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Abstract

In the present study a genome-wide association study (GWAS) for three Austrian pig
populations (Landrace, Large White and Pietrain) was carried out. Genetic parameters
and breeding values were estimated for the Pietrain population for semen quality and
guantity traits. The traits inferred were total number of sperm, motility, volume and
density.

Trait recording was done using a CASA (computed aided sperm analysis) system from
2011 to 2021 and delivered data of 127,544 ejaculations from 2,276 boars, of which
the majority belonged to Pietrain breed. The animals were kept at three Austrian Al
stations. Genomic data was assessed using Illlumina 60k and 80k SNP arrays, yielding
43,430 markers from 1,233 individuals after quality control. The genome-wide
association was based on a single-breed mixed linear model association with
phenotypic pre-correction. Genetic parameters and breeding values were estimated
for the Pietrain breed using a multivariate single-step GBLUP (ssGBLUP) procedure.

The GWAS revealed some possible associations for total number of sperm in Landrace
on chromosome 1 in the region of the AGPAT4 gene and in Pietrain on chromosome
1, 8, 14 and 16, pointing to two genes from the cadherin family (PCDH15, CDH12) as
well as others.

Estimated heritabilities for total number of sperm and motility were 24.7 % and 13.1 %,
respectively. We discovered a positive genetic correlation (0.205) between motility and
sperm density, but negative genetic correlation (-0.307) between motility and ejaculate
volume.

The breeding value estimation provided proof of the advantage of ssGBLUP compared
to pedigree-based BLUP in this study as reliabilities (r2) for young boars without
phenotypes were substantially higher (0.369 vs. 0.217 for total number of sperm, 0.270
vs. 0.161 for motility). The overall reliabilities were relatively high for pig evaluations.
This implies high selection response if included in routine selection. A negative genetic
trend for total number of sperm over the last ten years was observed, indicating the
need of monitoring in the future.

Keywords

swine, genome-wide association study, sperm motility, semen, genetic background,
genetic parameters, heritability, single-step, BLUP, ssGBLUP, pigs, genetic
correlations
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Abbreviations

A: numerator relationship matrix (pedigree-based)

Al: artificial insemination

Al-REML: average information restricted maximum likelihood

EM-REML: expectation-maximization restricted maximum likelihood

G: genomic relationship matrix (if not defined otherwise)

GWAS: Genome-wide association study

H: combined relationship matrix in single-step GBLUP, created from G and A
LD: Linkage disequilibrium

LR: Landrace (pig breed), here referring to the Austrian Landrace population
LW: Large White (pig breed), here referring to the Austrian Large White population
Pl: Pietrain (pig breed), here referring to the Austrian Pietrain population

QC: quality control

REML.: restricted maximum likelihood

SEP: standard error of prediction

SNP: single nucleotide polymorphism, a type of genetic marker
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1.Introduction

In Austria, the majority of piglets are produced using artificial insemination (Al). This
applies to crossbreeding systems for pork production as well as purebreeding.
Currently more than 90 % of sows are inseminated artificially. In the past years,
insufficient semen quality proved to be the top reason for eliminating boars from the
use in artificial insemination, as data from Al station Steinhaus showed. This has
manifested throughout all breeds, only in Landrace low semen quality and low breeding
value have been sharing rank one for the most important elimination causes (Pfeiffer,
2020).

While female fertility in pigs has been in the focus of breeding programs for decades,
male fertility (especially sperm quality and quantity) has not received much attention
yet.

Phenotypic data on porcine male fertility traits (for example, volume and cell density of
ejaculates, sperm motility) were collected systematically for many years in Austrian Al
stations. Genotypic data have become available from 2011 on for many pigs in the
breeding populations. Since 2016, when routine genomic selection was introduced, the
number of genotyped pigs increased tremendously. While data are available, no
genetic or genomic analyses of these traits have been carried out in Austria so far.

2.Aims of the thesis

The study examined the genetic background of sperm quality and quantity traits in
boars and aimed to transfer this knowledge for practical breeding decisions. This
should be carried out based on all available Al and genome data for Austrian pig
populations. As far as possible, the study aimed to examine all major pig breeds (Large
White, Landrace, Pietrain) in Austria.

The main objectives were:

e To conduct a genome-wide association study to find out which regions of the
genome have a major influence on sperm quality/quantity traits.

e To estimate genetic parameters (variance components, heritabilities,
phenotypic and genotypic correlations) of sperm quality/quantity traits.

e To predict (genomic) breeding values and assess genetic trends of sperm
guality/quantity traits.

3. Literature review
3.1.  Pig production in Austria

In 2019 2,77 million pigs were kept on about 21.000 farms. Most of the pigs were
fattening pigs and producing sows. The nucleus breeding populations were rather
small comprising 7,515 sows and 889 boars belonging to Pietrain (PI), Large White
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(LW) and Landrace (LR) (BMLRT - Ministry of Agriculture Regions and Tourism, 2020)
The small proportion of the breeding population compared to the total population is a
result of the dominant mating systems in pig production: In Austria fattening pigs are
mostly crosses between at least two breeds. Most piglets are produced from a three-
way cross of an LW x LR sow inseminated with a P1 boar. The most relevant alternative
IS a single-cross of a pure LW sow and a Pl boar. Other breeds like Duroc and
Schwabisch-Hallisch only play a minor role.

This leads to a few small purebreeding populations responsible for achieving selection
response, the largest ones being the mentioned breeds PI, LW and LR. In total 134
farms were recognised as herdbook breeders in 2019 (BMLRT - Ministry of Agriculture
Regions and Tourism, 2020).

3.2.  Organisation of pig breeding and insemination

The formerly independent pig breeding organisations of Upper Austria, Lower Austria
and Styria fused into one new breeding organisation ‘Schweinezucht Osterreich eGen’
in 2019. It owns the subsidiary company PIG Austria GmbH, which is the operative
platform for both breeding and Al (Pig Austria GmbH, 2021a). PIG Austria is
responsible for the entire breeding programs, including performance testing activities
like data collection on farms and station, breeding value estimation, selection, sale of
breeding stock and production of semen doses for artificial insemination (Pig Austria
GmbH, 2021b).

The production of artificial insemination doses is carried out on three stations:
Steinhaus in Upper Austria, Hohenwarth in Lower Austria and Gleisdorf in Styria. All
three stations keep boars, do the quality examination in the laboratory and produce
semen doses on site (Pig Austria GmbH, 2021b).

3.3.  Sperm quality assessment and requirements for
porcine sperm in artificial insemination

The routine assessment of boar ejaculates in Austrian Al recorded several values:
date, volume, cell density (sperm cells per millilitre), total motility. These were used to
calculate the dilution to a given number of sperm cells per dose, yielding different
numbers of doses per ejaculate. These assessments were done manually under a
microscope for decades but have been replaced by automated systems (CASA —
computer aided sperm analysis) in recent years in all stations. A main advantage of
using CASA systems is objectivity and comparability of the outcome, although this
applies only when using the same CASA system. The other reason for widespread use
is the economic advantage as CASA systems save expensive manual labour (Amann
& Waberski, 2014).

Beside just counting sperm cell numbers, CASA systems are able to assess many
movement parameters. These parameters are used to distinguish single cells into
‘motile/immotile” or “progressively motile/non-linear motile/immotile”.  The
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corresponding percentages are then displayed as “motility” or “progressive motility”,
respectively. The detailed movement parameters typically include curvilinear velocity,
average path velocity, straight-line velocity, amplitude of lateral head displacement and
beat-cross frequency. These are briefly explained in Figure 1. Thresholds for these
measurements are then used to distinguish sperm cells into the mentioned groups. For
more details see e.g. Amann & Waberski (2014).

Centroids

Curvilinear path

Average path

/

.
.
.
.

Figure 1: Schematic illustration of CASA motion measurements: the green dots represent the head of a sperm cell,
the green line is its actual path (the velocity along this path is the curvilinear velocity, VCL; pum/s), the blue dotted
line is the computed average path (the velocity along this is the average path velocity, VAP; um/s), the red line
represents the straight path (the velocity along this is the straight-line velocity, VSL; um/s), the number of crossings
across the average path is called beat-cross frequency (BCF) and the average deviation from the average path is
the amplitude of lateral head displacement (ALH; um) (Amann & Waberski, 2014)

Note: By Amann & Waberski (2014).

