
homozygosity, one purebred white layer dam line (WA), one purebred white layer 
sire line (W1), two crossbred lines (CB: W1-WA, W1-WD) and two brown layer lines 
(B1, B2). In total, information was available for 22,323 (post-filtering) animals 
genotyped on the Illumina 60 K chicken SNP BeadChip (52,232 SNPs), which provided 
the statistical power required to detect even very rare haplotypes (see Additional 
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file 1: Table S1). We performed phasing of all data to determine the haplotypes and 
used an overlapping sliding-window approach to identify haplotypes with a 
significant deficit in homozygotes. 
 
Table 4.1: Statistics for missing and depleted homozygous SNP haplotypes in four lines of layer 
chickens. 

Lines WA W1 CB B1-B2 

Samples 4409 7197 3983 6737 

Trios 2291 3619 3539 3118 

Number of haplotypes 9 13 7 50 

Number of loci 9 13 7 45 

Average haplotype length 24.22 33.3 22.29 23.20 

Average number of haplotypes per window 17.11 15.08 12.43 15.40 

Average haplotype frequency 2.6% 3.1% 8.3% 1.5% 

Average homozygous expected 6.06 8.13 30.71 8.08 

Average carrier matings with genotyped offspring 3.11 4.23 53.71 3.12 

Average carrier matings in pedigree 9.00 12.38 54.71 6.62 

Average carrier progeny 24.22 32.54 119.71 32.32 

Percentage heterozygote carrier progeny 60.1% 51.3% 70.5% 46.0% 

Average number of genes in window 20.9 20.0 9.14 6.30 
Averages for all parameters are provided for each line. The number of loci represents the 
unique number of genomic windows containing significant haplotypes 
 
We identified 9, 13, 7, and 50 haplotypes that exhibited a statistical deficit in 
homozygosity (DH) in the WA, W1, CB, and B1-B2 lines, respectively (Table 4.1) and 
(see Additional file 3: Table S1, S2, S3, and S4). The length of these haplotypes ranged 
from 0.25 to 1 Mb and the frequency of putative deleterious haplotypes ranged from 
0.5 to 18.3%. The percentage of heterozygous progeny from C × C matings for these 
haplotypes was generally higher than 50%, which supports the deviation from HWE 
due to missing homozygous offspring (Table 4.1). The frequency of these haplotypes 
was generally low (< 5%) but two haplotypes that showed a deficit in homozygosity 
had relatively high frequencies (> 10%) in the crossbred line (on Gallus 
gallus chromosome (GGA)1: 180.25–180.75 Mb and GGA5: 5.5–6.0 Mb). 
We examined the sequence of the carriers for haplotypes showing a deficit in 
homozygosity (from the WA and W1 lines) for protein altering variants that were 
shared by the carriers for each putative deleterious haplotype but for which no 
homozygous individuals were observed. We identified two candidate mutations (see 
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Additional file 1: Table S2) that segregated in the purebred (WA and W1) and 
crossbred lines. These two haplotypes, which were initially identified in the 
crossbreds (GGA2: 56.0–56.5, GGA3: 94.125–94.875 Mb), contain protein altering 
mutations in the ADNP2 (C198S) and SOX11 (A261G) genes. Both these genes are 
considered to be essential for normal development and associated with early 
lethality in mice (inferred from null-mutants, (Pinhasov et al. 2003; Jiang et al. 2013)). 
Only the alanine to glycine mutation in the SOX11 genes was predicted to be mildly 
deleterious by SIFT and PROVEAN (see Additional file 1: Table S2). 
 
4.3.2 A catalogue of genomic variation in three white-layer lines 
We also explored the use of WGS data for direct inference of deleterious variation 
using sequence data from three commercial white layer lines, one sire line (W1), and 
two dam lines (WA and WD). We sequenced 250 animals from these lines (WA: 71, 
WD: 78, and W1: 101), for a total volume of 3.502 Tbp (tera base pairs) from 35.94 
billion paired-end 100 bp reads. Mapping was performed with BWA-MEM (version 
0.7.15, (Li and Durbin 2009)) to the Gallus gallus build 5 reference genome (Schmid 
et al. 2015) with an average mappability and coverage of 99.76%, and 11.4 (range: 
8.3X to 22.9X), respectively (Pipeline overview [see Additional file 2: Figure S2]). We 
performed population-based variant calling using Freebayes (Garrison and Marth 
2012) to identify 10,260,277 (post-filtering) variants in the three lines (see Additional 
file 1: Table S3). From the total 10,260,277 (post-filtering) identified variants, 
9,469,408 (98.5% biallelic) were SNPs and 790,869 were indels. The average SNP 
density was 11.0 per kb (see Additional file 1: Table S3). We identified 2,143,367 
novel variants (20.89%) that were not annotated in dbSNP (build 147), of which the 
majority was breeding line specific (WA, WD, or W1) (see Additional file 1: Table S4). 
An average call rate of 0.95 and an average transition/transversion (TS/TV) ratio of 
2.53 were found for the entire variant set (see Additional file 2: Figure S3 and 
Additional file 1: Table S5), which are congruent with previous findings in other avian 
species (Aslam et al. 2012; Smeds et al. 2016). Sample origin was validated using 
principal component analysis (PCA) (see Additional file 2: Figure S4). 
 
We assessed the level of genetic diversity by calculating the F statistic within the 
three lines (WA, WD, and W1) and observed that it was lower in the WA line than in 
the other two lines (see Additional file 2: Figure S5). Accordingly, we found a smaller 
number of line-specific SNPs in the WA line compared to the other two lines (see 
Additional file 1: Table S4). Moreover, we observed that WA animals carried on 
average fewer deleterious variants than the other two lines. However, the mutation 
load, calculated as the ratio of deleterious (SIFT < 0.01) to synonymous variants, was 
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higher in the WA line than in the WD and W1 lines, which was in line with the lower 
genetic diversity within this line (Figure 4.1). 
 

 
Figure 4.1 a) Distribution of the number of heterozygous (-Het) and homozygous (-
Hom) individuals for putative deleterious variants. b) Mutation load, calculated as 
the ratio of deleterious to synonymous variants for heterozygous and homozygous 
individuals for putative deleterious variants. 
 
Variant effect prediction assigned a range of functional classes to the identified 
variants (see Additional file 1: Table S6). Of the 120,149 coding (35,963 protein-
altering) variants that we identified, the large majority were synonymous and non-
synonymous mutations. Furthermore, 2.04% (2437) of the variants were classified 
as potentially introducing a loss-of-function (frameshift, inframe deletion, inframe 
insertion, splice acceptor, splice donor, start lost, stop gained, and stop lost variants). 
Of the 33,492 missense mutations, 5546 and 3053 were predicted to be deleterious 
by the SIFT and PROVEAN software, respectively, of which 1847 were predicted by 
both methods (see Additional file 2: Figure S6). A final set of 4219 putative 
deleterious variants, distributed across nine classes of deleterious variants, was 
obtained after filtering (see “Methods”) and (see Additional file 1: Table S7). 
 
4.3.3 Evidence for purifying selection on deleterious mutations 
We found that the spectrum of allele frequencies of deleterious variants differed 
from that of neutral variants, and was skewed towards a higher proportion of low-
frequency alleles (Figure 4.2) and (see Additional file 2: Figure S7). Their relative low 
frequency supports the hypothesis that the predicted deleterious variants are 
subject to purifying selection. 
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Figure 4.2 Allele frequency distribution for different functional classes of putative 
deleterious variants. Deleterious variants (deleterious missense and stop-gained) 
show distinct allele frequency spectra compared to variants considered to be neutral 
(synonymous, missense tolerated). Missense variants are classified by SIFT 
(deleterious: SIFT score ≤ 0.05, tolerated: SIFT score > 0.05). 
 
4.3.4 Relative position of indels and stop-gained variants in the 
protein 
The impact of LoF variants on the protein is potentially determined by the position 
of the variant in the amino acid sequence. We found that frameshift and stop-gained 
variants were enriched at the N- and C-terminal ends of the protein, a pattern that 
was not present for inframe indels, which rather showed a more or less uniform 
distribution of location across the protein (Figure 4.3a). Frameshift or stop-gained 
variants at the N-terminus could be “rescued” by alternate start-codons, while 
variants at the C terminus are less likely to be disruptive because they may still result 
in a more-or-less functional protein. Moreover, deleterious missense mutations 
occurred more often at the N- and C-terminal ends of the protein, while synonymous 
mutations occurred less frequently at those positions (see Additional file 2: Figures 
S8 and S9). Overall, coding indels were enriched for in-frame indels (e.g. 3, 6, 9 bp), 
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because these are more likely to be evolutionary-tolerated (and therefore not 
purged from the population), which usually does not apply to frameshift indels 
(Figure 4.3b). 
 

 
Figure 4.3 a) Relative position of frameshift, non-frameshift indels, and stop-gained 
variants. Frameshift variants are enriched in N- and C-terminal parts of the protein. 
Frameshift variants at the N-terminal sites are potentially “rescued” by alternate 
start-codons. Frameshift variants at the C terminal end are likely not disruptive since 
a functional protein might still be translated. b) Distribution of lengths of coding and 
non-coding indels. In-frame indels (i.e. indels with lengths of 3, 6, and 9 nucleotides) 
are enriched in coding regions. 
 
4.3.5 Less effective purging in regions of low recombination 
Next, we examined whether the ratio of deleterious to tolerated mutations was 
affected by the recombination rate. A significant negative correlation 
(r = − 0.26, p = 2.89×10e−9) was found between the recombination rate and the ratio 
of deleterious to tolerated alleles, providing evidence of more effective purging in 
regions with high recombination rates (Figure 4.4). Enrichment of deleterious over 
tolerated variants was especially evident in regions of very low recombination 
(recombination rate less than 2%, [see Additional file 2: Figure S10]). 
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Figure 4.4 Pearson correlation between recombination rate and the ratio of putative 
deleterious to tolerated alleles for regions that harbour such alleles. Results indicate 
that regions of low recombination are generally enriched for deleterious variants 
(R = − 0.26, P = 2.89e−09) 
 
4.3.6 Candidate EL variants in protein coding genes 
To identify variants that likely result in early lethality during development (EL), we 
selected all putative LoF and deleterious missense variants that met the following 
two criteria: (1) no homozygous individuals for the allele were observed; and (2) the 
affected gene caused early lethality in null-mutant mice (Blake et al. 2017). Based on 
these criteria, we identified 11 frameshift, five inframe indels (predicted as 
deleterious by PROVEAN), six stop-gained, five splice acceptor, eight splice donor, 
and 121 deleterious missense variants (see Additional file 4: Table S1). The majority 
of these 152 candidate EL variants (86.6%) were specific to one line and contained 
frameshift mutations in the APAF1 and NHLRC2 genes, which are both associated 
with embryonic lethality and malformations in cattle (Denholm 2015; Adams et al. 
2016). Of the five in-frame indels, two exhibited relatively high carrier frequencies 
(> 5%) in the WD line and affected the genes CHTF18 and FLT4. We also identified 13 
candidate splice donor and acceptor variants that could potentially lead to mis-
splicing, resulting in an incomplete or incorrect protein. Two splice variants exhibited 
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relatively high allele frequencies (> 5%) and affected the POLR1B and HP1BP3 genes. 
Moreover, one high-frequency (22.3%) stop-gained variant affected the C-terminal 
end of the SCRIB protein and, thus, might not be disruptive as an almost complete 
functional protein should be translated (see Additional file 4: Table S1). 
 
4.3.7 Missense variants 
The large majority (~ 84%) of the 122 candidate EL missense variants were specific 
to a line (WA: 19, WD: 46, and W1: 37). Twenty-five variants were predicted to be 
highly deleterious (PROVEAN score < − 5, Table 4.2, and [see Additional file 2: Figure 
S11]). One specific missense variant in the OFD1 gene, which causes a tyrosine to 
cysteine substitution (Y19G), is a strong candidate for embryonic lethality in 
homozygous carriers, in spite of its relative high frequency (8.9%). The tyrosine at 
position 19 of OFD1 is highly conserved among vertebrates and, thus, this missense 
mutation is predicted to be highly deleterious (PROVEAN: − 7.42, SIFT: 0.0). From the 
18 carrier animals (15 sires and 3 dams), we identified three C × C matings in the 
breeding data that showed a significant (p = 0.0165) increase in the percentage of 
embryos that died during development (see Additional file 1: Table S8). 
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4.3.8 Fixed evolutionary-intolerant variants include potential 
selection candidates 
We identified 473 predicted deleterious alleles that were fixed (247) or nearly fixed 
(allele frequency > 90%) in the three white layer lines (WA, WD, and W1) (see 
Additional file 5: Table S1). Gene-set enrichment analysis showed that the 
corresponding genes are involved in energy metabolism (e.g. ATP-binding, 
calmodium-binding) and muscle and motor activity (see Additional file 5: Table S2). 
Several of these variants were strongly selected in domesticated chicken. For 
example, variant (G558R) in the TSHR gene was completely fixed in all three lines and 
this mutant allele is associated with the absence of strict regulation of seasonal 
reproduction found in natural populations (Rubin et al. 2012). A deleterious inframe 
deletion (108delE) was also found in the P2RY2 gene, which is an ATP receptor. In 
addition, 12 fixed deleterious variants were identified in seven myosin-related genes 
(MYH7B, MYCBPAP, MYO1G, MYH9, MYLK3, MYO9B, and MYLK2) that are involved 
in skeletal muscle development (Lagrutta et al. 1989). Other gene families that 
contained fixed deleterious variants were the protein-tyrosine-phosphatases 
(PTPN7, PTPRJ, TNS3, PTPRE, PTPRF, and DUSP28), the centrosome proteins 
(CEP97, CEP162, CEP89, and CEP164), which are potentially involved in essential 
developmental processes, based on evidence of early lethality in knockout model 
organisms (notably CEP97 and CEP164, Blake et al. 2017), and collagen-like genes 
(e.g. C1QTNF8, C1QTNF6, EMILIN2). Forty variants in 37 genes were predicted to 
have a severe impact on the protein produced by these genes (PROVEAN 
score  ≤  − 5), including a variant in the TSHR gene (see Additional file 5: Table S3). 
 
4.3.9 Selection candidates 
To distinguish between true selection candidates and effects of genetic drift, we 
examined the populations for regions under selection. Genome-wide Z-scores of 
heterozygosity (zHp) were calculated per 20-kb windows. We considered bins with a 
zHp less than − 2.7 as potential regions of selective sweeps in the genome 
(representing the extreme end of the distribution) (see Additional file 2: Figure S1) 
and found 27 fixed evolutionary intolerant variants in these regions (see Additional 
file 2: Figure S12 and Additional file 5: Table S4), which overlap with the TSHR (see 
Additional file 2: Figure S13) and FOXI1 genes, previously described as being under 
domestication selection (Rubin et al. 2010; Gheyas et al. 2015). 
 
We focused on predicted evolutionary-intolerant variants in smaller regions of 
selective sweeps to identify possible functional variation that has been under 
selection. We identified a splice donor variant in the CPE gene (see Additional file 2: 
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Figure S14), which is involved in the energy metabolism of cells and insulin 
processing. In addition, we identified a strong selection signal in two bins that 
overlapped with a missense variant in the CCDC93 gene (T389 M) (see Additional 
file 2: Figure S15). This gene is involved in protein transport, but, although various 
quantitative trait loci (QTL) related to egg production and egg quality overlap with 
this gene (Hu et al. 2016), its exact function remains unknown. A splice acceptor 
variant in the PSMC6gene, a start lost variant in the GLCCI1 gene, and an inframe 
insertion in the RUNXT1 gene were identified as potential additional functional 
target mutations (see Additional file 2: Figures S16, S17 and 
S18). PSMC6 and GLCCI1 are both involved in energy metabolism, and overlap 
respectively with an egg shell thickness QTL and a QTL for haugh unit (a measure of 
egg protein quality based on the height of its egg white) and growth (Hu et al. 2016). 
The RUNX1T1 gene is a transcription factor involved in the generation of precursor 
metabolites (substances from which energy is derived). All these variants are likely 
functional, and while they are identified as being damaging in a natural or wild 
context, they may have been favourably selected for because they positively affect 
desired traits in egg-laying hens. 
 
4.4.10 Line-specific high-frequency deleterious variation 
 
4.4.10.1 WA breeding line 
We found 26 high-frequency (allele frequency > 0.7) deleterious missense variants, 
one frameshift and three splice variants specific to the WA breeding line. 
Interestingly, the ASPM gene contains three deleterious missense variants (see 
Additional file 6: Table S1). This gene encodes a mitotic spindle protein and is 
expressed in proliferating tissues and is associated with a range of phenotypes, 
including decreased body weight, microcephaly, and reduced fertility in both sexes. 
Two variants were predicted to have a severe impact on CIB1 (R112C) and PCSK6 
(R87 W) proteins (PROVEAN score < − 5), which are both involved in mammalian 
fertility. CIB1 is related to abnormal spermatogenesis, decreased testis weight and 
male infertility, while PCSK6 showed a role in female fertility (ovary cysts, increased 
ovary tumour incidence) (Blake et al. 2017). 
 
4.4.10.2 WD breeding line 
We annotated 77 high-frequency deleterious variants specific to the WD breeding 
line (see Additional file 6: Table S2), which included 59 deleterious missense variants, 
one inframe deletion (ENSGALG00000030853), 14 splice acceptor/donor variants, 
one start-loss variant (PCBD2), and two stop-gained variants (BRIC5 and NCOR1). 
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Interestingly, the FYCO1 gene, which is associated with cataract phenotypes in 
mammals (Blake et al. 2017), harbours two highly deleterious missense variants. 
Moreover, six missense variants are predicted to be highly deleterious by PROVEAN 
(PIGX, CARMIL2, LPAR6, ENSGALG00000015226, LIMK2, RIC3). Three of these genes 
were demonstrated to have severe effects in null-mutant mice (CARMIL2, LPAR6, 
and LIMK2) (Blake et al. 2017). 
 
4.4.10.3 W1 breeding line 
We identified 35 high-frequency variants specific to the W1 breeding line (see 
Additional file 6: Table S3), which included 31 deleterious missense variants, three 
splice-donor variants, and one stop-gained variant (NOLC1). Three missense variants 
in three different genes (TAAR1: Y290 N, VWA1: P251S, MCM10:P39L) were 
predicted to be highly deleterious. TAAR1, a trace amine associated receptor gene, 
and VWA1 are both associated with various behavioural traits, including increased 
hyperactivity (TAAR1) and abnormal motor coordination/balance (VWA1). Null-
mutants for the MCM10 gene are embryonic lethal in mammals, resulting in 
abnormal growth prior to termination of development (Blake et al. 2017). 
Interestingly, the CSPG4gene harbours three deleterious missense variants in the W1 
line, which are associated with abnormal muscle cell physiology and increased body 
weight (Grako et al. 1999). 
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4.4 Discussion 
Combining a systematic genomic survey for missing homozygosity and whole-
genome sequence (WGS) data opens new opportunities to directly infer functional 
variants. We have presented a first full genomic catalogue of variants that provides 
a perspective on the deleterious and functional variation in fairly closed, and 
relatively inbred, purebred layer lines. We not only confirmed previous “domestic” 
or selective variants but also assessed the impact of deleterious variation in these 
lines. Taken together, this genomic framework can be used to further improve and 
understand the genomic elements that are selected or purged in current breeding 
programs. Finally, a better understanding of the variants with functional implications 
will provide a useful resource for further selection programs to help distinguish true 
deleterious variants from those with positive functional implications. 
 
Domesticated populations are expected to be under artificial selection against 
inbreeding depression. Indeed, in this paper, we show that putatively highly 
deleterious (i.e. lethal) variants are rare in the commercial chicken populations 
studied here, in spite of the small effective size of these populations. However, we 
found several examples of putative lethal variants with allele frequencies up to 10% 
(e.g. OFD1 and Y19C) and showed that, although under strong selection, the purging 
of these variants is not always very effective, even in modern poultry breeding 
programs. Artificial selection in these populations may be ‘strong’, but is based on 
an index of a large number of phenotypic traits. Balancing selection may also be 
acting on these populations (e.g. heterozygote advantage), which causes deleterious 
variants to remain in the population. 
 
In order to capture deleterious variants using haplotypes of SNPs that exhibit missing 
homozygosity, the low-frequency haplotype has to be in complete LD with the causal 
variant. However, most deleterious variants (EL) reside on common haplotypes that 
cannot be detected with medium-density SNP chip data. However, absence of 
specific homozygous allele states can now be inferred directly because animals can 
be routinely genotyped for these variants, such that they can be added to the 
currently used genomic selection framework. A similar study in cattle showed that 
15% of the LoF and 6% of the tested missense variants are likely true EL (Charlier et 
al. 2016). Although predicting EL variation from sequence can be sensitive to induce 
false positives, we tried to reduce the number of false positives by manually 
examining the predicted EL variants. Moreover, the distinct allele frequency 
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spectrum for our predicted deleterious mutations compared to neutral mutations 
confirms that they are subject to purifying selection. 
 
One limitation of our study is that we focused on coding variation, however, a large 
proportion of the non-coding genome is also subject to purifying selection because 
of their biological function (Ponting and Hardison 2011). As a result, we may have 
missed a large proportion of potential deleterious or functional variants. In addition, 
livestock genomes still lack proper annotation of many functional elements but 
currently there are many efforts to improve this aspect (Andersson et al. 2015). 
 
We found no evidence of a higher load of deleterious variants in our studied chicken 
lines compared to other livestock species (Bosse et al. 2015; Charlier et al. 2016). 
However, although the impact of individual variants on the population may be 
limited, a recent study showed that negative selection involves synergistic epistasis, 
which means that the combined effect of mutations is greater than the sum of the 
individual effects. This supports the hypothesis that the overall effect of the 
deleterious mutations on population fitness might be substantial (Sohail et al. 2017). 
As a consequence, the number of deleterious variants found in the chicken 
populations studied here might represent a universal level for ‘healthy populations’, 
i.e. lower levels deleterious mutations are not attained because selection against 
low-frequency alleles is ineffective, but higher levels of deleterious mutations could 
occur, which then rapidly leads to disproportionately large inbreeding depression 
effects. This study also demonstrates the value of domesticated populations to 
provide insight in the genomic architecture of inbreeding depression and can be 
useful for future studies on inbreeding in both wild and domesticated populations. 
 
The observed spectrum of allele frequencies for predicted deleterious and tolerated 
variants corroborates the hypothesis that the predicted deleterious variants 
(especially deleterious missense and stop-gained variants) have been under 
purifying selection. Conversely, the predicted tolerated missense variants followed 
the same distribution of allele frequencies as synonymous variants (usually 
considered to be neutral), which indicates that the large majority of these predicted 
missense variants are indeed evolutionary tolerated. Within coding regions, we also 
found an enrichment of indels that are multiples of three nucleotides, which was not 
the case for non-coding indels. Indels that alter the frame of translation in coding 
regions can be highly disruptive, for instance by introducing a premature stop codon 
and, therefore, such indels are often under purifying selection. Conversely, indels 
that are multiples of three nucleotides will result in losses or gains of one or multiple 
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amino acid residues, which have a higher likelihood of being tolerated. We also 
observed an enrichment of frameshift and stop-gained variants at the N- and C 
terminal ends of the protein, which suggests that, in general, these types of variants 
have a stronger impact on the function of the protein when they are located in the 
middle part of the protein compared to the distal parts of the protein. Namely, if 
they are located at the N-terminal part of the protein, a functional protein product 
might still be generated by an alternate start codon that can “rescue” a large part of 
the protein (N-terminal part), as described previously (Ng et al. 2008). In contrast, a 
frameshift or stop-gained variant at the C-terminal end may be tolerated since an 
almost complete protein is often generated. Together these genomic signatures of 
purifying selection support our predictions on deleterious alleles within the 
populations. 
 
Evidence that the frequency of recombination in a genomic region is negatively 
correlated with the ratio of deleterious to tolerated mutations suggests more 
effective purging in regions with higher recombination rate, potentially because 
deleterious variants that hitchhike along with selected variants are more easily 
physically disconnected from variants that are under selection in regions with high 
recombination rates. Similar results have been reported in other species, although 
always with weaker correlations (Chun and Fay 2011; Zhang et al. 2016b; Ramu et al. 
2017). We shed light on the role of recombination (i.e. more effective selection in 
regions of high recombination) in genomic purging within the avian clade, which is 
known for its highly diverse recombination rates between chromosomes, with 
notably extremely high recombination rates on microchromosomes (Backstrom et 
al. 2010). 
 
In addition to predicted deleterious variants with low frequencies, several high-
frequency predicted deleterious variants were identified that likely have high 
functional relevance. We focused on predicted evolutionary-intolerant, but high-
frequency, variants in selective sweep regions. This study confirmed several 
predicted deleterious variants that were previously identified as being positively 
selected in domesticated chicken populations, e.g. variants in 
the TSHR and FOXI1L genes (Rubin et al. 2010; Gheyas et al. 2015). However, we find 
several novel predicted deleterious variants in strong selective sweep regions (e.g. 
variants in the CCDC93, PSMC6 and GLCCI1 genes), that should be further 
investigated for phenotypic effects. In spite of a paucity of functional annotation, 
there is evidence that the majority of these genes have a role in cellular energy 
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metabolism and likely cause increased metabolic activity (Rubin et al. 2010; Elferink 
et al. 2012). 
 
The use of genomic selection has increased the rate of genetic improvement in 
breeding populations substantially over the past years (Sitzenstock et al. 2013). 
However, genomic selection remains a “black-box” approach and the genomic 
architecture that underlies selection remains unknown. Without additional prior 
information on the functional effects of low-frequency variants, effective selection 
for or against desired or unwanted variation remains challenging. Leveraging low-
frequency functional variants for selection requires functional annotation, which can 
then be translated into statistical priors in enhanced genomic selection programs 
(Perez-Enciso et al. 2015; MacLeod et al. 2016; Perez-Enciso et al. 2017). This study 
contributes to this by the identification of specific variants that can be incorporated 
in breeding programs to enhance genetic improvement. 
 
