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General abstract

The possibility of epididymal sperm recovery at post-mortem has drawn more attention due to the desire
to protect endangered species. This study aimed to characterise boar epididymal sperm morphometry
and motility before and post cryopreservation, using computer-assisted sperm analysis. In the first
experiment, the effects of sperm retrieval techniques and extenders were compared on the epididymal
sperm motility and morphometric traits. Results suggest that the slicing float-up technique is the choice
to obtain viable sperm from boar epididymis. In the second experiment, the effects of time elapsed
between the animal’s death and sperm recovery on sperm motility and morphometry traits of boar cauda
epididymides stored at 5 and 18 °C were investigated. It was concluded that boar epididymal sperm
retrieved from the testes stored at 5 °C until 72 h post-mortem can maintain their total motility and
morphometry. However, more sperm with greater motility and normal morphometry were recorded
after 2 h post-mortem from the testes stored at 5 °C. In the third experiment, the effects of in vitro liquid
semen preservation period and temperatures (5 and 18 °C) were investigated on boar epididymal sperm
changes in terms of sperm motility and morphometry. It was concluded that storage at 18 °C can
maintain boar epididymal sperm total motility and morphometry up to 48 h. In the fourth experiment,
the effects of semen holding time at 18 °C on the quality and cryo-tolerance of boar epididymal sperm
were investigated. It was concluded that holding time of 3 h at 18 °C improved the cryo-tolerance of
boar epididymal sperm motility and morphometry. In the fifth experiment, the in vitro fertilisation
potential of post-thawed boar epididymal sperm was investigated utilising pig oocytes that have
undergone maturation in North Carolina State University 23 (NCSU-23) and modified NCSU-23 media.
The modified NCSU-23 media was prepared with double amount of the required glucose concentration
excluding sorbitol. The findings revealed that the fertilisation rate was achieved using oocytes matured
with both NCSU-23 and modified NCSU-23 media. This study contributes to the advancement of

reproductive biotechnology and the conservation of valuable or endangered genetic lines.

Keywords: Epididymis, sperm, retrieval, conservation, holding temperature, handling, cryobiology,

protocol, extenders, in vitro, maturation, media, fertilisation.
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Chapter 1: General introduction

1.1 Rationale for research

The epididymis is the organ in charge of sperm transportation, concentration, storage, and maturation
(Ali Hassan et al., 2021). Sperm functionally start to mature in the middle of the epididymal corpus and
undergo additional membrane changes during ejaculation due to seminal plasma components (Joseph
et al., 2010; Caballero et al., 2011). Each of the epididymal segments displays differential expression
of genes and maintains distinct luminal ion concentrations, which are essential to regulate the steps of

sperm maturation (Foster & Gerton, 2016).

The spread of genital disease through natural service and unexpected animal death is a constant threat
in porcine and may lead to the loss of important genetic material (Chatiza et al., 2012). The recovery of
epididymal sperm at post-mortem may offer the last chance to preserve genetic material of the
endangered breeds which have died unexpectedly or are unable to ejaculate (Bertol, 2016). The time of
animal death is unpredictable, and it can happen any time, far away from the lab where the sperm can
be recovered. Therefore, the timing between the animal death and the sperm recovery is very important
because sperm quality may decline in the epididymides with prolonged storage time (Silva et al., 2019).
Previous studies in several species (Ram: Lone et al., 2011; bull: Strand et al 2016) have recommended
storage temperature range of 4-5 °C for the transportation of epididymides while maintaining the sperm
viability and fertilising capacity for several days to the lab where sperm is recovered (Thuwanut et al.,
2013).

The various methods of epididymal sperm recovery have been described in many species, including
humans. This includes the methods for retrieving epididymal sperm at post-mortem and in live animals
(Ovics et al., 2022). At post-mortem, epididymal sperm can be extracted by either mincing, flushing,
or slicing float-up (Podico & Canisso, 2022). However, according to Monaco et al. (2024), the sperm
sample retrieved with mincing, may contain blood and cell debris, which may have a negative impact
on the quality and freezing ability of the sperm. The flushing process has been considered as the better
recovery method due to the results of less contamination in a few species, like cattle (Lamglait, 2014)
and equine (Huijsmans et al., 2023). While the slicing float-up method is distinguished by its elevated
efficacy, high yield and may possess negligible blood contamination (Podico & Canisso, 2022).
Therefore, a quality semen extender should be used during epididymal sperm recovery to maintain
sperm viability and prevent bacterial contamination (Baiee et al., 2018). Semen extenders, like
Beltsville Thawing Solution (BTS), have been widely used in boar semen studies because of their
composition of high concentrations of antibiotics that treat a wide range of infections, lessen, and

regulate bacterial contamination during semen preservation (Thema et al., 2022). Furthermore, the use



of Andromed® as a plant-based extender has been proven to increase sperm functional motility while

reducing bacterial contamination during semen preservation (El-Keraby et al. 2010).

Cryopreservation of sperm is a valuable reproductive technology for conserving genetic material, gene
banking and genetic improvement (Vozaf et al., 2022). However, the use of post-thawed sperm in
porcine is limited due to high susceptibility of boar sperm to cold shock, which impairs their functional
competence (Daigneault et al., 2014; Thema et al., 2023). Cryopreservation may cause sperm cellular
damage, oxidative stress, protein denaturation, shrinkage and irreversible membrane collapse (Khan et
al., 2021; Nazari et al., 2021). Therefore, to enhance sperm cryotolerance and ease the transfer of
prolonged semen from artificial insemination centres to the laboratory, a 24 h holding time has been
added to the boar semen cryopreservation protocol (Wasilewska et al., 2016). Casas & Althouse (2013)
reported holding time to shield boar sperm against cold shock by preserving the plasma membrane's
lipid architecture. Studies by Tomas et al. (2014) and Torres et al. (2019) have recorded holding boar
semen before cryopreservation to allow a better interaction between seminal plasma molecules which

improves sperm motility and membrane integrity.

The sperm motility and morphology are the most critical traits for evaluating the capability of males to
fertilise (van der horst et al., 2018). The sperm motility and morphology may be affected by the
improper handling of samples during holding and freezing processes due to the lack of experience and
knowledge of the right protocol or equipment to use (Bustani & Baiee, 2021). Therefore, to acquire
reliable results about the effect of epididymides storage, holding time and cryopreservation on boar
epididymal sperm morphometry and motility, the approach of computer-assisted sperm analysis
(CASA) system has been employed (Yaniz et al., 2012; Akhtar et al., 2022). The CASA approach is an
objective method, and its use has proven to be accurate, exact, and repeatable (Esteso et al., 2015;
Gatimel et al., 2017; van der Horst et al., 2018; Finelli et al., 2021). It has generated radically
different analyses and dispersed empirical conclusions (Banaszewska et al., 2015; Maroto-Morales et
al., 2016).

Previous studies in various animal species have described the fertilisation success of epididymal sperm
(Gill et al., 2016). Limited information exists regarding boar epididymal sperm to fertilise mature
oocytes in vitro. Due to the inadequacies, in vitro maturation and in vitro fertilisation (IVF) continue to
be inefficient in the embryo production of porcine (Ledwaba et al., 2022). The North Carolina State
University 23 (NCSU-23) has been widely used in the porcine in vitro embryo production as a
maturation and culturing medium (Pyoos et al., 2018). However, improper in vitro oocyte maturation,
often resulted, due to inadequate cytoplasmic development which limits embryo development and
overall IVF success (He et al., 2024). Therefore, modification of NCSU-23 will be useful for the

improvement of oocyte maturation and embryo production in porcine.



1.2 Problem statement

The unexpected animal death and spread of genital diseases through natural service is a constant threat
in porcine leading to the loss of genetic material (Bertol, 2016). Keeping boar herds can be costly and
may pose a risk of inbreeding to the herd (Boersma et al., 2015). Therefore, epididymal sperm recovery
provides the opportunity to obtain and utilise top males' genetic material even after their death
(Vernocchi et al., 2014). However, preservation of sperm is sometimes hampered by the lack of
technical understanding regarding handling, transportation, and storage of the epididymides following
the sudden death of an animal (Engdawork et al. 2024). Limited studies have addressed how long the
boar sperm can remain viable in the epididymides during transportation until the sperm is recovered,
cryopreserved and fertilised (Cunha et al., 2019). Contamination of the sperm often occurs in the farms,
artificial insemination centres and during semen collection, processing and storage (Prieto-Martinez et
al., 2014). Few studies have focused on the in vitro fertilising potential of post-thawed sperm recovered
from refrigerated epididymis. While little is known about the effective retrieval methods and semen
extender for boar epididymal sperm during recovery. Furthermore, following sperm recovery, little is
known about the changes in boar epididymal sperm quality during liquid storage at 5 and 18 °C for up
to 48 h.

Limited studies have been done on the effect of holding time on boar epididymal sperm motility and
morphometry following cryopreservation. Whereas, the cryopreservation process, induces oxidative
stress which affects sperm morphometry traits with a high proportion of sperm acrosome being
frequently damaged (Sun et al., 2021). Vernocchi et al. (2014) recorded the sperm head to have
decreased following cryopreservation than in the fresh semen. While the morphometric measurements
of the head and tail of the sperm, decreased within the first 24 h of storage (Szablicka et al. 2022). The
use of cryopreserved sperm is limited due to the subjectivity of the boar sperm to cryodamage which
affects sperm morphometry and increases the percentage of acrosomal damage (Aydin et al., 2016).
These effects include severe membrane damage, morphological changes, and morphometric alterations
(Tomas et al., 2014). The dimensions of the sperm head, its length, width, area, and perimeter and tail

length gradually decrease during cryopreservation as a result of cold shock (Akhtar et al., 2022).

The short lifespan of the boar sperm after thawing continues to limit the use of frozen-thawed semen in
commercial farms, primarily because of the changes in sperm morphology and its functional
characteristics which may affect fertilisation rate (Thema et al., 2023). Abnormalities in the sperm head
have been linked to early embryonic death, decreased fertility, embryo quality, and a decreased ability
to connect to the ovum (Yéniz et al., 2015). Additionally, it was also reported that the increased number
of acrosome-reacted sperm occurring during cryopreservation may cause changes in sperm DNA
integrity (Ahmad et al., 2010). James et al. (2020) reported that boar epididymal sperm have been shown

to contain a high level of abnormalities due to the unique configuration of the cell membrane. Due to



technical discrepancies among and between technicians, subjective morphological assessment of the
boar sperm continues to be troublesome (Finelli et al., 2021). Wide variations in sperm morphology
have resulted from subjective estimations, which have affected the utility of such morphology
evaluation as a quality predictor of semen for reproduction within and across laboratories and
technicians (Yéaniz et al., 2015). To lessen the subjective way of analysing sperm morphometry, the
CASA system approach was developed (van der Horst et al., 2021). There are limited reports regarding
the characterisation of boar epididymal sperm motility and morphometry using a CASA system at pre-

freeze and post-thaw.

Despite sufficient motility or normal morphometry, the ability of post-thawed sperm to fertilise during
IVF is infamously poor for unclear reasons in pigs. Oocyte maturation is a key determinant of
developmental competence and IVF success (Lee et al., 2015). Several IVF protocol elements,
including the media's composition, have a negative impact on the fertilisation outcomes in pig embryo
production (Romar et al., 2016). These challenges reflect on the oocyte cytoplasmic maturation defects,
due to an incomplete maturation compared to in vivo (Pyoos et al., 2018). Several attempts have been
made to improve the IVF protocol in the past few decades. Despite extensive research on improving
porcine IVF, the rates of normal fertilisation and embryonic development to the blastocyst stage have
been extremely low (Ledwaba et al., 2022). Therefore, improvement of the methods for semen
cryopreservation and enhancing the quality of frozen-thawed sperm is imperative to define the changes

that occur in sperm/oocytes during the process of liquid preservation/cryopreservation.
1.3 Justification

The sperm in the epididymis can survive after death, and if recovered, they can either be preserved or
immediately used in reproductive technologies to create new generations (Strand et al., 2016). The
gametes can be used in animal biotechnologies such as artificial insemination and IVF after
cryopreservation (Bertol et al., 2013). The determination of a reliable protocol to allow the conservation
of boar epididymal sperm is important to enable the salvage of these gametes from genetically important
individuals that may die unexpectedly. The death of an animal is unpredictable, and a processing
laboratory might be distant from the place of animal death (Engdawork et al. 2024). Therefore, to
determine the storage length and temperature at which a boar testis can be stored, while maintaining
acceptable sperm quality following death will be useful for conservation of endangered species
(Wachida et al., 2019). Additionally, determining the effective technique for boar epididymal sperm

recovery, will assist in retrieving sperm of high yield and good quality.

During sperm recovery semen extenders are used as the medium for maintaining metabolic processes
of the sperm, while controlling bacterial contamination (Malik et al., 2018). The BTS extender is

commonly used in pig semen conservation. While Andromed® extender is a plant-based extender and



can be used as an alternative to milk or egg yolk-based extenders for semen cryopreservation in species
like bovine (Kumar et al., 2015; Miguel-Jimenez et al., 2020).

Cryopreservation technigue allows sperm to be distributed globally and reaches areas where liquid
preserved sperm is impractical (Ugur et al., 2019). Boar semen is frequently transported to different
locations in liquid form at 15 °C for cryopreservation (Kim et al., 2011). Holding time has been used to
improve cryopreserved sperm in other species, as holding time allows for a prolonged interaction
between sperm and seminal plasma components (Torres et al., 2019). Therefore, research into the
physiological alterations that sperm undergo throughout holding time and cryopreservation may lead to
the development of improved techniques for monitoring sperm viability and fertility. To my knowledge,
studies examining the morphometry of sperm in particular regions of the boar epididymis during cooling
and freezing are lacking. Therefore, the dimensions of sperm head, its area, and the percentage of
acrosome and other factors must be precisely measured to determine the potential of epididymal sperm
to fertilise (Esteso et al., 2015).

The most recent generation of CASA system fully integrates quantitative modules for measuring sperm
morphometry, DNA fragmentation, vitality, acrosome intactness, and hypoosmotic swelling regularly
(Naranjo et al., 2022). The CASA system has allowed for more objective, faster analysis and has been
used successfully to determine the relationship between sperm shape and fertilisation ability (Yaniz et
al., 2015). The CASA system is user-friendly and capable of producing enormous amounts of data
quickly (van der Horst et al., 2018; Naranjo et al., 2022). It was documented that there might be a 40-
60% variation in sperm morphometric and genotypic outcomes when using CASA, unlike the subjective
method (Maroto-Morales et al., 2016). Therefore, this study will provide current scientific illustration
and applications of CASA, as well as its ability to evaluate epididymal sperm morphometry and motility
in relation to fertility (Maroto-Morales et al., 2016; Soler & Cooper, 2016).

Evaluation of epididymal sperm morphometry and motility at post-thawed using CASA will be
beneficial for successful IVF and artificial insemination (Jiang et al., 2013; Esteso et al., 2015; Tanga
et al., 2021). Maintaining boar sperm functional status after thawing is critical for successful IVF and
subsequent to embryo production (Martecikova et al., 2010). Although there have been successful in
vitro produced embryos using ejaculated sperm, there is still limited information on the successful use
of epididymal sperm recovered from epididymides at post-mortem. Nonetheless, many aspects of the
IVF protocol remain unknown because there have been insufficient extensive studies evaluating the
efficacy of media particularly intended for IVF in porcine using post-thawed sperm of epididymis. To
address these limitations, modifications to the standard NCSU-23 media have been proposed to improve
IVF protocols. Modification of the NCSU-23 maturation media will assist in enhancing in vitro
fertilisation success in porcine. Therefore, improvement of IVF protocols is necessary to produce high-

quality oocytes and improve IVF success consistently (Lin et al., 2014).



1.4 Aim

This study aimed to characterises retrieved boar epididymal sperm morphometry and motility before

and post cryopreservation, using computer-assisted sperm morphometry analysis.

1.5 The specific objectives were:

a.

To evaluate the effect of sperm retrieval method and semen® extenders on boar epididymal
sperm motility and morphometric traits.

To investigate the effects of the time elapse between animal death and sperm retrieval on the
sperm motility and morphometry traits of boar cauda epididymides stored between 5 and 18
°C.

To evaluate the effect of boar epididymal sperm storage duration and storage temperature on
morphometric and motility changes.

To determine the effects of pre-freezing temperature and holding time on post-thaw motility
and morphometry of cryopreserved boar epididymal sperm.

To assess in vitro fertilisation ability of pre-frozen and post-thawed boar epididymal sperm
using oocytes matured in two media: North Carolina State University 23 (NCSU-23) and
modified NCSU-23 (mMNCSU-23).
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1.6 Hypotheses

a. Sperm retrieval method (slicing float-up and flushing method) as well as the semen extenders
(BTS and Andromed®) will affect the viability and quality of boar epididymal sperm motility
and morphometric traits.

b. Storage of cauda epididymides for 72 h at 5 and 18 °C after boar death, significantly affect the
survival, motility and morphometric characteristics of the sperm recovered.

c. Storage of boar epididymal sperm at 5 and 18 °C for different durations significantly influences
sperm morphometry and motility characteristics.

d. Holding boar epididymal sperm at 18 °C for different pre-freeze durations (0, 3, 6, 9, 12, 24
and 48 h) significantly affects cryotolerance and post-thaw sperm motility and morphometric
characteristics.

e. Pre-freeze and post-thawed boar epididymal sperm significantly influences in vitro fertilisation

success when oocytes are matured in NCSU-23 and mNCSU-23 media.
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Chapter 2: Literature review

2.1 Introduction

Semen is usually collected through ejaculation for breeding and genetic material preservation; however,
this is not feasible in all species or situations, such as in cases of unexpected death (Strand et al., 2016).
The possibility of recovering viable sperm from the epididymides of deceased animals has drawn more
attention due to the desire to protect endangered species (Lone et al., 2011). There has been an
increasing number of studies investigating the use of frozen-thawed epididymal sperm in comparison
with ejaculated sperm in other species (Bertol, 2016), intending to preserve genetic diversity in non-
domestic animals that are threatened or endangered breeds (Silva et al., 2019). However, the success of
epididymal sperm recovery, cryopreservation and its fertilisation are hampered by the distance from the
farm where the animal dies unexpectedly to the lab where the sperm could be properly processed and
stored (Engdawork et al., 2024). It has been reported in other species that sperm recovered from the
cauda part of the epididymis stored at 5 °C after the animal’s death, exhibit higher motility with reduced
morphological defects compared to non-cooled treatments (Tamayo-Canul et al., 2011; Thuwanut et
al., 2013). Studies in bulls (Chaveiro et al., 2015), stallions (Monteiro et al., 2011) and goat (Turri et

al., 2014) have demonstrated fertilisation ability of the sperm recovered from epididymis.

Although cryopreservation works efficiently for long-term preservation in other species, less than 1%
of frozen-thawed semen is used for artificial insemination in porcine compared to liquid preserved
semen (Szablicka et al., 2022). The cryopreservation of boar semen involves well-established protocols
and diluents, but challenges may persist when dealing with sperm recovered from the epididymis (Berto
et al., 2013). Approximately 40-50% of the ejaculated sperm population does not survive the
cryopreservation process (Maside et al., 2023). Freezing and thawing procedures subject sperm to
extreme survival conditions, leading to structural and metabolic cell damage, resulting in the loss of
motility and membrane integrity (Bertol, 2016). The process of cryopreservation causes oxidative
damage and ice crystal formation that compromise the sperm membrane lipids, proteins, carbohydrates,
and polynucleotides (Horokhovatskyi et al., 2018). Cryopreservation has a major impact on the quality
of boar sperm due to its susceptibility to cold shock (Engdawork et al. 2024). Sperm's susceptibility to
cold shock is correlated with the composition of the plasma membrane, which varies between species

but also within individuals, according to Rodriguez-Martinez et al. (2021).

The morphometric dimensions of sperm change during storage, with a high proportion of the sperm
acrosome being frequently damaged (Vernocchi et al., 2014). During cryopreservation of boar semen,
sperm undergo functional and structural changes influenced by factors such as the type of extender,
collection method, storage temperature, storage time, and cryopreservation method (Teixeira et al.,

2015; Thema et al 2023). It is necessary to improve and uphold protocols for the cryopreservation of
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boar sperm genetic material. To maintain sperm's fertilising ability following cryopreservation, the boar
semen freezing protocols need to be improved (Thema et al., 2023). Improvement of boar semen
freezing protocols may be crucial for the development of assisted reproductive technologies (Bezerra
et al., 2023). Optimising cryopreservation procedures requires a thorough understanding of the motility
and morphometric traits of swine epididymal sperm (Santiago-Moreno et al., 2023). Sperm morphology
assessment not only provides information about gamete quality but also facilitates evaluation of the
male reproductive system (Szablicka et al., 2022). Variations in the sizes, shapes, or nuclei of sperm

may correspond to distinct subpopulations of mature sperm that directly affect fertilisation capacity.

Sperm in all species are regarded as normal if they meet the criteria for that species, which includes the
dimensions and form of the head, midpiece, and tail (Czubaszek et al., 2019). Additionally, these studies
emphasised morphological traits as important markers of post-thaw sperm quality, such as head shape,
midpiece, and tail integrity. All these sperm morphometric traits can be reliably quantified using
computer-assisted sperm analysis (CASA; van der Horst et al., 2018). The length, breadth, and tail
length of sperm components are important factors in sperm function and fertility (Kerns et al., 2020;
Moskovtsev et al., 2023). Reduced fertility may result from high incidences of non-progressive
abnormal sperm as documented in the study by Bezerra et al. (2023) and immature oocytes (Oliveira et
al., 2011).

2.2 The testes and process of sperm production
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Figure 2.1: Anatomy of the testis (Constantinescu, 2017)
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Testes is a primary male reproductive organ, enclosed in the scrotum, divided by partitions of the tissue
and seminiferous tubules in the lobules shown on Figure 2.2 (Constantinescu, 2017). This sets of tissues
expand from the tunica albuginea to the seminiferous tubules in the lobules (Houda et al., 2021). The
tunica albuginea is a bilayer of fibrous connective tissue that serves as a protective and structural
envelope for testis and epididymis (Federle et al., 2017). The rete testis connects head of epididymis
(caput) with the mediastinum testis and seminiferous tubules being divided by the septa (Hinton &
Robaire, 2015). Seminiferous tubules located within the testis and serve as a site for sperm production
(Suede et al., 2023). The production of sperm begins in foetal life, when primordial germ cells form
stem-cell spermatogonia within the seminiferous tubules (Bowles & Koopman, 2010; Spiller & Bowles,
2015; Spiller et al., 2017). The process at which the sperm are being produced within the seminiferous
tubule located in the testes is referred to as spermatogenesis (Suede et al., 2013). Spermatogenesis is a
regulated process occurring in the seminiferous tubules with the assistant of Sertoli and germ cells
multiplication and differentiation which enables the continual production of sperm thereby safeguarding
lifelong fertility (Zheng et al., 2022; Robertson et al., 2024). This process is initiated through the
follicle-stimulating hormone interacting with Sertoli cells (provide the support and nutrition for sperm
multiplication and differentiation) and luteinising hormone interacting with the Leydig cells (produce

testosterone responsible for sperm production; Sharma et al., 2011; Staub et al., 2018).

The entire spermatogenesis process can be divided into three main stages, spermatogonia mitosis,
spermatocyte meiosis and spermiogenesis (Abdelhamid et al., 2019). The spermatogonia stage involves
mitotic cell division that allows the early cell stage to multiply; the spermatocyte step involve meiosis
I1, in which the haploid cells form the diploid cells, division occurs and round spermatid is formed; in
the spermiogenesis stage and round spermatid form a sperm (Chandra et al., 2013; Costa et al., 2013;
Fu et al., 2016). The duration of spermatogenesis process differs per species (Su et al., 2023). In boars,
the entire spermatogenesis process lasts around 40-41 days with the spermatogenic cycle lasting for 9
days (Suede et al., 2023). This process is followed by the sperm maturation in the epididymis (Tiwana
& Leslie, 2022).
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2.3 Functions of the epididymis
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Figure 2.2: Overview of the epididymis components and their functions (Ali Hassan et
al., 2021).

The epididymis is a flat and compact structure that is closely connected to one side of the testicle, with
a diameter of around 4 cm (James et al., 2020; Tiwana & Leslie, 2022). Anatomically, the epididymis
is divided into three segments: the caput, corpus, and cauda represented in Figure 2.2 (Ali Hassan et al.,
2021). The caput and corpus consist of the sperm still in the maturation process, characterised by low
concentration, motility, plasma membrane fluidity if recovered shown in Figure 2.2 (Ali Hassan et al.,
2021). A cauda segment of the epididymis is considered a good source for obtaining viable, high yields,
and good quality sperm that have matured (Lamglait, 2014; Leung et al., 2014). The epididymis is
responsible for testicular fluid resorption, concentration, defence, transportation, maturation, and
storage of mature sperm (James et al., 2020). Even though mature sperm include xeno-antigens that
are unfamiliar to the immune systems of both male and female, the epididymis is responsible for

providing peripheral immunological tolerance for these cells (Rodriguez-Martinez et al., 2022).

Sperm leaves the seminiferous tubules where they are produced, proceeds to the epididymis, where they
mature, and then passes through the vas deferens during the ejaculation process (Dcunha et al., 2022;
Eberhardt et al., 2023). These processes involve the release and absorption of liquids, ions, antioxidants,
and exosomes known as epididymosomes (Trigg et al., 2019). Membrane alterations are also involved
in the process of epididymal transit to allow sperm to become fertile. To avoid early activation, a billion
or more sperm subsequently become retained in a quiescent metabolic stage in the cauda epididymis
(Guimardes et al., 2012). Additionally, the cauda segment has been investigated in several species can

support the recovery of viable sperm for preservation (Johnson, 2022) but limited in pigs.
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2.4 The transportation of the epididymides to the laboratory for sperm recovery

Recovery of epididymal sperm at post-mortem is a valuable technique for obtaining germplasm from
genetically endangered species (Stand et al., 2016). However, the lack of technical knowledge about
the storage and transportation of the epididymides often results in tissue degeneration that prevents the
recovery of viable sperm and preservation of the sperm (Thuwanut et al., 2013). Therefore, the
definition of the effective epididymal transporting temperature till recovery enables the recovery of
viable sperm and successful conservation of these gametes (Monteiro et al., 2011). The acceptable
motility and fertilising capacity of the sperm recovered from the epididymides stored at 5 °C have been
reported in bulls (Bertol et al., 2013), equine (Vidament et al., 2012), and feline (Toyonaga et al., 2011).
Mir et al. (2012) preserved ram epididymides at 5 °C, and good sperm viability was recorded following

48 h postmortem; however, the in vitro fertility capacity declined significantly after 24 h.

Sperm in the cauda epididymis is susceptible to environmental temperature variation, while most dead
animals are discovered after lying at ambient temperatures (Bergstein-Galan et al., 2017). Decrease in
sperm motility was found in various studies with prolonged post-mortem length and the time of
epididymal sperm recovery and storage temperature (Tittarelli et al., 2012; Bergstein-Galan et al., 2017)

2.5 Epididymal sperm recovery methods

There are efficient ways to extract sperm directly from the epididymis, either in the live animal or after
death at post-mortem. Methods for retrieving sperm from live epididymis include percutaneous
epididymal sperm aspiration, testicular sperm aspiration, microsurgical epididymal sperm aspiration,
and open epididymal sperm retrieval (Shin & Turek, 2013). Live surgical methods are commonly
utilised in human reproduction (Kamal et al., 2010), and the most commonly used method is the
testicular sperm aspiration. When using testicular sperm aspiration, epididymal sperm are usually
retrieved by cannulating the epididymides and using the needle to aspirate the sperm, as described by
Stout (2012).

Methods of epididymal sperm recovery at post-mortem are useful for preserving the genetic material of
animals that have died suddenly and when ejaculation collection is not possible for preserving
endangered breeds (Strand et al., 2016). Commonly used techniques for retrieving epididymal sperm at
post-mortem include mincing, flushing, and slicing. The mincing process is characterised by cutting the
cauda epididymis and ductus deferens multiple times after placing them in a petri dish with a semen
extender (Podico & Canisso, 2022). While the flushing method is performed by making a one cut at the
top of the cauda part of the epididymis, inserting a blunted needle or cannula into the ductus deferens
and pushes the extender in the opposite direction of the physiological sperm direction to the petri dish

(Monoca et al., 2024). Slicing float-up involves slicing the cauda part of the epididymis with a scalpel
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blade, suspending it in 5 mL of 37 °C preheated extender, and gently agitating the mixture for about 10
minutes (Falomo et al., 2016).

2.6 Semen extenders for boar sperm analysis

Experts have developed media known as extenders for sperm survival during storage and freezing
because boar sperm is strongly sensitive to cold shock due to high polyunsaturated fatty (PUFAS) acid
in their plasma membrane particularly long chain PUFA such as docosapentaenoic acid and
docosahexaenoic acid (Baiee et al., 2018). According to Mandal et al. (2014) and Castro et al. (2025),
this sensitivity of boar sperm is mostly caused by lipid phase transitions and lipid peroxidation as a
result of high PUFAs in the plasma membranes. Unlike sperm of other species, boar sperm plasma
membranes contain high PUFAs with low amount of cholesterol (Yeste et al., 2011). This PUFAs
increases membrane flexibility, making sperm more susceptible to cold shock during sperm exposure

to lower temperatures (Yeste, 2018).