In Austrian pig production, the PIG Austria stations guarantee a set of quality criteria
for each insemination dose (Pfeiffer & Kreiner, 2020):

- Atleast 1.8 billion sperm cells (total) per dose (85 ml)

- Max. 25 % morphologically abnormal sperm (including cytoplasmic droplets)
- Max. 15 % cytoplasmic droplets

- Motility after 24 h > 75 %

- Motility after 72 h > 65 % (also used as criterion for maximum storage time)

The focus on cytoplasmic droplets is due to studies that have shown clear negative
correlations between cytoplasmic droplet rates and farrowing rates in pigs (Lovercamp
et al., 2007), as well as negative effects on fertility in other species (Cooper, 2011).
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Although these associations have been known for a long time and it has been
recommended to keep the total rate of cytoplasmic droplets low, e.g. below 20 %
(Althouse, 1998), there is little knowledge about the mechanisms behind this
abnormality.

Other authors report dosage in a similar range compared to Austrian standards. In two
papers 4*10° sperm cells (Althouse et al., 1998) or 3*10° sperm cells (Tsakmakidis et
al., 2010) were used for a dose in artificial insemination for pigs. In general, numbers
between 0.5 and 5 billion sperm cells have been used in various papers and
recommendations.

Note that a more specific examination on morphological abnormalities and other traits
was carried out for every boar at the beginning of its service at the Al station. This was
carried out at the laboratory of the University of Veterinary Medicine Vienna. These
data were not used in the present study.

3.4. Spermatogenesis in domestic pigs (Sus scrofa
domesticus)

The formation of haploid gametes (oocytes and spermatozoa) is an essential
precondition for the sexual reproduction cycle of most eukaryotic lifeforms, in which
haploid gametes fuse to a diploid zygote becoming the organism that later in life again
produces haploid gametes. In male mammals the process of forming gametes is called
spermatogenesis and takes place inside the seminiferous tubules of the testes. This
process consists of three main parts:

- Mitotic proliferation of spermatogonia (the cells that later undergo meiosis), to
reproduce these stem cells and keep spermatogenesis possible throughout the
life.

- Meiosis, the process of meiotic division and recombination of the chromosome
set to form four haploid spermatids from one diploid spermatogonium.

- Spermiogenesis, the process in which spermatids differentiate into finished
spermatozoa (Hale, 1996).

3.4.1. Details of the male reproductive tract

The seminiferous tubules are small tubular structures filling up most of the testis
volume, for example 70 % in stallions’ testes (Johnson et al., 1997). They are
consisting of spermatogonia, spermatids and their further stages (meiotic cells), and
somatic Sertoli cells that are building the structure of the tubules attached to a basal
lamina. While the meiotic cell lines are mostly small and round shaped, the Sertoli cells
are large cells with irregular shape. In figure 2 they can be seen as long, narrow
structures between the round meiotic cell types. They bind the meiotic cells during their
development from spermatogonia to fertile spermatozoa and deliver nutrients and
resources. The Sertoli cells therefore have to maintain flexible binding structures to the
meiotic cells throughout the whole process. This function is necessary as the Sertoli
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cells form the blood-testis barrier by tight junctions between them, separating the inside
of the seminiferous tubules totally from the blood stream (Hale, 1996). A secondary
function is the recycling of resources, as they phagocytose the surplus cytoplasm
(called “residual body”) of finished spermatozoa as well as all kinds of defective sperm
cells. This phagocytotic function proved to be important, as individuals with inhibited
phagocytosis produced lower numbers of viable sperm (Nakanishi & Shiratsuchi,
2004).

Outside, the seminiferous tubules are surrounded by Leydig cells which have hormonal
activity, muscle tissue to allow contractive movement and blood capillaries supplying
resources. The inner part of the tubules is the lumen, it stores and transports the
finished spermatozoa (Hale, 1996).

Figure 2: A section of the testis parenchyma of boars: 1 - seminiferous tubule lumen; 2 - spermatids; 3 -
spermatocytes; 4 - spermatogonia; 5 - Sertoli cells; 6 - myofibroblasts; 7 - Leydig cells; 8 — capillary

Note: By Gille (2006), Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Testicle-histology-
boar.jpg?uselang=de). GFDL 3.0.

The spermatozoa are then stored in the epididymis, a coiled structure outside the
testis, until ejaculation (Hale, 1996). During this storage period the sperm cells gain
their motility and develop the typical swimming pattern (Yeung & Cooper, 2002).

3.4.2. Mitotic proliferation

The first step in spermatogenesis is the continuous mitosis of spermatogonia which
are located in the base of the tubules’ structure, still outside the tight junctions (Hale,
1996). They reproduce themselves to ensure a constant supply of these stem cells,

2021-12-16 12
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and part of them wanders inside and becomes primary spermatocytes. Different types
of spermatogonia have been described (Johnson et al., 1997).

3.4.3. Meiosis

The meiosis is the core process halving the diploid genome to form haploid gametes.
Before meiosis, the primary spermatocyte (a direct mitosis product from one
spermatogonium) goes through the synthesis (S) phase of the cell cycle to become a
double-chromatid diploid cell. In meiosis |, it divides into two haploid, double-chromatid
cells that are now called secondary spermatocytes. It is this process (more exactly: the
prophase of meiosis I) where recombination takes place by crossing-over between the
two homologous chromosomes/four chromatids, creating most of genetic variability.
Secondary spermatocytes are rarely seen in microscopic analyses, as they rapidly
undergo meiosis Il. Meiosis Il is similar to mitosis, separating the sister chromatids of
the two secondary spermatocytes to create four haploid, single-chromatid cells. These
are known as spermatids and are still round in shape. (Hale, 1996)

3.4.4. Spermiogenesis

In spermiogenesis, the spermatid cells transform to the well-known spermatozoa with
their unique shape and function, shown in Figure 3. The nucleus becomes massively
compacted, rendering the genome transcriptionally almost inactive. To achieve this,
histones are replaced by protamines, small (49-63 amino acids in mammals), arginine-
rich, highly basic proteins (Balhorn, 2007). One of the centrioles forms the flagellum,
the other disappears. Around the base of the flagellum mitochondria are concentrated
to deliver energy directly to the main energy consumer. This structure is known as the
mid piece and is usually not transmitted to the zygote in fertilization (causing the
maternal inheritance of mitochondrial DNA). The head of the sperm cell gets covered
in the acrosome, built from the cell’'s Golgi apparatus. It contains the enzymes
necessary for entering the oocyte membrane. (Hale, 1996). As the mature sperm head
is much smaller than the spermatid cell before, much of the cytoplasm is removed as
a “residual body” that is later phagocytosed by a Sertoli cell. Until its release the
spermatozoon is still connected to this residual body with a “stalk” of cytoplasm. When
this connecting stalk is not removed, it forms a cytoplasmic droplet at the mid piece, a
well-known abnormality of sperm cells (Johnson et al., 1997).

Acrosome
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Nucleus Mitochondria — TN
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M eI e o e — F i L%
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Figure 3: A simple diagram of a spermatozoon.
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Note: By Ruiz (2009), Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Simplified spermatozoon_diagram.svq). Public domain.

Note 2: The nucleus is the large black body in the middle (arrow points at the wrong spot), “conecting” should
mean “connecting”.

3.5. Environmental effects on male fertility

Several environmental effects on sperm quality and fertilizing ability are known. High
temperatures and/or high humidity cause heat stress which is known to reduce sperm
motility and increase the percentage of various abnormalities. However, pigs can adapt
quite well to constant high temperatures, but fail to adapt to high temperature
differences between day and night (Kunavongkrit et al., 2005). This causes problems
especially in the summer months in temperate climates. Schulze et al. (2014) reported
significant effects of season (winter/spring/summer/autumn) on total number of sperm,
with spring and summer effecting it negatively compared to the other two seasons.
However, they did not find any significant effect on motility or abnormalities.

A photoperiodic effect has been reported, as wild boars are known to have a seasonally
changing fertility depending on day length. A study stated that constant 18 h artificial
lighting was able to neutralise negative fertility effects on sows in September/October
in a European pig housing (Kunavongkrit et al., 2005).

Diseases can influence sperm quality. Schulze et al. (2013) found that a PRRS
infection increased the percentage of non-linear motile sperm and acrosome-defective
sperm cells, but did not change volume, density or total motility of the ejaculate.

Breed has a large impact on sperm traits and has to be considered when comparing
sperm gquantity and quality results. Significantly different total numbers of sperm and
various abnormality rates have been reported between Landrace, Yorkshire, Large
White, Duroc and Pietrain boars (Schulze et al., 2014).

