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1. INTRODUCTION

The United Nations estimates that the global population in 2024 is 8.2 billion, with an
expected increase of 1.5 billion over the next 26 years, resulting in a 70% rise in global food
demand within that timeframe (http1). In the last few decades, there has been a significant decline

in the number of animal species in different regions of the world (http2).

Animal breeding is vital to increase production, and there are challenges related to climate
change and sustainable development. To meet the increased food demand, adapting animal
genetic resources, improved animal husbandry, and reduction of greenhouse gas emissions will
be required (Chatellier, 2021). It is important to note that the decline in genetic diversity threatens
the species necessary to adapt to environmental changes. Therefore, the genetic resources that
remain should be protected. The FAO report titled “The State of World’s Animal Genetic
Resources for Food and Agriculture” highlights that appr. 7,000 livestock breed worldwide face
extremely risk of extinction. In addition, the majority of countries lack the technical capacity to
ensure the proper management and sustainability of their animal genetic resources (httpl). In the
gene bank development, new tools with genomic large-scale studies and reproductive
technologies are needed. Animal genetics can be maintained in and out of their natural habitats
(in situ and ex situ conservation) by methods such as zoos aquariums, gene banks and captive
breeding. Reproductive techniques and cryopreservation play an important role in
maintaining genetic diversity, supporting reproduction programs, contributing to biodiversity,
adjusting to changing environments, and supporting advancements in animal husbandry (Mazur
et al, 2007, FAO Recommendation, 2012).

Reproductive health in breeding males must be optimized to maintain successful breeding
programs and produce the maximum number of off-spring. Many factors including genetics,
nutrition, disease, and trauma (Yoo et al., 2010; Pal et al., 2017) affect male reproductive health.
Limited feed conditions are often associated with poor Body Condition Score (BCS) in domestic
animals (cattle, sheep, and horse etc.,), having a negative impact on reproductive function (Azis
et al., 2023).

Breeding soundness evaluations (BSES) ensure the reproductive success of all species of
animals. BSEs assess the physical and reproductive health of male breeding animals (Watts et
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al., 1997). BSEs confirm that the health of the males is good and that they have no physical
abnormalities. BSE’s identify reproductive problems that can diminish their ability to breed. This
concerns farmers and bull studs, since it can affect the economic worth of the animal (Palmer,
2005, 2016). BSE’s can reduce sexually transmitted diseases (Barth et al. 2004). Hence, they are
important for reproductive programs. But they do not substitute for valuations that consider the
overall condition of the males. Repetitive health exams have a role in finding and handling
conditions that may diminish the animal’s well-being. All of the above lead to sustainable
management for cryopreservation of animal genetic resources which is important to maintenance
of biodiversity, ensuring food security, and improving population livelihoods globally.

Sperm assessment is a part of the BSE. Evaluating spermatozoa quality is an important tool
for assessing the propagative capacity of a species and to determine the efficacy of methods that
could be developed to increase fertility in bulls, stallions and rams.

Sperm morphology is an important sperm characteristic indicating overall semen quality
and is important as an aid to diagnosing subfertility in the male. In most species, semen used for
artificial insemination (Al) is practically assessed based on sperm number, motility and volume
(Rodriguez-Martinez, 2013). Despite research that indicates a significant correlation with
fertility, sperm morphology is not frequently assessed (Nagy et al., 2023). Although, some
abnormal sperm cells can be detected in every semen sample, poor sperm morphology is a crucial
predictor of reduced fecundity in different species (Sekoni et al., 1987). However, the subjective
nature of evaluating the physical characteristics of sperm through microscopic observation has
led to confusing results (Jequier et al., 1983). These discrepancies make interpretation of the data
difficult, and in some cases have led to a lack of statistical significance due to decreased viable
spermatozoa (Kuster et al., 2004).

The introduction of a rapid, accurate, precise, and repeatable computer-assisted sperm
morphometric analysis (ASMA) system is being used to try to overcome these problems in
morphometric assessment (Hidalgo et al., 2006). Kruger et al. (1993) designed an ASMA for
more accurate evaluation of human sperm morphology. This method was later successfully
adopted for the assessment of the physical characteristics of some animals. Gravance et al. (1996)
successfully evaluated the head of the spermatozoa from bulls utilizing ASMA. They

successfully evaluated sperm head morphology of rabbits and sheep (Gravance et al,
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1995:1998). Furthermore, Ball and Mohammad successfully evaluated stallion sperm head
morphology utilizing ASMA.

The precision of the ASMA system requires calibration to each species based on technique,
smear preparation, and classification (Banaszewska et al., 2015; Gravance et al., 1998). The
precision of the assessment of the physical characteristics of the sperm further depends on the
method of staining as this impacts the shape and dimensions of the head (Hirano et al., 2001). In
many laboratories, different staining technics are used. Because of the chemical make-up of the
reagents used in the staining process, variable effects on the stained cells can occur as well
(Banaszewska et al., 2015). For instance, in the research by Banaszewska et al. (2015), using
four different staining techniques (eosin +gentian violet complex, SpermBlue®, Papanicolau,
and silver nitrate) demonstrated statistically significant differences of the morphometry of
spermatozoa (Banaszewska et al., 2015). Kruger et al. (1987), utilizing the ASMA for human
spermatozoa morphology assessment detected sperm head swelling. Utilization of the
Papanicolaou staining technique sperm morphology assessment takes much time and requires the
use of multiple chemicals and processing stages (>20) (Banaszewska et al., 2015).

The eosin-nigrosin staining method is rapid, inexpensive, easy, and practical. However, it is not
appropriate for cryopreserved sperm and is slightly hypotonic (Kumar et al., 2019). A necrotic
swelling and larger sperm head appear in those sperm that died prior to smear preparation and
staining because of damaged plasma membranes and acrosome deterioration (Kumar et al.,
2019). This technique has been used in prior research on spermatozoa morphology (Wishart et
al., 1988). Along with detecting abnormalities of the morphometry of the nucleus, eosin-nigrosin
staining method also identifies aberrations of sperm chromatin (Barth and Oko, 1989). This

staining technique has been accomplished in several species, domestic and wild.
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1.2 Objectives of the research

Assisted reproductive technologies (ART) provide useful tools to save the genetic diversity
of endangered and other species. Using gamete cryopreservation as an ART tool to create gene
banks has been used since the 1990-s. Sperm storage technologies developed for domestic
animals can be applied to different species providing a useful conservation tool.

It has been long known that male fertility is related to sperm morphology (Williams and
Savage, 1927). Spermatozoa morphology is a routine part of the BSE of domesticated animals
used for breeding (Barth and Oko, 1989). Differences in sperm size may reveal hidden
reproductive strategies such as postcopulatory sperm competition or cryptic female choice (Kahrl
et al., 2021). The Feulgen staining technique was used to label chromatin in order to minimize
the effect of staining and membrane status. This procedure has been modified and successfully
performed on different species, both domestic and wild. We have successfully adapted and used
this staining protocol on different domestic and wild animal taxa in combination with different

image analysis platforms.
The objectives of the research were to:

I. evaluate the nuclear condensation status of sperm collected post-mortem from
Przewalski’s horse via Feulgen staining and light microscopy.

ii. cryopreserve spermatozoa from different species such as sheep (Hungarian native
breed sheep), cattle (Simmental bulls) and domestic yak (wild and domestic species
with special importance in Mongolia).

iii. to measure the sperm head, midpiece and flagellum length of post-mortem collected
and cryopreserved Przewalski’s horse spermatozoa using the free Sperm Sizer

software.

According to the IUCN Red List, the Przewalski’s horse (Equus ferus) is considered to be
endangered. Due to the gap in available information, our goal was to measure the sperm head,
midpiece and flagellum length of post mortem collected and cryopreserved Przewalski’s
horse spermatozoa using Feulgen staining and the free Sperm Sizer software (McDiarmid et

al., 2021). Through repeated measurements, we established the repeatability of this staining
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protocol and morphometric analysis. Major parts of the thesis were the use of bull and ram
spermatozoa to perform the Feulgen staining technique on a seasonal, local sheep breed, to
study the reliability of the technique on Simmental bulls, and to show its diagnostic value in
this pilot research. Another important topic relevant to Mongolia was a preliminary study on
the threatened domestic yak species (Bos grunniens). We aimed to evaluate the nuclear
condensation status of cryopreserved domestic species spermatozoa via Feulgen staining

technique and light microscopy.
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2. LITERATURE REVIEW

In the developed countries, traditional and cultural values play a major role in the
conservation of animal genetic resources for agriculture and food. The following factors usually
influence efforts to preserve indigenous and locally adapted breeds that are integral to culture
heritage, traditional farming practices, and regional identities. In addition, the emergence of niche
markets for specialty livestock products including organic and heritage breeds further incentivize

the conservation of diverse breeds (httpl).

The year 2014 marked five decades since the International Union for Conservation of
Nature (IUCN) Red List of Threatened Species was launched, highlighting its important
influence on global biodiversity preservation initiatives. Currently there are more than 150,000
species on the ITUCN Red List, and more than 47,000 species are threatened with extinction
(http2). Of these, mammals accounted for 27%. According to the data available in 2016, over
65,000 species of vertebrates in the world were assessed and approximately 8,000 were in danger

of becoming extinct (http2).

Animal genetic resources (AnGR) encompass the genetic materials of animal species that
are of importance for conservation. The domestic yak, Przewalski's horse, and rams are crucial
genetic resources in Mongolia and other regions. The persistent presence of a diversified nature
is enhanced by the preservation of animal genetic resources that provide for economic, social and
other demands. Animal genetics can be maintained in and out of their natural habitats (in situ
and ex situ conservation) by methods such as zoos, aquariums, gene banks and captive breeding.
Reproductive techniques and cryopreservation play an important role in maintaining genetic
diversity, supporting reproduction programs, contributing to biodiversity, adjusting to changing
environments, and supporting advancements in animal husbandry (Mazur et al, 2007, FAO
Recommendation, 2012). Its importance includes food security, survival in the event of climate
change, and economic prospects for communities (Aweke et al, 2024). Conservation of
threatened and endangered species such as rams, yak, Przewalski’s horse are aided by

cryopreservation of oocytes, sperm, and embryos.
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2.1 Gene conservation, methods and their significance

In gene conservation, we strive to maintain the diversity of genes in wild and domestic
animal species. This diversity includes a variety of allelic variants of different genes, which are
essential for adaptability, resilience, and overall health of species. Genetic variability is the
essence of “gene conservation”. In the case of species rescue, genetic diversity must be prioritized
when crossing purebred individuals, especially if they are to be reintroduced into wild conditions.
Heterozygosity in a population promotes adaptability, fitness and thus survival. In the
conservation practice, a few approaches are available. The conservation efforts effectively
preserve genetic diversity, which is vital for the resilience and sustainability of endangered and
threatened species. (FAO, 2007).

This requires a large number of individuals to be able to be selected. Species and breed
protection will ultimately be successful if the animals can be returned to their original habitat or
to production. The species and breed protection system remain only as a background safety net
(FAO, 2007). The gene bank is the basis of “gene conservation”. There are many forms of gene

banks, however, they can be classified into two main categories:

- invivo (in the form of a living animal in the form of an individual/stock): this can be in

situ (in its traditional habitat) or ex situ (under artificial conditions)

- invitro (under laboratory conditions): usually frozen genetic material (FAO, 2007). The
system is most effective when both works simultaneously. Gene protection is the second
level of the system, where breeding organizations multiply gene bank-quality individuals.
This is the majority of the maintenance stock (FAO, 2007).

2.2 In situ and EXx situ gene conservation and their significance

In situ gene conservation refers to the preservation of genetic diversity within the natural
or original habitats of species or breeds. For instance, domesticated animal breed conservation is
performed on large farms or by small breeders, where breeds are maintained in their customary
environments. For wild species such as wild horses, conservation happens in their natural

habitats, such as open plain or grasslands (FAO, 2007). It is easily connected with nature
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conservation and extensive use of natural habitats. It is spectacular and unmistakable, animals
can be selected for removal from the population (those with genetic disorders), they can also be
used for tourism, research, and observation. The disadvantage is that we cannot fully maintain
genetic variance; and the population is also exposed to extreme environmental effects, such as

epidemics, wars, or natural disasters (httpl).