4.5 Conclusions 
In this study, we applied several methods to infer deleterious variation in three 
commercial white-layer lines. We confirmed that missing homozygosity can result 
from lethal variants that reside on low-frequency SNP haplotypes. We were able to 
capture even very low-frequency deleterious variation, including 152 likely EL 
variants, by exploiting WGS data of dozens of sequenced individuals within single 
populations. Results provided clear evidence for purifying selection, based on a 
distinct spectrum of allele frequencies of deleterious variants compared to that of 
variants that have a higher likelihood of being neutral. In spite of their low-frequency 
nature, the identified putative deleterious alleles generally occurred more often in 
regions with low recombination, which suggests that purging of these alleles is less 
effective in such regions. Also, frameshift and stop-gained variants were more 
frequent at the protein N- and C-termini, which confirms that these are likely 
evolutionary-tolerated, which also applies to in-frame indels. In addition, multiple 
predicted evolutionary intolerant coding variants were discovered in selective sweep 
regions, which are likely under positive selection. A comprehensive genomic 
catalogue of putative deleterious variants was developed for white-egg layer 
breeding lines, which can enhance current genomic breeding practices to lower the 
frequency of undesirable variants in the population. 
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Abstract 
 
Livestock populations can be used to study recessive defects caused by deleterious 
alleles. The frequency of deleterious alleles including recessive lethal alleles can stay 
at high or moderate frequency within a population, especially if recessive lethal 
alleles exhibit an advantage for favourable traits in heterozygotes. In this study, we 
report such a recessive lethal deletion of 212kb (del) within the BBS9 gene in a 
breeding population of pigs. The deletion produces a truncated BBS9 protein 
expected to cause a complete loss-of-function, and we find a reduction of 
approximately 20% on the total number of piglets born from carrier by carrier 
matings. Homozygous del/del animals die mid- to late-gestation, as observed from 
high increase in numbers of mummified piglets resulting from carrier-by-carrier 
crosses. The moderate 10.8% carrier frequency (5.4% allele frequency) in this pig 
population suggests an advantage on a favourable trait in heterozygotes. Indeed, 
heterozygous carriers exhibit increased growth rate, an important selection trait in 
pig breeding. Increased growth and appetite together with a lower birth weight for 
carriers of the BBS9 null allele in pigs is analogous to the phenotype described in 
human and mouse for (naturally occurring) BBS9 null-mutants. We show that fetal 
death, however, is induced by reduced expression of the downstream BMPER gene, 
an essential gene for normal foetal development. In conclusion, this study describes 
a lethal 212kb deletion with pleiotropic effects on two different genes, one resulting 
in fetal death in homozygous state (BMPER), and the other increasing growth (BBS9) 
in heterozygous state. We provide strong evidence for balancing selection resulting 
in an unexpected high frequency of a lethal allele in the population. This study shows 
that the large amounts of genomic and phenotypic data routinely generated in 
modern commercial breeding programs deliver a powerful tool to monitor and 
control lethal alleles much more efficiently. 
 
Author summary 
We report a large deletion within the BBS9 gene that induces late fetal mortality in 
homozygous affected animals in a commercial pig population. This late fetal 
mortality causes the fetus to become encapsulated and desiccated during the 
remaining time of the pregnancy, a process called mummification. The unusually 
high carrier frequency for this lethal deletion (10.8%) likely results from its strong 
positive association with growth rate in heterozygous individuals, an important 
selection trait in the pig breeding industry. Interestingly, we show that the positive 
effect on growth is induced by a heterozygous loss-of-function of the BBS9 gene, 



5 Balancing selection on a lethal deletion in pigs 

 
 

83 
 

associated with obesity in human and mouse. However, late fetal mortality is 
induced by insufficient expression of the BMPER gene located directly downstream 
of the deletion which affects its regulatory elements required for gene expression. 
Together, our study shows an unique example of allelic pleiotropy in which one allele 
(deletion) is responsible for both increased growth and late fetal mortality by 
affecting two different genes. 
 
5.1 Introduction 
Domesticated animals are excellent models to study the effect of inbreeding on 
fitness, and the role of selection in inbreeding depression. Breeding of domesticated 
animals increases inbreeding by applying artificial insemination that allows breeding 
populations to be sired by a small number of elite males. The frequency of 
deleterious alleles including recessive lethal alleles can rise in populations as a 
consequence of drift due to small effective population size, but also due to selection 
(Leroy 2014). Inherited defects usually derive from unique “founder” mutations (Yin 
et al. 2014). Especially in cattle breeds, several high frequency lethal alleles have 
been described (Sahana et al. 2016; Hoff et al. 2017) reaching carrier frequencies up 
to 32% (Kadri et al. 2014), that can be traced back to prime bulls that were used 
extensively in the past decades. However, the effect of individual sires on the 
population depends on the breeding goal and the structure of the breeding program. 
In cattle breeding, the genetic contribution of a single bull can be extreme, producing 
up to hundreds of thousands of daughters. In pig breeding, however, drift effects are 
expected to be less severe because recessive lethal alleles from founder boars are 
less likely to rise in frequency very rapidly, because of a lower male selection 
intensity compared to cattle breeding (Knol et al. 2016). 
 
The role of random drift and/or selection in increasing the frequency of deleterious 
variants is complex. When effective population size is small, drift effects can result 
in less effective selection (Bosse et al. 2015). Interestingly, the number of lethal 
variants found at relatively high frequency in commercial pig populations appears to 
be low (Haggman and Uimari 2016; Derks et al. 2017; Howard et al. 2017a). The 
relative paucity of high-frequency deleterious alleles in pig and chicken, species that 
generally show a more gender-balanced selection (Bouquet and Juga 2013; Knol et 
al. 2016), and larger effective population size compared to cattle breeds (Hidalgo et 
al. 2016; Kelleher et al. 2017), raises the question why still some alleles rise to 
moderate frequency despite having a very clear adverse effect. Heterozygote 
advantage for traits selected in commercial populations provides a tantalizing 
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alternative hypothesis (Hedrick 2015). In cattle, various instances of balancing 
selection have been described, driving deleterious alleles to higher population 
frequencies (Fasquelle et al. 2009; Kadri et al. 2014). In pigs, similar observations 
were made involving a transposable element (L1) insertion with positive effect on 
litter size, but negative consequences for boar fertility (Sironen et al. 2012). 
 
In a previous study we identified various recessive lethal alleles in three pig breeds 
(Derks et al. 2017), but the majority of these lethal alleles were found at low 
frequencies. One recessive lethal haplotype, however, was found at moderate 
frequency (~9% carrier frequency) causing a significant increase in foetal mortality 
at mid- to late-gestation and resulting in a high fraction of mummified piglets in a 
Large White commercial population. The strong deleterious nature of the allele and 
the high frequency suggests a factor other than drift driving this haplotype to high 
frequency. 
 
In this study, we report evidence of balancing selection on a recessive lethal 212kb 
deletion within the BBS9 gene with antagonistic effects on fertility and growth. The 
allele affects fertility by causing early fetal death in homozygous progeny, resulting 
in mummified piglets. The same allele increases growth rate and feed intake for 
carrier animals compared to non-carrier animals. We propose that the deletion is 
maintained at moderate frequency in the Large White breed because of its 
association with this positive effect, despite it being lethal in homozygous state. 
 
5.2 Results 
 
5.2.1 A haplotype inducing foetal lethality segregates at moderate 
frequency in a Large White pig population 
Genomic loci that harbour recessive lethal alleles can be identified by searching for 
haplotypes showing reduced or missing homozygosity. In this study, we analysed a 
previously identified recessive lethal haplotype on pig chromosome 18 (SSC18: 
39.25–40.1 Mb) using 23,722 Large White animals from a single purebred sow line 
genotyped on the Porcine50K SNPchip (Sscrofa11.1 build). The haplotype frequency 
is estimated at 5.4% (10.8% carrier frequency, Table 5.1), showing that the haplotype 
is segregating at moderate frequency in this Large White population. In total, we 
expect 55 homozygote carriers for the SSC18 haplotype within the population. 
However, no homozygous del/del animals were observed, supporting that all copies 
of the haplotype carry the recessive lethal variant exhibiting complete penetrance 
for homozygous animals. We also observe a significant reduction in total number 
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born (19.5%) and liveborn individuals (19.3%) for carrier-by-carrier matings (CxC) 
compared to carrier-by-non-carrier matings (CxNC). Moreover, we found an 
approximate fivefold increase in mummified piglets (Table 5.1). The difference 
between stillborn and mummies lies in the moment the foetus dies: The term 
‘mummy’ is used for a foetus that dies mid-to-late-gestation (e.g. second to third 
trimester) and is subsequently encapsulated and desiccated during the remainder 
time of the pregnancy. A foetus that dies near the end of gestation or perinatally is 
identified as ‘stillborn’. The reduction in total number born is slightly lower than the 
expected 25% based on the 1:2:1 genotype distribution expected from CxC matings. 
About 73% of the CxC progeny is heterozygous for the SSC18 haplotype, 
corresponding to the 1:2 genotype ratio expected for CxC matings that lack 
homozygous offspring, significantly different compared to the normal 1:2:1 
Mendelian ratio (p = <0.00001). Based on the carrier frequency, we estimate that 
about 1.17% of the litters within this breed are affected by the SSC18 haplotype, 
producing affected animals (‘mummies’), and resulting in reduced litter sizes (on 
average 3.08 piglets per CxC litter). 
 
Table 5.1 SSC18 haplotype characteristics and phenotypic effects. Difference is the percent 
difference in the average total number born (TNB), number born alive (NBA), and mummified 
piglets (MUM) for C x C (carrier-by-carrier) and C x NC (carrier-by-non-carrier) matings. 

Position, Mb SSC18: 39.2–40.1 

Number of markers 25 

Starting marker ASGA0079708 

Ending marker ALGA0098146 

Homozygotes expected (trio) 55 

Homozygotes observed 0 

Exact binomial test 1.12e-27 

Haplotype frequency % 5.42 

Carrier frequency % 10.84 

C x C matings 154 

Genotyped C x C progeny 218 

Heterozygote C x C progeny 159 (72.9%) 

Avg. TNB (difference %) 12.86 (-19.5%) 

Avg. NBA (difference %) 11.69 (-19.3%) 

Avg. MUM (difference %) 1.62 (476.4%) 

Genes in window BMPER, BBS9 
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5.2.2 Genotyping the offspring of carrier-by-carrier matings confirms 
early lethality of homozygous animals 
We tracked five recent CxC matings. Four pregnancies reached full term, while one 
resulted in spontaneous early abortion of the entire litter (Table 5.2). The four full-
term litters produced 49 liveborn, 7 stillborn, and 14 mummified piglets. Each of 
these four litters produced at least 2 mummified piglets (maximum 5), significantly 
more than what is normally observed in this breed (on average 0.35 mummified 
piglets per litter, p = 0.0027). Among the total of 48 genotyped liveborn and stillborn 
siblings (8 siblings were not genotyped), 16 were non-carriers, 30 were heterozygous 
(62.5%), and two were homozygous for the SSC18 haplotype, close to the expected 
1:2 genotype ratio caused by missing homozygous offspring (S1and S2 Tables). 
Among the two "fresh born" homozygous animals (i.e. piglets surviving at least until 
around birth), one was a stillborn piglet, the other was a liveborn but very weak 
piglet, that died shortly after birth. 
 
Table 5.2 Tracked CxC matings for the SSC18 haplotype. Phenotypes and genotypes of 4 litters 
from CxC matings from two different farms. The number of successfully genotyped individuals 
are indicated between parentheses for each birth type. Litter CC3 contains two fresh born 
homozygous individuals. An overview presenting the haplotypes and carrier status of the four 
litters is provided in S3 and S4 Tables. 

Litter Farm Parity Liveborn Stillborn Mummified # Non-
carriers 

# 
Carriers 

# Confirmed 
homozygotes 

CC1 1 5 10 (6) 1 (1) 4 (0) 2 5 - 

CC2 2 1 12 (11) 0 3 (1) 3 8 1 

CC3 1 5 17 (15) 3 (3) 2 (0) 7 9 2 

CC4 2 3 10 (10) 3 (2) 5 (1) 4 8 1 

 
We confirmed the homozygous status for two mummified piglets with sufficient call 
rate (call rate > 0.8, S1 Table), the other mummified piglets yielded insufficient DNA 
quality to perform genotyping and phasing (call rate < 0.8, S1 and S2 Tables). Next, 
we collected eight mummified piglets from one farm for phenotypic evaluation 
(including X-rays, S1 Fig), the other six mummified piglets were measured (length), 
but not stored. The approximate age when a mummified pig has died can be 
determined based on the length (crown to rump) and weight. The majority of the 
mummified piglets die approximately in the second half of the second trimester of 
pregnancy (50–70 days), based on the length (100–200 mm) and weight (100–190 
gram) of the mummified piglets (S1 and S2 Tables, S1 Fig). Three mummified piglets 
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from one litter (litter ID: CC4) died later in gestation as was evident from a larger size 
and weight (S1 Table). However, we cannot confirm the homozygous status for the 
SSC18 haplotype, since these animals could not be successfully genotyped due to 
poor DNA quality. Together these results support a broad range in the time of death 
between homozygous animals (supporting variation in penetrance), ranging from 50 
days in gestation to 24 hours post-partum. 
 
5.2.3 Carriers exhibit a 212kb deletion affecting the BBS9 gene 
To identify candidate causal mutations, we analysed whole genome sequence data 
from 73 individuals from the same Large White population and identified 10 carrier 
animals for the SSC18 haplotype (S5 Table). We first annotated loss-of-function and 
(deleterious) missense mutations within and surrounding the haplotype region (+/- 
5 Mb) uniquely found in the SSC18 haplotype carriers. However, none of the 
mutations were predicted to have high impact (Variant Effect Predictor, build 90 
(McLaren et al. 2016)). Next, we assessed the presence of structural variation within 
the same region and identified a large deletion in complete LD with the SSC18 
haplotype of approximately 212kb (position 39,817,373 to 40,029,300), spanning a 
part of the BBS9 gene (Figure 5.1A and 5.1B). The deletion is supported by both split-
reads and discordantly mapped pairs in carrier samples (S2 Fig). Moreover, carrier 
animals show reduced signal intensities (referred to as Log R Ratio; Fig 5.1A, S3 Fig), 
and increased homozygosity for four markers on the Porcine50K SNPchip located 
within deletion, caused by the absence of a second haplotype for the deletion region. 
In addition, several markers neighbouring the deletion show an excess of 
heterozygosity, caused by the absence of homozygous del/del animals. 
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5.2.4 SSC18 deletion produces a truncated BBS9 protein 
We analysed RNA-seq data from one carrier animal in eight different tissue types 
(sample: PigWur166, S6 Table) to investigate the impact of the deletion on the 
expression of BBS9. Moderate gene expression levels for BBS9 were observed for the 
majority of the examined tissues, except for muscle, and with highest gene 
expression in testis (S6 Table). We evaluated the effect of the deletion on 
the BBS9 mRNA and show that the deletion induces skipping of 4 coding, and 4 3'UTR 
exons for the BBS9 canonical transcript (Figure 5.2, RefSeq ID: XM_021079336.1), 
resulting in direct splicing from exon 19 to exon 28 (3'UTR). The mutant transcript 
results in a frameshift introducing 11 novel amino acids before a premature stop 
codon, generating a truncated BBS9 protein of 694 amino acids (including 11 novel 
amino acids) instead of the wild type 865 amino acids. This truncated BBS9 protein 
will likely be non-functional (Figure 5.2), supported by pathogenic mutations 
identified in humans affecting the same C-terminal tail of the BBS9 protein 
(Nishimura et al. 2005; Shaheen et al. 2016). Moreover, the affected protein coding 
exons exhibit a negative subRVIS score, indicating intolerance to loss-of-function 
mutations (Gussow et al. 2016). Finally, we evaluated the expression of BBS9 using a 
RT-qPCR on 8 carrier and 10 non-carrier samples from whole blood using primers 
that target exons located within the deletion. The results show a 50% lower 
expression of the wild-type BBS9 gene in carrier animals (S4 Fig). 
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Figure 5.2 BBS9 “Wild-type” (top) and mutant (bottom) transcripts. The deletion transcript 
skips four coding and four 3’UTR exons, resulting in a frameshift (indicated with an arrow in 
the alignment) introducing 11 AAs before a preliminary stop codon. 
 
5.2.5 SSC18 deletion lowers BMPER expression by affecting cis-
regulatory elements 
To evaluate the impact of the deletion on the downstream BMPER gene we 
investigated possible allelic imbalance for the BMPER gene within the same carrier 
animal. The BMPER gene is highly expressed in lung, while moderately expressed in 
the other tissue types (S6 Table). One heterozygous coding synonymous mutation 
within the fourth exon of the BMPER canonical transcript (XM_013990842.2) was 
used to test for allelic imbalance. Interestingly, we observed a three-fold higher 
expression of the BMPER allele for the wild-type haplotype (T allele) compared to 
the del haplotype (in lung tissue, Table 5.3). By contrast, three homozygous wild-
type animals showed no allele specific differences in expression for the BMPER gene 
(S7 Table), suggesting that the region affected by the 212kb deletion 
contains BMPER cis-regulatory elements. To support the presence 
of BMPER regulatory elements within the deletion we aligned liver ChipSeq 
(H3K27Ac, H3K4Me3) data (Villar et al. 2015) to the Sscrofa11.1 genome build. Two 
strong enhancer peaks are observed within the deletion region, while only weak 
signals are observed outside the deletion region (S5 Fig). In addition, the sequence 
of the 212kb deletion was mapped to the human genome to identify the homologous 
sequence on the human genome (GRCh38: Chr7:33.50–33.71). This region contains 
several conserved regulatory elements, identified from the Regulatory Element 
Database (Sheffield et al. 2013), one non-coding RNA (LOC105375227), and several 
enhancer sites, of which at least two are annotated to enhance BMPER expression 
according to the human EnhancerAtlas (Gao et al. 2016). 
 
Table 5.3 Allele specific expression of the BMPER gene for a SSC18 carrier animal. One 
heterozygous coding synonymous SNP within the fourth exon of the BMPER canonical 
transcript (XM_013990842.2) was used to test for allelic imbalance. 

Locus Gene Del-
allele 

Alt-
allele 

Del- 
Count 

Wt- 
Count 

Ratio FDR-p 

18:39594479 BMPER C T 24 73 0.753 2.35e-05 

 
5.2.6 Tracing the origin of the deletion 
To investigate the origin of the deletion, we analysed the frequency of the deletion 
over the last decades. The first born animals within our genotyped set are from 
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February 2006, allowing the tracking of the frequency of the deletion over the past 
decade. The number of genotyped animals was lower in the period 2006–2010. 
However, we genotyped over 320 animals in the (live) population from 2008 
onwards, providing reliable frequency estimates (S8 Table). The SSC18 haplotype 
carrier frequency was high (>15%) over the period 2006–2010 (maximum 20% in 
2008) and then decreased to a relative stable ~10% carrier frequency from 2012 
onwards (Figure 5.3). 
 
The Large White population under study has been created out of the consolidation 
of a number of Dutch breeding organizations around the turn of the last century 
(Hoving et al. 2017). During the consolidation phase, which resulted in merging of 
populations and phasing out of other populations, sperm of breeding boars was 
deposited at the Dutch Centre for Genetic Resources (CGN). The current Large White 
pure line descends from two different populations, the StamBoek-Z and the 
Dumeco-W line (Hoving et al. 2017). Both breeds were merged around 2003 to form 
the current Large White breeding line. From the 11 StamBoek-Z boars available at 
CGN, none were carrier of the deletion. However, from the 56 genotyped Dumeco-
W boars available at CGN, five were carrier for the deletion haplotype (8.9%). These 
boars were born in 2000 and 2001 (S9 Table), showing that the deletion derives from 
this ancestral line and has been maintained in the Large White population for the 
past eighteen years (~ 15 generations). 
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Figure 5.3 SSC18 carrier frequency from 2006–2018. The frequency has changed significantly 
over the past 12 years (p = 0.012). 
 
5.2.7 Carriers of the deletion have increased growth rate and feed 
intake 
We examined whether the current carrier frequency is purely the result of genetic 
drift, or whether carriers exhibit selective advantage for important traits within the 
breeding program. We first simulated genetic drift for a lethal recessive allele in the 
current Large White population (S7 Fig). The results show that lethal alleles can reach 
allele frequencies up to about 10% by drift alone (although extremely rare), at which 
the lack of homozygotes is preventing further increase. Next, we tested whether 
deletion carriers exhibit heterozygote advantage, by performing an association study 
for both carrier and non-carrier animals using deregressed estimated breeding 
values (DEBVs) for 16 production traits available from the Topigs-Norsvin breeding 
program (Table 5.4) 
 
Table 5.4 Traits significantly associated with heterozygous carriers of the deletion. Effect 
shows the direction of the association, se shows the standard error. Table shows increased 
DEBVs for growth rate (TGR: growth rate in test period, ~25-120Kg, LGR: lifetime growth rate), 
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daily feed intake (DFI), and litter mortality (LMO), while decreased DEBV for litter birth weight 
(LBW, grams), loin depth (LDE), and longevity (LGY) are observed for carriers. The symbols "+" 
and "-" indicate positive and negative effects. The effect on DFI can be considered both 
positive and negative. If TGR is increasing, DFI tends to increase a bit. However, it should not 
increase too much because it will affect feed conversion. An overview of all traits tested is 
provided in S10 Table. 

Trait (unit) Non-carriers Carriers P -log10(P) effect se 

TGR (gr/day) + 15013 1605 0.000046 4.34 11.46 2.81 

LDE (mm) ¯ 15011 1598 0.000198 3.70 -0.45 0.12 

LGR (gr/day) + 15116 1616 0.000315 3.50 6.40 1.77 

LBW (gram) ¯ 6945 824 0.001232 2.91 -16.67 5.16 

LMO (%) ¯ 7345 871 0.001248 2.90 0.67 0.21 

DFI (gr/day) +/- 14671 1567 0.006764 2.17 30.61 11.30 

LGY (parity) ¯ 7250 856 0.024828 1.61 -0.08 0.04 

 
The carriers grow faster (TGR and LGR), have smaller loin depth (LDE), produce litters 
that are lighter (LBW), show higher mortality in their litters (LMO) and have a higher 
feed intake (DFI) when compared to the non-carriers. Selection on growth has not 
significantly changed in the last decade, and there is consistent increase in genetic 
progress for growth in this time period (S8 Fig). To further support a balancing 
scenario, we evaluated the difference in the total selection index (TSI) between the 
carrier and non-carrier group for all animals born in 2017. Animals are ranked based 
on this selection index to select the top animals to produce the next generation. We 
observe a 2.7% higher TSI (on average) for carriers compared to non-carriers (S11 
Table), caused by the positive effect on growth, that outweighs the negative effect 
on other traits. Next, we simulated the long term effect on the SSC18 carrier 
frequency based on the current heterozygous advantage and frequency (Figure 
5.4, S9 Fig). We observe a decrease in carrier frequency in the first generations due 
to the loss of homozygotes, which outweighs the heterozygous advantage perceived 
in the selection index. However, at approximately 6% carrier frequency, the 
heterozygous advantage compensated for the loss of homozygous offspring, 
reaching a trade-off at this point. Moreover, carriers show 12.4% higher breeding 
values for growth compared to non-carriers (S11 Table), and we show that the carrier 
frequency can rise up to 22% if selection would be exclusively on growth (S10 Fig). 
Together these results support a balancing selection scenario showing heterozygote 
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advantage for growth rate (Figure 5.5), an important selection trait in the pig 
breeding industry. 
 

 
Figure 5.4 Simulation of the SSC18 carrier frequency with current selective advantage over 
100 generations starting with current carrier frequency (11%). Figure shows a decrease in 
carrier frequency in the first generations due to the loss of homozygotes which outweighs the 
heterozygous advantage (~3%) perceived in the selection index (TSI). Figure shows a trade-off 
at approximately 6% carrier frequency at which the heterozygous advantage is compensated 
by the loss of homozygous offspring. 
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5.3 Discussion 
Livestock populations with small effective population size can lead to the spread of 
recessive lethal alleles, in which the effects of drift tend to dominate over the effect 
on selection (Glemin 2003). On the other hand, purging lethal alleles is more efficient 
in populations with small effective population size, which seems to contradict the 
relative lack of purging for the current allele under study over such long time period 
(almost two decades). One possible-partial-explanation is that fertility, a complex 
trait, is influenced by many genetic and environmental factors. As a consequence, 
fertility traits generally have low heritability’s (Zak et al. 2017). One of the important 
determinants of fertility is prenatal mortality (van der Lende et al. 2001). However, 
prenatal mortality caused by recessive genetic defects is often difficult to capture 
within the pig breeding values (smaller litters will only be generated if two carriers 
mate), especially if the lethal variant is segregating at relative low frequency in the 
population. 
 
We report a 212kb deletion that causes death of homozygous fetuses, and which 
also shows a positive effect on growth rate and feed intake in heterozygous pigs 
(Figure 5.5). We show that the allele has been segregating in the population for at 
least 18 years, despite its detrimental lethal effects in its homozygous state. The 
frequency of the deleterious allele was higher a decade ago, likely caused by genetic 
drift, because no significant changes in selection pressure for production traits have 
been applied during this time period. The balancing nature of the allele is clear from 
the higher TSI index of carrier animals. The 212kbp deletion clearly shows a net 
positive effect on the chances of pigs becoming selected in the breeding program, 
since the TSI is used to rank selection candidates. Although lower fertility is not 
captured in the TSI or even breeding values related to fertility directly, it is clear that 
the lower number of piglets born from CxC matings will result in a decreased fitness 
of these crosses. As a consequence, a balance is expected to arise between positive 
and negative selection, and indeed, the heterozygous advantage captured in the 
selection index compensates for the loss of homozygotes at approximately 6% 
carrier frequency. This frequency is somewhat lower than the current and past 
observed frequency. One partial explanation for this discrepancy is that we 
overestimate the number of CxC matings in our simulations (assuming random 
matings), because in practice matings between related individuals are avoided. 
Furthermore, during the 20th century, selection was mainly applied on growth and 
carcass traits (Merks 2000), indicating that the heterozygote advantage for carriers 
was likely stronger in the past. Interestingly, the balance between positive and 
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negative selection would explain a rapid increase in the population under strong 
selection for growth traits, as has been the case for pig breeding lines at least since 
the introduction of modern breeding techniques. 
 
This increase in growth rate (with the most significant effect in the test period from 
25–120 Kg) and feed intake, likely results from a heterozygous loss-of-function of 
the BBS9 gene. The BBS9 protein is part of the BBSome complex, and is required for 
ciliogenesis (Novas et al. 2015). BBS9 is the central organizational component of the 
BBSome, having direct interactions with BBS1, 2, 5 and 8 (Klink et al. 2017). Loss-of-
function mutations in human BBS9 and other members of the BBSome cause Bardet-
Biedl syndrome, associated with a series of clinical features including obesity, renal 
anomalies, and retinopathy, with the obese phenotype as one of the key features of 
Bardet-Biedl syndrome patients. Studies have hypothesized that cilia defects are 
likely to affect feeding and satiety, causing an increased appetite and lack of satiation 
(Novas et al. 2015). In addition, heterozygous carriers of a mutant BBS allele in 
humans show increased levels of obesity, without showing any of the other Bardet-
Biedl syndrome features (Croft et al. 1995), analogous to the observed phenotype in 
carriers of the BBS9 deletion. Mouse null-mutants in genes that form the BBSome 
complex have been associated with similar phenotypic features including obesity, 
lower birth weights, and partial embryonic lethality (Kulaga et al. 2004; Funari et al. 
2010), again supporting the BBS9 role in increased growth rate, and the lower birth 
weight. We cannot completely exclude, however, that other genomic factors, in high 
LD with the 212kb deletion, contribute to the observed phenotype as well. 
 