Semen extenders have been developed to protect and maintain sperm viability by stabilising the
plasmalemma, providing energy, and preventing harmful effects of the pH changes during preservation
(Mousavi et al., 2019). Semen extenders also provide buffering capacity (Tvrda et al., 2021), prevent
clumping by thinning out the sperm concentration while increasing the metabolic activity and enhancing
sperm motility. One of the requirements for semen extenders is the composition of antibiotics
(gentamycin, lincomycin, penicillin, spectinomycin), which play a vital role in limiting bacterial
development in the semen (Thema et al., 2022); an energy source (fructose or glucose) to sustain
metabolism of the sperm and buffers (sodium citrate, bicarbonate, citric acid) that maintains semen pH
(Costinar, et al., 2021). Because bacteria growth in the semen may manipulate the pH level and lead to
the decrease of sperm viability (Bustani & Baiee, 2021).

21



Table 2.1: Chemical composition of the semen extenders

Beltsville Thawing ®
Solution Andromed

i Auer et al., 2022 i
(Thema et al., 2022) Concentration (Auer et al., 2022) Concentration
Glucose 37 g/l Fructose 1.25 g/L
Tri-sodium citrate 6 g/L Citric acid 1g/L
EDTA 1.25 /L Buffer 1giL
Sodium bicarbonate 1.25 g/L Phospholipids 1g/L
Spectinomycin 0.75 g/L Spectinomycin 0.343 g/L
Penicillin 1.10 g/L Lincomycin 0.172 g/L
Potassium chloride 1.10 g/L Tylosin 0.57 g/L
Gentamycin - Gentamicin 0.286 g/L

EDTA: Ethylenediamine tetra acetic

The semen extenders in porcine are divided into two main groups, namely: the short-term (maintains
the sperm viability up to three days; Lucca et al., 2020) and long-term (maintains the sperm viability
more than four days; Teixeira et al., 2015). Additionally, there are different commercial boar semen
extenders available, and separate studies have compared these media, including direct comparisons
between short-term (BTS, Kobidil*) and long-term (x-cell, Mullbery 111, Androhep-lite, Androhep plus,
Acromax) extenders (Yeste, 2018). Studies compared sperm quality of the semen diluted with BTS
while stored for three days with sample diluted with long-term extenders stored for five days found

similar results in sperm motility, membrane, and acrosome integrities (Pinart et al., 2015).

The BTS is a short-term extender and can maintain boar sperm up to 72 h and still produce acceptable
fertility results (Thema et al., 2022). With composition of potassium chloride in the BTS extender is
able to maintain semen pH and sperm morphology (Vilchez et al., 2016). The present of
ethylenediamine tetra acetic in the BTS extender act as an ion chelator that protect sperm against
oxidative damage and lipid peroxidation during semen preservation or handling (Hussain et al., 2019).
On the other hand, Andromed® is a soybean lecithin-based extender that has been used in fresh and
refrigerated sperm samples from species such as alpacas, camel (Skidmore, 2019), and bulls (Miguel-
Jimenez et al., 2020). Soyabean lecithin-based extender consists of phospholipids, which play a role in
forming a protective film around the sperm while preventing the intracellular ice crystals formation and
protecting sperm membrane against oxidative damage during preservation (Bertuzzi et al., 2020).
Soybean lecithin-based extender is regarded as a suitable alternative to egg yolk for semen

cryopreservation in various species (Chelucci et al., 2015).
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The composition of boar semen extender especially for freezing is crucial to consist of cryoprotective
substances such as glycerol and egg yolk in small concentrations to protect sperm against oxidative
stress, since the boar sperm is susceptible to cold shock (Rochmi & Sofyan., 2019). Glycerol is a
common permeating cryoprotectant used in mammalian semen cryopreservation protocol. It acts as a
salt buffer that prevent ice crystal formation, protect sperm against cold stress and lowers freezing point
by stabilising the sperm plasma membrane during cryopreservation (Anzar et al., 2019). The egg yolk
form part of the standard freezing protocol for boar semen normally ranged between 15-20% with the
3% glycerol. Egg yolk play an important role on the sperm during cryopreservation by providing
nutrients (low-density Lipoproteins, cholesterol, antioxidants and phospholipids), that maintains the
sperm reduces sperm cold stress (Anzar et al., 2019). The composition of cholesterol in the egg yolk,
strengthens and protects sperm membrane during cryopreservation by preventing structural changes
(Blommaert et al., 2016). While the low-density lipoproteins composition of egg yolks, contain large

amount of lipids that leads to an increase in the viscosity of the diluent (Chang et al., 2025).
2.7 Short and long-term storage of boar sperm before cryopreservation

Collected semen from the animals can be used immediately for artificial insemination/cryopreservation
procedure or diluted with semen extenders and stored in a liquid form for a short duration or kept for a
long term in a cryopreserved (Panteli¢ et al., 2018). Short term storage of boar semen refers to the
lowing of boar sperm metabolism for up to 72 h at 15-18 °C while its quality is maintained (Szablicka
et al., 2022; Thema et al., 2022). Boar semen is frequently transported to different locations in a liquid
form at a regulated temperature of 15-18 °C for artificial insemination or cryopreservation (Kim et al.,
2011). The 15-18 °C is considered as the boar optimum storage temperature for short duration (Schulze
et al., 2013). However, courier companies offer standardized cold (4-5 °C) transport which is cheaper
and more robust to 15-18 °C optimum storage temperature cabinets (Waberski & Luther, 2024). Boar
semen storage at 5 °C it has been considered innovative over 17 °C conventional temperature by Schulze
etal. (2020).

A recently introduced step towards maintaining sperm against cold stress induced during
cryopreservation or cooling to 5 °C is holding of the semen at 17 °C for 16-24 h (Luther et al., 2024).
Holding semen before cryopreservation is a critical step found to address challenges faced when
cryopreserving boar sperm. Holding semen at pre-freeze stage involves maintaining the semen sample
at 15-18 °C, which is one noteworthy method,; it assists in lessening the susceptibility of boar sperm to
cold shock while preserving sperm viability during cryopreservation (long-term storage; Prieto-
Martinez et al., 2014). It has been demonstrated that holding boar sperm at pre-freeze improves its cryo-
survivability (Rodriguez-Martinez et al., 2021). However, the prolonged holding of the boar epididymal
sperm sample stored at 15-18 °C may have a negative impact on the sperm motility and morphology

because the epididymal sperm lack the protection of seminal plasma (Bergstein-Galan et al., 2017).

23



According to Yeste et al. (2014), a 24 h holding time can increase sperm resistance to cold shock and
further detailed that the prolonged holding time causes sperm capacitation processes to reverse while
increases cryo-resistance. Additionally, Tomas et al. (2014) also stated that dilution of boar semen in
an extender and storing it at 15 °C for 24 h should be a common practice before cryopreservation. While
the storage of semen at low temperature (5 °C) during prolonged storage may have a negative impact
on the sperm viability by reducing energy consumption (Schulze et al., 2020). The study by da Silva
Passarelli et al. (2020) has reported the cryotolerance to have been improved when the boar semen was

kept at 15-17 °C before cryopreservation.
2.8 Cryopreservation of boar semen

Cryopreservation is regarded as one of the most important reproductive biotechnologies for the
establishment of conservation programs and contributes to the preservation of rare or endangered breeds
(Villaverde et al., 2013; Sui et al., 2023). Cryopreservation enables the long-term storage and
transportation of germplasm that can be utilised in the assisted reproductive technologies (Gangrade,
2013; Hezavehei et al., 2015). The utilisation of cryopreservation is an excellent tool to improve genetic
diversity and reduce inbreeding. The role of cryobanks in preserving genetic material has expanded
rapidly, and almost all semen used in reproductive industries today is cryopreserved (Dar et al., 2015).
The importance of conserving genetic material, especially epididymal sperm, has increased
dramatically in the field of assisted reproductive technologies in recent years (Strand et al., 2016;
Comizzoli, 2015). The recovery and cryopreservation of epididymal sperm are crucial for preserving
genetic material of valuable domestic or wild animals as an alternative source of gametes in cases of

boar infertility, sudden death and when it is not possible to collect ejaculated semen (Bertol, 2016).

However, the analysis of cryopreserved boar sperm has largely faced poor success due to the difficulties
presented in many boar semen samples. Cryopreservation processes are known to cause damage to the
boar sperm, due to changes during the biotechnological process and osmotic stress caused by
extracellular ice crystal formation (Nazari et al., 2021). The study by Teixeira, et al. (2022) reported
sperm head rugosity to have reduced after cryopreservation as compared to fresh semen. Additionally,
the cryopreservation process can cause larger alterations in the morphometric dimensions of the sperm
midpiece (Gatimel et al., 2013). Furthermore, modifications to the chromatin structure and loss of sperm
membrane functioning are suggested as potential reasons for the changes in the morphometric

dimensions of sperm during cryopreservation (Cerdeira et al., 2020).
2.9 Ejaculated versus epididymal sperm cryotolerance

Sperm recovered from the cauda segment of the epididymis usually have higher yield, good matility,

viability, normal morphology and greater ability to fertilise compared to the ejaculated (Leung et al.,
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2014). This is due to that, epididymal sperm are immobile characterised with low metabolism at
recovery until diluted with semen extenders or mixes with seminal plasma during ejaculation (lolchiev
etal., 2017). In addition, the cauda part of the epididymis consists of immobilin and antioxidants, which
play a role in increasing epididymal fluid viscosity (James et al., 2020). Epididymal fluid compose of
protein responsible for lowering sperm metabolism while maintains its quality during preservation and

protecting against cryo-injury (Tomas et al., 2014).

The successful conception resulting from the use of post-thawed epididymal sperm has been achieved
in many species such as goats, red deer, dogs and humans (Martins et al., 2012; Turri et al., 2014).
However, the susceptibility of epididymal sperm to cold shock with, damage sperm head morphometry
compared to ejaculated sperm has been reported by in Vernocchi et al., (2014) study. According to
Bertol et al., 2013, poor functional quality of epididymal sperm and its susceptibility to cold shock
during cryopreservation may be attributed to the absence of seminal plasma which is a component of
the ejaculated semen. Sperm mix with the seminal plasma during ejaculation, which contains
components/nutrients that can interact with sperm function. These interactions may alter the properties
of ejaculated sperm membranes, its response to different treatments, cryopreservation and insemination
as noted by Rodriguez-Martinez et al. (2021). This is because seminal plasma contains proteins that
support and maintains sperm motility and morphology during preservation (Moura et al., 2018).
Whereas the absence of seminal plasma protein in the epididymal sperm may affects the plasma
membrane fluidity resulting in the loss of protection against cold shock (Moreira et al., 2022).
Hernandez et al. (2014) study showed the decline in pig sperm motility in the absence of seminal plasma
protein, compared to the sample that contains atleast less concentration seminal plasma before freezing
and at post-thaw. Therefore, the composition of the seminal plasma in an ejaculated semen play a critical
role in stabilising the plasma membrane and delay sperm capacitation while increases sperm

cryotolerance (Yanez-Ortiz et al., 2022).
2.10 Importance of sperm quality analysis

For over 70 years, clinical laboratory evaluations of male reproductive potential have relied on semen
analysis as the accepted method (De Jonge, 2023). Semen quality traits provide a foundation that
constitutes the traits of a typical semen sample and serve as a reference value for the fertility status of
different species (van der Horst et al., 2018; Valverde et al., 2020). Analysis of the semen quality
determines sperm quality, its functionality and how well the sperm can fertilise (Gaffney et al., 2011).
The most common semen quality traits include macroscopic (semen volume, colour and pH) and
microscopic (sperm concentration, morphometry, sperm motility, DNA integrity, acrosome integrity,
membrane integrity and hyperosmotic swelling test) shown in Table 2.2 (Maside et al., 2023). Semen
quality examination has frequently been regarded as the first choice for determining one's capability for

conception (Nazari et al., 2021). Semen analysis is arguably the most significant clinical laboratory test
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that can diagnose male infertility (Soler & Cooper, 2016). Therefore, it is imperative to make sure that

the sperm quality is above standard thresholds in pig breeding (Maside et al., 2023).

Table 2.2: The most important macroscopic and microscopic traits for defining sperm
quality (van der Horst, 2021).

Sperm macroscopic and microscopic traits Methods of analysis
Semen volume Most accurate by weighing the sample
Semen colour (white, cream, brown, grey) Subjective visual inspection
Viscosity Time to fill a 20 um deep Leja chamber
Semen pH pH meter, Panheha pH indicator strips
Sperm motility percentage Manual or CASA
Sperm progressive motility Manual or CASA
Sperm morphology CASA
Sperm viability Manual or CASA
DNA Fragmentation Manual or CASA
Immunobead test Manual
Mixed antiglobulin reaction test Manual

CASA: Computer-assisted sperm morphometry analysis
2.11 Computer-assisted sperm morphometry analysis

The CASA system (Figure 2.3) is an automatic method for assessing sperm traits, including
morphometry, that combines fluorescence microscopy, image analysis, and open-source software (van
der Horst et al., 2010; Yaniz et al., 2014; Maroto-Morales et al., 2016; van der Horst et al., 2018; van
der Horst et al., 2021). This system has been widely used in domesticated animal production and
reproductive toxicology laboratories (Mortimer et al., 2015). The CASA system has been effectively
utilised to analyse traits, such as sperm concentration, motility, morphology, vitality and fragmentation
in various animal species (Table 2.1; van der Horst, 2021). The assessment of morphology through
CASA has evolved over approximately 50 years, this evolution has been driven by advances in image-
capturing devices for microscopes, significant increases in computational power, and updated/expanded
software algorithms (Amann & Waberski, 2014). The CASA system has been developed/established
with the need to reduce subjectivity, enhance reliability, and for objective assessment of sperm
morphology (Bravo et al., 2014). Additionally, CASA systems enable the analysis of a large number of
sperm in a short time and provides quantitative data on kinematics and sperm morphometry (Valverde
et al., 2020). The CASA plays an increasingly important role in ensuring the quality of semen marketed
for artificial insemination (Mortimer et al., 2015). Sperm swim at a speed of 25 m/s at 37 °C, which

translates to the length of more than five head or about half a tail length, every second (Ali Hassan et
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al., 2021). The threshold speed of sperm can be estimated using the CASA system, which can
objectively assess sperm velocity (Amann & Waberski, 2014).
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Figure 2.3: The CASA system, used to determine sperm quality and functionality traits

in the farms and research laboratories (Maside et al., 2023).
2.12 Limitations in using the CASA system

There are limitations classified as biological and technical factors, which may affect CASA's ability to

provide accurate results for sperm traits (Table 2.2).
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Table 2.3: Advantages and limitation with the use CASA system for sperm analysis
(Finelli et al., 2021).

Advantages Limitations

Obijective in a way that it

saves time by allowing

one to analyse large semen  Typically requires trainee personnel to handle CASA
samples  within  short

period of time

___ The analysis may be challenging sometimes, with adjustment of the
Reduce the subjectivity ) ) ) ) ) )
) ) configuration, especially in the present of the debris and round cells in
which may result into ] o
the thick sample. The CASA system may analyse the debris with the
human error ) )
cells leading to the inaccurate results

) o Analysis of sperm morphology may not be accurate without the correct
Higher reproducibility ) ) )
configuration developed per specie.

Record keeping of data: ] o )
) ) The sperm concentration variability, for very low or high concentrated
the videos and pictures of o
sample. Low concentrated sperm may analyse few sperm giving
each sample analysed can ] ] ]
b g inaccurate result. While too concentrated sperm may sometimes display
e saved.
error, delays the analysis process.

CASA: computer assisted-sperm analysis
2.13 Boar epididymal sperm motility

The analysis of sperm motility is a topic of great interest in determining the infertility and potential for
good animal breeding programmes (Perrett et al., 2021; Waberski et al., 2022). The term "sperm
motility" describes the unique capacity of sperm to swim through the female reproductive system to
fertilise an oocyte in the fallopian tubes (Dcunha et al., 2022). Analysis of sperm motility is a primary
determinant of sperm fertility (Yaniz et al., 2015) and may determine the success of semen
preservability (Pereiraetal., 2017). Contreras et al. (2020) have shown how cryopreservation may affect
the motility of boar sperm. The epididymal sperm have only been reported in a few studies to have
different motility patterns when compared to ejaculated sperm (Moskovtsev et al., 2023). Apart from
sperm motility, other traits that constitute the sperm quality trait include the sperm motility pattern,
reproductive potential, and gene expression pattern which largely connected with the rate of fertilisation
(Hu et al., 2017).
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2.14 Boar epididymal sperm morphometric analysis

Sperm are distinct, highly specialised cells with a variety of sizes, shapes, and forms that function at
the microscopic level in a complicated environment (Banaszewska et al., 2015a; Banaszewska et al.,
2015b). Another way for assessing morphology is morphometric analysis, which can be used to identify
sperm abnormalities (Silva et al., 2019). The morphometry of the sperm head has been described by a
variety of traits, but the most widely accepted ones are: primary traits, which give information on the
dimensions of the sperm head and typically include length (L, um), width (W, um), area (A, pm?),
perimeter (P, pm), ellipticity = L/W, roughness = 4 nA/P2, elongation (lack of roundness) = (L — W)/(L
+ W) and regularity = tLW/4A (Maree et al., 2010; Valverde et al., 2020). The fertility of pig sperm
has been demonstrated to be correlated with the morphometric dimensions of sperm (Kahrl et al., 2021;
Szablicka et al., 2022). Sperm sizes differ among populations of the same species, within a population
and among individual sperm within the same ejaculate (Yéaniz et al., 2015; Gronstal et al., 2023).
According to the study done by Czubaszek et al. (2019), a higher ratio of sperm head length to width

and larger heads are characteristics of the infertile sperm in boars.

Sperm morphometry is an important indicator of sperm quality and its effectiveness to fertilise
(Wysokinska et al., 2021). The significance of sperm morphology analysis has been recognised in the
field of andrology as an indicator of reproductive disorders and the ability of the sperm to breed (Bezerra
et al., 2023). Sperm morphology reflects the genetic and DNA properties of the sperm and is one of the
most potent predictors of sperm capacity to fertilise in vivo and vitro (Murphy et al., 2013). According
to Kondracki et al. (2017), mammalian sperm are distinguished by a unique morphological structure
that allows them to transmit genetic information during fertilisation. Therefore, the morphological
structure of the sperm head and its size play a crucial role in determining whether the sperm are

considered normal and can fertilise (Czubaszek et al., 2019).

The CASA has been recently identified/established as a potent tool for accurately assessing motility of
the sperm, including its morphological features (Amann & Waberski, 2014; Yéaniz et al., 2012). The
phase-contrast, light, electron, fluorescence and CASA systems have all been used to study sperm
morphometry in various species (Maree et al., 2010). For a correct analysis, a representative sample of
the sperm population included in the analysis should atleast be 100 sperm when employing the CASA
system (Bravo et al., 2014). Furthermore, the effect of cryopreservation on motility traits, including
linearity, velocity, and progressiveness of the sperm, can be accurately evaluated using CASA system
(Boryshpolets et al 2013). Table 2.4 shows minimum and maximum values for boar sperm

morphometric traits to define normal sperm morphology.
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Table 2.4: Minimum and maximum values for morphometric parameters to define normal

sperm morphology in boars (van der Horst et al., 2018).

Sperm morphometry traits using Boar
CASA Minimum Maximum
Head Length (um) 8.5 10.5
Head Width (um) 4 55
Head Perimeter (um) 185 22.6
Head area (um) 33 44.5
Head regularity = (L¥*W/4*A) 0.8 1
Head ellipticity (L/W) 15 2.5
Acrosome cover (%) 53 61
Midpiece width (um) 0.7 1.2
Midpiece angle (degrees) -1 4.75

CASA: Computer-assisted sperm analysis
2.15 Pig oocyte maturation process and media

The oocyte remains arrested in prophase | from birth and does not acquire the competence to complete
the meiosis Il division until it has undergone fertilisation (Pan & Li, 2019; Adhikari & Liu, 2014). The
acquisition of a completely developed oocyte is a gradual process that occurs in stages during oogenesis
(Conti, 2018). Subsequently, the oocyte proceeds through metaphase I, releasing the first polar body,
progresses to maturation (metaphase I1), and then the oocyte arrests again until fertilisation occurs
(Figure 2.4; Kim et al., 2023).
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Figure 2.4: Oocyte maturation process (Kim et al., 2023)

The maturation of oocytes in vitro is a critical step in assisted reproductive technologies carried out in
generating oocytes that are capable of being fertilised and developed into healthy offspring (Yuan &
Krisher, 2011). There numerous biological processes involve such as organelle redistribution, or
maternal MRNA regulation, and communications with surrounding somatic cell for both oocyte nuclear
and cytoplasmic to complete maturation (Wan et al., 2023). With the current in vitro maturation

protocols, mature oocytes are achieved after 40-44 h in terms of the oocytes arrested at the metaphase

30



Il stage (Gil et al., 2010). However, approximately 30-40% of in vitro matured oocytes retrieved from
the large animals have proven to be able to reach the blastocyst stage and capable of supporting
embryonic development compared to the oocytes recovered from the gilts (Hamano, 2021). The
majority of the studies use oocytes retrieved from the ovaries collected from the local abattoirs because
they are readily available and low-cost (Grupen, 2014). The in vitro matured and fertilised oocytes of
ovaries collected from the abattoirs have successfully developed into healthy offspring in various
species. However, the developmental potential of in vitro matured oocytes is still lower compared to

the matured in vivo (Bartkové et al., 2024).

Therefore, availability of a large number of in vitro matured oocytes and developed embryos would be
crucial for agricultural and biomedical purposes (Gil et al., 2010). Methods of oocyte maturation,
fertilisation, and culture play a critical role in embryo, foetus, and offspring development (Redel et al.,
2019). Many studies have employed different media to assist in determination of the requirements for
oocyte’s cytoplasmic maturation and the most common oocyte maturation media used in pigs is Tissue
Culture Medium 199, NCSU- 37 and 23 (Gil et al., 2010), with NCSU-23 showing superior results in
promoting oocytes' nuclear and cytoplasmic maturation that develop into embryos (Pyoos et al., 2018).
The NCSU-23 maturation media contains glucose as the primary energy source (Chen et al., 2021),
porcine follicular fluid and 2% antibiotic to mediate osmolality and prevent contamination (Pawlak et
al., 2018; Malik et al., 2023). This defines the importance of nutritional composition in the oocyte
maturation media, which may affect metabolic pathways during embryonic developmental competency
(Mito et al., 2012). Although, there have been considerable efforts to improve pig oocyte maturation
media in the past decade (Bartkova et al., 2024), the ability to continuously modulate the composition
of the oocyte’s maturation media is needed to improve embryo developmental competence (Chen et al.,
2021). Thus, a significant amount of information has yet to be learned regarding the oocyte maturation
media environment, the ways in which maturation media can be modified to assist in improving

cytoplasmic maturation and embryo developmental competency.

2.16 In vitro fertilisation in pigs using post-thawed sperm

The IVF is a basic technology that enables the production/development of embryos in large amounts
and represents an indicator to evaluate the sperm fertilising ability (Kikuchi et al., 2016; Nguyen et al.,
2021). The in vitro embryo production provides many advantages over in vivo production, including
efficient selection of superior genetics (Chen et al., 2021). Retrieved sperm can be used to induce
pregnancy through assisted reproductive technologies, such as intracytoplasmic sperm injection, in vitro
or in vivo fertilisation process (Esteves et al, 2011). Numerous species, including camel (Badr & Abdel-
Malak, 2010), ram (Pamungkas et al., 2012), equine (Vieira et al., 2013), bulls (Chaveiro et al., 2015),
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and human (Hayon et al., 2021), have successfully collected epididymal sperm and consistent

fertilisation rates were reported.

The use of frozen-thawed sperm in pig IVF exhibits much lower penetration (Knox, 2015) because
cryopreservation presents sperm cryoinjuries which affect sperm viability and fertilisation capacity
(Yeste et al., 2017). Additionally, pig in vitro embryo production remains a significant challenge
compared to other species, mainly because of the inconsistent fertilisation rates and high incidences of
polyspermy (Gil et al., 2010). Dale (2016) defined polyspermy as the penetration of more than one
sperm to the zona pellucida results into multiple nuclei interaction and division. Polyspermy is a
pathological phenomenon that may lead to embryo developmental failure and death in various animal
species (Pamungkas et al., 2012), including human beings. Additionally excessive polyspermy in
porcine IVF reduces the ability of oocytes to promote male pronuclear formation supported by Nguyen
et al. (2021). The polyspermy can be caused by the membrane block and a block of the zona pellucida
during penetration (Evans, 2020). Grupen, (2014), suggested that the failure of polyspermy fertilisation
block may be caused by thinner zona pellucida on the traditional in vitro matured oocytes unlike it being
thicker on the oocyte ovulated. Because naturally in a female reproductive system there are different
regions/mechanisms and chemical reaction in the, which help the oocyte to protect itself from
polyspermy (Yoshioka et al., 2012). Furthermore, Romar et al. (2016) study found that the pattern of
cortical granule release in vivo and traditional vitro matured oocytes following penetration differs. The
polyspermy situation may be connected to the quality of the oocytes, in vitro maturation failure and
overmature cytoplasm (Xia, 2013). Oocytes with incomplete cytoplasmic maturation may lower
fertilisation success and developmental competence (Wang et al., 2025). Incomplete cytoplasmic
maturation is a suboptimal condition where the nuclear of the oocytes matures and extrude polar body
without cytoplasm being sufficiently developed Wan et al., 2023. Whereas fertilisation success and
embryo developmental competency depend on both complete nuclear and cytoplasmic maturation

(Richani et al., 2021).

2.17 Summary of the literature review

Overall cryopreservation of sperm is a valuable reproductive technology for conserving genetic
material, gene banking and genetic improvement (Vozaf et al., 2022). However, the use of post-thawed
sperm is limited in pigs due to the high susceptibility of boar sperm to cold shock (Kim et al., 2011).
Additionally, the success of epididymal sperm recovery, processing and conservation is hampered by
the lack of knowledge about the testes handling after animal death, recovery methods and correct
protocol for preserving epididymal sperm (Engdawork et al., 2024). To enhance proper transportation
of testes or semen, handling and cryotolerance of the epididymal sperm, the evaluation of variation in

the sperm quality following 24 h of holding time has been recommended in other species (Wasilewska
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et al., 2016) but underutilised in pigs. Flushing technique is a recommended for bulls characterised by
lower blood contamination (Turri et al., 2012). Whereas slicing technique was recommended in the few
studies such as bucks to yield higher mean percentage of live and normal sperm compared to flushing

(Gautane et al., 2016).

One of the requirements for semen extenders is the composition of antibiotics playing a vital role in
limiting bacterial development in the semen while maintain pH and energy source to sustain metabolism
of the sperm (Costinar, et al., 2021). The existence of BTS and Andromed® extenders with such
composition at recovery and preservation would provide a valuable contribution to the porcine artificial
insemination industry and improve the protocol for cryopreserving boar sperm. This defines the
importance of nutritional composition in the oocyte’s media or semen extenders, which may affect
metabolic pathways during semen preservation and embryonic developmental competency (Mito et al.,
2012). Although, there have been considerable efforts to improve pig oocyte maturation media in the
past decade (Bartkova et al., 2024), the ability to continuously modulate the composition of the oocyte’s
maturation media is needed to improve embryo developmental competence (Chen et al., 2021). Thus, a
significant amount of information has yet to be learned regarding the oocyte maturation media
environment, the ways in which maturation media can be modified to assist in improving cytoplasmic

maturation and embryo developmental competency.
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Chapter 3: Optimising boar epididymal sperm preservation: comparative
analysis of slicing float-up vs. flushing and BTS vs. Andromed® extenders

on sperm motility and morphometric traits

M.A. Thema, M.L. Mphaphathi, G. van der Horst, L. Maree, M.D Sebopela, M.R. Ledwaba and N.R
Mkhize., 2025. Optimising boar epididymal sperm preservation: comparative analysis of slicing float-up vs.
flushing and BTS vs. Andromed® extenders on sperm motility and morphometric traits. American Journal of
Animal and Veterinary Sciences, 20(4), 328-337. https://doi.org/10.3844/ajavsp.2025.328.337.