In contrast, the ex situ gene conservation strategy (i.e., individuals kept outside their
original habitat) provides a more controlled environment, which is associated with more
expensive maintenance and the need for higher professional expertise. They can live in vivo in
experimental colonies and zoos; but they can also be preserved in vitro as (usually) frozen genetic

material. The latter can be further grouped according to the type of cell (FAO, 2007):
- diploid: cryopreserved embryo, somatic cell cultures, stem cell lines,
- haploid: sperm and egg

The ex situ in vitro method also has many advantages, however, and most importantly it
can store genetic information for centuries without quality loss if there are no errors in the
freezing and storage protocols. Its disadvantage is that laboratory conditions are not available
everywhere, and its methodology is prone to errors. However, beyond a certain time, there is also
a risk that the saved species/variety will not be resistant to newly emerged pathogens.
Nevertheless, it can prove to be an excellent lifeline in the event of an unexpected extinction or
catastrophe (FAO, 2007).

2.3 Gene banks and their significance

Developing and updating gene bank collections is indeed a comprehensive and long-term
process that requires careful execution including a few key steps: understanding population
dynamic, determining population status, establishing collection targets, and selection of animals
for sampling (FAO, 2007). These steps collectively help in building a comprehensive gene bank
that preserves valuable genetic material for future adaptation, breeding, research, and

conservation efforts.
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As we mentioned above, ex situ conservation can take place either in vivo or in vitro.
Even though the contribution of live ex situ population may be minimal when combined with
existing in situ and in vitro strategies, it can serve as a valuable backup of resources in some
situations. In most European countries, ex situ conservation of AnGR are successful and
developed. For instance, the starting date of sample collection of an “In vivo” program was
established in 1960 (Norway), 1968 (Poland). In Hungary, it was established in 2009 at Centre
for Farm Animal Gene Conservation. In 2010, starting of a sample collection “In vitro” program

was implemented (Chrenek et al., 2017).

In Mongolia, the ex situ conservation of AnGR has been successfully implemented and
further developed. Mongolia’s efforts in this area support sustainable livestock management,
adapting to environmental changes, and the preservation of cultural heritage associated with
traditional breeds. Continued development of ex situ conservation programs enhances
Mongolia’s capacity to conserve its unique genetic resources for future generations. However,
the situation with animal genetic resources in Mongolia is not fully satisfactory due to the effects
of climate change, dzud, and traditional nomadic life. In addition, there is a lack of well-trained

specialist in Mongolia, and some animals are basically wild, such as the yak.

Przewalski’ horse: The wild horse was originally native to the steppes of Central Asian. It is

named after the Russian geographer and renowned explorer Nikolai Przewalski, who described
several species of Przewalski’s horse, Przewalski’s gazelle, and wild Bactrian camel.
Przewalski’s horse (Equus ferus przewalskii or Equus przewalskii), also known as the Mongolian
wild horse, Takhi or Dzungarian horse, is an endangered species, and it has been reintroduced to
its native habitat in Hustain Nuruu National Park, Takhiin Tal Nature Reserve, and Khomiin Tal
in Mongolia since the 1990s, as well as other regions across Central Asian and European

countries (hhtp2).

The small wild horse dates back over 20,000 years, with images noticed in European cave
painting period appr. 9,000 BC. This important document suggest that Przewalski’s horse
migrated from Western Europe, shifting through the Russian steppes into regions including
Mongolia, Kazakhstan, China and others. In the 9™ century, the first written record of the wild

horse was observed by a Tibetan monk. In addition, “Secret History of Mongols” mentions wild
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horses that reportedly frightened Genghis Khan’s horse during campaign against the Tangut,
causing it to rear and throw him off, highlighting the horse’s prominence in Mongolian history
and culture. Subsequently this unique and specific animal reappeared in the 16" century (http3).
The initial Takhi arrived in Europe from the Russian Tsar in 1899, and that horse’s name was
Vaska. The wild horse was trained to be ridden (Fig 1). Hungarian biologist Zoltan Kaszab
observed the decline and conservation status of the particular species in the 1960s. By the 1960s,
the wild horses disappeared from their natural habitat in Mongolia, and the extinction of the wild
horse was reported in 1966. Consequently, after three decades, the International Union for
Conservation of Nature (IUCN) officially recognized its status as Extinct in the Wild,
emphasizing the species’ critical conservation situation. Interestingly, recently, an enormous

database has been established to include spermatozoa measurements from different animal taxa

(http4).

Figure 1 Vaska trained to be ridden

Domestic yak: The domestic yak (Bos grunniens) is a long-haired bovid, inhabiting high altitude

regions, such as Mongolia, the Tibetan Plateau, and the Pamir mountains. They are a source of
food such as meat and milk. Also, as a source of fiber and the use for transportation by the
domestic yak are important as well. In addition to the Himalaya region, a small number of the

flock occur in the United States, New Zealand, Canada, and some regions of Europe (https5).

18


https://en.wikipedia.org/
https://spermtree.org/
https://en.wikipedia.org/wiki/Yak

In June 2016, the Mongol Messenger newspaper reported that Mongolia’s highly
productive yaks were in serious decline, showing a 70 per cent decrease since 1998. In part this
decline is due to climate change and subsequent increasing average temperatures. In addition, the

International Union for Conservation of Nature (IUCN) are classified as a threatened species.

Figure 2 Mongolian Domestic Yak. Photo: A. Lepossa

Hungarian Native rams: The initial primitive Hungarian native sheep breeds are Racka, Tsigal,

and Citka, and these local breeds are hardy, and adaptable to harsh weather conditions. All of
them are used for wool, meat, and milk. Most of them are divided into two categories: in-season
and out of season. These breeds are most important because of their high fertility and adaptability.
Due to limited population size, habitat and farming changes, and a lack of conservation programs,

these breeds are considered endangered.
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Figure 3 Hungarian Racka. Photo: Wikipedia

2.4 General evaluation

The reproductive potential of stallions, rams and bulls is reliably and rapidly determined by
BSE. Potential breeders should be examined 30 to 60 days prior to the breeding season to allow
for time to acquire replacements for any that fail (Watts, 1997). Breeding ability, whole body
examination, reproductive system examination, and evaluation of sperm production and quality
are evaluated. Macroscopic assessment, volume, concentration, sperm viability, and percentage
of normal sperm morphology and morphometry are the basic elements of semen quality
evaluation (Watts, 1997; Nagy et al., 2013; Nagy et al., 2023). Overall appearance of the animal
such as its behavior, physical condition, and even fecal characteristics are parts of a complete
physical examination. Physical condition is one of the most important factors for evaluation.
Hooves and legs are crucial to the performance of bulls because they enable bulls to travel long
distances to detect female cows in heat (Palmer, 2016). Bulls’ eyes should be clear and free of
injury or diseases to detect cows in heat. Herefords have a higher incidence of ocular tumors than
Red Poll breed (Bailey et al., 1990). Understanding breed differences can help manage the
reproduction of male animals more effectively. In addition, there are some faults in overly thin

and fat animals. Thin animals probably will have the stamina only to breed a few females in a
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large area, while over-conditioned males are not likely to be able to reach their full potential due
to a lack of vigor. Body condition scoring is a common practice to determine the degree of
external fat accumulation of animals. This method usually involves a combination of visual
inspections and palpation techniques, which are directly linked to the quality of semen. For
example, bulls that have a body condition score of 5 or 6, on a scale of 1 to 9, tend to have better

sperm quality than those with a score of less than 5 or greater than 7 (Renéata et al., 2011)

2.5 Scrotal evaluation

The scrotal circumference (SC) measurement is used extensively in animal species to indicate
the reproductive capability of breeding males. This is because SC is related to sperm-producing
tissue, spermatozoa normality, and sexual maturity (Saputra et al., 2017; Penitente et al., 2018).
SC is one of the determinants for breeding soundness assessment, providing an important
indication of the animal’s breeding potential. SC is crucial in measuring testicular volume and is
highly associated with sperm output (Saputra et al., 2017). A self-tension tape is utilized to
determine the scrotal circumference in the following way: the testes are pulled down to the distal
part of the scrotum, and then the self-tension tape is placed around the widest portion of the two
testes, determining the scrotal circumference (Alexander, 2008). For instance, bull BSEs include
a measurement of the bulls' SC indices based on age and breed of the bull (Susilawai et al., 2020).
Table 1 gives an overview of scrotal measurements for best practice guideline (Bull) (Watts,
1997)

Table 1 Suggested minimum scrotal circumference measurement (cm) for best practice guideline

Age of bull (months) Minimum Scrotal Circumference

recommendation (cm)

12 30
13 30
14 30
15-20 31
21-30 33
>30 34
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Larger SC are associated with higher sperm counts and increased fertility and can be dependent
on body weight (Hopkins and Spitzer, 1997), nutrition (Barth et al., 2008; Kastelic, 2014), age
(Chanbacher and Amann, 1983), and breed (Kastelic, 2014). Several scientific studies reported
a direct relation between scrotal circumference and semen quality of the male (Rashid et al.,
2015; Indriastuti et al., 2020). For example, Gopinathan et al. (2016) and found an increase in
semen volume accompanying increased scrotal circumference in crossbred Holstein Friesian
bulls. Another similar study reported a moderate relationship in Bali bulls between scrotal
circumference and semen quality. The correlation coefficient in SC and semen volume was 0.63,
whereas SC and sperm concentration was 0.60 (Saputra et al., 2017). A study examined the
relation between scrotal circumference and physical characteristics of semen and sperm
morphology in 191 Gujarat bulls (Osorio et al., 2016). The selected bulls were categorized by
age in six groups from 12 to 36 months of age. They found that the relationship between scrotal
circumference and sperm motility, by age group, was highly correlated (r = 0.94, p < 0.005).
Additionally, they demonstrated that bulls with large scrotal circumferences (greater than 30 cm
by the age of 28 months) produce the highest semen volume when otherwise healthy. While
scrotal circumference measurement is an important part of BSE, it should not be the only factor
used to make reproductive decisions. Semen quality and overall health of the animals need to be
considered to make informed decisions regarding those sires that should be used during the
breeding season.

Furthermore, infrared thermography (IRT) is one of the best approaches to study scrotal and
testicular function. It is a non-invasive technique and has high sensitivity in measuring
temperature differences across the skin surface. It can be employed to monitor scrotal surface
temperature (Kulis et al., 2012). Scrotal thermography is a simple, feasible, rapid, and cost-
effective diagnostic method. Initially, infrared thermography was utilized for the scrotal and
testicular function in men (Gold et al., 1977) and later adapted for bulls (Penitente et al., 1985).
This technique is an essential method for determining scrotal surface temperature in bulls
(Ahirwar et al., 2017). Researchers reported that the surface temperature of the scrotum is highly
indicative of the temperature of the testes. Maintenance of suitable temperature within the testes
is important for normal spermatogenesis (Barth and Ominski, 2000). In fact, the production of
fertile spermatozoa requires testicular temperatures that are 2 - 6°C lower than the normal core

body temperature (Kastelic, 2014).
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2.6 Sperm collection methods

Presently, there are five methods to collect semen. These include artificial vagina (AV)
(Palmer, 2016; Barszcz et al., 2011), internal artificial vagina (IAV) (Barth et al., 2004), electro-
ejaculator (EE) (Barker, 1958), transrectal massage (TM) (Sarsaifi et al., 2013), and post mortem
semen collection (Zomborszky et al., 2005). Some of these techniques simulate the conditions of
natural breeding (Ott, 1978).

2.6.1 Artificial vagina (AV)

An artificial vagina (AV) is designed to mimic the vaginal orifice. AV has numerous benefits
for aiding the improvement of genetics, efficiency, and handling semen precisely, etc. Compared
to other approaches, the artificial vagina method is more humane and mimics the natural breeding
process and can help prevent the transmission of diseases. However, use of an AV may need
more time to train animals (Baracaldo et al., 2007). Effective use of the AV method necessitates
ideal temperature and physical cues to achieve ejaculation. The AV pressure has the most impact
in obtaining the highest quality ejaculates. It is of great importance that the AV’s internal water
temperature is between 42 to 48°C and should be checked after each collection attempt (Mulu et
al., 2018). Many studies have shown that the AV method is an effective method for collecting
bulls (Austin et al., 1961; Barszcz et al., 2011). In a study using two collection methods (AV vs.
EE) assessing the semen sample quality, the AV method resulted in a decreased volume of the
semen (2.8 ml vs. 6.3 ml), but an increase in concentration (625 vs. 299 million sperm/ml)
(Austinetal., 1961). For example, this approach collected previously trained bulls using a mount
animal (cow or another bull) or a phantom. Since bulls are strong animals, even apparently
friendly ones can show signs of aggression. People should exercise caution and care when
utilizing this method. Moreover, this method may not be appropriate for bulls that are

unaccustomed to handling (Palmer, 2005).

2.6.2 Electro- ejaculator (EE)

EE stimulate the pelvic splanchnic nerves with pulses of low electromotive force and
amperage, resulting in ejaculation (Mulu et al., 2018). EE sets are comprised of several

components, including a carrying case, a rectal probe, control devices, a battery charger, a power
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cord, a probe cord, a semen collection handle, a collection cone, and a collection vial (Mulu et
al., 2018).