The question remains which gene or regulatory element is causal for the early death 
of homozygous individuals. We expect that the deletion (in homozygous state) leads 
to a complete loss-of-function of the BBS9 gene, and decreased expression of 
the BMPER gene by affecting BMPER enhancer elements. Enhancers are important 
drivers of transcription and loss of enhancer elements can lead to decreased 
expression of the associated gene. Naturally occurring knock-outs of the BBS9 gene 
does not result in fetal lethality in human (Nishimura et al. 2005) and is therefore 
not likely to be causal for the lethal phenotype. Instead, the 
downstream BMPER gene is a much stronger candidate since BMPER null mutants 
result in prenatal lethality with skeletal malformations in both mice and human 
(Ikeya et al. 2006; Funari et al. 2010), marking the BMPER gene as the likely 
candidate underlying this phenomenon. We hypothesize that the deletion 
affects BMPER enhancer elements, resulting in insufficient expression of 
the BMPER gene in homozygous state. The lower expression of the BMPER gene is 
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supported by allele specific expression for the non-deletion haplotype in carriers, not 
observed in individuals only carrying wild-type haplotypes. However, other BBS 
proteins, part of the BBSome, do cause (partial) embryonic lethality 
(i.e. BBS4 (Kulaga et al. 2004) and BBS7 (Zhang et al. 2012)), we can therefore not 
exclude the possibility that a complete loss of a functional BBS9 protein contributes 
to the early lethality as well. Together these results support that the deletion 
affects BMPER regulatory elements resulting in allelic imbalance for 
the BMPER gene in carrier animals. Therefore, severe downregulation of 
the BMPER gene is expected for del/del animals causing fetal death. 
This work describes a striking example of balancing selection in pigs, maintaining a 
recessive lethal allele that shows pleiotropic effects on fertility and growth traits at 
moderate frequency in the population. Other examples in pigs include the Porcine 
Stress and Pale Soft Exudative Meat Syndrome, caused by a homozygous missense 
mutation in the RYR1 gene, while heterozygotes show increased muscle mass (Fujii 
et al. 1991). A second example is a LINE insertion in the SPEF2 gene causing increased 
litter size in sows but decreased fertility in boars (Sironen et al. 2012). Moreover, 
several instances of balancing selection have been described in domestic cattle 
breeds among which a 660kb deletion causing embryonic lethality in homozygotes, 
while having increased milk yield in heterozygotes (Fasquelle et al. 2009; Kadri et al. 
2014). Identifying balancing selection on lethal alleles can be challenging, as the only 
consequence observed is a (somewhat) lower fertility in the parental animals, lacking 
affected (liveborn) individuals. We expect that this type of balancing selection might 
be more prevalent within pig populations than previously thought, especially for the 
somewhat higher frequency lethal alleles, which are less likely to be purely the result 
of drift effects. Moreover, the relatively subtle effects found in this study could only 
be made apparent because phenotypic data derived from a very large number of 
pigs was available. 
 
5.4 Conclusions 
In this study we report a 212 kb deletion with antagonistic effects on fertility and 
growth. We show that homozygotes for the deletion die around mid- to late-
gestation, becoming mummified. Compared to other lethal alleles identified in this 
population, the deletion seems to be maintained at moderate frequency (10.8%) in 
the population. This moderate carrier frequency is likely not a result of random drift 
effects, as heterozygotes for the deletion-haplotype show, despite a lower birth 
weight, increased growth rate, and feed intake, important traits in the breeding goal. 
The balancing scenario observed, most likely, is a consequence of pleiotropic effects 
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of the deletion on two different genes affecting fertility (BMPER) and growth (BBS9). 
The large amount of genotype data accumulating in modern breeding schemes 
applying genomic selection in combination with the large amount of phenotypic data 
deliver a powerful tool to monitor and control deleterious alleles much more 
efficiently. 
 
5.4 Methods 
 
5.4.1 Ethics statement 
Samples collected for DNA extraction were only used for routine diagnostic purpose 
of the breeding programs, and not specifically for the purpose of this project. 
Therefore, approval of an ethics committee was not mandatory. Sample collection 
and data recording were conducted strictly according to the Dutch law on animal 
protection and welfare (Gezondheids- en welzijnswet voor dieren). 
 
5.4.2 Animals, genotypes and pre-processing 
The dataset consists of 23,722 purebred Large White animals. The animals were 
genotyped on the Illumina GeneSeek custom 50K SNP chip (Lincoln, NE, USA). 
Animals with a frequency of missing genotypes > 0.20 were removed. We discard 
markers that did not meet following filtering criteria: A minimum call rate of 0.85, a 
minor allele frequency > 0.01, and a Hardy-Weinberg proportions exact test p-value 
below P < 10−6. Moreover, markers with unknown location on the Sscrofa11.1 
genome build were discarded, leaving 42,288 markers after filtering. All steps were 
performed in Plink v1.90b3.30 (Purcell et al. 2007). 
 
5.4.3 Haplotype phasing 
We performed haplotype phasing and imputation of missing sites in Beagle4.1 with 
parameter for effective population size set to 195, other settings were default 
(Browning and Browning 2007). Reference and test phased VCF files were merged 
using bcftools 1.3–27-gf31e888 (Li et al. 2009). 
 
5.4.4 Identification of missing homozygote haplotypes 
We tested the SS18 haplotype for the expected number of homozygotes using both 
parents haplotype information (sire, and dam) with the formula described in Fritz et 
al., 2013 (Fritz et al. 2013). An exact binomial test was applied to test the number of 
observed homozygotes with the number of expected homozygotes. The haplotype 
was considered significantly depleted if P < 5 × 10−3. The difference in Mendelian 
ratios for CxC compared to CxNC matings was tested using a Chi-Square test. 
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5.4.5 Pseudo genotyping for SSC18 deletion 
To genotype animals directly for the SSC18 deletion, we first calculated LRR 
normalized signal intensities using PennCNV analysis software (Wang et al. 2007). 
We built a classifier with 5 features: the LRR signal intensities for the four overlapping 
markers within the deletion (WU_10.2_18_43630319, WU_10.2_18_43773633, 
WU_10.2_18_43778188, WU_10.2_18_43803484), and the average LRR signal 
intensity over these four markers. Next, we applied logistic regression to distinguish 
carrier from non-carrier animals using the sci-kit learn Python library (Pedregosa et 
al. 2011) (S6 Fig). 
 
5.4.6 Phenotypic effects associated with lethal haplotypes 
We examined the SSC18 haplotype for records on TNB, NSB, and MUM listed for all 
C x C, and C x NC matings identified in the phenotypic records, the order of C x NC 
matings does not reflect the sex of the parent animal and is both carrier boar and 
carrier sow combined. We used a Welch’s t-test to assess whether the phenotypes 
from the C x C matings differ significantly from C x NC matings. A p-value < 0.05 was 
considered significant. 
 
5.4.7 WGS analysis and candidate variant identification 
The dataset consists of 73 whole genome sequenced Large White individuals with a 
total volume of 1.77 Tbp (tera base pairs) from 15.539 billion paired-end reads, 
ranging from 100–150 bp in length (S5 Table). The data was sequenced on Illumina 
Hiseq 2000. We used sickle software for quality trimming of raw reads. Next we 
aligned the sequences to the Sscrofa11.1 genome build using BWA-MEM version 
0.7.15 (Li and Durbin 2009) with an average mappability of 96.11% and a sample 
coverage ranging from 6.6–22.7X (10X average). Samtools dedup function was used 
to remove PCR duplicates (Li et al. 2009). GATK IndelRealigner was used to perform 
local realignments around indels (McKenna et al. 2010b). Variant calling was 
performed with Freebayes v1.1.0 with following settings:—min-base-quality 10—
min-alternate-fraction 0.2—haplotype-length 0—min-alternate-count 2 (Garrison 
and Marth 2012). Variants with phred quality score < 20, and within 3 bp of an indel 
were discarded (Li et al. 2009). Variants were annotated using the Ensembl variant 
effect predictor (VEP, release 90) (McLaren et al. 2016). The impact of missense 
variants was predicted using SIFT (Kumar et al. 2009). The sequenced population was 
phased using Beagle4.1 (Browning and Browning 2007). 
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5.4.8 Structural variation analysis 
Analysis on structural variation (SV) was performed using Lumpy with default 
settings (Layer et al. 2014), taking the aligned BAM files as input. Coverage 
information was calculated for predicted SV events using samtools depth (Li et al. 
2009), and added to the VCF format tag using PyVCF. Alignments and SV events were 
visualized using the JBrowse genome viewer version 1.12.1 (Skinner et al. 2009). 
 
5.4.9 RNA-seq analysis and allele specific expression 
We analyzed RNA-seq data on eight different tissues in one SSC18 carrier animal 
(sample: PigWUR166). In addition, we analyzed two other pigs from Duroc, and 
Pietrain genetic background on five different tissues. RNA-seq reads were aligned to 
the Sscrofa11.1 genome build using STAR 2.5.3a (Dobin et al. 2013), generation of 
transcripts and gene expression levels were achieved with Cufflinks v2.2.1 (Trapnell 
et al. 2012). We applied the following steps to examine allele specific expression: 
First, samtools (Li et al. 2009) was used to extract uniquely mapped reads from the 
BAM alignment files. Next, WASP (van de Geijn et al. 2015) was used to reduce the 
mapping (reference sequence) bias. Then, GATKASEreadcounter (McKenna et al. 
2010b) was used to obtain read counts for reference and alternative alleles at each 
SNP position. Lastly, a two-sided binomial test with p = 0.5 (assuming no bias) and 
Benjamini-Hochberg false discovery rate (FDR) correction were performed in R v.3.4 
at each variant position using the Stats package. The variants with FDR adjusted p-
value < 0.05 were considered as allele specific expression variants. Visual 
examination of the alignments and transcripts was performed in JBrowse (Skinner et 
al. 2009). 
 
5.4.10 RNA-isolation and RT-qPCR 
RNA was extracted from frozen whole blood using the Nucleospin RNA blood kit from 
Machery Nagel. cDNA was synthesized using Superscript II Reverse Transcriptase 
(Invitrogen) with RNA input ~100ng. RT-qPCR was started with: 3.75ul cDNA (1:1), 
1.25ul primer forward (2uM), 1.25ul primer reverse (2uM), and 6.25ul MESA blue 
mix (Eurogentec). RT-qPCR was then performed with a QuantStudio 5 system using 
the comparative Ct (delta delta Ct) method with GAPDH as housekeeping gene for 
normalization. Reaction was performed as follows: 

1. 50°C 2 min, 1 cycle 
2. 95°C 10 min, 1 cycle 
3. 95°C 15 sec, 1 cycle 
4. 60°C 1 min, 40 cycles 
5. 95°C 15 sec, 1 cycle 
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6. 60°C 1 min, 1 cycle 
7. 95°C 15 sec, 1 cycle 

Data was analysed with the Quantstudio Design & Analysis Software v.1.4.3. All 
primers and results are listed in S12 and S13 Tables. 
 
5.4.11 ChipSeq alignment 
We downloaded three H3K27Ac, and three H3K4me3 libraries (ArrayExpress 
accession number: E-MTAB-2633) from liver tissue from three male pig samples 
described by Villar et al. 2015 (Villar et al. 2015). Data was aligned using BWA-mem 
(Li and Durbin 2009) and visualized in JBrowse (Skinner et al. 2009). 
 
5.4.12 Frequency over time 
We analyzed the frequency of the SSC18 haplotype per half-year starting from 01-
jul-2006. We assessed the frequency based on total population (live animals) on each 
time point by looking at the proportion of carrier and non-carrier animals in the 
population. The number of animals per time point are provided in S8 Table. We used 
a One-Way Repeated Measures ANOVA to test whether the frequency differs over 
time. 
 
5.4.13 Breeding values and association analysis 
In this study, we evaluated 16 traits used in the Large White breeding program. 
Deregressed estimated breeding values (DEBV) were used as a response variable for 
each trait under study. The estimated breeding value (EBV) was separately 
deregressed for each trait using the methodology described by Garrick et al (Garrick 
et al. 2009). The EBV of each animal was obtained from the routine genetic 
evaluation by Topigs Norsvin using an animal model. The reliabilities per animal for 
the purpose of deregression were extracted from the genetic evaluation based on 
the methodology of Tier & Meyer (Tier and Meyer 2004). The heritabilities used for 
the deregression were also extracted from the routine genetic evaluation. Parent 
average effects were also removed as part of the deregression process to obtain 
more accurate estimates of the genetic merit of each individual. Finally, weighting 
factors based on the estimated reliability of the DEBV were also estimated according 
to Garrick et al 2009, using a value of 0.5 for the scalar c. To ensure the quality of the 
DEBV, only animals with a w higher than not equal to zero and a reliability of the 
DEBV greater than 0.20 were used in the association analyses. The reliability of the 
DEBV was obtained according to Garrick et al 2009. 
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Association analyses were performed using the software ASREML (Gilmour et al. 
2009) applying the following model: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝜔𝜔 =   𝜇𝜇 +  𝑅𝑅𝑖𝑖 +  𝑎𝑎𝑗𝑗 +  𝑒𝑒𝑖𝑖𝑖𝑖, 
 
where DEBVij is the observed DEBV for the animal j, w is weighting factor for the 
residual, μ is the overall DEBV mean of the population, Ri is the carrier status of the 
lethal allele i, aj is the additive genetic effect estimated using a pedigree-based 
relationship matrix, and eij the residual error. 
 
5.4.14 Simulating genetic drift 
We simulated changes in allele frequency across multiple populations under the 
model of Wright (Wright 1990). Each allele is associated with a fitness, and we set 
the fitness to zero for homozygotes (for lethal recessive allele) and fitness to 1 (no 
negative fitness effect) for carriers and non-carriers. We assume constant population 
size through time, and matings are simulated randomly at each generation. Changes 
in allele frequencies are plotted using the R package driftR 
(https://github.com/cjbattey/driftR). 
 
5.4.15 Balancing selection 
Within each generation the top 5% of boars, and top 25% of gilts (based on the TSI 
selection index value) are used to produce the next generation. We first calculated 
the average TSI, and estimated breeding values for six important traits in the 
breeding line (S11 Table). Next, we used the ratio of carrier TSI over non-carrier TSI 
to estimate the selective advantage in the breeding program. Next, we simulated the 
long-term allele frequency change (assuming random matings) based on the 
selective advantage, and the loss of homozygous animals using the Hardy-Weinberg 
principle. Similar analysis was performed using the selective advantage on growth 
exclusively. 
 
5.5 Additional files 
The online version of this article (https://doi.org/10.1371/journal.pgen.1007661) 
contains supplementary material, which is available to authorized users. 
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Abstract 
 
Lethal recessive alleles cause pre- or postnatal death in homozygous affected 
individuals, reducing fertility. Especially in small size domestic and wild populations, 
those alleles might be exposed by inbreeding, caused by matings between related 
parents that inherited the same recessive lethal allele from a common ancestor. In 
this study we report five relatively common (up to 13.4% carrier frequency) recessive 
lethal haplotypes in two commercial pig populations. The lethal haplotypes have a 
large effect on carrier-by-carrier matings, decreasing litter sizes by 15.1 to 21.6%. 
The causal mutations are of different type including two splice-site variants 
(affecting POLR1B and TADA2A genes), one frameshift (URB1), and one missense 
(PNKP) variant, resulting in a complete loss-of-function of these essential genes. The 
recessive lethal alleles affect up to 2.9% of the litters within a single population and 
are responsible for the death of 0.52% of the total population of embryos. Moreover, 
we provide compelling evidence that the identified embryonic lethal alleles 
contribute to the observed heterosis effect for fertility (i.e. larger litters in crossbred 
offspring). Together, this work marks specific recessive lethal variation describing its 
functional consequences at the molecular, phenotypic, and population level, 
providing a unique model to better understand fertility and heterosis in livestock. 
 
Author summary 
Lethal recessives are mutations that cause early lethality in homozygous state that 
usually occur at very low frequency in wild and domestic populations. In livestock, 
however, those mutations might become more prevalent as a result of inbreeding. 
In this study, we report five such recessive lethal haplotypes that cause embryonic 
lethality in homozygous state in pigs. The causal mutations are of different type but 
all destroy the structure of essential genes involved in cellular housekeeping 
processes, essential for embryonic development. The lethal recessives have 
substantial impact on the population fitness affecting up to 3% of the population 
litters, causing the death of 0.52% of the total population of embryos. Moreover, 
these 'natural knockouts' can increase understanding of gene function within the 
mammalian clade. Together, our study will allow monitoring, and facilitate the 
purging and partial elimination of recessive lethal mutations in frequently used pig 
breeds.  
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6.1 Introduction 
Lethal recessive alleles cause pre- or postnatal death in homozygous affected 
individuals, reducing fertility in various populations (Cole et al. 2018). Although 
recessive lethals are generally widespread throughout populations, their effect is 
generally masked by the extremely low frequency of individual mutations. However, 
within small sized domestic and wild populations, those alleles might be exposed by 
inbreeding (Trask et al. 2016; Bosse et al. 2018), caused by matings between related 
parents that inherited the same recessive lethal allele from a common ancestor. 
 
The precise impact of recessive lethals depends on the population structure (i.e. 
effective population size) and recessive lethal mutation rates. In livestock, 
populations have been subject to intensive (genomic) selection resulting in relative 
small effective population sizes (Hall 2016). With small effective population size, 
genetic drift can rapidly increase the frequency of recessive lethals in the population. 
Although genomic selection has enabled substantial improvement on various traits 
including production, fertility, and disease resistance (Gonzalez-Pena et al. 2015), it 
does not provide much advantage over traditional selection when it comes to 
controlling the frequency of recessive lethal mutations (Dalton et al. 2015). 
 
Several studies have reported recessive lethal variation (i.e. death of embryo or 
foetus prior to birth), likely derived from a single sire origin, to be maintained in 
livestock populations (Derks et al. 2017; Cole et al. 2018). In fact, the frequency of 
some recessive lethals were driven by heterozygote advantage for important 
production traits, e.g. milk yield in cattle (Kadri et al. 2014), or growth in pigs (Derks 
et al. 2018), although the majority was likely the result of genetic drift. Together 
these studies show that lethal recessive alleles can have a considerable impact on 
population fitness, emphasizing the need for early detection. Although various 
recessive embryonic lethal loci have been reported in livestock, pinpointing the 
causal mutation can be extremely difficult. Charlier et al (2016) showed, using a 
reverse genetic screen, that loss-of-function mutations and deleterious missense 
mutations cause embryonic lethality in cattle populations. Nevertheless, the 
discovery of recessive embryonic lethals is often hampered by the lack of affected 
individuals and the relative low frequency. Genotyping and sequencing large cohorts 
of animals within single populations can therefore facilitate the discovery of such 
detrimental variation, and point directly to the causal mutations. 
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Pig fertility has increased steadily over the past years (Zak et al. 2017). Breeding for 
improved fertility concerns a large number of traits with a combined effect on overall 
fertility, and lethal recessives are increasingly considered to substantially affect 
fertility in purebred livestock populations (Casas and Kehrli 2016). However, in pigs, 
the final production animals are crossbreds between purebred populations, usually 
derived from three-way crosses (Hidalgo et al. 2016; Knol et al. 2016). First, 
crossbred sows are created from two elite purebred populations selected for high 
production of piglets (i.e. ‘maternal lines’), which then are crossed with a third elite 
purebred population especially selected for meat production traits (i.e. ‘paternal 
line’). These crossbreds are known to perform better on multiple traits compared to 
their parental purebred lines, in particular for traits related to fertility and robustness 
(Cassady et al. 2002), as a result of the heterosis effect. Heterosis is caused by 
different non-additive effects, such as dominance, and it has been subject to a 
scientific controversy; the dominance hypothesis emphasizes the suppression of 
undesirable recessive alleles (by dominant alleles), while the overdominance 
hypothesis emphasizes on heterozygote advantage (Charlesworth and Willis 2009). 
However, the magnitude of recessive lethals contributing to heterosis is largely 
unknown. 
 
In this study we aim to explore the impact of lethal recessive variation in two pig 
populations using the following stepwise approach (1) perform simulations to assess 
the impact of genetic drift on lethal recessives, (2) identify haplotypes harboring 
lethal alleles using large-scale genotype data as developed by VanRaden et al. 
(VanRaden et al. 2011), (3) confirm lethality by reduced fertility in carrier animals, 
(4) identify causal mutations segregating on these haplotypes using whole genome 
sequence data (WGS) and RNA-sequencing data, (5) study the impact of recessive 
lethals on heterosis for fertility related traits. 
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6.2 Results 
 
6.2.1 Population genetics of recessive lethal alleles 
 
6.2.1.1 Estimating the number of recessive lethals segregating in two pig 
populations 
In this study we analysed large-scale genomics, transcriptomics, and phenotype data 
from two commercial pig populations (Landrace and Duroc) to study recessive lethal 
alleles. We first evaluated the expected number and average frequency of recessive 
lethals within these two populations. Both the number and average frequency is a 
function of recessive lethal mutation rates and effective population size. The pig 
populations under study have an effective population size (Ne) in the range 100–150 
(Hidalgo et al. 2016). Assuming similar mutation rates (~0.015 recessive lethals per 
gamete) as described for humans (Gao et al. 2015) and cattle (Charlier et al. 2016), 
we estimate that about 20 recessive lethal alleles are segregating (at average 2% 
allele frequency) in each of the pig populations under study. This corresponds to 
about one recessive lethal allele carried per individual and the death of 1% of the 
embryos in the population as a result of homozygosity for a recessive lethal allele 
(Charlier et al. 2016). 
 
6.2.1.2 Simulating the impact of genetic drift on recessive lethals 
The impact of genetic drift on recessive lethals heavily depends on the population 
structure and Ne. Small Ne leads to high extinction rates of de novo recessive lethals, 
but the few that are not lost tend to spread and increase in frequency. However, at 
a certain frequency, a trade-off between drift and selection is reached, at which the 
loss of homozygotes will prevent further increase assuming no heterozygote 
advantage. We evaluated this trade-off value (i.e. the maximum allele frequency 
reached by drift) using the actual population structure of the pig populations under 
study. We simulated the allele frequency change of a recessive lethal allele (fitness 
of homozygote mutants set to 0) over 25 generations in 1000 replicate populations 
with different start frequencies (S1 and S2 Figs, see Methods for details). Across 
simulations, the median frequency declines slightly with time (S1 Fig), but the decline 
is slower at lower allele frequencies (S2 Fig), due to very low number of carrier-by-
carrier matings exposing the negative fitness effect. Interestingly, at about 10% allele 
frequency, the loss of homozygotes seems to prevent further increase of the allele 
frequency in the population (S1 and S2 Figs). This upper boundary is not observed 
under neutral assumptions (no negative fitness effect), in which the allele frequency 
can rise up to 30–40% within 25 generations (S3 Fig). Together, these results show 
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that lethal alleles can reach allele frequencies up to 10% (20% carrier frequency) by 
genetic drift alone, although this happens only for a small fraction of the lethal 
variants. 
 
In addition, we studied what proportion of the de novo recessive lethal mutations, is 
expected to remain in the population after 10 generations despite their very low 
starting frequency (0.024%). From the total number of de novo mutations, we show 
that about 2% still segregates after 10 generations (S4 Fig), and 1% after 25 
generations (S5 Fig). We observe a similar pattern for neutral and recessive lethal de 
novo mutations, as there is very little purging efficiency at very low allele frequency 
(<2%). 
 
6.2.2 Detection of haplotypes harbouring lethal recessives 
segregating at moderate frequencies in two purebred pig populations 
To identify lethal alleles segregating in the pig populations we examined genotype 
data from 28,085 (Landrace), and 11,255 (Duroc) animals. All animals were 
genotyped or imputed to a medium-density 50K SNPchip (S1 Table). The genotypes 
were phased to build haplotypes, and then we applied an overlapping sliding window 
approach to identify haplotypes that show a deficit in homozygosity, likely 
harbouring a lethal recessive allele (VanRaden et al. 2011). The analysis yielded one 
strong candidate haplotype (DU1) harbouring a lethal recessive allele in the Duroc 
population, and four candidates in the Landrace population (LA1-4), respectively 
(Table 6.1). Haplotype lengths range from 0.5 to 5 Mb and carrier frequencies range 
from 4.6 to 13.4%. We observe no homozygotes for DU1, LA1, and LA3 haplotypes, 
while we expected 26, 126, and 16, respectively. We do observe two, and three 
homozygotes for LA2 (50 expected) and LA4 (14 expected), suggesting incomplete 
linkage disequilibrium (LD) of the haplotypes with the causal lethal recessive 
mutation. Four out of five haplotypes show deviation from Hardy-Weinberg 
equilibrium with over 50% carrier offspring for carrier-by-carrier matings. This is in 
concordance with the absence of homozygous offspring, resulting in a 1:2 offspring 
ratio instead of the expected 1:2:1 genotype offspring ratio (Figure 6.1A, Table 6.1). 
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Figure 6.1 A) Example of a carrier-by-carrier mating in Landrace. CxC litters will result in a 1:2 
genotype ratio instead of the normal 1:2:1 genotype ratio. B) Fertility phenotypes for lethal 
recessives. A significant reduction in total number born (TNB) is observed for CxC compared 
to CxNC matings. C) Carrier frequency for lethal alleles in the period 2012–2018. Figure shows 
relative stable carrier frequencies over a time period of 6 years (except for LA4). 
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Table 6.1 Haplotypes exhibiting missing or deficit homozygosity. Table shows five loci 
exhibiting missing or deficit homozygosity on the Sscrofa11.1 genome build, four in the 
Landrace population (LA1-4), and one in the Duroc population (DU1). The table shows the 
genomic location, carrier frequency, and deficit of homozygosity for each haplotype. The 
deficit of homozygosity is calculated based on trio information (parents and offspring) with 
the formula described by Fritz et al., 2013 [20], and from haplotype frequency, using the 
Hardy-Weinberg principle. Genotyped progeny is derived from CxC matings. 
Hap. SSC Start End #Carriers Carrier 

Freq. 

Expected 

(trio) 

Expected  

(freq.) 