Abstract

This study aimed to compare slicing float-up vs. flushing and Beltsville Thawing Solution (BTS) vs.
Andromed® extenders on boar epididymal sperm motility and morphometry traits. A total of 40 testes
from heterogeneous boars were collected at the local abattoir and transported to the laboratory at 5 °C
within 30 minutes after slaughter. Semen samples were retrieved from the cauda part of the epididymis
using the slicing float-up vs flushing method and diluted with BTS vs Andromed® extender. A total of
800 sperm/treatments were analysed, for sperm morphometry traits and two fields/treatments were
captured for sperm motility using computer-assisted sperm class analyser. The data were analysed using
analysis of variance. Semen retrieved with a flushing method and diluted with Andromed® extender
recorded the least sperm total (29.7%), progressive (4.9%), and rapid (1.24%) motilities. Highest sperm
total (85.0%), progressive (57.7%) and rapid (31.8%) motility were recorded in semen retrieved with
slicing float-up and diluted with BTS. There was a reduction in the sperm head dimensions, acrosome
and 22.5% of pyriform sperm shape associated with Andromed® as compared to the BTS extender
(P<0.05). The sperm diluted with Andromed® extender recorded to have undergone a premature
acrosome reaction, which influenced the sperm head sizes. The current study recorded acceptable
average sperm head size (length: 8.2-8.9 um; perimeter: 18.2-19.9 um; width: 4.1-4.6 um and area:
34.8-38.6 um2), which fell within the normal range, irrespective of the semen retrieval method and
extenders used. In conclusion, slicing float-up was recorded to be the better method for retrieving boar

epididymal sperm using the BTS extender.
Keyword: Conservation, retrieval method, male reproduction
3.1 Introduction

Semen is commonly collected through ejaculation for breeding and preservation. However, that cannot
be possible in all species or every situation, such as in instances of unexpected death or after loss of
testes (Strand et al., 2016). Animals may die suddenly, far away from the laboratory where the semen
sample could be handled and preserved (Turri et al., 2012). As a result, semen collection from the
epididymis may be the only method available to preserve male gametes from animals with superior

traits (Bertol, 2016). Therefore, determining the most effective retrieval method could help obtain the
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epididymal semen of boars possessing superior traits. Several semen retrieval methods have been

reported in the literature, and they differ based on the authors, species, and semen extenders used.

Semen can be retrieved post-mortem from the distal epididymis in a few different ways, including
flushing, slicing float-up, or mincing (Stout, 2012). The flushing technique is commonly characterised
by low blood contamination risk (Podico & Canisso, 2022) but may be challenging in obtaining a high
sperm yield for procedures such as artificial insemination (Auer et al., 2022). The flushing method
commonly works best, and it is used to retrieve bull epididymal semen (Monaco et al., 2024). In some
cases, the cuts method might be more practical, but to improve sample condition, caution must be taken
to ensure a quick extension of the sample and to prevent contamination (Bertol, 2016). Epididymal
slicing float-up (Ali Hassan et al., 2023) and mincing (Podico & Canisso, 2022) have been suggested
as a backup option when the flushing method is not feasible. Conversely, slicing float-up presents high
sperm yield but may result in high blood contamination if not done accordingly (Falomo et al.,
2016). The slicing float-up is commonly used to retrieve epididymal semen in the equidae species
(Huijsmans et al., 2023). The mincing method involves cutting both the cauda epididymis and the ductus
deferens several times in a petri dish to retrieve semen (Hori et al., 2015). Semen samples retrieved by
mincing are often characterised by blood and cell debris, potentially causing negative effects on the
guality and cryo-tolerance of the sperm (Monaco et al., 2024).

Dilution of semen extracted from the epididymides may provide the sperm with additional protection
during the cooling process or preservation (Fernandez-Novo et al., 2021). Semen extenders are typically
biological compounds that serve a variety of purposes, such as mitigating the effects of abrupt pH
changes, preventing the sperm from oxidative stress, and damage during preservation (Bustani & Baiee,
2021). Boar semen extenders, like Beltsville Thawing Solution (BTS), have been widely used in boar
semen because they contain a high concentration of antibiotics (penicillin and streptomycin) (2.20 g/L)
that can treat a wide range of infections, lessen, and regulate bacterial contamination during preservation
(Thema et al., 2022). The BTS extender provides the sperm with protection against oxidative damage,
maintains quality and minimises the bacterial contamination during preservation (Schulze, et al., 2017).
However, study by Basumatary et al. (2024) reported that, BTS extender had a negative effect on the
DNA integrity of the boar sperm. Andromed® is a soya lecithin-based extender typically used as a bull
semen extender and has resulted in a higher proportion of sperm with higher superoxide levels.
Andromed® extender provides additional energy and nutrients that may fortify sperm against cold shock
during preservation (Pérez-Durand et al., 2024). The Andromed® has been identified as a non-
permeable cryoprotectant and alternative to egg yolk for the cryopreservation of bovine sperm (Akhter
et al., 2012). The existence of BTS and Andromed® extenders with such characteristics would provide
a valuable contribution to the porcine artificial insemination industry and improve the protocol for

cryopreserving boar sperm.
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Therefore, understanding the morphometric and motility traits of boar epididymal sperm after retrieval
is essential for assessing their fertility potential and optimising reproductive outcomes. Sperm
morphometric analysis provides insights into details of the sperm size, shape, function, and structural
characteristics, which correlate with fertility potential (Yéaniz et al., 2015). The availability of
sophisticated systems and tools, like computer-assisted sperm analyser (CASA), has made it possible
to analyse sperm morphometry and motility more quickly and objectively (Amann & Waberski, 2014).
The CASA system has emerged as the preferred method due to its reduced subjectivity, increased
repeatability, and reliability (Yéniz et al., 2015). Male sperm morphometry, motility, and fertility have
all been successfully correlated using the CASA systems (Maroto-Morales, 2015; Maroto-Morales,
2016). The CASA system makes accurate sperm measurements and automatically detects the acrosome,
head, and midpiece of the sperm (Mortimer et al., 2015). Dziekonska et al. (2022), reported that sperm
obtained from the epididymis cauda exhibit distinct sperm motility, morphometry, membrane integrity,
and DNA integrity. Sperm motility is a crucial attribute linked to the ability of sperm to fertilise,
signifying their structural integrity and viability (Nagy et al., 2015). To our knowledge, this is the first
study to compare the sperm motility and morphometry of boar epididymal semen retrieved with slicing
float-up vs flushing and diluted with BTS vs Andromed® extenders. Only a few studies have compared
these two semen retrieval methods on boar epididymal sperm quality while using the BTS and other
extenders. The novelty of this study lies in a factorial approach: examining two semen retrieval
methods (slicing float-up and flushing) and semen extenders (BTS and Andromed®) on boar epididymal
sperm motility and morphometric features to predict reproductive success. This study aimed to compare
slicing float-up vs. flushing and Beltsville Thawing Solution (BTS) vs. Andromed® extenders on boar
epididymal sperm motility and morphometry traits. It was hypothesised that sperm retrieval method as
well as the semen extenders will affect the viability and quality of boar epididymal sperm motility and

morphometric traits.
3.2 Materials and methods
3.2.1 Study area and design

The testes were collected from the local abattoir (Renbro Abattoir, South Africa), and the study was
conducted at the Germplasm Conservation and Reproductive Biotechnologies section (Agricultural
Research Council), located in Pretoria, Gauteng Province. The data and study area are located at 25°
537 59.6" South latitude and 28° 12" 51.6" longitude in Pretoria, South Africa. The entire collection took
a period of 2 months. A total of 4 testes/day of heterogeneous boars were collected from the local
abattoir twice a week. The collection was replicated 10 times/treatments (4x10=40) with each testes

from each day of collection were randomly assigned to each treatment.

52



3.2.2 Statement of animal rights

The experimental procedures were performed in accordance with the ethical standards of the approved
by Agricultural Research Council-Animal Production Ethics Committee [APIEC 23/05], the University
of KwaZulu-Natal Research Ethics Committee [AREC/00007100/2024] and Section 20 of the Animal
Diseases Act no 35 of 1984 [12/11/1/18 (6269BM))].

3.2.3 Composition and preparation of boar semen extenders

The semen extenders used in the study were prepared according to the compositions provided in Table

3.1 and stored at 5 °C.

Table 3.1: Composition of the boar semen extenders/litre

Beltsville  Thawing Andromed®
Solution

_ (Auer et al., :
(Thema et al., 2022) Concentration 2022) Concentration
Glucose 37 g/L Fructose 1.25 g/L
Tri-sodium citrate 6 g/L Citric acid 1g/L
EDTA 1.25 g/L Butfer 1glL
Sodium bicarbonate 1.25 g/L Phospholipids 1g/L
Spectinomycin 0.75 g/L Spectinomycin 0.343 g/L
Penicillin 1.10 g/L Lincomycin 0.172 g/L
Potassium chloride 1.10 g/L Tylosin 0.57 g/L
Gentamycin - Gentamicin 0.286 g/L

EDTA: Ethylenediaminetetra acetic.

3.2.4 Boar testes collection and sperm retrieval from the epididymis

A total of 40 testes of heterogeneous boars were collected (4 testes/day) from the local abattoir and
transported to the laboratory at 5 °C within 30 minutes after slaughter. The testes were further stored at
5 °C for an additional 2 h before being processed. Cooling was used in this investigation as a
conventional preservation procedure to limit variability related to post-mortem degeneration and to
guarantee comparable sperm quality across recovered sperm samples (Nichi et al., 2017). Sperm quality
is maintained by storing epididymides at 5 °C, which lowers metabolic activity while slows down the
degenerative processes as supported by Monteiro et al. (2013). Following storage, the cauda
epididymides were removed from the testes and cleaned with warm (37 °C) saline solution (NaCl 0.9%).
To avoid blood contamination, superficial blood vessels were punctured so that most of the blood could

be wiped off (Turri et al., 2012). Before semen retrieval, a total of 20 cauda epididymides were equally
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allocated for flushing vs. slicing float-up and BTS vs. Andromed® extender in the separate petri dishes
warmed at 37 °C. The semen was retrieved from the cauda part of the epididymis using the flushing vs
slicing float-up method and diluted with BTS vs Andromed®. The flushing method involves inserting a
blunted needle into the ductus deferens and pushing the extender in the opposite direction of the
physiological sperm through the cauda epididymis (Esteves et al., 2011). The slicing float-up procedure
involves using a scalpel blade to slice the cauda part of the epididymis to release the sperm in a petri
dish, suspend it with 5 mL of a warm extender (37 °C), and gently agitate the mixture for approximately
10 minutes (Turri et al., 2012; Falomo et al., 2016).

3.2.5 Evaluations of the boar epididymal sperm motility

A total of 5L of retrieved semen with the flushing vs. slicing float-up diluted with BTS vs. Andromed®
transferred to a warmed microscope glass slide (76x26x1mm-WadmarKnittel, Germany) and covered
with a warm coverslip (22x22 mm-Wadmar-Knittel, Germany) on a CASA (Microptin, Spain) phase
contrast microscope (Nikon®, Japan), warm plate (Omron®, Japan) adjusted to 37 °C. Sperm motility
traits [total motility (TM), progressive motility (PM), rapid (RAP), medium (MED), static] and velocity
traits [curvilinear velocity (VCL), straight line velocity (VSL), average pathway velocity (VAP),
linearity (LIN), straightness (STR), wobble (WOB), the amplitude of lateral head (ALH) and beat cross
frequency (BCF)] were analysed under 10X magnification. Two fields with an average of 250 sperm
and a final sperm concentration of approximately 34.3 x 10%/mL/treatment/replication were captured at

10X magnification (Nikon®, Japan) during analysis using the CASA system.
3.2.6 Boar epididymal sperm preparation with the stain for sperm morphometry analysis

Following semen retrieval with the use of flushing and slicing float-up method, samples were
transferred to 15 mL tubes as per different semen extenders, namely BTS and Andromed®. For sperm
morphometry analysis, semen samples were diluted at a ratio of 1:10 with BTS or Andromed®
extenders. Diluted semen samples were further fixed with 4% Formaldehyde for 10 minutes.
Furthermore, a total of 10 pL of each fixed semen sample per retrieval method and extender was
smeared on a separate slide and allowed to air dry overnight at room temperature. For staining, the dried
sample on a slide was gently dipped in the SpermBlue® tray for 2 minutes and dipped in distilled water
for 3 seconds to remove debris and ensure a clean background. A paper towel was used to wipe the back
of the slide and let the slide air dry at room temperature. Following drying, the slide was mounted using
Dibutylphthalate Polystyrene Xylene, covered with the coverslips and evaluated for sperm

morphometry traits.
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3.2.7 Boar epididymal sperm morphometry analysis

Dried slides were analysed for sperm morphometry using CASA software (Nikon, Tokyo, Japan). This
software involved capturing the sperm, from a stained sperm smear using brightfield microscopy, under
40X magnification, and various morphometric traits relating to the sperm head, acrosome, and
midpiece. At least a total of 80 sperm per retrieval technique/extender was analysed and a total of 3200
sperm were measured/replicated 10 times (80 x 10 x 4=3200). The sperm head area (A), head perimeter
(P), head length (L), head width (W), head ellipticity (length/width), head elongation (L-W/L+W), head
regularity (nx (L.W/4.A), head roughness [4m x (A/P?)], midpiece width and the shape indices (head

shape type, type of the sperm and midpiece size) were measured.
3.2.8 Statistical analysis

Sperm morphometric data were divided into two groups. The first group was the measurements of sperm
head primary traits (length, L; area, A; width, W, and perimeter, P), derived traits (ellipticity, L/W;
rugosity, 4nA/P2; elongation, L — W/L + W and regularity, tLW/4A). In the first sperm morphometric
data group, descriptive statistics were used to establish the minimum and maximum values (threshold)

using 10-90 percentiles for every morphometric trait in this group shown in Table 3.2.

Table 3.2 Minimum and maximum acceptable values for morphometric traits in order to

define normal boar epididymal sperm morphometry.

Boar

Sperm morphometric traits Minimum Maximum
Length (um) 8.20 9.70
Width (um) 3.50 5.50
Perimeter (um) 16.20 26.20
Area (um) 28.49 44.00
Ellipticity 1.81 2.16
Regularity 0.70 1.00
Elongation 0.29 0.37
Roughness 0.62 1.50
Midpiece width (um) 0.50 1.60

The data for the first sperm morphometric data group and sperm moatility trait (TM, PM, RAP, MED,
static, VCL, VSL, VAP, LIN, STR, WOB, ALH, and BCF) were analysed with (ANOVA) using general
linear model procedure. The main independent variables being sperm retrieval methods (flushing vs.

slicing float-up) and the type of extenders (Andromed® and BTS) and their interaction. The total of 40
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epididymal sperm sample were collected from 40 individual testes [10 replication per treatment (each
sperm retrieval method vs semen extender)]. Since each sample was exclusive to a single treatment
combination, replicates were not regarded as blocking variables. The Least Significant Difference
(LSD) test was used to conduct pairwise multiple comparisons across the four treatment combinations
when a significant interaction or main effect was found. The LSD t-test were calculated at a 5%
significance level to compare means of significant source effect of semen extenders and sperm retrieval
method on the sperm morphometric first group and motility traits. In tables, statistically significant

differences between groups at P<0.05 are shown by different superscript letters (a, b, and ab).

The second sperm morphometric data group was analysed using a Chi-square test to determine the effect
of flushing vs. slicing float-up and BTS vs. Andromed® on the sperm percentage variations regarding
the sperm with normal head, acrosome, midpiece and abnormal head shape (amorphous, pyriform,
tapered). The ANOVA and Chi-Square analysis was performed using SAS version 9.4 statistical
software.

3.3 Results

The effect of semen retrieval methods semen extender on boar epididymal sperm motility is presented
in Table 3.3. There was significant interaction between sperm retrieval method and semen extender type
for TM, PM, RAP, static, MED, VCL, VAP, VSL, STR, LIN, ALH, BCF (P<0.05), suggesting that the
impact of semen extender type varied based on the retrieval method. BTS extender recorded
significantly higher sperm progressive motility (57.7%) compared to the flushing with BTS extender
(22.1%) while other treatment did not differ significantly. Sperm diluted with Andromed® recorded
lowest sperm total (47.4 and 29.6%) and progressive (13.8 and 4.9%) motility in both slicing float-up
and flushing technique, respectively. The different superscript letters in the table using the LSD test

showed that these differences among treatment combinations were statistically significant (P<0.05).
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Table 3.3: Effect of boar epididymal semen retrieval methods and extenders on sperm
motility using CASA (mean £ SD).

Slicing float-up Flushing Effect of Effect of
Sperm Interaction retrieval extender
motility trait | BTS Andromed® BTS Andromed® | P Value method P- media  P-
Value Value
™ (%) 85.0+10.32  47.4+5.6° 60.8+5.4"  29.6+9.7¢ <0.05 <0.05 <0.05
PM (%) 57.7+19.2%  13.8+8.4" 22.1+9.2°  4.9+3.8° <0.05 <0.05 <0.05
NPM (%) 27.3+10.4 33.6+7.7%® 38.746.6  24.7+7.7° <0.05 >0.05 >0.05
RAP (%) 31.8+16.8% 3.9+55° 9.346.3" 1.242.2° <0.05 <0.05 <0.05
MED (%) 29.5+7.72 13.9+5.4° 21.8+4.9°  7.8+45.44 <0.05 <0.05 <0.05
SLW (%) 20.4+8.7° 29.6+9.12 29.8+7.28  20.6%5.2° <0.05 >0.05 >0.05
Static (%) 14.9+10.3¢ 52.6+5.6° 39.245.4°  70.3+9.7¢ <0.05 <0.05 <0.05
VAP (um/sec) 21.1+4.52 13.2+5.5° 15.1+4.6° 11.2+3.8° <0.05 <0.05 <0.05
VCL (um/sec) 42.1+9.32 25.1+6.6" 29.9+56°  23.3+4.6° <0.05 <0.05 <0.05
VSL (um/sec) 12.6+3.6°  7.7+3.7° 7.643.1°  4.1+1.6° <0.05 <0.05 <0.05
STR (%) 59.0+7.62 54.4+11.52 50.7+8.6°  40.9+9.8° <0.05 <0.05 <0.05
LIN (um/sec)  31.6+7.5° 29.1+6.92 26.3+8.9° 17.4+6.8° <0.05 <0.05 <0.05
WOB (%) 51.6+5.62 51.2+11.8% 51.3+9.9*  46.9%+10.22 >0.05 >0.05 >0.05
BCF (Hz) 6.5+1.8% 3.2+1.8° 3.6+1.1° 2.7+1.8° <0.05 <0.05 <0.05
ALH (um/sec) 1.5+0.2% 0.920.1° 1.1+0.1° 0.9+0.2° <0.05 <0.05 <0.05

*dValues with different superscripts differ significantly in the same row (P<0.05). TM: total motility,
PM: progressive motility, RAP: rapid motility, MED: medium motility, SLW: slow motility, VCL:
curvilinear velocity, VSL: straight line velocity, VAP: average pathway velocity, LIN: linearity, STR:
straightness, WOB: wobble, ALH: amplitude of lateral head, BCF: beat cross frequency, BTS: Beltsville

Thawing Solution.
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Figure 3.1: Computer-assisted sperm morphometry analysis of post-culled boar

epididymal sperm morphometry using two semen retrieval methods and extenders.

The CASA system recognizes the acrosome (yellow), head (blue), and midpiece (green) of the sperm
is represented in Figure 3.1. Morphologically normal sperm are enclosed in the green box, while
morphologically abnormal sperm are enclosed in the red box.
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Figure 3.2: The effect of semen retrieval method and extenders on the type of sperm
percentage using CASA. BTS: Beltsville Thawing Solution.

The significant difference (P<0.05) is represented by a star and non significant difference (P>0.05) is
represented by two stars within the bars.
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Figure 3.2 represents the effect of the semen retrieval method and extenders on the percentage of
morphologically normal using CASA. The semen retrieved with the slicing float-up method and diluted
with BTS extender recorded greater than 70% normal sperm compared to the Andromed® extender
(P<0.05). An average of 31.9% abnormal sperm was recorded in the semen retrieved with the flushing
method, irrespective of the type of semen extender used. The normal sperm percentage in the current
study was affected by several factors, such as the shape of the sperm head, the type of sperm acrosome

and the midpiece (Figure 3.3-3.4).
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Figure 3.3: The effect of semen retrieval method and extenders on the type of sperm
head shape using CASA. BTS: Beltsville Thawing Solution.
The significant difference (P<0.05) is represented by a star within the bars.

Figure 3.3 represents the effect of the semen retrieval method and extenders type on sperm head shape
using CASA. Greater than 70% of sperm were recorded as normal shape and matured irrespective of
the semen retrieval method. The results showed between 10-22.5% sperm with pyriform shape was
recorded irrespective of the semen extender and retrieval method. Less than 6.0% of sperm with tapered
and amorphous shapes were recorded irrespective of the semen retrieval method or extender. Moreover,
an average of 0.9% of sperm with a round shape was recorded irrespective of semen retrieval method

and extenders.
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Figure 3.4: The effect of semen retrieval method and extenders on the type of sperm
acrosome using CASA.

The significant difference (P<0.05) is represented by a star within the bars.

The effect of the semen retrieval method and extenders on the type of sperm acrosome using CASA is
represented in Figure 3.4. There was a reduction in the sperm head dimensions and a change in the
shape of the acrosome associated with the type of semen extender (P<0.05). The sperm diluted with
Andromed® extender were shown to have undergone an acrosome reaction, which caused the sperm
head length to be shorter than usual. The sperm diluted with Andromed® extender recorded less than
70% sperm with normal acrosome, irrespective of the semen retrieval method. compared to BTS
extender treatment (P<0.05). Greater than 90% sperm with normal acrosome were recorded in the
semen diluted with BTS, irrespective of the semen retrieval method, than Andromed® extender

treatment (P<0.05).
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Figure 3.5: Effect of boar epididymal semen retrieval method and extenders on the sperm
midpiece size using CASA.

The significant difference (P<0.05) is represented by a star within the bars.
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Figure 3.5 represents the effect of boar epididymal semen retrieval method and extenders on the sperm
midpiece size using CASA. Less than 30% of sperm with abnormal midpiece size were recorded
irrespective of the semen retrieval method and extenders. Semen diluted with Andromed® extender
recorded greater than 20% sperm with abnormal midpiece size irrespective of the semen retrieval
method compared to BTS extender treatment (P<0.05). Greater than 80% of sperm with normal
midpiece size were recorded in the semen diluted with BTS irrespective of the semen retrieval method.
The more sperm undergo acrosome reaction, the higher the chances of the midpiece size being affected.
Additionally, a large occurrence of cytoplasmic droplet distribution was apparent in the sperm that

underwent acrosome reaction and immature sperm, which causes abnormal midpiece size.

Table 3.4 represents the effect of boar epididymal semen retrieval methods and extenders on sperm
morphometry using CASA. Overall, the semen diluted with BTS and Andromed® recorded average
acceptable sperm head size (length: 8.2-8.9 um; perimeter: 18.2-19.9 um; width: 4.1-4.6 um and area:
34.8-38.6 um?), midpiece and shape indices which fell within the normal range, irrespective of the

semen retrieval method.

Table 3.4: Effect of boar epididymal semen retrieval methods and extenders on sperm

morphometry using CASA (mean £ SD).

Semen retrieval methods Slicing float-up Flushing
Semen extenders BTS Andromed® BTS Andromed®
Sperm head trait

Length (um) 8.8+1.2%¢  8.6+1.7° 8.9+1.9 8.242.9¢

Width (um) 45+0.7°  4.4+0.9° 46+0.9°  4.1+1.49

Area (Um?) 37.3+6.9" 36.9+10.0° 38.6+7.5° 34.8+13.6°

Perimeter (um) 19.942.8° 19.3+4.1° 19.8+3.8%  18.2+6.4°
Sperm midpiece trait

Width (um) 1.1+0.4°  1.2+0.5 1.2+0.5 1.2+0.72
Sperm shape indices

Ellipticity 2.0£0.6* 2.0+0.8° 1.9+1.1° 1.9+0.8°

Elongation 0.3£0.1* 0.3+0.1° 0.31+0.1° 0.3+0.1°

Regularity 0.8£0.1* 0.8+0.2° 0.8+0.1° 0.8+0.3*

Roughness 1.3+1.7¢  1.240.3° 1.4+4.7° 1.5+6.3?

+d Values with different superscripts in a row differ significantly (P<0.05). BTS: Beltsville thawing
Solution.

3.4 Discussion

A comparison of two semen extenders in the current study showed an alteration in sperm motility and

morphometry traits, and an effect between the two semen retrieval methods. The current study recorded
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sperm motility to be higher when semen was retrieved with the slicing float-up method and diluted with
a BTS extender. Similar findings were recorded in our earliest study (Thema et al., 2022), which
reported that BTS performed better than Kobidil” extender on the Windsnyer boar sperm motility and
morphology, due to the presence of potassium chloride in its chemical composition, which plays a key
role in maintaining sperm quality traits. The presence of potassium chloride in the BTS extender assists
in regulating the semen intracellular pH level, calcium level and stimulates the sperm motility while
supporting the acrosome reaction (Vilchez et al., 2017). The pH is one of the important requirements
for extenders, due to its ability to limit bacterial development while maintaining the sperm quality (Ho
et al., 2023). Furthermore, the current findings agree with the study by Kumar et al. (2023), which
found the BTS extender to have maintained higher sperm motility rates in the Large White Yorkshire
ejaculated semen compared to other contemporary extenders. The presence of citrate and glucose in
BTS extender played a significant role in providing energy to sperm, which sustains a higher percentage
of motile sperm (Kumar et al., 2023). Slicing float-up BTS treatments did not induce major changes in

the proportions of motile sperm.

The current study differs from the study by Turri et al. (2012), which found that the Limousine bull
sperm quality was more affected by the slicing float-up than the flushing method. According to Turri et
al. (2012), utilising the slicing float-up method for sperm extraction may expose the sperm to blood that
may occur during cutting. However, the blood contamination can be reduced by quickly combining the
sperm with a medium or extender (Canissoa et al., 2021). The use of BTS in the current study was
valuable to minimise the risk of blood contamination and improve sperm motility. The BTS extender
contains 2.20 g/ amounts of antibiotics that can treat a variety of infections and reduce bacterial
contamination in the retrieved semen sample (Thema et al., 2022). Moreover, to avoid blood
contamination, superficial blood vessels were initially punctured with a needle, and their contents were

rinsed and wiped off before semen retrieval.

The present results demonstrate that the extender and retrieval methods have a clear effect on the quality
of sperm. The lowest values of sperm motility were recorded when semen was retrieved with the
flushing method and diluted with Andromed®: followed by the BTS extender. Furthermore, the current
study differs from the study by Podico and Canisso (2022) on the equidae, which reported a greater
yield of the total motile epididymal sperm retrieved using the flushing method and recorded a lower
yield with the slicing float-up method. Additionally, it was discovered that when using the flushing
method, semen samples may be washed off by semen extenders and other fluids, which may limit the
ability to protecting the survivability of the sperm may be limited due to the few cuts performed.
However, according to Lamglait, (2014), flushing has been demonstrated to be a better method in most
species due to its lower risk of contamination. Whereas, according to Nichi et al. (2017), flushing is the

recommended method for retrieving bull semen.
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In terms of sperm morphometry, a greater percentage of sperm with normal acrosomes, midpiece, size,
and shape was recorded in the semen diluted with BTS extender, irrespective of the retrieval method.
The present results agree with the study by Kumar et al. (2023) which recorded the BTS extender to
have protected the sperm against acrosomal impairment. According to Govindasamy et al., (2016), the
presence of tri-sodium citrate in the chemical composition of BTS extender assists in contributing a
higher proportion of sperm-intact acrosomes. Overall, the semen diluted with BTS and Andromed®
recorded average acceptable sperm head, midpiece and shape indices which fell within the normal
range, irrespective of the semen retrieval method. However, there was a reduction in the sperm head
dimensions, a change in the shape of the sperm head and acrosome associated with Andromed® was
observed in the current study. Furthermore, the sperm head shrank, and the acrosome's shape changed
in relation to the Andromed® extender. The sperm diluted with the Andromed® irrespective of the semen
retrieval method showed sperm to have undergone a premature acrosome reaction. The acrosome
reaction observed in the Andromed® extender treatments could explain the decreasing percentage of

motile, normal head, acrosome, and midpiece of the sperm recorded in the current study.

One of the key elements that influenced the retrieved sperm quality in the current study was the
composition of the semen extenders used. According to Hernandez et al. (2014), Andromed® extender
is thought to be protein-free and contains a high phospholipid content derived from soybean lecithin. In
comparison to other species, boar sperm contains a high percentage of polyunsaturated fatty acids
(PUFAs) in its plasma membrane and low cholesterol content (Thema et al., 2022). This PUFAs
increases membrane flexibility, making sperm more susceptible to oxidative stress and cold shock
during handling and preservation (Yeste, 2015; Yeste, 2018). Futhermore, this normally causes sperm
motility decrease and damaged membrane integrity when boar sperm is exposed to cooling or

cryopreservation.