Electro ejaculation is an effective method for semen collection from animals (domestic and
wild). Furthermore, this technique is a proven method of obtaining semen to assess breeding
soundness, and it is safe, easy, and requires minimal facilities (Palmer, 2016). Sarsaifi et al.
(2013) assessed the response of Bali bulls to various semen collection methods (EE, RM, and
RM+EE) and effects of these methods on sperm characteristics (Sarsaifi et al., 2013). Bali bulls
responded better to EE, whether independent or in conjunction with RM in comparison to RM
alone. EE resulted in much better semen characteristics in contrast to using the RM method
(Sarsaifi et al., 2013), however, the semen quality was diminished in comparison to semen
collected using an AV (Jiménez-Rabadan et al., 2012). EE might seem less humane due to the
pain associated with the operator technique (Barth et al., 2004). Researchers said that it is
complicated to understand pain in animals when using EE. In humans, EE nerve stimulation to
release semen has been associated with pain (Dana, 1993). Problems with EE may occur due to
behaviors such as struggling and lying down. Palmer et al. (2005) recommended that the operator
of the EE instrument must try a gentle application of electrical stimulation. An additional benefit
of EE is that animals do not need to be trained for it (Dana, 1993; Palmer, 2005).

2.6.3 Internal artificial vagina (IAV)

The IAV method was developed for BSE in range animals (Barth et al., 2004) and is therefore,
is simple, easy, repeatable, and inexpensive. This technique enables semen collection without
requiring critical skills training of the technician (Barth et al., 2004). 1AV replicates natural
mating and permits semen collection and libido evaluation and copulatory ability simultaneously.
In the bull, the IAV method consists of a flexible plastic tube and a wire frame that supports 7.5
cm diameter rubber tubing (Cruz et al., 2011) that can be placed into a cow’s vagina.

Regarding the cost of instruments and labor, IAV might be pricier than EE, since additional
mount cows are needed (Barth et al., 2004). Disease transmission and animal welfare issues are
possible limiting factors for the AV method (Barth et al., 2004). However, it also has its benefits
such as being a cost-effective semen collection technique that may be more humane than EE.

Moreover, the IAV method enables the collection of semen while simultaneously assessing the
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animal's libido and physical ability to breed, which could improve the selection of effective
breeding animals (Barth et al., 2004).

2.6.4 Rectal massage (RM)

RM requires two people: one to do the massage and another to collect semen (Mulu et al.,
2018). Initially, the animals are placed in a chute, and feces is removed from the rectum. Then,
the ejaculation of the animal can be induced by massaging the vesicular glands, ampullae, and/or
pelvic urethrae. Several studies have employed this method successfully (Palmer, 2005; Sarsaifi
et al., 2013). Massaging the seminal vesicular glands and the ampullae simultaneously has been
used successfully to collect spermatozoa in different breeding bulls (Palmer, 2005; Sarsaifi et al.,
2013). Advantages of massage include inexpensive devices and decreased pain in comparison to
EE. Disadvantages include the necessity of an expert palpator; the need for further testing of
libido to assess of the ability of the bull to breed a cow; potential contamination of samples and
variable semen volume and concentration (Jacobson et al., 2016). A representative semen sample
and accurate semen quality measurement are the most important factors obtained by this method.

Sarsaifi et al. (2013) reported that semen samples were obtained using two methods (EE and
RM): attempts of EE had a100% success rate, whereas RM had about a 80% success rate (Sarsaifi
et al., 2013). In another study, a comparison of EE and RM methods for semen collection in beef
bulls was performed. The RM method was slower, and the viability of the sperm and live sperm

in the sample were low; however, there was no difference in sperm morphology (Palmer, 2005).

2.6.5 Post mortem semen collection

There have been numerous attempts to collect semen from wild animal species post mortem.
This method can be done after culling or castration with spermatozoa harvested from the
epididymis. This technique was applied on cryopreserved samples of epididymal sperm of the
white-tailed deer (Odocoileus virginianus), where semen collection and processing was done
within 1 to 5 hours of death for 2 Virginian deer (Jacobson et al., 2016). In another study,
spermatozoa were collected from the epididymes of two different deer species, red deer (Cervus
elaphus hippelaphus) and fallow deer (Dama dama). Sampling time in red deer ranged between
1.5 and 15 hours, whereas in red fallow deer the sampling time ranged between 3 and11 hours.

All specimen were culled (Zomborszky et al., 2005). Other researchers have applied this method
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on other species, including reindeer (Rangifer tarandus), wild sheep or Argali (Ovis ammon),
and domestic yaks (Boss grunniens) (Kovécs et al., 2007; Shimazaki et al., 2015; Ariuntungalag
et al., 2021). The characteristics of sperm cells such as concentration, motile percentage, and
intact acrosome were satisfactory (Zomborszky et al., 2005). Many studies on the collection of
semen in animals have been conducted, with a focus on providing an overview of the positive
and negative aspects of the process. The available literature on this topic seems to suggest that
there are both benefits and drawbacks to semen collection in animals and more research is

required to explore all the implications of this method (see Table 2).
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Table 2 The pros and cons of various semen collection methods

Semen collection
methods

Advantages

Disadvantages

Artificial vagina

Internal artificial
vagina

Electro-ejaculator

Transrectal massage

Post mortem

Mimics natural breeding

More humane

Prevents disease transmission
Do not need a specially trained
palpator

High concentration of semen
Inexpensive

Mimics natural mating
Evaluation of libido and physical
ability to mate simultaneously

Safe to employ

Easy, and require minimal facilities
High quality semen

High semen volume

Bulls do not need to be trained

Inexpensive

Requirestwo people to collect semen
No need for bull to be trained

No expensive equipment is required
Painless

To save the genetic diversity of
endangered species

High quality sperm cell

No need to train the animal

Cost-effective

- more time to train bull
- low semen volume

- Expensive
- Risk of disease transmission
- Animal welfare issues

-May appear to be inhumane
-Time-consuming

- Skilled palpator is needed

- Need for further evaluation
of libido, and ability to mate
or breed

- Potential contamination of
samples

- Variable semen volume and
concentration

- Time consuming

- Culling or castration

- Time limitation

- Time consuming
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2.7 Visual assessment of Semen

Semen is the seminal fluid containing spermatozoa in suspension. It's important to consider
all aspects when assessing semen including volume, color, consistency, concentration, smell, and
the presence of foreign materials or blood. Proper documentation of these observations is crucial
for accurate analysis and diagnosis. All of these can be conducted by visual assessment (Barszcz
etal., 2011).

2.8 VVolume

There are several aspects that can affect the evaluation of semen volume, including the
season, breed, size and age, as well as the collection methods used. It's essential to consider all
these factors when evaluating semen quality (Bhakat et al., 2011). Recently, a comprehensive
study was published by Abah et al. (2023) that discussed the relationship between male age and
semen volume in domestic animals. The authors reviewed about 100 papers. For instance, the
average volume of ejaculate from bulls ranged between 2 to 10 ml (Abah et al., 2023). However,
the volume of semen collected from growing bulls increases with age, bulls that are five years of

age tend to have better quality semen (Bhakat et al., 2011).

2.9 Macroscopic evaluation of Semen

A normal ejaculate of animal semen usually appears creamy or milky white in color but can
vary from creamy white to yellow-gray and turbid or greenish. Semen that has a high sperm
concentration will be uniform and have an opaque appearance, while semen with a low sperm
count will appear translucent (Watts, 1997). A semen sample must be free of any contaminants
such as blood, urine, pus, hair, or any other foreign substance. For instance, in the bull semen, it
may appear yellow due to the presence of riboflavin. This appearance should not be confused
with urine, which has a distinctive odor. Urogenital system problems usually involve a change
in color (Barszcz et al., 2011). Pathological colors of semen are the following: - pink or red,
which indicates blood coming from the male, can be the result of penile abrasions or urinary
stones; yellow suggests the presence of urine; a green color indicates pus; watery white suggests
a lesser number of sperm (Barszcz et al., 2011; Foote, 2002). In the smell evaluation of normal

semen, it is comparable to cow’s milk (Barszcz et al., 2011). Kocks et al. (2014) provided
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standard values for the concentration of whole bull semen to ensure consistency and accuracy in
routine bovine Al laboratory practice and suggested using the mean value of 1.053 g/ml as a gold
standard (Kocks and Broekhuijse, 2014).

2.10 Concentration

Sperm concentration is an important parameter in determining the fertility of males. The
number of sperm cells per milliliter in the ejaculate is used to express the sperm concentration
and this can be measured through various methods such as counting the sperm using a
hemocytometer, or employing a colorimeter or spectrophotometer. (Watts, 1997).

A hemocytometer is a specially designed microscope slide with a precise grid etched onto its
surface. To identify the sperm concentration, a small amount of semen is diluted and put on the
slide. The sperm cells settle into the grid, and the number of cells in a specific area can be counted
manually under a microscope to determine the sperm concentration. It's a labor-intensive method,
but it's also a tried-and-true technique that has been used for many years. This technique requires
more time; therefore, it is inefficient, but it is the most accurate. Spectrometer and colorimeter
are precise and rapid methods for measuring sperm concentration. Calibration of the measuring
utensil is critical to confirm precise results. Using these advanced techniques can save time and
effort while approaching the accuracy of the hemocytometer (Watts, 1997). There are other
methods for measuring sperm concentration besides the ones previously mentioned. Flow
cytometer and CASA (Computer Aided Sperm Analyzer) are two such methods that can be used
accurately and efficiently. Another option is the ONGO sperm analyzer, which can evaluate both
sperm concentration and motility on a slide stage that is 37°C. This method is more efficient than
the hemocytometer because it is easy to use, precise, and rapid. In comparison to the flow
cytometer, the ONGO sperm analyzer is cost-effective and easier to use
(https://drive.google.com/). The typical sperm concentration varies from 2x10% to 1.8x10°

spermatozoa/mL, in immature and older bulls, respectively (Watts, 1997).
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2.11 Sperm Motility/viability

Sperm motility evaluation provides an estimation of the percent of active sperm as well as
the quality and viability (Nagy et al., 2013). In raw and extended semen, the use of light
microscopic analysis to determine mass and progressive motility is a reliable and widely used
approach (Nagy et al., 2013). Raw semen assessment is an indicator of sperm cell performance
in its seminal fluid from the accessory gland (Watts, 1997). Researchers have mentioned that
measuring motility in raw semen tends to be impeded by higher sperm concentration and that
visualization of individual sperm movement could be difficult (Watts, 1997). To eliminate this
issue, a semen sample should be extended in a good-quality extender (Zomborszky et al., 2005).
Environmental factors, including excessive heat or cold, can harm sperm motility. As such, it is
necessary to protect the semen before measurement. Standardization is indicated and
recommendations include holding the sperm sample at 37°C for 2 minutes, and a minimum of
two drops from suspension should be examined.

Viability is measured by putting a drop of semen on a clean glass slide and then viewing it
under a phase-contrast microscope on a heated stage (37°) with lower magnification (-200 to
400x) (Ariuntungalag et al., 2021). Semen assessment is generally classified as: very good (80-
100% motile sperm cells), good (60-80% motile sperm cells), fair (40-60% motile sperm cells),
poor (20-40% motile sperm cells), and very poor (20-40% motile sperm cells) (Watts 1997;
Barszcz et al., 2011).

2.12 Sperm Morphology

Sperm morphology refers to the physical form of the sperm. Some abnormal sperm can be
found in every semen sample. Normal spermatozoa (Figl) have a head, neck, and tail, with the
head containing the genetic material (DNA) covered by an acrosome. The tail of the spermatozoa
is the longest part, and consists of the mid-piece, main piece, and end piece. The mid-piece
contains mitochondria that provide energy for the sperm to move, while the main piece is

responsible for the actual movement of the sperm.
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Figure 4 Normal sperm morphology structure.
Source: Peter (2005)

Finally, the end piece or tail tip is the part that propels the sperm forward (Brito, 2007).
While the light microscope is commonly used for sperm analysis, it has limitations when it comes
to examining subtle abnormalities in sperm morphology. In such cases, the use of scanning (EM-
SEM) or transmission electron microscope (EM-TEM) may be more appropriate as they allow
for a more detailed examination of sperm architecture. These devices are capable of producing
high-resolution images of the sperm; therefore, any defects in sperm structure can be identified.
In practice, phase-contrast microscope (1000x or greater magnification) is widely used to
assess the morphology of spermatozoa (Ariuntungalag et al., 2021; Nagy et al., 2013; Nagy et
al., 2016; Nagy et al., 2023).
Abnormal morphological defects are categorized as abnormal head (knobbed acrosome, pear-
shaped head, head narrow at the base, heads with abnormal contour, undeveloped heads, detached
heads, narrow heads, etc.), abnormal tail (distal midpiece, double bends, dag-like defect, simple
bend, coiling with retained cytoplasm, etc.), and cytoplasmic droplet of the neck (Brito, 2007;
Nagy et al., 2013; Nagy et al., 2023).
Over the decades, multiple tests have been designed to reveal physical characteristics of the

sperm. These include guantitative sperm morphology, color, sperm density, total sperm number,
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progressive motility, pH, plasma membrane integrity, concentration, and volume per ejaculate are
routine criteria for semen evaluation (Den Daas, 1992).