Obs. Exact 

binomial 

test 

# 

Genotyped 

progeny 

# Het. 

progeny 

DU1 12 38.5 39.0 1,084 9.6 7 .0 26.1 0 1.81e-13 28 18 (64.3%) 

LA1 3 42.6 47.5 3,763 13.4 52.0 126.0 0 2.11e-63 208 120 (57.7%) 

LA2 13 195.7 196.2 2,358 8.4 18.25 49.5 2 6.39e-22 73 53 (72.6%) 

LA3 6 52.5 54.0 1,319 4.7 6.0 15.5 0 2.54e-08 24 11 (45.8%) 

LA4 12 25.0 27.0 1,271 4.6 - 14.4 3 0.00017 5 3 (60%) 

 
6.2.3 Carrier-by-carrier matings produce significantly smaller litters 
We analysed the effect of the haplotypes on fertility phenotypes including total 
number born (TNB), number born alive (NBA), number of stillborn (NSB), and 
number of mummified piglets (MUM). We examined a total of 504 carrier-by-carrier 
(CxC) and 5,992 carrier-by-noncarrier (CxNC) matings (Table 6.2). Interestingly, all 
five haplotypes show significant reduction in both TNB (Table 6.2, Figure 6.1B) and 
NBA for CxC matings (S2 Table). The reduction in TNB ranges from 15.1 to 21.6% 
which is somewhat smaller than the expected 25% assuming early lethality with 
complete penetrance for homozygotes (Table 6.2). No significant increase in number 
of stillborn (NSB) or mummified piglets (MUM) was found, suggesting that 
homozygotes die very early in pregnancy (S3 Table). Together the 504 CxC matings 
cause a loss of 1,261 piglets over the last 5 years (comparing average litter size of 
CxC and CxNC matings), affecting 2.9% and 0.92% of all litters in the Landrace and 
Duroc population, respectively (Table 6.2). None of the five regions were previously 
reported to be associated with reduced TNB (Hu et al. 2016). 
 
6.2.4 Candidate embryonic lethal alleles predicted from whole-
genome sequence (WGS) and RNA-sequencing (RNA-seq) data 
To find causal mutations, we analysed WGS (Landrace: 167, Duroc: 119) and RNA-
seq (Landrace: 34, Duroc: 25) data available from the populations under study (S4–
S5 Tables). The data was mapped to the latest Sscrofa11.1 reference build and 
functionally annotated using the Variant Effect Predictor (VEP) (McLaren et al. 2016). 
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Next, we focused on variants likely causing embryonic lethality (EL) in homozygous 
state, examining the impact of individual variants on the proteins. First, we selected 
loss-of-function (LoF) variants (frameshift, stop-gained, splice-site) and predicted 
deleterious missense variants within each population (Kumar et al. 2009). The 
predicted LoF and deleterious mutations show clear patterns of purifying selection, 
as observed from generally lower allele frequencies (S6 Fig), an enrichment of 
inframe indels (S7 Fig), and an enrichment of LoF mutations in the N-and C-terminal 
end of the gene (S8 Fig). 
 
Table 6.2 Fertility phenotypes for total number born. Table shows the number of CxC and 
CxNC mating for each haplotype, the reduction in total number born (TNB), the percentage of 
affected litters in the population, the piglet loss associated with the CxC matings, the 
percentage of embryo deaths in the entire population, and the overall population piglet 
reduction. 
Population Hap. #CxC #CxNC TNB 

(CxC) 
TNB 
(CxNC) 

Reduction % 
Affected 
litters 

Piglet 
loss 

% 
Death 

Population 
piglet 
reduction* 

Landrace LA1 297 2,350 11.51 14.18 18.8% 1.796 792.99 0.338 0.0479 
 

LA2 127 1,527 12.00 14.26 15.9% 0.706 287.02 0.112 0.0159 
 

LA3 30 872 11.96 14.09 15.1% 0.212 63.90 0.032 0.0045 
 

LA4 29 950 11.48 14.05 18.3% 0.212 74.53 0.039 0.0055 
 

SUM 483 5,699 - - - 2.926 1218.44 0.521 0.0739 

Duroc DU1 21 293 7.33 9.35 21.6% 0.922 42.42 0.199 0.0186 

* Calculated as the product of the average TNB (Landrace: 14.18, Duroc: 9.35) and the 
population deaths in the Landrace and Duroc population. 
 
6.2.5 Identifying candidate LoF mutations in lethal haplotypes 
The likelihood of carriers being present in even a small random sample of pigs is high 
due to the relatively high carrier frequency of the candidate haplotypes found in this 
study. The candidate haplotypes could therefore be identified in pigs of the same 
populations for which WGS data (LA1: 21, LA2: 17, LA3: 7, LA4: 9, DU1: 9) or RNA-seq 
data (LA1: 4, LA2: 3, DU1: 3) was available. For each of the five haplotypes we used 
criteria of physical distance and co-segregation (see Methods for details) to select 
candidate causal mutations. A single strong candidate mutation was identified for all 
haplotypes, except LA4 (Table 6.3). 
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Table 6.3 Candidate causal variants for lethal haplotypes. The table shows the type, location, 
the affected gene, and the predicted impact for each candidate recessive lethal variant. The 
relative position in the protein shows the position of the variant relative to the protein length, 
for splice-variants, the affected intron is presented. 
Hap. Type SSC Position Ref Alt Gene AA change Relative pos. 

in protein 
Gene name 

DU1 Splice-
donor 

12 38,922,102 G A TADA2A p.Ile319fs Intron 13 Transcriptional 
adaptor 2A 

LA1 Splice-
region 

3 43,952,776 T G POLR1B p.Ile701fs Intron 14 RNA polymerase I 
subunit B 

LA2 Frameshift 13 195,977,038 C - URB1 p.Val1961fs 0.87 Ribosome biogenesis 
homolog 

LA3 Missense 6 54,880,241 T C PNKP p.Gln96Arg 0.17 Polynucleotide kinase 
3'-phosphatase 

 
 
6.2.5.1 A splice donor mutation in TADA2A induces embryonic lethality in 
Duroc (DU1 haplotype) 
Whole genome sequence data from nine DU1 carrier animals revealed 20 variants in 
high LD (r2 > 0.8) with the DU1 haplotype (S6 Table), of which only one variant is 
predicted to have high impact. This variant, a heterozygous splice-donor mutation 
(12:g.38922102G>A) in the Transcriptional adapter-Ada2 (TADA2A) gene is in 
complete LD with the DU1 haplotype (Table 6.3). The mutation affects a conserved 
GT splice dinucleotide site at the 5’ end of the intron between exons 13 and 14 
(S9 and S10 Figs). We evaluated the effect on RNA splicing using RNA-seq data from 
three carrier animals (S5 Table). The splice-donor mutation seems to cause retention 
of intron 13 between exon 13–14 in one of the samples (S11 Fig), shown by reads 
spanning the exon-intron boundaries on the splice donor and acceptor sites in intron 
13, not seen for non-carriers. Interestingly, two other carrier samples show exon 
skipping of exon 13 (S9 Fig), resulting in a frameshift, the addition of a novel 
methionine, and a premature stop codon in the first codon of exon 14. The mutant 
mRNA codes for a truncated TADA2A protein (318 amino acids) lacking the terminal 
101 amino acids (AA) that includes the conserved SWIRM domain required for DNA 
binding (Qian et al. 2005). These results show that the splice-donor mutation 
affects TADA2A splicing with different consequences (both exon skipping and intron 
retention) in carrier animals, but in all cases result in a compromised, non-functional 
transcript. The TADA2A protein is involved in the general transcription machinery 
and it’s gene is known to be essential in yeast and drosophila (Pankotai et al. 2005). 
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However, no information for mice null-mutants is available for TADA2A (Blake et al. 
2017). 
 
6.2.5.2 A splice region mutation in POLR1B induces early embryonic 
lethality in Landrace (LA1 haplotype) 
The LA1 haplotype was the longest haplotype observed in this study (SSC3:42.6–
47.5). Therefore, we first performed a fine-mapping analysis to further pinpoint the 
region containing the causal mutation. We observed two recombinant animals (S7–
S8 Tables) that were homozygous for a part of the LA1 haplotype in the region (45.6–
47.5), leaving a final candidate region of length 3Mb (SSC3: 42.6–45.6 Mb). Whole 
genome sequence data from twenty-one LA1 carrier animals revealed a set of 415 
variants, and one small intronic deletion in high LD (r2 > 0.8) with the LA1 haplotype 
(S9 Table), of which five variants are located within coding sequence (2 missense, 1 
synonymous) or splice regions (2 splice-region). Both missense variants are predicted 
to be tolerated by SIFT, unlikely to be causal (S9 Table). However, the splice region 
mutation in intron 14 of the RNA polymerase I subunit B (POLR1B) gene is predicted 
to have high impact (Table 6.3, S12 Fig). The splice mutation affects a conserved 
adenine in the GTRAG splice site motif (positive strand: 3:g.43952776T>G, Figure 
6.2A and 2B). The adenine is conserved throughout a wide range of vertebrate 
species (S12 Fig). Next, we analysed the RNA-seq data from four carrier animals and 
found that the splice region mutation causes exon skipping of exon 14 in all four 
carrier animals (Fig 6.2C, S13 and S14 Figs), not observed for non-carrier animals 
(S15 Fig). POLR1B isoforms that show alternative splicing for exon 14 have not been 
annotated in pigs or any other mammals, including human and bovine embryonic 
tissues. Skipping of exon 14 introduces a glutamic acid and a premature stop codon 
in the second codon of the terminal exon, lacking the final 370 amino acids located 
in the conserved subunit 2, hybrid-binding domain (binding to the DNA strand) (Fig 
6.2D). Hence, this splice-region mutation likely causes a complete LoF of the POLR1B 
protein. The structure of RNA-polymerase 1, and the affected POLR1B subunit is 
presented in S16 Fig. The POLR1B gene is strongly conserved among vertebrates and 
null-mutant mice show embryonic lethality even prior to implantation (Chen et al. 
2008). 
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6.2.5.3 A frameshift mutation in URB1 causes embryonic lethality in 
Landrace (LA2 haplotype) 
Whole genome sequence data from seventeen LA2 carrier animals revealed a set of 
234 variants and one small intronic deletion in high LD (r2 > 0.8) with the LA2 
haplotype (S10 Table), of which five variants are located within coding sequence (1 
frameshift, 1 missense, 2 synonymous) or splice regions (1 splice-region). The 
missense and splice-region variant in the ISTN1 gene are predicted to be tolerated,  
unlikely to be causal (S10 Table). However, the frameshift mutation in exon 38 of 
the URB1 gene (13:g.195977038delC) caused by a 1-bp deletion is predicted to have 
high impact (Table 6.3, S17 Fig). The frameshift (ENSSSCP00000036505:p.Val1961fs) 
introduces 26 novel amino acids and a premature stop codon, producing a truncated 
protein of 1,986 amino acids, lacking the final 261 amino acids compared to the wild-
type protein (2,247 AA). URB1 (Ribosome Biogenesis 1 Homolog) is involved in the 
biogenesis of the 60S ribosomal subunit and is an essential gene in yeast and 
drosophila (Giaever et al. 2002), but no information from mouse null-mutants is 
available for this gene. Moreover, no homozygous LoF mutations are reported in the 
ExAc database for the URB1 gene (Lek et al. 2016), supporting that a functional copy 
is required. 
 
6.2.5.4 A missense mutation in PNKP is a candidate to cause embryonic 
lethality in Landrace (LA3 haplotype) 
Only four variants are found to be in high LD with the LA3 haplotype (S11 Table) 
including one deleterious missense mutation in the PNKP gene (6:g.54880241G>T), 
predicted to be strongly deleterious by SIFT (0.02) and PROVEAN (-2.9). The missense 
mutation causes a glutamine to arginine amino acid substitution 
(ENSSSCP00000003467:p.Gln96Arg) (Table 6.3, S18 Fig). The glutamine residue is 
highly conserved among vertebrates (S19 Fig), and is part of the protein-protein 
interaction FHA and SMAD domain. The PNKP gene plays a key role in the repair of 
DNA damage, being an essential part in the non-homologous end-joining (NHEJ) and 
base excision repair (BER) pathways. Mouse null-mutants exhibit embryonic lethality 
(Shimada et al. 2015). However, homozygous loss-of-function mutations in PNKP are 
associated with various neurologic diseases in human, but not with early lethality 
(Dumitrache and McKinnon 2017). 
 
6.2.6 Nonsense mediated decay of alternatively spliced transcripts 
We assessed whether the splice mutations in TADA2A and POLR1B are subject to 
nonsense-mediated mRNA decay, a surveillance pathway eliminating transcripts that 
contain premature stop-codons (Hug et al. 2016). We assessed the expression of the 
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wild-type and mutant transcripts in carrier animals for both genes. The abundance 
of both the mutant TADA2A, and POLR1B transcripts are significantly lower (2.5- to 
5 fold) compared to the wild-type transcripts, supporting that the mutant transcripts 
are likely subject to nonsense mediated decay (S12 Table). 
 
6.2.7 Validation of candidate causal mutations in carrier-by-carrier 
litters 
We genotyped the complete litters of three LA1, and one LA2 CxC mating for the 
predicted causal mutations, and confirmed the carrier status of both parents for each 
litter (S13–S14 Tables). The three LA1 litters produced 38 piglets, 14 were 
homozygous for the wild-type allele (36.8%), 24 were heterozygous carriers (63.2%), 
and no homozygous mutants were found (P<0.005, Table 6.4). The LA2 litter 
produced 13 piglets, 3 homozygous wild-type, 10 heterozygous carriers of the 
deletion, and no homozygous del/del mutants (P = 0.076). These results are in line 
with the 1:2 genotype ratio expected for CxC litters, supporting the recessive 
lethality of the candidate causal mutations. 
 
Table 6.4 Genotyping of causal mutations in four carrier by carrier litters. The parents (sow 
and boar) and complete liveborn and stillborn progeny are genotyped for the candidate causal 
mutations. Table shows the number of progeny, type of birth, and genotypes for the four 
examined litters. 
LitterID Haplotype-

Gene 
Gene-Mutation # 

Progeny 
# 
Liveborn 

# 
Stillborn 

# Wt # Carrier # Lethal p (Chi-
Square) 

1 LA1-
POLR1B 

POLR1B 3:g.43952776T>G 14 13 1 TT = 4 TG = 10 GG = 0 
 

2 LA1-
POLR1B 

POLR1B 3:g.43952776T>G 11 11 0 TT = 3 TG = 8 GG = 0 
 

3 LA1-
POLR1B 

POLR1B 3:g.43952776T>G 13 12 1 TT = 7 TG = 6 GG = 0 
 

  
SUM—LA1 38 36 2 TT = 14 TG = 24 GG = 0 p<0.005 

4 LA2-URB1 URB1 13:g.195977038delC 13 11 2 CC = 3 C/Del = 
10 

Del/Del 
= 0 

p = 0.076 

 
6.2.8 Embryonic lethal alleles are generally maintained at stable 
population frequencies 
The current frequency of the embryonic lethals raises the question how population 
frequencies of lethal alleles have developed over the past years. Interestingly, we 
observe that overall the recessive lethal alleles are maintained at relative stable 
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frequency over the past seven years (2012–2018, Figure 6.1C), despite ongoing 
selection on littersize in these populations. 
 
6.2.9 Large-scale phenotype data supports both balancing selection 
and genetic drift driving the frequency of recessive lethals 
High frequency of a lethal allele can be caused by a trade-off between a negative 
trait (i.e. reduced fertility) and another trait, e.g. improved growth (Derks et al. 
2018). We tested whether carriers of lethal haplotypes show signs of heterozygote 
advantage on one of the traits included in the breeding goal, which could potentially 
drive the frequency of the allele. However, we only found strong association signals 
for the most frequent haplotype LA1 (S15 Table). The carriers of the haplotype LA1, 
compared to non-carriers, show: increased mothering ability (fewer piglet deaths, 
and larger piglet weight at 21 days), increased carcass quality (larger loin depth, less 
backfat, and higher meat percentage), lower meat quality (less intramuscular fat), 
and slower growth (S15 Table). As expected, only a small negative effect on total 
number born is observed, as reduced litters will only be expressed in CxC matings. 
Mothering ability (consisting of several maternal traits) is a very important part of 
the breeding goal for this breed, and could be a strong candidate to support 
heterozygote advantage for this group of traits. Sows that carry the LA1 haplotype 
show lower piglet mortality at 21 days, and increased piglet weight at 21 days. For 
the other haplotypes, we only obtain weak associations (S16 Table), suggesting that 
the current frequency of the haplotypes are likely the result of genetic drift rather 
than heterozygote advantage. 
 
6.2.10 Lethal recessives explain part of the heterosis effect on 
fertility traits in the crossbred litters 
The impact of individual lethal recessive alleles largely depends on its frequency. For 
example, assuming random matings, we estimate that about 1.8% of the population 
litters are CxC matings for LA1, while only 0.21% of the litters are CxC matings for the 
LA4 allele (Table 6.2). The four Landrace lethals combined affect 2.9% of the litters 
within the population, responsible for the death of 0.52% of the total population of 
embryos, which causes an average reduction of 0.073 TNB in the population (Table 
6.2). Next, we investigated whether ELs could contribute to the heterosis effect for 
fertility (TNB) observed in the crossbreds. The current Landrace population is mostly 
crossed with a Large White (LW) population to generate a commercial F1 population. 
F1 litters in Landrace sows produce on average 0.20 piglet larger litters compared to 
purebred Landrace (LR = 14.18, LR/LW = 14.38) (S17 Table). All three identified 
mutations (LA1-LA3) are not segregating in the LW population, suggesting no 
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homozygous affected individuals in the F1 population. Therefore, part of the TNB 
difference is likely caused by the four recessive lethals affecting the purebred litters 
(given the average reduction of 0.073 TNB as a result of the four ELs). Nevertheless, 
other heterotic effects will contribute to the increased litter size as well. 
 
6.3 Discussion 
In this study we report five embryonic lethal haplotypes that segregate with carrier 
frequencies in the range of 4.6–13.4% in two commercial pig populations. We show 
that the use of large-scale genotype data within single populations provides the 
power to find lethal alleles with low frequencies. The inclusion of over 28 thousand 
individuals from the Landrace population, for instance, allowed us to detect the LA4 
haplotype that has an allele frequency of only 2.3%. For three of the five recessive 
lethal haplotypes no homozygous carrier individuals were found, suggesting 
complete LD with a causal, recessive lethal variant. However, none of the recessive 
embryonic lethal haplotypes resulted in the theoretically expected 25% reduction in 
piglets born (range observed is: 15.1–21.6%). The most likely explanation is that the 
number of embryos frequently exceeds the uterine capacity of the sow. Hence, by 
reducing the number of embryos by 25%, fewer wildtype/wildtype and 
wildtype/mutant embryos are eliminated (Da Silva et al. 2017). This compensatory 
effect could be especially relevant if homozygous affected zygotes fail to develop or 
embryos die very early on. Especially if they die prior to implantation in the uterus, 
other viable healthy zygotes can compensate (i.e. take their place in the uterus) of 
the lethal effect in homozygous zygotes. A compensatory effect is particularly likely 
for LA1 homozygous affected embryos (POLR1B), since in 
homozygous POLR1B knock-out mice embryos terminate development before 
implantation in the uterus is established (Chen et al. 2008). Moreover, we did not 
observe an increase in mummified or stillborn piglets for CxC matings, again 
suggesting early termination (i.e. prior to day 35 in gestation) of homozygous animals 
in utero. 
 
All four genes affected by embryonic lethal alleles are involved in cellular 
housekeeping functions including transcription (POLR1B, TADA2A), translation 
(URB1), and DNA damage repair (PNKP), supported by the relative high expression 
of these genes within different tissue types (Freeman et al. 2012). The RNA-seq data 
from carrier animals confirmed the functional impact of the DU1 splice-donor and 
LA1 splice-site mutations, both resulting in truncated proteins caused by the skipping 
of complete exons. Interestingly, we show that a single splice-donor mutation can 
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simultaneously cause exon skipping and intron retention, something described 
previously in human studies (Kallabi et al. 2015), but not previously observed in pigs. 
Moreover, the alternatively spliced mRNAs are likely subject to nonsense-mediated 
decay, because the level of the mutant mRNA is significantly lower compared to the 
wild-type mRNA. All mutations (except URB1) are located within parts of the genes 
predicted to be intolerant to LoF mutations observed from a negative subRVIS score 
(Gussow et al. 2016). Interestingly, embryonic lethality has been described in 
targeted mice null-mutants for POLR1B and PNKP (Chen et al. 2008; Shimada et al. 
2015), but not for URB1 and TADA2A. In this study, however, we demonstrate that 
both URB1 and TADA2A are essential for normal embryonic development in pigs, 
likely to be similar in human. We did not find any coding variants or structural 
variants that are in high LD with the LA4 haplotype (S18 Table). However, other type 
of variants (e.g. small insertion elements) could also induce embryonic lethality or 
genetic disease (Schutz et al. 2016), something not well explored in this study. 
 
We show that the frequency of the lethal haplotypes over time, at least over the past 
seven years, is stable, suggesting that there is no strong selection against these 
recessive lethal variants. The population genetic analysis indicates that the observed 
frequencies of recessive lethal alleles found in this study, can be the result of genetic 
drift alone. Moreover, the study on de novo mutations shows that the lethal 
mutations in the LA1, LA2, and DU1 haplotypes (allele frequency > 4%) likely arose 
over 25 generations ago (assuming no heterozygote advantage). Genetic drift as a 
driving force for the observed frequencies is further supported by the lack of clear 
evidence for heterozygote advantage (except for LA1). Nevertheless, we cannot 
exclude that these alleles have been subject to genetic-hitchhiking in the past, 
resulting in heterozygote advantage due to LD with a beneficial allele that became 
fixed. 
 
Evidence for heterozygote advantage has been found for other highly detrimental 
variants that occur in higher frequencies than those observed here in wild and 
domesticated populations (Kadri et al. 2014; Derks et al. 2018). This could also be 
the case for the most frequent recessive lethal in our study, LA1, for which a highly 
positive effect on mothering ability for heterozygous carriers was found. In sow lines, 
mothering abilities are among the most important selection traits. The favorable 
phenotype of heterozygous carriers (mothering ability) offsets the occasional lower 
litter size, as long as the carrier frequency does not become too high. Nevertheless, 
our simulations show that the allele frequency of recessive lethals can rise up to 10% 
as a result of genetic drift alone. At this frequency, the negative effects on fitness 
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(i.e. smaller litters and lack of homozygotes) will prevent further increase in allele 
frequency. 
Recessive lethals, by definition, deviate from the Hardy-Weinberg equilibrium 
(HWE). We analyzed whether our liberal HWE marker threshold might hampered the 
detection of high frequency ELs, but no new high frequency haplotypes were 
revealed (S21 Table). Nevertheless, not all embryonic lethal variation currently 
present in the populations under study was identified. In fact, even if LD between 
recessive lethal causal variants and SNP-chip based haplotypes would be perfect, the 
minimum allele frequency that could be detected is around 2% for the Landrace 
population, and around 4% for the Duroc population. In addition, lethal recessives 
residing on more common haplotypes cannot be detected because the SNP density 
is likely too low to distinguish between the haplotype with and the haplotype 
without the lethal recessive. We estimated that ELs likely account for 1% of deaths 
in these pig populations, but the four identified Landrace lethals account for the loss 
of 0.52% of all newborn pigs per generation, showing that the remainder 0.48% is 
caused by yet to be identified EL mutations. 
 
In pigs, the crossbred production animals show clear signs of heterosis, especially for 
fertility related traits (Cassady et al. 2002). We provide compelling evidence that 
embryonic lethals contribute to the heterosis effect seen in the Landrace crossbred 
litters. Assuming that recessive lethal variation is generally occurring in a single 
breeding line only, crossbred products will only be heterozygous for the lethal 
recessive mutations. We show that at least 2.9% of the litters within a single pure 
breeding line (Landrace) are offspring of matings between carriers of lethal 
recessives identified in this study, and that the four identified lethal variants are 
responsible for a significant part of the total heterosis effect (as measured in 
surviving piglets). The heterosis effect is caused by the suppression of recessive 
lethal alleles by dominant wildtype alleles in the crossbreds (Charlesworth and Willis 
2009), providing evidence that the impact of lethal recessives on fertility and 
heterosis in these commercial pig populations is likely underestimated. 
Nevertheless, other detrimental, but not lethal alleles, uniquely segregating in 
purebred pig populations likely contribute to the heterosis effect even more, 
although this has never been properly quantified. 
 
Our study shows high resolution and efficiency of combining large-scale genotype 
(SNP chip), phenotype, whole-genome sequence, and RNA-sequencing data to 
identify deleterious mutations that confer early embryonic lethality in pigs. We 
report five relatively common embryonic lethal alleles with carrier frequencies 
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between 4.7–13.4%. Four of the variants destroy the structure of essential genes 
involved in cellular housekeeping processes including mRNA transcription, 
translation, and DNA repair. Simulation shows that observed allele frequencies can 
be mainly explained as consequence of drift only and there is no clear evidence for 
heterozygote advantage for favourable traits. The large amount of phenotype and 
genotype data collected in modern breeding programs in combination with 
increasing genomic data provides excellent possibilities to monitor old and new 
detrimental mutations segregating in purebred livestock populations. Although, we 
provide compelling evidence that the identified embryonic lethal alleles contribute 
to the observed heterosis effect for fertility, only a small proportion of the overall 
heterosis can be explained by the effect of the EL alleles detected. Other factors 
contributing to heterosis remain to be detected. 
 
6.4 Methods 
 
6.4.1 Ethics statement 
Samples collected for DNA extraction were only used for routine diagnostic purpose 
of the breeding programs, and not specifically for the purpose of this project. 
Therefore, approval of an ethics committee was not mandatory. Sample collection 
and data recording were conducted strictly according to the Dutch law on animal 
protection and welfare (Gezondheids- en welzijnswet voor dieren). 
 
6.4.2 Animals, genotypes and pre-processing 
The dataset consists of 28,085 and 11,255 animals from Norwegian Landrace and 
Duroc purebreds, respectively. The animals are genotyped on the (Illumina) 
Geneseek custom 50K SNP chip with 50,689 SNPs (50K) (Lincoln, NE, USA). The 
chromosomal positions were determined based on the Sscrofa11.1 reference 
assembly. SNPs located on autosomal chromosomes were kept for further analysis. 
Next, the SNPs were filtered using following requirements: Each marker had a MAF 
greater than 0.01, and a call rate greater than 0.85, and an animal call rate > 0.7. 
SNPs with a p-value below 1x10-5 for the Hardy-Weinberg equilibrium exact test 
were also discarded. All pre-processing steps were performed using Plink v1.90b3.30 
(Purcell et al. 2007). After quality control, the final dataset contained 43,375 and 
42,706 markers for Landrace and Duroc populations, respectively. 
 
6.4.3 Phasing and identification of missing homozygote haplotypes 
We used BEAGLE version 4.1 genetic analysis software to phase both populations 
separately (Browning and Browning 2007). Haplotypes exhibiting missing or deficit 
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homozygosity were identified using an overlapping sliding window approach from 
0.5 to 5 MB. Within each window individual haplotypes (with a frequency > 0.5%) 
were evaluated for missing or deficit homozygosity. The expected number of 
homozygotes was estimated using two methods: (1) Estimation based on haplotype 
frequency, using the Hardy-Weinberg principle, (2) Estimation based on haplotype 
information from both parental haplotypes with the formula described by Fritz et al., 
2013 (Fritz et al. 2013). An exact binomial test was applied to test the number of 
observed homozygotes with the number of expected homozygotes. Haplotypes 
were considered significant if P < 5×10−3. 
 