3.6. Quantitative genetics

Previous studies estimated low to moderate heritabilities for quantitative semen traits.
Marques et al. (2018) estimated heritabilities for motility and total number of sperm per
ejaculate for LW and LR population. Authors reported heritabilities of 21 and 12 % for
motility for LW and LR and 10 and 13 % for total number for LW and LR of sperm per
ejaculate, respectively. In an earlier publication heritabilities in the same range were
mentioned (Wolf, 2010): 10 % for motility and total number of sperm cells, 18 % for
sperm concentration and 20 % for sperm volume in both LW and LR. A study from
Smital et al. (2005) estimated higher heritabilities: 38 % for motility and 42 % for total
number of sperm. It should be mentioned that the authors did not use a repeatability
model, but averaged the values over the whole lifetime of each boar, eliminating the
variance between ejaculations. (Smital et al., 2005)
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The heritabilities for some distinct morphological abnormalities seem to be higher, as
Zhao et al. (2020) found values of 2,9 % for coiled tail, 13,7 % for bent tail, 24,4 % for
proximal droplet, 29,5 % for distal droplet and 26,7 % for distal midpiece reflex.

Genetic correlations between sperm traits and to other production traits have been
reported. Wolf (2010) found high negative correlations between sperm volume and
density, as well as between morphological abnormalities and motility. In the same
study some unexpected results were found: positive genetic correlations between
percentage of abnormal sperm and litter size in Large White sows, but negative genetic
correlations between these traits in Landrace. Broekhuijse et al. (2012) found
significant positive genetic correlations between sperm motility parameters and
farrowing rate/total number of pigs born, although Al stations correct for the motility via
semen dilution.

3.7. Genomic research

In recent times more extensive research has been done to understand the genetic
basis of spermatogenesis and sperm quality. Some abnormalities with massive effects
could be traced down to causative mutations, like a deletion in DNAH17 (dynein
axonemal heavy chain 17) on chromosome 12 that caused defective flagella, leading
to infertility of eight inbred boars (Noskova et al., 2021). In mice, a large number of loci
are known to be linked to infertility, mostly by interrupting spermatogenesis, e.g.
mutations in c-KIT, mHR6B, BMP8B, RXR, dhh, CREM, Hsp70-2, PMS2, MLH1 and
ATM (Elliott & Cooke, 1997).

Aside from such massive impacts, the individual differences in sperm abnormality rates
seem to have a polygenic background in pigs (Zhao et al., 2020). This suggests that
other semen assessment parameters like motility and sperm cell number are also of
highly polygenic nature. Godia et al. (2020) reported a large number of possible
causative regions for sperm quality traits. A study from Marques et al. (Marques et al.,
2018) used an approach to find regions that explain most of the genetic variance and
found candidate genes SCN8A, PTGS2, PLA2G4A, DNAI2, IQCG, LOC102167830 in
Large White and NME5, AZIN2, SPATA7, METTL3 and HPGDS in Landrace within
these regions. These genes were completely different between two closely related
white pig breeds and the study could not explain any reason for that.

4. Animals, materials and methods

4.1. Animals, materials and data

4.1.1. Analysis equipment

Sperm quality assessment was carried out using the CASA (computer aided sperm
analysis) system AndroVision from German manufacturer Minitiib GmbH. These semi-
automatic systems are in use at all three stations and were upgraded to a fully
automatic system with the eFlow chambers at slightly different times. These upgrades
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were put in effect at Gleisdorf on July 21, 2020, at Hohenwarth on May 12, 2020 and
at Steinhaus on July 1, 2020.

4.1.2. Sperm quality and quantity traits

The routine assessment consisted of three parameters: ejaculate volume (in ml),
ejaculate density (in billion cells per ml) and total motility (in %). As volume and density
were varying, we used their product, the total number of sperm cells per ejaculate (in
billion cells) as main quantity parameter. Semen doses were diluted to a constant
number of sperm cells, so this trait directly reflects the productivity of an ejaculate. The
motility measured was the percentage of motile sperm cells in the ejaculate (not
corrected for direction or speed of motion, like e.g. progressive motility).

Additionally, the maximum storage time was recorded. This was defined as the number
of days before the motility of the diluted doses falls below 65 %, leading to them not
being saleable anymore. This value was recorded by hand (microscopic evaluation of
motility), not automatically, which can cause less objective or reliable measuring. The
storage time records have not been carried out for the whole time, so data were not
complete for this trait. Of total 127,544 ejaculates, 28,552 did not have storage time
records.

4.1.3. Descriptive statistics

Prior to analysis data were filtered to remove measurement errors (e.g., records with
zero volume, decimal point errors, etc), unplausible values and records from boars
which are not closely related to the Austrian populations. The restrictions applied were:

- no unrelated boars from imports (as mentioned above)

- ejaculation interval between 3 and 30 days

- age of the boar at ejaculation = 200 days

- total number of sperm in an interval of £ 3 standard deviations from the mean
- motility > 0,1 % quantile of the data

These restrictions reduced the total number of records from 150,966 to 127,544. The
data was collected from ejaculates from January 2012 to January 2021 from all three
breeds. The three stations differ in their contribution to the data set as their size was
different and the CASA systems were introduced at different time points: Steinhaus
data were available for the entire time period (Jan 2012 to Jan 2021), Hohenwarth
included data from Jan 2018 to Jan 2021 and Gleisdorf from Jan 2017 to Dec 2020,
respectively. An overview of the distribution on Al stations and breeds is given in Table
1
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Table 1: Number of observations (ejaculates) on Al stations Gleisdorf, Hohenwarth and Steinhaus for Large White
(LW), Landrace (LR) and Pietrain (PI)

Al Station Breed Number of observations

LW 2,524

Gleisdorf LR 363 17,572
Pl 14,685
LW 1,018

Hohenwarth LR 1,020 23,775
Pl 21,737
LW 4,543

Steinhaus LR 6,576 86,197
Pl 75,078

The data set consists of the three breeds Pietrain, Large White and Landrace. Most of
the boars were Pietrain boars (78.8 %) for piglet production, leading to Pietrain
delivering the largest part of the records (87.4 %).

Table 2 shows the mean and standard deviation of the five traits and the two regression
covariates, sorted by breed:

Table 2: Means and standard deviations of total number of sperm [bn], motility [%], volume [ml], density [ml?],
storage time [d], age [d], ejaculation interval [d] and number of observations per breed for Large White (LW),
Landrace (LR) and Pietrain (PI).

Total Motility Volume Density  Storage Ejaculation|Number of
Breed number of = o [mi] bnemy  timerd] | 299 intervai[a]| obs
sperm [bn] > [bn * mi] '
LW 88.04 84.66 229.2 0.4346 3.737 725.8 9.150 8,085

+-31.83 +-8.41 +-97.1 +-0.2082 +-4.684 +-361.4 +-5.429

LR 89.60 88.30 248.5 0.4066 4.685 667.6 10.544 7959
+-32.47 +-7.75 +-105.5 +-0.1922 +-2.662 +-369.0 +-5.787 ’

P 83.45 87.30 257.3 0.3601 4,102 844.2 7.268 111.500
+-30.00 +-8.14 +-97.5 +-0.1709 +-3.286 +-501.0 +-3.200 '

Total 84.12 87.20 255.0 0.3677 4,115 825.7 7.592 127,544

Pietrain also contributes most of the individuals (boars), shown in Table 3.
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Table 3: Numbers of breeders and boars of Large White (LW), Landrace (LR) and Pietrain (PI)

Number of Number of
Breed

breeders boars
LW 28 209
LR 33 272
Pl 38 1,795
Total 782 2,276

a Note: The total number of breeders (farms) was smaller than the sum of the three values above as some
herdbook breeders keep more than one breed.

4.1.4. Pedigree data

We used the total available pedigree for each breed, consisting of 110,885 pigs (92,656
females, 18,229 males) for LW, 79,357 animals (62,394 females, 16,963 males for LR
and 66,825 animals (35,227 females, 31,598 males) for PI.

4.1.5. Genomic data

In total, 1,233 genotypes of boars of all breeds were available, resulting in 155 LW,
169 LR and 909 PI boars. The genotyping was carried out using either the Illumina
Porcine SNP60 v2.0 BeadChip or the Illlumina GeneSeek Genomic Profiler (GGP) 80k
array. Both chips were used in all three breeds. The 60k chip consisted of 59,319
SNPs, the 80k of 77,122 SNPs. In all data sets the base-pair positions were updated
to the most recent pig genome build Sscrofa 11.1 (Warr et al., 2020) using the publicly
available Illumina manifest on the SNP60 v2.0 BeadChip (lllumina Inc., 2021). It has
to be noted that not all the SNPs on the smaller 60k chip were on the larger 80k chip.
For consistency the three breeds were merged to one large data set to apply the same
quality control to get the same set of SNPs in all breeds. No SNP imputation was
performed.