Moreover, we must assume that abnormal sperm appearance is associated with abnormal
function. On the other hand, normal sperm appearance indicates normal function. Therefore, it
must be considered useful to recognize both the qualification of fertile sperm and the cause of
dysfunction. An in-depth evaluation of sperm morphology in the domestic animals may be
regarded as the percentage of normal sperm cells and the occurrence of major and minor defects
(Van Rensburg et al., 1957; Van Denmark et al., 1970; Serensson et al., 1979). Spermatozoa have
been described by the morphological abnormalities category of Major/Minor defects (Van
Rensburg, 1957) and then later reported as Primary/Secondary abnormalities using the
classification system in 1971 by Blom. Salisbury et al. (1978) reported morphological defects in
the spermatozoa of a bull (7able 3). Sperm morphology is not frequently measured even though
some studies proved that there is a correlation between fertility and morphology (Nagy et al.,
2013). Although abnormal sperm cells are detected in every semen sample, poor semen
morphology is a crucial indicator of reduced fertility in different species (Sekoni et al., 1987).
However, the subjective evaluation of sperm morphology via visual observation has led to
varying outcomes (Jequier et al., 1983). These variants make it difficult to interpret data, in some
cases, and lacks statistical significance due to low numbers of spermatozoa routinely evaluated

when assessing sperm morphology (Kuster et al., 2004).
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Table 3. Classification of sperm morphology according to major and minor defects in bulls

“’Major’> Sperm Defects “’Minor’’ Sperm Defects
Underdeveloped Pseudo droplets

Double forms Dag defects

Knobbed sperm defects Narrow heads
Decapitated sperm Small, normal heads
Diadem defects Giant heads and short broad heads
Pear shaped head Free heads (normal)
Narrow at the base Detached acrosomal cap
Small abnormal heads Abaxial implantation
Abnormal contour Distal droplets

Free abnormal heads Simply bent or coiled tail
Corkscrew defect Terminally coiled tail

Other midpiece defects

Proximal droplets

Salisbury et al. (1978)
2.13 Morphometry

Sperm morphometry is the study and measurement of the physical dimensions of sperm cells
using a microscope. It involves analyzing the structure, shape, and size of sperm cells, which can
provide valuable information about their quality and potential for fertilization. This technique is
commonly used in fertility clinics and research laboratories to assess male infertility and to study
the outcomes of different therapies on the morphology of spermatozoa.

In practice, routine morphometric assessment of spermatozoa is usually carried out with
different devices, including electron, light, phase-contrast (positive and negative), and more
recently, fluorescence microscopes (Yaniz et al., 2015). Due to high cost and time-consuming
nature, the use of electron microscopy is limited (Tanga et al., 2021). Instead, using light
microscopy in combination with specific sperm morphometric analysis software is a more
feasible option for sperm morphometric evaluation, as compared to electron microscopy which
is both expensive and time-consuming (Yéaniz et al., 2015). This method includes the use of
specific software to detect images of spermatozoa and extract variation parameters in sperm head
such as length (L), width (W), area (A), and perimeter and/or other parts of sperm structure
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(acrosome, midpiece or flagellum) (Yéaniz et al., 2015). ASMA was first developed for assessing
human sperm morphology and was later adopted for use in other mammalian species (Sailer et
al., 1996; Ostermeier et al., 2001).

The flow cytometer is an advanced technique. It gives a quick and quantitative analysis of the
morphology of sperm. It has become an essential analytical tool in animal spermatology and is
used in routine evaluations at semen collection centers (Hossain et al., 2011). Additionally, it can
be combined with fluorescent microscopy and image analysis with open software (Yéniz et al.,
2015). Flow cytometers are rapid and precise, and they can analyze thousands of cells within
seconds. Therefore, they can assess multiple parameters at the same time for each cell (Hossain
et al., 2011). Several types of flow cytometric assays have successfully been used to analyze
sperm heads that are stained with a DNA specific fluorescent dye (Nagy et al, 2023; Benaron et
al., 1982; Ramdzan et al., 2012). These methods are being utilized to detect abnormal head

shapes of sperm.

2.14 Staining techniques

The absence of standardized staining techniques makes sperm morphology and morphometry
assessment difficult. The precision of the sperm morphology assessment depends on the staining
technique since the morphometry of the head is affected by the stain (Boersma et al., 2001). In
many laboratories, various staining techniques are employed. Due to the chemical composition
of the staining reagents, different effects on the stained cells can occur (Banaszewska et al.,
2015). In this study, the researchers used four different techniques (eosin + gentian violet
complex, SpermBlue®, Papanicolau, and silver nitrate) on morphometry of spermatozoa
collected from Holstein-Friesians (Banaszewska et al., 2015). The study found comparable
results for sperm head dimensions with eosin + gentian violet and SpermaBlue, whereas
statistically significant differences were found in the other two staining techniques. The eosin +
gentian complex was used to assess the morphology of Black-and-White breed bulls in the study
by Kondraski et al. (2006) and is one of the more commonly used stains. The eosin + gentian
violet complex stain can be used for sperm quality assessment; however, it is difficult to observe
the degree of defects in the acrosome and midpiece in the semen of bulls (Banaszewska et al.,
2015). Additionally, this technique and trypan blue-solution staining have been used in live and
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dead stains (Banaszewska et al., 2015; Nagy et al., 1999). Research of the Giemsa method and
eosin-nigrosin staining approaches were utilized for analysis of sperm morphology in semen
samples from Al sires of Ayshire and other Bos taurus breeds (Nagy et al., 2013; Freneau et al.,
2010). Also, another staining method is Rapiddiff (known also as Diff-Quick). According to
(Kruger et al., 1987), this fast and simple technique was used for human spermatozoa
morphology assessment and was able to detect sperm head swelling. In the sperm morphology
assessment, Papanicolaou staining technique is very laborious and requires the use of mmultiple
chemicals as well as over 20 processing stages (Banaszewka et al., 2015).

The eosin-nigrosin stain method requires two-steps: i) an eosin staining stage and ii) a nigrosin
stain stage. The eosin in this stain is able to enter the membrane of dead sperm cells, but are
unable pass through the membrane of viable sperm cells, so that dead cells are pink in color while
live cells appear colorless. The nigrosin of this stain forms a dark background helping to further
distinguish live and dead sperm cells (Abhishek et al., 2019). Initially, 5ul of semen is mixed
with a drop of eosin, then immediately with 4 drops of nigrosine stain. The mixture is put on the
slide and another slide is pulled across the top leaving a smear. Two-hundred spermatozoa in
each replicate are then evaluated (Cao et al., 2011). The eosin-nigrosin staining method is faster
and easier, however, it is not appropriate for cryopreserved sperm and is slightly hypotonic
(Abhishek et al., 2019).

For fixation in the Papanicolaou staining technique, air-dried slides are immersed into 96%
ethanol for a quarter-hour and 60% ethanol for 2 min, and then subsequently stained using the
routine protocol recommended (Banaszewka et al., 2015). This method has more than 25 stages
for fixation. After that, at the end of the stage the slides are dehydrated with absolute ethanol
+xylene (1:1) and finally cleared with xylene alone for 1 min and mounted with DPX medium
(Banaszewka et al., 2015).

The SpermBlue® staining technique is very simple, and there are only two main stages: fixing
in one medium and staining in a second medium. To perform the technique, sperm smears (10ul
of semen) are allowed to air dry and carefully placed vertically into Coplin-type jar containing
SpermBlue fixative. Fixation time is 10 min at 20 to 25°C. Then the slides are removed from the
staining tray and held at an angle of 60 to 80° to drain off excess fixative. The fixed slides are
then carefully placed upright into a staining tray containing SpermBlue stain for 12 to 15 min at

20 - 50° before being examined (Banaszewka et al., 2015).
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2.15 The Feulgen technique

In the sperm cell staining protocol, different staining methods are applied to show the effects
of insult (e.g., biological, chemical, or environmental) on sperm morphometry outcomes
(Barroso et al., 1999; Abhishek et al., 2019). Also, necrotic swelling and larger sperm heads
appear in sperm that have died prior to smear preparation and staining because of damaged
plasma membranes and acrosome deterioration (Révay et al., 2004). The Feulgen staining is used
to investigate sperm chromatin condensation (Nagy et al., 2013). The Feulgen staining procedure
labels the chromatin to decrease the effects of staining on membrane status as well. Additionally,
this staining method is rapid, inexpensive, and a very practical tool.

2.16 Chromatin condensation status

Sperm chromatin is a complex of DNA and protein. The histones are replaced during
spermatogenesis and then sperm chromatin is highly condensed by protamines. Protamines
package the majority of DNA, and 2 — 15% of the DNA is histone-bound chromatin that is
attached to the nuclear matrix (Ward, 2009). Protamines are relatively small proteins, where
thermal and oxidative stress may affect protamine expression, resulting in decreased disulphide
bonds in protamines. These changes are associated with DNA structure (Andraszek et al., 2014).
In the case of mature spermatozoa (fully developed) and is therefore unable to repair DNA
damage due to the non-active transcription nature of mature sperm. Abnormalities of the sperm
chromatin lead to reduced fertility, poor early embryo quality and poor pregnancy outcomes
(cited by Nagy, 2014). There are a few methods used to assess chromatin condensation status,
such as fluorescent microscopy and flow cytometry (Nagy et al., 2013; Nagy et al., 2023).

To measure the chromatin status of bull spermatozoa, several techniques can be used. Silver
nitrate (AgNO3), acridine orange (AO), aniline blue (AB), and chromomycin A3 (CMAZ3) were
used to stain semen smears in one study (Andraszek et al., 2014). Another study used double
staining with CMA3 and Yo0-Pro-1 to examine sperm chromatin condensation (Gonzalez-Marin
et al., 2012). The SCSA approach was used to evaluate chromatin stability utilizing

metachromatic staining with acridine orange (AO) (Ben-Yehuda et al., 2021).
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Silver nitrate (AgNO3) is a basic pigment, and it can be applied to detect chromatin proteins.
Sperm stained with silver nitrate shows that sperm nucleus chromatin has a different composition
in part of the acrosome (Andraszek et al., 2014). Acridine orange staining is commonly used to
determine spermatozoa with normal DNA structure and damaged single-strand DNA. The dye
has metachromatic properties - when bound with double-strand DNA, it emits a green
fluorescence, whereas when bound with single-strand DNA, it emits a red fluorescence (Nagy et
al., 2013). Aniline blue is a specific dye which binds to a high amount of lysine in the
spermatozoa, which indicates an abnormal, excessive histone content (Andraszek et al., 2014).

2.17 Importance of chromatin status, DNA fragmentation

Approximately 15% of sperm cells in standard semen samples have fragmented DNA
(damaged DNA) which is considered normal. Fragmentation can increase with the animal's age
(Berger et al., 2003).

Sperm with DNA fragmentation has been associated with decreased fertilization rates, reduced
pregnancy rates, and reduced embryo quality, and should therefore not be used for in vivo
fertilization. DNA fragmentation is not related to morphology and viability (Cohen-Bacrie et al.,

2009) and it is not possible to visualize or evaluate it without staining.

2.18 Analysis techniques

Practically, there are three main categories of sperm quality evaluation tests. These categories
include sperm chromatin structural probes, assays for direct evaluation of sperm DNA
fragmentation, and sperm nuclear matrix tests. These tests are commonly used to assess male
fertility, and they are considered a routine part of diagnostics. (Erenpreiss et al., 2006). These
include the Sperm Chromatin Structure Assay (SCSA), the TUNEL (Terminal deoxynucleotidyl
transferase dUTP nick end labelling) Assay, the In Situ Nick Translation (ISNT), the DNA
breakage Detection-Fluorescence in Situ Hybridization technique, and Comet Assay (cited by
Gonzalez-marin et al., 2012). These assays analyze sperm fertility by measuring the level of
DNA damage. SCSA and Comet Assay at an alkaline pH require a denaturation step to detect
the DNA fragments, but TUNEL, ISNT or Comet Assay at neutral pH assays do not require
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denaturation and they can measure real DNA damage (single- and double-strand of the DNA)
(Gonzélez-Marin et al., 2012). TUNEL is a technique that uses a fluorescence-labelled enzyme
to detect single-and double-strand DNA damage in individual sperm cells. The sperm chromatin
structure assay is a flow-cytometry-based analysis that can detect susceptibility of sperm
chromatin to acid-induced denaturation of DNA in situ. This test uses acridine orange, a dye that
binds to double or single stranded DNA, resulting in a green (double-stranded DNA) or red
fluorescence (single-stranded DNA) (Nagy et al., 2013; Nagy, 2019). Utilization of the TUNEL
and SCSA are most suitable for analyzing sperm DNA fragmentation due to their relatively
simple, rapid, and definitive methodology, as well as their high sensitivity for revealing small
amounts of damaged DNA (Berger et al., 2003; Ozbek et al., 2021).