As a result, the interaction between the components of soya lecithin-based extenders and the plasma
membrane of boar sperm may be less effective and may contribute to the lower motility and
survivability of sperm during preservation (Abdel-Hafez, 2014), thus, as seen in the current
investigation when epididymal sperm was diluted Andromed® during recovery. Additionally, soya
lecithin-based extender alone may not be sufficient to the sperm consist of high PUFA in its membranes
in preventing membrane phase transitions or reduce lipid peroxidation caused by reactive oxygen
species; additionally, when cholesterol or antioxidant supplements are not present (Giaretta et al., 2015;
Mangrulkar et al., 2025). Moreover, studies in ram and bull semen indicated that plant lecithin extenders
may differ based on the species and technique, which may always result in different results (Ustiiner et
al., 2014). Whereas it is known that the absence of seminal plasma in the epididymal semen necessitates

the use of a semen extender with protein content.
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Therefore the composition of lipoproteins, phospholipids, and cholesterol in the egg yolk-based
extenders may integrate into the sperm plasma membrane and assist in regulating lipid phase during
cooling and cryopreservation (Manjunath, 2018; Perumal, 2018). Therefore, egg yolk-based extenders
used in pigs’ sperm preservation procedure, may enhance motility and maintain membrane integrity
while reducing cold-induced membrane damage during cooling and cryopreservation (Castro et al.,
2025). As a result, Andromed® extender was discovered unsuitable for use with the boar’s epididymal
semen in the current study. The current study differs from the reports from other studies on bull
(Abdussamad et al., 2016), and buck (Quintero-Elisea et al., 2023) semen, which recorded the
Andromed® extender to have a more protective effect on ejaculated sperm motility and viability.
Additionally, a study by Ansari et al., (2017) reported Andromed® to be capable of protecting the buffalo
bull post-thawed sperm and further reported that it can be adopted safely for routine use in replacing
other extenders. Semen retrieval methods used in the current study did not affect the sperm
morphometry traits. Therefore, the current study fails to reject the null hypothesis when it comes to the

sperm retrieval methods’ effect on sperm morphometry traits.

3.5 Conclusion

In conclusion, for post-mortem recovery of the sperm from the boar epididymis, slicing float-up would
be a more recommended method than the slicing float-up method. The slicing float-up samples had
higher quality sperm, probably due to the higher yield than the flushing method. Furthermore, the
addition of BTS has been found to have a significant beneficial effect on protecting epididymal sperm
retrieved in the slicing float-up method. The current results suggest that the use of a BTS extender can
have a positive effect on the sperm in the stage of recovery using slicing float-up, before cooling and
during the freezing process. Overall, the semen diluted with BTS and Andromed® recorded average
acceptable sperm head, midpiece and shape indices which fell within the normal range, irrespective of
the semen retrieval method. Therefore, additional research should be conducted to confirm our findings
through liquid preservation, cryopreservation and fertility testing of boar. Moreover, studies should
establish the framework for the regular use of these techniques (semen retrieval and extenders) for the
establishment of boar semen cryobanks. With this successful protocol for epididymal sperm recovery,
improvent of protocols for epididymides handling (consistent temperature and container) after death in

a circumstance when boar death occurs in a distant area from the place of recovery necessary.
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Chapter 4: Investigation of the effect of time interval between animal death
and sperm retrieval on the sperm motility and morphometry traits of boar

cauda epididymides stored at 5 and 18 °C
Abstract

This study investigated the effect of the time interval between animal death and sperm retrieval on the
sperm motility and morphometry traits of boar cauda epididymides stored at 5 and 18 °C. A total of 160
testes of heterogeneous boars were collected (16 testes/day) from the local abattoir. Collected testes
were divided into different storage time intervals (0, 2, 4, 8, 12, 24, 48 and 72 h) and temperature (5
and 18 °C). Sperm was retrieved from the cauda part of the epididymis using the slicing float-up method,
following each testicular time interval and storage temperature. The retrieved sperm sample was diluted
with Beltsville Thawing Solution extender and evaluated for sperm motility and morphometry traits
using a computer computer-assisted sperm morphometry analysis system. The data were analysed using
analysis of variance. Descriptive statistics assessed sperm morphometry, establishing the minimum and
maximum values. Sperm retrieved following a 0 h storage time interval recorded less than 50% sperm
progressive motility irrespective of the storage temperature. However, sperm retrieved following 2 h
storage time recorded the highest progressive (78.9%) and rapid (68.3%) sperm motility at 5 °C in
comparison with 18 °C (P<0.05). Sperm retrieved from the testes stored at 5 and 18 °C for up to 72 h
recorded the acceptable sperm head length (8.2-9.4 um), width (3.9-4.6 pum), area (28.2-35.7 um2),
perimeter (21.0-24.1 um) and midpiece width (1.0-1.3 um) which fell within the threshold. The results
of this study suggest that sperm recovered from the epididymides of boars were viable after storage up
to 0-72 h. Although this study showed the possibility of retrieving the epididymal from epididymides
stored up to 72 h (0-72 h) at 5 °C. These results elaborate that the sperm can be best retrieved after 2-
24 h storage of the epididymides at 5 °C for higher fertilisation success.

Keywords: testicular handling, storage temperature, sperm motility, morphometry
4.1 Introduction

Retrieval of semen from the cauda epididymis may be the only method available to collect superior
genetic material when untimely death or severe injuries occur in valuable boars (Van Leeuwen, 2020).
The epididymis is the male reproductive organ, important for the maturation and functionality of sperm.
The mature sperm in the cauda epididymis exhibit an exceptional capacity to survive post-mortem for
several days (Mir et al., 2012), and if retrieved, they can either be preserved or employed in assisted
reproductive technologies to create new generations (Bertol et al., 2013). This is possible due to the
duct system derived from the mesonephros which is the key component of this process, by comprising

absorptive and secretory epithelial cells (Rodriguez-Martinez et al., 2022). To maintain sperm quality
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after the animal's sudden death, the testes should be collected and be transported to the lab as soon as
feasible for sperm recovery (Lone et al., 2011). However, the preservation of epididymal semen can be
hampered by the distance and time from the farm where the animal dies unexpectedly to the lab where
the sperm could be properly processed and stored (Stand et al., 2016); Furthermore, technical expertise
in handling and processing epididymal sperm affect its viability (Engdawork et al., 2024). These factors
have prompted researchers to develop standard operating procedures for: a) successfully transporting
and preserving testicular and epididymal tissue; b) gathering and cryopreserving sperm; and c)
successfully inseminating using the cryopreserved epididymal sperm across various animal species
(Vidament et al., 2012). Although pigs are important livestock and model species for biomedical
research, investigations of epididymal transportation, retrieval, and functions have been more

concentrated on other species than the pig, necessitating the current study.

The testicular storage time interval and temperature play an important role in maintaining sperm
motility and morphology (Faes and Goossens, 2017). This concept has recently been challenged by
Chinonye and Ahemen (2021) study, demonstrating that refrigeration of epididymides at 5 °C before
retrieval can slow down the process of cell degradation while increasing the chance of collecting viable
sperm. However, Vidament et al. (2012) reported that epididymides stored in a refrigerator overnight
had reduced sperm’s ability to withstand the freeze-thaw process in cats. The temperature of 18 °C is
commonly known to be the optimum temperature for storing boar semen (Thema et al., 2022).
Therefore, it is critical to ascertain the right protocol for handling and transporting testes or
epididymides to ensure the survivability of the sperm until they reach the lab where they can be
processed appropriately and conserved (Lone et al., 2011). Little is known about the changes in boar
epididymal sperm morphometry and motility during transportation as influenced by holding
temperature and duration. To our knowledge, no published studies have documented the changes in
boar epididymal sperm morphometry induced by different testicular storage time intervals and
temperature. Therefore, it is important to determine how long the boar testes can be stored, while
maintaining acceptable sperm quality, because the death of an animal is unpredictable and the
processing laboratory might be distant from the place of animal death (Wachida et al., 2019).This study
hypothesises that the storage of cauda epididymides for 72 h at 5 and 18 °C after boar death,
significantly affect the survival, motility and morphometric characteristics of the sperm recovered. This
study investigated the effect of the time interval between animal death and semen retrieval on the sperm

motility and morphometry traits of boar cauda epididymides stored at 5 and 18 °C.
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4.2 Materials and methods
4.2.1 Study area

The study was conducted at the Germplasm Conservation and Reproductive Biotechnologies section in
the Agricultural Research Council, Irene, in Gauteng Province. The area is located at 25° 53" 59.6"
South latitude and 28° 12" 51.6" East longitude in Pretoria, South Africa.

4.2.2 Statement of animal rights

The experimental procedures were performed in accordance with the ethical standards approved by the
Agricultural Research Council-Animal Production Ethics Committee [APIEC 23/05], University of
KwaZulu-Natal Research Ethics Committee [AREC/00007100/2024], and Section 20 of the Animal
Diseases Act no 35 of 1984 [12/11/1/18 (6269BM)].

4.2.3 Preparation of boar semen extenders

The semen extender used in the experiment was Beltsville Thawing Solution (BTS; IMV Technologies,
France). The semen extender was prepared a day before use. The BTS boar extender was prepared by
dissolving a sachet of each commercial extender which came in a powdered form in a litre of sterile
water (Sabax®, Adcock Ingram, South Africa) according to manufactures instruction and stored at 18

°C until use.
4.2.4 Retrieval of the boar epididymal sperm

A total of 160 testes of heterogeneous boars were collected (16 testes/day) from a local abattoir and
divided into different testicular storage time intervals (0, 2, 4, 8, 12, 24, 48, and 72 h) and temperature
(5 and 18 °C). Following each testicular storage time interval and temperature, the cauda epididymides
were removed from the testes and cleaned with Sabax® saline NaCl 0.9%, solution (Adcock Ingram,
South Africa). To avoid blood contamination, superficial blood vessels were punctured so that most of
the blood could be wiped off (Turri et al., 2012). The semen samples were retrieved from the cauda
epididymides with the aid of the slicing float-up method. The slicing float-up procedure involves using
a scalpel blade to slice the cauda part of the epididymis to release the semen in a petri dish (Whitehead
Scientific, South Africa), diluting with 5 mL of a warm (37 °C) BTS extender and gently agitate the
mixture for approximately 10 minutes to enhance the sperm collection (Turri et al., 2012; Falomo et al.,

2016). The diluted semen sample was then transferred into 15 mL tubes for further analysis.
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4.2.5 Evaluations of the boar epididymal sperm motility

Sperm motility was evaluated following each testicular storage time interval (0, 2, 4, 8, 12, 24, 48 and
72 h) and temperatures (5 and 18 °C) using the computer-assisted sperm analyser (CASA; Microptic,
Spain, Sperm Class Analyzer® 6.6.80). The volume of a 5 pL semen sample was transferred to a warmed
(37 °C) microscope glass slide (Ducit, South Africa) and covered with a warm coverslip (Ducit, South
Africa). Two fields of semen sample with an average of 250 sperm
(34.3 x 108/mL/treatment/replication) were captured with the aid of a microscope (Nikon®, Japan) at

10X maghnification using the CASA system.
4.2.6 Preparation of boar epididymal sperm for morphometry staining

Sperm morphometry was evaluated following each testicular storage time interval (0, 2, 4, 8, 12, 24, 48
and 72 h) and temperatures (5 and 18 °C) using the CASA system. The retrieved semen samples were
first diluted with BTS extender at a ratio of 1:10. The diluted semen samples were further fixed in 4%
Formaldehyde (Sigma Aldrich, United States of America) for 10 minutes. The total of 10 pL of the
fixed semen sample/testicular storage temperature/time interval was smeared on a separate microscopic
glass slide and allowed to air dry overnight at room temperature. During staining, the dried microscope
glass slide sample was gently dipped in the SpermBlue® (Ducit, South Africa) tray for 2 minutes and in
distilled water for 3 seconds (to remove debris and ensure a clean background). The paper towel was
used to wipe the back of the microscope glass slide and allowed air dry at room temperature. Following
drying, the slide was mounted using Dibutylphthalate Polystyrene Xylene mounting medium

(Associated Chemical Enterprises, South Africa) and covered with the microscopic glass coverslip.
4.2.7 Boar epididymal sperm morphometry evaluation

Boar epididymal sperm morphometric traits were captured with the aid of a microscope (Nikon®, Japan)
at 40X magnification using the CASA system. At least 100 sperm were measured at different testicular
storage time intervals/temperature. The microscope glass slide was observed (the focus knob was used
to focus sperm) and measured for the sperm head area (A; um?), head perimeter (P; um), head length
(L; pm), head width (W; um), head ellipticity (length/width), head elongation (L-W/L+W), head
regularity (mx (L.W/4.A), head roughness [4 © x (A/P?)], midpiece width and the shape indices (head

shape type, type of the sperm and midpiece size).
4.2.8 Statistical analysis

The sperm morphometric data were divided into two groups: The first group was the measurements of
sperm head primary traits (length, L; area, A; width, W and perimeter, P, ellipticity, L/W,; rugosity, 4
nA/P2; elongation, L—W/L+W and regularity, tLW/4 A). The second group determined the sperm head
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indices (head type, normal, shape, acrosome type, and midpiece type). In the first sperm morphometric
data group, descriptive statistics were used to establish the minimum and maximum values (threshold)
using 10-90 percentiles for every morphometric trait shown in 4.1.

Table 4.1: Minimum and maximum acceptable values for morphometric traits in order

to define normal boar epididymal sperm morphometry.

Boar

Sperm morphometric traits Minimum Maximum
Length (um) 8.20 9.70
Width (um) 3.50 5.50
Perimeter (um) 16.20 26.20
Area (um) 28.49 44.00
Ellipticity 1.81 2.16
Regularity 0.70 1.00
Elongation 0.29 0.37
Roughness 0.62 1.50
Midpiece width (um) 0.50 1.60

The data for the first sperm morphometric data group and sperm motility trait were analysed with two-
way analysis of variance. A 2 x 8 factorial design was used in this study, were testicular storage
temperature (5 and 18 °C) and storage time interval (0, 2, 4, 8, 12, 24, 48, and 72 h) is the main
independent factors. The main effect of independent variables (testicular storage time interval and
temperature) and their interaction data were assessed with the general linear model. The interaction
effects between testicular storage temperature and time interval significance were first analysed. Only
when the interaction was significant, the simple effects of each testicular storage temperature x holding
time intervals were analysed and were able to assign superscripts within the column (each holding
temperature) to show the difference. Student's t-LSDs (Least significant differences) were calculated at
a 5% significance level to compare means of significant source between the effect of testicular storage
time interval and temperature on the sperm morphometric first data group and motility traits of boar

cauda epididymal semen retrieved at post-mortem.

The second sperm morphometric data group was analysed using a Chi-square test to determine the effect
of testicular storage time interval and temperature on the sperm morphometric percentage variations
regarding the head type, normal shape, acrosome type and midpiece type of boar cauda epididymal
semen retrieved at post-mortem. The scores were subjected to a 1:1 frequency table and a Chi-Square

(%) test was performed to test for equal proportions. Contingency RxC frequency tables were performed
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for the association between treatments. The tests were performed for association (patterns) and where
significant differences were found graphs were constructed to demonstrate the difference in patterns.
All data analyses were performed using SAS version 9.4 statistical software.

4.3 Results

Table 4.2 and 4.3 represents the effect of testicular storage time interval and temperature on the sperm
motility traits of the boar cauda epididymis. There is a distinct decline patterns between the two
testicular storage temperature indicating the significant interaction between testicular storage
temperature X time interval for sperm motility and kinematics trait. Semen retrieved at 0 h recorded
<50% progressive motility in both testicular storage temperature used. However, semen retrieved
following 2 h testicular storage at 5 °C recorded the highest sperm progressive (78.9%) and rapid
(68.3%) motility compared to the other treatments (P<0.05). No significant difference was recorded
between the total sperm motility (>70%) percentage in the sperm retrieved following 4- 24 h testicular
storage at 5 °C. However, there was a drastic decrease in sperm motility recorded in the sperm retrieved
from the cauda epididymides stored at 18 °C compared to 5 °C (P<0.05). The sperm retrieved from the
cauda epididymis at 18 °C did not survive the 482-h testicular storage compared to the 5 °C testicular
storage temperature. However, >60% total sperm motility was recorded from the epididymides stored
at 18 °C for up to 8 h which fell within the minimum threshold. While >50% maotile sperm were recorded
in the sperm retrieved after 72 h testicular storage at 5 °C. This demonstrate that the effect of testicular
storage time interval is dependent on the storage temperature.

Table 4.2: The effect of testicular storage time interval and temperature on the sperm

motility traits of boar cauda epididymis stored at 5 °C (mean £ SD).

Time ™ PM NPM Static RAP MED SLW
interval at

5 oC (%) (%) (%) (%) (%) (%) (%)

Oh 80.5£7.6°  47.5+12.5°  33.0%+9.8° 19.4+7.68°  22.8+17.1¢9  32.6+10.92  25.1+9.6°
2h 94.4+2.4%  78.9+6.42 15.5+5.0¢ 5.62.4° 68.3+10.1°  17.3+6.8° 8.8+2.9¢
4h 79.2451.2°  51.2+9.0° 28.748.4  20.8+6.2®  36.1+9.8° 23.845.1° 19.3+6.3%
8h 76.1+8.9°  43.1+14.0°  33.0+9.2° 23.948.9°  28.4+15.4°  23.0+#3.7° 24.6+8.3"
12h 78.945.9°  47.5+12.7°  31.4+8.5° 21.145.9°  34.9+11.1°  21.1#5.9° 22.9+8.3"
24 h 89.4+5.4%  64.7+11.5>  24.7+8.6° 10.645.4°  49.0£19.3°  24.9+11.7°  15.4+8.6°
48 h 60.4+9.5°  29.0+8.6¢ 31.4+4.9° 39.6£9.58  19.7410.0°  17.7+3.0° 23.0+4.6°
72h 56.6+17.1°  4.5+6.3¢ 52.1+18.9°  36.7+16.5*  1.8+2.9f 5.1+7.0¢ 49.7+19.42

T Values with different superscripts in a column differ significantly (P<0.05) for each storage
temperature. TM: total motility, PM: progressive motility, RAP: rapid motility, MED: medium
motility, SLW: slow motility.
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Table 4.3: The effect of testicular storage time interval and temperature on the sperm

motility traits of boar cauda epididymis stored at 18 °C (mean + SD).

Time interval TM PM NPM Static RAP MED SLW
at18 °C (%) (%) (%) (%) (%) (%) (%)

Oh 68.9+9.6° 30.8+5.9° 38.1+8.012 31.1+9.6¢ 11.2+4.2° 27.2+5.8? 30.5+7.12
2h 60.8+8.4° 31.9+11.8° 28.9+10.7% 39.2+8.4¢ 19.2+8.5° 19.3+7.12 22.3+11.3°
4h 80.4+3.32 49.0£7.72 31.5+6.92 19.6+3.3¢ 35.2+12.32 22.9+6.6% 22.3+7.4°
8h 83.9+3.52 46.1+21.72 37.8+21.0% 16.1+3.5¢ 34.3£18.5% 25.7+7.7% 23.9+12.0°
12 h 50.3+3.2¢ 15.7+3.8° 34.6+4.82 49.7+3.2° 10.4+2.4° 11.0+2.9° 28.8+4.7°
24 h 25.2+11.8¢ 3.9+4.5¢ 21.3+8.3° 74.7%£11.9° 0.6+1.0° 4.2+5.3¢ 20.4+8.1°

#d \values with different superscripts in a column differ significantly (P<0.05) for each storage
temperature. TM: total motility, PM: progressive motility, RAP: rapid motility, MED: medium
motility, SLW: slow motility.

Table 4.4 and 4.5 represents the effect of testicular storage time interval and temperature on the sperm
kinematics traits of boar cauda epididymis. The highest number of sperm moving in curvilinear (66.3
pm/sec), average pathway (33.8 um/sec) and straight line (18.4 um/sec) velocity was recorded in the
sperm samples retrieved following 2 h testicular storage at 5 °C compared to other treatments (P<0.05).
Furthermore, the least number of sperm moving in straightness (34.2 um/sec) and linearity (14.1

pum/sec) were recorded in the semen samples retrieved following12 h testicular storage at 18 °C.

Table 4.4: The effect of testicular storage time interval and temperature on the sperm

kinematics traits of boar cauda epididymis stored at 5 °C (mean = SD).

Time interval VCL VAP VSL STR LIN WOB ALH
At5°C (um/sec) (um/sec) (um/sec) (um/sec) (um/sec) (%) (um/sec)
Oh 40.7+£11.5° 19.3+£5.9¢ 10.7+3.2° 52.8+4.62 25.845.48 46.615.62 1.3+0.32
2h 66.3+12.8? 33.845.82 18.4+2.62 53.2+4.62 28.3+4.02 51.5+3.22 1.9+0.32
4h 47.8+7.4° 23.6+3.4° 13.5+3.0° 54.6+4.92 27.8+4.12 50.1+4.6% 1.5+1.22
8h 46.9+10.5° 22.6+6.4° 10.7+3.7° 45.7+7.7° 21.1+4.92 46.1+5.42 1.5+0.22
12h 49.8+11.4° 23.4+4.9° 11.3+2.5° 47.3+7.9° 22.445.6% 46.5+4.7° 1.5+0.32
24 h 55.0+12.0° 27.045.9° 14.2+2.3° 51.7+5.12 25.8+£3.32 49.1+3.72 1.7+0.32
48 h 42.9+48.1° 20.0+4.0° 9.7£1.9¢ 45.4+4.1° 21.4+4.62 46.1+7.12 1.4+0.%2
72 h 22.0+7.9¢ 9.9+3.0¢ 3.9£1.9¢ 42.2+5.8° 17.0+2.7° 45.8+4.72 0.91£0.22

*d Values with different superscripts in a column differ significantly (P<0.05) for each storage

temperature. VCL: curvilinear velocity, VSL: straight line velocity, VAP: average pathway velocity,
LIN: linearity, STR: straightness, WOB: wobble, ALH: amplitude of lateral head.
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Table 4.5: The effect of testicular storage time interval and temperature on the sperm

velocity traits of boar cauda epididymis stored at 18 °C (mean = SD).

Time interval VCL VAP VSL STR LIN WOB ALH

at 18 °C (nm/sec) (nm/sec) (nm/sec) (nm/sec) (nm/sec) (%) (nm/sec)
Oh 33.6+4.0° 15.9+2.5° 9.6+2.1° 57.4+3.4* 27.5+4.6* 45.6+4.62 1.1+0.12
2h 41.9+7.2° 18.6+4.1° 9.3+2.4° 46.8+7.5° 20.4+4.9? 42.7+6.4 1.3+0.2°
4h 47.4+11.72 22.24+5.42 12.1+2 .42 51.9+4.5% 24.782.72 46.1+2.22 1.5+0.32
8h 49.4+14.6* 24.6+6.82 11.515.2% 44.3+8.5° 21.5+4.62 49.6+2.22 1.5:H0:3%
12h 40.0+9.92 17.6+4.2° 6.1x1.6¢ 34.2+5.4° 14.1+1.8° 42.3+2.6* 1.3%2.32
24h 20.9+6.9¢ 9.0+4.2°¢ 4.0£1.9¢ 49.9+15.2* 19.0+7.8° 39.9+7.0% 0.8+0.2°

*¢ Values with different superscripts in a column differ significantly (P<0.05) for each storage
temperature. VCL: curvilinear velocity, VSL: straight line velocity, VAP: average pathway velocity,

LIN: linearity, STR: straightness, WOB: wobble, ALH: amplitude of lateral head.
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Figure 4.1: The effect of testicular storage time interval and temperature on normal
sperm of the boar epididymis.

The significant difference (P<0.05) is represented by a star within the bars.
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Figure 4.1 illustrates the effect of testicular storage time interval and temperature on normal sperm of
boar cauda epididymis. Semen retrieved following 2 and 24 h testicular storage at 5 °C recorded >70%
normal sperm as compared to 18 °C (P<0.05). While >60% normal sperm was recorded after 24 h
testicular storage at 18 °C (P<0.05). There was no significant different following between the normal

sperm recorded after 72 h of testicular storage at 5 and 18 °C.
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Figure 4.2: The effect of testicular storage time interval on the sperm head shape of boar
cauda epididymis stored at 5 °C.
The significant difference (P<0.05) is represented by a star within the bars.

Figure 4.2 shows the effect of testicular storage time interval on the sperm head shape of boar cauda
epididymis stored at 5 °C. Semen retrieved following 2 and 24 h of testicular storage at 5 °C recorded
>85% sperm with normal head shape. Semen retrieved following 4 h (24.8%) and 72 h (27.9%)
testicular storage at 5 °C recorded sperm with amorphous head morphology equivalent to the micro

sperm percentage.
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Figure 4.3: The effect of testicular storage time interval on the sperm head shape of

boar cauda epididymis stored at 18 °C.

The significant difference (P<0.05) is represented by a star within the bars.

Figure 4.3 presents the effect of testicular storage time interval on the sperm head shape of boar cauda

epididymis stored at 18 °C. Semen retrieved following 0-72 h testicular storage at 18 °C recorded >70%

sperm with normal head shape. Sperm with the amorphous head abnormalities were recorded at higher

rates after 48 h (23.9%) and 72 h (27.3%) when the testes were stored at 18 °C.
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The significant difference (P<0.05) is represented by a star within the bars.

Figure 4.4 shows the effect of testicular storage time interval and temperature on a normal sperm

acrosome of the boar cauda epididymis. The >70% sperm with normal acrosome were recorded in the

semen retrieved following 48 h testicular storage at 5 and 18 °C. The normal sperm head acrosome for

both testicular storage temperature did not show any significant difference up to 24 h except at 4, 48

and 72 h duration. The 5 °C maintained acrosome head while 18 °C, significant degeneration may have

begun as indicated by decreased in normal sperm acrosome percentage.
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sperm midpiece of the boar cauda epididymis.
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The significant difference (P<0.05) is represented by a star within the bars.

Figure 4.5 represents the effect of testicular storage time interval and temperature on a normal sperm
midpiece of the boar cauda epididymis. Semen retrieved following 0-72 h testicular storage time
interval recorded >80% sperm with normal midpiece irrespective of the testicular storage time interval
temperature (P>0.05). However significant difference was recorded between the values recorded at 5
and 18 °C after 2 and 8 h of animal death

The effect of testicular storage time interval on the sperm morphometric trait of boar cauda epididymis
stored at 5 and 18 °C is represented in Table 4.6 and 4.7. There was significant interaction between
testicular storage temperature and time interval for sperm head morphometric traits. This demonstrate
that the effect of testicular time interval is dependent on the storage temperature. The acceptable sperm
head length (8.2-9.4 um), width (4.0-4.6 um), area (28.2-37.0 um?), perimeter (21.0-24.0 um) and
midpiece width (1.0-1.3 um) were recorded in the sperm retrieved from the boar epididymis stored at 5
°C which fell within the threshold.

Table 4.6: The effect of testicular storage time interval on the sperm morphometric trait

of boar cauda epididymis stored at 5 °C (mean + SD).

Testicular storage time interval at 5 °C

Oh 2h 4h 8h 12 h 24 h 48 h 72h

Sperm head trait

Length (um) 8.9+0.9® 9.0+0.8°  8.9+1.6°  8.2+2.0¢ 9.4+0.6% 8.8£0.8>  8.4+0.7° 8.8+0.7°
Width (um)  4.5+0.4* 45+05*  4.6+0.6*  4.0+1.6° 4.6+0.4*°  4.3+04°  45+0.3°  45+0.3°
Area (um?)  35.3+6.2° 37.0£5.6° 34.0+5.6° 28.2+13.49 35.3+3.8" 31.2+4.1° 31.0+3.0° 31.7+3.0°
Perimeter 21.4+2.2% 21.4+2.6° 225+3.1° 21.0+5.6° 24.0+1.6° 22.8+1.7° 22.2+1.5° 22.8+0.1°
(nm)

Sperm midpiece trait
Width (um)  1.3+0.3* 1.1+0.31* 1.1+0.42 1.0+0.6° 1.0+0.22 1.0+0.3? 1.1+0.3? 1.1+0.42

Sperm shape indices
Ellipticity 1.9+0.2¢  2.0+0.5° 1.9+0.3? 2.6+£1.2% 2.0+£0.42 2.0£0.22  2.0+0.17* 2.0£0.22
Elongation 0.3£0.0* 0.3+0.1*  0.3+0.1*  0.440.1° 0.3+0.3*  0.3+0.0*  0.3+0.32 0.3+0.0?
Regularity 1.0+0.1*  0.9+0.9° 1.0+0.1° 1.0+0.0° 1.0+0.0° 1.0+0.0° 1.0+0.0° 1.0+0.0?
Roughness  0.9+0.2° 1.0+0.3*  0.940.2>  0.7+0.1¢ 0.840.0° 0.8+0.0° 0.8+0.0° 0.8+0.0°

&\Values with different superscripts in a row differ significantly (P<0.05).

The semen retrieved following 72 h testicular storage at 18 °C recorded acceptable sperm head length
(8.5-9.4 um), width (4.3-4.8 um), area (30.0-34.8 um?), perimeter (22.0-24.1 um) and midpiece width
(1.0-1.2 um) which fell within the threshold.
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Table 4.7: The effect of testicular storage time interval on the sperm morphometric trait

of boar cauda epididymis stored at 18 °C (mean + SD).