After merging, quality control (QC) was carried out applying following restrictions:

- Only autosomal SNPs
- Only SNPs with known physical (base-pair) position and chromosome
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- Minor allele frequency > 1.0 %
- Minimum SNP genotyping rate 90.0 % (SNPs with > 10.0 % missing genotypes
are sorted out)

A set of 43,430 markers with an overall genotyping rate of 0.999 was left after quality
control and used for all analyses. The reduction in marker numbers was not only due
to QC criteria, but largely due to the different marker sets of the two chips.

4.2. Software

Data management and preparation was carried out via bash and AWK commands or
in R using RStudio version 1.4.1717 (RStudio PBC, 2021) and packages dplyr, tidyr,
readr, ggplot2, Ime4 (Bates et al., 2015) and ggman (Turner, 2018). The graphics were
created with R base functions and mentioned packages ggplot2 and ggman. Tables
were created in Microsoft Excel (Microsoft Corporation, 2021).

Genomic data management was done mostly in PLINK 1.9 (Chang et al., 2015; Purcell
& Chang, 2021; Purcell et al., 2007), to some smaller extent with custom bash and awk
commands.

The genome-wide association study was carried out using the software package GCTA
(Yang et al., 2011) and its mixed linear model association tools MLMA and MLMA-
LOCO (Yang et al., 2014).

Estimation of genetic parameters was carried out using ASReml 3.0 (Gilmour et al.,
2009) and REMLF90/AIREMLF90 from the BLUPF90 family of programs (Misztal et
al., 2018).

The conventional and single-step BLUP breeding value estimation were carried out
using RENUMF90, PREGSF90 and BLUPF90 (Misztal et al., 2018). For result
processing and creation of graphics, RStudio (RStudio PBC, 2021) and the same
packages as mentioned above were used.

4.3. Genome-wide association study

Our approach for a genome-wide association analysis accounted for the high number
of repeated observations per individual. Unlike similar studies that use only one
phenotypic measure or create one pseudo-phenotype per individual (Diniz et al.,
2014), we tried to avoid this source of bias and use the observations directly in the
model. The GWAS was carried out for all three breeds (LW, LR, PI). It was carried out
for each breed separately, as well as for each trait (univariate). All five traits (total
number of sperm, motility, ejaculate volume, sperm cell density, storage time) were
used for completeness, although volume and density play a minor role as they were
coerced to the total number of sperm.
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4.3.1. Data transformation and GWAS methodology

Collected phenotypes were not normally distributed, therefore transformations were
applied for total number of sperms and motility. Volume and density were not
transformed, because of their lower relevance (as they have been coerced to total
number of sperm), and storage time was not transformed as it was not possible to find
a meaningful method to transform such (highly discrete) values.

The applied transformations were:

- For total number of sperm: y=x%-1)/03
- For motility: Y =1ogio(101-x)

Although transformation was applied, total number of sperm and motility were still not
completely normally distributed.

The main principle we used in the GWAS was a mixed linear model association. For
the correction of repeated measures, a repeatability model with a permanent
environmental random effect were used. Due to the inability of GCTA to incorporate
this second random effect, beside the additive genetic effect, a two-step procedure had
to be used, where phenotypic values were pre-corrected for fixed effects and repeated
measurements.

In the first step, phenotypic values were corrected using a univariate mixed linear
model in R (using package Ime4) with fixed effects, a permanent environmental effect
and a residual random effect. Following model was applied:

y=Xb+Wp+e (2)

y is the vector of all trait observations, b is the vector of fixed effect estimates, p
denotes the vector of random permanent environmental effects and e is the vector of
residual effects. The fixed effects in b were:

- Breeder (cross-classified, 28/33/38 effect groups)

- Station * year * month (cross-classified, 277 effect groups)

- Age of the boar (continuous covariate, linear and quadratic regression
coefficients)

- Ejaculation interval (continuous covariate, linear and quadratic regression
coefficients)

The permanent environmental effect p was modelled as a normally distributed random
intercept per individual: p ~ N(0, I*o%e), where | is an identity matrix of size m x m (m
= number of animals) and o%. is the estimated permanent environmental variance.
The residual random effect was assumed to be normally distributed and independent
between observations: e ~ N(0, I*c%), where | is an identity matrix of size n x n (n =
number of observations = length of vector y). X and W are incidence matrixes linking
observations to the effect groups. The estimation of parameters and effects was
carried out using the standard REML algorithm of Ime4.

The residuals e were then used as response variables (y*) in the second mixed model
for the genome-wide association, carried out in GCTA:
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y =snp;*b+Wa+e (2)

y* is the vector of “response variables”, in this case residuals from the first model, snpi
is the vector of the SNP’s allele content, coded as 0, 1 or 2, with b as its fixed effect
estimate. ais the individual’s additive genetic effect, modelled as random effect with a
~ N(0, Gex*0%). Gex is the genomic relationship matrix calculated according to the first
method from VanRaden (2008), but excluding the SNP’s own chromosome. The
reason for computing the G matrix without the chromosome where the marker sits on
IS a possible loss of power. When using the whole genome including the marker itself,
the marker is fitted twice, once as fixed effect and once in the G matrix, leading to bias
and decreased power of the following hypothesis test. This model was estimated once
per SNP and fitted via GCTA’s AI-REML algorithm. This approach has been called
MLMA-LOCO (“leave-one-chromosome-out”) inside the GCTA package (Yang et al.,
2014). W is the incidence matrix as described above.

The p-value for the SNPi effect was calculated using the LRT (Likelihood-Ratio test).
The p-values of all SNPs were displayed in Manhattan plots (see Results section).
Note that the displayed arbitrary threshold of p < 10-°>would correspond to a Bonferroni-
corrected p-value of 0,05 for 1,000 independent markers and has to be interpreted only
as indicative. Another similar GWAS in LW pigs estimated an equivalent of 6,993
independent markers (by LD-based pruning) for the pig genome (Wang et al., 2018),
so this threshold was set comparatively high.

4.3.2. Gene identification

The regions around SNPs (x1 MB) with the lowest p-values were looked up in the NCBI
online database (NCBI - National Center for Biotechnology Information, 2021) to find
known genes related to spermatogenesis or male fertility. The genome build used was
Sscrofa 11.1 of the Swine Genome Sequencing Consortium (Warr et al., 2020). The
corresponding regions on the human genome were also looked up for possible
associations.

4.4.  Genetic parameter estimation and single-step genomic
breeding value estimation (ssGBLUP)

The second set of methods used was a multivariate single-step GBLUP to compute
breeding values for the traits. Note that storage time was not included here as its
additive genetic variance component was close to zero or could not even be estimated.
The estimation was only carried out for PI, because the other two populations were too
small.

Untransformed phenotypic values were used for easier interpretation, being aware that
this introduces a deviation of the phenotypes (and likely also the residuals) from normal
distribution.
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4.4.1. Animal model

The observed phenotypes were described by a multivariate repeatability animal model,
which can be written as

Vy=Xb+ Wp+ Wu+ e 3)

y is the vector of all trait observations, b is the vector of fixed effect estimates, p is the
vector of random permanent environmental effects and u is the vector of additive
genetic effects. X and W are incidence matrices linking observations to fixed or random
effects, respectively. p and u both have length m (number of animals). The description
of the fixed effects is identical to them in the GWAS from equation (1). The random
permanent environmental effect p was modelled as a normally distributed random
intercept per individual: p ~ MVN(0, I'o%:.), where | is an identity matrix of size m x m
(m = number of animals) and o?p is the estimated permanent environmental variance.

The additive genetic effect u was assumed to have following distribution: u ~ MVN(O,
H*0%). 0% is the estimated additive genetic variance. H is the combined relationship
matrix; its inverse is easily computed from the genomic relationship matrix G and the
numerator relationship matrix A:

0 0
-1 _ g1
H'=4"+ [0 61— Azl 4)

The G matrix (Gp) was directly set up from all SNPs of the genotyped individuals
according to the first proposal of VanRaden (2008). As it is often singular, a weighted
version with

G = 0,95G, + 0,054,, (5)
was used, causing negligible bias but making the G matrix invertible.

Al was set up from pedigree records using the well-known rule from Henderson
(1976). The term A2 reflects the inverted numerator relationship matrix for only the
genotyped animals.

4.4.2. Genetic parameter estimation

The genetic variance-covariance matrices of the additive genetic, random permanent
environmental and random residual effects were estimated using the EM-REML
algorithm of REMLF90. Convergence criterium was set to 101°. The parameter
estimation was carried out on single-step genomic basis, not in a conventional
pedigree-based model.