The COMET test includes an electrophoresis step to differentiate between intact and damaged
DNA (single-and-double strand). This assay is quick and sensitive, but the disadvantages of
COMET include a lack of standardized protocols and the requirement of software to carry out

image analysis (Gonzalez-Marin et al., 2012).
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3. MATERIALS AND METHODS

3.1 Ram semen
3.1.1 Study area

This study was conducted at the National Agricultural Research and Innovation Center,
Research Institute for Animal Breeding, Nutrition and Meat Science, Herceghalom, Hungary.
Portions of the work were affiliated with the University of Pannonia. In this study, seventy-eight
breeding rams were chosen from Hungarian Sheep and Goat Breeder’s Association for the Gene
Conservation Program. Samples were transported from different farms in Hungary to the
Experimental Farm and Artificial Insemination Station of the Research Institute between
September 2014 and April 2017. The rams represented four breeds and they were housed together
in a shelter. They had ad libitum access to water, grass and hay. Some of the rams were collected
at the end of or after the breeding season. Approximately, 30 percent of the rams were able to be
trained to an AV. A total of 24 rams (6 Hortobagyi Racka, 7 Cikta, 8 Tsigai, 3 Milking Tsigai)
were able to be successfully collected in the gene conservation program. In this study, 17 rams

were used during the breeding season and 20 rams were used out of season.

3.1.2 Semen collection

In the first 30 days of quarantine, each ram was examined by a veterinarian. Jugular blood
samples were collected from all of the rams for infectious disease surveillance tests including B.
ovis, B. melitensis, Border disease, and Bluetongue. After quarantine, each ram was trained to
use an AV. At the onset of the semen collection period, a sperm sample from each ram was
bacteriologically examined by at the National Food Chain Safety Office in Hungary. Males
whose semen was pathogen free were utilized for semen collection.  An AV (IMV technologies,
L’Aigle, France) was utilized to collect semen sample in the presence of an ewe in estrus one or

two times a week until 200 doses of sperm were collected, frozen and stored (see Table 4).
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Table 4 Number of animals and ejaculates collected and frozen

Number of
Number of Number of
. Number of  Samples Frozen
Number of Ejaculates collected ) ] Samples
Breeds ] Ejaculates  (Single, or Pooled )
Rams for further analysis Stored in the
) frozen of Two
and processing ) Gene Bank
Ejaculates)
Tsigai 11 228 142 106 92
Cikta 7 135 80 65 60
Racka 6 98 63 48 47
Total 24 461 285 219 199

One or two emitted semen samples were collected every day with a 15 — 30 min interval
between each collection. Each sample was held at 37°C until completion of the semen analysis.
A spectrophotometer (Accucell, IMV technologies, L’Aigle, France) was used to measure the
spermatozoa concentration after the semen volume of the ejaculate was determined.
Subsequently, the total number of spermatozoa per collection was estimated. Phase contrast
microscopy (Olympus BX-51, Olympus Life and Material Science Europa GmbH, Hamburg,
Germany) was used at 50x magnification to assess sperm motility in undiluted semen and scored
on a scale of 0-5. A sample was diluted with semen extender at 1:50 and at 1:100 dilution rate
and viewed with a phase contrast microscope at 200xmagnification. Each ejaculate contained

greater than 2 x 10° cells per mL and had over 75% motility.

Each semen sample was diluted to the final concentration of 300 x 10° motile spermatozoa
per mL with semen extender at ambient temperature. The extender was prepared based on the
manufacturer’s guidelines: Extender from the stock solution was added to a sterilized 10 ml
centrifuge tube, and kept frozen. Then, PVA was used to manually fill the preprinted, differently
colored, transparent 0.5 mL semen straw and sealed. The straws were placed on a freezing rack
and frozen to 5°C for 2 hours. Freezing was conducted manually in a Styrofoam box with 4 cm
of liquid nitrogen for 8 min. Subsequently, the frozen straws were plunged into liquid nitrogen,
and each semen straw was placed in a well-labeled goblet for permanent storage in the Gene
Bank.
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In the assessment of frozen and thawed semen samples, motility analysis of each semen
sample kept in the Gene Bank was accomplished and three representative frozen samples (one
each from the beginning, the middle, and the end of the semen collection period) of each ram

were chosen for further measurement.

3.2 Przewalski’s horse semen
3.2.1 Study location

The stallions were foaled in Munich as a descendent of highly inbred A-line, and all of them
arrived in Hortobagy, Hungary in 2012. In the core area of the Hortobagy National Park, the
Pentezug Wild Horse Reserve houses Przewalski's horses and “reconstructed ancient stallions™
in semi-wild conditions. This area is part of Zone A, which means that it is an area closed to
visitors and no agricultural activities are allowed. From here, selected individuals are transferred
from Pentezug to the Wildlife Park, where guests can also admire them. Pentezug has been an
officially designated reserve since 1997. The Pentezug reserve was expanded to 3,000 hectares
in 2015, surrounded by a special electric fence that keeps Przewalski's horses and wild boars at

bay due to their size, but wild animals such as foxes, rabbits and roe deer can roam freely.

3.2.2 Semen collection

Post mortem five Przewalski’s stallions were used for this study. In 2014, 11 Przewalski's
horses were culled from the Pentesug herd for various reasons (high inbreeding factor, prolonged
iliness, abnormal behavior). After dissection of the testis and epididymis, measurement of weight
and dimensions, epididymal spermatozoa were obtained from the five stallions by air blowing,
retrograde sperm diluent rinsing or cutting. Also, all parameters of testicle and epididymal from

five culled stallion were recorded (Table 5).
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Table 5 The parameters of the testicles, epididymis, and epididymis tail duct.

Right Left .
Individual Age L_eft testicular _L_eft . epididymal .R.'ght .

Name ID (year) testicular weight epididymis tail+duct epididymis

weight (9) © weight (g) weight (g) weight (9)
Gaspar (1) 4415 10 131 150 39 5 26
Ladomer (2) 5454 5 167 182 37 5 29
Ipoly (3) 4730 8 193 175 39 9 36
Fako (7) 3903 11 166 176 25 11 36
Jank (8) 4995 7 161 164 16 8 23

Sperm was extracted from the epididymis using three methods: retrograde air blowing from
the vas deferens (3), retrograde washing (2) and cutting (1) (Fig 5). The first step was always to
extract sperm cells by air blowing — if this method was unsuccessful and an insufficient amount
of sample was obtained, then washing with 2 ml of diluent followed. If the diluent did not pass
through the ducts for some reason, the epididymis was cut. After microscopic examination on
site, 3-5 ml of diluent was added to the extracted sperm, which was divided into two parts, and
calibrated to a concentration of 100-200 million cells/mL, depending on the initial density.
Subsequently, (BotuCrio) and (Spervital) extender was used for cooling at 4°C, the diluted sperm
cells were placed in an artificial insemination straw. The Brazilian sperm diluent is specifically
designed for diluting equine sperm for freezing. It was developed at the State University of Sao
Paulo. Compared to the diluents on the market, it contains less glycerin and more amides for
cryoprotectants. The filled 0.5 ml artificial insemination straws were placed in the tank 6 cm
above the liquid nitrogen level for 20 minutes, then immersed in liquid nitrogen and stored at -
196°C until thawing. The samples were thawed at the Georgikon Faculty of the University of

Pannonia in Keszthely (at the time of writing the thesis, already at the Georgikon Campus of the

R

Photo: Dr Gabriella Kutvolgyi and her colleagues
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Szent Istvan University). Thawing was done in a 37°C water bath for 30 seconds, after which
both ends of the straw were cut off and the contents were poured into an Eppendorf tube. After
thawing, we immediately started with a subjective motility test under a microscope by Dr.
Gabriella Katvolgyi and Dr. Istvan Egerszegi, then we checked the motility with an Ongo

instrument.

3.3 Simmental bull semen
3.3.1 Sampling location

Sperm samples from twenty Hungarian Simmental bulls were provided by the Hungarian
Simmental Breeder for this project. The Feulgen staining technique was studied to explore its

value as a diagnostic technique.

3.3.2 Semen collection

A total of 20 cryopreserved single-dose encoded straw samples were received in our
laboratory on the Georgikon Campus (Keszthely). The Association of Hungarian Simmental
Breeders (AHSBS) provided frozen semen according to the Animal Husbandry directive Decree
No. 45/2019. (1X.25.). Semen extender was used to dilute each sample. Diluted semen in AHSBs
were packed in straws. The information for all samples was recorded, including name, packer
numbers and date, etc. The Association of Hungarian Simmental Breeders categorized 20
spermatozoa samples as “Good” and “Bad” based on their reproductive performance criteria.
Twelve sperm samples were classified as bad, and 8 as good. All samples were kept in liquid

nitrogen until evaluated.

3.4 Mongolian domestic yak semen
3.4.1 Sampling area

Mongolia in central Asia has the second-largest yak population after China. However, yaks
make up only a small percentage of the overall livestock numbers in Mongolia and are currently
considered a threatened species. Therefore, we applied our reliable technique to a threatened

domestic species relevant in Mongolia.
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This project was performed at the Semen Laboratory of the National Gene bank Center of
Livestock in Mongolia between September and October, 2019. We selected three younger (3-4
years old) and two older yak (7-12 years old) bulls based upon physical characteristics including:

body condition, weight, body shape, color, hair cover, long bushy tail, fertility, and temperament.

Each domestic yak was chosen from Ikhtamir county, Arkhangai province in Mongolia. In
addition, a non-pregnant cow nursing a calf was used as a jump animal for semen collection of
the bulls. All bulls were fed high quality green hay and forage, starting on 25 August. After ten
days, a veterinarian performed complete physical exams of each bull and recorded the
physiological parameters such as temperature, pulse, and respiratory rate before collecting

semen.

3.4.2 Semen collection

Each bull was collected between 26 September and 2 October. The non-pregnant cow was
synchronized by injection of prostaglandin F2a and progesterone. Each bull was allowed to
mount a non-pregnant cow when she was in estrus. An AV was used to collect the semen sample
of each bull. Equipment was equilibrated for heat, pressure and lubrication. Due to their natural
behavior and stress, it was difficult to collect the semen from the yak bull. Two domestic yak
bulls were able to be collected. However, one of those samples did not have a sufficient quantity.
The age of the yak that provided a sufficient sized sample was 4 years old (Fig 6). The other

three bulls were not successfully collected.

Figure 6 Semen collection process
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Spectrophotometry was used to determine the semen volume of the yak bull. The semen sample
was processed with Triladyl extender (Minitub, Germany). and the resultant straws were
numbered, coded, and recorded. The semen samples were stored at 37°C before analysis. Slide
smears were prepared in Mongolia at the Mongolian University of Life Sciences before being
transported to the laboratory on the Georgikon Campus (Keszthely) from the Semen Laboratory
of the National Gene bank Center of Livestock, February 2023.