6.4.4 Fine mapping of the LA1 haplotype 
We examined the wild-type haplotypes for each LA1 carrier animal to identify 
recombinant individuals. We used PyVCF (Casbon 2012) to gather both haplotypes 
for all carriers animals within the LA1 genomic region from the BEAGLE phased VCF 
file. Next, we divided the LA1 haplotype in 5 shorter sub-haplotypes (length = 1Mb). 
Next, we examined whether the sub-haplotypes were carried in homozygous state 
in the group of LA1 carrier animals. Homozygous sub-haplotypes were excluded to 
carry the causal mutation. 
 
6.4.5 Phenotypic effects associated with lethal haplotypes 
We examined phenotypic records for TNB, NBA, NSB, and MUM to verify the lethality 
of the detected haplotypes. We listed all CxC and CxNC matings available and used a 
Welch t-test to assess if the phenotypes from the CxC matings significantly differ 
from CxNC matings. A P-value < 0.05 was considered significant. The order of CxNC 
matings does not reflect the sex of the parent animal and is both carrier boar and 
carrier sow combined 
 
6.4.6 Population sequencing and mapping 
Sequence data was available for 167 (Landrace) and 119 (Duroc) animals from 
paired-end 100 bp reads sequenced on Illumina HiSeq (van Son et al. 2017a). The 
sequenced samples are frequently used boars born between 2003 and 2017, 
selected to capture as much of the genetic variation present in the Landrace and 
Duroc populations. The majority of the sequenced animals were also represented in 
the 50K genotype dataset (Landrace = 161, Duroc = 72). The coverage ranges from 
6.65 to 21.46, with an average coverage of 12.70 (S19 Table). Sickle software was 
used to trim the sequences. BWA-MEM (version 0.7.15, (Li and Durbin 2009)) was 
used to map the WGS data to the Sscrofa11.1 reference genome. Samtools dedup 
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was used to discard PCR duplicates (Li et al. 2009). GATK IndelRealigner was used to 
perform local realignments of reads around indels (McKenna et al. 2010b). 
 
6.4.7 Variant discovery 
Freebayes variant calling software was used to call variants with following settings: 
min-base-quality 10—min-alternate-fraction 0.2—haplotype-length 0—ploidy 2—
min-alternate-count 2 (Garrison and Marth 2012). Post processing was performed 
using bcftools (Li et al. 2009). Variants with low phred quality score (<20), low call 
rate (<0.7) and variants within 3 bp of an indel are discarded. Next, genotype calls 
are filtered for sample depth (min: 4, max: AvgDepth *2.5) leaving a total of 
18,118,052, and 15,857,077 post-filtering variants for Landrace and Duroc 
population, respectively. The average variant call rate is 95.4% (Landrace) and 96.4% 
(Duroc), and the average transition / transversion (TS/ TV) ratio is 2.42 and 2.27, 
respectively, in concordance with previous findings in pigs (Bianco et al. 2015). 
 
6.4.8 Structural variation 
The Smoove pipeline (https://github.com/brentp/smoove) was used to call SVs. 
Smoove uses various software to call and filter SVs taking the alignment BAM files, 
and the Sscrofa11.1 reference genome as input. First, Lumpy software is used to call 
SVs (Layer et al. 2014). Next, Svtyper is used to genotype SVs (Chiang et al. 2015). To 
further filter SV calls, Mosdepth is used to remove high coverage regions, and 
Duphold to annotate depth changes within and on the breakpoints of SVs. 
 
6.4.9 Functional annotation of variants 
We performed variant (SNPs, Indels, and SVs) annotation using Variant Effect 
Predictor (VEP, release 90) (McLaren et al. 2016). The variant effect prediction in 
protein altering variants was performed using SIFT (Kumar et al. 2009). The following 
variant classes were considered potentially causing LoF: splice acceptor, splice 
donor, inframe indels, frameshift, stop loss, stop gained, and start lost variants. 
 
6.4.10 Candidate embryonic lethal alleles 
LoF and deleterious missense variants were selected within each population that 
met following criteria. The variant is found in a maximum of 1 homozygous 
individual, allowing one false genotype assignment. Next, the variant is annotated in 
a gene that is a 1-to-1 ortholog with cattle to minimize the effect of off-site mapping 
of sequence reads, which can be particularly problematic for large gene families. 
Finally, the list of EL candidates was manually validated for possible sequencing and 
alignment artefacts. Further functional support was obtained from the MGI database 
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release 6.10 (i.e. phenotypes from null-mutant mice) to predict the relative impact 
on the phenotype (Blake et al. 2017). To identify candidate causal mutations for the 
haplotypes exhibiting missing homozygosity we applied the following criteria: 1) The 
mutation is located within 5 Mb of the haplotype boundaries. 2) The mutation is 
carried in heterozygote state by the haplotype carriers and no homozygous 
individuals are observed. 3) The mutation is absent from non-haplotype-carrier 
animals. 4). The mutation is in high LD with the candidate lethal recessive haplotype 
(R2 > 0.7). LD analysis was performed using Plink v1.90b3.30 (Purcell et al. 2007) with 
following settings:—chr-set 18,—r2, ld-window-r2 0.7. 
 
6.4.11 RNA sequencing and nonsense mediated decay 
The impact of the splice mutations on the expression of the gene was assessed using 
RNA-seq data. The animals sequenced are frequently used artificial insemination 
boars selected based on extreme phenotypes all present in the genotyping data (van 
Son et al. 2017b). The phenotypes are based on high and low sperm DNA 
fragmentation index, a measure of well packed double-stranded DNA vs single-
stranded denatured DNA, which is an important indicator of boar fertility. We 
mapped the RNA-seq data to the Sscrofa11.1 reference genome using STAR (Dobin 
et al. 2013) and called transcripts and FPKM expression levels using Cufflinks 
(Trapnell et al. 2012). To test for nonsense mediated decay, we examined the 
transcript expression level of both the mutant and wild-type transcript identified by 
Cufflinks. The predicted effect on the mRNA was further evaluated by manually 
inspecting alignments using the JBrowse visualization software (Skinner et al. 2009). 
Variants were called on the RNA using Freebayes v1.1.0 (Garrison and Marth 2012) 
to examine if the genes are subject to genomic imprinting, heterozygous coding 
variants are listed in S20 Table. 
 
6.4.12 Validation of candidate causal mutations in carrier-by-carrier 
litters 
We tracked four recent CxC litters and sampled the complete litter including parent 
animals. The complete litter and parents were genotyped for the candidate causal 
variants using matrix-assisted laser desorption/ionization time-of-flight mass 
spectroscopy (MALDI-TOF MS) assays. The candidate mutations were fitted into the 
same assay and the assay was designed using MassARRAY Assay Design software 
(Agena Biosciences, Hamburg, Germany). The genotyping was done using the IPLEX 
protocol according to manufacturer’s instructions. The difference in the expected 
and observed Mendelian genotype ratios was tested using a Chi-Square test. 
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6.4.13 Frequency and impact of embryonic lethal alleles 
We analyzed the frequency of the haplotypes harboring embryonic lethals per half-
year starting from 01-jan-2012 and assessed the frequency on the total population 
(live animals) on each time point. We then examined the proportion of carrier and 
non-carrier animals to obtain the carrier frequencies for each time point. The 
percentage of affected litters was estimated by taking the product of the carrier 
frequency, and we examined the piglet loss using the phenotypic records available 
within the breeding program in the last seven years (2012–2018). To test whether 
the EL alleles contribute to the heterosis effect for fertility in the crossbred litters in 
purebred Landrace sows, we made following assumptions: First, we expected no EL 
litters in the crossbreds (heterozygotes). Second, we assumed 2.9% EL litters in 
purebred Landrace from the four identified lethal alleles. Third, we calculated the 
percentage of population deaths for each of the recessive lethals individually by 
taking the product of affected litters and the litter reduction. Combined, the four 
lethals account for 0.52% of population deaths, and the overall piglet reduction was 
calculated as the product of the average TNB (14.17) and the population deaths 
caused by EL litters in the Landrace population. 
 
6.4.14 Genetic drift simulation 
We simulated changes in allele frequency across multiple populations under the 
model of Wright (Wright 1990). Each simulation was performed with different start 
frequencies, corresponding to the frequencies of the identified haplotypes. We 
selected a population Ne of 150, and population size of 2050 (50 boars, and 2000 
sows). Each genotype has an associated fitness value, and we set the fitness to zero 
for homozygous lethal allele carriers, and fitness 1 (no negative fitness effect) to 
heterozygotes and non-carriers. We assume constant population size through time, 
and matings are simulated randomly at each generation. Changes in allele 
frequencies are calculated using the R package driftR 
(https://github.com/cjbattey/driftR). The simulation calculates allele frequencies 
from a random draw of a binomial distribution with a probability of success equal to 
the post-selection expected frequency for each generation and each population. The 
results are plotted in R using the package ggplot2 (Ginestet 2011). 
 
6.4.15 De novo mutations 
The frequency of de novo mutations was estimated based on a population size of 
2050, accounting for a de novo mutation allele frequency equal to = 1/4100 = 
0.024%. We used a human and cattle based per generation de novo mutation rate 
equal to 1.2e-08 per nucleotide per generation (Kong et al. 2012; Harland et al. 2017). 
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The product of the genome size (in nucleotides) and mutation rate is used to 
calculate the number of de novo mutations per individual (4915.82 Mb * 1.2e-08 = 
59). Considering a replacement rate of approximately 50%, we estimate that 
60,475 de novo mutations will arise each generation (1,025*59). We used the same 
model from Wright (Wright 1990) to simulate changes in allele frequency across 
multiple populations for de novo mutations. 
 
6.4.16 Breeding values and association analysis 
To test whether carriers of lethal haplotypes show signs of heterozygote advantage 
on important traits in the breeding goal, we performed association analyses between 
all lethal haplotypes found in this study and a total of 25 traits (S15–S16 Tables) 
included in the breeding goal of the evaluated populations. Estimated breeding 
values (EBV) were used as a response variable for each trait under study. The EBV of 
each animal was obtained from the routine genetic evaluation by Topigs Norsvin 
using an animal model. Association analyses were performed using the software 
ASREML (Gilmour et al. 2009) applying the following model: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝜇𝜇 + 𝐻𝐻𝐻𝐻 + 𝑎𝑎𝑎𝑎 + 𝑒𝑒𝑒𝑒𝑒𝑒 
 
where EBVij is the observed EBV for the animal j, μ is the overall EBV mean of the 
population, Hi is the number of copies (0/1) of the lethal haplotype i, aj is the 
additive genetic effect estimated using a pedigree-based relationship matrix, 
and eij the residual error. A p-value below 1 × 10−5 was considered significant. 
 
6.5 Additional files 
The online version of this article (https://doi.org/10.1371/journal.pgen.1008055) 
contains supplementary material, which is available to authorized users. 
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Abstract 
 
Piglet mortality is a complex phenotype that depends on the environment, selection 
on piglet health, but also on the interaction between the piglet and sow. However, 
also monogenic recessive defects contribute to piglet mortality. Selective breeding 
has decreased overall piglet mortality by improving both mothering abilities and 
piglet viability. However, variants underlying recessive monogenic defects are 
usually not well captured within the breeding values, potentially drifting to higher 
frequency as a result of intense selection or genetic drift. This study describes the 
identification by whole-genome sequencing of a recessive 16-bp deletion in 
the SPTBN4 gene causing postnatal mortality in a pig breeding line. The deletion 
induces a frameshift and a premature stop codon, producing an impaired and 
truncated spectrin beta non-erythrocytic 4 protein (SPTBN4). Applying medium 
density single nucleotide polymorphism (SNP) data available for all breeding animals, 
a pregnant carrier sow sired by a carrier boar was identified. Of the resulting piglets, 
two confirmed homozygous piglets suffered from severe myopathy, hind-limb 
paralysis, and tremors. Histopathological examination showed dispersed 
degeneration and decrease of cross-striations in the dorsal and hind-limb muscle 
fibers of the affected piglets. Hence, the affected piglets are unable to walk or drink, 
usually resulting in death within a few hours after birth. This study demonstrates 
how growing genomic resources in pig breeding can be applied to identify rare 
syndromes in breeding populations, that are usually poorly documented and often 
are not even known to have a genetic basis. The study allows to prevent carrier-by-
carrier matings, thereby gradually decreasing the frequency of the detrimental allele 
and avoiding the birth of affected piglets, improving animal welfare. Finally, these 
“natural knockouts” increase our understanding of gene function within the 
mammalian clade, and provide a potential model for human disease. 
 
Key words: animal breeding, loss-of-function, myopathy, pigs, animal welfare  
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7.1 Introduction 
Piglet mortality is one of the major selection traits in pig breeding and is influenced 
by the sow, the piglets, and the environment. Hence, piglet mortality is a complex 
phenotype and depends on the capacity of the sow to raise its offspring, but is also 
a function of birth weight, management, and selection (Knol et al. 2002). However, 
also monogenic recessive defects contribute to piglet mortality, although only few 
examples have been reported in the past (Murgiano et al. 2012; Matika et al. 2019). 
Even in those cases where the effect of the mutation is severe, selecting efficiently 
against such a mutation is hampered by the low frequency. In many severe defects, 
zygotes die very early in gestation, leaving no trace other than the absence of 
homozygotes in the population at large (Derks et al. 2019). 
 
Inbreeding effects in commercial pig populations are usually kept in check by 
selective breeding for decreased mortality in piglets by improving both mothering 
abilities and piglet viability (Olijslagers 2018). However, variants underlying recessive 
monogenic defects are not well captured within the breeding values, and potentially 
drift to higher frequencies as a result of intense selection (Georges et al. 2019). 
Moreover, those variants can also be maintained as a result of balancing selection 
for a correlated positive effect in heterozygous state (Derks et al. 2018). 
 
Recessive defects only marginally contribute the overall piglet mortality (Alonso-
Spilsbury et al. 2007). Nevertheless, variants affecting piglet mortality are of great 
importance because those variants directly influence production and animal welfare 
(Baxter et al. 2013; Rutherford et al. 2013). However, in animal population 
management, the low-frequency occurrence of defects is usually poorly documented 
(often very general terms are used), and syndromes are often only recognized once 
they have reached a high frequency. This is especially relevant for syndromes that 
do not lead to very distinct phenotypes. Therefore, even in commercial breeding 
populations little tracking can be done on specific syndromes, and to effectively 
select against specific low-frequency syndromes therefore requires new approaches. 
 
In this work, we describe the discovery of a highly debilitating syndrome in a 
commercial pig population through a survey based on a combined medium-density 
SNP arrays and whole-genome sequencing (WGS). The survey led to the 
identification of a 16-bp frameshift deletion in the SPTBN4 gene, with predicted clear 
phenotypic consequences in homozygotes. The carrier frequency is about 9% in the 
population under study, affecting approximately 0.81% of the population litters. The 
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frequency was sufficiently low to be unknown to have a genetic basis, and even 
effectively being unrecognized as a specific syndrome at all. Upon implementation 
of the survey, one pregnant sow was identified sired by a carrier boar. The affected 
piglets suffer from myopathy and are unable to walk, usually resulting in death 
within a few hours after birth, completely in line with predicted pathology in 
comparison to similar human and mouse cases. 
 
7.2 Methods 
 
7.2.1 Animals, Genotypes, and Pre-Processing 
The dataset consists of 31,839 animals from a synthetic boar line with large white 
background. The line is maintained and bred in Topigs Norsvin nucleus farms, 
primarily selecting on production and health traits. The animals were genotyped on 
the Illumina GeneSeek custom 50K SNP chip (Lincoln, NE, USA). Animals with a 
frequency of missing genotypes > 0.15 were removed. We discarded markers that 
did not meet following filtering criteria: A minimum call rate of 0.85, a minor allele 
frequency > 0.01, and a Hardy-Weinberg proportions exact test p-value below P < 
10−12. Moreover, markers with unknown location on the Sscrofa11.1 genome build 
were discarded, leaving 41,573 markers after filtering. All steps were performed in 
Plink v1.90b3.30 (Purcell et al. 2007). 
 
7.2.2 Haplotype Phasing and Identification of SSC6 Haplotype 
We performed haplotype phasing and imputation of missing sites in Beagle5.0 with 
parameter for effective population size set to 100, other settings were default 
(Browning et al. 2018). Expected homozygotes was estimated based on haplotype 
frequency, using the Hardy-Weinberg principle. An exact binomial test was applied 
to test the number of observed homozygotes with the number of expected 
homozygotes. The haplotype was considered significantly depleted if P < 5 × 10−3. 
 
7.2.3 Phenotypic Effects Associated With SSC6 Haplotype 
We examined the SSC6 haplotype for records on total number born, number 
stillborn, mummified piglets, farrowing survival, and lactation survival (survival up to 
about 21 days of age) of a total of 9,666 litters. We listed these phenotypes for all 
CxC, and CxN litters identified. We used a Welch’s t-test to assess whether the 
phenotypes from the CxC litters differ significantly from CxN litters. A p-value < 0.05 
was considered significant. 
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7.2.4 Whole-Genome Sequencing Analysis and Candidate Variant 
Identification 
 
The dataset consists of 71 whole genome sequenced individuals from the population 
under study. All 71 samples were also present in our dataset of 31,839 animals 
genotyped on the 50K. The 71 samples have a total volume of 1.93 Tbp (tera base 
pairs) from 14.16 billion 150-bp paired-end reads (Table S3). The samples were 
sequenced on Illumina HiSeq 2000. We aligned the sequences to the Sscrofa11.1 
genome build using BWA-MEM version 0.7.15 (Li and Durbin 2009) with an average 
mappability of 98.9% and a sample coverage ranging from 8.8 to 14.8X (10.9X 
average). Samblaster was used to remove PCR duplicates (Faust and Hall 2014). 
Samtools was used to sort, merge, and index bam files (Li et al. 2009). Mapping and 
quality statistics were generated using Qualimap (Okonechnikov et al. 2016). Variant 
calling was performed with Freebayes v1.1.0 with following settings: –min-base-
quality 10 –min-alternate-fraction 0.2 –haplotype-length 0 –min-alternate-count 2 
(Garrison and Marth 2012). Variants with Phred quality score < 20 were discarded (Li 
et al. 2009). Variants were annotated using the Ensembl variant effect predictor 
(VEP, release 96) (McKenna et al. 2010b). The impact of missense variants was 
predicted using sorting intolerant from tolerant (SIFT) (Kumar et al. 2009). LD 
analysis was performed using Plink v1.90b3.30 (Purcell et al. 2007) with following 
settings –chr-set 18, –r2, ld-window-r2 0.8. 
 
7.2.5 SPTBN4 Protein Alignment 
Protein alignment between the wild type and mutant protein was performed using 
ClustalO (Madeira et al. 2019) and visualized using ESPript 3 (Robert and Gouet 
2014). Further visualization and validation was performed using the JBrowse genome 
viewer version 1.12.1 (Skinner et al. 2009). 
 
7.2.6 Validation of Causal 16 bp SPTBN4 Deletion 
PCR was done using 60 ng of genomic DNA, with 0.4 µm of each primer, 1.8 mM 
MgCl2, and 25 units/ml OneTaq® DNA Polymerase (OneTaq® 2X Master Mix with 
Standard Buffer, New England Biolabs) in manufacturer’s PCR buffer in a final volume 
of 12 µl. Initial denaturation for 1 min at 95°C was followed by 35 cycles of 95°C for 
30 s, 55°C for 45 s, 72°C 90 s, followed by a 5 min extension 72°C. PCR primers 
for SPTBN4 are TCAAGGGTGCAGGCTCTTTC forward and 
GGTAGGAAGCTCGAAGTGGG reverse. The forward primer was dye-labeled with 
either 6-FAM to produce a fluorescently labeled PCR product detectable on ABI 3730 
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DNA sequencer (Applied Biosystems). Fragment sizes were determined using 
GeneMapper software 5 from ABI. 
 
7.2.7 Histopathological Examination 
Two affected piglets less than 1 week old were send to the pathology department of 
Royal Animal Health (Deventer) for examination. Macroscopically, all observations 
were within normal limits. Skeletal muscle of the foreleg, the dorsal muscle, and the 
backside leg of both animals was sampled for routine H&E staining and PTAH 
staining. The muscle tissue was stored in separate jars and fixated in formaldehyde 
solution 4%, buffered (=formalin solution 10%, buffered). After that, the tissue was 
embedded in paraffin and sliced into 2 µm according to standard operation 
procedure (SOP RAH). Thereafter, the slides were deparaffinized and routinely 
stained for hematoxylin and eosin (H&E) in an automatic color machine. 
Simultaneously additional slides of 2 µm of the muscle tissue as well as a positive 
control slide of muscle tissue were prepared for the manual staining with 
“phosphotungstic acid hematoxylin,” abbreviated as PTAH. This staining is preferred 
for demonstrating cross-striations of skeletal muscle. 
 
7.2.8 Breeding Values and Association Analysis 
In this study, we evaluated 63 traits used in the breeding program. Deregressed 
estimated breeding values (DEBV) were used as a response variable for each trait 
under study. The estimated breeding value (EBV) of all evaluated traits were 
deregressed using the methodology described by (Garrick et al. 2009). The EBV of 
each animal was obtained from the routine genetic evaluation by a commercial 
breeding program (Topigs Norsvin) using an animal model. The reliabilities per 
animal for the purpose of deregression were extracted from the genetic evaluation 
based on the methodology of (Tier and Meyer 2004). The heritabilities used for the 
deregression were also extracted from the routine genetic evaluation. Finally, 
weighting factors based on the estimated reliability of the DEBV were also estimated 
according to Garrick et al. (2009) using a value of 0.5 for the scalar c. To ensure the 
quality of the DEBV, only animals with a weighting factors greater than zero and a 
reliability of the DEBV greater than 0.20 were used in the association analyses. The 
reliability of the DEBV was also obtained according to Garrick et al. (2009).  
 
Association analyses were performed using the software ASREML (Gilmour et al. 
2009) applying the following linear mixed animal model: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  𝜇𝜇 + 𝑅𝑅𝑅𝑅 + 𝑎𝑎𝑎𝑎 + 𝑒𝑒𝑒𝑒𝑒𝑒, 
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where DEBVij is the observed DEBV for the animal j, w is weighting factor for the 
residual, µ is the overall DEBV mean of the population, R i is the carrier status (count 
of the detrimental allele) of the 4 mutation i, a j is the additive genetic effect 
estimated using a pedigree-based average relationship matrix, andthe residual error. 
Associations with a −log10(P value) greater than five were declared as significant. 
 
7.3 Results 
 
7.3.1 A 1.5 Mb Segment on Chromosome 6 Affects Lactation Survival 
in Pigs 
We analyzed 31,638 animals from a single purebred boar line (synthetic line with 
large white background), genotyped on the Porcine 50K SNP chip (Sscrofa11.1 build) 
(Warr et al. 2019). The analysis revealed a 1.5 Mb segment on chromosome 6 
(SSC6:48.75–50.25) showing a deficit in homozygosity associated with reduced 
lactation survival (Tables 7.1 and 7.2). The haplotype is segregating at a moderate 
allele frequency of 4.5% (9.0% carrier frequency) in the population under study. The 
haplotype frequency has been fluctuating over the last decade, but decreased over 
the last 3 years (Figure S1). We tested whether the frequency was driven by an 
heterozygous advantage effect. However, we found mostly negative associations 
with important selection traits except for loin depth and gestation length (Table 7.3), 
which suggests the frequency is purely the result of genetic drift. 
 
Table 7.1 SSC6 haplotype characteristics. Shown are the expected and observed homozygotes 
for the SSC6 haplotype. 

Position, Mb SSC6: 48.75–50.25 

Number of markers 19 

Homozygotes expected (HWE) 61.07 

Homozygotes observed 0 

Exact binomial test 3.04e−27 

Carrier frequency % 9.0 

C x C matings 52 

Genotyped C x C progeny 73 

Heterozygote C x C progeny 46 (63.0%) 

 
The 52 carrier-by-carrier (CxC) litters show no significant reduction in total number 
born or liveborn animals. However, lactation survival is reduced by about 24% in CxC 
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litters compared to carrier-by-noncarrier (CxN) matings, indicating that homozygous 
piglets die within the lactation period (Table 7.2). Next, we examined the remarks 
for time and cause of mortality of CxC litters. This revealed that most piglets that 
died within the first 24 h after birth. The majority of those piglets were mostly 
described by farmers as “weak piglet at birth.” 
 
Table 7.2 Carrier-by-carrier litters show 24% decrease in lactation survival compared to 
carrier-by non-carrier litters. Significant results are indicated in bold. The sow is carrier in CxN 
litters, while the boar is carrier for NxC litters. 

Status # 
Litters 

Avg. total 
born 

Avg. live-
born 

Farrowing survival 
% 

Lactation survival 
% 

NxN 8,105 10.08 9.23 91.37 89.97 

CxN 732 10.44 9.62 92.09 90.80 

NxC 777 10.16 9.43 92.78 89.85 

CxC 52 9.96 9.13 91.82 68.84* 

* P < 0.01 
 
Table 7.3 Traits significantly associated with heterozygous carriers of the SPTBN4 deletion. 
Effect shows the direction of the association, SE shows the standard error. The symbols “+” 
and “−” indicate positive and negative effects. 

Trait Non-
carriers 

SPTBN4 carriers Effect SE −log10(P 
value) 

Lactation (pre-weaning) 
survival− 

13,789 1,506 −0.39 0.04 20.84 

Intramuscular fat (loin)− 5,676 696 −0.08 0.01 17.66 

Lifetime daily gain− 14,089 1,548 −5.62 0.7 14.77 

Daily feed intake− 14,081 1,548 −16.18 2.99 7.19 

Loin depth at end of test 
period+ 

14,089 1,548 0.28 0.06 6.45 

Litter mortality − 13,442 1,462 0.21 0.05 5.25 

Gestation length+ 14,051 1,544 −0.08 0.02 5.04 
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7.3.2 Whole-Genome Sequencing Analysis Reveals a 16-bp Frameshift 
Deletion in SPTBN4 as the Likely Causative Variant 
To identify the causal mutation, we examined whole-genome sequence data from 
71 animals from the population under study and identified five carrier animals. 
Linkage disequilibrium (LD) analysis revealed 267 SNP and indel variants in high LD 
(r2 > 0.8) with the SSC6 haplotype (Table S1), the majority being in perfect LD (247 
variants). Only five variants potentially affect the coding sequence (three missense, 
one frameshift, one splice-acceptor). The three missense variants are predicted to 
be tolerated by SIFT (score > 0.18, Table S1), while the splice-acceptor variant affects 
a gene encoding a 28 bp peptide of unknown function, unlikely to be causal. 
However, one variant in complete LD (r2 = 1) with the haplotype was predicted to 
have high impact; a 16-bp frameshift deletion in exon 26 of the SPTBN4 gene 
(6:g.48801280delGACGGTGTACGCCGGT) (Figures 7.1A, 7.1B). The frameshift 
deletion (ENSSSCP00000031537:p.Arg1902fs) introduces 30 novel amino acids and a 
premature stop codon, producing an impaired and truncated spectrin beta non-
erythrocytic 4 protein (SPTBN4). Mutants lack the final 662 amino acids of the wild 
type protein (Figure 7.1C), including the pleckstrin homology (PH) domain required 
for protein transport to membranes . The SPTBN4 protein is a member of the beta-
spectrin proteins and is (Wang et al. 2018)an actin that links the cell membrane to 
the actin cytoskeleton. SPTBN4 mutations disrupt the cytoskeletal machinery 
controlling proper localization of ion channels in myelinated nerves causing motor 
neuropathies (Parkinson et al. 2001; Wang et al. 2018). 
 