For speeding up the convergence a pre-estimate from a bivariate pedigree-based
estimation was used, carried out in ASReml 3.0 (Gilmour et al., 2009). These values
were used as starting values for REMLF90, making the final estimation possible in a
finite amount of time (around 40 h and 145 iterations).
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The displayed heritabilities, genetic and phenotypic correlations of the four traits were
calculated from the multivariate parameter estimates. For estimating the standard
errors of prediction (S.E.P.) of these parameters, the AI-REML algorithm of
AIREMLF90 was used, because EM-REML does not provide a method for their
computation. The S.E.P. were computed using a Monte-Carlo sampling method
(Meyer & Houle, 2013), included in AIREMLF90 with OPTION se_covar_function. This
estimates the standard error of variance component functions by averaging the
standard deviation of many simulated samples, in this study 10,000 samples per
parameter (default in the program).

4.4.3. Single-step genomic BLUP

Using the model (3) above and the estimated variance-covariance structures, the effect
sizes for fixed (BLUE) and random (BLUP) effects were estimated in BLUPF90. The
options used included:

- the calculation of standard errors of prediction (S.E.P.) (OPTION sol se)
- the solving method FSPAK (automatically with the option given above).

The BLUP estimates in natural units were standardised to relative breeding values with
mean 100 and a genetic standard deviation of 20, e.g. a boar with a relative breeding
value of 140 has a BLUP estimate two genetic standard deviations above the mean.
This method of displaying breeding values is used in routine genetic evaluation of the
Austrian pig breeding program and is well-known among breeders. The values were
displayed directly and not corrected to any “base” level like it is done in routine
estimation.

The reliability (r2) of breeding values (r2 between estimated breeding values and true
breeding values) for individuals was calculated from the S.E.P. as follows (Misztal et
al., 2018):

SEP?

r2=1- o2 (6)
4.4.4, Validation of ssGBLUP breeding values

First the correlation coefficient of ssGBLUP and conventional BLUP breeding value
estimates was computed to get a quick validation. This normally should be in the range
of 0.90 — 1.00, being closer to 1.00 for traits with high heritability.

To quantify the advantage of ssGBLUP in terms of reliability (r?) compared to pedigree-
based BLUP, a validation was carried out. For that, all boars born in years 2019 or
2020 got their records removed. Therefore, their breeding values were estimated like
young individuals without records. These were 177 boars in total, 144 born in 2019 and
33 in 2020, respectively. Their BLUPs and r? for all four traits were estimated using
either ssGBLUP or conventional pedigree-based BLUP.
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The average relative breeding values of all individuals, sorted by year of birth were
used to display the genetic trend of the traits. The purpose of this method was to
monitor medium- and long-term evolution of the genetic values of the population.

5. Results and discussion

5.1. Environmental effects from the GWAS model

For setting up the model we tested fixed effects on the sperm parameters in all three
breeds (LW, LR, PI) in a univariate model. The fixed effects of breeders and
station/year/month plus linear and quadratic regressions for age of the boar and
ejaculation interval were highly significant (P < 0.001) and were thus included in the
model. The following results originate only from the Pietrain data as the data sets were
rather small for the other two breeds.

5.1.1. Breeder effects

We found quite extreme effects of some breeders on total number of sperm and sperm
motility, as shown in Table 4.
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Table 4: Ten highest and lowest breeders’ effects for total number of sperm (left, in billions) and moatility (right, in
%)

Breeder Effect Breeder
. - . Effect [%]
(anonymised) [billions] (anonymised)

ZNR100387 35.37 ZNR114 2.8
ZNR9399 33.25 ZNR897 13
ZNR812 16.53 ZNR158 1.1
ZNR114 12.94 ZNR100043 0.7
ZNR722 6.88 ZNR146 0.7
ZNR897 2.69 ZNR251 0.6
ZNR9815 -1.86 ZNR370 0.5
ZNR9961 -3.94 ZNR722 0.4
ZNR148 -4.78 ZNR89 0.3
ZNR106 -5.00 ZNR17 0.1
ZNR35 -15.24 ZNR194 -0.9
ZNR87 -16.85 ZNR100387 -0.9
ZNR194 -17.81 ZNR627 -0.9
ZNR750 -17.90 ZNR750 -1.1
ZNR845 -20.54 ZNR87 -1.1
ZNR627 -21.70 ZNR812 -1.2
ZNR370 -22.79 ZNR48 -1.5
ZNR155 -27.32 ZNR155 -1.7
ZNR48 -28.27 ZNR9399 -2.0
ZNR100043 -35.37 ZNR9815 -2.8

Surprisingly, high breeders’ effects were found, ranging from +35.37 to -35.37 billion
sperm cells per ml and from +2.8 to -2.8 % motility.

Antohi et al., (2011) could show a negative effect of antibiotic treatments on sperm
motility in rats. Other research has found a negative influence not directly on
spermatogenesis, but on the function of the epididymis that could possibly harm the
sperm cells (Rosenfeld et al., 2018). The concern has been brought up that
prophylactic use of relatively high antibiotic treatments by breeders’ veterinarians
before boars are quarantined by PIG Austria GmbH (Pfeiffer, 2021). It is unclear
whether this effect is still noticeable, considering the long quarantine period of around
two month before boars start to produce semen for sale. Another explanation for the
high breeder effects may be feed-caused, as e.g. an influence of trace elements like
zinc on sperm quality is well-known (Fallah et al., 2018). Again it has to be assumed,
that the long feeding period during quarantine, where all boars are fed equally, should
compensate for any nutrient deficiencies a young boar might have. To verify this
assumption further research is required.
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5.1.2. Station and seasonal (year/month) effects

The station/year/month effect was introduced not only to take account of seasonal and
geographical differences, but also for management-related, staff-related and technical
issues. As any changes from one of these sources (an upgrade to the CASA system
at one station, some new workers at a laboratory, etc) have an influence on traits of
interest, the station/year/month effect would show these at least in monthly resolution.
The following graphs (Figure 4) show the expected marginal means (means corrected
for all effects except the station/year/month effect) for total sperm number in the three
different Al stations.
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Figure 4: Expected marginal means over time for total number of sperm at Al stations Gleisdorf, Hohenwarth and
Steinhaus (top to bottom)

As shown in Figure 4, the total number of sperm tends to decrease during summer
months in almost all years and all stations. This finding is consistent with literature.
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Especially high temperature and humidity had a negative effect on sperm numbers and
sperm motility (Johnson et al., 1997; Kunavongkrit et al., 2005). Although the Al
stations use methods to cool down the air during summer and increase air flow rates,
one cannot completely neutralise the seasonal effects.

Here technical issues can also be traced. The introduction of the CASA eFlow system
in mid-2020 took some time for correct adjustment which influenced measuring results.
The large decreases in total numbers of sperm at Gleisdorf and Hohenwarth in mid-
2020 may be the result of the CASA upgrade, as the station manager reported
problems in adjusting the new equipment (Doppelhofer, 2021).

Motility did not show a strong response on seasonal effects, as shown in Figure 5:
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Figure 5: Expected marginal means over time for motility at Al stations Gleisdorf, Hohenwarth and Steinhaus (top
to bottom)

The upgrade to the eFlow system in 2020 also showed its effects in motility. The
numbers at Gleisdorf increased from ~76 % to ~ 86 % while the motility at Steinhaus
decreased from ~92 % to ~86 %. The motilities after the upgrade were much closer to
each other which might also be caused by using the same system in all stations.
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5.1.3. Age and ejaculation interval

The effects of the age of the boar and the ejaculation interval were modelled as
guadratic polynomials. Both the age of the boar (here shown in the interval of 200 to
2,000 days) and the time since last ejaculation (ejaculation interval, shown from 3 to
30 days) had a large effect on the total number of sperm, but an almost negligible effect
on motility (Figure 6).
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Figure 6: Effect of the boar’s age and ejaculation interval (in days) on total number of sperm and motility in Pietrain
boars

An effect of the age of the boar on total number of sperm was observed, but this cannot
be changed easily in the daily routine of the Al stations. The elimination of boars on
the stations is much more dependent on sperm abnormalities, motility, breeding values
and economic demand so its productivity does not play a major role (Pfeiffer, 2020).

The effect of ejaculation interval on total number of sperm is of practical relevance.
The mean ejaculation interval in this study was around 7.6 days (marked in the lower
left plot with a vertical, black line). An increase to 10 days would increase the sperm
number (mean: 84.1 bn) by roughly 5 billion (5.9 %) but lowers the number of
ejaculations in a given amount of time by 24 %. Overall, this would cause a lower total
productivity. In the other direction, a reduction to 5 days would decrease the sperm
number by 8 bn (9.5 %), but increase the number of ejaculates by 52 %, causing a
higher total productivity. If the ejaculation interval does not cause any other problems,
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e.g., libido problems, reduced motility, or increasing abnormalities, a shorter interval
than the average of 7.6 days may be applied.