Testicular storage time interval at 18 °C

Oh 2h 4h 8h 12h 24 h 48 h 72h

Sperm head trait
Length (um) 9.0+2.1° 8.9+1.1° 8.5+1.6¢ 9.4+0.5% 9.2+0.9° 9.2+0.9° 8.5+0.9¢ 8.5+0.7¢
Width (um)  4.5+0.6° 4.6+0.6 4.3+0.8° 4.8+0.3 4.6+0.5 4.6+0.6 4.3+0.6° 4.4+0.4°
Area (um?)  33.4+6.0° 33.3+6.0° 30.6+7.0° 35.7+2.8%° 34.8+4.9* 34.24¢52* 30.0+5.1° 30.4+3.8°

Perimeter 23.4+2.8°  23.2+2.6° 22.9+4.1°  24.1+16° 23.8+2.2° 23.6+2.2° 22.0+2.4° 22.3+1.7°

(Hm)
Sperm midpiece trait

Width (um)  1.1+0.32 1.1+0.52 1.2+0.52 1.0+£0.3? 1.0+£0.3? 1.0+£0.3? 1.0+£0.52 1.1+0.3?
Sperm shape indices

Ellipticity 2.0£0.3? 2.0£0.22 2.0£0.62 2.0£0.12 2.0£0.42 2.0£0.42 2.1+0.72 2.0x0.22

Elongation 0.3+0.02 0.3+0.02 0.3x0.12 0.3x0.02 0.3+0.02 0.3+0.02 0.3+£0.12 0.3+£0.02

Regularity 0.9+0.12 0.9+0.02 0.9+0.12 0.9+0.02 0.9+0.32 0.9+0.02 0.9+0.02 0.9+0.02

Roughness 0.8+0.12 0.8+0.12 0.8+0.22 0.8+0.02 0.8+0.12 0.8+0.12 0.8+0.12 0.8+0.12

&Values with different superscripts in a row differ significantly (P<0.05).
4.4 Discussion

Recovery of post-mortem sperm is a crucial technique for acquiring germplasm reserves from animals
that are genetically valuable (Garcia-Vazquez et al., 2015). The current study used the minimum and
maximum allowable percentage of total motility: 60-70%; progressive motility: 50%; viability: 50-
75%; normal morphology: 80-85% with <15% abnormality for boar sperm sample considered good
enough for insemination (Basioura et al., 2025). The sperm retrieved from epididymides stored for O-
48 h at 5 °C recorded the sperm total motility percentage that falls within the maximum threshold.
However, the progressive motility percentage recorded from the sperm retrieved after 2, 4 and 24 h
testicular holding at 5 °C were the only once that fell within the minimum threshold. Therefore, the
boar epididymal sperm can be best retrieved from the epididymides stored at 5 °C for 2 h. While the
observations with epididymides stored at 5 °C following 72 h holding recorded atleast greater than 50%
normal and motile sperm. Basioura et al. (2025) note that the successful fertilisation has been reported
in the literature with 50% normal and motile sperm, but it is not regarded as a minimum threshold for
artificial insemination in pigs because it may impose the risk of low succession rate. Although, 50%
normal and motile sperm it is utilized as a bottom-line cutoff in some research to eliminate the outliers

from data but is not considered as a target for a high-performance farming (Didion et al., 2013).
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The reason for the survival of sperm in the epididymides stored at 5 °C seems to be consistent with the
knowledge on semen preservation principles, which state that lower temperature slows down metabolic
processes and lessens the pace at which slowing post-mortem tissue degradation (Monteiro et al., 2013;
Aurich et al., 2020). The study by Stand et al. (2016) further stated that the sperm retrieved from the
cauda contains epididymal fluid, which may play a role in providing a protective effect against cold
shock to the sperm to survive up to 3 days. Furthermore, though the testicular storage temperature of
18 °C has retrieved the sperm with minimum acceptable sperm total motility following 0-8 h, there was
a decline in sperm progressive motility with the prolonged testicular transportation period. The 18 °C
testicular storage temperature findings might be explained by the elevated metabolic activity, which
might speed up cellular deterioration and impair sperm motility in the testes (Hoang-Thi et al., 2022).
These results demonstrate that the effect of testicular storage time interval is dependent on the storage

temperature.

The results of this study match those observed in the previous studies on boar [48 h at 4 °C 48 h;
(Kikuchi et al., 2016)], stallion [96 h at 5 °C (Monteiro et al., 2013)] and ram [<5 °C (Yang &
Honaramooz, 2010)], which showed the beneficial effect of transporting epididymides at low
temperature on the sperm quality. The storage of epididymis at 5 °C has proven to can maintain the
sperm quality while prevent a decline in sperm deterioration in various species (Mir et al., 2012;
Monteiro et al., 2013; Vidament et al., 2012). Although the 0-72 h testicular storage at 5 and 18 °C
maintained acceptable sperm head traits, midpiece width and shape incidences, acrosomal damage as a
result of amorphous abnormality was observed with the prolonged testicular storage at 18 °C.
Similarities were observed by Lone et al. (2011), who recorded a higher percentage of acrosomal
damage in the ram sperm retrieved from the epididymides stored 18 °C for 72 h. The 18 °C epididymides
storage temperature and prolonged duration may impose a negative impact on the permeability and
affect the distribution of the antigen in the sperm membrane (Chinonye et al., 2021). It may further
contribute the oxidative stress and induces metabolic activity which may lead to lower motility,

acrosomal damage leading to the abnormality in morphology of the sperm (Ostadian et al., 2022).

The evidence presented in this section suggests that the testicular storage time interval provides the
most ideal condition for sperm morphometry while diminishing energy wastage and extending sperm
lifespan (Vidament et al., 2012). The current result agrees with previous results of Lone et al. (2011)
who recorded ram epididymides to have maintained their sperm morphology and motility with testicular
transportation of 9-6 °C to the laboratory for processing and evaluations. These findings further support
the idea of James et al. (2020), who stated the importance of the epididymal fluids combined with the
sperm in the cauda, which play a role in improving the sperm'’s ability to proliferate and fertilise while
also inhibiting the exocytosis of acrosomes. Therefore, sperm in the epididymis can survive for several
days after death (Pleuger et al., 2020
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4.5 Conclusion

Although this study showed the possibility of retrieving the epididymal from epididymides stored up to
72 h (0-72 h) at 5 °C. The results indicate that the boar epididymal sperm can be best recovered from
the epididymides following 2-24 h testicular storage at 5 °C for higher fertilisation success. Further
indicated that it can also be possible to retrieve the sperm from the epididymides stored at 18 °C for up
to 8 h (0-8 h) when the 5 °C is not possible. The findings emphasise the importance of temperature in
preserving boar testes to maintain sperm quality following animal death. These findings highlight the
necessity of maintaining lower temperatures to protect not just the testes or epididymis from degrading
easily, but also functional features linked to sperm motility and morphology. This study concludes that
even after the death of the boar, it may be possible to recover valuable genetic material (epididymal
sperm). However, with the ethical requirements of transporting the animal product such as testes,
shipping of the recovered sperm in a liquid form may be the only technique practical and acceptable in
many areas. Therefore, further analysis on the acceptable temperature and duration for storing

epididymal sperm in a liquid form is required.

4.6 References

Aurich, J., Kuhl, J., Tichy, A. and Aurich, C., 2020. Efficiency of semen cryopreservation in
stallions. Animals, 10(6), p.1033. https://doi.org/10.3390/ani10061033

Basioura, A., Tsakmakidis, I.A., Morrell, J.M. and Ntallaris, T., 2025. Artificial insemination of boar
semen doses prepared with a low-density colloid under field conditions. Frontiers in Veterinary
Science, 12, p.1611751. https://doi.org/10.3389/fvets.2025.1611751

Bertol, M.A.F., Weiss, R.R., Thomaz-Soccol, V., Kozicki, L.E., Fujita, A.S., Abreu, R.A.D. and Green,
K.T., 2013. Viability of bull spermatozoa collected from the epididymis stored at 18-20 C.
Brazilian Archives of Biology and Technology, 56(5), pp.777-783.
https://doi.org/10.1590/S1516-89132013000500008.

Chenoweth, P.J. and McPherson, F.J., 2016. Bull breeding soundness, semen evaluation and cattle
productivity. Animal Reproduction Science, 169, pp.32-36.
https://doi.org/10.1016/j.anireprosci.2016.03.001

Chinonye Eke, F. and Ahemen, T., 2021. Effect of cold storage on livability and progressive motility
of cauda epididymal spermatozoa of red sokoto buck recovered post mortem. ScienceOpen
Preprints. https://doi.org/10.14293/S2199-1006.1.SOR-.PPODVYP.v1

Didion, B.A., Braun, G.D. and Duggan, M.V., 2013. Field fertility of frozen boar semen: A retrospective
report comprising over 2600 Al services spanning a four year period. Animal reproduction
science, 137(3-4), pp.189-196. https://doi.org/10.1016/j.anireprosci.2013.01.001

84



Engdawork, A., Belayhun, T. and Aseged, T., 2024. The role of reproductive technologies and
cryopreservation of genetic materials in the conservation of animal genetic resources, A
review. Ecological Genetics and Genomics, p.100250.
https://doi.org/10.1016/j.e9g.2024.100250

Faes, K. and Goossens, E., 2017. Short-term storage of human testicular tissue: effect of storage
temperature and tissue size. Reproductive Biomedicine Online, 35(2), pp.180-188.
https://doi.org/10.1016/j.rbomo.2017.04.011

Falomo, M.E., Rossi, M. and Mantovani, R., 2016. Collection, storage and freezability of equine
epididymal spermatozoa. Italian Journal of Animal Science, 15(3), pp.386-389.
https://doi.org/10.1080/1828051X.2016.1210485

Garcia-Vazquez, F.A., Hernandez-Caravaca, |., Matés, C., Soriano-Ubeda, C., Abril-Sanchez, S. and
Izquierdo-Rico, M.J., 2015. Morphological study of boar sperm during their passage through
the female genital tract. Journal of Reproduction and Development, 61(5), pp.407-413.
https://doi.org/10.1262/jrd.2014-170

Hoang-Thi, A.P., Dang-Thi, A.T., Phan-Van, S., Nguyen-Ba, T., Truong-Thi, P.L., Le-Minh, T.,
Nguyen-Vu, Q.H. and Nguyen-Thanh, T., 2022. The impact of high ambient temperature on
human sperm parameters: a meta-analysis. Iranian Journal of Public Health, 51(4), p.710.
https://doi.org/10.18502/ijph.v51i4.9232

James, E.R., Carrell, D.T., Aston, K.I., Jenkins, T.G., Yeste, M. and Salas-Huetos, A., 2020. The role
of the epididymis and the contribution of epididymosomes to mammalian reproduction.
International Journal of Molecular Sciences, 21(15), p.5377.
https://doi.org/10.3390/ijms21155377

Kikuchi, K., Kaneko, H., Nakai, M., Somfai, T., Kashiwazaki, N. and Nagai, T., 2016. Contribution of
in vitro systems to preservation and utilization of porcine  genetic
resources. Theriogenology, 86(1), pp.170-175.
https://doi.org/10.1016/j.theriogenology.2016.04.029

Lone, F.A., Islam, R., Khan, M.Z. and Sofi, K.A., 2011. Effect of transportation temperature on the
quality of cauda epididymal spermatozoa of ram. Animal Reproduction Science, 123(1-2),
pp.54-59. https://doi.org/10.1016/j.anireprosci.2010.10.012

Mir, S.S., Lone, F.A., Khan, M.Z., Malik, A.A., Islam, R. and Sofi, K.A., 2012. Effect of cold storage
period on the quality of ram cauda epididymal spermatozoa recovered postmortem. Turkish
Journal of Veterinary & Animal Sciences, 36(6), pp.683-687. https://doi.org/10.3906/vet-1107-
21

Monteiro, G.A., Guasti, P.N., Rocha, A.S., Martin, I., Sancler-Silva, Y.F.R., Dell’Aqua, C.P.F.,
Dell'Aqua Jr, J.A. and Papa, F.O., 2013. Effect of storage time and temperature of equine

85



epididymis on the viability, motion parameters, and freezability of epididymal sperm. Journal
of Equine Veterinary Science, 33(3), pp.169-173. https://doi.org/10.1016/j.jevs.2012.06.010

Ostadian, C., Mehrafza, M., Eftekhari, A., Aghajani, S., Vahabzadeh, H., Gholami, M., Raoufi, A.,
Samadnia, S., Hosseinzadeh, E. and Hosseini, A., 2022. The effect of prolonged incubation of
sperm at testis temperature versus room temperature on semen parameters-an experimental
study. Journal of Obstetrics, Gynecology and Cancer Research, 7(4), pp.323-328.
https://doi.org/10.30699/jogcr.7.4.323

Pleuger, C., Silva, E.J.R., Pilatz, A., Bhushan, S. and Meinhardt, A., 2020. Differential immune
response to infection and acute inflammation along the epididymis. Frontiers in
Immunology, 11, p.599594. https://doi.org/10.3389/fimmu.2020.599594

Rodriguez-Martinez, H., Roca, J., Alvarez-Rodriguez, M. and Martinez-Serrano, C.A., 2022. How does
the boar epididymis regulate the emission of fertile spermatozoa?. Animal Reproduction
Science, 246, p.106829.
https://doi.org/10.1016/j.anireprosci.2021.106829

Thema, M.A., Mphaphathi, M.L., Ledwaba, M.R. and Nedambale, T.L., 2022. Investigation of the
efficacy of different semen extenders and in vitro storage period on Windsnyer boar sperm
quality equilibrated at 18 °C. Reproduction in Domestic Animals, 57(12), pp.1644-1648.
https://doi.org/10.1111/rda.14256

Turri, F.E.D.E.R.I.C.A., Madeddu, M., Gliozzi, T.M., Gandini, G. and Pizzi, F., 2012. Influence of
recovery methods and extenders on bull epididymal spermatozoa quality. Reproduction in
Domestic Animals, 47(5), pp.712-717. https://doi.org/10.1111/§.1439-0531.2011.01948.x

Van Leeuwen, M.M., 2020. The effect of processing on the short-and long-term viability of epididymal
African buffalo (Syncerus caffer) spermatozoa. Doctoral dissertation, Stellenbosch:
Stellenbosch University).

Vidament, M., Magistrini, M., Le Foll, Y., Levillain, N., Yvon, J.M., Duchamp, G. and Blesbois, E.,
2012. Temperatures from 4 to 15 C are suitable for preserving the fertilizing capacity of stallion
semen stored for 22 h or more in INRA96 extender. Theriogenology, 78(2), pp.297-307.
https://doi.org/10.1016/j.theriogenology.2012.01.018
https://scholar.sun.ac.za/handle/10019.1/108131 Accessed 27/05/2025

Wachida, N., Bassey, U.E. and Dawuda, P.M., 2019. Effect of storage time on the quality of cauda
epididymal spermatozoa of West African dwarf (WAD) rams. Animal Reproduction
Science, 205, pp.144-149.
https://doi.org/10.1016/j.anireprosci.2019.05.001

Yang, Y. and Honaramooz, A., 2010. Effects of medium and hypothermic temperatures on preservation

of isolated porcine testis cells. Reproduction, Fertility and Development, 22(3), pp.523-532.

86



Chapter 5: Comparisons of boar epididymal sperm morphometric and

motility changes during semen equilibration at 5 and 18 °C

Abstract

This study aimed to evaluate boar epididymal sperm morphometric and motility traits changes during
semen equilibration at 5 and 18 °C. A total of 60 testes of heterogeneous boars were collected (6
testes/day) from the local abattoir and transported to the laboratory at 5 °C within 30 minutes after
slaughter. Semen was retrieved from the caudal part of the epididymis following cooling the
epididymides at 5 °C for 2 h using the slicing float-up method. Retrieved samples diluted with Beltsville
Thawing Solution semen extender, pooled in 50 mL centrifuge tube/6 testes/day, equally allocated to
treatment groups (5 and 18 °C) and equilibrate for 48 h. Sperm motility and morphometry traits were
evaluated at different equilibration time intervals (0, 3, 6, 9, 12, 24 and 48 h) using a computer-assisted
sperm analyser system. The diluted sperm samples equilibrated over 48 h at 18 ° C showed a sperm
progressive motility decline from 78.9-28.1%, compared to a steeper decline from 80.6-10.9 % at 5 °C
(P<0.05). Furthermore, diluted semen samples equilibrated at 5 and 18 °C for up to 24 h recorded
acceptable sperm head, midpiece, and incidences of traits that fell within the threshold range. However,
the sperm head trait values recorded after 48 h at 5 °C were lower than the acceptable range, showing
that sperm shrank due to the lower temperature with prolonged storage. Therefore, these findings
suggest that 18 °C is a suitable storage temperature for equilibrating the boar epididymal sperm for up
to 48 h. Furthermore, it is recommended that boar epididymal sperm motility and morphometry be

maintained for 48 h in a diluted semen storage at 18 °C.
Keywords: Cauda, time interval, storage temperature, in vitro.
5.1 Introduction

Unanticipated deaths of animals with superior genetic traits and challenges of semen collection
contribute to the rise in artificial reproductive technologies (Standet al. 2016). The need to save
endangered species has increased interest in the potential recovery of viable sperm from the epididymis
(Alvarez-Rodriguez et al., 2018; Rola et al., 2021). While extensive research has focused on ejaculated
semen, studies on boar epididymal sperm preservation remain limited. Although there has been
advancement of research in the creation/improvement of an efficient boar ejaculated semen
cryopreservation protocols, the most common method for semen preservation is still liquid storage
(Waberski et al., 2019; Wysokinska et al., 2023). Liquid preservation facilitates the shipping of semen
within a limited time (Thema et al., 2022).
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Among mammalian species, boar sperm are particularly susceptible to cold shock, providing an ideal
model to study their sperm reaction to chilling and hypothermic storage (Bertol et al., 2013). According
to Martin-Hidalgo et al. (2011), a chilling injury may induce sperm to lose motility, morphology, and
membrane integrity, compromising their fertility potential. This is due to the high polyunsaturated fatty
acid content and low sterol-to-phospholipid ratio in the sperm plasma membranes (Am-In et al., 2011).
According to Casas and Althouse (2013), the resistance of boar sperm to chilling and damage can be
increased by optimising the storage temperature and time. Sperm functionality and its tolerance to
hypothermic stress are primarily influenced by semen storage time and temperature (Schulze et al.,
2013). Boar sperm undergoes many modifications during storage; the storage temperature, directly

related to storage time, can impair sperm morphology (Gaczarzewicz et al., 2015).

To date, approximately 99 % of artificial insemination procedures in pigs use liquid preserved semen
stored at 15-18 °C (Wiebke et al., 2022). The 15-18 °C lowers sperm metabolic activity while
maintaining cell membrane integrity (Gaczarzewicz et al., 2015). However, except for boars, artificial
insemination in domestic animals of other species typically involves the storage of semen at 5 °C
(Waberski & Luther, 2024). Storage at 5 °C is thought to improve protection against bacterial growth
generally found in the ejaculates and potential drug-resistant pollutants from the environment,
particularly in the absence of antibiotics in the semen extenders (Waberski et al., 2019; Schulze et al.,

2020).

Sperm are highly polarized and specialised cells whose primary function is to reach the oocyte/ovum
and fertilise in vivo/vitro (Teves and Roldan, 2022). The fertilisation success is dependent on sperm
functionality and morphology; sperm is intimately tied to function and, if abnormal, may not be able to
swim adequately and fertilise the oocyte (Teves and Roldan, 2022). Variation between
ejaculated/epididymal sperm of various species in the extent to which it may be damaged by
preservation has been widely reported (Esteso et al., 2015). However, to our knowledge, no published
studies have documented changes in boar epididymal sperm morphometry and motility induced by
liquid semen storage temperature and storage time. While this study aimed to evaluate boar epididymal
sperm morphometric and motility traits changes during semen equilibration at 5 and 18 °C. It is
therefore, hypothesised that the equilibration of boar epididymal sperm at 5 and 18 °C for different

durations significantly influences sperm morphometry and motility traits.
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5.2 Materials and methods
5.2.1 Study area and design

The study was conducted at the Germplasm Conservation and Reproductive Biotechnologies section in
the Agricultural Research Council, Irene, in Gauteng Province. The area is located at 25° 53" 59.6"
South latitude and 28° 12" 51.6”" East longitude in Pretoria, South Africa.

5.2.2 Statement of animal rights

The experimental procedures were performed in accordance with the ethical standards approved by the
Agricultural Research Council-Animal Production Ethics Committee [APIEC 23/05], University of
KwaZulu-Natal Research Ethics Committee [AREC/00007100/2024], and Section 20 of the Animal
Diseases Act no 35 of 1984 [12/11/1/18 (6269BM)].

5.2.3 Preparation of boar semen extenders

The semen extender used in the experiment was Beltsville Thawing Solution (BTS; IMV Technologies,
France), which was prepared a day before use. The BTS extender was prepared by dissolving a sachet
of each extender in a litre of sterile water (Sabax®, Adcock Ingram, South Africa) and stored at 18 °C

until used.
5.2.4 Boar epididymal sperm retrieval

A total of 60 testes of heterogeneous boars were collected (6 testes/day) from the local abattoir and
transported to the laboratory at 5 °C within 30 minutes after slaughter. The testes were further stored at
5 °C for 2 h before being processed. Following storage, the caudal epididymides together with and
proximal ducts were removed from the testes and cleaned with saline water (NaCl 0.9%). To avoid
blood contamination, superficial blood vessels were punctured so that most of the blood could be wiped
off. The semen samples were retrieved from the cauda epididymides with the aid of the slicing float-up
method. The slicing float-up method was performed by slicing the cauda epididymides with the blade
to release the semen into the petri dish and diluting it with a 5 mL BTS semen extender. Semen samples

were pooled following semen retrieval/per day, equally divided, and equilibrated at 5 and 18 °C.
5.2.5 Storage and evaluation of the boar epididymal sperm motility traits

Semen samples equilibrated at 5 and 18 °C were evaluated at different time intervals (0, 3, 6, 9, 12, 24
and 48 h) for sperm motility using a computer-assisted sperm analyser (CASA; Microptic, Sperm Class
Analyzer® 6.6.80) system. The volume of 5 L of diluted semen sample was transferred to a warmed

(37 °C) microscope glass slide and covered with a warm glass coverslip. Two fields of semen samples
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with an average of 250 sperm (34.3 x 10%/mL/treatment/replication) were captured using a microscope

(Nikon®, Japan) at 10X magnification using the CASA system.
5.2.6 Semen staining preparation for boar epididymal sperm morphometry

Semen samples equilibrated at 5 and 18 °C were evaluated at different time intervals (0, 3, 6, 9, 12, 24,
and 48 h) for sperm morphometry using the CASA system. The retrieved semen samples were first
diluted with BTS extender at a ratio of 1:10. The diluted semen samples were further fixed in 4%
Formaldehyde for 10 minutes. Then, 10 pL of the fixed semen sample/storage temperature/time interval
was smeared on a separate microscopic glass slide and allowed to air dry overnight at room temperature.
During staining, the dried microscope glass slide sample was gently dipped in the SpermBlue® tray for
2 minutes and in distilled water for 3 seconds (to remove debris and ensure a clean background). The
paper towel was used to wipe the back of the microscope glass slide and allowed to air-dry at room
temperature. Following drying, the slide was mounted using Dibutylphthalate Polystyrene Xylene
mounting medium (Associated Chemical Enterprises, South Africa) and covered with the glass

coverslip.
5.2.7 Evaluation of boar epididymal sperm morphometry traits

Boar epididymal sperm morphometric traits were captured with a microscope (Nikon®, Japan) at 40X
magnification using the CASA system. At least 100 sperm were measured at different time
intervals/storage temperature/replication (100x10=1000 sperm). Overall, 7000 sperm at 5 °C and 7000
at 18 °C were evaluated for sperm morphometric traits at different time intervals (0,3, 6, 9, 12, 24, and
48 h). The microscope glass slide was observed (the focus knob was used to focus sperm) and measured
for the sperm head area (A; um?), head perimeter (P; um), head length (L; um), head width (W; pm),
head ellipticity (length/width), head elongation (L-W/L+W), head regularity (nx (L.W/4.A), head
roughness [4  x (A/P?)], midpiece width and the shape indices (head shape type, type of the sperm and

midpiece size).
5.2.8 Statistical analysis

The sperm morphometric data were divided into two groups: The first group was the measurements of
sperm head primary traits (length, L; area, A; width, W and perimeter, P, ellipticity, L/W,; rugosity, 4
nA/P2; elongation, L — W/L + W and regularity, tLW/4A). The second group determined the sperm
head indices (head type, normal, shape, acrosome type, and midpiece type). In the first sperm
morphometric data group, descriptive statistics were used to establish the minimum and maximum

values (thresholds) using 10-90 percentiles for every morphometric trait shown in Table 5.1.
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Table 5.1: Minimum and maximum acceptable values for morphometric traits in order

to define normal boar epididymal sperm morphometry.

Boar

Sperm morphometric traits Minimum Maximum
Length (um) 8.20 9.70
Width (um) 3.50 5.50
Perimeter (um) 16.20 26.20
Area (um) 28.49 44.00
Ellipticity 1.81 2.16
Regularity 0.70 1.00
Elongation 0.29 0.37
Roughness 0.62 1.50
Midpiece width (um) 0.50 1.60

The data for the first sperm morphometric data group and sperm motility trait were analysed with two-
way repeated measures analysis of variance using general linear model. The main effect of independent
variables [equilibration temperature and different time interval (repeated observation with the same
sample)] and their interaction were measured based on the sperm morphometric and motility changes
(dependent variables). The Shapiro-Wilk test was performed on standardized residuals to test for
deviations from normality. Student's t-LSDs (least significant differences) were calculated at a 5%
significance level to compare the means of the significant source effect of semen storage temperature

on the sperm morphometric first data group and motility traits evaluated at different time intervals.

The second sperm morphometric data group was analysed using a Chi-square test to determine the effect
of semen storage temperature on the sperm percentage variations regarding the head type, normal shape,
acrosome type, and midpiece type evaluated at different time intervals. The scores were subjected to a
1:1 frequency table, and a Chi-Square (y?) test was performed to test for equal proportions. The tests
were performed for association (patterns), and where significant differences were found, graphs were
constructed to demonstrate the difference in patterns. All data analyses were performed using SAS

version 9.4 statistical software.
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5.3 Results
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Figure 5.1: Effect of semen equilibration temperature on boar epididymal total and
progressive sperm motility evaluated at different time intervals.
*f'Values with different superscripts in same sperm trait and storage temperature differ significantly

across the bars (P<0.05). TM: Total motility, PM: Progressive motility.

The effect of liquid semen storage temperature on boar epididymal sperm total and progressive motility
percentage evaluated at different time intervals is represented in Figures 5.1. The significant interaction
between epididymal sperm equilibration time and temperature was observed for sperm motility and
kinematics traits (P<0.05). Sperm total motility was greater than 90% immediately after retrieval (0 h)
at both semen storage temperatures. The sperm total and progressive motility at 5 and 18 °C decreased
with the prolonged semen storage time (P<0.05). However, sperm total motility ranged between 94.4-
54.9% up to 48 h at 18 °C semen storage compared to 95.2-31.0% at 5 °C. The diluted sperm samples
equilibrated over 48 h at 18 ° C showed a sperm progressive motility decline from 78.9-28.1%.
compared to a steeper decline from 80.6-10.9 % at 5 °C (P<0.05). This demonstrate that the effect of

epididymal sperm equilibration time is dependent on the storage temperature.

Table 5.2 and 5.3 represents the effect of liquid semen storage temperature on boar epididymal sperm
velocity traits evaluated at different time intervals. Semen samples stored at 5 °C in comparison with
18 °C recorded least number of sperm moving at a curvilinear velocity [3 (66.3 vs 62.1 pm/sec), 6 (52.9
vs 64.7 pmy/sec), 9 (54.3 vs 58.6 pmy/sec), 12 (48.3 vs 53.2 pm/sec), 24 (47.0 vs 57.5 pm/sec) and 48 h
(30.2 vs 51.8 pm/sec; P<0.05). This demonstrate that the effect of epididymal sperm equilibration time

is dependent on the storage temperature.
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Table 5.2: The effect of semen 5 °C equilibration temperature on boar epididymal sperm
kinematics at different time intervals (mean + SD).

Storage time

VCL VAP VSL STR LIN WOB HA

interval at 5

o (um/sec)  (um/sec) (um/sec) (%0) (%) (%) (%)
Oh 68.4+£12.08  34.715.52 18.8+2.62 52.5+4.28 27.6+3.72 51.2+£3.22 1.5+1.62
3h 52.9+13.3>  27.9+8.9° 13.7+4.32 49.045.0 24.0+2.12 49.0+3.0° 0.3+0.6°
6h 54,3+8.9° 18.4+4.2° 13.5+2.42 50.3+8.42 25.1+4.62 48.9+3.7° 0.2+0.2°
9h 48.3+10.1°  22.6+5.2° 10.8+2.22 47.446.6 21.7+2.52 46.0+4.0° 0.4+0.8°
12 h 47.0+7.3° 23.5+3.8b 10.9+2.12 45.9+6.1° 22.8+2.6% 50.0+4.82 0.2+0.4°
24 h 30.2£14.2°  15.6+7.2° 6.9+2.8° 48.4+153°>  25.3+9.22 53.2+82 0.1+0.4°
48 h 37.91£11.6° 18.4+4.2° 7.2+2.5° 40.5+6.6° 18.5+4.1° 48.3+7.8" 0.1+0.2°

**Values with different superscripts differ significantly in the same column (P<0.05). VCL: curvilinear
Velocity, VAP: average pathway velocity, VSL: straight line velocity, STR: straightness, LIN: linearity,
WOB: Wobble, HA: hyperactivity.