 
Figure 7.1 (A) SPTBN4 gene model. The location of the affected 26th exon is indicated in 
red. (B) Illustration of the 16-bp deletion. Figure shows wild type and mutant 
exon. (C) Alignment of the mutant (Mt) and wild type (Wt) SPTBN4 protein sequence. The 
mutation induces 30 novel amino acids and a premature stop codon. 
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7.3.3 Genotyping Five CxC Litters Confirms SPTBN4 Deletion as the 
Likely Culprit 
We genotyped five CxC litters for the 16-bp deletion which had at least two piglets 
(range 2–6) that died within the first 48 h after birth. The five litters produced 53 
piglets of which 19 were homozygous for the 16 bp deletion (Table 7.4). All 19 
homozygous piglets died within 48 h after birth (18 within 24 h). From the 34 
remaining piglets (8 wild type, and 26 carriers), only 1 died within 48 h, likely caused 
by other (environmental) factors. 
 
Table 7.4 Genotyping of the likely causal 16-bp SPTBN4 frameshift deletion in five carrier-by-
carrier litters. The sum per genotype class is indicated in bold. All animals homozygous for the 
deletion died within 48 h after birth.  

Litter ID # Genotyped progeny # Wild type # Deletion carrier # Homozygotes 

1 12 3 5 4 

2 12 0 8 4 

3 11 0 5 6 

4 8 1 5 2 

5 10 4 3* 3 

SUM 53 8 (15.1%) 26 (49.1%) 19 (35.8%) 

*One piglet died within 24 h after birth. 
 
7.3.4 Piglets Homozygous for the SPTBN4 Deletion Suffer From 
Myopathy and Hind Limb Paralysis 
We monitored one recent CxC litter (farrowing date: April 28th2019) that produced 
six healthy, two affected (samples: 9912, 9916) (Figure 7.2A), and three stillborn 
piglets. We confirmed the homozygous SPTBN4 deletion status for the two affected 
piglets (Table S2). Moreover, we observed four heterozygous carriers and two 
homozygous wild type piglets among the healthy individuals. One of the stillborn 
piglets (sample: 9921) was also homozygous for the deletion, while the other two 
were heterozygous. The affected piglets suffer from extreme muscle weakness 
(Figures 7.2B, 7.2C), paralysis of the hind limbs, and tremors (S1 Video). Hence, the 
piglets were unable to walk or drink. 
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Figure 7.2 (A) Two affected piglets (alive) together with six healthy littermates. The piglets 
derive from one CxC mating farrowed on 28th of April 2019. (B) Affected male piglet 
9912. (C) Affected female piglet 9916. 
 
7.3.5 Affected Piglets Lack Cross Striations in the Dorsal and Hind 
Limb Skeletal Muscles 
Histopathological examination revealed scattered degeneration of muscle fibers in 
both piglets, and focally necrosis and vasculitis in the dorsal muscle in one of the 
piglets (ID = 9912). Moreover, phosphotungstic acid hematoxylin (PTAH) staining 
shows divergent coloring of the skeletal muscle fibers, indicating decrease of cross-
striations, particularly in the muscles of the dorsal and hind legs of the affected 
animals (Figure 3B), while the front legs seem unaffected (Figure 7.3A). The decrease 
of cross striations is indicated by abnormal coloring and general loss in volume of 
muscle fibers (Figure 7.3B). The histopathologically observed changes in the hind legs 
and in the dorsal muscles are indicative for muscular dystrophy. 
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Figure 7.3 (A) Cross-sectional view of a skeletal muscle from the front leg. The black arrow 
indicates normal coloring (dark) of muscle fibers indicating presence of cross-striations. PTAH 
Bar  =  50 µm. (B) Cross-sectional view of a skeletal muscle from the hind leg. The black arrow 
indicates abnormal coloring (pink) of muscle fibers indicating lack of cross-striations. The 
yellow arrow indicates normal coloring and presence of cross-striations. PTAH Bar  =  50 µm. 
 
7.4 Discussion 
In this work we report a novel congenital defect causing piglet mortality likely due to 
a 16 bp frameshift deletion in the SPTBN4 gene. The piglets suffer from extreme 
muscle weakness (myopathy) and die within a few hours after birth. The deletion is 
expected to confer a complete loss-of-function of the spectrin beta, non-erythrocytic 
4 protein. SPTBN4 is a member of the family of spectrin genes and is required for ion 
channel clustering at the nodes of Ranvier, affecting action potential (Devaux 2010). 
Mutations disrupt the cytoskeletal machinery that controls proper localization of ion 
channels and function of axonal domains mainly at the axon initial segments (AIS) 
and the nodes of Ranvier (Wang et al. 2018). More specifically, the affected C-
terminal domain of SPTBN4 is crucial for KCNQ2 channel trafficking and excitability 
at nodes of Ranvier (Devaux 2010). 
 
Subsequent follow-up research identified human and mouse cases that indicated 
that the ensuing syndrome would likely not prove to be immediately lethal, but 
rather confer severe myopathy. By medium-density SNP genotype data, available for 
all animals in the breeding population (N = 31,839), carriers could be identified. 
Among those carriers was a sow that was approximately mid-term in pregnancy at 
the time of identification, sired by a boar that was also carrier. The breeding farm 
was notified to document the litter at birth. The observed phenotype of the affected 
piglets (myopathy, hind limb paralysis, tremors) was completely congruent with 
what was observed in human patients with homozygous loss-of-function or 
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compound heterozygous mutations in the SPTBN4 gene (OMIM: 606214). Two of the 
human patients have loss-of-function mutations within the PH domain (Wang et al. 
2018), supporting that a loss of the PH domain in pigs would likely lead to a complete 
loss-of-function of the SPTBN4 protein. In human, similar mutations lead to severe 
congenital myopathy caused by the absence of muscle type I fibers, neuropathy, and 
deafness (Knierim et al. 2017; Wang et al. 2018). Wang et al. (2018) also observed 
motor axonal neuropathy in several patients characterized by congenital hypotonia, 
profound weakness, and loss of deep tendon reflexes by early childhood. Moreover, 
nerve biopsies revealed reduced nodal Na+ channels and no nodal KCNQ2 K+ 
channels, revealing the molecular pathology causing nervous-system dysfunction. 
Therefore, we conclude that this frameshift variant is the likely causal mutation 
leading to the observed phenotype and depletion of the homozygous genotype in 
the population. Future studies could focus on making an in vivo knockout of 
the SPTBN4gene in pig, to study the syndrome and associated phenotype in more 
detail. 
 
We did not observe degeneration of muscle fibers in the front legs, while the dorsal 
and hind leg muscle fibers were clearly affected. This observation could partly 
explain the hind limb paralysis, while the front legs are not affected. The discrepancy 
between front and hind legs muscle fibers has also been described in quivering mice, 
in which SPTBN4 loss-off-function mutations cause motor neuropathy, hind limb 
paralysis, tremors, and central deafness (Parkinson et al. 2001; Komada and Soriano 
2002). Parkinson et al. (2001) describe reduced nerve-conduction velocities in sciatic 
nerves of mice with quivering alleles causing the peripheral hind limb neuropathy. 
Expression of SPTBN4 in mice is restricted to the brain, spinal cord, and sciatic nerves 
and not observed in skeletal muscle, so this disease is primarily a neuronal defect. 
Overall it remains unclear which mechanism causes the absence of symptoms in the 
forelimbs. This “natural knockout” in pigs can be a useful resource to study the 
human disease, as pigs are usually a better model to study human disease compared 
to rodent species. Moreover, the consequence of the loss of SPTBN4 function can be 
studied in more detail. 
 
The effective population size (Ne) of the breed under study is estimated to be around 
100 (Hidalgo et al. 2016). In animal breeding, low Ne increases the risk that 
detrimental alleles rise in frequency by chance. Moreover, previous studies have 
shown that recessive lethal alleles can be driven by advantageous effects in 
heterozygotes (Derks et al. 2018; Matika et al. 2019). Matika et al., 2019 found a 
recessive stop-gained mutation in the MSTN gene associated with a major increase 
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in muscle depth in heterozygotes. However, we find no evidence for any 
heterozygous advantage in our study. With the current genomic techniques we can 
now identify deleterious alleles drifting to higher frequencies, and monitor the 
emergence of novel deleterious alleles accurately, allowing more effective purging. 
Moreover, the result of this type of study will greatly improve the consciousness of 
“hidden” genetic defects at both the breeder and farmer level. Without any prior 
information, rare birth defects are often recorded as “weak piglet.” And without any 
further distinction of specific syndromes, further action is not possible. In most cases 
it is unknown if there is a genetic basis, or that there may be other confounding 
effects. With prior genomic information, the syndrome can be identified, compared 
to other cases, and carriers identified, leading to actionable information. 
 
Piglet mortality is of high economic and animal welfare importance. Hence, the 
discovery of the SPTBN4 mutation has led to immediate implementation in the 
breeding program to minimize the frequency of carrier-by-carrier matings. This 
enables to avoid the birth of affected individuals, thereby improving animal welfare 
and reducing economic losses. 
 
7.5 Conclusion 
In this study we report a novel congenital defect likely caused by a recessive 
frameshift deletion in the SPTBN4 gene in pigs. The findings are supported by striking 
similarities to SPTBN4 associated syndromic phenotypes in humans and mice. The 
study allows to monitor and purge the deleterious allele from the population. 
Carrier-by-carrier crosses can be prevented, precluding affected individuals, thereby 
reducing economic losses, and improving animal welfare. Finally, these “natural 
knockouts” obtained in the breeding industry can provide a model for human disease 
and increase our understanding of gene function within the mammalian clade, and 
provide a potential model for human disease. 
 
7.6 Ethics statement 
Ethical review and approval was not required for the animal study because the data 
used in this study has been obtained as part of routine data collection from Topigs 
Norsvin breeding programs, and not specifically for the purpose of this project. 
Therefore, approval of an ethics committee was not mandatory. Sample collection 
and data recording were conducted strictly according to the Dutch law on animal 
protection and welfare (Gezondheids- en welzijnswet voor dieren). Written 
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Abstract 
 
The genotype-phenotype link is a major research topic in the life sciences, but 
remains highly complex to disentangle. Part of the complexity arises from the 
polygenicity of phenotypes, in which many (interacting) genes contribute to the 
observed phenotype. Genome wide association studies have been instrumental to 
associate genomic markers to important phenotypes. However, despite the vast 
increase of molecular data (e.g. whole genome sequences), pinpointing the causal 
variant underlying a phenotype of interest is still a major challenge, especially due to 
high levels of linkage disequilibrium.  
In this study we present a method to prioritize genomic variation underlying traits of 
interest from genome wide association studies in pigs. First, we select all sequence 
variants associated with the trait. Subsequently, we prioritize variation by utilizing 
and integrating predicted variant impact scores, gene expression data, epigenetic 
marks for promotor and enhancer identification, and associated phenotypes in other 
(well-studied) mammalian species. The power of the approach heavily relies on 
variant impact scores, for which we used pCADD, a tool that can assign scores to any 
variant in the genome including those in non-coding regions. Using our methodology, 
we are able to substantially narrow down the list of potential causal candidates from 
any association result. We demonstrate the efficacy of the tool by reporting known 
and novel causal variants, of which many affect (non-coding) regulatory sequences 
associated with important phenotypes in pigs.  
This study provides an approach to pinpoint likely causal variation and genes 
underlying important phenotypes in pigs, accelerating the discovery of new causal 
variants that could be directly implemented to improve selection. Finally, we report 
several pathways and molecular mechanisms affecting important phenotypes in pigs 
that can be transferred to human phenotypes. 
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8.1 Introduction 
Closing the gap between genotype and phenotype is a major goal in many life 
sciences, but remains extremely challenging (Gjuvsland et al. 2013). Part of the 
complexity arises from the polygenicity of phenotypes, in which many (interacting) 
loci contribute to the observed phenotype. Genome wide association studies 
(GWAS) have been instrumental to associate genomic markers to important 
phenotypes reported as quantitative trait loci (QTL), and to get a better grip on the 
biology of the traits (Schaid et al. 2018). However, the resolution of GWAS is limited 
by the correlation between neighbouring markers in linkage disequilibrium (LD). 
Hence, unravelling the molecular drivers underlying phenotypes of interest requires 
the identification of the actual causal variants (Gallagher and Chen-Plotkin 2018), 
which often reside in the noncoding regions of the genome, in particular in predicted 
transcriptional regulatory regions (Ponting and Hardison 2011).  
 
In human genetics, a combination of statistical fine-mapping methods and 
expression QTL (eQTL) studies are used to further narrow down the list of candidate 
causal variants (Cannon and Mohlke 2018). Further functional annotation, facilitated 
by large consortium efforts like the Encyclopedia of DNA Elements (ENCODE, 
(ENCODE 2012)), is used to prioritize variants based on likelihood of affecting a 
regulatory region, affecting gene expression. Despite this effort, identifying the 
causal variant remains difficult, partly because of the fundamental complexity of 
phenotype-genotype relations, in which also the environment plays an important 
role.  
 
Also in livestock, economically important phenotypes are typically determined by a 
very large set of variants each explaining a small fraction of the phenotypic variation. 
However, for many trait there are also some QTLs explaining a larger fraction (>1%) 
of the variation. For such larger QTLs it is of interest to identify the underlying causal 
variation. Due to intense selection, the effective population size (Ne) of most 
livestock populations is small (Hall 2016). This often leads to extended LD, comprising 
up to millions of basepairs (Mb) in length, especially in regions with low 
recombination rates (Veroneze et al. 2013). High LD yields an additional layer of 
complexity to fine-map GWAS results in livestock populations, and the use of 
crossbreeding to break down the LD is a costly, labor-intensive and time-consuming 
procedure to fine map the QTL region. On the contrary, livestock populations are less 
confounded by population stratification (i.e. ancestry differences between cases and 
controls), which can be a major factor in human GWAS studies (Hellwege et al. 2017).  
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Similar to human, further functional genomic information could help to prioritize the 
variants underlying the phenotypes of interest in livestock (Ron and Weller 2007). 
However, in pigs, the level of functional genomics information is limited. Fortunately, 
recent advances have been achieved in pigs by the publication of the pig Combined 
Annotation-Dependent Depletion (pCADD) tool (Gross et al. 2019), providing impact 
scores of any nucleotide substitution in the pig genome. CADD was developed to 
score variants with respect to their putative deleteriousness to prioritize potentially 
causal variants in genetic studies (Rentzsch et al. 2019). This tool is frequently used 
to score variants in human GWAS studies (Cannon and Mohlke 2018). Subsequently, 
other species-specific CADD tools were developed (Gross et al. 2018). The tool scores 
the deleteriousness (or functional impact) of single nucleotide variants (SNPs), and 
is built on many layers of annotations including sequence context, conservation 
scores, gene expression data, non-synonymous mutation scores, and epigenomic 
data, if available for the investigated species.  
 
Pig populations have been under a long-term biological experiment by animal 
breeders that use genomic selection to constantly improve their stock (Knol et al. 
2016). In general, genomic selection uses a variant panel on a chip to associate 
regions in the genome with important traits. This variant panel is distributed across 
the genome and allows within-population genetic variation to be captured 
(Meuwissen et al. 2001). However, genomic selection uses the genome as a “black 
box”, as the SNPs on the chip are mostly not causal, but genetically linked to the 
actual causal variants and genes (Habier et al. 2013). Therefore, the efficacy of 
genomic selection can be substantially improved by adding new genetic markers 
comprising the actual causal variation (Goddard et al. 2016), providing insight in the 
exact molecular drivers involved in the selection.  
 
The objective of this study is to bridge the genotype-phenotype gap in pig 
populations by pinpointing causal variants that are selected by genomic selection. 
More specifically, we will demonstrate that pCADD scores can be used to identify 
causal variants underlying GWAS peaks and QTLs. Being able to identify causal 
variants will have major implications for genomic selection, and provides insights 
into the molecular biology and pathways affecting important phenotypes in pigs, 
that can be transferred to human phenotypes. 
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8.2 Results 
 
8.2.1 Genome wide association studies in four elite pig populations 
reveal many QTLs affecting production, reproduction, and health 
We analysed large-scale genotype and phenotype data in four purebred pig 
populations: two boar breeds of Duroc and Synthetic origin, and two sow breeds of 
Landrace and Large White origin. In pigs, selection takes place on the purebred 
populations, while the final production animals are derived from three-way crosses. 
First, crossbred sows are created from populations selected for high reproductivity 
and mothering abilities, which are subsequently crossed with a population especially 
selected for meat production traits. The examined traits can be grouped in three 
classes: (1) traits focusing on carcass and meat quality, including backfat, 
intramuscular fat, and growth; (2) reproduction traits, mainly focusing on litter size, 
number of liveborn, survival, and mothering abilities; and (3) health and welfare 
traits including disease resistance, osteochondrosis, umbilical hernia, and other 
conformation traits. A total of 129,336 animals with 552,000 imputed SNPs were 
subjected to a GWAS analysis for 83 traits. The analysis revealed a large set of QTL 
regions with a genome-wide association significance threshold of -log10(p)>6.0, and 
significant associations were observed for the majority of examined traits. The ‘lead’ 
SNP that showed the strongest association signal is used as a starting point for 
further analysis.  
 
8.2.2 A pipeline for integrating pCADD scores and functional 
information to rank sequence variants 
 
8.2.2.1 pCADD scores all possible substitutions from the Sscrofa11.1 pig 
reference genome. 
Our approach first relies on the lead SNP from a significant GWAS peak to extract 
sequence variants that are in high LD (r2>0.7). The whole-genome sequence variants 
are extracted from a total of 428 animals (Duroc: 101, Synthetic: 71, Landrace: 167, 
Large White: 89), sequenced to an average depth of 11.82. Next, we assigned pCADD 
scores to each sequence variant in high-LD with the lead SNP, to prioritize them on 
their likely impact. The sequence variants were assigned to a functional class using 
the Ensembl Variant Effect Predictor (VEP, release 98) (McLaren et al. 2016). The 
distribution of the pCADD scores for a set of variants depends on their functional 
class, and non-coding variants have on average lower scores compared to coding 
variants. The quantiles and further class statistics for the pCADD scores are 
presented in Table S1. In addition, three liver histone modification datasets were 
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used (for modifications H3K27Ac and H3K4me3) to mark variation overlapping with 
regulatory sequences, including likely active promoter and enhancer elements in pig 
liver tissue (Villar et al. 2015).  
 
8.2.2.2 Phenotype and pathway information provides further evidence of 
gene causality 
Functional annotations, including pathways and gene-ontology information for the 
examined pig genes associated with the top-ranked variants were extracted from the 
Uniprot database (UniProt 2019). Moreover, we extracted associated phenotypes 
from orthologous genes from the Ensembl database for human (Homo sapiens), 
mouse (Mus musculus), and rat (Rattus norvegicus). The phenotypes are mainly 
based on (disease) association studies in human, and gene-knockouts in mouse and 
rat (Zerbino et al. 2018). A complete overview of the pipeline is presented in Figure 
8.1.    
 
8.2.2.3 Gene expression information allows identification of possible 
expression quantitative trait loci 
The combination of genotype and gene expression data provides an additional layer 
of evidence to find causal variation, as differences in expression of genes can be 
associated with a variant (expression quantitative trait loci; eQTL). In this study we 
use 59 RNA-sequenced samples (van Son et al. 2017b) from Landrace (n=34) and 
Duroc (n=25) to test for differential expression between the genotype classes 
(homozygous reference, heterozygous, homozygous alternative) to associate the 
expression of genes with the genotypes. The samples were sequenced from testis 
tissue and further details about the sequenced samples and alignment depth are 
provided in Table S2. The combination of epigenomic marks (liver) and gene-
expression data (testis) can, on top of the pCADD scores, facilitate in the discovery 
of functional variants.   
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Figure 8.1 Pipeline overview. The pipeline takes the result of a GWAS as input (lead SNP) and 
identifies SNPs from WGS data that are in high LD with the lead SNP. Subsequently, the 
variants are prioritizes based on impact scores (pCADD), open chromatin information (liver), 
and gene expression (if available). The pipeline outputs a final list of candidate causal variants 
for each trait of interest, ranked on its likely importance.   
 
8.2.3 Accelerated discovery of potential causal variants from GWAS 
results 
To demonstrate the utility of our approach we first analysed several QTL regions with 
known causal variants reported in literature. This list includes a missense mutation 
in MC4R affecting production traits (Kim et al. 2000), a promoter variant affecting 
number of teats in the VRTN gene (van Son et al. 2019), and a missense mutation 
affecting meat quality in PRKAG3 (Milan et al. 2000). The method returned the causal 
variant as top ranked for both the MC4R missense mutation (Text S1, Figure S1) and 
the VRTN promoter variant (Text S2, Figure S2, Table S4), despite the fact that 
hundreds of variants were found in LD with the lead SNP.  
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The mutation identified by Milen et al (2000) does not segregate in our sequenced 
animals, however, we identified another missense variant (15:g.120865869C>T) in 
the PRKAG3 gene likely affecting meat quality in both boar breeds (Figure 8.2), as 
described by UImari et al. 2014 (Uimari and Sironen 2014). The causal missense 
variant is highlighted in green, and the lead SNP in the GWAS results in blue in Figure 
8.2B. The variant substitutes glutamic acid for lysine (ENSSSCP00000030896: 
p.Glu47Lys) and is segregating at a frequency of approximately 20%, and 36% in 
Synthetic and Duroc, respectively (Table S5). PRKAG3 regulates several intracellular 
pathways, including glycogen storage (Essen-Gustavsson et al. 2011). The specific 
isoform (ENSSSCT00000036402.2) affected by the Glu47Lys missense mutation has 
a role in the metabolic plasticity of fast-glycolytic muscle and is primarily expressed 
in white skeletal muscle fibers (Mahlapuu et al. 2004). Gain of function mutations in 
the PRKAG3 gene have been correlated with increased glycogen content in skeletal 
muscle in pig, negatively affecting meat quality (Ciobanu et al. 2001). The Lys47 
variant likely causes a gain-of-function of the 5'-AMP-activated protein kinase 
subunit gamma-3 enzyme, resulting in increased glycogen content causing lower 
water holding capacity resulting in low meat quality.  
 
8.2.4 Large scale analysis reveals several novel variants with 
pleiotropic effects on important phenotypes 
 
8.2.4.1 Promoter variants in the HMGA1 and HMGA2 genes affects fat 
deposition and growth in pigs. 
A strong QTL on chromosome 7 affects backfat, intramuscular fat, growth, feed 
intake and loin depth in Duroc (Figure 8.3A). The lead SNP in the GWAS result is 
located at position 7:30,116,227 with a -log10(p) > 20 for backfat, feed consumption, 
and intramuscular fat (Figure S4). The analysis returns 485 variants in high LD with 
the lead SNP (Figure 8.3B). The two variants with highest pCADD scores are 
annotated upstream of the HMGA1 gene, 566 bp apart (Figure 8.3B, Table S6). Both 
mutations are in the promoter region of the HMGA1 gene, supported by signals on 
the H3K4me3 and H3K27Ac histone marks (Figure S5). The A allele, segregating at 
36% allele frequency, is associated with less backfat, faster growth, but also smaller 
loin and decreased intramuscular fat. We evaluated the expression of the HMGA1 
gene in twenty samples for which both genotype and gene expression, as normalized 
fragments per kilobase per million (FPKM), were available within the three genotype 
classes GG, AG, and AA. The A allele causes increased expression of the gene in an 
additive manner (P=0.041, Figure S6) and suggests that increased expression of the 
HMGA1 gene positively affects backfat and growth, but decreases intramuscular fat.  
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In addition, we find two variants affecting the promoter region of the HMGA2 gene, 
to be associated with less backfat in the Synthetic breed (Table 8.1, Table S7). Both 
HMGA1 and HMGA2, part of the High Mobility Group A gene family, are well-known 
genes to affect growth and stature in pigs (Kim et al. 2006; Hong et al. 2015; Chung 
et al. 2018), but no causal variant has been reported thus far. Our results suggest 
that the causal variants for both genes are regulatory variants.   
 
8.2.4.2 A novel missense mutation in SCG3 likely to affect backfat and 
growth rate 
A strong QTL on chromosome 1 affects backfat, intramuscular fat, and drip loss in 
the Synthetic breed (Figure 8.4A). The lead SNP in the GWAS result is located at 
position 1:115,884,118. The analysis returns 874 variants in high LD with the lead 
SNP (Table S8). The SNP with the highest pCADD score (1:g.120074006G>A), a single 
missense variant affecting the SCG3 gene is identified as the likely culprit (Figure 
8.4B). The variant substitutes a threonine for a methionine at position 386 in the 
Secretogranin-III protein (ENSSSCP00000044507:p.Met386Thr). The Met386 allele is 
associated with increased intramuscular fat, more backfat and lower meat quality. 
Several variants affecting the SCG3 gene have been associated with obesity in human 
(Tanabe et al. 2007), supporting its likely causality for the fat-associated phenotypes 
in pigs.  
 
8.2.4.3 A novel missense mutation in COPS4 likely to affect backfat and 
growth rate 
A QTL on chromosome 1 affects growth and backfat in the Duroc breed (Table 8.1). 
The lead SNP in the GWAS result is located at position 1:265,017,724. The analysis 
returns 706 variants in high LD with the lead SNP (Table S9). The second pCADD-
ranked SNP (1:g.263595807G>T), a single missense variant affecting the COPS4 gene 
is identified as likely causal. The variant substitutes an alanine for an aspartic acid at 
position 252 in the COP9 signalosome complex subunit 4 protein 
(ENSSSCP00000056478:p.Ala252Asp). The Asp252 allele is associated with less 
backfat and slower growth. Variants affecting COPS4 have been associated with 
increased body weight in mice (Blake et al. 2017).  
 