3.5 Feulgen staining

Chromatin condensation and sperm head morphometric measurements were performed on
Feulgen-stained smears of each semen sample. This procedure allows for the assessment of
dimensions of the sperm nucleus without the distracting effect of the acrosome status seen with
other stains (Révay et al., 2004). Straws were thawed in a 37°C water bath for 30 sec and then
smears were made on Superfrost slides. Fig 7 shows the scheme of the steps in the Feulgen
staining procedures. A few drops of each sperm suspension were dropped on clean glass slides
and spread slowly from one end of the slide to the other using another clean slide. Air-dried
smears were stained with Feulgen staining kit (Merck KGaA, Darmstadt, Germany, cat. no.
1.07907.0001) according to the protocol suggested by the manufacturer, with modifications as
outlined by Barth et al. (1994). Slides were placed in 5 mol/L HCI solution for 30 min at 22°C in
a Hellendal jar, then rinsed for 10 min under running tap water. Slides were then transferred into
Schiff’s reagent and kept in the dark for 30 min to one hour. Slides were rinsed with buffer
solution three times for 2 min each time, then under running tap water for 10 min. Slides were
allowed to dry at ambient temperature then covered with Merck Entellan and a coverslip. Finally,
Olympus CX40 microscope was used to take digital photos at 1000x magnification and cells

were classified as normal or abnormal chromatin condensation (Fig 8).
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Figure 7 Scheme of the Feulgen staining procedure
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Figure 8 Feulgen-stained ram spermatozoa with intact chromatin structure. Phase-contrast optics
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3.6 Morphology assessment

Sperm morphology assessment is vital to breeding soundness evaluation. In the classification
of sperm abnormalities, the sperm tails of normal spermatozoa are uniform in appearance, but
normal sperm head shapes differ greatly: from short and broad to narrow and elongated. There
are a large number of abnormalities, therefore, microscopic assessment is a vital tool (Nagy et

al., 2013). The microscopic evaluation was used to eliminate the large percentage of sperm

Figure 9. Photomicrography of dairy bull frozen-thawed sperm stained with the Feulgen staining method
and visualised with a phase contrast microscope: (a) Sperm with normal morphology. (b) sperm with no
head tail (black arrow). (c) sperm with tail bent (black arrow). (d) Sperm with midpiece reflex (black
arrow). (e)Sperm with a dag defect (black arrow). (f)Sperm with detached head (black arrow). (g) Sperm
with a coiled tail (black arrow). (h) Sperm with pyriform (black arrow)

head aberrations. Phase-contrast microscopy at 1,000x magnification with immersion objective
lens was used to identify the spermatozoa displaying morphological abnormalities (proximal
cytoplasmic droplet, loose heads, and abnormal acrosomes, nuclear pouches, abnormal mid-

piece, simple coiled tails, tail coiled under the head, and double coiled tails) (Fig 9).

To assess sperm head morphology, phase contrast microscope at 1,000x magnification was

used to evaluate 100 spermatozoa in stained slides. The number of sperm head abnormalities
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were identified as pear shape, narrow-based, abnormal contour, lack of development,

narrowness, abaxial implantation, or abnormal loose heads.

3.7 Morphometric assessment

The phase-contrast Olympus microscope (BX43) equipped with an Olympus DP26 digital
camera Olympus Stream Start image acquisition software was used to take digital photos at
1,000x magnification. Digital images were measured with Spermsizer free software (version

1.6.6.), and every spermatozoon was examined twice.

Briefly, sperm sizer is a Java program that can be used on a PC and other device

(https://github.com/wyrli/sperm-sizer/). Sperm sizer applies user-selected points to examine the

sperm components length (head, midpiece, and tail). In order to measure spermatozoa, users can

select up to

Head 3J1.35

Body = 14055

Tail = 560.88

Figure 10 Morphometric evaluation procedure with SpermSizer

four key points using the left button on the computer mouse. We used the following points: i)
from the distal end of the head to distal end of the midpiece, ii) from the distal end of the midpiece
to distal end of the tail, and iii) from the distal end to the proximal end of the tail (Fig 10)
(McDiarmid et al., 2021). Then the sperm sizer software will show the resulting measurement on

a digital photo. If the operator is unsatisfied with the trace, it can be re-measured. The
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measurement length in the digital photos are expressed in pixels, and the measurements are saved

as a CSV file ready for conversion from pixel to micrometers (McDiarmid et al., 2021).

3.8 Data analysis

In Native Hungarian rams, a Shapiro-Wilk test was used to check normality. Two-way
Analysis of Variance (ANOVA) was used to analyze the effects of breed (Tsigai, Cikta, Racka)
and season (breeding vs. non-breeding season) and their interaction on the basic sperm
parameters (volume, total sperm number/ejaculate, mass motility, and subjective motility). The
Tukey post hoc test was used to separate means.

In the Przewalski’s horse, we analyzed the repeatability of sperm size measurements in pixels
(head, midpiece, tail, total length) with rptR package (Nakagawa and Schielzeth, 2017). In each
model the cell ID was the random effect, and one of the sperm size measurements was the
response variable.

We calculated the size to um from pixels (1um was 15 pixels). The mean sperm lengths were
calculated, and then the effect of the background variables on sperm sizes were tested. We used
linear models, where one of the sperm sizes was the response variable and one of the background
variables (left or right testis size, age, testosterone in 2015 or in 2016) was the fixed effect. There
were 20 models in this structure, and we used only 1 response variable or 1 fixed effect due to
the low sample size. We corrected the p-values with Bonferroni-Holm methods as a control for
multiple comparisons.

We calculated the ratio of the abnormalities in head, tail and chromatin by calculating the
number of abnormal cells divided by the total number of cells within the particular ejaculate. We
tested the effect of background variables on abnormalities using linear models. In these models,
one type of abnormality (head, tail or chromatin) was the response variable and one of the
background variables was the fixed effect. There were 15 models in this structure, and we used
only 1 response variable or 1 fixed effect due to the low sample size. We corrected the p-values
with Bonferroni-Holm methods as a control for multiple comparisons. In the domestic yak, a
Shapiro-Wilk test was used to check normality and description. The Tukey post hoc test was used

to separate means.
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4. RESULT AND DISCUSSION

4.1 Ram semen
4.1.1 Spermatozoa morphometric assessment

The semen from rams was collected between September 2014 and April 2017, and these
sperm samples were from the breeding season, and out of the breeding season. The effect of
season and breed on spermatozoa morphometric parameters of native Hungarian rams (Racka,
Tsigai, and Cikta) are illustrated in Table 6. The SD of Cikta ram spermatozoa was significantly
(p<0.05) higher than that of Tsigai and Racka breeds (0.31+0.04 vs 0.28+0.01 and 0.26+0.02).
However, statistically the same as Racka and Tsigai breeds (0.26+0.02 vs 0.28+0.01). The
various parameters in this study were not affected by season. But average sperm length shows

significant season and breed interaction.

Table 6 Effects of Breed and Season on spermatozoa morphometric parameters of some native
Hungarian rams (n=24).

Parameters Breeds values Seasons
Racka Tsigai Cikta P BS 0sS

p-values

Head length (um) 6.95+0.04  6.99+0.02 7.03+0.03 0.134 6.97+0.03 7.01+0.02 0.762

SD (um) 0.26+0.02 0.28+0.01 0.31+0.04 0.134 0.25+0.01 0.30+0.02 0.214

Abnormal 0.00 +
chromatin Snn 0.06+0.04 012+0.07 0171 0.06+0.04 0.07+0.03 0.841
. 0.00
condensation (%)

BS: Breeding Season, OS: Out of Season

4.1.2 Chromatin condensation status

Abnormal chromatin condensation was detected in two breeds (Tsigai and Citka). Higher
percentage of the chromatin status was found in Citka (0.12 £0.007). In the Tsigai, it was 0.06 £
0.04. Interestingly, there was not any abnormal chromatin condensation detected in this group of

Racka rams (see Table 6).

It is important to note that Hungarian native sheep breeds, such as the Racka, Cikta and Tsigai,
are highly adaptable to the diverse climate found in Hungary. These breeds may affect the

livelihood of inhabitants across Hungary, providing resources including mutton, milk and wool
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as well as landscape conservation of extensively cultivated pastures (Neubauer et al., 2015).
These breeds are facing the danger of extinction, with their extinction status ranging from
vulnerable to endangered. Many factors contribute to this decline, such as decreased genetic
diversity due to the decline in the number of breeds. Conservation efforts, including breeding
programs and increased awareness are important issues to ensuring the survival of these valuable

breeds across Hungary.

Barbas et al. (2023) evaluated the effect of season and breed on spermatozoa traits of 10
Portuguese sheep breeds between 2004 and 2020. They used 1471 ejaculates and evaluated fresh
semen from 85 rams and re-evaluated thawed semen. They found the mean volume and
spermatozoa concentration of the ejaculate was 0.77 mL and 5,039 + 51 x 10° spermatozoa/mL,
respectively. The spermatozoa concentration, volume per ejaculate, and total motility were
affected by breed (p <0.001), however, not by season (p >0.05). Our finding is consistent with
results of Barbas et al. (2023).

Breed did not have an effect on the percentage of spermatozoa with intact plasma membranes
and normal morphology and Feulgen fragmentation. In the study by Barbas et al. (2023),
abnormal morphology of thawed sperm cell increased over 50%, and ranged from 11% to 17%
from fresh semen, and abnormal morphology value was below the threshold of 20% for thawed
semen. Eosin-nigrosin staining was used to analyze head membrane integrity in their study. The
differentiation of the viability, proportion of “live” morphological normal spermatozoa, and
chromatin condensation parameters appeared more within each breed than among the breeds as
followed: more in Tsigai, Cikta and Racka. Their study also stated that breed does not affect

spermatozoa morphological abnormalities, confirming a study published by Vozaf et al. (2022).

Another important characteristic, spermatozoa head morphometry, affects the fertilization rate
in different species such as the ram (Maroto-Morales et al., 2015). Another study with similar
findings demonstrated that cryopreservation decreased sperm head size (Bishoff et al., 2014).
Average area is a function of the width and the length together. In our findings, except for the
SD area, all parameters studied were statistically similar among breeds. The breed and season
interaction showed that the sperm nuclear length significantly differed among the breeds during

breeding season. In the spermatozoa of the Cikta breed, the heads were longer compared to the
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other two breeds. Whereas, in the spermatozoa of the Tsiagi, head was longer during non-
breeding season. The fertility rate was reported to be highly associated with the proportion of

spermatozoa with short and longer head (Maroto-Morales et al., 2015).

4.2 Przewalski’s stallion semen
4.2.1 Spermatozoa volume, and concentration and motility

The Prezewalski’s horse, also known as the Mongolian wild horse or Takhi, is listed as an
endangered species due to habitat degradation and human activity. In the future our research team
plans to study endangered wild species relevant in Mongolia. The stallions were born in Munich
from a highly inbred A-line, and all of them arrived in Hortobagy in 2012. The semen from five
stallions were used in our study. Semen samples from each wild stallion were collected after
culling. The stallion semen quality parameters such as concentration, volume, and motility,
passed the routine post-thaw quality criteria. The semen doses were 100 million total sperm per

ml, and minimum 35 percent progressive motility.
4.2.2 Morphometric assessment

The sperm sizer was used to make repeatable measurements of the different spermatic body
parts in Przewalski horse (Figll). Good repeatability was found in head (R = 0.914, se = 0.024,

CI =[0.86, 0.952], p = 1.7e-21), tail (R = 0.863, se = 0.039, CI = [0.77, 0.919], p = 1.19¢-16),
and total length (R= 0.888, se = 0.033, CI = [0.812, 0.936], p = 8.59%-19) (Fig 11).
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Figure 11 Repeatability of the measurement made by Sperm Sizer. Dots are the size
measurements (first or second measurement), the lines connect the 2 measurements of each cell.
Every color represents different cells.
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Whereas, less repeatable measurement of the midpiece (R = 0.62, se = 0.091, CI = [0.406,
0.768], p = 5.68e-07) was determined.
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Figure 12 Individual differences in morphometry: a) variance in head among individuals b) variance
in midpiece among individuals c) variance in tail among individuals d) variance in total length
among individuals. All measurement unit is expressed as pixel

Fig 12 shows the individual differences in morphometry measurement of the Przewalski horse
spermatozoa. ID 8 had the longest mean head and midpiece length, whereas ID 1 has a greater
boxplot of head length. ID 7 had the shortest mean head length observed. ID 2 and ID 3 had
similar mean head lengths. The shortest midpiece length was found in ID 1. The longest mean
tail lengths were found in ID 1 and ID 3, followed by ID 2, ID 7, and ID 8. The overall mean
length was 53.83 um (sd = 2.00) for the species. None of the background variables had effect on
the sperm sizes (p > 0.23).
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Figure 13 Relationship between head, tail, and chromatin abnormality and age
A significant negative relationship between age and head abnormality (t=-11.27, p=0.001
after Bonferroni-Holm correction p=0.005) was found (Fig 13). A significant relationship
between chromatin abnormality and background variables (p>0.23) was not observed. Likewise,
there was no significant relationship between tail abnormalities and the background variables
found (p> 0.19).
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4.2.3 Morphology assessment

Table 7 shows the percentage of abnormalities in different part of the Feulgen-stained
Przewalski horse spermatozoa. The percentage of abnormal heads found in the Przewalski horse
spermatozoa ranged from 3% to 8% in this study. The highest percentage was found in ID 2
(8%), ID 3 and ID 8 (6%), and ID 1 (4%) while lowest percentage was detected in ID 7 (3%).