Table 5.3: The effect of semen 18 °C equilibration temperature on boar epididymal
sperm kinematics at different time intervals (mean = SD).

Storage time

>torag VCL VAP VSL STR LIN wOB HA
interval at 18

oC (um/sec)  (um/sec) (Um/sec) (%) (%) (%) (%)
Oh 66.3+12.82  33.845.82 18.4+2.62 53.2+4.6% 28.3+4.0° 51.5+3.28 1.4+1.6°
3h 62.1+£17.02  31.1+8.3? 15.1+3.5° 48.8+6.7" 24.7+3.8° 50.1+2.28 0.240.3°
6h 64.7£15.02  32.0+7.12 18.3£2.62 56.5+6.42 28.9+4.9° 49.8+2.9P 0.8+0.9°
9h 58.6+12.3"  28.4+6.4° 12.9+£3.22 45.6+9.6" 21.9+5.1° 48.0+3.2° 0.5+0.7°
12 h 53.2+13.3°  25.2+7.0° 11.5+2.02 47.4+8.4° 21.7£3.28 46.2+3.6° 0.5+0.9°
24 h 57.5+20.1°  27.9+8.5° 12.1+2.92 44.4+11.4°  22.8+7.5° 49.8+2.2° 1.9+2.48
48 h 51.8+26.4° 22.0+11.3" 9.3+4.1° 44.1+8.1° 18.6+5.6° 42.4+6.1° 0.7+1.9°

**Values with different superscripts differ significantly in the same column (P<0.05). VCL: curvilinear
Velocity, VAP: average pathway velocity, VSL: straight line velocity, STR: straightness, LIN: linearity,
WOB: Wobble, HA: hyperactivity.
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Figure 5.2: The effect of liquid semen storage temperature of boar epididymal sperm
with normal heads recorded at different time intervals.
The significant difference (P<0.05) is represented by a star and non significant difference (P>0.05) is

represented by two stars within the bars.

The effect of liquid semen storage temperature on boar epididymal sperm with normal heads was
recorded at different time intervals (Figure 5.2). The current study recorded that the sperm with normal
head percentage had numerically decreased as the time of semen storage increased, irrespective of the
temperatures (P<0.05). Initially, at 0 h, the >80% sperm with normal heads were recorded in the semen
stored at 5 and 18 °C. However, semen stored at 18 °C maintained >50% sperm with a normal head
over 48 h of semen liquid storage, unlike 5 °C (P<0.05). In the semen samples stored at 5 °C, only

>50% of those with normal sperm heads were maintained for up to 12 h of storage.
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Figure 5.3: Boar epididymal sperm head shape changes during liquid semen storage at 5
B

The significant difference (P<0.05) is represented by a star within the bars.

Figure 5.3 represents boar epididymal sperm head shape changes during liquid semen storage at 5 °C.
The percentage of sperm with normal head shape changes as the time of the semen samples increases
at 5 °C. The sperm with tapered (48.8%) head shape were higher after 48 h of semen storage as
compared to the other storage times, which affected the percentage of normal (26.1%) sperm (P<0.05).
In the current study, the percentage of the sperm with tapered head shape recorded after 48 h of storage
of semen was equivalent to the percentage of coiled-tailed sperm in the semen stored at 5 °C (P>0.05).
There was >26% of sperm with a pyriform shape recorded after 24 h of storage in the semen stored at
€.
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Figure 5.4 represents the effect of different liquid semen storage time intervals on the sperm head shape
stored at 18 °C. The percentage of sperm with normal head shape changes as the increasing time storage
at 18 °C. The 18 °C storage temperature maintained (82.2-55.1%) sperm with normal head shape over
48 h of semen storage. There was an increased number of sperm with pyriform (>20%) recorded after
12 h of semen storage at 18 °C compared to other abnormalities (P<0.05). However, there was only

<20% of sperm with abnormal shape (amorphous, tapered, and pyriform) recorded over 48 h of semen

storage at 18 °C.
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The significant difference (P<0.05) is represented by a star and non significant difference (P>0.05) is
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Figure 5.5 represents the effect of liquid semen storage temperature on boar epididymal sperm with
normal acrosome recorded at different time intervals. There was an increasing percentage of sperm with

an amorphous shape recorded in the current study, irrespective of storage temperature (P<0.05).
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Figure 5.6: The effect of liquid semen storage temperature on boar epididymal sperm
with normal midpiece recorded at different time intervals.

The significant difference (P<0.05) is represented by a star within the bars.

Figure 5.6 represents the effect of liquid storage temperature on boar epididymal sperm with normal

midpieces recorded at different time intervals. The semen stored at 5 °C recorded the lowest percentage
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of sperm, with normal midpiece recorded after 24-48 h storage (P<0.05). Furthermore, the coiled-tailed
sperm recorded after 48 h in the semen stored at 5 °C influenced the sperm with a normal midpiece.

Greater than 90 % sperm with normal midpieces were recorded over 48 h storage at 18 °C.

The boar epididymal sperm morphometric trait changes during liquid storage at 5 °C are presented in
Table 5.4. The storage temperature of 5 °C affected the sperm morphometric measurements recorded in
the current study compared to the 5 °C treatment (P<0.05). The results show that the sperm head length
and area decreased with the increasing storage time at 5 °C compared to 18 °C treatment (P<0.05).
Meanwhile, the sperm head width and perimeter increased after 12 h storage at 5 °C. The sperm head
traits recorded up to 24 h of storage fell within an acceptable range. However, the sperm head traits
recorded at 48 h were lower than the acceptable range, which shows that sperm shrank due to the lower
temperature with the increasing semen storage time. No significant differences were recorded between

the sperm elongation and regularity during the liquid semen storage at 5 °C.

Table 5.4: The boar epididymal sperm morphometric trait changes during liquid semen
storage at 5 °C (mean = SD).

Liquid semen storage time interval

Oh 3h 6h 9h 12 h 24 h 48 h

Sperm head trait

Length (um) 9.0£0.8*  8.9+0.8° 8.8+0.6° 8.8+0.7° 8.9+0.6° 8.7£0.8° 8.1+0.6¢
Width (um) 45+0.5>  4.5+0.5° 4.6+0.3° 4.6+0.4° 4.7+0.3 4.5+0.5 4.0+£0.5¢
Area 36.6£5.78 33.5+4.9® 33.4+3.6° 32.8+4.0° 33.6+3.3° 32.0+4.4°  26.6+4.0¢
(Hm?)

Perimeter (um) 21.4+2.6° 23.2+2.0° 23.2+1.3% 23.1+1.4%  23.3%1.28 22.8+1.8° 21.1+2.0°

Sperm midpiece trait
Width (um) 1.1+0.3° 2.8+1.3* 2.8+1.3* 2.7£1.28 2.7+1.18 2.5+1.3° 2.3+1.3

Sperm shape indices

Ellipticity 2.0£0.4° 1.9+0.2° 1.9+0.2° 1.9+0.2° 1.9+0.2° 1.9+0.2° 2.0+0.22
Elongation 0.3+0.1* 0.3+0.0° 0.3+0.0% 0.3+0.0% 0.3+0.0° 0.3+0.1° 0.3+0.0%
Regularity 0.9+0.1* 0.9+0.0° 0.9+0.0% 0.9+0.0% 0.9+0.0° 0.9+0.0° 0.9+0.0%

Roughness 1.0+0.3*  0.8+0.0° 0.8+0.0° 0.8+0.0° 0.8+0.0° 0.8+0.0° 0.7£0.1°

»d Values with different superscripts in a row differ significantly (P<0.05).

The boar epididymal sperm morphometric trait changes during liquid semen storage at 18 °C are
presented in Table 5.5. The 18 °C storage temperature did not affect the sperm morphometric traits over
48 h of storage. Semen stored at 18 °C recorded acceptable sperm head length (8.7-9.1 um), width (4.5-
4.8 um), area (33.3-36.6 um?), perimeter (21.4-23.7 um) and midpiece width (1.1-2.8 pm), which fell
within the normal range. No significant differences were recorded between sperm elongation and

regularity throughout the liquid semen storage.
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Table 5.5: The boar epididymal sperm morphometric trait changes during liquid semen
storage at 18 °C (mean = SD).

Liquid semen storage time interval

Oh 3h 6h 9h 12 h 24 h 48 h
Sperm head trait

Length (um) 9.0+£0.8%  9.1+0.5° 8.9+0.8° 8.8+0.6° 8.9+0.5P 8.9+0.7° 8.7£0.6°

Width (um) 45+0.5°  4.7+0.3 4.7+0.42 4.7+0.32 4.8+0.3% 4.6+0.4° 4.7+0.32

Area (Um?) 36.6£5.78 34.8+3.2°  34.1x4.0° 33.3%3.3°  34.6+2.9°  33.0£3.9°  33.0£3.6°

Perimeter (um) 21.4+2.6° 23.7+1.2%  23.3+1.8% 23.0£1.3*  23.5+1.1*  23.1+1.7*%  23.1+1.3*
Sperm midpiece trait

Width (um) 1.1+0.3°  2.8+1.1° 2.7£1.2% 2.2+¢1.1° 2.6+£1.0% 2.4+1.2° 2.6+1.32
Sperm shape indices

Ellipticity 2.0£0.4*  1.9+0.1° 1.9+0.2° 1.9+0.2° 1.9+0.2° 1.9+0.2° 1.9+0.2°

Elongation 0.3£0.1*  0.3+0.0° 0.3+0.0? 0.3+0.0? 0.3+0.0? 0.3+0.0? 0.3+0.0?

Regularity 0.9+0.1*  0.9+0.0° 0.9+0.0? 0.9+0.0? 0.940.0? 0.940.0? 0.9+0.0?

Roughness 1.0£0.3*  0.8+0.0° 0.8+0.0° 0.8+0.0° 0.8+0.0° 0.8+0.0° 0.8+0.0?

¢ Values with different superscripts in a row differ significantly (P<0.05).

5.4 Discussion

The current study found that semen storage at 18 °C more effectively preserved boar epididymal sperm
motility and morphometric traits over 48 h than storage at 5 °C. Furthermore, higher values of total and
progressive sperm motility percentages were recorded in the semen stored at 18 °C for 48 h. These
findings align with previous studies demonstrating that storage at 15-18 °C supports sperm quality,
while lower temperatures increase membrane permeability and cold shock susceptibility (Guthrie &
Welch, 2012; Schulze et al., 2013). Furthermore, semen storage temperature below 10 °C is commonly
known to reduce sperm enzyme activity and alternate membrane proteins (Schulze et al., 2013). The
recent evidence by Schmid et al. (2013) reported chilling as the factor that led to a loss of sperm quality
traits during liquid semen storage. These results agree with Yeste (2016), findings which recorded the
decrease in sperm motility with the increasing storage time. The changes recorded in sperm motility
over semen storage time are a common phenomenon attributed to various factors such as temperature

fluctuations, oxidative stress, and changes in sperm morphology (Yeste, 2016; Guthrie & Welch, 2012).

The decrease in sperm with normal head morphology percentage with the increased semen storage time
at 5 and 18 °C was observed in this study. The findings of the current study are consistent with those of
Wysokinska et al. (2023), who recorded a decrease in percentages of morphological defects in sperm

with the increased storage time of the diluted ejaculated semen.
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This study further recorded the changes in sperm morphometric dimensions during storage of boar
epididymal semen at 5 and 18 °C. This finding agrees with the previous findings by Szablicka (2022),
which reported the morphometric dimensions of sperm to have changed during storage of boar semen
at 17 °C. Besides the changes recorded, in the current study, semen stored at 18 °C up to 48 hand 5 °C
up to 24 h recorded acceptable sperm head, midpiece, and incidences that fell within the threshold range.
However, 5 °C, in comparison with 18 °C, recorded a decrease in sperm head length, area, and midpiece
with the increasing time of semen storage. The sperm head traits recorded in the semen stored for 48 h
at 5 °C were recorded to be lower than the acceptable range, and the sperm were observed to have
shrunk due to the lower temperature with the increasing storage time. The decrease in sperm head
length, area, and midpiece recorded in the semen stored at 5 °C may be associated with the effect of
cold shock on the sperm plasma membrane and mitochondria. This finding corroborates the ideas of
Jékel et al. (2021), who suggest that sperm's plasma membrane and the mitochondria are compartments

that are more sensitive to react to cold shock.

These findings agree with Tomas et al. (14) findings, which showed liquid storage of boar semen at
18 °C to have decreased mitochondrial membrane potential and increased plasma membrane
permeability. These findings confirm the interaction between the semen storage time and temperature
on boar epididymal sperm motility and morphometry. Furthermore, this study underscores the
importance of storage time and temperature of semen samples to maximize sperm motility and

morphometry for assisted reproductive techniques (Guthrie & Welch, 2012).

5.5 Conclusion

The current study found that storing diluted boar epididymal semen at 18 °C better preserved sperm
motility and morphometric characteristics over a 48 h storage compared to the liquid storage at 5 °C.
While both storage temperatures allowed for acceptable sperm quality up to 24 h, semen stored at 18
°C exhibited significantly higher total and progressive motility at 48 h and maintained more stable
morphometric traits. These findings highlight the importance of optimising semen storage temperatures
to prevent sperm quality deterioration, particularly when using epididymal sperm, which may be more
vulnerable than ejaculated sperm. For long-term storage and conservation of threatened/endangered
species, cryopreservation may the valuable technique used, making it easier for genetic material to be
transported and exchanged over long distances. However, boar sperm cells are sensitive to cold shock
due to high polyunsaturated fatty acid. Therefore, future research should focus on evaluating the
potential of sperm stored under liquid preservation conditions to validate its viability during

preservation.
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Chapter 6: Effects of pre-freezing holding time on post-thaw motility and

morphometry of cryopreserved boar epididymal sperm

Thema, M.A., Mkhize, N.R., Sebopela, M.D., Ledwaba, M.R. and Mphaphathi, M.L., 2025. Effect of
Pre-Freezing 18° C Holding Time on Post-Thaw Motility and Morphometry of Cryopreserved Boar
Epididymal Sperm. Animals, 15(12), p.1691. https://doi.org/10.3390/ani15121691

Abstract

The study investigated the sperm motility and morphometry of pre-freeze and post-thaw boar
epididymal semen cooled at increasing holding times at 18 °C. A total of 50 testes of heterogeneous
boars were collected (5 testes/day) from the local abattoir and transported to the laboratory at 5 °C
within 30 min after slaughter. Semen was retrieved from the caudal part of the epididymis using the
slicing float-up method, diluted with Beltsville Thawing Solution extender, pooled in a 50 mL
centrifuge tube/5 testes/day, and cooled at 18 °C. Following each holding time (0, 3, 6, 9, 12, 24, and
48 h), the cooled semen sample was re-suspended with Fraction A extender and stored at 5 °C for an
additional 45 min. A cooled resuspended semen sample was then diluted with Fraction B extender,
loaded into 0.25 mL straws, and frozen using liquid nitrogen vapour. Thawing was accomplished by
immersing the semen straws in warm (37 °C) water for 1 min, and the samples were evaluated for sperm
motility and morphometry traits using the computer-assisted sperm analyser system. The data were
analysed using variance analysis. Descriptive statistics were used to assess sperm morphometry,
establishing the minimum and maximum values. Boar epididymal sperm survived for up to 48 h when
held at 18 °C. Furthermore, the highest post-thawed sperm motility rates were observed in semen frozen
after 3 h of holding time, with a sperm total motility of 85.9%, a progressive motility of 60.3%, and a
rapid motility of 33.2%, as compared to other holding times (P<0.05). The acceptable ranges for pre-
freeze and post-thawed sperm morphology were head length (8.4-9.1 um), width (4.4-4.8 um), area
(29.9-38.2 um?), perimeter (20.1-23.7 um), midpiece width (1.1-2.8 um), and sperm shape, which were
consistent regardless of the holding time. A holding time of 3 h enhances the cryo-resistance of sperm
cooled at 18 °C. Therefore, these findings suggest that boar epididymal sperm can be effectively

conserved and can maintain fertilisation capability when cooled for 3 h at 18 °C before freezing.
Keywords: boars, epididymis; cryopreservation; sperm motility; morphometry pre-freeze; post-thaw.
6.1 Introduction

The cryopreservation of epididymal semen might be the only method to protect valuable male genetic
material in the event of unanticipated death (Heise et al., 2011). The cryopreservation of boar

epididymal semen may assist in conserving the genetic diversity of the threatened or endangered,
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making it easier for genetic material to be transported and exchanged over long distances (Bolaji et al.,
2021). The cryopreservation technique is frequently employed in reproductive biology labs to make the
process of artificial insemination and in vitro fertilisation easier and serves as a backup when infectious
diseases arise in farms (Bertol, 2016). However, the use of post-thawed sperm is limited in pigs due to
the high susceptibility of boar sperm to cold shock, caused by a high content of polyunsaturated fatty
acids in its plasma membrane (Kim et al., 2011). As a result, the cryopreservation of boar sperm may
cause sperm damage, oxidative stress, thermal stress, protein denaturation, shrinkage, and irreversible
membrane collapse (Khan et al., 2021). Therefore, due to the intolerance of boar sperm to low
temperatures, studies have reported improved results when extended ejaculated semen is cooled to 15-
20 °C for a minimum of 1-3 h before freezing (Casas & Althouse, 2013).

Diluted boar semen is commonly transported to processing laboratories in a liquid form at an optimum
temperature of 15-20 °C (Yeste et al., 2014). To enhance proper transportation and handling of semen,
evaluation of the variation in the sperm quality and cryotolerance of other species for up to 24 h of
holding time, and the cryotolerance has been recorded (Wasilewska et al., 2016). A holding time has
little effect on fresh sperm traits up to 24 h, but a significant effect on post-thaw cryotolerance by
reducing metabolic activity as susceptibility to oxidative stress Batista et al., 2012; Santana et al., 2013;
Yeste et al., 2014). Torres et al. (2019) recorded holding time as having improved the cryopreservation
of ejaculated boar semen and allowed prolonged interaction between the sperm and the seminal plasma

components.

The major disadvantage of using post-thaw boar semen is the functional alterations to the sperm, such
as their morphometry and motility traits, which may be compromised during freezing. It has been
proven that sperm with normal motility, but abnormal morphologies, are incapable of fertilisation
(Czubaszek et al., 2019). Sperm morphometry has been associated with factors that can determine
fertility (Vernocchi et al., 2014). The study by Talluri et al. (2023) reported smaller boar sperm heads
following the cryopreservation of the ejaculated semen. Due to technical discrepancies, subjective
sperm morphology assessment in pigs remains troublesome (Finelli et al., 2021). Therefore, to lessen
the subjective way of analysing sperm morphometry, the computer-assisted sperm analyser (CASA)
system approach was developed and established (van der Horst et al., 2018). The accurate, precise,
repeatable, and reliable results have been reported by a few studies when using the CASA system, which

had been a challenge for the subjective analyser (Yaniz et al., 2015; van der Horst, 2021).

Information about the effects of holding time on post-thaw boar epididymal sperm survival has received
less attention. To our knowledge, no published study has documented boar epididymal sperm
morphometry and motility induced by holding time at pre-freeze and post-thaw. Therefore,
investigating the epididymal sperm motility and morphometry of pre-freeze and post-thaw semen will

assist in determining the fertilisation and cryopreservation capability of epididymal sperm in pigs. This
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study hypothesises that the holding of boar epididymal sperm at 18 °C for different pre-freeze durations
0, 3, 6,9, 12, 24 and 48 h) significantly affects cryotolerance and post-thaw sperm motility and
morphometric characteristics. This study aims to investigate the variability in the sperm motility and
morphometry of pre-freeze and post-thaw semen cooled to 18 °C for prolonged holding times.

6.2. Materials and methods
6.2.1. Statement of animal rights

The experimental procedures were approved and performed in accordance with the ethical standards of
the Agricultural Research Council-Animal Production Ethics Committee [APIEC 23/05], University of
KwaZulu-Natal Research Ethics Committee [AREC/00007100/2024] and Section 20 of the Animal
Diseases Act no 35 of 1984 [12/11/1/18 (6269BM)].

6.3.2. Boar epididymal sperm retrieval

A total of 50 testes of heterogeneous boars were collected (5 testes/day) from the local abattoir and
transported to the laboratory at 5 °C within 30 min after slaughter. The testes were further stored at 5
°C for an additional 2 h before being processed. Following storage, the caudal epididymides and the
proximal ducts were removed from the testes and cleaned with Sabax® saline NaCl 0.9% solution
(Adcock Ingram, South Africa). To avoid blood contamination, superficial blood vessels were
punctured so that most of the blood could be wiped off. Then, semen samples were retrieved from the
cauda epididymides using the slicing float-up method. The slicing float-up method was performed by
slicing the cauda epididymides with a blade to release the semen into the Petri dish (Whitehead
Scientific, South Africa) and this was diluted with 5 mL of Beltsville Thawing Solution (BTS; IMV

Technologies, France), a semen extender.
6.2.3. Boar epididymal sperm dilution

The retrieved semen samples of good quality (>80% total sperm motility) from 5 cauda epididymis/day
were pooled and transferred into 50 mL centrifuge tubes (Whitehead Scientific, South Africa). The
semen samples were diluted at a ratio of 1:4 (v/v) with a BTS extender. The diluted semen samples were
cooled to 18 °C and cryopreserved for different holding times (0, 3, 6, 9, 12, 24, and 48 h).

6.2.4. Preparation of boar epididymal sperm freezing extender

The semen holding and freezing extender was prepared one day before use. The boar semen extender
used for holding was the BTS extender, which was prepared by dissolving a sachet of BTS extender in
a litre of Sabax® (Adcock Ingram, South Africa) distilled water and stored at 18 °C. The chemical

composition of the BTS extender is presented in Table 6.1. The semen freezing extender was separated
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into fractions A and B and stored at 5 °C. Both Fraction A and Fraction B were prepared according to
Thema et al. (2024). The Fraction A extender consisted of BTS + 15% egg yolk, and the Fraction B
extender consisted of BTS + 15% egg yolk + 3% Glycerol: v/v.

Table 6.1: Chemical composition of Beltsville Thawing Solution extender.

Composition Units g/L
Glucose 37.0
Sodium citrate 6.0
Ethylene diaminuteetraacetic acid 1.25
Sodium bicarbonate 1.25

Gentamycin -

Penicillin 1.10
Streptomycin 1.10
Potassium chloride 0.75

6.2.5 Boar epididymal sperm cryopreservation and thawing process

Diluted semen with a BTS extender was cooled to 18 °C and subjected to freezing for different holding
times (0, 3, 6, 9, 12, 24, and 48 h). At the end of each holding time, the semen was then re-suspended
with Fraction A extender and cooled to 5 °C for an additional 45 min. Furthermore, the cooled semen
was then diluted with a Fraction B extender (Thema et al., 2024) and loaded into 0.25 mL straws
(Embryo Plus, South Africa). The semen straws were exposed to 3 cm above liquid nitrogen for 20 min
during cryopreservation (Thema et al., 2023). The frozen semen straws were immediately transferred
into the liquid nitrogen tank (-196 °C) for storage. Thawing was accomplished by removing the frozen
straws from the liquid nitrogen tank, exposing them to air for 5 s, and immersing the semen straws in

warm (37 °C) water for 1 min.
6.2.6. Evaluations of boar epididymal sperm motility traits

Sperm motility traits were analysed following each holding time (0, 3, 6, 9, 12, 24, and 48 h) at pre-
freeze and post-thaw using the CASA system (Sperm Class Analyzer® 6.6.80, Microptic S.L, Spain)
with different slides. The volume of the 5 uL semen sample at pre-freeze or post-thaw following each
holding time was transferred to a warmed (37 °C) microscope glass slide (Labchem Pty Ltd, South
Africa) and covered with a warm coverslip (Labchem Pty Ltd, South Africa). Two fields of pre-freeze
and post-thaw semen following each holding time with an average of 250 sperm (34.3 x
10%/mL/replication) were captured with the aid of a microscope (Nikon®, Toyko, Japan) at a 10X

magnification using the CASA system.
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6.2.7. Semen staining preparation for boar epididymal sperm morphometry

Semen samples were stained following each holding time (0, 3, 6, 9, 12, 24, and 48 h) at pre-freeze and
post-thaw. Prior to staining, the semen sample at pre-freeze or post-thaw stage following each holding
time was diluted at a ratio of 1:10 with the BTS extender. The diluted sample was further fixed with
4% Formaldehyde (Sigma Aldrich, United States of America) for 10 min. Then, 10 pL of the fixed
sample at pre-freeze or post-thaw following each holding time was smeared on the microscope glass
slide and allowed to air-dry overnight at room temperature. During staining, the dried microscope glass
slide sample was gently dipped into the SpermBlue® (Ducit, South Africa) tray for 1 minute and into
distilled water for 5 seconds (to remove debris and ensure a clean background). A paper towel was used
to wipe the back of the microscope glass slide and allowed to air-dry at room temperature. Following
drying, the slide was mounted using the Dibutylphthalate Polystyrene Xylene mounting medium

(Ingaba Biotechnical Industries (Pty) Ltd, South Africa) and covered with the coverslip.
6.2.8. Analysis of boar epididymal sperm morphometry

Boar epididymal sperm morphometric traits were evaluated using the CASA system. At least 100 sperm
were measured following each holding time for 10 replications (days of collection) (100x10 = 1000) of
pre-freeze and post-thaw semen. Overall, 7000 pre-freeze (0, 3, 6, 9, 12, 12, 24, and 48 h) sperm and
7000 post-thaw (0, 3, 6, 9, 12, 24, and 48 h) sperm were analysed for morphometry traits. The
microscope glass slide was observed (the focus knob was used to focus on the sperm) and measured for
the sperm head area (A; um?), head perimeter (P; um), head length (L; um), head width (W; um), head
ellipticity (length/width), head elongation (L—W/L+W), head regularity (x x (L.W/4.A), head roughness
[4  x (A/P?)], midpiece width, and shape indices (sperm with a normal head, acrosome, and midpiece,

or an abnormal head shape-amorphous, pyriform, or tapered).
6.2.9. Statistical Analysis

The sperm morphometric data were divided into two groups: The first group was the measurements of
primary sperm head traits (length, L; area, A; width, W; perimeter, P; ellipticity, L/W; rugosity, 4
wA/P2; elongation, L—W/L+W; and regularity, =L. W/4. A). The second group was the determination
of the sperm head indices (head type, normal, shape, acrosome defect, and midpiece defect). The first
sperm morphometric data group: In the first sperm morphometric data group, descriptive statistics were
used to establish the minimum and maximum values (threshold) using 10-90 percentiles for every

morphometric trait in this group.

The data for the first sperm morphometric data group and the sperm motility traits were analysed with
repeated-measure analysis of variance using general linear model. The Shapiro-Wilk’s test was

performed on the standardized residuals to test for deviations from normality. In cases where significant
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deviation from normality was observed and due to skewness, outliers were removed until this was
normal or symmetrically distributed. Student’s t-LSDs (least significant differences) were calculated at
a 5% significance level to compare means of the significant source effect of holding time on the first
sperm morphometric data group and the motility traits at pre-freeze and post-thaw. The ANOVA

analysis was performed using SAS version 9.4 statistical software.

The second sperm morphometric data group was analysed using a Chi-square test to determine the effect
of holding time on the sperm percentage variations regarding the sperm with a normal head, acrosome,
and midpiece, or an abnormal head shape (amorphous, pyriform, or tapered) evaluated at pre-freeze and
post-thaw. The scores were subjected to a 1:1 frequency table, and a Chi-square (y?) test was performed
to test for equal proportions. Contingency RxC frequency tables were performed for associations
between holding times at pre-freeze and post-thaw. The tests were performed for association (patterns)
and, where significant differences were found, graphs were constructed to demonstrate the differences

in these patterns. The Chi-square analysis was performed using SAS version 9.4 statistical software.

6.3. Results
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Figure 6.1: The effect of boar epididymal semen holding time on pre-freeze and post-
thaw sperm total motility traits using the CASA system (mean=SD).
*eDifferent letters indicate the significant difference between the pre-freeze and post-thaw groups at

specific holding times (P<0.05).
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Figure 6.2: The effect of boar epididymal semen holding times on pre-freeze and post-

thaw sperm progressive motility traits using the CASA system (mean+SD).

*dDjfferent letters indicate the significant difference between the pre-freeze and post-thaw groups at
specific holding times (P<0.05).
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Figure 6.3: The effect of boar epididymal semen holding time on pre-freeze and post-

thaw sperm curvilinear velocity traits using the CASA system (mean+SD).