The upper half of the curve, which implies falling sperm numbers above 15.5 days
interval, has to be interpreted with care. The number of observations with such large
intervals was low in the data set, so these values are not as reliable as for the lower
half.

Effects of boars’ age and time between ejaculation sampling on motility were small and
may be neglected in practice, since they were only in a range of 0.00 - 0.02 %.

5.2. Genome-wide association study

The results of the genome-wide associations were displayed in Manhattan plots, where
single dots represent one SNP, the x-axis shows its position on a chromosome and
the y-axis the p-value of the hypothesis test for significant influence on the trait of
interest. As in almost all other GWAS studies, the scale of -log(p-value) was chosen to
present significant, e.g. small p-values, high up on the y-axis. An indicative threshold
of 10> was set. The GWAS has been carried out separately for all three breeds (LW,
LR and PI) because the genetic background and population-wise allele frequencies of
markers may affect the results.

In the current study repeated measurements for all traits of interest were used.
Therefore, a repeatability model using a random permanent environmental effect was
applied. Due to computational limitations, this permanent environmental random effect
had to be used in the R-based pre-correction model, while the additive genetic effect
is included in the GWAS model. The estimation of two separate mixed models may not
be optimal as the permanent environmental and additive genetic effect might be
correlated, being both distributed with the same incidence matrix (W), only differing in
their variance-covariance structure: 1*o%e Vs. Gex*0%a. The extent to which this has an
influence on the results is hard to evaluate.

5.2.1. Total number of sperm

The following sections represent the results of the genome-wide association study for
each trait, starting with total number of sperm, carried out separately for LR, LW and
Pl in univariate models.
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Figure 7: Manhattan plot for total number of sperm in Landrace pigs

In LR, a single associated SNP on chromosome 1 (ALGA0000593, position 6,532,869
bp) linked to either the PRKN gene (5,698,508 — 6,731,132 bp), coding for parkin RBR
E3 ubiquitin protein ligase, or AGPAT4 (6,761,734 — 6,883,555 bp), coding for
acylglycerol-3-phosphate O-acyltransferase 4 (NCBI - National Center for
Biotechnology Information, 2021).

PRKN is involved in the ubiquitin-proteasome protein recycling system for misfolded
or damaged proteins (Imai et al., 2001). In humans, mutations of this gene cause an
early form of Parkinson’s disease (Bjerre et al., 2006). However, little research has
been done on the porcine homolog. Currently, no causal connection to male fertility is
known. ¢

AGPAT4 is in involved in the membrane fatty acid metabolism and is broadly
expressed in meiotic and somatic testis cells. Defects of its isoenzymes (other AGPAT
variants) caused severe male and female fertility problems in mice. Male individuals
with knocked-out AGPAT1 showed an interruption of spermatogenesis at spermatid
stage, rendering these individuals infertile (Agarwal et al., 2017). This seems to be a
promising candidate gene, as an influence of another acylglycerolphosphate
acyltransferase on spermatogenesis is likely.

It remains unclear why this signal could not be observed in any of the other breeds.
The fact that there is a single marker without any surrounding markers at similar
significance levels, which would be expected in theory due to LD at this marker density,
may also imply an artefact.
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Figure 8: Manhattan plot for total number of sperm in Large White pigs

As shown in Figure 8, LW had no promising associations for total number of sperm, as
most SNPs are below or around a p-value of 10,
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Figure 9: Manhattan plot for total number of sperm in Pietrain pigs

Figure 9 for total number of sperm in Pl showed four possible associations at
chromosomes 1, 8, 14 and 16:

Chromosome 1: around SNP ALGA0003762 (58,760,643 bp)
- Chromosome 8: around SNP MARC0077431 (21,004,503 bp)
- Chromosome 14: around SNP CASI0007598 (97,292,020 bp)
- Chromosome 16: only a single SNP DRGA0015821 (10,165,906 bp)

The peak on chromosome 1 seems to be more concise than it actually is, as the SNPs
with high -logio(p-values) were scattered along a rather large distance, around 58.7
Mbp, 60.7 MBp and 65 — 66 Mbp. This was not further verified, since none of the
locations were clearly connected to any known fertility-related gene.

Also, in the region around 21 Mbp on chromosome 8 there were no well investigated
genes. Within £ 0.5 Mbp there were only a few coding sequences (STIM2,
LOC11026069, LOC11026070) where no connections to male fertility are known so
far.

The peak on chromosome 14 consisted of a large number of SNPs which implied some
recent signature through linkage between these markers. From the top 50 SNPs, 35
were found in this region, spanning from 94.5 — 97.8 Mbp. The region featured 4 genes:
PCDH15, MBL2, DKK1, PRKG1 (NCBI - National Center for Biotechnology
Information, 2021). PCDH15 codes for protocadherin 15, a large protein involved in
calcium-dependent cell-cell adhesion. It is well known to be essential for hearing, as
mutations of it cause Usher syndrome type 1F, a hereditary disease with deafness and
blindness in humans (Choudhary et al., 2020). MBL2 and DKK1 are involved in the
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immune system and in embryonal development, respectively (NCBI - National Center
for Biotechnology Information, 2021). PRKG1 codes for type 1 cGMP-dependent
protein kinase, involved in the cGMP signalling pathway in humans (NCBI - National
Center for Biotechnology Information, 2021). No known connection to male fertility in

pigs was found.

The marker at chromosome 16 is located within the transcripted region of CDH12 gene
(9,985,759 — 10,975,489), coding for cadherin 12 (NCBI - National Center for
Biotechnology Information, 2021). This protein is, like other cadherins, involved in
calcium-dependent cell-cell adhesion (Alvarez-Rodriguez et al., 2020). A direct
connection of this gene to spermatogenesis has not been reported to our knowledge.

There may be an influence of cadherins on spermatogenesis, as the
spermatocytes/spermatids have to maintain an adhesive, flexible binding system to
their Sertoli cells that has not been investigated well (Hale, 1996). Although, both
protocadherin 15 and cadherin 12 belong to the family of N-cadherins (neuronal) that
are known for cell-cell adhesion processes in the nerval system, there are reports
showing that N-cadherins also mediate the adhesion process of spermatogenic cells
to Sertoli cells (Newton et al., 1993; Wu et al., 2020).

5.2.2. Motility

The plots for motility did not show clear signals in any of the three breeds. Most SNPs
were far below the threshold, as shown in Figure 10 to Figure 12. The interesting peak
in LR on chromosome 3 and LW on chromosome 7 were consisting of only a single or
small number of SNPs, which might imply an artefact. The fact that no signals were
found in Pietrain, being the largest population in this study, did not allow any reliable
interpretation of other signals on this trait.
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Figure 10: Manhattan plot for motility in Landrace pigs

LW: Motility

-sBes & &
P T
- -

ﬁ.D..w_u—m._u._ —

10 12 13 14 15 17

9

SNP position (chromosome)

Figure 11: Manhattan plot for motility in Large White pigs
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Figure 12: Manhattan plot for motility in Pietrain pigs

5.2.3. Ejaculate volume and density

The results for volume and density did not show any promising markers (Figure 13 to
Figure 18). Most SNPs were far from significance. The single SNPs near or above the
threshold could not be traced to any ejaculate-relevant gene.
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Figure 13: Manhattan plot for ejaculate volume in Landrace pigs
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Figure 14: Manhattan plot for ejaculate volume in Large White pigs
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Figure 15: Manhattan plot for ejaculate volume in Pietrain pigs
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Figure 16: Manhattan plot for sperm cell density in Landrace pigs
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Figure 17: Manhattan plot for sperm cell density in Large White pigs
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Figure 18: Manhattan plot for sperm cell density in Pietrain pigs
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It has to be mentioned that any associations of SNPs on our traits of interest have to
be interpretated with care. Ejaculate volume is not dependent on sperm production,
but mostly on prostate and epididymis secrete (Hale, 1996). Hence, this trait resembles
the fluid productivity of these organs, not the reproductive productivity (sperm cell
numbers) or the fertilizing ability of the ejaculate. Density is, from a biological point of
view, only the ratio of the number of sperm and the fluid volume delivered by the
prostate, epididymis and other organs.

5.3. Genetic parameters

After running a 5-variate estimation, the genetic variance (and so the heritability) of
storage time proved to be close to 0. Reasons for almost zero heritability of storage
time are noted in the Methods section. Therefore, we reduced the model to a 4-variate
model. Estimated genetic parameters are shown in Table 5. Heritabilities ranged from
0.340 to 0.000 for density and storage time, respectively. Genetic correlations ranged
between -0.759 between volume and density and 0.547 between total number of
sperms and density. Phenotypic correlations ranged between -0.557 between volume
and density and 0.486 between total number of sperm and density. All genetic
parameters were significant (to p = 0.05) from zero, except for the genetic correlation
(-0.089) between total number of sperm and motility and the genetic correlation (0.121)
between total number of sperm and volume.