8.2.4.4 Balancing selection for causal variants in the breeding program 
Several identified variants exhibit pleiotropic effects for important selection traits, 
e.g. variants affecting HMGA1, SCG3, COPS4, and MC4R (Table 8.1). Variants that 
positively affect backfat often have negative consequences for growth, while 
variants that positively affect intramuscular fat often show detrimental effects on  
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meat quality. The observed pleiotropic effects cause the variants to be under 
balancing selection in the breeding program, preventing population fixation of 
individual variants underlying strong QTL regions.     
 
8.2.5 Variants affecting production and meat quality traits enriched 
for specific molecular mechanisms 
 
8.2.5.1 Genes affecting meat quality involved in muscle glycogen storage    
We identified several candidate causal variants that affect meat quality. Especially in 
the Synthetic breed we find 26 loci significantly associated with drip loss (-log10(p) > 
6), a meat quality trait that measures the water holding capacity of the meat (Figure 
8.5). The top ranked pCADD-scored genes show a strong enrichment for pathways 
involved in glycogen synthesis and storage (Table 8.1). Increased levels of muscle 
glycogen leads to increased drip loss, negatively affecting meat quality (Rosenvold et 
al. 2001). Examples of such variants include two regulatory variants affecting the 
MEF2C and GBE1 genes. MEF2C knockout mice accumulate glycogen in their muscles 
(Anderson et al. 2015), while GBE1 codes for a glycogen branching enzyme 
associated with glycogen storage disease, if mutated (Froese et al. 2015). Moreover, 
we identify two missense variants affecting the NEU3 (ENSSSCP00000034065:p. 
Pro419Ser) and MAP1A (ENSSSCP00000005070:p.Gly1904Ser) genes, both directly 
involved in the glycogen deposition (Halpain and Dehmelt 2006; Yoshizumi et al. 
2007).  

 
Figure 8.5 Manhattan plot for drip loss in the Synthetic breed. The figure shows significant loci 
and likely causal genes identified.    
 
8.2.5.2 Genes affecting growth and fat deposition traits are involved in 
energy metabolism and adipogenesis 
We identified several likely causal variants and genes affecting other important 
production traits (Table 8.1). The top-ranked genes are enriched in energy reserve 
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metabolic processes, glycogen metabolic process, regulation of lipid biosynthetic 
process, and homeostasis (Table S10). More specifically, two identified regulatory 
variants in the SOD1 and PRKCE genes likely affect backfat. SOD1 is involved in 
glucose metabolism, and prevents oxidative damage associated with obesity (Liu et 
al. 2013), while mutations in PRKCE decrease the amount of body fat (Castrillo et al. 
2001). Furthermore, we identified one regulatory variant in the CACUL1 gene 
affecting intramuscular fat. This gene inhibits adipogenesis via the peroxisome 
proliferator-activated receptor γ (PPARγ) (Jang et al. 2017). In addition, two missense 
variants affect intramuscular fat via the LNPEP (ENSSSCP00000051249:p.Leu334Ser) 
and ABCA12 (ENSSSCP00000058038:p.Gly1693Cys) genes. LNPEP attenuates diet-
induced obesity in mice through increased energy expenditure, and decreases the 
amount of adipose tissue (Niwa et al. 2015), while the ABCA12 gene plays an 
important role in lipid transport, affecting carcass fat content in pigs (Piorkowska et 
al. 2014). We further identified regulatory variants in the NR1H3, NR1H4, and PRCP 
genes, all likely affecting growth (Table 8.1). NR1H3 and NR1H4 are paralogous genes 
both involved in lipid homeostasis (Sinal et al. 2000; Zhang et al. 2016a), while 
reduced levels of PRCP expression promote obesity by regulating the α-melanocyte-
stimulating hormone (α-MSH) that regulates feeding behaviour. Finally, we found a 
missense variant in the SLC46A1 gene associated with increased intramuscular fat 
(ENSSSCP00000020843:Gly131Arg) in pigs, known to affect glucose and fat levels in 
knockout mice (Blake et al. 2017).  
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8.3 Discussion 
The aim of this study was to prioritize variants associated with important traits in 
pigs. The variants are ranked based on pCADD scores, and possibly further supported 
with respect to their function by epigenetic marks and gene expression data. The 
method is especially relevant because genomic variation underlying phenotypic 
variation mostly affects the non-coding part of the genome (Ponting and Hardison 
2011), and GWAS results often point to regions outside gene boundaries (Bartonicek 
et al. 2017). With the publication of the pCADD scores (Gross et al. 2020), a powerful 
resource is now available to rank any possible substitution variant in the genome 
based on the likelihood of being functional. This is a major step forward in livestock, 
as thus far only variation in the coding region could be scored. On top of the pCADD 
scores, we use epigenomics and gene expression data to annotate regulatory 
sequences and associate gene expression to the trait of interest. In human, many 
transcriptomic and epigenomic marks have already been incorporated in the CADD 
scores (Rentzsch et al. 2019). However, the pCADD scores are built on far less (epi)-
genomics data, but with the accumulation of functional genomic data in pigs (Giuffra 
et al. 2019), these pCADD scores will further improve.  
 
Livestock populations generally have small effective population sizes (Ne: 50-200), 
far less compared to e.g. human (Ne ~ 10,000), leaving much longer blocks of variants 
in high LD. This high level of LD increases the power to detect QTL regions, even with 
relatively low SNP density. However, within large LD blocks, many variants will be 
associated, and a thorough variant prioritization should be performed to point to 
likely causal variants within the (often) large variant set. For example, the LD block 
for number of teats in Landrace spans about 1.8 Mb, leaving many thousands of 
variants in linkage, which increases the level of noise and hampers the detection of 
the causal variant. Nevertheless, in Large White and Duroc, which have smaller LD-
blocks (100-500 kb), the causal VRTN promoter SNP is among the top SNPs. In that 
sense, integrating the results from multiple breeds provides additional power to 
further narrow down the list of candidates, assuming that the same causal variant is 
segregating, but likely with a very different underlying haplotype structure. This 
example shows that the tool can be very powerful to prioritize variants, but with a 
trade-off for the level of LD, increasing the noise if many thousands of variants are 
in linkage.  
 
Although the development of genomic selection has revolutionized the world of 
animal breeding, the lack of functional genomic information currently limits further 
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development (Georges et al. 2019). The framework and associated pCADD scores 
provided within this study will accelerate the discovery of new functional variants, 
which can be directly implemented in genomic selection by adding the causal 
variants to the selection chip used for genomics selection. Moreover, the results 
provide further knowledge of the biological pathways associated with important 
phenotypic variation in livestock. For this, the (functional) genome annotation in 
livestock genomes is still of too low quality compared to other well-studied 
mammalian species (Giuffra et al. 2019). Therefore, using annotations from human, 
mice, and rat will often provide more detailed information on gene function, 
pathways, and associated genes compared to the pig annotation itself.  
 
The populations under study provide an interesting framework to study common 
pathways and molecular mechanisms involved in comparable phenotypes between 
pig and human. For example, we report the GBE1 gene affecting meat quality in pigs 
by accumulating glycogen in the muscle, a gene associated with glycogen storage 
disease in human (Bao et al. 1996). Moreover, several of the identified genes 
affecting growth and fat deposition traits in pigs are involved in energy metabolism, 
glucose homeostasis, and adipogenesis, often associated with metabolic disease in 
human (e.g. HMGA1, SCG3 genes). In human, however, environmental factors play a 
very large role in the formation of metabolic disease, while in pigs the animals are 
kept under relatively stable conditions, which could make the pig an ideal model to 
study the effects of specific genic variants on these analogous phenotypes (Perleberg 
et al. 2018). Pig breeding has led to extreme changes in animal production and 
efficiency, with very little negative consequences on health (Knol et al. 2016). This 
remarkable robustness of the animals, and the molecular mechanisms involved, 
could help to understand metabolic disease in human. Finally, our study implicates 
that, despite the complexity of pathways, there are several key entry points (i.e. 
genes) with a large effect on specific phenotypes in pigs, likely to be similar in human. 
Understanding these ‘key’ genes, and how they function together would further help 
to unravel the (molecular) consequences of genomic selection. 
 
8.4 Conclusion 
This study integrates pig CADD scores and various sources of functional data to 
provide a framework to pinpoint causal variation associated with important 
phenotypes in pigs. We demonstrate our method by identifying novel causal 
mutations or substantially narrow down the list of potential causal candidates in 
various strong QTL regions, affecting both production and reproduction traits. The 
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new regulatory variants can be utilized directly in the breeding program to improve 
selection substantially, and to better understand the biology and molecular 
mechanisms underlying the selection traits. Finally, the pig populations under study 
provide an interesting framework to study common pathways and molecular 
mechanisms involved in analogous phenotypes between human and pig. 
 
8.5 Methods 
 
8.5.1 Ethics statement 
Samples collected for DNA extraction were only used for routine diagnostic purpose 
of the breeding programs, and not specifically for the purpose of this project. 
Therefore, approval of an ethics committee was not mandatory. Sample collection 
and data recording were conducted strictly according to the Dutch law on animal 
protection and welfare (Gezondheids- en welzijnswet voor dieren). 
 
8.5.2 Genotype data and breeds 
The dataset consists of 15,791 (Duroc), 28,684 (Synthetic), 36,956 (Large White), and 
41,865 (Landrace) animals genotyped on the (Illumina) Geneseek custom 50K SNP 
chip with 50,689 SNPs (50K) (Lincoln, NE, USA) and imputed to the Axiom porcine 
660K array from Affymetrix (Affymetrix Inc., Santa Clara, CA, United States). The 
chromosomal positions were determined based on the Sscrofa11.1 reference 
assembly (Warr et al. 2019). SNPs located on autosomal chromosomes were kept for 
further analysis. Next, we performed per-breed SNPs filtering using following 
requirements: each marker had a MAF greater than 0.01, a call rate greater than 
0.85, and an animal call rate > 0.7. SNPs with a p-value below 1x10-12 for the Hardy-
Weinberg equilibrium exact test were also discarded. All pre-processing steps were 
performed using Plink v1.90b3 (Purcell et al. 2007). 
 
8.5.3 Phenotypes 
The phenotypes consisted of 1,360,453 records of purebred and crossbred offspring 
of genotyped animals from four lines of different origin: Duroc, Synthetic, Landrace, 
Large White.  
 
8.5.4 Genome wide association study 
A single SNP GWAS was performed with the software ASReml (Gilmour et al. 2009) 
by applying the following model: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑤𝑤 = 𝜇𝜇 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 + 𝑎𝑎𝑗𝑗 + 𝑒𝑒𝑖𝑖𝑖𝑖  
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where DEBV ij is the DEBV (deregressed estimated breeding value) for genotyped 
animal j, μ is the overall DEBV mean of the genotyped animals, SNPi is the genotype 
of the SNP i coded as 0, 1 or 2 copies of one of the alleles, aj is the additive genetic 
effect and eij the residual error. The weighting factor w was used in the GWAS to 
account for differences in the amount of available information on offspring to 
estimate DEBV (Garrick et al. 2009). Association results were considered significant 
if -log10(p) > 6.0. 
 
8.5.5 Population sequencing and mapping 
Sequence data was available for 101 (Duroc), 71 (Synthetic), 167 (Landrace), and 89 
(Large White) animals from paired-end 150 bp reads sequenced on Illumina HiSeq. 
The sequenced samples are frequently used boars, selected to capture as much as 
possible of the genetic variation present in the breeds. The coverage ranges from 6.6 
to 22.2, with an average coverage of 11.82 (Table S12). FastQC was used to evaluate 
read quality (Bioinformatics 2011). BWA-MEM (version 0.7.15, (Li and Durbin 2009)) 
was used to map the WGS data to the Sscrofa11.1 reference genome. Samblaster 
was used to discard PCR duplicates (Faust and Hall 2014), and samtools was used to 
merge, sort, and index BAM alignment files (Li et al. 2009).  
 
8.5.6 Variant discovery functional class annotation 
Freebayes was used to call variants with following settings: --min-base-quality 10 --
min-alternate-fraction 0.2 --haplotype-length 0 --ploidy 2 --min-alternate-count 2 
(Garrison and Marth 2012). Post processing was performed using bcftools (Li et al. 
2009). Variants with low phred quality score (<20), low call rate (<0.7) and variants 
within 3 bp of an indel are discarded, leaving a total of 21,648,132 (Landrace), 
23,667,234 (Duroc), 23,286,212 (Synthetic), and 25,709,552 (Large White) post-
filtering variants, respectively. The average per variant call rate is above 98% for all 
breeds and the ratio transitions to transversions is between 2.33-2.35 (Table S11). 
Variant (SNPs, Indels) annotation was performed using the Variant Effect Predictor 
(VEP, release 97) (McLaren et al. 2016). 
 
8.5.7 pCADD scores 
pCADD scores were retrieved from Gross et al (2019). Visualization of pCADD scores 
was performed using JBrowse 1.16.6 (Skinner et al. 2009). Integration of sequence 
variants with pCADD score was performed using PyVCF (Casbon 2012). pCADD 
scores, partitioned per chromosome, compressed via bgzip and tabix indexed for fast 
access, can be downloaded following this link (~5GB-1GB): 
http://www.bioinformatics.nl/pCADD/indexed_pPHRED-scores/, and scripts to use 

http://www.bioinformatics.nl/pCADD/indexed_pPHRED-scores/
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these scores to annotate SNPs can be found here: 
https://git.wur.nl/gross016/pcadd-scripts-data/.  
 
8.5.8 Promoter and enhancer elements from ChipSeq data.  
We retrieved three H3K27Ac, and three H3K4me3 libraries (ArrayExpress accession 
number: E-MTAB-2633) from liver tissue from three male pig samples described by 
Villar et al. 2015. Data was aligned using BWA-mem (Li and Durbin 2009) and 
visualized in JBrowse (Skinner et al. 2009). Coverage information on variant sites was 
obtained using PyVCF (Casbon 2012) and the PySAM 0.15.0 package. 
 
8.5.9 Phenotypes and gene ontology. 
Phenotype information from genes orthologous to pig in human, mouse, and rat 
were retrieved from the Ensembl database ((Hunt et al. 2018), release 97) using a 
custom bash script. Gene ontology and pathway information was obtained from the 
UniProt database (UniProt 2019).  
 
8.5.10 RNA-sequencing and differential expression 
We used 25 Duroc and 34 Landrace RNA-sequenced boars selected based on high 
and low sperm DNA fragmentation index, a measure of well packed double-stranded 
DNA vs single-stranded denatured DNA, which is an important indicator of boar 
fertility (van Son et al. 2017b). The boars were all born in the same period of time 
and a broad range of semen quality tests were conducted on ejaculates of these 
boars. Sequencing was done in two batches. Library preparation and sequencing 
strategy of the first batch can be found in van Son et al. 2017. The second batch was 
prepared using TruSeq mRNA stranded HT kit (Illumina) on a Sciclone NGSx liquid 
automation system (Perkin Elmer). A final library quality check was performed on a 
Fragment Analyser (Advanced Analytical Technologies, Inc) and by qPCR (Kapa 
Biosciences). Libraries were sequenced on an Illumina HiSeq 4000 according to 
manufacturer’s instructions. Image analysis and base calling were performed using 
Illumina’s RTA software v2.7.7. The resulting 100 basepair single-end reads were 
filtered for low base call quality using Illumina’s default chastity criteria. We mapped 
the RNA-seq data to the Sscrofa11.1 reference genome using STAR (Dobin et al. 
2013) and called transcripts and normalized FPKM expression levels using Cufflinks 
and Cuffnorm (Trapnell et al. 2013). We assigned the genotype class (homozygous 
reference, heterozygous, homozygous alternative) for each RNA-sequenced 
individual using the 660K genotype of the lead SNP in the GWAS result. We tested 
for differential expression between three genotype classes using the one-way 

https://git.wur.nl/gross016/pcadd-scripts-data/
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ANOVA test. The Welch t-test was used to evaluate the differences between two 
genotype classes. A p value < 0.05 was considered significant.  
 
8.6 Additional files 
All supplementary material are available at the Open Science Framework repository: 
https://osf.io/cyu2m/ 
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9.1 Introduction 
 
The genome of modern domesticated animals is shaped by a long history of selection 
(Wang et al. 2014). Despite the long selection history, we are only starting to 
understand the relationship between the variation in the genome and the 
phenotype in animals. In this thesis I explore the genomic variation currently present 
in commercial livestock breeds, and try to further bridge the genotype-phenotype 
gap by using novel methodologies.  
 
In animal breeding, less priority has been given to functional and molecular genomics 
compared to a traditional statistical quantitative genetic approach. The realised 
genetic gains in commercial livestock populations can be mainly attributed to 
genomic selection, with very little knowledge on which genomic variation affects the 
selection traits. However, the use of genomic selection coincided with a vast increase 
of ~omics data for breeding purposes. Hundreds of thousands of animals have now 
been genotyped (mostly on medium-density SNP arrays) in elite breeding 
populations, complemented with hundreds of whole genome sequenced animals. 
This large volume of data provides new opportunities to identify important alleles in 
the population, either deleterious or beneficial, using a set of different 
methodologies. In this thesis I present tools to identify such high-impact alleles in 
the breeding populations, and I discuss how to efficiently use the information for 
breeding purposes.  
 
In the first part of my thesis, I emphasized on harmful genetic variation (i.e. lethal 
recessives) present in the populations as a consequence of selection and inbreeding. 
I described in detail the mutation, molecular consequence, and associated 
phenotypes of several lethal variants in various livestock breeds, which contributes 
to our general understanding of genetic defects in livestock. In addition, I studied in 
detail different types of deleterious variants in commercial breeding populations, 
and discussed the effect of genetic drift, purifying selection, and recombination, 
shaping the (local) deleterious landscape of the genome. In the final part of my 
thesis, I go beyond deleterious, emphasizing on the identification of functional 
variation, underlying important selection traits. We provide a toolbox that can 
enhance the identification of causal (regulatory) variation in livestock populations. 
In this chapter, I discuss the implications and main conclusions from the chapters, 
and how this thesis contributes to the current literature. Finally, I discuss the 
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applications, opportunities, and future perspectives this thesis provides for animal 
breeding. 
 
9.2 Deleterious alleles 
 
Deleterious alleles cause a decrease in fitness compared to the effects of other 
usually more common alleles in the population. The effects of the deleterious alleles 
depends on the evolutionary and selection history of the population (Charlesworth 
and Willis 2009). Over time, deleterious alleles are purged from a population by 
(natural) selection. This purging is very efficient for dominant deleterious alleles that 
lower the fitness of carrier animals. However, as a function of the low frequency, 
recessive deleterious alleles are generally masked from natural selection by a 
dominant non-deleterious allele, and will therefore be easily passed on into the next 
generation.  
 
Most studies aiming to identify deleterious alleles from sequence data are focussing 
on missense and loss-of-function variants in the coding regions of the genome. 
However, accurate prediction of deleterious alleles from sequence data is not 
straight forward. This is especially true for regions with lower sequence mapping 
quality, or for homologous regions in the genome (e.g. for large gene families), that 
are prone to produce many false positive variant calls driven by spurious alignments 
(Nielsen et al. 2011). Stringent filtering criteria can be applied to reduce the number 
of false positives, which can also be a result of errors in the functional annotation. 
However, even after stringent filtering, the final list of deleterious and loss-of-
function variants should be handled with caution, especially for making functional 
predictions on individual variants. In addition, the majority of the deleterious 
variants are likely of regulatory origin (Rojano et al. 2019), not affecting the coding 
sequence directly. Hence, making accurate functional predictions for variants 
outside the coding region is even far more challenging. 
 
In chapters 4 and 6 I investigated in detail the landscape of deleterious alleles in 
commercial chicken and pig populations. The identification of deleterious alleles still 
relied on “traditional” methods that annotate the genomic variation using the 
Ensembl Variant Effect Predictor (McLaren et al. 2016), and predicting the 
deleteriousness of missense variants with SIFT software (Kumar et al. 2009). In this 
thesis, I show clear evidence of purifying selection acting on deleterious variation 
(including loss-of-function variation) inferred from an altered frequency distribution 
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for deleterious variants. In addition, purging is more effective in regions with higher 
recombination rate (chapter 4 and 6). Higher rates of recombination likely cause 
deleterious variants to be more easily separated from positive variation, enhancing 
purifying efficiency, and leading to a more diverse landscape of (recombinant) 
haplotypes (Bosse et al. 2018). The effect is evident both in pigs and chicken, which 
have very different recombination landscapes across their genomes (Megens et al. 
2009; Tortereau et al. 2012).  
 
The complete set of deleterious alleles within a genome can be used to assess the 
“genomic fitness” and infer the level of inbreeding within a population. The effects 
of deleterious alleles vary. Some have large effects (most notably recessive lethals), 
but the majority of the “deleterious load” is caused by the cumulative outcome of 
many deleterious alleles with small effects (Charlesworth and Willis 2009). The 
genomic fitness can be determined by the ratio of deleterious variation over neutral 
variation in a population (chapter 4; (Bosse et al. 2018)). Another well-established 
method to quantify inbreeding is to assess the overall homozygosity of the genome. 
This can be inferred by quantifying homozygous stretches in the genome called runs 
of homozygosity (ROH). ROHs are enriched for homozygous deleterious variants 
(Bortoluzzi et al. 2019), and therefore is useful as indicator for inbreeding risk. While 
both methods can provide accurate estimates of the deleterious load, it usually does 
not provide any lead to the effects of any particular deleterious variants, nor does it 
indicate which variants contribute to the negative fitness effects in inbred 
populations (if present). For example, only several hundreds of variants show a 
deleterious effect in livestock, reported in the Online Mendelian Inheritance in 
Animals (OMIA) database (Nicholas 2003). Many more exist, but the lack of impact 
prediction tools, especially for the non-coding regions of the genome, has hampered 
the identification of deleterious variation. However, the published Combined 
Annotation Dependent Depletion (CADD) scores in livestock now provide new 
opportunities to disentangle variation with impact (i.e. contributing to the negative 
fitness effect) and variation that is benign (Gross et al. 2020). The CADD tool, 
originally developed in human (Rentzsch et al. 2019), is built on many layers of 
annotations, including conservation scores, sequence context, and (epi)-genomic 
features. Subsequently, the machine learning method generates a set of proxy-
benign variants that became fixed or nearly fixed in the pig lineage compared to an 
ancestral sequence, surviving millions of years of purifying selection (likely enriched 
for neutral variants). Next, a second set of simulated proxy-deleterious variants is 
generated, of which a considerable fraction would likely be deleterious. The contrast 
between both variant sets (proxy deleterious vs. proxy benign) and the differences 
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in their features provides the core characteristic of CADD. The CADD scores now 
allow for more accurate deleterious load and population fitness predictions 
compared to traditional methods, that mostly rely on the coding sequence. 
 
9.3 Lethal recessives 
 
In this thesis I have delved into recessive lethal variation in livestock. I describe 
different types of mutations, affecting genes essential for normal development, 
resulting in embryonic, fetal, or postnatal mortality in homozygous animals (Figure 
9.1) (Derks et al. 2018; Derks et al. 2019). The identification relies on pinpointing 
haplotypes in the genome are never found in homozygous state, or that occur far 
less often in homozygous state than expected. The method relies on two 
assumptions, 1) the lethal recessive variant should be in high LD with the haplotype, 
and 2) the frequency and quantity of genotypes should be sufficient to prove a 
statistically significant lower occurrence of homozygotes in the population. Though 
this method has proven very successful in identifying lethal recessive variants, many 
lethal recessives residing on more common haplotypes (i.e. variants that emerged 
more recently) cannot be identified in this manner. For example, Charlier et al 
showed that, using this method, only about 25% of the embryonic lethal variants 
could be identified in New Zealand dairy cattle (Charlier et al. 2016), suggesting that 
a large reservoir of recessive lethals remains undetected.  
 
After haplotype identification, the phenotypic effect can be assessed in carrier-by-
carrier crosses (carriers exhibit a single copy of the lethal variant). An interesting 
observation in chapter 6 is that none of the lethal recessives described led to the 
(theoretically) expected litter size decline of 25% in carrier-by-carrier matings (the 
decline was mostly between 15-20%). I believe the lower-than-expected mortality is 
likely caused by a surplus of zygotes in the uterus of the sow, exceeding the uterus 
capacity. This phenomenon is likely even more relevant for homozygotes that lead 
to early (embryonic) lethality, leaving room for viable blastocysts to implant and 
develop, though this hypothesis will remain difficult to prove.  
 
The current enormous amount/volume of genotype information generated through 
routine breeding practices in livestock allows for additional methods to trace 
deleterious haplotypes in the genome. One avenue for research is to assess the 
inheritance patterns of specific haplotypes over time, which could provide evidence 
for purifying selection. Another promising method to identify deleterious alleles in 
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the population is to investigate transmission ratio distortion of alleles, i.e. the 
deviation from the expected mendelian ratio in offspring (Casellas et al. 2017).  
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9.3.1 Finding the needle in the haystack using population ~omics 
data 
 
Finding the causal variant, even within a relatively small haplotype region, is not 
trivial. First of all the quantity of sequenced animals in the population should be 
sufficient to identify carrier animals, that then are instrumental for determining 
linkage disequilibrium (LD), i.e. the correlation between the haplotype and the 
deleterious sequence variants. Loss of function and deleterious missense variants in 
high LD with the haplotype are often of first interest, because these are likely to 
disrupt gene function. However, WGS data alone is not always sufficient to identify 
the causal variant, even in these seemingly evident cases. In chapter 6, for example, 
I report two variants that affect intron-exon splicing, either by skipping a complete 
exon or by the retention of a complete intron. Either consequences usually result in 
the production of an erroneous mRNA that contains premature termination codons, 
leading to a loss-of-function of the protein. Although the splicing dinucleotides (GT-
AG) are extremely conserved, variants in these sites do not always lead to miss-
splicing (Lewandowska 2013). Hence, including RNA-sequencing data is crucial to 
verify the consequence of the splice mutations, which is even more relevant for 
splicing variants that do not affect the splice dinucleotides, but other sites within the 
splicing region (e.g. the POLR1B splice variant described in chapter 6).  
 
Alternatively, the causal variant can be structural in nature, i.e. be a deletion or 
inversion of part of a gene or regulatory region. In chapter 5, I describe an unique 
example of allelic pleiotropy, with a large deletion affecting two neighbouring genes. 
While the detrimental effect of the deletion on the BBS9 gene seemed immediately 
evident, this was not the case for the effect on the downstream BMPER gene. Hence, 
the consequence of the deletion could only be assessed by including publicly 
available ChIP-seq data (H3K27Ac, H3K4Me3), marking active regulatory promoter 
and enhancer regions in the porcine liver (Villar et al. 2015). Further evidence 
supporting the miss-regulation of the BMPER gene, as a consequence of the deletion, 
was inferred from allele specific expression of the wild-type haplotype in a carrier 
animal, i.e. the BMPER gene has lower expression on the deletion haplotype.  
 