*dDjfferent letters indicate the significant difference between the pre-freeze and post-thaw groups at

specific holding times (P<0.05). VCL: Curvilinear velocity.
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Figure 6.4: The effect of boar epididymal semen holding time on pre-freeze and post-
thaw sperm average pathway velocity traits using the CASA system (mean+SD).

*Different letters indicate the significant difference between the pre-freeze and post-thaw groups at

specific holding times (P<0.05). VAP: Average pathway velocity.
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Figure 6.5: The effect of boar epididymal semen holding time on pre-freeze and post-
thaw sperm straight line velocity traits using the CASA system (mean+SD).

*®Different letters indicate the significant difference between the pre-freeze and post-thaw groups at

specific holding times (P<0.05). VSL: straight line velocity.
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Figure 6.6: The effect of boar epididymal semen holding time on pre-freeze and post-
thaw sperm linearity traits using the CASA system (mean+SD).

*Different letters indicate the significant difference between the pre-freeze and post-thaw groups at

specific holding times (P<0.05). LIN: linearity.

Figures 6.1-6.6 represent the effect of boar epididymal semen holding time on pre-freeze and post-
thawed sperm motility and velocity traits. Semen frozen immediately after retrieval (0 h), had a high
pre-freeze total (94.4%) and progressive (78.9%) motility but post-thaw total and progressive motility
was poor at 27.2% and 12.2% respectively (P<0.05). However, 3 h holding time did not affect pre-
freeze total and progressive motility but it enhances post-thaw total motility. Contrary to expectations,
this study finds a significant difference between the pre-freeze and post-thaw sperm total (92.2%:
85.9%) motility recorded at the 3 h holding time. The highest post-thaw sperm progressive motility
(60.3%) was recorded in the semen frozen after a 3 h holding time compared to the other holding times
(P<0.05). Thereafter, there was a steady decline in total motility and progressive motility with
increasing holding time. More than 70% of pre-freeze sperm progressive motility was recorded between
the 0 and 6 h holding times and then this decreased during the 9-48 h prolonged holding times. The
present study recorded boar epididymal semen as having survived for 48 h of holding time, with >50%
sperm total motility recorded at pre-freeze. Furthermore, semen cooled for 3-48 h prior to freezing
recorded significant post-thaw sperm VCL, VSL, and VAP movement. Furthermore, there was no
significant difference between the post-thaw sperm velocity values recorded when the semen was

cooled for 3-6 h prior to freezing.
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Figure 6.7: The effect of boar epididymal semen holding time on the percentage of pre-
freeze and post-thaw sperm with a normal head.
The significant difference (P<0.05) is represented by a star and non significant difference (P>0.05) is

represented by two stars within the bars.

Figure 6.7 represents the effect of holding time on the percentage of pre-freeze and post-thaw boar
epididymal sperm with normal heads. The present study recorded < 40% of post-thaw sperm with
normal heads in the semen frozen immediately after retrieval (0 h). Furthermore, less than 30% of post-
thaw sperm with a normal head were recorded in the semen samples frozen for 948 h compared to the
3 h holding time (P<0.05). Thereafter, there was a steady decline in post-thaw normal head sperm with
increasing holding time. The 3 h holding time, post-thaw semen sample had >60% with normal head
sperm (P<0.05). This was significantly higher than other holding time (6, 9, 12, 24 and 48 h), including

sperm frozen immediately after retrieval (0 h).
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Figure 6.8 represents the effect of holding time of boar epididymal semen on the percentage of pre-

freeze sperm with a normal head shape. Pre-freeze sperm with a normal head shape decreased with the

increasing time of holding the semen samples (P<0.05). Greater than 20% of pre-freeze sperm with a

pyriform shape were recorded between 12 and 24 h of holding time. Whereas only <20% of pre-freeze

sperm with an amorphous or tapered shape were recorded for the 48 h holding time.
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Figure 6.9: The effect of holding time of boar epididymal semen on the percentage of

post-thaw sperm with a normal head shape.

The significant difference (P<0.05) is represented by a star within the bars.
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Figure 6.9 represents the effect of holding time of boar epididymal semen on the percentage of post-
thawed sperm with a normal head shape. The percentage of post-thawed sperm with a normal head
shape decreased with increased semen sample holding time (P<0.05). Greater than 70% of the post-
thaw sperm with normal head shapes were recorded by semen sample held for 3 and 6 h holding times
prior to freezing (P<0.05). Furthermore, at 24 h holding time, post-thaw sperm with amorphous shape
were >21.6%. Meanwhile, an increase in post-thaw sperm with tapered (23.5%) and pyriform (23.5%)

shapes was recorded in the semen samples frozen for the 48-h holding time.
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Figure 6.10: The effect of boar epididymal semen holding time on the percentage of pre-
freeze and post-thaw sperm with a normal acrosome.
The significant difference (P<0.05) is represented by a star and the non significant difference (P>0.05)

is represented by two stars within the bars.

The effect of boar epididymal semen holding time on the percentage of pre-freeze and post-thaw sperm
with a normal acrosome is represented in Figure 10. Greater than 80% of the pre-freeze sperm with a
normal acrosome were recorded in the present results regardless of holding time. The percentage of
post-thaw sperm with a normal acrosome decreased with the increasing holding time of the semen
samples (P<0.05). Semen samples frozen for the 948 h holding times recorded <50% of post-thaw
sperm with a normal acrosome. Furthermore, semen frozen immediately after retrieval recorded <60%
of post-thaw sperm with a normal acrosome. Meanwhile, semen exposed to the 3—6 h holding times

recorded >70% of post-thawed sperm with a normal acrosome.
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Figure 6.11: The effect of boar epididymal semen holding time on the percentage of pre-
freeze and post-thaw normal sperm midpieces.

The significant difference (P<0.05) is represented by a star within the bars.

Figure 6.11 represents the effect of boar epididymal semen holding time on the percentage of pre-freeze
and post-thaw normal sperm midpiece. Semen frozen immediately after retrieval recorded the lowest
percentage of post-thaw normal sperm midpieces. Overall, >80% of post-thaw and pre-freeze sperm

with normal midpieces were recorded throughout 48 h of holding time.

Table 6.2 represents the effect of boar epididymal semen holding time on pre-freeze sperm
morphometric traits. The present study recorded acceptable pre-freeze sperm head length (8.7-9.1 pm),
width (4.5-4.8 pm), area (33.3-36.6 um?), perimeter (21.4-23.7 pm), and midpiece width (1.1-2.8
pm), which fell within the normal range. No significant difference was recorded between the elongation

and regularity throughout the semen holding time.
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Table 6.2: The effect of boar epididymal semen holding time on pre-freeze sperm

morphometric head traits (mean + SD).

Holding Time
Oh 3h 6h 9h 12 h 24 h 48 h
Pre-freeze sperm head trait
Length (um)  9.1+0.8% 9.0+0.5° 8.9+0.8° 8.8+0.6° 8.9+0.5° 8.9+0.7° 8.7+0.6°
Width (um) 45+0.5° 4.7+0.3 4.7 +0.4° 4.7+0.3° 48+0.3 4.6 +0.4° 4.7+0.3°
Area (um?)  36.6+57° 34832 341+4.0° 333+33° 346+29° 33.0+39° 33.0%3.6°
Perimeter 21.4+26° 237+1.2% 233+1.8 23.0+13* 235+1.1° 231+17% 23.1+13°
(Hm)
Pre-freeze sperm midpiece trait
Width (um) 1.1+£0.3° 28+ 1.1° 27+1.2° 22+1.1° 2.6+1.0° 24+12° 26+13°
Pre-freeze sperm shape indices
Ellipticity 20+0.4 1.9+0.1 19+0.1 1.9+0.1 19+0.1 1.9+0.1 1.9+0.1
Elongation 03+0.1 03+0.1 03+0.1 03+0.1 0.3+0.1 03+0.1 03+0.1
Regularity 0.9+0.0 09+0.0 09+0.0 0.9+0.0 0.9+0.0 0.9+0.0 09+0.0
Roughness 1.0+0.3 0.8+0.0 0.8+0.0 0.8+0.0 0.8+0.0 0.8+0.0 0.8+0.0

*Values with different superscripts differ significantly in the same row (P<0.05).

The effect of boar epididymal semen holding time on post-thaw sperm morphometric head traits is

presented in Table 6.3. The present study recorded the highest post-thaw sperm head length (9.1 um)

and area (38.2 um) in the semen samples frozen for more than 3 h of holding time. Whereas semen

frozen immediately after retrieval recorded the lowest post-thaw sperm head length (8.4 um), area (4.4

um?), and width (29.9 pm). Overall, semen frozen for 0-48 h of holding time recorded acceptable post-
thaw sperm head length (8.4-9.1 um), width (4.4-4.6 pm), area (29.9-38.2 um?), perimeter (20.1-23.1
pum), and midpiece width (1.0-1.3 um), which fell within the normal range (P<0.05). No significant

difference was recorded in post-thaw sperm midpiece elongation and regularity.
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Table 6.3: The effect of holding time on the post-thawed boar epididymal sperm

morphometric head trait (mean £+ SD).

Holding Time
Oh 3h 6h 9h 12h 24 h 48 h
Post-thawed sperm head trait
Length (um) 8.4+0.7° 91+09 8707 87+08> 87+04" 87+06° 88+09°
Width (um)  4.4+04° 45+04% 46+04° 46+05° 46+03* 45+04* 45+0.7°
Area (um?)  299+3.3° 38.2+6.9° 323+3.9° 324+42° 323+27° 31.7+3.8° 329+%6.2°
Perimeter  21.9+1.8 20.1+19° 228+18 229+19 229+1.0*° 227+16* 23.1+26%
(Hm)
Post-thawed sperm midpiece trait
Width (um) 1.3+05* 1.0+£0.3? 1.0+0.42 1.0+£03 1.0+022 11+04* 11+05°
Post-thawed sperm shape indices
Ellipticity 20+0.2 1.9+0.2 1.9+0.2 19+0.38 1.9+0.2 1.9+0.3 20x0.6
Elongation 03+00 03£00 0.3+0.0 0301 0.3+0.0 0.3+0.0 03+0.1
Regularity 08+01 0901 09+0.0 09+0.1 0.9+0.0 0.9+0.0 0.9+0.0
Roughness 12+01 08+0.1 0.8+0.0 0.8+0.1 0.8+0.0 0.8+0.0 0.8+0.1

&\alues with different superscripts differ significantly in the same row (P<0.05).

6.4. Discussion

This study set out with the aim of investigating the variability in the sperm motility and morphometry
for pre-freeze and post-thaw semen cooled to 18 °C following varying holding times. The present study
recorded boar epididymal pre-freeze and post-thaw sperm as having survived up to 48 h of holding
time. However, semen frozen immediately after retrieval (0 h) and for prolonged holding times (9-48
h) recorded less cryo-resistance with the lowest post-thawed sperm total and progressive motility
percentages. A possible explanation for these results might be that semen retrieved from the epididymis
contains epididymal fluid instead of seminal plasma, Rodriguez-Martinez et al. (2022) suggesting that
holding time plays a significant role in minimising the sensitivity of the sperm to cold shock through

seminal plasma proteins (Batista et al., 2012).

One unanticipated finding was that >80% sperm total motility was recorded in post-thaw sperm frozen
for the 3 h holding time. This study produced results that corroborate the findings of a range of previous
works in this field. This study also accords with the observations by Okazaki et al. (2012), which
recorded 80% of post-thaw sperm retaining total motility in boar epididymal semen compared to
ejaculated semen. A possible explanation for these results might be that holding time protects the boar

sperm against cold shock through the maintenance of the lipid architecture of the plasma membrane
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(Casas & Althouse, 2013). The observed increase in post-thawed sperm total and progressive motility
recorded for the 3 h holding time could be attributed to the epididymal sperm in the testis mixing with
the epididymal fluids and remaining quiescent until they are ejaculated in semen (Batista et al., 2012).
It is suggested that the protein profile in the epididymal fluid could be responsible for the increase in
boar epididymal sperm cryo-resistance (Tomés et al., 2014). In addition, the cauda part of the
epididymis consists of immobilin and antioxidants, which play a role in increasing epididymal fluid

viscosity (James et al., 2020).

In accordance with the present results, previous studies demonstrate high cryotolerance in the sperm of
the boar epididymis compared to the ejaculated semen. This is supported by studies on cryopreservation
of epididymal semen in humans (Monteiro et al., 2011) and equines (Talluri et al., 2023), where it had
recorded higher sperm motility rates were recorded following thawing. Moreover, these results are
supported by our previous studies on the cryopreservation of Windsnyer (Thema et al., 2023) and large
white boar semen (Ledwaba et al., 2022), in which the ejaculated sperm was also demonstrated to have
lower cryotolerance. Although these results differ from Torres et al. (2019) and Tomas et al. (2014),
who also reported a 24 h holding time to be ideal for the freezing of ejaculated boar semen. Although a
24 h holding time has been reported to be the best in studies on the cryopreservation of ejaculated
semen, their results recorded the lowest post-thaw sperm motility rates irrespective of the holding time.
These discrepancies between the cryotolerance of ejaculated and epididymal sperm may be related to
the electrolytes in the seminal plasma of the ejaculated semen, which may have a negative effect on the
sperm and lead to a decrease in their quality during cryopreservation in comparison with epididymal
semen (Talluri et al., 2023). Seminal plasma may increase the risk of premature capacitation and

membrane destabilisation, which can compromise sperm cryo-resistance (Hermo et al., 1994).

The highest percentage of post-thaw sperm with normal heads and acrosomes was recorded in the semen
frozen after 3 and 6 h of holding time. This study highlights that cryopreservation can have a greater
impact on the sperm head shape and acrosome integrity, especially in the semen frozen immediately
after retrieval and following increased holding time (9-48 h). The changes in the sperm head shape were
associated with a prolonged holding time, cold shock, oxidative stress, and premature capacitation,
which may be responsible for the low fertility rate. This finding corroborates the ideas of Prinosilova et
al. (2012), who suggested that the sperm plasma membrane is very sensitive and may break in the

acrosomal area during cryopreservation.
6.5. Conclusions

The present study recorded boar epididymal post-thaw sperm as having survived up to 48 h of holding
time pre-freeze. However, the pre-freeze holding time of the boar epididymal semen at 18 °C for 3-6 h

resulted in significantly higher sperm total motility and morphometry. Additionally, the 3 and 6 h
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holding times were able to improve the cryotolerance of the boar epididymal sperm. The freezing of
semen immediately after retrieval and for a prolonged holding time beyond 6 h negatively affected
sperm quality, due to the absence of the seminal plasma in the epididymal semen. This suggests a
protective role of seminal plasma in minimising the oxidative stress of epididymal sperm frozen
immediately after retrieval and for a prolonged holding time (9-48 h). It was further observed that the
boar epididymal sperm exhibits better cryotolerance compared to results for ejaculated sperm obtained
in other studies. These results show that the study was successful as it was able to overcome the
challenge of cryopreserving boar sperm predicting high fertilisation rate. Therefore, further research

should be carried out to investigate the fertilising ability of post-thaw epididymal boar sperm.
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Chapter 7: Assessing in vitro fertilisation ability of the cryopreserved boar

epididymal sperm on oocytes matured in two media

M.A. Thema, N.R Mkhize, M.D Sebopela, M.R. Ledwabaand M.L. Mphaphathi., (Under review).
Assessing in vitro fertilisation ability of pre-freeze and post-thawed boar epididymal sperm on oocytes
matured in two media.

Abstract

This study aimed to investigate the fertilisation potential of post-thawed boar sperm retrieved from the
epididymis sperm utilising pig oocytes that have undergone maturation in a North Carolina State
University 23 (NCSU-23) and modified NCSU-23 (MNCSU-23) media. Sperm was retrieved from the
caudal part of the epididymis with the aid of the slicing float-up method and diluted with Beltsville
Thawing Solution extender. Only sperm samples exhibiting >90% sperm total motility were subjected
to holding prior cryopreservation process and in vitro fertilisation. Oocytes were retrieved from the
ovaries and sperm from the 6-cauda epididymis collected from the local abattoir. A total of 160 oocytes
were equally allocated for media (NCSU-23 and mNCSU-23) and matured for 44 h, on the day of
fertilisation that is when the testes were collected for epididymal sperm retrieval. The retrieved
epididymal sperm sample were pooled, analysed for sperm quality, split for in vitro fertilisation and
cryopreservation following 3 h of holding. The same batch of sperm sample frozen were re-analysed at
post-thaw following three months of storage and in vitro fertilised with the oocytes matured with two
media. Sperm motility and morphometric traits were evaluated utilising computer-assisted sperm
analyser prior to I\VVF. Data was analysed with the aid of analysis of variance. The statistical analysis
was performed using SAS version 9.4 statistical software. There was no significant difference in the
prevalence of zygotes with 2 pronucleus (normal fertilisation/ early embryo cleavage) in pre-freeze (26;
30%) and post-thawed (29.6; 22.4%) sperm in both oocytes matured with mNCSU-23 or NCSU-23
media. Additionally, oocytes matured in the mNCSU-23 media exhibited higher overall I\VF rates of
91.2% with pre-freeze sperm and 81.6% with post-thawed sperm. The overall IVF rate increased due
to the higher number of >2 pronucleus (abnormal fertilisation) recorded in the study as a result of
polyspermy. Whereas oocytes matured in NCSU-23 media and fertilised with post-thawed sperm
recorded lower IVF rates of 60.8%. The findings reveal that the normal fertilisation rate was achieved
with the pre-freeze and post-thawed boar epididymal sperm using oocytes matured with mNCSU-23
and NCSU-23 media. Both mNCSU-23 and NCSU-23 media can be used for IVF and embryo
production. However, polyspermy is still a challenge in pig IVF. Therefore, future studies in pigs are

recommended to address this challenge.

Keywords: Cryopreservation, embryo production, porcine, reproduction, semen
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7.1 Introduction

The in vitro fertilisation (IVF) success using cryopreserved boar sperm appears to be low due to the
osmotic shock and oxidative stress that occur during semen freezing (Zeke et al., 2012).
Cryopreservation of semen is a crucial strategy for preserving valuable male genetic material,
particularly when collection through ejaculation is no longer possible. In such cases, epididymal sperm
recovery provides an important alternative (Bertol et al., 2013). Post-mortem sperm recovery is vital
for germplasm conservation efforts and biodiversity preservation (Strand et al., 2016). Although
previous studies in various animal species have described the fertilisation success of epididymal sperm
(Gill et al., 2016; Raad et al., 2018), limited information exists regarding boar epididymal sperm to
fertilise mature oocytes in vitro. In pigs, the use of post-thawed epididymal sperm for fertilisation is
restricted due to high susceptibility of boar sperm to cold shock, which impairs their functional
competence (Benson et al., 2012; Daigneault et al., 2014). Maintaining boar sperm functional status
after thawing is critical for successful IVF and subsequent to embryo production (Martecikova et al.,
2010).

Despite sufficient motility, the ability of post-thawed epididymal boar sperm to fertilise during IVF is
infamously poor. Oocyte maturation is a key determinant of developmental competence and IVF
success (Varghese et al., 2011; Lee et al., 2015). Because oocytes remain arrested in meiotic prophase
I until puberty, precise control during in vitro maturation is essential to resume meiosis and achieve
fertilisation competence (Gilchrist, 2010). Several attempts have been made to improve the IVF
protocol in the past few decades. Despite extensive research on improving porcine I\VF, the rates of
embryonic development to the blastocyst stage have been extremely low (Ledwaba et al., 2022).
Nonetheless, many aspects of the IVF protocol remain unknown because there have been insufficient
extensive studies evaluating the efficacy of media, particularly intended for IVVF in porcine, using post-

thawed epididymal sperm.

It is known that several IVVF protocol elements, including the media's composition, impact the outcomes
of fertilisation in pig embryo production systems (Romar et al., 2016). The North Carolina State
University 23 (NCSU-23) has been widely used in the porcine in vitro embryo production as a
maturation and culturing media (Pyoos et al., 2018); however, improper in vitro oocyte maturation
media may leads to inadequate cytoplasmic development, which hinders further embryo development
( He et al., 2024).The most common oocyte maturation media used in pigs is Tissue culture medium
199, NCSU-37 and 23 (Gil et al., 2010), with NCSU-23 showing superior results in promoting oocytes
nuclear and cytoplasmic maturation that develop into embryos (Pyoos et al., 2018). Despite the superior
results reported with NCSU-23 maturation media compares to other media, its current formulation
contains glucose as the primary energy source (Chen et al., 2021), porcine follicular fluid and 2%

antibiotic to mediate osmolality and prevent contamination and sorbitol (Pawlak et al., 2018; Malik et
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al., 2023). The composition of sorbitol in media, may induce oxidative stress and disrupt the oocytes
intracellular redox balance while leads to inadequate cytoplasmic development noted by Zhang et al.
(2021). Although, the composition of glucose may provide energy during cytoplasmic and embryo
development, its concentration in the NCSU-23 is may be insufficient for promoting developmental
competency Wen et al., 2020. Collado-Fernandez et al. (2012) emphasised that oocyte maturation
requires a large quantity of energy to support its dynamic cellular processes. Wen et al. (2020) noted
that glucose releases metabolites from the pentose phosphate pathway and glycolysis to promote pig
oocyte maturation. This defines the importance of nutritional composition in the oocyte maturation
media, which may affect metabolic pathways during embryonic developmental competency (Gandhi et
al., 2025).

To address these limitations, modifications (increased amount of glucose concentration and removal of
sorbitol) to the current standard NCSU-23 media it is therefore propose in the present study to support
improvement of IVF protocols. Although the existing studies have primarily focused on oocyte
maturation and embryo development in current standard NCSU-23, there is limited evidence on how
the used to modified maturation media may impact IVF success using cryopreserved epididymal sperm
in porcine sperm. This improvement of IVF protocols is necessary to produce high-quality oocytes and
improve IVF success consistently (Lin et al., 2014). This study aimed to investigate the fertilisation
potential of post-thawed boar epididymal sperm utilising pig oocytes that have undergone maturation
in a North Carolina State University 23 (NCSU-23) and modified NCSU-23 (mMNCSU-23) media.
Further hypothesise that, pre-freezed and post-thawed boar epididymal sperm significantly influences

in vitro fertilisation success when oocytes are matured in NCSU-23 and mNCSU-23 media.

7.2 Materials and methods
7.2.1 The study area and design

The study was conducted at the Germplasm Conservation and Reproductive Biotechnologies section in
the Agricultural Research Council, Irene, in Gauteng Province. The area is located at 25° 53" 59.6"
South latitude and 28° 12" 51.6" East longitude in Pretoria, South Africa. The 6 testes of 7-8 months
old boars of heterogeneous/unknown breed were all collected in one day from the local abattoir. Oocytes
were retrieved from the ovaries and sperm from the 6-cauda epididymis collected from the local
abattoir. A total of 10 ovaries of 7-8 months heterogeneous/ unknown breeds were collected from a
local abattoir. A total of 160 oocytes were equally allocated for media (NCSU-23 and mNCSU-23) and
matured for 44 h, on the day of fertilisation that is when the testes were collected for epididymal sperm
retrieval. The retrieved epididymal sperm sample were pooled, analysed for sperm motility, split for in
vitro fertilisation and cryopreservation following 3 h of holding. The same batch of sperm sample frozen

were re-analysed at post-thaw following three months of storage and in vitro fertilised with the oocytes
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matured with two media [distributing the oocytes in 8 replication (20x8=160) per media]. Following
maturation, 100% cumulus cells expansion was observed in both two maturation media. Oocytes
matured in mMNCSU-23 media recorded 81%, maturation rate and 46.2% with NCSU-23 media based
on the polar body extrusion.

7.2.2 Statement of animal rights

The experimental procedures were approved and performed in accordance with the ethical standards of
the Agricultural Research Council-Animal Production Ethics Committee [ APIEC 23/05], University of
KwaZulu-Natal Research Ethics Committee [AREC/00007100/2024] and Section 20 of the Animal
Diseases Act no 35 of 1984 [12/11/1/18 (6269BM)].

7.23 Preparation of the boar epididymal sperm freezing extender

The sperm freezing extender was prepared a day before use in 50 mL tubes (Nest®, Biotechnology,
China). The freezing extender was separated into two fractions (fraction A and B). Fraction A of the
freezing extender consisted of 75% (75 mL) Beltsville Thawing Solution (BTS) supplemented with (15
mL; v/v) chicken egg yolk. Fraction B consisted of (15 mL; v/v) chicken egg yolk, 82% (82 mL) BTS,
and 3% (3 mL) glycerol.

7.2.4 Boar epididymal sperm retrieval and processing

The six testes of heterogeneous boars were collected from the local abattoir and transported to the
laboratory at 5 °C within 30 minutes after slaughter on the day of fertilisation. The testes were further
stored at 5 °C for 2 h before processing. Following storage, the caudal epididymides and the proximal
ducts were removed from the testes and cleaned with saline solution (NaCl 0.9%). To avoid blood
contamination, superficial blood vessels were punctured so that most of the blood could be wiped off.
The slicing float-up procedure involves using a scalpel blade to slice the cauda part of the epididymis
to release the sperm in a Petri dish, suspend it with 5 mL of a warm BTS extender (37 °C), and gently

agitate the mixture for approximately 10 minutes (Turri et al., 2012; Falomo et al., 2016).
7.2.5 Boar epididymal sperm dilution and processing

Sperm retrieved from six cauda epididymis were evaluated for sperm motility immediately after
retrieval and >90% total motility was recorded. Sperm samples retrieved from six cauda epididymides
were pooled, transferred into 50 mL centrifuge tubes (Whitehead Scientific, South Africa) analysed for

sperm motility, split for in vitro fertilisation and cryopreservation following 3 h of holding
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7.2.6 Boar epididymal sperm cryopreservation and thawing process

Diluted sperm sample (102.9x106 sperm/mL) in a 50 mL centrifuge tube was pre-cooled (pre-freeze) at
18 °C for 3 h, re-suspended with Fraction A of extender at a ratio of 1:2 resulting in 51.45x10° sperm
/mL, and further cooled at 5 °C for 45 minutes. Cooled sperm was then diluted with a Fraction B
extender (1:2) resulting into 25.73x10° sperm/mL and loaded into 0.25 mL straws containing 6.43x10°
sperm/0.25 mL. Semen straws were exposed 3 cm above the liquid nitrogen for 20 minutes (Thema et
al., 2023). The frozen semen straws were immediately transferred into the liquid nitrogen tank (-196
°C) and stored for 3 months. Thawing was accomplished by removing the frozen semen straw from the
liquid nitrogen tank, exposing it to the air for 5 seconds, and immersing the semen straw in warm (37

°C) water for 1 minute.

7.2.7 Evaluations of boar epididymal sperm motility traits

Pre-freeze (sperm pre-cooled at 18 °C for 3 h before freezing) and post-thawed sperm samples were
analysed prior to the IVF process using the CASA system. The volume of 5 L sperm sample was
transferred to a warmed (37 °C) microscopic glass slide and covered with a warm microscopic coverslip.
Two fields were analysed per sample (pre-freeze and post-thaw) of sperm with an average of 34.3x10°
sperm/mL for pre-freeze and 12.86x10° sperm/mL of post-thawed sperm per treatment/replication were
captured with the aid of a microscope (Nikon®, Japan) at 10X magnification using the computer-assisted

sperm analyser (CASA; Microptic, Sperm Class Analyzer® 6.6.80) system.

7.2.8 Staining preparation for boar epididymal sperm morphometry analysis

Pre-freeze and post-thawed sperm samples were stained for sperm morphometry prior to the IVF
process. Prior to staining, the sperm samples were diluted at a ratio of 1:10 (1 mL sperm: 10 mL BTS)
with the BTS extender. The diluted sample was further fixed with 4% Formaldehyde for 10 minutes.
Then, 10 pL of the fixed sample was smeared on the microscope glass slide and allowed to air dry
overnight at room temperature. During staining, the dried microscope glass slide sample was gently
dipped in the SpermBlue® tray for 1 minute and in distilled water for 5 seconds (to remove debris and
ensure a clean background). The paper towel was used to wipe the back of the microscope glass slide
and allowed to air dry at room temperature. Following drying, the slide was mounted using
Dibutylphthalate Polystyrene Xylene mounting medium (Associated Chemical Enterprises, South

Africa) and covered with the coverslip.
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7.2.9 Analysis of boar epididymal sperm morphometry

Boar epididymal sperm morphometric traits were analysed using the CASA system. At least 200 sperm
were measured at pre-freeze and post-thaw before IVF for morphometry traits. The microscope glass
slide was observed (the focus knob was used to focus sperm) and measured for the sperm head area (A,
um?), head perimeter (P; um), head length (L; um), head width (W; um), head ellipticity (length/width),
head elongation (L-W/L+W), head regularity (mx (L.W/4.A), head roughness [4 m x (A/P?)] and

midpiece width.
7.2.10 Preparation of the in vitro maturation and fertilisation media

The washing, maturation and IVF media were prepared the day before the ovaries' collection. The
washing media used in the current study were modified Dulbecco's Phosphate Buffered Saline
(mDPBS) and modified Medium 199 (mM199). The mM199 were prepared by supplementing 450 mL
M199 + 10% fetal bovine serum + 5 mL antibiotic. The mDPBS was prepared by supplementing 500
mL DPBS + 10% bovine serum albumen (BSA) + 5 mL antibiotic + 200 uL phenol red. For maturation,
NCSU-23 and mNCSU-23 media were prepared according to Table 7.1. Porcine follicular fluid
prepared for maturation media were obtained from ovarian follicles. Stocks A and B were prepared
according to Table 7.2 and 7.3 for both maturation media. For fertilisation, the media used was modified
Tris buffered media (mMTBM), which was prepared with 113.1 mM sodium chloride, 3 mM potassium
chloride, 7.5 mM calcium chloride dihydrate, 20 mM Tris, 11 mM glucose, 5 mM sodium pyruvate, 1
mM caffeine, and 0.1% BSA.