Table 5: Heritabilities, phenotypic and genetic correlations of sperm traits (diagonal: heritabilities, upper triangular
matrix: phenotypic correlations, lower triangular matrix: genetic correlations), with their estimated standard errors
of prediction

Total number of
sperm

Motility Volume Density

Totalnumberof| o 54710027 015310013  0.304:0.014 048610012

sperm
Motility -0.089 +0.112 0.131 £0.022 -0.124 +0.013 0.237 £0.013
Volume 0.121 +0.080 -0.305 +0.094 0.304 +0.027 -0.557 £0.010
Density 0.547 +0.059 0.206 0.096 -0.759 £0.038 0.340 £0.028

The observed heritabilities were in accordance with other studies (Marques et al.,
2017; Wolf, 2010), although ours were higher for total number of sperm (24,7 % vs. 10
or 13 %). We found a small and not significant negative genetic correlation (-
0.089+0.112) between total number of sperm and motility, while the phenotypic
correlation was positive and significant (0.153+0.013). The positive correlations
between total number of sperm and volume/density were not surprising as these two
values were multiplied to get total number of sperm, so they were highly dependent.

It is remarkable that motility has a negative genetic correlation (-0.305+0.094) to
volume, but a positive genetic correlation (0.206+0.096) to density, both being
significant. As motility is also linked to fertilizing abilities (Broekhuijse et al., 2012) and
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other sperm quality parameters (Marques et al., 2017), selection on boars with higher
sperm cell density (and avoiding higher volume) may provide an opportunity for
improving quality parameters indirectly. A possible reason may be provided by the fact
that prostate inflammations in humans reduce cell density, motility and fertility while
increasing semen volume (Rusz et al.,, 2012). Therefore, the observed genetic
correlation could be caused by a genetic predisposition to prostate inflammations.

5.4. Genomic breeding value estimation and genetic trends

For comparison and validation purposes the ssGBLUP solutions were compared with
conventional pedigree-based BLUP solutions. We calculated correlation coefficients
between ssGBLUP estimates and conventional BLUP estimates, shown in Table 6.

Table 6: Pearson's correlation coefficients (r) between single-step genomic BLUP and conventional BLUP
breeding value estimates, for all four traits

Trait Correlation
coefficient (r)
Total number of sperm 0.981
Motility 0.945
Volume 0.982
Density 0.982

The lower correlation (0.945) of motility compared to the other traits reflects the lower
heritability of this trait. The range of the correlation coefficients is remarkably high,
implying a correct application of the method and consistent pedigree recordings. For
illustration, Figure 19 shows the estimated breeding values using either method in total
number of sperm.

2021-12-16 42



University of Natural Resources
and Life Sciences, Vienna
Department of Sustainable
Agricultural Systems

Total number of sperm

pedigree-based breeding value

-20 0 20 40
single-step genomic breeding value

Figure 19: Single-step genomic and pedigree-based conventional breeding value estimates (in natural units, i.e.
billion sperm cells) for total number of sperm in Pietrain pigs, the line resembles x =y

For a quantitative validation of the advantage of ssGBLUP compared to conventional
BLUP estimation, an estimation was carried out using either method, with the boars
born in 2019 and 2020 (n = 144 + 33) having their phenotypes removed. This is done
to estimate their GEBVs like on young boars without phenotypic measures. The
average reliabilities (r?) of the traits’ estimated breeding values are shown in Table 6.

Table 7: Mean reliabilities of four sperm quality traits in 2019/2020 born Pietrain boars with no own recordings,
compared between BLUP and ssGBLUP

Mean reliability (r?) in
Trait pedigree-based single-step
BLUP GBLUP
Total number of sperm 0.217 0.369
Motility 0.161 0.270
Ejaculate volume 0.231 0.393
Sperm density 0.249 0.427

Using the genomic information in a single-step model caused a large increase of r? for
young boars. The increase in reliability for total number of sperm and motility was
substantial compared to the reliability of pedigree-based conventional BLUP values of
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young animals. The higher r? might increase selection response and therefore make
selection of young boars without phenotypes feasible (therefore reducing generation
interval), like many other studies on genomic breeding value estimation have shown,
e.g. VanRaden (2008).

This methodological comparison was not a main objective of the study but showed the
effectiveness of the single-step method also in male fertility traits.

Another remarkable result were relatively high overall reliabilities, as boars with some
decent recordings were in the range of 0.50 — 0.65 for total number of sperm and 0.40
— 0.50 for motility. Top reliabilities were over 0.70. These were high r? for pig
evaluations, being in a range one would expect from dairy cattle. They are likely caused
by the large number of repeated observations (ejaculations) per individual, similar to
milk recordings in dairy cattle, as well as comparatively high heritabilities.

Table 8 and Table 9 show the top ten boars with the highest and lowest breeding
values, respectively for total number of sperm and motility to the date of the estimation
(data until 01/2021).

Table 8: Relative breeding values and reliabilities for total number of sperm of the ten highest and lowest ranked
individuals

ID Yearof  Relative Reliability ~ Genotyped
birth  breeding value v P

0004132574 2016 152.9 0.671 no
0002886579 2010 150.7 0.529 no
0002817814 2009 148.9 0.509 no
0003547246 2013 146.2 0.540 no
0004414015 2017 145.7 0.634 yes
0004425097 2017 142.9 0.589 yes
0004367468 2017 142.4 0.645 yes
0002651856 2008 140.9 0.549 no
0003553556 2013 140.8 0.515 no
0002400936 2007 138.6 0.611 no
0003671282 2013 61.2 0.594 no
0004504431 2017 60.6 0.678 yes
0004099336 2016 60.2 0.706 yes
0003660883 2013 59.8 0.579 no
0003705039 2014 57.9 0.590 no
0003933976 2015 57.8 0.654 yes
0004698087 2018 57.7 0.635 yes
0003490096 2013 57.3 0.578 no
0003185933 2011 57.0 0.577 no
0004557056 2018 56.4 0.585 no
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Table 9: Relative breeding values and reliabilities for motility of the ten highest and lowest ranked individuals

ID Yearof  Relative Reliability ~ Genotyped
birth  breeding value v P

0004601045 2018 128.6 0.526 yes
0004485365 2017 128.0 0.333 yes
0004127810 2016 126.5 0.500 yes
0003408063 2012 126.4 0.362 no
0004762261 2019 126.0 0.447 yes
0002494217 2008 125.4 0.313 no
0004511930 2017 125.1 0.362 no
0003407886 2012 124.8 0.379 no
0004504094 2017 124.8 0.433 yes
0004859812 2019 124.6 0.450 yes
0004376959 2017 48.1 0.533 yes
0004196263 2016 47.8 0.490 yes
0003231918 2012 46.9 0.561 no
0003612946 2013 45.8 0.387 no
0004461905 2017 43.3 0.418 no
0002911893 2010 40.8 0.344 no
0004561950 2018 34.8 0.451 yes
0004461600 2017 28.6 0.411 no
0004461601 2017 26.0 0.418 no
0003158348 2011 10.1 0.335 no

The existence of quite large deviations from the mean (100) in recent individuals
implies a large selection potential.

54.1. Genetic trend

We used the average breeding value of each birth-year’s individuals as a measure for
the genetic trend. This is expected to be positive or at least neutral: There is some
positive natural selection on these traits because males with poor fertility will have less
offspring or will be eliminated from Al stations earlier. The results for 2010 — 2019 are
shown in the following graphs (Figure 20 and Figure 21):
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Figure 20: Genetic trend (average of relative breeding values per birth year) for total number of sperm for Pietrain
boars

Genetic trend: Motility
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Figure 21: Genetic trend (average of relative breeding values per birth year) for motility for Pietrain boars

The data of 2020 consisted of only 40 boars, while the years before there were
between 186 and 402 boars each year. Due to that the year 2020 is not shown in the
figure above.

While the trend for total number of sperm dropped almost six points within the last nine
years, the values for motility only increased by roughly two points. The reason for this
is unknown. These findings are consistent with subjectively higher numbers of boars
rejected recently due to sperm quality/quantity issues (Pfeiffer, 2021), though the
changes are too small in absolute numbers to make conclusions.
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These findings need to be monitored in future. Re-evaluations of the genetic trend of
sperm numbers must be done to conclude whether there is an emerging problem. It
may also help to evaluate other measures of sperm quality like morphological
abnormalities to get a clearer view on the current development. The results of this
study are going to be used as a starting point to monitor the genetic basis of sperm
quality traits at porcine Al stations in Austria. The use of these traits for selection
decisions may help to avoid future problems with sperm quality and reduce the
elimination rate of boars.