The increasing volume of population whole genome sequence data opens up 
possibilities to predict deleterious variants directly from sequence, without prior 
knowledge on the haplotypes inferred from genotype data. Large scale population 
WGS data also helps to separate noise from “true” deleterious variants. Hence, the 
list of deleterious variants inferred from the population sequence data will thereby 
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become more reliable, allowing for the identification of high-impact variation purely 
from sequence. For example, the deleterious effect of the SPTBN4 frameshift 
deletion was purely derived from sequence, without prior haplotype knowledge. The 
identified deleterious variants can subsequently be monitored in the population, in 
order to prevent a rapid increase in the frequency. Ideally, the variants are placed 
on the selection chip (used for genomic selection) to validate its consequence in 
homozygous state, and to allow for efficient selection against it.  
 
The phenotype of homozygous animals can provide further leads to the causal gene, 
especially if homozygotes die postnatally. For example, the phenotype of the SPTBN4 
knockout pigs (myopathy and tremors) is analogous to (natural) knock-out 
phenotypes in human and mice, supporting that the syndrome is caused by an 
impaired SPTBN4 gene (chapter 7). I show that the genetic defects does express itself 
to breeders, but was never recorded in breeding records, likely caused by the lack of 
prior knowledge on farms regarding genetic defects in purebred populations. 
However most of the identified recessive defects lead to early (embryonic) lethality, 
described in chapter 6, leaving no trace except for the absence of homozygotes in 
the population.  
 
9.3.2 Balancing selection or genetic drift 
 
In this thesis I describe three different population genetic forces that can drive the 
frequency of deleterious variants: 1) genetic drift, 2) genetic hitchhiking with a 
beneficial variant, or 3) a direct beneficial effect of the deleterious variant in 
heterozygotes. The latter two can cause balancing selection of the variant in the 
population, driven by the positive effect in heterozygotes. Evidence for heterozygous 
advantage based on an association test between a group of carrier and non-carrier 
animals, because the frequency is likely too low to be picked up in a regular GWAS 
study. The reliability of the association test depends on the group sizes and the 
accuracies of the breeding values, which are mostly deregressed (indirect estimation 
of the phenotype) to estimate the actual phenotypic effect (Garrick et al. 2009). In 
this thesis, we show one clear example of balancing selection for the BBS9 deletion 
with pleotropic effects on two different traits, resulting in a higher selection index 
for carrier animals (chapter 5). Although the result on the deletion might suggests a 
larger set of deleterious variants under balancing selection, we did not find any 
evidence for that. I even believe that most lethal variants are purely the result of 
genetic drift, at least that appears the most likely cause for relative high frequencies 
of some of the other identified recessive lethals in this thesis. Nevertheless, a 
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possible positive association signal can be lost if the beneficial variant underlying the 
hitchhiking effect reaches population fixation (Charlesworth 2007).   
 
9.3.3 Two cases of recessive defects in Duroc should be 
further investigated 
 
Studying lethal recessives is an ongoing topic of research. For example, an additional 
screen for lethal recessives in a Duroc breed revealed two haplotypes that likely carry 
a lethal recessive variant on chromosome 9 (Table 9.1). 
 
Table 9.1: Two haplotypes exhibiting a deficit in homozygosity in Duroc.  Shown are the 
location, frequency, and observed vs. expected number of homozygotes.  

Abr. Chr Pos (Mb) Hap Frq. Carriers Obs. Homozygotes Exp. Homozygotes 
D1 9 121.5-122.5 0.106 3016 2 161 
D2 9 11.5-12.5 0.042 1158 2 24 

 
Case 1: A recessive defect segregates at high frequency in a Duroc 
population 
 
The first haplotype (D1) has a carrier frequency of about 21%. For recessive lethals, 
I simulated that with Ne=100, the maximum carrier frequency is about 20% before 
the lack of homozygotes will prevent further increase (chapter 6). Hence, this high 
frequency is likely not purely caused by drift, but rather the result of a beneficial 
effect in heterozygotes.  
 
The 308 identified carrier-by-carrier crosses show a 12.5% reduction in total number 
born (Table 9.2). This 12.5% reduction is highly significant, but falls outside the 
expected range (15-23%) observed for the other lethal recessive haplotypes (chapter 
6). This rather low reduction might be caused by incomplete LD between the 
haplotype and the causal variant. However, this seems rather unlikely since only two 
homozygous animals were found, while 161 are expected. Hence, this difference 
suggests high LD between the haplotype and causal variant. Another hypothesis is 
that the causal variant leads to lethality before implantation, in which the 
compensatory effect of viable embryos might increase, resulting in fewer piglet 
losses. 
  
Table 9.2: Fertility phenotypes for haplotype D1. Table shows the total number born (TBN), 
number born alive (NBA), and postnatal survival in carrier-by-carrier crosses (CxC), carrier by 
non-carrier crosses (CxN), and non-carrier by non-carrier crosses (NxN). 
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Status Number TNB NBA Farrowing survival (%) Preweaning survival (%) 
CxC 308 9.06* 8.36* 92.19 91.41 
CxN 2005 10.36 9.47 91.05 89.80 
NxN 3052 10.38 9.38 89.84 88.99 

*P < 0.05 
 
Whole genome sequence analysis of five carrier animals revealed one loss-of-
function variant in complete LD with the D1 haplotype. The mutation is a 4bp 
frameshift insertion in the SOAT1 gene (CG-121056051-CTTTTT). SOAT1 (Acyl-
coenzyme A:cholesterol acyltransferase) is an intracellular protein located in the 
endoplasmic reticulum that forms cholesterol esters from cholesterol, and has been 
associated with hyperlipidemia (Lu et al. 2011). However, homozygous knock-out 
mice (SOAT1) are viable, with abnormal blood lipid levels and increased circulating 
cholesterol levels (Yagyu et al. 2000). We therefore assume that the SOAT1 
frameshift insertion is not causal, suggesting an alternative variant to be causal. 
 
Case 2: A natural knockout of the MYO7A gene in pigs provides a 
model for the Usher syndrome in humans 
 
The D2 haplotype segregates with a 8.4% carrier frequency in the population and 
reduces preweaning survival in carrier-by-carrier crosses by 20% (Table 9.3).  
 
Table 9.3: Fertility phenotypes for haplotype D2. Shown are the total number born (TBN), 
number born alive (NBA), and postnatal survival in carrier-by-carrier crosses (CxC), carrier by 
non-carrier crosses (CxN), and non-carrier by non-carrier crosses (NxN). 

Status Number TNB NBA Farrowing survival (%) Preweaning survival (%) 
CxC 31 10.19 9.06 87.90 69.99* 
CxN 777 10.31 9.28 89.28 90.41 
NxN 4556 10.29 9.36 90.61 89.55 

*P < 0.05 
 
Similar to the frameshift deletion in the SPTBN4 gene (chapter 7), this haplotype 
leads to piglet mortality within the first few weeks of age. Whole genome sequence 
analysis revealed a strong candidate stop-gained mutation (C-11280403-T) in 
complete LD with the D2 haplotype. The mutation affects the MYO7A gene, leading 
to a stopcodon at position 181-Q/*, resulting in an impaired and truncated MYO7A 
protein.  
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Figure 9.2: JBrowse screen capture of the MYO7A: C-11280403-T stop-gained mutation in 
one carrier animal. Figure shows the alignment of a D2 carrier animal within the coding region 
of the MYO7A gene. 
 
Mutations in MYO7A are associated with the Usher Syndrome (deaf-blindness) in 
humans (Lentz and Keats 1993) and leads to head-shaking, deafness, retinal defects, 
and reduced male fertility in knock-out mice (Blake et al. 2017). Hence, this natural 
knockout could be used as a model to study the effects of an impaired MYO7A gene 
in pigs, and compare this to the human disease phenotype.  
 
9.3.5 The contribution of lethal recessives to the heterosis effect 
 
The functional genomic basis of the heterosis effect remains unresolved in breeding, 
i.e. fitness or other phenotypes score higher in offspring compared to the parents if 
derived from different populations or breeding lines (Charlesworth and Willis 2009). 
The heterosis effect is dominated by two main theories; 1) The dominance 
hypothesis emphasizes the suppression of undesirable recessive alleles (by dominant 
alleles); 2) The overdominance hypothesis emphasizes on heterozygote advantage, 
attributing heterosis to the superior fitness of heterozygous genotypes. This thesis 
shows that the suppression of recessive lethals in crossbred animals contributes to 
the heterosis effect for fertility (chapter 6), supporting the dominance hypothesis. 
Although significant, this effect contribution of lethal recessives is only marginal, and 
other detrimental, but not lethal variants, in purebred populations likely contribute 
to the heterosis effect even more. 
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9.3.6 Application in animal breeding 
 
The majority of the recessive lethal variants are breed specific, not affecting the 
crossbred production animals, because no homozygotes will appear. Despite the 
small effect (if not zero) on production animals, carrier-by-carrier crosses in the 
purebred populations should be avoided, especially if homozygous animals die later 
in gestation (chapter 5) or postnatally (chapter 7). I can think of two main reasons to 
avoid such matings: 1) preventing the birth of affected individuals, improving animal 
welfare, 2) to avoid production losses in the nucleus farms. Topigs Norsvin 
implemented a mating-strategy pipeline to avoid such carrier-by-carrier crosses by 
identifying carriers in the selection animals, a strategy that has earlier been applied 
in several cattle breeds (Upperman et al. 2019).  
 
Some of the current selection arrays are now designed with a flexible part, in which 
SNPs can be replaced annually (i.e. SNP arrays can be augmented with a set of 
custom SNPs designed by the breeding company). This flexible part allows for fast 
implementation of newly discovered deleterious variants on the selection array. The 
information derived from the genotype data for these putative deleterious variants 
can lead to validation of the functional consequence of the variant, and the fast 
identification of carrier animals can directly facilitate purging. Finally, the work 
described will raise awareness among farmers and breeders regarding “hidden” 
genetic defects in the populations. For example, in chapter 7, I describe a clear 
syndrome that was never specifically described in the breeding records, unless we 
notified the farmer to specifically monitor carrier-by-carrier crosses. The results will 
hopefully encourage farmers (especially on nucleus farms) to report and genotype 
complete litters that produce an interesting pattern of siblings that share a similar 
phenotype, seemingly affected by a genetic defect. 
 
9.4 Accelerated discovery of functional variation in 
livestock 
 
In this thesis I attempt to understand the relationship between the genotype and the 
phenotype of an individual. With the fast accumulation of population genotype, 
whole genome sequence, and expression data, we can more accurately assign 
function to variation (Yang et al. 2017, this thesis). More specifically, breeding 
companies now have the resources to identify almost all the variation present in a 
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population. This data can be complemented with functional genomic information 
(e.g. on regulatory sequences), comparative data, and the CADD scores. However, 
the (functional) gene annotation in livestock genomes is still inferior compared to 
other well-studied vertebrate species (Giuffra et al. 2019). Therefore using 
comparative strategies, i.e. comparing annotations from well-studied species (e.g. 
human, mice, and rat) in an evolutionary framework, will often provide more 
detailed information on gene function, pathways, and associated phenotypes 
compared to the livestock annotation. With this complete set of population ~omics 
data, comparative strategies, and functional annotations, we can finally start 
identifying the functional consequences of variants with subtle impact, including 
variants that exhibit positive effects on traits important for breeding that usually are 
regarded as ‘quantitative genetic’ in nature.   
 
9.4.1 Variant prioritization 
 
Proper variant prioritization is key to assigning function to variation, aided by 
functional information of the genome. With the publication of the CADD tools, now 
available for pig and chicken (Gross et al. 2020), a powerful resource is available to 
rank any possible variant in the genome based on its likely importance, including the 
non-coding parts of the genome. In chapter 8 I clearly demonstrate the benefit of 
having a pCADD tool for variant prioritization, enhancing the identification of causal 
variants in genomic regions where associations are found with certain phenotypes. 
Recently, a chicken CADD has been developed, providing opportunities to 
subsequently perform similar analysis in chicken. 
   
In livestock, these CADD scores are mainly built on sequence features, with sequence 
conservation as one of the most important features contributing the scores. The 
prediction accuracy of the CADD scores will further improve with the incorporation 
of functional (epi)genomic data, as was shown for the human CADD scores (Rentzsch 
et al. 2019). I predict that the Functional Annotation of ANimal Genomes (FAANG) 
consortium will play an essential role to annotate these functional genomic elements 
in livestock genomes (Giuffra et al. 2019). First, RNA-sequencing in various tissues 
will aid to identify transcribed loci in the genome, and histone modification marks, 
ATAC-seq, and DNA-methylation are used to assess the chromatin accessibility and 
architecture of the genome. In addition, Hi-C methods can be used to assess the 3D 
conformation of the genome. Hence, the public data, and methods generated within 
the FAANG consortium will be key to improve the CADD scores on the longer term.  
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9.4.2 Linkage disequilibrium, a friend and enemy. 
 
Small effective population size and strong selection have led to a high degree of 
linkage disequilibrium in most commercial livestock populations (Hall 2016). This 
high degree of linkage between markers was useful in  QTL analysis, as it allowed 
finding QTL  even with low numbers and low SNP-density. However, high LD impedes 
the fine-mapping of the QTL region, often megabases in size. Fine mapping entails 
zooming in closer to the causal variant, which could be a single SNP, which means 
only one bp in size. High LD results in potentially thousands of variants to be similarly 
associated with a phenotype because of LD. One strategy is integrating the results 
from multiple breeds. This multi-breed approach provides additional power to 
further narrow down the list of candidates, assuming that the same causal variant is 
segregating, but likely with a very different underlying haplotype structure. Another 
possibility to overcome the LD problem is to use crossbred animals (Iversen et al. 
2017), which are increasingly being genotyped and phenotyped. Crossbreeding 
causes fast breakdown of LD, allowing to more accurately finemap the QTL region 
and identify the causal mutation.  
 
9.4.3 The identification of expression QTLs will enhance 
identification of functional variation 
 
The most important factor that influences the phenotype of an animal is how the 
genes in the genome are regulated. Recent studies have shown that changes in gene 
expression, caused by changes in regulatory sequences in the genome, have a much 
larger impact on selection traits, whereas changes in the coding sequence only 
contribute sporadically (Ponting and Hardison 2011). Hence, variation in gene 
expression is the main factor influencing phenotypic variation in livestock. However, 
little attention has been given to gene expression in breeding practises, while this 
may be the major driver to understand how the regulation of the genome, and the 
molecular mechanism involved, affect the performance of an animal.  
 
Expression QTL studies have become common practise in human genomics research 
(Schaid et al. 2018), but in livestock the amount of expression data is limited 
(Georges et al. 2019). While important selection sires are now regularly sequenced 
in livestock, to build a reference population that captures genomic variation present 
in the population, little is invested in RNA-sequencing. One limiting factor can be that 
the expression very much depends on the tissue, developmental stage, and the 
environment. Hence, the integration of expression data is not trivial, especially if the 
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data comes from different stages, subject to various sampling/library preparation 
methods. In addition, currently more single-cell RNA-sequencing is applied, 
providing less biased results compared to pooled-based technologies. Nevertheless, 
future studies should focus more on the investigation of gene expression data in 
combination with whole genome sequence, genotype, and phenotype data to 
identify (non-coding) functional regulatory variation affecting genes underlying 
important traits. I propose to build a reference population of animals for which RNA 
is sequenced in various important tissues (trait dependent). This resource can be 
used to correlate genomic variation with changes in gene expression, and identify 
causal genes underlying important selection traits. The identified expression 
quantitative trait loci will greatly enhance our understanding how regulatory 
variation affects phenotypic variation in livestock.  
 
9.4.4 Application in animal breeding 
 
Although the development of genomic selection has revolutionized the world of 
animal breeding (Meuwissen et al. 2001), the lack of functional genomic information 
currently limits further development. Genomic selection works with a set of neutral 
SNP markers that are evenly distributed across the genome and particularly works 
well in closed elite-breeding populations. However, it is much less successful in 
diverse, multi-breed populations. A first attempt to increase marker density up to 
whole-genome sequence levels was not successful to improve breeding value 
prediction accuracies (van Binsbergen et al. 2015), mainly because millions of 
parameters (the SNP effects) must be estimated from a reference populations of 
only several thousand animals (“large p small n problem”). One proposed solution to 
improve prediction accuracies is to include the causal variants affecting the traits in 
genomic prediction (Perez-Enciso et al. 2015). This method of using weighted and 
pre-selected markers (i.e. functional markers) has proven very successful to improve 
prediction accuracies (Raymond et al. 2018b). Nevertheless, I predict that the within 
breed genomic prediction accuracies will likely not benefit that much from this 
functional information, since most of the causal variants will be captured by SNPs on 
the chip that are in high LD. However, for genomic prediction across breeds, having 
the causal variants will likely increase the genomic prediction accuracies 
substantially (Raymond et al. 2018a), due to strong differences in allele frequencies 
between populations.  
 
This thesis provides tools that can accelerate the discovery of new functional variants 
(chapter 8). One major step to enhance the utilization of functional genomic 
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information in animal breeding will likely be achieved by adding functional SNPs to 
the selection array (i.e. SNPchip used for genotyping and genomic selection). The 
fraction of functional SNPs on most current selection arrays is minute (Habier et al. 
2013). However, with the adoption of functional variation in breeding, the number 
of SNPs predicting function will gradually increase.  
 
Breeding companies now have started using SNP arrays of which part of the SNPs 
can be replaced annually, allowing for fast implementation of newly discovered 
variants in breeding. Using functional information for prioritizing variation increases 
genomic prediction accuracies substantially, as was also proven in cattle recently 
(Xiang et al. 2019). Xiang et al. 2019 designed a framework of estimating Functional-
And-Evolutionary Trait Heritability scores (FAETH) by combining the information of 
functionality, evolution, and complex trait heritability, which are used as genomic 
priors for genomic prediction. This strategy of using priors on functional SNPs in 
genomic prediction has already proven to be valuable (MacLeod et al. 2016). 
However, to implement the functional variants for breeding, algorithms for genomic 
selection should be adapted. To accommodate functional priors in the widely used 
GBLUP algorithm (Genomic Best Linear Unbiased Predictors Analysis), Fand et al. 
2017 designed a GFBLUP algorithm that can take biological priors to improve 
genomic prediction accuracies (Fang et al. 2017). Integrating genomic selection with 
functional breeding approaches is now widely explored in both animal and plant 
breeding, and seems to gain more attention among breeders (Xu et al. 2017).  
 
9.5 Bioinformatics in (animal) breeding 
 
With the adoption of genomic selection, breeding companies have now produced a 
vast amount of genomics data. Hundreds of thousands of selection candidates have 
been genotyped, and hundreds of animals have been sequenced (mostly important 
selection sires). These numbers are increasing steadily. Hence, breeding companies 
have produced a goldmine of genomics data that can be analysed to identify 
important variants that alter the phenotype of an individual. However, the fast 
accumulation of genomics data requires new computational approaches to store and 
analyse the data, and to implement the findings in the breeding program. These 
challenges apply to sequence data in particular.  
 
In animal breeding, there has been a long history of research on identifying 
quantitative trait loci and their application in marker-assisted breeding (Hu et al. 
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2016). However, the implementation of the findings in breeding programs is still 
rather limited. This is partly because animal breeding relies on statistical approaches, 
using prediction models and large numbers, with traditionally less focus on 
molecular data. In that sense, the quantitative and molecular work seems to come 
together more closely in recent years (Georges et al. 2019), although the methods 
to integrate functional information in the breeding programs are still largely under 
development.  
 
In plant breeding, interestingly, the use of bioinformatics has already been widely 
adopted (Hu et al. 2018). The development of high-throughput profiling methods for 
DNA, RNA, and chromatin, complemented by efficient bioinformatics pipelines have 
greatly enhanced the understanding of genotype to phenotype relationships in plant 
breeding (Leng et al. 2017). One of the key aspects is to understand the function of 
important genes, how the genes are regulated (and interact), and which elements in 
the genome are involved. Traditionally, plant breeders were more interested in 
molecular genomics work compared to animal breeders. One of the drivers of this 
interest is to understand disease resistance in plants (Kankanala et al. 2019). Disease 
resistance is a very important trait in many crop species and gene-editing techniques 
are now widely applied to improve resistance (Hu et al. 2018). Even disease 
resistance genes from wild relatives are regularly reintroduced to improve resistance 
in crops (Dempewolf et al. 2017). To be successful, both methods require a deep 
understanding of functional elements in the genome that underlie the resistance 
phenotypes. To that extent, there is a large difference between plant and animal 
breeders. Though very important, disease resistance traits have generally lower 
priority in animal breeding programs, and the animals are generally kept in highly 
confined and sanitized conditions, with lower exposure to pathogens. Moreover, the 
application of gene-editing is still in its infancy in livestock, partly because of ethical 
restrictions, and partly because we lack the functional knowledge to identify targets 
for edits (Tait-Burkard et al. 2018). Nevertheless, with the increase in understanding 
livestock genomes, aided by the generation of functional data, the interest and 
application of gene editing will increase. Another important factor why 
bioinformatics has gained a more prominent role in plant breeding is because many 
important plant-breeding companies work on multiple species (or within-species 
strains). This requires a comparative genomics framework to translate information 
between all these species.  
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9.6 Future trends 
 
Characterisation of basically all variation present in a breeding line has now become 
feasible in the breeding industry. While the initial focus was directed towards the 
identification of deleterious variation, this will now shift to the identification of 
variation that affects important selection traits in the breeding industry. One key 
factor to identify high impact variation is to know which regions in the genome are 
important (i.e. that regulate the expression of genes). This information will be key to 
understand the relationship between the variant, molecular consequence, and 
associated phenotype. In addition, the volume of genomic and phenotypic data 
makes livestock an ideal model for testing genotype-phenotype hypothesis in 
mammalian species, providing further knowledge of the biological pathways 
associated with important phenotypes. To that extent, the genome-phenome 
relationships from livestock populations, and its current resources, will likely become 
more important to other fields within the life sciences. I believe some domesticated 
populations are excellent genetic models, because they are outbred, yet with limited 
effective population size, and with little population stratification. This structure in 
humans is far more complex, which hampers the efficiency to study the genome-
phenome relationship. Finally, I am convinced that a better understanding of the 
(molecular) mechanisms underlying important selection traits would benefit 
selection on the long term.  
 
9.7 Concluding remarks 
 
We have entered an exciting era of the ~omics revolution, providing opportunities 
to bridge the genotype-phenotype gap. In this thesis, I investigated deleterious and 
functional alleles in various livestock populations. I connect functional genomics, 
bioinformatics, and breeding data to identify high-impact variation, describing its 
functional consequences at the molecular, phenotypic, and population level. The 
results and proposed tools are valuable to infer function from variation, which will 
be applied to improve livestock breeds in the future.  
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The DNA provides a blueprint of life containing the instruction, together with the 
environment, that determine the phenotype. In this thesis I attempt to further close 
the genotype phenotype gap in livestock, contributing to our understanding of 
important variation in the animals genomes. I analysed hundred thousands of 
genotypes, and hundreds of whole genome sequenced individuals to identify 
variation with impact, either deleterious (e.g. recessive lethals) or variants with 
positive effects on important selection traits. With this thesis I provide a 
comprehensive overview high-impact variation in various livestock breeds, and 
discuss the implications for breeding.  
 
In chapter 2 I perform a survey to assess deleterious haplotypes that likely harbor a 
recessive lethal allele in three pig populations. I demonstrate that the approach to 
identify recessive lethal haplotypes from regions that show a deficit in homozygosity 
can successfully be applied in pigs. Moreover, I report one haplotype that results in 
relatively late termination of fetal development leading to mummification of 
homozygous animals.  
 
Chapter 3 describes a sequence-based GWAS study to investigate the molecular 
basis of the sex-linked feathering rate at hatch in domestic turkey. I describe a 5-bp 
frameshift deletion in the prolactin receptor (PRLR) gene that is responsible for slow 
feathering at hatch. The consequence, a partial C-terminal loss of the prolactin 
receptor, is strikingly similar to the protein encoded by the slow feathering K allele 
in chicken, but with a different causative mutation.  
 
In chapter 4 I examined the genome of commercial purebred chicken lines for 
deleterious and functional variations, combining genotype and whole-genome 
sequence data. I provide a genomic perspective on deleterious and functional 
genetic variation in three egg-laying breeds, giving insight into the process of 
purifying selection, and the role of recombination for breeds under strong artificial 
selection. In addition, we report multiple putative functional coding variants in 
selective sweep regions, which are likely under positive selection.  
 
In chapter 5 I describe a unique example of allelic pleiotropy for a large deletion 
affecting two different genes in pigs. The deletion produces a truncated BBS9 
protein, which subsequently results in enhanced growth rates in carrier animals. 
Intriguingly, a loss of function of this gene in human and mice leads to obesity. We 
show that fetal death in homozygotes, however, is not caused by an impaired BBS9 
gene, but by reduced expression of the downstream BMPER gene, an essential gene 
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for normal foetal development. Finally, we provide strong evidence for balancing 
selection, given a higher selection index for carrier animals, resulting in an 
unexpected high frequency of this lethal allele in the population. 
 
Chapter 6 describes loss of function mutations in essential genes that cause 
embryonic lethality in pigs, decreasing litter sizes by 15.1 to 21.6% in carrier-by-
carrier matings. I first reflect on the effect of genetic drift on lethal recessive variants, 
showing that lethal alleles can reach allele frequencies up to 10% (20% carrier 
frequency) by genetic drift alone. Next, I describe in detail the loss-of-function 
mutations that impair essential genes leading to embryonic lethality in homozygous 
embryos. The causal mutations are of different type including two splice-site variants 
(affecting POLR1B and TADA2A genes), one frameshift (URB1), and one missense 
(PNKP) variant. Finally, I describe the impact of the lethals on population fitness, and 
its role in the heterosis effect observed for crossbred litters.  
 
In chapter 7 I describe a recessive 16-bp deletion in the SPTBN4 gene causing severe 
myopathy and postnatal mortality in pigs. The deletion induces a frameshift and a 
premature stop codon, producing an impaired and truncated spectrin beta non-
erythrocytic 4 protein (SPTBN4). The affected piglets are unable to walk and die 
within 24 hours after birth. This study shows how the growing resources of genomics 
data can aid in the identification of variants that result in piglet mortality, and lead 
to the subsequent prevention of carrier-by-carrier crosses. Finally, I aim to increase 
awareness among breeders and farmers of “hidden” genetic defects in the 
population, which helps to identify rare syndromes in breeding populations in the 
future. 
 
Finally, in chapter 8 I provide a framework to pinpoint likely causal variation and 
genes underlying important phenotypes in pigs. The variant prioritization method 
relies on the pig Combined Annotation Dependent Depletion (pCADD) scores, a 
machine learning method that provides impact scores to any possible substitution in 
the pig genome. I demonstrate the efficacy of the tool by reporting known and novel 
causal variants, of which many affect (non-coding) regulatory sequences associated 
with important phenotypes in pigs. Finally, the identified causal variants can be 
applied in breeding to improve genomic prediction.  
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