The percentage of the abnormal tail of Przewalski horse spermatozoa ranged between 24.7%
and 46.6%. The highest percentage was found in ID1 (46.6%), whereas lowest percentage in ID
7 was 24.7%. 1D 8 was 42.7 %, followed by ID 2 (36.1%), and 1D 3 (30%).

Table 7 The percentage of abnormalities in different part of the spermatozoa. Each row indicates one of
the studied individuals

Individual ID Head (%) Tail (%) Chromatin (%)
1 4 46.6 4
2 8 36.1 4
3 6 30.0 4
7 3 24.7 8
8 6 42.7 2

Figure 14 depicts the Przewalski stallion sperm’s simple morphological characteristics with
Feulgen staining under phase contrast microscopic evaluation. These two photos captured a high

percentage of abnormal spermatozoa (ID1, 2, and ID 8) seen as head and tail defects.
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Figure 14 The figure shown that Przewalski stallion sperm’s simple morphological characteristics with
Feulgen staining under phase contrast microscopic evaluation. (a) Sperm with abnormal head (black
arrow). (b) tail defects (black arrow).
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4.2.4 Chromatin condensation

Spermatozoa with intact, properly condensed chromatin illustrated a uniform, magenta color,
while disturbances of chromatin condensation are indicated by a grainy, non-homogenous
staining pattern (Fig 15). The percentage of the chromatin condensation in Przewalski horse
ranged between 2% to 8%, and the average (£SD) % of abnormal chromatin was 2.4 £1.7%; (2,
5, 3, 1, 1% in individual stallions). The highest percentage was recorded in ID 7, and the lowest
was found in ID 8. Inthe ID 1, ID 2, and ID 3 percentages were similar (see Table 7).

10 pm

Figure 15 Feulgen staining of Przewalski’s stallion sperm head. Abnormal chromatin status is shown by
grainy staining (black arrow)

59



4.3 Simmental bull semen
4.3.1 Concentration, volume, and mobility

The semen from 20 bulls of the Hungarian Simmental breed (provided by the Association of
Hungarian Simmental Breeders) was used in our study. According to the Association of
Hungarian Simmental Breeders, these bulls were previously classified as “good” or “bad”. The
bull semen quality parameters such as concentration, volume, and motility were passed at the
routine post-thaw quality check. All of the semen was destined for commercial use. Semen doses
were 100 million sperm per ml and minimum 35% progressive motility. The objective of this

pilot study was: i) to exam the Feulgen technique and ii) to demonstrate its diagnostic value.

4.3.2 Morphometric assessment

Figure 13 illustrated Simmental bull spermatozoa head morphometry with Feulgen staining
under phase contrast microscopic measurement. In this study, we measured head length in both
“good” and “bad” Simmental bulls. The mean head length of good and bad Simmental bulls was
7.2 and 7.1, respectively. The SD of the “good” Simmental bulls (0.32) was significantly lower
than that of the “bad” Simmental bull (0.37) (p< 0.05).
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Figure 16 The figure shows that Simmental sperms with Feulgen staining under phase contrast
microscopic measurement

4.3.3 Morphology assessment and chromatin condensation

Table 8 shows the percentage of the abnormal head, midpiece, and tail defects found in each
bull and summarized by their status as “good” or “bad”. The average percentage of the abnormal
tail bent in good and bad Simmental bulls was 2.5%, and 4.7%, respectively. The average
percentage of no head in bad bulls was higher than in good bulls. Detached heads, had a higher
percentage in bad bulls. The average percentage of the dag defect in bad bulls was 1.6%
compared to good bulls at 1.3%. The average percentage of the nuclear crest in bad bulls was
2.7%, while in the good bulls, it was 1.8%.

Interestingly, there were not any coiled tails detected in the bad bulls, but, it was observed in
good bulls (0.6%). The average percentage of the pyriform in bad bulls was approximately three
times higher than in those good bulls. In the bad bulls, average percentage of the distal midpiece
reflex was 9.6%, whereas average percentage of the distal midpiece reflex in good bulls was
3.6%. In the tail bent in good bulls, the highest percentage appeared in ID 20 (7.2%), whereas in

the bad bull category, 1D11 had 17.5%. The highest percentage of no heads among the good was
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ID 10 and among the bad was ID 9 (5% and 15%, respectively). For detached heads, the highest
percentages occurred in ID 2, 10 (4% each) among the good bulls and 1D 9 (14%) among the bad
bulls. The highest percentage of the nuclear crest, coiled tail, pyriform, and distal midpiece reflex
in the good bulls were ID 2, 15, 1, and 13 with 5%, 4%, 1.4%, and 9%, respectively. Whereas
highest percentage of the nuclear crest, and pyriform defects was in ID 18 with 6.1% and 3.4,
respectively among the bad bulls. The distal midpiece reflex defect was highest among the bad
bulls were, in ID 8 with 75%. The abnormal chromatin condensation in “good” and “bad” bulls

were not observed (see Table 8 and Fig 16).
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Table 8 The percentage of the abnormal head, midpiece, and tail of morphology in “good” and “bad” Simmental bull spermatozoa

Tail No head Detached Dag Nuclear crest C0|!ed Pyriform Distal midpiece Chromat_m
ID Class bent (%) head (%) defect (%) tail (%) reflex (%) condensation
(%) (%) (%)
1 G 1.4 0.0 1.4 0.0 4.3 0.0 1.4 5.7 ND
2 G 1.0 1.0 4.0 4.0 5.0 1.0 1.0 6.0 ND
3 G 1.1 0.0 1.1 0.0 0.0 0.0 0.0 0.0 ND
10 G 2.0 5.0 4.0 1.0 1.0 0.0 0.0 3.0 ND
13 G 0.0 1.0 0.0 0.0 0.0 0.0 0.0 9.0 ND
15 G 5.0 4.0 2.0 3.0 0.0 4.0 0.0 2.0 ND
16 G 2.0 0.0 1.0 2.0 1.0 0.0 0.0 2.0 ND
20 G 7.2 0.0 2.9 0.0 2.9 0.0 0.0 14 ND
=8 2.5 1.4 2.1 1.3 1.8 0.6 0.3 3.6
4 B 4.0 2.0 2.0 1.0 2.0 0.0 0.0 2.0 ND
5 B 5.2 2.1 52 3.1 3.1 0.0 0.0 3.1 ND
6 B 6.0 1.0 1.0 1.0 4.0 0.0 1.0 18.0 ND
7 B 3.7 1.1 2.7 0.0 1.6 0.0 3.2 2.7 ND
8 B 3.0 2.0 3.0 6.0 2.0 0.0 0.0 75.0 ND
9 B 1.0 15.0 14.0 2.0 3.0 0.0 3.0 0.0 ND
11 B 175 1.8 0.0 1.8 35 0.0 0.0 0.0 ND
12 B 2.0 1.0 4.0 1.0 3.0 0.0 0.0 3.0 ND
14 B 5.0 6.0 5.0 0.0 1.0 0.0 0.0 2.0 ND
17 B 7.0 0.0 6.0 1.0 2.0 0.0 1.0 7.0 ND
18 B 1.4 1.4 2.7 2.0 6.1 0.0 34 0.0 ND
19 B 0.0 1.6 2.6 0.0 1.0 0.0 0.0 2.1 ND
N=12 4.7 2.9 4.0 1.6 2.7 0.0 1.0 9.6 ND
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Fig 17 gives the percentage of the normal measurement of the “good” and “bad” Simmental
bull spermatozoa. The percentage of the normal spermatozoa in “good” bull ranged between
62.3% and 80.4%. The highest percentage was found in ID 16 (92%), followed by ID 13 (90%),
ID 1 (87.1%), ID 20 (85.5%), ID 10 (84%), ID 15 (80%), and ID (77%) while lowest percentage
was observed in ID 3 (47.2%). The number of normal percentages in the “bad” bulls ranged from
7.0% to 87%. The highest normal percentage was found ID 4 (87%) while lowest was ID 8 (7%).
Twenty-five percent of the bad bulls had above 80% normal sperm (ID 4 (87%), ID 12 (86%),
and 1D 14 (81%)).
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Figure 17 The percentage of the normal measurement of the “good” and “bad”
spermatozoa of Simmental bull
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Figure 18 Normal condensed sperm nuclei of the Simmental bull as viewed under the light
microscope (Feulgen stain)

Routine evaluation of spermatozoa, particularly the evaluation of normal spermatozoa
morphology, is the primary part of assessing the impact of semen cryopreservation and the
thawing process. Abnormal spermatozoa morphology is an essential indicator of fertility in
bulls. Attention is paid to semen characteristics, including total motility and types of sperm
abnormalities. Total motility and sperm morphology greatly contribute to the possibility of
semen to be frozen and to its capacity to fertilize; and this is important because the

utilization of frozen-thawed semen is now widespread.
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Francesca et al. (2022) investigated the effect of environmental factors on breeding
efficiency of young Italian Simmental bulls. Increasing heat index 30 days before collection
resulted in a decrease in the percentage of normal spermatozoa from 80% down to 74% and
an increase in the percentage of spermatozoa with primary abnormalities from 6.5% to
11.6%. Our findings align with those of Francesca et al. (2022). In the morphology
assessment, the percentage of the distal midpiece reflex, tail-bent, no head, and nuclear crest
were high in the “good” Simmental bull, whereas in the “bad” Simmental bull, distal
midpiece reflex, detached head, no head, and tail-bent were elevated. The distal midpiece
reflex is a usual defect in bull ejaculates (Menon et al., 2011). This defect can be due to
Nigrosin-Eosin stain, cold-shock, and use of a solution above a pH of 7.

Also, it is one of the first abnormalities observed after dexamethasone treatment (4-11
days) (Perry et al., 2021). A study by the Barth et al. (1989) reported that up to 30% of distal
midpiece reflex is tolerated in ejaculates. Detached head defects, can result from testicular
degeneration or hypoplasia, inflamed epididymis, and heat stress (Perry et al., 2021).
However, this is considered a minor abnormality because they cannot traverse the female
tract. The bull can still be considered “fertile” with 30 — 40% of the sperm having detached
heads (Perry et al., 2021).

In a recent study, the CASA system was used to determine the effects that reproductive
season has on morphometry of Brahman bulls. Head length ranged from 9.14 + 0.02 t0 9.41
+ 0.02 um (Araya-Zufiga et al., 2024). In another study comparing the sperm
morphometry of Crossbred and Murrah buffalo bulls, the mean head length was 9.18 +
0.01pum (Roy, 2014). In our study, mean head length of the “good” and “bad” Simmental
bull was relatively reduced. These results suggest that lower length of the spermatozoa

might be related to cryopreservation method (Gravance et al., 1998; Said et al., 2015).
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4.4 Domestic yak semen
4.4.1 Concentration, volume, and motility

In order to collect semen samples, 5 different domestic yak bulls were selected for our study.
However, semen was successfully collected from only one bull, it was quite difficult to use the

artificial vagina due to the characteristics and behavior of domestic yaks.

In the single mounting of the one domestic yak bull, 2.3 ml semen was collected. Although
the sample was relatively small, it was a concentrated sample. Sperm viability from the bull was
83.95%, and the number of sperm was 1.24 billion, which indicated good quality. In a study by
Zhang et al. (2000), the volume and progressive viability of the yak semen was 2-5 ml, 70-85%,
respectively. Our finding was quite similar to Zhang’s study (Zhang et al., 2000).

4.4.2 Morphometric assessment

Figl9 depicts the Mongolian yak bull morphometric assessment using Feulgen stain under
phase contrast microscopic measurement. The unit is expressed in micrometers. The mean head
length was 7.7, ranging from 7.1 — 8.2. The mean length of the spermatozoa body was 12.6. The
maximum and minimum length of the spermatozoa body were 15.6 and 8.6, respectively. The
mean value for the length of the spermatozoa tail, was 48. The max was 56.7. Whereas the

minimum tail length was 33.1.
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Figure 19 Domestic yak sperm head, body, and tail differences in morphometry

4.4.3 Morphology assessment and chromatin condensation

Table 9 shows the percentage of abnormalities in different parts of the Feulgen-stained
Mongolian yak spermatozoa. Five straws from a domestic yak bull were used in a pilot study.
The number of normal sperm cells from this yak bull ranged between 33 and 70%. The normal
percentage of bull spermatozoa was 71%. The highest percentage of abnormalities of the
Mongolian yak spermatozoa were tail bent (15.2%) in this study followed by detached head
(5.6%), coiled tail (4%), no head (2.8%), and Dag defect (1%). The lowest percentage of
observed defects was the nuclear crest, while no pyriform and distal midpiece reflexes were
detected. In the domestic yak frozen thawed sperm stained with Feulgen stain, there were no

abnormal sperm nuclei detected in this study (see Fig 20).
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Table 9 The percentage of the abnormal spermatozoa morphology in a Mongolian yak

Number Da Distal DNA
of normal  Tail No Detached defgc Nuclea Coile  Pyrifor midbiec
sperm bent head head rcrest dtail b
t e reflex
cell
Mean 56.2 12 22 4.4 0.8 0.4 3.2 ND ND ND
Max 70 18 5 5 2 2 9 ND ND ND
Min 33 6 ND 3 ND ND ND ND ND ND
Percentag
e (%) 71 15.2 2.8 5.6 1 0.5 4 ND ND ND

ND — non-detection

Figure 20 Domestic Yak bull - normal condensed sperm nuclei as showed under the light microscope
(Feulgen stain)
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In another study, an artificial vagina was used to collect semen samples from yaks, 5.1% -10%
of the spermatozoa were morphologically abnormal (Zhang et al 2000). However, our findings
were significantly higher: 29% had abnormal morphology. That higher abnormal morphology

can be explained by stress during the semen sampling.