6. Conclusions

The present study was able to answer part of its research questions. The genome-
wide associations delivered some possible loci connected to spermatogenesis and
sperm quality traits, but the methodology used should be refined. This may provide
more concise signals and prove or falsify some of the findings here. Associations to
the cadherin superfamily of proteins (CDH12, PCDH15) showed up two times,
suggesting a role in spermatogenesis, if these associations prove right. The cytological
background would support this, and some research has found N-type cadherins
involved in spermatogenic cell adhesion.

The genetic parameter estimation resulted in heritabilities within the range known from
literature. Genetic correlations showed a negative correlation of motility with semen
volume, but positive with cell density which may provide an indirect selection
opportunity on motility. Further research, especially correlations with distinct
morphological traits (abnormalities) and more detailed motility parameters (progressive
motility, etc) seems promising. This could find more concise connections to use in
semen quality assessment and boar selection.

The single-step genomic BLUP evaluation proved its methodological superiority to
pedigree-based BLUP regarding reliabilities of breeding values. Semen traits were
shown to reach high reliabilities, normally not known from pig breeding value
evaluations. This implies quick and precise response on selection if semen traits would
be used as additional information in routine boar selection procedures. A slightly
negative genetic trend for total number of sperm showed up in the last few years. This
should be consequently monitored, and the selection strategy should be adapted if
these findings prove true. Although production and vitality criteria will always be the
most important traits in a pig selection index, the additional use of breeding values for
semen traits could prove useful in boar selection for artificial and natural insemination.
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9. Tables

Table 10: Number of observations (ejaculates) on Al stations Gleisdorf, Hohenwarth and Steinhaus for Large White
(LW), Landrace (LR) and Pietrain (PI)

Al Station Breed Number of observations
LW 2,524
Gleisdorf LR 363 17,572
Pl 14,685
LW 1,018
Hohenwarth LR 1,020 23,775
Pl 21,737
LW 4,543
Steinhaus LR 6,576 86,197
Pl 75,078
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Table 11: Means and standard deviations of total number of sperm, motility, volume, density, storage time, age,
ejaculation interval and number of observations per breed for Large White (LW), Landrace (LR) and Pietrain (PI).

Total . : . .
ota Motility Volume Density  Storage Ejaculation|Number of
Breed number of -, [mi] bnemy  timerd] | 299 intervai[d]| obs
sperm [bn] > [bn *mi] '
LW 88.04 84.66 229.2 0.4346 3.737 725.8 9.150 8085
+-31.83 +-8.41 +-97.1 +-0.2082 +-4.684 +-361.4 +-5.429 ’
LR 89.60 88.30 248.5 0.4066 4.685 667.6 10.544 7959
+-32.47 +-7.75 +-105.5 +-0.1922 +-2.662 +-369.0 +-5.787 '
PI 83.45 87.30 257.3 0.3601 4.102 844.2 7.268 111.500
+-30.00 +-8.14 +-97.5 +-0.1709 +-3.286 +-501.0 +-3.200 '
Total 84.12 87.20 255.0 0.3677 4,115 825.7 7.592 127,544

Table 12: Numbers of breeders and boars of Large White (LW), Landrace (LR) and Pietrain (PI)

Number of Number of

Breed breeders boars
LW 28 209
LR 33 272
Pl 38 1,795
Total 78% 2,276

a Note: The total number of breeders (farms) was smaller than the sum of the three values above as some herdbook
breeders keep more than one breed.

2021-12-16

54



University of Natural Resources

and Life Sciences, Vienna
Department of Sustainable
Agricultural Systems

Table 13: Ten highest and lowest breeders’ effects for total number of sperm (left, in billions) and moatility (right, in

%)

Breeder Effect
(anonymised) [billions]
ZNR100387 35.37
ZNR9399 33.25
ZNR812 16.53
ZNR114 12.94
ZNR722 6.88
ZNR897 2.69
ZNR9815 -1.86
ZNR9961 -3.94
ZNR148 -4.78
ZNR106 -5.00

ZNR35 -15.24
ZNR87 -16.85
ZNR194 -17.81
ZNR750 -17.90
ZNR845 -20.54
ZNR627 -21.70
ZNR370 -22.79
ZNR155 -27.32
ZNR48 -28.27
ZNR100043 -35.37

Breeder pffect (%]
(anonymised)

ZNR114 2.8
ZNR897 13
ZNR158 1.1
ZNR100043 0.7
ZNR146 0.7
ZNR251 0.6
ZNR370 0.5
ZNR722 0.4
ZNR89 0.3
ZNR17 0.1
ZNR194 -0.9
ZNR100387 -0.9
ZNR627 -0.9
ZNR750 -1.1
ZNR87 -1.1
ZNR812 -1.2
ZNR48 -1.5
ZNR155 -1.7
ZNR9399 -2.0
ZNR9815 -2.8

Table 14: Heritabilities, phenotypic and genetic correlations of sperm traits (diagonal: heritabilities, upper triangular
matrix: phenotypic correlations, lower triangular matrix: genetic correlations), with their estimated standard errors

of prediction

Total ber of
otal numbero Motility Volume Density
sperm
Total number of

0.247 +0.027 0.153 +0.013 0.304 +0.014 0.486 +0.012
sperm
Motility -0.089 +0.112 0.131 +0.022 -0.124 +0.013 0.237 +0.013
Volume 0.121 +0.080 -0.305 +0.094 0.304 +0.027 -0.557 +0.010
Density 0.547 +0.059 0.206 +0.096 -0.759 +0.038 0.340 +0.028
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Table 15: Pearson's correlation coefficients between single-step genomic BLUP and conventional BLUP breeding
value estimates, for all four traits

Trait Correlation
coefficient (r)
Total number of sperm 0.981
Motility 0.945
Volume 0.982
Density 0.982

Table 16: Mean reliabilities of four sperm quality traits in 2019/2020 born Pietrain boars with no own recordings,
compared between BLUP and ssGBLUP

Mean reliability (r?) in
Trait pedigree-based single-step
BLUP GBLUP
Total number of sperm 0.217 0.369
Motility 0.161 0.270
Ejaculate volume 0.231 0.393
Sperm density 0.249 0.427
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Table 17: Relative breeding values and reliabilities for total number of sperm of the ten highest and lowest ranked

individuals

2021-12-16

Year of Relative s
ID birth  breeding value Reliability = Genotyped
0004132574 2016 152.9 0.671 no
0002886579 2010 150.7 0.529 no
0002817814 2009 148.9 0.509 no
0003547246 2013 146.2 0.540 no
0004414015 2017 145.7 0.634 yes
0004425097 2017 142.9 0.589 yes
0004367468 2017 142.4 0.645 yes
0002651856 2008 140.9 0.549 no
0003553556 2013 140.8 0.515 no
0002400936 2007 138.6 0.611 no
0003671282 2013 61.2 0.594 no
0004504431 2017 60.6 0.678 yes
0004099336 2016 60.2 0.706 yes
0003660883 2013 59.8 0.579 no
0003705039 2014 57.9 0.590 no
0003933976 2015 57.8 0.654 yes
0004698087 2018 57.7 0.635 yes
0003490096 2013 57.3 0.578 no
0003185933 2011 57.0 0.577 no
0004557056 2018 56.4 0.585 no
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Table 18: Relative breeding values and reliabilities for motility of the ten highest and lowest ranked individuals

2021-12-16

ID Year of Relative Reliability = Genotyped
birth  breeding value
0004601045 2018 128.6 0.526 yes
0004485365 2017 128.0 0.333 yes
0004127810 2016 126.5 0.500 yes
0003408063 2012 126.4 0.362 no
0004762261 2019 126.0 0.447 yes
0002494217 2008 125.4 0.313 no
0004511930 2017 125.1 0.362 no
0003407886 2012 124.8 0.379 no
0004504094 2017 124.8 0.433 yes
0004859812 2019 124.6 0.450 yes
0004376959 2017 48.1 0.533 yes
0004196263 2016 47.8 0.490 yes
0003231918 2012 46.9 0.561 no
0003612946 2013 45.8 0.387 no
0004461905 2017 43.3 0.418 no
0002911893 2010 40.8 0.344 no
0004561950 2018 34.8 0.451 yes
0004461600 2017 28.6 0.411 no
0004461601 2017 26.0 0.418 no
0003158348 2011 10.1 0.335 no
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