Table 7.1: Composition of the NCSU-23 and mNCSU-23 media prepared in a 50 mL

centrifuge tube.

Chemical composition NCSU-23 media mNCSU-23
Stock solution A 36 mL 36 mL
Stock solution B 9mL 9mL
PFF 5mL 5mL
Glucose 0.0045 ¢ 0.0085 ¢
Sorbitol 0.0984 ¢ -

B-ME stock solution 50 uL 50 uL
L-Cysteine stock solution 500 uL 500 uL
Antibiotic (Antimycotic 2%) 1mL 1mL
FSH 100 pL 100 pL
LH 10 Ml 10 uL

PFF: porcine follicular fluid; FSH: follicular stimulating hormone; LH: luteinising hormone, mMNCSU:
modified North Carolina State University
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Table 7.2: Preparation of stock solution A for NCSU-23 and mNCSU-23 media

Components 0/100 mL
NaCl 0.7942
KCI 0.0446
CaCl.2H0 0.0312
KH2PO4 0.0202
MgSQ..7H20 0.0366
Glutamine 0.0182

NaCl: sodium chloride; KCI: potassium chloride; CaCl..2H,0: calcium chloride dihydrate; KH2POa.
monopotassium phosphate; MgSO..7H,O: magnesium sulfate heptahydrate

Table 7.3: Preparation of stock solution B for NCSU-23 and mNCSU-23 media

Components 9/100 mL
NaHCO3 1.0530
Phenol red 40 pL

NaHCOs: sodium hydrogen bicarbonate

7.2.11 Ovaries’ collection and oocytes’ retrieval

Six dishes (Falcon 1008) of washing media (MDPBS and mM199) were prepared before the ovaries
collection and were placed in an incubator (38.5 °C). Each of the overall ovaries (10) were collected
from a local abattoir in a thermos flask containing warm 0.9% NaCl saline solution at 38 °Con the two
different days. On arrival at the laboratory, the ovaries were washed with 0.9% saline water at 38 °C to
eliminate excess blood and sprayed with 70% alcohol to prevent contamination. The ovaries were then
placed in a dish containing warm saline water and maintained in a water bath at 38 °C. The oocytes
were retrieved by slicing in a petri plate and transferred into 50 mL centrifuge tubes containing 5 mL

mDPBS. The supernatant was then gently extracted from the pellet using a Pasteur pipette.
7.2.12 Pig oocytes searching and maturation process

Six dishes (Falcon 1008) of warm washing media (mDPBS and mM199) were placed on the warm plate
at 38.5 °C. The retrieved oocytes washed three times in mDPBS and mM199 graded using a
stereomicroscope (Olympus BX71, Taipei, Taiwan). Only Grade A (with three layers of cumulus cells)
and Grade B (with at least two layers of cumulus cells) were subjected to in vitro maturation with
NCSU-23 and mNCSU-23 media in an incubator (Thermo® CO,, ThermoFisher Scientific™, United
State of America) for 44 h at 38.5 °C.
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7.2.13 Pig cumulus cells expansion and thawing of boar epididymal semen

After 44 h of incubation, matured oocytes in NCSU-23 and mNCSU-23 media were identified by
expanded cumulus cells and polar body extraction and were used for IVF. Thawing of semen was
accomplished by removing the frozen semen straws from the liquid nitrogen tank, exposing them to the
air for 5 seconds, immersing the semen straws in warm (37 °C) water for 1 minute, and transferring
them into the 15 mL centrifuge tube (Thema et al., 2023). Post-thawed sperm were evaluated for sperm

motility and morphometry traits before the IVF process.
7.2.14 Sperm capacitation and the in vitro fertilisation process

Matured oocytes in NCSU-23 and mNCSU-23 media were in vitro fertilised with either liquid stored
or cryopreserved sperm. For pre-freeze samples, sperm was diluted with BTS following retrieval and
exposed to holding at 18 °C for 3 h prior to IVF. The same batch of the sperm sample was frozen and
used for IVF after 3 months of storage. The sperm capacitation was induced on either liquid stored or
cryopreserved sperm 0.25 mL sperm (1.61x10°sperm/mL) placed in a 15 mL centrifuge tube and added
with 6 mL of pre-warmed (37 °C) mTBM media. The samples were centrifuged at 37 °C for 2 minutes
at a speed of 2000 rpm. Following centrifugation, the pellet was suspended in mTBM media at the same
level as the pellet to wash the sperm and was centrifuged for the second time. After centrifugation, the
supernatant was removed second time, and the sperm pellet was diluted (1:5) with mTBM media. For
IVF a total concentration of 0.32x106 sperm/mL sperm was transferred to each droplet of 25 matured

oocytes.

Five wash drops (100 pL) of mTBM were prepared in a separate 1008 falcon® petri dish for NCSU-23
and mNCSU-23 treatments and coated with 3 mL of mineral oil before IVF. Another 2 drops of 50 pL
of the same media were generated in a separate dish and used as IVF drops. First, matured oocytes from
each media treatments were washed five times in 3 mL of mineral oil-covered pre-warmed mTBM
media droplets prepared in a 1008 falcon® petri dish. Following washing, the oocytes matured in NCSU-
23 and mNCSU-23 media were dispersed equally into two separate petri plates containing two 50 pL
drops of the mTBM media covered with 3 mL of mineral oil. Each 50 yL drop of mTBM in separate
dishes on matured oocytes of maturation media treatments received 50 pL of capacitated diluted sperm
and incubated at 38.5 °C for 18 h.

7.2.15 Assessment of the pronucleus following in vitro fertilisation

At the end of 18 h of IVF, the pronucleus were checked. To denude them, the fertilised oocytes were
vortexed in a preheated (38.5 °C) mM199 solution for three minutes. After that, the oocytes were placed
in a petri dish with mM199. The 25 mg (0.025 g) of Hoechst 33342 (Sigma B226, St. Louis, MO, USA)

was used to stain the oocytes following the procedure stated by Ledwaba et al. (2022). The presumptive
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zygotes were evaluated under the inverted microscope for a total fertilisation rate at 0 pronucleus (PN),
1PN, 2PN, and >2PN.

7.2.16 Statistical analysis

The two-way factorial analysis of variance was used to test the main effects of the type of sperm (pre-
freeze and post-thaw) and oocyte maturation media (NCSU-23 and mNCSU-23), as well as their
interaction effect on the IVF rate using general linear model. To identify if the effect of sperm
cryopreservation was dependent on the oocyte’s maturation media, the interaction effect was carefully
examined. Sperm motility and morphometry was analysed using paired student t-test. A paired t-test
was used to analyse the sperm motility and morphometric traits from the same pooled sample at pre-

freeze and post-thaw, enabling a direct evaluation of the impact of cryopreservation.

The Shapiro-Wilk’s test was performed on the standardised residuals to test for deviations from
normality. Fisher LSDs (Least significant differences) were calculated at a 5% significance level to
compare means of significant sources for pairwise comparison. In the sperm morphometric data group,
descriptive statistics were used to establish the minimum and maximum values (threshold) using 10-90
percentiles for every morphometric trait in this group. All data analyses were performed using SAS

version 9.4 statistical software.
7.3 Results

Sperm motility traits of boar epididymal sperm at pre-freeze and post-thaw are presented in Table 7.4.
Total and progressive motility was higher in a pre-freeze sample to cryopreserved epididymal boar
sperm (P<0.05). However, non-progressive maotility and static sperm percentage increased following
thawing, different (P<0.05) from pre-freeze. Curvilinear velocity (VCL; 67.1. vs 37.6 pm/sec; P<0.05)
recorded at pre-freeze differ from after thawing treatment. The other parameters such as average
pathway velocity (31.1-21.5 pm/sec), straight-line velocity (15.1-12.4 pm/sec), straightness (56-
48.7%), linearity (32.4-24.7%), wobble (57.6-50.1), and amplitude of lateral head (1.8-1.4 pm/sec)

recorded no difference.
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Table 7.4: The pre-freeze and post-thawed sperm motility trait of boar epididymides
(mean = SD).

Sperm motility trait Pre-freeze (Thema et al.,, Post-thawed P-Value
2025)
Total motility (%) 92.2+3.4° 85.9+6.4° <0.05
Progressive motility (%) 73.8+8.6° 60.3+10° <0.05
Non progressive motility (%) 18.4+7.5 25.6+£19.2% <0.05
Static (%) 7.8£3.4° 14.1+6.4* <0.05
VCL (um/sec) 62.1+16.9° 37.6+9.2° <0.05
VAP (um/sec) 31.1+8.32 21.5+5.1° >0.05
VSL (um/sec) 15.1+3.52 12.4+3.82 >0.05
STR (%) 48.7+6.7° 56+7.82 >0.05
LIN (%) 24.7+3.8° 32.4+6.1° >0.05
WOB (%) 50.1+2.22 57.6+11.6° >0.05
ALH (um/sec) 1.8+0.42 1.4+0.2% >0.05

+bValues with different superscripts differ significantly in the same row (P<0.05). TM: total motility,
PM: progressive motility, NPM: non progressive motility, VCL: curvilinear velocity, VSL.: straight line
velocity, VAP: average pathway velocity, LIN: linearity, STR: straightness, WOB: wobble, ALH:
amplitude of lateral head, Sec: seconds.

Sperm morphometry traits of boar epididymides at pre-freeze and post-thaw are shown in Table 7.5.
Sperm head dimensions, including head length (9.0-9.1 um), width (4.5-4.7 um), area (34.8-38.2 um?),
perimeter (20.1-23.7 um) and midpiece width (1.0-1.1 um) fell within the threshold. No significant
difference was recorded between post-thawed and pre-freeze sperm midpiece, elongation, and

regularity.
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Table 7.5: The sperm morphometry trait of boar epididymides at pre-freeze and post-
thaw (mean =+ SD).

Sperm morphometric trait  Pre-freeze Post-thawed P value
Sperm head trait

Length (um) 9.0+0.5% 9.1+0.9% >0.05

Width (um) 4.7+0.3? 4.5+0.42 >0.05

Area (um?) 34.8+3.2° 38.2+6.9* <0.05

Perimeter (um) 23.7£1.22 20.1+1.9° <0.05
Sperm midpiece trait

Width (um) 1.1+0.3? 1.0+0.32 >0.05
Sperm shape indices

Ellipticity 1.9+0.2° 1.0+0.32 <0.05

Elongation 0.3+0.0* 1.0+0.32 >0.05

Regularity 0.9+0.0? 1.0+0.32 >0.05

Roughness 0.8+0.0° 1.0=0.3? <0.05

*dValues with different superscripts differ significantly in the same row (P<0.05).

Figure 7.1: A) Matured oocytes (PB extrusion) and B) early embryo cleavage

The fertilisation ability of pre-freeze and post-thawed boar epididymal sperm utilising oocytes that have
undergone maturation at NCSU-23, and mNCSU-23 media, is represented in Table 7.6. Overall, the
interaction between the sperm type and oocytes maturation media showed significant effect on the total
IVF rate. Normal fertilisation (2PN; 22-30%)/ early embryo cleavage (Figure 7.1) recorded in the study
did not differ (P>0.05) between the oocytes matured in two media, irrespective of the type of sperm
(pre-freeze and post-thawed) used to fertilise. The overall IVF rate was higher in the oocytes matured
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with mNCSU-23 media fertilised with pre-freeze and post-thawed sperm, followed by the NCSU-23
oocytes fertilised with pre-freeze sperm (P>0.05). The total fertilisation percentage increased by the
highest number of polyspermy recorded.

Table 7.6: Fertilisation ability of pre-freeze and post-thawed boar epididymal sperm
utilising gilts oocytes matured in NCSU-23 and mNCSU-23 media (mean £ SD).

Modified Treatments IVF 0PN 1PN 2 PN >2 PN Total IVF
type Oocytes (%) (%0) (%) (%) Rate (%0)
(n)
Modified  Pre-freeze 160 8.8+6.4° 8.8£7.7¢  26.0+15.2* 56.4+19.2® 91.245.9?
NCSU-23
Post-thawed 160 18.4+8.3°  6.0£3.1*  29.6+17.7*° 46.0+19.3* 81.6+8.3°
NCSU-23  Pre-freeze 160 19.6+7.6° 6.0+3.72 30.0£20.5* 44.4+17.6* 80.4+15.12
Post-thawed 160 39.2+15.1* 11.6+3.7% 22.4+15.2* 26.8+17.3° 60.8+15.1°
P-value <0.05 >0.05 <0.05 <0.05 >0.05

*Values with different superscripts differ significantly in the same column (P<0.05). mNCSU-23:
modified North Carolina State University 23, IVF: in vitro fertilisation, PN: pronucleus, 1PN: abnormal
fertilisation, 2PN: normal fertilisation, >2PN: polyspermy, Total IVF rate: 1PN+2PN+>2PN

7.4 Discussion

This study evaluated the fertilising competence of post-thaw and pre-freeze sperm using oocytes
matured in NCSU-23 and mNCSU-23. A higher proportion of oocytes reached maturation when
cultured in mMNCSU-23 compared to standard NCSU-23 media. Similarly, Xie et al. (2016) reported
increased oocyte maturation rates in mice under comparable glucose-enriched conditions. These results
align with the findings of Wen et al. (2020), who demonstrated that elevated glucose metabolism
promotes meiosis resumption and progression to the metaphase Il stage. Similarly, Collado-Fernandez
et al. (2012) emphasised that oocyte maturation requires a large quantity of energy to support its
dynamic cellular processes. Wen et al. (2020) noted that glucose releases metabolites from the pentose
phosphate pathway and glycolysis to promote pig oocyte maturation. Previous studies have shown that
the concentration of energy substrates in maturation media influences meiotic maturation (Wen et al.,
2020), a finding supported by the current study. The removal of sorbitol in the MNCSU-23 medium
may have eliminated the oxidative stress, as excessive sorbitol is known to impair the intracellular redox
balance (Zhang et al., 2021).

In this study, oocytes matured using NCSU-23 and mNCSU-23 maturation media recorded significant
2PN (normal fertilisation/early embryo cleavage) using pre-freeze and post-thawed sperm.
Surprisingly, 2-8 cell divisions (early cleavage rate) were observed at the I\VVF in both maturation media
treatments despite the absence of specific in vitro culture conditions such as a modular chamber. The

observed increase in early embryo cleavage could be attributed to the embryo quality and that it's likely
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to develop into the blastocyst stage rather than late-cleaving counterparts (He et al., 2024). The decrease
in the cytoplasmic to nuclear volume ratio is crucial in activating specific genes. While the pattern of
cleavage divisions differs between species, mid-blastula transition occurs when the cleavage rate
decreases (Ajduk & Zernicka, 2016). The transition from fertilisation to cleavage is caused by the
activation of mitosis-promoting factor, which regulates the biphasic cell cycle of early blastomeres
(Marlow et al., 2010).

These studies suggest that embryos that cleave early will likely complete the first mitotic division early
post-insemination, resulting in a higher pregnancy rate (Chen et al., 2019). The most interesting finding
was the high post-thaw total motility (85.9%) of boar epididymal sperm recorded prior to the IVF
process. In accordance with the present results, previous studies have emphasised the conservation of

epididymal sperm as an important method for preserving boar genetic resources (Turri, 2012).

The current study differs from the report by Hallberg et al. (2024) which recorded a proportion of
oocytes being penetrated and developed into cleavage to be 39%, using the ejaculated semen of
Hampshire boars. On the other hand, a study by Serrano-Albal et al. (2024), also recorded a greater
average of 38.5-53.5% oocytes with normal penetration/developed to cleavage. A high abnormal
fertilisation rate (>80%) was observed in oocytes matured with mNCSU-23, particularly when using
pre-freeze and post-thawed sperm, followed by oocytes matured with NCSU-23, fertilised with pre-
freeze sperm, primarily due to increased incidences of polyspermy (>2PN formation).

The pig provides an example of a high incidence of polyspermy penetration during traditional IVF (Coy
& Avilés, 2010). The present findings seem consistent with other studies that found more polyspermy
than normal penetration in pigs (Gil et al., 2010). Polyspermy penetration compromises early embryonic
development, ultimately reducing the success of IVF in pigs. A possible explanation for polyspermy in
pigs might be the presence of caffeine in the IVF media, which may induce premature acrosome reaction
in sperm, leading to multiple penetration of the sperm into the oocyte’s zona pellucida (Stival et al.,
2016). One potential strategy to reduce polyspermy involves replacing caffeine in the IVF medium with
alternative compounds that promote zona pellucida binding without inducing premature acrosome
reactions (Coy & Avilés, 2010). In the IVF process, a large concentration of sperm is often used which
increases the likelihood of polyspermy penetration (Kitaji et al., 2015). To reduce the concentration of
sperm in the IVF process, the application of intracytoplasmic sperm injection (ICSI; Briski & Salamone,
2022) instead of the traditional IVF technique should be practised. Although ICSI is a widespread option
to avoid polyspermy (Grupen, 2014), ICSI is a key step in the fertilisation process that may assist in

sperm selection (Stival et al., 2016).

135



7.5 Conclusion

This study was able to improve the current global obstacle in cryopreserving boar sperm. This will
strengthen genetic resource banking programmes in South Africa, and beyond. It was recorded that both
pre-freeze and post-thaw epididymal sperm retained the ability to fertilise oocytes matured in NCSU-
23 and mNCSU-23 media, leading to early embryonic cleavage. However, polyspermy remained a
significant limitation in pigs' IVF outcomes. Future research should focus on reducing polyspermy
during fertilisation. This could be done through ICSI or modulation of oocyte maturation conditions.
Exploring the epigenetic and molecular integrity of embryos derived from post-thaw epididymal sperm

is a worthy future research direction.
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Chapter 8: General conclusions and recommendations for further research
8.1 Introduction

In boar reproductive biotechnology, conservation of genetic material at post-mortem is becoming more
important with the idea of maintaining the genetic makeup of valuable species. This study investigated
sought to establish scientifically grounded protocols for recovery, preservation, and fertilisation ability
of boar epididymal sperm, thereby advancing reproductive biotechnology and genetic resource
conservation. The sperm retrieval method, semen extenders, testicular storage temperatures, period,
sperm pre-freeze holding times, cryopreservation, oocytes maturation media and in vitro fertilisation
(IVF) results were addressed through this experiment. Discovery of the retrieval method and semen
extender that can result in high sperm yield that are viable and may be preserved without the sperm

motility and morphometry being compromised was a critical challenge.

The 15-18 °C testicular storage temperature elevated metabolic activity, speed up cellular deterioration
and impaired sperm motility, acrosome and morphology. While 15-18 °C is an optimum storage
temperature for preserving boar semen in a liquid form and supports sperm quality. It was a challenge
to freeze boar epididymal sperm, immediately after retrieval because, pre-freeze holding temperature
of 18 °C improves cryotolerance of the boar epididymal sperm. The overarching purpose was to provide
a reproducible framework that can inform the establishment of epididymal sperm cryobanks for genetic
conservation, and assisted reproduction, with implications extending beyond pigs to other species. The
study also analysed the IVF fertilising ability of pre-freeze and post-thawed epididymal sperm on
oocytes subjected to in vitro maturation in North Carolina State University 23 (NCSU-23) and modified
NCSU-23 (MNCSU-23) media.

8.2 General discussion and conclusion

This study demonstrated that high quality boar epididymal sperm can be retrieved after death and be
conserved for use in assisted reproductive technologies. The slicing float-up method using Beltsville
Thawing Solution (BTS) extender have proved to be the most effective, slicing float-up yielding more
sperm with higher motility, normal morphology and morphometry compared to the flushing method.

This study showed the effectiveness of antibiotics concentration in the BTS extender which played a
big role in maintaining sperm pH and sperm viability during sperm recovery. The BTS extender also
contains glucose which have proven as suitable sugar supplementation in several semen preservation
studies than fructose in Andromed® extender. This type of sugar in the BTS extender play a vital role
in interacting with the phospholipid membranes at a low hydration while causes stabilisation of
membranes. It is also utilised by sperm as an energy source through glycolysis and mitochondrial
oxidative phosphorylation to support sperm motility and morphology at recovery and during

preservation. Additionally, even without seminal plasma in the epididymal sperm, the composition of
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the ion chelators in BTS extender, such as ethylenediaminetetra acetic acid where able to protect sperm

against oxidative damage and lipid peroxidation during recovery.

Studies in boars reported the effect of testicular storage time on the epididymal sperm viability but none
of these studies compared epididymides processed immediately after death stored at 5 and 18 °C. Our
findings confirmed that viable boar epididymal sperm can be successfully recovered from testes stored
at 5 °C for at least 2-24 h and not immediately after death. The predominant effect of testicular storage
at 5 °C was a reduction in the metabolic rate of the sperm, which aided to prolong their survival time.
The present study highlights the necessity of maintaining lower testicular storage temperatures to
protect not just the testes or epididymis from degrading easily, but also functional features linked to
sperm motility and morphometry.

In the current study, liquid preserved boar epididymal sperm stored at 18 °C maintained superior
motility and normal morphometry for up to 48 h compared to samples stored at 5°C. The storage
temperature between 15 and 20 °C is an optimum temperature for liquid preserving boar sperm. In terms
of cryopreservation, pre-freeze holding times (3-6 h) at 18 °C significantly improved post-thaw sperm
motility, morphometry and cryotolerance, indicating the importance of sperm holding before freezing.
The improved cryotolerance of boar epididymal sperm cooled for 3-6 h at 18 °C before freezing is
attributed to the protective effect of epididymal fluid, containing low bicarbonate levels and absence of
relative high levels. This explains why epididymal sperm withstand the cryopreservation following 3-6
h holding irrespective of the exposure of the seminal plasma. The 3 h holding time at 15-18 °C has been
developed in pigs ejaculated semen cryopreservation protocol with the intention for the sperm to

withstand damage caused by the freezing process, cryoprotectant toxicity and improving cryotolerance.

The current study was able to overcome the current global challenge of cryopreserving boar sperm. It
was recorded that both pre-freeze and post-thawed epididymal sperm retained the ability to fertilise
oocytes matured in NCSU-23 and mNCSU-23 media, leading to early embryonic cleavage. However,
polyspermy remained a significant limitation in pigs IVF outcomes. Taken together, these findings
demonstrate the feasibility of conserving boar genetic material post-mortem while illuminating the
cellular mechanisms governing sperm survival during temperature transitions. The results substantiate
the establishment of boar epididymal sperm cryobanks and contribute to global efforts in animal

germplasm preservation.

8.3 Challenges and limitations

Low sperm yield during sperm recovery, which is dependent on the type of retrieval technique used.
The flushing method may result into low sperm vyield in pigs sperm recovery due to the few cuts

performed. Although flushing technique could be the acceptable standard for collecting epididymal
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sperm from other animals, it may not allow the release of all sperm because it relies on single incision

and pushing fluid through epididymal duct leaving some sperm behind.

The nutritional composition in the semen extenders such as Andromed® extender used in the current
study which had a negative impact on the acrosome of the sperm. The Andromed®extender is a protein-
free and contains a high saturated and unsaturated phospholipid content. While for epididymal sperm
with the absence of seminal plasma requires protein and unsaturated fatty acid composition from the
semen extenders for the purpose of sperm maintenance and protection against oxidative stress and cold.
Therefore, the composition of semen extenders during sperm recovery is one of the key elements that

may negatively or positively influence the retrieved epididymal sperm quality.

The damage of sperm acrosome resulting to amorphous shape with the prolonged testicular storage time
at 18 °C. This sperm acrosome damage, amorphous abnormalities and decrease in sperm maotility can
be explained by both the metabolic depletion due to the increasing testicular storage temperature (18
°C). It was shown that lower liquid storage temperature (5 °C) increased boar epididymal sperm
membrane permeability and cold shock susceptibility due to the high polyunsaturated fatty acid in the
boar sperm plasma membrane. The lower temperature on the boar sperm may lead to the membrane
fluidity and permeability being affected. Storing boar sperm at 5 °C with the prolonged storage time
may reduce sperm motility, viability and normal morphology. Although, cold storage temperature is
commonly known with its ability to inhibit bacterial growth but may be regarded critical for liquid

preservation of boar sperm because of its sensitivity to chilling injury.

The absence of the seminal plasma and immaturity of some of the sperm in the epididymal semen
sample unlike ejaculated semen. While, boar sperm is known to have high polyunsaturated fatty acid,
this limitation makes the boar epididymal sperm more vulnerable to oxidative stress and cryodamage if
freeze immediately after recovery or exposed to the prolonged holding time (9-48) before

cryopreservation).

The present of egg yolk in the freezing extender of boar semen interfered with analyses of post thaw
sperm motility and morphometry with computer assisted-sperm analyser (CASA). Despite the
protective effects of egg yolk on boar sperm during cryopreservation, its thickness particles musk the
motion of the sperm which may affect the image capturing and the accuracy of the kinematics and
morphometric analysis with CASA.

The incidence of polyspermic fertilisation rate during I\VF process which may limit the production of
viable embryos and increase the embryo loss percentages. High polyspermy during IVF revealed the
persistent challenge of achieving normal fertilisation (2PN) in porcine IVF systems causing abnormal
chromosome numbers in embryos. Normal penetration fertilisation involves the development of a block
on the plasma membrane and zona pellucida hardening immediately after the leading sperm penetration

preventing polyspermy (additional sperm from entering the oocyte).
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8.4 Recommendation for future research

This study highlights the possibility of epididymal sperm recovery following 2-48 h animal death when
epididymides stored at 5 °C, with the scarce information on boars, the long-term epigenetic integrity
and healthy development of offspring from epididymis must be addressed in the future research. The
recovery of boar epididymal sperm using slicing float-up and BTS extender can have a positive effect
on the boar sperm at the stage of recovery and preservation. The supplementation of protective
components such as antioxidants in the extenders it is recommended to provide protection against
oxidative stress and cold shock while maintains the quality of the sperm during handling and
preservation. The 3-24 h prolonged holding of boar epididymal semen sample at 18 °C before freezing
favours bacterial proliferation and maintained cryo-survivability of the sperm while resulted in the
improved fertilisation rates. It is further recommended that future studies can improve the cryotolerant

of boar epididymal sperm with 3-24 h pre-freeze at 18 °C.

Additional research is suggested to investigate a protective role of seminal plasma addition to the
epididymal sperm in minimising the oxidative stress of epididymal sperm frozen immediately after
retrieval and for prolonged holding time (9-48 h). The prolonged holding time before freezing has been
observed to allow a prolonged interaction between boar sperm and seminal plasma components in the
studies on other species while limited in pigs. Seminal plasma is a specific substrate that consists of
proteins in the ejaculated semen and play a vital role in enhancing, maintaining sperm motility and

morphology during preservation.

It is suggested that future studies should research on the alternative cryoprotect to egg yolk with same
qualities for cryopreserving boar sperm and be CASA friendly to improve the sperm motility and

morphometry analysis.

Polyspermy still remains a significant issue in the pig IVF systems, strategies such as ICSI and artificial
insemination should be implemented in the future studies to test the fertilising ability of post-thawed
boar epididymal and to prevent polyspermy to happen. The main advantage of fertilisation by intra
cytoplasmic sperm injection (ICSI) is the possibility of injecting one sperm into the cytoplasm or zona
pellucida. The utilisation of ICSI may limit the transmission of diseases while prevent abnormal
fertilisation that lowers fertilisation rate. The use of ICSI technique has been used to overcome
polyspermy in other species, however its use in porcine it is still underutilised because of the challenges

in optimising the process.
8.5 Overall contribution

This thesis provides a scientific and technological foundation for the preservation of boar epididymal
sperm, demonstrating that viable, fertilisation-competent sperm can be retrieved and cryopreserved

post-mortem. It demonstrates the promise of quality post-mortem sperm rescue and cryopreservation in
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boars, prompt sperm recovery, cooling and proper testicular storage the most important factors affecting
the ability to recover quality samples. Results of this study may improve the use of epididymal sperm
in local breed gene banking. It further integrates developmental biology, cryobiology, and reproductive
biotechnology. This work offers new insights into cellular resilience and the management of thermal
stress in gametes. Beyond its immediate application in porcine systems, the study contributes to broader
conservation biology by offering adaptable methodologies for safeguarding the genetic integrity of
endangered or elite livestock breeds, bridging the gap between post-mortem gamete biology and
practical genetic resource banking. The in vitro production and cryopreservation of epididymal sperm

could facilitate a global exchange of valuable genetic material and accelerate breeding programs.
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