The morphology of Mongolian domestic yak bull spermatozoa is quite similar to that of
Tibetan yak spermatozoa (Zhang et al., 2000). Zhang, et. al. reported that dimensions were:
sperm head was 7.74 — 8.1 um long; midpiece 14.47 um, tail long was 49.67 pum. Zhang stated
that bulls remain alone or in groups of 3-5 in the high mountains during the non-breeding season
under natural conditions; and they interact with the female herds only during the breeding season.
He noted that yak bulls can be readily trained to use an artificial vagina. This method of semen
collection with an artificial vagina can be used to protect the gene pool. (Zhang et al, 2000). In
the morphology assessment, the tail-bent seldom occurs in high number. It may be caused by
stress (Perry et al.,2021). However, according to the literature, levels of 30% are acceptable with
seventy percent normal sperm (Perry et al., 2021). In conclusion, this method of semen collection

with artificial vagina can be used to protect the gene pool.
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5. TOTAL SUMMARY

Male fertility is a crucial factor of reproductive biology of domestic animals. It has been
considered an essential economic trait in breeding strategies for the successful establishment of
breeding programs (Salisbury et al., 1978). Most studies reported that spermatozoa quality is
important in the assessment of the breeding capacity of animals. And spermatozoa quality is
useful to determine the efficacy of methods that could be developed to determine fertility in bulls,
stallions, rams and other species. Sperm quality is directly connected to sperm morphology and
morphometry. Morphology assessment is evaluated by concentration, volume, and viability. Due
to the scarcity of spermatozoa in some species, it is difficult to accurately interpret data or achieve

statistical significance.

Recently, the introduction of a quick, accurate, precise, and repeatable Computer Assisted
Sperm Morphometric (ASMA) system adopted to overcome this problem in morphometric
evaluation (Hidalgo at al., 2006). The accuracy of ASMA system requires the standardization for
each species based on different techniques, and smear preparation (Banaszewska et al., 2015).
Additionally, the staining technique can affect results of the sperm morphometry measurements
(Boersma et al., 2001; Czubaszek et al., 2019). Furthermore, the spermatozoa that died prior to
smear preparation and staining exhibit necrotic swelling and therefore, have larger sperm head
measures due to the damaged plasma membrane and acrosome deterioration (Revay et al., 2004).
Utilizing the Feulgen staining technique can overcome the negative effects of staining and
membrane status. The Feulgen staining procedure labels the chromatin, (i.e. the sperm cell
nucleus), and is, therefore, not affected by the sperm membrane status. This staining has been
used in prior studies investigating sperm morphology (Wishart et al., 1988). The Feulgen
technique not only helps to properly identify the shape and size of the nucleus, it also reveals the

abnormalities of the sperm chromatin (Barth and Oko, 1989).

The present study aimed to assess cryopreserved spermatozoa from different species (Ram,
Bull, Przewalski’s horse, and Mongolian domestic yak) through Feulgen staining and phase

contrast microscopy.
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Ram spermatozoa assessment

Feulgen stained smears were photographed under a phase contrast microscope (Olympus
BX-51), using 40x objective with cellSense Standard Imaging Software by Olympus.
There were not any abnormalities in photograph.

In the spermoatoza morphology on the stained smear, there were not any abnormalities
in photograph. The effect of Cikta and Tsigai breeds on spermatozoa head morphometry

showed that rams differed significantly (p<0.005) on nucleus length parameters.

Przewalski’s horse spermatozoa assessment

The semen quality parameters of five stallions passed routine post-thaw quality criteria.
The semen doses were 100 million total sperm per ml, and minimum 35 percent
progressive motility.

The percentage of the abnormal head of the Przewalski horse spermatozoa ranged from
3% to 8% in case of this study. The percentage of abnormal tails of Przewalski horse
spermatozoa ranged between 24.7% and 46.6%. The highest percentage found was in ID1
(46.6%), whereas the lowest percentage was in ID 7 (24.7%), respectively. 1D 8 was 42.7
%, followed by ID 2 (36.1%), and ID 3 (30%).

Individual differences exist in the morphometry measurement of the Przewalski horse
spermatozoa. In the mean head and midpiece length, ID 8 had longest, whereas ID 1 has
wider boxplot of head length. Lowest mean head length was observed in ID 7. In ID 2
and ID 3, mean head length was quite similar. The lowest midpiece length was found in
ID 1. The highest parameter of mean tail length in ID 1 and ID 3 were followed by ID 2,
ID 7, and ID 8. The total mean length was 53.83 um (sd = 2.00) for the species. None of
the background variables had an effect on the sperm sizes (all p’s > 0.23).

The percentage of the chromatin status in Przewalski horse ranged between 2% and 8%,
the average (xSD) % of abnormal chromatin was 2.4 +1.7%; (2, 5, 3, 1, 1% in individual
stallions). The highest percentage was found in ID 7, the lowest was determined in ID 2.
In the ID 1, ID 2, and ID 3 percentages were similar. In the Przewalski’s horse we

demonstrated individual differences in sperm domain sizes.
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Simmental bull spermatozoa assessment

The percentage of the normal measurement of the “good” and “bad” Simmental bull
spermatozoa was evaluated. The percentage of the normal measurement in “good” bulls
ranged from 47.2% to 92%. The mean percentage of the normal sperm in “bad” and
“good” bulls ranged between 62.3% and 80.4%, respectively.

The percentage of the abnormal head, midpiece, and tail of measurement of the good and
bad Simmental bull spermatozoa was evaluated. The average percentage of the abnormal
tail bent in total good Simmental bulls was 2.5%, whereas percentage of the abnormal
tail bent in total bad bulls was 4.7%, respectively. The average percentage of the no head
in bad bulls was higher than in those good bulls. The average percentage of the pyriform
in bad bull was more than three times that in those good bulls. In the tail bent in good
bulls, a higher percentage appeared in ID 20 (7.2), whereas in bad ID 11, it was 17.5%.
The high percentage of the nuclear crest, coiled tail, pyriform, and distal midpiece reflex
in good ID 2, 15, 1, and 13 were 5%, 4%, 1.4%, and 9%, respectively. Whereas, high
percentage of the nuclear crest, pyriform, and distal midpiece reflex in bad ID 18, and 8
were 6.1%, 3.4, and 75%, respectively.

Simmental breed bulls spermatozoa head with Feulgen staining under phase contrast
microscopic measurement was evaluated. In this study, we only measured head length in
good and bad Simmental bulls. The mean head length of good and bad Simmental bulls
ranged between 7.2 and 7.1. The SD of good Simmental bulls (0.32) was significantly
lower than that of bad Simmental bull (0.37) (p< 0.05)

Mongolian domestic yak spermatozoa assessment

The percentage of abnormalities in different parts of the Feulgen-stained Mongolian yak
spermatozoa was evaluated. Five straws from Bull-1 were used in a case study as a pilot
project. The number of normal sperm from a yak bull ranged between 33 and 70. The
normal percentage of bull spermatozoa was 71%. The higher percentage of the abnormal
tail bent (15.2%) of the Mongolian yak spermatozoa was found in this study as the
following: detached head (5.6%), coiled tail (4%), no head (2.8%), and Dag defect (1%).
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The lowest percentage observed was the nuclear crest. However, pyriform and distal
midpiece reflexes were not detected at this time.

Mongolian yak bull head, body, and tail spermatozoa with Feulgen staining under phase
contrast microscopic measurement was evaluated. The mean head length was 7.7. The
maximum value of the head length was 8.2. Whereas the minimum of the head length
was 7.1. The mean length of the spermatozoa body was 12.6. The maximum and
minimum values of the spermatozoa body were 15.6 and 8.6, respectively. In the length
of the spermatozoa tail, mean value was 48. The max was 56.7. Whereas, in the tail length,
it was 33.1.
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6. NEW SCIENTIFIC RESULTS

The current study observed that the Tsigai and Cikta breeds have differences in sperm
head morphology. However, no differences were found in Racka breed sperm
morphometric traits.

| found differences in intra-male sperm head variance in Simmental bulls, and these
differences can impact sperm quality.

In Przewalski’s horse, I demonstrated individual differences in sperm domain sizes.
This was the first time Mongolian domestic yak bull sperm was examined for
morphometry, morphology, and chromatin status with the Feulgen staining under

light microscopy.
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7. ABSTRACT

All semen samples contain abnormal sperm cells. A strong negative relationship between
morphological abnormalities of sperm and fertility of livestock is observed. However, it is
important to note that a rapid, accurate, precise, and repeatable method is still needed for male
animal subfertility and sterility diagnosis, especially in morphometric assessment (Nagy et al.,
2023). When ascertaining the percentage of normal spermatozoa in a semen sample, computer-
assisted sperm image analysis has been suggested to decrease the subjectivity of sperm
morphometric examination and decrease intra- and inter-laboratory variation (Barroso et al.,
1999). However, utilization of such computer analysis requires the standardization of sample
preparation and staining technique, and the reliability of the system is contingent upon the
staining characteristics of the spermatozoa (Nagy et al., 2013; Brito et al., 2007). Comparing
research results across publications may be flawed from two main reasons: i) different studies
applied different staining techniques to visualize spermatozoa with the knowledge that the
staining technique can affect sperm morphometry results (Boersma et al., 2001; Czubaszek et al.,
2019); ii) the sperm that succumbed before the smear preparation and staining demonstrate
necrotic swelling which increases sperm head measurements because of the damaged plasma

membrane and acrosome deterioration (Revay et al., 2004).

Because of these effects of staining and membrane status, the utilization of the Feulgen
staining procedure, which labels the chromatin and is not affected by the sperm membrane status,
is suggested to help increase standardization. The Feulgen technique has been used for sperm
morphology studies (Wishart et al., 1988) and not only reveals the shape and size of the nucleus,

but also sperm chromatin condensation abnormalities (Barth and Oko, 1989).

The aim of the present work was to assess the nuclear condensation status of cryopreserved
spermatozoa from different species via Feulgen staining and light microscopy. Our results
indicated that the percentage of the abnormal tail morphology of Przewalski horse spermatozoa
ranged between 24.7% and 46.6%. Furthermore, a high percentage of abnormal spermatozoa
through identification of the head and tail defects of Przewalski horse were identified by the

Feulgen staining technique. The average (xSD) % of abnormal chromatin was 2.4 +1.7%.
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A further goal of the author was to evaluate spermatozoa quality of the native Hungarian sheep
breeds, Racka, Cikta and Cigaja (Tsigai) including morphology, morphometric, and chromatin
status. The SD of Cikta ram spermatozoa were significantly (p<0.05) higher than that of Tsigai
and Racka breeds (0.31+0.04 vs 0.28+0.01 and 0.26+0.02).

Subsequently, Feulgen staining under phase contrast microscopic measurement was used to
assess frozen Simmental bull semen. The head length was assessed between good and poor-
quality Simmental semen. The mean head length of good (7.2+/- 0.32 um) and poor (7.1+/-0.37

um) Simmental semen was significantly different (p< 0.05).

Finally, Mongolian domestic yak bull head, body, and tail spermatozoa measurements
utilizing Feulgen staining with phase contrast microscopic was performed. The mean head length
was 7.7 and ranged from 7.1 to 8.2. The mean length of the spermatozoa body was 12.6 and
ranged from 8.6 to 15.6. The length of the spermatozoa tail averaged 48 with a range of 33.1 to
56.7 pm.

The results of the dissertation demonstrated that the Feulgen staining is an easy, informative
assay to measure the chromatin status of spermatozoa. It is easily adapted to field work as air-
dried smears can be made on site, while the staining protocol itself, can be accomplished later in
the laboratory. Furthermore, it can be used for breeding soundness evaluations as well as in basic
reproductive biology studies, i.e. measuring intra male sperm size variance, which is an indirect

indicator of postcopulatory sperm competition.
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